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SUMMARY 

The crystal and molecular structure of (C,H,),TiS5 has been determined from 
diffractometry data. The cell constants are u =9_019(3) A, b = 13.089(6) A, c= 1 l-294(3) 
A, fi = 93_62(4)O ; the space group is P2, /FZ, and Z = 4. The molecule consists of a tita- 
nium atom which is part of a six-membered ring whose other members are the five 
sulfur atoms of the polysulfide chain. This ring has a cyclohexane-like chair conligura- 
tion. The coordination polyhedron about the titanium comprises the two terminal 
sulfur atoms of the pentasulfide chain and the centroids of the n-cyclopentadienyl 
rings and is in the form of a distorted tetrahedron. The S-Ti-S angle is 94.6” while the 
(centroid)-Ti-(centroid) angle is 133.7”. The Ti-S distances are 2.422( l)A and 2.448( 1) 
A. The four S-S distances range from 2.056 to 2.067 8, (average e.s.d. 0.002 A) with an 
average value of 2.060 A. This average S-S distance is very close to the values found in 
the polysulfide chain S$- and in various allotropes of elementary sulfur. The narrow 
range of titanium-carbon distances, __ 3 341 to 2.398 A (average e.s.d. 0.005 A), establish 
a distinct pmtahapto coordination mode for the five-membered rings with respect 
to the titanium atom. The titanium-ring centroid distances of 2.066 and 2.071 A are 
among the longest thus far found for cyclopentadienyl rings coordinated to transition 
metals. 

INTRODUCTION 

In 1903 Hofman and Hiichtlen’ reported the synthesis of a Pt-S compound of 

composition (NH,),PtS,, whose structure, recently determined by Jones and 
Katz’, showed that the PtSf; ion consists of an octahedrally coordinated PtiV ion 
whose ligands are three bidentate S, ‘- ions. Recently, Kijpf3 reported that the reaction 
of (C,H,),MX, (where M =Ti, MO, W, and X=Cl, Br) with ammonium or alkali 
metal pentachalcogenides (S, Se, or mixtures of these two) yields as one product the 
compound (CSHS),TiS,. A six-membered ring structure was predicted for the TiS, 
fragment on the basis of its reactions and its IR and NMR spectra. At room tempera- 
ture, the ‘H NMR spectrum shows two singlets of the rr-C,H5 ligands while at 1200 
only one sharp singlet is obtained in those cases where the complexes are stable against 
the solvent (CH,),SZS. These spectra were taken to indicate that at room temperature 

J. Organomerai. Ghan., 26 (1971) 229-245 



230 E. F. EPSTEIN, I. BERNAL, H. KijPF 

the MX, rings are fixed in conformation whereas at elevated temperatures rapid confor- 
mational changes take place. 

The crystal structure of (C5H&TiS5 has been carried out in order to establish 
the precise geometry of the TiS, moiety and to determine its relationship to the PtSf; 

anion. The geometry of the polysulfide chain was of interest for comparison with chains 
found in complexes which do not contain transition metals. Finally, the presence of 
two distinct cyclopentadienyl rings in different electron environments, as indicated by 
the NMR spectra, suggested that it would be possible to obtain a considerable amount 
of structural information about these important species. 

EXPERIMENTAL 

The compound (CSHj)2TiS, was prepared by Dr. H. Kijpf (Wiirzburg) who 
provided crystalline samples which are in the form of beautiful red parallelepipeds. 
The crystal selected for X-ray work was mounted at the end of a glass fiber. Prelimi- 
nary precession photographs (hO1, Itll, hk0, hkl) indicate that the space group is P2, /n, 
whose fourfold set of general positions is : f (x, y, z; 1/2-s, l/2+-~, l/2-~). The 
observed density of 1.69 + 0.01 g/cm3, obtained by flotation in a zinc bromide solution 
agrees well with the calculated value of 1.69 g/cm3 for a formula weight of 338.41 
g/mole and four molecules in a unit cell of volume 1330.6 A3. The unit cell parameters 
of ((=9.019(3) A, h= 13.089(6) A, c= 11.294(3) A, p=93.62(4)’ were obtained from a 
least-squares refinement of twenty sets of setting angles for reflections which were 
centered, at 22O, on a Picker automated diffractometer equipped with a graphite 
monochromator and using MO KZ radiation (;=0.71069 A). 

Data collection was carried out with the Picker diffractometer controlled by 
the Brookhaven Multiple Spectrometer Control System. The scintillation counter 
system included a pulse-height analyzer and pulse shape discriminator and was set to 
accept approximately 90 “/:, of the diffracted intensity. The c* axis of the crystal coinci- 
ded with the @ axis of the instrument and the data were collected using a 8-20 step 
scan technique. A reflection was scanned in steps of A(28)=0.03”, with a counting 
time of two seconds for each step. The total scan range of 1.80 (LO+ 1.0 tan@ was 
centered about the Bragg angle which corresponds to the unweighted average wave- 
length of 0.7104 w for MO Ka, and MO Ka, radiation. Since conzplete resolution of 
the ~1, and c(? peaks occurred when 20 was about 450, background was taken to be the 
total count for the live points at each end of the scan and no attempt was made to tit 
the data points to a polynomial. The intensities of 4710 reflections with 20 < .52O, 
comprising two asymmetric forms of data were measured. Periodic checks of two 
standard reflections indicated that no crystal decomposition occurred. Individual 
measurements were within 3 o/0 of the average values of the two standard reflections. 

