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The hydrolase-catalyzed esterification of alcohols is the best established enzymatic transformation
in today’s organic chemistry, along with the corresponding ester hydrolysis. Over the years,
various different acyl donors have been proposed to overcome the major limitation of the
condensation of an alcohol and an acid, the unfavourable equilibrium. This review aims at
screening the actual number of applications of the different acyl donors, and at assessing the
“greenness” (or lack thereof) of the most applied among them. Indeed, the use of an enzyme to
catalyze an esterification is often regarded as sufficient to define the whole transformation as
“green”. However, this definition can easily be misinterpreted if the contribution of the acyl donor
to the overall process is overlooked, as is often the case. Aiming at filling this gap, this
contribution evaluates the advantages and disadvantages of the acyl donors, and assesses their
green credentials using an efficient tool in strategic planning, a strengths-weaknesses-
opportunities-threats (SWOT) analysis. A calculation of the atom economy and E-factor for
representative acylations involving each donor is included, as well as an analysis of the adherence

of each process to the twelve principles of Green Chemistry.

What is green about biocatalysis?

The use of biocatalysis in organic chemistry has come a long
way, from academic curiosity a century ago to a standard
practice even on an industrial scale today.'” One reason for
this success is the recent trend towards Green Chemistry,**
i.e. the need for more environmentally acceptable chemical
processes. Indeed, biocatalysis performs well in the context of
Green Chemistry, offering an environmentally benign catalyst
(the enzyme), mild conditions and selectivity at different levels
(chemo-, regio- and stereo-). As a result, enzymatic routes are
often more attractive than the conventional counterparts from
the environmental and economic standpoint.® It is therefore
no surprise that a significant number of publications describe
enzymatic reactions as being “green”. However, the definition of
every biocatalytic route as “green” per se is misleading. The use
of an enzyme to catalyze a reaction is certainly a good starting
point towards a more sustainable chemistry, but does not ensure
the greenness of the whole process. Indeed, all aspects (amount
and hazardousness of solvents, reagents and waste) have to be
carefully taken into account.

Hydrolases*™® are a particularly well established class of
enzymes and the reactions they catalyze (hydrolysis and for-
mation of esters and amides) are often referred to as green
and sustainable. However, while this is reasonably true for the
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hydrolysis, which utilises water as reagent/solvent, the same
definition does not apply automatically to the ester and amide
synthesis, which requires a suitable acyl donor®' and often
an organic solvent. Indeed, the hydrolase-catalyzed formation
of an ester from an alcohol and an acid (transesterification)
is a reversible reaction. It is common practice to circumvent
this problem, and drive the reaction to completion, by using
activated acyl donors rather than acids. The leaving group X
is in this case a weak nucleophile that cannot attack the ester
formed (Scheme 1). Thus, a quantitative acylation of the alcohol
is ensured.

Although important for determining the sustainability of the
esterification, the impact of the acyl donor is usually neglected.
With the aim to fill this gap, this contribution offers a guide to
the choice of the most suitable acyl donors for esterification
reactions for both the laboratory and industrial scale. The
synthesis and applications of these acyl donors have already
been described in some excellent reviews,*!! to which the reader
isreferred. Here, the greenness of the most used of them (Table 1)
is assessed in comparison with the baseline case, i.e. the conden-
sation of an alcohol and an acid (Scheme 1, X=OH). In addition,
the relative advantages and disadvantages of each reagent are
evaluated. The green credentials of the acyl donors are evaluated
against the relevant among the twelve principles** of Green
Chemistry, elegantly formulated by Anastas and Warner (Fig. 1).
In particular, the 1st, 2nd, 3rd, 10th, and 12th principles apply to
the use of acyl donors as reactant in an enzymatic esterification,
and are therefore employed for the discussion here. Moreover,
the life cycle assessment (LCA) for the different donors is
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Scheme 1 Illustrates the main acyl donors described in literature.

Twelve Principles of Green Chemistry

1. It is better to prevent waste than to treat or clean up waste after it has been created.

2. Synthetic methods should be designed to maximise the incorporation of all materials
used in the process into the final product.

3. Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Chemical products should be designed to preserve efficacy of function while reducing
toxicity.

5. The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be
made unnecessary wherever possible and innocuous when used.

6. Energy requirements of chemical processes should be recognized for their
environmental and economic impacts and should be minimised. If possible, synthetic
methods should be conducted at ambient temperature and pressure.

7. A raw material or feedstock should be renewable rather than depleting whenever
technically and economically practicable.

8. Unnecessary derivatisation (use of blocking groups, protection/ deprotection,
temporary modification of physical/chemical processes) should be minimised or
avoided if possible.

