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Titanium ± Thiolate ± Aluminum ± Carbide
Complexes by Multiple CÿH Bond
Activation**
FreÂdeÂric GueÂrin and Douglas W. Stephan*

Much of early transition metal thiolate chemistry is based
on metallocene derivatives.[1] More recently, interest has
focused on related monocyclopentadienyl analogues as such
systems have proved to be more reactive, often affording
novel reactivity and products.[2±13] For example, we have
observed that CpTi ± thiolate species undergo either b-CÿH
or CÿS bond activation of the thiolate ligands depending on
the reaction conditions.[3±7] An interesting aspect of early
transition metal chemistry in general involves the perturba-

temperature, forming a colorless oil. Trituration afforded a white powder,
which was isolated by filtration and dried in vacuo (0.35 g, 95 %). 1H NMR
(200 MHz, CD2Cl2, 25 8C, TMS): d� 0.17 (s, SiCH3); 11B NMR (96.29 MHz,
CD2Cl2): d�ÿ15 (borane signal not observed); see Figure 1 for the 19F
NMR spectrum; elemental analysis calcd for C49H57B2F24N3Si6Zr: C 41.3,
H 4.0, N 2.9; found: C 41.2, H 3.9, N 2.8.

Generation of metallocenium cations from [Cp2ZrMe2] and 1: Monomeric
and dimeric metallocenium cations were generated in situ by adding a
solution of 1 in C6D5Br to a solution of [Cp2ZrMe2] in a 1:1 or a 1:2 (1:Zr)
stoichiometry. The solutions were then assayed by 1H, 11B, and 19F NMR
spectroscopy; the results of the latter two were essentially identical to that
found for 4. 1H NMR for [Cp2ZrCH3(S)]�[A'/A]ÿ (S� solvent; 200 MHz,
C6D5Br, 25 8C): d� 5.83 (s, C5H5), 1.67 (br s, BborateCH3), 1.19 (br s,
BboraneCH3), 0.48 (s, ZrCH3); 13C NMR (100.61 MHz, C6D5Br): d� 115.3
(C5H5), 53.8 (ZrCH3), 17.3 (BborateCH3), 15.0 (BboraneCH3). 1H NMR for
[(Cp2ZrCH3)2(m-CH3)]�[A'/A]ÿ (200 MHz, C6D5Br, 25 8C): d� 5.89 (s,
20H, C5H5), 1.67 (br s, BborateCH3 of A), 1.19 (br s, BboraneCH3 of A'), 0.07 (s,
6H, ZrCH3), ÿ1.05 (s, 3H, ZrCH3Zr).

Generation of metallocenium cations from [Cp2ZrMe2] and 3 : Ion pair 5
was generated in situ by mixing [Cp2ZrMe2] and diborane 3 in C6D5Br.
1H NMR (200 MHz, C6D5Br, 25 8C): d� 5.74 (s, 10 H, C5H5), 0.36 (s, 3H,
ZrCH3), 0.12 (br s, 3H, BborateCH3); 19F{1H} NMR (C6D5Br, 25 8C): d�
ÿ124.74 (br m, 2 F), ÿ133.8 and ÿ136.8 (2� br m, total 2 F, o-F), ÿ134.4
(m, 2 F), ÿ135.8 (br m, 2F, o-F), ÿ146.6 (br m, 2F), ÿ156.4 (t, J(F,F)�
20.7 Hz, p-F), ÿ159.8 (br m, 2 F, m-F), ÿ160.9 (br m, 1F, p-F), ÿ163.2 and
ÿ163.8 (2� br m, total 2F, m-F), ÿ165.2 (br m, 2 F).
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tion of reactivity precipitated by judicious choice of ancillary
ligands. In this regard, we have recently applied the notion of
a steric and electronic analogy between cyclopentadienyl and
phosphinimide ligands[14, 15] to develop effective ethylene
polymerization catalysts.[16, 17] We have now combined these
two approaches in the quest for unique reactivity of CpTi ±
thiolate complexes. Herein we describe the reactions of
[Cp(iPr3PN)Ti(SR)2] with AlMe3. The result is an unprece-
dented triple CÿH bond activation of a methyl group to yield
Ti ± Al ± carbide clusters.

