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Photochemistry of Cp,Ti(CO), and Cp,Ti(N,), in solid matrices

and in solution at low temperatures
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Abstract

Photolysis of Cp,Ti(CO), in various solid matrices (Ar, CH,, CO, 2-MeTHF) at temperatures below 120 K generated (the
previously unknown) Cp,TiCO. The 16-valence electron species was characterized by IR spectroscopy and the back-reaction with
CO was studied. The CO stretching frequency of the product was shown to depend on the donor strength of the matrix material
used. Cp,Ti(N;), was photolysed in a CO-doped Ar matrix at 12 K. Four photoproducts (Cp,TiCO, Cp,Ti(CC),, Cp,Ti(NCO),,
Cp,Ti(N;),) were identified by IR spectroscopy. A plausible mechanism for the photodecomposition of Cp,Ti(N;), via Cp,Ti(NXN,)
and Cp,Ti is suggested. The reaction with CO was also monitored in liquid xenon (LXe) at 243 K and in toluene at room
temperature under CO pressure; Cp,Ti(NCO), was produced in both cases.

1. Introduction

The experiments reported in this paper were carried
out to elucidate the complicated chemistry of the 14-
valence electron (VE) species of Cp,Ti [1]. Previous
reports revealed that this complex could not be iso-
lated, and the product formed by reduction of, e.g.
Cp,TiCl, turned out to be a hydrogen-bridged fulvene
complex [2].
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Introduction of permethylated Cp-rings (Cp*) will of
course increase the stability of this compound. How-
ever, Cp, Ti is still coordinatively unsaturated and it is
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believed that in the decamethyl derivative there is
reversible activation of an intramolecular C-H bond

[3].
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Initially, Cp,Ti(CO), (I) and Cp,Ti(N;), (II) seemed to
be possible precursors for the titanocene system. The
last system is electron deficient. The first compound
has titanium in the right oxidation state and the com-
plex is known to be photochemically active [4]. The
second compound is also a possible titanocene precur-
sor, since azide groups normally give dinitrogen ligands
to form Cp,Ti(N), in the first instance [5] and finally
open sites at the metal centre [6,7]. Vogler et al. [7]
have studied the fate of the azide groups after irradia-
tion but without obtaining definite evidence. With W
as the metal centre, Rest revealed the presence of
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NCO as a ligand in the final product from CpW(CO),
(N) after irradiation in a CO matrix [S]. In considering
the reaction mechanisms and the possible reactions,
ring-slippage must be taken into account [8]. In order
to monitor the reactions under very mild reaction con-
ditions, frozen matrices and cold inert solvents were
used as media.

2. Experimental details

The starting materials Cp,Ti(CO), and Cp,Ti(N,),
were prepared by published methods [9,10]. The syn-
thesis of Cp,Ti(N;), involved a stepwise substitution
via Cp,Ti(CIXN,) as an intermediate; the latter had
v,(N,) at 2063 cm ™! (eqn. (1)).

aN aN;

) +N. . +N .
Cp,TiCl, ——= Cp,Ti(C(N3) —=2 Cp.Ti(N),
(1)

High purity gases Ar (4.0; AGA), N, (5.2; AGA),
CH, (5.0; AGA), CO (4.7; AGA), *CO (99.8% C,
14.8% '*0) (Matheson), Xe (4.5; Air Products) were
used as purchased. Solvents were dried by conventional
means and stored under nitrogen.

Matrix isolation studies were performed with a Dis-
plex Air Products and Chemicals closed cycle cryostat
that cooled a CaF, plate to 12 K. The parent com-
pounds were sublimed from a Knudsen cell at 80°C
(Cp,Ti(CO),) or 100°C (Cp,Ti(N;),) and cocondensed
with a large excess of matrix gas (ratio 1: 1000-5000) at
12 K for 2 h.

Solid 2-MeTHF matrices were prepared in a low
temperature IR cell. The solution (0.1-0.01 M) was
injected between two CaF, plates (0.3 mm spacer) and
cooled down rapidly in an Oxford Instruments XL-500
Cryostat to avoid crystallization.

