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Abstract

This review describes a recently developed photokinetic method for studying the quantita-
tive photochemistry of systems where there are overlapping absorbances and inner filter
effects at the excitation wavelength. The procedure has been applied to investigate the
wavelength-dependent photochemistry of several organometallic complexes and, for each
case, the results illustrate that the lowest-lying electronically excited states have different
intrinsic reactivities. In each of the systems studied, the determined quantitative data has led
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to valuable new insight into their photophysical and photochemical mechanisms. © 2001
Elsevier Science B.V. All rights reserved.
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metal organometallic compounds

1. Introduction

Quantitative determinations of photochemical events are essential to understand-
ing many chemical steps [1-4]. When light is only absorbed by a single chro-
mophore, it is a relatively simple matter to measure the amount of energy absorbed
by that species [3]. However, when there are several absorbing species the situation
becomes much more complicated. In these multicomponent cases, quantitative
determinations can only be reached after accounting for inner filter effects [5].

Often, as a practical way of measuring a chemical reaction’s quantum efficiency,
inner filter absorbances can be minimized by only carrying out the reaction over a
relatively small conversion [1-3]. Alternatively, the measurements may be simplified
by changing the reaction conditions themselves. Usually, the greatest problems
occur when the photoproduct species absorbs an increasing fraction of the light at
the exciting wavelength during the course of the reaction. Such cases are common
and the lack of an experimental method to accurately account for all the light
absorbances in the system seriously compromises the quantitative determination.

There are several procedures that have been explored in fluorescence spec-
troscopy to account for inner filter absorbances. Once again, conventional methods
have often been performed which seek to minimize inner filter effects rather than
actually determine them [5]. In other approaches, though, cell-shift and cell-rotation
techniques have been used to determine the intensity of the fluorescence from
different parts of the solution within the cell [6—9]. Finally, the considerable
advances in microelectronic detection have now made it feasible to obtain correc-
tion factors for inner filter absorbances based upon simultaneous fluorescence and
absorbance measurements from the same solution [10].

Recent studies carried out in our laboratory have focused on determining the
photophysical properties of organometallic complexes and the quantitative nature
of their photochemical reactions. During the course of this work we have developed
a kinetic procedure [11] for measuring photochemical quantum efficiencies in
situations where there are several overlapping absorbances at the excitation wave-
length. This procedure involves a mathematical treatment that takes into account
the complicated inner filter effects in these photochemical transformations. In this
way, we have been able to obtain the first quantitative measurements for a number
of important organometallic reactions, some of which are pertinent to homoge-
neous catalysis. Significantly, in each of the cases we have studied, this approach
has yielded valuable new insight to the photophysical and photochemical reaction
mechanisms, particularly if the data are taken in conjunction with time-resolved
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spectroscopic measurements. Herein, we review this kinetic method and describe
results recently obtained for several organometallic systems.

2. Quantum efficiency measurements

A number of organometallic photochemical reactions are complicated by the fact
that they often have several overlapping absorbances (reactant, product, and
entering ligand) at the excitation wavelength. Consequently, our newly developed
kinetic procedure [11] is ideally suited to study these multicomponent systems, as
it is able to treat varying inner filter effects throughout the progress of a photo-
chemical reaction. This method has been demonstrated to be an excellent one
for the study of a wide range of organometallic photochemical transforma-
tions, including ligand substitution and intermolecular C-H and Si-H bond acti-
vation processes at transition metal centers where the reactant and product
absorbances commonly overlap at the excitation wavelength. The procedure involves
the determination of the quantum efficiency for a photochemical reaction (¢.,),
according to Eq. (1). Here, Cy is the concentration of the reactant species at various

—dCy oy, ERDCR
G = Pl 107 2 (M
photolysis times ¢, I, is the incident light intensity (in einsteins per unit time x solu-
tion volume), b is the cell pathlength and 4, and ¢ are the total absorbance of the
solution and molar absorptivity of the reactant species at the irradiation wave-
length, respectively. Hence, Eq. (1) appropriately represents the quantum efficiency
in terms of the change in concentration of the reactant species divided by the
amount of the absorbed light that is due to the reactant in the presence of other
absorbing species.
For a simple reaction where reactant (R) and product (P) are the only light
absorbing species and C§ is the concentration of R at 1 =0, then:

Aoy = bler Cr + 20 Gy 2)
and

G=Cr—G A3)
thus

Ao = bl(er — &p) Cr + 2 CR] (4)

