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NOTICE 

Beginning with Volume 84, the Editors of Organic Syntheses initi- 
ated a new publication protocol, which is intended to shorten the time 

between submission of a procedure and its appearance as a publica- 

tion. Immediately upon completion of the successful checking process, 

procedures are assigned volume and page numbers and are then posted 

on the Organic Syntheses website (www.orgsyn.org). The accumulated 

procedures from a single volume are assembled once a year and submit- 

ted for publication in both hard cover and soft cover editions. The soft 

cover edition of this volume is produced by a rapid and inexpensive 

process, and is sent at no charge to members of the Organic Division of 

the American Chemical Society and The Society of Synthetic Organic 

Chemistry, Japan. The soft cover edition is intended as the personal 

copy of the owner and is not for library use. The hard cover edition is 

published by John Wiley and Sons, Inc., in the traditional format, and it 

differs in content primarily by the inclusion of an index. The hard cover 

edition is intended primarily for library collections and is available for 

purchase through the publisher. Incorporation of graphical abstracts into 

the Table of Contents began with Volume 77. Annual volumes 70—74, 

75-79 and 80-84 have been incorporated into five-year versions of 

the collective volumes of Organic Syntheses. Collective Volumes IX, 

X and XI are available for purchase in the traditional hard cover format 

from the publishers. The Editors hope that the new Collective Volume 

series, appearing twice as frequently as the previous decennial volumes, 

will provide a permanent and timely edition of the procedures for per- 

sonal and institutional libraries. The Editors welcome comments and 

suggestions from users concerning the new editions. 
Organic Syntheses, Inc., joined the age of electronic publication 

in 2001 with the release of its free web site (www.orgsyn.org). 

Organic Syntheses, Inc., fully funded the creation of the free website 

at www.orgsyn.org in a partnership with CambridgeSoft Corporation 

and Data-Trace Publishing Company. The site is accessible to most 

internet browsers using Macintosh and Windows operating systems 
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and may be used with or without a ChemDraw plugin. Because of 

continually evolving system requirements, users should review software 

compatibility at the website prior to use. John Wiley & Sons, Inc., and 

Accelrys, Inc., partnered with Organic Syntheses, Inc., to develop the 

new database (www.mrw.interscience.wiley.com/osdb) that is available 

for license with internet solutions from John Wiley & Sons, Inc. and 

intranet solutions from Accelrys, Inc. 

Both the commercial database and the free website contain all annual 

and collective volumes and indices of Organic Syntheses. Chemists 

can draw structural queries and combine structural or reaction transfor- 

mation queries with full-text and bibliographic search terms, such as 

chemical name, reagents, molecular formula, apparatus, or even haz- 

ard warnings or phrases. The preparations are categorized into reaction 

types, allowing search by category. The contents of individual or col- 

lective volumes can be browsed by lists of titles, submitters’ names, 

and volume and page references, with or without reaction equations. 

The commercial database at www.mrw.interscience.wiley.com/osdb 

also enables the user to choose his/her preferred chemical drawing pack- 

age, or to utilize several freely available plug-ins for entering queries. 

The user is also able to cut and paste existing structures and reactions 

directly into the structure search query or their preferred chemistry edi- 

tor, streamlining workflow. Additionally, this database contains links 

to the full text of primary literature references via CrossRef, ChemPort, 

Medline, and ISI Web of Science. Links to local holdings for institu- 

tions using open url technology can also be enabled. The database user 

can limit his/her search to, or order the search results by, such factors 

as reaction type, percentage yield, temperature, and publication date, 

and can create a customized table of reactions for comparison. Connec- 

tions to other Wiley references are currently made via text search, with 

cross-product structure and reaction searching to be added in the near 

future. Incorporations of new preparations will occur as new material 
becomes available. 



INFORMATION FOR AUTHORS OF PROCEDURES 

Organic Syntheses welcomes and encourages submissions of 
experimental procedures that lead to compounds of wide interest or 

that illustrate important new developments in methodology. Proposals 
for Organic Syntheses procedures will be considered by the Editorial 

Board upon receipt of an outline proposal as described below. A full 

procedure will then be invited for those proposals determined to be 

of sufficient interest. These full procedures will be evaluated by the 

Editorial Board, and if approved, assigned to a member of the Board for 

checking. In order for a procedure to be accepted for publication, each 

reaction must be successfully repeated in the laboratory of a member of 

the Editorial Board at least twice, with similar yields (generally +5%) 

and selectivity to that reported by the submitters. 

Organic Syntheses Proposals 

A cover sheet should be included providing full contact information 

for the principal author and including a scheme outlining the proposed 

reactions (an Organic Syntheses Proposal Cover Sheet can be down- 

loaded at orgsyn.org). Attach an outline proposal describing the utility 

of the methodology and/or the usefulness of the product. Identify and 

reference the best current alternatives. For each step, indicate the pro- 

posed scale, yield, method of isolation and purification, and how the 

purity of the product is determined. Describe any unusual apparatus 

or techniques required, and any special hazards associated with the 

procedure. Identify the source of starting materials. Enclose copies of 

relevant publications (attach pdf files if an electronic submission is 

used). 
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Submit proposals by mail or as e-mail attachments to: 

Professor Charles K. Zercher 

Associate Editor, Organic Syntheses 

Department of Chemistry 

University of New Hampshire 

23 Academic Way, Parsons Hall 

Durham, NH 03824 

For electronic submissions: org.syn@unh.edu 

Submission of Procedures 

Authors invited by the Editorial Board to submit full procedures 

should prepare their manuscripts in accord with the Instructions 

to Authors which are described below or may be downloaded at 

orgsyn.org. Submitters are also encouraged to consult this volume of 

Organic Syntheses for models with regard to style, format, and the 

level of experimental detail expected in Organic Syntheses procedures. 

Manuscripts should be submitted to the Associate Editor. Electronic 

submissions are encouraged; procedures will be accepted as e-mail 

attachments in the form of Microsoft Word files with all schemes and 

graphics also sent separately as ChemDraw files. 

Procedures that do not conform to the Instructions to Authors with 

regard to experimental style and detail will be returned to authors for 

correction. Authors will be notified when their manuscript is approved 

for checking by the Editorial Board, and it is the goal of the Board to 

complete the checking of procedures within a period of no more than 

six months. 

Additions, corrections, and improvements to the preparations 

previously published are welcomed; these should be directed to the 

Associate Editor. However, checking of such improvements will only 

be undertaken when new methodology is involved. 

NOMENCLATURE 

Both common and systematic names of compounds are used through- 
out this volume, depending on which the Volume Editor felt was more 
appropriate. The Chemical Abstracts indexing name for each title com- 
pound, if it differs from the title name, is given as a subtitle. Systematic 
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Chemical Abstracts nomenclature, used in the Collective Indexes for 

the title compound and a selection of other compounds mentioned in the 
procedure, is provided in an appendix at the end of each preparation. 

Chemical Abstracts Registry numbers, which are useful in computer 

searching and identification, are also provided in these appendices. 

Whenever two names are concurrently in use and one name is the 

correct Chemical Abstracts name, that name is preferred. 

ACKNOWLEDGMENT 
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INSTRUCTIONS TO AUTHORS 

All organic chemists have experienced frustration at one time or 

another when attempting to repeat reactions based on experimental 

procedures found in journal articles. To ensure reproducibility, Organic 

Syntheses requires experimental procedures written with considerably 

more detail as compared to the typical procedures found in other jour- 

nals and in the “Supporting Information” sections of papers. In addition, 

each Organic Syntheses procedure is carefully “checked” for repro- 

ducibility in the laboratory of a member of the Board of Editors. 

Even with these more detailed procedures, the experience of Organic 

Syntheses editors is that difficulties often arise in obtaining the results 

and yields reported by the submitters of procedures. To expedite the 

checking process and ensure success, we have prepared the following 

“Instructions for Authors” as well as a Checklist for Authors and Char- 

acterization Checklist to assist you in confirming that your procedure 

conforms to these requirements. These checklists, which are available 

at www.orgsyn.org, Should be completed and submitted together with 

your procedure. Procedures submitted to Organic Syntheses will be 

carefully reviewed upon receipt. Procedures lacking any of the required 

information will be returned to the submitters for revision. 

Scale and Optimization 

The appropriate scale for procedures will vary widely depending on 

the nature of the chemistry and the compounds synthesized in the pro- 

cedure. However, some general guidelines are possible. For procedures 

in which the principal goal is to illustrate a synthetic method or strat- 

egy, it is expected, in general, that the procedure should result in at 

least 5 g and no more than 50 g of the final product. In cases where 

the point of the procedure is to provide an efficient method for the 

preparation of a useful reagent or synthetic building block, the appro- 

priate scale may be larger, but in general should not exceed 100 g of 

final product. Exceptions to these guidelines may be granted in special 

circumstances. For example, procedures describing the preparation of 
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reagents employed as catalysts will often be acceptable on a scale of 

less than 5 g. 
In considering the scale for an Organic Syntheses procedure, authors 

should also take into account the cost of reagents and starting materials. 

In general, the Editors will not accept procedures for checking in which 

the cost of any one of the reactants exceeds $500 for a single full-scale 

run. Authors are requested to identify the most expensive reagent or 

starting material on the procedure submission checklist and to estimate 

its cost per run of the procedure. 

It is expected that all aspects of the procedure will have been opti- 

mized by the authors prior to submission, and that each reaction will 

have been carried out at least twice on exactly the scale described in 

the procedure. It is appropriate to report the weight, yield, and purity of 

the product of each step in the procedure as a range. In any case where 

a reagent is employed in significant excess, a Note should be included 

explaining why an excess of that reagent is necessary. If possible, the 

Note should indicate the effect of using amounts of reagent less than 

that specified in the procedure. 

Reaction Apparatus 

Describe the size and type of flask (number of necks) and indicate 
how every neck is equipped. 

“A 500-mL, three-necked, round-bottomed flask equipped with an overhead 

mechanical stirrer, 250-mL pressure-equalizing addition funnel fitted with an argon 

inlet, and a rubber septum is charged with... .” 

Indicate how the reaction apparatus is dried and whether the reaction 

is conducted under an inert atmosphere. This can be incorporated in 
the text of the procedure or included in a Note. 

“The apparatus is flame-dried and maintained under an atmosphere of argon during 
the course of the reaction.” 

In the case of procedures involving unusual glassware or especially 
complicated reaction setups, authors are encouraged to include a photo- 
graph or drawing of the apparatus in the text or in a Note (for examples, 
see Org. Syn., Vol. 82, 99 and Coll. Vol. X, pp 2, 3, 136, 201, 208, and 
669). 
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Reagents and Starting Materials 

All chemicals employed in the procedure must be commercially 
available or described in an earlier Organic Syntheses or Inorganic Syn- 
theses procedure. For other compounds, a procedure should be included 
either as one or more steps in the text or, in the case of relatively 
straightforward preparations of reagents, as a Note. In the latter case, 
all requirements with regard to characterization, style, and detail also 
apply. 

In one or more Notes, indicate the purity or grade of each reagent, 

solvent, etc. It is desirable to also indicate the source (company the 

chemical was purchased from), particularly in the case of chemicals 

where it is suspected that the composition (trace impurities, etc.) may 

vary from one supplier to another. In cases where reagents are purified, 

dried, “‘activated” (e.g., Zn dust), etc., a detailed description of the 

procedure used should be included in a Note. In other cases, indicate 

that the chemical was “used as received”. 

“Diisopropylamine (99.5%) was obtained from Aldrich Chemical Co., Inc. and 

distilled under argon from calcium hydride before use. THF (99+-%) was obtained 

from Mallinckrodt, Inc. and distilled from sodium benzophenone ketyl. Diethyl 

ether (99.9%) was purchased from Aldrich Chemical Co., Inc. and purified by 

pressure filtration under argon through activated alumina. Methyl] iodide (99%) was 

obtained from Aldrich Chemical Co., Inc. and used as received.” 

The amount of each reactant should be provided in parentheses in 

the order mL, g, mmol, and equivalents with careful consideration to 

the correct number of significant figures. 

The concentration of solutions should be expressed in terms of molar- 

ity or normality, and not percent (e.g., 1 N HCl, 6 M NaOH, not “10% 

Her’): 

Reaction Procedure 

Describe every aspect of the procedure clearly and explicitly. Indi- 

cate the order of addition and time for addition of all reagents and how 

each is added (via syringe, addition funnel, etc.). 

Indicate the temperature of the reaction mixture (preferably inter- 

nal temperature). Describe the type of cooling (e.g., “dry ice-acetone 

bath”) and heating (e.g., oil bath, heating mantle) methods employed. 

Be careful to describe clearly all cooling and warming cycles, including 

initial and final temperatures and the time interval involved. - 
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Describe the appearance of the reaction mixture (color, homogeneous 

or not, etc.) and describe all significant changes in appearance during 

the course of the reaction (color changes, gas evolution, appearance of 

solids, exotherms, etc.). 

Indicate how the reaction can be monitored to determine the extent of 

conversion of reactants to products. In the case of reactions monitored 

by TLC, provide details in a Note, including eluent, Ry values, and 

method of visualization. For reactions followed by GC, HPLC, or NMR 

analysis, provide details on analysis conditions and relevant diagnostic 

peaks. 

“The progress of the reaction was followed by TLC analysis on silica gel with 20% 

EtOAc-hexane as eluent and visualization with p-anisaldehyde. The ketone starting 

material has Ry = 0.40 (green) and the alcohol product has Ry = 0.25 (blue).” 

Reaction Workup 

Details should be provided for reactions in which a “quenching” 

process is involved. Describe the composition and volume of quenching 

agent, and time and temperature for addition. In cases where reaction 

mixtures are added to a quenching solution, be sure to also describe 

the setup employed. 

“The resulting mixture was stirred at room temperature for 15 h, and then carefully 

poured over 10 min into a rapidly stirred, ice-cold aqueous solution of 1 N HCl in 

a 500-mL Erlenmeyer flask equipped with a magnetic stirbar.” 

For extractions, the number of washes and the volume of each should 

be indicated. 

For concentration of solutions after workup, indicate the method and 
pressure and temperature used. 

“The reaction mixture is diluted with 200 mL of water and transferred to a 500- 

mL separatory funnel, and the aqueous phase is separated and extracted with three 

100-mL portions of ether. The combined organic layers are washed with 75 mL 

of water and 75 mL of saturated NaCl solution, dried over MgSO,, filtered, and 

concentrated by rotary evaporation (25°C, 20 mmHg) to afford 3.25 g of a yellow 
oil.” 

“The solution is transferred to a 250-mL, round-bottomed flask equipped with a 
magnetic stirbar and a 15-cm Vigreux column fitted with a short path distillation 
head, and then concentrated by careful distillation at 50 mmHg (bath temperature 
gradually increased from 25 to 75°C).” 
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In cases where solid products are filtered, describe the type of fil- 
ter funnel used and the amount and composition of solvents used for 
washes. 

“... and the resulting pale yellow solid is collected by filtration on a Biichner funnel 
and washed with 100 mL of cold (0°C) hexane.” 

When solid or liquid compounds are dried under vacuum, indicate 
the pressure employed (rather than stating “reduced pressure” or “dried 
in vacuo”). 

” 

. and concentrated at room temperature by rotary evaporation (20 mmHg) and 

then at 0.01 mmHg to provide. ...” 

“The resulting colorless crystals are transferred to a 50-mL, round-bottomed flask 

and dried overnight in a 100°C oil bath at 0.01 mmHg.” 

Purification: Distillation 

Describe distillation apparatus including the size and type of distilla- 

tion column. Indicate temperature (and pressure) at which all significant 

fractions are collected. 

‘ 
“... and transferred to a 100-mL, round-bottomed flask equipped with a magnetic 

stirbar. The product is distilled under vacuum through a 12-cm, vacuum-jacketed 

column of glass helices (Note 16) topped with a Perkin triangle. A forerun (ca. 

2 mL) is collected and discarded, and the desired product is then obtained, distilling 

at 50—55°C (0.04—0.07 mmHg). ...” 

Purification: Column Chromatography 

Provide information on TLC analysis in a Note, including eluent, R 

values, and method of visualization. 

Provide dimensions of column and amount of silica gel used; in a 

Note indicate source and type of silica gel. 
Provide details on eluents used, and number and size of fractions. 

“The product is charged on a column (5 x 10 cm) of 200 g of silica gel (Note 15) 

and eluted with 250 mL of hexane. At that point, fraction collection (25-mL frac- 

tions) is begun, and elution is continued with 300 mL of 2% EtOAc-hexane (49:1 

hexanes:EtOAc) and then 500 mL of 5% EtOAc-hexane (19:1 hexanes:EtOAc). The 

desired product is obtained in fractions 24—30, which are concentrated by rotary 

evaporation (25°C, 15 mmHg). ...” 
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Purification: Recrystallization 

Describe procedure in detail. Indicate solvents used (and ratio of 

mixed solvent systems), amount of recrystallization solvents, and tem- 

perature protocol. Describe how crystals are isolated and what they are 

washed with. 

“The solid is dissolved in 100 mL of hot diethyl ether (30°C) and filtered through 

a Biichner funnel. The filtrate is allowed to cool to room temperature, and 20 mL 

of hexane is added. The solution is cooled at —20°C overnight and the resulting 

crystals are collected by suction filtration on a Biichner funnel, washed with 50 mL 

of ice-cold hexane, and then transferred to a 50-mL, round-bottomed flask and dried 

overnight at 0.01 mmHg to provide. ...” 

Characterization 

Physical properties of the product such as color, appearance, crystal 

forms, melting point, etc. should be included in the text of the proce- 

dure. Comments on the stability of the product to storage, etc. should 

be provided in a Note. 

In a Note, provide data establishing the identity of the product. This 

will generally include IR, MS, 'H-NMR, and '°C-NMR data, and in 
some cases UV data. Copies of the proton and carbon NMR spectra for 

the products of each step in the procedure should be submitted showing 

integration for all resonances. Submission of copies of NMR spectra 

and other nuclei are encouraged as appropriate. 

In the same Note, provide quantitative analytical data establishing the 

purity of the product. Elemental analysis for carbon and hydrogen (and 

nitrogen if present) agreeing with calculated values within 0.4% is pre- 

ferred. However, GC data (for distilled or vacuum-transferred samples) 

and/or HPLC data (for material isolated by column chromatography) 
may be acceptable in some cases. 

In procedures involving non-racemic, enantiomerically enriched 

products, optical rotations should generally be provided, but 
enantiomeric purity must be determined by another method such as 
chiral HPLC or GC analysis. 

In cases where the product of one step is used without purification 
in the next step, a Note should be included describing how a sample of 
the product can be purified and providing characterization data for the 
pure material. Copies of the proton NMR spectra of both the product 
both before and after purification should be submitted. 
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Hazard Warnings 

Any significant hazards should be indicated in a statement at the 
beginning of the procedure in italicized type. Efforts should be made 
to avoid the use of toxic and hazardous solvents and reagents when 
less hazardous alternatives are available. 

Discussion Section 

The style and content of the discussion section will depend on the 
nature of the procedure. 

For procedures that provide an improved method for the prepara- 

tion of an important reagent or synthetic building block, the discussion 

should focus on the advantages of the new approach and should describe 

and reference all of the earlier methods used to prepare the title com- 
pound. 

In the case of procedures that illustrate an important synthetic method 

or strategy, the discussion section should provide a mini-review on the 

new methodology. The scope and limitations of the method should be 

discussed, and it is generally desirable to include a table of examples. 

Competing methods for accomplishing the same overall transformation 

should be described and referenced. A brief discussion of mechanism 
may be included if this is useful for understanding the scope and limi- 

tations of the method. 

Style and Format 

Articles should follow the style guidelines used for organic chemistry 

articles published in the ACS journals such as J. Am. Chem. Soc., J. 

Org. Chem., Org. Lett., etc. as described in the the ACS Style Guide (34 

Ed.). The text of the procedure should be constructed using a standard 

word processing program, like MS Word, with 14-point Times New 

Roman font. Chemical structures and schemes should be drawn using 

the standard ACS drawing parameters (in ChemDraw, the parameters 

are found in the “ACS Document 1996” option) with a maximum width 

of 6 inches. The graphics files should be inserted into the document at 

the correct location and the graphics files should also be submitted sep- 
arately. All Tables that include structures should be entirely prepared 

in the graphics (ChemDraw) program and inserted into the word pro- 

cessing file at the appropriate location. Tables that include multiple, 

separate graphics files prepared in the word processing program will 

require modification. 
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Biographies and Photographs of Authors 

Photographs and 100-word biographies of all authors should be sub- 
mitted as separate files at the time of the submission of the procedure. 
The format of the biographies should be similar to those in the Vol- 
ume 84 procedures found at the orgsyn.org website. Photographs can 
be accepted in a number of electronic formats, including tiff and jpeg 
formats. 
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HANDLING HAZARDOUS CHEMICALS 

A Brief Introduction 

General Reference: Prudent Practices in the Laboratory; National 

Academy Press; Washington, DC, 1995. 

Physical Hazards 

Fire. Avoid open flames by use of electric heaters. Limit the quantity 

of flammable liquids stored in the laboratory. Motors should be of the 
nonsparking induction type. 

Explosion. Use shielding when working with explosive classes such 
as acetylides, azides, ozonides, and peroxides. Peroxidizable substances 

such as ethers and alkenes, when stored for a long time, should be 

tested for peroxides before use. Only sparkless “flammable storage” 

refrigerators should be used in laboratories. 

Electric Shock. Use 3-prong grounded electrical equipment if 

possible. 

Chemical Hazards 

Because all chemicals are toxic under some conditions, and relatively 

few have been thoroughly tested, it is good strategy to minimize expo- 

sure to all chemicals. In practice this means having a good, properly 

installed hood; checking its performance periodically; using it properly; 

carrying out all operations in the hood; protecting the eyes; and, since 

many chemicals can penetrate the skin, avoiding skin contact by use 

of gloves and other protective clothing at all times. 

a. Acute Effects. These effects occur soon after exposure. The effects 

include burn, inflammation, allergic responses, damage to the eyes, 

lungs, or nervous system (e.g., dizziness), and unconsciousness or death 

(as from overexposure to HCN). The effect and its cause are usually 

obvious and so are the methods to prevent it. They generally arise from 

inhalation or skin contact, so should not be a problem if one follows 
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the admonition “work in a hood and keep chemicals off your hands”. 

Ingestion is a rare route, being generally the result of eating in the 

laboratory or not washing hands before eating. 

b. Chronic Effects. These effects occur after a long period of expo- 

sure or after a long latency period and may show up in any of numerous 

organs. Of the chronic effects of chemicals, cancer has received the 

most attention lately. Several dozen chemicals have been demonstrated 

to be carcinogenic in man and hundreds to be carcinogenic to ani- 

mals. Although there is no simple correlation between carcinogenicity 

in animals and in man, there is little doubt that a significant proportion 

of the chemicals used in laboratories have some potential for carcino- 
genicity in man. For this and other reasons, chemists should employ 

good practices at all times. 

The key to safe handling of chemicals is a good, properly installed 

hood, and the referenced book devotes many pages to hoods and venti- 

lation. It recommends that in a laboratory where people spend much of 

their time working with chemicals there should be a hood for each two 

people, and each should have at least 2.5 linear feet (0.75 meter) of 

working space at it. Hoods are more than just devices to keep undesir- 

able vapors from the laboratory atmosphere. When closed they provide 

a protective barrier between chemists and chemical operations, and they 

are a good containment device for spills. Portable shields can be a use- 

ful supplement to hoods, or can be an alternative for hazards of limited 

severity, e.g., for small-scale operations with oxidizing or explosive 
chemicals. 

Specialized equipment can minimize exposure to the hazards of lab- 

oratory operations. Impact resistant safety glasses are basic equipment 

and should be worn at all times. They may be supplemented by face 

shields or goggles for particular operations, such as pouring corrosive 

liquids. Because skin contact with chemicals can lead to skin irritation 

or sensitization or, through absorption, to effects on internal organs, 

protective gloves should be worn at all times. 

Laboratories should have fire extinguishers and safety showers. Res- 
pirators should be available for emergencies. Emergency equipment 
should be kept in a central location and must be inspected periodically. 
MSDS (Materials Safety Data Sheets) sheets are available from the 

suppliers of commercially available reagents, solvents, and other chemi- 
cal materials; anyone performing an experiment should check these data 
sheets before initiating an experiment to learn of any specific hazards 
associated with the chemicals being used in that experiment. 
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DISPOSAL OF CHEMICAL WASTE 

General Reference: Prudent Practices in the Laboratory National 
Academy Press, Washington, D.C. 1996 

Effluents from synthetic organic chemistry fall into the following 
categories: 

1. Gases 

la. 

1b. 

1¢; 

Gaseous materials either used or generated in an organic 
reaction. 

Solvent vapors generated in reactions swept with an inert gas 

and during solvent stripping operations. 

Vapors from volatile reagents, intermediates and products. 

2. Liquids 

OE 

2b» 

2c. 

Be 

Waste solvents and solvent solutions of organic solids (see 

item 3b). 
Aqueous layers from reaction work-up containing volatile 

organic solvents. 

Aqueous waste containing non-volatile organic materials. 

Aqueous waste containing inorganic materials. 

3. Solids 

3a. Metal salts and other inorganic materials. 

3b. Organic residues (tars) and other unwanted organic materials. 

3c. Used silica gel, charcoal, filter aids, spent catalysts and the like. 

The operation of industrial scale synthetic organic chemistry in an 

environmentally acceptable manner™ requires that all these effluent cat- 

egories be dealt with properly. In small scale operations in a research or 

*An environmentally acceptable manner may be defined as being both in 

compliance with all relevant state and federal environmental regulations and 

in accord with the common sense and good judgment of an environmentally 

aware professional. 
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academic setting, provision should be made for dealing with the more 

environmentally offensive categories. 

la. Gaseous materials that are toxic or noxious, e.g., halogens, hydro- 

gen halides, hydrogen sulfide, ammonia, hydrogen cyanide, phos- 

phine, nitrogen oxides, metal carbonyls, and the like. 

lc. Vapors from noxious volatile organic compounds, e.g., mercap- 

tans, sulfides, volatile amines, acrolein, acrylates, and the like. 

2a. All waste solvents and solvent solutions of organic waste. 

2c. Aqueous waste containing dissolved organic material known to 

be toxic. 
2d. Aqueous waste containing dissolved inorganic material known 

to be toxic, particularly compounds of metals such as arsenic, 

beryllium, chromium, lead, manganese, mercury, nickel, and 

selenium. 
3. All types of solid chemical waste. 

Statutory procedures for waste and effluent management take prece- 

dence over any other methods. However, for operations in which com- 

pliance with statutory regulations is exempt or inapplicable because of 

scale or other circumstances, the following suggestions may be helpful. 

Gases 

Noxious gases and vapors from volatile compounds are best dealt 

with at the point of generation by “scrubbing” the effluent gas. The 

gas being swept from a reaction set-up is led through tubing to a large 

trap to prevent suck-back and into a sintered glass gas dispersion tube 

immersed in the scrubbing fluid. A bleach container can be conveniently 

used as a vessel for the scrubbing fluid. The nature of the effluent 

determines which of four common fluids should be used: dilute sulfuric 

acid, dilute alkali or sodium carbonate solution, laundry bleach when an 

oxidizing scrubber is needed, and sodium thiosulfate solution or diluted 

alkaline sodium borohydride when a reducing scrubber is needed. Ice 
should be added if an exotherm is anticipated. 

Larger scale operations may require the use of a pH meter or 
starch/iodide test paper to ensure that the scrubbing capacity is not 
being exceeded. 

When the operation is complete, the contents of the scrubber can be 
poured down the laboratory sink with a large excess (10—100 volumes) 
of water. If the solution is a large volume of dilute acid or base, it should 
be neutralized before being poured down the sink. 
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Liquids 

Every laboratory should be equipped with a waste solvent container 
in which all waste organic solvents and solutions are collected. The 
contents of these containers should be periodically transferred to prop- 
erly labeled waste solvent drums and arrangements made for contracted 
disposal in a regulated and licensed incineration facility.** 

Aqueous waste containing dissolved toxic organic material should 
be decomposed in situ, when feasible, by adding acid, base, oxidant, or 
reductant. Otherwise, the material should be concentrated to a minimum 

volume and added to the contents of a waste solvent drum. 

Aqueous waste containing dissolved toxic inorganic material should 

be evaporated to dryness and the residue handled as a solid chemical 
waste. 

Solids 

Soluble organic solid waste can usually be transferred into a waste 

solvent drum, provided near-term incineration of the contents is assured. 

Inorganic solid wastes, particularly those containing toxic metals and 

toxic metal compounds, used Raney nickel, manganese dioxide, etc. 

should be placed in glass bottles or lined fiber drums, sealed, properly 

labeled, and arrangements made for disposal in a secure landfill.** 

Used mercury is particularly pernicious and small amounts should first 

be amalgamated with zinc or combined with excess sulfur to solidify 

the material. 

Other types of solid laboratory waste including used silica gel and 

charcoal should also be packed, labeled, and sent for disposal in a 

secure landfill. 

Special Note 

Since local ordinances may vary widely from one locale to another, 

one should always check with appropriate authorities. Also, profes- 

sional disposal services differ in their requirements for segregating and 

packaging waste. 

**If arrangements for incineration of waste solvent and disposal of solid chem- 

ical waste by licensed contract disposal services are not in place, a list of 

providers of such services should be available from a state or local office of 

environmental protection. 
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PREFACE 

One of the most tangible benefits I realized upon joining the Organic 

Division of the American Chemical Society was my annual receipt of 

the most recent volume of Organic Syntheses. Throughout my graduate 

career I made a practice of reading each procedure in some detail (a 

convenient way to dispose of five minutes while waiting for a TLC plate 

to develop in those ancient days before the internet). This provided 

me with exposure to the recent chemical literature from a practical, 

hands-on perspective, and frequently fostered ideas for experimental 

techniques that could apply to my own research. 

Such experimental procedures are the bedrock of organic chemistry. 

While a detailed procedure is sometimes sufficient for the success- 

ful transfer of a synthetic procedure from one lab to another, this is 

not always the case. It is likely that all chemists have encountered a 

problem in reproducing an experimental procedure from the literature; 

when this occurs, it is inevitable that you question whether the cause 

for this failure is a shortcoming in your own experimental technique, 

or a key element of the procedure that is not adequately described. As 

a graduate student I experienced a dramatic example of this type of 

challenge when a late-stage coupling in our synthesis of FK506 failed 

to transfer from a co-worker’s lab to my lab one floor down in the same 

building. Following a concerted and successful effort to transfer this 

procedure (involving a colleague’s weekend return to Cambridge from 

North Carolina), the most likely culprit was identified as the source of 

inert atmosphere. Early, successful runs were performed under house 

nitrogen, whereas several failed experiments were run under argon from 

a cylinder. Upon returning to the use of house nitrogen, the coupling 

was successfully reproduced (see Strategies and Tactics in Organic Syn- 

thesis, vol. 3, pp. 440-441 for a full description of this story). 

While such transfers of procedures were rare in my graduate and 

postdoctoral career, they are routine in the pharmaceutical industry, 

and occur early and frequently in a project’s lifecycle. The chemist 

who develops a procedure on laboratory scale may participate in the 
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scale-up in a consulting role, but the direct responsibility for “on the 

floor” operations will lie elsewhere during scale-up to kilo lab or pilot 

plant. Based on my 14 years in Chemical Research and Development 

at Pfizer, I can comfortably say that successful technology transfers 

from lab to manufacturing represent our most critical responsibility 

as synthetic organic chemists. Discovery of a new chemical transfor- 

mation to efficiently prepare a key intermediate or drug candidate on 

lab scale provides great substance for a staff report; but if it cannot 

be successfully executed on multi-kilogram scale, its practical value is 

negligible. 

Organic Syntheses helps provide solutions to these challenges. All of 

the procedures in this volume have been performed successfully in both 

the submitters’ and the checkers’ labs, and thus meet a significantly 

higher standard of reliability and reproducibility than an unchecked 

procedure. The 35 procedures in Volume 86 represent a wide vari- 

ety of interesting compounds and synthetic methods. As with many 

previous volumes, methods for the enantioselective synthesis of chiral 

molecules are well represented. The burgeoning field of organocatal- 

ysis is represented by List’s proline-mediated Mannich reaction to form 

TERT-BUTYL (1S,2S)-2-METHYL-3-OXO-1-PHENYLPROPYL- 

CARBAMATE (p. 11). Ellman and co-workers provide a useful 

method for the preparation of chiral diaryl methanamines by metal- 

catalyzed addition of a boronic acid to an in situ generated imine in their 
preparation of  (S)-TERT-BUTYL (4-CHLOROPHENYL) 

(THIOPHEN-2-YL)METHYLCARBAMATE (p. 360). Two catalytic 
asymmetric allylations are represented in this volume: Braun and co- 

workers’ palladium-catalyzed synthesis of ($)-(—)-2-ALLYLCYCLO- 

HEXANONE (p. 47), and Stoltz and co-workers’ decarboxylative ally- 

lation to prepare (S)-2-ALLYL-2-METHYLCYCLOHEXANONE (p. 
194). A chiral auxiliary aldol-type method is represented by Urpi and 

co-workers’ preparations of (S)-4-I[SOPROPYL-N-PROPANOYL-1, 

3-THIAZOLIDINE-2-THIONE (p. 70) and anti «-METHYL-6- 

METHOXY CARBOXYLIC COMPOUNDS (p. 81). A cinchonine- 
catalyzed Mannich addition of a B-keto ester to an in situ generated 

imine is described in Schaus and co-workers’ ENANTIOSELECTIVE 
PREPARATION OF DIHYDROPYRIMIDONES (p. 236). Williams 
and co-workers describe the diastereoselective allylation of a useful 
proline-derived chiral template, (3R,7aS)-3-(TRICHLOROMETHYL)- 

TETRAHYDROPYRROLO-[1,2-C]JOXAZOL-1(3H)-ONE (p. 262). 
Jackson and co-workers provide the preparation of a TERT-butylglycinol- 
derived chiral ligand and its use in a vanadium-catalyzed oxidation to 
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prepare (S)-(-)-METHYL p-BROMOPHENYL SULFOXIDE 
(p2421): 

Cross-coupling methods continue to be an active area of research 
in both academic and industrial settings, and are represented by three 
procedures in this volume. Denmark and co-workers describe a cost- 
effective and practical polyvinylsiloxane cross-coupling method in the 
preparation of 3-VINYLQUINOLINE AND 4-VINYLBENZO- 
PHENONE (p. 274). Daugulis and co-workers describe the direct 
arylation of an electron-rich heterocycle with an arylchloride in their 
preparation of 5-PHENYL-2-ISOBUTYLTHIAZOLE (p. 105). Burke 
and co-workers describe the utility of a boron-protected bromoboronic 
acid in an iterative cross-coupling sequence to prepare 4-(p-TOLYL)- 
PHENYLBORONIC ACID (p. 344). 

In addition to providing examples of useful synthetic methods, 

Organic Syntheses has also provided preparations of many useful and 

interesting compounds; the contents of this volume provide several such 

examples. Stoltz and co-workers describe an improved synthesis of an 

oxazoline phosphine ligand (used in their decarboxylative allylation 

procedure, p. 194) in their preparation of (S)-TERT-ButyIPHOX 
(p. 181). Synthesis of an unsymmetrically substituted triyne via a 

desilylative bromination/cross-coupling sequence is described by Kim 

and co-workers in the preparation of (7-(BENZYLOXY)HEPTA- 

1,3,5-TRIYNYL) TRITSOPROPYLSILANE (p. 225). Synthesis 
of the very interesting TETRAKIS(DIMETHYLAMINO)ALLENE 

is described by Firstner and co-workers (p. 298). Olofsson 

and co-workers provide an efficient synthesis of BIS(4-TERT- 

BUTYLPHENYL)IODONIUM TRIFLATE (p. 308), and Donahue 

and co-workers provide a practical synthesis of 4,5-DIMETHYL-1,3- 

DITHIOL-2-ONE (p. 333). 
Heterocycles are also well represented in this volume. Stevens and 

co-workers describe a useful rearrangement of an azirine in their 

preparation of 2-(3-BROMOPHENYL)-6-(TRIFLUOROMETHYL) 
PYRAZOLO-[1,5-a]PYRIDINE (p. 18). Lebel and co-workers apply 

a thodium-catalyzed C-H bond insertion of a nitrene to prepare 4- 

SPIROCYCLOHEXYLOXAZOLIDINONE (p. 59). Kuethe and co- 
workers apply a palladium-catalyzed reductive cyclization of a nitro- 
styrene to prepare [2-(4-FLUOROPHENYL)-1H-INDOL-4-YL]-1- 

PYRROLIDINYLMETHANONE (p. 92). Simanek and co-workers 

describe the large scale preparation of 2-[3,3’-DI-(TERT-BUTOXY- 

CARBONYL)-AMINODIPROPYLAMINE]-4,6,-DICHLORO-1,3, 

5-TRIAZINE and 1,3,5-[TRIS-PIPERA ZINE]-TRIAZINE (p. 141), 
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and their subsequent coupling to prepare a MELAMINE (TRI- 

AZINE) DENDRIMER (p. 151). Hossain and co-workers describe 

the single pot conversion of salicylaldehydes and ethyl diazoac- 

etate to 3-ETHOXYCARBONYL BENZOFURANS (p. 172). Kwon 

and co-workers describe a phosphine-catalyzed [4+2] annulation 

to prepare ETHYL 6-PHENYL-1-TOSYL-1,2,5,6-TETRAHYDRO- 

PYRIDINE-3-CARBOXYLATE (p. 212). Kappe and co-workers pro- 

vide two interesting multi-component condensations of an aminopy- 

razole, 1,3-diketone and aromatic aldehyde to provide TETRAHY- 

DROPYRAZOLOQUINOLINONES AND  TETRA-HYDRO- 

PYRAZOLOQUINAZOLINONES (p. 252). Shi and co-workers 

describe a stereospecific palladium-catalyzed diamination of an 

olefin with DI-TERT-BUTYL-DIAZIRIDINONE AS NITROGEN 

SOURCE (p. 315). 

Several procedures in this volume demonstrate the application of 

generally useful synthetic methods that fall outside the umbrella of the 

preceding topics. Lautens and co-workers provide an improved method 

for the synthesis of gem-dibromoviny] anilines, useful compounds for 

the synthesis of substituted indoles via tandem cross-couplings, as 

exemplified in their preparation of 2-(2,2-DIBROMOETHENYL)- 

BENZENAMINE (p. 36). Landais and co-workers describe the 

use of a Birch reductive alkylation to prepare (3,5-DIMETHOXY- 

1-PHENYL-CYCLOHEXA-2,5-DIENYL)-ACETONITRILE (p. 1). 

Williams and co-workers describe the use of benzyl alcohol 

as an alkylating agent via the _RUTHENIUM-CATALYZED 

BORROWING HYDROGEN STRATEGY (p. 28). Lebel and 

co-workers describe a single pot Curtius rearrangement in 

their preparation of N-TERT-BUTYL ADAMANTANYL-1-YL- 

CARBAMATE (p. 113). Fukuyama and co-workers demonstrate 

a 1,2-diol protecting group that can be selectively removed in 

the presence of other acid-labile functionality in their preparation 

(and deprotection) of (4-((4R,5R)-4,5-DIPHENYL-1,3-DIOXOLAN- 
2-YL)PHENOXY)-(TERT- BUTYL)DI-METHYLSILANE (p. 130). 
Stoltz and co-workers describe an interesting addition of a B-keto 
ester enolate to an in situ generated aryne in their preparation of 
METHYL 2-(2-ACETYLPHENYL) ACETATE (p. 161). Coates 
and co-workers describe a chromium/cobalt-catalyzed low pressure 
carbonylation for the conversion of EPOXIDES TO 6-LACTONES 
(p. 287). Nakamura and co-workers utilize their indium-catalyzed 
addition of active methylene compounds to an unactivated alkyne 
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to prepare ETHYL 2-ETHANOYL-2-METHYL-3-PHENYLBUT-3- 
ENOATE (p. 325). Knochel and co-workers demonstrate the ortho- 
metallation of a weakly activated arene with (tmp): Mg2LiCl in their 
preparation of TERT-BUTYL ETHYL PHTHALATE (p. 374). 

Finally, I would like to gratefully acknowledge the authors and 

checkers of the procedures in this volume. Preparing and checking a 

procedure for Organic Syntheses is no small task, and without the com- 

mitment of these authors this volume would not be possible. I would 

also like to thank my fellow board members for the opportunity to serve 

with them over the past five years. It has been a genuine treat for a 

chemist from the pharmaceutical industry to rub elbows with the cream 

of academic chemistry, and the board meetings and Org Syn dinners 
have provided me with a host of pleasant memories (comparing iPhone 

apps with Clayton Heathcock and Rick Danheiser at the dinner table 

will always be one of my favorites). I would also like to thank Tamim 

Braish, Lynne Handanyan, and Charlie Santa Maria of Pfizer for their 

support of my editing and checking responsibilities, and the numerous 
checkers (and authors) of procedures here at Pfizer. I am particularly 

grateful to my colleague and long-time friend Sarah Kelly for her rec- 

ommendation of me to replace her on the board in 2005. Special thanks 

to Editor-in-Chief Rick Danheiser and Associate Editor Chuck Zercher 
for their support and guidance in my volume editing responsibilities. 

JOHN A. RAGAN 

Groton, Connecticut 
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PREPARATION OF (3,5-DIMETHOXY-1-PHENYL-CYCLOHEXA- 
2,5-DIENYL)-ACETONITRILE THROUGH BIRCH REDUCTIVE 

ALKYLATION (BRA) 

A O OMe 

lo, MeOH 

O reflux, 45 min 4 OMe 

B OMe 4) Li (2.2 eq.) NHa/THF CN OMe 
« ) -78 °C, 45 min SS. 

2) CICH2CN 
1 OMe 2 OMe 

Submitted by Raphaél Lebeuf, Muriel Berlande, Frédéric Robert, and 

Yannick Landais.' 

Checked by Marcus G. Schrems and Andreas Pfaltz. 

1. Procedure 

Caution! The Birch reductive alkylation reaction (part B) should be carried 

out in a well-ventilated hood to avoid exposure to ammonia. 

A. 5-Phenyl-1,3-dimethoxybenzene. To a 250-mL, three-necked, round- 

bottomed flask, equipped with a magnetic stirring bar, a reflux condenser 

(central neck), an internal thermometer and a ground-glass_ stopper, 

5-phenylcyclohexane-1,3-dione (7.98 g, 42.4 mmol) (Note 1) and methanol 

(80 mL) are added (Note 2). Concentrated sulfuric acid (1 mL, 95%) is 

added dropwise over | min and the suspension turns into a homogeneous 

solution. After 10 min iodine (23.7 g, 93.4 mmol, 2.20 equiv) is added as a 

solid in one portion. The mixture is refluxed for 45 min (oil bath; T = 85 °C) 

and then cooled down to room temperature. The solution is added to an 

aqueous sodium thiosulfate solution (0.5 M, 350 mL) and 150 mL of ether. 

Using a 1-L separatory funnel the aqueous phase is separated and the 

organic phase is washed with 2 x 100 mL of 0.5 M sodium thiosulfate 

solution, giving a yellowish organic phase. The aqueous phases are 

combined and extracted with 2 x 150 mL of ether. The combined organic 

1 Org. Synth. 2009, 86, 1-10 
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phase was washed with brine (50 mL), dried over sodium sulfate (1.80 g) 

and concentrated on a rotary evaporator (600 mmHg, 40°C, then 15 

mmHg), (8.87 g, light brown oil). Silica gel (10 g) and ethyl acetate (50 mL) 

are added and agitated. The solvent is removed on a rotary evaporator (125 

mmHg, 40 °C, then 15 mmHg). A sintered glass funnel (h x d: 9 cm x 5 cm) 

is charged with 20 g of silica gel (ca. 2.5 cm layer). A layer of sand (0.5 cm) 

is put on top followed by the crude material adsorbed on silica gel and 

another layer of sand (0.5 cm). A mixture of hexanes and ethyl acetate (50:1; 

750 mL) is passed through the silica gel plug by applying vacuum from 

below and collected (Note 3). After evaporation of the solvent on a rotary 

evaporator and drying under vacuum (0.1 mmHg) biaryl 1 is obtained as a 

white solid (6.04-6.42 g, 66-71%, mp 61.0-61.9 °C) (Note 4). 

B. (3,5-Dimethoxy-1-phenyl-cyclohexa-2,5-dienyl)-acetonitrile. A 500- 

mL, three-necked, round-bottomed flask is equipped with a magnetic stirring 

bar. The central neck of the reaction flask is fitted with a large cold-finger 

condenser. The flask with the condenser is heated in an oven overnight 

(120 °C). The two remaining necks are closed with ground-glass stoppers 

and the hot glassware is connected via the cold-finger condenser to a 

vacuum-nitrogen line. Vacuum is applied until the glassware is cooled down 

to room temperature and the glassware is flushed with nitrogen (Note 5). 

Biaryl 1 (6.08 g, 28.4 mmol) is introduced under nitrogen, and dissolved in 

anhydrous THF (100 mL) (Note 6). A T-joint with a bubbler for exhaust is 

introduced between the vacuum-nitrogen line and the cold-finger condenser. 

One ground-glass stopper is exchanged with a gas inlet valve connected to 

an ammonia tank (Note 7, 8) the other stopper with an internal thermometer. 

The flask and the cold-finger condenser are cooled to —78°C (bath 

temperature) using acetone and dry-ice, then ammonia (200 mL 

approximately) is condensed (Note 9). The gas inlet is replaced with a 

stopper and lithium (435 mg, 62.7 mmol, 2.21 equiv) (Note 10) is added 

portion wise at —78 °C under a nitrogen flow during 10 min. During lithium 

addition the solution turns rapidly brown and finally brick red. After 

45 minutes of stirring at this temperature, one of the glass stoppers is 

replaced by a septum and a cold solution of chloroacetonitrile (5.40 mL, 

85.3 mmol, 3.00 equiv) in anhydrous THF (20 mL) is added dropwise over 
10 min, keeping the temperature below —70 °C (Note 11). The mixture turns 
immediately brown. After 20 min of stirring, the reaction is quenched by 
addition of solid ammonium chloride (3.50 g). The cooling bath and 
condenser are removed and ammonia is allowed to evaporate under air (Note 
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12). When the reaction mixture has reached room temperature, a saturated 
ammonium chloride solution (150 mL) is added, followed by water (50 mL). 
The aqueous phase is extracted with ether (3 x 100 mL) in a 1-L separating 
funnel. The combined organic phases are washed with brine (150 mL), dried 
over sodium sulfate (2 g) and concentrated on a rotary evaporator (125 
mmHg, 40 °C, then 15 mmHg). The resulting brown paste (8.20) is 
purified by flash chromatography (Note 13). After concentration of the 
product-containing fractions on a rotary evaporator and drying under 

vacuum (0.1 mmHg), the bis-enol ether is obtained in 2 fractions: white 

solid (5.11 g) with mp = 101.0-102.0°C (Note 14), off-white fraction 

(1.17 g) with mp = 98.0-99.0 °C (Note 15) (total yield: 6.28-6.65 g, 87- 

88%). 

2. Notes 

1. 5-Phenylcyclohexa-1,3-dione (97%) was purchased from Alfa- 

Aesar and was used as received. 

2. Distillation over magnesium prior to use did not improve the 

yield. Sulfuric acid (ACS grade 95-98%) was purchased from Alfa-Aesar, 

sodium thiosulfate anhydrous was purchased from SDS, ether (99%) was 

purchased from SDS, ammonium chloride (99%) was purchased from Alfa- 

Aesar. The Checkers used methanol from J. T. BAKER (Baker analyzed), 

ammonium chloride from Fluka (299%), iodine from Riedel-de-Haén 

(purris. p.a.), sulfuric acid from VWR (AnalR NORMAPUR, 95%), sodium 

thiosulfate pentahydrate from Sigma-Aldrich (299.5%), ether form J. T. 

BAKER (Baker analyzed, distilled prior to use). 

3. The Submitters used column chromatography for purification of 

the product: silica gel column (25 x 4.5 cm charged with 100 g of silica gel 

Si60 43-60 pm, purchased from Merck), eluted with 1 L of a 95/5 

petroleum/EtOAc mixture. The product has an Ry= 0.82 when eluting with a 

90/10 petroleum ether/EtOAc mixture. Checkers: The product has a Ry = 

0.42 when eluting with a 90/10 hexanes/EtOAc mixture. The purity 

(elemental analysis, 'H NMR) of the material purified by column 

chromatography and by filtration over silica gel (Procedure A) was 

identical. 

4. Analytical data closely matched published data’. 'H NMR (400.1 

MHz, CDCI) 5: 3.86 ppm (s, 6 H), 6.49 (t, 1 H, J = 2.2 Hz), 6.75 (d, 2 H, J 

= 2.3 Hz), 7.34-7.38 (m, 1 H), 7.42-7.46 (m, 2 H), 7.58-7.60 (m, 2 H). “°C 
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NMR (100.6 MHz, CDCI) 8: 55.4, 99.2, 105.4, 127.2, 127.5, 128.7, 141.2, 

143.5, 161.0. IR (ATR) 3085, 3009, 2970, 2939, 2839, 1589, 1450, 1411, 

1350, 1311, 1204, 1150, 1064, 1026, 926, 833, 764, 694, 656 cm''. MS (EI, 

70 eV) miz (%): 214 (M’, 100), 185 (20), 128 (13). Anal Calcd for 

C 14H 1402: C, 78.48; H, 6.59. Found: C, 78.34; H, 6.66. 

5. Submitters: All connections and septa were secured with 

Parafilm-M®, The Checkers used GLINDEMANN®-sealing rings (PTFE) 

purchased from AMSI-Glas AG. 

6. The Checkers used THF (VWR, HPLC-grade) dried using a 

Pure-Solv'™ system." 

7. Anhydrous ammonia (N36) was purchased from Air Liquide in a 

steel cylinder (6 bar, 9.6 m°). The Checkers used anhydrous ammonia form 

PanGas in a steel cylinder (10 L, 5.3 kg). 

8. A drying tower filled with potassium hydroxide pellets is placed 

between the cylinder and the flask in order to dry the ammonia. 

9. 30-45 minutes are usually required to condense ammonia. An 

estimation of the volume of condensed ammonia was carried out by 

graduating the reaction flask with 300 mL of a solvent, prior to the 

experiment. 

10. Lithium wire, purchased from Aldrich (99.9%, 0.01% Na) is cut 

and washed in a beaker filled with dry pentane or cyclohexane. After 

weighing out the required amount, the wire is cut into 8-10 pieces in the 

beaker. Each piece is then hammered in an aluminum foil covered with 

mineral oil in order to protect the lithium surface from air and moisture. The 

pieces have to be flattened thoroughly to ensure rapid reaction. Each shiny 

flattened piece is finally washed quickly with dry pentane and introduced 

immediately into the reaction mixture under nitrogen atmosphere. 

11. Three equivalents of electrophile are required as lithium amide 

(LiNH2) is formed during the reaction that can consume part of the 

electrophile. Chloroacetonitrile (>99% GC) was purchased from Fluka and 

used as received. The chloroacetonitrile solution is prepared in a dry 50-mL 

Schlenk tube (sealed with a septum) under nitrogen and is cooled down to 

—78 °C before addition via cannula. A nitrogen filled balloon is used for 

pressure regulation. 

12. The fume hood should be pulled down during evaporation of 

ammonia. A water bath may be used to accelerate the evaporation. 

13. The crude mixture was adsorbed on silica gel (10 g) before 
being loaded at the top of a silica gel column (h x d: 19 cm x 4 cm, 120 g 
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silica gel 43-60 um, purchased from Merck). The fractions were collected 
in 50 mL tubes. The column is eluted with 800 mL of a 90/10 
hexanes/EtOAc mixture, then 1 L of a 50/10 hexanes/EtOAc mixture and 
1.2 L of a 30/10 hexanes/EtOAc mixture. A first fraction (tubes 32-43) 
contained 5.11 g of a colorless solid, mp 101-102 °C, a second fraction 

(tubes 44-60) contained 1.17 g of an off-white solid mp 98-99 °C (Note 

15), the product has a Ry= 0.13 when eluting with a 90/10 hexanes/EtOAc 

mixture. 

14. Analytical data of 2: 'H NMR (400.1 MHz, CDCl;)6: 2.87 (dt, 1 

H, J= 20.7, 1.2 Hz), 2.93 (s, 2 H), 2.97 (dt, 1 H, J = 20.7, 1.2 Hz), 3.60 (s, 6 

HY; 4570; t2eH5 Jy h2¢ Hz), 7:22-7:27,(msel oH) 5):7.34-7 35: (m4). 

'3C NMR (100.6 MHz, CDCl) 6: 31.1, 32.2, 44.9, 54.5, 54.5, 98.4, 118.0, 

125.7, 126.8, 128.6, 146.3, 153.3. IR (ATR) 3057, 2996, 2960, 2929, 2899, 

2828, 2252, 1694, 1406, 1209, 1196, 1164, 1146, 1022, 870, 809, 766, 703 

cm’. MS (FAB) m/z (%) 256 ([M+H]", 26), 215 (100). HRMS [M+Na]” 

Ci6H,;7NNaO,z: Caled 278.1157; found: 278.1160. Anal Calcd for 

Ci6H,7NO:: C, 75.27; H, 6.71; N, 5.49; found: C, 75.50; H, 6.82; N, 5.32. 

15. The compound collected as a second fraction showed no 

impurities in the 'H NMR spectrum. However, elemental analysis was 

outside the accepted range. Anal Calcd for C\6H,7NOz: C, 75.27; H, 6.71; N, 

5.49; found: C, 74.86; H, 6.74; N, 5.74. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Birch reductive alkylation (BRA)’ has proven to be a valuable process 

for the synthesis of highly functionalized building blocks, including 

cyclohexadienes bearing a quaternary center. The strategy is well 

documented on aryls containing electron-withdrawing groups and this 

strategy was elegantly extended by Schultz’ to diastereoselective reductive 

alkylation of chiral amides. More recently, Donohoe devised a Birch 

reductive alkylation of heteroarenes (furan, pyrrole, and pyridine) bearing 

electron-withdrawing groups using an ammonia-free protocol.’ Pioneering 
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studies® on Birch reductive alkylation of biaryls showed that mixture of 

compounds with modest level of regioselectivities and yields were obtained 

depending on the nature of the substituents on both aromatic rings. Recent 

investigations in our laboratory, however, demonstrated that BRA on biaryls 

bearing electron-donating groups (OMe) could be a very efficient process, 

affording good to excellent yields of alkylated products.’ Minor variations 

on the nature and the number of substituents on the aromatic rings were 

effectively shown to strongly affect both the regiocontrol and the 

competition between protonation and alkylation. It was, however, possible to 

control the regioselectivity of the reduction with a careful choice of the 

nature of the substituents on the biaryls. Two methoxy groups on the first 

aromatic ring, meta to the biaryl linkage, were thus shown to activate the 

reduction of this ring. Substituents such as OH or NHR on the second ring, 

in any positions relative to the biaryl bond, were found to be compatible 

with this reduction, providing their acidic proton was removed with n-BuLi, 

prior to addition of Li and ammonia. In contrast, a methoxy group placed in 

ortho or para position was cleaved under these conditions. The resulting 

substituted cyclohexa-1,4-dienes are valuable intermediates for the synthesis 

of more elaborated targets and were used as starting materials for the 

synthesis of various alkaloids using desymmetrization processes.® 

The above procedure is representative of the synthesis of diversely 

substituted arylcyclohexa-1,4-dienes. The strategy also features a convenient 

preparation of biaryls having a 3,5-dimethoxyphenyl moiety starting from a 

cyclohexa-1,3-dione’, adapted from published protocols,” which has been 

found, on large scale, more straightforward and practical than palladium 

couplings. The Birch reductive alkylation follows a standard protocol and 

can be run on large scale without erosion of the yield, in general. This 

methodology has been successfully extended to others biaryls with minor 

modifications, as shown in Table 1. 
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Table 1 

-33 °C, 1h 

Entry Biaryls Conditions Products Yields? 

OMe CN OMe 
1) Li, NH3, THF 

1 we, -78 °C, 0.5h a ee 88% 
2) CICH,CN 

OMe OMe 

OMe CO,Me OMe 

: 1) Li, NH3, THF 
Gh -78 °C, 0.5h om ey 77% 

2) CICH,CO,Me 
OMe OMe 

MeO OMe MeO CN OMe 
1) Li, NH3, THF 

3 -78 °C, 0.5h i. cm 91% 
2) CICH,CN 

MeO OMe MeO OMe 

OMe 4) n-BuLi, THF, 15 min CN (OMe 

ro { I) ater LM) one -78 °C, 0.5h 

MeO OMe 3) CICH,CN MeO OMe 

OMe 1) n-BuLi, THF, 15 min CN OMe 
2) Li/NH3, THF 

5 % 78°C, 05h ad 
NHBocs omen a), CRON NHBoc OMe 

CN 

1) Li, NH3, THF 
: -33°C, 1h nes 

2) CICH,CN 

CN 
1) n-BuLi, THF, 15 min 

; ine YN a 
O O xr 3) CICH,CN H 

* Yields given ona | g scale. With biaryls bearing a phenol (or an amine function) in ortho or para 

position (entry 4, 5, 7), yields tend to decrease (50% for entry 4 for example) upon scaling up (5 g) 

due to the higher basicity of the final anion, which may react with both ammonia and the electrophile. 
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Appendix 

Chemical Abstracts Nomenclature (Registry Number) 

5-Phenylcyclohexane-1,3-dione (493-72-1) 

Iodine (7553-56-2) 

_ Sodium thiosulfate (7772-98-7) 

Lithium (7439-93-2) 

Chloroacetonitrile (107-14-2) 
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SYNTHESIS OF TERT-BUTYL (1S,2S)-2-METHYL-3-OXO-1- 
PHENYLPROPYLCARBAMATE BY ASYMMETRIC MANNICH 

REACTION 

O 
HCO.H NHBoc 

A. H + HN-Boc + PhSO,Na 
THF/H,O SO2Ph 
18 h, ‘rt 

1 

NHBoc K,CO, No Boe 

B. cook ee ere 
on SO2Ph THF, reflux, 15h oe H 

1 2 

-Boc Boc, 

‘ O —_(S)-Proline (20 mol%) NH O 
CG: oes 2 
on a CH3CN, 0 °C, 12h cor 

2 3 

Submitted by Jung Woon Yang, Subhas Chandra Pan, and Benjamin List.’ 

Checked by Hisashi Mihara, and Masakatsu Shibasaki. 

1. Procedure 

A. — tert-Butyl phenyl(phenylsulfonyl)methylcarbamate (1).’ A 500-mL, 

two-necked, round-bottomed flask is equipped with a magnetic stirring bar 

and fitted with a glass stopper and an argon inlet. The flask is flushed with 

argon and charged with tert-butyl carbamate (13.00 g, 110.9 mmol, 1.00 

equiv) (Note 1) and 40 mL of tetrahydrofuran (Note 2). Water (100 mL), 

sodium benzenesulfinate (18.21 g, 110.9 mmol, 1.00 equiv) (Note 3), and 

freshly distilled benzaldehyde (11.48 mL, 113.1 mmol, 1.02 equiv) (Note 4) 

are sequentially added in single portions, followed by formic acid (99%, 

24.3 mL, 643 mmol) (Note 5). The reaction mixture is stirred for 18 h at 

room temperature under an argon atmosphere, during which time the desired 

product precipitates. The resulting white solid is filtered through a Biichner 

funnel (diameter 100 mm) and washed with distilled water (200 mL). The 

solid is transferred to a 500-mL single-necked, round-bottomed flask and is 

slurried in a mixture of hexane/dichloromethane (150/15 mL). The mixture 

is stirred for 2 h at room temperature, after which time it is collected by 
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filtration in a Biichner funnel (diameter 100 mm) and washed with 

hexane/dichloromethane (91/9 mL). The solid is transferred to a 300-mL 

round-bottomed flask and dried under reduced pressure (0.5 mmHg) at 

25 °C for 6 h to afford 30.79 g (80%) (Note 6) of the title compound 1 as a 

white solid. 

B. (E)-tert-Butyl benzylidenecarbamate (2) A 1-L, two-necked, 

round-bottomed flask equipped with a magnetic stirring bar, a rubber septum, 

and a reflux condenser capped with an inlet adaptor connected to an argon- 

vaccum manifold, is charged with anhydrous potassium carbonate (71.48 g, 

517.2 mmol, 6.0 equiv) (Note 7). The solid is placed under vacuum (0.5 

mmHg) and flame-dried. The flask is purged with argon and anhydrous 

tetrahydrofuran (600 mL) (Note 2) is added via cannula under argon at 

25 °C. Then, the septum is removed and compound 1 (29.95 g, 86.20 mmol, 

1.0 equiv) is added into the flask. The septum is exchanged for a glass 

stopper, and the resulting suspension is heated to reflux at 80-85 °C (oil bath 

temp) with vigorous stirring under argon. After 15 h, the reaction is cooled 

to 25 °C and the solid is filtered off through alternating layers of Celite (1 

cm thick)/Na;SO,(1 cm thick)/Celite (1 cm thick) using a Biichner funnel 

(diameter 100 mm), and washed with anhydrous tetrahydrofuran (100 mL) 

(Note 2). The filtrate is concentrated at 30 °C (water bath temperature) by 

rotary evaporation (20 mmHg) and dried under vacuum (0.5 mmHg) to give 

17.68 g (©99%) (Note 8) of the corresponding N-Boc-imine 2 as colorless 

oil. 

C. (1S,2S)-2-Methyl-3-oxo-1-phenylpropylcarbamate (3). A 500-mL, 

three-necked, round-bottomed flask equipped with a magnetic stirring bar, 

thermometer, rubber septum and argon inlet is charged with N-Boc-imine 2 

(5.00 g, 24.4 mmol, 1.0 equiv). The flask is flushed with dry argon and 

anhydrous acetonitrile (240 mL) (Note 9) is added via cannula under argon. 

Freshly distilled propionaldehyde (3.52 mL, 48.7 mmol, 2.0 equiv) (Note 

10) is added quickly in one portion by syringe and the flask is sealed and 

purged with argon. The resulting colorless solution is cooled to 0 °C 

(internal temperature) with a cryostat. The septum is removed temporarily 

and (S)-proline (561 mg, 4.87 mmol, 20 mol %) (Note 11) is added. After 

the reaction mixture is stirred at 0 °C (internal temperature) for 12 h, it is 
treated with 80 mL of distilled water and warmed to 25 °C. The solution is 
stirred vigorously for 20 min at 25 °C, diluted with diethyl ether (100 mL), 
and transferred to a 500-mL separatory funnel. The layers are separated, and 
the aqueous layer is extracted with diethyl ether (100 mL). The combined 
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organic phases are washed with brine (60 mL), dried over MgsSO, (20 g), 
filtered through a Biichner funnel, and concentrated by rotary evaporator 
(30 °C, water bath temp, 20 mmHg). The resulting solid is triturated with 
cool iso-hexane (4 °C, 70 mL), filtered, washed with an additional portion of 
cool iso-hexane (4 °C, 15 mL), and dried under vacuum (0.5 mmHg, 25 °C) 
to afford 5.61 g (87%) (Notes 12, 13) of Mannich product 3. 

2. Notes 

1. tert-Butyl carbamate (=98% purity) was purchased from Fluka and 

used as received. 

2. Anhydrous tetrahydrofuran was purchased from Kanto Chemicals 

and used as received by the Checkers. (Tetrahydrofuran dried by distillation 

from sodium and benzophenone under an argon atmosphere was used by the 

Submitters.) 

3. Benzenesulfinic acid sodium salt (98% purity) was purchased from 

Alfa Aesar and used as received. 

4. Benzaldehyde was purchased from Alfa Aesar and distilled before 

use (5 mmHg, bp 40 °C). 

5. Formic acid (98%) was purchased from Acros and used as received. 

6. Compound 1 exhibits the following physical and spectroscopic 

properties: mp: 153-154 °C; IR (KBr) v 3362, 2975, 2495, 1713, 1311, 1146 

em; 'H NMR (500 MHz, (CD3)CO) 8: 1.26 (s, 9 H), 6.08 (d, J = 10.9 Hz, 
1 H), 7.45-7.47 (m, 3 H), 7.65-7.75 (m, 6 H), 7.95-7.97 (m, 2 H); '*C NMR 
(125 MHz,\(GD;),C ©) 6%28:3,°75:3, 80.5;,129.2, 129.9, 130.3, 130.4, 130.6, 

131.9, 134.7, 138.8, 154.9; Anal. Caled for CigH21NO,S: C, 62.23; H, 6.09; 

N, 4.03. Found: C, 62.29; H, 6.05; N, 4.07. 

7. Anhydrous potassium carbonate as granular form was purchased 

from Merck. 

8. Compound 2 exhibits the following physical and spectroscopic 

properties: IR (KBr) v 3382, 2979, 1717, 1636, 1152 cm'; 'H NMR (500 
MHz, (CD3).CO) 5: 1.58 (s, 9 H), 7.57-7.66 (m, 3 H), 7.98-8.00 (m, 2 H), 

8.84 (s, 1 H); °C NMR (125 MHz, (CD3).CO) 6: 28.1, 82.1, 129.9, 130.5, 

134.2, 135.6, 163.5, 168.5; Anal. Caled for C)2HisNOz: C, 70.22; H, 7.37; N, 

6.82. Found: C, 69.82; H, 7.30; N, 6.71. 

9. Anhydrous acetonitrile was purchased from Fluka and used 

without further purification. 
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10. Propionaldehyde was purchased from Alfa Aesar and distilled 

before use (bp 50 °C). 

11. (S)-Proline was purchased from Fluka and used as received. 

12. TLC analysis was performed on Merck silica gel 60 F-254 plates 

using 15% ethyl acetate in hexanes as eluent. The product has an Ry= 0.33 

(visualized with 254 nm UV lamp and stained with p-anisaldehyde reagent). 

13. The enantiomeric ratio was determined to be >99:1 by chiral 

HPLC (CHIRALPAK AS-H column, 2% i-PrOH/heptane, 0.50 mL/min, 220 

nm, tr (minor: 41.2 min), tg (major: 53.8 min). Compound 3 exhibits the 

following physical and spectroscopic properties: mp: 127-128 °C; fal 5 

+14.6(c 1.0, CHCl); IR (KBr) v 3379, 2977, 1721, 1683, 1524, 1174 em’; 

'H NMR (500 MHz, CDCl) 8: 1.07 (d, J= 7.0 Hz, 3 H), 1.42 (s, 9 H), 2.87 

(m;:1 H),5.12 (brs; PH))5.19"(6r's, 1H); 7:24-7:37 (mys FH) 9.721 By; 

'3C NMR (125 MHz, CDCl;) 5: 9.5, 28.5, 51.8, 54.9, 80.3, 126.9, 127.9, 
129.0, 139.8, 155.3, 203.3; Anal. Caled for C};H2;NO3: C, 68.42; H, 8.04; N, 

5.32. Found: C, 68.30; H, 7.99; N, 5.40. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press: Washington, DC, 1995. 

3. Discussion 

The catalytic asymmetric Mannich reaction is arguably the most useful 

approach to synthesize chiral B-amino carbonyl compounds.’ In 2000, we 

discovered a proline-catalyzed direct three-component asymmetric Mannich 

reaction between aldehydes, 4-methoxyaniline, and ketones. This Mannich 

reaction required the use of an aniline as the amine component.° Since the N- 

substituent is usually employed as protecting group, it should be easily 

removable after the reaction has taken place. However, the removal of the 

commonly used p-methoxyphenyl (PMP) group from nitrogen often requires 

drastic oxidative conditions involving harmful reagents such as ceric 
ammonium nitrate (CAN) that are not compatible with all substrates. We 
have employed the fert-butoxycarbonyl (Boc) group as an easily removable 
protecting group to overcome this drawback.° For example, we found the 
reaction of propionaldehyde with benzaldehyde-derived N-Boc-imine’ to 
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give the corresponding chiral f*’-amino aldehyde in high levels of 
diastereo- and enantioselectivities. Moreover, the product of the reaction was 
obtained by an aqueous workup/organic extraction process as stable, 
crystalline solid. Purification can be achieved by trituration with cool iso- 
hexane. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

tert-Butyl phenyl(phenylsulfonyl)methylcarbamate: Carbamic acid, N- 

[phenyl(phenyl-sulfonyl)methyl]-1,1-dimethylether ester; (155396- 

71-7) 

(E)-tert-Butyl benzylidenecarbamate: Carbamic acid, N-(phenylmethylene)- 

1,1-dimethyl-ethyl ester, [V(E)]-; (177898-09-2) 

Carbamic acid, N-[(1S,2S)-2-methyl-3-oxo-1-phenylpropyl]-1,1- 

dimethylethyl ester; (926308-17-0) 
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SYNTHESIS OF PYRAZOLO[1,5-a]PYRIDINES VIA AZIRINES: 

PREPARATION OF 2-(3-BROMOPHENYL)-6- 

(TRIFLUOROMETHYL)PYRAZOLO[1,5-a] PYRIDINE 
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Caution! Hydroxylamine hydrochloride explodes with heating above 110 

ge 

1. Procedure 

A. 1-(3-Bromophenyl)-2-[5-(trifluoromethyl)-2-pyridinyl]ethanone 

(1). A 2-L, oven-dried, three-necked, round-bottomed flask equipped with 

two stoppers and nitrogen inlet is charged with sodium hydride (13.2 g, 330 
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mmol, 60% dispersion in oil) and a magnetic stir bar (Note 1). Hexanes 
(300 mL) (Note 2) are added, and the suspension is stirred, allowed to settle, 
and the supernatant (250 mL) is poured off by decantation. Dry THF (300 
mL) (Note 3) is added to the flask, and a reflux condenser with nitrogen inlet 
a thermometer, and a rubber septum are attached. A solution of 3’-bromo- 
acetophenone (30.0 g, 20 mL, 151 mmol) (Note 4) in dry THF (60 mL) is 
added over 5 min via syringe to the sodium hydride suspension. The 
resulting light brown suspension is stirred for 5 min, and a solution of 2- 

chloro-5-(trifluoromethyl)pyridine (24.9 g, 137 mmol) (Note 5) in dry THF 

(60 mL) is added over 10 min via syringe. Additional dry THF (120 mL) is 

used to rinse the sides of the flask. The resulting orange-brown solution is 

heated in an oil bath until the internal temperature is 60 °C. The solution 

darkens in color as the reaction proceeded. After stirring for 24 h, the 

reaction solution is cooled to room temperature. Only trace starting material 

remains as determined by TLC: product (1) Rs = 0.5 (4:1 hexanes:ethyl 

acetate). To allow more volume during quenching, the mixture is transferred 

equally into two 1-L Erlenmeyer flasks. To each portion is added brine (150 

mL) (Note 6) and ethyl acetate (150 mL). After the reaction is safely 

quenched, all material is transferred to a 2-L separatory funnel. The aqueous 

layer is removed and the organic layer is washed with additional brine (100 

mL). The combined aqueous layers are extracted with ethyl acetate (100 

mL), and the combined organic layers are dried with MgSO, (150 g). The 

drying agent is filtered off and washed with additional ethyl acetate (200 

mL). The combined filtrate is concentrated in vacuo (40 °C, 20. mmHg). 

Celite (24 g) and methylene chloride (50 mL) are added to the resulting 

brown solid and concentrated by rotary evaporation (35 °C, 20 mmHg). The 

adsorbed material is loaded onto a column and purified by silica gel 

chromatography (330 g silica gel, 25 cm x 6 cm, start 10:1 hexanes:ethyl 

acetate to 3:1 gradient, 100 mL/min, 30 min, 3 L total solvent volume) to 

give product 1 (37.5 g, 79%) as a bright yellow solid (Note 7). 

B. (1Z)-1-(3-bromophenyl)-2-[5-(trifluoromethyl)-2-pyridinyl]- 

ethanone oxime (2). A 500-mL, three-necked, round-bottomed flask 

equipped with a thermometer and a mechanical stirrer is charged with ketone 

(1) (15.0 g, 43.7 mmol). Methanol (120 mL) (Note 8) is added, followed by 

slow addition of aqueous sodium hydroxide (2.5 M, 75 mL, 188 mmol) 

(Note 9) over 5 min, which completely dissolved the ketone to give an 

orange solution. Hydroxylamine hydrochloride (15.2 g, 219 mmol) (Note 

10) is added in small portions over 15 min, during which the solution 

> 
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changed from orange to bright yellow (Note 11). An additional 10 mL of 

methanol is used to wash down the sides of the flask. Vigorous stirring is 

required due to the large quantity of solids present. A reflux condenser is 

attached and the reaction mixture is heated in an oil bath until the internal 

temperature is 70 °C. The solids dissolved and the bright yellow color faded 

as the reaction proceeded. Once an internal temperature of 70 °C is reached, 

the reaction mixture is stirred for 90 min at which point only trace starting 

material remained as determined by TLC: product (2) Rr = 0.33 (4:1 

hexanes:ethyl acetate). The oil bath is removed, the reaction solution cooled 

to room temperature over 30 minutes, and a solid precipitated out of solution 

(Note 12). The reaction mixture is further cooled to 0 °C in an ice bath for 

30 min, and all of the white solid material is collected by filtration using a 

fritted funnel (9 cm, 350 mL, M). The solid is washed with cold water (3 x 

20 mL) and is dried under high vacuum (<1 mmHg) at 50 °C for 5 hours. 

The pale yellow solid is dissolved in methanol (75 mL) at 60 °C and water 

(25 mL) is added slowly at 60 °C until the solution became cloudy. The 

solution is cooled to room temperature over 1 h and the precipitate that 

formed is filtered using a fritted funnel (9 cm, 350 mL, M). The solid is 

washed with cold water (3 x 20 mL) and dried under high vacuum (<1 

mmHg, 50 °C) overnight to give (2) as pale yellow solid (11.4 g, 72%) 

(Notes 13, 14). 

C. 2-[3-(3-Bromophenyl)-2H-azirin-2-yl]-5-(trifluoromethyl)pyridine 

(3). A 250-mL, oven-dried, three-necked, round-bottomed flask equipped 

with nitrogen inlet, a thermometer, a rubber septum, and a magnetic stir bar 

is charged with oxime (2) (12.0 g, 33.4 mmol) and dry dichloromethane (50 

mL) (Note 15). The cloudy yellow solution is cooled in an ice bath and 

triethylamine (18.6 mL, 133 mmol) (Note 16) is added dropwise over 10 

min via syringe. Following the triethylamine addition, all solids had 

dissolved, and stirring is continued at 0 °C for 15 min. Trifluoroacetic 

anhydride (5.7 mL, 41 mmol) (Note 17) is then added dropwise over 10 min 

via syringe (Note 18). The solution darkened in color as the reaction 

proceeded. After 30 min of stirring, the flask is allowed to warm to room 

temperature and stirring is continued for an additional 60 min. Only trace 

starting material remained as determined by TLC: product (3) Ry = 0.25 (9:1 
hexanes:ethyl acetate). The reaction is then quenched by the addition of 
water (20 mL). The aqueous layer is extracted with methylene chloride (2 x 
15 mL), and the combined organic layers are dried over MgSO, (20 g), 
filtered, and concentrated (35 °C, 20 mmHg). Celite (10 g) and methylene 
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chloride (40 mL) are added to the resulting dark red oil and concentrated by 
rotary evaporation (35 °C, 20 mmHg). The adsorbed material is loaded onto 
a column and purified using silica gel chromatography (330 g silica gel, 25 
cm x 6 cm, start 20:1 hexanes:ethyl acetate to 5:1 gradient, 100 mL/min, 30 
min, 3 L total solvent volume) to give (3) as a dark orange oil (8.61 g 76%) 
(Note 19). 

D. 2-(3-Bromophenyl)-6-(trifluoromethyl)pyrazolo[1,5-a]pyridine (4). 

A 20-mL microwave vial is charged with azirine (3) (2.20 g, 6.45 mmol) 

dissolved in 1,2-dichloroethane (11 mL) (Note 20). A stir bar is added, the 

vial is sealed, and the resulting orange solution is heated for 1 h in a Biotage 

Initiator Eight Microwave Reactor held at a constant temperature of 175 °C 

(Notes 21, 22). Only trace starting material remained as determined by 

TLC: product (4) Rr = 0.35 (9:1 hexanes:ethyl acetate). A total of 6.60 g (3 

x 2.20 g, 19.3 mmol) of (3) is treated in this manner and the resulting 

solutions are combined and concentrated in vacuo (40 °C, 20 mmHg). 

Celite (7 g) and methylene chloride (40 mL) are added and concentrated by 

rotary evaporation (35 °C, 20 mmHg). The adsorbed material is loaded onto 

a column and purified using silica gel chromatography (120 g silica gel, 25 

cm x 3 cm, start 20:1 hexanes:ethyl acetate to 3:1 gradient, 40 mL/min, 30 

min, 1.2 L total solvent volume) to give (4) (6.08 g, 92%) as a yellow 

powder (Notes 23, 24). 

2. Notes 

1. Sodium hydride (dispersion, 60% in oil) was purchased from the 

Aldrich Chemical Company, Inc. and was used as received. When using 

60% dispersions, the submitters have found the need to add 1.2 equiv. 

Consequently for the chemistry of Step A the submitters have found that the 

reaction proceeds to completion more reliably with a total of 2.4 equiv of 

NaH. 

2. Hexanes (HPLC Grade) was purchased from EMD and was used 

as received. 

3. Drisolv® THF (99.9%) was purchased from EMD and was used as 

received. 

4. 3’-Bromo-acetophenone (99%) was purchased from the Aldrich 

Chemical Company, Inc. and was used as received. 

5. 2-Chloro-5-(trifluoromethyl)pyridine was purchased from _ the 

Aldrich Chemical Company, Inc. and was used as received. 
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6. Aqueous saturated brine solution was added dropwise to minimize 

the exotherm. 

7. Submitters made proton and carbon assignments using 2D NMR 

and found product 1 exists as an approximate 7:3 keto/enol tautomeric 

mixture: mp 85-86 °C; IR (film) cm’ 1603, 1547, 1477, 1323, 1259, 1161, 

1116, 1075, 1058; TLC: Ry = 0.52 (silica gel, 4:1 hexanes:ethyl acetate); 'H 

NMR (400 MHz, DMSO-d¢) 6: 4.71 (s, 0.5 H), 6.58 (s, 0.75 H), 7.39 (m, 

1.5 H), 7.49(t, 0.25 H, J = 8.0 Hz), 7.62 (m, 1 H), 7.82 (m, 1 H), 7.98 (m, 1 

H), 8.07 (d, 0.75 H, J= 8.0 Hz), 8.14 (m, 0.5 H), 8.74 (br s, 0.75 H), 8.85 (br 

s, 0.25 H), 14.97 (br s, 0.75 H); ‘°C NMR (100 MHz, DMSO-de) 8: 47.8, 
94.95 120.01(g)jrd22:5 212216512257 ppl 22:9; 8123.6 24, 249 lS A, 

127.8, :128.151128.5, 131.Ay 134.2434; 133.2,134.2 (q), 134.9 (gq); 136.5; 

138.2, 138.7, 142.3 (q), 146.1 (q), 160.6, 164.9, 195.9; '"F NMR (376 MHz, 

DMSO-d¢) 5: -60.03, -60.06; LRMS (ESI) m/z (%): 344 (100), 345 (17), 

346 (100), 347 (17); HRMS (FAB) mz M’ calcd for Ci4HoBrF;NO: 

342.9820. Found: 342.9825. Anal. Caled for Cj4HoBrF3;NO: C, 48.86; H, 

2.64; N, 4.07. Found: C, 48.82; H, 2.69; N, 4.07. 

8. Methanol was purchased from EMD and was used as received. 

9. Sodium hydroxide (2.50 + 0.02 M) was purchased from VWR and 

was used as received. 

10. Hydroxylamine hydrochloride (98%) was purchased from the 

Aldrich Chemical Company, Inc. and was used as received. 

11. The submitters found that extended reaction time is required when 

less than 5 equiv of hydroxylamine hydrochloride is used. For example, 3 

equiv of hydroxylamine hydrochloride required 24 h at 70 °C to reach 

completion. In addition, test reactions demonstrated that the use of at least 

2.5 equiv of hydroxylamine hydrochloride was necessary for the reaction to 

reach completion. 

12. The submitters obtained a white flocculent solid (12.0 g, 76%) out 

of the reaction solution, which was used without purification in the next step. 

13. The oxime (2) exhibits the following characteristics: mp 123-125 

°C; IR (film) cm’! 3002, 2835, 1610, 1324, 1176, 1164, 1127, 1081, 1059, 
1028; TLC: Rr = 0.33 (silica gel, 4:1 hexanes:ethyl acetate); 'H NMR (400 
MHz, DMSO-d.) 6: 4.35 (s, 2 H), 7.30 (t, 1 H, J = 8.0 Hz), 7.52 (m, 2 H), 
7.68 (d, 1 H, J= 8.0 Hz), 7.87 (s, 1 H), 8.08 (d, 1 H, J = 8.0 Hz), 8.83 (br s, 
1 H), 11.75 (br s, 1 H); ‘°C NMR (100 MHz, DMSO-d,) 8: 34.3, 122.2, 
123.8, 125.5, 128.9, 131.0, 131.9, 134.5 (q), 138.7, 146.2 (q), 152.6, 162.5; 
'"F NMR (376 MHz, DMSO-d) 5: —59.99; LRMS (ESI) m/z (%): 359 (100), 
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360 (17), 361 (100), 362 (17); HRMS (FAB) m/z [M+H]" calcd for 
Ci4H);BrF3N2.O: 359.0005 found: 359.0006. Anal. Calcd for 
Ci4HioBrF3N20: C, 46.82; H, 2.82; N, 7.80. Found: C, 46.55; H, 2.68; N, 
7.67. 

14. The submitters reported yields that ranged from 65-81% for this 
step, with decreasing returns as the reaction scale was increased. The 
submitters also reported that the oxime (2) could be efficiently converted 
back to ketone (1) by treatment with 1:1 water:acetone and a few drops of 
4M HCl at 50°C for 24 h. 

15. Dry dichloromethane (99.8%) was purchased from the Aldrich 

Chemical Company, Inc. and was used as received. 

16. Triethylamine was purchased from the Aldrich Chemical 

Company, Inc. and was used as received. 

17. Trifluoroacetic anhydride was purchased from the Aldrich 

Chemical Company, Inc. and was used as received. 

18. Trifluoroacetic anhydride is volatile under these conditions; the 

addition should be made slowly and carefully. 

19. The azirine (3) exhibits the following characteristics: IR (film) 

cm 1736, 1604, 1323, 1162, 1123, 1077; TLC: Ry = 0.30 (silica gel, 9:1 

hexanes:ethyl acetate); 'H NMR (400 MHz, DMSO-d) 5: 3.63 (s, 1 H), 

dS, Hy J =:8:0)/Hz),'7'59-(d,; PH, J= 8 Hz)37:87 (d; 1 Hy J = 8.0 Hz), 

7.91 (d, 1 H, J= 8.0 Hz, 1 H), 8.07 (m, 1 H), 8.09 (dm 1 H, J= 8.0 Hz), 8.76 

(s, 1 H); °C NMR (100 MHz, DMSO-d.) 8: 35.3, 122.2, 122.9, 123.0, 
123:99(g)5125.5,°129 2) -13201; 132:6,°134.2(q), -136.8;. 146.2: (q@;- 160.4, 

164.4; °F NMR (376 MHz, DMSO-d.) 8: 60.04; LRMS (ESI) m/z (%): 341 
(100), 342 (17), 343 (100), 344 (17); HRMS (FAB) m/z [M+H]’ calcd for 

C,4HoBrF3N>: 340.9901 found: 340.9895. Anal. Calcd for C),HgBrF3N2: C, 

49.29; H, 2.36; N, 8.21. Found: C, 49.37; H, 2.38; N, 7.96. The submitters 

observed that the product solidified over time: mp 123-125 °C; 

20. 1,2-Dichloroethane (99.8%) was purchased from the Aldrich 

Chemical Company, Inc. and was used as received. 

21. Safety precautions should always be taken with any “sealed flask” 

reaction. The microwave reactor has a built-in “blast shield” and an 

automatic shut-off when a pressure is over the instrument maximum setting. 

Solvent choice can be a very important factor in microwave chemistry as the 

vapor pressure buildup must be taken into consideration as the reaction is 

heated. 1,2-Dichloroethane was used in Step D because it can be heated 
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high enough to facilitate the desired transformation while maintaining a safe 

vapor pressure. 

22. The submitters reported that 1,2,4-trichlorobenzene was a suitable 

solvent under conventional refluxing conditions and that diglyme and 1,2,4- 

trichlorobenzene proved to be suitable alternatives under microwave 

conditions. The detailed procedure described herein provided the highest 

conversion and yield of the desired product. Because the microwave reactor 

has a maximum volume of 20 mL, the checkers ran three identical reactions 

of 2.2 g, and the submitters ran two identical reactions of 3.3 g. The 

submitters also reported that the transformation of azirine (3) to 

pyrazolo[1,5-a]pyridine (4) is much cleaner when the microwave is used for 

1 h instead of conventional heating for longer times. 

23. The pyrazolo[1,5-a]pyridine (4) exhibits the following 

characteristics: mp 59-60 °C; IR (film) cm’ 1647, 1460, 1334, 1321, 1157, 

1112, 1076, 1052; TLC: Ry= 0.38 (silica gel, 4:1 hexanes:ethyl acetate); 'H 

NMR (400 MHz, DMSO-d.) 5: 7.24 (s, 1 H), 7.35 (d, 1 H, J= 9.2 Hz), 7.39 

(t, 1 H, J= 8.0 Hz), 7.54 (d, 1 H, J/= 8.0 Hz), 7.81 (d, 1 H, J= 9.2 Hz), 7.95 

(d, 1 H, J = 8.0 Hz), 8.12 (m, 1 H), 9.26 (s, 1 H); ‘°C NMR (100 MHz, 
DMSO-d) 5: 96.3, 115.3 (q), 119.7, 122.7, 122.7, 125.4, 125.6, 128.5 (q), 

129.1, 131.4, 132.1, 134.7, 142.1, 153.6; °F NMR (376 MHz, DMSO-d.) 8: 

—59.73; LRMS (ESI) m/z (%): 341 (100), 342 (25), 343 (83), 344 (17); 

HRMS (FAB) m/z M' calcd for C\gHgBrF3N2: 339.9823 found: 339.9827. 

Anal. Calc for C;4HgBrF3N2: C, 49.29; H, 2.36; N, 8.21. Found: C, 49.26; 

H2.333\N, S44: 

24. The submitters made proton and carbon assignments based on 

correlations in the TOCSY, gCOSY, NOESY, gHSQC, and gHMBC 

experiments that fully support the structure (2D NMR data not shown). 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Azirine intermediates in the synthesis of the complex pyrazolo[1,5- 

aJpyridine heterocycle are utilized because the method is facile and the 
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intramolecular nature allows control of substituent regiochemistry on the 
resulting bicycle (the CF; group in 4, for example). Thermal reactions of 
azirines involve regioselective ring opening to form highly reactive nitrene 
intermediates. _ With appropriately substituted pyridyl azirines, the 
electrophilic nitrene can be intercepted by the pyridyl nitrogen to give the 
bicyclic pyrazolo[1,5-a]pyridine with predictable substitution patterns based 
on the original pyridyl substitution. The most common side products derive 

from nitrene dimerization. The product resulting from formal C-H insertion 

is rarely seen in appreciable quantity. 

A wide variety of intermolecular reactions have been successfully 

performed to produce unsubstituted pyrazolo[1,5-a]pyridines.’ The 

intermolecular syntheses of an unsubstituted pyrazolo[1,5-a]pyridine dates 

back to at least 1962 when Huisgen synthesized a number of interesting 

heterocycles including pyrazolo[1,5-a]pyridines.* Huisgen was a pioneer of 

heterocyclic chemistry especially the use of unsubstituted  1- 

aminopyridinium iodide.’ Intermolecular syntheses of pyrazolo[1,5- 

a]pyridines are perhaps more common than the intramolecular variety, but 

the intermolecular nature fails to control the regiochemical outcome. 

Azirines themselves have attracted much research interest because 

they represent the smallest nitrogen-containing unsaturated heterocyclic 

system.° Most interest stems from the influence of ring strain of the azirine 

on the potential for elaboration to other heterocyclic systems. As with the 

synthesis of the pyrazolo[1,5-a]pyridines, azirine syntheses can also be 

categorized into intra- and intermolecular classes. Intramolecular variants as 

described herein (reaction of an N-functionalized imine) are usually termed 

the Neber reaction based on the first synthesis of an azirine in a 

cycloelimination reaction under basic conditions.’ Other intramolecular 

syntheses of azirines begin with vinyl azides,® isoxazoles,’ and 

oxazaphospholes.'° The less common intermolecular approach to the 

synthesis of azirines usually relies on a cycloaddition between carbenes and 

nitriles.'' Useful yields in this approach generally require stabilized 

phosphanylcarbenes which produce phosphorous substituted azirines.'* 
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Appendix 

Chemical Abstracts Nomenclature (Registry Number) 

3’-Bromoacetophenone: |-acetyl-3-bromobenzene; (2142-63-4) 

Sodium hydride; (7646-69-7) 

2-Chloro-5-(trifluoromethyl)pyridine; (52334-8 1-3) 

Hydroxylamine hydrochloride; (5470-11-1) 

Trifluoroacetic anhydride; (407-25-0) 
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BENZYL ALCOHOL AS AN ALKYLATING AGENT USING THE 

RUTHENIUM-CATALYZED BORROWING HYDROGEN 

STRATEGY 

(4,4-Dimethyl-3-0xo-2-benzylpentanenitrile) 

Submitted by Tracy D. Nixon, Paul A. Slatford, Michael K. Whittlesey and 

Jonathan M. J. Williams.' 

Checked by David A. Candito and Mark Lautens.” 

cat. Ru(PPh;)3(CO)H, Ph 
Ph cat. Xantphos 

ENS, Wek al ms CN 
cat. piperidinium acetate 

O OH toluene, reflux O (4) 

1. Procedure 

4,4-Dimethyl-3-oxo-2-benzylpentanenitrile (1). A 250-mL two-necked 

round-bottomed flask (Note 1) equipped with a magnetic stir bar, a rubber 

septum and a reflux condenser connected to an inert gas supply (Note 2) is 

flushed with inert gas for five minutes by venting through a needle in the 

rubber septum. The rubber septum is removed and the flask is charged with 

4,4-dimethyl-3-oxopentanenitrile (5.82 g, 46.5 mmol, 1.0 equiv.), 

Ru(PPh3)3(CO)H2 (0.21 g, 0.23 mmol, 0.005 equiv.) (Note 3), Xantphos 

(0.13 g, 0.23 mmol, 0.005 equiv.), piperidinium acetate (0.34 g, 2.3 mmol, 

0.05 equiv.) (Note 4), anhydrous toluene (50 mL) (Note 5) and benzyl 

alcohol (4.82 ml, 5.03 g, 46.5 mmol, 1.0 equiv.) (Note 6). The rubber 

septum is replaced and the equipment flushed with inert gas for a further five 

minutes before replacing the rubber septum with a glass stopper. While still 

under an inert gas atmosphere, the solution is stirred and heated to reflux 

using an oil bath (Note 7). Heating is continued for 4 h after which the 

reaction is deemed to be complete by monitoring the consumption of starting 

material via TLC (Note 8). The resulting mixture is cooled to ambient 

temperature and transferred to a one-necked 250-mL round-bottomed flask 

(Note 9). Solvent evaporation using a rotary evaporator affords crude (1) as 

a yellow oil (Note 10). The crude product is purified by flash 

chromatography on silica gel (Note 11) to yield the product as a pale yellow 

oil (8.37 g, 84%) (Notes 12 and 13). 
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2. Notes 

1. All glassware was oven-dried at 120 °C overnight prior to use. 
2. Nitrogen or argon are both suitable. In this experiment, nitrogen 

was used. 

3. Ru(PPh3);(CO)H> was purchased from Strem Chemicals Inc. and 
used as received (99% purity). Ru(PPh3);(CO)H> can also be prepared via 
literature methods .° 

4. Piperidinium acetate was purchased from TCI and used as 

received. Piperidinium acetate can also be prepared via literature methods.’ 

5. The submitters utilized dry toluene, which was dried using an 

anhydrous Engineering drying column. They also note that one equivalent 

of water is generated in the course of the reaction without any adverse 

effects. The Checkers utilized toluene which was distilled from 

sodium/benzophenone kety] prior to use. 

6. 4,4-Dimethyl-3-oxopentanenitrile (99% purity), Xantphos (97% 

purity) and benzyl alcohol (=> 99% purity) were purchased from Aldrich. All 

chemicals were used as received. 

7. The oil bath temperature rose from ambient temperature to 

120 °C over approximately 10 minutes. Furthermore, the solution darkens 

over the first 30 minutes of heating to give a dark yellow-colored solution, 

which remains throughout. 

8. Reaction monitoring was carried out by observing the 

consumption of starting material (R= 0.32, 1:1 ether:hexanes, visualized by 

KMn0O,j stain, SiliaPlate™ silica gel plates, 250 um, F254, available from 

Silicycle). 

9. Portions of dichloromethane (3 x 20 mL) were used to rinse the 

reaction flask and were added to the transferred solution. 

10. The bulk of the toluene was removed by rotary evaporation 

(80 °C, 100-200 mmHg). Furthermore, the crude material (12.84 g) showed 

minor impurities in the 'H NMR spectrum. 

11. The submitters purified the product in the following manner: 

Column chromatography was carried out on an 8-cm diameter column 

packed with 220 g of Davisil LC 60 A silica gel using petroleum ether (bp. 

40 — 60 °C) and diethyl ether (19:1) as the eluent. The column fractions 

were collected in 20 mL portions in boiling tubes. TLC analysis of the 

fractions (using 0.25 mm Macherey-Nagel silica gel G/UV2s4 visualising at 

254 nm; Ry 0.21) showed that fractions 22-90 contained product and soivent 
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was removed from these fractions on a rotary evaporator to give product. 

The Checkers purified the product in the following manner: Column 

chromatography was carried out on a 6 x 60 cm column with a fused 

reservoir. The column was packed with 240 g of silica gel (Silia-P Flash 

silica gel, particle size 40-63 jum, pore diameter 60 A) as a slurry using the 

eluent (1:9 ether:hexanes). The crude material was loaded onto the column 

and portions of the eluent were utilized to rinse the flask containing the 

crude (3 x 2 ml) and these washings were then transferred onto the column. 

Fractions were collected in 25 x 200 mm test tubes and analysis of the 

fractions via TLC ( R= 0.31, 1:9 ether:hexanes, visualized by KMnO, stain, 

SiliaPlate™ silica gel plates, 250 wm, F254, available from Silicycle) 

revealed that fractions 7-17 contained pure product. These fractions were 

collected and the solvent removed by rotary evaporation (45 °C, 100-200 

mmHg) followed by 12 hours under vacuum (22 °C, 6.5-7.0 mmHg) in order 

to yield the desired product. 

12. The checkers conducted a trial in which significant modifications 

were made to the stated procedure. The run was carried out on half the scale 

of the stated procedure and no previous drying of glassware or solvent was 

employed. An attempt was made to purify the crude material via kugelrohr 

distillation. An early fraction was collected (161 °C, 5.10 mmHg) 

containing a clear oil which was later discarded. The product was distilled 

at a temperature of 190 °C and pressure of 7.20 mmHg, to leave behind an 

orange residue. It was observed that the distilled product was obtained in a 

purity of 86 %. Subsequent column chromatography provided the pure 

product in a yield of 78 %. The result obtained is not significantly different 

from the original yield reported by the submitters indicating that previous 

drying of glassware and solvent is unnecessary. 

13. Spectroscopic and analytical data are as follows: 'H NMR (400 

MHz, CDCl;) 5: 1.09 (s, 9 H), 3.11-3.23 (m, 2 H), 4.01 (t, J = 7.6 Hz, 1 H), 

7.18-7.23 (m, 2 H), 7.24-7.35 (m, 3 H). °C NMR (400 MHz, CDCl) 8: 
25.4, 35.8, 38.6, 45.3, 116.9, 127.4, 128.6, 128.9, 136.0, 204.8. IR (neat, cm’ 

'): 3036, 2979, 2946, 2879, 2244, 1723, 1605, 1501, 1482, 1458, 1401, 

1373. Anal. Caled. for CjsH;7NO: C, 78.03; H, 7.89; N, 6.50. Found: C, 

77.83; H, 8.05; N, 6.55. MS (EI) m/z (rel. intensity): 215(18, M’), 187(38), 

131(10), 103(33), 91(65), 85(52), 57(100). HRMS [M’] calcd for 

C,4H)7NO: 215.1310. Found: 215.1311. UV (hexane, 25 °C) Amax, 307 nm 

(e): 25.57 (L mol'cm'). A run on half of the reported scale (3.0 g of 4,4- 
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dimethyl-3-oxopentanenitrile) was conducted, which provided 4.41 g (85%) 
of the desired product. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 
accordance with “Prudent Practices in the Laboratory”; National Academy 
Press; Washington, DC, 1995. 

3. Discussion 

The borrowing hydrogen strategy allows alcohols to be used as 

alkylating agents for the alkylation of suitable carbon nucleophiles. 

Transition metal catalysts, including ruthenium and iridium complexes,”® 

have been developed that temporarily remove hydrogen from the alcohol 

substrate to generate an intermediate aldehyde. The aldehyde is converted in 

situ into an intermediate alkene via a Wittig reaction or a condensation 

reaction. The hydrogen is then returned by the catalyst to the alkene, 

affording a new C-C bond. A similar approach for the alkylation of amines 

with alcohols is also known. In these reactions, the intermediate aldehyde is 

converted into an imine prior to return of the hydrogen to generate the 

amine.’ The use of alcohols as alkylating agents avoids the use of traditional 

alkylating agents such as alkyl halides which can be toxic or mutagenic. 

We have previously reported that while Ru(PPh;);(CO)H, is not a 

very active catalyst for the alkylation of keto nitriles by alcohols, the 

addition of the bidentate ligand Xantphos® provides a catalyst which can be 

used at 0.5 mol% loading.’ 

The Ru(PPh3)3(CO)H>2 / Xantphos combination has also been used to 

catalyze related reactions involving the alkylation of 4,4-dimethyl-3- 

oxopentanenitrile with other alcohols. As shown in Table 1, this chemistry 

is most effective with benzylic alcohols, although aliphatic alcohols can be 

successfully used at higher catalyst loadings. The exact role of Xantphos in 

these reactions has not been fully established, although the reaction of 

Xantphos with Ru(PPh;)3;(CO)H2 affords Ru(Xantphos)(PPh3)(CO)H2 

which is slightly more catalytically active than the in situ combination, and a 

crystal structure of Ru(Xantphos)(PPh3)(CO)H» has been obtained. Other 

bidentate ligands can also enhance the reactivity of the parent complex, and 

details of these studies have been published elsewhere.” 
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The Ru(PPh;)3;(CO)H> / Xantphos combination has been found to be 

effective for other reactions including the dehydration of oxime ethers to 

give nitriles'' and the isomerisation of 1,4-alkynediols with further reaction 

to give furans’” or pyrroles." 

