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Kinetic resolution is an important method in organic
chemistry; catalytic kinetic resolution is especially at-
tractive because a smaller amount of the optically active
material is required. In principle, a naturally occurring
catalyst (enzyme)! or a synthetic catalyst can be em-
ployed. Possible disadvantages of an enzymatic catalyst
include limited scope of reactions and substrates; there-
fore, there is an increasing effort targeted at the design
of chemical catalysts for kinetic resolution.? The most
useful parameter in comparing different catalysts is the
selectivity factor S, which is the ratio of the rate constants
for the reaction of the catalyst with the two enantiomers
of the substrate (S = (ki/k,), see below). Mathematical
treatment of kinetic resolution should provide a way to
calculate S from experimental observables, and for enan-
tiomerically pure catalysts the equations are well-known
from the work of Kagan and others.3°

Depending on the source of the chiral building block,
a synthetic catalyst may be prepared contaminated with
the undesired enantiomer.* Although mathematical
treatments of many much more complicated cases of
kinetic resolution have appeared,® catalytic kinetic reso-
lution with an enantiomerically impure catalyst has not
been described. Furthermore, if the selectivity of a given
kinetic resolution is not very high, or if very high
enantiomeric excess is desired, the resolution might be
conducted more than once. In such a case, the second
and subsequent resolutions start with a mixture of
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substrate enantiomers that is not a racemate. Kinetic
resolution of a nonracemic mixture can also be used in
mechanistic studies.® Therefore, reactions involving non-
racemic starting materials should be described as well.

Below, a mixture of the Major (Maj) and a Minor (Min)
enantiomers of the catalyst is used to resolve a mixture
of enantiomers A and O, where A reacts fast (k;) with
the major enantiomer of the catalyst and O reacts with
it slowly (k;). AP and OP are the products obtained from
A and O, respectively. The reactions are first-order in
substrate and catalyst.

k.
A + Maj — AP (1)
. k2
A + Min — AP
- k2
O + Maj — OP

Ky
O + Min — OP

The differential description of eqgs 1 is given by (2),

dlA] _

=gt = IAIMail + K[AMin] (2)
d[o

- g = lolMail + k,[O][Mir]

which upon separation of variables yields (3). This
transformation assumes that the concentration of the
catalyst is constant over the course of the reaction.

1 A d[A]
1[MaJ] + ky[Min] Y40 [A] t=0

dt  (3)

o d[O]
- ky[Mai] + k,[Min] foo [O] t=0

dt

Since the right sides of the two equations in (3) are
equal, integration transforms it to (4).

1 [Ad _
k;[Maj] + k,[Min] — [A]

1 n [O4
ko[Maj] + ki [Min] = [O]

Equation 4 is linear in k; and k,, and the expression
(5) for selectivity S = (ki/k;) can be readily

(4)

[Ma]ln[ d — [Min] In 04

sk [Ad od
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derived from it. To be more useful, the equation should
employ either the enantiomeric excess of the recovered

(6) Trost, B. M.; Bunt, R. C. J. Am. Chem. Soc. 1996, 118, 235.
Approximate treatment was used.
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Figure 1. Three-dimensional selectivity surface at Conv =
0.4 vs eeqar. and eer calculated using eq 9. The surface was
clipped at S = 60 for clarity.

mixture of A and O (ee() or the enantiomeric excess of
the obtained product (eeyrq) at a given conversion (Conv)
rather than time-dependent quantities [A;] and [O¢]. The
expressions (6) used for this transformation can be
obtained in a straightforward manner from the defini-
tions of Conv, eer, and eeyoq. To Make the equations
simple, Conv and all the enantiomeric excesses are
expressed as fractions of unity. When the starting
material is not racemic, eegys describes the enantiomeric
excess of the faster-reacting enantiomer.”

_ [Maj] — [Min]
at " [Maj] + [Min]
[A]_(1-Cov)(d—eer) [AJ_
[A] 1+ eegys A
Conv(l + ee,,q)
1+ ees,\,,fp ©)
[Od (1 —Conv)(1+ee,) [Od 1
[O] 1 eeqy [Od]
Conv(1 — eeyyoq)
1 —eeqys

Since the substrate of kinetic resolution can be either
racemic or not, and the catalyst can be either enantio-
merically pure or just enantiomerically enriched, there
are four possible combinations of interest. No assump-
tions about enantiomeric composition of the starting
material or the catalyst have been made in the derivation
of (5). Therefore, it can be used to calculate selectivity
S in any of the four cases. Two of these cases have
already been treated in the literature:

(a) Racemic starting material, enantiomerically pure
catalyst.®

_In((1 — Conv)(1 — ee,,,))
a In((1 — Conv)(1 + eerec))

In(1 — Conv(1 + eey,q))
In(1 — Conv(1 — eey,q))

and S =

()

(b) Nonracemic starting material, enantiomerically
pure catalyst.”™®
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Figure 2. Cross-sections of the selectivity surface in Figure
1 at eecar. = 0.90, 0.92, 0.94, 0.96, 0.98, and 1.00 (from left to
right, respectively).

