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A new enantiomerically pure S,N-chelated zinc bis(aminoarenethiolate), (R,R)-Zn(SC6H4C-
(Me)HNMe2-2)2 ((R,R)-3b), has been synthesized by the reaction of the (R)-trimethylsilyl
aminoarenethiolate species (R)-2b with ZnCl2 in a 2:1 molar ratio. (R,R)-3b is an efficient
catalyst for the addition of dialkylzinc compounds to aliphatic and aromatic aldehydes to
give the corresponding secondary alcohols in nearly quantitative yields with optical purities
of 69-99% ee under mild reaction conditions. Although excellent selectivities were obtained
with this simple ligand containing only one stereogenic (carbon) center, further modifications
of the amino substituents were studied. Cyclic N(CH2)4 or N(CH2)5 amino-substituted
aminoarenethiolate ligands considerably enhanced the reaction rates, resulting in shorter
reaction times and higher ee’s. The mechanism of these 1,2-addition reactions has the general
characteristics as reported by Noyori et al. This conclusion is based on the synthesis,
isolation, and characterization (X-ray, 1H and 13C NMR) of the enantiopure zinc bis-
(aminoarenethiolate) and organozinc aminoarenethiolate intermediates and on monitoring
of the reaction process. We present evidence for an interpretation of the binding in the
product-forming key intermediate complex in terms of an organozinc cation/anion pair. The
possibility that the very efficient transfer of chiral information in this compact complex may
be due to a combination of the shortness of the Zn-N coordinate bonds with concomitant η2

bonding of the aldehyde substrate is discussed. The solid-state structure of the zinc bis-
(aminoarenethiolate) (R,R)-Zn(SC6H4C(Me)HNMe2-2)2 is reported.

Introduction

The discovery of the synthesis of optically active
secondary alcohols by enantioselective addition of dior-
ganozinc compounds to aldehydes by Mukaiyama1 and
Oguni2 initiated a search for the ultimate catalyst
system that made this enantioselective 1,2-addition one
of the best studied reactions. In most cases, the chiral
catalyst systems consist of in situ prepared organozinc
derivatives of amino alcohols, piperazines, or diols,
although also boron and titanium complexes have been
reported.3 The most successful catalyst systems com-
prise a â-amino alkoxide skeleton in which generally
two chiral carbon atoms are present, that forms a five-

membered chelate ring when bonded to a metal center.
Although it is difficult to match or even to surpass the
success of the application of 3-exo-(dimethylamino)-
isoborneol (DAIB)4 and (di-n-butylamino)norephedrine
(DBNE),5 the quest remains for the development of
alternative, better (i.e. cheaper), and more accessible
ligand systems.
In recent years, we developed the first chiral monoan-

ionic aminoarenethiolate ligand, (R)-2-[1-(dimethylami-
no)ethyl]thiophenolate.6 The optically pure ligand is
easily accessible from (1-phenylethyl)amine, which is
commercially available in both enantiomeric forms.
Besides its low price, the aminoarenethiolate ligand has
the advantage that substituents can easily be intro-
duced either at the amino functional group or in the
aromatic ring.7* To whom correspondence should be addressed.
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By using a soluble copper(I) aminoarenethiolate cata-
lyst, we were able to control the regio-, chemo-, and
stereoselectivity in a variety of reactions such as 1,4-
additions of organometallic reagents to R,â-unsaturated
ketones,8a-c 1,6-additions of such reagents to enyne
esters,8d and R- or γ-coupling reactions to allylic
substrates.8e,f The promising results obtained with the
aminoarenethiolate ligand system in these copper(I)-
catalyzed enantioselective carbon-carbon coupling reac-
tions prompted us to apply such ligands6 also in zinc-
catalyzed 1,2-addition reactions.
Recently, we published our initial results in this field9

and in this paper we present the full study of the zinc
aminoarenethiolate complexes that have been used as
precursor catalysts and as intermediates in these reac-
tions. These complexes catalyze the quantitative alkyl
transfer of diorganozinc compounds to various aromatic
and aliphatic aldehydes to give the corresponding
secondary alcohols with optical purities of up to 99% ee
under mild conditions.9 Since it had been shown
earlier5 that the chiral induction depends on the nature
of the substituents on the nitrogen atom of the alkoxide
ligand in the zinc catalyst, we also investigated the
influence of different R′ and R′′ substituents in the
aminoarenethiolate (see Figure 1). The pyrrolidinyl and
piperidinyl derivatives of the aminoarenethiolate ligand
were used to test the effects of the introduction of ring-
containing substituents in these catalysts.

Results

Synthesis of the (Precursor) Catalysts. The par-
ent N,N′-dimethyl-substituted (1-phenylethyl)amines
C6H5CH(R′)NMe2 (R′ ) H, Me) are commercially avail-
able or are easily prepared by Clarke-Eschweiler
methylation of the primary amine. The other N,N′-
disubstituted (R)-1-phenylethylamines (R)-C6H4CH-
(Me)NR′′2 (R′′2 ) (CH2)4, (CH2)5) were prepared by
reaction of (R)-C6H4CH(Me)NH2 with 2 equiv of the
appropriate alkyl halides in the presence of an excess
of NaHCO3 in refluxing dmf. The reaction of the
tertiary amines with n- or t-BuLi in pentane afforded
the ortho-lithiated derivatives [Li(C6H4CH(R′)NR′′2-
2)]4.10

To exclude the presence of lithium salts in the final
zinc aminoarenethiolates, the ortho-lithiated amines
were reacted with 1/8 equiv of S8 in thf with vigorous
stirring to give the corresponding lithium aminoarene-

thiolate complexes [(R)-Li(SC6H4CH(R′)NR′′2-2)]6.11,12a
These in situ prepared lithium aminoarenethiolates
were subsequently converted into their trimethylsilyl
derivatives (R)-Me3SiSC6H4CH(R′)NR′′2-2 ((R)-2) by
quenching with SiMe3Cl.11b The reaction of ZnCl2 with
2 equiv of 2a or (R)-2b in CH2Cl2 or C6H6 then afforded
the monomeric zinc bis(aminoarenethiolate) complexes
Zn(SC6H4CH(R′)NMe2-2)2 (R ) H (3a), Me ((R,R)-3b))
as air-stable colorless solids in quantitative yields
(Scheme 1). Surprisingly, it proved to be impossible to
prepare the pyrrolidinyl and piperidinyl derivatives
(R,R)-3c and (R,R)-3d via this procedure.These catalyst
precursors were applied as free thiols (vide infra).
Cryoscopy in C6H6 revealed that (R,R)-3b is mono-

meric in solution. Unfortunately, the insufficient solu-
bility of 3a in C6H6 prevented the determination of its
aggregation state.
The 1H NMR spectrum of 3a in CDCl3 at 291 K shows

one AB pattern for the CH2N methylene hydrogen
atoms and two distinct singlets for the NMe2 methyl
groups, indicating that Zn-N coordination is stable and
is inert on the NMR time scale. At 321 K these signals
coalesce, indicating that inversion of the configuration
of the tetrahedral zinc atom becomes fast on the NMR
time scale, most likely as a result of a Zn-N dissocia-
tion/association process (∆Gq ) 63.5 kJ.mol-1). This
renders each of the two prochiral groups in the CH2-
NMe2 substituents diastereotopic.
In the temperature range of 364-340 K, the 1H NMR

spectra of (R,R)-3b in toluene-d8 show one sharp reso-
nance pattern. When the solution is cooled, the singlet
resonance for the NMe2 methyl groups becomes broad
and starts to decoalesce at 340 K into two distinct
singlets, indicating that Zn-N coordination is becoming
stable on the NMR time scale. At 278 K a broad
resonance pattern of a second species becomes visible
in the 1H NMR spectrum; this pattern becomes sharp
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Figure 1. Aminoarenethiolate ligands used in this work.

