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ABSTRACT

L SUZUKI CROSS-COUPLING REACTION

The phosphonium salt room temperature ionic liquid

tetradecyltrihexylphosphonium chloride (THPC) has been employed as an efficient

reusable media for the palladium catalyzed Suzuki cross-coupling reaction of aryl

halides, including aryl chlorides, under mild conditions. The cross-coupling reactions

were found to proceed in THPC containing small amounts ofwater and toluene (single

phase) using potassium phosphate and 1% Pd2(dba)3'CHCI3. Variously substituted

iodobenzenes, including electron rich derivatives, reacted efficiently in THPC with a

variety of arylboronic acids and were all complete within 1 hour at 50°C. The

corresponding aryl bromides also reacted under these conditions with the addition of a

catalytic amount of triphenylphosphine that allowed for complete conversion and high

isolated yields. The reactions involving aryl chlorides were considerably slower,

although the addition of triphenylphosphine and heating at 70°C allowed high conversion

of electron deficient derivatives. Addition ofwater and hexane to the reaction products

results in a triphasic system, from which the catalyst was then recycled by removing the

top (hexanes) and bottom (aqueous) layers and adding the reagents to the ionic liquid

which was heated again at 50°C; resulting in complete turnover of iodobenzene.

Repetition of this procedure gave the biphenyl product in 82-97% yield (repeated five

times) for both the initial and recycled reaction sequences.
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IL ESTERIFICATIONREACTION

A new class of trialkylphosphorane has been prepared through reaction of a

trialkylphosphine with 2-chlorodimethylmalonate in the presence of triethylamine. These

new reagents promote the condensation reaction of carboxylic acids with alcohols to

provide esters along with trialkylphosphine oxide and dimethylmalonate. The

condensation reaction of chiral secondary alcohols can be controlled to give either high

levels of inversion or retention through a subtle interplay involving basicity of the

reaction media, solvent, and tuning the electronic and steric nature of the carboxylic acid

and stenc nature of the phosphorane employed. A coherent mechanism is postulated to

explain these observations involving reaction via an initial acyloxyphosphonium ion.
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INTRODUCTION

L IONIC LIQUIDS

In the past several years the chemical industry has made great strides to improve

both its public image and environmental impact. The Responsible CARE program is a

direct result of these efforts. As part of the program, companies strive to promote public

awareness within the community and take a proactive role in measuring and reducing any

negative impact on the community and/or environment resulting from the activities of the

company. With this in mind it is no wonder that there has been a major effort to develop

new processes that incorporate cleaner technologies, not only throughout industry, but in

academia as well. One such area focuses on reducing or eliminating the use of damaging

solvents. Volatile solvents are one of the most damaging chemicals simply due to the

large quantities used in synthesis.! As a result, containment and disposal issues arise that

cannot always be treated in an environmentally friendly manner. The introduction of

ionic liquids as solvents has the potential to alleviate these problems in a number of ways,

and are thus commonly referred to as "green solvents".

Firstly, the definition of an ionic liquid is rather self-explanatory, simply put; they

are liquids that consist solely of ions. Furthermore, these compounds have melting points

below 100°C. Those compounds that satisfy the former criteria but exhibit melting points

greater than 100°C are known as molten salts. Typically these compounds are highly

corrosive and highly viscous, compared to the relatively low viscosity of ionic liquids?
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Besides the properties that satisfy the aforementioned definition, one of the most

attractive is that ionic liquids have no measurable vapour pressure. Ionic liquids also

exhibit several other characteristic properties such as, thermal stability, density, solvation

strength and solubility, and acidity. Besides vapour pressure, any or all of the properties

of a given ionic liquid can be altered by careful manipulation of the cation, anion, or

both. The most commonly used ions in the composition of ionic liquids are shown in

Figures 1&2.

Imidazolium ion

@
N,
R

Pyridinium ion

R'
R ,+

II'N
R~ "R

Ammonium ion Phosphonium ion

Figure 1. Common Cations in Ionic Liquids

NO 3 PF 6 x

Nitrate Tetrafluoroborate Halide

Chloroaluminate Hexafluorophosphosphate

Figure 2. Common Anions in Ionic Liquids

Each property is governed by a unique set of trends that have been extensively studied

and described by Wasserscheid.3 It is because of this great diversity and variability that

ionic liquids have also gained the reputation as "designer solvents".

Several methods exist for the synthesis of ionic liquids as well as for the

manipulation of cations and anions. It should be noted that the focus of this paper is not
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on the synthesis of ionic liquids, rather their application as "green solvents" in classic

organic reactions. Therefore, the reader is referred to previous reviews on the topic!,3 for

a description ofprocedures for the production of ionic liquids.

There are several factors that make ionic liquids a particularly good alternative to

conventional solvents. They are good solvents for a wide range of inorganic and organic

materials such that unusual combinations of reagents can be brought together in the same

phase. As mentioned earlier ionic liquids can be altered to fit a specific purpose, such as

solvent polarity. By manipulating the ions, several different ionic liquids can be made

which have polarities similar to a wide range of solvents including DMF, DMSO,

methanol and water. The acidity of the ionic liquid can also be varied in much the same

way, as seen in Figure 3.3

(basic I strongly coordinating) (neutral I weakly coordinating) (acidic I noncoordinating)

Figure 3. Control of the Acidity of Ionic Liquids

The fact that ionic liquids have no measurable vapour pressure allows for easy distillation

ofproducts from the reaction mixture when using ionic liquids as opposed to volatile

solvents. In the case of ionic liquids, the problem of azeotrope fonnation is avoided, as is

the removal of trace amounts of organic compounds, which is often difficult to achieve.4

Finally, and perhaps most significantly is that ionic liquids have the ability to fonn

biphasic systems due to their immiscibility in a number oforganic solvents and/or water.
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This is particularly important for reactions where a transition metal catalyst is required to

mediate the process. These are most often homogenous catalysts that are sometimes

difficult to separate from the reaction products in typical organic solvents. As a result,

there is the real possibility and likelihood that there may be some toxic catalyst

contamination of final products. However, in a biphasic system made up of ionic liquid

and some other solvent, the transition-metal catalyst remains in the ionic phase while the

products and reagents are soluble in the organic phase. Ionic liquids are therefore called

immobilizing agents for biphasic catalysis. With vigorous stirring the two phases interact

sufficiently for the reaction to take place, as shown in Figure 4.

Two Phases

Ionic Liquid
(Catalyst)

STIR

Organic Solvent
(Reagents)

Dispersion

Ionic Liquid~~ Organic Solvent
(Catalyst) RELAX (Products)

Two Phases

Figure 4. Biphasic Reaction System

Decant

When stirring is stopped, the phases separate which allows for simple decantation of the

products. Furthermore, the ionic liquid may be reused many times without the addition

of further catalyst, thus, increasing its efficiency while drastically reducing solvent and

inorganic wastes. l In some cases a mixture of organic solvent, ionic liquid and water

form a triphasic system in which products are retained in the organic phase, salt by-
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products in the aqueous phase, and transition metal catalyst in the ionic liquid phase.

This system also allows for ease ofproduct separation and catalyst reuse.

It is important to consider that in a biphasic system, consisting of water as one of

the phases, the ionic liquid must be water stable. Unfortunately, chloroaluminate melts

are highly hygroscopic and labile towards hydrolysis? Additionally, many organic

substrates and organometallic compounds are not chemically inert in these particular

ionic liquids, therefore, their use in biphasic systems is severely limited.4 Nevertheless, a

large number of ionic liquids exist which are stable to ambient temperature, air and water.

These have great potential as immobilizing agents in biphasic catalysis for a large

number of organic reactions. It has also been shown that ionic liquids can act as the sole

solvent for many organic reactions, including but not limited to transition-metal catalyzed

processes. Once the reaction is complete, a biphasic or triphasic system is created upon

the addition of solvents and/or water as part of the workup procedure.

The use of ionic liquids as solvents can be separated into two major types of

reactions; those that do not require an organometallic catalyst and those that do.

Beginning with the former, some of the most common and successful reactions

performed in ionic liquids are the Diels-Alder reactionS, Friedel-Crafts reaction6
, Fischer

Indole synthesis7
, and the Beckmann rearrangement8

, to name only a few. Reaction rates

can be significantly increased by using ionic liquids as solvents, and in some cases

regioselectivity is also enhanced. Ionic liquids have gained great popularity in reactions

mediated by organometallic catalysts, due in part to their ability to immobilize transition

metal catalysts. One such reaction that has benefited considerably from the advent of

ionic liquids is hydrogenation. Reaction rates are up to five times faster in ionic liquids
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than conventional solvents9
, while chemoselectivity is also increased when more than one

site exists for hydrogenation. Moreover, ionic liquids have been found to mediate, and

improve, stereoselective reactions in which a chiral catalyst is used. This opens up an

entire new dimension of applications for ionic liquids, as asymmetric synthesis is one of

the most important and fastest growing areas of organic chemistry. These findings have

spawned the rush to incorporate chiral cations and/or anions in the synthesis ofnew chiral

ionic liquids. Most often chiral molecules are taken from Nature's "chiral pool" and

manipulated to produce chiral ions that are used in the synthesis of ionic liquids.10

Several chiral ionic liquids can be seen in Figure 5. 11

HO

~
Br--N~N--

Figure 5. Examples of Chiral Ionic Liquids

Already several of these chiral ionic liquids have found applications in organic chemistry

either as co-catalysts or as chiral solvents that contribute to stereoselective induction.

Besides hydrogenation, a large number ofreactions exist in which ionic liquids

have been used with favourable results. These include hydrofonnylationsl2
, oxidationsl3

,

oligomerizations and polymerizationsI4
,15,16, C-C cross-couplings, and many more. A

comprehensive study of the applications of ionic liquids in these and many more organic

syntheses has already been reviewed and is available elsewhere? Of special interest is

the utilization of ionic liquids in homogenous palladium-catalyzed C-C cross coupling

reactions. These reactions comprise such "named" reactions as the Heck, Suzuki,
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Sonogashira, Negishi, and Ullmann couplings, and have gained much attention as a result

of their synthetic versatility.4

Biphasic systems have been applied to the palladium mediated Heck coupling

reaction in quaternary nitrogen ionic liquids1
? and can be conducted at room temperature

with the application ofultrasound. 18 The Suzuki reaction has also been carried out

successfully in imidazolium ionic liquids both thermally19 and with sonication.2o

Quaternary phosphonium salts on the other hand, are another class of readily available

ionic liquid that have received scant attention in the literature. In one case,

hexadecyltributylphosphonium bromide was used to affect Heck coupling of aryl halides

with acrylic esters,21 although the reaction was not efficient with aryl chlorides. It is

thought that the use of quaternary phosphonium salts would find advantageous

applications as the solvent in Suzuki reactions as well.

IL SUZUKI CROSS-COUPLING REACTION

The Suzuki22 cross-coupling reaction has become a standard method for carbon

carbon bond formation between an Sp2 or non-113-hydride containing electrophile and a

boronic acid derivative (Scheme 1).
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R'

~
":: X f)B(OH)2 Pd catalyst! Ligand

I + I •
R

~ ~ Solvent system
R' R

Scheme 1. Suzuki Cross-Coupling Reaction

Recent application of the reaction to aliphatic electrophiles23 has expanded its scope

considerably. Much recent effort has gone into devising new ligands for this palladium

mediated process and various electron rich alkyl phosphines24
,25 and mixed aryl/alkyl

phosphine ligands26
,27 have been described. Systems allowing for couplings of aryl

chlorides are especially sought after due, in part, to the lower cost and ready availability

of these substrates and a number of catalysts have recently been developed which

promote their Suzuki coupling with boronic acid nucleophiles.28
,29 The number of

applications for the Suzuki reaction increases appreciably as it becomes amenable to a

greater number of reaction conditions and systems. Currently, one of the most promising

uses is in the biaryl formation in the synthesis of natural products and novel

pharmaceuticals.22 It is reported herein on the use of the room temperature ionic liquid

tetradecyltrihexylphosphonium chloride (THPC) as an efficient reusable media for the

palladium catalyzed Suzuki cross-coupling reaction.
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IlL ESTERIFICATIONREACTION

In a different vein, the Mitsunobu reaction30,31,32,33 is a well-known and valuable

reaction in organic synthesis, including, but not limited to, the synthesis of natural

products and novel pharmaceuticals. It is widely employed in both condensation and

displacement reactions of alcohols with various nucleophiles, normally proceeding with

inversion of stereochemistry when chiral alcohols are utilized. The original process

(Scheme 2) employed carboxylic acids 1 (or carboxylates la) as the nucleophile

producing ester or lactone products31a but has since been extended considerably to

include a variety ofboth heteroatom and carbon-based nucleophiles.31 ,34 The most

commonly employed promoters for this reaction are dialkyl azodicarboxylates, such as

diethyl azodicarboxylate (DEAD) or diisopropyl azodicarboxylate (DIAD), used in

conjunction with triphenylphosphine. While these may be the classical promoters of the

reaction, there has been a substantial amount of controversy in regards to the safety of

DEAD. The current industrial processes for synthesizing DEAD are potentially

explosive. DEAD is also shock-sensitive, light sensitive, unstable and toxic.

