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Abstract—A mild and operationally simple method for the chemoselective esterification of phenolic alcohols is described. The reac-
tion overcomes the tyranny of protection, and capitalizes on the activation of acyl halides with cerium(III) chloride to selectively
esterify alcohol hydroxyls in the presence of phenolic ones. The generality of the reaction was demonstrated with a series of phenolic
alcohols of dietary relevance (vanillol, hydroxytyrosol, epicatechin), providing an expeditious entry into a series of compounds of
relevance for biomedical research, some of which previously available only by enzymatic methods.

© 2005 Elsevier Ltd. All rights reserved.

Despite the current excitement for the potential benefi-
cial effects of polyphenols on human health,! there is
still a great shortage of methods for the chemical mod-
ification and synthesis of these compounds, that gener-
ally occur as complex mixtures of analogues/
homologues and are therefore difficult to obtain in pure
form by isolation.? Of special relevance is the develop-
ment of protocols to streamline the manipulation of
hydroxy groups, releasing polyphenols chemistry from
what has been cogently described as the ‘protection
racket’.> One of the most elementary synthetic prob-
lems in polyphenol chemistry is the chemoselective
esterification of (poly)phenolic alcohols, since the ester
moiety is widespread within dietary phenolics.! Under
conditions of nucleophilic catalysis, phenols can be
deprotonated, and therefore their reactivity in acylation
reactions competes, and generally prevails, with that of
alcohols.? The shift from acyl- to alkyl activation is an
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alternative and rational strategy to overcome this prob-
lem, and in previous work we have demonstrated the
potential of the Mitsunobu reaction for the chemoselec-
tive esterification of phenolic alcohols.? Removal of the
spent triphenylphosphine-azodicarboxylate redox pair,
a major problem of the Mitsunobu reaction, could be
solved in a simple way by gel-permeation on Sephadex
LH-20.> However, relatively apolar compounds like the
fatty esters of phenolic alcohols were not sufficiently re-
tained by this stationary phase, and required a careful
conventional chromatographic purification. Further-
more, when applied to secondary stereogenic centers,
the Mitsunobu reaction leads to inversion of configura-
tion, with breaching of the configurational integrity
of a template, and unpredictable consequences on bio-
activity. While undoubtedly an asset for diversity-
oriented synthesis,* this stereochemical bias is a
drawback for target-directed synthesis relying on a spe-
cific template.

To address these issues, we have investigated another
mechanistic alternative to nucleophilic catalysis® for
the acylation of phenolic alcohols, namely the Lewis
acid catalysis by lanthanide salts.® Despite some nonen-
couraging literature precedents’ and the sensitivity of
polyphenolic alcohols to acids,”> we found that, with
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the proper choice of promoter and acylating reagent,
both issues could be solved.

The vanillyl ester 1c is a simpler analogue of capsiate
(1b), the nonpungent, NF-kB inhibitory! and fat-burn-
ing principle of bell peppers,® and shows the same bio-
logical profile of the natural product.® Its synthesis
from vanillol (1a) was used to benchmark the effect of
various Lewis acids and acylating reagents on the out-
come of the esterification reaction, integrating proof of
principle and target relevance. In a first set of experi-
ments, cerium(III) chloride, indium(III) chloride and
ytterbium(I1I) triflate were investigated (at 20% loading)
as promoters, using THF as solvent and an equimolecu-
lar ratio of alcohol and acylating agent (chloride, anhy-
dride). Indium(III) chloride was unable to promote the
acylation of 1a with nonanoyl chloride, while, as ex-
pected,” ytterbium(I1l) triflate gave a mixture of phenyl
and alkyl esters. Conversely, cerium(III) chloride affor-
ded nordihydrocapsiate (1c¢) as the only reaction prod-
uct in a rewarding 53% yield. Though we had
originally planned to screen a wider range of lanthanide
salts, this promising result focused our attention on the
use of cerium(III) chloride. Under the same conditions,
nonanoic anhydride gave a disappointingly low conver-
sion (15%), while a decrease of the lanthanide salt load
to 0.5% had a remarkable upgrading effect on yield, that
climbed to 70%. This somewhat unexpected result is pre-
sumably due to a decreased degradation of the reaction
product, an unstable pro-quinoid compound,'® in the
reaction mixture. The optimized protocol!! was next ex-
tended to the synthesis of other fatty esters of vanillol
(compounds 1d,e), obtaining yields comparable or even
better to those achieved with the Mitsunobu esterifica-

tion (see Table 1) (Fig. 1).
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Figure 1.

Hydroxytyrosol (2a), the major antioxidant of olive
oil,'> was next investigated, since, in animal experi-
ments, its fatty esters show potent protective activity
against cardiovascular and neurodegenerative dis-
eases.!> The reaction of hydroxytyrosol, a catecholic
alcohol, with nonanoyl and oleoyl chlorides afforded al-
kyl esters as the only reaction products (2b,c, 53% and
60% yield, respectively), validating the reaction also
for nonbenzylic polyphenolic alcohols."* Due to the
inorganic nature of the promoter and its use in catalytic
amounts, the crude reaction mixtures were devoid of
major impurities and could be purified in a quick way
under normal aerobic laboratory conditions (Fig. 1).!°
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Figure 2.

