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Abstract—For the description of the stereoselectivity of (bio)catalytic asymmetric reactions which may proceed via different regio-
or stereo-isomeric pathways (e.g. catalysed by epoxide hydrolases, dehalogenases, sulfatases or glycosidases), a parameter ‘RI’
(Retention—Inversion ratio) was introduced in analogy to the Enantiomeric Ratio (£), which describes enantioselectivity. A
computer program was developed for the treatment of the kinetics of such single-step processes, which offer the potential of
deracemization, i.e. a single stereoisomeric product is formed from a racemate in an enantioconvergent fashion. By analysis of
experimentally determined progress curves of the enantiomeric excess of substrate and product (e.e., €.e.p, respectively) and the
conversion (c), relative first-order rate constants k;, the enantioselectivity (£) and the RI ratio (RI) can be determined; in addition,

processes can be simulated based on assumed k; values. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Due to the diastereomeric nature of the interaction of
enantiomers with a chiral catalyst, enantiomers are
generally transformed at different reaction rates. If the
difference between the rates of reaction of the two
enantiomers is large enough, one enantiomer can be
entirely transformed to the corresponding product,
while its counterpart remains untouched, which allows
their separation. This process is generally referred to as
kinetic resolution. The generally accepted parameter for
the description of the quality (i.e. ‘enantioselectivity’) of
such processes is the so-called Enantiomeric Ratio
(E)," which is equal to the ratio of the reaction rates
of the enantiomers.

A crucial prerequisite for the applicability of E values is
the fact that both enantiomers must be transformed
through identical stereochemical pathways, which (for
the overwhelming majority of cases) involves retention
of configuration at the stereogenic centre(s). This pre-
condition is usually fulfilled for the majority of bio-
transformations, such as hydrolysis/condensation
reactions catalysed by proteases, esterases and lipases.

In contrast, there are several types of enzymes which
are able to act through more than a single stereochem-
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ical pathway: In particular, sulfatases,*>" dehaloge-
nases,>”* glycosidases®’ and epoxide hydrolases®' show
the potential to convert both substrate-enantiomers
through two stereochemical pathways, leading to oppo-
site product enantiomers as generalised in Scheme 1.

A k%>P
k2
k3

Scheme 1. General pathways and annotation of first-order
rate constants k;.

" Depending on the enzyme type, sulfatases may act via retention
(breaking the O-S bond) or inversion of configuration (breaking the
C-O bond).

¥ Depending on the enzyme type, hydrolysis of the C-Hal bond may
occur with inversion or retention of configuration.

§ Although the formation/cleavage of glycosidic bonds may proceed via
retention or inversion, these reactions have to be considered as a
separate case, since diastereomers are involved rather than enan-
tiomers.

TEpoxide hydrolases transform an epoxide through retention or
inversion of a stereogenic centre, which equals a reaction proceeding
through opposite regioselectivity via attack at either oxirane carbon
atom.
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PII: S0957-4166(02)00084-8


mailto:wolfgang.kroutil@uni-graz.at

378 K. Faber, W. Kroutil / Tetrahedron: Asymmetry 13 (2002) 377-382

As a consequence, the e.e. of the product is not only a
function of the enantioselectivity (£) and the conver-
sion, but also of the ratio of retention to inversion (R/
ratio) of each enantiomer—described as the ratios of
stereochemical pathways k,/k, and k,/k;. Thus, equa-
tions for the determination of the E value in kinetic
resolutions based on e.e.p—ie. E=f(e.e.g e..p) Or
f(e.e.p, c)—are not applicable. However, since the
stereoselectivity of pathways has no influence on the
enantiomeric composition of the substrate, E=
fle.e.s, ¢) can still be used. In this case, E equals
(ky+ky)/(k4tk;) and it describes the ability of the chiral
catalyst to differentiate between substrate enantiomers.

