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X-ray Data Collection and Reduction. X-ray-quality crystals of
1 and2 were obtained directly from the preparation as described above.
The crystals were manipulated and mounted in capillaries in a glovebox,
thus maintaining a dry, &free environment for each crystal. Diffrac-
tion experiments were performed on a Rigaku AFC6 diffractometer
using graphite-monochromatized MaxKadiation. The initial orienta-
Andrea V. Firth and Douglas W Stephan* tion matrix was obtained from 20 machine-centered reflections selected
’ ’ by an automated peak-search routine. These data were used to
Department of Chemistry and Biochemistry, determine the crystal system_s. Auto_mated Laue system checlg routines
University of Windsor, Windsor, ON, Canada N9B 3P4 around each axis were consistent with the crystal system. Ultimately,

' ' ' 25 reflections (20 < 26 < 25°) were used to obtain the final lattice
parameters and the orientation matrices. Crystal data are summarized
in Table 1. The observed extinctions were consistent with the space
groups in each case. The data sets were collected in three shéflls (4.5
< 26 < 45-50.0), and three standard reflections were recorded every
. . . ) 197 reflections. Fixed scan rates were employed. Up to four repetitive

Much of th_e Interest in Org{inometalllc early m_efaUIflde . scans of each reflection at the respective scan rates were averaged to
complexes arises from the variety of structural motifs accessible gnsyre meaningful statistics. The number of scans of each reflection
by simply varying the synthetic method and conditions. Inthe was determined by the intensity. The intensities of the standards
case of Tisulfide complexes, the principal synthetic routes showed no statistically significant change over the duration of the data
employed to obtain such compounds involve reactions of low- collections. The data were processed using the TEXSAN crystal
valent Ti species with k81 reduction of Tisulfhydryl solution package operating on a SGI Challenger mainframe with remote
complexes, or reactions of titanium halides with S(Sik)g3~° X-terminals. The reflections withF;> > 30(F.%) were used in the
While studies of metal-mediatedS bond cleavage reactions ~ refinements. _ _
have been prompted by interests in desulfurization chenfistry,  Structure Solution and Refinement. Non-hydrogen atomic scat-
this approach has not been employed to accessslfide terlr}g factors were tak(_an from_the I|_terature tabulatlﬁ)n‘éhe_Tl at_om
aggregates. In this report, we describe the isolation and positions were d_ete‘rml_ned using direct methods employlng_ either the

S ! N SHELX-86 or Mithril direct-methods routines. The remaining non-
structural characterization of two new CpTulfide aggregates

g ! . ! g ) hydrogen atoms were located from successive difference Fourier map
obtained via thermolysis of €S bonds in CpTiMeGl thiol, calculations. The refinements were carried out by using full-matrix
and base mixtures.

least-squares techniques Bpminimizing the functionw(|Fo| — |Fc|)?
. . where the weightv is defined as B.%/20(F.?) andF, andF. are the
Experimental Section observed and calculated structure factor amplitudes. In the final cycles

General Information. All preparations were done under an ©Of ach refinement, the number of non-hydrogen atoms assigned
atmosphere of dry, Sfree N» employing either Schlenk-line techniques ~ anisotropic temperature fact_ors was deter_m_lned SO as to maintain a
or a Vacuum Atmospheres inert-atmosphere glovebox. Solvents were'€asonable data:variable ratio. The remaining atoms were assigned
of reagent grade and were distilled from the appropriate drying agents ISOtropic temperature factors. In the case.oé 75:25 disorder of the
under N and degassed by the freezthaw method at least three times S @nd O atoms was modeled; thus O1, S2, S3, O4 were refined with
prior to use. All organic reagents were purified by conventional Sit€ occupancy factors of 0.75 while the corresponding atoms S1, 02,
methods. 'H and 2*C{1H} NMR spectra were recorded on a Bruker 3, 84' were refined Wlth occupancies of 0.25. Emplrlcal absorption
AC-300 operating at 300 and 75 MHz, respectively. Trace amounts COITections were applied to the data sets based eithgr-scan data
of protonated solvents were used as references, and chemical shift" ©n & DIFABS calculation and employing the software resident in
are reported relative to SiMe Combustion analyses were performed e TEXSAN package. Hydrogen atom positions were calculated and
by Galbraith Laboratories Inc., Knoxville, TN, or Schwarzkopf allowed to ride on the carbons to which they are bonded, assuming a
Laboratories, Woodside, NY. C—H bond length of 0.95 A. Hydrogen atom temperature factors were

