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ABSTRACT

PART ONE

PHOTOLYTIC CYCLOPENTADIENYL LIGAND EXCHANGE BETWEEN

BIS(CYCLOPENTADIENYL)ZIRCONIUM DICHLORIDE AND ITS ANALOG SYSTEMS

PART TWO

‘ PHOTOCHEMICAL REACTIONS OF

BIS(CYCLOPENTADIENYL)DIPHENYL TITANIUM(IV)

By

Mien Hsiao Peng

PART ONE

Irradiation of the mixture of zirconocene dichloride and (0-10)-

zirconocene dichloride in benzene solution leads to the exchange of

cyclopentadienyl ligands under conditions of constant incident light

intensity. A 450 watt meadium pressure mercury-vapor lamp, Hanovia

#679 A 0360, was used as the light source which emitted 313 nm light

by through the filter solution cells. The lamp and filter cells were

mounted inside a merry-go-round rotator. The photolytic formation of

(D-S)-zirconocene dichloride was detected by mass spectrometry. A

quantum yield for the ligand exchange of 0.02l mol/Ei was calculated

by using the McKay analysis based on mass spectrographic data within

suitable irradiation time. The equilibrium constant was 2.8.

Zirconocene dichloride was found to exchange cyclopentadienyl

ligand photolytically with bis(methylcyclopentadienyl)zirconium di-

chloride with the constant for approach to equilibrium 2.3.



PART TWO

Photolysis of diphenyl titanocene, resulting in loss of phenyl

ligands. is a generally useful approach to the generation of coordi-

natively unsaturated complex species. The low temperature nuclear

magnetic resonance method was employed to investigate the transient

titanocene. The course of photoreaction was followed by using the

electron paramagnetic resonance method at low temperature and room

temperature.

Isolation and characterization of electron deficient intermediate

were attempted. The Species of green [(nS-C5H5)2Tilflx polymer was

obtained in solid state. which was converted to the dark green tran-

sient (us-C5H5)2Ti species in solvents at low temperature. Formation

of [(ns-C5H5)2TiH]x as a distinct isolated species was supported by

its ir spectrum and titanium analysis.

Some stable titanocene adducts were prepared from the reduction

of diphenyl titanocene by photolysis in the presence of various subs-

trates such as carbon monoxide and diphenylacetylene. They all formed

in quantitative yield. Presumably, (us-CSHS)ZTi(II) is involved as

the intermediate in these reactions, therefore, this photolysis is a

convenient method for synthesis of novel titanocene derivatives.
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PART ONE

PHOTOLYTIC CYCLOPENTADIENYL LIGAND EXCHANGE

BETWEEN BIS(CYCLOPENTADIENYL)ZIRCONIUM DICHLORIDE

AND ITS ANALOG SYSTEM



PART ONE

INTRODUCTION

The photochemistry of titanocene derivatives has recently received

considerable attention. Harrigan, et al.1 found that the irradiation

of cyclopentadienyl derivatives of titanium(IV) in solvents containing

halogen atoms leads to photolysis and abstraction of halogen. The

photochemical reactions of dimethyl derivatives of titanocene. zirco-

nocene. hafnocene were studied by Ald and Rausch.2

Vitz and Brubaker3 reported the first exchange of u-bonded cyclo-

pentadienyl ligands between identical titanium metal complexes. Irra-

diation of benzene solutions in both (D-lO)-titanocene dichloride and

titanocene dichloride (d° system) with 313. 350, 400. and 520 nm light

produce the exchange of the cyclopentadienyl ligand according to the

following reaction :

hv
S S 5

Hi) £505)2TTCl2.—_§2 (n -CSH5)(n —C D

S

(n-CH)TICI 555 5 2 2 )TTCI 2 (I)

with quantum yields of 0.02. 0.005, 0.01, and 0.007 mol/Ei, respectively.

The equilibrium constant of equation (I) is calculated as 4.3’4 Photo-

decomposition of titanocene dichloride is negligible even at longer

photolysis times.

The more remarkable findings on the ligand exchange systems with

d1 metal ions involve bis(methylcyclopentadienyl)vanadium dichloride/

bis(cyclopentadienyl)vanadium dichloride and titanocene monochloride/

2



3

titanocene-d10 monochloride.5 These systems demonstrate : (l) the

effect of the single d electron (absent in titanocene dichloride) and

(2) the effect of involving the halogen ligands in bridging (in tita-

nocene monochloride dimer). The low exchange rates reflect the impor-

tance of photodecomposition. The presence of the methyl group de-

creases the rate of ligand exchange.

Since the initial studies in the photoexchange of C5H5’ ligands

have been undertaken with titanium compounds, it should be extended

to the zirconium system. Therefore, this system was selected as my

research problem for part one. The purpose of the preceeding section

was to present a survey of the photolytic cyclopentadienyl ligand

exchange between zirconium systems.



