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Tandem catalysis, that is, combined catalytic reactions without
intermediate product recovery, attracts increasing interest from
academia and industry as an alternative to multistep synthetic
procedured. Evidently, by carrying out multiple transformations
in one pot, a substantial improvement in both the economics and

the environmental acceptability of the process can be achieved. In

concurrent tandem catalysis, multiple catalysts are operating
simultaneously in a cooperative fashion. A prominent example is
the dynamic kinetic resolution (DKR) of secondary alcolfols.
this process, a racemic mixture is completely converted into one
enantiomer by coupling enzyme-catalyzed kinetic resolution to
ruthenium-catalyzed racemization. To date, concurrent tandem
catalysis has not been employed in an iterative way.

Here, we introducéerative tandem catalysias a flexible tool
for obtaining chiral macromolecules from racemic or prochiral
monomers. We define iterative tandem catalysis (ITC) as a
polymerization in which the chain growth is effectuated by a
combination of two (or more) intrinsically different catalytic
processes that are both compatible and complementary.

Recently, we observed that Novozym 435-catalyzed polymeri-
zation of 6-methyle-caprolactone (6-MeCL) did not occur, in
contrast to polymerization of other methyl-substituted caprolactones,
such as 4-methyd-caprolactoné.Closer investigation revealed that
ring-opening of racemic 6-MeCL did take place aniselective.
Since 6-MeCL is am-substituted lactone, ring-opening results in
a terminal secondary alcohol, in this case, with$eonfiguration.
Following Kazlauskas' rule, thesgsecondary alcohols are the
slower reacting enantiomers in lipase-catalyzed reactions (typically
E > 100). Consequently, the stereoconfiguration of the terminal

secondary alcohol prevents propagation from taking place on a

realistic time scalé We anticipated that polymerization of 6-MeCL

could be achieved in an approach analogous to DKR of secondary

alcohols. In situ racemization of the terminal secondary alcohol of

the propagating polymer chain should provide reactive chain ends,

theoretically resulting in an enantiopure polymer in a 100% yield
starting from the racemic monomer (Scheme 1). Here, we provide
experimental evidence as a proof of principle.
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To confirm the observed absence of polymerization of 6-MeCL,
benzyl alcohol (BA)-initiated enzymatic ring-opening of 6-MeCL
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Figure 1. (A) Enzymatic ring-opening ofac-6-MeCL by BA catalyzed
by Novozym 435 [§)-6-MeCL @); (R)-6-MeCL (@); T = 60 °C; BA/6-
MeCL = 1/4]. (B) Enzymatic ring-opening ofac-6-MeCL [(S-6-MeCL
(m); (R)-6-MeCL (®)] by racemizedl; 1/6-MeCL = Y,.
Scheme 2. Synthesis of Chiral 6-MeCL Oligomers by ITC
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was performed at a low 6-MeCL/BA ratio of 4/1. The reaction is
complete after approximately 30 min when all of the BA initiator
and 1 equiv of §-6-MeCL have been consumed (corresponding
to 50% conversion of §-6-MeCL; Figure 1A). No further
consumption of $-6-MeCL is observed, while the consumption
of (R)-6-MeCL remains at an acceptable low rate.

Productlawas subsequently racemized using catéy(&cheme
2), which is generated by complexation of [Ry@€ymene)} with
2-phenyl-2-aminopropionamide in the presence gE&s.5> 2-Pro-
panol was added as a hydrogen donor to suppress dehydrogenation
of the terminal alcohol. Furthermore, to avoid base-catalyzed
transesterification2 was preformed and ¥CO; was removed by
filtration prior to the start of reaction. Racemization Iaf results
in 50% of disfavored substratea and 50% of favored substrate
1b.5 When this product is reacted with 6-MeCL, a fast reaction is
observed (with comparable kinetics to reaction of BA), with an
ultimate conversion of racemizddof 50% and consumption of an
additional 0.5 equiv of §-6-MeCL (Figure 1B).'H NMR
confirmed the formation of oligomer and indicated that indeed 50%
of the molecules had propagated, hence, leading to an increase of
the average degree of polymerization with 0.5.