On first glimpse, the transformation of substrate enan-
tiomers through two stereochemical pathways—leading
to opposite product enantiomers—appears rather com-
plex and difficult to control. However, if the stereo-
chemical pathways of enantiomers are opposite, e.g.
ky>k, and k;>k, (Scheme 1), both substrate enan-
tiomers yield the same stereoisomeric product in 100%
theoretical yield and so-called deracemization can be
achieved.'® The overall performance of an enantiocon-
vergent process is determined by the matching interplay
of all four rate constants k; and two main parameters
are required for their characterisation: (i) enantioselec-
tivity and (i1) RI ratio.

Whereas the enantioselectivity E denotes the relative
rate of enantiomers, i.e. (k,+k,)/(ks+k,), the RI ratio
stands for the relative flux of materials through differ-
ent stereochemical pathways. In order to describe the
latter parameter, we propose the parameter ‘RI’—in
analogy to the E value—defined as the ratio of relative
rates for opposite stereochemical pathways. For enan-
tiomers A and B, RI,=k,/k, (or k,/k, so that RI>1)
and RI; is defined by analogy.

For a full and accurate description of the quality of
such processes, the determination of not only the enan-
tio, but also the retention—inversion ratio (R/ ratio) is
required.

The principle of enantioconvergence may be applied to
the following biocatalytic systems:

):( retention QH
H k H
H,O + R../A\R- A B, R../P\R-
inversion, k,
inversion, kg
X OH
—_—
H,O + R B R k4 R" Q R’
retention

X = Hal for Dehalogenases
X = 0SO; for Sulfatases

Scheme 2. Possible pathways for reactions of sulfatase and
dehalogenase enzymes.

(1) In the case of dehalogenases and sulfatases—
which may act via retention or inversion of configu-
ration (Scheme 2)—the ratios k,/k, and k,/k; denote
the number of molecules (issued from A or B) trans-
formed through retention or inversion.

(i) The general system described in Scheme 1 may
likewise be applied to another type of enzyme: epox-
ide hydrolases. These enzymes have recently attracted
much attention, particularly in view of the facile
production of nonracemic vic-diols from (+)-epoxides
(see Scheme 3).!! In general, the oxirane carbon atom
being attacked undergoes inversion of configuration. |
In this case, however, the RI, of pathways denotes
the regioselectivity, i.e. the ratio of the attack at both
oxirane carbon atoms (for instance, C(1) versus C(2),
Scheme 3).** The overall type of kinetics and the
option to transform both epoxide enantiomers into a
single stereoisomeric vic-diol remains the same. In
the case of 2,3-di- and trisubstituted oxiranes, the
existence of all four possible reaction pathways as
depicted in Scheme 3 was experimentally proven.'?

In a previous study we presented a method to deter-
mine the relative first-order rate constants k; (Scheme 1)
of the enzymatic opening of 2,3-dialkyl substituted
epoxides performed in '80-labelled water by using chi-
ral GC-MS analysis of the vic-glycol products.'® These
rate constants, k; offer the possibility to describe the
regio- and enantioselectivity. The method showed excel-
lent reproducibility and a small experimental error.
Furthermore, the regioselectivity for both enantiomers
could be determined simultaneously based on ex-
periments using racemic starting material. This is
a significant advantage over a procedure that re-
quires the separate hydrolysis of enantiomers in pure
form.'* A related method to determine the regio-
selectivity of epoxide hydrolase-catalysed reactions

OH OH
X inversion at C1 -
+H20 k - =
R 1 2R 1 R 1 2 R
A retention at C1 P
retention at C1 "
o s OH OH
NI inversion at C1 =
s~ +H,0 > 2
71 2 R C ks R71 2 R
B Q

Scheme 3. Possible pathways for biocatalytic hydrolysis of
epoxides.

I Depending on the substitution pattern, this inversion may not be

effective, i.e. it remains ‘invisible’ and apparent retention is
observed.