Scheme 1
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at 254 K. The two species are present in an ap-
proximately 5:2 molar ratio. The minor species shows
four distinct singlets for the NMe2 methyl groups and
two quartets for the benzylic hydrogen atoms. Upon
further cooling of the solution to below 254 K a third
minor resonance pattern becomes visible in the 1H NMR
spectrum. The latter species also shows four distinct
singlets for the NMe2 methyl groups, but the two
accompanying quartets are most likely hidden under
other signals. The NMR data suggest that of the six
possible isomers of (R,R)-3b (vide infra) three are visible
in the NMR.
To determine the molecular structure of optically pure

(R,R)-3b in the solid state, a single-crystal X-ray dif-
fraction study was carried out. A thermal motion
ellipsoid plot of the molecular structure of (R,R)-3b
together with the adopted numbering scheme is shown
in Figure 2 with bond distances and bond angles being
given in Table 1.
In the solid state (R,R)-3b is a monomer that consists

of a zinc atom carrying two monoanionic, S,N-chelate-
bonded 2-[1-(dimethylamino)ethyl]thiophenolate ligands.
The four-coordinate zinc atom has a distorted-tetrahe-
dral geometry, which is apparent from the S-Zn-N bite
angles of 99.7(2) and 101.3(2)°. The Zn-S bond lengths
of 2.284(3) and 2.260(3) Å are comparable to those
reported for the related complexes Zn[S(CH2)2NMe2]2
and Zn(SCMe2CH2NH2)2, where they are in the range
of 2.253-2.295 Å.13 The angles Zn(1)-S(1)-C(1) and
Zn(1)-S(2)-C(11) of 93.8(4) and 106.5(3)° indicate a
distorted-tetrahedral geometry of the sulfur atoms. The
Zn-N bond lengths of 2.096(6) and 2.146(8) Å are

significantly shorter than those in four-coordinate di-
organozinc compounds such as Zn[(CH2)3NMe)2]2 (13),14a
ZnMe2(tmeda) (14),14b and Zn(CH2CMe3)2(tmeda) (15)14b
(tmeda ) Me2N(CH2)2NMe2), (2.260(8)-2.411(4) Å). The
intramolecular Zn-N coordination gives rise to the
formation of two six-membered chelate rings, which
have different puckering, as is evident from the different
dihedral angles between the R-methyl groups and the
planes of the adjacent aryl rings, i.e. -29.7(12) and
107.1(8)° for C(3)-C(2)-C(7)-C(8) and C(13)-C(12)-
C(17)-C(18), respectively.
Organozinc Aminoarenethiolates. The zinc bis-

(aminoarenethiolates) 3a and (R,R)-3b react with dior-
ganozinc compounds via a comproportionation reaction
to afford instantaneously the corresponding organozinc
aminoarenethiolates (R)-RZn(SC6H4CHR′NMe2-2) (R, R′
) Me, H (4a-Me), Et, H (4a-Et), Me, Me ((R)-4b-Me),
Et, Me ((R)-4b-Et)) in nearly quantitative yields. An-
other route to these complexes, which also gives access
to the organozinc aminoarenethiolates (R)-MeZn(SC6H4-
CHMeNR′′2-2) (R′′ ) (CH2)4 ((R)-4c-Me), (CH2)5 ((R)-
4d-Me)), is the stoichiometric reaction of the trimeth-
ylsilyl aminoarenethiolates 2 with the appropriate (in
situ prepared) organozinc halide, see Scheme 2.11b
Alternatively, (R)-4c-Me and (R)-4d-Me are prepared
by reacting a slight excess of ZnMe2 with the ami-
nothiophenols (R)-HSC6H4CHMeNR′′2-2) ((R)-1c and
(R)-1d). The latter were obtained via hydrolysis of the
in situ prepared lithium aminoarenethiolates with 30%
aqueous HCl.11a

The 1H NMR spectra of 4a-R and (R)-4b-R (R ) Me,
Et) at elevated temperatures show one sharp resonance
pattern for the equivalent NMe2 methyl groups in
addition to the resonances of the methyl or ethyl group
bonded to zinc. The integral ratios indicate that the
aminoarenethiolate ligand and the organic group bonded
to zinc are present in a 1:1 ratio. Decoalescence of the
singlet resonances for the NMe2 methyl groups starts
at 254 and 266 K for 4a-R and (R)-4b-R (R ) Me, Et),
respectively. The broad signals and the complicated
overlapping of many of the resonance patterns in the
1H NMR spectra at low temperatures precluded assign-
ments.
The 1H NMR spectra of (R)-4c-Me and (R)-4d-Me in

toluene-d8 over the temperature range 364-303 K also
show one sharp resonance pattern. Upon cooling of the
solutions the signals of the zinc-bonded methyl groups,
the aryl protons in the ortho position, and the benzylic
hydrogen atoms become broad and start to decoalesce
at 293 K. Upon further cooling of the solution to 193 K
the 1H NMR spectra of both compounds show one sharp
unsymmetrical resonance pattern, consisting of two
doublets for the aryl protons in the ortho position, two
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449, 1.
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Figure 2. Thermal motion ellipsoid plot (ORTEP) at the
50% probability level of the molecular structure of (R,R)-
3b. Hydrogen atoms have been omitted for clarity.

Table 1. Selected Bond Distances, Bond Angles,
and Dihedral Angles for (R,R)-3ba

Bond Distances (Å)
Zn(1)-S(1) 2.284(3) Zn(1)-N(1) 2.146(8)
Zn(1)-S(2) 2.260(2) Zn(1)-N(2) 2.096(6)
S(1)-C(1) 1.76(1) S(2)-C(11) 1.753(9)

Bond Angles (deg)
S(1)-Zn(1)-N(1) 99.7(2) S(1)-Zn(1)-S(2) 119.64(10)
S(2)-Zn(1)-N(2) 101.3(2) N(1)-Zn(1)-N(2) 117.9(3)
Zn(1)-S(1)-C(1) 93.8(3) Zn(1)-S(2)-C(11) 106.5(3)

Dihedral Angles (deg)
C(3)-C(2)-
C(7)-C(8)

-29.7(12) C(13)-C(12)-
C(17)-C(18)

107.1(8)

a The estimated standard deviations are given in parentheses.
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quartets for the benzylic hydrogen atoms and two
singlets for the zinc-bonded methyl groups.
Catalytic 1,2-Addition Reactions. Both the zinc

bis(aminoarenethiolates) 3a and (R,R)-3b and the ami-
nothiophenols (R)-1c and (R)-1dwere tested in catalytic
1,2-additions of diethylzinc to benzaldehyde. We found
that the presence of a catalytic amount of either a zinc
bis(aminoarenethiolate) or an aminothiophenol signifi-
cantly enhances the rate of the reaction between dieth-
ylzinc and benzaldehyde to give 1-phenyl-1-propanol
(5b) nearly quantitatively after hydrolysis. Moreover,
the reactions in which optically pure chiral aminoarene-
thiolate ligands were used proceeded with excellent
enantioselectivities. The use of separately prepared (R)-
4b-Et, which itself is inert toward benzaldehyde, gave
a result identical with that obtained with the parent
zinc bis(aminoarenethiolate) (R,R)-3b. The best results
are obtained with (R)-1d having a N(CH2)5 substituent
(see Table 2). The use of the pyrrolidinyl and piperi-
dinyl thiols (R)-1c and (R)-1d as precursor catalysts not
only leads to optimal chemo- and enantioselectivities but
also gives by far the fastest rate in the conversion of
benzaldehyde into (S)-1-phenyl-1-propanol ((S)-5b) (see
Figure 3).

To determine the scope of the present catalysts, 1,2-
addition reactions of various aromatic and aliphatic
aldehydes with diethylzinc were carried out. It appears
that the amount of chiral induction clearly depends on
the nature of the aldehyde: whereas R,â-unsaturated
and aliphatic aldehydes afford the corresponding alco-
hols (S)-10 and (S)-12 with only moderate ee’s of 75%

and 69% (Table 3, entries 5 and 7), the aromatic
aldehydes gave the alcohols (S)-5b-(S)-9 with excellent
ee’s of g94%.