The red compounds [Cp(iPr3PN)Ti(SR)2] (1: R�Ph, 2 :
R�CH2Ph) are readily prepared by reaction of [Cp(iPr3PN)-
TiCl2][16] with the lithium thiolates LiSPh or LiSCH2Ph. These
species are isolated in 64 and 75 % yields, respectively. The
31P{1H} NMR spectra for 1 and 2 reveal single resonances at
d� 34.94 and 31.55, respectively. The 1H and 13C{1H} NMR
data are unexceptional and are consistent with the formula-
tions.

Compounds 1 and 2 react with excess AlMe3. Monitoring of
these reactions by 31P{1H} NMR spectroscopy shortly after
mixing reveals the presence of three new resonances in
addition to a signal from the starting material. When the
reaction mixtures were left standing for 24 h at 25 8C, these
signals were replaced by single resonances at d� 54.09 and
52.87, respectively, inferring the quantitative formation of new
species 3 and 4. These species were isolated in 83 and 74 %
yield, respectively. The 1H NMR spectra of 3 and 4 reveal
resonances attributable to two inequivalent thiolate ligands, a
cyclopentadienyl and phosphinimide ligands. In addition, 3
and 4 exhibit five resonances between d� 0.30 and ÿ0.32
attributable to methyl groups. The corresponding 13C reso-
nances for the ligand fragments are observed, whereas the
signals for the methyl groups are extremely weak. This latter
observation is consistent with aluminum-bound methyl
groups.

On the basis of these NMR data, formulations incorporat-
ing a Ti and three Al atoms could be proposed, although the
precise nature of the molecular structure remained unclear.
For this reason, crystallographic studies of 3 and 4 were
undertaken.[18] Despite repeated attempts to obtained suitable
crystals of 3, the structure solved for 3 was of less than
desirable quality. Nonetheless, the data did permit the
establishment of the molecular connectivity of 3.

In contrast, high-quality crystals of 4 were obtained by
recrystallization from benzene. The X-ray structural data for 3
and 4 confirmed that they are analogous and can be
formulated as [CpTi(m-SR)(m-NPiPr3)(C)(AlMe2)2(m-SR)-
AlMe] (3 : R�Ph, 4 : R�CH2Ph; Figures 1 and 2). In both
of these molecules, the pseudo-ªthree-legged piano stoolº
coordination sphere of Ti comprises a cyclopentadienyl ring, a
thiolate sulfur, a phosphinimide nitrogen, and a carbide
carbon. Three aluminum atoms complete the bonding sphere
of the carbide carbon atom. Bridging the titanium-bound
thiolate and the carbide is an AlMe2 moiety; a second AlMe2

fragment on the carbide is coordinated to a second thiolate
group, which also bridges to a third aluminum center. This last
AlMe moiety is also bonded to the titanium-bound phosphi-
nimide nitrogen atom. The majority of the metric parameters
are unexceptional. The most interesting feature is the

Figure 1. Molecular structure of 3 ; hydrogen atoms have been omitted for
clarity.

Figure 2. Molecular structure of 4 ; hydrogen atoms have been omitted for
clarity. Selected bond lengths [�] and angles [8]: TiÿC2) 1.900(3), TiÿN
2.005(2), TiÿS1 2.4588(10), Al1ÿN 1.883(2), Al1ÿC29 2.002(3), Al1ÿS2
2.3599(12), Al2ÿC29 1.991(3), Al2ÿS2 2.4564(13), Al3ÿC29 2.001(3),
Al3ÿS1 2.4103(12), PÿN 1.604(2); C29-Ti-N 92.82(10), C29-Ti-S1
93.17(8), N-Ti-S1 104.53(6), N-Al1-S2 113.31(7), C29-Al1-S2 90.20(8),
C29-Al1-Ti 45.07(8), P-N-Al1 131.25(13), P-N-Ti 141.24(13), Al1-N-Ti
87.07(9), Ti-C29-Al2 141.36(14), Ti-C29-Al3 96.68(12), Al2-C29-Al3
114.10(13), Ti-C29-Al1 86.69(10), Al2-C29-Al1 94.75(11), Al3-C29-Al1
123.08(13).

geometry about the carbide carbon atom. The Ti ± carbide
distance in 4 is 1.900(3) �, which is significantly shorter than
the terminal Ti ± CH3 distance in [Cp(tBu3PN)TiMe{m-
CH3B(C6F5)3}] (2.123(5) �).[16] This is attributed to the
relative increase in the Lewis acidity of the Ti center as a
result of the interaction of the S and N donors with Al. The
geometry about the carbide is severely distorted tetrahedral.
The Ti-C-Al2 and Al1-C-Al3 angles are 141.36(14)8 and
123.08(13)8, respectively, in 4. These distortions are consistent
with the carbide being central to three fused four-membered
rings, where the corresponding Ti-C-Al and Al-C-Al angles
range from 86.6(7) to 97.0(6)8.