This case has been treated both theoretically and
experimentally by Sih and co-workers.2 When eesy; is
the initial enantiomeric excess of the faster-reacting
enantiomer in the starting material, known expressions
are obtained.

(1 = Conv)(1 — ee,))

s 1 + eegys d s
| (1 = Conv)(1 + ee,))
" 1 — eegyy
inl1 - Conv(l + ee,,q)
1+ eegys 8
Conv(l — ee,,q) ®
In|1—
l - eeSMf

Analytical solutions for the following cases have not
been obtained previously:

(c) Racemic starting material, enantiomerically impure
catalyst.

The enantiomeric excess of the catalyst ee., is required
to calculate S. Substitution into eq 5 gives (9) and (10)
(Chart 1).

When ee«. = 1 (that is, enantiomerically pure cata-
lyst), egs 9 and 10 reduce to the known eqs 7 and 8.

(d) Nonracemic starting material, enantiomerically
impure catalyst.”

Expressions (11) and (12) are obtained for this case
from (5). They reduce to (7), (8), (9), or (10) under the
appropriate conditions.

To compare different kinetic resolution catalysts, one
has to correct for the ee of the catalyst. Figure 1, Figure
2, and Table 1 summarize the selectivity (S) values for
various eeq: and ee calculated using eq 9 at Conv =
0.4. Figure 1 describes the overall three-dimensional
selectivity surface. Figure 2 gives two-dimensional cross-
sections of that surface at selected ee,t, and Table 1 gives
numerical values for curves in Figure 2.

(7) If the slower-reacting enantiomer is present with an enantio-
meric excess of eesus, —€€sms Should be used in place of eegwr.
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C. J. 3. Am. Chem. Soc. 1984, 106, 3695.

(9) Note that there is a typographical error in eq 12 of ref 3—the
minus sign in the numerator of the left fraction should be changed to
a plus sign, as it is here and in ref 8.
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Chart 1
_ (1 + eecat.) In ((1 - COHV)(l - eerec)) - (1 - eecat.) In ((1 - COI’]V)(l +eerec)) (9)
1+ eecat.) In ((1 — Conv)(1 + eerec)) -(1- eecat.) In ((1 — Conv)(1 — eerec))
_ (1 teeg) In (1 — Conv(l + eeyq)) — (1 — €egye) IN (1 — Conv(l — eep ) (10)
(1 +eeg) In (1 — Conv(l — eeyyq) — (1 — €egye) In (1 — Conv(l — eep )
1—Conv)(1 —ee 1 — Conv)(1 + ee
(1+ee,)In « T i(e red) (1 —eey)In ( T i(e rec)
SMf SMf
S= (11)
(1 tee i@ ComAFee) o (@ Conv(L - eer))
cat. 1 — eegys cat. 1+ eeqyy
Conv(1l + ee Conv(l — ee
(1+eey)In (1 -— (+ — pmd)) — (1 —eey)In (1 - (_ - pmd))
SMf SMf
S = 12
14 in (1 Conv(1 — e€yroq) 1 in (1 Conv(1 + e€yroq) (12)
( €€car) IN 1 — eeqyy ( €€car) IN 1+ eeqyy

Table 1. Selectivities at Conv = 0.4 Calculated Using (9)

€€cat.
€€rec 1.00 0.98 0.96 0.94 0.92 0.90

0.40 5.86 6.22 6.63 7.12 7.70 8.40
0.50 11.43 12.91 14.88 17.63 21.73 28.54
0.54 18.04 22.05 28.52 40.75 72.51 356.85

The selectivity surface is rather flat in the region of
low selectivity, but it becomes very steep as the selectivity
of the catalyst increases. The selectivity value calculated
for a given ee. is measurably different even for catalysts
with ee.. = 1.00 and ee. = 0.98, and the difference
becomes very large for highly selective catalysts. In the
case of a reaction where ee;;;, = 0.94 and the starting
material is recovered with ee = 0.54 (Conv = 0.4), eq
7, which assumes enantiomerically pure catalyst (eecat.
= 1), and eq 9 predict very different selectivities. Ignor-
ing enantiomeric impurity of the catalyst and using (7)
gives S = 18, whereas the true selectivity of the catalyst

from (9) is 41. The selectivity values calculated are
clearly very sensitive to errors in eec,. and eere (or eeprog).
The sensitivity increases as ee.. decreases, and for low
eecat. Values eqs 9—12 should be used with caution.

In conclusion, failure to correct for the ee of the catalyst
leads to an underestimation of the selectivity and,
therefore, to an overly pessimistic evaluation of the
catalyst. If the catalyst is synthesized in enantiomeri-
cally impure form, laborious purification is not needed
to evaluate its selectivity. Equations 9—12 are analytical
solutions of (5) and therefore describe the system exactly.
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