EXPERIMENTAL

A. General Techanique
 

All preparations were carried out under dry argon or in a vacuum

and ail solvents were refluxed continuously with the appropriate

6 It was founddrying agent under argon and distilled prior to use.

that benzene with no impurities detectable by flame ionization glc

was obtained by irradiating reagent grade benzene thirty minutes in

the presence of chIorine. The solution was washed with distilled

water and sodium carbonate solution. The by-products of the process

were easily removed by distillation. This procedure offers a very

economical source of benzene that is free of toluene, aliphatic. and

olefinic impurities.

Infrared spectra were measured by means of a Perkin Elmer 457

and 2378 grating spectrophotometer in nujol; visible and ultraviolet

light absorption spectra were obtained on benzene solutions in a

l0 mm cell by use of a Unicam SP-BOO spectrophotometer. Mass spectra

were recorded on a Hitachi Perkin Elmer RMU-6 mass spectrometer.

Proton nmr spectra were measured at 60 MHz and 100 MHz in deutero-

chloroform with Varian A56/600 and HA-lOO spectrometers.

B. Preparation of Compounds

Bis(n5-cyclopentadienyl)zirconium dichloride was purchased from

Arapahoe Chemical Company and sublimed at lSO-IBOO. This material

was stored in the dark.

Bis(us-methylcyclopentadienyl)zirconium dichloride was prepared

4
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according to Reynolds and Wilkinson7 with a modification. After crys-

talization from hot toluene (saturated with hydrogen chloride), the

colorless material was purified by sublimation at llO-I300.

Cyclopentadiene-d6 : Monomer C5H6,KOH, and DZO-dioxane co-solvent

were vigorously stirred for 3 hours. There were always two layers.8

The CSHxDG-x was then distilled directly through a l0 cm Vigreux column.

The procedure was repeated five times. The percent deuteration was

obtained by integrating the proton nmr spectrum of CSHxD6-x relative to

that of pure C5H6. The C506 was dried with Linde 3A and 4A molecular

sieves.

(D-lO)-zirconocene dichloride was prepared from zirconium tetra-

chloride and sodium cycTOpentadienide-d5 in tetrahydrofuran. The yield

was about 40% on zirconium tetrachloride. m.p. 246-2480. The deuterium

content of the product obtained was evaluated by proton nmr measurement.

Figure l, and from the intensity decrease of C-H vibrations in ir spec-

trum, Figure 2.

C. Exchange Experiments
 

Photolytic Cyclopentadienyl Liggpd Exchanggkbetween Zirconocene Di-

chloride and (O-lO)-zirconocene dichloride

Weighed amounts of zirconocene dichloride and (O-lO)-zirconocene

dichloride were stirred with benzene in 50 ml volumetric flasks in the

glove box under argon. Then the solutions were mixed thoroughly and

diluted to 200 ml which gave 7.46 X To '3 M_in zirconocene dichloride

and 8.46 x lO'3 M_in (D-lO)-zirconocene dichloride. After mixing. the

sighting area was covered with Al—foil. Four-milliliter aliquots were

added into the l3 x 100 mm pyrex culture tubes by a syringe to make
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about 45 samples. The tubes were securely stopped under argon and

sealed with an oxypropane torch. Twenty-four exchange samples and

six actinometers were mounted in the merry—go-round photolysis appara—

tus in which a medium-pressure mecury lamp centered with 313 nm light

filter solution. The temperature of photolysis was kept at 23°. The

9’10 After'measured periodsequippment has been described previously.

of irradiation, four samples and one actinometer were withdrawn. The

samples were pooled, evaporated to dryness, and sublimed at llO-lZOo

before anaIyzing by mass and uv spectrometry. The actinometer was

analyzed by gas chromatography.

Photolytic Cyclopentadienyl Ligand Exchange between Zirconocene 0i-

chloride and Bis(methylcyclopentadienyl)zirconium dichloride

The procedure was the same as described as above. It was given a

mixture of 7.40 x IO'3 M in zirconocene dichloride and 7.43 x lO'3 M

in bis(methylcyclopentadienyl)zirconium dichloride.

0. Chemical Actinometry
 

Photolysis of Actinometer Solution

11 was used to determine the lampThe valerophenone actinometer

intensity because it absorbs strongly at 313 nm (e = 50 t/mol-cm). A

0.225 M_soiution of valerophenone was prepared with 0.0ll M tetradecane

in benzene. The quantum yield for the conversion :

O O

'c': n 3
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is 0.33 mol/Ei. Actinometer solutions were photolyzed under essen-

tially the same conditions as the exchange solutions. Inorder to

prevent excessive photoreaction, one can either dilute the solution

or shorten the irradiation time. The total conversion of valerophenone

was kept to less than 25%.

Light Intensity Determination

The actual light intensity from a source is usually measured by

means of actinometry. It is more convenient. efficient and reproducible.

