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One of the major challenges for mankind concerns power
supply. Renewable forms of energy are being investigated
intensively as an alternative to the fossil resources commonly
used nowadays.!! As all types of such renewable energies
(except geothermal and tidal power) originate in the solar
radiation, direct utilization of this ubiquitous sustainable
energy source appears to be most reasonable. Apart from
photovoltaic electricity production, for example, by Gritzel
cells,” the conversion of sunlight into chemical energy is
a very promising research topic.

After the discovery of the Honda-Fujishima effect, which
describes the photoassisted generation of dihydrogen and
dioxygen from water using a TiO,/Pt electrode array,”!
scientists have investigated dihydrogen and dioxygen evolu-
tion independently as well as in combined overall water
splitting systems.! To obtain insights into this reaction,
numerous homogeneous systems have been developed;™
however, an understanding of the processes at the molecular
level is still very difficult. This motivated us to study the
reactions of well-defined early transition-metal complexes,
especially titanocenes, with water as well as their behavior
upon irradiation with light on the molecular level.

In this context, Milstein and co-workers have described
a homogeneous process that leads to the stoichiometric
liberation of dihydrogen and dioxygen in two consecutive
thermally and light-driven steps that are mediated by mono-
nuclear, well-defined ruthenium pincer-type complexes.!”!
Moreover, very recently, Li and Yoshizawa theoretically
studied the dihydrogen generation by reductive cleavage of
water and a-H abstraction on a molybdenum complex, thus
demonstrating that these reaction motifs are also applicable
for early transition-metal complexes.®

We have investigated the reaction of the low-valent
decamethyltitanocene alkyne complex [Cp*,Ti(n’-Me;Si-

[*] M. Kessler, S. Schiiler, Dr. D. Hollmann, Dr. M. Klahn,
Dr. T. Beweries, Dr. A. Spannenberg, Prof. Dr. A. Briickner,
Prof. Dr. U. Rosenthal
Leibniz-Institut fiir Katalyse e.V. an der Universitit Rostock
Albert-Einstein-Strasse 29a, 18059 Rostock (Germany)
E-mail: uwe.rosenthal @catalysis.de

[**] We thank our technical and analytical staff for assistance. Financial
support by the BMBF is gratefully acknowledged.

(M) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201202097.

SWILEY i

ONLINE LIBRARY

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C,SiMe;)]  (Cp* = n’-pentamethylcyclopentadienyl) — with
water to give the corresponding dihydroxido complex
[Cp*,Ti(OH),] (1) and dihydrogen.”] More recently, we
have demonstrated that the decamethyltitanocene(III) spe-
cies [Cp*,TiOTf] (OTf= trifluoromethylsulfonate) reacts
with water to give the titanium(IV) complex
[Cp*,Ti(OH)OTf] and dihydrogen in a redox reaction.l”!
Furthermore, we have shown that the oxidation of the
titanocene center proceeds stepwise by dissociation of the
OT{ group and coordination of two molecules of water, most
likely followed by oxidation of the titanium(III) species and
dissociation of one equivalent of water (Scheme 1). Of note,

n +H vV OTf
Cp*2Ti(OTf) ————————> Cp*,Ti{
+2H,0
n OHT® o _-HO l_OH,
Cp*,Ti{ OTf Cp*aTig
“OH, Kol

Scheme 1. H, evolution by the reaction of a decamethyltitanocene(ll1)
complex and water.

this reaction is thermally driven and also takes place in the
complete absence of light. This reaction sequence can serve as
a model for the first half-reaction of overall water splitting,
that is, dihydrogen evolution.

To extend our studies to the second half-reaction, namely
water oxidation to dioxygen, we investigated the photo-
assisted degradation of the known decamethyltitanocene
complex 1. Bearing in mind that generation of dioxygen is
known to take place at the TiO, site,” this approach appeared
to be promising. The photoassisted reduction of titanium(IV)
species is known in principle and was reported before by
Robertson, Sadler, and co-workers for titanium(III/IV)
citrate complexes.!!!

