FULL PAPER

Mechanism of an Alkyl-Dependent Photochemical Homolysis of the Re— Alkyl
Bond in [Re(R)(CO);(a-diimine)] Complexes via a Reactive on* Excited State

Brenda D. Rossenaar, Cornelis J. Kleverlaan, Maartje C. E. van de Ven,
Derk J. Stufkens*, and Antonin Vicek, Jr.*

Abstract: MLCT excitation of the com-
plexes [Re(R)(CO);(a-diimine)} (R = Me,
Et, benzyl (Bz); a-diimine = iPr-PyCa,
R’-DAB) results in the homolysis of the
Re—R bond leading to the formation of
radicals R* and [Re(CO),(a-diimine)]" as
primary photoproducts. The quantum

to proceed via a o(Re—R)n* excited state
that is rapidly (<20 ps) populated by a
nonradiative transition from the optically
excited MLCT state. Time-resolved IR
and UV/Vis absorption spectra studied in
the ns—ps and ps—pus time domains, re-
spectively, show that the on* excited state

is rather long-lived (r & 250 ns) in nonco-
ordinating solvents; the dissociation of
the Re—R bond from this state is strongly
accelerated by polar or coordinating sol-
vents (7, <20 ps). The on* excited state
is spectroscopically characterized by a
(presumably on* — MLCT) transition at

yield of this photoprocess is dependent on
the alkyl group used. For R = Me, the
quantum yield is low (10~ 2) and depends
on the temperature and excitation wave-
length, whereas for R = Et and Bz the
quantum yield is near unity and indepen-
dent of T and A,,.. The reaction is shown
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Introduction

Organometallic complexes containing an ¢-diimine ligand
bound to a low-valent metal atom have been the subject of
numerous photochemical and photophysical studies.! =5 Most
of their intriguing photoactivity, for example long-lived emis-
sion and excited-state electron transfer, originates in the d, — a-
diimine metal-to-ligand charge transfer (MLCT) excited states.
An interesting situation arises when such an MLCT-active a-di-
imine complex contains another ligand that is bound covalently
to the metal atom by a relatively high-energy o orbital. Such
metal-ligand bonds are often prone to homolytic splitting.
Hence, optical excitation of these mixed-ligand complexes is
expected to initiate a very interesting photoreactivity. Indeed,
homolytic splitting occurs upon MLCT excitation of metal—-
metal bonded complexes [L,MM'(CO),{(a-diimine)] (LM =
(CO);M’, Ph,Sn, (CO),Co, etc.; M’ = Mn, Re)¢"17 and
[L,MRu(Me)(CO),(a-diimine)],"*# T or metal-alkyl com-
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approximately 500 nm and by CO stretch-
ing frequencies closely resembling their
ground-state values. The relative energies
of the MLCT and reactive on* states,
controlled by the nature of the alkyl lig-
and, determine the photoreactivity of the
complexes.

organometallic
- rheni-

plexes [ZnR ,(«-diimine)],[2% [Pt(Me),(a-diimine)] 21 22 [Ir(R)-
(CO),(PAr,),(mnt)] 123 [Ru(X)(R)(CO),(«-diimine)] 1+ 251 and
[M(R)(CO);(a-diimine)) (M = Mn, Re).126~281

In principle, visible excitation of these complexes may lead to
the occupation of either the MLCT or the on* excited state.
However, only in the cases of [ZnR,(a-diimine)}*” and
[Pt(Me),(x-diimine)]12!) has direct population of the on* excited
state by optical excitation been observed. In all other cases,
direct optical population of the on* excited state is prevented by
the fact that the ¢ — n* spectral transition is overlap-forbidden
and thus has only rather small oscillator strength. The on*
excited state may then only be populated indirectly by a nonra-
diative transition from the MLCT excited state; it has been
proposed that this occurs after visible excitation of several of the
complexes mentioned above.['#19:25:271 The intense MLCT
transition then functions as a very efficient input of optical
energy in the reactive molecule. Which excited state is populated
and which deactivation pathway is followed (e.g., decay to the
ground state, homolysis of the o bond, heterolytic release of a
ligand) are determined among other factors by the relative ener-
gies of the o orbital and the filled d, orbitals of the complex,
which, in turn, are strongly dependent on the nature of the
ligands.

The versatile ligand-dependent excited-state behaviour of
mixed-ligand a-diimine complexes has been clearly demonstrat-
ed for the [Ru(X)(R)(CO),(a-diimine)] complexes.[24-29:30]
Changing X from Cl to I to Mn(CO), caused the excited-state
behaviour to change from typically MLCT to I — a-diimine
XLCT to on*, respectively. Also the alkyl R had a profound
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influence on the excited-state behaviour. For X = halide and
R = Me or Et, the complexes were photostable, whereas the
i-propyl complexes decomposed into radicals by homolysis of
the Ru—~iPr bond.[*3! Apparently, the relative energies of the
MLCT and on* excited states depend on R, and the reactive
on* state can only be reached for R = iPr.

We have observed a similar dependence of the excited-state
behaviour on R for the complexes [Mn(R)(CO),;(R’-DAB)]
(R = Me, Bz).2"l For R = Me, release of CO was observed
upon visible excitation, whereas for R = Bz homolysis of the
Mn-Bz bond resulting in the formation of radicals was ob-
served. Also in this case, the excited-state behaviour observed
could be explained with the relative energies of the MLCT and
on* states. For R = Me, the MLCT state is the lowest-energy
excited state, whereas for R = Bz the on* state is populated
nonradiatively after excitation into the MLCT absorption band.

Recently, we have prepared and characterized"!! a series of
complexes [Re(R)(CO),;(a-diimine)] (R = Me, Et, Bz; a-di-
imine = pyridine-2-carbaldehyde-N-isopropylimine (iPr-PyCa),
N,N’-diorgano-1,4-diaza-1,3-butadiene (R’~-DAB)). The struc-
tures of these complexes and of the a-diimine ligands used are
depicted in Figure 1.

R — )

I Pr-N N-iPr Bu-N  'N~iBu
N,
N‘—Re“—CO

l CO iPr-DAB Bu-DAB

; O

R P
H3CO-©—N/ \N—OOCHJ N N-ipr

I\T\N = o-diimine
PAn-DAB iPr-PyCa

R = Bz, Me, Et
Fig. 1. Structures of the complexes [Re(R)(CO);(a-diimine)] and ligands used.

