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1. Introduction

The ability to directly monitor the progress of chemical
reactions as they take place is one of the major recent
developments in physical chemistry. Many of the ad-
vances in our understanding of chemical processes have
come about as a result of time-resolved spectroscopic
techniques. Conventional methods of time resolution,
however, are limited to microsecond and slower regimes,
curtailing the applicability of such techniques in many
cases of interest. Ultrafast spectroscopy, made possible
by the invention and subsequent refinement of pulsed
laser technology, has become one of the most powerful
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tools available to chemists by providing insight into those
physical and chemical phenomena which occur too
rapidly to be studied by traditional methods. Processes
amenable to investigation by ultrafast techniques include
electron transfer reactions, vibrational and electronic
relaxation in molecules large and small, reaction dynamics
in natural and artificial photosynthetic systems, and
surface phenomena in both bulk and microscopic sys-
tems, to name only a few. Predominate in the field are
UV-pump visible-probe techniques, a fact which derives
largely from the early development of practical UV and
visible sources. UV—vis experiments, widely applied to the
study of physical phenomena, convey information about
those (primarily electronic) transitions which involve the
absorption of visible probe photons. Chemically important
information, including structures, can be obtained by
examining the IR region of the spectrum, which offers
better spectral resolution, a greater number of spectral
features, and increased sensitivity to the chemical envi-
ronment.

One problem which is amenable to study using ultrafast
vibrational spectroscopy is bond activation, the weakening
of otherwise stable chemical bonds so as to increase their
reactivity. This is an area of particular interest to organic
chemists since many organic reactions involve breaking
the extremely stable (>90 kcal/mol) carbon—hydrogen
(C—H) and silicon—hydrogen (Si—H) bonds of alkanes and
silanes, respectively. A mild (i.e., room temperature and
ambient pressure) path to C—H bond activation is also of
obvious interest to the petrochemical industry. Si—H bond
activation by certain transition-metal-containing com-
pounds was discovered by Jetz and Graham in 1971.1 This
was followed in 1982 by the discovery of a related
activation reaction of alkane C—H bonds involving Cp*-
(L)IrH, (Cp* = (CH3)sCs)%2 and Cp*Ir(CO),.# Efforts to
understand the dynamics of these activation reactions
have been made by several groups using gas-phase,® low-
temperature/high-pressure liquid noble gas,%7 or matrix
isolation8—10 experiments. These techniques slow the
reactions, thereby rendering the intermediates observable
using conventional Fourier transform IR (FTIR), UV—uvis,
and fluorescence spectroscopies. Though fruitful, these
methods share the disadvantage of observing the activa-
tion reactions under conditions quite different from those
under which they are normally carried out.

Femtosecond infrared spectroscopy provides an ideal
tool for investigating the real-time dynamics of these
reactions because it provides sufficient temporal resolu-
tion to observe all early intermediate steps under ambient
reaction conditions. Carbonyl stretches in the 1850—2050
cm~1 range have large absorption cross sections and
display significant shifts (> 10 cm~1) with changing chemi-
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cal environment, including changes in hapticity, electronic
structure, and ligand identity, making them useful spec-
troscopic probes of chemical reactivity at the metal center.
By following changes in these spectroscopic features
through time, it is possible not only to identify reaction
intermediates but also to correlate the various intermedi-
ates to one another. This information can then be used
to determine reaction mechanisms, branching ratios,
energy barriers, and intermediate structures for each
reaction.

Tp*Rh(CO), (Tp* = HB—Pz*;3, Pz* = 3,5-dimethylpyra-
zolyl) and CpM(CO); (M = Mn, Re) have been used in
the current studies of C—H'213 and Si—H“!5 bond
activation, respectively. The ultrafast experimental setup
has been described in the literature,’® and will not be
presented here. Time-resolved nanosecond step-scan FTIR
spectroscopy!” has been used to follow the dynamics of
longer-lived intermediate species. Finally, first principle
(ab initio) quantum mechanical calculations have been
undertaken to assist in the elucidation of intermediate
structures. The specific types and level of calculations
carried out in these studies are discussed elsewhere and
will not be repeated here (ref 15 and references therein).
In general, the calculations support the interpretation of
the data presented here within the accuracy of the data
and the limitations of the computational methods used.

