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Preface

Few would dispute that the synthesis of esters has played a most important role in
organic synthesis from its infancy. This importance stemmed from its utility in di-
verse fields both in the laboratory and in industry. Ester moieties, irrespective of
whether acyclic or cyclic, constitute major backbones, as well as functional groups of
chemical significance, in numerous natural products and synthetic compounds. The
essential feature of esterification that particularly distinguishes it from other reac-
tions lies in its broad utilization in industry. Just a brief chronological look quickly
reminds us of aspirin (acetyl salicylic acid), fatty acid esters, polyesters, macrolides,
and so on. In addition to being essential molecular components in their own right,
ester groups also play versatile temporary roles in organic synthesis for protection of
carboxylic acids and hydroxy groups. The synthesis of natural products, especially
macrolides, sugars, and peptides, depends heavily on acylation technology.

Being carboxylic acid derivatives, esters are largely produced from the reactions
between the corresponding acids and alcohols. Transformation from one ester into
another (transesterification) is also useful. On the other hand, since esters are also
derivatives of alcohols, ester synthesis is also important from the standpoint of alco-
hol chemistry, such as acylation. A variety of routes to arrive at esters are therefore
feasible, and numerous methods have been reported. Surprisingly, though, no book
focussed solely on “esters” has been available up to now, esterification or transesteri-
fication usually being included in many books as a sub-class of functional group
transformations. Obviously, this is not a fair treatment if the central position of
(trans)esterification in organic synthesis is taken into account. Why did such biased
circumstances arise? A number of reasons can be counted immediately, but only a
few representatives among them are given here. Since (trans)esterification has such
a long history and the reaction itself is simple, many people, especially in academia,
take it for granted that little room is left for further scientific improvements. In in-
dustry, on the other hand, (trans)esterification still has permanent significance and
so many new technologies remain undisclosed, as know-how. Since the utility of
(trans)esterification has spread into diverse fields, it is indeed laborious to cover the
whole. As such, even people involved in the (trans)esterification field, regardless of
whether in academia or in industry, have rather limited knowledge about what is
going on outside the very narrow disciplines close to them. Despite such undesirable
circumstances, (trans)esterification has in fact been, and is still undergoing, exten-
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Preface

sive innovations. It is the aim of this book to inform a broad range of chemists and
technicians on the state of the art relating both to fundamental ideas and to practical
facets of (trans)esterification.

This book consists of two parts. The first thoroughly reviews the (trans)esterifica-
tion reaction, from conventional approaches to the most up-to-date progress in terms
of reaction patterns, catalysts, reaction media, etc., so that readers may acquire gen-
eral, basic knowledge of the reaction. In addition, those wanting to survey suitable
methods for a specific target will find great help from consulting this part. A number
of “Experimental Procedures” given may help readers judge which reactions are sui-
table for their purposes.

Synthetic applications of (trans)esterification are the subjects of Part II. These re-
actions, many of which may already have appeared in Part I, are reorganized accord-
ing to their respective synthetic purposes. Various aspects of interest to synthetic
chemists are summarized, followed by an overview of industrial utilization.

Because of its long history, it has been impracticable to survey the literature of es-
terification completely from the beginning. A full survey on the literature since
1990 has therefore been made by use of commercial databases. Reference works ap-
pearing before 1990 have been selected arbitrarily depending on their importance. I
believe that this treatment is fully acceptable to cover the literature that is basically
significant and represents recent progress to meet the requirements for “modern es-
terification”. As a result, we encountered more than 5,000 references, but for reasons
of space not all of them could be accommodated in the text of this book. Only exam-
ples selected in terms of their fundamentality and generality have been taken, to pro-
vide a comprehensive view on the overall aspects as broadly as possible. All collected
references are collected in a database library, a copy of which is provided on disc at
the end of this book. Those who wish to obtain more detailed information will be
able to consult this library through keyword access.

Last, but not least, I would like to express my sincere appreciation to Miss Masayo
Kajitani, who contributed greatly in the literature survey and the illustrations. With-
out her collaboration and patience, this book might have not been completed.

Junzo Otera
Okayama, November 2002



Database

The database on the disk in the back of this book is accommodated in a FileMaker
Developer 6 version for which both Windows and Macintosh operation systems are
available. The database contains about 5,000 references, on which this book is based
and the keyword access with schematic representation is feasible. Basically, the refer-
ences are accessed according to the numbers of (sub)headings of the text. In addi-
tion, the following keywords are employable for more selective access.

KeyWords

For Chiral Compounds: Chiral Carboxylic Acids, Chiral Esters, Chiral Anhydrides,
S-preference

For Selectivities: Primary/Primary, Primary/Primary and Secondary, Primary/Second-
ary, Primary/Secondary and Tertiary, Primary/Tertiary, Primary/Secondary and Phe-
nol, Primary/Phenol, Secondary/Primary, Secondary/Primary and Secondary, Second-
ary/Primary and Tertiary and Phenol, Secondary/Secondary, Secondary/Secondary
and Tertiary, Secondary/Secondary and Phenol, Secondary/Tertiary, Secondary/Phe-
nol, Tertiary/Tertiary, Phenol/Secondary, Phenol/Secondary and Phenol, Phenol/Phe-
nol, Secondary and Phenol/Secondary, Secondary and Phenol/Phenol, Primary and
Secondary/Secondary, Secondary and Tertiary/Secondary, Identical hydroxyl-groups,
Identical carboxylic-groups, Identical ester-groups, Identical acid chlorides

For Reaction Media: Ionic Liquids, Fluorous Biphasic Technology, Phase Transfer
Catalysts, Surfactant-type Catalysts, Immobilization, Cyclodextrin, Supercritical Sol-
vents

For Natural Products: The natural products which appear in 7.4 are accessed by their
names as well.

Others: Yamaguchi method, Distannoxanes, TITADDOLates, Al, B, Bi, Cu, Fe, Hf, I,
Ni, Sc, Sn, Ti, Zn, Py, DMAP, NEt;, NEt'Pr,, NH'Pr,, PhNEt,, PhNMe,, EtNMe,,
DBU, NHMe,, NHCy,, Cinchona Alkaloids, Guanidine, TMEDA, Imidazoles.
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Introduction

The biggest problem frequently encountered in (trans)esterification technology
arises from equilibration. To bias the equilibrium to the product side, one of the reac-
tants must be used in excess and/or one of the products must be removed constantly
during the reaction. Use of a non-equilibrium reaction approach, with the aid of acti-
vated reactants such as acid anhydrides and halides or alkoxides, can be effective to
bypass the problem on some occasions but is not always general. Ester synthesis re-
actions are usually conducted with the aid of acid or base catalysts, and so the em-
ployment of catalysts or promoters that are suitably active but also compatible with
other functional groups is of great importance. Progress has been made to overcome
these problems in (trans)esterification reactions.

Esterification can be regarded as the transformation of carboxylic acids or their de-
rivatives into esters, as carried out in many natural products syntheses, in the protec-
tion or kinetic resolution of carboxylic acids, and in the fatty acids industry. However,
its counterpart reaction — the transformation of alcohols into esters, as in protective
acylation of hydroxy groups, kinetic resolution of alcohols, etc. — is equally impor-
tant. The normal substrate/reagent relationship cannot therefore be straightfor-
wardly applied to esterification. Moreover, in intramolecular cases (lactonization)
and polycondensation, both functions as equal partners. In Chapter 1 the alcohol
component is regarded as the substrate, because modifications of carboxylic acids
are available in greater variety. Of course, such a classification is not strict: the car-
boxylic acid component might as well be taken as a substrate in, for instance, the di-
rect reaction between neat alcohol and carboxylic acid. In any event, the chapter is
subdivided into sections according to the means by which the carboxylic acid is mod-
ified. Each section is then further sub-classified according to the activation modes.

Tin alkoxides, together with some other metal alkoxides, are useful for selective
acylation of polyols and, in particular, play an important role in sugar chemistry.
This subject is grouped separately in Chapter 2.

In Chapter 3, the carboxylic acid component is treated as substrate, in reaction
with various reagents other than alcohols. Chapter 4 deals with interconversion be-
tween different esters.

The first two chapters in Part II, Chapters 5 and 6, are both associated with chiral-
ity. In response to the increasing need for optically active compounds in modern syn-
thetic chemistry, great progress has been achieved in ester technology, serving for
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Introduction

the production of enantiomerically enriched or enantiomerically pure alcohols and
carboxylic acids through kinetic resolution and desymmetrization.

Chapter 7 covers miscellaneous topics of great significance in terms of synthetic
utility and various selectivities. Natural products syntheses in which esterification
has played a crucial role are also described.

Finally, in Chapter 8, industrial uses of esterification technology are examined.
Since many currently operational, especially state of the art, processes are veiled in
darkness as know-how, it is not an easy task to delineate the real features. What can
be done best is to sketch profiles that are either common knowledge or available
from the literature. Despite such limitations, readers should acquire an idea of how
and where esterification is utilized in practice.



Part |
Methodology
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1
Reaction of Alcohols with Carboxylic Acids and their Derivatives

1.1
Reaction with Carboxylic Acids

1.1.1
Without Activator

Although the direct reaction between alcohol and carboxylic acid is conventionally
conducted under acid or base catalysis conditions, the catalyst-free reaction is more
desirable. This requirement is satisfied when the reaction is carried out at high tem-
peratures. A literature survey (refer to the database disc) shows eight papers appear-
ing in this category. For example, propanol or hexanol can be treated with various ali-
phatic carboxylic acids (1.35 equiv.) in an autoclave at 150 °C to furnish esters in
poor to excellent yields (Scheme 1-1) [95ZPK(68)335]. The reaction is strongly influ-
enced by the reaction temperature; the yield of propyl acetate is only 18% at 85 °C.

(0] o o}
A, v mon S L
OH 2.5 OR'

17~94%
Scheme 1-1

Interestingly, condensation between sugars and a-hydroxycarboxylic acids can be
performed in water (Scheme 1-2) [99SC951]. The reaction takes place at 60 °C, regio-
selectively on the primary hydroxy groups of mannose, galactose, and glucose. The
avoidance of any catalysts or additives allows the instant application of the products
in food technology and cosmetic formulation.

Experimental Procedure Scheme 1-2 [99SC951]

General procedure: A mixture of hydroxycarboxylic acid, carbohydrate, and water is
heated to 60 °C in air for 24 h. To isolate the product as a pure compound for charac-
terization the reaction mixture is extracted twice with diisopropyl ether, the solvent
is removed in vacuo, and the residue is chromatographed on silica gel (CH,Cl,/
MeOH 85:15).
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6 | 1 Reaction of Alcohols with Carboxylic Acids and their Derivatives

Chiral R 0 Chiral
o 4
o) Ox-OH H,0 HO ©
HO1- OH + 04> o]
4 R OH 60°C, 24h HO- OH
HO  OH /
HO ©OH
Scheme 1-2

The equilibrium in the reaction between ethanol and acetic acid can be shifted in
favor of the ester by application of CO, pressure (Scheme 1-3) [2001GC17]. The ester
yield is therefore increased from 63% in neat solution to 72% in CO, at 333 K/
58.6 bar. This outcome is far from satisfactory, though the possibility does suggest it-
self that the equilibrium may be improved by changing the reaction conditions.

high pressure CO»
(0] (as a solvent) (o}
—

)I\OH v on )Lo/\

Scheme 1-3

On the whole, the catalyst-free reaction is ideal but difficult to achieve. Some spe-
cial conditions are necessary, and employable reactants are rather limited. Nonethe-
less, it is obvious that this line of technology should be advanced more extensively in
the context of green chemistry.

1.1.2
Acid Catalysts

1.1.2.1 Brensted Acids

Since acid catalysis is one of the most popular methods for esterification, numerous
papers are available (refer to the database disc). When the substrates are acid-resis-
tant, the reaction is usually carried out in the presence of Bregnsted acid such as HCI,
HBr, H,S0,, NaHSO,, CISO3H, NH,SO;H, H3PO,, HBF,, AcOH, camphorsulfonic
acid, etc. (Scheme 1-4). In cases in which the acidity is not high enough to trigger
the desired reaction, the acid is combined with an activator. For example, the lactoni-
zation shown in Scheme 1-5 proceeds sluggishly with HCI only, but the reaction is
effected smoothly in the presence of HCI and 3A molecular sieves [97CL765]. The es-
terification of phenols with both aliphatic and aromatic carboxylic acids — difficult to
achieve under normal conditions — can be catalyzed by a combination of H3BO; and
H,S0, (Scheme 1-6) [71TL3453].

)]\ )]\ . + HO

R™ "OH

o H *oH ROH o
R R

Scheme 1-4



1.1 Reaction with Carboxylic Acids
Chiral .
HCl Chiral
OH OH OH mol. sieves 3A
3 > Cl toluene . O
[e) Cl o .
- 50°C, 24h c ‘OH
Cl
85%
Scheme 1-5
X
OH HgBOg/H,S04
R b + R'COOH _— > ~0 R
= solvent R
O
58~94%
Scheme 1-6 R'= aliphatic and aromatic

Other ways to activate the acid catalysts are provided by the use of ultrasound and
microwaves. H,SOg4-catalyzed esterification, which usually requires a long reaction
time under refluxing conditions, is complete at room temperature in several hours
on exposure to ultrasonic waves [90SC2267]. Microwave irradiation accelerates p-to-
luenesulfonic acid-catalyzed esterification, the reaction finishing within 10 minutes
[93CJC90].

Aqueous HCl is not employable for water-sensitive compounds. In such cases, dry
HCI gas must be used, but generation of this is not operationally simple. Alterna-
tively, generation of HCI under anhydrous conditions is conveniently feasible by ad-
dition of acetyl chloride to methanol or ethanol. Treatment of alcohol and carboxylic
acid in the HCI solution obtained provides the desired ester (Scheme 1-7) [98SC471].
By this method, the concentration of HCl can readily be adjusted by changing the
amount of acetyl chloride.

Experimental Procedure Scheme 1-7 [98SC471]

A typical experimental procedure involves the addition of a known amount of acetyl
chloride, usually from a weighed syringe, to an ice-cold solution of an equivalent or
excess amount of methanol (or ethanol) in an inert organic solvent, such as ethyl
acetate, containing an equivalent amount of the compound to be treated. The acidic
solution may also be prepared in the pure alcohol. Ice-cold solutions are used in or-
der to increase the solubility of the HCI and to prevent its escape, the initial genera-
tion of the HCI being exothermic. In cases in which simple esterifications are to be
carried out, excess acetyl chloride may be used without detrimental effects, since the

O, O,
OH OEt
+ EtOH —»ACCI
o_ NH o_ _NH

Scheme 1-7 57%

7
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1 Reaction of Alcohols with Carboxylic Acids and their Derivatives

workup involves simple evaporation of the solvent(s) and excess HCl. The solutions
are allowed to warm to room temperature and the reactions are complete within
0.5-24 h.

A similar protocol is available with TMSCI (trimethylsilyl chloride) (Scheme 1-8)
[81BCJ1267]. In this case, TMSCI is added to a mixture of alcohol and carboxylic
acid. It has been suggested that the reactant alcohol works as a proton donor as well,

while on the other hand the initial formation of the silyl ester is another proposed
mechanism for a similar reaction (Scheme 1-9) [835S201].

TMSCI + R'OH E— TMSOR' + HCI

RCOOH  +  TMsoR MY Rcoor  +  TMSOH

TMSOH + ROH —H o  TMSOR  + HO

2 TMSOH E— TMS,0 + H,O

Scheme 1-8
X X
+ TMSCI —_— + HCI
R OH R OTMS
R'OH/H* O
ES—— )I\ + TMSOH
R OR'
l TMSCI
TMS,0 + HCI
Scheme 1-9 2 c

Despite the rather harsh conditions, the Brensted acid-catalyzed reaction some-
times enjoys selectivities. Continuous extraction technology enables selective monoa-
cetylation in reasonable yields upon treatment of a 1,n-diol with acetic acid in the
presence of H,SO4 (Scheme 1-10) [79TL1971]. Stereoselectivity is also attained in
TFA-catalyzed esterification (TFA = trifluoroacetic acid), as shown in Scheme 1-11
[95]OC1148]. In this reaction, the inversion of the stereochemistry at C-4 proceeds
effectively via the carbocation, the nucleophilic attack of an acetate anion on the car-
bocation taking place preferentially from the opposite side of the bulky 3,4-(methyle-
nedioxy)benzoyl group in the Felkin-like model to afford the anti acetate.



1.7 Reaction with Carboxylic Acids |9

HoSO,, 1t
HO  NCHp)” SOH + ACOH ————————»  HO™ N(CHy)”” “OAc
continuous extraction

technology
n=8 (75%)
n=10 (66%)
n=6 (94%
Scheme 1-10 (04%)
TFA
CH,Cly
AcOH

62%

Scheme 1-11

A unique formation of tert-butyl esters is notable. When a mixture of carboxylic
acid and tert-butanol is exposed to H,SO,4 absorbed on MgSOy,, esterification takes
place smoothly (Scheme 1-12) [97TL7345]. The reaction is successful for various aro-
matic, aliphatic, olefinic, heteroaromatic, and protected amino acids. No reaction oc-
curs with the use of anhydrous MgSO,4 or H,SO, alone. The reaction is initiated by
dehydration of tert-butanol followed by addition of carboxylic acid to the resulting
isobutylene.

Experimental Procedure Scheme 1-12 [97TL7345]

In a typical small-scale experiment, concentrated sulfuric acid (0.55 mL, 10 mmol) is
added to a vigorously stirred suspension of anhydrous magnesium sulfate (4.81 g,
40 mmol) in 40 mL of solvent. The mixture is stirred for 15 minutes, after which the
carboxylic acid (10 mmol) is added. Tertiary butanol (4.78 mL, 50 mmol) is added
last. The mixture is stoppered tightly and stirred for 18 h at 25 °C, or until the reac-
tion is complete by TLC analysis. The reaction mixture is then quenched with 75 mL
of saturated sodium bicarbonate solution and stirred until all magnesium sulfate
has dissolved. The solvent phase is separated, washed with brine, dried (MgSOy,),
and concentrated to afford the crude tert-butyl ester, which is purified by chromato-
graphy, distillation, or recrystallization as appropriate.

MgSO,
conc.HySOy(cat.)

o) CH,Cly %
+ \/LOH —_— =
RJ\OH RJ\O%

i -HO RCOOH
Mechanism; 'BUOH ——— )I\ ——— > RCOO'Bu

Scheme 1-12
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Hydrophobic polystyrene-supported sulfonic acids catalyze reactions between car-
boxylic acids and alcohols in water [2002ASC(343)270]. The catalysts are recovered
and reused for further reactions.

1.1.2.2  Lewis Acids

Lewis acids are another important class of acid catalyst. In general, they are milder
than Brensted acids and, more importantly, template effects are to be expected as
they are sterically bulkier than a proton. As such, the utilization of Lewis acids is ra-
pidly increasing. They are classified as follows, according to elements:

B BF; - OEt, [36JACS271, 69JPS1422, 70TL4011, 71S316, 725628, 90ACH705,
91CE277, 95CC1391, 96JHC1171, 96TL1393]; BCl; [2001TL3959]; 3,4,5-
F3C¢H,B(OH), [96]OC4196]

Al AICl; (immobilized) [73TL1823]

Zn ZnO [961VY117]; ZnCl,/microwave [2002TL45]

Sn Bu,SnO [80JACS7578, 83JACS7130]; (XR,SnOSNR,Y), [86TL4501; 91JOC5307;
96CL225]; (XRE,SnOSnRf,X), 2002AGC(E)4117]; Ph,SnCl, [87TL3713]

Fe Fe(ClOj); [941JC(B)698, 92SC1087]; Fe,(SOy);  H,0O [98SC1159]; FeCl;
[99SL1200]

Ni NiCl, - 6H,0 [97T7335]

Cu CuCl, [895C2897]; Cu(NO); - 3H,0 [985C1923]; Cu(OTf); [99TL2611]

Hf HfCl, - 2THF [2000SCI(290)1140; 2001SL1117]

I 1,[2002TL879]

BF; - OEt, is the oldest Lewis acid to have been employed as an esterification cata-
lyst since the BF3/CH3;O0H complex had been known to be used for conversion of
simple carboxylic acids to their methyl esters prior to GLC analysis. Although excess
BF; - OEt, (2-3 equiv.) and alcohol (>10 equiv.) for 1 equiv. of carboxylic acid should
be used, esterification is feasible for 4-aminobenzoic acid, unsaturated organic acids,
biphenyl-4,4’-dicarboxylic acid, 1,4-dihydrobenzoic acid, and heterocyclic carboxylic
acids.

Experimental Procedure [71S316]

The reaction mixture comprising the acid (0.1 mol), boron trifluoride etherate (0.1 or
0.2 mol, depending on the number of carboxyl groups in the acid), and the appropri-
ate alcohol (ten times in excess of the boron trifluoride etherate) is heated at reflux
for a period of time not exceeding 24 h. The esters are precipitated by dilution with a
5% solution of sodium carbonate, followed by filtration or extraction with ether, and
purified by crystallization from appropriate solvents or by distillation under reduced
pressure.

BCl; is also useful for esterification with primary alcohols, but yields are not so
high with secondary and tertiary alcohols. The disadvantage of this method is the
cleavage of coexisting methyl ether functions.

3,4,5-Trifluorobenzeneboronic acid is claimed to be the most effective catalyst
among the boronic acids (Scheme 1-13). Esterification takes place smoothly if heavy



1.7 Reaction with Carboxylic Acids
1mol% 3,4,5-trifluorobenzene-

OH A OR
+ ROH boronic acid _
(¢] (0]

R= CHa (14%)
R= C3Hy (53%)
R= C4Hg (88%)

0 oH oMo ROH
rton * HOR - A s, T )OL
3,4,5-F5CgHo R O Ar R ~OR
Scheme 1-13

alcohols such as 1-butanol are employed. The reaction is presumed to proceed via a
carboxylate intermediate.

AlCl; is one of the most popular Lewis acids, but it is not employed in esterifica-
tion because of its too strong acidity. However, polymer-supported AlCl; works as a
milder catalyst for esterification although the yields are not always as high as those
obtained by other methods. The advantage lies in the ease of separation of the cata-
lyst by filtration.

Treatment of pentaerythritol with oleic acid in the presence of ZnO as catalyst pro-
vides a triester. Production of commercially important p-hydroxybenzoic acid ester
(paraben) from p-hydroxybenzaldehyde and alcohol is catalyzed by ZnCl, under mi-
crowave irradiation conditions.

Another popular Lewis acid, SnCly, is also not usually employed in esterification.
Organotin compounds work quite well, however, because the acidity is moderated by
the replacement of chlorine with electron-donating alkyl groups. Bu,SnO catalyzes
lactonization of seco acids on continuous dehydration with a Dean—Stark apparatus
(Scheme 1-14). This method is effective for large sized lactones but not for medium
sized ones.

Experimental Procedure Scheme 1-14 [83]JACS7130]
Preparation of hexadecanolide. A mixture of 16-hydroxyhexadecanoic acid
(817.3 mg, 3.0 mmol) and dibutyltin oxide (74.7 mg, 0.3 mmol) is stirred in refluxing

i Bu,SnO ji
—_—
HO—(CHa)y”” ~OH O=(cHa),
n=7 (0%)
n=14 (63%)
n=15 (60%)

H-O
Bu,SnO N —g\ BUZSnO
HO—[k S cHy > HO* /(CHz)n —> ) lactone
2)n
BuySn-0 BUZSn—O - (CHa)n

Scheme 1-14
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mesitylene (100 mL) for 19 h with use of a Dean—Stark apparatus for the continuous
removal of water. Removal of the solvent in vacuo (40 °C/0.2 mmHg) yields a yellow
oily residue, which is Kugelrohr distilled (60 °C/0.2 mmHg) to give 457.9 mg (60 %)
of hexadecanolide.

Good yields of esters are obtained when carboxylic acids are treated with 1,3-disub-
stituted tetraalkyldistannoxanes, (XR,SnOSnR;X),, in alcohol solvent (Scheme 1-15).
The catalysts are very mild, and the reaction is sensitive to the steric bulk of the reac-
tants. The catalysts are also effective for lactonization (Scheme 1-16). The reaction
proceeds simply on heating of a decane solution of seco acids. The convenience of op-
eration is apparent from the lack of any need for dehydration apparatus and/or dehy-
dration agents. Irreversible esterification apparently takes place because of the hy-
drophobicity of the surface alkyl groups surrounding the stannoxane core. Interest-
ingly, alkyl side chains attached on the hydroxyl-bearing carbon of the w-hydroxy
acids exert a profound effect on lactonization. Lactone rings with fewer than 14 mem-
bers are obtained in poor yields, while incorporation of R groups with more than
four carbon atoms dramatically increases the yield.

. X " "
" ’d OR \S':RY
n—0—Sh—
RY1 1 1 1.R
Y—lSr]—O—SIn~R
(0] R R X , neat o
PIS +  ROH
R™ "OH R'= Bu, Me R™ "OR'
X=NCS, Cl
Y=NCS, CI, OH R= CSH7, R'='Bu (0%)
R= C3H7, R'= CH(CH3)CH,CH3 (20%)
R= C3H7, R'= CHyCH(CHg), (100%)
R= 'Bu, R'= C4Hg (33%)
R= CgHy, R'= C4Hg (100%)
R= Ph, R'= C4Hg (38%)
R='Pr, R'= C4Hg (97%)
Scheme 1-15 " 4o (97%)

(CISnBu,OSNBu,OH),
R o decane

HO)\(CHg)n)I\OH

R
O?(CHZ)n
o

R=H, n=14 (81%)
R=H, n=13 (78%)
R=H, n=10 (0%)

R= CgHy3, n= 10 (90%)

Scheme 1-16

Use of a fluoroalkyldistannoxane catalyst (XRf,SnOSnRf,X), achieves a highly
atom-efficient process in the context of fluorous biphasic technology (see Sections
7.2 and 7.3). Virtually 100 % yields are available by the use of carboxylic acid and alco-
hol in a strict 1:1 ratio. The catalyst is recovered quantitatively and the catalyst solu-
tion in perfluoro-organic solvent is recycled repeatedly.
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Experimental Procedure [2002AGC(E)4117]

A test tube (50 mL) is charged with 3-phenylpropanoic acid (300 mg, 2.0 mmol), ben-
zyl alcohol (216 mg, 2.0 mmol), (CIRf,SnOSnRf,Cl), (Rf = CcF15C,Ha) (172 mg,
0.10 mmol, 5 mol %), and FC-72 (5.0 mL). The test tube is placed in a stainless steel
pressure bottle and heated at 150 °C for 10 h. The pressure bottle is cooled, and to-
luene (5.0 mL) is added to the reaction mixture. The toluene and FC-72 layers are sepa-
rated, and the latter layer is extracted with toluene (2.0 mL X 2). The combined organic
layer is analyzed with GC to provide a quantitative yield of benzyl 3-phenylpropanoate.

Simple dimethyl- and diphenyltin dichlorides catalyze esterification of carboxylic
acids in refluxing C; ~Cj alcohol.

Fe(I1I) salts are also effective. Fe(ClO,)3 - 9 H,0 promotes esterification of carboxylic
acids in alcohol. The reaction proceeds at room temperature, but a stoichiometric
amount of the salt is needed. A catalytic version is available with Fe,(SO4); - xH,0
(2 wt % cat. per acid) and FeCl; (5 mol % per acid). The reaction requires an excess
amount of one reaction component in refluxing benzene or toluene. A similar outcome
is obtained with NiCl, - 6 H,O catalyst.

Experimental Procedure [98SC1159]

The Esterification of Adipic Acid with Ethanol in the presence of Ferric Sulfate: A
mixture of adipic acid (14.5 g, 0.1 mol), absolute ethyl alcohol (18.5 g, 0.4 mol), dry
benzene (35 mL), and commercial ferric sulfate (0.3 g) is placed in a flask equipped
with an automatic water separator fitted with an efficient reflux condenser at its
upper end. The mixture is heated at reflux on a steam bath for 3 h or until water no
longer collects in appreciable amount in the water separator. The catalyst is filtered
off and washed with two 20 mL portions of ether. The combined filtrate is washed
with saturated sodium carbonate solution and then with cool water, and is dried with
anhydrous magnesium sulfate. Most of the ether and benzene is removed by distilla-
tion under normal pressure, and the residue is then evaporated under reduced pres-
sure to give the diethyl adipate at 116 ~117/9 mm. The yield is 19.4 g (96 %).

Cupric salts are another class of species that work as catalyst. CuCl, - xH,O catalyzes
conversion of carboxylic acids in methanol solvent at 130 °C, while Cu(NOs), - 3H,0
effects acetylation of alcohols in refluxing acetic acid. Cu(OTf), is used for acetylation
of alcohols, but to a somewhat limited extent.

HfCl, - 2THF in the presence of 4 A molecular sieves enables the use of equimo-
lar amounts of alcohol and carboxylic acid to afford good to excellent yields of the de-
sired esters (see Part II). This commercially available catalyst is highly active (usually
0.1 ~ 0.2 mol% loading) and hydrolytically stable. Polycondensations of @-hydroxy
acids or between dicarboxylic acids and diols to furnish polyesters are also feasible.
The selective esterification of primary alcohols in the presence of secondary alcohols
or phenol can be achieved with this catalyst (Scheme 1-17).
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Experimental Procedure Scheme 1-17 [2000SC11140]

The typical polycondensation procedure is as follows. A flame-dried, 5-mL, single-
necked, round-bottomed flask fitted with a Teflon-coated magnetic stirring bar and a
5 mL pressure-equalized addition funnel [containing a cotton plug and 4 A molecular
sieves (~1.5 g)] surmounted by a reflux condenser is charged with w-hydroxycar-
boxylic acid (10 mmol) or o,w-dicarboxylic acid (10.0 mmol) and o,w-diol (10.0 mmol)
as substrates and HfCl, - 2THF (0.200 mmol) as a catalyst in o-xylene (2 mL). The
mixture is brought to reflux with the removal of water. After 1 day, the resulting mix-
ture is cooled to ambient temperature, dissolved in chloroform, and precipitated with
acetone or methanol to furnish pure polyester as a white solid in quantitative yield.

COOH
@ Ox0CgH17 O. O\cHex
CeHiOH  + Q .
OH HfCl4-(THF), (cat.), toluene

Scheme 1-17 >99 : !

When a carboxylic acid is heated in alcohol with a catalytic amount of iodine, ester-
ification takes place [2002TL879]. Primary, secondary, and even tertiary alcohols are
employable, although the yields are rather low (56 %) in the last case. The reaction is
tolerant of high amounts of water. It is claimed that the iodine works as a Lewis acid.

Experimental Procedure [2002TL879]

Stearic acid (5 g, 17.6 mmol), methanol (10 mL), and iodine (50 mg,) are heated at re-
flux for the specified time, the progress of the reaction being monitored by TLC. After
the reaction, excess alcohol is removed under reduced pressure and the residue is ex-
tracted with diethyl ether. The ether extract is washed with a solution of sodium thio-
sulfate and subsequently with distilled water, dried over anhydrous sodium sulfate,
and concentrated in vacuo to yield the crude product, which is purified by column
chromatography (hexane/ether, 9:1) to give the desired carboxylic ester (5.1 g, 98 %).

1.1.2.3  Solid Acids

Various solid acids are utilized for esterification, although the substrates that can be
employed suffer from considerable limitations due to the strong acidity. Neverthe-
less, solid acids have a great advantage in that they can be removed from the reaction
mixture by filtration and thus applied to large-scale production.

Nafion-H

Nafion-H is the oldest solid acid to have been utilized as an esterification catalyst
[785929]. When a mixture of carboxylic acid and alcohol is allowed to flow over this
catalyst at 95-125 °C, high yields of the corresponding esters are obtained with a con-
tact time of ~5 sec. A batch reaction is also employable [91BKC9; 92BKC586].
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Experimental Procedure [785929]

Typical Esterification Procedure: The reactor is charged with activated Nafion-H cata-
lyst (2.0 g). Carrier nitrogen gas is passed through the catalyst at a rate of 30 mL
min~'. A mixture of hexanoic (caproic) acid (2.6 g, 0.025 mol) and ethanol (2.9 g,
0.062 mol) is passed through the catalyst at 125° at a rate of 0.082 mL min™", corre-
sponding to contact time of 5-7 sec. The two-phase product mixture is diluted with
ether (30 mL) and washed with 5% sodium hydrogen carbonate solution (2 x 20 mL),
and then with water (2 x 20 mL). The organic layer is dried with magnesium sulfate
and the solvent is evaporated. The residue is reasonably pure ethyl hexanoate, which
may be distilled for further purification; yield: 3.5 g (98%); b.p. 167°.

Amberlyst 15

a-Hydroxy esters [94SC2743] and o-amino acids [98SC1963] are successfully
converted into the corresponding esters with this catalyst, while catechol under-
goes esterification with acrylic acid to afford 7-hydroxycoumarin (Scheme 1-18)
[95CC225].

Amberlyst 15 (cat.)

(¢}
toluene
O -, e )
HO OH OH 73% HO (O]

Scheme 1-18

Experimental Procedure [945C2743]

A solution of y-butyrolactone (11.6 mmol) in anhydrous methanol (25 mL) is stored
on Amberlyst-15 (25 g) with occasional shaking for 20 h. Methanol is decanted and
the Amberlyst is washed with methanol (2 x 20 mL). The combined methanol frac-
tions are evaporated and the residue is distilled to give methyl 4-hydroxybutanoate,
b.p. 110-114/8-10 mm.

Amberlite IR120
Various substrates with hydroxy and related functions, such as sugars [93LA975;
95SC1099] and shikimic and quinic acids [91JCR(S)56], are esterified with this resin.

Experimental Procedure [93LA975]
5-O-(a-D-Glucopyranosyl)-D-arabinono-1,4-lactone: A solution of potassium 5-O-(a-
D-glucopyranosyl)-D-arabinonate (7.7 g, 20 mmol) in water (20 mlL) is passed
through an ion-exchange column (Amberlite IR-120 H*, 200 mL) and eluted with
water (500 ml). Concentration of the eluent, followed by drying in vacuo (107> Torr),
gives 5-O-(a-D-glucopyranosyl)-D-arabinono-1,4-lactone (3.2 g, 99%) as an amor-
phous solid, softening around 88-90 °C.

Wolfatit KSP200
Esterification of chiral a-hydroxy carboxylic acids without racemization is feasible by
heating in EtOH or MeOH/CHCI; in the presence of the ion-exchange resin Wolfatit
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KSP200 (Scheme 1-19) [91CB1651]. The products are useful intermediates for synth-
esis of the corresponding a-hydroxy aldehydes.

OH Wolfatit KSP200 OH
- . CHClj, reflux .,
R \'H + ROH —=——» o AH
COH COLR'
Scheme 1-19
Zeolite

The rare earth-exchanged RE H-Y zeolite is the best of the various zeolite catalysts
[961]C(B)1174]. Heating of alcohol solutions of carboxylic acids in the presence of
the freshly activated zeolite at 150 °C provides good to excellent yields of esters. The
same type of zeolite is also useful for lactonization of seco acids [98TL293].

Experimental Procedure [961JC(B)1174]

A mixture of phenylacetic acid (5 g, 0.036 mole) and ethanol (50 mL) is placed in a
Parr reactor, and freshly activated zeolite (RE HY, 5 g) is slowly added. It is then
heated at 150 °C under autogeneous pressure for 8 h. The reactor is allowed to cool to
room temperature and the catalyst is filtered off and washed with ethanol (2 x 25 mL).
The ethanol is removed from the filtrate by distillation. The residue is diluted with
dichloromethane (50 mL) and washed with 5% aq. sodium carbonate solution
(2 x 25mL) to remove the unreacted acid, then with water (2 X 25 mL), and finally with
brine (20 mL), and dried over anhydrous sodium sulfate. Removal of the solvent pro-
vides pure ethyl phenylacetate (5.51 g, 91%).

Nb205 . nHzo
This catalyst is claimed to be more active than cation-exchange resin, SiO, - AlO;,
and solid super acids [84CL1085].

FeCl; supported on salicylic resin

Azeotropic dehydration by heating of a mixture of carboxylic acid and alcohol (1:3 mo-
lar ratio) in benzene in the presence of the catalyst resin affords quantitative yields of
esters [98SC1233). The use of smaller amounts of alcohol gives rise to lower yields.

Fe(CO,);(ROH)¢/SiO;

Grinding this “supported regent” with an equimolar amount of carboxylic acid pro-
vides esters [98SC2821]. This protocol is operationally simple, but requires a stoi-
chiometric amount of the promoter.

NaHSO,/SiO,

Aliphatic carboxylic acids are esterified preferentially over aromatic ones at room
temperature with the aid of NaHSO, supported on silica gel (Scheme 1-20)
[2000SL59)].
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COOH . COOH
. MeOH NaHS0,4.SiO,
COOH COOMe
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mOH
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R=H, OH : 0
R'= Me, Et NaHS0,4.SiO, OR
- 5 + OH
R

Scheme 1-20

Phosphorus oxides

Phosphorus pentoxide can be used for dehydration between carboxylic acid and alco-
hol. Heating of a mixture of alcohol, carboxylic acid, and P40, is the simplest treat-
ment [83]JOC3106]. In addition to intermolecular esterification, lactonization is also
achievable [91T10129, 91H(32)669]. This procedure can be modified by initial treat-
ment of P,Oyy with alcohol to furnish an equimolar mixture of mono- and dialkyl-
phosphates (Scheme 1-21) [83T1475]. In practice, isolation of these compounds is
not necessary, a carboxylic acid being added to the mixture to produce the ester.

Experimental Procedure Scheme 1-21 [83T1475]

Esterification of a Liquid Carboxylic Acid: Glacial acetic acid (0.6 mole, 36.0 g) is
added to the alkyl phosphate reagent (0.1 mole equivalent), and the reaction mixture
is heated at reflux on a water bath for 3 h, with ice-cold water being circulated
through the condenser. The reaction mixture is allowed to come to room tempera-
ture and extracted with ether (2x 100 mlL), and the organic layer is washed
(aq- NaHCO3, 2 x 100mL) and dried (Na,SO,). After removal of the solvent, the resi-
dual liquid is distilled through a fractionating column to yield methyl acetate (39 g,
909%), b.p. 54-56°.

Esterification of Solid Acid: Phenylacetic acid (82.2 g, 0.6 mol) is added to the alkyl
phosphate reagent. In this case, any required alkanol is added to ensure homoge-
neous solution. The reaction mixture is heated at reflux for 3 h. It is then diluted
with water (100 mL) and extracted with ether (2 x 100 mL), and the organic layer is
washed (aq. NaHCO3, 2 X 100 mL) and dried (Na,SO,). After removal of solvent, the
residual liquid is distilled off to yield ethyl phenylacetate (85 g, 86 %), b.p. 224-226°.

Ps©Ow + 6ROH ——> 2(ROPO)OH), + 2(RO):P(O)(OH)

Scheme 1-21

A flow system that uses a vertical column is available, although a mixture of
P4019/CuSO4/Na,SO, is better than simple P,O4, for this purpose [83JOC3106].
CuSOy serves both as a water scavenger and, through its color change, as an indica-
tor of the progress of the reaction and the duration of the reactivity of the column,
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while Na,SO, retains the desired porosity and is useful for sustained reactivity of the
column with its water-absorbing property. This packing reagent is also used for a
batch reaction [83]JOC3106; 87J1C34].

Experimental Procedure [83)OC3106]

Mixtures of various organic acids (0.05 mol), freshly prepared packing reagent (2.5 g),
and ethanol (50 mL) are taken in Erlenmeyer flasks and left at room temperature for
20 h with occasional shaking. Removal of the solvent (ca. 30 mL) on a steam bath (15—
20 min) leaves a residue, which furnishes the ethyl esters on conventional workup.

Ph;SbO/P.S10
The characteristic feature of this catalyst system is that the reaction temperature
(25-85 °C) is lower than those used in other procedures [91AOMC513].

H3PO4°W-|2 : XHZO
Various bromoacetates are obtained by treatment of bromoacetic acids (1.0 mol) with
alcohol (1.1 mol) in the presence of 12-tungstophosphoric acid [91AOMC183).

Experimental Procedure [91AOMC183]

Bromoacetic acid (1.0 mol), alcohol (1.1 mol), benzene (70 mL), and H3;PO4,Wy, -
xH,0 (0.4 g) are placed in a 250 mL round-bottomed flask fitted with a Dean-Stark
condenser and the mixture is heated at reflux for 3—4 h until 15-18 mL of water have
been collected. The crude solution is separated, washed with water, twice with a satu-
rated sodium bicarbonate solution, and finally again with water, and is then dried
over magnesium sulfate and sodium sulfate (1:1), filtered, and distilled under nor-
mal pressure or under vacuum.

H4SiW1,0.40/C

Heteropoly acids often leak out of catalyst supports, because these acids are extraor-
dinary soluble in water and several organic solvents. Activated carbon can tightly im-
mobilize or entrap a certain amount of the acids. With H,SiW 1,049 entrapped in car-
bon, vapor-phase esterification of acetic acid with ethanol can be conducted effi-
ciently [81CL663].

ZrO, - nH,0 and Mo-ZrO,

Hydrous ZrO,, which catalyzes reactions between carboxylic acids and alcohols, exhi-
bits the following advantages: (1) the catalyst is easily prepared and stable in air, and
(2) the reaction does not require water-free conditions [89BCJ2353]. The catalytic ac-
tivity is further improved by use of Mo-ZrO, mixed oxide, because electron-deficient
sites are formed by introduction of Mo cations into the lattice of the solid ZrO,
[98SC3183].

Experimental Procedure [89BC|2353]
General Procedures for Vapor-Phase Reactions: The catalytic esterification is carried
out in a glass-flow reactor (6.5 mm in diameter) with a fixed-bed catalyst: flow rate of
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nitrogen gas = 60 mL min; catalyst = 2.0 g, 24-60 mesh; reaction temperature =
135-280 °C. A mixture of a carboxylic acid, an alcohol, and a hydrocarbon as an inter-
nal standard is fed into the reactor (5 or 10 mL h™) with the aid of a microfeeder. In
some cases benzene is also added, to dilute the reaction mixture. The activity and se-
lectivity of the reaction are determined after a steady state has been reached. The pro-
ducts are then analyzed by gas chromatography (capillary column, PEG 20M 30 m).
The products are identified by comparison of their retention times with those of
authentic samples.

General Procedures for Liquid-Phase Reaction: The catalyst (2.0 g), a carboxylic
acid, an alcohol, and a hydrocarbon as an internal standard are placed in a 25 mL
round-bottomed flask fitted with a reflux condenser. The contents are then heated
under gentle reflux. In some reactions toluene is added to the solution, in order to
raise the reaction temperature. In some cases the reaction mixture is placed in an oil
bath kept at 77.0 + 0.1 °C. The reaction mixture is worked up after 5 hours, and the
products are analyzed by gas chromatography.

Graphite bisulfate (C;,HSOj - 2H,SOy)

This intercalation compound, which can be prepared by electrolysis of 98% H,SO,
with a graphite anode, brings about reaction between alcohol and carboxylic acid in a
1:1 ratio at room temperature [74JACS8113]. The yields are usually over 90 %.

Natural Montmorillonite
Another intercalation compound, natural montmorillonite is useful for selective acy-
lation of various functionalized primary and secondary alcohols [2000GC67].

Experimental Procedure [2000GC67]

In a typical procedure, 1-phenylethanol (5 mmol) and glacial acetic acid (50 mmol,
corresponding to a 1:10 molar ratio; 1:3 alcohol/carboxylic acid ratio for other sol-
vent systems) are heated at reflux in the presence of Montmorillonite catalyst with
stirring (100 mg) for 15 min. After completion of the reaction, monitored by TLC or
GC, the reaction mixture is filtered and the filtrate is concentrated to obtain the pure
product. The product is analyzed by '"H NMR, while the catalyst is washed with ethyl
acetate and dried in an oven at 120 °C for 1 h and then reused.

Solid acid with microwave irradiation

Esterification by solid acid catalysts is accelerated by microwave irradiation
[99SL608]. Microwave irradiation in continuous flow systems is also feasible
[2000]OC1210].

1.1.3
Base Activators

Base-mediated reactions to produce esters are catalytic on some occasions but non-
catalytic on others, so both cases are dealt with together in this section. The basic cat-
alysts are not suitable for esterification because esters are hydrolyzed when the reac-
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tion mixture is subjected to aqueous workup. Nonetheless, a few non-aqueous meth-
ods are available for highly functionalized substrates. o-Hydroxy acids undergo lacto-
nization upon exposure to KOH/KOMe/glycerin [97SL600].

Another technique is provided by use of DMAP (4-dimethylaminopyridine).
A Kemp's triacid derivative is transformed into a monoester by treatment with Et;N/
DMAP (cat.) (Scheme 1-22) [97BCJ1895]. The synthesis of deoxy derivatives of o-
mannosidase inhibitor mannostatin A makes use of the DMAP methodology as a
key step (Scheme 1-23) [99BMC1499].

6) NEts
OH DMAP(cat.)

+
HO 58%

0~ O

Scheme 1-22
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Diphenylammonium triflate is an efficient catalyst for mediation of condensation
between alcohol and carboxylic acid in a 1:1 ratio [2000TL5249]. The reaction usually
affords greater than 90% yields of esters simply on treatment of the reactants with
1 mol % of the catalyst in refluxing toluene. After the reaction is complete, the sol-
vent is evaporated, and column chromatography of the residue furnishes the esters.

Experimental Procedure [2000TL5249]

3-Phenylpropionic acid (150 mg, 1.0 mmol), 1-octanol (130 mg, 1.0 mmol), and di-
phenylammonium triflate (3.2 mg, 0.01 mmol) are heated (80 °C) in toluene for 4 h.
Evaporation of toluene (ca. 40 °C) under reduced pressure gives the crude material,
which is purified by column chromatography (hexane/ether 10:1) to give the desired
carboxylic ester (244 mg, 93%).
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1.1.4
Carbodiimide Activators

The use of DCC (dicyclohexylcarbodiimide) as a promoter represents one of the
most versatile esterification methods. Although this reagent is irritant to skin and a
stoichiometric dosage or more is necessary, this procedure enjoys various advan-
tages. The reaction usually proceeds at room temperature, and the reaction condi-
tions are so mild that substrates with various functional groups can be employed.
The reaction is not sensitive to the steric bulk of the reactants, allowing production
of esters of tertiary alcohols. As such, a wide range of applications has been achieved
in the fields of natural products, peptides, nucleotides, etc., a literature survey find-
ing about 400 references (see the database disc).

The application of the DCC method in pure organic synthesis dates back to 1967
[62CRA945]. The following mechanism for this reaction is suggested (Scheme 1-24).

o o NI,cHex
+ N=C=N E— H
RJ\OH < > < > RJ\OJ\N’C ex
H
DCC
l R'OH

Q H 9 H
U + N-C-N
R” “OR'

Scheme 1-24

This original procedure, however, unfortunately suffers from some drawbacks:
yields are not always high and undesirable N-acylureas are occasionally formed.
These drawbacks can be overcome by addition of catalytic amounts of p-aminopyri-
dines [78AG(E)522; 78TL4475]. As a result, methyl or p-nitrophenyl esters of pivalic
and 2,4,6-trimethylbenzoic acids are obtainable. tert-Butyl esters of 3,5-dinitroben-
zoic acid and glycerol tristearate can also be prepared: these esters are not accessible
without the use of p-aminopyridines. However, combinations of tert-butyl alcohol
and more sterically demanding acids such as adamantanecarboxylic acid or 1-phenyl-
cyclohexane-1-carboxylic acid fail to afford the desired esters. The mechanism of the
catalyzed reaction is depicted in Scheme 1-25 [78TL4475]. The carboxylic acid is first
converted by DCC into an anhydride, which then forms an acylpyridinium species
with DMAP. Nucleophilic attack on the acyl group by R'O™ produces the ester conco-
mitantly with regeneration of DMAP, together with a half quantity of RCOOH,
which is again subjected to the reaction with DCC.

21
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Scheme 1-25

Experimental Procedure [78AGC(E)522]

DMAP (30-110 mg) and alcohol or thiol (20-40 mmol; 10 mmol with alcohols or
thiols that are not easily removable without significant loss; 3.4 mmol with glycerol)
are added to a stirred solution of carboxylic acid (10 mmol) in anhydrous CH,Cl, (10
mL; DMF in cases of sparingly soluble acids). DCC is added at 0°C to the reaction
mixture, which is then stirred for 5 min at 0°C and 3 h at 20°C. Precipitated urea is
then filtered off and the filtrate is evaporated in vacuo. The residue is taken up in
CH,Cl, and, if necessary, filtered free of any further precipitated urea. The CH,Cl,
solution is washed twice with 0.5 N HCI and with saturated NaHCOj5 solution, and
is then dried over MgSO,. The solvent is removed by evaporation, and the ester is
isolated by distillation or recrystallization.

When carboxylic acids carry a strongly electron-withdrawing group such as
COOR, P(0)(OEt),, CN, or RSO, at the position o to the carboxyl group, sterically
hindered alcohols, including tertiary alcohols, undergo smooth esterification
(Scheme 1-26) [20010L3733]. The reaction can be explained by the intermediacy of
the corresponding ketene, which is highly electrophilic but relatively sterically unde-
manding.
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Addition of Sc(OTf); to a mixture of DIPC (diisopropylcarbodiimide) or EDC
(1-ethyl-3-[3-(dimethylamino)propyljcarbodiimide/ DMAP effects reaction between
sterically bulkier reactants such as tert-butyl alcohol/t-Boc-(S)-(-)-Glu(OBz) or tri-
methylbenzoic acid and Me,C(OH)COOEt/4-nitrobenzoic acid [98]OC7559].

Experimental Procedure [98JOC7559]
Method A (acid in excess): A suspension of tert-butanol (0.094 mL, 1 mmol), scan-
dium triflate (0.30 g, 0.6 mmol), CICH,COOH (0.28 g, 3 mmol), and DMAP (0.37 g,
3 mmol) in anhydrous methylene chloride (10 mL) is cooled to -8 °C in an ice-salt
bath for 30 min. DIPC (0.49 mL, 3.1 mmol) is added, and the reaction mixture is stir-
red at —8 °C for 30 min and then allowed to warm to room temperature over 2 h. The
reaction mixture is filtered to remove any insoluble material, and the filtrate is washed
with HCI (0.1 N, 2 x 20 mL), sodium bicarbonate (0.1 ~, 2 X 20 mL), and distilled water
(20 mL). The organic phase is dried (MgSO,) and the solvent is removed under re-
duced pressure. Trace amounts of DIPU are precipitated with ether and removed by
filtration. Evaporation of the ether gives the corresponding pure ester (0.14 g, 95%).
Method B (alcohol in excess): A suspension of tert-butanol (1.9 mL, 20 mmol),
scandium triflate (0.3 g, 0.6 mmol), t-Boc-(S)-(-)-Glu(OBz) (0.34 g, 1 mmol), and
DMAP (0.61 g, 5 mmol) in anhydrous methylene chloride (10 mL) is cooled to —8°C
in an ice-salt bath for 30 min. EDC (0.38 g, 2 mmol) is added, and the reaction mix-
ture is stirred at —8°C for 30 min and then allowed to warm to room temperature
over 2 h. The reaction mixture is filtered to remove any insoluble material, and the fil-
trate is washed with HCI (0.1 ~, 2 x 20 mL), sodium bicarbonate (0.1 N, 2 x 20 mL),
and distilled water (20 mL). The organic layer is dried (MgSOy,), and the solvent is re-
moved under reduced pressure. The product is further purified by chromatography
on a silica gel column with 0-5% methanol in methylene chloride as the eluent to
give the corresponding pure ester (0.32 g, 80 %).

Since a stoichiometric amount of carbodiimide or more (sometimes 10 equiva-
lents) must be used, immobilization of this reagent is highly convenient for separa-
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tion from the reaction mixture. EDAC (ethyl dimethylaminopropylcarbodiimide)
supported on polystyrene-divinylbenzene resin is effective for synthesis of esters for
use in bioconjugation (Scheme 1-27) [95TL8345]. A variety of carboxylic acid haptens
can be esterified with N-hydroxysuccinimide or pentafluorophenol. Of particular sig-
nificance is the extension of this method to extremely water-soluble active esters that
cannot be purified by conventional extraction methods. DCC analogues can be im-
mobilized as well, and as such utilized for macrolactonization of seco acids (Scheme
1-28) [2000TL8673].

T

o
: ®
H
O O E Q polymer supported EDAC | Q
l N F

CHCIy/ DMF (1:2) N
~ +
N . . 63% S(o F
H(OH
F o}
o F F
F

olymer supported EDAC;
poly pp! +/\ N=C=NJ

—N
cr
Scheme 1-27
o N=C=N
07 (CHy)
HO™ (CHp)p” " OH DMAP, DMAP-HCI, CHClg L 2n
n=18 (52%)
n=9 (77%)
n=11(97%)
Scheme 1-28 n= 12 (96%)
1.1.5

The Mitsunobu Reaction

The Mitsunobu reaction is another popular technique, although the employment of
more than a stoichiometric amount of reagent is necessary [67BC]2380; 81S1]. The re-
action between alcohols and carboxylic acids proceeds smoothly under neutral condi-
tions at or below room temperature. Of great significance are its high chemo-, stereo-,
and regioselectivities. Typically, a mixture of alcohol and carboxylic acid is treated with
DEAD (diethyl azodicarboxylate) and Ph;P (Scheme 1-29) [88JACS6487]. The initial
step is addition of Ph;P to DEAD to give a zwitterion, which then reacts with car-
boxylic acid to afford a phosphonium carboxylate. Reaction of this intermediate with
alcohol directly generates a key intermediate, alkoxyphosphonium salt (route A),
which undergoes nucleophilic attack by the carboxylate ion to furnish the desired
ester. Importantly, the high stereoselectivity arises from the complete inversion at the
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alkoxy carbon center in the last Sy2 step. An alternative route is possible (route B)
[96]OC2967]. After addition of a carboxylic acid to DEAD, an acyloxyphosphonium
salt is formed, and this is attacked by an alkoxide ion generated by interaction between
an alcohol and the hydrazide ion. With the use of primary-secondary diols, almost se-
lective esterification at the primary position can be achieved in preference to the sec-
ondary one. The selectivity is explained by the steric hindrance of the three bulky phe-
nyl groups attached to the phosphorus atom.

Experimental Procedure [67BC)2380]

General Procedure for Mitsunobu Reaction. A solution of triphenylphosphine
(0.01 mol) in ether (10 mL) is added drop by drop to a solution of diethyl azodicar-
boxylate (0.01 mol) and carboxylic acid (0.01 mol) in ether (10 mL), with vigorous
stirring at room temperature. The reaction soon starts, and a white precipitate of tri-
phenylphosphine oxide and diethyl hydrazodicarboxylate appears. After the solution
has been kept standing overnight at room temperature, the precipitate is removed by
filtration. The ether is removed from the filtrate, and the residue is filtered to remove
a small amount of the remaining precipitates. The filtrate is then distilled to give the
corresponding esters of the carboxylic acid.
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Scheme 1-29

When the alcohol is sterically hindered, the acyloxyphosphonium intermediate in
route B plays a key role. The acyloxy-alkoxy interchange is suppressed, and so the
acyl carbon of the acyloxyphosphonium species is directly attacked by the alkoxy an-
ion [2002]JOC1751, 2002JOC1754]. In such cases the stereochemistry about the
alkoxy carbon is retained, as shown in Scheme 1-30.
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Despite its various advantages, the Mitsunobu process suffers from a serious pro-
blem due to the unavoidable use of large amounts of the reagents, the separation of
by-products thus occasionally being tedious and problematic. Overcoming these pro-
blems is the biggest issue in this procedure. 1,2-Bis(diphenylphosphino)ethane is
claimed to be a convenient replacement for Ph;P because the resulting bis(pho-
sphine oxide) is more readily removed, due to its more polar character [98TL7787].
Incorporation of an amino function in the phosphine, as in diphenyl(2-pyridyl)pho-
sphine [88A]C1835] and (p-dimethylaminophenyl)diphenylphosphine [90SC2049] is
the next strategy, as acidic workup can be used to remove phosphine oxides with an
amino function. The use of di-tert-butyl azodicarboxylate coupled with diphenyl(2-
pyridyl)phosphine is also more convenient, as the tert-butyloxycarbonyl group de-
composes to isobutene and CO, upon acidic workup [99TL4497].

Experimental Procedure [88A]C1835]

Diisopropyl azodicarboxylate (1.97 ml, 10 mmol) is added dropwise with stirring to a
cooled (0°C) solution of diphenyl(2-pyridyl)phosphine (2.63 g, 10 mmol) and etha-
nol (0.69 g, 15 mmol) in ether (30 mL). Benzoic acid (1.16 g, 9.5 mmol) in the same
solvent (10 mlL) is then introduced. The reaction mixture is left to stir at room tem-
perature overnight and cooled to —30 °C, and the by-products are removed by filtra-
tion. Residual amounts of the oxide remaining in solution are removed by washing
with HCI (2 M, 2 x 25 ml). Distillation in a Kugelrohr apparatus affords the required
ester (1.15 g, 80 %).

Experimental Procedure [99TL4497]

A mixture of 3-chloro-5-methoxyphenol (79 mg, 0.5 mmol), diphenyl-2-pyridylpho-
sphine (197 mg, 0.75 mmol), and benzyl alcohol (54 mg, 0.5 mmol) is dissolved in
anhydrous THF under an atmosphere of nitrogen. Di-tert-butyl azodicarboxylate
(172 mg, 0.75 mmol) is added to this solution in one portion, and the resulting mix-
ture is stirred at room temperature for one day. GCMS analysis of an aliquot shows
complete conversion of starting material into the desired product after 24 h. A solu-
tion of hydrogen chloride in dioxane (4 M, 2 ml) is added to the mixture, and after
this has been stirred for one hour the excess solvent is evaporated. The residue is dis-
solved in ether or dichloromethane and shaken vigorously with magnesium sulfate,
and the solvent is evaporated. Flash column chromatography (20% ethyl acetate in
hexanes) gives the desired benzyl ester as a pale yellow oil (86 mg, 69%).

Polymer support of alkyl azodicarboxylates is also useful (Scheme 1-31)
[89JACS3973]. Polystyrene-supported methyl azodicarboxylate obtained from 1%
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cross-linked hydroxymethyl polystyrene resin can be used for various Mitsunobu re-
actions, with yields comparable to those obtained with soluble dialkyl diazodicarbox-
ylates. Thanks to the lesser solubility of the polymer-supported reagent, purification
of the resulting esters and recovery of the reagent are very easy. Also noteworthy is
that the recovered reduced resin can be re-oxidized to the azodicarboxylate form and
used again.
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Scheme 1-31

The use of fluorous azodicarboxylate derivatives is another means by which the se-
paration problem may be solved (see Part II). Bistridecafluorooctyl azodicarboxylate
is one such reagent, readily recoverable from the reaction mixture simply by extrac-
tion with FC-72 (perfluorohexanes) [2002TL2807]. The combined use of fluorous azi-
docarboxylate and tertiary phosphine provides further elaboration of separation
[2002T3855].

The activity of Mitsunobu reagents may be enhanced. Azodicarboxamides in place
of esters can activate less reactive acids. 1,1'-(Azodicarbonyl)dipiperidine/Ph;P
[93TL1639] and N,N,N’,N’-teramethylazodicarboxamide/Bu;P [95TL2529] effect acy-
lation of various secondary alcohols, including steroids.

Experimental Procedure [93TL1639]

Under argon atmosphere, alcohol (1 mmol), tributylphosphine (1.5 mmol), and acid
(1.5 mmol) are successively dissolved in dry benzene (3 mL) with stirring at 0°C,
and solid 1,1'-(azodicarbonyl)dipiperidine (ADDP, 1.5 mmol) is added to the solu-
tion. After 10 min, the reaction mixture is brought to room temperature and the stir-
ring is continued for 24 h. Hexane is added to the reaction mixture, and precipitated
dihydro-ADDP is filtered off. The product is purified by SiO, column chromatogra-
phy after evaporation of the solvent in vacuo.

Experimental Procedure [95TL2529]

Under dry Ar atmosphere, solid N,N,N’,N'-tetramethylazodicarboxamide (TMAD)
(1.5 mmol) is added in one portion, at 0 °C with stirring, to a dry benzene solution
(3 mL) of an alcohol (1 mmol), tributylphosphine (1.5 mmol), and a carboxylic acid
(1.5 mmol). After 10 min, the reaction mixture is heated to 60 °C and stirred at this
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temperature for 24 h, during which time dihydroTMAD crystallizes out. The epi-
meric mixture of esters obtained is analyzed as follows. The inversion ratios are de-
termined by capillary GLC or "H NMR on the crude products obtained by the eva-
poration of the solvent in vacuo. The (combined) yields are obtained after product
isolation by SiO, column chromatography.

As shown in Scheme 1-32, treatment of chiral trivalent alkoxyphosphorus com-
pounds with DIAD results in cycloaddition rather than formation of a zwitterion
[95]CS(P1)2961]. The newly formed adduct effects Mitsunobu-like esterification. Un-
fortunately, however, neither yields nor ees of the esters are particularly high: ~50%
yields and <39% ees.