Preliminary experiments on some of these compounds have
immediately pointed to their intriguing photochemical be-
haviour.!28-32) Hence, in order to gain more insight into the
delicate properties of the an* excited state, we have investigated
the photochemical reactivity of these complexes as well as their
excited-state dynamics in the picosecond-
to-nanosecond time domain as a function
of the a-diimine and R ligands in different
solvents and at various temperatures. This

In neat CCl,, all complexes underwent a thermal reaction
with the solvent, resulting in the formation of [Re(CH{(CO);(a-
diimine)]. However, in CHCI, or CH,Cl,, most complexes were
thermally stable and afforded [Re(Cl)(CO),(a-diimine)] only
upon irradiation into the MLCT absorption band. When this
reaction was followed for [Re(Bz)(CO),(iPr-DAB)] in situ with
'H NMR by means of a CIDNP probe in which the sample was
irradiated through a fibre, the signals of the starting material
disappeared and new signals from [Re(Cl)(CO),(iPr-DAB)]
grew in. In addition, signals of dibenzyl appeared at 6 =7.3 (m)
and 2.94 (s}, as well as signals of toluene (in a ratio of 3:1). The
GCMS analysis of the organic products also showed the forma-
tion of dibenzy! and toluene. All other complexes [Re(R)-
(CO),(a-diimine)] discussed in this paper underwent a similar
reaction to yield the chloro complex, as is clear from compari-
son of the IR and UV/Vis spectra of the photoproduct with the
data for authentic [Re(Cl)(CO),(x-diimine)] complexes.i**) The
photoreactivity of the methyl complexes was always much lower
than that of their ethyl and benzyl congeners.

All these results suggest that the Re—alkyl bond is split ho-
molytically upon irradiation, resulting in alkyl radicals and
[Re(CO), (a-diimine)]" radicals, according to Equation (1).

[Re(R)(CO),(o-diimine)] - [Re(CO),(a-diimine)] + R’
CH,Cl, (1)
——+ [Re(CI)CO),(a-diimine)] +R,/RH

Irradiation in THF, 2-MeTHEF, toluene etc. in the absence of
a radical scavenger such as a Cl-donating solvent resulted in a
more complex product formation. The spectroscopic data of the
products formed upon photolysis in THF together with relevant
literature data are collected in Table 1. The IR spectral changes
observed during the photolysis of the complexes indicated that
at room temperature two major types of products were formed
in these solvents. For example, irradiation of [Re(Et)(CO),;(iPr-
PyCa)] in THF led to a product A that has CO stretching fre-
quencies at 2002, 1888 and 1875cm™!, and to a second
product B with CO stretching frequencies at 2021, 1918 and
1891 cm~!. In some cases other CO-containing by-products
were formed in low concentrations. Those by-products were not
further investigated. When the temperature was lowered to

Table {. IR W(CO) frequencies and UV/Vis absorption maxima of the major photoproducts of [Re(R}(CO),-
(a-diimine)] in THF at room temperature, together with relevant literature data.

study allows us to draw more general con-
clusions on the structural factors that de-

termine the properties and reactivity of
the, often elusive, ont* state, as well as on
the mechanism of its population. Hence, a
better understanding of the photochemi-
cal activation of metal—carbon bonds
may be achieved.

Results

Photochemistry: All [Re(R}(CO),(a-di-
imine)] complexes under study are more
or less photoreactive upon irradiation in-

Complex Photoproduct #CO)/em ™! Amax/ DM
[Re(Me)(CO),(iPr-PyCa)] product A 2001 (s) 1889(s) 1874(s) 385
product B 2019(s) 1917 (s) 1889 (m)
[Re(Et){CO),(iPr-PyCa)j product A 2002 (s) 1888 (s) 1872(s) 375
product B 2021 (s) 1918(s) 1891 (m)
[Re(Me)(CO),(Bu-DAB)] product A [a] 2001 (s) 1884 (s) 1862(s) 400
product B 2019(s) 1914 (s) 1890(s)
[Re(Et)(CO),(¢Bu-DAB)] product A [a] 2001 (s) 1883 (s) 1860(s) 380
product B 2020(s) 1911 (s) 1890(s)
[Re(Me)(CO);(iPr-DAB)] product A [a] 1998 (s) 1880 (s) 1863 (s) 400
product B 2021(s) 1912(s) 1888(s)
[Re(Et)(CO),(iPr-DAB)] product A [a] 2000(s) 1882 (s) 1867 (s) 400
product B 2017 (s) 1909 (s) 1890(s)
[Re(Bz)(CO),(iPr-DAB))] product A [a] 2004 (s) 1887 (vs, br) 410
product B 2021(s) 1912(s) 1888 (s}
[Re(THF )(CQ),(iPr-PyCa)]* [b] 2020(s) 1919(s) 1896(s) 380
[Re(THF X(CO),(iPr-PyCa)]’ [b] 1995(s) 1875(s) 1851 (s) 395

to their MLCT absorption bands. The
photochemical reactivity of the complexes
was followed in situ by IR, UV/Vis and
'HNMR spectroscopy in different sol-

[Re(THF )(CO),(iPr-DAB)] " [c]
{Re(THF)(CO),(iPr-DAB)]’ [c]
[Re,(CO)4(C - C-iPr-PyCa),] [b]

2021 (s) 1920(s) 1899 (s)
2007 (s) 1891 (s) 1875(s)
2014(s) 1993 (s) 1907 (m) 1890(vs) 1871(s) 390

vents.
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[a] Only product at T<273 K. [b] From ref. [34]. [c] From ref. [40].
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273 K, species A was the only product formed in the case of the
[Re(R)(CO);(R'-DAB)] complexes. Raising the temperature af-
ter the irradiation led to the conversion of product A into
product B. This shows that product A is the only photoproduct,
which is thermally unstable and converts to product B at
T>273K.

UV/Vis spectra measured in situ during the irradiation in
THF at 273 K showed that the MLCT absorption band of the
parent complex disappears and that a new, weaker band grows
in at about 380 nm (Table 1). The spectral changes show an
isosbestic point that remains well-defined until a rather large
degree of conversion is reached. Formation of dimers [Re,-
(CO)((a-diimine),], which was reported to occur after irradia-
tion of [Re(R)(CO),(bpy)],2%! can thus be excluded here, since
no absorption bands in the red spectral region, characteristic for
this type of dimer,'? 13-341 were observed. Radical coupling
leading to CC-coupled products can also be excluded since the
IR frequencies of the CC-coupled dimer (Table 1)3! do not
correspond to those of any of the products formed.

Based on the spectroscopic data for the cations [Re-
(THF)(CO),(a~diimine)]* and the radicals [Re(THF )(CO),(x-
diimine)]’ (Table 1), we tentatively assign A to a radical product
and B to a cationic product. Up to now, all attempts to isolate
the photoproducts have failed so no further characterization
and confirmation of the assignment of the products was pos-
sible.

In order to demonstrate that the splitting of the Re—~R bond
observed in chlorinated solvents also occurs in THF, the
[Re(R)(CO),(x-diimine)] complexes were photolysed in THF in
the presence of a small excess of the spin trap nitrosodurene or
tBuNO.135~381 The photolysis was carried out in situ within the
EPR spectrometer with 450 nm light selected from the output of
a high-pressure mercury lamp by an interference filter. Forma-
tion of the radical adducts of both the [Re(CO),(x-diimine)j’
and R’ radicals with the spin traps was observed. The EPR
results (coupling constants) are summarized in Table 2, while
Figure 2 shows representative EPR spectra of trapped Et” and
[Re(CO),(tBu-DAB)] radicals.

Table 2. EPR parameters [a] for the radical adducts R'N(O")—Re(CO),(«-diimine)
and R'N(O")-R (R'NO = nitrosodurene (ArNO) or tBuNO) formed upon irradia-
tion of [Re(R)(CO),(a-diimine)] with ArNO and (BuNO in THF (273 K).

