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Abstract: Sealed tube reactions of titanium, sulfur, and sulfur monochloride give Ti4O(S2J4Cl6, 1, and Ti40(S2)4Cl6-2S8, 2, 
depending on conditions. Each compound was characterized by single-crystal X-ray diffraction studies. Crystallographic 
parameters are as follows. Compound 1: monoclinic space group P2\/c; a = 9.078 (4) A, b = 11.007 (4) A, c = 18.388(6) 
A, 0 = 91.95 (3)°, V = 1836 (2) A3, and dcilcd = 2.448 g/cm3 for Z = 4. The structure was refined to R = 0.045 and Rw 

= 0.055 for 1787 reflections having / > Ia(I). Compound 2: orthorhombic space group Pbcn; a = 27.820 (11) A, b = 9.262 
(4) A, c = 13.602 (5) K, V = 3505 (4) A3, and rfcalcd = 2.255 g/cm3 for Z = A. The structure was refined to R = 0.040 and 
Rw = 0.048 and 937 reflections with / > 3<T(7). Compound 1 consists of Ti4O(Sj)4Cl6 molecules having idealized D2^ symmetry. 
A flattened tetrahedron of Ti atoms with an oxygen atom in the center has four short disulfide bridged Ti-Ti contacts of 3.123 
[4] A and two longer Cl bridged Ti-Ti distances of 3.562 [5] A. Compound 2 contains essentially identical molecules cocrystallized 
with S8 molecules. Molecular orbital calculations on compound 1 by the Fenske-Hall method performed in an attempt to 
understand the metal-metal interactions suggest that there are no Ti-Ti bonds between any pair of metal atoms. The closer 
T i -T i distances can be attributed to strong bridging interactions by the S2 groups. 

Over the past several years an increasing research effort has 
focused on the field of early transition-metal cluster chemistry. 
This work has resulted in the discovery of many metal atom 
clusters, both discrete and extended. A large number of such 
compounds are known for molybdenum oxides (e.g., InMo4O6 , 
N a M o 2 O 4 , C a 5 4 5 M o 1 8 O 3 2 , Zn 3 Mo 3 O 8 , ' K 2 Mo 8 O 1 6 , 2 and 
In11Mo40O62

3) as well as for niobium, zirconium, and lanthanide 
halides (e.g., Nb3Cl8 ,4 RbNb4Cl1 1 ,5 Nb6I8 ,6 KZr6Cl1 5C, CsK-
Zr6Cl15B,7 R7I1 2M (R = Sc, Y, Pr, Gd; M = Mn, Fe, Co, Ni)8) . 
The metal atoms in the molybdenum oxides and niobium halides 
generally have enough electrons to support metal-metal bond 
formation, but in the case of zirconium and lanthanide clusters 
it is often (though not always) required that there be a heteroatom 
within the cluster to donate electrons and therefore stabilize 
metal-metal bonds and in turn cluster formation. 

A recent review of chalcogenide-halide transition-metal clusters 
showed that although many compounds of this type exist the area 
was still fertile for research.9 In our laboratory we are attempting 
to synthesize such discrete and extended clusters of group IVA 
and VA elements. In this paper we report the synthesis, structure, 
and a molecular orbital description of two crystalline modifications 
of Ti40(S2)4Cl6, in which titanium atoms form an open tetrahedron 
with an oxygen atom in the center. 

Experimental Section 

Materials and Methods. Chemicals were obtained from the following 
sources. Ti (200 mesh powder), Alfa; sulfur, precipitated grade, Fischer; 
S2Cl2, STREM. The reactions were carried out in Pyrex tubes with the 
following dimensions: 15 cm (length) X 2 ' / 2

 c m (o.d.), wall thickness 
4 mm. 