10.1021/ja052347d CCC: $30.25 © 2005 American Chemical Society
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Figure 2. MALDI-TOF MS spectra of generations 3, 4, and 5; A and B
are Na and K ionized BA initiated oligomers of 6-MeCL, respectively;
C and D are Na and K' ionized 1,6-heptanediol initiated oligomers of
6-MeCL, respectively; E and * are MALDI-TOF MS related artifacts.
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Table 1. Chiral 6-MeCL Oligomers by Iterative Tandem Catalysis

% diol-initiated

generation DP2 DPy chains?
1 1.03 1.0 0
2 1.47 1.5 0
3 2.02 2.0 9
4 2.54 2.5 15
5 3.15 3.0 25
one-pot 2.52 n.a. 20

apDetermined by*H NMR. P With every generation, 50% of the chains
have propagated, leading to an increase in the DP of 0.5.

After this first successful racemization/ring-opening cycle, the
procedure was repeated until the 5th generation of the oligomer
was obtained. Since any ring-opening ofR)-6-MeCL yields a
reactive terminal secondary alcohol in tReconfiguration, the
enantioselectivity of the enzymatic ring-opening reaction partly
determines the ultimate degree of polymerization obtafné&d.
exclude any enantioselectivity-related effects, all reactions were
carried out with §-6-MeCL, synthesized with optical purity of
95% ee The resulting products from generations3were analyzed
by IH NMR and MALDI-TOF MS (Figure 2; foFH NMR spectra,
see Supporting Information}H NMR confirmed the synthesis of
oligomers and revealed that, as expected, with every generation,
the average degree of polymerization increased by 0.5 (Table 1).
From MALDI-TOF MS, it is clear that the molecular weight of
the oligomers increases with every generation; in addition, the
maximum of the distribution shifts to a higher mass. Next to
distributions A and B (Na and K' ionized oligomers of 6-MeCL),
two different sets of distributions were observed. Distribution E is
a MALDI-TOF MS artifact. Distributions C and D correspond to
Na" and K' ionized oligomers of 6-MeCL, which are initiated by
1,6-heptanediol instead of benzyl alcohol. Several ruthenium

complexes are known to catalyze ring-opening and subsequent

hydrogenolysis of lactones, yielding the corresponding titi.
NMR confirms the presence of 25% of 1,6-heptanediol-initiated
6-MeCL oligomers in the 5th generation oligonir.

To prove thaiR-esters have indeed been formed in the process,
generation 5 was degraded by methanolysis to afford methyl
6-hydroxyheptanoate. Analysis of the methyl ester by chiral GC
revealed that 92% of the ester groups in the oligomer chains were
in the R-configuration!! Evidently, the conversion of§f-6-MeCL
into R-esters was successful.

Encouraged by these promising results, we synthesized 6-MeCL
oligomers in one pot fromg)-6-MeCL. The system had to be
optimized to ensure compatibility of the catalysts in one pot. To
accomplish this, we replaced 2-propanol with 2,4-dimethyl-3-
pentanol, a sterically hindered hydrogen donor that will not initiate
enzymatic ring-opening nor take part in chemical transesterification
(as confirmed by a control experimeft)NEt; was added as a base
to neutralize any hydroxyacid formed by ester hydrolysis. Oligo-
meric species corresponding to 6-MeCL oligomers were observed
in MALDI-TOF MS analysis of the product (see Supporting
Information). From*H NMR, a DP of 2.52 could be calculated
(Table 1). This clearly proves that ITC is operative in this one-pot
system.

In conclusion, we have, for the first time, provided proof of
principle of iterative tandem catalysis. We combined enzymatic
ring-opening with ruthenium-catalyzed racemization, yielding enan-
tioenriched oligomers of 6-MeCL. Future work is aimed at obtaining
high molecular weight, enantiopure macromolecules through the
one-pot process. This challenge requires the optimization of two
catalytic processes simultaneously.

Supporting Information Available: Experimental procedure¥:
NMR spectra; MALDI-TOF MS spectrum. This material is available
free of charge via the Internet at http://pubs.acs.org.
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