[e) Chiral
JC
o g
CC S OIS G
DIAD 0”4y Ncoypr PR *
o.
“P-NMey ———» I
o} benzene PhCO,H OO
0.9
O o F~NVe,
(R)-Me,NP(BINOL) OO

Scheme 1-32

Since the alkoxyphosphonium salt is the key intermediate in the standard Mitsu-
nobu reaction, variants to generate this species through other routes have been in-
vestigated. Triphenylphosphine-cyclic sulfamide betaine, formed by treatment of cyc-
lic sulfamide with DEAD/Ph;P, is stable in the solid state for several months
(Scheme 1-33) [94JOC2289]. This compound can be used for a Mitsunobu-like cou-
pling between alcohol and carboxylic acid.

Experimental Procedure Scheme 1-33 [94)OC2289]

The adduct of triphenylphosphine and 3,3-dimethyl-1,2,5-thiadiazolidine 1,1-dioxide
(5.0 mmol) is added portionwise over 10 min to a stirred mixture of the alcohol
(3-32 mmol) and carboxylic acid (5.0 mmol) in anhydrous solvent (30 mL), and the
resulting clear (milky) solution is stirred at rt under nitrogen for several hours. Et,O
(150 mL) is added, and the organic phase is washed with water (40 mL), dilute aqu-
eous K,CO; (40 mL), and brine (40 mL), and is then dried (MgSO,) and concen-
trated. Products are purified by flash chromatography on silica gel (hexane/CH,Cl,
or hexane/EtOAc).
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Cyanomethylenetributylphosphorane mediates the direct condensation between
alcohol and carboxylic acid through an alkoxy(tributyl)phosphonium salt intermedi-
ate (Scheme 1-34) [94TL5081]. This reagent is effective even for weak acids
(pKa>12), which are not employable for the authentic Mitsunobu reaction.

Experimental Procedure Scheme 1-34 [94TL5081]

An alcohol (1 mmol) and a carboxylic acid (1.5 mmol) are successively dissolved in
dry benzene (5 mL) with stirring under an argon atmosphere, and cyanomethylene-
tributylphosphorane (1.5 mmol) is added all at once, by syringe. The reaction mix-
ture is heated with stirring in a sealed tube at 100 °C for 24 h. After evaporation of
the solvent in vacuo, the product is purified by silica gel column chromatography.
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Scheme 1-34

Iminophosphorane functions as an alternative to the alkoxyphosphonium salt
[92CE933]. Treatment of benzyl azide with triphenylphosphine (Staudinger reaction)
affords an iminophosphorane, the positively charged phosphorus atom of which is
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an activator of alcohol (Scheme 1-35). Heating of a mixture of alcohol, carboxylic
acid, benzyl azide, and triphenylphosphine thus affords the desired esters in good to
excellent yields.

Experimental Procedure Scheme 1-35 [92CE933]
A mixture of the alcohol, the carboxylic acid, benzyl azide (1.5 eq.), and triphenylpho-
sphine (1.5 eq.) in THF is heated to reflux and concentrated to give a crude product,
which is purified by column chromatography.
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Scheme 1-35

1.1.6
Activation of Carboxylic Acids

2-Halo-1-methylpyridinium salts are another class of templates that induce conden-
sation between alcohols and carboxylic acids (Scheme 1-36) [75CL1045, 80CL391].
Thus, treatment of equimolar quantities of alcohol and carboxylic acid with 1.2 mo-
les of the salt in the presence of 2.4 moles of tertiary amine provides good to excel-
lent yields of esters. This procedure is applicable to macrolide synthesis (Scheme
1-37) [76CL49]. Interestingly, the reaction proceeds in refluxing CH;CN or CH,Cl,,
at temperatures much lower than required with other techniques. Even medium-
sized lactones (except for eight-membered rings) can be obtained in reasonable
yields.

Experimental Procedure Scheme 1-36 [75CL1045]

A mixture of benzyl alcohol (216 mg, 2.0 mmol), phenylacetic acid (272 mg,
2.0 mmol), and tributylamine (888 mg, 4.8 mmol) in CH,Cl, (2 mL) is added under
an argon atmosphere to a CH,Cl, (2 mL) suspension of 1-methyl-2-bromopyridi-
nium iodide (720 mg, 2.4 mmol), and the resulting mixture is heated at reflux for
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3 h. The dichloromethane-insoluble pyridinium salt is progressively dissolved as the
reaction proceeds. After evaporation of the solvent under reduced pressure, the resi-
due is separated by silica gel column or thin layer chromatography, and benzyl phe-
nylacetate is isolated in 97 % yield.
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More efficient and selective acylation is achieved by the use of 2,2’-bipyridyl-6-yl
carboxylates (Scheme 1-38) [80CL563]. The reaction is promoted by CsF. Selective
acylation on the primary alcohol takes place for primary-secondary diols, as well as
for aromatic amino alcohols.

Experimental Procedure Scheme 1-38 [80CL563]

A mixture of 2,2'-bipyridyl-6-yl hexanoate (0.5 mmol), benzyl alcohol (0.6 mmol),
and cesium fluoride (2-2.5 mmol, dried well at 140 °C for 3 h in vacuo before use) in
acetonitrile is stirred for 1d at room temperature, and benzyl hexanoate is isolated in
90 % yield after workup and purification.

RIOH  +

Scheme 1-38
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It is claimed that 4,5-dichloro-1,2,3-dithiazolium chloride works at lower tempera-
tures (-78°C to room temperature) than the 2-halo-1-methylpyridinium chloride
(Scheme 1-39) [93TL2737).

Experimental Procedure Scheme 1-39 [93TL2737]

A solution of the acid (0.87 mmol), the alcohol (0.87 mmol), and 2,6-lutidine
(0.233 ml, 2.0 mmol) in dry CH,Cl, (1 mL) is added at =78 °C, under an Ar atmo-
sphere and over a period of 1 min, to a stirred slurry of the dithiazolium salt (0.207 g,
1.0 mmol) in dry CH,Cl, (3 mL). The mixture is stirred at —78 °C for 2 h and allowed
to warm to rt overnight (12 h). The reaction mixture is quenched with ice (5 g) and
poured into CH,Cl, (5 mL). The organic layer is washed with brine (2 x 10 ml), dried
over MgSOy, filtered through a plug of silica gel (CH,Cl,), and concentrated in vacuo.
The residue is purified by silica gel chromatography.
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Various carbonates such as 1,1’-[carbonyldioxy]dibenzotriazole (Scheme 1-40)
[835908] and di-2-pyridyl carbonate [84TL4943] are also useful.

Experimental Procedure Scheme 1-40 [83S908]

A mixture of 1-hydroxybenzotriazole (41 g, 0.3 mol) and trichloromethyl carbono-
chloridate (18 mL, 0.15 mol) in benzene (200 mL) is heated at reflux with stirring for
2 h. The precipitate is filtered off, washed with benzene, and dried to give 1,1'-(carbo-
nyldioxy)dibenzotriazole; yield: 31 g (70%); m.p. 150 °C (dec.; from benzene). A so-
lution of 1,1'-[carbonyldioxy]dibenzotriazole (0.741g, 2.5 mmol), benzoic acid
(2.5 mmol), and pyridine (2.5 mmol) in N-methyl-2-pyrrolidone (4 mL) is stirred at
room temperature for 1 h. The alcohol (2.5 mmol) and triethylamine (2.5 mmol) are
then added. Stirring is continued two or three days, and the reaction mixture is sub-
jected to conventional workup.
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A succinimidyl group is a good activator for carboxylic moieties, and so phenyl es-
ters of diazoacetate can be obtained by treatment with succinimidyl diazoacetate, pre-
pared from N-hydroxysuccinimide and glyoxylic acid tosylhydrazone (Scheme 1-41)
[93]OC1641].
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Treatment of carboxylic acids with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride in methanol, ethanol, or isopropyl alcohol in the presence of
N-methylmorpholine affords the corresponding esters (Scheme 1-42) [99SL1255].
The amount of alcohol can be reduced to be nearly equimolar with the acid in THF
as solvent.

Experimental Procedure Scheme 1-42 [99SL1255]

N-Methylmorpholine (0.24 mmol) is added at rt under nitrogen to a solution of car-
boxylic acid (0.20 mmol) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholi-
nium chloride (0.40 mmol) in methanol (1 mL, dried over molecular sieves over-
night). After the mixture has been stirred for 1.5 h, the solvent is evaporated, and the
residue is extracted with ether. Purification by preparative TLC (hexane/AcOEt 2:1)
affords methyl ester (0.186 mmol) in 93 % vyield.
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The use of sulfonyl halides for activation of carboxylic acids is a classical proce-
dure. When carboxylic acid and alcohol are mixed in the presence of p-toluenesulfo-
nyl chloride in pyridine, a variety of esters are produced [55]JACS6214]. This techni-
que is also employable for the synthesis of P-lactones from p-hydroxy acids
[72JACS2000]. Two mechanisms are plausible, depending on the key intermediate
actually reacting with the alcohol: (1) an acyl tosyl mixed anhydride, or (2) a sym-
metric acid anhydride resulting from further reaction of this mixed anhydride with
carboxylic acid (Scheme 1-43). Methanesulfonyl chloride/Et;N is also usable
[82SC727], but yields are not always high because of a side reaction generating sul-
fene. This drawback can be overcome by use of Me,NSO,Cl, which has no a-hydro-
gen [2001TL7427]. Thus, treatment of an equimolar mixture of carboxylic acid and
alcohol with the sulfamoyl chloride (2 equiv.) and DMAP (0.2 equiv.) provides esters
in good yields. Sulfonyl chloride fluoride [81S790] and triflic anhydride [91]JOC6488;
91JHC1581; 93SL119] also serve for the direct condensation.

Experimental Procedure [55]JACS6214]

The acid is dissolved in pyridine (20-50 parts, in some cases a salt separates), and
benzenesulfonyl or toluenesulfonyl chloride (2 molecular equivalents) is added. The
solution is chilled in ice, and the alcohol or phenol (1 molecular equivalent) is added.
The solution is kept cold for about one hour and then poured into three or four vo-
lumes of an ice/water mixture. Solid esters are collected by filtration.
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Commercially available polystyrylsulfonyl chloride resin acts as a solid-supported
ester condensation reagent (Scheme 1-44) [2001TL7783]. The purity of the esters is
very good in the reaction between Fmoc-glycinol and carboxylic acids, but no reac-
tion occurs with sterically hindered acids and electron-rich acids. On the other hand,
Fmoc-glycine reacts more smoothly, except with tert-butanol.
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The generation of acyloxy phosphorus intermediates, especially cationic species, is
of great use for ester synthesis. Treatment of phenol and carboxylic acid with Ph;P,
CCly, and Et3N provides phenyl carboxylates in reasonable yields, except in cases of
reactants with strongly electron-withdrawing groups (Scheme 1-45) [81BC]2227]. Si-
milar acyloxy phosphonium intermediates are generated by treatment of triphenyl-
phosphine with N-bromo- or -iodosuccinimide, further treatment of which with alco-
hol furnishes esters [94TL4415].

Experimental Procedure Scheme 1-45 [81BC)2227]

A mixture of benzoic acid (24 mmol), phenol (20 mmol), carbon tetrachloride
(24 mmol), triethylamine (24 mmol), and triphenylphosphine (24 mmol) in acetoni-
trile (30 mL) is stirred at room temperature for 4 h. After the acetonitrile has been
evaporated, hexane is added to the residue. The hexane solution is filtered, removing
the precipitated triphenylphosphine oxide and triethylamine hydrochloride, washed
with an aqueous sodium hydroxide solution, and dried over anhydrous sodium sul-
fate, and then the hexane is removed. Subsequent distillation or recrystallization of
the residual solid gives phenyl benzoate (3.6 g, 91%) as white crystals: mp 70-71°C.

PPhg CCly

0
Py +  X—CgHOH NEts

e
R” “OH R~ ~orCeHaTX

R= CHg X=H (97%)
R= C3Hy, X=H (90%)
R= Ph, X=H (91%)

R= p-NO,, X= H (34%)
R= Ph, X= p-Cl (89%)
R= Ph, X= m-Cl (92%)
R= Ph, X= p-NO, (13%)

+ -
PPhy + CCl; —» PhgP—CClyCl

+ _ + _
PhsP—CCl3Cl  + RCOOH —» PhgP-O-CORCI + CHClg

+ —
Pthf\O—COR Cl W PhgP=0  + RCOOAr + NEtg.HCI
A 3

Ar—0-H

Scheme 1-45

Treatment of a tertiary ammonium salt of a carboxylic acid with N,N-bis(2-oxo0-3-
oxazolidinyl)phosphordiamidic chloride produces an acyloxy intermediate, which
furnishes esters upon treatment with alcohol (Scheme 1-46) [84SC515].

Experimental Procedure Scheme 1-46 [84SC515]

Triethylamine (11 mmol) is added to a solution of the acid (5.5 mmol, or 10 mmol,
via the anhydride) in 10 mL of solvent (acetonitrile, dichloromethane, dimethylaceta-
mide). Complete dissolution of the mixture takes place easily, except in cases in
which 5 mL of solvent are used. Subsequent addition of the alcohol (5 mmol or
20 mmol) and N,N-bis(2-oxo-3-oxazolidinyl)phosphordiamidic chloride (5.5 mmol)
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yields a white precipitate of triethylammonium hydrochloride, which is insoluble un-
der these conditions. All reaction mixtures in acetonitrile are heated at reflux
(1 h~1.5h) and the triethylammonium salt is dissolved. Reaction mixtures in di-
chloromethane or dimethylacetamide are kept for 1 h at room temperature. When
the reaction time is over, sodium bicarbonate solution (10%, 10~20 mL) is added.
Solids are filtered, washed with water until neutral, dried, and identified as the corre-
sponding ester. Some esters are recovered from the organic layer (addition of 10 mL
of dichloromethane needed), which is dried with sodium sulfate, filtered, and evapo-
rated to dryness.

0]

J +oN_IFI’_N/»:|)—>o\<6/);(I)_>o\(6>],o
0

1
R™ "OH Cl
o

RCOOR'

R= 3,5-(NO),CqHy, 3-pyridyl, p-CICgH,

oy t
Scheme 1-46 R'='Pr, 'Bu,Bn

Benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate is a
powerful reagent with which to generate an acyloxyphosphonium species
(Scheme 1-47) [94TL5603]. Amino acids can thus be esterified with a nearly equal
amount of alcohol (~1.1 equiv.), except in the case of tert-butanol. The acid- and
base-sensitive protecting groups commonly used in peptide chemistry are tolerated
in this procedure.

Experimental Procedure Scheme 1-47 [94TL5603]

An alcohol (1.1 mmol) is added at —20 °C (CCl,/dry ice bath) under argon to a solu-
tion of an N-a-protected amino acid (1.0 mmol) and ‘Pr,NEt (0.26 mL, 1.5 mmol) in
CH,CI, (2 mL). After the mixture has been stirred at —20 °C for 15 min, benzotria-
zol-1-yloxytris(dimethylaminophosphonium hexafluorophosphate) (0.44 g, 1 mmol)
is added, and the reaction mixture is left stirring overnight with gradual warming
to rt. The next day (total reaction time = 10 to 14 h), the reaction mixture is sus-
pended in CH,Cl, and washed sequentially with buffer (pH 4, Aldrich), satd. aq.
Nadl, satd. aq. NaHCOj3, and satd. aq. NaCl. Drying (Na,SO,) and concentration un-
der vacuo affords the crude product, which is purified by silica gel flash chromato-

graphy.
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Diphosphonium fluorosulfonate effects dehydration between carboxylic acids and
alcohols (Scheme 1-48) [94JFC(68)237]. This reagent has been prepared by mixing
Ph3P=0 and (FSO,),0 and used in situ for esterification. It is assumed that the reac-
tion proceeds through an acyloxy- or alkoxyphosphonium intermediate.

o) [PhgPOPPh,](OSO,F), o)

EtsN, CHaCI-CH,CI
OH + EtOH OFt
82%
Me Me

+ +
(FSO2)20 + PhgP=O ——> PhgP—O—-PPhg - 2S05F

X+
_PPh; * ROH
NEt3< R"o" ® >NEt3 0

N
RCOOH + R=—0-PPhy

+ +
RCOOH + ROH + PhyP-O-PPhy

Scheme 1-48

Phase-transfer technology has been used to activate carboxylic acids with phospho-
ric acid diester chlorides generated in situ (Scheme 1-49) [98SC2761]. The reaction
works even for hindered substrates such as pivalic acid, but is not applicable to phe-
nylacetic acid and diphenylacetic acid.

Experimental Procedure Scheme 1-49 [985C2761]

Phosphite (10-13 mmol) in toluene (15 mL) is added with stirring to a mixture of
carboxylic acid (10 mmol), CCl, (100 mmol, 10 mL), K,CO; (5.52 g, 40 mmol), and
TEBAC (0.23 g, 1 mmol) in toluene (30 mL). The alcohol (10 mmol) is then added
and stirring at reflux temperature is continued for 10 minutes. The esters obtained

37
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are distilled under reduced pressure or purified by column chromatography on silica
gel with benzene/acetone (9:1) as eluent.

KaCOg, TEBAC R30H, toluene
(o} toluene, 40~55°C j\ (.:.) OR? reflux, 10min. (e}
_— = _P-OR _— =
@ on Q R0 ore 79-95% r o
R?O-P—Cl
OR?
(0]
2P — CCly, K,CO3 TEBAC
R20-P—H , Tt
Or2 toluene, 40~55°C TEBAC= benzyltriethylammonium chloride
R®= Me, Ph
Scheme 1-49

Constant-current electrolysis, in an undivided cell, of Ph;P in the presence of a
carboxylic acid in CH,Cl, containing 2,6-lutidinium perchlorate as a supporting elec-
trode produces an acyloxyphosphonium ion, which is converted into the correspond-
ing esters upon treatment with alcohol or phenol (Scheme 1-50) [91T767].

1. 2,6-lutidinium perchlorate
CH,Cly o

o 2. NEt,
o+ PPhg o HO—QOMe 3 A o
R” OH e

. R= CH=CHCH, (36%)
ROCO-PPhy l R= CHg (58%)
R= CH,OPh (77%)
R= CH=CHPh (27%)
R= CoHs (52%)
R= CH=CH, (0%)
R= CH=CHC,Hs (49%)
R= CH,CHoPh (49%)
R=Pr (43%)
R= Ph (43%)
R= p-CNCgHs (32%)

-€

’PPh3 € o ppp, COH e

Scheme 1-50

Activation of carboxyl functions as silyl esters is also useful. Direct esterification of
equimolar amounts of carboxylic acid and alcohol is achieved with catalysis by
TiCl(OTf)3 (0.1 mol%) in the presence of (Me,SiO)4 (2.0 equiv.) [95CL141]. A silyl
carboxylate species is assumed to act as a key intermediate. Medium-sized lactones
are accessible through a novel ring-contraction strategy (Scheme 1-51) [97CL187].
®-Hydroxy acids are trapped by 1,2-bis(dimethylsilyl)benzene with RhCl(PPh;); cata-
lysis, and the contraction of the resulting large-sized rings is achieved by treatment
with Me,Si(OTf), (Scheme 1-52). Medium-sized lactones are obtained in high yields,
except in the case of seven-membered rings.
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Acyloxyketene acetals, obtainable from carboxylic acids and (trimethylsilyl)ethoxy-
acetylene by treatment with mercuric ion, afford esters upon treatment with alcohols
(Scheme 1-53) [89S334]. Most conveniently, ketene acetals prepared in situ are
straightforwardly converted into esters, lactones, and peptides.

Experimental Procedure Scheme 1-53 [89S334]

A solution of alcohol (1.0 mmol) and the ketene acetal (1.2 mmol) in an anhydrous
solvent (CICH,CH,Cl or CH,Cl,, 2ml) is stirred under a nitrogen atmosphere for
25 min ~ 2 d. The mixture is concentrated by rotary evaporation and then by use of a
high vacuum pump at 40 °C/0.4 mbar for 1 h to give the pure product.

(0] TMS-=-0CH, o
A, v moH
R” ~OH 5mol %HgO, DMAP R” TOR'
CICH,-CH,CI

R= CHg, R'= Bn (83%)
o R= CHg R'= CH,CH=CH,Ph (88%)
TMS—=-0CzHs R= CHoCH,Ph, R'= Ph (100%)
R= CHoCH,Ph, R'= cHex (85%)
/[TMS R= p-OCH3CgHy, R'= p-BrCgH (94%)

=0

intermediate :
RTO07TOS

Scheme 1-53
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Treatment of carboxylic acid with 1,1’-dimethylstannocene gives tin(II) carboxy-
lates, which react with equimolar amounts of alcohols in refluxing xylene to afford
the esters (Scheme 1-54) [83CL683).

j\ 1,1"-dimethylstannocene [S (OCOR) ] R'OH j\

n 2 E——
R” ~OH R” “OR'
Scheme 1-54

On heating with alcohols in the presence of tris(2-methoxyphenyl)- or tris(2,6-di-
methoxyphenyl)bismuthines, carboxylic acids bearing a-hydrogens are readily con-
verted into the corresponding esters in good yields (Scheme 1-55) [93CL815]. It is as-
sumed that the reaction proceeds through ketene formation.

((|)CH3)n (C|>CHs)n o}
benzene
RTOCOH  + a BB — / Bi-OJ\/R
3 2
(OCHg)n o
R'OH
—_— 7" \ i + RCH=C=0 —_—
_ Bi-OH R'OJ\/R

2
R= OPh, R'= CH3 (75%)
R= OPh, R'= Ph (73%)

R= CgH43, R'= Ph (86%,
Scheme 1-55 613, (86%)

Photoirradiation of carboxylic acids in methanol containing CBr,4 (0.05 equiv.) fur-
nishes the corresponding methyl esters (Scheme 1-56) [2001TL301]. Interestingly,
sp>-tethered carboxylic acids undergo esterification smoothly under these conditions,
while sp>- and sp-tethered carboxylic acids are not esterified.

0 CBry hv o
—

)j\ + MeOH )I\

R™ "OH R™ "OMe

R= CgH1g (90%)

R= (CH,)7Br (98%)

R= CH,CHocHex (96%)
R= cHex (40%)

R=Bn (96%)

R= CH(CHj3)Ph (95%)
R=Ph (14%)

R= CH=CHCH=CHCH, (99%
Scheme 1-56 2 (99%)
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1.1.7
Enzymes

Enzymes play an important role in esterification technology. In particular, lipases
have been widely used for the resolution of racemic alcohols and carboxylic acids
through asymmetric hydrolysis of the corresponding esters. On the other hand, this
technology is not straightforwardly applied to esterification because the esters are
readily hydrolyzed in the presence of water. A new technology for use of enzymes in
anhydrous organic solvent overcomes this difficulty. Yeast lipase (Candida cylindra-
cea), for example, almost quantitatively converts a carboxylic acid and an alcohol into
the corresponding ester in organic solvent, in a highly stereoselective manner when
a chiral acid is employed [85JACS7072]. The advantages of this technique are that
the stabilities of enzymes in organic solvents are much greater than in water, and
that some substrates or products are unstable (e.g., toward racemization or other de-
gradation reactions) in aqueous solution but stable in organic solvents. This technol-
ogy has been extended to the intramolecular reaction of ®-hydroxy acids [87TL805].
Furthermore, the reaction between dicarboxylic acids and diols to arrive at macro-
lides is feasible through the use of lipase (K-10) (Scheme 1-57) [88JACS1999].

Experimental Procedure [85JACS7072]

Yeast Lipase-Catalyzed Production of Optically Active Esters: A solution of a racemic
acid and an alcohol in a given solvent is treated with powdered lipase from Candida
cylindracea. The suspension is placed in an Erlenmeyer flask and shaken on an orbit
shaker at 250 rpm and at 30 °C to reach a certain degree of conversion. The enzyme
is then removed by filtration, and the liquid phase is washed with three portions
(each 80 mL) of aqueous NaHCOs3 (0.5 M). The obtained organic phase is dried with
MgSO,, and the solvent is evaporated in a rotary evaporator. To recover the ester, the
remainder is distilled or chromatographed. The aqueous phase is acidified to pH 1
with HCI (6 n), and then the acids are extracted with three portions of CH,Cl, (each
80 mL). The combined methylene chloride fractions are dried with MgSO,, followed
by evaporation of the solvent. The acids are isolated from the residue either by distil-
lation or by liquid column chromatography.

Porcine Pancreatic Lipase-Catalyzed Production of Optically Active Esters: A solu-
tion of a racemic alcohol and 2,2,2-trichloroethyl butyrate (or 2,2,2-trichloroethyl hep-
tanoate) in ether or heptane is dehydrated and then treated with powdered lipase
from porcine pancreas. The suspension is placed in a round-bottomed flask and
either shaken on an orbit shaker at 250 rpm or mechanically stirred at 300 rpm.
When the degree of conversion reaches 45-50 %, and the reaction virtually stops, the
enzyme is removed by filtration. The liquid phase is dried with MgSOy,, followed by
evaporation of the solvent in a rotary evaporator. The residue is subjected to liquid col-
umn chromatography; the esters are then separated from 2,2,2-trichloroethyl
butyrate by distillation and the alcohols from 2,2,2-trichloroethanol by aqueous ex-
traction of the latter. In another case, 2,2,2-trichloroethyl butyrate and trichloroetha-
nol are first removed by distillation, and the alcohols are then separated from their
butyric esters by liquid chromatography, or the remainder is separated by distillation.
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Scheme 1-57

Supercritical carbon dioxide functions as an alternative to the organic solvent. Iso-
amyl acetate is obtained from isoamyl alcohol and ammonium acetate in the pre-
sence of lipase in supercritical carbon dioxide [97BMC259]. The ammonium salt is
crucial because no ester is produced with acetic acid, indicative of delicate reaction
conditions. However, isoamyl acetate is obtained in higher yields from the reaction
in hexane, so it may consequently be concluded that the supercritical carbon dioxide
methodology is not necessarily superior to that in organic solvent.

The simple use of enzymes in organic solvents is further improved by immobiliza-
tion of the enzyme in microemulsion-base gels [92TL5891]. Through this technology,
oleic acid can successfully be transformed into the corresponding esters (Scheme
1-58). Low, known concentrations of the catalyst may be immobilized in the water
pool of a reverse micelle, which is frozen in a gel. It should be noted that small
amounts of enzymes can be reused and the immobilization of enzymes in aqueous
media is preferable because their solubility and activity are maximum.

— immobilized lipase

/\ O /\ O
CgH17 (CH2)7——< + ROH hexane . ggHy, (CH2)7——<
OH OR

R= C1oHps (62%)
R= Bn (52%)

Scheme 1-58 R= CoH5 (61%)

PPL-catalyzed esterification (PPL = porcine pancreatic lipase) allows selective for-
mation of monoesters of o,0-dicarboxylic acids (Scheme 1-59) [95BL939].

o o PPL, CH,Cl, o %

BuOH —_
Ho o on T HO™ N CHg Nos

333353
o mnn

Scheme 1-59
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Kinetic resolution of racemic alcohols is feasible. a-Substituted cyclohexanols
[85TL1857] and various aliphatic alcohols [87JOC3477] are resolved through their re-
actions with alkanoic acids. Notably, the enantioselectivity of the lipase-catalyzed es-
terification of 2-(4-substituted phenoxy)propanoic acids is dramatically enhanced by
addition of aqueous sodium dodecyl sulfate [2001CL912]. The effect of this additive
is attributed to the increased conformational flexibility of lipase, which has a rigid
conformation in organic solvent, preventing its active site from accepting a non-nat-
ural substrate with a structure significantly different from that of a natural product.
The newly attained flexible conformation allows easier access of one of the enantio-
mers through induced fitting.

Experimental Procedure [87)OC3477]

The racemic alcohol (2.5 mmol), octanoic acid (8.0 mL, 50 mmol), and lipozyme
(3.0 g) are swirled in either pentane or hexane (20 mL) at 30°C for a period of
3-5 weeks. The progress of the resolution is monitored by derivatization of samples
of the mixture directly with (S)-a-methylbenzyl isocyanate, followed by GLC analy-
sis. The mixture is worked up by suction filtration; the resin is washed thoroughly
with solvent and stored at 0-5°C for future use. The combined organic phase is
washed with NaOH (1.25 ~) and then with H,O. After drying (MgSO,), the solvent
is removed by careful distillation, and the concentrate is fractionally distilled to ob-
tain the S alcohol and the R octanoate ester. The ester is saponified by heating with
KOH (6 N, 25 mL) and methanol (20 mL) under reflux for 16 h. The resulting R
alcohol is recovered from the saponification step in the usual manner and then dis-
tilled.

The synthesis of amino acid and peptide esters has been achieved. The serine pro-
tease substilisin Carlsberg efficiently catalyzes the specific formation of C*-carboxyl
3-hydroxypropyl or 4-hydroxybutyl esters of certain Boc-amino acids and peptides in
high-content 1,3-propanediol or 1,4-butanediol solution, with substrate specificity
parallel to that of the normal hydrolytic reaction (Scheme 1-60). This approach can
be coupled with kinetic-controlled reverse proteolysis in a two-step enzymatic pep-
tide ligation scheme [20010L4157].

R R

P—NJ\“/OH + HO=(CHp,—OH ~ Seetilsin _ P_NJ\IrO(CHz)nOH
H H

(0] (0]

P= Boc or peptide chain

n=3or4
HoN(AA),OH T
NAyOH )\n/NH(AA)nOH
Enzymatic ligation P H
Scheme 1-60 o

The synthetic use of biocatalytic kinetic resolution is hampered by the reversible
nature of the direct esterification of acids with alcohols. Addition of an orthoester
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biases the equilibrium in favor of the ester side, due to the consumption of the water
formed through hydrolysis of the orthoester (Scheme 1-61) [2001EJO1441].

Experimental Procedure Scheme 1-61 [2001E)O1441]

Racemic flurbiprofen (41 mmol, 10 g) is added to a solution of CH3CN (1 L) contain-
ing tripropyl orthoformate (123 mmol, 26.5 mL), 1-propanol (0.1 mL), and Novozym
435% (100 g). The mixture is incubated by shaking at 45 °C (300 rpm); the degree of
conversion and the ee of unchanged flurbiprofen are followed by chiral HPLC analy-
sis. After 6 days, conversion has reached 60 % and the reaction is stopped by filtering
off the enzyme. Removal of the solvent in vacuo leaves a residue that is partitioned
between hexane and aq. NaHCO; (3 g in 200 mL of water). The organic phase is
washed with water and dried over Na,SO,, and the solvent is removed to afford (R)-
flurbiprofen propyl ester (6.8 g, yield 58 %, ee 64 %).

R= 2-fluoro-4-bipheny! /L + By
lipase from C. antarctica R™ "COOR' R™ "COOH
MeCN, 45°C
95-98%ee
J\ + ROH + CH(OR)3;
R” “COOH
RN H
lipase from C. rugosa : + /L
R'= Me, Et, Pr, Bu hexane, 45°C, R COOR' R” > COOH
97->98%ee
CH(OR)'3 + Ho0 — HCOOR' + R'OH
Scheme 1-61
1.1.8
n-Acids

Treatment of allylic and tertiary benzylic alcohols with catalytic amounts of 2,3-di-
chloro-5,6-dicyanobenzoquinone in acetic acid affords the corresponding acetates
(Scheme 1-62) [95SC2253]. It is believed that the reaction proceeds by initial oxida-
tion of allylic alcohol to give a radical cation, which further undergoes carbon-oxygen
bond cleavage to form a stable allylic cation species.

HO. DDQ (cat.) AcO.
VY +  AOH —— > VY
99%

Scheme 1-62

Tetracyanoethylene and dicyanoketene dimethyl acetal are more versatile m-acids
(Scheme 1-63) [97CL55]. Various aliphatic and aromatic carboxylic acids can be ester-
ified.
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Scheme 1-63
1.2

Reaction with Esters: Transesterification

1.2.1
Without Activator

Ester-to-ester transformation through interchange of the alcohol components has
been well known for a long time, as “transesterification”. This reaction occupies a
central position in organic synthesis, as important as direct esterification between
carboxylic acid and alcohol. Both reactions are equilibrium processes, so what they
have most deeply in common is the need to shift the reaction system to the product
side to the greatest degree. In this respect, it may be generally said that esterification
is more advantageous, because the water co-product is readily separable from the re-
action medium, due to its incompatibility with organic solvents. This, on the other
hand, is also an advantage for transesterification, in that water-sensitive materials
are employable. Accordingly, once effective methods for removal of the produced al-
cohol from the reaction system are established, then transesterification is a better
choice of reaction for ester production.

Although acid or base catalysts are usually necessary, transesterification without
any promoters is ideal. B-Ketoesters are one such class of compounds, known for a
long time to undergo thermal transesterification. Heating of alcohols such as alka-
nols, menthol, steroid alcohols, etc. in excess quantities of various B-ketoesters on a
steam bath affords the new esters in yields better than 90% [51JACS4195]. The reac-
tion can be explained as proceeding via an acylketene intermediate (Scheme 1-64)
[90TL1401]. Accordingly, a more facile reaction takes place when tert-butyl acetoace-
tate is employed as a starting material, because of its high susceptibility to thermoly-
sis [91JOC1713].

o O -ROH

-0
P R'OH
)I\/U\OR +ROH /J;o )I\/U\OR'

Scheme 1-64
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This technique is utilized elegantly in the synthesis of baccatin III derivatives
(Scheme 1-65) [2000TL239]. Heating of protected baccatin III derivatives in ethyl
benzoylacetate (20 equiv.) allows smooth transesterification at the sterically hindered
a-oriented 13-OH. The reaction is accelerated by continuous removal of the ethanol
produced in vacuo.

o o 90°C
Ph OH

6Bz
R= Cbz, Ac, Alloc

Scheme 1-65

Transformation of rapeseed oil, which consists of fatty acid esters of glycerin, into
the methyl esters is of practical importance since these lighter esters are useful as
biodiesel fuel. Subjection of rapeseed oil to supercritical methanol at 350 °C success-
fully provides the methyl esters (Scheme 1-66) [2001FU225, 2001FU693]. The super-
critical state of methanol is believed to abolish the two-phase nature of the oil/
methanol mixture to form a single phase, due to a decrease in the dielectric constant
of methanol.

R'COOCH
OCOR! 350°C OH ’
2+  MeOH - OH * 2
EOCOR3 2-4 min. EOH Froooch,
OCOR: (supercritical) R3COOCH;

triglyceride : methanol = 1 : 42

Scheme 1-66

Ultrasound irradiation is effective for transesterification of an azalactone. A biolo-
gically active amino acid ester is thus accessible in methanol at room temperature
(Scheme 1-67) [941]C(B)3].

R
ultrasound
+ MeOH ———> H
Ox Nz
N— Y
A Ph
Ph” ~0” O O OMe
R=H, Me, OMe, NO.
Scheme 1-67 e, DMe, Moz

An o-cyclodextrin clathrate with m-nitrophenyl acetate undergoes ester transfer
from the guest to the host in the solid state when heated at 117 ° or 140 °C (Scheme
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1-68) [88]IP483]. No such transesterification occurs with p-nitrophenyl acetate com-
plex.

OH OAc

117°C or 140°C
N

a-cyclodextrin complex

Scheme 1-68

™

When hydroxy ester intermediates are formed with appropriate conformations, in-
tramolecular esterification takes place spontaneously. Two such examples taking ad-
vantage of radical reaction are available. As shown in Scheme 1-69, treatment of thiono-
carbonate diol with Bu;SnH/AIBN affords an all-syn five-membered ring lactone as the
major product in 40 % yield [94]ACS10829]. The product formed is best explained by a
chair conformation in the radical intermediate. Hydrogen bonding of the type shown
probably contributes in favoring this 1,3-diaxial arrangement of the two OH groups.

Chiral

Chiral
2eq. BugSnH o

Q S 0.6eq. AIBN L

~N, -

(0) O—« benzene 2

l S 0o reflux, 4h O..,/OH

OH OH &

= = 40%
Scheme 1-69

When maleate esters with hydroxymethyl-based substituents on their B-carbons
are isomerized to the corresponding fumarate esters by exposure to a thiyl radical,
furanones are obtained in one-pot fashion (Scheme 1-70) [99T9341).

OH
Ph OEt 5eq. PhSSPh o]
= hexane EtO
o 77% ph] o
o
Phs'\\ T
pn OH SPh . COLEt
. -PhS
COEt ——— > N
CO,Et PhOH CO,Et

Scheme 1-70
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1.2.2
Acid Catalysts

1.2.2.1 Brensted Acids

Transesterification is most conveniently carried out with the aid of acid catalysts.
Brensted acids are classical but are still employed quite often; amongst the most
popular are HCl, H,SO,, and p-toluenesulfonic acid, a literature survey from 1990
onwards hitting about 60, 40, and 75 references for them, respectively (refer to the
database disc). Other acids utilized are HBr, HI, HF, AcOH, trifluoromethanesulfo-
nic acid, camphorsulfonic acid, HBF,, and HCIO,.

Transesterification must be carried out under anhydrous acidic conditions, be-
cause the ester is hydrolyzed otherwise. Accordingly, generation of HCl in a quantita-
tive manner through the reaction between acetyl chloride and an alcohol as per-
formed for esterification is feasible (see 1.1.2.1, Scheme 1-7). For example, a p-nitro-
phenyl ester has been transformed into the methyl ester without destruction of an
N-Cbz protecting group (Scheme 1-71) [98SC471].

HO/@NOZ MOHLCl>BnO H\i
+ e OMe
BnO__ _N
o T
(0]
Scheme 1-71

The TMSCl/methanol technique is also applicable to transesterification. A variety
of methyl esters are converted into propyl esters upon treatment with TMSCl in pro-
panol (Scheme 1-72) [99SC1129].

Experimental Procedure [99SC1129] Scheme 1-72

(CH3)3SiCl (1 mL) is placed in a round-bottomed glass flask loaded with a mixture of
methyl ester (1.5 mmol) and 1-propanol (5 mL). The flask is closed with a glass stop-
per or fitted with a reflux condenser and a drying tube, and the reaction mixture is
stirred either at 25 °C for 6 h or under gentle reflux for 2 h. The reaction mixture is
then diluted with diethyl ether (5 mlL), transferred to a separating funnel, and
washed with saturated sodium bicarbonate solution (10 mlL) followed by brine
(10 mL). The organic solution is then dried with anhydrous magnesium sulfate and
evaporated to dryness. The residue is weighed. After a standard workup, the residue

o TMSCI 0

L + ProH E—— L

R OMe R”™ "OPr

R= (CHo)7(CH=CHCHa)3CHs (97%)
R= C17H35 (95%)

R= cHex (89%)

R= C3H5 (52%,

Scheme 1-72 Caty (52%)
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is redissolved in hexane and the solution is analyzed by both GLC and GLC/MS to
identify the product and to determine the degree of conversion.

In situ generation of HBr from the reaction between Ph3P and CBry in ester as a
solvent has been claimed [98T5845]. Thus, stirring of a solution of alcohol, Ph;P,
and CBry in 1:0.5:0.5 ratio in ethyl acetate solution at room temperature affords the
corresponding acetates (Scheme 1-73). The use of methyl or ethyl formate provides
the formates as well. Interestingly, TBS (tert-butyldimethylsilyl) and THP groups are
directly transformed into the acetates or formates without the need for a deprotec-
tion procedure. A proposed mechanism is depicted in the Scheme. The key step is
the hydrolysis of a phosphonium intermediate to generate HBr, which acts as an
acid catalyst, but it is not clear where the water has come from. Although it is said
that addition of 3 equiv. of H,O is effective in promoting the reaction in some in-
stances, no water is added in other cases.

Experimental Procedure [98T5845] Scheme 1-73

A solution of alcohol (1 mmol), triphenylphosphine (0.5 mmol), and carbon tetrabro-
mide (0.5 mmol) in ethyl acetate (5 mL) is stirred at room temperature under nitro-
gen atmosphere and the reaction is monitored by TLC. Evaporation of ethyl acetate
followed by flash column chromatography provides the acetate.

0.5 eq. PPhg

0 /0.5 eq. CBr, o]
ROH + e, By
N0 g 19-100% RO” R
R'=CHgzorH
o 0.5 eq. PPhg o
/0.5 eq. CBr,
ROTBS  + P _Poeq thn L
(OTHP) o R 85~100% RO” R
R'=CHz or H
_ PhaP—CBraBr
+ HO 3 3 -
PPh; + CBry —» PhgP—CBrgBr  —2 » & PhS'.’OHCBrs + HBr
H™H
ST R |
RCH,OH  + | ; HBr catalyzed reaction
N \ ’
R')\OEt R707 R

Scheme 1-73

A two-step procedure involving silyl ester formation followed by alcoholysis offers a
one-pot esterification (Scheme 1-74) [815142]. Treatment of ester with TMSI (1.0 equiv.)/
I, in refluxing CHCI; furnished the silyl ester. Addition of alcohol (2.5 equiv.) to the reac-
tion mixture, once more followed by heating, furnishes the new ester.
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Experimental Procedure [81S142] Scheme 1-74

A solution of methyl benzoate (1.4g, 10 mmol), iodotrimethylsilane (2.0g,
10 mmol), and iodine (0.25 g, 1 mmol) in chloroform (20 mL) is heated at reflux un-
der nitrogen for 3 h. The mixture is allowed to cool to ambient temperature and stir-
red with a drop of mercury until the color of the iodine disappears. A solution of
ethanol (1.15 g, 25 mmol) in chloroform (2 mL) is then added, and the mixture is
again heated under reflux overnight. The mixture is then allowed to cool to room
temperature, quenched with aqueous sodium hydrogen carbonate solution (5%,
50 mL), and extracted with ether (2 x 50 mL). The ether extract is washed with water
and dried with anhydrous sodium sulfate. Evaporation of the solvent and distillation
of the residue gives ethyl benzoate.

o TMSI/l, o R3OH o

J\ —_— —_—
R'” “OR? R'” ~OTMS R'” ~OR?
Scheme 1-74

Treatment of lactones with TMSI (1.5 equiv.) in the presence of an alcohol (2.5
equiv.) provides a short and convenient route to iodoalkyl esters (Scheme 1-75)
[81SC763]. The reaction is effective for B-, y-, 5-, and e-lactones. Primary, secondary,
and benzyl alcohols, as well as 2-trimethylsilylethanol, are employable. HI resulting
from reaction between TMSI and alcohol is believed to act as a catalyst in this reac-
tion.

Q o
% + TMSI + ROH —_— (one-pot)
n(H0) o I\(CHZ)n)I\OR'

Scheme 1-75

The lactonization shown in Scheme 1-76 can be successfully run only when a HF/
pyridine complex is employed [95]CS(P1)777]. (+)-Compactin and (+)-3,5-di-epi-com-
pactin are accessible by this procedure.

Chiral Chiral

wOH

Py. HF

MeCN
61%

(+)-Compactin

Scheme 1-76
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TsOH (p-toluenesulfonic acid) is a useful catalyst for transesterification. As shown
in Scheme 1-77, an indole lactone is formed when the depicted hydroxyl ester is
heated in benzene in the presence of a catalytic amount of TsOH, N-O acyl transfer
occurring under other conditions [97TL6541].

OEt
TsOH (cat.)
[e) benzene \ O
D 65% N
N OH
o o
Scheme 1-77

A tricyclic lactone undergoes alcoholysis under TsOH catalysis conditions to fur-
nish unique dicyclopropyl B-ketoesters (Scheme 1-78) [94CB1275]. Even sterically hin-
dered tertiary alcohols and phenols are employable, though the reaction is slower.

TsOH(cat.)
—° o CHoCly o o
D—X: + ROH e D)‘XU\OR
R= CHj (95%)
R= p-OCH4CgH. (83%)
R='Bu (78%)
R= p-OCHg (83%)
R= p-N Hy (45%
Scheme 1-78 P-NO2CgHy (45%)

Upon treatment with alcohols and phenols in the presence of catalytic amounts of
TsOH or H,SO,, novel unsymmetrical diesters of dicarboxylic acids with an isopro-
penyl ester moiety on one terminal selectively undergo transesterification at this
terminal to provide the monoesters (Scheme 1-79) [93CC410]. This procedure is uti-
lized for synthesis of oxaunomycin derivatives.



52 | 1 Reaction of Alcohols with Carboxylic Acids and their Derivatives

¢ 20
LK g Aome o7 N(CH” oe
conc. HySO, (cat.) 0
CHxCly .
O—-BPh
n= 2 (86%)
n=5 (87%)

NHCOCF,
Scheme 1-79 HO

1-Ethoxyvinyl esters derived from carboxylic acids and ethoxyacetylene function as
efficient acylation reagents (Scheme 1-80) [93SL273]. The reaction is catalyzed by
TsOH or H,SO,. Not only bulky alcohols, but also phenols, are acylated smoothly.
Olefins and nitriles are tolerated under these conditions.

RCO,H  + ==—OFt
l TsOH(cat.)
o or conc. HoSO4 o
L + mon G g +  CHgCOOE
R™ "O” "OEt R” "OR'

Scheme 1-80

The reaction between phenols and P-ketoesters furnishes coumarin lactones
(Pechmann reaction). This reaction is effected by use of trifluoromethanesulfonic
acid and utilized for the synthesis of (+)-calanolide A and C (Scheme 1-81)
[93]OC5605].
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OH
O O TFAt OH
o 99% A
HO OH
HO (O]

or

Scheme 1-81 (+)-Calanolide A (+)-Calanolide C

1.2.2.2 Lewis Acids

The most synthetically versatile methodology for transesterification is provided by
Lewis acids, due to their mildness, simplicity in operation, catalytic capabilities, etc.
In particular, titanium and tin compounds have long been used in both laboratories
and industry. It may be said that those compounds, irrespective of whether they are
organic or inorganic, possess more or less catalytic activity for transesterification.
Among them, titanium tetraalkoxides are specifically useful in terms of their avail-
ability and readiness of handling, heating of an ester in alcohol solvent in the pre-
sence of Ti(OR), smoothly effecting transesterification, although the titanate catalyst
usually has to be employed in a rather large quantity (normally 0.2 ~ 0.6 mol per es-
ter) (Scheme 1-82) [825138]. Since the alcohol is used in excess, the alkoxy group in
the titanate need not necessarily be identical with the alcohol component. A number
of functional groups are tolerated, and the use of dried solvent is not necessary. It
should be noted that methyl esters cannot be prepared, because of the low solubility
of tetramethyl titanate. However, this drawback can be overcome by use of an ethy-
lene glycol derivative that is soluble in methanol without formation of Ti(OMe),
(Scheme 1-83) [82HCA1197]. Alternatively, ester exchange with methyl propionate
in the presence of Ti(OEt), is also effective (Scheme 1-83). This procedure is utilized
for synthesis of esters with sterically hindered alcohols, such as menthol, borneol,
2-adamantylmethanol, etc [98TL4223].

Experimental Procedure [825138] Scheme 1-82

Ethyl 3-(tert-butyldimethylsiloxy)butanoate (2 g, 8.1 mmol) is dissolved in isopropanol
(30 mL), tetraisopropyl titanate (1 g, 3.5 mmol) is added, and the mixture is heated at
reflux temperature for 6 h. It is then cooled to ~45 °C, quenched with hydrochloric
acid (1 N, 50 mL, temporary turbidity is observed), and extracted with pentane (2 x 150
mlL). The organic extract is washed with saturated aqueous sodium hydrogen carbo-
nate (30 mL), dried with magnesium sulfate, and evaporated under reduced pressure
at 60 °C to remove solvent and residual isopropanol to give the isopropyl ester (2 g).
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0 Ti(OR* 0
I + RO —1OR I
R'” ~OR? R'” “OR®

Scheme 1-82

TiOEt); + HO(CHpyOH ——»  (EtO)sTIO(CHo),OTi(OEt)y Gly-Ti

o) Gly-Ti

o
P S +  MeOH ——> .

R™ "OR' R™ "OMe

o) o) - o)
1 . 1 Ti(OEt), )y

OMe R OMe
Scheme 1-83

Tandem reactions of transesterification followed by intramolecular 1,3-dipolar cy-
cloaddition of a-methoxycarbonylnitrones with allyl alcohols are promoted by tita-
nium tetraisopropoxide (Scheme 1-84) [93TL4009]. Treatment of a-methoxycarbonyl-
nitrone with allylic alcohol (5 equiv.) in the presence of Ti(O'Pr), provides stereocon-
trolled polycyclic compounds in one-pot fashion.

1

R'" O 3 Ti(OP!
‘1 L, R OH i(OPr)4
_O’N%"’J ORZ

Scheme 1-84

Organotin compounds have long been known as transesterification catalysts
[69BCF262, 79JOM(173)C7, 84PC187]. However, 1,3-disubstituted tetralkyldistan-
noxanes are amongst the most useful [86TL2383, 91JOC5307] (Scheme 1-85). The re-
action is conducted by heating an ester in alcohol solvent with a catalytic amount of
distannoxane. The catalyst activity is extremely high, so the reaction goes to comple-
tion even with a 0.05 mol % catalyst concentration. Thanks to the neutral conditions,
various functional groups are tolerated and, remarkably, otherwise difficult-to-
achieve transesterification of non-enolizable o,a-disubstituted B-keto esters smoothly
takes place. An alkoxy distannoxane, on which the substrate ester coordinates, is be-
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lieved to be a key intermediate. The entropy gain through cooperative endo- and exo-
tins facilitates the alkoxy interchange on the template.

Experimental Procedure [91JOC5307] Scheme 1-85

Distannoxane-Catalyzed Transesterification: A toluene solution (25 mL) of ethyl 2,2-
dimethylacetoacetate (791 mg, 5.00 mmol), BnOH (5.40 g, 50.0 mmol), and 1,3-di-
chlorotetrabutyldistannoxane (278 mg, 0.500 mmol) is heated at reflux for 24 h. The
toluene and excess BnOH are evaporated in vacuo. The residue is purified by column
chromatography on silica gel (hexane/EtOAc 95:5) to give benzyl 2,2-dimethylace-
toacetate (968 mg, 88 %).

R2COOR®
2
RX R R RY R R 1?1 R ,
R- Sn o- Sn YR R'OH R- Sn o- Sn OR' \g/o-—--,)_@
- = R —Sn~\/0
YSnOSnR R1o SnOSn | /|
R R X H R X —O—Sln\
X
‘
R2COOR' R'OH
R3OH

Scheme 1-85

The employment of vinyl or isopropenyl esters as ester components results in
highly selective acylation of alcohols (Scheme 1-86) [98]JOC2420, 99T2899] (see Sec-
tion 7.1). This technique allows selective acylation of primary alcohols in the pre-
sence of secondary and tertiary alcohols, leaving various functional groups intact.

Experimental Procedure [99T2899]

Acetylation of Alcohol with Ethyl Acetate: An ethyl acetate solution (10 mL) of 2-phe-
nylethanol (611 mg, 5.0 mmol) and distannoxane (138.2 mg, 0.25 mmol) is heated at
reflux for 12 h. After evaporation, the residue is subjected to column chromatogra-
phy on silica gel to give 2-phenethyl acetate (772 mg, 93 %).

Acylation of Alcohol with Vinyl Acetate: A vinyl acetate solution (5 mL) of 2-phenyl-
ethanol (611 mg, 5.0 mmol) and distannoxane (138.2 mg, 0.25 mmol) is stirred at
30°C for 5 h. After evaporation, the residue is subjected to column chromatography
on silica gel to give 2-phenethyl acetate (788 mg, 96 %).
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(9] Bu,CISn),O(cat. ]
ROH . Jie (BuCISn);O(cat.) J\

Z 07 R RO” R
R= Ph, R'= CHg (0%) R= (CHp)4CH(OH)CH3, R'= Ph (96%)
R= CH,Bn, R'= CHj (98%) R= CgHy7, R'= Ph (98%)
R= (CHp)40COCF3, R'= CHy (97%) R=Cghy7, R= CH=CH, (98%)
R= (CHy)S-S(CHy),0H, R'= CHg (98%) R= (CH,)4CH(OH)CHj, R'= CH=CHj (96%)
R= (CH,)40TBS, R'= CH3 (98%) R= CgHy7, R'= CH,Cl (96%)

R= p-OHCgH,4CHoCHy, R'= CHg (99%)
R= CH(CHg)CgH3, R'= CHg (97%)
R= CgHq+, R'= CHz (0%)

Scheme 1-86

Replacement of the alkyl groups on the distannoxane with fluoroalkyl groups
gives fluorous distannoxanes, which are highly soluble in fluorocarbon solvents
[2001AGC(E)3670, 2002ASC(344)84]. Fluorous biphasic transesterification with
these catalysts gives 100% yields with use of a 1:1 reactant ratio (see Sections 7.2
and 7.3).

Experimental Procedure [2001AGC(E)3670]

Fluorous Biphasic Transesterification: A mixture of ethyl 3-phenylpropionate
(356 mg, 2.0 mmol), 1-octanol (260 mg, 2.0 mmol), and the distannoxane catalyst
(171 mg, 0.1 mmol) in FC-72 (4 mL) is placed in a test tube. The test tube is placed
in a stainless steel pressure bottle and heated at 150 °C for 16 h. The reaction mix-
ture is then allowed to cool to room temperature, and toluene (5 mL) is added. The
FC-72 layer is washed with toluene (2 x 1 mL), and the combined toluene solution is
evaporated to afford pure octyl 3-phenylpropionate (525 mg, 100 %). The FC-72 solu-
tion can be reused in the next reaction.

A neutral p-hydroxy organotin dimer [tert-Bu,Sn(OH)Cl], is an efficient catalyst
for deacetylation (Scheme 1-87) [2000SL140, 2001CEJ3321]. Various acetates un-
dergo transesterification to afford the parent alcohols. High selectivities are attained
for the combinations of primary > secondary, primary > tertiary, and secondary > ter-
tiary. Notably, phenyl acetate is deacetylated more readily than the primary acetate.
The same primary/secondary selectivity also holds for sugars and nucleosides. Since
the reaction is so clean, the product may be used for further reaction without purifi-
cation. For example, tetraacetylcytidine is deacetylated, and treatment of the crude
product with pivaloyl chloride affords cytidine with primary and N-pivaloyl groups
together with the secondary acetyl groups. Moreover, glycosidation with the crude
deacetylation product is also feasible. Treatment of the crude glucose tetraacetate ob-
tained by this procedure with tetra-O-benzoyl-a-p-glucopyranosyl bromide in the pre-
sence of AgOT( directly furnishes the corresponding dissacharide.

Experimental Procedure [2001CE)3321] Scheme 1-87
Deacetylation of 2-Phenylethyl Acetate: 2-Phenylethyl acetate (82.1 mg, 0.5 mmol),
[tert-Bu,Sn(OH)CI], (28.6 mg, 0.05 mmol), methanol (5 mL), and THF (5 mL) are stir-
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red at 30°C for 3.5 h. After addition of ethyl acetate, the reaction mixture is filtered
through a thin pad of silica gel, and the yield is determined to be 97 % by GC analysis.

Deacetylation of Cytidine Tetraacetate and Subsequent Pivalation: Tetraacetylcyti-
dine (411 mg, 1.0 mmol), [tert-Bu,Sn(OH)CIl], (28.5mg, 0.05 mmol), methanol
(5 mL), and THF (5 mL) are stirred at 30 °C for 24 h. After addition of CH,Cl,, the
reaction mixture is filtered through a thin pad of silica gel, and the filtrate is concen-
trated to give crude 2,3-di-O-acetylcytidine. Pivaloyl chloride (4.0 mmol) and pyridine
(5 mL) are added to this product, and the mixture is stirred at rt. for 24 h. After con-
ventional aqueous workup (ethyl acetate/water), the organic layer is dried and evapo-
rated to give a crude product, which is subjected to column chromatography on silica
gel to give 2',3'-di-O-acetyl-5'-O,N-dipivaloylcytidine in 76 % yield.

Deacetylation of a-p-Glucose Pentaacetate and Subsequent Glucosylation: The pen-
taacetate (507 mg, 1.3 mmol), [tert-Bu,Sn(OH)ClI], (37.1 mg, 0.065 mmol), methanol
(7 mL), and THF (7 mL) are stirred at 30 °C for 4 h. After addition of ethyl acetate, the
reaction mixture is filtered through a thin pad of silica gel, and the filtrate is concen-
trated to give a crude product of the tetraacetate. A mixture of this crude product,
tetra-O-benzoyl-a-p-glucopyranosyl bromide (660 mg, 1.0 mmol), tetramethylurea
(0.25 mL), and molecular sieves (3 A) in CH,Cl, (5 mL) is stirred at rt. for 15 min.
AgOTf (452 mg, 1.3 mmol) is added. The mixture is stirred in the dark at rt. for 18 h.
After addition of CH,Cl,, the reaction mixture is filtered. Conventional aqueous
workup followed by column chromatography on silica gel provides the desired disac-
charide in 89% yield.

Bu 4 'Bu
ol
R'OH, CI—Sln\ /Sln—CI
O
Bu H Bu
ROAc ROH
NHAc NH, NHPiv
NZ ] N)j BuOCOCI NZ i
Sn-cat. Py, rt, 24h
y. rt,24an o )

AcO OJ\N * MeOH  — o > HO O)\N PIVO O)\N
(0] ’ ’ (0] (o]
AcO OAc AcO OAc AcO OAc

76%
BzO
HO BzO 0O
o o AgOTH, tetramethylurea OBz
MS 3A, CH,CI. 18h
OAc + 0Bz S 3A, CHzClp, 1, 18 B20 OBO o
Z
AcO OAOAc BzO OBBr OAC
¢ z AcO OAc
OAc
o .
Scheme 1-87 89% based on the bromide

Butylstannoic acid [BuSn(O)OH] mediates the transesterification of various sub-
strates, although rather large amounts of the promoter (0.2~1.1 equiv. per substrate)
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are required [98TL2257]. Dibutyltin oxide is useful as well [2001AGC(E)3672]. With
this commercially available catalyst, a variety of substrates can be smoothly trans-
esterified.

Experimental Procedure [2002AGC(E)3672]

The carboxylic ester (0.6 mmol) is dissolved in the desired alcohol (5 mL). After the
addition of dibutyltin oxide (10 mol%, 15 mg, 0.06 mmol) the mixture is heated at re-
flux for 48-72 h. After completion of the reaction, the mixture is poured into a satu-
rated sodium bicarbonate solution (20 mL) and extracted three times with ethyl acet-
ate. The combined organic layers, which contain the dibutyltin oxide as a fine, white
precipitate, are filtered through Celite and dried over sodium sulfate. After removal
of the solvent in vacuo, the product is purified by flash chromatography.

Tributyltin acetate works for transesterification of a y-hydroxy o,B-unsaturated es-
ter generated in situ (Scheme 1-88) [95JACS7255]. Palladium coupling between
terminal acetylene and y-hydroxyalkynoate affords butenolide, although furan for-
mation competes. Selective lactonization is achievable by addition of tributyltin acet-
ate (10 ~ 40 mol %) to the reaction system to furnish the butenolide exclusively.

Pd(OAC),

PR Y CO2CoH5 / CO,CoH5
A= + HO/TCOZCZH5 3 RT< /L/_(
R™ ™o

HO
R'= 2,6-(OCHz),CeHs

‘BuasnOAc ‘

CO,CoHs
Scheme 1-88

Some of the Lewis acids used for esterification are effective for transesterification
as well. Fe(ClOy); [931JC(B)292] and iodine [2002TL879] are capable of catalyzing
transesterification. Treatment of alcohols in refluxing ethyl acetate or formate in the
presence of Cu(NOs), 3H,0 provides the corresponding acetates or formates
[98SC1923]. CuBr; (0.2 ~ 1.0 equiv.) catalyzes reactions between 2-pyridyl esters and
alcohols (Scheme 1-89) [84JOC1712]. Despite the disadvantage of requiring a rela-
tively large amount of the copper salt, this procedure is superior to other methods in
terms of the rapidity of the reaction and its applicability to sterically hindered esters.
It is notable that the corresponding thiopyridyl esters are more reactive.
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Scheme 1-89 R="Bu, R'= C(C2Hs)(CHg)2 (75%)

Use of particular esters to activate transesterification is also possible with methox-
yacetates (Scheme 1-90) [96]OC4491]. Treatment of these acetates with Yb(OTf); in
methanol delivers alcohols, and this approach thus also offers a facile deprotection
method to recover alcohols.

Experimental Procedure [96)OC4491] Scheme 1-90

A solution of Yb(OTf)3 (9.5 mg, 30 mol%) in dry methanol (1 mL) is added to a solution
of 1,2:3,4-di-O-isopropylidene-6-O-(methoxyacetyl)-a-p-galactopyranose  (19.9 mg,
0.051 mmol) in dry methanol (0.5 mL), and the mixture is stirred for 12 min at 25 °C.
A drop of water is added to the reaction mixture, and the solvent is then evaporated un-
der vacuum. Purification of the crude product by preparative TLC on silica gel affords
the desired alcohol (13.0 mg, 98 %) as a colorless oil.

Yb(OTf)g (cat.)
—_—

(0]
ROH  + M
MeOJ\/o ©

(CHp)120TBS (94%)
(CHy)120Ac (93%)
= (CHg)120Bz (95%)
= (CHy)7CHj3 (99%)

= 2-naphthyl (93%)

0
+  MeOH
Fo N OMe

R
R:
R
R
R:
Scheme 1-90

Other activated esters, N-hydroxysuccinimidyl esters, are useful for obtaining highly
sterically hindered esters (Scheme 1-91) [98]OC7559). The reaction is promoted by the
Sc(OTf);/DMAP reagent combination used for activation of the DCC procedure (see
Section 1.1.4). DMAP is crucial for this reaction, and a scandium species coordinated
by acylium ions is assumed to act as a powerful promoter (Scheme 1-92).

