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Electrochemical and spectroelectrochemical data for (Cp)Ti(L) and (Cp*)Ti(L), where Cp is the anion 
of cyclopentadienyl and Cp* is the anion of pentamethylcyclopentadienyl and L is either cyclooctatetraene 
(C8H8) or the tropylium ion (C7H7+) are presented in this paper. The electrochemical properties of complexes 
1-4 [(Cp)Ti(L) L = C8H8 (l), C7H7 (2); (Cp*)Ti(L), L = C8H8 (3), C7H7 (4)] are shown to be dependent 
upon the electron-donating ability of L and the solvent-supporting electrolyte system. Complexes 2 and 
4 can be reduced and oxidized by one electron, while complexes 1 and 3 only exhibit a oneelectron oxidation. 
The presence of perchlorate anion, from the supporting electrolyte, strongly affects the electrochemical 
response for complexes 1 and 3 but not complexes 2 and 4. The synthesis of (Cp*)Ti(C&j(ClOJ is described, 
and this species is characterized by 'H NMR, infrared, and electronic spectra and by electrochemical methods. 
An electron-transfer mechanism for complexes 1-4 is presented, and the use of spectroelectrochemical 
methods to examine the site of electron transfer for this set of organometallic species is discussed. 

The results from an electrochemical and spectroelec- 
trochemical investigation of (Cp)Ti(L) and (Cp*)Ti(L), 
where Cp is the anion of cyclopentadienyl and Cp* is the 
anion of pentamethylcyclopentadienyl and L is either cy- 
clooctatetraene (C8Hs) or the tropylium ion (C7H7+), are 
presented and the fundamental electrochemical properties 
of the compounds are discussed. In addition to the syn- 
thesis, structure, and reactivity of (Cp)Ti(L) and (Cp*)- 
Ti(L),1-3 molecular orbital calculations have been per- 
formed for the cyclopentadienyl species4* and the results 
are in close agreement with ESR,' ENDOR,*'O and pho- 
toelectron studies."J2 The agreement among these dif- 
ferent methods makes possible a detailed understanding 
of the electronic structure of these complexes. This insight 
will be important in our analysis of the spectroelectro- 
chemical results. 

Our data will demonstrate that, although complexes 1-4 
are structurally very similar, the cyclooctatetraene adducts 
have electrochemical and spectroelectrochemical properties 
significantly different from those of the tropylium ion 
adducts. These differences are consistent with the elec- 
tron-donating ability of L as well as the formal charge on 
the Ti.13J4 A change from Cp to Cp* does not cause a 
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significant change in the electron-transfer properties, other 
than the expected shift in the energy of electron transfer.15 

In contrast to ferrocene1+l7 and other sandwich spec- 
ies,1%22 few electrochemical data are available for com- 
plexes 1-4. For (Cp)Ti(C7H7), a reversible one-electron 
reduction is reported to occur a t  -2.00 V vs Ag/AgCl in 
THF/TBA(PF,) a t  a reduced temperature and at  room 
temperature chemical reactions follow this reduction.'O For 
both (Cp)Ti(C8H8) and (CH3-C5H4)Ti(C8H8), a reversible 
one-electron-oxidation process is reported to occur a t  -0.50 
and -0.56 V vs SCE, respectively, in THF/TBA(PF6).23 
Our results are in general agreement with these data, but 
some differences due to the choice of the solvent and 
supporting electrolyte are observed. Hence, the electro- 
chemical properties of (Cp)Ti(L) and (Cp*)Ti(L) in dif- 
ferent solvents and as a function of supporting electrolyte 
will be presented and an electron-transfer mechanism will 
be discussed. 

Experimental Section 
Titanium Complexes. (Cp)Ti(L) and (Cp*)Ti(L) were syn- 

thesized and characterized by published method~.~b 
Materials. The acetonitrile (CH3CN), dichloromethane 

(CHzCl.J, and tetrahydrofuran (THF) used for electroanalysis were 
purchased (Aldrich) as spectroscopic grade, purified and dried 
by standard stored over calcium hydride (CH3CN), 
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Titanium Sandwich Complexes 

phosphorus pentoxide (CHPCl& or sodium/benzophenone (THF) 
under an inert atmosphere, and distilled immediately prior to use. 
Tetrabutylammonium perchlorate (TBAP) was purchased from 
Fluka, and tetrabutylammonium tetrafluoroborate [TBA(BF,)] 
was purchased from Aldrich. Both salts were doubly recrystallid 
from ethanol and were dried in a vacuum oven at 50 "C. 