Furthermore, shipping of this dangerous reagent is governed by several special

regulations and requires exceptional care in handling. New reagents, such as the

(cyanomethyl)trialkylphosphoranes,3s,36 have been developed which also result in

inversion of stereochemistry on esterification of chiral alcohols?Sa These new

phosphoranes have also be employed in carbon-carbon34,36b and amination36a reactions

with alcohols. The initial step of the DIAD/triphenylphosphine mediated esterification

reaction32,33 is understood to involve nucleophilic addition of triphenylphosphine to the
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azodicarboxylate followed by proton transfer from a carboxylic acid to give 3 (Scheme

2).

COJEt:
N z. retenUot'l

j

HRcozEl
++:

1a •!
~(';n:H~:·S(JVl1!r*l +I

!

:2

Scheme 2. Mechanisms for the Mitsunobu Esterification Reaction

The subsequent steps involve nucleophilic attack of the alcohol 2 on 3 to form an

activated alkoxyphosphonium salt 431a (Scheme 2, Path 1). Finally, SN2-type

displacement by the carboxylate anion on 4 with loss of triphenylphosphine oxide

produces the ester with inversion of stereochemistry. Evidence for the existence of an

alternative pathway for this reaction proceeding via an acyloxyphosphonium salt (such as

5, Scheme 2) has been described by Jenkins37 and Kunz.38 More recently, DeShong32b
,39

demonstrated clear evidence for the involvement of an acyloxyphosphonium salt when

hindered alcohols are involved and a further example of a Mitsunobu macrolactonization

likely proceeding via the acyloxyphosphonium ion has also recently been described by

Smith.40 In these cases, lactone products were obtained exclusively with retention of

stereochemistry. The competitive pathway leading to retention of stereochemistry with

hindered alcohols via the acyloxyphosphonium ion 5 is outlined in Scheme 2, Path 2.

This scheme also illustrates a competing view of the Mitsunobu reaction involving initial

reaction along Path 2. The formation of the basic hydrazide anion leads to subsequent
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alkoxide fonnation and "crossover" to the alkoxyphosphonium salt 4,32b,41 perhaps

proceeding via a mixed alkoxy/acyloxy phosphorane-type intennediate,33g,37a,42 ultimately

yielding the ester with inversion of configuration as the nonnal outcome. The fonnation

of a basic anion capable of alkoxide fonnation during the Mitsunobu processes described

makes it difficult to differentiate between the direct reaction along Path 1 or initial

reaction along Path 2 followed by the crossover leading to the necessary

alkoxyphosphonium salt 4. We have developed a new class of trialkylphosphorane

reagent designed to allow for esterification under mild conditions that also helps delineate

the competitive pathways described above.
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RESULTS & DISCUSSION

L SUZUKI CROSS-COUPLING REACTION

The Suzuki cross-coupling reactions were found to proceed in THPC using

various bases (Et3N, ipr2NEt, etc) but most efficiently when potassium phosphate and

water (added for salt solubility) were employed. In order to maintain complete solubility

ofboth the boronic acid and aryl halide in the ionic liquid, a small amount of toluene was

added also. All of the reactions reported in Table 1 were therefore performed in an

identical media (THPC, aryl halide, aryl boronic acid, Pd2(dba)3'CHCI3 (1 %), K3P04,

H20, toluene) with the addition of triphenylphosphine in certain cases as noted. In many

instances, the product biaryl crystallizes from the reaction media as the cross-coupling

proceeds.

As can be seen from Table 1 (entries 1-9), the cross-coupling reaction of

variously substituted iodobenzenes including electron rich derivatives (Table 1, entry 7)

with a variety of arylboronic acids proceeded efficiently in THPC and were all complete

within 1 h at 50°C. The reaction was chemoselective in the case of the mixed halide 4

chloroiodobenzene (Table 1, entry 9). The corresponding aryl bromides (Table 1, entries

11-13) also reacted under these conditions but proved to be somewhat more sluggish.

We found that the addition of a catalytic amount of triphenylphosphine allowed for

complete conversion and high isolated yields even for the electron rich substrates such as

4-methoxybromobenzene (Table 1, entries 12 and 13). As expected, reactions involving



aryl chlorides were considerably slower, however addition of triphenylphosphine and

heating at 70°C allowed high conversion of4-chloroacetophenone (Table 1, entries 14

and 15). The electron rich 4-methoxychlorobenzene was still slow to react under these

conditions (Table 1, entry 16).
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Table 1. Pd Mediated Suzuki Cross-Coupling ofAryl Halides and Boronic Acids in
THPC.

Addition ofwater and hexane to the reaction products in the phosphonium salt

ionic liquid results in the formation of a triphasic system that differs from that reported

for the imidazolium salts. 17 In the case of imidazolium salts, the ionic liquid is more



21

dense than water and forms the bottom phase with an aqueous central phase and organic

layer on top. In the case ofTHPC, the palladium catalyst remains fully dissolved in the

central phosphonium salt layer while the product biaryls are extracted into the top hexane

phase and inorganic salts (phosphates/borates) into the lower aqueous phase (Figure 6).

Figure 6. Triphasic System

The reaction ofphenylboronic acid with iodobenzene has been investigated

extensively under our conditions in THPC. The yield obtained from hexane extraction

and silica-gel chromatography ofthe hexane solubles ranged from 82-97% over several

runs. On the other hand, direct filtration ofthe ionic liquid through a short silica-gel

column gave slightly higher isolated yields, 95-97%. These results indicate that residual

biaryls are still slightly soluble in THPC. The former procedure was more applicable

towards the development ofa catalyst recycling protocol since chromatography or

filtration through silica would make re-use ofthe catalyst difficult. Thus, following
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Method A (See Experimental Section), when further quantities of iodobenzene,

phenylboronic acid and K3P04, but no further catalyst, was added to the isolated central

ionic liquid, heating again at 50°C resulted in complete turnover of iodobenzene.

Repetition of the work-up Method A gave biphenyl in 82-97% yield (repeated five times)

for both the initial and recycled reaction sequences. Thus it is clear that a competent

palladium catalyst remains fully dissolved in the phosphonium salt allowing its efficient

re-use.

The Suzuki cross-coupling reaction recently reported in imidazolium based ionic

liquids requires ultrasonic irradiation to proceed at 30°C.20 In addition, inactive Pd black

is deposited during the reaction resulting in lower conversions (82-92%) with aryl

iodides and bromides and particularly so in the case of electron deficient aryl chlorides

(42-65%). Even when prefonned Pd-biscarbene catalyst is used in this system,

conversion of electron deficient aryl chlorides is low to moderate (39-66%).20 The

thennal Suzuki coupling reaction in these imidazolium based ionic liquids does not

proceed with aryl chlorides, even at 110°C.19 In contrast to these results, complete

conversion of aryl iodides and bromides and high conversions with electron deficient

chlorides can be achieved in the THPC ionic liquid without the use of a prefonned

catalyst at 50-70°C. The rapid coupling of aryl iodides and bromides and high

conversions obtained with the aryl chlorides indicate that a very active catalyst is

produced in the THPC system. In addition, the higher conversions and recyclability of

this Pd THPC-eatalyst system indicate the relatively high stability of the active Pd

catalyst involved in the Suzuki coupling. Lastly, no homo-coupled products have been

observed using the THPC catalyst system reported here.



23

IL ESTERIFICATIONREACTION

A new class of trialkylphosphorane reagent, designed to allow for esterification

under mild conditions and exemplified by dimethylmalonyltributylphosphorane 6a

(DMTP), was readily prepared by the reaction of a trialkylphosphine withoc-

chlorodimethylmalonate in the presence of Et3N.

:E.tOAJ:]IEtaN
.·.··.·.··.·.·.·.·.··.·.·.·.·.·.·.w.·.·.·.·.·.·,.·.·.· ...

Ga R;:nBll
flo R~IBu

Scheme 3. Synthesis ofPhosphoranes

The tributylphosphorane 6a is a colourless, viscous oil stable under argon at room

temperature for at least six months. When exposed to air, the oil slowly yields the

products of its hydrolysis, tributylphosphine oxide and dimethylmalonate (DMM).

Furthennore, DMTP undergoes significant colouration over time yielding a dark

brownish/red solution. Many experiments were perfonned to optimize the reaction

conditions and reduce or eliminate the colouration over time. The reaction was found to

proceed smoothly in a variety of solvents (EtOAc, THF, DCM, Hexanes, etc.) with no

effect on subsequent colouration. The effects of temperature, inert atmosphere, light,

radical stabilizer, and solvent solution were also studied (Figure 7). Only temperature

had any significant effect in reducing colouration. It was later discovered that an

impurity in the chlorodimethylmalonate was responsible for the colouration. Using a



24

pure batch resulted in virtually no colour change, even at room temperature over one

month.

Figure 7. Colouration ofDMTP Under Various Conditions

The DMTP reagent has been shown to effect the general condensation reaction ofa wide

variety ofcarboxylic acids 1 with simple alcohols 2 efficiently at neutral pH. The

reactions were conducted in dry toluene under argon providing the ester product along

with tributylphosphine oxide and DMM.

o

1

OH

2

Scheme 4. General Esterification Reaction

...



Acid

Representative results are summarized in Table 2.
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Table 2. Esterification Reactions Promoted by DMTP.
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Yields are high with methanol and drop slightly as the bulk of the alcohol

increases (Table 2, entries 1-3) while no reaction occurred with the tertiary alcohol tert-

butanol (Table 2, entry 4). The ~-aryl alcohoI2-phenyl-l-propanol reacted cleanly

without styrene formation (Table 2, entry 5), indicating that ~-elimination does not occur.

Electron-deficient benzoic acids gave slightly better yields (Table 2, entries 1 and 7) with

the same alcohol (compare to entries 6 and 8-10). The reaction may also be carried out

successfully in the presence of a free phenol (Table 2, entry 8). Finally, cinnamic and

aliphatic acids appear to react without difficulty (Table 2, entries 11-13).

A clear advantage gained when using DMTP is that the side products

tributylphosphine oxide and DMM can be largely removed by aqueous base partition (0.2

M Na2C03) thereby simplifying purification. The yields reported in Table 2 pertain to

the isolated mass of the purified esters obtained by silica gel chromatography.

The stereochemical implications of the reaction were then investigated utilizing

chiral alcohols L-menthol 7, the secondary aliphatic (2S)-hexanol 8, and the benzylic

(IR)-I-phenyl-l-propanoI9 under a variety of conditions (Scheme 5).

Scheme 5. Esterification Reactions Investigating Stereochemistry.

The reaction could be carried out successfully in toluene, THF, 1,2-dichloroethane, ethyl

acetate, or DMF, however, we determined that toluene and DMF gave slightly higher

yields and often complementary results in terms of inversion and retention ratios. The

overall results are summarized in Table 3.



1

5

1

'12

Alcohol
NO.

~~l
1

7.

1

'1

1

1

1

9

:()H~

~

Conv.,

78

7fj

4:96

27

[a] Conversions are unoptimized results based on the isolated mass of purified ester after the standard 24 h
reaction period.
[b] Retention: inversion ratios measured by IHNMR (menthol) and chiral GC or HPLC in comparison with
authentic standards
[c] Bulky phosphorane 6b (isobutyl) used to promote esterification.

Table 3. Stereoselective esterification Reactions Promoted by DMTP.
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The reaction of L-menthol 7 with 4-nitrobenzoic acid promoted by phosphorane 6a in

toluene provided the ester with 95% retention of configuration (Table 3, entry 1). The

degree of inversion increased as the electron donating ability of the 4-substituent

increased (Table 3, entries 1-3) while conversion was higher when electron-deficient 4

substituted benzoic acids were employed. We next investigated the steric nature of the

acid with remarkable results. Even a single ortho substituent was seen to have a

considerable effect on the outcome of the reaction now delivering the product of

inversion with high selectivity (Table 3, entries 4-7). The conversions were lower when

mono-ortho-substituted benzoic acids were employed due to competitive formation of the

acid anhydride. The reaction ofL-menthol with 2,4,6-trimethylbenzoic acid promoted by

6a gave the ester with greater than 99.5% inversion (Table 3, entry 7). When we returned

to the use of4-nitrobenzoic acid, but performed the reaction in DMF, the ester was

obtained in good yield but with 99.2% retention (Table 3, entry 8) in sharp contrast with

entry 7. The general results observed with L-menthol were shown to also hold for the

other chiral alcohols investigated. Thus, (1R)-1-phenyl-1-propanol 9 reacted slowly in

DMF with 4-nitrobenzoic acid in the presence of 6a to give the ester with 64% retention

and 36% inversion of configuration at the alcohol center (Table 3, entry 9) while bulky

phosphorane 6b provided 95% retention (Table 3, entry 10). The same reaction

conducted in toluene and employing 2,4,6-trimethylbenzoic acid proceeded faster and

delivered the ester with 95% inversion of configuration (Table 3, entry 11).

