
73 

Journal of Organometalhc Chemrstry, 8 I ( 1973) 79-85 
Q Elsevler Sequoia S A , Lsusanne - Printed In The Netherlands 

PHOTOCHEMISTRY OF TITANOCENE(IV) DERIVATIVES 

R W HARRIGAN*, GEORGE S HAMMOND ** and HARRY B GRAY 
Arthur Amos No>ees Laboratory of Cbemrcal Physics. Callfornra Inst tute of Technology * T =, 
Pasadena, Calr forma 9 1 IO9 (US 4 J 

(Recewed May 24th. 1974) 

Irradlatlon of cyciopentadlenyi (Cp) denvatlves of trtanlum(IV) In sol- 
vents containing halogen atoms leads to photolysls and abstractron of halogen 
The dlhahdes Cp213C12, Cp,m13r2, and (CpMeSj2TlC12 all undergo photoly- 
SIS to gwe the corresponding cyclopentadlenyltrlhalotltru7lum(IV) compounds 
In chloroform or carbon tetrachlonde. Cp,TX12 gwes CpmC12 when wradlated 
m pure benzene and Cp13C13 m benzene saturated wth hydrogen chloride. 

Introduction 

Although there has been a recent surge of Interest In the photochemlstry 
of lnorganlc and organometalllc compounds and Ions contalnmg var’~ous 11- 
gands bound to atoms of the transltlon elements, there are also many parts 
of the general field which have received llttle attention. For example, the 
photochemlstry of metallocenes has been sparingly investigated with the sole 
eweptlon of ferrocene [ la,lb,Z] arid there has been relatwely little work 
done w1t.h any of the compounds of tltanwm. An eweptlon IS the observa- 
tlon of photoreductlon of titanium(IV) alkoxldes by Hunt and Winter [3] 
and McFarlane and Tlndall [4] Consequently, we have initiated a study of 
vanous tltanocene denvatives with lnterestmg results. Notably, we find that 
In the tltanocene dlhahdes photolytic cleavage occurs to gwe cyclopentadlenyl 
radicals. The only previous reports of such cleavage comes from a f!ash photo- 
lytlc study of fen-ocene in the vapor phase [ 5 1. 

Experimental 

Matenals. Dlcyclopentadlenyldlchlorot!tnnlum(IV) was purchased from 
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Alpha Chemical Company and recrystallized from toluene Dlcyclopenta- 
dienyldlbromotitanlum(IV) was purchased from Alpha Chemical Company 
and punfied by vacuum sublimation at 110”. Dlcyclopentadienyldifluorotlta- 
mum(IV) was prepared by the reactlon of hydrogen fluoride with Cp,TiCI, 
161. D~cyclopentad~enyld~methylt~tanium(IV), bls(pentamethylcyclopenta- 
d~enyl)d~chlorot~tan~um(IV), and b~s(pentamethylcyclopentad~enyl)d~methyl- 
titanium(IV) were supplied by Dr. John E. Bercaw _ Chloroform, spectro- 
quahty, was purchased from hlatheson, Coleman and Be!]. Matenal from a 
freshly opened bottle gave results Identical wth those obtained using chloro- 
form purified by dlstlllatlon from molecular sieves so the former was used in 
most eupenments. Chloroform-d was purchased from Merck, Sharp, and Dome 
and used as recewed. 

