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Abstract

Deracemization of compounds bearing a chiral sec-hydroxy or -amino group can be achieved in a one-pot
reaction via a novel process consisting of a cyclic oxidation-reduction sequence. Thus, in the first step, one
enantiomer from the racemic starting material (R+S) is enantioselectively oxidized forming an achiral intermediate
product (P, a ketone or imine, respectively). In the second step, the latter is non-selectively reduced to give again
R+S in racemic form. Cyclic repetition of this oxidation—reduction sequence leads to an overall chiral inversion
of the faster reacting enantiomer from the racemic starting material to yield the slower reacting enantiomer as the
final product in a theoretical 100% chemical and enantiomeric yield. Mathematical treatment of the kinetics of
this ‘cyclo-process’ allowed the estimation of the practical feasibility at hand of two crucial parameters: (i) the
maximal obtainable enantiomeric excess and (ii) the number of cycles required (expressed as theoretical turnover)
to reach equilibrium. A computer program for analysis and optimization of such processes was developed, which
is available via the Internet. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Driven by the increased demand for chiral bioactive compounds in enantiomerically pure form, the
preparation of enantiopure compounds has become a major area of interest for contemporary organic
chemistry.! From the two principles of asymmetric catalytic processes, i.e. (i) asymmetrisation of meso-
or prochiral compounds®* and (ii) kinetic resolution of racemates,* the latter is dominant in by far the
greater number of applications, although it comprises of several serious disadvantages, bearing in mind
that the ideal process should lead to a single enantiomer in 100% yield. Thus, the theoretical yield of
each enantiomer is limited to 50%, and separation of product formed from the remaining substrate
may be laborious, particularly on an industrial scale. Furthermore, in general only one stereoisomer
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is desired and there is little or no use for the other. As a consequence, processes which lead to the
formation of a single enantiomer from a racemic mixture — so-called deracemization techniques® — have
gained increased interest. A highly versatile approach to circumvent the disadvantages of classic kinetic
resolution makes use of in situ racemization’ of the starting material to furnish a so-called dynamic
resolution®3-10. The latter is particularly applicable to chirally labile compounds, such as &-substituted
carboxylic acid derivatives, which can be racemized through an enol-intermediate by abstraction of
an acidic proton. However, this technique fails for compounds bearing chirally stable centers, such as
sec-alcohol or -amino groups. For secondary alcohols, biocatalytic deracemization has been achieved
via a so-called stereoinversion® involving an oxidation-reduction sequence. The basis of this technique
operates along the following mechanism: First, one enantiomer of a secondary alcohol out of a racemic
mixture is selectively oxidized to the corresponding ketone under catalysis of a dehydrogenase, while
the other remains untouched. Then, the ketone is reduced in a second step, by another enzyme system
displaying the opposite stereochemical preference. Although the microbial stereoinversion of secondary
alcohols has been reported,'!~!° these systems suffer from several drawbacks:
(i) the requirement for two (bio)catalysts exhibiting opposite stereo-preference is difficult to meet;
(ii) at least one of the steps has to be irreversible, in order to achieve high enantiomeric purity of the
final product;
(ii1) furthermore, all of the studies published to date made use of whole-cell systems with an unknown
number of active enzymes and cofactor(s), which renders the true kinetics rather obscure; and
(iv) furthermore, severe discrepancies on the nature of the cofactor(s) and the types of enzyme(s) exist.?
We wish to present a deracemization technique for secondary alcohols and amines which relies on (i)
enantioselective oxidation coupled to (ii) non-specific reduction. The kinetics of this process as well as
the merits and limits of this method are presented in this study.

2. Deracemization through cyclic oxidation—reduction

The system consists of two independent reactions, which are outlined in Scheme 1. First, one
enantiomer of the secondary alcohol or amine (R) is selectively oxidized from the racemate (R+S) to
yield the achiral intermediate P, i.e. the corresponding ketone or imine, respectively. The selectivity of
the system is determined by the ratio of the rate constants of the enantiomers (E=kr/ks) and is generally
described by the enantiomeric ratio (E) for biocatalyzed reations.*® In the second step, P is chemically
reduced in a non-selective fashion (determined by kp) to yield a mixture of R+S in racemic form.