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

. Chemical products should be designed so that at the end of their function they break
down into innocuous degradation products and do not persist in the environment.

. Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances.

12. Substances and the form of a substance used in a chemical process should be chosen

to minimise the potential for chemical accidents, including releases, explosions, and
fires.

= \O
=

Fig. 1 The twelve principles of Green Chemistry.

Table 1 Number of applications for each acyl donor

Entry Acyl donor Number of applications
1 1 4

2 2 2

3 3 22

4 4a 152

5 4b 9

6 4c 1

7 5 7

8 6 1

Data referred to the time-span 2007—present. Sources: Web of Science
and Sci-Finder.

reported whenever available, and additional criteria, viz. atom
economy'? and E-factor,' are introduced.

Atom economy (or efficiency, eqn (1)) measures how many of
the atoms of the starting material end up in the desired product,
and is reported as a percentage. The higher the value, the better
the economy. However, it should be noted that this parameter
does not allow for the effective yield of a reaction nor the need

for an excess of reagents, but rather assumes 100% yield, and is
based solely on the stoichiometric equation.

Molecular weight of desired product 100

0

A clearer picture of the greenness of a process can be obtained
by calculating its E-factor (eqn (2)), which defines all the
compounds that are not product as waste. A truly green reaction
has an E-factor close to 0, in accordance to the 2nd principle of
Green Chemistry.?

%Atom economy =
’ Y Sum of molecular weight of all reagents

E-factor — Amount of waste prod.uced without water (kg) @
Amount of desired product (kg)

Finally, a strengths-weaknesses-opportunities-threats
(SWOT)" analysis is presented for each case. This tool provides
an overview of the relative advantages and disadvantages of
acyl donors and indicates potential directions for improving the
process.

Baseline: carboxylic acids

The enzymatic condensation of an alcohol and an acid needs to
be performed under continuous removal of the water, in order
to shift the equilibrium towards the product. On a laboratory
scale, this protocol (which requires obviously high temperatures)
is scarcely applied, and the preference is given to the use
of activated acyl donors generally under milder conditions.
However, the use of carboxylic acids as acylating agents in
enzymatic reactions find some very interesting applications on
a large scale. One such example (Scheme 2)* is the synthesis of
polyester in preparative scale using glycerol and adipic acid. A
feasibility study for the industrial production of this polymer
showed that this enzymatic polymerization can be successfully
performed at 60 °C and 20 mbar with only 3 wt% of Cal-B
(Novozym 435). Conversions above 90% are obtained with a
space time yield of 370 g d' L™, which results in an extremely
low E-factor (0.35). Moreover, the atom economy is extremely
high (97%), as expected for a condensation leading to water as

the only byproduct.
n HO/YOH

~_~_COOH
N Hooc *

OH
CAL-B
(Novozym 435) - H0

O

Wo/\h O/}

n
(o] OH

Scheme 2

The applicability of acids at industrial level was further
demonstrated by the preparation of emollient esters such as
myristyl myristate reported by Evonik researchers in collabo-
ration with the group of Liese (Scheme 3).'® The esterification
could be performed without solvent, mixing equimass amounts
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of reactants at 75 °C in the presence of Novozym 435. An
outstanding space time yield of 6731 g d' L' was achieved
for myristyl myristate.

As summarized in the SWOT analysis (Fig. 2), carboxylic
acids are more benign and environmentally friendly than other
common acyl donors (e.g., trifluoroesters, vinyl acetate),” as
they are characterized by a lower flammability and explosion
hazard, and do not form harmful waste. They show a good
compliance to the 1st, 2nd, 3rd, and 10th principle of Green
Chemistry, and should therefore be preferred to activated (and
more toxic) acyl donors whenever possible. On the other hand,
carboxylic acids suffer often from a limited solubility; therefore,
the condensation with alcohols might require the use of an excess
of alcohol or of a solvent.

Carboxylic acids

High atom economy;
no waste generated

Water distillation
required

good Life Cycle score;
low flammability and
explosion risk

Good environmental

Low reactivity;
unfavorable equilibrium

commercially available

Fig. 2 SWOT analysis for carboxylic acids.

Trihaloesters

2,2,2-Trichloroethyl groups were introduced as activated acyl
donors in the early 1990s in the first acylation studies in organic
solvents.”® The activation is poor® and transesterifications are
therefore slow. As a consequence, only limited examples (none
in the last five years) can be found in literature where this leaving
group is used.