Preparation of Ti40(S2)4CI6,1. Titanium powder (0.72 g, 15 mmol), 
sulfur (0.96 g, 30 mmol), and S2Cl2 (2.00 g, 15 mmol) were placed in 
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a tube. The contents were frozen and sealed under vacuum. The tube 
was placed in an oven which was slowly warmed to 160 0C (over ca. 2 
h) and kept there for 48 h. The oven was then turned off, and the tube 
was cooled to room temperature over a period of 12 h. The cooled tube 
was opened in a drybox, and the contents were placed in degassed mineral 
oil. A homogeneous mass of red, air-sensitive crystals was manually 
separated from unreacted sulfur. The product was washed with hexane 
and dried under vacuum. The isolated yield was 0.63 g, 25% based on 
Ti. 

Preparation of Ti40(S2)4Cl6-2S8, 2. Titanium powder (0.25 g, 5.2 
mmol), sulfur (0.17 g, 5.3 mmol), and S2Cl2 (1.00 g, 7.4 mmol) were 
placed in a tube. The contents were frozen and sealed under vacuum. 
The tube was placed in an oven which was slowly warmed to 425 0C 
(over ca. 8 h) and kept there for 48 h. The oven was then turned off, 
and the tube was cooled to room temperature over a period of 12 h. The 
cooled tube was opened in a drybox, and the contents were placed in 
degassed mineral oil. A mass of red, air-sensitive needles was manually 
separated from unreacted sulfur. The product was washed with hexane 
and dried under vacuum. The yield was 0.21 g (14%). 

Mass Spectrometry. The electron impact ionization mass spectrum 
for 2 was run on a VG Analytical 70S high resolution double focusing 
magnetic sector mass spectrometer, with attached VG Analytical 11/250 
data system. The sample for the study was supplied in degassed mineral 
oil to protect the compound from oxygen and moisture. Directly prior 
to charging the mass spectrometer with the sample the mineral oil was 
washed away with hexane. 

X-ray Crystallography. Both crystals in this study were mounted in 
thin-walled capillaries filled with degassed mineral oil to prevent decom­
position in the air. Axial lengths and Laue class were confirmed with 
oscillation photographs. The general procedures were routine to this 
laboratory and have been already described. Lorentz, polarization, and 
empirical absorption corrections were applied to the data.10 

Crystal Structure of Ti4O(S2J4CI6, 1. A small red hexagonal crystal 
was selected from the product and was shown to be of good quality by 
polarized light microscopy. The crystal was mounted on the goniometer 
head of a Rigaku diffractometer. The data were collected as indicated 
in Table I. The solution and refinement of the structure proceeded 
straightforwardly in the monoclinic space group P2\/c. The structure 
was solved with the direct methods part of the SHELXS-86 package, which 
revealed a large portion of the molecule. Additional least-squares cycles 
and difference Fourier maps revealed the positions of the remaining 
atoms. All atoms were refined anisotropically. No disorder or other 
nonroutine problems arose. The atomic positional parameters are given 
in Table II. Important bond distances and angles are listed in Table IV. 

Crystal Structure of Ti40(S2)4Cl6-2S8, 2. A thin red needle was 
mounted on the goniometer head of a Syntex P3 diffractometer. The 
data, collected as indicated in Table I, were collected at a slower than 
normal speed because of the generally low intensity of all reflections. The 
structure was solved in the orthorhombic space group Pbcn. The positions 
of the Ti atoms were found by using the direct methods part of the 
SHELXS-86 package. Alternating series of least-squares refinements and 
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Ti4O(S2J4Cl6 

Table I. Crystal Data for Ti4Q(S2)4Cl6, 1, and Ti4Q(S2)4Cl6-2S8, 2 

I 2 

'R = ZWJl - lf.il/Elf.l- "K = [I>(|f.l - |f.l)72>|f0|
2]1/2; *> 

= IMIF0I). cQuality-of-fit = [LH-(IF0I - \FC\)2/(Nobti -
N l l ' / 2 

J 'parameters'J 

Table II. Positional and Thermal Parameters and Their Estimated 
Standard Deviations for Ti4O(Sj)4Cl6" 

atom x y z B (A2) 

"Anisotropically refined atoms are given in the form of the equiva­
lent isotropic displacement parameter defined as (4/3)[a

2(3ii + b2Pn + 
C2Pn + ab(cos -Y)P11 + ac(cos P)Pn

 + bc(cos a) P23]. 

difference electron density maps revealed all the remaining atoms. All 
atoms were refined anisotropically. As in the previous structure no 
disorder or other nonroutine problems arose. The atomic positional 
parameters are given in Table III. Important average bond distances 
and angles are listed in Table IV. 

