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Abstract—The enantio- and diastereoselective synthesis of allenyl aryl sulfides by asymmetric lithiation of 2-alkynyl (2-hetero)aryl
sulfides is described. A dynamic thermodynamic resolution by selective crystallization of the intermediate lithium complexes derived
from deprotonation, applying a bis(oxazoline) ligand, was achieved to give enantioselectivities up to 85% ee. Subsequent stereo-
specific nickel-catalyzed cross-coupling reactions with arylzinc reagents established a versatile access to threefold carbon-substituted
allenes.
� 2007 Elsevier Ltd. All rights reserved.
Asymmetric synthesis is pervaded by the chemistry of
chiral organolithiums; especially lithiated a-hetero-
substituted reagents and intermediates became essential
tools in enantioselective synthesis.1 Among these,
a-thio-substituted carbanions were often the matter of
mechanistic interest but of little synthetic signifi-
cance.2–5 Possibly, because chiral a-hetero-carbanions
are predominantly generated by asymmetric deprotona-
tion pathways requiring a configurationally stable lith-
ium species, whereas a-thio-carbanions are known to
racemize rapidly even at temperatures below �78 �C.6

Only a few a-thio-substituted organolithium compounds
show considerable configurational stability; they are all
derived from dipole stabilized secondary S-organyl thio-
carbamates.7 The first highly enantioselective reaction of
a configurationally labile, non-dipole stabilized
a-thio-organolithium intermediate was demonstrated
by Toru and co-workers.8 They reported the asymmetric
substitution of a-lithiated benzyl aryl sulfides applying
bis(oxazoline)s as external chiral ligands. A high level
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�Authors for crystal structure analysis.
of asymmetric induction was achieved in the post-depro-
tonation step by dynamic thermodynamic resolution of
the intermediate lithium bis(oxazoline) complex or by
dynamic kinetic resolution upon the reaction with
electrophiles, respectively.9,10 They also expanded this
method successfully to the enantioselective lithiation
and substitution of allyl aryl sulfides.11 However, since
the work of Nakai,12 asymmetric induction arising from
complexation with chiral bis(oxazoline) ligands became
an efficient method for enantioselective synthesis utiliz-
ing configurationally labile lithium-carbanions.13,14

In a corporation of the Toru and the Hoppe group, we
became interested in the asymmetric lithiation of 2-
alkynyl aryl sulfides: propargylic lithium-carbanions
are formidable precursors for titanium-mediated synthe-
sis of allenes demonstrated in recent example.15,16 Enan-
tioenriched 4-hydroxyallenes 2 were isolated in good
yields and with excellent diastereomeric ratios after
(�)-sparteine-mediated, asymmetric deprotonation of
1, transmetallation with ClTi(OiPr)3, and subsequent
suprafacial addition to aldehydes (Scheme 1).

The synthesis of optically active allenyl aryl sulfides pro-
vides the special attraction that sulfides serve well as
electrophilic reagents in transition-metal cross-coupling
reactions.17,18 Hence, herein we report an access to
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Scheme 1. Stereoselective synthesis of allenyl carbamates 2.
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enantioenriched allenyl aryl sulfides by asymmetric lith-
iation in the presence of bis(oxazoline) ligands and,
moreover, we present first results concerning the nick-
el-catalyzed coupling reactions with organozinc reagents
to form threefold carbon-substituted allenes.19,20

