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Abstract

A major challenge of mechanistic organometallic chemistry is to characterize the structure and dynamics of reactive
intermediates in stoichiometric and catalytic processes. In this context, time resolved spectroscopic techniques can be used to
investigate reactive intermediates generated by laser flash photolysis of suitable organometallic precursors. Specific examples will
be drawn from ongoing mechanistic research in these laboratories in which time-resolved infrared (TRIR) and time-resolved
optical (TRO) detection are used to probe the reactivities and structures of intermediates in the carbonylations of metal–alkyl
bonds, a key pathway in catalytic activation of carbon monoxide. The principal focus will be upon the migratory insertion
mechanisms of cobalt carbonyl complexes similar to those used in alkene hydroformylation catalysis as well as model systems
based on manganese carbonyls. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Carbonylations; Carbon monoxide; Catalytic activation

1. Introduction

Organometallic reactions important to homogenous
catalysis schemes include the activation of C�H and
H�H bonds, ligand substitution, carbon monoxide mi-

gratory insertions, alkene isomerization and oligomer-
ization etc. [1,2]. A major goal in elucidating the
detailed mechanisms is to characterize the structures
and reactivities of intermediates formed along reaction
coordinates. Such transients are elusive under catalytic
conditions owing to low steady state concentrations. A
strategy used in this laboratory has been to prepare
non-steady state concentrations of such intermediates
by laser flash photolysis of suitable precursors [3–16].
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Fig. 1. Cartoon illustrating the photochemical techniques to generate
non-steady state concentrations of reactive intermediates for a cata-
lytic cycle by flash photolysis of a suitable precursor A.

2. Time resolved spectroscopic techniques

2.1. Apparatus

Most flash photolysis studies involving the measure-
ment of transient absorption behavior of organometal-
lic intermediates are carried out on apparatus with a
standard ‘pump-probe’ configuration as illustrated in
Fig. 2. At UCSB, our studies have largely been carried
out in the ns–ms regime, where continuous IR or
UV–vis sources can be used as probes. The pump
source is either a XeCl Excimer laser (308 nm) or a
Nd/YAG laser operating at the second (532 nm), third
(355 nm) or fourth harmonic (266 nm). For time re-
solved optical (TRO) detection the UV–vis probe
source is a xenon short arc lamp. For kinetics studies,
the light from this is passed through a monochromator
to give a (variable) single frequency source, which is
detected using a PMT. Alternatively, the full visible
range spectrum can be recorded using a spectrograph
and a CCD camera, with the timing defined by elec-
tronic gating.

TRIR detection is attractive for kinetic studies of
organometallic reactions, especially if the relevant reac-
tants, intermediates, and/or products include groups,
such as carbonyls, which are strong IR chromophores.
The, UV–vis absorptions for many organometallic
compounds in solution are generally broad and feature-
less, and bands of the various species often overlap. IR
spectra tend to give much better resolution between
individual species, and the relatively narrow and some-
times structure specific bands often allow for direct
observation of the temporal decay and appearance of
individual species without interference from excessive
overlapping. Kinetics studies at UCSB with IR detec-
tion were explored at (variable) single probe frequencies
using a tunable IR laser source and a fast rise time solid
state detector. Some experiments reviewed here in-

Fig. 1 is a cartoon illustrating this strategy. Once these
short-lived transients are generated, they can be interro-
gated with time-resolved optical (TRO) or time-re-
solved infrared (TRIR) spectral techniques, which
provide an ensemble of spectroscopic and dynamic
information. Instrumentation developed in this labora-
tory provides the opportunity to carry out these reac-
tions at elevated temperatures and pressures relevant to
industrial catalysis conditions [13].

What types of intermediates might one expect to be
able to prepare and detect in this manner? For many
metal complexes, the most common photoreaction
would be simple ligand dissociation (Eq. 1), since the
M�L bonds are usually the weakest in the complex.
With molecular ligands such as CO or an alkene,
dissociation is heterolytic, but with metal alkyls and
similar

(1)

species, homolytic dissociation to radicals is common.
In solution, other relaxation processes are sufficiently
fast that one normally expects but a single ligand to be
labilized, although in the gas phase, multiple dissocia-
tions are common.

Fig. 2. Generic pump-probe apparatus for time resolved optical or infrared studies.
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Fig. 3. HP/VT flow cell for TRIR studies.

volved step-scan FTIR techniques on an instrument at
Los Alamos National Laboratory. The general makeup
of various TRIR systems has been reviewed [16], and
several other laboratories have used TRIR spectro-
scopic techniques extensively for studying the photore-
actions of organometallic compounds [17–19].

