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A new chiral zinc-amide 2s0 was found to be an effective catalyst for the asymmetric addition of dieth-
ylzinc to aldehydes 3 through a screening method for asymmetric catalysts, in which two catalytic asym-
metric reactions are connected. The chiral zinc catalyst can be readily prepared catalytically from achiral
imine 1 by the chiral rhodium–diene complex mediated asymmetric addition of dimethylzinc.

� 2011 Elsevier Ltd. All rights reserved.
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Scheme 2. Asymmetric addition of dimethylzinc to N-tosylarylimines 1 catalyzed
by an Rh/(R,R)-Ph-bod⁄ complex.
1. Introduction

Catalytic asymmetric synthesis has attracted a great deal of
attention because small amounts of chiral catalysts can induce
the formation of large amounts of optically active compounds in
this system.1 If the chiral catalysts are prepared catalytically, an
enhanced amplification of the chirality can be expected due to
the multiplication of two catalytic asymmetric reactions.2 Herein
we report a new type of chiral zinc catalyst for the asymmetric
addition of diethylzinc to aldehydes, which was found by our
recent catalyst screening method,3 which connects two different
catalytic asymmetric reactions (Scheme 1).
st II*
D*

actions for catalyst screening.
The asymmetric addition4 of dimethylzinc to N-tosylarylimines
1 catalyzed by the Rh/(R,R)-Ph-bod⁄ complex,5 which was reported
by Hayashi et al. in 2006, was our choice of reaction for the prep-
aration and screening for new chiral zinc catalysts (Scheme 2). This
highly reliable reaction produces various 1-arylethylamines 2 with
high enantioselectivities; chiral zinc-amide intermediates 20-ZnMe
were assumed to be formed prior to work-up with H2O. Herein, we
attempted to use chiral zinc-amide 20 as a catalyst for the asym-
metric addition6,7 of diethylzinc to aldehydes 3.
ll rights reserved.
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2. Results and discussion

The catalyst screening8,9 was performed with the following one-
pot procedure. First, N-tosylarylimine 1 was reacted with dimeth-
ylzinc in the presence of Rh/(R,R)-Ph-bod⁄ catalyst at 50 �C for 3 h
to give chiral zinc-amide 20-ZnMe. Next, all of the volatile materials
were removed under reduced pressure from the reaction flask.
Benzaldehyde, diethylzinc, and hexane were then introduced into
the same flask and the mixture was stirred at 30 �C for 24 h. Final-
ly, the mixture was quenched by adding 1 M HCl aq and purified by
silica gel chromatography after extraction.

The results of the screening are shown in Table 1. When
N-tosyl-1-phenylimine 1a was employed as the substrate for the
first step of the reaction, the desired 1-phenyl-1-propanol 4a was
obtained in 79% yield as the final product (entry 1). In this case,
the enantiomeric excess (ee) of 4a was found to be 20%. The
screening for 1 with a substituent at the 4-position of the aromatic
ring also gave 4a in good yields, but unsatisfactory results were ob-
tained in terms of enantioselectivity (entries 2–12). On the other
hand, whereas similar results were observed in most of the screen-
ing for 1 with a substituent at the 2-position (entries 13–16),
remarkable enantioselectivity (73% ee) was observed with 1q,
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Table 1
Screening for asymmetric catalysts 20-ZnMe by connecting two reactionsa

PhCHO
Et2Zn (40 equiv.)

Ph

OH

hexane, 30 °C, 24 h
(R)-4a

2'-ZnMe

3a (20 equiv.)

dioxane, 50 °C, 3 h

[RhCl(C2H4)2]2 (3 mol % Rh)
(R,R)-Ph-Bod* (6 mol %)
Me2Zn (1.5 equiv.)

1
Ar H

N
Ts

Ar Me

N
TsMeZn

Entry Ar 20-ZnMe Yieldb of 4a (%) eec,d of 4a (%)

1 Ph 1a 2a0 79 20
2 4-MeC6H4 1b 2b0 76 8
3 4-EtC6H4 1c 2c0 61 16
4 4-i-PrC6H4 1d 2d0 92 9
5 4-PhC6H4 1e 2e0 73 19
6 4-CF3C6H4 1f 2f0 67 5
7 4-FC6H4 1g 2g0 76 6
8 4-ClC6H4 1h 2h0 85 7
9 4-MeOC6H4 1i 2i0 78 5
10 4-EtOC6H4 1j 2j0 78 16
11 4-BuOC6H4 1k 2k0 70 22
12 4-BnOC6H4 1l 2l0 57 10
13 2-MeC6H4 1m 2m0 83 19
14 2-EtC6H4 1n 2n0 79 10
15 2-ClC6H4 1o 2o0 80 30
16 2-BrC6H4 1p 2p0 82 3
17 2-MeOC6H4 1q 2q0 79 73
18 2-EtOC6H4 1r 2r0 83 53
19 2,3-(MeO)2C6H3 1s 2s0 82 86
20 2,4-(MeO)2C6H3 1t 2t0 80 78
21 2,6-(MeO)2C6H3 1u 2u0 76 13
22 2,6-Me2C6H3 1v 2v0 85 12
23 1-Naphthyl 1w 2w0 77 10
24 2-Naphthyl 1x 2x0 88 19

