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Structural determinations by X-ray diffraction2 of the 
paramagnetic V(?;5-C5H5)2L2-type complexes and the anal­
ogous titanium complexes provided an operational test of 
the Ballhausen-Dahl bonding description3 applied to 
M(^-CsHs) 2 L 2 complexes. The salient structural feature 
resulting from these crystallographic studies was that the 
similar L - M - L bond angles in the d1 V(IV) complexes 
were found to be ca. 6° less than those in the corresponding 
d0 Ti(IV) complexes. This structural incompatibility of the 
L - M - L bond angles with the B-D model was taken as 
prime evidence by us2 '4 for its general invalidity for M(JJ 5 -
C5Hs)2L2-type complexes. The paramagnetism of V(^5-
CsHs)2Ss along with the existence of the diamagnetic Ti(?75-
CsHs)2Ss complex provided an opportunity to employ di­
lute single-crystal electron paramagnetic resonance to de­
termine quantitatively the metal orbital character as well as 
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the directional properties of the molecular orbital contain­
ing the unpaired electron in a V(775-C5H5)2L2-type com­
plex. This work5 disclosed that the unpaired electron in 
V(^-CsHs) 2Ss resides primarily on the vanadium atom in 
an a i-type molecular orbital which consists mainly of 3dz2 
with a small but significant amount of 2&xi-yi and negligi­
ble 4s character (i.e., with respect to a right-handed Carte­
sian coordinate system for which z is directed normal to the 
xy plane which bisects the VSj bond angle, and x lies along 
the line of the VS2 bisector). This EPR study provided the 
first quantitative evidence for the demise of the Ballhausen-
Dahl model as a valid bonding description for M(TJ5-
CsHs)2L2 complexes. 

Since the isotropic hyperfine coupling constants for a 
large number of V(^-C 5 Hs) 2 L 2 (L = Cl, SH, OCN, CN, 
SeCN, N 3 , SCN) complexes fall within the range of 60-75 
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Abstract: The preparation of Ti(7>5-CsH4CH3)2Cl2 and V(t>5-CsH4CH3)2Cl2 and subsequent characterization by single-crys­
tal X-ray diffraction and EPR methods were performed in order to delineate more clearly the bonding description of the un­
paired electron in a V(IV) V(^-CsHs)2L2 complex upon change of the L ligands. The results of this work not only have sub­
stantiated our earlier EPR study of V(^-CsHs)2Ss but also have contributed to a more general understanding of the nature 
of bonding in M(^-CsHs)2L2 complexes. An EPR measurement of V(rj5-CsH4CH3)2Cl2 (of crystallographic C2-2 symme­
try per se) diluted in the crystal lattice of Ti(775-C5H4CH3)2Cl2 (of crystallographic Cs-m site symmetry) has shown that the 
anisotropy in the 51V hyperfine coupling interaction arises primarily from the significantly different vanadium orbital char­
acter of 3dz2 and 3dx2-yi AO's comprising the aptype MO containing the unpaired electron. The similarity between the 
EPR results for V(^-CsHs)2Ss and V(r)5-CsH4CH3)2Cl2 supports the premise that the metal orbital characters of the un­
paired electron are not strongly dependent on the nature of the L ligands. The g and hyperfine tensors in V(TJ5-
C5H4CH3)2C12 (for which gx = 1.9802, gy = 1.9695, gz = 2.0013; Tx = (-)80.6 G, Ty = (-)125.5 G, T1 = (-)20.6 G) are 
coincident, and the orientation of their principal axial directions is identical with the orientation of the principal axial direc­
tions of the hyperfine tensor in V(^-CsHs)2Ss. The prominent crystallographic differences between Ti(7j5-CsH4CH3)2Cl2 
and V(TjS-C5H4CHj)2Cl2 are: (1) a Cl-V-Cl bond angle of 87.1 (1)° being 6° smaller than the Cl-Ti-Cl bond angle of 93.2 
(I)0 and (2) the one independent V-Cl bond length of 2.398 (2) A being 0.04 A longer than the average Ti-Cl bond length 
of 2.360 (2) A, in contradistinction to the average V-C distance being 0.05 A shorter than the average Ti-C distance. These 
reversed bond-length trends, which are likewise observed between the titanium and vanadium molecules with phenyl mercap-
tide and pentasulfide ligands, are in harmony with the unpaired electron in each V(IV) complex occupying a MO which is 
antibonding with respect to the V-L bonds. Ti(tj5-CsH4CH3)2Cl2 crystallizes with four molecules in an orthorhombic unit 
cell of symmetry Pnma with a = 11.928 (5), b = 15.147 (6), and c = 6.848 (4) A, while V(r)5-C5H4CH3)2C12 crystallizes 
with four molecules in a monoclinic unit cell of symmetry C2/c with a = 13.614 (2) A, b = 6.720 (1) A, c = 13.763 (2) A, 
and /3 = 105.99 (I)0 . Final full-matrix least-squares refinement which utilized anisotropic thermal parameters for all nonhy-
drogen atoms gave R, = 4.6% and R2 = 6.2% for Ti(775-CsH4CH3)2Cl2 and R1 = 4.1% and R2 = 4.8% for V(tj5-
CsH4CH3)2Cl2. 
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Table I. Solid-State Infrared Spectra of M(T?5-C5HS)2C12 and M(TJS-C5H4CH3)2C1, (M = Ti, V)".6 

Ti(r,s-C5H5)2C12 V(T,5-C5H5)2C12 Ti(r)5-CSH4CH J2Cl2 V(n5-CSH4CH3)2C12 Assignment 

(m)3123 

(m)1439 

(W)1362 

(W) 1129 

(W) 1027 
(m) 1011 

(w-b) 923 

(m) 871 

(s) 818 

(m)3098 

(m)1439 

(w) 1366 

(w)1122 

(W)1022 
(W)1007 

(m-b) 989 

(m) 878 

(s) 823 

(m)3109 
(m)2924 
(b) 1632 
(s) 1503 

(m)1452 
1444 
1420 

(s) 1371 
(w) 1255 
(W) 1245 

(W)1080 
(s) 1053 

(m) 1040 
(m)1030 
(W) 936 
(W) 900 
(sh) 870 

(s) 858 
(m) 822 

(m) 3100 
(m)2920 
(b) 1630 
(s) 1493 

(m)1450 
1438 

(m) 1362 
(b) 1250 

(m) 1050 
(m) 1040 

(W) 920 

(sh) 860 
(S) 850 
(s) 829 

C-H str (P(CH)) 
C-H str (KCH3)) 
C-C str 
asym (6as(CH3)) 
C-C str (w(CC)) 

C-C str (cj(CC)) 
CH3 wag 

C-H def (S (CH)) 
C-H def (6 (CH)) 

C-H def ( T ( C H ) ) 

C-H def (T(CH)) 
flKey: s, strong; m, moderate; w, weak; sh, shoulder; v, very;b, broad. * All values are in units of cm-1 

Q2b.6 thgy apparently indicate a similar behavior of the un­
paired electron in these complexes despite a considerable 
variation in the nature of the terminal ligands L. To deter : 

mine whether or not a significant change occurs in the 
metal orbital character of the unpaired electron upon sub­
stitution of the more electronegative chlorine ligands for the 
pentasulfide bidentate ligand, the preparation and charac­
terization by single-crystal X-ray and EPR methods of 
V(T, 5-C5H4CH3)ICl2 and Ti (^-C 5 H 4 CHj) 2 Cl 2 were un­
dertaken.7 '8 Besides providing an opportunity to test the 
conclusions of the dilute single-crystal EPR study of V(TJ5-
C5H5)2S5 , the resulting work presented here has contrib­
uted to a more general understanding of the nature of bond­
ing in these M(ti5-C5H5)2L2-type molecules. 

Experimental Section 

Preparation. Bis(methylcyclopentadienyl)titanium dichloride 
and bis(methylcyclopentadienyl)vanadium dichloride were pre­
pared by the reaction of stoichiometric quantities of sodium 
methylcyclopentadienide with the appropriate metal tetrachlo­
ride.9 Sodium methylcyclopentadienide was prepared by a slow, 
reaction of freshly cracked methylcyclopentadiene (Aldrich Chem­
ical Co.) with a fine dispersion of Na metal in glyme under a nitro­
gen atomsphere. The resulting violet solution was added dropwise 
under nitrogen to a dry benzene solution of a metal tetrachloride 
(Alfa Inorganics, Inc.). Once the reaction mixture had cooled, the 
excess solvent was removed by rotary evaporation. The residue was 
placed in a large cellulose thimble of a Sohxlet extractor and the 
reaction product extracted with chloroform. Cooling of the chloro­
form solution led to the formation of small crystals of the M(T,5-
C 5 H 4 C H S ) 2 C I 2 derivative which were collected by filtration and 
washed with pentane and small amounts of ethanol and acetone. 

Physical Properties. A Digilab FTS-20 infrared spectrometer 
was used to obtain ir spectra from KBr disks containing the 
methylcyclopentadienyl compounds. Spectra, averaged for 40 
scans, were obtained with a resolution setting of 4 cm -1 over the 
selected scan range of 3800-600 cm -1. The ir spectra for M(TJ5-
C5H4CHs)2Cl2 are compared to those2" for M(r;5-C5H5)2Cl2 in 
Table I, where M = Ti, V. The spectra are quite similar except 
that the methyl substituent of each cyclopentadienyl ring intro­
duces extra vibrational structure due to the C-H stretch, C-C 
stretch, C-C asymmetric bend, and CH3 wag which are located at 
ca. 2920, 1630, 1500, and 1250 cm -1, respectively. 

