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Abstract: Asymmetric reaction of dimethylzinc and benzaldehyde in the presenceSpB{&xo(dimethyl-
amino)isoborneol [(8)-DAIB] exhibits unusual nonlinear phenomena. The enantiomeric purity of the product

is much higher than that of the chiral source, DAIB, while the rate of the enantioselective catalysis decreases
considerably as the enantiomeric excess (ee) of DAIB is lowered. Such effects originate from the reversible
homochiral and heterochiral interaction of the coexistent enantiomeric zinc amino alkoxide catalysts which
are formed from dimethylzinc and $ and (R)-DAIB. The thermodynamics of the five-component
equilibration between the two monomers and three dimers, when coupled with the kinetics of the alkylation,
strongly affects the extent of enantioselectivity and the reaction rate of the alkylation reaction. The overall
profile of the nonlinear effects has been clarified mathematically using experimentally available parameters,
viz., the equilibrium constants of the dimer/monomer conversion and the association of the monomeric catalyst
with the organozinc and aldehyde, the rate constant of alkyl transfer from the catalyst/dimethylzinc/aldehyde
mixed complex, the ee of DAIB, and the concentrations of DAIB, dimethylzinc, and aldehyde. 3D graphics
are presented for the correlation of the enantiomeric purity of the product with DAIB ee and the concentrations
of dimethylzinc and aldehyde and for the relationship between the reaction rate, DAIB ee, and the concentrations
of the organozinc and aldehyde. The computer simulation is in good agreement with the experimental results,
confirming that the nonlinear effects result from the competition of two enantiomorphic catalytic cycles involving
the monomeric chiral zinc catalysts rather than the diastereomorphic catalytic cycles with dinuclear zinc catalysts.
Furthermore, this study indicates that the degree of nonlinear effects in asymmetric catalysis could be affected
not only by the catalyst ee but also by various reaction parameters, particularly the concentrations of the
catalyst, reagent, and substrate as well as the extent of conversion.

In most asymmetric catalyses, the sense and extent ofamino)isoborneol [(-DAIB] in 15% ee SR = 57.5:42.5)
stereoselection are determined by the relative stabilities of the affords after aqueous workuf)¢1-phenyl-1-propanol in 95%
diastereomeric transition states in the first irreversible step. ee SR = 97.5:2.5), which is close to the 98% ee achieved
certain cases, however, the profile of asymmetric catalysis is with enantiomerically pure @-DAIB.5> Furthermore the reac-
highly affected by molecular interaction of the chiral catalyst tion rate is highly dependent on the enantiomeric purity of the
with coexisting chiral or achiral molecules, and consequently, DAIB ancillary; the reaction aided by enantiomerically pure
very unusual phenomena are sé€nA notable example isthe  DAIB is much faster than that with racemic DAIB. The catalyst
amino alcohol-promoted asymmetric reaction of dialkylzincs and is considered to be a chiral tricoordinate alkylzinc amino
aldehydes that shows a remarkable nonlinear relation betweeralkoxide formed from diethylzinc and DAIB, which tends to
the enantiomeric purities of the chiral source and the alkylation dimerize in toluene. When th®andR catalysts coexist, both
products’® Reaction of diethylzinc and benzaldehyde in the homochiral interaction, givingg—S or R—R, and the
toluene containing a small amount ofg23-exco-(dimethyl- heterochiral interaction leading t8—R are possiblé. The
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of the catalysis results in the deviation of tB® catalyst ratio
from the original ratio of DAIB enantiomer and in turn the
nonlinear phenomenadn? This article describes the quantitative
analysis of the overall profile of stereoselectivity and the reaction
rate of the amino alcohol-aided alkylation.

Kagan has done a mathematical analysis on a related, but

different, case using the titanium tartrate-catalyzed oxidation
of allylic alcohols and sulfides, where homochiral and hetero-
chiral Ti catalysts are involved in the stereodetermining transi-
tion states210.11 |n these reactions, metal modification by a
partially resolved chiral auxiliary results in theeversible
nonstatistical formation of diastereomeric Ti complexes with
two chiral auxiliary molecules of types Mk*or MoL*, (M =
metallic species; L*= chiral ligand). The differences in the
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between the catalysts and the homochiral and heterochiral

stabilities and reactivities of the stereoisomers are believed todimers,S-S R—R, and S-R, as illustrated in the center of

cause the nonlinear effe&. In contrast, the organozinc

chemistry is characterized by the reversibility of the chiral
recognition of the enantiomeric catalysts of type ML* as well
as the involvement of a single chiral molecule in the stereo-

Scheme 1. The catalytically unreactive dimers dissociate into
the reactive monomers with the given dissociate constpise
andKnetero? MonomericSandR assemble a reactant (Rea) and
a substrate (Sub), with a given associate congtantto form

determining transition state. Thus, the nonlinear effects of the the catalyst/reactant/substrate mixed complegesea-Sub

Zn chemistry are based on the relative significancerantio-
morphic catalytic cyclesn contrast to the unusual phenomena
of the Ti chemistry that arise from the competition déste-
reomorphic catalytic cycles This study aims to confirm this

and R—Rea-Sub, which are converted with the same rate
constantk to the catalyst/product complexeS;-P andR—P.
Finally, the enantiomeric productss 81d R, are released from
these complexes by the action of Rea or Sub to complete the

view. The present mathematical treatment, as a complementcatalytic cycle. To establish a smooth catalytic cycle, all steps

to Kagan's accomplishmeft!! will help to deepen the

must proceed at a reasonable rate; inhibition by the reactant,

understanding of the origin and mechanism of the nonlinear SUPstrate, or product should be avoided. The enantiomeric

phenomena in various asymmetric catalysis.

General Mathematical Treatment

We assume a disubstratenonoproduct catalysis that follows
the Michaelis-Menten-type kinetic law. Supposing that enan-
tiomeric catalystsSandR, are coexistent in the same reaction
system (§ = [R]) and that there exists a dynamic equilibrium
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Tanaka, K.; Matsui, J.; Suzuki, H. Chem. Soc., Perkin Trans.1D93
153. Rossiter, B. E.; Eguchi, M.; Miao, G.; Swingle, N. M.; Herdez, A.
E.; Vickers, D.; Fluckiger, E.; Patterson, R. G.; Reddy, KT¢trahedron
1993 49, 965. Zhou, Q.-L.; Pfaltz, ATetrahedrorl994 50, 4467. de Vries,
A. H. M,; Jansen, J. F. G. A.; Feringa, B. Tetrahedron1994 50, 4479.
(Hajos—Wiechert intramolecular aldol reaction): References 3b and 3c.
(Nitro-aldol reaction): Sasai, H.; Suzuki, T.; Itoh, N.; Shibasaki, M.
Tetrahedron Lett1993 34, 851. (Allylation of aldehydes using organotin
compounds): Keck, G. E.; Krishnamurthy, D.; Grier, M. Org. Chem.
1993 58, 6543. (Meerwein-Ponndorf-Verley reduction): Evans, D. A.;
Nelson, S. G.; GagneM. R.; Muci, A. R.J. Am. Chem. S0d.993 115
9800. (Oxidation of sulfides): Komatsu, N.; Hashizume, M.; Sugita, T.;
Uemura, SJ. Org. Chem1993 58, 4529. (Reduction of acetophenone by
diisopinocamphenyl chloroborate): Girard, C.; Kagan, HTBtrahedron:
Asymmetryl997, 8, 3851.