Our initial studies focused on 2-alkynyl phenyl sulfide
3.21 Lithiation with 1.2 equiv of n-butyllithium (nBuLi)
in toluene or diethyl ether in the presence of 1.3 equiv
of chiral bis(oxazoline) 6a proceeded smoothly within
60 min at �78 �C. Subsequent transmetallation to tita-
nium by adding 3 equiv of ClTi(OiPr)3 or ClTi(NEt2)3,
respectively, and reaction with 2-naphthaldehyde regio-
selectively gave the 4-hydroxy allene 10 (Ar = phenyl,
R = 2-naphthyl) in good yield but in low enantioselec-
tivities and without any diastereoselectivity (Scheme 2,
Table 1, entries 1 and 2). The phenyl moiety seems to
be not suitable for a diastereoselective hydroxyalkyla-
tion presumably due to the lack of chelating properties
leading to an incomplete lithium-titanium exchange or
a less defined reaction pathway than the Zimmerman–
Traxler-type transition state 9 proposed for the addition
to carbonyl compounds. Better results were achieved
utilizing 2-pyridinyl propargyl sulfides 4.21 Upon depro-
tonation with nBuLi at �78 �C and addition of 2 equiv
ClTi(OiPr)3 a transmetallation time of only 5–10 min
was sufficient to get the diastereomerically pure allene
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Scheme 2. Asymmetric lithiation of 3 and 4: enantio- and diastereoselective sy
8 is depicted.).
11b (Ar = 2-pyridinyl, R = 2-naphthyl) in reasonable
yields. Regarding the enantioselectivity of this reaction,
again only slightly enantioenriched products were
obtained. Upon deprotonation in diethyl ether in the
presence of bis(oxazoline) ligand 6a, the enantiomeric
excess increased slightly with prolongation of the depro-
tonation time, but never exceeded 20% ee (entries 3–5).
Higher temperatures, meaning heating–cooling proce-
dures, had no impact on the enantiomeric excess,
whereas reaction at �96 �C resulted in a significantly
lower selectivity giving ent-11b with only 1% ee (entries
6 and 7). Change of solvents did not improve the enanti-
oselectivity (entries 8 and 9). Using bis(oxazoline) 5b,
the chemical stability of the intermediate lithium com-
plexes 7Æ6b decreased. Only lithiation at �78 �C in
diethyl ether as well as in toluene containing 2 equiv of
diethyl ether was possible. But the outcome of the reac-
tions was comparable to that obtained with 6a. How-
ever, in this case the opposite enantiomer of ent-11b
was formed with 13% and 16% ee, respectively (entries
10 and 11). Reactions in the presence of (�)-sparteine
(2) in diethyl ether or toluene gave the 4-hydroxy allenes
ent-11b in moderate enantiomeric excesses as well
(entries 12–15).

Gaining poor stereoselection within deprotonation in
solution we went for a last chance finding conditions
for an asymmetric transformation of the second kind
of the diastereomeric lithium complexes 7Æ5/6 by selec-
tive crystallization.16,22,23 Upon deprotonation in n-hex-
ane precipitation of the lithium complexes 7Æ5/6 was
observed. Efforts towards the optimization achieving a
selective crystallization utilizing (�)-sparteine (5),
bis(oxazoline) 6b or 6c were unsuccessful (entries 20–
22). In the presence of bis(oxazoline) 6a a selective crys-
tallization occurred upon the deprotonation at �50 �C
(entry 17). Transmetallation with ClTi(OiPr)3 and trap-
ping with 2-naphthaldehyde at �78 �C gave allene 11b
in 73% yield and 77% ee. Surprisingly, the opposite
enantiomer was formed compared to reaction in diethyl
ether or toluene. The best result was obtained for the
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Table 1. Investigations of the enantioselective lithiation of 3 and 4 and titanium-mediated addition to 2-naphthaldehyde (R = 2-naphthyl)

Entry Sulfide Ligand Solvent Tdeprot. (�C) (tdeprot. (min)) Product Yield (%) dra eeb (%)

1 3 6a Diethyl ether �78 (60) 10 91 53:47 13
2c 3 5 Toluene �78 (60) 10 63 62:38 15
3 4 6a Diethyl ether �78 (30) ent-11b 67 P95:5 13
4 4 6a Diethyl ether �78 (90) ent-11b 83 P95:5 19
5 4 6a Diethyl ether �78 (240) ent-11b 65 P95:5 19
6 4 6a Diethyl ether �78 (30), �40 (60), �78 (30) ent-11b 56 P95:5 19
7 4 6a Diethyl ether �96 (90) ent-11b 79 P95:5 1
8 4 6a Toluene �78 (90) ent-11b 62 P95:5 2
9 4 6a Toluene �78 (30), �55 (60), �78 (30) ent-11b 75 P95:5 4