Table 1. Alkylation of 4,4-Dimethyl-3-oxopentanenitrile with alcohols.* 

b ate 
Alcohol Product Ru cat. Yield 

(mol%) (%) 
kell F F 

0:5. 89 

t 
OH Bu ON 

O 

C ae Br 

0.5 79 

t OH Bu xe 

10) 

MeO MeO 

BS 0.5 82 

OH 'B 
CN 

Oo 

(Ph Ph 3 

OH tp 25 
y CN 

O 

‘Bu 0.5 85 

BnO.C CO.Bn 

“Reactions were run in toluene at reflux for 4 h, using piperidinium acetate 

as a co-catalyst (5 mol% for reactions using 0.5 mol% Ru, and 25 mol% for 

reactions using 2.5 or 5 mol% Ru). Ru cat = Ru(PPh3)3(CO)H, / Xantphos 

(1:1). “Isolated yield. “Dibenzylmalonate was used in place of the ketonitrile 

in this experiment. 
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4,5-bis(Diphenylphosphino)-9,9-dimethylxanthene (Xantphos); (161265-03- 

8) 
Piperidinium acetate; (4540-33-4) 

Carbonyl(dihydrido)tris(triphenylphosphine)ruthenium (II); (25360-32-1) 
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2-(2,2-DIBROMOETHENYL)-BENZENAMINE 

O 
Br 

A. H CBrq, (i-PrO)3P aS 

NO» CH2Clo, rt NO» 

1 2 

B. Br Hp, 36 psig Br 
= Pt/C, V doped SS 

Sf 00 SSS SS SS Br 
NO» MeOH, rt NH> 

2 3 

Submitted by Christopher Bryan, Valentina Aurregi and Mark Lautens.’ 

Checked by Andreas Pfaltz and Ivana Fleischer. 

1. Procedure 

A. 1-(2,2-Dibromoethenyl)-2-nitrobenzene (2). A 500-mL, three- 

necked round-bottomed flask equipped with a magnetic stirring bar and 

fitted with a 125-mL pressure-equalizing addition funnel (capped with a 

rubber septum), a thermometer and a two-tap Schlenk adaptor connected to a 

bubbler and an argon/vacuum manifold (Note 1) is sequentially charged at 

room temperature with 2-nitrobenzaldehyde (4.03 g, 26.4 mmol, 1.0 equiv) 

(Note 2) and tetrabromomethane (13.13 g, 39.5 mmol, 1.5 equiv) (Notes 3 

and 4). Dichloromethane (100 mL) is added into the flask using the addition 

funnel and the system is purged with argon for 5 min (Note 5). The addition 

funnel is capped with a rubber septum, and the reaction is kept under argon 

atmosphere. The resulting yellow solution is cooled to 2-3 °C (internal 

temperature) with an ice-bath. The addition funnel is re-charged with 

dichloromethane (20 mL), and then triisopropyl phosphite (15.9 mL, 58 
mmol, 2.2 equiv) is added via syringe through the septum and the resulting 
solution is added dropwise to the stirred mixture in the flask over a period of 
60 min (Notes 6 and 7). During the addition of triisopropyl phosphite the 
internal temperature of the flask is maintained between 3 and 5°C. The 
mixture is then stirred (internal temperature, 3 °C) until the starting material 
has been completely consumed as shown by thin layer chromatography 
(TLC) (Note 8), at which point the mixture is quenched with sodium 
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bicarbonate (saturated aqueous solution, 85 mL) added through the addition 
funnel with the stopcock open (Note 9). The mixture is transferred into a 
500-mL separatory funnel and the organic phase separated. The aqueous 
phase is extracted further with dichloromethane (2 x 40 mL) and the 
combined organic phase is washed once with water (80 mL), transferred into 
a 500-mL, one-necked, round-bottomed flask and concentrated by rotary 
evaporation (35 °C, 15 mmHg) to give 27.0-28.5 g of a brown oil (Note 10). 
The flask containing the crude material is equipped with a water-cooled 
condenser. Concentrated HCl (12 M, 30 mL) and glacial acetic acid 
(30 mL) are added (Note 11), the condenser is capped with a two-tap 
Schlenk adaptor connected to a bubbler and an argon/vacuum manifold, and 

the resulting mixture is heated to reflux in an oil bath (110 °C external 

temperature) and stirred for 14 h under an argon atmosphere. The reaction is 

then cooled to room temperature and distilled water (150 mL) is added. The 

mixture is neutralized by the portion-wise addition of sodium carbonate (45 

g, 0.36 mol) (Note 12). Diethyl ether (150 mL) is added, the contents of the 

flask are stirred vigorously for 5 min and any solids are removed by vacuum 

filtration (water aspirator, 20 mbar) through a fritted glass funnel (8.0 cm 

diameter, porosity 3). The residue is washed with diethyl ether (2 x 20 mL), 

the filtrate is poured into a 500-mL separatory funnel and the phases are 

separated. The aqueous phase is extracted with diethyl ether (2 x 100 mL). 

The combined organic phases are washed with distilled water (2 x 100 mL) 

and brine (75 mL), dried (MgSO,), filtered (gravity filtration through a 

fluted filter paper) and concentrated under reduced pressure with a rotary 

evaporator (30 °C, 15 mmHg) to give 8.01-8.06 g (99 %) of a brown oil 

(Note 13), which solidified under high vacuum (0.04 mmHg) (Notes 13 and 

14). A stir bar is inserted into the flask, heptane (15 mL) is added, and the 

flask is heated with stirring to 50 °C in an oil bath (external temperature). 

Ethyl acetate (1 mL) is added, and the solution is decanted into a second 50- 

mL, round-bottomed flask which is pre-warmed to at least 50 °C to remove 

any insoluble material (Note 15). The flask is placed in the oil bath, which 

is allowed to cool slowly. When the temperature of the oil bath has reached 

40 °C, the flask is scratched to induce crystallization (Note 16). The flask is 

then allowed to cool to room temperature, left at room temperature for 1 h 

and then cooled to 4 °C (refrigerator) for a further 14 h. The product is 

isolated by vacuum filtration through a fritted glass funnel (3 cm diameter, 

porosity 4). The crystals are washed with ice-cold heptane (2 x 5 mL) and 

then dried under vacuum (0.03 mmHg, 14 h) to afford pure 1-(2,2- 
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dibromoethenyl)-2-nitrobenzene (5.95-6.11 g, 73-75 %) as a brown 

crystalline solid (Note 17). 

B.  2-(2,2-Dibromo-vinyl)-phenylamine (3). A 250-mL_ Biichi 

autoclave glass vessel (Note 18) is charged with 1-(2,2-dibromoviny]l)-2- 

nitrobenzene (5.80 g, 18.9 mmol) and methanol (100 mL) (Note 19). The 

solution is stirred until all of the solid is dissolved, at which point vanadium- 

doped platinum on activated carbon is added (580 mg, 0.015 mmol, 

8.0 x 10° equiv) (Note 20). The vessel is attached to the autoclave and 

pressurized to 2.5 bar with hydrogen. The flask is thrice evacuated (via 

diaphragm pump) and back-filled with hydrogen to 2.5 bar, then stirred for 3 

h at room temperature (Note 21). The hydrogen is removed by evacuation, 

and the suspension is filtered through a pad of celite (2.5 cm in height) (Note 

22). The pad is washed with methanol (3 x 80 mL), and the filtrate is 

concentrated on a rotary evaporator (30 °C, 15 mmHg) and dried under 

vacuum (0.03 mmHg, 16h) to afford 5.22 g (99.8 %) (Note 23) of the title 

compound as an orange oil (Notes 24 and 25). 

2. Notes 

1. All glassware was oven-dried, quickly assembled and cooled 

under vacuum (0.03 mmHg) prior to use. The submitters performed the 

reaction under an atmosphere of nitrogen. 

2. 2-Nitrobenzaldehyde was purchased from Aldrich (99 %) and 

used as received. 

3. Tetrabromomethane (98%) was purchased from VWR. It was 

dissolved in dichloromethane (30 g in 150 mL), dried over MgSO, (10 g), 

filtered, concentrated by rotary evaporation (30 °C, 15 mmHg), and dried 

under vacuum (30 °C, 15 mmHg, 4 h) prior to use. 

4. Use of less than 1.5 equivalents of CBr, led to a reduced yield, 
and the formation of small amounts of unidentified by-products. For 
example, the use of 1.1 or 1.3 equivalents gave a 67-71 % yield after 
recrystallization. 

5. Submitters used dichloromethane purchased from Caledon (>99.5 
%) and checkers used dichloromethane from J. T. Baker (>99.5%). Checkers 
and submitters used the solvent as received. 

6. Triisopropyl phosphite was purchased from Alfa Aesar (90 %) 
and used as received. The reagent may be purified by vacuum distillation 
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over sodium (bp = 65 °C, 15 mmHg); no improvement was observed with 
purified material. 

7. After the addition of the solution of triisopropyl phosphite, the 
color of the reaction mixture changes from yellow to dark brown. 

8. Reaction time was 0.5 h. The progress of the reaction was 
followed by TLC analysis on silica gel plates cut from 20 x 20 aluminum 
sheets (Submitters used Silica gel 60 F2s4 from EMD Chemicals, checkers 
Polygram® SIL G/UV254 from Macherey-Nagel) eluting with pentane- 
diethyl ether 9:1. Ry values of the starting material and product are 0.25 and 
0.52, respectively. 

9. The temperature rises to 40 °C over the course of the addition. 

10. A small amount of white crystalline material was sometimes 

observed in the crude product; the presence or absence of this material had 

no effect on the course or outcome of the purification. 

11. Hydrochloric acid and glacial acetic acid were purchased from 

Fisher (submitters) or VWR (checkers) and used as received. 

12. Sodium carbonate was added in 20-30 portions, with care taken 

to ensure that the evolution of CO, does not become too vigorous. The 

temperature rises to 38-40 °C during the addition. 

13. For acid-sensitive substrates, the material may also be purified by 

chromatography: the crude material is loaded via Pasteur pipette onto a pre- 

packed silica gel column (7 x 9 cm, ~200 g silica; silica gel 0.040-0.063 

mm, pore diameter 6 nm purchased from Silicycle; column made by using a 

slurry of silica gel and pentane) and eluted with 9:1 pentane/diethyl ether. 

The product is collected in a single fraction containing the first 1300 mL of 

eluent, and isolated as a yellow solid after evaporation (30 °C, 20 torr). 

14. According to submitters, this material is sufficiently pure to be 

used in most reactions (>95% HPLC). However, for catalytic applications, 

recrystallization may be necessary. 

15. Warming the second flask is essential to preclude premature 

crystallization. If no insoluble material is observed, this step is omitted. 

16. Addition of a seed crystal is a preferred alternative to scratching; 

usually, a few crystals are formed during the decanting process. 

17. 1-(2,2,-Dibromoethenyl)-2-nitrobenzene has the following 

physical properties: mp = 60-61 °C, 'H NMR (500 MHz, CDCl) 8: 7.54 (t, 

J=7.6 Hz, 1 H), 7.59 (d, J = 7.8 Hz, 1 H), 7.68 (t, J = 7.6 Hz, 1 H), 7.78 (s, 

1 H), 8.12 (d, J = 8.2 Hz, 1 H). '3C NMR (126 MHz, CDCl) 6: 93.3, 125.0, 

129.6, 131.5, 131.8, 133.7, 134.2, 146.9. IR (ATR) 3035, 1609, 1575, 1516, 
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1338, 1307, 1200, 965, 896, 863, 852, 831, 788, 732, 666 em’. Anal. Calcd. 

for CsHsBr,NO;: C, 31.30; H, 1.64; N, 4.56. Found: C, 31.32; H, 1.59; N, 

4.48. 

18. The checkers used a pressure autoclave from Biichi Glas Uster 

(2.5 bar). The submitters used a Parr hydrogenation apparatus (36 psig = 

2.48 bar). 

19. The submitters purchased methanol from ACP chemicals (99%), 

and the checkers from J. T. Baker (99.8%); both used the solvent as 

received. 

20. Checkers used 1 % Pt + 0.2 % V on activated carbon (50% 

wetted powder) available from Strem as catalyst. Submitters used 3% Pt + 

0.6% V on activated carbon (66 % water, 290 mg, 0.015 mmol, 

8.0 x 10° equiv), donated by Degussa. The catalysts were used as received. 

21. The reaction can be followed by TLC. The Ry value of the 

product is 0.27 (9:1 pentane-diethy! ether). 

22. The pad is prepared by slurrying Celite with methanol in a fritted 

funnel (8.0 cm diameter, porosity 3) and filtering the excess methanol. 

23. The reaction was carried out also on the half scale in the same 

equipment yielding the product as a brown oil (2.59 g, 99%). 

24. The submitters isolated the product as a dark brown solid with 

mp = 40-42 °C. The checkers isolated the product as an orange oil (at room 

temperature), which solidified in the refrigerator (4 °C). 

25. 2-(2,2-Dibromoethenyl)-benzenamine has the following physical 

properties: 'H NMR (500 MHz, CDCI;) 8: 3.66 (bs, 2 H), 6.71 (d, J = 7.7 

Hz, 'P BH), 6.8)):7 = 7.6 Hz; 1 A) 78 (= 7.6 Hz) 37.320 ISTH 

Hz, 1 H), 7.34 (s, 1 H). "°C NMR (126 MHz, CDCl) 8: 92.9, 115.9, 118.5, 

121.8, 129.3, 129.8, 134.1, 143.7. IR (ATR): 3465, 3377, 3059, 3024, 2993, 

1615, 1574, 1486, 1453, 1308, 1157, 939, 878, 833, 745 cm’. Anal. Calcd. 

for CgH;BrN: C, 34.69; H, 2.55; N, 5.06. Found: C, 34.68; H, 2.59; N, 5.04. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 
accordance with “Prudent Practices in the Laboratory”; National Academy 
Press; Washington, DC, 1995. 
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3. Discussion 

This procedure can be used to prepare a wide variety of gem- 
dibromoviny] aniline substrates, which have been used in the synthesis of a 
number of indoles and indole derivatives by tandem cross-coupling reactions 
(Scheme 1).* This indole synthesis offers the advantages of low cost, mild 
conditions, and tolerance to a wide range of functionalities. 

Scheme 1. Utility of gem-dibromovinylanilines 
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The Ramirez olefination used in the Corey-Fuchs procedure’ has 

traditionally used triphenylphosphine, as well as an aldehyde and CBry. 

Modified methods have been developed to cope with the formation of 

PPh3Br, as a by-product, with both zinc powder and Et;N being used as 

scavenging reagents.’ The utility of the reaction towards less-reactive 

ketones, however, remains limited. Alternative non-ylide methods have 

been developed, including the use of organolithium or Grignard reagents” as 

well as copper-catalyzed redox chemistry between hydrazones and CBre 

These methods require multiple steps. The formation of triphenylphosphine 

oxide as a byproduct is also a limitation of this method, especially in large- 
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scale preparations. Significant amounts of triphenylphosphine oxide leads to 

a tedious purification process, and ihe highly crystalline nature of 

triphenylphosphine oxide precludes product purification by recrystallization, 

requiring column chromatography, which is impractical on large scale. 

We have recently reported the use of triisopropyl phosphite as an 

alternative reagent to triphenylphosphine in the Ramirez olefination.’ It was 

found that the reaction displays comparable efficiency with both reagents 

when aldehydes are used as substrates, and the use of triisopropyl phosphite 

generally gave superior results with ketones (see Table 1). 
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Table 1. — Scope of the P(O'Pr);-mediated Ramirez olefination’ 

Yield # 

Entry Substrate RTs eins ee enor Product P(O'Pr); PPh, 

‘ No ~ Br 

Br 92 95 
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* Isolated yield. ° Conversion measured by 'H NMR. ° Incomplete conversion. 

The selective reduction of aromatic nitro groups in the presence of 

halides and olefins has been accomplished by using either SnCl,-2H,O or 
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iron powder in the presence of a catalytic amount of FeCl;6H,0." Both of 

these methods, however, suffer from the twin drawbacks of large amounts of 

metal oxide waste (3-7 equiv) and difficulties with workup on large scale. 

Hydrogenation using traditional catalysts such as Pd/C (1-10%), Ru/C, 

Rh/C, Pearlman’s catalyst (20%) and Raney nickel failed to furnish the 

desired product for gem-dibromovinylnitrobenzenes. The use of vanadium 

additives to promote the hydrogenation of aromatic nitro groups was first 

described by Baumeister. The vanadium reduces the accumulation of 

hydroxylamines, which are intermediates in the reduction of nitro groups to 

amines. Little additional information has appeared in the literature regarding 

this strategy since the initial report, but our experience suggests that this is 

the method of choice for the selective reduction of aromatic nitro groups. 

Yields are comparable or superior to those obtained by redox chemistry with 

metals (see Table 2), and analytically pure products are obtained simply by 

removing the catalyst and solvent. 

Table 2. Reduction of gem-dihalovinylnitrobenzenes~* 
R R 

xX R! L Reductant R! x X 

x x 

NO NH 2 

Yield? 

Ent . a R R Xx Ha, Pt-C[V] SnClp:2H,0 Fe/HOAc/FeCl, 

1 H CO.Me Br 100 n.d n.d. 

2 GF. H Br 82 89 nd. 

3 ——— Ph H Br 89 6) n.d. 

4  \+ H Br 93 40 83 

b) H H Cl 94 n.d. n.d. 

6 Me H Cl 93 n.d. n.d. 

“Isolated yield. ° Not determined. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

2-Nitrobenzaldehyde; (552-89-6) 

Tetrabromomethane; (558-13-4) 

Triisopropyl phosphite; (116-17-6) 

Sodium carbonate; (497-19-8) 

Benzene, |-(2,2-dibromoethenyl)-2-nitro-; (253684-24-1) 

Benzenamine, 2-(2,2-dibromoethenyl)-; (167558-54-5) 
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(S)-(-)-2-ALLYLCYCLOHEXANONE 

(2-Allyleyclohexan-1-one) 
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Submitted by Manfred Braun, Panos Meletis, and Mesut Fidan.' 

Checked by Ye Zhu and Viresh H. Rawal. 

1. Procedure 

A 1-L round-bottomed flask (Note 1) equipped with a 3-cm egg-shaped 

magnetic stir bar is charged with tris(dibenzylideneacetone)-dipalladium(0)- 

chloroform adduct (0.388 g, 0.375 mmol, 0.005 equiv), (S)-(-)-5,5’- 

dichloro-6,6’-dimethoxy-2,2’-bis(diphenylphosphino)-1,1’-biphenyl (0.977 

g, 1.50 mmol, 0.02 equiv) and lithium chloride (7.63 g, 180 mmol, 2.4 

equiv) (Note 2). The flask is closed with a rubber septum, connected to a 

combined nitrogen/vacuum line via a 16-gauge needle, evacuated (22 °C, 

0.4 mmHg) for 5 h in order to remove traces of water from the lithium salt, 

and filled with nitrogen. To this flask is added a solution of allyl methyl 

carbonate (8.52 mL, 8.71 g, 75.0 mmol, 1.00 equiv) (Note 3) in dry 

tetrahydrofuran (THF) (195 mL) (Note 4) over 5 min through a 16-gauge 

cannula (Note 5). The deep purple homogeneous solution is stirred at 22 °C 

for 1 h. In the course of stirring, the color changes to yellow. The resulting 

mixture is cooled down to —78 °C in a dry ice/acetone bath with stirring. A 

500-mL, three-necked, round-bottomed flask is equipped with a 3-cm egg- 

shaped magnetic stir bar, a glass stopper, a rubber septum fitted with the 

combined nitrogen/vacuum line via a 16-gauge needle, and a low- 

temperature thermometer via a thermometer adapter (Note 6). The flask is 

evacuated and refilled with nitrogen three times. To this flask, 

diisopropylamine (11.1 mL, 7.97 g, 78.7 mmol, 1.05 equiv) (Note 7) is 

injected by syringe, and dry THF (75 mL) is added via a 16-gauge cannula. 
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The flask is immersed in a dry ice/acetone bath and allowed to stir for 30 

min. A 1.60 M solution of n-butyllithium in n-hexane (46.9 mL, 4.80 g, 75.0 

mmol, 1.00 equiv) (Note 8) is added dropwise by syringe over 30 min. In the 

course of the addition, the internal temperature of the solution should not 

exceed —70 °C. The dry ice/acetone bath is replaced by an ice bath, and 

stirring is continued for 30 min. The mixture is then recooled in the dry 

ice/acetone bath, and a solution of freshly distilled cyclohexanone (7.78 mL, 

7.36 g, 75.0 mmol, 1.00 equiv) (Note 9) in dry THF (75 mL) is added 

dropwise by a syringe over | h. In the course of the addition, the internal 

temperature of the solution should not exceed —70 °C. The mixture is stirred 

in an ice bath for 30 min and cooled again to —78 °C (internal temperature) 

in a dry ice/acetone bath. This colorless solution is then transferred over 10 

min through a 16-gauge cannula into the | L flask (Note 5). After stirring for 

40 h at —-78 °C (Note 10), a yellow solution with white precipitate is 

obtained. This mixture is poured rapidly into a 4 L Erlenmeyer flask charged 

with 1.5 L of phosphate-buffered water (pH 7.00) (Note 11) stirred by a 7- 

cm egg-shaped magnetic stir bar. The resulting mixture is transferred into a 

4 L separatory funnel, and extracted with three portions (170 mL, 170 mL, 

and 160 mL) of dichloromethane (CHCl) (Note 11). The combined organic 

layers are dried over 20 g magnesium sulfate (Note 12), filtered, and 

concentrated by rotary evaporation (30 °C, 15 mmHg). The resulting brown- 

colored crude product is purified by Kugelrohr distillation (Note 13). A 50- 

mL pear-shaped flask containing the crude product is heated to 50 °C, and a 

100-mL receiving flask is cooled in an ice-water bath. While maintaining a 

pressure of 0.05 mmHg, the pure product is collected as a colorless liquid; 
8.08 g (78 %). The enantiomer ratio is determined by GC; ee: 94 % (Notes 
14, 15). 

2. Notes 

1. The apparatus was oven-dried overnight, assembled hot and 
maintained under a positive pressure of nitrogen during the course of the 
reaction. 

2. Tris(dibenzylideneacetone)dipalladium(0) chloroform adduct was 
obtained from Strem Chemicals, Inc. The submitters noted that distinctly 
lower enantioselectivity was obtained when the reagent of other suppliers 
was used. (S)-(-)-5,5’-Dichloro-6,6’-dimethoxy-2,2’-bis(diphenylphos- 
phino)-1,1’-biphenyl (min. 95 %) was also purchased by the checkers from 
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Strem Chemicals, Inc. The submitters obtained the ligand from LANXESS. 
Lithium chloride (SigmaUltra, min. 99.0 %) was obtained from Sigma- 
Aldrich, Inc. The submitters obtained lithium chloride (Normalpur) from 
VWR-Prolabo. 

3. Allyl methyl carbonate is commercially available from Sigma- 
Aldrich, Inc. The submitters prepared it according to: H. O. L. Fischer, L. 
Feldmann, Ber. Disch. Chem. Ges. 1929, 62, 854. The checkers prepared it 
according to: I. Minami, J. Tsuji, Tetrahedron 1987, 43, 3903. 

4. Tetrahydrofuran (Oprima®), was purchased from Fisher 

Scientific, Inc. It was purged with nitrogen and dried over activated alumina. 

The submitters purchased Tetrahydrofuran (technical grade) from Kraemer 

und Martin GmbH. It was refluxed over potassium hydroxide and distilled. 

Then the distillate was refluxed over sodium wire and distilled under 

nitrogen. Freshly distilled tetrahydrofuran was taken from the receiving flask 

via syringe or cannula. 

5. The cannula was placed with one end immersed in the solution to 

be transferred and the other end in the receiver. A positive nitrogen pressure 

was maintained over the solution to be transferred, and the receiver was 

evacuated such that the solution flowed into the receiver at a steady rate. For 

a description of the technique, see: A. Salzer, in Synthetic Methods of 

Organometallic and Inorganic Chemistry, W. A. Herrmann, G. Brauer, Eds.; 

Vol. 1, W. A. Herrmann, A. Salzer, Volume Eds.; Thieme, Stuttgart 1996, 

page 26. 

6. The submitters used a thermocouple connected to a resistance 

thermometer introduced through a septum to indicate the internal 

temperature. 

7. Diisopropylamine (purity >99.5 %) was purchased from Sigma- 

Aldrich, Inc. It was refluxed over calcium hydride and distilled under 

nitrogen. The submitters used 1.00 equiv (7.59 g, 10.5 mL, 75.0 mmol) of 

diisopropylamine. 

8. n-Butyllithium (1.6 M solution in n-hexane) was purchased from 

Sigma-Aldrich, Inc., and titrated according to: J. Org. Chem. 1976, 41, 

1879. The submitters purchased n-butyllithium (1.6 M solution in n-hexane) 

from Acros Organics. 

9. Cyclohexanone (Selectphore®) was obtained from Sigma- 

Aldrich, Inc. The submitters obtained cyclohexanone (extra pure) from 

Riedel-de Haén. It was refluxed over calcium hydride and distilled under 

nitrogen. 
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10. In order to keep the bath temperature at —78 °C, the Dewar vessel 

was covered with a 3.5 cm thick insulating lid of Styropor®, cut in such a 

way that space is left only for the neck of the reaction flask. Solid dry ice 

was always maintained in the acetone bath. Additional dry ice was to be 

added every 6-8 hours. The submitters noted that shorter reaction time (15 h) 

led to a decrease in yield. 

11. Buffer solution pH 7.00 with fungicide was supplied by Riedel- 

de Haén. Dichloromethane (Certified ACS) was purchased from Ficher 

Scientific, Inc. The submitters used dichloromethane (technical grade) from 

Ineos Chlor Ltd. 

12. Magnesium sulfate (Anhydrous Certified) was purchased from 

Ficher Scientific, Inc. The submitters purchased magnesium sulfate (99% 

DAC) from Griissing GmbH. 

13. The submitters purified the product by trap-to-trap distillation. 

The flask containing the crude product was connected by glass tubes to two 

traps. The two traps were cooled to 0 °C and —196 °C, respectively, and the 

flask was heated to 50 °C. While maintaining a pressure of 0.05 mmHg, pure 

product was collected in the 0 °C-trap as a colorless liquid; 8.18 g (79 %); 

ee: 94 %. The trap-to-trap distillation is preferred to a conventional 

distillation in order to prevent partial racemization of the product; in 

addition, it provides a more efficient separation from starting materials. The 

checkers also tested the trap-to-trap distillation on a half-scale reaction. The 

pure product was isolated as a colorless liquid; 4.05 g (78 %); ee: 94 %. 

14. GC column: Chiraldex™-beta-DP, 20 m x 0.25 mm x 0.25 # m; 

column-temperature 80 °C; [(S)-enantiomer tp = 23.9 min, (R)-enantiomer tp 

= 25.4 min]. The submitters used different GC conditions; column: FS- 

Hydrodex-beta-TBDAc, 25m x 0.25 mm; column temperature 90 °C; [(S)- 

enantiomer tg = 17.4 min, (R)-enantiomer tg = 20.0 min]. 

15. Physical and spectroscopic data are as follows: [a]p~ —17.4 

(chloroform, c 1); the submitters reported: [a]p~’ —17.0 (chloroform, c 1); 

lit.”8: [a]p” -15.8 (methanol, c 3.0); IR (film): 3076, 2935, 2861, 1711, 
1641, 1448, 1432, 1313, 1126, 996, 912 em’; 'H-NMR (500 MHz, CDCl;) 
8: 1.30-1.42 (m, 1 H), 1.61-1.71 (m, 2 H), 1.81-1.92 (m, 1 H), 1.94-2.09 (m, 
2 H), 2.09-2.17 (m, 1 H), 2.25-2.44 (m, 3 H), 2.50-2.58 (m, 1 H), 4.96-5.05 
(m, 2 H), 5.76 (dddd, J = 6.5, 8.0, 10.2, 17.0 Hz, 1 H); °C NMR (125 MHz, 
CDCI sO) 24.95927.9533.4)033.F; 242:0)-50.2p 16:2 e136 150010: SeeAnal. 
Calcd. for CyoH\40: C, 78.21; H, 10.21; O 11.58. Found: C, 78.01; H, 10.19; 
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O 11.89. HRMS: Calcd. for CoH,,40Na* (M+Na): 161.093686. Found: 
161.093303. 

Waste Disposal Information 

All hazardous materials should be handled and disposed of in 
accordance with “Prudent Practices in the Laboratory”; National Academy 
Press; Washington, DC, 1995. 

3. Discussion 

The enantiomeric (R)- and/or (S)-2-allylcyclohexanone has been chosen 

frequently in order to demonstrate the scope of different approaches in 

stereoselective synthesis. Among them, the allylic alkylation of azaenolates 

and enamines with chiral auxiliary groups has been used frequently.” In 

addition, access to the enantiomeric 2-allylcyclohexanones has been opened 

by deracemization through enzymic resolution’ or formation of inclusion 

compounds.” Prochiral allyl-substituted enol acetates and enol carbonates 

have been converted into nonracemic 2-allylcyclohexanone by enantioface 

differentiating enzymatic hydrolysis.’ Allyl-substituted enolates also lead to 

2-allylcyclohexanone in an enantioselective way when treated with 

stoichiometric amounts of proton sources.° The allylation of the lithium 

enolate of cyclohexanone has been accomplished in the presence of chiral 

amines used in stoichiometric’ or substoichiometric amounts.* 

The palladium-catalyzed asymmetric allylic alkylation has developed 

into an exceptionally useful and versatile method for enantioselective 

carbon-carbon and carbon-heteroatom bond formation.” However, carbon 

nucleophiles have been limited to “soft”, stabilized carbanions almost 

exclusively. Extending the asymmetric allylic substitution to include 

preformed, nonstabilized metal enolates'’ would significantly enhance its 

versatility, in particular because it would permit enantioselective alkylation 

in the homoallylic position. After early approaches of combining metal 

enolates with allylpalladium complexes,'’ the first enantioselective allylic 

alkylation of a nonstabilized ketone enolate was presented by Trost and 

Schroeder in 1999 using the tin enolate of 2-methyl-1-tetralone.'** Shortly 

thereafter, we reported the enantioselective and diastereoselective allylation 

of cyclohexanone through the lithium or magnesium enolates.'? Additional 

examples using lithium enolates were also reported.'7°* '© More recently, it 
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has been shown that enantioselective palladium-catalyzed allylic alkylations 

are feasible not only with enol stannanes'® > but also with enol silanes,’ and 

enamines.'” An alternative solution to the problem of the enantioselective 

allylic alkylation of nonstabilized enolates relies on their in situ generation, 

using allyl f-ketoesters or allyl enol carbonates.’ Upon treatment with 

palladium(0) catalysts, carbon dioxide is liberated, and the enolate anion and 

the cationic palladium complex thus formed combine to give the allylated 

ketone. The method has been applied mostly for forming quaternary carbon 

centers, but was also used for the preparation of 2-allylcyclohexanone, 

starting from enol carbonate 1 as shown below.'”° 

78% (78% ee) 

3 holla fe) 
~ - 

PPh2 PhP 

(5.5 mol%) 
- CO, 

The allylic alkylation through the in situ generated enolates requires the 

previous preparation, isolation, and purification of either allyl enol 

carbonates or B-ketoesters. Compared to our direct allylic alkylation of 

preformed lithium or magnesium enolates, those protocols can be regarded 

as a detour in that an additional step is required. Additionally, in the case of 

2-allylcyclohexanone, the route through the lithium enolate provides higher 

enantioselectivity than the enol carbonate route. The direct allylation of 

lithium and magnesium enolates has been extended to other ketones as well 

as to substituted allylic starting materials. As shown in Table 1,'* both 

enantioselective and diastereoselective variants are possible. The protocol 

permits the generation of compounds with contiguous stereogenic centers in 
the allylic and the homoallylic position in an enantioselective and 
diastereoselective manner (entries 1-3) and can be applied to the asymmetric 
allylic alkylation of cyclopentanone and 1-tetralone (entries 4 and 5). When 
extended to diastereomerically and enantiomerically pure allylic substrates 
(entries 6-9), the achiral ligand bis(diphenylphosphino) ferrocene is suitable 
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to bring about regioselective and diastereoselective allylic alkylations 
leading to enantiomerically pure products. 

Table 1. Enantioselective and/or diastereoselective allylic alkylations of 
magnesium and lithium enolates.'® 

Entry Enolate ae a 7 Ligand Product Yield [%] 

OMgCI QO Ph 
1 Z 67 ee cael (R)-BINAP a0: 

OAc 

d.r.:99 : 1 
ee: 99% 

OLi OM ne 

2 Me. Me Za Me 358 
(R)-BINAP 

OCO2Me 
LiCl d.r.:97 :3 

ee: 96% 

OLi Cush 
Ph_ZAA_ Ph he Ae seb 

2 aS nro (R)-BINAP ARE a. 
Me OAc Me 

d.r.:90 : 10 
ee: 88% 

OLi 7 

4 S)-BINAP wie 76 Z~-0CO2Me —(S) Ae 

ee: 64% 

OLi O = 

5 ZN 0C02Me 85 
a a (R)-BINAP 

ee: 66% 

OLi 
| Pha -~S 954 SAC RA a Cc 7, 

memo Me 
LiCl 

d.r.:79 : 21 
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Table 1. (continued) Enantioselective and/or diastereoselective allylic 

alkylations of magnesium and lithium enolates.’* 

Entry Enolate ce ee 4 Ligand Product Yield [%] 

; OLi A ss 

we AK_LOMEM — dppf ® 
Ph 

Me 

OLi Phau ; e 

dppf 
eS ACO +n, PP 

LiCl MEMO “© 

d.r.: >98% 

OMEM 

OLi OMEM Ph <a hes 

9 PhS Hed 7 
ppf Oo 

iS AcO -” 
LiCl Ph 

d.r.: >98% 

Ar= 2,4,6-Me3C6Ho; MEM = CH 0CH»CH20CH3 

a) Starting material methyl (pent-3-en-2-yl) carbonate was recovered in 30%; b) yield of isolated major 

diastereomer; c) bis(diphenylphosphino)ferrocene; allyl compound was used as pure diastereomer and 
enantiomer; enantiomerically pure product(s); d) yield of diastereomeric mixture. 

L 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Tris(dibenzylideneacetone)-dipalladium(0)-chloroform adduct; (52522-40-4) 
(S)-(-)-5,5’-Dichloro-6,6’-dimethoxy-2,2’-bis(diphenylphosphino)-1,1’- 
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biphenyl: Phosphine, [(1S)-5,5'-dichloro-6,6'-dimethoxy[1,1'- 
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biphenyl ]-2,2'-diyl]bis[diphenyl-; (185913-98-8) 
Lithium chloride; (7447-41-8) 

Allyl methyl carbonate: Carbonic acid, methyl 2-propen-1-yl ester; (35466- 
83-2) 

Diisopropylamine: 2-Propanamine, N-(1-methylethyl)-; (108-18-4) 

n-Butyllithium; (109-72-8) 

Cyclohexanone; (108-94-1) 

(S)-(-)-2-Allylcyclohexanone: Cyclohexanone, 2-(2-propen-1-yl)-, (2S)-; 

(36302-35-9) 
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PREPARATION OF 4-SPIROCYCLOHEXYLOXAZOLIDINONE 
BY C-H BOND NITRENE INSERTION 

[3-Oxa-1-azaspiro[4.5|decan-2-one] 
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Submitted by Kim Huard and Héléne Lebel.' 

Checked by Adam Rosenberg, Darla Seifried, and Kay Brummond. 

1. Procedure 

A. Rhodium II tetrakis(triphenylacetate) dimer (2). To a 250-mL, one- 

necked, round-bottomed flask equipped with a magnetic stirring bar, a short- 

path distillation apparatus and a 100-mL receiving bulb (Note 1) is added 

rhodium (II) acetate dimer (1.26 g, 2.85 mmol) (Note 2), triphenylacetic acid 

(1) (6.55 g, 22.7 mmol, 8.0 equiv) (Note 3) and chlorobenzene (120 mL) 

(Note 3). The mixture is heated with an oil bath that is set to a temperature at 

which the solvent distills at a rate of 10 mL/hour (approximately 155 °C) 

(Note 4). The green mixture becomes homogeneous upon heating. After 7 h, 

the reaction is cooled to 25 °C and the residual solvent is concentrated at 65 

°C by rotary evaporation (20-25 mmHg) and then at 0.5 mmHg. The solid 

residue is dissolved in 200 mL of dichloromethane. The solution is washed 

with saturated aqueous sodium bicarbonate (3 x 200 mL), saturated aqueous 

sodium chloride (100 mL), dried over magnesium sulfate (15 g), filtered and 

59 Org. Synth. 2009, 86, 59-69 

Published on the Web 9/26/2008 



concentrated at 40 °C by rotary evaporation (225 mmHg) and then at 0.5 

mmHg. To the green solid, methanol (40 mL) is added and the residue is 

stirred in a 35 °C water bath (Note 5). After 5 minutes, dichloromethane is 

added portion wise with stirring and heating in a 35 °C water bath until the 

solid is completely dissolved (approximately 200 mL of DCM). The solution 

is left to rest at -19 °C for 72 h. The crystals are collected by suction 

filtration on a fritted glass funnel and dried at 0.5 mmHg to afford 3.01 g 

(78% yield) of the desired product (Notes 6 and 7). 

B. Cyclohexylmethyl N-hydroxycarbamate (4). A 500-mL, one- 

necked, round-bottomed flask equipped with a magnetic stirring bar and a 

50-mL pressure-equalizing addition funnel fitted with a nitrogen inlet is 

flame-dried and maintained under nitrogen atmosphere. The flask is quickly 

opened to add 1,1’-carbonyldiimidazole (17.0 g, 105 mmol, 1.05 equiv) 

(Notes 8 and 9) followed by acetonitrile (200 mL) (Note 10) via cannula. 

The white suspension is cooled with an ice bath and cyclohexanemethanol 

(3) (12.3 mL, 100 mmol) (Note 11) is transferred to the addition funnel 

using a syringe. Cyclohexanemethanol (3) is added dropwise over a 30- 

minute time period. Addition of the alcohol results in the suspension 

becoming a homogeneous solution. The addition funnel is rinsed with 

acetonitrile (10 mL) and the solution is stirred in the ice bath for 1 h. The 

reaction of cyclohexanemethanol 3 (Ry; = 0.63 in 30% EtOAc/DCM) with 

1,1’-carbonyldiimidazole to give a carbonylated intermediate (Ry = 0.59 in 

30% EtOAc/DCM) can be followed by TLC analysis using a potassium 

permanganate solution for visualization. Continued stirring does not improve 

the conversion as the intermediate can be hydrolyzed and the starting alcohol 

recovered. The solution is then warmed to ambient temperature. To the 

solution is then added hydroxylamine hydrochloride (20.9 g, 300 mmol, 3.0 

equiv) (Note 12) followed by imidazole (13.6 g, 200 mmol, 2.0 equiv) (Note 

12) and vigorous stirring is continued for 3.5 h (Note 13). The conversion of 
the intermediate (Ry = 0.59 in 30% EtOAc/DCM) to cyclohexylmethyl N- 
hydroxycarbamate 4 (Ry = 0.52 in 30% EtOAc/DCM) can be followed by 
TLC analysis using a potassium permanganate solution for visualization. 
The suspension is concentrated at 40 °C by rotary evaporation (130 mmHg) 
and at 0.5 mmHg. The white residue is dissolved in a 1:1 mixture of ethyl 
acetate and 10% hydrochloric acid (300 mL) and transferred to a 1-L 
separatory funnel. After vigorous shaking, the phases are separated and the 
aqueous phase is extracted with ethyl acetate (2 x 150 mL). The combined 
organic layers are washed with a saturated sodium chloride solution (100 
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mL), dried over magnesium sulfate (15 g), filtered and concentrated at 40 °C 
by rotary evaporation (75 mmHg) and then at 0.5 mmHg to afford 16.57 g of 
a light amber oil containing the title compound 4 and residual starting 
alcohol 3 in a ratio of roughly 7:1, as determined by NMR analysis (Note 
14). This mixture is used without further purification for the next step. A 200 

mg sample of the crude product is purified by silica gel chromatography 

(Note 15) to afford 167 mg (84% recovery) of the title compound as a white 

solid (Note 16). 

C. Cyclohexylmethyl N-tosyloxycarbamate (5). A 500-mL, one- 

necked, round-bottomed flask containing the oily residue obtained from 

procedure B (15.9 g) is equipped with a magnetic stirring bar and a 50-mL 

pressure-equalizing addition funnel fitted with a nitrogen inlet. The system is 

flushed with nitrogen for 30 min and maintained under nitrogen atmosphere. 

Diethyl ether (200 mL) (Note 17) is added via cannula and the solution is 

cooled with an ice bath. The system is quickly opened to add p- 

toluenesulfony! chloride (20.2 g, 106 mmol) (Note 18). Triethylamine (13.4 

mL, 96.4 mmol) (Note 19) is introduced into the addition funnel using a 

syringe and is added dropwise over a 15-minute time period to the ethereal 

solution. The addition funnel is rinsed with diethyl ether (10 mL) and the 

solution is stirred in the ice bath for 1.5 h. Distilled water (75 mL) is added 

to the white suspension and the resulting clear mixture is transferred to a 

500-mL separatory funnel. After vigorous shaking, the organic layer is 

separated and washed with a saturated sodium chloride solution (75 mL), 

dried over MgSO, (15 g), filtered and concentrated at 40 °C by rotary 

evaporation (225 mmHg and 20 mmHg) until the residue becomes solid and 

then at 0.5 mmHg for 12 h to afford a yellowish solid. The solid is dissolved 

in 50 mL of dichloromethane and is charged on a 6.5 x 11 cm silica gel 

column (200 g of dry silica) (Note 20). The system is eluted with a mixture 

of 5% ethyl acetate-dichloromethane. The first 150 mL are discarded and the 

next 800 mL are collected in a 1-L round-bottomed flask and concentrated at 

40 °C by rotary evaporation (225 mmHg, then 20 mmHg) until the residue 

becomes a solid which is then dried at 0.5 mmHg. The inner surface of the 

flask is scratched with a spatula in order to loosen the product from the flask. 

To the 1-L flask is added a 6-cm egg-shaped magnetic stirring bar and 300 

mL of hexane (Note 21). The suspension is vigorously stirred for 24 h and 

filtered on a fritted glass funnel. The white solid is dried at 0.5 mmHg for 8 

h to afford 23.75 g (73% yield from 3) of the desired product (Notes 22 and 
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23). The tosyloxycarbamate must be over 90% purity, as determined by 

GC/MS, to be used for the next step. 

D. 4-Spirocyclohexyloxazolidinone (6). Using a 250-mL one-necked, 

round-bottomed flask equipped with a magnetic stirring bar, a solution of 

cyclohexylmethyl N-tosyloxycarbamate (5) (16.4 g, 50.0 mmol) in 

dichloromethane (50 mL) (Note 24) is prepared. A 1-L three-necked, round- 

bottomed flask equipped with a 6-cm egg-shaped magnetic stirring bar is 

charged with dichloromethane (75 mL) and distilled water (10 mL). 

Potassium carbonate (7.60 g, 55 mmol, 1.1 equiv) (Note 25) is added to the 

flask, which is fitted with a rubber septum, an internal thermometer, glass 

stopper and a short needle (through the septum) opened to the atmosphere, 

and the mixture is stirred until the white solid is dissolved. The 

dichloromethane solution containing 5 (Note 26) is taken up in a 60-mL 

glass syringe, which is installed on a syringe pump system set for an 

addition time of 60 minutes. Tetrakis(triphenylacetate) rhodium dimer (2) 

(0.678 g, 0.5 mmol, 0.01 equiv) is added to the biphasic solution and the 

dropwise addition is begun. Upon the addition of the tosyloxycarbamate 5 

solution, the green reaction mixture becomes thicker, a white solid forms, 

and the internal temperature slowly rises to reach 30 °C when approximately 

half of the starting material is added. Then the mixture slowly cools down to 

room temperature. The starting material is added dropwise to avoid any 

significant rise of internal temperature. When the complete volume is added, 

the 250-mL flask and the syringe are rinsed with 10 mL of dichloromethane 

and this volume is added to the mixture which is stirred for a further 3 h to 

ensure complete consumption of the starting material. The dichloromethane 

is evaporated at 40 °C by rotary evaporation (225 mmHg) until only the 

residue and the water are left in the flask. The aqueous residue is dissolved 

in a 1:1 mixture of ethyl acetate and water (400 mL) and transferred to a 1-L 

separatory funnel. The phases are separated and the aqueous layer is 

extracted with ethyl acetate (2 x 100 mL). The combined organic extracts are 

washed with a saturated sodium chloride solution (100 mL), dried over 

MgSO, (15 g), filtered and concentrated at 40 °C by rotary evaporation (75 
mmHg) and then at 0.5 mmHg to afford a yellowish solid. The solid is 
dissolved in 20 mL of dichloromethane and charged on a 6.5 x 22 cm 
column of silica gel (350 g of dry silica) (Note 20). The system is eluted 
with a mixture of 30% ethyl acetate-dichloromethane. Because the product is 
difficult to visualize by TLC, the first 900 mL are discarded and the next 
1400 mL are collected and concentrated at 40 °C by rotary evaporation (225 
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mmHg then 20 mmHg) until the residue solidifies. It is then dried at 0.5 
mmHg to afford 6.1 g (79% yield) of the title compound as a yellowish solid 
of purity higher than 98% as determined by NMR and GC/MS analysis 
(Note 27). 

2. Notes 

1. All glassware was flame-dried under vacuum and allowed to cool 

under an atmosphere of nitrogen. 

2. Rhodium (II) acetate dimer was purchased from Strem 
Chemicals. It was stored and weighed in a glove box and was used without 
further purification. 

3. Triphenylacetic acid (99%) and chlorobenzene (99%) were 

purchased from Aldrich Chemical Company, Inc. and used as received. 

4. Slow distillation of the solvent (bp 132 °C) removes the acetic 

acid (bp 117 °C) formed from the ligand exchange. If the distillation rate is 

higher than 10 mL/hour, chlorobenzene is added in order to keep the total 

volume of the reaction mixture over 40 mL. 

5. The solid is insoluble in methanol and the color changes from 

green to purple-blue. 

6. A half-scale run provided 1.75 g (89%) of the rhodium II 

tetrakis(triphenylacetate) dimer. 

7. Analytical data for Rhodium II tetrakis(triphenylacetate) dimer 

(2): Ry = 0.19 (10% ethyl acetate/hexane); 'H NMR (300 MHz, CDCI) 

6: 3.51 (residual MeOH), 6.63 (d, J = 7.5 Hz, 24 H), 6.86 (t, J = 8.1 Hz, 24 

H), 7.07 (t, J = 7.5 Hz, 12 H); '*C NMR (75 MHz, CDCI) 8: 69.2 (residual 

MeOH), 126.8, 127.4, 130.7, 143.4, 192.9; IR (film) 3055, 1590, 1580, 1365 

cm’; Analysis calc. for CgpH¢oOgRh2: C 70.90, H 4.46; found: C 67.96, H 

4.73 %. The low value obtained for the carbon analysis is due to residual 

coordinated methanol from the recrystallization. Up to 2 equiv of MeOH per 

molecule of dimer (determined by 'H NMR, 5= 3.51 and °C NMR, 6 = 

69.2) can be present and do not affect the reactivity of the catalyst. 

8. 1,1’-Carbonyldiimidazole, reagent grade, was purchased from 

Aldrich Chemical Company, Inc. It was stored and weighed in a glove box 

to avoid hydrolysis and was used without further purification. 

9. Short exposure to 1,1’-carbonyldiimidazole could cause serious 

temporary or residual injury. This reagent should be handled with careful 

attention to avoid contact with skin. 

Org. Synth. 2009, 86, 59-69 63 



10. Acetonitrile was distilled over calcium hydride. If wet 

acetonitrile is used, hydrolysis of a reaction intermediate reduces the yield. 

11. Cyclohexanemethanol (3), 99+%, was purchased from Aldrich 

Chemical Company, Inc. and was used as received. 

12. Hydroxylamine hydrochloride (99%) and imidazole (99%) were 

purchased from Alfa Aesar and used as received. 

13. An excess of hydroxylamine and imidazole is used in order to 

accelerate the reaction and minimize the hydrolysis of the intermediate. 

14. The 'H NMR methylene resonances of the N-hydroxycarbamate 

(doublet at 3.96 ppm) and the starting alcohol (doublet at 3.44 ppm) are used 

to determine the product ratio. 

15. Flash chromatography is performed on a 3 x 10 cm silica gel 

column (33 g of dry silica). The product is charged on the column and the 

system is eluted with 50 mL of 20% ethyl acetate-dichloromethane. At that 

point, fraction collection (8-mL fractions) is begun and elution is continued 

with 450 mL of a 20% ethyl acetate-dichloromethane mixture. Collected 

fractions were analyzed by TLC, eluting with 30% ethyl acetate- 

dichloromethane (Ry; = 0.52 for 4 and 0.63 for 3). Visualization was 

accomplished by spraying with a potassium permanganate solution followed 

by heating. All the fractions (10-30) containing the desired product were 

combined and concentrated at 45 °C by rotary evaporation (40-50 mmHg) 

and then at 0.5 mmHg. 

16. Analytical data for cyclohexylmethyl N-hydroxycarbamate (4): 

mp 33-34 °C; 'H NMR (300 MHz, CDCI) 8: 0.85—1.04 (m, 2 H), 1.06-1.37 

(m, 3 H), 1.40-1.90 (m, 6 H), 3.99 (dd, J = 6.3, 5.1 Hz, 2 H), 7.03 (brs; 

H), 7.28 (br s, 1 H); °C NMR (75 MHz, CDCI) 5: 25.7, 26.4, 29.6, 37.4, 

71.5, 159.9; IR (film) 3291, 2922, 2851, 1712, 1449, 1267, 1121 cm’; 

HRMS (TOF’) calc. for CsH;;NO;Na [M+Na]: 196.0950; found: 196.0940; 

Analysis calc. for CgH;;NO3: C 55.47, H 8.73, N 8.09; found: C 55.49, H 

8.81, N 7.93 %. 

17. Anhydrous diethyl ether was obtained by filtration through a 

drying column on a Sol-Tec solvent purification system. 

18. p-Toluenesulfonyl chloride, 99+%, was purchased from Aldrich 
Chemical Company, Inc. and was used as received. 

19. Triethylamine was purchased from Fisher Scientific and was 
freshly distilled from CaH3 (88-90 °C) under argon atmosphere prior to use. 

20. UltraPure silica gel (32-63 um) was purchased from EcoChrom. 

64 Org. Synth. 2009, 86, 59-69 



21. Omnisolv grade hexane was purchased from EMD and was used 
as received. 

22. A second run on approximately half-scale provided a 79% yield. 
23. The physical properties of 5 are as follows: R; 0.68 (5% ethyl 

acetate/dichloromethane); mp 88-90 °C; 'H NMR (500 MHz, CDCl) 
8: 0.82-0.85 (m, 2 H), 1.0-1.3 (m, 3 H), 1.46-1.57 (m, 3 H), 1.63—1.67 (m, 3 
EH) 246 (S33 H),.3:83)(dd = 6.3, Hz, 2\H);).7.35 (dyde= 8.1. Hz,2, H)).7.87 
(d, J = 8.1 Hz, 2 H); °C NMR (125 MHz, CDCI;) 8: 21.9, 25.7, 26.3, 29.3, 
STAs i226 129:7, 129.9 .130:5,1146.2; 155.9; IR. (film), 3230,.2927;-2853, 
1740, 1597, 1380, 1191, 1179 em’; HRMS (TOF’) calc. for C}sH»,NO;SNa 

[M+Na]": 350.1038; found: 350.1006; Analysis calc. for C;;H2;,NO;S: C 

55.03, H 6.47, N 4.28, S 9.79; found: C 54.85, H 6.30, N 4.11, S 10.07 %. 

24. Dichloromethane was purchased from Fisher Scientific and was 

used as received. 

25. Granular potassium carbonate was purchased from J.T. Baker 

and was used as received. | 

26. The total volume added is approximately 60 mL. 

27. Analytical data for 3-oxa-1-azaspiro[4.5]decan-2-one (6): Ry 0.53 

(30% ethyl acetate/dichloromethane); mp 81-82 °C; 'H NMR (300 MHz, 

CDCl.) 5: 1.20-1.72 (m, 10 H), 4.08 (s, 2H), 6.82 (br s, 1H); ‘°C NMR (75 
MHz, (CDCI )16: 22:7; 24.9,-37.2,.57.9, 75.87:159. 7, dR>(film)/3230; 2932, 

2858, 1745, 1397, 1251, 1031 cm’; HRMS (TOF’) calc. for CsH,;;NO,Na 

[M+Na]’: 178.0844; found: 178.0843; Analysis calc. for CgsH;;NO2: C 

61.91, H 8.44, N 9.03; found: C 61.99, H 8.61, N 8.94 %. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

This procedure describes an attractive method for the preparation of 

oxazolidinones using a rhodium-catalyzed nitrene C-H bond insertion 

reaction. It is well known that nitrene species are accessible by photolysis or 

thermolysis of acyl azides. However, their employment in the formation of 

oxazolidinones is limited to some specific cases, because of their lack of 
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stability and selectivity.’ Alternatively, metal nitrenes are prepared via the 

oxidation of carbamates using hypervalent iodine reagents which generate a 

stoichiometric amount of iodobenzene as byproduct.’ In the described 

procedure, a tosyloxycarbamate is decomposed with a base to form a metal 

nitrene in the presence of a rhodium catalyst. The insertion reaction proceeds 

then smoothly, with total conversion. The only stoichiometric byproduct is 

potassium tosylate, which is simply removed by an aqueous work up. The 

starting material is a stable white solid easily prepared from the 

corresponding commercially available alcohol. The metal nitrene insertion is 

effective at ethereal, benzylic, tertiary, secondary, and even primary 

positions, providing an interesting route to various substituted 

oxazolidinones (Table 1).° 

Table 1. Oxazolidinone formation®° 

O 
O 

R; BL Lots Rho(TPA)4 (6 mol %) 
“7 ON KoCOx (3 equiv) HN< 
Ro ma, RA 

DCM, rt, 6h Ro 

Isolated Isolated Ent Product i ntry yield Entry Product yield 

O O 

1 Hn“ 92% 5 ag 73% 

e) O 

2 HN—Y 84% 6 Hn—X 84% 

oo 
O 

. ans ane : Ss aire ve 

4 HY 71% 8 a 41% 

4 see reference 5; ° 0.5 mmol scale 

Chiral oxazolidinones can also be prepared by this method using an 
enantioenriched N-tosyloxycarbamate as starting material, as the C-H 
insertion occurs with total retention of configuration (Entry 5). The method 
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has been initially developed on a 0.5 mmol scale, using 6 mol% of rhodium 
dimer and 3 equivalents of potassium carbonate in dichloromethane at room 
temperature. Under the optimized reaction conditions on a 50 mmol scale, 
the catalyst loading is lowered to 1 mol% and 1.1 equivalent of base is used 
for complete conversion. The intermolecular version of the reaction has also 
been reported using 2,2,2-trichloroethyl N-tosyloxycarbamate as the source 
of nitrene and Troc-protected amines derived from various unfunctionalized 

substrates were isolated in good yields.° 

1. Département de Chimie, Université de Montréal, C.P. 6128, Succursale 

Centre-Ville, Montréal, Québec, Canada, H3C BUT: 

helene.lebel@umontreal.ca 

. (a) Berndt, D. F.; Norris, P. Tetrahedron Lett. 2002, 43, 3961-3962; (b) 

Kan, C.; Long, C. M.; Paul, M.; Ring, C. M.; Tully, S. E. Rojas, C. M. 

Org. Lett. 2001, 3, 381-384; (c) Yuan, P.; Plourde, R.; Shoemaker, M. R.; 

Moore, C. L.; Hansen, D. E. J. Org. Chem. 1995, 60, 5360-5364; (d) 

Schneider, G.; Hackler, L.; Szanyl, J.; Sohar, P. J. Chem. Soc. Perkin 

Trans. I 1991, 37-42; (e) Banks, M. R.; Cadogan, J. I. G.; Gosney, I; 

Gaur, S.; Hodgson, P. K. G. Tetrahedron Asymm. 1994, 5, 2447-2458. 

- Meth-Cohn, O. Acc. Chem. Res. 1987, 20, 18-27. 

. (a) Espino, C. G.; Du Bois, J. Angew. Chem. Int. Ed. 2001, 40, 598-600; 

(b) Cui, Y.; He, C. Angew. Chem. Int. Ed. 2004, 43, 4210-4212. 

. (a) Lebel, H.; Huard, K.; Lectard, S. J. Am. Chem. Soc. 2005, 127, 

14198-14199; (b) Lebel, H.; Leogane, O.; Huard, K.; Lectard, S. Pure 

Appl. Chem. 2006, 78, 363-375. 

. Lebel, H.; Huard, K. Org. Lett. 2007, 9, 639-642. 

Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Rhodium II acetate: (15956-28-2) 

Triphenylacetic acid: Benzeneacetic acid, a ,a-diphenyl-; (595-91-5) 

Rhodium (II) tetrakis(triphenylacetate);(142214-04-8) 

Cyclohexylmethyl N-hydroxycarbamate: Carbamic acid, hydroxy-, 

cyclohexylmethy] ester; (8691 11-30-8) 

1,1’-Carbonyldiimidazole: Methanone, di-1H-imidazol-1-yl-; (530-62-1) 

Cyclohexanemethanol; (100-49-2) 
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Hydroxylamine hydrochloride; (5470-11-1) 

Imidazole; (288-32-4) 

p-Toluenesulfonyl chloride: Benzenesulfonyl chloride, 4-methyl-; (98-59-9) 

Triethylamine; (121-44-8) 

Cyclohexylmethyl N-tosyloxycarbamate: Benzenesulfonic acid, 4-methyl-, 

[(cyclohexylmethoxy)carbonyl]azanyl ester; (869111-41-1) 

4-Spirocyclohexyloxazolidinone: 3-Oxa-1-azaspiro[4.5 ]decan-2-one: 

(81467-34-7) 

Potassium carbonate; (584-08-7) 
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PREPARATION OF (S)-4-ISOPROPYL-N-PROPANOYL-1,3- 

THIAZOLIDINE-2-THIONE 

a HO NH, C82 KOn S$” “NH 
7 EtOH, H,O, A ms 

1 

Ss i eC 

| 1. mBuLi, THF, -78 °C 
B Hos Neo Se es 
. 2. EtCOC! oe 

1 2 

Submitted by Erik Galvez, Pedro Romea, and Félix Urpi.' 

Checked by John C. Jewett and Viresh H. Rawal. 

1. Procedure 

A. (S)-4-Isopropyl-1,3-thiazolidine-2-thione (1). A 500-mL single- 

necked round-bottomed flask equipped with a magnetic stir bar and a 250- 

mL pressure-equalizing addition funnel fitted with a Y-connector joint with 

one line fitted with a nitrogen inlet adaptor and the other with a rubber 

septum is charged with (S)-valinol (10.32 g, 0.10 mol, 1.0 equiv, Note 1), 

followed by ethanol (30 mL, Note 2) and carbon disulfide (18 mL, 0.26 mol, 

2.6 equiv) (Notes 3, 4). The addition funnel is flushed with nitrogen and 

charged with a 2.25 M KOH (15.2 g, 0.27 mol, 2.7 equiv) in 1:1 EtOH/H,O 

solution (120 mL), which is added dropwise at room temperature over 15-20 

min. The addition funnel is replaced by a Graham condenser fitted with a 

nitrogen adaptor, and the reaction mixture is stirred and heated at reflux for 

72 h under a nitrogen atmosphere (Notes 5, 6). After cooling, the volatiles 

are removed with a rotary evaporator (Notes 7, 8). The resulting liquid is 

acidified with 0.5 M aqueous HCl (550 mL), added slowly at room 

temperature, and the mixture is transferred to a 1-L separatory funnel. The 

slightly acidic mixture is extracted with CH,Ch (3 x 100 mL). The 

combined organic layers are dried over 5 g of MgSO,, then vacuum filtered 

(water aspirator, ~20 mmHg) through a cotton plug into a side-arm flask. 

The solvent is removed with a rotary evaporator to give 14.92-15.05 g (92- 
93% yield) of (S)-4-isopropyl-1,3-thiazolidine-2-thione (1) as a yellowish 
solid (mp 68-69 °C), which is used in the next step without further 
purification (Notes 7, 9). 
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B. (S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-thione (2). An 
oven-dried three-necked 250-mL round-bottomed flask equipped with a 
magnetic stir bar is charged with (S)-4-isopropyl-1,3-thiazolidine-2-thione 
(1) (8.08 g, 50.0 mmol, 1.0 equiv). The necks are fitted with a low 
temperature thermometer (with an adaptor), nitrogen line, and a rubber 
septum. The flask is flushed with nitrogen, and charged with anhydrous 
THF (33 mL, Note 10). The resulting solution is cooled in a liquid nitrogen- 

ethyl acetate bath (-83 °C bath temperature; -78 °C internal temperature) 

and treated with a 1.52 M solution of n-BuLi in hexanes (36.5 mL, 55.5 

mmol, 1.1 equiv; Note 11), added dropwise by syringe over 25 min so as to 

keep the internal temperature below —70 °C. After 15 min, the 

heterogeneous solution is treated with propanoyl chloride (5.50 mL, 63.5 

mmol, 1.3 equiv; Note 12), added dropwise by syringe over 10 min, keeping 

the internal temperature below —70 °C. The resulting clear solution is stirred 

for 5 min, the cold bath is removed and the solution is allowed to warm to 

room temperature and then stirred for 1.5 h. During this time, the solution 

becomes dark yellow/orange, and solids precipitate. The reaction mixture is 

cooled with an ice-water bath and then quenched with a saturated solution of 

NH,Cl (20 mL) and water (50 mL). The resulting mixture is transferred to a 

500-mL separatory funnel and extracted with CHCl, (3 x 100 mL). The 

combined organic layers are dried over 5 g of MgSO, then vacuum filtered 

(water aspirator, ~20 mmHg) through a cotton plug into a side-arm flask. 

Concentration of the filtrate with a rotary evaporator gives a bright yellow 

oil (Note 7). This residue is loaded on a column (6.5-cm diameter glass 

column) of silica gel (ca 150 g; Note 13) and eluted with 1:1 

CH,Cl,/hexanes (2 L, Note 14) to afford 8.38-8.63 g (77-79% yield) of (S)- 

4-isopropyl-N-propanoyl-1,3-thiazolidine-2-thione (2) (Notes 15, 16). 

2. Notes 

1. (S)-Valinol (96%) was purchased from Aldrich Chemical 

Company, Inc., and used as supplied. Alternatively, it can be prepared 

according to the experimental procedures reported by D. A. Dickman, A. I. 

Meyers, G. A. Smith, R. E. Gawley. Org. Synth., Coll. Vol. 7, 1990, 530. 

2. Unless otherwise indicated, the solvents were of reagent quality 

and were used without further purification. 

3. Carbon disulfide (99%) was purchased from Aldrich Chemical 

Company, Inc., and used as supplied. 
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4. Caution: Carbon disulfide must be manipulated in a well- 

ventilated fume hood because of its stench and flammability. 

5. The initially deep red solution becomes orange and pale yellow 

after 24 h and 36 h, respectively. 

6. The reaction of (S)-valinol and carbon disulfide also affords (S)- 

4-isopropyl-1,3-oxazolidin-2-thione, which is slowly converted into the 

corresponding 1,3-thiazolidine-2-thione. Thus, long reaction times are 

required to fully transform 1,3-oxazolidin-2-thione intermediate into the 

desired heterocycle. After 48 h, only tiny amounts of 1,3-oxazolidin-2- 

thione are detected and the reaction time is expanded to three days to get a 

quantitative conversion. For a mechanistic analysis of this process, see 

reference 3. 

7. Rotary evaporation was performed at 15 mmHg (vacuum pump) 

and the water bath temperature was 25 °C. 

8. In order to minimize the unpleasant stench of carbon disulfide, a 

bubble trap filled with 50 mL of 1:10 bleach:water mixture was placed 

between the rotary evaporator and the vacuum pump. The bleach was 

purchased from Fisher and used as supplied. 

9. No impurities were observed in the 'H NMR of this material. 

The physical properties and spectral data for 1 are as follows: Ry = 0.25 

(CH)Cl,); mp 68-69 °C [lit.2 mp 67-68 °C, lit mp 66-67 °C]; [a]p”* — 
34.76 (c 1.11, CHCh), [lit.? [a]p -36.81 (c 1.16, CHCl), lit.’ [ap 34.6 (c 

0.94, CHCI;)]; IR (film): 3185, 2962, 1490, 1389, 1372, 1305, 1271, 1228, 

1165, 1144, 1112, 1056, 1032, 980 cm’; 'H NMR (500 MHz, CDCI) 8: 

0:99 (d, J = 7.2. Hz, 3H), 1.02.(d, J = 7.0 Hz, 3.H), 1.92—2.02 (m, 1H)33.31 

(dd, J = 11.0, 8.2 Hz, 1 H), 3.50 (dd, J= 11.0, 8.2 Hz, 1 H), 4.05 (td, J = 8.2, 

7.8 Hz, 1 H), 8.13 (br s, 1 H); °C NMR (125 MHz, CDCl) 8: 18.3, 18.9, 
32.1, 36.0, 70.1, 201.2; Anal. Calcd. for CsH;;NS2: C, 44.68; H, 6.87; N, 

8.68; S,; 39.76. Found: C, 45.01;9H)7.02;/N, 8.77; S, 39.68; HRMS [Miz 

H"] calcd for CsH:,;NS2: 162.0406. Found: 162.0402; MS (m/z) 160.8 

(100%), 117.8 (55%), 58.9 (18%), 49.0 (47%). 

10. Checkers purchased optima grade THF from Aldrich Chemical 

Company, Inc., and purified it over activated alumina. Submitters purchased 

reagent grade THF from Scharlau S.A., and freshly distilled it from sodium- 

benzophenone ketyl under nitrogen before use. 

11. The n-BuLi was purchased as a 1.6 M solution in hexanes from 

Aldrich Chemical Company, Inc., and titrated with 4-biphenylmethanol 

before use." 
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12. Propionyl chloride (98%) was purchased from Aldrich Chemical 
Company, Inc., and distilled at atmospheric pressure under nitrogen before 
use. 

13. Silica gel 60 A C.C. for column chromatography (35-70 um) was 

purchased from SDS and used as received. 

14. The purification can be followed easily by the bright yellow color 

of the product. Care should be taken as a yellow colored impurity comes out 

of the column immediately after the product band. 

15. The submitter reported a yield of 98% for this reaction. The 

product should be kept in the fridge under nitrogen atmosphere to avoid 

undesired decompositions. 

16. The physical properties and spectral data for 2 are as follows: Ry 

= 0.45 (1:1 CH2Cl/hexanes); HPLC (97:3 hexanes/EtOAc) te = 12.0 min; 

[a]p® +420.84 (c 1.01, CHCI,); IR (film): 2964, 2938, 2875, 1700, 1462, 

1394, 1350, 1314, 1280, 1260, 1169, 1123, 1086, 1038, 996, 914, 850, 806 

em’; 'H NMR (500 MHz, CDCI;) 8: 0.96 (d, J = 6.6 Hz, 3 H), 1.04 (d, J= 

6.6 Hz, 3 H), 1.14 (t, J = 7.2 Hz, 3 H), 2.30—2.40 (m, 1 H), 3.02 (dd, J = 

Tee 7 kta), SLs (dg) = 18:0, 7.2 Hz, 1-H), 3.34 (dq, J — 18.0, 7.2 

Hz, 1 H), 3.49 (dd, J = 11.4, 8.1 Hz, 1 H), 5.15 (ddd, J = 8.1, 6.1, 1.2 Hz, 1 

H); °C NMR (125 MHz, CDCI) 8: 9.1, 17.8, 19.1, 30.5, 30.9, 32.2, 71.7, 
175.0, 202.8; Anal. Calcd. for Co9H;;sNOS,: C, 49.73; H, 6.96; N, 6.44; S, 

29.51. Found: C, 49.54; H, 6.80; N, 6.28; S, 29.25; HRMS [M + Na’] calcd 

for CyH;;NOS;2: 240.0487. Found: 240.0486; MS (m/z) 217.0 (100%), 162.0 

(54%), 117.9 (9%) 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Since Nagao and Fujita established the synthetic utility of 1,3- 

thiazolidine-2-thiones as chiral auxiliaries,” they have commonly been 

prepared by heating an alkaline solution of the corresponding B-amino 

alcohol and carbon disulfide.” However, this apparently simple 

transformation must be carried out in a strongly basic medium, with an 

excess of carbon disulfide for extended reaction times. According to Le 
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Corre,’ these stringent experimental conditions are required to convert the 

initially formed 1,3-oxazolidin-2-thione back into the B-amino alcohol and 

the intermediate I (see Scheme 1), which can undergo an intramolecular 

nucleophilic substitution that eventually leads to the desired 1,3-thiazolidine- 

2-thione. 

Sarees Se ee < _NH HO NH Hoy 2 
Re 3 'R4 Ant, ters PER 

R B-aminoalcohol 
A 
| Excess KOH and A 

: S S S 
Ss y e. / rt ws-4 RF uc sf R 

O° “NH HO NH ————— 4B? NH s° NH 

\4 wT tps PY aero L i an net tps 
R! t We R Re rah Ss \—o pak Rt RS 

I HS 1,3-thiazolidine-2-thione 
1,3-oxazolidine-2-thione 

Scheme 1 

The procedure disclosed herein has been adapted from the 

experimental conditions originally reported by Nagao and Fujita,’ which 

involve refluxing an aqueous ethanol solution of a B-amino alcohol in the 

presence of a moderate excess of carbon disulfide and potassium hydroxide. 

The use of five equivalents of carbon disulfide in boiling aqueous potassium 

hydroxide has also been reported.’ Both procedures allow the preparation of 

a wide range of enantiomerically pure 1,3-thiazolidine-2-thiones in good 

yields, except for those starting materials containing a tertiary alcohol (R*. 

R°’ #H in Scheme 1).° Interestingly, the synthesis of the 1,3-thiazolidine-2- 

thione derived from fert-leucinol (Scheme 2) requires harsher conditions due 

to the steric hindrance imposed by the bulky tert-butyl group.’ 
Ss 

CSs, KOH 
ial gts : =e v NH 

Mu EtOH/H20 or HzO, A LX 
P R 

R: Et, Bn, Ph, #Bu, Pr 60-95% 

t Hoy Ne Hoye CS> (8 equiv), KOH (~ 25 equiv) on 

t-Bu Reduction tBu HO, A, 72h 

‘ 60% over two steps tBu 
tert-leucine tert-leucinol 

Scheme 2 

Acylation of these chiral 1,3-thiazolidine-2-thiones can be 

accomplished using different methodologies. The most straightforward 
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procedures take advantage of the acidity of the NH proton. Thus, treatment 
of these heterocycles with bases as n-BuLi,”’’* NaH,’ or Et;N'° and the 
appropriate acyl chloride furnish the corresponding N-acyl derivatives in 
high yields."' 

i 9 
Ss oO 

tBuCOCl -BuLi ~78° re : Ae Soe uCOCI, EtsN 1) n-BuLi, THF, -78 °C _ ise 

CH2Clp,0°C tort \ Ss 2) AcCl, -78 °C to rt YY 
i-Bu 81% Be 95% Bu 

SNH 

re: ie : on peg NaH, AcCl Ca R 1) mBuLi, THF, -78 °C NO 
YY THF, 0 °C to rt 2) EtCOCl, -78 °C to rt { 

Ar 93% 90% R 
Ar: 2,4,6-MesPh R: Bn, Bu, 

Scheme 3 

Carbodiimides can also be used to prepare the desired acylated 

auxiliaries from the corresponding thiazolidinethiones and carboxylic acids. 

Nagao and Fujita first applied these coupling reactions to the acylation of 

thiazolidinethiones'”’’* and, more recently, some communications have 

generalized such procedures." 

S Sy (8) 
| Meal BnOCH,CH,COOH, EDC, DMAP tis IpCH = Tem 

Nee CH,Clp, rt eed 
Pr 86% #Pr 

i seal EtCOOH, DCC, DMAP = ha eee 
CH,Cl,, rt Lad 

Bn 88% Bn 

Scheme 4 

The synthetic utility of the thiazolidinethiones as chiral auxiliaries is 

mainly in the stereoselective construction of carbon-carbon bonds, 

particularly in the aldol arena. Indeed, early reports on this area dealt with 

the tin-mediated aldol addition of N-acetyl-4-isopropyl-1,3-thiazolidine-2- 

thione to a,f-unsaturated aldehydes, finding that this auxiliary imparted a 

higher degree of stereocontrol than the corresponding 1,3-oxazolidin-2-one.” 

Later, Urpi and Vilarrasa expanded this methodology to titanium enolates. * 

More recently, outstanding diastereoselectivities have been achieved with a 

broad array of aldehydes using boron”” or titanium’ enolates from different 

thiazolidinethiones. 
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We sai ale N-ethylpiperidine - . ne 1) TiCl,, /ProNEt nis eSpnlieamett 
Ss N ~< — 

Lt 2) PhCH=CHCHO Lt 2) PhCqH=CHCHO a 
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Scheme 5 

Aldol reactions from other N-acyl-1,3-thiazolidine-2-thiones have also 

been highly successful. Interestingly, Crimmins proved that titanium 

enolates give access to both syn-aldol adducts depending on the enolization 

conditions,®'> whereas an anti-aldol adduct is available from aromatic and 

unsaturated aldehydes through a magnesium-catalyzed procedure developed 

by Evans.'® Thus, up to three of the four possible aldol adducts can be 

prepared from a single precursor by the appropriate choice of enolization 

procedure. f 

1) TiCl4 (1.05 equiv), HProNEt (1.1 equiv) S91 sO% FOH 

NMP (2 equiv) ay : a Ry Pee 

97-99% dr>96:4 Bn 

Lf Bip 1) TiCl, (1.1 equiv), sparteine (1 equiv Bee: ) TiCl, (1.1 equiv), sparteine (1 equiv) ae a: 
stabi 2) RCHO 7 

Bn 45-60% dr>97:3 Bn 

MgBro:OEt, (10 mol%), EtgN (2 equiv) Ss *O™ "OH 

TMSCI (1.5 equiv) ee 
RCHO : 

56-92% dr 88:12 to 95:5 Bn 

Scheme 6 

Other applications of the chiral thiazolidinethiones involve the 

stereoselective construction of carbon-carbon bonds through the addition of 

their metal enolates to iminium intermediates,'7°'® oximes,”” acetals,”° and 

glycals.”’ Moreover, simple N-acyl-1,3-thiazolidine-2-thiones lacking any 

substituent on the heterocycle can also participate in asymmetric 

transformations in the presence of catalytic amounts of chiral Lewis acids.” 

Finally, it is worth mentioning that the value of the 1,3-thiazolidine-2- 

thiones as auxiliaries in asymmetric synthesis is not restricted to the 

stereochemical control imparted in the aforementioned transformations. 

Indeed, additional advantages of these auxiliaries rely in the ease of removal 
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under very mild conditions and the bright yellow color that characterize such 
acylated heterocycles, which facilitates the analysis and purification of the 
reaction mixtures and the isolation of a broad array of enantiomerically pure 
synthons. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

(S)-Valinol: 1-Butanol, 2-amino-3-methyl-, (2S)-; (2026-48-4) 

Carbon disulfide; (75-15-0) 

(S)-4-Isopropyl-1,3-thiazolidine-2-thione: 2-Thiazolidinethione, 4-(1- 
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methylethyl)-, (45)-; (76186-04-4) 

n-Butyllithium; (109-72-8) 

Propanoyl chloride; (79-03-8) 

(S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-thione: 2- 

Thiazolidinethione, 4-(1-methylethyl)-3-(1-oxopropyl)-, (4S)-; 

(10283 1-92-5) 
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STEREOSELECTIVE SYNTHESIS OF 
anti a-METHYL-B-METHOXY CARBOXYLIC COMPOUNDS 
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Ns CHClo, rt CH,O 

2 3 

Submitted by Erik Galvez, Pedro Romea, and Félix Urpi.' 

Checked by Vijaya Bhasker Gondi and Viresh H. Rawal. 

1. Procedure 

A.  [(E)-3,3-dimethoxy-2-methyl-1-propenyl]benzene (1). An 

oven-dried 25-mL round-bottomed flask equipped with a magnetic stir bar is 

charged with (£)-2-methyl-3-phenylpropenal (6.0 mL, 43 mmol, 1.0 equiv) 

(Note 1) and Amberlyst 15 (50 mg) (Note 2). The flask is fitted with a 

rubber septum, flushed with nitrogen, cooled in an ice-water bath, and 

charged with trimethyl orthoformate (5.8 mL, 53 mmol, 1.2 equiv) (Note 3) 

and dry methanol (1.0 mL, 25 mmol, 0.56 equiv) (Note 4). The reaction 

mixture is stirred at room temperature for 36 h. The resin is removed by 

filtration through a cotton plug, and the volatiles are removed using a rotary 

evaporator (Note 5). The resultant oil is purified by short path vacuum 

distillation. The main fraction is collected at 120-130 °C (2.7 mmHg) and 

provides 6.48 g (78% yield) of the desired /(£)-3,3-dimethoxy-2-methyl-1- 

propenyl]benzene (1) (Notes 6, 7, 8). 

B.  (4S)-N-[(2R, 3S, 4E)-2,4-Dimethyl-3-methoxy-5-phenyl-4- 

pentenoyl]-4-isopropyl-1,3-thiazolidine-2-thione (2). An oven-dried 250- 

mL round-bottomed flask equipped with a magnetic stir bar is charged with 
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(S)-4-isopropyl-N-propanoyl-1,3-thiazolidine-2-thione (2.20 g, 10.1 mmol, 

1.0 equiv) (Note 9). The flask is fitted with a rubber septum, flushed with 

nitrogen, and charged with anhydrous CHCl, (80 mL) (Note 10) The 

stirred solution is cooled in an ice-water bath, and neat TiCl, (1.2 mL, 11 

mmol, 1.1 equiv) (Note 11) is added dropwise by syringe over | min, which 

causes the formation of a yellow solid. The resulting suspension is stirred for 

5 min, cooled with a liquid nitrogen-ethyl acetate bath (-83 °C), and a 

solution of dry diisopropylethylamine (1.83 mL, 11.0 mmol, 1.08 equiv) 

(Note 12) in CH2Cl, (5 mL) is added dropwise via canula over 5 min, which 

produces a deep red homogeneous solution. An additional 5 mL of CHCl, 

are used to transfer the last traces of diisopropylethylamine to the reaction 

flask. The reaction mixture is stirred in the liquid nitrogen-ethyl acetate bath 

for 30 min, then transferred to a cryocool (or acetone-dry ice bath) (bath 

temperature —50 °C to —55 °C) for 2 h. The reaction mixture is cooled again 

in a liquid nitrogen-ethyl acetate bath, and BF3;OEt; (1.4 mL, 11 mmol, 1.1 

equiv) (Note 13) is added dropwise by syringe over 1 min. After 5 min, a 

cooled (liquid nitrogen-ethyl acetate bath) solution of /(£)-3,3-dimethoxy-2- 

methyl-1-propenyl]benzene (1) (2.11 g, 10.9 mmol, 1.08 equiv) in CH2Cl, 

(5 mL) is added dropwise via cannula over 5 min. An additional 5 mL of 

CH>Cl, are used to transfer the last traces of 1 to the reaction flask. After 

stirring for 2 h in the liquid nitrogen-ethyl acetate bath, the reaction mixture 

is quenched with a saturated solution of NHsCl (80 mL). The mixture is 

allowed to warm to room temperature, then transferred to a 250-mL 

separatory funnel. The aqueous layer is separated and extracted with CH2Cl, 

(3 x 50 mL). The combined organic layers are dried (MgSO,), filtered 

through a cotton plug under water aspirator pressure and concentrated using 

a rotary evaporator to afford a bright yellow oil (Note 5), a 95:5 ratio of 

diastereomers (Note 14). The crude product is dissolved in 5 mL of CH,Cl, 

and loaded on a flash chromatography column of deactivated silica gel (6.5- 

cm diameter glass column and ca 450 g of silica) (Note 15). The column is 

eluted using a gradient solvent system of hexanes-CH2Cl), 4:1 to 3:1 to 2:1. 

The fractions containing the desired product are combined and concentrated 

by rotary evaporator to afford 3.42 g (9.06 mmol, 89% yield) of 2 as a bright 

yellow oil (Notes 16, 17, 18). 

C. (2R,3S,4E)-N, 3-Dimethoxy-N, 2,4-trimethyl-5-phenyl-4- 

pentenamide (3). An oven-dried 25-mL round-bottomed flask equipped with 

a magnetic stir bar is charged with (4S)-N-[(2R,3S,4E)-2,4-dimethyl-3- 

methoxy-5-phenyl-4-pentenoyl]-4-isopropyl-1,3-thiazolidine-2-thione (2) 
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(1.85 g, 4.89 mmol, 1.0 equiv). The flask is fitted with a rubber septum, 
flushed with nitrogen, and charged with anhydrous CHCl, (10 mL, Note 
10). The septum is temporarily removed and N,O-dimethylhydroxylamine 
hydrochloride (733 mg, 7.50 mmol, 1.53 equiv) (Note 19) and 4- 
dimethylaminopyridine (610 mg, 5.0 mmol, 1.02 equiv) (Note 20) are 
quickly added. The septum is replaced, the flask is flushed again with 

nitrogen, and dry triethylamine (0.75 mL, 5.0 mmol, 1.0 equiv) (Note 21) is 

added by syringe. The resulting mixture is stirred at room temperature for 15 

h, over which period the initial deep yellow solution gradually fades to 

become almost colorless. The mixture is diluted with CH,Cl, (35 mL), 

transferred to a 100-mL separatory funnel, and washed successively with 

10% citric acid (3 x 30 mL), 1 M NaOH (4 x 30 mL) (Note 22) and brine 

(30 mL). The organic layer is dried (MgSO,), filtered through a cotton plug 

under water aspirator pressure, and concentrated with a rotary evaporator to 

afford a yellowish oil (Note 5). The oily residue is dissolved in 2.5 mL of 

CHCl, and charged on a column (4.1-cm diameter) of silica gel (ca 50 g) 

and eluted with 3:2 hexanes/EtOAc. The desired product is obtained in 

fractions 10-25 (ca 20 mL/fraction), which are concentrated by rotary 

evaporator (Note 5) to deliver 1.15 g (4.14 mmol, 83% yield) of (2R,3S,4£)- 

N,3-dimethoxy-N,2,4-trimethyl-5-phenyl-4-pentenamide (3) as a viscous 

colorless oil that solidifies upon standing in the refrigerator (Note 23). To 

recover the chiral auxiliary, the basic aqueous layer is treated with 2 M 

aqueous HCl (60 mL), and the resultant mixture is transferred to a 250-mL 

separatory funnel and extracted with CHCl, (3 x 50 mL). The combined 

organic layers are dried (MgSO,), filtered through a cotton plug under water 

aspirator pressure, and concentrated with a rotary evaporator (Note 5) to 

afford the thiazolidine auxiliary (638 mg, 81%) as a yellowish solid (mp 67— 

68 °C) that can be reused. 

2. Notes 

1. (E)-2-Methyl-3-phenylpropenal was purchased from Aldrich 

Chemical Company, Inc., and used as supplied. 

2. Amberlyst 15 was purchased from Aldrich Chemical Company, 

Inc., and used as supplied. 

3.  Trimethyl orthoformate was purchased from Aldrich Chemical 

Company, Inc., and used as supplied. 
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4. Methanol was purchased from Aldrich Chemical Company, Inc., 

and distilled over magnesium. 

5. Rotary evaporation was performed at 10 mmHg (vacuum pump) 

with the water bath temperature at 25 °C. 

6. By HNMR analysis, the crude product is an 18:1 mixture of E:Z 

diastereomers. After distillation, a 10:1 ratio of E:Z diastereomers is 

present. Fractional distillation using a Vigreux column gives the product in 

higher E/Z ratio (>20:1) but in lower yield (38-43%). However, similar 

yield and dr were obtained when the second step was performed with acetals 

of 10:1 or 20:1 dr. 

7. The submitters reported a lower bp: 75-80 °C (2.5 mmHg). 

8. The physical properties and spectral data for the major 

diastereomer (1) are as follows: 'H NMR (500 MHz, CDCl) 8: 1.89 (d, J = 

1.2 Hz, 3 H), 3.38 (s, 6 H), 4.65 (d, J = 1.2 Hz, 1 H), 6.63 (br s, 1 H), 7.24— 

7.36 (m, 5 H); °C NMR (75.4 MHz, CDCl) 8: 13.0, 53.6, 107.7, 126.8, 

128.1, 128.5, 129.1, 134.4, 137.0; IR (film) em”: 2987, 2932, 2827, 1601, 

1445, 1347, 1196, 1073; HRMS calcd for C)2H;sQO2.Na (M‘+Na): 215.1043, 

found 215.1041. Anal. calcd for Cj2H;6O2: C, 74.97; H, 8.39; O, 16.64. 

Found: C, 75.22; H, 8.42; O, 16.58. 

9. The thiazolidine thione was prepared by the method described in 

the accompanying procedure. 

10. Dichloromethane was freshly distilled over calcium hydride. 

Checkers used the dichloromethane from a solvent purification system 

(activated alumina column). 

11. TiCl, (reagent plus, 99.9%) was purchased from Aldrich 

Chemical Company, Inc., and used as supplied. 

12. Diisopropylethylamine was purchased from Aldrich Chemical 

Company, Inc., and freshly distilled over calcium hydride or KOH 

(checkers). 

13. BF3;OEt, (purified, redistilled grade) was purchased from 

Aldrich Chemical Company, Inc., and used as supplied. 

14. The checkers analyzed the crude product by 'H NMR to 

determine the ratio of diastereomers. The submitters observed a 96:4 ratio 

of diastereomers by HPLC. The following HPLC conditions were used by 

the submitters. Detector: 254 nm; column: Tracer (250 x 4 mm) Spherisorb 

W Silica 5 um; eluent: 97:3 hexanes/EtOAc; flow rate: 0.9 mL min’; 

retention times: fg (major diastereomer) = 14.3 min; tg (minor diastereomer) 

= 19.1 min. 
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15. The column is wet-loaded with flash grade silica gel (40-63 um) 
using 4:1 hexanes-CH,Cl, solvent mixture containing 3% Et;N by volume. 
Further solvent mixtures used for running the column are also treated with 
3% Et;N. The submitters followed a different method for loading and 
running the column: Deactivated silica is prepared by addition of CHCl, 
(300 mL) to Si0, (200 g) kept in a 1-L round-bottomed flask. After shaking 
carefully, dry triethylamine (5 mL) was added followed by additional 
CHCl, (200 mL). The mixture is carefully shaken and the solvent is 
removed with a rotary evaporator (Attention: a cotton plug is placed at the 

neck of the flask to keep silica gel from blowing into the evaporator). 

16. The product should be kept in the refrigerator under a nitrogen 

atmosphere to minimize decomposition. 

17. The physical properties and spectral data for 2: [a]= +4897 (¢ 

1.05, CHCl), [a@]p +178.7 (c 1.2, CHCl, submitters); TLC R, 0.83 

(CH2Ch); HPLC (97:3 hexanes/EtOAc) fg = 14.3 min (submitters); 'H NMR 

(400 MHz, CDCl;) 6: 1.01 (d, J = 6.8 Hz, 3 H), 1.03 (d, J = 6.6 Hz, 3 H), 

1.08 (d, J = 6.6 Hz, 3 H), 1.85 (br s, 3 H), 2.32—2.40 (m, 1 H), 2.99 (dd, J = 

11.4, 2.1 Hz, 1 H), 3.16 (s, 3 H), 3.45 (dd, J = 11.4, 8.7 Hz, 1 H), 3.92 (d, J 

='9°9 Hz, lk H),.5.21)(dq, J= 9.9; 7.0 Hz, 1H), 5.34 (ddd, J = 8.7, 5452.1 

Hz, 1 H), 6.52 (br s, 1 H), 7.35-7.24 (m, 5 H); °C NMR (125 MHz, CDCl) 
On 22a l6.5, 19.0) 28.7-50.5,, 4123;,.59.9. 71.9, 91.8, 126.7; 128.1, 

129.0, 131.1, 135.0, 137.0, 177.8, 202.6; IR (film) cm’': 2940, 1690, 1440, 

1365, 1240, 1150; HRMS calcd for Cy9H27;NO.S;Na (M‘+Na): 400.1375, 

found: 400.1366. Anal. calcd for Cy)H2;,NO2S,: C, 63.62; H, 7.21; N, 3.71; 

S, 16.99. Found: C, 63.42; H, 6.97; N, 3.69; S, 17.00. 

18. Checkers found that later fractions contain the starting aldehyde, 

(E)-2-methyl-3-phenylpropenal, and a minor diastereomer of 2. The Ry for 

the aldehyde is 0.77 (CH2Cl.). Properties of the minor diastereomer: Ry = 

0.71 (CH2Cl,); 'H NMR (500 MHz, CDCl) 8: 0.84 (d, J = 6.9 Hz, 3 H, 

CH;3CCH;), 0.89 (d, J = 6.8 Hz, 3 H, COCHCHs), 1.28 (d, J = 6.8 Hz, 3 H, 

CH;CCH3), 1.87 (br s, 3 H, (CH3)C=CHPh), 2.12—2.16 (m, 1 H, CH(CHs3)2), 

2:90 (d;J = 11.5'\Hz, l’HeSCH,CH,),°3:28:(s, 3° H, OCH), 3.42 (m, b H, 

SCH,H,), 4.07 (d, J = 8.1 Hz, 1 H, CHOCHs), 5.28 (m, 2 H, NCH and 

COCHCHsS), 6.51 (br s, 1 H, PhCH=C), 7.20-7.33 (m, 5H, ArH). In one 

run, the checkers also isolated a very small amount (<1%) of another 

diastereomer, tentatively assigned to be the product of aldol reaction with 

the Z isomeric acetal. 
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19. N,O-Dimethylhydroxylamine hydrochloride (98%) — was 

purchased from Aldrich Chemical Company, Inc., and kept overnight under 

vacuum before use. 

20. 4-Dimethylaminopyridine (99%) was purchased from Aldrich 

Chemical Company, Inc., and used as supplied. 

21. Triethylamine was purchased from Aldrich Chemical Company, 

Inc., and freshly distilled over calcium hydride. 

22. The basic aqueous solution contains the deprotonated chiral 

auxiliary. 

23. The physical properties and spectral data for 3 are as follows: 

[a]= +58.0 (c 1.18, CHCl;); TLC Ry 0.40 (hexanes/EtOAc, 3:2); HPLC 

(85:15 hexanes/EtOAc) tg = 23.4 min; chiral HPLC (97:3 hexanes/i-PrOH) 

tr = 8.2 min; mp 40-42 °C; 'H NMR (400 MHz, CDCl) 5: 0.99 (d, J = 7.0 

Hz) 3H), 1/83 (br’s;3' A) 3.200(s, 3 H);'S:25 (s, 3H), 3-23-3.23'(m, PH), 

3.76 (s, 3 H), 3.86 (d, J = 10.2 Hz, 1 H), 6.54 (br s, 1 H), 7.23—7.37 (m, 5 

H); ‘°C NMR (125 MHz, CDCI) 8: 11.9, 14.3, 32.1, 37.5, 56.2, 61.4, 89.9, 

126.7, 128.1, 129.0, 131.0, 135.0, 137.1, 175.0; IR (film) cm |: 2976, 2935, 

2819, 1660, 1448, 1418, 1386, 1178; HRMS calcd. for Cis6H23NNaO; 

[M+Na]* 300.1576, found 300.1563. Anal. caled for C\¢H23NO3: C, 69.29; 

H, 8.36; N, 5.05; Found: C, 68.87; H, 8.13; N, 5.11. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

The reported experimental procedure can be also applied to other 

dimethyl acetals from aromatic and a,f-unsaturated aldehydes (see entries 

1-6 in Table 1), whereas less reactive substrates, such as acetals from 

deactivated aromatic or aliphatic aldehydes, require a stronger Lewis acid 

(SnCl,) and higher temperatures to obtain similar yields and diastereomeric 

ratios (see entries 7-10 in Table 1). Thus, the addition of the titanium 

enolate from (S)-4-isopropyl-N-propanoyl-1,3-thiazolidine-2-thione to a 

wide range of dimethyl acetals in the presence of a Lewis acid (BF;-OEt or 
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SnCl4) constitutes an efficient one-step entry to the stereoselective synthesis 
of anti B-methoxy-a-methyl carboxylic adducts.’ 

Table 1. Stereoselective synthesis of anti ®-methoxy-c-methyl carboxylic 
adducts 

S20 SO OCH S IJUN3 OMOCH 
5 , AL 4. TiCly, HPreNEt, CH2Cl, Ze Io 3 2) al : 
= 2. Lewis acid, RCH(OCHs)> ree suai ao = 

2,3-anti 2,3-syn 

Reactions dr? Yield 
: : condition F Entry R Lewis acid (T, t S  2,3-antil2,3-syn (%)? 

1 (E)-PhCH=C(CHg) BF3:OEts -78°C, 2.5h 96:4 94 

Co>(CO)g BF3°OEts - Hath fl 99:1 84 

-~78° : US 3 Ph BF,-OEt, 78°C, 2.5h 86:14 

4 4-CH3OPh BF5*OEts 278 °Cl2.5hi 81:19 77 

5 3-CH3OPh BF5*OEts ~78°C,2.5h 92:8 79 

6 4-CIPh BF3*OEt, ~78°C, 2.5h 91:9 81 

7 4-NOsPh SnCly -78 °C, 2h 86:14 70 

8 CH3CH2CH» SnCl4 —50 °C, 2h 93:7 644 

9 (CH3)2CHCH> SnCl, =20°C, 2h 92:8 76 

10 (CH3)2CH SnCl, 220°C, 2h 88:12 50 

a Established by HPLC. 5 Isolated yield at 1 mmol scale. c Diethyl acetal was used. d Isolated 

yield of the corresponding ethyl ester. 

As shown by the preparation of the Weinreb amide 3, one of the most 

appealing advantages of the 1,3-thiazolidine-2-thione auxiliaries is that they 

are removed under very mild conditions.** Indeed, the above mentioned 
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adducts are easily transformed into a large number of enantiopure 1,3- 

dioxygenated compounds with high interest in organic synthesis (Scheme 1). 

HO OMe 

Ph 

QO OMe O OMe 

Me.) Ph | 4 Ph 

MeO f a 93% b 

a weep 
SF 0) OMe 

oN Ph 

e Cc 

Orie d | 100% 
Gea Ph HO Ph 

Oo O OMe 

EtO Ph 

Scheme 1. Experimental conditions: (a) NaBHg (4.5 equiv), THF-H20, rt, 4 h. (b) DIBAL-H 

(1.1 equiv), CH>Ch, -78 °C, 3 h. (c) LiOH-H30 (6 equiv), CH3CN-H,0, rt, 12 h. (d) EOH, DMAP 

cat., rt, 24 h. (e) Morpholine (4 equiv), THF, rt, 12 h. () MeONHMe-HCI (1.5 equiv), Et3N (1 

equiv), DMAP cat., CHChy, rt, 24 h. 

Further studies have established that this methodology can be 

generalized to other substrates. Dibenzyl acetals afford in high yields and 

diastereomeric ratios the corresponding anti adducts, which may be 

considered as protected anti aldol structures (Scheme 2). Importantly, 

matched pairs in double asymmetric reactions with chiral dibenzyl acetals 

deliver the Felkin adduct as the sole diastereomer.° 

QBn SO 
gy NA: TiCla, #PreNEt, CHCl AS 
Fie 2. Lewis acid, RCH(OBn)> ose 

70-92% dr>82:18 

a ses 1. TiCl4, HProNEt, CH2CI oh one » HUl4, FFTQNEL, OhpCla S N See 

2: SnClq4 

Sat BnO Ee 
Be 

BOO) Fg P LRDRS 71% dr 99:1 
Scheme 2 
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Finally, this methodology has been applied to titanium enolates from 
(S)-N-acetyl-4-isopropyl-1,3-thiazolidine-2-thione (Scheme 3). Compared to 
the results summarized in Table 1, the diastereoselectivity of this process is 
slightly lower, but it achieves sufficiently good results to be used in 
asymmetric synthesis,° and has been successfully applied to the 
stereoselective synthesis of the C9Q-C21 fragment of debromoaplysiatoxin.’ 

ie as S440 
. ; | | 

1. TiCl4, -ProNEt, CH2Cl s~ N WUl4, FE T2 Vie ty See 
ae 2. Lewis acid, RCH(OCH3)o ae 

57-87%  dr>73:27 

Scheme 3 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

(E)-2-Methyl-3-phenylpropenal; (15174-47-7) 

Trimethyl orthoformate; (149-73-5) 

(E)-3,3-Dimethoxy-2-methyl-1-propenyl]benzene: Benzene, [(1£)-3,3- 

dimethoxy-2-methyl-1-propen-1-yl]-: (137032-32-7) 

(S)-4-(1-Methylethyl)-3-(1 -oxopropyl)-2-thiazolidinethione; (102831-92-5) 

Diisopropylethylamine: 2-Propanamine, N-ethyl-N-(1-methylethyl)-; (7087- 

68-5) 

Titanium tetrachloride; (7550-45-0) 

Boron trifluoride etherate: BF;-OEt, (109-63-7) 

(4S)-3-[(2R,3S,4E)-3-Methoxy-2,4-dimethyl-1-oxo-5-phenyl-4-pentenyl]-4- 

(1-methylethyl)-2-thiazolidinethione; (332902-42-8) 

N,O-Dimethylhydroxylamine hydrochloride: Methanamine, N-methoxy-, 

hydrochloride; (6638-79-5) 

4-Dimethylaminopyridine: 4-Pyridinamine, V,N-dimethy]-; (1122-58-3) 

Triethylamine: thanamine, N,N-diethyl-; (121-44-8) 

Pedro Romea completed his B.Sc. in Chemistry in 1984 at the 
"ee University of Barcelona. That year he joined the group of 

_. Professor Jaume Vilarrasa, at the University of Barcelona, 
receiving his Masters Degree in 1985, and he followed Ph.D. 

studies in the same group from 1987 to 1991. Then, he joined 

_ the group of Professor Ian Paterson at the University of 

Cambridge (UK), where he participated in the total synthesis of 

oleandolide. Back to the University of Barcelona, he became 

Associate Professor in 1993. His research interests have 
focused on the development of new synthetic methodologies 
and their application to the stereoselective synthesis of 
naturally occurring molecular structures. 