A striking difference in reactivity of the aminoarene-
thiolate ligands toward benzaldehyde was found upon
the application of other diorganozinc compounds, i.e.
commercially available dimethylzinc and separately
prepared diisopropylzinc. Excellent results are obtained
with dimethylzinc, although this reaction is much
slower than that of diethylzinc. The reaction of diiso-
propylzinc with benzaldehyde gave significant amounts

Scheme 2

Table 2. Addition of ZnEt2 to Benzaldehyde in the
Presence of Various Catalysts in Toluene

entry
no. catalyst

amt of
catalyst
(mol %)

yield of 5b
(%)a

ee of (S)-5b
(%)b

1 none 13c 0
2 3a 2 94 0
3 (R,R)-3b 2 99 94
4 (R)-4b-Et 4 >99 92
5 (R)-1c 4 93 98
6 (R)-1d 4 >99 96
a GC yield, defined by conversion times selectivity. b Enantio-

meric excess determined by HPLC using a Diacel Chiralcel OD
column. Absolute configurations were determined from optical
rotation. c Reference 15.

Figure 3. Comparison of the reaction rates of the reaction
of benzaldehyde with ZnEt2 catalyzed by (R,R)-3b, (R)-1c,
and (R)-1d.

Table 3. Aminoarenethiolate-Catalyzed Addition
of Diethylzinc to Various Aldehydes in Toluene

entry
no. R1 catalyst

amt of
catalyst
(mol %) product

yield
(%)a

ee
(%)b

1 2-ClC6H4 (R,R)-3b 2 6 96 92 (S)c
2 4-ClC6H4 (R,R)-3b 2 7 99 97 (S)
3 4-MeOC6H4 (R,R)-3b 2 8 94 95 (S)
4 4-MeC6H4 (R,R)-3b 2 9 >99 99 (S)
5 (E)-C6H5CHdCH (R,R)-3b 2 10 95 75 (S)
6 2-furyl (R,R)-3b 2 11 >99 89 (S)
7 C6H5CH2CH2 (R,R)-3b 2 12 98 69 (S)
8 C6H5CH2CH2 (R)-1c 4 12 >99 80 (S)
9 C6H5CH2CH2 (R)-1d 4 12 >99 82 (S)

a GC yield, defined by conversion times selectivity. b The enan-
tiomeric excess was determined by HPLC using a Diacel Chiralcel
OD column unless stated otherwise. Absolute configurations were
determined from optical rotation. c The enantiomeric excess was
determined by 1H NMR using the chiral shift reagent Eu(tfc)3.
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of benzyl alcohol and 2-methyl-1-phenyl-1-propanone as
side products. As is obvious from the data in Table 4,
the application of (R)-1d as the precursor catalyst
significantly improves the results of the reaction be-
tween benzaldehyde and diisopropylzinc as well as the
yield of 1-phenyl-1-ethanol ((S)-5a) in the reaction with
dimethylzinc.
There is a significant effect of the solvent on the

outcome of the 1,2-additions of benzaldehyde with
diethylzinc catalyzed by (R,R)-3b (see Table 5). In
toluene and in the presence of t-BuOMe, the conversions
of benzaldehyde after 17 h were >99 and 92%, respec-
tively. However, in the presence of a large excess of thf
the reaction proceeds very slowly, and low chemo- and
enantioselectivities are obtained.
To get insight into the mechanism of these 1,2-

additions, the effect of the optical purity of the catalyst
precursor (R,R)-3b on the selectivity was investigated.
As shown in Figure 4, the ee of the product (S)-5b has
a nonlinear relation with the ee of the catalyst precursor
(R,R)-3b. This nonlinear effect is positive in the range
for 0-100% ee of (R,R)-3b. The optical purity also
considerably affects the reactivity: the use of (R,R)-3b
with an ee of 100% gives complete conversion of benz-
aldehyde to (S)-5b after 17 h, whereas the use of 20%
ee (R,R)-3b gives a lower conversion (83% of (S)-5b)
under identical reaction conditions.
According to the results presented in Tables 3 and 4,

the alkylation reactions of aldehydes in the presence of
either optically pure zinc bis(aminoarenethiolate) (R,R)-
3b or one of the aminoarenethiols (R)-1d or (R)-1d, all
having the R configuration at the stereogenic benzylic
carbon center, produce (after hydrolysis) the corre-
sponding optically active S secondary alcohols. Accord-
ingly, it can be concluded that the transfer of the
stereochemical information from the catalyst to the
product follows the configurational rules formulated by
Noyori et al. for similar reactions catalyzed by chiral
aminoalkoxide ligands.3a

Discussion

The (Precursor) Catalysts. In practice, the cata-
lyst in the 1,2-addition reaction of diorganozinc com-
pounds to aldehydes is prepared in situ by protonolysis
of 1 equiv of ZnR2 by the amino alcohol to give an
organozinc alkoxide. We have used this approach for
the in situ synthesis of the organozinc aminoarenethi-
olate catalysts, but we have also developed an alterna-
tive route by reacting a zinc bis(aminoarenethiolate)
with a diorganozinc compound (comproportionation).
These zinc bis(aminoarenethiolates) can be isolated as
air-stable odorless materials, which is an advantage
over the aminothiophenols. An additional advantage
of these precursor catalysts is that they are available
in both enantiomeric forms in high yields from the
cheap, optically pure (S)- or (R)-(1-phenylethyl)amines.
The (R,R)-3b we used was prepared from (R)-(1-

phenylethyl)amine with an optical purity of 96%. There-
fore, three diastereoisomeric complexes could have been
formed, (R,R)-3b, (R,S)-3b, and (S,S)-3b, in a statistical
96.04:3.92:0.04 distribution. Consequently, uncrystal-
lized (R,R)-3b is calculated to have an ee of 99.9% and
a de of 92%. Therefore, the NMR experiments were
performed with recrystallized material.
The 1H NMR spectra of 3a and (R,R)-3b reveal that

the overall molecular structure of (R,R)-3b in the solid
state is also present in solution at temperatures below
278 K: the presence of intramolecular Zn-N coordina-
tion in 3a and (R,R)-3b in solution is supported by the
diastereotopicity of the CH2N methylene hydrogen
atoms and the NMe2 methyl groups. Since the Zn-N
coordination is becoming stable on the NMR time scale
at 340 K, the zinc atom in (R,R)-3b represents a
stereogenic tetrahedral center and exists in either the
Zn(R) or the Zn(S) configuration, resulting in two dia-
stereoisomers, i.e. C(R)C(R)Zn(R) and C(R)C(R)Zn(S). Fur-
thermore, each diastereoisomer contains two puckered
six-membered chelate rings, which both can have either
the δ or the λ conformation. Theoretically six isomers
of (R,R)-3b are expected, four of which are shown in
Figure 5. In A, B,D, and E both six-membered chelate
rings have identical puckering; however, the positions
of the R-methyl groups are different. In A and D both
R-methyl groups occupy the favored axial positions, i.e.
approximately perpendicular (antiplanar) to the adja-
cent aryl ring, whereas inB andE both R-methyl groups

Table 4. Comparison of the Catalyst Selectivities
in the 1,2-Addition of Diorganozinc Compounds to

Benzaldehyde in Toluene

entry
no. R1 R catalyst

amt of
catalyst
(mol %) product

yield
(%)a ee (%)b

1 Ph Me (R,R)-3b 2 5a 88c 94 (S)
3 Ph Me (R)-1d 4 5a 97c 93 (S)
2 Ph Et (R,R)-3b 2 5b 99 94 (S)
4 Ph Et (R)-1d 4 5b >99 96 (S)
5 Ph i-Pr (R,R)-3b 2 5c 45 80 (S)
6 Ph i-Pr (R)-1d 4 5c 68 91 (S)
a GC yield, defined by conversion times selectivity. b Enantio-

meric excess determined by HPLC using a Diacel chiralcel OD
column. Absolute configurations were determined from optical
rotation. c Conversion after 68 h.

Table 5. Addition of Diethylzinc to Benzaldehyde
with 2 mol % of (R,R)-3b Catalyst in Toluene:

Influence of the Presence of Various Cosolvents
entry
no. cosolvent

yield of 5b
(%)a

ee of (S)-5b
(%)b

1 99 94
2 t-BuOMe 85 89
3 Et2O 89 83
4 thf 9 74

a GC yield, defined by conversion times selectivity. b Enantio-
meric excess determined by HPLC using a Diacel Chiralcel OD
column. Absolute configurations were determined from optical
rotation.