Similarly, (2S)-2-hexanol 8 could be esterified yielding the products of inversion

or retention in a controlled fashion (Table 3, entries 12-15). The reaction in DMF using

the tributylphosphorane 6a and 4-nitrobenzoic acid for the esterification ofnon-hindered
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alcohols 8 and 9 gave ester with 80% retention maximum, while bulky

triisobutylphosphorane 6b gave up to 97% retention (Table 3, entries 10 and 13) although

the reaction conversion was lower than when 6a was employed.

Overall, the product of inversion is favoured with use ofphosphorane 6a when the

reaction is performed in toluene, using a carboxylic acid with one or more ortho

substituents and preferably these being electron releasing groups (i.e. 2,4,6-trimethyl- or

2,6-dimethoxybenzoic acid). The product of retention is favoured when the reaction is

performed in DMF with 4-nitrobenzoic acid and is increased as the steric bulk of the

trialkyl substituents on the phosphorane increases. In most cases, DMTP 6a was the

reagent of choice in effecting rapid esterification. Interestingly, the triphenylphosphine

derived analogue of 6 was not very effective in promoting the esterification reaction.

The mechanistic underpinnings of the reaction were then investigated. In control

experiments we determined that alcohols do not enter into reaction with DMPT 6a in the

absence of any carboxylic acid or proton source. However, carboxylic acids react slowly

with 6a in the absence of alcohol to produce the acid anhydride. The reaction of2,4,6

trimethylbenzoic acid with 6a (1:1 molar ratio) conducted at 70°C in CDCl3 was followed

by IH NMR. After 4 h the anhydride was formed in over 90% yield. Isolation of the

anhydride in the absence of an alcohol43 and formation of the ester with retention of

configuration32b
,38 are strongly indicative of the intermediacy of an acyloxyphosphonium

ion. We also determined that chiral alcohols do not react with the anhydride that is

formed under the conditions of the esterification reaction, indicating that products of

retention do not arise by simple alcohol acylation; clearly two competing pathways

leading to the products of inversion or retention are operative.



30

To explain the results obtained in our studies, the mechanism outlined in Scheme

6 is postulated.

10

2

InverSion
~-~.

Scheme 6. Postulated Mechanisms for the Esterification with DMTP.

Initial protonation of 6a provides the activated intermediate 3', analogous to 3,

Scheme 2. However, since esters with retention of stereochemistry are formed as well as

anhydride in certain cases, the major reaction appears to follow Path 2, proceeding via the

acyloxyphosphonium ion intermediate 5'. In contrast to hydrazide ion formation in the

Mitsunobu reaction32b the only basic anions that can be formed in the above process are

the dimethylmalonyl anion (DMM pKa approximately 10) or the carboxylate anion,

formed by proton transfer to DMM. Under these circumstances, base-mediated crossover

to Path 1 (5' to 4') becomes less favorable and a higher degree ofretention is expected.

The substituent effect on the reaction conversion with 4-substituted benzoic acids

(Table 3, entries 1-3) indicates that 4-nitrobenzoic acid forms the acyloxyphosphonium

salt (corresponding to 5', Scheme 6) with 6a faster likely due to its greater acidity. High

degrees of retention were also observed with the electron-deficient acids. For more

electron-rich carboxylic acids (Table 3, entries 2 and 3) the corresponding carboxylate
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ions are expected to be stronger bases compared to the 4-nitrobenzoate anion. This

would lead to increasing conversion of 5' to 4' allowing for higher degrees of inversion as

the acid becomes more electron rich.

In addition to the importance of the basicity of the reaction media, steric factors

on the alcohol, carboxylic acid, and phosphorane, as well as solvent, play important roles

on the balance between the competing pathways leading to retention or inversion. In the

case involving the 4-nitrobenzoate anion and a hindered alcohol such as menthol, the

crossover path is less likely and the reaction proceeds with high retention (99%) in DMF

(Table 3, entry 8) and 95% in toluene (Table 3, entry 1). For 4-nitrobenzoic acid and less

hindered alcohols 8 and 9 intermediate ratios of retention and inversion are observed

(Table 3, entries 9 and 12). As the steric nature of the acid is increased (Table 3, entries

4-7, 11, 14, and 15) the acyloxyphosphonium salt 5' becomes more hindered and the

attack of alcohol on the acyl center becomes slower allowing more alkoxyphosphonium

ion 4' formation leading to higher degrees of inversion and essentially complete inversion

when 2,4,6-trimethylbenzoic acid is used (Table 3, entries 7, 11, and 15).

In the cases where the hindered phosphorane 6b (Table 3, entries 10 and 13) was

employed in conjunction with a non-hindered acid, alkoxide or alcohol attack on the acyl

carbon (as opposed to phosphorus) of the acyloxyphosphonium salt 5' is expected to

become dominant, resulting in higher degrees of retention.

Further evidence in accord with the postulated mechanism, including base

mediated crossover, was obtained from the following experiments. The independent

generation and trapping of acyloxyphosphonium ions can be accomplished oxidatively
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through the treatment of a tertiary phosphine with benzoyl peroxide.43 Thus, a solution of

benzoyl peroxide (BPO) in THF was added dropwise to a mixture ofL-menthol and

tributylphosphine,43 under our standard esterification conditions (70°C), and separately

with added diisopropylamine.

I) tBu-NH2
• benzene

(-BU3P?) 1.,,\OBz

DMF U

(-Bu3PO)
...

+

+
9PBu3

~
R2 R3

+
Ph

o==<
p + Bu3P ~ath 2

o ~ 0
)=0 )l ,PBU

3
Ph Ph 0

+

Scheme 7. Esterification of Menthol Promoted by BPO/Bu3P Conjunction

The menthyl ester ofbenzoic acid was formed in good yield in both cases with

retention:inversion ratios of 80:20 and 40:60. This first result is very similar to that

obtained with phosphorane 6a and benzoic acid (ratio 81: 19). This provides strong

evidence for the acyloxyphosphonium32b intermediate 5' and that Path 1 in Scheme 6 may

not be operative under our conditions. The result with diisopropylamine is direct

independent evidence for the base-mediated competitive crossover path in the

esterification reaction promoted by phosphorane 6a leading to more inversion. The use

of triphenylphosphine and BPO was recently shown to generate anhydrides via the

acyloxyphosphonium ion even when the reaction was performed in ethanol as solvent.32b

Only traces of ethyl ester were produced in this process. In contrast to these results, the

trialkylacyloxyphosphonium ion allows esterification to proceed efficiently even when a

stoichiometric amount of a hindered alcohol is present.
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CONCLUSIONS

L SUZUKI CROSS-COUPLING REACTION

The phosphonium salt ionic liquid THPC is available in litre quantities and holds

a great deal ofpotential as an economical, recyclable media for metal promoted reactions

and process chemistry in general and as we have shown here the Suzuki cross-coupling

reaction in particular. Further analysis of the active Pd-catalytic species formed by

dissolution ofPd2(dba)3 in the phosphonium salt ionic liquid and applications of the

process to other coupling partners are currently under investigation in our laboratories.

IL ESTERIFICATIONREACTION

We have prepared a new class oftrialkylphosphorane that promotes the

esterification reaction of chiral alcohols allowing controlled inversion or retention of

stereochemistry in a predictable manner. The reagents also promote the esterification of

achiral substrates with a wide range of carboxylic acid and alcohol partners under neutral

conditions. The major advantage of these new reagents is the controlled levels of

inversion or retention that can be achieved through choice ofreagents and solvent. These

results appear to be manifest because no strongly basic species are generated during the

reaction allowing clean separation of the two competing pathways available for the

reaction. The side products of this reaction, DMM and tributylphosphine oxide, are

largely removed by using a basic extraction protocol, simplifying purification. Strong
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evidence in favor of the reaction proceeding via an acyloxyphosphonium salt has been

uncovered in accord with the mechanism proposed. The question of inversion vs.

retention in the esterification reaction of chiral alcohols promoted by phosphorane 6a is

rationalized as competition between direct alcohol acylation by the acyloxyphosphonium

ion 5', leading to retention, and base-mediated crossover from 5' to the

alkoxyphosphonium ion 4', resulting in the product of inversion. The implications of

these results for the current view of the standard Mitsunobu esterification are such that

the basic hydrazide anion may indeed playa very significant role?2b,41 Basic anions are

also implicated during the esterification reaction carried out with

(cyanomethyl)trialkylphosphoranes, such as the elimination of the anion of

acetonitrile,35,36 resulting in inversion of stereochemistry also. By analogy with our

results, such basic species may provide a crossover path, via alkoxide anion formation,

from an initial acyloxyphosphonium salt to an alkoxyphosphonium salt leading ultimately

to esters with inversion of stereochemistry. The results described with the new

phosphoranes 6a and 6b, along with the recent reports by DeShong39 and Smith,40

concerning standard Mitsunobu reagents providing esters (lactones) with retention of

stereochemistry draw attention to the fine line between the divergent mechanisms

operative in the reaction. While inversion of stereochemistry is the normal outcome for

the standard Mitsunobu reaction on chiral secondary alcohols, this should no longer be

assumed to be the case, particularly in cases where hindered secondary alcohols are

involved. A detailed study concerning the independent generation and trapping of

acyloxyphosphonium ions is in progress and will be reported in due course.
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EXPERIMENTAL

L GENERALDETAILS

In the reactions described, all starting materials were obtained from Aldrich and

used as obtained except those noted below. Tributylphosphine and triisobutylphosphine

were obtained from Cytec and 2-chloro-dimethylmalonate from Aldrich, Degussa, and

Ubichem. Dry THF was obtained by distillation from sodium-benzophenone, anhydrous

DMF used directly (Aldrich Sure/SeaZ™) and triethylamine distilled over calcium

hydride. Methanol, ethanol and isopropanol were redistilled from magnesium turnings

before use. Suzuki cross-coupling and esterification reactions were perfonned

individually or in parallel on the Quest 210 Organic Synthesizer. IH-NMR, 13C-NMR

were recorded at 300 and 75 MHz in CDCl3 on a Broker Avance DPX-300

spectrophotometer. MS analysis was performed on a Kratos Concept 1S spectrometer.

FTIR spectra (KBr) were recorded on a Mattson Research Series spectrophotometer.

Chiral GC analysis was performed on the HP-6890 with FID and chiral HPLC perfonned

on a Waters 600 series system under the individual conditions described below. Melting

points were obtained on an Electrothermal apparatus and reported without correction.
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IL SUZUKI CROSS-COUPLING REACTION

General Procedure for Synthesis of Biaryl compounds:

r(YX

R~ ~
B(OH)2

+ I ----~..
R' b THPC/PhMe/H20

R

R'

THPC (1.0 mL) was degassed in a dry round bottom flask by pumping under

reduced pressure (0.5 mm Hg) for 10 min and then filled with argon. Iodobenzene (0.5

mmol, 1.0 equiv.) and Pd2(dba)3·CHCI3 (0.005 mmol, 0.01 equiv.) were added and the

mixture heated briefly using a heat gun to effect an orange solution. After cooling to

room temperature K3P04 (1.65 mmol, 3.3 equiv.), phenylboronic acid (0.55 mmol, 1.1

equiv.) distilled water (0.2 mL) and toluene (0.1 mL) were added. When

triphenylphosphine (0.01 mmol, 0.02 equiv.) was used (see Table 1) was added as a

solution in the added toluene. The solution so obtained was heated under argon at the

temperature and for the duration indicated in Table 1. The product biaryls were isolated

by using either of two methods.

Method A : Addition ofwater (5.0 mL) and hexane (15 mL) followed by vigorous

shaking and settling for 0.5-1 h. The top hexanes layer was removed and concentrated

followed by purification of the biaryl on silica gel. The bottom aqueous phase was

removed and discarded leaving the central ionic liquid-catalyst. Use of this method

allowed for most efficient catalyst recyclability. The ionic liquid was recharged with

phenylboronic acid, iodobenzene and K3P04 and reheated as indicated in Table 1.
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Isolated yields ranged from 82-97% for both reactions with no difference being noted in

the subsequent reaction. In contrast to the above procedure, exhaustive or continuous

extraction (24 h) of the ionic liquid with hexanes results in removal of the catalyst and

ionic liquid indicating that both active catalyst and THPC are slightly soluble in hexane.

Method B: In order to determine the isolated yield of the biaryls reported in Table

1 after one run only, the ionic liquid crude reaction mixture was filtered through a silica

gel plug, washed with hexanes/ethyl acetate followed by silica gel chromatography of the

filtrate. Yields reported in Table 1 are based on isolated mass of the pure biaryls so

obtained.