O'Bu
[ele) HN—< Sc(OTf)3/DMAP

Y~ o CHoCly
—_—
+ N-O

94%

Scheme 1-91
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Scheme 1-92

Mild MgBr, is employable for transesterification of activated esters. Transesterifi-
cation of N-alkoxycarbonyl groups of chiral dimethylaminopyridine derivatives is ef-
fected by use of MgBr, or ZnCl, [96JACS1809]. The 4,6-dimethoxy-1,3,5-triazin-2-yl
group serves as an active alkoxy group easily replaced by an alcohol in the presence
of MgBr, [99S593].

Lanthanoid triisopropoxides catalyze transesterification efficiently [95CL246]. The
reaction goes to completion on heating of esters in refluxing alcohol with 2 mol% of
the catalyst. The catalytic activity is much higher than those of Al(O'Pr); and
Ti(O'Pr),, decreasing in the order La > Nd > Gd > Yb. La(O'Bu)s is an efficient cata-
lyst for ring-opening of B-lactones with benzyl alcohol to afford B-hydroxy esters
(Scheme 1-93) [99TL6535].

o 0.05 eq. La(0'Bu); (cat.)
R R 0" Ph
R= cHex (95%)
R= CH,/Pr (95%)
R= CH,0Bn (95%)
R= CH,CH,Ph (95%
Scheme 1-93 CHoCH,Ph (95%)

Enol ester acylation is feasible with an yttrium aggregate [20000L997]. Primary
and secondary alcohols react with vinyl or isopropenyl acetate at room temperature
in the presence of catalytic amounts (0.05~1 mol %) of Y5(O'Pr);30 to give the corre-
sponding esters. A chiral version of the yttrium procedure is available (Scheme 1-94)
[20020L1607]. Yttrium-salen complexes effect transesterification between enol esters
and chiral secondary alcohols, resulting in varying degrees of kinetic resolution.

Experimental Procedure [20020L1607] Scheme 1-94

A mixture of alcohol (1 mmol) and the Y catalyst in toluene (1.5 mL) under nitrogen
is cooled to —3 to -25 °C, and the enol acetate (1.27 mmol) is added. When the reac-
tion is complete, the cold solution is poured into water, and the products are ex-
tracted with ether. The ether solution is washed with saturated NaCl and dried, and
the products are isolated by column chromatography. The ees of the unreacted alco-
hols are determined by chiral HPLC.
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Scheme 1-94

Cp*,Sm(THF), (Cp* = pentamethylcyclopentadienyl) is an efficient catalyst for acy-
lation of alcohols with vinyl esters [96JOC3088]. The acylation of primary alcohols is
achievable in excellent yields, while secondary alcohols are acetylated with more diffi-
culty. The deficient reactivity, however, is improved by the presence of cyclohexanone
oxime acetate (Scheme 1-95) [97JOC8141]. Treatment of alcohol with isopropenyl acet-
ate (2 equiv.) and the oxime acetate (0.2~2.0 equiv.) in the presence of Cp*,Sm(THF),
(10 mol %) allows transesterification to take place even for tertiary alcohols. A plausi-
ble reaction path involves reaction between alcohol and cyclohexanone oxime acetate,
followed by acetylation of the oxime generated by isopropenyl acetate.

Experimental Procedure [97JOC8141] Scheme 1-95

Alcohol (1 mmol) is slowly added under argon to a toluene solution (1 mL) of
Cp*,Sm(thf), (0.1 mmol) in a Schlenk tube, followed by cyclohexanone oxime acet-
ate (0.2-2.0 mmol) and isopropenyl acetate (2 mmol). When the reaction is com-
plete, wet diisopropyl ether (10 mL) is added to the solution, and the catalyst is re-
moved by filtration. Removal of the solvent under reduced pressure affords a yellow
liquid, which is purified by column chromatography on silica gel with hexane/ethyl
acetate (20:1 v/v) as eluent to give the corresponding acetates.

Sm(thf)o(CsMes), (2:1) (cat.)
cyclohexanone oxime acetate (cat.)

ROH + ﬁ/o\fo toluene ROAc
99%

o
wone ., (=N I

CpoSmithf),

(0]

ROH <:>:NOJ\

cyclohexanone oxime acetate

Scheme 1-95
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Commercially available methyl or ethyl (meth)acrylates are converted into higher
homologues on treatment with alcohols with the aid of a nickel-containing complex
reducing agent prepared from nickel acetate, NaH, and ‘BuONa [93]JCR(S)418].

1.2.2.3 Solid Acids

Solid acid catalysts are more important than any other acid catalysts in practical use,
and so a number of techniques are available. Neutral alumina used for column chro-
matography can effect transesterification [81S789], stirring of an alcohol (100 mg) in
ethyl acetate (10 mL) over commercially available alumina (10 g) at room tempera-
ture affording the corresponding acetate. This reaction is selective for primary alco-
hols, so primary-secondary diols undergo esterification on the primary alcohol al-
most exclusively (Scheme 1-96) [81TL5003]. Under the same reaction conditions
phenol is also inert, allowing selective acetylation of the primary alcohol of p-(w-hy-
droxyalkyl)phenol. Such selectivity holds with sugar diols as well (Scheme 1-97)
[81TL5007]. Typically, a solution of the diol (1 mmol) in anhydrous ethyl acetate
(100 mL) is heated at 60~65°C in the presence of neutral alumina (10 g). Both
mono- and disaccharides are smoothly acetylated on the primary alcohol.

Experimental Procedure [81S789]

Inside a nitrogen-filled glove bag, Woelm-200-N alumina (~100 g) is transferred from
its commercial metal container into a 500 mL, three-necked, round-bottomed flask,
which is then fitted with an overhead mechanical stirrer and a stirring rod. An ethyl
acetate solution (~150 mL) containing cyclohexylmethanol (1.021 g) is poured into the
flask. Rapid stirring is performed for 1 h at 25-30 °C. Ethyl acetate (~100 mL) is then
added, and the reaction mixture is poured into sintered glass funnel containing a pad
(~2 cm) of Celite. Slow gravity filtration and rinsing with additional ethyl acetate is fol-
lowed by rotary evaporation to produce spectroscopically pure cyclohexylmethyl acetate.

OH (o] neutral Al,O3 OH

+ B —
RJ\(CHz) ,~OH /\OJ\ 75-80°C R™ > (CHy)y~ OAC
R= CHj (71%)
R= C4Hg (71%)
R= Ph (69%)
o] Al,Og
HO—@—(CH JOH — + — HO—< >—(CH )nOAC
2n /\o)k 80°C, 12h n
Scheme 1-96
HO 5 AcO R
(9_0 o . O neutral Al,Og o/\‘—o o
>Z—‘\9_) /\OJ\ 60-65°C ha \(?_)
OH OH
R= CHj (63%)

Scheme 1-97 R= p-NO;CeHa (55%)
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Silica gel-supported NaHSO, mediates monoacylation of symmetrical diols upon
treatment with various esters as solvent (Scheme 1-98) [89JACS9102, 92JOC312].
The selective acetylation of primary-secondary diols and also of primary aliphatic-
aromatic diols, as shown in Scheme 1-98, is also feasible with this catalyst
[97]OC8952]. Smaller amounts of the catalyst (typically 100 mg/1 mmol diol) are re-
quired than for the alumina procedure.

Experimental Procedure [92JOC312] Scheme 1-98

A stirred mixture of 1,4-butanediol (0.44 mlL, 5 mmol), NaHSO,/SiO, (189 mg,
0.42 mmol), and EtOAc/hexane (2:3 v/v, 16 mL) is warmed at 50 °C. The reaction is
monitored by TLC (EtOAc/hexane 1:2) and GLC. After 5 h, 1,4-diacetoxybutane be-
gins to appear, and the reaction mixture is then filtered. The separated catalyst is
washed with CCl, (10 mL), and the filtrate and washings are combined and concen-
trated. Column chromatography of the residue on silica gel (EtOAc/hexane 1:4)
gives 4-acetoxy-1-butanol (0.54 g, 82%).

o NaHS0,-Si0 o
HO—(CH)OH  +  J| g TR Py
R” O HO—(CHp)y-0" R

Scheme 1-98

Hydrous tin oxide, obtainable from tin metal and conc. HNOj3, can be used for va-
por-phase transesterification at 170 ~ 210 °C [99SC513]. The catalyst can be recycled
for at least 50 runs. Hydrous zirconium oxide mediates transesterification in the va-
por phase by use of a glass flow-reactor with a fixed-bed catalyst, in the liquid phase,
and in an autoclave [89BCJ2353]. Remarkably, this catalyst is effective for lactoniza-
tion to furnish medium-sized macrolides (Scheme 1-99) [92CL571]. In the vapor-
phase reaction at 275 °C, w-hydroxy esters are converted into the corresponding lac-
tones. Otherwise difficult-to-obtain heptanolide and octanolide are accessible in rea-
sonable yields. The catalytic activity is enhanced by modification with trimethylsilyl
chloride [93BCJ1305], the yields of heptanolide and octanolide increasing from 49%
to 77 % and from 35 % to 67 %, respectively.

OEt ZrO, (hydrous) (cat.) CH2
2\ oH toluene s _(
07 ~(CHa)y”
n=15 (3%)
n= 11 (8%)
n= 7 (35%)
6 (49%)
Scheme 1-99 5 (90%)

B-Keto esters are transesterified by solid acids such as zeolite [96CC707], sulfated
SnO, [96TL233], natural kaolinitic clay [98]JOC1058], Mo-ZrO, [99SC1235], and yttria-
zirconia [2000S1251]. The reaction presumably proceeds via an acylketene intermediate.
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Fe(ClOy4)3(EtOAC)6/SiO, is prepared by adsorption of Fe(ClOg4)3;(H,0)¢ onto chro-
matographic grade silica gel in the presence of ethyl acetate. Grinding of equimolar
amounts of this complex with alcohols under solvent-free conditions produces the
corresponding acetates (Scheme 1-100) [99SC139]. The supported reagent also reacts
with carboxylic acids to afford the corresponding ethyl esters.

OH Fe(ClO,)3(EtOAC)/SiOn OAc
R1 J\ R2 R1 J\ RZ
65~93%
Fe(ClO4)3(EtOAC)e/SiO,
R3COOH R3COOEt

49~70%
Scheme 1-100

1.2.3
Base Activators

1.2.3.1 Metal Salts

As well as acid catalysts, basic reagents also serve for transesterification, and some
inorganic metal bases are successfully used. A thorough investigation into the effec-
tiveness of lithium alkoxides is available (Scheme 1-101) [86CC695]. The lithium alk-
oxide is generated in situ by addition of an equivalent amount of BuLi to a THF solu-
tion of an alcohol, and treatment of the resulting alkoxide with an ester (mostly
methyl esters) results in transesterification. The reaction proceeds at or below ambi-
ent temperature, electron-deficient esters generally reacting within minutes. For sec-
ondary and tertiary alcohols, equimolar amounts of the ester and alcohol suffice for
good yields. Although roughly one molar equivalent of BuLi per mole of alcohol is
generally employed, use of smaller amounts suffices, but lengthens reaction times.
Alcohols that are insoluble in THF frequently dissolve on addition of BuLi. With pri-
mary alcohols, an excess of the alcohol (~3 equiv.) is necessary for good yields. Ethyl
esters undergo alcoholysis but with poorer equilibration shifts in the desired direc-
tion and lower reaction rates. Phenyl esters appear to offer no advantage, being
slower and less effective in the transesterification. Commercial alcohols can be di-
rectly employable without drying. Aromatic esters react without problems, o,fB-unsa-
turated esters behave normally, without isomerization, and asymmetric alcohols re-
act without loss of chiral integrity. A major limitation of the method concerns alco-
hols that complex strongly with the lithium intramolecularly, such as sugar deriva-
tives. Polymerizable compounds such as methyl acrylate are best used in excess.
Also, if the alcohol is precious or difficult to separate from the product ester, this pro-
blem can be solved by use of an excess of the methyl esters. The reaction is presum-
ably initiated by strong complexation of the lithium alkoxide to the ester carbonyl
group. The lower pKa of methanol than of higher homologous alcohols encourages
efficient equilibration to produce esters.



1.2 Reaction with Esters: Transesterification

Experimental Procedure [86CCG695] Scheme 1-101

Butyllithium in hexane (1.6 M; ~0.01mol) and methyl p-methoxybenzoate
(0.01 mol) are added under nitrogen to (-)-menthol (0.01 mol) in dry stirred THF
(20 mL) in an ice bath. The reaction is monitored by TLC (20% diethyl ether/light
petroleum; ~50% in 1 h; 70% in 6 h). After 18 h, water and ether are added and the
organic layer is dried, evaporated, and flash chromatographed (20% diethyl ether/
light petroleum). The product is further distilled in a Kugelrohr apparatus (215 °C at
~0.5 mmHg) to give menthyl p-methoxybenzoate (92 %) as a colorless liquid.

(@] BuLi O
£, « rn 2 R
R”™ "OMe R” "OR'
R'ON /

R= Ph, R'='Bu (100%)
R= 2-NO,CgHj, R'='Bu (74%)
R= 4-NO,CgHjy, R'= CHyCH=CHj (50%)

O--LiOR' OLi
. —> R+oOR
R™ "OMe OMe

Scheme 1-101

NaH mediates the reaction between 5-ethoxypentan-1-ol and alkyl 5-halovalerates
to furnish transesterification products, no Williamson-type reaction taking place
(Scheme 1-102) [91JOC731]. Yields of up to 66 % are thus obtained from bromovale-
rates, but considerable amounts of elimination products are formed from the iodo
derivatives.

/\/\)]\ * OF!
X OR HO—(CHy)s

NaH o
THF o OFEt OFEt

e~ A’ BN

X= 1, R= CH3 (33%)
X=1, R=Bu (32%)

Scheme 1-102 X= Br, R= CH (63%)

Alcoholysis of esters, particularly acetates, offers a convenient deprotection
method. It is possible to cleave primary alcohol acetates selectively in the presence
of secondary or tertiary alcohol acetates, and also to cleave secondary alcohol acet-
ates in the presence of tertiary alcohol acetates, with the aid of Mg(OMe), (Scheme
1-103) [96]JOC9086]. High selectivities between primary acetates can also be obtained
if the B-positions of the acetates offer different degree of steric bulkiness. This mild
reagent is applicable to the selective deprotection of many naturally occurring mole-
cules, including hydroxycitronellol diacetate, trans-sobrerol diacetate, betulin diace-
tate, and baccatin III. Both aromatic and 4-acetoxycoumarin acetates undergo deace-
tylation with zinc-copper couple or activated zinc (Scheme 1-104) [81TL335]. Com-
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mercial zinc is completely ineffective, and the reaction is hindered by the addition
of water.

Experimental Procedure [96)OC9086] Scheme 1-104

Magnesium methoxide solution in methanol (10.3%, 0.973 N, 4.1 mL, 4.0 mmol) is
added dropwise under nitrogen at rt. to a stirred solution of 4-methoxyphenethyl
acetate (194.0 mg, 1.0 mmol) and 2-phenyl-2-propyl acetate (187.0 g, 1.0 mmol) in
anhydrous methanol (20 mL). The progress of the reaction is monitored by TLC.
After the mixture has been stirred at rt. for 6 h, 4-methoxyphenethyl acetate is all
consumed. HCl solution (0.2 ~) is added until the pH of the mixture is 4 to 5. Some
of the methanol is removed under reduced pressure, and the product is extracted
with dichloromethane (30 mL x 5). The combined organic layer is dried (Na,SO,),
filtered, and concentrated. Flash chromatography of the crude residue with hexanes
and ethyl acetate (7:3) gives 4-methoxyphenethyl alcohol (144.0 mg, 0.94 mmol) in
94% yield, along with recovered starting material (176.0 mg, 0.94 mmol) in 94%
yield. No 2-phenyl-2-propanol is detected.

+ OAc + MeOH
A
Meom c @k

4 eq. Mg(OMe),
rt, 6h m . A
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OH
MeO

94% 94%
Scheme 1-103
OAc OH
= Z . MeOH ——20 » = 7
100%
[OXe] [0 X 6]
A A
AcO 0o n HO 0o
AcO. + MeOH TS AcO.
OH OH

Scheme 1-104

Solid potassium carbonate coated with a phase-transfer catalyst (Carbowax 6000 or
18-crown-6) can be utilized as a catalytic bed for continuous transesterification under
gas-liquid phase-transfer conditions [83JOC4106].

The effect of alkali metal salts on lactonization of ®-hydroxy esters is the subject
of extensive investigation (Scheme 1-105) [98]OC2715]. The use of K,CO; in THF
gives amongst the highest yields of the desired macrolide. The rate-determining step
is the addition of the alcohol or alkoxide fragment to the carbonyl carbon, followed
by the fast breakdown of the resulting tetrahedral intermediate. The conversion of
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the hydroxy ester into the macrolide is a M*-templated cyclization in which the slow
step is the collapse of the tetrahedral intermediate. With the proximity of the hydroxy
and ester moieties enforced and the associated entropic costs met by the template ef-
fect, the formation of the tetrahedral intermediates is facilitated. The rate of the pro-
ductive collapse of this intermediate is dependent on the departing alkoxide nucleo-
fuge; hence the superiority of trichloroethyl esters.

SN KoCOg, THF °
H —_— .
83% ’
H:
BocHN ©

Scheme 1-105

Treatment of B-hydroxy ketones with a-chloro esters in the presence of tert-BuOK
affords o, B-epoxy-y-lactones through transesterification followed by Darzens reaction
(Scheme 1-106) [93TL2753]. Under acidic conditions, the epoxy butenolide is trans-
formed into 3-hydroxy-4,5-dimethyl-2(5H)-furanone, an extremely powerful and very
important flavor ingredient.

0 0 OH
I \)?\ Bk TF fx ﬂ
+ —_— >
cl 60%
OH OEt ) oo

(O] without isolation

Scheme 1-106

Another phytotoxic butenolide, seiridin — a fungal cypress pathogen produced by
three Seiridium species is accessible through successive Wittig-type olefination and
lactonization (Scheme 1-107) [95TL7285]. Both reactions are promoted by LIOH with
molecular sieves.
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Scheme 1-107 Seiridin

Interesting ring-expansions and -contractions of macrolides can take place, de-
pending on the base (Scheme 1-108) [94TL5393]. Treatment of the 16-membered lac-
tone 7,21-di-O-trimethylsilyl bafilomycin A, with an organocopper reagent prepared
from equimolar quantities of methyllithium and cuprous iodide results in ring-ex-
pansion. A further surprising event occurs when the resulting 18-membered lactone
is treated with highly concentrated Bu,NF, which regenerates bafilomycin A,,
although the use of smaller amounts of the fluoride results in simple desilylation.
A plausible explanation is given in Scheme 1-109. The initial step is the formation of
alkoxycopper species suitably situated to undergo a potentially reversible rearrange-
ment involving a copper(I) orthoacetate intermediate. Evidently a kinetically con-
trolled and presumably stereoelectronically allowed process produces the ring-expan-
sion product as the preponderant if not exclusive product. The behavior of this pro-
duct towards fluoride ion can be explained as follows. In dilute dichloromethane, the
effective concentration of BuyNF is not high enough to allow reversion to the 16-
membered lactone, thus providing just a desilylation product. In a more concen-
trated solution of BuyNF, the ring-contraction presumably takes place via the same
orthoacetate, with the tetrabutylammonium species as the cation.
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Consecutive Michael addition and lactonization provides useful intermediates for
carbapenem (Scheme 1-110) [92CL305]. Treatment of dimethyl malonate with alkyl
2-(1-hydroxyalkyl)propenoates in the presence of NaH furnishes lactones as pairs of
diastereomers.

0. OMe NaH OMe (0] OMe (0]
o 9 THF L
Voo MOM + ph — > O “SoMe + © OMe
e e
OH 070" Ph 0707 Ph
26.4% 39.6%

Scheme 1-110

A thermodynamically controlled macrolactonization procedure is feasible with
cholic acid derivatives (Scheme 1-111) [96CC319]. The product distribution, from di-
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mer to pentamer, is basically the same for the substrates employed, but dependent
to some extent on the substituents on C7 and C12. The distinct difference is that a
dimer is produced only for the substrate without substituents at C7. The thermody-
namic and reversible nature of the obtained distribution is apparent from the fact
that exposure of the pure cyclic oligomers to the reaction conditions gives the same
ratio of products irrespective of the starting materials.

KOMe, 4A MS
OMe 18-crown-6
toluene
Linear intermediates

/

w pentamer

|

g R

trimer

tetramer

Scheme 1-111

Trimerization of hydroxy esters derived from cinchonidine is catalyzed by KOMe/
[18]crown-6 (Scheme 1-112) [96AGC(E)2143, 97JACS2578).
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Scheme 1-112

Transesterification is useful for ring-opening of lactones. Treatment of an o-methy-
lene-B-lactone with sodium methoxide or ethoxide provides B-hydroxy o,B-unsatu-
rated esters (Scheme 1-113) [91JOC5782]. Alcoholysis of uronolactone with benzyl al-
cohol in the presence of various bases such as K,COs and CsF produces a mixture of
the desired benzyl ester and its epimer (Scheme 1-114) [94]OC2487]. The highest ra-
tio (12:1) is achieved when 30 equiv. of CsF are employed.

NaOMe

or NaOEt WO
+ ROH E——
o o OH OR

R= CoHs (64%)
R= CHs (85%)

Scheme 1-113

1.30 eq. CsF
CCly

2. 2.6-lutidine
CH,Cl»

Scheme 1-114

1.2.3.2 Amines

Amines are not normally strong enough bases to effect transesterification, but they
are employable if the substrates or reagents are reactive. The most common amine,
Et;N (1.5 equiv.), induces ring-opening of 4-arylmethylene-2-phenyl-2-oxazolin-5-
ones in refluxing ethanol (Scheme 1-115) [91H(32)1317]

Al
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Scheme 1-115

Ring-opening of diketene is effected by Et;N. Treatment of diketene and 2-azi-
doethanol (1 equiv.) or ethylene glycol (4 equiv.) in the presence of Et;N furnishes
the corresponding 2-azido- or 2-hydroxyethyl acetoacetate, respectively (Scheme 1-
116) [96JHC157, 96JMEC4576]. The B-aminoethyl acetoacetate obtained by this pro-
cedure can be further transformed into the diazoacetate (Scheme 1-117)
[94]OC6051].

Experimental Procedure [96JHC157]

Diketene (4.2 g, 50 mmol) is added dropwise with stirring to preheated (60 °) 2-azi-
doethanol (4.35 g, 50 mmol) containing a catalytic amount of triethylamine (4-5 drops).
Diketene is added at such a rate that the temperature of the reaction mixture does not
exceed 80°, and the reaction is allowed to proceed at 80° for one additional hour. Re-
moval of the solvent in vacuo gives a residue that is purified by silica gel column chro-
matography with ethyl acetate/hexane (1:1 v/v) as eluent to afford 2-azidoethyl aceto-
acetate as an oil (5.2 g, 60%).
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d-Lactones also undergo ring-opening by alcohol. Treatment of the lactone shown
in Scheme 1-118 with methanol in the presence of Et;N at 23 °C affords the methyl
ester [99CC1743]. Similarly, methanolysis of a 8-lactone in the presence of Et;N con-
stitutes the final key step in the synthesis of methyl ester of 3-hydroxyleukotriene B,
(Scheme 1-119) [94JACS5050).
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Larger rings are quantitatively opened as well (Scheme 1-120) [97T14153].
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Scheme 1-120

1-(Benzoyloxy)benzotriazole is a reactive acylation reagent. Selective benzoylation
of a primary alcohol over a secondary one in a glycol is feasible in the presence of
Et;N in CH,Cl, at room temperature, while the 2-hydroxy groups in glucopyranoside
and altropyranoside are selectively benzoylated under the same conditions (Scheme
1-121) [85]JOC1751]. The benzoates obtained are applicable to the synthesis of methyl
mono- and di-O-o-1-thamnopyranosyl-o-p-glucopyranosiduronic acids [99]CC69].

Experimental Procedure [85]OC1751] Scheme 1-121

Triethylamine (305 pL, 2.2 mmol) is added at room temperature to a stirred solution
of 1-phenyl-1,2-ethanediol (280 mg, 2.0 mmol) and 1-(benzoyloxy)benzotriazole
(503 mg, 2.1 mmol) in methylene chloride (8 mL). The reaction mixture is stirred at
room temperature for 24 h, diluted with methylene chloride (30 mL), washed with
saturated NaHCO; solution (20 mL) and brine (20 mlL), dried over anhydrous
MgSO,, and evaporated to dryness. The crude product is subjected to silica gel col-
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umn chromatography with a hexane/ethyl acetate (6:1) mixture as an eluent to af-
ford the dibenzoate (34 mg, 5%), the primary monobenzoate (390 mg, 83%), and
the secondary monobenzoate (42 mg, 9%).
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" NEt; CH,ClI
Ph—< Q (j: N " 3, W22 _<o--~ oMe
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Scheme 1-121

Diisopropylamine is useful for ring-contraction from &-lactones to y-lactones
(Scheme 1-122) [97T659]. The reaction is conducted in the presence of 2 equiv. of the
amine at room temperature to afford y-lactones, which are converted into 5-methy-
lated 2-deoxysugars.

Experimental Procedure [97T659] Scheme 1-122

Dry ZnCl, (4 equiv.) is added at rt. and under nitrogen atmosphere to a stirred solu-
tion of epoxy ester in anhydrous CH,Cl, (15 mL mmol ™). When the reaction is com-
plete (20 min), quenching is performed by addition of a saturated solution of
NaHCOs, and the mixture is extracted with CH,Cl,, dried over MgSOy,, and concen-
trated to give the crude product.

R! 1 OH
o _0 . RS
R2 ProNH, rt P
i +  EtOH — R? ©
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R'= Me, R?= CH,CH,CH=C(CHj), (79%)
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Scheme 1-122 2z (CHa)z, e (65%)

Strongly basic amines find broader applications. DMAP (4-dimethylaminopyri-
dine) is one such. Methyl B-ketoesters are successfully transformed into the corre-
sponding esters with higher alcohol components [85]OC3618]. This reaction is versa-
tile because it is workable for a variety of alcohols. Tertiary alcohols and non-enoliz-
able B-keto esters are not employable, however, and a large excess (10 equiv.) of B-
keto ester usually has to be used. This drawback can be offset by conducting the reac-
tion in the presence of molecular sieves [88]JOC449]. This new technique provides
good yields of the desired esters from the use of B-keto ester, allylic alcohol, and
DMAP in 1:1:1 ratio. It should be noted, though, that non-enolizable o,a-disubsti-
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tuted keto esters are not employable (see 1.2.2.2). The DMAP procedure is applicable
to synthesis of phosphonoacetates (Scheme 1-123) [87TL2713]. The ester exchange
reaction takes place selectively at a carboxylic acid ester moiety rather than at a phos-
phonic acid ester moiety, and only enolizable phosphonoacetates react effectively
with primary and secondary alcohols, but not with tertiary alcohols. This reaction is
utilized for a synthesis of (-)-pyrenophorin (Scheme 1-124) [87TL2717]. Subjection
of a lactol to transesterification with phosphonoacetate followed by Horner-Em-
mons-Wadsworth olefination affords the desired macrolide.

Experimental Procedure [85)OC3618]

A flame-dried, two-necked, 50 mL, round-bottomed flask fitted with a reflux conden-
ser and a nitrogen purge is flushed with N, and charged with [-menthol (300 mg,
1.92 mmol), DMAP (70 mg, 0.577 mmol), and toluene (6 mL). The mixture is mag-
netically stirred until the I-menthol and DMAP are dissolved, and methyl acetoace-
tate (0.62 mL, 5.77 mmol, 3.0 equiv.) is then added. The mixture is warmed at reflux
for 42 h. The reaction mixture is cooled in an ice/water bath and quenched with sa-
turated ammonium chloride solution (20 mL). Extracting solvent (20 mL) is added,
and the two layers are separated. The aqueous layer is extracted three times with ex-
tracting solvent (25 mL portions). The combined organic layers are dried over anhy-
drous MgSO, and concentrated in vacuo. The residue is bulb-to-bulb distilled to re-
move excess methyl acetoacetate (bpsg 70°C). The pot residue is then chromato-
graphed on silica gel (10 g) with EtOAc/petroleum ether (3.0%). The first 30 mL is
discarded. The next 60 mL is concentrated in vacuo to give I-menthyl acetoacetate
(385 mg, 1.6 mmol, 83 %) as a clear oil.

Experimental Procedure [88)OC449]

A mixture of B-keto ester (5 mmol), allylic alcohol (5 mmol), and DMAP (5 mmol) is
dissolved in sufficient toluene (ca. 200 mL) to ensure wetting of 25 g of oven-dried
molecular sieves (4 A). The mixture is then heated at reflux until no starting material
is detectable by 'H NMR spectroscopy; this typically requires 12-36 h. After being al-
lowed to cool to room temperature, the solution is washed with saturated ammo-
nium chloride (2 x 25 mL) and dried (MgSO,). The toluene is removed by rotary eva-
poration, and the products are isolated by HPLC (1.5% EtOAc—98.5% Skelly B).

DMAP (cat.
ROH + (H‘O)ZI'D'B<COOMe _DMAP (cat,) _ (R‘O)2F|’|><COOR +  MeOH

R2” RS R2”"R3
Scheme 1-123
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Scheme 1-124 (-)-Pyrenophorin

Selective acetylation of a primary alcohol over a secondary alcohol or a phenol is
achievable by use of vinyl acetate in the presence of DMAP, although the yields are
modest [94TL3583].

DBU (diazabicyclo[5.4.0Jundec-7-ene) is another amine that serves for these pur-
poses. Stirring of 4-hydroxycyclopentanylacetate in the presence of a catalytic
amount of DBU and molecular sieves (4 A) in refluxing benzene furnishes a bicyclic
lactone (Scheme 1-125) [90CAR(206)233].

0 DBU
_/< mol. sieves +~—0Bn
BnO~ o benzene BnOw. |2~
HO OMe T BnO
R o H o)

Scheme 1-125

Lactonization of 1-B-hydroxyalkylaziridine-2-carboxylic esters is effected by DBU
to furnish 4-oxa-1-azabicyclo[4.1.0]heptane-5-ones (Scheme 1-126) [90T6741].

Oy OEt
0O
1/ HO. DBU I j‘
T _ R1
Nj\:- Rt N R2
R

R'= Et, R?= H (74%)
R'=H, R?= 'Pr (81%)

1_ 2 o
Scheme 1-126 Ri=R°=H (64%)

When stereoisomers of the spirooxazolone shown in Scheme 1-127 are treated
with Et;N in MeOH, only the endo cycloadduct undergoes methanolysis of the oxazo-
lone ring and elimination, the exo isomer remaining unaltered. The use of DBU in-
stead results in a clean reaction for both isomers [94112989].

o Eho © i 0
DBU, 0°C
(0] + MeOH —_— : OMe

_ o HN
MeO N=( % )=0

Ph

Scheme 1-127
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Treatment of triol lactone with DBU results in ring-contraction to give (+)-goniofu-
furone (Scheme 1-128) [95T1429].

o}
DBU, THF OH OH HQ ~ OH
OH O rt, 4days : 0 —
] o =
H Ph 0 o
PR Y OH = Ho ©
OH OH
H
HO H O
—_— . o
Ph o
HO H

Scheme 1-128 (+)-Goniofufurone

Concomitant lactone alcoholysis and dehydrochlorination is effected by treatment
of 3,5-dichloro-2H-1,4-oxazin-2-ones with alcohols in the presence of DBU, affording
6-chloro-2-pyridinecarboxylic acid esters (Scheme 1-129) [96T6997, 96T12529].

oLt AN
> o +  EOH ———— A __OEt
N cI” N

¢ Yo 0

R= H, R'= Ph (70%)
R= H, R'= CHg (79%)

Scheme 1.129 R= CH,OPh, R'= CHj (55%)

Treatment of oxazolones with methanol/DBU results in ring-opening (Scheme 1-
130) [96TA1431]. Lactonization is induced by treatment of hydroxy ester derivatives
of 4,5-trans-isoxazoline with DBU (Scheme 1-131) [98CL1023]. The 4,5-trans-isoxazi-
line substrate initially undergoes facile isomerization to the cis isomer, thus offering
a convenient way to arrive at cis-isoxazoline compounds.

Q o)
CH30 O>\ OMe
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Scheme 1-130
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Scheme 1-131
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As seen above, DBU is not always active enough to be used as a promoter for
transesterification in a general manner. The basicity, and hence activity, are im-
proved by combining it with LiBr [91HCA1102]. Typically, the use of 0.5 equiv. of
DBU together with 2~5 equiv. of LiBr in neat alcohol mediates transesterification of
enolizable esters in high yields, except in the case of tertiary butanol. Peptide esters
are also employable, although elaboration to make the reaction conditions as mild as
possible is needed; otherwise epimerization cannot be avoided. This technology is
successfully applicable to detach peptides from PAM and Wang resins (Scheme
1-132).

Experimental Procedure [91THCA1102] Scheme 1-132

LiBr (5 equiv.) and the starting carboxylate ester (1 equiv.) are dissolved under dry Ar
in the appropriate quantity of the desired absolute alcohol, so that a 0.2-0.3 M con-
centration of substrate is obtained. Freshly distilled DBU (0.5 equiv.) is then added
to this solution, and stirring is continued at rt., the course of the reaction being mon-
itored by TLC or GC. When transesterification is complete, the mixture is evaporated
and hydrolyzed with a sat. aq. NH,Cl solution, or HCI (1 N). The product is extracted
twice with Et,O, the combined organic fractions are washed to neutrality with brine,
dried (Na,SO,), and evaporated, and the crude product is purified by distillation or
flash chromatography.

o o R
H
BOCHN\.)I\NJﬁ(N\)LN)\WOCHZOCHZCONHCHZ—O 4 MeoH
Ho T Ho T
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—_— 0C \_)LHJ\”/ \)I\H)ﬁ(oc 3
o [¢]

iPr

R=Bn; L: D=98: 2 (0°C, 8h)

_ipp- | - D= 00- o,
Scheme 1.132 R= Pr; L: D= 99: 1 (25°C, 4h)

This technique is also applicable to transesterification of the pentafluorophenyl
dienoate shown in Scheme 1-133 [97CC2305].
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DBU, LiBr
toluene-THF, 80°C, 10h

Scheme 1-133

Guanidine-mediated transesterification between acetylated carbohydrates and phe-
nols with alcohol effects deprotection of these substrates [87TL3569]. This technique
is applied to deacetylation of 3-acetoxycyclopentenone (Scheme 1-134) [90JOC3377].
However, straightforward application of this procedure to 2-deoxy-2-aminosugars
with 2,2,2-trichloroethoxycarbonyl groups results in decomposition of this group
to the corresponding carbamate. The use of guanidine/guanidine nitrate in metha-
nol, on the other hand, brings about the desired deacetylation (Scheme 1-135)
[97TL1627].

Experimental Procedure [90)OC3377] Scheme 1-134

A stock solution of 0.5 M guanidine in CH3OH is prepared by addition, under argon
atmosphere, of hexane-washed (3 Xx) sodium spheres (1.78 g, 77.4 mmol) to ice-
cooled CH;OH (154 mL). When all the sodium has reacted, guanidine carbonate
(14.2 g, 79.0 mmol) is added. This solution is stirred at room temperature for
25 min, and the mixture is allowed to stand, to settle out precipitated salts. Methyl 7-
[3-(R)-(acetyloxy)-5-oxo-1-cyclopenten-1-yl]-4(Z)-heptanoate (93:7 R/S ratio, 12.8 g,
45.6 mmol) in absolute CH;0H (50 mlL) is placed under argon in a separate flask.
This is cooled to 0°C in an ice bath, and the guanidine in CH;OH prepared above
(0.5 M, 100 mlL) is added to it by syringe over ~5 min. This mixture is stirred at
~10°C for 5 min. TLC (80% ethyl acetate in hexane on silica gel) shows complete
consumption of acetate. Glacial acetic acid (2.86 mL, 3.0 g, 50.0 mmol) is then added
to the reaction mixture to neutralize the guanidine. After the mixture has been stir-
red for 5 min, solvent is removed at reduced pressure to give a thick slurry. The resi-
due is partitioned between water (100 mL) and toluene/ethyl acetate (1:1 v/v,
100 mL). The aqueous layer is further extracted with ethyl acetate). The combined or-
ganic layers are washed with water (2 x 50 mL) and brine (50 mL) and dried over so-
dium sulfate. Removal of solvent at reduced pressure gives a deep amber oil, which
is purified by flash chromatography on silica gel with 50% ethyl acetate in hexane to
give methyl 7-(3(R)-hydroxy-5-oxo-1-cyclopenten-1-yl)-4(Z)-heptenoate (8.06 g, 77 %)
after exhaustive removal of solvent.
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Scheme 1-134
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Scheme 1-135

Imidazole is employable as a promoter for lactonization, as shown in Scheme
1-136 [97TL1001]. The reaction in CH3OH at 100 °C allows complete differentiation
between the two hydroxy groups. Diisopropenyl oxalate, obtained by addition of oxa-
lic acid to propyne, is transformed into various oxalate esters upon treatment with al-
cohol in the presence of imidazole (Scheme 1-137) [93T2629].

o, O\ imidazole, CH3CN
HO OH 100°C
MeO,Cr+ _—
BnO~ OTBS

Scheme 1-136

0 0.5 mmol imidazole (e}
THF, 50°C, 20~30h
ﬁ/o\”)‘\ O’K + ROH —_— > RO\H)I\OR
O O

Scheme 1-137

1.2.3.3 Others

Treatment of a chiral B-lactone with alcohols in the presence of LDA provides chiral
half-esters (Scheme 1-138) [96TL2275]. Octanol, cyclohexanol, 3-pentanol, farnesol,
and gymnoprenol are successfully incorporated by use of 2 equiv. of LDA.
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Scheme 1-138

Strongly basic phosphorus compounds are also useful. For example, non-ionic su-
perbases of the type P(RNCH,CH,);N catalyze transesterification of various car-
boxylic acids with primary, secondary, and allylic alcohols [99]JOC3086]. Acylation of
alcohols with enol esters is also feasible. A broad range of substituents — such as ep-
oxide, carbamate, acetal, oxazoline, nitro, and alkynyl groups — are tolerated. N-Pro-
tected peptides undergo clean transesterification without significant racemization.
The iminophosphorane bases PhCH,N=P(MeNCH,CH,);N and PhCH,N=P(NMe,);
catalyze acylation of primary alcohols with enol esters as well [99JOC9063]. Since
these catalysts are not effective for secondary alcohols, these alcohols can be discrimi-
nated from primary ones. Immobilization of these catalysts does not give rise to any
decrease in catalytic activity (Scheme 1-139). The new catalysts can be used three
times without significant loss of product yield, although the catalyst beads become a
fine powder that is more difficult to isolate.

Experimental Procedure [99)OC3086]

Ester (1 mmol) is added at room temperature to a stirred solution of
P(RNCH,CH,)3N (R = Me or i-Pr, 10-15 mol%) in the alcohol (5 mL). The mixture
is stirred for 4-24 h and the alcohol is then evaporated in vacuo. The residue is dis-
solved in diethyl ether and passed through a pad of silica. Solvent evaporation under
vacuum gives the product, which is found to be pure by "H NMR analysis.

Experimental Procedure [99)OC9063] Scheme 1-139

Enol ester (5 mmol) is added at room temperature to a stirred solution of iminopho-
sphorane base (10 mol %) and alcohol (1 mmol) in THF (0.5 mL). The mixture is
stirred at room temperature for 14-38 h, and the solvent and excess enol ester are
evaporated in vacuo. The residue is purified by column chromatography on a small
pad of silica gel, with 0-20% ethyl acetate in hexane as eluent. When polymer-sup-
ported catalyst is employed, the polymer is filtered off after the completion of the re-
action and washed with ether. The solvent is then evaporated in vacuo, and the resi-
due is purified by column chromatography on a small pad of silica gel with 0-20%
ethyl acetate in hexane as eluent.
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Scheme 1-139

Tris(2,4,6-trimethoxyphenyl)phosphine is utilized for deacetylation [2001CL934].
Peracetylated sugars and glucals are deacetylated completely upon treatment with
the phosphine in methanol. 2,2,2 Trihaloethylesters are transesterified by action of
Bu3;P/DMAP (Scheme 1-140) [99JOC1430]; no reaction takes place in the absence of
phosphine. The reaction proceeds via an acyloxyphosphonium intermediate, so
transesterification does not involve Mitsunobu-type inversion.

o PBus DMAP o
DMF, rt
+ ROH —mMm>
R)I\o/\cx3 HJ\OR.
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R= Ph, cHex
PBug o X R'OH
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R)]\O Uz

Scheme 1-140

Amberlite IRA 400 (OH) mediates methanolysis of a lactone to give a quantitative
yield of syn-1,3-diol (Scheme 1-141) [94JACS8422].

0_0
MeO Amberiite IRA 400 (OH) O OH OH
* o MeoH M A A_ome

96% MeO
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Scheme 1-141
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A benzyl to methyl ester transformation of cis-octahydroindolone is performed ef-
ficiently with the aid of DOWEX 1x8, a strongly basic anion exchange resin (Scheme
1-142) [96TA1899)].

H H

QBn Dowex 1x8 OMe
+ MeOH E——
o) N O o) N ©

H ‘Bn H ‘Bn
Scheme 1-142

Diphenylammonium triflate, an excellent catalyst for esterification between car-
boxylic acids and alcohols (see Section 1.1.3), also catalyzes transesterification where
1.5 equiv. of alcohol being necessary [2000TL5249]. Addition of 0.1 equiv. of TMSCI
improves catalytic activity.

1.2.4
Other Activators

Transesterification takes place when mixtures of B-keto esters and alcohols are
heated in toluene in the presence of NBS (N-bromosuccinimide), [2001SL1715].
NBS is only effective for -keto esters, no reaction occurring with other esters.

Samarium iodine is frequently used in reduction of various functionalities. Dur-
ing these reactions, coexisting esters occasionally undergo transesterification. When
conjugate reduction of o,B-unsaturated esters is performed with these reagent in
methanol, the ethyl esters are transformed into the corresponding methyl esters
(Scheme 1-143) [95SL443]. Reduction of azides [97TL1065] and aromatic nitro com-
pounds [98TL7243] to the corresponding amines is accompanied by transesterifica-
tion of coexisting ester functions.

Sm/l
Ph/\/COZEt + MeOH e, Ph/\/COZMe

m—coza v Meon oMl mcog\ne
H

H
Scheme 1-143

1.2.5
Enzymes

Transesterification is one of the reactions for which enzymes are utilized most effec-
tively. This technology has experienced explosive expansion for the last decade. Ac-
cording to the literature survey, in fact, more than 600 papers have appeared since
1990. This figure constitutes 10% of all the references hit by our literature survey on
esterification, and nearly 550 of these papers are related to lipases, an indication of
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the pivotal position of these enzymes (refer to the database disc). As in the case of es-
terification, their utilization was boosted by the development of enzyme reactions in
organic solvents. The enzymatic reaction is highly specific to individual reactions
and enzymes. In contrast to yeast lipase (see Section 1.1.7), PPL (porcine pancreatic
lipase) is not effective for esterification. However, kinetic resolution of secondary al-
cohols with this lipase by transesterification with 2,2,2-trichloroethyl esters is feasi-
ble (Scheme 1-144) [85JACS7072]. PPL is quite flexible with respect to experimental
conditions. The enzymatic process can be carried out in a variety of solvents such as
paraffins, toluene, carbon tetrachloride, ether, acetone, acetonitrile, dioxane, etc. In
all instances the presence of even a small amount of water severely suppresses the
enzymatic transesterification. The lipase can be used as a catalyst over a wide tem-
perature range: the enzymatic transesterification accelerates more than sevenfold
upon a temperature increase from 25 to 60 °C. The enzyme loses virtually no cataly-
tic activity after each transesterification performed at 25 °C and less than a quarter of
its initial activity if the reaction is carried out at 60 °C. The PPL/2,2,2-trichloroethyl
ester technique is applicable for the preparation of monoacylated sugars
[86JACS5638]. Only the primary hydroxy group can be acylated in pyridine at 45 °C
(Scheme 1-145).
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R R 0" ccl R N07 R
Scheme 1-144
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Scheme 1-145 R=Cq1Hoz (91%)

As well as PPL, lipase P from Pseudomonas sp. can also be used for lactonization
of methyl esters of w-hydroxycarboxylic acids (Scheme 1-146) [87TL805]. Subjection
of chiral methyl 10-hydroxyundecanoate to the same reaction conditions produces
no monolide but a small amount of diolide. However, y-methyl- and y-phenylbutyro-
lactones are obtainable in optically pure form with PPL (Scheme 1-147) [87TL3861].
The efficiency of lactone formation from methyl ®-hydroxy carboxylates with lipase
Amano P is enhanced by addition of molecular sieves (4 A), which serve for removal
of the methanol formed [89CL1775].
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There is a unique regioselectivity between primary alcohols [90CL1137]. The 4-hy-
droxy group of the diol depicted in Scheme 1-148 undergoes exclusive esterification
by isopropenyl acetate with the aid of Candidia cylindracea lipase.

. lipase .
Chiral Bn (Candida cylindracea) Bn Chiral
s . )Ol\ /& hexane s’
HO\/\/\OH (0] HO\/\/\OAC

Scheme 1-148

Immobilization of lipase is possible. Thus, CALB (Candida antarctica lipase B) at-
tached to a macroporous resin effects transesterification of B-keto esters (Scheme
1-149) [2001]JOC1906]. Primary, secondary, allylic, and propargylic alcohols are employ-
able. The kinetic resolution of secondary alcohols gives rise to esters with > 90 % ee.

o o CALB o 0
ROH  ——
AN, N .
R= Me or Et 92~98%
o o
o o o caLB —resin D OM
+ -~
PP W W
HO
HO
> 90%ee

Scheme 1-149
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The enantioselectivity in the kinetic resolution of racemic sulcatol by PPL in ether
is increased tenfold by dehydration of the enzyme and use of 2,2,2-trifluoroethyl lau-
rate as the ester (Scheme 1-150) [87TL2091].

Chiral o Chiral
OH (0] OH
)\/\)\ " )]\ ﬂ» /:\/\)\ * OJL R
= . =
4
R R' E
CaHy CHCICHCl, 24

-CHFCHF, 22

CyHys -CHCICHCI, 24
-CHFCHF, 19
CiiHag -CHCICHCI, 27

Scheme 1-150 -CHFCHF, 100

2-Amino alcohols are transesterified successfully, N-alkoxycarbonyl derivatives of
2-amino alcohols undergoing kinetic resolution by mammalian lipases in ethyl acet-
ate (Scheme 1-151) [87JOC5079]. 2-Halo-1-arylethanols are also substrates that can
be successfully kinetic resolved by lipase Amano P from Pseudomonas fluorescens
[88]0C6130].

Chiral Chiral
X X X
o} enzyme
HNT O+ PPN R UL HN YOS+ HNT O
AN OH o NI A~ OH
R=Et
R= Me

enzyme= steapsin/Celite or steapsin or pancreatin etc.

Scheme 1-151

The use of amino alcohols in enzyme-catalyzed transesterification is occasionally
convenient when the presence of other alcohols results in difficulties in workup op-
erations. Kinetic resolution of racemic methyl trans-3-(4-methoxyphenyl)glycidate (a
key intermediate for the synthesis of the well known drug diltiazem hydrochloride)
is accomplished with suitable amino alcohols and catalysis by CALB in organic sol-
vents (Scheme 1-152) [2001ASC(343)721]. The use of normal alcohols in this proce-
dure encounters difficulty in the separation, due to insolubility of the products.
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Protein engineering is useful for improving the activity of lipase. Although 1-halo-
2-alkanols are poorly resolved by CALB, mutants display high efficiency for kinetic
resolution with vinyl ester [2001CBC766].

Transesterification reactions between polyesters can be used to prepare copoly-
mers [2000JACS11767]. Transacylation reactions between polyesters are believed to
involve intrachain cleavage by the lipase to form an enzyme-activated chain segment,
followed by reaction of this activated segment with the terminal hydroxyl unit of an-
other chain (Scheme 1-153).

Scheme 1-152
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HOJ\(CHZ)S/O{\H/ (CH2)5——O’])J\(CH2)5/OF‘\(CHz)m/o‘]\n/(CH2)14—OH
0 ‘ X0

Scheme 1-153

A sequential application of a polymer-supported catalyst for kinetic resolution and
a scavenging reagent provides a convenient method for the isolation of chiral second-
ary alcohols (Scheme 1-154) [2001]JOC5645]. After the standard kinetic resolution of
a racemic secondary alcohol with polymer-supported CALB, the lipase is filtered off.
The filtrate containing the ester and unreacted alcohol is then treated with polymer-
supported benzoyl chloride as a scavenger. Upon filtration, the ester is obtained
from the filtrate while hydrolysis of the resin releases the alcohol.



88

1 Reaction of Alcohols with Carboxylic Acids and their Derivatives

(0]
OH o oA OH
+ o, — + O)I\F{3
R17R2 Z 07 RS RI7TR? :
R R2
precipitates /O KOH
> (0] MeOH oH
— X
o ’ 5 R'7R2 > 99%ee
filtration for removal of solid-phase R" 'R
catalyst scavenger .
o
KOH
) OH
filtrate J\ 3 MeOH H
L O R et -
i RIOR? > 99%ee
R R2

Scheme 1-154 formed in solution

Lipase-catalyzed transesterification in ionic liquids proceeds with markedly en-
hanced enantioselectivity: lipases such as CALB and Pseudomonas cepacia lipase are
up to 25 times more enantioselective in ionic liquids than in conventional organic
solvents [20010L1507]. Extraction of the CALB-promoted reaction mixture with
supercritical carbon dioxide enables facile separation of the products and the lipase/
ionic liquid mixture [2002CC992].

A combination of enzyme and phosphine catalyst allows parallel kinetic resolution
[2001JACS2428]. A three-phase system consists of ChiroCLEC-PC (a commercial
cross-linked lipase acylation catalyst), polymer-bound mesitoyl anhydride as an inso-
luble acyl donor, and a soluble chiral phosphine catalyst, together with vinyl pivalate
as a soluble acyl donor (Scheme 1-155). Such phase separation provides one way to
control which reagent is activated by a given catalyst.

o
N )OLt ChiroCLEC-PC it Q)L‘Bu
(0) Bu S0 Bu OH H
B AT
Ar
—_— .
OH
X Ar/'\ o
oH o
+Ro /O:KO
R Ar
R= 3,5-CgH3'Bu, attached to the solid phase

X= C(O)CgHa(CHg)s

Scheme 1-155

The combination of lipase and artificial catalysts can also provide dynamic kinetic
resolution [2001ASC(343)726]. Treatment of racemic B-hydroxy nitriles with CALB
(Novozym-435) and a ruthenium catalyst affords the corresponding S acetates in
85% yield with >94% ee (Scheme 1-156). The isomerization of the alcohol is cata-
lyzed by the ruthenium catalyst without deterioration in the lipase activity.
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Experimental Procedure

The ruthenium catalyst (10.8 mg, 4 mol%) and Novozym-435 (20 mg) are placed un-
der argon in a Schlenk flask. A solution of 3-hydroxy-3-phenylpropionitrile (112 mg,
0.6 mmol) in dry toluene (2 mL) is added under argon. The reaction mixture is stir-
red at 100 °C for 36 h. The enzyme is filtered off and washed with toluene (3 x 5
mlL). The organic layer is evaporated to leave the desired product.

o ro CALB on Chiral o Chiral
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R cl R R
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Scheme 1-156

Esterase catalyzes transesterifications carried out in biphasic aqueous/organic
mixtures [84JACS2687]. Water-insoluble substrates occupy the organic phase, while
the enzyme is situated in the aqueous phase. By use of porous supports (Sepharose
or Chromosorb) filled with aqueous solutions of hog liver carboxyl esterase as a
stereoselective catalyst and methyl propionate as a matrix ester, the optically active al-
cohols and their propionic esters can be produced on a preparative scale. Kinetic re-
solution of 2-arylpropanoic acid ester is effected by rabbit liver esterase [92TL5901].

The proteolytic enzyme subtilisin is catalytically active in anhydrous dimethylfor-
mamide. A number of carbohydrates and other sugar-containing compounds can be
regioselectively acylated by enzymatic transesterification through taking advantage
of the unique dissolving potency and broad substrate specificity of subtilisin,
(Scheme 1-157) [88]JACS584]. Monobutyryl esters of the disaccharides maltose, cello-
biose, lactose, and sucrose are readily prepared on a gram scale. The presence of a
bulky aglycon moiety does not substantially reduce the catalytic efficiency of subtili-
sin in dimethylformamide, thus permitting preparative-scale enzyme esterification
of natural compounds such as riboflavin, salicin, and the nucleosides adenosine and
uridine. In addition to the butyryl group, various N-acetylamino acid residues can
also be introduced onto sugars.
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Scheme 1-157

A subtilisin mutant derived from subtilisin BPN' is 100 times more stable than
the wild-type enzyme in aqueous solution at room temperature and 50 times more
stable than the wild types in anhydrous dimethylformamide [90JACS945]. The mu-
tant enzyme can be applied to regioselective acylation of nucleosides in anhydrous
dimethylformamide with 65-100 % regioselectivity.

The use of pyridine in place of dimethylformamide allows regioselective esterifica-
tion of the primary hydroxy groups of ribonucleosides [94TL1353]. By this procedure,
5’-O-acylribobucleosides are obtained in high yields with crude subtilisin and even
with the cheaper crude protease Proleather.

Cross-linked enzyme crystals of subtilisin, prepared by cross-linking of the crystal-
lized enzyme with gultaraldehyde, are more stable than the original in both aqueous
and mixed aqueous/organic solutions [97]JOC3488). This enzyme is used for transes-
terification.

The acylase from Aspergillus species catalyzes acylation of alcohols with vinyl acet-
ate [95SL599]. This technique can be applied to highly enantioselective kinetic reso-
lutions of secondary alcohols [97SL367].

Consecutive enzymatic reactions in one pot are feasible for chemically labile cya-
nohydrin derivatives (Scheme 1-158) [2002EJO1516]. Racemic O-acetylcyanohydrins
are resolved by treatment with propanol in the presence of CALB, but isolation of de-
protected S cyanohydrins as their THP or TBS ethers results in decreases in % ee.
This problem can be solved by esterification in situ. After the kinetic resolution, ad-
dition of vinyl butyrate to the reaction mixture affords the butyrate of the S cyanohy-
drin without any decrease in % ee.

Experimental Procedure

Immobilized Lipase B from Candida Antarctica CAL-B (368 mg) is added under ni-
trogen at 25°C to a solution of O-acetylcyanohydrin (3.68 mmol) in dry toluene
(36 mL). The reaction mixture is heated to 60°C and 1-propanol (0.54 mlL,
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7.36 mmol) is then added. After the mixture has been stirred for 3 h, vinyl butyrate
(2.8 mL, 18.4 mmol) is added. The mixture is stirred overnight and filtered. The or-
ganic layer is washed with sat. NaHCO; (25 mL) and dried. Evaporation followed by
column chromatography affords the corresponding acetate and butyrate.
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Scheme 1-158

1.3
Reaction with Acid Anhydrides

1.3.1
Without Activator

The acylation of alcohols is most frequently conducted by treatment with acid anhy-
drides. The use of bases such as amines is a common way to promote the reaction,
but acid-based procedures are also available. The reaction without recourse to any ac-
tivators is more desirable if possible. Many examples have demonstrated that the re-
action does indeed proceed, in particular for acetylation (refer to the database disc).
The reaction is best performed by heating an alcohol in acetic anhydride, even sec-
ondary and tertiary alcohols successfully undergoing acetylation (Scheme 1-159)
[97SC2777]. It should be noted that this technique is also useful in terms of conver-
sion of acid anhydrides into half esters.

57 on  + Q 0 105°C Q J<
)I\OJ\ 59% )l\o

Scheme 1-159

In the synthesis of des-N-methyl-N-acetylerythromycin derivatives, acetylation at
the 2'-position can be best performed simply by treating with Ac,O in EtOAc at
room temperature (Scheme 1-160) [97BMC1203], addition of amines such as Et3N,
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pyridine, or DMAP resulting in the formation of complex mixtures. A steroid deriva-
tive is also acetylated smoothly by Ac,0 in acetic acid without activator (Scheme
1-161) [98TL1145].

Scheme 1-160

Scheme 1-161

The preparation of valinate esters is successfully achieved by stirring the alcohol
with N-CBZ-rVal-N-carboxy anhydride at room temperature (Scheme 1-162)
[95NN1591]. This is a clean reaction because CO, is the sole by-product.

NHCbz

OQH AR Omo)\(

Scheme 1-162

1.3.2
Acid Catalysts

1.3.2.1 Brensted Acids

Brgnsted acids commonly employed for reaction between alcohols and acid anhy-
drides are sulfonic acids, sulfuric acid, and perchloric acid. There is nothing special
to note on the use of these acids, although a number of examples are available (refer



1.3 Reaction with Acid Anhydrides | 93

to the database disc). For instance, ethanolysis of cis-A*-tetrahydrophthalic anhydride
is carried out by the action of catalytic p-toluenesulfonic acid [630S304]. Sulfuric
acid effects acetylation of sugars [90CJC2055] and quinols with acetic anhydride
[91BC]842]. Sulfamic acid H,NSO;H is also employable [98SC3173]. Perchloric acid
is useful for acetylation of lactones with acetic anhydride [92CC1775]. When N,N-
bis(2-hydroxyethyl)trifluoroacetaminosuccinodiamide is treated with a mixture of tri-
fluoroacetic anhydride and nitric acid, both O-acylation and N-nitration take place
(Scheme 1-163) [961ZV1321]. When the amine is tertiary, no nitration occurs.
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Scheme 1-163

Pentafluorophenylbis(triflyl)methane is a new, strong, organic Brensted acid that
catalyzes benzoylation of menthol with benzoic anhydride (Scheme 1-164)
[2001AGC(E)4077]. Polystyrene-bound tetrafluorophenylbis(triflyl)methane also
works similarly as an organic-solvent-swellable catalyst.

Experimental Procedure [2001AGC(E)4077] Scheme 1-164

Synthesis of Polystyrene-Bound 2,3,5,6-Tetrafluorophenylbis(triflyl)methane: BulLi
(1.6 M solution in hexanes, 1.9 mL, 3.0 mmol) is added at room temperature to a mix-
ture of poly(4-bromostyrene) [0.37 g, 1 mmol, 2.71 mmol Br/g resin, 2% divinylben-
zene (DVB) cross-linked, 200-400 mesh] and benzene (5 mL). The reaction mixture is
stirred at 60 °C for 3 h. After the mixture has cooled to ambient temperature, the sol-
vents — together with excess BuLi — are removed by decantation. Benzene (1 mL), THF
(1 mL), and lithium pentafluorophenylbis(triflyl)methide (1.36 g, 3 mmol) are added
at 0 °C to the residual lithiated resin. The reaction mixture is stirred at room tempera-
ture for 0.5 h and further at 70 °C for 6 h. After the mixture has cooled to ambient
temperature, water (0.5 mL) and HCl (4 M, 0.5 mL) are added in that order at 0°C.
The polystyrene-bound 2,3,5,6-tetrafluorophenylbis(triflyl)methane resin is filtered
off, washed with water (5 mL), a 50 % aqueous solution of THF (5 mL), THF (5 mL),
and Et,0 (5 mL) in that order, and dried at 80 °C under vacuum (ca. 1 Torr) for 12 h to
afford the polystyrene-bound 2,3,5,6-tetrafluorophenylbis(triflyl)methane (0.46 g).
The loading of pentafluorophenylbis(triflyl)methane on the resin polystyrene-bound
2,3,5,6-tetrafluorophenylbis(triflyl)methane is estimated to be 1.01 mmol Tf,CHC4F,
unit/g resin, based on fluorine content as determined by elemental analysis.
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General Procedure for the Acylation of I-Menthol with Carboxylic Anhydride:
A mixture of l-menthol (0.47 g, 3 mmol) and acetic anhydride (0.42 mL, 4.5 mmol)
or benzoic anhydride (1.02 g, 4.5 mmol) in acetonitrile (7 mL) is stirred at 27 °C in
the presence of the Brensted acid catalyst. After the mixture has been stirred at 27 °C
for 1-17 h, polystyrene-bound 2,3,5,6-tetrafluorophenylbis(triflyl)methane resin is
filtered off, washed with HCI (4 M, 5 mL), water (5 mL), aqueous THF (50%, 5 mL),
THF (5 mL), and Et,0 (5 mL) in that order, and dried at 80°C under vacuum
(ca. 1 Torr) for 12 h to be reused. The filtrate is extracted twice with hexane, and the
organic layers are dried over magnesium sulfate, filtered, and concentrated under re-
duced pressure. The crude oil is purified by column chromatography on silica gel
(hexane/EtOAc) to afford the corresponding ester.

F F FE F
i i
38 QO
i Tt

F F F F

Scheme 1-164

1.3.2.2 Lewis Acids

The last decade has witnessed dramatic progress in the utilization of Lewis acids in
the acid anhydride procedure, particularly thanks to the development of metal tri-
flates. Commercially available Sc(OTf); is a versatile catalyst for this purpose
[95JACS4413, 96]JOC4560]. The high catalytic activity is apparent from catalyst load-
ings as low as 0.1 mol %. Besides acetylation, pivaloylation and benzoylation are also
feasible. Not only primary alcohols but also sterically hindered secondary or tertiary
alcohols are acylated. In contrast to the well known selectivity under basic condi-
tions, aromatic alcohols are less reactive than their aliphatic counterparts in competi-
tion reactions with this catalyst (Scheme 1-165). In cases in which the reaction rate
is slow, mixed anhydrides generated in situ serve for improvements. This methodol-
ogy is elegantly applied to lactonization of ®-hydroxy carboxylic acids (Scheme
1-166). Even medium-sized lactones are obtainable in reasonable yields with contam-
ination with only small amounts of the diolides. Chelation by the acid anhydride
moiety with concurrent intramolecular coordination by the terminal hydroxyl is be-
lieved to be responsible for the efficient lactonization.