first step: kinetic resolution by second step:
enantioselective oxidation non-selective reduction
k .
) P non-selective
+ reagent
slow__--»
JEE k
s ks b R
R, S = enantiomeric substrate P = achiral intermediate product
(sec-alcohol or -amine) (ketone or imine)

Scheme 1. Components of the cyclo-system: (i) kinetic resolution by enantioselective oxidation and (ii) non-selective reduction
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Both reactions alone are of limited use for the preparation of enantiopure material, since step one
(i.e. kinetic resolution by enantioselective oxidation) is limited to a 50% theoretical yield of chiral
non-reacting S and achiral product P. Step two does not show any chiral induction at all. However,
combination of both steps in a single reactor in a cyclic mode leads to a highly versatile deracemization
technique (Scheme 2).
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K'p cycle no. (k'g»k’g)

Scheme 2. Deracemization via cyclic oxidation-reduction sequence. R, S=enantiomeric starting material (sec-alcohol or
-amine); P=achiral intermediate product (ketone or imine); Cat=asymmetric (bio)catalyst; Rd=non-selective reducing agent;
kr, ks=second-order rate constants of enantiomers during oxidation; ky=second-order rate constant of reduction

The characteristics of this system are explained along the following example: If (for reasons of clarity)
the selectivity of step one is assumed to be absolute (i.e. kg >>ks, E>200), enantiomer R is selectively
oxidized from the racemic starting material to form achiral P in 50% yield by leaving S untouched.
In the second step, P is non-selectively reduced to furnish R+S in equal amounts of 25% each. As a
consequence, the enantiomeric composition of R/S is equal to 25/75 after a single cycle. It can be easily
seen from the graph in Scheme 2, that further cycles lead to a gradual increase of enantiomer S (solid
columns) at the expense of R (open columns), and that the enantiomeric excess of the starting material
is already well above 90% after only four cycles,”! assuming absolute enantioselectivity. Overall, if this
cyclic process is driven in the forward direction, enantiomer S represents the ‘sink’ of material in the
whole process.

In practical applications, however, enantioselectivities are usually incomplete with E-values ranging
below 100. For such cases, two crucial dependencies are encountered: the selectivity does not only
determine (i) the maximum obtainable e.e. at equilibrium but also (ii) the number of cycles which are
necessary to reach this value. In order to calculate the feasibility of a cyclic deracemization reaction, the
kinetics of this process have been elucidated as described below.

3. Kinetics
3.1. General remarks
The following assumptions were made:

(i) the activity of the asymmetric (bio)catalytic oxidation reaction remains constant throughout the
whole process (k'g, k’s, [Cat]=const.) and any types of inhibition phenomena are absent;
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(it) the reverse reduction reaction is non-selective, i.e. ky, is equal for both pathways forming enantio-
mers R and S in equal amounts;

(iii) the reverse reaction is constant (k'y,, [Rd]=const., e.g. Rd is in excess or continuously added); and

(iv) any spontaneous undesired side reactions are absent.

3.2. Calculation of concentrations

The cyclic system depicted in Scheme 2 can be described by the following four differential equations,
with R, S, Cat, P and Rd standing for the concentrations of the respective (re)agents. Ay stands for the
start concentration of the racemate (Ag=R+8S).

dR

E:—kfz-R-Catva{,-P-Rd (1)
S , ,

i—t:~kS-S-Cat+kb-P-Rd 2)
dRd ,

— =-2-P-k -Rd

dt b (3)
R+P+S =4 4)

In order to solve the system, the equations above had to be simplified as follows: If one assumes
that the concentration and/or specific activity of the chiral (bio)catalyst (Cat) remains constant, one can
summarize the products Cat-k'g and Cat-k’s to give constants kg and ks, respectively. Furthermore, the
concentration of reducing agent (Rd) is maintained at a constant level, which can be achieved by using
it in excess or through continuous addition. Thus, k'y-Rd is constant too, and becomes k. Then, Egs. 1
and 2 are simplified as follows:

%:—kR-R+kb-P &)

§=—ksv8+kb-P (6)
Substitution of R in Eq. 5 by Eq. 4 yields

_<dpd+tds):-kR-(AO—P—S)+kb-P )
which is equivalent to:

—(dp(;ds>=—kR-AO+kR-S+P-(kR+kb) (8)