It is generally necessary to carry out considerable
signal averaging to assure reasonably large signal to
noise (s/n) ratios, and this requires multiple laser puls-
ing of the sample. Thus, it is generally desirable to have
the sample flowing through the excitation region at a
pace such that physical motion is slow relative to the
observation time, but sufficiently rapid for sample re-
newal between laser pulses. It is also desirable to define
and control the reaction conditions (temperature,
gaseous atmosphere, etc.). In this context, the high
pressure/variable temperature (HP/VT) flow system
custom built for these studies [13] is designed to operate
under gaseous pressures to 100 atm and temperatures
upto 150 °C, in order to approach conditions more
relevant to certain known industrial catalysts. This is
illustrated in Fig. 3.

2.2. An example: intermediates in the flash photolysis
of Mn(CO)5CH3

Characterization of a reactive organometallic inter-
mediate by TRIR technique is illustrated with the man-
ganese carbonyl complex Mn(CO)5CH3 (MMn) [8]. Fig.
4 shows the TRIR spectrum resulting from the flash

photolysis of MMn in cyclohexane solution under CO.
The notable features are the prompt formation of a
transient species X, with new �CO absorptions at 1992,
1986 and 1952 cm−1, which decay exponentially (kobs)
within a few �s. A plot of kobs versus [CO] proved to be
linear with slope kCO of 4.5×108 M−1 s−1 (295 K) and
a zero intercept consistent with the rate law in Eq. (2).
Reformation of MMn occurred at the same rate (al-
though some permanent bleaching was observed owing
to competing photochemical cleavage of the Mn�Me
bond).

−
d[X]
dt

=kobs[X]=kCO[CO][X] (2)

Fig. 4. TRIR spectral data resulting from 308 nm flash photolysis of
Mn(CO)5CH3 in 295 K cyclohexane under 10% CO (0.001 M).
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Table 1
Rate constants for CO addition (kCO) and methyl migration (kM)
reactions of IMn in various solvents determined from optical flash
photolysis experiments

Solvent kM (s−1) kCO for XkCO (M−1 s−1)
(M−1 s−1)b

�1.0PFMC �1×10101.5×104

6.7Benzene 3.3×103

9.06.5×103 4.5×108Cyclohexane
Dichloromethane 5.3×103 30

477.0×1031,2 Dichloroethane
THF 8.8�5×102 1.4×102

Data from Ref. [9].

Our strategy for characterizing the structure and
reactivity of potential intermediates starts with an acyl
complex, i.e. the product of the thermal reaction.
Photodissociation of a ligand L� from the acyl complex
A prepares a reactive intermediate I (e.g. Eq. (4)) with
the same composition as proposed for Ith. Time re-
solved spectroscopic studies are then used to interrogate
the nature of I as well as the dynamics of the reactions
with various L� to give the stable acyl products and of
reverse alkyl migration to give the metal alkyl complex
M.

The resulting TRO and TRIR spectra as well as the
reaction kinetics under various conditions are

(4)

then interpreted in terms of potential mechanisms.
Comparisons with the rates obtained for I in this
manner to the competitive reactivities deduced for Ith

based on steady state kinetics methods can further be
employed to analyze whether I serves as a reasonable
model for Ith. The majority of our studies to date have
been with the model systems Mn(CO)5(C(O)R) and
(�5-C5H5)Fe(CO)(C(O)R) [6–9,11–13], but ongoing
studies are probing analogous intermediates generated
from known cobalt [14] and rhodium catalysts [21]
under conditions more relevant to a catalytic medium.

3.1. Manganese carbonyl complexes

The IR spectrum of Mn(CO)5(C(O)CH3) (AMn) dis-
plays carbonyl stretching bands at 2110, 2051, 2012(vs.)
and 1661(acyl) cm−1, that are essentially independent
of the solvent medium. Flash photolysis of AMn in
cyclohexane (296 K) generates a transient with �CO

bands at 1990, 1952, 1606 (w) cm−1 [9]. A similar
spectrum (�CO bands 2080 (w), 1998, 1941, 1607 (w)
cm−1) was observed for IMn upon photolysis of AMn in
a methylcyclohexane glass at 196 K. The TRIR spec-
trum of IMn displayed moderate sensitivity to solvent
(e.g. in tetrahydrofuran (THF), �CO bands appeared at
1981 (br) and 1931 (br) cm−1), but the effect was
considerably smaller than was seen above in the flash
photolysis of MMn. More dramatically, the dynamic
behavior of IMn was very different from that of X.
Although, IMn reacted with CO to regenerate AMn, the
rate of this reaction in cyclohexane was orders of
magnitude slower (kCO=65×103 M−1 s−1 in 296 K
cyclohexane) than the analogous reaction of X to regen-
erate M under analogous conditions (8.5×108 M−1

s−1). Furthermore, the kCO values for IMn vary by less
than a factor of 5 among the solvents PFMC, cyclohex-
ane, 1,2-dichloroethane and benzene, but drop by more
than an order of magnitude in THF (Table 1) [9].