Figure 4. Relation between the ee of product (S)-5b and
that of the catalyst (R,R)-3b (100% de; vide infra) in the
(R,R)-3b-catalyzed reaction of benzaldehyde and ZnEt2.
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are forced in the unfavored equatorial positions, i.e.
approximately in-plane (periplanar) with the adjacent
aryl ring. In C and F the two six-membered chelate
rings have opposite puckering, which results in one ring
with an antiplanar and one ring with a periplanar
R-methyl group.
In the case of A, B, D, and E only one resonance

pattern is expected for each of the chelate rings,
characterized by two singlets for the NMe2 methyl
groups and one pattern for the C(Me)H group. Such a
pattern is observed for the major species in toluene-d8
solutions of (R,R)-3b at 278 K. For C and F we expect
two resonance patterns for each of the chelate rings,
characterized by four singlets for the NMe2 methyl
groups and two patterns for the C(Me)H group. Two
such resonance patterns are observed for the minor
species in solution at 205 K. In the 1H NMR spectra of
(R,R)-3b in toluene-d8 at temperatures below 254 K,
only two other species are observed in addition to one
major species. This indicates that three isomers of
(R,R)-3b can be frozen out below 254 K from the
equilibrium between the diastereoisomers and the
conformers that is present at elevated temperatures. It
must be noted that the molecular geometry of (R,R)-3b
in the solid state is that of C.
A conspicuous feature of the structure of (R,R)-3b is

the significant shortening of the Zn-N bond distances
compared with these distances in Zn[(CH2)3NMe)2]2
(13),14a ZnMe2(tmeda) (14), and Zn(CH2CMe3)2(tmeda)
(15) (tmeda ) Me2N(CH2)2NMe2).14b This points to a
considerably higher Lewis acidity of the zinc center in
(R,R)-3b, i.e. to a larger polarity of the Zn-S bond as
compared with the Zn-C bond in 13, 14, and 15.
A consequence of this bond shortening is that vicinal

interactions between substituted groups at the zinc
center and at the neighboring nitrogen centers are

significantly enhanced. This will result in higher energy
barriers for rotation around the Zn-N bonds, i.e.
increased kinetic stability of the different ring conform-
ers. This is corroborated by the observation in the 1H
NMR of at least three distinct (R,R)-3b isomers. A
further consequence of the short Zn-N bonds is that
during catalysis the strong Zn-N interaction facilitates
an efficient transfer of the stereochemistry from the
stereogenic benzylic carbon atom along the C-N bonds
and the N-Zn bonds to the zinc center in the actual
catalyst (vide infra). Finally, the compact Zn-N-C
arrangement will also cause any change of the substit-
uents at these atoms to have considerable effects. This
is clearly the case when the NMe2 group in (R,R)-3b is
replaced by a N(CH2)4 or a N(CH2)5 group: as stated
before, it was not possible to isolate the last two zinc
bis(aminoarenethiolates) (R,R)-3c and (R,R)-3d. The
reason for this may be that the enhanced Lewis basicity
of the latter amino substituents causes an even stronger
Zn-N interaction, resulting in an increased steric
congestion at the nitrogen center. However, the cor-
respondingly less crowded dimeric alkylzinc amino-
arenethiolates are easily accessible, and (R)-4c-Me and
(R)-4d-Me were isolated. In these dimers each zinc
center is S,N-chelate bonded to one aminoarenethiolate
ligand and a methyl group is present instead of a second
bulky N(CH2)4 or N(CH2)5 substituent. Notably, the 1H
NMR spectra of (R)-4c-Me and (R)-4d-Me at low tem-
peratures show exclusively one species with two reso-
nance patterns for two chelate rings. The structural
features of these dimers are obvious from the molecular
structure of (R)-4b-Me,11b shown in Figure 7.
The solid-state structure of dimeric [(R)-4b-Me]2

shows Zn-N bond distances that are comparable to
those found for (R,R)-3b, but the Zn-S bond distances
of the S,N-chelated ligands in [(R)-4b-Me]2 are signifi-
cantly elongated. The two six-membered chelate rings
in [(R)-4b-Me]2 show different puckering, as illustrated
by the dihedral angles between the R-methyl groups and
the planes of the adjacent aryl rings (-17.4(8) and
107.3(6)°, respectively). This points to enhanced steric
interactions between the protons of the periplanar
R-methyl group and the neighboring aryl proton in [(R)-
4b-Me]2 when compared to (R,R)-3b.
The central Zn2S2 core in [(R)-4b-Me]2 is planar

within experimental error. The acute Zn-S-Zn angles
of about 80° suggest that the sulfur atoms are bonded
to two zinc atoms by electron-deficient two-electron-

Figure 5. Selected diastereoisomeric and conformeric structures of (R,R)-3b.

Figure 6. Comparison of the Zn-N bond distances in
(R,R)-3b and those in nitrogen-coordinated ZnR2 com-
plexes.
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three-center bonds with sp2-hybridized sulfur atoms, as
also proposed for the structures of copper(I) aminoarene-
thiolate complexes.11,12 The soft character of sp2-s
hybrids allows the sulfur atoms in [(R)-4b-Me]2 to adopt
pyramidal geometries. The rather flat energy surface
and its larger size make sulfur a good bridging atom.12c
The relatively small variation between the covalent and
the coordinative Zn-S bond distances suggests a strong
dimeric interaction in [(R)-4b-Me]2. This strong dimeric
interaction may explain the observed slightly positive
nonlinear correlation between the optical purity of the
product and that of the precursor catalyst (R,R)-3b (vide
infra).
1,2-Addition Reactions. The results obtained with

the novel zinc bis(aminoarenethiolates) 3a and (R,R)-
3b are in contrast to the reported lack of reactivity of
the zinc bis(aminoalkoxides) derived from (dialkylami-
no)norephedrine.5 A possible explanation might that
the latter complex is dimeric, as was found for (R,R)-
Zn((N-methylpseudoephedrine)2 by Enders et al.17 This
may make the complex unreactive toward diethylzinc
and so prevents the generation of the desired organozinc
aminoalkoxide.
The results reported so far support an underlying

mechanism for these (R,R)-3b-, (R)-1c-, and (R)-1d-
catalyzed 1,2-addition reactions that has the general
characteristics reported by Noyori et al. for the (2S)-
DAIB-catalyzed reactions4b see (Scheme 3). The initial
step in both the (R,R)-3- and the (R)-1-catalyzed 1,2-
addition reactions will be reaction with 1 equiv of ZnR2

to form the corresponding dimeric organozinc amino-
arenethiolates [(R)-4-R]2. The observed inertness of
benzaldehyde toward [(R)-4-Et]2 shows that these com-
plexes are not the actual catalysts in the 1,2-addition:
the conversion of benzaldehyde requires at least 1 equiv
more of ZnR2. This second equivalent of ZnR2 facilitates
the dissociation of the dimer by the formation of
coordinatively unsaturated monomeric (R)-4-R (G).
Coordination of benzaldehyde to G gives the product-
forming intermediate complex H. Such a species (with-
out substrate coordination) has precedents in organoalu-
minum aminophenolate and aminoalkoxide chemistry.18
A subsequent transfer of an organyl anion from zinc to
the coordinated aldehyde gives L. The catalytic cycle
is closed by splitting off the organozinc adduct of (S)-
5b and regenerating of [(R)-4-R]2. According to this
mechanism the low yield of (S)-5c in the reaction of
benzaldehyde with the more bulky Zn(i-Pr)2 can be
explained by the reduced accessibility ofH due to steric
congestion. This applies even more for the η2-CO
intermediate I (see Figure 8). Furthermore, the low
yield of (S)-5b in the presence of potentially intermo-
lecularly coordinating thf as a cosolvent can be ascribed
to competition between thf and benzaldehyde for a
coordination site in H.

(17) Enders, D.; Zhu, J.; Raabe, G. Angew. Chem., Int. Ed. Engl.
1996, 35, 1725.