Experimental Procedure [96)OC4560] Scheme 1-166

p-Nitrobenzoic anhydride (253 mg, 0.8 mmol) is dissolved in dry acetonitrile
(169 mL), and a cloudy solution of scandium triflate (0.1 m, 0.8 mL, 0.08 mmol) in
acetonitrile is added to the solution at room temperature under argon. A solution of
®-hydroxy carboxylic acid (0.04 M, 10 mL, 0.4 mmol) in THF is added slowly (from a
mechanically driven syringe over 15 h) to the mixed solution at reflux under argon,
and the reaction mixture is further stirred at reflux for 5h. After being cooled to
room temperature, the solution is quenched with aqueous saturated sodium hydro-
gen carbonate (4 mL). The resulting mixture is concentrated under reduced pressure
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and extracted twice with ether. The organic layers are dried over magnesium sulfate,
filtered, and concentrated in vacuo. Purification is done by column chromatography
on silica gel (eluent: hexane/ethyl acetate system) to give the desired lactone in good
yield. In some cases, diolide is also afforded as minor product.
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Scheme 1-165
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Scheme 1-166

The direct transformation of chiral O-trimethylsilyl cyanohydrins into the corre-
sponding O-acyl cyanohydrins is feasible with acid anhydrides or acid halides with
Sc(OTHf); catalysis (Scheme 1-167) [2002TL5715]. The reaction occurs with full reten-
tion of stereochemistry.
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Scheme 1-167

The slow acylation rate occasionally encountered with Sc(OTf); is accelerated by
use of Sc(NTf,);, which is believed to result from Sc(OAc); and Tf,NH [96SL265].
Acetylation of a tertiary alcohol and benzoylation of menthol, for example, proceed
much more rapidly (Scheme 1-168).
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TMSOTTf is also a useful catalyst for acylation of alcohols and phenols [96CC2625,
98J0C2342]. It is claimed that this catalyst is more powerful and cheaper than
Sc(OTf);. The reaction is extremely fast, selective, and mild. The following func-
tional groups are tolerated: acetylene, allylic ester, aromatic ring, carbamate, diene,
enone, ester, o,B-unsaturated ester, ether, halide, ketal, ketone, nitrile, sulfonate es-
ter, thioester, and triene. A plausible mechanism is shown in Scheme 1-169. The al-
cohol reacts with TMSOTS to form the TMS ether and TfOH. The latter reacts with
the anhydride to form the active acylating species, which could be a mixed anhydride
or an acylium ion. This species then reacts with the TMS ether to form the ester and
regenerate TMSOT{, which reenters the catalytic cycle. It may be said that TMSOT{
is not a genuine Lewis acid catalyst if this mechanism is valid. The more popular
TMSCI also catalyzes acetylation, but to a somewhat limited extent [97SC277].

Experimental Procedure [98]OC2342] Scheme 1-169

A solution of the alcohol (1 mmol) in CH,Cl, (2 mL) is treated at 0 °C with the acid
anhydride (1.5 mmol), followed by a CH,Cl, solution of TMSOTf (1 M, 20 uL). Upon
completion (TLC or HPLC), the reaction is treated with saturated aqueous NaHCO;,
and the two phases are separated. In cases in which an excess of acid anhydride has
been used, the reaction is quenched with stoichiometric quantities of methanol, fol-
lowed by washing with NaHCOs. The organic extracts are washed with water and
dried, and the solvent is evaporated. The products are generally very clean and do
not require any further purification.

R'OH + TMSOTf —— Rl'OTMS + TfOH
(RPCO),0 + TOH —> R2COOTf + R2COOH

R'oTMS + R2COOTf —> R2COOR' + TMSOTf

Scheme 1-169
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Bi(OTf);, which can conveniently be prepared from Ph;Bi (Scheme 1-170), is more
synthetically useful than Sc(OTf); and TMSOTS [2000AG (E)2877, 2001JOC8926]. The
catalytic activity is so high that the catalyst concentration can be lowered to a
0.005 mol % level for practical uses. The lack of a need for anhydrous reaction condi-
tions is a great operational advantage. Less reactive acylation reagents such as benzoic
and pivalic anhydrides are employable. The elimination reaction of tertiary alcohols is
virtually suppressed and, more remarkably, acid-labile THP- or TBS-protected alco-
hols, furfuryl alcohol, geraniol, and linalool can be acylated, as well as base-labile alco-
hols. Although a slight excess amount of acylating reagent should be used for com-
plete conversion of the alcohol in question, this sometimes causes tedious problems
in separation of the acylation product from the remaining acylating reagent. The
methanolysis technique is useful to overcome such an obstacle. Addition of methanol
after completion of acylation transforms the remaining acylating reagent into the
methyl ester, which is separable from the desired acylation products. This technique is
particularly useful for the Bi(OTf);/anhydride technique, while addition of methanol
induces decomposition of the acylated product in the cases of Sc(OTf); and TMSOTT.
Other bismuth(I1I) salts such as BiCl; and Bi(OCOCF;); also effect acylation, but not
so usefully as the triflate [2001T5851].

Experimental Procedure [2001)OC8926]

Bi(OTf);-Catalyzed Acetylation in Ac,O: Acetic anhydride (8.4 mL, 89 mmol),
2-phenethyl alcohol (1.22 g, 10.0 mmol), and an acetic anhydride solution (1.0 mL)
of Bi(OTf); — prepared from Bi(OTf); (7.3 mg, 0.01 mmol, calculated as the tetrahy-
drate) and Ac,O (10 mL) — are placed in a round-bottomed flask, and the mixture is
stirred at 25°C for 10 min. After ethyl acetate and aqueous NaHCOj; have been
added, the organic and aqueous layers are separated. The aqueous layer is extracted
three times with ethyl acetate, and the organic layers are combined and dried over
MgSO,. GC analysis of the crude mixture shows the formation of 2-phenethyl acet-
ate in 98 % yield.

Bi(OTf);-Catalyzed Acetylation in THF: THF (0.5 mL), furfuryl alcohol (98.1 mg,
1.0 mmol), Ac,0 (0.94 mL, 10.0 mmol), and Bi(OTf); (0.36 mg, 0.05 mol %, calcu-
lated as the tetrahydrate) are placed in a flame-dried, round-bottomed flask. The mix-
ture is stirred at 25 °C for 4 h. After ethyl acetate and aqueous NaHCO; have been
added, the organic and aqueous layers are separated. The aqueous layer is extracted
three times with ethyl acetate, and the organic layers are combined and dried over
MgSO,. GC analysis of the crude mixture shows the formation of furfuryl acetate in
93 % yield.

Bi(OTf)3-Catalyzed Pivalation of Menthol with (:-BuCO),0: A CH,Cl, solution
(3 mL, not purified, wet) of menthol (156.3 mg, 1.0 mmol) and (t-BuCO),0
(279.5 mg, 1.5 mmol) is stirred at 25°C in the presence of Bi(OTf); (21.8 mg,
3.0 mol %, calculated as the tetrahydrate) for 4 h. MeOH (10 mL, unpurified, wet) is
added, and the mixture is passed through a pad of silica gel with hexane, and the fil-
trate is evaporated. Ethyl acetate (30 mL) is added to the crude product, and this or-
ganic layer is washed three times with aqueous NaHCOj; and dried (MgSOy). Eva-
poration furnishes the pure pivalate ester (98 % yield, 235.6 mg).
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Ph3Bi +  3TfOH — Bi(OTf)g

Scheme 1-170

In the presence of a catalytic amount of Ph,BOT{, cyclic meso-dicarboxylic anhy-
drides are esterified stereoselectively with the diphenylboric ester of (R)-2-methoxy-
1-phenylethanol to afford chiral diesters (Scheme 1-171) [87CL377].
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Scheme 1-171 (40~99%de)

Vanadyl triflate promotes acylation to a considerable degree in terms of catalytic
activity and chemoselectivity, although neither benzoic anhydride nor tertiary alco-
hols are employable [20010L13729]. Since VCl; and V(OTf); are catalytically inactive,
the amphoteric character of the V=0 bond is responsible for the catalysis (Scheme
1-172). The positively charged vanadium acts as an acidic center, while the oxygen, as
a nucleophile, attacks the carbonyl carbon of the anhydride. In(OTf); [99SL1743] and
Cu(OTH), [99TL2611] serve equally well for acylation.

Experimental Procedure [20010L3729] Scheme 1-172

General Procedure for the Preparation of Vanadyl Triflate, V(O)(OTf), - x(H,0): Va-
nadyl sulfate trihydrate (342 mg, 2.1 mmol) is placed in a dry, 50 mL, two-necked,
round-bottomed flask, and methanol (2 mL) is then added. A solution of Ba(OTf),
(872 mg, 2 mmol) in methanol (2 mL) is then added at ambient temperature. After
30 min stirring, precipitation of barium sulfate is observed; this is filtered off over a
short pad of dry Celite. The filtrate is concentrated and dried in vacuo at 120 °C for
4 h to furnish vanadyl triflate (622 mg, 85% yield) as a faint blue solid, which is used
directly for the acylation reactions.

General Procedure for Acylation Reactions: Vanadyl triflate (3.7 mg, 0.01 mmol)
in anhydrous CH,Cl, (3 mL) is placed in a dry, 50 mL, two-necked, round-bottomed
flask. The acyl anhydride (1.5 mmol) is slowly added to the above solution at ambient
temperature. After 10 min, a solution of the nucleophile (1.0 mmol in CH,Cl,, 2 mL)
is slowly added to the dark green solution, and the reaction mixture is stirred for the
required period. After completion of the reaction as monitored by TLC, the reaction
mixture is quenched with cold, saturated aqueous NaHCOj; solution (5 mL). For the
acylation of B-hydroxy ketones or esters, ice-cold water is used to quench the reac-
tion, to prevent B-elimination. The separated organic layer is washed with brine,
dried (MgSO,), filtered, and evaporated. The crude product is purified by column
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chromatography on silica gel if required (in most of the acetylation reactions essen-
tially pure material is obtained without further purification).

o o ~  [RCO(0),0 O,C(O)R
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Scheme 1-172

Metal bis(trifluoromethylsulfonyl)amides such as (‘PrO),Ti(NTf,), and Yb(NTf,);
are powerful acylation catalysts [96SL171], and Yb[N(SO,C,Fo),]3 is more active than
Yb(OTf); for the reaction between ethanol and benzoic anhydride [98SL1347].
MI[C(SO,CgF17)3]3 (M = Sc and Yb) work as catalysts for acetylation with acetic anhy-
dride both in mono- and in biphase systems containing fluorocarbon and non-fluor-
ous organic solvents [2001TL289, 2002T4015]. M[N(SO3CH(CF3),),]; (M = La, Sm,
Ga, YD) also act as catalysts for acylation of alcohols and phenols [99JCR(S)160].

Experimental Procedure [2002T4015]

Cyclohexanol (0.21 mL, 0.20 g, 2 mmol) and acetic anhydride (0.19 mL, 0.20 g,
2 mmol) are added to a mixture of perfluoromethylcyclohexane (5 mL) and toluene
(5 mL). Scandium tris(perfluorooctanesulfonyl)methide (1 mol%, 89 mg, 0.02 mmol)
is added to the resultant mixture. The solution is stirred at 30 °C for 20 min, and the
resultant mixture is then allowed to stand at room temperature (20 °C), so that the re-
action mixture separates into the upper phase of toluene and the lower phase of per-
fluoromethylcyclohexane. Each of the upper phase and the lower phase is individually
analyzed by GC. Cyclohexyl acetate is obtained from the upper phase after evapora-
tion under reduced pressure and silica gel chromatography (0.279 g, 98% isolated
yield).

To the lower phase, containing the catalyst, toluene (5 mL), cyclohexanol (0.21 mL,
0.20 g, 2 mmol), and acetic anhydride (0.19 mL, 0.20 g, 2 mmol) are again added, fol-
lowed by stirring at 30 °C for 20 min. The resultant mixture is again allowed to stand
at room temperature (20 °C), so that the reaction mixture separates into the upper to-
luene phase and the lower perfluoromethylcyclohexane phase. Each phase is once
more individually analyzed by GC. The overall yield of cyclohexyl acetate in the
upper phase and lower phase is 100%. Essentially, the same procedure can be re-
peated a further three times. The overall yields of cyclohexyl acetate in the three re-
peated reactions are 99, 99, and 100 %, respectively.
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CoCl, catalyzes acylation with aliphatic acid anhydride [87CC114]. With this cata-
lyst, B-hydroxy carbonyl compounds do not undergo elimination to afford a,B-unsa-
turated carbonyl compounds (Scheme 1-173).
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Scheme 1-173

Tris(2-methoxyphenyl)bismuthane acts as a good template for macrocyclic ester
synthesis [95CC1407]. Treatment of an anhydride (1 equiv.), a polyethylene glycol
(1 equiv.), and the bismuthane (0.4 equiv.) in refluxing toluene furnishes the macro-
cyclic diester as the major product (Scheme 1-174). A small amount of tetraester is
also formed. A unique template effect of Bi(III) is proposed.
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Scheme 1-174

Various organotin Lewis acids are useful catalysts. Treatment of an alcohol with
acetic anhydride (1.1 ~ 3.0 equiv.) in the presence of 1,3-dichlorotetrabutyldistannox-
ane results in quantitative formation of the corresponding acetates [99T2899]. The
mildness of this reaction is apparent from the successful use of THP- or TBS-con-
taining substrates. The selectivity between primary and secondary alcohols is high,
and this technique is applied to monoacetylation of chiral 3-chloropropane-1,2-diol
at the primary position (Scheme 1-175) [99SL1927]. The resulting monoacetate is
transformed into optically pure epichlorohydrin via the 2-bromide.

Experimental Procedure [99T2899]

An acetic anhydride solution (1.4 mL, 15 mmol) of 2-phenylethanol (611 mg,
5.0 mmol) and 1,3-dichlorotetrabutyldistannoxane (27.6 mg, 0.25 mmol) is stirred at
30°C for 24 h. After conventional workup with aqueous sodium hydrogen carbonate
solution and ethyl acetate, the organic layer is dried over magnesium sulfate and eva-
porated. The crude mixture is subjected to column chromatography to give phe-
nethyl acetate (788 mg, 96 %).



1.3 Reaction with Acid Anhydrides

[CISnBu,],O
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Scheme 1-175 Br o

The catalytic activity of organotin Lewis acids is dependent on the amount of positive
charge on the tin [990M 3555, 20000M3220]. Thus, the activity for acid anhydride acet-
ylation decreases in the order: [Bu,Sn(OH)(H,0)J3" - 20Tf ™ > [(BuSn);,014(OH)¢*" -
2Cl™ > (CIBu,SnOSnBu,Cl),. The dicationic character is shared by the two tin atoms
in the first compound but by the 12 tin atoms in the second, while the third compound
is neutral.

LiCl [99SC2311], LiClO, [2001SL1584], and MgBr, [2000SC2587] are other Lewis
acids effective for acylation. Notably, addition of a tertiary amine dramatically en-
hances the activity [96JOC5702], so the combination of MgBr, (2 equiv.), acid anhy-
dride (2 equiv.), and tertiary amine (1.5 ~ 3 equiv.) effects benzoylation or pivaloyla-
tion very quickly. The high reactivity is explained on the basis of dual activation aris-
ing from magnesium alkoxide formation and the formation of MgBr,-anhydride
complex, which may fragment into acyl bromide and magnesium carboxylate
(Scheme 1-176). Mgl, also acts as a promoter [93]JCR(S)338].

ROH + MgBr B — ROMgBr

BrMg, . 0

o
(o] (o] —_—
O G rougr T

Scheme 1-176

Iodine mediates acetylation of sugars [97T11753]. Addition of I, to a suspension of
sugars in Ac,O followed by stirring affords the corresponding per-O-acetates
(Scheme 1-177). It is postulated that iodine acts as a Lewis acid that activates the car-
bonyl group of the anhydride.

Experimental Procedure [97T11753] Scheme 1-177

The sugar is suspended in acetic anhydride (5 mL per g of sugar for acetylation, 10
mL per g of sugar for acetolysis) and stirred. Iodine (10 to 500 mg per g sugar) is
added, and stirring is continued until TLC shows the reaction to be complete. In
small-scale reactions the reaction mixture is diluted with CH,Cl, and washed succes-
sively with dilute aqueous sodium thiosulfate and aqueous sodium carbonate solu-
tions. The organic layer is then dried (Na,SO,) and concentrated to give the product.
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The products obtained are in most cases pure enough for use elsewhere directly, or
they are otherwise purified by column chromatography. In large-scale acetylations
the reaction mixture is poured with stirring into ice-cold, dilute sodium thiosulfate
solution. The products are allowed to crystallize in the refrigerator, and are separated
Dby filtration.

HO AcO
Q 0.2¢eq. I, Q
HO - OMe + A0 ——>  AcO OMe

HO OH AcO OAc
-+
O O =0 o R'OH (0] (0]
+ | —_— —_— + + |
RJ\OJ\R : RJ\OJ\F{ RJ\OR RJ\OH :

Scheme 1-177

1.3.2.3 Solid Acids

Various types of zeolites are employable for acylation. With zeolite HSZ-360, alco-
hols and phenols are acetylated at 60 °C [98TL6049]. Chiral alcohols are acetylated
with complete retention of optical purity, and B-nitroalcohols experience no dehydra-
tion to nitroolefins. Mono- and disaccharides undergo per-O-acetylation on stirring
in acetic anhydride in the presence of H-beta zeolite at room temperature [99SL129].
This zeolite is better than HY, H-EMT, H-ZSM-5, H-ZSM-12, and H-ZSM-22. A no-
vel acylative cyclization reaction between phenol and acetic anhydride occurs over
CeNaY zeolite to give 4-methylcoumarin (>70%) (Scheme 1-178) [93CC1456]. Meso-
porous molecular sieves HMCM-41 effect acetylation of linalool [98G811].

Experimental Procedure [98TL6049]

In a typical procedure, the alcohol or phenol (10 mmol) and acetic anhydride
(20 mmol) are placed with stirring in a two-necked flask. After 5 min, zeolite HSZ-
360 (0.2 g) is added, and the mixture is heated at 60°C for the appropriate time. After
cooling, the mixture is extracted with Et,O and the catalyst is filtered off. After eva-
poration of the solvent, the acetate is purified by distillation or flash chromatography.

Ox 0. _0O i .
@\ . j/ \r zeolite (CeNaY) (cat.) d\l
OH 75% 0o

Scheme 1-178

Montmorillonite K-10 and KSF are efficient catalysts for acylation of alcohols
[97CC1389, 98]CS(P1)1913]. No selectivity between primary and secondary alcohols
is observed, while tertiary alcohols are not employable. In general, K-10 is better
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than KSF in terms of reaction time, temperature, and/or yield. Per-O-acetylation of
mono-, di-, and trisaccharides is feasible with Montmorillonite K-10 [98TL2215]. For-
mation of o,B-furanose per-O-acetates takes place mostly in monosaccharide cases,
partial anomerization and acetolysis occurring under these conditions. Most disac-
charides are smoothly converted into mixtures of pyranose per-O-acetates.

Experimental Procedure [98)CS(P1)1913]

Acetic anhydride (10.0 mmol) is added to a mixture of the alcohol (1.94g,
5.00 mmol), K-10 (100 mg), and CH,Cl, (10 mL). After the mixture has been stirred
at room temperature for 2 h, the catalyst is removed by filtration and washed with
CH,Cl, (10 mL). The solvent is evaporated under reduced pressure. The residue is
pure enough for general purposes, while further purification may be achieved by col-
umn chromatography on silica gel, to give acetate in 98 % yield.

Acidic resins such as Nafion H [2000SL1652] and Amberlyst-15 [92SC2703] are
also useful. In particular, the former resin effects acylation of a variety of alcohols,
such as primary, secondary, and allylic alcohols, as well as monosaccharides. Inter-
estingly, acid-sensitive groups (ketals, acetals, THP ethers, cyclopropanes, etc.) are
tolerated.

Experimental Procedure [2000SL1652]

Nafion H (30 mg) is added to a solution of acetic anhydride (4 mmol) and an alcohol
(2 mmol) in CH,Cl, (3 mL). The resulting heterogeneous mixture is stirred at room
temperature for 3-20 h. The CH,Cl, layer is decanted into another flask, and the re-
sidual Nafion H is washed with CH,Cl, (2 x 2 mL). Evaporation of the solvent, fol-
lowed by purification, affords pure acetates.

Yttria-zirconia-based Lewis acid efficiently catalyzes acylation of structurally di-
verse alcohols [2001SL206]. The catalytic activity of TaCls is enhanced when it is sup-
ported on silica gel [98TL3263]. Primary, secondary, allylic, and benzyl alcohols, and
also phenols, are smoothly acetylated, but tertiary alcohols are not employable.

Zirconium sulfophenyl phosphonate (of formula o-Zr(O3PCHj3)q,(0O3PCeHy
SO3H)g3) is an efficient heterogeneous catalyst for acylation of primary, secondary,
tertiary, allylic, benzylic, and acetylenic alcohols, and also phenols [2000SC1319].
Good selectivity between primary and secondary alcohols is attained (pri > sec), but
phenols cannot be discriminated from alcohols.

1.3.3
Base Activators

1.3.3.1 Metal Salts

Acetylation with acetic anhydride is often accelerated by addition of sodium acetate.
Acetolysis of methyl glycosides of N-acetylneuraminic acid is effected by treatment
with acetic anhydride and sulfuric acid in glacial acetic acid (Scheme 1-179)
[99]CS(P1)2109]. The yields of the corresponding 2,3-unsaturated derivatives are im-
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proved by increasing the pH of the reaction mixture to 5 during workup by addition
of sodium acetate.

1. conc. HSO4, AcOH
2. AcONa

67%

+  AcO0

Scheme 1-179

Acetylation of phenols with acetic anhydride is smoothly conducted in the pre-
sence of sodium acetate (Schemes 1-180, 1-181, 1-182, 1-183) [91JOC980,
93JOC5855, 95ZN(B)1257, 931JC(B)817]. Similarly, enols are converted into vinyl es-
ters (Scheme 1-184) [92SC3013, 96SC4023, 98SC2907].

+ AcO NaOAc
(¢} C2 — > A0 H (¢}

R= CHg R'= H (96%)
R=R'= H (90%)
R= H, R'= CH3 (83%)

HO

Iz

Scheme 1-180

MeO. NH, MeO. NHAc
1. NaOAc
+ Ac,0O B —
HO 2. Brp NaBr AcO SCN

OMe MeOH, NaSCN OMe

Scheme 1-181

NaOA
+ A0 a0A

Scheme 1-182
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NaOAc
+ Ac,0 E—

R= N(CHa), (42%)
Scheme 1-183 R= OCHj3 (60%)

R
NaOAc
©\)\IOH +  Ac0 - > (:ﬁ\IOAC
(o)X 6] (o)X 6]

OH OAc
NaOAc
O RS + Ac,0 _— O RS
o” "0 [0 X 6]
Scheme 1-184

Potassium acetate works as well for acetylation of phenol (Scheme 1-185)
[94JOC4735] and benzyl alcohol (Scheme 1-186) [97]JOC5627].

Experimental Procedure [94]OC4735] Scheme 1-185

KOAc (0.55 g, 5.57 mmol) is added to methyl 4-hydroxy-6-methylbenzofuran-5-car-
boxylate (0.750 g, 5.06 mmol) in Ac,O (20 mL). The mixture is stirred at 120 °C for
12 h, cooled to rt., diluted with NaOH (2 ~, 50 mL), and extracted with ether (3 x
60 mL). The organic layer is dried over Na,SO,, concentrated in vacuo, and purified
by silica gel flash chromatography with hexane/ethyl acetate (10:1) to give the acet-
ate of methyl 4-hydroxy-6-methylbenzofuran-5-carboxylate (1.24 g, 100 % yield).

OH OMe OAc OMe
noo | 1KOAC
+ C: —_—
/ o 2 2. NBS, CCl, / o
o (PhCOO), (cat.) o Br

Scheme 1-185 100%

Experimental Procedure [97)OC5627] Scheme 1-186

A mixture of 4-(hydroxymethyl)-2-methylaniline (16.58 g, 0.12 mol), acetic anhydride
(34.0 mL, 0.36 mol), and potassium acetate (23.71 g, 0.24 mol) in CHCI; (240 mL) is
stirred at rt. for 3 h, heated at reflux for 2 h, and stirred at rt. overnight. n-Amyl ni-
trite (32 g, 0.27 mol) and 18-crown-6 (1.59 g, 6.0 mmol) are then added, and the mix-
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ture is heated at reflux for 28 h. After being cooled to rt., the reaction mixture is
added to acetic anhydride (10 mL) and stirred at rt. overnight. The reaction mixture
is diluted with CH,Cl, (400 mL), washed with saturated NaHCO; (200 mL), water,
and brine, and dried (Na,SO,), and the solvent is evaporated to give a dark brown so-
lid. Chromatography (silica gel, 15% EtOAc/hexane) gives 1-acetyl-5-(acetoxymethy-
l)indazole as a yellow solid (16.98 g, 58 %).

AcO N
HO 1. KOAc, CHCly N
+ A0 @ — 8 5 N
NH

2. Me(CHy),ONO

2 18-crown-6 (cat.) O)\
CHCl3 o

Scheme 1-186 58%

Acetylations of phenols are also effected by use of suspensions of potassium car-
bonate (Schemes 1-187, 1-188, 1-189) [94A]C1815, 98]CS(P1)3453, 99BMC869].

KoCOg, CH,Cl
+ Ao T,

MeO

Scheme 1-187

v KeCOg, Et;0 Vs
HO‘Q_/ + A0 P ACO‘Q_/

OH OAc
Scheme 1-188

HO O._Ph KoCOs AcO O._Ph

95%
OH O OAc O

Scheme 1-189

In contrast to the above reactions in suspension, use of an aqueous solution of so-
dium bicarbonate allows selective acetylation of phenol, leaving aliphatic alcohols in-
tact (Scheme 1-190) [95BMC1505]. The analogous selective acetylation is also feasible
in a liquid-liquid two-phase system consisting of aqueous sodium hydroxide and iso-
propanol (Scheme 1-191) [92SC2703].
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1. Ac,0, ag. NaHCO3

2. ACSH, PPhg DIAD
THF

Chiral Chiral

2.7 eq. NaOH
IPrOH, H,0
+ Ac,0
95%

Scheme 1-191

A unique mechanistic switch is seen with NaCo(CO), catalyst (Scheme 1-192)
[990L1985]. The reaction between the alcohol and acetic anhydride proceeds via an
acylcobalt intermediate in acetonitrile, since ionization of the catalyst is induced in
polar solvent, while in non-polar toluene the sodium cation acts as a Lewis acid.

Scheme 1-192

In addition to acylation of alcohols, the acid anhydride technique also serves for
the synthesis of half esters of dicarboxylic acids. Enantioselective cleavage of cyclic
meso anhydrides is achievable by treatment with the lithium salt of a chiral mande-
late ester (Scheme 1-193) [91JOC2122]. The obtained half ester can be used as a start-
ing material for the synthesis of S-1452, an orally active potent thromboxane A, re-
ceptor antagonist.

Experimental Procedure [91JOC2122] Scheme 1-193

A solution of benzyl (R)-mandelate (5.33 g, 22.0 mmol) in THF (50 mL) is cooled to
—78 °C, butyllithium in hexane (1.6 M 13.13 mL, 21.0 mmol) is added dropwise, and
the mixture is stirred for 15 min. A solution of bicyclo[2.2.1]hept-5-ene-2,3-endo-di-
carboxylic anhydride (3.32 g, 20.0 mmol) in THF (20 mlL) is added to the reaction
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mixture, and the resulting mixture is stirred at =78 °C for 1 h. The reaction mixture
is acidified with HCI (2 ), and the product is extracted with ethyl acetate. The or-
ganic layer is washed with water and an aqueous solution of sodium chloride and
then concentrated to yield a mixture of (15,2R,3S,4R)-bicyclo[2.2.1]hept-5-ene-2,3-di-
carboxylic acid 2-(benzyl (R)-mandelate) and its diastereomer (9.33 g, 99%).

o)
H{ .Ph
OXCOOBn
O .
0 H\_<Ph COOH
@ L0~ "COOBn
O —» + :
99%

] COOH

@ o._cooBn 14
oPH H
N -“‘\=/v\coo Ca-2H,0
—
- NHSO,Ph )
S-1452

Scheme 1-193

Highly diastereoselective alcoholysis of o-symmetric dicarboxylic acid anhydrides
can be performed by use of a sodium salt of 1-phenyl-3,3-bis(trifluoromethyl)pro-
pane-1,3-diol (Scheme 1-194) [92CL389].

(0]
O
NaH |
4
OH OHCF H/—\ <O organic solvent R{—\L OH
+ — = CF
Ph 8 O 3
CF3 \ S—T CF
\_/<O 1 m ;

Scheme 1-194

1.3.3.2 Amines
The acylation of alcohols by acid anhydrides can most conveniently be carried out
with the aid of amines. Although simple amines are not always employable, because
of their relatively low basicity, they are the reagents of choice when the alcohol func-
tion is reactive enough, the substrates are too labile towards strong bases, or the acid
anhydrides are reactive. The following are some representative examples.
Acetylation of azabicyclo[3.2.1]octanonone is achieved by stirring with Ac,O in
Et;N at room temperature (Scheme 1-195) [95]OC5825].
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New 0o New 0
NEts
+ Ac,0 —_—
Ph 98% Ph
H HJ H J
OH OAc

Scheme 1-195

n-Allyltungsten complexes undergo acetylation by Ac,O/Et;N in high yields
(Scheme 1-196) [92CC45].

o) O,
w OH ) OAc
M= WCsHs(CO)z R=Ph (88%)

_i o
Scheme 1-196 R="Pr (90%)

Trifluoroacetylation can normally be carried out by use of triethylamine. Pro-
pargylic alcohols [98SC1201] and silylmethanols [92CB591] are smoothly converted
into the corresponding trifluoroactates (Scheme 1-197).

J— (0] O R%\ (0]
RT\OH . J\ J\ NEt; benzene o
F3C” "O” "CF3 CF,
R=Pr, Ph
Ph  OH o O NEt3
Ph—Si—/ + JU — mn ' o
H FsC” "O” "CF3 95% Ph—al CF3

Scheme 1-197

The reaction between two equivalents of maleic anhydride and a benzenedimetha-
nol in the presence of N,N-diisopropylethylamine affords dicarboxylic acid salts,
which are further converted into cyclophanes upon treatment with o,o-dibromoxy-
lenes (Scheme 1-198) [98TL1857].

(0]
OH
SRS
HO =
[¢)
y . 0 7 %o
1. N, N-diisopropylethylamine, THF, 50°C, 2h d - l
2. Br o
Br = , CHyCly, 50°C, 72h 5 ~R—

(0]

Scheme 1-198
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The limitations frequently encountered in the simple amine protocol can be over-
come to a considerable degree by use of 4-dialkylaminopyridines, usually DMAP or
PPY (4-pyrrolidinopyridine) [69AGC(E)981, 71CB3229, 725619]. The use of these re-
agents in either stoichiometric or catalytic amounts is effective: in the latter case, ex-
cess triethylamine or pyridine should be added to trap the acid formed. A wide range
of alcohols, including highly sterically demanding tertiary alcohols and phenols, are
acylated. It is postulated that N-acylpyridinium carboxylates are key intermediates,
undergoing nucleophilic attack by alcohols (Scheme 1-199) [78AGC(E)569].

Experimental Procedure [69AGC(E)981]

A mixture of 1-chloro-1-methylhexanol (11.4 g, 0.1 mole), acetic anhydride (20 mL,
0.21 mole), triethylamine (20 mL, 0.15 mol), and DMAP (0.5 g, 4.1 mmol) is stirred
at rt. After 14 h at room temperature, an 86 % yield of the corresponding acetate is ob-
tained. The amounts of acetate produced by use of pyridine and/or triethylamine only
are less than 5%.

X
o o @ @ o ROH o A
+ |l _— —_— + |l
RJ\OJ\ R N7 j‘\ _OJ\ R RJ\OR' N
0" R

Scheme 1-199

The DMAP/pyridine technique can be further elaborated by use of high pressures
(1.5 GPa) to effect acylation of cyclic anhydrides with sterically demanding alcohols
(Scheme 1-200) [95SL650]. The monoesters are obtained selectively in 80-90%
yields.

X Py, DMAP

it B”)L o o BB\ o o Jin
-t .
o7 olo OJ\XJ\OH oJ\xJ\o

Bn>,OH +

80~90%

X= CHoCHy, CHoCHoCHp, CHyCH(Me)CH,, CHOCHo, 1,2-CaHy

Scheme 1-200

A planar-chiral DMAP derivative catalyzes kinetic resolution of arylalkylcarbinols
[98]OC2794] and secondary propargylic alcohols (Scheme 1-201) [99JACS5091]. The
use of tert-amyl alcohol as solvent is crucial for attaining high selectivity.
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Scheme 1-201

Another chiral analogue of DMAP is also effective for kinetic resolution of aryl-
alkylcarbinols (Scheme 1-202) [2000JOC3154].

OH . cat., Et3N, PhMe OH _
+ (PrcO),0 @ ——————> + Q" 'Pr
Ar” “Me Ar” "Me

‘ NEt,
cat. =
A

P N7
Scheme 1-202
A chiral catalyst derived from PPY is also available (Scheme 1-203) [97JACS3169].

Kinetic resolution of various half-esters of cyclic 1,2-diols can be achieved. An acyl-
iminium ion is proposed as a key species responsible for asymmetric induction.

R
R catalyst O—<
O—< ) toluene (e}
e} +  (PrCO),0 —— )
O _'Pr
OH \n/

cat.= H'

ey,

H
H
~

s

O
o LI
oH
N X
L&
/~
H
(6]
+
"N Me
H H Me

Scheme 1-203
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A peptide bearing 3-(1-imidazoyl)-(S)-alanine as the N-terminal amino acid cata-
lyzes the kinetic resolution of trans-2-(N-acetylamino)cyclohexan-1-ol (Scheme 1-204)
[98JACS1629]. An acyl imidazolium intermediate is postulated. This catalyst exhibits
catalyst specificity, no resolution being feasible with methylnaphthylcarbinol. The
second generation catalysts involve variation of the amino acids at the (i + 1) and
(i + 3) positions (Scheme 1-205) [98]OC6784]. Alteration of the amino acid unit at
the (i + 3) position has little influence on the selectivity of trans-2-(N-acetylamino)cy-
clohexan-1-ol in kinetic resolution, while substitution of 1-proline at the (i + 1) site
with p-proline results in a tenfold increase in the selectivity.

HQ NHAc AcO NHAc HQ, _‘NHAC
> catalyst, toluene >
+ A0 —_— +

(#) 92 : 8

cat= BocHN N NE BocHN No--" NH
: >--'Me i /§ " ‘Me
~N
N, Ph N D
& <

N
NTHH g
Xaa= L-, D-amino acid
BocHN_~~o---- NHX (i+1)= L-Pro or D-Pro
H aa .
: (i+3)
1
(1) Y\N O=<
N7 OMe
7
Me

Scheme 1-205

Asymmetric ring-opening of prochiral cyclic acid anhydrides is a useful method
for obtaining optically active compounds. Naturally occurring cinchona alkaloids
mediate the ring-opening of meso cyclic anhydrides with methanol to furnish the cor-
responding half-esters, which can be transformed into lactones with up to 70% ee
(Scheme 1-206) [85CC1717, 87JCS(P1)1053]. Interestingly, the diastereomers ob-
tained by inversion of the C-9 hydroxy group exhibit low activity as well as % ees.
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O O
/l( cinchona alkaloid )l\
toluene OMe
+  MeOH ~ uene
R\«O R OH
[e]

/B&H (0]
H
HO N

alkaloid= 9 8
R N
R'= OMe, 8S, 9R; quinine
N/ R'= OMe, 8R, 9S; quinidine

Scheme 1-206

Cinchona alkaloids are also effective for ring-opening of tri- and tetracyclic anhy-
drides to afford the corresponding half-esters with 35-67% ees (Scheme 1-207)
[90TA517, 88CC632]. The absolute configurations of the products are tunable by se-
lection of quinine and quinidine.

O
/ quinine 7
o) o MeOH  ————> COOH
o COOMe
quinidine 7
> COOMe

COOH

(0]

MeOH quinine COOH
+ —_—
o © CooMe
(o}
quinidine COOMe
—_—
COOH

Scheme 1-207

Optimization of the cinchona alkaloid procedure improves the selectivity up to
99% ee in the presence of a stoichiometric amount of the promoter [2000JOC6984].
The catalytic version (0. 1 equiv.) is feasible with co-use of pempidine (1.0 equiv.), re-
sulting in a 100 yield with 90% ee.

Ethers of cinchona alkaloids — (DHQD),AQN and (DHQ),AQN - are more effi-
cient catalysts (Scheme 1-208) [2000JACS9542]. High yields (77-90%) and % ees
(82-98) are attained in desymmetrization of cyclic carboxylic anhydrides with metha-
nol, while the absolute configurations can be switched by the selection of the two cat-
alysts above (Scheme 1-209).
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2 5mol% catalyst COOH
Cliéo . MeOH toluene, rt C[

COOMe
[e]
O DHQD OMe
catalyst= II .I ‘I
[¢] DHQD
(DHQD),AQN DHAD DHQ
Scheme 1-208
HOCHg/(DHQ),AQN
O}/ \O
R
)8: S
R
o\ HOCHgz/(DHQD),AQN l/o

Scheme 1-209

These ethers are also useful for parallel kinetic resolution with a single catalyst
(Scheme 1-210) [2001JACS11302]. Alcoholysis of 2-alkyl or 2-aryl succinic anhy-
drides in the presence of (DHQD),AQN provides the two corresponding stereoi-
somers. The stereocenters at the C-2 position of the substrates are fully recognized,
followed by regioselective alcoholysis. Quite naturally, (DHQ),AQN induces the op-
posite selectivities.

1) (o} (o}
R (DHQD),AQN R R
ether, -24°C - '
0 + R'OH —_— OR + OH
OH OR'
o o} o}
R= alkyl, aryl

Scheme 1-210

Diethyzinc complexes with amino alcohols such as ephedrine, cinchonine, cincho-
nidine, and quinidine also effect desymmetrization of cyclic carboxylic anhydrides
[93BCJ2128].

1.3.3.3 Phosphines

Phosphines possess a considerable degree of basicity and so can be used for promoting
acylation. Bu;P is a weak base in organic solvent but exhibits activities nearly compar-
able to those of DMAP [93JACS3358, 93JOC7286]. For benzoylation, the BusP-cata-
lyzed reaction is faster than its DMAP counterpart. DMAP is more versatile though,
since it shows catalytic activity in reactions between alcohols and a larger variety of elec-
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trophiles than Bu;P does. The phosphine also appears to be somewhat more sensitive
than DMAP to counter-ion effects. Nevertheless, use of BuP is advantageous in that it
is cheaper and less toxic than DMAP, is not easily deactivated by the carboxylic acid
generated in reactions using acid anhydride, and can be used under nearly neutral con-
ditions. Enantiopure 2,3-dialkyl-1-phenylphosphapentane is employable for desymme-
trization of racemic 1,2-diols and kinetic resolution of secondary alcohols through acid
anhydride acylation [96]OC430], but the ees of the products are modest. The enantios-
electivity is improved by the use of 2-aryl-4,4,8-trimethyl-2-phosphabicyclo[3,3,0]oc-
tanes (Scheme 1-211) [99JACS5813]. These phosphines can be stored as borane ad-
ducts and released by warming with pyrrolidine. Aryl alkyl carbinols are resolved with
isobutyric anhydride, an acylphosphonium intermediate being postulated.

Me

Me
H
H RP—=BH e
3 Ar=Ph, 3,5-di(Bu)Ph
Ar
pyrrolidine
A OCOPr
Me Ar R
Me Me oH 70~99%ee
. Me o AR
(PICO)0  + H = H]+p~ ———» +
—_ oY R= alkyl
H P! i Pr alky
Ar . _ OH
iPrcoo
AR
40~95%ee

Scheme 1-211

The non-ionic superbase P[MeNCH,CH,|;N acts as a catalyst for acylation with
acid anhydrides for hindered alcohols and also for acid-sensitive alcohols
[96]JOC2963]. The reaction is likely to proceed with assistance of transannular coordi-
nation, as shown in Scheme 1-212.

Experimental Procedure [96]OC2963] Scheme 1-212

After the superbase P[MeNCH,CH,]5N (1.1 g, 5.1 mmol) has been dissolved in sol-
vent (30 mL) at 24 °C under N,, the appropriate acid anhydride (5.1 mmol) is added
and the mixture is stirred for 5 min. The alcohol (4.8 mmol) is then added with con-
tinued stirring. After ~1.5 h, water (0.05 mL) is added with stirring. This is followed
by the addition of ether (80 mL), and stirring is continued for 5 min more. (When
acetonitrile or benzene is used as the solvent, ~95% of the solvent is evaporated be-
fore addition of the ether.) The mixture is then filtered, and the residue is washed
with ether (20 mL). The organic layer is dried with anhydrous sodium sulfate, fol-
lowed by concentration under vacuum, to afford the crude ester, which is purified by
chromatography on silica gel. The residue obtained from the reaction is treated with
KO-t-Bu to recover PIMeNCH,CH,]3N.
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Enzymes

The acid anhydride technique with enzymes is in some respects more advantageous
than esterification and transesterification. Since no water is formed, the enzyme is
protected from hydrolysis, and undesired side reactions requiring water (such as ra-
cemization) are avoided. The equilibrium is more readily shifted to the product ester
side than transesterification, because the acid formed is completely removed from
the equilibrium system. Lipase Amano P from Pseudomonas fluorescens adsorbed on
Celite 577 can be used for kinetic resolution of primary and secondary alcohols
[88JOC5531]. Analogously, lipase AY-30 from Candida cylindacea adsorbed on Celite
can bring about kinetic resolution of highly lipophilic substrates (Scheme 1-213)
[90TA541]. The adsorption or the addition of organic base 2,6-lutidine or the inor-
ganic base KHCOj; improve the selectivity.

Experimental Procedure [88]OC5531]

Amano P lipase (0.12 g, 3600 units) supported on Celite 577 (0.48 g) is added to a
magnetically stirred solution of racemic 1-phenylethanol (2 g, 16.3 mmol) and acetic
anhydride (1.66 g, 16.3 mmol) in benzene (40 mL), and the reaction mixture is stir-
red at room temperature. Periodically, 1 pL aliquots of the liquid phase are with-
drawn and analyzed by GC. After 24 h, approximately 50% conversion has been
reached, and the reaction is stopped. The solid enzyme preparation is filtered off,
and the filtrate is washed with aqueous Na,CO; (5%, 40 mL), dried over sodium sul-
fate, and evaporated to dryness. Chromatography on silica gel with hexane/ether
(95:5) as eluent affords (S)-(-)-1-phenylethanol (0.86 g, 43%).

AY-30

OMe OMe
MeO (C. cylindracea) MeO MeO, _oMe
al Cl v A0 toluene, base cl cl . cl al
c-L [/ \_Cl
Cl
Cl OH Cl OH AcO

Scheme 1-213
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Selective acylation of primary alcohols in preference to secondary ones in diols
and triols is achieved by use of PPL in organic solvents (Scheme 1-214) [90TL3405].
Propionic anhydride gives better outcomes than acetic anhydride.

~(CH _(CH
o™ 2)4\|/\OH . AcO PPL, THF aco” (CHe
OH 90.2%

)4\|/\OAC
OH

Scheme 1-214

1.3.5
Mixed Anhydrides

The reactivities of anhydrides towards nucleophiles can be enhanced by combining
different carboxylic acid partners. Benzoic acid derivatives with electron-withdrawing
groups are most commonly employed to activate the counterpart. Mixed anhydrides
with a 2,4,6-trichlorobenzoic acid moiety (Yamaguchi procedure) are also extremely
versatile (Scheme 1-215) [79BC]J1989]. The mixed anhydride is prepared by treatment
of a carboxylic acid with trichlorobenzoyl chloride (1 equiv.) in the presence of Et;N
(1 equiv.) and then treated with alcohol (1-2 equiv.) in the presence of DMAP
(2—4 equiv.) to provide the desired esters. Both secondary and tertiary alcohols are
smoothly esterified at room temperature. Of great significance is the applicability to
lactonization of w-hydroxy acids. This procedure is now recognized as the most ver-
satile means in macrolactone synthesis.

Experimental Procedure [79BC|1989] Scheme 1-215

Relative Rates of Alcoholysis of Mixed Anhydrides: The acid chloride to be examined
(0.3 mmol) is added to a mixture of 2-methylpentanoic acid (37 pL, 0.3 mmol) and
triethylamine (42 pL, 0.3 mmol) in THF (2 mL), after which the mixture is stirred at
room temperature for 20 min. After the removal of triethylamine hydrochloride by
filtration, the filtrate is evaporated under nitrogen and the residue is dissolved in di-
chloromethane (1 mL). To this solution is added a mixture of 2-methyl-2-propanol
(56 pL, 0.6 mmol) and 4-dimethylaminopyridine (73 mg, 0.6 mmol) in dichloro-
methane (1 mL), and the resulting mixture is stirred at room temperature. The for-
mation of the ester is followed by GLC by addition of bromobenzene (50 pL) as an in-
ternal standard.

Preparation of Lactones: 2,4,6-Trichlorobenzoyl (or 2,3,6-trimethyl-4,5-dinitroben-
zoyl) chloride (1.0 mmol) is added to a mixture of a hydroxy acid (1.0 mmol) and
triethylamine (1.1 mmol) in THF (10 mL), after which the mixture is stirred at room
temperature for 1-2h (12 h in the case of 2,3,6-trimethyl-4,5-dinitrobenzoyl chlor-
ide). After removal of triethylamine hydrochloride, the filtrate is diluted with toluene
(500 mL) and added under high-dilution conditions, over a period of 1.5-8 h, to a re-
fluxing solution of DMAP (3-6 mmol) in toluene (100 mL). The reaction mixture is
worked up and purified by preparative TLC (silica gel G, Merck). The crude products
are purified by distillation or recrystallization.
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Scheme 1-215

Subjection of enantiopure 3-hydroxybutanoic acid to the Yamaguchi procedure
gives three cyclic oligomers (Scheme 1-216) [88HCA155]. Only the pentamer, hex-
amer, and heptamer are formed, with no tetramer.
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A modified Yamaguchi procedure, with use of 2,6-dichlorobenzoyl chloride, also
serves for both inter- and intramolecular esterification (Schemes 1-217, 1-218)
[86T4685, 985386, 93JOC7170].

Experimental Procedure [86T4685] Scheme 1-217

2,6-Dichlorobenzoyl chloride (577 mg, 2.76 mmol) is added under Ar to a mixture of
(2S,3S)-3-tert-butyldimethylsilyloxy-2-methylpentanoic acid (678 mg, 2.76 mmol) and
Et;N (306 mg, 3.03 mmol) in dry THF (14 mL). The mixture is stirred overnight at
room temperature. After the removal of Et;N - HCI by filtration, the filtrate is con-
centrated under N,, and the residue is dissolved in dry C¢Hg (10 mL). Solutions of
hydroxy ketone (358 mg, 2.76 mmol) in dry C¢Hg (3 mL) and DMAP (370 mg,
3.03 mmol) in dry C¢Hg (3 ml) are added to this solution at 0° under Ar. The result-
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ing mixture is stirred for 5 h at 0°. It is then diluted with ether (15 mL), washed with
HCI (1 ~), water, sat. aq. NaHCOj3, and brine, dried (MgSO,), and concentrated in va-
cuo. The residue is purified by chromatography over SiO, (Fuji Davison BW-820
MH, 30 g). Elution with hexane/ether (20:1) gives (1'S,2'R)-1',2"-dimethyl-3'-oxopen-
tyl (2S,35)-3-tert-butyldimethylsilyloxy-2-methylpentanoate (906 mg, 91.9%).

Cl

QCQO TBSO O
0 0
+ \/\H]\OH (6)

then DMAP, benzene

Scheme 1-217 92%

Cl

COCI
Q (CHo)n
OH (6]

cl , EtgN, THF ”n,(‘
Ao~ (CHaln
OH O AN
OTBS then DMAP, toluene ‘'OTBS

E
Scheme 1-218

E (n= 2~4; 28~67%)

4Trifluoromethylbenzoic acid anhydrides, when activated by TiCl,/AgClOy, enable
nearly equimolar amounts of free carboxylic acids and alcohols to be employed, af-
fording quantitative yields of the desired esters (Scheme 1-219) [94CL515].

Experimental Procedure [94CL515] Scheme 1-219

A mixture of 4-(trifluoromethyl)benzoic anhydride (740 mg, 2.04 mmol) and 3-phe-
nylpropionic acid (307 mg, 2.04 mmol) in dichloromethane (7.5 mL) and a solution
of 1-methyl-3-phenylpropanol (278 mg, 1.85 mmol) in dichloromethane (2.5 mL) are
added successively to a suspension of AgClOy4 (7.7 mg, 0.037 mmol), TiCl, (3.5 mg,
0.0185 mmol), and chlorotrimethylsilane (101 mg, 0.93 mmol) in dichloromethane
(10 mL). The reaction mixture is kept stirring for 13 h at rt., and is then quenched
with sat. aq. NaHCOj;. After conventional workup, the crude product is purified by
preparative TLC on silica gel to afford 1-methyl-3-phenylpropyl 3-phenylpropionate
(518 mg, 1.83 mmol) in 99% yield.

1.1 eq. (p-CF3CgH4CO),0

o) 0.5 eq. TMSCI O
J_ + RoH d Py
R OH 1~10 mol% R OR'
TiCls + 2 AgCIO,
1.1eq. 1.0 eq. CHyCly rt 90-97%

Scheme 1-219
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The employment of nearly equimolar quantities of reactants is also feasible with
2-methyl-6-nitrobenzoic anhydride (Scheme 1-220) [2002CL286]. The utility of 4-ni-
trobenzoic anhydride in the presence of scandium catalysts was described in Sec-
tion 1.3.2.2.

Experimental Procedure [2002CL286] Scheme 1-220

DMAP (2.5mg, 0.020 mmol), 2-methyl-6-nitrobenzoic anhydride (82.9 mg,
0.24 mmol), and 3-phenylpropanoic acid (36.3 mg, 0.24 mmol) are added to a solu-
tion of triethylamine (66.1 mg, 0.65 mmol) in dichloromethane (1.5 mL). After the
mixture has been stirred for 10 min, a solution of 4-phenyl-2-butanol (30.1 mg,
0.20 mmol) in dichloromethane (2.0 mL) is added. The reaction mixture is stirred
for 20 h at room temperature, and saturated aqueous ammonium chloride is then
added. Conventional workup and purification of the mixture by TLC on silica gel af-
ford 1-methyl-3-phenylpropyl 3-phenylpropanoate (53.9 mg, 95%).

X
o) | /_X
o 2 o
0
+  PTN"oH
F’h/\)I\OH EtgN, DMAP (cat.) Ph/\)]\o/\/\ Ph
CHyCl, 1t

Scheme 1-220

The trifluoroacetic acid moiety acts as an activating group for acid anhydrides.
Treatment of acid and alcohol in the presence of trifluoroacetic acid provides various
sterically demanding esters [65]0C927].

Experimental Procedure [65]OC927]

Method A: 9-Anthroic acid (2.00 g, 9.0 mmol) is suspended in benzene (40 mL), and
trifluoroacetic anhydride (5.0 mL, 36 mmol) is added. The acid dissolves on gentle
warming after 10 min. Methanol (5 mL) is then added. After a short period, aqueous
sodium hydroxide (10%) is added to extract the acids. The benzene layer is washed
with water and dried. Methyl 9-anthroate is isolated by removal of the solvent in va-
cuo and by recrystallization from ethanol or hexane.

Method B: Mesitoic acid (1.00 g, 6.1 mmol) and mesitol (0.83 g, 6.1 mmol) are
treated with trifluoroacetic anhydride (5.0 mL, 36 mmol). The resulting solution is
stirred at room temperature for 20 min. Benzene (20 mlL) is added, and mesityl me-
sitoate is isolated as in method A.

Mixed carboxylic carbonic anhydrides are another useful type of acyl transfer re-
agent. Treatment of carboxylic acids with alkyl chloroformate affords alkoxycarbonyl
esters, which can undergo facile transesterification. An ethoxycarbonyl derivative is
employable for a key coupling process in the synthesis of a steroidal spin label com-
pound (Scheme 1-221) [92T9939].
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Experimental Procedure [92T9939] Scheme 1-221
1-Carboxy-2,2,5,5-tetramethylpyrrolidine-N-oxyl (0.17 g, 0.9 mmol) is dissolved in
dry tetrahydrofuran (3.5 mL), and a solution of freshly distilled ethyl chloroformate
(0.08 mL, 0.9 mmol) and triethylamine (0.14 mL, 1.0 mmol) is added to it. The resul-
tant mixture is stirred for one hour, during which precipitation is observed. A solu-
tion of the protected alcohol (0.26 g, 0.6 mmol) in THF (5.0 mL) is added to this mix-
ture, which is stirred at room temperature for 48 h. The solution is then filtered to
remove the precipitated salt and the filtrate is concentrated in vacuo to give a yellow,
viscous product. The crude product shows two close spots on TLC. Repeated column
chromatographic purification on silica gel with ethyl acetate in petroleum ether as
eluent affords the unreacted mixed anhydride (0.012 g, 5%) and the nitroxide ester
as a yellow, viscous liquid (0.13 g, 37%).

(CHR)30H o 0
>4_Q o om
+
THPO" N
H o’
) o o
(CH2)3-0)§—>< (CH2)3-O)§—><
(o} o
THPO' >} o~

Scheme 1-221

This procedure is effective for simultaneous O-esterification and N-carbalkoxyla-
tion (Scheme 1-222) [95SC1523].

CICOOEt o. O oM
t MeOH e
%OH MeOH/K,CO;4 N g e N
H O O [0)
(0] o)\ O)\

OEt OEt
Scheme 1-222

Isopropenyl chloroformate is a more versatile reagent and is employable for esteri-
fication of various N-protected amino acids (Scheme 1-223) [87TL1661]. This metho-
dology is applied to the synthesis of cyclic depsipeptide leualacin (Scheme 1-224)
[95]0C6082].
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Treatment of acid with 2-ethoxy-1-(ethoxycarbonyl)-1,2-dihydroquinoline in alcohol
affords the ethoxycarbonyl ester, which is spontaneously transformed into the corre-
sponding ester (Scheme 1-225) [95]0C7072].

o B (j\/,\,j\’c))
RJ\OH * (:(Nj\oa o f?f\R

|
CO,Et
EtO

)]\ + CO, + FEtOH
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Scheme 1-225
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Di-tert-butyl pyrocarbonate is used for the synthesis of tert-butyloxycarbonyl esters.
Lactonization of @-hydroxy carboxylic acids is achieved as shown in Scheme 1-226
[97TL5835).

o

(BuOCO),0, NEts Q DMAP
=0
OH toluene /\l\o OBy toluene
(CHg)y (CHo)n — > (CH)y O
\_©H \_oH u
n=11,12, 14 not isolated 44~70%

Scheme 1-226

Esterification of 1,4-dihydropyridine carboxylic acids is induced by formation of
mixed acetic acid anhydrides (Scheme 1-227) [93CPB1049].

Ac,O
O,NO(CHo)m O2NO(CH2)
NO,
HO(CHy),,ONO,
AcCl/CHoClo
0,NO(CHo)m « o~ (CH2)"ONO,

Scheme 1-227

Carboxylic carbonic anhydrides can be employed in lipase-catalyzed kinetic resolu-
tion of chiral a-substituted carboxylic acids (Scheme 1-228) [94TL421].

o O U " o}
ipozyme, )
R1\HJ\OJ\OiPr + pon —2Tr F”\Hj\oﬁa + 'ProH
R? R?
R'= Ph, R%= Me R3= Pr, Bu, Oct

R'= p-SBuCgHg, R?= Me
R'= Ph, R%= OMe
R'= Pr, R?= Me

Scheme 1-228
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1.4
Reaction with Acid Halides and Other Acyl Derivatives

1.4.1
Without Activator

Acid halides are acylating reagents just as classical as acid anhydrides. Acid halides
are more reactive than acid anhydrides, so reactions with alcohols usually proceed
spontaneously at room temperature. Sterically demanding alcohols require higher re-
action temperatures. Despite such high reactivity, acid halides are less popular than
acid anhydrides, due to their labile nature. It is also not convenient that their reactions
with alcohols produce hydrogen halides. Nevertheless, if the vigorousness of the reac-
tion is controlled and the hydrogen halides are trapped effectively, a useful acylation
methodology is attainable. One such example can be seen in the synthesis of bis(2-cya-
noacrylates), used as cross-linking agents for cold-setting glues (Scheme 1-229)
[951ZV779]. Treatment of 2-cyanoacryloyl chloride with 2-butene- or 2-butyne-1,4-diol
at 20 °C provides unsaturated bis(2-cyanoacrylates). It should be noted that direct
esterification with 2-cyanoacrylic acid and p-toluenesulfonic acid catalysis does not
work for unsaturated diols.

Q 20°C Q Q
N —A- . N N
c\n)l\CI +  HO-R-OH C\H)I\O_R_OJ\H/C

R= CHoCH=CHCH,

Scheme 1-229 R= CH,C=CCH,

N-Phthaloylglutamic acid is transformed into the corresponding 4-brominated
methyl or ethyl ester by treatment with bromine in the presence of PBrs under irra-
diation, followed by direct alcoholysis (Scheme 1-230) [94S961].

Br

ROH
reflux 3h

Bro/PBrs
(o} _64~67°C, 8h 67°C, 8h

Br
N OH Br
(e}
o

Scheme 1-230

B G

R= Me (88%)
R= Et (81%)

Other acyl derivatives such as amides and thioesters are stable but less reactive,
and so are not easily transformed into esters unless activated in some manner. The
inertness of amides is attributable to the resonance of the nitrogen lone pair elec-
trons with the carbonyl group. Twisted amides, which lose their resonance energy
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through their non-planarity, function as acylating reagents without activator
[96]JOC5932]. 3-Pivaloyl-1,3-thiazolidine-2-thione, for example, selectively pivaloy-
lates primary alcohols in preference to secondary ones and phenols (Scheme 1-231),
the bulky pivaloyl group not allowing the substrates to adopt a planar conformation.
This situation brings about a unique reversal of reactivity in terms of steric bulk:
less bulky acetyl and benzoyl analogues, normally more reactive than the pivalates,
exhibit no acylation ability.

OH 21 65 or 80°C ™
+ )l\ )L )\(\/)/O 'Bu
)\(\,)/OH Bu” "N” S 84-89% n
(0]

n /

o % . N
| . )L )L 60~80°C | (0] + O o
\M’n\OH BTN P \(\/)’n\o)L Bu >N~ o

Scheme 1-231 (80: 20~100: 0)

Trifluoroacetylations that cannot usually be readily done are feasible with great
ease through the use of (trifluoroacetyl)benzotriazole, prepared from trifluoroacetic
anhydride and benzotriazole (Scheme 1-232) [97]JOC726]. A variety of trifluoroace-
tates are obtained simply by heating with alcohol and phenol. Notably, p-nitrophenol,
which is difficult to trifluoroacetylate by other means, undergoes the desired trans-
formation smoothly.

(): N\N reflux o
ROH  + _THF

N
>—CF3 54~95% ROJLCF;;
(0]

Scheme 1-232

1.4.2
Acid Catalysts

1.4.2.1 Brensted Acids

While acid catalysts are useless for reactions between acid halides and alcohols,
amides can be transformed into esters with catalysis by various acids. Some
Brgnsted acids serve for this purpose. Lactonization of a hydroxy amide by aqueous
HCl is utilized for the penultimate step in the synthesis of fusarentin methyl ethers
(Scheme 1-233) [96T18053].

125



126 | 1 Reaction of Alcohols with Carboxylic Acids and their Derivatives

MeO. MeO.
OH éH 4>3M Hol m\;\/
MeO' CONMe, MeO

OMe OMe O
l BCl3, CH,Cly

MeO.

MeO O OH

OH O

Scheme 1-233 Fusarentin 4,5-dimethyl ether

Alcoholysis of lactams, which is of great synthetic use for the synthesis of amino
acid esters, can be achieved with Brensted acids. a-Hydroxy B-lactams undergo
methanolysis by the action of dry HCI produced in situ from TMSCI and methanol
(Scheme 1-234) [90TL6429]. The o-hydroxy B-amino acid moiety occurs in taxol and

bestatin.
H H O NHp
CI/\n/O Ph TMSCI
* MeOH ——> neO Ph
o) NH
o OH

Scheme 1-234

Alkoxide ions cannot be employed for alcoholysis of lactams bearing N-alkoxycar-
bonyl or -arylsulfonyl groups, because the nucleophilic attack may occur on the N-
substituent as well as on the desired lactam carbonyl. Lewis acid-mediated reactions
avoid such problems. p-Toluenesulfonic acid catalyzes alcoholysis of lactams posses-
sing N-COOMe, -CSSMe, or -SO,Ar groups without cleavage of these groups
(Scheme 1-235) [94TL6133].