(11) Guillaneux, D.; Zhao, S.-H.; Samuel, O.; Rainford, D.; Kagan, H.
B. J. Am. Chem. Socl994 116, 9430. In the Kagan reservoir effect,

catalytic species are considered to be preserved as their associates. Se

also: Blackmond, D. GJ. Am. Chem. S0d.997, 119, 12934.

(12) For the nonlinear effect based on the asymmetric activation of
racemic catalysts, see: Matsukawa, S.; MikamiT&trahedron: Asymmetry
1997 8, 815. Matsukawa, S.; Mikami, KEnantiomerl996 1, 69. Mikami,

K.; Matsukawa, SNature1997 385 613. Ohkuma, T.; Doncet, H.; Pham,
T.; Mikami, K.; Korenaga, T.; Terada, M.; Noyori, R. Am. Chem. Soc.
1998 120, 1086.

purity of the product, e¢ limited by the enantioselectivity,
ee™ which may be obtained with the enantiomerically pure
catalyst, is determined by the relative turnovers of the two
enantiomorphic catalytic cycles.

For mathematical purposes, a steady-state approximation is
applied to the concentrations 8 Rea-Sub andR—Rea-Sub.
These intermediates are irreversibly and stereoselectively con-
verted toS—P orR—P, and the turnover of the catalytic cycles
is limited by this step. Thus, when Rea and Sub exist in
sufficient excess to the catalyst, the éedetermined by g&'@x
and the relative concentration 8- Rea-Sub toR—Rea-Sub.

The initial reaction raterg can be expressed by multiplication
of the sum of §—Rea-Sub] and R—Rea-Sub] and the rate
constank. Equations 1 and 2 are thus established. Since the

mad o~ Rea—Sub]— [R—Rea-Sub]
[S—Rea-Sub]+ [R—Rea-Sub]

eq = ee, 1)

vy = k([S—Rea-Sub]+ [R—Rea-Sub]) (2)

total catalyst concentration, {§}, is approximated by the sum

of the concentrations of the chiral source existing before the
rate-determining step as the monomeric catalysts, the dimers,
and the Rea and Sub complexes, the enantiomeric purity of the
chiral source, eg,, can be expressed by eq 3.

e = (([S +2[S-F + [S-R] + [S-Rea-Sub] -
(IRl + 2[R—R] + [S—R] + [R—Rea-Sub]))/[C,] (3)

To correlate eg and vo with eexo using the equilibrium
constantsKnoma Knetero @nd Kassoe @nd the concentrations of
o, Rea, and Sub? the concentration terms of the dimers and
catalyst/reactant/substrate complexes can be eliminated from eqs
1-3 by using eqs 46 and eq 7. Here for simplificatiorn.

(13) The initial concentrations of Rea and Sub approximate [Rea] and
[Sub], becaus&s—Rea-Sub andR—Rea-Sub are present only in small
quantities.
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[32 [R]Z point, the enantiomer ratio of the catalyst molecules present in
homo — [S-9 = ﬁ 4) the whole system is identical to th8fRea-Sub] to R—Rea-
Sub] ratio, resulting in a linear relationship betweep aed

[SI[R] e WhenKome becomes greater tharKgetere Chirality of
hetero— SRl (5) the product is amplified, and the denominator of eq 13 must be
[ ] positive. Solving the second-order inequality 13 in combination
[S-Rea-Sub] [R—Rea-Sub] with eeor < 1, thea ranges for the positive nonlinear effects
K o= = 6 i i . i
assoc [G[Rea][Sub]  [RI[Rea][Sub] (6) are given in eq 14. The highest and the lowestalues are
(_Khomo(1 + KassoiRea][SUb])_}— (KhomO(S[Ctor] + Khom0+

[Ciod =[98 + 2[S9 + [S—R] + [S—Rea-Sub]+ [R] +

2[R-R] +[S—R] + [R-Rea-Sub] (7) 2K pomd<assolREAISUDHH Kpomd<assoc REAFSUDF)) )/
andg are introduced, where = [§ + [R] (o > 0) andg = 4zaz= (KhomcKheten(((l + KoseolRea][Sub]f +
[SIR] (B = .0). Modification of the two equations by assuming 1 2 \\12
[S = [R] gives 2[(:@](—K + )) -1+ KaSSO[Rea][Sub]a)/
hetero hom
[S = (. + Vo — 48)/2 (8) (Knomo = ZKheterd (14)
[ reversed for the negative nonlinear effect. In addition, modi-
Rl = (a a” — 45)i2 ©) fication of eq 2 using egs 6, 8, and 9 affords the rate eq 15.

As the equation gee= ee™{([J — [R)/([Y + [R]) is
established by substitution of eq 6 into eq 1, rearrangement with
egs 8 and 9 affords

Vo= kKassoiRea] [SUbb’ (15)

Now all the important variants pegeeo, andvg are described
by the four or six factors through parameter ee = f1(Knhomo
— 2
eg=eg Vo —4pla (10) Khetero Kassos [Crof, [Rea], [Sub],a) as seen from egs 10 and
. . L 12. et = f2(Knoma Khetero Kassoe [Ciod, [R€@], [Sub],a) from
When eqs 46 are substituted into eq 3 to eliminat8{s, egs 11 and 12vo = f3(k, Kassoe [Rea], [Sub],a) from eq 15.
[R—RJ, [S-R], [S-Rea-Sub], and R-Rea-Sub] followed by The selectivity profile and the kinetic behavior of a given
replacement of§ and [R] using eqs 8 and 9 gives eq 11 in  asymmetric reaction system can be clarified by graphical
expression with th&nomo Khetero andKassocvalues, which can

(oK omd + 1+ Koo [Rea][Suby o — 48 be experimentally determined by spectroscopic methods, mo-
& ™ [C.od 11) lecular weight measurement, and kinetic analysis. Six frames,
0 a—f, in Figure 1 illustratea-parametrically plotted curves
which e is related toKnomo Kassos [Ctod, [Re@], [SUb], 0, derived from eqgs 1612 by changing four factor&nomo Knhetero

andB. Combination of eq 7 with eqs46, 8, and 9 followed  'atio, [Go, [Rea], and [Sub], and the association constaatoc

by rearrangement fqf establishes eq 12. Singds expressed ~ Using theoretical values for the other parameters. AKHgs
Khetero ratio decreases, the positive deviation diminishes and

p= finally returns to linearity (frame a). After passing tK&omo
~Kpeter C(Zaz + oKpomo — ([Ciod — KassofREAIISUDRK 10110 = 2Khetero bOundary, a negative nonlinearity begins to appear
(K — oK (frame b). Frames-ee predict that only a weak nonlinear effect
Kromo heterd will be observed with a very low [g], very high [Rea] and

12) [Sub], and high association constants for catafyet R, Rea,

as a function ofo. ee is now diven as a function of and Sub. As seen from frame f, the extent of the positive
i, €& 9 68 nonlinear effect is enlarged when [Rea] and [Sub] are decreased

througha. by usingKnomo Knetero Kassos [Cuol, [Rea], and [SUb] g7 650 19 100 mM with the G, Rea, and Sub ratio fixed to

) . e i i . .
with a fixed eg">value in a given asymmetric rea_ctlon. Once 1:50:50. A further decrease of concentrations, however, tends
these constants are determined, the overall profile of stereose-

o T ) : - to diminish the nonlinear effect.
lectivity is defined by the five-component monomer/dimer Figure 2 expresses graphically the influence fgas well
equilibration of the chiral catalysts, bounded by solid lines in 9 P grap y - 62 .
. . as [Rea] and [Sub] on the reaction velocity. Substantial rate
Scheme 1, and the reversible formation of the product-

o reduction is anticipated with the decrease of the enantiomeric
determining complexes;~Rea-Sub andR—Rea-Sub. Here, urity of the catalyst. Increasing th@omoK ratio enhances
the conditions (Lp* — 45 > 0, (2) 0= e < 1, and (3) 0 Itohe sensitivit 'the. concentrastgionsogﬁ Rr::r;nd Sub affect the
< ee < e must be satisfied. The type and degree of y. 1N . . . .

