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Ab initio methods (STO-3G basis set) have been used to obtain structures for Cp2Ti(C=CR)2 (R = Me, 
H) and Cp2TiCH=CHCH=CH. Both ab initio (3-21G and 6-31G basis sets) and semiempirical (ZINDO) 
calculations were carried out on the optimized structures to examine the energies and atomic orbital 
compositions of the complexes’ molecular orbitals. Evidence for extensive mixing between alkynyl ?r and 
“Cp2Ti” bonding orbitals is seen in these calculations. The proposed mechanism for this mixing involves 
interactions between filled acetylide ‘R and CpTi bonding orbitals. Very little evidence is seen for ?r donation 
from fiued mtylide orbitals to vacant metal-based orbitals. In addition very little mixing is observed between 
the ligand ‘R orbitals and the Cp-Ti bonding orbitals of (Cp,TiCH=CHCH=CH). The lack of mixing 
in both of these situations arises from poor energy matching of the interacting orbitals, since the degree 
of orbital overlap in both cases is similar to that observed for Cp2Ti(C=CR)2. 
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Introduction of ~ O U D  4 metallocene acetvlides clearlv come from a 
Tetravalent group 4 metallocenes (Cp2MX2) have been 

extensively studied’ since their initial report in the early 
1 9 5 0 ~ . ~  These complexes have a pseudotetrahedral ge- 
ometry, with the cyclopentadienyl ligands occupying two 
sites and the remaining two ligands lying in the wedge 
formed by the Cp rings (Figures 1 and 2). A great deal 
of the reactivity of these complexes comes from their high 
Lewis acidity and coordinate unsaturation (formally MI”, 
16-electron complexes). Group 4 metallocenes are very 
active at both stoichiometric and catalytic transformations 
of organic ~ubstrates.’~~ High molecular weight polymers 
can be prepared with metallocene-based cataly~ts.’?~ The 
use of these complexes to prepare inorganic polymers has 
also been reported recently.6 

We have been studying the third-order nonlinear optical 
(NLO) properties of group 4 metallocenes. The measured 
NLO coefficients, y, of CP~M(C!=CC&~)~ (for M = Ti, Zr, 
and Hf, y (XIOB) = 90,60, and 50 esu, respectively) are 
all greater than their organic analogs.6 Materials with 
large nonresonant third-order NLO susceptibilities typi- 
cally have delocalized ‘K The NLO properties 

(1) See: (a) Wailea, P. C.; Coutta, R. S. P.; Wegold, H. Organometallic 
Chemistry of Titanium, Zirconium and Hafnium; Academic Prees: New 
York, 1974. (b) Thewalt, U. Cmelin Handbook of Inorganic Chemistry; 
Slawiech, A., Ed.; Springer V e r b  Berlin, 19W, 8th edition, Part 4. (c) 
Cardin, D. J.; Lappert, M. F.; Raston, C. L. Chemistry of Organo-Zirco- 
nium and -Hafnium Compounds; John Wiley & Sons: New York, 1986. 
(2) (a) Ethyl Corp. Ger. Pat. 1 217 952,1966, Chem. Abstr. 1964,61, 

5434. (b) Wilkinson, G.; P a w n ,  P. L.; Birmingham, J. M.; Cotton, F. 
A. J. Am. Chem. SOC. 1953,75,1011. (c) Wilkinson, G.; Birmingham, J. 
M. J. Am. Chem. SOC. 1954, 76,4281. 
(3) For example see: (a) Schwartz, J. Pure Appl. Chem. 1980,52,733. 

(b) Negiehi, E. Acre Appl. Chem. 1981,53, 2333. (c) Erker, G.; Engel, 
K.; Atwood, J. L.; Hunter, N. E. Angew. Chem., Int. Ed. Engl. 1983,22, 
494. (d) Brown-Weneley, K. A.; Buchwald, S. L.; Canizzo, L.; Clawson, 
L.; Ho, S.; Meinhardt, D.; Stille, J. R.; Straw, D.; Grubbs, R. H. Pure 
Appl. Chem. 1988,55,1733. (e) Buchwald, S. L.; Nielsen, R. B. Chem. 
Rev. 1988,88,1047. 

(4) (a) Si, H.; Kaminsky, W. Adu. Organomet. Chem. 1980,18,99. 
(b) Reichert, K. H. Transition Metal Catalyzed Polymerizations. Al- 
kenes and Dienes; Quirk, R. P., Ed.; Harwood Academic: New York, 
1983, Part B, p 465. (c) Kamineky, W.; Spiehl, R. Macmol. Chem. 1989, 
190,515. (d) Jordan, R. F.; Najgur, C. S.; Willett, R.; Scott, B. J. Am. 
Chem. Soc. 1986,108,7410. (e) Hlatky, G. G.; Turner, H. W.; Eckman, 
R. R. J. Am. Chem. SOC. 1989,111,2728. 
(5) (a) Tilley, T. D. Comments Inorg. Chem. 1990,10,37. (b) Harrod, 

J. F.; Yun, S. S. Organometallics 1987, 6, 1381. 
(6) Myen, L. K.; Thompson, M. E.; Laughoff, C. J.  Am. Chem. SOC. 

1992,114,7560. 

de<&ed electronic system involving the metal orbitals. 
The theoretical calculations reported herein are aimed at  
identifying the nature of this delocalized system. 

