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Abstract
Dicarboxylic acids and their derivatives (esters and anhydrides) have been used as acylating agents in lipase-catalyzed reactions in

organic solvents. The synthetic outcomes have been dimeric or hybrid derivatives of bioactive natural compounds as well as func-

tionalized polyesters.
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Introduction
The finding that enzymes can work in organic solvents has

significantly expanded the scope of preparative scale biocat-

alyzed transformations [1-4]. An uncountable number of reports

have been published on this topic since the eighties of the last

century, the vast majority of them dealing with the synthetic

exploitation of hydrolases [5,6].

It was found that reactions that are thermodynamically unfavor-

able in water, like esterifications, transesterifications (transacy-

lations) and amidations, can be efficiently catalyzed by lipases

and proteases in organic solvents. Moreover, both substrates

and acylating agents’ scope could be significantly expanded.

Lipases, whose natural substrates are fatty acid triglycerides,

and proteases, enzymes acting on peptides and proteins, were

found to be able to catalyze, i.e., the esterifications of sugars

and steroids, using acylating agents different from simple ali-

phatic acids [7-9]. Specifically, years ago Dordick and

coworkers proposed the so-called ‘combinatorial biocatalysis’

as an approach to easily produce small libraries of derivatives of

bioactive natural compounds using a panel of different acylating

agents and hydrolases [10-12].

Among the great number of investigated acyl donors, activated

esters of dicarboxylic acids have been found to be particularly

versatile for the production of bifunctionalized compounds. As

it will be discussed in the following paragraphs, these mole-
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cules have allowed the synthesis of dimeric or hybrid deriva-

tives of bioactive natural compounds as well as the biocat-

alyzed production of functionalized polyesters.

Review
1. Synthetic exploitation of dicarboxylic esters
a) Synthesis of activated esters
In most of the biocatalyzed transesterification reactions, ‘acti-

vated’ esters are usually employed in order to make the reac-

tions irreversible thanks to the release of alcohols that are poor

nucleophiles (halogenated derivatives of ethanol, vinyl or

isopropenyl alcohol) [13-15]. This has been also the case with

several reports on the use of dicarboxylic acid derivatives.

Accordingly, vinyl diesters (1) and trifluoroethyl diesters (2)

have been synthesized following standard procedures [16].

Moreover, succinic (3) and glutaric anhydride (4) could be used

as acylating agents in controlled biocatalyzed reactions

(Scheme 1) [17,18].

Scheme 1: Activated derivatives of dicarboxylic acids.

b) Regioselective enzymatic acylation of natural
products.
Natural products are traditionally classified into groups of

substances (terpenes, alkaloids, amino acids, lipids, etc),

depending on their biosynthetic origin and on their chemical

and structural features [19-21]. The complex structures of most

of these molecules along with the presence of multiple func-

tional groups make their chemical manipulation difficult. This

inherent “fragility” makes biocatalysis an attractive method for

their derivatization. Specifically, glycosides and polyhydroxy-

lated compounds can be selectively acylated at specific hydroxy

groups by the action of an activated ester in the presence of a

suitable hydrolase in organic solvents [22,23].

Different authors have shown that activated dicarboxylates are

also accepted as acyl donors by these enzymes. As an example,

Figure 1 shows the products obtained using divinyl adipate in

the esterification of the antineoplastic antibiotics mithramycin

(5) catalyzed by Candida antarctica lipase A (CAL-A) and

chromomycin A3 (6) catalyzed by Candida antarctica lipase B

(CAL-B) [24]. In another report a series of mono-substituted

troxerutin esters (7a) were synthesized by action of the alkaline

protease from Bacillus subtilis on 7 [25]. The carboxyacetyl

(malonyl) derivative of some flavonoid glycosides (i.e., 8b) and

of ginsenoside Rg1 (9b) could be obtained with two-step

sequences. The preliminary CAL-B catalyzed acylations of 8

with  d ibenzyl  malonate  and of  9  wi th  b is (2 ,2 ,2-

trichloroethyl)malonate to give the mixed malonyl derivatives

8a and 9a, respectively, were followed either by a palladium-

catalyzed hydrogenolysis of the benzyl moiety to give 8b [26],

or by a selective chemical removal of 2,2,2-trichloroethanol

with Zn/AcOH to give 9b [27].

c) Enzymatic synthesis of symmetric diesters
More recently, symmetric diesters have been synthetized

exploiting both the activated extremities of divinyl carboxy-

lates.

C6-dicarboxylic acid diesters derivatives of the thiazoline of

N-acetylglucosamine (NAG-thiazoline, 10a,b, Figure 2) were

prepared and their inhibitor activities towards fungal β-N-

acetylhexosaminidase evaluated [28].

Similarly, dimers of sylibin (11a,b, Figure 3) and dehydro-

sylibin, obtained by Novozyme 435-catalyzed acylation with

the divinyl esters of dodecanedioc acid, were evaluated in terms

of antioxidant activity and cytotoxicity [29].

The obvious hypothesis related to the synthesis of these com-

pounds was that a dimer should be more bioactive than a mono-

mer, but this was not always the case [28,29].

d) Enzymatic synthesis of hybrid dimers
According to a pioneering paper Dordick linked glucose to

paclitaxel with divinyl adipate in a two-step biocatalyzed acyla-

tion [30]. As shown in Scheme 2, the protease thermolysin

catalyzed the regioselective acylation of the side chain of pacli-

taxel (12) to give the 2’-vinyl adipate 12a in 60% isolated

yields. Novozyme 435-catalyzed elaboration of this intermedi-

ate allowed either to hydrolyze the residual vinyl ester to give

the carboxyl derivative 12b (reaction performed in acetonitrile
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Figure 1: Example of natural compounds selectively acylated with dicarboxylic esters.

Figure 2: C6-dicarboxylic acid diesters derivatives of NAG-thiazoline.

containing 1% H2O v/v) or to link it to a sugar, like glucose to

give the hybrid compound 12c (reaction performed in dry aceto-

nitrile containing glucose). Both derivatives were significantly

more soluble in aqueous solutions than the parent compound 12.