Excellent chemoselectivity was also observed in the
esterification of 2,4-bis(hydroxymethyl)phenol (3a) and
2,4,6-tris(hydroxymethyl)phenol (4a), two popular start-
ing materials for the construction of dendrimers,!¢
pointing to a broad utility of the reaction (Fig. 2).

Table 1. Acylation of (poly)phenolic alcohols with the couple CeCls—
RCOCI*

Entry Phenolic alcohol Ester Yield (%)
1 Vanillol (1a) 1c 70 (67)°
2 Vanillol (1a) 1d 60 (55)°
3 Vanillol (1a) le 58 (42)°
4 Hydroxytyrosol (2a) 2b 53 (41)°
5 Hydroxytyrosol (2a) 2¢ 52 (34)°
6 3a 3b 66

7 4a 4b 60

8 Epicatechin (5a) 5b 28°

9 Epicatechin (5a) 5¢ 26°

10 Epicatechin (5a) 5d 22¢

11 Isoacetovanillol (6b) 6c 28

12 Isoacetovanillol (6b) 6d 27

% General conditions: THF (ca. 5mL/mmol of substrate), RCOCI
(1 mol equiv), CeCl; (0.05 mol equiv), rt.

®Yields from the Mitsunobu esterification (see Ref. 3 for the experi-
mental conditions).

°No reaction occurred under the conditions of Mitsunobu
esterification.’

To further extend the scope of the reaction, we investi-
gated the esterification of epicatechin (5a), a labile fla-
van-3-ol. The esterification of the secondary hydroxyl
of epicatechin gives compounds of remarkable antioxi-
dant properties and a wealth of potential application
in the realm of nutrition and of cosmetics.!” Compounds
of this type have never been prepared before by direct
esterification of epicatechin, but only by enzymatic
hydrolysis of its peracylated derivatives,'® and their
chemical synthesis is therefore a daunting task. Epicate-
chin (5a) was totally unreactive under the conditions of
the Mitsunobu esterification, presumably because of ste-
ric congestion,!” but its reaction with nonanoyl, oleoyl
and palmitoyl chlorides afforded the corresponding 3-es-
ters (5b-d) with excellent chemoselectivity, and overall
yield (28%, 26% and 22%, respectively) more than
acceptable for compounds of this type (Fig. 3).2°

Esters of acetovanillol (6a) proved too elusive to be iso-
lated because of their pro-quinoid nature, but the corre-
sponding and more stable isoacetovanillol esters
(compounds 6¢,d) could be synthesized and character-
ized (Fig. 3).%!
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The examples we have discussed show that cerium(III)
chloride is a superior promoter for the chemoselective
esterification of polyphenolic alcohols with acyl halides,
making it possible to overcome the tyranny of protec-
tion and providing an expeditious entry into a series of
(poly)phenolic esters of current interest for biomedical
research and material sciences. From a mechanistic
standpoint, the reaction presumably involves the forma-
tion of an electrophilic Lewis adduct between acyl chlo-
rides and cerium(III) chloride. This is next quenched by
the more nucleophilic alcohol hydroxyl of the substrate,
with formation of the reaction products (an ester and
hydrogen chloride), and regeneration of the lanthanide

promoter (Scheme 1).
RCOCII CeCly R'—OCOR| + HCI

RCOCI-CeCl3 R'-OH

Scheme 1. Possible mechanism for the CeCls-promoted esterification
of alcohols with acyl halides.

In blank experiments, stoichiometric or catalytic
(0.3 M equiv) amounts of mineral acids (H,SOj4) or sul-
fonic acids (triflic acid) were unable to promote the reac-
tion of vanillol and nonanoyl chloride beyond a modest
(but chemoselective) background conversion level
(<10% yield). On the other hand, hydrochloric acid
might play a role in the reaction, preventing phenol acti-
vation by deprotonation and therefore contributing to
the chemoselectivity of the acylation.?> While cerium(III)
chloride could not promote the acylation of phenolic
hydroxyls by acyl chlorides, its corresponding triflate
could do it in combination with less potent acylating
reagents like carboxylic anhydrides.” A possible explana-
tion is that cerium(IIl) triflate forms Lewis adducts
having a more pronounced acylium ion character than
those of cerium(III) chloride, resulting in a higher, but
unselective, reactivity with phenolic alcohols, at least
at room temperature.7 The poor conversion observed
with the combination cerium(III) chloride/carboxylic
anhydrides is not surprising, since formation of a mixed
chelate with an additional adjacent oxygen function of
the substrate is necessary for the acylation of alcohols
under these conditions (Fig. 3).2
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Figure 3.

Taken together, these observation support the idea that
lanthanides(III) catalysis in acylation reaction can be

modulated by changes in the nature of the cation, its
counterion, and the acylating species, extending the
realm of chemical esterification to polyfunctional and
labile compounds whose acylative manipulation has tra-
ditionally been limited to enzymatic reactions.!8-24
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