a Catalyst 20-ZnMe was prepared by the asymmetric addition of Me2Zn (1.5 equiv) to 1 in the presence of [RhCl(C2H4)2]2 (3 mol % Rh) and (R,R)-Ph-bod⁄ (6 mol %) in dioxane
at 50 �C for 3 h. After concentration of the mixture of 20-ZnMe, hexane, Et2Zn (40 equiv), and benzaldehyde 3a (20 equiv) were added to the residue. The resulting mixture was
stirred at 30 �C for 24 h.

b Isolated yield.
c Chiral HPLC analysis.
d Absolute configuration was determined by comparison of the sign of the specific rotation and the chiral HPLC retention time with data in the literature.
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which has a methoxy group at the 2-position (entry 17). The
screening result for 1r with an ethoxy group was likewise notable,
but the selectivity was lower than that of 1q (entry 18). These re-
sults indicate that the coordination ability of the alkoxy group to
the zinc metal center is likely to be important for high enantiose-
lectivity. Moreover, the introduction of an additional methoxy
group at the 3- or 4-position of 1q was found to further improve
the enantioselectivity (entries 19 and 20). In particular, the highest
enantioselectivity (86% ee) was observed when N-tosyl-2,3-
dimethoxyphenylimine 1s was employed as the substrate for the
first step of the reaction (entry 19). Other substrates with substit-
uents at the 2,6-positions or a naphthyl moiety gave poor enanti-
oselectivity (entries 21–24).

The generality of the ethylation of aldehydes 3 using organo-
zinc 2s0, which was found to be the best catalyst in the screening
in Table 1, was examined (Table 2). First, we prepared 99% ee of
2s by recrystallization of the enantiomerically enriched (95% ee)
2s obtained by the Rh-catalyzed asymmetric addition with H2O
quenching. Next, organozinc catalyst 2s0-ZnMe was prepared by
mixing 99% ee of 2s with dimethylzinc. When we applied this
catalyst (5 mol %) to the ethylation of benzaldehyde (3a) at
30 �C, 4a was produced with 83% ee (entry 1). A similar result
was obtained with the 2s0-ZnEt catalyst, which was prepared
from 99% ee of 2s and diethylzinc (entry 2). Lowering the temper-
ature when using 2s0-ZnEt catalyst generally improved the
enantioselectivity (entries 3–5). At the end of the optimization,
it was found that 95% ee of 4a could be obtained by performing
the reaction at 0 �C in the presence of 3 mol % of 2s0-ZnEt catalyst
(entry 6).10 Under these conditions, the reaction of various
aldehydes 3 gave corresponding alcohols with high enantioselec-
tivities (entries 7–14). In particular, the ethylation of 2-naphthal-
dehyde 3i gave 4i with the highest enantioselectivity (96% ee)
(entry 14).

3. Conclusion

We have found a new chiral zinc catalyst for the asymmetric
addition of diethylzinc to aldehydes through a screening method
in which two catalytic asymmetric reactions were connected. Per-
formance of multiple asymmetric reactions consecutively is an
effective approach to amplify the asymmetric source. The fact that
chiral zinc catalyst 2s0 can be prepared from inexpensive reagents
by a Rh-catalyzed asymmetric addition underscores the advantage
of this catalyst over other catalysts.



Table 2
Asymmetric addition of diethylzinc to aldehydes 3 catalyzed by (S)-2s0a

Ar'CHO

(S)-2s (99% ee, 3-5 mol %)

Ar'

OH

hexane, temp, 24 h
(R)-43

Et2Zn (2 equiv.)

HN

Me

Ts

OMe
OMe

(S)-2s

Entry 3 (S)-2s (mol %) Temp (�C) Yieldb of 4 (%) eec,d of 4 (%)

1e Benzaldehyde 3a 5 30 73 83
2 5 30 73 85
3 5 20 84 88
4 5 0 77 94
5 5 �20 48 95
6 3 0 74 95
7 4-Methylbenzaldehyde 3b 3 0 68 94
8 4-Chlorobenzaldehyde 3c 3 0 60 90
9 4-Methoxybenzaldehyde 3d 3 0 70 91
10 2-Methylbenzaldehyde 3e 3 0 72 91
11 2-Chlorobenzaldehyde 3f 3 0 77 75
12 2-Methoxybenzaldehyde 3g 3 0 69 80
13 1-Naphthaldehyde 3h 3 0 79 89
14 2-Naphthaldehyde 3i 3 0 90 96

a A mixture of (S)-2s (3–5 mol %) and diethylzinc (2 equiv) in hexane was stirred at room temperature for 1 h. Then, aldehyde 3 was added and the resulting mixture was
stirred for 24 h at the reaction temperature.