(18) (a) Hogerheide, M. P.; Wesseling, M.; Jastrzebski, J. T. B. H.;
Boersma, J.; Kooijman, H.; Spek, A. L.; van Koten, G. Organometallics
1995, 14, 4483. (b) van Vliet, M. R. P.; van Koten, G.; de Keijser, M.
S.; Vrieze, K. Organometallics 1987, 6, 1652.

Figure 7. Thermal motion ellipsoid plot (ORTEP) at the
50% probability level of the molecular structure of [(R)-
4b-Me]2.11b Hydrogen atoms have been omitted for clarity.

Table 6. Selected Bond Distances, Bond Angles,
and Dihedral Angles for [(R)-4b-Me]2a

Bond Distances (Å)
Zn(1)-S(1) 2.389(1) Zn(2)-S(2) 2.390(1)
Zn(1)-S(2) 2.443(2) Zn(2)-S(1) 2.422(2)
Zn(1)-C(11) 2.020(5) Zn(2)-C(22) 2.053(4)
Zn(1)-N(1) 2.101(4) Zn(2)-N(2) 2.107(4)

Bond Angles (deg)
S(1)-Zn(1)-S(2) 98.99(5) S(1)-Zn(2)-S(2) 99.84(5)
Zn(1)-S(1)-Zn(2) 80.91(5) Zn(1)-S(2)-Zn(2) 80.25(5)

Dihedral Angles (deg)
C(5)-C(6)-
C(7)-C(8)

107.3(6) C(16)-C(17)-
C(18)-C(19)

-17.4(8)

a The estimated standard deviations are given in parentheses.

Figure 8. Alternative structures for the proposed key
intermediateH in the zinc-catalyzed 1,2-addition reaction.

Scheme 3
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Although the solid-state structure of (R)-4b-Me shows
it to be a dimer, the association number of (R)-4b-Me
in C6H6 solutions ranges from 2.9 to 3.3 according to
cryoscopy, indicating an equilibrium between a dimer
and a more highly associated species.11b Such higher
associates are not unprecedented for organozinc ami-
nothiolates, since a tetramer has recently been reported
for the structure in solution of the ZnEt2 adduct of the
HCl salt of N-methylephedrine thiol.19b The slightly
positive nonlinear relation between the optical purity
of (S)-5b and the optical purity of (R,R)-3b points to the
intermediacy of the dimer [(R)-4-Et]2;20 however, [(R)-
4-Et]2 may be involved in a preequilibrium with [(R)-
4-Et]4, similar to the one we have reported for ethylzinc
enolates.21
The replacement of the NMe2 group in the amino-

arenethiolate ligand by N(CH2)4 or N(CH2)5 significantly
increases the ee of (S)-12 in the PhCH2CH2CHO/ZnEt2
model reaction. Moreover, the application of the latter
ligands not only affects the thermodynamic stability of
the product-forming intermediate by giving a higher ee
but also accelerates the rate-determining step in this
reaction, i.e. the alkyl-transfer step.4 These effects are
nicely explained by considering H to be a zinc cation/
zinc anion pair, as the result of an alkyl shift from ZnA
to ZnB.4b The ZnB-C bonds in this zinc cation/zinc anion
pair are much more reactive toward carbonyl substrates
because the bonding of three monoanionic organic
groups to a divalent zinc atom gives more polar ZnB-C
bonds. As regards the intermediacy of such an ionic
species, it seems not unlikely that the substrate may
coordinate to the Lewis acidic ZnA center via η2 coordi-
nation of the CdO bond. A model for such an interme-
diate based on the structural features of (R,R)-3b is
schematically depicted in Figure 8 (I). It clearly shows
that prior η2-CO coordination of the aldehyde will be
strongly influenced by the mutual positioning of the
R-Me group and the incoming benzaldehyde grouping;
i.e., it explains why the chiral zinc(aminoarenethiolate)
chelate is so effective in enantioface recognition. Al-
ready during this η2-coordination process the configu-
ration at the CdO carbon center becomes fixed. Slip-
ping of the Zn atom along the CdO bond in the direction
of the oxygen atom (cf. alkene slipping in η2-alkene
metal bonding) activates the CdO carbon atom for
nucleophilic attack by the alkyl group from the zincate
moiety. It is noteworthy that the CdC bonds in dior-
ganozinc compounds Zn(CH2CH2CHdCH2)222a and Zn-
(CH2C(t-Bu)dCHC(t-Bu)dCH2)222b show η2-type inter-
actions with zinc. The existence of intramolecularly
coordinated zincate species such as I is supported by
the recent isolation and structural characterization of
a lithium triorganozincate compound containing a tet-
racoordinated zinc atom, which is bonded by three
monoanionic 2-[1-(dimethylamino)methyl]phenyl ligands,
one of which is intramolecularly C,N-chelated, while the
lithium center is coordinated by the nitrogen donors of
the other two ligands.23 An obvious difference of the

proposed intermediate of I and the reaction coordinate
considered so far is the product-forming step via J to
K. Intermediate K, a 1:1 mixed aminoarenethiolate/
aryloxyzinc species, can disproportionate in the orga-
nozinc (arylalkoxide) and the organozinc (aminoarene-
thiolate) (cf. [(R)-4b-R]2 in Scheme 3) species. This
reaction sequence relates directly the resting state of
the catalyst with the product-forming step.
Finally, the substitution of the NMe2 group by a more

basic N(CH2)4 or N(CH2)5 group results in a stronger
ZnA-N interaction in I. Shortening of this ZnA-N bond
results in a more efficient transfer of the chiral informa-
tion from the benzylic carbon atom in the arenethiolate
ligand to the zinc center. This in its turn will enhance
the differences between the relative thermodynamic
stabilities of the si- and re-coordinated aldehyde in
intermediate I. Another consequence is that shortening
of the ZnA-N bond is accompanied by an elongation of
the ZnA-S bond. This results in a stronger ZnB-S
interaction and therefore in an increase of the polarity
of the ZnB-C bonds. This will result in a faster transfer
of the organyl group from ZnB to the coordinated
substrate. Furthermore, the enhanced rate of the
catalyzed 1,2-addition reaction will now efficiently
compete with the relatively slow background reaction
yielding racemic alcohols.15

Concluding Remarks

The potentially S,N-chelating, monoanionic amino-
arenethiolate ligand [SC6H4CHR′NR′′2-2]-, attached to
zinc, acts as an excellent nontransferable group in the
1,2-additions of dialkylzinc compounds to aldehydes.
The γ-positioned dimethylamino group causes the for-
mation of a six-membered chelate ring via Zn-N bond
formation. Due to incorporation of the aryl ring in this
six-membered chelate ring, the fluxional behavior of this
ring is similar to that of five-membered chelate rings.
The presence of a chiral benzylic carbon atom in this
ring dramatically increases the differences between the
thermodynamic stabilities of the two possible conform-
ers δ and λ.
The chemo- and enantioselectivities obtained with the

aminoarenethiolate ligands b-d are close to those
reported for the DBNE-5 and the DAIB-catalyzed4
enantioselective 1,2-additions. The results illustrate
that, although our ligand is based on the absolute
minimum of chiral information (only a single R-methyl
substituent), it is capable of fully controlling the 1,2-
additions. The question can be asked how simple a
chiral auxiliary can be to still be effective in stereo-
chemical control of reactions.
Until very recently, the application of aminothiolates

in the enantioselective addition of ZnEt2 to aldehydes
was completely unprecedented. During this work, the
preparation and successful application of (1R,2S)-(-)-
N,N′-dialkylthionorephedrine derivatives19,24 and of a
thio derivative of (S)-N-Boc-prolinol25 were reported.
Inspired by our results with the aminoarenethiolate
ligands, Wirth26 also investigated the structurally analo-(19) (a) Hof, R. P.; Poelert, M. A.; Peper, N. C. M. W.; Kellogg, R.

M. Tetrahedron: Asymmetry 1994, 5, 31. (b) Fitzpatrick, K.; Hulst, R.;
Kellogg, R. M. Tetrahedron: Asymmetry 1995, 6, 1861. (c) Kellog, R.
M.; Hof, R. P. J. Chem. Soc., Perkin Trans. 1 1996, 1651.

(20) Guillaneux, D.; Zhao, S. H.; Samuel, O.; Rainford, D.; Kagan,
H. B. J. Am. Chem. Soc. 1994, 116, 9430.