irrudmtlons All samples were degassed by repeated freeze-pump-thaw 
cycles wrth evacuation to lo-’ mm Hg. Sample tubes were then sealed under 
vacuum. Samples were normally prepared either In NhIR tubes or In one cm 
ophcal cuvettes, dependIn;: upon the chosen analytlcai method. AlI Irradla- 
tions were carned out at room temperature (except for Cp2mMe2, which was 
u-radlnted at -60” ). The course of reactlon \i as followed using either a Vanan 
T-60 NhlR spectrometer or a Gary 17 spectrophotometer. hlost photoproducts 
were ldentlfied by comparison of their NMR spectra wth those of known 
samples Both dilute (10-‘1U) and saturated solutions (for NMR studies) were 
employed. No slgnlflcant concentration effects were found. AI u-radlatlons 
were carried out us!ng filters designed to prowde evcltatlon In the first absorp- 
tlon bands of the starting materials and to minimize competltwe absorption by 
pnmary photoproducts (see Table 1). Xbsorptlon overlap was so evtenswe 
with Cp, TlMe, and (CpMI?,),TiMe, that photolysls of the monomethyl 
denvatwes could not be avolded. 

Results 

The absorption spectra of the compounds studled are shown In Fig 1. 
Due to the thermal rnstabt rty of C!p,mMe2 we were not able to obtam a clean 
absorption spectrum of thts compound 

T4BLE 1 

FLLTERS USED tN PHOTOLYSIS 

Compound Spec1mJ Klngz 
01 wradlalwn (nm) 

Cp:TICt .’ > 480 7 cm K_Cr.0; (0 3 s/t) 
+ co-g 3 71 Jass titter 

cp:T~Br, > 580 
Cp:Tlhle: > 300 
(Cphle,),%Ct, > 515 

7 cm Fe(o-phen),SO,~ 

Pyrex glass 
7 cm K.Cr.0. (30 g/l) 
+ Coromg 3-67 pla fdter 

(Cphlw,),mhle, 390465 cuso, 5H, 0 + 5dl NH,OHb 
Quantum ywldsc 485-605 Co-g 3-70 + 4-96 grass falters 

%oncentraUon was adtusted unhl absorbance aL 580 nm was 2 0. bCuSO, 5i-t: 0 was added untd absor- 
bance aL 390 nm equaled I! 0 CQuantum yields of CP,TICI~. CpzT!Br,. and (Cphle,),TKI, mere m\esuga- 
led. 
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F!g. 1 Wec~roruc abxorptlon spectra of vanousdlcvclopenrJdlen~Irlfaruum(lV) denbartres in CHCI, solu- 
bon (I cm cell) 

Generally, n-radlatlon of the dlhallde complexes In chlorocarbon solvents 
leads to ring-metal bond sclsslon followed by rapld formatlon of the tnhahde 
complex. For example, Irradlatlon of (CpMe5)2~C12 m chloroform gwes clean 
conversion to (CpMe5 )TICI, , as lndlcated by the mantenance of an lsosbestlc 
pomt throughout the photolysls (Fig. 2)_ The photolysls of Cp, TICI, m chloro- 
form similarly yields clean converslon to Cp’13C13. 

nm 
Fig 2 Absorption spectral changes dunng inazbaitlon of 6 -% X 10”“.V bls@enL;vne~hvlcvdopcnt3dlenyl)~t~~ 
WU~(IV) dlcblonde m chloroform with hghr of wavelength greater than 545 nm 
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Cp, TIB~? was vradlared m chloroform to check the posslblllty that 
breaking of TI-CI bonds occurs In the dlhahde complexes but IS obscured be- 
cause the pnmary TI “I photoproduct, LZ TJCI, regenerates the on@na.I materA 
by abstracting chlonne from the solvent. No evidence for formatlon of 
Cp, Tl(Br)CI or Cp, TICI, was observed. Instead, a new product was produced 
and 1s believed to be CpTl(CI)Br,, because of the slmllanty of its NMR spec- 
trum to that of C~TICI~. 