For a reaction where an additional species (L) is present (such as excess ligand in
photosubstitutional processes) then:

Ao = beg Cr + &pCp] + AL (5)
or

Ao = b[(er — &p)Cr + &pCR] + AL (6)
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For a reaction where the solvent (S) also absorbs at the irradiation wavelength
then:

Aoy = b[er Cr + &pCp] + Ay + A5 (7
or
Auor = b[(er — &p)Cr + &pCR] + A + A5 (®)

Consequently, the variable A4, in Eq. (1) represents the total absorbance
(Ayoy=Ag + Ap+ A, + Ag) at the excitation wavelength and the component
(erbCr/A.y) 18 the fraction of the absorbed light that is absorbed by the reactant
species within the solution mixture at any point throughout the reaction. Thus,
application of Eq. (1) accounts for the changing inner filter effects during the
reaction caused by the varying light absorbances of the reactant, photoproduct and
any additional species that are present.

Rearrangement and integration of Eq. (1) yields the following:

dIn Cg = — ¢ Loerb[(1 — 107 ")/ 4] dr )
and
t;
In(Cg/CR) = ij [(1—107"9/A,,]drt (10)
‘o
where
o= — ¢cr106Rb (1 1)

Our recent investigation of the photochemically-induced Si-H bond activation
reaction of CpRh(CO), [Cp = n’-CsH;] in triethylsilane (Et,SiH) (Eq. (12)) pro-
vides a representative example for the application of the above procedure [12].
UV-vis and FTIR spectra recorded during the course of this photochemical
transformation are shown in Figs. 1 and 2. These spectral data are initially treated
by plotting the variable [(1 — 10~ “"Y)/4,.] against the irradiation time, where A,
is the optical density at 458 nm; this graph is depicted in Fig. 3. The function
jjf’o[(l — 10~ ")/4,.]dt is subsequently obtained by determining the cumulative
areas from this plot at the various times 7. For ease of calculation, each individual
segment of the function can be approximated to be that of a trapezoid [11]. It
should be noted that in this silane activation reaction, 4; and Ag are negligible. In
the analogous photosubstitution reactions with PR; ligands, the term A4, is usually
significant [12,13].

hv, 485 nm
CpRh(CO), — - CpRh(CO)(SiEt;)H + CO (12)
Et;SiH

Thereafter, plots of In[(4,— A4.)/(A, — A4.)] versus j;io[(l — 10~ "ovy/4,.] dr are
made, where A,, A, and A_, are absorbance values at any particular wavelength
throughout the photolysis reaction. It should be recognized that the In[(4,— A4..))/
(A, — A.,)] values represent In(Cr/Cyx) in Eq. (10). These absorbance values can be
taken from the UV-vis data, usually at an absorption maximum in the initial
spectrum, but they can also be obtained from other spectroscopic data. In the case
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of CpRh(CO),, the FTIR data of the carbonyl-stretching region display substantial
absorbance changes (see Fig. 2) and it is preferable to use them.

Kinetic plots for the v(CO) bands at 2046, 2009 and 1982 cm ~! are illustrated in
Fig. 4. The parent complex is represented by the two decreasing infrared bands at
2046 and 1982 cm ~ !, and it is observed that the kinetic plots are both linear and
have coincident slopes « when A, =0. The photoproduct is represented by the
increasing infrared band at 2009 cm ~ !, and the kinetic plot displays a straight line
when 4., = 0.76; an initial estimate of this value can be obtained from the spectral
progression (see Fig. 2). Estimates of A, that are either too high or low exhibit
plots that deviate from linearity; this is especially pronounced in the later stages of
photolysis (at high values of the integral function). Significantly, the slope o from
this graph is coincident with the above determinations. These kinetic observations,
in conjunction with a knowledge of the infrared spectrum of the product, illustrate
that the reaction proceeds cleanly without interference from secondary photochem-
ical or thermal processes and confirms the stoichiometry of this photochemical
reaction (see Eq. (12)). Having found a mean value of o =1.83(+0.09) x 103
from the above kinetic plots, it is then a straightforward matter to calculate ¢,
from Eq. (11) with the incident light intensity determined from the laser power or
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Fig. 1. UV—vis absorption spectral changes accompanying the 458-nm irradiation of 2.5 x 1073 M
CpRh(CO), in deoxygenated decalin solution containing 0.1 M Et;SiH at 298 K. Initial spectrum
recorded prior to irradiation; subsequent spectra recorded after 30 min time intervals of irradiation.
Reprinted, with permission, from Ref. [12].