90 Org. Synth. 2009, 86, 81-91 



Erik Galvez was born in Barcelona, Spain, in 1982. He 
received his B.Sc. in Chemistry in 2005 at the Universitat de 
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with Professor David A. Evans, at Harvard University in 
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Barcelona and he became Associate Professor in 1991. His 

research interests have focused on the development of new 
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stereoselective synthesis of naturally occurring molecular 

structures. 
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carbon bond forming reactions through hydrogen bonding. 
Soon thereafter, he began his postdoctoral studies at The 

Scripps Research Institute, La Jolla, with Prof. K. C. Nicolaou. 
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SYNTHESIS OF 2-ARYLINDOLE-4-CARBOXYLIC AMIDES: [2-(4- 

FLUOROPHENYL)-1#-INDOL-4-YL]-1- 

PYRROLIDINYLMETHANONE 

F 

Me DBU, DMSO * 

, sapoparagpa gle jee r<_ )-cko NO, 
1 2 

CO,H _ 
B 5 ey 1. oxalyl chloride cat. DMF 

a Sa 
NOz 2 { \ NEt 

N 2 N s 

C. Pd(OAc), Kang O 
1,10-phenanthroline 

30-50 psi CO, DMF \ « ) : 
80°C, 16h 5 

H 

Submitted by Jeffrey T. Kuethe' and Gregory L. Beutner. 

Checked by Scott E. Denmark and Joseck M. Muhuhi. 

1. Procedure 

A. 2-[trans-2-(4-Fluorophenyl)vinyl]-3-nitrobenzoic Acid 2. A 

250-mL, three-necked, round-bottomed flask, equipped with a magnetic 

stirring bar, a nitrogen inlet, a rubber septum, and a temperature probe is 

charged with methyl 2-methyl-3-nitrobenzoate 1 (7.50 g, 37.3 mmol) (Note 

1) and anhydrous DMSO (52.5 mL) (Note 2). To the resulting mixture is 

charged sequentially 4-fluorobenzaldehyde (6.00 mL, 6.94 g, 1.5 equiv) 

(Note 3) and DBU (11.24 mL, 11.35 g, 2.00 equiv) (Note 4). The 

homogeneous, brown solution is then stirred at room temperature for 20 h 
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and then heated to an internal temperature of 55 °C for 4 h (Notes 5 and 6). 
The reaction mixture is then allowed to cool to room temperature. In a 
separate 500-mL, three-necked flask equipped with a magnetic stirring bar 
and a temperature probe is added water (100 mL) and MTBE (100 mL) 
(Note 7) and this biphasic mixture is cooled in an ice bath to 0—5 °C. The 
above reaction mixture is then transferred to a 125-mL pressure-equalizing 
addition funnel and the reaction flask is rinsed with MTBE (15-25 mL). The 

crude reaction mixture is then added dropwise to the water/MTBE solution 

at such a rate that the internal temperature of the biphasic quench solution is 

maintained < 5 °C (Note 8). The mixture is then transferred to a 500-mL 

separatory funnel and the layers are allowed to separate. The organic layer 

is discarded. The yellow aqueous layer is washed with MTBE (60 mL). 

The aqueous layer is then made acidic (pH 1) by the addition of 6 N H,SO, 

(15 mL, 2.40 equiv) (Note 9) and is extracted with EtOAc (100 mL). The 

aqueous layer is extracted with an additional portion of EtOAc (60 mL) and 

the combined organic extracts (Note 10) are concentrated by rotary 

evaporation (30 °C, 40 mmHg) to give a yellow oil. The oil is re-dissolved 

in MeOH (55 mL) (Note 11), a magnetic stir bar is placed in the flask and 

water (175 mL) is added dropwise to the stirred solution over 20 min. The 

yellow, crystalline slurry of the product is allowed to stir at room 

temperature for 45 min. The slurry is then filtered through a 150-mL fritted- 

glass funnel of medium porosity. The wet solid is washed with water (60 

mL) and then dried under a vacuum/N) sweep (Note 12) for 8 h to provide 2- 

[trans-2-(4-fluorophenyl)-vinyl]-3-nitrobenzoic acid 2 as a bright yellow 

powder (8.89-9.21 g, 83-86%) (Notes 13, 14). 

B. {2-[trans-2-(4-Fluorophenyl)vinyl]-3-nitrophenyl}-1- 

pyrrolidinylmethanone 3. A single-necked, 500-mL round-bottomed flask 

equipped with a magnetic stirring bar is charged 2-[trans-2-(4- 

fluorophenyl)vinyl]-3-nitrobenzoic acid (2) (8.50 g, 29.6 mmol) and CHCl, 

(65 mL) (Note 15). The flask is closed with a rubber septum and placed 

under nitrogen by piercing the septum with an 18-gauge needle. Oxalyl 

chloride (3.37 mL, 4.88 g, 38.5 mmol, 1.30 equiv) (Note 16) is added via 

syringe through the septum followed by the addition of 2 drops of DMF 

(Note 17). The resulting mixture is stirred at room temperature for 1.5 h and 

then concentrated by rotary evaporation (23 °C, 40 mmHg). To the resulting 

crude, yellow acid chloride is added CHjCl, (25 mL) and the solution is 

concentrated by rotary evaporation (23 °C, 40 mmHg). In a separate 250- 

mL, three-necked, round-bottomed flask, equipped with a magnetic stirring 
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bar, a nitrogen inlet, a rubber septum, 125-mL pressure-equalizing addition 

funnel, and a temperature probe is charged CHCl (50 mL), triethylamine 

(6.20 mL, 4.49 g, 44.4 mmol, 1.5 equiv) (Note 18), and pyrrolidine (3.18 

mL, 2.74 g, 38.5 mmol, 1.30 equiv) (Note 19) and the mixture is cooled in 

an acetone/ice bath to an internal temperature of < 5 °C. The crude acid 

chloride is dissolved in CHCl, (45 mL) and this solution is transferred to 

the addition funnel. The acid chloride is added dropwise to the stirred 

pyrrolidine solution at such a rate that the internal temperature is maintained 

< 23 °C. Upon completion of the addition of the acid chloride solution, the 

mixture is stirred at room temperature for 30 min (Note 5). The mixture is 

then diluted with 2 N HCl (60 mL) (Note 20) and is transferred to a 500-mL 

separatory funnel and the layers separated. The organic layer is washed with 

brine (60 mL) and is then concentrated under reduced pressure (23 °C, 40 

mmHg) (Note 10), diluted with MeOH (60 mL) and re-concentrated under 

reduced pressure (23 °C, 40 mmHg) to give a crude, yellow solid. The solid 

is slurried in MeOH (150 mL) and water (300 mL) is added dropwise over 

20 min (Note 21). The slurry is stirred at room temperature for 1 h and then 

is filtered through a 150-mL fritted-glass, medium porosity funnel. The wet 

solid is washed with water (60 mL) and dried under a vacuum/N) sweep 

(Note 11) for 8 h to provide {2-[trans-2-(4-fluorophenyl)vinyl]-3- 

nitropheny]}-1-pyrrolidinyl-methanone (3) as a yellow, crystalline solid or a 

yellow powder (9.90-10.0 g, 98-99%) (Notes 22, 23). 

CG; Caution! Due to the toxicity of carbon monoxide and the 

potential risk associated in handling pressurized glassware, it is 

recommended that this transformation be carried out in a well vented fume 

hood with a blast shield and the hood sash down or preferably conducted in 

an autoclave or metal reaction vessel. Users should exercise extreme 

caution at all times. 

[2-(4-Fluorophenyl-1H-indol-4-yl]-1-pyrrolidinylmethanone 4. To a 1-liter 

glass-lined pressure tube was added _ sequentially {2-[trans-2-(4- 

fluorophenyl)-vinyl]-3-nitrophenyl}-1-pyrrolidinylmethanone 3 (8.00 g, 

23.5 mmol), Pd(OAc), (54 mg, 0.235 mmol, 0.01 equiv) (Note 24), 1,10- 

phenanthroline (300 mg, 1.65 mmol, 0.07 equiv) (Note 25), and DMF (80 

mL) (Note 16). The resulting reaction vessel is inserted into a Rocker 

Assembly (Note 26) and purged with N> (60 psi) three times (Note 27). The 

mixture is then purged with CO (60 psi) three times, (Note 28) and the final 

pressure set to 50 psi at continuous flow. The mixture is then heated to a 
jacket temperature of 80 °C and stirred at this temperature for 16 h (Note 5). 
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The reaction mixture is allowed to cool to room temperature and the system 
is vented to atmospheric pressure. The vessel is pressurized with N> (60 psi) 
and vented three times to remove all residual amounts of CO. The reaction 
mixture is then filtered through 10 grams of Celite (Note 29) in a 150-mL 
fritted-glass funnel of medium porosity into a single-necked flask rinsing 
both the reaction flask and the filter cake with DMF (60 mL). To the 
yellowish-orange filtrate is added a stir bar and the flask is equipped with a 

250-mL pressure-equalizing addition funnel. The addition funnel is charged 

with 1 M H;PO, (225 mL, Note 30) and 75 mL of this solution is added to 

the DMF solution over 15 min (Note 31), at which point the solution 

becomes turbid and the product begins to crystallize. The resulting slurry is 

stirred for 30 min and the remaining 1 M H3PO, (150 mL) is added over 15 

min. The slurry of the product is stirred an additional 30 min and is filtered 

through a 150-mL, medium-porosity fritted-glass funnel. The wet solid is 

washed with water (2 x 100 mL) and then is dried under a vacuum/N? sweep 

(Note 12) for 8 h to provide [2-(4-fluorophenyl-1H-indol-4-yl]-1- 

pyrrolidinylmethanone 4 as an off-white crystalline solid (6.92 g, 96%) 

(Notes 32, 33). 

2. Notes 

1. Methyl 2-methyl-3-nitrobenzoate 1 (97%) was purchased from 

Aldrich Chemical Company, Inc. and used as received. 

2. Anhydrous DMSO was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

3.  4-Fluorobenzaldehyde (98%) was purchased from Aldrich 

Chemical Company, Inc. and was purified by distillation (175-177 °C, 

atmospheric pressure under nitrogen) prior to its use in order to eliminate 

any traces of 4-fluorobenzoic acid. 

4. DBU (1,8-diazabicyclo[5.4.0]undec-7-ene (98%)) was purchased 

from Aldrich Chemical Company, Inc. and used as received. 

5. All reactions were monitored by TLC using Merck silica gel 60 

Fos4, 250 mw, 1 x 10 cm, TLC plates using hexane/EtOAc, 1:1 as the eluent. 

The following R; values were obtained: compound 1 (0.76), compound 2 

(0.13), compound 3 (0.18), compound 4 (0.26). The submitters used reverse 

phase HPLC employing the following conditions: Zorbax Eclipse Plus C18 

Rapid Resolution HT column (4.6 x 50 mm, 1.8-micron, Agilent part 

number: 959941-902) with a standard gradient of 10:90 MeCN/0.1% H;PO, 
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to 95:5 MeCN/0.1% H3;PO, over 5 min and hold at 95:5 MeCN/0.1% H3PO,4 

for 1 min, then back to 10:90 MeCN/0.1% H3POs, at 8 min, detection at 210 

nm. Retention times are as follows: compound 1 (3.78 min), compound 2 

(3.92 min), compound 3 (4.03 min), compound 4 (3.73 min). 

6. Typical conversion after 20 h was 80% by HPLC analysis. 

Heating for 4 h drives the conversion to > 90% by HPLC analysis. 

7. Methyl tert-butyl ether was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

8. The temperature should be maintained below 5 °C in order to 

avoid hydrolysis of any remaining methyl 2-methyl-3-nitrobenzoate 1 to 2- 

methyl-3-nitrobenzoic acid which will contaminate the product. Under these 

conditions, no hydrolysis occurs. The third neck is left open. 

9. 6NH,SO, was purchased from Fisher Scientific. 

10. The organic extracts will likely contain some water; however, there 

is no need to dry the extracts over any drying agent such as MgSQ,. 

11. Methanol was purchased from Aldrich Chemical Company, Inc. 

and was used as received. 

12. The product is dried under vacuum/N, sweep under house vacuum 

with house nitrogen at full flow using the apparatus below for the indicated 

time. Alternatively, the solid can be dried in a vacuum oven (10-25 mmHg, 

35 °C) for the same amount of time. 

¥ ~» Nitrogen inlet 

—— Chemwipe secured with rubber band 

» ——» Vacuum line 

13. Product 2 displayed the following physicochemical properties: 

bright yellow solid; mp 166-168 °C (sealed tube); 'H NMR (CDCl, 500 

MHz) 6: 6.49 (d, J= 16.5 Hz, 1 H), 7.03 (tt, J = 8.9, 2.5 Hz, 2 H), 7.42 (dt, J 
= 6.1, 2.5 Hz, 2 H), 7.45 (d, J= 16.5 Hz, 1 H), 7.52 (t, J= 7.8 Hz, 1 H), 7.94 
a F= 8.0, 1.5°Hz, 1°H); 817 (dd, J ='8.3, 15 Az, Vere rst A); 
C NMR (CDCh, 125 MHz) 8: 115.7 (d, J = 21.2 Hz), 122.3 (d, J=2.8 
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Hz), 127.7, 127.9, 128.5 (d, J= 8.3 Hz), 131.1, 132.5 (d, J= 3.7 Hz) 9133-1, 
134.1, 134.3, 150.9, 162.8 (d, J = 246.6 Hz), 171.5; '°F NMR (CDCh, 500 
MHz) 8: —113.9. Anal. Caled. For C)sH;pFNOx: C, O27 22H, 3:5 N34.88. 

Found: C, 62.32; H, 3.45; N, 4.87. 

14. The submitters reported the mp at 156-157 °C, 10 °C lower than 
that of the checkers. As both samples passed elemental analysis, the 
discrepancy most likely arises from two different crystal forms. 

15. Methylene chloride was purchased from Aldrich Chemical 
Company, Inc. and was used as received. 

16. Oxalyl chloride (98%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

17. Anhydrous DMF was purchased from Aldrich Chemical Company, 

Inc. and was used as received. 

18. Triethylamine (99.5%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

19. Pyrrolidine (99%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

20. 2 N HCl was prepared from 12 N HCl purchased from Fisher 

Scientific. 

21. The submitters used MeOH (60 mL) and water (120 mL), which 

the checkers found gave a yellow powder. When checkers used MeOH (150 

mL) and water (300 mL) the product obtained was a yellow, crystalline 

solid. The extra MeOH helps in forming more fine particles. 

22. Product 3 displayed the following physicochemical properties: 

yellow powder or yellow crystalline solid; mp 123-124 °C (sealed tube); 'H 

NMR (CDCl, 500 MHz) 6: 1.78 (m, 4 H), 3.05 (t, J= 6.3 Hz, 2 H), 3.52 (t, 

Ji=165.H7; 2. 14)7-6.9 (dd, J =165 Hz, td W203 (tt, J = 8.9, 2.5 Hz, 2H), 

7.24 (d, J= 16.5 Hz, 1 H), 7:42 (tt; J = 7.3, 2.5 Hz, 2 H), 7.46 (t, J= 8.0 Hz, 

1 H), 7.59 (dd, J-= 7.5, 1.0 Hz, 1 H), 7.94 (dd, J = 8.5, 1.0 Hz, 1 H); °C 

NMR (CDC1;, 125 MHz) 6: 24.3, 25.8, 45.8, 47.7, 115.8 (d, J = 22.1 Hz), 

P20 deai= es Hz), 2419, 198-21 28.5 (d; J =18.3-Hz), 12.2, 131.5, 132.5 

(d, J = 3.7 Hz), 135.3, 139.2, 148.6, 162.9 (d, J = 248.6 Hz), 167.4; °F 
NMR (CDCl, 500 MHz) 6: —113.5. Anal. Caled. For Cj9Hi7FN203: C, 

67.05; H, 5.03; N, 8.23. Found: C, 66.99; H, 5.05; N, 8.19. 

23. The submitters reported the mp at 94-95 °C, 30 °C lower than that 

of the checkers. As both samples passed elemental analysis, the discrepancy 

most likely arises from two different crystal forms. 
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24. Palladium (II) acetate (min. 98%) was purchased from Strem 

Chemicals, Inc. and was used as received. 

25. 1,10-Phenanthroline (99%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

26. Submitters used a 4300 mL Fluitron Rocker Assembly, while the 

checker’s rocker assembly was purchased from American Instruments CC 

Inc. A similar type reaction apparatus may be utilized for this 

transformation, see Sdderberg, B. C.; Shriver, J. A.; Wallace, J. M. Org. 

Synth. 2003, 80, 75-84; however, it is strongly recommended that the 

reaction be conducted in an autoclave or metal reaction vessel with glass 

liner as described in this procedure. http://www.fluitron.com/vessels.html 

27. Submitters evacuated the reaction vessel under reduced pressure 

(10-30 mm Hg). 

28. Carbon monoxide was purchased from Matheson Trigas Co. and 

was used as received. Submitters used CO (30 psi) while checkers used CO 

(30 psi) for small-scale reaction (4.7 mmol) and CO (50 psi) for the full 

scale runs. 

29. Celite® 545 coarse was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

30. 1M H3PO, was prepared by dilution with water of 85% o-H3PO, 

(115.3 g, Fisher Scientific, HPLC grade) to a final volume of 250 mL. 

31. The addition of 75 mL of 1 M H;PO, to the DMF filtrate is slightly 

exothermic from room temperature to 35—40 °C, but is not detrimental to the 

crystallization of the product. 

32. Compound 4 displayed the following physicochemical properties: 

off-white to slight yellow crystalline solid: mp 184-185 °C (sealed tube); 'H 

NMR (CDC1;, 500 MHz) 6: 1.84 (q, J = 6.6 Hz, 2 H), 1.98 (q, J/= 7.0 Hz, 2 

H), 3.39 (t, J = 6.8 Hz, 2 H), 3.76 (t, J = 7.3 Hz, 2 H), 6.75 (d, J= 2.0 Hz, 1 

H), 7:00 (tt, J = 8.8, 2.3 Hz, 2H), 7.08 (t, J =7.5 Hz; 1 H), 7.16 (dd, J = 7.5, 

0.3'Hz,1 A), 7:33 (d, J = 900. Az? VD) 756 (tJ S78 228 HAA es 

(s, 1 H); °C NMR (CDCh, 125 MHz) 8: 24.6, 26.2, 45.9, 49.0, 98.7, 112.6, 

115.7. (dy) J = 224 Hz), 118.5, 121.3) 126.3) 1271 (d, 7 = 7.4 Hz)s 28:4. (dey 

= 3.7 Hz), 128.6, 137.4, 138.3, 162.3 (d, J = 247.6 Hz), 170.1; °F NMR 

(CDC1;, 500 MHz) 6: -115.0. Anal. Caled. For Cjo9H|7FN20: C, 74.01; H, 

5.56; N, 9.07. Found: C, 74.11; H, 5.61; N, 9.08. 

33. The submitters reported the mp at 130-131 °C, over 50 °C lower 

than that of the checkers. As both samples passed elemental analysis, the 

discrepancy most likely arises from two different crystal forms. 
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Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 
accordance with "Prudent Practices in the Laboratory"; National Academy 
Press; Washington, DC, 1995. 

3. Discussion 

The palladium-catalyzed reductive cyclization of aromatic nitrostyrene 

compounds employing carbon monoxide as the stoichiometric reductant has 

recently emerged as a highly versatile method for the construction of indoles 

due to superior yields, diminished amounts of reaction by-products, 

functional group compatibility, and favorable environmental impact.” The 

widespread use of ortho-nitrostyrenes as indole precursors has been limited 

by available methods for their preparation. Traditional approaches have 

relied on Wittig reactions of either 2-nitrobenzaldehydes or 2- 

nitrophosphonium and phosphonate salts.* Alternatively, cross-coupling 

approaches involving 2-halonitrobenzenes or 2-nitrophenylstannanes have 

received considerable attention as an attractive method for the preparation of 

a range of ortho-nitrostyrenes.” While each of these approaches offer certain 

advantages, they often require multiple steps for the construction of the 

appropriate starting materials and generally require purification by 

chromatography. These strategies also have a high environmental burden 

since they suffer from poor atom economy and generate a significant amount 

of phosphorous or tin byproducts. We have demonstrated that reactions of 

2-nitrotoluenes or 2-trimethylsilylmethylnitrobenzenes with aromatic 

aldehydes via an addition/elimination protocol is an effective, high yielding 

method for the construction of ortho-nitrostyrenes and their subsequent 

conversion to indoles.” 

The procedure described herein illustrates the concise preparation of 

[2-(4-fluorophenyl)-1H-indol-4-yl]-1-pyrrolidinylmethanone 4 in 75% 

overall yield from commercially available methyl 2-methy]-3-nitrobenzoate 

1.° Reaction of 1 with 4-fluorobenzaldehyde in the presence of DBU in 

DMSO is reversible leading to intermediate 5 (Scheme 1). Based on the 

juxtaposition of the methyl ester with the reacting center and its capacity to 

serve as an intramolecular trap, cyclization to lactone intermediate 6 occurs. 

In the presence of a second equivalent of DBU, deprotonation followed by 

elimination of the carboxylate anion furnishes nitrosytrene benzoic acid 2. 
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After an extractive work up to remove excess 4-fluorobenzaldehyde, the 

product 2 is obtained in 84% isolated yield after crystallization from 

MeOH/water. The reaction sequence is general and allows for the 

preparation of an array of structurally diverse nitrostyrene benzoic acids in 

good to excellent yield (Table 1). Substrates containing electron donating 

(entries 1- 4) or electron withdrawing groups (entry 5) participate equally as 

well. In all cases, the trans-nitrostyrene benzoic acids were the exclusive 

products. 

Scheme 1. 

CO,Me CO.H bes 5 

Me DBU, DMSO ea SS 

bal one) NOz 
1 2 

The preparation of 2-arylindole-4-carboxylic amide 4 involved 

conversion of 2 to the corresponding acid chloride with oxalyl chloride 

followed by reaction with pyrrolidine to give amide 3 followed by reductive 

cyclization. Reductive cyclization was carried out in the presence of 1 

mol% Pd(OAc), 7 mol% 1,10-phenanthroline, in DMF at 80 °C under an 

atmosphere of 30 psi CO for 16 h to give the desired product. Isolation of 

the product is accomplished by filtration through Celite and addition of the 

crude DMF filtrate to a solution of 1 M H;PO,, which precipitated the 

product in analytically pure form and in excellent overall yield. The 

sequence whereby the appropriately substituted nitrostyrene carboxylic acid 

was converted to the required amide followed by reductive cyclization 

provided an excellent, high yielding means of preparing the highly 
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Table 1. Synthesis of Nitrostyrene Benzoic Acids 

CO,Me nn 
Me 2 

CY DBU, DMSO é; iin 

EP ArCHO NO, 

ay aldehyde nitrostyrene benzoic acid Yield 

CO3H 0. 
OHC O we 2 

‘earal, C Peele) i) e 
NO, 

f 8 
Br 

OHC Br ia a 

1 a ns 
HO No, oH 

3 10 

CO,H \ 
3 Ll \ . 90 

OHC~ 5 O 

11 NO, 
12 

CO.H | ©) 

4 / Se 82 
OHO, 

NO 
13 g 

14 
F 

OHC F COH } ee oe 
15 16 

functionalized derivatives shown in Table 2. The use of 1M H3PO, for the 

isolation of the product aided in the removal of trace amounts of 1,10- 

phenanthroline from the product and was mild enough that sensitive 

functionalities such as a Boc-protecting group were preserved (see entry 3, 

Table 2). 
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Table 2. Synthesis of Nitrostyrene Amides and Reductive Cyclization to 2- 

Arylindole-4-carboxylic amides. 

CO,H 1. oxalyl chloride, cat. DMF R2Nv 20 

SUA 
Ze | : 2. amine, NEts \ 

3. Pd(OAc)s, 1,10-phenanthroline Ar 
NO» N 

30 psi CO, DMF, 80 °C, 16h H 

amine amide (isolated yield) 2-arylindole-4-carboxylic amide (isolated yield) 

NO» 

18 (96%) 19 (94%) 

Me 

Me Me™ O 

Me 2 \ 
Me2NH — | 0 \ s \ 

N 
20 NO. 

21 (99%) 22 (91%) 

Boc,. 
Boc. Nv 

H N oO" Hl i * CNSe 

a NO» H 
24 ( 98%) 25 (95%) 

H MeO2S. 
N ae las 5 et : 

oe Sune 2 

Bn Pa Cie alt goed a N 

At Sei) 28 (94%) 

o~ 
8 PoC a 5: 

30 ( 97%) 31 (92%) 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Methy] 2-methyl-3-nitrobenzoate; (59382-59-1) 

4-Fluorobenzaldehyde; (459-57-4) 

2-[trans-2-(4-Fluoropheny])vinyl]-3-nitrobenzoic Acid; (917614-64-3) 

{2-[trans-2-(4-Fluorophenyl)vinyl]-3-nitropheny] } - | - 

pyrrolidinylmethanone; (917614-83-6) 

1,10-Phenanthroline; (66-71-7) 

Pd(OAc),: Palladium acetate; (3375-31-3) 

[2-(4-Fluorophenyl-1H-indol-4-yl]-1-pyrrolidinylmethanone; (917614-84-7) 
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PALLADIUM (II) ACETATE-BUTYLDI-1- 
ADAMANTYLPHOSPHINE CATALYZED ARYLATION OF 
ELECTRON-RICH HETEROCYCLES. PREPARATION OF 5- 

PHENYL-2-ISOBUTYLTHIAZOLE. 

5 mol% Pd(OAc)> 
sp __5 mol% nBuAd,P 

(. PhCl, RO: NaOAc ie / 

Submitted by Anna Lazareva, Hendrich A. Chiong, and Olafs Daugulis. ' 

Checked by Sirilata Yotphan and Jonathan A. Ellman. 

1. Procedure 

A 500-mL oven-dried Schlenk flask equipped with a magnetic stir bar 

and a rubber septum is charged with palladium(II) acetate (342 mg, 1.5 

mmol, 0.05 equiv), sodium acetate (1.23 g, 15 mmol, 0.50 equiv), n-butyldi- 

l-adamantylphosphine (576 mg, 1.5 mmol, 0.05 equiv), and _ tribasic 

potassium phosphate (6.36 g, 30 mmol, 1.00 equiv). The Schlenk flask is 

evacuated and back-filled with dry argon three times. Anhydrous N,N- 

dimethylacetamide (120 mL), 2-isobutylthiazole (4.25 mL, 30 mmol, 1.00 

equiv), and chlorobenzene (4.5 mL, 45 mmol, 1.50 equiv) are added via a 

gas tight syringe (Note 1). Under a continuous flow of argon the rubber 

septum is quickly replaced with a reflux condenser and bubbler to ensure an 

air-free system. The mixture is stirred in a preheated oil bath at 125 °C for 

36 h (Note 2). A continuous argon flow is maintained throughout the 

reaction. The yellow color of the reaction mixture changes to dark brown 

after 5-10 min of heating. Potassium phosphate does not dissolve and a mild 

reflux is observed. The conversion is monitored by GC (Note 3). If complete 

conversion is not achieved after 36 h, the reaction mixture is heated for an 

additional 2-4 h. 

After the reaction is complete as judged by GC analysis (Note 3), 

hydrazine hydrate (30 mL) is added in one portion and the flask is heated in 

an oil bath (125 °C) for 5 h (Note 4). At this point, the argon atmosphere is 

no longer required. The reaction mixture is cooled to room temperature 

followed by the addition of water (100 mL) and dichloromethane (50 mL). 

The mixture is transferred to a 2-L separatory funnel. Additional water (200 
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mL) and dichloromethane (100 mL) are added to the separatory funnel. 

After separation of the organic layer, the water layer is extracted with 

dichloromethane (3 x 150 mL) (Note 5). Magnesium sulfate (about 12 g) is 

directly placed in a 150-mL Biichner filter funnel with a medium porosity 

fritted disk. A round-bottomed flask (1-L) is connected to the filter funnel 

and the combined organic phase is filtered through the MgSO, layer (Note 

6). The combined organic extracts are not treated with MgSO, beforehand. 

The reaction mixture is concentrated by rotary evaporation (40 °C, 15 mm 

Hg). Following concentration, 120-130 mL of the crude product solution in 

DMA is left in the flask. The reaction mixture is transferred to a 500-mL 

round-bottomed flask equipped with a magnetic stir bar. The solvent is 

removed by vacuum distillation (1.6 mm Hg) through a 4-cm column to a 

200-mL round-bottomed receiver flask. The boiling point of DMA is 38-39 

°C /1.6 mmHg; the temperature of the oil bath is kept at 65—70 °C (Note 7). 

After the distillation is complete the temperature inside the distillation 

apparatus drops to about 23 °C. The distillation residue is diluted with 10 

mL of chromatography eluent mixture (hexanes/dichloromethane; 1/2). The 

crude product is purified by flash chromatography on silica gel (5 x 19 cm, 

200 g of silica gel) (Note 8), using hexanes/dichloromethane (1/2) as the 

eluent (900 mL). The first fractions are blank, followed by fractions 

containing minor amounts of impure and then pure product. The elution is 

continued with 5% ethyl acetate/dichloromethane (about 1.1 L collected). 

After concentration of the fractions containing pure product, the residue is 

dried under reduced pressure (1.0 mmHg) at room temperature for 24 h to 

yield the arylated heterocycle. The pure product (6.15 g, 94%) is obtained as 

an air stable, light brown oil (Notes 9 and 10). 

2. Notes 

1. All reagents were used as received. Palladium acetate was 

obtained from Gelest, Inc. (purity > 95%). Potassium phosphate tribasic 

(reagent grade, > 98%), anhydrous DMA (anhydrous, 99.8%), and hydrazine 

hydrate (reagent grade, NyH4 50-60%) were obtained from Aldrich. Butyldi- 

l-adamantylphosphine (min. 95%) was purchased from Strem. 2- 

Isobutylthiazole was obtained from Oakwood Products. Chlorobenzene was 
obtained from Aldrich (anhydrous, 99.8%), and sodium acetate (assay min. 
99.0%) was purchased from Mallinckrodt Chemicals. Bulk of the air 
sensitive reagents (tribasic potassium phosphate and __butyldi-1- 
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adamantylphosphine) was stored in an argon-filled glovebox. Small portions 
were taken out of the glovebox and stored on the bench in capped vials for 
up to one month. The submitters used chlorobenzene purchased from 
Matheson, Coleman & Bell Manufacturing Chemists and sodium acetate 

(assay min. 99.0%) purchased from Mallinckrodt Chemicals. 

2. If the reaction mixture is not vigorously stirred, complete 

conversion is not achieved. Stir bar size: 3.5 cm length and 1 cm diameter. 

Stirring rate: 1000-1100 rpm. 

3. GC analyses (by the submitters) were performed on a Shimadzu 

CG-2010 chromatograph equipped with a Restek column (Rtx®-5, 15 m, 

0.25 mm ID). Initial temp: 50 °C (2 min), ramp at 50 °C/min to 170 °C, hold 

at 170 ° (3 min), ramp at 40 °C/min to 270 °C, hold at 270 (5 min). 

Retention times: 2-isobutylthiazole (3.17 min) and  5-phenyl-2- 

isobutylthiazole (6.30 min). GC analyses (by the checkers) were performed 

on an Agilent 6890N chromatograph equipped with an Agilent column (DB- 

1, polysiloxane, 15 m, 0.25 mm ID). Initial temp: 50 °C (2 min), ramp at 50 

°C/min to 170 °C, hold at 170 ° (3 min), ramp at 40 °C/min to 270 °C, hold 

at 270 (5 min). Retention times: 2-isobutylthiazole (5.07 min) and 5-phenyl- 

2-isobutylthiazole (10.08 min). Aliquots from reaction are concentrated by 

rotary evaporation (50 °C, 15 mmHg) and diluted with 0.5 mL of CH2Cl, for 

GC analyses. After 36 h, >99% of the starting material (2-isobutylthiazole) 

is consumed. 

4. Hydrazine workup removes palladium residue from the product. 

5. Organic and water layers must separate completely. Both phases 

must be clear, not cloudy, and there must be a sharp border between the two. 

Otherwise, the yield will be lower. 

6. The checkers used magnesium sulfate (anhydrous certified 

powder) purchased from Fisher Chemical. 

7. For efficient purification by flash chromatography ALL DMA 

must be removed by distillation. 

8. Flash chromatography was performed on 60A silica gel (Sorbent 

Technologies). The checkers performed flash chromatography on 60A silica 

gel (MP Silitech 32-63D). All solvents are HPLC grade purchased from 

Fisher Chemical. 

9. The characterization of the product is as follows: Ry=0.19 

(hexanes/dichloromethane (1:2), visualization by UV; 'H NMR (400 MHz, 

CDCI;) 8: 1.00 (d, J = 6.8 Hz, 6 H), 2.07—2.19 (m, 1 H), 2.86 (d, J = 6.8 Hz, 

2 H), 7.26-7.30 (m, 1 H), 7.34-7.38 (m, 2 H), 7.50-7.52 (m, 2 H), 7.81 (s, | 
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H). °C NMR (75 MHz, CDCI) 8: 22.5, 30.0, 42.7, 126.8, 128.2, 129.2, 

131.8, 137.8, 138.7, 169.9. FT-IR (neat, cm’) 2957, 1601, 1530, 1491, 1458. 

Anal calcd for C,3H;;NS: C, 71.84; H, 6.96; N, 6.44; Found: C, 71.49; H, 

6.78; N, 6.13. 

10. On the same scale, the submitters reported product yields of 5.99- 

6.26 g (92-96%). On a half-scale run, the checkers obtained 2.92 g of 

product (90%). 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

The combination of palladium(II) acetate with an electron-rich 

butyldi-1-adamantylphosphine ligand is a versatile catalyst for the direct 

arylation of electron-rich heterocycles with aryl chlorides.’ The use of aryl 

bromides and aryl iodides in palladium-catalyzed direct heterocycle 

arylations is well-known.’ However, a general method employing aryl 

chloride reagents has not been reported so far for such reactions.* Most of 

the published catalytic systems are efficient for only a few types of 

heterocycles thus limiting the generality of the reaction, and stoichiometric 

copper additives are often needed for successful arylation. This methodology 

overcomes most of the limitations described above. A number of structurally 

diverse electron-rich heterocycles are reactive (Table 1).’ Thiophene, 

benzothiophene, 1,2- and 1,3-oxazole derivatives, benzofuran, thiazoles, 

benzothiazole, 1-alkylimidazoles, 1-alkyl-1,2,4-triazoles, and caffeine can be 

arylated. Both electron-rich and electron-poor aryl chlorides can be used; 

however, electron-poor chlorides are more reactive. Some steric hindrance is 

tolerated on the heterocycle and aryl chloride. 

The arylation mechanism may be dependent on the heterocycle type. 

For example, triazole and imidazole arylations most likely proceed by an 

electrophilic aromatic substitution mechanism due to the observed 
regioselectivity.” Benzoxazole arylation may proceed via ring-opening 

pathways.” 
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While the method is very general, some additional optimization may 

be required to maximize reaction yields, since the heterocycles that can be 

arylated are very structurally different. The procedure for the phenylation of 

isobutylthiazole has been optimized and the reaction conditions have been 

modified from the original report’ by decreasing the amount of phosphine 

ligand, adding sodium acetate reagent, and using DMA instead of NMP as 

the solvent. Under the conditions reported initially, about 80-85% 

conversion to phenylated derivative was observed as opposed to complete 

conversion by using these modified conditions. However, if these modified 

reaction conditions are used for the 2-methoxyphenylation of caffeine, lower 

conversion is obtained compared to the original procedure. The examples in 

Table 1 have been obtained by using the original conditions.” The limitations 

of the procedure are as follows: Arylation of NH-containing heterocycles 

such as indoles or pyrroles results in N-functionalization. Arylation of N- 

substituted indoles does not go to completion even if extended reaction times 

are used, and isomer mixtures are usually obtained. Benzofuran 

monoarylation results in the formation of a mixture of isomers. 
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Table 1. Heterocycle Arylation.* 

Heterocycle Aryl Chloride Product Yield 

C\ Cl oe NHAc sine NHAc 54%0 
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Ss ZA Ss 

cl 
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> Z-M 76% 
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cl 
Cr (i> S—Ph 68%° 

¢ 0 
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? ‘high lesin Y 84% 
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@ From Ref. 2. Substrate (1 equiv), ArCl (1.5 equiv), KgPO4 (2 equiv), Pd(OAc)o (5 
mol %), 10 mol % nBuAdgP, 24 h at 125 °C, NMP solvent. Isolated yields 
reported. > Thiophene eS equiv), chloroarene (1 equiv).° Benzofuran (1 equiv), 
chloroarene (3 equiv). ¢ 2,5-Diphenylated byproduct isolated in 13% yield. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Palladium(II) acetate; (3375-31-3) 

Sodium acetate; (127-09-3) 

Butyl di-1-adamantylphosphine; (321921-71-5) 

Tribasic potassium phosphate; (7778-53-2) 

2-Isobutylthiazole; (18640-74-9) 

Chlorobenzene; (108-90-7) 

Hydrazine hydrate; (10217-52-4) 

5-Phenyl-2-isobutylthiazole; (600732-10-3) 
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MILD AND EFFICIENT ONE-POT CURTIUS REARRANGEMENT: 
PREPARATION OF N-tert-BUTYL ADAMANTANYL-1-YL- 

CARBAMATE 

i Boc,0, NaNs, Zn(OT#), NHBoc 
n-Bu,NBr, THF, 40 °C 

1 2 

Submitted by Olivier Leogane and Héléne Lebel.' 

Checked by Kay M. Brummond, Thomas O. Painter, and Matthew Klinge. 

1. Procedure 

Caution ! The reaction should be conducted in a well-ventilated hood. 

N-tert-Butyl adamantan-1-yl-carbamate (2). A flame-dried 250-mL, 

three-necked, round-bottomed flask equipped with a mechanical stirrer and 

fitted with a thermometer and a rubber septum with an argon inlet is charged 

with adamantane-1-carboxylic acid (1, 5.40 g, 30.0 mmol) (Note 1), sodium 

azide (3.90 g, 60.0 mmol, 2.0 equiv)) (Note 2), tetra-n-butyl ammonium 

bromide (0.870 g, 2.70 mmol. 0.09 equiv) (Note 3), and finally zinc triflate 

(0.220 g, 0.60 mmol, 0.02 equiv) (Note 4). The flask is then purged with 

argon. After 10 min, 150 mL of THF (Note 5) is added via a syringe and the 

flask is heated in an oil bath at 40 °C. Once the internal temperature has 

reached 40 °C, the di-tert-butyl dicarbonate (7.58 mL, 33.0 mmol, 1.1 equiv) 

is added (Note 6). The reaction mixture is then stirred under argon at 40 °C 

until >95% conversion to product is observed by GC analysis (Note 7). The 

reaction mixture is cooled to room temperature and quenched with a 50 mL 

portion of a 10% aqueous solution of NaNO, (Note 8). The biphasic mixture 

is stirred 30 min at room temperature and transferred to a 500-mL separatory 

funnel. The reaction flask is washed with hexanes and water and the two 

layers are separated. The aqueous layer is extracted twice with hexanes (2 x 

40 mL) and the combined organic layers are washed successively with 

saturated aqueous NH,Cl (75 mL), brine (75 mL), and then dried over 

Na)SO, (50 g). The organic solution is filtered into a round-bottomed 250- 

mL flask and concentrated at 40 °C by rotary evaporation (12-14 mmHg) to 

afford a white solid. The 250-mL flask is then equipped with a reflux 

condenser and the solid dissolved in a boiling mixture (T = 75 °C) of 

hexanes (90 mL) and ethyl acetate (2 mL) (Note 9). The suspension is 
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heated in an oil bath at reflux for 20 min, complete dissolution of the solid 

occurs, along with the formation of a sluggish orange oil. The clear, 

colorless solution is decanted away from this orange residue into a 250 mL 

Erlenmeyer flask fitted with a 24/40 glass joint and then concentrated at 40 

°C by rotary evaporation (12-14 mmHg) then under high vacuum (< 3 

mmHg) for 30 min to afford a white solid, which is recrystallized from a 

mixture of hexanes (< 50-60 mL), and chloroform (< 2 mL) (Note 10). The 

resulting crystalline product is collected on a fritted funnel, the filtrate is 

washed with 10-15 mL of cold hexanes, and excess solvent is removed 

under vacuum to yield 6.03 g of product. The mother liquor is concentrated 

at 40 °C by rotary evaporation (12-14 mmHg) then under high vacuum (< 3 

mmHg), and the resulting white solid recrystallized (Note 11) from hexanes 

(< 10 mL) to yield 0.55 g of additional product after filtration as above. The 

solids are combined to provide 6.58 g (87%) of the title compound as a 

crystalline white solid (Notes 12 and 13). 

2. Notes 

1. Adamantane-1-carboxylic acid, 99% was purchased from Alfa 

Aesar, and was used without further purification. 

2. NaN; 99% was purchased from Alfa Aesar, and was ground prior 

to use. 

3. Tetra-n-butyl ammonium bromide, 99% was purchased from 

Aldrich Chemical Company, Inc. and stored in a desiccator filled with 

drierite. 

4. The checkers purchased Zn(OTf), 98% from Strem Chemicals 

and stored it in a glove-box under a nitrogen atmosphere upon receipt. 

Zn(OTf) was weighed into a two-necked round-bottomed flask, sealed, then 

equipped with an argon inlet upon removal from the glove-box. Zn(OTf), 

was quickly transferred to the reaction mixture by pouring it from the two- 

necked flask under an argon flow. The submitters report that for their best 

results, the Zn(OTf): was purchased from Aldrich Chemical Company, Inc., 

handled under an argon atmosphere in a glove-box and was used without 

further purification affording an 85% yield. The checkers found that the 

Zn(OTf), purchased from Aldrich resulted in incomplete reactions. The 
submitters report that Zn(OTf), from Strem Chemicals is compatible with 
the reaction conditions (81% yield for 2) but also comment that very low 
yields were observed if Zn(OTf), from Alfa Aesar was used. 
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5. Anhydrous 99.9%, inhibitor free tetrahydrofuran was purchased 
from Aldrich and purified with alumina using the Sol-Tek ST-002 solvent 
purification system directly before use. The submitters report that THF was 
purified with a Glass Contour Seca Solvent Purification System. 

6. Boc,O, 99% was purchased from Aldrich Chemical Company, 
Inc and stored in the refrigerator. For convenience, the bottle of Boc.O was 

warmed in a water bath to reach the melting point, and the colorless oil was 

then transferred quickly to the reaction flask via a syringe. 

7. The internal reaction temperature must be maintained between 39 

and 41 °C during the entire process. This was accomplished using a 

temperature controller and thermocouple connected to a variac and oil bath. 

After 120 hours, 96% conversion was observed by GC analysis in the first 

full scale reaction. The second full scale check did not reach >95% 

conversion until 240 hours. The submitters report that after 48 hours, 85% 

conversion for the desired carbamate was observed by GC - MS analysis. 

The product appeared to crystallize in the reaction mixture. 

8. NaNO» 99% was purchased from Aldrich Chemical Company, 

Inc. and was used without further purification. Sodium nitrite is used to 

quench any residual azide derivatives from the reaction mixture. 

9. Hexanes and ethyl acetate were purchased from EMD Chemicals 

and distilled prior to use. The submitters report that hexanes and ethyl 

acetate (ACS grade) were purchased from Fisher Scientific and were used as 

received. 

10. Chloroform (ACS grade) was purchased from Fisher Scientific 

and was used as received. For the recrystallization, the white solid is 

dissolved in a boiling solution (75 °C) of hexanes (50-60 mL) and 

chloroform (< 2 mL) in a 250-mL Erlenmeyer flask. The mixture is heated 

on a hot plate until complete dissolution of the solid occurs. The solution is 

then concentrated with heating on the hot plate to a volume of less than 25 

mL. The mixture was cooled to room temperature over 10 min, then placed 

into a cold room at 4 °C overnight. 

11. The solution was concentrated to less than 5 mL by heating on a 

hot plate. 

12. The physical properties of the purified material 2 are as follows: 

mp 114-115 °C; R, 0.49 (10% EtOAc/hexanes); 'H NMR (500 MHz, ee 

70 °C) 5: 1.46 (s, 9 H), 1.50 (s, 6 H), 1.86 (s, 9 H), 4.10 (s (br), 1H). ' 

NMR (100 MHz, CDCl;) 6: 28.4, 29.4, 36.3, 41.9, 50.4, 78.5 (br), 154. ; 

(br); IR (neat) 3321, 2977, 2906, 2851, 1685, 1526, 1362, 1172, 1054, 874 
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cm; HMRS (EI) caled for C;;H2s;NO> [M]*: 251.1885. Found: 251.1883. 

Anal. Calcd. for C;;H2s;NO> : C, 71.67; H, 10.02; N, 5.57; O, 12.73; found C, 

M6951, 10,20; -Ny 5.57, 

13. A second run on the same scale provided 6.06 g (80%) of product 

with the same physical characteristics and melting point. The submitters 

reported a yield of 6.41 g (85%). 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with "Prudent Practices in the Laboratory"; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

The Curtius rearrangement involves the concerted degradation of an 

acyl azide into an isocyanate, which can be trapped by a variety of 

nucleophiles (such as alcohols), providing a convenient method to 

synthesize amine derivatives (such as carbamates). Although a number of 

methods have been reported for the preparation of acyl azides, such a 

starting material is unstable and _ difficult to handle. 

Diphenylphosphorazidate (DPPA) was the first reagent reported for the 

direct conversion of carboxylic acids into carbamates, in a one-pot process 

without isolation of the acyl azide intermediate.” However, many drawbacks 

are associated with the use of this reagent including the requirement for high 

temperatures and the difficult separation of the desired product from 

phosphorus residues. The procedure described herein provides a practical 

and efficient method for the synthesis of aliphatic Boc-protected amines by 

one-pot zinc-catalyzed Curtius rearrangement starting from a variety of 

carboxylic acids (Table 1).> The method uses readily and commercially 

available reagents. A mixture of sodium azide, di-tert-butyl dicarbonate and 

an aliphatic carboxylic acid produces sodium tbutoxide and the 
corresponding acyl azide, which spontaneously rearranges at 40 °C to the 
corresponding isocyanate. In the presence of catalytic amounts of Zn(OTf) 
and tetrabutyl ammonium bromide, the tert-butoxide species then reacts with 

the isocyanate intermediate to form the carbamate derivative. 
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Table 1. Curtius Rearrangement of Carboxylic Acids 

O 
Boc,0 (1.1 equiv.), NaN, (3 equiv.) 

R OH > EN. -Ot-Bu Bu,NBr (15 mol%), Zn(OT#)> (3.3 mol%) Rt 
THF, 40 °C O 

entry carbamate isolated yield (%) 

1 Nese 90 (85)? 
NHBoc 

NHBoc 
2 94 

3 77 

4 68 

5 80 (86)2 

6 57 

7 72 

58 (45)8 8 (45) 

2 In parenthese, yields for 10 mmol scale. 

The by-products are easy to eliminate, thus the purification proceeds 

efficiently. Compared to the original procedure,’ the catalyst loading of 

Zn(OTf), was decreased to 2 mol % and only 2 equivalents of sodium azide 

were necessary, when the reaction was run on 30 mmol scale. Although 

azide species are known to be potentially explosive and hazardous 

compounds, the experimental procedure described here is safe at the 

temperatures described. Indeed, TGA (thermogravimetric analysis) showed 

decomposition of the reaction mixture at temperatures >100 °C. This new 

methodology was also used with malonates derivatives, giving access to 
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unnatural 2,2-disubstituted protected amino acids (Table 2). Finally, an 

alternative procedure for the synthesis of anilines from aromatic carboxylic 

acids has been recently disclosed.* 

Table 2. Curtius Rearrangement of Malonate Derivatives 

(ORL) 
O 

Boc,O (1.1 equiv.), NaNg (3 equiv.) Eto NHBoe 

SSS Lae Se 

ed Ri ‘R2 Bu,NBr (15 mol%), Zn(OTf). (3.3 mol%) R' ‘R2 

THF, 50 °C 

entry carbamate isolated yield (%) 

EtO,C NHBoc 
1 me) 75 (70)? 

Ph 

EtO;3C NHBoc 
2 s 65 

ZA 

EtO,C NHBoc 

3 eee 60 

“a Ph 

* In parentheses, yields for 30 mmol scale. 

1. Département de Chimie, Université de Montréal, P.O. Box 6128, 

Station Downtown, Montréal (Québec), Canada, H3C 3)J7. 

Helene.lebel@umontreal.ca 

2. (a) Shioiri, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972, 94, 

6203-6205. (b) Ninomiya, K.; Shioiri, T.; Yamada, S. Tetrahedron 

1974, 30, 2151-2157. (c) Murato, K.; Shioiri, T.; Yamada, S. Chem. 

Pharm. Bull. 1975, 23, 1738-1740. (d) Shioiri, T.; Yamada, S-i. Org. 

Synth. 1984, 62, 187-190. 

3. Lebel, H.; Leogane, O. Org. Lett. 2005, 7, 4107-4110. 

4. Lebel, H.; Leogane, O. Org. Lett. 2006, 8, 5717-5720. 
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Appendix 

Chemical Abstracts Nomenclature (Registry Number) 

N-tert-Butyl adamantan-1-yl-carbamate: Carbamic acid, 
tricyclo[3.3.1.13,7]dec-1-yl-, 1,1-dimethylethyl ester; (151476-40-3) 

Sodium azide; (26628-22-8) 
Adamantine-1-carboxylic acid: Tricyclo[3.3.1.13,7]decane-1-carboxylic 

acid; (828-5 1-3) 

Tetra-n-butyl ammonium bromide; (1643-19-2) 
Zinc triflate; (54010-75-2) 

Di-tert-butyl dicarbonate: Dicarbonic acid, C,C'-bis(1,1-dimethylethyl) 
ester; (24424-99-5) 
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Eric Jacobsen at Harvard University as a NSERC Postdoctoral 
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the development of novel synthetic methods. 

Olivier Leogane is from Guadeloupe in the West Indies. He 

received a B.Sc. degree in chemistry in 2002 from Université 
de Nantes. He then pursued his Ms.C in organic chemistry at 

Université de Paris VI in 2003. His Ph.D. studies were 
conducted under supervision of Héléne Lebel at Université de 

Montréal where he developed new catalyzed-methodologies for 
the Curtius Rearrangement. He is currently an industrial 

NSERC Postdoctoral Fellow at Tranzyme Pharma. 
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Matthew Klinge was born in 1986 in Erie, Pennsylvania. He is 

currently pursuing undergraduate studies at the University of 
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ENANTIOSELECTIVE OXIDATION OF AN ALKYL ARYL 
SULFIDE: SYNTHESIS OF (S)-()-METHYL P-BROMOPHENYL 

SULFOXIDE 

A. SJ 

se : zoe MeOH, r.t., 48h , 
ego UV 

OH | eh N OH 
fe) OH ( 

1.5 mol% Ligand (S)-1 y 
B. 0 Gia Oe, oi. soyO* 

Br 1.2 equiv. H2O2 Br 
CHCl, 0 °C, 16h 

2 3 3 

61 % (99 % ee) 

Submitted by Carmelo Drago, Emma-Jane Walker, Lorenzo Caggiano and 

Richard F. W. Jackson.’ 

Checked by Katherine Rawls and Jonathan A. Ellman. 

1. Procedure 

A. (S)-(-)-2-(N-3,5-Diiodosalicyliden)amino-3, 3-dimethyl-1-butanol 

[(S)-1]: To a solution of (L)-(+)-¢ert-leucinol (350 mg, 3.0 mmol, 1.13 

equiv) (Note 1) dissolved in 15 mL of MeOH (Note 2) in a flame-dried 50- 

mL round-bottomed flask kept under positive nitrogen pressure during the 

reaction is added 3,5-diiodosalicylaldehyde (1.00 g, 2.66 mmol, 1.0 equiv) 

(Note 3). The reaction mixture is stirred at room temperature (25 °C) for 48 

h (Note 4). The solvent is evaporated under reduced pressure (30 °C, 40 

mmHg) and the crude product is transferred to a 25-mL Erlenmeyer flask 

and purified by dissolving in 5 mL of hot EtOH (Note 5). The resulting 

yellow solution is allowed to reach room temperature slowly over a two- 

hour period (25 °C), allowing partial solvent evaporation (~1 mL), and 

needle crystal formation is observed. At this point, the Erlenmeyer flask is 

plugged and left overnight (17 h) in a refrigerator at 3 °C. The crystals are 

filtered in a Btichner funnel and washed with ice-cold EtOH (3 x 2 mL), and 

Org. Synth. 2009, 86, 121-129 1A 

Published on the Web 11/17/2008 



then dried under vacuum (0.02 mmHg) to afford the ligand (S)-1 as a yellow 

solid (1.04 g, 82% yield) (Note 6). 

B. (S)-()-p-Bromophenyl methyl sulfoxide (3). A flame-dried, three- 

necked, 250-mL round-bottomed flask is equipped with a rubber septum, a 

25-mL pressure-equalizing addition funnel, a thermometer adaptor fitted 

with a suitable thermometer, and a magnetic stir bar (30 mm length, oval) 

and is placed under positive nitrogen pressure. The apparatus is charged 

with (S)-(-)-2-(N-3,5-diiodosalicyliden)amino-3,3-dimethyl-1-butanol (S)-1 

(425.8 mg, 0.90 mmol, 1.5 mol%) and 15 mL of CHCl; (Note 7). A green 

solution of vanadyl acetylacetonate (VO(acac),, 159.0 mg, 0.60 mmol, 1.0 

mol%) (Note 8) in 15 mL of chloroform is added dropwise via the addition 

funnel to the stirred bright yellow solution at room temperature over 3 

minutes. The stirred translucent solution immediately turns from yellow to 

green and then finally dark brown as it is left stirring for 30 min at room 

temperature open to the atmosphere. p-Bromophenyl methyl sulfide (2) 

(12.19 g, 0.060 mol, 1.0 equiv) (Note 9) is added in one portion to the 

reaction mixture, followed by CHCl]; (30 mL) and the solution is cooled to 0 

°C by means of a cryocool with an isopropanol bath. Once the internal 

temperature reaches 0 °C (20-30 minutes), an aqueous solution of hydrogen 

peroxide (7.75 g of a 31.6% solution in H,O, 0.072 mol, 1.2 equiv) (Note 

10) is added dropwise over a period of 25 min via the dropping funnel, 

keeping the internal temperature between 0-5 °C. The reaction mixture is 

then kept at 0 °C (+ 1 °C) and vigorously stirred for 16 h (Note 11). 

The reaction is quenched at 0 °C by the addition of 10 % w/v aqueous 

solution of sodium thiosulfate (100 mL) added dropwise via the addition 

funnel and then transferred to a 500-mL separatory funnel, rinsing with 

CH2Cl, (2 x 50 mL) (Note 12). The layers are separated and the aqueous 

fraction is washed with CH2Cl, (2 x 50 mL). The combined organic fractions 

are washed with saturated aqueous sodium chloride (50 mL) and dried over 

magnesium sulfate (10 g). The solution is filtered, and the magnesium 

sulfate is washed with 100 mL CHCl. The organic solvent is evaporated 

under reduced pressure (30°C, 40 mmHg) to give the crude product as a dark 

brown solid (13.83 g, Sample 1, Note 13). The solid is dissolved in CH>Cl, 

(17 mL) and layered on a silica pad (50 g SiO, Note 14) in a 7-cm diameter 

glass-sintered filter funnel (Note 15) and a mixture of sulfoxide and sulfone 

is eluted using EtOAc and petroleum ether (50:50, 200 mL) (Notes 16 and 

17). The mixture is collected and evaporated under reduced pressure (3.37 g 

brown solid, Sample 2.1, Note 18). Elution with EtOAc (300 mL) and 
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evaporation under reduced pressure gives pure sulfoxide as a pale yellow 
solid (9.3 g, Sample 2.2, 71% yield) (Note 19). 

Column chromatography is performed on the mixed fraction Sample 
2.1 (Note 20) and elution with a mixture of EtOAc and petroleum ether 
(50:50, 550 mL, until complete elution of ligand (§)-1 and sulfone) followed 
by EtOAc (1.4 L) and evaporation of the EtOAc fraction under reduced 
pressure gives pure sulfoxide as a yellow-brown solid (0.93 g, 7% yield, 
Sample 3) (Note 21). 

The pure sulfoxide fractions, Samples 2.2 and 3, are combined in a 

250-mL Erlenmeyer flask and dissolved in a mixture of hot EtOAc and 

heptane (20:80, 75 mL, Notes 22 and 23). Recrystallization occurs as the 

solution sits at room temperature (12 h, 25 °C), allowing for partial solvent 

evaporation (5 mL). Filtration on a Biichner funnel gives the sulfoxide, 

which is dried under vacuum (0.02 mmHg) to afford off-white needles (8.07 

g, 61%, Sample 4) (Note 24). Further purification is performed by 

sublimation of the solid at a pressure of 0.02 mmHg over a period of 4h ina 

standard sublimation apparatus, with a water-cooled cold finger and with the 

external oil bath at 90 °C, which gives (S)-(-)-p-bromophenyl methyl] 

sulfoxide as a white powder (8.07 g, 99 % ee, 61% yield) (Note 25). 

2. Notes 

1. The submitters received (L)-tert leucinol from Degussa AG 

Industrie, who prepared the reagent by I,/NaBHy, reduction of (L)-/ert 

leucine.’ {[a]p°’ +40.3, (EtOH, c 1.0), lit. +35.3 (EtOH, c 3.05)}* The 
checkers purchased (S)-fert-leucinol from Aldrich Chemical Company, and 

it was used as received. 

2. HPLC Grade methanol from Fisher Scientific (submitters) or 

Spectro Grade from Fisher Scientific (checkers) was used as received. 

3. 3,5-Diiodosalicylaldehyde (97%), from Aldrich Chemical 

Company, was used as received. 

4. Reaction progress was monitored by silica gel TLC, using 2:1 

hexanes:EtOAc as eluent, and UV and ninhydrin stain to visualize 

(checkers). The aldehyde starting material has an R; value of 0.65 (UV 

only), the desired imine product has an R; value of 0.38 (yellow), and (S)- 

tert-leucinol (pink) remains at the baseline. 

5. HPLC Grade ethanol from Fisher Scientific was used as received. 

The checkers heated the product in ethanol in a 25 mL Erlenmeyer flask in 

an oil bath at 90 °C (bath temperature) until all product dissolved. 
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6. The submitters reported a yield of 1.08 g, 86%. Characterization 

of (S)-(—)-2-(N-3,5-diiodosalicyliden)amino-3,3-dimethyl-1-butanol [(S)-1] 

is as follows: mp 162-163 °C, lit. mp 163-164 °C; [a]p” -16.0 (acetone, c 

1.0), lit.’ [a]p2° -16.6 (acetone, c 1.0); Vax (cm) 3303 (O-H), 2965 (CH=N, 

C-H), 1637 (CH=N, C-N); 'H NMR (400 MHz, CDCl) 6: 0.99 (s, 9 H), 

2.73 (br s, 1 H), 3.09 (dd, 1 H, J= 9.2, 2.5 Hz), 3.69 (dd, 1 H, J= 11.2, 10.4 

Hz), 4.00 (dd, 1 H, J= 11.5, 2.5 Hz), 7.50 (d, 1 H, J= 2.1 Hz), 7.99 (d, 1 H, 

J = 2.0 Hz), 8.09 (s, 1 H), 14.88 (br s, 1 H,); '3C NMR (125 MHz, CDCl.) 6: 

26.8, 32.9, 61.8, 75.7, 78.0, 93.0, 116.8, 141.1, 150.0, 164.7, 167.0; m/z (EI) 

474 (MH’, 22%), 473 (M’, 100), 442 (22), 416 (73) and 359 (30); Anal. 

Caled. for C,3;Hj7I,NO2: C, 33.00; H, 3.62; N, 2:96. Found: C, 33.02; H, 

Si T7ZHINI 283. 

The submitters synthesized (R)-(-)-2-(N-3,5-diiodosalicyliden)amino- 

3,3-dimethyl-1-butanol [(R)-1] from (D)-(—)-tert-Leucinol (kindly provided 

as a gift from Degussa AG Industrie) according to the procedures outlined 

above, in similar yields. Use of the (R)-1 ligand in the sulfoxidation reaction 

afforded the corresponding (R)-sulfoxide product in similar yields and 

enantioselectivity. 

7. HPLC Grade Chloroform from Fisher Scientific, was used as 

received. 

8. Vanadyl acetylacetonate [VO(acac),], from Alfa Aesar, was used 

as received. 

9. p-Bromophenyl methyl] sulfide (4-bromothioanisole, 98 %), from 

Alfa Aesar, was used as received. 

10. Hydrogen peroxide solution (~30% w/w in water) from Aldrich 

Chemical Company was used. The concentration of HO, was determined to 

be 31.6 % by titration with KMnO,/H2SO, using a procedure based on the 

Degussa analytical method WM 09 / WM 11.° 

11. Reaction progress was monitored by silica gel TLC, using diethyl 

ether as eluent, and UV or p-anisaldehyde to visualize (checkers). The 

desired sulfoxide product has an Ry value of 0.29 (white-yellow), the 

overoxidation product sulfone has an Ry of 0.67 (UV only), and the starting 

sulfide has an Ry of 0.90 (UV only). 

12. HPLC Grade dichloromethane from Fisher Scientific, was used as 

received. 

13. The checkers obtained a crude ee of 93.4% using a Chiralpak AS 
chiral column from Chiral Technologies (250 x 4.6 mm) on an Agilent 1100 
Series LC equipped with a multiwavelength detector (85:15 
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heptane:isopropanol, 1 mL/min, } = 222, 254, and 280 nm, fr (minor) = 
35.96 min, fg (major) = 43.20 min). The checkers obtained a ratio of 
sulfoxide:sulfone of 86:14 by 'H NMR. 

14. The submitters purchased silica gel from BDH. The checkers 
purchased silica gel from Sorbent Technologies (60 A, 230-400 mesh). 

15. The submitters used a fritted funnel with pore size 2. The checkers 

used a 150-mL fritted funnel, ASTM, 40-60 C. 

16. HPLC Grade Ethyl Acetate from Fisher Scientific was used as 
received. 

17. Analytical Reagent Grade petroleum ether (40-60 °C) from Fisher 

Scientific (submitters) or Certified ACS Grade petroleum ether (30-60 °C) 

from Fisher Scientific (checkers) was used as received. 

18. The submitters report a ratio of sulfoxide:sulfone of 67:33 by 'H 

NMR for 6.09 g of mixed fractions. The checkers obtained a ratio of 

sulfoxide:sulfone of 37:63 for 3.37 g of mixed fractions. 

19. The submitters report collection of 7.21 g (55%) of pure product. 

20. The checkers used a column with diameter = 4.5 cm, length = 38.1 

cm, loaded with 100 g of silica gel (see Note 13). The compound was 

loaded onto the column with 13 mL of CH)Ch. 

21. The submitters report collection of 3.3 g of pure product, 25% 

yield. 

22. HPLC Grade heptane from Fisher Scientific was used as received. 

23. The submitters used 100 mL of 80:20 heptane:EtOAc for 

recrystallization. The checkers found that the enantiomeric purity and yield 

of the product was highly dependent on the amount of solvent used for 

recrystallization. The checkers heated the product in 80:20 heptane:EtOAc 

in a 250-mL Erlenmeyer flask in an oil bath at 90 °C (bath temperature) until 

all solid dissolved. 

24. The submitters reported the isolation of 9.3 g (70.7 %). 

25. The submitters reported the isolation of 9.2 g (70%) at >99% ee. 

The checkers collected the sublimation product in two batches due to the 

small size of the sublimation apparatus. (S)-(-)-4-Bromophenyl methyl 

sulfoxide (3): mp 77-78 °C; [a]p”° —106.9 (acetone, c 1.8), 99 % ee; lit. [a] 
p-’ -97.5 (acetone, c 1.8) for 94 % ee;* 'H NMR (500 MHz, CDCl) 6: 2.69 
(s, 3 H), 7.49 (d, 2 H, J = 8.4 Hz), 7.64 (d, 2 H, J = 8.3 Hz); °C NMR (125 
MHz, CDCl;) 8: 43.9, 125.0, 125.3, 132.5, 144.8; Anal. Calcd. for 

C;H-BrOS: C, 38.37; H, 3.22; S, 14.63. Found C, 38.36; H, 3.17; S 14.85. 

Chiral HPLC using a Chiralpak AS chiral column from Chiral Technologies 
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(250 x 4.6 mm) on an Agilent 1100 Series LC equipped with a 

multiwavelength detector (85:15 heptane:isopropanol, 1 mL/min, i = 222, 

254, and 280 nm) retention times are as follows: p-bromophenyl methyl 

sulfide tg 5 min.; p-bromophenyl methyl sulfone fg 30 min.; (R)-p- 

bromophenyl methyl sulfoxide fg 37 min. and (S)-p-bromophenyl methyl 

sulfoxide tp 45 min. 

Waste Disposal Information 

All toxic materials were disposed of in accordance with “Prudent 

Practices in the Laboratory”; National Academic Press: Washington, DC, 

1995. 

3. Discussion 

Asymmetric oxidation of alkyl aryl sulfides has received a substantial 

amount of attention, due to the synthetic utility of the product sulfoxides. An 

existing Organic Syntheses procedure describes the preparation of (S)-(—)- 

methyl p-tolyl sulfoxide by oxidation of methyl p-tolyl sulfide using a 

stoichiometric reagent derived from (S,S)-(—)-diethyl tartrate and 

titanitum(IV) isopropoxide, employing cumene hydroperoxide as_ the 

oxidant.® Purification of the product is achieved by flash chromatography. 

Herein is presented an alternative catalytic procedure for the asymmetric 

oxidation of p-bromopheny! methyl sulfide, based on our optimization’® of 

the asymmetric sulfur oxidation procedure discovered by Bolm,’ which 

employs a catalyst derived from VO(acac), and an amino alcohol Schiff base 

ligand. A significant feature of this procedure is that the enantiomeric 

excess of the initially formed product is enhanced by a subsequent kinetic 

resolution process,'’ in which the minor enantiomer of the product is 

selectively oxidized to the corresponding sulfone. The key parameter is the 

use of chloroform as solvent, which promotes initial asymmetric oxidation 

and subsequent efficient kinetic resolution at the same temperature (namely 

0 °C). In addition to the catalytic nature of the procedure, the main 

advantage is the use of hydrogen peroxide as oxidant. 

From a practical point of view, the challenge is not achieving high levels 

of enantiomeric excess, but rather finding a convenient purification 

procedure that allows the separation of the by-product sulfone that is always 
produced (typically 10%). While flash column chromatography is an 
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effective method, we have made a substantial effort to purify the product 
sulfoxide without recourse to chromatography. However, in the case of both 
methyl p-tolyl sulfoxide and p-bromophenyl methy] sulfoxide, it has proved 
impossible to remove the corresponding sulfone by-product using 
distillation, trituration, crystallization or sublimation. The compromise 
purification method presented in this procedure, namely the use of a pad of 
silica gel in a sintered filter funnel, allows separation of pure sulfoxide 
product in reasonable yield, due to the large R, difference between the 
sulfone and sulfoxide. The yield can be enhanced by conventional flash 

chromatographic purification of the mixed fraction that is eluted first. 

Another application of Bolm’s system to the asymmetric synthesis of (R)- 

(+)-2-methyl-2-propanesulfinamide has been recently reported by Ellman in 

Organic Syntheses.'' 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

(S)-(—)-2-(N-3,5-Diiodosalicyliden)amino-3 ,3-dimethy]-1-butanol; (477339- 

39-2) 

(L)-(+)-tert-leucinol: 1-Butanol, 2-amino-3,3-dimethyl-, (2S)-; (112245-13- 

3) 
3,5-Diiodosalicylaldehyde: Benzaldehyde, 2-hydroxy-3,5-diiodo-; (263 1-77- 

8) 
(S)-(—)-p-Bromophenyl methyl] sulfoxide: Benzene, 1-bromo-4-[(S)- 

methylsulfinyl]-; (145266-25-0) 

Vanadyl acetylacetonate; (3 153-26-2) 

p-Bromopheny] methyl sulfide: Benzene, 1-bromo-4-(methylthio)-; 

(104-95-0) 

Richard Jackson obtained his Ph.D. in 1984 under the 
supervision of the late Professor Ralph Raphael, developing a 
new route to dihydrofuranones, and completing a synthetic 
approach to the pseudomonic acids. He spent a year at the 

ETH, Ziirich, working with Professor Dieter Seebach on total 

synthesis, before starting his independent career at the 

University of Newcastle. His research interests range from 
applications of organometallic chemistry in non-proteinogenic 

amino acid synthesis to catalytic asymmetric oxidation 
reactions. In 2001 he moved to a Chair in Synthesis at the 

University of Sheffield, serving as Head of Department from 
2003 to 2007. 

4 Carmelo Drago obtained his first degree in Chemistry from the 

; University of Catania in 2001, undertaking a final year project 

on asymmetric oxidation reactions mediated by enzymes under 
the supervision of Dr. Giovanni Nicolosi at the CNR (National 

Research Council). He moved to Sheffield for his Ph.D., 
working on asymmetric sulfur oxidation under the supervision 

of Professor Richard F. W. Jackson. In 2005, he joined the 

» group of Professor Carlo Scolastico, at the CISI (Centre for 
Bio-molecular | Interdisciplinary Studies and Industrial 

applications — University of Milan) where he is working on 

design, synthesis and characterization of proapoptotic agents 
for cancer therapy. 
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Emma Walker obtained her M.Chem. with Industrial 
Experience from the University of Edinburgh in 2003 before 
moving to the University of Sheffield to undertake her Ph.D. 
on the development of new methods for screening catalysts for 

kinetic resolution under the supervision of Professor Richard 

F.W. Jackson. In 2008 Emma joined the Whisky Technical 

Specialist Team within Diageo Scotland as a Project Chemist. 

After obtaining his degree from the University of Liverpool in 

1998, Lorenzo Caggiano performed his Ph.D. with Dr. Stuart 
Warren at the University of Cambridge. In 2002 as a European 

Network Fellow in the group of Professor Cesare Gennari at 
the University of Milan, he was involved in the formal 

synthesis of eleutherobin. In February 2004 he became a 

Research Officer in the group of Professor Richard F. W. 
Jackson at the University of Sheffield. In January 2007, he 

started his independent career as a RCUK Research Fellow at 
the Department of Pharmacy and Pharmacology, University of 

Bath, UK. 

Katherine Rawls was born in 1983 in Wheat Ridge, Colorado. 
She graduated from Santa Clara University in 2005 with a B.S. 

» in Chemistry and Mathematics. There she worked on 
| chemoselective “post-translational” modifications of N- 
alkylaminooxy containing peptides under the mentorship of 
Professor Michael Carrasco, Currently, she is a fourth year 

graduate student at the University of California, Berkeley, 

working under the direction of Prof. Jonathan A. Ellman. Her 

research includes the development and application of the 

Substrate Activity Screening (SAS) method for the 

identification of nonpeptidic tyrosine phosphatase inhibitors. 
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PROTECTION OF DIOLS WITH 

4-(tert-BUTY LDIMETHYLSILYLOXY)BENZYLIDENE ACETAL 

AND ITS DEPROTECTION: 

(4-((4R,5R)-4,5-DIPHENYL-1,3-DIOXOLAN-2-YL)PHENOXY )(¢ert- 

BUTYL)DIMETHYLSILANE 

OTBS 
oe 1. TBSCl, imidazole 

DMAP, DMF 
A. 

2. HC(OMe)3, PPTS 

CHO toes MeO~ ~OMe 

OTBS 

OTBS 

MeO OMe 

Ph OH PPTS 

a luene-MeCN HO Ph toluene-Me a a 

pH Ph 

OTBS 
KsCO, 

NH2OH-HCI 
KF Ph OH 

C. er 
MeOH-H2O HO Ph 

owes: 

PH Ph 

Submitted by Hiroyuki Osajima,' Hideto Fujiwara, Kentaro Okano,” 

Hidetoshi Tokuyama,’ and Tohru Fukuyama.! 

Checked by Scott E. Denmark and Wen-Tau T. Chang. 

1. Procedure 

A. (4-(Dimethoxymethyl) phenoxy)(tert-butyl)dimethylsilane. A 
100-mL oven-dried, three-necked round-bottomed flask equipped with a 
Teflon-coated magnetic stir bar, a rubber septum, a thermocouple and an 
argon gas inlet is charged with fert-butylchlorodimethylsilane (6.08 g, 40.3 
mmol) (Note 1) and DMF (20 mL) (Note 2). To the mixture are added 
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4-hydroxybenzaldehyde (4.92 g, 40.3 mmol) (Note 3), imidazole (4.12 g, 60.5 
mmol) (Note 4), and 4-dimethylaminopyridine (0.248 g, 2.02 mmol) (Note 5) 
in separate portions with stirring. After being stirred for 2 h (Note 6) at 
ambient temperature (19 °C), the reaction mixture is poured into water (30 
mL) in a 500-mL separatory funnel and the suspension is extracted with 
EtOAc (2 x 25 mL). The combined organic extracts are diluted with EtOAc 
(50 mL), and then washed with 5% aq. NaCl solution (100 mL), water (4 x 

100 mL), and sat. aq. NaCl solution (100 mL), then are dried over anhydrous 

MgSO, (1.6 g), filtered, and concentrated on a rotary evaporator (20 °C, 30 

mmHg). The residue is dissolved with toluene (50 mL) and the resulting 

solution is concentrated on a rotary evaporator (40 °C, 30 mmHg) (Note 7) to 

give a pale yellow oil (9.43 g) (Note 8). The crude product is used in the next 

step without further purification (Note 9). 

A 500-mL, oven-dried, three-necked round-bottomed flask equipped 

with a Teflon-coated magnetic stir bar, a rubber septum, a thermocouple and 

an argon gas inlet is charged with the crude product prepared above (9.43 g), 

MeOH (60 mL) (Note 10), and trimethyl orthoformate (40 mL) (Note 11). To 

the mixture is added pyridinium p-toluenesulfonate (1.01 g, 4.03 mmol) (Note 

12). After being heated in a 50 °C oil bath (internal temperature: 43 °C) for 

3.5 h (Note 13), the solution is cooled to ambient temperature and is poured 

into sat. aq. NaHCO; solution (100 mL) in a 1-L separatory funnel. The 

two-phase mixture is extracted with EtOAc (3 x 100 mL) and the combined 

organic extracts are washed with sat. aq. NaCl solution (2 x 100 mL), then are 

dried over Na,SO, (2.2 g), filtered, and concentrated on a rotary evaporator 

(20 °C, 30 mmHg). The residue is dissolved with toluene (50 mL) and the 

resulting solution is concentrated on a rotary evaporator (40 °C, 30 mmHg) 

(Note 7) to give a yellow oil (10.07 g). The oil is purified by silica gel column 

chromatography (elution with hexanes/EtOAc, 20:1) (Notes 14, 15) to yield 

(4-(dimethoxymethyl)phenoxy)(tert-butyl)dimethyl silane (9.66 g, 85%) 

(Note 16). 

B. (4- ((4R, 5R)-4,5- Diphenyl-1,3- dioxolan-2-yl) phenoxy) (tert- 

butyl)dimethylsilane. A 500-mL, oven-dried, three-necked round-bottomed 

flask equipped with a reflux condenser (fitted with an argon gas inlet), a 

Teflon-coated magnetic stir bar, a rubber septum, and a thermocouple is 

charged with (1R,2R)-1,2-diphenylethane-1,2-diol (6.43 g, 30.0 mmol) (Note 

17), toluene (96.0 mL) (Note 18), MeCN (32.0 mL) (Note 19), and 

(4-(dimethoxymethy1)phenoxy)(tert-butyl)dimethylsilane (9.27 g, 32.8 mmol). 

After stirring the solution for 3 min, pyridinium p-toluenesulfonate (2.26 g, 
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9.0 mmol) (Note 11) is added. The reaction mixture is heated in a 50 °C oil 

bath (internal temperature: 45 °C) and is stirred for 1 h (Note 20). The mixture 

is cooled to ambient temperature and then is poured into sat. aq. NaHCO; 

solution (100 mL) in a 1-L separatory funnel, and the suspension is extracted 

with EtOAc (3 x 100 mL). The combined organic extracts are washed with sat. 

aq. NaCl solution (2 x 100 mL), then are dried over anhydrous Na,SO, (20 g), 

filtered, and concentrated on a rotary evaporator under reduced pressure to 

give a yellow, viscous oil. The residue is purified by silica gel column 

chromatography (elution with hexanes/CH2Ch, 7:3) (Notes 21, 22) to give a 

colorless, viscous oil (12.33 g) (Note 23) which is triturated with MeOH to 

yield (4-((4R,5R)-4,5-diphenyl-1,3-  dioxolan-2-yl)phenoxy) (tert-butyl) 

dimethylsilane as a white solid (11.51 g, 89%) (Note 24). 

C. (1R,2R)-1,2-Diphenylethane-1,2-diol. A 500-mL, three-necked 

round-bottomed flask equipped with a reflux condenser (fitted with an argon 

inlet), a Teflon-coated magnetic stir bar, a rubber septum, and a thermocouple 

is charged with (4-((4R,5R)-4,5-diphenyl-1,3-  dioxolan-2-yl) phenoxy) 

(tert-butyl)dimethylsilane (10.8 g, 25.0 mmol), K,CO3 (17.3 g, 125 mmol) 

(Note 25), MeOH (200 mL) (Note 9), and water (50 mL). After addition of 

KF (1.46 g, 25.0 mmol) (Note 26) and stirring for 5 min followed by addition 

of NH.OH:HCI (8.69 g, 125 mmol) (Note 27), the reaction mixture is heated 

in an 85 °C oil bath (internal temperature: 69 °C) and is stirred for 37 h (Note 

28). The reaction mixture is cooled to ambient temperature and is decanted 

(Note 29) into sat. brine (150 mL) in a 1-L separatory funnel and is extracted 

with EtOAc (3 x 200 mL). The combined organic extracts are washed with 3 

M NaOH (3 x 100 mL), H,O (100 mL), and brine (100 mL), and then are 

dried over anhydrous Na2SO, (20 g), filtered, and concentrated on a rotary 

evaporator (21 °C 30 mmHg) to afford 5.40 g of the crude diol as a white 

solid. Purification by recrystallization yields (1R,2R)-1,2- 

diphenylethane-1,2-diol as white crystals (4.65 g, 87%) (Notes 30, 31). 

2. Notes 

1. tert-Butylchlorodimethylsilane (97%) was purchased from Aldrich 
Chemical Company, Inc. and used as received without further purification. 

2. DMF (99.9%, water content: < 0.02%) was purchased from Fisher 

Scientific and used as received without further purification. 

3. 4-Hydroxybenzaldehyde (98%) was purchased from Aldrich 
Chemical Company, Inc. and used as received without further purification. 
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4. Imidazole (99%) was purchased from Aldrich Chemical Company, 
Inc. and used as received without further purification. 

5. 4-Dimethylaminopyridine (99%) was purchased from Aldrich 
Chemical Company, Inc. and used as received without further purification. 

6. The reaction typically requires 2 h to go to completion and is 
monitored by 'H NMR spectroscopy. A small aliquot of the reaction mixture 
is removed and is treated with brine. The organic layer is separated and 
concentrated under reduced pressure (30 °C, 30 mmHg) to afford the NMR 

sample. Stirring is stopped when the ratio of the signal for the formyl proton 

of the alcohol (6 9.85, 1 H) to that of the TBS ether (5 9.89, 1 H) is less than 

0.10. 

7. Azeotropic removal of water was carried out with toluene (>99.5%, 

water content: < 0.030%) purchased from Aldrich Chemical Company, Inc. 

and used as received without further purification. 

8. The ratio of the alcohol (6 9.85, 1 H) to the TBS ether (6 9.89, 1 H) 

is 0.06. 

9. The compound exhibits the following physicochemical properties: 

Ry = 0.61 (hexanes/EtOAc, 4:1; Merck silica gel 60F-254 plate (visualized 

with 254 nm UV lamp and stained with an ethanol solution of Ce,(SO,4)3 and 

phosphomolybdic acid (Ce-PMA)); IR (neat) em™': 2956, 2930, 2859, 1701, 

1599, 1576, 1508, 1274, 1211, 1156, 909, 841, 800, 783, 705; 'H NMR (500 

MHz, CDC1;) 5: 0.25. (s, 6 H), 0.99 (s, 9 H), 6.94 (d, J = 8.5 Hz, 2H), 7.79 (d, 

J = 8.5 Hz, 2 H), 9.89 (s, 1 H); °C NMR (126 MHz, CDCI) 5: -4.4, 18.2, 

25.5, 120.4, 130.4, 131.9, 161.5, 190.9. 

10. Methanol (299.8%, water content: < 0.100%) was purchased from 

Aldrich Chemical Company, Inc. and used as received without further 

purification. 

11. Trimethyl orthoformate (99%) was purchased from Aldrich 

Chemical Company, Inc. and used as received without further purification. 

12. Pyridinium p-toluenesulfonate (98%) was purchased from Aldrich 

Chemical Company, Inc. and used as received without further purification. 

13. The reaction typically requires 3.5 h to go to completion and is 

monitored by 'H NMR spectroscopy. A small aliquot of the reaction mixture 

is removed and treated with brine. The organic layer is concentrated under 

reduced pressure (30 °C, 30 mmHg) to afford the NMR sample. Heating and 

stirring is stopped when the ratio of the signal of the aldehyde (6 9.89, | H) to 

that of the dimethyl acetal (6 5.33, 1 H) is less than 0.05 for maximizing the 

yield and reproducibility. 
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14. Silica gel (grade 9385, 60 A) was purchased from Merck (230-400 

mesh). 

15. The crude material is dissolved in eluent (5 mL) and then is 

charged onto a column (diameter = 5 cm, height = 5 cm) of 42 g of silica gel 

(slurry packed). The column was eluted with hexanes/EtOAc, 20:1 and 50-mL 

fractions were collected. Fraction 2-7 were combined and concentrated on a 

rotary evaporator under reduced pressure (30 °C, 30 mmHg). 

16. The compound exhibits the following physicochemical properties: 

Ry = 0.71 (hexanes/EtOAc, 4:1; Merck silica gel 60F-254 plate (visualized 

with 254 nm UV lamp and stained with Ce-PMA)); IR (neat) em’: 2955, 

2931, 2896, 2858, 1610, 1511, 1472, 1362, 1264, 1165, 1099, 1056, 915, 840, 

805, 781; 'H NMR (500 MHz, CDCl) 5: 0.19 (s, 6 H), 0.98 (s, 9 H), 3.31 (s, 

6 H), 5.34 (s, 1 H), 6.83 (d, J= 8.5 Hz, 2 H), 7.30 (d, J= 8.5 Hz, 2 H); °C 
NMR (126 MHz, CDCl) 8: —4.5, 18.2, 25.6, 52.6, 103.1, 119.8, 127.8, 130.9, 

155.8; MS (EI) m/z (relative intensity): 282.1 (9), 251.1 (100), 225.0 (24), 195 

(6), 179 (6), 151 (4), 137 (3), 97 (4), 75 (39); Anal. Caled for Cjs;H2603Si: C, 

63.78; H, 9.28. Found: C, 63.50; H, 9.64. 

17. (1R,2R)-1,2-Diphenylethane-1,2-diol (99%, 98% ee) was 

purchased from Aldrich Chemical Company, Inc. and used as received 

without further purification. 

18. Toluene (=99.5%, water content: < 0.030%) was purchased from 

Aldrich Chemical Company, Inc. and used as received without further 

purification. 

19. MeCN (299.9%, water content: < 0.01%) was purchased from 

Fisher Scientific and used as received without further purification. 

20. The reaction typically requires 1 h to go to completion and is 

monitored by 'H NMR spectroscopy. A small aliquot of the reaction mixture 

is removed and treated with brine. The organic layer is separated and 

concentrated under reduced pressure (30 °C, 30 mmHg) to afford the NMR 

sample. Heating and stirring is stopped when the signal for the dimethyl acetal 

(5 5.33, 1 H) is fully converted to the signal for the diphenylethane acetal (6 

6.36, 1 H). 

21. The crude material is dissolved in eluent (5 mL) and then is 
charged onto a column (diameter = 6 cm, height = 22 cm) of 345 g of silica 
gel (slurry packed). The column was eluted with hexanes/CH>Cl, 7:3 and 
50-mL fractions were collected. Fractions 17-53 were combined and 
concentrated on a rotary evaporator under reduced pressure (30 °C, 30 
mmHg). 
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22. Alternatively, the conversion to (4-((4R,5S)-4,5-diphenyl- 
1,3-dioxolan-2-yl)phenoxy)(tert-butyl)dimethylsilane could be carried out 
following the method of Noyori’ using (4-(dimethoxymethy])phenoxy)- 
(¢ert-butyl)dimethylsilane and the bis(trimethylsilyl) ether. 

23. The checkers found that the product can be crystallized by addition 
of methanol (10 mL) followed by sonication for 15 min. The murky solution 
is cooled to —-27 °C for 1 h to induce precipitation and the white solid is 
collected by filtration (10.79 g). A second crop (0.72 g) is obtained by 

sonicating the concentrated mother liquor in MeOH (5 mL) for 1 min and 

cooling to —27 °C for 1 h. 

24. The compound exhibits the following physicochemical properties: 

Ry = 0.20 (hexanes/CH2Ch, 7:3; Merck silica gel 60F-254 plate (visualized 

with 254 nm UV lamp and stained with Ce-PMA)); mp 46-47 °C (MeOH); IR 

(film) cm™': 2955, 2929, 2884, 2857, 1610, 1513, 1264, 1108, 1088, 1071, 

1013, 913, 839, 803, 781, 762, 698; 'H NMR (500 MHz, CDCI,) 8: 0.23 (s, 6 

PPO, 09-11),.4.96 (s, 2 1H), 6.36. (s, 1-H), 6.92 (d,.7 = 8.5 Hz, 2 H), 

7.30-7.39 (m, 10 H), 7.56 (d, J = 8.5 Hz, 2 H); °C NMR (126 MHz, CDCI) 

Om lib 2342)-1, 0-2, 8) 01, 104,82.120,1, 126.3,.126.9, 128.09, 128.12, 

128.50, 128.54, 128.57, 130.9, 136.6, 138.4, 156.7; MS (ESI) m/z 433.3; MS 

(EI) m/z (relative intensity): 326.2 (100), 297.2 (79), 269.1 (54), 241.1 (11), 

2201 (21), 179.15 (1,6), 149.0 9). 91.1 (19). 29381.. 27); cAnale Caled stor 

C27H3203Si1: C, 74.96; H, 7.46. Found: C, 74.69; H, 7.52. 

25. Potassium carbonate (98%, powdered, 325 mesh) was purchased 

from Aldrich Chemical Company, Inc. and used as received without further 

purification. 

26. Potassium fluoride (99%) was purchased from Alfa-Aesar and 

used as received without further purification. 

27. Hydroxylamine hydrochloride (98%) was purchased from Aldrich 

Chemical Company, Inc. and used as received without further purification. 

28. The reaction typically requires 26-37 h to go to completion and is 

monitored by 'H NMR spectroscopy. A small aliquot of the reaction mixture 

is removed and treated with brine. The organic layer is separated and 

concentrated under reduced pressure (30 °C, 30 mmHg) to afford the NMR 

sample. Heating and stirring is stopped when the ratio of the signal for the 

protected diol (6 4.96, 2 H) to that for the starting diol (5 4.70, 2 H) is less 

than 0.05 to maximize the yield and reproducibility. 

29. The salt generated in the reaction causes some emulsion during the 

extraction. 
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30. To crystallize the product, the residue is dissolved in hot 

EtOAc/hexanes, 3:2 (100 mL). The solution is then cooled to room 

temperature and left in a freezer at—27 °C for 2h. The colorless crystals are 

collected by filtration (4.01 g). A second crop of crystals (0.64 g) is obtained 

by dissolving the concentrated mother liquor in hot EtOAc/hexanes, 3:2 (13 

mL) followed by the same cooling procedure. 

31. The compound exhibits the following physicochemical properties: 

Ry = 0.52 (hexanes/EtOAc, 1:1; Merck silica gel 60F-254 plate (visualized 

with 254 nm UV lamp and stained with Ce-PMA)); mp 146-147 °C 

(hexane/EtOAc); IR (KBr) cm: 3499, 3393, 2895, 1452, 1385, 1198, 1178, 

1045, 1013, 846, 777, 747, 705, 695; 'H NMR (500 MHz, CDCl) 6: 2.92 (s, 2 

H), 4.70 (s, 2 H), 7.10-7.14 (m, 4 H), 7.21-7.25 (m, 6 H); °C NMR (126 

MHz, CDCl;) 6: 79.1, 126.9, 127.9, 128.1, 139.8; MS (ED) m/z (relative 

intensity): 214.1 (< 0.5%), 107.0 (100), 79.1 (81); Anal. Caled for C,4H,4O2: 

C, 78.48; H, 6.59. Found: C, 78.56; H, 6.66. 

Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academic 

Press; Washington, DC, 1995S. 

3. Discussion 

Protection and deprotection of functional groups play a critical role in 

successful synthesis of multifunctionalized, complex molecules. Among a 

variety of protecting groups on 1,2-diols,’ the most frequently used ones are 

cyclic acetals and ketals. However, since their deprotections generally require 

strongly acidic conditions, these protecting groups are generally incompatible 
with acid-labile functional groups. During the course of synthetic studies on 
leustroducsin B*, we devised a novel benzylidene-type protecting group, 
p-(tert-butyldimethylsilyl-oxy)benzylidene group? (Scheme }):coit hes 
protecting group could be removed under a mild two-step sequence, 
desilylation of the phenolic hydroxyl group with (HF);Et;N and the 
subsequent treatment with weakly acidic conditions (AcOH-THF -H,0). 
Exploitation of this protective group was the key to achieve the total synthesis 
of leusroducsin B bearing highly acid-sensitive functionalities. 
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Scheme 1. Mild Acidic Deprotection of a Novel Benzylidene-Type 

Protecting Group. 

Further investigations on the utility of this newly developed protective 

group revealed that this group could also be removed in a single step under 

mild basic conditions (Scheme 2). Thus, treatment of the 

p-hydroxybenzylidene acetal with K,CO; in MeOH-H;0 at 70 °C gave the 

corresponding diol in almost quantitative yield. Furthermore, addition of 

NH.,OH:HCI and CsF dramatically facilitated the deprotection process and the 

single-step deprotection of the TBS ether took place smoothly. Trapping of 

the liberated p-hydroxybenzaldehyde with hydroxylamine would accelerate 

the deprotection process under the equilibrium conditions. 

OR KyCO3 (5 eq) 
MeOH-H;0 (4:1) 

OH 70 °C, 9h, 97% 
(R =H) or OH 

O KCO3 (5 eq), CsF (1 eq) wee 
oO NH,OH-HCI (5 eq) 

MeOH-H20 (4:1) 

70 °C, 1.3 h, 93% 
(R = TBS) 

Scheme 2. Single-Step Deprotection under Basic Conditions 

As shown in Table 1, acid-labile functional groups such as the THP 

ether and triphenymethyl group were unaffected during the deprotection 

process. While benzyl ester could not tolerate these basic conditions, more 
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robust pivaloyl ester survived. 

Table 1. 

Basic Conditions* 

Chemoselective Deprotection of the Benzylidene-Group under 

(p-TBSO)CgH, (p-TBSO)CgHy 
O OTHP 7-0 

J 0 pS J oT; 
3 

2.5 h, 93% oth, 91% 

Ese ears . (p-TBSO)CgHy 

& 90 
OPiv ORI. Sion: 

3.5 h, 92% 1.5 h, 29%? 

“Conditions: KyCO3 (5 equiv), NH,OH-HCI (5 equiv), CsF (1 equiv), MeOH-H>O 

(4:1), 70 °C. Hydrolysis of benzoyl group occurred. 

1. Graduate School of Pharmaceutical Sciences, University of Tokyo, 7-3-1 

Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 

2. Graduate School of Pharmaceutical Sciences, Tohoku University, 

Aramaki, Aoba-ku, Sendai 980-8578, Japan. 

3. Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis, 

4th ed.; Wiley & Sons: New York, 2006; p 321. 

4. Shimada, K.; Kaburagi, Y.; Fukuyama, T. J. Am. Chem. Soc. 2003, 125, 

4048-4049. 

5. Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis, 
4th ed.; Wiley & Sons: New York, 2006; p 339. (b) Kaburagi, Y.; 
Osajima, H.; Shimada, K.; Tokuyama, H.; Fukuyama, T. Tetrahedron 
Lett. 2004, 45, 3817-3821. 

Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

tert-Butyldimethylsily! chloride: Silane, chloro(1,1-dimethylethyl)dimethy1-; 
(18162-48-6) 
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4-Hydroxybenzaldehyde: Benzaldehyde, 4-hydroxy-; (123-08-0) 
Imidazole: 1H-Imidazole; (288-32-4) 

4-(Dimethylamino pyridine: 4-Pyridinamine, N,N-dimethyl-; (1122-5 8-3) 
Trimethyl orthoformate: Methane, trimethoxy-; (149-73-5) 
Pyridinium p-toluenesulfonate: Benzenesulfonic acid, 4-methyl-, compd. with 

pyridine (1:1); (24057-28-1) 

(1R,2R)-1,2-Diphenylethane-1,2-diol: 1,2-Ethanediol, 1,2-diphenyl-, (1R,2R)-; 

(52340-78-0) 

Potassium fluoride: Potassium fluoride (KF); (7789-23-3) 

Potassium carbonate: Carbonic acid, potassium salt (1:2); (584-08-7) 

Hydroxylamine hydrochloride: Hydroxylamine, hydrochloride (1:1); 

(5470-11-1) 

Tohru Fukuyama received his Ph.D. in 1977 from Harvard 
University with Yoshito Kishi. He remained in Kishi’s group 

as a postdoctoral fellow until 1978 when he was appointed as 

_ Assistant Professor of Chemistry at Rice University. After 

seventeen years on the faculty at Rice, he returned to his home 

country and joined the faculty of the University of Tokyo in 

1995, where he is currently Professor of Pharmaceutical 

_ Sciences. He has primarily been involved in the total 
synthesis of complex natural products of biological and 

medicinal importance. He often chooses target molecules that 

require development of new concepts in synthetic design 

and/or new methodology for their total synthesis. 

Hiroyuki Osajima was born in Nishio, Aichi in 1978. He 
received his B.S. in 2003 and M.S. in 2005 from the University 
of Tokyo under the direction of Professor Tohru Fukuyama. 

During his M.S. studies, he worked on the development of the 
new benzylidene-type protecting group and synthetic studies 
toward pyrroloacridine alkaloid, plakinidines. Currently, he 

works for Tokyo CRO, Inc. as a CMC regulatory consultant. 
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Hideto Fujiwara was born in Iwate, Japan in 1984. He received 

his B.S. in 2007 from Tohoku Pharmaceutical University, 

where he carried out undergraduate research in the laboratories 
of Professor Yasuyuki Endo. In the same year, he started his 

doctoral studies at Graduate School of Pharmaceutical 

Sciences, Tohoku University under the supervision of 
Professor Hidetoshi Tokuyama. His current research interest is 

total synthesis of natural products. 

Kentaro Okano was born in Tokyo in 1979. He received his 

B.S. in 2003 from Kyoto University, where he carried out 

undergraduate research under the supervision of Professor 
Tamejiro Hiyama. He then moved to the laboratories of 
Professor Tohru Fukuyama, the University of Tokyo and 

started his Ph.D. research on synthetic studies toward antitumor 

antibiotic yatakemycin by means of the copper-mediated aryl 

amination strategy. In 2007, he joined the faculty of Tohoku 

University, where he is currently an assistant professor in 

Professor Hidetoshi Tokuyama’s group. His current research 

interest is natural product synthesis based on the development 
of new synthetic methodologies. 

Hidetoshi Tokuyama was born in Yokohama in 1967. He 

received his Ph.D. in 1994 from Tokyo Institute of Technology 
under the direction of Professor Ei-ichi Nakamura. He spent 
one year (1994-1995) at the University of Pennsylvania as a 
postdoc with Professor Amos B. Smith, III. He joined the 
group of Professor Tohru Fukuyama at the University of Tokyo 
in 1995 and was appointed as Associate Professor in 2003. In 
2006, he moved to Tohoku University, where he is currently 
Professor of Pharmaceutical Sciences. His research interest is 
on the development of synthetic methodologies and_ total 
synthesis of complex natural products. 

Wen-Tau T. Chang obtained his BSc (Hon.) from the 
University of Auckland, New Zealand in 2005. Under the 
guidance of Assoc. Prof. Brent Copp, he investigated 
compounds with 4-thiazolidinone scaffold against the cell 
growth of Mycobacterium tuberculosis. In 2006, he began his 
graduate studies at the University of [Illinois at 
Urbana-Champaign and joined the research group of Prof. 
Scott Denmark. His research interests include the 
transition-metal catalyzed transformation of 
organosilanol(ate)s. 
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| SYNTHESIS OF 2-[3,3’-DI-(TERT-BUTOXYCARBONYL)- 
_ AMINODIPROPYLAMINE]-4,6,-DICHLORO-1,3,5-TRIAZINE AS A 

MONOMER AND 1,3,5-[TRIS-PIPERA ZINE]-TRIAZINE AS A 
CORE FOR THE LARGE SCALE SYNTHESIS OF MELAMINE 

(TRIAZINE) DENDRIMERS 
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1. Procedure 

Caution! Cyanuric chloride is a lachrymator and causes burns on contact 

with the skin. All operations with this reagent should be carried out in a 

well-ventilated hood. 

A. 3,3’-Di-(tert-butoxycarbonyl)-aminodipropylamine. A 1-L, 

three-necked, round-bottomed flask equipped with a magnetic stirrer, a 

500-mL addition funnel, a temperature probe and a static nitrogen inlet is 

charged with 3,3'-diaminodipropylamine (28.2 mL, 0.20 mol, 1.0 equiv) 

(Note 1), 300 mL _ of tetrahydrofuran (Note 1), and WNJ- 

diisopropylethylamine (100 mL, 0.57 mol, 2.8 equiv) (Note 1). A 500-mL 

Erlenmeyer flask is charged with 2-(tert-butoxycarbonyloxyimino)-2- 

phenylacetonitrile (BOC-ON) (100 g, 0.41 mol, 2.0 equiv) (Note 1) and 300 

mL of tetrahydrofuran. The resulting solutions are separately stirred at 0 °C 

for 30 min (Note 2). The BOC-ON solution is then transferred to the 

addition funnel and added dropwise to the solution of 3,3'- 

diaminodipropylamine over a 90-100 min period. After addition is complete, 

the solution is left to stir at 0 °C for 3 h, warmed to ambient temperature, 

and left to stir for an additional 20 h. The solvent is removed using a rotary 

evaporator at 39 °C (Note 3) and the residue is dissolved in 400 mL of 

dichloromethane (Note 1). The organic solution is washed with 10% NaOH 

(3 x 200 mL) (Notes | and 4), a saturated, aqueous solution of sodium 

chloride (1 x 300 mL) (Note 1), and dried over sodium sulfate (Note 1). 

