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Abstract: 3-exo-(Dimethylamino)isoborneol efficiently promotes the asymmetric addition of
dialkylzincs to aldehydes. In order to characterize the catalytic organozinc species, relative
reactivities of various substituted benzaldehydes and organozincs have been examined under
enantiopure and racemic conditions. The relative rates are not affected by the enantiomeric purity of
the amino alcohol. The Hammett plots of methylation of p-substituted benzaldehydes gave a p
value of +1.2. Methylation of o-methylbenzaldehyde is slower than that of benzaldehyde by a factor
of 2.3. Relative reactivities of (CH3)2Zn, (C2Hs)72Zn, and (n-C4Hg)7Zn with benzaldehyde were
1:21:8. The results strongly support the mechanism involving a monomeric alkylzinc
aminoalkoxide as catalyst. © 1999 Elsevier Science Ltd. All rights reserved.

1. BACKGROUND

In the presence of a small amount of (25)- or (2R)-3-exo-(dimethylamino)isoborneol [(25)- or (2R)-DAIB],
dialkylzincs react with aldehydes in toluene to give after aqueous workup the corresponding secondary
alcohols in high ee.! The most intriguing phenomenon in this asymmetric catalysis is the nonlinear
relationship between the enantiomeric purity of the chiral source, DAIB, and that of the alcoholic products.2-6
For example, methylation of benzaldehyde with (25)-DAIB in 20% ee produces (S)-1-phenylethanol in 88%
ee,’ a value close to the 95% ee obtained with enantiomerically pure (25)-DAIB. In addition, the reaction rate
is significantly influenced by the enantiomeric purity of DAIB; the methylation catalyzed by enanatiomerically
pure DAIB is significantly faster than the reaction using the racemic amino alcohol.” Qur earlier structural
study elucidated that (25)- or (2R)-DAIB reacts with dimethylzinc by elimination of methane to produce the
tricoordinate methylzinc aminoalkoxide, S or R, which forms dimeric structures in a reversible manner.8-10
Homochiral dimerization leads to the chiral dimers, S-S and R-R, while the heterochiral interaction forms the
meso dinuclear complex, S—R. The asymmetric catalysis has been thought to involve the monomer § or R
acting as a bifunctional catalyst.!-13 The Zn atom provides a Lewis-acidic site which accepts an aldehyde
substrate, while the oxygen is a basic center that interacts with a dialkylzinc. Thus alkylation would proceed

¥ Dedicated to the memory of Professor Sir Derek Barton who made an outstanding contribution to the development of Organic
Chemistry.

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
PII: S0040-4020(98)01167-3



3606 M. Kitamura et al. / Tetrahedron 55 (1999) 3605-3614

via a ternary complex of S (or R), aldehyde, and dialkylzinc.!!~13 The chirality amplification effect has been
interpreted to be a result of competition of the enantiomorphic S and R catalytic cycles as shown schematically
in Figure 1, where § leads to the S-enriched product and R gives the R isomer preferentially. The far higher
stability of S—~R compared to S-S or R—R would result in a marked amplification of the chirality as well as
making the rate dependent on the enantiomeric purity of DAIB.14 However, there is an alternative possibility.
As illustrated in Figure 2, the nonlinear phenomena may originate from the competition of the
diastereomorphic catalytic cycles, S-S or R-R cycle vs S-R cycle.!5:16 The dimeric Zn complexes might
directly interact with benzaldehyde and then dialkylzinc, or vice versa, to enter into the catalytic cycle.