Tetravalent group 4 metallocenes have been studied 
theoretically using various levels of sophisitication. Most 
of the calculations have focused on the halide, hydride, and 
alkyl complexes, due to their importance in synthetic 
chemistry. Both Fenske-Hall and extended Huckel ap- 
proaches have been used to assign electronic spectra and 
to understand the structure and bonding in these com- 
plexes? More exact SCF-Xa-SW calculations have been 
used to accurately aasign both electronic and photoelectron 
spectra of the metallocene dihalide complexes.1° The 
picture that emerges from these calculations and spec- 
troscopic studies“ of three of the dihalides (Cp2TiX2; X 
= F, C1, Br) is that the higher energy occupied orbitals 
(HOMOs) are Cp-metal bonding in character and the 
LUMO is a metal-localized orbital (Figure 2) lying in the 
wedge of the metallocene molecule. Similar studies carried 
out on the diiodo- and dimethyltitanocene complexes in- 
dicate that the HOMOs have a reasonable amount of 
iodine p and Ti-CH3 u-bonding character, respectively, 
while the LUMO is thought to be the same as for the other 
halides. Recently ab initio calculations have been carried 
out on Cp2TiX2 complexes.” The goals of these studies 

(7) (a) Prasad, P. N.; Williams, D. J. Nonlinear Optical Effects in 
Molecules and Polymers; John Wiley and Sons, Inc.: New York, 1991. 
(b) Ukich, D. R. Mol. Cryst. Liq. Cryst. 1990,189,3. (c)  Chemla, D. S.; 
Zyes, T. Nonlinear Optical Properties of Organic Molecules and Crystah 
Academic Prese, Inc.: Orlando, FL, 1987; Vol. 2. 
(8) (a) fiazier, C. C.; Guha, S.; Chen, W. P.; Cockerham, M. P.; Porter, 

P. L.; Chauchard, E. A.; Lee, C. H. Polymer 1987,28, 553. (b) Cheng, 
L.-T.; Tam, W.; Meredith, G. R.; Marder, S. R. Mol. Cryst. Liq. Cryst. 
1990,189,137. (c)  For a recent review, see: Nalwa, H. S. Appl. Orga- 
nomet. Chem. 1991,5,349. 
(9) (a) Gmn, J. C.; Green, M. L. H.; Prout, C. K. J. Chem. Soc., Chem. 

Commun. 1972, 421. (b) Petersen, J. L.; Lichtenberger, D. L.; Fenske, 
R. F.; Dahl, L. F. J. Am. Chem. SOC. 1975,97,6422. (c) Petersen, J. L.; 
Dahl, L. F. J. Am. Chem. SOC. 1975,97,6433. (d) Lauher, J. W.; Hoff- 
manu, R. J. Am. Chem. SOC. 1976,98,1729. (e) Cauletti, C.; Clark, J. P.; 
Green, J. C.; Fragala, I. L.; Ciliberto, E.; Coleman, A. W. J. Electron 
Spectrosc. Relat. Phenom. 1980,18,61. 

(10) Bruce, M. R. M.; Kenter, A.; Tyler, D. R. J. Am. Chem. Soc. 1984, 
106,639. 

(11) (a) Jolly, C. A,; Marynick, D. S. J.  Am. Chem. SOC. 1989, 111, 
7968. (b) Francl, M. M.; Pietro, W. J.; Hout, R. F.; Hehre, W. J. Or- 
ganometallics 1983,2,281. (c)  Francl, M. M.; Pietro, W. J.; Hout, R. F.; 
Hehre, W. J. Organometallics 1983,2,815. (d) H u n ,  L. M.; Marynick, 
D. S. Organometallics 1989, 8, 2173. 
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b I 

Table I. Bond Lengths and Angles for Cp,Ti(CeR), (R = Me, H) and Cp2TiCR'=CR'CR'=CR' (R' = H, Ph) 
b i 1 i 

C ~ , T ~ ( C Z = C M ~ ) ~  CP,T~(C=CH)~ Cp,TiCH=CHCH==CH Cp2TiCPh=CPhC=CPha 
Distances (A)c 

Ti-C(Cp), av 2.356 2.352 2.356 2.386 (22) 
Ti<, 2.071 2.077 2.111 2.155 (5) 

