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The structure of bis(pentamethylcyclopentadienyl)dichlorotitanium(IV) 
has been investigated by single-crystal X-ray diffraction techniques. 
[q-C5 (CHs)s]2TiClz crystallizes in the orthorhombic space group P2,2* 2, with 
cell dimensions a = 10.816(l), b = &132(l), c = 22.25911) A; 2 = 4. Full 
matrix, least-squares refinement converged to a final R index of 0.032 based on 
1429 reflections. The configuration about the titanium atom is a distorted 
tetrahedron comprised of the two chlorine atoms and the centroids of the two 
_r-cyclopentadienyl rings. Several ring methyl groups are bent considerably out 
of the cyclopentadienyl plane and away from the titanium atom. These out-of- 
plane deviations are attributable to chlorine-methyl crowding and methyl- 
methyl contacts between the two rings. 

Introduction 

Reaction systems derived from the electron-deficient sandwich compound 
dicyclopentadienyltitanium(II), (v-C5 HS )zTi are of current interest, especially 
in connection with the fixation and reduction of dinitrogen El-33 _ Efforts to- 
ward the isolation and characterization of low-valent titanocene derivatives 
from these systems are often thwarted, however, owing to side reactions involv- 
ing rearrangement to titanium hydride species via a ring-to-titanium a-hydrogen 
shift [1,4-61. In view of these complicating features inherent in (q-C5Hs )*Ti 
based systems, we have more recently investigated the closely related bis(cyclo- 
pentadienyl)tita&um(II) derivative, [Q-C&(CH&]~T~, and its behavior toward 
Nz C7,83- 

* Postdoctoral Fellow of the National Institute of General Medical Sciences. 
** Contribution No. 4907. 
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While the chemistry of [r& (CH, ), ]*Ti and (v-C~H~)~T~ derivatives are 
in many respects quite similar; we have noted a definite preference for mono- 
meric [T&(CH~)& Tiderivatives [l,S], apparently as aresult of steric crowding 
of bulky [q-C,(CH,),] rings in dimeric or polymeric species. Furthermore, a 
recent structure determination of [@Z5 (CH3 )5-] (q-C5HS )TiCb shows ring 
methyl groups to be pushed out of the plane of the ring carbons, apparently as 
a result of intramolecular (r& HS )[r& (CH, ), ] crowding [9] _ In order to 
establish the extent of such crowding~in a complex containing two [v-C~(CH~)~] 
rings and to provide a basis for interpreting the structures of [ {ri+ ( CHJ )s ) 2 M J 2 - 
(N,), (M = Ti, n = 1; M = 2 r, n = 3) presently under investigation, we have under- 
taken an X-ray structure determination of [V-C!, (CH3 )5 ] *TiC12 . 

Experimental 

[q-C5 (CH3),] *TiCl* was prepared as described previously [ 83 and ob- 
tained as dark purple-brown needles from chloroform. A series of Weissenberg 
and precession photographs (taken with Cu-K, and MO-K, radiation) indicated 
an orthorhombic unit cell of space group P21 2,2, (systematic absences: hO0, 
h odd; OkO, k odd; 001, 1 odd). Unit cell dimensions were ;?btained by a least- 
squares fit to the observed sin* 0/h’ values for 29 reflections measured on a 
diffractometer. The density was measured by flotation in aqueous zinc chloride/ 
HCl solution. Crystal data are given in Table 1. 

A crystal (elongated along its b axis) was mounted with its b axis slightly 
skew to the @ axis of a G.E. XRD-5 quarter-circle diffractometer automated by 
Datex. Using MO-& radiation monochromated with a graphite crystal, one 
o&ant of intensity data was measured between 4” and 45” in 28 (corresponding 
to a spacing of 0.93 A) employing the 8 - 28 step scan technique. A scan rate 
of l”/min and scan width of 1.75” were selected, and 30-set background counts 
were taken before and after each scan. Intensities of three check reflections 
measured every 45 reflections showed no crystal decomposition during the 
data collection. A variance a* (1) was calculated for each reflection based on 
counting statistics and a term in (0.02 S)* , where S is the scan count. Intensities 
and their variances were corrected for Lorentz and polarization effects but not 
for absorption (P = 7.2 cm-’ )_ The data were then placed on an absolute scale 

by means of a Wilson plot [lo]. Scattering factors for all atoms were calculated 
by the method of Cramer and Mann [ll] . The intensities of 1516 reflections 
were collected; 20 were deleted as systematic absences, 66 were given zero weight 

TABLE 1 

CRYSTAL DATA. 