The 1H NMR solution spectrum of Ti(r>^C5H4CH3)2Cl2 dis­
solved in acetone-rf6 was recorded on a Varian XL-100 spectrome­
ter at room temperature with the radiofrequency set at 100.1 
MHz. The spectrum contains three groups of peaks in the ratio 
3:2:2 due to the three types of protons on the methylcyclopentadi­
enyl rings. The methyl protons show up as one single line at 6 2.32. 
For the remaining four ring protons, H(2) and H(5) are designated 

Table II. Magnetic Susceptibility Data for V(T)5-CSH4CH3)2C12 

T(0K) 

84.8 
94.5 

104.2 
113.9 
129.8 
145.2 
160.4 
176.0 
192.0 
208.2 
224.1 
240.3 
256.6 
273.2 
295.3 

106xg (cgsu/g)" 

11.96 
11.80 
10.95 
10.07 

8.82 
7.90 
7.08 
6.42 
5.85 
5.36 
4.96 
4.59 
4.29 
3.99 
3.67 

104xmcorr 

(cgsu/mol) 

35.36 
35.04 
32.66 
30.20 
26.70 
24.12 
21.82 
19.97 
18.4 
17.0 
15.9 
14.8 
14.0 
13.2 
12.2 

Meff= 2.828 
(xm c o r rr)% 

1.55» 
1.63 
1.65 
1.66 
1.66 
1.67 
1.67 
1.68 
1.68 
1.68 
1.69 
1.69 
1.70 
1.70 
1.70 

aXg is the gram susceptibility calculated from the relationship Xg 
= gAwJwH(IiHIdz) = bAw/w, where w is the sample weight, Aw the 
weight change, and b is a constant which depends upon the field 
characteristics; xmcor r = Ng'nef^p7Hk(T -6) = CI(T -6); nef{ = 
2.828[xmcon(T- e)] 1A= 1.73 BM;Meff"

s = 2.828(XmcorrD'/2 = 
1.70 BM. 6 Field dependence noted at this temperature. The value 
which is given here was found by extrapolation to 1/7/ = 0 for a 
plot of xg vs. 1/7/ (method discussed by K. Honda, Ann. Phys., 32, 
1027 (1910), and M. Owen, ibid., 37,657 (1912). 

as the a-protons and H(3) and H(4) as the /3-protons. The 1H lines 
for the a- and /3-protons are shifted to b 7.40 and 7.66, respective­
ly. Each of these lines is characterized by an apparent triplet with 
relative intensities of 1:2:1. These triplets arise from the proton 
coupling of Jaff = 1.3 Hz between the a- and /3-protons. 

The magnetic susceptibility data presented in Table II for 
V(J^-C5H4CHs)2Cl2 were obtained in a temperature range of 
85-295 K via a Faraday apparatus.10 A sample weighing 14.12 mg 
was sealed in a 28.14-mg Pyrex bulb." The gram susceptibility at 
each temperature was selected as the average of the values for five 
different magnetic field strengths between 6 and 8 Oe. Corrections 
for the glass were made by a repetition of the susceptibility mea­
surements of the container at all 15 temperatures and five field 
strengths after the sample had been removed. A diamagnetic cor­
rection12 for the ligands and the core electrons of —199 X 10-6 

cgsu/mol was applied to the molar susceptibility. In this tempera­
ture range, V(7?5-C5H4CH3)2Cl2 follows the Curie-Weiss law, 
Xmcorr = CI(T - 6), where C = Ng2H2^rP2/3k. The values for the 
effective magnetic moment, Meff, and 6 as determined from least-
squares analysis of the plot of l/xmcorr vs. T (0K) are 1.73 BM 
and —10°, respectively. 

The solution EPR spectrum of V(T;5-C5H4CH3)2C12 dissolved in 
chloroform is shown in Figure 1. The eight-line spectrum, which 
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Figure 1. Solution EPR spectrum of V ( T J 5 - C 5 H 4 C H 3 ) 2 C 1 2 in chloro­
form. The isotropic parameters are g\i0 = 1.9864 and A;so = (—)74.5 
G. 

was recorded on a Varian E-15 spectrometer at room temperature, 
is characteristic of the hyperfine interaction of the unpaired elec­
tron with the 51V nucleus (99.8% abundance, / = 1I2). The isotropic 
EPR parameters calculated from a modified form of the Breit-
Rabi equation13 are ̂ iso= 1.9864 and A-,s0 = (-)74.5 G. 

Single-Crystal X-Ray Data and Data Collection. Suitable crys­
tals for X-ray analysis were grown from chloroform solutions. For 
Ti(Ti5-C5H4CH3)2Cl2 a dark red crystal with dimensions of 0.35 X 
0.35 X 0.35 mm along the [101], [010], and [101] directions, re­
spectively, was used to collect the X-ray data. The crystal was 
mounted on the end of a thin-glass fiber such that the b axis was 
nearly parallel to the spindle axis of the goniometer. Preliminary 
oscillation and Weissenberg photographs taken with Cu Ka radia­
tion showed the Laue symmetry to be orthorhombic D2h-2/m2/ 
mljm. Systematic absences for [QkI] of k + / = 2« + 1 and for 
\hkO\ of h = In + 1 are compatible with two possible space groups, 
Prima (D2h

16, No. 62) and Pna2x (C2v
9, No. 33). The former cen-

trosymmetric space group was determined as the correct one by 
the ultimate structure. For V ( T 7 5 - C 5 H 4 C H S ) 2 C 1 2 a dark green crys­
tal with dimensions of 0.12 X 0.195 X 0.09 mm along the [100], 
[010], and [001] directions, respectively, was used for the data col­
lection. This crystal was also mounted such that the b axis was 
nearly parallel to the spindle axis of the goniometer. Preliminary 
oscillation and Weissenberg photographs taken with Cu Ka radia­
tion showed the Laue symmetry to be monoclinic C2h-2/m. The 
observed systematic absences for [hkl] of h + k = 2n + 1 and for 
\h0l\ of / = 2n + 1 are compatible with two possible space groups, 
C2/c (Cu6, No. 15) and Cc (C5

4, No. 9). The former centrosym-
metric space group was determined by the structure ultimately 
found. 

Both crystals were eventually mounted and aligned on a Nova-
automated Syntex P l diffractometer. The angular coordinates (28, 
w, <p, and x) of 15 peaks, which were carefully centered with mono­
chromatic Mo Ka radiation ( \ (Ka i ) 0.70926 A, X(Ka2) 0.71354 
A), were least-squares refined to yield the respective lattice param­
eters for Ti(T75-C5H4CH3)2Cl2 and V(^-C 5 H 4 CHs) 2 Cl 2 listed in 
Table III. The experimental densities were obtained by the flota­
tion method with solutions of carbon tetrachloride and n-heptane. 

The fact that there are four formula species per unit cell for 
both crystal systems indicates that the molecules lie on special po­
sitions within the crystal lattices. For Pnma, the Ti(T)5-
CsH4CHs)2Cl2 molecules each lie on a mirror plane passing 
through the titanium and two chlorine atoms. For C2/c, the V(T?5-
CsH4CHj)2Cl2 molecules are each constrained to lie along a two­
fold rotation axis which bisects the Cl-V-Cl bond angle. 

Intensity data were collected for each crystal via the 6-26 scan 
mode with a scintillation counter and pulse height analyzer adjust­
ed to admit 90% of the Mo Ka peak. The Bragg 26 angle for the 
highly oriented crystal-graphite monochromator was 12.2°, while 
a takeoff angle of 4° was used for the incident X-ray beam. Vari­
able scan speeds with a minimum of 2.0°/min for Ti(j;5-
C5H4CHs)2Cl2 and 1.0°/min for V(^-C 5 H 4 CHs) 2 Cl 2 and vari­
able scan widths based on the overall intensity and width of the 
peak were employed. A (stationary-crystal)-(stationary-counter) 
background measurement for one-half of the total scan time was 
made on each side of a peak. In both cases three standard reflec­
tions were periodically measured every 50 reflections to monitor 

Table III. Unit Cell and Space Group Data for 
Ti(r)5-C5H4CH3)2C12 and V(T1

5C5H4CH 3)2C12 

TJ(T) 5 -C 5 H 4 CH 3 ) 2 C1 2 V(n5-C5H4CH3)2C12 

System Orthorhombic Monoclinic 
a, A 11.928(5) 13.614(2) 
b, A 15.147(6) 6.720(1) 
c, A 6.848(4) 13.763(2) 
i3,deg — 105.99(1) 
Volume, A3 1237 1210 
Density (obsd) 1.50 g/cm3 1.52 g/cm3 

Density (calcd) 1.503 g/cm3 1.536 g/cm3 

Z 4 4 
M, cm - 1 11.20 12.64 
Space group Pnma (D^16) C2/c (C2/,

6) 

the instrument's stability as well as the crystal's alignment and 
decay. For Ti(T^-CsH4CHs)2Cl2 no significant changes (>3%) in 
the intensities of these standard reflections were observed. How­
ever, for V(T^-C5H4CHs)2Cl2 a linear decay correction was made, 
although the decrease in the intensity of each standard reflection 
was no greater than 4% during the entire data collection. 

For Ti(Tj5-C5H4CH3)2Cl2 all independent reflections corre­
sponding to one octant hkl of the reciprocal lattice were collected 
for 5° < 26 < 50°. For V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 two independent oc­
tants, hkl and hkl, of data were restricted to those reflections that 
are not absent due to C-centering for the range 5° < 20 < 45°. 
After correction of the data for background and Lorentz-polariza-
tion effects, structure amplitudes were calculated14 and aver­
aged.15 The standard deviation for each corrected intensity was ob­
tained from the expression 

<7(/) = (S + fi(fsAb)2 + £ / 2 ) l / 2 

where S designates the total integrated scan count obtained in time 
fs, B the total background count obtained in time tb, E an empiri­
cal factor (0.0025), and / the integrated intensity equal to S — 
B(ts/t-b). The standard deviation of each structure amplitude, \F] 
= ( / /Lp) 1 / 2 , was calculated from the expression a(F) = 
a(F2)/2F. Of the 1136 independent reflections that were sampled 
for Ti(T75-CsH4CH3)2Cl2 only 724 reflections were considered ob­
served with / > 3<r(/). For V ( T 7 5 - C 5 H 4 C H 3 ) 2 C 1 2 only 590 reflec­
tions of the 992 reflections sampled were considered observed with 
the same criterion. 