Computational Procedures. The molecular orbital calculation on 
Ti4O(Sj)4Cl6 was carried out by the approximate nonempirical Fenske-
HaIl molecular orbital method." The method has been shown to be 
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Table III. Positional and Thermal Parameters and Their Estimated 
Standard Deviations for Ti40(S2)4Cl6-2S8" 

atom 

Ti(I) 
Ti(2) 
0 
Cl(I) 
Cl(2) 
Cl(3) 
S(I) 
S(2) 
S(3) 
S(4) 
S(I l) 
S(12) 
S(13) 
S(14) 
S(15) 
S(16) 
S(17) 
S(18) 

X 

0.05485 (8) 
0.02894 (9) 
0.000 
0.0386 (1) 
0.0500 (2) 
0.1146 (1) 
0.0110 (1) 

-0.0330 (1) 
0.0846 (1) 
0.1055 (1) 
0.3566 (2) 
0.2989 (2) 
0.2389 (2) 
0.2069 (2) 
0.2244 (2) 
0.2809 (2) 
0.3430 (2) 
0.3727 (2) 

y 

0.0142 (3) 
-0.2588 (3) 
-0.124 (1) 
-0.1260(4) 
-0.3825 (4) 

0.1453 (5) 
0.1866 (4) 

-0.4326 (4) 
-0.0518 (4) 
-0.1952 (4) 
-0.0953 (5) 
-0.2099 (5) 
-0.0928 (6) 
-0.1771 (6) 
-0.0419 (6) 
-0.1361 (6) 
-0.0424 (5) 
-0.1793 (5) 

Z 

0.2227 (2) 
0.3481 (2) 
0.250 
0.0656 (2) 
0.4790 (3) 
0.1640 (3) 
0.3214 (3) 
0.2827 (3) 
0.3830 (3) 
0.2781 (3) 
0.5630 (3) 
0.6150 (3) 
0.5876 (3) 
0.4643 (4) 
0.3510 (4) 
0.2788 (3) 
0.3265 (3) 
0.4275 (3) 

B(A2) 
2.06 (5) 
2.19 (5) 
1.3 (2) 
2.59 (7) 
3.80 (9) 
4.07 (9) 
2.66 (8) 
2.84 (8) 
2.48 (8) 
2.70 (8) 
4.1 (1) 
4.7(1) 
5.4(1) 
5.6(1) 
5.9(1) 
5.5(1) 
4.7(1) 
4.6(1) 

"Anisotropically refined atoms are given in the form of the equiva­
lent isotropic displacement parameter defined as (4/3)[a2^n + b2p22 + 
C2P13 + ab{cos Y)1S12 + ar(cos P)P13 + bc(cos « ) fe ] . 

Table IV. Selected Averaged Bond Distances (A) and Angles (deg) for 
Ti40(S2)4Cl6, 1, and Ti4O(Sj)4Cl6^S8, 2 

Ti4O(Sj)4Cl6 

Ti40(S2)4Cl6-2Sg 

Ti4O(Sj)4Cl6 
Ti40(S2)4Cl6-2S8 

Ti 
cib-

Ti4O(Sj)4Cl6 89.0 
Ti4O(Sj)4Cl6- 89.4 

2S8 

Ti-Ti(short) 

3.123 [4] 
3.132 [5] 

Ti-Cl1 

2.218 [5] 
2.202 [3] 

Ti-Ti(iong) 

3.562 [5] 
3.572 (3) 

Ti-S(!norl) 

2.400 [2] 
2.409 [2] 

Ti-O Ti-Clb 

2.006 [7] 2.541 [8] 
2.012 [9] 2.538 [2] 

Ti-S(I0n,) S-S 

2.503 [4] 2.035 [3] 
2.512 [3] 2.039 [1] 