b Isolated yield.
c Chiral HPLC analysis.
d Absolute configuration was determined by the comparison of the sign of the specific rotation and the chiral HPLC retention time with the data in the literature.
e The catalyst was prepared from (S)-2s and dimethylzinc.
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4. Experimental

4.1. General

All anaerobic and moisture-sensitive manipulations were car-
ried out using standard Schlenk techniques or glove box tech-
niques under argon. NMR spectra were recorded on a JEOL JNM
ECA-500 spectrometer (500 MHz for 1H and 125 MHz for 13C)
and ECS-400 spectrometer (400 MHz for 1H and 100 MHz for 13C)
at Chemical Analysis Center, Chiba University. Chemical shifts are
reported in d ppm referenced to an internal SiMe4 standard for
1H NMR and chloroform-d (d 77.0) for 13C NMR. High-resolution
mass spectra were recorded on Thermo Fisher Scientific Exactive
Orbitrap mass spectrometers at Chemical Analysis Center, Chiba
University. Optical rotations were measured with a JASCO P-1020
polarimeter.

4.2. Materials

Toluene and 1,4-dioxane were distilled from sodium benzophe-
none-ketyl under argon and stored in a glass flask with a Teflon
stopcock. [RhCl(C2H4)2]2 was prepared according to the reported
procedures.11 Hexane, p-toluenesulfonamide, boron trifluoride
diethyl ether complex, dimethylzinc (1 M solution in hexane),
diethylzinc (1 M solution in hexane), and (1R,4R)-2,5-dibenzylbicy-
clo[2.2.2]octa-2,5-diene [(R,R)-Ph-bod⁄] were used as received.

4.3. Procedures for the preparation of N-tosylarylimines 112

4.3.1. General procedure A
To a mixture of p-toluenesulfonamide (10.0 mmol) and alde-

hyde (10.0 mmol) in toluene (20 mL) was slowly added boron tri-
fluoride diethyl ether complex (0.80 mmol, 0.098 mL) at reflux
under argon and the mixture was stirred for 12 h. After cooling
to room temperature, the mixture was quenched with 1 N NaOH
aq and extracted with EtOAc three times. The combined organic
layers were washed with brine, dried over Na2SO4, and concen-
trated under reduced pressure. The crude product was then recrys-
tallized (EtOAc/hexane) to give N-tosylarylimines 1.

4.3.2. N-Phenylmethylidene-4-methylbenzenesulfonamide 1a
Yield, 95%. 1H NMR (CDCl3) d 2.44 (s, 3H), 7.35 (d, J = 7.9 Hz, 2H),

7.46–7.52 (m, 2H), 7.59–7.64 (m, 1H), 7.87–7.95 (m, 4H), 9.03 (s,
1H).

4.3.3. N-(4-Methylphenyl)methylidene-4-methylbenzenesulfon-
amide 1b

Yield, 77%. 1H NMR (CDCl3) d 2.43 (s, 3H), 2.44 (s, 3H), 7.26–7.29
(m, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.81 (d, J = 8.2 Hz, 2H), 7.87–7.90
(m, 2H), 8.99 (s, 1H).

4.3.4. N-(4-Ethylphenyl)methylidene-4-methylbenzenesulfon-
amide 1c

Yield, 63%. 1H NMR (CDCl3) d 1.25 (t, J = 7.6 Hz, 3H), 2.43 (s, 3H),
2.71 (q, J = 7.6 Hz, 2H), 7.30–7.34 (m, 4H), 7.80–7.89 (m, 4H), 8.99
(s, 1H).

4.3.5. N-(4-Isopropylphenyl)methylidene-4-methylbenzenesulfon-
amide 1d

Yield, 56%. 1H NMR (CDCl3) d 1.26 (d, J = 7.1 Hz, 6H), 2.44 (s, 3H),
2.93–3.01 (m, 1H), 7.31–7.35 (m, 4H), 7.81–7.88 (m, 4H), 8.99 (s,
1H).

4.3.6. N-(4-Phenylphenyl)methylidene-4-methylbenzenesulfon-
amide 1e

Yield, 44%. 1H NMR (CDCl3) d 2.45 (s, 3H), 7.35 (d, J = 8.2 Hz, 2H),
7.40–7.49 (m, 3H), 7.62 (d, J = 8.7 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H),
7.90 (d, J = 8.2 Hz, 2H), 8.00 (d, J = 8.7 Hz, 2H), 9.00 (s, 1H).
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4.3.7. N-(4-Trifluoromethylphenyl)methylidene-4-methylbenz-
enesulfonamide 1f

Yield, 81%. 1H NMR (CDCl3) d 2.45 (s, 3H), 7.37 (d, J = 7.9 Hz, 2H),
7.75 (d, J = 8.2 Hz, 2H), 7.90 (d, J = 8.3 Hz, 2H), 8.05 (d, J = 8.2 Hz,
2H), 9.08 (s, 1H).