A similar approach was followed later on by Lin and

coworkers, who described the enzymatic esterification of the

nucleoside 5-fluorouridine (13) and of other polyhydroxylated

bioactive molecules with divinyl esters of dicarboxylic acids

[31-35]. The monovinyl esters obtained (i.e., 13a) were then

used either to acylate monosaccharides (i.e., galactose to give

13b) in order to increase the solubility of the parent compounds

in aqueous solutions (Figure 4) or as co-monomers in radical

(AIBN)-catalyzed polymerizations (see next paragraph).

In recent years linking different bioactive molecules with suit-

able dicarboxylic acids to prepare hybrid compounds has been

receiving more and more attention. The interest is due to the

fact that these new substances might show additive activities

[36], having improved properties or efficacies compared to the

combined use of the respective two parent compounds. This is

the so-called ‘dual drug’ strategy [37-41]. For instance [40,41],

an increased capacity of inhibiting endothelial cell differenti-

ation and migration (key steps of the angiogenic process) was

observed as well as a marked ability to inhibit the polymeriza-

tion of tubulin in vitro. The same methodology might be applied

to direct a drug by conjugation to a molecule binding to a

specific receptor on cancer cells. Moreover, by using dicarboxy-

lated linkers with a disulfide bridge, it was possible to generate

dynamic libraries of dimeric hybrids based on disulfide

exchange reactions in vivo [42,43].
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Figure 3: Sylibin dimers obtained by CAL-B catalyzed trans-acylation reactions.

Scheme 2: Biocatalyzed synthesis of paclitaxel derivatives.

Figure 4: 5-Fluorouridine derivatives obtained by CAL-B catalysis.

All of these compounds were synthesized by (sometimes trou-

blesome) chemical protocols requiring accurate control of the

reaction conditions and several protection/deprotection steps.

This is avoided using a biocatalyzed approach, as it has been

shown exploiting once again the well-known efficiency, selec-

tivity and versatility of CAL-B (Novozyme 435) [16]. As in the

previous examples, the mixed esters from the first esterification

step can be used as acylating agents in the second esterification

step. Scheme 3 shows the synthesis of the hybrid compounds 17

and 18, obtained by linking together a steroid (cortisone, 14)

and an alkaloid (colchicoside, 15; thiocolchicoside, 16). Worth

of notice the use, among others, of activated esters of dithio-

dicarboxylic acids, in 18.
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Scheme 3: Biocatalyzed synthesis of hybrid diesters 17 and 18.

More recently Kren and coworkers have synthesized hybrid

dimeric antioxidants 23–25 based on the conjugation of an

acylated sylibin derivative (19) with L-ascorbic acid (20),

tyrosol (21) and trolox alcohol (22) (Scheme 4) [44]. These

compounds proved to have excellent electron donor, antiradical,

antioxidant as well as cytoprotective abilities.

Moreover, in a different research area, studying the supra-

molecular behavior of bolaamphiphile molecules, it has been

reported that polyhydroxylated compounds linked via a dicar-

boxylic chain (like the symmetric vitamin C-based bolaamphi-

phile 26, L,L) give origin to regular structures [45]. The previ-

ously described biocatalyzed approach allowed the synthesis of

an asymmetric dimer combining L-ascorbic acid and

D-isoascorbic acid (27, L,D), which behaved significantly

differently in terms of supramolecular structure when compared

to the symmetric dimers 26 (L,L) and 28 (D,D) (Figure 5) [46].

More recently, Gross and coworkers have described the syn-

thesis of “sweet silicones” by Novozyme 435-catalyzed forma-

tion of ester bonds between organosilicon carboxylic diacids

and the primary OH’s of 1-O-alkyl glucopyranosides [47].

2. Enzymatic synthesis of polyesters
The interest in the biocatalyzed synthesis of polyester started at

the very beginning of the use of lipases in organic solvents. In

1984 Okumura et al. [48] produced oligomers of several dicar-

boxylic acids (C6 to C14) in combination with several diols (C2

and C3). Since then the use of lipase-catalyzed preparation of

polymers has grow very much and has been reviewed many

times (see for example Zang et al. [49], Kobayashi and Makino

[50], Gross et al. [51]). Nowadays lipases are not only used to

achieve simple polycondensation reactions, but are exploited

due to their chemo-, stereo- and enantioselectivity. In addition,

they are seen as environmentally friendly alternative to tradi-

tional polymerization methods [52].

Binns et al. summarized the attempts to scale up synthesis of

polyesters by enzyme catalyzed polycondensation of adipic acid

and hexane-1,6-diol in a very well-worth reading article [53].

They discussed the very slow progress in achieving high molec-

ular weight polymers and concluded that removal of the leaving

group, water, to draw the equilibrium towards polymerization,

and the reversal nature of lipase catalysis are two main obsta-

cles. Others have pointed out the latter also [54]. Often a two-
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Scheme 4: Hybrid derivatives of sylibin.

Figure 5: Bolaamphiphilic molecules containing (L)- and/or (D)-
isoascorbic acid moieties.

step procedure has been used, an initial polymerization to

achieve oligomers followed by a second step at higher tempera-

ture and/or lower pressure. The synthesis of oligomers and short

telechelics (oligomers with functionalized ends) avoids much of

the problems and afford better reaction rates.

Yang et al. polymerized ethyl glycolate with diethyl sebacate

and 1,4-butandiol. For this, they used CAL-B in a two step syn-

thesis, started at a low vacuum and then increased the vacuum

to drive the reaction to completion [55]. The dicarboxylic acid

and the diol were employed in equal molar amounts, while the

amount of ethyl glycolate was varied. Polymers with a high

molecular weight (12–18000 Dalton) were obtained (Figure 6).

Nano particles of the polymer were used for a controlled slow

release of the drug doxorubicin (29) trapped in this material.

Figure 6: Doxorubicin (29) trapped in a polyester made of glycolate,
sebacate and 1,4-butandiol units.