Irradiation of a solution of complex 1 in n-hexane at room
temperature for 18 h results in a color change of the solution
from yellow to green and formation of a yellow precipitate.
Isolation of the solids and recrystallisation from THF yielded
a yellow crystalline material, which was found to be a mixture
of two tetranuclear p-oxo-bridged titanium complexes: the
previously unknown compound [(Cp*Ti),(OH),(u-O)s] (2)
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Scheme 2. Competing reaction pathways 1 and 2 during irradiation of complex 1. Formal oxidation states for the complexes are given. Only the
formal oxidation state of one Ti center is given in complexes 2 and 3 for clarity.

and the known species [(Cp*Ti),(u-O)s] (3), which was
described before by Day and Klemperer (Scheme 2).['%

The presence of complex 3 was confirmed by 'H NMR
([D¢]benzene, 6 =2.08 ppm) and mass spectroscopic analysis
(M" at m/z 829); furthermore, X-ray analysis established the
constitution of this species unequivocally. Interestingly, in the
formation of both isolated complexes, one of the Cp* ligands
was cleaved off from the decamethyltitanocene starting
material 1.

Such light-induced eliminations of cyclopentadienyl
ligands are known in principle and were described by Vitz
and Brubaker, for example.[' It should be noted that even on
exposure of a solution of complex 1 to daylight for several
weeks, formation of these tetranuclear complexes readily
takes place.

In the course of the irradiation of 1 in n-hexane, the
tetranuclear complex 2 was formed and crystals suitable for
an X-ray analysis were obtained from the reaction solution
(Figure 1).11 All four titanium centers display a slightly
distorted tetrahedral coordination geometry, with each metal
atom bearing a Cp* ligand. Two of the titanium atoms are
connected to a terminal OH group and two p-bridging oxygen
atoms, whereas the other two are bound to three p-bridging
oxygen atoms. The mean Ti—O distance in 2 is 1.834 A, which
is in good agreement with the average value found before in
complex 3 (1.837 A).l" In fact, all of the other characteristic
distances and angles are in the same range and match well
with values reported for other organotitanoxanes.'””! In the
"H NMR spectrum ([Dg]benzene), characteristic signals are
present at 5.21 ppm and at 2.07 and 2.05 ppm, corresponding
to the OH and Cp* groups, respectively.

Figure 1. Molecular structure of complex 2. Ellipsoids are set to 30%
probability; hydrogen atoms (except H1 and H2) are omitted for
clarity.
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It is easy to understand that 2 should be an intermediate
for the formation of 3, as condensation of both terminal OH
groups yields the fully condensed, sixfold p-oxo-bridged
species 3. However, the formation of these complexes from
complex 1 should follow a radical pathway, implying disso-
ciation of a Cp* radical with the elusive species [Cp*Ti(OH),]
(A) as the intermediate. The latter could then be coupled
stepwise, accompanied by elimination of H- radicals, to give
the Ti"V complexes 2 and 3 (Scheme 2). This assumption is
corroborated by the observation of dihydrogen formation
(gas chromatography and 'HNMR ([D¢]benzene), 6=
447 ppm) as well as by detection of Cp** radicals by EPR
spectroscopy (see below).

A deeper insight into the formation mechanism of
complexes 2 and 3 can be obtained from in situ EPR studies
(see also the Supporting Information). This technique has
proved to be very useful for the spectroscopic control of
reactions involving organometallic radical species;!" for
example, a detailed study of the HAT (hydrogen atom
transfer) reaction involving [Cp,TiCl] and water was pub-
lished very recently by Gansiuer et al.'”! Upon irradiation of
the Ti"V complex 1, two Ti'" signals are immediately detected
(Figure 2). Based on spectrum simulations (Supporting Infor-
mation, Figure S2),!®! the signal at g=1.9773 with super-
hyperfine structure (shfs) from coupling of the single Ti™
electron to two protons of OH groups (21="/4, A;=2.1 G) is
assigned to [Cp*Ti(OH),] (A), which is formed from complex

A (g=1.9773)

4(g=1.9771)

rel. EPR-Intensity

———v21.5min

3400
B,IG

Figure 2. EPR spectra of the irradiation of complex 1 in n-hexane.
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1 by dissociation of a Cp* radical (Scheme 2). The weak

signals in the low- and high-field range are due to hyperfine

structure (hfs) coupling to the nuclear spin of the isotopes *’Ti

(I=5/2) and “Ti (I =7/2; Supporting Information, Figure S2).