Table 1, Entry 1

1,1 ' -biphenyl

White solid;
I HNMR (CDCI3): 8 7.42-7.37 (m, IH), 7.47-7.52 (m, 2H), 7.65 (d, 2H, J==7.1 Hz);
13CNMR (CDCI3): 8 127.6,127.7, 129.2,141.6;
MS: m/z (% reI.) 155 (14.8),154 (100),153 (30.6),152 (29.2),151 (7.8),77 (10.4),76
(18.8),51 (6.7);
HREIMS: calc'd. for C12H 10 154.07825; found 154.07762.
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Table 1, Entry 2,10,&14

o

1-[1,1 '-biphenyl]-4-yl-1-ethanone

Off-white solid;
I HNMR (CDC13): 82.67 (s, 3H), 7.43-7.52 (m, 3H), 7.65 (d, 2H, 1==7.3 Hz), 7.71 (d,2H,
1==8.3 Hz), 8.06 (d, 2H, 1==8.3 Hz);
13CNMR (CDC13): 827.1, 127.6, 127.7, 128.6, 129.3, 129.4, 136.2, 140.3, 146.2, 198.2;
MS: m/z (% reI.) 196 (53.1),182 (17.0),181 (100),153 (21.1),152 (44.0),151 (17.1),76
(24.2), 43 (14.0);
HREIMS: calc'd. for C14H120 196.08882; found 196.08879.

Table 1, Entry 3

o

1-(2'-methyl-[1,1 '-biphenyl]-4-yl)-I-ethanone

Clear colourless oil;
IHNMR (CDC13): 82.31 (s, 3H), 2.68 (s, 3H), 7.25-7.33 (m, 4H), 7.46 (d, 2H, 1==8.2 Hz),
8.05 (d, 2H, 1==8.2 Hz);
13CNMR (CDC13): 8 20.8, 27.1, 126.4, 128.3, 128.6, 129.88, 129.91, 131.0, 135.6, 136.0,
141.1,147.4,198.3;
MS: m/z (% reI.) 210 (54.7), 196 (15.6),195 (100),165 (27.8),152 (19.1), 97 (18.2), 82
(10.8),43 (15.9);
HREIMS: calc'd. for C15H140 210.10447; found 210.10485.
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o

1-[4-(2-napthyl)-phenyl]-I-ethanone

Off-white solid;
I HNMR (CDCI3): 8 2.71 (s, 3H), 7.44-7.65 (m,6H), 7.86-7.96 (m, 3H), 8.12 (d, 2H,
J==8.2 Hz);
13CNMR (CDCI3): 827.1, 125.7, 125.9, 126.4, 126.8, 127.3, 128.77, 128.82, 130.7,
131.6,134.2,136.4,139.4,146.2,198.3;
MS: m/z (% reI.) 247 (22.2),246 (100), 231 (81.4),203 (27.5),202 (81.5), 115 (26.3),
101 (57.1),100 (22.8);
HREIMS: calc'd. for C18H140 246.10447; found 246.10417.

Table 1, Entry 5

o OMe

1-(2'-methoxy-[1,1 '-biphenyl]-4-yl)-I-ethanone

Off-white solid;
I HNMR (CDCI3): 82.66 (s, 3H), 3.85 (s, 3H), 7.02-7.10 (m, 2H), 7.35-7.42 (m, 2H),
7.66 (d, 2H, J==8.3 Hz), 8.03 (d, 2H, J==8.3 Hz);
13CNMR (CDCI3): 827.1,56.0, 111.7, 121.4, 128.5, 129.8,129.9,130.1,131.1,135.9,
144.0, 156.8, 198.3;
MS: m/z (% reI.) 227 (11.8),226 (65.3), 212 (15.3), 211 (100), 168 (35.7), 139 (16.3),
105 (18.7), 43 (28.3);
HREIMS: calc'd. for ClsH1402 226.09938; found 226.09943
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Table 1, Entry 6,11,&15

o

OMe

1-(4'-methoxy-[l,1'-biphenyl]-4-yl)-1-ethanone

Off-white solid;
IHNMR (CDCI3): 8 2.65 (s, 3H), 3.89 (8, 3H), 7.02 (d, 2H, J==8.6 Hz), 7.60 (d, 2H, J==8.8
Hz), 7.67 (d, 2H, J==8.3 Hz), 8.03 (d, 2H, J==8.3 Hz);
13CNMR (CDCI3): 827.1,55.8,114.8,127.0,128.8,129.3,132.6, 135.7, 145.8, 160.3,
198.2;
MS: m/z (% reI.) 226 (85.8), 212 (17.0), 211 (100),168 (22.1),140 (25.1),139 (31.8),
105 (23.8), 43 (19.2);
HREIMS: calc'd. for ClsH140Z 226.09938; found 226.09918.

Table 1, Entry 7,13,&16

MeO

OMe

4,4'-dimethoxy-1,1 '-biphenyl

Off-white solid;
IHNMR (CDCI3): 83.87 (8, 6H), 6.98 (d, 4H, J==8.7 Hz), 7.50 (d, 4H, J==8.6 Hz);
13CNMR (CDCI3): 8 55.7, 114.5, 128.1, 133.9, 159.1;
MS: m/z (% reI.) 215 (15.5),214 (100), 200 (9.1), 199 (52.7), 171 (14.3), 139 (7.2),128
(13.3), 107 (15.0);
HREIMS: calc'd. for C14H140Z 214.09938; found 214.09917.
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Table 1, Entry 8

OMe

4-methoxy-4'-methyl-I,1'-biphenyl

Off-white solid;
IHNMR (CDCI3): 82.31 (8, 3H), 3.78 (s, 3H), 6.90 (d, 2H, J==8.6 Hz), 7.16 (d, 2H, J==8.0
Hz), 7.38 (d, 2H, J==8.0 Hz), 7.44 (d, 2H, J==8.7 Hz);
13CNMR (CDCI3): 821.5,55.7,114.6,127.0,128.3,129.8,134.1,136.7, 138.3, 159.3;
MS: m/z (% reI.) 199 (15.5), 198 (100), 183 (30.0), 169 (6.0), 155 (15.1), 153 (6.0), 152
(8.0), 99 (9.2);
HREIMS: calc'd. for C14H140 198.10447; found 198.10385.

Table 1, Entry 9

CI

OMe

4-chloro-4'-methoxy-1 ,1 ' -biphenyl

Off-white solid;
IHNMR (CDCI3): 8 3.87 (s, 3H), 7.00 (d, 2H, J==8.7 Hz), 7.40 (d, 2H, J==8.7 Hz), 7.48
7.52 (m, 4H);
13CNMR (CDCI3): 8 55.8,114.7,128.3,128.4,129.2, 132.9, 133.1, 139.7, 159.7;
MS: m/z (% reI.) 220 (32.1),219 (14.9), 218 (100),203 (25.7),175 (21.0),139 (17.8),
109 (9.1), 76 (8.7);
HREIMS: calc'd. for C13H11CIO 218.04984; found 218.05028.



42

Table 1, Entry 12

OMe

4-methoxy-1,1 '-biphenyl

White solid;
I HNMR (CDC13): 83.88 (s, 3H), 7.00-7.03 (m, 2H), 7.28-7.36 (m, 1H), 7.42-7.47 (m,
2H), 7.54-7.60 (m, 4H);
13CNMR (CDC13): 8 55.7,114.6,127.06,127.14, 127.6. 128.6, 129.1,134.2, 141.2,
159.5;
MS: m/z (% reI.) 185 (15.6), 184 (100),169 (25.9),141 (25.1), 139 (8.6),115 (21.1), 92
(7.7), 76 (8.9);
HREIMS: calc'd. for C13H120 184.08882; found 184.08967.
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IlL ESTERIFICATION REACTION

General Procedure for Synthesis of Phosphorane:

0 0

OMe Et3N, EtOAc OMe
nBu P + CI :::- Bu3P3

20°C, 1 hr.
If OMe OMe

0 0

Into a flame-dried round-bottom flask containing dry EtOAc (50.0 ml) was added

dimethyl-2-chloromalonate (5.113 ml, 40.0 mmol, 1.0 eq.) and tributylphosphine (10.0

ml, 40.0 mmol, 1.0 eq.) was injected via syringe under argon. The phosphonium salt

occasionally crystallizes at this point with no deleterious effects on the reaction. The

mixture was cooled in an ice bath while dry Et3N (5.575 ml, 40.0 mmol, 1.0 eq.) was

added dropwise (mild exotherm) to the mixture via syringe. Upon the addition ofbase

the solution becomes a viscous white slurry. The reaction mixture was stirred at room

temperature for one hour under argon. The slurry was filtered under positive argon

through a short column containing a cotton plug and the precipitated Et3N-HCI washed

thoroughly with EtOAc. The clear filtrate was concentrated by removing the solvent

under reduced pressure to give the phosphorane as a colourless oil, 13.105 g, 98.6%. The

yield ranged from 98-100% over many attempts.
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o
OMe

OMe

o

6a dimethylmalonyltributylphosphorane

Colourless oil;
I HNMR (CDC13): 0.75 (t, 3H, J==6.75), 1.21-1.28 (m, 12H), 1.91-1.98 (m, 6H), 3.47 (s,
6H);
13CNMR (CDC13): 13.2,21.8 (d, J==55 Hz), 23.6 (d, J==15.4 Hz), 23.9 (d, J==3.8 Hz),
49.9, 168.8 (d, J==14.5 Hz);
31PNMR (CDC13): 27.8;
MS: m/z (% reI.) 332 (24.3), 303 (53.4),301 (100),276 (30.1), 261 (31.1),219 (22.0),
206 (25.8), 177 (22.8);
HREIMS: ealc'd. for C17H33P04 332.2116; found 332.2112.
FTIR: 2958,2936,2872,1678,1640,1605,1433, 1312 (P==C), 1076 em -1.
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General Procedure for esterification:

o
OMe

R

o

OH

OMe

o
PhMe

70De, 24 hrs.
R

o

OMe

To a flame dried reaction vessel was added the acid (1.8 mmol, 1.5 eq.) under

argon. The vessel was then sealed and purged with argon. A 1.0 M solution (PhMe) of

the ntributylphosphorane (1.2 ml, 1.2 mmol, 1.0 eq.) was added via syringe followed by

methanol (39ul, 0.96 mmol, 0.8 eq.) under argon. The clear yellowish/orange solution

was stirred at 70°C for 24 hours. The solution was cooled to room temperature and an

aqueous/organic (0.2N Na2C03(aq)/EtOAc) workup was performed. The organic layer

was washed three times and dried with Na2S04. The solution was gravity filtered

through cotton baton and the drying agent was washed thoroughly (4X) with EtOAc. The

solvent was removed under reduced pressure to afford a yellowish mixture of crystals and

oil as a crude product. The product was purified on a silica gel column (95:5, hexane:

ethyl acetate).
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Table 2, Entry 1

o

OMe

Methyl 4-nitrobenzoate

CAS #: 830-03-5
I HNMR (CDCI3): 84.00 (s, 3H), 8.23 (d, 2H, 1==8.9 Hz), 8.31 (d, 2H, 1==8.9 Hz);
13CNMR (CDCI3): 8 52.9, 123.6, 130.8, 135.6, 150.6, 165.3;
MS: m/z (% reI.) 181 (38.7), 150 (100),120 (11.0),104 (26.2), 103 (11.6),76 (21.0), 75
(16.6), 50 (16.5);
HREIMS: calc'd. for CsH7N04 181.03751; found 181.03803.

Table 2, Entry 2

o

OEt

Ethyl4-nitrobenzoate

CAS #: 99-77-4
IHNMR (CDCI3): 8 1.45 (t, 3H, 1==7.1 Hz), 4.46 (q, 2H, 1==7.2 Hz), 8.23 (d, 2H, 1==8.9
Hz), 8.31 (d, 2H, 1==8.9 Hz);
13 ~CNMR (CDCI3): u 14.1,61.8,123.7,130.5,135.7,150.3,165.5.
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Table 2, Entry 3

o

OiPr

Isopropyl 4-nitrobenzoate

IH-NMR (CDCl3) 8 1.40 (d, 6H, J==6.9 Hz), 5.29 (septet, IH, J== 6.4 Hz), 8.20 (d, 2H,
J==9.0 Hz), 8.27 (d, 2H, J==9.0 Hz);
13C-NMR (CDCI3) 822.2,70.1, 123.9,131.0,136.6, 150.8,164.6.

Table 2, Entry 4 N/A

Table 2, Entry 5

o

2-Phenethyl-4-nitrobenzoate

IH-NMR (CDCl3) 8 3.13 (t, 2H, J== 6.9 Hz), 4.62 (t, 2H, J== 6.9 Hz), 7.05-7.44 (m, 5H),
8.18 (d, 2H, J==8.3 Hz), 8.29 (d, 2H, J==8.3 Hz);
13C-NMR (CDCl3) 8 35.5,66.7, 123.9,127.2,129.05, 129.3, 131.1, 136.0, 137.8, 150.9,
164.97.
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o
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OMe

Methyl benzoate

CAS #: 93-58-3
IHNMR (CDCI3): 83.49 (s, 3H), 7.43-7.48 (m, 2H), 7.55-7.60 (m, IH), 8.05-8.08 (m,
2H);
13CNMR (CDCI3): 8 52.5, 128.7, 129.9, 130.6, 133.3, 167.5.