2,2,2-Trifluoroethyl esters 2b are slightly more activated than
their trichloro counterparts, but are still significantly less used
than vinyl esters.”* Their synthesis is easily accomplished either
via carbodiimide coupling of acids and alcohols?*? or using acid
chlorides and the alcohol.’**

A few years ago, the dynamic kinetic resolution of a series
of allylic alcohols using 2,2,2-trifluoroethyl butanoate in the
presence of Subtilisin-CLEC and a Ru complex as the racem-
ization catalyst was reported.” For the example reported in
Scheme 4, an atom economy of 68.6% and an E-factor of 11.8
were obtained. Overall, the process is quite poor.

OH OCOPr

= =
Subtilisin-CLEC, /\/\©

racemization catalyst
PFC02CH2CF3,
NayCO3, THF

Scheme 4

The byproduct (trifluoroethanol) gets a relatively good score
in the LCA (life cycle assessment) and has a low reactivity,
but raises serious issues from the health and waste points of
view (Fig. 3), as pointed out in a recent assessment of common
organic solvents.'” Indeed, it is a harmful and non-biodegradable
substance, which is against what the relevant principles of Green
Chemistry advise. Therefore, its use and generation should be
avoided, also in consideration of possible future health related
regulations.

Trihaloesters

The byproduct is toxic
and raises waste related
issues

Highl ctive

Possible future health
related regulations;
low biodegradability of
the leaving group

Easare

Fig.3 SWOT analysis for trihaloesters.

Anhydrides

Although acyclic anhydrides have been applied early in
enzymatic reactions,”® they find moderate application in
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enzyme-mediated ester synthesis (see Table 1). Their ability to
acylate the enzyme, deactivating it, as well as the competing,
unselective background reaction, and the occurrence of unde-
sired side reactions related to the acid released account for their
limited use.”'" Moreover, anhydrides are irritating. The SWOT
table summarizes all these aspects.

Nonetheless, cyclic anhydrides (e.g., succinic anhydride) are
more often used for the kinetic resolution of alcohols than
their acyclic equivalent, even on an industrial scale.”” Indeed,
they offer the advantage of an easy separation of the product
monoester (through extraction with bases) from the unreacted
alcohol. Moreover, acylations with cyclic anhydrides have an
atom economy of 100%, although it must be taken into account
that the hemiester obtained is normally not the desired final
product, and an additional step (the hydrolysis) has to be
performed.

One such example®® (Scheme 5) is given by the resolution of
(R,S)-N-(tert-butoxycarbonyl)-3-hydroxymethylpiperidine with
succinic anhydride and BCL.

oH J\/YOH
Burkholderla cepacia lipase O o
N

j\ (Amano PS-30) N
070 o oéj\o * o)\o
A TR T

yield = 32%, ee = 98.9%

Scheme 5

The (S)-hemisuccinic ester was easily separated and hy-
drolyzed to give 7, intermediate in the preparation of a tryptase
inhibitor. Reiteration of the process allowed 7 to be obtained in
32% yield and 98.9% ee. A calculation of the E-factor for the
first cycle only gives a value of 15, which makes the process quite
poor.

In conclusion, cyclic anhydrides show a very good agreement
with the 1st, 2nd, 3rd and 10th principle of Green Chemistry,
and appear therefore as relatively green acyl donors (Fig. 4). On
the other hand, acyclic anhydrides perform worse from the atom
economy and waste generation standpoint, and are therefore a
less convenient choice.

Enol esters

By far the best activated and most used acyl donors on a small
scale (see Table 1) are enol esters such as vinyl acetate (VA, 4a,
R = H), isopropenyl acetate (IPA, 4b R = Me) and ethoxyvinyl
esters (4c, R = OMe).?3! The leaving group is an enol that
immediately tautomerizes to the ketoform (Scheme 6). Thus, no
nucleophile remains and the reaction becomes irreversible. Some
vinyl esters and IPA are commercially available, since they are

Anhydrides

Generation of acid,

Easy set up; detrimental to
irr ible; enzymes;
easy separation (cyclic competition of
anh s); background reaction;
100% a iciency side reactions;

(cyclic anhydrides) poor atom efficiency

(acyclic anhydrides)

Straightforward work-

up (cyclic angydrides);
man ides
commercially available

Irritating agents

Fig. 4 SWOT analysis for anhydrides.

R3
o R hydrolase o
+ R2-OH =——= + /&

R1 J'J\O/g R1 JJ\ ORZ HO

R3 = H, CH,, OCH, T
R3
o]
Scheme 6

building blocks in polymer chemistry and are used as acylating
agents in non-enzymatic reactions as well. Pd- or acid catalyzed
transesterifications ensure the conversion of these bulk chemi-
cals into the desired vinyl or isopropenyl esters.!! Alkoxyvinyl
esters can also be synthesized from the corresponding acid and
acetylene using different Ru catalysts.3>3® These acyl donors
(especially the cheap VA) are often used in large excess, thus
making the use of a solvent unnecessary.