For (CSH&TiS5 the linear absorption coefficient, jr, for MO Ko! radiation is 
estimated from atomic absorption coefftcients’ to be 13.54 cm- ‘. The size and the 
shape of the crystal (a parallelopiped with pairs of faces separated by 0.105,0.105, and 
0.208 mm) suggested that absorption corrections would be desirable if hydrogen 
atoms were to be located and refined. Therefore a correction for absorption was made 
based on the equations of these crystal faces : (01 l), (Oli), (Oil), (OH), (lOO), and (‘iOO)_ 
The transmission factors were in the range 0.74 to 0.79. The data were corrected for the 
usual Lorentz polarization effects. No correction was made for the use of partially 
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based on these parameters. Interatomic distances and angles with estimated standard 
deviations (which include the effect of the estimated error in lattice parameters) are 
given in Table 3. The equations of planes determined by a least-squares procedure and 
the distances of atoms from these planes are given in Table 4. The following programs 
were used : PROCH (initial processing of data) ; DATAPH (Lorentz-polarization and 
absorption corrections); ESORTH (sortering and averaging) ; JIMDAP (local version 
of the Zalkin Fourier summation program): LINUS (modification of the Busing, 
Martin, and Levy ORFLS least-squares program) lo ; ORFFE (function and error)’ ’ ; 

RBANG (rigid group parameters)” ; PLANET (least-squares planes)‘3 ; ORTEP 
(moIecuIar plotting)‘“. 

DISCUSSION 

The-malecuiar configuration of (C5H&TiS5, which appears in Fig. 1, consists 
of two cyclopentadienyl rings coordinated to a formally Ti”’ (3d’) ion which is part 
of a six-membered hetero-atom ring, whose other five members are sulfur atoms. This 
six-membered ring has a cyclohexane-like chair configuration. If the five-membered 

(Cmcinrred p. 139) 

TABLE I 

POSlTIONAL AXD THERMAL PARAMETERS 

A. FRACTION COORDINATES 

Ti 
Sl 

S2 
s3 
s4 
ss 
Cl-l 
Cl-2 
Cl-3 
Cl-4 

Cl-5 
w-1 
c2-2 
c2-3 
CZ-4 
CF.5 
HI-1 
Hl-2 
HI-3 
HI-4 
HI-5 
HZ-l 
H2-2 
H2-3 
H2-4 
H2-5 

0.49565(7) 
0.73890( 11) 

0.88618(13) 
0.91839(12) 
0.73350( 13) 
0.57641 (I 1) 
0.5201(7) 
O-3774(7) 
0.3175(6) 
0.4295(6) 
0.5543(6) 
0.4714(10) 

0.4SO5(9) 
0.3648(11) 
0.2760(S) 
0.3478(12) 
O-577(6) 

0.317(7) 
0231(5) 
0.434(5) 
O&3(6) 
0.556(S) 
0.552(9) 
0.333(7) 
0.222(7) 
0.342(7) 

0.30390(5) 
0.73118(8) 
0.35208( 10) 
0.40066( t 0) 
0.48555(S) 
0.3748 l(7) 
0.3838(4) 
O-3581(4) 
0.4172(4) 
0.4774(3) 
0.4579(4) 
O-1634(6) 

0.1240(4) 
0.1590(6) 
0.2129(6) 
0.2186(6) 
0.365(4) 
0.315(j) 
0.41’(3) 

0.53 l(4) 
O-478(4) 
0.163(j) 
0.086(6) 
0x29(5) 
0.2X(5) 
0249(j) 

0.27416(j) 
0.13541(9) 
0.23049( 10) 
0.40328(10) 
0.43964(g) 
O&%455(7) 
O-0865(4) 
0.0920(4) 
0.1834(5) 
0.23 12(4) 
0.1711(4) 
O-4059(8) 

0.3005( 11) 
0.2300(5) 
0.2970(11) 
0.4086(7) 
0.042(4) 

0.044(6) 
0.205(4) 
0.293(4) 
0.189(4) 
0.485(6) 
0.264(7) 
0.153(6) 
0.270(5) 
O-455(6) 
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TABLE 1 (continrced) 

B. THERhlAL PARAMETERS 

Ti” 669( 11) 331(4) 361(5) - 23(5) 3(5) 
Sf” 

- 28(3) 
953(16) 486(6) 702(9) 159(S) 89(9) 

S2” 866(17) 
- 91(6) 

X82(9) 733(10) -119(9) 212(10) 
S3” 

- 32(S) 
905(17) 903(10) 776(10) -247(10) - 149(10) - W) 