The differentiation of the monomer and dimer mechanisms has remained difficult despite extensive
structural studies on the dinuclear Zn complexes using cryoscopic and vapor pressure osmometric molecular
weight determination, 19 calorimetric study, !0 dynamic NMR, X-ray crystallographic analysis,8.9.14 and MO
calculations.!! The dissociation constants of S-S and S-R differ significantly, Knomo = (3.0 £ 1.0) x 10-2
M vs Khetero = 1 x 10-3 M (toluene, 40 °C). Thus, in a 10 mM toluene solution, ca. 60% of S-S exists as
monomer S, while only 3% of S-R dissociates to the racemic monomers, S + R, although the dissociation of
the dimers is facilitated by the addition of dimethylzinc or benzaldehyde which shift the equilibrium. As shown
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by NMR analysis, the dimeric structure of S-S is readily ruptured by the addition of dimethylzinc or
benzaldehyde, while the spectrum of S—-R does not change with the addition of the reagent and/or substrate.
Saturation-transfer experiments revealed the rate constant of dissociation of S—R to be 1.7 x 10-1 s-1. This
value is two orders of magnitude higher than the constant of the rate-limiting alkyl -migration from the
S/dimethyzinc/aldehyde mixed-ligand complex in the (25)-DAIB-promoted methylation, 4.2 x 10-3 s~1. The
kinetic profiles of the reactions with (25)- and (+)-DAIB are different. In the reaction using DAIB in 100% ee,
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Figure 1. Monomer mechanism.
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the rate is readily maximized by increasing the concentrations of dimethylzinc and benzaldehyde.8 On the
other hand, the reaction with racemic DAIB does not reach saturation kinetics even with high concentrations of
the reagent and substrate. Thus, stable S-R does liberate monomeric S and R under standard catalytic
conditions but the contribution of the dinuclear complex prior to dissociation is still a possibility.

Since the earlier investigations did not clearly distinguish between the two mechanisms, we intended to
solve this problem by a purely chemical means.

2. RESULTS AND DISCUSSION

Enantiomeric S and R have the same atomic constituent, connectivity, and spatial arrangement. If the
monomer is the true catalyst as shown in Figure 1, the relative reactivities of different substituted
benzaldehydes and different dialkylzincs should be independent of whether the DAIB auxiliary is
enantiomerically pure or racemic. On the other hand, when diastereomeric S-S (or R—R) and S—R directly
participate in the step associated with the turnover rate of catalysis (Figure 2), relative reactivities of the
different aldehydes or diorganozincs would be strongly affected by the enantiomeric purity of DAIB. A
similar trend is expected when the two mechanisms coexist in the catalytic reaction or if there is a mechanistic
change between the reactions promoted by (25)- and (+)-DAIB. We here present experimental support for the
monomer mechanism of Figure 1.

First, we examined the relative reactivities of benzaldehyde (1a) and its derivatives 1b—e possessing
different ring substituents. The reaction was conducted using a 1:1 mixture of benzaldehyde and a para-
substituted benzaldehyde (each 210 mM), dimethylzinc (420 mM), and (25)-DAIB (8 mM) in toluene at 40 °C.
The methylation was interrupted at <20% conversion and aliquots were analyzed by GC and/or HPLC. As
illustrated in Table 1, the competitive experiments revealed that the presence of an electron-withdrawing group
at the para position increases the reactivity of aldehydes. The p-CF3 derivative 1b is 6 times more reactive
than parent benzaldehyde 1a, while the reactivity of the p-OCH3 derivative 1e is about half of 1a. The
Hammett plot using the standard 6p constants for the substituent parameters exhibits a linear free-energy
relationship with a p value of +1.2 (Figure 3a). The presence of electron-withdrawing substituents at the para
position tends to increase the enantioselectivity, ranging from 86% ee (p-OCH3) to 96% ee (p-CF3) (Table 1).
When racemic DAIB was used as an auxiliary, under otherwise identical conditions, the reaction became ca. 6
times slower compared to the reaction using pure (25)-DAIB. However the relative reactivities of la—e
remained unchanged (Table 1), the p value being +1.2 as shown in Figure 3b.
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Table 1. Reactivity and Stereoselectivity in the DAIB-Promoted Methylation of

Benzaldehydes
Xin % ee of % ee of
p-XCegH4CHO (25)-DAIB Vox/VoH product
CF; 100 6.0 96
0 5.7 —
Cl 100 2.4 94
0 2.5 —
H 100 1.0 95
0 1.0 —
CHj 100 0.90 94
0 0.89 —
OCH3 100 0.55 88
0 0.57 —
a b
1 1
075 p=12,r=0.99 | p=12,r=099
. CF, 075 CF,
/\S 054 / ;g 05 /d/
E 0.254 c § 0.25 Ve a
=] (= 4
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Figure 3. Hammett plots for the DAIB-promoted methylation of benzaldehydes 1a—e.
a: the initial rate ratio/op relation with (25)-DAIB in 100% ee. b: the initial rate
ratio/op relation with (+)-DAIB.