Table 2, Entry 7

o

CI

OMe

Methyl 4-chlorobenzoate

CAS #: 1126-46-1
IHNMR (CDCI3): 8 3.83 (s, 3H), 7.33 (d, 2H, J==8.5 Hz), 7.89 (d, 2H, J==8.3 Hz);
13CNMR (CDCI3): 852.6,129.0,129.1,131.3,139.8,166.6.
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Table 2, Entry 8

o

HO

OMe

Methyl 4-hydroxybenzoate

CAS #: 99-76-3
IHNMR (CDC13):8 3.68 (s, 3H), 6.82 (d, 2H, J==8.8 Hz), 7.87 (d, 2H, J==8.8 Hz);
13CNMR (CDCI3): 852.4, 115.6, 122.4, 132.3, 161.0, 167.8.

Table 2, Entry 9

o

MeO

OMe

Methyl 4-methoxybenzoate

CAS #: 121-98-2
I HNMR (CDCI3): 8 3.77 (s, 3H), 3.80 (s, 3H), 6.83 (d, 2H, J==8.8 Hz), 7.91 (d, 2H, J==8.9
Hz);
13CNMR (CDCI3): 8 52.2, 55.7, 113.9, 123.0, 131.9, 163.7, 167.2.
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Table 2, Entry 10

OMe 0

OMe

OMe

Methyl 2,6-dimethoxybenzoate

CAS #: 2065-27-2
I HNMR (CDCl3): 8 3.74 (s, 6H), 3.83 (s, 3H), 6.48 (d, 2H, J==8.4 Hz), 7.21 (t, 2H, J==8.3
Hz);
13CNMR (CDCl3): 8 52.9,56.4,104.3,113.6,131.4,157.7,167.3.

Table 2, Entry 11

o

CI

OMe

Methy14-chlorocinnamate

CAS #: 7560-44-3
IHNMR (CDCI3): 83.51 (s, 3H), 6.13 (d, IH, J==16.0 Hz), 7.07 (d, 2H, J==8.2 Hz), 7.18
(d, 2H, J==8.4 Hz), 7.34 (d, IH, J==16.0 Hz);
13CNMR (CDCl3): 8 52.2,118.8,129.56, 129.61, 133.2, 136.6, 143.8, 167.6.



Table 2, Entry 12

o
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MeG

OMe

Methyl 4-methoxycinnamate

CAS #: 832-01-9
IHNMR (CDCI3): 83.61 (s, 3H), 3.65 (s, 3H), 6.14 (d, IH, J==15.9 Hz), 6.73 (d, 2H,
J==8.8 Hz), 7.30 (d, 2H, J==8.7 Hz), 7.47 (d, IH, J==15.9 Hz);
13CNMR (CDCI3): 8 51.7,55.4,114.4,116.4,128.1, 130.9, 145.5, 160.3, 167.1.

Table 2, Entry 13

o

OEt

Ethyl cyclohexanecarboxylate

CAS #: 3289-28-9
IHNMR (CDCI3): 8 1.26 (t, 3H, J==7.1 Hz), 1.27-1.29 (m, 3H), 1.47-1.69 (m, 3H), 1.75
(m,2H), 1.90 (m, 3H), 2.30 (m, IH), 4.12 (q, 2H, J==7.1 Hz);
13CNMR (CDC13): 8 14.5, 26.0, 26.4, 29.5, 44.4, 59.8, 176.7.
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o

o

(IRIS, 2S, 5R)-1-(4-Nitrobenzoyl)-2-(1 '-methylethyl)-5-methylcyclohexan-1-ol

White solid (mp 48-50oC);
IH-NMR (CDC13): 8 0.80-2.2 (m, 17H), 4.98 (m, 1H), 8.21 (d, 2H, J=9.0 Hz), 8.29 (d,
2H, J=9.0 Hz);
13C-NMR (CDC13): 8 16.85,21.1,22.4,23.9,26.9,29.8,31.8,41.2,47.5, 76.5,123.9,
131.0, 136.6, 150.8, 164.6.

Table 3, Entry 2

o

Me

o

(1RlS, 2S, 5R)-1-(4-Methylbenzoyl)-2-(1-methylethyl)-5-methylcyclohexan-1-01

Colourless oil;
IH -NMR (CDC13): 8 0.7-2.2 (m, 17H), 2.43 (s, 3H), 4.94 (m, 1H), 7.26 (d, 2H, J= 8.0
Hz), 7.97 (d, 2H, J= 8.1 Hz);
13C-NMR (CDC13): 8 16.9,21.2,22.0,22.4,24.1,26.9,31.8,34.7,41.4, 47.7,74.9,
128.5, 129.9, 131.9, 143.7, 166.5.
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a

Mea

a

(IRIS, 28, 5R)-I-(4-Methoxybenzoyl)-2-(I-methylethyl)-5-methyl-cyclohexan-l-01

Colourless oil;
I H-NMR (CDCI3): 8 0.65-2.2 (m, 17H), 3.87 (s, 3H), 4.92 (m, IH), 6.94 (m, 2H), 8.02
(m,2H);
13C-NMR (CDCI3): 8 16.95,21.2,22.4,24.1,26.9,31.8, 34.7, 41.4, 47.7,55.8,74.8,
113.9,123.9, 131.9, 163.6,166.0.

Table 3, Entry 4

a

a

OMe

(1RlS 28, 5R)-I-(2-Methoxybenzoyl)-2-( I-methylethyl)-5-methyl-cyclohexan-l-01

Colourless oil;
I H -NMR (CDCI3): 80.65-2.2 (m, 17H), 3.87 (s, 3H), 5.43 (broad s, IH), 6.95-7.10 (m,
2H), 7.45-7.50 (m, 2H), 7.75-7.91 (m,2H);
13C-NMR (CDCI3): 821.2,21.4,22.6,25.7,26.5,29.6,35.4,39.6,56.2, 71.9,112.4,
120.4,121.1,132.1, 133.7, 159.8, 165.9.
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Table 3, Entry 5

o

o

Me

(1R/8, 28, 5R)-1-(2-Methylbenzoyl)-2-(1-methylethyl)-5-methyl-cyclohexan-1-o1

Colourless oil;
I H-NMR (CDCI3): 80.60-2.2 (m, 17H), 2.56 (s, 3H), 5.40 (broad s, 1H), 6.95-7.35 (m,
3H), 7.85(d, 2H, J==8.0 Hz);
13C-NMR (CDCI3): 821.2,21.4,22.5,22.6,25.9,27.2,29.7,35.3,39.6, 47.4, 71.9,
126.1,130.7,131.0,132.10, 132.13, 140.6, 167.3.

Table 3, Entry 6

OMe 0

o

OMe

(1R/8, 28, 5R)-1-(2, 6-Dimethoxybenzoyl)-2-(1-methylethyl)-5-methyl-cyclohexan-1-o1

White solid;
I H-NMR (CDCI3): 8 0.80-2.3 (m, 17H), 3.80 (s, 6H), 5.44 (broad s, 1H), 6.55 (d, 2H, J==
8.4 Hz), 7.27 (t, 2H, J== 8.4 Hz);
13C NMR (CDCI3): 820.9,21.5,22.7,25.6,26.7,29.5,35.2,39.5,47.25, 56.2, 72.7,
104.3,114.8,130.8,157.5, 166.7.
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Table 3, Entry 7

Me 0

o

Me Me

(1RlS, 2S, 5R)-I-(2, 4, 6-Trimethylbenzoyl)-2-( I-methylethyl)-5-methylcyclohexan-l-ol

Colourless oil;
IH -NMR (CDCl3): 8 0.80-2.34 (m, 17H), 2.31 (s, 3H), 2.33 (s, 6H), 5.54 (broad s, IH),
6.88 (s, 2H);
13C NMR (CDCl3): 8 19.9,21.3,21.46,21.48,22.6,23.1,25.5,27.2,29.3, 35.2, 39.7,
47.45,72.4,128.6,132.6,134.7,139.1,170.5.

Table 3, Entries 9 & 10

o

o

I-Phenyl-l-propyl4-nitrobenzoate

Colourless oil;
IH -NMR (CDCl3): 8 0.99 (t, 3H, J== 7.4 Hz), 1.9-2.25 (m, 2H, J== 7.0 Hz), 5.95 (t, IH, J==
6.8 Hz), 7.1-7.52 (m, 5H), 8.29(AB, 4H, J== 8.8 Hz);
13C-NMR (CDCl3): 8 10.4,29.7,79.6, 123.9, 126.9,128.6,129.0, 131.1, 136.3, 140.2,
150.9, 164.4.
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Me 0
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o

Me Me

1-Phenyl-1-propyI2, 4, 6-trimethylbenzoate

Colourless oil;
I H-NMR (CDCI3): 8 1.05 (t, 3H, J== 7.4 Hz), 2.01 (m, 1H), 2.15 (m, 1H), 2.27 (s, 6H),
2.34 (s, 3H), 6.02 (t, 1H, J== 6.9 Hz), 6.91 (s, 2H), 7.30-7.58 (m, 5H);
13C-NMR (CDCl3): 8 10.6, 20.0, 21.5, 29.6,78.8, 127.2, 127.5, 128.4, 128.8, 131.8,
135.3, 139.5, 140.6, 170.5.

Table 3, Entries 12 & 13

o

o

2-Hexyl-4-nitrobenzoate

White solid;
1H-NMR (CDCl3): 8 0.83 (t, 3H, J== 6.7 Hz), 1.25-1.32(m, 4H), 1.29 (d, 3H, J== 6.2
Hz), 1.33-1.80(m, 2H), 5.11 (m, 1H), 8.17(AB, 4H,J== 8.7 Hz);
13C-NMR (CDCl3): 8 14.4,20.4,22.9,27.9,36.0,73.5,123.85,131.0, 136.7, 150.8,
164.7.
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Table 3, Entry 14

OMe 0

o

OMe

2-HexyI2,6-dimethoxybenzoate

Colourless oil;
I H-NMR (CDCI3): 8 0.93 (t, 3H, J== 6.9 Hz), 1.20-1.50 (m, 4H), 1.34 (d, 3H, J== 6.1
Hz), 1.51-1.80 (m, 2H), 3.80 (s, 6H), 5.20 (m, IH), 6.55 (d, 4H, J== 8.4 Hz), 7.28 (t, IH,
J== 8.4 Hz);
13C-NMR (CDCI3): 8 14.5,20.5,22.9,27.9,36.1,56.3,72.3,104.3,114.3, 131.0, 157.5,
166.6.

Table 3, Entry 15

Me 0

o

Me Me

2-Hexyl 2, 4, 6-trimethylbenzoate

Colourless oil;
I H-NMR (CDCI3): 80.95 (t, 3H, J== 6.7 Hz), 1.22-1.49 (m, 4H), 1.39 (d, 3H, J== 6.4 Hz),
1.50-1.85 (m, 2H), 2.31 (s, 3H), 2.34 (s, 6H), 5.25 (m, IH), 6.91 (s,2H);
13 (C-NMR CDCI3): 8 14.4, 19.9, 20.4, 21.5, 22.9, 28.0, 36.0, 72.2, 128.7, 132.1, 135.0,
139.3,170.3.
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Esterification of L-menthol with tributylphosphine and benzoyl peroxide:

A solution ofbenzoyl peroxide (185 mg, 0.64 mmol) in dry THF (0.5 mL) was

added dropwise to a stirring mixture ofL-menthol (100 mg, 0.64 mmol) and

tributylphosphine (160 JlL, 0.64 mmol) in 0.5 ml of dry THF at 70°C for 2h. The reaction

mixture was then diluted with EtOAc (3.0mL), washed with 0.2N Na2C03(aq.) (2 x 2

ml), dried with Na2S04, filtered and concentrated. The IH-NMR spectra of the product

showed that (iRIS, 2S, 5R)-1-(benzoyl)-2-(I-methylethyl)-5-methylcyclohexan-l-01 was

formed in approximately 53% conversion leaving 47% unreacted L-menthol. The

integration ratios of the C-l protons for retention: inversion in the ester products was 80 :

20.