Bhatia et al. used Novozyme 435 to make polymers from func-

tionalized pentofuranose derivatives (i.e, 30) and PEG-600

dicarboxylic acid dimethyl ester [56]. The obtained polymers

formed supramolecular aggregates with diameters between 120

and 250 nm, which were able to encapsulate Nile red (31) that

was used as a model of a drug compound (Figure 7).
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Figure 7: Polyesters containing functionalized pentofuranose derivatives.

Figure 8: Polyesters containing disulfide moieties.

Figure 9: Polyesters containing epoxy moieties.

Copolymers containing disulfide groups in the main chain were

synthesized from 3,3´-dithiodipropionic acid dimethyl ester in

combination with pentadecalactone and 1,4-butandiol (Figure 8)

[57]. When MeO-PEG-OH was used as chain terminator

amphiphilic copolymers were formed. The hydrophobicity of

the polymer could easily be changed by the content of the

lactone. The copolymers had low toxicity and formed aggre-

gates that could be used as nano-containers of drugs. Reduction

of the disulfides caused swelling of the aggregates and fast

release of incorporated drugs.

An early attempt to use dicarboxylic acids with an additional

functional group was done by Wallace and Morrow [58]. They

used the activated 2,2,2-trichloroethyl diester of (±)-3,4-

epoxyadipic acid. The stereoselectivity of porcine pancreatic

lipase discriminated between the two enantiomers and afforded

the chiral (−)-polyester with molecular weight of 7900 Dalton

(Figure 9).

Yang et al. compared the polymerization of glycerol and a

diacid derivative of oleic acid catalyzed by dibutyltin oxide and

Novozyme 435 (Figure 10) [59]. Dibutyltin oxide catalysis

resulted in cross-linking and gel formation. This was not

observed by enzyme catalysis, presumably due to steric

hindrance which may be imposed by the active site of the

enzyme.
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Figure 10: Biocatalyzed synthesis of polyesters containing glycerol.

Figure 11: Iataconic (34) and malic (35) acid.

Symmetrical long-chain (C18, C20 and C26) unsaturated or

epoxidized dicarboxylic acids were polycondensated with 1,3-

propanediol or 1,4-butanediol using CAL-B [60]. At high

temperature (70 °C) a number of polyester combinations could

be synthesized. Propandiol afforded polymers with rather

moderate molecular weights (2000–3000 Dalton), while with

butandiol polyesters with higher molecular weights

(8000–12000 Dalton) were obtained. Interestingly, the poly-

mers carried functional groups in the chain that could be used

for further modifications.

For polymer synthesis involving environmentally benign chemi-

cals the building blocks succinic acid, itaconic acid (34,

Figure 11) and butanediol are very attractive. The methylene

group in itaconic acid is interesting as a handle for second poly-

merization or derivatization, but causes steric and reactivity

problems in lipase catalysis. Anyhow, Jiang et al. were able to

synthesize polyesters with a mix of the two acids used as

dimethyl esters. The yield was acceptable if the reaction was

run in diphenyl ether and the ratio of itaconate did not exceed

30% [61]. The authors discussed the consequences of the low

reactivity of itaconic acid in relation to polymer growth.

Another dicarboxylic acid carrying an additional functional

group is malic acid (35, Figure 11). Yao et al. used (L)-malic

acid and adipic acid in different ratios to be polymerized with

1,8-octanediol in a reaction catalyzed by CAL-B [62]. The yield

depended on the choice of organic solvent, with isooctane being

the best one. Using 10% of enzyme by weight compared to total

amount of monomers, molecular sieves to trap the produced

water and working at 70 °C, high molecular weight polymers

were isolated after 48 h. This was a good example, showing that

the selectivity of the lipase-driven polymerization using only

the primary alcohols of the diol, and not the secondary hydroxy

group of malic acid.

A few years earlier Kato et al. showed that both enantiomers of

dimethyl 2-mercaptosuccinate and 1,6-hexanediol were poly-

merized by CAL-B, while other lipases failed to give long poly-

mers [63]. In the same article the authors showed that only the

(L)-enantiomer of dimethyl malate afforded polymers. A race-

mate of malate esters gave only short polymers; showing nicely

that efficient polymerization of diacids can only be achieved

with carboxylic groups of similar reactivity. The poly(hexane-

diol-2-mercaptosuccinate) could be oxidized by air in DMSO to

form a cross-linked insoluble material (Figure 12). In a subse-

quent paper, the same laboratory prepared different mercapto-

succinate polymers with several diols. In addition they showed

that the material cross-linked by air oxidation could be

reversibly reduced by tributylphosphine to recover the reduced

soluble polymer [64].

Figure 12: Oxidized poly(hexanediol-2-mercaptosuccinate) polymer.

In a recent review, Khan et al. summarized the synthesis of

polymers based on C-5-substituted isophthalates (36, Figure 13)

and diols [65]. Using hydroxy or amine groups at C-5 afforded

polymers, which could be further modified by chemical means.

The synthesized products can find a wide range of applications

such as drug/gene delivery systems, flame retardant materials,

conducting polymers, controlled release systems, diagnostic
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Figure 14: Curcumin-based polyesters.

Figure 15: Silylated polyesters.

agents, and polymeric electrolytes for nano-crystalline solar

cells.

Figure 13: C-5-substituted isophthalates.

Curcumin (37) was converted to a diester using ethyl

α-bromoacetate. The formed diester was copolymerized with

PEG using CAL-B (Figure 14). The final product was an effec-

tive activator of nuclear factor (erythroid-derived 2)-like 2

(Nrf2) several times better than the free curcumin [66]. The

curcumin diester was used in a second polymer synthesis with

carbinol (hydroxy) terminated polydimethylsiloxane catalyzed

by CAL-B [67]. The curcumin moiety retained its fluorescence

properties without quenching in thin films prepared from the

polymer. Films exposed to low concentrations of vapors of the

explosives DNT and TNT absorbed the explosives and the fluo-

rescence was quenched. Therefore, it was proposed that the

films can be used as sensors for these explosives.