Equipment and Techniques. Electrochemical experiments 
were performed with either a BAS-100A or a EG&G Princeton 
Applied Research 273 potentiostat/galvanostat coupled to an 
EG&G Princeton Applied Research Model REOO91-XY recorder 
and an IBM PS/2 Model 50 computer. A platinum-button 
working electrode (approximate area 0.008 cm2) a platinum-wire 
counter electrode, and an SCE reference electrode separated from 
the solution with a bridge comprised the three-electrode system. 
All potentials are reported vs the SCE electrode and have a 
precision of 0.005 V. The ferrocene/ferrocenium couple was also 
used as an internal standard. The concentration of supporting 
electrolyte was 0.2 M unless otherwise stated. Bulk electrolysis 
experiments were carried out in a two-compartment cell with a 
large platinum working electrode (0.4 cm2), a platinum counter 
electrode and an SCE reference electrode separated from the 
solution with a bridge. 

Spectroelectrochemical data were recorded with a Perkin-Elmer 
Lambda 3B UV-vis spectrometer using an BAS CV-27 potent- 
iostat or an IBM EC/225 voltammetric analyzer coupled to an 
IBM 7427 MT X-Y-T recorder. The electrodes were a large 
platinum-minigrid working electrode (0.2 cm2), a platinum-wire 
counter electrode, and either an Ag/AgCl reference electrode 
separated from the solution with a bridge or a Pt-wire pseudo 
reference electrode. The supporting electrolyte concentration was 
0.2 M unless otherwise stated. UV-vis spectra of (Cp)Ti(L) and 
(Cp*)Ti(L) were also recorded in standard cells designed for inert 
atmosphere in the presence and absence of supporting electrolyte. 
No significant differences in the electronic spectra were found 
due to the presence of the supporting electrolyte. 

The electrochemical cells were all home-built and were deaigned 
for analysis of air-sensitive species.% All solid and solution 
transfers were carried out by standard Schlenk methodologies.n 
UV-vis measurements were performed with the Perkin-Elmer 
Lambda 3B spectrometer. Infrared spectra were obtained on a 
Nicolet 510 FT-IR spectrometer, and NMR data were collected 
on a Varian XL 300-MHz NMR spectrometer. 

Abbreviations used in this text follow standard electrochemical 
convention.28 For example, E, is the peak potential, u is the scan 
rate, and i, is the peak current. 

Results 
Reduction of (Cp)Ti(C7H7) and (Cp*)Ti(C7H7). 

Figure 1A is the cyclic voltammetric response obtained for 
a solution of (Cp)Ti(C7H7) in THF/TBAP, when the po- 
tential is scanned in a negative direction. One reduction 
wave (wave 1, Figure 1A) is observed at  E, = -1.97 V vs 
SCE at  a scan rate of 100 mV/s. Wave 1 is a diffusion- 
controlled process, evidenced by a constant value of the 
peak current in relation to the square root of the scan rate 
(iP/u1/9. The value of E, - Eplz is 89 mV,28*29 and E, for 
wave 1 is observed to shift to negative potentials as the 
scan rate is increased. It has been previously showdo that 
wave 1 corresponds to a one-electron transfer. Our data 
are fully consistent with this and indicate an electro- 
chemical EC process for the reduction of (CP)T~(C~H~).~O 
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Figure 1. Cyclic voltammograms of a solution of (Cp)Ti(C7H7) 
in THF/0.34 M TBAP (scan rate 100 mV/s): (A) scan from -0.30 
to -2.30 V; (B) scan from -0.20 to +1.00 V. 

Two oxidative processes are observed (waves 2 and 3, 
Figure 1A) after scanning negative of wave 1. The ratio 
of the current for wave 2 (i,) to that of wave 3 (i,) is 
scan-rate-dependent. Hence, as the scan rate is increased, 
ip2(ip3 also increases. Since waves 2 and 3 represent re- 
oxidation of species generated by reduction of (Cp)Ti- 
(C7H7), the scan rate dependence of iplipA:fnplies that 
wave 2 is due to an intermediate species w i e wave 3 is 
due to a chemical reaction product. Multiple scans show 
only waves 1-3, and hence, waves 2 and 3 result in re- 
generation of (Cp)Ti(C7H7). Wave 2 is located at  E,, = 
-1.90 V vs SCE and is assigned to the oxidation of 
[(Cp)Ti(C7H7)]- (i.e., waves 1 and 2 are a reversible couple). 
Wave 3 is a diffusion-controlled, one-electron process 
characterized by a value of EP = -1.70 V w SCE at a scan 
rate of 100 mV/s, a constant value of i /u1I2,  and a value 
of E,- EPlz of 77 mV. The location otwave 3 is 270 mV 
positive of wave 1 and is assigned to the reoxidation of the 
product of the chemical reaction following reduction of 

Consistent with our data and the assignment of wave 
2 (Figure 1A) as the re-oxidation of the monoanion, the 
reversible one-electron reduction of (Cp)Ti(C7H7) at  -2.00 
V vs a Ag/AgCl reference in THF/TBA(PF,) a t  -20 OC 
has been reported.1° At room temperature, a chemical 
reaction was reported to follow the reduction, but no 
characterization of the product was reported. 

