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Combined Enzyme and Transition-Metal Catalysis for
Dynamic Kinetic Resolutions
Roc�o Marcos[a, b] and Bel�n Mart�n-Matute*[a, b]

1. Introduction

Kinetic resolution (KR) is the achievement of partial or
complete separation of the enantiomers in a racemate by
virtue of unequal reaction rates with a homochiral agent
(e.g., a chiral catalyst or reagent).[1] In KR, a maximum
yield of 50% of an enantiomerically pure product can be
obtained (Scheme 1). It also requires the separation of
the product from the remaining unreacted enantiomer of
the starting material. To overcome this limitation, KR
can be combined with a racemization process. If the two
enantiomers of the starting material are interconverted
during KR, quantitative conversion of the racemate into
enantiomerically pure product can be achieved. The
enantiomers can be racemized with the aid of a catalyst,
such as a transition metal, an enzyme, or a base. Process-
es that combine KR with simultaneous racemization are
known as dynamic KRs (DKR; Scheme 1).[2]

Herein, we discuss DKRs of alcohols, axially chiral al-
lenes, and amines involving enzymes as chiral resolving
reagents and transition-metal complexes as racemization
catalysts.

1.1. Enzyme-Catalyzed KR

Enzyme-catalyzed reactions are highly regio-, chemo-,
and enantioselective for certain substrates.[3] The majority
of enzymes used in transition-metal-catalyzed DKRs are
lipases (EC 3.1.1.3). Lipases catalyze the hydrolysis of
water-insoluble esters (e.g., triglycerides of long-chain
fatty acids). Interestingly, they catalyze the hydrolysis of
many non-natural esters as well, and many lipases are
commercially available. For optimal activity, most of the
enzymes require mild reaction conditions (physiological
pH and temperature). Enzymes can also catalyze reac-
tions in organic solvents.[4] This has resulted in the devel-
opment of new enzyme-catalyzed reactions: in anhydrous

media in the presence of nucleophiles such as alcohols,
amines, or thiols, they catalyze transesterifications, ami-
nolysis, or thiotransesterifications, respectively.

The reaction rates (v) of the enantiomers with the
enzyme are different due to the diastereomeric character
of the respective transition states. The degree of resolu-
tion achievable in a particular KR depends on the magni-
tude of the ratio of reaction rates (vs/vent-s, in which s and
ent-s are the enantiomeric substrates). The concentration
of each of the enantiomers changes as the KR proceeds,
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and thus, the reaction rates do not remain constant.[5] As
a consequence, the enantioselectivity obtained will
depend on the conversion at which the reaction is termi-
nated. In a KR where both enantiomers compete for the
same active site of the enzyme, if there is no product in-
hibition and if the reaction is irreversible, the ratio
ns=nent�s can be expressed as shown in Equations (1), or
(2) after integration. The E value[6] or enantiomeric ratio
is a constant intrinsic to each KR. The E value is the
ratio between the specificity constants (kcat/KM; KM =Mi-
chaelis constant) for the catalytic conversion of enantio-
meric substrates (s and ent-s) and expresses the relative
rates of competing enzymatic reactions. Importantly, and
in contrast to the enantiomeric excess (ee), E does not
change with the conversion, but remains constant during
a KR. Thus, the E value is an excellent tool for compar-
ing the efficiency of different KRs.

vs=vent�s ¼
ðvmax =s=KM;s � ½s�

ðvmax;ent�s=KM;ent�s � ½ent�s� ð1Þ

lnð½s�=½s�0Þ
lnð½ent�s�=½ent�s�0Þ

¼ vmax;s=KM

vmax;ent�s=KM;ent�s
¼ E ð2Þ

From a practical point of view, E can be calculated by
using the equations developed by Sih and co-workers[6]

[Eqs. (3) and (4)] when two of the following three param-
eters in a KR are known: conversion (c), ee of the sub-

strate (eeS), and ee of the product (eeP). Equation (4) is
particularly useful because it allows an accurate calcula-
tion of E (enantiomeric purities can often be calculated
more accurately than conversions), and it can be used at
any value of conversion.

E ¼ ln½1� cð1þ eePÞ�
ln½1� cð1� eePÞ�

¼ ln½ð1� cÞð1� eeSÞ�
ln½ð1� cÞð1þ eeSÞ�

ð3Þ

E ¼
ln ½eePð1�eeSÞ�

ðeePþeeSÞ

ln ½eePð1þeeSÞ�
ðeePþeeSÞ

ð4Þ

Highly selective KRs have E values greater than 200.
Figure 1 shows the variation of ees and eep as the reaction
proceeds in three KRs with different intrinsic selectivities
(E=5, 15, and >200).[7] If the KRs are stopped at 50 %
conversion, the product (p) is obtained with a mediocre
eep when E=5, moderate when E=15, and very good
when E>200. It can be also concluded that, to obtain the
product in high ee in a KR with E>200, the reaction
should be stopped before reaching 50% conversion. Al-
ternatively, if we would like to recover the unreacted
starting material in high ee, the reaction must be termi-
nated after >50 % conversion.

The majority of the DKR examples presented herein
involve a lipase-catalyzed acylation.[8] The starting materi-
als are either alcohols or amines, which in the presence of
an acyl donor are converted into their corresponding acy-
lated counterparts (Scheme 2).

The most commonly used enzymes in DKR mediated
by transition-metal complexes are Candida antartica
lipase B (CALB), Candida rugosa lipase, and Pseudomo-
nas cepacia lipase (current name Burkholderia cepacia).
The enantiopreference of CALB, Pseudomonas cepacia
lipase, and C. rugosa lipase in the acylation of sec-alco-
hols can be predicted by applying the Kazlauskas rule[9]

(Figure 2a). Proteases have also been used in DKR. They
also catalyze acylation reactions of alcohols, but they usu-
ally show opposite enantiopreference (Figure 2b).