260 A.J. Lees / Coordination Chemistry Reviews 211 (2001) 255-278

.
1

ABSORBANCE

2076 2056 2036 1976 16
Wavenumber, ¢’

Fig. 2. FTIR absorption spectral changes accompanying the 458-nm irradiation of 2.5 x 10~3 M
CpRh(CO), in deoxygenated decalin solution containing 0.1 M Et;SiH at 298 K. Initial spectrum
recorded prior to irradiation; subsequent spectra recorded after 30 min time intervals of irradiation.
Reprinted, with permission, from Ref. [12].

by actinometry. The above procedure is illustrated for CpRh(CO),, but it can be
applied to the wide variety of organometallic photochemical processes which
exhibit multicomponent absorbances at the excitation wavelength.

3. Organometallic systems
3.1. CpRI(CO), and Cp*Rh(CO),

Quantitative measurements have greatly facilitated an understanding of the
photochemistry of the CpRh(CO), and Cp*Rh(CO), [Cp* =n’°-C5(CH,)s] com-
plexes [12—16]. Significantly, it was found that the quantum efficiencies for phos-
phine (PR;) ligand substitution are wavelength dependent and influenced by both
the entering ligand concentration and the nature of the entering ligand (see Figs. 5
and 6), implying that there are two excited states with distinct reactivities in the
photochemical mechanism. Consequently, two different reaction intermediates are
implicated in the solution photochemistry of CpRh(CO), and Cp*Rh(CO),. The
photoreactivity was also studied in triethylsilane (Et;SiH) solution and it can be
seen that the quantum efficiencies are independent of entering Et;SiH ligand
concentration (see Fig. 5).
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The photochemistry has been understood by invoking different pathways follow-
ing excitation at short and long wavelengths. Upon 313-nm excitation (short
wavelength) of CpRh(CO), in hydrocarbon (RH) solution an upper-energy ligand
field (LF) state is reached and the photoreactivity is characterized by facile CO
dissociation and high quantum efficiency (¢, > 0.1) for both ligand substitution
and C-H/Si—H bond activation reactions (see Fig. 6) [13—-16].

The photoefficiency data are entirely consistent with the primary photoproduct
being the hydrocarbon solvated CpRh(CO) monocarbonyl species (see Scheme 1)
[13-19]. However, it should be noted that the alkyl hydride complex,
CpRh(CO)(R)H, is also unstable and has been identified as a reaction intermediate
in flash photolysis; this transient species has a lifetime on the order of milliseconds
in the absence of a scavenging ligand and it undergoes reductive elimination to
form [CpRh(u-CO)], and subsequently the trans-Cp,Rh,(CO); product [20].

In sharp contrast, the 458-nm excitation (long wavelength) predominantly popu-
lates a lower-energy LF excited state which is characterized by an inefficient
(¢pr ~ 10~ %) photosubstitution reaction (see Scheme 2). A ring slippage (n°—n?)
mechanism involving the cyclopentadienyl ligand [21] has been postulated on the
basis of the ¢, results, which are influenced by the nature and concentration of the
entering PR; ligand. In such a mechanism, the competition of a back ring-slip
process effectively lowers the reaction quantum efficiency for photosubstitution.
The (n*-Cp)Rh(CO), intermediate is once again considered to be solvated [15]. The
photoreactivity at long wavelength, therefore, appears to be similar to the thermal
substitutional chemistry of this system [22-26].

231

[(1 =107 ")/ A0d

1.8 | ! L | |
0 60 120 180 240 300

t, min

Fig. 3. Plot of the function [(1 — 10~ "°)/4,.,] versus time. Data taken from Fig. 1. Reprinted, with
permission, from Ref. [11].
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Fig. 4. Kinetic representations of the FTIR bands at 2046, 1982 and 2009 cm ~!. Reprinted, with

permission, from Ref. [11].
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Fig. 5. Plots of photochemical quantum efficiencies (¢,,) versus entering ligand (L) concentration for the
reactions of (a) CpRh(CO), and (b) Cp*Rh(CO), with PPh; and Et;SiH. Excitation wavelength is 458
nm. Reaction with PPh; involves ligand substitution and reaction with Et;SiH involves Si-H bond
activation (Scheme 1). In (a) the photosubstitution data were obtained at 283 K and the Si-H bond
activation data were recorded at 293 K. In (b) the data were obtained at 268 K. Each ¢ value
represents the mean of the least three readings; estimated uncertainties on ¢ are within + 5%.
Reprinted, with permission, from Ref. [13].