S4a 1434(19) 466(7) 717(9) --258(9) - 75(10) - 1 lO(6) 
S5” 1031(16) 434(6) 401(7) - 43(7) 
Cl-lb 

O(8) - N(5) 
183(11) 81(4) 50(4) 

Cl-? 
44(5) 25(5) 

177(10) 63(4) 
29(3) 

c1-3b 
68 (4) S(4) - 58(S) 

76(g) 
3(3) 

74(4) 
c1-4b 

117(5) 23(4) - l’(5) 23 (4) 
169(9) 39(3) 

Cl-j* 
70(4) 24(4) - 12(j) 

131(9) 
- I(3) 

56(3) 84(5) - ll(4) 
C2-lb 

- 24(5) 32(3) 
220( 13) 85(5) 143(S) - 73(7) 

C?-2b 
- 50(9) 59(5) 

209( 14) 38(3) 28(15) 
C2-3b 

- 20(S) lOO(13) - 14(6) 
276(15) 92(S) 71(5) 

c2-4* 
- 109(8) 

70( 10) 
15(7) - 22(4) 

98(6) 285(17) 
C2-jb 

- 25(6) - 19(10) 80(8) 
332(21) 89(6) 106(7) - 96(9) 121(11) - 38(5) 

Hl-IC 2.2(1.2) 
HI-2’ 6.0( 1.7) 
Hl-3’ l.O(l.0) 
Hl-4’ 3.4(1.2) 
Hl-5 2.1(1.1) 
H2-1’ 7.q 1.9) 
H2-2’ 8.4(2.2) 
H2-3’ 6.5(1.7) 
H2-4’ 2.4Q.7) 
H2-5’ 4.8 (2.0) 

C. R.M.S. AMPLITUDES OF VIBRATION ALONG THE THREE PRINCIPAL AXES OF THE THERhlAL ELLIPSOID (A) 

Atom Axis 1 Axis2 Axis 3 

Ti 0.148 0.167 0.173 
Sl 0.169 0.211 0.331 

S2 0.173 0.224 0.279 
s3 0.169 0.234 0.289 
s4 0.163 0.227 0.261 

S5 0.150 0.200 0.208 
Cl-l 0.148 0.222 0.323 
Cl-2 0.151 0.235 0.311 
CI-3 0.151 0.248 0.297 

Cl-4 0.169 0.207 0.279 
Cl-5 0.162 0.216 0.292 
c2-1 0.172 0.249 0.410 

c2-2 0.174 0.260 0.442 
C2-3 0.158 0.222 0.406 
c2-4 0.154 0.232 0.46 1 
C2-5 0.179 0.215 0.444 

-* Multiplied by IO5 and 10J, respectively. The form of the thermal ellipsoid is exp[- (/3i1-hZ+fl,,-kZ+ 
833.12+2812.h.k+2B13.h.I+2823.k.1)]. ’ Isotropic temperature factor inA’_ 
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TABLE 3 

INTERATOMIC DISTANCES (ii) AND ANGLES (DEGREES) 

A. BOND DISTANCES 

Ti...Sl 

Ti...SS 
Ti. _ .(centroid, ring 1) 
Ti...(centroid, ring 2) 

Ti...CI-1 
Ti...Cl-2 

Ti...CI-3 
Ti...Cl-4 
Ti...Cl-5 

Ti...CZ-1 
Ti...C2-2 
Ti...C2-3 
Ti...CZ-4 
Ti...CZ-5 

Sl...SZ 
S2...S3 
s3...s4 
s4...ss 

2.4483( 14) Cl-l...Cl-2 1.379(S) 

X4219(1 1) Cl-2...Cl-3 1.405(7) 
2.066(-) Cl-3...Cl-4 1.365(7) 
2.071(-) Cl-?...CI-5 1.375(7) 

Cl-5...Cl-1 1.382(7) 

2.376(4) 

2.374(4) c2-l...C2-2 1.305(10) 
X367(4) C2-2.X2-3 1.324(10) 

2.388(4) C2-X_.C2-4 1.389(12) 
2.398(4) c2-4.. .a-5 1.381(12) 

c2-5...c2-1 1.332(11) 
2.392(5) 
2.380(6) Cl-l...Hl-1 0.78(5) 

X348(5) Cl-2...Hl-2 0.91(7) 
2.341(6) Cl-3...Hl-3 0.84(4) 
X370(6) Cl-4...Hl-4 0.98(s) 

Cl-S...HI-5 0X6(5) 
2.0590( 17) 
2.0556(16) C2-l...H2-1 1.14(S) 
2X%65(18) C2-2...H2-2 0.93(8) 
2.0586( 15) C2-3...H?-3 0.95(7) 

C2-4...H2-4 0.57(5) 
C2-5...HZ-5 0.66(6) 

B. BOND ‘ANGLES 

SlTiSS 94.59(4) 
Rl TiR2 133.7( -) 
Rl Ti Sl 110.7(-) 
Rl Ti S5 110.7(-) 