The linear absorption coefficients, n, for Ti (^-C 5 H 4 CHs) 2 Cl 2 

and V ( T ) 5 - C 5 H 4 C H S ) 2 C 1 2 are 11.20 and 12.64 c m - 1 , respectively, 
for Mo Ka radiation. A correction for absorption16 was made for 
Ti(TT5-CsH4CH3)2Cl2 but not for V ( T 7 5 - C S H 4 C H 3 ) 2 C I 2 on account 
of the transmission coefficients calculated for a small set of reflec­
tions'7 with widely different orientations varying from 0.62 to 0.76 
for Ti(i75-C5H4CHs)2Cl2 but only from 0.86 to 0.90 for V(TT5-
C5H4CHs)2Cl2 . N O corrections for extinction were made. 

Single-Crystal EPR Measurements. Dilute single crystals con­
taining ca. 0.2% V(r;5-C5H4CH3)2C!2 doped in the host lattice of 
T J ( T ; 5 - C 5 H 4 C H 3 ) 2 C 1 2 were grown from a chloroform solution in 
the absence of air. From X-ray photographs the doped crystals 
were found to possess the same Laue symmetry and cell dimen­
sions as the host material. Because of their sharply defined exter­
nal morphology shown in Figure 2, the doped crystals could be 
mounted along the three orthogonal crystallographic axes to within 
0.5° without the aid of the X-ray oscillation photographs. The 
EPR measurements, which were performed on three large crystals, 
were carried out at room temperature in the same manner as pre­
viously described for V ( T T 5 - C 5 H 5 ) 2 S 5 . 5 The line widths observed for 
V ( T ; 5 - C 5 H 4 C H 3 ) 2 C 1 2 were three to five times greater than those 
observed for V ( T I 5 - C 5 H 5 ) 2 S 5 ; a small unresolvable splitting due to 
a hyperfine interaction with the 35Cl (75.5% abundance, / = 3Z2) 
and 37Cl (24.5% abundance, / = %) nuclei would increase the ob­
served line widths of the 51V hyperfine components. One eight-line 
spectrum was obtained for orientations where the direction of the 
magnetic field is perpendicular to either the a or c axis, while for 
orientations about the b axis two overlapping eight-line spectra 
were observed. 

Structural Determinations and Refinement of Ti(tj5-
C5H4CH3J2Ch and V(T)S-CsH4CHs)2Cl2. The structures of Ti(T?5-
C5H4CHs)2Cl2 and V ( T > 5 - C 5 H 4 C H 3 ) 2 C 1 2 were both determined by 
heavy-atom techniques.18 An interpretation of the three-dimen-
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Table IV. Atomic Parameters for Ti(Tis-C5H4CH3)2Cl, Table V. Atomic Parameters for V(tj S-C 5H4CH 3)2C12 

Atom 
A. Positional Parameters 

x y 

Ti 
Cl(I) 
Cl(2) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
MeC 
H(2) 
H(3) 
H(4) 
H(5) 

0.08421 (10) 
0.13167 (17) 
0.27357 (18) 
0.0961 (7) 

-0.0060 (9) 
-0.0687 (6) 
-0.0089 (8) 

0.0888 (9) 
0.1799(8) 

-0.031 
-0.147 
-0.037 (6) 

0.154(6) 

1/4 
1/4 
1/4 

0.4089 (3) 
0.3831 (5) 
0.3455 (4) 
0.3470 (4) 
0.3845 (4) 
0.4564 (6) 
0.390 
0.321 
0.332 (4) 
0.392(4) 

0.08466 (16) 
0.41909(24) 

-0.01641 (30) 
0.1067 (16) 
0.1840(10) 
0.0426 (14) 

-0 .1252(12) 
-0 .0947(13) 

0.2284 (20) 
0.323 
0.058 

-0 .228 (9) 
-0 .154(11) 

B. Anisotropic Temperature Factors (XlO4)0 

Atom P11 pit ff33 <?„ (3 1 3 

Ti 
Cl(I) 
Cl(2) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 

51(1) 
89(2) 
58(2) 
110(8) 
169(10) 
66(6) 
137(11) 
102 (9) 

37(1) 
62(1) 
88(1) 
33(2) 
70(4) 
62(3) 
54(3) 
63(4) 

168 (3) 
176 (4) 
290 (5) 
750(38) 
309 (17) 
559 (29) 
332 (22) 
433(23) 

Qb 

0 
0 

11(3) 
-58(5) 
-18(3) 
-11(5) 

3(5) 

0 (1) 
- 1 0 ( 2 ) 

32(3) 
-196 (15) 
- 1 6 ( 1 1 ) 

- 5 ( 1 1 ) 
- 8 3 ( 1 2 ) 

9(14) 

0" 
0 
0 

-17(7) 
19(7) 

-18(8) 
-10(7) 

- 8 6 (8) 
MeC 256(15) 68(5) 1404(81) 5(6) - 3 9 6 ( 2 9 ) 8(14) 

C. Hydrogen Isotropic Temperature Factors (A2) 
Atom B 

H(2) 
H(3) 
H(4) 
H(5) 

8.0 
8.0 
7.1 (1.8) 
6.9(1.9) 

a Anisotropic thermal parameters are of the form exp[-((3n/!2 + 
PZ2k

2 + /333/2 + 2(J12Mr + 2P1JtI + 2P1JcI)]. &(312 and 0 „ are required 
by symmetry to be zero for the atoms lying on a crystallographic 
mirror plane whose normal is in the b direction; other positional 
and thermal parameters without esd's were not varied. 

sional Patterson map19 for the T i (^ -C 5 H 4 CHj) 2 Cl 2 data yielded 
initial positions of the titanium and two chlorine atoms on a mirror 
plane at y = '/4; the coordinates for all nonhydrogen atoms were re­
vealed from subsequent Fourier syntheses.19 Full-matrix least-
squares refinement202 with anisotropic temperature factors for the 
titanium and the two chlorine atoms and with isotropic tempera­
ture factors for the carbon atoms resulted in R\ = 10.1% and R2 = 
14.5%.21 A Fourier difference map computed at this point did not 
resolve the three methyl hydrogen atoms (apparently due to the 
high thermal motion of the methyl carbon atom of the methylcy-
clopentadienyl ring) and two of the four cyclopentadienyl hydro­
gen atoms. Hence, in a further refinement of the nonhydrogen 
atoms with anisotropic thermal parameters, the coordinates and 
isotropic thermal parameters of the two resolved ring hydrogen 
atoms were varied, while the idealized positions of the unresolved 
hydrogen atoms were calculated before each cycle22 and then in­
cluded in the structure factor calculations as fixed-atom contribu­
tions. The final full-matrix refinement2013 reduced Rx to 4.6% and 
R2 to 6.2%. The final goodness-of-fit parameter was 1.66, which 
indicates a small underestimation in the standard deviation of an 
observation of unit weight. A final Fourier difference map, which 
still failed to resolve the methyl hydrogen atoms, revealed no 
anomalies.23-26 

Approximate positions of the vanadium atom and the one inde­
pendent chlorine atom were obtained from an interpretation of a 
Patterson map;19 the coordinates for all the nonhydrogen atoms 
were found from Fourier syntheses. Full-matrix, isotropic least-
squares refinement202 of this model resulted in Rt = 7.7% and R2 

= 9.3%. From a Fourier difference map19 all four ring hydrogens 
were located. In addition, one of the three methyl hydrogen atoms 
was weakly resolved; the positions of the other two methyl hydro­
gen atoms were calculated with the program MIRAGE.22 The final 
least-squares refinement2015 with anisotropic thermal parameters 
utilized for all nonhydrogen atoms and isotropic thermal parame­
ters for the ring hydrogens resulted in final discrepancy values of 

Atom 
A. Positional Parameters 

x y 

Cl 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
MeC 
H(2) 
H(3) 
H(4) 
H(5) 
MeH(I) 
MeH(2) 
MeH(3) 

0.0 
-0.08258 (12) 
-0.1408 (5) 
-0.1667 (6) 
-0.1067 (7) 
-0.0416 (6) 
-0.0635 (6) 
-0 .1883(6) 
-0 .212(5) 
-0.105 (5) 

0.018(5) 
-0.025 (5) 
-0.226 
-0.138 
-0.233 

0.20025 (20) 
-0.05846 (25) 
0.1575 (9) 
0.2886 (14) 
0.4582(12) 
0.4322 (10) 
0.2512(11) 

-0.0370(12) 
0.273(10) 
0.556 (9) 
0.540(11) 
0.205 (11) 

-0.029 
-0.138 
-0.082 

1/4 
0.31825 (12) 
0.1073(5) 
0.1744(6) 
0.1830(6) 
0.1223(5) 
0.0750 (5) 
0.0684 (6) 
0.201 (5) 
0.222 (5) 
0.118(5) 
0.039(5) 
0.000 
0.074 
0.105 

B. Anisotropic Temperature Factors (XlO4) 
Atom Pn (3 2 2 (3 3 3 P12 (3,3 0,3 

Cl 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
MeC 

38(1) 101(3) 30(1) 
59(1) 
53(5) 
46(5) 

113(8) 
89(6) 
70(6) 

111(8) 

195 (4) 
153(16) 
311(26) 
164 (20) 
176(19) 
290(26) 
233 (20) 

54(1) 
47(5) 
67(6) 
56(6) 
44(5) 
34(4) 
84(6) 

Q" 
- 3 3 (2) 

- 9 ( 7 ) 
- 5 3 ( 1 0 ) 
- 7 0 ( 1 1 ) 

19(9) 
- 2 6 (9) 

28 (11) 

7 (1 ) 
19(1) 

- 1 9 (4) 
7 (4) 

- 1 3 ( 5 ) 
- 1 3 ( 5 ) 

0(0) 
-45 (6) 

Oa 
9(2) 
0(0) 

- 1 7 ( 1 1 ) 
25(9) 

- 3 9 ( 8 ) 
- 1 9 ( 8 ) 
- 2 3 (10) 

C. Hydrogen Isotropic Temperature Factors (A2) 
Atom B 

H(2) 
H(3) 
H(4) 
H(5) 
MeH(I) 
MeH(2) 
MeH(3) 

3.9(1.8) 
4.0(1.6) 
5.8(1.7) 
5.9(2.1) 
8.0 
8.0 
8.0 

a For the vanadium atom located on a crystallographic twofold 
rotation axis in the b direction, P12 and P23 are required by symme­
try to be zero; positional and thermal parameters without esd's 
were not varied. 