4.3.8. N-(4-Fluorophenyl)methylidene-4-methylbenzenesulfon-
amide 1g

Yield, 70%. 1H NMR (CDCl3) d 2.44 (s, 3H), 7.15–7.19 (m, 2H),
7.35 (d, J = 7.9 Hz, 2H), 7.87–7.89 (m, 2H), 7.93–7.97 (m, 2H),
9.00 (s, 1H).

4.3.9. N-(4-Chlorophenyl)methylidene-4-methylbenzenesulfon-
amide (1h)

Yield, 91%. 1H NMR (CDCl3) d 2.44 (s, 3H), 7.35 (d, J = 8.3 Hz, 2H),
7.45 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 8.6 Hz, 2H), 7.88 (d, J = 8.3 Hz,
2H), 8.99 (s, 1H).

4.3.10. N-(4-Methoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1i

70% yield. 1H NMR (CDCl3) d 2.43 (s, 3H), 3.88 (s, 3H), 6.95–6.99
(m, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.86–7.90 (m, 4H), 8.94 (s, 1H).

4.3.11. N-(4-Ethoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1j

Yield, 38%. 1H NMR (CDCl3) d 1.44 (t, J = 6.9 Hz, 3H), 2.43 (s, 3H),
4.11 (q, J = 7.3 Hz, 2H), 6.93 (d, J = 4.6 Hz, 2H), 7.32 (d, J = 7.8 Hz,
2H), 7.87 (d, J = 7.8 Hz, 4H), 8.93 (s, 1H).

4.3.12. N-(4-Butoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1k

Yield, 38%. 1H NMR (CDCl3) d 0.97 (t, J = 7.3 Hz, 3H),1.44–1.54
(m, 2H), 1.75–1.82 (m, 2H), 2.43 (s, 3H), 4.03 (t, J = 6.4 Hz, 2H),
6.95 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.85–7.88 (m, 4H),
8.93 (s, 1H).

4.3.13. N-(4-Benzyloxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1l

Yield, 42%. 1H NMR (CDCl3) d 2.43 (s, 3H), 5.14 (s, 2H), 7.04 (d,
J = 5.0 Hz, 2H), 7.22–7.42 (m, 7H), 7.86–7.90 (m, 4H), 8.94 (s, 1H).

4.3.14. N-(2-Methylphenyl)methylidene-4-methylbenzenesulfon-
amide 1m

Yield, 55%. 1H NMR (CDCl3) d 2.43 (s, 3H), 2.60 (s, 3H), 7.25–7.31
(m, 2H), 7.33–7.36 (m, 2H), 7.45–7.49 (m, 2H), 8.00 (d, J = 7.8 Hz,
2H), 9.34 (s, 1H).

4.3.15. N-(2-Ethylphenyl)methylidene-4-methylbenzenesulfon-
amide 1n

Yield, 77%. 1H NMR (CDCl3) d 1.24 (t, J = 7.6 Hz, 3H), 2.44 (s, 3H),
2.97 (q, J = 7.7 Hz, 2H), 7.29 (d, J = 7.6 Hz, 2H), 7.35 (d, J = 8.0 Hz,
2H), 7.49–7.53 (m, 1H), 7.89 (d, J = 8.4 Hz, 2H), 8.04–8.06 (m,
1H), 9.35 (s, 1H).

4.3.16. N-(2-Chlorophenyl)methylidene-4-methylbenzenesulfon-
amide 1o

Yield, 75%. 1H NMR (CDCl3) d 2.45 (s, 3H), 7.34–7.37 (m, 3H),
7.46–7.52 (m, 2H), 7.90 (d, J = 8.5 Hz, 2H), 8.14–8.17 (m, 1H),
9.50 (s, 1H).

4.3.17. N-(2-Bromophenyl)methylidene-4-methylbenzenesulfon-
amide 1p

Yield, 23%. 1H NMR (CDCl3) d 2.45 (s, 3H), 7.36–7.46 (m, 4H),
7.66 (d, J = 6.4 Hz, 1H), 7.91 (d, J = 6.4 Hz, 2H), 8.15 (d, J = 6.4 Hz,
1H), 9.43 (s, 1H).
4.3.18. N-(2-Methoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1q

Yield, 73%. 1H NMR (CDCl3) d 2.43 (s, 3H), 3.93 (s, 3H), 6.94–7.00
(m, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.52–7.59 (m, 1H), 7.89 (d,
J = 8.4 Hz, 2H), 8.06–8.07 (m, 1H), 9.54 (s, 1H).

4.3.19. N-(2-Ethoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1r

Yield, 60%. 1H NMR (CDCl3) d 1.47 (t, J = 7.3 Hz, 3H), 2.43 (s, 3H),
4.14 (q, J = 7.3 Hz, 2H), 6.92–7.01 (m, 2H), 7.33 (d, J = 7.8 Hz, 2H),
7.50–7.55 (m, 1H), 7.89 (d, J = 7.8 Hz, 2H), 8.04–8.07 (m, 1H),
9.53 (s, 1H).