R2TiSl 100.5(-) 
R2 Ti S5 99.6(-) 

Ti Sl S2 

Ti S5 S4 
107.41(6) 
108.58(5) 

Sl s2 s3 
s5 s4 s3 

S2 s3 s4 

105.24(6) 
102.68(7) 

106.71(7) 

Cl-2 Cl-l Cl-5 
Cl-l Cl-5 Cl-4 
Cl-5 Cl-4 Cl-3 
Cl-4 Cl-3 Cl-2 
Cl-3 Cl-2 Cl-l 

108.3(s) 
108.5(5) 
107.8(4) 
108.8(5) 
106.5(5) 

c2-2 c2-1 c2-5 
a-1 c2-2 c2-3 
CZ-2 C2-3 C2-4 
C2-3 C2-4 C2-5 
C2-4 C2-5 C2-1 

109.6(7) 
110.3(6) 
106.9(7) 
105.9(7) 
107.2(6) 

Hl-1 Cl-l Cl-2 
Hl-I Cl-l Cl-5 
Hl-2 Cl-2 Cl-l 
Hl-2 Cl-2 Cl-3 

HI-3 Cl-3 Cl-2 
Hl-3 Cl-3 Cl-4 
Hl-4 Cl-4 Cl-3 

Hl-4 Cl-4 Cl-5 
Hl-5 Cl-5 Cl-4 
Hl-5 Cl-5 Cl-l 

H2-1 C2-1 C2-2 
H2-1 C2-1 C2-5 
H2-2 C2-2 C2-1 
H2-2 C2-2 C2-3 
H2-3 C2-3 C2-2 
H2-3 C2-3 C2-4 
H2-4 U-4 C2-3 

H2-4 CZ-4 CZ-5 
H2-5 C2-5 C2-4 
H2-5 C2-5 C2- 1 

129(3) 
122(3) 
128(4). 
125(4) 

123(3) 

128(3) 
133(3) 

119(3) 
128(3) 
123(3) 

129(4) 
121(4) 
135(5) 
114(5) 
130(4) 
122(4) 
108(7) 

145(7) 
134(6) 
117(6) 

(Contimd) 
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C. SOS-BONDED IXIRAAIOLECULAR CONTACTS LESS THAN 3.50 A- 

Ti...H2-5 2.65 
Ti...HZ-4 2.70 
Ti...HI-5 2.83 
Ti...HI-3 2.84 
Ti...Hl-1 2.88 
Ti...H2-2 2.90 
Ti...HI-2 2.97 
Ti...HZ-3 3.00 
Ti...HI-4 3.03 
Ti...HZ-I 3.04 
Sl...HZ-2 2.58 
SI...C2-2 2.86 
Sl...Hl-1 3.09 
Sl...CI-I 3.20 

S2...Hl-5 2.76 

S4...Hl-5 2.90 
S4...Hl-4 3.14 
S5...H2-5 2.68 
S5...H2-1 2.79 
s5...c2-5 2.94 
s5...c2-1 2.9s 
.SX..Hl-4 3.04 
S5...Cl-4 3.17 
Cl-2...H2-4 3.07 
Cl-‘...H2-3 3.10 
Cl-z...c2-3 3.12 
Cl-a...cz-4 3.16 

Cl-3...H2-4 2.90 
Cl-3...c2-4 3.00 
C2-3...Hl-2 3.01 
CZ-4...HZ-3 2.82 
Sl...S3 3.27 
Sl...C2-1 3.31 
Sl...Hl-5 3.36 
Sl...Cl-5 3.45 
Si...H2-1 3.47 
S2...Hl-3 3.24 
SZ...H?-1 3.26 
s2...s4 3.31 
S2...Cl--5 3.33 
S2...HI-I 3.40 
S2...H2-4 3.48 
S3...S5 3.22 
S4...Cl-5 3.36 
S%..HI--5 3.48 
SS...Cl-5 3.4s 
Cl-2...Hl-4 3.22 
c2-3_.H2-1 3.26 
C2-3...Hl-3 3.35 
C2-4...Hl-2 3.20 
C7-4...H2-1 3.26 

D. INTERMOLECULAR CONTACTS LEss THAN 3.5 A 

Sl...H2-5 3.37 ooi 3b Cl-2_..H2-1 3.04 101 3 
S2...H2-2 3.11 100 4 Cl-3...H2-1 3.22 ioi 3 
S2...H2-1 3.26 ooi 3 Cl-4_..H2-3 3.41 000 4 
S2...HZ-5 3.39 ooi 3 Cl-4...H2-4 3.47 000 4 
S3...HZ-3 3.00 000 3 Cl-5...Hl-1 3.49 110 2 
S3...H2-2 3.10 100 4 C2-l...Hl-2 3.40 ooo 3 
S3...Hl-2 3.39 000 3 C2-2...Hl-3 3.36 of0 4 
S4...H2-3 2.93 000 3 C2-3...Hl-4 3.12 of0 4 
S4...H2-2 3.36 100 4 C2-3...Hl-3 3.35 oio 4 
S4...Hl-4 3.47 111 2 C2-4...Hl-4 3.17 oio 4 
Sj...Hl-4 3.01 111 2 CZ-S...Hl-1 3.14 Too 3 

S5...H2-3 3.04 000 3 
S5...Hl-2 3.38 Ooo 3 

= Contacts between carbon and hydrogen atoms of the same cyclopentadienyl ring are not included. 
b The notation Ooi 3 indicates that the second atom is in the symmetry position 3 with a cell translation in 
the -c direction. The symmetry positions 2, 3, and 4 are: 1/2-x, 1/2+y, 1/2--r; -x, -_v, --I; 1/2+x, 
1/2--y, lj2-t.z. 
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TABLE 4 

PLANE? 