After photolysis, the actinometer solution (0.2 ut) was injected into

the column of a Varian Aerograph Series 1200 gas chromatograph with a

flame detector. The column material was 10% OF 1, 1% carbowax 20 M on

chromosorb a 60/80, 3.2 ft x 0.1 in. and maintained at 130°. An inf-

ortronic CRS 208 Automatic Digital Integrator was used to determine

the peak area ratio of the acetophenone to the tetradecane peaks. The

number moles of photons absorbed can be calculated by the f011owing

equation :

I

I

 

acetophenone x 2.0 xEtetradecane] x V = 0.33 0 (ET) (3)

tetradecane

where I - the peak area integral for the acetophenone peak
acetophenone

I . the peak area integral for the tetradecane peak
tetradecane

2.0 an emperical correction factor depending on the

column material

[tetradecane] a the concentration of tetradecane in the actinometer

V the actinometer sample volume (0.2 um)

and 0.33 the quantum yield for the formation of acetophenone



T0

0

The light intensity was expressed in einstein/liter-hour.

Quantum Yield Determination
 

The quantum yield for ligand exchange process was determined by

T2
applying the approach of McKay analysis on the mass Spectrographic

data. It was calculated from the exchange rate and the light intensity.

The mass spectrum of zirconocene dichloride has been measured”’14

with a parent ion peak at m/e a 290, Figure 3. The breakdown pattern

proceeds yig_the preferential removal and fragmentation of the cyclo-

pentadienyl ligands. This was thought to be indicative of the probable

greater bond strength and higher ionic character of the chlorine-

zirconium bond. The perdeutero-compound exhibits analogous trends in

the mass spectrum, Figure 4, with parent ion peak at m/e - 300.

Zirconium has four major isotopes. 90Zr (51%), 91Zr (11%). 9ZZr

(17:). 94Zr (17%), while chlorine has two isotopes, 35c1 (75%) and

37Cl (25%). Consequently the mass peaks for a given chemical struc-

ture occur in groups characteristic of the isotope distribution of Zr

and Cl atoms which they contain the variations in C, H, and D isotopes

being negligible when compared to those of Zr and Cl. This enables

the proposed structures to be confirmed both by observed mass and iso-

topic pattern. The peak at m/e - 295 is non-zero but small (generally

about 8 % of the peak at m/e - 290). Photolyzed samples show increa-

sed intensity of the peak at m/e - 295. which corresponds to (ns-CSH5)-

(us-C505)ZrCl;'. The ratio of the peaks at m/e a 295 and 290 for

various periods irradiation reflects the extent of exchange.

T5
The logarithmic form of the McKay equation . as applied to the

exchange system, is as follows :
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T3

[reactant A] + [reactant B]

ln(l-F) = - R t (4)

[reactant A][reactant B]

 

where R is the exchange rate and the bracketed quantities are the con-

centrations of A and 8 species. F represents the fraction of exchange

in time t to exchange at equilibrium (t = .) :

(1295/zeoTt

F " (5)

(lees/290)-

 

where 1295/290 is the ratio of the peaks at mve - 295 and 290.

The quantum yield, computed directly from the experimentally ob-

served exchange rate R and corresponding absorbed intensity I, can be

generally expressed as16 :

R (mol/z-hr)

0 = (6)

I (Ei/L-hr)

 

This analysis requires the intensity of the lamp to be constant with

time. The most probable slope and intercept of ln(l-F) !§_time can be

calculated by a standard least squares method.17



RESULTS AND DISCUSSION

A. General Observation
 

The ultraviolet and visible absorption spectrum of the mixture of

zirconocene dichloride and (D-lO)-zirconocene dichloride (or methyl-

derivative) in benzene solution showed only one strong absorption band

at A - 295 nm with a shoulder at 335 nm. Figure 5, which had the cha-

racteristic of compounds containing u-bonded cyclopentadienyl rings.

No electronic transition bands due to the metal atoms were observed.

The exchange reaction photochemically induced by visible light was

inherently slow since there were no absorption bands above 370 nm. The

monochromic light 3l3 nm was chosen in the overall irradiation process.

The molar absorptivity for zirconocene dichloride mixture at 3l3 nm

was 5 x 10'3 NF] cm" for the solution of 10"4 M, The sample (10'2 M)

absorbance at 313 nm, by using a 1 cm cell path length and all incident

light absorbed, was about 50 which was similar to that of valerophenone

actinometer solution.

B. Light Intensity Determination

Iacetophenone / Itetradecane !§_photolysis time was a straight

line. Figure 6, which established that the light intensity was const

over the photolysis period, Table l. The light intensity as well as

the number moles of photons was computed from the actinometric data in

accordance with equation (3). The concentration of tetradecane was

0.0109 M_and the photoconversion was kept under 25%. The average light

intensity. calculated from the different degree of conversion of

T4
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Figure 5. UV Spectra of (a) CpZZrC12/(D-IO)Cp22rCI2 and

(b) CpZZrC12/(MeCp) ZrCl In benzene solution.
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Time acetophenone nxlO9 Light.Intensity3

(hr) Itetradecane (ET) (ET/l'h')XT0

0 0 0 0

4 0.1393 1.845 2.31

8 0.2785 3.812 2.38

14 0.4257 5.624

0.5”

o

0.4‘

0.3

0.2'

0.T'

o :

l4 
Time (hr)

Figure 6. Photoconversion of Valerophenone in benzene
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several actinometer samples, was 0.00235 Ei/L-hr.