The second Ti™ signal at g=1.9709 (Figure 2; Supporting

Information, Figure S2) is tentatively assigned to the degra-

dation product B from the degradation of A (Scheme 2). A

third Ti"" signal at g =1.9771, superimposed on the hfs signal

at 1.9773, has been discerned by spectra simulation (Support-
ing Information, Figure S3). Based on literature data, we
assign this signal to [Cp*,Ti(OH)] (4; Scheme 2)."! Cp*
radicals are indicated by a weak shfs multiplet (g=2.0034,

15 Ay =6.2 G; Supporting Information, Figure $3).*"! More-

over, recombination of Cp* and H' radicals gave pentam-

ethylcyclopentadiene, which was detected by "H NMR spec-
troscopy (Supporting Information, Figure S1).?!

While the signal of complex 4 is rather stable, declining
only at the end of the experiment, the signals of compounds A
and B vanish almost completely during the first 20 minutes
(Supporting Information, Figure S4), which is due to con-
version via the intermediate 2 to complex 3. We suppose that
water liberated during irradiation of 1 reacts with compound
4, as can be assumed from the decay of the EPR signal at
extended reaction time. The feasibility of such an oxidation
reaction was demonstrated by us before for the case of
a triflate-substituted titanocene(IIT) complex.!"!

Indeed, mixed crystals of complex 4!”! containing its water
adduct [Cp*,Ti(H,O)OH] (5) as minor product (30% ) could
also be isolated from a concentrated reaction solution in n-
hexane (Supporting Information, Figure S5). Therefore, we
can conclude that upon irradiation of complex 1, two
independent and competing reaction pathways (Scheme 2)
take place:

e Pathway 1: Photoassisted dissociation of a Cp* radical
from 1 generates the elusive Ti'™ species A, which
recombines stepwise to give the tetranuclear Ti"Y com-
plexes 2 and 3.

e Pathway 2: Photoassisted dissociation of an OH" radical
from 1 leads to the Ti"™ complex 4, which is stable under
reaction conditions, until enough water is liberated by
pathway 1 that converts 4 into S.

Unfortunately, the OH' radicals do not recombine to give
hydrogen peroxide, which can be regarded as an source for
dioxygen.”! Instead, fast reaction with intermediate Cp*:
radicals leads to pentamethylcyclopentadienol, CsMes;OH.
The presence of this species was confirmed by mass spectro-
scopic analysis of the reaction mixture (M* at m/z 152).
From these observations, it could be assumed that bridging of
the Cp* ligands at the metal center could prevent the
dissociation in pathway 1, which is unfavorable regarding
the release of hydrogen peroxide from complex 1.

Homolytic Ti—O bond cleavages are very rare, although
predicted to be possible.”) This rarity is presumably due to
the high metal-oxygen bond energies® and the elusive
nature of the formed oxygen radicals. To the best of our
knowledge, only one example has been described: Waymouth
and Huang reported thermally induced homolysis of a Ti—O
bond in a titanocene(IV)-TEMPO complex (TEMPO =
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2,2,6,6-tetramethylpiperidine-1-oxyl) to give the free
TEMPO radical and the corresponding titanocene(III) chlo-
ride.” In this case, the high stability of the dissociated
TEMPO radical was assumed to be one of the driving forces
for the homolytic bond cleavage.

To close the catalytic cycle and generate dihydrogen along
with oxidation of the titanocene(III) center, reaction of
complex 4 with water to form complex 1 in the absence of
light would be necessary. However, contrary to the results
from the reaction of triflate-substituted decamethyl-
titanocene(IIT) complexes with water,!'” in this case the
reactivity is more diverse and no well-defined product could
be isolated. Recent results imply that titanocene(III) species
of the type [Cp,Ti(H,O)L] (L=OH (5), Cl) are not
responsible for the generation of H° radicals in HAT
reactions.'” Instead, it is more likely that formation of the
latter takes place from cationic fragments [Cp’,Ti(H,O),]".