TABLE 1. Spectroscopic data
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Fig. 1. IR spectral changes in the »(CQ) stretching region upon

photolysis of Cp,Ti(CO),(I) in an Ar matrix at 12 K. I = Cp,Ti(CO),;

III = Cp,Ti(CO); small amounts of CO are always deposited in the

matrix as a result of decomposition of I and oxidation of the

diffusion pump oil.

(=1

Unless stated otherwise the irradiation source was a
200 W Hg-arc (Oriel Corporation), with a water-filled
50 mm quartz cell filter followed by an interference
filter (313 nm). IR spectra were recorded on a Nicolet
7199 B FT-IR spectrometer (4000-1200 cm ™}, 32 scans,
resolution 1 cm™!), UV-VIS spectra on a Perkin—
Elmer Lambda 5 spectrophotometer (900-190 nm, 1
scan, resolution 2 nm).

Solution reactions under CO pressure were either
studied in a UV-VIS transparent autoclave made from
a 10 cm sapphire tube or in a pressure-resistant LXe
IR cell connected to a Bio-Rad FTS-7 FT-IR spec-
trometer (4000-1000 cm™!, 32 scans, resolution 2
cm™1). Details of the autoclave [11] and LXe IR cell
[12] have been described previously.

Compound Matrix IR frequencies Electronic absorptions
(cm™Y) (nm)
1 Cp,Ti(CO), Argon 1982 and 1903 308 and 379
| Cp,Ti(N;), Argon/CO 2081 and 2056 291 and 413
N, 2084 and 2059
LXe 2078 and 2050
m Cp,Ti(CO) Argon 1890
CH, 1875
v Cp,Ti(COX2MeTHF) 2MeTHF 1822 403
A% Cp,Ti(NCO), Argon/CO 2218 and 2205
LXe 2216
VI Cp,Ti(N,), Argon/CO 2080

LXe

2140 and 2080
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3. Results
3.1. Investigations in Cp,Ti(CO),

3.1.1. Matrix studies

The first experiments were carried out with frozen
gas matrices. The IR spectrum of Cp,Ti(CO), (I) iso-
lated in solid Ar at 12 K showed two terminal CO-
stretching vibrations at 1982 and 1903 cm™! respec-
tively (Fig. 1). The UV-VIS spectrum of 1 measured in
C¢H,, showed a band at 308 nm (e=8000 mol !
cm™~?!) [13] with a shoulder at 379 nm, probably be-
cause of its lower intensity, belonging to a ligand field
transition. Upon UV irradiation, the parent CO bands
decreased in intensity while a new CO vibration ap-
peared at 1890 cm ™. In addition, bands belonging to
free and matrix-cage isolated CO appeared at 2136 and
2145 cm™1, respectively. However, the possibility that
the band at 2145 ¢cm~' is due to CO...H,O [14]
cannot be excluded.

The 1890 cm™~! band is assigned to the photoprod-
uct titanocene monocarbonyl III, formed by the CO-loss
reaction (eqn. (2)).

2738 mm/38 ~y TiCo + CO 2
Ar matrix/12K (IH)

The CO abstraction proved to be reversible under
matrix conditions, and a nearly complete back reaction
took place during three annealing cycles to 30 K. This
shows that III is a short-lived intermediate in the
presence of CO. No evidence was found for a sec-
ondary photochemical reaction when the irradiation
time was prolonged to 24 h. This means that ‘Cp,TV’
could not be produced in this way. It was not even
possible to achieve a complete conversion of I into III,
probably because of the thermal back reaction of III at
higher CO concentrations.

To confirm the above reaction, the photolysis was
repeated under similar conditions in a methane matrix.
Figure 2 shows the IR spectrum of I, isolated in a
methane matrix. The two CO fundamentals now have a
matrix splitting of 4 cm™!, probably due to slightly
different environments (»(CO) 1971/1975 cm™! and
1894 /1890 cm—1).