Following filtration, the solvent is removed using a rotary evaporator at 32— 

39°C (Note 3) to afford the product as an oily material which is precipitated 
as an off-white solid by addition of hexane (500 mL) (Note 1) and traces of 
MeOH (3 mL) (Note 1). After standing in the freezer for 24 h, the solids are 
filtered, washed with hexane, and dried under vacuum overnight to provide 
the product as an off-white solid (54.2-55.9 g, 82-84 %), mp 68.1—70.0 °C 
(Notes 5 and 6). 

B. 2-[3,3'-Di-(tert-Butoxycarbonyl)-aminodipropylamine]-4, 6- 
dichloro-1,3,5-triazine. A 3-L, three-necked, round-bottomed flask equipped 
with a mechanical stirrer, static nitrogen inlet and 1-L addition funnel is 
charged with cyanuric chloride (30.5 g, 0.165 mol, 1.00 equiv) (Note 1) and 
300 mL of acetone (Note 1). The resulting solution is left to stir at 0 °C for 1 
h (Note 7). A cooled solution of 3,3’-di-(tert-butoxycarbony])- 
aminodipropylamine (54.9 g, 0.166 mol, 1.01 equivalent) in acetone (686 
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mL) is then added dropwise to the cyanuric chloride solution over a period 
of 3 h (the internal temperature remained at or below 2 °C during this 
addition). A white suspension forms during the course of addition. Sodium 
bicarbonate (13.9 g, 0.166 mol, 1.00 equiv) (Note 1) in water (195 mL) is 
added dropwise over a period of 1 h. A yellow mixture is obtained after 
complete addition. The resulting solution is left to stir at 0 °C for 3 h, which 
resulted in the formation of a white suspension. The mixture is allowed to 

warm to ambient temperature and stirred for an additional 15 h. The reaction 

mixture is concentrated without filtration (to approximately 200 mL) on a 

rotary evaporator at 31-40 °C (Note 3). The resulting aqueous suspension is 

filtered. The solids are dissolved in 600 mL of dichloromethane (Note 1). 

The organic phase is washed with water (3 x 250 mL), and a saturated, 

aqueous solution of sodium chloride (300 mL) (Note 1). The organic layer is 

dried with sodium sulfate (Note 1), filtered, and the solvent is concentrated 

using a rotary evaporator at 40 °C (Note 3). The resulting solids are dried 

under vacuum (Note 5) to provide the product as an off-white solid (76.5 g, 

0.160 mol, 96 %), mp 122.4-125.7 °C (Notes 8, 9 and 10). 

G. 1,3,5-[Tris-N-(tert-butoxycarbonyl)-piperazine]-triazine. A 2- 

L, three-necked, round-bottomed flask equipped with a magnetic stirrer, 

reflux condenser, temperature probe, glass stopper and static nitrogen inlet is 

charged with cyanuric chloride (10.0 g, 54.2 mmol, 1.00 equiv) (Note 1) and 

tetrahydrofuran (1 L) (Note 1?). N-(tert-Butoxycarbonyl)-piperazine (34.0 

g, 183 mmol, 3.38 equiv) (Note 1) is added in ~10 g portions over 17 min 

(during the addition, the temperature rose from 20 to 28 °C; an ambient 

temperature water bath was used to moderate the exotherm). White solids 

are formed in the reaction mixture during the addition of the piperazine. 

N,N-Diisopropylethylamine (96.2 mL, 552 mmol, 10.2 equiv) (Note 1) is 

added, and the reaction mixture is stirred at ambient temperature for 1 h, 

then heated to an internal temperature of 66 °C for 20 h at which point the 

reaction was judged to be complete by HPLC (Note 11). Upon cooling to 

ambient temperature, a white precipitate forms (Note 12). The solvent is 

removed using a rotary evaporator at 31 °C (Note 3). The white residue is 

taken up in dichloromethane (300 mL) (Note 1) and washed with water (2 x 

150 mL), 10% NaHSO, (2 x 150 mL) and a saturated, aqueous solution of 

sodium chloride (2 x 100 mL) (Note 1). The organic layer is dried over 

anhydrous sodium sulfate (Note 1), filtered, and the solvent is removed 

using a rotary evaporator at 35-41 °C (Note 3). The resulting white solids 
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are granulated in EtOAc (35 mL, ca. | mL/g) (Note 1) to yield a white 

crystalline material (31.0-32.0 g, 90-93 %), mp 223.4-226.1 °C (Note 13). 

D. —_1,3,5-[Tris-piperazine]-triazine. A 1-L, three-necked, round- 

bottomed flask, fitted with a magnetic stirrer, condenser, nitrogen inlet, and 

250 mL addition funnel is charged with 1,3,5-[N-(tert-butoxycarbonyl)- 

piperazine]-triazine (27.9 g, 44.1 mmol, 1.00 equiv) and 286 mL of 

methanol (Note 1). The solution is left to stir at 0 °C for 30 min. A solution 

of 153 mL (0.918 mol, 21 equiv) of 6N hydrochloric acid (Note 1) is then 

added over 70 min keeping the temperature at ~ 1 °C and the resulting light 

yellow slurry is left to stir at 0 °C for 2 h (Note 2). The reaction slurry is 

then allowed to warm to ambient temperature over 3 h and then slowly 

heated to an internal temperature of 40 °C for 12 h (the slurry became 

homogeneous at 27 °C). Off-gassing was observed as the temperature 

increased. The volatile organic components are removed using a rotary 

evaporator 34-40 °C (Note 3) until only ca. 100 mL of water remains. The 

resulting aqueous solution is cooled to 0 °C and made alkaline (pH = 14) by 

addition of 237 mL (657 mmol, 15 equiv) of a 10% NaOH solution (Note 1). 

The resulting alkaline solution is extracted with chloroform (3 x 250 mL) 

(Note 1), and the organic phases are combined and dried over sodium sulfate 

(Note 1). The solvent is filtered and evaporated at 34 °C (Note 3) to afford 

the product as a white solid (14.1 g, 96 %), mp 200-208 °C (Notes 14 and 

5): 

2. Notes 

1. All solvents and reagents were purchased from commercial 

suppliers and used as_ received. Acetone (99.5%), 2-(tert- 

butoxycarbonyloxyimino)-2-phenylacetonitrile (BOC-ON), chloroform 

(99.8%), 3,3'-diaminodipropylamine (98%), dichloromethane (99.6%), N,N- 

diisopropylethylamine (99%), methanol (99.8%), sodium chloride, sodium 

sulfate (anhydrous) and tetrahydrofuran (99.9%, anhydrous) were purchased 

from Sigma-Aldrich. Cyanuric chloride was purchased from Alfa Aesar. N- 

Boc-piperazine was purchased from AK Scientific. Hydrochloric acid and 

sodium bicarbonate were purchased from J. T. Baker. Sodium hydroxide 

was purchased from Fisher Scientific. Hexanes (98.5%) were purchased 

from Mallinckrodt. 
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2. All reactions were performed in an ambient-temperature lab (€a. 23 
°C). The submitters performed all experiments in a walk-in cold room (0 
°C). 

3. All solvent evaporations were performed using a rotary evaporator 
using appropriate temperature and pressure to afford efficient concentration 
(THF: 75-150 mmHg; CH,Cl,: 200-300 mmHg; acetone: 200-300 mmHg; 

CHCl; and methanol: 15-75 mmHg). 

4. The first and second extractions resulted in a yellow aqueous 

solution (color of the byproduct of BOC-ON), while the third extraction 

gave a clear aqueous solution. 

5. All products were dried using a Biichi vacuum pump with a 

vacuum pressure of 76 mmHg. 

6. The product has the following spectral characteristics: TLC R; = 

0.0 (silica gel 60 Fys4 EMD Chemicals, Inc. in 5:95 

methanol:dichloromethane); IR (neat) cm’': 3342, 2975, 2931, 1686, 1518, 

1365, 1273, 1250, 1168; 'H NMR (400 MHz, CDCl) 8: 1.41 (s, 18 H), 

1.60—1.66 (m, 4 H), 2.63 (t, 4 H, J = 6.6), 3.15-3.20 (br, 4 H), 5.2 (br, 2 H); 

"°C NMR (100 MHz, CDCI) 8: 28.4(s), 29.7 (s), 38.9 (s), 47.4 (s), 78.9 (s), 

156.1 (s); MS (CD), m/z 332.2 (M+H). Anal. Caled for C;6H33N304: C, 57.98; 

H, 10.04; N, 12.68. Found: C, 57.86; H, 9.84; N, 12.51. 

7. The submitters noted that after 1 h at 0 °C, undissolved cyanuric 

chloride remained visiblje in the reaction flask (estimated at 10-20% of the 

initial charge). The presence of this material does not adversely affect the 

reaction. The checkers observed a homogeneous solution at this stage. 

8. During melting point determination, some bubbling was observed 

above 125 °C. 

9. The product has the following characteristics: TLC Ry= 0.3 (silica 

gel 60 Fs4, EMD Chemicals, Inc. in 5% methanol:dichloromethane); IR 

(neat) cm: 3349, 2976, 1691, 1573, 1475, 1233, 1160, 847, 733; 'H NMR 

(400 MHz, CDCl.) 6: 1.41 (s, 18 H), 1.77 (tt, apparent quintet, 4 H, J = 6.6), 

3.07-3.12 (br/quartet-depending on sample concentration, 4 H), 3.60 (t, 4 H, 

J = 7.1), 5.05 (br, 2H); "°C NMR (100 MHz, CDCl) 5: 27.7 (s), 28.3 (s), 

37.3 (s), 44.9 (s), 79.3 (s), 156.0 (s), 164.7 (s), 170.1 (s); MS (CI): m/z 479, 

379. Anal. Caled for C}9H32ClNeO,: C, 47.60; H, 6.73; N, 17.54; Cl, 14.79. 

Found: C, 47.87; H, 6.82; N, 17.48; Cl, 14.47. 

10. In a second run using 53.2 g of the starting di-(BOC)- 

dipropylamine, 71.5 g of product was obtained (93%). 

Org. Synth. 2009, 86, 141-150 145 



11. The reaction was monitored by HPLC on a 4.6 x 50 Zorbax C-8 

column at 30 °C with a flow rate 0.7 mL per min of eluent composed of 

95% of 0.5% HClO, and 5% ACN. RT cyanuric chloride = 6.68 min, RT 

product =11.54 min. Also TLC (silica gel, 5% methanol:dichloromethane), 

R-(product) = 0.35, Silica Gel 60 Fosq, EMD Chemicals, Inc. 

12. The precipitate corresponds to the formation of the hydrochloride 

salt of N,N-diisopropyl ethylamine. 

13. The product has the following characteristics: TLC, Ry 0.35 (silica 

gel 60 F2s4, EMD Chemicals, Inc. in 5% methanol:dichloromethane); IR 

(neat) cm: 1679, 1535, 1419, 1227, 998, 725; 'H NMR (400 MHz, CDCl) 

5: 1.46 (s, 27 H), 3.42 (m, 12 H), 3.72 (m, 12 H); '5C NMR (100 MHz, 

CDCl) 8: 28.4, 43.0, 79.9, 154.8, 165.2; MS (CI) m/z 634.3; Anal. Caled 

for C3pHs5;NoO¢: C, 56.85; H, 8.11; N, 19.89. Found: C, 56.69; H, 8.26; N, 

19.82. 

14. In a second run, 29.2 g of starting triazine provided 14.5 g of 

product (94%). 

15. The product has the following characteristics: TLC Ry= 0.0 (silica 

gel 60 F254, EMD Chemicals, Inc. in 10% methanol:dichloromethane); IR 

(neat) cm”: 3278, 2846, 1523, 1433, 1242, 1007, 806, 728; 'H NMR (400 

MHz, CDCI;) 5: 1.62 (s, 3 H), 2.81 (t, 12 H, J= 5.0), 3.68 (t, 12 H, J = 5.0); 

'3C NMR (100 MHz, CDCl;) 5: 44.3, 46.0, 165.2; MS (CI) m/z 334.4 Anal. 

Calcd for C;sH27No: C, 54.03; H, 8.16; N, 37.81. Found: C, 53.72; H, 8.32; 

N, 37.48. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

s-Triazines have seen applications as precursors for polymers,’ as 

scavenging resins in organic manipulations,’ as components of host—guest 

assemblies,’ as ligand scaffolds for catalysis, and in medicinal chemistry.° 

The appeal of the s-triazine core is largely due to the ease of systematic 

substitution of the chlorine atoms with amine nucleophiles to generate a 

variety of structures. Consecutive substitution reactions with amine 
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nucleophiles can proceed in a one-pot procedure: the first substitution on 
cyanuric chloride occurs in minutes at 0 °C; the second substitution occurs 
in 12-24 hours at ambient temperature; the third substitution typically 
occurs in 12—24 hours and requires temperatures above 80 °C.’ 

Our interest in s-triazines derives from their use in dendrimer 
synthesis.° Triazine dendrimers offer distinct advantages including tractable 
syntheses and reactivity that can be efficiently manipulated in a stepwise 

manner to construct pure monodisperse products with unique compositional 

diversity.” This paper describes the use of 1,3,5-triazine in the synthesis of 2- 

[3,3’-di-(tert-butoxycarbonyl)-aminodipropylamine]-4,6,-dichloro-1,3,5- 
triazine as a building block and 1,3,5-[tris-piperazine]-triazine as a core. 

The building block, a dichloro-1,3,5-triazine substituted with a 

branching group presenting two Boc-protected amines, is available in 96% 

overall yield from the reaction of cyanuric chloride with 3,3’-di-(tert- 

butoxycarbonyl)-aminodipropylamine in acetone-water, without 

chromatographic purification. The latter is prepared from the reaction of 

3,3'-diaminodipropylamine with BOC-ON in THF under simple 

experimental conditions. This building block can be regarded as AB,B' 

(where A is the first chloride displaced via nucleophilic aromatic 

substitution, B' is the second chloride to be displaced, and B represents the 

BOC-protected amines). It undergoes clean, stepwise nucleophilic aromatic 

substitution (SyAr) reactions to afford intermediate monochlorotriazine 

bearing macromolecules. 

The synthesis of the core proceeds by the reaction of cyanuric 

chloride with N-(tert-butoxycarbonyl)-piperazine in THF at 66 °C in the 

presence of N,N-diisopropyl ethylamine at moderate reaction times (16 h) 

(Step C). Cleavage of the BOC-group using 6N hydrochloric acid in 

methanol at 0 °C for 3 h and at room temperature for 12 h followed by 

neutralization affords the desired product in high yield (Step D). The 

synthesis of higher generation dendrimers relies on iterative addition of the 

AB,B' building block to core structure followed by capping and deprotection 

steps.'° 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

3,3’-Diaminodipropylamine; (56-18-8) 

2-(tert-Butoxycarbonyloxyimino)-2-phenylacetonitrile; (58632-95-4) 

Cyanuric chloride; (108-77-0) 
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N-(tert-Butoxycarbonyl)-piperazine; (57260-71-6) 

N,N-Diisopropyl ethylamine; (7087-68-5) 

2-[3,3’-Di-(tert-butoxycarbony1)-aminodipropylamine]-4,6-dichloro-1,3,5- 

triazine; 12-Oxa-2,6,10-triazatetradecanoic acid, 6-(4,6-dichloro- 

1,3,5-triazin-2-yl)-13,13-dimethyl-11-oxo-, 1,1-dimethylethyl ester; 

(947602-03-1) 

1,3,5-[Tris-piperazine]-triazine: 1,3,5-Triazine, 2,4,6-tri-1-piperazinyl-; 

(19142-26-8) 
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LARGE SCALE, GREEN SYNTHESIS OF A GENERATION-1 

MELAMINE (TRIAZINE) DENDRIMER 

NHBoc 
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Submitted by Abdellatif Chouai, Vincent J. Venditto, and Eric E. Simanek.! 

Checked by Brian C. Vanderplas and John A. Ragan. 

1. Procedure 

A. GI-[N(CH)CH)CH2NHBoc)2]5-Cl;. In a 4-L, 4-necked, jacketed 

reaction vessel equipped with a 250-mL addition funnel, temperature probe, 

static N> and mechanical stirrer, 2-[3,3’-di-(tert-butoxycarbonyl)- 

aminodipropylamine]-4,6-dichloro-1,3,5-triazine (73.0 g, 0.152 mol, 3.5 

equiv) (Note 1) is dissolved in acetone (1 L) (Note 2) and cooled to 0 °C 

(Note 3). Separately, a chilled solution of 1,3,5-[¢ris-piperazine]-triazine 

(14.5 g, 43.5 mmol, 1.0 equiv) (Note 4) in HO (500 mL) is prepared and 

treated with a solution of sodium carbonate (46.1 g, 0.435 mol, 10 equiv) 
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(Note 5) in 250 mL of H,O. This solution is left to stir at 0 °C for 30 min. 

The resulting aqueous solution is added in a dropwise fashion to the acetone 

solution at 0 °C over a period of 2 h. The white suspension obtained after 

complete addition is left to stir at 0 °C for 2.5 h before warming gradually to 

21 °C, and then stirred for an additional 20 h (Note 6). The white solid is 

collected by filtration on a 15 cm-diameter Biichner funnel. The reaction 

vessel is rinsed with 500 mL water, which is subsequently used to wash the 

filter cake (Notes 7 and 8). The wet solids are transferred back to the rinsed 

reaction vessel and dissolved in CH2Cl, (1.5 L) (Note 9), washed with water 

(3 x 200 mL) (Note 10), a saturated, aqueous solution of sodium chloride (1 

x 1.5 L) (Note 11), and then dried with 230 g sodium sulfate (Note 12). 

Following filtration, the solvent is removed using a rotary evaporator at 30 

°C (Note 8) and dried under vacuum (Note 13) to yield an off-white crude 

material (76.1 g) (Note 14). This material is used in the next step without 

further purification (Note 15, 16, and 17). 

B. G1-[N(CH>CH;CH,NHBoc)]s-Piperidine;. In a 4-L, 4-necked, 

jacketed reaction vessel (Note 3) equipped with a temperature probe, static 

N> inlet, glass stopper and mechanical stirrer, Gl- 

[N(CH,CH,CH;NHBoc))]-Cl; (74.8 g, 43.5 mmol, 1.0 equiv) (Note 18) is 

suspended in acetone (3 L) (Note 2) and left to stir at 0 °C for 1 h. Piperidine 

(79.3 mL, 68.4 g, 803 mmol, 18.5 equiv) (Note 19) is added in a single 

portion and the mixture is stirred at 0 °C for 4h. A white suspension started 

to form after 30 min. The mixture is warmed to 21 °C and stirred for an 

additional 20 h, at which time the reaction was judged to be complete by 

HPLC (Note 20). The resulting suspension is filtered, washed with acetone 

(100 mL), and air dried overnight to afford 97.3 g of a white solid (Note 21). 

The white solid is dissolved in CHCl, (1000 mL) (Notes 9 and 22), 

transferred to a 2-L separatory funnel and washed with a 5% HCI solution (4 

x 300 mL) (Notes 23 and 24), 5% NaOH solution (1 x 300 mL) (Note 25), 

and a saturated, aqueous solution of sodium chloride (1 x 300 mL) (Note 

11). The organic phase is dried over sodium sulfate (108 g) (Note 12) and 

the solvent is removed on a rotary evaporator at 30 °C (Note 8) to afford an 

off-white solid that is dried in a vacuum oven for 96 h (Note 13) to provide 

67.4 g of the title product (86% yield over two steps) (Notes 26, 27 and 28). 

152 Org. Synth. 2009, 86, 151-160 



2. Notes 

btovThe building block, 2-[3,3’-di-(tert-butoxycarbony]l)- 

aminodipropylamine]-4,6-dichloro-1,3,5,-triazine, was prepared by the 

reaction of cyanuric chloride with 3,3’-di-(tert-butoxycarbonyl)- 

aminodipropylamine in acetone-water. This procedure is described in the 

preceding Organic Syntheses preparation. 

2. Acetone was obtained from J. T. Baker and used as received. 

3. All reactions were performed in a 4-L jacketed reaction vessel 

(see photograph below). Temperature was controlled via circulating coolant 

through the vessel jacket. The submitters performed all reactions in standard 

round-bottomed glassware in a walk-in cold room with a temperature of 0 

°C. The checkers utilized the jacketed reactor for convenience, but believe 

that standard glassware with ice-bath cooling could be used with equal 

success. 

4. The core, 1,3,5-[tris-piperazine]-triazine, was prepared in two 

steps from the reaction of cyanuric chloride with N-(tert-butoxycarbonyl)- 

piperazine in tetrahydrofuran followed by deprotection using 6N 

hydrochloric acid in methanol. This procedure is described in the preceding 

preparation. 

5. Sodium carbonate was purchased from J. T. Baker. 

6. Monitoring the reaction mixture by TLC (SiO:, 20:1 

CH>Cl,:CH;OH) confirmed that the reaction was complete. Furthermore, a 
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ninhydrin test showed that all of the 1,3,5-[tris-piperazine]-triazine had been 

consumed (this material appears as a purple spot at the baseline). 

7. The mother liquor was concentrated to a volume of 

approximately 700 mL and the precipitated solids were collected. HPLC 

analysis showed this second crop to be almost entirely unreacted 

C3N3[N(CH:CH2CH2,NHBoc),]Cl, and was therefore discarded. 

8. All solvent evaporations were performed using a rotary 

evaporator at a vacuum pressure of 75-200 mmHg. 

9. Dichloromethane was obtained from J. T. Baker and used as 

received. 

10. Separations were fast with sharp phase interfaces. The first 

aqueous wash was hazy, subsequent washes were clear. HPLC confirmed 

there was essentially no product in the aqueous washes. The submitters 

reported a thick emulsion during the extraction; this discrepancy may be 

related to their collection of a second crop of solids from the mother liquors 

(see Note 7). 

11. Sodium chloride was purchased from J. T. Baker. 

12. Anhydrous sodium sulfate was purchased from Sigma-Aldrich. 

13. All products were dried in a vacuum oven at 38 °C, 200 mmHg 

pressure with a slow nitrogen sweep. 

14. TLC and HPLC analysis of this material showed the presence of 

the desired product. 

15. A small amount of the Step A product was purified for spectral 

characterization using column chromatography on silica gel eluting with 

10% EtOAc:CH,Cl, to give first the unreacted starting material 

C3N3[N(CH2CH2CH,NHBoc),|Cl, as a white solid followed by (50:50) 

EtOAc:CH;Cl, to give the product as a white solid. 

16. The exact melting point for this compound could not be 

measured. The submitters report that the product formed a viscous oil, which 

stuck to wall of the melting tube at 87-90 °C and then become less viscous 

at 212-216 °C, where it proceeded to fall to the bottom of the melting tube 

and boil. The checkers also observed no sharp melting point, and found the 

material to gradually soften to a viscous oil at 112-118 °C. 

17. The product has the following characteristics: TLC Ry = 0.28 

(Silica Gel 60 F254, EMD Chemicals, Inc., 20:1 CH2Cl,:CH3;0H); IR (KBr 

pellet) cm’: 3375, 2976, 2931, 1713, 1571, 1539, 1493, 1437, 1390, 1367, 

1248, 1167, 1081, 1041, 999, 983, 880, 801, 620, 465; 'H NMR (400 MHz, 

CDCl;) 6: 1.44 (s, 54 H, C(CH3)3), 1.75 (m, 12 H, NCH,CH);), 3.08 (m, 12 
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H, CH,NHBoc), 3.57 (m, 12 H, Boc-NCH)), 3.82 (m, 24 H, CH,, 
piperazine), 4.84 (br, 3 H, NH), 5.58 (br, 3 H, NH); °C NMR (100 MHz, 
CDCls) 8: 28.0 (s, NCH2CHp), 28.1 (s, NCH,CH)), 28.6 (s, C(CH3)3), 28.7 
(s, C(CH3)s), 37.0 (s, CH,NHBoc), 38.0 (s, CH2NHBoc), 42.9 (s, CH»), 43.1 
(s, CH2), 43.6 (s, CH, piperazine), 44.1 (s, CH»), 79.1 (s, C(CH3)3), 79.5 (s, 
C(CH3)s), 156.1 (s, C(O)), 156.4 (s, C(O)), 164.6 (s, C3N3), 165.2 (s, C3N3), 
165.4 (s, C3N3), 169.6 (s, C3N3); HRMS (Thermo LTQ FT Ultra): Calcd for 
(M+H): 1660.8746. Found: 1660.87555. Anal caled for C7Hj29Cl;N>70 19: 

@./)2.025-Fy 7.:28N;)22:7533Cl,6.40» Found: €;52:14H, 7:30;-N; 22.63; 

Cl, 6.48. 

18. Molar amount assumed based on a 100% yield in Step A. 

19. Piperidine was purchased from Acros Chemical Co., Inc. and 

used as received. 

20. Starting material and final product are resolved in the submitter’s 

TLC system (SiO, 5% CH;0H:CH2Cl,), but the intermediate mono- and 

bis-piperidine adducts are not distinguishable from product. The following 

HPLC system gives baseline resolution of starting material, product, and the 

mono- and bis-piperidine intermediates: Halo C18 column, 4.6 x 50 mm, 2.7 

um, 50 °C, 1.5 mL/min, 280 nm UV detection. Mobile phase: 95/5 0.5% 

HC10,/acetonitrile, gradient to 5/95 HC1O,/acetonitrile over 3 minutes, 

isocratic hold for 4 min, gradient to 95/5 0.5% HC1O,/acetonitrile over 7 

min. R, of G1-[N(CH2»CH2CH2,NHBoc),]s-Cl; = 4.07 min; R; of Gl- 

[N(CH,CH2CH,NHBoc),]6-Cl, + piperidine; = 3.91 min; R, of Gl- 

[N(CH,CH2CH2,NHBoc),]6-Cl + piperidine: = 3.76 min; R; of Gl- 

[N(CH2CH2,CH2,NHBoc),|¢-Piperidine; = 3.59 min. 

21. TLC analysis of the crude compound showed one spot under UV- 

lamp; however, after a ninhydrin stain a second spot was observed at the 

baseline corresponding to the presence of piperidine. 

22. The checkers noted that if the crude product is dried overnight in 

a vacuum oven at this stage (38 °C, 200 mmHg, N>-sweep), the material 

requires approximately twice as much dichloromethane to redissolve (ca. 20 

mL/g). However, if it is air-dried, the solubility described in the current 

procedure is observed (10 mL/g). This suggests that during drying a less- 

soluble, anhydrous solid form is generated. 

23. Hydrochloric acid was reagent-grade and obtained from Sigma- 

Aldrich. 

24. After four extractions with 5% HCl, a ninhydrin stain confirmed 

the disappearance of piperidine. 
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25. Sodium hydroxide was purchased from Fisher Scientific. 

26. The exact melting point for this compound could not be 

measured. The submitters report that the product started to decompose at 

206-210 °C and turned brownish yellow. Then a liquid was observed at 

210-214 °C, which later began to boil at 216 °C. The checkers also 

observed no sharp melting point, but observed a gradual softening of the 

solids from 75-100 °C, followed by a gradual change to a viscous oil from 

110-122 °C. 

27. The product has the following characteristics: TLC Ry = 0.36 

(Silica Gel 60 F254, EMD Chemicals, Inc., 20:1 CH,Cl,:CH30H); IR (KBr 

pellet) cm’'; 2975, 2931, 2853, 1717, 1530, 1487, 1434, 1366, 1293, 1249, 

1173, 997; 'H NMR (400 MHz, CDCIs) 6: 1.42 (s, 54 H, C(CH3)s), 1.56 (br, 

12 H, CsHyoN, B-H), 1.62 (br, 6-H, CsHyoN,. 7-H), 1:71 (be, 120H, 

NCH>CH;), 3.06 (br, 12 H, CH;NHBoc), 3.59 (br, 12 H, CH, Boc-NCH)), 

3.73 (br, 12 H, CsHjoN, a-H), 3.80 (br, 24 H, CHo, piperazine), 5.26 (br, 6 

H, NH); '°C NMR (100 MHz, CDCI) 6: 25.1 (CsHioN, y -C), 26.0 (CsHioN, 

B-C), 27.8 (s, NCH2CH2), 28.7 (s, C(CH3)3), 37.4 (s, CH2NHBoc), 41.9 

(CsHioN, a-C), 43.2 (s, Boc-NCH2), 43.4 (s, Boc-NCH)p), 44.4 (s, CH, 

piperazine), 79.1 (s, C(CHs3)3), 156.2 (s, C(O)), 165.1 (s, C3N3), 165.5 (s, 

C3N3), 166.1 (s, C3N3); HRMS (Thermo LTQ FT Ultra) [M+H] calcd for 

Cg7HjsoN30012: 1808.2120. Found: 1808.20932. Anal. Calcd for 

Cg7HjsoN30012: C, 57.78; H, 8.36; N, 23.24. Found: C, 57.45; H, 8.10; N, 

22.90. 

28. Inarun performed on approximately 2/3 scale (50.3 g of the 

dichlorotriazine and 10.0 g of tris-piperazine-triazine), an 87% overall yield 

for the two steps was obtained. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

In the past two decades, dendrimer syntheses have attracted the 

attention of numerous research groups worldwide.” Dendrimers are 

monodisperse macromolecules possessing a regular treelike array of 
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branching units. Dendrimers consist of a core unit, building blocks, and a 
large number of functional groups at the surface. Synthesizing monodisperse 
macromolecules demands a high level of synthetic control, which is 
achieved through stepwise fashion via a convergent or a divergent 

approach.’ Because of their unique size and globular shape, dendrimers have 

potential uses in drug delivery, energy harvesting and conversion, catalysis, 

and optics.* 

A variety of new dendrimers have been reported which incorporate a 

wide range of functionalities including ethers, amides,° esters,’ and 

alkynes*®. Of the many examples of dendrimers that are described today, only 

five are commercially available. This limitation is due to the difficulties 

associated with producing large quantities. Not all of these materials are 

single chemical entities: some are mixtures. A further obstacle resides in the 

usage of sophisticated building blocks, and/or expensive chemical 

substances, and/or excess reagents, and/or complicated purification 

procedures. Our research is aimed at the development of an environmentally 

benign process and scaleable synthesis of a first generation (G1) melamine 

dendrimer that circumvent many of the barriers listed above. 

The synthesis is performed in two steps by means of a divergent route, 

utilizing a “process friendly” solvent and without column chromatography. 

The building block, 2-[3,3’-di-(tert-butoxycarbonyl)-aminodipropylamine]- 

4,6-dichloro-1,3,5-triazine, is treated with 1,3,5-[tris-piperazine]-triazine in 

acetone-water and in presence of potassium carbonate to afford the Gl- 

chloride intermediate. Subsequent treatment of the Gl-chloride with excess 

piperidine affords the amino-functionalized G1 dendrimer in 81% overall 

yield. Preparation of both building blocks are described in the preceding 

Organic Syntheses procedure. 

We have developed a simple and efficient strategy to produce multi- 

gram quantities of a Gl-amine terminated dendrimer. This green and 

scalable synthesis can be extended to higher generations of dendrimers.’ 
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Appendix 

Chemical Abstracts Nomenclature (Collective Index Number); 

(Registry Number) 

2-[3,3’-Di-(tert-butoxycarbonyl)-aminodipropylamine]-4,6-dichloro-1,3,5- 

158 

triazine; 12-Oxa-2,6,10-triazatetradecanoic acid, 6-(4,6-dichloro- 

1 ,3,5-triazin-2-yl)-13,13-dimethyl-11-oxo-, 1,1-dimethylethyl ester; 

(947602-03-1) 
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1 ,3,5-[Tris-piperazine]-triazine: 1,3,5-Triazine, 2,4,6-tri-1-piperaziny]-; 
(19142-26-8) 

G1-[N(CH,CH,CH,NHBoc)»]s-Cl;; (1016650-75-1) 
G1-[N(CH2CH2CH,NHBoc),|¢-Piperidine;; (1016650-76-2) 
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THE DIRECT ACYL-ALKYLATION OF ARYNES. 
PREPARATION OF METHYL 2-(2-ACETYLPHENYL)ACETATE. 

TMS ataeio "f 
(ee saliageila CsF (2.5 equiv) 

MeCN (0.2 M OTt Cae ae a) CO2Me 

67% yield 

Submitted by David C. Ebner, Uttam K. Tambar, and Brian M. Stoltz.! 

Checked by Morten Storgaard, Nathan D. Ide, John A. Ragan, and 

Jonathan A. Ellman. 

1. Procedure 

Methyl 2-(2-acetylphenyl)acetate. An oven-dried (Note 1) 500-mL, 

three-necked, round-bottomed flask is equipped with a magnetic stir bar, and 

cesium fluoride (19.7 g, 130 mmol, 2.5 equiv) (Note 2) is added. The flask is 

fitted with a reflux condenser in the middle neck, an adaptor equipped with a 

thermometer in one of the side necks, and a septum in the other side neck. 

The condenser is equipped with a vacuum adaptor connected to a Schlenk 

line (nitrogen/vacuum manifold). The connected glassware is evacuated 

under high vacuum (0.025 mmHg) and carefully back-filled with nitrogen. 

This procedure is repeated twice to secure an oxygen-free atmosphere in the 

flask. Dry MeCN (260 mL) (Note 3) is added to the flask via a syringe 

through the septum. While stirring the reaction mixture, methyl acetoacetate 

(5.60 mL, 6.01 g, 51.8 mmol, 1.00 equiv) (Note 4) and 2- 

(trimethylsilyl)phenyl trifluoromethanesulfonate (15.7 mL, 19.3 g, 64.7 

mmol, 1.25 equiv) (Note 5) are added through the septum via syringes. The 

flask is submerged in an oil bath (100 °C) and the reaction mixture is heated 

to reflux (internal temperature: 78-81 °C, reached after 15 min). The 

mixture is stirred at reflux temperature for 40 min (Note 6). Initially, the 

reaction mixture is a white opaque suspension, but during heating it changes 

color to yellow and upon reflux the color changes to orange. As the reaction 

progresses the opaque solution becomes transparent and the color changes 

back to yellow. Throughout the entire time a white precipitate is present in 

the flask. The reaction flask is removed from the oil bath and allowed to cool 

to ambient temperature (23 °C) over the course of 1 h. The flask is 
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disconnected from the condenser and the nitrogen inlet, and the reaction 

mixture is diluted with saturated aqueous NaCl solution (200 mL) (Note 7). 

This mixture is carefully poured into a 1-L separatory funnel (Note 8). After 

the layers are separated, the aqueous layer is extracted with Et,O (3 x 200 

mL) (Notes 9 and 10). The combined organic layers are dried over 

anhydrous Na,SO, (Note 11) and filtered (Note 12). Concentration of the 

dried organic layers is effected by rotary evaporation (35 °C, 45 mmHg) 

which affords an orange, viscous oil. Partial purification is achieved by flash 

chromatography (4.5 x 24 cm, 170 g silica gel) (Note 13) using a gradient of 

hexanes to 40% Et,O in hexanes. The crude product is loaded on the column 

with benzene (20 mL) (Note 14). Fraction collection (50 mL fractions) is 

begun as the crude product is eluted first with 100 mL of hexanes (Note 15), 

followed by 1500 mL of 9:1 hexanes:Et,O, 2000 mL of 4:1 hexanes:Et,O, 

1000 mL of 7:3 hexanes:Et,O and finally 750 mL of 3:2 hexanes:EtO. 

Fractions 38-85 are concentrated by rotary evaporation (30-35 °C, 45 

mmHg) to afford 7.96 g (80%) of a slightly yellow solid (Note 16). The 

partially purified product is further purified by bulb-to-bulb distillation 

(Note 17) at 124-130 °C (0.75 mmHg) (Note 18) which affords 6.63 g 

(67%) of the title compound as an off-white, crystalline solid (Notes 19, 20, 

21, 22 and 23). 

2. Notes 

1. The glassware and magnetic stir bar are dried in an oven (150 °C) 

overnight before use and assembled while still hot and cooled to ambient 

temperature (23 °C) under high vacuum (0.025 mmHg). 

2. Cesium fluoride (CsF) (99.9%) was purchased from the Sigma- 

Aldrich Chemical Company, Milwaukee, WI. The submitters used the 

reagent directly as received, but the checkers found that it may be important 

to dry CsF prior to use. The CsF is dried in a desiccator in high vacuum 

(0.025 mmHg) overnight at room temperature (23 °C) in the presence of 

2 20s. 

3. The submitters used acetonitrile (MeCN) that was dried by passage 

through an activated alumina column under argon. The checkers used 

acetonitrile (HPLC grade, 0.2 micron filtered) from Fisher Scientific 

Chemicals that was distilled over CaH under nitrogen atmosphere prior to 

use. 
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4. Methyl acetoacetate (99%) was purchased from the Sigma-Aldrich 
Chemical Company, Milwaukee, WI. The reagent was used as received 
without further purification. 

5. 2-(Trimethylsilyl)phenyl trifluoromethanesulfonate (97%) was 
purchased from the Sigma-Aldrich Chemical Company, Milwaukee, WI. 
The reagent was used as received without further purification. Submitters 

reported that the reagent can be prepared alternatively by a method of Pefia 

and coworkers.” 

6. The progress of the reaction is followed by _ thin-layer 

chromatography (TLC) analysis on E. Merck silica gel 60 F254 precoated 

plates (0.25 mm) (used by submitters) or Dynamic Adsorbents, Inc. glass 

plates coated with 250 mm F-254 silica gel (used by checkers) with 1:4 

EtOAc:hexanes as the eluent. The plates are visualized by UV and p- 

anisaldehyde staining (0.5 mL p-anisaldehyde in 50 mL glacial acetic acid 

and 1 mL 97% H»SO,). The title compound and a side product identified as 

methyl 2-(2-acetylphenyl)-2-phenylacetate both have very similar R, values; 

0.43 and 0.53, respectively. Both compounds are visible in UV and with p- 

anisaldehyde staining. The title compound stains reddish brown and the side 

product stains pale brown. The completion of the reaction is determined by 

disappearance of 2-(trimethylsilyl)pheny! trifluoromethanesulfonate, which 

has a Ry= 0.91 visualized by UV. This starting material cannot be visualized 

with p-anisaldehyde staining. To clarify the disappearance, cross-spotting 

with pure 2-(trimethylsilyl)phenyl trifluoromethanesulfonate is used since 

many by-products are formed nearby the diagnostic spot. 

7. Sodium chloride (NaCl), crystalline, was purchased from Fisher 

Scientific Chemicals. 

8. The remaining solids in the flask are not transferred to the 

separatory funnel to avoid clogging of the stopcock. Instead, the solids are 

washed with the portions of Et)O before the solvent is transferred to the 

separatory funnel for extraction. 

9. Ethyl ether (Et,O) anhydrous, stabilized, HPLC grade, was 

purchased from Fisher Scientific Chemicals and was used without further 

purification. 

10. Extraction with Et,O forms a white, opaque emulsion that only 

slowly separates. 

11. Sodium sulfate (Na,SO,) anhydrous, powder, was purchased from 

EMD Chemicals Inc. 
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12. Removal of the drying agent was carried out by using a Wilmad 

Labglass (60 mL, size M) sintered glass funnel by vacuum filtration. 

13. The submitters used ICN silica gel (particle size 0.032—0.063 mm) 

and the checkers used silica gel 60 (0.040-0.063 mm), 230-400 mesh 

ASTM purchased from Merck KGaA. 

14. Benzene was purchased from EMD Chemicals Inc. 

15. Hexanes, HPLC grade, were purchased from Fisher Scientific. 

16. Purification by flash chromatography gives a mixture of the title 

compound and a side product, methyl 2-(2-acetylphenyl)-2-phenylacetate,” 

in an 87:13 ratio as determined by 'H NMR. This side product was obtained 

pure by the submitters using preparative thin-layer chromatography (3:2 

hexanes:Et)O eluent) and exhibits the following spectroscopic properties: 'H 

NMR (300 MHz, CDCI) 8: 2.56 (s, 3 H), 3.71 (s, 3 H), 5.76 (s, 1 H), 7.04— 

7.09 (m, 1 H), 7.18-7.25 (m, 2 H), 7.25-7.40 (m, 5 H), 7.73—7.77 (m, 1 H). 

'3C NMR (75 MHz, CDCl) 5: 29.3, 52.2, 53.7, 127.0, 127.3, 128.7, 129.3, 

129.6, 130.6,°.131.8;:137, 138.15138.7)0173.3y 202:0. yTRa(thar film) 

1735, 1681, 1254, 1201, 1161 cm’. HRMS (EI) caled for [Cj7Hi6O3]": m/z 

268.1100, found 268.1105. 

17. Bulb-to-bulb distillation was performed with a Biichi Glass Oven 

B-585 Kugelrohr by the submitters. The checkers used an oven from Aldrich 

with an internal thermometer installed. The temperature is controlled by a 

variable autotransformer from Staco Engery Products Co. model 3PN1010B 

(in: 120 V, 50/60 Hz, out: 0 — 140 V, 10 apm, 1.4 KVA). The bulbs are 

connected to a Trico-Folberth air pressure wiper and the entire instrument is 

connected to a mercury manometer from Kontes Scientific Glassware 

Instruments. The receiving bulb is cooled with an acetone/dry ice bath. 

18. The submitters reported a boiling point at 159-165 °C (1.1 

mmHg). 

19. The yellow solid melts at 70-80 °C. When 100 °C is reached the 

receiving bulb is exchanged with a new one to avoid contamination with 

low-boiling impurities. Initially, the product distillate is a colorless oil, 

which solidifies as the distillation proceeds. The distillation stops when 59% 

of the title compound is recovered leaving a residue (2.00 g) containing a 

50:50 mixture of the title compound and the side product. This residue is 

transferred from a 250-mL round-bottomed flask to a 50-mL round-bottom 

flask and is resubjected to distillation to afford an additional 762 mg (8%) of 

the title compound. The brown distillation residue (1.08 g) primarily 
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contains the side product and contains less than 5 mol% of the title 
compound. 

20. The title compound contains 2-3% of methyl 2-(2-acetylphenyl)-2- 
phenylacetate, as determined by 'H NMR. 

21. The title product exhibits the following properties: mp 53-55 °C 
(lit.4 mp 57-59 °C). MS (ES+) m/z 193 (100%, M + H’). IR (neat) v 3004, 
2954, 1732, 1674, 1217, 1168 cm’. 'H NMR (400 MHz, CDCl) 8: 2.54 (s, 

STH )73264 (sp3'H)3:910(S,.2' BH), 7210, J='7.3 Hz, 1 A), 7.32 = 7.43 (m2 

H), 7.78 (d, J = 7.6 Hz, 1 H). °C NMR (100 MHz, CDCI) 8: 28.2, 39.6, 

51.3, 127.0, 129.6, 131.6, 132.2, 133.9, 136.6, 171.4, 200.6. Anal. calcd for 

C,;H)203: C, 68.74; H, 6.29; found: C, 68.65; H, 6.55. 

22. The submitters also suggest an alternative procedure for the final 

purification: After chromatography the material can be purified by 

crystallization. To 8.00 g of the yellow solid is added 1200 mL of pentane. 

The mixture is warmed to dissolve the solid. The yellow solution is allowed 

to cool to room temperature before cooling to —20 °C in a freezer. After 9 h, 

the off-white solid that has formed is collected by vacuum filtration through 

a Biichner funnel. The solid is washed with cold pentane (2 x 25 mL) and 

dried under vacuum to afford 5.12 g (51% yield) of the title compound. This 

material contains 2.4% of the side product by 'H NMR. Attempts by the 

initial checkers (Ide and Ragan) to perform this recrystallization gave 

variable results, with one run providing pure material in modest yield (43%), 

and another run providing material still containing 12% of the side product 

(57% recovery). The checkers noted that the product crystals were very 

dense spheres that were firmly attached to the sides of the flask, suggesting 

that the material may have initially come out of solution as oil droplets 

adhered to the flask wall, and then subsequently crystallized. Regardless of 

the explanation, distillation appears to provide a more robust purification. 

23. The checkers discovered that the pure product slowly decomposed 

upon storage at room temperature. It is therefore recommended to store it in 

the freezer below —18 °C. 

Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 
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3. Discussion 

While arynes have historically received attention from physical 
organic chemists, their use as reagents in synthetic organic chemistry is 
limited because of the harsh conditions needed to generate arynes, and the 
uncontrolled reactivity exhibited by these species. We have developed the 
acyl-alkylation of arynes, which is a mild and direct aryne insertion into a 
carbon-carbon bond.>° With this reaction, two carbon-carbon bonds are 
formed in a single step, often with exquisite regiocontrol. The acyl-alkyation 
reaction is the net result of benzyne insertion into the a,8 C-C single bond 
of the B-keto ester, presumably by a formal [2+2] cycloaddition/ 
fragmentation cascade.’ 

Scheme 1 

O 
TMS oO 9 CsF (2.5 equi -5 equiv) 

Ct he re OTf eCN (0.2 M) 
80 °C 

MeO” ~O 

2S 
ray C00 ii nib arte Chere ba rag OF 

CO.Me O OMe 

The structures that are accessed by this methodology would otherwise 
require multi-step sequences for their preparation. The product was 
independently prepared according to a literature procedure.® The product 
obtained through our methodology was identical by all spectroscopic data to 
the compound prepared by this alternative method. 

The reaction tolerates substitution at the Y-position (Table 1, entries 2- 
6), including aliphatic and aromatic groups. Heteroatoms may also be 
incorporated into the f-keto ester side chain, albeit in slightly lower yields 
(Table 1, entry 5), Additionally, the ester moiety can be varied while 
maintaining the efficiency of the reaction. For example, ®-keto esters of 
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Table 1. Acyl-Alkylation of Benzyne 

TMS OO a 
od tp Se ee SF (2.5 equiv) R, 

OTt 1 2 MeCN (0.2 M) COR. 
80 °C, 40-60 min 

entry substrate ® product yield® 
O 

eth CC ee ‘Sits CO,Me one 

78% 

84% 

85% 

53% 

99% 

72% 

75% 

“1.25 equiv of aryne precursor relative to -keto ester. Isolated yield. 
“2 equiv of aryne precursor relative to B-keto ester. 
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more complex alcohols such as menthol and cholesterol provide the 

desiredacyl-alkylation products in good yield (Table 1, entries 7 and 8). In 

general, the mild reaction conditions allow for a considerable degree of 

substitution on the B-keto ester subunit. 

Substituted arynes can also be employed in this methodology. Methyl 

acetoacetate can react with arynes possessing mono-substitution at the ortho- 

and meta-positions (Table 2, entries 1-2) as well as disubstitution (Table 2, 

entry 3) to produce high yields of the corresponding acyl-alkylation 

products. Additionally, entries 1 and 3 demonstrate that heteroatom 

substituents are well tolerated. 

Table 2. Acyl-Alkylation of Substituted Arynes 

R, R; O 

SL ee Ga CsF (2.5 equiv) Le 
+ > 

OMe Rs oti ueN, 2 M) Rs CO Me 

ent aryne precursor * product yield ® 

OMe OMe O 

1 95% 
OTt CO.Me 

O 

OTf 

2 et. rae | CO.M oe HaC TS ame 

O 

TMS fe) 

3 < < 75% 
(@) OTt Oo CO Me i 

“2 equiv of aryne precursor relative to B-keto ester. Isolated yield. © 

1.25 equiv of aryne precursor relative to B-keto ester. 4 Mixture of 

meta- and para- regioisomers (1.2 : 1). 

Of particular note is the extension of this strategy toward the 

convergent synthesis of medium-sized carbocycles in a single step from 

simple starting materials. Recently this procedure for synthesizing 
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benzannulated carbocycles has been utilized in an enantioselective synthesis 
of the alkaloid (+)-amurensinine.’ 

Figure 1. Medium-sized Carbocycles 

Q 0 

yak a i 
CQ 

o- -OEt Some One NONE COzMe 

50% 61% 65% 

1. Division of Chemistry and Chemical Engineering, California Institute 

of Technology, Pasadena, CA 91125. Email: stoltz@caltech.edu. 
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4. Halford, J. O.; Raiford, R. W., Jr.; Weissmann, B.J. Org. Chem. 1961, 
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5. Tambar, U. K.; Stoltz,B.M.J. Am. Chem. Soc. 2005, 127, 5340-5341. 
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disclosed: (a) Yoshida, H.; Watanabe, M.; Ohshita, J.; Kunai, A. Chem. 

Commun. 2005, 3292-3294. (b) Yoshida, H.; Watanabe, M.; Ohshita, 

F.; Kunai, A. Tetrahedron Lett. 2005, 46, 6729-6731. 

7. This mild method for generating benzyne from ortho-silyl ary] triflates 

was initially developed by Kobayashi: Himeshima, Y; Sonoda, T.; 

Kobayashi, H. Chem. Lett. 1983, 12, 1211-1214. 
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2001, 42, 4825-4827. 

9. Tambar, U. K.; Ebner, D. C.; Stoltz, B.M.J. Am. Chem. Soc. 2006, 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Methyl 2-(2-acetylphenyl)acetate: Benzeneacetic acid, 2-acetyl-, methyl 

ester; (16535-88-9) 

Cesium fluoride; (13400-13-0) 

Methyl acetoacetate: Butanoic acid, 3-oxo-, methyl ester; (105-45-3) 
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2-(Trimethylsilyl)pheny]! trifluoromethanesulfonate: Methanesulfonic acid, 

1,1,1-trifluoro-, 2-(trimethylsilyl)phenyl ester; (88284-48-4) 

Brian M. Stoltz was born in Philadelphia, PA in 1970 and 

obtained his B.S. degree from the Indiana University of 

Pennsylvania in Indiana, PA. After graduate work at Yale 

University in the labs of John L. Wood and an NIH 

postdoctoral fellowship at Harvard in the Corey labs, he took a 

position at the California Institute of Technology. A member 

of the Caltech faculty since 2000, he currently is the Ethel 

Wilson Bowles and Robert Bowles Professor of Chemistry and 

a KAUST GRP Investigator. His research interests lie in the 
development of new methodology for general applications in 

synthetic chemistry. 

David Ebner was born in 1980 in Stillwater, Minnesota. In 
2000, he received his B.S. in chemistry and B.A. in 
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began postdoctoral research in the laboratories of Erik 

Sorensen as an NIH Postdoctoral Fellow. His research 
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| and Physics at Harvard University, where he conducted 
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| performed his Ph.D. studies in the laboratory of Brian Stoltz at 
| the California Institute of Technology where he developed 

convergent methodologies for the synthesis of biologically 

active natural products. Since 2006, Uttam has been 

conducting research with James Leighton at Columbia 
University, where he has developed a general enantioselective 

aza-Diels-Alder reaction with acyclic dienes and an 

enantioselective [3+2] cycloaddition for the synthesis of 
heterocycles. 

170 Org. Synth. 2009, 86, 161-171 



Morten Storgaard was born in Denmark in 1980. He graduated 

from Technical University of Denmark in 2006 with a M.Sc. 

degree in chemistry and in 2007 he continued as a Ph.D. 

student under the supervision of professor David Tanner and 

Dr. Bernd Peschke from Novo Nordisk. His research has 
mainly been focusing on palladium catalyzed coupling 

reactions towards the synthesis of biologically active 
compounds. In the summer and fall of 2008 he visited the 

group of Jonathan A. Ellman at University of California, 

Berkeley, working on the rhodium-catalyzed enantioselective 
synthesis of amines. 

Nathan D. Ide was born in 1979 in Grand Haven, MI. In 2001, 

he obtained his B.S. in chemistry from Hope College in 
Holland, MI. While at Hope College, he worked with Stephen 

K. Taylor on the enzymatic resolution of y- and 6- 

hydroxyamides. In 2001, he joined the research group of 

David Y. Gin at the University of Illinois in Urbana- 

Champaign, IL. His research efforts focused on the 
synthesis/reactivity of aziridine-containing peptides and the 

total synthesis (-)-crambidine. After obtaining his Ph.D. in 

2006, he joined the Chemical Research & Development group 

at Pfizer in Groton, CT. 

Org. Synth. 2009, 86, 161-171 171 



CONVENIENT PREPARATION OF 3-ETHOXYCARBONYL 

BENZOFURANS FROM SALICYLALDEHYDES AND ETHYL 

DIAZOACETATE 

Cl CHO 1. NgCHCOOEt, HBF4, (10 mole%), G, COOEt 

igs l- CH2Clo, rt \ 

OH oe me 
2. H2SO,, rt fe) 

Submitted by Matthew E. Dudley, M. Monzur Morshed, and M. Mahmun 

Hossain. | 

Checked by David Hughes. 

1. Procedure 

Caution: Ethyl diazoacetate (EDA) and other diazo compounds are 

potentially explosive and therefore must be handled with caution. They are 

also toxic and prone to cause development of specific sensitivity. A well- 

ventilated hood should be used for the entire procedure. 

5-Chloro-3-ethoxycarbonylbenzofuran. A  250-mL, three-necked, 

round-bottomed flask is fitted with a reflux condenser, thermometer, and a 

pennyhead stopper (Note 1). A 3-cm oval stir bar is added to the flask. 5- 

Chlorosalicylaldehyde (5.00 g, 31.9 mmol) (Note 2) is added to the flask 

along with 11 mL CH,Cl, (Note 3) to form a thick white slurry, then 54% 

HBF,-OEt, (0.50 g, 3.2 mmol, 0.1 equiv) (Note 4) is added by syringe 

directly to the stirring solution through the neck containing the pennyhead 

stopper, whereby a color change from a white slurry to an orange slurry is 

noted. The pennyhead stopper is then replaced with a clean and dry 100-mL 

pressure-equalizing addition funnel with the Teflon stopcock closed (Note 

5). Ethyl diazoacetate (90% pure) (5.79 g, 45.7 mmol, 1.43 equiv) is added 

to the addition funnel and diluted to 33 mL with dichloromethane (Notes 5- 

7). The EDA solution is then added to the reaction mixture at a rate of 5-7 

mL per minute, resulting in steady evolution of nitrogen (total addition time 

was 5-7 minutes) and an increase in temperature from the initial 23 °C to 38 

°C with a gentle reflux (Notes 5, 6 and 8). Once addition is complete gas 

evolution ceases within a minute and the reaction is assayed for completion 

by 'H NMR (Note 9). A heating mantle is placed under the round-bottomed 

flask. The equalizing addition funnel is replaced with a pennyhead stopper. 
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At this point the solution is dark yellow in color. A simple distillation 
apparatus is assembled in place of the original reflux condenser using a 
distillation adapter, Claisen head adapter, and a 100-mL receiving flask. The 
reaction mixture is concentrated by distilling CHCl, (30-33 mL) and free 
EDA to a maximum pot temperature of 58-61 °C leaving a clear yellow 
viscous oil. After removal of the heating mantle the solution is cooled to 
room temperature using a water bath, then 4.0 g of 95-98% H»SO, (39.2 
mmol) (Note 10) is added by syringe directly to the stirring viscous oil 

through the neck containing the pennyhead stopper over a period of 1-2 

minutes. The addition is only slightly exothermic, with a temperature rise of 

about 5 °C using a water-cooling bath, and a color change from a clear 

yellow oil to a cloudy yellow-orange suspension is noted. After 10 minutes, 

the second step is complete and ready for neutralization. With water bath 

cooling and rapid agitation, the acidic reaction mixture is neutralized by 

slow addition of 100 mL saturated NaHCO; solution (Note 11). The empty 

addition funnel is removed and replaced with a pennyhead stopper. The 

water bath is removed and replaced with a heating mantle. The aqueous 

mixture is azeotropically distilled, while maintaining high speed stirring in 

order to remove any trace of residual CHCl, to a maximum pot temperature 

of 90 °C. Upon reaching 90 °C, the heating mantle is removed and the 

aqueous mixture is allowed to cool to room temperature while continuing to 

maintain rapid stirring (Note 12). After crystallizing overnight, the crude 

yellow solid product is filtered using a Biichner funnel and dried to constant 

weight. The yield of crude material (~90% pure by NMR) is 5.99-6.08 g 

(84-86% uncorrected for purity). 

The crude material is purified by recrystallization. To a 250-mL, 

three-necked, round-bottomed flask equipped with a thermometer, stopper, 

and 100 mL addition funnel are added a 3-cm oval stir bar, 30 mL of 

anhydrous EtOH, in which 0.3 g of NaOH has been dissolved, and the crude 

product (5.97 g) (Note 13). The mixture is stirred with warming to 35 °C in 

order to dissolve the product, then 70 mL of deionized water is added 

dropwise from the addition funnel over 15 min. The product begins to 

crystallize after 10 mL water is added. On completion of the water addition, 

the mixture is stirred for 5 min at room temperature, then filtered using a 

Biichner funnel and filter paper. The flask is washed with 2 x 15 mL of 

deionized water and the washes are then used to rinse the crystalline product 

on the Biichner funnel. The crystalline product is allowed to dry on the 
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Biichner funnel for 30 min to 1 h to provide 4.84 g (68%) of product as a 

tan, free-flowing solid (Note 14). 

2. Notes 

1. A mechanical stirrer and a four-necked flask can be substituted 

for the magnetic stir bar and three-necked flask apparatus with round- 

bottomed flasks smaller than 500 mL. The submitters strongly suggest use of 

a mechanical stirrer over magnetic stirring in order to maintain vigorous 

stirring and agitation as noted throughout the procedure. 

2. 5-Chlorosalicylaldehyde (98%) was purchased from Alfa Aesar 

and was used as received. The checkers used 5-chlorosalicylaldehyde 

purchased from Aldrich. NMR suggested a purity of about 96%. Yields are 

uncorrected for purity. 

3. CHCl, (99.5%) was purchased from VWR International and 

distilled from P,O;. The checkers used dichloromethane (99.5%) from 

Sigma-Aldrich and used without purification. The water content was 

measured by Karl-Fischer titration and found to be <50 ppm. 

4. HBF,OEt, (tetrafluoroboric acid, 54% w/w in diethyl ether) 

solution was purchased from Aldrich Chemical Company as a clear colorless 

or clear yellow solution. Solutions that are dark brown or purple in color are 

unacceptable. The checkers added tetrafluoroboric acid based on weight; the 

tetrafluoroboric acid was drawn into a weighed syringe to the appropriate 

weight, discharged into the flask, and re-weighed to determine the accurate 

amount added. 

5. A Teflon stopcock is recommended for ethyl diazoacetate (EDA) 

as greased glass stopcocks tend to leak in the presence of the EDA solution. 

For reactions run with magnetic stirring, the addition funnel was placed on 

the middle neck such that the EDA could drop directly into the vortex of the 

stirring solution. The checkers used ethyl diazoacetate purchased from 

Aldrich. The EDA was assayed via NMR using toluene as an internal 

standard, as follows. Approximately 50 mg each of EDA and toluene 

(99.5% purity) were accurately weighed into a 5-mm NMR tube, diluted 

with about 0.8 mL of CDCl; and analyzed using 'H NMR with a 5 second 

delay to ensure full relaxation. The CH; protons were integrated and 

compared to the integration of the CH, and CH; groups of EDA. A fresh 

bottle from Aldrich was assayed at 90 wt% with 9% dichloromethane. An 

older bottle assayed at 78 wt % with 15 wt% dichloromethane. 
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6. The Merck Index cautions against using EDA with sulfuric acid.” 
In our hands, we have had no issues or incidents regarding use of 
tetrafluoroboric acid and EDA. Information is available concerning the 
safety of EDA on an industrial scale. 

7. The submitters report that the previously published preparation of 
EDA* can also be used. By omitting the final distillation of 
dichloromethane, the requisite 7-10 mol% EDA solution is obtained. 

8. In cases of larger scale reactions, overwhelming of the condenser 

by refluxing CHCl, may be prevented by using a room temperature water 

bath to control excessive temperatures. The water bath is unnecessary for a 5 

g scale reaction. The EDA solution should be dripped directly into the 

rapidly stirring reaction mixture and not on the walls of the flask. 

9. The completion of reaction was determined by 'H NMR. A 50 

mg sample of the batch was diluted with 0.7 mL CDCl; and analyzed by 

NMR. The phenol and aldehyde resonances (at 10.9 ppm and 9.9 ppm) were 

integrated and compared to the combined integration of all resonances from 

6 to 8 ppm (3 aromatic protons for starting material, intermediates, and 

products). If more than 5% unreacted aldehyde remained, an appropriate 

amount of EDA was added to complete the reaction. 

10. ACS reagent grade (95.0-98.0%) H2SO, was purchased from 

Fischer Chemical Company and was used as received. The checkers added 

sulfuric acid by weight; the sulfuric acid was drawn into a weighed syringe 

to the appropriate weight, discharged into the flask, and re-weighed to 

determine the accurate amount added. 

11. ACS reagent grade NaHCO; (99.7-100 %) was purchased from 

Aldrich Chemical Company and was used as received. The initial addition 

of saturated bicarbonate should be dropwise due to a rapid exotherm; after 

the first 5 mL are added, the exotherm subsides as the mixture is cooled by 

CO, evolution. The final 95 mL can be added over 5 min. 

12. The entire azeotrope procedure lasts approximately 15 min and 

generally less than 1 mL is distilled. The majority of the CHCl, distills at 

about 72 °C and the azeotrope is stopped once water is seen distilling into 

the receiver (90 °C). Upon cooling to room temperature the pH of the 

aqueous mixture was 8-9 as measured with pH paper. This part of the 

procedure is a trituration and requires rapid stirrer speed. The oily melt must 

be efficiently dispersed throughout the aqueous solution on cooling to room 

temperature or it will oil out and eventually form an impure gummy solid. In 

addition, the mixture must slowly cool to room temperature by equilibrating 
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with the surrounding air. Forced cooling (i.e., ice baths, water jackets, etc.) 

should be avoided. In many cases, it may take several hours for complete 

trituration and eventual crystal formation to occur. It is suggested to let this 

process go overnight under the highest possible stir speed. The checkers 

found that if gumming occurred, the mixture could be re-heated to 80 °C and 

allowed to re-cool. This provided solids in all cases. As an alternate to 

crystallization from the aqueous solution, the checkers also used the 

following extractive procedure. The final distillation at 90 °C is omitted, 

and the aqueous mixture after neutralization is extracted with 2 x 50 mL 

ethyl acetate. The EtOAc extracts are combined, washed with 40 mL brine, 

filtered through a bed of sodium sulfate, and concentrated by rotary 

evaporation (30 mmHg, bath temp 40 °C). The resulting material 

crystallized on standing and was recrystallized from EtOH/water as 

described in the text to provide 5.26 g of product (74% yield). 

13. NaOH pellets were dissolved in ethanol using sonication. The 

recrystallization process can be repeated if needed for desired purity, 

although loss of yield is approximately 15% for each recrystallization. ACS 

reagent grade ethanol, absolute 200 proof ( >99.5%) and ACS reagent grade 

NaOH pellets, (©97.0%) were used as received from Aldrich chemical. 

14. Physical and _ spectroscopic properties of 5-chloro-3- 

ethoxycarbonylbenzofuran are as follows: mp 60.5-61.5 °C; 'H NMR 

(CDCl;, 400 MHz) 6: 1.43 (t, J = 7.2 Hz, 3 H), 4.42 (q, J = 7.2 Hz, 2 H), 

7.32 (dd, J= 2.1, 8.8 Hz, 1 H), 7.44 (d, J = 8.8 Hz, 1 H), 8.03 (d, J= 2.1 Hz, 

1 H), 8.26 (s, 1 H); °C NMR (CDCl, 100 MHz) 8: 14.4, 60.8, 112.7, 114.6, 
121.8, 125.6, 126.0, 130.0, 152.0, 153.9, 162.9; HRMS (EI) m/z calcd for 

C,;H O3Cl: 224.02407; found: 224.0241. Anal. Caled for C,;H 9O3Cl: C, 

58.82; H, 4.04. Found: C, 58.54; H, 4.01. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

3-Substituted benzofuran derivatives are medicinally and biologically 
important compounds.’ Many of the benzofuran syntheses to date result in 
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the formation of 2-substituted or 2,3-disubstituted benzofurans, although 3- 
substituted benzofurans are not often reported. Nonetheless, at least three 

other synthetic methods have appeared recently. All three methods involve 

multi-step palladium-mediated intramolecular cyclizations from o-halo 

phenols or o-dihalobenzenes, which have limited commercial availability 

and high cost. One method involves carbonylative cyclization of complex o- 

alkynylphenols.%* A second involves cyclization by enolate O-arylation.™ 

A third method, recently reported by Malona, et al involves an improved 

synthesis of 3-ethoxycarbonyl benzofuran (entry 1) in 74% overall yield 

from iodophenol. The two-step method uses a Michael addition to ethyl 

propiolate to give E-3-(2-iodophenoxy)-2-propenoic acid ethyl ester in 88% 

yield followed by an intramolecular Heck reaction (84% yield).® The 

synthetic procedure given here is higher yielding than the other three 

aforementioned synthetic methods. Furthermore, this procedure uses the 

relatively inexpensive and commercially available salicylaldehydes, in lieu 

of the more expensive o-halo phenols or o-dihalobenzenes.’ The reaction has 

been shown to proceed through a unique hemiacetal which subsequently 

dehydrates to the benzofuran product as detailed in Scheme 1.’ Upon 

protonation of the carbonyl oxygen, the activated salicylaldehyde undergoes 

nucleophilic attack by EDA, followed by an aryl migration with concomitant 

loss of N>.® The resulting aryl propanal tautomerizes rapidly to form a 3- 

hydroxyaryl acrylate, which again isomerizes to a stable cyclic hemiacetal in 

the presence of acid.’ 

Scheme 1 
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The following procedure can be generalized for any of the 3- 

substituted benzofurans represented in Table 1. No inert N2 atmosphere is 

required. The entire two-step, one-pot reaction can be accomplished in less 

than 2 hours. The procedure yields product of analytical purity after 

recrystallization. In cases where EDA is undertitrated, an excess of 5- 

chlorosalicylaldehyde starting material will remain. Conversely, 

overtitration of EDA results in formation of diethyl diglycolate impurity. 

Both of these impurities are easily observed by 'H NMR. The 'H NMR 

chemical shifts for the phenolic and aldehydic protons of 5- 

chlorosalicylaldehyde are: (CDCl;, 300 MHz) 6: 11.01 (s, 1 H), 9.83 (s, 1H) 

respectively. The 'H NMR chemical shifts for the methylene and —CH) ester 

protons of diethyl diglycolate are: (CDCl, 300 MHz) 6: 4.24 (s, 4H), 4.23 

(q, 4H) respectively. Both 5-chlorosalicylaldehyde and diethyl diglycolate 

are acidic compared to the product and can therefore be removed by 

employing a recrystallization procedure from ethanolic NaOH solution. 

Table 1. Isolated Yields of 3-Ethoxycarbonyl Benzofurans 

Entry Aldehyde Acid Ester Yield (%) 

COOEt 
CHO pepe ram OH 

COOEt 
Cl CHO Cl 

2 \ 100 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

3-Benzofurancarboxylic acid, 5-chloro-, ethyl ester; (899795-65-4) 

EDA: Acetic acid, 2-diazo-, ethyl ester; (623-73-4) 

Tetrafluoroboric acid diethyl etherate; (67969-82-8) 

5-Chlorosalicylaldehyde: Benzaldehyde, 5-chloro-2-hydroxy-; (635-93-8) 
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PREPARATION OF (S)-tert-ButyIPHOX 
(Oxazole, 4-(1,1-dimethylethyl)-2-[2-(diphenylphosphino)phenyl]-4,5- 

dihydro- (4S)-) 
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Submitted by Michael R. Krout, Justin T. Mohr, and Brian M. Stoltz.*! 

Checked by Andreas Schumacher and Andreas Pfaltz. 

1. Procedure 

Caution! This procedure should be carried out in an efficient fume 

hood due to the evolution of hydrogen gas during the reaction. 

A. 2-Bromo-N-[(1S)-1-(hydroxymethyl)-2,2-dimethylpropyl]- 

benzamide. An oven-dried, 500-mL, 3-neck flask equipped with a 3.0 cm x 

1.4 cm, egg-shaped, teflon-coated magnetic stirring bar, pressure-equalizing 

addition funnel, an internal thermometer, and a reflux condenser (central 

neck) equipped with a two-tap Schlenk adapter connected to a bubbler and 

an argon/vacuum manifold (Note 1) is assembled hot and cooled under a 

stream of argon. The flask is charged with (L)-fert-leucine (5.00 g, 38.1 

mmol, 1.00 equiv, 99% ee) (Note 2) and tetrahydrofuran (100 mL, 0.38 M) 

(Note 3) under a positive pressure of argon. The resulting suspension is 

cooled to approximately 4 °C in an ice-water bath and sodium borohydride 
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(3.46 g, 91.5 mmol, 2.40 equiv) (Note 2) is added in one portion (Note 4). 

The addition funnel is charged with a solution of iodine (9.67 g, 38.1 mmol, 

1.00 equiv) (Note 2) in tetrahydrofuran (25 mL) (Note 3) via syringe and 

added dropwise to the suspension over 30 min. After complete addition, the 

bath is removed, the addition funnel and the thermometer are removed and 

replaced by glass stoppers and the reaction is warmed to reflux (80 °C oil 

bath temperature). After 18 h the reaction is allowed to cool to ambient 

temperature and methanol (50 mL) (Note 3) is added slowly resulting in an 

almost clear solution (Note 5). After stirring for 30 min the solution is 

quantitatively transferred to a 500-mL, 1-necked flask with methanol (ca. 50 

mL) and concentrated on a rotary evaporator under reduced pressure (40 °C, 

ca. 53 mmHg) to a white semi-solid. The resulting material is dissolved in 

20% aqueous potassium hydroxide (75 mL) and stirred for 5 h at ambient 

temperature with a 3.0 cm x 1.4 cm, egg shaped, teflon-coated magnetic 

stirring bar. The aqueous phase is extracted with dichloromethane (6 x 60 

mL) and the combined organic extracts are dried over sodium sulfate (ca. 7 

g), filtered, and concentrated on a rotary evaporator under reduced pressure 

(40 °C, 38 mmHg) and dried under vacuum (0.13 mmHg) to yield 4.42-4.45 

g (37.7-37.9 mmol, 99% yield) of crude (S)-tert-leucinol as a colorless oil 

(Note 6). This material is used in the following step without purification. 

A 500-mL flask containing a 3.0 cm x 1.4 cm, egg shaped, teflon- 

coated magnetic stirring bar is charged with crude (S)-tert-leucinol (4.42 g, 

37.7 mmol, 1.00 equiv), dichloromethane (125 mL, 0.30 M) (Note 3) and 

then a solution of sodium carbonate (11.98 g, 113.1 mmol, 3.00 equiv) (Note 

2) in distilled water (95 mL) (Note 3) is added at ambient temperature. The 

biphasic mixture is stirred vigorously to emulsify and neat 2-bromobenzoyl 

chloride (5.67 mL, 43.3 mmol, 1.15 equiv) (Note 2) is added dropwise via 

syringe Over approximately 15 min. The reaction flask is capped with a two- 

tap Schlenk adapter connected to a bubbler (Note 1) and stirred for 10 h, 

after which time the layers are partitioned in a 500 mL separatory funnel and 

the aqueous phase is extracted with dichloromethane (4 x 50 mL). The 
combined organic extracts are stirred with 1 N potassium hydroxide solution 
in methanol (19 mL) in a 500 mL Erlenmeyer flask with a 3.0 cm x 1.4 cm, 

egg-shaped, teflon-coated magnetic stirring bar for 30 min at ambient 
temperature and then acidified to neutral pH with 1 N hydrochloric acid (ca. 
16 mL). Water (25 mL) is added, the phases are partitioned in a 1-L 
separatory funnel, and the aqueous phase is extracted with dichloromethane 
(4 x 35 mL). The combined organic extracts are washed with saturated brine 
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(75 mL), dried over sodium sulfate (3.00 g), filtered, and concentrated on a 
rotary evaporator under reduced pressure (40 °C, ca. 11 mmHg) to an off- 
white solid. The crude white solid is dissolved in a minimal amount of hot 
acetone (ca. 10 mL) (Note 3) and hexanes (Note 3) are added until a cloudy 
solution is obtained (ca. 45 mL). The crystals formed upon cooling and 
aging for 3 hours at 0 °C are collected, washed with hexanes, and dried 
under vacuum to afford 2-bromo-N-[(1S)-1-(hydroxymethyl)-2,2- 

dimethylpropyl]-benzamide (9.23—9.61 g, 30.8-32.0 mmol) as white blocks 

(Note 7). The filtrate is concentrated and recrystallized in a similar manner 

(with acetone (ca. 2 mL) and hexanes (10 mL)) to provide additional product 

(0.62—1.13 g, 2.1-3.76 mmol) as white blocks (Note 8), for a combined yield 

of 9.85—10.74 g (32.8-35.77 mmol, 86-94 % yield over two steps). 

B. 2-(2-Bromophenyl)-4-(1,1-dimethylethyl)-4 ,5-dihydro-(4S)- 

oxazole. An oven-dried, 500-mL, 3-necked flask equipped with a 3.0 cm x 

1.4 cm, egg-shaped, teflon-coated magnetic stirring bar, an internal 

thermometer, a glass stopper and a reflux condenser (central neck) equipped 

with a two-tap Schlenk adapter connected to a bubbler and an argon/vacuum 

manifold (Note 1) is assembled hot and cooled under a stream of argon. The 

flask is charged with  2-bromo-N-[(1S)-1-(hydroxymethyl)-2,2- 

dimethylpropyl]-benzamide (9.85 g, 32.8 mmol, 1.00 equiv), 

dichloromethane (170 mL, 0.19 M) (Note 3), and triethylamine (11.0 mL, 

78.6 mmol, 2.40 equiv) (Note 2) under a positive pressure of argon. The 

resulting colorless solution is cooled to approximately 4 °C in an ice-water 

bath and neat methanesulfonyl chloride (2.92 mL, 37.7 mmol, 1.15 equiv) 

(Note 2) is added dropwise via syringe over 3 min, at which point the 

solution turns slightly yellow. The reaction is warmed to reflux (50 °C oil 

bath temperature) while monitoring conversion by TLC (Note 9). Upon 

completed cyclization, the reaction is allowed to cool to ambient temperature 

and 60 mL of saturated aqueous sodium bicarbonate is added with vigorous 

stirring for 5 min. The layers are partitioned in a 1-L separatory funnel, the 

aqueous phase is extracted with dichloromethane (2 x 35 mL), the combined 

organic phases are washed with saturated brine (75 mL), dried over 

anhydrous magnesium sulfate (1.50 g), filtered, and concentrated on a rotary 

evaporator under reduced pressure (40 °C, 23 mmHg) to afford a red-brown 

semi-solid. The residue is dissolved in a minimal amount of 

dichloromethane (ca. 35 mL), dry-loaded onto silica gel (8 g), and purified 

by silica gel chromatography (Note 10) to afford 8.85-8.86 g (31.4 mmol, 

96% yield) of 2-(2-bromopheny])-4-(1 ,1-dimethyl-ethyl)-4 ,5-dihydro-(4S)- 

Org. Synth. 2009, 86, 181-193 183 



oxazole as a pale yellow oil. This material solidifies when placed in a —20 

°C freezer and is preferred in this state for the subsequent reaction (Note 11). 

C. 4-(1,1-dimethylethyl)-2-[2-(diphenylphosphino)phenyl]-4,5- 

dihydro-(4S)-oxazole ((S)-tert-ButyIPHOX). A 150-mL Schlenk flask 

equipped with a glass valve, a glass stopper, and a 1.7 cm x 0.7 cm, egg- 

shaped, teflon-coated magnetic stirring bar is dried with a heat gun under 

vacuum and cooled under argon atmosphere. The glass stopper is removed 

under a positive pressure of argon and the flask is charged with copper(I) 

iodide (19.0 mg, 0.10 mmol, 0.005 equiv) (Note 2), diphenylphosphine (4.35 

mL, 25.0 mmol, 1.25 equiv) (Note 2), N,N’-dimethylethylenediamine (53 

uL, 0.50 mmol, 0.025 equiv) (Note 2) and toluene (20 mL) (Note 3). The 

flask is sealed with the glass stopper and the colorless contents are stirred at 

ambient temperature for 20 min. The glass stopper is then removed under a 

positive pressure of argon and the flask is charged with 2-(2-bromopheny]l)- 

4-(1,1-dimethylethyl)-4,5-dihydro-(4S)-oxazole (5.64. g, 20.0 mmol, 1.00 

equiv), cesium carbonate (9.78 g, 30.0 mmol, 1.50 equiv) (Note 2), and 

toluene (20 mL, 0.50 M total) to wash the neck and walls of the flask. The 

flask is equipped with a reflux condenser with a two-tap Schlenk adapter 

connected to a bubbler and an argon/vacuum manifold (Note 1). The now 

yellow heterogeneous reaction is placed in a 110 °C oil bath and vigorously 

stirred under argon atmosphere (Note 12). Following consumption of 

starting material (Note 13), the reaction is allowed to cool to ambient 

temperature, filtered through a pad of celite, and the filter cake is washed 

with dichloromethane (2 x 40 mL) (Note 14). The filtrate is concentrated on 

a rotary evaporator under reduced pressure (40 °C, 15 mmHg) to a pale 

yellow semi-solid. The residue is dissolved in a minimal amount of 

dichloromethane (ca. 40 mL) (Note 15), dry-loaded onto silica gel (10 g), 

and purified by silica gel chromatography eluting with 24:1 hexanes/diethyl 
ether until excess Ph,PH elutes, then with a 9:1 dichloromethane/diethyl 
ether mixture until the desired product elutes (Note 16). The combined 
fractions are concentrated on a rotary evaporator under reduced pressure (40 
°C, 14 mmHg) to a viscous, pale yellow oil and layered with acetonitrile (ca. 
5 mL) to facilitate crystallization (Notes 3 and 17). The flask is swirled 
while crystals form within seconds (Note 18). After approximately 15 
minutes, the flask is placed under high vacuum to remove volatiles to afford 
6.81 g (17.6 mmol, 88% yield) of (S)-tert-ButyIPHOX as white blocks (Note 
19); 
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2. Notes 

1. A two-tap Schlenk adapter connected to a bubbler and an 
argon/vacuum manifold is illustrated in Yu, J.; Truc, V.; Riebel, P.; Hierl, E. 

and Mudryk, B. Org. Synth. 2008, 85, 64-71. 

2. Submitters and checkers purchased (L)-tert-leucine (99%, 99% 
ee), sodium borohydride (98%), cesium carbonate (99%), and N,N’- 

dimethylethylenediamine (99%) from Aldrich and used as received. (2)- 

Bromobenzoyl chloride (98%) and methanesulfonyl chloride (99.5%) were 

purchased from Acros and used as received. Copper iodide (98%) was 

purchased from Strem and used as received. Submitters and checkers 

purchased triethylamine (99.5%) from Aldrich and distilled it from calcium 

hydride prior to use. Submitters and checkers purchased diphenylphosphine 

(99%) from Strem and transferred it through a cannula to a dry Schlenk tube 

under nitrogen to prolong reagent life. The submitters purchased iodine 

(299%) and sodium carbonate (99%) from Aldrich and used as received. 

The checkers purchased iodine (puriss. p. a.) and potassium hydroxide 

(puriss. p. a.) from Riedel-de-Haén (puriss. p. a.) and sodium carbonate 

(99.5%) from Merck and used as received. 

3. Submitters distilled tetrahydrofuran from sodium 9-fluorenone 

ketyl’ prior to use. Submitters and checkers used methylene chloride, 

toluene, and acetonitrile purified by passage through an activated alumina 

column under argon.’ The submitters purchased reagent grade acetone from 

EMD, and hexanes and methanol (both ACS grade) were purchased from 

Fisher and used as received. The submitters used distilled water purified 

with a Barnstead NANOpure Infinity UV/UF system. The checkers used 

tetrahydrofuran (VWR, HPLC-grade) dried using a Pure-Solve™ system. 

Reagent grade acetone was purchased from VWR, methanol (Baker 

analyzed) was purchased from J.T. Baker and hexanes were distilled. 

4. The evolution of hydrogen gas during the addition of sodium 

borohydride is minor due to the adequate size of the reaction flask and the 

surface area of cooling. This is readily vented through the oil bubbler. 

5. The initial reaction quench with methanol proceeds with vigorous 

gas evolution. Methanol should be added dropwise until the intensity of gas 

evolution abates. 

6. The reduction product, (S)-tert-leucinol, can be purified by 

distillation,’ but this was not necessary for this application. The material 

showed the following characterization data: 'H NMR (400 MHz, CDCl) 8: 
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0:89°(s,9 BD 249 (dd, J = 1029329 PH) 3. 19 Gs 102 Fiz rt), 

3.70 (dd, J = 10.2, 3.9 Hz, 1 H). This material may also be purchased from 

commercial sources, but is less expensive in the amino acid form. Similar 

amino acid reductions have appeared in Organic Syntheses.” 

7. 2-Bromo-N-[(1S)-1-(hydroxymethy])-2,2-dimethylpropyl]- 

benzamide showed the following characterization data: mp 117-118 °C 

from acetone/hexanes; Ry= 0.14 (2:1 hexanes/acetone); 'H NMR (500 MHz, 

CDCl;) 8: 1.03 (s, 9 H), 2.40 (br dd, J = 5.0 Hz, 1 H), 3.64-3.70 (m, 1 H), 

3.91-3.97 (m, 1 H), 4.04-4.08 (m, 1 H), 6.20 (br d, J = 8.4 Hz, 1 H), 7.27 

(ddd, J = 7.9, 7.9, 1.6 Hz, 1 H), 7.35 (dd, J= 7.5, 7.5 Hz, 1 H), 7.55 (dd, J= 

7.6, 1.5 Hz, 1 H), 7.59 (d,J = 8.0 Hz, 1 H); °C NMR (126 MHz, CDCI) 5: 

2743933:8,°60139 63 10.11.9107 927.6, 129: 7p Ss 3333 9197-9 les Gui 

(ATR) 3223, 3065, 2961, 1627, 1544 cm; HRMS (FAB+) mz calc'd for 

Cy3H,)NO2Br [M+H]": 300.0599, found 300.0590; MS (FAB) m/z (relative 

intensity): 300 (100%), 185 (49%), 77 (21%); [a]p-? +17.3 (c€ 2.38, 

methanol); Anal. cale’d. for C;3H,;sNO2Br: C, 52.01; H, 6.04; N, 4.67. 

Found: C, 52.01; H, 5.95; N, 4.51. 

8. Insome cases the resulting filtrate was purified by silica gel flash 

chromatography, eluting with a 3:1 — 2:1 hexanes/acetone gradient to 

afford an additional 2-6% of an off-white amorphous solid that is 

spectroscopically identical to the crystalline material. 

9. Reaction progress can be monitored by TLC analysis (the 

checkers used Polygram®SIL/UV2;4-TLC-plates from Macherey-Nagel) 

using 2:1 ethyl acetate/hexanes as the eluent with UV visualization (R,; 

amide = 0.28, Ry mesylate = 0.43, Ry bromooxazoline = 0.64). Mesylate 

formation is typically complete upon final addition of methanesulfonyl 

chloride, whereas cyclization to the bromooxazoline typically requires ca. 5 

h at 50 °C to complete. 

10. Flash chromatography column dimensions: 3 cm diameter x 20 
cm height of silica gel (checkers used “Silica Gel 60” (0.040-0.063 mm) 
from Merck), eluting with 200 mL of 9:1 hexanes/ethyl acetate, then 450 mL 
of 6:1 hexanes/ethyl acetate, collecting ca. 20-25 mL fractions. Fraction 
purity can be assayed by TLC (the checkers used Polygram®SIL/UV54- 
TLC-plates from Macherey-Nagel) analysis using 4:1 hexanes/ethyl acetate 
with UV visualization. This method of purification removes color from the 
crude material and a minor impurity at Ry= 0.33. 

11. 2-(2-Bromopheny])-4-(1 ,1-dimethylethyl)-4,5-dihydro-(4S)- 
oxazole showed the following characterization data: mp 47-48 °C; Rye= 0.27 
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(4:1 hexanes/ethyl acetate); 'H NMR (500 MHz, CDCl) 8: 1.00 (s, 9 H), 

4.11 (dd, J= 10.2, 8.0 Hz, 1 H), 4.26 (dd, J= 8.3, 8.3 Hz, 1 H), 4.38 (dd, J= 
10.2, 8:7 Hz, 1 H), 7.27 (ddd, J= 7.7, 7.6, 1.9 Hz, 1 H), 7.33 (ddd, J = 7.5, 
7.5, 1.1 Hz, 1 H), 7.63 (dd, J = 8.0, 0.9 Hz, 1 H), 7.66 (dd, J= 7.6, 1.3 Hz, 1 
H); °C NMR (126 MHz, CDE) "5226.0, 34.1, 69.0, 76.8, 121.9; 127.1, 
130.3, 131.3, 131.5, 133.7, 162.8; IR (ATR) 2958, 1660, 1476, 1358, 1095, 
1022, 959 cm’: HRMS (FAB+) m/z cale'd for C;;3H;;NOBr [M+H]’: 

282.0493, found 282.0488; MS (FAB) m/z (relative intensity): 282 (100%), 

224 (10%), 183 (17%), 77 (12%); [a]p’? -48.9 (c 3.77, hexane); Anal. 
cale’d. for C;;HisNOBr: C, 55.33; H, 5.72; N, 4.96. Found: C, 55.37; H, 

5.70; N, 4.84. 

12. Submitters sealed the teflon valve and placed the sealed flask in a 

110°C oil bath protected with a blast shield. Reactions performed with 

minimal stirring or that cease to stir result in incomplete conversion. The 

preferred stirring rate of the coupling reaction is ca. 700 setting (ca. 700 

rpm) on an IKAmag RET basic stir/hot plate (a range between 500-800 rpm 

is sufficient). Additionally, the color of the reaction becomes an intense 

yellow within 5—10 minutes of heating. The color of the inorganic base then 

dominates as it turns to light gray, and finally to a dark maroon/purple color 

after several hours. 

13. The ‘reaction typically requires 21 h to reach complete 

conversion. Reaction progress can be monitored by TLC analysis (the 

checkers used Polygram®SIL/UV>54-TLC-plates from Macherey-Nagel) 

using 4:1 hexanes/diethyl ether as the eluent (developed twice) with UV 

visualization (Ry bromooxazoline = 0.17, Ry reduced oxazoline = 0.27, Ry 

tert-ButyIPHOX = 0.33, Ry PhoPH = 0.51). 

14. Fritted glass funnel (Por. 3, pore size 15—40 um), 4 cm diameter 

x 5 cm height) filled with 16 g of celite. 

15. Submitters dissolved the pale yellow semi-solid in a minimal 

amount of dichloromethane (ca. 40 mL) and diethyl ether (ca. 50 mL). 

16. Flash chromatography column dimensions: 5 cm diameter x 16 

cm height of silica gel, (checkers used “Silica Gel 60” (0.040-0.063 mm) 

from Merck). Checkers eluted with 500 mL of 24:1 hexanes/diethyl ether, 

then 400 mL of 9:1 dichloromethane/diethyl ether, collecting ca. 50 mL 

fractions. Fraction purity can be assayed by TLC (the checkers used 

Polygram®SIL/UV254-TLC-plates from Macherey-Nagel) analysis using 4:1 

hexanes/diethyl ether with UV visualization. The mixture of products may 
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contain reduced arene, starting bromooxazoline, and desired (S)-tert- 

ButyIPHOX, depending on the extent of reaction (Note 12). 

17. As the percentage of desired (S)-tert-ButyIPHOX in the crude 

mixture increases, the oil readily solidifies upon concentration under 

reduced pressure. To decrease the time required to induce crystallization, 

this oil can then be dissolved in diethyl ether and further concentrated. 

Additionally, acetonitrile efficiently promotes crystallization of (S)-fert- 

ButylPHOX in concentrated solutions. 

18. If the reaction is pushed to completion, the material obtained 

from this simple purification is typically quite pure (no impurities were 

detected by 'H NMR analysis of the crude oil). If the purity is unsatisfactory, 

this crystalline material can be recrystallized with hot acetonitrile. A typical 

recrystallization is performed as follows: in an experiment run on 20.0 mmol 

scale, 7.033 g (18.15 mmol) of crude product was dissolved in a minimal 

amount (ca. 8-10 mL) of boiling acetonitrile and allowed to cool slowly to 

ambient temperature. The crystals are then filtered and washed with ca. 15— 

25 mL of hexanes, then dried under high vacuum to yield 6.613 g (17.07 

mmol, 85.3% yield) of white blocks. This material is analytically pure by 'H 

NMR and all other spectroscopic data (see Note 19). 

19. Ina run carried out on half-scale, 3.49 g of (S)-tert-ButyIPHOX 

was obtained (90% yield). (S)-tert-ButyIPHOX showed the following 

characterization data, mp 113-114 °C from acetonitrile; Ry = 0.33 (4:1 

hexanes/diethyl ether); *'P NMR (162 MHz, CDCI;) 8: —5.49 (s); 'H NMR 
(400 MHz, CDCI;) 5: 0.73 (s, 9 H), 3.88 (dd, J = 10.2, 8.2 Hz, 1 H), 4.01 

(dd, J = 8.3 Hz, 8.3 Hz, 1 H), 4.08 (dd, J = 10.2, 8.5 Hz, 1 H), 6.87 (ddd, J= 

7.7, 4.0, 0.8 Hz, 1 H), 7.33-7.21 (m, 11 H); 7.36 (apparent dt; Ji =:76,.1.3 
Hz, 1 H), 7.94 (ddd, J = 7.7, 3.7, 0.9 Hz, 1 H); "°C NMR (101 MHz, CDCl) 
8: 25.8, 33.6, 68.3, 76.7 (overlaps with CHCl;-rest-signal, detected in 

DEPT135-experiment), 128.0, 128.3 (d, Jcp = 5.9 Hz), 128.2 (2 lines), 128.5 
(d, Jcp = 9.7 Hz), 129.8 (d, Jcp = 3.1 Hz), 130.3, 132.0 (d, Jcp = 19.7 Hz), 
133.6 (d, Jcp = 20.2 Hz), 134.1, 134.3 (d, Jcp = 21.0 Hz), 138.3 (d, Jcp = 9.7 
Hz), 138.5 (d, Jcp = 12.6 Hz), 138.8 (d, Jcp = 25.5 Hz), 162.7 (d, Jcp = 2.7 
Hz); IR (ATR) 3069, 2955, 2897, 2866, 1653, 1583, 1475, 1433, 1354, 
1090, 1024, 955, 742, 669, 580, 511 cm; HRMS (FAB+) mz calc'd for 
CysH27NOP [M+H]": 388.1830, found 388.1831; MS (EI) m/z (relative 
intensity): 388 (1%), 372 (9%), 330 (55%), 302 (100), 228 (6), 183 (12); 
[a]p’ -75.2 (c 0.925, CHCl); Anal. cale’d. for CysH»sNOP: C, 77.50: H, 
6.76; N, 3.62. Found: C, 77.22; H, 6.82; N, 3.57. The enantiomeric excess of 
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(S)-tert-ButyIPHOX can be determined by analytical supercritical fluid 
chromatography; this was performed using a Berger Analytix SFC (Thar 
Technologies) equipped with a Chiralcel® OJ-H column (4.6 mm x 25 cm) 
obtained from Daicel Chemical Industries, Ltd. and a diode array detector. 
The assay conditions are 10% ethanol, 35 °C, 2 mL/min flow rate, with 
visualization at 210 nm (optimal), retention times: (R) enantiomer = 4.67 
min, (S) enantiomer = 5.17 min. The minor (R) enantiomer can not be 
detected from SFC analyses of ligand prepared from the reported procedure, 
and is therefore >99% ee. This crystalline material is stable indefinitely at 
ambient temperatures in a closed container under an atmosphere of nitrogen 
or argon. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

This synthesis of (S)-tert-ButyIPHOX (4-(1,1-dimethylethy])-2-[2- 

(diphenylphosphino)pheny1]-4,5-dihydro-(4S)-oxazole) is a modification of 

our previously reported procedure.° Several improvements have been 

implemented that facilitate large-scale preparation of this ligand. 

Recrystallization of 2-bromo-N-[(1S)-1-(hydroxymethyl])-2,2-dimethy]- 

propyl]-benzamide obviates the previous need for flash column 

chromatography. Subsequent oxazoline formation is now accomplished via 

mesylate displacement with improved efficiency and yield. The use of 

methanesulfonyl chloride enables rapid mesylate formation at milder 

temperatures, and aqueous reaction workup is favored over the previous 

method, where incomplete hydrolysis of p-toluenesulfonyl chloride 

complicated purification. The copper(I) iodide-catalyzed phosphine 

coupling’ has been optimized to maximize the efficiency of the reaction by 

minimizing the use of catalyst and diamine ligand, as well as reducing the 

quantities of phosphine, cesium carbonate, and solvent. Finally, a procedure 

to purify (S)-tert-ButyIPHOX is described, using a simple silica gel plug, 

followed by crystallization with acetonitrile (or recrystallization when 
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necessary), to afford the ligand as a white crystalline solid in four steps from 

(L)-tert-leucine in excellent overall yield (71.9-80.4% over four steps). 

The phosphinooxazoline® (S)-tert-ButyIPHOX is a chiral P/N-ligand 

useful for an array of organometallic transformations, including 

alkylations,®*’ desymmetrizations of meso-anhydrides,'” Heck reactions," 

hetero-Diels—Alder cycloadditions,'* Meerwein—Eschenmoser Claisen 

rearrangements,’> and hydrogenations. Our laboratory has _ recently 

described its use as a uniquely effective ligand for the palladium-catalyzed 

Table 1. PHOX derivatives prepared via this protocol.” 

PhoP aa PhoP ar 

84% yield 68% yield 71% yield gin 73% yield tBu 75% yield TRS 

Caaeme Wiener soe om 
PhoP PhoP PhoP 

54% yield 38 71% yield oe 64% yield ae 89% yield Sh 72% yield ve 

haP t-Bu Bw Bw 

70% yield neoe 55% yield nae 53% delaes 69% dauith . 

t-Bu 

Cy OMe CF3 

0 es: > so xs 
BH, FBu-P, N | | 
_ Bu BH3 S PhoP N PhoP N / 

63% yield 79% yield 72% yield 77% yield 

OMe CF3 

fo) (e) [@) 10) py Yr a. | | N P ON N F3C aN 

CF3 CF3 CF3 
73% yield 75% yield 66% yield 74% yield 
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asymmetric decarboxylative allylation®'> and protonation'® of prochiral 
ketone enolates. This synthesis of (S)-tert-ButyIPHOX highlights 
improvements of a general and efficient strategy to access PHOX ligands of 
varied structure and electronics in substantial quantities (Table 1). 

1. Department of Chemistry and Chemical Engineering, M/C 164-30, 

California Institute of Technology, Pasadena, California, 91125; E-mail: 

stoltz@caltech.edu. 

2. Kamaura, M.; Inanaga, J. Tetrahedron Lett. 1999, 40, 7347-7350. 

3. Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; 

Timmers, F. J. Organometallics 1996, 15, 1518-1520. 

4. McKennon, M. J.; Meyers, A. I. J. Org. Chem. 1993, 58, 3568-3571. 

5. (a) Dickman, D. A.; Meyers, A. I.; Smith, G. A.; Gawley, R. E. Org. 

Synth. Coll. Vol. VI, 1990, 530-533. (b) Gage, J. R.; Evans, D. A. Org. 

Synth., Coll. Vol. VII, 1993, 528-531. 

6. (a) Behenna, D. C.; Stoltz, B. M. J. Am. Chem. Soc. 2004, 126, 15044— 

15045. (b) Tani, K.; Behenna, D. C.; McFadden, R. M.; Stoltz, B. M. 

Org. Lett. 2007, 9, 2529-2531. 

7. Gelman, D.; Jiang, L.; Buchwald, S. L. Org. Lett. 2003, 5, 2315-2318. 

8. (a) von Matt, P.; Pfaltz, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 566— 

568. (b) Sprinz, J.; Helmchen, G. Tetrahedron Lett. 1993, 34, 1769- 

1772. (c) Dawson, G. J.; Frost, C. G.; Williams, J. M. J.; Coote, S. J. 

Tetrahedron Lett. 1993, 34, 3149-3150. 

9. (a) Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336-345. (b) 

Wei, T. D.; Helmchen, G.; Kazmaier, U. Chem. Commun. 2002, 12, 

1270-1271. 

10. Cook, M. J.; Rovis, T. J. Am. Chem. Soc. 2007, 129, 9302-9303. 

11. Loiseleur, O.; Hayashi, M.; Schmees, N.; Pfaltz, A. Synthesis 1997, 11, 

1338-1345. 

12. Yao, S.; Saaby, S.; Hazell, R. G.; Jorgensen, K. A. Chem.—Eur. J. 2000, 

6, 2435-2448. 

13. Linton, E. C.; Kozlowski, M. C. J. Am. Chem. Soc. 2008, 130, 16162— 

16163. 

14. Legault, C. Y.; Charette, A. B. J. Am. Chem. Soc. 2005, 127, 8966— 

8967. 

15. (a) Mohr, J. T.; Behenna, D. C.; Harned, A. M.; Stoltz, B. M. Angew. 

Chem., Int. Ed. 2005, 44, 6924-6927. (b) Seto, M.; Roizen, J. L.; Stoltz, 

Org. Synth. 2009, 86, 181-193 191 



B. M. Angew. Chem., Inte. Ed. 2008, 47, 6873-6876. (c) Mohr, J. T.; 

Krout, M. R.; Stoltz, B. M. Org. Synth. 2009, 86, [please update with 

appropriate reference]. 

16. (a) Mohr, J. T.; Nishimata, T.; Behenna, D. C.; Stoltz, B. M. J. Am. 

Chem. Soc. 2006, 128, 11348-11349. (b) Marinescu, S. C.; Nishimata, 

T. N.; Mohr, J. T.; Stoltz, B. M. Org. Lett. 2008, 10, 1039-1042. 

Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

(L)-tert-Leucine: L-Valine, 3-methyl-; (20859-02-3) 

(S)-tert-Leucinol: 1-Butanol, 2-amino-3,3-dimethyl-, (2.S)-; (112245-13-3) 

Sodium borohydride: Borate(1-), tetrahydro-, sodium (1:1); (16940-66-2) 

2-Bromobenzoyl chloride: Benzoyl chloride, 2-bromo-; (7154-66-7) 

Methansulfonyl chloride; (124-63-0) 

Copper iodide; (1335-23-5) 

Diphenylphosphine: Phosphine, diphenyl-; (829-85-6) 

N,N’-dimethylethylenediamine: 1,2-Ethanediamine, N1,N2-dimethyl-; (110- 

70-3) 

Cesium carbonate: Carbonic acid, cesium salt (1:2); (534-17-8) 

(S)-tert-ButyIPHOX: Oxazole, 4-(1,1-dimethylethy])-2-[2- 

(diphenylphosphino)pheny1]-4,5-dihydro-, (4S)-; (148461-16-9) 
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PREPARATION OF (S)-2-ALLYL-2-METHYLCYCLOHEXANONE 

(Cyclohexanone, 2-methyl-2-(2-propen-1-yl)-, (2.S)-) 

O 1. allyl alcohol, p-TSOH (oR. (© 
toluene, reflux ee 

A. OH O Grae 
2. NaH, THF, 40 °C 

OH then CHgl 

Oo O Pd2(dba)3 O 
S)-tert-ButyIPHOX ‘ 

B. oN (8) y OS 

Wile CO ae 

86% ee 

O 1. semicarbazide*HCl Oo 
rs ele NaOAc, H2O a ee 

2. recrystallization 
3. 3 N HCI (aq), EtsO 

86% ee 98% ee 

Submitted by Justin T. Mohr, Michael R. Krout, and Brian M. Stoltz.*' 

Checked by Christian Ebner and Andreas Pfaltz. 