(Cp*)Ti(C7H7) in THF/TBAP has a one-electron-re- 
duction wave at  E, = -2.25 V vs SCE at  100 mV f s that 
corresponds to  wave 1 in Figure 1A. Wave 2 is not ob- 
served, but wave 3 is found and occurs a t  Ep, = -2.03 V. 
Multiple scans in the cyclic voltammogram indicate only 
the presence of waves 1 and 3 for complex 4. The cyclic 

(Cp)Ti(C7H7). 
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1250 Organometallics, Vol. 10, No. 5, 1991 Anderson et al. 

Table 1. Electrochemical Data for (Cp)Ti(L) and (Cp*)Ti(L) 
EP’. V 

complex solvent supporting electrolyte 1 2 3 4 Fcb 
(Cp)Ti(C,H,) THF TBAP -1.97 -1.90 -1.70 0.76 0.77 

CH&N TBAP -2.12 C -2.02 0.15 0.40 
CHpC12 TBAP -2.13 C C 0.50 0.46 
THF TBA(BF4) -2.06 C -1.80 0.43 0.64 

CHSCN TBAP -2.25 C -2.03 0.13 0.40 
CH2Cli TBAP C C C 0.36 0.47 

(Cp*)Ti(C,H,) THF TBAP -2.25 C -2.03 0.35 0.53 

EpP V 
complex solvent supporting e l e c t r o l e  5 6 7 Fcb 

(CpYl”l’(C8H8) THF TBAP -0.30 -0.17 -0.42 0.69 

CH& TBAPd -0.44 C -0.52 0.63 
THF TBA(BF4) -0.48. 0.57 

(Cp+)Ti(C8Hd THF TBAP -0.w -0.63f -0.77, 0.55 
CH&N TBAP -0.54 -0.41 -0.57 0.46 

THF TBA(BF4) -0).6Be 0.54 

Compound is oxidized upon addition to the 
solvent; electrochemical data are for the oxidized species. e Waves 5 and 7 are not observed in the absence of perchlorate (see text). f Scan 
rate of 60 mV/s. 

4 in CH3CN with TBAP are the same as those observed 
in THF, except that wave 2 is not observed. Hence, the 
chemical reaction following electron transfer is faster in 
acetonitrile than in THF. 

Only the reduction of complex 2 is observed in CH2C12, 
but in this case neither wave 2 nor wave 3 is observed. 
Reduction of complex 4 is not found due to the solvent 
discharge limit of CH2C12. These data imply reduction in 
CH2C12 is followed by a chemical reaction different from 
those in THF or CH3CN. The electrochemical data for 
(Cp)Ti(C7H7) and (Cp*)Ti(C7H7) under the different 
solvent conditions are summarized in Table I. 

Spectroelectrochemical data for the reduction of (Cp)- 

in Figure 2. In this spectral region (Cp)Ti(C7H7) is 
characterized by bands at  242 and 315 nm, but in Figure 
2 only the band at  242 nm is observed due to the small 
path length of the cell. Upon reduction at -2.20 V vs SCE, 
the band at  242 nm decreases in intensity and broadens. 
An increase in absorbance centered around 280 nm is 
found, and an isosbestic point a t  255 nm is observed as 
shown in Figure 2A. Figure 2B shows the spectral changes 
that occur upon reoxidation at  4 . 2 0  V and indicates that 
(Cp)Ti(C7H7) is regenerated, in agreement with the mul- 
tiple-scan cyclic voltammetric data. Some decomposition, 
however, is indicated in Figure 2B by the residual increase 
in absorbance near 280 nm after oxidation. 

The reduction of (Cp)Ti(C7H7) at -2.20 V results in the 
generation of a strong band in the visible region centered 
at  510 nm, with a shoulder a t  650 nm. The band at 510 
nm is significantly stronger than the visible band of 
(Cp)Ti(C7H7) at 700 nm. The spectral changes correspond 
to a change from a light blue to a dark purple solution 
upon reduction. Reoxidation results in generation of the 
original visible spectrum with no indication of decompo- 
sition. 

Electronic spectra have been reportdo for (Cp)Ti(C7H7) 
and [(Cp)Ti(C7H7)]- that are significantly different from 
our data. The neutral complex was reported to have three 
absorption bands at 252,313, and 697 nm with an intensity 
ratio of the bands at 252 and 313 nm (1252/1313) of 3.66. The 
principal band in the UV region is shifted by 10 nm rel- 
ative to what we observe, and in our case the ratio of the 
bands a t  245 and 315 nm (1245/1315) is >20. UV data for 

CH&N TBAP -0.49 C -0.64 -0.54 

CHzCl2 TBAPd -0.61 C -0.72 0.53 

a Scan rate of 100 mV/s. (V) for ferrocene. Not observed under these conditions. 

voltammetric data for the reduction of complexes 2 and 2.6, r 

1.2- 

1.0- 

4 Ti(C7H7) from 220 to 320 nm in THF/TBAP are shown 210 yo ma ma am uo 
0.8-l 

w*moch Cm) 

2.8 - 

B 

11-  

LO - 

0.87 
yo I(0 ma am uo 210 

(4 
Figure 2, Spectral changes for the reduction of (Cp)Ti(C,H,) 
in THF/TBAP from 220 to 320 nm: (A) E = -2.20 v with (---I 
no applied potential, (-e) t = 50 s, and (-) t = t20 s; (B) E = -0.20 
V after application of the reducing potential w t h  (---) E = -2.20 
V, (-e) t = 50 s, and (-1 t = 120 s. 