Frampton et al. synthesised a polyester from the dimethyl ester

of 1,3-bis(3-carboxypropyl)-1,1,3,3-tetramethyldisiloxane and

1,3-bis(3-hydroxypropyl)-1,1,3,3-tetramethyldisiloxane

(Figure 15) using CAL-B. They obtained the polymers as color-

less viscous liquids after evaporation of ether used to extract the

polymer from the enzyme beads [68].

a) Dicarboxylic esters in combination with function-
alized alcohols
The use of diols with additional reactive groups opens up the

possibility to synthesize a number of functionalized polymers.

For instance, Müller and Frey used 3,3-bis(hydroxymethyl)-

oxetane in different blends with 1,8-octanediol and sebacic acid

to get polymers with a varied content of oxetane groups

(Figure 16). Oxetane is a very acid sensitive moiety, but the

mild conditions for enzyme catalysis afforded nice polymers.

The obtained polymers could be cross-linked by UV light in the

presence of the solid photoinitiator Iracure 270 to form hard

films [69].
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Figure 19: Poly(amide-co-ester)s comprising a terminal hydroxy moiety.

Figure 16: Polyesters containing reactive ether moieties.

Several poly(amine-co-ester)s were synthesized directly from

dicarboxylic acid diesters and N-alkyl- or N-phenyldiethanol-

amines. High molecular weights polymers were obtained in a

two step procedure catalyzed by CAL-B [70]. Specifically, the

obtained polymers from sebacic acid (Figure 17, x = 7) and

N-methyl- or N-ethyldiethanolamine proved to form good

nanometer-sized complexes with DNA, useful for efficient

DNA delivery in gene therapy.

Figure 17: Polyesters obtained by CAL-B-catalyzed condensation of
dicarboxylic esters and N-substituted diethanolamine.

Mexiletine (38) was incorporated into amphiphilic poly(amine-

co-ester)s through a two-step lipase catalyzed procedure.

Firstly, racemic mexiletine was used in a biocatalyzed kinetic

resolution to form the amide with pure (R)-amide with methyl

3-(bis(2-hydroxyethyl)amino)propanoate. The formed diol was

mixed with an equal molar amount of divinyl sebacate and

lipase as a catalyst, after some time methoxypoly(ethylene

glycol) was added to react with the remaining vinyl carboxy-

lates to give an amphiphilic polymer. This product self-assem-

bled into nanometer-scale-sized particles in water and could be

used for drug delivery (Figure 18) [71].

A few years earlier the same authors used the same principle to

synthesize amphiphilic mPEG-block-poly(profenamide-co-

ester) copolymers that self-assembled in water and could be

used for drug release [72]. As a follow up the same laboratory

used triethanolamine and different dimethyl esters of linear

dicarboxylic acids to synthesize hyperbranched polymers.

With a very high load of CAL-B (20% weight compared to

Figure 18: Polyesters comprising mexiletine (38) moieties.

Figure 20: Polymer comprising α-oxydiacid moieties.

triethanolamine), a long incubation time at 85 °C, and

1–2 mmHg pressure the hyperbranched polymers were isolated

[73].

b) Amines in combination with dicarboxylic acids
Several high molecular weight poly(amide-co-ester)s were

prepared in a three-step procedure. Significantly high molec-

ular weights were achieved by first reacting pentadecalactone

with equal molar amounts of linear diamines. The formed

amides, containing one terminal hydroxy and one terminal

amino moiety, were further reacted with diethyl sebacate to

form high molecular weight poly(amide-co-ester)s with a repet-

itive pattern of amide and ester bonds (Figure 19) [74].

The problem of high molecular weights in lipase-catalyzed

polyamide synthesis using dicarboxylic acids and diamines has

been discussed in several articles. The slow catalytic rate and

the insolubility of the formed polymers are two main obstacles.

The rate problem was addressed by Poulhès et al. who used an

α-oxy diacid derivative (Figure 20), obtaining higher reaction

rates, but, unfortunately, lower molecular weights [75]. The
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Figure 21: Telechelics with methacrylate ends.

Figure 22: Telechelics with allyl-ether ends.

Figure 23: Telechelics with ends functionalized as epoxides.

observed rate enhancement was presumably an effect of tran-

sition state stabilization for the nitrogen inversion in the pres-

ence of an oxygen atom in the proximity of the forming amide

bond [76].

c) Telechelics
Several authors have discussed the difficulty of obtaining high

molecular weight polyesters by lipase catalysis. This problem

can be circumvented by the synthesis of telechelics, oligomers

with functional ends. The synthesis of oligomers avoids the

precipitation of polymers during the synthesis. The functional

ends of the telechelics can be used in a second step for poly-

merisation or crosslinking without the lipase. By exploiting the

substrate selectivity of lipases it is possible to obtain well-

defined telechelics in a one-pot, or even one-step reaction.

In 1997 Uyama et al. were the first to produce telechelic poly-

esters from the monomers divinyl sebacate and 12-dodecano-

lide by lipase PF catalysis. By using 2–3% of the divinyl ester a

mixture of telechelic polyesters carrying carboxylic acid ends

was achieved [77]. The mixture was probably a result of uncon-

trolled water content in the incubation. Eriksson et al. used

CAL-B to obtain well-defined telechelics in a one-pot polycon-

densation. The backbone of the telechelics was built from

ethylene glycol and divinyl adipate. Specific degrees of poly-

merisation (4, 8 and 13) were reached by terminating the

process with the addition of 2-hydroxyethyl methacrylate. Well-

defined telechelics with more than 90% methacrylate ends were

used directly in film formation, without any other purification

than filtering off the immobilized lipase (Figure 21). The

telechelics were either homopolymerized or polymerized in

combination with a tetrathiol cross-linker to form strong films

under UV irradiation [78].

In a similar approach the same research group synthesized the

telechelic tetraallyl ether-poly(butylene adipate) (Figure 22).

Each telechelic molecule carried four allyl ether groups, which

allowed extensive crosslinking using thiolene chemistry with

dithiols or tetrathiols [79].