Figure 2. External crystal morphology of Ti(>;5-C5H4CH3)2C12 used as 
the host crystal lattice in the single-crystal EPR measurements of 
V(^-C5H4CHj)2Cl2 . 

RI = 4.1% and R2 = 4.8%. The goodness-of-fit parameter was 
1.08. The isotropic thermal parameter for each of the methyl hy­
drogens was fixed at 8.0 A2. A final Fourier difference map re­
vealed no residual electron density greater than 0.2 e/A3.23~26 

The positional and thermal parameters for T i (^ -C 5 H 4 CHj) 2 Cl 2 

and for V ( T J 5 - C 5 H 4 C H J ) 2 C 1 2 , obtained from the output of the final 
least-squares cycle, are presented in Tables IV and V, respective­
ly.27 Interatomic distances and angles with estimated standard de­
viations, calculated from the variance-covariance matrix,28 are 
provided in Table VI for Ti(i75-C5H4CH3)2C12 and V(»;5-
CsH4CHj)2Cl2 . The "best" least-squares planes29 defined by spec­
ified atoms along with the perpendicular distances of these and 
other atoms from these planes and the angles between the normals 
to these planes are presented in Table VII for Ti(r;5-
C 5H 4CHj) 2Cl 2 and V(^-C 5 H 4 CHj) 2 Cl 2 . 

Petersen, Dahl / V(^-C5H4CHi)2Cl2 and Ti(^-CsH4CHi)2Cl2 
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Table VI. Interatomic Distances (A) and Angles (deg) for Ti(T?5-C5H4CH3)2Cl2 and V(r?s-CSH4CH3)2C12 

A. Bond Distances 

Ti(r75-CSH4CH3)2C12 

(M = Ti) 
V(T7S-C5H4CH3J2Cl2 

(M = V) 
Ti(V-C5H4CHj)2Cl, 

(M = Ti) 

1.350(10) 
1.313(11) 

1.332 (av) 
1.352(10) 

1.00 
1.00 
0.81 (7) 
0.89 (7) 

0.93 (av) 
a 

2.067 
3.750 

V(T7S-C5H4CH3)2C1: 

(M = V) 

1.388(11) 
1.373(10) 

1.381 (av) 
1.385 (11) 

0.81 (6) 
0.85 (6) 
1.10(7) 
0.87 (7) 

0.91 (av) 
0.94 
0.95 
0.94 

0.94 (av) 
1.991 
3.657 

M-Cl(I) 
M-C1(2) 

M-C(I) 

M-C(2) 
M-C(S) 

M-C(3) 
M-C(4) 

C(I)-MeC 

C( I ) -CO) 
C(l)-C(5) 

2.359(2) 
2.362(2) 

2.361 (av) 
2.354 (6) 

2.298(7) 
2.349(6) 
2.324 (av) 
2.286 (7) 
2.300(6) 

2.293 (av) 
1.487 (10) 

1.384 (11) 
1.430(11) 

1.407 (av) 

2.398(2) 

2.416(5) 

2.385 (6) 
2.380(6) 

2.383 (av) 
2.345 (6) 
2.336(6) 
2.341 (av) 
1.491 (9) 

1.390(10) 
1.400(9) 

1.395 (av) 

C O ) - C O ) 
C(4)-C(5) 

C(3)-C(4) 

C O ) - H O ) 
C O ) - H O ) 
C(4)-H(4) 
C(5)-H(5) 

MeC-MeH(I) 
MeC-MeHO) 
MeC-MeHO) 

M-Cp(c)* 
Cp(c) • • • Cp'(cK 

B. Bond Angles 

(M = Ti) (M = V) (M = Ti) (M = V) 

C1(1)-M-C1(2) 
Cp(c)-M-Cp(c)' 

Cp(C)-M-
Cp(C)-M-

Cl(I) 
ClO) 

C(5)-C(l)-C(2) 

C ( I ) - C O ) - C O ) 
C(4)-C(5)-C(l) 

93.15 (8) 
130.2 

106.6 
107.0 

106.8 (av) 
104.0(7) 

109.4 (7) 
108.6 (8) 
109.0 (av) 

87.06 (9) 
133.4 

107.4 
105.9 

106.7 (av) 
106.0(6) 

109.0(7) 
109.3(7) 

109.2 (av) 

C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 

CO) -C( I ) -
C(S)-C(I)-

MeC 
MeC 

C(I)-MeC-MeH(I) 
C(I)-MeC-MeHO) 
C(I)-MeC-MeHO) 

108.1 (7) 
109.9(7) 

109.0 (av) 
120.9(1.1) 
134.9 (1.1) 

127.9 (av) 

107.7 (7) 
107.9(7) 

107.8 (av) 
129.0 (8) 
124.8 (7) 

126.9 (av) 
111.9 
111.2 
111.8 

C. Nonbonded Intramolecular Contacts Less than 4.0 A about the Central Metal Atom and the Chlorine Atom(s)d 

(M = Ti) (M = V) (M = Ti) (M = V) 

M • 
M-
M -
M-
M -
M-

MeC 
H(I) 

•H(2) 
•H(3) 
•H(4) 
• MeHO) 

M • • • MeHO) 
Cl(I)- • -MeC 
Cl(2) • • • MeC 
Cl(I) - - -C lO) 
C l ( D - - - C ( I ) 

3.437 
3.008 
2.961 
2.862 
2.830 

3.437 
3.720 
3.429 
3.248 

Cl • • • MeC 
Cl' • • • MeC 
Cl • • • Cl' 
Cl- • -C(I) 

3.439 
2.822 
2.757 
2.963 
2.825 
3.472 
3.765 
3.345 
3.589 
3.303 
3.146 

Cl(I)-
Cl(I)-
Cl(I)-
Cl(I)-
Cl(D-
ClO) • 
ClO) • 
ClO) • 
CIO) • 
ClO) • 

• • CO) 
• •CO) 
• • H O ) 
• -MeHO) 
• • MeHO) 

-C(I) 
• • C(4) 
••C(5) 
••H(5) 
• • MeHO) 

3.058 
3.801 
2.950 
— 
— 

3.315 
3.751 
3.049 
2.748 
— 

Cl--
Cl- -
Cl--
Cl- • 
Cl-

cr-
cr • 
cr-
cr • 
cr • 

• CO) 
• - c o ) 
• • HO) 
• • MeHO) 
• • MeHO) 
• •C( l ) 
• • C(4) 
••C(5) 
••H(5) 
• • MeHO) 

3.069 
3.910 
3.015 
3.284 
3.087 
3.269 
3.693 
2.972 
2.745 
3.006 

D. Other Nonbonded Intramolecular Contacts Less than 2.5 A 

HO)-
H(4)-

H'(3) 
H'(4) 

2.15 
2.48 

H(3)-H'(4) 
H(4)-H'(3) 
MeH-MeH 

2.19 
2.19 
1.54 

" The methyl hydrogen atoms were not located in the titanium complex. b Cp(c) designates the centroid of a cyclopentadienyl ring. c For 
Ti(r7s-CsH4CHj)2Cl2 and for V(ris-CSH4CH J2Cl2 the position of the symmetry related (primed) atom is determined by a substitution of the 
position of the corresponding (nonprimed) atom into the relationships x, Vi - y,z and -x,y, Vi - z, respectively. ^ No intermolecular contacts 
less than 2.8 and 2.7 A about any of the atoms were found for Ti(r7s-C5H4CH3)2C12 and V(r)s-C5H4CH J)2Cl2, respectively. 

Results and Discussion 

General Description of the Molecular and Crystal Struc­
tures. The molecular structures of Ti(r/5-C5H4CH3)2Cl2 
and V(?j5-C5H4CH3)2Cl2 which are shown in Figures 3a 
and 3b,30 respectively, are essentially identical except for a 
variation in the orientation of the methyl group. The two 
chlorine atoms and centroids of the two methylcyclopenta-
dienyl rings formally occupy four tetrahedral-like coordina­
tion sites about the central metal atom. With the assump­
tion of cylindrical symmetry for the pentahaptocoordinated 
methylcyclopentadienyl rings, the ligand arrangement 
about the metal atoms in both cases conforms closely to 
Civ-lmm symmetry. Each molecule of Ti(?75-
CsFUCHa^Ch lies on a crystallographic mirror plane, 

whereas each molecule of VX^-CsFUCHj^Ch possesses a 
crystallographic twofold axis. The crystalline arrangement 
of the Ti^-CsFUCHshCh molecules in the orthorhombic 
unit cell of Pnma symmetry is depicted in a [001] projec­
tion shown in Figure 4a. The corresponding disposition of 
the V^-CsFUCHs^Ch molecules in the monoclinic unit 
cell of Cl J c symmetry is illustrated in a [001] projection 
given in Figure 4b. These diagrams emphasize that the 
crystal packing of the four V^-CsFUCFh^Ch molecules 
in the unit cell is entirely different from that for the titani­
um analog. 