Eq. 6 is multiplied by ‘ﬂ‘k:—"h and from the result, Eq. 8 is subtracted to give:

ds kr +ky dS dP kg + kp
—+——-—+—=-ks S~ +kr-Ag—kgr-S 9
dt  ky  dt dt > ke ROZ0TER ®
The concentration of P is explicitly expressed out of Eq. 6 to give Eq. 10:
1 /dS
P=— (— + ks - S) 10
ky \ dt S (10)
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If the concentration of P in & of Eq. 9 was substituted by Eq. 10, the second-order differential Eq. 11
was obtained:
d’s ds

+W.—+N-S=kp-kp A
e at R Kb+ Ag (n

with W= kR+k5+7kb and N=Kg -kp+kg -ks+ks -kp. The term W2—4N is greater than nil, which is equiv-
alent to (kg —ks)>+4ky>>0, since every single term is greater than nil. Solutions of the homogeneous
differential equation (Eq. 11) are the two following exponential functions:

Sl(t) — el‘|'l (12)
Sz(t) — el’z'[ (13)
with
W —
f =__2_+§-V’W2—4N (14)
W ——
rzz_?ﬁ-\/wtw (15)

t t

. erlt el"_'“

S{t) = -Je”"x-kR-kb-Ao-dx+r . 'J‘evr".x'kR'kb'AQ'dX (16)
2 — 1]

0 0

Solving the integrals above one obtains Eq. 17:

= kr - kp - A 1 et ro-t
S(I)Z_R_b_o.(ﬁ_e_#__ﬁ ) (7
(r — 1) I r re r>
The general solution of differential Eq. 11 is defined as:
S(t) =c1 - Si(t) +¢c2 - Sa(t) + S() (18)

with the constants ¢, and c».

The first constraint for this system is the fact that the starting material represents a racemate (So=21) at
the beginning of the reaction (t=0) with no product being present (Py=0). If these conditions are combined
with Eq. 18, one obtains:

A
L oS=c 40 (19)
2
Since the whole process is symmetrical, one obtains ¢;=c;, thus ¢y = ¢ = %Q.Using these preconditions,
Eq. 19 can be transformed into Eq. 20:

S(t) = A =Sy (t) + é— S: + S(t) 20)

Analogous equations are obtained for the concentration of R(t), except that in Eq. 17 ks is replaced by
kr. The concentration of P can be calculated from Eq. 4.
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4. Characteristics of the system

E.e.pav: If the system reaches equilibrium, Eqgs. 4 and 5 have to be zero (d% and d%:O). After
substraction of Eq. 5 from Eq. 4 one obtains the concentrations of R and S at equilibrium:

Sequ, _ k_R

Requ. - kS @h

Since the enantiomeric excess is defined as the absolute value of Eg:gi and the selectivity (E-value)

k . . . e
can be expressed as ﬁ, the maximum e.e. is obtainable at equilibrium:

E-1
E+1
It is interesting to note that the latter expression is exactly the same as derived for dynamic kinetic
resolutions.?
Concentrations at equilibrium: The concentrations of R, S and P at equilibrium are calculated by
Eqgs. 4 and 21 and Egs. 5 and 6 being set to zero. Thus, Requ.,» Sequ. and Pygy_ are obtained as follows:

Eemx =

(22)

Ag
Requ = —— (23)
(1+38+32)
Ag
Sequ. = ke K (24)
(1r2+)
A
Pequ = . (25)

As can be seen from Eqs. 23-25, the equilibrium concentrations depend not only on the selectivity of
the system (kgr and kg) as does the e.e.;max, but also on the reverse reaction characteristics (kp).

Conversion: Since it is impossible to apply the term ‘conversion’ in the conventional way for a cyclic
reaction, another term had to be defined in order to describe the progress of the process. It was chosen to
define it as ‘percent of equilibrium’ (Poe) and it describes how far the deracemization has proceeded
towards the ultimate obtainable goal —the equilibrium. The Poe at a given point of the reaction is
obtained by using the corresponding e.e. value in the following way: Since the e.e.n. represents a
parameter which indicates the end of the process, the latter can be used as standard for the progress of
the process corresponding to 100%. If the e.e. value at any given point of the reaction is then compared
with the e.e.max and expressed as % value, the Poe is obtained. In practice, the course of the reaction can
be easily monitored (expressed as Poe) by measuring the e.e. at a given point and by comparing it with
the e.e.nax-

E+1
E-1
Poe=percent of equilibrium.