[ (Cp)Ti(C7H7)]- were not reported, but the visible spec- 
tnun was characterized by a strong band at 579 nm, shifted 
by 29 nm from our reported spectra.1° The band at 579 
nm was assigned to the 2Al - 2E1 transition on the basis 
of MO calculations and data for (Cp)V(C,H,). 
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Titanium Sandwich Complexes Organometallics, Vol. 10, No. 5, 1991 1251 

Table 11. Spectroelectrochemical Data for (Cp)Ti(L) and 
(CD*)Ti(L) in THF/TBAP 

complex applied potential: V A,, nm 
(CD)Ti(C,H,) no Dotentialb 242,315.700 . .. . . .. 

-2.20 252> 286,'' 510,65V 
(Cp*)Ti(C,H,) no potentialb 237f 

-2.50 237'1 
1.00 237'4 

(Cp)Ti(CBHB) no potentialb 230, 711 
0.50 233,500d 

(Cp*)Ti(CBH8) no potentialb 241f 
0.20 245f 

a Potential applied to working electrode vs a Pt-wire pseudo ref- 
erence electrode. *Identical spectra were also obtained in a 
standard cell designed for inert atmosphere measurementa in the 
absence of supporting electrolyte. 'Peak does not shift, but there 
was a significant change in intensity (see text). dBroad increase in 
absorbance centered around this wavelength (see text). e Shoulder 
on a band. 'Visible region not monitored. 

The difference in the spectra for the reduced species 
presumably represents the difference between the chemical 
reduction product and [ (Cp)Ti(C7H7)]-. The reason for 
the difference in the reported spectral data and our data 
for (Cp)Ti(C7H7) is unknown. 

Spectroelectrochemical data in the UV region for the 
reduction of (Cp*)Ti(C7H7) have the same general features 
as those found for (Cp)Ti(C7H7) and are summarized in 
Table 11. 

Oxidation of (Cp)Ti(C,H,) and (Cp*)Ti(C7H7). 
Figure 1B shows the cyclic voltammetric response for 
(Cp)Ti(C7H7) in THF/TBAP when the potential is scan- 
ned in a positive direction. One oxidation wave (wave 4, 
Figure 1B) at  E, = 0.76 V vs SCE at  100 mV/s is found 
up to potentials of 1.50 V vs SCE. Wave 4 is characterized 
as a diffusion-controlled one-electron process, as evidenced 
by a constant value of ip/u1/2 and the fact that E p  - Epa/z 
is 66 mV.% The value of E, shifts in a positive direction 
with an increase in the scan rate, and the electrochemical 
properties are consistent with an EC mechanism.30 

A coupled re-reduction process is not found for wave 4 
up to scan rates of lo00 mV/s. This suggests that a rapid 
chemical reaction follows the electron-transfer process and 
that the product is electrochemically inactive. Multiple 
scans in the cyclic voltammogram only indicate wave 4 and 
suggest that passivation of the electrode surface occurs 
after oxidation. 

A one-electron-oxidation process is also found for com- 
pound 2 at E = 0.50 V vs SCE in CH2C1,/TBAP, but in 
CH,CN/TBrP wave 4 is shifted to E, = 0.15 V vs SCE. 
Re-reduction waves coupled to wave 4 are again not found 
when either CH2ClZ or CH&N is the solvent. 

(Cp*)Ti(C7H7) in THF/TBAP is the same as that ob- 
served for (Cp)Ti(C7H7), with the exception that the po- 
tential is shifted due to the change of Cp* for Cp.15 The 
data for (Cp*)Ti(C,H,) are summarized in Table I. 