4.3.20. N-(2,3-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1s

Yield, 60%. 1H NMR (CDCl3) d 2.43 (s, 3H), 3.89 (s, 3H), 3.96 (s,
3H), 7.06–7.16 (m, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.61–7.64 (m,
1H), 7.89 (d, J = 8.0 Hz, 2H), 9.44 (s, 1H).

4.3.21. N-(2,4-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1t

Yield, 68%. 1H NMR (CDCl3) d 2.42 (s, 3H), 3.87 (s, 3H), 3.89 (s,
3H), 6.40 (s, 1H), 6.51 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H),
7.87 (d, J = 8.0 Hz, 2H), 8.03 (d, J = 8.0 Hz, 1H), 9.41 (s, 1H).

4.3.22. N-(2,6-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-
amide 1u

Yield, 75%. 1H NMR (CDCl3) d 2.42 (s, 3H), 3.88 (s, 6H), 6.54 (d,
J = 8.7 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.46 (t, J = 8.2 Hz, 1H), 7.89
(d, J = 8.0 Hz, 2H), 9.55 (s, 1H).

4.3.23. N-(2,6-Dimethylphenyl)methylidene-4-methylbenzenesulfon-
amide 1v

Yield, 68%. 1H NMR (CDCl3) d 2.44 (s, 3H), 2.56 (s, 6H), 7.10 (d,
J = 7.8 Hz, 2H), 7.27–7.35 (m, 3H), 7.89 (d, J = 7.8 Hz, 2H), 9.50 (s,
1H).

4.3.24. N-(1-Naphthyl)methylidene-4-methylbenzenesulfon-
amide 1w

Yield, 90%. 1H NMR (CDCl3) d 2.43 (s, 3H), 7.35 (d, J = 8.4 Hz, 2H),
7.57 (t, J = 7.8 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H), 7.67 (t, J = 8.1 Hz, 1H),
7.91 (d, J = 7.7 Hz, 1H), 7.95 (d, J = 8.4 Hz, 2H), 8.09 (d, J = 8.2 Hz,
1H), 8.15 (d, J = 7.2 Hz, 1H), 8.98 (d, J = 8.2 Hz, 1H), 9.61 (s, 1H).

4.3.25. N-(2-Naphthyl)methylidene-4-methylbenzenesulfon-
amide 1x

Yield, 34%. 1H NMR (CDCl3) d 2.44 (s, 3H), 7.33–7.39 (m, 2H),
7.55–7.60 (m, 1H), 7.60–7.66 (m, 1H), 7.85–7.90 (m, 2H), 7.90–
7.98 (m, 3H), 8.00–8.06 (m, 1H), 8.33 (s, 1H), 9.07 (s, 1H).

4.4. Procedure for the screening for the asymmetric catalysts 20

by connecting two reactions

4.4.1. General procedure B
A mixture of [RhCl(C2H4)2]2 (0.400 mg, 0.00100 mmol, 3 mol %

Rh) and (R,R)-Ph-bod⁄ (1.00 mg, 0.00400 mmol, 2 equiv to Rh) in
1,4-dioxane (0.30 mL) was placed in a 20 mL Schlenk tube and stir-
red for 5 min at room temperature. To this solution were added N-
tosylarylimine 1 (0.0660 mmol), additional 1,4-dioxane (0.40 mL),
and Me2Zn (0.10 mL, 0.10 mmol; 1.02 M solution in hexane). The
mixture was stirred for 3 h at 50 �C. After cooling to room temper-
ature, the mixture was thoroughly concentrated under reduced
pressure. To the mixture were added hexane (2.0 mL), diethylzinc
(2.70 mL 2.70 mmol; 1.05 M solution in hexane), and benzalde-
hyde 3a (0.134 mL, 1.32 mmol). After stirring for 24 h at 30 �C,
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the mixture was quenched by 1 M HCl aq and extracted with EtOAc
three times. The combined organic layers were washed with brine
and dried over Na2SO4. The crude product was purified by PTLC on
silica gel (EtOAc/hexane = 1:4) to give 4a.

4.5. Procedure for the asymmetric addition of dimethylzinc to
N-tosylarylimines 1 catalyzed by a rhodium–diene complex4

4.5.1. General procedure C
A mixture of [RhCl(C2H4)2]2 (1.20 mg 0.00300 mmol, 3 mol %

Rh) and (R,R)-Ph-bod⁄ (3.10 mg, 0.0120 mmol, 2 equiv to Rh) in
1,4-dioxane (0.30 ml) was placed in a 20 mL Schlenk tube and stir-
red for 5 min at room temperature. To this solution were added
successively N-tosylarylimine 1 (0.200 mmol), additional 1,4-diox-
ane (0.40 mL), and Me2Zn (0.30 mL, 0.30 mmol; 1.02 M solution in
hexane). After stirring for 3 h at 50 �C, the resulting mixture was
quenched with 7% NH3 aq and extracted with Et2O. The combined
organic layers were washed with brine, dried over MgSO4, filtered,
and concentrated on a rotary evaporator. The residue was purified
by PTLC (EtOAc/hexane = 1:2) to give 2.