1. Procedure 

Caution! This procedure should be carried out in an efficient fume hood due 

to the evolution of hydrogen gas during the reaction. Appropriate 

precautions should be taken to avoid inhalation or direct contact with 

iodomethane or allyl alcohol. The former is a known carcinogen, and the 
latter is a potent toxin due to its in vivo metabolism to acrolein, a known 

carcinogen. 

A. 1-Methyl-2-oxo-cyclohexanecarboxylic acid 2-propenyl ester. A 
500-mL, single-necked, round-bottomed flask equipped with a large 
magnetic stir bar (38 x 8 mm) is charged with 50.0 g of pimelic acid (313 
mmol, 1.00 equiv), 156 mL of toluene, and 63.9 mL of allyl alcohol (939 
mmol, 3.00 equiv) (Note 1). The mixture is stirred vigorously to create a 
uniform suspension, and 297 mg of p-toluenesulfonic acid monohydrate 
(1.57 mmol, 0.005 equiv) is added. A Dean-Stark trap and a water-cooled 
condenser with a two-tap Schlenk adapter connected to a bubbler and an 
argon/vacuum manifold (Note 2) are affixed to the flask, and the resulting 
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suspension is heated to reflux (120 °C oil bath temperature). The mixture in 
the flask soon became homogeneous. After 16 h at reflux, approximately 11 
mL of water had accrued in the Dean-Stark trap. The vessel is cooled to 
ambient temperature and the solution is transferred to a separatory funnel 
(500 mL). The organic solution is washed successively with saturated 
aqueous sodium bicarbonate (3 x 15 mL) and brine (2 x 15 mL) and then 
dried over anhydrous magnesium sulfate (6 g). After filtration through 
cotton, the organic solution is concentrated by rotary evaporation under 

vacuum (60 °C, 15 mmHg) and then the last traces of solvent are removed 

under high vacuum (0.15 mmHg) to yield 72.3-74.6 g of diallyl pimelate 

(301-311 mmol, 96-99% yield) as a slightly yellow-colored, free-flowing 

liquid. GC analysis indicated >99% purity (Note 3). 

A flame-dried, three-necked, 1-L flask equipped with a glass stopper, 

a water-cooled reflux condenser with a two-tap Schlenk adapter connected 

to a bubbler and an argon/vacuum manifold (Note 2), a rubber septum, and a 

magnetic stir bar is charged with 13.2 g of 60% sodium hydride (331 mmol, 

1.10 equiv) and tetrahydrofuran (250 mL) (Note 1). The flask is immersed in 

a water bath (22 °C) and a solution of 72.2 g of crude diallyl pimelate (301 

mmol, 1.00 equiv) in 50 mL of tetrahydrofuran is added in a steady stream 

via cannula during the course of 5 min. Some moderate bubbling (hydrogen 

evolution) of the reaction mixture is observed during the addition. Following 

the addition, the suspension is heated to 40 °C and then stirred for 10h 

(Note 4) whereupon the reaction mixture turned to a clear, yellowish 

solution. Once the starting material is consumed (based on TLC, Note 5), 

24.3 mL of neat iodomethane (391 mmol, 1.30 equiv) (Note 1) is added to 

the mixture, which became a white suspension. After an additional 15 h at 

40 °C, the mixture is cooled to ambient temperature (22 °C) and water (60 

mL) is added carefully via syringe over the course of 9 min to obtain a clear, 

yellowish solution. The mixture is transferred to a 1-L, single-necked, 

round-bottomed flask, the THF is removed by rotary evaporation under 

vacuum (40 °C, 150 mmHg) (Note 6), and the remaining solution is 

transferred to a separatory funnel (500 mL) and diluted with ethyl acetate 

(100 mL). The phases are separated and the aqueous phase is extracted with 

ethyl acetate (3 x 75 mL). The combined organic extracts are washed with 

brine (1 x 50 mL) and dried over anhydrous magnesium sulfate (5 g). After 

filtration through cotton, the organic solution is concentrated by rotary 

evaporation under vacuum (40 °C, 75 mmHg) to yield a yellow liquid. The 

material is purified by short-path distillation until the first drop of the 
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distillate turned yellow to give 52.9-53.0 g (270 mmol, 90% yield) (Note 7) 

of a clear, colorless liquid boiling from 69-72 °C/0.08 mmHg. GC analysis 

found >99% product purity (Note 8). 

B. (2S)-2-Methyl-2-(2-propen-1-yl)-cyclohexanone. A  flame-dried, 

50-mL, conical flask equipped with a rubber septum is charged with a 

portion of 1-methyl-2-oxo-cyclohexanecarboxylic acid 2-propenyl ester, 

placed under vacuum (0.06 mmHg) for 60 min to remove any dissolved 

gases, and then backfilled with argon. A 1-L, three-necked, round-bottomed 

flask is equipped with a stir bar, two rubber septa, and a two-tap Schlenk 

adapter connected to a bubbler and an argon/vacuum manifold (Note 2). The 

apparatus is flame-dried under vacuum and backfilled with dry argon (three 

cycles). After cooling the flask to ambient temperature, 435 mL of 

anhydrous tetrahydrofuran (Notes 1 and 9) is added and the flask is 

immersed in a 30 °C water bath. A twelve-inch needle is inserted through 

one of the septa and used to bubble dry argon gas through the liquid for 30 

mins». ‘Thee ineedle svish removed’ “andes iditens! 16.02" Sogmumer 

tris(dibenzylideneacetone)dipalladium(0) (Pd,(dba);, 1.11 mmol, 0.0125 

equiv) and 1.03 g of (S)-tert-ButyIPHOX (2.67 mmol, 0.030 equiv) (Note 1) 

are added. The mixture immediately became opaque and took on a golden- 

brown color. This mixture is stirred at 30 °C for 30 min (Note 10). 

Subsequently, neat 1-methyl-2-oxo-cyclohexanecarboxylic acid 2-propenyl 

ester (17.5 g, 89.03 mmol, 1.00 equiv) from the conical flask is added via 

syringe in a dropwise fashion to the catalyst mixture over the course of 10 

min. 

When the transfer is complete, the syringe is rinsed successively with 

two 5 mL portions of anhydrous tetrahydrofuran into the reaction mixture. 

Upon addition of the substrate to the catalyst mixture, the color changed to 
olive green. The mixture is maintained at 30-32 °C for 22-23 h (Note 11), 

when TLC indicated complete consumption of the starting material (Note 
12). The olive green-colored mixture is then passed through a pad of silica 
gel (5S cm diameter x 5 cm height) and rinsed with diethyl ether (200 mL). 
The bright yellow filtrate is concentrated by rotary evaporation under 
vacuum (150 mmHg, 40 °C) (Note 13). The liquid is then transferred to a 
50-mL round-bottomed flask and distilled through a short path apparatus 
into a receiving flask immersed in an ice water bath to provide 11.5-12.8 g 
(75.7-84.2 mmol, 85-95% yield) of (S)-2-allyl-2-methylcyclohexanone as a 
clear, colorless liquid boiling from 91-93 °C/16 mmHg that is analytically 
pure based on standard techniques (Note 14). Analysis of this material by 
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GC on a chiral stationary phase found 86-87% enantiomeric excess (Note 
15). In a reaction that gave 85% yield after distillation, additional product 
was obtained by subjecting the material remaining in the distillation pot to 
flash chromatography on silica gel (Notes 16 and 17), which provided an 
additional 1.14 g of product (7.50 mmol, 8% yield), also of 86% ee, for a 

combined yield of 12.64 g (83.2 mmol, 93% yield) (Note 18). 

C. Enrichment of (2S)-2-methyl-2-(2-propen-1-yl)-cyclohexanone via 

(2E)-2-[(2S)-2-methyl-2-(2-propenyl)cyclohexylidene]- 

hydrazinecarboxamide. Into a 250-mL, pear-shaped flask is added 5.58 g of 

sodium acetate (68.0 mmol, 1.00 equiv), 8.38 g of semicarbazide 

hydrochloride (74.8 mmol, 1.10 equiv), 75 mL of purified water (Note 1), 

and a large magnetic stir bar. The solution is stirred until all of the solids 

dissolved. At this point, 10.34 g of neat 2-allyl-2-methylcyclohexanone 

(68.0 mmol, 1.00 equiv) is added via syringe. When the addition is 

complete, a two-tap Schlenk adapter connected to a bubbler and an 

argon/vacuum manifold (Note 2) is attached and the mixture is heated to 60 

°C for 14 h (Note 19). The thick slurry is vacuum filtered (water aspirator) 

directly through filter paper on a porcelain Biichner funnel and rinsed with 

water (2 x 20 mL). The white solid is dried for 30 min on the funnel, 

transferred to a 250-mL round-bottomed flask, which then is immersed in a 

50 °C water bath. The white solid is dried under vacuum (0.3 mmHg) until a 

constant mass of 12.2 g (58.3 mmol, 86% yield) is achieved (about 8 h). At 

this point, the semicarbazone is found to have 90-91% ee (measured by 

reverting to the ketone, Note 20). 

A stir bar is added to the flask and the solids are suspended in 150 mL 

of toluene with mixing at approximately 400 rpm. After a water-cooled 

reflux condenser is attached to the flask, the mixture is then heated to 110 °C 

(bath temperature) in an oil bath. After a few minutes at this temperature, the 

solids dissolve completely to afford a clear colorless solution (Note 21). 

Heating is discontinued and the stirred mixture is allowed to cool to ambient 

temperature (20 °C) overnight while still immersed in the oil bath (Note 22). 

The cooled heterogeneous mixture is vacuum filtered (water aspirator) 

through filter paper on a porcelain Biichner funnel. The solids are rinsed 

with toluene (2 x 10 mL) and then dried on the filter for 15 min (Note 23). 

The solids are transferred to a 250-mL pear-shaped flask and dried under 

vacuum (0.3 mmHg) until a constant mass of 10.8-10.9 g (51.7-52.2 mmol, 

16-77% yield, 89-90% recovery) is observed. This material is found to have 
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98-99% enantiomeric excess (measured by reverting to the ketone, 

Note 20). 

A 250-mL pear-shaped flask containing a magnetic stir bar and 10.5 g 

of semicarbazone (50.2 mmol) and 40 mL of diethyl ether is stirred to 

suspend the solids. To the suspension is added 20 mL of 3 N aqueous 

hydrochloric acid (Note 1). No appreciable heat evolution is observed. The 

mixture is stirred vigorously for 3h at ambient temperature (20 °C), at 

which time all of the solids had disappeared and two clear colorless phases 

are observed. The biphasic mixture is transferred to a 100-mL separatory 

funnel and the phases are separated. The aqueous phase is extracted with 

diethyl ether (3 x 10 mL). The combined organic layers are then washed 

successively with saturated sodium bicarbonate (2 x 5 mL), water (1 x 5 

mL), and brine (2 x 5 mL). The organic phase is dried over anhydrous 

magnesium sulfate (1 g) and then filtered through cotton and concentrated 

by rotary evaporation under vacuum (150 mmHg, first at 20 °C, then at 40 

°C to remove the last traces of solvent) to provide 7.62-7.63 g 

(50.1-50.2 mmol, >99% yield) of (S)-2-allyl-2-methylcyclohexanone of 

98% ee (Notes 14 and 15). GC analysis demonstrates the product is formed 

in >99% product purity (Note 24). 

2. Notes 

1. Pimelic acid (=99%, Fluka), allyl alcohol (>99%, Sigma-Aldrich), 

p-toluenesulfonic acid monohydrate (ACS reagent, >98.5%, Sigma-Aldrich), 

toluene (Baker ultra resi-analyzed, J.T.Baker), solid sodium bicarbonate 

(tech grade, Brenntag Schweizerhall AG), magnesium sulfate (tech. grade, 

Brenntag Schweizerhall AG), sodium hydride (60% dispersion in mineral 

oil, Acros), iodomethane (Reagent Plus, 99%, Sigma-Aldrich), 
tris(dibenzylideneacetone)dipalladium (Pd,(dba)3, Strem), sodium acetate 
(puriss. p.a., ACS reagent, anhydrous, >99.0% (NT), Fluka), semicarbazide 
hydrochloride (99%, Alfa Aesar), and hydrochloric acid (36-38 wt%, 
J.T.Baker), were purchased and used as received. Checkers purchased 
purified water (for HPLC, Fluka), submitters used water purified with a 
Barnstead NANOpure Infinity UV/UF system. Ethyl acetate (tech. grade, 
Brenntag Schweizerhall AG) was distilled prior to use, diethyl ether (tech. 
grade, Brenntag Schweizerhall AG) was distilled and passed through an 
activated alumina column under nitrogen prior to use, tetrahydrofuran 
(HPLC grade, Fisher) was distilled from sodium 9-fluorenone kety? or 
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passed through an activated alumina column under argon prior to use. The 
ligand (S)-tert-ButyIPHOX was prepared using our accompanying procedure 
in Organic Syntheses.*° 

2. A two-tap Schlenk adapter connected to a bubbler and an 
argon/vacuum manifold is illustrated in Yu, J.; Truc, V.; Riebel, P.; Hierl, 

E.; Mudryk, B. Org. Synth. 2008, 85, 64-71. 

3. The esterification product, diallyl pimelate, may be distilled (bp 
134-135 °C/0.2 mmHg), but this is not necessary for this application. 

Distillation of a separate sample of diallyl pimelate led to significant loss of 

material to unidentified polymeric byproducts formed in the distillation 

flask, and distillation is therefore not recommended. Product purity was 

measured by GC using a CE Instruments GC 8000 Top equipped with a 

Restek Rtx-1701 column (30.0m x 0.25 mm) and a flame ionization 

detector using a method of 100 °C isothermal for 5 min, then ramp 13 

°C/min to 240 °C, then 240 °C isothermal for 5 min with 60 kPa He carrier 

gas flow. The retention time for the product was 17.85 min. No further 

signals were observed by the checkers, and therefore a product purity of 

98% was assigned with >99% yield. Submitters reported observation of a 

predominant but unidentified impurity with slightly shorter retention time 

than the product. The product exhibited the following characteristics: 'H 

NMR (400 MHz, CDCl) 5: 1.33—1.40 (m, 2 H), 1.66 (apparent quintet, J = 

7.7 Hz, 4 H), 2.34 (t, J = 7.6 Hz, 4 H), 4.57 (apparent dt, J = 5.7, 1.4 Hz, 4 

H), 5.23 (apparent dq, J = 10.4, 1.3 Hz, 2 H), 5.30 (apparent dq, J = 17.2, 1.5 

Hz, 2 H), 5.91 (ddt, J = 17.2, 10.4, 5.7 Hz, 2 H); °C NMR (101 MHz, 
CDCl) 8: 24.7, 28.7, 34.1, 65.1, 118.3, 132.4, 173.3; IR (neat film, NaCl) 

3086, 3025, 2942, 2866, 1733, 1648, 1456, 1421, 1378, 1272, 1173, 1086, 

991, 932, 734 cm '; MS (FAB, NBA) m/z (%) 242 (11), 241 (100, [M+HT), 

1835(85); 137° G1), 136 (14); 125.(53)--77 (10), 69 (12), 41 (59), 39 (42); 

HRMS (EI) mZ calc'd for Ci3H2004 [M]°: 240.1362, found 240.1355; TLC 

(Hex/EtOAc = 4:1) Ry= 0.46. Anal caled for C;3H29O4: C 64.98, H 8.39, 

found C 65.28, H 8.38. 

4. Submitters reported 7 h at 22 °C and an additional 4 h at 40 °C 

until all starting material was consumed. After this time the checkers did not 

observe full conversion by TLC analysis using the TLC method described in 

Note 5. 

5. The progression of the cyclization may be monitored by TLC 

analysis using 20% ethyl acetate in hexanes as eluent with KMnO, staining 

(submitters used p-anisaldehyde staining): Ry diallyl pimelate = 0.46, Ry, 
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cyclized intermediate = 0.58-0.77 (broad, also UV active), Ry alkylation 

product = 0.56. The detection of diallyl pimelate is often obscured by the 

cyclized intermediate. 

6. Following the submitters’ procedure, THF was not removed 

before diluting with ethyl acetate. In the checkers’ hands no phase separation 

took place under these conditions. 

7. Submitters reported 67% yield and 92% purity. 

8. Using the GC method described in Note 3, 1-methyl-2-oxo- 

cyclohexanecarboxylic acid 2-propenyl ester has a retention time of 14.77 

min. The distilled material contains a small amount (<1% by GC) of 

uncyclized pimelate and <1% of an unidentified byproduct (retention time of 

14.61 min). Submitters report observation of 6% of uncyclized diallyl 

pimelate and 2% of unidentified byproduct, which does not significantly 

affect the subsequent step. Out of this mixture analytically pure material 

may be obtained by flash chromatography on silica gel using a gradient of 

1.5 — 4% diethyl ether in hexanes as eluent. GC response factors between 

1-methyl-2-oxo-cyclohexanecarboxylic acid 2-propenyl ester and diallyl 

pimelate were determined with purified products to confirm these ratios, 

however assuming a 1:1 response factor gave the same ratios. The product 

showed the following characterization data: 'H NMR (400 MHz, CDCI;) 

6: 1.30 (s, 3 H), 1.43—-1.50 (m, 1 H), 1.59-1.78 (m, 3 H), 1.98—-2.05 (m, 1 H), 

2.42—2.54 (m, 3 H), 4.58-4.66 (m, 2 H), 5.24 (dd, J = 10.4, 0.8 Hz, 1 H), 

5.31 (dd, J = 17.2, 1.4 Hz, 1 H), 5.83-5.93 (m, 1 H); "°C NMR (101 MHz, 

CDCI) 5: 21.4, 22.7, 27.6, 38.3, 40.8, 57.3, 65.9, 119.0, 131.6, 172.9, 208.2; 

IR (neat film, NaCl) 3442, 3082, 2939, 2866, 1719, 1648, 1452, 1377, 1336, 

1301, 1259, 1212, 1160, 1121, 1084, 1062, 1038, 977, 936, 854, 816, 767, 

668, 599 cm; MS (EL, 70 eV) m/z (%) 196 (26, [M]’), 168 (18), 139 (12), 

138 (23), 137 (26), 127 (44), 111 (27), 110 (14), 109 (48), 83 (30), 82 (23), 

81 (100), 69 (34), 67 (16), 55 (56), 43 (22), 41 (85), 39 (24); HRMS (El) mz 

cale'd for C,;HjsO3 [M]*: 196.1099, found 196.1096; TLC (Hex/EtOAc = 

4:1) Ry= 0.56. Anal caled for C);His6O3: C 67.32, H 8.22, found C 67.17, H 

S15 

9. The substrate concentration (0.2 M) described herein yields 
product of slightly lower enantiomeric excess (about 1% lower) than the 
previously reported, optimized conditions (0.033 M in substrate). For 
smaller scale where overall quantity of solvent is less important, the lower 
substrate concentration is recommended. 
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10. The complexation time prior to adding substrate is important to 
the overall reaction. Shorter or longer complexation times led to lower 
product yield and incomplete substrate conversion. 

11. Submitters reported 26 h reaction time. 

12. Although the reaction produces an equivalent of carbon dioxide, 
the evolution of this byproduct is not visually apparent during the reaction. 
The reaction is readily evaluated by TLC analysis using 10% diethyl ether in 

pentane as eluent with KMnO, staining (submitters used p-anisaldehyde 

staining): Ry dibenzylideneacetone = 0.24 (also UV active), Ry B-ketoester = 

0.33, Ry product = 0.46. 

13. Care should be taken to ensure that the moderately volatile 

product is not lost during concentration of the filtrate. However, if a 

substantial amount of solvent remains, distillation of the product does not 

occur smoothly. At 150 mmHg and 40 °C, tetrahydrofuran and diethyl! ether 

are easily removed and product is not lost. 

14. The distilled material showed the following analytical data: 'H 

NMR (400 MHz, CDCI) 5: 1.06 (s, 3 H), 1.54-1.61 (m, 1 H), 1.65—1.90 (m, 

5 H), 2.23 (apparent ddt, J = 13.9, 7.3, 0.9 Hz, 1 H), 2.33-2.40 (m, 3 H), 

5.01—5.06 (m, 2 H), 5.69 (apparent ddt, J = 16.6, 11.1, 7.4 Hz, 1 H); °C 
NMR (101 MHz, CDCl) 6: 21.2, 22.8, 27.5, 38.7, 38.9, 42.1, 48.6, 118.0, 

133.9, 215.5; IR (neat film, NaCl) 3393, 3076, 2933, 2864, 1706, 1451, 

1124, 995, 913 cm''; MS (EL, 70 eV) m/z (%) 152 (31, [MJ’), 137 (36), 123 

(29), 109 (60), 108 (27), 95 (33), 94 (21), 93 (69), 83 (49), 82 (16), 81 (31), 

79 (21), 69 (14), 68 (17), 67 (66), 55 (100), 53 (13), 41 (50), 39 (25); HRMS 

(EI) m/z calc'd for CioHi6O0 [My 6152M20 1 Sfound) 15202042° The 

(Pentane/Et)O = 9:1) Ry= 0.46. Anal caled for CjoH6O0: C 78.90, H 10.59, 

found C 78.86, H 10.48; optical rotation following enrichment (Part C): 

[ap 47.0 (c 2.30, dichloromethane, 98% ee). 

15. GC analyses were performed with a Fisons Instruments HRGC 

Mega2 series equipped with a Chiraldex G-TA column (30.0 m x 0.25 mm) 

and a flame ionization detector. The assay conditions for 2-allyl-2- 

methylcyclohexanone are 100 °C isothermal, 60 kPa H) carrier gas flow, 

retention times: major (S) enantiomer = 14.15 min, minor (R) enantiomer = 

17.09 min. The absolute configuration was established by X-ray 

crystallographic analysis of a semicarbazone derivative bearing a substituent 

with known absolute configuration.° 

16. Column chromatography: 5 cm diameter x 10 cm height, eluting 

with 10% diethyl ether in pentane, 100 mL forerun, collecting 30 mL 
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fractions. Product appeared in fractions 9-20. See Note 12 for TLC 

conditions. For smaller scale preparations, it is often convenient to perform 

chromatography directly rather than distilling the product. 

17. In the reaction that gave 95% yield after distillation, TLC (see 

Note 12) of the distillation residue showed only traces of product. Therefore 

no flash chromatography was performed. 

18. Submitters reported 76% yield after distillation and an additional 

11% from flash chromatography for an overall yield of 87%. 

19. Semicarbazone formation begins before the addition of ketone is 

complete, although conversion at room temperature is sluggish. 

20. To ensure an accurate ee value, the powder was mixed thoroughly 

prior to measurement. The enantiomeric excess was determined by 

suspending a small amount of semicarbazone (approximately 10 mg) in a 

biphasic mixture of diethyl ether (1 mL) and 2 N aqueous hydrochloric acid 

(1 mL) at ambient temperature. After 30 min of stirring, all of the solids had 

dissolved and the organic layer was separated, dried briefly over anhydrous 

magnesium sulfate, filtered through cotton, and the filtrate concentrated by 

rotary evaporation. The residue was then dissolved in tert-butyl methyl ether 

and analyzed by GC (see Note 15 for separation conditions). The 

semicarbazone was homogeneous according to the proton and carbon NMR 

spectra, and appears to be a single geometric isomer. However a correct 

elemental analysis could not be achieved. The following properties were 

observed: mp 190-191 °C (toluene, 98% ee); 'H NMR (400 MHz, CDCl) 8: 

1.09 (s, 3 H), 1.41—1.48 (m, 1 H), 1.53-1.71 (m, 5 H), 2.14-2.25 (m, 2 H), 

2.32—2.39 (m, 2 H), 5.00 (apparent d, J = 3.5 Hz, 1 H), 5.03 (s, 1 H), 5.68— 

5.9 (m, 1 H), 8.29 (s, 1 H); "°C NMR (101 MHz, CDCI.) 8: 21.2, 22.9, 24.7, 

26.1, 38.7, 41.6, 43.1, 117.3, 134.9, 157.3, 158.7; IR (neat film, NaCl) 3465, 
3243, 3198, 3074, 2967, 2860, 1695, 1665, 1567, 1477, 1374, 1111, 1078, 
991, 909 cm’; MS (EI, 70 eV) m/z (%) 209 (35, [M]'), 194 (44), 168 (15), 
165 (100), 151 (33), 150 (70), 149 (23), 148 (10), 135 (48), 134 (28), 125 
(95), 108 (36), 107 (15), 98 (35), 96 (21), 95 (18), 93 (33), 91 (18), 82 (12), 
81 (63), 80 (14), 79 (30), 77 (12), 67 (42), 55 (30), 53 (17), 44 (11), 41 (48), 
39 (14); HRMS (CI, CH4) m/z cale'd for C;;H2N30 [M + H]: 210.1606, 
found 210.1599; [a]p”!° —50.5 (c 1.91, methanol, 98% ee). 

21. At the reported concentration, the hot toluene solution is not 
saturated. The additional solvent helps maintain efficient stirring as the 
crystallization progresses and the viscosity of the mixture increases. The 
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additional solvent does not significantly affect the efficiency of product 
recovery. 

22. Stirring during the crystallization process is very important to the 
efficiency of the ee improvement. For example, two separate 300 mg 
portions of semicarbazone with 89% ee were recrystallized from hot toluene 
(about 3 mL) with and without stirring. Although product recovery was 
comparable for either procedure (81% and 80%, respectively), the unstirred 
crystallization provided semicarbazone of 93% ee while the stirred 
crystallization provided semicarbazone of 96% ee. Either procedure yields 
the product as very fine needles. 

23. Concentration of the filtrate by rotary evaporation provided an 

additional 1.24—1.32 g (10-11% recovery) of semicarbazone. GC analysis of 

the corresponding ketone found 20-26% ee for this material (see Note 20). 

24. Using the GC method described in Note 3, 2-allyl-2- 

methylcyclohexanone has a retention time of 11.43 min. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

The Dieckmann cyclization protocol employed here is a modification 

of a similar procedures developed by Tsuji and coworkers’ and Fuchs and 

coworkers.® This improved procedure allows preparation of racemic allyl B- 

keto ester substrates in two steps with a single purification. Importantly, the 

single-pot cyclization/alkylation is an improvement over our previously 

reported method that required solvent exchange. The Dieckmann protocol is 

useful for the preparation of a number of substituted allyl B-keto esters by 

varying the electrophile. Possible substituents include alkyl, benzyl, 

substituted benzyl, and alkenyl.’ Other more sensitive substituents may be 

introduced by quenching the intermediate B-keto ester enolate with aqueous 

acid and then alkylating the resulting B-keto ester under more mild 

conditions (e.g., KxCO3, acetone, 50 SC)? In this manner, the f-keto ester 

enolate may undergo conjugate addition, aldol, or fluorination reactions with 

appropriate electrophilic components.” The B-keto ester substrates are useful 
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not only for enantioselective decarboxylative allylation, but also for 

enantioselective decarboxylative protonation reactions generating o.-tertiary 

cycloalkanones.'” Alternative methods for synthesis of f-keto ester 

substrates include acylation of ketones with diallyl carbonates,’ allyl 

cyanoformates,”'’ allyl chloroformates,'* or allyl 1H-imidazole-1- 

carboxylates." 

The enantioselective decarboxylative allylation method from allyl B- 

keto esters,”'* based on non-enantioselective transformations pioneered by 

Tsuji and Saegusa,’* represents a substantial advance in asymmetric 

allylation since prior methods'® required that the putative prochiral enolate 

intermediate'’ be stabilized by an electron-withdrawing group (e.g., esters or 

aryl groups) or contain only a single acidic site.'*'’ To highlight the previous 

deficiency in the literature, 2-allyl-2-methylcyclohexanone had not been 

prepared in high enantiomeric excess prior to our work since few alternative 

synthetic methods are available.*” Related enantioselective transformations 

for the conversion of allyl enol carbonates and silyl enol ethers to a- 

quaternary cycloalkanones, also based on earlier work by Tsuji,’ have been 

developed by our group*”’ and others.** However, B-keto ester substrates are 

often preferable due to the straightforward synthesis and ease of substrate 

handling. The procedure reported herein has been optimized for large-scale 

preparation and features lower catalyst loading and higher substrate 

concentration than our previously reported work. These changes have 

minimal impact on the efficiency and selectivity observed in the reaction. 

Improvements to purification include conditions for distillation of the 

product and an improved protocol for conversion to the corresponding 

semicarbazone derivative. Conditions for  recrystallization of the 

semicarbazone derivative are also reported, and provide access to highly 

enantioenriched 2-allyl-2-methylcyclohexanone. 

The scope of this transformation’ and the related transformation of 
allyl enol carbonates and enol silanes®”” has been demonstrated to include 
alkyl, alkenyl, aryl, ethereal, siloxy, halogen,” ketone, ester, and nitrile 

substituents. Additionally, the ring may be appended, unsaturated, enlarged, 
or substituted with heteroatoms. The delivered allyl group may be 
substituted at the internal position. Cascade allylation has also been 
performed to generate two quaternary stereocenters. Good levels of 
enantioselectivity are observed throughout these variations and products 
may be obtained in 55-99% yield and 80-94% ee (Table 1).°°? 

204 Org. Synth. 2009, 86, 194-211 



Table 1. Ketones prepared via enantioselective decarboxylative 
allylation.” 

E O Bu O _VOTBDPS 

WZ [IB [SS We WAY 

89% yield 80% yield 96% yield 55% yield 83% yield 86% yield 
88% ee 91% ee 92% ee 82% ee 91% ee 81% ee 

R OB o 

WO Se O O 

Oo 0 Cl 
eci/ 

87% yield 94%yield =H R=CFz3 R=OCHs g7% yield 87% yield 
5 5 99% yield 99% yield 80% yield of, 9 

Seip ee eee 85% ee 82%ee 86%EEe aes pees 

fe) O _CO,tBu On 
cy NZ SS a = catad 

PhS i 

80% yield 77% yield 73% yield 85% yield 82% yield 
86% ee 90% ee 86% ee 92% ee 87% ee 

CO,Et 
O 

aS SY 

97% yield 96% yield 90% yield 97% yield 81% yield 90% yield 
88% ee 90% ee 85% ee 91% ee 87% ee 79% ee 

O 

O Oo fe) @) ©) 
R 
R=H R=OMe 

g7% yield 94% yield = 900% ee 87% ee 93% ee pe si 

x iS me 
91% yield 86% yield 79% yield 83% yield 

92% ee 91% ee 

Aine AES Hae Any 
OnZ® rea ree ONO 

59% yield 93% yield 59% yield 73% yield 76% yield 
89% ee 88% ee 92% ee 94% ee 92% ee, (4:1 d.r.) 

The non-enantioselective Tsuji allylation reaction has been used 

sparingly in total synthesis efforts.” Since the development of asymmetric 

variants, however, enantioselective decarboxylative allylation has functioned 

as a key asymmetric step in the synthesis of the natural products (+)- 

Org. Synth. 2009, 86, 194-211 205 



dichroanone,”° (+)-elatol,”’ (+)-laurencenone Bw (—)-cyanthiwigin F i (+)- 

carissone,”” and (+)-cassiol*° as well as in an approach to the natural product 

zoanthenol*! (Table 2). Other useful transformations of the product (S)-2- 

allyl-2-methyl cyclohexanone include elaboration to various [6.5]- and [6.6]- 

fused bicycles and oxidation to a caprolactone derivative (Table 3a).° 

Spirocyclic systems are accessible by employing Grubbs’ olefin metathesis 

catalysts’ with a,a-dienes'***”’ (Table 3b). Dioxanone products may be 

cleaved to access acyclic keto diols and a-hydroxy esters (Table 3c). 

Table 2. Synthetic targets accessed via enantioselective decarboxylative 

allylation. 

(+)-Dichroanone (+)-Elatol (+)-Laurencenone B_ (—)-Cyanthiwigin F 

OMe 

OH 
(+)-Carissone (+)-Cassiol ABC ring system of Zoanthenol 
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Table 3. (a) Derivatives of 2-allyl-2-methylcyclohexanone.° (b) Spirocycles 

% 

Org. Synth. 2009, 86, 194-211 

accessible via ring-closing metathesis. '°7*7 
dioxanones to access acyclic products.” 

O 

2 steps 3 steps 
73% veld pe 

ae iain O 

ie 7 steps 1 step O 

O 
42% yield 75% yield NZ 

(c) Cleavage of 

AnHsIO% O 
os TSOH+H,O AY. THF/H3O 4 

esi . iy H3CO “ ae 

MeOH OH OH 2. CHI OH 
KzCO3 82% yield for 
DMF 3 steps 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Pimelic acid: Heptanedioic acid; (111-16-0) 

Allyl alcohol: 2-Propen-1-ol; (107-18-6) 

p-Toluenesulfonic acid monohydrate: Benzenesulfonic acid, 4-methyl-, 

hydrate (1:1); (6192-52-5) 

Diallyl pimelate: Pimelic acid, diallyl ester; (91906-66-0) 

Sodium hydride; (7646-69-7) 

Iodomethane: Methane, iodo-; (74-88-4) 

Allyl 1-methyl-2-oxocyclohexanecarboxylate: Cyclohexanecarboxylic acid, 

1-methyl-2-oxo-, 2-propeny] ester; (7770-41-4) 

Tris(dibenzylideneacetone) dipalladium(0): Palladium, tris[u-[(1,2-n:4,5-n)- 

(1E,4£)-1,5-diphenyl-1,4-pentadien-3-one]]di-; (51364-51-3) 

(S)-tert-ButyIPHOX: Oxazole, 4-(1,1-dimethylethyl)-2-[2- 

(diphenylphosphino)pheny1]-4,5-dihydro-, (4S)-; (148461-16-9) 

(S)-2-Allyl-2-methylcyclohexanone: Cyclohexanone, 2-methyl-2-(2-propen- 

1-yl)-, (2S)-; (812639-07-9) 

Sodium acetate: Acetic acid, sodium salt (1:1); (127-09-3) 

Semicarbazide hydrochloride: Hydrazinecarboxamide, hydrochloride (1:1); 

(563-41-7) 

(S)-2-(2-Allyl-2-methylcyclohexylidene)hydrazinecarboxamide: 

Hydrazinecarboxamide, 2-[(2S)-2-methyl-2-(2- 

propenyl)cyclohexylidene]-, (2£)-; (812639-25-1) 
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PHOSPHINE-CATALYZED [4+2] ANNULATION: SYNTHESIS OF 

ETHYL 6-PHENYL-1-TOSYL-1,2,5,6-TETRAHYDROPYRIDINE- 

3-CARBOXYLATE 

CO,Et EtgN 
BS RO TUNy ¢ 2 See SO CO,Et 

Me Me~ ~Cl CH2Clo/pentane 

rt,6h A 

Q.0 on CHO 3 BF3EtsO XS vet 

B. + HN ; N 
benzene ‘si 

Me reflux, 14h 2 S 

Ts 

wes Qy ie 20 mol% Reid Ph. .N 

CO,Et Re: 
nile A epie “CHpCly, rt, 12h rt, 12h Z CO,Et 

: 3 

Submitted by Kui Lu and Ohyun Kwon.! 

Checked by Kay M. Brummond and Matthew M. Davis. 

1. Procedure 

A. Ethyl 2-methylbuta-2,3-dienoate (1). A flame-dried, 500-mL, 

two-necked, round-bottomed flask equipped with an egg-shaped magnetic 

stir bar, a rubber septum, and an argon inlet is charged with ethyl 

2-(triphenylphosphoranylidene)propionate (27.18 g, 75.0 mmol) (Note 1), 

triethylamine (10.5 mL, 75.3 mmol) (Note 6), anhydrous dichloromethane 
(125 mL) (Note 7), and pentane (125 mL) (Note 8) and the mixture is stirred 
under argon. Acetyl chloride (5.3 mL, 75 mmol) (Note 9) is added via 
syringe over a period of | h using a syringe pump; during the addition the 
flask is placed in a 25 °C water bath to control the heat evolved during the 
reaction. During the addition the reaction turns cloudy, then a yellow-orange 
precipitate forms. Stirring is continued for an additional 6 h after which time 
the heterogeneous mixture is filtered through a Biichner funnel connected to 
a vacuum from a water aspirator. The precipitate is washed with pentane 
(50 mL) and the filtrate is concentrated to ca. 50 mL (Note 10) atO0 °C ona 
rotary evaporator (20-25 mmHg). Pentane (150 mL) and an egg-shaped 
22 Org. Synth. 2009, 86, 212-224 

Published on the Web 2/18/2009 



magnetic stir bar are added to the residue-containing flask and the mixture is 
stirred vigorously for 30 min. The white precipitate (triphenylphosphine 
oxide) is removed by filtering the mixture through a Biichner funnel and 
washing the precipitate with pentane (50 mL). The filtrate is concentrated to 
ca. 30 mL at 0 °C on a rotary evaporator (20-25 mmHg). The residue is 
filtered again to remove the precipitate (triphenylphosphine oxide) and the 
precipitate is rinsed with pentane (10 mL). The filtrate is concentrated to ca. 

20 mL as described above (Note 11). The residue is transferred to a 25-mL 

one-necked, round-bottomed flask along with an egg-shaped magnetic stir 

bar and purified by distillation (54-55 °C, 25-26 mmHg) (Note 12) to afford 

5.73 g (61%) of 1 (Note 13) as a colorless oil. 

B. (E)-N-Benzylidene-4-methylbenzenesulfonamide (2). A flame-dried, 

500-mL, one-necked, round-bottomed flask equipped with an egg-shaped 

magnetic stir bar is charged with p-toluenesulfonamide (10.25 g, 59.9 mmol) 

(Note 14), benzaldehyde (6.7 mL, 66 mmol) (Note 15), benzene (300 mL) 

(Note 16) and BF;-Et,O (0.75 mL, 6.0 mmol) (Note 17). The flask is 

equipped with a Dean-—Stark trap, which is attached to a reflux condenser 

and a gas adapter under argon and the solution is refluxed (oil bath 

temperature: 90-95 °C) (Note 18) for 14 h (Note 19). The yellow solution is 

cooled to room temperature and concentrated using a rotary evaporator 

(20-25 mmHg) at 35 °C to afford a brown solid. Ethyl acetate (50 mL) 

(Note 4) and hexane (100 mL) (Note 20) are added to the flask; a reflux 

condenser and gas adapter are attached and the solution is refluxed under Ar 

(oil bath temperature: 85—90 °C). Upon dissolution of the solid (ca. 5 min) 

the stir bar is removed, the solution is allowed to cool to room temperature 

and then cooled to —20 °C in a freezer overnight. The resulting solid is 

collected by filtering through a Biichner funnel connected to a vacuum and 

washing with hexane (100 mL) to provide 14.27 g (92%) of 2 (Note 21) as 

an off-white solid. 

C. Ethyl 6-phenyl-1-tosyl-1,2,5,6-tetrahydropyridine-3-carboxylate 

(3). A flame-dried, 1-L, one-necked, round-bottomed flask equipped with an 

egg-shaped magnetic stirring bar and a rubber septum is charged with 2 

(7.78 g, 30.0 mmol) and tri-7-butylphosphine (1.48 mL, 5.93 mmol) 

(Note 22). The flask is purged with argon and anhydrous dichloromethane 

(600 mL) (Note 7) is added via cannula under argon; the mixture is stirred 

for 5 min. Ethyl 2-methylbuta-2,3-dienoate (1) (4.61 g, 36.5 mmol) is added 

to the flask via syringe over a period of 5 min. After stirring the light-yellow 

solution at room temperature for 13 h (Note 23), the reaction mixture is 
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concentrated by rotary evaporation (20-25 mmHg) at 35 °C to afford a 

yellow residue, which is transferred to a 100-mL, one-necked, pear-shaped 

flask equipped with an egg-shaped magnetic stirring bar. Chloroform 

(20 mL) (Note 24) and hexane (20 mL) (Note 20) are added to the flask, a 

reflux condenser is attached, and the solution is heated to reflux under Ar 

(oil bath temperature: 85—90 °C). When the solid is dissolved, the stir bar is 

removed, the solution is allowed to cool to room temperature and then 

cooled to - 20 °C in a freezer overnight. The resulting solid is collected by 

filtering the slurry through a Biichner funnel connected to a vacuum. The 

solid is washed with hexane (100 mL) to provide 8.77 g (76% yield) of 3 

(Note 25) as a yellow solid. The filtrate is concentrated by rotary 

evaporation (20-25 mmHg) at 35 °C to give an orange residue, which, when 

purified using silica gel flash column chromatography (Note 26), provides 

an additional 2.13 g (18% yield) of 3 as a white solid. 

2. Notes 

1. Ethyl 2-(triphenylphosphoranylidene)propionate was purchased by 
the checkers from Alfa Aesar under the name (1-ethoxycarbonylethylidene)- 
triphenylphosphorane (97%) and was used as received. The submitters 
prepared this reagent from ethyl 2-bromopropanoate (Note 2) and 
triphenylphosphine (Note 3) using the following procedure (note that this 
procedure was not checked): A 500-mL, one-necked, round-bottomed flask 
equipped with an egg-shaped magnetic stirring bar is charged with 
triphenylphosphine (52.46 g, 200.0 mmol), ethyl acetate (130 mL) (Note 4), 
and ethyl 2-bromopropanoate (26.03 mL, 200.0 mmol). A reflux condenser 
is attached to the flask and the solution is heated under reflux (oil bath 
temperature: 75-80 °C) under argon for 24 h. The resulting white precipitate 
is collected through suction filtration on a Biichner funnel and washed with 
ethyl acetate (100 mL). The salt is dissolved in dichloromethane (500 mL) 
(Note 5) and the solution is transferred to a 1-L separation funnel. Aqueous 
sodium hydroxide solution (2 M, 200 mL) is added and, after vigorously 
shaking, the organic and aqueous layers are separated. The aqueous phase is 
extracted with dichloromethane (100 mL). The combined organic phases are 
washed with brine, dried over anhydrous NaySOx,, filtered, and concentrated 
at 30 °C under rotary evaporation (20-25 mmHg); drying under vacuum 
(0.1—0.2 mmHg) affords 54.51 g (75.2%) of ethyl 
2-(triphenylphosphoranylidene)propionate as a light-yellow solid, mp 
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156-158 °C. 

2. Ethyl 2-bromopropionate (99%) was purchased from Aldrich 
Chemical Company, Inc., and was used as received. 

3. Triphenylphosphine (99%) was purchased from Acros Chemical 
Company, Inc., and was used as received. 

4. Ethyl acetate (99.9%) was purchased from Fisher Scientific and 
was used as received. 

5. Dichloromethane (99.9%) was purchased from Fisher Scientific 
and was used as received. 

6. Triethylamine (99.5%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

7. Dichloromethane, supplied by Fisher Scientific, was purified by 

passing over activated alumina using the Sol-Tek ST-002 solvent 

purification system. The submitters distilled dichloromethane from calcium 

hydride. 

8. Pentane (99.7%) was purchased from Fisher Scientific and was 

used as received. 

9. Acetyl chloride (98%) was purchased from Aldrich Chemical 

Company, Inc. and was used as received. 

10. A precipitate formed toward the end of the rotary evaporation 

process. Over-concentration of the solvent causes some loss of the product. 

11. A small amount of precipitate (triphenylphophine oxide) was 

observed in the residue. 

12. Due to the volatility of ethyl 2-methylbuta-2,3-dienoate (1) the 

condenser was cooled using a recirculating pump placed in an ice/water bath. 

Additionally the pressure was lowered gradually from 60 mmHg to 

25 mmHg to minimize bumping. 

13. The physical properties are as follows: IR (thin film) 3063, 2984, 

1969, 1944, 1712, 1369, 1278, 1222, 1123, 1027, 853, 778, 615 cm“; 'H 

NMR (500 MHz, CDCl) 6: 1.29 (t, J = 7.0 Hz, 3 H), 1.88 (t, J = 3.0 Hz, 

3H), 4.21 (q, J = 7.0 Hz, 2 H), 5.07 (q, J = 3.0 Hz, 2 H); °C NMR (125 
MHz, CDCl;) 8: 14.2, 14.7, 61.0, 77.8, 95.5, 167.6, 214.0. MS (EI) m/z (%) 

126 (14) [MJ], 98 (47%), 86 (47%), 84 (75), 53 (100); HR-EI calcd for 

C7H 10> 126.0681, found 126.0680. Anal. Calcd for C7Hi9O02: C, 66.65; H 

7.99. Found: C, 66.08; H, 8.04. The product did not analyze correctly for 

carbon (0.57% difference from theory for the checkers, 1.08% difference for 

the submitters). The product is homogeneous in all other respects. 

14. p-Toluenesulfonamide (98%) was purchased from Aldrich 
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Chemical Company, Inc., and was used as received. The material contained 

< 2% o-toluenesulfonamide by 'H NMR. The absence of observable 

multiplets between 8.04-8.01 ppm and 7.51-7.46 ppm and singlet at 2.70 

indicated the material contained less than 2% o-toluenesulfonamide. 

15. Benzaldehyde (99.5%) was purchased from Aldrich Chemical 

Company, Inc., and was used as received. 

16. Benzene, supplied by EMD Chemicals, Inc., was distilled from 

calcium hydride. 

17. Boron trifluoride-diethyl etherate (36%) was purchased from 

Aldrich Chemical Company, Inc., and was used as received. 

18. Over time a white solid collected in the Dean-Stark trap and at the 

bottom of the reflux condenser. The solid was analyzed by '"F NMR (282 

MHz, DMSO) and the spectrum shows a single resonance at —148.2 ppm. 

19. The submitters report that the product decomposes slightly on E. 

Merck silica gel thin layer chromatography plates (60F-254), so 'H NMR 

spectroscopic analysis of the crude reaction mixture is used to monitor the 

reaction. Concentrating a portion (ca. 0.5 mL) of the crude reaction mixture 

at 35 °C using rotary evaporation affords a residue that is dissolved in CDC] 

(purchased from Cambridge Isotope Laboratories, Inc.). Disappearance of 

the signal for the NH, protons (ca. 5.0 ppm) in the 'H NMR spectrum 

indicates that the reaction is complete. 

20. Hexane (99.9%) was purchased from Fisher Scientific and was 

used as received. 

21. The physical properties are as follows: mp 112-113 °C; IR (thin 

film) 1598, 1572, 1450, 1321, 1157, 1088, 782, 757 cm'; 'H NMR (500 
MHz, CDCl) 6: 2.45 (s, 3 H), 7.36 (d, J = 8.5 Hz, 2 H), 7.50 (t, J= 8.0 Hz, 

2H), 7.62 (tt, J= 7.5 and 1.5 Hz, 1 H), 7.89-7.94 (m, 4 H), 9.04 (s, 1 H); 

"°C NMR (125 MHz, CDCl) 8: 21.7, 128.1, 129.1, 129.8) n13ISet3s23? 

134.9, 135.1, 144.6, 170.1; MS (ESI) m/z 282 [M + Na]; HR-ESIMS calcd 
for C;4H;;3NO2SNa [M + Na] 282.0565, found 282.0552. Anal. Calcd for 

Ci4Hi3NO)S: C, 64.84; H, 5.05; N, 5.40. Found: C, 64.79; H, 5.01; N, 5.43. 
22. Tri-n-butylphosphine (97%) was purchased from Aldrich Chemical 

Company, Inc., and was used as received. 

23. The disappearance of starting material 2 is monitored using TLC 
(Note 19): Rp = 0.37 (EtOAc/hexane, 1:4) for 2. The spots are visualized 
under UV light and p-anisaldehyde stain. 

24. Chloroform, supplied by EMD Chemical, Inc., was distilled from 
calcium chloride. 
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25. The physical properties are as follows: mp 149-150 °C; IR (thin 
film) 2981, 1709, 1659, 1598, 1495, 1449, 1340, 1264, 1161, 1100, 958, 727 
em’; 'H NMR (500 MHz, CDCl) 6: 1.29 (t, J = 7.0 Hz, 3 H), 2.43 (s, 3 H), 
2.58-2.50; (m, 1H), 2.69 (ddd, J = 19.0, 5.5; 2.5 Hz, 1 H), 3.50=3:43.(m, 
1 H), 4.19 (q, J = 7.0 Hz, 2 H), 4.50 (d, J= 19.0 Hz, 1 H), 5.37 (d, J= 7.0 
Hz, 1 H), 7.05—7.04 (m, 1 H), 7.32-7.27 (m, 7 H), 7.71 (d, J = 8.5 Hz, 2 H); 

"°C NMR (100 MHz, CDCl) 8: 14.1, 21.5, 26.9, 39.5, 52.1, 60.8, 127.0, 
127.2, 127.6, 127.8, 128.6, 129.7, 136.1, 137.4, 138.1, 143.4, 164.6. MS 

(ESI) m/z 408 [M + Na]; HR-ESIMS caled for C);H23NO4SNa [M + Na]* 

408.1245, found 408.1208. Anal. Calcd for C2;H23NO,S: C, 65.43; H, 6.01; 

N, 3.63. Found: C, 64.99; H, 5.92; N, 3.61. 

26. Flash column chromatography is performed using a 4-cm-wide, 

25-cm-high column packed with E. Merck silica gel 60 (230-400 mesh, 

100 g). The column is packed by slurrying the silica with ethyl acetate, 

dichloromethane, and hexane (1:1:10), loading the residue with 

dichloromethane, and eluting with ethyl acetate, dichloromethane, and 

hexane (1:1:10). The collected fractions are analyzed using TLC (Note 19), 

eluting with ethyl acetate, dichloromethane and hexane (1:1:10; Rp= 0.21 for 

3). The spots are visualized using UV light and p-anisaldehyde stain. 

Concentration of the product-containing fractions using rotary evaporation 

(20-25 mmHg) at 35 °C and then drying under vacuum (0.06 mmHg) 

provides 3. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in accordance 

with “Prudent Practices in the Laboratory”; National Academy Press; 

Washington, DC, 1995. 

3. Discussion 

During the past decade, catalysis employing nucleophilic organic 

molecules, such as N-heterocyclic carbenes, amines, and phosphines, has 

garnered tremendous attention. This interest is due in part to the spectacular 

expansion of the scope of nucleophilic catalysis beyond its classical 

examples, such as acyloin condensations and the Morita—Baylis—Hillman 

(MBH) reactions. In particular, the use of activated allenes, instead of 

alkenes, as reactants in MBH reactions in the presence of nucleophilic 
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tertiary phosphines has led to the development of many processes for the 

construction of — carbocycles and heterocycles.” Typically, 

phosphine-catalyzed MBH reactions of allenes are operationally simple and 

do not require aqueous work-up because the two reactants and the phosphine 

catalyst are all organic; the products may be purified through flash column 

chromatography after evaporation of the reaction solvent. Among these 

reactions, Lu’s [3+2] cycloaddition, in which the allene reacts with an 

alkene or imine to provide a cyclopentene or pyrroline, is particularly 

noteworthy. As the first example of phosphine-catalyzed allene 

cycloaddition, Lu’s reaction has been applied in the total syntheses of 

several natural products,’ and a highly enantioselective variant has been 

established.” Our research group has also been engaged in the development 

of nucleophilic phosphine-catalyzed reactions of allenoates, and this method 

has served to demonstrate the ever-expanding versatility of allene/phosphine 

catalysis.° One of the most broadly useful reactions is the 

phosphine-catalyzed [4+2] annulation of a-alkyl allenoates and imines to 

form tetrahydropyridines.’ This reaction, like Lu’s [3+2] reaction, has been 

applied in natural product syntheses,”” and an enantioselective variant of the 

reaction employing Gladiali’s phosphepine has provided products with up to 

99% ee.’ Recently, we disclosed an all-carbon variant of the [4+2] reaction, 

which we used to synthesize cyclohexenes from a-alkyl allenoates and 

activated olefins.'° 

Using the procedure described herein, highly functionalized 

tetrahydropyridines are easily synthesized in high yield from N-tosylimines 

and 2-methyl-2,3-butadienoates in the presence of catalytic amounts of 

PBu;.’ Table 1 lists several examples of these products. All of the non-acidic 

aryl N-tosylimines tested, except for one bearing a nitro substituent on the 

aryl group, provided products in yields exceeding 90% (Table 1, entries 1-9). 
The salicyl and 2-pyrrolyl N-tosylimines did not provide their expected 
products (Table 1, entries 10 and 12), presumably because their acidic 
protons quenched the key £-phosphonium  dienolate zwitterionic 
intermediate 4 in the catalytic cycle described in Scheme 1. This problem is 
easily overcome when the phenol and pyrrole moieties are protected as silyl 
ethers and BOC carbamates, respectively (Table 1, entries 11 and 13). 
Naphthyl and other heteroaryl imines are also viable substrates (Table 1, 
entries 14-16). Among the alkyl N-tosylimines examined, only the 
non-enolizable N-tosylpivalaldimine 20 afforded the desired product (Table 
1, entries 17 and 18). 
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Table 1. Synthesis of Tetrahydropyridines 3 From Ethyl 
2-Methyl-2,3-butadienoate and N-Tosylaldimines? 

00 Ts 
WW) 20 mol% PBu3 

COpEt + ot’. Ppa CHC fake 2Clo, rt BA 
M COsEt 

l Ph (2) 3 94° 

2 4-MeOC¢H, (2a) 3a o9 

B) 4-MeC¢Hy (2b) 3b 95 

4 3-CIC¢H, (2¢) 3c 96 

5 2-ClC6Hg (2d) 3d 93 

6 4-FC¢Hy4 (2e) 3e 95 

7 4-NCC¢H, (2f) 3f 98 

8 2-F3CC¢H, (2g) 3g 98 

9 4-O2NC¢6Hg (2h) 3h 86 

10 2-HOC6H4 (2m) 3i 0 

11 2-TBSOC¢Hg (2n) 3j 93 

12 2-pyrrolyl (21) 3k 0 

13} N-Boc-2-pyrrolyl (2m) 3] 99 

14 1-naphthyl (2i) 3m 96 

15 2-furyl (2j) 3n 97 

16 4-pyridyl (2k) 30 924 

17 tert-butyl (20) 3p 86° 

18 n-propyl (2p) 3q of 

* 1.0 mmol scale. ” Isolated yields. © 30 mmol scale. “30 mol% PBu; was 

used. ° 3 equiv of NayCO; was added. ’ The imine decomposed to the 

corresponding aldehyde and p-toulenesulfonamide. 

In the proposed mechanism, the nucleophilic phosphine adds to ethyl 

2-methyl-2,3-butadienoate (1), forming the resonance-stabilized zwitterions 

4. Because of steric congestion at the a-carbon atom, the zwitterion 4 

undergoes addition to the imine at its y-carbon atom, producing the 

phosphonium amide 5. A proton transfer converts the amide anion in 5 to the 

vinylogous ylide 6; another proton transfer transforms the ylide 6 into the 

allylic phosphonium amide 7. The ready conjugate addition of the amide 

anion to the a,f-unsaturated ester and subsequent f-elimination of the 
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phosphine provides the cyclized product 3. Based on pK, values, we 

suspected that the proton transfer from the sulfonamide 5 to the ylide 6 

would be the rate-determining step.'' Therefore, increasing the acidity of the 

B’-carbon atom appears to accelerate the overall reaction. In fact, the 

reaction between  2-(4-cyanobenzyl)-2,3-butadienoate (8b) and 

N-tosylbenzaldimine (2) reached completion within 30 min (cf. 9 h for the 

corresponding reaction of 2-methyl-2,3-butadienoate), producing the 

expected product in 99% yield with high diastereoselectivity (dr 98:2), 

favoring the syn product. 

Scheme 1. Proposed mechanism 

PBug = 

mo ‘a fe COsEt 

Ts 

eta li i 6 H* transfer |Ph_ ~NH } Ph. NH 

UNG 
COEt ZF ie 2 gO: 3 CO>Et 

Ug PBug 6 PBug 

Table 2 lists examples of successful [4+2] reactions performed using 
2-arylmethyl-2,3-butadienoates and N-tosylimines as substrates. With 
N-tosyl benzaldimine as the imine reaction partner, the yields and 
diastereoselectivities were excellent (Table 2, entries 1-4), except for the 
system in which 2-ortho-tolylmethyl-2,3-butadienoate was used (dr 88:12: 
Table 2, entry 5). A variety of electron-withdrawing and -donating 
substituents are tolerated in both the imine and allenoate substrates (Table 2, 
entries 6-11). A nitro substituent diminishes the reaction efficiency slightly 
(Table 2, entry 7). An ortho substituent in the imine substrate also results in 
diminished diastereoselectivities (Table 2, entries 8 and 11) and/or a lower 
product yield (entry 8). 
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Table 2. Synthesis of Tetrahydropyridines 9 From Ethyl 
2-Arylmethyl-2,3-butadienaoates and N-Tosylaldimines* 

QP R' i 
5 ie ’ ok 20 mol% PBug RON UR' 

Mi CO2Et CH>Clo, rt slasahe 

2 8 ce) 

entry R IR product yield dr® - 

od ee ae es ea ae cc! 
it Ph (2) Ph (8a) 9a 92 98:2 

p) Ph (2) 4-NCC¢Hg (8b) 9b 99 98:2 

3 Ph (2) 3-MeOC¢Hg (8c) 9c 99 98:2 

4 Ph (2) 2-FCsH4 (8d) 9d 99 97:3 
5 Ph (2) 2-MeCcHy (8e) 9e 2 88:12 
6 4-MeOC¢H, (2a) Ph (8a) of 99 97:3 
7 4-O2NC¢Ha (2h) Ph (8a) 9g 90 95:5 
8 2-F3CC¢Ha (2g) 4-NCC¢Hy (8b) 9h 80 90:10 
9 3-CIC6H, (2c) 4-NCC¢Hg (8b) 9i 99 98:2 
10 4-MeCg¢Hg (2b) 3-MeOC¢H, (8c) 9j 99 98:2 

11 2-CIC6H, (24) 3-MeOCoHs (8c) 9K 6 
* 1.0 mmol scale. ” Isolated yields. ° Diastereoisomeric ratio, determined 

using 'H NMR spectroscopy. “ 30 mmol scale. 

In summary, the formation of multisubstituted tetrahydropyridines 

from readily available sulfonylimines and a-alkylallenoates in the presence 

of catalytic amounts of tributylphosphine is an operationally simple and mild 

reaction. 
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2. For reviews on phosphine-catalyzed reactions, see: (a) Lu, X.; Zhang, 
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respectively. These values were obtained from the “Bordwell pK, 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Ethyl 2-(triphenylphosphoranylidene)propionate: Propanoic acid, 

2-(triphenylphosphoranylidene)-, ethyl ester; (5717-37-3) 

Ethyl 2-methylbuta-2,3-dienoate: 2,3-Butadienoic acid, 2-methyl-, ethyl 

ester; (5717-41-9) 

(E)-N-Benzylidene-4-methylbenzenesulfonamide: Benzenesulfonamide, 

4-methyl-N-(phenylmethylene)-, [N(E)]-: (51608-60-7) 

p-Toluenesulfonamide: Benzenesulfonamide, 4-methyl-; (70-55-3) 

Benzaldehyde; (100-52-7) 

BF3°Et,O; (109-63-7) 

Ethyl 6-phenyl-1-tosyl-1,2,5,6-tetrahydropyridine-3-carboxylate: 

3-Pyridinecarboxylic acid, 1,2,5,6-tetrahydro-1 -[(4-methylphenyl)- 

sulfonyl]-6-phenyl-, ethyl ester; (528853-66-9) 

Tri-n-butylphosphine: Phosphine, tributyl-; (998-40-3) 
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career as an Assistant Professor at University of California, Los 

Angeles, in 2001. Her research involves the development of 

phosphine-catalyzed reactions and their applications in natural 

product synthesis and chemical biology. 
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SYNTHESIS OF POLYYNES BY IN SITU DESILYLATIVE 
BROMINATION AND PALLADIUM-CATALYZED COUPLING: (7- 
(BENZYLOXY)HEPTA-1,3,5-TRIYNYL)TRIISOPROPYLSILANE 

A = NBS, AgNO3 = 

OBn Acetone OBn 
1 

eo 

B B= Par na)eCl2 TIPS = 
i OBn Cul, /-PrgNH OBn 

1 Uiele 2 

C TPS TN NBS, AgF Br 

: OBn CH3CN OBn 

2 3 

Tl See 

ae Pd(PPh3)2Cl 
D 74 (PP DalCl2  —— 

OBn Cul, /-ProNH OBn 

3 THE 4 

Submitted by Soonho Hwang, Hee Ryong Kang, and Sanghee Kim.' 

Checked by Olesya Haze and Rick L. Danheiser. 

1. Procedure 

A. ((3-Bromoprop-2-ynyloxy)methyl) benzene (1). A 500-mL, 

three-necked, round-bottomed flask (Note 1) equipped with a magnetic stir 

bar, two glass stoppers, and an argon inlet adapter is charged with benzyl 

propargyl ether (11.2 g, 76.6 mmol, 1.0 equiv) (Note 2), 150 mL of acetone 

(Note 3), and N-bromosuccinimide (15.0 g, 84.3 mmol, 1.1 equiv) (Note 2). 

To the resulting yellow solution, silver(I) nitrate (1.30 g, 7.65 mmol, 0.1 

equiv) (Note 2) is added, and the cloudy-grey reaction mixture is stirred at 

24 °C for 30 min (Notes 4,5). The reaction mixture is transferred to a 1-L 

separatory funnel containing 100 mL of saturated aq Na2S.O3 solution and 

diluted with 200 mL of Et,O and 200 mL of pentane (Note 6). The organic 

layer is separated and washed with two 200 mL portions of brine, dried over 

MgSO, (5 g), filtered, and concentrated by rotary evaporation (20 °C, 20 

mmHg) to give 18 g of an orange oil. This material is purified by silica gel 
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column chromatography (Note 7) to afford 14.8-15.4 g (86-89%) of 

bromoacetylene 1 as a light yellow oil (Note 8). 

B. — (5-(Benzyloxy)penta-1,3-diynyl)triisopropylsilane (2). A 500- 

mL, three-necked, round-bottomed flask equipped with a magnetic stir bar, 

glass stopper, rubber septum, and an argon inlet adapter is charged with 

bromoacetylene 1 (7.60 g, 33.8 mmol, 1.0 equiv), 230 mL of tetrahydrofuran 

(Note 3), and (triisopropylsilyl)acetylene (9.10 mL, 7.40 g, 40.5 mmol, 1.2 

equiv) (Note 2). Dichlorobis(triphenylphosphine)palladium(I]) (0.478 g, 

0.68 mmol, 0.02 equiv) (Note 2) and copper(I) iodide (0.130 g, 0.68 mmol, 

0.02 equiv) (Note 2) are added in one portion, and diisopropylamine (10.0 

mL, 7.16 g, 70.8 mmol, 2.1 equiv) (Note 2) is added by syringe over 2 min. 

The resulting yellow slurry is stirred at 24 °C for 5 h, during which time the 

color of the slurry darkened progressively to brown (Note 9, 10). Saturated 

aq NH,Cl solution (25 mL) is then added, and the resulting mixture is 

diluted with 250 mL of Et,O and transferred to a 1-L separatory funnel. 

The organic layer is separated and washed with two 250 mL portions of 

brine, dried over anhydrous Na,SO, (15 g, 10 min), filtered, and 

concentrated by rotary evaporation (25 °C, 20 mmHg) to give 13 g of 

viscous brown oil. Column chromatography on silica gel (Note 11) yields 

8.13-8.41 g (74-76%) of TIPS-diyne 2 as a yellow oil (Note 12). 

C. — ((S-Bromopenta-2,4-diynyloxy)methyl)benzene (3). A 500-mL, 
three-necked, round-bottomed flask equipped with a rubber septum, glass 
stopper and an argon inlet adapter is charged with TIPS-diyne 2 (8.79 g, 
26.9 mmol, 1.0 equiv), 135 mL of freshly distilled acetonitrile (Note 3), N- 
bromosuccinimide (5.75 g, 32.3 mmol, 1.2 equiv) and silver(I) fluoride (4.10 
g, 32.3 mmol, 1.2 equiv) (Note 2). The reaction flask is fitted with a 
mechanical stirrer (Note 13) and wrapped in aluminum foil. The 
heterogeneous reaction mixture is stirred at 22-25 °C for 2 h (Note 14). 
The reaction mixture is filtered through a pad of 20 g of Celite with the aid 
of 100 mL of Et,O (Note 6). The filtrate is diluted with 100 mL of EtO, 
transferred to a 1-L separatory funnel, washed with two 200 mL portions of 
brine, dried over NaySO, (15 g, 10 min), filtered, and concentrated by rotary 
evaporation (25 °C, 20 mmHg) to give 8.3 g of an orange oil. Column 
chromatography on silica gel (Note 15) gives 6.124 g (91%) of bromo diyne 
3 (Note 16) as an orange oil (Note 17). 

Dd. (7-(Benzyloxy)hepta-1, 3, 5-triynyl)triisopropylsilane (4). A 500- 
mL, two-necked, round-bottomed flask equipped with a stir bar, rubber 
septum, and argon inlet adapter is charged with alkynyl bromide 3 O0rg, 
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Zor een mmole 10°" equiv), 240 “mE of tetrahydrofuran, and 
(triisopropylsilyl)acetylene (6.40 mL, 5.20 g, 28.5 mmol, 1.2 equiv). 
Dichlorobis(triphenylphosphine)palladium(II) (0.500 g, 0.71 mmol, 0.03 
equiv) and copper(I) iodide (0.136 g, 0.71 mmol, 0.03 equiv) (Note 18) are 
added in one portion, and diisopropylamine (7.00 mL, 5.01 g, 49.5 mmol, 
2.0 equiv) is added by syringe over 1 min. The resulting yellow slurry is 

stirred at 24 °C for 5 h, during which time the slurry darkens progressively 

to a deep brown color (Note 19). Saturated aq NH,Cl solution (20 mL) is 

then added, and the resulting mixture is transferred to a 1-L separatory 

funnel and diluted with 250 mL of Et)O. The organic layer is washed with 

two 250 mL portions of brine, dried over Na,SO, (20 g, 10 min), filtered, 

and concentrated by rotary evaporation (rt, 20 mmHg) to give 5 g of a 

viscous black oil. Column chromatography on silica gel (Note 20) affords 

3.19 g (38%) (Note 21) of triyne 4 as a brown oil (Note 22). 

2. Notes 

1. The checkers used flame-dried glassware and carried out the 

reaction under an atmosphere of argon. The submitters dried their 

apparatus in an oven at 80 °C for 8 h and performed the reaction under an 

atmosphere of nitrogen. 

2. Benzyl propagyl ether (98.0%) was purchased from Acros 

Organics. N-Bromosuccinimide (99%) and silver(I) nitrate (99+%, ACS 

reagent) were purchased from Aldrich Chemical Co., Ltd. 

(Triisopropylsilyl)acetylene (98.0+%) was purchased from Fluka. 

Copper(I) iodide (99.999%), diisopropylamine (99.5%), and_ silver(I) 

fluoride (99%) were purchased from Aldrich Chemical Co., Ltd. The 

checkers purchased dichlorobis(triphenylphosphine)palladium(II) (99.99%) 

from Aldrich Chemical Co., Ltd. while the submitters obtained this catalyst 

(>98.0%) from Tokyo Chemical Industry Co., Ltd. 

3. The checkers used acetone (HPLC grade, J. T. Baker) that was 

distilled under argon after drying over anhydrous K,CO;. The checkers 

purchased tetrahydrofuran (HPLC grade) from J.T. Baker and purified it by 

pressure filtration under argon through activated alumina. The checkers 

purchased acetonitrile (ChromAr grade) from Mallinckrodt and distilled it 

from CaH>. The submitters employed acetone, tetrahydrofuran, and 

acetonitrile that was purchased from Burdick & Jackson and dried by 

distillation from anhydrous K,CO3, sodium/benzophenone ketyl, and CaHo, 
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respectively. The submitters used tetrahydrofuran after bubbling nitrogen 

through it for 15 min. 

4. Because of the photosensitivity of NBS, AgF, and the brominated 

product, the reaction was protected from light by wrapping the flask with 

aluminum foil. 

5. The progress of the reaction was monitored by TLC analysis on 

EMD (Merck) pre-coated glass-backed silica gel 60 F-254 250 um plates. 

The plates were eluted twice with 20:1 hexanes:EtOAc, and visualized by 

UV absorbance at 254 nm or with KMnO,, PMA, or p-anisaldehyde stain. 

Benzyl propagyl ether has Ry= 0.4, and bromoacetylene 1 has R;= 0.5. 

6. Diethyl ether was obtained by the checkers from Mallinckrodt 

(anhydrous, stabilized, AR®, ACS grade) and by the submitters from SK 

chemicals. The checkers purchased Na2S.03*5H,O (ACS grade, >99.5%) 

from Mallinckrodt. 

7. Flash column chromatography was carried out using Sorbent 

Technologies Standard Grade 60A 230-400 mesh silica gel. A glass 

column (6 x 40 cm) was slurry-packed with 300 g of silica gel. The 

compound was loaded in a solution of 20:1 hexanes/EtOAc. The column 

was eluted with 20:1 hexanes:EtOAc, collecting an initial 300 mL fraction, 

and then 30 mL fractions. The fractions containing the desired product 
were combined and concentrated by rotary evaporation at room temperature 
(20 mmHg). 

8. The submitters report obtaining 16.19 g (94%) of bromoacetylene 
1 as a colorless oil. Characterization data for ((3-bromoprop-2- 
ynyloxy)methyl)benzene (1): IR (film): 3065, 3031, 2853, 2214, 1497, 1454, 
1353, 1091, 1029, 738, 698 cm’; 'H NMR (400 MHz, CDCl) 5: 4.22 (s, 
2H), 4.61 (s, 2H), 7.28-7.38 (m, 5H); '*C NMR (100 MHz, CDCI) 8: 46.8, 
58.2, 71.9, 76.4, 128.2, 128.3, 128.7, 137.3; Anal. calcd for CioHsBrO: C.. 
53.36; H, 4.03. Found: C, 53.27; H, 3.91. 

9. When the reaction temperature was maintained at 30 AC. nthe 
reaction was completed within 1 h. However, the formation of 
homocoupling product 6 increased significantly from 1 to 8%. 

(ae 
BnO . OBn 

10. The progress of the reaction was monitored by TLC analysis (two 
elutions with 50:1 hexanes/EtOAc). Under these conditions 
(triisopropylsilyl)acetylene Ry = 0.88, TIPS-diyne 2 R; = 0.44, 
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bromoacetylene 1 Ry= 0.35, and the homocoupling product 6 Ry= 0.26. 
11. A glass column (6 x 40 cm) was slurry-packed with 300 g of silica 

gel. The product was loaded as a solution in 50:1 hexanes/EtOAc. The 
column was eluted with 50:1 hexanes:EtOAc, collecting an initial 500 mL 
fraction, and then 30-mL fractions. The fractions containing the desired 

product were combined and concentrated by rotary evaporation at room 

temperature (20 mmHg). 

12. The submitters reported carrying out the reaction at 20 °C for 2 h, 

and obtained 8.50 - 9.10 g (77-83%) of TIPS-diyne 2 as a yellow oil. 

Characterization data for (5-(benzyloxy)penta-1,3-diynyl)triisopropylsilane 

(2): IR (film): 3066, 3032, 2944, 2891, 2866, 2105, 1497, 1462, 1384, 1352, 

1241, 1073, 997, 883, 796, 736, 697, 665 cm'; 'H NMR (400 MHz, CDCl) 

5: 1.10 (s, 21H), 4.26 (s, 2H), 4.63 (s, 2H), 7.28-7.38 (m, 5H); °C NMR 
(100 MHz, CDC1l;) 5: 11.4, 18.7, 57.8, 71.9, 72.0, 73.1, 84.6, 89.2, 128.2, 

128.3, 128.6, 137.3; UV (CH30H) Amax, nm (€): 243 (760), 255 (810), 269 

(480); MS (EI) m/z (rel int) 326 (M+, 1); HRMS (EI) calcd for 

C,;H300Si(M+) 326.2066, found 326.2066; Anal. calcd for C2;H3 OSi: C, 

77.24; H, 9.26. Found: C, 77.09; H, 9.37. The purity of TIPS-diyne 2 was 

determined by the submitters to be 97% according to HPLC analysis. 

HPLC analysis was performed on a Agilent 1200 series with YMC-Pack SIL 

column (250 x 4.6 mm), elution with EtOAc/hexane (gradient, 20% 

EtOAc/hexane, 25 min) at 1 mL/min while monitoring at 300 nm. The 

retention time of the TIPS-diyne 2 was 13.9 min. 

13. The checkers found that vigorous stirring is critical to obtain 

consistently high yields. With magnetic stirring the checkers observed that 

longer reaction times (6-7 h) were required and the reaction proceeded in 

lower yield (30-40%). Silver(I) fluoride does not completely dissolve in 

the reaction mixture and without efficient stirring forms a sticky mass at the 

bottom of the reaction flask. 

14. The progress of the reaction was monitored by TLC analysis (one 

elution with 20:1 hexanes/EtOAc; TIPS-diyne 2 Ry= 0.44, bromo diyne 3 Ry 

= 0.36). 

15. A glass column (6 x 40 cm) was slurry-packed with 260 g of silica 

gel. The product was loaded as a solution in 20:1 hexanes/EtOAc. The 

column was eluted with 20:1 hexanes:EtOAc, collecting an initial 400 mL 

fraction, and then 225 mL fractions. The fractions containing the desired 

product were combined and concentrated by rotary evaporation (during 

concentration the colorless product slowly became yellow-orange). 
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16. When the reaction was carried out at half this scale (13.5 mmol) 

with magnetic stirring, the checkers obtained the bromo diyne in somewhat 

lower yield (2.83 g, 84%). The submitters report obtaining 5.91-6.24 g 

(88-93%) of bromo diyne 3 as a yellow oil. Bromo diyne 3 is stable to 

storage in a freezer (-20 °C) for at least a week. However, prolonged 

exposure to air and light at room temperature caused slow decomposition. 

17. Characterization data for ((S-bromopenta-2,4- 

diynyloxy)methyl)benzene (3): IR (film): 3031, 2862, 2236, 2142, 1497, 

1454, 1351, 1258, 1192, 1073, 1028, 905, 738, 697, 665 cm; 'H NMR (400 

MHz, CDCI;) 6: 4.24 (s, 2H), 4.62 (s, 2H), 7.28-7.39 (m, 5H); ‘°C NMR 

(100 MHz, CDCl) 6: 41.6, 57.6, 65.1, 71.61, 71.63, 72.0, 128.3, 128.4, 

128.7, 137.1; UV (CH30H) Amax, nm (€): 212 (1300), 265 (3000), 304 (800); 

HRMS (EI) calcd for C),HoBrO (M+) 247.9837, found 247.9839. The 

purity of bromo diyne 3 was determined by the submitters to be 98% by 

HPLC analysis. HPLC analysis was performed on a Agilent 1200 series 

with YMC-Pack SIL column (250 x 4.6 mm), elution with EtOAc/hexane 

(gradient, 15% EtOAc/hexane, 25 min) at 1 mL/min while monitoring at 300 

nm. The retention time of the bromo diyne 3 was 9.0 min. 

18. The checkers found that when grey Cul (99.999%, from Aldrich 
Chemical Co., Ltd) was used as received, the product was obtained in lower 
yield (30-33%) and the reaction was not complete after 6 h. Improved 
results were obtained (38-45% yield, reaction complete within 5 h) by using 
white Cul obtained by purification by Soxhlet extraction with THF followed 
by drying at 0.05 mmHg for 24 h. 

19. The progress of the reaction was monitored by TLC analysis (one 
elution with 20:1 hexanes/EtOAc; (triisopropylsilyl)acetylene Ry = 0.86, 
triyne 4 Ry= 0.41, bromo diyne 3 Ry= 0.36, and homocoupling product 7 Ry 
= 017). 

BnO OBn 

20. A glass column (6 x 40 cm) was slurry-packed with 270 g of silica 
gel. The product was loaded as a solution in 5 mL of 50:1 hexanes/EtOAc. 
The column was eluted with 50:1 hexanes/EtOAc, collecting an initial 600 
mL fraction, and then 30 mL fractions. The fractions containing the 
desired product were combined and concentrated by rotary evaporation at 
room temperature (20 mmHg). 

230 Org. Synth. 2009, 86, 225-235 



21. When the reaction was carried out at half this scale (11.8 mmol), 
the checkers obtained diyne 3 in improved yield (1.88 g 45%). The 
submitters obtained 3.65-4.15 g (44-50%) of triyne 4 as a deep brown oil 
and report that the yield of the reaction decreases considerably as the scale 

increases (0.3 g scale : 75%; 1.5 g scale = 67%; 5.0 g scale = 50%). 

22. Characterization data for (7-(benzyloxy)hepta-1,3,5-triynyl) 

triisopropylsilane: IR (film): 3032, 2944, 2891, 2866, 2164, 2078, 1497, 

1462, 1384, 1350, 1282, 1075, 1018, 997, 883, 736, 697, 678, 665 cm’; 'H 

NMR (400 MHz, CDCl;) 6: 1.108-1.113 (m, 21H), 4.26 (s, 2H), 4.62 (s, 

2H), 7.28-7.38 (m, 5H); ‘°C NMR (100 MHz, CDCI.) 8: 11.4, 18.7, 57.7, 

OU POS oral lJ, /2.0, 14.5, 85.0; 891,128.25, 12834, (28.7, 137.0) UV 

(CH30H) Amax, nm (€): 222 (75000), 285 (1000), 303 (1200), 354 (600); MS 

(EI) m/z (rel int) 350 (M+, 2); HRMS (EI) caled for C73H390Si (M+) 

350.2066, found 350.2063; Anal. calcd for C23;H39OSi: C, 78.80; H, 8.63. 

Found: C, 78.67; H, 8.43. The purity of triyne 4 was determined to be 96% 

by HPLC analysis under the conditions described in Note 17 (retention time 

of 4 was 13.9 min). 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Unsymmetrically substituted conjugated diyne and polyyne units 

continue to attract widespread interest because of their unusual electrical, 

optical, and structural properties.” Consequently, the development of 

efficient synthetic approaches toward these rigid units remains an important 

challenge to synthetic organic chemists.”* 

The method most commonly used for the preparation of unsymmetrical 

diyne and polyyne compounds is the Cadiot-Chodkiewicz coupling 

reaction, the metal-catalyzed cross-coupling of a 1-haloalkyne with a 

terminal alkyne. The major limitation of this coupling reaction, however, 

is that terminal diynes and higher polyynes required as coupling partners or 

precursors of 1-haloalkynes are often unstable.’ To overcome this 

challenge, many elegant alternative methods have been explored. 
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We have developed an iterative strategy for the synthesis of 

unsymmetrically substituted polyynes as shown in Scheme 1. The key to 

the success of this iterative method lies in the in situ one-pot desilylative 

bromination, which avoids the complication encountered with the isolation 

of sensitive terminal alkynes. 

In this process, the starting terminal alkyne was first converted to 

bromoalkyne under standard NBS/AgNO; conditions.’ At this point, we 

employed TIPS-acetylene as a cross-coupling partner for the homologation 

reactions because it had previously been reported that TMS-acetylene 

decomposes under the basic conditions of the coupling reaction such that no 

desired cross-coupling product can usually be isolated.* When we used 

TIPS-acetylene, the desired cross-coupling product was obtained in good 

yield under the modified Sonogashira conditions. Our initial attempts to 

effect the in situ one-pot desilylative bromination of TIPS-diyne used the 

standard NBS/AgNO; conditions developed by Isobe and co-workers for the 

conversion of TMS-protected acetylenes to bromoacetylenes.” 

Unfortunately, these conditions led only to the recovery of the starting 

material. On the other hand, when we employed AgF instead of AgNO;, 
we could obtain the desired bromo diyne in high yield. Repeating the two- 
step acetylene homologation sequence on this bromo diyne then generated 

the expected bromo triyne readily in good overall yield. 

Scheme 1. General Iterative Protocol for Synthesis of Unsymmetrical 
Polyynes. 

{- ~ TiPs—== 
Pd(PPh3)2Clo, Cul 

= Br+ — - SS 
= a: —— i-PrgNH, THF SS. o—— 

OBn Initiation OBn 2. AgF, NBS OBn 
Acetonitrile 

1 IPSs —== 
Pd(PPh3)2Clo, Cul 

/-ProNH, THF 

2. AgF, NBS 
Acetonitrile 

SS 

OBn 
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Scheme 2. Total synthesis of (S)-(£)-15,16-dihydrominquartynoic acid. 

Br TMS—= n-BuLi NBS, AgNO3 ——— 
US eel call ea 9 oe INES RON 3 

Nc THF/HMPA, -78 °C ey he acetone, rt \ 
te) 

CO,H 72%, 5 oR 90% 5 come 

CH,N R=H 0, Ab) 

