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Summary: A deprotonation reaction of Cp,Ti(SH), with
NaH in THF yields {Naz[CpTi(u-S)(S)]2:4THF} ,, gener-
ated by unexpected elimination of CpH. This anionic
dimer is unique in that it is the first organometallic
titanium species containing terminal sulfido ligands.
The latter are stabilized by interactions with THF-
solvated sodium cations, thus imposing a syn Ti=S
configuration.

Organometallic hydrosulfido complexes are poten-
tially valuable for study to develop an understanding
of metal sulfide based catalysis, especially hydrogena-
tion processes such as hydrodesulfurization. These
species are still quite rare, however. One of the older
examples, Cp,Ti(SH),, was first synthesized by Kopf and
Schmidt in 1965.1 The preparation was improved in
1980 by McCall and Shaver,? but the reactivity of
Cp.Ti(SH), in the literature is limited.® Important
questions are whether deprotonated anionic forms of
hydrosulfide complexes are stable and whether they
show higher reactivity than neutral sulfides with elec-
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trophiles such as SO,.* Previous work showed that SO,
disproportionates to sulfur and SOz and also can
undergo catalytic hydrogenation on certain sulfide-
bridged Cr and Mo complexes,*—¢56 and earlier metal
sulfides may give similar or increased reactivity. In this
paper, we report deprotonation of Cp,Ti(SH), by sodium
hydride to give an anionic titanium sulfido species,
Naz[CpTi(u-S)(S)]2:4THF. Anionic titanium sulfur-
containing complexes themselves are rare,” and to our
knowledge, this dimer is the first reported organome-
tallic titanium species containing a terminal sulfido
ligand.8 The elimination of CpH from a bis-Cp complex
to form a mono-Cp-coordinated Ti is also noteworthy in
that [Cp,Ti(S)(SH)]~ appears to be unstable, while the
related Cp*,Ti(O)L and Cp*,Zr(S)L systems are isol-
able.?
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Titanocene bis(hydrosulfide) reacts with 1 equiv of
NaH to produce the anionic titanium sulfido species
Na,[CpTi(u-S)(S)]2:4THF (1), according to eq 1. This
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reaction occurs at room temperature with the solution
changing color from red to green in 5 min.1® The color
change is accompanied by the evolution of a gas. This
reaction proceeds very slowly at low temperature. The
green complex is crystallized by THF/hexanes diffusion
in 63% yield,1® and an X-ray structure was obtained (see
below). The THF molecules in the crystal lattice are
extremely labile and can be removed in vacuo. The
complex is thus best stored cold in the presence of THF
vapor. 1 is also very air and moisture sensitive, and
elemental analysis was not possible. 1 is soluble only
in THF and will convert to a yellow-brown solid in other
organic solvents such as hexanes, toluene, or Et,O. The
infrared spectra of 1 in KBr indicate the presence of both
terminal (466 cm™1) and bridging sulfide (394, 386 cm™1)
ligands.10.11

When reaction 1 is performed on an NMR-tube scale
in THF-dg, a color change occurs within 2 min. During
this time, the evolution of a gas is evident. A 'H NMR
spectrum of the resulting solution indicates the forma-
tion of Hy (6 4.54 ppm), CpH (6 6.50 (m), 6.41 (m), 2.94
(s) ppm), and the product complex (6 6.10 ppm). Over
time a signal at ¢ 5.73 ppm, attributed to a decomposi-
tion product, appears in the NMR spectra.

In order to confirm that the CpH identified above by
NMR is indeed a direct product of eq 1, a sample of the
reaction mixture was filtered over alumina and the clear
filtrate was collected. This filtrate was analyzed by GC/
MS, and only CpH, [CpH]3, and solvents were observed
in the spectra. As a control experiment, isolated
crystals of 1 were dissolved in THF and then filtered
over alumina and analyzed by GC/MS. The spectrum
showed no CpH, confirming that the CpH seen in the
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reaction mixture is not a result of decomposition of the
final product, e.g. on the alumina. We expected a 63%
yield of CpH based on Ti, similar to the yield of 1.
Ferrocene was used as an internal standard to deter-
mine that the actual yield was 30%, probably as a result
of side reactions involving the eliminated CpH.

The reaction could be quite complex mechanistically
but most likely proceeds first by the deprotonation of
one SH group of Cp,Ti(SH), by NaH to give H, and the
18e Na[Cp.Ti(S)(SH)] species. This unobserved inter-
mediate is presumably unstable and eliminates CpH,
leaving an anionic “CpTiS,” fragment which dimerizes.
If the reaction is run with 2 equiv of NaH per Ti, the
solution color becomes red-brown instead of green.
Thus, stoichiometrically deprotonating both SH ligands
with hydride apparently leads to a totally different
product (as yet unidentified). This is a critical observa-
tion because most hydride reductions are carried out
with excess reagent. Reaction of Cp,Ti(SH), with NaD
in THF-dg as in eq 1 gave H (6 4.54 ppm), HD (6 4.51
ppm (t, Jup = 42 Hz)), CpH and CpD (6 6.50 (m), 6.42
(m), 2.93 (t) ppm), a decomposition product (6 5.73 ppm),
and 1 (6 6.10 ppm), as observed by 'H NMR of the
reaction mixture. The dissolved H, and HD were in a
ratio of about 1:2, which along with the formation of
both CpH and CpD suggests that some isotopic equili-
bration occurs during the course of the reaction. This
equilibration might result from either secondary reac-
tions (only HD and CpH would be expected according
to the postulated mechanism) or a more complex path-
way to 1.