The majority of DKRs reviewed herein are performed
in organic solvents, where transition-metal-catalyzed race-
mizations are most efficient. When an enzyme is lyophi-
lized and then used in a KR in organic media, the selec-
tivity obtained is usually similar to that obtained in the
aqueous mixture from which it was lyophilized.[3b,c] How-
ever, enzymes usually show diminished activity in organic
solvents. Furthermore, very often impurities, solvents, or
the reactants themselves affect the stability and perfor-
mance of an enzyme. The activity in organic solvents can
be enhanced when the enzyme is lyophilized in the pres-
ence of additives that can form hydrogen bonds with the
enzyme, and thus, act as replacements for the water mole-
cules eliminated during lyophilization. Examples of such
additives are surfactants such as sucrose, octyl b-d-gluco-
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pyranoside, or Brij-56 (polyethylene glycol hexadecyl
ether).[10] Further stabilization is obtained by immobiliza-
tion on inorganic supports (e.g., polymers, ceramic parti-
cles, Celite, mesoporous silica materials, etc.). For exam-
ple, CALB shows excellent stability in organic solvents
when adsorbed on cross-linked poly(methyl methacry-
late). This immobilized preparation of CALB (Novozyme
435) is a product of Novozymes A/S. The outcome of an

enzymatic resolution is also dependent on the support of
each enzyme, so a single enzyme can show variations in
enantioselectivity and reactivity for a substrate as a result
of the immobilization technique used.

Transesterifications (Scheme 2) are reversible reac-
tions.[11] The equilibrium can be shifted towards the de-
sired product by using an excess of the acyl donor or by
distillation of the volatile residue (YH in Scheme 2).[12]

Also, acyl donors that form byproducts (YH) of poor nu-
cleophilicity can ensure irreversible transesterification.
For example, phenyl or trichloroethyl esters (Figure 3)
form phenol or trichloroethanol after the reaction, re-
spectively. Also, enol esters (Figure 3), which form enols
as byproducts that rapidly tautomerize to give the corre-
sponding carbonyls, are excellent acyl donors for irrever-
sible transesterifications.

1.2. Transition-Metal-Catalyzed Racemizations

The transition metals used and the mechanism by which
racemization is achieved depend on the substrate struc-
ture. Several complexes of ruthenium, palladium, rhodi-
um, iridium, and other metals have been used in the race-
mization of alcohols and amines. However, only a few
have been successfully employed in DKR in combination
with enzymes. Some of these racemization complexes
used in enzymatic DKRs are shown in Figure 4. Hetero-
geneous transition-metal complexes have also been re-
ported (see below).

Racemization of alcohols and amines can occur
through hydrogen transfer. A simplified mechanism is

Figure 1. Variation of the enantiomeric excess of substrate (ees)
and product (eep) with conversion in three KRs with E values of 5,
15, and >200.

Scheme 2.

Figure 2. a) Enantiopreference of lipases. b) Enantiopreference of
proteases.

Figure 3. Acyl donors used in DKRs.
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shown in Scheme 3. After abstraction of the a-hydrogen,
a transition-metal hydride is formed. In the reverse step,
the hydride is added to either of the two prochiral faces
of the ketone or imine intermediate. Overall, this process
results in racemization of the substrate. Depending on the
transition-metal complex used, either metal monohy-
drides or metal dihydrides are formed. These two possi-
bilities can be distinguished by racemizing a-deuterated
alcohols or amines and analyzing the deuterium content
in the racemized substrate.[13]

Other mechanisms occur in the racemization of certain
substrates or with certain metal complexes. For example,
allylic acetates can be racemized with palladium via p-
allyl Pd(II) intermediates, and allylic alcohols can be
racemized through double migration of the oxygen atom
(see below). These p-allyl Pd(II) intermediates have also
been proposed in the racemization of axially chiral al-
lenes. Racemization of benzylic sec-alcohols can occur
through carbenium ion intermediates, and b-disubstituted
primary allylic alcohols racemize through the enolization
of aldehyde intermediates. These mechanisms are dis-
cussed in more detail in the next section.

1.3. Dynamic Kinetic Resolution

Due to the different nature of the catalysts, a major task
when developing DKR is to find reaction conditions
under which both racemization and KR work efficiently.
Importantly, the enzyme must be highly selective for the
desired transformation. Racemization must occur at

a rate that is at least 10 times faster than that of acylation
of the slow-reacting enantiomer in KR and this rate must
be maintained throughout DKR. In this ideal situation,
the maximum eep obtained in DKR will be that dictated
by the E value (i.e. , that of the KR when t!0 and ees

�0). For example, the acylated product would be ob-
tained with a maximum ee of 66.6% when E=5, 87.5 %
ee when E=15, and 99.0 % ee when E=200; Scheme 1).
To make the two processes compatible in one pot, several
parameters usually need to be investigated, such as sol-
vent, temperature, structure of the acyl donor and of the
transition-metal complex, and even enzyme immobiliza-
tion techniques.

1.3.1. Dynamic Kinetic Asymmetric Transformations

Resolution is defined as the separation of the enantio-
mers from a racemate. Therefore, if the starting material
consists of a mixture of diastereomers, the term KR is not
applicable. In these cases, the enzyme-catalyzed process is
a kinetic asymmetric transformation (KAT). Similarly,
the combination of a KAT with in situ epimerization is
known as dynamic kinetic asymmetric transformation
(DYKAT).[14]

In the next sections, we present the most outstanding
examples of DKRs of alcohols, allenes, and amines by
combining enzyme and transition-metal catalysis. Special
attention is paid to efficiency, selectivity, and applications.

2. DKR of Alcohols

DKR of alcohols has achieved high levels of efficiency in
the last decade. Several substrates with different electron-
ic and steric properties have been successfully resolved
through combined enzyme and transition-metal catalysis
(Figures 5 and 6). Catalyst design has played a very im-
portant role. Also, much research effort has been put into
achieving high levels of activity and selectivity in enzyme-
catalyzed transformations in organic solvents, and even
mutated variants have been used to achieve this goal.

DKR of sec-alcohols was reported for the first time by
Williams and co-workers, who combined [Rh2(OAc)4]/o-
phenanthroline with P. fluorescens lipase. A yield of 60 %
and 98 % ee could be obtained in the DKR of 1-phenyle-
thanol when 1 equiv. of acetophenone was added to the
reaction mixture.[15] Shortly afterwards, B�ckvall and co-
workers reported the use of Shvo�s complex 1 and an im-
mobilized lipase (CALB, Novzyme 435).[16a] The addition
of acetophenone (1 equiv.) was also necessary in the first
experiments, but was omitted in their second report.[16b]

This was the first practical chemoenzymatic DKR of sec-
alcohols (up to 92% yield, >99 % ee) for a wide-ranging
group of substrates studied (Scheme 4; R=aryl or
alkyl).[16b] Some drawbacks of this methodology were that
the Ru complex (1) required temperatures above 70 8C

Figure 4. Some transition-metal complexes used in DKRs of alco-
hols and amines.