; S L - rate more strongly in the reaction using an enantiomerically pure
nonlinearity in the ego/ee relation is decided by the range. catalyst (egt= 1) than in the reaction with the racemic catalyst
The requirements of & eaxrand 0< ee < e are filled y Eoot Y

whena? — 48 > 0, as seen from egs 11 and 10, respectively. (eexot = 0). The velocity with an enantiopure catalyst is also

- X - . . more easily maximized than that with a racemic catalyst.
Substitution forg in the first inequality using eq 12 affords A Case Study: Amino Alcohol-Promoted Asymmetric

2_ p— 2 Reaction of Dialkylzincs and Aldehydes. Dialkylzincs react
" = 48 = (Knomo T 2Kpeterd@” + 2Kpomdererd + with prochiral aldehydes in the presence of a catalytic amount
KassobReaJ[Subpt — 2K, o Kieterd Crol)/ (Khomo — of nonracemic DAIB to give, after hydrolysis, optically active
2K, terd = 0 (13) secondary alcohofs. Frame a of Figure 3 illustrates the

enantioselectivity observed in the reaction of dimethylzinc
This equation shows th&nomo = 2Knetero iS the branching (DMZ) (420 mM) and benzaldehyde (BzH) (420 mM) in the
condition which determines the type of nonlinearity. At this presence of (3-DAIB (8 mM) in toluene at 40°C. The
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Figure 1. Simulation of the nonlinear relationship between ard eew: in a theoretical asymmetric catalysis with the following parameters. a:
Khomo = 1.0 x 1072 M; Kassoc= 5.0 x 10' M~?; [Cio] = 10 mM; [Rea]= [Sub] = 500 mM. b: Khomo= 1.0 x 1072 M; Kassoe= 5.0 x 10* M~

[Cio] = 10 mM; [Rea]= [Sub] = 500 mM. ¢: Knomo= 1.0 x 1072 M; Khetero= 1.0 x 1075 M; Kassoc= 5.0 x 10' M~% [Rea]= [Sub] = 500 mM.

d: Knomo= 1.0 x 1072 M; Khetero= 1.0 x 107° M; Kassoc= 5.0 x 10" M2 [Cio] = 10 mM. €: Khomo = 1.0 x 1072 M; Kpetero= 1.0 x 1075 M;

[Ciod = 10 mM; [Rea]= [Sub] = 500 mM. f: Knomo = 1.0 x 1072 M; Khetero= 1.0 x 107%> M; Kassoc= 5.0 x 10' M2

enantiomeric purity of$-1-phenylethanol obtained at an early  2.5), while (R)-3 gives (R)-4 selectively!® The final product
stage of reaction ranges from 95% with enantiomerically pure 4, upon reaction with DMZ or BzH, affords tetrameric meth-

(29)-DAIB to 0% with racemic DAIB, where the variation is

not proportional to the enantiomeric purity of DAFRB. In
addition, as shown in frame b, the reaction with enantiomerically formation of the stable tetrameric alkoxid&eis important to
pure DAIB proceeds-6 times faster than with racemic DAIB.
Thus, the rate depends on the enantiomeric purity of DAIB but cycles are enantiomorphic. This mechanism is consistent with
the extent is not straightforward. The origin of these unusual the experimental resulteind the ab initio MO calculation's.

phenomena has been explained qualitatively in terms of the

ylzinc 1-phenylethoxide), and al/DMZ or 1/BzH complex,
respectively, and theB to establish the catalytic cycle. The

minimize the undesired product inhibition. The two catalytic

Seven parameters are required for the quantitative analysis

enantiomer recognition of the asymmetric catalyst as outlined of Scheme 2. Three of these, ({; [Rea], and [Sub], are
in Scheme 27911 The tricoordinate Zn complek, which is
in equilibrium with the dimer2, acts as catalyst of the
enantioselective reaction of DMZ and BzH. Whergf2and

(2R)-1 are coexistent, the homochiral and heterochiral dimer-

izations, leading to @2'9- and (R 2R)-2 and (52R)-2,
respectively, are possible, with the latter overwhelmingly the homochiral and heterochiral dimers dissociate into catalytic
favored. The higher stability of @2 R)-2 reduces the total
amount ofl and also causes its enantiomeric purity to deviate and Kpeero= 1 x 107> M, respectively? Thus, in a 10 mM
with the added DAIB auxiliary. As a consequence, substantial toluene solution of (829- or (2R2R)-2, ~60% of the
nonlinearity is seen for both the reactivity and enantioselectivity. homochiral dimer is dissociated into the monomer, while, under
We here analyze such effects quantitatively using experimentsthe same conditions, the degree of dissociation SfAR)-2 is

and computer simulation.

Equilibrium and Rate Constants. Scheme 2 consists of
the five-component equilibration of the chiral catalydtsy 2,
the formation of thel/DMZ/BzH mixed-ligand comples8, and
the turnover-limiting alkyl transfer iB. (29-3 produces (-
415 predominantly containingg-1-phenylethoxide§R = 97.5:

defined arbitrarily as the concentrations 05ZDAIB, DMZ,
and BzH, whereas the remaining key constaltsmo Knetero
Kassoe andk, are obtained experimentally.

The molecular weight measurement of stereoisom2ty
vapor pressure osmometry in toluene at°@indicated that

1 with dissociation constantnomo = (3.0 & 1.0) x 1072 M

only ~3%.

The rate constark and the equilibrium constam,ssoccan
be determined by kinetic experiments using enantiomerically
pure DAIB. Figure 4a shows the initial rate as a function of
the concentration of an equimolar mixture of DMZ and BzH.