E. F. EPSTEIN, I. BERNAL, H. KaPF 

A.EQUATlONSOFPLANES AND DISTANCES (ir)FROM THESEPLANES 

(a)_ Plane containing Ti, Sl and S5 
0.2758X + 0.8532Y -0.44272=3.2100 
Centroid, Ring 1 1.76 
Centroid, Ring 2 -2.00 

(b). Plane containing Cl-l, Cl-2, Cl-3, Cl-4, Cl-5 
-0.2186X+O.7177Y-0.66112=1.9552 
Cl-l -0.01 Hl-1 0.04 
Cl-2 0.00 H l-2 0.06 
Cl-3 0.00 Hl-3 - 0.03 
Cl-4 0.00 Hl-4 0.04 
Cl-5 0.01 Hl-5 -0.11 
Ti -2.07 

(c)_ Plane containing C2-1, C2-2. C2-3, C2-4. C2-5 
c2-1 0.00 H2-1 0.12 
u-2 0.00 H2-2 0.06 
c2-3 0.00 H2-3 -0.12 
cz-4 0.00 H2-4 - 0.07 
Ti 2.07 H2-5 0.13 

(d). Plane containing Sl, S2, S3, S4 
0.5703X-0.4457Y+O.69002=4.19 
Sl 0.01 Ti 1.40 
s2 -0.01 Centroid, Ring I 3.25 
s3 0.01 Centroid, Ring 2 0.80 
s4 -0.01 

(e). Plane containing S2, S3, S4 
0.4679X to.8275 Y-0.3103Z =6.67 
Ti 2.33 Centroid, Ring 1 0.87 
Sl 1.94 Centroid, Ring 2 4.40 
S5 1.96 

Lt Plane cont;i$ng Ti and the centroids of the two rings 
s4 - 1.73 

s2 1.57 S5 - 1.80 
s3 -0.11 

a b 32.4 b f 89.6 
a c 17.0 c d 75.0 
a d 58.1 c e 3.5 
a e 13.5 c f 89.8 
a f 90.4 d e 71.6 
b c 49.3 d f 89.0 
b d 25.8 e f 90.4 
b e 45.8 

(Continued) 
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TABLE 4 (conrimed) 

c.mmm (DEG~)BEIwE~~J INTERATOMIC VECTIORS ANDTHE N0Rhf~f_STo PLmEs 

Vector Plane Angle 

Ti-Centroid, Ring 1 a 31.4 
Ti-Centroid, Ring 1 b 1.0 
Ti-Centroid, Ring 2 a 14.9 
Ti-Centroid. Ring 2 
s1-55 ; 

2.0 
I.1 

E The equations of the planes and distances and angles were obtained with the Smith plane program. Unit 
weights were used in the calculations. The equation ofthe plane is expressed in orthogonal coordinates which 
are related to the fractional coordinates x_ jp: r by the transformation: 
Xx-s+c-z-cosp 
Y =b-y 
Z =c.z-sit@ 

HI-2 

Fig. 1. The molecular configuration of (C,H,)?TiS5. For the sake of illustrative convenience, the thermal 
parameters of the carbon and hydrogen atoms are isotropic and of arbitrary magnitude. See Fig. 2. 

rings are each considered to occupy a single titanium coordination site, then the 
terminal atoms of the bidentate pentasulfide chain complete a distorted tetrahedral 
coordination geometry for the metal ion. The extent of the distortion is indicated by 
the two angles (ring 1 centroid)-Ti-(ring 2 centroid) and Sl-Ti-S5 which are 133.7” 
and 94A”, respectively_ The chair conformation for the TiSS moiety results in an 
electronic environment which is different for the two cyclopentadienyl rings. One 
result of this asymmetric environment is that the two cyclopentadienyl rings are 
disposed such that the bisector of the (centroid)-Ti-(centroid) angle does not lie in 
the Sl-Ti-S5 plane, thereby reducing the idealized point group symmetry for the 
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coordination polyhedron at the titanium atom from CZr to tn. The compound is 
diamagnetic and monomeric in the solid state. The Til+ (3ciO) ion achieves the 18 

electron rare gas configuration by the formal contribution of six electrons from each 
cyclopentadienyl group and three electrons from each coordinated sulfur atom of the 
bidentate polysullide chain. This formalism suggests that there is a degree of multiple 
character to the titanium-sulfur bond via the overlap of a lone pair ofelectrons on the 
sulfur atom with the unfilled ti orbitals of the metal . 