X-ray crystallographic analysis!? of 1 shows that in
the solid state this species exists as two dinuclear units
stitched together by weak interactions of both terminal
and bridging sulfide ligands with THF-solvated sodium
cations (Figure 1). All Na—S distances (dotted lines)
range from 2.825(1) A in Na(2)—S(4a) to 2.981(2) A in
Na(1)—S(4). Each dimer contains two bridging sulfur
atoms, and the dimensions of the nearly planar Tix(u-
S)2 unit (Figure 2) are typical of those found in other
u-S titanium complexes (Ti—(u-S) bond lengths range
from 2.226 to 2.611 A, and the Ti---Ti distances range
from 3.140 to 3.597 A).13 The distance between the Ti
atoms is large (3.174(1) A), indicating that no Ti—Ti
bond is present, which would be consistent with the
apparent d° electronic configuration. This complex also
contains two terminal sulfur atoms (Ti(1)—S(2) = 2.202
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mm) was placed under a liquid N, stream on a Siemens P4/PC
diffractometer at 173 K: Mo Ka radiation (1 = 0.710 73 A); space group
P1; a=10.6300(10), b = 11.3700(10), ¢ = 14.3960(10) A; a. = 83.960(6),
B =80.410(6), y = 70.370(6)°; V = 1613.7(3) A3 at 173 K; D¢oic = 1.417
glem=2 for Z = 1; R = 3.15% for 4227 independent reflections with | >
20(l) and 7.0 = 20 =< 45.0°; total number of data measured 5049;
number of observed reflections 3599 (F > 4.00(F)). No absorption
corrections were applied, due to the low absorption coefficient of this
material. The structure was solved using Patterson techniques to
reveal the Ti and S atom positions. The remaining atoms appeared
in subsequent Fourier syntheses. All hydrogen atoms were fixed in
positions corresponding to a C—H distance of 0.96 A using the HFIX
facility in SHELXTL PC. The final refinement included anisotropic
thermal parameters on all non-hydrogen atoms. Hydrogen atoms had
their isotropic temperature factors fixed at 0.08 A2,
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Figure 1. ORTEP diagram of { Na,[CpTi(u-S)(S)]2:4THF},
(1). The inversion center makes the two dimers equivalent.
Na(2) has one coordinated THF (Na(2)—0(3) = 2.322(3) A),
and Na(1) has three (Na—O = 2.352(3)—2.405(2) A).

Si4] =503 o)

Figure 2. ORTEP diagram of the dinuclear center of 1.
Selected bond lengths (A): Ti(1)—S(1), 2.335(1); Ti(1)—S(3),
2.343(1); Ti(2)—S(1), 2.348(1); Ti(2)—S(3), 2.360(1); Ti(1)—
S(2), 2.202(1); Ti(2)—S(4), 2.187(1). Selected bond angles
(deg): Ti(1)—S(1)—Ti(2), 85.3(1); Ti(1)—S(3)—Ti(2), 84.9(1);
S(1)-Ti(2)—S(3), 92.4(1); S(1)—Ti(1)—S(3), 93.1(1).

A and Ti(2)—S(4) = 2.187 A). The terminal titanium—
sulfur bonds have nearly double-bond character, since
the Ti—S distances are only slightly longer than that
for TI;TiCl4S (Ti=S = 2.111 A).7d The syn configuration
of the terminal sulfido ligands may be stabilized by the
sulfide—Na™ interactions. Apparently the Na*(THF)
network also maintains the integrity of the complex in
solution, because decomposition occurs in solvents other
than THF. Each Ti(lV) atom of 1 is six-coordinate but
is formally electronically unsaturated (14 electrons).
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Related sulfido complexes include [CpM(u-S)(S)]2 (M
= Mo, W),1* [Cp2Nb(u-S)]2,*° [Li(THF)]2[Cp*TaSs] (which
has S—Li™ interactions),!® Li3[VS4]:2DMF,1” and (Cp'),V2-
(1-S)2(u-S2).18 The number of terminal metal—sulfido
compounds in existence is limited because of the ten-
dency of the sulfur ligands to bridge metal centers. As
a result, the chemistry of the M=S bond has not been
extensively developed.l® We intend to determine if the
nucleophilic sulfides of 1 can be protonated, alkylated,
or coordinated to other metal centers for heterometallic
cluster building. Preliminary evidence for protonation
with acetic acid and reaction with Cp,ZrCl, has been
obtained. As in our previous studies of SO, dispropor-
tionation and catalytic hydrogenation on similar sulfides
of Cr and Mo,® we will also determine the reactivity of
1 and its derivatives with SO,. Reaction?® of SO, with
Cp2Ti(SH); led to formation of the well-known metalla-
cyclosulfane Cp,TiSs, but reaction with 1 in THF
produced an intractable white precipitate, indicating
that modifications of 1 will be necessary to obtain
homogeneous reaction systems.
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