The TRIR spectra of X displayed a marked depen-
dence on the nature of the solvent medium; for exam-
ple, in tetrahydrofuran, the �CO bands appeared at
lower frequency (1974, 1964 and 1921 cm−1), than in
cyclohexane. Furthermore, kCO proved to be strongly
solvent dependent, ranging from �1010 M−1 s−1 in
perfluoromethylcyclohexane (PFMC) solution to 1.4×
102 M−1 s−1 in THF, nearly eight orders of magnitude
smaller. Thus, the spectra and dynamics of the interme-
diates observed upon photo dissociation of CO from
Mn(CO)5CH3 was attributed to the solvento species
cis-Mn(CO)4(Sol)CH3, which react with CO to regener-
ate MMn (Eq. (3))[8].

(3)

3. Mechanisms of CO migratory insertion into metal
alkyl bonds

Carbon monoxide ‘migratory insertion’ into metal
alkyl bonds is the key carbon–carbon bond formation
pathway in catalytic carbonylations such as acetic acid
synthesis from methanol, alkene hydroformylations,
etc. [1,2]. Alkyl manganese carbonyl complexes such as
MMn have been extensively probed as mechanistic mod-
els for this fundamental important class of
organometallic reactions [20]. Such studies suggest that
alkyl migration to a cis carbonyl leads to a reactive
intermediate (Ith) in a step promoted by more polar
solvents. Trapping of Ith by a ligand completes the
process, although a concerted reaction may function in
some cases.
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The reaction of IMn for which there is no analogy in
X, is the migration of the methyl group to the metal to
form MMn, which occurs with a unimolecular rate
constant (kM) of 9.0 s−1 in 296 K cyclohexane. Unlike
kCO, kM is quite sensitive to the nature of the respective
solvents (Table 1) [9].

Electronic excitation of AMn initiates photoreactions
faster than the ns time resolution of these experiments.
While some acetyl–metal bond fragmentation and
‘prompt’ formation of MMn are apparent, the principal
pathway is CO dissociation to give IMn. What form
might IMn take? Depicted below (L, CO) are some
alternatives, notably, the fully unsaturated species U,
the chelated structure C with a �2-carbonyl group, the
solvated intermediate S and the bidentate transient B
with the methyl group in an agostic interaction with the
metal center. A truly coordinatively unsaturated inter-
mediate (U) of a d6 metal center such as Mn(I) is
unlikely to be seen on the ns–�s time scales of these
experiments. Earlier workers have demonstrated that
Cr(CO)5 and its Mo and W pentacarbonyl homologs as
well as analogously unsaturated species bind

alkanes with dissociation energies as large as 10 kcal
M−1 and bind stronger donor ligands much more
strongly [22]. In the same context, thus, the solvento
species S must be given serious attention as a possible
candidate for IMn, not only in strongly donor media but
also in hydrocarbon solvents. The presence or absence
of solvent effects on spectra or reactivities might be
used to evaluate the possible role of S. Differentiating
B and C may be more challenging, since both agostic

and �2-CO forms of acyl coordination have been
shown to be in equilibrium for solutions of the molyb-
denum acyl complex Mo(C(O)CH2SiMe3)(S2CNMe2)-
(CO)(PMe3)2 and analogs [23]. However, in the case of
the manganese complexes, recent DFT calculations sug-
gest that C is considerably lower in energy than B [24].
The calculations will be discussed further below.

If the L are carbonyls, the �CO bands are a fairly
sensitive probe of the electronic environment at the
metal. For S, these should shift to lower frequencies as
solvent donor strength increases, and the lability of S in
subsequent reactions with other ligands including CO
should decrease as was seen for Mn(CO)4(Sol)(CH3) [8].
In contrast, while none of the spectra or kinetics de-
scribed here are likely to find the bulk solvent a totally
innocent player, the spectral and kinetics properties of
the C or B should be but modestly solvent sensitive. In
Table 1, kinetics data for the reaction of IMn with CO
in different solvents [9] are compared with those for X.
The kL values in Table 1 show that the kCO values for
IMn are much less sensitive to solvent as are those of X.
Furthermore, the comparative sluggishness with which
IMn undergoes ligand substitution in weakly coordinat-
ing solvents relative to X suggests that IMn is not a
solvento species except in stronger donor solvents,
where the rates of ligand substitution are similar. Thus,
it is our view that the spectral and kinetic data for IMn

are most consistent with the �2 chelate C in weakly
coordinating solvents, but with S in more strongly
donating solvents.