Esterification of L-menthol with tributylphosphine and benzoyl peroxide in the

presence of diisopropylamine:

A solution ofbenzoyl peroxide (232.6 mg, 0.96 mmol) in dry THF (lmL) was

added dropwise to a stirring mixture ofL-menthol (100 mg, 0.64 mmol),

tributylphosphine (240 JlL, 0.96 mmol) and diisopropylamine (0.45 ml, 3.2 mmol) in 0.5

ml ofdry THF at 700e for 2h. The reaction mixture was then diluted with EtOAc

(3.0mL), washed with 2N HCl (2x2mL) then O.2N Na2C03(aq.) (2 x 2 ml), dried with

Na2S04, filtered and concentrated. The IH-NMR spectra of the product showed that

(iRIS, 2S, 5R)-1-(benzoyl)-2-(1-methylethyl)-5-methylcyclohexan-l-01 was formed in

approximately 470/0 conversion leaving 530/0 unreacted L-menthol. The integration ratios

of the C-l protons for retention: inversion in the ester products was 40 : 60.
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The Suzuki cross-coupling of aryl boronic acids with aryl
halides, including aryl chlorides, proceeds in the phosphon
ium salt ionic liquid tetradecyltrihexylphosphonium chlo
ride under mild conditions.

The SuzukiI cross-coupling reaction has become a standard
method for carbon-earbon bond formation between an Sp2 or
non-B-hydride containing electrophile and a boronic acid
derivative. Recent application of the reaction to aliphatic
electrophiles2 has expanded its scope considerably. Much
recent effort has gone into devising new ligands for this
palladium mediated process and various electron rich alkyl
phosphines3and mixed aryl/alkyl phosphine ligands4have been
described. Systems allowing for couplings of aryl chlorides are
especially sought after due, in part, to the lower cost and ready
availability of these substrates and a number of catalysts have
recently been developed which promote their Suzuki coupling
with boronic acid nucleophiles.5,6

Catalyst expense coupled with the non-recyclability of the
expended catalyst have been shown to be major drawbacks of
these palladium-mediated processes. One solution involves the
application of ionic liquids as solvent. Ionic liquids based on
alkylimidazolium and other quaternary ammoniumJpyridinium
salts have emerged as valuable, alternative "green" solvents for
catalytic processes over the last few years.?-IO Using ionic
liquids, it is often possible to recycle the active palladium
catalyst subsequent to extraction of the organic product and
inorganic salts from the ionic liquid, which form a tri-phasic
system with water and a non-polar organic solvent. This process
has been applied efficiently to the palladium mediated Heck
coupling reaction in quaternary nitrogen ionic liquids1I and can
be conducted at room temperature with the application of
ultrasound. 12 The Suzuki reaction has also been carried out
successfully in imidazolium ionic liquids both thermallyI3 and
with sonication.14 Quaternary phosphonium salts are another
class ofreadily available ionic liquid which have received scant
attention in the literature. In one case, hexadecyltributylphos
phonium bromide was used to effect Heck coupling of aryl
halides with acrylic esters,15 although the reaction was not
efficient with aryl chlorides. We report herein on the use of the
room temperature ionic liquid tetradecyltrihexylphosphonium
chloride (THPC) containing small amounts ofwater and toluene
(single phase) as an efficient reusable media for the palladium
catalyzed Suzuki cross-coupling reaction.

The cross-coupling reactions were found to proceed in THPC
using various bases (Et3N, iPr2NEt, etc) but most efficiently
when potassium phosphate and water (added for salt solubility)
were employed. In order to maintain complete solubility ofboth

g the boronic acid and aryl halide in the ionic liquid, a small
~ amount of toluene was added also. All of the reactions reported
~ in Table 1 were therefore performed in an identical media
~ (THPC, aryl halide, aryl boronic acid, Pd2(dba)3 (1%), K3P04,
~ H20, toluene) with the addition oftriphenylphosphine in certain
o cases as noted. t In many instances, the product biaryl
o crystallizes from the reaction media as the cross-coupling
c proceeds.

As can be seen from Table 1 (entries 1-9), the cross-coupling
reaction of variously substituted iodobenzenes including elec
tron rich derivatives (Table 1, entry 7) with a variety of
arylboronic acids proceeded efficiently in THPC and were all
complete within 1 h at 50°C. The reaction was chemoselective
in the case of the mixed halide 4-chloroiodobenzene (Table 1,
entry 9). The corresponding aryl bromides (Table 1, entries
11-13) also reacted under these conditions but proved to be
somewhat more sluggish. We found that the addition of a
catalytic amount of triphenylphosphine allowed for complete
conversion and high isolated yields even for the electron rich
substrates such as 4-methoxybromobenzene (Table 1, entries 12
and 13). As expected, reactions involving aryl chlorides were
considerably slower, however addition of triphenylphosphine
and heating at 70°C allowed high conversion of 4-chlor
oacetophenone (Table 1, entries 14 and 15). The electron rich
4-methoxychlorobenzene was still slow to react under these
conditions (Table 1, entry 16).

Addition of water and hexane to the reaction products in the
phosphonium salt ionic liquid results in the formation of a
triphasic system that differs from that reported for the
imidazolium salts. I1 In the case of imidazolium salts, the ionic
liquid is more dense than water and forms the bottom phase with
an aqueous central phase and organic layer on top. In the case of
THPC, the palladium catalyst remains fully dissolved in the
central phosphonium salt layer while the product biaryls are
extracted into the top hexane phase and inorganic salts
(phosphates/borates) into the lower aqueous phase.

The reaction of phenylboronic acid with iodobenzene has
been investigated extensively under our conditions in THPC.
The yield obtained from hexane extraction and silica-gel

Table 1 Pd mediated Suzuki cross-coupling of aryl halides and boronic
acids in THPC

Isolated
Temp.! yield

Entry X R R' Ligand °C Time/h (%)

1 I H H None 50 1 95
2 I Ac H None 50 1 100
3 I Ac 2-Me None 50 1 97
4 I Ac 2-Napthyl None 50 1 97
5 I Ac 2-0Me None 50 1 100
6 I Ac 4-0Me None 50 1 99
7 I OMe 4-0Me None 50 1 86
8 I Me 4-0Me None 50 1 92
9 I CI 4-0Me None 50 1 90

10 Br Ac H PPh3 50 1 99
11 Br Ac 4-0Me PPh3 50 1 98
12 Br OMe H PPh3 50 3 99
13 Br OMe 4-0Me PPh3 50 3 95
14 CI Ac H PPh3 70 30 84
15 CI Ac 4-0Me PPh3 70 30 76
16 CI OMe 4-0Me PPh3 70 30 17
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chromatography of the hexane solubles ranged from 82-97%
over several runs. On the other hand, direct filtration ofthe ionic
liquid through a short silica-gel column gave slightly higher
isolated yields, 95-97%. These results indicate that residual
biaryls are still slightly soluble in THPC. The former procedure
was more applicable towards the development of a catalyst
recycling protocol since chromatography or filtration through
silica would make re-use of the catalyst difficult. Thus,
following Method A,t when further quantities of iodobenzene,
phenylboronic acid and K3P04, but no further catalyst, was
added to the isolated central ionic liquid, heating again at 50°C
resulted in complete turnover of iodobenzene. Repetition of the
work-up Method A gave biphenyl in 82-97% yield (repeated
five times) for both the initial and recycled reaction sequences.
Thus it is clear that a competent palladium catalyst remains fully
dissolved in the phosphonium salt allowing its efficient re
use.

The Suzuki cross-coupling reaction recently reported in
imidazolium based ionic liquids requires ultrasonic irradiation
to proceed at 30 °C.14 In addition, inactive Pd black is deposited
during the reaction resulting in lower conversions (82-92%)
with aryl iodides and bromides and particularly so in the case of
electron deficient aryl chlorides (42-65%). Even when pre
formed Pd-biscarbene catalyst is used in this system, conver
sion of electron deficient aryl chlorides is low to moderate
(39-66%).14 The thennal Suzuki coupling reaction in these
imidazolium based ionic liquids does not proceed with aryl
chlorides, even at 110°C.13 In contrast to these results,
complete conversion of aryl iodides and bromides and high
conversions with electron deficient chlorides can be achieved in
the THPC ionic liquid without the use ofa preformed catalyst at
50-70°C. The rapid coupling of aryl iodides and bromides and
high conversions obtained with the aryl chlorides indicate that a
very active catalyst is produced in the THPC system. In
addition, the higher conversions and recyclability of this Pd
THPC-catalyst system indicate the relatively high stability of
the active Pd catalyst involved in the Suzuki coupling. Lastly,
no homo-coupled products have been observed using the THPC
catalyst system reported here.

The phosphonium salt ionic liquid THPC is available in litre
quantities and holds a great deal of potential as an economical,
recyclable media for metal promoted reactions and process
chemistry in general and as we have shown here the Suzuki
cross-coupling reaction in particular. Further analysis of the
active Pd-catalytic species fonned by dissolution of Pd2( dba)3
in the phosphonium salt ionic liquid and applications of the
process to other coupling partners are currently under investiga
tion in our laboratories.

We thank Materials and Manufacturing Ontario (Interact
Awards to J. McN. and A. C.) and the Natural Sciences and
Engineering Research Council of Canada (Collaborative Re
search and Development Award) for financial support. We
thank Dr Tom Welton for valuable discussions on the

imidazolium salt protocol and Dr Dean Toste for advice on the
preparation of the Pd catalyst precursors.

Notes and references
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Suzuki cross-coupling is as follows. THPC (1.0 mL) was degassed in a dry
round bottom flask by pumping under reduced pressure (0.5 mm Hg) for 10
min and then filled with argon. Iodobenzene (0.5 mmol, 1.0 equiv.) and
Pd2(dbah'CHCb (0.005 mmol, 0.01 equiv.) were added and the mixture
heated briefly using a heat gun to effect an orange solution. After cooling to
room temperature K3P04 (1.65 mmol, 3.3 equiv.), phenylboronic acid (0.55
mmol, 1.1 equiv.) distilled water (0.2 mL) and toluene (0.1 mL) were added.
When triphenylphosphine (0.01 mmol, 0.02 equiv.) was used (see Table 1)
it was added as a solution in the added toluene. The solution so obtained was
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gel. The bottom aqueous phase was removed and discarded leaving the
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yields ranged from 82-97% for both reactions with no difference being
noted in the subsequent reaction. In contrast to the above procedure,
exhaustive or continuous extraction (24 h) of the ionic liquid with hexanes
results in removal of the catalyst and ionic liquid indicating that both active
catalyst and THPC are slightly soluble in hexane.

Method B: In order to determine the isolated yield of the biaryls reported
in Table 1 after one run only, the ionic liquid crude reaction mixture was
filtered through a silica gel plug, washed with hexanes/ethylacetate
followed by silica gel chromatography of the filtrate. Yields reported in
Table 1 are based on isolated mass of the pure biaryls so obtained.
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SCHErVfE 1. Mecilanis111S for the lvlitsunobu
Esterification Reaction
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trialkylphosphoranes~6,7 have been developed vvhich also
result. in inversion of stereochenlistry on esterification
of chiral alcohols.6'1 These ne\v phosphoranes have also
be elnployed in carbon-carbons.7b and anlination7a reac
tions vvith alcohols.

The initial step of the DIAD/triphenylphosphine 111edi
ated esterification reaction3,4 is understood to involve
nucleophilic addition of triphenylphosphine to the azodi
carboxylate followed by proton transfer from a carboxylic
acid to give 3 (Scherne 1). The subsequent steps involve
nucleophilic attack of the alcohol 2 on 3 to fornl an
activated alkoxyphosphoniunl salt 42a (Schelne 1., Path
1). Finally, SN2-type displacenlent: by the carboxylate
anion on 4 with loss of triphenylphosphine oxide produces
the ester \JVith inversion of stereochemist.ry. Evidence for
the existence of an alternative path\vay for this reaction
proceeding via an acyloxyphosphoniunl salt (such as 5,
Schen1e 1) has been described by Jenkins8a and Kunz.8b

tv10re recently, DeShong3h,9 delnonstrated clear evidence
for the involvenlent of an acyloxyphosphoniunl salt. when
hindered alcohols are involved and a further exalnple of
a :rvIitsunobu macrolactonization likely proceeding via the
acyloxyphosphonitul1 ion has also recently been described
by Sn1ith. 1O In these cases, lactone products vvere ob
tained exclusively with retention of stereochelnistry. The
cornpetitive pathvvay leading to retention of stereochern
istry \vith hindered alcohols via the acyloxyphosphonitlln
ion 5 is outlined in Scheme 1, Path 2. This schenle also
illustrates a cOlnpeting vievv of the :NIitsunobu reaction
involVing initial reaction along Path 2. The fornlation of
the basic hydrazide anion leads to subsequent alkoxide
fornlation and "crossover~' to the alkoxyphosphoniurn salt
4,3b.11 perhaps proceeding via a mixed alkoxy/acyloxy
phosphorane-type interlnediate,4g,8a,12 ultirnately yielding
the ester \vit.h inversion of configuration as the norInal
outconle. The fornlation of a basic anion capable of
alkoxide fornlation during the rvIitsunobu processes

Dimethylulalonyltrialkylphosphoranes:
New General Reagellts for Esterificatioll

Reactions Allowing Controlled ItlVersion or
Retention of Config\.lratioll on Chiral