ae Et,O, tt > R=Me Tires 
Pd(PPh3),Cly, Cul 
i-PryNH, THF, rt 

2. ney, NBS, AgF 

HO, ——————— CH,CN, rt x2 
% /f OH 

~~~ SnBu, =. 

90% IN LIOH -— R= Me Pd(PPhs),, Cul \ 

THF/H20 > R=H COzR DF, rt, 69% CO,Me 

By employing our new iterative strategy, we accomplished the total 

synthesis of (S)-(£)-15,16-dihydrominquartynoic acid from a simple stating 

material in a high overall yield (Scheme 2).'° In addition, we have 

developed a facile solid-phase synthetic pathway to generate a library of 

natural product-like polyynes.'’ These results demonstrate that our 

approach can be applied efficiently to the synthesis of various 

unsymmetrical polyynes. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Benzyl propagyl ether; (4039-82-1) 

N-bromosuccimide: NBS; (128-08-5) 

Silver nitrate; (7761-88-8) 

(Triisopropylsilyl acetylene: Ethynyltriisopropylsilane; (89343-06-6) 
Dichlorobis(triphenylphosphine)palladium(ID: 

Bis(triphenylphosphine)palladium(II) Dichloride; (13965-03-2) 
Copper(I) iodide: Cuprous iodide; (7681-65-4) 

Diisopropylamine: DIPA; (108-18-9) 

Silver(I) fluoride; (7775-41 -9) 
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ENANTIOSELECTIVE PREPARATION OF 

DIHYDROPYRIMIDONES 

[(S)-1-Benzyl-6-methyl-2-0xo-4-phenyl-1, 2, 3, 4-tetrahydropyrimidine- 

5-carboxylic methyl ester] 
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1. Procedure 

A. Allyl carbamate. An empty 3-necked, 1-L round-bottom flask is 
fitted with a stopper on the middle neck and septa on each of the outer 
necks. Through one septum of the empty flask is inserted a 6-mm glass tube 
which is connected to an ammonia gas cylinder via vacuum tubing. Through 
the other septum is inserted a 6-mm glass tube which is connected to the 
reaction flask via vacuum tubing. This empty flask serves as a trap to 

prevent backflow of the flask contents into the lecture bottle. 

A trap to neutralize discharged ammonia gas is also constructed as 

follows. To a 3-necked, 1-L flask is added 400 mL of 10% HCl, which is 

gently stirred using a magnetic stir bar (3 cm). The middle neck of the flask 

is stoppered, one neck is left open to the atmosphere, and the third neck is 

fitted with a septum through which is inserted a 6 mm ID x 5 cm glass tube. 

The glass tube is situated well above the contents of the acid solution to 

prevent any back flow. The glass tube is connected via vacuum tubing to an 

empty 1-L 3-necked flask equipped with a stopper on the middle neck and 

septa on each of the outer necks, with each septa pieced with a 6 mm ID x 5 

cm glass tube. The tube in one outer neck is connected via vacuum tubing to 

the HCI quench flask, while the tube in the other outer neck is connected via 

vacuum tubing to the reaction flask. The empty flask between the reaction 

flask and the flask containing aq. HCl ensures no back flow of the aq. 

solution or water vapor into the reaction flask. 

An oven-dried, 1-L, three-necked round-bottom flask is equipped with 

an overhead mechanical stirrer. One neck of the flask is fitted with a septum 

through which has been inserted a 6-mm ID x 20 cm length glass tube that 

will extend into the contents of the flask (Note 1). A thermocouple probe is 

also inserted through this septum to monitor temperature. The outlet of this 

tube is connected to the empty 3-necked 1-liter flask and ammonia cylinder 

via vacuum tubing. The third neck of the reaction flask is similarly fitted 

with a septum pierced with a short 6 mm ID x 5 cm length glass tube, 

situated well above the contents of the flask, which is connected via the 

empty flask to the flask containing 10% aq. HCl. 

To the reactor flask is charged by weight allyl chloroformate (84.0 g, 

1.00 equiv, 697 mmol) and toluene (400 mL) (Notes 2, 3). The flask is 

immersed in a room temperature water bath. The solution is mechanically 

stirred at 300 rpm while bubbling ammonia gas through the solution at a rate 

to maintain the internal temperature below 45 °C. Ammonia addition is 
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continued for 5.5 hours. Ammonium chloride (white solid) precipitates 

throughout the course of the reaction and the reaction mixture becomes quite 

thick. When complete consumption of the starting material is verified by 

NMR assay (Note 4), the reaction mixture is vacuum filtered through a 150- 

mL sintered glass funnel. The solids are washed with 3 x 70 mL portions of 

toluene and the resulting clear solution is concentrated under reduced 

pressure by rotary evaporation (30 mmHg, 35 °C water bath) to 75.4 g (Note 

5). The remaining crude oil is distilled under vacuum at 65-67 °C (1-2 

mmHg) to provide 63.2 g (89.7%) of allyl carbamate as a clear oil (Notes 6, 

Th). 

B. (Benzenesulfonyl-phenyl-methyl)-carbamic acid allyl ester. An 

oven-dried, 1-L round-bottomed flask, equipped with a rubber septum and 

an oval 3-cm stir bar, is charged with benzenesulfinic acid sodium salt (25.6 

g, 1.43 equiv, 154 mmol), allyl carbamate (15.5 g, 1.43 equiv, 154 mmol), 
methanol (100 mL) and water (200 mL). The reaction mixture is stirred at 
ambient temperature until homogeneous (about 5 min). Benzaldehyde (11.1 
g, 1.00 equiv, 107 mmol) is added by syringe, weighing the syringe before 
and after addition, followed by addition of formic acid (39.5 g of 91 wt% 
solution, 7.3 equiv, 781 mmol). The reaction mixture is stirred for 4 days at 
room temperature (21-22 °C), during which time the formation of a heavy 
white precipitate occurs (Note 8). The mixture is vacuum filtered via a 150- 
mL medium porosity sintered glass funnel. The white solid is washed with 
two 40 mL portions of 3:1 water:methanol. The solid is air-dried to provide 
21.8 g of (benzenesulfonyl-phenylmethyl)-carbamic acid allyl ester. The 
supernatant from the filtration is placed back in the 1-L flask and is stirred 
for an additional 4 days at ambient temperature. The mixture is then 
vacuum filtered via a 60-mL medium porosity sintered glass funnel, washed 
twice with 20 mL of 3:1 water:methanol, and air dried to afford 4.9 gasa 
second crop having comparable purity by NMR to the first crop. The total 
yield of the reaction is 26.7 g (75%) (Notes 9, 10). 

G. 2-[(R)-Allyloxycarbonylamino-phenyl-methyl)-3-oxo-butyric acid 
methyl ester. A \-L, three-necked, round-bottom flask is equipped with an 
internal thermometer, an overhead mechanical stirrer and a 500-mL 
pressure-equalizing addition funnel. The three-necked flask is charged with 
(+)-cinchonine (1.77 g, 0.20 equiv, 6.0 mmol) and (benzenesulfonyl-phenyl- 
methyl)-carbamic acid allyl ester (9.97 g, 1.00 equiv, 30.1 mmol). 
Anhydrous dichloromethane (300 mL) is added, and the solution is stirred 
for about 5 min, during which time the majority of solids are dissolved. The 
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flask is submerged in an isopropyl alcohol bath cooled to —25 °C (Note 11) 
and the solution is mechanically stirred at 500 rpm. Once the reaction 
mixture has cooled to -15 °C (monitored by the internal thermometer), 
methyl acetoacetate (10.7 g, 3.0 equiv, 92.3 mmol) is added via syringe over 
2 minutes. After 10 min, 300 mL of an aqueous NayCO;/NaCl solution (15.0 

g of sodium carbonate is dissolved in 300 mL of water, and then saturated 
with 150 g of sodium chloride) is added to the 500-mL pressure-equalizing 

addition funnel. The aqueous solution is added dropwise to the reaction 

mixture over | h, while maintaining an internal temperature of —15 °C (Note 

12). The heterogeneous solution is mechanically stirred at 500 rpm for 27 h 

while maintaining an internal temperature of -15 °C. At the end of the 

reaction, the cold solution is transferred to a 1-L separatory funnel and the 

bottom organic layer is separated (Note 13). The aqueous layer is washed 

with two 250 mL portions of dichloromethane. The organic layers are 

combined, dried over sodium sulfate, filtered and concentrated by rotary 

evaporation (30 mmHg, 30 °C bath temperature). The remaining residue 

(17.8 g) is purified by column chromatography over silica gel (Note 14) to 

provide 8.69-9.00 g (95-98 %) of 2-[(R)-allyloxycarbonylamino-phenyl- 
methyl)-3-oxo-butyric acid methyl ester as a white solid (Notes 15, 16). 

D. 2-[(R)-(3-Benzyl-ureido)-phenyl-methyl]-3-oxo-butyric acid methyl 

ester. An oven-dried, 500-mL round-bottom flask, equipped with a 3-cm 

oval magnetic stir bar, is charged with anhydrous BHT-free tetrahydrofuran 

(160 mL) and benzy] isocyanate (4.74 g, 1.46 equiv, 35.6 mmol). The flask 

is fitted with a vacuum adapter and is degassed via three vacuum/nitrogen 

purge cycles. Tetrakis(triphenylphosphine)palladium(0) (1.24 g, 0.045 

equiv, 1.07 mmol) is then added and dissolved by stirring the mixture. The 

vacuum adapter is replaced with a rubber septum pierced with a needle 

connected to a nitrogen inlet. A second oven-dried, 250-mL round-bottom 

flask equipped with a 2-cm oval magnetic stir bar is charged with 1,3- 

dimethylbarbituric acid (2.09 g, 0.53 equiv, 12.9 mmol) and 2-[(R)- 

allyloxycarbonylamino-phenyl-methyl)-3-oxo-butyric acid methyl ester 

(7.44 g, 1.00 equiv, 24.40 mmol) (Note 17). Anhydrous BHT-free 

tetrahydrofuran (80 mL) is added, yielding a homogeneous solution upon 

stirring. The flask is fitted with a vacuum adapter and degassed with three 

vacuum/nitrogen purge cycles. The vacuum adapter is then removed and 

replaced with a septum. The solution in the second flask is transferred 

dropwise via cannula to the stirring solution of 

tetrakis(triphenylphosphine)palladium(0), benzyl isocyanate and anhydrous 
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tetrahydrofuran over 5 min followed by a 5 mL tetrahydrofuran rinse of the 

flask. An exotherm of about 5 °C occurs over 10 min. The reaction is stirred 

for 5 h at 21-22 °C, during which time the solution changes from yellow to a 

pale orange (Note 18). The solution is concentrated by rotary evaporation 

(30 mmHg, 30 °C bath), and the resulting residue is purified by column 

chromatography over silica gel (Note 19) to afford 6.07 g (70%) of 2-[(S)- 

(3-benzyl-ureido)-phenyl-methyl]-3-oxo-butyric acid methyl ester (Note 20) 

as a pale yellow oil. 

E. (S)-1-Benzyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydro- 

pyrimidine-5-carboxylic methyl ester. An oven-dried, 250-mL round-bottom 

flask, equipped with 2-cm oval magnetic stir bar and a water condenser, is 

charged with 2-[(R)-(3-benzyl-ureido)-phenyl-methyl]-3-oxo-butyric acid 

methyl ester (6.62 g having 85% purity (Note 20), 5.63 g corrected for 

purity, 1.00 equiv, 15.9 mmol), anhydrous 200-proof ethanol (15 mL) and 

anhydrous acetic acid (45 mL). The reaction solution is stirred at room 

temperature until homogeneous. The 250-mL round-bottomed flask is 

submerged in an oil bath and the solution is heated to reflux (107 °C) for 5 

min. The solution is cooled to room temperature and transferred to a 250-mL 

separatory funnel. Dichloromethane (100 mL) and 5% aqueous brine (50 

mL) are added, the two phases are mixed well by shaking, then the lower 
organic phase is separated. The organic layer is extracted with 2 x 50 mL 
portions of 5% aqueous brine (Note 21). The remaining organic layer is 
dried over sodium sulfate, filtered and concentrated via rotary evaporation 
(30 mmHg, 30 °C bath temperature) to an oil (7.2 g). The resulting residue 
is purified by column chromatography over silica gel (Note 22) to afford 
413° g (77%) of  (S)-1-benzyl-6-methyl-2-oxo-4-phenyl-1,2,3,4- 

tetrahydropyrimidine-5-carboxylic methyl ester as a white solid (Notes 23— 
25) 

2. Notes 

1. The inlet tube has to be sufficiently wide to prevent plugging as 
ammonium chloride buildup results in a thick mixture during the reaction. 
The tube is positioned to supply ammonia gas subsurface but not interfere 
with the stir blade. 

2. The submitters used benzene in their procedure. 
3. Allyl chloroformate (97%), formic acid (88%), cinchonine (85%), 

methyl acetoacetate (99%), sodium carbonate C995% ase 

240 Org. Synth. 2009, 86, 236-251 



dimethylbarbituric acid (99%), benzyl isocyanate (99%), benzaldehyde 
(99+% redistilled), toluene (99%), methanol (99%), ethanol (99.5%), ethyl 
acetate (99.5%), hexanes (99.5%) and glacial acetic acid (99+%) were 
obtained from Aldrich Chemical Co., Inc. and were used as received. 
Sodium chloride (99%) was obtained from VWR and used as received. 
Tetrakis(triphenylphosphine)palladium(0) (99%) was obtained from Strem 
Chemicals Inc. and used as received. Benzenesulfonic acid sodium salt 
(97%) was obtained’ from Acros. Ammonia gas was obtained from Linde 

Gas LLC and was used as received. The submitters obtained all anhydrous 

solvents from Thermo Fisher Scientific Inc. and purified through use of a 

dry solvent system (pressure filtration under argon through activated 

alumina). The checkers used anhydrous solvents as received from Aldrich 

Chemical Co. 

4. The reaction was followed by 'H NMR by diluting a sample into 

CDCl; and integrating the methylene protons of the allyl group of the 

starting material and product. The reaction progressed as follows: 50% 

conversion at 1.5 h, 85% conversion at 3 h, and >99% conversion at 5 h. 

5. NMR analysis indicated the mixture contained 89 % allyl 

carbamate by weight, along with 11 wt% toluene. The distillate from the 

concentration was analyzed by NMR and contained no product. 

6. Two fractions were collected, a small forecut at 65-66 °C (3.87 g) 

and the main cut, 66-67 °C, (59.36 g). The fractions were combined after 

NMR analysis indicated similar purity. Approximately 3 mL remained as 

pot residue, and about 10 mL of toluene was collected in the dry-ice vacuum 

trap. 

7. Allyl carbamate has the following physical properties: clear oil; bp 

207-208 °C. 'H NMR (CDCl; 400 MHz) 5: 4.55 (dd, J = 5.6, 1.5 Hz, 2 H), 

5.2 (br, 2H, NH)), 5.21 (dd, J=10:5, 1.4 Hz, 1 H), 5.31 (dd, J = 17.1, 1.4 

Hz, 1 H), 5.90 (m, 1 H); °C NMR (CDCI, 100 MHz) 8: 65.8, 117.9, 132.8, 
157.2; IR (thin film, cm”): 2400, 1728, 1216; HRMS m/z 124.0368 [(M + 

Na’) caled for CsH;NO Na‘: 124.0374]. The purity (>99%) was determined 
by GC with a Agilent J&W HP-5 column (0.32 mm x 30 m)(oven 

temperature: 110 °C; head pressure: 60 kPa; retention time: 3.8 min). 

8. The reaction is monitored by 'H NMR by taking an aliquot of the 

reaction, diluting in DMSO-d,, and integrating the benzaldehyde resonance 

at 10 ppm relative to the total aromatic protons. The reaction is about 80% 

complete in 4 days. 
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9. The submitters dried the material by addition of 100 mL toluene 

and concentrating to a solid by rotary evaporation. 

10. (Benzenesulfonyl-phenyl-methyl)-carbamic acid allyl ester has the 

following physical properties: white solid; mp 148-150 °C. (Submitters 

report mp 162-165 °C). 'H NMR (CDCI;, 400 MHz) 8: 4.42 (d, J= 5.2 Hz, 

2 H), 5.22 (m, 2 H), 5.76 (m,'1 H), 6.01 (dd, J = 10.8, 10.5 Hz, 2H), 7:39-— 

7.46 (m, 5 H), 7.53 (m, 2 H), 7.66 (m, 1 H), 7.86 (m, 2 H); °C NMR 
(CDCl;, 75.0 MHz) 6: 66.7, 74.7, 118.7, 129.0 (degenerate), 129.0, 129.4, 

129.7, 130.1, 132.1, 134.3, 136.8, 154.7; IR (thin film, cm’'): 3334, 3063, 

1730, 1527, 1496, 1448, 1308, 1235, 1141, 1081, 691; HRMS m/z 354.0796 

[(M + Na’) calcd for Cy7H;,NO,NaS’: 354.0776]. The purity (>95%) was 

determined by 'H NMR. 

11. Chilling system Thermo NESLAB CB-60 with cryotrol probe was 

used by the submitters; a Julabo FT 901 chiller was used by the checkers 

The isopropyl alcohol bath temperature is monitored using a thermometer. 

12. Maintaining the temperature near —-15 °C during the addition of 

base is critical. In one run by the checkers, the temperature rose to —-6 °C 

during the addition, which resulted in a decrease in the ee (85% vs 91%). 

13. The initial extraction is carried out at 0 °C to prevent racemization 

of the product. The 2-phase mixture contains solids (which were determined 

to be cinchonine and related by-products by NMR). The solids are kept with 

the upper aqueous phase in all the separations. 

14. The residue is dissolved in 40 mL of anhydrous dichloromethane 
and is loaded onto a 3-in.x12-in. column, wet-packed (10% ethyl acetate in 
hexanes) with 300 g of silica gel (submitters used Sorbent Technologies, 60 
A; checkers used EM Sciences, EM60, 230-400 mesh), and eluted with a 
gradient of ethyl acetate in hexanes (1 L of 20%, 2.5 L of 30%). The desired 
product is collected in fractions of 100-mL volume. TLC analysis is 
performed on silica gel with 30% ethyl acetate in hexanes as eluent, 
visualization with ultraviolet light and by staining with ceric ammonium 
molybdate. Ry= 0.3. Methyl acetoacetate elutes just before the product. If 
less silica gel is used, methyl acetoacetate is not fully separated from the 
product. 'H NMR analysis of the combined fractions indicates the product is 
a~1:1 mixture of diastereomers. 

15. A single diastereomer can be isolated by crystallization of the 
diastereomeric mixture, as follows. 400 mg of the diastereomeric mixture is 
added to 20 mL hexanes and heated to reflux. Ethyl acetate (1.5 mL) is 
added to fully dissolve all solids, then the solution is allowed to cool to 
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ambient temperature with stirring. After stirring overnight (15 hours) the 
mixture is filtered and washed with 5 mL hexanes to provide 320 mg of 
white needles after drying in ambient air. 'H NMR analysis indicated an 
88:12 mixture of diastereomers. The high recovery (80%) and the fact that 
the supernatant contained a 1:1 mixture of diastereomers suggested a 
racemization/crystallization process was occurring, funneling the mixture to 
the less soluble diastereomer. One additional recrystallization under the 

same procedure provided one diastereomer (97.5:2.5 diastereomeric ratio 

and >99% ee by the chiral HPLC method outlined below). 2-[(R)- 

Allyloxycarbonylamino-phenyl-methyl)-3-oxo-butyric acid methyl ester has 

the following physical properties: white solid, single diastereomer; mp 96— 

98 °C. 'H NMR (CDCh, 400 MHz) less soluble diastereomer 6: 2.15 (s, 3 

H), 3.70 (s, 3 H), 4.07 (d, J= 5.5 Hz, 1 H), 4.55 (dd, J = 4.3, 1.0 Hz, 2 H), 

3:20; J = 10:3 Hz; 1H); 5.27 (d, J = 17.0 Hz;1:H),:5.48 (dd, J = 6.2, 9.1 

Hz, 1 H), 5.88 (m, 1 H), 6.12 (br d, J = 9 Hz, 1 H), 7.24~-7.35 (m, 5 H). 

More soluble diastereomer 6: 2.33 (s, 3 H), 3.65 (s, 3 H), 4.02 (br s, 1 H), 

Avsonm, 2H) 65.20 Ji= 10,0 Hz iwH), 5.29 (d, J = 16.5°Hz}41"H))/558 

(m, 1 H), 5.90 (m, 1 H), 6.40 (s, 1 H), 7.22-7.37 (m, 5 H); °C NMR (100 
MHz, CDCl;) less soluble diastereomer,, 5: 31.0, 53.0, 54.6, 63.2, 66.0, 

Bio; 1263, 126.6,4128:0, 128.7, 128.9, 132.9) 13961957 67992033; 
more soluble diastereomer, 6: 29.1, 52.6, 53.5, 64.3, 66.0, 118.3, 126.3, 

126.6, 128.0, 128.5, 128.9, 132.8, 139.4, 155.9, 169.2, 201.0; IR (thin film, 

cm’), both diastereomers reported: 3374, 2955, 1718, 1527, 1434, 1360, 

1248, 1048, 993, 904, 730. HRMS m/z 328.1167 [(M + Na’) calcd for 

C6H;>5NO;Na : 328.1161]. The purity (>98%) was determined by HPLC- 

ELSD (210 nm). 

16. The four diastereomers were separated by a normal phase HPLC 

method using a Chiralpak AD-H column (250 x 4.6 mm, 5 micron) with 

isocratic elution consisting of 15% (1:1 MeOH:EtOH) and 85% heptane, a 

flow rate of 1.0 mL/min and detection at 210 nm. Elution times: major 

enantiomeric pair (13.5 and 16 min), minor enantiomeric pair (10.5 and 11.5 

min). The enantiomeric ratio was determined to be 95:5 on the 

diastereomeric mixture isolated from the silica gel chromatography. The 

material that was recrystallized twice showed none of the minor enantiomer 

(detection limit 0.5%). This diastereomer reverts back to a 1:1 mixture in a 

solution of methanol over a 24 hour period. The opposite enantiomeric pair 

was prepared by carrying out the reaction using cinchonidine instead of 
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cinchonine. The reaction with cinchonidine carried out at 0-5 °C provided 

an 89:11 enantiomeric ratio. 

Y/ Hoo Ce ! ihe 

07S Elution times: 13.5 and 16 min 
OCH; O OCH, 

ae ieee Y Yu H3C N Go ee, Shay yy 

07 ; 
OCH; rece Elution times: 10.5 and 11.5 min 

17. The weight is corrected for 4% residual ethyl acetate present from 

the previous step. 

18. The reaction was followed by TLC on silica gel with 1:1 ethyl 

acetate/hexanes as eluent (Ry= 0.3). The reaction was >90% complete by 

TLC analysis in 2 hours. 

19. The residue is combined with 6 mL of dichloromethane to make 

the oil mobile and is loaded onto a 3-in.x12-in. column, wet-packed (10% 

ethyl acetate in hexanes) with 380 g of silica gel (submitters used Sorbent 

Technologies, 60 A; checkers used EM Sciences EM60, 230-400 mesh), and 

eluted with a gradient of ethyl acetate in hexanes (2 L of 25%, 1 L of 33%, 2 

L of 40%, 1.5 L of 50%). The desired product is collected in fractions of 

100-mL volume. TLC analysis is performed on silica gel with 50% ethyl 

acetate in hexanes as eluent, visualization with ultraviolet light and by 

staining with ceric ammonium molybdate. Ry= 0.30. 

20. The weight of the isolated oil is 7.14 g. The yield of 6.07g is 

corrected based on a purity of 85%, which includes 10% ethyl acetate by 

weight and an estimated 5% impurity. 2-[(R)-(3-Benzyl-ureido)-phenyl- 

methyl]-3-oxo-butyric acid methyl ester has the following physical 

properties: white solid; mp 100-102 °C. 'Hd NMR (CDCl;, 400 MHz, both 

diastereomers reported) 6: 2.22 (s, 3 H), 2.30 (s, 3 H), 3.53 (s, 3 H), 3.60 (s, 

3 H), 4.01 (d, J = 8.4 Hz, 1 H), 4.06 (d, J = 4.5 Hz, 1 H), 4.28 (m, 4 H), 5.38 

(t, J = 5.8 Hz, 1 H), 5.47 (t, J=5.8 Hz, 1 H), 5.62 (dd, J = 9.4, 7.7 Hz, 1 H), 

5.79 (dd, J = 9.7, 4.8 Hz, 1 H), 6.13 (d, J = 9.4 Hz, 1 H), 6.40 (d, J = 9.8 Hz, 
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1 H), 7.17-7.30 (m, 20 H). "°C NMR (CDC1;, 100 MHz, both diastereomers 
reported) 6: 29.1, 30.1, 44.5, 44.6, 52.3, 52.4, 52.7, 53.8, 64.2, 64.6, 126.3, 
L267 542725; 12769128:7,, 128:893913; 139.451 40.15 140:3y-157.5;157.6, 
168.1, 169.8, 202.2, 204.0. IR (thin film, cm’'): 3408, 3019, 1740, 1709, 
1687, 1527, 1453, 1364, 1216, 929, 909, 700. HRMS m/z 355.1690 [(M + 

H’) calcd for Cy9Hy2N O04": 355.1613]. The purity (90%) was determined 
by HPLC-ELSD (210 nm). 

21. When just water is employed for the extractions, the separation is 

very slow and incomplete. 

22. The residue is loaded onto a 3-in.x12-in. column, wet-packed 

(10% ethyl acetate in hexanes) with 220 g of silica gel (submitters used 

Sorbent Technologies, 60 A; checkers used EM Sciences EM60, 230-400 

mesh), and eluted with a gradient of ethyl acetate in hexanes (1 L of 20%, 

1L of 30%, 500 mL of 40%, 1 L 50%). The desired product is collected in 

fractions of 100-mL volume. TLC analysis on silica gel with 50% ethyl 

acetate in hexanes as eluent and visualization with ultraviolet light and 

stained with ceric ammonium molybdate. R;= 0.6. 

23% (S)-1-Benzyl-6-methy]l-2-0xo0-4-pheny]-1,2,3,4-tetrahydro- 

pyrimidine-5-carboxylic methyl ester has the following physical properties: 

white solid; mp 136-137 °C. 'H NMR (CDCI, 400 MHz) 8: 2.45 (s, 3 H), 

3.64 (s, 3 H) 4.88 (d, J= 16.4 Hz, 1 H), 5.21 (d, J= 16.1 Hz, 1 H), 5.45 (s, 1 

H), 5.99 (s, 1 H), 7.11 (d, J = 7.7 Hz, 2 H), 7.22-7.29 (m, 10 H). °C NMR 

(CDCl, 100 MHz) 6: 16.7, 46.2, 51.6, 54.0, 104.9, 126.5, 126.6, 127.4, 

128.0, 128.90, 128.93, 138.1, 143.2, 149.5, 154.2, 166.7. IR (thin film, cm 

'): 3234, 2948, 1685, 1623, 1456, 1387, 1257, 1203, 1164, 1106, 696. 

HRMS m/z 359.1375 [(M + Na’) calcd for CopH29N203": 359.1372]. [a]’?p - 

29.8 (c 1.00, CHCl3). The purity (©95%) was determined by HPLC-ELSD 

(210 nm). 

24. The enantiomeric ratio of the product was determined to be 95:5 

using the following reverse phase HPLC method: Chiralcel OD-RH, (150 x 

4.6 mm), 5 micron, isocratic elution, A: 0.1% H3PO,4, B: MeCN, A: 45: B: 

55; flow of 1.0 mL/min., ambient temp., detection at 210 nm. Major 

enantiomer elutes at 6.5 min, minor at 8 min. A normal phase HPLC method 

can also be employed: Chiralcel OD, (250 x 4.6 mm), 10 micron, isocratic 

elution, A: 2-propanol, B: heptane, A: 5: B: 95, flow of 1.0 mL/min., 

ambient temp., detection at 210 nm; Major enantiomer elutes at 31 min, 

minor at 39 min. 
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25. The checkers used the following recrystallization procedure to 

upgrade the final product to optical purity: In a 100-mL round-bottomed 

flask equipped with a 1.5 cm oval magnetic stir bar is added (S)-1-benzyl-6- 

methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5 -carboxylic methyl 

ester (2.00 g, 95:5 er) and ethyl acetate (20 mL). The mixture is warmed to 

50 °C in a water bath with stirring to dissolve the solids. While warm, n- 

heptane (20 mL) is added dropwise with stirring over 5 min, resulting in 

crystallization of a white solid. The mixture is cooled over 20 min to 

ambient temperature and is stirred for 1 h to afford a thick slurry. The 

mixture is vacuum filtered through a 30 mL sintered glass funnel and 

washed with 10 mL of 1:1 heptane/EtOAc to provide 1.59 g (80%) of white 

needles after air drying. The ee was determined to be >99.5% based on the 

limit of detection of the reverse phase HPLC method in Note 24. 

The submitters used the following recrystallization procedure to 

upgrade the final product to optical purity: In a 150-mL Erlenmeyer flask, 

(S)-1-benzyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5- 

carboxylic methyl ester (3.5 g, 95:5 er) is added to boiling diethyl ether (60 

mL). The solution is boiled until most of the solid has dissolved. The 

solution is cooled in an ice-water bath until complete crystallization is 

observed (approximately 20 minutes). The pure dihydropyrimidone crystals 

are vacuum filtered, and are rinsed with two 20 mL portions of cold diethyl 

ether. The remaining mother liquor is concentrated under reduced pressure, 

and the resulting solid is transferred to a 150-mL Erlenmeyer flask 

containing boiling diethyl ether (30 mL). The solution is boiled until most 

solid has dissolved, and subsequently cooled in an ice-water bath until 

complete crystallization is observed (approximately 20 minutes). The 

crystals are filtered, and rinsed with 2 x 10 mL portions of cold diethyl ether. 

The solids are combined and dried under reduced pressure to yield 2.70 g 

(77 %) of (S)-1-benzyl-6-methyl-2-0xo0-4-phenyl-1,2,3,4-tetra-hydropyrimi- 

dine-5-carboxylic methyl ester. The enantiomeric ratio of the product was 

determined to be >99:1 using the normal phase HPLC method in Note 24. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press: Washington, DC, 1995. 
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3. Discussion 

Chiral dihydropyrimidones are an important class of heterocycles that 
range in biological and pharmacological behavior.” While racemic 
dihydropyrimidones are easily prepared through use of the Biginelli 
reaction, few methods provide dihydropyrimidinones in enantioenriched 
form.* The Mannich addition of B-ketoesters to acyl imines catalyzed by the 

cinchona alkaloids provides a chiral amine precursor to the enantioenriched 

dihydropyrimidinone core.” 

The Mannich reaction proceeds well for aryl imines, however, in the 

case of aliphatic imines, tautomerization to the enamine restricts reactivity 

for nucleophilic addition. Recent methodology overcomes this challenge 

through the development of a biphasic cinchona alkaloid-catalyzed Mannich 

reaction utilizing a-amido sulfones.° The bench-stable and easily prepared a- 

amido sulfones serve as precursors to acyl imines; the acyl imine is formed 

in situ in the presence of sodium carbonate and the cinchona alkaloid 

catalyst.’ Utilization of the a-amido sulfones in the cinchona alkaloid- 

catalyzed asymmetric Mannich reaction provides good control of 

enantioselectivity and scalability. 

Conversion of the chiral amine precursor to the asymmetric 

dihydropyrimidone proceeds through two high yielding synthetic steps. 

Formation of the chiral primary amine and addition of benzyl isocyanate 

provides the benzyl ureido intermediate in high yield. The heterocycle is 

formed using reflux or microwave conditions in the presence of acetic acid 

and ethanol. Both methods provide the dihydropyrimidone in high yield with 

retention of stereochemistry. 

With this methodology, a library of dihydropyriridones was 

synthesized with three points of diversity (Table 1). The a-amido sulfone, /- 

ketoester and isocyanate were each altered to provide a diverse set of 

heterocycles in high yields and enantioselectivities. The stereochemical 

configuration of the dihydropyrimidone is dictated by the choice of cinchona 

alkaloid catalyst used in the Mannich reaction. 
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Table 1. Diverse Library of Asymmetric Dihydropyrimidones 

ield (% yield (%) 
product viele. %) product - 
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H.C” <O Br H,0~ So . 

o fe) 

N 
OF aS 70 O ~— 63 
H3C 95:5 H3C 95:5 

H;CO” “O le) Br 

*cinchonidine was used in place of cinchonine 

248 Org. Synth. 2009, 86, 236-251 



Department of Chemistry, Boston University, Boston, MA 02215. 
For reviews on dihydropyrimidones, see: (a) Kappe, C. O. Acc. Chem. 
Res. 2000, 33, 879-888. (b) Kappe, C. O. Eur. J. Med. Chem. 2000, 35, 
1043-1058. 

(a) Biginelli, P. Gazz. Chim. Ital. 1893, 23, 360-416. (b) Kappe, C. O. 

Tetrahedron 1993, 49, 6937-6963. 

(a) Chen, X.; Yu, X.; Liu, H.; Chun, L.; Gong, L. J. Am. Chem. Soc. 

2006, 125, 14802-14803. (b) Huang, Y.; Yang, F.; Zhu, C. J. Am. 

Chem. Soc. 2005, 127, 16386-16387. (c) Schnell, B.; Strauss, U.T.; 

Verdino, P.; Faber, K.; Kappe, C. O.; Tetrahedron: Asymmetry 2000, 

II, 1449-1453. (d) Kleidernigg, O.P.; Kappe, C.O. Tetrahedron: 

Asymmetry 1997, 8, 2057-2067. (e) Lewandowske, K.; Murer, P.; Svec, 

F.; Frechet, J.M. J. J. Comb. Chem. 1999, 1, 105-112. (d) Kappe, C. O.,; 

Uray, G.; Roschger, P.; Lindner, W:; Kratky, C.; Keller, W. 

Tetrahedron 1992, 48, 5473-5480. (e) Kontrec, D.; Vinkovic, V.; 

Sunjic, V.; Schuiki, B.; Fabian, W. M.; Kappe, C. O. Chirality 2003, 

15, 550. (f) Mufioz-Mufiiz, O.; Juaristi, E. ARKIVOC 2003, J/, 16-26. 

(g) Guillena, G.; Ramon, D.; Yus, M. Tetrahedron: Asymmetry 2007, 

18, 693-700. 

(a) Lou, S.; Taoka, B. M.; Ting, A.; Schaus, S. E. J. Am. Chem. Soc. 

2005, 127, 11256-11257. (b) Ting, A.; Lou, S.; Schaus, S. E. Org. Lett. 

2006, 8, 2003-2006. (c) Lou, S.; Dai, P.; Schaus, S. E. J. Org. Chem. 

2007, ASAP, DOI: 10.1021/j0701777¢. 

Review: Petrini, M. Chem. Rev. 2005, 105, 3949-3977. 

(a) Chemla, F.; Hebbe, V.; Normant, J.-F. Synthesis 2000, 75. (b) 

Kanazawa, S. M.; Denis, J. N.; Greene, S. E. J. Org. Chem. 1994, 59, 

1238-1240. (c) Zawadzki, S.; Zwierzak, A. Tetrahedron Lett. 2004, 45, 

8505-8506. (d) Morton, J.; Rahim, A.; Walker, E. R. H. Tetrahedron 

Lett. 1982, 23, 4123-4126. 

Chemical Abstracts Nomenclature (Registry Number) 

Carbamic acid, 2-propen-1-yl ester; (2114-11-6) 

Carbamic acid, N-[phenyl(phenylsulfonyl)methyl]-, 2-propen-1-yl ester; 

(921767-12-6) 

(8 R)-Benzenepropanoic acid, a-acetyl-£-[[(2-propen-|- 
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ONE-POT MULTICOMPONENT PREPARATION OF 

TETRAHYDROPYRAZOLOQUINOLINONES AND 

TETRAHYDROPYRAZOLOQUINAZOLINONES 

A. Ph O CH 
, Et,N, EtOH 

HoN d UN + Hae + ; 
2 N O MW, 150 °C, 30 min 

H CH3 

H O 

MW, 170 °C, 30 min 

B. 
Ph ° Wie 

ee : we Me,SiCl, MeCN 
O 

H CH, 

H~ So 

Submitted by Toma N. Glasnov and C. Oliver Kappe. 

Checked by MaryAnn T. Robak and Jonathan A. Ellman. 

Caution! During microwave heating using sealed vessel technology the 

reaction mixtures are heated well above their boiling points generating an 

internal pressure of 7-15 bar. Only special microwave process vials 

supplied by the vendor that are designed to withhold elevated temperatures 

and pressures must be used. After completion of the experiment, the vessel 

must be allowed to cool down to a temperature well below the boiling point 

of the solvent (ca. 50 °C) before removal from the microwave cavity and 

opening to the atmosphere. A dedicated microwave reactor for organic 

synthesis with appropriate online temperature and pressure monitoring must 

be employed. 
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1. Procedure 

A. 7,7-Dimethyl-3-phenyl-4-p-tolyl-6, 7,8, 9-tetrahydro-1H-pyrazolo 
[3,4-b]quinolin-5(4H)-one (1). Into a dedicated 20-mL one-necked Pyrex 
microwave process vial equipped with a magnetic stirring bar (Note 1), 

10 mL of dry ethanol (Note 2), triethylamine (981 wL, 712 mg, 7.04 mmol, 

1.6 equiv) (Note 3), 5-phenyl-1H-pyrazol-3-amine (700 mg, 4.40 mmol, 

1.0 equiv) (Note 4) and 5,5-dimethyl-1,3-cyclohexanedione (617 mg, 

4.40 mmol, 1.0 equiv) (Note 5) are added and stirred vigorously for 2 min at 

room temperature to form a slightly brownish solution. p-Tolualdehyde 

(519 wL, 529 mg, 4.40 mmol, 1.0 equiv) (Note 6) is then added. The reaction 

vial is tightly sealed with a Teflon septum inserted into an aluminum crimp 

(Note 7) and transferred to a Biotage single-mode microwave reactor for 

microwave processing at 150 °C for 30 min (Notes 8 and 9). After the 

reaction mixture has been processed, the vial is cooled down to 50 °C using 

the gas-jet cooling feature of the instrument (5 min) and subsequently 

removed from the microwave cavity by the robotic arm. After decrimping of 

the sealed process vial, the dark yellow reaction mixture is quickly 

transferred into a 250-mL Erlenmeyer flask filled with 200 mL of water at 

room temperature under vigorous stirring, resulting in a bright yellow turbid 

suspension. The pH of the reaction mixture is brought to ca. 2 by careful 

addition of 7 mL of 6M HCl within ca. 1 min, which leads to the formation 

of a yellow precipitate. After stirring for an additional 60 min at room 

temperature the precipitate is collected by suction filtration on a Biichner 

funnel with a coarse glass frit and then is triturated with water (3 x 20 mL) 

by turning off the vacuum, adding the solvent, crushing the solid and mixing 

thoroughly with a spatula, and then turning on the vacuum to remove the 

solvent. The product is subsequently dried overnight in a drying oven at 

50°C under vacuum. For purification the crude product is transferred to a 

Biichner funnel with a medium glass frit and triturated with dichloromethane 

(3 x 20 mL), applying gentle suction to remove the filtrate after each 

trituration. The solid is then dried for 1 h in a drying oven at 50 °C under 

vacuum to yield 1.19-1.22 g of pale yellow powdery solid. The solid is then 

transferred to a 50-mL Erlenmeyer flask equipped with a magnetic stirbar 

and the flask is heated to 90 °C, adding 25-26 mL of EtOH slowly until the 

solid is dissolved. The hot solution is then quickly filtered (hot filtration) by 

suction filtration through filter paper on a Biichner funnel (Note 10). The 

clear yellow solution is reheated in the 90 °C oil bath, and then the heat and 
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magnetic stirring are turned off and the solution is allowed to slowly cool to 

room temperature and crystallize overnight. The resulting crystals are 

collected by suction filtration on a Biichner funnel, washed with 2 x 1 mL of 

EtOH, and dried overnight in a drying oven at 50 °C under vacuum to 

provide 0.78-0.85 g (46-50%) of 7,7-dimethyl-3-phenyl-4-p-tolyl-6,7,8,9- 

tetrahydro-1H-pyrazolo[3,4-b]quinolin-5(4H)-one (1) as yellow crystals in 

99% purity (Notes 11 and 12). 

B. 6,6-Dimethyl-2-phenyl-9-p-tolyl-5, 6,7, 9-tetrahydropyrazolo[5, 1- 

b]quinazolin-8(4H)-one (2). Into a dedicated 20-mL one-necked Pyrex 

microwave process vial equipped with a magnetic stirring bar (Note 1), 

10 mL of acetonitrile (Note 13), 5-phenyl-1H-pyrazol-3-amine (1.39 g, 

8.74 mmol, 2.0 equiv) (Notes 4 and 14) and  5,5-dimethyl-1,3- 

cyclohexanedione (1.23 g, 8.74 mmol, 2.0 equiv) (Note 5) are added and 

stirred vigorously for 1 min at room temperature to form a yellow 

suspension. Chlorotrimethylsilane (222 pL, 190 mg, 1.75 mmol, 0.40 equiv) 

(Note 15) is added, sometimes resulting in the formation of a white 

precipitate that dissolves upon stirring. After an additional stirring period of 

1 min at room temperature, p-tolualdehyde (515 pL, 525 mg, 4.37 mmol, 

1.0 equiv) (Note 6) is added, whereupon the suspension turns into a yellow 

solution. The checkers noted that a small amount of solid sometimes remains 

undissolved. The formed reaction mixture is stirred for an additional 2 min 

and then the reaction vial is tightly sealed with a Teflon septum inserted into 

an aluminum crimp (Note 7) and transferred to a Biotage single-mode 

microwave reactor for microwave processing at 170 °C for 30 min (Notes 16 

and 17). After the reaction mixture has been processed, the vial is cooled 

down to 50 °C using the gas-jet cooling feature of the instrument (ca. 5 min) 

and is subsequently removed from the microwave cavity by the robotic arm. 

After decrimping of the sealed process vial, the dark orange reaction mixture 

is quickly transferred into a 500-mL Erlenmeyer flask containing 300 mL of 

a vigorously stirred ethanol-water-NaOH mixture (Note 18) to adjust the pH 

to 8-9. The resulting suspension is stirred for an additional 2 h and is then 

collected by suction filtration on a Biichner funnel with a coarse glass frit 

and triturated with a H,O/EtOH mixture (2:1, 3 x 20 mL) by turning off the 

vacuum, adding the solvent, crushing the solid and mixing thoroughly with a 

spatula, and then turning on the vacuum to remove the solvent. The 

precipitate is dried overnight in a drying oven at 50 °C under vacuum. The 

crude product is then transferred to a 250-mL Erlenmeyer flask containing 

100 mL of acetonitrile and stirred vigorously for 10 min to break up the 
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solid into a fine suspension. The stirring mixture is then heated to boiling for 
5 min, allowing the desired product to dissolve while leaving a side product 
suspended as a white solid. The hot mixture is then filtered through a 
medium glass-fritted Biichner funnel, applying gentle suction to assist in the 
filtration. The clear yellow filtrate is reheated to boiling, and 100 mL of 

boiling water is added. The mixture is allowed to cool to room temperature 

with stirring for | h, then the flask is placed in an ice bath and stirring is 

continued for an additional 1 h. During the recrystallization of product 2, the 

solution becomes cloudy within 1-2 min after adding the boiling water, and 

crystallization proceeds as the solution begins to cool. The resulting white 

solid is collected by suction filtration on a Biichner funnel with a coarse 

glass frit, washed with 2 x 10 mL of a cold (0 °C) acetonitrile/H,O mixture 

(1:1) and dried overnight in a vacuum drying oven at 50 °C to provide 

1.22-1.28 g (73-76%) of  6,6-dimethyl-2-phenyl-9-p-tolyl-5,6,7,9- 

tetrahydropyrazolo[5,1-b]quinazolin-8(4H)-one (2) as a white fibrous solid 

(Notes 19 and 20). 

2. Notes 

1. A 20-mL microwave process vial containing the appropriate 

magnetic stirring bar (length 17 mm) for the Optimizer EXP microwave 

reactor from Biotage AB (Sweden) was used (see Figure 1). 

2. Anhydrous ethanol (water < 0.2 % (K.F.)) was obtained from 

Acros Organics and used as received. 

3. Triethylamine (99% purity) was obtained from Acros Organics and 

used as received. 

4. 5-Phenyl-1H-pyrazol-3-amine (97% purity) was obtained from 

Maybridge and used as received. 

5. 5,5-Dimethyl-1,3-cyclohexanedione (>99% purity) was obtained 

from Fluka and used as received. 

6. p-Tolualdehyde (97% purity) was obtained from Aldrich and used 

as received. 

7. The aluminum crimp tops/Teflon septa are commercially available 

from Biotage AB (Sweden). An appropriate crimper/decapper was used for 

sealing and opening of the process vials. 

8. The submitters employed a 300 W Biotage Optimizer Sixty EXP 

single-mode microwave reactor (Biotage AB, Sweden) (Figure 1). The 

checkers employed a 400 W Biotage Initiator EXP microwave reactor 
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(Biotage AB, Sweden). The instrument is programmed as follows: reaction 

temperature — 150 °C, reaction time — 1800 sec (30 min), hold time — on, 

pre-stirring — 10 sec, absorption level — high. Alternative microwave 

instruments may include a Discover reactor (CEM, Matthews, NC, USA). 

9. An internal reaction pressure of 10-12 bars was observed. 

10. Filters No 42 from Whatman were used. 

11. The physical properties of 7,7-dimethyl-3-phenyl-4-p-tolyl-6,7,8,9- 

tetrahydro-1H-pyrazolo[3,4-b]-quinolin-5(4H)-one (1) were as _ follows: 

yellow crystalline solid, mp 194-195 °C, Ry = 0.66 (9:1 

dichloromethane/methanol, TLC on silica gel 60 F;4 plates, UV detection); 

IR (film): 3631, 3139, 3056, 3016, 2955, 2904, 1585, 1569, 1539, 1504, 

1486, 1419, 1376, 1257, 1214, 1141 cm’; 'H NMR (600 MHz, DMSO- 

ds) 5: 0.84 (s, 3 H), 1.00 (s, 3 H), 1.95 (d, J= 16.1, 1 H), 2.10-2.19 (m, 4 H), 

2.36 (d, J = 16.6, 1 H), 2.43-2.53 (m, 1 H), 5.30 (s, 1 H), 6.89 (d, J = 8.0, 

2 H), 7.00 (d, J = 8.0, 2 H) 7.28 (t, J= 7.4, 1 H), 7.38 (apparent t, J= 7.5 Hz, 

2H), 7:53_(d, J’ = 7.6, 2H), 9.90: (s, 1 H), 12.56 (st Ap? CANMR 
(151 MHz, DMSO-dg) 6: 20.5, 26.5, 29.0, 31.9, 34.7, 40.8, 50.4, 103.4, 

107.9, 125.9, 127.3, 127.8,. 128.2128.7, 1295, 134.2,:137A,y 1446, 14822, 

152.0, 192.7; MS (ESI) mZ (relative intensity): 384 (M+H, 100). Caled for 

CysH2;N30: C, 78.30; H, 6.57; N, 10.96. Found: C, 78.03; H, 6.47; N, 

10.97. 

12. The submitters reported purification of the crude precipitate by 

crystallization from hot EtOH:H2O (2:1) to give 0.92—1.05 g (55-63%) of 

product. However, elemental analysis was not provided by the submitters, 

and in the checkers’ hands, this procedure failed to give product of 

satisfactory purity based on 'H NMR and elemental analysis. The checkers 

found that trituration of the crude product with CH2Cl, could remove most 

of the impurities, providing material with a single side product in 

approximately 10:1 ratio of desired product to side product by 'H NMR 

analysis. Including this trituration step prior to recrystallization resulted in 

higher isolated yields under both the EtOH:H;0 recrystallization conditions 

provided by the submitters and the EtOH recrystallization conditions 

investigated by the checkers. Recrystallization from EtOH:H,O (2:1) 

provides material with a 97:3 ratio of desired product to side product, while 

recrystallization from EtOH provides material with a 99:1 ratio of desired 

product to side product by 'H NMR analysis, sufficiently pure for elemental 

analysis. 
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13. Acetonitrile (HPLC-grade, Acros Organics) was used by the 
submitters. The checkers used HPLC-grade acetonitrile from Fisher 
Scientific. 

14. If equimolar ratios of the starting materials are used a different 
product distribution is obtained, with typically more of the Hantzsch-type 
product 1 being formed. In addition more side products are visible by HPLC 
analysis and the benzaldehyde starting material is not completely consumed. 
Other acidic catalysts may be applied (HCI or Lewis acids such as LaCl), 

however the best result is obtained when using chlorotrimethylsilane as a 

reaction mediator. 

15. Chlorotrimethylsilane (98% purity) was obtained from Aldrich and 

used as received. 

16. The submitters employed a 300 W Biotage Optimizer Sixty EXP 

single-mode microwave reactor (Biotage AB, Sweden) (Figure 1). The 

checkers employed a 400 W Biotage Initiator EXP microwave reactor 

(Biotage AB, Sweden). The instrument is programmed as follows: reaction 

temperature — 170 °C, reaction time — 1800 sec (30 min), hold time — on, 

pre-stirring — 10 sec, absorption level — high. Alternative microwave 

instruments may include a Discover reactor (CEM, Matthews, NC, USA). 

17. An internal reaction pressure of 13-14 bars was observed. 

18. The solvent mixture was prepared by mixing 200 mL of distilled 

water, 100 mL of ethanol and 160 mg of NaOH. Sodium hydroxide pearls 

(99% purity) were obtained from Acros Organics (submitters) or EMD 

Chemicals (checkers) and used as received. 

19. The physical properties of 6,6-dimethyl-2-phenyl-9-p-tolyl-5,6,7,9- 

tetrahydropyrazolo[5,1-b]-quinazolin-8(47)-one (2) were as follows: white 

solid, mp 235-238 °C; R¢ = 0.74 (9:1 dichloromethane/methanol, TLC on 

silica gel 60 F 54 plates, UV detection); IR (film): 2960, 2921, 2873, 1642, 

1582, 1569, 1430, 1383, 1361, 1344,1250 cm'; 'H NMR (500 MHz, 
DMSO-d.) 6: 0:93 <(s;.3H);21.05_(s; 3H), 2.04 (d, J = 16.1 Hz, 1 H), 

2.16—2.26 (m, 4 H), 2.43—2:51 (m, 1 H), 2.56 (d, J = 16.7 Hz, 1 H), 6.16 (s, 

PH), 6.18 GH), 7.04 GJ = 8.2 Hz, 2 H), 7.07 (d, J= 8.2 Hz, 2H), 7.26 

(t, J= 7.3 Hz, 1 H), 7.34 (apparent t, 2 H), 7.71 (d, J = 7.7 Hz, 2 H), 10.50 

(br s, 1 H); "°C NMR (126 MHz, DMSO-ds) 8: 20.6, 26.7, 28.7, 32.1, 49.8, 

Bie eet Orel 50)6026.6)0127 16,01 28,5,012836,2133.1; 136.3, 138.2, 

140.2, 149.1, 150.1, 192.3; MS (ESI) m/Z (relative intensity): 384 (M+H, 

100). Caled for C2s;H25N30: C, 78.30; H, 6.57; N, 10.96. Found: C, 78.39; 

H, 6.31; N, 11.00. 
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20. The submitters reported purification of the crude precipitate by 

crystallization from hot 2-propanol:H,O (2:1). However, elemental analysis 

was not provided by the submitters, and in the checkers hands, this 

procedure failed to give product of satisfactory purity based on 'H NMR and 

elemental analysis. The checkers found that the main side product which 

remained after crystallization from 2-propanol:H,O exhibited low solubility 

in hot acetonitrile. Therefore, hot filtration of an acetonitrile solution of the 

crude mixture followed by crystallization from acetonitrile:H,O (1:1) was 

found to provide analytically pure product (‘H NMR and elemental 

analysis). 

Figure 1. Optimizer Sixty EXP single-mode microwave reactor with 20 mL 

reaction vessel (Biotage AB, Sweden). 

Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 
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3. Discussion 

Multicomponent condensation reactions (MCRs) of 5-aminopyrazoles 
with cyclic 1,3-diketones and aromatic aldehydes can lead to the formation 
of several different tricyclic reaction products due to the presence of at least 
three non-equivalent nucleophilic reaction centers in the aminopyrazole 

building block (N1, C4 and NH)).”” The resulting partially hydrogenated 
azoloazines belong to a class of interesting target structures owing to their 

specific role in several biological processes and their diverse physiological 

activities.* Therefore, these MCRs have recently attracted the interest of the 

synthetic community and several reports have already discussed the 

formation of isomeric reaction products of type 1 or 2 from these three- 

component condensations.’ In general these MCRs lead to the formation of 

product mixtures of pyrazoloquinolinones (Hantzsch-type product 1) or 

pyrazoloquinazolinones (Biginelli-type product 2) with difficult to control 

selectivities.”’ We have recently found that by employing high-temperature 

microwave processing, the reaction can be effectively tuned toward the 

formation of either the Hantzsch or Biginelli-type condensation products 

using a basic (Hantzsch) or acidic (Biginelli) reaction medium.’ 

In recent years, microwave-assisted organic synthesis (MAOS) has 

attracted considerable attention, and has become a very popular and 

convenient tool for performing organic reactions at high temperatures in 

sealed vessels.” In particular, the use of dedicated single-mode microwave 

reactors that enable the rapid and safe thermal processing of reaction 

mixtures in sealed vessels under controlled conditions with concurrent 

temperature and pressure monitoring has greatly increased the general 

acceptance of this method in the scientific community. Microwave dielectric 

heating not only often enables a dramatic reduction in reaction time, but also 

enhances reactions in terms of yield, purity and reproducibility in 

comparison to conventional thermal heating.”° 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Triethylamine: N,N-diethylethanamine; (121-44-8) 

5-Phenyl-1H-pyrazol-3-amine: 1H-pyrazol-3-amine, 5-phenyl-; (1571-10-7) 

Dimedone: 1,3-cyclohexanedione, 5,5-dimethyl-; (126-81-8) 
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p-Tolualdehyde: benzaldehyde, 4-Methyl-; (104-87-0) 
7,7-Dimethy1-3-phenyl-4-p-tolyl-6,7,8,9-tetrahydro-1H-pyrazolo[3,4-b]- 

quinolin-5(4#)-one: 5H-Pyrazolo[3,4-b]quinolin-5-one, 1,4,6,7,8,9- 
hexahydro-7,7-dimethyl-4-(4-methylphenyl)-3-phenyl-; (9048 12-68-6) 

Chlorotrimethylsilane: Silane, Cholorotrimethyl-; (75-77-4) 
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(3R,7aS)-3-(TRICHLOROMETHYL)TETRAHYDROPYRROLO[I1,2- 

C|OXAZOL-1(3H)-ONE: AN AIR AND MOISTURE STABLE 

REAGENT FOR THE SYNTHESIS OF OPTICALLY ACTIVE a- 

BRANCHED PROLINES 
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Submitted by Gerald D. Artman II, Ryan J. Rafferty, and Robert M. 

Williams.' 
Checked by Gregory L. Aaron, Matthew M. Davis, and Kay M. Brummond. 

1. Procedure 

A. (3R, 7aS)-3-(Trichloromethyl)tetrahydropyrrolo[1,2-c]oxazol- 
1(3H)-one. To a suspension of L(-)-proline (11.55 g, 100.3 mmol) (Note 1) 
in chloroform (500 mL) (Note 2) in a 1000-mL, single-necked, round- 
bottomed flask equipped with a magnetic stirring bar is added 2,2,2- 
trichloro-1-ethoxyethanol (23.27 g, 120.3 mmol) (Note 3 and 4). A 25-mL 
Dean-Stark trap topped with a reflux condenser, fitted with an argon adapter, 
is attached to the reaction vessel and the reaction mixture is heated at reflux 
using a heating mantle until L(-)-proline is no longer visibly suspended and 
consumption is observed by reverse phase TLC (Note 5). Heating is 
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discontinued and the volatile organics are removed under reduced pressure 
on a rotary evaporator (40 °C, 20-25 mmHg). The resulting brown, 
crystalline solid is recrystallized from ethanol. Boiling ethanol (30 mL) is 
added to the crude residue in the reaction flask warmed to 50 °C (bath 
temperature). The resultant mixture is stirred magnetically with heating on a 
hot plate until the mixture becomes homogenous. The solution is quickly 
poured into a 125-mL Erlenmeyer flask. The flask is fitted loosely with a 
septa and cooled slowly to room temperature then in an ice/water bath for 1 
h. The resulting crystals are collected by suction filtration on a Biichner 

funnel and washed with 15 mL of ice-cold ethanol. The crystals are then 

transferred to a round-bottomed flask and dried overnight at 0.06 mmHg to 

provide (3R,7aS)-3-(trichloromethy])tetrahydropyrrolo[1,2-c]oxazol-1(3H)- 
one (15.19-15.96 g, 62-65%) as colorless to light brown crystals (Note 6, 7, 

8). 

Bi (3R, 7aR)-7a-Allyl-3-(trichloromethyl)tetrahydropyrrolo[1,2- 

cJoxazol-1(3H)-one. A flame-dried, 500-mL, single-necked, round-bottomed 

flask equipped with a magnetic stirring bar and an adaptor with an argon 

inlet, is charged with N,N-diisopropylamine (10.0 mL, 71.4 mmol) (Note 9) 

and tetrahydrofuran (THF, 140 mL) (Note 10). The reaction vessel is cooled 

to —78 °C before n-butyllithium in hexane (1.6M, 46.0 mL, 73.6 mmol) 

(Note 11) is added via syringe. The reaction mixture is stirred for an 

additional 30 min at —78 °C. In a separate 250-mL single-necked, round- 

bottomed flask equipped with a magnetic stirbar under argon, (3R,7aS)-3- 

(trichloromethy])tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one (12.2 g, 49.9 

mmol) is dissolved in THF (100 mL). This solution is cooled to 0 °C and 

stirred for 10 min. A cannula is used to rapidly deliver this THF solution to 

the LDA solution at —78 °C under argon over 5 min (Note 12). The resulting 

solution is stirred for an additional 30 min at —78 °C before the addition of 

allyl bromide (7.8 mL, 90 mmol) (Note 13) via syringe in a single portion. 

The reaction mixture is placed in a CO,/CH3CN bath to warm to —40 °C, 

where it is maintained for an additional 30 min (Note 14). The reaction 

mixture is then poured into a 1-L separatory funnel containing 300 mL of 

water. The aqueous solution is extracted with chloroform (3 x 300 mL). The 

combined organic extracts are dried over Na,SO, and concentrated using a 

rotary evaporator (40 °C, 20-25 mm Hg) to afford (3R, 7aR)-7a-allyl-3- 

(trichloromethy])tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one (11.34—-11.92 g, 

80-82%) as a brown oil (Note 15). 
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C. (R)-Methyl 2-allylpyrrolidine-2-carboxylate hydrochloride. A 500- 

mL, three-necked, round-bottomed flask is equipped with a magnetic stirring 

bar, a reflux condenser fitted with an argon inlet, a 300-mL pressure- 

equalizing additional funnel fitted with a rubber septum, and a glass stopper. 

The glass stopper is removed and the flask is charged with (3R, 7aR)-7a- 

allyl-3-(trichloromethyl!)tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one (8.20 g, 

29.0 mmol) and methanol (100 mL) (Note 16). Sodium metal (420 mg, 18.3 

mmol) (Note 17) is added slowly (~1 piece every 2 min) over 30 min by 

removal of the glass stopper. The reaction mixture is stirred for an additional 

30 min until sodium pieces are no longer visible (Note 18). The reaction 

vessel is cooled in an ice/water bath and the pressure-equalizing addition 

funnel is charged with acetyl chloride (40 mL, 563 mmol) (Note 19), which 

is added dropwise into the reaction mixture over | h (Note 20). The funnel is 

removed and replaced with a glass stopper and both stoppers are secured 

using Keck® clips. The resulting milky brown solution is heated to reflux 

until only baseline material is evident by thin layer chromatography (Note 

21). The volatile organics are then removed using a rotary evaporator 

(40 °C, 20-25 mm Hg). The resulting oily solid is diluted with methylene 

chloride (50 mL). The precipitated sodium chloride is removed via filtration 

through a Biichner funnel washing with additional methylene chloride (10 

mL). The filtrate is concentrated under reduced pressure by rotary 

evaporation (40 °C, 20-25 mm Hg) This process is repeated two additional 

times to afford (R)-methyl 2-allylpyrrolidine-2-carboxylate hydrochloride as 

an oil. Purification of the crude hydrochloride salt is achieved using flash 

silica gel chromatography eluting with a gradient of 95:5290:10 

CH,Cl:MeOH (Note 22) to afford (R)-methyl 2-allylpyrrolidine-2- 

carboxylate hydrochloride (4.16—4.44 g, 71-74%) as an oil, which solidifies 

under reduced pressure (Note 23). An enantiomeric excess of >99% for the 

desired product was determined through synthesis of the Mosher amide 

under Schotten-Baumann conditions followed by NMR spectroscopy and 

HPLC analysis (Note 24). 

2. Notes 

1. L(-)-Proline (99+%) was used as received from Acros Organics. 

2. Chloroform (ACS grade) was used without further purification 

from Fisher Scientific. 

264 Org. Synth. 2009, 86, 262-273 



3. The original procedure reported by Germanas employed 
trichloroacetaldehyde or chloral. However, this reagent is regulated and 
difficult to obtain. The submitters have found that commercially available 
2,2,2-trichloro-1-ethoxyethanol can be used as a masked form of chloral. 

4. 2,2,2-Trichloro-1-ethoxyethanol (98%) was used as commercially 
available and was obtained from Alfa Aesar. 

5. Disappearance of L(-)-Proline (Ry = 0.89) and formation of 

(3R,7aS)-3-(trichloromethyl)tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one (Rp= 

0.26) was observed via reverse phase thin layer chromatography performed 

on Partisil® KC18 Silica Gel 60A (200 um thickness) on glass backed plates 

(1:1 H,O/CH3CN) visualizing with KMnO, TLC Stain (yellow spots). The 

reaction requires 15-19 h to reach completion, during which time a color 

change from a milky opaque to an orange solution is observed. 

6. (3R,7aS)-3-(Trichloromethy])tetrahydropyrrolo[1,2-c]oxazol- 

1(3H)-one”? displays the following physical and spectral characteristics: mp 

108-109 °C (lit.’ 107-109 °C); optical rotation: [a]p = +34.0 (c 2, CeHe), 

lit? [a]p = +33 (c 2, CoH); 'H NMR (500 MHz, CDCI;) 8: 1.70-1.79 (m, 

1 H), 1.90-1.97 (m, 1 H), 2.08—2.14 (m, 1 H), 2.19-2.27 (m, 1 H), 3.11-3.15 

(m, | H), 3.42 (ddd, J = 11, 7.5, 6 Hz, 1 H), 4.12 (dd, J = 9, 4.5 Hz, 1 H), 

5.17 (s, 1 H); °C NMR (100 MHz, CDCI) 8: 25.3, 29.9, 57.9, 62.4, 100.6, 

10326;,07515;0UR* (Chins fil) 62978-02962; 28998 287191 78291327; : 1178, 

1009, 959, 815, 791, 744 cm’; Anal. Calcd for C7HgCl,NO>: C, 34.39; H, 

3.30; N, 5.73. Found: C, 34.47; H, 3.28; N, 5.65. 

7. Unlike the Seebach pivaldehyde/proline condensate, this product is 

air- and moisture-stable and can be stored upon the bench top with no 

decomposition by NMR spectroscopy after more than 30 days. 

8. Following the submission of this procedure, (3R,7aS)-3- 

(trichloromethyl)tetrahydropyrrolo[ 1,2-c]oxazol-1(3)-one is now 

commercially produced by AK Scientific, California, USA. 

9. N,N-Diisopropylamine (99%) was purchased from Fisher 

Scientific and was freshly distilled from CaCl prior to use. 

10. Tetrahydrofuran (THF, 99.5%) was purchased from Sigma-Aldrich 

and was purified via a Sol-Tek ST-002 solvent purification system. 

11. 1.6 M n-Butyllithium in hexanes was purchased from Sigma- 

Aldrich and freshly titrated using the method developed by Love and J ones." 

12. A color change is apparent as the enolate is formed. The LDA 

solution changes from light yellow, to dark red, to dark brown upon the 

addition of the oxazolinone. 
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13. Allyl bromide (98%) was used as received from Alfa Aesar. 

14. Thin layer chromatography (TLC) on silica gel F254 (200 ym 

thickness) glass backed plates was used to monitor the alkylation. 

Developing the plate in 1:7 EtOAc:hexanes separates the product (Ry= 0.44) 

from the starting material (Ry= 0.27). Both the product and starting material 

can be visualized with KMnO, TLC stain (yellow spots). 

15. The allylated product is of sufficient purity to be used in the next 

step. However, an analytical sample was obtained by purifying 145 mg of 

the crude material via flash silica gel chromatography (Column inner 

diameter 1 cm; packed length 12.5 cm) eluting 1:7 EtOAc/hexanes to afford 

111 mg of alkylated product. (3R,7aR)-7a-Allyl-3-(trichloromethyl)- 

tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one displays the following physical 

and spectral characteristics: pale yellow oil, which slowly crystallizes upon 

standing at -10 °C; optical rotation: [a]p = +44 (c 2, CHCIs), [a]p = +60 (c 

2, CsHo), lit? [a]p = +44.6 (c 2, CHCl;); 'H NMR (500 MHz, CDCl) 5: 
1.60—1.70 (m, 1 H), 1.86-1.93 (m, 1 H), 2.02 (ddd, J = 13.5, 10.0, 7.0 Hz, 1 

H), 2.13 (ddd, J = 13.0, 8.0, 3.0 Hz, 1 H), 2.55 (dd, J = 14.0, 8.5 Hz, 1 H), 

2.62 (dd, J = 14.0, 6.5 Hz, 1 H), 3.14-3.24 (m, 2 H), 4.98 (s, 1H), 5.17 (d, J 

= 6.0 Hz, 1 H), 5.20 (s, 1 H), 5.85-5.93 (m, 1 H); °C NMR (100 MHz, 
CDC )'62 25:25 35:224 1.525835 TS, BOCAS 1023 GO RIS On ier 

(thin film) 3079, 2976, 2897, 1801, 1640, 1457, 1438, 1355, 1324, 1192, 

1129, 1104, 1020, 922, 838, 803, 746 cm’; Anal. Caled for CjoHi2Cl;NO): 

C, 42.21; H, 4.25; N, 4.92. Found: C, 42.51; H, 4.31; N, 4.84. 

16. Methanol (MeOH, ACS grade) was used as received and obtained 

from Fischer Scientific. Anhydrous MeOH can be employed, but the yield 

was unchanged as observed by the submitters. 

17. Sodium metal cubes (99.95%) in mineral oil were supplied by 

Sigma-Aldrich. The sodium metal was cut into small pieces using a razor 

blade and weighed into a tared beaker containing hexanes to remove residual 

mineral oil prior to addition. 

18. The deprotection was monitored by TLC using silica gel F254 (200 

um thickness) glass backed plates, 1:5 EtOAc:hexanes, KMnO, TLC stain 

(yellow spots) observing consumption of the starting material (Ry = 0.57) 

and formation of the N-formyl ester intermediate (Ry = 0.11). It was 

observed that a full equivalent of sodium methoxide is not necessary for the 

opening of the lactone to the N-formyl ester intermediate. 

19. Acetyl chloride (98%) was used as received from Sigma-Aldrich. 
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20. The addition of acetyl chloride must be conducted at a slow rate to 
avoid an exothermic reaction and loss of HCI gas. The submitters observed 
that if the addition is too fast, an additional quantity of acetyl chloride (~20 
mL) generally has to be added to the reaction mixture once the solution is 
brought to reflux. 

21. The reaction was monitored by TLC using silica gel Fos4 (200 um 
thickness) glass backed plates, 1:1 EtOAc:hexanes, KMnO, TLC stain, 

(yellow spots) for the disappearance of the intermediate N-formy] ester (Ry= 

0.25), and other intermediate compounds until only the hydrochloride salt 

(Ry= 0.00) remains. 

22. Flash silica gel chromatography of the final product employed a 

column with specifications of: inner diameter: 2.5 inches; packed length: 6 

inches. Fractions of ~27 mL were collected in 16 x 150 mm test tubes. 

Fractions containing the desired product (Ry = 0.47) were determined by 

TLC (90:10 CH2Cl:MeOH) with KMnO, TLC staining. These fractions 

were combined and concentrated under reduced pressure (40 °C, 20-25 mm 

Hg). 

23. (R)-Methyl 2-allylpyrrolidine-2-carboxylate hydrochloride 

displays the following physical and spectral characteristics: brown oil that 

slowly solidifies to a brown solid (99 % ee); optical rotation: [a]p = -83 (c 2, 

CH>Cl,); 'H NMR (700 MHz, CDCI;) 8: 1.93 (bs, 1 H), 2.14 (bs, 2 H), 2.45 

(bs, 1 H), 2.83—2.90 (m, | H), 3.03—3.10 (m, 1 H), 3.54 (bs, 1 H), 3.62 (bs, 

1 H), 5.22 (d, J = 9.8 Hz, 1 H), 5.32 (d, J = 16.8 Hz, 1 H),'5.83-5.92 (m, 1 

H), 9.55 (bs, 1 H), 10.64 (bs, 1 H); "°C NMR (176 MHz, CDCl;) 8: 22.4, 
34.5, 39.2, 45.6, 53.7, 72.5, 121.4, 130.2, 170.0; IR (thin film) 3404, 2956, 

2719, 2491, 1745, 1642, 1452, 1236 cm’; Anal. Calcd for CoHjsCINO:: C, 

52.56; H, 7.84; N, 6.81; Found: C: 52.24; H: 7.69; N: 6.66. 

24. The ee of the final product was determined via conversion of the 

final product to the Mosher amide using commercially available (S)-(+)-a- 

methoxy-a-trifloromethylphenylacetyl chloride (Note 25) under Schotten- 

Baumann conditions: In a 5-mL round-bottomed flask with a magnetic stir 

bar, (R)-methy] 2-allylpyrrolidine-2-carboxylate hydrochloride (26 mg, 0.15 

mmol) was partitioned between CH2Cl, (0.75 mL) and water (0.75 mL). 

NaOH (30 mg, 0.75 mmol) was added followed by commercially available 

(S)-(+)-a-methoxy-a.-trifluoromethylphenylacetyl chloride (0.03 mL, 0.16 

mmol). The reaction mixture was stirred open to the air for 1 h before being 

transferred to a 30-mL separatory funnel using CHCl, (20 mL) and diluted 

with HO. The aqueous layer was separated and the resulting organic layer 
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was washed with saturated NaHCO; (10 mL), 2 M HCI (10 mL), and brine 

(10 mL). The organic phase was dried over Na,SO,, filtered and 

concentrated in vacuo. The resulting crude product (47 mg) was analyzed by 

NMR spectroscopy and HPLC. 'H NMR spectroscopy of the crude material 

observed a single amide rotamer at room temperature. An analytical sample 

was obtained by purifying the crude material via flash silica gel 

chromatography (Inner diameter 1 cm; Packed Length 11.5 cm) eluting 

2.5:97.5 to 10:90 EtOAc/hexanes to afford 25 mg of the Mosher amide. 'H 

NMR (700 MHz, CDCI;) 8: 1.59-1.71 (m, 2 H), 1.88 (ddd, J= 13.3, 7.0, 4.9 

Hz, 1 H), 2.03 (ddd, J = 13.3, 9.8, 7.0 Hz, 1 H), 2.83 (dd, J = 14.0, 7.0 Hz, 

1 H), 3.07 (ddd, J = 11.2, 7.0, 4.2 Hz, 1 H), 3.18 (dd, J = 14.0, 7.7 Hz, 1 H), 

3. 39s(dddid =Ad.2:8:4;:6:3: Hz pa 7d(sS:)y 3:99 ep Salome? 

= 9.8, 0.7 Hz, 1 H), 5.20 (d, J= 16.8 Hz, 1 H), 5.81 (ddt, J 17.5, 9.8, 7.0 Hz, 

1 H), 7.40-7.41 (m, 3 H), 7.58-7.60 (m, 2 H); '3C NMR (176 MHz, CDCl) 

5: 24.0, 34.1, 37.8,.48.7, 52.2, 55.4, 69.7,°84.5 (q, J= 25.0 Hz), 119.7, 123:5 

(q, J = 290.4 Hz), 127.3, 127.9, 129.3, 132.8, 132.9, 164.4, 173.5; °F NMR 
(376 MHz, CDCl;) 8: -69.8; HPLC purity of the amide was determined by 

dissolving a sample in CH3CN and passing it through a Phenomenex Luna 3 

micron particle size C18 column (Length 100 mm; Diameter 4.6 mm) using 

a 60:40 solution of 0.1 % TFA in H,O and 0.01% TFA in CH;CN at 1 

mL/min over 70 min. The desired product was observed as a single peak at 

42.48 min (>99% pure) that was compared to a mixture of both Mosher 

amide diastereomers (Note 26). See attached chromatograph below. 
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25. (S)-(+)-a-Methoxy-a-trifloromethylphenylacetyl chloride (>99.5% 

ee) was purchased from Aldrich and used without further purification. 

26. The amine L-proline methyl ester hydrochloride was protected as 

the tert-butyloxycarbamate using di-tert-butyl dicarbonate and triethylamine. 

Subsequent alkylation and epimerization was accomplished by 

deprotonating with lithium diisopropylamide followed by addition of allyl 

bromide. The amine was liberated by treatment with trifluoroacetic acid. The 

amine was converted to the Mosher amide under Schotten-Baumann 

conditions. 

Waste Disposal Information 

All toxic materials were disposed of in accordance with “Prudent 

Practices in the Laboratory”; National Academy Press; Washington, DC, 

1995. 

3. Discussion 

The synthesis of optically active amino acids and derivatives 

continues to be an important area of research for academic laboratories and 

the pharmaceutical industry. In 1995, Seebach reported an Organic 

Syntheses procedure for the synthesis of a proline/pivaldehyde condensate 
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(3), which could be employed for the synthesis of optically active a- 

branched proline amino acids (cf 4). However, difficulties are often 

encountered during the preparation of 3. The condensation of proline (1) and 

pivaldehyde (2) requires long reaction times in a low boiling solvent, which 

systematically needs to be replaced over 3-7 days. Since product 3 iS 

extremely sensitive to air and moisture, rigorously anhydrous conditions are 

required to ensure that no moisture enters the system. In addition, 

pivaldehyde (2) is required in large excess (~6-7 equivalents) making this 

procedure economically prohibitive due to its high cost. 

Scheme 1 
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Interestingly, Germanas and Wang reported an alternative to the 

Seebach oxazolinone, (3R,7aS)-3-(trichloromethyl)tetrahydropyrrolo[1,2- 

cloxazol-1(3H)-one (6), to generate optically active a-branched proline 

derivatives in good yields (cf. 7).’” Unlike the Seebach compound 3, the 

trichloro oxazolinone 6 is an air- and moisture-stable crystalline solid, which 

can be stored on the bench top for greater than 1 month with no 

decomposition or observed loss of optical purity. Furthermore, the 

preparation of 6 requires only a small excess of a chloral (5) or chloral 

hydrate. 

Scheme 2 
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1 5 6 7 

Despite the advantages of the trichloro oxazolinone 6 over the 

Seebach compound 3, it has seen little use in synthesis.*° Chloral (5) is a 

regulated substance greatly limiting its commercially availability even for 

small (10-20 g) quantities. Secondly, the cleavage of the trichloro auxiliary 

from 7, though reported by Germanas to proceed in high yield is generally 
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reported by other groups to require >24h and proceeds in moderate to low 
yields. 

As such, we have found that 2,2,2-trichloro-1-ethoxyethanol, which is 
commercially available, can be used as a chloral synthon resulting in a 
scalable procedure for the synthesis of the oxazolinone 6. In addition, we 
have discovered that the initial opening of the lactone to the N-formy] 

methyl ester intermediate is slow when using refluxing HCl in methanol. By 

employing the one-pot procedure described, exposure of the alkylated 

product (cf 7) to sodium methoxide results in rapid conversion to the N- 

formyl methyl ester at room temperature. This compound is much more 

amenable to cleavage of the N-formyl group under refluxing HCl in 

methanol to reproducibly afford the desired R-allyl prolinate hydrochloride 

salt on a multigram scale. 
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Appendix 

Chemical Abstracts Nomenclature (Registry Number) 

(S)-Proline; (147-85-3) 

2,2,2-Trichloro-1-ethoxyethanol; (515-83-3) 

(3R,7aS)-3-(Trichloromethyl)tetrahydropyrrolo[1,2-c]oxazol-1(3#)-one; 

(97538-67-5) 

n-Butyllithium; (109-72-8) 
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N,N-Diisopropylamine; (108-18-9) 

Allyl bromide; (106-95-6) 

(3R,7aR)-7a-Allyl-3-(trichloromethy])tetrahydropyrrolo[1,2-c]oxazol- 

1(3H)-one (220200-87-3) 

Sodium; (7440-23-5) 

Acetyl chloride; (75-36-5) 

(R)-Methy1 2-allylpyrrolidine-2-carboxylate hydrochloride (112348-46-6) 

Robert M. Williams was born in New York in 1953 and 

attended Syracuse University where he received the B.A. 

degree in Chemistry in 1975. He obtained the Ph.D. degree in 
1979 at MIT (W.H. Rastetter) and was a post-doctoral fellow at 
Harvard (1979-1980; R.B. Woodward/Yoshito Kishi). He 

joined Colorado State University in 1980 and was named a 
University Distinguished Professor in 2002. His 
interdisciplinary research program (over 250 publications) at 

the chemistry-biology interface is focused on the total synthesis 

of biomedically significant natural products, biosynthesis of 
secondary metabolites, studies on antitumor drug-DNA 

interactions, HDAC inhibitors, amino acids and peptides. 

Gerald Artman III was born in Michigan in 1978. He received 
his B.Sc. in Chemistry from Eastern Michigan University in 

1999. Gerald moved to the Pennsylvania State University at 

University Park for his graduate studies. Under the guidance of 

Professor Steven Weinreb, he explored new methodology 

development and alkaloid total synthesis. As a NIH 

Postdoctoral Fellow in the lab of Professor Robert M. 
Williams, Gerald completed the total synthesis of the 

stephacidin alkaloids. Since 2007, he has been employed at the 
Novartis Institutes for BioMedical Research in Cambridge, 

MA. 
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Ryan J. Rafferty was born in Denver, CO in 1976. He received 
his B.Sc. in Chemistry (Biochemistry Emphasis) from the 
University of Northern Colorado in 2000, where he remained 
to receive this B.Sc. in Biology and M.Sc. in Biochemistry 
under the supervision of Prof. Richard Hyslop. His master's 
degree focused on the toxicology and kinetic studies and 

development of metabolite assays of 6-thiopurine and _ its 
analogs. He is currently pursuing his Ph.D. at Colorado State 

University under the supervision of Prof. Robert M. Williams. 
His research is focused on the total synthesis of the antifungal 
alkaloid ambiguine family. 

Gregory Aaron was born in 1985 in Franklin, Pennsylvania. In 
2008 he received his B.S. degree in chemistry from the 

University of Pittsburgh. While pursuing his undergraduate 

degree he carried out research on a number of projects under 

_ the supervision of Prof. Kay Brummond. 

Matthew Davis was born in 1981 in Park Forest, Illinois. In 

2004 he received his B.S. degree in chemistry from Hope 

College in Holland, Michigan. He is currently pursuing 

graduate studies at the University of Pittsburgh, under the 

guidance of Prof. Kay Brummond. His research currently 
focuses on expanding the scope of the Rh(1)-catalyzed 

cyclocarbonylation reaction of allene-ynes 
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VINYLATION WITH INEXPENSIVE SILICON-BASED REAGENTS: 

PREPARATION OF 3-VINYLQUINOLINE AND 

4-VINYLBENZOPHENONE 

| Me. , ; 
o-si- = Bu,N*tF° (2.0 equiv) 

Br My 0. PdBr> (0.05 equiv) aN 

A. glo MOG 1) gee 2(t-BupP)biphenyl (0.1 equiv) n2 
N QUSi-O ) THF /50°C/1h 

Me 

O KOSiMes (3.5 equiv) O 
Me_ Me f 

Brgy si SS Pd,(dba)3 (0.025 equiv) os 

B. PPh3=O (0.05 equiv) “J 
Br Me Me THF /67°C/4h 

Submitted by Scott E. Denmark and Christopher R. Butler. 

Checked by Andreas Pfaltz and David H. Woodmansee. 

1. Procedure 

A. Preparation of 3-Vinylquinoline. A 250-mL Schlenk flask (Note 

1) equipped with a magnetic stir bar and a glass stopper fitted with a PTFE 

O-ring (Note 2) is flame-dried under vacuum (0.3 mmHg). The flask is then 

back-filled with an inert atmosphere of argon and allowed to cool to room 

temperature at which time the flask is charged with palladium bromide (398 

mg, 1.49 mmol, 0.05 equiv) (Note 3) and 2-(di-tert-butylphosphino)bipheny] 

(901 mg, 3.02 mmol, 0.10 equiv) (Note 4) under argon purge. The flask is 

sealed with a septum and the contents of the flask placed under full vacuum 

(0.3 mmHg) followed by  back-filling with argon, and this 

evacuation/backfill process is repeated three times. 1,3,5,7-Tetramethyl- 

1,3,5,7-tetravinylcyclotetrasiloxane (a (6.36 mL, 6.34 g, 18.3 mmol, 0.61 

equiv) (Note 5) is added neat via syringe. A solution of 

tetrabutylammonium fluoride trihydrate in tetrahydrofuran (60 mL, 1.0 M, 

60 mmol, 2 equiv) (Notes 6 and 7) is transferred via cannula to the Schlenk 

flask. The resulting red orange solution is stirred for 15 minutes at room 

temperature during which time a color change from red to yellow occurs. 3- 
Bromoquinoline (4.03 mL, 6.24 g, 30.0 mmol, 1 equiv) (Note 8) is added 
neat via syringe, the septum is replaced with a depth adjustable glass 
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thermometer adapter equipped with a standard laboratory alcohol 
thermometer and a PTFE faced silicone washer (Note 9) and fitted with a 
PTFE O-ring (Note 2) ensuring a good seal with the Schlenk flask. The 
adapted thermometer assembly is secured in place with a metal clamp and 
the flask is placed in a preheated 50°C oil bath and is stirred at that 
temperature. During the first 10 minutes of heating the internal temperature 
rises past the bath temperature mildly to 62 °C for approximately 10 minutes 
and gradually returns to 50 °C. The starting material is consumed after 2.5 h 

(Note 10) and the mixture is allowed to cool to room temperature. Diethyl 

ether (100 mL) is added and the resulting suspension is then filtered through 

a short column of silica (Note 11) which is further eluted with an additional 

400 mL of diethyl ether. The fractions are combined and concentrated on a 

rotary evaporator (35 °C, distillation is carried out from 375 mmHg to distill 

bulk solvent to 10 mmHg to remove final traces of higher boiling volatiles) 

resulting in 10.4 g of a crude mixture of 3-vinylquinoline contaminated with 

a siloxane byproduct (Note 12). The crude material is purified by silica gel 

chromatography (Note 13) eluting with pentane (1000 mL), followed by 

pentane/ethyl acetate, 9:1 (2000 mL), and final elution with 4:1 pentane/ 

ethyl acetate (2000 mL). Concentration of the eluate by rotary evaporation 

(500 mmHg and 40 °C to remove pentane, 10 mmHg and 40 °C to remove 

ethyl acetate) affords 4.31 g of 3-vinylquinoline which is further purified by 

Kugelrohr distillation (bp 85-100 °C at 0.6 mmHg) to provide 4.23 g (91%) 

of 3-vinylquinoline as a colorless liquid (Notes 14, 15, 16). 

B. Preparation of 4-Vinylbenzophenone. A 250-mL Schlenk flask 

(Note 1) equipped with a magnetic stir bar and a glass stopper fitted with a 

PTFE O-ring (Note 2) is flame-dried under vacuum (0.3 mmHg). The flask 

is then back-filled with an inert atmosphere of argon and allowed to cool to 

room temperature at which time the flask is charged with potassium 

trimethylsilanolate (13.5 g, 105 mmol, 3.5 equiv) (Note 17), palladium 

tris(dibenzylideneacetone) (685 mg, 0.75 mmol, 0.025 equiv) (Note 18), and 

triphenylphosphine oxide (418 mg, 1.5 mmol, 0.05 equiv) (Note 19) under a 

very gentle argon purge. The flask is sealed with a septum and the contents 

of the flask are placed under full vacuum (0.3 mmHg) followed by back- 

filling with argon, and this evacuation/backfill process is repeated three 

times. Dry, degassed tetrahydrofuran (60 mL) (Note 7) is added via syringe. 

The stirring is turned off and the septum removed under a gentle argon purge 

and 4-bromobenzophenone (7.83 g, 30.0 mmol, 1.0 equiv) (Note 20) is 

added as a solid. The septum is replaced, stirring is restarted and 1,3- 
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divinyltetramethyldisiloxane (7.63 mL, 6.17 g, 33.1 mmol, 1.1 equiv) (Note 

21) is added neat via syringe. The septum is replaced with a depth 

adjustable glass thermometer adapter equipped with a standard laboratory 

alcohol thermometer and a PTFE faced silicone washer (Note 9) and fitted 

with a PTFE O-ring (Note 2) ensuring a good seal with the Schlenk flask. 

The adapted thermometer assembly is secured in place with a metal clamp 

and the flask is placed in a preheated 70 °C oil bath and is stirred at that 

temperature. The internal temperature rises to approximately 66 °C and the 

resulting dark solution is stirred for 5 h (Note 22). The flask is removed 

from the oil bath and allowed to cool to room temperature at which time the 

flask is opened and 50 mL of diethyl ether is added and the mixture stirred 

for 5 min. The resulting suspension is filtered through a short column of 

silica gel which is eluted with an additional 200 mL of ether (Note 23). The 

fractions are combined and concentrated on a rotary evaporator (35 °C, 

distillation was carried out from 375 mmHg to distill bulk solvent to 10 

mmHg to remove final traces of higher boiling volatiles) resulting in 8.5 g of 

crude material which is purified by column chromatography (Note 24) 

eluting with pentane (1000 mL), followed by pentane/ dichloromethane, 

50:50 (2000 mL), and finishing with dichloromethane (1500 mL). The 

solvent is removed from clean fractions on a rotary evaporator (35 °C, 

distillation is carried out from 375 mmHg to distill bulk solvent to 10 mmHg 

to remove final traces of higher boiling volatiles), resulting in 5.15 g of 4- 

vinylbenzophenone. Mixed fractions of the product and aryl bromide (0.5 g) 

are combined and purified by chromatography under proportional conditions 

(Note 25), the purified fractions are combined with previously isolated 

material and the solvent removed on the rotavap (35 °C, distillation is 

carried out from 375 mmHg to distill bulk solvent to 10 mmHg to remove 

final traces of higher boiling volatiles) to provide a total of 5.62 g (90%) of 

4-vinylbenzophenone (Note 26) as a white solid. 

2. Notes 

1. Schlenk flask (250 mL with 29/32 female joint) can be purchased 

from Aldrich, part number Z515760-lea. The submitters used a 250-mL 

single-necked, round-bottomed flask equipped with a T-shaped side-arm 

adapter. 

2. The Checkers used GLINDEMANN*-sealing rings (PTFE) 
purchased from AMSI-Glas AG. 
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3. Checkers and submitters purchased palladium(II) bromide (99%) 
from Strem Chemicals and used the chemical as received. 

4. Checkers purchased 2-(di-tert-butylphosphino)bipheny] (99%) 
from Strem Chemicals and used the chemical as received. Submitters 
purchased 2-(di-tert-butylphosphino)biphenyl (97%) from Aldrich Chemical 
Company and used the chemical as received. 

6.2) Checkers purchased 1,3,5,7-Tetramethyl-1,3,5,7-tetravinyl- 

cyclotetrasiloxane (D,Y) from Aldrich Chemical Company and used the 

chemical as received. Submitters purchased 1,3,5,7-tetramethyl-1,3,5,7- 

tetravinylcyclotetrasiloxane from Gelest and used the chemical as received. 

6. Checkers and submitters purchased tetrabutylammonium fluoride 

trihydrate (97%) from Fluka Chemical Corporation as a solid. A 1M 

solution of tetrabutylammonium fluoride was prepared in a glove box with 

absolute THF (Note 7) and used immediately to avoid contamination with 

moisture and air. 

7. The Checkers purchased HPLC-grade THF from VWR and dried 

the solvent using a Pure-Solv™ system in accordance with Pangborn, A. B.; 

Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. 

Organometallics 1996, 15, 1518-1520. The submitters purchased HPLC 

grade THF from Fisher which was dried by percolation through a column 

packed with neutral alumina and a column packed with Q5 reactant, a 

supported copper catalyst for scavenging oxygen, under a positive pressure 

of argon. 

8. Checkers purchased 3-bromoquinoline (= 97%) from Fluka 

Chemical Corporation and used the chemical as received. Submitters 

purchased 3-bromoquinoline 98% from Alfa-Aesar and used the chemical as 

received. 

9. A thermometer adapter complete with PTFE faced silicone washer 

can be purchased from Aldrich Chemical Company, part number Z551805- 

1EA for 29/42 ground glass joint. The submitters used a Teflon-coated 

digital thermometer inserted through a septum in place of the thermometer 

adapter, available from Omega Instruments, Digicator Model 400a with K- 

type thermocouple leads. 

10. Checkers followed the progress of the reaction by quickly 

removing the thermometer adapter assembly under a very gentle purge of 

argon and removing a drop of reaction solution with the tip of a pipette. The 

reaction solution was transferred to a micropipette by simple capillary action 

and the solution was spotted on a TLC plate along with starting material and 
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a cospot. The TLC plate was run in pentane/ ethyl acetate 9/1 and the R; for 

3-bromoquinoline is 0.7, Ry for 3-vinylquinoline is 0.3. When no 

discernable starting material remained a small aliquot of 100 pL was 

removed and the sample was concentrated under a stream of nitrogen, the 

remaining amorphous material was taken up in 1 mL of ether and passed 

through a plug of silica (150 mg of silica loaded into a Pasteur pipette 

plugged with glass wool). The filtrate was analyzed by GC/MS on an 

HP6890 gas chromatograph with a HP5970A detector equipped with a 

Machery and Nagel OptimaS 5% polyphenylmethylsiloxane column, 25 m x 

0.2 mm id and 35 uM film thickness, flow set to 20 psi of hydrogen carrier 

gas, a 20/1 split ratio. The oven was programmed for a starting temperature 

of 100 °C, a2 minute holding time at that temperature, a 10 °C/minute ramp 

with a final temperature of 270 °C and a holding time of 10 minutes at that 

temperature. Starting material elutes at 10.8 minutes and product elutes at 

10.6 minutes. Submitters monitored the reaction as follows: A 50-uL 

aliquot was removed via syringe and quenched into 4 drops of an aqueous 

N,N-dimethyl-2-aminoethanethiol solution (10% w/w). The aliquot was 

extracted with 1 mL of ethyl acetate and the organic layer was passed 

through a pipette plug of silica gel. GC analysis: product, tg 4.69 min; 3- 

bromoquinoline, 4.91 min (HP-1, 100 ° to 250°C, 15 psi H2, 20 °C /min). 

11. Checkers purchased silica gel from Fluka with a 0.040 — 0.063 mm 

particle size and 0.1% Ca stabilizer. Checkers used for a rough purification 

50 g of silica gel loaded as a pentane slurry into a 60 mm diameter column. 

Submitters silica gel was purchased from Aldrich Chemical Company, : 

(Merck, grade 9385, 230-400 mesh). For the purification submitters used 50 

g of silica gel loaded as a diethyl ether slurry into a 65 mm diameter glass 

column. 

12. A byproduct was found to make up a significant amount of the 

initial isolated weight. The byproduct distilled with the product and was not 

detectable on TLC plates under UV light. The byproduct stained poorly 

with standard stains but a very faint iodine stain was observed to streak just 

before the product on TLC. Upon isolation the byproduct showed the 

following physical properties: 'H-NMR (400.1 MHz, CDCh, 298 K) 6: 0.47- 

0.45 (broad m, 2H), 0.93-0.89 (m, 10 H), 1.01-0.98 (m, 3 H), 1.31-1.25 (m, 

10 H), 1.42-1.37 (m, 6 H), 1.78-1.71 (m, 13 H), 2.4-2.36 (m, 6 H), 2.78 (t, J 

= 7.4 Hz, 2 H), 3.6-3.49 (m, 1 H); GC/MS elution time of 6.2 min (Note 10); 

MS (EI) m/z 143 (4), 142 (46), 101 (2), 100 (30), 84 (3), 58 (10), 44 (14). 

278 Org. Synth. 2009, 86, 274-286 



13. Checkers dissolved 10.4 g of crude material in 100 mL of 
dichloromethane in a 500-mL round-bottomed flask with 35 g of silica gel 
and removed the solvent at the rotovap (35 °C, distillation is carried out 
from 375 mmHg to distill bulk solvent to 10 mmHg to remove final traces of 
low boiling volatiles) resulting in a free flowing powder suitable for dry 
loading (if the resulting powder is not free flowing after sonication 5 g of 
silica gel and 100 mL of DCM are added and the process repeated). Silica 
gel (230 g) is loaded as a pentane slurry into a 60-mm glass column and 

packed under nitrogen pressure (150 mmHg) until the stationary phase forms 

a solid column and 10 cm of pentane is left on top of the packed silica gel to 

cushion the packing of the crude absorbed silica gel. The product on silica 

gel is gently added to the column with the help of a glass funnel and packed 

under pressure. Samples are collected in 50 mL test tubes, the first fractions 

of product are found to contain a byproduct (Note 12) which is not 

observable by TLC but clear in the 'H NMR and GC/MS. Mixed fractions 

are combined and chromatographed under proportional conditions and the 

purified fractions are combined with the rest of the pure material. All 

attempts to purify the product from the byproduct by Kugelrohr resulted in 

codistillation. 

14. Boiling points (bp) correspond to uncorrected air-bath 

temperatures in the Buchi GKR-50 Kugelrohr. Submitters used a slightly 

higher pressure (1.2 mmHg) and found a slightly higher boiling point range 

(100-120 °C). Checkers recommend using the best vacuum available to 

avoid excessive heat and the resulting polymerization. 

15. The product displayed the following physical properties 'H-NMR 

(400.1 MHz, CDCl, 298 K) 6: 5.47 (d, J = 11.0 Hz, 1 H), 6.00 (d, J = 17.7 

Hz, 1 H), 6.87 (dd, J = 17.7, 11.0 Hz, 1 H), 7.54 (t, J= 7.9 Hz, 1 H), 7.68 (t, 

J = 8.3 Hz, 1 H), 7.80 (d, J = 8.1 Hz, 1 H), 8.04-8.13 (m, 2 H), 9.02 (d, J= 

2.2 Hz, 1 H). '°C-NMR (100.6 MHz, CDCl, 298 K) 8: 116.4, 127.0, 127.9, 

128.0, 129.1, 129.3, 130.3, 132.6, 133.7, 147.5, 149.0. IR (NaCl) 3063, 

3007, 1632, 1618, 1568, 1492, 1461, 1429, 1413, 1369, 1327, 1124, 987, 

974, 908, 860, 786, 752, 699, 609 cm. MS (EI) m/z: 156.00 (m+1)/z (12.29 

%), 155.00 (m)/z (100.0 %), 154.00 (6.59 %), 127.95 (12.45 %), 126.95 

(20.20 %), 102.00 (0.90 %), 77.00 (0.96 %), 75.00 (1.07 %), 64.00 (1.17 %), 

63.05 (1.20 %), 50.95 (1.58 %), 49.95 (1.21 %). TLC: Ry = 0.30 (SiOz, 

pentane/EtOAc, 9:1); Anal. Calcd. for C,)HoN: C, 85.13; H, 5.85; N, 9.03. 

Found C, 84.64; H, 6.10; N, 9.26. The submitters elemental analysis found 

C, 84.83; H, 5.93; N, 9.07. 
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16. A second run made on a half scale yielded 2.04 g (88% yield) of 

product matching the previously synthesized material perfectly. The product 

is fairly prone to polymerization with light and heat, so great care should be 

exercised if absolutely pure sample is required. The product’s freezing point 

is below —20 °C and it remains a liquid at most regular freezer temperatures. 

A 50 mg sample left in a 4 °C refrigerator over a period of two days was 

found to leave 10 mg of residue after distillation. The samples also turn a 

light brown fairly quickly, presumably from CO, absorption. 

17. The checkers purchased potassium trimethylsilanolate, tech. ~90% 

from Fluka and used the chemical as received. The submitters purchased 

potassium trimethylsilanolate, tech. ~90% from Aldrich Chemical Company 

and used the chemical as received. The source of the potassium 

trimethylsilanolate is critical to the successful outcome of this reaction. 

Different product distributions were obtained depending upon the supplier. 

In reactions using potassium trimethylsilanolate purchased from Gelest, Inc. 

(two distinct lots), the reduction of the aryl bromide to the corresponding 

arene was observed, whereas reactions using potassium trimethylsilanolate 

purchased from Aldrich (three distinct lots) provided the desired vinylation 

product. Therefore, it is highly recommended to purchase the KOSiMe; 

from Aldrich Chemical Company for the vinylation of aryl bromides. 

18. The checkers purchased tris(benzylideneacetone)dipalladium (0) 

from Strem Chemicals and used the chemical as received. The submitters 

purchased tris(benzylideneacetone)dipalladium (0), minimum 21.5 % Pd, 

from Alfa-Aesar and used the chemical as received. 

19. The checkers purchased triphenylphosphine oxide (> 98%) from 

Fluka and used the chemical as received. The submitters purchased 

triphenylphosphine oxide (98%) from Aldrich Chemical Company and used 

the chemical as received. 

20. The checkers purchased 4-bromobenzophenone (98%) from 

Aldrich Chemical Company and used the chemical as received. The 

submitters purchased 4-bromobenzophenone (98%) from Alfa-Aesar and 

used the chemical as received. 

21. The checkers purchased 1,3-divinyltetramethyldisiloxane (97%) 

from Aldrich Chemical company and used the chemical as received. 

Submitters purchased 1,3-divinyltetramethyldisiloxane from Gelest and used 

the chemical as received 

22. The checkers monitored the progress of the reaction by the 
disappearance of starting material on TLC (Note 10). The checkers used a 
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mobile phase of dichloromethane/pentane in 50:50 ratio and noted a very 
tight separation, with the 4-vinylbenzophenone exhibiting Ry = 0.32 and the 
4-bromobenzophenone exhibiting Ry= 0.44. After 4 hours a faint spot of the 
4-bromobenzophenone remained and an aliquot was removed and treated as 
in note 10 under identical GC/MS parameters. A trace of 4- 
bromobenzophenone (t, 15.6 min) remained with a smaller amount of 
benzophenone (t, 12.6 min) and mostly product so the reaction was allowed 

to proceed for an additional 30 min and a second aliquot was worked up. No 

visible change in the ratios of 4-bromobenzophenone, benzophenone, or 

product was observed for the second aliquot so the reaction was stopped to 

prevent loss from thermal polymerization. The submitters monitored the 

reaction as follows: A 50-uL aliquot was removed via syringe and quenched 

into 4 drops of an aqueous N,N-dimethyl-2-aminoethanethiol solution (10% 

w/w). The aliquot was extracted with 1 mL of ethyl acetate and the organic 

layer was passed through a pipette plug of silica gel. GC analysis: 4- 

vinylbenzophenone, tg 7.16 min; 4-bromobenzophenone, 7.41 min. 

23. The checkers used 100 g of silica gel loaded into a 60-mm 

diameter column as a pentane slurry. For the purification the submitters 

used 75 g of silica gel loaded as a diethyl ether slurry into a 65 mm diameter 

glass column. 

24. The checkers dry loaded the 4-vinylbenzophenone crude as in Note 

13 except using 40 g of silica gel for absorption which was loaded as in Note 

13 onto a 240 gram silica column packed and prepared in a 50-mm diameter 

glass column. The submitters used for the purification 200 g of silica gel 

loaded as a hexane slurry into a 50-mm diameter glass column. 

25. The 0.5 g of mixed fractions are absorbed onto 3 g of silica gel and 

loaded onto a 20 gram column packed as a pentane slurry on a 15 mm 

diameter column. 

26. The product exhibited the following physical properties: mp: 47.8- 

48.5 °C. 'H-NMR (400.1 MHz, CDCI, 298 K) 6: 5.41 (d, J= 10.8 Hz, 1 H), 

5.90 (d, J = 17.6 Hz, 1 H), 6.78 (dd, J = 17.6, 10.8 Hz, 1 H), 7.47—7.52 (m, 4 

Py 59 Mit, 7), 1-5, Hz, | HH), 7.78-7.8) (m, 4 HB). C-NMR (100.6 

NMliz CDCI, 296 K) 6: 116.6,°126.0, 128.3, 129:9, 130.5, 132.3, 136.0, 

136.6, 137.7, 141.5, 196.2. IR (NaCl) 3082, 3060, 3007, 1650, 1603, 1554, 

HadG 407 sis) 0, 1277.01 70, 1148 1115-7, 1073, 1027, 1000, 991, 937, 

923, 857, 797, 755, 702, 597 cm’. MS (EI) m/z: 209.05 (m+1)/z (1.18%), 

208.05 (m)/z (6.85%), 131.95 (10.22%), 130.95 (100.00%), 105.05 (3.38%), 

103.00 (2.35%), 78.00 (0.65%), 77.00 (7.95%), 76.10 (0.59%), 50.95 
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(3.40%), 49.95 (1.21%). TLC: Ry 0.32 (SiOz, pentane/DCM, 1:1). Anal. 

Caled. for CjsH,,0: C, 86.51; Hy5:81 Found C, °85.93; H, 5.96. The 

submitters elemental analysis found C, 86.22; H, 5.85. A second run on half 

scale provided 2.72 g (87%) matching in excellent agreement to the material 

made previously. 

Waste Disposal Information 