Scheme 3. Racemization of alcohols and amines.
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for the racemization of sec-alcohols, which is incompati-
ble with thermosensitive enzymes. Also, p-chlorophenyl
acetate, which produced p-chlorophenol after acylation,
was the optimal acyl donor, but this compound is less de-
sirable from an environmental perspective. Other acylat-
ing reagents, such as isopropenyl acetate, could not be

used because acetone produced after acylation interfered
with the racemization process. Nevertheless, this process
was successfully applied to a wide range of sec-alcohols,
including hydroxy acids,[17a–c] b-azido alcohols,[17d] hydroxy
esters,[17e] b-halo alcohols,[17f,g] b-hydroxy nitriles,[17h] b-hy-
droxy alkyl sulfones,[18] heteroaryl ethanols,[19] and
diols.[14,20] DKR of primary alcohols mediated by Shvo�s
ruthenium complex has also been reported. Here, racemi-
zation occurs through enolization of the aldehyde inter-
mediate derived from oxidation of the alcohol

Figure 5. Alcohol scope in DKR.

Figure 6. Alcohol scope in DKR.

Scheme 4. DKR of sec-alcohols catalyzed by Shvo’s complex and
CALB.

Isr. J. Chem. 2012, 52, 639 – 652 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 643

Dynamic Kinetic Resolutions

http://www.ijc.wiley-vch.de


(Scheme 5).[21] Recently, complex 1 was used in DYKAT
of sec-alcohols functionalized with amino groups, provid-
ing a route to synthesize enantio- and diastereomerically
pure 1,3-aminoalcohols, which were obtained with ee
values exceeding 99% and in excellent yields of 73–93 %
(Scheme 6).[17i]

The mechanism by which Shvo�s complex racemizes
sec-alcohols can be described in general terms as a dehy-
drogenation/hydrogenation sequence, such as that shown
in Scheme 3. The mechanism has been studied in detail
and reviewed recently by Warner, B�ckvall and Casey,[2l]

who discuss in detail possible mechanistic proposals, in-
cluding inner- and outer-sphere pathways, based on exper-
imental and theoretical evidence.

After the above-mentioned first successful reports on
lipase- and ruthenium-catalyzed DKRs,[16] the process for
the production of optically pure 1-phenylethanol was im-
plemented industrially by DSM.[12]

To solve some of the drawbacks encountered in DKR
mediated by Shvo�s catalyst, Kim, Park and co-workers
synthesized a novel aminocyclopentadienyl ruthenium
chloride complex (2).[22] Remarkably, complex 2, after its
activation by potassium tert-butoxide, catalyzed the race-
mization of sec-alcohols at ambient temperature
(Scheme 7). As a result, non-thermostable enzymes could
also be used. Furthermore, acyl donors such as isopropen-
yl acetate were tolerated, since the acetone produced
after acylation did not interfere with the racemization

process at such mild temperatures (room temperature).
Carbonate or molecular sieves were used to minimize the
formation of acetic acid, produced by hydrolysis of the
acyl donor. However, despite the high reaction rates of
racemization (30 min) and KR (ca. 3 h) when performed
independently, long reaction times were needed in the
DKRs (from 31 h for 1-phenylethanol up to 7 days for
other substrates). A plausible explanation is the poor
compatibility of the two catalysts when combined in one
pot. Nevertheless, catalyst 2 has been successfully used in
a large number of DKRs of sec-alcohols,[23] including al-
lylic alcohols, alkynyl alcohols, diols, hydroxy esters, and
chlorohydrins. Furthermore, it was also used in combina-
tion with Subtilisin ; a thermally labile protease that yields
acylated products of the opposite configuration to those
obtained with CALB (Scheme 8).[24] The performance of
complex 2 in ionic liquids has been evaluated as well.[25a]

Modifications of complex 2 by substituting the amine for
oxygenated functional groups have resulted in several ef-
ficient new racemization complexes.[25b]

Aiming to improve the results obtained with the Shvo
system (1), B�ckvall and co-workers synthesized a penta-
phenylcyclopentadienyl ruthenium chloride (3).[26] The
structure of this complex differed from that of 1 and 2
mainly in the nature of the substituents on the cyclopen-
tadienyl ring: The last two catalysts contain a coordinating
group (O or N, respectively) that can have an active role
during the racemization mechanism (e.g., hydrogen bond-
ing to the alcohol substrates),[2l] whereas the cyclopenta-
dienyl ligand in B�ckvall�s catalyst (3) did not contain
any heteroatom. As with complex 2, B�ckvall�s catalyst 3
required the addition of tBuOK to produce ruthenium
alkoxides, which are the active catalytic species.[27] This
Ru complex was the first catalyst that showed very high
compatibility with the enzyme (Scheme 9). For instance,
(S)-1-phenylethanol was racemized by 3 in less than
10 min and rac-1-phenylethanol was kinetically resolved

Scheme 5. Racemization mechanism in the DKR of primary alco-
hols.

Scheme 6. DYKAT of g-amino alcohols using Shvo’s ruthenium
complex.

Scheme 7. DKR of sec-alcohols at ambient temperature.

Scheme 8. DKR of sec-alcohols using a protease.
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by CALB in about 3 h. When the two processes were
combined in one pot, DKR afforded the corresponding
acetate in quantitative yield and >99 % ee in only 3 h.[28]

Complex 3 has been used with CALB and other enzymes
in the DKR of several sec-alcohols,[28b,29,30] including b-hy-
droxynitriles,[28b] b-chloro alcohols[26a] (useful intermedi-
ates in the synthesis of several natural products, such as
(S)-salbutamol[26b] or (R)-bufuralol[25c]), N-heterocyclic
amino alcohols,[26c] aliphatic alcohols,[28,26a–e,30] allylic alco-
hols,[31] and diols[20d,28b,32] Also, it can be used in combina-
tion with a protease[10b,26c] and with a mutated variant of
CALB[33] (see below). DKR of 1-phenylethanol was opti-
mized to be applicable on a multigram scale by using
only 0.05 mol% of Ru complex 3 (159 g of product ob-
tained, 97 % yield, 99% ee).[34]

Several modifications of this catalyst have been report-
ed in recent years. By replacing one of the carbonyl
groups in complex 3 with PPh3, it was possible to carry
out DKR of sec-alcohols at room temperature by using
silver oxide instead of tBuOK as the activator under an
air atmosphere (Scheme 10).[35] A ruthenacycle structural-
ly related to 3 gave excellent results for DKR in the pres-
ence of K3PO4.