Complex ArNO-Re [b] ArNO-R|[b] BuNO-Re[c] ¢BuNO-R]c]
tBu-DAB/Me n.o. [d] ay =14.0 ay =142 ay =16.5
ay =12.5 g, = 359 a, =11.6
tBu-DAB/Et  n.o. ay =14.0 ay =142 ay =15.7
ay =109 ag. = 359 ay; =10.6
Pr-DAB/Bz  n.o. ay =14.0 ay =141 ay =15.7
ay =17 ag, = 359 ay=7.0
iPr-PyCa/Me ay=140[e] ay=14.0 ay =14.5 ay=16.1
g, = 36.1 ay =12.7 Gge = 31.6 ay =119
iPr-PyCa/Et ay=14.05[e] ay=14.0 ay =14.5 ay =158
ag, = 36.1 ay =10.8 ap, = 31.6 ay =104

[a} Coupling constants in Gauss (£0.1). [b] Spin-adduct formed with 5-fold excess
of nitrosodurene (ArNO). [c] Spin-adduct formed with 3-fold excess of tBuNO.
[d] n.o. = Not observed. [e] Very low concentration.

The values of the EPR parameters of the trapped radicals
agree reasonably well with previously reported values; 35 38391
the small differences can be attributed to solvent effects (THF
instead of benzene). It is clear that changing the ligand from
R’-DAB to iPr-PyCa causes a decrease in g, of the adducts,
reflecting the stronger o-donating and weaker n-accepting ca-
pacity of iPr-PyCa. The total electron density is then higher at
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Fig.2. EPR spectra of the radical adducts formed by the irradiation of
[Re(Et)(CO);(tBu-DAB)] in THF at 273 K in the presence of the spin traps ni-
trosodurene CoH(CH,),NO (a) and (BuNO (b). a) C;H(CH,),N(O')-Et.
b) {BuN(O")~Et (indicated with o) together with :BuN(OQ")—Re(CO),(:Bu-DAB).

the metal atom and the electron becomes more localized at the
oxygen atom of the spin trap. The data in Table 2 show that the
spin traps have different selectivities for the [Re(CO),(a-di-
imine)]" radicals. Thus, [Re(CO),(R’-DAB)]" was trapped by
tBuNO, whereas no radical adduct was detected in the presence
of nitrosodurene. This phenomenon has been observed be-
fore!?*1 when a solution of [Ru(I)(iPr)(CO),(iPr-DAB)] was ir-
radiated in the presence of either nitrosodurene (only trapped
iPr’ observed) or tBuNO (radical adducts with both iPr" and
[Ru(I)(CO),(iPr-DAB)]" detected).

In conclusion, the EPR spin-trapping experiments clearly
show that the homolysis of the Re—R bond [Eq. (1)] is the pri-
mary photochemical reaction of [Re(R)(CO),(z-diimine)] com-
plexes. The complicated follow-up thermal reactivity of the
[Re(CO),(a-diimine)]” radicals was not further investigated.

Quantum Yields: The efficiencies of the photoreactions of the
complexes [Re(R)(CO),(a-diimine)] were determined by the
measurement of the quantum yields (@) of their disappearance
as a function of the irradiation wavelength, the temperature
and, in some cases, the solvent. The quantum yield values ob-
tained in THF are summarized in Table 3. Because of the ther-
mal instability of [Re(Et)(CO),(iPr-DAB)] at room tempera-
ture, all data were collected at 273 K. For the methyl complexes,
the excitation wavelength dependences are presented in Fig-
ure 3, together with the absorption spectra.

As can be seen from Figure 3 and Table 3, the quantum yields
show a remarkable dependence on the alkyl group. For
R = Mg, the quantum yield values are low (ranging from 0.033
for a~-diimine = iPr-DAB to 0.121 for iPr-PyCa) and excitation-

Table 3. Quantum yields [a] of the photochemical homolysis of [Re(R)(CO);(a-di-
imine)] as a function of the excitation wavelength measured in THE.

iPr-PyCa tBu-DAB iPr-DAB
A/nm Me x 10! Et Mex 10* Et Me x 10* Et Bz
457.9 1.21 1.15 2.47 0.98 328 0.97 0.82
476.9 - - 1.70 - 2.09 - -
488.0 1.45 1.11 1.17 0.96 1.60 0.98 0.77
501.7 - - 0.86 - 1.31 1.06 -
514.5 1.11 1.23 0.63 0.99 1.00 0.99 0.76

fa] 7=273.0+0.1 K; estimated error 5%.
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Fig. 3. Dependence of the quantum yields, activa-
tion energies and preexponential factors of the pho-
0.6 tochemical Re—Me homolysis of [Re(Me)(CO),(iPr-
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wavelength dependent. Increasing the excitation energy results
in a concomitant rise of the quantum yield. On the other hand,
virtually no excitation wavelength dependence was found for
R = Bz and Et. The quantum yields of these complexes are
much larger, about 0.75 for R = Bzand 1 or even slightly higher
for [Re(Et)(CO),(iPr-PyCa)). In the latter case, the Et radical
seems to react also with the starting material.

Apart from a dependence on the alkyl group, the quantum
yield also depends on the a-diimine used. The quantum yield of
[Re(Me)CO),(a-diimine)] increases from /Pr-DAB to iPr-PyCa
by a factor of about four. For a-diimine = bpy, a quantum yield
value of 1 has even been reported.[26]

The temperature dependence of the gquantum yield of the
[Re(R)(CO),(a-diimine)] complexes was investigated by the
measurement of the quantum yields at 4 different temperatures
at several excitation wavelengths. In this case too a dependence
on the alkyl group was found. No significant temperature de-
pendence was seen for the efficient homolysis reactions of the Et
and Bz complexes, whereas the Me complexes showed a consid-
erable decrease in quantum yield with decreasing temperature.
The experimental values for [Re(Me)(CO),(a-diimine)] can be
fitted to an Arrhenius-type equation: @ = @, exp(— E,/RT)
with high correlation coefficients (>0.995). The calculated acti-
vation energies E, and preexponential factors @, are collected in
Table 4, while Figure 3 shows their dependence on the excitation
wavelength.

Table 4. Quantum yields ( x 10?) [a] and activation parameters (E,, ®,) of the pho-
tochemical homolysis of [Re(Me)}(CO),(a-diimine)] as a function of the irradiation
wavelength measured in THF (253 <T<283K) (Tin K, 4,,, in nm, E, in cm ™).

iPr-PyCa tBu-DAB iPr-DAB

4579 4769 501.7 4579 488.0 4579 4880 501.7
283 159 15.6 157 2.73 1.45 3.45 1.85 1.52
273 124 11.5 11.1 2.47 1.17 3.28 1.60 1.31
263 8.15 8.11 7.45 1.85 0.96 217 1.40 1.07
253 5.81 5.59 4.96 146 0386 2.46 118 091
E, 1697 1705 1923 1078 878 627 736 861
¢, 915 920 2720 6.9 12 0.9 0.8 1.2

[a] T40.1 K; estimated error 5%.