The mechanism of formation of 3 and 4 is unknown,
although it is clear that there are several key steps involved.
The observation of intermediate species upon addition of
AlMe3 to 1 or 2 suggests binding of the Lewis acid to the
thiolate and/or phosphinimide ligands. Clearly, such adducts
could lead to facile methyl-for-thiolate exchange, which is
ultimately inferred by the nature of the product. Ligand-for-
methyl exchange has been observed previously as in reactions
of [CpTi(OAr')2Cl] with AlMe3.[19] Subsequent CÿH bond
activating steps liberating methane are thought to result from
the proximity of the ligand-bound AlMe fragments and the
intermediate Ti-bound methyl group (Scheme 1).
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Scheme 1. Possible geometries of intermediates affording CÿH bond
activation and methane elimination.

Despite the importance of alkylaluminum reagents as
activators for early transition metal catalyst precursors, there
is a paucity of well-defined products resulting from stoichio-
metric reactions of early transition metal compounds and
Al reagents.[20] Of those known, perhaps the most familiar
is the Tebbe reagent, [Cp2Ti(m-CH2)(m-Cl)AlMe2], obtained
from the reaction of titanocene dichloride with AlMe3.[21]

Roesky et al. have described Zr ± Al and Hf ± Al clusters
of the general formulae [{(Cp*MMe)(m-F)3AlMe2}2] and
[(Cp*M)3Al6Me8(m3-CH2)2(m4-CH)4(m3-CH)] derived from
the reactions of Cp*MF3 with one and five equivalents of
AlMe3, respectively (Cp*�C5Me5).[22, 23] Complexes 3 and 4
represent unique contributions to this class of compounds as
they are rare examples in which a methyl carbon atom
undergoes complete CÿH bond activation.[24] This observation
infers that transient Ti ± methyl, Ti ± methylene, and Ti ± me-
thine fragments remain accessible and yet the steric demands
of the ancillary phosphinimide preclude oligomerization.

Experimental Section

1, 2 : These compounds were prepared in a similar fashion, thus only the
preparation of 1 is detailed: To a solution of [Cp(iPr3PN)TiCl2] (0.250 g,
0.698 mmol) in THF (10 mL) was added solid LiSPh (0.180 g, 1.550 mmol)
at room temperature. The yellow solution turned dark red within 30 min.
The solution was stirred for 12 h. The solvent was removed under vacuum,
and the solid extracted with benzene (3� 10 mL). The volume of the
solution was reduced to 5 mL. A red microcrystalline solid was formed
upon addition of hexanes (20 mL). Red solid 1 was isolated by filtration
and dried under vacuum (0.225 g, 0.445 mmol, 64%).

1: 1H NMR (C6D6, 25 8C): d� 8.04 (d, 4H, SPh), 7.13 (t, 4 H, SPh), 6.97 (t,
2H, SPh), 6.16 (s, 5H, Cp), 1.50 (d of sept, 2JPH� 11.6 Hz, 3H, PCHMe2),
0.81 (dd, 3JPH� 15.3 Hz, 18H, PCHMe2); 31P{1H} NMR (C6D6, 25 8C): d�
34.94; 13C{1H} NMR (C6D6, 25 8C): d� 147.74, 133.12, 124.26, 112.01, 25.84
(d, 1JPC� 55.5 Hz, PCHMe2), 16.65.

2 : Yield 75%. 1H NMR (C6D6, 25 8C): d� 7.57 (d, 4 H, SCH2Ph), 7.20 (t,
4H, SCH2Ph), 7.06 (t, 2 H, SCH2Ph), 6.27 (s, 5H, Cp), 4.70 (AB quart, 4H,
2JHH� 13.2 Hz, SCH2Ph), 1.62 (d of sept, 2JPH� 11.2 Hz, 3 H, PCHMe2),
0.91 (dd, 3JPH� 15.1 Hz, 18H, PCHMe2); 31P{1H} NMR (C6D6, 25 8C): d�
31.55; 13C{1H} NMR (C6D6, 25 8C): d� 144.87, 129.00, 126.10, 110.86, 43.43,
26.10 (d, 1JPC� 56.4 Hz, PCHMe2), 16.83.