C20H30~~2 Orthorhombic space group P212 121 

a = 10.816(l) A FE’ = 389.2 
b = 8.132(l) A 
e = 22.259(l) A 

p&s =1.31(l)gCmw3 

V = 1958 @ 
pfalc = 1.32 g cmm3 
.2=4 

X<Mo-K,) = 0.71069 A p = 7.2 cm-1 
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TABLE3 

FINALHYDROGENATOMPARAMETERS(coordinatesX 104)= 

x Y z B 

H(6A) 

H(6B) 

Hum 
H(7A) 
H(7B) 
H(7C) 
H(8A) 
H(8B) 

H(8C) 

H(9A) 

H(9B) 
H(9C) 
H(lOA) 
H(lOB) 
H(lOC) 
H(16A) 
H(16B) 
H(16C) 
H(17A) 
H(17B) 
H(17C) 
H(18A) 
H(l8B) 
H(18C) 
H(19A) 

H(lSB) 
H(19C) 
H(20A) 

H(20B) 
H(20C) 

-680(48) 

-1265(49) 
-602(48) 
1511(47) 
120(52) 
554<46) 

3015(47) 
3563(47) 

2245(47) 

3613(46) 

2770(47) 
2447(47) 
464(50) 

--69<50) 

1337(48) 
3595(51) 
2843(49) 
4374(46) 
1517(50) 
2074(50) 
2698(53) 
4002(52) 
3018(47) 
4406(50) 
5504(55) 

6382(50) 
5478(53) 
5534(48) 
6471<50) 
6150(52) 

10809(61) 

9132(60) 
8906(63) 

12095(64) 
11598(60) 
12058<66) 
10439(61) 
8736(69) 

8623(61) 

6139(63) 

5280(63) 
5944(57) 
6612(68) 
6009(59) 
5457(65) 

12317(65) 
11249(59) 
11444<61) 
8444(68) 

6909(65) 
8254(66) 
5373(70) 
5441(69) 
5682(68) 
8490(73) 

7814(67) 
6921(68) 

12402(61) 
11214(61) 
11303(66) 

1282<25) 6.50 

1413(23) 6.50 

896(24) 6.50 
2245(22) 6.00 
2611(23) 6.00 
1933(23) 6.60 
2940(22) 6.50 

2855(23) 6-50 

3162(22) 6.50 

2191(22) 6.00 

1850(22) 6.00 
2567<22) 6.00 
792<24) 6.25 

1236(24) 6.25 
1076(22) 6.25 

54(25) 6.25 
-353(22) 6.25 
-481<22) 6.25 
-45(24) 7.00 

-89(23) 7.00 
-519(22) 7.00 

1125(23) 7.00 
650(25) 7.00 
508(25) 7.00 

1807(26) 7.00 

1420(26) 7.00 
1528(25) 7.00 

894(23) 6.50 

538(23) 6.50 
1182(24) 6.50 

"Therrnalparameterswerenotrefinedandareoftheform exp[-B(sin20/h2)1. 

and zero structure factor since for these F < o(F), and one reflection (102) e%- 
ceeded the counter capacity and was accordingly given a structure factor and 
weight of zero. 

Solution and refinement 
The remaining 1429 reflections were used to generate a three-dimensional 

sharpened Patterson map from which the titanium and two chlorine atoms were 
located. Structure factors calculated using these positions yielded an R index 
(I2 1 IF, I - IF, I l/Z IF, I) of 0.39. Two successive structure factor calculations inter- 
spersed with Fourier syntheses revealed the locations of all remaining non- 
hydrogen atoms. Refinement was by least-squares minimization of the quantity 
=.M% - sze1*, where l/s is the scale factor for F, and w = 1/02(F0)*. In the 
initial least-squares cycles, positions of all nonhydrogen atoms, isotropic tem- 
perature factors for the carbon atoms, and anisotropic temperature factors for 
titanium and chlorine atoms were refined to an R index of 0.074. At this point 
a difference Fourier was generated from which all 30 hydrogen atoms were 
located. The titanium and chlorine atoms were then treated as anomalous 
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scatterers using values from the “International Tables” [12] , and final full 
matrix least-squares refinement was performed using two matrices*, one con- 
taining hydrogen coordinates, the scale factor, and anisotropic temperature fac- 
tors for all nonhydrogen atoms, the other containing nonhydrogen positional 
parameters. Isotropic thermal parameters for the hydrogen atoms were set 
approximately 1 A2 larger than those for their respective carbon atoms, but 
these hydrogen thermal para~neters were not refined. 