Ti- Ti-
-Ti O-Ti(sh0rl) 0-Ti(J0n,, O-Ti-Cl, Ti-S-Ti 

[2] 102.2 
[1] 102.3 

[4] 125.2 [5] 169.8 [9] 79.1 [1] 
[2] 125.2(1) 168.0 [4] 79.0[1] 

satisfactory for explaining the electronic structure and bonding in tri-
nuclear complexes of several transition elements.12 The atomic coor­
dinates used in the calculation for the molecule were taken from the 
crystal structure data but idealized to give the molecule C2„ symmetry. 
In order to explore the nature of metal-metal interactions in the mole­
cule, a "core" OfTi4O(S2J4Cl6, [Ti4O]14+, was also computed. The cal­
culation for the core used the same atomic coordinates. The coordinate 
system for Ti4O(Sj)4Cl6 was chosen so that the oxygen atom was located 
at the origin, and each pair of Ti atoms with a longer Ti-Ti distance was 
placed on the XY and YZ planes. A right-hand local coordinate system 
on each of the metal atoms was chosen as follows: the z-axis of the local 
system points toward the origin where the oxygen atom is located, the 
y-axis points toward the negative direction of the Z axis of the molecular 
coordinate system, and the x-axis is parallel to the XY plane of the 
molecular system. 

Results 
Compound 1. The structure consists of a normal packing of 

Ti4O(S2J4Cl6 molecules, each residing on a general position. The 
molecule consists of a distorted tetrahedron of titanium atoms with 
an oxygen atom in the center (Figure 1). There are four short 
disulfide bridged Ti-Ti edges of 3.123 [4] A and two longer Cl 
bridged Ti-Ti edges of 3.562 [5] A. The arrangement of ligand 

(10) (a) Bino, A.; Cotton, F. A.; Fanwick, P. E. Inorg. Chem. 1979, 18, 
3558. (b) Cotton, F. A.; Frenz, B. A.; Deganello, G.; Shaver, A. J. J. Or-
ganomet. Chem. 1973, 50, 227. (c) North, A. C. T.; Phillips, D. C; Mathews, 
F. S. Acta Crystallogr., Sect. A.: Cryst. Phys., Diffr., Gen. Theor. Crys-
tallogr. 1968, 24, 351. (d) Walker, N.; Stuart, D. Acta Crystallogr., Sect. 
A.: Found. Crystallogr. 1983, 39, 158. (e) The calculations were performed 
with the Enraf-Nonius Structure Determination Package on the Microvax II 
computer at the Laboratory for Molecular Structure and Bonding, Depart­
ment of Chemistry, Texas A&M University, College Station, TX 77843. (f) 
Sheldrick, G. M. SHELX86, Program for Crystal Structure Determination, 
University of Gottingen, Federal Republic of Germany. 

(11) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768. 
(12) (a) Bursten, B. E.; Cotton, F. A.; Hall, M. B.; Najjar, R. C. Inorg. 

Chem. 1982, 21, 302 and references therein, (b) Cotton, F. A.; Diebold, M. 
P.; Feng, X.; Roth, W. J. Inorg. Chem. 1988, 27, 3413-3421. 

formula 
formula wt 
space group 
systematic absences 

a, A 
b, A 
c,A 
a, deg 
P, deg 
7. deg 
V, A3 

Z 
4,icd. g/cm3 

crystal size, mm 

M (Mo Ka), cm"' 
data collection instrument 
radiation (monochromated 

in incident beam) 
orientatn reflcns, no. range 

(2$), deg 
temp, 0C 
scan method 
data col. range, 28, deg 
no. unique data, total 

with F0
2 > 3a(F0

2) 
no. of params refined 
trans, factors, max., min. 
R" 
Rj 
quality-of-fit indicator^ 
largest shift/esd, final cycle 
largest peak, e/A3 