Irradiation induced a major reaction of the species
having higher frequencies for both doublets to give
titanocenemonocarbonyl (III) (eqn. (3)) having »(CO)
at 1875 cm™! (Fig. 2). This difference in photochemical
rates can be attributed to reaction at two sites in
different environments.

A=313 nm/4h

O, o/ 12 & Cp,TiCO + CO (3)
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Fig. 2. IR spectral changes in the v(CO) stretching region upon
photolysis of Cp,Ti(CO), (I) in a methane matrix at 12 K (I=
Cp,Ti(CO),; I = Cp,Ti(CO)).

There is a matrix shift of about 15 wavenumbers
between III in Ar and CH,, indicating a significant
interaction between III and the matrix molecules, but
there is no spectroscopic evidence for C—H activation
of methane by III.

Back reaction occurred at 30 K in the dark, again
confirming the poor stability of III in the presence of
CO. Just as in the Ar matrix, free and matrix-cage
isolated CO absorb at 2136 and 2145 cm™!, respec-
tively. Prolonged irradiation did not give rise to ti-
tanocene formation via III.

In a further experiment, I was isolated in a pure CO
matrix in order to study the coordination of a third
CO-ligand under “ring-slippage” [8]. The two CO fun-
damentals of I found at 1975 and 1894 cm ™!, respec-
tively, are broader than in Ar because of stronger
matrix interactions. Although irradiations were carried
out at different wavelengths no association of CO by
ring-slippage [8] was observed (eqn. (4)).

hy
I —— (n3~ 5 i

CO matrix/12 K (1’ CD)(’I] Cp)Tl(CO)3 (4)

The final matrix material used was a 2-MeTHF
glass. A 0.1 M solution of I was placed in an IR liquid
cell and cooled down to 120 K. Two CO frequencies
were then observed, at 1962 and 1876 cm™!, respec-
tively. The frozen solution was irradiated for 2 min
with unfiltered light from the Hg-lamp. A substantial
amount of I had then been converted into the mono-
carbonyl-2—-MeTHF adduct (IV) (eqn. (5)), absorbing at
1822 cm™!, and free CO (»(CO) 2132 cm™!) (Fig. 3).
Because of the high yield of the reaction the UV-vis
spectrum of IV could be recorded, and showed a well
resolved band at 403 nm. This band probably belongs
to the lowest LF transition, since it is shifted to lower
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Fig. 3. IR spectral changes in the »(CO) stretching region upon
photolysis of Cp,Ti(CO), (I) in a 2-MeTHF glass at 120 K. (I =
Cp,Ti(CO),; IV = Cp,Ti(COX2-MeTHF),

energy (379 — 403 nm) when CO in I is replaced by
2-MeTHF to give IV.

hv /2 min .
2-MeTHF /120K Cp,Ti(CO)(2-MeTHF) + CO  (5)

After generation of IV the matrix was allowed to
warm up smoothly. At 170 K, the back reaction with
CO took place. The lifetime of IV (¢, ,,) was found to
be 2 min at this temperature.

3.2. Investigations in Cp,Ti(N;),

3.2.1. Matrix studies

The next precursor molecule, Cp,Ti(N,), (II), was
matrix-isolated in a 2% CO-doped Ar matrix. In addi-
tion to a band at 2139 cm ™! belonging to frozen CO, a
split absorption of »,(N;) at 2081 and 2056 cm™!,
respectively, was observed in the IR spectrum, but
there was no evidence for formation of Cp,Ti(N,),-
(CO). The UV-VIS spectrum of this orange compound
(II) showed two absorption bands at 291 and 413 nm,
respectively, belonging to LMCT transitions [15].
Wavelength-dependent photolysis (313 or 450 nm) re-
sulted in the formation of four identified photoprod-
ucts: Cp,Ti(CO) (IID) (»(CO) 1878 cm ™), Cp,Ti(CO),-
(D (»(CO) 1979/1898 cm™!) and a larger amount of
the N-bonded [16] Cp,Ti(NCO),) (V). Complex V was