C. Calculation of Exchaggg_Results

A study of Table 2 indicated that zirconocene dichloride and (D-

lO)-zirconocene dichloride ligand exchange resulted in the increase of

the peak at m/e = 295 (Figure 7) relative to those at 290 and 300.

Table 2. Mass Spectrographic Data for the Zirconocene Dichlo-

ride/(D-lO)-zirconocene Dichloride Ligand Exchange

 

 

(A?) m/e-290 Eggmalgsgd IntSQSitegs 70 71 [295/290 F

0 100 5 95 100 52 54 50 0.05 0.044

1 100 13 95 100 40 55 30 0.13 0.070

2 100 24 110 100 52 90 30 0.24 0.13

4 100 15 99 100 75 55 52 0.15 0.05

5 100 21 100 100 47 55 43 0.21 0.11

15 100 31 102 100 44 55 29 0.31 0.17

24 100 40 95 100 51 55 45 0.40 0.22

35 100 74 105 100 55 54 42 0.74 0.40

45 100 95 112 100 50 54 30 0.95 0.52

50 100 135 122 100 55 57 51 1.35 0.73

71 100 155 125 100 55 55 40 1.55 1.0

53 100 155 123 100 55 55 30 1.55 1.0

 

The peaks between m/e = 60 and 71 were included to demonstrate that
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Figure 7. Mass Spectra of Exchange Mixtures

(a) at to and (b) at t
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ligand exchange, and not hydrogen exchange on the ligand, is the

main process in the photolysis. The absence of thermal exchange was

demonstrated by allowing a sample solution to reflux for 72 hours in

the dark, and obtaining the mass spectrum of the zirconocene dichlo-

ride species. No peak correSponding to the (D-5) species appeared in

the mass spectrum. The ratio of the intensities of the m/e = 295 and

290 peaks, I295/290, was computed for each irradiation time.

The fractions of exchange, F, were calculated on the basis of

equilibrium value of 1.86 for the ratio of the peaks at m/e = 295 and

290. The equilibrium value was determined by irradiating samples for

up to 83 hours, a period that required to reach a constant peak inten-

sity ratio. The plot of ln(l-F) !§_photolysis time, Figure 8, had a

slope of -0.0l3 and the intercept of (l-F) = 1.04, which were deter-

mined by a linear least squares treatment of the data. Writing the

McKay equation in the term of (4), the slope would be equal to

- RiEreactant A]+[reactant B]/[reactant A][reactant 8]} and the ex-

change rate, R, was computed as 5.2 x 10'5 M/hr. The quantum yield

calculated by using equation (6), dividing the exchange rate by the

light intensity, was 0.021 mol/Ei.

The equilibrium constant for the reaction :

5 s “V 5 5

calculated from the intensities of the exchange peaks in the mass

spectrum at t_ was K = (1295)2/(1290)(I300) = 2.8.

The photolytic cyclopentadienyl ligand exchange between zircono-

cene dichloride and bis(methylcyclopentadienyl)zirconium dichloride
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Figure 8. McKay Plot for CpZZrClZ/(D-10)Cp2ZrC12 Exchange
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was observed by the increasing intensity of the peak at mVe 8 304 which

5 5

corresponds to (n ‘C5"5)(" -cn3csu412rc1;' :

s s "9 s 5

The constant for approach to equilibrium for the reaction (8) was

measured as 2.3. These low figures for both systems might reflect

the side reaction with impurities or the simple photodecomposition at

the longer photolysis times. The exchange rate for equation (8) was

estimated as 4 x 10"5 M/hr. The presence of methyl group might de-

crease the rate of ligand exchange as compared with the zirconocene

dichloride/(D-lO)-zirconocene dichloride system.

An attempt was made to investigate the photoexchange mechanism by

following the proton nmr spectra for each irradiation sample. Only

slight broadening of the signal of the ten equivalent hydrogen in zir-

conium system was observed.

0. Possible Mechanism
 

A possible mechanism is proposed for the photoexchange of the

cyclopentadienyl ligand on titanocene dichloride on the basis of fun-

damental group theoretical and chemical considerations.9

It is reasonable to propose that the reduction in bond order from

n-bonded to a lower coordination number as the first step in the zir-

conocene dichloride/(0-10)-zirconocene dichloride ligand exchange re -

action :
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The attack of the entering group is thus allowed, following by the

possible rearrangement of o-ligand to u-bonded to give the exchanged

species. These are known for the thermal processes on some titanocene

Species.18'19

It must be noted that this sort of mechanism is uncertain in the

photolysis experiments. Further work is required for this mechanism

study.