Discussion of X-Ray Results. The structural analysis of 
Ti(?75-C5H5)2Cl2 has been hindered by the fact that crystals 
obtained from most solvents are invariably twinned. How­
ever, Clearfield, Bernal, and coworkers8 recently isolated 
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Table VII. Least-Squares Molecular Planes for Ti(Tf-C SH4CH3)2C12 
andV(Tf-C5H4CH3)2Cl2 

I. Equations of Least-Squares Planes and Perpendicular Distances 
(A) of Atoms to These Planes 

A. Ti(Tf-C 5H4CHj)2CV. c 
1. Plane through Ti, Cl(I), and Cl(2) 

-0.0000X + l.OOOOr - O.OOOOZ - 3.7868 = 0 
C(I) 
C(2) 
C(3) 
C(4) 

C(I) 
C(2) 
C(3) 
C(4) 
C(5) 

2.41 
2.02 
1.45 
1.47 

C(5) 
MeC 
H(2) 
H(3) 

2.07 
3.13 
2.13 
1.08 

H(4) 1.25 
H(5) 2.14 

2. Plane through C(I), C(2), C(3), C(4), and C(5) 
-0.3900X + 0.8938 Y 

-0 .005 
0.003 
0.000 

-0 .003 
0.005 

Ti 
Cl(I) 
Cl(2) 
MeC 
H(2) 

3. Plane through Ti, Midpoint 

Ti 
Cp(c) 
Cp'(c) 
Cl(I) 
Cl(2) 

0.4883X-
0.006 

-0 .002 
-0 .002 
-1 .72 

1.71 

- 0.2216Z-
-2 .07 
-2 .80 
-2 .80 

0.06 
0.01 

-4.9321 = 0 
H(3) -0 .01 
H(4) 0.09 
H(5) -0 .12 

between Cl(I) and Cl(2), Cp(c), 
and Cp'(c) 

-o.oooor-
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 

- 0.8727Z + 
-0 .06 
-1 .11 
-0 .63 

0.72 
1.10 

0 .0210=0 
MeC -0 .30 
H(2) -2 .08 
H(3) -1 .18 
H(4) 1.17 
H(5) 1.84 

4. Plane through C(I), C'(2), C'(3), C'(4), and C'(5) 
-0.3900X - 0.8938y - 0.2216Z + 1.8370 = 0 

B. V(Tf-CsH4CH3)2Cl2^ 
1. Plane through V, Cl, and Cl' 

-0.5467X + 0.0000 r - 0.8373Z + 2.2512 = 0 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 

C(I) 
C(2) 
C(3) 
C(4) 
C(5) 

2.33 
1.92 
1.40 
1.46 
2.05 

MeC 
H(2) 
H(3) 
H(4) 

3.04 
2.02 
1.03 
1.05 

H(5) 
MeH(I) 
MeH(2) 
MeH(3) 

2. Plane through C(I), C(2), C(3), C(4), and C(5) 
-0.4944JT 

-0 .003 
-0 .003 
-0 .003 

0.007 
-0 .009 

3. Plane through V, 

V 
Cp(c) 
Cl 
C(I) 
C(2) 
C(3) 

0.8479X 
0.000 
0.000 

-1.65 
-0 .17 
-1 .15 
-0 .55 

+ 0.4245 Y-
V 
Cl 
MeC 
H(2) 
H(3) 

- 0.7585Z 
-1 .99 
-2 .73 

0.08 
0.04 

-0.05 

Midpoint between Cl an 

- o.oooor-
C(4) 
C(5) 
MeC 
H(2) 
H(3) 
H(4) 

0.5301Z-
0.83 
1.06 

-0 .32 
-1 .95 
-0 .93 

1.55 

- 0.5244 = 0 
H(4) 
H(5) 
MeH(I) 
MeH(2) 
MeH(3) 

2.08 
3.93 
2.61 
3.04 

-0 .07 
-0 .09 

0.91 
-0 .59 
-0 .05 

dCl ' ,Cp(c)andCp'(c) 
- 2.5572 = 0 

H(5) 
MeH(I) 
MeH(2) 
MeH(3) 

1.87 
-0 .04 

0.21 
-1 .21 

4. Plane through C(I), C(2), C(3), C(4), and C (5) 
-0.4944X - 0.4245 Y - 0.7585Z - 4.6048 = 0 

II. Angles (deg) between Normals to Planes 
A. Ti(Tf-C^CH^Cl, 

1 and 2 
1 and 3 
1 and 4 

1 and 2 
1 and 3 
1 and 4 

26.6 
90.0 
26.6 

2 and 3 
2 and 4 
3 and 4 

B. V(Tf-C5H4CH3)2Cl2 

25.1 
91.1 
25.1 

2 and 3 
2 and 4 
3 and 4 

89.8 
53.3 
89.8 

91.0 
50.2 
91.0 

o The equations of the planes are given in orthogonal angstrom 
coordinates (X, Y, Z) which are related to the fractional unit cell 
coordinates (x, y, z) as follows: X = ax, Y = by, Z = cz. b The equa­
tions of the planes are given in orthogonal angstrom coordinates (X, 
Y, Z) which are related to the fractional unit cell coordinates (x,y,~ 
z) as follows: X = ax + cz cos j3, Y = by,Z = cz sin j3. c Unit weights 
were used for all atoms in all plane calculations. 

untwinned crystals of Ti(775-CSH5)2C12 from hot benzene 
and carried out a X-ray structural determination. A com­
parison of their results31 with those of Ti(Tj5-C5H4CH3)2Cl2 

Figure 3. Molecular view of (a) Ti(^-C5H4CHs)2Cl2 with 20% proba­
bility thermal ellipsoids and (b) V(r75-C5H4CH3)2Cl2 with 30% proba­
bility thermal ellipsoids. Primed atoms are related to unprimed atoms 
by a mirror plane and a twofold rotation axis for Ti(Ti5-CsH4CH3)2Cl2 
and V(TJ5-C5H4CH3)2C12, respectively. 

Figure 4. (Top) [001] unit cell projection of the Ti(7)5-C5H4CH3)2C12 
molecules in the orthorhombic unit cell of Pnma symmetry; (bottom) 
[001] unit cell projection of the V(T)5-C5H4CH3)2C12 molecules in the 
monoclinic unit cell of C2/c symmetry. 

demonstrates that the substitution of the methyl group on 
each cyclopentadienyl ring has an essentially negligible ef­
fect on the basic molecular configuration in that the corre­
sponding bond distances and angles differ by less than 0.01 
A and 1.3°, respectively. 

The thermal motion determined in Ti(r/5-C5H4CH3)2Cl2 

is generally greater than that in V(j?5-C5H4CH3)2C12; this 
difference can be rationalized on the basis of the lower den­
sity (arising from a larger volume of the unit cell) for Ti(r>5-
CsH4CHa)2Cl2 due to the looser crystal packing of the Ti(T?5-

Petersen, Dahl j V(v
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Figure 5. Plots of the experimental g value and hyperfine coupling constant, 7", vs. the angle of rotation, 0R, for each of the three orthogonal sets of 
EPR data obtained for V(7j5-C5H4CH3)2Cl2 diluted in the crystal lattice of Ti(7/5-C5H4CH3)2Cl2. The solid lines represents the best fit of the ex­
perimental data (open symbols) to a three-parameter equation, P cos2 0, + Q sin2 0, — 2R sin 6, cos B1-. 

C5H4CH3)2C12 molecules in the unit cell. On account of the 
relatively large anisotropic thermal parameters for the cy-
clopentadienyl carbon atoms in the titanium complex, espe­
cially for the methyl carbon atom in the plane of the 
methylcyclopentadienyl ring, the positions of the three 
methyl hydrogen atoms and two of the ring hydrogen atoms 
could not be resolved. This much greater thermal motion is 
also reflected in the C-C bond-length range for Ti(jj5-
C5H4CH3)2C12 of 1.31 (1) to 1.43 (1) A being considerably 
greater than the corresponding range for V(?j5-
C5H4CH3)2Cl2 of 1.37 (1) to 1.40 (1) A. The C-C bond 
distances for V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 are comparable to those 
obtained for the cyclopentadienyl rings in Ti(V-CsHs)2Ch8 

and (l,l'-trimethylenedicyclopentadienyl)titanium dichlo-
ride.32 

The most evident difference between Ti(T/5-
C5H4CHa)2Cl2 and V ( T ) 5 - C 5 H 4 C H 3 ) 2 C 1 2 is the Cl -M-Cl 
bond angle. The Cl-V-Cl bond angle of 87.1 ( I ) 0 is ca. 6° 
smaller than the Cl-Ti-Cl bond angle of 93.2 (1)°. This re­
sult, which is consistent with those obtained from similar 
comparisons of the S -M-S bond angles between Ti(T/5-
C5Hs)2(SC6Hs)2

23-15 and V(7j5-C5H5)2(SC6H5)2
2a-° and be­

tween Ti(^-C5Hs)2S5
23-0-33 and V(r,5-C5H5)2S5,2a-c pro­

vides further structural evidence for the breakdown of the 
Ballhausen-Dahl bonding model for M(T75-C5H5)2L2-type 
complexes. The nonbonding C l - C l contacts for Ti(jj5-
C5H4CHs)2Cl2 and V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 of 3.429 and 
3.303 A, respectively, are less than twice the van der Waals 
radius of 1.8 A for a chlorine atom.34 

Another prominent structural difference between Ti(r;5-
C5H4CHj)2Cl2 and V ( T / 5 - C 5 H 4 C H 3 ) 2 C I 2 is the 0.08 A 
shorter V-Cp(c) distance (Table VI) which can be readily 
attributed to the smaller covalent radius of vanadium (viz., 
1.22 A) compared to that for titanium (viz., 1.32 A).3 4 This 
significant shortening of the V-Cp(c) distance compared to 
the Ti-Cp(c) distance is consistent with the trend observed 
for other bis(cyclopentadienyl)titanium and vanadium com-
Dlexes 

The Cp(c)-M-Cp'(c) angles of 129.9 and 133.4° for 
Ti(r/5-C5H4CH3)2Cl2 and V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 , respective­
ly, fall within the range of 130-135° found for other M(r/5-
C5H5)2L2-type complexes. These values indicate that the 
mode of bonding of the rings to the metal atom is essential­
ly invariant to the substitution of one methyl group on each 
of the rings. The H 3 C-C bond lengths in Ti(T/5-
C5H4CH3)JCl2 and V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 have an identical 

value of 1.49 (1) A which is in the expected range for a 
C(sp3)-C(sp2) bond length. 