(Iv) identified from its characteristic »,(NCO) bands at
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Fig. 4. Infrared spectra in the 2250—-1800 cm~! region after irradiation of Cp,Ti(N;), (II) in a 2CO doped Ar matrix at 12 K (a) and after
irradiation of II in a 13CO doped Ar matrix at 12 K (b). (c) Infrared spectrum in the 2250-1800 region after irradiation of II in a N, matrix at 12
K (I = Cp,Ti(CO),; I = Cp,Ti(CO); V= Cp,Ti(NCO),; VI = Cp,Ti(N,),).
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2218 and 2205 cm™!, respectively [17] (Fig. 4a). An-
other photoproduct (VI) had an absorption band at
2080 cm™! (egn. (6)). To confirm the formation of
these photoproducts, the experiment was repeated with
13C-enriched CO (99.8 % 13C; 148 % 20). The
v,(NCO) bands were then shifted by about 60 cm™~! to
lower frequencies (v, (N*CO) 2155/2145 cm™') and
the CO stretching vibrations of 1 (»(3*CQ) 1934 /1857
cm™!) and I (»(*3CO) 1838 cm~1!) by about 40 cm !,
in agreement with earlier data [18] (Fig. 4b). Because
no shift for the band at 2080 cm ™! was observed in the
13CO-doped Ar matrix experiment, this band was at-
tributed to a dinitrogen vibration.

To prove that such a dinitrogen complex was formed,
the experiment was repeated in a pure dinitrogen
matrix. The two azide bands of II then appeared at
2084 and 2059 cm !, respectively, slightly different in
frequencies from those observed in the CO-doped Ar
matrix. Photolysis resulted in complete decomposition
of II and the appearance of two new IR bands, at 2140
and 2080 cm~!, respectively (Fig. 4c). The weak ab-
sorption at 2140 cm ™! was hidden in the earlier CO
experiments. We attribute these bands to the antisym-
metric and symmetric dinitrogen-stretching vibrations
of the titanocene-bis-dinitrogen complex Cp,Ti(N,),
(VD) (eqn. (6)), but definite proof could only be ob-
tained by *N, experiments.

+CO

—»———  Cp,Ti(N,),(CO)
hv | Ar matrix/12 K

I (6)

+CO

L
Ar matrix/12 K I+ +V+VI

3.2.2. Solution studies

In order to obtain more information about the pho-
tochemical reactivity of II in solution, we investigated
the reaction with CO in LXe. This solvent is an excel-
lent medium in which highly reactive intermediates can
be stabilized and detected [12,19], since it is nearly
inert to chemical reactions. Moreover, it is transparent
in the UV-VIS and IR region and it can be cooled
down to 170 K.

The IR spectrum of II in L.Xe (19 bar Xe + 1 bar
CO) at 243 K shows the absorptions of v, (N;) at 2078
and 2050 cm ™!, respectively. Unfortunately this maxi-
mum temperature of the LXe cell had to be used
because of the low solubility of the parent compound
at lower temperatures. Irradiation for 10 min elimi-
nated the small amount of II and produced V as the
only detectable photoproduct (v, (NCO) 2216 cm™!,

br) (eqn. (7).
A=313 nm/10 min

LXe+CO/243 K Cp,Ti(NCO), (7

v)

V was also synthesized in a conventional solvent at
room temperature. A 0.1 M solution of II in toluene
was transferred under CO into a sapphire autoclave
and the pressure was increased to 50 bar. After 10 min
irradiation, the pressure was released and all volatiles
were evaporated. At least two compounds had been
formed: V, identified from its IR spectrum in Nuyjol,
and a species absorbing at 2082 cm™!, probably a
titanium dinitrogen complex, with an unknown struc-
ture. This reaction did not produce I or VI (eqgn. (8)).