Synthesis of (CpTij(us-Sk(es-O)s (1). To a suspension of Cp- fixed a_1t 1.10 times the isotropic temperature factors of the_ car_bon atoms
TiMeCl, (91 mg, 0.46 mmol) in pentane (2 mL) were added benzyl to which they are b(_)nded. Thc_e hydrogen atom contributions were
mercaptan (53.8L, 0.46 mmol) and LiOH (11 mg, 0.46 mmol). The cak.:ullated byt not refined. The fllnal vaIuesR)ﬂR’W', and.the goodness
reaction mixture was stirred for 1 h, and filtered, and the solution was ©f fit in the final cycles of the refinements are given in Table 1. The
concentrated. After the concentrate was allowed to stand for severallocations of the largest peaks in the final difference Fourier map
days, dark red-black crystals afwere obtained in 5% yield. _calculatlon as well as the magn_ltude_s o_f _the residual electron densities

Synthesis of (CpTik(us-Sh(u2-S)u2-SEt), (2). To a suspension in each case were of no chemical significance.
of CpTiMeCk (91 mg, 0.46 mmol) in pentane (2 mL) were added
ethanethiol (34.2L, 0.46 mmol) and NEt(64.1xL, 0.46 mmol). The
reaction mixture was stirred overnight and filtered, and the solventwas  The potential of G-S bond cleavage reactions as a viable
;e)(':;;’::’f\?v;’; ;ﬁ‘g\‘,lvza tzhsta:izlgltjgsvyaiftegt;agffs,V\::I:Sstt)aelgzcgrlsérind theroute to Ti-S aggregates was suggested by the observation of
obtained in 5% yield. EPR (@, 25°C): g — 1.998. the cluster ion (_CpTgX,u?,-S)e in the mass spec_tra of complexes

’ of the form CpTi(SRy.° In a preparative reaction, CpTihas

combined with 3 equiv of benzyl mercaptan and triethylamine
in benzene. Thermolysis of this reaction mixture at’80for
12 h resulted in the formation of a mixture of products. One
of the species crystallized from solution and was identified as

C—S Bond Cleavage Routes to the
Titanium —Sulfide Complexes

(CpTi) e(uz-Sh(us-0)4 and
(CpTi) a(uz-S)(u2-S)(2-SEL), (Cp = n-CsHs)
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Notes

Table 1. Crystallographic Data

Inorganic Chemistry, Vol. 36, No. 6, 19971261

1 2 1 2
empirical formula GaH3004S4Tis C2aH30S6Tis T, °C 24 24
fw 870.20 702.46 u, cmt 13.25 14.97
a A 10.641(6) 16.07(1) no. of data collected 3907 2885
b, A 9.973(3) 16.412(10) no. of data wif? > 30(F.2) 1103 812
c A 19.719(4) 10.884(8) d(calc), g cnr® 1.39 1.62
B, deg 95.97(3) R, % 8.3 7.8
Vv, A3 2081(1) 2870(6) Ru, % 8.3 7.2
space group P2:/n Pna2; goodness of fit 2.65 1.85
z 2 4

AR = JIFol = [Fell/XIFol, Ry = [Z(IFol — IFc)2/XIFolF*% GOF= 3 ((IFol — IFc))/o)/(n — m).

Figure 1. ORTEP drawing ofl. 20% thermal ellipsoids are shown.

Only the S and O atoms that were refined with site occupancy factors Figure 2. ORTEP drawing o2. 20% thermal ellipsoids are shown.

of 0.75 are shown for clarity. Distance and angles: &R 2.427(9),
Til—S3 2.34(1), Ti+01 2.00(2), Tit-04 1.94(3), Ti2-S2 2.443(9),
Ti2—S3 2.36(1), Ti2-01 1.94(2), Ti2-O4 1.96(3), Ti3-S1 2.28(2),
Ti3—S3 2.37(1), Ti3-O1 2.01(2), Ti3-04 1.97(3) A; S+ Ti1—S4
94(1), S2-Ti1l—S3 84.2(3), S2Ti1l—01 84.2(5), S2Ti1l—04 140.2(8),
S3-Ti1l—01 138.6(6), S3Ti1l—04 84.7(8), S3Til—C1 134(1), Ot