(0]

)n
p-TsOH, 25°C CHan I,
OIP\H + R30H - HN/\( n OR

Y R? R H R?

R'= COOMe, CSSMe, Ts
Scheme 1-235

1.4.2.2 Lewis Acids

Reaction between alcohols and acid halides on chiral templates can result in kinetic
resolution of racemic secondary alcohols. Racemic secondary alcohols are resolved
by their reaction with benzoyl halides in the presence of tin(II) dihalide/chiral dia-
mine/molecular sieves (Scheme 1-236) [96TL8543].
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Scheme 1-236

Crown ether esters are obtained by the acid halide approach when polyether diols
are treated with dicarboxylic acid dichlorides in the presence of Ph;M (M = Sb, Bi)
(Scheme 1-237) [96JCS(P1)953]. A unique template effect is responsible for this reac-
tion (Scheme 1-238).
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Scheme 1-237
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Scheme 1-238

Alcoholysis of N-unsubstituted amides and O-methylhydroxamates proceeds
smoothly with a catalytic amount of TiCl, and one equivalent of aqueous HCl in al-
cohol solvent (Scheme 1-239) [94C]JC142]. However, N-alkyl and N,N-dialkyl carboxa-
mides are not affected under these conditions. Although the reaction also occurs in
the absence of HCI, addition of one molar equivalent of aqueous HCI increases the
rate considerably. Ti(OR), species also catalyze the reaction under similar conditions.
These results suggest that the Ti(IV) species involved in the alcoholysis reaction is
not TiCly, but rather some intermediate TiCl(OR)s complex. Boron trifluoride
etherate, tin tetrachloride, and silicon tetrachloride also catalyze the reaction, but
with less efficiency.

HCI, H,0 .
HeN TiCl, (cat.) RO
I +  ROH e, I
R R

R=H, R'=Pr (87%)
R=H, R'= CHs (86%)
R= H, R'= CoHs (92%)

R= OCHj3 R'= CoHs (69%,
Scheme 1-239 3, 2Hs (69%)

Conversion of acyloxazolidinones into the corresponding methyl or benzyl esters
is feasible with Lal; catalyst (Scheme 1-240) [98TL3521].
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Scheme 1-240
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Hydrazides are transformed into the corresponding esters upon treatment with
thallium(III) nitrate trihydrate (2 equiv.) in alcohol (Scheme 1-241) [95]0C1466).
The reaction is triggered by oxidation of the hydrazides to acyl diimides.

o R'OH, rt
TI(NO3)3. 3H;0 Q 1.5-6h Q
AN, ——2 2 NH |
R H HJI\ N~ R)I\OR'

R= 4-nitrophenyl R'= Me (73%)
R'= Et (65%)
R'=Pr (60%)
R'= 'Bu (53%)

Scheme 1-241

Thioesters, though stable, can be converted to the corresponding esters. Reaction
between thioesters and alcohols is activated by thiophilic metal cations (Scheme
1-242) [75JACS3515, 77JACS6756]. Various sterically demanding thioesters and alco-
hols, even tertiary alcohols, can be employed. Soft metal salts of Hg(1I), Ag(I), Cu(l),
and Cu(II) are effective. The synthetic utility of this procedure is apparent from the
successful lactonization shown in Scheme 1-243.

BUOH, MX, 25°C (0]
_

SR?2 R1J\

MX= AgCF3CO,
CuCF3SO0g3 etc.

0
R1J\ O'Bu

Scheme 1-242

AgCF3CO,

NaHPO,4

benzene
—_—
R B

Scheme 1-243

The combined use of Hg(OCOCF;), and BF; - OEt, brings about the S O ester
conversion (Scheme 1-244) [94CC1653].

£is HaeOTHP gg(oggCF3)2 1o HowOH
\n>\Ph + MeOH —X2 > \n>\Ph
o o

Scheme 1-244 90%, 97%ee

A thioethyl ester of 2-hydroperfluoropropionic acid is transformed into the corre-
sponding ethyl ester by use of Ti(O'Pr), (Scheme 1-245) [93]JOC29]. It should be
noted that the acidic procedure is crucial for this transformation, since base-induced
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transesterification is not available, due to the acidic a-proton. However, this proce-
dure is employable only with the thioethyl ester, the volatility of the ethanethiol
being able to favor the equilibrium toward the O-ester.

T Ti(O'Pr). T
! 4
R)ﬁ(SEt +  EtOH R —— R)ﬁ(OEt
O (e}
R= CF3 (60%)
R= Et (61%)

Scheme 1-245

1.4.2.3 Solid Acids

Montmorillonite K-10 and KSF are efficient catalysts for acylation of alcohols with
acid chlorides [98]CS(P1)1913]. Microwave irradiation of a mixture of naphthol, acyl
bromide, and a copper/cupric chloride composite induces solventless reaction. Both
a- and B-naphthols undergo acylation [98SC4495]. Reactions between acyl chlorides
and tert-butanol to afford tert-butyl esters are promoted by activated alumina
[90SC2033]. Notably, the reaction does not involve a ketene intermediate, often en-
countered in the chemistry of acid halides, and so optically active Naproxen, which is
quite susceptible to ketene formation from its acid chloride, can be transformed into
the corresponding tert-butyl ester without racemization (Scheme 1-246).

(COCl),, 1t
OO COOH ———2 5 OO cocl
MeO MeO
'BuOH, Al O3, 1t coos
— - e
MeO

Alumina is also used for selective acetylation of unsymmetrical diols [97TL3825].
The primary alcohol moieties in 2-substituted 1,5-diols are selectively acetylated over
the secondary alcohols upon treatment with acetyl chloride, although the selectivity
is not particularly high (monoacetate:diacetate <60:20) (Scheme 1-247).

Scheme 1-246

R

BN +  CHsCOCI
HO OH

R= Me, Et, Bu

Al,O3 R R R
—_—

+ )\/\/\ + )\/\/\
Ho)\/\/\OAc AcO OH AcO OAc

Scheme 1-247
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A mild and selective conversion of carboxamides and carboxylic acid hydrazides
into the corresponding esters is brought about by the use of acidic resins (Scheme
1-248) [81JOC5351]. Heating of the substrates with Amberlyst 15 or XN-10101 or
Amberlite 120 in refluxing methanol or ethanol provides the corresponding esters.
The process is specific for unsubstituted carboxamides, with even an N-methyl sub-
stituent preventing the reaction from proceeding.

o
R)I\NHg
or + ROH acidic resin jl)\
o R”™ "OR'
RJ\N—NHZ
H R'= Me, Et

Scheme 1-248 acidic resin; Amberlyst 15, Amberlyst XN-1010, Amberlite 120

1.4.3
Base Activators

1.43.1 Metal Salts

Treatment of alkoxide ions with acid halides and other acyl derivatives is a common
way to arrive at esters. Treatment of acid chlorides with lithium alkoxides prepared
from BulLi and alcohols affords esters (Scheme 1-249) [70JOC1198]. This reaction al-
lows the use of sterically demanding alcohols, such as tertiary alcohols, as well as
acid-sensitive alcohols but is limited to acid chlorides that do not possess labile o-hy-
drogens or at least to those halides that produce ketenes that either are not volatile
or do not dimerize.

] BuLi, THF-hexane o]
_ >

ROH
" )l\CI R')]\

"
Scheme 1-249

OR

Treatment of the dipotassium salt of p-tert-butylcalix[4]arene with diacid halides re-
sults in bridging at the lower rim (Scheme 1-250) [90JOC5176]. The reaction is de-
pendent on the shape of the bridging unit: ring-closure reaction takes place only
when fitting occurs between the calix[4]arene and the capping reagent.
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@oom

cloc cocl CoCl

LY

R=CO, R'= S0,
R=R'= S0,
R=R'=CO

Scheme 1-250

The dialkoxide/diacid halide procedure is applicable to kinetic resolution. Treat-
ment of methyl 4,6-O-benzylidene-a-p-glucopyranoside with hexamethoxydiphenic
acid dichloride provides only the RD cyclic diester (Scheme 1-251) [95]0C4968]. The
reaction is highly stereoselective, and so the R isomer is obtained in 38% yield (76 %
theoretical yield) and the RD/SD ratio of the isomers is >1500:1. The SD isomer-se-
lective reaction is best performed with Et;N, but the selectivity is only 4.4:1. The en-
antiopure diphenic acid is used for the synthesis of trideca-O-methyl-o-pedunculagin
[96]JOC3700] and ferrocenyl allagitannins [98CL979].



1.4 Reaction with Acid Halides and Other Acyl Derivatives

HO +
HO OMe

OMe
MeO
- ¢
o) O MeO cocl

MeO

OMe

NaH, toluene
i, 17h Et3N, THF, rt, 125h

RD sb
(RD:SD= >1500:1) (SD:RD= 4.4:1)

Scheme 1-251

In the synthesis of the BCD carbohydrate domain of calicheamicin, the coupling
between acyl chloride and a cyclohexanol unit shown in Scheme 1-252 is best per-
formed by use of NaH [98TL9667]. Use of Et;N/DMAP or Buli results in poor
yields.

Me O
|
Cl Me o
o) ome + HO
TesMe 70 OMe OTHP OMe
Me O Me
MeO  ores | o
NaH, THF o
0 Cs ;t o) OMe OTHP OMe
7%
M OMe
Tes8e /L2
MeO  GrEs

Scheme 1-252

Acyl fluorides are more reactive than the chlorides, and so the acylation of a steri-
cally demanding alcohol is achievable, as shown in Scheme 1-253 [96JOC1655].
A 70% yield of the desired ester is obtained by use of sodium hexamethylsilazane or
Buli.
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Me iPr O  OMe 1. (TMS);NNa or BuLi Me Pr O OMe

: L, THF P

TBSO N TBSO

JYOH F 2. THF, -78°C 0
OMOM OMOM

Scheme 1-253

This method is successfully applied to the synthesis of glucuronide conjugates of
retinoid carboxylic acids [96SC1355]. Retinoic acid is converted into the corresponding
acyl fluoride upon treatment with diethylaminosulfur trifluoride (Scheme 1-257).
This product, after purification, is treated with the sodium salt of glucuronic acid in
the presence of NaHCOj; in acetone/water to provide the desired ester.

HO  OH
OH
o EtoNSF3 Et;O o HOMEOO‘NJ HO  OH on
—_—
RJ\OH RJ\F NaHCOz RCOO\MOOH

acetone/H,0O
Me Me

Me Me\ \ P
e W
M

e
Scheme 1-254

Ring-opening of lactams is frequently required in organic synthesis. N-Boc-Lac-
tams can be converted into amino esters by treatment with sodium methoxide in
methanol (Scheme 1-255) [83]JOC2424]. This methodology is also applied to second-
ary amide substrates.

2 9 MeOH, NaOMe o]
—_— — e
< NH N-Boc 96% MeOJ\/\/ NHBoc

0 (@]
MeOH, NaOMe 0
Ph » Ph -~ —_—
\)LHAPh \)I\'?‘ Ph 96% Ph \)LOMe
Boc

Scheme 1-255

The 2-azetidinone ring undergoes alcoholysis by catalytic NaOH (Scheme 1-256)
[94]OC8003]. The facile reactivity is attributable to the presence of the imino group
attached to N1, which labilizes the 2-azetidinone ring towards nucleophiles, probably
reducing the amide resonance and hence the strength of the N1-C2 bond.
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0.
NaOH (cat.) (0] 7 [¢] I\
+ MeOH —_— N ~
97% MeO” Y ONTY
OBn H

Scheme 1-256

1-Acetyl-v-triazolo[4,5-b]pyridine works for selective acetylation of phenol over pri-
mary alcohol (Scheme 1-257) [86TL5029]. w-Hydroxyalkylphenols undergo monoace-
tylation on the phenolic alcohol when treated with this reagent in aqueous NaOH/
THF.

OH OAc

o
R N7 NaoH, THF R
+ XN _—
| N
Z N

(CHo),—OH N (CHp),—OH

Scheme 1-257

Silver cyanide works as a more active promoter than the conventional alternatives
for reactions between acid chlorides and alcohols [76BC]J2335]. Various sterically hin-
dered acid chlorides such as pivaloyl, 2,2-diethylbutyryl, mesitoyl, and 2-methylpen-
tanoyl chlorides are therefore employable.

1.43.2 Amines

Acylation of alcohols by acid halides is most conveniently achieved in the presence
of amine(s). Pyridine is amongst the most popular; nearly 400 references since 1990
were hit by our survey. Triethylamine is the second most popular, amounting to ca.
150 papers. DMAP follows the above amines, but is much less common (about 25 ci-
tations) because the N-acylpyridinium halide intermediate emerging from interac-
tion between DMAP and acid halides is a very tightly bound ion pair and so its reac-
tivity is low [78AGC(E)569]. Nevertheless, the combined use of catalytic DMAP/ter-
tiary amine is very powerful: there are about 60 papers for DMAP/pyridine and 70
for DMAP/triethylamine. Since these procedures are now well known, the standard
procedures are not taken up in this section but more specialized examples are the
subjects of choice.

The tertiary amine/acid halide procedure is relatively mild, so selective acylation
can be performed. Treatment of calix[4]arenes with various acid halides in the pre-
sence of Et;N affords only the distal isomers of the diesters, no proximal counter-
parts being detected (Scheme 1-258) [94SC11]. Spiro[4,4Jnonane-1,6-diol undergoes
stepwise acylation on subjection to 2-naphthoyl chloride and methacroyl chloride in
succession in the presence of Et;N (Scheme 1-259) [96TA3521].
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R

NEts CHCl5

R + RCOCI ——m>

R=H, Bu
R'= Me, Et, vinyl, CH,CI, Ph

Scheme 1-258

Os_R Os_R
H., S o j)/ CICOCH=CH, T o
SoHy Iy NEts CH,Cl, Ho ) NEtz, CHoCl, Hof
R”Cl < OH : o)ﬁ
H
R= 2-naphthyl H H

Scheme 1-259

An o,B-dihydroxy ester is selectively acylated at the a-position upon treatment
with benzoyl chloride in pyridine (Scheme 1-260) [96T7861]. The B-hydroxy group is
much less reactive, particularly when a bulky substituent is present at the y-position.
Benzoylation of the diol shown in Scheme 1-261 with benzoyl chloride/ DMAP gives
selective reaction at the C2 site [94TL4959]. The regioselective acylation of unsymme-
trical diol is also seen in Scheme 1-262 [93TA2483].

TBSO OH O Py, DMAP (cat.) TBSO OH O
: 1t, 2h :
EtO__X\ ~“ogt *+ Bl T EtO ~ ot
O TBSO OH O TBSO OBz

Scheme 1-260

BzCl, DMAP, Py
B —

HO OH
Scheme 1-261
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HO, JoH BzO, OH
L y L5
o N + BzCl M» (@) N
HrOMe H(OMe
0 o)

Scheme 1-262

When 2-acetoxypurpurin is treated with benzoyl chloride/pyridine, the 1-acetoxy-
2-benzoyloxy derivative is obtained (Scheme 1-263) [915438]. Migration of the acetyl
group from position 2 to position 1 occurs, probably under the influence of pyridine,
and the benzoyl group enters in place of the acetate.

O OH Py, CHoCl OAc
Yy, G0l
OAc rt 45h OBz
+ BzCl
93%
O OH

Scheme 1-263

Asymmetric acylations of meso diols are feasible with benzoyl chloride in the pre-
sence of a chiral diamine derived from (S)-proline to give monobenzoates in high op-
tical yield (Scheme 1-264) [98TL397].

R OH R._OH R OBz
I + B - I . I
R OH MS 4A, -78°C, 24h R~ OBz R~ OBz
62~92%yield 0~12%yield
48~96%ee

Scheme 1-264

myo-Inositol undergoes selective benzoylation upon treatment with benzoyl chlor-
ide, to give the symmetrical 1,3,5-tri-O-benzoyl-myo-inositol (Scheme 1-265)
[91CC428]. Methyl 6-O-(tert-butyldiphenyl)silyl-a-p-mannopyranoside is benzoylated
selectively at the 3-position (Scheme 1-266) [96BMC1461]. The use of 1.0 equiv. of
benzoyl chloride is crucial for monobenzoylation; when more than 1 equiv. of this
reagent is used, a considerable amount of 2,3-dibenzoate is produced.

OH OH
HO. OH Py, 90°C BzO. 0Bz
+ Bzl @ ——
HO™ “"OH HO"" “OH
OH OBz

Scheme 1-265
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OTBDPS

HO.,. Py, CHCl,

o +  BzCl

HO! “'OMe

OH
Scheme 1-266

As illustrated in Scheme 1-267, when salicyl alcohol is treated with a substituted
benzoyl chloride in the presence of Et;N/DMAP at —20 to —30 °C, the phenolic hy-
droxy group reacts first [91TL6919, 92H(34)2061]. Upon warming of the reaction
mixture to room temperature, the monoester thus formed rearranges completely to
the benzyl ester. Without isolation of this intermediate, a second acylation by addi-
tion of another aroyl chloride to the reaction mixture at =20 to —30°C is feasible, to
provide the diester in good yield.

NEts, DMAP OH
@\AOH o] NMeAc, -30~-20°C (:C o)
I
OH AT Cl O"/<Ar
o 0
o
Py A J
AFT el 0" “Ar
— oo | 2 ooy
3
OH -30~-20°C o< ,
Scheme 1-267 Ar

Discrimination between primary and secondary alcohols can be achieved by this
procedure. A high preference for the primary alcohol is obtained by use of 2,4,6-colli-
dine, N,N-diisopropylethylamine, or 1,2,2,6,6-pentamethylpiperidine [93]JOC3791].
Quite naturally, too many examples of selective acylation of primary hydroxy groups
over secondary ones in sugar chemistry are available to accommodate here. A sum-
mary is given in Section 7.1.

The diphenylacetoxy group is a useful protecting group because high selectivity
for primary hydroxyl groups is to be expected due to its steric bulk and, moreover,
they can be deprotected under neutral conditions by free-radical bromination with
N-bromosuccinimide on the benzylic position, followed by treatment of the resulting
bromo esters with thiourea or hydrazinedithiocarbonate (Scheme 1-268) [94S97].
The acylation is carried out at low temperature (~—10 °C) by addition of diphenylace-
tyl chloride in anhydrous pyridine to the corresponding sugar in anhydrous pyri-
dine.
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Ph Ph
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Scheme 1-268

Oxalyl chloride reacts with a wide range of acyclic 1,2-glycols in the presence of
Et;N to produce 1,3-dioxolan-2-ones, together with 1,4-dioxolane-2,3-diones (Scheme
1-269) [93T10511, 94JCS(P1)1671]. Ethylene glycol, monosubstituted ethylene gly-
cols, and erythro-1,2-disubstituted ethylene glycols provide the cyclic carbonates,
while threo-1,2-disubstituted ethylene glycols afford the 1,4-dioxane-2,3-diones.

o 0 o
HQ  OH NEts THF b o)l\o
R““H'"RZ + (COCl)2 —_— > O O +
v R e v re
H R H R?

R'= Me, Ph, CHoBr
R2= H, Me
R3= H, Me, CH,Br

Scheme 1-269

Reactions between alcohols and benzoyl chloride are accelerated by TMEDA
(N,N,N',N'-tetramethylethylenediamine) (Scheme 1-270) [99S1141]. Even secondary
alcohols are normally acylated at —78 °C within 20 minutes.

TMEDA, MS4A
CH.Cly, -78C, 20min.
ROH + BzCl ROBz

Scheme 1-270

1.4.3.3 Phase-ransfer Catalysts

Phase-transfer technology is successfully employed in a variety of alkali-catalyzed re-
actions. However, it should be taken into account that this technology cannot be in-
voked for esterification with acid halides because these compounds are readily hy-
drolyzed upon contact with the aqueous phase. The use of a solid/liquid two-phase
system overcomes this predisposition. Stirring of a mixture of alcohol, BuyN*HSOZ,
powdered NaOH, and acetyl chloride provides the desired esters in good yield
[79TL2431]. More interestingly, even aqueous NaOH is employable. Phenyl acetate is
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obtained in 84 % yield by treatment of phenol and acetyl chloride in a two-phase sys-
tem consisting of CH,Cl, and aqueous NaOH containing Bu,N*Cl~ [93CE445]. In
the absence of the ammonium salt, the yield is only 15%. The use of NaOH is cru-
cial for a good yield, but the use of this reagent in high concentrations (over 30%)
decreases the yield, probably due to hydrolysis of the resulting ester. Both variants of
this technology are applied to the synthesis of diaryl 1,4-phenylene dioxydiacetate
(Scheme 1-271) [96SC1447]. Hydroquinone is acylated with chloroacetic acid in the
presence of PEG-600 (polyethylene glycol-600) and KI with powdered K,COj in to-
luene to give dipotassium 1,4-phenylenedioxydiacetate, which is converted into the
diacid by treatment with aqueous HCl. The diacid is transformed into the acyl chlor-
ide, which is then converted into the final products by treatment with phenols under
liquid-liquid phase-transfer catalysis conditions with 3% PEG-400 as phase-transfer
catalyst and NaOH in H,0/CH,Cl,.

OH OH
1. PEG-600, KoCO3 oY

o toluene o
" _— >
Cl\)I\OH 2. aq. HCI
(0]

OH O\)LOH

Cl OAr
SO,Cl, BANEtz*CI o PEG-400, ArOH oY
CHCls o) NaOH, H,0/CHCly o)
0 o)

O\)I\CJ 0\)1\ OAr

Scheme 1-271

Esters of (Z)-1,4-but-2-enediols are obtainable only under phase-transfer condi-
tions (Scheme 1-272) [90SC2821]. Treatment of the diol with acyl chlorides in the
presence of benzyltriethylammonium bromide in H,O/CH,Cl, at -5 °C furnishes
the desired esters. No other conventional acylation methods give satisfactory yields.

KOH, H,0, CH,Cl,

. .
[ TOH L g PhCH,NEt;*Br (cat.) [ oR
OH OR'

R'= Piv, Ts, Bn

50~100%

Scheme 1-272

Phase-transfer technology is the method of choice in the acylation shown in
Scheme 1-273 [94JOC1783]. Attempted regioselective benzoylation of the primary al-
cohol by use of benzoyl chloride in pyridine results in only 45 % yield. On the other
hand, phase-transfer catalysis with BuyHSOj in aqueous NaOH/CH,Cl, gives the
desired mono-O-benzoylated compound in 79 % yield.
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OCH,CgHy-Br-p

o, QCHCeH,-Br-p BusN*HSO3 (cat.) HO.
. 8201 NaOH, Py
Z —_— > z
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Scheme 1-273

1.4.4
Other Activators

Template effects of heterocyclic compounds are often invoked for activation of car-
boxylic acids. 2-Pyridinethiol esters of ®-hydroxy carboxylic acids, which can be pre-
pared from 2,2'-pyridyldisulfide and the acids, undergo lactonization upon heating
in refluxing xylene under high-dilution conditions (Scheme 1-274) [74JACS5614].
Various macrolides, including medium-sized ones, are obtained, although with the
exception of nine-membered rings.

Experimental Procedure [74JACS5614] Scheme 1-274

The hydroxy acid (0.5 mmol), 2,2’-dipyridyl disulfide (165 mg, 0.75 mmol), and tri-
phenylphosphine (197 mg, 0.75 mmol) are dissolved under argon in dry, oxygen-free
xylene and stirred at 25° for 5 h. The reaction mixture containing the 2-pyridinethiol
ester is diluted with dry, oxygen-free xylene (10 mL), and the resulting solution is
added slowly from a mechanically driven syringe, over 15 h, to dry xylene (100 mL)
at reflux under argon. Refluxing is continued for an additional 10 h. Quantitative
GLC analysis is performed directly on the obtained solution of product (10 ft, 10% si-
licone SE-30 column), by using the next higher homologous lactone as standard.
The solvent is removed under reduced pressure and the ether-soluble part of the resi-
due is subjected to preparative thin layer chromatography on silica gel (10% ether in
pentane for development) to afford pure lactones and diolides.

2,2'-pyridyldisulfide o
o PPhy
e —_— n=5,7,10, 11,12
HO™ ™(CH,),OH J-(CHa),

/ \
® (. @

s “>s
o . N
N j\ Heol 2 ” Hoo = /‘\
0P CHy—OH o o o orar

Scheme 1-274

N-Acyl oxazolidinones are useful chiral building blocks, but are not easy to convert
into esters or carboxylic acids. Esters are produced by treatment with magnesium
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alkoxides, obtainable either by alcohol deprotonation with MeMgBr or through de-
protonation with the Lewis acid-base combination of MgBr,/R;N (Scheme 1-275)
[93TL5563]. Selective benzoylation of racemic carbinols with kinetic selectivities of
20-30:1 for the R enantiomer can be attained. This method is also applied to enan-
tioselective acylation of aryl alkyl carbinols with N-benzoyl-4(S)-tert-butyl-2-oxazolidi-
none (Scheme 1-276) [96TL6777, 99JOC9365]. Lewis acids are also effective for
methyl ester synthesis from 4-substituted and unsubstituted N-acyl oxazolidinones
[2001SL637].

gy Ol Chiral Chiral
6 Bu MeMgBr, CHoCly o
M OH 0°C, 2~20h J OH
Ph” N + - 0" Ph o+
Ph : Ph
)0 MgBr,. OEt, AN

N-methylpiperidine

Scheme 1-275 CH,Cly, 25°C, 30min.

0 'Bu o)

OH MeMgBr, CH,Cl OH
Ph)LN)H . g 2Ll (_)J\Ph +
o Ph” "R : Ph” "R
o)/_ P R
R= alkyl
65~95%ee

Scheme 1-276

Hydrazides readily undergo alcoholysis through the action of iodobenzene diace-
tate [96JCR(S)100]. The reaction proceeds via a key acyldiimide intermediate
(Scheme 1-277). A similar oxidative process is feasible with CAN (ceric(IV) ammo-
nium nitrate) [99TL4429].

o
2eq. Phl(OAc (0]
M N, + ROH _2eq. Phl(GA9), 0
N R”OR - Phl
PhI(OAC), +ROH PhI(OAC), +F10H
i PHIORY: | i A on Q PRI R—”—O NAINCOR
| =1 \NTA Ve ¥
J NHy —— | gL AR N L or N .
N P RN Ph

- R'OH
Scheme 1-277 acyl diimide

Primary carboxamides are converted into the corresponding esters by treatment
with dimethylformamide dimethylacetal (2 equiv.) in methanol (Scheme 1-278)
[97TL2367]. The hydroxy group is tolerated in this reaction, but some functional
groups such as NH,, NHR, and COOH are not employable. The transient N-acylfor-
mamidine can be observed by monitoring of the reaction course by HPLC or GC.
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Scheme 1-278

Direct conversion of silyl ethers into esters is feasible (Scheme 1-279)
[98BMC903]. Treatment of silyl ethers with acid chlorides at room temperature af-
fords the corresponding esters.

oTMS
1, 45h
+ AcCl

OTMS 0Ccococl
i~ SOPh 4+ coclyy — » ~/ SO,Ph

_O |/ _O |/

0 0
Me Me

Scheme 1-279

Thioesters are usually more stable than normal esters. Nevertheless, conversion
into the corresponding esters can be effected by electrochemical means (Scheme
1-280) [90CL1223]. The reaction requires an electrolyte: Buy,N*I~ or Li*BF in aceto-
nitrile. The reaction proceeds differently depending on the electrolyte, and a wider
range of substrates are employable with use of Bu,N*I".

LiBF,, MeCN
o or BugN*I" 9
2 + R30H — 4 e
R‘J\S’R MeCN, rt R‘JLORa

Scheme 1-280

1.4.5
Enzymes

Thiol esters function as acyl donors in enzymatic acylation. 2,3-Butanediol, 2,4-pen-
tenediol, and 2,5-hexanediol are resolved by a lipase derived from Candida Antarctica
(Scheme 1-281) [93TA925]. The (R,R) isomers react more rapidly than their (S,S)
counterparts, both enantiomers being available with >99%ees for the hexane- and
pentanediols, but the selectivity being lower for the butanediol derivative.
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lipase
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Scheme 1-281

Racemic indolemycenic ester is acetylated with lipase OF-360 (Scheme 1-282)
[97CPB2085]. Phenyl thioacetate is a better acyl donor than isopropyl acetate and ni-
trophenyl acetate in terms of chemical yield.

-, COOMe
+  AcSPh
) lipase (OF 360)
1, 2-di-O-dodecyl-D-mannitol COOMe %, ~ OOMe
H,0, 'Pr,O/cyclohexane (1: 19) P
OA OH
\ © * \
N N
H H
20% yield (98%ee) 78% yield (27%ee)

Scheme 1-282

Oxime acetates and acrylates are efficient irreversible acyl transfer agents for li-
pase-catalyzed transesterification in organic media (Scheme 1-283) [89CC1533].

(6]
o N
HJ\O’N\ +  ROH _PPLTHF _ L +  HO \\l/
\|/ R” “OR'
R=Me, CHp=CH

R'= Et, CHp=CH, —§-N:<:> , 2N\> <O

Scheme 1-283

N-Pivaloyl imidazole serves as an acyl donor in pivaloylation of monosaccharides
and lactose [98S1787]. The primary hydroxy group is selectively acylated over the sec-
ondary hydroxy groups but the selectivity is not always high.
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Use of Tin and Other Metal Alkoxides

The oxygen atom of a metal alkoxide exhibits enhanced nucleophilicity due to the
electropositive character of the metal. If the metal-oxygen bond is chemically labile,
then the alkoxide should function well as a nucleophile. Tin alkoxides, especially or-
ganotin(IV) alkoxides, are extremely useful because the tin-oxygen bond is readily
formed, thanks to its thermodynamic stability, while this bond is reactive enough to
attack electrophiles. Because of its mildness and high selectivity, this procedure has
found a wide range of applications, particularly in sugar chemistry, and so this sub-
ject is discussed in this chapter.

Bu3SnOMe undergoes exothermic reaction with acid anhydrides and halides to give
the corresponding esters [62CRA3693]. This reactivity of Bu,SnO is utilized for the se-
lective acylation of nucleosides (Scheme 2-1) [74]OC24]. The 2',3’-O-(dibutylstannylene)
nucleosides are obtained by heating a methanolic suspension of the nucleosides and an
equimolar amount of Bu,SnO. Itis postulated that Bu,Sn(OMe), is initially formed un-
der these conditions. Treatment of the stannylene nucleosides with acetic or benzoic an-
hydride or chloride results in selective acylation at the 3’-position, no acylation taking
place on the primary alcohol. The stannylene intermediate does not need to be isolated,
resulting in a one-pot acylation: the addition of 5-10 equiv. of Ac,0 and Et;N to a solu-
tion of the stannylene prepared in methanol effects selective monoacetylation.

Experimental Procedure [74JOC24] Scheme 2-1
2',3'-O-(Dibutylstannylene)uridine: A suspension of uridine (488 mg, 2 mmol) and
dibutyltin oxide (500 mg, 2 mmol) in methanol (100 mL) is heated under reflux for
30 min, and the resulting clear solution is then evaporated to dryness and dried in
vacuo. The resulting crystalline residue (915 mg, 96%) is analytically pure and has
m.p. 232-234°,

3'-O-Benzoyluridine: A solution of 2',3"-O-(dibutylstannylene)uridine (2 mmol) in
methanol (100 mL) is prepared in situ as above. Triethylamine (1.4 mL, 10 mmol)
and benzoyl chloride (1.2 mL, 10 mmol) are added, and the mixture is stirred at
room temperature for 10 min, at which point TLC (ethyl acetate/acetone 1:1) shows
no remaining uridine. The solvent is evaporated in vacuo and the residue is parti-
tioned between ether (100 mL) and water and filtered. The aqueous phase is concen-
trated to about 30 mL and allowed to crystallize. Recrystallization from aqueous etha-
nol gives pure (NMR and TLC) 3'-O-benzoyluridine (570 mg, 78 %) as the dihydrate.

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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HO— o B HO— o B
HO— o B
—_— —_—
BuoSn(OMe), o OH P
HO OH Bu,Sh &
T OMe Bu Bu

BuySnO + MeOH can be isolated

BzCl/MeOH, NEtg

HO o B
BzO OH

Scheme 2-1 B= Ur, Cy, Ad, Hx

Methyl o-p-hexopyranosides undergo selective acylation at the 2-position by the
stannylene method [76]JOC1832]. While 4,6-O-benzylidene p-hexopyranosides are
converted into the corresponding stannylene derivatives, which undergo acylation at
the 2-position upon treatment with acyl halides in dioxane in the presence of Et;N,
the unprotected sugars are also successfully transformed into the C2 monoesters in
one-pot fashion without isolation of the stannylene intermediates (Scheme 2-2). The
C2 esters of methyl a-p-gluco-, a-p-allo-, and a-p-galactopyranosides are obtained by
this procedure.

Experimental Procedure [76)OC1832] Scheme 2-2
Methyl 2,3-O-Dibutylstannylene-a-p-glucopyranoside: Dibutyltin oxide (12.50g,
50 mmol) is added to a solution of methyl a-p-glucopyranoside (9.7 g, 50 mmol) in
methanol (200 mL), and the resulting milky solution is heated at reflux until it becomes
homogeneous and clear (45 min). After further heating at reflux for an additional 0.5 h,
the solvents are evaporated in vacuo to leave a white solid, m.p. range 105-115 °C.
Methyl 2-O-Benzoyl-o-p-glucopyranoside: Triethylamine (1.54 mL, 11 mmol) is
added to a magnetically stirred, slightly cloudy solution of methyl 2,3-O-dibutylstan-
nylene-a-p-glucopyranoside (4.25 g, 10 mmol) in dioxane (75 mL), followed by slow
addition of benzoyl chloride (1.32 mL, 11 mmol). The solution becomes clear upon
addition of the benzoyl chloride, but a white precipitate starts to form ~2 min later.
TLC examination of the solution (ethyl acetate, silica gel G) after 1 h shows the pre-
sence of a major spot at R¢ 0.50 and a minor spot at R¢ 0.70. The salts are filtered off
and washed with dioxane (20 mL), and the combined filtrates are evaporated in va-
cuo to leave a syrup. This is fractionated on a column of silica gel G (120 g) with
ethyl acetate as eluent. The first compound eluted from the column is methyl 2,6-di-
O-benzoyl-a-p-glucopyranoside (0.08 g, ~2%). The second compound eluted from
the column is the desired material (2.05 g, 70%).
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Scheme 2-2

Regioselective acylation of sugars through the use of (Bu3;Sn),0 is also feasible
[81T2363]. In this case the selectivity is governed by a monoalkoxytin intermediate
coordinated by the proximate hydroxy group. For example, stannylation of methyl o-
p-glucopyranoside with two equiv. of (Bu3Sn),0, followed by treatment with benzoyl
chloride at 20 °C provides the 2,6-di-O-benzoyl ester (81%) and the 2,3,6-tri-O-ben-
zoyl ester (18 %) (Scheme 2-3). When the reaction is conducted at =10 ° to -5 °C, the
dibenzoate is obtained in 95 % yield.

Experimental Procedure [81T2363] Scheme 2-3

Methyl o-p-glucopyranoside (283 mg, 1.46 mmol) is stannylated with (BusSn),O
(1.3 g, 2.19 mmol) in toluene (23 mL). A solution of benzoyl chloride (600 mg,
4.4 mmol) in toluene (5 mlL) is added then dropwise to the cooled solution, over
5 min at =10 °C. The mixture is stirred for 4 h at —-10°C and then left for 17 h at
-5 °C. Acetic acid (0.2 mL) is added and the solvent is evaporated in vacuo to give an
oily residue, which is triturated with diisopropyl ether to afford the crystalline pro-
duct (588 mg, 95%).

OoH oH OR*
2 eq. (BuzSn),0 0 BzCl
HO o d. (BugSn)y Hag% 2 % o
Ho HO 00-Me R°0 R'O
OMe BusSt’ OMe

R'= R*= Bz, R2= R3=H (81%)

1 R2- Ré— 3_ o
Scheme 2-3 R'=R"= R*= Bz, R°=H (18%)

The regioselectivity in the monoacylation of secondary hydroxy groups in mono-
saccharides can be controlled by the stannylene technique (Scheme 2-4) [84SAC19].
Use of one equiv. of strong base such as N-methylimidazole results in the formation
of the equatorial 3-benzoate in a yield of more than 90 %.

Bi B
u\/u

OH BzCl o
Ph—X~0 o Sn\ N-methylimidazole Ph—\~0O o
o BuSnO  ph—X~0) O benzene o]
HO o—v/~A—0, BzO
OMe © OMe
OMe > 90%

Scheme 2-4
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Borylated carbohydrates are quantitatively O-stannylated by transmetalation with
tributyltin acetylacetonate. This methodology is applicable to O-acylation of myo-ino-
sitol (Scheme 2-5) [91JOC444]. The standard stannylene procedure is not effective
for acylation, due to the poor solubility of the stannylene intermediate, whereas the
hexa-O-diethylboryl derivative prepared by treatment with excess Et;B is soluble in
hexane and treatment of this compound with tributyltin acetylacetonate furnishes a
partially borylated-stannylated intermediate. Treatment of this compound with ben-
zoyl chloride in the presence of N-methylimidazole affords 1-O-benzoyl-myo-inositol.

Experimental Procedure [91)OC444] Scheme 2-5

A solution of the hexa-O-diethylboryl derivative (234 mg, 0.4 mmol) in toluene is trea-
ted with tributyltin acetylacetonate (0.5 mmol), and N-methylimidazole (0.25 mmol)
and benzoyl chloride (0.625 mmol) are then added at -5 °C. The reaction mixture is
stirred at 5 °C for 10 h. After conventional workup the mixture is purified by column
chromatography on silica gel (chloroform/methanol 3:1).

_BEt
o2 1. BuSn(acac) OH
. BugSn(acac
Et,B~° O-Bey, toluene Bz0, OH
+ BzCl
EtB. o BEt2 2. N-methylimidazole
o o HO OH
o 3. MeOH L
Et,B”
Scheme 2-5

Selective O-acylation and -alkylation are feasible, as shown in Scheme 2-6
[98CAR(307)355] and Scheme 2-7 [93]JCS(P1)2161].

OH OH OH OBn OAc OBn
: 1. BuoSnO, toluene :
O 2. BnBr, CHCl3 O
OH OH 3. Ac,0, Py OAc OAc
Scheme 2-6
Ph—X~0 Ph—X-0 Ph—X-0
/% Br Bu,SnO, BuyNBr /% /Y)
HO! + —_— HO: + RO
HO OMe NO, RO OMe HO OMe
R= 2-NO,CgH4CH,
Ac,0, Py
Ph— -0
o]
AcO
RO
Scheme 2-7 OMe

The use of chiral acid halides in the stannylene approach allows asymmetric acyla-
tion of meso-1,2-diols. Thus, treatment of meso-dimethyl tartrate with Bu,SnO fol-
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lowed by (1S)-ketopinic acid chloride exclusively affords the monoacylation product,
in high yield and with high diastereoselectivity (Scheme 2-8) [84CL49].

F{IOCOR'

Q R'COCI
SnBuy | ———
S R” YOH

R= OCOMe (80%; 90%de)
E R= Ph (69%; 8%de)
R=

o

RIOH MS 4A, reflux
—_—

R™ "OH

Bu,SnO, toluene R
R

Scheme 2-8

Optically active glycerol acetonide can be prepared analogously from achiral gly-
cerol (Scheme 2-9) [84CL401].

OH Bu,SnO, CH,Cly o, OCOR* OH
MS 4A ,SnBuy R*COCI
OH ——> “—0 ————> .OH — .0 ><
OH OH OH o
! \ iPr
R= ° i ¢/\_>~§- cl
N [O'e) — v
20 z $
’ ’ (@]
Scheme 2-9

Kinetic resolution of chiral 1,2-diols is effected by use of an organotin catalyst with
a binaphthyl moiety as a chiral source (Scheme 2-10) [990L969]. Addition of sodium
carbonate and a small amount of water improves the selectivity.

Experimental Procedure [990L969] Scheme 2-10

Sodium carbonate (1.5 mmol) base is suspended in HF (5 mL) containing racemic
alcohol (1 mmol), water (100 pL, 5.5 mmol), and organotin catalyst (0.25 mol%).
Benzoyl chloride (0.5 mmol) is then added to the suspension at —10 °C, and the re-

catalyst, Na,CO3
OH THF/H,O OH OBz

OH
+ Bl —m8m > : + +
o N OH oy OB2 o AN OH o AN OH

catalyst=

Scheme 2-10
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sulting solution is stirred at that temperature for 14 h. After conventional workup, a
mixture of primary monobenzoate (86% ee, 38 % yield) and recovered racemic alco-
hol (46% ee, 58% yield) is obtained, with a trace amount of secondary monoben-
zoate.

When the treatment of unsymmetrical diols by the stannylene procedure is ac-
companied by in situ quenching with chlorosilane or oxalic acid, acylation takes
place on the more substituted hydroxy group (Scheme 2-11) [85CC1457,
90JOC5132]. This method can be applied to 1,2-, 1,3-, and 1,4-diols of primary-sec-
ondary, primary-tertiary, and secondary-tertiary natures. Benzoyl chloride and other
acid chlorides are employable, but acid anhydrides are of no use.

Experimental Procedure [90)JOC5132] Scheme 2-11

General Acylation Procedure: A portion of the diol (1.5 mmol) is dissolved or sus-
pended in toluene (30 mL) and, after the addition of dibutyltin oxide in 5% molar ex-
cess, water is separated by azeotropic distillation in a Dean-Stark apparatus for a vari-
able length of time, depending on the substrate. After evaporation of the solvent, the
residue is dried under vacuum, dissolved under nitrogen in anhydrous CHCI;
(1.5 mL), and cooled to 0-5 °C. An equimolar amount of the appropriate acylating re-
agent in the same solvent (1 mL) is added dropwise to the stirred solution by syringe
through a septum cap, and the reaction mixture is allowed to react at room tempera-
ture for 1 h and then quenched by one of two different methods.

Method A. Quenching with Trialkylsilyl Chlorides: A solution of the appropriate
silyl chloride (5% molar excess) in anhydrous CHCI; (1 mL) is added dropwise by
syringe to the cooled solution (0-5 °C), and the mixture is then allowed to react at
room temperature for 1-2 h. The mixture obtained is then analyzed by 'H NMR
spectroscopy.

Method B. Quenching with Oxalic Acid: The solvent is evaporated under vacuum,
and the residue is dissolved in anhydrous CH;CN (8 mL). The solution is cooled to
0-5 °C, oxalic acid (0.75 mmol) in CH3CN (3.5 mL) is added, and the mixture is stir-
red at room temperature for 20 h. The resulting suspension is filtered under nitro-
gen, and the solid is washed several times with CH3CN. The residue obtained after
evaporation of the solvent under vacuum is dissolved in CDCl; and the mixture is
analyzed by '"H NMR spectroscopy.

Microwave irradiation is useful not only for shortening the time required to pre-
pare the stannylene intermediates but also for rendering the procedure catalytic. As

R._OH R._O—SnBu,
+ BupSnO toluene \l/ [
(CHa)h—OH (CHp)y—0
1. R'COCI, CHCl3 (or OH)
2. Me3SiCl or (COOH), RYOCOR' R._OSiMe3
+
(CHy),—OSiMes (CH,),—OCOR'
(or OH)
63:37~98:2

Scheme 2-11
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shown in Scheme 2-12, if Bu,Sn(OH)Cl is successfully transformed into Bu,SnO in
the presence of a base, the organotin species can be recycled. Under normal condi-
tions, however, in which heating is necessary to prepare stannylate diols, the base
promotes reaction between benzoyl chloride and diols. No such direct reaction oc-
curs under microwave conditions though, thus allowing the catalytic cycle to com-
plete.

OH
R{ M» non-selective benzoylation

OH
( 3
Bu,SnO R{ /SnBuz
i O
base, -HCI ‘ H,0 ‘BZC|
OBz
BupSn(OH)CI R{
O—-SnBu,Cl

OBz
R{
OH

Scheme 2-12

The catalytic process is also achievable through the use of Me,SnCl, in the pre-
sence of K,COs3, although the mechanism is not clear (Scheme 2-13) [98TL5601].
A variety of cyclic and acyclic diols, 1,2-diols in particular, are selectively monoben-
zoylated in good yield.

Experimental Procedure [98TL5601] Scheme 2-13

A catalytic amount of dimethyltin dichloride (0.01 mmol), solid K,CO3 (2.0 mmol),
and benzoyl chloride (1.2 mmol) are successively added at room temperature to a
THF (5 mL) solution of trans-1,2-cyclohexanediol (1 mmol). After the mixture has
been stirred at room temperature until the trans-1,2-cyclohexanediol has disappeared
(checked by thin layer chromatography), the mixture is poured into water and the or-
ganic portion is extracted with CH,Cl,. After evaporation of the solvent, a residue is
obtained, and this is confirmed by NMR to be pure monobenzoylated product
(>99%).

R -OH 0.01~0.1 eq. Me,SnCl, R._ OBz
2 eq. Ko,COg, 1t
(CHg)n + BzCl (CHg)n

R' OH R'
Scheme 2-13
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Cyclic stannoxanes made up of dibutylstannylene and 1,n-dialkoxy units function
as covalent templates in reactions with acid dihalides to give macrocycles
(Scheme 2-14) [80CC176, 81]JOC4662]. Acid anhydrides are also employable, and the
use of chiral tin templates affords diastereomeric macrocycles (Scheme 2-15)
[80CC259, 82JACS4220]. N-(Trifluoroacetyl)-glutamic and -aspartic anhydrides pro-
vide macrocycles with amino residues on the rings (Scheme 2-16). Treatment of the
distannoxane with a cyclic carboxy-carbonate derived from glycolic acid or isatoic an-
hydride results in ring-opening (Scheme 2-17) [82JOM(239)301].

CH,CH, \
CH,CI
K HoCH, \ (

o o o
Bu,SnO ? 9 Cl)l\(CH ) )I\u o Fo
HO _~ 2 BuSn SnBuy 2n (CH,) (CH,),
OH | | CHCI o=| n |=on
3
o
oo, i
CHoCH, (k CHLGH, J
n=3 (42%)
n= 4 (28%)
n= 5 (35%)
n= 6 (35%)
n=7 (53%)
n= 8 (65%)

Scheme 2-14

CI)I\(CHQ)E,)]\CI O=| o

Ho\)\ + BUSN(OEt), —» j: SnBu;

)

Me 1
Bu;Sn’\_o’oj Me

'/ dimeric complexes of stannoxanes
0.

’CO' SnBu,

Me

Scheme 2-15
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Tin(II) alkoxides are also effective. Reactions between 1,1’-dimethylstannocene
and alcohols readily occur at room temperature and the resulting tin(II) alkoxides
provide esters upon treatment with acid halides (Scheme 2-18) [83CL293]. When this
reaction is carried out in the presence of a chiral amine ligand, asymmetric desym-
metrization of 2-O-protected glycerols is feasible, furnishing monoesters with up to
84% ee (Scheme 2-19) [84CL949].

Experimental Procedure [83CL293] Scheme 2-18

3-Phenylpropanol (125 mg, 0.921 mmol) in toluene (1.5 mL) is added at room tempera-
ture, under an argon atmosphere, to a toluene solution (2 mL) of 1,1"-dimethylstanno-
cene (153 mg, 0.552 mmol). After the mixture has been stirred for 30 min, hexamethyl-
phosphoric triamide (1 mL) and benzoyl chloride (155 mg, 1.11 mmol) in toluene (1.5
ml) are successively added. The mixture is kept stirring at room temperature for 2 h
and quenched with pH 7 phosphate buffer. The aqueous phase is extracted three times
with ether and the combined extracts are washed with brine and dried over anhydrous
Na,SO,. After evaporation of the solvent, the resulting crude product is purified by silica
gel thin layer chromatography to afford 3-phenylpropyl benzoate (200 mg, 90 %).

Me toluene, rt R'COCI, toluene
ROH + Sn(i ) ~Somin.__,. [ snoR), | MPA______»  RoooR
2
60~94%
Scheme 2-18
Me

CISn
OH o OH
TSO{ —_— TSO{ ,Sn TSO{ 'Sn
oH CHzCly oH o

Dﬁ”

TsO Sn Q RCOCI, 0°C OH OCOR
e . T + TsO

OCOR OCOR

R= Ph, ICgH3, 1-naphthyl, PhCH=CH, cH
Scheme 2-19 , 0-CICgHy, 1-naphthyl, PhACH=CH, cHex
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The stannylene technique has been successfully applied to the synthesis of (-)-in-
tegerrimine (Scheme 2-20) [92T393] and (-)-senecionine (Scheme 2-21) [94BCJ1990].

Bu Bu
Bu,SnO, benzene ~sn
HQ ’ ~
H o /7OH o / >0
N 4
N
H, MeMe OCH,SCHs
— < . Me., ,OH
OCH,SCH3 NN o
0” 0" ¥ . MEH &

benzene, 5°C

Scheme 2-20
N wH OCH,SCH3
BupSnO, MS S S NN NP
g ~ H,SCH $
PIH O petzene /0 4, OCHSCHs ooc e H
2 J l
N z Q toluene HO 4 o
N N\
N
M OH
e, o
\ &
o=\ Me" H
[¢] H (0]
T\
N
Scheme 2-21 (-)-Senecionine

Metalacycles with metals other than tin also react with acid halides. When an ar-
sole or a stibole is treated with one equiv. of acid halide with subsequent hydrolysis,
a monoester is produced (Scheme 2-22) [82JHC141]. On the other hand, treatment
with two equiv. of acid halides affords the corresponding diester. Macrocycles can be
obtained by treatment of stiboles with diacid dihalides (Scheme 2-23) [84JHC577).
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Copper(II) also functions as a template. Regioselective C3 O-acylation is achieved
by treatment of sodium salts of 4,6-O-benzylidene-glucopyranosides (prepared by ad-
dition of NaH) with CuCl, followed by acid halides (Scheme 2-24) [99TL6991].

Chiral

+ AcCl
Chiral Chiral Chiral
2eq. NaH, THF O
1eq. CuCly Ph""<
_— (0] +

a; R= SC,Hs (74%)
b; R= SePh (81%)

Scheme 2-24 ¢; R=0OPh (63%)
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3
Conversion of Carboxylic Acids into Esters
without Use of Alcohols

3.1
Treatment with Diazomethane

Diazomethane chemistry was pioneered by von Pechmann [1894CB1888, 1895CB855].
Since then, the use of this reagent — despite its explosive and toxic nature — has proven
to be one of the most convenient ways by which to convert carboxylic acids into their
methyl esters (Scheme 3-1) [67ROS191]. The reaction proceeds at room temperature
under mild conditions, and even sterically hindered carboxylic acids are employable.
Thanks to the simplicity of the preparation of the reagent and its operation in esterifica-
tion, numerous papers on the use of this reagent are available (refer to the database
disc). Notwithstanding, since no special technique is involved, there is no need to de-
scribe this method in more detail here, save for the following special cases.

(@] N fe)
M HC-NEN —» RCO, + HyC-NEN —b U
RToH MRS ’ O R” “OMe
Scheme 3-1

The hazards associated with diazomethane can be circumvented by the use of tri-
methylsilyldiazomethane, which is stable, non-explosive, and non-toxic (Scheme 3-2)
[81CPB1475]. Various carboxylic acids, including aromatic, heteroaromatic, alicyclic
and aliphatic ones, smoothly undergo methylation.

Experimental Procedure [81CPB1475] Scheme 3-2

TMSCHN, (1.3 mmol) in benzene (1 mL) is added at room temperature to a stirred car-
boxylic acid (1 mmol) in methanol (2 mL)/benzene (7 mL). The mixture is stirred at
room temperature for 30 min and concentrated to give the corresponding methyl ester.

o TMSCHN, + MeOH +
—> R - ——— > R - ——» RCO,CH
R)LOH COz "NpCHpTMS  —— e COz  NoCHg N, 2-18
Scheme 3-2

Esterification. Junzo Otera
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3 Conversion of Carboxylic Acids into Esters without Use of Alcohols

Diphenyldiazomethane is employed to transform a carboxylic acid into the corre-
sponding diphenylacetate (Scheme 3-3) [96TL3875]. After oxidation of a terminal
diol to the carboxylic acid via the aldehyde, treatment of the carboxylic acid with di-
phenyldiazomethane provides the desired ester.

OH NalOy4 H CH
K/\/(CHz)n dioxane/H,0 (4:1) [ \n/\i/( 2)11\(:|
P H
OH OH \( ° 0
Ph
>= =N Ph._O (CHy)
MCPBA, CHCl3 HO\n/\/(CHz)ﬁ Ph 2)11
MCPBA OHOs — e L Y
[ O OH \(} EtOAc Ph O OH

Scheme 3-3 83%

A terminal acetylene moiety is converted into a benzyl ester by use of phenyldia-
zoacetate (Scheme 3-4) [96BCJ1347]. After conversion of the acetylene into the car-
boxylic acid, the crude product is treated with phenyldiazomethane to furnish the
benzyl ester.

H
Os_OH
ll 0s0;, NalO, Ox-0Bn
THF-H,O R R PhCHN, R R'
R R _— —_—
BnO BnO:
B
nO -0 B0 e BnO Oye
O OMe
R=Nz R'=H
R=H, R'=Ng
Scheme 3-4

Selective monomethylation of dicarboxylic acids with diazomethane is effected
with the aid of alumina (Scheme 3-5) [85JACS1365]. Adsorption of one of the car-
boxylic acids permits selective esterification of the remaining free carboxylic acid
function. High selectivities for monoesters can be achieved.

COOH COOMe
CH,N,
07>0 070
Al,O4 Al,O4

Scheme 3-5
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3.2
Reaction with Alkyl Halides

The reaction between carboxylic anions and alkyl halides is a simple way to arrive at
esters, but not particularly easy to achieve because of the weak nucleophilicity of the
anion. The most classical way is to use silver salts of carboxylic acids, taking advan-
tage of the insolubility of the silver halides formed. However, use of silver halides
may be impractical because of the expense involved. More common alkali metal salts
react with alkyl halides in polar solvents [76]JOC1373]. The use of HMPA (hexam-
ethylphosphoramide) as solvent or co-solvent is useful to promote the alkylation
[72TL4063, 73TL689).

Benzylation of the sodium salts of dicarboxylic acids is smoothly carried out by
treatment with benzyl bromide in DMF (Scheme 3-6) [92TL5649]. Z-Protected
1-amino acids react smoothly with alkyl halides at room temperature in DMF in the
presence of sodium hydrogen carbonate [795961].

COONa COOBn
+COONa DM, 20°C, 24h +COOBn
+ BnBr
88%
OH OH
Scheme 3-6

Another feasible mode of activation of carboxylic acids is by use of KF, which pro-
motes the reaction through hydrogen bonding between the hydroxyl and the fluor-
ine, resulting in increased nucleophilicity of the hydroxy oxygen [77JACS498]. Since
KF is very soluble in acetic acid, heating of chloroacetic acids or benzyl chloroace-
tate in the presence of KF in acetic acid provides the corresponding alkylation pro-
ducts (Scheme 3-7) [75]CS(D)2129]. Similar treatment of dichloro- and dibromo-
alkanes in carboxylic acids affords the corresponding diesters (Scheme 3-8)
[77]CS(P1)1091]. It should be noted that no such reaction occurs in the absence of
KF. Phenacyl esters that are difficult to prepare by other conventional methods are
readily obtained by treatment of a-bromoacetophenone and carboxylic acid with KF
in DMF [77TL599].

Experimental Procedure [75)CS(D)2129] Scheme 3-7

Potassium fluoride (58 g, 1.0 mol) and CICH,CO,H (47 g, 0.5 mol) are heated at
150 °C and the reaction is monitored by "H NMR spectroscopy. This shows the disap-
pearance of CICH,CO,H and the appearance of (chloroacetoxy)acetic acid,
CICH,CO,CH,CO,H, and later the formation of higher polymers. These appear be-
fore the complete disappearance of the starting material. At no time are there any re-
sonances attributable to fluoroacetic acid present in the spectrum. After 7 h the reac-
tion mixture is cooled, extracted with diethyl ether, filtered, dried, and evaporated.
The product is distilled and (chloroacetoxy)acetic acid (10.2 g, 0.066 mol, 27 %) is ob-
tained.
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KF-promoted alkylation has been applied to the synthesis of Boc-aminoacyloxy-
methylphenylacetic acid, useful in solid-phase peptide synthesis (Scheme 3-9)
[79S955]. The yields of the first and second reactions are larger than those obtained
from reactions with amine as base because the competing reaction between the bro-
momethyl group and the amine base is avoided.

Br (e}
+ —_— Ph
OH A, o

o

PN

R o}
BocHN™ “COOH , KF BOCHN\HLO/\()\/E\
R o/\n/ Ph
o

o
Zn, AcOH BocHN o
—— j)j\o ) v I
s Me” “Ph
OH

Tetrabutylammonium fluoride is a good fluoride anion source, but its utility is
limited by its hygroscopic nature. This drawback can be circumvented by the use of
a silica gel support. Silica gel-supported BuyNF effects reaction between o-bromoace-
tophenone and acetic acid to give phenacyl acetate [78CC789].

Scheme 3-9
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Cesium salts also promote the alkylation of carboxylic acids. Merrifield resins are
prepared without side reactions by treatment of chloromethylated polystyrene/1%
divinylbenzene resin with cesium salts of N-protected amino acids [73HCA1476]. A
similar method is utilized for the synthesis of a wide variety of esters derived from
protected amino acids and peptides [77JOC1286]. The carboxylic acid to be esterified
is first titrated to pH 7 with cesium carbonate or cesium bicarbonate, and the ob-
tained neutral salt is then allowed to react with different alkyl halides to form the cor-
responding esters. The reaction is simple, easily scaled up, and proceeds without ob-
servable racemization. Many amino acid and peptide esters that might be difficult to
prepare by other methods are obtainable. The synthesis of enkephalin is illustrated
in Scheme 3-10 as a representative example.

Z—Tyr(2)—OH Boc—Phe—0Su
l OHSu/DCC l H-Met—OH
Z—Tyr(Z)—OH Boc—Phe—Met—OH
l H-Gly—OH l Cs,CO3
Z—Tyr(Z)—Gly—0OH Boc—Phe—Met—0-Cs
HCI- H-Gly—OEt BrH,C—Ph
DCC
Z—Tyr(Z)—GIy—GIy—OEt Boc—Phe—Met—OBn
l HoNNH, l HCI/THF
Z—Tyr—Gly—Gly—OEt HCl-H—Phe—Met—0Bn
l azide method
Z—Tyr—Gly—Gly—Phe—Met—0Bn Z= CO.,CHyPh
l HF/anisole

H—Tyr—Gly—Gly—Phe—Met—OH

Scheme 3-10 Enkephalin

Experimental Procedure [77)OC1286]

Boc-Asn-OBzl: Boc-Asn-OH (11.0 g, 47.5 mmol) is dissolved in MeOH (200 mL),
and water (20 mL) is added. The solution is titrated to pH 7.0 (pH paper) with a 20%
aqueous solution of Cs,CO; (~55 mL). The mixture is evaporated to dryness and the
residue is re-evaporated twice from DMF (120 mL, 45 °C). The obtained white, solid
cesium salt is stirred with benzyl bromide (8.9 g, 52 mmol) in DMF (120 mL) for
6 h. On evaporation to dryness and treatment with a large volume of water (500 mL)
the product solidifies. It is taken into ethyl acetate, washed with water, dried over
Na,SO,, evaporated to a solid mass, and crystallized from ethyl acetate with petro-
leum ether: yield 13.8 g (90.3%); mp 120-122 °C; [a] —17.29° (c = 1, DMF).
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Depsipeptides containing p-o-hydroxycarboxylic acids are efficiently synthesized
in an analogous manner (Scheme 3-11) [85TL5257]. Moreover, optically active
p-o-hydroxy carboxylic acids are obtained from 1-amino acids via r-a-halocarboxylic
acids and their stereoselective reaction with cesium p-nitrobenzoate (Scheme 3-12)
[87TL1873].

COO'Bu R R' 0O
-+ DMF ! H «R
_N__CO00 C T . _N N
x/{ R oY s P \Hl\o>\ooo‘|3u

H R2 R2

X=Br, Cl R'=H, Me

R=Me, 'Pr R2= Me, 'Pr, Bu

Scheme 3-11

0 o)

COO'Bu - +  DMF H>'\‘R COOH
/k"H + 0ocs /o 5 0~ NCoOBU —>= R..)\
XN f TOH

O,N O.N
X=Cl, Br
R=Me, Bn, 'Pr, Bu
Scheme 3-12

Treatment of w-halo carboxylic acids with an equivalent amount of dry Cs,COj; in
DMF affords the corresponding lactones (Scheme 3-13) [81JACS5183]. The reaction
proceeds through intramolecular nucleophilic attack of cesium carboxylate. Cesium
carboxylates undergo ring-closure more readily and in far better yield than the car-
boxylates of lithium, sodium, potassium, rubidium, silver, thallium, magnesium,
strontium, or barium.

Experimental Procedure [81JACS5183] Scheme 3-13

Cs,CO; (180 mg, 1.1 equiv.) is added to 16-iodohexadecanoic acid (190 mg,
0.5 mmol) dissolved in dry DMF (50 mL) in a single-necked flask containing a mag-
netic stirring bar. The reaction mixture is stirred magnetically at 40 °C for 24 h, dur-
ing which time all the solid Cs,COj5 goes into solution. A precipitate of cesium halide
usually forms slowly during the course of the reaction. The DMF is removed under
vacuum (2-3 Torr) on a rotary evaporator. A saturated aqueous NaCl solution is
added to the residue, and extraction with diethyl ether is carried out (three times).
A mixture of macrolide and diolide (127 mg, 0.5 mmol in total) is obtained; GLC
with use of an internal standard shows this to consist of at least 99% of macrolide
and diolide, present in yields of 85% and 15%, respectively.