On the basis of covalent-radii arguments, it would be ex­
pected that the Ti-Cl bond distance should be ca. 0.10 A 
longer than the V-Cl distance. However, the two indepen­
dent Ti-Cl bond lengths in Ti(rT5-C5H4CH3)2Cl2 of 2.359 
(2) and 2.362 (2) A are 0.04 A shorter than the one inde­
pendent V-Cl bond length of 2.398 (2) A in V(T?5-
CsH4CH3J2Cl2 . This reversed trend for the M-L bond 
lengths (from that found for the M-Cp(c) distances), which 
also was observed between Ti(T75-C5H5)2(SC6H5)2 and 
V ( T T 5 - C 5 H 5 ) 2 ( S C 6 H 5 ) 2 and between Ti (^ -C 5 Hs) 2 S 5 and 
V ( T J 5 - C 5 H 5 ) 2 S 5 , may be rationalized on the basis of com­
posite effects—one being due to increased nonbonding in­
tramolecular repulsive forces resulting from the shorter 
M-Cp(c) distance in the V(IV) complexes and the other 
being a consequence of the unpaired electron in each V(IV) 
complex occupying a MO which is antibonding with respect 
to the V-L bonds. 

The close C l -C l nonbonding contacts, especially in 
V ( T 7 5 - C 5 H 4 C H 3 ) 2 C 1 2 , along with the possible antibonding 
effect of the unpaired electron on the chlorine ligands 
suggests that both the size and nature of the ligand L in 
V(^-C 5 Hs) 2 L 2 complexes are important factors in deter­
mining the stability of these complexes. While the Ti(T/5-
C5H5J2X2 (X = CI, Br, I) complexes are easily isolatable 
and readily sublimable, the corresponding vanadium com­
plexes are not. In fact, of the three vanadium complexes 
only the chloride complex is thermally stable at room tem­
perature. 

Results of Dilute Single-Crystal EPR Investigation. The 
EPR spectra obtained for single crystals of V(T/5-
C5H4CH3)2C12 doped in the crystal lattice of Ti(J/5-
C5H4CH3)2C12 were analyzed in the same manner as the 
spectral data obtained for V ( T / 5 - C 5 H 5 ) 2 S 5 . 5 The compo­
nents of the g2 and K2 matrices (Table III) for the two non-
equivalent magnetic sites of the V ( T / 5 - C 5 H 4 C H 3 ) 2 C 1 2 mole­
cules were determined from a least-squares fit of the experi­
mental data to the three-parameter equation 

yi - P cos2 Bi + Q sin2 0j - IR sin B1 cos B1 

where >', = g2 or g2T2. Figure 5 shows plots of the experi­
mental g values and the corresponding hyperfine coupling 
constants vs. the angle of rotation for each of the three 
orthogonal sets of EPR data. 

Unlike the case of V ( T J 5 - C 5 H 5 ) 2 S 5 , the Eulerian angles 
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Table VIII. Final Analysis of Single-Crystal EPR Data Obtained 
for the Two Magnetically Nonequivalent V(7J5-CSH4CH^2Cl2 
Molecules Doped in the Diamagnetic Ti(l?5-CSH4CH3)2C12 Host" 

Molecule 1 Molecule 2 
K2 

Pa 
Qa 
Ra 
°g 
Ox 

Pb 
Qh 
Rb 
0S 
OT 

Pc 
Qc 
Rc 

°e 
Oy 

Sx 

Sy 
Sz 
Sav 

<P 
e 
* 
Tx 

Ty 
Tz 

'a\ 

<t> 
e 
* 

3.98329 
3.87910 

-0.000249 
0.00022 
0.38 
3.94402 
3.98602 

-0.034978 
0.00048 
0.40 
3.87871 
3.94032 

-0.000246 
0.00030 
0.27 
1.9805 
1.9695 
2.0011 
1.9837 

-89.91 
150.70 

-89.48 
(-)80.5 G 
(- )125.5G 
(-)20.6 G 
(-)75.5 G 
-90.00 

150.59 
-89.94 

7287.72 
60995.5 
16.2369 

19850.4 
7563.01 
10145.1 

61137.0 
19558.4 
27.8389 

3.98329 
3.87910 

-0.000249 
0.00022 
0.38 
3.94259 
3.98546 
0.037088 
0.00052 
0.38 
3.87871 
3.94032 

-0.000246 
0.00030 
0.27 
1.9799 
1.9694 
2.0014 
1.9836 
89.69 

-29.97 
-89.86 
(-)80.7 G 
( - H 2 5 . 5 G 
(-)20.6 G 
( - )75 .6G 

89.94 
-29.59 
-89.98 

7287.72 
60995.5 
16.2369 

19858.1 
7717.29 

-10224.3 

61137.0 
19558.4 
27.8389 

" The estimated standard deviations, o„ and af, were calculated 
from a„= [£,= i(£Calcd -£exptl)2/(« - I)]*4 a n d 0T = 
[2/=l(vCalcd ~ ^exptl)2/(" ~ I)]^2 for each least-squares curve 
with n observations. 

( $ , 8, ^ ) 3 5 given in Table VIII demonstrate that the princi­
pal axes of the g and T tensors are coincident for V(TI5-
C5H4CH3)2Cl2, which is consistent with the fact that the 
dilute powder EPR spectra of V(775-C5H4CH3)2Cl2 (Figure 
6) were simulated363'*5 from a second-order expression360 

derived on the basis of their coincidence. Since each V(TJ5-
CsH4CH3)2Cl2 molecule in the host lattice of Ti(Tj5-
C5H4CH3)2Cl2 lies on a mirror plane, the orientation of the 
principal directions of g and T can be visualized in Figure 7, 
which corresponds to a projection of the contents of the host 
lattice along the [010] direction. Since only one eight-line 
spectrum is observed for orientations of the two nonequiva­
lent magnetic sites with either the a or c axis perpendicular 
to the direction of the magnetic field, the y component of g 
and T must be normal to the mirror plane containing the 
vanadium and two chlorine atoms; the x and z components 
are constrained to lie within this plane. The actual orienta­
tion of the principal directions for the magnetic tensors with 
respect to the molecular geometry of VX^-CsF^CFh^Ch 
is depicted in Figure 8. The orientation of the g and T ten­
sors for V ( T J 5 - C 5 H 4 C H 3 ) 2 C 1 2 is identical with the orienta­
tion of the principal directions found for the T tensor for 
V ( T ; 5 - C 5 H 5 ) 2 S 5 . The direction of the x component bisects 
the Cl-V-Cl bond angle, the y component is normal to the 
plane containing the vanadium and two chlorine ligands, 
and the 2 component is normal to the plane which bisects 
the Cl-V-Cl bond angle. 

The coincidence of the principal directions of g and T for 
V(7j5-C5H4CH3)2Cl2 not only reflects its higher molecular 
symmetry (in comparison to that of V ( T ) 5 - C 5 H 5 ) 2 S 5 ) but 
also demonstrates that the principal axial systems for g and 

3000 3100 3200 3301S 5400 3500" 36&0 37OCi 3»O0 3900 

MAGNETIC F I E L D (GAUSS) 

I2SOO 

MAGNETIC F IELD IGAUSS) 

Figure 6. Powder EPR spectra recorded at room temperature for 
V(7)5-C5H4CH3)2Cl2 diluted in TK^-CstUCH^Ch: (top) X-band, ^0 
= 9.5216 GHz; and (bottom) Q-band, v0 = 35.004 GHz. 

Q K J X CII2) U 
C K I ) O ^ / QC(5) HOLtCXU \ C 

'c'(2r»gr
T

2 
HOLECULE! 

0 Z - 1 Z T T 
C(3) 

Figure 7. The [010] projection of the host lattice Ti^-CsHiC^hCh. 
The principal directions of the x and z components of the g and T ten­
sors for V(7)5-C5H4CH3)2Cl2 (represented by dashed arrows) are in­
cluded to illustrate the two nonequivalent sites. 

T are strongly dependent on the molecular symmetry. On 
the other hand, the fact that the principal axes of T for 
V(^ -C 5 Hs) 2 S 5 and V(775-C5H4CH3)2Cl2 are identical sup­
ports the premise that the directional properties of the 
metal components of the molecular orbital containing the 
unpaired electron are apparently invariant to the type of Ii-
gand L. 

The average principal values of the g and T tensors for 
the two nonequivalent magnetic sites of V(r;5-
C5H4CH3)2Cl2 are given in Table IX. Based on the same Ii-

Petersen, Dahl / V(v5-CiHACHi)2Cl2and Ti(v
5-C5H4CHi)2Cl2 
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XZ Plane 

Figure 8. Orientation of the principal axes for the magnetic tensors 
with respect to the molecular geometry of V(^-CsH4CHj)2Cb. 