The extent of steric effect is also identical in reactions using (25)-DAIB and (+)-DAIB. When dimethylzinc
(420 mM) was subjected to a reaction with a 1:1 mixture of benzaldehyde (1a) and the ortho-methylated
derivative 1f in the presence of DAIB (8 mM) in toluene at 40 °C, 2a and 2f were obtained in a ratio of 1:0.43
regardless of the enantiomeric purity of DAIB, either 100% ee or 0%ee. These investigations ofthe electronic and
steric factors indicate the operation of a single, common mechanism involving the monomeric catalyst S or R.
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The relative reactivities of dimethylzinc, diethylzinc, and di-n-butylzinc were then compared under
enantiopure and racemic conditions. An 8 mM DAIB solution in toluene was first treated with R12Zn (210
mM) and subsequently a different diorganozinc R2;Zn (210 mM) and benzaldehyde (1a) (420 mM) were
added. The mixture was kept at 40 °C, hydrolyzed, and analyzed by GC. Table 2 summarizes the ratio of the
R!- and R2-products of these experiments. Regardless of the enantiomeric purity of DAIB, 100% ee or 0%
ee, a similar reactivity ratio, CH3:CaHs:n-C4Hg = 1:21:8, was observed.8 The order of addition of the two
organozincs did not affect the product ratio.

1. DAIB
H . Rlzn + RZzn 2 MO,
H H
R' . R?

Table 2. Relative Reactivity of (CH3)2Zn, (C2Hs)2Zn, and (n-C4Ho)2Zn toward Benzaldehyde

ratio
dialkylzincs relative
% ee of CeHs- CeH5s- reactivity
RizZn R2yZn (25)-DAIB CH(OH)R! CH(OH)R? RI:R2
CH3 CoHs 100 5.0 95.0 1:19
0 4.3 95.7 1:22
CyHs CH3 100 95.5 4.5 21:1
0 95.5 4.5 21:1
CHj3 n-C4Hg 100 11.6 88.4 1:8
0 11.5 88.5 1:8
n-C4Hg CH3 100 88.4 11.6 8:1
0 87.0 13.0 7:1

These competitive experiments provide strong support for a common mechanism involving monomeric
catalyst S or R. The coexistence of the monomer and dimer mechanisms or a change in the turnover-limiting
step is also unlikely. Under standard conditions, not only unstable S-S and R-R but also stable S—R
dissociates into the monomers prior to reacting with dialkylzincs and aldehydes.!”

3. EXPERIMENTAL

All experiments were performed under an argon atmosphere using standard Schlenk techniques. The
preparation and purification of chemicals and the procedures for alkylation and NMR analysis are essentially
the same as those reported.8.9
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Chemicals

Chemicals were all stored in Schlenk tubes equipped with a Young's tap. Toluene and toluene-dg were
distilled over a Na—K alloy. Commercial dimethylzinc (Toyo Stauffer Chemical Co., Lot No. DMZ-812) was
distilled at 25 °C and at 0.01 mmHg. The purified dimethylzinc (9.76 g. 0.102 mol) was diluted with toluene
to a total volume of 30 mL under an argon stream. The resuiting 3.41 M toluene solution was kept at —30 °C
in the dark. The solutions were used within 3 weeks. Freshly distilled dimethylzinc was used in the reaction
with benzaldehyde and gave the product in 95% ee. Commercial diethylzinc (Toyo Stauffer Chemical Co.,
Lot No. DEZ-948) and di-n-butylzinc prepared according to the reported method!8 were distilled at 0.01
mmHg and at 25 and 40 °C, respectively. The stock toluene solutions of diethylzinc (3.47 M) and di-n-
butylzinc (2.81 M) were prepared and stored in a similar way to that for dimethylzinc. Optically pure (25)-
DAIB and racemic DAIB were synthesized by the reported method.8 Benzaldehyde (1a), purchased from
Nacalai Tesque, was distilled over molecular sieves 4A at 70.5-71.5 °C at 20 mmHg. p-
Trifluoromethylbenzaldehyde (1b) and p-methylbenzaldehyde (1d) were purchased from Tokyo Chemicals
while p-chlorobenzaldehyde (1c¢) and p-methoxybenzaldehyde (le) were from Nacalai Tesque. o-
Methylbenzaldehyde (1f) was purchased from Kanto Chemicals. The aldehydes 1b, 1d, 1e, and 1f were
distilled, before use, over molecular sieves 4A. Compound 1c¢ was recrystallized from a 3:1 mixture of
ethanol and water.