(15) The molecular weight is unknown. Complernay be in equilibrium

(14) The optical yield of the reaction of DMZ and BzH using optically
pure DAIB ranges from 91 to 95%. Use of freshly distilled DMZ gives the
product in 95% ee.

with the dimer and other aggregates formed with coexisting organozinc
complexes.
(16) Yamakawa, M.; Noyori, RJ. Am. Chem. Sod.995 117, 6327.
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Figure 2. Graphical expression of the,—ee relation (a) and the S ] obsd i
relation of vy with [Rea] and [Sub] (b) in a theoretical asymmetric 05 ] A |
reaction with the following parameters. &nomo = 1.0 x 1072 M; ]
Kassoc= 5.0 x 10t M2 k = 1.0 mirr%; [Ci = 10 mM; [Rea]= 4
= : = 2 M: = 6 M: o — —
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The reaction using an 8 mM solution of pureSzDAIB in Figure 3. Nonlinear relationship between the enantiomeric purities

toluene at 40°C proceeds with a zero-order kinetics in the  4'the product and DAIB at<30% conversion (a) and between the
reactant and substrate concentration when they are greater thagitial rate and DAIB ee (b) in the enantioselective methylation of

800 mM, although the rate depends on the concentration in abenzaldehyde. Conditions: [DAIB} 8 mM; [DMZ] = [BzH] = 420
range of 6-800 mM. Thus, in the presence of a large excess mM; toluene; 40°C.

of DMZ and BzH, (&)-1 is completely converted to &-3,

giving saturation kinetics. The maximal velocitys3! at this = 8—34 mM. Frame a predicts that thepegonlinearly will
point is correlated wittk and [Gof to give the equatiomg®a= increase with an increase of the ee value of DAIB when [DMZ]
K[Ciot], where [Gof corresponds to the concentration of DAIB  and [BzH] are fixed. With a fixed DAIB ee, the degree of
sincel is formed quantitatively from DAIB and DMZ. Thus nonlinearity is expected to decrease with an increase of [DMZ]
the rate constank of the (25)-DAIB-promoted reaction is and [BzH]. The surface of frame b denotes the reactionuate
calculated to be 2.5< 10! min~! by using the observed calculated by varying eg:and [DMZ] and [BzH] with [DAIB]
velocity, vg®@= 2.0 mM mirr! and [Go] = 8 mM. The reaction = 8 mM. Frame c gives a simulated profile of the reaction
using racemic DAIB did not attain saturation kinetics even with with [DAIB] = 16 mM, suggesting rate enhancement by
high concentrations of DMZ and BzH because of the high increasing [DAIB] from 8 to 16 mM and, particularly, [DMZ]
stability of (2S2R)-2. The association constariassoc iS and [BzH]. Thevo—DAIB ee projected planes predict that the
determined to be 2.& 10' M~2 by curve-fitting between the initial methylation rate is nonlinearily enhanced by increasing
observed kinetics (Figure 4a) and the simulated kinetics (Figure the ee value of DAIB, as expected from the> 2 equilibration

4b) with Kassocin the range of 5100 M2, in favor of the heterochiral dimerization. In all cases, the
Validity of the Mathematical Treatment. Methylation is computer-generated curves (lines) provide a good fit with the
normally conducted with [DAIB]< 34 mM and [DMZ] = experimental results (dots) obtained at the early stage of the

[BzH] < 840 mM. Figure 5 illustrates the graphic expression reaction, indicating the validity of the theoretical analysis. This
of the three-dimensional (3D) correlation betweenp, &2 of confirms the mechanistic assumption as well; the nonlinear
DAIB (eectt in the general discussion), and [DMZ] and [BzH] effects originate from competition of the two enantiomorphic
(2:1 molar ratio), and betweery, DAIB ee, and [DMZ] and catalytic cycles involving (8-1 and (R)-1 under standard
[BzH] (1:1 molar ratio). The curved surfaces of framesca reaction conditions.

have been obtained by simulation using the experimentally Obtaining High eer Values Using Partially Resolved
determinenomo Khetero Kassoe andk where [Go] = [DAIB] DAIB. This chirality amplification is based on the difference
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Figure 4. Determination of the rate constaktand the association
constantKassoe @: Initial rate of reaction of dimethylzinc and benzal-
dehyde in the presence of enantiomerically pur®-QAIB (8 mM)

in toluene at 40C. k = vo°¥[Cio] = 2.5 x 1071 min~% b: Simulation

of kinetics under the condition&omo = 3.0 x 1072 M; Khetero= 1 x
10°M; k=2.5x 10t min%; [Cio] = 8 MM. KassociS €Stimated to

be 2.0x 10* M~2 by curve-fitting of graphs a and b.

in the thermodynamic stability of the homochiral and hetero-
chiral dimers2 (Scheme 2), where the extent of participation
in the second equilibrium, forming §- or (2R)-3, strongly
influences the degree of nonlinearity. In the reaction system
of Scheme 2, the enantiomeric purity of the 1-phenylethoxide
is determined simply by the ratio of [g-3] and [(2R)-3] and
then [(29-1] and [(2R)-1], which are dynamically balanced
through the five equilibria: 2@-1 = (252'9-2, 2(2R)-1 <=
(2R2R)-2, (29-1 + (2R)-1 = (2S52R)-2, (29-1 + DMZ +
BzH = (29-3, and (R)-1 + DMZ + BzH = (2R)-3. The

high chirality amplification is realized only when dissociation
of the heterochiral dimer to the racemic catalysts is insignificant.
Therefore, to gain a high degree of nonlinearity, the reaction
conditions must be selected for decreasing the dissociation of
(2S2R)-2.

When the concentrations of DMZ and BzH are lowered, the
mixed-ligand complexes &- and (R)-3 tend to release &-
and (R)-1, which equilibrate with the homochiral and hetero-
chiral dimers. The resulting higher stability of the heterochiral
dimer then increases the relative amount d§{2 to (2R)-1,
thereby enhancing the degree of nonlinearity. For example,
when the reaction using an 8 mM solution ofS[2DAIB in
20% ee was conducted with [DMZF [BzH] = 420 mM, an
ee of only 68% was obtained. However, the ee value was
increased to 80 and 89% by decreasing [DMZ] and [BzH] to
210 and to 84 mM. Figure 5a illustrates the general trend.

Second, increasing the DAIB concentration raises the con-
centrations of the catalyst dimers resulting in a higher chirality
amplification. This is based on the tendency of even the stable
heterochiral dimer to considerably dissociate to the monomers
at lower concentrations. When DMZ and BzH (420 mM each)
were reacted with an 8 mM concentration of DAIB in 20% ee,
the methylation product was obtained in 68% ee as described
above, while the reaction using a 34 mM concentration of DAIB
with the same ee under otherwise identical conditions formed
the adduct in 82% ee (Figure 5a). In a like manner, the ee
values were improved from 82 to 94% by increasing the
concentration of DAIB in 40% ee from 8 to 34 mM (Figure
5a).

Finally, changing the total concentration of the catalyst and
reactants, DAIB, DMZ, and BzH, while keeping their mole
ratios constant, exerts an intricate effect on the nonlinearity
(Figure 6). Thus, when the reaction system with [DAIB (20%
ee)]= 8 mM and [DMZ] = [BzH] = 420 mM was diluted by
a factor of 3 by increasing the amount of solvent, the ee
increased from 68 to 83%. With a 7-fold-diluted system
([DAIB] = 2.7 mM and [DMZ]= [BzH] = 140 mM to [DAIB]
= 0.4 mM and [DMZ] = [BzH] = 21 mM), the eg value
decreased from 83 to 65%. These phenomena originate from
the balance of two opposite concentration effects, [DMZ] and
[BzH] vs [DAIB] on ee.. The 3-fold dilution intensifies the
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Figure 5. Simulation and observation of the nonlinear effects in the
DAIB-promoted enantioselective methylation of benzaldehyde in
toluene at 40C. a: Correlation of gewith eex and concentration of
DMZ and BzH (1:1), [DAIB] = 8 mM; [DMZ] = [BzH] = 84 mM.
O, [DAIB] = 8 mM; [DMZ] = [BzH] = 210 mM. O, [DAIB] = 8
mM; [DMZ] = [BzH] = 420 mM. Simulation conditions, [DAIBE
8 mM; [DMZ] = [BzH] = 0, 84, 210, 336, 420 mM®, [DAIB] = 34
mM; [DMZ] = [BzH] = 420 mM. Simulation conditions, [DAIBE
34 mM; [DMZ] = [BzH] = 420 mM. b: Correlation of, with et
and concentration of DMZ and BzH (1:1}, [(29-DAIB (100% ee)]
=8 mM. ¢, [(£)-DAIB] = 8 mM. A, [DAIB] = 8 mM; [DMZ] =
[BzH] = 420 mM. Simulation conditions, [DAIB 8 mM; [DMZ]
= [BzH] = 84, 168, 252, 336, 420 mM. c: Correlation of with
eexor and concentration of DMZ and BzH (1: M, [(29-DAIB (100%
ee)]= 16 mM. @, [(£)-DAIB = 16 mM. a, [(29-DAIB (50% ee)]=
16 mM. Simulation conditions, [DAIB}E 16 mM; [DMZ] = [BzH]
=84, 168, 252, 336, 420 mM. In all cases, paramet&isy, = 3.0 x
1072 M; Khetero= 1 x 107° M; Kassoc= 2.0 x 10t M2 k=2.5x 107*
min~t, and eg" = 0.95 are used.