In a reaction carried out with 16-iodohexadecanoic acid (1 mmol), the cyclization
products are isolated by preparative layer chromatography on silica gel, with a 9:1
light petroleum (40-60 °C)/ether eluent. The macrolide is isolated pure in 68 % yield
and the diolide in 4% yield. Both are identified from their mass spectra and by com-
parison with authentic materials.
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The cesium carboxylate technique can also be used for alkylation of carboxylic
acids on sugars, as shown in Scheme 3-14 [87]JOC3777]. The pentaacetate is con-
verted into the corresponding methyl ester by treatment with cesium carbonate and
iodomethane in DMF.

AcO OAc AcO OAc
H Cs,CO3 H
AcO DMF, rt AcO
o + Mel e 0
AcO COOH AcO COOMe
OAc OAc
Scheme 3-14

Cesium fluoride is another reagent of choice for reactions between carboxylic
acids and alkyl halides [92JOC2166]. Alkyl bromides and iodides (except for tert-Bul)
are employable and a wide range of functional groups are tolerated since CsF is a
good scavenger of hydrogen halides (Scheme 3-15). As a result, this technique is
able to replace diazomethane-based esterification in many cases. Organotin carboxy-
lates are protected carboxylic acids frequently used in peptide synthesis, and these
compounds also undergo alkylation with RX/CsF. No epimerization occurs with o-
amino acids. The DMF solvent is crucial in the above procedure, but CH3;CN is em-
ployable when the CsF is supported [98SC2021].

Experimental Procedure [92JOC2166] Scheme 3-15

A mixture of (S)-N-acetylphenylalanine (207 mg, 1 mmol), CsF (227 mg, 1.5 mmol),
EtI (234 mg, 1.5 mmol), and DMF (3 mlL) is stirred at 15 °C for 24 h. The reaction
mixture is combined with aqueous NaHCO; (50 mL) and extracted with EtOAc
(100 mL). The organic layer is dried (Na,SO,) and evaporated. Column chromatogra-
phy on silica gel (50:50 hexane/EtOAc) gives ethyl (S)-N-acetylphenylalanine
(211 mg, 90%, 98 % ee).

Large-Scale Preparation of Methyl 7-(Tetrahydropyranyloxy)-5-heptynoate from
7-(Tetrahydropyranyloxy)-5-heptynoic Acid and Methyl Iodide: A mixture of 7-(tetra-
hydropyranyloxy)-5-heptynoic acid (6.0 g, 26.4 mmol), CsF (8.8 g, 58 mmol), Mel
(8.2 g, 58 mmol), and DMF (100 mL) is stirred at 30 °C for 18 h. The reaction mixture
is extracted with EtOAc and washed with saturated aqueous NaHCO; (100 mL X 3).
The organic layer is dried (Na,SO,) and evaporated to give an oil. Column chromato-
graphy on silica gel (95:5 hexane/EtOAc) provides methyl 7-(tetrahydropyranyloxy)-
5-heptynoate (5.0 g, 79%).

General Procedure for the Preparation of Esters from Tributyltin Carboxylates and
Alkyl Halides in the Presence of Cesium Fluoride: A mixture of hexabutyldistannox-
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ane (656 mg, 1.1 mmol), (S)-N-acetylphenylalanine (414 mg, 2 mmol), and benzene
(30 mL) is heated at reflux in a Dean-Stark apparatus for 3 h. The benzene is re-
moved under reduced pressure, and DMF (6 mL) is added. CsF (456 mg, 3 mmol)
and EtI (468 mg, 3 mmol) are added to this solution, and the reaction mixture is stir-
red at 30°C for 30 h. Aqueous workup as described for the reaction between (S)-N-
acetylphenylalanine and ethyl iodide and column chromatography on silica gel
(50:50 benzene/EtOAc) affords ethyl (S)-N-acetylphenylalanine (430 mg, 91%, 98%
ee determined by 'H NMR in the presence of Eu(hfc)s.

o CsF, DMF ¢
O S
R” “OH R” “OR'
o CsF, DMF o)
)]\ + R'X — =
R” ~OSnBug R” “OR'
Scheme 3-15

Tetraalkylammonium fluorides are also effective for the alkylation of carboxylic
acids [2001TL9245]. BuyNF generated in situ from Buy,NHSO, and KF promotes al-
kylation even of sterically demanding carboxylic acids such as adamantanecarboxylic
acid and triphenylacetic acid. Use of a chiral ammonium fluoride derivative can ef-
fect kinetic resolution of sec-alkyl halides (Scheme 3-16).
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A T e P e~
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rt

A

l NaOH, MeOH

Scheme 3-16

Experimental Procedure [2001TL9245]

Tetrabutylammonium hydrogensulfate (8.7 mg, 0.025 mmol) and potassium fluoride
dihydrate (240 mg, 2.5 mmol) are placed under argon in a two-neck flask fitted with
a stirring bar and dried in vacuo (0.6 mmHg) for 10 min. After replacement of the
argon atmosphere, freshly distilled THF (1 mlL) is introduced. 3-Phenylpropionic
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acid (76.6 mg, 0.5 mmol) and benzyl bromide (66.8 pL, 0.55 mmol) are then added
sequentially at room temperature. After having been stirred for 3 h at room tempera-
ture, the resulting reaction mixture is poured into water (5 mL) and extracted with
ether (10 mL x 2). The combined organic extracts are washed with brine and dried
over Na,SO,. Evaporation of solvents and purification of the residual oil by column
chromatography on silica gel (hexane/ether = 10:1 as eluent) gives pure benzyl ester
(120 mg, 99% yield) as a colorless oil.

Strongly basic amines also serve for esterification. DBU (1,8-diazabicyclo[5.4.0Jun-
dec-7-ene) is one such amine, in the presence of which a variety of carboxylic acids
including simple acids, sterically hindered acids, thermally unstable acids, and
N-protected amino acids react with alkyl halides [78BCJ2401]. A novel base can be
prepared by electroreduction of 2-pyrrolidone in the presence of a tetraalkylammo-
nium salt in DMF. By use of this base, sterically demanding acids and amino acids
can be alkylated to give the corresponding esters (Scheme 3-17) [86]JOC546]. In addi-
tion, m-bromo carboxylic acids are transformed into lactones.

Experimental Procedure [78BC)2401]

A solution of ethyl iodide (1.56 g, 0.01 mol) in benzene (5 mL) is added to a solution
of 2,4,6-trimethylbenzoic acid (1.64 g, 0.01 mol) and DBU (1.52 g, 0.01 mol) in ben-
zene (15 mL) and the mixture is stirred at room temperature for 2 h. The reaction
mixture is then washed with water, dried over anhydrous magnesium sulfate, and
distilled. Ethyl 2,4,6-trimethylbenzoate is obtained (1.53 g, 80 % yield).

A

N
o RN o)
J]\ + R2X —_— J]\

R'” ~OH R= Et, Bu, Oc R'” ~OR?

(0]
X—(CH,),—COOH R
{Chghn n(HZC)\/Cf

Scheme 3-17

A wide variety of suitably protected amino acids and peptides are alkylated with al-
kyl halides under phase-transfer conditions (Scheme 3-18) [79S957, 931JC(B)793].
The method is particularly convenient for acid-sensitive amino acids.

Experimental Procedure [79SC957] Scheme 3-18

A mixture of trioctylmethylammonium chloride (Adogen-464; 0.404 g, 1 mmol) and
organic halide (1.2 mmol) in dichloromethane (1 mL) is added at room temperature
to a solution of Cbz- or Boc-N-protected L-amino acid or dipeptide (1 mmol) in satu-
rated aqueous sodium hydrogen carbonate solution (1 mL). After the reaction is
complete (3-24 h) the mixture is extracted twice with dichloromethane. The organic
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phase is washed with water, dried with sodium sulfate, and concentrated to a small
volume under vacuum at room temperature. The residue is purified by percolation
on a silica gel column by elution with hexane/ethyl acetate (8:2).

+ _
(CaH17)aNCHsCI
Z N-A-OH + RX gws s Z, N-A-OR
aq. NaHCO3 CH,Cl,

Z=CO,CH,Ph
A=amino acid or peptide
R=Bn, Et, 4-NO,CgH,4

Scheme 3-18

33
Treatment with Other Electrophiles

An alkyl group on an onium center undergoes facile attack even by weak electro-
philes such as carboxylate ions. Trialkyloxonium tetrafluoroborates are onium cen-
ters of this kind, and they react with carboxylic acids in the presence of diisopropy-
lethylamine to furnish ethyl esters (Scheme 3-19) [71TL4741, 79]J0C1149]. A broad
series of sterically hindered and polyfunctional carboxylic acids are employable.

Experimental Procedure [79)OC1149] Scheme 3-19

Carboxylic acid (0.010 mol) is added to a suspension of trimethyloxonium tetrafluor-
oborate (1.63 g, 0.011 mol) in dichloromethane (75 mL). The resulting suspension is
stirred magnetically while N,N-diisopropylethylamine (1.42 g, 0.011 mol) is intro-
duced by syringe. For di- and triprotic acids, a corresponding increase in the number
of equivalents of oxonium salt and amine is used. During the addition of the amine,
warming of the reaction mixture is observed; larger scale reactions require a drop-
ping funnel and a reflux condenser. The flask is stoppered after the addition of the
amine, and the suspension is allowed to stir for 1-24 h. After approximately 1 h vir-
tually all of the originally undissolved oxonium salt has gone into solution. After the
end of the reaction time, the organic solution is extracted with hydrochloric acid (1 n,
3 x 50 mL), potassium bicarbonate (1 ~, 3 x 50 mL), and saturated sodium chloride.
With maleic acid, fumaric acid, 3-butenoic acid, and citric acid, the HCl and the
KHCOj solutions are back-extracted, due to the water solubility of the corresponding
esters. The organic solution is then dried over anhydrous sodium sulfate and the sol-
vent is removed by evaporation under reduced pressure. The residue is purified by
short-path (Kugelrohr) distillation or by recrystallization to afford 70-97% of the de-
sired esters with purities of 959% or greater.
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Scheme 3-19

Sulfonium salts are also powerful alkylating agents. Heating of a mixture of tri-
methylsulfonium hydroxide and carboxylic acids affords the corresponding methyl
esters [79JOC638]. In the presence of copper(I) salts, reactions of allyl sulfonium
salts are highly accelerated [83T3111]. Trimethylselenonium hydroxide works simi-
larly [79TL1787]. Pentamethylphosphorane (CH;0)sP reacts with carboxylic acids
such as benzoic acid and salicylic acid to afford the corresponding methyl esters
[78]OC4672]. O-Methylcaprolactam effects methylation of carboxylic acids just on
being heated with one equivalent of the acids (Scheme 3-20) [82SC453].

Scheme 3-20 H O

Experimental Procedure [78)OC4672]

(CH30)sP (4.0 g, 0.0215 mol) is added dropwise over a period of 10 min and under
an atmosphere of nitrogen to a solution of benzoic acid (2.44 g, 0.02 mol) in methy-
lene chloride (20 mL). After the addition, the methylene chloride solution is washed
with water to remove trimethyl phosphate. The methylene chloride solution is evapo-
rated to give essentially pure methyl benzoate (2.48 g, 90%).

Dimethyl sulfate is used for various O-methylations. The reaction takes place with
carboxylic acids in the presence of a base (Scheme 3-21) [72TL757]. This technique
has been applied to the preparation of bile acid methyl esters (Scheme 3-22)
[83SC1197]. In these reactions though, the use of aqueous alkali induces side reac-
tions such as hydrolysis of dimethyl sulfate and the ester formed. This drawback can
be overcome by employing lithium carboxylates (Scheme 3-23) [99]JOC8014].

Experimental Procedure [99)OC8014] Scheme 3-23

2-Hydroxy-1-naphthoic acid (470.5 mg, 2.5 mmol) in dry THF (2.5 mlL) is treated
with LiOH - H,O (104.9 mg, 2.5 mmol) at room temperature for 30 min. Me,SO,
(0.12 mL, 1.25 mmol) is then added, and the mixture is heated under reflux for 3 h.
Solvent is distilled off, and the mixture is diluted with saturated aqueous NaHCO;
and extracted with Et,O to afford the ester (white solid, 404.3 mg, 80%).
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The yield may be improved to 96 % by the use of 2.5 mmol of Me,SO,.

Me O Me O
7N base -
O+ Me_0SO0Me ———» OMe + 0SO,0Me
MeO Me MeO Me
Scheme 3-21
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e D ——— e : B —_—
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Ar” “OH Ar” “OLi Me—0 O Ar
Scheme 3-23

Orthoesters are reagents long used for alkylation of carboxylic acids; alkyl ortho-
formates are most popular. The reaction is catalyzed by ammonium chloride or ni-
trate, ferric chloride, and acidic ion-exchange resins. Reactions between triethyl
orthoacetate and carboxylic acids proceed without catalyst in refluxing toluene or in
the absence of solvent (Scheme 3-24) [93TL7355]. The O-alkylation mechanism is
suggested by the fact that no significant rate difference is observed in the esterifica-
tions of 2,6-dimethylbenzoic acid and of benzoic acid. The enhanced rate of esterifi-
cation observed for the orthoacetate over the orthoformate is ascribed to the higher
stability of the cationic intermediate. This method is employable for ethyl ester for-

mation from amino acids (Scheme 3-25) [96]JOC6033].

Experimental Procedure [93TL7355] Scheme 3-24

Triethyl orthoacetate (16.0 mL, 87 mmol, 3 equiv.) is added dropwise to a solution of
1-naphthoic acid (5.0 g, 29 mmol) in toluene (35 mL). The reaction mixture is heated
at reflux for 24 h. After the mixture has cooled, HCI (2 M, 30 mL) is added. The or-
ganic extract is washed with saturated NaHCOj; (1 x 30 mL) and brine (1 X 30 mL)
and dried with MgSO,. The solvent and excess reagent are removed in vacuo to give
a brown oil. Kugelrohr distillation of the product at 100°C (0.45 Torr) gives the ethyl

ester (5.15 g, 89%) as a colorless liquid.

OMe
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Methyl trichloroacetate is a unique methyl donor, releasing chloroform and carbon
dioxide upon treatment with carboxylic acids (Scheme 3-26) [84SC77]. The reaction
is catalyzed by potassium carbonate and 18-crown-6.

Experimental Procedure [84SC77] Scheme 3-26

A mixture of methyl trichloroacetate (12.5 mmol), carboxylic acid (12.5 mmol), po-
tassium carbonate (0.035g, 0.25 mmol), and 18-crown-6 (0.066 g, 0.25 mmol) is
placed in a 25 mL round-bottomed flask fitted with a distillation head and a dry ice-
cooled receiver and trap. The stirred reaction mixture is gradually warmed to 90 °C,
whereupon the evolution of carbon dioxide begins. The temperature is gradually
raised to 150 °C and maintained there until the evolution of carbon dioxide and the
distillation of chloroform (1.3-1.4 g) cease (1-2 h). The product is isolated by distilla-
tion or crystallization.

K>COg, 18-crown-6

o (0] o ~ (0]
g L %0 150°C, 1-2h Py + CHCl + COp
ClsC” "OMe R OH R OMe
R= aromatic, alkyl 60~100%
Scheme 3-26

Dimethyl carbonate reacts both with carboxylic acids and with phenols in the pre-
sence of Cs,CO; (Scheme 3-27) [98SL1063]. DBU is also an effective catalyst
(Scheme 3-28) [2002]JOC2188]. A mechanism involving a carbamate intermediate
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has been proposed on the basis of an '®0O-labeling study. The dimethyl carbonate/
DBU technique can be upgraded by conducting the reaction in a continuous-flow re-
actor under microwave irradiation conditions [2002TL5607].

Experimental Procedure [2002)OC2188] Scheme 3-28

DBU (1 equiv.) is added to a 10% solution of carboxylic acid in dimethyl carbonate,
and the resulting mixture is heated to reflux. Upon completion of reaction, the mix-
ture is allowed to cool to room temperature and diluted with either CH,Cl, or EtOAc
and H,0. The aqueous layer is removed, and the organic layer is washed once with
H,0, twice with HCI (2 M) or aqueous citric acid (10%), twice with saturated aqu-
eous NaHCO;, and twice with H,O. The organic layer is dried over Na,SOy, filtered,
and concentrated under vacuum to afford the ester.

o ™ (CH30),CO, 0.25eq. Cs,CO3 o ©OH
7 COOH  160°C, 3d Z COOMe
o) . o]
OMe 69% OMe
1/2Cs,CO3  + RCOOH
Ccho3
MeOH RCOOCs MeOCOOMe
002 L
RCOOMe
RCOOH CsOCOOMe
Scheme 3-27

MeO OMe Me
O OMe

o]
J\ )j\ + 2DBU + MeOH + COp

\ONe Ph” “OMe
i

Ph™ O pgu+H

Scheme 3-28

N,N-Dimethylformamide acetals are another class of reagents used to alkylate car-
boxylic acids. Treatment of carboxylic acids with the diethyl or dibenzyl acetal in re-
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fluxing CH,Cl, or CICH,CH,CI furnishes the corresponding esters [63AGC296].
A variety of acetals are useful for the preparation of esters of sterically demanding
carboxylic acids [65HCA1746]. The sterically bulky dineopentyl acetal can be em-
ployed for reactions between carboxylic acids and p-dodecylbenzyl alcohol or p-meth-
oxybenzyl alcohol (Scheme 3-29) [64AGC(E)62]. The reaction involves alkylation of
the carboxylate anion with an alkoxyimmonium ion. The use of tert-butyl acetal af-
fords the corresponding tert-butyl esters [83S135]. The tert-butyl ester formation is
achieved by slow addition of the dineopentyl acetal to a solution of amino acid in
benzene/tert-butanol (2:1) (Scheme 3-30) [96TL3761]

OCH,'Bu
MeoN
o OCH,'Bu o}
)]\ + ROH )]\
R™ "OH R” "OR'
R'= p-dodecylbenzyl, p-methoxybenzyl
Scheme 3-29
OCH,'Bu
MeoN
NHZ \ 4 NHZ
HO/\:/ OCH,Bu , 'BuOH HO/\:/
COOCH benzene, reflux, 3h COO'Bu
Scheme 3-30 83%

3-Alkyl-1-p-tolyltriazenes (2.1-2.5 equiv.) can be used for alkylation of cephalos-
poranic acids in ether/THF (Scheme 3-31) [78TL5219]. The reaction proceeds at
room temperature. O-Alkylisoureas effect O-alkylation of carboxylic acids under mi-
crowave irradiation conditions (Scheme 3-32) [20020L2961]. The reaction is nor-
mally complete in 5 minutes. An immobilized O-alkylisourea is also available.

Experimental Procedure [78TL5219] Scheme 3-31

1-Alkyl-1-p-tolyltriazene in diethyl ether (2.1-2.5 equiv.) is added to a solution of ce-
phalosporanic acid in THF, and the mixture is stirred under nitrogen at room tem-
perature for 6 h (R4 = Me) or overnight (R4 = Bn). Conventional workup gives the de-
sired A® ester in a crude state, and the product is confirmed free of the A ester by
NMR (no peak due to the vinylic proton of the A® isomer in the § = 6.4 region is ob-
served). Recrystallization or column chromatography affords analytically pure sam-
ples.

Experimental Procedure [20020L2961] Scheme 3-32

A microwave vial is charged with the carboxylic acid (1.0 mmol) and O-alkylisourea,
followed by addition of THF (2 mL). The vial is heated at the required temperature
in a Smith Synthesizer for 5 min. The white solid is filtered off, and the solvent is
evaporated under vacuum. The residue is then further purified by column chromato-

graphy.

m
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4
Ester-Interchange Reactions

Reactions between two different esters result in exchange of the alkoxy components,
but it is not easy to bias the reaction in favor of the one side, because of equilibration.
Tributyltin alkoxides catalyze reactions between methyl and ethyl esters, for example,
but these unfortunately reach equilibrium at 30—60% conversions [69BCF262]. A si-
milar situation applies with [La(O'Pr)3], [93BC]1863].

These reactions are dramatically accelerated, however, by catalytic alkali metal alk-
oxides (Scheme 4-1) [97JACS5075, 98JACS5981].

o o o o

Ph)I\OMe )LOEt Ph)LOEt )I\OMe

m-O~_-OEt 1)
0
)]\ \/ MeO><F’h )]\oEt
Ph” "OMe v/

J

M-OEt M= Li, Na, K. Rb M-OMe
. ,\‘& j\o
)I\OMS MfOxOEt )I\OEt
MeO

Scheme 4-1

Reactivities increase in the order: Li* < Na* < K" < Rb* < Cs*. When methyl or
ethyl esters are treated with tert-butyl acetate under reduced pressure (to remove the
methyl or ethyl acetate formed), the tert-butyl esters are formed quantitatively
[97]OC8240]. These reactions proceed by stepwise exchange of the tert-butoxy group
with the methoxy group in the tetrameric cluster (Scheme 4-2). When the third sub-
stitution is completed, the resulting mixed alkoxide precipitates, and so no further
ester exchange takes place. The catalyst turnovers are increased by use of a mixed
alkoxide composed of NaO'Bu and NaOCgH4-4-Bu in a 1:3 ratio (Scheme 4-3)

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30490-8
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4 Ester-Interchange Reactions

[20000L4209, 2001JOC9005]. The aryloxy groups are never substituted by other al-
koxy group and are longer-lived than the simple metal alkoxides.

o 1% KO'Bu Q 9
+ — . +
RJ\OR‘ )I\O‘Bu ) RJ\O’BU )I\OR'
88~98%
R= aromatic, aliphatic, alkyl
R'=Me, Et
Scheme 4-2

Bu

G\ A /g
/@/NVO

Scheme 4-3

|—Na

Experimental Procedure [98JACS5981]

A typical kinetic measurement is run as follows: methyl benzoate (5 mmol, 0.63 mL)
and tert-butyl acetate (5 mmol, 0.67 mL) are mixed in a round-bottomed flask and di-
luted with the desired solvent (2.5 mL). In a separate flask, MOtBu (0.025 mmol) is
also dissolved in the desired solvent (2.5 mL). The esters (0.8 M in each ester) are
transferred to the catalyst solution by syringe. Aliquots are withdrawn by syringe,
quenched in saturated aqueous NH,CI solution, diluted with ethyl acetate, and ana-
lyzed by GC to monitor the conversion of methyl benzoate into tert-butyl benzoate.
Integration percentages are corrected for response factor differences between tert-bu-
tyl benzoate and methyl benzoate [%PhCO,Me (GC)/%PhCO,Bu (GC) = 1.46 x
%PhCO,Me (actual)/%PhCO,Bu (actual)].

As already described in Section 1.2.2.2, the exchange reaction between an ethyl es-
ter and methyl propionate in the presence of Ti(OEt), is an effective means to pre-
pare the corresponding methyl ester without recourse to the use of insoluble
Ti(OMe), [82HCA1197).
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5
Kinetic Resolution

5.1
Enzymatic Resolution

Racemic substrates can be resolved when one of the enantiomers reacts more rapidly
than the other with a reagent. Esterification serves well for this end, racemic alcohols,
carboxylic acids, esters, thioesters, and anhydrides successfully undergoing resolution.
In this procedure, one of the enantiomers is selectively consumed while the other re-
mains unchanged. Accordingly, the effectiveness of the reaction cannot be evaluated
simply from the optical purity of the product or the remaining substrate, but the de-
gree of conversion also has to be taken into account. In an ideal case, both product and
remaining substrate are obtained in 50% yield, each with 100% ee. Such a degree of
conversion/%ee relationship is measured by the stereoselectivity factor s, which is the
relative ratio of the reaction rates of the two enantiomers [88TS249]. For enzymatic re-
actions, the biochemical stereoselectivity factor E (which is virtually the same as s
under steady-state conditions) is employed [82JACS7294]. To obtain a 99% ee in the re-
covered material, for example, 72.1% conversion is required for s = 10, 52.3% conver-
sion for s = 100, 51.1% conversion for s = 200, and 50.0 % conversion for s = 1000.

Kinetic resolution with alcohol substrates is most frequently performed through
enzymatic acylation, and more than 400 papers on this subject are available. Repre-
sentative examples for various enzymes are shown in Table 5-1. Lipases are most
popular, and acetylation with enol acetates is invoked most frequently, whereas acid
anhydrides, trihaloethyl esters, and simple carboxylic acids as well as esters are em-
ployable as acyl donors. Esterases, acylase, hydrolase, and protease are also effective.
The stereoselectivity factor is usually higher than that of the chemical process, as de-
scribed later. Because of the specificity characteristic of eynzymatic reactions, the E
value is dependent on substrates, acylating reagents, and reaction conditions. The
acylation in most cases takes place on the R alcohols, although S secondary alcohols
are acylated in a few cases. The use of additives such as amines often increases E va-
lues. The reaction is run in organic solvent, but water is occasionally added. Im-
proved enantioselectivity may be achieved by immobilization of enzymes or by use
of an ionic liquid solvent. The enzymes can be separated from reaction mixture by
filtration. As well as these advantages, there are also some disadvantages: a relatively
large amount of solvent is necessary and the reaction time tends to be long.

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30490-8
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5.1 Enzymatic Resolution
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5.1 Enzymatic Resolution
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5 Kinetic Resolution

Substrates other than alcohols are also amenable to kinetic resolution. Again,
lipases are the most important enzymes. As shown in Table 5-2, carboxylic acids, es-
ters, lactones, and acid anhydrides are resolved. As in the case of alcohols, the R iso-
mer is selectively consumed in many cases. Exceptions to this trend are referred to as
“S preference” in this table.

5.2
Nonenzymatic Resolution

Kinetic resolution by non-enzymatic procedures is feasible as well. Although the
stereoselectivity factor is not generally so high as for the enzymatic procedures
(s <370 thus far), there are several synthetic merits. A variety of chemical reactions
can be utilized, depending on the chiral catalysts or acyl donors. Any type of sub-
strate is theoretically employable, thanks to the lack of the substrate specificity inevi-
tably encountered with enzymes. The substrates to be resolved are usually alcohols,
although one example of diacid dichloride resolution is available. Acid anhydrides or
chlorides are most popular as acyl donors. The absolute configuration can be con-
trolled by changing the chirality of catalysts or acyl donors. The reaction time is
shorter and the required amount of solvent smaller than in the enzymatic reactions.
The following list covers representative non-enzymatic kinetic resolution procedures
available up to September 2002.

(a) Alcohol: secondary alcohols in general
(b) Acylating agent: N-benzoyl-tert-butyl-2-oxazolidinone

? Bu

Ph/LN&

0

o

(c) Promoter: MeMgBr or MgBr/NEt;
(d) Conditions: 1~1.1 equiv. promoter, CH,Cl,
(€) 65~95%ee
(f) Reference: 93TL5563
Remarks: The acylation process is promoted by the formation of the derived Mg alk-

oxides, which may be obtained either from alcohol deprotonation with MeMgBr or
through deprotonation with the Lewis acid-base combination of MgBr,/NEt;.

(a) Alcohol: secondary alcohols in general
(b) Acylating agent: (S)-4-alkyl-3-pivaloyl-1,3-thiazolidine-2-thiones

L
tBu)I\N S
J

R R= alkyl



5.2 Nonenzymatic Resolution

(c) Promoter: MeMgBr

(d) Conditions: organic solvent (toluene, hexane, etc.)

(e) References: 96TL6777, 99JOC9365

Remarks: The R esters are produced as major products in the presence of MeMgBr.
On the other hand, the S isomers are selectively produced under neutral conditions.

(a) Alcohol: secondary alcohols in general
(b) Acylating agent: arylcarboxylic acids
(c) Promoter: Chiral, non-racemic 1,3,2-dioxaphosphepanes

(d) Conditions: benzene, rt.

(e) 14~73% conversion, 11~39 %ee

(f) Reference: 95JCS(P1)2961

Remarks: The reactions are run under Mitsunobu conditions. The alcohols can be
obtained in >99 %ee.

(a) Alcohol: cyclic and acyclic secondary alcohols
(b) Acylating agent: benzoyl bromide
(c) Catalyst: SnBr,-chiral diamine derived from (S)-proline complex

LoD

BroSn—
z Me

(d) Conditions: 30mol% catalyst, CH,Cl,, -78°C

(e) E:4.5~100

(f) Reference: 96TL8543

Remarks: Acyclic racemic alcohols give lower E values than cyclic ones.

(a) Alcohol: cyclic and acyclic alcohols
(b) Acylating agent: benzoyl chloride
(c) Catalyst: chiral diamine derived from (S)-proline

(d) Conditions: 0.3 mol% catalyst, CH,Cl,, NEt;, =78 °C

(e) s:4.5~170

(f) Reference: 99CL265

Remarks: Acyclic racemic alcohols give lower s values than cyclic ones.
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(a) Alcohol: cyclic secondary alcohols
(b) Acylating agent: (‘PrC0),0
(c) Catalyst: chiral diamine derived from PPY (4-pyrrolidinopyridine)

H..g.-H
N | x
N

(d) Conditions: 5mol% catalyst, toluene, rt.

() s:4.3~12.3

(f) Reference: 97JACS3169

Remarks: The catalyst acts as though through an induced fit mechanism, like a nat-
ural enzyme.

(a) Alcohol: secondary alcohols in general
(b) Acylating agent: isopropenyl acetate
(c) Catalyst: Yttrium-salen complex

(d) Conditions: 1~2mol% catalyst, toluene, —10 to -3 °C

(e) s:1.5~4.8

(f) Reference: 20020L1607

Remarks: This is first example of a transition metal-catalyzed acyl transfer reaction.

(a) Alcohol: cyclic and acyclic secondary alcohols and PhCH(OH)R
(b) Acylating agent: Ac,0 or (m-CIC¢HsCO),0
(c) Catalyst: chiral phosphine

Me

QP—Ph

Me
(d) Conditions: CH,Cl, or CD,Cl,
(e) s:3~15
(f) Reference: 96JOC430
Remarks: better selectivity is obtained in the case of R = ‘Bu.




5.2 Nonenzymatic Resolution

a) Alcohol: aromatic and allylic alcohols

b) Acylating agent: (‘PrC0O),0

c) Catalyst: 2-aryl-4,4,8-trimethyl-2-phosphabicyclo[3.3.0]octane
d) Conditions: 2.5~6mol% catalyst, heptane, —40 °C

e) s:15~369

(
(
(
(
(
(f) References: 99JACS5813, 20010L535

(a) Alcohol: arylalkylcarbinols
(b) Acylating agent: diketene
(c) Catalyst: azaferrocene derivative

CH,OTES

=
P Fe pp
P%déPh
Ph

(d) Conditions: 10mol% catalyst, benzene, rt.
(e) s:3.7~6.5
(f) Reference: 96]JOC7230

(a) Alcohol: propargylic and arylalkylcarbinols
(b) Acylating agent: Ac,0
(c) Catalyst: planer chiral DMAP derivative

MeoN
=~
=N
fe_pn
IS
P Ph
Ph

(d) Conditions: 1~2mol% catalyst, t-amyl alcohol, 0°C
() s:3.8~20
(f) References; 99JACS5091, 97JACS1492, 98JACS7479, 98]OC2794, 2000ACR412

(a) Alcohol: 1-arylethanols
(b) Acylating agent: Ac,O
(c) Catalyst: diethyl[3-(2-phenylnaphthyl)(4-pyridyl)Jamine

‘ NEt,
S

|
Ph K\
(d) Conditions: 0.01mol% catalyst, organic solvent, =78 °C
(€) s:8.9~29
(f) Reference: 2000JOC3154
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(a) Alcohol: (£)-trans-2-N-acetamidocyclohexanol
(b) Acylating agent: Ac,0
(c) Catalyst: chiral oligopeptide

(0]
N—
N H o
BocHN N 0 HN
\/\ ~
=

p OMe
e~
(d) Conditions: 2~5mol% or 0.25 equiv. catalyst, toluene, 25 °C
(e) s:3.0~28
(f) References: 98JOC6784 98JACS1629

(a) Alcohol: (£)-trans-2-N-acetamidocyclohexanol
(b) Acylating agent: Ac,0
(c) Catalyst: chiral oligopeptide

O Hy HH

.\l » RS
G °

N HN.__B N HN.__IBu
0 u . 0

NH O °NH O” °NH

r
NH
(o] (¢} R k?o
IS.--iPr ~ipr
HN N

HN
HN .
i P ¢ | Pr
<N | o o r . 0 o
/
Me NHBoc OMe Me NHBoc OMe

(d) Conditions: 1~2mol% catalyst, toluene, 25 °C
(e) s:15~51
(f) References: 99JACS11638, 2001AGC(E)2824

(@) Alcohol: 1,2-diols
(b) Acylating agent: benzoyl chloride
(c) Catalyst: (S,S)-4,4-dibromo-4,5-dihydro-3 H-dinaphtho[2,1-c:1'2-¢]stannepine

(d) Conditions: 0.25mol% catalyst, H,0, Na,COs, THF, -10°C
(e) s:3.2~10.0
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(f) Reference: 9901969
Remarks: Primary hydroxy group is selectively benzoylated in the presence of a sec-
ondary alcohol.

(a) Alcohol: racemic timolol

(b) Acylating agent: (R,R)-0O,0O-diacetyl or -dibenzoyl-tartaric acid anhydride
(c) Conditions: acetone, rt., 2~20 h

(d) Reference: 97JHC1065

(e) Reaction:

Chiral
Chiral R

Q (0]
o—> OH R R o>_ :(_< _<°
H‘t >—O_ O—< acetone o COOH

"’}I_\{:\)\/ Bu + OOILOO — C_Né_{)\/?\/n

o o
S
R= Ph, Me N. N

Alcohol: 1,2-:4,5-di-O-protected myo-inositols
Acylating agent: camphanoyl chloride
Promoter: NEt;, DMAP (cat.)

Conditions: CH,Cl,, 25°C

References: 91T1, 89T5679

Reaction:

—— e~ — —
Do aecgolr

EtsN, DMAP (cat.) Q Q
CHyCly 0 0
_— R'O + OR'
0 OR RO
RCI

()
R=Bn, Tf D (more polar) L (less polar)

Remarks: The treatment of racemic alcohols with camphanic chloride gives the dia-
stereomeric camphanate esters. The more polar diastereomer is obtained by three
crystallizations. The second diastereomer is recovered from the mother liquors by
MPLC.

(a) Alcohol: methyl 4,6-O-benzylidene-a-D-glucopyranoside
(b) Acylating agent: racemic hexamethoxydiphenoyl chloride
(c) Promoter: NaH or NEt;

(d) Conditions: NaH in toluene, NEt; in CH,Cl,

(e) References: 95J0C4968, 96JOC3700, 98CL979
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(f) Reaction:

OMe
MeO.
P 0 O NaH, toluene
h/% + MeO CocCl rt, 17h -
HO HO MeO. COCI
OMe O
MeO
OMe

Remarks: the R isomer is obtained when the reaction is performed in the presence
of NaH, while the S isomer is produced in the case of NEt;.

53
Dynamic Kinetic Resolution

Kinetic resolution suffers from the intrinsic limitation that the yield of the desired
enantiomer can never exceed 50 % except at the cost of inclusion of the enantiomeric
counterpart. This drawback can be overcome by dynamic kinetic resolution. If the
substrate undergoes racemization much more rapidly than it undergoes the enzy-
me-catalyzed reaction or if the unreacted substrate remaining in the reaction mix-
ture is racemized in situ, then the racemic substrate can be completely transformed
into one enantiomer. One such case is the lipase-catalyzed methanolysis of 4-substi-
tuted oxazolin-5-ones. Treatment of 4-methyl-2-phenyloxazolin-5-one with BuOH in
the presence of lipozyme affords the corresponding amino acid ester in 57% ee at
45% conversion (Scheme 5-1) [90CC1091]. The recovered substrate exhibits no opti-
cal rotation, suggestive of in situ racemization. Better outcomes in terms both of
yield and of optical purity are obtainable with various 4-substituted 2-phenyloxazo-
lin-5-ones by use of Pseudomonas cepacia lipase [93]JOC3252]. The tert-butyl derivative
is transformed into (S)-N-benzoyl-tert-leucine butyl ester in 94% yield with 99.5% ee
in the presence of lipozyme. The use of toluene containing BuOH as solvent to-
gether with a catalytic amount of Et;N is crucial (Scheme 5-2). The enantioselectivity
and catalytic activity in the formation of the butyl ester in the presence of Candida
Antarctica Lipase B in organic solvent is improved by addition of Et;N [98CC2247].

Me, O Me, (0] lipozyme Me, (0]
/ { — iPr,0, 45min. / Me O
Ng O —=— Na O +  BuOH v a——— Ny + >_<
Y Y 45% conv. PhC(O)HN  OBu
Ph Ph Ph

Scheme 5-1 57%ee
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'Bu (e}
H Lipozyme, toluene, NEt3 Bu (0]
N O + BuOH
Y PhC(O)HN OBu
Ph
Scheme 5-2 94% yield, 99.5%ee

5-Hydroxy-5H-furan-2-one undergoes dynamic kinetic resolution on acylation with
vinyl acetate (Scheme 5-3) [96TL4759, 96JACS3801]. With the aid of lipase R immobi-
lized on Hyflo Super Cell, 100 % enantiomeric excess is feasible at 90 % conversion.

Chiral
immobilized lipase R

= o cyclohexane, BUOAc = =
HO/&O + /\OJ\ AcO’&O * Ho*“L_\/\\o

(0] 90% conv. (0] o)
T 100%ee
Scheme 5-3

Enzymatic hydrolysis of the trifluoroethyl thioester of 2,4-dichlorophenoxypropio-
nic acid is accompanied by non-enzymatic hydrolysis, resulting in racemization. On
the other hand, lipase PS-30-catalyzed transesterification with BuOH furnishes the
corresponding butyl ester in 75% ee at 98 % conversion. The resulting ester is then
successfully hydrolyzed to the carboxylic acid in 93% ee (Scheme 5-4) [98]JACS5605].

Cl (@] lipase PS-30 Cl o
Et3N, toluene
O\H‘\S/\CF3 +  BuOH _ e PR O\‘)J\OBu
98% conv.
cl Cl

78%ee

lipase, HO
racemization ﬁ/drolysis
cl 0]
D/ O\‘)j\OH
cl

Mandelic acid is prone to racemization, so kinetic resolution with high conversion
is feasible (Scheme 5-5) [99TA4079]. Racemic mandelic acid is resolved by acylation
with vinyl acetate in the presence of Pseudomonas sp. lipase with excellent enantios-
electivity (E >200). The resulting 1:1 mixture of (S)-O-acetylmandelic acid and
(R)-mandelic acid, after filtration of the lipase, is treated with immobilized mande-
late racemate to racemize the mandelic acid. Repetition of this procedure three more
times provides (S)-O-acetylmandelic acid in 80 % yield and with >98% ee.

Scheme 5-4
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OAc
Ph” >COOH
OH OAc
H - +
Y N
Ph”” >COOH i Ph™ “COOH
Y'”W acetate i Mandelate racemase
lipase P. sp., 'Pr,0 aq. buffer OH
+ + H
Ph” >COOH
OH OH
X X *
Ph”” ~COOH Ph™ "COOH
OH

Ph™ “COOH

3 subsequent sequences OAc

Ph” >COOH
sole product

% yiel Yol
Scheme 5-5 80% yield, >98%ee

Integration of enzymatic kinetic resolution and transition metal-catalyzed racemi-
zation results in dynamic kinetic resolution [97AGC(E)1173]. Hydrogen-transfer re-
actions between secondary alcohols and ketones are useful for racemization of the
alcohols. Thus, subjection of racemic 2-phenethyl alcohol to kinetic resolution with
vinyl acetate in the presence of Pseudomonas fluorescence lipase with concurrent hy-
drogen-transfer reaction with acetophenone in the presence of Rh,(OAc), affords
(R)-phenethyl acetate in 98 % ee at 60 % conversion (Scheme 5-6) [96TL7623].

lipase (P. fluorescens)
PhC(O)CHz KOH
i Q Rhy(OAc), (2mol%) OAc OH

Ph)\ : /\OJ\ . Ph)\

I )i j

Ph™ "Me

Scheme 5-6

The ruthenium catalyst illustrated in Scheme 5-7 is another efficient catalyst for
hydrogen transfer [99JACS1645]. Various secondary alcohols are converted into the
corresponding R acetates by use of Novozyme 435 and the ruthenium catalyst.
p-Chlorophenyl acetate is a better acyl donor than enol acetates. The procedure is
also effective even in the absence of ketone to furnish secondary alcohol acetates in
reasonably high yields (~88 %) and with high ees (~99%). In this case, the ruthenium
catalyst serves for hydrogen abstraction from the alcohol, followed by rehydrogena-
tion of the resulting ketone. Diols are also transformed into (R,R) diacetates and
meso diacetates in ratios of 74:26~100:0 under similar conditions (Scheme 5-8)
[99JOC5237]. This technique can be further applied to substrates such as o-hydroxy
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acids [20000L1037, 2001JOC4736], a-hydroxy nitriles [2001ASC(343)726], P-azido al-
cohols [2001JOC4022], and y-hydroxy acid derivatives [2002TL2983].

Novozyme 435, PhC(O)CH3

)O\H /©/ OAc toluene, 2mol% Ru-cat. OAc
+ :
RTOR a RTR

(R)-product
63~88% vyields

79~99%ee
Ru-cat.= Ph \ Ph Ph /

Hu
[ l o "
cO CO

C

Scheme 5-7

OH OH OAc
AP T

—}— =(CHanor

arylene moiety

Novozyme 435 OAc OAc OAc OAc

4mol% Ru-cat., toluene :
. Me)\D/\Me * Me)\D/'\Me

meso

(R,R)-product
63~90% yields
96~99%ee

R,R: meso= 86: 14~100: 0
Scheme 5-8

Integration of aldol reaction and kinetic resolution gives rise to an alternative to
the asymmetric aldol reaction (Scheme 5-9) [20010L1209]. In this procedure, a key
role is played by racemization of the aldols by the above ruthenium catalyst. The al-
dol products are obtained in ca. 70 % yield, and mostly with >95% ee.

p-CICgH0AC
OH O lipase PS-C, 'BuOMe OAc O
— : [ S —— H
R OR' fast R OR'
o C-C bond >99%ee
OLi ;
i + l _formation | Ru-catalyzed
R™ H OR' racemization
p-CICgH,OAC
0. ’O j)i)ol\ lipase PS-C, 'BuOMe )Oic)?\
_ >
Ru-cat= Ph~ % \ Ph  Ph /§ R OR' slow R OR
u\ R l
CO
OC co

Scheme 5-9

193



194

5 Kinetic Resolution

Another ruthenium catalyst, illustrated in Scheme 5-10, is also an effective catalyst
for dynamic kinetic resolution [99TL6281]. This procedure results in none of the
ketone formation frequently encountered in the above technique. Various secondary
alcohols including hydroxy acids, diols, and hydroxy aldehydes are successfully trans-
formed into the corresponding esters.

/©/OAC
OH NEts, O, OH ¢] OAc

B e —— H
Ar)\ Me Ar/\ Me lipase (P. cepacia) Ar/\ Me
/Ru":. .
CI” | "PPhs 60~98% vyields, 82~99%ee

PPhg

Scheme 5-10

Non-enzymatic dynamic kinetic resolution is feasible with TiTADDOLate
[97T7539] and a planar-chiral derivative of DMAP (Scheme 5-11) [98]JOC3154]. 4-
Substituted 2-phenyloxazolin-5-ones undergo alcoholysis under catalysis by these
catalysts to provide quantitative yields of a-amino acid esters with up to 78 % ee.

Chiral
R_HO 5mol% Fe-catalyst n
‘e v eoH 10mol% PhCOOH, toluene R/:NHJ\gMe
Ph MezN Ph
R=H, Me, vinyl, 'Pr, cHex, Ph, CH,SMe - /_N ||=e on 93~98% yields
= Ph 44~78%ee
Ph/@\ Ph
Ph

Scheme 5-11
5.4

Parallel Kinetic Resolution

In kinetic resolution, one enantiomer is consumed preferentially as the reaction pro-
ceeds, so the relative concentrations of the remaining substrate enantiomers deviate
from the original 1:1 ratio with the progress of the reaction. As a result, the reaction
rate of the more reactive enantiomer decreases with its lower concentration, result-
ing in decreasing enantioselectivity. Such drawbacks can be offset if the both enan-
tiomers are consumed in parallel in separate reactions, their concentrations decreas-
ing at a comparable rate or — under ideal conditions — at the same rate.

Although a carbonation rather than an esterification, the following is a nice exam-
ple with which to show the effectiveness of parallel kinetic resolution. Two chiral
DMAP derivatives react selectively with each of a pair of secondary alcohol enantio-
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mers (Scheme 5-12) [97JACS2584]. Treatment of a secondary alcohol with the 1:1
mixture of these DMAP derivatives results in preferential reaction of the trichlorobu-
tyloxycarbonyl derivative with the S isomer and of the fenchyloxycarbonyl derivative
with the R counterpart. The R alcohols are recovered in ~50% yields with up to 88 %
ee and the fenchyl carbonates in ~49 % yields with up to 95% ee.

NMe,
NMe,
S
X cocl | M:}(O\n/o
—_—
Ar O

1,
| N + Bu
= Bu N Y
N : /& OBn OH
OBn o0 ~49% yield, ~95%ee
Me’ Ar
- N
NMe, MgBr,, EtsN
NMe, >( CHCl,, 36h Me.,,_O._O._CClg
N cl,c” ococl [ el 1K
| —_— +- Bu Ar O
Y Y 1 49% yield, ~88%ee
M ~49% yield, ~88%
OMe (oRe) o’go OCF
lZn/AcOH
OH
Me/\Ar
Scheme 5-12 Ar= 1-naphthyl, 2-naphthyl, o-tolyl

A three-phase system is useful for upgrading the selectivity (Section 1.2.5; Scheme
1-154) [2001JACS2428). The system is composed of: (1) insoluble cross-linked lipase
acylation catalyst (ChiroCLEC), (2) insoluble polymer-bound acyl donor, and (3) solu-
ble phosphine catalyst and soluble acyl donor (vinyl pivalate). The interaction between
ChiroCLEC and vinyl pivalate produces the acylated lipase intermediate, which reacts
with the R enantiomer of a secondary alcohol. On the other hand, reaction between
the polymer-bound acyl donor and the chiral phosphine catalyst generates the acyl
phosphonium salt, which preferentially affords the S isomer of an ester. Satisfactory
results in terms of conversion (~50 %) and enantioselectivity (~98 % ee) are obtained.

A modified cinchona alkaloid catalyzes ring-opening of methylsuccinic anhydride
in which the R and S isomers undergo alcoholysis at different sites (Scheme 5-13)
[2001JACS11302]. Thus, subjection of 2-alkyl-substituted succinic anhydrides to ki-
netic resolution with 1,1,1-trifluoroethanol in the presence of (DHQD),AQN pro-
vides two regioisomers of different absolute configuration at the chiral center, giving
rise to a reagent-controlled parallel kinetic resolution.
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0 (0]
Me (DHQD),AQN Ve
CF3CH,0H, -24°C OH
OCH,CF,
0 0
(R)
0 o
Me, (DHQD),AQN Me
- CF3CH,0H, -24°C i OCH,CF3
—_—
OH
0 o)
(S
Scheme 5-13

Parallel kinetic resolution is utilized in the determination of enantiomeric ex-
cesses by mass spectrometry (Scheme 5-14) [1999AGC(E)1755]. The technique em-
ploys an equimolar mixture of pseudo-enantiomeric mass-tagged chiral acylating re-
agents possessing different substituents remote from the chiral center, so that the
mass of the molecule can be correlated with its absolute configuration. A twentyfold
excess of an equimolar mixture of the mass-tagged N-acylprolines is treated with ra-
cemic alcohols in the presence of DCC and DMAP. The relative amounts of the en-
antiomers of the resulting esters are determined by mass spectrometry.

o)
o)
HO i Ho— @
N N)K@\
Me
A-COOH B-COOH
A-COOR ~ <DCCbase  po,  DCGbae g goop
fast slow
ka ksB
mass1 + mass 2
A-COOH B-COOH
DCC, base
A-coos =~ =2CC.bae oo, R, g oos
slow fast
ksa kg
Imass 1 1)(s+1 ki
sl _yg %ee = (st 100 where s=—
Imass 2 (y+1)(s-1) ks

y = corrected intensity ratio
Scheme 5-14 q = ionization correction factor
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Asymmetric Desymmetrization

Asymmetric desymmetrization is a method that allows many stereocenters to be es-
tablished by enantioselective esterification of meso or prochiral compounds through
breaking of symmetry. The substrates that can be employed are symmetric diols and
polyols, and also dicarboxylic acids and their anhydrides. The desymmetrization is
performed either by enzymatic or by chemical means.

PPL catalyzes desymmetrization of 2-substituted 1,3-propanediols in methyl acet-
ate (Scheme 6-1) [86TL5707]. The enantiomeric excesses of the resulting monoace-
tates are dependent on the substituents at the 2-position, and range from 10% to
90 %.

R R
o] PPL
+ )j\ _—
OH OH MeO OH OAc
Scheme 6-1

Isopropenyl and vinyl esters are more efficient acyl donors than alkyl esters in li-
pase-catalyzed desymmetrization of 2-substituted 1,3-diols such as glycerol and seri-
nol derivatives, ferrocenylethanol, sugars, and other alcohols [88]JACS7200].

Similar treatment of 2-[4-(benzyloxy)-2-nitrophenyl]propane-1,3-diol with vinyl
acetate as an acyl donor furnishes the corresponding monoacetate, which can be
transformed into an indoline (Scheme 6-2) [97CL11].

OBn OBn

OAc
. L >
NO, /\OJ\ NO, —— . A
n

Boc
OH OH OH OAc

Scheme 6-2 92%yield, 92%ee

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30490-8
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A meso spirodiol undergoes monoacetylation on transesterification with vinyl acet-
ate/ Pseudomonas fluorescens lipase in octane to afford the enantiomerically pure
monoacetate in 56 % yield (Scheme 6-3) [97]JOC3824).

OH . OH
o0 lipase (P. fluorescens) 00
& ¥ octane S
I
OH OAc
Scheme 6-3 56%yield, 99%ee

2,2-Disubstituted 1,3-propanediols are rather reluctant to undergo efficient desym-
metrization, due to their steric bulk and the facile racemization of the resulting
monoacetate. The use of 1-ethoxyvinyl 2-furoate as an acyl donor results in success-
ful formation of the corresponding monoesters possessing asymmetric quaternary
centers with 82-99% ee (Scheme 6-4) [2002]JOC411].

R'< /—OH 0
X - b

lipase (M. miehei

o}
O 1 oco—l;\>
) R oco—@ . CR ><
wet 'Pr,0, 30°C CR2><:OH R? 0CO—=
o0/

82~99%ee
Scheme 6-4 °

Asymmetric desymmetrization by chemical means is also useful. As already de-
scribed in Chapter 2, treatment of stannylenes derived from meso-1,2-diols with (1S5)-
ketopinic acid chloride affords the monoacylation product with high diastereoselec-
tivity (Scheme 2-8) [84CL49]. A similar tin(II) alkoxide derived from 2-O-protected
glycerols coordinated with a chiral ligand catalyzes asymmetric desymmetrization
(Scheme 2-19) [84CL949]. meso-1,2-Diols are esterified with (1S,4R)-(—)-camphanoyl
iodide in the presence of 2 equiv. of 2,6-dimethoxypyridine (Scheme 6-5) [94SL611].

MeO.__N__OMe E
U
[6) — / Ie)
7 + HO" (0]
L%O“ % i TS
OH
o~ *Cl

Scheme 6-5

Axially chiral twisted amides effect desymmetrization of meso-1,2-, -1,3-, and -1,4-
diols (Scheme 6-6) [98CL995]. The corresponding monoesters are obtained, occasion-
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ally together with diester, in 33-88%ee by treatment of the diols with the amide at
80°C.

o Bu S 0CO'Bu 0CO'Bu
ot O)\N\)_L/x r1~80°C E? , . .
on i OH OCO'Bu
X=8,0 33-88%ee
Scheme 6-6 P Bu, B 70: 30~100: 0

meso-Cyclohexane-1,2-diol and meso-1,2-diphenylethylene glycol are transformed
into the corresponding monoesters by treatment with acetic or benzoic anhydride
with catalysis by a chiral phosphine, although the s values are modest (1.2-5.5)
(Scheme 6-7) [96]JOC430].

OH OH

OH + A0 Me OAc
CH,Cl,

62~77%ee, s= 4.3~5.1
Scheme 6-7 oee, 5=

Highly enantioselective desymmetrization through the use of a chiral 1,2-diamine
catalyst is feasible (Scheme 6-8) [2002CL26]. The reaction proceeds at =78 °C in the
presence of the chiral amine catalyst (0.5mol %) and diisopropylethylamine
(1.5 equiv.) to furnish the corresponding monoesters in 85-96% ee.

N
0.5mol% L_MS/\

OH OCOR'
R—<: + R'COCI - R—<:

OH 1.5eq. 'ProNEt, MS4A OH

-78°C, 3h

85~96%ee

R=Me, Bn, CH,CHCH,, OTBDPS

R'= Ph, 4-BuCgH
Scheme 6-8 et

Asymmetric desymmetrization of meso dicarboxylic acid anhydrides is a useful
means to provide chiral half-esters. The combined use of Ph,BOTf and (R)-2-meth-
oxy-1-phenylethanol was described in Section 1.3.2.2 (Scheme 1-171) [87CL377]. The
employment of a chiral 1,3-diol has also been mentioned in Section 1.3.3.1 (Scheme
1-194) [92CL389]. TITADDOLates mediate mediates ring-opening of various cyclic
meso anhydrides with isopropanol to afford the corresponding half-esters in up to
98% ee (Scheme 6-9) [95SAGC(E)2395, 98JOC1190].
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é'\r Ar .
Rl 0%~ Q oPr
R? J i‘oiF’
o) o r
Al A COOPr
R (o] R{
R'= Me, Ph COOH
o R2= Me, Ph, H
Ar= -CygHq7, Ph
Scheme 6-9

Some chiral amino alcohols such as ephedrine, cinchonine, cinchonidine, qui-
nine, and quinidine are effective for the desymmetrization of 1,2-cyclohexanedicar-
boxylic acid anhydride [93BCJ2128]. Lithium salts of sterically congested chiral N-
sulfonylaminoalcohols mediate the ring-opening of meso dicarboxylic acid anhy-
drides in a highly diastereoselective manner (up to >500:1 diastereomer ratio;
Scheme 6-10) [95TL931].

R R
O R P BuLi, THF “a “a
. O:‘fo _78C R NHSOR'  + R NHSO,R'
NHSOLR 00C .. 00C
OH 0
HOOC“'E> Hoocj:>
o) o) o) o o) o)
O O Qf Qp Qe @
N O N O N O ., O . O . o
¢ Uy Oy Oy @ &y
Scheme 6-10

As described in Section 1.3.3.2, cinchona alkaloids efficiently catalyze methanoly-
sis of meso dicarboxylic acid anhydrides to give half-esters (Scheme 1-206)
[85CC1717, 87JCS(P1)1053, 90TA517, 88CC632, 2000JACS9542]. The enantioselec-
tivity can be improved up to 98% ee by conduction of the reaction at low temperature
(~=50°C) (Scheme 6-11) [99SL195].
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Miscellaneous Topics

7.1
Selective Esterification

7.1.1
Differentiation between Primary, Secondary, and Tertiary Alcohols and Phenols

The selective modification of one of a set of coexisting hydroxy functions is an impor-
tant manipulation in organic synthesis, some examples already having been de-
scribed in Part I. This chapter focuses on this subject by adding new procedures to
provide an overview.

Most frequently encountered in the synthetic process is the need to discriminate
between primary and secondary alcohols. Basically, a preference for a primary alco-
hol is generally attainable to some extent due to its innate superior reactivity, irre-
spective of acylating reagents. This is reflected to a degree in the simple thermal reac-
tion of sugars (see Section 1.1.1) [99SC951]. However, enzymes improve the selec-
tively in a more general manner, as discussed in Sections 1.2.5 (Scheme 1-145)
[86JACS5638] and 1.3.4 (Scheme 1-214) [90TL3405]. The following examples consti-
tute further addenda. Regioselective esterification on the primary alcohol moieties in
chloramphenicol and thiamphenicol is successfully catalyzed by lipases (Scheme 7-1)
[90]JOC2366]. Analogous selectivity is obtained with Pseudomonas fluorescens lipase
(Scheme 7-2) [97LA211]. The melanoma-associated disialoganlioside 9-O-acetyl GD3
can be obtained through regioselective enzymatic acetylation of GD3 with subtilisin
as biocatalyst and vinyl acetate as acetyl donor (Scheme 7-3) [96TL9271].

OH OH

(@]
0] lipase, acetone
OH + )]\ R —— o)]\ R
R NHCOCHCI, R'O” 'R a NHCOCHCI,

R=NO,, SO;CHg
R'= CH,CH,CHg, (CHy)14CH3 CH=CHPh, CH,CH,COOH

Scheme 7-1

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30490-8
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[0} (o}
(o) o lipase (P. fluorescens) (o)
P . )I\ CHoCly, 1t P
o
OH OH
OH OAc
Scheme 7-2

OH
Q O-Ceramide
HO
AcO OH co;
vinyl acetate, DMF HO# 0 o
_subtisin BPN. N AcHN on
N /%
v (o] .
O -
AcHN d Ho O-Ceramide
Scheme 7-3

Primary/secondary alcohol differentiation finds its most important utilization in
sugar and nucleoside chemistry. Selective acetylation on the 6-position of a glucal de-
rivative with vinyl acetate occurs in high yield (>90%) with catalysis by lipase PS
(Scheme 7-4) [97BCJ2535].

OH OAc

o lipase PS
Hoﬁ + J — Hoﬁ

OMmP OMP

3

MP= p-MeOCgH4
Scheme 7-4

The use of oxime esters as acyl donors in lipase-catalyzed acylation of sugars ef-
fects selective acylation (Scheme 7-5) [91JCS(P1)491, 92JCS(P1)2891]. The regio-
selectivity is dependent on the substrates, high regioselectivity on the primary alco-
hol being attained for hexoses such as p-galactose and p-mannose with lipase from
Pseudomonas cepacia. Among pentoses, 1-arabinose and p-ribose exhibit good selec-
tivity, while p-xylose and p-lyxose yield complex mixtures. Notably, free pentoses are
employable in this procedure.
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(e}
R3 0:1 o lipase (P. cepacia) OJ\R
R 0 o N Pvze R g
Ho OH R™ "0 \\r 4 Q
R2 Tio OH
H R2
H
R', R, R% R*=H, OH
R= Me, Pr, CgH1g
OH lipase (P. cepacia) O Io)
HO on " RO \\|/ RO
OH OH
L-arabinose R=Me, Pr, CgHhg
Scheme 7-5

Subjection of nucleosides to the same reaction conditions also results in prefer-
ence for the primary alcohol [93]JOC653]. Some 2’-deoxynucleosides, however, un-
dergo selective acylation on the 3'-position (Scheme 7-6) [925626]. On the other
hand, the 2’-fluoro derivative is benzoylated on the primary hydroxy group simply on
treatment with benzoyl chloride in pyridine at —20 °C (Scheme 7-7) [95]OC4276).

HO B
HO B o lipase (P. cepacia), Py ;O:
;O: N R)]\ N 50°C, 48~72h

o) \\|/ 3 RO
54~83%
OH \ﬂ/
(0]
B= Thymine, Adenine
R=Me, Pr, C7Hy5 CgHyg,
1-propenyl, Ph
Scheme 7-6 propeny
(0] O
4 7/
NH Py -20° NH
y, -20°C
HO N + BzCl —_— BzO N
0. _< 95% 0. _§
(0] (6]
HO F HO F
Scheme 7-7

A subtilisin mutant (subtilisin 8350) derived from subtilisin BPN’ through six
site-specific mutations (Met50Phe, Glyl169Ala, Asn76Asp, Gln206Cys, Tyr217Lys,
and Asn218Ser) effects regioselective acetylation of uridine, adenosine, and cytidine
with isopropenyl acetate in DMF (Scheme 7-8) [90JACS945]. “Solvent engineering”
points to pyridine as a better solvent for primary acetylation of ribonucleosides
[94TL1353).
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HO— o B AcO—\ o B
. o J\ subtilisin 8350
—_—
)I\O 40~100%

HO R HO R
R=H, OH
B=
Scheme 7-8 base

These successful examples by use of enzymes notwithstanding, much more atten-
tion has been paid to the use of non-enzymatic reactions. In particular, recent pro-
gress in Lewis acid chemistry has revealed that control over Lewis acidity can enable
efficient discrimination. In the HfCl, - 2THF-catalyzed reaction between carboxylic
acids and alcohols, primary alcohols react preferentially over secondary ones (see
Section 1.1.2.2; Scheme 1-17) [2001SL1117]. TMSOTT{ is useful for selective acylation
of primary alcohols (see Section 1.3.2.2) [96CC2625, 98]JOC2342]. Organotin Lewis
acids are extremely mild, resulting in high selectivity. 1,3-Disubstituted tetraalkyldis-
tannoxanes (XBu,SnOSnBu,Y), catalyze transesterification of primary alcohols over
secondary ones with various esters, including enol esters (see Section 1.2.2.2;
Scheme 1-86 and Section 1.3.2.2) [86TL2383, 91JOC5307, 98JOC2420, 99T2899].
This technique can be applied to the synthesis of enantiopure epichlorohydrin (see
Section 1.3.2.2; Scheme 1-175) [99SL1927]. The neutral p-hydroxy organotin dimer
[tert-Bu,SnOH(Cl)], is particularly useful for deacetylation through transesterifica-
tion, the primary alcohol being predominantly cleaved over the secondary one in a
wide range of substrates including sugars and nucleosides (see Section 1.2.2.2;
Scheme 1-87) [2000SL140, 2001CEJ3321]. It should further be noted that solid acids
are also employable. Thus, a primary alcohol is selectively consumed in competition
with a secondary alcohol in alumina-catalyzed transesterification (see Section
1.2.2.3; Scheme 1-96) [81TL5003] and zirconium sulfophenyl phosphonate-catalyzed
acylation with acetic anhydride (see Section 1.3.2.3) [2000SC1319].