PART TWO

PHOTOCHEMICAL REACTIONS OF

BIS(CYCLOPENTADIENYL)DIPHENYL TITANIUM(IV)
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PART TWO

INTRODUCTION

The origin of organo-transition metal chemistry can be traced to

1.20 Similar "sandwich" compoundsthe discovery of ferrocene in 195

have been obtained for some of the metals in the d-transition block

of the periodic table. Bis-ns-cyclopentadienyl complexes of vanadium,

chromium, magnese, iron, coblt, and nickel are fairly stable and can

be easily prepared by standard methods of organometallic synthesis?“22

However, bis(ns-cyclopentadienyl)titanium(II) appeared to have eluded

all attempts of its isolation. The initial preparation of titanocene

we4 or sodium25was done by Fischer and Irlilkinsonz3 in 1955. Magnesi

had been reported to reduce titanium(IV) to titanium(II). Electro-

chemical reduction of titanocene dichloride destroyed the titanium to

chloride bonds, leaving the titanium to cyclopentadienyl bonds intactgs"8

Thenmal degradation of alkylz9 or aryl3o’3] derivatives or, in some

32-34
cases, their reaction with hydrogen will often give titanium(II)

compounds.

The nature of titanocene varies with the methods of preparation:

thus, the parent titanocene (nS-C5H5)2Ti, the dimer, its rearrangement

product [(nS-C5H5)(u-C5H4)T1H]x, the hydride [(n5-5555)21153x(x s 2),

can all be formed. Several authorsas"37 have assumed a ferrocene-type

structure for titanocene and have attempted to calculate the electro-

nic enery states for titanocene (and zirconocene) in order to account

fer their diamagnetism. It has been contended that the high reactivity

24
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5

and, hence, instability of the monomeric (n ~05H5)2Ti species lies in

38,39
its carbenoid-type behavior. A number of characteristic reactions

of the highly reactive titanocene species have been observed by which

these reaction intermediates can be identified even in those reaction

systems in which their actual isolation is not feasible. Many reaction

with [CpZTiH]x, for instance, exhibit virtually all the characteristics

of titanocene, which are summarized in Figure 9 :40’41

 

 

 

 

 

deactivation

CO :5 [Cp(u-C5H4)TiH]2

_;, szTi(C0)2

-H / D-exchange

1:5p21i113x ——2—+ [5521i]2 _; [CpZTi 0:12

solvent \\\ CH3I

—% Cp Ti(I)CH

11 H 0 2 3
2 2

a *2 NH3 + Ti(IV)

solvent

Figure 9. Reactions of [szTiH]x in which titanocene

appeared to occur as an intermediate

presumably. titanocene (nS-C5H5)2Ti(II) is an intermediate in these

reactions.

As early as 1915 Benrath42 observed the photoreduction of alcoholic

solutions of titanium tetrachloride. Hunt and Winter43 found that

titanium halo alkoxides were eminently suitable f0r photoreduction to

provide a very simple route to titanium(III) complexes.

The dimethyl derivatives of titanocene, zirconocene, hafnocene de-

composed readily on photolysis with homolytic cleavage of the methyl-
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metal bond :2

hv

Cp21‘|(Ct13)2 % CpZM + 2 CH °

3

solvent

 

where M - Ti, Zr, Hf

In pentane the methyl radicals appeared as CH4. All spectroscopic

evidences indicated the presence of only u-bonded cyclopentadienyl

rings in the diamagnetic pyr0phoric residues. In the presence of di-

phenylacetylene. the metallocycles shown below were produced :

Ph Ph

I'Iv

Cp2M(CH3)2 + 2 PhCaCPh ———-) szM

pentane

Ph Ph

while carbon monoxide formed szTi(CO)2 with the titanium residue. It

is also able to form stable adducts with various substrates such as

hydrogen, nitrogen, nitric oxide, hydrochloric acid, and olefins as

well as acetylenes.

A photolysis of dialkyltitanocene compounds CpZTiR2(R -CH3,-CH2C6H5)

in the presence of elemental sulfur produced titanocene pentasulfide

szTiS5 along with other organic polysulfides.44

The photolysis of bis(fluorenyl)dimethyl zirconium in solution45

leads to cleavage of the methyl groups, with fermation of methane and

a bis(fluorenyl)zirconium-type compound of possible polynuclear nature.

A similar investigation of the chemical behavior of titanocene was

apply to bis(cyclopentadienyl)diphenyl titanium system. Convenient
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ways to generate and isolate titanocene were sought from this complex

as well as by means at low temperature. These reactions may have

proved to be an elegant way to prepare new organometallic compounds

of titanium.



EXPERIMENTAL

A. Materials and General Technique

Standard Schlenck-tube and high-vacuum techniques used for hand-

ling of the highly air-sensitive compounds involved in this work have

been presented in detail elsewhere.%’47

All spectra were recorded under similar conditions to those des-

cribed in part one. The esr spectra were recorded by use of a Varian

E-4 esr spectrometer and the instrument was calibrated with a pitch

sample (diphenylpicrylhydrazyl in potassium chloride and peroxylamine

disulfonate). A Hanovia 100 watt high pressure mercury arc lamp with

focus and power supplies was used to provide a point source of uv

light.

Reagent grade diethyl ether, tetrahydrofuran (THF), petrolum ether

(b.p. 30-600), benzene, toluene and hexane were refluxed continuously

over appropriate drying agents and distilled immediately before use.