Kitamura et al.

fo eep)

o g6 of Sproduct e

Figure 6. Correlation of eg with [DMZ]:[DAIB] or [BzH]:[DAIB]
ratio and [DMZ] and [BzH] in the enantioselective methylation in
toluene at 40C. Ee of (25)-DAIB is fixed to 20%.0, [DAIB] = 0.4
mM, [DMZ] = [BzH] = 21 mM. O, [DAIB] = 2.7 mM, [DMZ] =
[BzH] = 140 mM.O, [DAIB] = 8 mM, [DMZ] = [BzH] = 420 mM.
®, [DAIB] = 16 mM, [DMZ] = [BzH] = 840 mM.®, [DAIB] = 34
mM, [DMZ] = [BzH] = 1680 mM.@®, [DAIB] = 34 mM, [DMZ] =
[BzH] = 420 mM. Simulation conditions, [DMZ]/[DAIB] or [BzH]/
[DAIB] =1, 12.5, 25, 50, 66.7, 106nomo= 3.0 x 1072 M; Khetero=

1 x 10°° M; Kassoc = 2.0 x 10" M2, and e@™ = 0.95. The
experimental dat® and® do not fit with the calculation because of
[DMZ] = [BzH] = 840 mM.

contribution of the unstable homochiral dimer relative to the
heterochiral dimer, increasing thepa@lue. Once the limiting
condition of [DAIB] = 2.7 mM where the homochiral dimer
sufficiently dissociates to the monomer is reached, however,
there is significant dissociation of the stable heterochiral dimer
which decreases the $21:(2R)-1 ratio and in turn lowers the
ee. Figure 6 illustrates that the experimental results fit well
with the simulation curves when [DMZF [BzH] < 840 mM
(standard conditions). This can then be used to find the
conditions for obtaining the highesteealue.

Independent vs Competitive Figures.In some asymmetric
reactions that use partially resolved catalysts, a chiral and an
achiral catalytic system coexist without interaction and work
competitively in the same homogeneous medium. Kagan’s
observations in the Ti-catalyzed asymmetric oxidation of allylic
alcohols or sulfides are typical exampfésHere the ternf is
defined as the relative turnover efficiency of the chiral and
achiral catalyst systems. In such cases, the enantiomeric ratio
of the product, BPg, is determined by eq 16, wherep®e~ is

Ps eg (1+ ee")f + (1 - e )

Pr ee (1—eg™)f+(1—eg,)

(16)

the enantiomeric excess of the product obtained by an enan-
tiomerically pure catalyst and ggis the enantiomeric excess

of the catalyst used. Rearrangement of eq 16 ffoin
combination with ee = (Ps — Pr)/(Ps + Pgr) gives eq 17.

B eg(l— eecm‘)

tot

(17)

We attempted to analyze the enantioselectivity of the orga-
nozinc reaction in this manner. The reaction of DMZ and BzH
(420 mM each) in the presence of DAIB in 20% ee (8 mM)
gave the ee value 68%. This may be interpreted as the
competition of the imaginary chiral and achiral catalytic cycles,
giving the S alcohols in 95% ee and racemic alcohol, respec-
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20 contains (&,2R)-2 as the overwhelmingly major component,
i and at the standard 8 mM concentration, the monomes (2
s and (R)-1 are present only in small quantities, the methylation
A reaction proceeds via the mononiebut not the dinucleag.
< This view in now confirmed by the agreement between the
g 107 & experimentally obtained and calculated values as seen in Figures
ES 5—7. Previously we theorized the direct participation 2f
A reacting with DMZ and/or BzH. The present simulation,
* ﬂ however, excludes such an associative mechanism from con-
S~ o . ; . " .
s © T sideration, at least under standard reaction conditions. Special
Y " S S ! conditions, such as higher concentrations of the catalyst, DMZ,
o v o s e % and BzH!” may require serious consideration of the contribution
time, min of the associative mechanism.
Figure 7. Conversion of the DAIB-Zn-promoted methylation of Degree of Chirality Amplification as a Function of
benzaldehyde in the independent and competitive systems with [DMZ] Conversion. A decrease in [DMZ] and [BzH] and an increase
= [BzH] = 420 mM.0, [(29-DAIB (100% ee)]= 8 mM, v = 1.4 in [DAIB] lead to a higher degree of chirality amplification,

mM min~1. &, [(£)-DAIB] = 8 mM), vo = 0.22 mM mirL. a, [(29-

DAIB (50% ee)]= 16 mM ([(25-DAIB (100% ee)]= [(-)-DAIB — while a limiting value exists when [DMZ] and [BzH] are varied

8 MM, vo = 1.5 mM mir%, The observed ratea] is lower than the with a fixed [DAIB]:[DMZ]:[BzH] ratio. This simulation gives

value expected from the operation of chiral and achiral catalytic cycles €XCellent agreement with the experimental results at the initial
(sum ofd and & given by the broken line). stage of methylation. However, as the reaction proceeds, DMZ