Cl6O1S8Ti4 

676.83 
P2Jc 
mi: l = 2n+ 1 
OkO: Ic = In + 

9.078 (4) 
11.007 (4) 
18.388 (6) 
90.0 
91.95 (3) 
90.0 
1836 (2) 
4 
2.448 
0.25 X 0.15 X 

0.05 
34.065 
Rigaku AFC5R 

Mo Ka (X 

Cl6O1S24Ti4 

1189.85 
Pbcn 
OkI: k = 2n + 1 

1 hOl: I = 2n + 1 
khO: h + k = 

2« + 1 
27.820 (11) 
9.262 (4) 
13.602 (5) 
90.0 
90.0 
90.0 
3505 (4) 
4 
2.255 
0.40 x 0.10 X 

0.05 
27.206 
Syntex P3 

= 0.71073 A) 

25, 20 < 28 < 30 

U 

4 < : 
2949 
1787 
172 
1.000, 0.808 
0.0448 
0.0552 
1.041 
0.00 
0.74 

Zl 

i-2S 
18 < 45 

1388 
937 
159 
0.996, 0.965 
0.0398 
0.0478 
0.930 
0.00 
0.47 

Ti(I) 
Ti(2) 
Ti(3) 
Ti(4) 
Cl(IO) 
Cl(13) 
Cl(20) 
Cl(24) 
Cl(30) 
Cl(40) 
O(l) 
S(I) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 

0.8851 (2) 
0.7921 (2) 
0.5264 (2) 
0.6366 (2) 
1.0597 (3) 
0.6992 (3) 
0.8749 (3) 
0.7225 (3) 
0.3401 (3) 
0.5639 (4) 
0.7117 (7) 
0.9725 (3) 
1.0308 (3) 
0.6596 (3) 
0.5311 (3) 
0.3964 (3) 
0.4412 (3) 
0.7539 (3) 
0.8969 (3) 

0.1849 
0.4580 
0.2997 
0.2141 
0.0599 
0.1505 
0.6472 
0.4272 
0.2901 
0.1701 
0.2881 
0.3706 
0.3544 
0.4695 
0.5138 
0.3025 
0.1293 
0.0295 
0.1436 

(2) 
(2) 
(2) 
(2) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(6) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(3) 

0.3755 (1) 
0.3873 (1) 
0.3323 (1) 
0.4869 (1) 
0.3394 (2) 
0.2725 (2) 
0.4019 (2) 
0.5196 (2) 
0.2524 (2) 
0.5981 (2) 
0.3957 (4) 
0.3099 (2) 
0.4172 (2) 
0.2731 (2) 
0.3570 (2) 
0.4440 (2) 
0.4122 (2) 
0.4503 (2) 
0.5043 (2) 

1.07 (4) 
0.98 (3) 
0.94 (3) 
0.94 (3) 
3.74 (7) 
2.78 (6) 
3.60 (7) 
2.42 (5) 
3.18 (6) 
3.59 (7) 
1.9(1) 
2.79 (6) 
2.63 (6) 
2.33 (6) 
2.15 (5) 
2.32 (5) 
2.36 (6) 
2.55 (6) 
2.49 (6) 

lf.il/Elf.l-
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atoms around each titanium atom can be described as a pentagonal 
bipyramid. The equatorial plane consists of two disulfide groups 

Figure 2. Unit cell diagram for Ti4O(S2^Cl6, 1. Axes orientation: c, 

Cotton et al. 

and one bridging chlorine atom, with the apical atoms being the 
oxygen atom and the terminal chlorine atom. The average distance 
of an equatorial atom from the least-squares mean plane is 0.060 
[3] A. All titanium atoms are found above the equatorial plane, 
shifted toward the terminal chlorine atom, by an average distance 
of 0.353 [5] A. The average Cl-TiO angle is 169.8 [9]°. Of the 
six Ti-O-Ti angles, the four subtended by the shorter Ti-Ti edges 
have an average value of 102.2 [4]° and the other two average 
125.2 [5]°. One sulfur atom of each disulfide bridge is consistently 
closer to one metal atom than to the other by about 0.1 A (see 
Table IV). All other bond distances and angles are normal, and 
their average values appear in Table IV. A unit cell diagram is 
shown in Figure 2. 