Reasonably rapid reactlon was obtalned only when the medium contained 
some source of halogen atoms. The same changes were observed rn carbon 
tetrachlonde as occurred in chloroform and In benzene saturated wrth hydro- 
gen chloride. In the absence of a h&de source, such as neat degassed benzene, 
prolonged n-radlat[on (3 weeks In a room with shuttered windows and lighted 
by fluorescent lamps 24 h per day) of Cp,TICJZ drd lead to a small amount of 
a very air-sensitive mauve solId. The color of this solad IS Idenclcal to thar; of 
CpTiCIZ, whfch was prepared following the method of Coutts et al. [7]. Fur- 
ther, other propertIes of thrs compound, such as I& lnsolublllty III benzene, 
ad Its raprd a~ osldatlon to a yellow material, are aIJ consLstent v&h the for- 
mulatlon of CpTKI, [S] For comparison, we note that Cp, TICI 15 green 
(sometimes reported 191 as green-brown) and soluble In benzene. Although 
the amount of solrd was too small to allow collectIon and analysts, Its physwl 
properties convinced us that It IS indeed CPTICI, AddltlonaJIy. u-radratlon of 
Cp, TICI, m neat, degassed benzene leads to broadening of the NMR s~gnaJ of 
the ten equwalent hydrogens rn Cp, TICI~, lndrcatlng the generatlon of a para- 
magnetic species. 

The photochemlcal tUehavlor of the L, TAIe, compounds In CI-ICIJ was 
found to differ from that 3f L. TIC!I~. The KhlR spectra used to follow the 
course of the photochemwal reactton showEd that lrradlatlon of Cp, Tthle, 
and (CpMe,)2TiMeZ produlzes some seconday producb. Due to the fact that 
the vlslble absorptton bands of the products are red-shlfted with respect to 
the starting dlmethide complexes, rnltraJ photoproducts are In turn photolyzed, 
yleldrng mixtures of L2 TAle,, L, TI( R)hle, L2 TICI,, and LTiCI,. However, the 
primary product of the photolysrs of LZ TliVe: m CHC13 appears to be L2~( R)- 
hle Thus, In Cp, Tlhle, the methyl resonance at 710 2 decreties and a new 
peak appears at 79 4 ppm. Th1.s new peak 1s assumed to be the methyi resonance of 
Cp, Ti(R)Ale. Peak lntegraaon agrees with thrs assrgnment. Addltlonally, the 
methyl resonance of (Cphle, )2- TASe, at 711 0 decrezes upon lrradlatlon and a 
new peak appears at 79.8 ppm, attnbutable to the methyl resonance of (CpMe&- 
Ti(R)hIe. Evammatlon of the NhlR spectra obtamed dunng the complete 
(Cpblej),~hle, photolysls revealed, however, a number of side products not 
attributable to (CpRle, )2T~C12 nor (CpRle, )TICI~ formation. This observation 
suggests that compehtrve ring-metal bond scisslon occurs, giving mixed prod- 
uct~. FormatIon of L?TKA, dunng these photolyses suggests that R = CI, but 
the photomtermedlates were not posrtwely ldentlfled. 

Attempts were made to measure quantum yields of the dlhahdes usrng 
Reinecke’s saJt as an actlnometer [ 10 ] PrecrsIon \vas Poor because the quan- 
tum yields are quite low (approslmately 2 X lo-’ or lower). It was, however, 
ascertamed that the relatwe quantum yields For Cp,?XI, are approximately 
the same m carbon tetrachlonde and m chloroform and about equal to the 
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quantum yields with Cp,TrBr,. Significantly, the quantum yield for (CpMe, ): - 
TICI~ in chloroform IS about fifteen times greater 