Through a combination of lipase-catalyzed condensation and

ring-opening polymerisation oligomers of pentadecalactone and

adipic acid were terminated by glycidol (Figure 23). By

changing the stoichiometry of the building blocks, telechelics of

different controlled molecular weights could be obtained, which

readily polymerized to form films after filtering off the enzyme.

The properties of the films depended on the fraction of penta-

decalactone and crosslinking density [80].

Conclusion
In this short review it has been discussed the synthetic potential

of dicarboxylic esters in biocatalyzed reactions. Literature

examples related to polyesters are significantly more numerous.

Nevertheless, as it has been shown in the initial paragraphs, this
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methodology allows also the facile synthesis of hybrid deriva-

tives of natural compounds with modified physical–chemical

properties (i.e., increased water solubility, different supra-

molecular behavior) and with possible synergic biological

activities.

Acknowledgements
The authors acknowledge Fondazione Cariplo and Regione

Lombardia for financial support (Progetto BIOREFILL – BIO-

REFinery Integrated Lombardy Labs, 2013 – 2015).

References
1. Carrea, G.; Riva, S. Organic Synthesis with Enzymes in Non-Aqueous

Media; Wiley-VCH: Weinheim, Germany, 2008.
doi:10.1002/9783527621729

2. Koskinen, A. M. P.; Klibanov, A. M. Enzymatic Reations in Organic
Media; Chapman & Hall: Glasgow, U.K., 1996.

3. Klibanov, A. M. Nature 2001, 409, 241–246. doi:10.1038/35051719
4. Klibanov, A. M. Trends Biochem. Sci. 1989, 14, 141–144.

doi:10.1016/0968-0004(89)90146-1
5. Park, S.; Kazlauskas, R. J. Curr. Opin. Biotechnol. 2003, 14, 432–437.
6. Carrea, G.; Riva, S. Angew. Chem., Int. Ed. 2000, 39, 2226–2254.

doi:10.1002/1521-3773(20000703)39:13<2226::AID-ANIE2226>3.0.CO
;2-L

7. Plou, F. J.; Cruces, M. A.; Ferrer, M.; Fuentes, G.; Pastor, E.;
Bernabè, M.; Christensen, M.; Comelles, F.; Parra, J. L.;
Ballesteros, A. J. Biotechnol. 2002, 96, 55–66.
doi:10.1016/S0168-1656(02)00037-8

8. Therisod, M.; Klibanov, A. M. J. Am. Chem. Soc. 1986, 108,
5638–5640. doi:10.1021/ja00278a053

9. Cruz Silva, M. M.; Carvalho, J. F.; Riva, S.; Sà e Melo, M. L.
Curr. Org. Chem. 2011, 15, 928–941.
doi:10.2174/138527211794518871

10. Michels, P. C.; Khmelnitsky, Y. L.; Dordick, J. S.; Clark, D. S.
Trends Biotechnol. 1998, 16, 210–215.
doi:10.1016/S0167-7799(98)01190-1

11. Akbar, U.; Shin, D.-S.; Schneider, E.; Dordick, J. S.; Clark, D. S.
Tetrahedron Lett. 2010, 51, 1220–1225.
doi:10.1016/j.tetlet.2009.12.119

12. Secundo, F.; Carrea, G.; De Amici, M.; Joppolo di Ventimiglia, S.;
Dordick, J. S. Biotechnol. Bioeng. 2003, 81, 391–394.
doi:10.1002/bit.10486

13. Kirchner, G.; Scollar, M. P.; Klibanov, A. M. J. Am. Chem. Soc. 1985,
107, 1012–1016. doi:10.1021/ja00310a052

14. Riva, S.; Chopineau, J.; Kieboom, A. P. G.; Klibanov, A. M.
J. Am. Chem. Soc. 1988, 110, 584–589. doi:10.1021/ja00210a045

15. Faber, K.; Riva, S. Synthesis 1992, 895–910.
doi:10.1055/s-1992-26255

16. Magrone, P.; Cavallo, F.; Panzeri, W.; Passarella, D.; Riva, S.
Org. Biomol. Chem. 2010, 8, 5583–5590. doi:10.1039/c0ob00304b

17. Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 5531–5534.
doi:10.1021/jo00258a024

18. Ottolina, G.; Carrea, G.; Riva, S. Biocatalysis 1991, 5, 131–136.
doi:10.3109/10242429109014861

19. Schrittwieser, J. H.; Resch, V. RSC Adv. 2013, 3, 17602–17632.
doi:10.1039/c3ra42123f

20. Serra, S.; Fuganti, C.; Brenna, E. Trends Biotechnol. 2005, 23,
193–198. doi:10.1016/j.tibtech.2005.02.003

21. Sima Sariaslani, F.; Rosazza, J. P. N. Enzyme Microb. Technol. 1984,
6, 242–253.

22. González-Sabín, J.; Morán-Ramallal, R.; Rebolledo, F.
Chem. Soc. Rev. 2011, 40, 5321–5335. doi:10.1039/C1CS15081B

23. Riva, S. J. Mol. Catal. B: Enzym. 2001, 19, 43–54.
24. Nunez, L. E.; Menendez, N.; Gonzalez-Sabin, J.; Moris-Varas, F.;

Garcia-Fernandez, B.; Perez, M.; Brana, V.; Salas, J. A. WO Patent
009987, 2011.

25. Xiao, Y. M.; Mao, P.; Zhao, Z.; Yang, L. R.; Lin, X. F. Chin. Chem. Lett.
2010, 21, 59–62. doi:10.1016/j.cclet.2009.08.017

26. Danieli, B.; Luisetti, M.; Riva, S.; Bertinotti, A.; Ragg, E.; Scaglioni, L.;
Bombardelli, E. J. Org. Chem. 1995, 60, 3637–3642.
doi:10.1021/jo00117a012

27. Riva, S.; Danieli, B.; Luisetti, M. J. Nat. Prod. 1996, 59, 618–621.
doi:10.1021/np960239m

28. Krejzová, J.; Šimon, P.; Vavříková, E.; Slámová, K.; Pelantová, H.;
Riva, S.; Spiwok, V.; Křen, V. J. Mol. Catal. B: Enzym. 2013, 87,
128–134. doi:10.1016/j.molcatb.2012.10.016

29. Vavrivoka, E.; Vack, J.; Valentova, K.; Marhol, P.; Ulrichova, J.;
Kuzma, M.; Kren, V. Molecules 2014, 19, 4115–4134.