The final R index was 0.032 and the goodness of fit, [ZZ:ur(Fi - s*c)/ 
(N-_)]i’2 was 1.53 for N = 1429 reflections and P = 298 parameters**. All 
crystallographic computations were performed under the CRYM system [ 133 
with an IBM 370/155 computer ***. Final parameters are shown in Tables 2 
and 3. 

Results and discussion 

The molecular configuration of [Cs (CH,)5 ] tTiCll is given in Fig. 1, a stereo- 
scopic view in Fig. 2, and the packing of molecules in the unit cell is shown in 
Fig. 3. The geometry about the titanium atom may be viewed as a distorted 
tetrahedral configuration with centroid-Ti-centroid and Cl-Ti-Cl angles of 
137-4(l)” and 92.94(4)“. respectively. The two n-bonded rings are staggered with 
centroid-Ti distances of 2.13 a and an average Ti-C distance of 2.44 R (Table 
4), values comparable to those found for derivatives of the type (&J-C~H~)~T~X~ 
(X = Cl, Ph, S, ql-CSH5) [14-181. Both rings are very nearly planar (maximum 
out-of-plane deviations < 0.03 a) (Table 6), and the (C-C-C),, bond angles 
range from 107.0(3)” to 109.6(3)” (Table 5) with an average angle of 108’ as 
expected for a planar pentagon. The Ti-Cl distances of 2.352(l) and 2.346(l) a 
are not unlike those reported for [(CH2)s(CsHq)2]TiC12, 2.368(4) BL [15] ; 
(CsHs)[CS(CH3)s]TiC12, 2.329(8) a [9]; and (CgH5)ZTiC1z, 2.36 A [14]. 

An interesting feature of this structure is the fact that several of the methyl 
groups are bent considerably out of the cyclopentadienyl plane and away from 
the titanium atom (Table 6) by an amount which ranges from only 2” for C(19) 
to as much as 19” for C(18). The trend for these out-of-plane deviations in- 
dicates that this strain results from chlorine-methyl crowding and methyl- 
methyl contacts between the two rings * . Thus the 0.49 A out-of-plane deviation 
for C(18) arises from crowding of its hydrogen atoms with those of C(9) and 
C(10) (Table 7). Smaller out-of-plane deviations of ring methyl groups (0.025- 
0.191 i%) have been reported for [~J-C~(CH~)~] Fe(CO)zSOzCH2CH=CH(CgH5) 

* Space limitations in the least-squares program prohibited refinement of aII parameters in a single 
matrix. 

** Structure factors calculated using the atomic coordinates and thermai parameters of the other enan- 
tiomer resulted in an increase of the R index to 0.035 and the goodness to fit to 1.73. thus indicat- 
ing the original enantiomer was in fact the correct choice. 

*** The table of structure factors has been deposited as NAPS Document No. 0000 (00 pages). Order 
_ from ASISINAPS. clo Microfiche Publications. 440 Park Avenue South, New York. N.Y. 10016. 

A copy may be secured by citing the document number. remitting $000 for photocopies or $000 for 
microfiche. Advance payment Is required. Make check payable to Microfiche Publications. 

* ‘I’be out of plane deviations of the methyl groups could be argued to arise through intrinsic elec- 
tronic factors rather than by crowding; however. we see no compelling reason to suspect that the 
‘Ii-ring bonding is exceptional for (C~<CH3)5)2TiC12. 
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Fig. 1. The molecular configuration of [C~<CH3)512TiClt_ In this 
ellipsoids are drawn at the 50% probability level [22] _ 

and subsequent figures. the thermal 

[19,20] _ The two shortest H-H nonbonded distances for this interaction average 
2.07(7) A, significantly less than twice the Van der Waals contact radius of a 
hydrogen atom (ca. 2.4 A)_ C(9) and C(l0) appear to distribute the strain asso- 
ciated with this contact and thus exhibit similar and somewhat smaller out-of- 
plane deviations of 0.345 and 0.332 A, respectively. Similarly, several hydrogen- 
chlorine and carbon-chlorine distances smaller than Van der Waals contacts of 
ca. 3.0 and 3.4 A, respectively, reflect the steric crowding and accompanying devi- 
ations from planarity exhibited by C(6), C(8), C(16), and C(20). C(7) is pushed 
only slightly out of the ring plane despite the fact that two of its hydrogen 
atoms are pointed toward the two chlorine atoms with H-Cl(l) and H-Cl(Z) 
contacts of only 2.71(5) and 2.84(5) A, respectively. The relatively long C(7)-Cl 

