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Abstract: Kinetic resolution of chirally unstable compounds prone to racemize has been
quantitatively analyzed. Enantiomeric purities of the products as a function of conversion can be
graphically displayed. This approach may be useful for designing an efficient asymmetric
reaction.

Since enantiomers react at different rates under chiral conditions, racemates can be kinetically resolved by
appropriate reactions using chiral reagents or catalysts as well as enzymes.! Each enantiomer is transformed to a
single or plural, chiral or achiral compound, depending on the reaction system. When the enantiomeric substrate
is chirally labile, dynamic kinetic resolution utilizing in situ racemization is possible. Scheme I illustrates the
simplest framework, in which interconvertible enantiomeric substrates form stereospecifically the corresponding
chiral products.2 The substrates Sg and Sg and products Pg and Ps are enantiomeric. Typical examples are
seen in the asymmetric cyclization of 1,2-diarylethylenes to helicenes by irradiation with circularly polarized
light,3 the coupling of secondary alkyl Grignard reagents and organic halides caused by chiral phosphine-nickel
catalysts,4 the condensation of a secondary allylic Grignard reagent and a chiral boronic ester,5 the enzymatic
hydrolysis of ketorolac esters, hydantoins, or oxazolinones,6 and the lipase catalyzed acetylation of
cyanohydrins.” Such a second-order stereoselective reaction may convert a racemic compound to a highly
enantiomerically pure product in 100% yield instead of the 50%, maximum obtainable with chirally rigid
substrates, offering a tangible synthetic advantage. This type of transformation is characterized by a pair of
competitive reactions which are closely interrelated by the stereoinversion of the substrates. The efficiency of
the resolution is highly influenced by the kinetic parameters of the parallel reactions and racemization. Here we
describe the quantitative analysis of the dynamic kinetic resolution.8

Scheme |
kg
Sa —— Pg
klnv&T klnv
ks

In the mathematical treatment of Scheme I, four assumptions are set: (1) Sg reacts faster than Sg and
hence Pg is the prevailing enantiomeric product; (2) reaction rates, kg (kfast) and ks (ksiow), and stereoinversion

TDedicated with respect to Professor Shun-ichi Yamada on the occasion of his 77th birthday.

1853



1854 M. KITAMURA et al.

of the substrate, kinv, are pseudo-first order in substrate concentration;? (3) Sg and Sg racemize at the same rate;
(4) the reaction is irreversible and Pg and Py are stable under the reaction conditions. Then the rate of substrate
consumption can be expressed as eqs 1 and 2, since Sg is consumed at kg and kinv and supplied from Sg at

kan-

d[S gl
dtR = (kR+ kinv)[s R] - kmv[SS] O

d[Ss]

- —q = ks K )[Ss] - Kinu[Sa]

@

Integration of these second linear differential equations by transformation affords egs 3 and 4 stating the
substrate quantities as a function of time elapsed:

/‘llt Azt
Sp)=C e’ +C,e 3)
2.‘! ).zt
S;(1)=C e’ +C e 4
Further integration of these equations gives eqs 5 and 6 that describe the product quantities at time t.
C At C At
PR(t)=JkRSR(t)dt = kR[Tl(e - 1) + -xz(e 2 - l)]
1 2 (5)
C At C At
Po(t)=[kSg(t)dt = ks[ﬁ(e : —1)+—é(e 2~ 1)] ©

Here, Cj, Ca, C3, A1, and Ay are coefficients correlating with the rate constants, kg, ks, and kiny (see
Computational Procedure).

The amounts of the four components in Scheme I, Sg(t), Ss(t), Pr(t), and Pg(t), are now represented as
the time functional equations by using the parameters, kg, ks, and kiny. Thus the selectivity profiles, the
enantiomeric excess (ee) of the unreacted slow-reacting substrate [ees(t)], and the ee of the product Py feep(V)],
and conversion [convn(t)] can be expressed by eqs 7-9, respectively. Accordingly, experimental determination
of the kinv/kg and kg/ks ratios allows graphic representation of the time-dependent values.
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Pp()+Pg (1)

convn (t) = S—R(é)—_’_—s—;@s‘

®

The rate ratio kg/ks is equivalent to the product ratio when Sg and Sg are present in equal amounts. The
actual Sgr/Ss ratio, however, usually deviates from unity as the reaction proceeds except for the case where the
stereoinversion, Sg == Sg, is infinitely faster than the reaction.3:10 In any event the kg/ks ratio can be
approached from the product ratio with a very low conversion. The enantiomeric purities of the unreacted .
substrate and product are highly affected by the relative ease of the reaction and stereoinversion. When kiny is
not large enough with respect to kg, the value tends to significantly decrease from the initial value, eep¥, which
is the maximum enantiomeric purity in a given reaction system and corresponds to (kg - ks)/(kg + ks). Eq 10
expresses the limiting eep attained at 100% conversion, which is the minimal ee value throughout the reaction:

inv(_R_l)
oo 100 1 PR(t)_PS(t)= kg \ kg
P 7 5w P () + P () koo kr
7%, !
R s (10)
and therefore,
100
kmv_ p
k, [k k
e o)
s s 1¢3))

The kinv/kg ratio is obtained by putting kg/ks, which is approximated by Pg/Ps ratio at a low conversion, and
eepl®into eq 11. Thus the mathematical equations can be correlated with the experimentally available kg/ks
and kinv/kg ratios, deducing the overall profile of the stereoselectivity as a function of conversion.