We now turn to the effect of solvent on the rate of
methyl migration, nominally, the microscopic reverse of
the first step in the thermal carbonylation reaction. The
kM values in various solvents are summarized in Table
1. Notably, the trends observed for kM do not parallel
those of the ligand substitution reactions. Although,
CO reaction with IMn is much faster in cyclohexane
than in THF, methyl migration rates are nearly identi-
cal in the two solvents. The similarity must be coinci-
dental given the different structures in the two solvents.
What is remarkable about the data in Table 1 is that
the rates of methyl migration increase with relative
solvent donor strength for those very media where kCO

shows little solvent dependence and it appears that the
structure of IMn is that of the �2 chelate C.

Fig. 5 offers an explanation of the role of the solvent
in promoting methyl migration to form MMn from IMn.
In weakly coordinating solvents (alkanes, aromatics,
halocarbons), where IMn appears to be present as the �2

chelate C, the solvent is nonetheless involved in the
methyl migration step owing to the solvent dependence
of kM. Upon inspection of the �2 acyl structure, it is
difficult to imagine a one-step process by which it could
rearrange to MMn. We propose that the trend of in-Fig. 5. Free energy profile for the methyl migration pathway of IMn.
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Scheme 1.

Ith. This would give the relationship kobs=k1k2[L]/
(k−1+k2[L]) and values of k1 as well as the ratio k1/k2

can be obtained for various L from the slopes and
intercepts of double reciprocal kobs

−1 versus [L]−1 plots.
Indeed, reaction of MMn with excess P(OMe)3 to give
cis-CH3C(O)Mn(CO)4(P(OMe)3) in THF followed
pseudo first order kinetics, and from the linear plot kobs

−1

versus [L]−1, the values k1= (8.5�0.9)×10−4 s−1

and k−1/k2= (6.6�1.3)×10−3 M [25] were
determined.

If IMn identified by the photochemical techniques is
indeed the same as the thermal intermediate Ith, then
kM is k−1, kL is k2 and k−1/k2 should equal kM/kL. The
photochemical experiment allows one to determine kM

and kL independently. The calculated kM/kL ratio from
the photochemical experiment is (5.5�1.5)×10−3 M,
the same, within experimental uncertainty, as the ratio
k−1/k2 ((6.6�1.3)×10−3 M). Thus, the assertion that
the photochemically generated intermediates are rele-
vant to thermally induced migratory insertion is sup-
ported at least for the reactions in THF.

It is notable that in THF solution, the photochemi-
cally generated intermediate IMn was concluded to be
the solvento species S, rather than the �2-acyl chelate
complex C found in weakly donor solvents. As dis-
cussed above (and in [9]), the latter configuration does
not appear to lie on a direct pathway between MMn and
AMn. Nonetheless, the sensitivity of the rates of the
methyl migration pathway from IMn to MMn in weakly
donating solvents to the relative donor properties of
those media clearly points to the importance of solvent
stabilization of the transition state for methyl migra-
tion. The relative effectiveness in this respect correlates
qualitatively with the donor properties even for these
solvents and suggests direct interaction with the metal
center in the transition state of the kM pathway.

A recent report [24] of theoretical computations
based upon density functional calculations has drawn
some sweeping conclusions that intermediates in the
thermal and photochemical pathways are different, and
that neither C nor S represent intermediates in the
former mechanism. Instead, the conclusion was drawn
that the reactive intermediate important to the thermal
reaction of MMn with CO is the agostic complex B,
which reacts directly with CO to give the acyl product
AMn. The calculations agree that among species with
the ‘unsaturated’ formulation Mn(CO)4(C(O)Me), C is
substantially lower in energy than B, but suggest the
barrier to forming C is large. Surprisingly, the calcula-
tions suggest B to lie in a potential energy minimum so
shallow (0.1 kcal M−1) that it can hardly be considered
a reactive intermediate, since this is considerably less
than kT (0.6 kcal M−1) at ambient temperature. Steady
state kinetics treatment of such a species would be
inappropriate. Fig. 6 is an illustration of the lowest
energy pathway calculated for the direct reaction of CO

creasing kM with donating ability of the solvent is the
result of the �2 chelate C reacting first to form the
solvento species, which then undergoes methyl migra-
tion with concerted loss of solvent. This is the micro-
scopic reverse of the previously proposed ‘solvent
assisted’ methyl migration. In THF, the lowest energy
form IMn is already the solvento species S. Thus, stabi-
lization of S by Mn–THF bonding offsets stabilization
of the kM transition state by solvent–metal interactions,
giving the fortuitous similarity of the �GM

‡ values in
cyclohexane and THF (Fig. 5).