Figure 3A shows the spectral changes that occur upon 
oxidation of (Cp)Ti(C7H7) at  1.40 V in THF/TBAP. As 
shown in Figure 3A, the band at  242 nm initially decreases 
in intensity and slightly shifts to longer wavelengths. On 
longer time scales there is an increase in the absorbance, 
continued broadening of the band, and a shift back to 242 
nm. In addition, there is a general increase in the ab- 
sorbance over the spectral range from 320 to 360 nm. No 
isosbestic points are indicated in Figure 3A. Figure 3B 
demonstrates that no significant spectral changes occur 
when the potential is changed from +1.40 to -0.20 V. This 
is in agreement with the electrochemical data and suggests 
that an irreversible chemical reaction follows the oxidation 

A 

B 

7 ,'\ 

'"1 

Po m i i L rio 
Wav- (nm) 

Figure 3. Spectral changes for the oxidation of (Cp)Ti(C7H7) 
in THF/TBAP from 220 to 320 nm: (A) E = 1.40 V with (---) 
no applied potential, (-) t = 50 s, and (-) t = 120 e; (B) E = -0.20 
V after application of the oxidizing potential with (---) E = 1.40 

-._ , 

V, (--) t = 50 S, and (-) t = 120 8. 

e- 
( C P ) W ~ H ~ )  -3 [(Cp)Ti(Cfi7)1- ($, $1 

process. Spectral changes similar to those shown in Figure 
3 are found for the oxidation of (Cp*)Ti(C7H7), and the 
data are summarized in Table 11. 

Electron-Transfer Mechanism of (Cp)Ti(C,H,) and 
(Cp*)Ti(C7H7). The reversible reduction product 
[ (Cp)Ti(C7H7)]- has been previously characterized by ESR, 
ENDOR, and UV-visible spectroscopy.1° On the basis of 
the results of these studies [(Cp)Ti(C7H7)]- was shown to 
have the same geometry as the parent species and the 
added electron was assigned to the a1 orbital,1° which is 
nearly all metal dzz character? Our electrochemical data 
indicate that a box mechanism, as shown in Scheme I, 
describes the reductive electron-transfer properties for 
both (Cp)Ti(C7H7) and (Cp*)Ti(C7H7). Waves 1 and 2 
(Figure 1A) correspond to the reversible reduction and 
re-oxidation of (Cp)Ti(C7H7), while wave 3 corresponds to 
the oxidation of the chemical reaction product. The ob- 
servation of wave 2 depends upon the solution conditions, 
which implies that the chemical reaction rate following 
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reduction has a solvent dependence. A chemical reaction 
follows process 3 to regenerate (Cp)Ti(C7H7) and is rela- 
tively rapid since a reduction wave coupled to wave 3 is 
not observed. 

The spectral data for reduction of complexes 2 and 4 give 
insight into the nature of the chemical reaction product. 
The decrease in the intensity of the band at  225 nm for 
complex 2 is not consistent with the simple addition of the 
electron to the a1 orbital but suggests a strong perturbation 
of the ligand antiboding orbitals. The perturbation is most 
likely the result of a change in molecular geometry fol- 
lowing electron transfer. The molecular change must be 
reversible and must be capable of occurring rapidly to be 
consistent with the cyclic voltammetric data. We favor 
a hapticity change in the C7H7 ring from v7 to v5 as the 
chemical reaction following reduction. Electrochemically 
induced hapticity changes in complexes of this type are 
well-documented.lgJ~zo~zz The addition of a solvent 
molecule (or another ligand) following electron transfer is 
not likely, since this would result in the generation of a 
formal 19-electron species, assuming no other molecular 
changes. 

Both (Cp)Ti(C,H,) and (Cp*)Ti(C7H7) undergo an ir- 
reversible chemical reaction following the abstraction of 
one electron, on the basis of the electrochemical results. 
The exact nature of the species generated in the chemical 
reaction after the oxidation is unkown. The spectroelec- 
trochemical data in this case are not revealing and again 
probably reflect a change in the molecular structure via 
the following chemical reaction. The strong solvent de- 
pendence of E, is suggestive of reaction with the solvent 
after oxidation. Bulk electrolysis experiments result in 
abstraction of less than 0.2 electron per metal, consistent 
with multiple scan cyclic voltammetric experiments that 
indicated passivation of the electrode surface upon oxi- 
dation. 

Electrochemistry of (Cp)Ti(C8H8) and (Cp*)Ti- 
(Ca8).  No reduction processes are found up to the solvent 
limit for complexes 1 and 3, and in both cases relatively 
easy oxidation processes are found. The oxidations of 
complexes 1 and 3 are shown in Figure 4, which demon- 
strates the cyclic voltammetric response for (Cp)Ti(C8H8) 
(Figure 4A) and (Cp*)Ti(C8H8) (Figure 4B) in THF/ 
TBAP. 

The oxidation of (Cp)Ti(C8H8) is characterized by a 
wave of E = -0.30 V (wave 5, Figure 4A) and a wave at  
E, = -0.lt V (wave 6, Figure 4A) vs SCE on the first scan 
but only one oxidation wave on the second and all sub- 
sequent scans (wave 5). After the first scan through waves 
5 and 6, only one reductive process is found at  Ew = -0.42 
V vs SCE (wave 7, Figure 4A). Consistent with the shift 
found for the change in ligand,15 E values for wave 5 and 
6 of ( c ~ * ) T ~ ( c ~ H ~ )  are -0.70 an88-0.63 V, respectively, 
while Epc for wave 7 is -0.77 V vs SCE at  60 mV/s as 
shown in Figure 4B. In all other aspects, the electro- 
chemical behavior of (Cp*)Ti(C8H8) in THF/TBAP is 
identical with that found for (Cp)Ti(C8H8). 