When comparing their SWOT analyses, VA emerges as the
cheapest and the most reactive, but these advantages are
severely undermined by a serious drawback, i.e. the generation
of a stoichiometric amount of acetaldehyde. Not only can
acetaldehyde deactivate some lipases (CRL and GCL) by
formation of imine bonds with the lysine residues, it also presents
major process obstacles,* such as the low flash (=40 °C) and
boiling (21 °C) points and the explosive properties of air—
acetaldehyde mixtures.*® Moreover, acetaldehyde is an irritating
agent® that has been classified as an inhalation carcinogen®
(LDs, = 661 mg kg™') a few years ago. Another safety hazard
is represented by the potential of VA to undergo exothermic
polymerization in the gas phase.® This risk should be taken
into account whenever VA is used in large excess and removed
by distillation at the end of the reaction, as is the case, among
others, in the synthesis of more hindered vinyl esters donors.
For all these reasons, only very few reports on the scale-up of
vinyl esters mediated acylations can be found in the literature.***
In one such example from Roche (Scheme 7),* VA is used for
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Scheme 7

the Chirazyme L-2 mediated acetylation of an intermediate for
Vitamin A synthesis. At 100% conversion, 1.6 kg of desired
product are prepared per day, corresponding to an acceptable E-
factor of 8.12. The addition of EDTA and of ppm of an organic
base and an antioxidant to the reaction mixture to protect the
enzyme against degradation could not be taken into account in
the calculation.

When using TPA or ethoxyvinyl acetate,*! the byproducts are
acetone and ethyl acetate, respectively. Since both compounds
are unreactive towards lysine,” no enzyme deactivation is
observed. Moreover, they are significantly more benign than
acetaldehyde.’ However, IPA and ethoxyvinyl acetate suffer
from some of the same disadvantages (hazardous traditional
synthesis, polymerization issue) as VA, and no scale up reaction
have been reported so far. Although a relatively mild synthesis
for alkoxyvinyl esters was proposed in 1993,%* no application
on a large scale are known, probably due to the cost of the Ru
catalyst.

The atom economy of acylations with enol esters is generally
poor (50-60%) when small alcohols are used (Fig. 5-7), but
improves when increasing the molecular weight of the acyl
acceptor. Obviously, it is higher for VA than for IPA and
ethoxyvinyl esters.

Vinyl acetate

Generation of | eq. of
acetaldehyde, harmful
for some lipases;
disagreement with |,
274, 314, 10t principles
of Green Chemistry

acceptable E-factor

Acetaldehyde irritating,

Solvent @ erally be

toxic;
hazardous synthesis on
a large scale (against
12t principle of Green
Chemistry)

Fig. 5 SWOT analysis for vinyl acetate.

Isopropenyl acetate

Easy set up; Relatively poor atom
good availability; economy (against 2"
irreversible; principle of Green

Chemistry)

byproduct is neither
toxic nor able to

Hazardous synthesis on
a large scale (against
12t principle of Green
Chemistry)

principle of Green
Chemistry)

Fig. 6 SWOT analysis for isopropenyl acetate.

Ethoxyvinyl acetate

Easy set up;
good availability; Relatively poor atom
high reactivity under | economy (against 2"
neutr: itions, principle of Green
irreversible; Chemistry)

Due to the easy
preparation under mild
conditions, these esters

are ideal for the
introd on of
complex acid moieties

into the product of the
enzymatic acylation

Hazardous synthesis on
a large scale; (against
12t principle of Green
Chemistry)
cost of Ru catalysts
hampers a less
hazardous synthesis

Fig. 7 SWOT analysis for ethoxyvinyl esters.

Alkyl methoxyacetates

Ethylmethoxyacetate was introduced by BASF researchers in the
1990s* for the enzymatic resolution of chiral amines. Since then,
esters of methoxyacetic acid have been playing an important
role in the large-scale production of optically pure aliphatic
and benzyl amines, and amino alcohols.””** The methoxy
substituent remarkably enhances the carbonyl reactivity, so that
the initial acylation rate for ethylmethoxyacetate is 100 times
faster than the corresponding reaction with, for example, ethyl
butyrate.* Additionally, these acyl donors are unrivaled in terms
of selectivity, which is especially increased when using esters of
secondary alcohols like isopropyl methoxyacetate.*

In a typical procedure (Scheme 8),** equimolar amounts
(165 mmol) of 1-phenylethylamine and ethylmethoxy acetate
are converted in MTBE in the presence of 2 g of Burkholderia
plantarii lipase. At 52% conversion, the reaction affords 48% of
(R)-amide in 93% ee. The procedure is characterized by a quite
high atom economy (80.7%), and an E-factor as high as 11.1
(Fig. 8).