Visualization of the time-dependent behavior helps to further understand the dynamic features of a given
kinetic resolution. Figure 1 illustrates time-parametrically plotted curves derived from eq 8 with some imaginary
kr/ks and kinv/kg ratios. It shows simulated variations of product ee in stereoselective reactions with
keasyksiow Tanging from 6/4 to 99/1. Figure 2 displays the relationship of kinv/kR, kg/ks, and eepl00 by a 3D-
graph. The top comner denotes the ideal situation giving a high degree of enantioselection. It is obvious that
high kg/ks, kinv/kr, and eep® values are desirable to obtain a high enantiomeric purity of the product through
dynamic kinetic resolution. As the rate ratios kinv/kg and kg/ks decrease, eepl00 is lowered from eep¥ to a
considerable extent. Only with kinv/kg = oo, will ee remain constant throughout the reaction.

When Sg and Sg are not interconvertible (kiny = 0 as a limited case), the two parallel reactions in Scheme
I become independent. Since the above mathematical treatment is valid with kipv/kg > 0, parametric plotting of
ees and eep as a function of convn with kipy close to O affords the selectivity profile expressed by Figure 3.
These are essentially identical with those given by Sharpless and Sih.1!
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Figure 1. Simulation of variations of enantiomeric purities of the product as a function of

conversion with imaginary kp/ks (kfasi/ksiow), and kiny/kg parameters. a: keasi/ksiow = 6/4. b:

’6f9a/.ﬂ/kslow =T773. ¢ keastksiow = 8/2. d: Kfasifksiow = 9/1. €: kfas/ksiow = 95/5. £ kgas/kstow =
1.
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Figure 2. Three-dimensional graphic demonstration of the relationship of kiny/kg, kr/ks, and
eepl00,
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Figure 3. Simulation of enantiomeric purities as a function of conversion with imaginary kr/ks
parameters (100, 25, 10, 5, 3, 2, 3/2, 5/4) and kinv/kr (0.0001). Left: ee of the slow-reacting
substrate (eeg). Right: ee of the product (eep).

Dynamic kinetic resolution of a chirally unstable racemic compound can allow preferential formation of a
chiral product of high enantiomeric purity in high yield. Such a mathematical treatment is helpful in determining
the optimum experimental conditions for a high degree of enantioselection, by varying the kinv/kfast Tate ratios.
This has already been demonstrated in the BINAP-Ru(Il) catalyzed hydrogenation of 2-substituted 3-oxo
carboxylic esters forming four stereoisomeric products.!3 Here we have presented the general equations for
simpler, more common reaction systems.

Computational Procedure
Graphical expression of the mathematical equations in Figures 1-3 was aided by the Mathematica

program on an Apple Macintosh computer. Correlation of Cy, Cs, C3, Ca, A1, and Ao with kg, ks, and kiny
was done as follows. Unique values, A! and A2, in the matrix representation 12 are expressed by eq 13.

(_(kk+kmv) klnv)_(a b)
Ky —Ckg+ k) \e d (12)
7»1,1.2=%{(a+ d)i-\/(a+d)2—4(ad—bc)} (13)

The kinetic behavior of Sg(t) and Ss(t) is highly dependent on whether A is a real or imaginary number
and positive or negative. In the dynamic kinetic resolution of Scheme I where both the reaction rates, kg and kg,
and the inversion rate kiny are greater than 0, Al and A2 are deduced, from egs 12 and 13, to be negative real
numbers.

C1, Cz2, C3, and C4 can be correlated with o and B, solutions of eq 14, as shown in eqs 15 and 16.
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bx+(a-d)x-c=0 (14)
Cy=aC, (15)
C,= ﬂC2 (16)

Initial quantities of the substrates are expressed by Sg(0) = C; + C3 and Sg(0) = C3 + C4, respectively, by
substitution of t = 0 into eqs 3 and 4. On the assumption of Sg(0) = S5(0) = 1, these equations afford:

B-1

C.=

1" B-a a7
1- &

C.=

* B-a (18)

o .o B-1)

37 B-e (19)
Bi- a)

C4=—_I3—a 0

Substitution of a, b, ¢, and d, which are correlated with kg, ks, and kjpy by eq 12, into eq 13 and eqs 17-20
affords:

M= 3= (et ke) =2+ f(kp - ks) 4R, ) on
lz:%("(kk’“ "s)"“inv"w/("k‘"s)2+4"i2nv) 22)
c,= —(kR_kS)+2kinv+\/2(kR— kS)2+4ki2nv

2\/(kk_ks) +ak,, @3)
c,= ("R‘ks)"zkmv*\/(zkn" kS)2+4ki2nv

2'\/("1?"‘3) +4ki2nv @4
c,= (kg - kS)+2kinv+‘\/(2kR_ kS)2+4ki2nv

oy
C == (kg —ks) —2kinv+'\/( kg— ks)2+4ki2nv

4 2 2
2‘\/( kR - kS) +4 kmv (26)



1860

M. KITAMURA et al.

Acknowledgment. We thank Professor K. Yoshikawa, Nagoya University, for his valuable suggestions.
This work was aided by the Ministry of Education, Science and Culture, Japan (No. 03403006).