1.183 1.181 1.321 1.370 (6) 
CBR 1.483 1.063 1.086 

1.496 1.495 (6) 
1.411 1.412 1.411 

c2<3 , 1.408 1.409 1.409 
C343' 1.423 1.423 1.423 

Ca-CB 

C d r r  
G - C 2  

C,-Ti<, 93.0 
Ti-C,-C, 180b 
C,-CB-R 180b 
C,-CBT, 
centroid-Ti-centroid 136 

Angles (deg)c 
92.6 80.9 
180b 111.4 
180b 124.0 

118.1 
136 136 

80.3 (2) 
111.0 (3) 
123.5 (3) 
118.0 (4) 
134.8 (3) 

"Ph = C6H5. Atwood, J. L.; Hunter, W. E.; Alt, H.; Rausch, M. D. J. Am. Chem. SOC. 1976,98,2454. bThese angles were held fixed at  
180°. C1, C2, and C3 are the Cp carbons, with C1 lying in the yz plane. C, and CB are the carbons of the propyde and metallacycle ligands. 
R is the methyl carbon for Cp2Ti(C=CMe)2, the acetylide proton for CP,T~(C=CH)~, and the proton bound to the @ carbon of the metal- 
lacycle for Cp2TiCH=CHCH&H. 

Figure 1. C P , T ~ ( C = ~ R ) ~  (left) and Cp2TiCH==CHCH&H 
(right). 

(4 (b) 

Figure 2. (a) Structure of Cp2MX2, showing the coordinate 
system used in this study. (b) Proposed LUMO for Cp2MX2 
compounds, M = Ti, Zr, and Hf. 

involve the examination of equilibrium structures and 
conformational preferences for the molecules. The energies 
of the molecular orbitals generated by ab initio methods 
typically deviate further from the experimentally deter- 
mined values than those obtained from semiempirical 
methods. However, ab initio methods generally give 
structures much closer to experimentally observed ones 
and are expected to give a more accurate picture of the 
atomic compositions of the molecular orbitals than 
semiempirical calculations.12 A common substitution 
made in these more detailed calculations is to approximate 
the Cp as a chloride or hydride ligand. While this sim- 
plication saves a great deal of time computationally,13 it 
may lead to a misleading picture of the electronic structure 
in the complex of interet3t.l' For this reason we chose to 
use the full C5H5 ligand in our calculation. 

No theoretical studies have been reported for group 4 
metallocenes with either a-bound alkynyl or vinylic ligands. 

(12) Hehre, W. J.; Radom, L.; Schleyer, P. vR.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; John Wiley & Sons: New York, 1986. 

(13) (a) Fujimoto, H.; Yamasaki, T.; Mizutani, H.; Koga, N. J. Am. 
Chem. Soc. 1985,107,6157. (b) Navaro, 0.; Blaisten-Barojas, E.; Clem- 
enti, E.; Giunchi, G.; Ruiz-Vicaya, M. E. J. Chem. Phys. 1978,68,2337. 
(c) Steigerwald, M. L.; Goddard, W. A. 111. J. Am. Chem. SOC. 1985,107, 
5027. (d) Steigerwald, M. L.; Goddard, W. A., 111. J. Am. Chem. SOC. 
1984,206,308. (e) Rappe, A. K. J. Am. Chem. SOC. 1987,109,5605. (f) 
Bursten, B. E. Pure Appl. Chem. 1991,63,839. 

Table 11. Orbital Compositions for the LUMO and the Top 
Eight Filled Molecular Orbitals of C P ~ T ~ ( C = C R ) ~  

Ti:alkvne:Cpb 

orbital 
LUMO-23al 
HOMO-14bl 
7a2 
16b2 
22al 
15b2 
13bl 
21al 
6a2 

R = H, 
STO-6-31G 

-7.7 
-8.0 
-8.9 
-9.4 
-9.6 

-10.2 
-10.7 
-11.1 

56:2222 
831:61 
94942 
3:5938 

17: 13:70 
12:4048 
1066:24 
7:81:12 

15:5035 

R = H, 

5916:25 
543:52 
463:33 
1:84:15 
17:8:75 

1823:59 
105436 

492:4 
13:36:51 

STO-3G 
R = Me, 

581626 
3:5046 
2:67:30 
1:84:14 
18:674 

191863 
11:42:46 

4:88:8 
1427:58 

STO-3GC 

Energies calculated for Cp2Ti(C=CH), by ZINDO. Ratio of 
Ti:alkyne:Cp atomic orbitals in the given molecular orbital. 
Ratios which do not sum to 100% have the remainder composed 

of Me C orbitals. 

We have used ab initio methods (STO-3G basis set) to 
obtain structures for CP~T~(C=CR)~ (R = Me, H) and 
Cp2TiCH=CHCH=CH (Figure 1). Ab initio (3-21G and 
6-31G basis sets) and semiempirical (ZINDO) calculations 
were carried out on the optimized structures to examine 
the energies and atomic orbital compositions of the com- 
plexes' molecular orbitals. For the compounds reported 
herein we had a number of questions concerning their 
electronic structure. What would the nature of the 
HOMOs be? Will the HOMOs of these complexes be Ti< 
CT bonding (as in Cp2TiMe2) or Cp-M ?r bonding (as in 
Cp2TiX2, X = F, C1, Br)? Will there by any interaction 
between the filled T orbitals of the acetylide or metallocycle 
ligands and the vacant metal orbitals? 