Turnover: It is a crucial point that the selectivity of the reaction (as determined by the ratio of kg/Ks).
determines the number of cycles, which have to be passed in order to reach equilibrium. Thus, for highly
selective processes only few cycles are required, since enantiomers R and S are sorted out with high
efficiency, whereas for low E-values more cycles are needed to reach the end point.??> A cycle is defined

Poe = ee. (26)
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as a single reaction sequence (out of the whole process) consisting of a consecutive oxidation-reduction
reaction.

In theory, equilibrium may be reached also for processes showing low E-values, as long as the
process is driven forward towards the end point through a large number of cycles. For practical
applications, however, such cases are likely to be impeded with low overall yields, since an enhanced
throughput of material via a large number of forward and reverse reaction sequences inherits the danger
of undesired side-reactions, causing loss of material. As a consequence, the practical feasibility of a
cyclic deracemization has to be estimated according to the throughput of material required to reach
equilibrium. In addition, the flux of material determines the amount of oxidizing and reducing reagents
which are needed. For this purpose, the parameter ‘theoretical turnover’ (Tht) was introduced.?* The Tht
is dimensionless and is expressed as equivalents with respect to starting material.

The function of the Tht is explained along the following example by assuming two preconditions for
simplicity: (1) the selectivity of the oxidation is absolute (i.e. R is quickly oxidized and S is not converted
at all, kg >>ks) and (ii) the reverse reaction is considerably faster than the forward reaction, leading to a
negligable concentration of P at any point of the process. At the onset of the reaction, the concentration of
each R and S is 50%. During the first cycle, all of R is selectively oxidized to give P, which in turn yields
R and S in equal amounts of 25% each during reduction. Thus, the amount of oxidation and reduction
reagents needed in the first cycle are 0.5 equiv. For cycle two, the starting concentrations of R and S are
25 and 75%, respectively. As a consequence, transformation of R through the cycle requires an additional
0.25 equiv. of reagents, and so on for further cycles. If the amounts of reagents for each cycle are summed
up (0.5+0.25+0.125+...) until equilibrium is reached (through an infinite number of cycles in theory), the
theoretical turnover is obtained. For the simplified case described above (i.e. absolute selectivity) the Tht
is exactly 1 equiv. as derived from Eq. 27.

n .
Thtas, =i > (1) =1 @7
=1

Tht,,s =theoretical turnover for absolute selectivity; n=number of cycles.

In case the selectivity is not absolute, the selection of enantiomers is less accurate during oxidation
and more cycles are required to reach equilibrium. As a consequence, the throughput of material and the
equivalents of reagents needed is larger. For these cases, the theoretical turnover of the whole process is
obtained by summing up the equivalents of each single cycle (Equ.cycie). The latter value is expressed in

the following way as a function of the selectivity of the reaction [%’ Eq. 28]:

kr ks E 1
i =R - +S. =R- +8S. 28
Equ.cycte kg + ks kg + ks E+1 E+1 (28)
1
Tht = ™ > Equ.cycle (29)

For practical reasons, the Tht was calculated for 100 successive cycles.

Depending on the rate constants ky, kg and ks, the concentration of any of the species involved (R,
S or P) may proceed through a maximum or minimum during the course of the process. The points
of interest—i.e. the location of the maximum concentration of R, S or P during the course of the
deracemization (calculated for the time-scale,>> with non-limiting reverse reaction) — are characterized
as follows: whereas the faster reacting enantiomer of the starting material has its maximum concentration
at equilibrium, the slower reacting counterpart is enriched at the start. On the contrary, the concentration
of the intermediate P may proceed through a maximum during the reaction. The latter is determined
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through Eq. 30. The latter value represents the most unfavourable point of the reaction for the harvest of
the enantiomerically enriched material R+S.

1 ln[Z(kR + ks) - ky —ry(r ~rl)]
I'z(l‘z —rl) +2(kR +k5) 'kb

(30)

tPmax =
I —n

For r| and r> see Egs. 14 and 15.