30. Khmelnitsky, Y. L.; Budde, C.; Arnold, J. M.; Usyatinsky, A.;
Clark, D. S.; Dordick, J. S. J. Am. Chem. Soc. 1997, 119,
11554–11555. doi:10.1021/ja973103z

31. Wu, Q.; Xia, A.; Lin, X. J. Mol. Catal. B: Enzym. 2008, 54, 76–82.
doi:10.1016/j.molcatb.2007.12.023

32. Xia, A.; Wu, Q.; Liu, B.; Lin, X. Enzyme Microb. Technol. 2008, 42,
414–420. doi:10.1016/j.enzmictec.2007.12.001

33. Quian, X.; Liu, B.; Wu, Q.; Lv, D.; Lin, X.-F. Bioorg. Med. Chem. 2008,
16, 5181–5188. doi:10.1016/j.bmc.2008.03.012

34. Quan, J.; Chen, Z.; Han, C.; Lin, X. Bioorg. Med. Chem. 2007, 15,
1741–1748. doi:10.1016/j.bmc.2006.11.039

35. Wu, Q.; Wang, M.; Chen, Z. C.; Lu, D. S.; Lin, X. F.
Enzyme Microb. Technol. 2006, 39, 1258–1263.
doi:10.1016/j.enzmictec.2006.03.012

36. Romeo, S.; Parapini, S.; Dell’Agli, M.; Vaiana, N.; Magrone, P.;
Galli, G.; Sparatore, A.; Taramelli, D.; Bosisio, E. ChemMedChem
2008, 3, 418–420. doi:10.1002/cmdc.200700166

37. Passarella, D.; Giardini, A.; Peretto, B.; Fontana, G.; Sacchetti, A.;
Silvani, A.; Ronchi, C.; Cappelletti, G.; Cartelli, D.; Borlak, J.; Danieli, B.
Bioorg. Med. Chem. 2008, 16, 6269–6285.
doi:10.1016/j.bmc.2008.04.025

38. Ayral-Kaloustian, S.; Gu, J.; Lucas, J.; Cinque, M.; Gaydos, C.;
Zask, A.; Chaudhary, I.; Wang, J.; Di, L.; Young, M.; Ruppen, M.;
Mansour, T. S.; Gibbons, J. J.; Yu, K. J. Med. Chem. 2010, 53,
452–459. doi:10.1021/jm901427g

39. Riva, E.; Comi, D.; Borrelli, S.; Colombo, F.; Danieli, D.; Borlak, J.;
Evensen, L.; Lorens, J. B.; Fontana, G.; Gia, O. M.; Via, L. D.;
Passarella, D. Bioorg. Med. Chem. 2010, 18, 8660–8668.
doi:10.1016/j.bmc.2010.09.069

40. Passarella, D.; Peretto, B.; Blasco y Yepes, R.; Cappelletti, G.;
Cartelli, D.; Ronchi, C.; Snaith, J.; Fontana, G.; Danieli, B.; Borlak, J.
Eur. J. Med. Chem. 2010, 45, 219–226.
doi:10.1016/j.ejmech.2009.09.047

41. Passarella, D.; Comi, D.; Cappelletti, G.; Cartelli, D.; Gertsch, J.;
Quesada, A. R.; Borlak, J.; Altmann, K.-H. Bioorg. Med. Chem. 2009,
17, 7435–7440. doi:10.1016/j.bmc.2009.09.032

42. Danieli, B.; Giardini, A.; Lesma, G.; Passarella, D.; Peretto, B.;
Sacchetti, A.; Silvani, A.; Pratesi, G.; Zunino, F. J. Org. Chem. 2006,
71, 2848–2853. doi:10.1021/jo052677g

http://dx.doi.org/10.1002%2F9783527621729
http://dx.doi.org/10.1038%2F35051719
http://dx.doi.org/10.1016%2F0968-0004%2889%2990146-1
http://dx.doi.org/10.1002%2F1521-3773%2820000703%2939%3A13%3C2226%3A%3AAID-ANIE2226%3E3.0.CO%3B2-L
http://dx.doi.org/10.1002%2F1521-3773%2820000703%2939%3A13%3C2226%3A%3AAID-ANIE2226%3E3.0.CO%3B2-L
http://dx.doi.org/10.1016%2FS0168-1656%2802%2900037-8
http://dx.doi.org/10.1021%2Fja00278a053
http://dx.doi.org/10.2174%2F138527211794518871
http://dx.doi.org/10.1016%2FS0167-7799%2898%2901190-1
http://dx.doi.org/10.1016%2Fj.tetlet.2009.12.119
http://dx.doi.org/10.1002%2Fbit.10486
http://dx.doi.org/10.1021%2Fja00310a052
http://dx.doi.org/10.1021%2Fja00210a045
http://dx.doi.org/10.1055%2Fs-1992-26255
http://dx.doi.org/10.1039%2Fc0ob00304b
http://dx.doi.org/10.1021%2Fjo00258a024
http://dx.doi.org/10.3109%2F10242429109014861
http://dx.doi.org/10.1039%2Fc3ra42123f
http://dx.doi.org/10.1016%2Fj.tibtech.2005.02.003
http://dx.doi.org/10.1039%2FC1CS15081B
http://dx.doi.org/10.1016%2Fj.cclet.2009.08.017
http://dx.doi.org/10.1021%2Fjo00117a012
http://dx.doi.org/10.1021%2Fnp960239m
http://dx.doi.org/10.1016%2Fj.molcatb.2012.10.016
http://dx.doi.org/10.1021%2Fja973103z
http://dx.doi.org/10.1016%2Fj.molcatb.2007.12.023
http://dx.doi.org/10.1016%2Fj.enzmictec.2007.12.001
http://dx.doi.org/10.1016%2Fj.bmc.2008.03.012
http://dx.doi.org/10.1016%2Fj.bmc.2006.11.039
http://dx.doi.org/10.1016%2Fj.enzmictec.2006.03.012
http://dx.doi.org/10.1002%2Fcmdc.200700166
http://dx.doi.org/10.1016%2Fj.bmc.2008.04.025
http://dx.doi.org/10.1021%2Fjm901427g
http://dx.doi.org/10.1016%2Fj.bmc.2010.09.069
http://dx.doi.org/10.1016%2Fj.ejmech.2009.09.047
http://dx.doi.org/10.1016%2Fj.bmc.2009.09.032
http://dx.doi.org/10.1021%2Fjo052677g


Beilstein J. Org. Chem. 2015, 11, 1583–1595.