Wave 6 is a one-electron-oxidation wave evidenced by 
a E, - Epap value of 81 and 71 mV for complexes 1 and 
3, respectively in Figure 4. On the first scan, wave 6 is the 
predominant oxidation process of complexes 1 and 3. The 
location of wave 6 is scan rate dependent, and the value 
of E, shifts to negative potentials as the scan rate is de- 
creased. For example, wave 6 is at E, = -0.22 V vs SCE 
for complex 1 at 30 mV/s. It appears that i 5 / i6  increases 
as the scan rate is increased, but this is complicated by the 
fact that AE, decreases as the scan rate is increased. At 
1000 mV/s only one wave is observed. 

1.0- 

1 5 -  

1.0- 

Anderson et al. 

0 5 -  

t r 0 0 -  
I3 

- 0 5 -  

-10- 

-15 -  

- 2 0 -  

A 

B 

0 4 -  

- 2 5 4  
600 400 ZOO 0 -100 -400 -600 -800 -WW 

Potential (mv) 

Figure 4. Cyclic voltammograms of (A) a solution of (Cp)Ti- 
(C8H8) in THF/0.33 M TBAP, in a scan from -1.0 to +0.50 V 
vs SCE (scan rate 100 mV/s), and (B) a solution of (Cp*)Ti(C.&) 
in THF/0.39 M TBAP, in a scan from -0.80 to -0.20 to -1.50 V 
vs SCE (scan rate 60 mV/s). 

The dependence of waves 5 and 6 on the scan rate is 
rationalized by the presence of an equilibrium between two 
electroactive species, with the predominant solution species 
corresponding to wave 6. Under the influence of an applied 
potential the equilibrium between the species shifts and 
a change in i5/i6 occurs. There are several examples in the 
literature of how an applied potential can affect such an 
equilibrium p r o c e ~ s . ~ l - ~ ~  Bulk electrolysis a t  0.50 V vs 
SCE gives 1.0 f 0.1 electron per Ti for the oxidation of 
either (Cp)Ti(C8Ha) or (Cp*)Ti(C8H8), which is in agree- 
ment with waves 5 and 6 corresponding to two forms of 
the same species. 

Waves 5 and 7 correspond to a reversible one-electron- 
transfer process at ElI2 = -0.36 V w SCE for (Cp)Ti(C8H& 

value of $, - E, is 116 mV in Figure 4A and is 68 mV 
in Figure 4B. For both complexes, the values of E+ for 
waves 5 and 7, are constant with scan rate and the value 
of i,, or iw/v1/2 is constant on the second and all subse- 
quent scans. 

If the cyclic voltammetric scan is started positive of 
process 6, only waves 5 and 7 are observed for (Cp)Ti- 
( C a d  or (Cp*)Ti(C&J. However, under these conditions 

and at  El 2 = -0.74 v vs SCE for (CP*)Ti(C&). The 

(31) Kadish, K. M.; Bottomley, L. A. Inorg. Chem. 1983, 22, 342. 
(32) Kadish, K. M. h o g .  Znorg. Chem. 1986, 34, 435. 
(33) Kadish, K. M.; Bottomley, L. A. J.  Chem. SOC., Chem. Commun. 

1981, 1212. 
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Titanium Sandwich Complexes 

an oxidative current is found at the start of the scan and 
the cyclic voltammogram is for the electrogenerated mo- 
noanion. 

The electrochemical behavior of (Cp)Ti(C8H8) and 
(Cp*)Ti(C8H& is dependent upon the solvent conditions, 
which are summarized in Table I. The most significant 
change is observed for (Cp)Ti(C8H8) in CH3CN/TBAP, 
in which wave 6 is not observed. In addition, if 
CH2C12/TBAP is used with either (Cp)Ti(C8H8) or 
(Cp*)Ti(C8H8), a chemical oxidation occurs, and only 
waves 5 and 7 are found. The chemical reaction with 
CH2C12 will be discussed later in the text. 

If TBA(BF,) rather than TBAP is used as the sup- 
porting electrolyte, with THF, a reversible electron transfer 
is found at El12 = -0.55 and -0.72 V vs SCE for (Cp)Ti- 
(C8H8) and (Cp*)Ti(C8H&, respectively. If this potential 
is standardized, via ferrocene, to the data obtained with 
TBAP, the reversible couple corresponds to wave 6. This 
implies that wave 6 can also be reversible under the proper 
solution conditions. 