_ o _ ) and BzH are consumed and the product accumulates, thereby
tively, that coexist in a 20:80 ratio and that turn over with & shifting the conditions away from the initial state. In addition,
10:1 relative rate. The competitive figuffe= 10, is, however,  product inhibition becomes nonnegligible at the later stage of
different from the relative rate observed under the independentthe reaction, causing quantitative disagreement. There is a need
conditions; the catalysis using enantiomerically pure DAIB and for caution under such a situation.
the same concentrations is in fact 6.4 times faster than the The reaction performed with [§-DAIB (20% ee)] = 34
reaction with racemic DAIB. With DAIB in 80% ee, the .M and [DMZ] = [BzH] = 420 mM gave §-1-phenylethanol
difference is further enhaljced. The chiral catalyst i_s calculated j, 8204 ee at 5% conversion but in 89% ee at 84% conversion.
to methylate BzH 23.5 times faster than the achiral catalyst Thg jncrease in gecan be understood in terms of a successive
system does. This large difference between the independeniyecrease in [DMZ] and [BzH] (Figure 5a). The overall ee can
and competitive figures (6.4 vs 23.5) indicates that such an e egtimated by the integration of-gfeom time O to timet (for
interpretation is false._ The present system involves the two equations, see Supporting Information). In the highly enanti-
enantiomorphic catalytic cycles occurring at the same turnover ysejective reaction with a high [DAIB], as shown in Figure 8a,
rate (Scheme 2), and the enantiomeric purity of the product i the gpserved gevalues fit well with the calculated ones even
determined simply by the ratio of the concentrations @&){2 at the final stage of the reaction.
and (R)-1 in the ca_talytic s_ystem. '_I'he relative contrik_)u_tion On the other hand, as shown in Figure 8b, when [DAIB (20%
of the SandR catalytic cycle is 5.25 with 20% ee DAIB, giving ee)] was reduced to 8 mM, the reaction became less enantiose-
0, I 0, ’
a 68% ee product, and 32'.3 with 80% ee DAIB to afford th? lective and the observed ee significantly deviates from the
94% ee product. The relative concentration of the monomeric calculated value particularly after the middle stage. This
catalyst is not "“‘?af'y corr_elated with the initial ratio c){ phenomenon is explained qualitatively by assuming the product
and R)-DAIB but is determined by the six parametek$omo inhibition, 1 + %, [CHsZNOR*]4 [5, OR* = (S- or (R)-OCH-
Khetero Kassoe [DAIB], [DMZ], and [BzH]. _ (CHy)CeHs] = 4 and species derived therefront]{CHs-
AnaIyS|s_ .Of the reaction rate also ehmm_ates the p_033|b|I|ty ZnOR*],.15 The product participation is negligible at the initial
of competition between the chiral and achiral catalytic cycles. stage because of the high stability of the tetrameric alkoSide
When the coexistence of independent chiral and achiral (Mmeso) ¢ el as the existence of a large excess of DMZ and BzH
catalytic cycles is assumed, the rate of reaction usigI\B During the course of methylation, however, the decrease of
H 0 1 L
Io?' 50% ee SEQUId Fe trf Sﬁm Of tE_e rat%s hOf the tvx;]o DMZ and BzH is accompanied by the accumulatiorbofAs
lastereomorphic cycles. As shown in Figure 7, however, the consequence, the equilibrium is shifted in the directiod, of
rate of reaction of DMZ and BzH (420 mM each) in the presence and the regeneration 8fis retarded. Thus the increase in £H

of (28).'DAIB in 50.% ee (16 mM; Qac.h. 8 mM of chiral and ZnOR* promotes the dissociation 8f resulting in the reduction
racemic catalyst), indicated hi is significantly less than the of the chirality amplificatiort®

sum of O and < (broken line) expected from the coexistent This process was confirmed By NMR experiments. The

ch|ra[ gnq achiral catalytic cycles. Ins.tead, the obseryed dinuclear structure of stable $2'R)-2 was not affected by the
reactivity is properly analyzed on the basis of the mechanism o
addition of an excess amount 6for DMZ. However, when

of Scheme 2. The rates of reaction with [DMZ] [BzH] = , .
420 mM and [(8)-DAIB (100% ee)|= 8 mM, [(+)-DAIB] =  unstable (329-2 (3 mM) and §-5 (7.5 mM) (1.5 Zn-based
_ ratio) were mixed in toluends, catalyst/product complexts
8 mM, or [DAIB (50% ee)]= 16 mM are calculated to be 1.5, . . : . .
0.32. and 1.6 mM mint. respectivelv. These values aaree well Ve formed in 80% yield based on§2'9-2. The intensities
e ) , 1esp Y- 9 of signals due to two C(2) protons of DAIB, one benzylic proton,

W'th.the exp_?”m?”ta' values. Thus, a buffer_ effect n the and three Zn-methyls—40 °C) suggested that the major
multiple equilibration system suppresses the increase in the

concentration o8 that directly correlates with the reaction rate. (17) Reaction with [DAIB (20% ee)E 34 mM and [DMZ] = [BzH] =
Dissociative vs Associative MechanismThe overall profile 1h680 mM ga(ljve geof 44(% at 100/3) conversion, the value being higher than
i o ; ; the expected 27% ee (Figure 6).
of the organozinc qataly'sw_, is fully Cons'.Stem with the pathway (18) Tetrameric $-methylzinc 1-phenylethoxide slowly catalyzes the
of Scheme 2. Dissociation of the dinuclear gomple)aas reaction of DMZ and BzH. This effect is negligible under the standard
generates the true catalyist Although the heterochiral system  conditions allowing smooth alkylation.
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a 107 homochiral and heterochiral dimerization of the enantiomeric
PP, o o b 4 S catalysts. The expressions make allowance for the mechanistic
80 ® interpretation of the nonlinear effects in the amino alcohol-

promoted enantioselective alkylation of aldehydes. Their valid-
ity has been proven through comparison of computer-simulated
graphs and experimental findings. The chirality amplification
is the consequence of the combination of many structural,
thermodynamic, and kinetic parameters. Most importantly, the
mathematical treatment confirms that the nonlinear phenomena
] observed in the organozinc chemistry originate from the relative
1 N . significance of the enantiomorphic cycles and not from the
60 80 100 competition between diastereomorphic cycles involving the
chiral and achiral catalys#s. In such asymmetric reactions, the
guantitative reproduction of nonlinear effects is achievable only
with identical reaction parameters, particularly concentrations
of the catalyst, reagent, and substrate. Note that the reagent
and substrate concentrations vary significantly in the course of
reaction. The product inhibition might affect the profile as well.
The detailed analysis presented in this paper, together with the
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0] earlier qualitative descriptions of the nonlinear effeéts®
: provides a logical basis for understanding the molecular
20" mechanism of a range of chemical nonlinear phenoniéna.
G} Experimental Section
o 2 4; Convﬁ: 80 100 Graphical expression of the mathematical equations in Figures 1, 2,

i ) ) 4,5, 6, and 8 was aided by the Mathematica program on an Apple
Figure 8. The ee conversion curve in the DAIB-promoted enanti-  Macintosh computer or a Silicon Graphics computer. The key

oselective methylation of benzaldehyde in toluene at@a: [(29- parametersknomo for the dissociation of (82'S)-2 to (29-1 andKnetero
DAIB (20% ee)]= 34 mM, [DMZ] = [BzH] = 420 mM. b: [(Z)- for the dissociation of (82'R)-2 to (29-1 and (R)-1 were taken from
DAIB (20% ee)]= 8 mM, [DMZ] = [BzH] = 420 mM. Simulation an earlier work. The DAIB-promoted asymmetric methylation of BzH
conditions,Khomo = 3.0 x 1072 M; Kpetero= 1 x 1075 M; Kassoc= 2.0 with DMZ was carried out in toluene at 4@C. The procedures for

x 10" M2 and eg"* = 0.95. Line, simulation. Dot, experimental  the chirality amplification experiments, kinetic studies, NMR studies,
result. molecular weight determination, and purification of materials are

product was [(8)-1],[(9-CH:ZnOR*] with a six-membered essentially the same as those repofttdCommercial DMZ (Toyo
Zn303 structure'® Upon the addition of 10 molar equiv of ~ Stauffer Chemical Co., Lot No. DMZ-812) was distilled atZ5and
DMZ, the amounts of the new products were reduced to 30% at 0.01 mmHg into a Schlenk tube. The purified DMZ (9.76 g, 0.102
i ; ; mol) was diluted with toluene to a total volume of 30 mL under an
?nrilgir?;\gsazg)(-zz) :njl%nﬁlzpiﬁtfrf-il\(l)héz_gaaieb(;er?];k;tralgﬁg byargon stream. The resulting 3.41 M toluene solution of DMZ in a
Reaction of (£,2'9-2 and @)-5%° g.ave similar diastereomeric. Schienk tube equipped with a Young tap was kept-80 °C in the