3.1.1. Comparison of the thermal and photochemical
kinetics

A crucial question remains to be resolved, is the
photochemically generated intermediate, the same as
the one produced along the reaction coordinate of the
thermal carbonylation under analogous conditions?
While data concerning solvent assistance in the above
photochemical studies do qualitatively agree with previ-
ously observed thermal results, we can make a quanti-
tative comparison of the reactivity of IMn and Ith.
Specifically, if an intermediate shows the same branch-
ing selectivity between methyl migration and ligand
substitution whether it is produced thermally or photo-
chemically, then the two intermediates are likely to be
the same species.

The reaction of MMn with P(OMe)3 in THF was
investigated in order to provide comparative thermal
and photochemical data under closely analogous condi-
tions. Earlier kinetics studies [25] of thermal reactions
of MMn with various L to give the respective acetyl
complexes cis-AL in various solvents were interpreted in
terms of the thermal model illustrated in Scheme 1. In
a donor solvent such as THF, the lowest energy path-
way is consistent with the formation of the intermediate
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with MMn to give AMn via formation of B drawn
appropriately to scale according to the calculations.
Although the issue was not raised by the authors of
that report, this reaction coordinate profile is essentially
one of a concerted reaction, i.e. the k3 pathway in
Scheme 1.

In previous experimental kinetics studies [9,25], the
reaction of M with L in alkane solutions proved to be
strictly second order over the ligand concentrations
studied. While this is consistent with a direct nucle-
ophilic attack via the k3 step in these weaker donor
solvents, a kinetically consistent alternative would be
reaction via formation of Ith, if the constraint k−1�
k2[L] were met under the experimental conditions. The
photochemically derived rate constants for I in cyclo-
hexane clarify this ambiguity. The condition kM�kL[L]
is not met for the reaction of M with excess P(OMe)3 in
cyclohexane (kM=9.0 s−1, kL=1.4×106 M−1 s−1,
[L]=0.006–0.15 M) [9]. Thus, the most plausible expla-
nation of the second order kinetics in alkanes is that the
reaction proceeds via the k3 step, presumably involving
associative attack of L on the Mn, although a less

direct pathway such as nucleophilic activation of a
carbonyl is difficult to exclude [26,27]. In more polar
solvents where there is kinetics evidence for an interme-
diate, the overall rates are much faster, consistent with
the role of solvent in assisting alkyl migration.

3.2. Cobalt carbonyl catalysts

Carbonylation catalysis has grown to be a major
component of the chemical industry since the discovery
of homogeneous cobalt carbonyl catalysts for alkene
hydroformylation in 1938 by Otto Roelen at
Ruhrchemie AG [1,2]. The original hydroformylation
catalysts were based on simple cobalt carbonyl precur-
sors; however, a phosphine modified cobalt carbonyl
catalyst has been developed, which has a more favor-
able linear-to-branched selectivity, but requires higher
temperatures for desirable activity. In the early 1960s,
Heck and Breslow proposed the generally accepted
catalytic cycle for unmodified cobalt catalysts illus-
trated in Scheme 2 [28], and a similar model can be
presumed for the phosphine modified system. Described
here are TRIR studies of the reactive intermediates in
migratory insertion of a CO into the Co�R bond of the
phosphine modified complex RC(O)Co(CO)3L.

Thermal kinetics studies on RC(O)Co(CO)3L (R,
alkyl; L, CO, phosphine) using in situ IR [29,30] and
NMR [31,32] techniques have reported inverse depen-
dence upon [CO] for the rates of CO exchange, reaction
with H2, and isomerization of R. The unsaturated
intermediate RC(O)Co(CO)2L has been invoked in
mechanism discussions, but these techniques could not
probe the spectra or dynamics of this species directly.
For example, Roe used high pressure NMR magnetiza-
tion exchange experiments [32] to determine activation
parameters for CO loss from CH3C(O)Co(CO)4 (ACo� )
in methylcyclohexane-d14 as �H‡=22 kcal M−1,
�S‡=8 cal M−1 K−1 and suggested that the transition
state for CO dissociation involved concerted coordina-
tion of the acyl oxygen to give the �2-acyl intermediate.
Indeed, there is spectroscopic evidence that supports
the stabilization of ICo� via coordination with the acyl
oxygen. Photodecarbonylation of ACo� in argon matrices
[33,34] demonstrated the formation of a species formu-
lated as ICo� , and Sweany attributed the diminished
intensity of the acyl �CO band to a cyclic �2 conforma-
tion for the acyl group. Under these conditions, ICo� was
remarkably stable even in the presence of CO and H2,
whereas the methyl and hydride analogs CH3Co(CO)3