For [Re(Me)(CO),(rBu-DAB)], @ was measured in THF, 2-
MeTHF and toluene (4., = 488 nm, T = 273 K), the values
being 0.0117, 0.0117 and 0.0103, respectively. The solvent influ-
ence on the quantum yield of [Re(Bz)(CO),(iPr-DAB)] was
studied in more detail and the results are collected in Table 5. It
clearly follows that the quantum yield is, within experimental
error, identical in THF and in toluene.

Chem. Eur. J. 1996, 2, No. 2
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T PyCa)] (a) and [Re(Me)(CO);(iPr-DAB)] (b) on the
450 500 550 excitation wavelength in THF at 273K. (¢ = @,
o=1>, 0=F).

Table 5. Solvent and temperature dependence of the quantum yield [a] of the pho-
tochemical homolysis of [Re(Bz)(CO),(iPr-DAB)].

Aexe/nIM THF, 273K THF, 253 K toluene, 273K toluene, 253 K
4579 0.82 0.79 0.75 0.79
488.0 0.77 0.75 0.77 0.73
514.5 0.76 0.71 0.72 0.72

[a] T=273.0+0.1 K; estimated error 5%.

Time-Resolved Spectroscopy: In order to gain more insight into
the excited-state dynamics and nature of the intermediates in-
volved in the photochemistry of the [Re(R)(CO),(a-diimine)]
complexes, a flash photolysis study with UV/Vis absorption
detection was carried out in the ps—pus time domain, while the
IR spectra were studied in the ns—us range. To obtain the ns—ps
UV/Vis spectra, solutions of the complexes were excited either
at 532 nm or 460 nm, depending on the ground-state absorption
maximum, and the transient absorption spectra were taken at
different time delays after the laser pulse. Picosecond spectra
could only be obtained with 532 or 355 nm, which somewhat
limited the choice of the complexes. The solvent dependence of
the transients was investigated by comparing the spectra ob-
tained in THF and in toluene for all complexes studied. A more
detailed solvent dependence study was carried out for [Re(-
Bz)(CO),(iPr-DAB)], in which cyclohexane, benzene, 2-
MeTHEF, 2-chlorobutane and CH,CN were also used. General-
ly, two basic types of excited-state behaviour were observed:
one for the relatively photostable methyl complexes and another
for their highly reactive ethyl and benzyl congeners. Picosecond
absorption spectra of [Re(Me)CO),(:Bu-DAB)] and [Re(-
Me)(CO),(pAn-DAB)] (see Figs. 4a and b) show considerable
bleaching of the ground-state absorption together with a weak
transient absorption at longer wavelengths that extends over the
whole visible spectral region, overlapping partly with the
bleached ground-state absorption. In accordance with the ps
time-resolved spectrum of [Re(Br)(CO),(pTol-DAB)],1*% it is
assigned to the Re - R-DAB MLCT excited state, the inten-
sity of the excited-state absorption being lower for the com-
plexes of the DAB ligands bearing aliphatic substituents (tBu,
iPr). Both the bleach and transient absorption are fully devel-
oped within the 30 ps excitation laser pulse. For [Re(-
Me)(CO),(:Bu-DAB)], the intensities of both the bleach and the
transient absorption decay by about 50 % within 500 ps after the
excitation, indicating that the excited state deactivation is dom-
inated by a rather fast nonradiative transition to the ground
state. The picosecond absorption spectrum of [Re(Me)-
(CO);(pAn-DAB)] shows absorptions caused by two transients.
The short-lived one absorbs between 530 and 630 nm and
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en 20 ps after the excitation pulse (Fig. 5b)
clearly shows the presence of a transient
whose strong absorption band at about
500 nm is superimposed over the negative
bleached ground-state absorption. The ab-
sorption band at 500 nm is fully developed
within the excitation pulse and it remains un-
changed, both in intensity and position, over
the next 10 ns. Accordingly, spectra mea-
sured by nanosecond laser flash photolysis
(Fig. 6b) exhibit a transient absorption band
at 500 nm that is already fully developed

450 500 550 600 650
X (nm)

Fig. 4. Picosecond transient absorption spectra of [Re(Me)(CO);(R’-DAB)] complexes. a) [Re(Me)-
(CO)5(tBu-DAB)] in CH,Cl, at 20, 50, 100, 200 and 500 ps following laser excitation at 532 nm in order
of decreasing bleach. b) [Re(Me)(CO),(pAn-DAB)] in CH,Cl, at 20, 50, 200 ps and 1 ns following laser
excitation at 532 nm in order of decreasing absorption at 600 nm. (Note that the difference absorption
spectra are shown, the negative absorbance corresponding to the bleached ground-state absorption).

decays within 250 ps, leaving another transient absorbing weak-
ly above 630 nm that persists over about 10 ns. By analogy with
the complex [Re(Br)(CO),(pAn-DAB)],!*° which exhibits very
similar excited-state behaviour on the picosecond timescale, the
short- and long-lived transients of [Re(Me)(CO),(pAn-DAB)}
are tentatively assigned to the MLCT and pAn-DAB intraligand
(IL) excited states, respectively.

In accordance with the results obtained in the picosecond
time domain, almost no transient absorption was observed for
any of the [Re(Me)(CO),(«-diimine)] complexes in THF or in
toluene by nanosecond laser flash photolysis. This means that
the excited states of all the methyl complexes studied have lives
much shorter than 20 ns.

The time-resolved absorption spectra of all the photoreactive
[Re(Et)(CO);(a-diimine)} and [Re(Bz)(CO),(a-diimine)] com-
plexes demonstrate a common behaviour that will be explained
by means of [Re(Bz)(CO),(iPr-DAB)] as a representative ex-
ample. The difference absorption spectrum (425-675 nm) ob-
tained 50 ps after excitation of a THF solution of this complex
at 532 nm shows only bleached ground-state absorption, the
signal observed being just a mirror image of the ground-state
absorption spectrum (see Fig. 5a). It does not change over the
next 10 ns. In accord with this observation, the spectrum mea-
sured by nanosecond laser flash photolysis shows only one ab-
sorption band at 390 nm that is already fully developed within
the 7 ns laser pulse and whose intensity remains constant over at
least the next 15 ps. No ns transient absorption in the visible
region was found (Fig. 6a). A markedly different behaviour was
observed in toluene. The picosecond absorption spectrum tak-

(@ (b)

600 650
A (nm)

within the 7 ns excitation pulse and whose
intensity decays according to single-exponen-
tial kinetics with a lifetime of about 250 ns.
Concomitantly with the decay of the 500 nm
transient, a product absorbing at 390 nm is
formed according to the same kinetics. This
product appears to be identical to that

(a)

—

400 500 600 700 800
A (nm)

(b)

400 500 600 700 800
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Fig. 6. Nanosecond transient absorption spectra of [Re(Bz){(CO);(iPr-DAB)] in
a) 2-MeTHF at 30 ns and b) toluene at 30 ns, 230 ns and 430 ns after the 532 nm

excitation pulse. The spectra are corrected for the bleaching of the ground-state
absorption of the parent compound.

formed immediately in THF. Nanosecond
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0.00- 0.10 J
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absorption spectra measured in various sol-
vents show that the transient species ab-
sorbing at about 500 nm is formed only in
noncoordinating solvents and relatively non-
polar solvents such as toluene, benzene and
cyclohexane. The absorption maxima and
lifetimes are summarized in Table 6. In con-
trast, prompt formation of the final product
absorbing at 380-390 nin was observed in
the coordinating and/or polar solvents THF,

450 500 550 600 650 450 500 550
A (nm) A (nm)

Fig. 5. Picosecond transient absorption spectra of [Re(Bz)(CO),;(iPr-DAB)] in a) THF and

b) toluene at 50 ps after 532 nm excitation.
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500 650

2-MeTHF, CH,CN and 2-chlorobutane.
Other [Re(Et)(CO);(a-diimine)] and [Re(-

Bz)(CO),(x-diimine)] complexes behave in es-

sentially the same way as described above for
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Table 6. Absorption maxima [a] and lifetimes [b] of transients formed after flash
photolysis of [Re(R)(CO),(a-diimine)] (R = Bz, Et) in different solvents.