Alcohols

jllstitule orA-folecular C'atalysis, Departrnent of C'hernistry,
Brock [In/versify, Sf, C:atharines, Ontario L2S 3,/-\.1 C'anada,

~vtec Canada Inc, P. O. Box 240, lViagara Falls.
Ontario L2E' 61"4, Canada

The IVHtsunobu reaction1-4 is vvidely enlployed in both
condensation and di.splacelnent reactions of alcohols with
various nucleophiles. normally proceeding \JVith inversion
of stereochemistry when chiral alcohols are utilized. The
original process ernployed carboxylic acids 1 (or carboxyl
ates la) as the nucleophile producing ester or lactone
products2a but has since been extended considerably to
include a variety of both heteroatorn and carbon-based
nucleophiles.2,5 The most commonly enlployed pronl0ters
for this reacti.on are dialkyl azodicarboxylates. such as
diethyl azodicarboxylate (DEAD) or diisopropyl azodi
carboxylate (DIAD), used in conjunction \vith triphen
ylphosphine. Ne\v reagents, such as the (cyanolnethyl)-
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Abstract: ..~ ne\v class of trialkylphosphorane has been
prepared throu.gh reaction of a trialkylphosphine \vith
2·-·chlorodin1ethyhnalonate in the presence of triethylanline.
'These ne\v reagents prOIIlote the condensation reaction of
carboxylic acids vvit.h alcohols to provide est.ers along \vith
trlalkylphosphine oxide and dinlethyln1alonate. The con-
densation reaction of chiral secondary alcohols can be
controlled to give either hIgh levels of inversion or retention
through a subtle interplay involving basicity of the reactIon
rnedia, solvent. and tuning the electronic and steric nature
of the carboxylic aci.d and steric nature of the phosphorane
employed. ;\ coherent Inechanism is postulated to explain
these observations involving reaction via an initial acyloxy
phosphonium ion.
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SCHEfvlE 2. SYJlthesis of Phosphoran.es 6 and
General Esterification React.ion

TABLE 1. Esterification Reactions Promoted by
Phosphorane 6a

70'%

IT'I<J

88%

N.R

15%

(CH';hCHOH

Ch·:OH

4

11 CHDH

RCO~H + R'OH

toluene provided the ester \vith 95?{J retention of config
uration (Table 2, entry 1). The degree of inversion
increased as the electron donating ability of the 4-sub
stituent increased (Table 2, entries 1-3) \vhile conversion
\vas higher when electron-deficient 4--substituted benzoic
acids vvere eluployed. \Ve next investigated the steric
nature of the acid with reIllarkable results. Even a single
ortho substituent vvas seen to have a considerable effect
on the outcorne of the reaction novv delivering the product
of inversion \vith high selectivity (Table 2, entries 4-7).
The conversions vvere lovver \vhen rnonn-ortho-substituted
benzoic acids were enlployed due to conlpetitive formation
of the acid anhydride. The reaction of L-nlenthol with
2,4,6-trimethylbenzoic acid prornoted by 6a gave the ester
\vith greater than BB.59to inversion (Table 2, entry 7).
VVhen vve returned to the use of 4-nitrobenzoic acid, but
perfon.ned the reaction in I)]\IF, the ester vvas obtained
in good yi.eld but with 99.2'3'0 retention (Table 2, entry 8)
in sharp contrast with entry 7. The general results
observed vvith L-lnenthol were shovvn to also hold for the
other chiral alcohols investigated. Thus, (li?)-l-phenyl
I-propanol 9 reacted slovvly in DIvIF with 4-nitrobenzoic
acid. in t.he presence of 6a to give the ester with 64%
retent.ion and 36(}b inversion of configuration at the
alcohol center (Table 2, entry 9) while bulky phosphorane
6b prOVided 95(~b retention (Table 2, entry 10). The saIne
reaction conducted in toluene and elnploying 2,4,6
trinlethylbenzoic acid proceeded faster and delivered the
ester with 9596 inversion of configuration (Table 2, entry
11) .

Rl~~C(COj;Meh

6a R=nBu
fib R:~iBu

6a

BU;J,t'""C(CO;"Meh
70<:C:.24h

OH

R:t·"···'·""·R:'
2

RCO)l

described n1akes it difficult to differentiate bet\veen the
direct reaction along Path 1. or initial reaction along Path
2 follo\ved by the crossover leading to the necessary
alkoxyphosphoniuI11 salt 4.

\Ve have developed a new class oftrialkylphosphorane
reagent designed to allow for esterification under nlild
conditions that also helps delineate the cOlnpetitive
pathvvays described above. These reagents, exelnplified
by dirnethylrnalonyltributylphosphorane 6a (Div1TP), are
readily prepared by the reaction of a trialkyl phosphine
with (1···chJorodin1ethylmalonate in the presence of Et3N.
Schelne 2.

The tributylphosphorane 6a is a colorless, viscous oil
stable under argon at roonl tenlperature for at least six
months. When exposed to air, the oil slowly solidifies over
a period of several days yielding the products of its
hydrolysis, tributylphosphine oxide and ditnethylrna
Ionate (DNII\1). The DIvlTP reagent has been shown to
effect the general condensation reacti.on of a \vide variety
of carboxylic acids 1 vvith sin1ple alcohols 2 (Schenle 2)
efficiently at neutral pI-I. The reactions \vere conducted
in dry toluene under argon providing the ester product
along \vith tributylphosphine oxide and Dfv1I\1. Repre
sentative results are sunlrnarized in Table 1.

Yields are high with methanol and drop slightly as the
bulk of the alcohol increases (Table 1, entries 1-3) vvhiIe
no reaction occurred with the tertiary alcohol tert..butanol
(Table 1, entry 4). The po-aryl alcohol 2--phenyl·-1--propanol
reacted cleanly vvithout styrene forn1ation (Table, entry
5), indicating that /~-elinlinationdoes not occur. Electron
deficient benzoic acids gave slightly better yields (Table
1, entries 1 and 7) \vith the saIne alcohol (colupare to
entries 6 and 8-10). The reaction Illay also be carried
out successfully in the presence of a free phenol (Table
1, entry 8). Finally, cinnanlic and aliphatic acids appear
to react vvithout diffi.culty (Table 1, ent.ries 11-13).

f\. clear advantage gained \vhen using I)I\ITP is that
the side products tributylphosphine oxide and I)]\livf can
be largely reluoved by aqueous base partition (0.2 1\1 Nar
C03) thereby simplifying purifIcation. The yields reported
in Table 1 pertain to the isolated Inass of the purified
esters obtained by silica gel chromatography.

The stereochenlical inlplications of the reaction vvere
then investigated utilizing chi1'al alcohols L-Inenthol 7,
the secondary aliphatic (2S)-hexanol 8~ and the benzylic
(1l\.1--·1·-·phenyl-l···propanol9 under a variety of conditions.
The reaction could be carried out successfully in toluene,
TI-IF, 1,2-dichloroethane, ethyl acetate, or Dfv1F, ho\vever,
we deternlined that toluene and D:rvlF gave slightly
higher yields and often complenlentary results in terms
of inversion and retention ratios. The overall results are
sUl1ullarized in Table 2. The reaction of L-rnenthol 7 \vith
4-·nitrobenzoic acid pro1110ted by phosphorane 6a in
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TABLE 2. Esterification Reactions Prolnoted by
Phosphorane 6a

SCHEME 3. Postulated Mechanisms for the
Esterification with 6a

lWwiiT,,::,kw
~

~,Bu:PO)
+

Path 2
......~.................

3'

R.CC····
13

(13) Greenbauln, l'vt A.; Denney, D. B.; Hoffrnan, A, K. J. Arn. Chern.
Soc. 1956, 78, 2563.

derived analogue of 6 \vas not very effective in promoting
the esterification reaction.

The rnechanistic underpinnings of the reaction \vere
then investigated. In control experiments \ve determined
that alcohols do not enter into reaction \vith f)1\1PT 6a
in the absence of any carboxylic acid or proton source.
Hovvever, carboxylic acids react slovvly with 6a in the
absence of alcoh~)l to produce the aci~l anhydride. The
reaction of2.4~6··trimethvlbenzoicacid \vith 6a (1:1 rnolar
ratio) conducted at 70 o~C in CDCb was follo\ved by IIi
Nl\1R. After 4 h the anhydride was forlned in over 90%
yield. Isolation of the anhydride in the absence of an
a1coho1 13 and formation of the ester \vith retention of
configuration3b.9 are strongly indicative of t.he internle···
diacy of an acyloxyphosphonilun ion. We also determined
that chira1 alcohols do not react with the anhydride that
is forrned under the conditions of the esterification
react.ion, indicating that products of retention do not. arise
by simple alcohol acylat.ion; clearly t\VO competing path
ways leading to the products of inversion or retention are
operative.

To explain the results obtained in our studies, the
mechanism outlined in Scheme 3 is postulated. Initial
protonation of 6a provides the activated interillediate 3' ~

analogous to 3~ Scherne 1. Ho\vever, since esters with
retention of s tereochernistry are forrned as well as
anhydride in certain cases, the n1.ajor reaction appears
to follo\v Path 2~ proceeding via the acyloxyphosphonium
ion intermediate 5', In contrast t.o hydrazide ion fonlla
tion in the I\1itsunobu reaction3h the only basic anions
that can be forrned in the above process are the dirneth
yl.malonyl anion (I)iv1M pKa approxinlately 10) or the
carboxylate anion, forIned by proton transfer to D:tvlIvt
Under these circuInstances~base-lnediated crossover to
Path 1 (5' to 4') becornes less favorable and a higher
degree of retention is expected.

The substituent effect on the reaction cOlrversiol1 'vvit.h
4-substituted benzoic acids (Table 2, entries 1-3) indi
cates that 4-nitrobenzoic acid fornls the acy10xyphospho
nilun salt (corresponding to 5', Scherne 3) "vith 6a faster
likely due to its greater acidity. High degrees of ret.ention
,vere also observed ,vith the electron-deficient acids. For
Inore electron-rich carboxylic acids (Table 2, entries 2 and
3) the corresponding carboxylate ions are expected to be
stronger bases cornpared to the 4-nitrobenzoate anion.
This \vould lead to increasing conversion of 5' to 4'
allo\ving for higher degrees of inversion as the acid
becoInes Inore electron rich.

.Acid Alcoho! Solvent Gonv, l'~; Rettn\.lJ!
:~rJ

HJ"«* PhMe 82

1

1 PhMe 53

1 phr,,1e 52

7 PhMe 28

1 Phf,4e 2.~"

6 1 PhMe 56

7 PhMe 78 «0,,5:>99,5

1 DMF 76 992::0.,8

OUF 61 64::36

10 9 DhlF 27!C} mi5

11 9 PhMe 83 5:95

f)H

12 ~ D:~"":tF 7'1 aO;20

8

13 8 DMF 34!'::; 91Jl.3JJ

14 8 PhMe 8S <o~1:.~¥SR9

15 8 PM,4e 84 <00 1:~¥S9.9

a Conversions are unoptimized results based on the isolated
mass of pUrified ester after the standard 24 h reaction period.
b Retention:inversion ratios measured by 1H NMR (menthol) and
chiral GC or HPLC in comparison with authentic standards.

Simnarly~ (25)-2-hexanol 8 could be esterified yielding
the products of inversion or retention in a controlled
fashion (Table 2~ entries 12-15). The reaction in Dtv1F
using the tributylphosphorane 6a and 4-nitrobenzoic acid
for the esterification of nonhindered alcohols 8 and 9 gave
ester \vith 80fJi> retention nlaxinluIll, ,vhile bulky tri
isobutyl phosphorane 6b gave up to 97% retention (Table
2, entries 10 and 13) although the reaction conversion
vvas lower than ,vhen 6a \vas employed.

OveralL the product of inversion i.s favored vvith use
of phosphorane 6a \vhen the reaction is perfornled in
toluene, using a carboxylic acid \vith one or more ortho···
substituents and preferably these being electron releas
ing groups (Le. 2,4,6··tritnethy].·· or 2,fi··-dirnethoxybenzoic
acid). The product of retention is favored \vhen the
reaction is perforn1ed in f)}VIF vvith 4··nitrobenzoic acid
and i.s i.ncreased as the steric bulk of the trialkyl
substituents on the phosphorane increases. In rnost cases,
IJI\1TP Ga 'vvas the reagent of choice in effecting rapid
esterification. Int.erestingly~ the triphenylphosphine···
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In addition to the inlportanee of the basicity of the
reaction rnedia, sterie factors on the alcohol, carboxylic
acid, and phosphorane~as \vell as solvent. play ilnportant
roles on the balance between the cOll1peting pathvvays
leading to retention or inversion. In the case involving
the 4-nitrobenzoate anion and a hindered alcohol such
as rnenthol, the crossover path is less likely and the
reaction proceeds with high retention (99~[)) in Dl\1F
(Table 2, entry 8) and 95%} in toluene (Table 2, entry 1).
For 4··nitrobenzoic acid and less hindered alcohols 8 and
9 interll1ediate ratios of retention and inversion are
observed (Table 2, entries 9 and 12). As the steric nature
of the acid is increased (Table 2, entries 4-7,11,14, and
15) the acyloxyphosphoniurn salt 5" becornes rnore hin
dered and the attack of alcohol on the acyl center becoInes
slovJer aUo\!ving nlore alkoxyphosphoniuln ion 4' forlna··
tion leading to higher degrees of inversion and essentially
c0111plete inversion vvhen 2,4,6-trirnethylbenzoic acid is
used (Table 2, entries 7, 11, and 15).