™ For bacterial epoxide hydrolases it was shown that for monoalkyl
and 2,2-dialkyl oxiranes the attack of the (formal) hydroxyl ion
occurs exclusively at the non-substituted carbon.!'?
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using '80-labelled water (or labelled substrates) has also
been described for enzymes of fungal,'’ insect,'¢ plant'’
or mammalian'® origin. More recently, a method was
published, which calculated the regioselectivity
(expressed as ‘regioselective coefficients o’) by non-lin-
ear regression using commercial software’™ based on the
Marquardt-Levenberg algorithm.'®?°  «-Coefficients
were obtained by non-linear regression of fitting the
plots of e.e.s p, versus conversion. However, non-linear
curve-fitting is very sensitive to experimental errors
arising from sample manipulation leading to unreliable
results.

These considerations prompted us to develop a model,
which shows the following advantages:
(i) Easily determined datasets of e.e. values at differ-
ent conversion (e.e.g, €.e.p, conversion) are used to
calculate the key parameters which allow for the
description of the enantioselectivity £ and the reten-
tion—inversion ratio (RI ratio), respectively.
(i) By combining the non-linear curve fitting method
with our previously reported system, the problem
was reduced to a linear fit.
(iii) By using all data sets simultaneously, the error
could be minimised.
(iv) A computer program was written which enables
not only the calculation of kinetic constants by rapid
analysis of experimental data, but also the simulation
of the stereochemical outcome of such processes
based on assumed k; values.

2. Proposal of model for analysis

2.1. Definition of the RI value

For the description of regioselectivity, the so-called o
value has been proposed.”® It is defined as the percent-
age of molecules, which are transformed via a certain
pathway in relation to the sum. For instance, for A
(according to Scheme 3) o, equals 100xk,/(k,+k,) [Y0].
For practical reasons—such as in case of the asymmet-
ric (bio)hydrolysis of 2,3-dialkyl or non-symmetrical tri-
and tetra-substituted oxiranes, the definition of o«

(denoted as a fraction of a sum) may cause problems,
since it is not clear which regiospecific pathway « refers
to and a detailed pathway analysis is required.

Since the enantiomeric ratio (£) for the description of
enantioselectivity is defined as the ratio of the reaction
rates of enantiomers [i.e. (k,+k,)/(k,+k;), Scheme 3]
rather than the fraction of its sum, we found it more
appropriate, to define a parameter for regioselectivity
(RI ratio) for epoxide hydrolases accordingly for the
sake of clarity. Thus, the parameter RI (retention—
inversion ratio) is used throughout this study: RI,=k,/
k, and RIy=k,/k; or its reciprocal value, so that S>1.
For full characterisation, the absolute configuration of
the stereogenic centre being preferentially attacked
should be added in brackets. In order to fully describe
the stereoselective pathways for processes following
Scheme 1, three parameters are needed, and we propose
that these should be RI,, RI; and E.

As an example, the complete kinetic characterisation of
the enzymatic hydrolysis of (#)-cis-2-heptene oxide
employing Rhodococcus ruber DSM 43338 is given
(Scheme 4).!3

In this case, ‘Rl,53r) describes the regioselectivity for
the 2S,3R isomer, and (2S) denotes that the (2S,3R)
enantiomer is preferentially attacked at its (2S) centre.

In this particular case, attack at the (2S) centre occurs
498 times faster than at the (3R) counterpart. The
absolute configuration noted in conjunction with the
enantioselectivity (E) indicates that the (2S,3R)-
configured substrate enantiomer reacts faster.

It is a puzzling fact, that for an ideal enantioconvergent
system, low enantioselectivity E—which ensures that
both substrate enantiomers (A+B) are transformed at
comparable rates—is desirable to create a fast overall
process. To obtain a stereoisomeric product in high
enantiomeric excess, the stereoselectivity should be high
and opposite, meaning on the level of rate constants
that e.g. k, and k, should be much greater than k, and
k5. In order to illustrate these phenomena, a compari-
son of processes is given below.

(e] OH
/A\/\/ inversion at C2 5 3
5 3 +H,0 -
OH
(2R.35) retention at C2 K (25,39)
retention at C2 " OH
0 3 ", I
Y, NN inversion at C2 Iy B3
2 3 +H0 o OH
(25,3R) (2R,3R)

Scheme 4. Enzymatic hydrolysis of (+)-cis-2-heptenoxide as an example. Rl 3z =498 (25); Rlx35=4.5 3S); E=6.5 (2S,3R).