Prepurified argon was further purified by passing it through an acti-

vated copper catalyst (BTS catalyst) and subsequently through Aquasorb

(containing phosphorous pentoxide). Carbon monoxide was Matheson Pre-

purified grade. Diphenylacetylene was recrystalized from alcohol.

Bis(cyclopentadienyl)diphenyl titanium was prepared by a modification

of the published method.48 After reaction of titanocene dichloride

with two equivalents of phenyl lithum, the solvent was removed by va-

cuum; the residue was extracted with methylene dichloride and then di-

ethyl ether and then recrystallized from diethyl ether. A yellow-

orange crystal was obtained with 70% in yield.

28
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B. Photolysis of Bis(cyclopentadienyl)diphenyl Titanium(IV) in

various Organic Solvents at Room Temperature.
 

1. Photolysis in benzene
 

A solution of 165 mg (0.5 mmol) of szTith in 50 ml of benzene

was irradiated through pyrex glass filter under argon with a 450 watt

Hanovia lamp at room temperature for 3 hr. The color of the solution

was changed from yellow-orange to dark green. After the evaporation

of solvent, biphenyl was sublimed for 24 hr. under vacuum at room temp-

erature to give about 70% in yield. The dark green residue was iden-

tified to be the polymeric [(ns-CSH5)2TiI-IJx by comparison of its ir to

that given by Brintzinger.4o

2. Photolysis in benzene-d5

Dissolved 10 mg of szTiPh2 in 1 m1 of benzene-d6. After 2 hr

irradiation, the dark green mixture was passed through a silicar gel

(60-200 mesh) column and eluted with hexane. The colorless crystal

which recrystalized from ethanol was analyzed by mass spectrometry as

biphenyl and biphenyl-d5 in a ratio of 8 to 1.

3. Photolysis in diethyl ether or hexane

The reactions were carried out in the same manner as described

5

as above. The biphenyl and polymeric [(n -05H5)2T1HJx were produced

in major amounts.

4. Photolysis in carbon tetrachloride
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About 90 mg of szTith was dissolved in 10 ml carbon tetra-

chloride and irradiated for 2 hr. A dark red mixture was obtained.

After removal the solvent, the dark red residue was sublimed at room

temperature to give biphenyl and continuously at 1300 to give titano-

cene dichloride which was identified by its color, m.p., and proton

nmr spectrum.

C. Low Temperature Photolysis of Bis(cyglopentadienyl)dipheny1_tita-

‘nium in the absence of Substrates
 

About 600 mg (1.8 mmol) of freshly powdered CpZTiPh2 was dissol-

ved in 90 ml toluene or 180 ml diethyl ether under argon. The yellow-

orange solution was immeresed into an acetone-dry ice bath for cooling

at least half hour before irradiation. After 2 hr of irradiation at

-78°, a dark green solution was obtained. The volume of the solution

was reduced to gg_20 ml by removing solvent in vacuo at -70 ~ -30°.

Twenty-five milliliters of hexane was added slowly into the slurry by

a syringe at -789. A grayish precipitate was filtered and washed twice

with fresh cold hexane, then dried under vacuum. Yield gg_80%. Tita-

nium analysis was performed by ignition to titanium oxide as : 26.62%,

28.08%, and 23.98%. Calculated Ti-% is 26.77% for ECpZTiHJx.

0. Low Temperature Photolysis of Bis(cyclopentadienyl)diphenyl Tita-

nium(IV) in the_presence of Substrates

1. Photolysis in the presence of carbon monoxide

szTiPhZ (600 mg, 1.8 mmol) was dissolved in 90 m1 toluene at

~789. One atmosphere of carbon monoxide was introduced at this temp-
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fur at least half hour before irradiation. The solution was still

kept as no color change. After 2 hr irradiation with carbon monoxide

bubbling through, the solution was readily changed to dark green.

Upon slowly warming the mixture to room temperature, the color changed

to red-brown. The toluene was removed in vacuum leaving a dark red

solid. The red residue was sublimed at 50-800 (0.1 mm Hg) to give a

red crystal which was confirmed as (ns-CSH5)2T1(C0)2 by comparison of

its ir spectrum to that given by Calderazzo et a1..49 Yield in 70%.

2. Photolysis in the presence of diphenylacetylene

About 1.1 g (6.2 mmol) of diphenylacetylene was added to the

toluene solution of CpZTiPh2 (3 mmol) under argon. The solution was

cooled for at least half hour and irradiated at -78° fur 2 hr.. A

dark green solution was obtained. Upon removal of solvent, excess die

phenylacetylene and biphenyl were removed by sublimation at 400 for 24

hr. The dark green residue was washed by 30 m1 petrolum ether and re-

crystallized from n-hexane. Yield 1.2 9 (£3, 75%) of green crystal

which was confirmed to be (ns-CSHS)2Ti(C4Ph4) by comparison of its nmr

(in 0014), ir (in Nujol), uv (in THF), and mass spectra to those given

by sonogasnira.5°

3. Photolysis in the presence of carbon dioxide

About 10'2 M solution of CpZTith in toluene was irradiated

with carbon dioxide bubbling through fur 2 hr at -78°. A dark green

solution was obtained. After dryness, the green residue was confirmed

as [szTiH]x polymer by comparison of its ir spectrum to that given by

Marvich.“ The carboxylation of the phenyl ring and to metallocyclo
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formation was found at very low concentration.