(21) van der Steen, F. H.; Boersma, J.; Spek, A. L.; van Koten, G.
Organometallics 1991, 10, 2467.

(22) (a) Haaland, A.; Lehmkuhl, H.; Nehl, H. Acta. Chem. Scand.,
Ser. A 1984, 38, 547. (b) Ernst, R. D.; Freeman, J. W.; Swepsto, P. N.;
Wilson, D. R. J. Organomet. Chem. 1991, 402, 17.

(23) Rijnberg, E.; Jastrzebski, J. T. B. H.; Boersma, J.; Kooijman,
H.; Veldman, N.; Spek, A. L.; van Koten, G. Organometallics 1997,
16, 2239.

(24) (a) Kang, J.; Lee, J. W.; Kim, J. I. J. Chem. Soc., Chem.
Commun. 1994, 2009. (b) Kang, J.; Kim, D. S.; Kim, J. I. Synlett 1994,
842.

(25) Gibson, C. L. Chem. Commun. 1996, 645.
(26) Wirth, T. Tetrahedron Lett. 1995, 36, 7849.
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gous diselenide derivatives. In all these reactions the
enantioselectivities obtained with the aminothiolate
ligands were found to be superior to those of their
aminoalkoxide analogs. Especially for the thio deriva-
tive of (S)-N-Boc-prolinol and the aminoarenethiolate
ligands, in which the chiral information is located on
the amino-substituted carbon atoms, this phenomenon
can be explained by the difference in basicity between
oxygen and sulfur. Sulfur is less basic than oxygen, and
therefore, the Zn-S bond is longer than the Zn-O bond
in the aminoalkoxide derivatives. These longer Zn-S
bonds are accompanied by shorter Zn-N bonds, result-
ing in a more efficient transfer of the chiral information
from the ligand to the zinc center in aminothiolates. In
this respect prospective research of the aminothiolate
analogs of known alkoxide ligand systems, in which the
chiral information is located on the amino-substituted
carbon atom, should be very promising.
Finally, we formulated some new details of the

intermediates along the reaction coordinate of the zinc-
catalyzed 1,2-addition of diorganozinc reagents to alde-
hydes. This was necessary to be able to explain the
effective stereocontrol by the seemingly simple ami-
noarenethiolate ligand (the same question arose in our
studies concerning copper (I) aminoarenethiolate cata-
lyzed reactions11b). In addition to a more compact Zn
coordination sphere we propose prior η2 coordination of
the aldehyde in the stereo-discriminating step which is
assisted by concomitant formation of a highly reactive
triorganozincate unit that is coordinated to the sulfur
donor atom of the chelate-bonded aminoarenethiolate
ligand. Detailed computational studies are ongoing to
compare this reaction route with the previously reported
ones.

Experimental Section

General Data. All manipulations were carried out using
standard Schlenk techniques under an inert atmosphere of
dry, oxygen-free nitrogen. dmf was dried on molecular sieves
(4 Å) prior to use. Et2O, toluene, C6H6, pentane, and hexane
were carefully dried and distilled from Na/benzophenone prior
to use. CH2Cl2 was distilled from CaH2. The starting materi-
als (R)- and (S)-C6H5CH(Me)NH2 with an optical purity of 96%
ee were obtained from Janssen Chimica; (R)-C6H5CH(Me)NH2

with an optical purity of 99.9% ee was obtained from Fluka.
The former quality was used in all reactions unless stated
otherwise. All other standard chemicals were purchased from
Aldrich Chemical Co. and Janssen Chimica. (R)-MeZn(SC6H4-
CH(Me)NMe2-2) ((R)-4b-Me),11b dry ZnCl2,27 and Zn(i-Pr)228
were prepared according to literature procedures. 1H and 13C
NMR spectra were recorded at ambient temperature at 200
and 50 MHz. Chemical shifts (δ) are given in ppm relative to
SiMe4 as an external standard. Melting points are uncor-
rected. GC analyses were performed on a gas chromatograph
using a 30 m DB 17 (liquid phase) capillary column: temper-
ature program 1, 100 °C, 3 min, 20 °C min-1, 270 °C, 10 min;
temperature program 2, 100 °C, 0 min, 20 °C min-1, 270 °C,
15 min. GC-MS was carried out using a Unicam Automass
spectrometer fitted with a Unicam 610 series gas chromato-
graph. Mass spectra obtained under electron ionization (EI)
conditions (70 eV) were recorded by linear scanning fromm/z
50 to 500. HPLC was performed on a Diacel chiralcel OD
column, 25 cm × 4.6 mm. Optical rotations were determined
on a Perkin-Elmer 241 polarimeter. Elemental analyses were
obtained from Dornis und Kolbe Mikroanalytisches Labora-
torium, Mülheim a.d. Ruhr, Germany.

NMR and GC-MS data on the catalysts and related
compounds and the complete analytical data on the organic
products of the addition reactions are provided as Supporting
Information.
Preparation of (R)-C6H5CH(Me)N(CH2)4. To a solution

of (R)-C6H4CH(Me)NH2 (10 mL; 0.08 mol) in dmf (100 mL) was
added NaHCO3 (34 g; 0.4 mol) and Br(CH2)4Br (9.7 mL; 0.08
mol). The mixture was heated to 120 °C for 17 h. After it
was cooled to room temperature, the mixture was filtered and
the residue was washed with Et2O (2 × 100 mL). The
combined organic fractions were washed with water (3 × 50
mL). The organic layer of the combined filtrate and washings
was separated from the water layer and evaporated in vacuo.
The product mixture was redissolved in hexane (50 mL). The
hexane solution was extracted with water (2 × 50 mL) and
dried on Na2SO4. After filtration the solvent was removed in
vacuo. Short-path distillation at reduced pressure afforded
the product as a colorless oil, yield 8.66 g (63%). [R]20D )
+50.3° (MeOH).
Preparation of (R)-C6H5CH(Me)N(CH2)5. The synthetic

procedure is identical with that described for (R)-C6H5CH-
(Me)N(CH2)4, with (R)-C6H4CH(Me)NH2 (20 mL; 0.15 mol),
NaHCO3 (68 g; 0.8 mol), and Br(CH2)5Br (22.0 mL; 0.16 mol)
as starting materials. The product was obtained as a colorless
oil, yield 20.1 g (69%). [R]20D ) +32.3° (MeOH).
[(R)-Li(C6H4CH(Me)N(CH2)4-2)]4 was prepared according

to a published procedure,10 with (R)-C6H5CH(Me)N(CH2)4 (3.69
g; 21.0 mmol) and t-BuLi (14.1 mL of a 1.5 M solution in
pentane, 21.0 mmol) as starting materials: yield 2.44 g (3.37
mmol, 64%); mp 168 °C.
Preparation of [(R)-Li(C6H4CH(Me)N(CH2)5-2)]4. The

synthetic procedure is identical with that described for [(R)-
Li(C6H4CH(Me)N(CH2)4-2)]4, with (R)-C6H5CH(Me)N(CH2)5 (4.73
g; 25.0 mmol) and t-BuLi (16.7 mL of a 1.5 M solution in
pentane, 25.0 mmol) as starting materials: yield 4.18 g (5.36
mmol, 86%); mp >180 °C.
(R)-HSC6H4CH(Me)N(CH2)4-2 ((R)-1c) was prepared ac-

cording to a published procedure,11a with [(R)-Li(C6H4CH-
(Me)N(CH2)4-2)]4 (2.44 g; 3.37 mmol), sublimed S8 (0.43 g; 1.68
mmol), and a solution of HCl (1.40 mL of a 9.7 M solution in
H2O; 13.6 mmol) in thf (10 mL) as starting materials.
Analytically pure (R)-1c was isolated by sublimation at 120
°C at reduced pressure, followed by subsequent washing with
Et2O (10 mL). Yield: 1.06 g (38%). Mp: 123 °C. Anal. Calcd
for C11H17NS: C, 69.52; H, 8.26; N, 6.76. Found: C, 69.34; H,
8.31; N, 6.72.
(R)-HSC6H4CH(Me)N(CH2)5-2 ((R)-1d) was prepared ac-

cording to a published procedure,11a with [(R)-Li(C6H4CH-
(Me)N(CH2)5-2)]4 (4.18 g; 5.36 mmol), sublimed S8 (0.69 g; 2.69
mmol), and a solution of HCl (2.2 mL of a 9.7 M solution in
H2O; 21.0 mmol) in thf (10 mL) as starting materials.
Analytically pure (R)-1d was isolated by sublimation at 140
°C at reduced pressure, followed by subsequent washing with
Et2O (10 mL). Yield: 1.24 g (27%). Mp: 139 °C. Anal. Calcd
for C12H19NS: C, 70.54; H, 8.65; N, 6.33. Found: C, 70.49; H,
8.59; N, 6.32.
Me3Si-SC6H4CH2NMe2-2 (2a) was prepared according to

the literature procedure; however, 13C NMR data were not
reported.11b

(R)-Me3Si-SC6H4CH(Me)NMe2-2 ((R)-2b) was prepared
according to the literature procedure; however, 13C NMR data
were not reported.11b