All toxic materials were disposed of in accordance with “ Prudent 

Practices in the Laboratory”, National Academy Press; Washington, DC, 

1995. 

3. Discussion 

A number of new synthetic methods to prepare styrenes have been 

developed that involve the installation of the vinyl group by palladium- 

catalyzed cross-coupling reactions. The most common organometallic 

donors for this process include, among others, vinyltri-n-butyltin,’ a 

trivinylboroxane-pyridine complex,’ substituted vinylboronic esters,’ 

potassium vinyltrifluoroborate,’ and vinyltrimethylsilane.° 

Recent disclosures from these laboratories have described a range of 

cost-efficient, non-toxic, widely available polyvinylsiloxanes that can serve 

as highly efficient vinyl donors in the cross-coupling reaction with aryl 

iodides.’ Tetrabutylammonium fluoride (TBAF) serves as an activator for 

these coupling reactions. Of these, 1,3,5,7-tetramethyl-1,3,5,7- 

tetravinylcyclotetrasiloxane (D,’) was chosen based upon efficiency of vinyl 

transfer and its low cost. The cross coupling reaction of D,” provides high 

yields for a variety of aryl iodides. 

Extension of this reaction to include aryl bromides as substrates has 

been accomplished using D,Y as the vinyl donor and TBAF as the most 

effective promoter.* The use of a bulky phosphine ligand, 2-(di-tert- 

butylphosphino)biphenyl,’ was required, likely to facilitate oxidative 

addition of the aryl bromide onto the palladium center (which is known to be 

more challenging for a carbon-bromine bond, relative to a carbon-iodine 

bond). The reaction requires 0.5 equiv of the tetrameric D,”, implying that 
two of the four vinyl groups on the donor are effectively transferred. The 
reactions occur under mild conditions (50 °C) and generally take less than 
12 hours. The reaction has high tolerance for a range of functional groups 
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and substitution patterns, as shown in Scheme 1. The presence of 
heteroatoms or sterically bulky substituents does not impact the yield 
significantly, although reaction times are often longer for more hindered 
substrates. 

Scheme 1 
| Me, 
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S M Si e) PdBrp (0.05 equiv) De ss 
Le + ie O. sicMe 2-(tBuzP)biphenyl (0.1 equiv) — We. 

R \_5i-0 ) THF/50 °C/1 h R 
Me 

S S S NN 
°. Me 

CO,Et NO» 
OEt 83% 86% O 91% 85% 

5h 5h 3h 2h 
Z 

S S 

gh ip acai wat S 
MeO OMe 

86% 80% 75% Me bee 81% 
10h 20h 17h 3h Me 

oo ee oe on - NMep Me Me 

77% ah 54% 69-78% 72% 
oF Me 40h 14h 24h 48h 

A complementary method for the vinylation of aryl halides using 

organosilane reagents has been developed which does not require fluoride 

activation.” In this case, two equivalents of potassium 

vinyldimethylsilanolate are generated in situ by a silanolate exchange 

between potassium trimethylsilanolate and divinyltetramethyldisiloxane 

(DVDS). This exchange has been shown to occur readily in both THF and 

DMF. The vinyldimethylsilanolate generated reacts with aryl iodides and 

bromides (using a palladium catalyst) to afford the corresponding styrenes in 

moderate to excellent yield. The reactions with aryl iodides occur under 

very mild conditions (room temperature, in 30 min to 12 h) and employ 

Pd(dba), as catalyst and DMF as solvent (Scheme 2). These conditions 

often lead to exothermic reactions. 
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Scheme 2 
KOSiMezg (3.5 iv 
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The vinylations using aryl bromides are performed using either of two 

protocols. The first employs potassium triethy/silanolate and DVDS, and 

requires a bulky phosphine ligand, 2-(di-tert-butylphosphino)biphenyl, and 

allylpalladium chloride dimer as the catalyst in DMF. These reactions occur 

at lower temperatures (ambient to 40 °C ) and have a broad substrate scope 

(Scheme 3). 

Scheme 3 
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The second protocol employs the commercially available potassium 

trimethylsilanolate and DVDS as the potassium vinyldimethylsilanolate 

precursors. These reactions are performed using Pd(dba), or Pd2(dba)3 as 

the palladium source, triphenylphosphine oxide as the ligand in THF and 

require elevated temperatures (67 °C). Successful couplings using this 

protocol are shown in Scheme 4. 
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Scheme 4 
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These complementary protocols (fluoride and non-fluoride activation) 

provide a set of practical, mild, cost-efficient, and high-yielding alternatives 

to current vinylation methods. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

4-Vinylbenzophenone: Methanone, (4-ethenylphenyl)phenyl-; (3139-85-3) 

3-Vinylquinoline: Quinoline, 3-ethenyl-; (67752-3 1-2) 

1,3,5,7-Tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane; (2554-06-5) 

Palladium tris(dibenzylideneacetone); (48243-18-1) 

2-(Di-tert-butylphosphino)biphenyl: Phosphine, [1,1'-biphenyl]-2-ylbis(1,1- 

dimethylethyl)-; (224311-51-7) 

Scott E. Denmark was born in Lynbrook, New York in 1953. He 

obtained an S.B. degree from MIT in 1975 and his D.Sc.Tech. (with 
Albert Eschenmoser) from the ETH Ziirich in 1980. That same year 

he began his career at the University of Illinois. He was promoted to 

associate professor in 1986, to full professor in 1987 and since 1991 

he has been the Reynold C. Fuson Professor of Chemistry. He is 
currently on the Board of Editors of Organic Syntheses where he 

holds the modern record for most procedures checked. As of 2008 he 

became the Editor in Chief of Organic Reactions. He served for six 

years as an Associate Editor of Organic Letters and is co-Editor of 

Topics in Stereochemistry. He counts among his honors the ACS 

Award for Creative Work in Synthetic Organic Chemistry (2003), 

the Yamada-Koga Prize (2006), election as a Fellow of the Royal 

Society (2006), the Prelog Medal (2007) and a crushing victory from 

pole in the GT-3R class at Road America (2007). 

Christopher Butler received a bachelor’s degree in Chemistry from 

Illinois Wesleyan University in 2000. He then worked for three 

years in drug discovery at Johnson & Johnson Pharmaceutical 

Research & Development in San Diego CA, before beginning 
graduate school at the University of Illinois working with Professor 

Scott E. Denmark in 2003. His thesis work focuses on the 

development of palladium-catalyzed vinylation of aryl and heteroaryl 

bromides using inexpensive polyvinylsiloxanes. 

David H. Woodmansee was born in San Diego, California in 1973. 

He received his bachelors in 1997 and masters in 2000 under the 

tutelage of Patrick J. Walsh. After working a few years in the San 

Diego biotech industry as a medicinal chemist including a three-year 
stay at the Genomics Institute for the Novartis Research Foundation 

~~ David returned to graduate school and is currently working in the 

group of Professor Andreas Pfaltz. David’s thesis topic is in the area 
of catalyst design and the elucidation of structure activity 
relationships in asymmetric catalysis. 
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LOW PRESSURE CARBONYLATION OF EPOXIDES TO 
B-LACTONES 

Submitted by John W. Kramer, Daniel S. Treitler, and Geoffrey W. Coates.’ 

Checked by Scott E. Denmark and Andrew J. Hoover. 

1. Procedure 

Caution: Carbon monoxide is a highly toxic gas. All manipulations with 

carbon monoxide must be performed in a well-ventilated fume hood in the 

presence of a carbon monoxide detector. 

In an argon-filled glove box, racemic 1,2-epoxy-3-phenoxypropane 

(5.00 g, 33.3 mmol) (Note 1) and dimethoxyethane (DME, 8.5 mL) (Note 2) 

are combined in an oven-dried, 85-mL Lab-Crest® Pressure Reaction Vessel 

(Note 3) equipped with a magnetic stir bar. The catalyst, 

[(salph)Cr(THF),][Co(CO),] (1, 0.150 g, 0.166 mmol, 0.497 mol %) (Note 

4) is weighed into an oven-dried, 20-mL vial and dissolved in 8.0 mL of 

DME. This catalyst solution is drawn into an oven-dried, 10-mL gastight 

syringe, and the syringe needle is embedded into a septum to exclude air 

upon removal from the glove box. 

In a well-ventilated fume hood, the Lab-Crest® Pressure Reaction 

Vessel is connected to a cylinder of carbon monoxide (Notes 3 and 5). The 

reactor is then submerged into a water bath at 20 °C and concurrently 

pressurized with CO to 20 psi (Note 6). After five minutes in the water bath, 

the catalyst solution is added to the reactor through a septum over the 

injection port (Note 7). The reactor is then pressurized to 100 psi CO and the 

dark red solution is stirred while the temperature of the water bath is held 

between 20-26 °C (Note 8). The CO pressure is maintained by 

repressurizing the reactor to 100 psi when the pressure drops to 85 psi. After 
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6 h, the reactor is carefully vented in the fume hood and the reaction mixture 

is transferred to a 100-mL round-bottomed flask. 

The crude reaction mixture is concentrated by rotary evaporation 

(20 °C, 5 mmHg) and is then dissolved in 13 mL of dichloromethane (Note 

9). This solution is poured into a medium-pore frit (9 cm diameter) packed 

with dry silica gel (4 cm) (Note 10). The lactone product is eluted with 

dichloromethane (1.1 L) and the filtrate is concentrated by rotary 

evaporation (15 °C, 14 mmHg) and then under high vacuum (2626, 

0.33 mmHg) to afford 5.61-5.77 g (95-97%) of 4-phenoxymethyl-2- 

propiolactone as a white solid (Note 11). The lactone is dissolved in boiling 

diethyl ether (250 mL) in a 500-mL round-bottomed flask and the solution is 

allowed to cool at 25 °C for 15 min and is then submerged in a 10 °C water 

bath. Crystals formed within 7 min, and after 1 h in the bath the flask is 

placed in a freezer at —20 °C for 12 h. The supernatant is carefully decanted 

and the crystals are washed with 10 mL of cold (40 °C) diethyl ether, 

which is decanted. The residual solvent is removed under vacuum (25 °C, 

0.5 mmHg) to afford 5.13 g (86%) of 4-phenoxymethyl-2-propiolactone. 

The mother liquor is concentrated under vacuum (25 °C, 0.2 mmHg) to 

afford 568 mg of an off white solid, which is recrystallized in the same 

manner as described above except that 21 mL of boiling ether is used. The 

solution is cooled at —20 °C for 2.5 h and the crystals are washed with 3 mL 

of —40 °C diethyl ether to afford 0.48 g (8%) of 4-phenoxymethyl-2- 

propiolactone. The two crops are combined and residual solvent is removed 

under vacuum (25 °C, 0.325 mmHg) to afford 5.53 g (93%) of analytically 

pure 4-phenoxymethyl1-2-propiolactone as colorless needles (Note 12). 

2. Notes 

1. 1,2-Epoxy-3-phenoxypropane is purchased from Aldrich Chemical 

Co., Inc. (99%) and is dried by stirring over CaH, under a nitrogen 

atmosphere for at least one week, degassed with three freeze-pump-thaw 

cycles, vacuum distilled, and transferred into an argon glove box prior to 

use. The submitters performed the reaction in a nitrogen-filled glove box. 

2. DME is vacuum-distilled from a sodium/benzophenone ketyl and 

transferred into an argon glove box prior to use. 

3. See Figures 1 and 2 for the assembly of the pressure apparatus. The 

Lab-Crest® pressure reaction vessel (A) and shield (B) are purchased from 

Andrews Glass Co. (part # 110207 0003, includes A, B, and fittings C-F) 
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and fitted with a needle valve adaptor (SS 1/8” NPT, Andrews Glass Co. 
part #110957 0001, G), which is fitted with a connector (male, SS, 1/8” 
NPT, 1/4” Swagelok Tube fitting, H). This connector is coupled to a union 
cross (SS, 1/4” Swagelok Tube fittings, I). Two of the union cross joints are 
coupled to two Swagelok needle valves (SS, 1/4" Swagelok Tube fittings, J- 

K). Valve K is fitted with a septum (L), and valve J is connected to a tube 

from a carbon monoxide tank. The last union cross joint is coupled to an 

elbow (SS, the two ends are 1/4" Swagelok tube fitting and 1/4" NPT male, 

M), which is connected to a tee-joint (SS, all female 1/4" joints, N). The tee- 

joint is connected to a pressure release valve (SS, 1/4" NPT, Swagelok part 

#SS-RL3M4-S4, O) and a pressure gauge (brass, 0-200 psi, Wika part 

#111.11.53, P). 1” SS tube sections (Q) were used to couple all Swagelok 

tube fittings. The threads of H, M, O and P were wrapped with Teflon tape. 

Always shield glass reactors when under pressure. 

4. The submitters prepared catalyst 1 according to reference 5f. The 

checkers purchased catalyst 1 from Aldrich Chemical Co., Inc. (catalog # 

674680), opened it only in an argon glove box, and used it as received. 

5. The submitters purchased research-grade carbon monoxide (99.99% 

min) from Matheson and used it as received. The checkers purchased CP 

grade carbon monoxide (99.5%) from Matheson-Trigas and used it as 

received. 

6. Pressurization of the cylinder is done by overpressurizing the 

apparatus, closing valve J and adjusting the internal pressure with the 

release valve O, Figure 3. 

7. The catalyst solution is added via syringe through the septum 

covered port in valve K, Figure 4. 

8. Pressurization of the cylinder is done by overpressurizing the 

apparatus, closing valve J and adjusting the internal pressure with the 

release valve O, Figure 5. 

9. The submitters used dichloromethane without purification. The 

checkers purchased dichloromethane (ACS reagent grade, 299.5%) from 

Aldrich Chemical Co., Inc. and used it as received. 

10. The submitters used MP SiliTech silica gel (neutral, 45-55 um 

particle size, pore diameter of 60 A) purchased from MP Biomedicals. The 

checkers used Merck silica gel (grade 9385, 60 mesh) purchased from 

Aldrich. 

11. In one experiment, the checkers found that the product is 

contaminated with 1% of a ketone side product. 
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12. The product exhibits the following physicochemical properties: mp 

75-16 °C; 'H NMR (500 MHz, CDCl) 8: 3.57 (dd, J = 16.3, 4.8 Hz, 1 H), 

3.61 (dd, J= 16.3, 5.8 Hz, 1 H), 4.23 (dd, J = 11.0, 4.5 Hz, 1 H), 4.34 (dd, J 

= 11.0, 3.5 Hz, 1 H), 4.86 (dddd, J = 5.0 Hz, 1 H), 6.93 (d, J = 8.0 Hz, 2 Hy; 

7.01 (t, J = 7.3 Hz, 1 H), 7.31 (t, J = 8.0 Hz, 2 H); ‘°C NMR (126 MHz, 

CDCI) 8: 40.4, 67.6, 68.6, 115.0, 122.1, 130.0, 158.3, 167.5; IR (CHCl) 

cm: 3063 (w), 3044 (w), 2925 (w), 2870 (w), 1833 (s), 1600 (m), 1591 (m), 

1497 (m), 1453 (w), 1409 (w), 1366 (w), 1334 (w), 1303 (m), 1245 (s), 1175 

(w), 1114 (s), 1052 (w), 972 (m), 926 (w), 887 (w), 838 (m), 739 (m), 692 

(m); MS (EI), m/z (relative intensity): 179 (11), 178 (100), 176 (1 Lygerk36 

(31), 108 (11), 107 (70), 94 (62), 85 (11), 79 (14), 77 (63), 65 (16); exact 

mass calcd for CjoHjo03: 178.0630. Found: 178.0632; Anal. Calcd for 

GigH Ose C)'6741¢ Hyp5.66; Foutid2 C967 10; Hi; 5.62: 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

B-Lactones find a wide variety of uses in organic synthesis as both 

attractive intermediates’ and natural product targets.° Since the initial report 

of epoxide carbonylation to f$-lactones over a decade ago,’ the method has 

emerged as a versatile synthetic route and has been elaborated to include a 

variety of catalyst systems applicable under a range of conditions.” 

However, until recently” all of these systems required high pressures 

of CO (+100 psi) for efficient carbonylation, necessitating the use of 

stainless steel reactors and other high-pressure equipment. The procedure 

presented herein allows for the carbonylation of epoxides to B-lactones with 

comparable efficiency to other systems but at significantly lower CO 

pressures. 

Our initial work focused on epoxide carbonylation at 100 psi CO 

which allows the use of a glass-sealed reactor, a significantly cheaper and 

more accessible alternative to a stainless steel reactor. This method worked 

well under optimized conditions on a 2-mmol scale for a variety of 

functionally diverse epoxides (Table 1, entries 1-11). In each case, B-lactone 
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is formed as the exclusive product and is isolated from the catalyst in high 
yield using the method described in the Procedure. Further, the reaction 
proceeds with retention of stereochemistry (entry 3),° so enantiopure B- 
lactones can be prepared from enantiopure epoxides. 

Table 1. Synthesis of functionally diverse B-lactones at 100 psi CO* 
O fe) 1 mol % 1 ooh 

+ (e{9) Sa ea 
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4 All reactions performed on a 2 mmol scale with 1 mol % 1. > Isolated yields of 

B-lactones. ‘ Diethyl ether is reaction solvent and reaction time is 2 h. “10 mL 

Hexanes added to crude reaction mixture before filtering through silica. “ The 

volatility of BBL caused the anomalously low isolated yield upon purification. f 

Both epoxide and B-lactone >99% ee; determined by chiral GC. ® Contains 3% y- 

lactone.’ 

Figure 1. Components of pressure reactor. 
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Figure 3. Adjusting pressure to 20 psi. 
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Figure 4. Valve orientation for injecting the catalyst solution. 

Figure 5. Pressure maintained at 100 psi throughout the procedure. 
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5426. (b) Getzler, Y. D. Y. L.; Mahadevan, V.; Lobkovsky, E. B.; 

Coates, G. W. J. Am. Chem. Soc. 2002, 124, 1174-1175. (c) Mahadevan, 
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2781-2784. (d) Allmendinger, M.; Zintl, M.; Eberhardt, R.; Luinstra, G. 

A.; Molnar, F.; Rieger, B. J. Organomet. Chem. 2004, 689, 971-979. (e) 

Schmidt, J. A. R.; Mahadevan, V.; Getzler, Y. D. Y. L.; Coates, G. W. 

Org. Lett. 2004, 6, 373-376. (f) Kramer, J. W.; Lobkovsky, E. B.; Coates, 

G. W. Org. Lett. 2006, 8, 3709-3712. (g) Rowley, J. M.; Lobkovsky, E. 
B.; Coates, G. W. J. Am. Chem. Soc. 2007, 129, 4948-4960. 

6. A thorough mechanistic study of a closely related catalyst system 

hasbeen completed. See: Church, T. L.; Getzler, Y. D. Y. L.; Coates, G. 

W. J. Am. Chem. Soc. 2006, 128, 10125-10133. 
7. y-Lactones are observed as rearranged side products during the 

carbonylation of glycidyl esters. For mechanistic insight, see: Schmidt, J. 
A. R.; Lobkovsky, E. B.; Coates, G. W. J. Am. Chem. Soc. 2005, 127, 

11426-11435. 

Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

1,2-Epoxy-3-phenoxypropane: oxirane, 2-(phenoxymethyl)-; (122-60-1) 

[N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamino-chromium- 

di-tetrahydrofuran]tetracarbonylcobaltate (1); (909553-60-2) 

Carbon monoxide; (630-08-0) 
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Wabash College in 1989 and a Ph.D. in organic chemistry from 
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catalysis with Professor Scott Silverman. As an Amgen scholar 
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Submitted by Alois Fiirstner, Manuel Alcarazo, and Helga Krause.’ 

Checked by Peter Wipf and Carl Deutsch.” 

Caution! This procedure should be carried out in a well ventilated hood 

because of the evolution of HCI gas (step A), dimethylamine (step B) and 

NH; (step C), which are corrosive, noxious and irritant agents. 

1. Procedure 

A. 1,3-Dichloro-1,3-bis(dimethylamino)propenium chloride. A 250-mL, 

two-necked, round-bottomed, flame-dried flask equipped with a Teflon- 

coated stir bar (4 cm), a glass stopper, and a reflux condenser (20 cm) fitted 

with an argon inlet is charged with dichloromethylene-dimethyliminium 

chloride (15.50 g, 95.41 mmol, 2 equiv) (Note 1), dimethylacetamide (4.15 

g, 47.71 mmol, | equiv) (Note 1) and dichloromethane (100 mL) (Note 2). 

The suspension is heated at reflux for 3 h in an oil bath at 47 °C. During this 

time, a constant evolution of HCl gas is observed while all solid materials 

dissolve and the solution develops an intense yellow to orange-red color. 
After reaching ambient temperature, the reflux condenser is replaced by a 
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short path distillation head (10 cm) and all volatile materials are distilled off 
under reduced pressure (10 mmHg, bath temperature ca. 40 °C) to give 1,3- 
dichloro-1,3-bis(dimethylamino)-propenium chloride as bright yellow, air- 
sensitive crystals that are dried in vacuo (10° mmHg). The crude material is 
used in the next step without further purification (10.68 g, 97%) (Note 3). 

B. 1,1,3,3-Tetrakis(dimethylamino)propenium tetrafluoroborate. A 250- 
mL, two-necked, round-bottomed, flame-dried flask equipped with a Teflon- 
coated stir bar (4 cm), an argon inlet, and a glass stopper is charged under 

argon with crude 1,3-dichloro-1,3-bis(dimethylamino)propenium chloride 

(10.4 g, 45 mmol, 1 equiv) (Note 3). The flask is immersed into a dry 

ice/acetone cooling bath at —78 °C. 

The volume of 23 mL is clearly marked on the outside of a one-necked 

Schlenk tube (50 mL, 15 cm length) (Note 4) equipped with a glass stopper 

and connected to the argon/vacuum line via its side arm. The flask is flame 

dried in vacuo (0.3 mmHg), back-filled with argon, and allowed to reach 

ambient temperature. The glass stopper is replaced by a gas inlet and the 

flask is immersed into a dry ice/acetone bath. Dimethylamine (ca. 23-26 

mL, 350-390 mmol, 8 equiv) (Note 1) is then gently condensed from a 

commercial cylinder into the flask (Note 5). By applying slight argon 

overpressure, the condensed dimethylamine is rapidly (< 1 min) transferred 

via a teflon tube (2 mm diameter) into the round-bottomed flask containing 

the chilled 1,3-dichloro-1,3-bis(dimethylamino)propenium chloride. The 

resulting mixture is vigorously stirred for 1 h at -78 °C and for 1 h at -20 °C 

using an external thermometer in a dry ice/acetone bath. During this time, 

the yellow solid disappears and a white precipitate is formed. The 

suspension is then warmed to room temperature, allowing the excess 

dimethylamine to evaporate through the argon bubbler (Note 6). The 

remaining white solid is dissolved in dichloromethane (150 mL), and the 

resulting solution transferred into a separation funnel (250 mL) and washed 

with a saturated solution of NaBF, (4 x 40 mL) (Note 1). The aqueous phase 

is extracted with dichloromethane (50 mL), and the combined organic layers 

are dried with MgSO, (6 g). The solid drying agent is filtered off and washed 

with an additional 50 mL of dichloromethane, and the combined filtrates are 

concentrated on a rotary evaporator (10 mmHg, bath temperature ca. 40 °C) 

to afford 1,1,3,3-tetrakis(dimethyl-amino)propenium tetrafluoroborate as a 

beige solid (10.5 g, 77%) (Note 7). 

C. Tetrakis(dimethylamino)allene. A 100-mL, three-necked, round- 

bottomed, flame-dried flask equipped with a teflon-coated stir bar (3 cm), a 
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glass stopper, a tubing adapter connected to an ammonia tank, and a cold 

finger connected to a gas outlet (Note 8) is charged under argon with 

1,1,3,3-tetrakis(dimethylamino)propenium tetrafluoroborate (8.20 g, 27:3 

mol, 1.0 equiv) and sodium amide (1.36 g, 35 mmol, 1.2 equiv) (Note 1). 

The cold finger is filled with a mixture of dry ice/acetone and the flask is 

immersed into a dry ice/acetone cooling bath (-78 °C) before dry ammonia 

(ca. 40 mL) (Note 9) is condensed into the flask. The cooling bath is 

removed, causing the ammonia to reflux back from the cold finger kept at 

-78 °C into the reaction mixture. After 1 hour, the cooling of the condenser 

is discontinued such that the ammonia gently evaporates while the reaction 

mixture reaches room temperature (Note 10). Once the excess ammonia has 

evaporated, the reflux condenser is quickly replaced by a small distillation 

head (Note 11) and the residue is distilled in vacuum (bp 41-46 °C/ 10° 

mmHg; bp 6468 °C, 0.4 mmHg) (Note 12) to afford 

tetrakis(dimethylamino)allene as a colorless oil that can be stored at —20 °C 

under argon for months without noticeable decomposition (4.98 g, 85%) 

(Notes 13 and 14). 

2. Notes 

1. Dichloromethylene-dimethyliminium chloride (technical grade, 

>95% Acros), NaBF, (98%) (Aldrich Chemical Company, Inc.), and 

dimethylamine (> 99%, Fluka) were used as received. Dimethylacetamide (= 

99%, Aldrich Chemical Company, Inc.) was dried over BaO prior to use and 

stored over 4 A molecular sieve; KFC-Titration showed 14 ppm of water. 

NaNH) (technical grade, Aldrich Chemical Company, Inc., > 95% Acros) 

was used as received and transferred under Ar. 

2. The CHCl, was distilled over CaH, and transferred under argon. 

3. The product salt is ca. 90% pure and contains impurities mainly 

derived from the starting material that is technical grade. It is prone to 

hydrolysis when kept in air and must be stored under argon. Under argon, 

the compound stays stable for more than a week (if exposed to air, the solid 

decomposes during ca. 4 h). Characteristic physicochemical properties: 'H 

NMR (300 MHz, CDCh) 5: 3.55 (s, 12 H), 5.76 (s, 1 H); °C NMR (75 
MHz, CDCl;) 6: 44.8, 89.6, 158.8; IR (neat) 2944, 1626, 1559, 1429, 1304, 

1204, 1127, 764 cm': HRMS mz calcd for C7H\3N2Cl 195.0456, found 

195.0449. An additional broad singlet at 12.07 ppm in the 'H NMR might 

be due to the technical grade starting material or compounds derived from 
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partial hydrolysis of the product; it did not appear to have an effect on the 

next reaction. 

4. The Checkers used Teflon tape to mark the line up to which the 

Schlenk tube was filled. To enhance the condensation of dimethylamine, 

80% of the length of the tube was placed inside the cooling bath. 

5. The Checkers found it useful to condense 26 mL of dimethylamine 

to facilitate stirring at the beginning of the reaction. On small scale (half- 

scale) this was not necessary. 

6. Excess dimethylamine was destroyed by bubbling the gas stream 

through dilute sulfuric acid (250 mL, ca. 0.5 M,). 

7. The product is > 95% pure (NMR) and has the following 

physicochemical properties: 'H NMR (400 MHz, CDCl) 8: 2.94 (s, 24 H), 

3.56 (s, 1 H); "°C NMR (100 MHz, CDCl) 8: 40.9, 72.4, 169.2; IR (neat) 
2950, 1526, 1395, 1028, 764, 688 em’; HRMS m/z caled for C,;HosNa 

213.2079, found 213.2078. 

8. The following set-up was used: 

: ‘ ess Gielen 
1 

7 Wee 

9. Ammonia (anhydrous) was used without further purification. 

Org. Synth. 2009, 86, 298-307 301 



10. The evaporation of the ammonia took approximately 2 h after 

cooling was discontinued 

11. A distillation head with a thermometer and a water-jacketed 

condenser arm (ca. 5 cm length) was used. 

12. No fractions were taken during the distillation, which was 

continued until a very thick salt slurry had formed. If distillation was 

continued beyond that point and the slurry was distilled to dryness, yellow 

byproducts were also collected in the distillate, and the resulting thick 

yellow oily distillate was subjected to a second distillation without 

decreasing the yield. Because the residual slurry may contain traces of 

unreacted NaNHp, it was decomposed upon suspension in hexanes (100 mL) 

and careful addition of isopropanol (30 mL), followed by the addition of 

water (50 mL). 

13. The product is > 95% pure (NMR) and has the following 

physicochemical properties: 'H NMR (300 MHz, C¢De) 5: 2.62 (s, 24 H); 

'3C NMR (75 MHz, CeD¢) 5: 42.1, 142.8, 157.0; HRMS m/z caled for 
C1, HosNa (M+H)* 213.2079, found 213.2077. The product fumes when 

exposed to air and must be kept under argon. Because of this sensitivity, an 

accurate elemental analysis could not be obtained, and the checkers did not 

measure an IR. 

14. The submitters obtained 3.77-4.52 g (65-78%). IR (neat) 2864, 

1894, 1613, 1544, 1507, 1424, 1370, 1326, 1149, 1114, 1021, 924, 762, 681 

cm". 

Waste Disposal Information 

All hazardous materials were disposed in accordance with “Prudent 

Practices in the Laboratories”; National Academy Press; Washington, DC, 

1965. 

3. Discussion 

Attachment of electron releasing substituents to the termini of an 

allene induces a significant polarization of the m-bonds towards the central 

carbon atom.’ The substantial contribution of the resulting dipolar 

mesomeric extremes (for example, 1’ and 1’) is clearly expressed in the 

peculiar physical and chemical properties of such compounds. 
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Specifically, their central C-atoms resonate at unusually high field 
(compare dc = 141.8 ppm in 1 compared with 8c = 211.4 ppm in the parent 
allene H,C=C=CH;). Even more striking is the fact that  tetra- 
amino(alkoxy)allenes either (strongly) deviate from linearity or can be bent 
to a very significant degree at almost no energetic cost.** This propensity 
allowed such units to be incorporated even into a five-membered (!) ring 
system by virtue of the fact that the aromatic resonance form 3° holds an 
important share of the ground state structure.” 

Figure 1 Comparison of Allene Ground States 
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The particular bonding situation of tetraaminoallenes also dominates 

their chemical behavior. Specifically, compound 1 forms stable dipolar 

adducts with CO (4), CS, or SO;,° and reacts with metal templates such as 

[(Ph3P)Au]" to give the structurally unusual n|-adduct 5 rather than the 1’- 

bound x-complex to be expected for a normal allene ligand.’ Furthermore, it 

has been shown that related tetraaminoallenes can be protonated twice at the 

central C-atom.® These experimental findings are in good accord with 

computational studies which suggest that lateral donor substituents impart 

considerable “carbodicarbene” character onto an allene motif. The resonance 

extreme of a “carbodicarbene” can be described as consisting of a formally 

zerovalent carbon atom — featuring two orthogonal electron pairs — which is 

stabilized by coordination to two flanking diaminocarbene units.” 
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The preparation of tetrakis(dimethylamino)allene as the parent 

compound of this series described herein is a safe and convenient 

modification of the original method described by Viehe and coworkers.°"” 

The essential differences are the use of (i) tetrafluoroborate salts instead of 

perchlorates,'! and (ii) NaNH) in liquid ammonia’ rather than n-BuLi in 

THF as the base for the final deprotonation reaction. The BF, counterion 

ensures that the tetraamino-substituted allyl cation produced in step B is 

sparingly water soluble and therefore can be easily separated from the 

dimethyl ammonium chloride byproduct by an aqueous work up. Moreover, 

the purification of the final product is more convenient when NaNH) in 

liquid ammonia is used,’* as this combination leaves no organic solvent 

behind and hence avoids a cumbersome fractionation. Since the generated 

NaBF, salt also does not need to be separated, no further manipulation of the 

air sensitive tetraaminoallene 1 is necessary; simple distillation of the crude 

mixture provides the desired compound in analytically pure form in good 

yield. In contrast, a distillation in the presence of perchlorate salts poses a 

serious hazard,'' in particular when performed on a multigram scale. 

Because the procedure described herein also applies to the preparation of a 

host of other donor substituted allenes and related cumulated ylides, it is 

expected to spur the systematic exploration of the fascinating chemical and 

physical properties of such electron rich compounds, an area of research 

which was largely dormant until very recently. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Dichloromethylen-dimethyliminium chloride; (33842-02-3) 

Dimethyl acetamide; (127-19-5) 

1,3-Dichloro-1,3-bis(dimethylamino)propenium chloride; (34057-61-9) 

Dimethylamine; (124-40-3) 

1,1,3,3-Tetrakis(dimethylamino)propenium tetrafluoroborate; (125254-01-5) 

Sodium amide; (7782-92-5) 

Tetrakis(dimethylamino)allene; (42928-64-3) 
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EFFICIENT ONE-POT SYNTHESIS OF BIS(4-TERT- 

BUTYLPHENYL)IODONIUM TRIFLATE 

m-CPBA (3 equiv), ic ~ OTF 
4 + |p  TfOH (5 equiv) 2 

SP 

CH,Clo, 0 °C - rt 1 

Submitted by Marcin Bielawski and Berit Olofsson.’ 

Checked by Katja Kramer and Mark Lautens. 

1. Procedure 

A single-necked, 250-mL round-bottomed flask equipped with a 

magnetic stirring bar is charged with iodine (2.30 g, 9.05 mmol) (Note 1). 

Dichloromethane (100 mL) (Note 2) is added, and the mixture is stirred at 

room temperature until the iodine is dissolved (approximately 10 min) with a 

plastic stopper loosely attached to the flask. m-Chloroperbenzoic acid (m- 

CPBA, 73%, 6.62 g, 28.0 mmol, 3.1 equiv) (Note 3) is added and the purple 

solution is stirred an additional 10 min. f-Butylbenzene (5.70 mL, 

36.8 mmol, 4.1 equiv) (Note 4) is added and the flask is then cooled to 0 °C 

in an ice bath. Trifluoromethanesulfonic acid (TfOH, 4.00 mL, 45.2 mmol, 

5 equiv) (Note 5) is then slowly added via a gas-tight Hamilton syringe over 

5 min at 0 °C, resulting in a color change to darker purple/black (Note 6). 

The mixture is then stirred at room temperature for 20 min with a color 

change to grey and formation of a precipitate (Note 7). 

The reaction mixture is subsequently transferred to a 250-mL 

separatory funnel containing distilled water (30 mL). The reaction flask is 

rinsed with dichloromethane (2 x 5 mL), and the rinses are added to the 

separatory funnel. After thorough mixing, the aqueous layer is separated and 

the organic phase is washed with additional distilled water (30 mL) (Note 

8). The combined organic extracts are poured into a 250 mL round 

bottomed flask and evaporated under reduced pressure (45 °C, 

~200 mmHg) using a rotary evaporator to leave 16.7 g of an orange residue 

(Note 9). 

A stirring bar is added to the flask and diethyl ether (30 mL) is added, 

causing precipitation of the product as a white solid. After 20 min stirring at 

0 °C, the solid is collected by suction filtration using a sintered glass filter 
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funnel and washed with cold (0 °C) diethyl ether (2 x 30 mL) (Note 10). 
The solid is transferred to a pre-weighed 50-mL round-bottomed 

flask and dried on a vacuum line (22 °C, <1 mmHg) for 14 h to afford 
bis(4-ert-butylphenyl)iodonium triflate (1) as a white solid (7.68 g, 78%) 
(Notes 11, 12, 13). 

2. Notes 

1. Iodine (= 99%) was purchased from Sigma-Aldrich and used as 

received. 

2. The checkers used dichloromethane (A.C.S. reagent) purchased 

from ACP, which was used as received. The submitters purchased 

dichloromethane (puriss) from VWR and used as received. The reaction is 

run without precaution to avoid moisture or air, i.e. without inert gas or dried 

solvent. The submitters found that dry conditions did not improve the yield. 

3. m-CPBA (< 77%) was purchased from Sigma-Aldrich. It is dried 

in a round-bottomed flask at room temperature under reduced pressure until 

the flask is no longer cold. The time required depends on the amount of m- 

CPBA and the pressure; 5 g takes about 1.5 h at 10 mmHg. The percentage 

of active oxidizing agent is determined by iodometric titration and amounts 

to 73% in the checker’s case. The submitters found the percentage of 

oxidizing agent to range from 76 to 82 % in different batches. The dried m- 

CPBA can be stored for prolonged time in the refrigerator.’ 

4. t-Butylbenzene (99%) was purchased from Sigma-Aldrich and 

was used as received. 

5. Trifluoromethanesulfonic acid (TfOH, >98%) was purchased from 

Fluka. TfOH is highly corrosive, and a glass syringe must be used in the 

addition. Plastic syringes are rapidly destroyed by TfOH, leading to safety 

hazards if used for this procedure. The use of 4.1 equiv TfOH results in 

slightly decreased yield, whereas <4 equiv TfOH gives long reaction times 

and poor yield. 

6. Complete addition of TfOH in a single step results in an 

exothermic reaction causing the solvent to boil, thus mandating the 

described slow addition. 

7. The precipitate is m-chlorobenzoic acid (m-CBA); the product is 

soluble in dichloromethane. 

8. The workup removes TfOH and facilitates easier precipitation of 

the product. m-CBA dissolves during the workup, if a large volume of 

Org. Synth. 2009, 86, 308-314 309 



CH2Cl, is used. The grey slurry may change color to a transparent orange. 

The use of drying agents, such as Na»SO,, should be avoided as partial 

anion exchange takes place, causing a melting point increase to 163-165 °C. 

9. The submitters evaporated under reduced pressure (30 °C, 

~150 mmHg) to obtain about 15.5 g of an orange residue. 

10. The product is somewhat soluble in diethyl ether, therefore a 

minimum amount should be used for washing. 

11. Running the reaction on half the reported scale afforded a 

comparable yield of bis(4-rert-butylphenyl)iodonium triflate (1) as a white 

solid (3.91 g, 79%). 

12. A second crop of precipitate can be obtained by concentration of 

the filtrate under reduced pressure and addition of chloroform. This 

precipitates m-CBA, which is filtered off. After concentration of the filtrate, 

diethyl ether is added to precipitate a second crop of product 1 in the same 

manner as described above. This procedure usually contributes little to the 

overall yield, but can be employed if the first precipitation is low yielding. 

13. Product 1 is stable to air and can be stored at room temperature. 

Analytical data: mp: 161-162 °C; A lower melting point, attributed to a 

faulty melting point apparatus, has been reported previously.’ 'H NMR (400 

MHz, CDCl) 6: 1.29 (s, 18 H), 7.45 (app dt, J = 8.8 Hz, 4 H), 7.92 (app dt, J 

= 8.8 Hz, 4 H); °C NMR (100 MHz, CDCI,) 8: 31.0, 35.2, 109.5, 120.3 (q, J 

= 318 Hz, CF3;SO3 ), 129.5, 134.9, 156.4; IR (film): 2962, 2906, 2871, 1582, 

1482, 1464, 1396, 1365, 1277, 1237, 1222, 1196, 1160, 1125, 1107, 1060, 

1026, 993, 836, 820, 758, 714 cm; HRMS (ESI): caled for CooH26I ((M — 

TfO]'): 393.1074; found 393.1073: Anal. Caled. for Co;Hx6F3I03S: C,; 

46.50; H, 4.83. Found: C, 46.52; H, 4.89. 

Safety & Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Diaryl-A’-iodanes, also called diaryliodonium salts, constitute the 

most well known compounds among the iodine(III) reagents with two 
carbon ligands.* Due to their highly electron-deficient nature and 
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hyperleaving group ability, they serve as versatile arylating agents in a- 

arylation of carbonyl compounds’ and copper- or palladium-catalyzed cross- 

coupling reactions.° Diaryliodonium salts are also used as photo initiators in 

polymerizations’ and to generate benzynes.* 

Synthetic routes to diaryliodonium salts typically involve 2-3 steps.*” 

Preformed inorganic iodine(III]) reagents can be employed to make 

symmetric salts.'? Reported one-pot reactions from arenes and iodine or 

iodoarenes suffer from narrow substrate scope, need excess reagents and 

long reaction times.'! 

The one-pot synthesis of diaryliodonium triflates from arenes and 

iodine reported herein is fast, high yielding and operationally simple.° 

Alternatively, aryl iodides and arenes can be employed as starting materials, 

which gives access also to unsymmetric salts.’ We have also developed a 

route to electron rich diaryliodonium salts’? and a general, regiospecific 

route employing arylboronic acids.'* 

The scope of the reaction employing iodine and arenes is shown in 

Figure 1. The reaction time and temperature is varied depending on the 

reactivity of the arene.’ Limitations include the use of very electron-poor 

arenes, which have low reactivity and very electron-rich arenes, which give 

byproduct formation. Substituted arenes can give a mixture of ortho- and 

para-iodination, e.g. toluene, which gives a 3:1 mixture of regioisomeric 

salts. 

Figure 1. Scope of the one-pot synthesis from iodine and arenes. 
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The scope of the reaction is considerably widened when ary] iodides 

are employed instead of iodine (Table 1). Both symmetric and unsymmetric 

salts are efficiently obtained in short reaction times. Salts containing both 

electron poor and electron rich aryl moieties can be synthesized. The 

reaction time and temperature needed varies with the reactivity of the 

substrates.> When high temperature is used, the reaction can generally be 

performed with less trifluoromethanesulfonic acid. The limitations include 
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the synthesis of symmetric electron rich salts and symmetric electron poor 

salts. 

Table 1. Scope of the one-pot synthesis from aryl iodides and arenes.” 
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Pd(0)-CATALYZED DIAMINATION OF TRANS-1-PHENYL-1,3- 
BUTADIENE WITH DI-TERT-BUTYLDIAZIRIDINONE AS 

NITROGEN SOURCE 

A. fe) 
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2 Ph 3 — 

Submitted by Haifeng Du, Baoguo Zhao, and Yian Shi.*! 

Checked by Eric E. Buck and Peter Wipf.” 

1. Procedure 

A. Di-tert-butylurea (1). A 5-L Erlenmeyer flask equipped with a 

mechanical stirrer and an internal thermometer is charged with tert- 

butylamine (85.2 mL, 791 mmol, 6.6 equiv), triethylamine (127 mL, 

900 mmol, 7.5 equiv), and toluene (2000 mL) (Note 1). The mixture is 

cooled to an internal temperature of 5 °C in an ice bath and triphosgene 

(36.3 g, 120 mmol, 1.0 equiv) (Note 2) is added in small portions over a 

period of 20 min (Note 3). The mixture is warmed to room temperature and 

stirred for 24 h. The reaction mixture is quenched with water (S00 mL), 

transferred to a separatory funnel, and the aqueous phase is discarded. The 

organic layer is washed with water (4 x 500 mL) and the white solids are 

collected by suction filtration (water aspirator) (Note 4 and 5). The 

combined white solids are washed with water (2000 mL) (Note 6), and dried 

at 65 °C under vacuum (74 mmHg) for 12 h to give 49.7 g (80%) of di-tert- 

butylurea as a white solid (Notes 7 and 8). 

B. Di-tert-butyldiaziridinone (2).°* A 500-mL, one-necked, round- 

bottomed flask equipped with a Teflon-coated magnetic stir bar (length: 
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3.3cm) and a rubber septum is charged with di-tert-butylurea (30.0 g, 

174 mmol, 1.0 equiv) and EtO (200 mL) (Note 9). The reaction vessel is 

protected from light and fert-butyl-hypochlorite (20.8 g, 192 mmol, 

1.1 equiv) (Note 10) is added to the slurry over a period of 10 min. The 

resulting pale yellow solution is stirred for an additional 30 min, cooled to 

5°C in an ice bath, and treated with potassium fert-butoxide (25.4 g, 

226 mmol, 1.3 equiv) (Note 11) in small portions over a period of 20 min 

(Note 12). The resulting solution is warmed to room temperature and stirred 

for 5 h (Note 13). The reaction mixture is diluted with hexanes (200 mL), 

transferred to a 2-L separatory funnel, and washed with water (3 x 150 mL). 

The organic phase is dried over anhydrous K,CO; (30.0 g) (Note 14) by 

stirring over 5 h, filtered, and concentrated by rotary evaporation (25 4 8 

18 mmHg) (Note 15). The crude material is purified by fractional distillation 

under vacuum (7 mmHg) using a vigreux column (length 10.5 cm) fitted 

with a short path distillation head (Note 16). The oil bath temperature is 

gradually increased from 24 °C to 70°C to give 22.6 g (76%) of di-fert- 

butyldiaziridinone as a colorless liquid (Notes 17, 18, 19, and 20). 

C._ trans-1,3-Di-tert-butyl-4-phenyl-5-vinyl-imidazolidin-2-one (3). A 

25-mL, one-necked, round-bottomed flask equipped with a Teflon-coated 

magnetic stir bar (length: 1.3 cm) and a rubber septum is charged with 

freshly distilled (Z)-1-phenyl-1,3-butadiene (2.60 g, 20.0 mmol, 1.0 equiv) 

(Note 21) and tetrakis(triphenylphosphine)palladium (0.462 g, 0.400 mmol, 

0.02 equiv) (Notes 22 and 23). The flask is evacuated and back-filled with 

argon three times. The mixture is placed in a preheated (65 °C) oil bath and 

di-tert-butyl-diaziridinone (3.75 g, 22.0 mmol, 1.1 equiv) is added over 3h 

via syringe pump (Note 24). The resulting red mixture is stirred for an 

additional 1 h (Note 13), cooled to room temperature, and diluted with 5 mL 

of a hexanes/Et,O (5:1) solution. The solution is loaded onto a wet-packed 

silica gel column (305 g SiO, diameter: 6.5 cm, height: 22 cm, pretreated 

with hexanes/diethyl ether, 5:1 (Note 25). The product is eluted with 

hexanes/diethyl ether, 5:1) to give 5.78 g (96%) of trans-1,3-di-tert-buty1-4- 

phenyl-5-vinyl-imidazolidin-2-one as a yellow oil (Notes 26 and 27). 

2. Notes 

1. tert-Butylamine (98%, Alfa Aesar), triethylamine (99%, Fisher 

Chemicals), and toluene (99.9%, Fisher Chemicals, ACS grade) were used 

as received. 
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2. Triphosgene (98%) was purchased from Alfa Aesar and used as 
received. 

3. The addition was carried out at such a rate that an internal 
temperature of 15 °C was not exceeded. 

4. The solids are suspended in the organic phase. 

5. The filtrate was concentrated to give an additional 2.35 g of di-tert- 
butylurea. 

6. It is imperative to wash the solids extensively with water to 

remove any residual Et;NeHCl, which may decrease the yield for the 

subsequent step. 

7. Working at 50% scale, the checkers obtained 23.1 g (76%). 

8. The product has the following physicochemical properties: White 

solid, mp 245-246 °C; 'H NMR (300 MHz, DMSO-d.) 8: 1.18 (s, 18H), 

5.45 (s, 2H); ‘°C NMR (75 MHz, DMSO-d) 8: 29.3, 48.8, 157.0; IR (ATR) 
3349, 1633 cm; MS (EI+) m/z 172 (M’*, 26), 157 (67), 57 (100); HRMS 

(EI+) m/z calcd for CoH29N20 172.1576, found 172.1569; Anal. Calcd for 

CoH 9N20 C, 62.75; H, 11.70; N, 16.26; Found C, 63.02; H, 11.94; N, 16.16. 

9. Diethyl ether (ACS grade) was purchased from Fisher Chemicals 

and dried by distillation over sodium/benzophenone under an argon 

atmosphere. 

10. tert-Butyl hypochlorite was prepared according to a literature 

procedure: Teeter, H. M.; Bell, E. W. Org. Synth. 1952, 32, 20. 

11. Solid potassium fert-butoxide (97%) was purchased from Alfa 

Aesar and used as received. 

12. Upon complete addition the reaction vessel does not need to be 

protected from light. 

13. The progress of the reaction can be monitored by 'H NMR analysis 

of aliquots taken directly from the reaction mixture. 

14. Anhydrous K,CO; (ACS grade) was purchased from Fisher 

Chemicals and used as received. 

15. The ‘ert-butanol generated in the reaction should be completely 

removed to prevent interference with the subsequent distillation. 

16. The dimensions of the distillation head are as follows. Single piece 

construction with inlet for vacuum/inert gas, 10/18 thermometer joint on top, 

14/20 joints for distillation and collection flasks, approx. 35 mm length of 

condenser x 65 mm height (head). 

17. Di-tert-butyldiaziridinone is collected at 47-49 °C (7 mmHg) and 

stored away from light. 
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18. The submitters reported a bp of di-tert-butyldiaziridinone of 

60-64 °C (7 mmHg). 

19. Working at 50% scale, the checkers obtained 11.1 g (75%). 

20. The product has the following physicochemical properties: bp 

47-49 °C /7 mmHg; 'H NMR (300 MHz, benzene-ds) 8: 1.07 (s, 18 H); °C 

NMR (75 MHz, benzene-d) 5: 27.2, 59.3, 159.3; IR (ATR) 1929, 1875, 

1856 cm'!; MS (EI+) m/z 170 (M’, 5), 157 (67), 131 (15), 84 (40), 57 (100); 

HRMS (EI+) m/z calcd for CoHigN2O 170.1419, found 170.1420; Anal. 

Calcd for CoHigN2O C, 63.49; H, 10.66; N, 16.45; Found C, 63.61; H, 10.79; 

N67: 

21. (E)-1-Phenyl-1,3-butadiene was prepared according to a literature 

procedure: Grummitt, O.; Becker, E. I. Org. Synth. 1950, 30, 75; or Wittig, 

G.; Schoellkopf, U. Org. Synth. 1960, 40, 66. Similar results were obtained 

for step C using the diene prepared from either protocol. 

22. Tetrakis(triphenylphosphine)palladium (9% min. palladium) was 

purchased from Pressure Chemical Co. and used as received. 

23. Reaction is performed neat. 

24. The submitters added di-tert-butyl-diaziridinone via a 10-mL 

addition funnel. The checkers observed more consistent results using a 

syringe pump. 

25. Silica gel 40-63 D (60 A) (Silicycle, Quebec City, Canada) was 

used. 

26. Working at 50% scale, the checkers obtained 2.86 g (95%). 

27. The product has the following physicochemical properties: 'H 

NMR (300 MHz, benzene-d¢) 5: 1.36 (s, 9 H), 1.39 (s, 9 H), 3.55 (dm, J= 

8.4 Hz, 1 H), 4.05 (d, J= 1.2 Hz, 1 H), 4.86 — 4.95 (m, 2 H), 5.92 (ddd, J= 

17.1, 10.2, 8.4 Hz, 1 H), 7.07-7.16 (m, 3 H), 7.27 (dm, J = 6.9 Hz, 2 H); °C 
NMR (75 MHz, benzene-dg) 5: 29.1, 29.2, 53.7, 53.9, 63.8, 65.5, 115.6, 

126.5, 129.4, 141.8, 145.1, 159.2; IR (ATR) 1682 cm'; MS (EI+) m/z 300 

(M*, 55), 285 (100), 229 (81), 132 (60); HRMS (EI+) mZ calcd for 

Cy9H2gN2O 300.2202, found 300.2191; Anal. Caled for Cj9H2sN2O CG 75.96; 

H, 9.39; N, 9.32; Found C, 76.01; H, 9.60; N, 9.31. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 
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3. Discussion 

The diamination of olefins provides an attractive and efficient 
approach to biologically and chemically important vicinal diamines.” To 

date, various metal-mediated® or catalyzed’ diaminations have been 

developed. Recently, we reported that conjugated dienes and trienes can be 

regio- and stereoselectively diaminated using Pd(0)* or Cu(I)’ as the catalyst 

and di-rert-butyldiaziridinone (2) or related compounds as a convenient 

nitrogen source. When Pd(0) is used as the catalyst, the diamination occurs 

regioselectively at the internal double bond (Scheme 1).** 

Rs RoR 

2 5 
Scheme 1 

O 
Ry O Jt ee 

Ro 
4 

This diamination can be applied to various alkyl and aryl-substituted dienes 

as well as electron-rich and electron-deficient dienes (Table 1).** When the 

diamination is carried out under solvent-free conditions as described herein, 

the amount of Pd(PPh;), catalyst can be further reduced."” 
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Table 1. Pd(0)-Catalyzed Diamination of Conjugated Dienes and Trienes* 

Entry Substrate (4) Product (5) Yield (%) 

O 

i pheulenls Ni 
1 R=Me )—! 94 

R — 

2 R=CsHy1 91 

3 R = CH2OBn 76 

4 R = p-MeOPh 94 

5 R = 2-Furyl 78 

6 R = OMe 95 

7 R = CO Me 62 

90 } Oo = & 
O 

Se tee 86 10 LIE ORI 

“ All reactions were carried out with di-tert-butyldiaziridinone (2) (1.0 equiv), 

diene or triene (1.2 equiv), and Pd(PPh3)4 (0.1 equiv) in benzene-d¢ in an NVR 

tube at 65 °C under argon for 0.25 to 5 h. 

A possible catalytic cycle for this diamination is shown in Scheme 2.** 

Oxidative insertion of Pd(0) into the N-N bond of diaziridinone 2 generates 

four-membered Pd(II) species 6. This intermediate then reacts with diene 4 

to form z-allyl Pd complex 8, which undergoes a reductive elimination to 

release 5 and regenerate the Pd(0) catalyst. 
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Scheme 2 

When a chiral ligand is used, the diamination proceeds with high 

enantioselectivity. Chiral diamines can be obtained upon deprotection and 

the double bonds contained in the diamination products can be elaborated 

into other functionalities.** 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

Di-tert-butylurea: Urea, N, N'-bis(1,1-dimethylethyl)-; (5336-24-3) 

tert-Butylamine: 2-Propanamine, 2-methyl-; (75-64-9) 

Triethylamine: Ethanamine, N,N-diethyl-; (121-44-8) 

Triphosgene: Methanol, 1,1,1-trichloro-, 1,1'-carbonate; (32315-10-9) 

Di-tert-butyldiaziridinone: 3-Diaziridinone, 1,2-bis(1,1-dimethylethyl)-; 

222 

(19656-74-7) 
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tert-Butyl-hypochlorite: Hypochlorous acid, 1,1-dimethylethyl ester; (507- 
40-4) 

Potassium fert-butoxide: 2-Propanol, 2-methyl-, potassium salt (1:1); (865- 
47-4) 

trans-1|,3-Di-tert-butyl-4-phenyl-5-vinyl-imidazolidin-2-one: 2- 

Imidazolidinone, 1,3-bis(1,1-dimethylethyl)-4-ethenyl-5-phenyl-, 

(4R,5R)-rel-; (927902-91-8) 

(E)-1-Phenyl-1,3-butadiene: Benzene, (1£)-1,3-butadienyl-: (16939-57-4) 

Tetrakis(triphenylphosphine)palladium; (14221-01-3) 
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SYNTHESIS OF ETHYL 
2-ETHANOYL-2-METHYL-3-PHENYLBUT-3-ENOATE 

(one) In(OTf)3 Oy 0) 
(0.05 mol%) 

Be Ree St OEt 
140°C, 3h 

Ph 

Submitted by Taisuke Fujimoto,’ Kohei Endo,’ Masaharu Nakamura,* and 

Eiichi Nakamura. ' 

Checked by Mark Webster and John A. Ragan. 

1. Procedure 

Ethyl 2-ethanoyl-2-methyl-3-phenylbut-3-enoate. A  flame-dried, 

10-mL Schlenk tube (Notes 1 and 2) connected to a vacuum/argon manifold 

through a glass stopcock and fitted with a glass stopper is equipped with a 

l-cm Teflon-coated magnetic stirring bar. In(OTf)3; (64.0 mg, 0.11 mmol) 

(Notes 3 and 4) is placed in the Schlenk tube and connected to the vacuum 

line (1.0-1.5 mmHg). The Schlenk tube is immersed in an oil bath. The 

oil-bath temperature is gradually increased to 180 °C over | h and then kept 

for 30 min at that temperature (Note 5). The Schlenk tube is cooled to 

ambient temperature and charged with argon. The glass stopper is replaced 

with a rubber septum, and acetonitrile (4 mL) (Note 6) is introduced into the 

Schlenk tube via a syringe under argon to obtain a 0.025-M acetonitrile 

solution of In(OTf)3. 

A 50-mL, 3-necked, round-bottomed flask (Note 1), connected to a 

vacuum/argon manifold through a glass stopcock vacuum adaptor, is 

equipped with a 2-cm Teflon-coated magnetic stirring bar. A solution of 

0.025 M In(OTf)3 in acetonitrile (2.0 mL, 0.050 mmol) is introduced into the 

flask via a syringe under argon, and the remaining two necks of the flask are 

equipped with glass stoppers. The solution is stirred under reduced pressure 

(1.0-1.5 mm Hg) at room temperature for 1 h to remove acetonitrile. The 

flask is flushed with argon, and one of the glass stoppers is replaced with a 

rubber septum. Ethyl 2-methyl-3-oxobutanoate (14.48 g, 14.2 mL, 0.1 mol) 

(Notes 7 and 8) and phenylacetylene (12.26 g, 13.2 mL, 0.12 mol) (Note 9) 

are introduced into the flask via syringe under argon, and the septum is 
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replaced with the glass stopper. The resulting clear yellow solution is stirred 

and the flask is immersed in an oil bath (140 °C). 

After stirring for 3 h at 140 °C, the reaction mixture is cooled to 

ambient temperature (Note 10). The vacuum adaptor is replaced with a 

distillation head. Distillation of the reaction mixture under reduced pressure 

(1.0-1.5 mmHg) at 150-160 °C (oil bath temperature) gives the title 

compound as a pale yellow liquid (22.2-23.0 g, 0.090—-0.093 mol) in 

90-93% yield (>99.9% purity, non-calibrated GC area ratio) (Notes 11 and 

12). 

2. Notes 

1. All glassware was dried in an oven (110 °C), assembled while hot, 

and allowed to cool to room temperature under argon atmosphere. 

2. The checkers used the mass of In(OTf); prior to drying for 

determination of the concentration of the resulting acetonitrile solution. 

3. In(OTf); (complexiometric EDTA specification of 19.2-21.7% 

indium, 19.5% for the batch used by the checkers, theory for In(OTf)3 = 

20.4%) was purchased from Aldrich and used as received. Alternatively, the 

submitters report that it can be made from In.O3 and TfOH in boiling water.’ 

In.O3 was purchased from Kanto Kagaku. TfOH was purchased from Wako 

Pure Chemical Industries, Ltd. Both reagents were used as received. In order 

to dispose of trifluoromethanesulfonic acid, the acid should be carefully 

introduced into water in a dropwise fashion. 

4. In(OTf)3 is extremely hygroscopic. 

5. Rapid increase of the oil bath temperature causes the 

decomposition of hydrated In(OTf);. 

6. Anhydrous acetonitrile (<S0 ppm water) was purchased from 

EMD Chemicals (Merck KGaA) and used as received. 

7. Ethyl 2-methyl-3-oxobutanoate was purchased from Acros and 

was purified by silica gel flash column chromatography (5% ethyl! acetate in 

hexane as eluent) and distillation (bp 80 °C/20 mmHg) before use. The 

chromatographic purification is necessary to remove ethyl 3-oxobutanoate. 

8. The exact mass of keto ester was determined by weight of the 

syringe before and after the addition. 

9. Phenylacetylene was purchased from Aldrich Inc. and purified by 

vacuum distillation before use (bp 60 °C/20 mmHg). The exact mass of the 
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charge was determined as in Note 8. 

10. The reaction was monitored by GC/MS on an HP-1 capillary 
column (0.2 mm x 12 m, 0.33um) at 30 °C to 290 °C raised at 30 °C /min. 
Typical retention time of product is 5.7 min. The submitters monitored the 
reaction by TLC on glass plates coated with 0.25 mm of 230-400 mesh silica 
gel containing a fluorescent indicator (Merck #1.05715.0009). Plates were 
visualized with UV light (254 nm) and/or by immersion in an acidic staining 

solution of p-anisaldehyde followed by heating on a hot plate. 

11. The purity was determined by GC/MS analysis, per Note 10. 

12. The product displays the following physicochemical properties: 

'H NMR (400 MHz, CDCI): 8 1.20 (t, J= 7.0 Hz, 3 H);, 1.50 (s,-3-H),) 2.28 

(sj) 3H), '4.16°(q7'= 7.0, 2:1); 5.26 (s; 1H), 5.41-(s; 1-H) 7.16=7:30:(m, 

5H); '°C NMR (100 MHz, CDCI): 5 14.1, 21.5, 27.6, 61.8, 66.1, 119.0, 

127.8, 128.0 (2C), 128.3 (2C), 140.6, 148.2, 172.0, 205.5; IR (neat) cm’; 

1710, 1355, 1092, 1021, 915, 776; Anal. Caled. For Cjs5H;s03: C, 73.15; H, 

937. Founds-C,973.00sH, 7:22: 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

The present procedure provides a simple and efficient way to 

produce a-alkenyl carbonyl compounds through addition of an active 

methylene compound to an unactivated alkyne or acetylene catalyzed by 

indium(IID) tris(trifluoromethanesulfonate) [In(OTf);]. The reaction does not 

necessarily require solvent, and, as the result, the 20-g scale synthesis can be 

carried out in a 50- to 100-mL flask. When viscous or solid keto esters are 

used, the reaction mixture can be diluted with a solvent such as toluene. The 

reaction also represents a method for the construction of a quaternary carbon 

center. 

The reaction takes place smoothly at room temperature if one 

uses 20 mol % of In(OTf)3, which however consumes the same amount of 

the alkyne. For the reaction to be performed with low catalyst loading (0.05 
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mol % catalyst), higher temperature is needed, but the sige still shows 

good functional group tolerance as shown in Table 1.° Acid sensitive 

compounds such as benzyl propargyl ether (entry 5) and ethyl 

2-allylacetoacetate (entry 9) require the presence of triethylamine as a base. 

The reaction of ethynylsilane requires In(OTf); (5 mol %) and DBU (6 

mol %) at 100 °C for 16 hours (entry 8). The addition of DBU is essential to 

prevent the desilylation of the vinylsilane product. The trans- 

stereochemistry of the double bond in the product indicates the cis-addition 

of an indium(III) enolate intermediate to the triple bond. 

1,3-Diketones also take part in the reaction under slightly modified 

conditions. The addition of 3-methyl-2,4-pentanedione to phenylacetylene 

takes place in the presence of In(OTf); (5 mol %), Et;N (5 mol %), and 

n-BuLi (5 mol %) in 32 hours at 100 °C to give the desired product in 88% 

yield (entry 11). The presence of Et;N and n-BuLi suppresses the formation 

of side products. As suggested by the data in Table 1, the present reaction is 

the most suited for creation of a quaternary carbon center, where there is no 

possibility of enolization. However, the creation of a tertiary center may be 

achieved in some limited examples of 3,3-diprotio-2,4-pentanedione 

congeners.°*** 

The present reaction can also be used for the creation of chiral 

quaternary carbon stereocenters (eq. 1)2£ An indium(III) enamide 

intermediate bearing a chiral auxiliary undergoes highly diastereoselective 

addition to an alkyne. Intramolecular version of the reaction shows 

remarkable generality, creating six to fifteen membered rings in good to 

excellent yields (eq. 2).°°"" 

Ak 
OCHs In(OTF)g (10 mol%) 

n-BuLi (10 mol%) oat 

Nemo + Gm — 
120°C, 8h 

OC2Hs (2.0 equiv) then ACOH/THF 

92%, 94% ee 

felotes OC2Hs ie tls Bi qa mol%) 

FA 
a) toluene, 100 Roivenetioo Gren" 8h C\ 

74% 

CO2C2Hs 
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Table 1. Addition of Active Methylene Compounds to Alkynes 

entry substrate alkyne (eq) product (% yield)? 

Ord 

OC2Hs 

oes 
(1.2) ce 

; 2, X =-H (99) 
a 

X = -CO2CHs3 (97) 
ge 

X =-OCHg (98) 

9. 0 

1 RSS Kao 

(2.0-5.0) R 

4 R = CoH (2.0) (99) 
5¢ R =-CH2OBn (3.0) (90) 
6 R = -(CHo)4NPht (2.0) (89) 
7° R = 1-cyclohexene (5.0) (94) 

[Ok #40) 
at We PR 1 CoHs-Si== OC2Hs 

(2.0) a 
’ Cots 

(94) 

© Ons 
o Oo a 

2 (1.2 9 4 (1.2) 

(93) 

oe) e 
5 acetylene Ae COGu (balloon) Ces. 

(100) 

(Oy 19) 

OFF 
ie 2 (5.0) 

(88) 

(Oe XS) 

O50 CoHsO OC2Hs5 

12 CoHsO OC2Hs 28) 

(99) 

a) Isolated yield. b) In(OT#)3 (1 mol%) was used at 100 °C in toluene (1 M) for 2 h. c) In(OT£); (5 mol%) 

and Et;N (5 mol%) were used at 80 °C for 22 h. d) NPht is the abbreviation of phthalamide. In(OTf); (1 

mol%) was used at 100 °C in toluene (2 M) for 10 h. e) In(OTf); (2 mol%) was used at 60 °C for 4 h. f) 

In(OTF); (5 mol%) and 1,8-diazabicyclo[5. 4. OJundec-7-ene, DBU (6 mol%) were used at 100 °C for 16 h. g) 

In(OTf); (20 mol%), DBU (20 mol%), and MS 3A were used in toluene (1 M) at 100 °C. h) In(OTf); (5 

mol%), Et;N (5 mol%), and n-BuLi (5 mol%) were used at 100 °C for 32 h. 
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In summary, the present procedure is useful for the introduction of 

an alkenyl group, featuring such synthetically convenient attributes as 1) 

perfect regioselectivity as to the alkyne acceptor, 2) good functional group 

compatibility, 3) high catalytic performance, 4) requirement of no solvent 

and 5) good atom economy. 
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Appendix 

Chemical Abstracts Nomenclature (Registry Number) 

Ethyl 2-methylacetoacetate: Butanoic acid, 2-methyl-3-oxo-, ethyl ester; 
(609-14-3) 

Phenylacetylene: Benzene, ethynyl-; (536-74-3) 

Indium(IID) tris(trifluoromethanesulfonate): Methanesulfonic acid, trifluoro-, 

indium(3+) salt; (128008-30-0) 
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SYNTHESIS OF 4,5-DIMETHYL-1,3-DITHIOL-2-ONE 

A. 
oleic 1) Bra, KoCOg “4 eine 

2)KSC(S)O/Pr sat a eel 
1 

B fe) 
Six AO) 9 S) 

Oe ae re 80 Yo H2SO4 = eth Sd 

S) S 

2 

Submitted by Perumalreddy Chandrasekaran and James P. Donahue.! 

Checked by Daniel M. Bowles and John A. Ragan.” 

1. Procedure 

A. O-lIsopropyl S-3-Oxobutan-2-yl Dithiocarbonate (1). A 1-L, 3- 

necked flask, equipped with a 125-mL pressure equalizing addition funnel 

and nitrogen inlet is oven-dried, assembled hot, and cooled to ambient 

temperature under nitrogen vented to an external bubbler. The center neck is 

equipped with an overhead stirrer and the third neck is fitted with an internal 

temperature probe. The apparatus is cooled to ambient temperature and is 

charged with anhydrous K,CO; (65 g, 470 mmol, 1.4 equiv) (Note 1) 

followed by freshly distilled 2-butanone (500 mL, 403 g, 5.58 mol, 16 

equiv) (Note 2). The resulting suspension is cooled to below 

—75 °C with an acetone/dry ice bath, and a solution of bromine (17.7 mL, 

55.2 g, 0.345 mol, 1.0 equiv) (Note 3) in 100 mL CH)Cl, (Note 4) is added 

dropwise via the addition funnel over 30 min, maintaining the internal pot 

temperature below —70 °C (Note 15, photograph A). The resulting orange- 

colored reaction mixture is removed from the cold bath and is allowed to 

warm to 18 °C over 4 h. During this time, the color of the mixture changes 

from orange to colorless. The reaction mixture is stirred for an additional 4 h 

at ambient temperature. Potassium O-isopropylxanthate (Note 5) (60.4 g, 

0.346 mol, 1.0 equiv) is then charged via a solids addition funnel in a single 

portion under nitrogen. 

The resulting reaction mixture is heated to 60 °C (internal temperature) 

with a heating mantle for 6 h. The progress of the reaction can be 
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conveniently monitored by silica gel TLC (9:1 heptanes/EtOAc; potassium 

O-isopropylxanthate R;=0.0; desired product Ry=0.25). The heterogeneous 

mixture is cooled to 18 °C and then vacuum filtered in the open air through a 

packed 2 inch celite pad on a medium porosity, 3.5” diameter glass frit. The 

filter contents are washed with CHCl, (3 x 100 mL), and the combined 

filtrates are concentrated to dryness at 50 °C and 20 mmHg in a 1-L, round- 

bottomed flask on a rotary evaporator to afford 59.6-61.7 g (0.289—0.299 

mol, 83-86% yield based on potassium O-isopropylxanthate) of O-isopropyl 

S-3-oxobutan-2-yl dithiocarbonate 1 as an orange oil that can be carried 

forward without further purification. Analytically pure material is obtained 

by vacuum distillation from a 150-mL, single-necked, round-bottomed flask 

with a 10-cm Vigreaux column at 79-82 °C and 0.1 mmHg, which yields 

48.9-50.1 g (0.237—-0.243 mol, 68-70%) of 1 as a pale yellow, pungent 

smelling oil (Notes 6 and 7). 

B. 4,5-Dimethyl-1,3-dithiol-2-one (2). A 250-mL, 3-necked, round- 

bottomed flask equipped with a magnetic stirring bar, 250-mL pressure- 

equalizing addition funnel, internal temperature probe and glass stopper is 

charged with previously distilled O-isopropyl S-3-oxobutan-2-yl 

dithiocarbonate 1 (53.0 g, 0.257 mol), and the neat oil is cooled to 0 °C. Ice- 

cooled 15 M aqueous H,SO, (100 mL, 1.5 mol, Note 8) is added dropwise 

via addition funnel over 30 min, maintaining the pot temperature below 

10 °C. The reaction mixture is maintained between 0 °C and 10 °C for 1 h, 

warmed to room temperature, and then stirred for an additional hour. 

During this time, the reaction mixture darkens progressively to a brown 

color. Reaction progress is conveniently monitored by silica gel TLC 

analysis (9:1 heptane/EtOAc; SM R=0.25; product R=0.35). The reaction is 

quenched by slowly pouring the contents over 500 mL of ice in 10 mL 

portions over a 15 min period. The resulting two-phase aqueous—organic 

mixture is transferred to a 1-L separatory funnel and is extracted with Et,O 

(3 x 200 mL) (Note 9). The combined Et,O extracts are dried by stirring 

over MgSO, (75 g) for 2 h. The MgSO, is removed by vacuum filtration on 

a coarse, sintered glass filter, and the cake is washed with 2 x 200 mL Et,O. 

The filtrates are concentrated on a rotary evaporator (25 °C, 20 mmHg) to 

produce a crude, dark, waxy solid that is purified by short-path vacuum 

distillation from a 100-mL, single-necked, round-bottomed flask (Note 10 

and Note 15, photograph B) at 60—64 °C and 0.1 mmHg to afford 31.6-32.5 

g (0.216—0.222 mol, 84-87%) of 4,5-dimethyl-1,3-dithiol-2-one as a pale 

yellow oil that solidifies upon standing (Notes 11 and 13). 
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Highly crystalline material is prepared by dissolving 5.0 g of freshly 
distilled 4,5-dimethyl-1,3-dithiol-2-one in 25 mL warm hexanes followed by 
cooling to —25 °C to afford 4.10 g (82%) of off-white needle crystals that are 
isolated by decanting the mother liquor and drying at 18 °C in open air. 
Crystallization of 5.0 g crude (non-distilled) 2 in the same manner produces 
a lower recovery (2.1 g, 42%) of brown needles that are relatively clean by 
'H_ and °C NMR (Note 15, photograph C). Compound 2 is stable to air, 
moisture and light and is soluble in common organic solvents such as 

pentane, hexane, diethyl ether, dichloromethane, benzene, toluene, 

acetonitrile and methanol (Note 14). 

2. Notes 

1. Anhydrous potassium carbonate (ReagentPlus grade, 99%) from 

Sigma-Aldrich was used as received. The use of K,CO; is necessary to 

scavenge the HBr generated during the bromination reaction. In one 

instance, the checkers noted a poor yield (21%) resulting from using older, 

‘wet’ potassium carbonate. 

2. Reagent grade 2-butanone (methyl ethyl ketone) was obtained 

from Sigma Aldrich (99+%) and distilled from CaSO, at ambient pressure 

using a fractionating column. A forerun is set aside. The 2-butanone used in 

the procedure is collected when the distillation is steady at ~80 °C. The 2- 

butanone is used both as solvent and substrate in this reaction. The use of 

smaller volumes of 2-butanone results in heterogeneous mixtures that are 

difficult to stir. 

3. Reagent grade bromine from Sigma Aldrich (99.5%) was used as 

received. 

4. Reagent grade dichloromethane from JT Baker was used without 

additional purification. 

5. Potassium O-isopropylxanthate is available commercially from a 

variety of suppliers (e.g. $44.10 / 25 g from TCI America, used as received). 

The checkers noted that one-portion addition of this material resulted in an 

average exotherm of 20 °C at this scale. Care should be taken on larger 

scales to insure proper jacket cooling is available. 

6. Pure O-isopropyl S-3-oxobutan-2-yl dithiocarbonate may be stored 

in the open air at ambient temperature without noticeable decomposition for 

a period of months. The material obtained after rotary evaporation of the 

CHCl, and 2-butanone solvent is generally of sufficient purity for the next 
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step. This determination is made on the basis of 'H NMR spectroscopy and 

by the observation of only slightly diminished overall yields using 

undistilled 1. 

7. The spectroscopic and analytical properties of O-isopropyl S-3- 

oxobutan-2-yl dithiocarbonate (1) are as follows: bp: 79-82 o@eat 

0.1 mmHg. Ry: 0.25 on silica (9:1 heptane:EtOAc), visualization by UV-vis. 

'H NMR (CDCl, 400 MHz, 25 °C) 8: 1.359 (d, J = 6.4 Hz, 3 H), 1.363 (d, J 

= 6.4 Hz, 3 H), 1.43 (d, J= 7.6 Hz, 3 H), 2.28 (s, 3 H), 4.34 (q, J = 7.2 Hz, 1 

H), 5.69 (sep, J = 6.4 Hz, 1 H). °C NMR (CDCI, 100 MHz, 25 °C) 6: 15.0, 

20.69, 20.74, 26.9, 53.1, 78.3, 203.9, 210.8. FTIR (neat oil, ATR, em’): 

2981, 1717, 1386, 1374, 1356, 1242, 1157, 1143, 1091, 1038, 900, 631, 537. 

CI-MS: m/z 207 ([M + HI’, 46), 165 (M — ‘Pr, 77), 147 (M — O'Pr, 26), 105 

(100). HRMS: (ESI+) m/z: 207.05080 [calcd for CsgHis02S. (M+H) 

207.05090]. Anal. Calcd. for CgH)402S2: C, 46.57; H, 6.84; S, 31.08. 

Found: C, 46.53; H, 6.80; S, 31.15. 

8. An 80 mL volume of concentrated H,SO, is diluted to 100 mL by 

slowly pouring it into a 20 mL volume of ice cold water, resulting ina 15 M 

solution. The checkers noted a poor yield (34%) when sulfuric acid was 

added too quickly to the pot mixture without proper cooling. 

9. The aqueous acidic phase should be brought to a neutral pH with 

saturated aqueous K,CO; and transferred to an aqueous waste storage bottle. 

10. The condenser of the short-path distillation apparatus should not be 

cooled with cold water. During the course of the vacuum distillation, 4,5- 

dimethyl-1,3-dithiol-2-one solidifies within the distillation condenser and 

requires mild, continuous heating with a heat gun to ensure that it remains 

melted until collected in the distillation receiver. Alternatively, the checkers 

found that circulation of warm (55 °C) fluid through the short-path 

distillation head is highly effective. 

11. The submitters obtained an additional 2.8% of product by 

chromatographic purification of the dark distillation pot residue as follows. 

Following the distillation of 4,5-dimethyl-1,3-dithiol-2-one obtained from 

the cyclization of 62.3 g (0.302 mol) of undistilled O-isopropyl S-3- 

oxobutan-2-yl dithiocarbonate, an additional 1.25 g (8.53 mmol, 2.8% yield) 

of product is recovered. The column is packed as a silica slurry (Note 12) in 

hexanes (1 in diameter x 10 in height) and is loaded by evaporation of a 

concentrated CHCl, solution of the distillation pot residues onto 10 g silica 

followed by transferal of this dry coated silica directly onto the column. The 

column is then eluted with a gravity drip. The 4,5-dimethyl-1,3-dithiol-2-one 
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readily and completely resolves from the other components of the mixture as 

the leading band and is completely eluted within a 150 mL volume of 

hexanes after loading. 

12. The silica used for the column was 70-230 micron and was 

obtained from EMD Chemicals (Merck), Gibbstown NJ, Catalog Number 

7734-3. 

13. The checkers found that using undistilled 1 in Step B (61.7 g, 

0.299 mol) provided 25.9 g of 2 (0.177 mol, 59% yield). 

14. Spectroscopic and analytical data for 4,5-dimethyl-1,3-dithiol-2- 

one are as follows: mp: 46-48 °C. bp: 59-64 °C at 0.1 mmHg. R¢ 0.35 on 

silica (9:1 heptane:EtOAc), visualization by UV-vis. 'H NMR (CDCh, 400 

MHz, 25 °C) 8: 2.13 (s). "°C NMR (CDC1;, 100 MHz, 25 °C) 8: 13.7, 122.8, 

192.1. FTIR (neat oil, ATR, cm’): 3243, 2942, 2851, 1753, 1650, 1596, 

1433, 1373, 1189, 1092, 1017, 941, 866, 756. CI-MS: m/z 147 ([M + HJ’, 

100). HRMS: [M + H] calcd for CsH70;S2: 146.99329. Found: 146.99333. 

Anal. Calcd. for CsHg¢OS2: C, 41.07; H, 4.14; S, 43.86. Found: C, 41.11; H, 

4.04; S, 44.75. 

15. Photographs of the procedure: 

(A) Step A during bromine addition. 
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(B) Step B product distillation 

(C) Comparison of Step B product (2) obtained by recrystallization of 

distilled (left two samples) or undistilled (right two samples) material 
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Scheme 1 
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3. Discussion 

The 1,3-dithiol-2-ones constitute a class of molecules with 

demonstrated synthetic utility for the synthesis of tetrathiafulvalenes and 

related materials (Scheme 1). Oligo- and polytetrathiafulvalenes have been 

subjected to intense investigation for a broad variety of applications ranging 

from conducting organic materials’” to solar energy conversion systems’” to 

sensors’ and switching devices.”'' A key reaction for the synthesis of 

many kinds of elaborated tetrathiafulvalenes is the phosphite mediated 

coupling of 1,3-dithiol-2-chalcogenones to form the tetrathio-substituted 

olefinic bond. First reported by Corey’’ and later extended by Miles,’ this 

reaction type has become ubiquitous for the synthesis of all manner of 

tetrathiafulvalenes. The 1,3-dithiol-2-ones are also useful synthetically as 

protected forms of dithiolene ligands that are readily unmasked by simple 

base hydrolysis (Scheme 1).'*"° The rich electrochemical and photophysical 

behavior associated with metal dithiolene complexes has also stimulated a 

large body of research aimed at applications such as superconducting 

materials,'® sensing devices,"’ photocatalysts,'® and reversibly bleachable 

dyes for Q-switching in near IR lasers.” 

Scheme 2 
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One of the more simple, symmetrically substituted 1,3-dithiol-2-ones 

is the 4,5-dimethyl form. Despite the amenability of this compound to 

further derivatization, e.g., by bromination of the methyl groups and 
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subsequent nucleophilic substitution,°”” its use has been more limited than 

would be expected. A considerable number of molybdenum and tungsten 

dithiolene complexes with the dimethyl-substituted ligand have been 

reported as structural and functional analogues of the catalytic sites of 

molybdo-and tungstoenzymes,”)”” but in all instances the ligand is derived 

ultimately from 3-hydroxy-2-butanone/P4Sjo rather than through a more 

direct approach proceeding through 4,5-dimethyl-1,3-dithiole-2-one. A 

possible reason for the surprisingly little use that has been made of 4,5- 

dimethyl-1,3-dithiole-2-one as a protected dithiolene ligand is an 

underappreciation of the ease by which it may be prepared in large, 

multigram quantities. 

The preparation of this useful molecule can be accomplished by 

several distinct routes (Scheme 2). One approach involves the radical- 

initiated reaction of diisopropyl xanthogen disulfide with 2-butyne to form 

the 1,3-dithiol-2-one directly (Path A).” A related synthesis describes the 

palladium-mediated coupling of bis(triisopylsilyl)disulfide with 2-butyne to 

yield 2,3-bis(triisopropylsilanylsulfanyl)but-2-ene, which is subsequently 

treated with phenyl chlorothiolformate and TBAF to form the 1,3-dithiol-2- 

one (Path B).”* Another method begins with the reaction between 3-bromo- 

2-butanone and an O-alkylxanthate salt to afford an O-alkyl S-3-oxobutan-2- 

yl dithiocarbonate intermediate (Path C) that is then subjected to acid- 

catalyzed ring closure.””””° The 4,5-dimethyl-1,3-dithiol-2-one product is 

also available via mercuric acetate mediated chalcogen exchange’ from the 

corresponding trithiocarbonate (Path D).** The route to 4,5-dimethyl-1,3- 

dithiol-2-one that begins with 3-bromo-2-butanone and potassium O- 

isopropylxanthate avoids the use of 2-butyne and its associated flammability 

and expense. While this reaction sequence has been previously reported,” 

*° we describe procedural modifications that enable the cost effective 

synthesis of 4,5-dimethyl-1,3-dithiol-2-one on a scale of tens of grams. In 

contrast, the largest reported scale on which it has previously been reported 

is seven grams.” 

The first point we emphasize is that the a-bromo ketone that is 

condensed with O-isopropylxanthate can be generated in situ from 2- 

butanone/Br, and used immediately. The 2-butanone can in fact be used in 

excess as both solvent and reagent. Previously published procedures have 

described the use of a-bromo ketone purchased from commercial sources or 

have implied a need to prepare and isolate it in a discrete step. The ease and 

selectivity with which 2-butanone is brominated in the 3-position and the 
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intrinsic reactivity of the resulting o-bromoketone render in situ generation 
and immediate use a greatly preferable approach. The second procedural 
improvement we note for the synthesis of 4,5-dimethyl-1,3-dithiol-2-one is 
that, although a solid at ambient temperature and pressure, it has a low 
melting point and is sufficiently volatile at reduced pressure as to be 
amenable to vacuum distillation. A simple short-path distillation can yield a 
large volume of pure 4,5-dimethyl-1,3-dithiol-2-one without the need to 
resort to column chromatography as a purification method, as has been 
reported earlier.*’ Together, these improvements should make this useful 

molecule much more accessible than has heretofore been recognized. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

O-Isopropyl S-3-Oxobutan-2-yl Dithiocarbonate: Carbonodithioic acid, O- 
(1-methylethyl) S-(1-methyl-2-oxopropyl) ester; (958649-73-5) 

2-Butanone; (78-93-3) 

Potassium O-isopropylxanthate: Carbonodithioic acid, O-(1-methylethyl) 

ester, potassium salt (1:1); (140-92-1) 

4,5-Dimethyl-1,3-dithiol-2-one; (49675-88-9) 
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B-PROTECTED HALOBORONIC ACIDS 

FOR ITERATIVE CROSS-COUPLING 
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Submitted by Steven G. Ballmer, Eric P. Gillis, and Martin D. Burke. 

Checked by Daniel Morton and Huw M. L. Davies. 

1. Procedure 

A, N-Methyliminodiacetic acid (MIDA, 2) (Note 1). A 1000-mL, 

three-necked, round-bottomed flask equipped with a PTFE-coated magnetic 

stir bar is charged with iminodiacetic acid (1) (100.5 g, 755.2 mmol, 1 

equiv) (Note 2) and formalin (84.5 mL, 92.1 g, 1.13 mol, 1.50 equiv) (Note 

3) to give an off-white suspension. The flask is then fitted with a water- 

cooled Friedrichs condenser in the center neck, a 125-mL addition funnel 

(Note 4) containing formic acid (57.0 mL, 69.5 g, 1.51 mol, 2.00 equiv) 

hey 
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(Note 5) in a side neck, and a thermometer in the other side neck. The 
stirred reaction mixture is brought to reflux (90 °C) using a heating mantle, 
and then maintained at reflux with stirring for 30 min. After 30 min the 
formic acid is added dropwise over 20 min (approx 3 mL/min) (Note 6). 
During this time, the reaction mixture becomes clear and yellow. The 
addition funnel stop-cock is then closed and the solution is allowed to reflux 
for one hour. At the end of one hour the heat source is removed and the 

solution is allowed to cool with stirring to 23 °C over one hour. The 

Friedrichs condenser, addition funnel, and thermometer are then removed 

and the reaction mixture is poured into a 4000-mL Erlenmeyer flask 

equipped with a large PTFE-coated magnetic stir bar. Deionized water (2 x 

25 mL) is used to quantitatively transfer the contents of the reaction mixture 

to the Erlenmeyer flask. To the stirred reaction mixture is then added 

absolute ethanol (750 mL) dropwise over one hour (approx 12.5 mL/min) 

(Note 7) leading to the precipitation of a colorless, crystalline powder. The 

precipitate is collected by vacuum filtration. The 4000-mL Erlenmeyer flask 

is then rinsed with absolute ethanol (4 x 200 mL), with each washing being 

poured over the collected precipitate. The precipitate is then washed with 

absolute ethanol (200 mL). The precipitate is allowed to air dry under 

vacuum suction for 10 min. The solid is then transferred to a tared 500-mL 

round-bottomed flask and residual solvent is removed under reduced 

pressure (23 °C, 1 mmHg) for 12h to give the title compound as a free- 

flowing, air-stable, white powder (98.30 g, 668.1 mmol, 88% yield) (Note 

8). 

B. 4-Bromophenylboronic MIDA ester (4). A 500-mL, single-necked, 

round-bottomed flask equipped with a PTFE-coated magnetic stir bar is 

charged with 4-bromophenylboronic acid (3) (24.99 g, 124.4 mmol, 

1.0 equiv) (Note 9) and methyliminodiacetic acid (2) (18.31 g, 124.4 mmol, 

1.0 equiv). To the flask is then added a freshly prepared 5% (v/v) solution 

of dimethyl sulfoxide in toluene (125 mL) (Note 10) to afford a white solid 

suspended in a clear, colorless solution. The flask is then fitted with a 

toluene-filled Dean-Stark trap topped with a water-cooled Friedrichs 

condenser (Note 11) and the stirred reaction mixture is brought to reflux 

using a heating mantle. The reaction mixture is allowed to reflux with 

stirring for 6 h, during which time the reaction remains heterogeneous, but 

darkens in color, giving a tan solid suspended in a clear, colorless solution. 

Approximately 2.1 mL of water was collected in the Dean-Stark trap. The 

heating mantle is removed, and the reaction is allowed to cool to 23 °C with 
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stirring for one hour. The Dean-Stark trap and magnetic stir bar are 

removed (Note 12) and the reaction mixture is concentrated on a rotary 

evaporator (40 °C, 15 mmHg) (Note 13) to afford the crude product as a tan, 

chunky solid. 

Acetone (15 mL) (Note 14) is then added and the flask is swirled 

vigorously to afford a white solid suspended in a clear tan solution. To this 

mixture is added diethyl ether (150 mL) (Note 15) in 25-mL portions. After 

the addition of each portion the flask is swirled gently causing the 

precipitation of additional white solid. The white solid is collected via 

vacuum filtration on a 150-mL medium-porosity glass frit. The collected 

product is then washed with diethyl ether (3 x 50 mL) and is allowed to dry 

for 5 min under vacuum suction (Note 16). The product is then transferred 

to a tared 250-mL round-bottomed flask and residual solvent is removed at 

reduced pressure (23 °C, 1 mmHg) for 4 h to give 4-bromophenylboronic 

acid MIDA ester as a free-flowing, air-stable, white powder (36.30 g, 

116.4 mmol, 94% yield) (Note 17). 

C. 4-(p-Tolyl)-phenylboronic acid MIDA ester (5). An oven-dried, 

500-mL Schlenk flask equipped with a magnetic stir bar is charged with 

palladium (II) acetate (361 mg, 1.61 mmol, 0.020 equiv) and (2-biphenyl)- 

dicyclohexylphosphine (1.160 g, 3.310 mmol, 0.041 equiv) (Note 18) and 

then quickly sealed with a rubber septum and placed under an inert 

atmosphere through five cycles of evacuation (1 mmHg) and purging with 

dry argon (Note 19). Tetrahydrofuran (400 mL) is then cannulated into the 

500-mL Schlenk flask resulting in a clear, pale yellow-orange solution (Note 

20). Under positive argon pressure the rubber septum is removed and 

replaced with an oven-dried water-cooled Graham condenser topped with an 

oven-dried hose barb adapter. Argon is allowed to flow through the system 

for 60 seconds at which point an argon inlet is attached to the hose barb and 

the Schlenk valve is closed. The reaction vessel is lowered into an oil bath 

preheated to 70 °C and the solution is allowed to reflux with stirring for 

20 min, during which time the catalyst solution turns colorless. The heating 

bath is then removed and the catalyst solution is allowed to cool to 23 °C 

over 10 min. The Schlenk valve is reopened and under a positive argon 

pressure the Graham condenser is replaced with a rubber septum and the 

head space is purged for 60 sec through a 20G (1.5 inch) vent needle. 

In parallel with the catalyst preparation, an oven-dried, 2000-mL, three- 

necked, round-bottomed flask equipped with a magnetic stir bar and fitted 

with an oven-dried water-cooled Graham condenser topped with a hose-barb 
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adapter in the center neck and a rubber septa on each side neck is charged 
with 4 (25.00 g, 80.15 mmol, 1 equiv), p-tolylboronic acid (16.39 g, 120.6 
mmol, 1.50 equiv) (Note 21), and freshly-ground, anhydrous potassium 
phosphate (51.06 g, 240.5 mmol, 3.00 equiv) (Note 22). The reaction flask 
is then quickly placed under inert atmosphere (through the condenser top) 
through five cycles of evacuation (1 mmHg) and purging with dry argon. 
Tetrahydrofuran (400 mL) is then added into the 2000-mL flask through one 

of the side necks (Note 23) by syringe, resulting in a white suspension. 

The catalyst solution is then cannulated into the 2000-mL reaction flask 

with stirring resulting in a yellow suspension. The reaction flask is lowered 

into an oil bath preheated to 70 °C and allowed to reflux with stirring for 

6 h. The heat source is then removed and the reaction mixture is allowed to 

cool for 20 min with stirring. The Graham condenser and septa are removed 

from the flask necks and the reaction is quenched with 1000 mL saturated 

ammonium chloride (Note 24) giving a biphasic mixture comprised of a 

clear colorless bottom layer and a clear yellow top layer. This mixture is 

poured into a 4000-mL separatory funnel. The reaction mixture is 

quantitatively transferred to the separatory funnel with a freshly prepared 

THF:diethyl ether (1:1) solution (2 x 200-mL). The layers are separated, 

and the aqueous layer is extracted with THF:diethy] ether (1:1) solution (400 

mL). The combined organic layers are washed with saturated aqueous 

sodium chloride (150 mL) (Note 25), dried over anhydrous MgSQOu,, and 

filtered through Celite. The solvent is removed via rotary evaporation 

(40 °C, 20 mmHg). Residual solvent is removed at reduced pressure (23 °C, 

1 mmHg) to afford the crude product as a yellow solid. Acetone (120 mL) is 

added to the crude product and the resulting mixture is swirled vigorously to 

give a yellow slurry. Diethyl ether (800 mL) is then added in 4 equal 

portions with swirling to give an off-white precipitate in a clear yellow 

solution. The precipitate is collected via vacuum filtration and allowed to air 

dry over vacuum for 5 minutes. The solid is transferred to a tared 100-mL 

round-bottomed flask and residual solvent is removed at reduced pressure 

(23 °C, 1 mmHg) to give the title compound as a free-flowing, air stable, 

off-white powder (19.86 g, 61.46 mmol, 77% yield). 

To this solid is then added acetone (100 mL) and the thin slurry is heated 

with stirring at 60 °C until the volume is reduced to 60 mL. Diethyl ether 

(400 mL) is then added in 4 equal portions with swirling to give a white 

precipitate in a clear light yellow solution. The precipitate is collected via 

vacuum filtration and allowed to air dry over vacuum for 5 min. The solid is 
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then transferred to a tared 100-mL round-bottomed flask and residual 

solvent is removed under reduced pressure (23 °C, 1 mmHg) to give the title 

compound as a free-flowing, air stable, white powder (17.30 g, 53.53 mmol, 

67% yield) (Note 26). 

D. 4-(p-Tolyl)-phenylboronic acid (6). A 1000-mL, single-necked, 

round-bottomed flask equipped with a PTFE-coated magnetic stir bar is 

charged with 5 (10.11 g, 31.27 mmol, 1 equiv), tetrahydrofuran (220 mL), 

and an aqueous solution of 1 M sodium hydroxide (93.5 mL, 93.5 mmol, 

2.99 equiv) to give a biphasic system consisting of a clear colorless bottom 

layer and a cloudy white top layer. The flask is covered with a 

polypropylene cap and the reaction is stirred vigorously at 23 °C for 10 min 

to give a biphasic system consisting of a clear colorless bottom layer and a 

clear yellow top layer. A saturated aqueous solution of ammonium chloride 

(250 mL) is then added and the reaction is allowed to stir vigorously for five 

min. The resulting mixture is poured into a 1000-mL separatory funnel and 

the reaction vessel is rinsed with diethyl ether (4 x 50 mL), each washing 

being poured into the separatory funnel. The layers are separated and the 

aqueous layer is extracted with a freshly prepared tetrahydrofuran:diethy] 

ether (1:1) solution (400-mL). The combined organic layers are dried over 

anhydrous MgSQ,, filtered through Celite, and concentrated via rotary 

evaporation (40 °C, 20 mmHg). The residual solvent is removed via three 

azeotropic cycles with acetonitrile on a rotary evaporator (3 x 50 mL, 40 °C, 

20 mmHg) and then at reduced pressure (23 °C, | mmHg) for 12 h to afford 

the title compound as a fine, off-white powder (6.24 g, 29.4 mmol, 94% 

yield) (Notes 27 and 28). 

2. Notes 

1. MIDA is a commercially available reagent. However, the 

synthesis described here is highly convenient and very inexpensive 

(estimated cost including all reagents and solvents is < 10 cents/gram of 

product). 

2. Iminodiacetic acid (98%) was obtained from Alfa Aesar (Lot No. 

A13R006) and used as received. 

3. Formalin (37 wt % formaldehyde) was obtained from Sigma- 

Aldrich (Lot No. 06010EH) and used as received. 

4. Failure to condense the formaldehyde also results in significant 

formation of paraformaldehyde on the condenser and addition funnel. 
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Paraformaldehyde can be easily removed with an alcoholic sodium 
hydroxide solution. All ground glass joints were sealed with Apiezon H 
high temperature vacuum grease and secured with Keck clips. 

5. Formic acid (98+%) was obtained from Acros (Lot No. A0254874) 
and used as received. 

6. Addition of formic acid results in effervescence of CO, which can 

become vigorous if the addition is performed too quickly. 

7. Ethyl alcohol (200 Proof, absolute, anhydrous, ACS/USP grade) 

was obtained by the submitters from Pharmco-Aaper, and by the checkers 

from Decon Labs, Inc., and used as received. 

8. The physical and spectral data for 2 are as follows: mp 215-216 °C 

dec, uncorrected; 'H NMR (400 MHz, DO) 8: 2.98 (s, 3 H), 3.96 (s, 4 H); 

°C NMR (100 MHz, 95:5 DMSO-d¢:D.0 w/ TMS) 8: 41.7, 56.7, 170.0; IR 
(thin film): 723, 886, 903, 958, 982, 1018, 1065, 1126, 1172, 1223, 1328, 

1380, 1477, 1682, 2955, 2998 cm’; LRMS (ESI+) m/z (rel. intensity) 219.1 

(24%), 148.1 (M", 100%), 102.1 (8%). HRMS (ESI+) for CsH;>NO, [M+H"] 

calcd 148.0604; Found: 148.0603 Anal. calcd. for CsH »NOxg: C, 40.82; H, 

6.17; N, 9.52; found: C, 40.55; H, 6.13; N, 9.40. 

9. 4-Bromophenylboronic acid (containing varying amounts of 

anhydride) was obtained from Aldrich (Lot No. 78396DJ) and used as 

received. To the best of the authors’ knowledge, the amount of boroxine 

present in the starting boronic acid has no effect on the complexation 

reaction. 

10. Toluene (certified ACS) was obtained from Fisher Scientific (Lot 

No. 072584) and used as received. Dimethyl sulfoxide (certified ACS) was 

obtained from Fisher Scientific (Lot No. 066635) and used as received. 

11. All ground glass joints were sealed with Apiezon H high vacuum 

grease and secured with Keck clips. The arm of the Dean-Stark trap was 

wrapped in two layers of aluminum foil to facilitate refluxing. 

12. The submitters removed the magnetic stir bar with forceps and 

rinsed with toluene in order to flush particulates back into the reaction flask, 

the checkers used a magnetic retriever and rinsed with toluene. 