(continued on p. 466) 

Fig. 2. Stereoscopic view of [Cg<CH3)5I ~TiClz. The figure is oriented to match the labeled Fig. 1. 
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Fig.3. Stereoscopic view of the packing ofthe moleculesintheunitcell.Positive x NIPS from left to right: 
positivey runs from front to back;positiver rons from bottomtotop. 

TABLE4 

BONDDISTANCES 

Ti-Cl(l) 
Ti-Cl(2) 
'P-R(l)= 
Ti-R(2)= 

lx-C<l) 
Ti-C(2) 
Ti-C(3) 
Ti-C(4) 
Ti-C(5) 

Ti-C(11) 
Ti-C(12) 

Ti-C(l3) 
Ti-C(14) 
Ti-C(l5) 

C<U-C(6) 
cw4x7) 

'X3)--C(8) 
C<4)-C(9) 
C(5)-C<lO) 
C<ll)-CX16) 

C<12PC<17) 
C(13)-C(lS)- 
c<14)+x19) 
C(15)-CX20) 

2.352(l) 
2.346(l) 
2.127(4) 
Z-128(4) 

2_439(4) 
2.435(4) 
2.455(4) 
2.444<4) 
2.444<4) 

2.484(4) 
2.415<4) 
2.428(4) 
2.404(4) 
2.474(3) 

1.504(6) 

1.508<6) 
1.490(6) 
1.500<6) 
1.491(6) 
1.499<6) 
l-482(6) 
l-505(7) 
l-481(6) 
1.500<6) 

cm-C(2) 
c(w-4~3) 
C(3)-C(4) 
C<4)_C(5) 
C(l)-C(5) 
C(ll)-C(12) 
C(l2)--C(13) 
C(13)--C(14) 

cx14P-C<15) 
C<ll)--c~15) 

1.413<5) 
1.4X6(5) 
l-402(5) 
l-420(5) 
1.402(5) 

1.422(5) 
1.409(5) 
l-421(5) 
l-405(5) 
1.381<5) 

u R(l)= C(1)-C(5)xingcentioid.R(2)=C<ll)-C<15)ringcentroid. 



; BOND .iNGLES (degl 

Cl(l)-Ti-&2) 92.94(4) c(12)--c(l1)--c<l6) 
R<l+Ti-R(2) 137.4(l) c(15)-&W-C<16) 
R(l)-Ti-WI) 104.6(l) cwwx12)-c(17) 
R(ljTi-Cl(P) 104.5(l) C(13)--c(l2)--c(l7) 
R(2)-Ti-CXl) 104.4(l) ~<12)-C<13)-C<l8) 
p(2jTi-c1<2) 104.4(l) c(14)-C<13V<18) 

c(13)--c<14)--c~19) 

C(15)_C(14)_C(19) 
C(14)-C(15)-C<20) 
c(ll)-C(15)--c<2O) 

107-S(3) 
10&2(3) 
108.0<3) 
107.9(3) 

108.2<3) 

- 
125.6(4) 
126.1<4) 
123.5(4) 
128-O(4) 
124_6<4) 
125.2(4) 

127.5<4) 

125.0(4) 
125-S(4) 
124-O(4) 

1x11~C<12kC(13) 10X7(3) 

C(12)-C(13)_C(l4) 107.7(3) 

C(13)--c(14~C(l5) 107-O(3) 

c(14)--c(15~c(1l) 109.6<3) 

C(15)-C(li)_C(12) 107.7(3) 

C(2)-C(l)_c<6) 125_3<4j 

C(5)-C(1)--c<6) 125.7(4) 

C(l)-C(2)_C<7) 127.5(4) 

C(3k-C<2)_c<7) 124.6(4) 

C<2bC(3)-c(S) 125.5(4) 