Differentiation under basic conditions is also feasible. As described in Section
1.1.5, the Mitsunobu reaction usually provides high primary/secondary alcohol selec-
tivity. Amines such as 2,4,6-collidine, N,N-diisopropylethylamine, and 1,2,2,6,6-pen-
tamethylpiperidine effect preferential acylation of primary alcohols with acid halides
(see Section 1.4.3.2) [93JOC3791]. Diphenylacetyl chloride is used for selective acyla-
tion of primary alcohols in sugars, this reaction being promoted by pyridine (see Sec-
tion 1.4.3.2; Scheme 1-268) [94S97]. Various esters of p-nitrothiophenol or 2,4-dini-
trophenol effect regioselective acylation on the 6-positions of non-protected glycopyr-
anosides catalyzed by DMAP in pyridine (Scheme 7-9) [95SC2235].
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R S@NOZ o
o Py, DMAP OJ\R
H o 4 or rt
_—
9|O o Ha (o]
HO 0
OCH3 )j\ HO
R O—QNOZ OCHs
OoN
Scheme 7-9 R= fatty, undecylenic, oleic, stearic, arachidic

The use of activated esters occasionally gives high selectivity. Bipyridyl esters exhi-
bit high preferences for primary alcohols over secondary ones in the presence of a
CsF promoter (see Section 1.1.6; Scheme 1-38) [80CL563]. Benzoylation with 1-(ben-
zoyloxy)benzotriazole in the presence of Et;N takes place on primary alcohols in pre-
ference to secondary ones (see Section 1.2.3.2; Scheme 1-121) [85]OC1751]. A phase-
transfer reaction with benzoyl chloride affords the primary benzoate (see Section
1.4.3.3; Scheme 1-273) [94]JOC1783]. N-Pivaloylimidazole is employable for pivaloyla-
tion of monosaccharides on primary hydroxy groups in preference over secondary
ones (see Section 1.4.5) [9851787].

Differentiation between primary and secondary alcohols is quite easily achieved in
some cases of practical natural products synthesis, probably due to the steric bulk of
the substrates. Thus, simple treatment with acid halides in the presence of a base re-
sults in satisfactory selective primary alcohol acylation, as shown in Schemes 7-10 ~
7-14 [96TA673, 97BMC181, 97TA3067, 9718129, 94T10491].

HO HO

o iProEtN, CHoCly o
. AcCl 0°Ctort, 4h
: [0) 97% * [0)
SoH SoAc
Scheme 7-10
OBz
NEt, -78°C
+ BzCl
Z=NMe, OMe
Scheme 7-11
HO™ N XN NEt5, CH2Clo B0 XN
-10°C
OH O + Bl — OH O
(0] (6]

Scheme 7-12
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Py
+  AcO

71%

Scheme 7-13
Py, DMAP (cat.)
OH N-O CHyCly OH N-Q

Ho K A )—coome  * Bl g g {_)—Coome
Scheme 7-14

It was described in Chapter 2 that the primary alcohol in (+)-retronecine is selec-
tively acylated via the stannylene intermediate (Schemes 2—-20 and 2-21). As shown
in Scheme 7-15, the sodium salt of (+)-retronecine reacts with a racemic imidazolide
to afford the primary alcohol ester (1:1 diastereomer ratio) [96JOC1473]. Treatment
of (+)-retronecine with a highly reactive anhydride results in spontaneous ring-open-
ing (Scheme 7-16) [92T1407].

I/CSH4OCH3-p

OH
%5 HO

<:m
w
Zz=
<~
=~
=z

racemic

CeH4OCHg-p CeH4OCHg-p

O ~ % 0
O O
NaH, THF
—_— S + S

HO 4 O HO y ©
T\ TN\
N N
Scheme 7-15
000 _NZ
Boc HO OH ~ _>=o
N . H DME, rt, 24h d
: e,
SalNS &
o >o"o N N\
'}l+
H
Scheme 7-16

Discrimination of primary and secondary alcohols from tertiary ones is very easily
accomplishable: the conventional acid anhydride or halide techniques provide satis-
factory outcomes, as demonstrated in Schemes 7-17 and 7-18 [91]JCS(P1)969,
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96CC1619]. Primary acetates preferentially undergo methanolysis in the presence of
secondary and tertiary acetates (see Section 1.2.3.1; Scheme 1-103) [96]JOC9086).

Py, DMAP
CH,CI
+  Ac,O 2v2
98%
Scheme 7-17
Py, CHxCl>
j'\“OH 25°C, 18h o
Y~ "COOEt + BzCl T» Y~ ~COOEt
OH ° OBz
Scheme 7-18

Differentiation between aliphatic alcohols and phenols is also important in or-
ganic synthesis. Lipase catalysis induces selective acylation of the aliphatic alcohol.
Pseudomonas cepacia PS lipase adsorbed on Celite mediates selective acetylation of
the aliphatic alcohol with vinyl acetate (Scheme 7-19) [98TA2915]. The same selectiv-
ity holds with immobilized lipase, even a secondary alcohol being preferentially acy-
lated over a phenol (see Section 1.2.5; Scheme 1-149) [2001JOC1906].

(CHy),OH o !ipase (P. cepacia) (CHo)nOAC
'Pr20
A + —_— A
| —yoH )I\o/\ | oH
n=1~3

Scheme 7-19

In non-enzymatic treatments, differentiation between aliphatic and aromatic alco-
hols is dependent on the reaction conditions. Phenols are preferentially acylated
over aliphatic alcohols under basic conditions. An example was described in the
NaOH-promoted acetylation with 1-acetyl-v-triazolo[4,5-b]pyridine (see Section
1.4.3.1; Scheme 1-257) [86TL5029]. In addition, ®w-hydroxyalkylphenol undergoes se-
lective benzoylation of the phenol moiety on treatment with benzoyl chloride in the
presence of K,COj3 in acetone (Scheme 7-20) [93CL1895, 98BCJ2673]. On the other
hand, the reverse is true under acidic conditions.

HO. OH BzO. OBz
KoCOg, acetone
A + B2l ——m > A
c c
OM OH OMe OH

e

Scheme 7-20
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Primary alcohols are typically acylated with acetic anhydride with catalysis by
Sc(OTf); (see Section 1.3.2.2) [96]JOC4560] or TMSOTf (see Section 1.3.2.2)
[98]OC2342]. Distannoxane-catalyzed acylation with vinyl esters takes place comple-
tely on the aliphatic alcohol, with no acylation on the phenol (Scheme 7-21)
[99T2899]. An acid-based technique is utilized in the synthesis of benzofuran adeno-
sine antagonist XH-14 (Scheme 7-22) [97BMC3081], while solid acids such as alu-
mina (see Section 1.2.2.3; Scheme 1-96) and NaHSO,/SiO, (see Section 1.1.2.3;
Scheme 1-20) [2000SL59] produce aliphatic carboxylic esters in competition with aro-
matic carboxylic acids in transesterification or esterification.

Bu\?l Bu_ Bu
Bu—8Sn—-0-8n—Cl
(I Bu

CI—Sq—O—Sn—Bu

/()/\/OH j.l\ ad ‘Bu (';| /()/\/OCOR
+
HO R0 THF or MeCN HO

2~10mol%

R= CHjg, Ph, vinyl, 'Bu _99%
Scheme 7-21 8 Y 96-99%
HO BE.. OEt AcO
3- 2
—_—
on *+ AP OH
OMe OMe
CHO
HO N\
— Ao
OMe
Scheme 7-22 OMe
7.1.2

Differentiation between Identical or Similar Functions

The selective transformation of one of two or more identical hydroxy groups is not
easy to achieve. Subjection of an ao,w-diol to acylation, for instance, usually provides
a mixture of monoester, diester, and unreacted diol even with the use of one equiva-
lent of acylating reagent. This notwithstanding, treatment of diols adsorbed on silica
gel with acetyl chloride in refluxing cyclohexane affords >99% yields of the corre-
sponding monoacetate (Scheme 7-23) [98CC495]. Monoacylation of meso and C,-
symmetric 1,2- and 1,3-diols can be achieved by the use of acid anhydrides and cata-
lytic amounts of CeCl; (Scheme 7-24) [2002TL4761]. Other lanthanide chlorides
such as DyCl;, YbCls, etc. are also effective for monoacylation of symmetrical diols
[2002]OC5226].
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SiO,, cyclohexane
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Scheme 7-24

Under distannoxane catalysis conditions, o,m-diesters with fewer than four car-
bons are transformed into the corresponding monoesters on treatment with alcohol
(Scheme 7-25) [91CC1742]. 2-Substituted propylene glycols also exhibit a consider-
able level of selectivity.

Bu\?l Bu_ Bu
Bu—Sn—0-Sn—Cl
11 1,

Cl—Sn—-0-Sn—Bu

Ay
Bu Bu
A0 T0AC | pon cl A" oH . HOTY oH

R R R

Bu

R= R'= Me (70%)

Scheme 7-25 R=Ph, R'= Bu (63%)

Although very similar difficulties arise with unsymmetrical substrates bearing dif-
ferent primary hydroxy groups at non-equivalent positions, because of the close reac-
tivities involved, lipases act to overcome such problems. Candidia cylindracea lipase se-
lectively induces transesterification with isopropenyl acetate on the less sterically hin-
dered sites in 2-alkylthio- and 2-dialkylamino-substituted 1,4- or 1,5-diols (see Sec-
tion 1.2.5; Scheme 1-148) [90CL1137, 92JCS(P1)1029]. Both PPL and CCL mediate
acylation at the less hindered site with 2,2,2-trifluoroethyl butyrate (Scheme 7-26)
[93T4107]. Analogously, one of two hydroxymethyl groups on a pyridine ring may un-
dergo acylation, as shown in Scheme 7-27 [98HCA2407].

o 0 PPL, DMF o
No~_OH _PPL,DMF__ N_~_O-_Pr
Ho/m FSCAOJI\ Pr 99% HO I \IO]/

Scheme 7-26
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OH o lipase (C. antarctica) OH o]
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R=CHg, CsHy4, Cy3Hy7 54699
Scheme 7-27 v

Regioselective acetylation takes place even with dihydroxy derivatives of phenyl ke-
tones and benzaldehyde (Scheme 7-28) [93T3143]. Treatment of these substrates
with vinyl acetate in the presence of PCL results in selective acetylation of the meta-
or para-hydroxy group, the ortho-hydroxy moiety being untouched. Treatment of
(+)-catechin with vinyl acetate in the presence of immobilized PSL results in acetyla-
tion of the hydroxy groups on the A ring only, with neither diacetylation nor acetyla-
tion on the B ring occurring (Scheme 7-29) [93S1155].

OH OAc
OH OH
R R
fo) lipase (P. cepacia) o)
O t-amyl alcohol/cyclohexane
or * )I\O/\ or
HO. OH AcO. OH
j@;(“ O/ﬁr“
o o
R=H, Me, Et
Scheme 7-28
OH

e
)

OH H

(+)-Catechin

immobilized lipase (P. cepacia)
MeCN, 48h

Scheme 7-29 2% 40%

Efficient differentiation between secondary hydroxy groups situated on different
sites is required in a broad spectrum of organic syntheses. In particular, selective
protection and deprotection of the hydroxy functions on the cyclohexane ring are
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amongst the most important themes in sugar, nucleoside, and steroid chemistry. As
described in Chapter 2, the organotin procedure serves quite well to this end. The
stannylene intermediate derived from 1,2-diol and dialkyltin oxide or dialkoxide un-
dergoes regioselective acylation on one of the alkoxide sites upon treatment with
acid halide or anhydride.

Benzoyl chloride in pyridine mediates selective benzoylation. Thus, myo-inositol is
converted into the symmetrical 1,3,5-tri-O-benzoyl derivative (see Section 1.4.3.2;
Scheme 1-265) [91CC428]. Similarly, methyl 6-O-(tert-butyldiphenyl)silyl-a-p-manno-
pyranoside undergoes selective benzoylation at the 3-position (see Section 1.4.3.2;
Scheme 1-266) [96BMC1461]. One of two hydroxy groups on a pyrrolidinone ring is
benzoylated under similar conditions (see Section 1.4.3.2; Scheme 1-262) [93TA2483].

Quinic and shikimic acid esters demand similar selectivity, because three hydroxy
groups are present on the cyclohexane ring. Chromobacterium viscosum lipase allows
selective acetylation of quinate esters at the 4-position by use of vinyl acetate
(Scheme 7-30) [92HCA1297]. Methyl shikimate is also selectively acetylated at the 4-
position by use of Candida Antarctica lipase A (Scheme 7-31) [2002]JOC4978]. Vinyl
esters with longer chains give better results.

o) o}
HO., lipase (Chromobacterium viscosurm HO,,
~< ~0Bn o Colte ) < OB
+
. )I\O/\ 90% .
HO" Y~ OH HO™ >~ "OH
OH OAc
Scheme 7-30
COOMe
COOMe
CAL-A, MS 4A
N i t-butylmethyl ether -
) HO' OH
HO" OH RTNOTN O_R
OH \[r
0]

R= CMe=CHj,, N=CMe, CH,CFs, Ac

Scheme 7-31 65~97%

Steroids are another class of compounds that frequently require selective acyla-
tion. Candida Antarctica lipase B and 2,2,2-trifluoroethyl esters, for example, showed
a marked preference for the alcoholic moiety on the A ring of the steroid skeleton
(Scheme 7-32) [94T13165]. Immobilized enzyme (Novozym 435) catalyzes the regio-
selective acylation of (20R)-hydroxyecdysone at the C-2 OH (Scheme 7-33) [97T5855].

o CAL-B, THF
—_—

R= Cl, CH,COOCHg

Scheme 7-32
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(0]

* )j\o/\

Novozyme 435
t-amyl alcohol/Py
—_—

Scheme 7-33

Polycyclic compounds fairly easily undergo selective acylation at the least sterically
demanding position, due to their steric congestion, through both enzymatic and
non-enzymatic means. Some examples are given in Schemes 7-34 to 7-37
[81CPB3202, 91JCS(P1)1191, 99T8567, 2002JOC4623).

BF3. OEt, (cat.)
THF, rt, 18h

+ C11H23C0),0
(C11H23CO)2 5%

OAc

TsOH (cat.), acetone

lipase (C. cylindracea)
71%

AcO™

Scheme 7-36
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EtsN or PryEtN

CH,CI
+  AcO 272

79% %
Scheme 7-37 9% or 90%

7.2
Use of Theoretical Amounts of Reactants

The esterification reaction between carboxylic acid and alcohol and the transesterifi-
cation reaction between ester and alcohol are both equilibrium processes, so it is
common to use one of the reactants in excess and/or to remove the resulting alcohol
or water constantly during the reaction to shift the equilibrium in favor of the pro-
duct side. From the viewpoint of green chemistry, it is highly desirable to improve
on such an inconvenient situation in esterification technology in order to save re-
sources and energy. The use of the reactants in a strict 1: 1 ratio is a first step towards
this goal [2001AGC(E)2044]. The reaction between carboxylic acid and alcohol is pro-
moted by graphite bisulfate (see Section 1.1.2.3) [74JACS8113], an equimolar mix-
ture of carboxylic acid and alcohol being stirred in the presence of graphite bisulfate
in dry cyclohexane. The yield of the ester is more than 94 % with simple reactants,
but lower with secondary alcohols or cyclopropanecarboxylic acid (50-70%). Tertiary
alcohols and phenol are not employable. NaHSO, - H,O mediates reaction between
acetic and propanoic acids and primary and secondary alcohols if the neat mixture is
heated at reflux with an automatic water separator [99SC3901]. The yields of esters
are 85-96%. Microwave irradiation increases the yields of esters from p-toluenesul-
fonic acid-catalyzed esterification between equimolar amounts of carboxylic acid and
alcohol, ranging from 82-97% [93CJC90]. HfCl,-2THF is a versatile catalyst with
which to effect esterification of an equimolar mixture of a carboxylic acid and an al-
cohol, although the use of a Soxhlet extractor with molecular sieves (4A) is needed
(see Section 1.1.2.2) [2000SCI1140]. Aliphatic, aromatic, o,B-unsaturated, and steri-
cally demanding carboxylic acids are employable, as are primary, secondary, allylic,
and propargylic alcohols. The yields of esters are more than 90%, and greater than
99% in the reactions between 4-phenylbutyric acid and benzyl and 1-phenethyl alco-
hols. This reaction is applicable to polycondensation of ®-hydroxycarboxylic acids to
afford polyesters with Mn = ~10*. Diphenylammonium triflate also catalyzes esterifi-
cation with equimolar amounts of reactants (see Section 1.1.3) [2000TL5249]. Heat-
ing of the reactants in toluene at 80—110 °C in the presence of 1 mol% of the catalyst
furnishes the corresponding esters in 78-96% yield.

It should be noted that the above procedures successfully achieve the use of reac-
tants in 1:1 ratios, but that the yield of the ester is not 100% except in the two cases
of HfCl, - 2THF-catalyzed reactions. Importantly, the 1:1 stoichiometry is truly effec-
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tive only if 100% conversion is reached, since the two starting materials (recovered
carboxylic acid and alcohol) otherwise have to be separated from the product mixture,
which is a less favorable situation than that in which one of the reactants has been
employed in excess. In this case the recovery of only one reactant is necessary, on ac-
count of the more facile feasibility of 100% conversion. As such, a 100% yield with
use of equimolar amounts of the reactants is ideal because of the lack of a need for a
purification process. Such conditions come close to fulfillment through the use of
fluorous biphase technology. Heating of a mixture of a methyl or ethyl ester and an
alcohol in a 1:1molar ratio in the presence of [(CIRf,SnOSnRf,Cl),: (Rf=
CeF13CoHy)] catalyst in FC-72 solvent at 150 °C provides the corresponding esters in
100 % yields (see Section 1.1.2.2) [2002AGC(E)4117]. Some representative results are
given in Table 7-1. The perfect conversion is apparent from GLC analysis, which
shows no reactants remaining at all. In addition, the tolerance of various functional
groups is of great synthetic promise. The perfect conversion is attributable to the
poor solubility of the liberated water in FC-72, so the equilibrium is shifted to the es-
ter side. Sterically bulky carboxylic acids are reluctant to react under these conditions.
This can result in complete discrimination in competition between carboxylic acids
of different steric bulk (Table 7-2). When a 1:1 mixture of two carboxylic acids of dif-
ferent size is treated with one equivalent of alcohol, only the smaller carboxylic acid
reacts, to give a 100% yield of the corresponding ester, while no reaction at all takes
place with the larger carboxylic acid. Similar perfect differentiation is also observed
between aliphatic and aromatic carboxylic acids (Scheme 7-38). The unique features
of this technology are described in further detail in the next section.

Tab. 7-1  Fluorous biphasic esterification.

Yield of RCOOR' [%]

Entry RCOCH ROH GLC Isolated
1 Ph(CH,),COOH PhCH,OH >99.9 100
2 Ph(CH,),COOH CgH¢70OH >99 100
3 Ph(CH,),COOH TBSO(CH,)gOH >99 98
4 Ph(CHy),COOH THPO(CH,)gOH >99 98
5 Ph(CH,),COOH geraniol >99 100
6 Ph(CH,),COOH PhCH=CHCH,OH >99 99
7 Ph(CH,),COOH PhC=CCH,OH >99 99
8 p-NO,CgH4COOH PhCH,OH >99.9 100
9 CeFsCOOH PhCH,OH >99.9 99
10 p-CF3CeH,COOH PhCH,OH >99.9 29
11 CH,=CH(CH,)sCOOH PhCH,OH >99.9 98

12 2:(4-CICgH,0)0C(CHz),COOH PhCH,OH >99.9 98
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Tab. 7-2 Competition between carboxylic acids in fluorous biphasic esterification.

1 , , [(CIRf,SnOSNRf,CI),] 1 - ,
R'COOH + RZCOOH + R%OH TRV R'COORS + RECOOR
Yield[%]
Enty  R'COOH R2COOH R3OH R'COOR? R'COOR®
GLC  Isolated  GLC
1 Ph(CH.),COOH ~ PhC(CHg)COOH  CgHy,OH >99.9 98 <0.1
cl CHs
2 Ph(CH,),COOH CgH17OH >99.9 100 <0.1
Cl COOCH
Ph_ COOH
4 CHisCOOH  PhC(CH5)COOH  CgHy;OH 599.9 97 <01
cl CHy
5  p-CFaCeH,COOH CgH17OH >99.9 99 <0.1
Cl COOCH
Cl CH
6 p-CFsCeHsCOOH NAvE PhCH,OH  >999 98 <0.1
Cl COCH
Ph_ COOH
7 p-CF4CeH,COOH é CeHi;OH 5999 100 <0.1
COOH
8 p-CF4CgH,COOH Ph CgH4;,OH >99.9 99 <0.1
COOH COOH

[(CIRf,SnOSNRf,Cl),]
Rf= CgH1aCoHa4

+ ROH
FC-72

O(CHy),COOH O(CHy),COOR
100%

R= PhCH,CH, c-CgH1;CHoCH, CgH
Scheme 7-38 2CHp, 0-CgH11CHCHy CgHy7

As well as the above catalytic processes, activation of carboxylic acids by stoichio-
metric amounts of promoters is also available (see Section 1.1.6). Treatment of car-
boxylic acid with dimethylstannocene affords a tin(II) dicarboxylate intermediate,
which is converted into the corresponding ester by treatment with one equivalent of
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alcohol (Scheme 1-54) [83CL683]. The yield of the esters ranges from 74-86%. Addi-
tion of (Me,Si0), effects esterification with equimolar amounts of carboxylic acid and
alcohol [95CL141]. The yield of the ester is 77-99% and the silyl carboxylates are be-
lieved to be intermediates. Dimethylsulfamoyl chloride (2 equiv.) mediates the reac-
tion between one equivalent each of carboxylic acid and alcohol in the presence of
Et;N (3 equiv.)/DMAP (0.1 equiv.) [2001TL7427]. The yield is generally high (~95 %).
High levels of conversion in transesterification are more difficult to achieve than
with esterification, because the alcohol formed is more difficult to remove from the
reaction mixture than the water, due to its better compatibility with organic solvents.
Nevertheless, the fluorous biphase approach with the fluoroalkyldistannoxane cata-
lyst (see Section 1.2.2.2) allows perfect transesterification [2001AGC(E)3670,
2002ASC(344)84]. Upon treatment of methyl or ethyl esters with one equivalent of
an alcohol heavier than ethanol in the presence of the fluoroalkyldistannoxane, the
new esters are obtained in 100 % yields (Table 7-3). The equilibrium is forced com-

Tab. 7-3 Transesterification in single fluorous phase system.

RCOOR + ROH —OReSNOSIRECNEl - o vome + RoH
Rf= CgF13CoH, FC-72
yield (%)
entry RCOOR' R"OH GLC isolated
1 Ph(CH,),COOEt CgH47,0H >99 100
P PhCH=CHCH,0OH >99 100
3 Ph(CH,),COOMe  PhCH=CHCH,OH >99 100
4 geraniol >99 98
5 PhC CCH,0OH >99 100
6 THPO(CH,)gOH >99 99
7 TBSO(CH,)gOH >99 100
8 2-octanol >99 100
9 cyclohexanol >99 99
10 menthol >99
11 borneol >99
12 PhCH=CHCOOEt PhCH=CHCH,0OH >99 99
13 PhCOOEt PhCH=CHCH,OH >99 100

14 PhCOOMe PhCH=CHCH,OH >99 100
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pletely to one side because the methanol or ethanol produced are much less soluble
in FC-72 than the heavier alcohols, so it is crucial to use esters with low-alcohol com-
ponents. This technology is described in more detail in the next section.

Finally, it should be noted that B-keto esters are unique substrates capable of un-
dergoing facile transesterification with one equivalent of an alcohol (see Sections
1.2.2.3 and 1.2.4) [96CC707, 2000SL251, 2001SL1715].

7.3
New Reaction Media

(Trans)esterification reactions are usually conducted in organic solvents, but use of
other reaction media occasionally gives better outcomes. As described in Sec-
tion 1.4.3.3, acylation with acid halides can readily be conducted under phase-trans-
fer conditions [79TL2431, 93CE445, 96SC1447, 90SC2821, 94]JOC1783]. Other exam-
ples include acylation of steroids (Scheme 7-39) [92]JOC6979], benzoylation of a thio-
sugar (Scheme 7-40) [93]JCC933], formation of azacrown ethers (Scheme 7-41)
[93BMC363], and benzoylation followed by condensation (Scheme 7-42 and 7-43)
[960P1325 and 97SC3181].

oY
+
O,N °

PhCH,NEt3*CI" (cat.)
CaH, toluene
83%

Scheme 7-39

OBz
NaOH, BusNHSOy (cat.)
CHyCly Hs0
+ B Cadchlc Q
87% HO - SEt
BnO  OBn

Scheme 7-40
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| AN
X o NPNO
0. | — (o) S KgCOgV BuyNHSO, (cat.) N N
N | MeCN ‘R R
! ! + Cl N
[ ‘R R j z z 0 o
OH HO Y] NsrNo
=
R= Me (45%)
R=H (35%)

Scheme 7-41

30%aq. KoCO3
BuyNHSOy (cat.)

CH,Cly
R=H, CI, Me 58~68%
R'=H, Me
Scheme 7-42
o O 0. 0
: I
30%aq. K,CO3 PH Ph
BuyNHSO, (cat.)
CH,Cly N
_— >
9l
R
84~91%

Scheme 7-43

This technology is applicable to transesterification as well. Introduction of a
gaseous mixture of the reactant ester and an alcohol into a column packed with solid
potassium carbonate coated with a phase-transfer catalyst (Carbowax 6000 or
18-crown-6) induces transesterification (Scheme 7-44) [83JOC4106]. The yield of the
esters, however, is modest (up to 65%). Transesterification of sugars under phase-
transfer conditions is assisted by microwave irradiation (Scheme 7-45) [98T13567].
The primary and secondary hydroxy groups undergo acylation with methyl benzoate
or laurate.

PT catalyst

1 > 3 (Carbowax 600 or 18-crown-6) 1 3 >
R'COOR® gas + R°OH gas R'COOR® gas + R7OH gas

Scheme 7-44
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2eq. KoCO3 BuyNBr (cat.)
0 5eq. DMF

R™ "OMe microwave

R= Ph (96%)

Scheme 7-45 R=Ci1hps (88%)

p-Dodecylbenzenesulfonic acid acts as a surfactant-type Bronsted acid catalyst to
permit direct esterification in water (Scheme 7-46) [2001JACS10101]. In water, the
surfactant-type catalyst and organic substrates form droplets with hydrophobic inter-
iors. The surfactants concentrate the catalytic species (such as a proton) onto the dro-
plets‘ surfaces, where the reaction takes place, and then enhance the rate to reach
equilibrium. For lipophilic substrates, the equilibrium position between the sub-
strates and the products (esters) lies on the ester side, because water molecules are
expelled out of the droplets due to the hydrophobic nature of their interiors. As a re-
sult, quantitative yields of esters are obtained.

0 ? e, o e,
Q. Q Q. o)
R—< + ROHNO OMH—/< + H20~o

I k J 50

Scheme 7-46 Q : Surfactant-type catalyst

Fluorous biphase technology is useful for (trans)esterification. It has already been
mentioned that fluoroalkyldistannoxanes are effective catalysts for both esterification
and transesterification in various aspects, yet some further characteristic features in
terms of fluorous chemistry deserve to be noted here. Transesterification is most
conveniently performed simply by heating the ester and alcohol reactants in the pre-
sence of the catalyst in FC-72 (Scheme 7-47) [2001AGC(E)3670, 2002ASC(344)84).
Reaction at 150 °C is crucial, to make the reaction mixture homogenous. Usually, the
products are extracted into toluene after the reaction, but it is also possible instead,
when the reaction is conducted on a large scale, to separate the products directly
from the surface of the FC-72 layer. The yield is always quantitative. Although the
catalyst can be recovered from the FC-72 solution, the solution itself can also be
used straightforwardly for the next reaction without isolation of the catalyst, no dete-
rioration in the catalytic activity being observed after 20 recycles. Of course, FC-72/
toluene or/alcohol binary solvent systems are employable. In the former case, use of
a slight excess (~1.3 equiv.) of alcohol is required for > 99% yield, while the reaction
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proceeds rapidly in the latter case. Reaction in toluene is also feasible, since the cata-
lyst is soluble in hot toluene. The catalyst can be recovered by extraction with FC-72.

RCOOR' R%%?_'R
R"OH RCOOR'
R"OH —
cat.
cat.
FC-72 cat.
FC-72 FC.72
T recycled
Scheme 7-47

Esterification is carried out similarly (Scheme 7-48) [2002AGC(E)4117]. After the
reaction, easily separable organic, aqueous, and fluorous phases result. The recov-
ered catalyst is not the same as the original one, but somehow modified (probably
carboxylated). However, this new form is also sufficiently active and so the catalyst
solution in FC-72 can be reused repeatedly.

RCOOR'
RCOOH toluene
ROH RCOOR' toluene
B H0 H,O
cat.
cat. FC-72
FC-72 cat.
FC-72
T recycled |
Scheme 7-48

Scandium and ytterbium tris(perfluoromethanesulfonyl)methide complexes
MI[C(SO,CgF17)3]3 (M = Sc, Yb) can be used for acetylation of cyclohexanol both in
homogeneous and heterogeneous phases [2001TL289, 2002T4015]. A 1:1 mixture of
cyclohexanol and acetic anhydride, together with the catalyst (1 mol%) in perfluoro-
methylcyclohexane (5 parts), toluene (5 parts), and perfluorobenzene (3 parts), con-
stitutes a homogeneous phase at 40 °C. The reaction is complete in 15 minutes and
the reaction mixture then turns into two layers upon standing at 15 °C. Cyclohexyl
acetate is obtained in quantitative yield from the upper layer (19.9% CF;CgHyy,
52.5% toluene, 27.6% CgFg), while the catalyst is completely recovered from the
lower layer (69.9% CF3CgH;q, 13.8% toluene, 16.3% CgFg). The same reaction is fea-
sible in the heterogeneous two-phase system made up of perfluoromethylcyclohex-
ane and toluene in a 1:1 ratio.

The temperature-dependent solubility of a fluorous super Brgnsted acid is utilized
in acylation and esterification without fluorous solvents (Scheme 7-49) [2002SL1299].
4-(1H,1H-Perfluorotetradecanoxy)-2,3,5,6-tetrafluorophenylbis(trifluoromethanesul-
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fonyl)-methane is soluble in toluene at 70 °C but not soluble at room temperature.
Thus, when a mixture of the reactants and catalyst in toluene is heated, a homoge-
neous solution is produced, in which the reaction takes place. After completion of the
reaction, cooling of the reaction mixture to room temperature causes precipitation of
the catalyst, which is separated by filtration. With the aid of this technology it is possi-
ble to conduct the benzoylation of methanol with benzoic anhydride and the esterifica-
tion of 3-phenylpropionic acid in methanol to produce the esters quantitatively.

reactant product

heat

homogenous cool
—_— —_—

reaction

organic solvent organic solvent

Q: perfluoroalky! catalyst
recycle of catalyst by decantation

Scheme 7-49

The Mitsunobu reaction can be carried out under fluorous conditions. Bisfluoro-
alkyl azodicarboxylate effects esterification of benzoic acid (Scheme 7-50)
[2002TL2807]. After the reaction, solvent is evaporated and the residue is partitioned
between dichloromethane and FC-72. The fluorous hydrazine co-product is not de-
tected in the organic layer, thus leaving only triphenylphosphine oxide to be sepa-
rated from the desired product. The combined use of the fluorous phosphines
(CeF13C,H4CH,4),PPh or CgF1,C,H4CqH4PPh, and fluorous azodicarboxylate al-
lows easier separation of the product ester (Scheme 7-51) [2002T3855]. After the re-
action, the solvent is evaporated, and the residue is taken up in MeOH and loaded
onto fluorous silica. Elution with 80% MeOH gives the Mitsunobu adduct in
75-95% yield, free of any impurities. Further elution with ether gives a mixture of
the fluorous phosphine oxide and fluorous hydrazine. This fluorous mixture can
readily be separated on normal silica gel. These recovered fluorous reagents can be
reconverted into the original fluorous phosphine and fluorous azocarboxylate pure
enough to be reused. Also importantly, this technique can be applied in parallel reac-

tions.
0 o)
ROJ\N‘NJ\OR GO0
R= Et (85%)
COOH PPhs, EtOH R= (CHp)2CqF 13 (84%)
o] o)
I A OOy Ceths
RO” “N=N" “OR T
R= Et (68%)

R=(CH F 3%,
PPhg, THE, (CHg)2CeF 13 (63%)

CeHi3

Scheme 7-50
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(CeF13C2H4CeHa)oPPh o o} )
RCOOH + ROH + or + JU L (R'=CeF13CaHy)
(CgF17CaHaCsHa)PPhy R'0” “N=N" “OR"
e
1. Reaction in THF 80% MeOH/H; 75~95%
2. Fluorous solid phase extraction
Et,0 o) (CeF13C2H4CeH4)2P(O)Ph
BN . or
RO™ N-N° OR (CgF17C2H4CeH4)P(O)Ph2
SiOp
flash chromatography
less polarl lmore polar
j\ j\ (C6F13C2H4CeHa)2P(O)PH
R'0” “N-N" “OR' or
H H (CgF17C2H4CeHa)P(O)Phy
lBrg lAIH3
)Ol\ j\ (CeF13C2H4CeHa)2PPh
or
R'O™ "N=N" "OR" (CgF17C2H4CeHa)PPhy

Scheme 7-51

Kinetic resolution of racemic esters or carboxylic acids is conveniently achieved
with the aid of fluorous biphase technology (Scheme 7-52) [2002CC1680]. A mixture
of a hexane solution containing racemic ester or carboxylic acid and a perfluorohex-
ane solution containing a highly fluorinated decanol is heated at 40 °C with lipase
from Candida rugosa. The reaction mixture is homogeneous at this stage. After re-
moval of the lipase by filtration, the liquid phases are cooled to 0°C, resulting in se-
paration of the two solutions. From the fluorous solution, the S fluoroalkyl esters are

25°C 40°C
rac. organic ester
or acid lipase (C. rugosa)
hexane enzymatic
reaction
fluorous alcohol
perfluorohexane
separation
0°C
filtrgtion organic ester (R)
of lipase hexane

or acid (R)

——» product fluorous ester (S)
(72~95%ee)

perfluorohexane

Scheme 7-52
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recovered in ca. 50% conversion with 72—95% ee. The unreacted esters or carboxylic
acids recovered from the organic layer show 44—95% ee.

Ionic liquids are attracting growing interest as alternative reaction media for a
wide variety of synthetic processes, because they are involatile, thermally stable, and
environmentally benign. The O-acetylation of alcohols and carbohydrates with acetic
anhydride takes place smoothly in the ethylmethyl- and butylmethylimidazolium di-
cyanamides shown below [2002CC714]. All hydroxy groups in saccharides such as
glucoses, sucrose, etc. are acetylated. Notably, the dicyanamides function both as sol-
vent and as catalyst. The DCC/DMAP technique for esterification between ferrocene-
monocarboxylic acid and benzoic acid derivatives can be conducted in butylmethyl-
imidazolium terafluoroborate or hexafluorophosphate [2002GC159].

NC'N‘CN

+
/N\ﬁNV

Enzymatic reactions in ionic liquids are also feasible. Lipase-catalyzed kinetic reso-
lution of secondary alcohols in ethylmethyl- or butylmethylimidazoles can be up to
25 times more enantioselective than in organic solvents [20010L1507]. Lipases in io-
nic liquids exhibit catalytic activities comparable with those in organic solvents for
acetylation of 2-hydroxymethyl-1,4-benzodioxane with vinyl acetate [2002TL2979]. In
these reactions, the reaction mixture is usually worked up with organic solvents for
purification of the products, although this defeats the original purpose of the use of
ionic liquids. To bypass this problem, an extraction technique with supercritical car-
bon dioxide is available, both in batchwise and in continuous flow processes
[2002CC992).

The supercritical methanol is used for transesterification of rapeseed oil (Scheme
1-66) [2001FU225, 2001FU693]. Methyl esters are obtained without use of catalyst.

Finally, immobilization of catalyst, though not categorizable as a modification of
reaction media in a strict sense, should be briefly mentioned. This technology can
offset many drawbacks encountered in homogeneous reactions and is discussed in
Part I, but in a number of different places. The studies relevant to immobilization of
catalysts are therefore complied here.

Bronsted acid: [2002ASC(344)270] (see Section 1.1.2.1); [2001AGC(E)4077] (see
Section 1.3.2.1).

Carbodiimide: [95TL8345] (see Section 1.1.4); [2000TL8673] (see Section 1.1.4).

Sulfonyl chloride: [2001TL7783] (see Section 1.1.6).

Lipase: [2001JOC1906] (see Section 1.2.5); [2000JACS11767] (see Section 1.2.5);
[2001JOC5645] (see Section 1.2.5); [2001JACS2428] (see Section 1.2.5)
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7.4
Application to Natural Products Synthesis

There are numerous reports of natural products synthesis involving esterification.
The literature survey hit more than 300 studies in which esterification plays a key
role in natural products synthesis; these are listed in Table 7-4 in the order of the sec-
tions in this book. Since it is not possible to describe all of them here, only represen-
tative examples are given.

Tab. 7-4 Natural products synthesis involving esterification.

Method Reference Conditions Target or related products

Reaction between alcohols and carboxylic acids

1.1.1 91JACS3533 At190°C Quadrone
92TL4931 Reflux Whisky lactone, eldanolide
1.1.2.1 90TL5575 TsOH Parasorbic acid, tridecanol acetate
94TA1979 HCl (-)-Horsfiline
95SL735 H,SO, Pachylactone
96TL7553 TsOH Anthridic acid
97]OC465 TsOH (-)-Reserpine
1.1.48 86JACS4586 Dihydromevinolin
91AGC(E)412 Taxol
9179929 (-)-Valilactone
92CL49 Antrimycin
92JACS9673 Byssochlamic acid
92T10531 Pyrrolizidine alkaloid
92TL5185 Taxol
93T1571 Pyrrolizidine alkaloid
93TL6049 Taxol
94BCJ2345 Pyrrolizidine alkaloid
94BCJ3094 Pyrrolizidine alkaloid
94CC2591 Taxol
94JACS11213 (¥)-Myrocin
94J0C1238 Taxol
94TL105 Taxol
94T12349 Taxol
94TL3063 Taxol
94TL4483 Taxol
94TL4707 Taxol
94TL6839 Taxol
94TL7893 Taxol
94TL9709 Taxol
94TL9713 Taxol
94TL9717 Taxol
95JCS(P1)3073 Enterochelin
95]0C4774 Dolabellin
95T8809 (-)-Sypringolides
95TL8933 Taxol




7.4 Application to Natural Products Synthesis

Tab. 7-4 (continued)
Method Reference Conditions Target or related products
96JACS919 Taxol
96JACS3301 (-)-Virginiamycin
96JACS10335 Maitotoxin
96]OC6893 Cryptophycin
96TA2371 Tarchonanthuslactone
96TL1777 Taxol
96TL5049 EDC Octalactin
97JACS11769 Atractyligenin
97JACS7960 EDC Epothilone
97]0C4428 Aerothionin
98BMC427 Taxol
98CC1745 Taxol
98]0C9624 DIC Taurospongin
98TL2223 EDC Diazonamide A
99BMC1189 EDC Taxol
99TL1631 EDC 2-Ara-Gl (2-arachidonylglycerol)
1.1.5 91JCS(P1)1825 Samanine
91TL5781 Combretastatin D
92JACS2567 PBus, DEAD Echinosporin
92JACS2995 Latrunclin A and B
92TL4931 Whisky lactone, eldanolide
93JCS(P1)1549 Lipstatin
94BCJ3327 Paniculide A
94CL1083 Pyrenophorin
94JOC4853 Suspensolide
94JOC5414 Combretastatin D
94TL591 Geodiamolide A
94TL4409 Combretastatin D
94TL8237 (-)Vermiculine
95BCJ3151 Nosiheptide
95]0C7334 (-)-Lipstatin
96TL1461 Deoxymannojirimycin
97]0C4 PPh;, DIAD Panclicin D
97CC1647 PPhs, DIAD (+)-Acetylphomalactone
97]0C6619 Styllactone
97SL577 Hastanecine
97TL6055 10-Oxo-11(E)-octadecen-13-olide
98CE]33 Combretastatin D
98JACS3935 Macrolactins
98T10029 Actinomycin Z,
98TL143 Lipoxin A
98TL779 Dideemnin M
98TL1075 Solandelactones
98TL2765 Pyrrolizidine alkaloid
98TL4363 PPh;, DIAD UK-2A

99SC399

Patulolide C
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Tab. 7-4 (continued)
Method Reference Conditions Target or related products
1.1.6 77CL959 2-Cl-1-Me- ()-Recifeiolide
Pyridinium iodide
88JACS5917 Di(2-Py)carbonate  Taxol
92JCS(P1)553 N-Me-2-Cl- (-)-o-Kainic acid
Pyridinium iodide
93SL333 N-Me-2-Cl- Murrayaquinone A
Pyridinium iodide
94]0C3347 PhSO,Cl Bourgeanic acid
94]JOC3642 p-Br-Benzene- Obafluorin
sulfonyl-chloride
95CE]J454 N-Me-2-Cl- Balanol
Pyridinium iodide
96TL2141 N-Me-2-Cl- 9-Propyl-10-azacyclododecan-12-
Pyridinium iodide olide
97CPB1793 Di(2-Py)carbonate  Taxol
97S1580 N-Me-2-Cl Balanol
Pyridinium iodide
97T4857 N-Me-2-Cl- Balanol
Pyridinium iodide
98CL3 Di(2-pyridyl)thio-  Taxol
carbonate
98]0C4397 N-Me-2-Cl- Balanol
Pyridinium iodide
1.1.7 96TA2639 Lipase from (4E,7S)-7-Methoxytetradec-4-enoic
C. rugosa acid
Reaction with Esters
1.2.1 90JACS8907 At0°C Chorismic acid
95JHC395 Heat Unnamed natural product
95]0C5785 At210°C (-)-Oblongolide
96TA1281 light (R)-(+)-Umbelactone
97M281 At130°C (+)-Heptelidic acid
2000TL239 At90°C Taxol
1221 92T5667 MesOH (+)-Eldanolide
92TA533 HCl (6R)-(-)-Massoialactone,
(4R,6R)-(+)-4-Hydroxy-6-pentyl-
valerolactone
92TL4605 TsOH (#)-Mint lactone
93J0C6915 TsOH (+)-(1B,60.,98,102)-9-Chloro-10-
hydroxy-8-(methoxycarbonyl)-4-
methylene-2,5-dioxabicyclo[4.4.0]-
dec-7-en-3-one
94CPB2161 Camphorsulfonic ~ Cryptocaryalactone
acid
94]JOC4122 HF (¥)-Muricatacin
9478209 H,SO4 (¥)-Cuanzine
94TL2217 TsOH Taxol
95]CS(P1)777 HF (+)-Compactin
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Tab. 7-4 (continued)
Method Reference Conditions Target or related products
95SL505 HCl Tetrodotoxin
95TL5475 H,SO, Calanolide A
96JACS9992 TsOH 9-Acetoxyfukinanolide
96SC4005 TFA (¥)-Calanolide A
96TL2335 TsOH cis-Hydrindane
96TL6503 TFA (+)-Dihydrokawain
98]0C1102 HCl (3aS,60.5)-Ethisolide, whisky
lactone, (-)-avenacioide
1.2.2.2 88JACS5198 (SCNBu,SnOSn-  Brefeldin
Bu,OH),
88TL6689 (SCNBu,SnOSn-  Kadsurenone-ginkgolide hybrid
Buon)z
99JACS9073 (SCNBu,Sn),0 Library of polycyclic small
molecules for use in chemical
genetic assays
990L957 BF; - OEt, Mycalamide
2000TL243 (Bu,SnCl),0 Taxol
1.2.2.3 97JOC4550 Al,O3 Clavepictines A and B
98JCS(P1)2563 Dowex 50Wx4 Naphthylisoquinoline alkaloid
1.2.3.1 93JACS4891 K,CO3 Acetogenins (solamin,
reficulatacin)
94TL5393 MeLi/Cul Bafilomycin A
95TL7285 LiOH Seiridin
98JACS1914 K,CO; Harringtonolide
9813693 KI Methyl picrotoxate
1.2.3.2 92JCS(P1)1907 DBU Goniotriol, 8-acetylgoniotriol
95JACS2657 DMAP (-)-Ptilomycalin A
95TL7233 DMAP (+)-Heptelidic acid
1.2.5 92TA29 PPL (-)-Massoialactone, 3-hydroxy-5-
icosanolide, 3-hydroxy-5-
decanolide
93JOC7535 PPL (3Z,6Z)-Dodecanolide
94AJC1661 Lipase from (Z,Z)-2-Hydroxy-4-oxohenicosa-
C. cylindracea 12,15-dien-1-yl acetate
94TL6975 Lipase from (25,3R)-3-Hydroxyproline
C. antarctica
95TA2219 PPL (3Z)-Dodecen-12-olide,
(2E)-9-Hydroxydecenoic acid
96J0OC1814 Lipase from (R)-Patulolide A
C. rugosa
96]0C6931 Lipase PS (+)-Strigol
96SL163 Lipase PS (+)-Crooksidine
96S1925 Lipae PS Nitraria alkaloid
97CL11 PPL CC-1065, duocarmycin
97 JACS11554 Lipase from Taxol

C. antarctica
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Tab. 7-4 (continued)
Method Reference Conditions Target or related products
97]0C3824 Lipase from (-)-Curcumanolide A
P. fluorescens
97LA211 Lipase from Oosponol
P. fluorescens
9751580 Lipase from P.sp.  Balanol
97T5855 Lipase from Ecdysteriods
C. antarctica
97TL4121 Lipase from Triptoquinone B and C
C. antarctica
98J0C4397 Lipase from P.sp.  Balanol
98]0C920 Lipase PS (#)-(3a0,8aa)-Ethyl 8p-hydroxy-
6p-methyl-2-oxooctahydro-2 H-
cyclohepta[b]furan-3a-carboxylate
98511001 Lipase LIP Rengyoxide
98TL2163 Lipase PS Taxol
98TL4677 Lipase LIP (-)-Neplanocin A
98TL7747 Lipase PS Sceletium alkaloid
99TA2729 Lipase from Lactaranes, marasmanes
C. rugosa
99TL1207 Lipase from Macrolide antibiotic A26771B
C. rugosa
99TL4965 Novozyme 435 (¥)-Azamacrolide
2000TA1375 Lipase OF-360 (+)-Albocanol, etc.

Treatment with Acid Anhydrides

1.3.2.1

1.3.2.2

1.3.3.1

1.3.3.2

91JCS(P1)1191
92CJC1375
98TL1145
97BMC3081

98TL2883
98TL6081
84J0C1909
93]0C5855
94]0C4735
85JACS3731
90JACS9001
91HCA941
91T7937

92A]C2025
92JCS(P1)1907
92]0C5807
92T1407
93BCJ3053

TsOH
H,SO,4
AcOH
BF3 ° OEtZ

ZnCl,
Ln(OTf);
BulLi

NaOAc
KOAc
DMAP, NEt;
DMAP

Py

Py

Py

Py

Py, DMAP
DME

Py

Gibberellin, A81

Longifolene

Secosterol

XH-14 (5-(3-hydroxypropyl)-7-
methoxy-(3'-methoxy-4'-
hydroxyphenyl)benzo[b]furan-3-
carbaldehyde)

Taxol

Taxol

Lasubine I , Subcosine I
BMY40662 (benzothiazinone)
Coriandrin

(+)-Compactin

(-)-Anisatin

Bretonin
3B,6a-Dihydroxy-9-0x0-9,11-
seco-5a-cholest-7-en-11-al
Ventilagone

Goniotriol, 8-acetylgoniotriol
Myrtine, lasubinem, subcosine
Pyrrolizidine alkaloid
Salvinolone
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Tab. 7-4 (continued)
Method Reference Conditions Target or related products

93JCS(P1)633 Py, DMAP Gephyrotoxin

93T5225 DMAP Epoxypolyynes

94CC295 DMAP Taxol

94JACS1591 DMAP, NEt; Taxol

94JCS(P1)61 NEt; Specionin

941L.A1065 DMAP, NEt; (2)-6,8-Nonadien-2-ol

94S1343 Py (+)-Epibatidine

94710083 Py, DMAP Drimane sesquiterpene

94T10597 Py, DMAP Kjellmanianone

94TL3201 Py Azamacrolide

94TL3489 Py 6,7-Diepicastanospermine

94TL4145 DMAP Tautomycin

95CC743 Py Goniodiol-8-monoacetate

95CC1369 DMAP Batzelladin A

95J]0C4184 DMAP Carabrone

95JOC5726 DMAP, NEt; GERI-BP001

95J0C5825 NEt; Tropane alkaloid

95T1663 DMAP (5)-(5R,65)-6-Acetoxy-5-
hexadecanolide

95TL6345 Py Paraconic acid

96BCJ1033 Py Naturally occurring flavones

96CL223 Py, DMAP Taxol

96JACS1309 Py Acetoxycrenulide

96JACS7094 Py, DMAP (-)-Galbonolide B

96]0C4882 Py Clavepictine A and B

96JOC8698 Py Biopterin

96114877 Py (+)-Goniodiol

96TA3141 Py Melodorinol, acetylmelodorinol

96TL893 Py, DMAP Tonghaosu

96TL4047 DMAP, NEt; Conagenin

97BCJ427 Py Nagastatin

97JCS(P1)317 Py, DMAP (+)-Asperlin, (+)-acetylphomalac-
tone, (+)-(5S,6S,7R,8S)-asperlin

97]0C3824 Py, DMAP Curcumanolide A

97]0C5542 Py Microcolin B

97]OC8095 DMAP, NEt; Secosyrin, syributin

97JOC8155 Py Salsolene oxide

97716435 DMAP, NEt; Monensin

97TA633 Py (5R,6S)-6-Acetoxy-5-hexadecano-
lide

97TA3067 Py Melodorinol

98CPB559 Py Duocarmycin SA

98CPB1199 DMAP, NEt; Halichondrin B

98]0C6281 Py, DMAP (¥)-Swainsonine

98SL1259 Py, DMAP Coniochaetone A and B

99TL1257 DMAP, NEt; (+)-Phomalactone, (+)-acetyl-

phomalactone, asperlin
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Tab. 7-4 (continued)

Method Reference Conditions Target or related products
99TL1963 Py, DMAP Prevercynamin
2000TL243 Py, DMAP Taxol

1.3.51 92T393 Pyrrolizidine alkaloid
93JACS11446 Rutamycin B
94TL3201 Epliachnene
94TL3613 CICOOEt Camptothecin
95J0C6082 CICOOCMe=CH, Leualacin
9551007 Luffariolide E
95SL893 Luffariolide E
95TA2219 (32)-Dodecen-12-olide, (2E)-9-

hydroxydecenoic acid
95TL4117 ()-Colletol
96JACS1229 Dolabellatrienone
96TL8065 (+)-Ikarugamycin
97JACS7483 (+)-Laurencin
97JACS7974 Epothilone A and B
97J0C3271 Bafilomycin A,
97TL53 6-Deoxyerythromolide B
98]OC642 Halicholactone,

Neohalicholactone
98T7127 Epothilone

Treatment with acid halides and related compounds

1.4.1 91CC1438 Reflux (R)-(-)-Muscone
96JOC5697 Reflux Cyclo-2,3-diphospho-p-glycerate
97J0OC960 Atrt. Myriceric acid A

1421 92TL7355 AcOH Cerpegin
93TL6049 HCl Taxol
94CL543 TsOH (-)-Isoiridomyrmecin
95ACS8258 MesOH Lankacidin C
96TL8053 HCl Fusarentin methyl ethers
98]OC8045 HCl Taspine

1.4.3.1 92T6985 NaH Taxol
93J0C5028 BulLi Taxol
93TL3205 BulLi Taxol
93TL4149 NNa(TMS), Taxol
93TL6845 NLi(TMS), Taxol
94BMC335 NaH Taxol
94BMC487 NaH Taxol
94BMC1571 NNa(TMS), Taxol
94JACS1591 NNa(TMS), Taxol
94JOC515 NNa(IMS), Taxol
94JOC5147 KOtBu Balanol
94]0C6156 NLi(TMS), Taxol
94TL1665 NLi(TMS), Taxol
94TL5543 BuLi, NLi(TMS),  Taxol

95JCS(P1)2849 AgOCOCF; (+)-Bengamide E




Tab. 7-4 (continued)

7.4 Application to Natural Products Synthesis

Method Reference Conditions Target or related products
95JACS624 NNa(TMS), Taxol
95]ACS2409 NNa(TMS), Taxol
95JACS5228 NNa(TMS), Taxol
95J0C5910 AgOCOCF; (+)-Bengamide E
96]OC1473 NaH and Pyrrolizidine alkaloid
AgOCOCF;
96JOC2664 NaH Taxol
96TL6495 NLi(TMS), Taxol
97BMC1941 NNa(IMS), Taxol
97J0C4746 NLi(TMS), Taxol
98BCJ2673 K,CO3 Prenylisoflavones
98BKC1027 NLi(TMS), Taxol
98BMC273 NLi(TMS), Taxol
98BMC2977 NLi(TMS), Taxol
99BMC1189 NLi(TMS), Taxol
1.4.3.2 88JACS5917 Py Taxol
91HCA%41 Py Bretonin
92CL1417 Py PAF (platelet-activating factor)
92JMEC4230 Py, DMAP Taxol
93JACS8873 Py, DMAP Oleanolic acid, erythrodiol,
B-amyrin
93J0C2931 Py Taxol
93TL4751 DMAP, NEt; Pancratistatin
94BMC487 DMAP Taxol
94]0C5147 NEt; Balanol
94T10491 Py, DMAP Melodienone,
7-Hydroxy-6-hydromelodienone
94TL4959 Py, DMAP Taxol
95CPB1617 NEt; Lycoperdic acid
95JHC195 NEt3 Galanthamine
95TL5861 NEt; m-Hydroxycocaine,
m-Hydroxybenzoylecgonine
95 TL6515 Py Bryostatin
96CPB627 Py Mitotoxin
96LA271 Py, DMAP Alkanonic acid
97JACS8391 Py, DMAP Cladantholide, estafiatin
97SC4003 NEt; Cocaine metabolite
97SL1387 Py Anistatin
97TA3067 NEt; Melodorinol
98TL7747 DMAP, NEt; Scletium alkaloid ((—)-mesem-
brine, (+)-sceleium A-4,
(+)-tortuosamine, (+)-N-formyl-
tortusamine)
Use of Tin Alkoxides
2 92T393 Bu,SnO Pyrrolizidine alkaloid
94BCJ1990 Bu,SnO Pyrrolizidine alkaloid
94BCJ2345 Bu;SnOMe Pyrrolizidine alkaloid
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Tab. 7-4 (continued)

Method Reference Conditions Target or related products

Treatment with Diazomethane
3.1 99 CL141 Zoanthamine alkaloid

Treatment with alkyl halides

3.2 94]0C2773 Kainic acid
97TL4697 Differanisole A
98J0C2385 Phaseolinic acid

() DCC is employed if no other conditions are noted.
) The standard Mitsunobu reaction if no other conditions are noted.
(9 2,4,6-Trichlorobenzoyl chloride is employed if no other conditions are noted.

The synthesis of taxol and its analogues exemplifies how profoundly esterification
contributes to this field. Although several total syntheses of taxol have been reported,
the semi-synthesis starting from 10-deacetyl baccatin III is really practical.

Taxol

A key step in this strategy is the incorporation of the (2R,3S)-N-benzoyl-3-phenyli-
soserine side chain onto the highly sterically hindered 13-position, and the following
methods have been reported.

(i) Direct coupling between 10-deacetyl baccatin III and (2R,3S5)-N-benzoyl-O-(1-
ethoxyethyl)-3-phenylisoserine [88JACS5917, 92TL5185, 94CC2591, 94TL105]. The
condensation of 7-triethylsilyl baccatin III is effected by use of di-2-pyridyl carbonate
and DMAP, in 80% vyield at 50% conversion or 60% yield at 85% conversion
[88JACS5917]. In addition to the unsatisfactory yields, this approach suffers from
epimerization at carbon 2'.

0 o
I‘)I\ DCC, DMAP HI\
P NH " toluene - P /Ni)oj\
Ph/\_/U\OH * HO™ P O
_O\(Me OYMe

HO HO
OEt OEt

(i) Use of P-lactam [91CA164568p, 92T6985, 92JMEC4230, 93JOC5028,
93TL3205, 93TL4149, 93TL6845, 94BMC335, 94BMC487, 94BMC1571, 94JACS1591,
94JOC6156, 94TL1665, 94NA(367)630, 94TL5543, 95AGC(E)1723, 95JACS624,
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95JACS2409, 95JACS5228, 96]JOC2664, 96TL6495, 97BMC1941, 98BMC273,
98BMC2977, 99BMC1189]. The drawbacks encountered in the above direct coupling
technique are tackled by use of (3R,4S)-3-(1-ethoxy)ethoxy-4-phenyl-2-azetidinone
[91CA(114)164568p, 92T6985]. The ring-opening is promoted by DMAP/pyridine or
more efficiently by use of sodium salt of the baccatin III.

o
R'O,  .Ph Rz)I\NH o
™ metal salt h/\)]\
+  HO™ —_—
O/l/:‘\‘\ﬂ/Rz or amine P B 10‘"'%X
0 HO OR

HO

R'= CH(CH3)OC,Hs, TBS, TES, EE
R2= Ph, OCH,Ph, O'Bu, p-CICgH4, p-N3CaHa

(iii) Use of 1,3-oxazolidine carboxylic acids [92TL5185, 93TL6049, 94CC2591,
94]0C1238, 94TL2349, 94TL3063, 94TL6839, 94TL4707, 94TL7893, 94TL9709,
94TL9713, 94TL9717, 95]OC2918, 96JACS919, 96TL1777, 98BMC427, 98CC1745,
98CL3]. Treatment of 2-substituted-1,3-oxazoline carboxylic acid with the C-7 triethyl-
silyl derivative of baccatin III in the presence of DCC/DMAP affords a 94% yield of
the condensation product, which is transformed into taxol upon hydrolysis
[94CC2591].

RS R* o]
R%~ X DCC, DMAP 4 .
e H°"€g ~ T
< R =y
R*\_g/*OH ;R o
R

d HO

R'=aryl

R?= H, Boc, Bz

R3=H, CH3

R%= CHg, Ph, CCh, PMP, OPMP

(iv) Use of oxazoline [94TL4483, 95TL8933, 97JOC4746]. 2-Substituted oxazolines
are also useful protected side chains. Coupling between (4S,5R)-2,4-diphenyloxazo-
line-5-carboxylic acid and 7-(triethylsilyl)baccatin III in the presence of DCC/4-pyrro-
lidinopyridine provides the desired condensation product in 95% yield, and subse-
quent hydrolysis furnishes taxol in 75% yield [94TL4483]. The thioesters of the oxa-
zolidine and oxazoline are attached to the baccatin nucleus through promotion with
lithium bis(trimethylsilyl)amide [97]JOC4746).

Jp\h i
1. DCC method ’)k
N7 2. HCI P "NH O
. o 2" A
P OH ¢
o

HO OH
HO
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(v) Use of other side chain equivalents. Transesterification of ethyl benzoylacetate
with protected baccatin III is carried out simply by heating at 90°C (see Section
1.2.1; Scheme 1-65) [2000TL239], and the resulting ester is successfully transformed
into taxol [2000TL243]. 2’,2"-Difluoro derivatives of docetaxel are obtained by use of
3-amino-2,2-difluoropropionic acids in the presence of dipyridyl carbonate/DMAP

[97CPB1793].
BocHN o
R oH *
FOF

TrocO
OTroc

di(pyridyl)carbonate BocHN
DMAP toluene

Troc= 2,2,2-trichloroethoxycarbony
R=aryl

<\_O
B AcO
OBz

The less sterically demanding cinnamic acid is readily incorporated at the 13-posi-
tion of a taxol analogue [91AGC(E)412].

o}
1.'BUOH, KOBUOH it
h/\)l\ 2 _2.DCC, DVAP, tolueng p(\)Loa- H
HO'
H

60%

When 1-deacetyl baccatin III is utilized, it is necessary to discriminate the C-13
OH from the three other hydroxy groups. The selective acylation of C-10 OH is
achieved by the following methods: with acid chloride [94TL5543, 93JOC2931], or
with acid anhydride [98TL2883, 94CC295, 98TL6081, 2000TL243].