4.5.2. N-[(1S)-1-(2,3-Dimethoxyphenyl)ethyl]-4-
methylbenzenesulfonamide (S)-2s

Yield, 41%, 95% ee. The ee was determined by HPLC analysis
with a stationary phase column Chiralcel OD-H column (hexane/
2-propanol = 4:1, flow = 0.3 mL/min, wavelength = 254 nm, reten-
tion times = 25.0 min [(R)-enantiomer], 28.9 min [(S)-enantio-
mer]). 1H NMR (CDCl3) d 1.43 (d, J = 7.1 Hz, 3H), 2.33 (s, 3H), 3.79
(s, 3H), 3.80 (s, 3H), 4.55–4.62 (m, 1H), 5.34 (d, J = 8.7 Hz, 1H),
6.56–6.58 (m, 1H), 6.70–6.73 (m, 1H), 6.82–6.86 (m, 1H), 7.10 (d,
J = 8.0 Hz, 2H), 7.57 (d, J = 8.5 Hz, 2H); 13C NMR (CDCl3) d 21.5,
23.8, 51.2, 55.8, 60.8, 111.7, 119.6, 124.0, 127.0, 129.2, 135.5,
137.6, 142.8, 146.0, 152.5; HRMS (ESI) calcd for C17H21O4NNaS
([M+Na]+) 358.1084, found 358.1078. Crystallization in EtOAc/hex-
ane (1:2) increased the ee to >99% ee; ½a�20

D ¼ �20:8 (c 0.300,
CHCl3); mp 131–136 �C.

4.6. Procedures for the asymmetric addition of diethylzinc to
aldehydes 3 catalyzed by 2s0

4.6.1. General procedure D
A mixture of 2s (0.0060 mmol) and diethylzinc (0.40 mL,

0.40 mmol; 1.05 M solution in hexane) in hexane (1.00 mL) was
stirred at room temperature for 1 h. Then the mixture was cooled
to appropriate temperature, added aldehyde 3 (0.200 mmol), and
stirred for 24 h. The mixture was then quenched by NH4Cl aq
and extracted with EtOAc three times. The combined organic layers
were washed with brine and dried over Na2SO4. The crude product
was purified by PTLC on silica gel (EtOAc/hexane = 1:4) to give 4.

4.6.2. (R)-1-Phenylpropanol 4a
This product was characterized by the comparison of the spec-

troscopic data with those reported previously13; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OD-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 26.0 min [(R)-enantiomer]], 30.8 min [(S)-
enantiomer].14

4.6.3. (R)-1-(4-Methylphenyl)-1-propanol 4b
This product was characterized by the comparison of the spec-

troscopic data with those reported previously13; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OB-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 21.8 min [(S)-enantiomer], 26.5 min [(R)-
enantiomer].15
4.6.4. (R)-1-(4-Chlorophenyl)-1-propanol 4c
This product was characterized by the comparison of the spec-

troscopic data with those reported previously13; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OB-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 22.0 min [(S)-enantiomer], 24.4 min [(R)-enan-
tiomer] or Daicel Chiralcel OD-H, hexane/2-propanol = 98:2,
flow = 0.5 mL/min, retention times = 8.9 min [(S)-enantiomer],
10.5 min [(R)-enantiomer].16

4.6.5. (R)-1-(4-Methoxyphenyl)-1-propanol 4d
This product was characterized by the comparison of the spec-

troscopic data with those reported previously13; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OD-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 36.0 min [(R)-enantiomer], 41.7 min [(S)-
enantiomer].16

4.6.6. (R)-1-(2-Methylphenyl)-1-propanol 4e
This product was characterized by the comparison of the spec-

troscopic data with those reported previously17; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OB-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 15.9 min [(S)-enantiomer], 21.9 min [(R)-
enantiomer].18

4.6.7. (R)-1-(2-Chlorophenyl)-1-propanol 4f
This product was characterized by the comparison of the spec-

troscopic data with those reported previously16; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OB-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 14.0 min [(S)-enantiomer], 17.6 min [(R)-
enantiomer].14

4.6.8. (R)-1-(2-Methoxyphenyl)-1-propanol 4g
This product was characterized by the comparison of the spec-

troscopic data with those reported previously13; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OD-H, hexane/2-propanol = 500:1, flow = 0.5 mL/min,
retention times = 122.5 min [(R)-enantiomer], 152.8 min [(S)-
enantiomer].17

4.6.9. (R)-1-(1-Naphthyl)-1-propanol 4h
This product was characterized by the comparison of the spec-

troscopic data with those reported previously16; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OD-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 38.8 min [(S)-enantiomer], 54.9 min [(R)-
enantiomer].16

4.6.10. (R)-1-(2-Naphthyl)-1-propanol 4i
This product was characterized by the comparison of the spec-

troscopic data with those reported previously19; the ee value was
determined by HPLC analysis with a stationary phase column Dai-
cel Chiralcel OD-H, hexane/2-propanol = 98:2, flow = 0.5 mL/min,
retention times = 55.8 min [(S)-enantiomer], 64.5 min [(R)-
enantiomer].14

Acknowledgments

We thank Dr. Takeharu Toyoshima for some initial experiments.
We appreciate the financial support from JGC-S Scholarship Foun-
dation (No. 2208) to K.Y.