I 1 

Results 
Since crystallographic data were not available for any 

of the complexes which we felt were accessible by ab initio 
calculations, the first step was to determine the minimum 
energy structures. The metallocene Cp rings were forced 
to stay eclipsed throughout the geometry minimization. 
This conformation of Cp rings and choice of coordinate 
system are shown in Figure 2. The eclipsed conformation 
of Cp ligands gives the complex the highest symmetry 
(C%). Both eclipsed and staggered ring conformations have 
been observed in group 4 bent metallocenes, and the 
barrier to their interconvesion is negligible.14 The geom- 
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Table 111. Breakdowns of the Atomic Orbital 
Contributions from Individual Alkynyl and Cp Carbons to 

the LUMO and Top Eight Filled MOs of C P ~ T ~ ( C = C H ) ~  
with the Calculation Carried out at the 6-31G Level 

% alkyne" % Cp" 
orbital a 6 1 2 3 Ti:alkyne:Cp 

LUMO-23al 4 18 10 10 2 

7% 19 30 3 28 14 
16b2 25 34 0 22 15 
22al 7 5 32 8 30 
15b2 21 20 0 31 17 
13bl 32 33 6 1 17 
21al 43 39 2 2 8 
6a2 25 25 4 27 8 

HOMO-14bl 10 21 29 6 26 
5622:22 
831:61 
94942 
3:5938 

17:13:70 
12:4048 
1066:24 
7:81:12 

155035 

a Numbering of alkynyl and Cp carbons is the same as that used 
in Table 1. 

etry optimization was carried out by ab initio methods at  
the STO-3G basis set leveL15 The bond lengths and angles 
for the minimized structures are given in Table I. The 
optimized angles and bond lengths are well within the 
ranges observed for other Cp,TiX, comp1exes.l For com- 
parison, the analogous bond lengths and angles from the 
crystal structure of Cp,TiCPh=CPhCPh=CPh are also 
given in Table I. 

The orbital compositions obtained for the LUMO and 
the top eight filled MOs for Cp2Ti(C=tR), (R = Me, H) 
are given in Table 11. The energies listed in the table are 
estimated using a semiempirical calculation, based on the 
optimized structure for Cp,Ti(C=CH),. The semi- 
empirical calculation was carried out using the INDO/S 
electronic structure formalism developed by Zerner (ZIN- 
DO) with a configuration interaction level of 10 (10 HO- 
MOS and 10 LUMOs).16 To have faith in the results of 
these ab initio calculations, it is important to carry them 
out with the most complete basis set possible. With the 
available computing facilities it was not feasible to optimize 
the geometry at  a level higher than 3G. For this reason 
the geometry determined at 3G was used for single point 
calculations, carried out using split valence basis sets (3- 
21G and 6-31G). To minimize the computational time 
required at the higher basis sets, Cp2Ti(C--=CH), was used 
rather than Cp2Ti( CWMe),. The orbital compositions 
obtained from the 3-21G and 6-31G calculations were very 
similar, and only the 6-31G data wil l  be discussed (6-31G 
data given in Table II). The orbital compositions obtained 
from the 6-31G calculations for the top eight filled valence 
orbitals and the LUMO are listed in Table 11. Breakdowns 
of the contributions from individual alkynyl and Cp car- 
bons to these orbitals are given in Table 111. It should 
be noted that the Ti-C cr-bonding orbitals are not listed 
in Tables I1 or 111; they are the ninth and tenth filled 
valence orbitals for Cp,Ti(C=tR), (14b2 and 20al, -12.5 
and -12.8 eV, respectively).17 

The HOMO (14bl) has contributions from alkynyl, Cp, 
and metal orbitals, regardless of which basis set is used. 
The orbital is composed of roughly 30% alkynyl a orbitals, 
with the remaining 70% made up of Cp a and metal d 

b 1 

(14) Prout, K.; Cameron, T. S.; Forder, R. A.; Critchley, S. R.; Denton, 
B. R.; Rees, G. V. Acta. Crystallogr., Sect. B 1974,30,2290. 

(15) Special care was required to obtain the electronic ground state. 
The default methods generated a stable, excited state. The initial guess 
was altered by the usual methods to produce the ground state. 

(16) (a) Anderson, W. P.; Edwards, W. D.; Zemer, M .  C. Inorg. Chem. 
1986,25,2728. (b) Anderson, W. P.; Cundari, T. R.; Drago, R. S.; Zemer, 
M. C. Inorg. Chem. 1990,29,1. (c) Kotzian, M.; Riisch, N.; Schriider, H.; 
Zemer, M. C. J. Am. Chem. SOC. 1989,111,7687 and references therein. 