10 4 6b Diethyl ether �78 (90) 11b 41 P95:5 13
11 4 6b Toluened �78 (60) 11b 64 P95:5 16
12 4 5 Diethyl ether �78 (120) ent-11b 72 P95:5 3
13 4 5 Diethyl ether �78 (30), �40 (60), �78 (30) ent-11b 76 P95:5 16
14 4 5 Toluene �78 (60) ent-11b 72 P95:5 11
15 4 5 Toluene �78 (30), �30 (60), �78 (30) ent-11b 66 P95:5 7
16 4 6a Hexane �78 (60) ent-11b 79 P95:5 15
17 4 6a Hexane �50 (60), �78 (10) 11b 73 P95:5 77
18 4 6a Hexane �50 (120), �96 (10) 11b 69 P95:5 85
19e 4 6a Hexane �50 (120), �96 (10) 11b 61 P95:5 84
20 4 6b Hexane �50 (60), �78 (10) 11b —f — —
21 4 6c Hexane �50 (60), �78 (10) 11b 58 P95:5 16
22 4 5 Hexane �40 (120), �78 (15) ent-11b 88 P95:5 4

a Determined by 1H NMR analysis of the crude product.
b Determined by HPLC on chiral phase (Chiralcel� OD-H).
c ClTi(NEt2)3 was used instead of ClTi(OiPr)3.
d Contains 2 equiv of Et2O.
e Transmetallation with ClTi(OiPr)3 for 2 h.
f Only decomposition was observed.
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deprotonation and crystallization in n-hexane at �50 �C
in the presence of ligand 6a (Table 1, entry 18). Subse-
quent reaction with ClTi(OiPr)3 at �96 �C and final
addition of 2-naphthaldehyde afforded the diastereo-
merically pure allene 11b in 69% yield and 85% ee. Trap-
ping titanate 7 with acetic acid at 96 �C gave allene 13 in
85% yield and 73% ee (Scheme 3). Within this reaction, a
variety of other aromatic and aliphatic aldehydes beside
2-naphthaldehyde were used successfully (Table 2,
entries 1, 3–5). Unfortunately, efforts to extend this
methodology to 2-alkynyl 2-pyridinyl sulfides 14 and
15 failed (Fig. 1). Only decomposition products were
obtained from the trimethylsilyl-substituted propargyl
sulfide 14 whereas reactions of 15 led to the correspond-
ing allenyl sulfide with poor enantioselectivities.

The aR,S-configuration of allenes 11 was concluded
from an X-ray crystal structure analysis with anomalous
dispersion of 11a (Fig. 2).24,25

Considering Zimmerman–Traxler-type transition state 9
and therefore a suprafacial addition to aldehydes, the
corresponding titanate has to be S-configured. Conse-
quently, allene 13 is formed with aS-configuration
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Scheme 3. Enantioselective synthesis of 11.
assuming transition state 12. The lithium-titanium
exchange has been proven for the analogous S-2-alkynyl
thiocarbamates and other related allyllithium com-
pounds to proceed with stereoinversion.16b,22,26 Accept-
ing this to hold true for lithiated 2-alkynyl 2-pyridinyl
sulfides, the R-configuration can be assigned to the
precipitating intermediate lithium species 7Æ6a. Hence,
the favoured diastereomer upon the deprotonation in
solution is (S)-7Æ6a. The intermediate lithium complexes
7Æ6a are prone to epimerize rather slowly in solution at
�78 �C. Dissolution of the precipitate after selective
crystallization in toluene and stirring for 1 h at �78 �C
before trapping with ClTi(OiPr)3 and 2-naphthaldehyde
gave allene 11b in 67% yield with 14% ee. But still the
opposite enantiomer to that found for deprotonation
in solution was obtained. Regarding the transmetalla-
tion step itself, no hints could be found pointing towards
a dynamic kinetic resolution.27 Thus, the origin of
stereoselection is due to a dynamic thermodynamic res-
olution by selective crystallization: At �50 �C, epimer-
ization is rapid enough for the selective and complete
crystallization of the R-configured diastereomeric lith-
ium complex (R)-7Æ6a. Surprisingly, the intermediate
titanate 7 racemized slowly at �78 �C.28 Prolongation
•
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Table 2. Stereoselective synthesis of allenyl 2-pyridinyl sulfides 11