Compound 2. The structure of the titanium-containing molecule 
in this compound is similar to that in 1. However, in this case 
the titanium tetramer resides on a 2-fold symmetry axis which 
passes through the central oxygen atom and two opposite short 
Ti-Ti edges. The only other significant difference is that the 
titanium tetramer cocrystallizes with two S8 molecules. This 
results in a layered structure with alternating planes of the titanium 
tetramers and S8 molecules as shown in Figure 3. The S8 

molecules assume the normal crown ring structure. All important 
averaged bond distances and angles are given in Table IV. The 
mass spectrum of 2 was observed at 485 0C and showed an isotopic 
pattern consistent with a Ti4O(S2^Cl6H+ ion. 

Discussion 

Recent experiments in this laboratory have shown the usefulness 
of S2Cl2 as a chlorinating/sulfurizing reagent in the synthesis of 

:; b, across; a, toward viewer. 

Figure 3. Unit cell diagram for Ti40(S2)4Cl6-2S8, 2. Axes orientation: a, down; c, across; b, toward viewer. 



Ti4O(S2I4Cl6 

Table V. Total Gross Population in Atomic Orbitals of a Titanium 
Atom 

3dzs 3d,2.j,2 idxy 3d„ 3dyl 4s 4p total 
[Ti4O]14+ 022 OO OO 0.06 0.07 0.01 0.0 036~ 
Ti4O(S2X1Cl6 0.52 0.67 0.79 0.28 0.35 0.14 0.08 2.83 

transition and lanthanide metal clusters.13 Our initial experiments 
with titanium have led to the formation of Ti4O(S2^Cl6, 1, and 
Ti40(S2)406-2S8, 2. Although, the reagents and apparatus were 
degassed in a normal way before reactions took place, oxygen 
atoms were incorporated in the structures. Their source is pre­
sumed to be air trapped inside the reagents. This conclusion is 
supported by the fact that the yields of the products were sig­
nificantly increased when the degassing step was omitted from 
the experiments. This suggests the possibility of incorporating 
other atoms into the cluster. Work toward this end is currently 
in progress. The influence of the reaction conditions on deter­
mining the nature of the products is not yet well understood, 
although it is evident that temperature and stoichiometry play 
a major role. Reactions at higher temperatures give 2 while those 
at lower temperatures with excess sulfur and S2Cl2 produce 1. We 
have not yet optimized the yields of these reactions, but the trends 
stated above suggest reaction conditions for future experiments. 

The mass spectrum of 2 showed an isotopic pattern similar to 
that calculated for Ti40(S2)4Cl6 but shifted by +1 amu; this result 
is consistent with the formulation of the parent ion as Ti4O-
(S2)4C16H

+. The hydrogen atom may have been incorporated into 
the structure either during the preparation of the sample for mass 
spectrometry or, more likely, while the sample was being heated 
on the mass spectrometer probe. 

With the highly unusual and complex structure of the Ti4O-
(S2)4C16 molecule having been established, our attention was 
directed to the questions of bonding and electronic structure. As 
a first approach, each of the anionic components is assigned its 
ordinary formal charge, viz., S2

2", Cl", and 02~; the titanium atoms 
must then be regarded as Ti4+ ions, and the entire structure must 
be rationalized in terms of metal-ligand bonds only. Direct Ti-Ti 
bonding, even across the four shorter edges of the Ti4 tetrahedron, 
could not be invoked because there would be no available electrons. 
However, these four distances, with an average value of 3.12 A, 
might be construed as being within the range of weak bonding.14'15 

If such weak bonding were to be postulated, the necessary frac­
tional electron density would have to be "borrowed" from the 
various metal-ligand bonds. In an effort to see if this sort of 
picture could be given serious consideration, the electronic structure 
of the Ti40(S2)4Cl6 molecule was investigated by a molecular 
orbital calculation at the level of the Fenske-Hall approximation. 

