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A simple model for chiral amplification in the
aminoalcohol-catalyzed reaction of aldehydes with dialkylzinc
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A simple explanation is offered for the recently discovered chiral amplification
in the alkylation reaction of benzaldehyde by means of dialkylzinc, catalyzed by
(dimethylamino)isoborneol. The model presentd is similar to, yet somewhat simpler
than, the model put forward by Noyori et al.
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The alkylation of aldehydes by means of dialkylzinc is used for obtaining
chiral alcohols, see Fig. 1.

The first step of this reaction proceeds only if some aminoalcohol is present
as a catalyst. It was observed some time ago! that if a chiral aminoalcohol is used
as the catalyst, then the enantiomeric excess? (ee) of the product can significantly
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exceed the enantiomeric excess of the catalyst itself. (A characteristic result is the
following?: If racemic, 3-exo-(dimethylamino)isoborneol (DAIB, see Fig. 1), is
used as the catalyst in the reaction of benzaldehyde with diethylzinc, racemic
1-phenyl-1-propanol is obtained. If enantiomerically pure (25)-DAIB is used in the
same reaction, then the product is almost enantiomerically pure (S)-1-phenyl-1-
propanol, ee = 98%. If, however, a mixture of (25)- and (2R)-DAIB is employed, in
which the S-form is only in slight excess, ee = 15%, the enantiomeric purity of the
resulting alcohol is nevertheless very high, ee = 95%). Such phenomena, called
chiral amplification, have been observed in quite a few reactions that proceed with
the participation of chiral catalysts.*

In the case of the reaction of benzaldehyde with dimethylzinc, catalyzed by
DAIB, it could be proven? that dimethylzinc reacts with (2R)-DAIB and (25)-DAIB,
eliminating methane and forming a tricoordinated methylzine (R)- or (S)-aminoalk-
oxide, which happen to be the active forms of the catalyst. In the following these
enantiomeric methylzinc aminoalkoxides are denoted by R and S and their concen-
tration by [R] and [S], respectively. It has been shown’ that under the conditions of
the reaction, R and § partially dimerize, forming a pair of enantiomers Ry and Sy,
as well as a meso-diastercoisomer RS. The species R, S, Ry, S» and RS are in
equilibrium:

R[S _ M
[ RZ] [ SZ] = Khomo
[RI[S] _ (2)
[ R AS] = Khetero

The experimental values of Khomo and Khetero are® 3x1072 and 1><10*5,
respectively. Thus, the heterochiral dimer (RS) is significantly more stable than the
homochiral ones (R and $?).

It is reasonable to expect that the situation is also similar in other cases of
aminoalcohol-catalyzed reactions of aldehydes with dialkylzinc.

A quantitative mathematical model explaining chiral amplification in the
chemical reactions of the above described type has recently been elaborated by

Noyori and coworkers.? Here a somewhat simpler approach to the same problem is
put forward.

ASSUMPTIONS OF THE MODEL

The reaction mechanism and the reaction conditions described below are the
same as those addopted in the work by Noyori at al.?

The amounts of the two enantiomers of the catalyst added to the system (e.g.
(2R)- and (25)-DAIB) are denoted by Rp and Sp. Thus, the respective initial
enantiomeric ¢xcess is
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Ro —S0 3)
Ro + So

€€ini =

Without loss of generality, it will be assumed that Rg = .S0.

Following the notation of Noyori ez al.3 the substrate (e.g., benzaldehyde) and
the reactant (e.g., dimethylzinc) are denoted by Sub and Rea and their concentrations
by [Sub] and [Red], respectively. Both [Sub] and [Rea] are supposed to be much
greater than Rg and Sp and, as usual in chemical kinetics, their changes in time are
neglected. The entire amount of the catalyst reacts with Rea, yielding the active
forms R and S, as well as their inactive dimers Ry, S and RS. Therefore,

Ro=[R] +2[R2] +[RS] 4)
So=1[S] +2[$2] +[RS] (5)
The enantiomeric excess of the active form of the catalyst is
_[RI-[9] (6)
€€act.cat [R] + [S]

The active forms of the catalyst react with the substrate and the reactant,
forming transient complexes denoted by’ R-Sub-Rea and S-Sub-Rea. These are in
equilibrium with Sub and Rea, thus obeying

[R-Sub—Rea]  [S—Sub—Red Rl
[R] [Sub] [Red] [S] [Sull [Red ~ >

Finally the complexes decompose in irreversible first order reactions:

R-Sub-Rea — R+ (R)Prod )]
S-Sub-Rea — S+ (S)Prod ©)

with (R)Prod and (S)Prod standing for the two enantiomers of the product (e.g., of
1-phenyl-1-propanol). For the sake of simplicity, it is assumed that the enantiomeric
selectivity of the reactions (8) and (9) is 100%, i.e., that no (S)Prod is formed from
R-Sub-Rea and no (R)Prod from S-Rea-Sub.

The enantiomeric excess of the products is

vor . — L(R) Prod] = [(S) Prod] (10)
% 1(R) Prod] +[(S) Prod]

Now, because of the equilibria (7) and the fact that the concentrations of [R],
[Sub] and [Rea] are time-independent, the rates of the reactions (8) and (9) are also
time-independent. Therefore, [(R)Prod] and [(S)Prod] linearly increase with time
and are proportionsl to [R-Sub-Rea] and [S-Sub-Rea], respectively. Consequently,
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_ [R-Sub-Red - [S-Sub-Red (11)
" [R-Sub-Red + [S-Sub-Red

_ KassodR] [Red [Suf — Kassod S [Red [Sub
Kassoc[R [Rea} [Sut] + Kassoc[ﬂ [Rea} [Sut]

_[RI-[9 _
= RI+[S = €€act.cat

Hence, the enantiomeric excess of the product is the same as the enantiomeric
excess of the active form of the catalyst. This latter value may, however, signfiicantly
differ from the enantiomeric excess of the catalyst added to the system. This is shown
in the subsequent section.