C<4bC(3)--c(8) 125.6(4) 

C<3)_C<4)-c(9) 122.7(4) 

C(5)-C(4W(9) 126.8(4) 
C<4)-C<5)-C(10) 126.1<4) 
C<IpC<5)-C<lO) 123-S(4) 

TABLE6 

LEAST-SQUARESPLANESOFCYCLOPENTADIENYLRINGS= 

Ring1 Ring II 

A&m Deviation (A) Angle (derJb Atom Deviation (A) A-de <de& 

C(1) -0.003 

C(2) 0.007 

C(3) -0.008 

C(4) 0.007 

C(5) -0.022 

c(6) -0.228 

C(7) -0.064 

c(8) -0.233 

C(S) -0.345 
-~ C<lO) -0.332 

cm> -0.007 

C<l2) 0.023 

C(l3) -0.030 

C(14) 0.025 

C(15) -0.011 

8.7 CXl6) 
2.4 C(l7) 
9.0 'X18) 

13.3 C(19) 
12.9 C(20) 

-0.207 7.9 - 
--a100 3.9 
-0.490 19.0 
-0.047 1.8 
-0.214 8.2 

. u.Apositivedeviationisadeviationtowardthetitaniumatom. 
b 
Theangle(away fromTi)fromthec~clo- 

pentadienylringplane. 



TABLE 7 z 
_- 

INTRAMOLECULAR NON-BONDED DISTANCES <A) LESS THAN OR APPROXIMATING VAN DER 
WAALS CONTACTS= 

H<9A)-H<l8A) 
H(9B)_H(lSA) 
H<lOC)_H(l8B) 

Cl(l)--c(3) 
Cl(l)+x2) 
Cl(l)-C(15) 

C1(2~C(l) 
CK2)---c(2) 
cK2)_-c(ll) 

3.233(3) 
3.267(5) 
3.305<7) 
3.422<7) 

2.49(7) 

2.10<7) 
2.05<7) 

3.012<4) 
3.210<4) 
3.012<3) 
2.988(4) 
3.208(4) 
2.978(4) 

CKl)--c<S) 
CKu4x7) 
CWJ-c<20) 
CK2FC<7) 
CK2kCX16) 
C1(2tc(6) 

Cl(lt_C1(2) 

Cl(l)-%I<?A) 
Cl(l)--H(8A) 
Cl(l)-H(SO_4) 
Cl(l)-H(2OC) 
C1(2)-H(6A) 
C1(2)-H(7C) 
C1(2)-H(16A) 
Cl(2 jH(16B) 

3.153(5) 
3.444(5) 
3.120(5) 
3.486(5) 
3.068(5) 
3_116(5) 

3.407(l) 

2.71(5) 
2.69<5) 
2.92(5) 
2.93(5) 
2.94(5) 
2.84(5) 
2.64<5) 
2.88(5) 

o Listed are all intramolecular nonbonding distances less than 3.50 A for C-C. 3.50 A for Cl-C. 3.00 A for 
Cl-H. 2.50 I% for H-H. 

distances of 3.44(4)-and 3.49(4) A appear to indicate a reduction in crowding 
here, however. 

Previous structure determinations for (n-C5HS )* TiX, (X = Cl, Ph, S, 
q’ -C.& H5 ) and ( C5 H5 ) [ CS ( CH3 )S ] TiCI, have shown the cyclopentadienyl rings 
to be tilted at a Cp-Ti-Cp angle of 130 to 136” [ 9,15-181. For [ Cs (CH, )5 ] z - 
Tic&, this angle is somewhat expanded (137.4”), apparently as a result of methyl 
-methyl contacts between the two rings. Further expansion is probably opposed 
largely by increased methyl-chlorine crowding, since the strength of the titan- 
ium-ring bonding should depend only slightly on the angle of tilt over this small 
range [21] _ The final ring positions are thus viewed as that balance which mini- 
mizes chlorine-methyl and methyl-methyl nonbonding interactions in the mole- 
cule. 

In view of the extent of intramolecular crowding, it is indeed remarkable 
to note that the i H NMR spectrum of [q-C& (CH, ), ],TiCl, remains a sharp 
singlet at -5O”C, thus indicating that “free” rotation of rings and ring methyl 
groups is maintained even at this temperature [Z] . This process must therefore 
resemble a set of rapidly turning, closely meshed gears. 
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