(17) The al and bz symmetry Ti< a-bonding orbitals of Cp2Ti(C= 
CRI2 are formed as described in ref 7d,e. 

H -  
H 

P 
H 

- H  

- H  

Figure 3. Molecular orbital plots18 for the LUMO and HOMO 
of h"i(C=€Me)2: LUMO-23al (top) and HOMO-l4b! (bottom). 
The view to the left is ca. along the x axis, and the mew to the 
right is along the y axis. 

Table IV. Orbital Compositions for the LUMO and the Top 
Eight Filled Molecular Orbitals of Cp,TiCH=CHCH=CH 

with the Calculation Carried out at the 3G Level 

b i 

energy Ti:C4H4: 
orbital (eV)" Cpb orbital t w e  

LUMO-21al 
HOMO-6a2 -6.6 
12b1 -7.9 
20al -8.8 
12b2 -9.2 
5% -10.2 
19al -10.3 
l lb2 -10.5 
l l b l  -11.1 

61:3:36 Cp-M bonding 
091:9 C4H4 u bonding 

82072 Cp-M + C4H4 u bonding 
25:6015 Ti-C4H4 u bonding 
26:4430 Cp-M ?r + Ti-C4H4 u bonding 
16:876 Cp-M ?r bonding 

16:1470 Cp-M ?r bonding 
19:26:55 Cp-M u + Ti-C4H4 u bonding 
6:77:17 C4H4 ?r bonding 

"The orbital energies given are based on a ZINDO calculation. 
bRatio of Ti:alkyne:Cp atomic orbitals in the given molecular or- 
bital. 

orbitals (6-31G level). Molecular orbital plots of the 
HOMO are shown in Figure 3.1a The SHOMO orbital 
(7a2) has even more mixing between the alkyne T and Cp 
orbitals than the HOMO. To further hvestigate the degree 
of mixing between alkyne and Cp orbitals in the HOMO, 
a single-point UHF calculation was carried out on 
CP,T~(CMH)~+ (3G level). The advantage this has over 
neutral CP,T~(C<H)~ is that it will better account for 
electron correlation effects. The ratio of Ti:alkyne:Cp 
atomic orbitals in the highest filled bl orbital of the cation 
radical (HOMO in the neutral compound) is 1:6336. While 
the ratio of alkyne to Cp orbital population has changed 
in favor of the alkyne relative to the neutral complex 
(5:43:52 for neutral at  3G level), the HOMO still shows a 
high degree of mixing between alkyne a and Cp orbitals. 

The LUMO orbital for Cp2Ti(C=CR), is an a1 sym- 
metry MO, which is predominantly composed of metal 
orbitals (59%). Molecular orbital plots of the LUMO are 
shown in Figure 3. The composition and shape of this 

(18) The general shape of the STO-3G orbitals are the same as those 
from the split valance basis sets (3-21G and 6-31G). The MO plots for 
the split valence orbitals would have the Same shape, sign, and disposition 
for the lobes as seen in the 3G drawings, but the sizes of the lobes would 
be different. 
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H 

H 
H 

H 

Figure 4. Molecular orbital plots18 of selected MOs of Cp, 
TiCH=CHCH=CH HOMO-6a2 (top), SHOMO-12bl (middle), 
and 12b2 (bottom). The view to the left is ca. along the x axis, 
and the view to the right is along the y axis. 

b 4 

orbital is similar to that found for the LUMO in calcula- 
tions on other Cp2MX2 complexe~ .~~J~  To get a better 
picture of the LUMO orbital in this complex, a single-point 
calculation was carried out on Cp2Ti(C=CH);. Popu- 
lating the LUMO gives a much more reliable estimate for 
its orbital composition, because of the inclusion of both 
electron-electron repulsion and electron correlation in the 
calculation for this orbital. The ratio of Ti:alkyne:Cp 
atomic orbitals in the HOMO of this radical anion (LUMO 
in the neutral complex) is 72:15:13, showing the predom- 
inance of metal character. 

The orbital compositions for the LUMO and top eight 
filled orbitals for Cp,TiCH=CHCH=CH are given in 
Table IV. The energies given are taken from a semi- 
empirical calculation (ZINDO) carried out on the optim- 
ized geometry with a CI level of 10 (10 HOMOS and 10 
LUMOs). In contrast to the situation found for Cp2Ti- 
( C e R ) , ,  calculations suggest that there is significantly 
less mixing between the r-symmetry orbitals of the me- 
tallocycle and the Cp-M bonding orbitals. The HOMO 
is predominantly (91%) composed of metallacycle ?r or- 
bitals (Figure 4 (top)). The SHOMO (12bl) is mostly 
Cp-M bonding with 20% localized on the metallacycle 
(Figure 4 (middle)). The third and fourth filled orbitals 
(20al and 12b2) are CT bonding between the Ti and the a 
carbons of the metallocycle, e.g. Figure 4 (bottom). The 
degree of mixing between metallacycle ?r and Cp2Ti frag- 
ment orbitals is low enough that the MOs can be described 
by what type of bonding they represent in the complex 
(last column of Table IV). 