€€prod

THE MODEL

Denote for brevity 2/Khomo and 1/Khetero by K1 nd K3, respectively. Then by
combining Egs. (4) and (5) with (1) and (2) one obtains

Ro=[R] +K1 [R]*+ K2 [R] [S] (12)
So =[] + K1 [S]> + K2 [R][S] (13)
which on substitution back into Eq. (3) gives
com  _ [RI-[S + K1 (R*- 99

[R] +[S + K1 ([RI*+ [S?) +2K2R] [T
__ [R-[9+Ki (R -[9) (R +[S)
[R] +[S + K1 ([R] +[9)* + 2Kz - K1) [R] [
_R-19, 1+Ka (R +[9)
[Rl+[S 1+K1 (Rl +[9)+ 2Kz~ K1) [RI [S/([R] +[S)
= €&ct.ca LK1 (R +[5)
1+K1 ([R] +[9) + 2(K2 - K1) [R [S/(R] +[F)

This immediately implies
1tKa ([R] +[9) + 2(K2 — K1) [RI[S/([R] +[S])
1+K1([R +[9)

O, 2Ke—K) [RISR +[S)D
ee”'%“ 1+Ki(R+[S) -

€Cact.cat = e@n
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Bearing in mind Eq. (11), one arrives at the final expression, relating the initial
enantiomeric excesses of the catalyst with the enantiomeric excess of the product:

— oq: 4 AK2=K1) [RI [SA[R] +[S)O (14)
€€prod = €8ni §.+ 1+ K (R +[9) E

DISCUSSION

From a formal point of view, the problem encountered in this work is the
finding of the mathematical dependence of the enantiomeric excess of the products
eeprod, Eq. (10), on the initial enantiomeric excess eeini, Eq. (3). In principle, this
can be achieved by solving the system of Egs. (12)—(13) in the unknowns [R] and
[S], by substituting these solutions into Eq. (6) and by taking into account relation
(11). Unfortunately, finding explicit expressions for the solutions of (12)—(13) is not
a feasible mathematical task. Therefore, a different, less strainghtfoward strategy is
required. The approach elaborated in this work is based on Eq. (14).

The terms [R][S]/([R] +[S]) and 1 + K1 ([R] +[S]), occurring of the right-hand
side of Eq. (14), are necessarily positive-valued. Therefore, from Eq. (14), one can

immediately see that chiral amplification (i.e., eeprod = eeini) will occur if, and only
if, K7 > K, that is whenever

Khomo > 2 Khetero (15)

The measured values of Khomo and Khetero (€€ above) satisfy well condition
(15).

If K7 < Kj, then chiral attenuation is to be expected, the enantiomeric excess
of the product is smaller than the initial enantiomeric excess of the catalyst. The
critical case is K» = K7 when the product has the same enantiomeric excess as the
added catalyst.

In any satisfactory model of chiral amplification the following two boundary
conditions must be obeyed:

(a) if eeinj = 0 then eeprod = 0, and

(b) if eejni = 1 then eeprod = 1.

Indeed, if eejni = 0 then by Eq. (3), Ro = So. Then the difference of Eqs. (12)
and (13) yields ([R]) — [S]) (1+K1([R]+[S])) = 0 implying [R] — [S] = 0. Then from
Eq. (6) one gets eeact.cat = 0 which by Eq. (11) results in eeprod = 0.

If, in turn, eeini = 1 then by Eq. (3), So = 0. Then from Eq. (13),
[SI(1+K 1 [S]+[K2] [R]) = 0 implying [S] = 0. Then from Eq. (6) one gets eeact.cat =
1. Condition eeprod = 1 follows from relation (11).

Two further limit cases deserve to be considered.
Case 1: the heterochiral dimer RS is significantly more stable than the
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homochiral dimers Ry and S2; K2 — o0, Then, assuming R > So, the entire amount of
the S-catalyst will be turned into the inactive heterochiral dimer. The remaining active
form of the catalyst will be the pure R-enantiomer and, consequently, eeprod = 1.

Case 2: the heterochiral dimer RS is significantly less stable than the homo-
chiral dimers Ry and $2; K» — 0. Then, by using Eqs. (1) and (11),

1) e T e ——

Subcase 2a: the homochiral dimers are also very unstable; Khomo — O.
Then,

_VRy —VSp
€€prod ?/1_20 +VS()

Subcase 2b: the homochiral dimers are very stable; Khomo — % Then, eeprod
= €€ijni.

U 3 B O [

JEJHOCTABHU MOJIEJI 3A XUPAJTHY AMINNIMO®UKALINTY Y PEAKLIIN AIAEXWUTA
CA TUATKWILVHKOM, KATAIIM30BAHOJ AMMHOAJIKOXOJIOM

MBAHTYTMAH

Ipupoodno-maitiemaitivuxu gpaxyaitieini, Ynusepauiieiu y Kpazyjesuy, Kpazyjesa

IIpenyioxkeHo je jeHOCTaBHO OO0jalllkhehe HEJJaBHO OTKPUBEHE XWpAJHE aMIUTU(H-
KallFje y peaknuju ajJKWIoBama GeH3aIIexIua moMohy MUaJKWINMHKA, KaTaTu30BaHoj (u-
METHUIIaMIHO )u3000pHeooM. Hatr mMopen je cimuan Mopfeny Koju cy paspapunu Nojori u
capajiHUIM, Majia je Off ’bUXOBOT HEITO jeJHOCTABHH]H.

(ITpumibeno 2. mapra 1999)
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