1595

43. Passarella, D.; Comi, D.; Vanossi, A.; Paganini, G.; Colombo, F.;
Ferrante, L.; Zuco, V.; Danieli, B.; Zunino, F. Bioorg. Med. Chem. Lett.
2009, 19, 6358–6363. doi:10.1016/j.bmcl.2009.09.075

44. Vavrikova, E.; Kalachova, L.; Pyszkova, M.; Riva, S.; Kuzma, M.; Kren,
V.; Valentova, K.; Ulrichova, J.; Vrba, J.; Vacek, J. Chem. – Eur. J.,
submitted.

45. Ambrosi, M.; Fratini, E.; Alfredsson, V.; Ninham, B. W.; Giorgi, R.;
Lo Nostro, P.; Baglioni, P. J. Am. Chem. Soc. 2006, 128, 7209–7214.
doi:10.1021/ja057730x

46. Dolle, C.; Magrone, P.; Riva, S.; Ambrosi, M.; Fratini, E.; Peruzzi, N.;
Lo Nostro, P. J. Phys. Chem. B 2011, 115, 11638–11649.
doi:10.1021/jp204920y

47. Sahoo, B.; Brandstat, K. F.; Lane, T. H.; Gross, R. A. Org. Lett. 2005,
7, 3857–3860. doi:10.1021/ol050942e

48. Okumura, S.; Iwai, M.; Tominaga, Y. Agric. Biol. Chem. 1984, 48,
2805–2808. doi:10.1271/bbb1961.48.2805

49. Zhang, J.; Shi, H.; Di Wu, D.; Xing, Z.; Zhang, A.; Yang, Y.; Li, Q.
Process Biochem. 2014, 49, 797–806.
doi:10.1016/j.procbio.2014.02.006

50. Kobayashi, S.; Makino, A. Chem. Rev. 2009, 109, 5288–5353.
doi:10.1021/cr900165z

51. Gross, R. A.; Ganesh, M.; Lu, W. Trends Biotechnol. 2010, 28,
435–443. doi:10.1016/j.tibtech.2010.05.004

52. Vouyiouka, S. N.; Topakas, E.; Katsini, A.; Papaspyrides, C. D.;
Christakopoulos, P. Macromol. Mater. Eng. 2013, 298, 679–689.
doi:10.1002/mame.201200188

53. Binns, F.; Harffey, P.; Roberts, S. M.; Taylor, A.
J. Chem. Soc., Perkin Trans. 1 1999, 1, 2671–2676.
doi:10.1039/a904889h

54. Kulshrestha, A. S.; Gao, W.; Gross, R. A. Macromolecules 2005, 38,
3193–3204. doi:10.1021/ma0480190

55. Yang, Z.; Zhang, X.; Luo, X.; Jiang, Q.; Liu, J.; Jiang, Z.
Macromolecules 2013, 46, 1743–1753. doi:10.1021/ma302433x

56. Bhatia, S.; Mohr, A.; Mathur, D.; Parmar, V. S.; Haag, R.; Prasad, A. K.
Biomacromolecules 2011, 12, 3487–3498. doi:10.1021/bm200647a

57. Liu, B.; Zhang, X.; Chen, Y.; Yao, Z.; Yang, Z.; Gao, D.; Jiang, Q.;
Liu, J.; Jiang, Z. Polym. Chem. 2015, 6, 1997–2010.
doi:10.1039/C4PY01321B

58. Wallace, J. S.; Morrow, C. J. J. Polym. Sci., Part A-1: Polym. Chem.
1989, 27, 2553–2567. doi:10.1002/pola.1989.080270807

59. Yang, Y.; Lu, W.; Cai, J.; Hou, Y.; Ouyang, S.; Xie, W.; Gross, R. A.
Macromolecules 2011, 44, 1977–1985. doi:10.1021/ma102939k

60. Warwel, S.; Demes, C.; Steinke, G.
J. Polym. Sci., Part A-1: Polym. Chem. 2001, 39, 1601–1609.
doi:10.1002/pola.1137

61. Jiang, Y.; Woortman, A. J. J.; van Ekenstein, G. O. R. A.; Loos, K.
Biomolecules 2013, 3, 461–480. doi:10.3390/biom3030461

62. Yao, D.; Li, G.; Kuila, T.; Li, P.; Kim, N. H.; Kim, S.-I.; Lee, J. H.
J. Appl. Polym. Sci. 2011, 120, 1114–1120. doi:10.1002/app.33257

63. Kato, M.; Toshima, K.; Matsumura, S. Biomacromolecules 2009, 10,
366–373. doi:10.1021/bm801132d

64. Tanaka, A.; Kohri, M.; Takiguchi, T.; Kato, M.; Matsumura, S.
Polym. Degrad. Stab. 2012, 97, 1415–1422.
doi:10.1016/j.polymdegradstab.2012.05.016

65. Khan, A.; Sharma, S. K.; Kumar, A.; Watterson, A. C.; Kumar, J.;
Parmar, V. S. ChemSusChem 2014, 7, 379–390.
doi:10.1002/cssc.201300343

66. Pandey, M. K.; Kumar, S.; Thimmulappa, R. K.; Parmar, V. S.;
Biswal, S.; Watterson, A. C. Eur. J. Pharm. Sci. 2011, 43, 16–24.
doi:10.1016/j.ejps.2011.03.003