Til—04 79.2(9), S2Ti2—S3 83.5(3), S2Ti2—01 140.4(5), S2

Ti2—04 84.6(8), S3Ti2—01 83.9(5), S3Ti2—04 138.1(8), Ot

Ti2—04 80.1(9), S2Ti3—S3 151.9(4), S2Ti3—01 83.8(5), S2

Ti3—04 84.7(8), S3Ti3—01 82.2(5), S3 Ti3—04 83.4(8), O+ Ti3—

04 124.6(9), Tix-S2-Ti2 80.3(3), Tit-S2-Ti3 79.3(3), Ti2-S2—

Ti3 78.0(3), Tit-S3-Ti2 83.9(4), Tit-S3-Ti3 80.6(3), Ti2-S3—

Ti3 81.3(3), Tit-O1-Ti2 98.4(8), Tix-O1-Ti3 101.3(7), Ti2=0O1—

Ti3 102.3(8), Tit-0O4—Ti2 100(1), Til-04-Ti3 102(1), Ti2-O4—

Ti3 102(1y.

Distance and angles: TiS1 2.36(1), Tit-S2 2.23(1), Tit+-S3 2.27(2),
Ti2—S1 2.42(1), Ti2S2 2.52(2), Ti2S5 2.43(1), Ti2S6 2.49(2),
Ti3—S1 2.51(2), Ti3-S3 2.53(2), Ti3-S4 2.38(1), Ti3-S6 2.51(1),
Ti4a—S2 2.52(2), Ti4-S3 2.41(1), Ti4S4 2.47(2), Ti4S5 2.51(1) A;
S1-Til—S2 100.2(4), StTi1—S3 102.4(5), S3Ti2—S2 91.1(5), S+
Ti2—S5 135.6(6), St Ti2—S6 73.0(5), S2Ti2—S5 79.9(5), S2Ti2—
S6 139.4(5), S5Ti2—S6 86.1(5), STTi3—S3 91.5(6), St Ti3—S4
138.4(5), StTi3—S6 71.3(4), S3Ti3—S4 79.3(5), S3Ti3—S6
140.3(6), S4Ti3—S6 90.2(4), S2Ti4—S3 90.0(6), S2Ti4—S4
137.5(5), S2Ti4—S5 78.2(5), S3Ti4—S4 80.0(5), S3Ti4—S5
137.3(5), Tit-S1-Ti2 83.4(4), TiT-S1-Ti3 81.8(4), Ti2-S1-Ti3
83.3(5), Tit-S2-Ti2 83.7(5), Tit-S2-Ti4 82.2(5), Ti2-S2-Ti4
81.7(5), Tit-S3-Ti3 82.9(5), Tit-S3-Ti4 83.9(5), Ti3-S3-Ti4
—79.9(5), Ti3-S4-Ti4 81.8(5), Ti2-S5-Ti4 83.8(5), Ti2-S6-Ti3
81.8(55.

the known species (CpE{us-S)! by comparison of the unit ~ With two oxygen atoms completing the coordination geometry
cell parameters obtained X-ray diffraction methods to those aboutthe Ticenters. The S and O atoms are partially disordered
reported by Bottomley and co-workers. While the other (75:25). Nonetheless, structurally, the-TD distances il are
products were not identified, the success of thisSChond comparable to those seen in (Cpli-O)g'® while the TS
cleavage approach in the formation of a known-Sicluster ~ distances are similar to those seen in (CgliS).! The
prompted the study of related mixtures in the hope of isolating PSeudo-square-based-pyramidal coordination spheres of the Ti
new aggregates. To that end, the compound CpTiMe@s centers in1 are somewhat flattened compared to those in
generated via the reaction of CpTiCGind ZnMe in hexane.  (CpTi)s(us-O)s,*® (CpTi)e(uz-O)12'* and (CpTiy(us-Sk,* as
Benzyl mercaptan and lithium hydroxide were added, and the evidenced by the STi—O angles of ca. 140in 1. It is
mixture was heated to 8 for 12 h. Fractional crystallization ~ Presumably the presence afbonding to oxygen that elicits
afforded crystals of a new species,in low yield. Unfortu- this distortion. This flattening of the Ti coordination spheres
nately, this yield could not be improved because the oxophilic (Figure 3a) accommodates the inclusion of six metal centers in
nature of1 precludes use of chromatographic methods for 1 whereas only five metal centers aggregate in (Gifi$)S)*
compound purification. A crystallographic study of this com- in the absence of oxygen atom bridges.