Entry R Product Yield (%) dra eeb (%) ½a�20
D

c

1 Phenyl 11a 69 P95:5 80 +609
2 2-Naphthtyl 11b 73 P95:5 85 +752
3d 2-Furyl 11c 72 P95:5 81 +505
4c Methyl 11d 70 P95:5 84 +147
5 Isopropyl 11e 66 P95:5 79 +78

a Determined by 1H NMR analysis of the crude product.
b Determined by HPLC on chiral phase (Chiralcel� OD-H, ChiraGrom types 1 and 2).
c CHCl3, c = 0.98–1.10.
d ClTi(NEt2)3 was used instead of ClTi(OiPr)3.
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Figure 1. 2-Alkynyl 2-pyridinyl sulfides 14 and 15.

Figure 2. X-ray crystal structure analysis of 9ba.
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of transmetallation time at �78 �C to 2 h led to a
dramatic decrease in enantioselectivity; the enantiomeric
excess of 11b dropped to 17%. This enantiomerization
Table 3. Nickel-catalyzed cross-coupling reactions of 11

•

OHR1

H
S

N Cl2Ni(PPh3)2 (10 mol%)
R2MgBr / ZnCl2

THF, 50 ºC, 6 h

•

OR1

11 1

Entry Sulfide ee (%) sulfide Ni-catalyst R1 R

1 11b rac Cl2Ni(PPh3)2 2-Naphthyl Ph
2 11b rac Cl2Ni(dppe) 2-Naphthyl Ph
3 11b rac Cl2Ni(dppp) 2-Naphthyl Ph
4 11a 80 Cl2Ni(PPh3)2 Phenyl Ph
5 11e 79 Cl2Ni(PPh3)2 Isopropyl 4-
5 11b rac Cl2Ni(PPh3)2 2-Naphthyl n-

a Determined by 1H NMR analysis of the isolated product.
b Determined by HPLC on chiral phase (Chiracel� OD-H, ChiraGrom type
c CHCl3, c = 0.68–1.14.
d 20% of starting material recovered.
e 17% of starting material recovered.
f 38% of starting material recovered.
had no influence on reactions in diethyl ether or tolu-
ene,29 but obviously affected the enantioselectivity upon
selective crystallization (Table 1, entries 17 and 18).
However, at �96 �C the titanate showed complete
configurational stability.

With the enantioenriched and diastereomerically pure
allenyl 2-pyridinyl sulfides 11 in hand, we now investi-
gated their utility as halide equivalents in nickel-cata-
lyzed coupling reactions (Table 3).30 Initial attempts
employing 11b and Grignard reagents in toluene at
90 �C or THF at 50 �C in the presence of 10 mol %
Cl2Ni(PPh3)2 provided enyne 17 as the major product.31

Reasonable improvements were achieved using the
corresponding zinc compounds accessible by transmet-
allation of the Grignard reagents with ZnCl2.32 Reaction
of 11b with 4 equiv of phenylzinc chloride in THF at
50 �C for 6 h gave the desired coupling product 16aa
within 6 h in 77% yield, isolated as single diastereomer
(entry 1).33 A screening of other nickel catalysts con-
firmed Cl2Ni(PPh3)2 to give the best results (entries 2
and 3).