(R)-Me3Si-SC6H4CH(Me)N(CH2)4-2 ((R)-2c)was prepared
according to the literature procedure with a slightly modified
workup procedure,11b with [(R)-Li(C6H4CH(Me)N(CH2)4-2)]4
(1.75 g; 2.42 mmol), sublimed S8 (0.31 g; 1.21 mmol), and Me3-
SiCl (1.30 mL; 10.24 mmol) as starting materials. After the
reaction all volatiles were removed in vacuo and the remaining
suspension was extracted with pentane (100 mL). The pen-
tane extract was evaporated in vacuo to afford the crude
product as a colorless oil, which was purified by a short-path
distillation at reduced pressure; yield 2.32 g (8.30 mmol; 86%).

(27) Nützel, K. In Methoden Org. Chem. (Houben-Weyl), 4th Ed.
1973, 13 (part 2a), 595.

(28) Hamilton, R. T.; Butler, J. A. V. J. Chem. Soc. 1932, 2283.
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(R)-Me3Si-SC6H4CH(Me)N(CH2)5-2 ((R)-2d)was prepared
according to the procedure for (R)-2c, with [(R)-Li(C6H4CH-
(Me)N(CH2)5-2)]4 (2.48 g; 3.18 mmol), sublimed S8 (0.41 g; 1.60
mmol), and Me3SiCl (1.65 mL; 13.00 mmol) as starting
materials. Yield after distillation: 2.73 g (9.30 mmol; 73%).
Preparation of Zn(SC6H4CH2NMe2-2)2 (3a). To a stirred

solution of 2a (5.31 g; 22.18 mmol) in CH2Cl2 (40 mL) was
added ZnCl2 (17.50 mL of a 0.63 M solution in Et2O; 11.03
mmol) at room temperature. After the mixture was stirred
for 1 h, all volatiles were removed in vacuo to afford a colorless
powder. The crude material was washed with pentane (2 ×
25 mL) and dried in vacuo, yielding 4.35 g (10.93 mmol; 99%)
of powder. Crystallization from CH2Cl2 at -30 °C afforded
3a as colorless crystals. Anal. Calcd for C18H24N2S2Zn: C,
54.33; H, 6.08; N, 7.04. Found: C, 54.06; H, 5.91; N, 6.96.
Mp: > 180 °C.
Preparation of (R,R)-Zn(SC6H4CH(Me)NMe2-2)2 ((R,R)-

3b). To a stirred suspension of ZnCl2 (3.38 g; 24.8 mmol) in
C6H6 (50 mL) was added (R)-2b (12.57 g; 49.83 mmol) in C6H6

(20 mL) at room temperature. After it was stirred for 48 h,
the slightly turbid solution was filtered, and subsequently all
volatiles were removed in vacuo. The resulting solid was
washed with pentane (20 mL) and dried in vacuo to afford the
product as a colorless powder, yield 10.45 g (99%). Crystal-
lization from toluene at -30 °C afforded (R,R)-3b as colorless
crystals. Recrystallization from toluene/CH2Cl2 at -30 °C
afforded crystals suitable for X-ray diffraction. Anal. Calcd
for C20H28N2S2Zn: C, 56.40; H, 6.63; N, 6.58. Found: C, 56.44;
H, 6.66; N, 6.63. Mp: > 180 °C. Molecular weight determi-
nation by cryoscopy (1.73 g in 38.95 g of C6H6): calcd for
monomer 426, found 460.
Preparation of MeZn(SC6H4CH2NMe2-2) (4a-Me). To an

in situ prepared solution of MeZnCl from ZnCl2 (6.0 mL of a
0.63 M solution in Et2O; 3.78 mmol) and ZnMe2 (2.0 mL of a
2.0 M solution in toluene; 4.0 mmol) in C6H6 (20 mL) was
added 2a (1.79 g; 7.48 mmol) in C6H6 (40 mL). The resulting
suspension was stirred for 15 min before all volatiles were
removed in vacuo. The crude material was washed with
pentane (2 × 25 mL) and dried in vacuo yielding 1.83 g (7.42
mmol; 99%) of a colorless powder. Anal. Calcd for C10H15-
NSZn: C, 48.69; H, 6.13; N, 5.68. Found: C, 48.54; H, 6.03;
N, 5.56. Mp: 140 °C dec.
Preparation of EtZn(SC6H4CH2NMe2-2) (4a-Et). The

complex 4a-Et was prepared according to the procedure
described for 4a-Me. With 2a (1.01 g; 4.22 mmol), EtZnCl, in
situ prepared from ZnCl2 (6.60 mL of a 0.32 M solution in Et2O;
2.11 mmol), and ZnEt2 (2.20 L of a 1.0 M solution in hexane;
2.20 mmol) as starting materials, 4a-Et was obtained as a
colorless powder, yield 1.09 g (4.18 mmol; 99%). Mp: 145 °C
dec.
Preparation of (R)-MeZn(SC6H4CH(Me)NMe2-2) ((R)-

4b-Me). (R)-4b-Me was prepared via an alternative proce-
dure. To a solution of (R,R)-3b (1.27 g; 2.98 mmol) in C6H6

(15 mL) was added ZnMe2 (1.5 mL of a 2.0 M solution in
toluene; 3.0 mmol). After 10 min the solvent was removed in
vacuo. The resulting solid was washed with pentane (20 mL)
and dried in vacuo to afford (R)-4b-Me as a colorless powder,
yield 1.36 g (5.22 mmol; 88%).
Preparation of (R)-EtZn(SC6H4CH(Me)NMe2-2) ((R)-4b-

Et). (R)-4b-Et was prepared similarly to the procedure
described for (R)-4b-Me. With (R,R)-3b (1.05 g; 2.47 mmol)
and ZnEt2 (2.5 mL of a 1.0 M solution in hexanes; 2.50 mmol)
as starting materials, (R)-4b-Et was obtained as a colorless
powder, yield 1.29 g (4.70 mmol; 95%). Anal. Found: C, 52.46;
H, 6.82; N, 5.15. Mp: 135 °C dec.
Preparation of (R)-MeZn(SC6H4CH(Me)N(CH2)4-2) ((R)-

4c-Me). To a stirred suspension of (R)-1c (0.74 g; 3.57 mmol)
in C6H6 (40 mL) was added carefully an excess of ZnMe2 (2.50
mL of a 2.0 M solution in toluene; 5.0 mmol) at room
temperature. After it was stirred for 17 h, the cloudy solution
was filtered and subsequently all volatiles were evaporated
under reduced pressure. The resulting solid was washed with

pentane (20 mL) and dried in vacuo to afford (R)-4c-Me as a
colorless powder, yield 0.58 g (57%). Mp: 112 °C dec.
Preparation of (R)-MeZn(SC6H4CH(Me)N(CH2)5-2) ((R)-

4d-Me). (R)-4d-Me was prepared similarly to the procedure
described for (R)-4c-Me. The reaction of (R)-1d (1.43 g; 6.46
mmol) and ZnMe2 (4.0 mL of a 2.0 M solution in toluene; 8.0
mmol) afforded the product as a colorless powder, yield 1.33 g
(68%). Mp: 117 °C dec.
General Procedure for 3a- and (R,R)-3b-Catalyzed 1,2-