R/a-diimine Transient 1 [c] Transient 2 [d]

solvent Armax lifetime/ns Aoz
Et/iPr-DAB toluene 495 60 385
Bz/iPr-DAB toluene 500 250 390

benzene 500 90

cyclohexane 495 155
Et/rBu-DAB toluene 502 60 380
Bz/tBu-DAB toluene 510 275 380
Et/iPr-PyCa toluene 525 20 405

[a] Wavelength in nm (4 5 nm). [b] Due to the relatively low absorptions the sig-
nal-to-noise ratio is not high enough for accurate determinations, so reported life-
times are rough estimates (+10%). [c] Transient formed in noncoordinating sol-
vents. [d] Transient formed immediately in THF and after decay of transient 1 in
poncoordinating solvents; reported values in THF.

[Re(Bz)(CO),(iPr-DAB)]. Results obtained are summarized in
Table 6. There are only small variations in the position of the
absorption band of the “500 nm” transient found for all these
complexes in toluene. In all cases, this transient converts into the
photoproduct absorbing around 380 nm. In THF, the same
product is always formed much more rapidly, within the picosec-
ond excitation laser pulse, without any observable intermediates.
This photoproduct is stable for at least 15 us, with the single
exception of the photoproduct of [Re(Et)(CO),(iPr-PyCa))] for
which a further reaction was found that diminished its lifetime to
about 2 ps. The [Re(Et)(CO),(iPr-PyCa)] complex showed in ad-
dition a third broad transient absorption with an absorption max-
imum at about 600 nm. This transient had a very short lifetime
(<20 ns) and was seen in THF as well as in toluene. A similar
weak absorption band was observed as the only transient for
[Re(Me)(CO);(iPr-PyCa)] in both solvents. By analogy with the
transient absorption of [Re(Br)(CO),(iPr-PyCa)] {4,,,, = 560 nm,
1 <20 ns), it is assigned to the Re — iPr-PyCa MLCT state.
Time-resolved infrared spectra of [Re(Bz)(CO),(iPr-DAB)] in
the region of the CO stretching vibrations, v(CO), were mea-
sured®?! in order to get more structural information on the
intermediate, that is, the “500 nm” transient, and on the
product observed in the time-resolved UV/Vis absorption spec-
tra. Shown in Figure 7a is the difference IR absorption spec-

0.04
0.00 4
a0 { (a)

0,08

004]

0.00 1

-0.041 (b)

2050 2000 1950 1900
v (cm-1)
Fig. 7. Time-resolved infrared spectra of [Re(Bz}(CO),({Pr-DAB)] in n-heptane at

293 K. a) TRIR spectrum at 120 ns after the laser flash (532 nm, 10 ns); b) TRIR
spectrum at 3.5 ps after the laser flash.
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trum of the [Re(Bz)(CO),(iPr-DAB)] complex measured in a
n-heptane solution 120 ns after excitation with a 10 ns 532 nm
laser pulse. It shows negative peaks at 2009, 1916 and
1909 cm ™ ! caused by the depletion of the starting complex and
the formation of a transient species with CO frequencies that are
slightly shifted to about 2015 and 1909 (br) cm ™! (exact band
frequencies could not be determined because of the overlap with
the ground state and photoproduct spectra). In accord with the
results obtained by UV/Vis time-resolved spectroscopy, this
transient was found to decay with the concomitant formation of
a product characterized by IR bands at approximately 2023 and
1900 (br) cm ™. This is seen in Figure 7b, which shows the IR
spectrum obtained 3.5 ps after the excitation. The conversion of
the transient into the product occurs single-exponentially with a
Lifetime in the range 210—-290 ns, in agreement with the results
of the time-resolved UV/Vis spectra (the actual lifetimes mea-
sured depend slightly on the monitoring IR frequency because
of the strong overlap of the IR bands involved). No concomi-
tant recovery of the bleached ground-state absorption was ob-
served. The formation of the transient and photoproduct was
completely quenched by oxygen, indicating that the primarily
observed transient can indeed be assigned to an excited state. By
comparison with the IR spectra of [Re(S)(CO),(iPr-DAB)} rad-
icalst*! (2005 and 1894 (br)cm ™! for S = #PrCN, and 2007,
1891, 1877 cm ! for S = THF), the IR spectrum of the photo-
product is assigned to the [Re(CO),;(iPr-DAB)]' radical. The
small positive shift of the v(CO) frequencies is expected because
of the absence of an electron-donating coordinated solvent mol-
ecule and because of a general solvent effect found even for
[Re(Bz)(CO),(Pr-DAB)]itself (— 9 cm ™! going from n-heptane
to THF). Apart from this radical, formation of another product
absorbing weakly at about 1992 cm ™! occurs directly from the
initial transient, as shown by the kinetic traces measured at this
frequency. It may correspond either to some unidentified by-
product or to an isomeric form of the pentacoordinated radical.
The time-resolved IR spectrum obtained in CH,CN in the re-
gion of the high frequency v(CO) band showed only bleached
ground-state absorption and a photoproduct band at slightly
higher frequency which appears as soon as 120 ns after the laser
pulse and which decays in intensity by 25 % over the next 50 ps.
No evidence for any intermediate species was found in the
CH,CN solution. The broadness of the IR bands observed in
CH,CN prevented a more detailed study.

Discussion

The experimental results discussed above clearly show that the
homolytic splitting of the Re—R bond [Eq. (1)] is the primary
photochemical step for all the [Re(R)(CO),(a-diimine)] com-
plexes studied. The ultimate fate of the photochemically
produced radicals depends on the solvent used: they abstract
chiorine or hydrogen atoms, dimerize, decompose or dispropor-
tionate.