and HCo(CO)3 (from photolysis of the methyl and
hydrido tetracarbonylcobalt complexes, respectively)
both reacted readily with CO and H2. Density func-
tional calculations on reactive intermediates of the un-
modified cobalt catalyzed hydroformylation cycle by
Ziegler et al. [35–37] also predict the �2 acyl structure
(C�) for CH3C(O)Co(CO)3 as the most stable conforma-
tion for ICo� .

Fig. 6. A (to scale) drawing of the reaction profile calculated by DFT
techniques [24] for the concerted reaction of CO with MMn to give
AMn via the agostic configuration B, was calculated to have a
potential minimum �0.1 kcal M−1 deep.

Scheme 2. Proposed mechanism for homogeneous cobalt-catalyzed
hydroformylation.
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Fig. 7. Infrared spectrum of a 2.14 mM solution of
CH3C(O)Co(CO)3PPh3 (ACo) in benzene-d6 under 1 atm of carbon
monoxide. The peak positions are 1680 cm−1 for the acyl CO, 1959,
1979, 2048 cm−1 for the terminal CO, and 2131 cm−1 for free CO in
solution.

CH3C(O)Co(CO)2PPh3 (ICo). The IR spectrum of a
benzene-d6 solution of ACo is shown in Fig. 7. This
displays a weak band at 2048 cm−1 and strong bands
at 1979 and 1959 cm−1 for the terminal carbonyl
stretches. This is consistent with trigonal bipyramidal
coordination of the ligands perturbed from local C3�

symmetry by the acyl group. The acyl carbonyl stretch
was observable at �CO=1680 cm−1.

Insight into the events following the 355 nm photoly-
sis of the parent complex ACo is provided by examina-
tion of the IR spectral changes on the microsecond
timescale. The surface plot of the absorbance changes
following photolysis collected by stepscan FTIR detec-
tion in the terminal �Co region is shown in Fig. 8.
Readily apparent spectral changes are the prompt
bleach of the parent terminal CO stretches at 2048,
1979, and 1959 cm−1, characteristic of depletion of
ACo, and the prompt formation and decay of a tran-
sient species ICo with initially strong absorbances at
1915 and 1947 cm−1. The prompt absorbance at 1947
cm−1 is in a congested spectral region close to both the
1959 cm−1 bleach of ACo and the growth of a ‘perma-
nent’ (long lived) photoproduct that was shown to be
CH3Co(CO)3PPh3 (MCo) [14]. The decay of the ab-
sorbance at 1915 cm−1 is clear of any overlap of ACo

bleach or product growth.
By selecting frequency intervals corresponding to the

bleach of ACo at 1979 cm−1, the transient absorbance
of the intermediate ICo at 1915 cm−1, and the product
formation at 1958 cm−1, it is possible to generate the
transient signals for these species as shown in Fig. 9.
The kinetic trace of product formation at 1958 cm−1

fits well to an exponential rise with an observed rate
constant (kobs) of ca. 1.3×105 s−1. This value is in
agreement with the kobs, (1.2×105 s−1) obtained from
an exponential fit of the decay of ICo at 1915 cm−1, so
it is reasonable to assume that ICo reacts directly to
form this photoproduct. Under these conditions,
(PCO�0.76 atm) regeneration of ACo on this timescale
is at most quite modest (Fig. 9) and roughly follows the
kobs of the photoproduct and ICo.

The spectrum of the intermediate(s) formed promptly
(ICo) can be extracted from the difference spectrum first
1.5 �s after the pump laser pulse and shows strong
bands at 1915 and 1947 cm−1 plus weaker ones at 2035
and 1983 cm−1. The shift of the terminal �CO to 1915
and 1947 cm−1 is consistent with CO loss being the
primary photoprocess, although manipulations of the
step-scan spectral data leave some doubt as to whether
the minor product CH3C(O)Co(CO)3 is also formed by
phosphine photodissociation. This should have higher
frequency �CO bands consistent with the observation of
weaker bands at 2035 and possibly 1983 cm−1 in the
step-scan spectra (Fig. 10). However, no indication of
sample degradation was detected in the IR spectra of
the photolysis solutions, and small concentrations of

Fig. 8. Infrared transient difference spectra of CH3C(O)Co(CO)3PPh3

(ACo) in C6D6 recorded 0–35 �s following the laser pulse.