13. The reaction is concentrated to remove toluene. There is no need 

to remove the DMSO at this point. 

14. Acetone (certified ACS) was obtained from Fisher Scientific and 

used as received. 
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15. Diethyl ether was obtained from a solvent delivery system, with 

solvent purified via passage through packed dry neutral alumina columns as 

described by Pangborn and coworkers.” 

16. It should be noted that the tan filtrate may be concentrated and the 

tan solid purified via silica gel column chromatography to obtain a nearly 

quantitative yield of the title product. 

17. In an experiment on 50% scale (12.5 g of 4-bromophenylboronic 

acid), the checkers obtained a yield of 83%. The physical and spectral data 

for 4 are as follows: mp 238-240 °C, uncorrected; 'H NMR (400 MHz, 

CD;CN) 8: 2.50 (s, 3 H), 3.89 (d, J = 16.0 Hz, 2 H), 4.07 (d, J = 16.0 Hz, 2 

H), 7.41 (d, J = 8.0 Hz, 2 H), 7.55 (d, J = 8.0 Hz, 2 H); '3C NMR (100 MHz, 

CD3CN) (6248-2, (62:5124.4,.131.6)135.29 169.2; ''B NMR (100 MHz, 

CD;CN) 8: 12.0; IR (thin film, acetone): 707, 812, 867, 995, 1037, 1187, 

1216, 1237, 1294, 1339, 1459, 1584, 1745, 3012 cm". LRMS (EI’) m/z (rel. 

intensity) 314.0 (97%), 313.0 (20%), 312.0 ([M‘+H], 100%), 311.0 (23%), 

283.0 (16%), 255.9 (16%). HRMS (EI+) for C;;Hi;2BBrNO, [M+H]' calcd: 

312.0037, found: 312.0035; Anal. caled. for C;;,H,;BBrNO,: C, 42.36; H, 

3.55; N, 4.49; Found: C, 42.42; H, 3.61; N, 4.67. 

18. Palladium (II) acetate (98%) was obtained from Sigma-Aldrich 

(Lot No. 09417MH) and used as_ received. (2-biphenyl)- 

dicyclohexylphosphine (97%) was obtained from Sigma-Aldrich (Lot No. 

12209BH) and used as received. Both compounds were massed out at a 

bench-top balance open to air. 

19. Although it is possible to perform this type of selective cross- 

coupling reaction without the use of a glovebox, it is very important that 

rigorous Schlenk techniques are utilized to exclude water. Failure to exclude 

water can result in hydrolysis of the MIDA boronate ester. 

20. The submitters obtained tetrahydrofuran from a solvent delivery 

system, with solvent passage through packed dry neutral alumina columns as 

described by Pangborn and coworkers.” It was dispensed directly from the 

system into an oven-dried, 1000-mL single-necked, round-bottomed flask 

which was quickly sealed with a rubber septum. Immediately following, the 

head space of the flask was purged with dry argon for 60 sec. The checkers 

distilled tetrahydrofuran from sodium and benzophenone. 

21. p-Tolylboronic acid was obtained from Oakwood Products, Inc. 

(Lot No. A30J) and used as received. 

22. K3PO, (anhydrous, 97%) was obtained from Alfa Aesar (Lot No. 

A23R022) and finely-ground just prior to use. It is very important that the 
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K3PO, is finely ground and that it remains anhydrous throughout this 
process. This can be achieved using a glove box. Alternatively, a convenient 
way to achieve this without the use of a glove box is as follows: ~10% 
excess of the desired amount of K3PO, is massed out on a benchtop balance 
and quickly poured into a hot mortar (removed from a 60 °C oven just prior 
to use) and finely ground quickly using a hot pestle (removed from a 60 °C 
oven just prior to use). The ground base is massed quickly on a benchtop 

balance and transferred to the reaction vessel. This was the method used by 

the checkers. 

23. The submitters obtained tetrahydrofuran and diethyl ether from a 

solvent delivery system, with solvent purified via passage through packed 

dry neutral alumina columns as described by Pangborn and coworkers.” The 

checkers distilled the tetrahydrofuran from sodium and benzophenone. 

24. Ammonium chloride (99.5% ACS reagent) was obtained from 

Sigma-Aldrich and added to deionized water until saturated. 

25. Sodium chloride (ReagentPlus > 99.5%) was obtained from 

Sigma-Aldrich and added to deionized water until saturated. 

26. In an experiment on 50% scale (12.5 g of 4-bromophenylboronic 

acid MIDA 4), the checkers obtained a yield of 70%. The physical and 

spectral data for 5 are as follows: mp 214-216 °C dec, uncorrected; 'H NMR 

(400 MHz, CD3CN) 6: 2.31 (s, 3 H), 2.54 (s, 3 H), 3.91 (d, J = 16.0, 2 H), 

4.09 (d, J = 16.0 Hz, 2 H), 7.28 (d, J = 8.0 Hz, 2 H), 7.56 (d, J = 8.0 Hz, 4 

H), 7.64 (dt, J = 8.0, 2.0 Hz, 2 H); '*C NMR (100 MHz, CD;CN) 8: 20.6, 

48.0, 62.3, 126.6, 127.2, 130.0, 133.6, 137.9, 138.1, 142.0, 169.1; ''B NMR 

(100 MHz, CD;CN) 4: 12.4; IR (thin film): 800, 985, 1035, 1236, 1299, 

1341, 1745, 3022 cm’; LRMS (EI) m/z (rel. intensity) 325.1 (18%), 324.1 

(M+H, 100%), 323.1 (23%), 323.0 (15%); HRMS (EI+) for CisHipBNO, 

[M+H] calcd: 324.1402, found: 324.1406; The submitters found: Anal. 

calcd. for C;sH;sBNOs,: C, 66.90; H, 5.61; N, 4.33; found: C, 66.72; H, 5.56; 

N, 4.47. An accurate microanalysis was not achieved by the checkers. The 

solid, free flowing product 5 was first dried under reduced pressure (23 rel 

mmHg), for a period of 5 h; found: C, 65.77; H, 5.56; N, 4.21. The solid was 

then re-precipitated from acetone and diethyl ether as described in the 

procedure and dried under reduced pressure (23 ‘C, 1 mmHg), for 24 h; 

found: C, 65.92; H, 5.70; N, 4.27. A sample that was precipitated twice and 

dried extensively under reduced pressure while being heated (35 CON 

mmHg), for 48 h, was further away than before; found: C, 63.90; H, 5.21; N, 

4.23. 
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27. In an experiment on 50% scale (5.05 g of 4-(p-tolyl)- 

phenylboronic acid MIDA 5), the checkers obtained a yield of 91%. The 

physical and spectral data for 6 are as follows: mp 136-138 °@ “dee, 

uncorrected; 'H NMR (400 MHz, 95:5 DMSO-d¢:D0) 6: 2.29 (s, 3 H), H22 

(d, J = 8.0 Hz, 2 H), 7.53 (d, J = 8.0 Hz, 2 H), 7.56 (d, J = 8.0 Hz, 2 H), 7.80 

(d, J = 8.0 Hz, 2 H); °C NMR (100 MHz, 95:5 DMSO-dg:D20) 4: 20.9, 

125.7, 126.8, 129.8, 135.0, 137.2, 137.4, 141.8; '"B NMR (95:5 DMSO- 
ds:D,0 w/ TMS) 8: 36.3; IR (thin film, acetone): 740, 806, 1003, 1093, 

1154, 1339, 1530, 1607, 3331 cm’; LRMS (EI) m/z (rel. intensity) 212.1 

(M+, 8%), 185.1 (16%), 170.1 (14%), 169.1 (M-BO>, 100%); HRMS (EI+) 

for C)3;H)3BO, [M*] calcd: 212.1003, found: 212.1006. Due to the 

unpredictable composition of boronic acids and their corresponding 

boroxines, elemental analysis does not provide an accurate measure of 

purity. Based on the 'H NMR the checkers afforded the title compound in 

91-93% purity. Based on 'H NMR, the submitters afforded the title 

compound in 82-87% purity (Note 28). 

28. The 'H NMR spectrum was obtained of a freshly prepared solution 

of product 6 in DMSO-d.:D,0 95:5 with tetramethylsilane (TMS) added as 

an internal reference. The following procedure was followed by the checkers 

to establish the purity of product 6: The integration for the methyl resonance 

at 2.29 ppm was normalized to 3.00 and the two minor resonances at 2.30 

and 2.25 ppm were integrated. The sum integration for the minor 

resonances was 0.21, which represented 7% of the total integration area in 

that region. Similarly, the aryl resonances at 7.80, 7.56, 7.53, and 7.22 ppm 

were integrated as were the eight minor resonances at 7.84, 7.74, 7.72, 7.65, 

7.49, 7.41, 7.39, and 7.16 ppm. The sum integration for the minor 

resonances was 0.79, which represented 9% of the total integration area in 

that region. The combined calculations suggest the presence of 7-9% 

impurity (91-93% purity). The following procedure was followed by the 

submitters to establish the purity of product 6: The integration for the methyl 

resonance at 2.35 ppm was normalized to 3.00 and the two minor resonances 

at 2.36 and 2.31 ppm were integrated. The sum integration for the minor 

resonances was 0.46, which represented 13% of the total integration area in 

that region. Similarly, the aryl resonances at 7.87, 7.62, 7.59, and 7.28 ppm 

were integrated as were the eight minor resonances at 7.91, 7.82, 7.77, 7.70, 

7.55, 7.45, 7.34, and 7.23 ppm. The sum integration for the minor 

resonances was 1.90, which represented 18% of the total integration area in 

352 Org. Synth. 2009, 86, 344-359 



that region. The combined calculations suggest the presence of 13-18% 
impurity (82-87% purity). 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 
accordance with "Prudent Practices in the Laboratory"; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Figure 1. Analogous strategies for the synthesis of peptides and small 

molecules. 

Iterative peptide coupling Iterative cross-coupling 

Oo MeN 
N-protected i NS B-protected NHFmoc : : maT protecte Hoy amino acid XZ _7 BOX | haloboronic acid 

OA mrme fs, Q-280H), OFLdko 

=<: ° >< ery 
(—Fmoc ) Piperidine HO2C = CO2H ag. NaOH 

(MIDA) 

Inspired by the powerful simplicity of peptide coupling (Fig. 1, left), 

we recently reported an analogous strategy for the synthesis of small 

molecules involving the iterative cross-coupling (ICC) of B-protected 

“haloboronic acids” (Fig. 1, right). In an ideal ICC pathway, only 

stereospecific cross-coupling reactions are utilized to assemble a collection 

of building blocks having all of the required functional groups preinstalled in 

the correct oxidation state and with the desired stereochemical relationships. 

This type of pathway is inherently modular and flexible, and thus highly 

amenable to analog and/or library synthesis. The approach is also well-suited 

for automation, a goal which is currently being pursued. 

To avoid random oligomerization, this strategy necessitates 

methodology for reversibly attenuating the reactivity of one end of the 

bifunctional haloboronic acids, analogous to an Fmoc protective group 

routinely utilized to control the iterative coupling of amino acids. In this 
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vein, we discovered that the trivalent heteroatomic ligand MIDA can 

pyramidalize and thereby inhibit the reactivity of a boronic acid under 

anhydrous cross-coupling conditions.’ This methodology enables the 

selective cross-coupling of B-protected haloboronic acids, and is general for 

aryl, heteroaryl, alkenyl, and alkyl derivatives (Table 1 and Fig. 2)? Critical 

Table 1. Cross-coupling and Deprotection of B-Protected Haloboronic 

Acids 

p-Tol-B(OH), 
MeN Pd(OAc), sg 1M aq. NaOH 

f 7 B- — as pote 7p pees aa Brz BO a veg C) p-Tolz 7 a? a THF, 23 °C p-Tolz 7 B(Oh), 

10 min 
PCy, 8 9 

1 mmol scale KgPO,, THF, 65 °C 

Entry 7 Protected product % Yield Deprotected product % Yield 

on— 7c 8c (ortho) 80 9c (ortho) 97° 

Cc p-Tol_ -S._ B(OH), 
4 7d ‘oO 81 ry 88 we Ser om 

B [o) B(OH 5 ze othe Be ex 82 sakelie (OH), 83 

8e 9e 

Lo B-O\"O Tol B(OH 
6 7f oa o~ So teal a ete ee 

4The same yield was observed whether this reaction was set up in the glovebox or in the air. 

B-Deprotection was achieved via treatment with saturated aq. NaHCO./MeOH, 23 °C, 6 h, (85%). 

¢ 2-(Dicyclohexylphosphino)-2',4',6'-triisopropyl-1,1'-biphenyl was used as ligand. 

she 

7a cos 0 8a(para) 874 B(OH), 9a (para) 86 
7b i “Sy ‘o~ So 8b(meta) 85 ptoit 9b (meta) 92 

p-Tol;; GALT, 1 re we 

Figure 2. Diverse Uses of B-Protected Haloboronic Acids 

ZA 
MeN Pho B(OH), wage ee 

pPh~~- BO a Pd(OAc)> Pd(PPhg)4, Cul eset goo 

Bie BPR oun BES ae 
poy, Sune 23 °C, 73% 

MeN wise PdCla(CH3CN)> % We 

were © |SPhos, KOAc Me pa ee Me 

RS ORO p Me Me : dodbag, Fur3P Ace a 0 

DMF, 45 °C, 91% he 3} ma 
Me7~O ‘2 

Me PhMe 
45 °C, 71% 

MeN MeO 
‘iS Te Bu,Sn_ ~ MeN 

MeO ~~ BO ) ) 7~2nCl f oso 
fe) = = = 

) © “"Pd(OAc)s,PPhy - Pd(OAc)p, SPhos_ BUSA SSN 
EtsN, DMF, 45 °C THF, 0°C 

90% 66% 
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for applications in complex small molecule synthesis, this ligand can be 

removed under very mild aqueous basic conditions, including 1N aqueous 

NaOH or even saturated aqueous NaHCO; in methanol (Table 1).° 

Our early studies have additionally demonstrated the feasibility of the 

ICC concept with the synthesis of a variety of small molecule natural 

products (for example, see Schemes 1 and 2).? We herein describe methods 

for translating some of this chemistry to the decagram scale. 

Scheme 1 
MeN 

joeso. 
1. ag. NaOH, THF, 23 °C 

mn y/ 0° So o a NS 10 min., 93% = 

B(OH). : wees 2. MeO 
Mew \~""""? Bd(OAc)a, JohnPhos Me“ o” *o Pdadbas 

K3PO,4, THF Br omom yonnthos 
: Ss 2 3 65 °C, 15h, 80% Bo THF. 80°C 

. 28 h, 73% 
Me AON So 

1. aq. NaOHTHF, 23 °C 
we a omom 10 Min., 99% 

Me SS Biionen igh onoee ‘ iohnPhos 
MeN AG = KaCO3, THF 

° 65 °C, 20h, ratanhine 

81% 
p-MOMOPhCO, 

3. HCI, MeOH, 65 °C, 1h HO 

41% (unoptimized) 

Scheme 2 five 
e 

yf is MeN 
Me Me Me Brow BO a Me. Me ane aS 

AL BH), 2 LB ORO 
Pd(OAc)2, SPhos 

Me K3PO4, Toluene Me 
23 °C, 78% 

1. ag. NaOH, THF, 23 °C 

2, Me H 
AL A Pa(OAe)2 Me Me Me Meat 

Br © SPhos Se a 
> 

fe) 

K3POxq, THF, 23 °C, 66% Me  all-trans-retinal 
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Importantly, there are many features of this chemistry that make it 

very well-suited for execution on scale. First, MIDA is non-toxic, 

biodegradable,’ and can be conveniently prepared in analytically pure form 

using the procedure described herein for very low cost (estimated cost 

including all solvents and reagents is < 10 cents/gram). In addition, the 

MIDA ligand is indefinitely stable on the benchtop under air. The low cost 

of this procedure is in large part because the key starting material, 

iminodiacetic acid, is a commodity chemical used in the preparation of 

herbicides (>60,000 metric tons of iminodiacetic acid is synthesized 

worldwide each year).’ The only other reagents are formic acid and 

formaldehyde. 

A previously reported synthesis of MIDA (2) proceeds in moderate 

yield from the reaction of methylamine and chloroacetic acid.° A more 

effective preparation utilizes formalin and formic acid to reductively 

methylate iminodiacetic acid in good yield (the Eschweiler-Clarke 

conditions).’ The simple method described herein is an optimized version of 

this reaction, and is viewed by the submitters to be considerably more 

convenient and effective than syntheses reported previously. 

The synthesis of MIDA boronates were first reported by Mancilla and 

coworkers.’ We herein describe a simple and efficient procedure for 

preparing substantial quantities of B-protected haloboronic acids using a 

minimum volume of DMSO (employed to solubilize the MIDA ligand). 

Specifically, using a standard Dean-Stark apparatus, the complexation 

between p-bromophenylboronic acid and MIDA proceeds in excellent yield 

with purification via simple precipitation from acetone/Et)O. Moreover, the 

selective Suzuki-Miyaura cross-coupling between p-tolylboronic acid and 

this B-protected haloboronic acid** was achieved on the decagram scale 

without the use of a glove box. In order to avoid MIDA hydrolysis during 

the course of this reaction, it is critical to utilize rigorous Schlenk techniques 

and avoid the introduction of water. Freshly grinding anhydrous K;PO, 

using a hot mortar and pestle (recently removed from a 60 °C oven) is a 

convenient way to maintain anhydrous conditions during the reaction setup. 

Alternatively, a glove box can be used. Finally, we demonstrate that the 

hydrolysis of the MIDA ligand can conveniently be performed on scale to 

yield the corresponding boronic acid. 

In addition to the capacity for iterative cross-coupling, there are 
numerous enabling features that make MIDA boronates highly attractive 
intermediates for organic synthesis. In contrast to their boronic acid 
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counterparts, these compounds are invariably monomeric and_ highly 
crystalline free-flowing solids. They have also proven to be extremely stable 
to benchtop storage under air and universally compatible with silica gel 
chromatography.’ As demonstrated herein, the synthesis, selective cross- 
coupling, and deprotection of MIDA boronates is also scalable. Moreover, 
we have recently discovered that the MIDA boronate functional group is 
stable to a wide range of common synthetic reagents, thereby enabling 

complex boronic acid building blocks to be reliably prepared from simple B- 

containing starting materials via multistep synthesis.’ In addition, we have 

found that MIDA boronates can serve directly as cross-coupling partners 

under aqueous basic conditions via the in situ release of the corresponding 

boronic acids.'° Collectively, these features suggest that MIDA boronates 

represent a superior platform for the preparation, purification, storage, and 

utilization of organoboranes in organic synthesis. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

N-Methyliminodiacetic acid;(4408-64-4) 

Iminodiacetic acid; (142-73-4) 

Formalin; (50-00-0) 

Formic acid; (64-18-6) 

4-Bromophenylboronic acid; (5467-74-3) 

Palladium (II) acetate; (3375-3 1-3) 

(2-Biphenyl)dicyclohexylphosphine; (247940-06-3) 

p-Tolylboronic acid; (5720-05-8) 
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RHODIUM-CATALYZED ENANTIOSELECTIVE ADDITION OF 

ARYLBORONIC ACIDS TO IN SITU GENERATED N-BOC 

ARYLIMINES. PREPARATION OF (S)-TERT-BUTYL (4- 

CHLOROPHENYL)(THIOPHEN-2-YL)METHYLCARBAMATE 

Q -Na 

S Se Ss. HCOOH (2 equiv) O=S=O 

\ y) + Boo” 2 + ei O H,0, rt, 3 days Boc., S 

rae el 
H y/ 

1 

cl 

? 2.5% [RhCl(cod)]2 
5.5% (R,R)-dequPHOS 

K2CO3 (6 equiv), EtsN (1.5 equiv), BOC, S 
4A sieves, dioxane, 70°C, 16h 4 Yj 

B(OH)» 
2 

(PhP PPh) 

(R,R)-deguPHOS 

Submitted by Morten Storgaard and Jonathan A. Ellman. 

Checked by Jason A. Bexrud and Mark Lautens. 

1. Procedure 

A. tert-Butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate (1). In a 

250-mL, round-bottomed flask benzenesulfinic acid sodium salt (13.13 g, 

80.0 mmol, 2.0 equiv) (Note 1) is dissolved in H2O (105 mL) (Note 2). tert- 

Butyl carbamate (4.69 g, 40.0 mmol, 1.0 equiv) (Note 3) is added, but does 

not dissolve. 2-Thiophene-carboxaldehyde (5.50 mL, 6.73 g, 60.0 mmol, 1.5 

equiv) (Note 4) is added forming a yellow emulsion. Formic acid (3.10 mL, 

3.68 g, 80.0 mmol, 2.0 equiv) (Note 5) is added. The flask is loosely fitted 

with a rubber septum and the white, opaque, biphasic mixture is stirred 
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vigorously at room temperature (23 °C). After a couple of hours the water 
phase becomes clear. The product 1 is formed as yellow chunks, which 
become more dispersed in the water phase as the reaction proceeds. After 3 
days (Note 6) of stirring the suspension is vacuum filtered (Note 7). The 
yellow chunks are crushed with a spatula, and the product is triturated with 
H,O (2 x 10 mL) and Et,O (2 x 10 mL) (Note 8). After each trituration the 

solvent is removed by vacuum filtration. Finally, it is dried for an hour under 

high vacuum (Note 9) to give the imine precursor 1 as a white solid (8.21 g, 

58%) (Notes 10 and 11). 

B. (S)-tert-Butyl (4-chlorophenyl)(thiophen-2-yl)methylcarbamate (2). 

An oven-dried (Note 12), 250-mL, three-necked round-bottomed flask with 

a magnetic stir bar is equipped with a vacuum adaptor in the middle neck 

and glass stoppers in the two other necks (one of which is loosely fitted to 

allow an outflow of nitrogen gas). The adaptor is connected to a nitrogen gas 

line (Note 13) and the flask is purged with nitrogen as it is allowed to cool to 

ambient temperature (23 °C). The flask is then charged with [RhCl(cod)} 

(247 mg, 0.50 mmol, 0.025 equiv) (Note 14) and (R,R)-deguPHOS (583 mg, 

1.1 mmol, 0.055 equiv) (Note 15) by removing one of the glass stoppers. A 

septum is used to seal the flask and the other glass stopper is exchanged with 

an adaptor equipped with a thermometer. The flask is then purged with 

nitrogen for 5 min and a positive nitrogen flow is thereafter maintained to 

ensure an oxygen-free atmosphere inside the flask (Note 16). Dry dioxane 

(80 mL) (Note 17) is added through the septum via a syringe and the flask is 

submerged into an oil bath (70 °C), and the mixture is stirred for 1 h 

(internal temperature: 65 °C, reached after 20 min). Initially, the precatalyst 

is not fully soluble in dioxane, but as the preincubation proceeds it 

completely dissolves. The solution of the active catalyst is clear and dark 

orange. 

Meanwhile (Note 18), a 500-mL, oven-dried, three-necked round- 

bottomed flask (Note 19) with a magnetic stir bar is equipped with a vacuum 

adaptor in the middle neck and glass stoppers in the two other necks (one of 

which is loosely fitted to allow outflow of nitrogen gas). The adaptor is 

connected to a nitrogen gas line and the flask is purged with nitrogen as it is 

allowed to cool to ambient temperature (23 °C). The flask is then charged 

with tert-butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate (1) (7.07 g, 

20.0 mmol, 1.0 equiv), 4-chlorophenylboronic acid (6.26 g, 40.00 mmol, 2.0 

equiv) (Notes 20 and 21), K,CO; (16.58 g, 120.0 mmol, 6.0 equiv) (Note 22) 

and 4A powdered molecular sieves (32 g) (Note 23) by removing one of the 

Org. Synth. 2009, 86, 360-373 ) 361 



glass stoppers. A septum is used to seal the flask, and the other glass stopper 

is exchanged with an adaptor equipped with a thermometer. The flask is then 

purged with nitrogen for 5 min, and a positive nitrogen inflow is maintained 

to ensure an oxygen-free atmosphere inside the flask. Dry dioxane (240 mL) 

is added through the septum via a syringe immediately before the 

preincubation is complete (described above). Additionally, dry triethylamine 

(4.20 mL, 3.04 g, 30.00 mmol, 1.5 equiv) (Note 24) is added via a syringe. 

The white suspension is stirred vigorously at room temperature (23 °C) 

while adding the preincubated solution of catalyst and ligand via cannula 

transfer (Note 25) resulting in a yellow suspension. The reaction flask is 

submerged into an oil bath (70 °C), and the yellow suspension is stirred 

vigorously for 16 h (internal temperature: 70 °C) (Note 26). The yellow 

suspension is allowed to cool to ambient temperature (23 °C) over the course 

of one hour and vacuum filtered through a plug of Celite'™ (Note 27), which 

is rinsed with EtOAc (300 mL) (Note 28). The combined yellow filtrates are 

evaporated in vacuo (Note 29) to give a yellow solid (Note 30). The crude 

product is purified by flash chromatography (6.5 x 20 cm, 270 g silica gel) 

(Note 31) using a gradient of 5 to 15% EtOAc in hexanes and fractions of 50 

mL. The column is eluted with 500 mL of 1:19 EtOAc:hexanes (Note 32), 

500 mL of 1:12 EtOAc:hexanes, 1500 mL of 1:9 EtOAc:hexanes, 500 mL of 

1:7. EtOAc:hexanes and finally with 500 mL of 1:5 EtOAc:hexanes. 

Fractions 32-65 (Note 33) are combined, evaporated in vacuo and dried 

overnight under high vacuum affording the title compound 2 as a white solid 

(4.92 g, 76%) (Notes 34 and 35) with 93% ee (Notes 36 and 37). 

2. Notes 

1. Benzenesulfinic acid sodium salt (98%) was purchased from 

Sigma-Aldrich and used without further purification. 

2. Deionized water (H2O) was used in all cases where the procedures 

call for water. 

3.  tert-Butyl carbamate (98%) was purchased from Sigma-Aldrich 

and was used without further purification. 

4. 2-Thiophene-carboxaldehyde (98%) was purchased from Sigma- 

Aldrich and was used without further purification. 

5. Formic acid (HCOOH) (reagent grade, >95%) was purchased from 

Sigma-Aldrich and was used without further purification. 
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6. This reaction was originally published by Wenzel and Jacobsen” 
giving only a 44% yield of product 1 when MeOH:H,0O (1:2) was used as 
the solvent and with a 3 day reaction time. We attempted to increase the 
yield by heating the reaction mixture to 50 °C, but this resulted in product 
decomposition. Increasing the reaction concentration resulted in only a slight 
increase in the yield of 1. Reducing the amount of MeOH resulted in the 
most significant increase in yield. Ultimately, running the reaction in pure 

H,O gave the reported yield. Lower yields were achieved with a reaction 

time of only 1 day (44%), while a further increase in the yield can be 

achieved after 5 days (74%). 

7. Wilmad Labglass sintered glass funnel, 60 mL, size M, was used. 

8. Diethyl ether (Et,O), anhydrous HPLC grade, stabilized, was 

purchased from Fisher Scientific Chemicals and was used without further 

purification. 

9. High vacuum refers to 0.025 mmHg at 23 °C. 

10. ¢ert-Butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate (1) 

exhibits the following properties: mp 160-162 °C (decomp.). 'H NMR (400 

MHz, CDCl;) 5: 1.26 (s, 9 H), 5.62 (d, J = 10.0 Hz, 1 H), 6.18 (d, J = 10.8 

Hz, 1 H), 7.05—7.09 (m, 1 H), 7.26—7.28 (m, 1 H), 7.41—7.43 (m, 1 H), 7.52— 

7.57 (m, 2 H), 7.63—7.65 (m, 1 H), 7.90-7.94 (m, 2 H). '*C NMR (100 MHz, 
CDG )70:'28.25, 70.4, 8117501272621 28:0,429:3 2129.6,'129.813h7; 34.3, 

136.7, 153.4. IR (neat) 3347, 2955, 1699, 1510, 1306, 1150 cm’. Anal. 

calcd for CysH;9>NO4S2: C, 54.37; H, 5.42; N, 3.96; found: C, 54.39; H, 5.40; 

N, 3.87. 

11. A second run by the checkers provided 10.57 g (75%) of 1 with a 

melting point range of 159-161 °C. The submitters reported a yield of 8.46 

g (60%) with a melting point range of 162-164 °C. 

12. Oven-dried refers to drying of flasks, glass stoppers, adaptors and 

magnetic stir bars in an oven (150 °C) overnight before use. The glassware 

was assembled while still hot and cooled to ambient temperature (23 °C) 

under high vacuum. The submitters cooled the glassware under high 

vacuum. 

13. The nitrogen gas line was a standard dual manifold with multiple 

ports with stopcocks that allow vacuum or nitrogen to be selected without 

the need for placing the flask on a separate line. One manifold was 

connected to a source of nitrogen dried through a tube of Drierite® (>98% 

CaSO,, >2% CoCh), while the other was connected to a high-vacuum Fisher 

Scientific Maxima® C Plus Model M8C pump (0.025 mm Hg). The nitrogen 
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gas line was vented through an oil bubbler that was connected to the 

manifold through a valve (making it possible to disconnect the bubbler 

during cannula transfer), while solvent vapors were prevented from 

contaminating the pump through a dry ice/isopropanol cold trap. 

14. [RhCl(cod)], (chloro(1,5-cyclooctadiene)rhodium(1) dimer), 98%, 

which is air stable, was purchased from Strem and was used without further 

purification. 

15. (R,R)-deguPHOS ((3R,4R)-1-benzyl-3,4-bis-diphenylphosphany]- 

pyrrolidine), 98%, was purchased from Strem and was used without further 

purification. 

16. The active catalyst is very sensitive to air. It is important to 

introduce a nitrogen atmosphere to the flask and maintain a positive pressure 

of nitrogen throughout the preincubation and the reaction to prevent catalyst 

decomposition. 

17. 1,4-Dioxane, HPLC grade, was purchased from Fisher Scientific 

Chemicals and passed through a column of dry, activated, basic alumina 

under a nitrogen atmosphere. The solvent is transferred to the flask via a 

syringe without exposure to air. 

18. This part of the procedure can be performed while stirring the 

precatalyst and ligand, but the dioxane and Et;N should not be added until 

just immediately before the active catalyst is ready (1 h at 70 °C). This is to 

avoid premature hydrolysis of the in situ generated imine, which results in a 

decreased yield of the title compound 2. 

19. A 500-mL flask was used instead of a 1000-mL to reduce the risk 

of catalyst decomposition — minimizing unoccupied volume reduces the risk 

of oxygen contamination. 

20. 4-Chlorophenylboronic acid (95%) was purchased from Sigma- 

Aldrich and recrystallized from H2O before use as described in Note 21. 

21. Commercially available arylboronic acids contain boroximes 

(anhydride trimers) that do not add efficiently to the in situ generated imine. 

Therefore, to maximize formation of the title compound 2, we found it very 

important to recrystallize and dry the arylboronic acid before use. This was 

carried out as follows: in a 1000-mL conical flask was added 4- 

chlorophenylboronic acid (10 g) (Note 20) and HO (400 mL) and the flask 

was covered with a watch glass. The suspension was heated to boiling over 

the course of 25 minutes on a heating plate (115 °C) under vigorous stirring 

with a magnetic stir bar. The boiling point was maintained for 5 minutes to 

fully dissolve the boronic acid. The hot solution was filtered through filter 
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paper using gravity filtration to remove insoluble particles. The colorless 
solution was cooled to ambient temperature (23 °C) overnight and then was 
cooled in an ice bath for 1 hour (internal temperature: 5 °C). During the 
cooling process the aryboronic acid precipitated and was isolated by vacuum 
filtration and dried by continuing the vacuum filtration for an additional 15 
minutes. To remove further amounts of water the boronic acid was dried in 
high vacuum at room temperature (23 °C) until 'H NMR analysis in DMSO- 

ds showed a composition of no more than approx. 5% boroxime and 30% 

HO, at which point the mass of product was 8.0-8.6 g of white microplates. 

The drying procedure is important because reaction of pure boroxime will 

cause a reduction in the yield of the title compound 2 down to 52%, 

Depending on the initial amount of water in the recrystallized batch and the 

vacuum pump capacity, the time of drying may vary. Usually we were able 

to obtain the above-mentioned composition requirements within 5-15 

minutes of drying in high vacuum. It is highly recommended to dry the 

arylboronic stepwise, e.g. 5 minutes at a time and then analyze the 

arylboronic by NMR. In DMSO-d, (dried prior to use over 4A molecular 

sieves, 3.2 mm pellets) 4-chlorophenylboronic acid exhibits the following 

chemical shifts (300 MHz): 8 8.16 (s, broad), 7.79 (d, J = 8.3, 2H), 7.39 (d, J 

= 8.3, 2H), while the corresponding boroxime exhibits these shifts: 6 7.86 

(d, J = 8.1, 2H), 7.42 (d, J = 8.1, 2H). The composition can be determined 

using the integrals directly if the DMSO is water-free. Occasionally, we 

found it difficult to remove the excess of water without increasing the 

amount of boroxime to strictly more than 5%. In such cases the batch should 

be recrystallized again. 

22. Potassium carbonate (K,CO;), anhydrous, was purchased from EM 

Science (an affiliate of Merck KGaA) and was dried overnight before use 

under high vacuum at 100 °C in a thermostatically controlled oil bath. 

23. Molecular sieves, 4A, <5 microns, powdered, were purchased from 

Sigma-Aldrich and activated under high vacuum at 230-260 °C overnight. 

Heating was achieved by a Glas-Col® heating mantle, 2/3 filled with sand 

and connected to a Powerstat® variable autotransformer (in: 120 V, 50/60, 

~1 PH, out: 0-140 V, 10 A, 1.4 KVA). The transformer was adjusted to 

approx. 250 °C as measured with a thermometer placed directly into the 

sand. 

24. Triethylamine was purchased from Fisher Scientific Chemicals and 

was freshly distilled from CaH, under a nitrogen atmosphere before use. 
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25. Cannulation technique (Figure 1) was used to conveniently transfer 

the active catalyst solution (A) to the mixture of starting materials, bases and 

molecular sieves (B) through a cannula (C) without exposure to air. Before 

inserting the cannula into the flasks, an extra oil bubbler (D) was attached to 

flask B via a needle through the septum. The cannula (C) was then inserted 

into flask A and after a minute the other end of C was inserted into flask B. 

To cannulate the catalyst solution (A), the nitrogen inlet to flask B (E) and 

the Schlenk line oil bubbler (F) were both closed making the extra oil 

bubbler (D) the only outlet from the system. After complete cannulation E 

and F were both opened again, and the extra bubbler (D) and cannula (C) 

were removed. 

26. It is not convenient to monitor the progress of the reaction by TLC 

because the diagnostic compound (the imine formed in situ from 1) is 

unstable and does not elute without decomposition on TLC. Therefore, we 

ran a number of reactions on small scale (0.250 mmol) at different reaction 

times. We found that the amount of the title product 2 reaches a 65-67% 

NMR yield after 10 hours. Neither product decomposition nor an increase in 

yield are observed with prolonged reaction times, e.g., 40 hours at 70 °C. 

For convenience we chose a 16h reaction time. 

d7*Celte™ powder, 545 filter aid, not acid washed, was purchased 

from Fisher Scientific and was used without further purification. The filter 

plug was prepared by mixing Celite'™ (20 g) with EtOAc (80 mL) and 

filtered through a Kimax” sintered glass funnel, 150 mL — 60F. 

28. Ethyl acetate (EtOAc), HPLC grade, was purchased from Fisher 

Chemicals and was used without further purification. 

29. Evaporation in vacuo was carried out on a Biichi Rotavapor R-114 

at 45 mmHg with a Biichi Waterbath B-480 at 35 °C, unless otherwise 

stated. 

30. The 'H NMR (CDCI) spectrum of the crude product was recorded 

to determine if the reaction proceeded as expected. Besides EtOAc, dioxane 

and the peaks corresponding to the title compound 2 (Note 34), the crude 

product also contains 2-thiophene-carboxyaldehyde (9.68 ppm), and other 

decomposition compounds: 6 7.86, 7.75, 4.57 and 1.28 ppm. If the reaction 

has been performed correctly there should be only trace amounts of the the 

in situ generated imine (9.05 and 1.57 ppm) in the crude product, and the 

crude product should be a yellow solid rather than an oil. 

31. Silica gel 60 (0.040—-0.063 mm), 230-400 mesh ASTM, was 

purchased from Merck KGaA and used without further purification. 
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32. Hexanes, HPLC grade, was purchased from Fisher Scientific and 
used without further purification. 

33. TLC of fractions is performed using Dynamic Adsorbents, Inc. 
glass plates coated with 250 mm F-254 silica gel. 15% EtOAc in hexanes is 
used as the eluent. Visualization is achieved with UV (Spectroline®, Model 
EF-140C, short wave ultraviolet 254 nm) and subsequently with PMA 
staining (10 g phosphomolybdic acid + 100 mL absolute EtOH) by 
immersion and heating with a heat gun. The title compound 2 is visible by 

UV and stains dark brown with PMA at an Ry= 0.41. Trace amounts of 2- 

thiophene-carboxaldehyde, which is generated by decomposition of fert- 

butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate (1), elutes at Ry= 0.35. 

This aldehyde is only visible by UV and does not stain with PMA. Fractions 

containing both thiophene-carboxaldehyde and 2 are collected because this 

aldehyde is easy to remove under vacuum (boils at 75 — 77 °C at 11 mmHg). 

Fractions containing an impurity with Ry = 0.22 (visible by UV and stains 

brown with PMA) were not collected. 

34. The title compound (2) exhibits the following properties: mp 138— 

140 °C. 'H NMR (400 MHz, CDCI) 5: 1.43 (s, 9 H), 5.20 (broad s, 1 H), 

6.10 (broad s, 1 H), 6.77—6.80 (m, 1 H), 6.90-6.94 (m, 1 H), 7.22—7.34 (m, 5 

H). °C NMR (100 MHz, CDCl;) 8: 28.6, 54.2, 80.5, 125.5, 125.9, 127.1, 

128.5, 129.0, 133.7, 140.6, 145.9, 154.9. IR (neat) 3347, 2979, 2921, 2361, 

1686, 1515, 1233, 1169 cm”. [a]p”’ +11.0 (c = 0.5, EtOH). MS (ESI+) m/z 
346 (M’ + Na, 100%), 347 (17%), 348 (40%). Anal. calcd. for 

Ci6H;gCINO.S: C, 59.34; H, 5.60; N, 4.33; found: C, 59.50; H, 5.63; N, 

4.23. 

35. The checkers also performed the reaction at half-scale and isolated 

pure product in a 65% yield at 96% ee. The submitters report a full-scale 

reaction to provide product in 65% yield at 95-99% ee. 

36. The absolute configuration was shown by anomalous dispersion to 

be (S) using X-ray crystallography. This configuration is consistent with 

prior additions of this type [see Reference 13]. 

37. Enantiomeric excess is determined by chiral HPLC using an 

Agilent 1100 series instrument and a Chiralpak® AS-H column (amylose 

tris[(S)-ca.-methylbenzyl-carbamate] coated on 5 mm silica gel), L = 250 mm, 

I.D. = 4.6 mm, from Danicel Technologies, LTD. 1% EtOH in hexanes is 

used as the eluent (isochratic) with a flow rate of 1.00 mL/min (max. 70 bar) 

for 25 minutes. For optimal performance the column is equilibrated with the 

solvent system for at least 45 minutes before running the sample. A sample 
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is prepared by dissolving approx. 1 mg compound in | mL of 1% EtOH in 

hexanes and filtering through a 4 mm nylon syringe filter (0.45 mm) 

purchased from National Scientific. 5.0 mL of this solution is used for 

injection. To determine the retention times for both enantiomers, a racemate 

of 2 (synthesized with dppBenz as ligand) can be analyzed: (R)-enantiomer 

(minor): 11.1 minutes and (S)-enantiomer (major): 13.5 minutes. Samples 

are analyzed at the following wavelengths: 222, 230, 250 and 254 nm each 

of which gave similar %ee. 

Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 

3. Discussion 

Synthesis of enantiomerically pure functionalized amines is of great 

importance because such compounds are widely used in drugs. The 

rhodium-catalyzed enantioselective addition of arylboronic acids to in situ 

generated N-Boc aromatic imines is a general and easy method for the 

preparation of N-Boc protected diaryl methanamines. The first reported 

example of addition of arylboronic acids to an imine was the addition to N- 

sulfonyl aldimines published in 2000 by Miyaura and co-workers.> A 

number of enantioselective variants were later developed using chiral 

ligands, such as N-Boc-L-valine amidomonophosphanes,’ (1R,4R)- 

bicyclo[2.2.2]-octadienes,’ (S)-ShiP,° monodentate phosphoramidites,’* 

binaphtholic phosphites,® tetrahydropentalenes,’ and (R,R)-deguPHOS."° 

Most of the methods are limited to aromatic imines, but more recently 

enantioselective catalytic additions to aliphatic imines have also been 

reported.!"!? 

However, these methods suffer from a number of drawbacks. For 

example, all of the methods utilize unstable imine substrates, and many of 

the methods necessitate the use of very harsh conditions to remove the N- 

substituent present in the addition products. Some of these problems were 

previously solved by the Ellman group using N-Boc aromatic imines 

generated in situ from easily prepared and stable a-carbamoyl sulfones in an 

enantioselective addition with arylboronic acids (Table 1).'° Commercially 
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available (R,R)-deguPHOS was used as the chiral ligand to obtain 
enantiomeric excesses up to 99%. However, Rh(acac)(coe)) was used as the 
precatalyst, and it is currently not commercially available. Moreover, 
Rh(acac)(coe), is highly air-sensitive necessitating that the reactions be set 
up in a nitrogen-filled glovebox,'* which is inconvenient for most research 
laboratories. 

Table 1. Synthesis of various N-Boc amines." 

5% Rh(acac)(coe)> 

5.5% (R,R)-deguPHOS 

SO,Ph Ar-B(OH), (2 equiv) Ar 
BocHN~ Ar! KzCO3 (6 equiv), Ets3N (1.5 equiv) mada ahs 

4A sieves, dioxane, 70 °C, 20 h 

Entry Ar’ Ar Yield (%)* ee (%)” 

1 Ph 4-CIC6H, 76 98° 

2 Ph 4-MeC,H,4 70 96 

3 Ph 4-MeOC.H, 76 93° 

4 Ph 4-CF3C.H, 51 95° 

5 Ph 3-CICsH, 55 99 

6 Ph 3-MeC¢H,4 66 95 

ah Ph 3-AcCsH, 62 94 

8 Ph 2-MeC¢H, 62 93 

9 4-MeC.H, Ph 7% 90 

10 3-MeC,H, Ph 70 95 

11 2-MeC.H, Ph 63 97 

12 4-BrC6H, Ph 59 90 

13 2-thienyl Ph 71 96 

14 4-MeOC.H, Ph 76 96° 

15 4-CF3C.H, Ph 69 79° 

“ Isolated yields after chromatography. > Determined by chiral HPLC analysis. 

Absolute configuration established by comparison of the optical rotation of 
2 és 5 14 

amine obtained upon Boc cleavage to literature values. 

Optimization of this chemistry was therefore revisited. We found that 

the inexpensive and air-stable precatalyst, [RhCl(cod)},, performed equally 

well to Rh(acac)(coe)). Unfortunately, an enantiomeric excess of only 40% 

was achieved with this precatalyst. To improve the enantiomeric excess, we 
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therefore performed a series of preincubation experiments whereby 

[RhCl(cod)], and (R,R)-deguPHOS were stirred at 70 °C in dioxane prior to 

adding the starting materials, bases and molecular sieves. We found that one 

hour of preincubation resulted in a dramatic improvement in the 

enantiomeric excess to at least 95% ee. Shorter preincubations gave lower 

enantiomeric excess, whereas longer incubations were not beneficial. 

Furthermore, we discovered that the presence of significant quantities 

of the boroxime (cyclic anhydride) in the boronic acid resulted in a 

decreased yield of the title compound 2. Decreased yields may occur 

because the boroxime adds only slowly to the in situ generated imine, which 

competitively hydrolyzes under the reaction conditions. Commercially 

available boronic acids contain varying amounts of boroxime and therefore 

should be recrystallized from water before use. To avoid too much water in 

the reaction mixture, the boronic acid should also be dried prior to use. 

Boronic acids should not contain more than 5% boroxime and preferentially 

no more than 30% water as determined by 'H NMR in dry DMSO-d,. 

Figure 1: Cannulation technique 

A 
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To expand the usability of the chemistry and to make it easier to 
perform on larger scale the reaction was set up using Schlenk techniques. 
This reaction set up provides for efficient reactions on both small and large 
scale, but it is important to transfer the active catalyst solution by 
cannulation technique to completely avoid exposure to air. 

In conclusion, the title product 2 has been prepared in good yield and 
with high enantioselectivity. We believe that these optimized conditions 
should be compatible with the same range of different a-carbamoyl sulfones 

and arylboronic acids reported previously (Table 1).'° This method, which 

utilizes the commercially available (R,R)-deguPHOS chiral ligand and the 

commercially available and air stable [RhCl(cod)]) precatalyst, does not 

require the use of a glovebox and represents a straightforward and general 

method for the enantioselective synthesis of N-protected diaryl 

methanamines. 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

tert-Butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate: Carbamic acid, 

N-[(phenylsulfonyl)-2-thienylmethyl]-, 1,1-dimethylethy] ester; 

(479423-34-2) 

tert-Butyl carbamate: Carbamic acid, 1,1-dimethylethyl ester; (4248-19-5) 

2-Thiophene-carboxaldehyde; (98-03-3) 

Benzenesulfinic acid sodium salt; (873-55-2) 

[RhCl(cod)],; (12092-47-6) 

(R,R)-deguPHOS: Pyrrolidine, 3,4-bis(diphenylphosphino)-1 - 

(phenylmethyl)-, (3R,4R)-; (99135-95-2) 

4-Chlorophenylboronic acid: Boronic acid, B-(4-chlorophenyl)-; (1679-18- 

1) 
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MAGNESIATION OF WEAKLY ACTIVATED ARENES USING 

tmp,Mg-2LiCl: SYNTHESIS OF TERT-BUTYL ETHYL 

PHTHALATE 

N}Mg-2tic\ 
COsEt 3 CO>Et 

aoe 

THF, 25 °C, 30 min 
then Boc,O : 

Submitted by Christoph J. Rohbogner,' Andreas J. Wagner, Giuliano C. 

Clososki,” and Paul Knochel. ' 

Checked by Jeremy P. Olson and Huw M.L. Davies. 

1. Procedure 

A. Preparation of tnpMgCl-LiCl. A dried and nitrogen-flushed 1-L 

Schlenk flask (Note 1), equipped with a magnetic stirring bar and rubber 

septum, is charged with iPrMgCl-LiCl (792 mL, 1.2 M in THF , 950 mmol) 

(Note 2) then 2,2,6,6-tetramethylpiperidine (141.3 g, 1.00 mol) (Note 3) is 

added dropwise within 5 min via syringe. The mixture is stirred until gas 

evolution ceases (24-48 h) (Note 4). Titration prior to use shows a 

concentration of 0.95 M (Notes 4 and 5).*° 

B. Preparation of tmp2Mg:2LiCl and synthesis of tert-butyl ethyl 

phthalate. A flame-dried and nitrogen-flushed 500-mL Schlenk flask (Note 

1), equipped with a magnetic stirring bar and rubber septum, is charged with 

100 mL of dry THF (Note 7) cooled in a -40 °C cooling bath (Note 8) and 

stirred for 15 min at this temperature. Then n-BuLi (45.5 mL, 2.22 M in 

hexanes, 100 mmol, 1.1 equiv) (Note 9) is added at once via syringe. After 

stirring for 15 min at -40 °C, 2,2,6,6-tetramethylpiperidine (14.1 g, 100 

mmol, 1.1 equiv) (Note 3) is added at once via syringe. The resulting 

mixture is stirred at 40 °C for 5 min and the flask is then transferred to an 

ice bath (0 °C) and is stirred for 30 min. Then, tmpMgCl-LiCl (105 mL, 0.95 

M in THF, 100 mmol, 1.1 equiv.) is added dropwise via syringe in one 

portion (addition time < 1 min.). The mixture is stirred in a 0 °C bath for 30 

minutes and at 25 °C for another 60 minutes. The rubber septum is removed 

and the flask is stoppered with a glass stopper. The solvents are removed in 
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vacuo using a rotary vane vacuum pump and liquid nitrogen cooled cooling 
trap (25 °C at 1.5 mmHg). The stopper is replaced by a septum and the 
resulting pale brown solid is redissolved in 112 mL of dry THF (Note 11) 
and stirred for 10 minutes at 25 °C. Ethyl benzoate (13.5 g, 90.0 mmol, 1.0 
equiv) (Note 12) is added at once via syringe (addition time < 1 min.). The 
greenish brown solution immediately turns deep red. The reaction mixture is 
stirred at 25 °C for 30 minutes (Note 13). The red solution is cooled in a -40 

°C cooling bath. After stirring for 10 min, Boc,O (28.0 g, 130 mmol, 1.44 

equiv) (Note 14) is added in one portion via syringe (addition time < 1 min.). 

After the addition, the reaction mixture is stirred at 25 °C until a slightly 

exothermic reaction starts. Then, the flask is put into a water bath (~20 °C) 

to moderate the exotherm. The reaction is stirred for a further 30 min 

(Note 15). 

At this time, 300 mL of a saturated aqueous NH,Cl solution is added. 

Large amounts of a precipitate are formed, which are removed by suction 

filtration (Note 16). The precipitate is washed with approx. 800 mL of 

diethyl ether until it is colorless. The resulting mixture is brought into a 2-L 

separatory funnel, rinsing with 50 mL of diethyl ether. The phases are 

separated and the organic layer is extracted with a saturated aqueous NH,Cl 

solution (3 x 300 mL). The combined aqueous layers are extracted with ethyl 

acetate (400 mL). The combined organic layers are washed with 300 mL of 

brine and dried by stirring for 15 min over 110 g of anhydrous MgSO, (Note 

17). After filtration, the solvents are removed under reduced pressure using a 

rotary evaporator and vacuum (40 °C, 720 to 50 mmHg). The resulting red 

oil is loaded on 25.5 g of silica gel, dried for 2 h under high vacuum (Note 

18), and purified by column chromatography (Note 19). The solvents are 

evaporated under reduced pressure using a rotary evaporator and vacuum 

(40 °C, 720 to 50 mmHg) and dried for 4 h at 25 °C using a rotary vane 

pump yielding 15.1 g of tert-butyl ethyl phthalate (60.3 mmol, 67 %) as a 

red oil. (Notes 20 and 21) 

2. Notes 

1. The glassware was oven-dried overnight and evacuated using high 

vacuum (1 mmHg) and backfilled with nitrogen (this procedure was 

repeated three times). All syringes, cannulas and needles were purged with 

nitrogen prior to use. 
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2. i-PrMgCl-LiCl was purchased from Aldrich and the solution was 

titrated using iodine (1 mmol) in 2 mL of dry THF.’ The submitters 

purchased i-PrMgCl-LiCl from Chemetall GmbH (Frankfurt, Germany). 

3. 2,2,6,6-Tetramethylpiperidine was purchased from TCI America 

and the material was distilled before use (120 °C, 75 mmHg). The submitters 

purchased 2,2,6,6-tetramethylpiperidine from Evonik Industries AG (Essen, 

Germany). 

The amounts of all liquids used in the synthesis were determined by 

weighing them in a syringe, since this method is more accurate than the 

determination of the volumes by the scales of the syringes used. 

4. Titration of the base was performed in a dried 10-mL Schlenk tube 

(Note 1). The base was titrated against benzoic acid (1 mmol) using (4- 

phenylazo)diphenylamine (3 mg, Aldrich) as indicator in 1 mL dry THF. 

Color change from orange to dark violet indicated the end of the titration 

(consumption 1.05 mL). The submitters purchased (4- 

phenylazo)diphenylamine from Acros. 

5. The checkers used the base of known concentration in subsequent 

reactions. The submitters also checked complete formation of the base by 

quenching an aliquot with benzaldehyde. Absence of 2-methyl-1- 

phenylpropan-l-ol (detected by GC/MS; M’‘=150) indicates full 

consumption of the Grignard reagent. The submitters performed GC/MS- 

analysis using an HP 6890 Series GC system equipped with an Agilent 5973 

Network Mass Selective Detector. Column HP-5MS (J&W Scientific) (15 m 

x 0.25mm x 0.25 um). Oven program for GC/MS-Analysis: Starting 

temperature 70 °C for 0.5 min; heating to 250 °C at a rate of 50 °C/min; 5 

min at 250 °C; heating to 300 °C at a rate of 50 °C/min, 3 min 300 °C. 

Aliquots of the base were quenched with benzaldehyde (approx. 0.2 mL) 

then diethyl ether was added (1 mL). The mixture was extracted with a 

saturated aqueous NH,CI solution. 

6. It is not mandatory to prepare the tmpMgCl-LiCl on this large 

scale. It is possible to prepare the base in just the amount needed for this 

reaction. The description of the preparation refers to a synthesized batch in 

the submitter’s group’s usual scale. The submitter has reported that it can be 

stored at room temperature under nitrogen for more than 6 months without 

losing efficiency.” 

7. The checkers purchased all solvents from Fischer and THF (99%) 

was distilled and then constantly refluxed from sodium/benzophenone. The 

other solvents were used by the checkers without further purification. The 
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submitters purchased THF (95 %) from BASF (Ludwigshafen, Germany), 
distilled and then constantly refluxed from sodium/benzophenone, all other 
solvents were purchased from Biesterfeld AG (Hamburg, Germany) and 
distilled before use. 

8. The checkers performed constant cooling using a NESLAB CC- 
100 cooling device and a stirred ethanol bath. The submitters used a 
ThermoHaake EK90 cooling device and a stirred ethanol bath. 

9. n-BuLi was purchased from Aldrich and titrated using menthol (1 

mmol) in 1 mL of dry THF and (4-phenylazo)diphenylamine (3 mg) 

(Aldrich) as indicator.* The submitters purchased n-BuLi from Chemtall 

GmbH (Frankfurt, Germany), and (4-phenylazo)diphenylamine and used the 

same titration method. 

10. Vacuum was | mmHg. During the evaporation process the flask is 

stored in a water bath (~20°C) to maintain the temperature and ensure steady 

evaporation. 

11. The actual quantity of dry THF needed may vary up to 10%. 

12. Ethyl benzoate (99%) was purchased from Aldrich and used 

without further purification The submitters purchased ethyl benzoate (99%) 

from Merck. 

13. The checkers continued with the subsequent addition after the 

reaction had stirred for 30 minutes. The submitters confirmed full 

consumption of the starting material by GC analysis of iodolyzed reaction 

aliquots. The submitters performed GC analysis using an Agilent 

Technologies 6850 Series equipped with an HP-5 column (J& W Scientific) 

(15m x 0.25mm x 0.25um). Oven program for GC analysis: Starting 

temperature 70 °C for 0.5 min; heating to 250 °C at a rate of 50 °C/min; 5 

min at 250 °C. Reaction aliquots were quenched with 0.2 mL of a0.5 M lL 

solution in dry THF mixed with approx. | mL of a sat. aq. NH4Cl and 1 mL 

of a sat. aq. Na2S.03 solution and extracted with diethyl ether (1 mL). The 

conversion was monitored by GC by controlling the production of ethyl 2- 

iodobenzoate (retention time 3.45 min) and the consumption of ethyl 

benzoate (retention time: 2.31 min). 

14. Boc,O (99%) was purchased from Aldrich and melted in a water 

bath (40 °C) to facilitate the weighing and adding processes. The submitters 

purchased Boc2O (99%) from Merck. 

15. The checkers quenched the reaction after 30 minutes. The 

submitters followed the progress of the reaction by quenching reaction 

aliquots with 1 mL of a saturated NH,CI solution and extracting with diethyl 
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ether. GC analysis after 30 minutes showed the complete absence of ethyl 

benzoate. The retention time of tert-butyl ethyl benzoate was 3.75 min. 

16. A glass filter with P3 pore size and a volume of 500 mL were used. 

Filtration was carried out under reduced pressure (300 mmHg). 

17. MgSO, was purchased from Fischer and used as received. The 

submitters purchased MgSO, from Griissing (Filsum, Germany). 

18. The checkers loaded the crude product onto 25.5 g of silica. It was 

added to the oil and dried in high vacuum for 2 h. The submitters loaded the 

crude product onto 25.5 g of Isolute (Biotage) and dried it in high vacuum 

for 1 h. Isolute is comparable to loading on silica, but it offers very sharp 

bands as it plays no part in the chromatographical process. 

19. Column chromatography was carried out using a 10-cm diameter 

column packed with 787 g of silica gel (the checkers used Siliaflash 60, 

0.040-0.060 mm; the submitters used Gelduran SI60 from Merck 0.040- 

0.063 mm) using n-pentane:diethyl ether 4:1 as eluent (R=0.62, TLC 

aluminium sheets, silica gel 60 F254, Merck). The product is visible under 

UV radiation as a bright blue fluorescent band. After 2.6 L of eluent, the 

band is ready to be collected. Collection is stopped when the fluorescence 

subsides; approx 1.5 L. 

20. The product exhibits the following properties "H-NMR (400 MHz, 

CDCly).5: 1.38 (tJ = 7.0: Hz, 3 H),.1.58 (s; 9 A), 4.37. (q, J = 72 Hz;\2)H), 

7.48 (m, 2 H), 7.67 (m, 2 H); °C-NMR (100 MHz, CDCl;) 5: 13.9, 27.8, 

61.3, 81.8, 128.4, 128.8, 130.45, 130.5, 132.3, 133.2, 166.3, 167.8; MS (70 

ev, El) m/z: 251 (29), 246 (21), 195 (100), 177 (23) [M"-CO Et], 150 (4), 

149 (35); HRMS (ESI) caled. for C)4Hj904 251.1278 found: 251.1280; IR 

(Film) 7(cm''): 2979 (w), 1715 (vs), 1599 (w), 1579 (w), 1477 (w), 1447 

(w), 1392 (w), 1367 (vs), 1286 (s), 1255 (s), 1172 (S), 1123 (vs), 1072 (vs), 

1038 (vs), 1017 (vs), 845 (vs), 784 (w), 737 (s), 705 (vs); CHN Analysis for 

C,4H;gO04: caled.: C, 67.18; H, 7.25; found: C, 67.46; H, 7.48. 

21. A %-scale run afforded 12.1 g (71%) of analytically pure product. 

Safety and Waste Disposal Information 

All hazardous materials should be handled and disposed of in 

accordance with “Prudent Practices in the Laboratory”; National Academy 

Press; Washington, DC, 1995. 
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3. Discussion 

Directed lithiations are important reactions for the functionalization of 

aromatics and heterocycles.° The high reactivity of the organolithium 

reagents leads to low functional group tolerance. In contrast, magnesium 

reagents offer also high reactivity in combination with high tolerance of 

functional groups such as ester, cyano and keto groups. We have shown that 

the use of magnesium bases like tmpMgCl-LiCl are suitable for the 

deprotonation of a wide range of aromatic and heteroaromatic substrates.” 

However, some poorly activated substrates like ethyl benzoate do not 

undergo metallation at all or the metallation does not lead to satisfactory 

results. Eaton demonstrated that tmp.Mg offers high reactivity and 

functional group tolerance.’ The limited solubility in common organic 

solvents, as well as the use in high excess (of the reagent and the 

electrophile) to achieve full conversion, precluded further use in organic 

synthesis.* During the studies on Grignard reagents we realized that the 

addition of LiCl could enhance the reactivity and solubility dramatically.’ 

Therefore, the addition of two equivalents of LiCl leads to the highly soluble 

and reactive complex tmp,Mg:2LiCl. This composition facilitates the 

metallation of moderately activated aromatic substrates such as ethyl 

benzoate, benzonitrile, ethyl naphthanoate or derivatives thereof. The 

metallation of heteroaromatic subtrates like ethyl nicotinate or diethyl 

pyridine-3,5-dicarboxylate proceeds without any problems.* These 

organomagnesium reagents can now be used in any typical trapping process, 

for example Negishi cross coupling reactions,” copper(I). mediated 

acylations'' or iodo- or bromolysis (Table 1), leading to the expected 

products in good to excellent yields.® 
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Table 1 Products of type 4 obtained by the magnesiation of aromatics and 

heterocycles with tmp.Mg:2LiCl and reactions with electrophiles.* 
Sa aro aD 

Entry Substrate T [°C],t[h/ Es Product Yield[%] 

CO t-Bu COpt-Bu 

COPh 
aor PhCOCI cy 93° 

2a 4a 

CO2Et CO2Et 

oo Siok 
2 2b 0, 3 (BrClyC) 4b E=Br 83 

2» 0,3 p-ICgH4CN 4c E = p-CgH4CN gi¢ 

CO t-Bu CO>t-Bu : pla EAN b de Te 71 

Br Br I 

2e 4d 

CO>Et 
CN CN rt 

: QO -30,3 p-ICgH4CO Et SC 70 

2d 4e 

ROC SCOR ROZC YQ CO2R 

ore be fy 
xX Xx E 

6 2eR=t-Bu; X=CH 0,1 1) 4fE=1 94 

7 2eR=+tBu; X=CH 0, 1 p-ICgH4gCO2Et 4g E=p-CeH4CO>Et g8t 

8 2fR=Et;X=N 4073 1) 4h E=I aa 

9 2MR=Et;X=N 40,3  p-IC6H4CN 4i E = p-CgHyCN 73% 

CO>Et CO Et 

I 
10 i os 40, 12 Lb | = 66 

Zz Zz 

N N 

2g 4j 

“Reactions performed on 1-2 mmol scale. “Isolated yield of analytically pure product. 

“Transmetalation with CuCN-2LiCl (0.2 mol%) was performed. {Obtained by 

palladium-catalyzed cross-coupling after transmetalation with ZnCl) (1.2 to 1.3 equiv). 
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Appendix 

Chemical Abstracts Nomenclature; (Registry Number) 

iPrMgCl-LiCl: isopropylmagnesium chloride lithium chloride complex; 

(807329-97-1) 
2,2,6,6-Tetramethylpiperidine; (768-66-1) 

Ethyl benzoate: Benzoic acid, ethyl ester; (93-89-0) 

Boc,O: Dicarbonic acid, C,C’-bis(1,1-dimethylethyl) ester; (244424-99-5) 

tert-Butyl ethyl phthalate: 1,2-Benzenedicarboxylic acid, 1,2-bis[2-[3,5- 

382 

bis(1,1-dimethylethyl)-4-hydroxyphenyl ethyl] ester; (259254-67-6) 
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ERRATA (modification to procedure originally published in Org. Synth. 
1987, 65, 52; Coll. Vol. 8, 1993, 63.) 

1,4-BIS(TRIMETHYLSILYL)BUTA-1,3-DIYNE 

Graham E. Jones, David A. Kendrick, and Andrew B. Holmes 

ae Oo, CuCl 
MesSi==—-H |=» —————"~____- _ me,Si==—==—sime, 

MesNCHsCHaNMeo 

Warning: A serious explosion shattering the reaction flask 
has been reported to occur on one occasion since 
publication when carrying out this procedure. The 
experiment was performed at the described scale and the 
explosion occurred a few seconds after starting addition of 
the catalyst solution to the reaction flask through a syringe. 
The most plausible explanation for the explosion was an 
ignition of the acetone/ trimethylsilylacetylene/ oxygen gas 
mixture by a spark directly in the flask. It is believed that the 
source of the spark was the discharge of static electricity 
accumulated on a plastic syringe when the metal needle of 
the syringe contacted the metallic tip of a digital thermometer 
(connected by a cable to IKA digital hotplate). Users are 
reminded of the absolute necessity to follow the submitted 
procedure, especially Notes 6-8. As indicated in Note 6, it is 
critical that this procedure (as well as any syntheses 
involving highly flammable compounds in an atmosphere of 
oxygen) is performed behind a safety shield and that all 
possible sources of ignition (including static electricity) are 
carefully examined and eliminated. 
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CUMULATIVE SUBJECT INDEX FOR VOLUMES 85-86 

This index comprises subject matter for Volumes 85 and 86.. For 
subjects in previous volumes, see either the indices in Collective Volumes I 
through XI or the single volume entitled Organic Syntheses, Collective 
Volumes I-VIII, Cumulative Indices, edited by J. P. Freeman. 

The index lists the names of compounds in two forms. The first is the 
name used commonly in procedures. The second is the systematic name 
according to Chemical Abstracts nomenclature, accompanied by its registry 
number in parentheses. Also included are general terms for classes of 
compounds, types of reactions, special apparatus, and unfamiliar methods. 

Most chemicals used in the procedure will appear in the index as 

written in the text. There generally will be entries for al! starting materials, 

reagents, intermediates, important by-products, and final products. 

4-Acetamidobenzenesulfonyl azide; (2158-14-7) 85, 131, 278 

Acetal 86, 81, 130, 262 
Acetal Formation, 85, 287 

Acetic acid (64-19-7) 85, 138 
Acetic anhydride; (108-24-7) 85, 34 
Acetic formic anhydride; (2258-42-6) 85, 34 
2-Acetylbenzoic acid; (577-56-0) 85, 196 

Acetyl chloride; (75-36-5) 86, 262 

2-Acetyl-4’-methylbiphenyl; (16927-79-0) 85, 196 
N-Acetylsulfanilyl chloride; (121-60-8) 85, 278 

Acylation 85, 34, 147, 158, 219, 295; 86, 59, 70, 81, 141, 161, 194, 236, 315, 374 
Adamantine-1-carboxylic acid: Tricyclo[3.3.1.13,7]decane-1-carboxylic acid; (828-5 1-3) 

86, 113 
1-Adamantylamine: Tricyclo[3.3.1.13,7]decan-1-amine; (768-94-5) 85, 34 

1-Adamantyl-3-mesityl-4, 5-dimethylimidazolium tetrafluoroborate, 85, 34 

Addition 85, 231 

Aldol 86,11, 81, 92 
Alkene Formation, 85, 1, 15, 248 

Alkylation 85, 10, 34, 45, 88, 158, 295; 86, 1, 28, 47, 161, 194, 262, 298, 325 
Allyl alcohol: 2-Propen-1-ol; (107-18-6) 86, 194 

Allyl bromide; (106-95-6) 85, 248 ; 86, 262 

(S)-(-)-2-Allylcyclohexanone: Cyclohexanone, 2-(2-propen-1-yl)-, (2S)-; (36302-35-9) 

86, 47 
Allyl methyl carbonate: Carbonic acid, methyl 2-propen-1-yl ester; (35466-83-2) 86, 47 

Allyl 1-methyl-2-oxocyclohexanecarboxylate: Cyclohexanecarboxylic acid, 1-methyl-2- 

oxo-, 2-propenyl ester; (7770-41-4) 86, 194 

(S)-2-Allyl-2-methylcyclohexanone: Cyclohexanone, 2-methyl-2-(2-propen-1-yl)-, (2S)-; 

(812639-07-9) 86, 194 

(S)-2-(2-Allyl-2-methylcyclohexylidene) hydrazinecarboxamide: Hydrazinecarboxamide, 

2-[(2S)-2-methyl-2-(2-propenyl)cyclohexylidene]-, (2E)-; (812639-25-1) 86, 194 
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(3R, 7aR)-7a-Allyl-3-(trichloromethyl) tetrahydropyrrolo[1,2-c > Joxazol-1(3H)-one 

(220200-87-3) 86, 262 

Amide formation 86, 92 

(S)-2-Amido-pyrrolidine-1-carboxylic acid benzyl ester (34079-31-7) 85, Iie 

(2S)-(-)-2-Amino-3-phenyl-1-propanol (3182-95-4) 85, 267 

Ammonium bicarbonate; (1066-33-7) 85, 72 

Aqueous HBF4, Borate(1-), tetrafluoro-, hydrogen (1:1): (16872-11-0) 85, 34 

Benzaldehyde; (100-52-7) 85, 118; 86, 212 

Benzenamine, 2-(2,2-dibromoethenyl)-; (167558-54-5) 86, 36 
Benzene, 1-(2,2-dibromoethenyl)-2-nitro-; (253684-24-1) 86, 36 

(B R)-Benzenepropanoic acid, a-acetyl-B-[[[(phenylmethyl)amino]carbonyl]amino]., 

methyl ester; (865086-76-6) 86, 236 
(B R)-Benzenepropanoic acid, a-acetyl-B-[[(2-propen-1-yloxy)carbonyl]amino]-, methyl 

ester; (921766-57-6) 86, 236 
Benzenesulfinic acid sodium salt; (873-55-2) 86, 360 
5-Benzo[1,3]dioxol-5-yl-3-(4-chloro-phenyl)-1-methyl-1H-pyrazole 85, 179 

3-Benzofurancarboxylic acid, 5-chloro-, ethyl ester; (899795-65-4) 86, 172 

Benzophenone; (119-61-9) 85, 248 

Benzophenone hydrazone (5350-57-2) 85, 189 

Benzyl alcohol; (100-5 1-6) 86, 28 

Benzylamine; (100-46-9) 85, 106 

(1R,2R)-trans-2-(N-Benzyl)amino-1-cyclohexanol,; (141553-09-5) 85, 106 

(1S, 2S)-trans-2-(N-Benzyl)amino-1-cyclohexanol, (322407-34-1) 85, 106 

Benzyl carbamate: Carbamic acid, phenylmethyl ester; (621-84-1) 85, 287 

Benzyl chloromethyl ether: Benzene, [(chloromethoxy)methyl]-; (3587-60-8) 85, 45 

1-Benzyl-3-(4-chloro-phenyl)-5-p-tolyl-1H-pyrazole (908329-95-3) 85, 179 

Benzylhydrazine dihydrochloride; (20570-96-1) 85, 179 

Benzyl hydroxymethyl carbamate: Carbamic acid, (hydroxymethyl)-, phenylmethyl ester; 

(31037-42-0) 85, 287 
(£)-N-Benzylidene-4-methylbenzenesulfonamide: Benzenesulfonamide, 4-methyl-N- 

(phenylmethylene)-, [M(£)]-: (51608-60-7) 86, 212 
Benzyl isopropoxymethyl carbamate 85, 287 

1 (2R,4S) [2-Benzyl-3-(4-isopropyl-2-oxo-5, 5-diphenyl-3-oxazolidinyl)-3- 

oxopropyl]carbamic acid benzyl ester (218800-56-7) 85, 295 

(R)-2-(Benzyloxycarbonylaminomethyl)-3-phenylpropanoic acid: Benzenepropanoic 

acid, a-[[[(phenylmethoxy)carbonyl]amino]methyl]-, (aR)-; (132696-47-0) 85, 

295 

Benzyloxymethoxy-1-hexyne: Benzene, [[(1-hexyn-1-yloxy)methoxy]methyl]-; (162552- 
11-6) 85, 45 

Benzyloxymethoxy-2,2,2-trifluoromethyl ether: Benzene, [[(2,2,2- 

trifluoroethoxy)methoxy ]methyl]-: (153959-88-7) 85, 45 
Benzyl propagyl ether; (4039-82-1) 86, 225 

(R)-(+)-1, 1'-Bi(2-naphthol); (1853 1-94-7) 85, 238 
(R)-BINOL; (18531-94-7) 85, 238 

(S)-BINOL: [1,1'-Binaphthalene]-2,2'-diol, (15S)-: (18531-99-2) 85, 118 
(R)-(1, l'-Binaphthalene-2,2'-dioxy)chlorophosphine: (R)-Binol-P-C\; (155613-52-8) 85, 

238 

[1,1'-Binaphthalene]-2,2'-diol, (1S)-: (1853 1-99-2) 85, 118 
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(R)-2,2-Binaphthoyl-(S, S)-di(1-phenylethyl)aminoylphosphine (415918-91-1) 85, 238 
(2-Biphenyl)dicyclohexylphosphine; (247940-06-3) 86, 344 
Bis(4-tert-butylphenyl)iodonium triflate; (84563-54-2) 86, 308 
Bis[1,2:5,6-n-(1,5-cyclooctadiene)|nickel: [bis(1,5-cyclooctadiene)nickel (0)]; (1295-35- 

8) 85, 248 
LN, N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamino-chromium-di- 

tetrahydrofuran ]tetracarbonylcobaltate (1); (909553-60-2) 86, 287 

4,5-Bis(Diphenylphosphino)-9,9-dimethylxanthene (Xantphos); (161265-03-8) 86, 28 
Bis(diphenylphosphino)methane; (2071-20-7) 85, 196 
Bis-(Hydroxymethyl)-cyclopropane; (2345-75-7) 85, 15 

(-)-Bis[(S)-1-phenylethyl]amine (56210-72-1) 85, 238 
(-)-Bis[(S)-1-phenylethyl]amine hydrochloride (40648-92-8) 85, 238 

3,5-Bis(trifluoromethyl)bromobenzene; (328-70-1) 85, 248 

Boc2O: Dicarbonic acid, C,C’-bis(1,1-dimethylethyl) ester; (244424-99-5) 86, 113, 374 

Boron trifluoride etherate: BF3-OEt, (109-63-7) 86, 81, 212 
Bromination, 85, 53 

Bromine; (7726-95-6) 85, 231 

2-[3-(3-Bromophenyl)-2H-azirin-2-yl]-5-(trifluoromethyl) pyridine 86, 18 

3’-Bromoacetophenone: 1-acetyl-3-bromobenzene; (2142-63-4) 86, 18 

2-Bromobenzoyl chloride: Benzoyl chloride, 2-bromo-; (7154-66-7) 86, 181 
4-Bromophenylboronic acid; (5467-74-3) 86, 344 

4-Bromophenylboronic MIDA ester 86, 344 

p-Bromophenyl methyl sulfide: Benzene, 1-bromo-4-(methylthio)-; (104-95-0) 

86, 121 
(S)-(~-p-Bromophenyl methyl sulfoxide 86, 121 

(S)-(—)-p-Bromopheny] methyl sulfoxide: Benzene, 1-bromo-4-[(S)-methylsulfinyl]-; 
(145266-25-0) 86, 121 

1-(3-Bromophenyl)-2-[5-(trifluoromethyl)-2-pyridinyl]ethanone 86, 18 

2-(3-Bromophenyl)-6-(trifluoromethyl)pyrazolo[1,5-a]pyridine 86, 18 
(1Z)-1-(3-Bromophenyl)-2-[5-(trifluoromethyl)-2-pyridinyl]-ethanone oxime 86, 18 

2-Bromopropene; (557-93-7) 85, 1, 172 
N-Bromosuccimide: NBS; (128-08-5) 85, 53, 267; 86, 225 

4-Bromotoluene; (106-38-7) 85, 196 

2-Butanone; (78-93-3) 86, 333 

2-tert-Butoxycarbonylamino-4-(2,2-dimethyl-4, 6-dioxo-[1, 3 ]dioxan-5-yl)-4-oxo-butyric 

acid tert-butyl ester; (10950-77-9) 85, 147 

(2S)-2-[(tert-Butoxycarbonyl)amino]-2-phenylethyl methanesulfonate (110143-62-9) 85, 

219 
2-[3,3’-Di-(tert-butoxycarbonyl)-aminodipropylamine]-4,6-dichloro-1,3,5-triazine; 12- 

Oxa-2,6, 10-triazatetradecanoic acid, 6-(4,6-dichloro-1,3,5-triazin-2-yl)-13,13- 

dimethyl-11-oxo-, 1,1-dimethylethyl ester; (947602-03-1) 86, 141, 151 

N-a.-tert-Butoxycarbonyl-L-aspartic acid a-tert-butyl ester (Boc-L-Asp-Or-Bu); (34582- 

32-6) 85, 147 
1-tert-Butoxycarbonyl-2,3-dihydropyrrole: 1H-Pyrrole-1-carboxylic acid, 2,3-dihydro-, 

1,1-dimethylethyl ester, (73286-71-2) 85, 64 
2-(tert-Butoxycarbonyloxyimino)-2-phenylacetonitrile; (58632-95-4) 86, 141 

N-(tert-Butoxycarbonyl)-piperazine; (57260-71-6) 86, 141 
N-(tert-Butyloxycarbonyl)pyrrolidin-2-one; (85909-08-6) 85, 64 

tert-Butyl acetoacetate; (1694-31-1) 85, 278 

N-tert-Butyl adamantan-1-yl-carbamate: Carbamic acid, tricyclo[3.3.1.13,7]dec-1-yl-, 
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1,1-dimethylethyl ester; (151476-40-3) 86, 113 
tert-Butylamine: 2-Propanamine, 2-methyl-; (75-64-9) 86, 315 

tert-Butylbenzene; (98-06-6) 86, 308 

(E)-tert-Butyl benzylidenecarbamate 86, 11 

(E)-tert-Butyl benzylidenecarbamate: Carbamic acid, N-(phenylmethylene)-, 1 ,1- 

dimethyl-ethy] ester, [M(E)]-; (177898-09-2) 86, 11 

(-)-2-tert-Butyl-(4S)-benzyl-(1,3)-oxazoline: 4,5-Dihydrooxazole, (4S)-benzyl, 2-tert- 

butyl; (75866-75-0) 85, 267 
tert-Butyl bromoacetate; (5292-43-3) 85, 10 

tert-Buty] tert-butyldimethylsilylglyoxylate 85, 278 

(S)-tert-Butyl (4-chlorophenyl) (thiophen-2-yl)methylcarbamate 86, 360 
tert-Butyl (1R)-2-cyano-1-phenylethylcarbamate (126568-44-3) 85, 219 

Butyl di-1-adamantylphosphine; (321921-71-5) 86, 105 

tert-Butyl diazoacetate; (35059-50-8) 85, 278 

tert-Butyldimethylsilyl chloride: Silane, chloro(1,1-dimethylethyl)dimethyl-; (18162-48- 

6) 86, 130 
tert-Butyldimethylsilyl trifluoromethanesulfonate; (69739-34-0) 85, 278 
tert-Butyl ethyl phthalate: 1,2-Benzenedicarboxylic acid, 1,2-bis[2-[3,5-bis(1,1- 

dimethylethyl)-4-hydroxyphenyl]ethyl] ester; (259254-67-6) 86, 374 

tert-Butyl (1S)-2-hydroxy-1-phenylethylcarbamate (117049-14-6) 85, 219 

tert-Butyl-hypochlorite: Hypochlorous acid, 1,1-dimethylethyl ester; (507-40-4) 86,315 
n-Butyllithium; (109-72-8) 85, 1, 45, 53, 158, 238, 248, 295; 86, 47, 70, 262 
tert-Butyllithium: Lithium, (1,1-dimethylethyl)-; (5944-19-4) 85, 1, 209 

tert-Butyl phenyl(phenylsulfonyl)methylcarbamate 86, \1 

tert-Butyl phenyl(phenylsulfonyl)methylcarbamate: Carbamic acid, N-[phenyl(pheny]- 
sulfonyl)methyl]-1,1-dimethylether ester; (155396-71-7) 86, 11 

tert-Butyl phenylsulfonyl(thiophen-2-yl)methylcarbamate: Carbamic acid, N- 

[(phenylsulfonyl)-2-thienylmethyl]-, 1, 1-dimethylethyl ester; (479423-34-2) 86, 

360 
(S)-tert-ButylIPHOX: Oxazole, 4-(1,1-dimethylethyl)-2-[2-(diphenylphosphino)phenyl]- 

4,5-dihydro-, (4S)-; (148461-16-9) 86, 181 

Carbamates 86, 11, 59, 81, 113, 141, 151, 236, 333 
Carbamic acid, (hydroxymethyl)-, phenylmethyl ester; (31037-42-0) 85, 287 

Carbamic acid, N-[(1S,2S)-2-methyl-3-oxo-1-phenylpropyl]-1,1-dimethylethyl ester; 

(926308-17-0) 86, 11 
Carbamic acid, N-[phenyl(phenylsulfonyl)methyl]-, 2-propen-1-yl ester; (921767-12-6) 

86, 236 
Carbamic acid, 2-propen-1-yl ester; (2114-1 1-6) 86, 236 

(Carbethoxymethylene)triphenylphosphorane; (1099-45-2) 85, 15 
Carbon disulfide; (75-15-0) 86, 70 

Carbon monoxide; (630-08-0) 86, 287 

Carbonyl(dihydrido)tris(triphenylphosphine)ruthenium (II); (25360-32-1) 86, 28 

1,1’-Carbonyldiimidazole: Methanone, di-1H-imidazol-1-yl-; (530-62-1) 86, 58 
Cbz-L-proline: 1,2-Pyrrolidinedicarboxylic acid, 1-(phenylmethyl) ester, (2S)-; (1148-11- 

4) 85, 72 

Cesium carbonate: Carbonic acid, cesium salt (1:2); (534-17-8) 86, 181 

Cesium fluoride; (13400-13-0) 86, 161 

Chloroacetonitrile (107-14-2) 86, 1 
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4-Chlorobenzaldehyde; (104-88-1) 85, 179 

Chlorobenzene; (108-90-7) 86, 105 
4-Chlorophenylboronic acid: Boronic acid, B-(4-chlorophenyl)-; (1679-18-1) 86, 360 
2-Chloropyridine; (109-09-1) 85, 88 
5-Chlorosalicylaldehyde: Benzaldehyde, 5-chloro-2-hydroxy-; (635-93-8) 86, 172 
2-Chloro-5-(trifluoromethyl)pyridine; (52334-81-3) 86, 18 

m-Chloroperbenzoic acid; Peroxybenzoic acid, m-chloro- (8); Benzocarboperoxoic acid, 
3-chloro- (9); (937-14-4) 86, 308 

Chlorotrimethylsilane: Silane, Chlorotrimethyl-; (75-77-4) 86, 252 

Cinnamy] alcohol: 3-Phenyl-2-propen-1-ol; (104-54-1) 85, 96 

Cinnamyl-H-phosphinic acid: [(2E)-3-phenyl-2-propenyl]-Phosphinic acid; (911128-46- 
6) 85, 96 

Condensation 85, 27, 34, 179, 248, 267; 86, 11, 18, 92, 121, 212, 252, 262 
Copper(I) bromide; (7787-70-4) 85, 196 

Copper chloride: Cuprous chloride; (7758-89-6) 85, 209 
Copper Cyanide; (544-92-3) 85, 131 

Copper iodide; (1335-23-5) 86, 181 

Copper(1) iodide: Cuprous iodide; (7681-65-4) 86, 225 
Coupling 85, 158, 196; 86, 105, 225, 274 
Cuprous chloride; (7758-89-6) 85, 209 

(S)-2-Cyano-pyrrolidine-1-carboxylic acid benzyl ester: (63808-36-6) 85, 72 
Cyanuric chloride: 2,4,6-Trichloro-1,3,5-triazine; (108-77-0) 85, 72; 86, 141 

Cyclen: 1,4,7,10-Tetraazacyclododecane; (294-90-6) 85, 10 

Cyclization 86, 18, 92, 172, 181, 194, 212, 236, 252, 262, 333 
Cycloaddition, 85, 72, 131, 138, 179 

Cycloheptane-1,3-dione (1194-18-9) 85, 138 

Cyclohexanemethanol; (100-49-2) 86, 58 

Cyclohexanone; (108-94-1) 86, 47 

Cyclohexene oxide; (286-20-4) 85, 106 

Cyclohexylmethyl N-hydroxycarbamate 86, 58 

Cyclohexylmethyl N-hydroxycarbamate: Carbamic acid, hydroxy-, cyclohexylmethyl 

ester; (869111-30-8) 86, 58 

Cyclohexylmethyl N-tosyloxycarbamate 86, 58 
Cyclohexylmethy! N-tosyloxycarbamate: Benzenesulfonic acid, 4-methyl-, 

[(cyclohexylmethoxy)carbonyl]azanyl ester; (869111-41-1) 86, 58 

Cyclopropanation 85, 172 
Cyclopropanecarboxylic acid, 2-bromo-2-methyl-, ethyl ester; (89892-99-9) 85, 172 

Cyclopropanecarboxylic acid, 2-methylene-, ethyl ester; (18941-94-1) 85, 172 

(R,R)-deguPHOS: Pyrrolidine, 3,4-bis(diphenylphosphino)-1-(phenylmethyl)-, (3R,4R)-; 

(99135-95-2) 86, 360 
Dehydration, 85, 34, 72 

Dendrimer 86, 151 
Diallyl pimelate: Pimelic acid, diallyl ester; (91906-66-0) 86, 194 

3,3’-Diaminodipropylamine; (56-18-8) 86, 141 

(E)-2,3-Dibromobut-2-enoic acid: (2-Butenoic acid, 2,3-dibromo-, (2E)- (9); (24557-17- 

3) 85, 231 
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2,5-Dibromo-1, 1-dimethyl-3,4-diphenylsilole: Silacyclopenta-2,4-diene, _2,5-dibromo- 

1,1-dimethyl-3,4-diphenyl-; (686290-22-2) 85, 53 

]-(2,2-Dibromoethenyl)-2-nitrobenzene 86, 36 

Di(u-bromo)bis(y-allyl)nickel(Il): [allylnickel bromide dimer]; (12012-90-7) 85, 248 

2-(2,2-Dibromo-vinyl)-phenylamine 86, 36 

Di-tert-butyldiaziridinone: 3-Diaziridinone, 1,2-bis(1,1-dimethylethyl)-; (19656-74-7) 86, 

315 
Di-tert-butyl dicarbonate: Dicarbonic acid, C,C'-bis(1,1-dimethylethyl) ester; (24424-99- 

5) 85, 72, 219; 86, 113, 374 
Di(tert-butyl) (2S)-4,6-dioxo-1,2-piperidinedicarboxylate; (653589-10-7) 85, 147 

Di(tert-butyl) (2S,4S)-4-hydroxy-6-oxo-1,2-piperidinedicarboxylate, (653589-16-3) 85, 

147 
trans-|,3-Di-tert-butyl-4-phenyl-5-vinyl-imidazolidin-2-one: 2-Imidazolidinone, 1,3- 

bis(1,1-dimethylethyl)-4-ethenyl-5-phenyl-, (4R,5R)-rel-; (927902-91-8) 86, 315 

2-(Di-tert-butylphosphino)biphenyl: Phosphine, [1,1'-biphenyl]-2-ylbis(1,1- 

dimethylethyl)-; (224311-51-7) 86, 274 
Di-tert-butylurea: Urea, N,N'-bis(1,1-dimethylethyl)-; (5336-24-3) 86, 315 

Dichloroacetyl chloride (79-36-7) 85, 138 

1,3-Dichloro-1,3-bis(dimethylamino)propenium chloride; (34057-61-9) 86, 298 
Dichlorobis(triphenylphosphine)palladium(II): Bis(triphenylphosphine)palladium(II) 

Dichloride; (13965-03-2) 86, 225 
(S)-(-)-5,5’-Dichloro-6,6’-dimethoxy-2,2’-bis(diphenylphosphino)-1,1’-biphenyl: 

Phosphine, [(1S)-5,5'-dichloro-6,6'-dimethoxy[1, l'-biphenyl]-2,2'- 

diyl]bis[diphenyl-; (185913-98-8) 86, 47 
Dichlorodimethylsilane; (75-78-5) 85, 53 
Dichloromethylen-dimethyliminium chloride; (33842-02-3) 86, 298 

Dicyclohexylmethylamine: Cyclohexanamine, N-cyclohexyl-N-methyl-; (7560-83-0) 85, 
118 

Diene formation, 85, | 

2-[(Diethylamino) methyl] benzene thiolato-copper(1) 85, 209 

(+)-Diethyl (£,£,£)-cyclopropane-1,2-acrylate, 85, 15 

Diethyl trans-1,2-cyclopropanedicarboxylate; (3999-55-1) 85, 15 

Diethyl(2-[(trimethylsilanyl)sulfanyl] benzyl)amine 85, 209 

3,5-Diiodosalicylaldehyde: Benzaldehyde, 2-hydroxy-3,5-diiodo-; (2631-77-8) 86, 121 

(S)-()-2-(N-3, 5-Diiodosalicyliden)amino-3, 3-dimethyl-1-butanol [(S)-1] 86, 121 
(S)-(-)-2-(N-3,5-Diiodosalicyliden)amino-3,3-dimethyl-1-butanol; (477339-39-2) 86, 121 

Diisopropylamine: 2-Propanamine, N-(1-methylethyl)-; (108-18-4) 86, 47, 262 

Diisopropylethylamine: 2-Propanamine, N-ethyl-N-(1-methylethyl)-; (7087-68-5) 85, 64, 
158, 278; 86, 81 

Dimedone: 1,3-cyclohexanedione, 5,5-dimethyl-; (126-81-8) 86, 252 

(4-(Dimethoxymethyl) phenoxy) (tert-butyl)dimethylsilane 86, 130 

[(E)-3,3-Dimethoxy-2-methyl-1-propenyl]benzene: Benzene, [(1E)-3,3-dimethoxy-2- 

methyl-1-propen-1-yl]-: (137032-32-7) 86, 81 

(2R, 3S, 4E)-N, 3-Dimethoxy-N, 2, 4-trimethyl-5-phenyl-4-pentenamide 

(3,5-Dimethoxy- 1-phenyl-cyclohexa-2, 5-dienyl)-acetonitrile 86, | 
Dimethyl acetamide; (127-19-5) 86, 298 

Dimethylamine; (124-40-3) 86, 298 

N-(3-Dimethylaminopropyl)-N -ethylcarbodiimide hydrochoride (EDC-HCl); (25952-53- 
8) 85, 147 

4-Dimethylaminopyridine: 4-Pyridinamine, N,N-dimethyl-; (1122-58-3) 85, 64; 86, 81 
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9,9-Dimethy]-4,5-bis(diphenylphosphino)xanthene: Xantphos; (161265-03-8) 85, 96 
Dimethyl-bis-phenylethynyl silane: Benzene, 1, 1'-[(dimethylsilylene)di-2, 1- 

ethynediyl]bis-; (2170-08-3) 85, 53 
(2R,3R)-2,3-Dimethylbutane-1,4-diol: (2R,3R) 2,3-Dimethyl-1,4-butanediol; (127253- 

15-0) 85, 158 
2,2-Dimethy]-1,3-dioxane-4,6-dione (Meldrum’s acid); (2033-24-1) 85, 147 
4, 5-Dimethyl- 1, 3-dithiol-2-one; (49675-88-9) 86, 333 
N,N’-Dimethylethylenediamine: 1,2-Ethanediamine, N1 ,N2-dimethyl-; (110-70-3) 86, 

181 
N,O-Dimethylhydroxylamine hydrochloride: Methanamine, N-methoxy-, hydrochloride; 

(6638-79-5) 86, 81 

(4S)-N-[(2R, 3S, 4E)-2,4-Dimethyl-3-methoxy-5-phenyl-4-pentenoyl]-4-isopropyl-1, 3- 
thiazolidine-2-thione 86, 81 

4, 4-Dimethyl-3-oxo-2-benzylpentanenitrile (875628-78-7) 86, 28 

4,4-Dimethyl-3-oxopentanenitrile; (59997-5 1-2) 86, 28 

7,7-Dimethyl-3-phenyl-4-p-tolyl-6, 7,8, 9-tetrahydro-1H-pyrazolo[3, 4-b]-quinolin-5(4H)- 

one: 5H-Pyrazolo[3,4-b]quinolin-5-one, 1,4,6,7,8,9-hexahydro-7,7-dimethyl-4-(4- 
methylphenyl)-3-phenyl-; (904812-68-6) 86, 252 

N, N-Dimethyl-4-Pyridinamine: (1122-58-3) 85, 64 
(2R, 3R)-2,3-Dimethylsuccinic acid; (5866-39-7) 85, 158 

Dimethy] sulfoxide: Methyl sulfoxide; Methane, sulfinybis-; (67-68-5) 85, 189 

1,3-Diphenylacetone p-tosylhydrazone: Benzenesulfonic acid, 4-methyl-, [2-phenyl-1- 

(phenylmethyl)ethylidene]hydrazide; (19816-88-7) 85, 45 

Diphenyldiazomethane (883-40-9) 85, 189 
(4-((4R, 5R)-4, 5-Diphenyl-1, 3-dioxolan-2-yl) phenoxy) (tert-butyl) dimethylsilane 86, 130 

(1R,2R)-1,2-Diphenylethane-1,2-diol 86, 130 

Diphenylphosphine: Phosphine, diphenyl-; (829-85-6) 86, 181 

(S)-()-1, 3-Diphenyl-2-propyn-1-ol: Benzenemethanol, a-(2-phenylethynyl)-, (aS)-; 

(132350-96-0) 85, 118 

Elimination 85, 45, 172; 86, 11, 18, 212 
1,2-Epoxydodecane: Oxirane, decyl-; (2855-19-8) 85, 1 

1,2-Epoxy-3-phenoxypropane: oxirane, 2-(phenoxymethyl)-; (122-60-1) 86, 287 

Esterification 86, 194 

Ethyl benzoate: Benzoic acid, ethyl ester; (93-89-0) 86, 374 

Ethyl diazoacetate: Acetic acid, 2-diazo-, ethyl ester; (623-73-4) 85, 172; 86, 172 

Ethylene; (74-85-1) 85, 248 
Ethyl 2-methylacetoacetate: Butanoic acid, 2-methyl-3-oxo-, ethyl ester; (609-14-3) 86, 

325 
Ethyl 2-methylbuta-2,3-dienoate: 2,3-Butadienoic acid, 2-methyl-, ethyl ester; (5717-41- 

9) 86, 212 
Ethyl 6-phenyl-1-tosyl-1,2,5,6-tetrahydropyridine-3-carboxylate: 3-Pyridinecarboxylic 

acid, 1,2,5,6-tetrahydro-1-[(4-methylphenyl)- sulfonyl]-6-phenyl-, ethyl ester; 

(528853-66-9) 86, 212 
2-Ethyl-3-Quinolinecarboxylic acid (888069-3 1-6) 85, 27 
2-Ethyl-3-Quinolinecarboxylic acid hydrochloride (888014-11-7) 85, 27 

2-Ethyl-3-Quinolinecarboxylic acid, methyl ester (119449-61-5) 85, 27 

Ethyl 2-(triphenylphosphoranylidene)propionate: Propanoic acid, 2- 
(triphenylphosphoranylidene)-, ethyl ester; (5717-37-3) 86, 212 
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Formaldehyde solution; (50-00-0) 85, 287 

Formalin; (50-00-0) 86, 344 

Formic acid; (64-18-6) 86, 344 
4-Fluorobenzaldehyde; (459-57-4) 86, 92 
[2-(4-F luorophenyl-1H-indol-4-yl]-1-pyrrolidinylmethanone 86, 92 

2-[trans-2-(4-F luorophenyl) vinyl]-3-nitrobenzoic Acid (917614-64-3) 86, 92 

{2-[trans-2-(4-Fluorophenyl)vinyl]-3-nitrophenyl}-1-pyrrolidinylmethanone (917614-83- 

6) 86, 92 

G1-[N(CH2CH2CH2NHBoc)2]6-Cl; 86, 151 
G1-[N(CH)CHCH2NHBoc)2]6-Piperidine; 86, 151 

Halogenation, 85, 53, 231 

Heterocycles 85, 10, 27, 34, 53, 64, 72, 88; 86, 18, 59, 70, 81, 92, 105, 130, 141, 151, 

LS 236,262) 315; 333 
Heterocyclic carbene, 85, 34 

Hydrazine hydrate; (10217-52-4) 86, 105 
Hydrogen peroxide; (7722-84-1) 85, 158, 295 

4-Hydroxybenzaldehyde: Benzaldehyde, 4-hydroxy-; (123-08-0) 86, 130 

3-Hydroxybutan-2-one; (513-86-0) 85, 34 

Hydroxylamine hydrochloride; (5470-11-1) 86, 18, 58, 130 
Hypophosphorous acid: Phosphinic acid; (6303-21-5) 85, 96 

Imidazole; (288-32-4) 86, 58 

Imides 86, 70, 81 

Imines 86, 11, 121, 212 

Iminodiacetic acid; (142-73-4) 86, 344 

Indium bromide: (13465-09-3) 85, 118 
Indium(IIJ) tris(trifluoromethanesulfonate): Methanesulfonic acid, trifluoro-, indium(3+) 

salt; (128008-30-0) 86, 325 
Todine (7553-56-2) 85, 219, 248; 86, 1, 308 
Iodomethane: Methane, iodo-; (74-88-4) 86, 194 

2-Isobutylthiazole; (18640-74-9) 86, 105 

iPrMgCl LiCl: isopropylmagnesium chloride lithium chloride complex; (807329-97-1) 
86, 374 

(4S)-4-Isopropyl-5,5-diphenyloxazolidin-2-one (DIOZ): 2-Oxazolidinone, 4-(1- 

methylethyl)-5,5-diphenyl-, (4S)-; (184346-45-0) 85, 295 

(4S)-4-Isopropyl-5, 5-diphenyl-3-(3-phenyl-propionyl)oxazolidin-2-one: 2-Oxazolidinone, 

4-(1-methylethyl)-3-(1-oxo-3-phenylpropyl)-5, 5-diphenyl-, (4S)-; (213887-81-1) 
85, 295 

(4S)-Isopropyl-2-oxazolidinone: (4S)-4-(1-Methylethyl)-2-oxazolidinone; (17016-83-0) 
85, 158 

O-lsopropyl S-3-oxobutan-2-yl dithiocarbonate: carbonodithioic acid, O-(1 -methylethyl) 
S-(1-methyl-2-oxopropyl) ester; (958649-73-5) 86, 333 

(S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-thione 86, 70 
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(S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-thione: 2-Thiazolidinethione, 4-(1- 
methylethyl)-3-(1-oxopropyl)-, (45)-; (10283 1-92-5) 86, 70 

(4S)-Isopropyl-3-propionyl-2-oxazolidinone: (4S)-4-(1 -Methylethyl)-3-(1-oxopropyl)-2- 
oxazolidinone; (77877-19-1) 85, 158 

(S)-4-Isopropyl-1,3-thiazolidine-2-thione 86, 70 
(S)-4-Isopropyl-1,3-thiazolidine-2-thione: 2-Thiazolidinethione, 4-(1-methylethyl)-, (4); 

(76186-04-4) 86, 70 

(L)-tert-Leucine: L-Valine, 3-methyl-; (20859-02-3) 86, 181 

(L)-(+)-¢ert-leucinol: 1-Butanol, 2-amino-3,3-dimethyl-, (2S)-; (112245-13-3) 86, 121 
Lithium (7439-93-2) 85, 53; 86, 1 

Lithium aluminum hydride; (16853-85-3) 85, 158 
Lithium chloride; (7447-41-8) 86, 47 
Lithium hydroxide monohydrate; (1310-66-3) 85, 295 

Lithium triethylborohydride; (22560-16-3) 85, 64 

(R)-(-)-Mandelic acid; (611-71-2) 85, 106 
(S)-(+)-Mandelic acid; (17199-29-0) 85, 106 

(R)-Mandelic acid salt of (1S,2S)-trans-2-(N-benzyl)amino-1-cyclohexanol; (882409-00- 
9) 85, 106 

(S)-Mandelic acid salt of (1R,2R)-trans-2-(N-benzyl)amino-1-cyclohexanol; (882409-01- 
0) 85, 106 

Manganese(IV) oxide; (1313-13-9) 

Mesitylamine: Benzenamine, 2,4,6-trimethyl-; (88-05-1) 85, 34 

3-(Mesitylamino)butan-2-one: 2-Butanone, 3-[(2,4,6-trimethylphenyl)-amino]-; (898552- 
96-0) 85, 34 

Mesitylene (108-67-8) 85, 196 

N-Mesityl-N-(3-oxobutan-2-yl)formamide: Formamide, N-(1-methyl-2-oxopropyl)-N- 

(2,4, 6-trimethylphenyl)-; (898553-01-0) 85, 34 

Metallation, 85, 1, 45, 209; 86, 374 

Methansulfonyl chloride; (124-63-0) 85, 219; 86, 181 

(4S)-3-[(2R,3S,4£)-3-Methoxy-2,4-dimethyl-1-oxo-5-phenyl-4-pentenyl]-4-(1- 

methylethyl)-2-thiazolidinethione; (332902-42-8) 86, 81, 181 

Methyl acetoacetate: Butanoic acid, 3-oxo-, methyl ester; (105-45-3) 86, 161 

Methyl 2-(2-acetylphenyl)acetate: Benzeneacetic acid, 2-acetyl-, methyl ester; (16535- 

88-9) 86, 161 
(R)-Methyl 2-allylpyrrolidine-2-carboxylate hydrochloride (112348-46-6) 86, 262 

2-Methyl-3-butyn-2-ol; (115-19-5) 85, 118 
(E)-3,4-Methylenedioxy-B-nitrostyrene; (22568-48-5) 85, 179 

Methylhydrazine; (60-34-4) 85, 179 

N-Methyliminodiacetic acid; (4408-64-4) 86, 344 
Methyl] 2-methyl-3-nitrobenzoate; (59382-59-1) 86, 92 

4-Methyl-2’-nitrobiphenyl; (70680-21-6) 85, 196 
trans-p-Methyl-B-nitrostyrene: Benzene, 1-methyl-4-[(1£)-2-nitroethenyl]-; (5153-68-4) 

85, 179 
(1S, 2S)-2-Methyl-3-oxo-1-phenylpropylcarbamates6, 11 

(R)-3-Methyl-3-phenylpentene: [(1R)-1-ethyl-1-methyl-2-propenyl]-benzene]; (768392- 

48-9) 85, 248 
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(S)-(-)-4-Methyl-1-phenyl-2-pentyn- 1,4-diol: (321855-44-1) 85, 118 

(E)-2-Methyl-3-phenylpropenal; (15174-47-7) 86, 81 

Methyl propionylacetate: Pentanoic acid, 3-oxo-, methyl ester; (30414-53-0) 85, 27 

1-Methyl-2-pyrrolidone; (872-50-4) 85, 196 

1-Methyl-2-pyrrolidinone (872-50-4) 85, 238 
Methyltriphenylphosphonium bromide; (1779-49-3) 85, 248 

Microwave 86, 18, 252 

Naphthalene; (91-20-3) 85, 53 

Nitriles 86, 1,28 
2-Nitrobenzaldehyde; (552-89-6) 85, 27; 86, 36 

2-Nitrobenzoic acid; (552-16-9) 85, 196 

Organocatalysis 86, 11 
Oxalyl chloride: HIGHLY TOXIC; Ethanedioyl dichloride; (79-37-8) 85, 189 

Oxidation, 85, 15, 189, 267, 278; 86, 1, 28, 121, 308. 315 

Oximes 86, 18 

Oxone® monopersulfate; (37222-66-5) 85, 278 

Palladium 86,105 
Palladium(II) acetate; (3375-31-3) 85, 96; 86, 92, 105, 344 

Palladium acetylacetonate; (140024-61-4) 85, 196 

Palladium tris(dibenzylideneacetone); (48243-18-1) 86, 274 

1,10-Phenanthroline; (66-71-7) 85, 196 ; 86, 92 
(1,10-Phenanthroline)bis(triphenylphosphine)copper(I) nitrate; (33989-10-5) 85, 196 

Phenylacetylene: Benzene, ethynyl-; (536-74-3) 85, 53, 118, 131; 86, 325 

(S)-Phenylalaninol: (3182-95-4) 85, 267 

N-Phenylbenzenecarboxamide (benzanilide); (93-98-1) 85, 88 

(£)-1-Phenyl-1,3-butadiene: Benzene, (1£)-1,3-butadienyl-: (16939-57-4) 86, 315 

2-Phenyl-1-butene; (2039-93-2) 85, 248 
5-Phenyl- 1, 3-dimethoxybenzene 86, | 

(S)-Phenylglycine: Benzeneacetic acid, a-amino-, (aS)-; (2935-35-5) 85, 219 

5-Phenyl-2-isobutylthiazole; (600732-10-3) 86, 105 

3-Phenylpropanoyl chloride: Benzenepropanoyl chloride; (645-45-4) 85, 295 

5-Phenyl-1H-pyrazol-3-amine: 1H-pyrazol-3-amine, 5-phenyl-; (1571-10-7) 86, 252 

N-[1-Phenyl-3-(trimethylsilyl)-2-propyn-1-ylidene]-benzeneamine; (77123-64-9) 85, 88 
Phosphorus trichloride (7719-12-2) 85, 238 

Pimelic acid: Heptanedioic acid; (111-16-0) 86, 194 

Piperidinium acetate; (4540-33-4) 86, 28 
Potassium tert-butoxide: 2-Propanol, 2-methyl-, potassium salt (1:1); (865-47-4) 86, 315 
Potassium carbonate; (584-08-7) 85, 287; 86, 58 

Potassium hydroxide; (1310-58-3) 85, 196 
Potassium O-isopropylxanthate: Carbonodithioic acid, O-(1-methylethyl) ester, 

potassium salt (1:1); (140-92-1) 86, 333 

Potassium trimethylsilanolate; (10519-96-7) 86, 274 

Propanol, 2-amino-, 3-phenyl, (S); (3182-95-4) 85, 267 

Propionyl chloride : Propanoyl chloride; (79-03-8) 85, 158; 86, 70 
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(S)-Proline; (147-85-3) 86, 262 
2-Propenoic acid, 3,3'-(1,2-cyclopropanediyl)bis-, diethyl ester, [1a(E),2B(E)]-; (58273- 

88-4) 85, 15 
1H-Pyrazole, 5-(1,3-benzodioxol-5-yl)-3-(4-chlorophenyl)-1-methyl-; (908329-89-5) 85, 

179 
(4S)-5-Pyrimidinecarboxylic acid, 1,2,3, 4-tetrahydro-6-methyl-2-oxo-4-phenyl-1- 

(phenylmethyl)-, methyl ester; (865086-56-2) 86, 236 
1-Pyrrolidinecarboxylic acid, 2-(aminocarbonyl)-, phenylmethy] ester, (2S)-; (34079-31- 

7) 85, 72 
1,2-Pyrrolidinedicarboxylic acid, 1-(phenylmethyl) ester, (25)-; (1148-11-4) 85, 72 
(S)-5-Pyrrolidin-2-yl-1H-tetrazole: 2H-Tetrazole, 5-[(2S)-2-pyrrolidinyl]-; (33878-70-5) 

85, 72 

Quinoline; (91-22-5) 85, 196 

Rearrangements 86, 18, 113, 172 

Reduction, 85, 15, 27, 53, 64, 72, 138, 147, 158, 219, 248; 86, 1, 28, 36, 92, 181, 344 
Resolution, 85, 106 

Rhodium (I]) tetrakis(triphenylacetate);(142214-04-8) 86, 58 
Rhodium 86, 59 

Rhodium acetate dimer: Rhodium, tetrakis[u-(acetato-kO:kO')|di-, (Rh-Rh); (15956-28- 

2) 85, 172; 86, 58 

[RhCl(cod)]2; (chloro(1,5-cyclooctadiene)rhodium(I) dimer) (12092-47-6) 86, 360 

Ring Expansion, 85, 138 

Saponification, 85, 27 

Semicarbazide hydrochloride: Hydrazinecarboxamide, hydrochloride (1:1); (563-41-7) 
86, 194 

Silver(I) fluoride; (7775-41-9) 86, 225 
Silver nitrate; (7761-88-8) 86, 225 

Sodium; (7440-23-5) 86, 262 

Sodium acetate; (127-09-3) 86, 105, 194 
Sodium acetate trihydrate; (6131-90-4) 85, 10 

Sodium amide; (7782-92-5) 86, 298 

Sodium azide; (26628-22-8) 85, 72, 278; 86, 113 
Sodium borohydride: Borate(1-), tetrahydro-, sodium (1:1); (16940-66-2) 85, 147; 86, 

181 
Sodium carbonate; (497-19-8) 86, 36 

Sodium cyanide; (143-33-9) 85, 219 
Sodium hydride; (7646-69-7) 85, 45, 172; 86, 18, 194 
Sodium tetrafluoroborate; (13755-29-8) 85, 248 

Sodium tetrakis[(3,5-trifluoromethyl)phenyl]borate; (79060-88-1) 85, 248 

Sodium thiosulfate (7772-98-7) 86, 1 

4-Spirocyclohexyloxazolidinone 86, 58 
4-Spirocyclohexyloxazolidinone: 3-Oxa-1-azaspiro[4.5]decan-2-one: (81467-34-7) 86,58 

Substitution 86, 18, 141, 151, 181, 333 

Sulfonation 86, 11 
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Sulfur; (7704-34-9) 85, 209 
Super-Hydride®: Lithium triethylborohydride; (22560-16-3) 85, 64 

1,4,7,10-Tetraazacyclododecane-1,4,7-triacetic acid, Tri-tert-butyl Ester Hydrobromide: 

1,4,7,10-Tetraazacyclododecane-1,4,7-tricarboxylic acid, 1,4,7-tris(1,1- 

dimethylethyl) ester; (175854-39-4) 85, 10 

Tetrabromomethane; (558-13-4) 86, 36 
Tetrabutylammonium bromide; (1643-19-2) 85, 278 

Tetrafluoroboric acid diethyl etherate; (67969-82-8) 86, 172 

Tetrakis(dimethylamino)allene; (42928-64-3) 86, 298 
1,1,3,3-Tetrakis(dimethylamino)propenium tetrafluoroborate; (125254-01-5) 86, 298 

Tetrakis(triphenylphosphine)palladium; (14221-01-3) 86, 315 

2,2,6,6-Tetramethylpiperidine; (768-66-1) 86, 374 

1,3,5,7-Tetramethyl-1,3,5,7-tetravinylcyclotetrasiloxane; (2554-06-5) 86, 274 

(S)-2-(1H-Tetrazol-5-yl)-pyrrolidin-1-carboxylic acid benzyl ester: 1- 

Pyrrolidinecarboxylic acid, 2-(2H-tetrazol-5-yl)-, phenylmethyl ester, (2S)-; 

(33876-20-9) 85, 72 
Tetrolic acid: 2-Butynoic acid (9); (590-93-2) 85, 231 

2-Thiophene-carboxaldehyde; (98-03-3) 86, 360 

Tin (ID) chloride; (7772-99-8) 85, 27 

Titanium tetrachloride; (7550-45-0) 85, 295; 86, 81 

p-Tolualdehyde: benzaldehyde, 4-Methyl-; (104-87-0) 86, 252 

p-Toluenesulfonamide: Benzenesulfonamide, 4-methyl-; (70-55-3) 86, 212 

p-Toluenesulfonic acid: Benzenesulfonic acid, 4-methyl-; (104-15-4) 85, 287 

p-Toluenesulfonic acid monohydrate: Benzenesulfonic acid, 4-methyl-, hydrate (1:1); 

(6192-52-5) 86, 194 
p-Toluenesulfonyl chloride: Benzenesulfonyl chloride, 4-methyl-; (98-59-9) 86,58 

p-Tolylboronic acid; (5720-05-8) 86, 344 

4-(p-Tolyl)-phenylboronic acid 86, 344 

4-(p-Tolyl)-phenylboronic acid MIDA ester 86, 344 
Tribasic potassium phosphate; (7778-53-2) 86, 105 

Tri-n-butylphosphine: Phosphine, tributyl-; (998-40-3) 86, 212 
2,2,2-Trichloro-1-ethoxyethanol; (515-83-3) 86, 262 

(3R, 7aS)-3-(Trichloromethyl)tetrahydropyrrolo[1,2-c]oxazol-1(3H)-one; (97538-67-5) 
86, 262 

Triethylamine: thanamine, N, N-diethyl-; (121-44-8) 85, 131, 189, 219, 295; 86, 58, 81, 
DS 2a Sis 

Triethylamine hydrochloride: Ethanamine, N,N-diethyl-, hydrochloride (1:1); (554-68-7) 
85, 72 

Trifluoroacetic anhydride; (407-25-0) 85, 64; 86, 18 

2,2,2-Trifluoroethanol (75-89-8) 85, 45 

Trifluoro, 2-(trimethylsilyl)phenyl ester; (88284-48-4) 86, 161 
Trifluoromethanesulfonic acid; HIGHLY CORROSIVE, Methanesulfonic acid, trifluoro- 

(8, 9); (1493-13-6) 86, 308 
Triflic anhydride: Trifluoromethanesulfonic acid anhydride; (358-23-6) 85, 88 
Triisopropyl phosphite; (116-17-6) 86, 36 
(Triisopropylsilyl)acetylene: Ethynyltriisopropylsilane; (89343-06-6) 86, 225 
Trimethylacetaldehyde: Pivaldehyde: Propanal, 2,2-dimethyl; (630-19-3) 85, 267 
Trimethyl orthoformate; (149-73-5) 86, 81, 130 

402 Org. Synth. 2009, 86 



1-(Trimethylsilyl)acetylene; (1066-54-2) 85, 88 

Trimethylsilyl chloride: Silane, chlorotrimethyl-; (75-77-4) 85, 209 

1-Trimethylsilyloxybicyclo[3.2.0]heptan-6-one (125302-44-5) 85, 138 
1-Trimethylsilyloxycyclopentene (19980-43-9) 85, 138 

1-Trimethylsilyloxy-7,7-dichlorobicyclo[3.2.0]heptan-6-one (66324-01-4) 85, 138 

2-(Trimethylsilyl)pheny] trifluoromethanesulfonate: Methanesulfonic acid, 1,1,1- 
Triphenylacetic acid: Benzeneacetic acid, o.,a-diphenyl-; (595-91-5) 86, 58 

Triphenylphospine oxide; (791-28-6) 85, 248; 86, 274 

Triphosgene: Methanol, 1,1,1-trichloro-, 1,1'-carbonate; (32315-10-9) 86, 315 

Tris(dibenzylideneacetone) dipalladium(0): Palladium, tris[u-[(1,2-1:4,5-n)-(1E,4£)-1,5- 

diphenyl-1,4-pentadien-3-one]]di-; (51364-51-3) 86, 194 

Tris(dibenzylideneacetone)-dipalladium(0)-chloroform adduct; (52522-40-4) 86, 47 

1,3,5-[Tris-piperazine]-triazine: 1,3,5-Triazine, 2,4,6-tri-1-piperazinyl-; (19142-26-8) 86, 

141, 151 

(S)-Valinol: 1-Butanol, 2-amino-3-methyl-, (2S)-; (2026-48-4) 86, 70 

Vanadyl acetylacetonate; (3153-26-2) 86, 121 

Vandium 86, 121 

4-Vinylbenzophenone: Methanone, (4-ethenylphenyl)phenyl-; (3139-85-3) 86, 274 

3-Vinylquinoline: Quinoline, 3-ethenyl-; (67752-31-2) 86, 274 

Zine (II) chloride; (7646-85-7) 85, 27, 53 

Zinc triflate; (54010-75-2) 86, 113 

Org. Synth. 2009, 86 403 
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