Photochemical homolysis of a metal-ligand bond upon
MLCT excitation is a process characteristic of those complexes
that contain in their coordination sphere a o-bonded ligand
with a high-lying oc-orbital (e.g., metal-containing groups,
alkyls) and an electron-accepting ligand with an unoccupied,
energetically accessible n* orbital, usually, but not necessarily,
an o-diimine ligand. Complexes like [L ,M-Re(CO),(a-di-
imine)] (L,M = Ph,;Sn,*! (CO)Re,? 1112421 (CO),(Cp)-
Fel*3h, [(CO);MnRu(Me)(CO),(iPr-DAB)]!'*! as well as mole-
cules containing metal -alkyl bonds like [Re(R)(CO),(bpy)],?*!
IMn(RYCO),(R-DAB))2?” and [Ru(I)({Pr}CO),(iPr-DAB)]1?*!
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may serve as typical examples. Analogous behaviour has been
observed for the non-carbonyl complexes [Pt(Me),(a-di-
imine)]'?1'221 and {Zn(Me),(R’-DAB)],2% as well as for
[Ir(R}CO)(PAT,),(mnt)]?*! (mnt = maleonitriledithiolate) and
for [Ir{(6-isopropyl-8-quinolyl)diorganosilyl};] (diorgano =
Me,, Ph, or PhMe)!** 461 complexes. For the latter two types
of complexes, the mnt ligand and the N-coordinated quinolyl
group serve as the n* electron-accepting sites. Recent interpreta-
tion of the photoreactivity of all these complexes assumes!!- 471
the involvement of a reactive on* excited state originating in
electron excitation from the o bond to be split to the t* orbital
of the acceptor ligand (¢-diimine). However, direct character-
ization of these on* excited states has so far proved rather
elusive. Only in the case of the [Ir{(6-isopropyl-8-quinolyl)-
diorganosilyl)} ;] complexes a strong solvent-dependent emission
was found,*3! presumably from the o(Ir—Si)n* excited state,
together with the absorption spectrum of the on* state dominat-
ed by the bands of the reduced quinolyl group.!*®! The lifetime
of the o(Ir—Si)r* state was found to be much shorter in coordi-
nating solvents than in hydrocarbons.

The [Re(R)(CO),(a-diimine)] complexes under study are typ-
ical representatives of this family of photoreactive compounds.
Significant population of the o(Re-R)rn* excited state is expect-
ed for the strongly photoreactive species with R = Et or Bz.
Indeed, all the ethyl and benzyl complexes show the prompt
formation of a transient species that absorbs at about 500 nm,
from which the radicals are produced. Hence we propose that
this transient represents the complex in its on* excited state. The
500 nm excited-state absorption is tentatively assigned to the
d, — o excitation, that is, to a transition from the on* excited
state to a higher-lying MLCT state. The assignment of the
“500 nm” transient to the on* excited state is further supported
by the detailed TRIR study.[3?! The electron density on the Re
atom is expected to be rather similar in the ground and on*
electronic states as the 6 — n* excitation does not directly affect
the population of the d_ orbitals and the diminished electron
donation from R is offset by the decreased n back-donation to
and increased o-donation from the a-diimine ligand. Accord-
ingly, only a very small shift of the CO stretching frequencies
from the ground-state values was found in the IR spectrum
of the transient generated from [Re(Bz)(CO),(iPr-DAB))
(Fig. 7a). This shows that the extent of the Re - CO r back-do-
nation is virtually the same as in the ground state, lending fur-
ther support for the assignment of the *“500 nm”” transient to the
on* state.

Interestingly, the relatively long lifetime (250 ns) of the on*
excited state of the [Re(R)(CO);(¢-diimine)] (R = Et, Bz) com-
plexes and the well-developed excited-state visible and IR ab-
sorption bands indicate that this state is not inherently dissocia-
tive, despite the depopulation of the 6(Re—R) bonding orbital.
The potential energy surface of the on* state appears to have a
well-defined energetic minimum, from which the Re—R bond
dissociation takes place with unit efficiency (k = 4x 1055~ ! in
toluene), the nonradiative return to the ground state (if any)
being much slower and kinetically completely uncompetitive.
This conclusion is supported by the time-resolved experiments,
which showed that no ground-state regeneration occurs at all
during the decay of the on* state. The surprising stability of the
on* state towards the unproductive deactivation to the ground
state may be explained by assuming it has spin-triplet “biradi-
cal” character, [R*—Re'(CO),(a-diimine’ 7)]. A small distortion
of the on* state with respect to the ground state, found for
emissive [(CO)sMnRu(Me)(CO),(x-diimine)] complexes,**!
might also contribute to the long, nonreactive, lifetime of the
on* state.
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The lifetime of the on* excited state decreases dramatically in
coordinating solvents like THF, where the radical product for-
mation is fully completed within 30 ps. A similar, albeit less
pronounced, solvent-dependent drop in the on* lifetime was
found for the Ir—silyl complexes.'** 46! Apparently, the inter-
action between the Lewis basic solvent molecule and the elec-
tron-deficient Re —Bz one-electron bond in the on* excited state
modifies the potential energy surface of the on* excited state to
such an extent that the reacting system smoothly evolves into
the reaction products.

Our previous spectroscopic study of the [Re(R)(CO),(x-di-
imine)] complexes'®>!! showed that their visible absorption
bands, into which the excitation occurred during the photo-
chemical experiments, correspond to Re — a-diimine MLCT
transitions. Hence, the first step involved in the excited-state
dynamics, one that is ultimately responsible for the Re—R bond
homolysis, has to be the MLCT — on* conversion that involves
a symmetry- and overlap-allowed transfer of an electron from
the & to the d, orbital. The picosecond absorption spectra show
that this conversion into the, presumably spin-triplet, on* excit-
ed state is very rapid, being fully completed within the 30 ps
excitation pulse in both THF and toluene; this indicates a sub-
picosecond rate for the process. This conclusion agrees with the
large quantum yield values found for the photolysis of the ethyl
and benzyl complexes. Remarkably, identical quantum yields
(=~0.75, see Table 5) were measured for [Re(Bz)(CO),(iPr-
DAB)] in toluene and THF despite completely different
timescales for the Re—Bz homolysis, hundreds of nanoseconds
versus subpicosecond, respectively. This, together with the ab-
sence of any on* deactivation to the ground state, indicates that
the overall photochemical quantum yield is determined by the
efficiency of the MLCT — 3on* conversion that is about 0.75,
independent of the solvent used. Moreover, the independence of
the quantum yields on the excitation energy and temperature,
together with the prompt nature of the MLCT — on* conver-
sion, indicate that the on* state lies lower in energy than the
MLCT state, their potential energy surfaces crossing each other
close to the energetic minimum of the MLCT state.