In the cases vvhere the hindered phosphorane 6b (Table
2, entries 10 and 13) was ernployed in conjunction with
a nonhindered acid, alkoxide or alcohol attack on the acyl
carbon (as opposed to phosphorus) of the acy10xyphos
phoniunl salt 5' is expected to becolne dOlninant, result··
ing in higher degrees of retention.

Further evidence in accord \vith the postulated mech
anisn1, including base-Inediated crossover, \vas obtained
fron1 the follo\ving experin1ents. The independent genera
tion and trapping of acyloxyphosphoniurn ions can be
accoIllpIished oxidatively through the treatrnent of a
tertiary phosphine with benzoyl peroxide.13 Thus, a
solution of benzoyl peroxide (BPO) in THF vvas added
dropvvise to a mixture of L-menthol and tributylphos
phine,13 under our standard esterifIcation conditions (70
°C), and separately with added diisopropylanline. The
menthyl ester of benzoic acid was forrned in good yield
in both cases with retention:inversion ratios of 80:20 and
40:60. This first result is very sinlilar to that obtained
with phosphorane 6a and benzoic acid (ratio 81: 19). This
provides strong evidence for the acyloxyphosphonhH113b

internlediate 5' and that Path 1 in Scheme 3 111ay not be
operative under our conditions. The result vvith diiso
propylan1ine is direct independent evidence for the base
nlediated competitive crossover path in the esterification
reaction prornoted by phosp.horane 6a leading to rnore
inversion. The use of triphenylphosphine and BPO 'Vvas
recently shovvn to generate anhydrides via the acyloxy·
phosphonhul1 ion even \vhen the reaction was perfornled
in ethanol as solvent.3b Only traces of ethyl ester \vere
produced in this process. In contrast to these results, the
trial-,\ylacyloxyphosphonium ion allovvs esterification to
proceed efficiently even \vhen a stoichiornetric arnount
of a hindered alcohol is present:.

In conclusion, \ve have prepared a new class of trialk.yl
phosphorane that promotes the esterification reaction of
chiral alcohols allo\ving controlled inversion or retention

of stereochernistry in a predictable rnanner. The reagents
also pronl0te the esterification of achiral substrates vvith
a \vide range of carboxylic acid and alcohol partners
under neutral conditions. The major advantage of these
nevv reagents is the controlled levels of inversion or
retention that can be achieved through choice of reagents
and solvent. These results appear to be manifest because
no strongly basic species is generated during the reaction
allo\ving clean separation of the two cornpeting patll\vays
available for the reaction. The side products of this
reaction, Drv1l\1 and tributylphosphine oxide, are largely
renloved by using a basic extraction protocol, sirnp1ifying
purification. Strong evidence in favor of the reaction
proceeding via an acyloxyphosphonium salt has been
uncovered in accord '.vith the rnechanisrn proposed. The
question of inversion vs retention in the esterification
reaction of chira1 alcohols pronl0ted by phosphorane 6a
is rationalized as conlpetition betvveen direct alcohol
acylation by the acyloxyphosphonh.un ion 5', leading to
retention, and base-Inediated crossover froIll 5' to the
alkoxyphosphoniunl ion 4', resulting in the product of
inversion. The implications of these results for the
current vie\v of the standard Mit:sunobu esterification are
such that the basic hvdrazide anion .may indeed playa
very significant role.3b:1l Basic anions are~also inlp!icated
during the esterification reaction carried out 'Vvith (cya
nOlnethyl)trialkylphosphoranes, such as the elimination
of the anion of acetonitrile,6,7 resulting in inversion of
stereochernistry also. By analogy vvith our results, such
basic species may provide a crossover path, via alkoxide
anion forrnation, frorn an initial acyloxyphosphonium salt
to an alkoxyphosphoniunl salt leading ultinlately to
esters with inversion of stereochemistry. The results
described \\lith the ne\v phosphoranes 6a and 6b, along
with the recent reports by I)eShong9 and Snlith,lO con-·
cerning standard !\1itsunobu reagents providing esters
(lactones) with retention of stereochernistry draw atten
tion to the fine line bet\veen the divergent mechanisms
operative in the reaction. \tVhile inversion of stereocheIn
istry is the norrnal outcorne :for the standard IvHtsunobu
reaction on ch1ra1 secondary alcohols, this shOllId no
longer be assumed to be the case, particularly in cases
\vhere hindered secondary alcohols are involved. A
detailed study concerning the independent generation
and trapping of acyloxyphosphonium ions is in progress
and will be reported in due course.
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Stereochemical Influence of Base in the
Phosphorane-Mediated Esterification of
Alcohols**
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The Mitsunobu reaction[l-4] is widely employed in both
condensation and displacement reactions of alcohols with
various nucleophiles and normally proceeds with inversion of
stereochemistry when chiral secondary alcohols are used. The
mechanism of the reaction continues to receive attention and
the present view is summarized in Scheme 1. Although the
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described in Equation (1). We now report
the independent generation of the benzoy
loxytributylphosphonium ion, which could
be trapped with chiral secondary alcohols
under both neutral and basic conditions in
the synthesis of esters with either retention
or inversion of configuration. Clear evidence
was thus obtained for both direct acylation
and the postulated base-mediated crossover
step.

Acyloxyphosphonium ions have been
generated through the addition of a perox
ide to a tertiary phosphane, for example, the
addition of benzoyl peroxide (BPO) to a
solution of triphenylphosphaney1J When a
solution of BPO in N,N-dimethylformamide

°QAR

R2~R3

retention

inversion

DEAD

+
9PPh3

R2~R3
4

,t "crossover"

'I -DEADH2

~
-DEADH2

RC02

1a

3
path 2------...

+
Ph3P,

N-NH
Et02C C02Et

Scheme 1. Mechanism of the Mitsunobu esterification.

QH

initiation and termination steps of the reac
tion seem clear cut, there is still debate
concerning the exact details involved in the
intermediate stages of the reaction. The
reaction proceeds through the rapid addi
tion[3a] of triphenylphosphane to an azodi-
carboxylate such as diethyl azodicarboxylate (DEAD), fol
lowed by proton transfer from the carboxylic acid to give 1a
and 3 as shown. As the esters obtained are the product of
inversion of stereochemistry in the vast majority of cases, it
appears that the reaction normally terminates through
nucleophilic displacement by 1a of triphenylphosphane
oxide from the activated alkoxyphosphonium ion 4.

Recent evidence from several laboratories has challenged
the original mechanistic hypothesis put forward by Mitsunobu
and Yamada,[1,2a] wherein the reaction proceeds directly to the
alkoxyphosphonium salt 4 (Scheme 1, path 1). Evidence for
the involvement of acyloxyphosphonium ion intermediates 5
has been obtained indirectly over a number of years. [5]

Hughes et al.[3b] and Jenkins and co-workers[6] independently
reported the isolation of anhydrides from the reaction of acids
with DEAD and attributed this to the intermediacy of
acyloxyphosphonium ions 5 that Jenkins[6J postulated were
in equilibrium with 4. More recently, DeShong and co
workers,(7J Smith et al.,[8Jand De Brabander and co-workers[9]
have reported the isolation of products of retention of
configuration from the reactions of certain sterically hindered
chiral secondary alcohols under standard Mitsunobu condi
tions.

Retention of stereochemistry is thought to arise through
the direct attack of the alcohol at the carbonyl carbon atom of
an intermediate acyloxyphosphonium salt. It has been
postulated that the normal product obtained from the
Mitsunobu reaction may be the result of a competitive
crossover reaction mediated by basic species present or
generated (such as the hydrazide anion 6) during the
reaction.[7a.lOJ According to this hypothesis (Scheme 1,
path 2), an initial acyloxyphosphonium ion 5 is generated by
the attack of the more nucleophilic carboxylate anion 1a,
rather than the alcohol, at the phosphorus center in 3. The
details of the postulated base-mediated crossover to 4 are

(DMF) was added dropwise to a mixture of L-menthol and
tributylphosphane at 70°C under argon, menthol benzoate
was isolated from the reaction mixture in 50 % yield. Spectral
analysis of the product showed 97 % retention of stereo
chemistry, which indicates that direct attack of menthol at the
carbonyl carbon of the benzoyloxyphosphonium intermediate
had occurred predominantly. These results concur with the
postulated intermediacy of acyloxytrialkylphosphonium ions
in esterification reactions, generated alternatively by using
our recently described phosphorane method.[1 OJ When this
method was used, L-menthol reacted with 4-nitrobenzoic acid
in DMF to give the corresponding menthol ester with 99.2 0/0
retention of configuration (76 % yield). Recently, Burke and
co-workers reported a further independent route to acylox
yphosphonium ions, from trihaloethyl esters. These species
also reacted in DMF with L-menthol under nonbasic con
ditions to provide the corresponding esters with retention of
configuration.[12]

Having demonstrated that the benzoyloxytributylphos
phonium ion can be trapped with menthol to yield the desired
ester with retention of configuration, we now focused on
developing a more synthetically useful process that could
provide access to esters with inversion of stereochemistry. We
screened a large variety of bases for their ability to effect the
postulated crossover step that might lead to inversion.
Although essentially any amine added increased the amount
of the product of inversion obtained, we quickly determined
that bulky primary amines, such as tert-butylamine or 1,1,3,3
tetramethylbutylamine, were superior both in terms of the
product of inversion/product of retention ratio observed and
in terms of the yield of the desired product. The results with L
menthol show that high selectivity in favor of the product of
inversion might be anticipated when such hindered bases are
present (Table 1, entries 1 and 2), whereas retention of
configuration is favored in the absence of a base (Table 1,
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Table 1: Esterification reactions of chiral alcohols promoted by BPa/Bu3P alone and in the presence of
bulky primary amines.

Entry Alcohol Base Method fa]

1 L-menthol Me3CNH2 A
2 L-menthol Me3CCH2CMe2NH2 A
3 L-menthol B
4 (2S)-hexanol Me3CCH2CMe2N H2 A
5 (2S)-hexanol B
6 (l R)-l-phenyl propanol Me3CCH2CMe2NH2 A
7 (1 R)-l-phenyl propanol B
8 ethyl (S)-(-)-Iactate Me3CCH2CMe2NH2 A
9 ethyl (S)-(-)-Iactate B

Ret./invJb]

[aJ BPa (1.5 equiv) was dissolved in 1.5 mL of benzene (protocol A) or DMF (protocol B) and added
dropwise over 70 min to a stirred solution oftributylphosphane (1.5 equiv), the alcohol (1.0 equiv), and
the appropriate base (2.5 equiv) in 0.5 mL of benzene or DMF at 70°C. [bJ Product of retention/product
of inversion ratio determined by NMR spectroscopy and GC on a chiral phase in comparison with
authentic samples. [c} Unoptimized conversion based on mass of purified ester product obtained under
standard conditions described.

entry 3). These results are evidence for the base-mediated
crossover step proposed in Equation (1). To the best of our
knowledge, this is the first report of clear independent
evidence for the involvement of a base in such a redox
condensation leading to esters with inversion of configura
tion. These results proved to be general for the chiral
secondary alcohols investigated: (2S)-2-hexanol (98.1 0/0
inversion), {lR)-1-phenyl-1-propanol (97.3% inversion),
and (2S)-ethyllactate (94.4 % inversion).

A relatively clear mechanism can now be proposed to
explain the dichotomous results obtained. In contrast with
standard Mitsunobu[1] and phosphorane-mediated esterifica
tion processes,[11] in the new esterification protocol with
inversion of stereochemistry in the presence of BPO/Bu3P,
direct formation of the alkoxyphosphonium ion 4a is not
possible, and the reaction must proceed via 5a (Scheme 2).

Received: February 18, 2003 [Z51209]

'im,ywords: acylation· amines . peroxides· phosphanes .
synthetic methods

Scheme 2. Generation and trapping of the benzoyloxytributylphosphonium ion 5 a
with L-menthol.

When an alcohol is present and in the absence of base, direct
acylation of the alcohol predominates, which leads to esters
with retention of configuration. This process is also facilitated
by the use of DMF as the solvent. In the presence of a base the
crossover path becomes dominant, thus leading to the
alkoxyphosphonium ion 4a, and then to esters with inversion
of configuration. The function of the base must be either to
generate a continuous low concentration of alkoxide to
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