Ho ROCQ
o RCOCI or (RCO)0 10
HO' > HO'
HO HO

The C-2 hydroxy group is acylated through the action of acid halides in the pre-
sence of bis(trimethylsilyl)amide [98BKC1027].
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LNTMS)2  yisop

T™SO' + RCOCI

The tertiary alcohol at the C-4 position is acetylated with acetic anhydride in pyri-
dine [96CL223].

TESO"- Py, DMAP > TESO*-

The next important application is seen in the synthesis of macrolides, because
this is heavily dependent on esterification technology. The Yamaguchi technique
(Section 1.3.5) serves quite well to this end. Two strategies are available for the final
ring-closure in the synthesis of (—)-colletol. The first makes subtle use of various
types of esterification technology (Scheme 7-53)[93CL1759]: (1) distannoxane-cata-
lyzed transesterification, (2) DCC/DMAP condensation, and (3) the Yamaguchi tech-
nique with 2,6-dichlorobenzoyl chloride/Et;N/DMAP. The final lactonization pro-
ceeds in 84 % yield. The second strategy employs the Yamaguchi reaction twice for
the ester formation (Scheme 7-54) [95TL4117]. The yield is 70% in the first esterifi-
cation and 60% in the second. Total syntheses of bafilomycin A; (Scheme 7-55)
[97]JOC3271] and of epothilones A and B (Scheme 7-56) [97JACS7974] succeed
through taking advantage of this approach.
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CIBu,SnOSnBu,OH
OH OMOM O v _~_OH toluene, reflux, 93% OH OMOM O
NN0Et ~ NN
1. oS O o
" oH , DCC, DMAP OH
OH
Et,0, 68% |
2. 1M HC|, THF, 91% Me
3. 2mol% Pdy(dba)sCHCl MOMO =
24.5mol% PhgP, HCOH-EtgN
dioxane, reflux, 71% Me* S0 Yo
(@]
1. 2,6-Cly-benzoyl chloride
EtsN, DMAP, toluene, 84% | (0]
2. TMSBY, CHyCl, -30°C, 71%
- Me'
HO 7
Me" S0 0o
Scheme 7-53 (-)-Colletol
(¢]
OH (o]
(0]
Me)\/\/u\o/\/soﬂ"' 1. 2,4,6-Clg-benzoyl chloride I
Et3N, THF, then DMAP, benzene Me
2. conc. HCI, 1: 1 EtOAc-MeOH —
+ MPMO'
Me+
OTHP  OMPM O o 99
Me’ X X OH
S0,Tol
o o]
1. 2,4,6-Clz-benzoyl chloride
DBN, benzene | o EtN, THF, then DMAP, toluene, 95°C o)
" 2.DDQ, 18: 1 CHyClp-HpO |
> Me Me'
MPMO 7 HO 7
Me'+ -
Hg ©7 OH Me"" ~07 0
(-)-Colletol

Scheme 7-54
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OMe Me Me Me Me OMe Me

HOOC” X SN

6DEI PS OH OMTr MTr= (p-methoxyphenyl)diphenylmethyl

2,4,6-Clz-benzoyl chloride, EtsN
THF, DMAP, toluene, 110°C, 16h

Bafilomycin A4

Scheme 7-55

s
/> 2,4,6-Cla-benzoyl chloride
N EtgN, THF, then DMAP

R=H, Me
R.. O s
| )—
> HO. N
[——

0O OH O
R= H; Epothilone A

R= Me: Epothilone B
Scheme 7-56 e: Epothilone

The Yamaguchi reaction is made easier when the substrates have a suitable con-
formation (Yonemitsu modification). Thus, protection of 1,3-diol units as sterically
demanding benzylidene acetals, coupled with DMAP activation, allows lactonization
at room temperature in quantitative yield in the synthesis of 9-dihydroerythronolide
(Scheme 7-57) [90JOC7]. This new version finds successful applications in the synth-
esis of macrolide antibiotics. The rutamycin B skeleton is constructed in 86% yield
(Scheme 7-58) [93JACS11446]. Notably, the deconjugated macrolide inevitably forms
in other methods. p-Methoxybenzylidene acetalization results in smooth lactoniza-
tion in the synthesis of 6-deoxyerythronolide B (Scheme 7-59) [97TL53].
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2,4,6-Clz-benzoyl chloride
Et3N, xylene, then DMAP, 10min

98%

Mes= 2,4,6-trimethylphenyl
DMS= 3,4-dimethoxyphenyl

Scheme 7-57 9-Dihydroerythronolide A

2,4,6-Clg-benzoyl chloride -
DMAP, Et3N, benzene, 23°C

HF, MeCN, CH,Clp
23°C, 98%

Rutamycin B

Scheme 7-58
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p-MeOCgH4 H
Me CeHaOMe-p 2,4,6-Cla-benzoyl chloride
o oo oo o iPr,NEt, DMAP, 25°C, benzene

Scheme 7-59 6-Deoxyerythronolide B

The Mitsunobu reaction (Section 1.1.5) is useful for macrolide synthesis as well.
The key intermediate for combresstatins D is constructed under the standard Mitsu-
nobu conditions (Scheme 7-60) [94TL4409, 98CE]33]. The synthesis of (-)-echinos-
porin requires modified conditions (Scheme 7-61) [92]JACS2567]. Of various phos-
phines, tributylphosphine is the best when coupled with diethyl azodicarboxylate at
—15 °C. Dimerization of hydroxy acid is utilized for the synthesis of (-)-pyrenophorin
(Scheme 7-62) [94CL1083]. In this route, the Mitsunobu reaction is employed twice,
for the synthesis of secondary acetate and for the final lactonization. In contrast, the
analogous direct dimerization strategy furnishes only an 11% yield of (-)-vermicu-
line, owing to the concomitant formation of the trimer and tetramer. Use of the step-
wise method instead gives rise to a better outcome (Scheme 7-63) [94T18237]. Under
the Mitsunobu conditions, the first coupling is between hydroxy ester and silyloxy
carboxylic acid, while the second lactonization, after protection of the masked func-
tions, provides the diolide in 62% yield.
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OBn
O.
OTBS PPhg DEAD, toluene
81%
OTBS
COOH OH
[e]
OH
O
(0]
(0]
[e]
bretastin D-1
Scheme 7-60 Combretastin

PBug DEAD, THF
MS 4A, -15°C 1t

(-)-Echinosporin (XK-213)

Scheme 7-61

AcOH, PPh; DEAD
OH o] Et,0, rt, 40h, 80% OAc o
—_— > :

o_0 Q
OH Q PPhg DEAD OY\)Q/\‘/ OY\)I\/\‘/
—_— N}(\)LOH toluene o o o) o)
o o -20~18°C, 90h
44% )\/NO )\/\I‘/\/&O
o O 0
(-)-Pyrenophorin

Scheme 7-62
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OTHP OTHP
OH
N # N P> coMe
OTBS 0 OH
OTHP OTHP
e > Zcoaue NN 2> Co,Me
toluene ) oTBS (') o
-40°C to 0°C
24h, 80% oo N F N
OTHP OTHP
OTHP o
“ O ~_0
PBus, DEAD x- (\)\/\f \n/ (\)I\/Y
toluene 16} 0 > o o 5 o
_— —_—
-40°C to 0°C ¥ AN N\ﬂ/\))j\
then rt, 62% OW A o
OTHP o
Scheme 7-63 (-)-Vermiculine

Needless to say, the Mitsunobu procedure is also applicable to intermolecular esteri-
fication. One example is provided in the synthesis of (-)-panclicin D (Scheme 7-64)
[97JOCA4)].

(0]
O
oH 0 . o __"Phs, DIAD OHCHN\)I\O o’
C >
: OHCHN THF, 0°C_23°C /\/_J(
H3C(HC)e (CHg)gCHz /\g/

88% H3C(HC)g (CHy)gCHg

(-)-Panclicin D

Scheme 7-64

Lactonization is effected by the Mukaiyama technique with 2-chloro-1-methylpyri-
dinium iodide (Section 1.1.6). (+)-Recifeiolide is obtained in high yield when 6-phe-
nyl-2-pyridone and Et;N are used as activators (Scheme 7-65) [77CL959]. 9-Propyl-10-
azacyclododecan-12-olide, a minor component of the defensive secretion of the Mexi-
can bean, is synthesized from the corresponding hydroxy acid (Scheme 7-66)
[96TL2141].

1. 2-Cl-1-Me-pyridinium iodide
6-Ph-2-pyridone, NEtg |

2. TsOH, CH,Cl,

(0]

H COOH

Scheme 7-65 (+)-Recifeiolide
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(0]
COOH 2-Cl-1-Me-pyridinium iodide
NEt; MeCN 0/>
Boc. N ~_OH - N
Boc
(0]

HCI-EtOAG o7\

—_—
N
H

Scheme 7-66 9-Propyl-10-azacyclododecan-12-olide

The intermolecular version is utilized for the synthesis of (-)-balanol (Scheme 7-
67) [98]OC4397).

OH OAc OH
H H H
N0 vinyl acetate o o N O
lipase from P. sp.

N > N — N

Boc Boc z
OBn OBn OBn

racemic 42% yield

96%ee

BnO (0] OBn
OBnh O  OBn OH O OH
canB? COOH
2 BnO o) HO o)

2-Cl-1-Me-pyridinium iodide CO,Bn COOH

EtN, DMAP, 77% < o
N N
z H
OBn OH
-)-Balanol
Scheme 7-67 (-)-Balanol

In the above process, enzymatic kinetic resolution is invoked for preparation of
the enantiopure hydroazepine. Another example of enzymatic kinetic resolution in
natural product synthesis is illustrated in Scheme 7-68 [2000TA1375]. Racemic albi-
canol is transformed into enantiopure form. In addition, (-)-drimenol, (-)-drimenin,
and (-)-ambrox are obtained by similar procedures.



OH

",

(+)-albicanol

Scheme 7-68

7.4 Application to Natural Products Synthesis
. Q::/r (-)-albicanol
vinyl acetate W 38% yield, >99%ee
lipase, 'Prp0, 33°C

LiAIH,

‘",

+)-albicanol acetate .
(56)% yield, 67%ee (+)-albicanol, 67%ee

vinyl acetate
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lipase, 'Pr,0, 33°C

OAc _OH

(+)-albicanol acetate
53% yield, >99%ee

DCC-promoted condensation (Section 1.1.4) is used in the synthesis of (-)-valilac-
tone (Scheme 7-69) [91T9929] and (+)-myrocin C (Scheme 7-70) [94JACS11213].
EDC is the reagent of choice for preparation of a precursor for an olefin metathesis
approach to epothilone A and its analogues (Scheme 7-71) [97JACS7960].

Bu w~_CsH
Bu ot DCC, DMAP, CH,Cly, 0°C AN Y
= SIS then DMF, DMAP, t, 56% o
Y , Hooc en , , 1, 56% o O
O OH H J\)\
0) NHZ o

Scheme 7-69

Bu o CsH
Hy/Pd-C, THF S
then ACOCHO, GH,Cly, 62% o o
© M
0

NHCHO

(-)-Valilactone
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OHC.___Me

\[ DCC, DMAP
* I —

COOH

Scheme 7-70 (+)-Myrocin C

s EDC, DMAP
| )—  CHyClp, 52%
A N —_—
0 25°C, 12h
OH 5%

O OH O

Scheme 7-71 Epothilone A

Masamune’s thioester procedure (Section 1.4.2.2) effects P-lactone formation,
which constitutes a key step in the total synthesis of (+)-bengamide E (Scheme 7-72)
[95]CS(P1)2849].

OBn OH O 0B O

4 AgOCOCF3 MeOH
FZ Y~ “SBu

OBn (:)Me OMe

AN

H
N
OH OH 0°©
N
H

OH OMe

Scheme 7-72 (+)-Bengamide E



7.4 Application to Natural Products Synthesis

3,4-Dimethoxycinnamic anhydride is a useful acylating agent in the synthesis of
(+)- and (+)-subcosine I (Scheme 7-73) [4JOC1909, 92JOC5807].

wOH
o O
+ X O Z
MeO OMe
OMe OMe OMe
OMe onte
Lasubine | .
. K OWQOME
1. BuLi, THF, -78°C
2. DMAP, dioxane, rt 0
or Py, DMAP, reflux
OMe
OMe
ine |
Scheme 7-73 Subcosine

Distannoxanes are extremely mild catalysts, with the aid of which transesterifica-
tion can proceed under neutral conditions to enable the use of labile substrates.
Highly sensitive methyl B-iodoacrylate successfully underwent distannoxane-cata-
lyzed transesterification in synthetic studies relating to the brefeldin series
(Scheme 7-74) [88JACS5198], while no satisfactory results were obtained with other
coupling agents. In the final step of the synthesis of kadsurenone, coupling between
the lactol moiety and the butyl ester was achieved only with a distannoxane catalyst,
to give a 1:1 mixture of readily separable bicyclic compounds isomeric at the
benzylic carbon (Scheme 7-75) [88TL6689]. A tetracylic template for a library of small
polycyclic molecules for use in chemical genetic assays is obtained by a tandem
transesterification-cycloaddition reaction of nitrone and expoxycyclohexanol
(Scheme 7-76) [99JACS9073]. The transesterification is catalyzed by distannoxane in
solution, but the solid-phase reaction proceeds sluggishly. In this case, the use of
N,N-diisopropylamine/DMAP affords satisfactory results.

1. {(SCN)Bu,SnOSnBu,OH}, (cat.) Ox
toluene H

2. Mel, aqg. acetone

(+)-Brefeldin C

Scheme 7-74
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Ho, 9
(o]
(0]
MeO
MeO
endo-Kadsurenone
(SNCBu,SN),0, toluene

MeO - - +

50°C, 68% HO o
MeO
[¢]
(@)
MeO
MeO
Scheme 7-75 exo-Kadsurenone
1 \ (SNCBu,Sn),0
(0] UoSn)o
HO /O MeO' 2N Ph , MS 4A. toluene, rt
N -
{ H o o
o or HOJJ\7N‘R , PyBOP, DIPEA, DMAP

PyBOP= benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate
DIPEA= N,N-diisopropylethylamine

Scheme 7-76



8
Industrial Uses

Esterification technology is utilized in a wide range of chemical industry and so it is
not possible to cover all of them here. Moreover, many of the industrial processes are
not fully disclosed and it is therefore not possible to delineate actual features pre-
cisely and correctly. Consequently, only representative examples among them are de-
scribed in this chapter, so that the readers may obtain a brief overview on the practi-
cal utilization of esterification.

8.1
Polyesters

Polyesters have a long history, since the 19" century, and experienced extensive de-
velopment in the 1920s. As the fundamental production technology is fully estab-
lished and well known, just a brief sketch is given here. Polyesters can be prepared
through an exchange reaction between ester and hydroxy groups, usually called alco-
holysis (Scheme 8-1). Alcoholysis proceeds very slowly in the absence of catalysts,
even at high temperatures. Of the many catalysts, the most effective are acetates of
Pb(II), Pb(IV), Zn, Mg, Ca, Co, and Cd, oxides such as Sb,O; and GeO,, and Ti alk-
oxides. This process used to be of great commercial importance, but — on account of
higher costs resulting from more expensive raw materials, higher energy consump-
tion, and more expensive plants — the process actually employed at present is direct
esterification. Most high-molecular-weight polyesters can be obtained by this pro-
cess, from dicarboxylic acids and diols or from hydroxy acids at high temperature
(Scheme 8-2). Reactions can take place at high temperatures (180~230 °C) even in
the absence of added catalysts. Small amounts (0.1~0.5 wt%) of catalyst are neces-
sary in order to increase the reaction rate significantly. Many catalysts are reported:
strong Brensted acids (H,SO,, TSOH are most popular), oxides or salts of heavy me-
tal ions (acetates are often preferred because of their higher solubility), and organo-
metallic compounds of Ti, Sn, Zr and Pb.

Esterification. Junzo Otera
Copyright © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-30490-8
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o 0 o o
n + (n+1) HO-B-OH ——>
ROJ\A)]\OR H O—B—OJ\A O-B-OH
n

o] o]
n —_—
HO—A)]\OR H-O-A OR
n

Scheme 8-1

o O o O
" HOJ\A)]\OH o nHomEon H O—B—OJ\A OH

n

HOBOH= aliphatic diols bearing primary and secondary hydroxyl groups
(0] [0}
n —_—
HO—A)LOH H-O-A OH
n

Polyesters are used in a variety of fields: textile fibers, films, bottles, resins, plas-
tics, etc. Notably, polyester fibers have since 1971 been the major material in syn-
thetic fibers. The main component of polyester fibers is the condensation polymer
between ethylene glycol and terephthalic acid (PET). This is synthesized in two
steps: esterification or transesterification with terephthalic acid or dimethyl ter-
ephthalate followed by polycondensation conducted under high temperature and va-
cuum conditions (Scheme 8-3).

Scheme 8-2

1st step;
200°C, cat. HO. OH

2y~ ¢ ROOC—@—COOR —_— \/\ooc—©—coo/\/

R=Hor CHy bishydroxymethy! terephthalate

(BHT)
2nd step;
cat., vacuum
BHT —onYaom ™0 c:o—<j>—coo/\/O H
n

Scheme 8-3

Some other polyesters are also used as fibers; these include polytrimethylene ter-
ephthalate (PTT) and polybutylene terephthalate (PBT), in which the ethylene glycol
in PET is replaced by 1,3-propanediol and 1,4-butanediol, respectively. PTT fibers are
very attractive, because the raw material (1,3-propanediol) is cheap and they have
shape-stability, softness, and elongation-recovery. PBT fibers are easy to dye and have
good elasticity.
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HO—(CHg)r© coOCOO(CHZ)m/O H

n

m=3; PTT
m=4; PBT

Polyesters are used as materials in plastics as well. Unsaturated polyesters are pro-
duced from diacids such as maleic acid or fumaric acid and diols such as ethylene
glycol. Styrene as a vinyl monomer and benzoyl peroxide as catalyst are added.
Cross-linking and hardening occur at room temperature or above (Scheme 8-4). Un-
saturated polyesters reinforced by glass fibers are used for pipes, helmets, car bodies,
chairs, etc. Saturated polyesters such as PETand PBT are also used as plastics in elec-
tronics devices, bumpers, etc.

9 PhCH=CH,
oH PhCOOCOPh (cat.)
| O + HO/\/
(0]
maleic acid

Scheme 8-4

Polycondensates between polyhydric alcohols and polybasic carboxylic acids are
known as alkyd resins. A variety of alcohols and acids, as shown below, are combined
and the resulting polycondensates are further treated with other oils or fatty acids.
The properties of the resins are modified by this post-treatment. Drying oil resins,
which are obtained by treatment with soybean oil at temperatures higher than
200°C, are used for baking paint and air-drying coatings. Non-drying oil resins are
obtained by treatment with castor oil or other non-drying fatty acids. These resins do
not dry at room temperature and are used as components of thermosetting paints.

Another important facet of polyesters is their potential for biodegradable poly-
mers, and some of these have already been brought onto the market. These polymers
find a wide spectrum of applications. Medical uses are most popular: prosthetic de-

[Alcohols]
OH OH
EOH Ho ~OH /\EOH HO O 0n
OH OH
glycerol ethylene glycol trimethylol propane diethylene glycol

HO OH OH HO OH
> < )\/OH Hoﬂ/\o\/EOH A
HO OH

HO OH
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[Acids]
Hooo”™~CC%H  HOOC"™(CHz),” ™ COOH Hooc”x-CO0H
succinic acid adipic acid fumaric acid
O O O
|<<<O O > O
O O (0]

vices such as bone plates and orthopedic pins and screws, artificial blood vessels, in-
travascular stents, nerve guides, surgical suture, and drug delivery systems for con-
trolled release. In addition to such specialist applications, biodegradable polymers
are also of great promise for disposable plastics in general use, and their market
should grow rapidly with the increasing demand for ecomaterials. The physical or
mechanical properties of these polymers therefore need to be improved as soon as
possible to satisfy the requirements for commodity thermoplastics used in packa-
ging and consumer goods. The first biopolymer to be commercialized was poly(3-hy-
droxybutyrate), while a copolymer with 3-hydroxyvalerate is also produced (Zeneca).
Polycaprolactone, obtained by ring-opening of e-caprolactone, is available both from
UCC and from Daicel (Scheme 8-5). This polymer is used in the form of film or
fiber, and its melting point is fairly low (60 °C). This is a fault in terms of physical
properties but an advantage in terms of processability, since it is easily molded with
hot water.

Q catalyst 0
_—
16} O—(CHy)s p

o
e-caprolactone polycaprolactone

Scheme 8-5

The condensation polymer of succinic acid and 1,4-butenediol cured with diisocya-
nate (Showa High Polymer) is also biodegradable (Scheme 8-6). This polymer pos-
sesses a high melting point (110 °C) as well as impact strength.
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COOH
Hooc” > o
210~220°C
+ . Ho%/\/o\n/\)ko/\/\é/oH
O n
Ho/\/\/OH
oligomer
OCN—-R—-NCO
diisocyanato
; Syt
_(CH H
HO—(CHy)4 O _(CHp)4/71—0" "N-R-N" "O (CHa)y—0!
O H H
o n m
Scheme 8-6 high molecular polyester

Despite these precedents, the material that has recently received the more inten-
sive attention is poly(lactic acid). Several companies (Cargill Dow Polymers, Mitsui
Chemical, Shimatdzu, etc.) are setting out to commercialize this polymer. Poly(r-lac-
tic acid) exhibits high biodegradability, and the 1-lactic acid monomer is produced in
large quantity by fermentation of starch from corn or sugar beet. Polyesters do not
exhibit satisfactory physical properties until the molecular weight is at least 25,000,
but it is not easy to exceed this requirement by direct condensation of the monomer
as the removal of the water formed in the last stages of the condensation is difficult
due to the increased viscosity, preventing further increase in the molecular weight.
The polymer is thus usually produced by ring-opening of the lactide, which is crystal-
line and easy to free from water (Scheme 8-7). This method is not straightforward,
however, and the costs are rather high. More economical direct condensation has
been achieved by the Mitsui Chemical group. In order to improve the physical prop-
erties, various copolymers with glycolide, B-propiolactone, y-butyrolactone, d-valero-
lactone, and e-caprolactone are available.

N /

XX
(@) (0]
Scheme 8-7 lactide
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8.2
Oils and Fats

Oils and fats are triglycerides: triesters of glycerin with fatty acids. They are obtained
from plants and animal products and are used in vast fields such as shortening, mar-
garine, lard, plasticizers, materials for toilet and laundry soap, lubricating oil, and so
on. Although natural oils and fats are very useful in their original forms, chemical
modifications such as ester exchange and hydrogenation increase their utility
further. Fatty acid esters, obtained by transesterification of oils and fats with alcohols,
are also particularly important as surfactants for soaps, as food emulsifiers including
foaming agents and antifoamers, and as dispersing agents.

OCOR! R'COOH OH
EOCORZ R?COOH EOH
3
OCOR R3COOH OH
oils and fats fatty acids glycerol
8.2.1

Food Emulsifiers

Acylglycerols, mixtures of mono- and diacylglycerols, are produced by transesterifica-
tion of glycerol and fatty acids or oils. They are used as oil-in-water or water-in-oil
emulsions, and as antifoamers in bread and tofu. Fatty acid esters of polyglycerols
are produced by transesterification of polyglycerol of a degree of polymerization of
less than 10 with fatty acids, and give rise to emulsification at high salt levels or low
pH values. Organic acid esters of monoacylglycerols are produced by esterification of
the remaining hydroxyls in monoacylglycerols with organic acids such as acetic, lac-
tic, citric, tartaric, and succinic acids. They are used in chewing gums and bread. Su-
crose esters of fatty acids (sugar esters) are used in milk products and beverages. Sor-
bitan fatty acid esters, which are non-ionic surfactants, are produced by treatment of
solbitol with fatty acids such as lauric, palmitic, stearic, or oleic acids. Propylene gly-
col esters serve for improvement of properties of oils and fats. Lecithin (1,2-diacyl-sn-
glycerol 3-phosphocholine) is a phospholipid present in plants, animals, and yeast.
Lecithin from soybeans is mainly used for emulsification of milk products and re-
duction of viscosity in chocolates.

OCOR
RCOO{ o +
O—?—O/\/NMeB
pe

Lecithin
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8.2.2
Soaps

Soaps are alkali salts of fatty acids, which are known and used as anionic surfactants.
They are produced by several methods, one of which includes transesterification.
Oils and fats are first transesterified to provide methyl esters of fatty acids, and these
are then subjected to saponification to afford alkali salts of fatty acids and methanol
(Scheme 8-8). Base catalysts such as NaOMe and NaOH (0.2~2.0%) are used at rela-
tively low temperatures (50 °C~90 °C); methanol can be recycled. This method has
the following advantages: 1) purification is possible through transesterification, 2)
the oils and fats deteriorate less, because the reaction is performed at low tempera-
ture, and 3) glycerol can be recovered in high concentrations.

OCOR OH
EOCOR + 3MeOH —> 3RCOOMe + EOH

OCOR OH
NaOH
Scheme 8-8 3 MeOH
8.3

Amino Acid Esters

Amino acid esters are utilized in various fields such as cosmetics, toiletries, flavor
substances, surfactants, fungicides, etc. Of particular importance is o-1-aspartyl-r-
phenylalanine methyl ester, a sweetener known as Aspartame.

HOOC.
H COOM
HoN e
O =
Ph

Aspartame

Methyl or ethyl esters are produced by treatment of a suspension of amino acids
in methanol or ethanol with HCI or SOCI, (Scheme 8-9). The latter approach is ad-
vantageous in that the reaction proceeds at lower temperatures and does not require
the use of HCl gas. The product esters are isolated as HCI salts, the free esters being
unstable. In cases in which the HCI salts are hygroscopic and crystallization is diffi-
cult, p-toluenesulfonic acid is frequently employed instead.
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R? HCI R?
A + OROH > A
R'HN” ~COOH HCI- R'THN” ~COOR3
R3OH + SOCl, — > R3psSOCI + HCI
R2 R2
RSOSOC| + —_— + SOZ
R1HNJ\COOH HCI- R1HNJ\COOR3

Scheme 8-9

The corresponding benzyl and p-nitrobenzyl esters are obtained as p-toluenesulfo-
nic acid salts by heating of mixtures of amino acid, the benzyl alcohol, and p-toluene-
sulfonic acid in benzene (Scheme 8-10), while DCC-assisted coupling between Z-pro-
tected amino acids and p-methoxybenzyl alcohol is used for p-methoxybenzyl esters.

TsOH, benzene

R? R?2
1 + BooH heat o e
R'HN” ~COOH TsOH- R'HN” ~COOBz
Scheme 8-10

The general way to produce tert-butyl esters is by treatment of N-protected amino
acids with isobutene in the presence of H,SO,. Alternatively, the ester-interchange
reaction between amino acid and tert-butyl acetate with H,SO, or HClO, catalysis is
also employed (Scheme 8-11).

R 0 Hh R
N PN - N

ZHN COOH H3C OBu ZHN COO'Bu
Scheme 8-11

Other methods, as shown in Scheme 8-12, are also feasible for practical produc-
tion of amino acid esters.
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Scheme 8-12

8.4
Flavoring Agents and Fragrances

Flavoring agents are used in perfumes, cosmetics, soaps, toothpastes, mouthwashes,
medical products, bath products, air fresheners, confectionery, chewing gums, bev-
erages, alcohol drinks, general foods, milk products, meat products, seasonings,
aerosol products, insecticides, deodorants, paints, adhesive agents, rubbers, plastics,
leather, printing inks, textile products, etc. Most are synthetic, and a great number of
compounds are available.

Flavoring agents are classified into acyclic and cyclic compounds, depending on
their structures, and also into another group: terpenes. Terpenes have a common
(CsHg),, unit and are very important for flavoring. Monoterpenes (CsH;o), and ses-
quiterpenes (CsHjp); especially are present as odoriferous components in several
plants, and useful materials for various synthetic flavoring agents. Geraniol, with a
rose-like odor, is a useful material for the synthesis of citral or other esters. Linalool
is also important for the synthesis of ester fragrances, which have different odors de-
pending on the absolute structure of the linalool.

OH
X OH * |

(trans)(E)-Geraniol (-)(8S)- or (+)(3R)-Linalool
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These esters are prepared by the methods demonstrated in previous sections (1.1,
1.2, 1.3, 1.4, and 3.1). The most popular processes are direct esterification between
carboxylic acid and alcohol, or acylation of the alcohol with acid anhydride in the pre-
sence of a small amount of H,SO, or TsOH at high temperature, toluene usually
being used as solvent. If the reactants or the product esters are acid-sensitive, the es-
terification is conducted at higher temperatures without use of catalysts. Representa-
tive esters produced commercially in substantial amounts are listed as follows.

Ethyl formate (ethyl methanoate)

JOL 1) Uses: fruity flavor (peach, pineapple) for foods and butter,
H” YOEt brandy and whisky (9.4~11ppm); insecticide.

2) Synthesis: usually prepared by esterification of ethyl alcohol
and formic acid or by distillation of ethyl acetate and formic
acid in the presence of concentrated H,SO,.

3) Organic/physical characteristics: colorless, mobile, flammable
liquid; ether-like sweet odor.

Butyl formate (butyl methanoate)

i 1) Uses: top note of flowery flavors; fruity flavor (2.9~11ppm);
H” “OBu leathers.
2) Synthesis: esterification of 1-butanol with formic acid in the
presence of concentrated H,SO,.
3) Organic/physical characteristics: colorless liquid; present in
several natural products; ether- and rum-like odor, miscible in
organic solvents.

Citronellyl formate (3,7-dimethyl-6-octen-1-yl formate)

1) Uses: geranium, bergamot, citrus, lavender flavors for soap;
Iy fruity, honey flavor for foods (14~32ppm).
| 2) Synthesis: prepared from citronellol and formic acid.
3) Organic/physical characteristics: colorless oily liquid; present
in geranium essential oil; strong, fruity, rose-like odor with a
sweet, fruity taste; soluble in alcohol, diethyl phthalate, oils,
insoluble in water, glycerol.

Geranyl formate

j\ 1) Uses: top note of rose, tuberose, neroli, citrus, lavender fla-
H vors; apple, apricot, peach flavor for foods (0.8~7.5ppm).
2) Synthesis: esterification of geraniol with formic acid.
3) Organic/physical characteristics: colorless to pale yellow liquid
with rose-like odor; present in oil of geranium; insoluble in
water.
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Benzyl formate (benzyl methanoate)

P 1) Uses: flowery flavor (jasmine); cherry, apple, nut, strawberry
@AO H flavor for foods (2.4~12ppm).

2) Synthesis: by heating a mixture of formic acetic anhydride
and benzyl alcohol to 50°C; by passing a mixture of formic
acid and excess benzyl alcohol over a catalyst at high tempera-
ture.

3) Organic/physical characteristics: colorless liquid; intense,
pleasant, floral-fruity odor.

Ethyl acetate
j\ 1) Uses: berry, fruits flavor of foods and butter, mint
Me” “OEt (~1500ppm); industrial use (paints, etc.).
2) Synthesis: esterification of 50% ethanol with 10% acetic acid;
or catalytic oxidation of acetaldehyde.
3) Organic/physical characteristics: colorless, mobile liquid; so-
luble in most organic solvents.
Isopropyl acetate
)OI\ 1) Uses: top note of citrus flavor.
Me” “OPr 2) Synthesis: by direct acetylation of isopropyl alcohol in the pre-

sence of various catalysts (concentrated H,SO,, diethyl sulfate,
chlorosulfonic acid, BF3;).
3) Organic/physical characteristics: colorless liquid.

Isoamyl acetate (isopentyl acetate, 3-methyl-1-butyl acetate)

o 1) Uses: fruits (banana, pear, apple, berry) flavor for foods, candy,
)I\o/\)\ ) ( pear, app ry) y

Me butter, coconut, cola, rum (28~2700ppm); flavor for paint and
insecticide
2) Synthesis: by esterification of commercial isoamyl alcohol
with acetic acid in the presence of H,SO, at high temperature
3) Organic/physical characteristics: colorless liquid with banana-
like odor; almost insoluble in water, soluble in ether and most
common organic solvents.

Linalyl acetate (3,7-dimethyl-1,6-octadien-3-yl acetate)

OAc 1) Uses: bergamot, lavender, clay sage, jasmine flavor.

| 2) Synthesis: almost direct acetylation of linalool with acetic an-
I hydride.
3) Organic/physical characteristics: colorless liquid with berga-
mot-lavender odor; soluble in essential oils and most common
organic solvents.
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Geranyl acetate (trans-3,7-dimethyl-2,6-octadien-1-yl acetate)

1) Uses: fragrance in soap; apple, apricot, banana, lemon, peach
flavor for foods.

1) Synthesis: esterification of geraniol with acetic acid.

2) Organic/physical characteristics: colorless to pale yellow li-
quid; present in essential oils of lemongrass, neroli, Ceylon;
pleasant, flowery odor; soluble in organic solvents.

X OAc

Isobornyl acetate (exo-1,7,7-trimethylbicyclo[2.2.1]heptane-2-yl acetate)

1) Uses: soap, eau de cologne, shampoo, bath product, air care;
woody and herbal flavor for aromatherapy.

2) Synthesis: treatment of camphene with acetic acid, usually in
the presence of catalyst; also by acetylation of isoborneol.

3) Organic/physical characteristics: clear, colorless liquid, tends
to yellow slightly on aging; readily soluble in organic solvents.

OAc

p-tert-Butyl cyclohexyl acetate

Ohc 1) Uses: soap, shampoo, toiletries, because of cheapness and sta-
bility.
2) Synthesis:
It
Bu OoH OoH OAc
Ho/Ni
2 - ACzo, H3PO4 -
160~170°C
60~90 atm
Bu 'Bu Bu

3) Organic/physical characteristics: colorless liquid with orris
and woody odor.

Benzyl acetate (phenylmethyl acetate)

()A OAc 1) Uses: industrial uses such as anesthetics, printing inks, lac-
quers; 5600t produced annually worldwide.

2) Synthesis: prepared from benzyl chloride and sodium acetate
in the presence of a small amount of Ac,O and pyridine at
160~170°C; treatment of benzyl chloride with excess acetic
acid in the presence of NaOH at 85~145 °C.

3) Organic/physical characteristics: colorless liquid with flowery
odor; present in jasmine, gardenia, hyacinth, apple, straw-
berry.
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Ethyl acetoacetate
)OJ\/(IJJ\ 1) Uses: pesticide, medicine, chelate crosslinking agent, etc.
Me OEt 2) Synthesis: condensation of two molecules of ethyl acetate in

the presence of sodium alkoxide; treatment of diketene with
ethanol in the presence of acid or base catalyst.

3) Organic/physical characteristics: colorless liquid with ether-
like odor.

Geranyl propionate (trans-3,7-dimethyl-2,6-octadien-1-yl propionate)

j\ 1) Uses: essential for geranium and rose flavors, also used for

NN07 et gardenia, bergamot flavor.
2) Synthesis: esterification of geraniol with propionic acid in the
presence of catalyst.
3) Organic/physical characteristics: colorless liquid with fruity,
rose-like odor.

Isoamyl isovalerate (isopentyl isovalerate, 3-methylbutyl 3-methylbutyrate)

)\/(‘)I\ /\)\ 1) Uses: essential for apple flavor; flavor of wine, honey, walnut.
o

2) Synthesis: esterification of isoamyl alcohol with isovaleric

acid.
3) Organic/physical characteristics: colorless liquid; sweet, apple
flavor.
Methyl benzoate
Q 1) Uses: base flavor of floral fragrance such as ylang-ylang; soap,
©)L OMe industrial flavoring agent.
2) Synthesis: direct esterification of methanol with benzoic acid.

3) Organic/physical characteristics: colorless liquid; present in
essential oil of ylang-ylang; insoluble in water, miscible with
alcohol and ether.

Benzyl benzoate

o 1) Uses: floral fragrance such as tuberose, ylang-ylang; solvent,
©)LOBn medicinal agents, plasticizer.
2) Synthesis: treatment of benzyl chloride with sodium acetate

in the presence of NEts; esterification of benzyl alcohol with
benzoic acid; Cannizaro reaction of benzaldehyde in the pre-
sence of alkali.

3) Organic/physical characteristics: colorless liquid with light
balsamic odor; present in oil of Tolu balsam and Peru balsam;
insoluble in water or glycerol, soluble in alcohol, CHCls, and
ether.
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Methyl cinnamate (methyl 3-phenylpropanoate)

1) Uses: applied in carnation fragrance; soap, mouthwash.
OMe  2) Synthesis: direct esterification of ethanol with cinnamic acid
in the presence of HCI; carboxymethylation of styrene.
3) Organic/physical characteristics: white to slightly yellow, crys-
talline solid; soluble in propylene glycol, mineral oils; insolu-

1

ble in water.

Methyl salicylate (methyl 2-hydroxybenzoate)

OH 1) Uses: toothpastes, mouthwashes, medicinal agents.
(I(OMe 2) Synthesis: direct esterification of methanol with salicylic acid.
o} 3) Organic/physical characteristics: colorless liquid; found in oil
of wintergreen

Isoamyl salicylate (Isopentyl salicylate)

OH 1) Uses: clover, carnation fragrance; cosmetics, perfumes, soaps.

O\/\r 2) Synthesis: direct esterification of isoamyl alcohol with salicylic
acid in the presence of catalyst.
3) Organic/physical characteristics: colorless liquid; strong her-
baceous, persistent odor.

H

Benzyl salicylate (benzyl o-hydroxybenzoate)

oH O 1) Uses: flowery fragrance (jasmine, carnation); solvent of musk
0Bn ambrette flavor.

2) Synthesis; prepared from benzyl chloride and sodium salicy-
late; transesterification between methyl salicylate and benzyl
alcohol (better yield).

3) Organic/physical characteristics: colorless, oily liquid; faint,
sweet odor.

e

8.5
Pyrethroids

Pyrethroid esters, extracted from Crysanthemum cinerariaefolium, are natural insecti-
cides with six congeners (pyrethrin I and II, cinerin I and II, jasmolin I and II). It is
expensive to extract these esters from their natural sources, so many synthetic pyre-
throid esters have been developed, as shown below. NRDC-156, NRDC-149, and fen-
valerate, which have strong insecticidal properties and are used as pesticides, are
also produced.

Pyrethroid ester components are produced in various ways. Some representative
examples are described here. Classical methods are the azeotropic esterification of
free acids and the reaction between acid chlorides and simple alcohols, but transes-



8.5 Pyrethroids

Pyrethrin | R= CH3, R'= CH=CH,

R Pyrethrin Il R= COOCH3, R'= CH=CH,
R S _ Cinerin | R= CHg, R'=CHg
>= '; o Cinerin Il R= COOCHjz, R'= CH3
HaC o/_ it o H Jasmolin | R= CHs, R'= CH,CH3

Jasmolin Il R= CHz, R'= CHyCH3

HaG, — HaG
= ) AEE
HsC o] o H3C o o Ph

Allethrin Resmethrin
. \(©\0Ph /@I‘/CY : ~OPh
X O CN Cr o CN

NRDC-156 X=Br Fenvalerate
NRDC-149 X=CI

terification or ester interchange is also employable. Examples are: 1) treatment of
methyl chrysanthemates with furfuryl acetate in the presence of NaOMe, and 2)
treatment of permethric acid ethyl ester with meta-phenoxybenzyl alcohol in the pre-
sence of NaOMe at elevated temperatures or the ester-interchange of the acetate of
the latter alcohol in the presence of titanium tetraalkoxide to give permethrin
(Scheme 8-13).

NaOMe
1) / \ —_— _
R %O%
O

(0)

Cl (¢}

OPh R=H; NaOMe
levated temp.
2 C . Ro/\©/ _Clovatedteme. o orh
= OEt R= Ac; Ti(OR'), O
Cl o)

Permethrin

Scheme 8-13

Alkylation of acid salts is also usable (Scheme 8-14).

cl CN
cl . oPh o
9 0
0 OPh

Scheme 8-14
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NRDC-149 can be prepared by use of anhydride (Scheme 8-15) and active fenvale-
rate can be prepared by making use of the silver salt of the carboxylic acid (Scheme
8-16).

cl Am + _O\V%\—fl — > < Ao\’%\_ﬁ
cl o o cl cl © O cl

CN
OPh
Ho)\©/ OPh
DMAP,
Cl (o)
O CN
Scheme 8-15 c
CN
s
OAgt . Br)\©/o;=h . o oPh
cl (0] a O CN

Scheme 8-16



Epilogue

Esterification will no doubt continue to play important roles both in organic synth-
esis and in the chemical industry. However, further innovations need to be pursued
in response to the demands arising from the continuing progress in organic synth-
esis. Selectivity in acylation is one such technology in need of advancement to higher
levels. Chemoselective acylation of the hydroxy group in the presence of other func-
tional groups is now achievable to a considerable degree, especially through the use
of mild Lewis acid catalysis. On the other hand, selective acylation of one of a num-
ber of coexisting hydroxy groups, a highly useful manipulation in sugar and natural
products chemistries, needs further improvement. At the current state of the art, it
is not difficult to acylate less sterically demanding hydroxy groups selectively in the
presence of bulkier groups but few effective methods for reversal of the selectivity
are available. Differentiation between identical primary or secondary hydroxy groups
at different sites is also a problem that has not been fully cleared up.

Enantioselectivity also needs further improvement. Enzymatic procedures are at pre-
sent superior to non-enzymatic ones with regard both to kinetic resolution and to de-
symmetrization. However, screening of the best enzyme for a given target reaction is
not so straightforward and so it is highly desirable to develop synthetic methods that can
be used in a more general way to give better outcomes than the enzymatic procedures.

Not only esterification, but all chemical processes, should be as “green” as possi-
ble. Since the materials involved in esterification — esters, carboxylic acids, and alco-
hols — are mostly non-toxic, attention here usually has to be devoted solely to sol-
vents. There are already some processes that do not use solvent, and it would be
highly desirable to develop these lines further. The use of the theoretical amounts
of reactants is also important. In most existing procedures, the equilibrium is
shifted to the desired product side either by employment of one of the reactants in
excess or by removal of one of the products. It is true that virtually no significant
technical problems are encountered in these processes, but a lot of energy is wasted
in these operations. It should be remembered that post-treatment processes such as
separation, isolation, and purification of the products and recovery of catalysts in
practical processes often take more time and energy than the reaction itself.
Achievement of 100 % yields with equimolar amounts of reactants simplifies the se-
paration steps and reduces redundancy. For this purpose, new reaction media are of
great promise.
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Epilogue

From the viewpoint of green chemistry, it also should be mentioned that polye-
sters appear destined to occupy key positions in plastics production, due to the bio-
degradability. If their mechanical properties were improved to satisfy demands for
general uses, then polyesters should find a broad range of application. In particular,
poly(t-lactic acid) is potentially the most attractive plastics commodity, as the mono-
mer is available from biomass resources and biodegradation of the polymer com-
pletes recycling of the natural resources. It can reasonably be said that esterification
technology has the potential to contribute a great deal to green chemistry.
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Benzotriazole-1-yloxytris(dimethylamino)phos-

phonium hexafluorophosphate 36
1-(Benzoyloxy)benzotriazole 73
Benzoylation 94, 101, 223
— ofdiol 136
— of menthol 93,95
— of phenol 210
— of primary alcohols
— of secondary alcohols
— of thiosugar 219
Biopolymer 252
Breonsted acid 221, 222, 225, 249
—, fluorous 222
—, for reaction of acid anhydrides

73, 140, 207
137,142,213

92-94

125-126
6-10

—, for reaction of acid halides
—, for reaction of carboxylic acids
—, for reaction of esters 48-53
BuyNF 68, 164

—, silica gel-supported 160
Bu,N'T" 143 see also Phase transfer catalysts

c

Carbodiimide 21-24

-, DCC (dicyclocarbodiimide)
225, 234, 235, 245

-, DIPC (diisopropylcarbodiimide) 23

—, EDAC (ethyl dimethylaminopropylcarbodii-
mide) 24

—, EDC (1-ethyl-3-[3-(dimethylamino)propylcar-
bodiimide]) 23, 245

Chiral amino alcohol 200

p-Chlorophenyl acetate 192

Condensation 5, 20, 29, 30, 34, 219, 234, 235,
237, 245, 250, 252, 253, 261

Copolymer 87, 252, 253

Coumarin 15, 53, 65, 102

a-Cyclodextrin 46

21, 22, 24, 196,

d
Darzens reaction 67
Deacetylation 56, 57, 65, 79, 82, 206
DEAD (diethyl azodicarboxylate) see Mitsunobu
reaction
Deprotection 49, 59, 65, 79, 212
Desymmetrization 113-115, 153, 197-201
DIAD (diisopropyl azodicarboxylate)
see Mitsunobu reaction
Diastereoselective 108, 200
Diazomethane 157-158, 163
-, diphenyldiazomethane 158
-, phenyldiazomethane 158
—, trimethylsilyldiazomethane 157
Diisopropenyl oxalate 80
Diketene 72, 187, 261
Dimerization 241
3,4-Dimethoxycinnamic anhydride 247
Dimethylformamide dimethylacetal 142
Diphenylacetyl chloride 138, 206
Diphenylammonium triflate 20, 83, 215
Diphenylsulfamoyl chloride 218
Distannoxane see Organotin catalysts
p-Dodecylbenzenesulfonic acid 221
Dowex 1x8 83

e

Enantioselective 90, 107, 142, 197, 225
Enzyme

—, acylase from Aspergillus species 90



-, esterases 89

—, lipase (unspecified) 42, 85, 203, 225

—, lipase from Candida antarctica (CAL)
212

- — A(CALA) 213

-, — B (CALB, Novozyme 435®) 44, 85-88,
90, 190, 192, 213

—, lipase from Candida cylindracea (yeast lipase,
lipase AY-30) 41, 84, 85,116, 211, 214

—, lipase from Candida rugosa (lipase
OF-360) 144, 224

-, lipase from Chromobacterium viscosum
213

—, lipase from Mucor miehei (lipozyme)
190, 198

—, lipase from Penicillium roqueforti (lipase R)
191

—, lipase from Pseudomonas cepacia (lipase
PS-30, lipase PS-C) 88,190, 191, 193, 194,
204, 205, 209, 212

—, lipase from Pseudomonas fluorescens
(Amano P) 84, 86, 116, 192, 198, 203

—, lipase from Pseudomonas species (lipase
K-10, lipase PS) 41, 191

-, PPL (porcine pancreatic lipase)
117, 144,197, 211

—, Subtilisin (protease)

Esterificaition

— of phenols 6, 24, 26, 34, 35, 38, 51, 52,
96, 99, 102-106, 110, 125, 135, 138, 140,
209

— of secondary alcohols 10, 14, 19, 27, 50, 60,
61, 64, 74,75, 81, 85, 91, 94, 102, 103, 116,
117,139, 209, 215, 220, 241

— of tertiary alcohols 21, 22, 51, 61, 64, 91,
94,95, 110, 117, 129, 131, 237

1-Ethoxyvinyl esters 52, 198

f

Fatty acids 251, 254

— esters 46, 254

—, alkali salts of 255

FC-72 (perfluorohexanes)
221-223

Fluorous

— azodicarboxylate derivative 27,223

— Dbiphasic technology 12, 56, 215-219, 221-
225

— distannoxane see Organotin catalysts

- organic solvent 99

143,

43,

42, 84, 86,

43, 89, 90, 203, 205

13, 27, 56, 216, 219,

g
Galactose 5, 204

Glucose 5, 56, 225
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i

Immobilization 24, 42, 81, 85, 177, 225

Iodobenzene diacetate 142

Ionic liquid 88, 177, 225

Isopropenyl acetate 60, 61, 85, 186, 205,
211

Isopropenyl esters 55, 197

k

B-Ketoester 219

-, synthesisof 51

-, uses in acid-catalyzed reaction 52, 54, 63

-, uses in base-catalyzed reaction 74, 75

-, uses in enzyme-catalyzed reaction 85

—, uses in NBS-promoted reaction 83

—, uses in thermal reaction 45

Kinetic resolution

—, enzymatic 43, 84-87, 89, 90, 116, 123,
177-184, 224, 225, 244

-, dynamic 88, 190-194

—, nonenzymatic 60, 111, 112, 115, 126, 132,
149, 164, 184-190

—, parallel 88, 194-196

I

Lactam 126, 134, 167, 234

B-Lactam 126

Lacticacid 253

Lactide 253

Lactone

—, acylation of 93

-, B-lactone 35, 50, 60, 80, 246

—, y-butyrolactone 15, 84, 253

-, y-lactone 74

—, d-lactone 72,74

-, e-caprolactone 252, 253

—, diolide 84,94, 95, 141, 162, 241

—, macrolactone 117

—, macrolide 30, 41, 63, 66, 141, 162

-, —, natural products 68, 75, 237, 239, 241

-, resolution 184

—, ring contraction 77

-, ring opening of 50, 71, 76, 77, 82

-, synthesis of 11, 12, 30, 38, 39, 47, 51, 52,
63, 68, 69, 76, 84,94, 95,112, 141, 162, 165

Lactonization

—, by base-promoted reaction 20, 66, 67, 69,
76,77, 80

-, by Brensted acid-catalyzed reaction 6, 50,
125

-, by enzyme-catalyzed reaction 84

—, by Lewis acid-catalyzed reaction 11, 12,58,
94, 129

— through Mitsunobu reaction 241

299
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— through mixed anhydride 117, 123, 237,
239

— through Mukaiyama technique 243

— by 2,2"-pyridylsulfide 141

—, by solid acid-catalyzed reaction 16, 17

—, macrolactonization 24, 69

Lecithin 254

LDA 80

Lewis acid 184, 206 see also Organotin
catalysts

—, for reaction of acid anhydrides 94-102

—, for reaction of acid halides 126-130

—, for reaction of carboxylic acids 10-14

—, for reaction of esters 53-62

-, AlCl; 10,11

—, BCl, 10

-, BF3 259

—, BF;-OFEt, 10,129

-, Ph,BOTf 98,199

—, 3,4,5-trifluorobenzeneboronic acid 10
-, BiCl; 97

-, Bi(OTf); 97

-, BiPh; 127

—, tris(2-methoxyphenyl)bismuthane 100
—, CeCl; 210

—, CoCl, 100

—, CuBr, 58

-, CuCl, 10,13

-, Cu(NO;); - 3H,0 10, 13,58

-, Cu(OTf); 10,98

—, CuCF;S0; 129

-, FeCl; 10, 13,58

-, Fe(ClO4); 10,13

—, Fey(SO4); - H,0 10,13

—, HfCl, - 2THF 10, 13, 14, 206, 215
-, Hg(OCOCF;), 129

-, In(OTf); 98

—, iodine 10, 14, 58, 101

—, Lal; 128

—, lanthanoid alkoxide 60

-, LiCl 101

-, LiClO, 101

-, MgBr, 60,101

-, NiCl,. 6H,0 10,13

methide 99, 222
-, SC(Nsz)Z 95
-, Sc(OTf); 23,59, 94,95-97, 210
-, Sm(THF)Z(CsMes) 61
- SnCl, 11
-, Ph,SnCl, 10
-, tin dihalide/chiral diamine 126, 185
tributyltin acetate 58
, TiCl, 119, 128

-, Scandium tris(perfluoromethanesulfonyl)-

-, TiC(OTf); 38

—, (PPrO),Ti(NT£,); 99

—, titanium alkoxide 249

—, titanium tetraalkoxide 53, 54, 60, 128, 129,
174, 263

-, TMSOTf 96, 97, 206, 210

-, TNO3); 129

-, VCl; 98

-, V(OTf); 98

— Y5(O'Pr);30 60

-, YbCl, 210

— Yb(NTE); 99

~, Yb(OTf); 59,99

—, YBIN(SO,C,4Fo)]s 99

-, ytterbium tris(perfluoromethanesulfonyl)-
methide 99,222

-, ZnCl, 10,11, 60

-, ZnO 10,11

Li*BF; 143

m

Mannose 5, 204

Metal salts

—, for reaction of acid anhydrides 103-108

—, for reaction of acid halides 131-135

—, for reaction of carboxylic acids 20

—, for reaction of esters  64-71

—, for ester-interchange reaction 173-174

—, cesium salts 71, 161-163, 169, 173

-, lithium salts 65, 67, 68, 107, 131, 133, 134,
167,173

-, magnesium salts 65

-, pottasium salts 20, 66, 67, 69, 71, 105, 106,
131, 160, 164, 169, 173

—, silver salts 135, 159

-, sodium salts 65, 69, 171, 103, 104, 106,
108, 133, 159, 173, 189, 235, 255, 260, 261,
262

-, zincsalts 65

Microwave 7, 10, 151

— irradiation 7,11, 19, 130, 150, 170, 171,
215, 220

Mitsunobu reaction 24-30, 185, 223

-, reagents for

-, -, 1,1'-(azodicarbonyl)dipiperidine 27

-, —, benzyl azide 29

-, — 1,2-bis(diphenylphosphino)ethane 26

-, —, bistridecafluorooctyl azodicarboxylate 27

—, —, chiral trivalent alkoxyphosphorous com-

pound 28, 185

-, —, cyanomethylenetributylphosphorane 29

-, —, di-tert-butyl azodicarboxylate 26

-, —, diethyl azodicarboxylate (DEAD)

28,241

24,25,



-, —, diisopropyl azodicarboxylate (DIAD) 26,
28

-, - (p-dimethylaminophenyl)diphenylphos-
phine 26

-, —, diphenyl(2-pyridyl)phosphine 26

-, —, fluorous azodicarboxylate 223

—, —, fluorous phosphihes 223

-, —, polymer supported alkyl azodicarboxy-
late 26

-, = N,N,N‘,N"tetramethylazodicarboxamide
(TMAD) 27,28

-, —, tributyl phosphine (BusP) 27, 241

-, —, triphenyl phosphine (Ph;P) 24, 25, 26,
27,28,29

-, —, triphenyl phosphine-cyclic sulfamide
betain 28

Mixed anhydride 34, 94, 96, 117-123

-, reagents for

—, —, aceticacid 123

-, —, 2-ethoxy-1-(ethoxycarbonyl)-1,2-dihydro-
quinoline 122

ethyl chloroformate 121
di-tert-butyl pyrocarbonate 123
2,6-dichlorobenzoyl chloride 118
isopropenyl chloroformate 121
2-methyl-6-nitrobenzoic anhydride
120

4-nitrobenzoic anhydride 94, 120
2,4,6-trichlorobenzoyl chloride 117
trifluoroacetic acid 120
4-trifluoromethylbenzoic acid anhy-
dride 119
2,3,6-trimethyl-4,5-dinitrobenzoyl
chloride 117

NBS (N-bromosuccinimide) 83
Nucleoside 56, 89, 204, 206, 213
-, acylation of 90, 145, 205

o
Organotin catalysts 101 see also Tin alkoxides
(organotin) procdure

—, butylstannoic acid 57

—, dibutyltin oxide (Bu,SnO) 10, 11, 58

-, organotin dimer 56, 57, 206

—, distannoxane 152, 163, 164

-, —, alkoxydistannoxane 54

-, —, fluoroalkyldistannoxane 12, 56, 218,
221

-, —, tetraalkyldistannoxane
206, 210, 211, 237, 247

Oxalyl chloride 139

Oxidation 44, 129, 259

12, 54, 55, 100,

Subject Index

Oxime acetates 61, 144
Oxime acrylates 144
Oxime esters 204

p

n-Acid  44-45

-, reagents for

-, —, DDQ (2,3-dichloro-5,6-dicyanobenzoqui-

none) 44

-, —, dicyanoketene dimethyl acetal 44

-, —, tetracyanoethylene dimethyl acetal 44

PBrs 124

PBT (polybutylene terephthalate)

Pechmann reaction 52

PET (polyethylene terephthalate)

Phase transfer

— technique 37, 139-141, 165, 207, 219-221

— catalysts

-, — benzyltriethylammonium bromide

-, —, benzyltriethylammonium chloride

(TEBAC) 37

~, -, Bu,N"Cl" 140

-, -, BuyN"HSO; 139, 140

—, —, Carbowax 6000 66, 220

-, —, 18-crown-6 66, 220

-, —, PEG (polyethylene gycol) 400 140

-, —, PEG (polyethylene gycol) 600 140

Phosphorous compounds as base activators

—, 2-aryl-4,4,8-trimethyl-2-phosphabicyclo[3.3.0]
octanes 115, 187

-, 2,3-dialkyl-1-phenylphosphapentane
186, 199

-, iminophosphorane bases 81

-, non-ionic superbase (P(RNCH,CH,);N)
81,115

-, tributylphosphine 82, 114, 115

—, tris(2,4,6-trimethylphenyl)phosphine 82

Pivaloylation 94, 101, 144, 207

N-Pivaloyl imidazole 144, 207

3-Pivaloyl-1,3-thiazolidine-2-thione 125, 199

Polycaprolactone 252

Polycondensation 13, 215, 250

Polyester 13, 14, 87, 215, 249-253

Poly(3-hydroxybutyrate) 252

Poly(lactic acid) 253

Polymer 159, 250, 252, 253

Polymer-bound acyl donor

Polymer-supported

— catalyst 11, 81, 82,87, 89

— reagent 26,27

Polymerizable compound 64

Polymerization 254

Polystylene-bound tetrafluorophenylbis(triflyl)-
methane 93,94

250, 251

250, 251

140

115,

195

301
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Polystylene-divinylbenzene resin 24, 161 —, Zeolite 16, 63, 102
Polystylene-supported methyl azodicarboxy- -, ZrO,.nH,0 18,63
late 27 -, Mo-ZrO, 18,63
Polystylene-supported sulfonic acid 10 -, zirconium sulfophenylphosphonate 103,
Protection 212, 239, 241 206
PTT (polytrimethylene terephthalate) 250 Staudinger reaction 29
Pyrethroid 262-264 Steroid 27, 45, 92, 120, 213, 219
2,2'-Pyridyldisulfide 141 Stereoselective 41, 89, 98, 132, 162
Stereoselectivity factor E 177
r Stereoselectivity factors 177
Racemization 15, 41, 81, 116, 130, 161, Sugars 64, 145, 203
190-193, 198 -, desymmetrization of 197
Regioselective 5, 89, 90, 114, 136, 140, 147, —, reaction of 15, 82,93, 101, 163, 220
155 —, selective reaction of 5, 56, 62, 84, 89, 138,
Ribonucleoside 90, 205 146, 147, 204, 206, 213, 219
—, synthesis of 74
s Sugar esters 254
Samarium iodide (Sml,) 83 Supercritical
Selective reaction 131, 158, 194 — carbon dioxide 42, 88, 225

-, acetylation 8, 62, 63, 76, 106, 130, 135,136 - methanol 46, 225
-, acylation 19, 31,55, 96, 110, 117, 125, 135,  Surfactants 254, 255

138, 144, 145, 146, 148, 236 Surfactant-type catalyst 221
-, benzoylation 73,136, 137, 142, 151
—, deacetylation 65 t
—, esterification 13, 25, 203-215 Tandem transesterification 54, 247
—, formation of monoesters 42 Taxol 126, 234-237
—, lactonization 58 N,N,N*,N"Tetramethylazodicarboxamide 27
—, transesterification 51,75 Tin alkoxides (organotin) procedure
Sodium dodecyl sulfate (SDS) 43 145-155
Solid acid 206, 210 -, reagents for
—, for reaction of acid anhydrides 102-103 —, —, arsole 154
—, for reaction of acid halides 130-131 - —, Bu,SnO 145-152, 154
—, for reaction of carboxylic acids 14-19 -, — Bu,Sn(OH)Cl 151
—, for reaction of esters 62—64 -, — Bu,Sn(OMe), 145
—, Alumina 62, 63, 130, 158, 206, 210 -, —, BuszSn(acac) (tributyltin acetylacetonate)
—, Amberlite IR-120 15, 131 148
-, Amberlyst 15 15,103,131 -, —, Bu3SnOMe 145
—, FeCl; supported on salicylic resin 16 -, — (Bus3Sn),0 147
-, graphite bisulfate 19, 215 -, —, copper (II) as a template 155
-, kaolinitic clay 63 -, —, 1,'-dimethylstannocene 153
—, Montmorillonite 19, 102, 103, 130 -, —, Me,SnCl, 151
—, Nafion H 14, 15, 103 -, —, organotin catalyst with a binaphthyl
—, Nb,0s.nH,O 16 moiety 149, 188
—, phosphorus oxide 17 -, —, stibole 154
—, Ph3SbO/P,S;o 18 TiTADDOLate 194, 199
—, silica gel 210 TMSCI (trimethylsilyl chloride) 8, 48, 83, 96,
—, silica-supporetd Fe(ClO4); 16, 64 126
—, silica-supported NaHSO, 16, 63, 210 TMSI 49,50
—, Sulfated SnO, 63 Transacylation 87
-, TaCls; 103 Tributyltin alkoxide 173
—, H3PO4Wq,. xH,0 18 Tributyltin carboxylate 163
—, H4SiW;,04 18 Trichloroethyl esters 41, 67, 84
-, Wolfatit KSP200 15 (Trifluoroacetyl)benzotriazole 125

-, yttria-zirconia 63, 103 Trifluoroethyl esters 86, 211, 213
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Triphenyl phosphine (Ph;P) 35, 38, 49 v
see also Mitsunobu reaction Vinyl acetate 55, 76, 90, 191, 192, 197, 198,
— oxide 25,37,223 204, 209, 212, 213, 225
Tris(2,4,6-methoxyphenyl)phosphine 82 Vinyl pivalate 88, 195
Twisted amide 124, 198
Y
u Yamaguchi protocol 117, 118, 237, 239

Ultrasound 7, 46