3, 4 : These compounds were prepared in a similar fashion, thus only the
preparation of 3 is detailed. To a solution of 1 (0.200 g, 0.396 mmol) in
hexane (10 mL) was added a solution of AlMe3 in toluene (0.75 mL, 2.0m,
1.500 mmol). A dark red solid precipitated over 24 h at room temperature.
The solid was isolated by filtration and washed with hexane (3� 15 mL).
Recrystallization from benzene afforded dark red, crystalline 3 (0.220 g;
0.327 mol; 83 %).

3 : 1H NMR (C6D6, 25 8C): d� 7.58 (d, 2H, SPh), 7.55 (d, 2H, SPh), 7.05 (m,
4H, SPh), 6.95 (m, 2H, SPh), 6.18 (s, 5 H, Cp), 1.80 (d of sept, 2JPH�
12.8 Hz, 3H, PCHMe2), 0.88 (dd, 3JPH� 13.7 Hz, 9H, PCHMe2), 0.85 (dd,
3JPH� 14.0 Hz, 9H, PCHMe2), 0.30 (s, 3H, AlMe), 0.17 (s, 3H, AlMe), 0.06
(s, 3H, AlMe), 0.04 (s, 3 H, AlMe), ÿ0.32 (s, 3H, AlMe); 31P{1H} NMR
(C6D6, 25 8C): d� 54.09; 13C{1H} NMR (C6D6, 25 8C): d� 140.02, 133.78,

132.75, 131.70, 126.49, 126.13, 111.28, 26.67 (d, 1JPC� 56.4 Hz, PCHMe2),
16.72, ÿ4.43, ÿ5.76, ÿ7.07.

4 : Yield 74%. 1H NMR (C6D6, 25 8C): d� 7.27 (d, 4 H, SCH2Ph), 7.13 (t,
4H, SCH2Ph), 7.03 (t, 2H, SCH2Ph), 6.26 (s, 5H, Cp), 3.85 (AB quart,
2JHH� 12.8 Hz, 2 H, SCH2Ph), 3.75 (AB quart, 2JHH� 13.1 Hz, 2 H,
SCH2Ph), 1.64 (d of sept, 2JPH� 13.0 Hz, 3H, PCHMe2), 0.74 (dd, 3JPH�
14.8 Hz, 9H, PCHMe2), 0.57 (dd, 3JPH� 15.1 Hz, 9H, PCHMe2), 0.27 (s, 3H,
AlMe), 0.11 (s, 3 H, AlMe), ÿ0.01 (s, 3 H, AlMe), ÿ0.07 (s, 3H, AlMe),
ÿ0.29 (s, 3H, AlMe); 31P{1H} NMR: (C6D6, 25 8C) d� 52.87; 13C{1H} NMR
(C6D6, 25 8C): d� 141.16, 129.02, 128.97, 127.04, 126.77, 110.123, 38.25,
32.61, 26.49 (d, 1JPC� 56.4 Hz, PCHMe2), 16.36 (d, 2JPC� 34.0 Hz,
PCHMe2), 14.26, ÿ4.75, ÿ6.87, ÿ7.15, ÿ7.79.
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Allylic trialkoxysilanes are known as reactive allylic silanes
since they form pentacoodinate silicates by reaction with
nucleophiles.[1] These allylic silicates are sometimes utilized
for allylation of carbonyl compounds under basic conditions,[2]

but as far as we know there are no reports on asymmetric
reactions of these reagents. We report here the first example
of asymmetric addition of allylic trimethoxysilanes to alde-
hydes catalyzed by the p-Tol-BINAP ´ AgF complex [Eq. (1);
BINAP� 2,2'-bis(diphenylphosphanyl)-1,1'-binaphthyl; p-
Tol-BINAP� 2,2'-bis(di-p-tolylphosphanyl)-1,1'-binaphthyl].[3]