- 9 . C . dark. Solution that had been stored over 3 weeks was not used for
[(29)-1]n[CH3ZNOR*], in 85% combined yield* Here, unlike reactions® The crude -5 was obtained as a white solid by

the enantiopure system, addition of 10 molar equiv of DMZ  evaporating the volatiles from the mixture of t1§-DAIB-promoted
reduced the amount of these complexes to only 55%. This reaction [§)-DAIB (111 mg, 0.564 mmol), DMZ (2.87 M toluene

difference reflects the relative stabilities d){5 and &)-5. solution, 10.8 mL, 31.1 mmol), BzH (3.00 g, 28.2 mmol), and hexane
Cryoscopic molecular weight determination showed that the (20 mL), 380 h]. Recrystallization from hexane (5 mL) at® gave
aggregation state of§[-5 is 3.8, while that of £)-5 is 3.222 pure §)-5 as colorless platelet crystals, mp X0BLO°C. Racemic

indicating the lower stability of£)-5 compared to homochiral ~ Was pl))rgpﬁred frog a E;"“t_iond&_lt‘hl'p{‘%gy"\jtgi/l”zo' (Zlgt-?‘ m_g,h0.237
o : mmol) in hexane (2 mL) mixed with a 1. solution in hexane
(Sr)ogijct-r?r;iilt?ilggrfrefnlg%?{hgf r?c())tg(ta)lneargfp;:itrz (f:r%uniethe (0.15 mL, 0.28 mmol) at OC under argon atmosphere. After 24 h,
P . P . . P . . all volatiles were removed under vacuum to give)5 (41.2 mg) as
calculated values in the less enantioselective reaction (Figure,, o,
8b). A mixture of (529-2, (9-5, and DMZ in a 1:10:5 Zn The conversion was confirmed by GC using a Shimadzu GC-14A
ratio, which approximates the conditions-e0% conversion,  gas chromatographThe conditions (capillary column, GL Science
gave the catalyst/product complex #50% yield based on  OV-10.25 mmx 50 m; column temperature, 9C; rate of temperature
(252'9-2. Thus, since the product inhibition becomes non- increase, 2C min™%; carrier gas, He; flow rate, 50 mL mify split
negligible as the reaction proceeds, care must be taken toratio, 40:1) afforded good geparation pf BzH and 1-phenylethanol with
evaluate for the nonlinear effect at the late stage of reaction. tr values of 8.9 and 11.0 min, respectively. The ee of 1-phenylethanol
) was determined by HPLC using a Shimadzu LC-6A model under the
Conclusion following conditions’ column, Daicel Co. Chiralcel OB; eluent, 100:2
General equations have been developed for the quantitativehexane/2-propanol; flow rate, 1.0 mL min detection, 254-nm light;

treatment of nonlinear effects that result from the reversible ' %fht_helspi\sonlw_?r, 32-6 I;ni”tR_Of thteR isom;f;, 1t8-9f mgl‘\)lz g
(19) van der Schaaf, P. A.; Wissing, E.; Boersma, J.; Smeets, W. J. J.; Iral Amplification Experiments. (a) Effect of [ ] an

Spek, A. L.; van Koten, GOrganometallics1993 12, 3624 [BzH] with a Fixed [DAIB]. [DAIB] was setto 8 mM and all reactions
(20) Tetrameric£)-5 consists of §)- and R)-methylzinc 1-phenylethox- ~ Were stopped early. The data for 84, 210, and 420 mM DMZ and
ide in a statistical ratio. BzH are listed in the order, % ee of§2DAIB, reaction time (min),

(21) The*H NMR spectrum was more complicated than that of the 9% conversion, and % ee o8f-1-phenylethanol. 84 mM: (20, 180,
homochiral system.

(22) Boersma, JComprehensie Organometallic Chemistrywilkinson, (23) For a chemical support, see: Kitamura, M.; Oka, H.; Noyori, R.
G.; Ed.; Pergamon Press: New York, 1982; Chapter 16. Tetrahedronin press.
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11.2, 88.9), (40, 180, 26.6, 88.7), (60, 180, 30.6, 92.3), (80, 120, 26.3,

95.9), (100, 100, 25.4, 95.7). 210 mM: (20, 160, 11.8, 80.1), (40,
180, 23.0, 93.3), (60, 180, 29.7, 92.5), (80, 160, 23.8, 92.6), (100, 75,
27.9, 94.9). 420 mM: (20, 120, 6.3, 67.6), (40, 80, 6.0, 82.2), (60,
80, 17.6, 89.8), (80, 40, 13.6, 93.9), (100, 30, 17.2, 94.5).

(b) Effect of [DAIB] with a Fixed [DMZ] and [BzH]. [DMZ]
and [BzH] were set to 420 mM. For [DAIB (20% eej 8 mM and
[DAIB (40% ee)]= 8 mM, the data from experiment a was used. For
[DAIB] = 34 mM the data are listed in the order of reaction time (min),
% conversion, and % ee 08)-1-phenylethanol. (@-DAIB in 20%
ee: (20, 5.1, 81.6). @-DAIB in 40% ee: (20, 16.0, 94.1).

(c) Effect of Total Concentration with a Fixed [DAIB]:[DMZ]:

[BzH] Ratio. The ee of (&)-DAIB was set to 20%. The collected
data are listed in the order of [DAIB] (mM), [DMZ] and [BzH] (mM),
reaction time (min), % conversion, and % ee 8f-{-phenylethanol.
[DAIB]:[DMZ]:[BzH] = 1:50:50: (0.4, 21, 140, 2.3, 64.6), (2.7, 140,
180, 5.0, 83.1), (16, 840, 30, 3.7, 56.5), (34, 1680, 30, 10.0, 44.3).
[DAIB]:[DMZ]:[BzH] = 1:12.5:12.5: (34, 420, 20, 5.1, 81.6).

(d) Effect of the Conversion on the Degree of Chirality Ampli-
fication. The data are listed in the order of reaction time (min), %
conversion, and % ee o$)f-1-phenylethanol. [DAIB (20% ee} 34
mM and [DMZ] = [BzH] = 420 mM: (20, 5.1, 81.6), (40, 11.6, 85.8),
(85, 22.1, 85.2), (175, 38.3, 87.1), (320, 54.1, 88.3), (495, 66.0, 88.7),
(765, 72.2, 88.6), (1400, 79.3, 89.7), (3305, 84.5, 89.0). [DAIB (20%
ee)]=8 mM and [DMZ] = [BzH] = 420 mM: (120, 6.3, 67.6), (240,
14.5, 68.3), (480, 25.5, 68.3), (910, 42.2, 69.2), (1530, 59.2, 70.1),
(2840, 75.4, 69.1), (20000, 96.8, 66.4).