I i 

Discussion 
It is remarkable how close our calculated structure for 

Cp2TiCH=CHCH>H is to the crystallographically de- 
termined tetraphenyl derivative. In general, ab initio 

Figure 5. Molecular orbital plots18 for the 21al orbital of 
Cp,Ti(WMe)% The view to the left is ca. along the x axis, and 
the view to the right is along the y axis. 

calculations performed on metallocene complexes have 
predicted bond lengths between the metal and the Cp that 
are too long, unless electron correlation is in~1uded.l~ 
Indeed, it has been reported that the basis set superpo- 
sition error (BSSE) compensates for the bond lengthening 
caused by this lack of correlation to lead some calculations 
to fortuitously predict correct geometries.20 These prob- 
lems, however, arise in complexes where the d orbitals are 
occupied. A 3d orbital has a highly contracted radial 
component; in fact, the radial distribution is quite similar 
to that of the 3s and 3p orbitals. Since the effect of cor- 
relation on core electrons is pronounced, one can easily 
suppose that electron correlation would be necessary to 
treat any system with occupied 3d orbitals in the valence 
region. Similarly, electron correlation is often necessary 
in systems where the large size of the ligand leads to re- 
pulsion that cannot be adequately treated without the 
inclusion of electron correlation.21 Such effects are im- 
portant, but since the calculations in this paper contain 
neither occupied 3d orbitals (except through partial oc- 
cupation as the titanium orbitals stabilize what are es- 
sentially carbon orbitals) nor ligands of large size, they are 
unlikely to have much effect. Indeed, similarly successful 
results have been previously reported in titanium(1V) 
systems treated at  a similar level of theory.11*22 

Strong ?r donation involving ligand orbitals and the 
metal-based LUMO (Figure 2) is commonly found in am- 
ide and alkoxide compounds of group 4 metall~cenes.~~ 
Spectroscopic evidence suggests ?r donation may be im- 
portant in metallocene acetylide complexes as well.24 
However, we see only slight evidence for ?r donation from 
the alkyne orbitals to the metal. The alkyne ?r orbital that 
has the best overlap with the metal based LUMO is the 
21al, shown in Figure 5. The weakness of the interaction 
here is presumably due to the large energy difference be- 
tween the 21al and the LUMO. 

Another unexpected result is the significant amount of 
mixing between alkynyl ?r and Cp orbitals. The top eight 
filled valence MOs are mixtures of alkynyl ?r and Cp-M 

(19) (a) Guest, M. F.; Hillier, I. H.; Vincent, M.; Rosi, M. J. Chem. 
SOC., Chem. Commun. 1986,438. (b) Luthi, H. P.; Siegbahn, P. E. M.; 
Almolf, J. J. Phys. Chem. 1985,89,2156. (c) Luthi, H. P.; Siegbahn, P. 
E. M.; Almolf, J.; Faegri, K., Jr. Heiberg, A. Chem. Phys. Lett. 1984,111, 
1. (d) Almolf, J.; Faegri, K., Jr.; Schilling, B. E. R.; Luthi, J. P. Chem. 
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- A  

CP2Ti Cp,Ti(C=CR), (-C=CR), 

Figure 6. Filled-fled interaction scheme for bl s y e t r y  ChTi 
and bisacetylide fragments. A-C refer to orbital dramgs  shown 
in Figure 7. 

bonding orbitals. The mixing is most likely the result of 
filled-filled interactions between Cp-M bonding and 
acetylide ?r orbitals of appropriate symmetries. This type 
of interaction has been postulated for CpFeL2C=CR (L 
= CO, PR,; R = H, alkyl)25 and recently verified by 
PES.26*n In the iron system the filled-filled interactions 
are between metal nonbonding orbitals and acetylide ?r 

orbitals. For c ~ T i ( m R ) ~  the top eight filled molecular 
orbitals contain two each of the four possible symmetries 
in C2,, (a1, a2, bl, b2); see Table 11. Each of the four Cp-M 
bonding orbitals in a bent metallocene fragment (i.e. 
Cp2Ti) has a different symmetry, leading to a set of MOs 
containing one of each of the C2,, ~ymmet r i e s .~~p~~l~  The 
two alkynyl ?r systems combine to also give four orbitals 
with one of each of the C2,, symmetries.28 A filled-filled 
interaction for the titanocene acetylide system is illustrated 
for the bl symmetry orbitals in Figure 6. The plots shown 
for the three molecular orbitals formed by this interaction 
are shown in Figure 7. Three fragment orbitals are con- 
sidered in this scheme; these are acetylide ?r and Cp-M 
bonding and antibonding orbitals (see Figure 6). The 
lowest energy molecular orbital formed by the interaction 
(13bl) is bonding between the metal and both the Cp and 
acetylide ligands. This MO is stabilized relative to all of 
the fragment orbitals. The middle energy orbital (14bl) 
is destabilized with respect to the two filled fragment 
orbitals. This MO is bonding between the metal and the 

(25) KostiC, N. M.; Fenske, R. F. Organometallics 1982, 1 ,  974. 
(26) Lichtenberger, D. L.; Renshaw, S. K. Abstracts of Papers, 203rd 

ACS National Meeting of the American Chemical Society, San Fran- 
cisco, CA; American Chemical Society: Washington, DC, 1992; INORG 
35. 