Electrochemical data for (Cp)Ti(C8H8) have been re- 
ported,23 and a reversible one-electron oxidation at Ellz  
= -0.50 vs SCE was found in THF/TBA(PF,). Only a 
reversible electron-transfer process was observed, in 
agreement with our measurements performed in the ab- 
sence of perchlorate anion, but the value for El12 is shifted 
from our data. 

For (Cp*)Ti(C8H8), bulk electrolysis was performed on 
a preparative scale to allow characterization of the one- 
electron-oxidation product. Under these conditions, an 
orange precipitate formed as the oxidation progressed. 
The precipitate was collected, washed twice with THF to 
eliminate any excess TBAP, and vacuum-dried for ap- 
proximately 12 h. The cyclic voltammogram obtained for 
this species in THF/TBAP only exhibited waves 5 and 7, 
which is in agreement with that found in the electro- 
chemical analysis of (Cp*)Ti(C8H8). 

A singlet at 7.12 ppm and a singlet at 1.79 ppm, with 
an integration ratio of 815, are observed in the 'H NMR 
spectrum for the oxidized species in CD3CN. The peak 
at 1.79 ppm is due to the Cp* ring, while the peak at 7.12 
ppm is due to the cyclooctatetraene ring? and since both 
peaks are singlets, the protons are equivalent for their 
respective rings on the NMR time scale. No other peaks 
are found in the NMR spectrum, and hence, the oxidation 
does not result in degradation of either ring. In agreement, 
chemical oxidation of (Cp)Ti(C8H& with iodine is reported 
to form (Cp)Ti(C8H8)I." The electronic spectrum of the 
oxidation product is characterized by a strong absorption 
band at 245 nm. IR spectra indicated the presence of 
perchlorate ion in the oxidized species. 

The addition of (Cp*)Ti(C8H8) to methylene chloride 
results in the chemical oxidation of this species. This is 
evidenced by a change in solution color from green to 
orange and the formation of a orange precipitate. By both 
cyclic voltammetric and UV-visible analysis, this species 
is the same as the product obtained by bulk electrolysis. 

Figure 5A shows the spectroelectrochemical results be- 
tween 320 and 220 nm obtained for the oxidation of 
(Cp)Ti(C8H8) at 0.50 V vs SCE in THF/TBAP. In this 
spectral region, (Cp)Ti(C8H8) has an absorption band at 
230 nm, which upon oxidation slightly increases in inten- 
sity and shifts to 233 nm. When the potential is applied 
to -1.0 V vs SCE, the original spectrum is regenerated as 
shown in Figure 5B, which implies reversibility on the 
spectroelectrochemical time scale. In the visible region, 

(34) Van Owen, H. 0.; Meijer, H. J. L. J. Orgonomet. Chem. 1975,8, 
221. 

Organometallics, Vol. 10, No. 5, 1991 1253 

1.7 -, 

io 2.40 zi4 5 0  i L 
Wovdem (nm) 

1.1 7 

9 0  2 io  no 280 )IR L 
Wovolonglh (nm) 

Figure 5. Spectral changes for the oxidation of (Cp)Ti(CsHs) 
in THF/TBAP from 220 to 320 nm: (A) E = 0.50 V with (---) 
no applied potential, (e-) t = 50 8, and (-) t = 120 e; (B) E = -1.0 
V after application of the oxidizing potential with (---) E = 0.50 
V, (--) t = 50 s, and (-) t = 120 s. 

l l co i  5 

a- 
[(CP)TYC~WQI- = (cP)W24$CQ ($* tlS, 

oxidation of (Cp)Ti(C8H8) results in a decrease of the 
absorption band at 711 nm and the appearance of a band 
at 500 nm with an isosbestic point at 585 nm. Re-reduction 
results in generation of the original spectrum. 

Spectroelectrochemical data for (Cp*)Ti(C8H8) in 
THF/TBAP are similar to those obtained for (Cp)Ti- 
(C8H& The neutral complex is characterized by a strong 
band a t  240 nm in the UV region, which upon oxidation 
shifta to 245 nm. The fiial spectrum is identical with that 
found for the oxidation product obtained by bulk elec- 
trolysis. Re-reduction of the oxidized species results in the 
observation of the original solution spectrum. Table I1 
provides a summary of the spectroelectrochemical data for 
these species. 

Electron-Transfer Mechanism of (Cp)Ti(C8H8) and 
(Cp*)Ti(C8H8). The electrochemical and spectroelectro- 
chemical data for these two compounds are consistent with 
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the electron-transfer mechanism presented in Scheme I1 
for (Cp)Ti(C8H8). In the presence of TBAP, two species 
are present in solution, (Cp)Ti(C8H8) and the perchlorate 
adduct [(Cp)Ti(C8H8)C104]-. Waves 5 and 7 are assigned 
to the reversible electron transfer of the perchlorate ad- 
duct, while wave 6 is assigned to the oxidation of (Cp)- 
Ti(C8Hs). The electrochemical properties of waves 5 and 
6 suggest that observation of the perchlorate adduct on 
the first scan (wave 5) is due to the application of the 
potential and does not reflect bulk solution concentrations. 
In the absence of perchlorate anion, the reversible oxida- 
tion of either (Cp)Ti(C8H8) or (Cp*)Ti(C8H8) is found. 