Analytical methods

The extent of conversion was determined by GC analysis using a Shimadzu GC-17A gas chromatograph:
The conditions [capillary column, GL Scientific DB-WAX 0.25 mm x 15 m: column temperature, 90 °C; rate
of temperature increase, 5 °C min-!; carrier gas, He; flow rate, 171 mL min-1; split ratio, 39:1] afforded good
separation of the following compounds with rg values in parentheses: 1a (2.6 min), 1b (2.0 min), 1c (5.8
min), 1d (4.1 min), 1e (10.2 min), 1f (3.7 min), 2a (6.7 min), 2b (7.6 min), 2¢ (12.4 min), 2d (8.1 min),
2e (13.7 min), 2f (8.8 min), 1-phenyl-1-propanol (7.6 min), 1-phenyl-1-pentanol (11.0 min), benzyl alcohol
(7.5 min).1,19.20

The product ee's were determined by HPLC or GC analysis. Under the conditions [apparatus, Shimadzu
LC-6A model; column, Daicel CHIRALCEL OB-H; eluent, 100:2 hexane-2-propanol; flow rate, 1.0mL min-!;
detection, 254-nm light], the following enantiomers were separated with rg values indicated in parentheses:
2a (13.5 min (§), 22.4 min (R)), 2¢ (12.1 min (5), 13.8 min (R)), 2d (12.4 min (5), 15.3 min (R)).
Enantiomers of 2e were separated (30.0 min (5), 40.6 min (R)) using Daicel CHIRALPAK AS under the
same conditions as with CHIRALCEL OB-H. The enantiomer ratio of 2b was determined by GC using a
Shimadzu GC-17A (capillary column, Tokyo Kasei G-TA 0.25 mm x 30 m; column temperature, 100 °C;
carrier gas, He; flow rate, 171 mL min~!; split ratio, 79:1; rg, 11.0 min (R) and 11.7 min (S)).

The absolute configurations of 2b—e obtained by use of (5)-DAIB were determined by comparison of the
sign of optical rotations with those reported.!® 2b: [a]25p -22.8° (¢ 1.14, CH30H) [lit. [o]2!p +29.8° (c
1.088, CH30H) for (R)-2b]. 2¢: [a]25p ~31.4° (¢ 1.06, CH30H) [lit. [o]?!p +39.8° (¢ 1.064, CH30H) for
(R)-2¢)]. 2d: [a]?5p —37.3° (¢ 1.02, CH30H) {lit. []2!p +43.8° (¢ 0.914, CH30H) for (R)-2d]. 2e:
[@]25p -23.1° (¢ 0.93, CH30H) [lit. [0121p +41.0° (¢ 1.069, CH3OH) for (R)-2¢]. For 2a, see ref 8.
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Kinetic experiments