The ten titaniumcarbon distances range from 2.341 to 2.398 A (average e.s.d. 
0.005A). The average value of 2.374 (5) A _ IS c ose 1 to the average titanium-carbon 
distance of 2.38 A found in the phenylthio complex (CsHs)Ti(SCsH&i’. A structu- 
ral determination of the dimeric complex (CsH&TiAl(CIH& C1216 has yielded an 
average Ti-C distance of 2.38 A for one of the two independent five-membered rings 
(the second ring is distorted due to interactions which appear not to involve the tita- 
nium atom)_ The narrow range for the ten titanium-carbon distances in (C,H&Ti& 
establish a distinct pmtahapto coordination mode i’ for the live-membered rings with 
respect to the titanium atom. The titanium-(ring centroid) distances are 2.066 A 
(ring I) and 2.071 A ( _ rmg 2) and are typical of the values found for complexes of tita- 
nium which are bound to z-cyclopentadienyl groups’. The titanium-ring distances 
for these compounds are significantly longer than for any transition metal-cyclopen- 
tadienyl ring distances except for those of mo1ybdenum’8. For (z-C,H,)Mo(CO),- 

C,H, lg and [(~-C,H,)MO(CO)~]~(H)[P(CH,)~]‘~ the metal to ring distances are 
2.04A and 2.00& respectively_ The vanadium complexes differ from those of titanium 
by the formal addition ofa single electron. For the vanadium compound (rc-CSH,),V’ * 
and for (K-C,H,)(JZ-C~H~)V~~ the metal-cyclopentadienyl ring distances are 1.96 
and 1.90 & respectively. The substantial decrease in metal-ring distance as one rl 
electron is added to the system when the central ion changes from TiSi (3~1’) to V”+ 
(3d’) is to be contrasted with the insignificant change in the metal-ring distance which 
occurs when MoSi. (4d’) is substituted for the titanium ion. The survey of cyclopenta- 
dienyl complexes by Wheatley’ indicates that no simple correlation exists between 
the number of ti electrons and the metal-ring distance. On the other hand, there is no 
uniform set of compounds having the same composition (except for the central metal 
ion) whose structural characteristics are known. Therefore, one must conclude that 
the wide variation in metal-ring distances is a product of both the electronic conligura- 
of the ion and the effect of the other ligands present. 

The two Ti-S bond lengths are 2.422( 1) and 2.448( 1) A. The difference of 0.026 
(2) A is considered to be significant. The average value of 2.435 A is close to the average 
value of 2.41 A found for the Ti-S bond lengths in (C,H,)zTi(SC6H,):‘. The “bite” 
of the S, fragment is 3.58 A, a value which is longer than the Van der Waals contact 
distance of 3.40Az3 for a pair of sulfur atoms, but close to the value of 3.67A found for 
this contact in (C5H&Ti(SC6H& . l2 In the phenylthio complex, the (C,I-I,),TiS2 
moiety has a geometry which is similar to that found in (C,H,)?TiS, and the titanium- 
sulfur distances in both of these compounds are greater than the titanium-sulfur 
distance (2.32 A) found for TiS” but less than the distance 2.45 A found in the non- 
stoichiometric phase Ti, LX S, (0.2< xu,C 1)25. It is of interest to note that the Ti-S 
distances in (CSH&TiSS and (CjH&Ti(SC6H,)2 are quite close to the average MO-S 
distance of 2.433(.5) A found by X-ray diffraction for di-z-cyclopentadieny1(3,4- 
toluenedithiolato)molybdenum’8. The average molybdenum-carbon distance of 
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2.33(2) A is also quite close to the values found for the metal-carbon distances in the 
closely related titanium compounds. However, the S-MO-S angle of 82_4(2)O is 
significantly less than the values 94.6(l)’ and 99_3(3)O found for (C,H&TiS, and 
(C5WJi(SC61-% respectively. Despite the difference in S-M-S angle., the (ring 
centroid)-Mo-(ring centroid) angle of 132.5’ is very close to the values 133.70 and 
132.4’ for the similar angles in the titanium compounds. It should be noted that the 
S-MO-S angle depends upon the ligand “bite”. The molybdenum atom has two more 
valence electrons for bonding to the rr-cyclopentadienyl rings and the sulfur atoms than 
does the titanium atom in these compounds. Ballhausen and Dahlt6 have studied the 
compounds of the type (z-C,H,)J~X~ an d suggest that the lowest energy molecular 
orbital is one which lies in the plane of the metal atom and the two X ligands. If in the 
3,4-toluenedithiolate (C,H,),Mo(SZC,H6) this orbital is occupied by the two addi- 
tional electrons, then repulsions between these electrons and those ofthe ligand should 
force the “bite” of the dithiolate ligand to open. This appears to be the case since the 
S.. .S “bite” distance for the dithiolate ligand” in Mo(S1C1HJ3, which contains the 
formally Mo6 t (do) ion, is 3.10 while that in dicyclopentadienyl(3,4-toluenedithiolato)- 
molybdenum which contains the formally MO”+, is 3.205 A. The S-M-S angles in 
these two molybdenum dithiolate complexes are identical. The average MO-S bond 
distance in the toluenedithiolate of 2.433(5) A is approximately 0.1 A longer than the 
value 2.33(2) 8, for this distance in Mo(SzCzH,),“. This increase in MO-S bond 
distance is consistent with the change in the S.. .S “bite”distance and with the identity 
of the S-MO-S bond angle for the two compounds. 