Dlscussfon 

It IS felt that the above results are consrstent with reductive dissociation 
associated with ewltatlon to a charge-transfer (CT) state predominantly 
nng + metal In nature. The four spectra In Fig. 1 show common features In 
each there IS a band of relatively low intensity at long wavelength whwh IS 

relatively poorly resolved and sometimes appears only ZE a shoulder on a more 
intense band hawng a maximum estlnctlon coefficient rangmg from 750 in 
(CpRle, )2T’iC12 to 4050 in C~,TIF,. Despite the fact that the mtensitles are 
somewhat lower than might be expected, we assign these bands to Cp - TI 
charge-transfer (LhlCT) transitions. The progressive red shift of the bands as 
the hahde IS changed from fluonde to chlonde to bromide probably reflects 
the order of reduced n-bonding of the halide p-electrons with the d orbit& of 
the metal. Decrease in this competitive mteractlon would move the Cp + Tl 
transltlons to lower energes. The shift to lower energy resulting from the addl- 
tton of electron-donating methyl groups to the cyclopentadienlde unit IS also 
expected On the other hand, replacement of the relatively e!ectronegntlve 
halide ions by methide should increase the electron density at the central metal 
atom by a large increment, accounting for the shift of absorption to much 
shorter wavelengths In Cp,lXhle, and (CpMej )2TtRIe, 

The chemical mechanrsm of the reactions seems clear. Some excited 
states must decay by dissociation to a free radical, cyclopentad!enyl or penta- 
methylcyclopentadienyl, plus a t~taruum(iII) compound The latter then ab- 
stracts a halogen atom from a solvent molecule. The following sequence 1s 
Illustratwe- 

Cp,TlC12 2 CpTrCl, 3 CpTGI, i- -CHC12 

Format!on of C~TICI, as a distinct intermediate pnor to reaction with solvent 
IS supported by the negll@ble effect of solvent on the quantum yield and the 
order of magnitude increase in quantum yreld upon permethylation of the 
cyclopentadlemde nng This latter effect IS seen as a decreased probabihty of 
nng-metal bond reformatlon due to greatly Increased steric hindrance Add)- 
tionally, form&Ion of CpTrC12 m neat benzene m very low quantum yield 
indicates that reductive dlssoclation IS an open reactron pathway and that re- 
combmation of the cyclopenradlenyl radical with CpTiC12 18, as expected. 
quite efficient. We feel that photocleavage probably occurs relatively efficiently 
and that recombInabon IS the process ivhich limits efflctency of photoreactron. 

Venfxation of the proposed reaction of C~TICI, wrth halogenated sol- 
vents shows that this reaction can indeed occur Cp’TtCI, preprued by reduction 
of CpTrC13 foilowIng Coutts et al. [7] was found to react with CHCIJ to mve 
CpTiCI 3. The analogy LS not perfect, as our mechanism postulates monomer 
reacbon wrth CHCI, and solid C~TICI, exists almost certamly as a chlonde- 
bndged dimer. However, we would expect the monomer to be even more reac- 
trve tn the halide abstractron reackon. 



The loss of cyclopentadlenyl, or pentamethylcyclopentadlenyl, radicals 
on photolysls of the dthalldes IS the kind of photoreductwe step whxh has 
been associated with LhlCT states 1r-1 tltanlum( IV) complexes [ 11. However, 
this correlation obwously does not have powerful predlctlve value m our case 
for two reasons. Ftrst. quantum yields are !ow. showng that nonradlatrve decay 
pathways leadlng back to the otignal state are the most important excited 
state processes Second, the dlmethyl compounds cleave to break the Tl-Me 
bonds, even though we belleve that excrtahon stLl1 has a pnmary lnbihzlng 
effect on the ring-to-metal bonding These two phenomena may be related, as 
metti-halogen bond stretchmg might well be involved In the nonchemlcal 
radIationless decay which :s predommant In the L,TIX, compounds. 

Gwen the observed photolablllty of the nn g-metal bond In the titanocene 
denvatwes, It IS lnterestlng to speculate on the reason for the estreme photo- 
stablllty of ferrocene Sohn et al [ 111 have studled the absorption spectra of a 
senes of metallocenes In detal and have asslgned the two low-lntenslty vwble 
bands (32 ‘700 and 30 800 cm-’ ) In ferrocene to d-d transltlons. The elec- 
tronlc nature of the lowest evclted state IS such that the rmg-metal bocds are 
not weakened substnntlally [ 111, N hlch would suggest [12,13] a low probabll- 
lty of photocleavage from this state. Another Important factor IS that the 
cyclopentadienlde nng may be mewed as a n@d, multidentate Ilgand, and It IS 
most unlikely that several a\es of hgat!on could be simultaneously lablhzed In 
the low,est d-d ewlted state. 