2. Carbon—Hydrogen Bond Activation

Gas-phase spectroscopy of CpRh(CO),,18 in which there
are no solvent molecules with which the metal center may
react, showed that the first transient product following
photoexcitation of CpRh(CO), is the monocarbonyl CpRh-
(CO). Research on the same molecule in inert liquid rare
gases,® where there are some solvent interactions, but
where there can be no chemical reactions, shows the
prompt formation of a solvent complex. Further studies
have shown that, in dilute solutions of alkanes in rare gas
liquids, these rare gas molecules can exchange with alkane
molecules to form a C—H-activated final product. Mea-
surements of the exchange rates give a time for bond
activation of ~2 us at a temperature of 73 K.”

An interesting question in understanding and eventu-
ally making use of these reactions is what effect those
ligands which are coordinated to the metal center have
on the quantum yield of the reaction. The quantum yield
of CpRh(CO); is 1%, while the quantum yield of Cp*Rh-
(CO), (Cp = CsHs; Cp* = Cs(CH3)s) is only 0.2%.1° Thus, a
small change in the structure of the ligand can have a
significant impact on the reaction yield. This change in
yield is important in the reaction, as it will allow for the
design of more efficient catalytic systems.

2.1. Ultrafast Visible Spectroscopy. It was shown by
Bengali et al. and Weiller et al.6718 that the reactive
intermediate in the Cp*Rh(CO), system is a monocarbo-
nyl, Cp*Rh(CO). An important issue to be resolved then
is the state of the 99% of the molecules which are
unreactive. Ultrafast infrared measurements made by
Dougherty and Heilweil show that there are no mono-
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FIGURE 1. Time-resolved ultrafast spectra of Tp*Rh(CO), in cyclo-
hexane. The last panel is a static FTIR difference spectrum before
and after UV photolysis at 308 nm.

carbonyl peaks in the CO region of the spectra.?® This
suggests that the unreactive molecules are dicarbonyls,
indicating that the yield for this reaction is controlled by
CO dissociation. All molecules which undergo CO dis-
sociation go on to form alkyl hydride product, and no
molecules which do not undergo CO dissociation go on
to form product. This means that the quantum yield
depends only on the branching ratio of the initial pho-
toexcitation. Ultrafast measurements made by Bromberg
et al. and Lian et al.* provide additional information.
Immediately after photoexcitation, a new species with an
electronic transition in the visible region of the spectrum
was observed. This species was formed in less than 1 ps,
and decays in a biexponential manner. This is assigned
to an electronic intermediate state, which decays to the
ground electronic state on a time scale of 30—40 ps.

To understand the mechanism of these reactions, it is
necessary to study a system in which a larger percentage
of excited molecules are in a CO dissociative state. The
molecule Tp*Rh(CO),, as studied by Graham, Ghosh, Lees,
and Purwoko,?1724 has a quantum yield of 30%, thereby
providing a sufficient concentration of intermediates to
measure their structural changes. The Tp* ligand is also
thought to have chemistry similar to that of the Cp and
Cp* ligands.

2.2. Ultrafast and Nanosecond IR Spectroscopy. Figure
1 shows time-resolved IR spectra of Tp*Rh(CO); in cyclo-
hexane from 10 ps before to 660 ps after photoexcitation.
At the earliest time after photoinitiation (10 ps) there is a
depletion of the parent absorptions at 1980 and 2050 cm—1
and a new series of peaks starting at 1972 cm~—! and
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FIGURE 2. Ultrafast kinetics of C—H bond activation in rn-pentane.
(@) Intermediate Al at 1972 cm*. Inset: Schematic depiction of
vibrational cooling. As the population shifts to lower vibrational levels,
the absorption frequency shifts to higher energy. (b) Intermediate
A2 at 1990 cm™L.