1230 K. Yoshida et al. / Tetrahedron: Asymmetry 22 (2011) 1225–1230
References

1. For examples, see: (a) Catalytic Asymmetric Synthesis; Ojima, I., Ed.; Wiley-VCH:
New York, 1993; (b) Noyori, R. Asymmetric Catalysis in Organic Synthesis; Wiley-
Interscience: New York, 1994; (c) Comprehensive Asymmetric Catalysis;
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999.

2. For examples, see: (a) Sato, I.; Urabe, H.; Ishii, S.; Tanji, S.; Soai, K. Org. Lett.
2001, 3, 3851–3854; (b) Glueck, D. S. Chem. Eur. J. 2008, 14, 7108–7117. and
references cited therein; (c) Harvey, J. S.; Gouverneur, V. Chem. Commun. 2010,
46, 7477–7485. and references cited therein.

3. Yoshida, K.; Toyoshima, T.; Akashi, N.; Imamoto, T.; Yanagisawa, A. Chem.
Commun. 2009, 2923–2925.

4. Nishimura, T.; Yasuhara, Y.; Hayashi, T. Org. Lett. 2006, 8, 979–981.
5. (a) Tokunaga, N.; Otomaru, Y.; Okamoto, K.; Ueyama, K.; Shintani, R.; Hayashi,

T. J. Am. Chem. Soc. 2004, 126, 13584–13585; (b) Otomaru, Y.; Okamoto, K.;
Shintani, R.; Hayashi, T. J. Org. Chem. 2005, 70, 2503–2508.

6. For reviews, see: (a) Soai, K.; Niwa, S. Chem. Rev. 1992, 92, 833–856; (b) Pu, L.;
Yu, H.-B. Chem. Rev. 2001, 101, 757–824; (c) Hatano, M.; Miyamoto, T.; Ishihara,
K. Curr. Org. Chem. 2007, 11, 127–157.

7. For examples of reactions catalyzed by chiral zinc-tosylamides, see: (a) Mao, J.;
Wan, B.; Wang, R.; Wu, F.; Lu, S. J. Org. Chem. 2004, 69, 9123–9127; (b) Martins,
J. E. D.; Wills, M. Tetrahedron: Asymmetry 2008, 19, 1250–1255; (c) Mao, J.
Synth. Commun. 2009, 39, 3710–3721.

8. For examples of high throughput screenings of chiral catalysts, see: (a) Ding, K.;
Ishii, A.; Mikami, K. Angew. Chem., Int. Ed. 1999, 38, 497–501; (b) Reetz, M. T.
Angew. Chem., Int. Ed. 2002, 41, 1335–1338; (c) Chen, P. Angew. Chem., Int. Ed.
2003, 42, 2832–2847; (d) Tsukamoto, M.; Kagan, H. B. Adv. Synth. Catal. 2002,
344, 453–463.
9. For examples of screening strategies where chiral ligands are rapidly prepared
and used without purification, see: (a) Nugent, W. A.; Licini, G.; Bonchio, M.;
Bortolini, O.; Finn, M. G.; McCleland, B. W. Pure Appl. Chem. 1998, 70, 1041–
1046; (b) de Vries, J. G.; Lefort, L. Chem. Eur. J. 2006, 12, 4722–4734.

10. A positive nonlinear effect was observed in this reaction [ee of 2s/ee of 4a
(yield of 4a); 99%/95% (74%) (Table 2, entry 6), 82%/86% (77%), 67%/82% (73%),
40%/70% (74%), 20%/69% (88%)]. For reports on the non-linear effect, see: (a)
Puchot, C.; Samuel, O.; Dunach, E.; Zhao, S.; Agami, C.; Kagan, H. B. J. Am. Chem.
Soc. 1986, 108, 2353–2357; (b) Avalos, M.; Babiano, R.; Cintas, P.; Jimenez, J. L.;
Palacios, J. C. Tetrahedron: Asymmetry 1997, 8, 2997–3017; (c) Girard, C.; Kagan,
H. B. Angew. Chem., Int. Ed. 1998, 37, 2923–2959; (d) Kagan, H. B. Synlett 2001,
888–899.

11. Cramer, R. Inorg. Synth. 1974, 15, 14–18.
12. Love, B. E.; Raje, P. S.; Williams, T. C., II Synlett 1994, 493–494.
13. Anderson, J. C.; Cubbon, R.; Harding, M.; James, D. S. Tetrahedron: Asymmetry

1998, 9, 3461–3490.
14. Kang, S.-W.; Ko, D.-H.; Kim, K. H.; Ha, D.-C. Org. Lett. 2003, 5, 4517–4519.
15. Fang, G. Y.; Wallner, O. A.; Di Blasio, N.; Ginesta, X.; Harvey, J. N.; Aggarwal, V.