This journal is © The Royal Society of Chemistry 2011
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Methoxyacetates

Very high reactivity and
selectivity;
good at iciency;
easy synthesis;
benign byproduct
(compl withIst,
274, 3 principles of
Green Chemistry)

O Hazardous synthesis on
a large scale

Solvent needed;
flammable with
relatively low flash
point (46 °C);
not suitable for esters

Fig. 8 SWOT analysis for alkyl methoxyacetates.

Oxime esters

Oxime esters, first reported in 1989,*” have scarcely been used in
the last 5 years. They are generally considered irreversible acyl
donors, even though a reversible behaviour has been sometimes
reported.' Besides the simple acetone oxime,”** more complex
oxime esters have been recently proposed* and proved even
more successful. Their preparation involves the DCC coupling
of oximes and acids or the condensation of oximes and acid
chlorides."

An interesting example of industrial application of an oxime
ester® is the acylation of the primary alcohol of Ribavirin with
Cbz-protected L-alanyl oxime ester in the presence of CAL-
B (Chirazyme) applied by Schering-Plough on a pilot scale
(Scheme 9).

The acyl donor was prepared in situ by coupling acetone oxime
and Cbz-Ala in the presence of di-tert-butyl dicarbonate in THF,
and directly reacted with ribavirin. The atom economy for the
esterification is 86.1%, but the E factor for the overall process is
as high as 33.2, which reflects the generation of a large amount
of waste (Fig. 9).

0

HZN\i\

J~N

N

R v
Cbz” 0’ \\r + HOW o

OH OH
Ribavirin

(0]

HZN\i\
7N

N\ |
CAL-B NJ

———> Cbz, o
THF N o
H
(0]

OH OH

Scheme 9

Oxime esters
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byprof@ie® more Long synthesis;

excess oxime not

benig nVA; :
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relative d atom :
high E-factor
efficiency

More amenable to scale
up (compliance with

12 principle of Green
Che @ and
comparatiy ess toxic

than VA

Fig. 9 SWOT analysis for oxime esters.

Conclusions

When performing an enzymatic esterification on a large scale,
the simple carboxylic acid appears still as the best acyl donor
from the Green Chemistry perspective. It has a very good
atom economy, generates water as the only waste and shows
a relatively good environmental impact. Besides, a very broad
range of acids are readily available, which can be employed
directly. However, this advantage is counterbalanced by the
necessity to continuously remove the water formed in order to
shift the unfavourable equilibrium.

On a small scale, the use of an activated donor rather than
the simple acid is still preferred, as witnessed by the current
literature (Table 1). However, when assessing all the reagents
available for their “greenness”, the popularity of vinyl acetate
(and, to a lesser extent, of enol esters in general) seems largely
undeserved. VA does not comply with any of the relevant
Green Chemistry principles considered here. The safety issues
related to its synthesis and, above all, the generation of the
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environmentally unfriendly and harmful acetaldehyde, in our
opinion, call for the search for more sustainable alternatives.
Equally serious drawbacks from a green perspective affect the
use of trihaloesters.

Alkyl methoxyacetates emerge as a very good choice for
the acylation of amines. The high reactivity and selectivity are
accompanied by a satisfying atom economy, a relatively easy
synthesis, and the formation of simple alcohols as byprod-
ucts. Unfortunately, the unfavourable equilibrium makes alkyl
methoxyacetates inapplicable to the esterification of alcohols.
In this case, cyclic anhydrides should be preferred whenever
possible, as they are characterized by 100% atom economy
and simplify the separation of the desired product from the
unreacted alcohol. In this respect, they offer more advantages
than oxime esters, too. Indeed, the latter are also characterized
by a good atom economy and by the formation of relatively
benign byproducts, but suffer from a laborious synthesis and
the difficult separation of the oxime that is used in excess.

Overall, the analysis performed here confirms that to define
any enzymatic process as green without evaluating the actual
impact of the reagents involved is misleading. As demonstrated
here, greener alternatives to the frequently used enol esters are
available. In particular, carboxylic acids represent a much more
sustainable choice, provided that an efficient water removal
protocol is applied. Clearly the key to implementing a truly
green process resides not only in the underlying chemistry, but
also in the process engineering. The combination of both fields is
a powerful tool opening up novel opportunities towards Green
Chemistry.
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