[36] In addition, Kim, Park and co-workers
designed and synthesized a series of ruthenium complexes
that were stable under aerobic conditions, including an
immobilized version[37] (Scheme 11), which was used in
the synthesis of enantiopure (�)-rivastigmine.[38]

Leino, Kanerva and co-workers developed an analo-
gous complex to 3 by replacing the phenyl substituents on
the cyclopentadienyl ring with benzyl groups
(Scheme 12).[39] This complex was an active racemization
catalyst for the DKR of sec-alcohols, providing yields and
enantioselectivities comparable to those obtained for the
original complex 3. It is noteworthy that this derivative
could be prepared in a simple and high yielding manner.
This catalyst was used in the synthesis of (R)-1-phenyle-
thanol on a multigram scale (93 % yield, 99% ee).[39c]

Another type of racemization catalyst, indenyl rutheni-
um complex 4, was used with Pseudomonas cepacia
lipase. Molecular oxygen was used to activate the rutheni-
um catalyst by oxidizing one of the phosphine ligands;
thus facilitating the formation of the unsaturated 16-elec-
tron active catalyst (Scheme 13).[40]

Arene–ruthenium derivatives were also active catalysts
for racemizing sec-alcohols, including allylic alcohols,
under mild conditions.[25a,41] For example, Kita and co-
workers reported the first domino process that combined
DKR of sec-alcohols with a Diels–Alder cycloaddition.[41b]

This remarkable transformation affords tricyclic mole-
cules with four stereogenic centers in excellent yields and
enantioselectivities (Scheme 14).

In addition, Ru complexes formed from [{RuCl2(p-
cymene)}2] and diamine ligands in combination with

Scheme 9. DKR of sec-alcohols at ambient temperature in short re-
action times.

Scheme 10.

Scheme 11.

Scheme 12.

Scheme 13.

Scheme 14. Domino DKR/Diels-Alder.
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2,2,6,6,-tetramethylpiperidine N-oxyl (TEMPO) as the co-
catalyst have been successfully used in DKR of benzylic
alcohols.[42] A [Ru(p-cymene)(diamide)] complex (5) was
used to prepare enantioenriched oligoesters by DKR
(Scheme 15).[43] The enzymatic ring opening of 6-methyl-
e-caprolactone was combined with a racemization step
catalyzed by 5 using triethylamine as a base and 2,4-dime-
thylpentan-3-ol as an additive. The same catalyst system
was used to synthesize optically active polyesters.[44]

Complexes of other transition metals have been com-
bined with KR of sec-alcohols catalyzed by CALB in
a number of instances. For example, cyclopentadienyl iri-
dium complexes with N-heterocyclic carbenes, [Cp*Ir(III)-
(NHC)], are effective catalysts in CALB-catalyzed DKR
of sec-alcohols without the necessity for an additional
base.[45,46] Also, vanadium complexes (VOSO4 and V2O4)
were used as racemization catalysts in DKR of benzylic
alcohols,[47] using CALB and vinyl octanoate as the acyl
donor (Scheme 16). The racemization occurred through
carbenium ion intermediates.

Oxovanadium(V) complexes [VO(OR)3] and immobi-
lized CALB for the DKR of allylic alcohols were used by
Akai and co-workers.[48a,b] They proposed a mechanism
involving the formation of allyl vanadate intermediates
that undergo reversible 1,3-transposition, resulting in rac-
emization.[48] The enzyme effects esterification to give op-
tically active allyl esters (Scheme 17).

With a few exceptions, CALB is the enzyme used in
most DKRs of sec-alcohols in combination with transi-
tion-metal catalysts. However, CALB is able to resolve
only sec-alcohols carrying one small substituent (most
often CH3, CH2CH3) and one larger substituent (i.e., Ph,
long aliphatic chains) at the hydroxymethine center (see

also Figure 2). To perform DKR of alcohols with other
substitution patterns, other enzymes have been used. For
example, Pseudomonas stutzeri lipase efficiently catalyzes
the KR of benzoins,[49] and works efficiently with Shvo�s
ruthenium complex 1 in DKR (Scheme 18). The same

enzyme has been used in the DKR of 1,2-diarylethanols
(Scheme 19).[37b] Also, a variant of CALB has been creat-
ed by mutation in one of the residues that limits the size
of the stereoselectivity pocket (CALB W104A). This
mutant catalyzes the acylation of larger substrates than
those tolerated by wild-type CALB. Interestingly, this
mutated variant is (S)-selective in the acylation of sec-al-
cohols, including 1-phenylethanol (Scheme 20).[33] Anoth-
er enzyme that acylates large substrates is Pseudomonas
cepacia lipase (Burkholderia cepacia lipase), which was
recently used with cyclopentadienyl ruthenium(II) com-
plexes in DKRs of sec-alcohols.[50]

Scheme 15. Iterative DKR to produce enantioenriched oligoesters.

Scheme 16. DKR of alcohols using VOSO4.

Scheme 17. Racemization through reversible 1,3-transposition in
the DKR of allylic alcohols.

Scheme 18.

Scheme 19.

Scheme 20.
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A different approach to deracemize sec-alcohols was
used by Feringa, De Vries and co-workers, who employed
haloalcohol dehalogenases to produce enantioenriched
chiral epoxides from rac-b-haloalcohols.[51] The key to the
success of this methodology was the use of a cationic
half-sandwich iridacycle that catalyzed the racemization
of sec-alcohols under the aqueous conditions needed for
KR. A doubly mutated haloalcohol dehalogenase was
used (Hhec C153S W249F). The mutations provided in-
creased stability towards oxidation (Cys153Ser) and in-
creased enantioselectivity for aromatic substrates
(Trp249Phe; Scheme 21).

Although not catalyzed by transition-metal complexes,
other metals such as aluminum have been used in success-
ful DKRs of sec-alcohols.[52] Also, zeolites mediate the
racemization of benzylic alcohols via carbenium ions.[53]

This protocol was performed in a continuous reaction
system using ionic liquids and supercritical CO2.