There has been only one report of metal-bond cleavage yleldlng Cp radl- 

cals as a pnmary photoprocess 111 ferrocene [5] The evperlment In questlon 
Involved flash photolysls in the vapor phase. From the general expenmental 
descnphon, one can Infer that unfiltered flash u-radiation was employed. Such 
n-radlatlon could well ewte the LhlCT state; In ferrocene [ 111, producmg 
cyclopentxhenyl radtcals. Although this may seem to stand In counterdlstinc- 
bon to the photostabllity of condensed phase ferrocene systems, It may simply 
reflect enhanced non-radlai Ive deactlvatlon of upper excited states In the con- 
densed phase over t5e vapor phase. 

Other reports of metal-nng bond labllizatlon m selected ferrocene denva- 
tlves have appeared [ 1-!,15). AIY, et al [ 141 have argued that although metal- 
nng cleavage subsequently occurs upon photolysls of ferrocenyl ketones, the 
pnmary photochemIcal reaction IS m fact solvatlon wthout cleavage of the 
nng-metal bond. Cleavage follows a thermal, secondary reachon pathway. We 
might suggest that metal-ring lablhzatlon may occur to some extent due to 
shlftlng of the CT states provldlng some CT character to the low energy absorp- 
tlon bands. Spectra of some substituted ferrocelles show dramatlc shifts and 
Intensity changes In the CT regon of the spectrum [ 161. However, wlthout the 
ad of a ngorous spectroscopic mvestlgatlon, assignment of such spectral alter- 
atlons stnctly to charge transfer phenomena IS very speculatwe [ 111. There has 
been no systematic study of the reported metal-rmg bond sclsslon observed In 
other substituted ferrocene systems [la] and such sclsslon might well not be 
the pnmary process. 

Another system of relevant mterest IS the monocatlon, dlbenzenechro- 
mlum(I) This compound exhlblts photochemKtry upon wradiatlon In the re- 
@on of the strong absorption bands III the near ultrawolet and wslble [ 171, 
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which are almost certainly charge-transfer III nature The wa\retength dependen- 
ce of the quantum yields suggests that metal-rmg bond cleavage occurs only when 
the CT states are populated and not when the lowest lying (- 1160 nm) llgand 
field band IS trradlated \Vhlle this might at first appear to be clear evidence of 
the tablllzatlon effect of CT ewltatlon, one must be cautious. 1’1 analogy with 
the lsoelectronlc ferrxenlum 1011 [ 181, It might be suspected that the low-iymg 
nbsorptlon band In dlbenzenechromlum(I) mvolves a CT tlansltlon between 
essentially nonbondlng r-type orbltsls One \\ould not expect this type of 
transition to lead to a very pholoactlve state However, in further analogy with 
the ferncenlum 1011, one might expect excltatlon of the type d-da* to fall In the 
same regon as the lowest CT absorption. This might cause rupture of the 
metal-ring bond III dlbenzenechromlum( I), especially since the Ilgand, benzene. 
IS a neutral species and IS less strongly held than a cyclopentadlenyl group In 
Fe”’ or Fe” Such ideas would be In agreement with the e\perlmental observn- 
tlons of Trnverso et al [ 171, which show that no redox processes occur III the 
Initial photochemical reaction. Also. theoretical conslderntlons would Indeed be 
consistent with no photoactwty in the llgand field state at -1160 nm [ll] 
Clearly, a ngorous spectroscoptc study of dtbenzenechromtum( I) 1s needed be- 
fore the photochemtstry of this ton can be understood 
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