67. Pandey, M. K.; Kumar, A.; Ravichandran, S.; Parmar, V. S.;
Watterson, A. C.; Kumar, J.
J. Macromol. Sci., Part A: Pure Appl. Chem. 2014, 51, 399–404.
doi:10.1080/10601325.2014.893131

68. Frampton, M. B.; Séguin, J. P.; Marquardt, D.; Harroun, T. A.;
Zelisko, P. M. J. J. Mol. Catal. B: Enzym. 2013, 85–86, 149–155.
doi:10.1016/j.molcatb.2012.09.010

69. Müller, S. S.; Frey, H. Macromol. Chem. Phys. 2012, 213, 1783–1790.
doi:10.1002/macp.201200269

70. Liu, J.; Jiang, Z.; Zhou, J.; Zhang, S.; Saltzman, W. M.
J. Biomed. Mater. Res., Part A 2011, 96, 456–465.
doi:10.1002/jbm.a.32994

71. Qian, X.; Jiang, Z.; Lin, X.; Wu, Q.
J. Polym. Sci., Part A-1: Polym. Chem. 2013, 51, 2049–2057.
doi:10.1002/pola.26594

72. Qian, X.; Wu, Q.; Xu, F.; Lin, X. Polymer 2011, 52, 5479–5485.
doi:10.1016/j.polymer.2011.10.003

73. Xu, F.; Zhong, J.; Qian, X.; Li, Y.; Lin, X.; Wu, Q. Polym. Chem. 2013,
4, 3480–3490. doi:10.1039/c3py00156c

74. Ragupathy, L.; Ziener, U.; Dyllick-Brenzinger, R.; von Vacano, B.;
Landfester, K. J. Mol. Catal. B: Enzym. 2012, 76, 94–105.
doi:10.1016/j.molcatb.2011.11.019

75. Poulhès, F.; Mouysset, D.; Gil, G.; Bertrand, M. P.; Gastaldi, S.
Polymer 2013, 54, 3467–3471. doi:10.1016/j.polymer.2013.05.011

76. Syrén, P.-O. FEBS J. 2013, 280, 3069–3083.
77. Uyama, H.; Kikuchi, H.; Kobayashi, S. Bull. Chem. Soc. Jpn. 1997, 70,

1691–1695. doi:10.1246/bcsj.70.1691
78. Eriksson, M.; Hult, K.; Malmström, E.; Johansson, M.; Trey, S. M.;

Martinelle, M. Polym. Chem. 2011, 2, 714–719.
doi:10.1039/C0PY00340A

79. Eriksson, M.; Boyer, A.; Sinigoi, L.; Johansson, M.; Malmström, E.;
Hult, K.; Trey, S.; Martinelle, M. J. Polym. Sci., Part A-1: Polym. Chem.
2010, 48, 5289–5297. doi:10.1002/pola.24328

80. Eriksson, M.; Fogelström, L.; Hult, K.; Malmström, E.; Johansson, M.;
Trey, S.; Martinelle, M. Biomacromolecules 2009, 10, 3108–3113.
doi:10.1021/bm9007925

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.11.174

http://dx.doi.org/10.1016%2Fj.bmcl.2009.09.075
http://dx.doi.org/10.1021%2Fja057730x
http://dx.doi.org/10.1021%2Fjp204920y
http://dx.doi.org/10.1021%2Fol050942e
http://dx.doi.org/10.1271%2Fbbb1961.48.2805
http://dx.doi.org/10.1016%2Fj.procbio.2014.02.006
http://dx.doi.org/10.1021%2Fcr900165z
http://dx.doi.org/10.1016%2Fj.tibtech.2010.05.004
http://dx.doi.org/10.1002%2Fmame.201200188
http://dx.doi.org/10.1039%2Fa904889h
http://dx.doi.org/10.1021%2Fma0480190
http://dx.doi.org/10.1021%2Fma302433x
http://dx.doi.org/10.1021%2Fbm200647a
http://dx.doi.org/10.1039%2FC4PY01321B
http://dx.doi.org/10.1002%2Fpola.1989.080270807
http://dx.doi.org/10.1021%2Fma102939k
http://dx.doi.org/10.1002%2Fpola.1137
http://dx.doi.org/10.3390%2Fbiom3030461
http://dx.doi.org/10.1002%2Fapp.33257
http://dx.doi.org/10.1021%2Fbm801132d
http://dx.doi.org/10.1016%2Fj.polymdegradstab.2012.05.016
http://dx.doi.org/10.1002%2Fcssc.201300343
http://dx.doi.org/10.1016%2Fj.ejps.2011.03.003
http://dx.doi.org/10.1080%2F10601325.2014.893131
http://dx.doi.org/10.1016%2Fj.molcatb.2012.09.010
http://dx.doi.org/10.1002%2Fmacp.201200269
http://dx.doi.org/10.1002%2Fjbm.a.32994
http://dx.doi.org/10.1002%2Fpola.26594
http://dx.doi.org/10.1016%2Fj.polymer.2011.10.003
http://dx.doi.org/10.1039%2Fc3py00156c
http://dx.doi.org/10.1016%2Fj.molcatb.2011.11.019
http://dx.doi.org/10.1016%2Fj.polymer.2013.05.011
http://dx.doi.org/10.1246%2Fbcsj.70.1691
http://dx.doi.org/10.1039%2FC0PY00340A
http://dx.doi.org/10.1002%2Fpola.24328
http://dx.doi.org/10.1021%2Fbm9007925
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.11.174

	Abstract
	Introduction
	Review
	1. Synthetic exploitation of dicarboxylic esters
	a) Synthesis of activated esters
	b) Regioselective enzymatic acylation of natural products.
	c) Enzymatic synthesis of symmetric diesters
	d) Enzymatic synthesis of hybrid dimers

	2. Enzymatic synthesis of polyesters
	a) Dicarboxylic esters in combination with functionalized alcohols
	b) Amines in combination with dicarboxylic acids
	c) Telechelics


	Conclusion
	Acknowledgements
	References