Compared with those of the ethyl and benzyl complexes, the
quantum yields from the homolytic splitting of the Re—Me
bond in the [Re(Me)(CO),(x-diimine)] complexes studied are
much lower and excitation wavelength- and temperature-depen-
dent. Assuming that the on* excited state of the methyl com-
plexes is as reactive as in their ethyl and benzyl analogues, the
different photochemical behaviour of the methyl complexes
seems to be caused by a different mechanism of the population
of the reactive on* state. The UV-PE spectra of the [Re(Me)-
(CO),(iPr-DAB)] and [Re(Me)(CO),(iPr-PyCa)] complexes
show that the ionization potential of the o electron is higher by
about 1 eV than the average ionization potential of the d, elec-
trons.®1 It therefore appears that the o orbital lies well below
the d, orbitals, thus placing the reactive an* excited state at
higher energy than the optically populated d x* MLCT excited
states (Fig. 8). The temperature dependence of the quantum
yields indeed shows that extra energy is needed to populate the
on* state after the MLCT excitation. Moreover, the quantum
yield increases with increasing excitation energy, and the activa-
tion energy decreases concomitantly (Fig. 3). These results
clearly show that the crossing between the MLCT and on*
potential energy surfaces in the relatively unreactive methyl
complexes takes place at energies well above the minimum of the
MLCT state. Hence, the MLCT — on* conversion is promoted
by high-energy excitation into higher vibronic levels of the
MLCT state. In fact, the dependence of the quantum yields of
the homolytic Re—Me bond-splitting on excitation energy and
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Fig. 8. Excited-state dynamics of the [Re(R)(CO);(a-diimine)] complexes. For
R = Me, the conversion from the MLCT to the on* excited state is an activated
process, E,. The reactive on* excited state can be depopulated by a reactive (k) or
a deactivation pathway (k,), the former dominating.

temperature closely resembiles that of the quantum yield of CO
dissociation from the MLCT-excited [Cr(CO),(bpy)] com-
plex 8- 4°1 Tt is quite possible that the reactivity of the [Re-
(Me)(CO)5(a-diimine)] complexes may be interpreted with a
similar model™®!in which the MLCT excited state is vibronical-
ly coupled with the on* state along the reaction coordinate. The
energy barrier would then arise from an avoided crossing be-
tween these two excited states.

Finally, it should be noted that the coupled dependence of the
quantum yields of the Re—Me bond homolysis on excitation
energy and temperature excludes an alternative interpretation
of the activation energy observed as originating from the energy
barrier of the dissociation of the stable Re—Me bond from the
orn* state. If this were the case, the quantum yield would have
been temperature-dependent but independent of the excitation
energy, as all the memory of the original Franck — Condon exci-
tation would have been lost during the conversion to the on*
state and its thermalization. Moreover, a build-up of a substan-
tial concentration of on*-excited molecules, which was not ob-
served spectroscopically, would have been expected.

Going from the [Re(Me)(CO),(R’-DAB)] complexes to [Re-
(Me)(CO),(iPr-PyCa)] the activation energy increases, on the
average, by almost 1000 cm~!. However, the photochemical
quantum vield concomitantly increases about 5-fold because of
a large increase of the preexponential factor @, apparently
caused by a decrease in the rate of a competitive unproductive
deactivation of the MLCT state by its nonradiative transition to
the ground state, k,,.13% Such a pronounced decrease in the rate
constant of the nonradiative deactivation of the MLCT state on
changing from DAB to PyCa has been observed in many a-di-
imine complexes. For example, the corresponding values calcu-
lated from the emission data measured at 80 K for [Re-
(Br)(CO),(a-diimine)] decrease from 1.7x107 to 1.4 x 105s~!
when the ligand is changed from /Pr-DAB to iPr-PyCa, support-
ing the above conclusion.

The above discussion of the mechanism of the Re—~R bond
homolysis in [Re(R)(CO),(a-diimine)] complexes points to the
critical role played by the relative energetic positions of the
optically populated MLCT and the reactive on* states, which
are controlled by the nature of the alkyl ligand. Hence, the
strongly donating methyl ligand gives rise to a relatively stable
o(Re—Me) bonding orbital that lies well below the d, orbitals,
as was proved by the UV-PE spectra. Weaker bonding and
electron donation from the ethyl and, especially, benzyl ligands
apparently leads to a reversal of the MLCT and on* excited
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states, the latter becoming the lowest-lying excited state, which
may thus be easily and efficiently populated from the optically
excited MLCT states. The influence of the alkyl ligand on the
excited states of the [Re(R}CO),(a-diimine)] complexes is
shown in Figure 8. Unfortunately, it was not possible to demon-
strate the low-energy shift of the o(Re—-R) orbital upon chang-
ing the R ligand from Me to Et and to Bz by UV-PE spec-
troscopy since the ethyl and methyl complexes do not have
sufficient vapour pressure to obtain these spectra. However, it
should be noted that the essential features, that is, large, temper-
ature- and excitation wavelength-independent quantum yields
of the Re—R bond homolysis in the highly photoreactive
[Re(Et}{(CO);(a-diimine}] and [Re(Bz)}(CO),(x-diimine)] com-
plexes were found also for the metal—metal bond homolysis in
[L,M—Re(CO);(x-diimine)] complexes whose UV-PE spectra
clearly demonstrate that the o(M—Re) orbital lies above the
d,(Re) orbitals.'*!] Moreover, spectra and MO calculations of
[ZnR,(R’-DAB)] complexes showed!??! that the 6(Zn—-R) or-
bital energy decreases significantly when R is changed from Et
to Me. This effect was explained by a hyperconjugative destabi-
lization of the o lone electron pair in the (formally) carbanionic
Bt ligand™°! and it may well be expected to occur also for the
Re—R bond. Also a hyperconjugative interaction with the C-H
bonding orbitals of the Me ligand would destabilize the d, or-
bital in [Re(Me)(CO),(x-diimine)]. Both these effects may con-
tribute to the reversal of the energetic order of the o(Re—R) and
d, orbitals and, hence, of the on* and MLCT excited states in
the [Re(Me)(CO),(a-diimine)] complexes as compared with
their Et analogues, accounting thus for the remarkable change
in photoreactivity.

Conclusions

Irradiation of [Re(R)(CO),(a-diimine)] complexes (R = Me, Et,
Bz; a-diimine = iPr-PyCa, R’-DAB) into their visible MLCT
absorption band results in a homolytic splitting of the Re—R
bond, which occurs as a primary photochemical step. This reac-
tion takes place via a on* excited state from which the radical
products are formed without any further intermediates. Dissoci-
ation of the Re-R bond in the on* state is strongly accelerated
by donor or polar solvents. Despite significant weakening of the
Re-R bond, the on* state is, at least in noncoordinating sol-
vents, rather long-lived (250 ns). It is a bound state with a
well-defined energetic minimum and, hence, equilibrium geome-
try. It is spectroscopically characterized by a, presumably
on* - MLCT, transition at about 500 nm and by CO stretching
frequencies close to their ground-state values, implying only a
very small change in the electron density on the Re atom upon
the o — n* excitation.

Population of the optically inaccessible on* state by a nonra-
diative transition from the optically populated MLCT state is
fast (subpicosecond) and very efficient as long as the on* state
lies at lower energy than the MLCT state. The intense MLCT
spectral transition provides an efficient gateway for the energy
that is then channelled to the orn* state and utilized chemically
in the Re—R bond splitting. The on* state may be populated,
albeit less efficiently, even if it lies above the MLCT state
through an activated process that appears to involve vibronic
coupling between the on* state and MLCT excited states.

The [Re(R)(CO),(z-diimine)] complexes studied closely in
this paper represent the whole family of the photodissociative
alkyl- and metal —metal bonded organometallics containing an
electron-accepting a-diimine ligand. Hence, the conclusions on
the involvement of the on™* state in the photochemical bond
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homolysis, on its properties and on the determining role of the
mechanism of its population have rather general implications.
Further investigation of the properties and reactivity of the on*
excited state are continuing in our laboratories.