The initial rates of alkylation of 1a and its derivatives 1b—f were compared in a competitive experiment
using [DAIB] = 8 mM, [DMZ] = 420 mM, and {1a] = [1b—f] = 210 mM. Listed below are the data (reaction
time (min), % conversion of 1a, and % conversion of 1b-f), initial rate of 1a, initial rate of 1b—f, and rate
ratio for each compound. 1b with (25)-DAIB: data (20, 4.3, 26.5), 0.45 mM min-1, 2.7 mM min-!; 6.0.
1b with (¥)-DAIB: data (120, 5.1, 28.8), 0.089 mM min-!, 0.50 mM min-!, 5.7. 1c with (25)-DAIB: data
(30, 5.1, 12.4), 0.36 mM min—!, 0.87 mM min—1, 2.4. 1c with (£)-DAIB: data (120, 4.7, 11.6), 0.081 mM
min-!, 0.20 mM min-!, 2.5. 1d with (25)-DAIB: data (40, 10.3, 9.3). 0.54 mM min-!, 0.49 mM min-!,
0.90. 1d with (1)-DAIB: data (240, 11.6, 10.2), 0.10 mM min-!, 0.089 mM min-!, 0.89. le with (25)-
DAIB: data (50, 14.0, 7.7), 0.59 mM min-1, 0.33 mM min-1, 0.55. le with (£)-DAIB: data (300, 14.8,
8.2), 0.10 mM min-!, 0.057 mM min-1, 0.57. 1f with (25)-DAIB: data [(15, 4.3, 1.7), (30, 7.9, 3.4), (45,
11.6, 4.9), (60, 14.8, 6.5), (75, 18.3, 7.9), (90, 23.1, 10.2), (105, 26.7, 11.3)], 0.53 mM min-!, 0.23 mM
min-1, 0.43. 1f with (£)-DAIB: data [(100, 4.4, 1.8), (180, 7.1, 3.3), (270, 11.4, 4.8), (360, 13.9, 6.3),
(450, 17.6, 8.0), (540, 23.7, 10.1)], 0.088 mM min-!, 0.038 mM min-!, 0.43. With optically pure DAIB,
the ee of 2a, 2b, 2¢, 2d, and 2e ranged from 93.6-94.5%, 95.0-96.3%, 93.4-93.8%, 93.9-94.1%, and
83.3-88.1%, respectively.

The initial rate ratios of the reaction of R15Zn and R2,Zn were determined with [DAIB] = 8 mM, [R1,Zn] =
[R23Zn] = 210 mM, and [1a] = 420 mM. Reactions were carried out by mixing in the order of DAIB, R!5Zn,
R2;Zn, and 1a. Listed below are the data (reaction time (min), % yield of the R! adduct,! and % yield of R2
adduct!), initial rate of addition of R1, initial rate of addition of R2, and rate ratio for each reaction. Rl = CHs,
R2 = C3Hs, (25)-DAIB: data (20, 3.1, 59.3), 0.33 mM min-!, 6.2 mM min-1, 1:19. R! = CH3, R2 = CHs,
(#)-DAIB: data (60, 2.0, 44.8), 0.070 mM min-!, 1.6 mM min-1, 1:22. R! = CHs, R2 = CHj3, (25)-DAIB:
data (20, 67.5, 3.2), 7.1 mM min-!, 0.34 mM min-1, 21:1. R! = CHs, R? = CHj3, (+)-DAIB: data (60,
44.7,2.1), 1.6 mM min~!, 0.074 mM min-1, 21:1. Rl = CHj, R? = n-C4Hyg, (25)-DAIB: data (20, 2.4,
18.2), 0.25 mM min-!, 1.9 mM min-1, 1:8. R! = CH3, R2 = n-C4Hy, (+)-DAIB: data (60, 3.7, 29.6), 0.13
mM min-!, 1.0 mM min-!, 1:8. R! = n-C4Hg, R2 = CH3, (25)-DAIB: data (20, 30.4, 4.0), 3.2 mM min-!,
0.42 mM min-!, 8:1. Rl = n-C4Hg, R2 = CH3, (3)-DAIB: data (60, 16.9, 2.5), 0.59 mM min-!, 0.088 mM
min—, 7:1. In the reactions using di-n-butylzinc benzyl alcohol was obtained in ca. 5% yield.