Table IX. Experimental g and T Tensors with Best-Fit Parameters 
(av) from Single-Crystal EPR Study of V(7f-C5H„CH3)2C12 

Doped in Ti(7?s-C5H4CH3)2C12 

Sx 
Sy 
Sz 
Tx 
7V 
Tz 

For a = 

K 

= 1.9802 
= 1.9695 
= 2.0013 
= ( - )80 .6G 
= (-)125.5 G 
= (-)20.6 G 

0 = - 8 9 . 9 1 
B = 150.35 
\p = -89.47 
0 = - 9 0 . 0 0 
B = 150.50 
* = -89.94 

-0.976 and b = 0.218, where |*0> = a|dzs> + b\dx2_y2) 
= (-)80.8 G P = 97.0 X 1O - 4Cm-' 
= ( - )125.4G (r - 3) = 2.07au 
= ( - )20 .5G X = - 2 . 2 1 
68.8 X 10""4Cm"1 X= 61 cm - 1 

Mr 11973 cm" 
AEy2 = 13544 cm"1 

AExy = 23142 cm"1 

per cent character of 3dz = to 3dx^y', anlb2 = (-0.976)/(0.218)2 

= 20.0/1 

gand-field model previously employed5 to interpret the sin­
gle-crystal EPR data for V(^-C5Hs)2S5, the metal orbital 
character of the unpaired electron as well as the corre­
sponding EPR parameters (i.e., x. P. K, {r~3}, and X) have 
been calculated from the principal components of the hy-
perfine coupling tensor. The "best" values of the mixing 
coefficients, a and b, for the electronic ground state, |^o) = 
a|dz2> + b\dx2-y2) reveal that the anisotropy in the hyper-
fine coupling interaction arises primarily from the signifi­
cantly different character of the 3dz2 and ldxi-yi AO's. 
The closeness of the a2/b2 ratio of (-0.976)2/(0.218)2 = 
20.0/1 for V(7j5-C5H4CH3)2C12 compared to that of 
(-0.963)2/(0.270)2 = 12.7/1 for V(T/ 5 -C 5 H 5 ) 2 S 5 substan­
tiates the correctness of our interpretation of the EPR data 
of V(7;5-C5H5)2S5 concerning the distribution of the un­
paired electron. 

The actual values calculated for the mixing coefficients, 
a and b, are dependent upon the choice of the master coor­
dinate system, and consequently the a2/b2 ratio is not rota-
tionally invariant. To demonstrate this more clearly, the 
values of a and b in Table IX were transformed to a right-
handed Cartesian coordinate system which differs from that 
for the principal directions of T by a simple permutation of 
axial labels (i.e., x becomes z', y becomes x\ and z becomes 
y'). The necessary transformation for the dz2 and Axi-yi 
AO's is dz'2 = —0.500dz2 + 0.866dJC2_))2 and dX'2-y2 = 
-0.866dz2 - 0.500dx2_>,2. In the (x', y', z') system the mix­
ing coefficients become a' — 0.677 and b' = 0.736, which 

XY Plane 
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-
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Figure 9. Electron-density contour map of |*o> = -0.976d22 + 0.218 
d^z-^ for (top) xz plane, (middle) xy plane, and (bottom) yz plane. 
These three principal sections show the anisotropy of the relative densi­
ty distribution of the unpaired electron localized on the vanadium atom 
in V(^-CsH4CHj)2Ch. The coordinates in atomic units for the vana­
dium atom are 0,0,0 and for the two chlorine atoms are 3.28, 0.00, 
±3.12. The density distribution conforms to the assumed C2u molecu­
lar symmetry with the twofold axis along the x direction and the nor­
mals of the mirror planes along the y and z directions. Based on the as­
sumption that the ground state |*o) contains one electron, the scale (in 
units of e~/(au)3) for the contour lines on each map decreases by a 
factor of 2 for each successive line from a maximum value of 0.500 for 
A to 0.610 X 10"4forN. 

indicates that the 3dz'2 and 3dx'2-y>i orbitals contribute al­
most equally (i.e., a'2/b'2 sa 1) to the metal composition of 
the molecular orbital. 

Although the computed values for the mixing coefficients 
have been shown to be dependent upon the axial labeling 
scheme, the directional properties of |^o) and its electron 
density are rotationally invariant to the choice of the coor­
dinate system. Contour maps of either |^o) or its electron 
density are identical for the three possible permutations of 
x, y, and z. In order to visualize the spatial distribution of 
the unpaired electron on the metal for V(»;5-
C5H4CHs)2Cl2, the electron-density contour maps, shown 
in Figure 9 for the xz, xy, and yz planes, were calculated37 

for I *0> = -0.976dz2 + 0.218dx2_,2. 
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Table X. Summary of Single-Crystal and Glass EPR Data for M(?f-C5HS)2L2 (M = V, Nb) with "Best-Fit" Parameters 

Ref Molecule Txa,b a(dz2) (AxKy') O2Ib1 X(cm_1) Pd Kd ir'Y 

This 
work 

5 

41 

40 

40 

40 

40 

40 

40 

40 

40 

V(Tf-C SH4CH3)2C12 

V(Tf-C SH5)2S5 

V(Tf-C SH5)2C12 

V(Tf-C 5H5)2C12 

V(Tf-C5H5)2(SCN)2 

V(T7s-C5H5)2(OCN)2 

V(Tf-C SH5)2(CN)2 

Nb(T?s-C5Hs)2Cl2 

Nb(Tf-C5H5)2(SCN)2 

Nb(Tf-C5H5)2(a-C5H5)2 

Nb(Tf-C5H5)2(CN)2 

-80 .6 
(-80.8) 
-66 .6 

(-66.6) 
-80.1 

(-80.0) 
-79 .2 

(-79.3) 
-76.2 

(-76.0) 
-78.5 

(-78.4) 
-62.8 

(-62.4) 
-114.0 

(-114.0) 
-107.5 

(-107.6) 
-97.1 

(-96.9) 
-82.5 

(-81.9) 

-125.5 
(-125.4) 
-111.3 

(-111.3) 
-127.2 

(-127.2) 
-125.2 

(-125.1) 
-123.3 

(-123.4) 
-127.7 

(-127.8) 
-106.0 

(-106.2) 
-170.9 

(-171.0) 
-164.3 

(-164.3) 
-153.1 

(-153.2) 
-138.3 

(-138.8) 

-20.5 
(-20.6K 
-23.5 

(-23.5) 
-28.6 

(-28.6) 
-16 .3 

(-16.2) 
-20.5 

(-20.6) 
-19.9 

(-20.0) 
-11 .8 

(-12.0) 
-56.5 

(-56.5) 
-56 .5 

(-56.5) 
-46 .8 

(-46.9) 
-57.1 

(-57.2) 

-0.976 0.218 20.0 61 

-0.963 0.270 12.7 30 

-0.967 0.255 14.4 110 

-0.977 0.213 21.0 50 

-0.973 0.231 17.7 60-70 

-0.973 0.231 17.7 60-70 

-0.971 0.239 16.5 <40 

97.0 68.8 2.07 -2.21 

87.1 61.5 1.86 -1.97 

93.8 69.5 2.00 -2 .23 / 

101.0 67.1 2.16 -2.15 

93.8 66.7 2.01 -2.14 

98.4 68.3 2.10 -2.19 

88.1 55.5 1.88 -1.78 

-0.968 0.251 14.9 110-150 102.8 103.4 2.36 -3.57 

-0.965 0.262 13.6 110-160 96.2 99.6 2.21 -3.43 

-0.960 0.280 11.8 <110 99.3 91.0 2.28 -3.14 

-0.932 0.363 6.6 <110 77.3 85.7 1.78 -2.96 

a Hyperfine components are given in units of gauss. & Data from ref 4-0 and 41 were converted from units of 1O-4 cm-1 to gauss through 
division by the factor 0.9348 (g/g&) where ge = 2.0023. c Numbers in parentheses are the calculated components obtained for the "best" 
values of a and b. d Given in units of 10~4 cm-1, e Given in atomic units (au)./The x value of-2.08 reported in ref 41 was calculated from 
the isotropic coupling determined by J. C. W. Chien and C. R. Boss, J. Am. Chem. Soc, 83, 3767 (1961), from the solution EPR spectrum 
of V(Tf-C5Hs)2Cl2 rather than from the single-crystal EPR data. 

Figure 9a graphically illustrates that the unpaired spin 
density on the metal is primarily directed along the z direc­
tion normal to the xy plane (which bisects the Cl-V-Cl 
bond angle) where the coordinates of the two chlorine 
atoms in atomic units are 3.28, 0.00, ±3.12. The signifi­
cantly smaller spin density along the y direction substan­
tiates the assumption that the methylcyclopentadienyl ring 
contribution to the MO containing the unpaired electron is 
sufficiently small to be neglected. However, since most of 
the spin density on the metal is localized in the xz plane, a 
significant interaction with the Cl ligands is possible, from 
which one can rationalize both the decrease in the L - M - L 
bond angle and the antibonding effect on the M - L bond 
distance as the number of electrons occupying this MO is 
increased. 