The four S-S distances within the S5 fragment are the same, within the accuracy 
of this determination, with values which range from 2.056(2) A to 2.067(2) A [average 
value 2.060(2) A]. The bond angles at the sulfur atoms are close to, but less than, the 
tetrahedral angles which would be expected for sp3 orbitals. The Ti-SI-S2 and Ti- 
S5-S4 angles are 107.4(l)” and 108.6( I)O, respectively, while the S-S-S angles at S2, 
S3, and S4 are 105.2(l), 106.7(l), and 102.7( l)O, respectively. Recently Abrahams and 
BernsteinZs have redetermined the structure of BaSS-Hz0 from diffractometry data 
and found that the three S-S bond lengths are the same [average value 2.062(2) A]. 
Donohuezg has redetermined the structures of three allotropes of elementary sulfur 
and found that the S-S bond lengths are the same within each allotrope and have the 
average values 2.060(2), 2.063(17), and 2.057( 18) A for the a-S,, /3-S,, and p-S, forms, 
respectively_ The bond angles within the Si- anion have an average value of 104.2(l)‘, 
a value which agrees well with those found for the formally Ss- chain in (C,H,),TiS,. 
The dihedral angles for the pairs of planes TiSlS5/SlS2S4SS and SlS2S4S5/S2S3S4 
are 58” and 72”, respectively. The latter dihedral angle is similar to the dihedral angles 
76.2(Z) and 76_5(2)O for the sulfur containing planes in the S:- chain’*. The identity of 
S-S bond lengths and the similarity of bond angles for the formally Sg-, Ss- chains 
and the various allotropes of elementary sulfur indicate a similar mode of bonding 
for these species. The average bond length of 2.06 A for all these species is somewhat 
shorter than the value of 2.08-2.09 A for a S-S single bond30*31. This suggests that 
there is a degree of multiple character to the S-S bonds in these chains, probably 
involving sulfur d orbitals. The nearly tetrahedral geometry at the sulfur atoms in 
these ch&ns leads to a minimization of repulsion between lone pairs of electrons cent- 
ered at each of the sulfur atoms in the chain. 

The geometry of the cyclopentadienyl rings is of particular interest because of 
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the asymmetry of the field in which the two groups lie. Cyclopentadienyl ring 1 is an 
exact pentagon whose atoms, including the hydrogens, lie in a plane. The C-C bond 
lengths are the same and the bond angles at the carbon atoms are all within 1.4O of the 
lo? angle for a pentagon. The range of C-C distances is from 1.365 A to 1.405 A 
(average e.s.d. 0.007 A) with an average value of 1.381 pi. The range of C-H distances 
is from 0.78 A to 0.98 A (average e.s.d. 0.06 A) with an average value of 0.87 A. The 
largest displacement of a cm-bon atom from the mean plane of the five carbon atoms is 
0.006 A for cyclopentadienyl group 1. The largest displacement of a hydrogerz atom 
from this plane is 0.11 A (Hl-5), the displacement from the mean plane being towards 
the T&moiety. All other hydrogen displacements are less than 0.06 A. The displace- 
ment of Hl-5 results in the short hydrogen-sulfur intrmnolecrrlar contacts of 2.76 and 
2.90 8, to S2 and S4, respectively. For the carbon atoms of this group the r.m.s. ampli- 
tudes of vibration for motion along the two shortest of the three principal axes of the 
termal ellipsoid are 0.15f0.02 and 0.22+0.02 A. These values are not significantly 
larger than the amplitudes found for the sulfur atoms. The largest amplitude of vibra- 
tion for each of the carbon atoms of cyclopentadienyl group 1 has an average value of 
0.30 A. An analysis of the motion of this group as a rigid body using the method of 
Schomaker and Trueblood3’ indicates that there is a small degree of libration about 
the normal to the plane containing the rigid group. This libration has been estimated 
to correspond to an oscillation of approximately f 5’ about the equilibrium position. 
A rigid body motion of approximately S-16” has been estimated by McCullough33-3a 
to result in an apparent shortening of the chlorine-oxygen bond of 0.04 A for perchlo- 
rate groups. 