References and Notes

. Reviews: Kagan, H. B.; Fiaud, J. C. Top. Stereochem. 1988, 18, 249. El-Baba, S.; Nuzillard, J. M,;

Poulin, J. C.; Kagan, H. B. Tetrahedron 1986, 42, 3851. Chen, C.-S.; Sih, C. J. Angew. Chem., Int.
Ed. Engl. 1989, 28, 695. Finn, M. G.; Sharpless, K. B. In Asymmetric Synthesis: Morrison, J. D.,
Ed.; Academic Press: New York, 1985; p 247.

. When plural products are obtained, product distribution parameters must be introduced. For the kinetic

scheme used with the creation of an asymmetric center, see: Guetté, J.-P.; Horeau, A. Bull. Soc. Chim.
Fr. 1967, 1747, El-Baba, S.; Poulin, J.-C.; Kagan, H. B. Tetrahedron 1984, 40, 4275.

. Moradpour, A.; Nicoud, J. F.; Balavoine, G.; Kagan, H. B.; Tsoucaris, G. J. Am. Chem. Soc. 1971,

93, 2353.

. Hayashi, T.; Konishi, M.; Fukushima, M.; Kanehira, K.; Hioki, T.; Kumada, M. J. Org. Chem. 1983,

48, 2195.

. Stiirmer, R. Angew. Chem., Int. Ed. Engl. 1990, 29, 59.

6. Fiilling, G.; Sih, C. J. J. Am. Chem. Soc. 1987, 109, 2845. Cecere, F.; Galli, D.; Morisi, F. FEBS

Letters 1975, 57, 192. Gu, R.; Lee, L; Sih, C. J. Tetrahedron Lett. 1992, 33, 1953.

7. Inagaki, M.; Hiratake, J.; Nishioka, T.; Oda, J. J. Am. Chem. Soc. 1991, 113, 9360.

10.

11.

12

13.

. For earlier studies on the relation between ee of substrate or product and conversion, see: Bredig, G.;

Fajans, K. Ber. Dtsch. Chem. Ges. 1908, 41, 752. Fajans, K. Z. Phys. Chem. 1910, 73, 25. Kuhn,
W.; Knopf, E. Z. Z. Phys. Chem Abstr., B 1930, 7, 292. Newman, P.; Rutkin, P.; Mislow, K. J.
Am. Chem. Soc. 1958, 80, 465. Balavoine, G.; Moradpour, A.; Kagan, H. B. J. Am. Chem. Soc.
1974, 96, 5152. Danishefsky, S.; Cain, P. J. Am. Chem. Soc. 1976, 98, 4975. Meurling, L.;
Bergson, G.; Obenius, U. Chem. Scripta 1976, 9, 9. lzumi, Y.; Tai, A. In Stereo-Differentiating
Reactions; Academic Press: New York, 1977; p 119.

. Resolution with second-order kinetics: Annunziata, R.; Borgogno, G.; Montanari, F.; Quici, S. J. Chem.

Soc., Perkin Trans. I 1981, 113; Sepulchre, M.; Spassky, N.; Sigwalt, P. Isr. J. Chem. 1976, 15, 33.
Bernstein, W. J.; Calvin, M.; Buchardt, O. J. Am. Chem. Soc. 1972, 94, 494. Berti, G.; Marsili, A.
Tetrahedron 1966, 22, 2977. Jerina, D. M.; Ziffer, H.; Daby, J. W. J. Am. Chem. Soc. 1970, 92,
1056.

Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; Ikeda, M.; Sharpless, K. B. J. Am. Chem.
Soc. 1981, 103, 6237. Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem. Soc.
1982, 104, 7294.

Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M.; Kitamura, M.; Takaya, H.; Akutagawa, S.; Sayo, N.;
Saito, T.; Taketomi, T.; Kumobayashi, H. J. Am. Chem. Soc. 1989, 111, 9134, Kitamura, M.,;
Ohkuma, T,; Tokunaga, M.; Noyori, R. Tetrahedron: Asymmetry, 1990, 1, 1. Reviews: Noyori, R.
Science 1990, 248, 1194. Noyori, R.; Kitamura, M. in Modern Synthetic Methods: Scheffold, R., Ed.;
Springer Verlag: Berlin, 1989; p 115. Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345.
Noyori, R. Chemtech 1992, 22, 360.

Kitamura, M.; Tokunaga, M.; Noyori, R., J. Am. Chem. Soc., in press.