In the absence of a scavenging PR, ligand and at low concentrations of Et;SiH,
photolysis at 458 nm results in competitive scavenging of the CpRh(CO) complex
by CO and CpRh(CO), thereby providing a return route to the parent CpRh(CO),
complex or forming the bridged trans-Cp,Rh,(CO); species [15]. Clearly, the CO
dissociative process still occurs upon long-wavelength excitation, albeit less effi-
ciently than photolysis at 313 nm. Photochemical quantum efficiencies at 458 nm
for CpRh(CO), in decalin under conditions of low concentration of added Et;SiH
exhibit saturation-type kinetics (see Fig. 7). The intercept point represents the
quantum efficiency of the binucleation reaction alone. Importantly, when the
binucleation reaction was measured under CO-saturated conditions, it was deter-
mined that no photochemical transformation took place at all. Under these kinetic
conditions, CpRh(CO) is effectively scavenged by CO and the parent complex is
generated again. At Et;SiH concentrations above 0.4 M, it was found that there
was no influence of added CO on the quantum efficiencies; under these conditions
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all the CpRh(CO) molecules are scavenged by Et;SiH. Kinetic analyses of all the
photochemical pathways and their influence on the quantum efficiency have been
previously described in detail [13,15].
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Fig. 6. Plots of photochemical quantum efficiencies (¢.,) for the reaction of CpRh(CO), with various
concentrations of entering ligand, L = PMe,; and P(n-Bu);, at 268 K. Excitation is at (a) 458 and (b) 313
nm. Each ¢, value represents the mean of at least three readings; estimated uncertainties are within (a)
+ 5% and (b) + 10%. Reprinted, with permission, from Ref. [13].

CpRh(CO), [CpRh(u — CO)], —> trans-Cp2Rh2(CO)3
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Scheme 1.
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Fig. 7. Plots of photochemical quantum efficiency (¢.,) versus Et;SiH concentration for the 458-nm
Si-H bond activation reaction of CpRh(CO), in deoxygenated decalin at 293 K. Reprinted, with
permission, from Ref. [15].

A key feature of the kinetic representation of the photochemistry is that the two
LF excited states are extremely short lived, undergo rapid solvation, and then
distinct chemical reactions occur (see Fig. 8) [15]. It is not that surprising that the
photophysical processes are so fast; indeed CO dissociative reactions typically take
place on the timescale of a few picoseconds [27-45], and the CpRh(CO), and
Cp*Rh(CO), complexes themselves have been shown to be non-luminescent at 77 K
[13], consistent with rapid dissociations from LF states [46].
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3.2. (HBPz')Rh(CO),

Much attention has also been paid to understanding the photochemistry of the
(HBPz;)Rh(CO), (Pz’' = 3,5-dimethylolpyrazolyl) complex following the initial re-
port of C—H activation [47]. Recently, we have studied the thermal and photochem-
ical pathways in alkane solutions at room temperature [48,49]. The thermal
mechanism has been characterized to involve rapid n<«>n? ligand interconversions
and, indeed, the protonated complex, [{n>-(HBPz;)(PzZH)}Rh(CO),]BF,, is readily
formed on addition of HBF,-OEt to (HBPz;)Rh(CO),. The photochemistry of
(HBPZz5)Rh(CO), is exceptionally clean in each of the alkanes studied and conver-
sion of the parent complex to form the hydrido photoproduct takes place com-
pletely (see Eq. (13)).

(HBPzg)Rh(CO)zlg{(HBPZ;)Rh(CO)(R)H +CO (13)

Absolute photochemical quantum efficiencies for intermolecular C-H bond acti-
vation (¢y) have been determined for these reactions and these show that the C-H
activation process is strongly dependent on the exciting wavelength. Very effective
conversion (¢ = 0.31-0.34) is attained upon excitation at 313 or 366 nm (short
wavelength) and inefficient conversion (¢ = 0.010-0.011) is observed upon pho-
tolysis at 458 nm (long wavelength). The experimental observations have been again
interpreted in terms of different photochemical mechanisms originating from two