Cyclopentadienyl ring 2 also has a strictly planar geometry. The largest devia- 
tion of a carbon atom from the mean plane is less than 0.002 A while the largest devia- 
tion of a hydrogen atom from the mean plane of the five carbon atoms is 0.12 A. The 
ten titanium-hydrogen intramolecular distances are all in the range 2.65 to 3.04 8, 
with the shortest distance involving H2-5. There is no indication that the hydrogen 
atoms of either ring are systematically displaced towards the titanium atom. This type 
ofdisplacement has been observed in (C,H,)CUP(C,H,),~’ whose structure has been 
carefully determined with the intent of studying the geometry of the live-membered 
ring. This copper complex has a planar pentagonal carbon ring with an average 
carbon-carbon bond length of 1.399(4) A. In(C,H&TiS, there is a variation in the 
carbon-carbon bond lengths in cyclopentadienyl group 2. The distances C2-1_ _ .C2-5, 
CZ-l...C2-2, and C2-2_..C2-3 are 1.33(l), 1.31(l), and 1.32( 1) A, respectively, while 
fhe distances C2-4...C2-5 and C2-3.. .C2-4 are 1.39(l) and 1.39(l) A, respectively. 
The non-parallel disposition of the two cyclopentadienyl rings and their orientation 
(they are neither staggered or eclipsed but approximately midway between these 
configurations) is such that C24 has the closest contact of a carbon atom of ring 2 to 
atoms of ring 1. The distances C2--4...Cl-2 and C2--4...Cl-3 are 3.16 and 3.00 A, 
respectively. These carbon-carbon distances and the U-3.. -Cl-2 distance of 3.12 A 
are the shortest inter-ring distances within the molecule which do not involve hydrogen 
atoms. The Van der Waals contacts for carbon atoms are estimated to be 3.14 and 
2,.94A for sp3 and sp’ hybridized atoms 35 These distances suggest the possibility of a . 
bonding overlap ofthe x-densities of the two rings and may account for the longer C-C 
bond lengths between C2-4 and C2-3 and C2-5. Cyclopentadienyl ring 2, however, is 
subject to a considerable degree of libration. Although the typical r.m.s_ amplitudes of 
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Fig. 2. Thermal motion in (C5H,)2TiS,. The surfaces correspond to 50:/, probability envelopes. 

vibration along the two shortest principal axes of the thermal ellipsoids are 0.17f0.02 
A and 0.23 kO.02 A, the largest amplitude is typically 0.43 A. The principal axis of the 
thermal ellipsoid which corresponds to this large amplitude is essentially in the plane 
of the cyclopentadienyl ring. The thermal motion of the molecule can be seen in Fig. 2. 
An analysis of this libration 32 indicates that the ring undergoes oscillations of appro- 
ximately + 20° about the equilibrium configuration. 

The two cyclopentadienyl rings are asymmetrically disposed with respect to 
the TiS, fragment. For the (C,H5)2Ti(SC6H,)2” and (C,H&Mo(S2C,H6) (3,4- 
toluenedithiolate)‘s molecules the sulfur-metal-sulfur plane is the approximate 
bisector of the (centroid)-metal-(centroid) angle which is typically 132O. In (C,H,),- 
TiS, the rings are disposed such that this angle is essentially preserved. However, the 
normal to the sulfur-titanium-sulfur plane makes an angle of 17” with respect to the 

C,H,(Zl 

Fig. 3. The coordination geometry about the titanium atom. 

Fig. 4. Intramolecular sulfur-carbon contacts which are less than the sum of Van der Waals radii for these 
atoms (3.20 A). 

J. Organometal. Chem., 26 (1971) 229-245 



244 E. F. EPSTEIN, I. BERNAL, H. KiiPF 

titanium-(ring 2 centroid) vector while the angle with respect to the titanium-(ring 1 
centroid) vector is 32O. This geometry is illustrated in Fig. 3. Presumably repulsions 
between ring 1 and the sulfur chain are responsible for this orientation as well as bon- 
ding interactions between atoms in ring 2 and various sulfur atoms (uide supra). 
Intramolecular sulfur-carbon contacts which are less than the sum of Van der Waals 
radii (3.20 pi)36 for these atoms are illustrated in Fig. 4. These intramolecular contacts 
do not serve to explain the difference in the thermal models for the two cyclopenta- 
dienyl rings. The sulfur-carbon contacts between atoms of ring 2 and the sulfur chain 
[i.e., C2-5._.S5 (2.94& C2-2...S1(2.86 A), and C2-l...S5 (2.98 A)] areessentially the 
same as found in the constrained (C,H,),MoS,C,H, 18_ 

Q 

Fig. 5. The packing ofthe molecules in the monoclinic unit cell. 

The packing of the molecules in the unit cell is shown in Fig. 5. The intermole- 
cular contacts are less important than intramolecular contacts. The shortest inter- 
molecular distances which do not involve hydrogens exclusively are between hydrogen 
and sulfur atoms. These distances are no shorter than 2.93 A while there are five 
in&ranzolectrlar hydrogen-sulfur distances considerably less than 2.90 A. The shortest 
of these distances are SI . . .H2-2 (2.58 A) and S5.. .H2-5 (2.73 A). The geometry of this 
molecule appears to be dominated by sizable intramolecular interactions. 
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