K. J. Am. Chem. Soc. 2007, 129, 14632–14639.
16. Zhong, J.; Guo, H.; Wang, M.; Yin, M.; Wang, M. Tetrahedron: Asymmetry 2007,

18, 734–741.
17. Chen, X.; Liu, Q.; Sun, H.-B.; Yu, X.-Q.; Pu, L. Tetrahedron Lett. 2010, 51, 2345–

2347.
18. Wang, X.; Kodama, K.; Hirose, T.; Zhang, G. Chin. J. Chem. 2010, 28, 61–68.
19. Yang, X.-W.; Sheng, J.-H.; Da, C.-S.; Wang, H.-S.; Su, W.; Wang, R.; Chan, A. S. C.

J. Org. Chem. 2000, 65, 295–296.


	Asymmetric addition of diethylzinc to aldehydes catalyzed by new  zinc-amides prepared by a rhodium-catalyzed asymmetric addition
	1 Introduction
	2 Results and discussion
	3 Conclusion
	4 Experimental
	4.1 General
	4.2 Materials
	4.3 Procedures for the preparation of N-tosylarylimines 112
	4.3.1 General procedure A
	4.3.2 N-Phenylmethylidene-4-methylbenzenesulfonamide 1a
	4.3.3 N-(4-Methylphenyl)methylidene-4-methylbenzenesulfon-	amide 1b
	4.3.4 N-(4-Ethylphenyl)methylidene-4-methylbenzenesulfon-	amide 1c
	4.3.5 N-(4-Isopropylphenyl)methylidene-4-methylbenzenesulfon-	amide 1d
	4.3.6 N-(4-Phenylphenyl)methylidene-4-methylbenzenesulfon-	amide 1e
	4.3.7 N-(4-Trifluoromethylphenyl)methylidene-4-methylbenz-	enesulfonamide 1f
	4.3.8 N-(4-Fluorophenyl)methylidene-4-methylbenzenesulfon-	amide 1g
	4.3.9 N-(4-Chlorophenyl)methylidene-4-methylbenzenesulfon-	amide (1h)
	4.3.10 N-(4-Methoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1i
	4.3.11 N-(4-Ethoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1j
	4.3.12 N-(4-Butoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1k
	4.3.13 N-(4-Benzyloxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1l
	4.3.14 N-(2-Methylphenyl)methylidene-4-methylbenzenesulfon-	amide 1m
	4.3.15 N-(2-Ethylphenyl)methylidene-4-methylbenzenesulfon-	amide 1n
	4.3.16 N-(2-Chlorophenyl)methylidene-4-methylbenzenesulfon-	amide 1o
	4.3.17 N-(2-Bromophenyl)methylidene-4-methylbenzenesulfon-	amide 1p
	4.3.18 N-(2-Methoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1q
	4.3.19 N-(2-Ethoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1r
	4.3.20 N-(2,3-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1s
	4.3.21 N-(2,4-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1t
	4.3.22 N-(2,6-Dimethoxyphenyl)methylidene-4-methylbenzenesulfon-	amide 1u
	4.3.23 N-(2,6-Dimethylphenyl)methylidene-4-methylbenzenesulfon-	amide 1v
	4.3.24 N-(1-Naphthyl)methylidene-4-methylbenzenesulfon-	amide 1w
	4.3.25 N-(2-Naphthyl)methylidene-4-methylbenzenesulfon-	amide 1x

	4.4 Procedure for the screening for the asymmetr
	4.4.1 General procedure B

	4.5 Procedure for the asymmetric addition of dimethylzinc to N-tosylarylimines 1 catalyzed by a rhodium–diene complex4
	4.5.1 General procedure C
	4.5.2 N-[(1S)-1-(2,3-Dimethoxyphenyl)ethyl]-4-methylbenzenesulfonamide (S)-2s

	4.6 Procedures for the asymmetric addition of di
	4.6.1 General procedure D
	4.6.2 (R)-1-Phenylpropanol 4a
	4.6.3 (R)-1-(4-Methylphenyl)-1-propanol 4b
	4.6.4 (R)-1-(4-Chlorophenyl)-1-propanol 4c
	4.6.5 (R)-1-(4-Methoxyphenyl)-1-propanol 4d
	4.6.6 (R)-1-(2-Methylphenyl)-1-propanol 4e
	4.6.7 (R)-1-(2-Chlorophenyl)-1-propanol 4f
	4.6.8 (R)-1-(2-Methoxyphenyl)-1-propanol 4g
	4.6.9 (R)-1-(1-Naphthyl)-1-propanol 4h
	4.6.10 (R)-1-(2-Naphthyl)-1-propanol 4i


	Acknowledgments
	References