CpRh(CO),
£
[
[<e}
@ LF -CO
Qe
g€ 5 3
LEY nem
313
< — nm
458

nm

GS

Fig. 8. Photophysical processes for CpRh(CO), and Cp*Rh(CO), depicting distinct reactivities from two
LF excited states. Reprinted, with permission, from Ref. [16].
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Fig. 9. Photophysical processes for (HBPz5)Rh(CO), depicting distinct reactivities from two LF excited
states. Reprinted, with permission, from Ref. [16].

low-lying LF states (see Fig. 9), in which the long-wavelength photochemistry and
the thermal chemistry of (HBPz;)Rh(CO), are associated with the initial formation
of a solvated (n>-HBPz;)Rh(CO), intermediate that is unable to undergo C-H bond
activation. The reduction in quantum efficiency is, thus, rationalized by an effective
ligand rechelation (n*>—n?) process of the n*intermediate. Significantly, we have
prepared the analogous square planar (H,BPz,)Rh(CO), complex (see below) and
have found that it is reactive towards phosphine ligands but not R-H in room-tem-
perature solution, supporting the conclusion that the above n>-species is unable to
C-H activate hydrocarbons.

In sharp contrast, the short-wavelength photochemisty is attributed to proceed
via an extremely short-lived monocarbonyl (HBPz;)Rh(CO) complex that facilitates
efficient C—H bond activation. Recent femtosecond flash photolysis measurements
have confirmed that the primary photoproduct formed on UV excitation is indeed
a monocarbonyl fragment which is produced and solvated within 10 ps [43].
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Moreover, it has been determined that (HBPz;)Rh(CO), is not luminescent in
2-Me-THF or EPA glasses at 77 K [48], consistent with LF levels which are highly
dissociative and short lived [46]. Scheme 3 summarizes the postulated photochemi-
cal routes for the various excitation wavelengths on the basis of the quantum
efficiency results [48,49].

Recently, the short-wavelength photochemistry of (HBPz;)Rh(CO), has been
investigated in further detail by ultrafast time-resolved infrared spectroscopy fol-
lowing excitation at 295 nm [50]. These experiments have elucidated several key
events in the mechanism of the C—H bond activation reaction. Within a few ps after
photoexcitation the alkane solvated monocarbonyl complex, (HBPz;)Rh(CO)(R)H,
is formed as the first observable intermediate. This species subsequently undergoes
n®—>n? ligand dechelation (200 ps) and then bond activation (230 ns) before
n?>—>n’ ligand rechelation («200 ns) to form the activated photoproduct,
(HBPz;)Rh(CO)(R)H. Clearly, the n*®—n? ligand dechelation step is an integral
part of the C—H bond activation mechanism, even with short-wavelength excitation.

A comparison of the photophysical processes of the CpRh(CO), and
(HBPz;)Rh(CO), complexes illustrates a number of similarities. As noted above,
both molecules are believed to undergo extremely fast ligand dissociation reactions
from LF excited states and, in each case, two different mechanisms involving CO
dissociation and ligand interconversion are suggested. For CpRh(CO),, the elec-
tronic absorption spectrum indeed reveals two LF bands, but for (HBPz;)Rh(CO),
only a broad absorption is observed so the assignment of two excited states is less
certain. In both cases the C—H activation photochemistry clearly arises by rapid CO
dissociation and, yet, it is interesting to find that the observed ¢y values are not
dependent on added CO concentration [13,15,48,49]. Apparently, once the
(HBPz5)Rh(CO) primary photoproduct is formed it is not able to recombine with
CO and it is converted completely to the C-H activated product. Hence, the
photoefficiency of the C—H activation process appears to be determined solely by
photophysical effects and, specifically, by the branching ratio between the dissocia-
tive and nondissociative pathways from the upper LF electronically excited state.

(n**HBPz'3)Rh(CO), - (RH)
458 nm
A

(HBPZ'3)Rh(CO);

-CO
31&
3660M " (HBP2';RW(CO) -+ (RH)

lA
(HBPz'3)Rh(CO)R)H

Scheme 3.
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Table 1
Photochemical quantum efficiencies (¢.,) as a function of excitation wavelength for the intermolecular
Si-H bond activation reaction of CpRh(CO), in deoxygenated hydrocarbon solutions at 293 K?*

Solvent® e (nM)
313 366 458

n-Hexane 0.29 0.078 0.0032
n-Heptane 0.29 0.060 0.0023
n-Octane 0.22 0.081 0.0026
Isooctane 0.31 0.089 0.0026
Decalin 0.15 0.060 0.0024
Benzene 0.035 0.017 0.00074
Benzene-d® 0.054 0.024 0.00071
Toluene 0.036 0.0074 0.00082
p-Xylene 0.061 0.033 0.0014

4 Data taken from Ref. [15]. Values were determined in triplicate and were reproducible to within
+ 10%.
® Solutions contain 0.05 M Et;SiH.