Addition Reactions. In a typical experiment ZnEt2 (11.0 mL
of a 1.0 M solution in toluene, 11.0 mmol) was added to a
stirred solution containing uncrystallized (R,R)-3b (4.0 mL of
a 0.05 M solution in toluene, 0.20 mmol) in toluene (30 mL)
at room temperature. After 5 min 10.0 mmol of the appropri-
ate aldehyde in toluene (20 mL) was added, and the reaction
mixture was stirred for 17 h at room temperature. The
reaction mixture was quenched with 20 mL of a saturated NH4-
Cl solution. The organic layer was separated, and the water
layer was extracted with CH2Cl2 (2 × 20 mL); the combined
organic layers were dried on Na2SO4 and concentrated in
vacuo. Purification of the crude products was done by distil-
lation at reduced pressure.
General Procedure for (R)-1c- and (R)-1d-Catalyzed

1,2-Addition Reactions. The procedure was identical with
that described above, with (R)-1c (0.08 g; 0.4 mmol), ZnEt2
(11.0 mL of a 1.0 M solution in toluene, 11.0 mmol), and 10.0
mmol of the appropriate aldehyde in toluene as starting
materials.
All analytical data for the organic products of the 1,2-

addition reactions are provided as Supplementary Information.
Stoichiometric Reaction of Benzaldehyde with (R)-

4b-Et. To a solution of separately prepared (R)-4b-Et (0.42
g; 1.53 mmol) in toluene (40 mL) was added benzaldehyde (0.15
mL; 1.48 mmol) at room temperature, and the reaction mixture
was stirred for 17 h. A sample for GC analysis was obtained
after hydrolysis with a saturated aqueous solution of NH4Cl.
The product ratio was determined by GC analysis.
Stoichiometric Reaction of Benzaldehyde, (R)-4b-Et,

and ZnEt2. To a stirred solution of (R,R)-3b (0.64 g; 1.50
mmol) and ZnEt2 (4.50 mL of a 4.50 M solution in hexane;
13.0 mmol) in toluene (40 mL) was added benzaldehyde (0.31
g; 2.92 mmol) at room temperature, and the reaction mixture
was stirred for 17 h. Samples for GC and HPLC analyses were
obtained after hydrolysis with a saturated aqueous solution
of NH4Cl. The product ratio was determined by GC analysis
(program 1): tR(5b) ) 7.85 min (100%). The ee (92%) was
determined by HPLC analysis.
(R)-4b-Et-Catalyzed Reaction of Benzaldehyde with

ZnEt2. To a solution of separately prepared (R)-4b-Et (0.08
g; 0.29 mmol) and ZnEt2 (8.0 mL of a 1.0 M solution in hexane;
8.0 mmol) in toluene (40 mL) was added benzaldehyde (0.75
mL; 7.38 mmol) at room temperature, and the reaction mixture
was stirred for 17 h. Samples for GC and HPLC analyses were
obtained after hydrolysis with a saturated aqueous solution
of NH4Cl. The product ratio was determined by GC analysis
and the ee of 5b (92%) was determined by HPLC analysis.
Cosolvent Effect. A solution of (R,R)-3b (4.0 mL of a 0.05

M solution in toluene, 0.20 mmol) in t-BuOMe, Et2O, or thf
(50 mL) was stirred at room temperature. After 5 min
benzaldehyde (1.0 mL; 9.84 mmol) was added and the reaction
mixture was stirred for 17 h at room temperature. Samples
for GC and HPLC analyses were obtained after hydrolysis with
a saturated aqueous solution of NH4Cl. The product ratio was
determined by GC analysis. The ee (89%, 83%, and 74%) was
determined by HPLC analysis.
ee Variation of (R,R)-3b. To a stirred solution containing

(R,R)-3b (9.0, 8.0, 7.0, or 6.0 mL of a 0.02 M solution in toluene;
0.18, 0.16, 0.14, or 0.12 mmol) in toluene (25 mL) was added
(S,S)-3b (1.0, 2.0, 3.0, or 4.0 mL of a 0.02 M solution in toluene;
0.02, 0.04, 0.06, or 0.08 mmol) at room temperature to generate
in situ (R,R)-3b with an optical purity of 80%, 60%, 40%, and
20% ee, respectively. After 5 min ZnEt2 (11.0 mL of a 1.0 M
solution in toluene, 11.0 mmol) and benzaldehyde (1.0 mL; 9.84
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mmol) were added and the reaction mixture was stirred for
17 h at room temperature. Samples for GC and HPLC
analyses were obtained after hydrolysis with a saturated
aqueous solution of NH4Cl. The product ratio was determined
by GC analysis and the ee’s by HPLC analysis. A similar
experiment was carried out with 2 mol % of (R,R)-3b derived
from 99.9% ee (R)-C6H5C(Me)HNMe2. This gave (S)-5b in
>99% yield with an ee of 94%.
X-ray Data Collection, Structure Determination, and

Refinement of (R,R)-3b. X-ray data were collected on an
Enraf-Nonius CAD4T/rotating anode diffractometer for a
colorless transparent crystal which was glued on top of a glass
fibre. Accurate unit-cell parameters and an orientation matrix
were derived from the setting angles of 25 well-centered
reflections (SET4)29 in the range 9 < θ < 14°. The unit-cell
parameters were checked for the presence of higher lattice
symmetry.30 Data were corrected for Lorentz and polarization
effects. An empirical absorption correction was applied (DI-
FABS31 as implemented in PLATON32). The structure was
solved by direct methods and subsequent difference Fourier
techniques (SHELXS86).33 Refinement on F2 was carried out
by full-matrix least-squares techniques (SHELXL93)34 using
no observance criterion. The correct absolute structure adopted
for the structure of (R,R)-3b was indicated by the Flack
parameter35 value of 0.04(4). Hydrogen atoms were introduced
on calculated positions and refined riding on their carrier
atoms. All non-hydrogen atoms were refined with anisotropic
atomic displacement parameters. The hydrogen atoms were
refined with a fixed isotropic atomic displacement parameter
related to the value of the equivalent isotropic atomic displace-
ment parameter of their carrier atom by a factor of 1.2 for the
benzylic and aromatic hydrogens and a factor of 1.5 for the
methyl hydrogen atoms. Weights were optimized in the final
refinement cycles. Neutral atom scattering factors and anoma-
lous dispersion corrections were taken from ref 36. Geo-
metrical calculations and illustrations were performed with
PLATON.32 All calculations were performed on a DEC5000
cluster. Experimental data and numerical details of the
structure determination and refinement are collected in Table
7.

Computational Details. The molecular mechanics calcu-
lations were performed with CAChe WorkSystem software,
Version 3.8, on an Apple Power Macintosh 8100 equipped with
two CAChe CXP coprocessors. The isomers of (R,R)-3b were
modeled using an augmented MM2 force field.
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Table 7. Crystallographic Data and Details of the
Structure Determination for (R,R)-3b

formula C20H28N2S2Zn
mol wt 425.98
cryst syst orthorhombic
space group P212121 (No. 19)
a, Å 7.6107(10)
b, Å 7.727(4)
c, Å 34.297(10)
V, Å3 2016.9(12)
Dcalc, g cm-3 1.403
F(000), e 896
µ(Mo KR), cm-1 14.5
cryst size 0.02 × 0.40 × 0.40
temp, K 150
radiation, Å Mo KR (0.710 73)a
θmin,max, deg 1.19, 25.00
data set 0-9; -9 to +7; -40 to 40
total unique no. of data 7418, 3528
no. of obsd data (I > 2.0σ(I)) 2157
Nref, Npar 3527, 226
R,bwR2,b S 0.066, 0.171, 1.14
weighting scheme w-1 ) σ2(Fo2) + (0.0407P)2
min and max resd dens, e Å-3 -0.67, +0.59
a Graphite monochromated. b R ) ∑||Fo| - |Fc||/∑|Fo|; wR2 )

{∑[w(Fo2 - Fc2)2]/∑[w(Fo2)2]}1/2.
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