Saturation-transfer experiment

The dissociation rate constant of S~R was determined by a saturation-transfer experiment at 40 °C. The
samples were prepared in a glove box filled with argon with a dew point of —95 °C, in order to avoid moisture
and air which decompose the organozinc complexes.8-9 $-§ (3.0 mg, 0.0054 mmol) and S-R (3.0 mg,
0.0054 mmol) were placed in a dry 5-mm NMR tube with a Teflon needle valve. The sealed NMR tube was
taken out of the glove box and equipped, under an argon stream, with a Schlenk adapter connected to a
vacuum-argon double-manifold line. Toluene-dg (0.6 mL) was introduced to the NMR tube through a
cannula under a slightly positive pressure of argon. The needle valve was closed, and the solution was
subjected to 'H NMR measurement at 40 °C using a pulse FT NMR spectrometer, JEOL INM-A 400 (400-
MHz H frequency), equipped with an NM-AVT3 variable-temperature unit. Chemical shifts are reported in
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ppm (&) downfield from tetramethylsilane, and the coupling constants (J) are expressed in Hz. The methyl
proton signal of toluene. a contaminant in toluene-dg, at 8 2.31 was used as a standard. Two sets of signals
corresponding to S-S and S—R appeared in a 1:1 ratio. !H signal set for S-S: 8 -0.21 (s. 3. ZnCH3z), 0.91
(s. 3, CH3), 0.98-1.04 (m, 1, CHp), 1.12-1.18 (m, 1, CHp), 1.33 (s, 3. CH3), 1.34 (s. 3. CH3), 1.58-
1.64 (m. 1. CH»), 1.81-1.87 (m, 1, CHy), 1.97 (d, 1. J =4.9 Hz, CH), 2.26 (d, 1, J = 7.3 Hz, NCH), 2.29
(s, 6, N(CHz)2), 4.10 (d, 1, J = 6.8 Hz, OCH). 'H signal set for S-R: & -0.31 (s, 3, ZnCH3), 0.93 (s, 3,
CH3), 0.97-1.03 (m, 1, CHj), 1.20-1.27 (m, 1, CH>2), 1.24 (s, 3, CH3). 1.39 (s, 3. CH3), 1.57-1.63 (m,
1, CHj), 1.78-1.83 (m, 1, CHp), 1.94 (d. |, J = 4.6 Hz, CH), 2.29 (s, 3. NCH3), 2.33 (d, 1, J = 44 Hz,
NCH), 2.47 (s, 3, NCH3), 4.28 (d, 1, J = 7.3 Hz, OCH). The longitudinal relaxation time (T'y) of the Zn-
CH3 signal at 8 —0.31 in S-R (9.0 mM toluene-dg solution) at 40 °C was measured 6 times by an inversion
recovery method in which accumulation times, pulse delay, and data points of pulse interval were set to 32, 20
s, and 20, respectively. The representative T value was determined to be 2.5 s by averaging the observed T
of 2.78, 2.41, 2.35, 2.40, 2.47, and 2.57 s. A series of saturation-transfer experiments were performed on a
9.0 mM/9.0 mM mixture of S-S and S-R in toluene-dg at 40 °C by magnetization of the Zn-CH1 signal of
S-R, with T = 2.5 s, data acquisition time = 2.0 s, and accumulation times = 64. The intensity of the
exchange-coupled resonance in the nonsaturated site, S—R, decreased and reached saturation when the sample
was irradiated for more than 30 s. Irradiation time (T, s) and % decrease of signal intensity (A) were as
follows: (5.0, 8.2), (7.5, 9.5), (10, 10.1), (12, 10.5), (15, 10.8), (20, 11.1), (25, 11.5), (30, 11.7), (35,
11.7), (40, 11.8). Three saturation-transfer experiments for the determination of k7 were carried out at 40 °C
by irradiating the Zn-CH3 protons of S-S at 8 ~0.21 for 60 s, and observing the loss of the Zn-CH3 signal
intensity at & ~0.31. As the degree of saturation transfer from S-S to S—-R was halved because of the
participation of the R unit in S—R, the observed %A values were doubled for calculating M/M( ratios which
correspond to 100 - 2 x %A. M/M ratios thus determined were 67.2, 70.6, and 71.8. Substitution of the
averaged Mpetero/Mo ratio, 69.9, and T, 2.5 s, into the Bloch equation the dissociation rate constant was
determined to be 1.7 x 10! s~}. The measurement of the degree of saturation transfer from the C(2)-H signal
of S-S to that of S-R at 40 °C gave the k7 value of 1.9 x 10-! s-1. In this set of experiments the parameters
Ty and M/Mg were 1.7 s and 75.4.
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