extending to lower frequencies. The 1972 cm~—1 feature is
attributed to a monocarbonyl species because there is not
a corresponding peak at 1900 or 2040 cm~! as expected
and observed in all dicarbonyl species. Previous studies
performed on other metal carbonyl systems show that the
newly formed unsaturated species forms a weakly bound
solvent complex in less than 2 ps.2> In light of these
studies, it is concluded that the intermediate species Al
is a monocarbonyl solvent complex. This intermediate has
excess vibrational energy from the photoexcitation, as
indicated by the excited CO stretches. The solvent complex
transfers this vibrational energy to the solvent on a time
scale of 23 ps, as shown in Figure 2a. This is consistent
with measurements on other metal carbonyls such as
CpCo(CO0),,2° (acac)Rh(CO),2¢ (acac = acetyl acetonate),

and M(CQO)s (M = Cr, Mo, or W).16:27-29 |Intermediate Al
then decays away with a time constant of 200 ps.

On the same time scale, a new intermediate A2 grows
in with a CO absorption at 1992 cm~1. This species also
contains only one CO stretch, and so is also a monocar-
bonyl. From the spectral shift of the CO stretch (20 cm—1
higher in energy) it can be inferred that the electron
density on the metal center has decreased. In this case,
there is less back-bonding into the antibonding z* CO
molecular orbital, and a correspondingly higher vibra-
tional frequency. Ultrafast measurements show that A2
persists to >1 ns. Nanosecond step-scan measurements
in the CO region (Figures 3 and 4) show that, in cyclo-
hexane, the lifetime of A2 is 230 ns and that it converts
quantitatively to the final C—H-activated product, which
has a CO absorption at 2032 cm~1.

2.3. Nature of the Alkane Intermediates. In the dicar-
bonyl ground state, there is evidence that the #3-Tp*Rh-
(CO), is in equilibrium with %2-Tp*Rh(CO),, with an
equilibrium constant Keq = 100 favoring the #2 form.?4 This
suggests that the Tp* ligand is labile, and can chelate and
dechelate the rhodium atom. A similar chemical system,
a Pt(IV) compound studied by Wick and Goldberg,3°
provides an interesting comparison in reactivity. In that
case, an n2-Tp*PtMe, system which shows C—H activation
after reaction with B(Cs Fs); was studied. These workers
found that they were able to form #3-Tp*Pt(Me)(R)(H)
product, and proposed a dissociative mechanism in which
the B(CeFs); abstracts a methyl group to give an #?-
Tp*PtMe intermediate species. This species then reacts
with a solvent molecule, forming a Pt—N bond with the
third pyrazole ring to form the #3 final product.

This suggests a possible identity for intermediate A2,
a partially dechelated #2-Tp*Rh(CO)(S) monocarbonyl
solvent complex. Although the Rh metal center is already
coordinatively unsaturated after dissociation of the CO
molecule in the first step of the reaction, density func-
tional ab initio calculations performed by Zaric and Hall3!
show that, for a Tp*Rh(CO)(CH,) complex in the gas
phase, the energy of the #? form is 9 kcal/mol lower (more
stable) than that of the #2 form. Moreover, calculation of
the vibrational modes shows that the CO stretching
frequency is shifted to higher energy in the 52 form than
in the »3 form.

The identity of A2 can be confirmed through the
observation of the closely analogous Bp*Rh(CO), (Bp* =
H,B—Pz*,) system. This complex also has an absorption
in the near-UV which leads to the dissociation of a CO
group and the subsequent formation of a solvent complex.
In the ground dicarbonyl state, the CO stretches are
shifted +30 cm—! to higher energy because of the change
in electron density resulting from one fewer Rh—N bond.
This shift is similar to the shift between Al (1972 cm™1)
and A2 (1990 cm~1). Time-resolved IR measurements
show that, following photoexcitation, a CO group is lost
and a solvent complex forms with a CO stretching band
at 1990 cm~1, the same frequency as that of intermediate
A2. This band persists for microseconds, though it is not
observed in static measurements, and so must decay away
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FIGURE 4. Nanosecond kinetics of intermediate A2 and final alkyl

hydride products in cyclohexane.

on the millisecond time scale. Interestingly, no new
absorptions are observed in this region of the IR spectrum
during the time scales measured. This means that no
C—H-activated product forms for the Bp*Rh(CO), chemi-
cal system.