We initially adopted the complex (R)-BINAP ´ AgF[4] as a
chiral catalyst for asymmetric allylation, anticipating that the
fluoride ion would activate the trialkoxysilanes.[5] In fact,
treatment of benzaldehyde (1 equiv) with allyltrimethoxy-
silane (1 equiv) in MeOH in the presence of (R)-BINAP ´ AgF
(10 mol %) at ÿ20 8C for 4 h gave the corresponding R-
enriched homoallylic alcohol in 72 % yield and with 91 % ee.
In contrast, when (R)-BINAP ´ AgOTf (Tf�F3CSO2) was
used as catalyst, the racemic homoallylic alcohol was obtained
in only 5 % yield. Results of the (R)-BINAP ´ AgF-catalyzed
asymmetric allylation with various solvents and optimization
of the reaction conditions are listed in Table 1. Among the
solvents tested, alcohols proved to be effective for the

reaction, and MeOH provided the best result (entries 1 ± 6),
while no reaction occurred in THF because AgF is insoluble in
this solvent (entry 5). It is noteworthy that as the alcohol
becomes bulkier, the enantioselectivity gradually decreases
(entries 1 ± 3). Several reaction temperatures were examined,
and allylation atÿ20 8C gave a satisfactory result with respect
to both chemical yield and the ee of the product (entries 1, 7,
and 8). Further improvement in the yield and enantioselec-
tivity was achieved when 1.5 equivalents of allyltrimethoxy-
silane were introduced (entries 1, 9, and 10). We also
attempted to decrease the amount of catalyst and found that
the reaction proceeded in high yield without any loss of
enantioselectivity when only 3 mol % of (R)-BINAP was
present (entries 10 ± 12).[6] Employment of (R)-p-Tol-
BINAP[7] furnished ee values similar to those obtained with
(R)-BINAP (compare entries 12 and 13).

Optimal conditions were established for MeOH as solvent
at ÿ20 8C, and we then employed these conditions in catalytic
enantioselective addition of allyltrimethoxysilane to typical
aromatic and a,b-unsaturated aldehydes (Table 2). All reac-
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Table 1. Enantioselective allylation of benzaldehyde with allyltrimethoxy-
silane and BINAP ´ AgF as catalyst.[a]

Entry Solvent [(R)-BINAP] [AgF] T Yield[b] ee[c]

[mol %] [mol %] [8C] [%] [%]

1 MeOH 10 10 ÿ 20 72 91
2 EtOH 10 10 ÿ 20 86 82
3 iPrOH 10 10 ÿ 20 64 39
4 HOCH2CH2OH 10 10 0 33 60
5 THF[d] 10 10 ÿ 20 < 1 ±
6 CH3CN 10 10 ÿ 20 5 < 1
7 MeOH 10 10 ÿ 40 37 93
8 MeOH 10 10 0 75 86
9[e] MeOH 10 10 ÿ 20 77 90

10[f] MeOH 10 10 ÿ 20 82 93
11[f] MeOH 6 10 ÿ 20 92 94
12[f] MeOH 3 5 ÿ 20 84 93
13[f,g] MeOH 3 5 ÿ 20 80 94

[a] Unless otherwise noted, the reaction was carried out with (R)-BINAP ´
AgF as catalyst, allyltrimethoxylsilane (1 equiv), and benzaldehyde
(1 equiv) in the specified solvent at temperature T for 4 h. [b] Yield of
isolated product. [c] Determined by HPLC analysis (Chiralcel OD-H,
Daicel Chemical Industries, Ltd.). [d] AgF did not dissolve in THF.
[e] 1.2 equivalents of allyltrimethoxysilane were used. [f] 1.5 equivalents of
allyltrimethoxysilane were used. [g] (R)-p-Tol-BINAP was used.

Table 2. Enantioselective allylations of various aldehydes with (R)-p-Tol-
BINAP ´ AgF as catalyst.[a]

Entry Aldehyde Yield[b] ee [%][c]

[%] (config.)

1[d] PhCHO 80 94 (R)
2 (E)-PhCH�CHCHO 93 78 (R)
3 2-furyl-CHO 70 83 (R)
4 1-naphthyl-CHO 81 92 (R)
5 4-MeOC6H4CHO 67 93 (R)
6 4-BrC6H4CHO 90 93[e]

[a] Unless otherwise specified, the reaction was carried out with allyltri-
methoxylsilane (1.5 equiv) and aldehyde (1 equiv) in the presence of a
chiral silver(i) catalyst prepared from (R)-p-Tol-BINAP (6 mol %) and AgF
(10 mol %) in MeOH at ÿ20 8C for 4 h. [b] Yield of isolated product.
[c] Determined by HPLC analysis (Chiralcel OD-H or OJ, Daicel Chemical
Industries, Ltd.). [d] 3 mol % of (R)-p-Tol-BINAP and 5 mol % of AgF
were used. [e] The absolute configuration is unknown.