[53d]

3. DKR of Allenes

DKR of allenes is conceptually different. Allenes are an
important class of axially chiral compounds. In 2004,
B�ckvall and Horv�th reported an efficient method to
racemize this kind of compound.[54] The mechanism pro-
posed involves a bromopalladation–debromopalladation
sequence, in which p-allyl Pd(II) intermediates are key
intermediates (Scheme 22). A few reports exist on the
KR of axially chiral racemic allenic alcohols using en-
zymes such as porcine pancreatic lipase (PPL).[55] Howev-
er, only a single example of DKR has been reported by
B�ckvall and co-workers, who elegantly achieved this
transformation by using NHC–palladium(II) com-
plexes.[56] In combination with PPL, allenyl butyrates

were synthesized in good to high yields and enantioselec-
tivities of up to 89% ee (Scheme 23).

4. DKR of Amines

Enantiomerically pure amines are widely used as building
blocks in synthetic organic chemistry and they are com-
monly encountered in a large number of pharmaceuticals.
There are numerous examples of chiral amine syntheses
by KRs. Despite this, only a few examples of successful
amine DKRs have been reported, most of them during
the last few years.[2] This is partly due to more difficult
and less efficient racemization of this type of substrates
compared with that of alcohols. Racemization of amines
usually requires high temperatures. This limits the
number of enzymes that can be used in DKR, since most
of them only work at physiological temperature and may
undergo thermal denaturing at higher temperatures. Ad-
ditionally, in some cases, acidic media are used to proton-
ate the imine intermediates formed during racemiza-
tion,[57] and this can affect the enzyme activity. Neverthe-
less, several substituted chiral amines have been prepared
by DKR mediated by enzyme and metal catalysis.
Figure 7 shows the structure of benzylic, aliphatic, and
cyclic amines that have been successfully subjected to
DKR.

Early examples of the DKR of amines were developed
through the use of palladium-based catalysts in 1996.[58]

CALB was used in the presence of ethyl acetate as the
acyl donor with moderate results. KR and racemization
were performed in successive steps. In 2002, B�ckvall and
co-workers improved these first results for primary
amines by using Shvo�s ruthenium complex (1 in
Figure 4; R=Ph) as the catalyst.[59] This process was also
carried out in a two-step manner. A few years later,
a breakthrough was reported by B�ckvall and Paetzold,
who achieved the DKR of primary unfunctionalized
amines by combining KR and racemization in the same
pot (Scheme 24).[60] The key to success was the use of
a Shvo-based ruthenium catalyst with electron-donating
substituents on the cyclopentadienyl rings (1; R=p-MeO-

Scheme 21. DKR of b-haloalcohols.

Scheme 22.

Scheme 23. DKR of axially chiral allenes with NHC–palladium cata-
lysts.
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C6H4). It was proposed that this electron-rich complex in-
creased the rate of hydrogenation of the imine intermedi-
ates. As in DKR of alcohols, the addition of base
(Na2CO3) was necessary. The first examples were per-
formed by using iPrOAc as the acyl donor. Later, this
was replaced by dibenzyl carbonate, which improved the
enantioselectivity and provided a method to prepare free
amines, since the benzyloxy carbonyl group in the prod-
uct can be easily removed under mild reaction condi-
tions.[61] The highly efficient methodology was applied to
a broad family of primary benzylic amines containing var-
ious functional groups (F, Cl, Br, NO2, CF3) and also to
aliphatic amines.[62] The efficiency of the process was
demonstrated in a multigram experiment, in which rac-1-

phenylethylamine (5.45 g) was transformed into (R)-2-
methoxy-N-1-phenylethyl acetamide (83% isolated yield
and 98% ee) by using low ruthenium loadings
(1.25 mol% of 1; R=p-MeO-C6H4).[63] DKR under simi-
lar reaction conditions (CALB and 1; R=p-MeO-C6H4)
was used as the key step in the synthesis of norsetraline,
which is a selective serotonin reuptake inhibitor
(Scheme 25).

Several examples exist where heterogeneous transition-
metal complexes are used in the DKR of amines. In 2005,
Jacobs and co-workers reported the use of palladium sup-
ported on alkaline earth salts together with CALB in the
DKR of a wide range of primary amines (Scheme 26),[64a]

including aliphatic[64b] and selenium-containing amines.[64c]

To improve the racemization reaction, microwave irradia-
tion was used as a heating source.[64d] The same group
also reported the DKR of 1-phenylethylamine (93 %
yield, 99% ee) using palladium supported on amine-func-
tionalized silica and CALB.[64e]

Kim, Park and co-workers used palladium nanoparti-
cles entrapped in an AlO(OH) matrix as a highly active
racemization catalyst in amine DKR.[65a,b] It was possible
to recycle both the enzyme and metal catalysts ten times
without significant loss in their activities.

De Vos and co-workers reported that heterogeneous
Raney nickel and CALB afforded good results in the
DKR of aliphatic amines.[64f]

While there are several examples of DKR protocols for
primary amines, there are few examples of the DKR of
secondary amines. Page and co-workers reported an effi-
cient protocol for these substrates under mild reaction
conditions (40 8C) by using Candida rugosa lipase and
a pentamethylcyclopentadienyl iridium iodide dimer as
the racemization catalyst.[66a] A 10 g scale reaction was

Figure 7. Substrate scope in the DKR of amines.

Scheme 24.

Scheme 25.

Scheme 26.
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carried out with only 0.2 mol% of Ir complex
(Scheme 27).[66b]

Amino acid derivatives are easily racemized and have
been resolved through DKR processes (Figure 8).

B�ckvall and co-workers applied the Shvo�s complex in
combination with CALB to the DKR of b-amino acid
esters with good results.[67] The enantioselectivity of this
procedure was dramatically improved when using CALA
immobilized in mesocellular foam (MCF). Immobilization
significantly enhanced the stability of the enzyme at high
temperatures (Scheme 28).

Aron and co-workers used zinc complexes of piconal-
dehyde in combination with alcalase in the DKR of
amino acid esters. Lithium carbonate was added to main-
tain the enzyme activity.[68] Aromatic and aliphatic g-
branched compounds were resolved with enantioselectivi-
ties of up to 98% ee (Scheme 29).