Calculations 
The calculation on the Ti40(S2)4Cl6 molecule results in a 

molecular orbital diagram with 56 doubly occupied valence mo­
lecular orbitals. Among the occupied MO's, there are 20 a rtype, 
14 b r and b2-type, and eight a2-type orbitals. Because of the 
length of the table which lists these molecular orbitals together 
with their energies and percent characters, it is included in the 
Supplementary Material rather than in this report. However, 
important features of the orbitals will be presented here and 
discussed. The diagram of the occupied MO's shows that a great 
number of them have at least 10% metal character. This is 
expected because of the number of ligand atoms which are bonded 
to titanium atoms in different ways. Simple interpretation of the 
bonding scheme is difficult to achieve because of the mixed 
characters of many molecular orbitals. A notable feature of the 

(13) Kibala, P. A.; McCaleb, C. S.; Matusz, M.; Sandor, R. B. W.; Sun, 
Z. S., unpublished results. 

(14) Melnik, M.; Cozak, D. Rev. Inorg. Chem. 1987, 221-285. 
(15) Pez, G. P. J. Am. Chem. Soc. 1976, 98, 8072-8078. 
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MO diagram is that no occupied molecular orbital has more than 
33% metal character. Therefore, when considering metal-metal 
bonding in the compound, a question naturally arises: is there 
any direct metal-metal bonding interaction that leads to a rec­
ognizable non-zero bond order between any pair of metal atoms? 

To consider this problem, we may look at a hypothetical system 
which consists of just the metal frame and the oxygen at the center, 
namely, [Ti4O]14"1". The technique is similar to that used for the 
study of the trinuclear cluster compounds,12 known as "clusters 
in molecules". The Fenske-Hall MO calculation on [Ti4O]14"1" 
led to four doubly occupied valence MO's. The metal character 
in the orbitals ranges from 11% to 22% indicating that the four 
molecular orbitals represent highly ionic Ti-O bonds. This may 
also be seen through the total gross Mulliken population in the 
atomic orbitals of the metal. As shown in Table V, for each 
titanium atom, only the 3dz2 orbital is populated with a non-
negligible amount of charge. Since the z-axis of the local coor­
dinate system on each titanium atom points directly to the central 
oxygen atom, the charge densities in the 3dz2 orbitals should be 
due to the Ti-O bonding. Therefore, the results do not reveal any 
electronic charge distribution in [Ti4O]14+ which can described 
as metal-metal bonding. Also listed in Table V are the same 
populations for the Ti4O(S2J4Cl6 molecule which show that all 
3d AO's are now populated with certain amounts of charge. In 
comparison to [Ti4O]14+, the largely increased population on Ti 
is obviously due to electron donation from the terminal and 
bridging chlorine and sulfur ligands forming bonds to the metal 
atoms. 

Another approach to the metal-metal bonding question is to 
consider the overlap population between each pair of metal atoms. 
Such populations have been obtained for both [Ti4O]14+ and 
Ti40(S2)4Cl6 by the present calculations. It turns out that in either 
case the overlap population between any pair of Ti atoms is nearly 
zero. The present Fenske-Hall MO calculations do not, therefore, 
provide any evidence supporting the existence of metal-metal 
bonds in the Ti40(S2)4Cl6 molecule. 

The population analysis does, however, provide a basis for 
explaining the existence of both shorter and longer Ti-Ti distances. 
The overlap population between a pair of bridging S atoms and 
a Ti atom (0.36) is nearly twice as large as the population between 
a bridging Cl atom and a Ti atom (0.19). These results suggest 
a stronger S2-Ti bonding interaction than that between bridging 
Cl and Ti, and this may be why a pair of Ti atoms bridged by 
a disulfide ligand approach each other more closely than two Ti 
atoms bridged by a Cl atom. 

Let us now turn to some unoccupied molecular orbitals in 
Ti4O(S2J4Cl6. It is interesting to note that the LUMO and the 
next two higher MO's all have a dominant contribution from the 
Ti atoms. The metal character in each case is more than 80%. 
An important feature of these MO's is that each of them is a 
bonding linear combination of the metal valence AO's. If one 
could have more valence electrons in the Ti4O core, these MO's 
would be occupied. Thus if similar compounds with metal atoms 
having more electrons can be made, the metal-metal distances 
would be expected to be shorter than in the present case, as a result 
of metal-metal bonding. 
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