(27) Photoelectron spectroscopy is the most direct way to examine the 
energies and compositions of MOs in molecular species. Unfortunately, 
these titanocene complexes are not amenable to PES. Cp2M(C= 
CPh)2(M = Ti, Zr, Hf) and Cp'2Ti(C4C,H9)2 decompose to low-valent 
Ti species before their vaporization, precluding PES studies: Lichten- 
berger, D. L.; Renshaw, S. K. Unpublished results. 

(28) The four combinations of the alkynyl T system and their sym- 
metry designations are given below. The darkened and open circles 
present py orbitals. 
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Figure 7: Molecular orbital plots18 for MOs formed by f led-f led  
interaction shown in Figure 6. A-C refer to the labels shown in 
Figure 6 and are the 13b1, 14bl, and 15bl MOs, respectively. 

Cp ligands but antibonding between the metal and the 
acetylide ligands. At the chosen contour level for the plots 
in Figure 7 the metal orbitals are not observed. The 
highest energy orbital is all antibonding and is destabilized 
relative to all of the fragment MOs. Similar filled-filled 
interactions act to mix the a2 and b2 symmetry orbitals as 
well; see Table 11. The top three filled MOs (14b1, 7a2, 
16b2) have a greater contribution from the B carbon of the 
acetylide ligand than from the a carbon; see Table 111. 
This polarization is due to the antibonding interaction 
between the metallocene fragment and the acetylide ?r 
orbital in these MOs. A similar observation was made by 
KostiE and Fenske for C P F ~ L ~ C = C H . ~ ~  

In contrast to the acetylide complexes, there is very little 
mixing between the ?r-symmetry orbitals of the metalla- 
cycle and the like symmetry Cp-Ti bonding orbitals. Two 
important differences between the structures of Cp2Ti- 
( C e R ) 2  and Cp,TiCH=CHCH=CH are the lengthen- 
ing of the Ti<, bond (2.071 and 2.111 A, respectively) and 
the decrease in the C,-Ti-C, angle (93 and 81°, respec- 
tively). The a2 symmetry metallacycle orbital is principally 
interacting with the dxy, while the bl interacts with the 
dyz.28 The difference in overlap can be seen in the calcu- 
lated overlap of the C, py orbitals with these d orbitals for 
the two structures. For CP~T~(C=CH)~ the overlaps of 
the C, py orbitals with the dxy and dyz orbitals are 0.089 
and 0.085, respectively. The same overlaps for 
Cp2TiCH=CHCH=CH are 0.074 and 0.087. Considering 
the similarity of the overlaps, the decrease in mixing is 
observed for both the a2 and bl symmetry orbitals of 
Cp,TiCH=CHCH=CH relative to Cp2Ti(C=CR), is 
surprising (see Tables I1 and IV). The reason for the 
decrease is that the degree of mixing also depends on the 
relative energies of the interacting orbitals. The metal- 
locycle ?r and Cp2Ti fragment orbitals of like symmetry are 
very far apart in energy. The a2 symmetry orbitals are 
effectively pure metallacycle and CpTi-based MOs (6a2 and 

b i 

t i 

b d 
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5a2, respectively) and are spaced 3.9 eV apart. CpFe- 
(PH,),(C---CH) and CpFe(PH3),(N=CH)+ show a similar 
relationship between the energies of the ligand a orbitals 
and the degree of mixing brought about by filled-filled 
 interaction^.^^ The nitrile’s ?r level is a t  a much lower 
energy than that of the acetylide, leading to a negligible 
interaction between the nitrile a system and the metal- 
based orbitals. The bl metallacycle a orbital (llbl, Table 
IV) is at much lower energy than the analogous bisacetylide 
orbital (13b1, Table II). The degree of interaction between 
the metallacycle and Cp,Ti bl orbitals is low, but some 
mixing is observed (12bl and llbl). This filled-filled in- 
teraction leads to polarization of the metahcycle a system 
toward the fl carbon in the 12bl orbital (Figure 4, middle), 
as observed for the acetylide complexes (vide supra). 