T Jandel Sigmaplot®.
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The key data of the enzymatic hydrolysis of (+)-cis-2-
heptene oxide'? can be given as shown in Table 1.

The hydrolysis of (+)-cis-2-heptene oxide (Table 1) by
R. ruber DSM 43338 and DSM 44540 are examples for
a process with moderate E value but (at least one)
excellent regioselectivity, which still resulted in the for-
mation of the corresponding (2R,3R)-heptanediol in
91% e.e. and 79% isolated yield for R. ruber DSM
44540.

The system can of course also be applied to tri- or
tetra-substituted oxiranes, such as 2-methyl-2,3-
epoxynonane, using the first-order relative rate con-
stants published before.?!

The hydrolysis of (x)-2-methyl-2,3-epoxynonane using
Streptomyces lavendulae ATCC 55209 (Table 2) repre-
sents an ideal case of an enantioconvergent process.
Low enantioselectivity (E=4.2) and excellent opposite
regioselectivity for each enantiomer ensures the forma-
tion of (3R)-2-methyl-nonane-2,3-diol in 97% e.e. and
60% conversion. Although the regioselectivity R, of
M. paraffinicun NCIMB 10420 for (S)-2-methyl-2,3-
epoxynonane is excellent, the regioselectivity for the
(R)-enantiomer is low, resulting in the formation of
(3R)-2-methyl-nonane-2,3-diol in reduced e.e. (83%) at
90% conversion. Without all three values, enantioselec-
tivity and two values for regioselectivity, a critical
assessment of these processes is impossible.

3. Features of the computer program ‘Stereo’©
The computer program was written in Visual Basic 6.0

and is available as sharewape from the ftp server <ftp://
borgel185 kfunigraz.ac.at>.*

3.1. Abbreviations and annotations

In the following formulas, A, B, P and Q stand for the
concentration of the respective species for substrate (A,
B) and product enantiomers, (P, Q), respectively.

Constants k, through k, (k;) are calculated as relative
first-order rate constants. The conversion of the reac-
tion (c¢) is defined as 100x(P+Q)/(Ay+B,) [%], where A,
and B, are the concentration of A and B at the onset of
the reaction. Racemic starting material is assumed, thus
A,=B,.

The enantioselectivity is denoted as the enantiomeric
ratio (E), defined as the ability of the (bio)catalyst to
discriminate between the two substrate enantiomers,
thus E=(k,+k,)/(ks+k,). E.e.s and e.c.p are the enan-
tiomeric excess of the substrate and product,
respectively.

3.2. Analysis

The relative first-order rate constants k; can be calcu-
lated by using datasets consisting of A, B, P, Q and c;
at least three sets are required and data input is per-
formed using a spreadsheet. The data for A, B, P, Q
consist of the respective concentrations or equivalents
thereof (such as percentage, area counts from GC/
HPLC analysis). These data are used to calculate the
e.e. In order to avoid mistakes caused by a wrong
algebraic sign, the ‘e.e.” is not the direct input for the
spreadsheet, since during further calculations, negative
e.e. values also have to be used. The latter indicate the
opposite enantiomer being in excess. The datasets
should be chosen in such a way, that the corresponding
conversion is within a range of 25-75% to minimise
errors. By using the button ‘Calculate’, the k; values are

Table 1. Stereoselectivities for the enzymatic hydrolysis of rac-cis-2-heptene oxide

Biocatalyst ¢ (%) E.e. (%) E Rls 3R Rl 35
R. ruber DSM 43338 90 83 6.5 (25,3R) 498 (25) 4.5 39)
R. ruber DSM 44540 79 91 14.2 (2S,3R) 326 (295) 2.8 (39)
R. equi TFO 3730 80 65 4 (28,3R) 39 (25) 1.5 39)
Table 2. Stereoselectivities for the enzymatic hydrolysis of 2-methyl-2,3-epoxynonane

Biocatalyst ¢ (%) E.e. (%) E Rl Rl g,

S. lavendulae ATCC 55209 60 97 1.3 () 126 (S) 99 (C-2)
M. paraffinicum NCIMB 10420 90 83 4.2 (S) 723 (S) 6.3 (C-2)

# We have tried our best to ensure maximum program stability. However, we strongly encourage all users to report any kinds of incompatibilities,

malfunctions and/or errors to wolfgang.kroutil@uni-graz.at.
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calculated as well as the corresponding values for the
enantioselectivity (E) and the RI ratio.