Amino acid amines were converted into optically
active amino acid derivatives by using Pd nanoparticles/
AlO(OH) and CALB by Kim, Park and co-workers.[65c]

The same system, Pd/AlO(OH), was also effective in the
DKR of benzyl ketoximes,[65d] and this methodology

could be applied to the synthesis of calcimimetic com-
pound (+)-NPS R-568 (Scheme 30).[65e]

5. Summary

DKR catalyzed by enzymes and transition-metal com-
plexes as a method to prepare optical pure alcohols and
amines has been discussed. Several transition-metal com-
plexes have been used in combination with a variety of
enzymes. Great efforts have been made to increase the
compatibility of the two catalysts in one pot. The majority
of early examples focused on DKRs of sec-alcohols,
which were usually performed under mild reaction condi-
tions. In general, the racemization of amines requires
higher reaction temperatures and the number of enzymes
that can be used is rather limited. However, in recent
years, excellent catalytic systems applied to the DKR of
amines have been discovered, and many of them use het-
erogeneous catalysts. Furthermore, transition-metal- and
enzyme-catalyzed DKRs have been employed in the syn-
thesis of a variety of natural products and large-scale ex-
amples have shown the applicability of this methodology.
The great advances achieved recently in enzyme engi-
neering will enable the scope of DKRs to be broadened,
in particular, helping the resolution of highly substituted
molecules. Also, as demonstrated in one example,
enzyme engineering can help to reverse the enantioselec-
tivity of a particular enzyme; thus providing a method to
access both enantiomers of the product. Finally, the use

Scheme 27.

Scheme 28.

Figure 8. DKR of amino acid derivatives.

Scheme 29.

Scheme 30. Synthesis of (+)-NPS R-568 using Pd/AlO(OH) and
CALB.
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of environmentally friendly transition-metal complexes,
such as iron, would make DKRs highly attractive from an
industrial perspective.

Acknowledgments

Financial support from the Swedish Research Council
(VR), the Wenner-Gren Foundation and the Berzelii
Centre EXSELENT is gratefully acknowledged.

References

[1] E. L. Eliel, S. H. Wilen, L. N. Mander, Stereochemistry of
Organic Compounds, Wiley, New York, 1994.

[2] a) M. T. El Gihani, J. M. J. Williams, Curr. Opin. Chem.
Biol. 1999, 3, 11–15; b) M.-J. Kim, Y. Ahn, J. Park, Curr.
Opin. Biotechnol. 2002, 13, 578–587; c) O. P�mies, J.-E.
B�ckvall, Trends Biotechnol. 2004, 22, 130–135; d) B.
Mart�n-Matute, J.-E. B�ckvall, Curr. Opin. Chem. 2007, 11,
226–232; e) B. Mart�n-Matute, J.-E. B�ckvall, in Asymmet-
ric Organic Synthesis with Enzymes, (Eds.: V. Gotor, I. Al-
fonso, E. Garcia-Urdiales), Wiley-VCH, Weinheim, 2008,
pp. 89 –113; f) B. Mart�n-Matute, J.-E. B�ckvall, in Organic
Synthesis with Enzymes in Non-aqueous Media, (Eds.: G.
Carrea, S. Riva), Wiley-VCH, Weinheim, 2008, pp. 113 –
144; g) J. H. Lee, K. Han, M.-J. Kim, J. Park, Eur. J. Org.
Chem. 2010, 999–1015; h) A. Parvulescu, J. Janssens, J. Van-
derleyden, D. De Vos, Top. Catal. 2010, 53, 931 –941; i) N.
Turner, Curr. Opin. Chem. Biol. 2010, 14, 115–121; j) Y.
Kim, J. Park, M.-J. Kim, ChemCatChem 2011, 3, 271 –277;
k) H. Pellissier, Tetrahedron 2011, 67, 3769 –3802; l) M. C.
Warner, C. P. Casey, J.-E. B�ckvall, Top. Organomet. Chem.
2011, 37, 85 –125.

[3] a) K. Faber, Biotransformations in Organic Chemistry, 5th
ed., Springer, Heidelberg, 2004 ; b) Organic Synthesis with
Enzymes in Non-aqueous Media (Eds.: G. Carrea, S. Riva),
Wiley-VCH, Weinheim, 2008 ; c) R. A. Sheldon, Adv. Synth.
Catal. 2007, 349, 1289–1307; d) Asymmetric Organic Synthe-
sis with Enzymes (Eds.: V. Gotor, I. Alfonso, E. Garcia-Ur-
diales), Wiley-VCH, Weinheim, 2008.

[4] a) A. M. Klibanov, Nature 2001, 409, 241-246; b) P. J. Hal-
ling, Curr. Opin. Chem. Biol. 2000, 4, 74-80; c) A. Zaks,
A. M. Klibanov, Proc. Natl. Acad. Sci. USA 1985, 82, 3192 –
3196.

[5] H. B. Kagan, J. C. Fiaud, Top. Stereochem. 1988, 18, 249-330.
[6] a) C. J. Sih, S.-H. Wu, Top. Stereochem. 1989, 19, 63–125;

b) C.-S. Chen, S.-H. Wu, G. Girdaukas, C. J. Sih, J. Am.
Chem. Soc. 1987, 109, 2812–2817; c) C.-S. Chen, Y. Fujimo-
to, G. Girdaukas, C. J. Sih, J. Am. Chem. Soc. 1982, 104,
7294–7299; d) A. J. J. Straathof, J. A. Jongejan, Enzyme
Microb. Technol. 1997, 21, 559 –571.

[7] Faber and co-workers have developed a simple program
called “Selectivity” that allows the E value to be calculated
and graphical representations of ees and of eep to be ob-
tained as a function of conversion. The program is available
at http://borgc185.kfunigraz.ac.at/.

[8] a) U. T. Bornscheuer, R. J. Kazlauskas, Hydrolases in Or-
ganic Synthesis, Wiley-VCH, Weinheim, 1999 ; b) K. Drauz,
H. Waldmann, Enzyme Catalysis in Organic Synthesis: A
Comprehensive Handbook, 2nd ed. Wiley-VCH, Weinheim,
2002.

[9] When the medium-sized group has a lower priority than the
large group, the compound will have (R) stereochemistry
according to the Cahn–Ingold–Prelog rules: R. J. Kazlaus-
kas, A. N. E. Weissfloch, A. T. Rappaport, L. A. Cuccia, J.
Org. Chem. 1991, 56, 2656–2665.

[10] a) L. T. Kanerva, O. Sundholm, J. Chem. Soc., Perkin Trans.
1, 1993, 2407–2410; b) L. Bor�n, B. Mart�n-Matute, Y. Xu,
A. C�rdova, J.-E. B�ckvall, Chem. Eur. J. 2006, 12, 225–232

[11] L. T. Kanerva, A. Liljeblad, Encyclopedia of Catalysis (Ed.:
I. T. Horvath), Wiley, New York, 2010, pp. 1–25.