A =313 nm/10 min
toluene /50 bar CO/RT

Cp,Ti(NCO), + titanium—dinitrogen complex (8)
V)

4. Discussion

Unsubstituted titanocene was not produced by pho-
tolysis of I in an Ar or CH, matrix at 12 K nor in a
2-MeTHEF glass at 120 K. The photolysis resulted in the
formation of the 16 VE complex titanocenemonocar-
bonyl .(IIl) in the former case and the 18 VE species
Cp,Ti{(COX2-MeTHF) (IV) in the latter.

Complex III is a very reactive, coordinatively satu-
rated species, which incorporates CO rapidly at 30 K
nearly without any activation energy, just at the point
when the frozen gas matrix allows some diffusion.
However, III does not activate methane from the ma-
trix by an oxidative addition process.

In the less rigid medium 2-MeTHF, which has larger
‘matrix holes’ compared with solid Ar-or CH,, the
yield of IV can reach a value of 50% after a markedly
short irradiation time. In contrast to III, IV is more
stable because of its 18 VE structure. However, since
2-MeTHF is only a o-donor, without the possibility of
7 back-bonding, it is readily replaced by CO at 170 K
in the solid state. The CO-stretching vibrations of I, HI
and IV give some information about the electronic
structure of these carbonyls. In I, the average value of
the carbonyl frequencies is 1940 cm~!. Thus we start
with a relatively strong w-back bonded system (com-
pare, e.g. C{CO), v(C) = 2000 cm™!). The low-coor-
dinate, 16 VE complex III gives a CO frequency of
1890 or 1875 cm™!, depending on the matrix material.
Due to the strong o-donation of 2-MeTHF, complex
IV shows more 7 back-bonding to CO. As a result,
»(CO) is observed at a much lower frequency (#(CO)
1822 cm™1).

Finally, these frequencies can be compared with
those for the known complex Cp,Ti(COXPMe,). In
this 18 VE complex, CO and PMe, interact as good
mr-acceptor ligands, and PMe;, is also a valuable donor.
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The CO band appears at 1863 cm ™! [4], between the
values of Cp,Ti(CO), and Cp,Ti(COX2-MeTHF). The
photolysis of I was always performed at the 313 nm line
of the Hg-arc. This means that the Ti—C bond energy
must be lower than 383 kJ mol L.

Photodecomposition of II ends up closer to ti-
tanocene. In a CO-doped Ar matrix there is some
circumstantial evidence for formation of a titanocene
intermediate (a 14 VE species) that adds one or two
molecules of CO to end up as titanocene carbonyl (I or
III). Surprisingly there is no hint of the formation of
the mixed 18 VE complex Cp,Ti(COXN,). Instead the
preferred reaction is the stepwise loss of dinitrogen to
give a titanocene-azidenitride intermediate that reacts
with CO to give titanocene-diisocyanate (V) (Scheme
1). The NCO ligand may be formed via a metal nitride
complex that captures CO in the outer sphere, rather
than by preliminary coordination of CO to the parent
compound II [5]. This product can also be formed in
toluene solution at room temperature and in cold LXe
under CO pressure.

Under matrix conditions (pure N, and CO doped
Ar matrices) there are also bands in the 2000 cm™!
region, which indicate the formation of Cp,Ti(N,),
(VD). A titanium—dinitrogen complex is also formed in
solution studies (eqn. (8)), but with an unknown struc-
ture, probably with less nitrogen per titanium than VII,

owing to the higher reaction temperature and lower
nitrogen concentration.

However, even under matrix conditions titanocene is
a reactive intermediate which tries to complete its
coordination sphere. Photolysis of II secems to be a
suitable way of initiating reactions of this low-coordi-
nate organotitanium substrate. The photo-products of
II formed in Ar/CO or dinitrogen matrices provide
evidence for the loss of dinitrogen, either stepwise to
form Cp,Ti(NXN,), or complete to form Cp,Ti as
intermediate. A third possible route, via Cp,Ti(N,),
was not observed.

In the near future we plan to investigate reactions
with decamethyltitanocene compounds in cold LXe
[20].
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