5. Computer program features

In order to facilitate the applicability of cyclic deracemization and to allow simulation and optimization
of such processes, a computer program (‘Cyclo’) was developed based on the kinetics described aboveZ26
The main features of the program are as follows:

5.1. Analysis

A cyclic deracemization process can be analyzed and estimated for its practical feasibility. Thus,
based on the second-order rate constants of the forward and reverse reaction (k'r, ks, k') and the
concentrations of the catalyst [Cat], the reducing agent [Rd] and the starting material [Ro+Sp]. the
parameters which determine the quality of the process —i.e. the e.e.nx at equilibrium and the theoretical
turnover (Tht) needed to reach the end-point — are calculated and the concentrations for [R], [S] and [P]
at this point are given. Furthermore, maximum concentrations ([Rmax], [Smax], [Pmax]) are given on the
time-scale.

5.2. Simulation and optimization

Based on assumed second-order rate constants (k'r, k’s, k'p) and concentrations for the starting
material [R+S], the catalyst [Cat] and the reducing agent [Rd], cyclic deracemization processes can be
simulated. The parameters of interest — either concentrations {[R], [S], [R+S] or [P]} or the e.e. —can
be followed along the reaction coordinate by choosing either the time or percent of equilibrium-
scale (Poe). Plots can be printed or transferred to other application programs via the clipboard. This
feature facilitates the optimization of deracemization processes through variation of concentrations and
selectivities. Single sets of full matching data (consisting of time, Poe, [R], [S], [R+S], [P], and e.e.) can
be obtained from each single value out of the set by using the ‘single-value’ option.

The characteristics of the kinetic behavior of a cyclic deracemization are explained along a repre-
sentative example depicted in Scheme 3. The following parameters were chosen for the simulation of a
highly successful process: the selectivity is high (E=100, k’'g=100, k’s=1), and the reverse reaction is
significantly faster than the forward reaction [k'p/(k’r+k’s)~10]. Starting material (R+S) and reducing
agent (Rd) are applied in equimolar amounts and the catalyst (Cat) is used in 1073 mol% of the
reducing agent. Upon the onset of the reaction — when only R+S are present — the oxidation reaction is
predominant, by producing achiral P at the expense of R+S. As a consequence, the concentration of P
reaches a maximum at about 10% Poe, which is then followed by a gradual decline towards the end of
the process.27 The e.e. increases in a linear way during the course of the reaction and reaches an e.e.yax
of 98.0% at equilibrium. In order to reach it, only 2.9 equiv. of reagents (Tht) are needed in theory.?®

The merits and limits of cyclic deracemization can be estimated along two crucial parameters:
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Scheme 3. Plot of concentrations of [R]. [S], [R+S]. [P] (full lines) and enantiomeric excess (dashed line) versus the reaction
coordinate (Poe-scale)

(i) The selectivity of the oxidation (E=k'r/k’s) determines the maximum e.e. at equilibrium and the
number of cycles (Tht) required to reach it (Scheme 4). A remarkably low E-value of 9 is sufficient
to reach an e.e.ma of 80%, albeit at a large number of cycles (Tht=19). Good selectivity (E=18)
yields an e.e.max of 90% (Tht=11), whereas an E-value of 40 is required to obtain the starting
material in 95% e.e. (Tht=5.7). However, only absolute specificities (E=100, 200) lead to virtually
enantiopure material (98 and 99%, respectively, Tht=2-3).

E.emax [%] Turnover (Equivalents)
100 ! ! 1 | L ] | 40
— 35
80
— 30
60 25
—20
40 15
Turnover 10
20
—5
0 T l I T T T T 0

1 25 50 75 100 125 150 175 200
Selectivity (E)

Scheme 4. E.e.,.« (open symbols) and theoretical turnover (filled symbols) as a function of the selectivity (E-value)

(ii) On the contrary, the chemical yield of enantiomerically enriched material is a function of the ratio
of forward versus the reverse reaction, which determines the amount of residual P at equilibrium.
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As a rule of thumb, it is recommended that the reverse reaction should be (at least) twice as fast as
the forward reaction in order to ensure high yields ([R+S]1=90% results in 10% residual P).