[12] G. K. M. Verzijl, J. G. De Vries, Q. B. Broxterman, Tetrahe-
dron: Asymmetry 2005, 16, 1603–1610, and references
therein.

[13] J. S. M. Samec, J.-E. B�ckvall, P. G. Andersson, P. Brandt,
Chem. Soc. Rev. 2006, 35, 237–248.

[14] a) M. Edin, J. Steinreiber, J.-E. B�ckvall, Proc. Natl. Acad.
Sci. USA 2004, 101, 5761 –5766; b) J. Steinreiber, K. Faber,
H. Griengl, Chem. Eur. J. 2008, 14, 8060–8072.

[15] P. M. Dinh, J. A. Howarth, A. R. Hudnott, J. M. J. Williams,
W. Harris, Tetrahedron Lett. 1996, 37, 7623 –7626.

[16] a) A. L. E. Larsson, B. A. Persson, J.-E. B�ckvall, Angew.
Chem. Int. Ed. 1997, 36, 1211 –1212; b) B. A. Persson,
A. L. E. Larsson, M. Le Ray, J.-E. B�ckvall, J. Am. Chem.
Soc. 1999, 121, 1645 –1650.

[17] a) F. F. Huerta, Y. S. R. Laxmi, J.-E. B�ckvall, Org. Lett.
2000, 2, 1037–1040; b) A.-B. L. Runmo, O. P�mies, K.
Faber, J.-E. B�ckvall, Tetrahedron Lett. 2002, 43, 2983 –
2986; c) A.-B. L. Fransson, L. Bor�n, O. P�mies, K. Faber,
J.-E. B�ckvall, J. Org. Chem. 2005, 70, 2582–2587; d) O.
P�mies, J.-E. B�ckvall, J. Org. Chem. 2001, 66, 4022 –4025;
e) O. P�mies, J.-E. B�ckvall, J. Org. Chem. 2002, 67, 1261 –
1265; f) K. Bog�r, J.-E. B�ckvall, Tetrahedron Lett. 2007, 48,
5471–5474; g) O. P�mies, J.-E. B�ckvall, J. Org. Chem.
2002, 67, 9006 –9010; h) O. P�mies, J.-E. B�ckvall, Adv.
Synth. Catal. 2002, 344, 947–952; i) R. Millet, A. M. Tr�ff,
M. L. Petrus, J.-E. B�ckvall, J. Am. Chem. Soc. 2010, 132,
15182 –15184.
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son, A. B. E. Minidis, J. Org. Chem. 2009, 74, 9328 –9336.

[20] a) B. A. Persson, F. F. Huerta, J.-E. B�ckvall, J. Org. Chem.
1999, 64, 5237 –5240; b) B. Mart�n-Matute, J.-E. B�ckvall, J.
Org. Chem. 2004, 69, 9191 –9195; c) A.-B. L. Fransson, Y.
Xu, K. Leijondahl, J.-E. B�ckvall, J. Org. Chem. 2006, 71,
6309–6316; d) K. Leijondahl, L. Bor�n, R. Braun, J.-E.
B�ckvall, Org. Lett. 2008, 10, 2027 –2030.

[21] a) D. Str	bing, P. Krumlinde, J. Piera, J.-E. B�ckvall, Adv.
Synth. Catal. 2007, 349, 1577 –1581; b) M. R. Atuu, M. M.
Hossain, Tetrahedron Lett. 2007, 48, 3875–3878.

[22] J. H. Choi, Y. H. Kim, S. H. Nam, S. T. Shin, M.-J. Kim, J.
Park, Angew. Chem. Int. Ed. 2002, 41, 2373–2376.

[23] J. H. Choi, Y. K. Choi, Y. H. Kim, E. S. Park, E. J. Kim, M.-
J. Kim, J. Park, J. Org. Chem. 2004, 69, 1972–1977.

[24] M.-J. Kim, Y. II Chung, Y. K. Choi, H. K. Lee, D. Kim, J.
Park, J. Am. Chem. Soc. 2003, 125, 11494–11495.

[25] a) M.-J. Kim, H. M. Kim, D. Kim, Y. Ahn, J. Park, Green
Chem. 2004, 6, 471–474; b) J. H. Lee, N. Kim, M.-J. Kim, J.
Park, ChemCatChem 2011, 3, 354–359.

[26] G. Csjernyik, K. Bog�r, J.-E. B�ckvall, Tetrahedron Lett.
2004, 45, 6799 –6802.

[27] a) M. C. Warner, O. Verho, J.-E. B�ckvall, J. Am. Chem.
Soc. 2011, 133, 2820–2823; b) J. B. 
berg, J. Nyhl�n, B.

650 www.ijc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Isr. J. Chem. 2012, 52, 639 – 652

Review B. Mart�n-Matute and R. Marcos

http://www.ijc.wiley-vch.de


Mart�n-Matute, T. Privalov, J.-E. B�ckvall, J. Am. Chem.
Soc. 2009, 131, 9500–9501; c) J. Nyhl�n, T. Privalov, J.-E.
B�ckvall, Chem. Eur. J. 2009, 15, 5220–5229; d) B. Mart�n-
Matute, J. B. 
berg, M. Edin, J.-E. B�ckvall, Chem. Eur. J.
2007, 13, 6063 –6072.

[28] a) B. Mart�n-Matute, M. Edin, K. Bog�r, J.-E. B�ckvall,
Angew. Chem. Int. Ed. 2004, 43, 6535–6539; b) B. Mart�n-
Matute, M. Edin, K. Bog�r, F. B. Kaynak, J.-E. B�ckvall, J.
Am. Chem. Soc. 2005, 127, 8817 –8825.

[29] a) A. Tr�ff, K. Bog�r, M. Warner, J.-E. B�ckvall, Org. Lett.
2008, 10, 4807–4810; b) A. Tr�ff, C. E. Solarte, J.-E. B�ck-
vall, Collect. Czech. Chem. Commun. 2011, 76, 919 –927;
c) E. V. Johnston, K. Bog�r, J.-E. B�ckvall, J. Org. Chem.
2010, 75, 4596–4599; d) R. Lihammar, R. Millet, J.-E. B�ck-
vall, Adv. Synth. Catal. 2011, 353, 2321–2327; e) A. Tr�ff, R.
Lihammar, J.-E. B�ckvall, J. Org. Chem. 2011, 76, 3917 –
3921.