From the data obtained for both Cp2- 
TiCH=CHCH=CH and C P , T ~ ( C ~ R ) ~ ,  an interesting 
comparison can be made. As the degree of s character in 
the bonding increases, the Ti-C bonds should become 
stronger. For CpzTiMe2, Cp,TiCH=CHCH=CH and 
Cp2Ti(C4H) ,  the degree of s character in bonding in- 
c r e w ,  since the carbons a-bound to titanium are sp3, sp2, 
and sp hybridized, respectively. The trend in bond 
strengths is clearly seen in the Ti-C bond lengths for these 
complexes, i.e. 2.152 (3),29 2.111, and 2.071 A, respectively. 
Trends are also observed in orbital energies. In the di- 
methyl compound the HOMO and SHOMO orbitals are 
Ti-CH3 a bonding.l0 For the metallacycle the HOMO and 
SHOMO are a bonding orbitals and the third and fourth 
filled orbitals are the Ti-C a-bonding set. In Cp2Ti(C= 
CH)z the a-bonding set comes a t  very low energies; they 
are the ninth and tenth filled orbitals (20al and 14bz). The 
incretwing stability of the Ti-C a-bonding orbitals is clearly 
seen in the calculated energies of these orbitals as well. 
The a-bonding orbitals for ChTiMez are at -4.71 and -4.74 
eV,’O for ChTiCH=CHCH=CH they are at -8.8 and -9.2 
eV, and for Cp2Ti(C6H) ,  the Ti-C a-bonding orbitals 
are at  -12.5 and -12.8 eV. 

I i 

, i 

I i 

Knight et a1. 

however, that the type of filled-filled interaction observed 
here will probably only be important for hydrocarbyl lig- 
ands with filled a orbitals, which lie at  energies similar to 
those of the Cp-M bonding orbitals of like symmetry. A 
similar conclusion was drawn by Hehre for Cp2Ti=CH2.11C 

The conclusion that can be drawn from the calculations 
reported here is that there is a significant amount of mixing 
between like symmetry a orbitals of acetylide ligands and 
Cp-Ti bonding orbitals in CP~T~(C=CR)~ complexes (R 
= H, CH3). The reason for this mixing comes predomi- 
nantly from good energy matches between the interacting 
fragment orbitals. Extended electronic networks such as 
these may be responsible for the observed third-order NLO 
properties of group 4 metallocene complexes. Substitution 
on the Cp or acetylide ligands will change the a-orbital 
energies, allowing us to ‘fine tunew the degree of delo- 
calization, via mixing of ‘Cp2Tiw and alkynyl a orbitals. 
We are currently examining the NLO properties of other 
metallocene acetylide and vinylic complexes, related to 
those studied herein, to see if these properties are corre- 
lated with the degree mixing between metallocene and 
ligand ?r orbitals. 

Experimental Section 
The GAUSSIAN 86 computer program was used in this work?1 

Full geometry optimizations were performed at the STO-3G 
level- within the restrictions of C, symmetry and linear triple 
bonds. DoubleS, singlepoint calculations were performed at two 
different levels: the 3-21G levels and a more expanded basii with 
the 6-31G basis% on the ligands and the Rappe, Smedley, and 
Goddard d orbitalsgs in combination with a contracted Wachtars’ 
sep for the s and p on the titanium. Because of the consistency 
of the orbitals for identical molecules, we conclude that the results 
reported here are basis set independent. ZINDO calculations 
(Zemer’s intermediate neglect of differential overlap program)18 
were run on a CAChe Worksystems7 through a Macintosh en- 
vironment. The three-dimensional orbital plots in this work were 
generated using the program PSI/77,% modified to accept 
coefficients and basis set information directly from GAUSIAN 
~36.3~ These MO plots shown throughout this paper are based 
on STO-3G calculations. 
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Conclusion 
Very little evidence is seen in our calculations for a 

donation from filled acetylide orbitals to vacant metal- 
based orbitals, as proposed on the basis of crystallographic 
studies.3O In addition very little mixing is observed be- 
tween the ligand a orbitals and the C p M  bonding orbitals 
of (Cp,TiCH==CHCH=CH). The lack of mixing in both 
of these situations arises from poor energy matching of the 
interacting orbitals, since the degree of orbital overlap in 
both cases is similar to that observed for CpzTi(C4R)2. 

Our study adds support to the postulate made by oth- 
erall that substitution of chloride or hydride for Cp ligands 
may give an incorrect picture for bent metallocene com- 
plexes. While this simplification saves a great deal of time 
computationally, it may lead to an incorrect representation 
of the electronic structure. Hydride or chloride ligands 
would not have led to the same mixed states that were 
observed for Cp,Ti(C@R),. It is important to note, 

, I 

(29) The bond len h for CpzTiMe2 is not available, so the TiCHs 

methylethane)TiMez [Me,Cz(1-C5HS-3-TMS)zTiMez] is quoted in the 
text. See: Gut”, 5.; Burger, P.; Hund, H. H.; Hofmann, J.; Brint- 
zinger, H. H. J. Organomet. Chem. 1989,369, 343. 

(30) Erker, G.; Fromberg, W.; Benn, R.; Mynott, R.; Angermund, K.; 
Kmger, C. Organometallics 1989,8,911. 

bond length from q1 P -(1,2-bis(3-(trimethyleilyl)cyclopentadienyl)tetra- 