Fig. 9. The absorption changes following 355 nm flash photolysis of
CH3C(O)Co(CO)3PPh3 (ACo) in C6D6 monitored at, (a) 1979 cm−1

corresponding to the bleach of ACo, (b) 1915 cm−1 due to the
absorption of the transient intermediate ICo, and (c) 1958 cm−1

showing the formation of the methyl complex MCo [14].

In this laboratory, solution studies [14] of the 355 nm
photolysis of the phosphine modified cobalt carbonyl
CH3C(O)Co(CO)3PPh3 (ACo) have probed the spectra
and reactivity of the unsaturated intermediate
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ICo� should not affect the kinetics of ICo measured at
1915 cm−1. The results of the subtractions of transient
IR spectra are all consistent with the scenario illus-
trated in Scheme 3; photolysis of the acetyl complex
ACo at 355 nm gives a reactive intermediate ICo, which
reacts further to give MCo or to reform ACo.

Table 2
Rate constants kM and kCO following 355 nm photolysis of
CH3C(O)Co(CO)3PPh3 in benzene at 25–40 °C

kM (104 s−1) kCO (107 M−1 s−1)T (°C)

6.2 (�0.7) 1.14 (�0.01)25
7.6 (�0.5) 1.19 (�0.01)30

10.5 (�0.9)35 1.26 (�0.02)
40 1.34 (�0.01)13.5 (�0.6)

18.0 (�0.8)45 1.40 (�0.02)
�H‡ (kcal M−1) 1.4 (�0.1)9.5 (�0.5)

−5 (�1.5)�S‡ (cal M−1 K−1) −22 (�3)

Data from Ref. [14].

Fig. 10. (a) Transient difference spectrum extracted from the first 1.5
�s following 355 nm photolysis of CH3C(O)Co(CO)3PPh3 (ACo) in
C6D6 (solid line) and the negative of the transient difference spectrum
for the time period from 40 to 80 �s (dashed line). (b) The resultant
spectrum from the addition of the spectrum in (a) (solid line) and the
weighted spectrum of MCo (dashed line). (c) The spectrum of ICo.

Shown in Fig. 11 are curves representing the decay of
ICo monitored at 1915 cm−1 in 25 °C benzene solutions
equilibrated with various PCO ranging from 0 to 11.3
atm. These PCO values correspond to CO concentra-
tions from 0 to 84 mM [33,34]. The curves can be fit as
single exponential decays, the rates of which increase
with [CO]. The decay of ICo as a function of [CO] can
be modeled by a simple competition between two avail-
able reaction paths, a unimolecular methyl migration
with the associated rate kM to form MCo; and a bi-
molecular reaction with CO with the associated rate
kCO to reform ACo (Scheme 3). For this model, kobs=
kCO[CO]+kM. Accordingly, a plot of kobs versus [CO]
is linear (Fig. 6 inset) with slope kCO=1.14 (�0.01)×
107 M−1 s−1 and non-zero intercept kM=6.2 (�
0.7)×104 s−1.

The activation parameters �H‡ and �S‡ for the two
competitive pathways of ICo, kCO and kM, were deter-
mined from kinetics for the decay of ICo in benzene
observed over the temperature range 25–45 °C in 5 °C
increments. These data are summarized in Table 2.
Plots of kobs versus [CO] were observed to be linear at
each temperature, and both the kCO and kM increase
with T. However, the temperature sensitivity of the kCO

pathway is very slight (�HCO
‡ =1.4�0.1 kcal M−1),

while that of the kM pathway is much larger (�HM
‡ =

9.5�0.5 kcal M−1). The respective �S‡ values were
determined to be −22�3 and −5�1.5 cal M−1

K−1, respectively.
In the context of the discussion for the manganese

analogs above, the ‘unsaturated’ species ICo can be
discussed in terms of three potential structures, the
cyclic �2-acyl complex C, the solvent stabilized species
S, or the bidentate �-agostic complex B. The negative
entropies of activation for both kM and kCO (−5 and
−22 cal M−1 K−1, respectively) indicate that, in ben-
zene, neither pathway is dominated by a rate limiting
step involving solvent dissociation. Furthermore, the
insensitivity of kCO to the solvents (Table 3) points
toward ICo being stabilized by means other than adop-
tion of the S configuration.