RESULTS AND DISCUSSION

The photolysis of bis(cyclopentadienyl)diphenyl titanium in ben—

zene solution produced the products such as biphenyl, benzene, and

titanocene :

hv

szTith --——-—-+ [szl'i]2 + C H + C H -C H
6 6 6 5 6 S

A free radical mechanism is likely since the radical coupling product

biphenyl is f0rmed in detectable amounts and the radical termination

reactions like the abstraction of hydrogen from solvents of the other

phenyl group to give the quantitative formation of benzene is detected.

The presence of benzene is established by photolysis of CpZTiPh2 in

benzene-d6 solution for different periods and the intensity of the peak

of benzene protons in nmr spectrum is increased gradually and reaches

a limiting value in 2 to 3 hr. The formation of biphenyl suggests

that the reduction of szTith might lead directly to CpZTi(II) or its

dimer as a reaction intermediate. It is also likely that the photo-

reduction follows some more complicated reaction pathways.

The isolation of [szTiH]x from the photoreduction of szTith in

various organic solvents is identified by its ir spectrum and titanium

5] The ir spectrum, Figure 9, shows the lack of any obser-analysis.

vable splitting in the out-of-plane C-H bending mode at 800 cm"1 and

the presence of an absorption at 1260 cm'1 instead of 1230 cm‘], which

has been attributed to the anti-symmetric vibration of TinTi ring in

the so called "titanocene".52 Absorption characteristic for u-bonded

cyclopentadienyl groups are found at about 3100 w, 1440 m, 1360 w,

33
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1120 vw, 1010 s and 500 vs en“.53

Irradiation of CpZTith in THF-d8 at --780 leads to the broadening

of the the proton nmr signal of the ten equivalent hydrogens in bis-

(cyclopentadienyl)diphenyl titanium, indicating the generation of a

diamagnetic species.

The esr method is applied to trace the course of the photoreduc-

tion of szTiPh2 in THF solution at low temperature. A complex signal

is observed at the field of about 3320 gauss for an initial period of

30 miniutes irradiation at -60°, Figure 10. Through the intermediary

stages, the esr spectrum of the solution consists of two signals,54

the number of particles [szTi~Solv] or [szTillifi:]3 are responsible

for the appearance of the singlet at g a 1.979 changing with tempe-

rature. The singlet 2 with g = 1.985 probably relates to particles

of the type [szTi-Solvjz, which were described previously.55 At tem-

perature above -60°, the intensity of the one signal at high field is

increased gradually as prolonged irradiation time, see Figures 12-14.

The similar appearance, Figure 15, is shown in the esr spectrum

as that of Figure 11, which is allowed to warm to room temerature with

the interruption of irradiation. The dependence of the intensity of

the signal 1 on temperature shows that the disappearance of this sig-

nal is related to the process of dimerizing this complex :54

2 [szTi'Solv] : [szTioSolv]2

TherefOre, when the solution temperature is lowered, there is a dime-

rization of titanium reduction products.

When the sample solution irradiated at room temperature for 10
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3290 3320 3350

Figure 10. Esr Spectrum of szTiPh2 for 18 min

Irradiation in THF at -600
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 9,-1.979

gZ-l.985

  
1 ' '

3290 3320 3350

Figure 11. Esr Spectrum of szTith for 55 min

Irradiation in THF at -60°
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3290 3320 3350

Figure 12. Esr Spectrum of szTith for 55 min Irradiation

in THF at -50° and 3 min at -40°
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3290 3320 3350

Figure 13. Esr Spectrum of CpZTith for 55 min Irradiation

in THF at -50° and 5 min at -20°



4O

 

I 1 I

3290 3320 3350

Figure 14. Esr Spectrum of szTith for 55 min Irradiation

in THF at -50° and 2 min at 0°



4T

1-——-T8.T G "—""'

 gz=l.976

  

      

91:1.985  
3400 3430 3460

Figure 15. Esr Spectrum of szTith for 55 min Irradiation

in THF at -60° then allowed to warm to room temp.
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miniutes, a singlet at g - 1.986 is observed. When cooled to -60°, a

similar esr Spectrum as that of Figure 10 is appeared. As irradiation

time continued 30 miniutes in THF at —60°, the esr spectrum consists

sort of triplet, Figure 16, the dihydride titanium complexes respon-

sible for the appearance of this triplet at g - 1.986 with one of the

triplet superimposed with the siglet at g = 1.979 which probably re-

sults to the particles [szTi-Solv] or [szTiA—II©].

The esr spectra recorded in the course of photoreduction of bis-

(cyclopentadienyl)diphenyl titanium in THF at room temperature are

shown in Figures 17-20. The sample solution shows a singlet at g 8

1.980 as irradiated for 27 min., Figure 18. By continuously irradi-

ating at room temperature, a species of [CpZTiH THF] is observed in

Figure 20. The signal is split by an interaction with two non-equi-

valent hydrogen atoms. A main doublet splitting of 4.8 gauss is in

turn split by a second hydrogen atom with 1.5 gauss. Both signals are

existable for less than 10 miniutes at room temperature.