3.3. Simulation

Starting from calculated or assumed first-order rate
constants, plots of e.e. versus conversion or e.e. and
concentration versus time can simulated.

The validity of the computer program was tested for
the enantioconvergent hydrolysis of trisubstituted epox-
ides.?! Comparison of the calculated parameters with
data obtained from independent studies performed in
180-labelled water showed excellent compatibility.

4. Theory

In order to allow a mathematical analysis, the following

assumptions and preconditions were made:

1. The reaction pathways can be correlated to Scheme
1.

2. The specific activity of the enzyme remains constant
during the whole period of the reaction, implying
that enzyme deactivation—caused by pH, tempera-
ture, chemical or mechanical stress—can be omitted.

3. Absence of inhibition.

4. Spontancous (non-biocatalysed) reactions can be
neglected.

5. All reactions are irreversible.

From Scheme 1 it can be deduced that the enantioselec-
tivity £ equals (k,+k,)/(k;+k,) or its reciprocal value,
depending on which one is greater than 1.

_kytky
 kytky

_ksytky
 ky+k,

E or

(D

Following the approach of Moussou et al.,'® ‘regiose-
lectivity coefficients’ («) can be deduced [Egs. (2) and

Q)

k
=1 2
AT e+ @
k,
and op= fork, 3)

After a simple transformation using Eq. (7) from the
above-mentioned study, one obtains the following
equation (using o =0, and oz, =ap):

In order to simplify Eq. (4) for further calculations, the
parameters a, b and ¢ are introduced. Since several
datasets of e.c.g, e.e.p, and ¢ are used for the calcula-
tions, several equations are subsequently obtained and
thus the parameters a, b and ¢ are indexed in general a;,,
b, and ¢,. By taking two subsequent equations:

a;=bos+cog ®)

i=1to (n-1) (©)

i1 = bi+1 AatCi10p

one can easily eliminate o, to obtain Eq. (7).

(cinbi —ciby)ag =a;,b,—ab

i+1%i i+l

fori=1to (n-1)

— Y— (7)

Xi Yi

By writing the system in the above manner, one would
obtain (n—1) equations. Of course, it is possible to get
many more equations by combining all datasets with
each other—e.g. by combining dataset i with datasets
(i+2) or (i+3)—but experiments have shown, that this
does not improve the accuracy of the results.

Since Eq. (7) is a linear equation system, « can be
calculated by using a simple linear regression (Eq. (8)).
By applying the same method, «, is obtained.

Z;’:II YiXi
dg=—"""" (3)

27;11 x/

Since we are only interested in relative k; values rather
than absolute ones, k; is arbitrarily set to 1. Knowing
o (Eq. (8)) we can use Eq. (3) to obtain k,.

In the next step, the enantioselectivity E—correspond-
ing to (k,+k,)/(ks+ky) or (ks+ky)/(k,+k,)—is calculated
from the known equations as a function of e.e.q and c,
again by applying linear regression using all data sets.
Combining this calculation with k5 (set to 1), k, and
Eq. (1) we obtain (k,+k,). Knowing (k,+k,) we calcu-
late k&, from Eq. (2). Now k, can be obtained. The last
step consists of the determination which of the k; is the
smallest and to divide all k; by k so that the
smallest k; value equals 1.

smallest»

In order to minimise errors and to obtain maximal
accuracy, it is recommended to use only datasets at
conversions within a range of 25-75% for the
calculation.

eepc —eeg +eesc =0, (c—ees +eegc)+ay(eesc—c—eeg)

- J

~ |

a

— “4)
b C
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