Scheme 3. Photolysis scheme for CH3C(O)Co(CO)3PPh3.

Fig. 11. Decay curves for ICo at 1915 cm−1 following 355 nm flash
photolysis of ACo in benzene at 25 °C at [CO]=0, 20, 32, 45, 58, 71,
and 84 mM from top to bottom, respectively. The initial absorbance
change of the individual traces were normalized. The inset graph is a
plot of the kobs vs. [CO] for the same data.
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Spectral and kinetic data support the assignment of a
�2-chelated C configuration for ICo. A transient differ-
ence spectrum of the acyl region displayed bleaching of
ACo acyl �CO, and a weaker absorbance shifted to
41�2 cm−1 to lower the energy, both following the
same kinetics as observed for the terminal �CO ab-
sorbance changes. The reduced spectral intensity and
shift is in accordance with other observed �2-acyl com-
plexes [38]. Notably, the terminal �CO shifts between the
IR spectrum of CF3C(O)Co(CO)3PPh3 (AF) and the
TRIR spectrum of IF believed to be solvent stabilized S
in DCE are similar, but the shift in the acyl �CO in that
case (16�3 cm−1) is much smaller (in the case of IF,
the, reactivity towards CO in dichloromethane is an
order of magnitude higher than for ICo [9]). A bidentate
B conformation for ICo is furthermore unlikely due to
the failure to observe the predicted inverse kinetic
isotope effect for the disruption of the interaction with
the CH3 of ICo in experiments on
CD3C(O)Co(CO)3PPh3 [39]. Such observations are con-

sistent with, yet do not prove, the assignment of ICo as
having the C conformation.

The ability of the acyl ligand to participate in either
an �2-acyl C or �-agostic B fashion directly affects the
reactivity of unsaturated cobalt acyl complexes. To this
end, studies are in progress on the sensitivity of kCO and
kM to the nature of the acyl ligand
(CH3CH2(O)Co(CO)3PPh3 AEt) and that of the phos-
phine (CH3C(O)Co(CO)3P(n-Bu)3; APBu3

). The results
of these preliminary TRIR photolysis experiments
confirm the formation of a CO loss intermediate species
IEt and IPBu3

, that exhibit a marked change in reactivity
towards CO and methyl migration. The values for kCO

and kM measured for IEt at 25 °C in benzene solution
are both significantly reduced from those of ICo, while
IPBu3

also exhibits a lower kCO, yet a tenfold increase in
kM.

4. Summary

A generalized model for the intermediates prepared
by photodissociation of CO from the cobalt and man-
ganese complexes ACo and AMn is that the intermediate
I can be considered an equilibrium ensemble of the
three species C, S and B from which methyl migration
to form M or trapping with CO to form A occurs. For
studies of ACo, the TRIR spectra are consistent with C
being the most prevalent configuration of ICo even in
the strong donor solvent THF, unlike IMn. That ICo is
not S, is substantiated by the insensitivity of kCO to
solvent donor properties, suggesting a simple concerted
displacement of the �2-acyl oxygen by CO. This view is
substantiated by the large negative �S‡ of that step in
benzene solution. In contrast, kM is dependent on the
solvent medium in a manner suggestive of an intimate
role of solvent in the methyl migration. This may
simply reflect the necessity of solvent association to
facilitate the isomerization of C to B, placing the CH3

in a stereochemical location more favorable for migra-
tion, Scheme 4 illustrates mechanisms for these steps
consistent with the various observations.

In these contexts, the behavior of ICo parallels that of
the manganese analog IMn with the exception that for
the latter in THF, the solvated configuration is appar-
ently dominant. Another key difference is the much
greater reactivity of the cobalt complexes which are
about four orders of magnitude faster for both the CO
addition and the methyl migration rates. Thus, the
manganese carbonyls appear to provide a reasonable
model for migratory insertion processes of the cobalt
catalysts; however, it is the much greater reactivities of
cobalt carbonyls that make these viable as practical
carbonylation catalysts.

Table 3
Rate constants for methyl migration, kM and for reaction with CO,
kCO following 355 nm photolysis of CH3C(O)Co(CO)3PPh3 in vari-
ous solvents at 25 °C

Solvent kCO (106 M−1 s−1)kM (105 s−1)

THF 12�0.4 7.8�0.5
11.4�0.1Benzene 0.62�0.07

16�1Dichloromethane 1.9�0.2
3.5�0.2 10�0.8Dichloroethane

Data from Ref. [14].

Scheme 4.
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