Under these conditions, cross-coupling reactions of
allenyl sulfides 11a and 11e with arylzinc reagents affor-
ded the trisubstituted allenes 16ba and 16bb stereospecif-
ically in 68% and 60% yields with 79% and 78% ee,
respectively (entries 4 and 5). Employing alkylzinc
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Figure 3. X-ray crystal structure analysis of 16aa.
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reagents generated in situ from n-butylmagnesium
chloride/ZnCl2, the unsubstituted allene 18 derived from
a b-hydride elimination could be obtained (entry 6).
Suitable crystals for X-ray crystal structure analysis
were obtained from 16aa (Fig. 3).34 The relative config-
uration of the coupling products was established to be
syn, showing that the coupling proceeds with retention
of configuration with respect to the axial chiral allene
moiety.

In summary, we presented a novel method for the
synthesis of enantioenriched, diastereomerically pure
allenyl 2-pyridinyl sulfides 11 by asymmetric lithiation
utilizing chiral bis(oxazoline) ligand 6a and subsequent
titanium-mediated hydroxyalkylation of 2-alkynyl 2-
pyridinyl sulfide 4. Besides the elucidation of the stereo-
chemistry, the enantiodetermining step was identified to
be a dynamic thermodynamic resolution by selective
crystallization of one of the intermediate diastereomeric
lithium complexes. Moreover, the first application of
allenyl 2-pyridinyl sulfides in a highly stereospecific
nickel-catalyzed cross-coupling reaction with arylzinc
reagents was elaborated to give enantioenriched, diaste-
reomerically pure, threefold carbon-substituted allenes
16.
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R.; Hoppe, D. Adv. Synth. Catal. 2006, 348, 1847–1854.

14. For the first example using catalytic amounts of bis(oxaz-
oline) ligands, see: Nakamura, S.; Hirata, N.; Kita, T.;
Yamada, R.; Nakane, D.; Shibata, N.; Toru, T. Angew.
Chem. 2007, 119, 7792–7794; Nakamura, S.; Hirata, N.;
Kita, T.; Yamada, R.; Nakane, D.; Shibata, N.; Toru, T.
Angew. Chem., Int. Ed. 2007, 46, 7648–7650.

15. (a) Hoppe, D.; Riemenschneider, C. Angew. Chem. 1983,
95, 64–65; Hoppe, D.; Riemenschneider, C. Angew.
Chem., Int. Ed. Engl. 1983, 22, 54–55; (b) Hoppe, D.;
Gonschorrek, C.; Schmidt, D.; Egert, E. Tetrahedron
1987, 43, 2457–2466.

16. (a) Schultz-Fademrecht, C.; Wibbeling, B.; Fröhlich, R.;
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B.; Hoppe, D. Angew. Chem., Int. Ed. 2005, 44, 5492–
5496.

17. For a review on organosulfur compounds as electrophiles
in transition metal-catalyzed reactions, see: Dubbaka, S.
R.; Vogel, P. Angew. Chem. 2005, 117, 7848–7859;
Dubbaka, S. R.; Vogel, P. Angew. Chem., Int. Ed. 2005,
117, 7674–7684.

18. Examples for cross-coupling reactions of organyl aryl
sulfides, see: (a) Okamura, H.; Miura, M.; Takei, H.
Tetrahedron Lett. 1979, 20, 43–46; (b) Wenkert, E.;
Ferreira, T. W.; Michelotte, E. L. J. Chem. Soc., Chem.
Commun. 1979, 637–638; (c) Wenkert, E.; Shepard, M. E.;
McPhail, A. T. J. Chem. Soc., Chem. Commun. 1986,
1390–1391; (d) Itami, K.; Mineno, M.; Muraoka, N.;
Yoshida, J. J. Am. Chem. Soc. 2004, 126, 11778–11779.

19. For a recent example of enantioselective synthesis of
allenes by asymmetric lithiation and substitution, see: Bou
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±k, ±l), [(sinh)/k] = 0.60 Å�1, 3108 independent (Rint =
0.038) and 2957 observed reflections [I P 2 r(I)], 405
refined parameters, R = 0.053, wR2 = 0.144, Flack para-
meter 0.02(2), max. residual electron density 0.24
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