It is interesting that (Cp)Ti(CsH8) in CH3CN/TBAP 
does not show the presence of two species. This could be 
due to a significant change in the chemical reaction ki- 
netics, but we think it is evidence of coordination of 
(Cp)Ti(C8H8) by acetonitrile. 

The oxidation product in the presence of perchlorate is 
assigned as (11~-Cp)Ti(lle-C~H~)(C10~), since the second and 
all subsequent scans in the cyclic voltammogram show only 
waves 5 and 7. The agreement between the electronic 
speclra of the bulk electrolysis product and the spectroe- 
lectrochemical data suggest that this species is relatively 
stable. The equivalence of the protons on the NMR time 
scale neither supports nor negates this a s ~ i g n m e n t . ~ ~ ~ ~ ~ - ~  

The results from MO  calculation^^*^ and ESR? EN- 
DOR: and photoelectron studies" all indicate the location 
of the unpaired electron in the C8H8 adducts is the a1 
orbital, which is primarily metal dzz character. The 
spectroelectrochemical data are consistent with these re- 
sults in that the spectral changes indicate only a small 
perturbation of the ligand ?r - ?r* absorption band. 

Discussion 
The spectroelectrochemical data provide information on 

the nature of the electrogenerated species, including insight 
into the electronic structure. However, the data for this 
set of complexes and for (C~),Ti(bpy)'~ suggest that as- 
signment of the site of electron transfer by spectroelec- 
trochemical methods for organometallic species is not re- 

liable. This is the case for (at least) two reasons. The first 
is that the chemical reactions that follow electron transfer 
typically result in significant changes in the electronic 
absorption spectra of the complexes and a separation of 
the effects due to the electron transfer and the chemical 
reaction is then required. The second reason is that the 
HOMO and LUMO cannot reliably be described as either 
ligand or metal centered. For example, the HOMO of 
(Cp)Ti(C7H7) contains approximately 60% C7H7 character 
and 40% metal character? while the HOMO of (Cp)Ti- 
(C8H8) is nearly 100% metal c h a r a ~ t e r . ~ ~ ~  

The large effect of the change from L = C7H7 to L = 
C8H8 on the electrochemical results is consistent with the 
electron-donating abilities of the respective ligands. The 
formal charge on the C8H8 ring is -2 and is +1 for C7H7. 
Hence, the observation of reduction processes for the 16- 
electron (Cp)Ti(C7H7) or (Cp*)Ti(C7H7) species reflects 
the decrease in electron density on the complexes. The 
easy oxidation of the 17-electron (Cp)Ti(C8H8) or (Cp*)- 
Ti(C8H8) and the lack of observation of a reduction process 
is also consistent. However, it should be pointed out that 
MO calculations for both of these species result in a charge 
on the rings that is significantly different from the formal 
charge.e6 The difference between the oxidation potentials 
for the cyclooctatetraene adducts and the tropylium ion 
adducts is approximately 1 V. If one assumes that the 
energy difference between the HOMO and the LUMO is 
approximately the same for these species, then one would 
predict a reduction potential for the cyclooctatetraene 
adducts to be near 3.0 V vs SCE. 

Acknowledgment is made by J.E.A. to the donors of 
the Petroleum Research Fund, administered by the Am- 
erican Chemical Society, for the support of this research. 
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Molecular Self-Recognition and Crystal Building in 
Transition-Metal Carbonyl Clusters: The Cases of Ru3( C0),2 

and Fe3(CO),2 
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The construction of the organometallic crystals of R u ~ ( C O ) ~ ~  and Fe3(C0)12 has been investigated by 
means of potential energy calculations and computer graphic analysis. It has been found that the crys- 
tallization process is based on the recognition of some simple packing motifs over the molecular surface 
that depend on the shape of the carbonyl coverage. The crystals of R u ~ ( C O ) ~ ~  and Fe3(CO)12 are constructed 
via the interlocking of tetra-, tri-, and dicarbonyl units of independent molecules. New insights in the 
disorder of Fe3(C0)lz have been gained. 

Introduction 
The fundamental contribution made by X-ray crystal- 

lography to the understanding of chemical properties of 
organometallic compounds is evidenced by the large num- 
ber of crystal structures reported to date. It has been less 
appreciated, however, that these diffraction studies also 

0276-7333/91/2310-1254$02.50/0 

provide basic information about the molecular organization 
within the crystal lattice, on the intermolecular forces, and 
on the influence that these intermolecular forces have on 
the structural features. It would appear that most chemista 
(and crystallographers) are accustomed to regarding a 
molecular structure as the ultimate result of a crystal 

0 1991 American Chemical Society 
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