Table 2
Photochemical quantum efficiencies (¢y) for the intermolecular C-H bond activation reaction of
(HBPz5)Rh(CO), in deoxygenated hydrocarbon solutions at 293 K*#

Aex (nM) $cn
Benzene 366 0.13
458 0.0059
Toluene 366 0.14
458 0.0073
p-Xylene 366 0.17
458 0.0086
Mesitylene 366 0.22
458 0.0092
n-Pentane 313 0.34
366 0.32
405 0.15
458 0.011
n-Hexane 366 0.31
458 0.011
n-Heptane 366 0.31
458 0.010
Isooctane 366 0.31
458 0.010

4 Data taken from Refs. [48,49]. Values were determined in triplicate and were reproducible to within
+ 8%.

Photoreactivity measurements on CpRh(CO), and (HBPz;,)Rh(CO), have re-
cently been carried out in several aromatic solutions at room temperature (see
Tables 1 and 2) [15,48,49]. At any particular exciting wavelength, the photoeffi-
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ciency values are similar across a range of alkanes but they are substantially
reduced in aromatic solvents, even though it has also been determined that the aryl
hydrido photoproducts are more thermodynamically stable than the alkyl hydrido
species. The differences in quantum efficiency have been rationalized in terms of
solvent effects on the nonradiative relaxation rates from the complexes, and more
specifically from the upper LF levels responsible for the CO dissociative photo-
chemistry. Hence, the main influence on the C—H activation photoefficiency is again
attributed to photophysical effects in the different solvents [15,49].

3.3. W(CO),(en)

The W(CO),(en) (en = ethylenediamine) complex has provided an excellent op-
portunity to study the photoreactivity of the lowest-lying LF absorption manifold
at different exciting wavelengths [51]. This is because, unlike most substituted metal
carbonyl complexes, the lowest-energy LF absorption band is removed from the
other electronic transitions and the LF triplet is a distinctive feature of the spectrum
(see Fig. 10). Consequently, in this system it is feasible to irradiate directly into the
LF singlet and triplet levels separately and to measure the individual reactivities of
these different states.

Quantitative measurements of the photochemistry of W(CO),(en) in acetonitrile
(see Eq. (14)) are shown in Table 3. Quantum efficiencies have been obtained

1.2 +

1 +

0.8 +

0.6 +

Absorbance

0.4 +

0.2 +

0 ; i ; ;
300 350 400 450 500 550

Wavelength, nm

Fig. 10. Electronic absorption spectrum of W(CO),(en) in acetonitrile at 293 K. Reprinted, with
permission, from Ref. [51].
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Table 3
Photochemical quantum efficiencies (¢,,) for the CO ligand photosubstitution reaction of W(CO),(en)
in deoxygenated acetonitrile at 293 K*

e (nm) $er
313 0.23

366 0.068
405 0.050
458 0.007
476 0.007

4 Data taken from Ref. [51]. Values were determined in triplicate and were reproducible to within
+ 10%.
between 313 and 476 nm and these are strongly dependent on the excitation
wavelength. Photolysis at 458 and 476 nm populates the lowest-energy LF triplet
region and this results in significantly reduced photosubstitutional quantum effi-
ciencies compared to photolysis at 366 or 405 nm which populates the correspond-
ing LF singlet band. Furthermore, the observed quantum efficiency is even greater
following excitation at 313 nm into a higher-energy LF level, demonstrating that
this state undergoes CO dissociation with increased efficiency via an independent
photophysical pathway.