The calculated value of (-)K of -73 .6 G for V(TJ5-
C5H4CH3)2Cl2 agrees well with that of -72 .8 G calculated 
from the solution EPR spectrum. The larger magnitude of 
K for V ( T T 5 - C 5 H 4 C H 3 ) 2 C 1 2 compared to that for V(TT5-
CsHs)2Ss indicates that the unpaired electron is localized to 
a greater degree on the vanadium atom in V(TT5-
C5H4CH3)2C12 . The P value for V ( T ) 5 - C S H 4 C H 3 ) 2 C 1 2 of 
103.8 G indicates that the effective nuclear charge on the 
vanadium atom is nearly + I . 3 8 In general, the expectation 
value of 1/r3, which is computed from P, decreases as the 
covalency of a series of related paramagnetic compounds in­
creases. Hence, the decrease in ( r - 3 ) from 2.07 au for 
V ( T T 5 - C 5 H 4 C H 3 ) 2 C 1 2 to 1.86 au for V(^-C 5 Hs) 2 Ss indi­
cates a greater covalency for the pentasulfide molecule. A 
negative value of x has already been shown to be reasonable 
for V(IV) compounds.38 However, since an admixture of 4s 
orbital character due to spin polarization effects introduces 
a positive contribution to x,39 the more negative x value of 
-2 .21 determined for V(T7S-C5H4CHj)2Cl2 reflects a small­
er contribution of 4s metal character into its ground state in 
comparison to that for V(TT 5 -CSHS) 2 S 5 , for which the deter­
mined x value is —1.97. 

The coincidence of g and T for V ( T J 5 - C 5 H 4 C H 3 ) 2 C 1 2 has 
made it possible to estimate an upper limit of the vanadium 

spin-orbit coupling constant. Because of the small varia­
tions of the principal components of g for both V(TJ5-
C5Hs)2Ss and V ( T J 5 - C 5 H 4 C H 3 ) 2 C 1 2 from the free-electron 
value of 2.0023, the spin-orbit contributions from the vana­
dium nucleus are not expected to be appreciable in either 
molecule. The X for V ( T T 5 - C 5 H 5 ) 2 S 5 was previously estimat­
ed5 to be ca. 30 cm - 1 , but since the unpaired electron re­
sides more on the vanadium atom in V ( T T 5 - C 5 H 4 C H 3 ) 2 C 1 2 

than in V(T)S-C5Hs)2Ss the spin-orbit coupling constant for 
the former molecule is most likely greater than 30 cm - 1 . 
Since the spin density of the unpaired electron resides pri­
marily on the vanadium atom, spin-orbit coupling terms for 
the Cl ligands were not included. In order to obtain a rea­
sonable value for X from the EPR data, the electronic tran­
sition energies, A£,/s , must be known. Although the elec­
tronic spectrum of V ( T ) 5 - C 5 H 4 C H 3 ) 2 C 1 2 has not been stud­
ied, the visible-uv absorption spectra of several V(TJ5-
C 5 H S ) 2 L 2 complexes (L = Cl, SCN, OCN, CN) in dichlo-
romethane solution have been reported40 along with the ob­
servation that these spectra are very much alike; the emax 
values and their assigned transitions40 (given in parenthe­
ses) for V ( T ? 5 - C S H 5 ) 2 C 1 2 are as follows: 11,800 (d-d transi­
tion), 13,600 (d-d transition), 26,300 (charge transfer from 
ring to V(IV)), and 35,400 cm - 1 . From the "best" values of 
a and b (and the determined gx, gy, and gz values) for 
V ( T T 5 - C S H 4 C H 3 ) 2 C 1 2 , a value of 61 c m - 1 for X leads to cal­
culated electronic energies of AEXZ = 11,973, AEyz = 
13,544, and AExy = 23,142 cm - 1 , which are in reasonable 
agreement with the observed d-d transition energies for 
V(T)S-C5Hs)2Cl2. 

While these dilute single-crystal EPR studies of V(TJ5-
CsH4CH3)2Cl2 were in progress, two papers appeared in 
the literature reporting the results and interpretation of 
EPR data for M ( T T 5 - C 5 H 5 ) 2 L 2 species (M = V, Nb).4 0 '4 1 

From their single-crystal EPR study of V ( T ? 5 - C 5 H 5 ) 2 C 1 2 

doped in the crystal lattice of Ti(T)S-C5Hs)2Cl2, Bakalik and 
Hayes41 concluded that the unpaired electron is in an ai-
type MO primarily composed of 3d72 and 3dxi-y2 charac­
ter. However, since the crystal structure of the diamagnetic 

Petersen, DaM j V(v
s-CsH4CH3)2Cl2 and Ti(^-C5H4CH ^)2Cl2 
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host Ti^-CsHf^Ch was not known at that time, they 
could not unambiguously assign the orientation of the mag­
netic tensors with respect to the V(?i5-C5H5)2Cl2 molecule 
in the crystal lattice and hence were not able to select a 
unique set of coefficients specifying the metal orbital char­
acter. An article by Stewart and Porte40 discussed the di­
lute glass EPR spectra for several vanadium and niobium 
M(775-C5H5)2L2 molecules (L = Cl, SCN, OCN, 77'-C5H5, 
and CN). Due to the nature of this experiment when per­
formed for paramagnetic species with less than axial sym­
metry, their assignment of the orientation of the principal 
axes for the magnetic sites appears to be an arbitrary one. 
The results of our EPR studies have shown, unfortunately, 
that their assumption that the z component of g and T coin­
cides with the C2-2 axes of the molecules is incorrect. How­
ever, the magnitudes of the hyperfine components which 
they determined for V(??5-C5H5)2C12 from a computer sim­
ulation of its dilute glass spectrum are comparable to those 
obtained from our dilute single-crystal EPR study of V(T;5-
C5H4CHj)2Cl2. 

Table X summarizes all of the dilute single-crystal and 
glass EPR data that have been obtained for the hyperfine 
coupling tensor for d1 M(IV) M(?75-C5H5)2L2 complexes 
(M = V, Nb). From the same expressions given else­
where,42 the "best" values for the mixing coefficients, a and 
b, as well as the values for P1 K, (r - 3>, and x have been 
computed for each of these complexes. Although the magni­
tude of the mixing coefficients vary somewhat depending 
upon the ligand L, the similar anisotropy in the T tensor in­
dicates that the metal orbital character of the unpaired 
electron is not appreciably affected. The calculated values 
in Table X for P, K, ( r - 3 ) , and x are all reasonable. The 
lower values of P, K, ( r - 3 ) , and x for the vanadium and 
niobium cyanide complexes are consistent with a greater 
derealization of the unpaired electron on the CN ligands 
for these molecules. 
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i acters for the HOMO in the d1 V(IV) molecules with those 
experimentally determined from the dilute single-crystal 
EPR studies. Our main goals were: (1) to estimate the de-

e gree of delocalization of the unpaired electron on the Ii-
y gands (which cannot be directly determined in the absence 

of ligand hyperfine interaction from the EPR data) from 
the calculated orbital character of the ligand atoms in the 

d HOMO; and (2) to determine to what extent the composi­
tion of the HOMO is affected as the population in the 

:t H O M O is varied from 0 to 2 electrons. 
I- Additional experimental information about the electronic 
:- structure of M(^ -C 5 Hs) 2 L 2 complexes has been obtained 
e by means of photoelectron spectroscopy. The PE spectra of 
c M(^-C 5 Hs) 2 Cl 2 and M ( T ) 5 - C 5 H 4 C H 3 ) 2 C 1 2 (M = Ti, V) 
•2 are presented and interpreted with the aid of the results 
'- from the (Fenske-Hall)-type molecular orbital calculations. 
e 
il Experimental Section 

Photoelectron Spectral Characterization. The photoelectron 
spectra were measured with a Varian IEE-15 electron spectrome-

y ter in the uv configuration. The helium source was pure to 
'e 0.0001%. Simultaneous observation of a number of reference gas 
i- ionization peaks indicated the energy scale to be linear within less 
•e than 0.01 eV over a range of binding energies from 9 to 17 eV. 
;- Argon was used as a single internal standard (15.76 eV peak) in 
t . order to check the spectrometer's resolution as well as its sensitivi-
n ty. Because of the nature of the compounds used, the samples had 

to be heated to at least 150° in order to attain sufficient sample 
vapor pressure in the spectrometer. The samples were heated slow­
ly until reasonable counting rates were reached. Before a sample 

5J was introduced into the spectrometer, however, the thermal stabili-
* ty of the compound was checked by vacuum sublimation of the 
Ie compound at 150°. PE spectra for Ti(T?5-C5H5)2S5 and TI(TT5-
r- CsH5)2(SC6Hs)2 were not obtained because of thermal decompo-
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Abstract: Nonparameterized (Fenske-Hall)-type molecular orbital calculations have been performed on several d0, d1, and 
d2 M(IV) M(T)5-C5H5)2L2 molecules, and the results have been found to be completely compatible with the interpretations 
obtained from the electron paramagnetic resonance and photoelectron spectral measurements as well as from the crystallo-
graphically acquired bond-length and bond-angle data. The MO calculations reveal that the LUMO for the d0 Ti(IV) com­
plexes and the HOMO for the d1 and nonhydridic d2 M(IV) complexes possess analogous orbital characters principally asso­
ciated with the metal dz2 and &xi-yi AO's with considerable contributions from the 3p AO's of the sulfur or chlorine L li­
gands. The relative metal orbital compositions of the HOMO's in the open-shell d1 V(IV) complexes are in remarkable 
agreement with those obtained from our previously reported dilute single-crystal EPR studies on V(^-C5Hs)2S5 and V(T;5-
C5H4CHs)2Cl2. For V(T; 5 -C 5 H 5 ) 2 S 5 the per cent character ratio of 3dr2/3dx2_y2 = 12.7/1 (EPR) vs. 7.7/1 (MO), while the 
corresponding ratio of 20.0/1 from the EPR data on V(TJ 5-C 5H 4CH3) 2C1 2 compares with that of 20.5/1 from the MO com­
putations. Additional information concerning the electronic structure of M(T/ 5 -C 5 H 5 ) 2 L 2 complexes has been obtained from 
photoelectron spectroscopy. The PE spectra of M(^-C5Hs)2Cl2 and M(T? 5-C 5H4CH 3) 2C1 2 (where M = Ti, V) are presented 
and interpreted with the aid of the approximate MO calculations. 

Dahl et al. / PES of Open- and Closed-Shell M(IV) M(r)s-CSH5)2L2 Complexes 