In summary, we have shown that irradiation of the
decamethyltitanocene dihydroxido complex 1 results in the
formation of several well-defined mono- and tetranuclear Ti™
and Ti"V complexes. The overall reaction most likely takes
place via two different reaction pathways, namely by Ti—O
bond activation and Cp** elimination. Despite the fact that we
were not able to observe hydrogen peroxide formation, the
reaction process described herein can be regarded as a model
for the second half-reaction of overall water splitting.

Experimental Section
All operations were carried out under an argon atmosphere using
standard Schlenk techniques or a glovebox. Nonhalogenated solvents
(including [Dg]benzene) were freshly distilled from sodium/benzo-
phenone prior to use and stored under argon. Complex 1 was
synthesized according to a published procedure.”’ The following
spectrometers were used: Mass spectra: MAT 95-XP; NMR spectra:
Bruker AV 300. Chemical shifts (‘"H, *C) are given in ppm relative to
SiMe, and are referenced to signals of the solvent used: [D¢]benzene
(0y=7.16, 6.=128.0). Insitu X-band EPR spectra were recorded
with a Bruker EMX CW-micro spectrometer using an ER 4119HS-WI
high-sensitivity optical resonator with a grid in the front side using the
following parameters: microwave power 6.64 mW, modulation fre-
quency 100 kHz, modulation amplitude 1 G. g values have been
calculated with respect to the standard DPPH (g=2.0036). Gas
chromatography: Agilent Technologies 7890A, column: 60/80 Car-
boxen 1000 (Supelco), Detection: TCD. Elemental analyses: Leco
CHNS-932 elemental analyzer. Photochemical experiments were
carried out using a Xe arc lamp (LOT Oriel, LSB530, P =300 W).2*]
Irradiation of complex 1 on a preparative scale: In a temperature-
controlled double-walled reaction vessel, a solution of complex
1 (0.360 g, 1.02 mmol) was dissolved in n-hexane (20 mL) and kept at
25°C. The yellow solution was placed in front of a Xe arc lamp, stirred
and irradiated for 18 h. The color of the solution changed from yellow
to dark green, and a yellow precipitate formed. The solution was
filtered into a Schlenk tube and all volatiles were removed under
vacuum to give a dark purple solid mixture of complexes 4 and §
(0.170 g, ca. 0.51 mmol). Mixed crystals of complexes 4 and 5 were
obtained from a reaction solution (n-hexane) and analyzed by X-ray
crystallography. The yellow residue was washed with cold n-hexane,
dried in vacuum, and analyzed by NMR spectroscopy and mass
spectrometry. It was found to be a mixture of compounds 2 and 3
(varying ratios of 2 and 3; 0.078 g); for this reason, no exact elemental
analysis of 2 could be obtained. Crystals of 2 and 3 suitable for an X-
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ray analysis were obtained from a saturated reaction solution (n-
hexane) at 25°C and by recrystallization from THF, respectively.

Complex 2: '"H NMR ([Dg]benzene, 300 MHz, 297 K): 6 =2.05 (s,
30H, Cp*), 2.07 (s, 30H, Cp*), 521 ppm (s, 2H, OH). *C NMR
([Dg]benzene, 75 MHz, 297 K): 6=11.7 (CsMes), 122.1 (CsMesy),
122.4 ppm (CsMes). MS (CI, isobutane): m/z 829 [M—H,O]". 3:
"H NMR ([D¢]benzene, 300 MHz, 297 K): § =2.08 (s, Cp*). *C NMR
([Dg]benzene, 75 MHz, 297 K): 6 =11.5 (CsMes), 121.6 ppm (CsMes).
MS (CI, isobutane): m/z 829 [M]*. 4: MS (CI, isobutane): m/z =335
[M]*. 5: MS (CL isobutane): m/z 353 [M]".

Irradiation of complex 1 as an EPR experiment: A solution of 1in
n-hexane (c=1.0 mgmL™', 0.10 mL) was filled into a J. Young EPR
tube in a glove box, introduced into the EPR spectrometer and the
sample was irradiated with a LOT Oriel 300 W Xe lamp. Spectra were
recorded at given reaction/irradiation times.
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