W(CO)(en) ———— W(CO5)(en)(CH,CN) + CO (14)

Clearly, the data for W(CO),(en) reveal that the LF excited states undergo
distinct photosubstitutional routes and that reaction from the lowest-lying LF
triplet state occurs with substantially reduced photoefficiency. Similar behavior was
reported for a series of pyridine (py) substituted cis-W(CO),L, (L = py, 4-Me-py,
4-Et-py) complexes which have LF transitions at lowest energy, although the
distinct reactivities of the singlet and triplet states were not specifically addressed
[52]. Moreover, the photosubstitutional quantum efficiencies of W(CO)s(py) and
W(CO)s(pip) (pip = piperidine) have been found to be wavelength dependent, and
again a reduced reactivity is observed from the lowest-lying triplet state [53,54]. In
these latter molecules, the variations in the quantitative photochemistry have been
associated with differences in the vibrational behavior of the participating excited
states. The lowest-lying triplet LF level is understood to undergo substantial
excited-state distortion in the form of a ‘stretch’ of the W—N bond [53-56], whereas
the corresponding singlet LF level is thought to undergo a ‘buckle’ vibration
[53,54,57-59]. The increased photoefficiency of the singlet state vibration may arise
from this motion which exposes the metal center to solvating molecules on four
faces of the octahedron. Certainly, solvent cage effects are anticipated to be quite
different for the singlet and triplet LF energy levels in each of these systems.

hy

3.4. CpFe(CO),I

A great deal has been learned about the photochemistry of the CpFe(CO),l
complex from studies of the quantitative photoreactivity at different excitation
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wavelengths. Photolysis of the bromo and iodo derivatives in the presence of
triphenylphosphine (PPh;) leads to formation of the covalent species
CpFe(CO)(PPh;)X (X = Br, I) with a high quantum efficiency (¢, = 0.14-0.89) at
366 or 458 nm [60,61]. Furthermore, photolysis of CpFe(CO),X (X =Cl, Br, I) in
benzene solution saturated with '*CO yields CpFe(CO)('*CO)X [61], and irradia-
tions (Ae, > 300 nm) of CpM(CO),Cl (M =Fe, Ru) in 12 K matrices have
suggested that the principal reaction pathway involves CO dissociation and not
M-CI bond cleavage [62]. However, in other studies there is evidence indicating a
heterolytic cleavage of the metal-halide bond [63-65], although the optimum
photochemical conditions were not identified.

Recently, long-wavelength photolysis studies of CpFe(CO),I have revealed that
the iodide ligand can be effectively replaced by n'-pyrrole ligands (pyrrole, indole)
[66—69] or imidato ligands (cyclic imides, nucleobases, nucleosides) [70—72] in the
presence of scavenging diisopropylamine (dipa) base. These reactions occur follow-
ing excitation with either sunlight or a tungsten lamp. The absorption spectrum of
CpFe(CO),l illustrates only weak bands at long wavelength (see Fig. 11); however,
we have found it is feasible to measure the quantitative photochemistry using a Kr*
laser to perform excitation at 647 nm. The photochemical quantum efficiency for
heterolytic cleavage at 647 nm has been determined to be 0.38 ( +0.02) [69]. This
relatively high photoefficiency value is significant because it demonstrates that
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Fig. 11. Electronic absorption spectrum of CpFe(CO),I in chloroform at 293 K. The inset depicts weak
absorption bands at long wavelength. Reprinted, with permission, from Ref. [69].
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irradiation at long wavelength can provide an effective route to new types of
CpFe(CO),L complexes which are, in turn, valuable precursors to azaferrocene.
Such pathways are desirable because the metal center in azaferrocene has a greatly
increased reactivity compared to that in ferrocene [73,74].

3.5. [CpFe(y®-ipb)]PF;

The [CpFe(n®-arene)]X system is widely used in industry as a cationic photoini-
tiator in the polymerization of epoxides [75,76], dicyanate esters [77-79], pyrrole
[80,81], styrene [82], dioxolenes [83] and acrylates [82,84,85]. One of these com-
plexes, [CpFe(n’-ipb)|PF; (ipb: isopropylbenzene), is frequently used in the manu-
facture of printed circuit boards [86—91] and in other coating applications [92]. The
photochemical mechanism of [CpFe(n®-ipb)]PF is understood to involve an initial
arene ring-slippage step prior to dissociation of the arene ligand [75,76,93-95].
Until recently, quantitative studies of the photochemistry have been confined to
measurements at 436 nm. Here, light absorption populates the lowest-lying LF
singlet excited state and it has been assumed that the intersystem crossing efficiency
is unity and that the reactivity occurs entirely from the corresponding LF triplet
level [93].