pound confirmed the formulation dfas (CpTi}(us-Sh(us-O)s In an analogous reaction, ethanethiol and triethylamine were
(Figure 1). In this cluster, six CpTi fragments form a pseudo- added to a solution of CpTiMeglin hexane. Following
octahedral array in which four oxygen and four sulfur atoms .

cap each of the triangulated faces of the octahedron. The clustef19) E??&“aﬁwr;-’ilg‘t"’r‘]igfs'ghslé;\flajgg \é‘;7 Dehnicke, K.; Bottomley,
is 2-fold symmetric, such that each of the chalcogenide atoms ;) H'l’JffmZ"n, J.C. Storlfe, J. G.: Krusell, W. C.: Caulton, K.JGAM.

are triply bridging. Each Ti atom is bonded to two sulfur atoms, Chem. Soc1977, 99, 5829.
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Ti4) in the basal plane is best described as pseudo square-based
pyramidal whereas the titanium atom (Til) in the axial position
is appropriately likened to a “three-legged piano stool” (Figure
3b). The Tit-S distances average 2.29(2) A, slightly shorter
than those of the remaining 5 bonds, consistent with the
greater Lewis acidity of the Til center. The remaining-$i
distances range from 2.38(2) to 2.52(2) A. These distances fall
within the range of T+S distances seen in (Cp&HS))s(u-Sp)-
(u-0).2 (MeCpTi-S)u,® and (CpTiy(u-Sk* and are signifi-
cantly longer than the terminal F5 distances seen in [CpTi5(
S)l2~ and [TiSCh]2~.46 Unlike those in the diamagnetic cubane
cluster (MeCpTig-S)k, the Ti—Ti distances ir2 do not reflect
significant metat-metal interactions, consistent with the ob-
served paramagnetism.

Related S-C bond scission/reduction reactions mediated by
filtration to remove triethylammonium chloride, the solvent was early metals have been described by Coucouvanis and co-
removed, the residue extracted into benzene, and the extractvorkers. Inthose cases, the Zr aggregateSz¥s-t-Bu),(BH4)a,
heated to 80°C for 12 h. The solvent was subsequently ZrsSs(St-Bu)x(BHa)s, and ZgS(St-Bu),o were obtained? The
removed in vacuo and the residue extracted into hexane. NMR present work demonstrates that thermolysis efSCbonds of
spectroscopy revealed a complex mixture of products. The phenylmethane- and ethanethiol can provide the novel Ti
oxophilic nature of the Ti complexes precluded a chromato- sulfide aggregates and2. Current studies are targeting the
graphic separation; however, when the mixture was allowed to utilitization of such C-S cleavage in desulfurization chemistry
stand for several days in an inert atmosphere, crystals of one ofas well as the interception of reactive aggregate precursors.
the new compounds?, were obtained in low yield+45%). )

Similar to those fof, chromatographic separations of this cluster ~Acknowledgment. This work was supported by the NSERC
were precluded by its oxophilicity. This compound was ©f Canada.

paramagnetic, e)_<h|b|t|ng E.m EPR S'gnal centered gtl_value Supporting Information Available: Tables of crystallographic
of 1.998. Hyperfine coupling to titanium was also evident. An data, positional parameters, thermal parameters, and bond distances and

X-ray crystallographic study of established the molecular  angles (13 pages). Ordering information is given on any current
structure as (CpTifus-Sk(uz-S)(u2-SEt) (Figure 2). The metal masthead page.

atom core of this species is a pseudotetrahedral arrangement of
four CpTi fragments. Three S atoms are triply bridging three IC961520R
of the triangular faces of the metal atom tetrahedron. On the . — .
remaining triangular face, one sulfur atom and two ethanethiolate (12) g") C%’ﬁoﬁ"ag'shr%? ﬂ'l'éag‘sl"‘lg'z"’fo% AC-; Kanatzdis, ’g-fGL-qum-R
ligands are doubly bridging along each of the edges. Thus, the K?C}Zanatezdig, ,(\),L Gu Kessissog{ofj’)D.??;Yagfe’ml”s(,?ggg '

coordination geometry of the three titanium atoms (Ti2, Ti3, 107, 8279.

Figure 3. ORTEP drawing of the cores of (8)and (b)2.