0n the basis of the analysis of these esr spectra, it indicates

that the photochemical reaction of CpZTith in solutions produces the

solvated monohydride titanium species as the first step or the pheny-

lene titanium complexes, [CpZTiI—I-1©], which one of the orginally a-

bonded phenyl ligands might be promoted to a-allylic transition state

by interaction of n-electron system of the phenyl group with a vacant

metal orbital. This type of o-w rearrangement has been reported for

56 The second step of thisother transition-metal phenyl derivatives.

photoreduction results in the titanium(II). szTi moiety, as the reac-

ti on intermediate.

The isolated [szTiH]x is a convenient source of a highly reactive
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i gz-l.979

 

t—TO G ""‘ »

9281.986   
1 1 1

3290 3320 3350

Figure 16. Esr Spectrum of szTith for 10 min Irradiation

in THF at room temp. and then 30 min at -60°
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3400 3430 3460

Figure 17. Esr Spectrum of szTith for 8 min

Irradiation in THF at room Temp.



3400

45

   
3430

Figure 18. Esr Spectrum of CpZTith for 18 min

Irradiation in THF at room temp.

3460
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981.980

 
3400 3430 3460

Figure 19. Esr Spectrum of CpZTith for 27 min

Irradiation in THF at room temp.
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9-1.980

 

 
3400 3430 3460

Figure 20. Esr Spectrum of szTiPh2 for 50 min

Irradiation in THF at room temp.
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form of titanocene. When the hydride is suspended and stirred in

solvents, a species of composition of [szTi]2 results :40

solvent

[szTiH]x 2;: [szTi]2 + H2
 

The postulated intermediate [CpZTi]2 exhibits a striking analogy of

its reaction patterns to those of a carbene. Stable titanocene add-

ucts can be formed from the reactions of [szTiH]x with various sub-

strates.

39 in which anAn oxidation-reduction reaction has been reported

interaction of titanocene with diphenylacetylene leads to the forma-

tion of an adduct, CpZTi [C2(C6H5)232. heterocyclo-l,1-dicyclopenta-

dienyl-2,3,4,5,-tetraphenyl-1-titanacyclopentadiene, which is quite

air stable at room temperature.

The ir spectrum of red adduct szTi(C0)2 shows two very strong

bands at 1975 cm"1 and 1897 cm'1 in Nujol, which indicate the charac-

teristic of C-0 stretching region. The photolysis reaction provides

a simpler synthesis of szTi(C0)2 with a higher yield than that in

57 which requires the use of high pressure and tempe-the literature,

rature. Our results are to be compared with those reported58 for the

carbonylation of CpZTiPh2 in good yields of benzophenone, but no car-

bonyltitanium was obtained.

The photoreactions of bis(cyclopentadienyl)diphenyl titanium in

various substrates were summarized in Figure 21. In the absence of

other substrates, the irradiation of CpZTiPh2 in solvents only gave

titanocene monohydride polymer. Many stable titanocene adducts are

obtained in the presence of substrates :
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solvents

[CPZTTHJX (X22)

hv, -75° 50

szTith As szTi(C0)2

toluene 1 atm Ph Ph

PthCPh

‘2 Cp Ti
2

Ph Ph

Figure 21. Photoreactions of szTith

The photoreaction of szTith with carbon dioxide would not lead

to carboxylation of the phenyl ring to form metallocycle (I) as re-

(I) szTi\0_éc (II) szTio-1(::)

\

‘\0

ported.59 This probably suggests that either the intermediate pheny-

lene titanium complex (II) would not exist or the concentration is too

low to catch up to form the adduct (I).

Possible Mechanism

The above experimental results seem to be best explained by the

intermediary formation of a reactive metallocene yig_photodissociation

of the phenyl ligands. The reactive intermediate might then react
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either by attacking the available substrates to form a stable adduct,

or else, 31; dimerization or polymerization to form titanocene mono-

hydride :

 

  

°' 5.1;5pztiii]x (x32)

h polymeriz.

szTi th ——o—-r [szTiJZ-

-78

solvent 2_¢ Ti(IV) Adducts

substrates

A conceivable reaction route is radical coupling (or abstraction)

followed by recombination steps :

hv

szTith -—————-—e CpZTi + 2 c6 5- (dissociation)

-75°

szTi + Solvent -—--+ [szTiH]x (abstraction)

CGHS' + Solvent —-——e 06116 (abstraction)

CpZTl + Subst.-—---’ Ti(IV) Adducts

All of the previous photolysis products were characterized by

comparing their proton nmr and ir or mass spectra with the reported

data. They were obtained virtually without side reactions. However,

the photolysis pathways can be ultilized as a convenient new route

to synthesize the titanocene derivatives. Since a variety of titanium

compounds has shown to catalytically hydrogenate alkenes and alkynes,
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and the ability of fixation and reduction of molecular nitrogen.
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