Experimental Section

Materials and Preparation: The synthesis of the ligands R-DAB and iPr-PyCa and
of the complexes [Re(R)(CO);(R-DAB)] (R = Me, Et, Bz; R’ = iPr, 1Bu, pAn) and
[Re(R)(CO);(iPr-PyCa)] (R = Me, Et) has been described elsewhere [31,52]. The
complexes were identified by FTIR, UV/Vis, 'HNMR and mass spectroscopy.
The spin traps 2,3,5,6-tetramethylnitrosobenzene (nitrosodurene) and 2-methyl-2-
nitrosopropane dimer (tBuNO, Aldrich) were commercially obtained and used
without further purification. Solvents for spectroscopy and for photochemical ex-
periments were of analytical grade (THF, 2-MeTHEF, toluene, hexane, 2-chlorobu-
tane, CH,Cl,, CH;CN) or Uvasol (cyclohexane), dried over sodium (THF, hexane,
toluene, 2-MeTHF), CaCl, (2-chlorobutane, CH,Cl,), CaH, (CH,CN) or molecu-
lar sieves (cyclohexane) and distilled under N, prior to use.

Spectroscopic Measurements and Photochemistry: All preparations for photochem-
ical experiments were carried out under an atmosphere of purified N, using Schlenk
techniques. The solutions were stored and handled in darkness before the experi-
ments were performed. For the photochemical conversions the complexes were
irradiated either with one of the lines of an SP2025 Argon ion laser or with a Philips
HPK 125 W high pressure Hg lamp equipped with an appropriate interference filter.
Electronic absorption spectra were measured on a Varian Cary 4 E spectrophotome-
ter or a Perkin—FElmer Lambda 5 UV/Vis spectrophotometer, the latter provided
with a 3600 Data Station. Infrared spectra were recorded with either a Biorad FTS-7
FTIR spectrometer or a Biorad FTS-60 A FTIR spectrometer equipped with a
liguid-nitrogen-cooled MCT detector. An Oxford Instruments DN 1704/54 liquid
nitrogen cryostat was used for low-temperature IR and UV/Vis measurements.
'H NMR spectra were recorded on a Bruker AMX 300 spectrometer. To measure
'H NMR spectra of in situ photolysed solutions the spectrometer was equipped with
a special Bruker CIDNP 300 MHz 'H probe. The sample was irradiated through a
glass fibre (d = 8 mm) by a water-cooled Oriel AG 150 mW high-pressure lamp with
suitable cut-off filters. Concentrations varied between 10™*~107*M. EPR spectra
were recorded on a Varian E6 EPR spectrometer equipped with a temperature
controller. Typical sample concentrations for these measurements were 5x 103 M.
Laser flash photolysis was used to obtain the ps and ns transient absorption spectra.
Nanosecond absorption spectra in the visible spectral region were measured after
the excitation of the sample with 7 ns (fwhm) pulses of a Spectra Physics GCR-3
Nd:YAG laser. The desired excitation wavelength was obtained by frequency dou-
bling of the 1064 nm 10 Hz fundamental (532 nm), or by means of a Quanta-Ray
PDL-3 pulsed dye laser {Spectra Physics) with a suitable dye (Coumarin 47 for
Ao = 460 nm) pumped with the third harmonic frequency of the Nd:YAG laser.
Typical pulse energies were 20 mJ per pulse for 532 nm and 14 mJ per pulse for
460 nm excitation. The sample absorbance at the excitation wavelength was kept
between 0.3 and 0.9 and the maximum absorbance did not exceed 1.2. A 450 W
high-pressure Xe lamp pulsed with a Miller Elektronik MSP05 pulser was used as
a probe source. After passing through the sample, the probe light was transferred
through an optical fibre to a spectrograph (EG & G Model 1234) equipped with a
150 gmm ™! grating and a 250 um slit resulting in a 6 nm resolution. The data
collection system consisted of a Model 1460 OMA-III console provided with a 1302
fast pulser, a 1303 gate pulser (gate = 5 ns) and a MCP-gated diode array detector
(EG & G Model 1421). The pump and probe beams were focused perpendicularly
on a home-made stopped-flow cell which consisted of a capillary (d = 3 mm) of
1 cm path length attached to an airtight 25 mL sample container, to ensure that
fresh sample was excited. Operation of this cell was controlled by the OMA program
in such a way that the photosensitive sample solution flowed through after each
excitation pulse. Picosecond time-resolved absorption spectroscopy was carried out
with a system described in detail elsewhere [53,54]. The samples were excited by the
second (532 nm) and third (355 nm) harmonic of the Nd: YAG laser with an average
pulse energy of 2.5 mJ and a pulse width of approximately 30 ps. The probe pulse
was generated by focussing a fraction of the 1064 nm fundamental of the excitation
pulse onto D;PO, to give a super-broadened probe pulse covering the 425-675 nm
range. A delay line enabled the spectra to be recorded at delays varying from 0 ps
to 10 ns after the excitation pulse. The changes in absorbance relative to the spectra
measured without the excitation were recorded with an EG & G PAR OMAII con-
sole with a silicon-enhanced vidicon array detector. Each spectrum is an average of
6 to 8 recordings. The sample solutions were prepared under nitrogen in a Schlenk
tube with attached quartz cuvette (Helima, 2 mm path length) and were thoroughly
mixed between individual excitations. The sample absorbance at the excitation
wavelength was kept between 0.3 and 0.5. The time-resolved infrared (TRIR) spec-
tra were collected with a system described elsewhere [30,55]. The 532 nm
(fwhm =10 ns) line of a Nd:YAG laser was used to excite the sample. The output
of an infrared diode laser (Mitek MDS 1100) was used as a probe beam. Its frequen-
¢y was tuned in steps of 4 cm ™! between 1880 and 2040 cm ™. The changes in IR
absorption at one frequency were monitored with a photovoltaic 77 K HgCdTe
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detector (Laser Monitoring Systems PV 2180) with a risetime of about 50 ns. The
kinetic traces obtained at different wavenumbers were used to construct the IR
spectra as a function of time by means of the “point-by-point” method. After each
laser flash, the sample solution was made to flow through the cell in order to avoid
decomposition of the starting material. Quantum yields of the disappearance of the
complexes studied were determined by measuring the decay of their visible absorp-
tion band on a Cary 4E spectrophotometer. The sample was irradiated within the
spectrophotometer with one of the laser lines of a SP2025 Argon-ion laser by an
optical fibre and a computer-controlled mechanical shutter. Light intensities were
measured with a Coherent model 212 powermeter, which was calibrated with an
Aberchrome 540 and 540 P solution according to literature methods [56,57}. The
1 ¢m cuvette was kept at constant temperature and the solution vigorously stirred
during the measurements. The sample concentration was adjusted to keep the max-
imum absorbance of the MLCT band between 1.5-1.8. The irradiation time inter-
vals were chosen in such a way that the conversion in each irradiation step was less
than 5%. The quantum yields reported are average values of several measurements.
Typical incident light intensities at the irradiation wavelength were 8-
13107 ? einsteins ™!, The program used to calculate the quantum yield corrects
for changes in the partial absorption of the photoactive compound caused both by
its depletion and by the inner filter effect of the photoproduct, by a previously
reported procedure [48,58].
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