Kinetic Studies. (a)voto ([DMZ] and [BzH]) Relationship Using
Optically Pure DAIB. The kinetic experiments using 8 mM 2
DAIB in 100% ee were conducted by varying [DMZ] or [BzH] over a
range of 42-840 mM with a fixed 1:1 DMZ to BzH ratio. The time
conversion relationship and the initial rates are listed for each
concentration of DMZ and BzH. 42 mM: (20, 4.0), (40, 11.5), (60,
15.8), (80, 22.1), (100, 25.3), (120, 30.5); 0.28% mir 0.12 mM
min~L. 84 mM: (20, 4.7), (40, 13.5), (60, 18.5), (80, 27.7), (100, 32.1),
(120, 34.4); 0.34% min* = 0.29 mM min. 126 mM: (20, 6.0),
(40, 15.0), (60, 23.6), (80, 30.0), (100, 36.2), (120, 41.7); 0.38% Min
= 0.48 mM mirrt. 168 mM: (20, 7.1), (40, 14.5), (60, 22.8), (80,
29.0), (100, 35.0), (120, 40.6); 0.39% mir= 0.65 mM mirrt. 252
mM: (20, 7.5), (40, 17.1), (60, 24.4), (80, 32.2), (100, 37.8), (120,
43.6); 0.42% min' = 1.1 mM min't. 336 mM: (20, 9.0), (40, 16.9),
(60, 25.8), (80, 32.1), (100, 40.0), (120, 45.3); 0.40% Thirr 1.4
mM min~t. 420 mM: (10, 3.5), (20, 6.6), (30, 10.8), (40, 13.2), (50,
16.9), (60, 20.0); 0.33% min = 1.4 mM mirm®. 630 mM: (20, 6.1),
(40, 13.5), (60, 19.9), (80, 25.5), (100, 31.9), (120, 37.3); 0.30% Min
=1.9mM mirrt. 840 mM: (20, 4.5), (40, 10.2), (60, 15.3), (80, 20.3),
(100, 25.0), (120, 30.2); 0.24% mih= 2.0 mM min. These data
was used to determine the rate constaand the association constant
KESSO(-:

(b) vo to ([DMZ] and [BzH]) Relation Using Racemic DAIB. All
the collected time conversion data obtained with 8 mM af)-DAIB
by varying [DMZ] or [BzH] over a range of 84420 mM with a fixed
1:1 DMZ to BzH ratio are listed. 84 mM: (120, 1.7), (180, 2.1), (240,
2.9), (300, 3.9), (360, 4.5); 0.012% min= 0.010 mM mirr*. 168
mM: (60, 1.9), (120, 3.5), (180, 5.4), (240, 7.4), (300, 8.5), (360, 11.7);
0.031% min! = 0.052 mM mint. 252 mM: (60, 2.9), (120, 5.2),
(180, 8.1), (240, 10.8); 0.045% mih= 0.11 mM minm'. 336 mM:
(60, 2.9), (120, 5.8), (180, 8.5), (240, 10.5); 0.047% Thirr 0.16
mM min~% 420 mM: (10, 0.58), (20, 1.2), (30, 1.7), (40, 2.5), (50,
3.1), (60, 3.8), (120, 7.1), (180, 9.8), (240, 12.5), (300, 16.1); 0.053%
min~! = 0.22 mM mirr?,

(c) Relation betweenv,, eea, and [DMZ] and [BzH]. The
correlation betweem, and ee of (8)-DAIB was deduced from the
results obtained under the following conditions: 8 mMMNE(DAIB in
0, 20, 40, 60, 80, and 100% ee; [DMZ [BzH] = 420 mM. The
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original data for the time conversion relationship and the initial rates
are listed. 0% ee: (10, 0.58), (20, 1.2), (30, 1.7), (40, 2.5), (50, 3.1),
(60, 3.8), (120, 7.1), (180, 9.8), (240, 12.5), (300, 16.1); 0.053% Min
= 0.22 mM mirrt. 20% ee: (60, 4.0), (120, 8.5), (180, 13.4), (240,
17.5), (300, 21.3), (360, 24.5), (420, 26.5); 0.074% thir 0.31 mM
min~1. 40% ee: (60, 8.1), (120, 16.6), (180, 25.1), (240, 32.2), (300,
37.6), (360, 41.2); 0.14% mih = 0.59 mM mirt. 60% ee: (40,
8.4), (80, 16.9), (120, 25.1), (160, 32.9), (200, 38.9), (240, 45.0); 0.21%
min~! = 0.88 mM mirt. 80% ee: (20, 6.1), (40, 12.2), (60, 18.9),
(80, 24.6), (100, 29.8), (120, 37.4); 0.32% min= 1.3 mM min ™.
100% ee: (10, 3.5), (20, 6.6), (30, 10.8), (40, 13.2), (50, 16.9), (60,
20.0); 0.33% min' = 1.4 mM min ™.

The correlation betweer and ee of (2)-DAIB with [DAIB] = 16
mM was deduced from the results obtained under the following
conditions: (&)-DAIB in 0, 50, and 100% ee; [DMZF [BzH] = 84,
252, and 420 mM. The original data for the time-conversion relation-
ship and the initial rates are listed. [DMZ [BzH] = 84 mM: 0%
ee: (120, 1.9), (180, 2.7), (240, 4.6), (300, 5.3), (360, 5.9); 0.017%
min~! = 0.014 mM mirr®. 50% ee: (15, 4.6), (30, 8.0), (45, 8.2),
(60, 15.9), (75, 19.6), (90, 22.2); 0.25% min= 0.21 mM mirr%. 100%
ee: (15, 7.2), (30, 13.7), (45, 21.3), (60, 26.6), (75, 29.0), (90, 34.6);
0.38% min® = 0.32 mM min’. [DMZ] = [BzH] = 252 mM: 0%
ee: (80, 3.2), (120, 4.6), (160, 5.0), (200, 8.5), (240, 12.7); 0.049%
min~! = 0.12 mM mirr®. 50% ee: (15, 5.3), (30, 11.3), (45, 16.8),
(60, 23.5), (75, 28.9), (90, 32.3); 0.37% min= 0.94 mM mirm*. 100%
ee: (10, 5.2), (25, 15.0), (35, 20.3), (45, 26.3), (55, 34.4), (70, 41.8);
0.61% min! = 1.5 mM minl. [DMZ] = [BzH] = 420 mM: 0% ee:
(40, 1.7), (80, 4.7), (120, 6.9), (160, 12.2), (200, 13.6), (240, 18.0);
0.076% min! = 0.32 mM mirrt. 50% ee: (10, 3.2), (20, 6.8), (30,
10.6), (40, 13.5), (60, 19.6), (80, 25.3), (100, 30.2), (120, 34.6), (180,
45.4); 0.35% min! = 1.5 mM minm. 100% ee: (10, 6.8), (20, 13.8),
(30, 20.5), (40, 26.2), (50, 32.3), (60, 38.8); 0.64% mir 2.7 mM
min~t,

Determination of Aggregation States of 5. The molecular weights
of (9-5 and &)-5%° were determined by depression of the freezing
point in benzene solution according to the reported procedute.
standard freezing point depression apparatus was used, equipped with
a sidearm through which the cell could be connected to a dual-manifold
vacuum/argon system. Molecular weight was calculated in each case
from AT = Kiw/MW, whereAT is the depression (degreek)}, is the
molar depression of the solvemns,is the weight (g) of solute in 1000
g of solvent, and MW is molecular weight. TH& value of this
apparatus was calculated to be 5.16 on the basis of the depression of
a benzene (10.53 g) solution by naphthalene (11B6%.6 mg). The
averaged\T values for §-5 and @&)-5 obtained from four runs were
0.318 and 0.37 (0.350.39), respectively. The molecular weights of
(9-5 and @)-5 were calculated to be 759 and 647 (6&90),
indicating the aggregation state to be 3.8 and 3.2, respectively.
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