6. Applicability

Due to the fact that the cyclic deracemization process described above is based on a sequence
representing a repeated destruction and (re)formation of a chiral center, the chemical basis of such
reactions is linked to oxidation and reduction.”>** With pure chemical methods alone, the presence of an
oxidation and reduction reaction acting on the same starting material and product, respectively, is hard to
imagine due to (almost in principle) incompatibilities. However, given the high specificity of biocatalysts,
several efficient cyclic deracemization systems based on the kinetics derived above have been reported
(see below). No attempts, however, have been reported to optimize such processes based on the kinetics.
In all of the studies, a highly compatible combination of bio- and chemo-catalysts was employed. The
applicability of cyclic deracemization is discussed below.

6.1. Substrates possessing sec-alcohol groups

Enantioselective biocatalytic oxidation of sec-alcohols is possible by using several types of redox-
enzymes. The use of alcohol dehydrogenases [EC 1.1.1.X] is linked to sensitive cofactors, such as
NAD(P)*. Whereas these systems have been proven to be highly useful in reduction, oxidation re-
actions have not found widespread application due to several drawbacks: (i) oxidation of alcohols is
thermodynamically unfavorable, which impedes the recycling of oxidized nicotinamide-cofactors; (ii)
product inhibition is common and (iii) oxidation is favored at elevated pH, where NAD(P)-cofactors
are unstable. Since cyclic deracemization requires a driving force to pump up the racemic substrate to
a single enantiomer against entropy, these facts exclude alcohol dehydrogenases from being promising
candidates.

On the contrary, the use of oxidases [EC 1.1.3.X] is advantageous. These enzymes possess tightly
bound cofactors,’! which do not require external recycling. Thus, sec-alcohol functionalities are oxidized
to the corresponding carbonyl group at the expense of molecular oxygen with concomitant formation of
hydrogen peroxide. The latter is destroyed by catalase, which is usually present in systems showing
oxidase activity. By this means, the process is driven towards completion.

Among oxidases, two subgroups warrant detailed investigation: (i) sec-alcohol oxidase’??? [EC
1.1.3.18] and (i1) x-hydroxyacid oxidase?*¥ [EC 1.1.3.15].

6.2. Substrates possessing sec-amino groups

In an analogous fashion, enantioselective biocatalytic oxidation of compounds bearing sec-amino
groups with formation of the corresponding imino-derivatives®® can be achieved by using (i) amine
oxidases’? [EC 1.4.3.6 and 1.4.3.7] and (ii) amino acid oxidases® [EC 1.4.3.2 and 1.4.3.3]. To date, only
two cases for a successful cyclic deracemization have been reported (Scheme 5). Thus, (*)-&t-amino
acids have been successfully transformed into the L-isomers by using a combination of D-amino acid
oxidase coupled to non-specific in situ reduction of the formed «-iminoacid at the expense of NaBHj.
The process proved to be highly successful by providing enantiomerically pure L-pipecolic acid® and
L-proline®® in >98% chemical yield from the racemate.
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D-Amino Acid >98% yield
Oxidase >99% e.e.
H20 il ﬁiz)n
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y B <2222 H,0, COH NaBH 4
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n =1 (proline), n = 2 (pipecolic acid)
Scheme 5. Cyclic deracemization of amino acids using D-amino acid oxidase coupled to NaBH,-reduction

Cyclic deracemization of sec-alcohols by using novel sec-alcohol oxidases from bacterial origin is
currently under study in our laboratory.

7. Summary

The kinetics of a novel deracemization method based on a one-pot cyclic oxidation—reduction sequence
(‘cyclo-process’) is described. The latter allows the transformation of (+)-sec-alcohols and -amines into
a single enantiomer in 100% theoretical yield. Thus, in a first step, one enantiomer from the racemic
starting material (R+S) is enantioselectively oxidized forming an achiral intermediate product (P, a
ketone or imine, respectively). In a second step, the latter is non-selectively reduced to give again R+S in
racemic form. Cyclic repetition of this oxidation—reduction sequence leads to an overall chiral inversion
of the reacting enantiomer from the racemic starting material to yield the non-reacting enantiomer as the
sole product.

A free shareware computer program which was developed for analysis and optimization of ‘cyclo-
processes’ allowed the estimation of the feasibility at hand of two crucial parameters: (i) the selectivity
of enantioselective oxidation determines the maximal obtainable enantiomeric excess at equilibrium and
the number of cycles required to reach it; (ii) the chemical yield of R+S is determined by the ratio of the
forward- and reverse-reaction rate.
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