[30] J. Mangas-S�nchez, M. Rodr�guez-Mata, E. Busto, V. Gotor-
Fern�ndez, V. Gotor, J. Org. Chem. 2009, 74, 5304 –5310.

[31] a) L. K. Thal�n, A. Sumic, K. Bog�r, J. Norinder, A. K. 
.
Persson, J.-E. B�ckvall, J. Org. Chem. 2010, 75, 6842 –6847;
b) B. Mart�n-Matute, K. Bog�r, M. Edin, F. B. Kaynak, J.-E.
B�ckvall, Chem. Eur. J. 2005, 11, 5832 –5842; c) J. Norinder,
K. Bog�r, L. Kanupp, J.-E. B�ckvall, Org. Lett. 2007, 9,
5095–5098; d) K. Bog�r, P. Hoyos Vidal, A. R. Alc�ntara
Le�n, J.-E. B�ckvall, Org. Lett. 2007, 9, 3401 –3404.

[32] a) B. Mart�n-Matute, M. Edin, J.-E. B�ckvall, Chem. Eur. J.
2006, 12, 6053 –6061; b) M. Edin, B. Mart�n-Matute, M.
Edin, J.-E. B�ckvall, Tetrahedron: Asymmetry 2006, 17,
708–715; e) K. Leijondahl, L. Bor�n, R. Braun, J.-E. B�ck-
vall, J. Org Chem. 2009, 74, 1988 –1993.

[33] K. Engstrçm, M. Vallin, P.-O. Syr�n, K. Hult, J.-E. B�ckvall,
Org. Biomol. Chem. 2011, 9, 81–82.

[34] K. Bog�r, B. Mart�n-Matute, J.-E. B�ckvall, Beilstein J. Org.
Chem. 2007, 3, No. 50.

[35] S.-B. Ko, B. Baburaj, M.-J. Kim, J. Park, J. Org. Chem. 2007,
72, 6860–6864.

[36] a) Q. Chen, C. Yuan, Chem. Commun. 2008, 5333 –5335;
b) Q. Chen, C. Yuan, Tetrahedron 2010, 66, 3707 –3716.

[37] a) N. Kim, S.-B. Ko, M. S. Kwon, M.-J. Kim, J. Park, Org.
Lett. 2005, 7, 4523 –4526; b) M.-J. Kim, Y. K. Choi, S. Kim,
D. Kim, K. Han, S.-B. Ko, J. Park, Org. Lett. 2008, 10, 1295 –
1298.

[38] K. Han, C. Kim, J. Park, M.-J. Kim, J. Org. Chem. 2010, 75,
3105–3108.

[39] a) D. Mavrynsky, M. P�iviç, K. Lundell, R. Sillanp��, L. T.
Kanerva, R. Leino, Eur. J. Org. Chem. 2009, 1317 –1320;
b) M. P�iviç, D. Mavrynsky, R. Leino, L. T. Kanerva, Eur. J.
Org. Chem. 2011, 1452 –1457; c) D. Mavrynsky, L. T. Kaner-
va, R. Sillanp��, R. Leino, Pure Appl. Chem. 2011, 83, 479 –
487.

[40] a) J. H. Koh, H. M. Jeong, J. Park, Tetrahedron Lett. 1998,
39, 5545–5548; b) J. H. Koh, H. M. Jung, M.-J. Kim, J. Park,
Tetrahedron Lett. 1999, 40, 6281 –6284.

[41] a) D. Lee, E. A. Huh, M.-J. Kim, H. M. Jung, J. H. Koh, J.
Park, Org. Lett. 2000, 2, 2377–2379; b) S. Akai, K. Tanimo-
to, Y. Kita, Angew. Chem. Int. Ed. 2004, 43, 1407 –1410.

[42] a) A. Dijksman, J. M. Elzinga, Y.-X. Li, I. W. C. E. Arends,
R. A. Sheldon, Tetrahedron: Asymmetry. 2002, 13, 879–884;
b) T. H. Riermeier, P. Gross, A. Monsees, M. Hoff, H.
Trauthwein, Tetrahedron Lett. 2005, 46, 3403 –3406.

[43] B. A. C. van As, J. van Buijtenen, A. Heise, Q. B. Broxter-
man, G. K. M. Verzijl, A. R. A. Palmans, E. W. Meijer, J.
Am. Chem. Soc. 2005, 127, 9964 –9965.

[44] I. Hilker, G. Rabani, G. K. M. Verzijl, A. R. A. Palmans, A.
Heise, Angew. Chem. Int. Ed. 2006, 45, 2130–2132.

[45] A. C. Marr, C. L. Pollock, G. C. Saunders, Organometallics
2007, 26, 3283 –3285.

[46] For a related transformation using Amano lipase PS-D I
from Burkholderia cepacia, see: R. Corberan, E. Peris, Or-
ganometallics 2008, 27, 1954 –1958.

[47] S. Wuyts, J. Wahlen, P. A. Jacobs, D. E. De Vos, Green
Chem. 2007, 9, 1104–1108.

[48] a) S. Akai, K. Tanimoto, Y. Kanao, M. Egi, T. Yamamoto,
Y. Kita, Angew. Chem. Int. Ed. 2006, 45, 2592–2595; b) S.
Akai, R. Hanada, N. Fujiwara, Y. Kita, M. Egi, Org. Lett.
2010, 12, 4900–4903; c) P. Chabardes, E. Kuntz, J. Varagnat,
Tetrahedron 1977, 33, 1775 –1783.

[49] a) P. Hoyos, M. Fern�ndez, J. V. Sinisterra, A. R. Alc�ntara,
J. Org. Chem. 2006, 71, 7632–7637; b) P. Hoyos, V. Pace,
J. V. Sinisterra, A. R. Alc�ntara, Tetrahedron 2011, 67,
7321–7329, and references therein.

[50] H. Kim, K. Y. Choi, J. Lee, E. Lee, J. Park, M.-J. Kim,
Angew. Chem. Int. Ed. 2011, 50, 10944–10948.

[51] a) R. M. Haak, F. Berthiol, T. Jerphagnon, A. J. A. Gayet,
C. Tarabiono, C. P. Postema, V. Ritleng, M. Pfeffer, D. B.
Janssen, A. J. Minnaard, B. L. Feringa, J. G. de Vries, J. Am.
Chem. Soc. 2008, 130, 13508 –13509; b) T. Jerphagnon,
A. J. A. Gayet, F. Berthiol, V. Ritleng, N. Mršić, A. Meet-
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