Recently, the photochemistry of [CpFe(n®-ipb)]PF, has been studied over a range
of excitation wavelengths [96]. Fig. 12 illustrates the UV —vis absorption spectrum
of this complex and a typical spectral sequence observed on photolysis in the
presence of 1,10-phenanthroline (phen) as scavenging ligand. Irradiations have been
performed at 355, 458, 488, 514, 632 and 683 nm. Excitation in the 458-514 nm
region results in population of the lowest-lying LF singlet state. Photolysis at 355
nm populates a higher-energy LF singlet state and may also involve some absorp-
tion into the long-wavelength tail of a higher-lying ligand-to-metal charge transfer
(LMCT) band [97-99]. Irradiation at 632 and 683 nm directly populates the lowest
LF triplet excited state, even though the absorbance band is very weak (in acetone,
Jmax = 650 nm, ¢=3.2 M~ !em~!). At each of the excitation wavelengths studied,
the reaction involves conversion to the [Fe(phen);]** photoproduct (4., = 510
nm), according to Eq. (15) [93,94].

[CpFe(n®-ipb)]PF, ﬁ [Fe(phen),>* + ipb + PF; + Cp- (15)
X phen

Quantum efficiencies obtained for [CpFe(n®ipb)]PF, at various excitation wave-
lengths are shown in Table 4. Clearly, the ¢, values exhibit a strong dependence on
the excitation wavelength. The data reveal that the arene dissociation process takes
place very effectively following excitation in the 355—-514 nm region and population
of either of the two lowest-lying LF singlet states. However, the reaction is much
less efficient following long-wavelength excitation in the 632—-683 nm region and
direct population of the LF triplet level. Once again, the quantitative measurements
reveal that in this molecule there are two excited states with differing intrinsic
reactivities.
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Fig. 12. (a) Electronic absorption spectra of [CpFe(n®-ipb)]PF, in dichloromethane at 293 K. (b) UV—vis
absorption spectral changes accompanying the 458-nm photolysis of 1 x 10 ~3 M [CpFe(n%ipb)]PF in
deoxygenated acetone containing 0.05 M phen at 293 K. Spectra are depicted following 1 min time intervals;
initial spectrum was recorded prior to irradiation. Reprinted, with permission, from Ref. [96].

Table 4
Photochemical quantum efficiencies (¢.,) for the arene dissociation reaction of [CpFe(n’-ipb)]PF in
various solutions following excitation at several wavelengths®

Solvent Jex (M)

355 nm 458 nm 488 nm 514 nm 632 nm 683 nm

Acetonitrile  0.66(0.07)  0.64(0.01)  0.62(0.01)  0.49(0.007)  0.20(0.01)  0.15(0.002)
Acetone 0.61(0.03)  0.66(0.01)  0.650.01)  0.49(0.008) 0.14(0.004)
Nitromethane ® 0.72(0.01)  0.72(0.006)  0.55(0.003) 0.17(0.002)

4 Data taken from Ref. [96]. Values in parenthesis represent the standard deviations from at least five
measurements.
® Value was not obtained due to solvent absorption.
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4. Concluding remarks

In each of the organometallic systems discussed, quantitative photochemical
measurements have been able to provide considerable new insight to their photo-
physical and photochemical mechanisms. For the C-H activating CpRh(CO),,
Cp*Rh(CO), and (HBPz5)Rh(CO), molecules, the obtained quantum efficiencies
have illustrated that there are two participating excited states that undergo quite
different reaction mechanisms. For W(CO),(en) and [CpFe(n%-ipb)]PF, the quanti-
tative data reveal that the lowest-lying singlet and triplet excited states have distinct
intrinsic reactivities and undergo separate photochemical routes to form their
products. For CpFe(CO),I, an entirely different reaction pathway has been found
following population of a low-lying reactive excited state.
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Appendix A. Abbreviations

Cp n’>-CsHs

Cp* n’>-Cs(CH;)s

Dipa diisopropylamine

En ethylenediamine

EPA ether-isopentane—ethanol (5:5:2 by volume)
FTIR Fourier transform infrared

Ipb isopropylbenzene

LF ligand field

LMCT ligand-to-metal charge transfer

MLCT metal-to-ligand charge transfer
2-Me-THF 2-methyl-tetrahydrofuran

Phen 1,10-phenanthroline

Pz 3,5-dimethylolpyrazolyl

uv ultraviolet

Vis visible

Aex excitation wavelength

Gor quantum efficiency of chemical reaction

ben quantum efficiency of C—H bond activation reaction
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