Measurement of the time scale 7 for the last step in
the reaction allows an estimate of the free energy barrier
for the C—H activation step. Assume that, for these
reactions, the reaction rate k can be modeled as

k= kb—T exp(— A—G¢) Q)

where k = 1/7, kp is Boltzmann’s constant, h is Planck’s
constant, R is the universal gas constant, T is the tem-
perature in Kelvin, and AG* is the free energy of the
reaction barrier. Using this equation, it is calculated that
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the barrier for the dechelation step is 4.2 kcal/mol and
for the C—H bond-breaking step the barrier is 8.3 kcal/
mol. This 8.3 kcal/mol barrier is significantly less than the
100 kcal/mol C—H bond strength and shows the impor-
tance of the metal center in catalyzing this reaction.

A complete diagram of the mechanism for C—H bond
activation in the Tp*Rh(CO), system is shown in Figure
5. The dicarbonyl is initially photoexcited, losing one CO
ligand. This coordinatively unsaturated (16-electron) mol-
ecule forms a solvent complex in a barrierless reaction
which takes less than 2 ps. This species is formed with
significant excess vibrational energy, which is transferred
into the solvent over a time scale of 23 ps. After 200 ps,
the complex undergoes a thermal reaction which breaks
one of the Rh—N bonds to form the #2-Tp*Rh(CO)(S)
complex with a barrier of ~4.2 kcal/mol. This species is
the one in which final activation occurs; it crosses a barrier
of ~8.3 kcal/mol with a time constant of 230 ns to form
the fully activated complex, and then the Rh—N bond is
reformed to make the final #3-Tp*Rh(CO)(H)(R) alkyl
hydride product.

3. Activation of Silane Si—H Bonds

A general reaction scheme for silane Si—H bond activation,
derived from low-temperature studies of CoM(CO); in Ets-
SiH (Et = CjHs), is shown in Figure 6. It has been
conventionally assumed that UV irradiation promotes the
metal tricarbonyl B1 to its excited state, expelling one CO
ligand along a dissociation channel to become a coordi-
natively unsaturated metal dicarbonyl B2. In a condensed-
phase environment, the vacant coordination site in com-
plex B2 left behind by the leaving CO ligand is rapidly
occupied by a solvent molecule to give a solvated metal
dicarbonyl B3. The reactive metal center, now shielded
by the complexed solvent molecule, can only activate a
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FIGURE 6. Schematic representation of silane Si—H bond activation by CpM(CO); (M = Mn, Re).

Si—H bond to form the product B4 when they interact
directly, through displacement of the complexed solvent
molecule. This solvent displacement constitutes the ap-
parent rate-determining step of the reaction.1532-37 |n
contrast to C—H bond activation, cleavage of a Si—H bond
by CpRh(CO) has been theoretically shown to be a
barrierless reaction.38:3° Therefore, the time scale of the
bond-breaking step is expected to be on the same order
as that of the aforementioned solvent complexation, i.e.,
a few picoseconds in room-temperature solutions.?”

To assess the activation time scale of a Si—H bond, and
thereby the magnitude of the energy barrier which de-
termines it, a reaction scheme composed of elementary
reaction steps is needed. Through combined use of
femtosecond to nanosecond UV-pump IR-probe spec-
troscopy and ab initio quantum mechanical calculations,
comprehensive reaction mechanisms for reactions of
triethylsilane (Et;SiH) with CpRe(CO); and CpMn(CO);
have been derived, as shown in Figures 7 and 8, respec-
tively. Information about the time scale of breaking a Si—H
bond was obtained by monitoring the product CoM(CO),-
(H)(SiEt3) (M = Mn or Re) in the ultrafast regime. Analysis
of the product kinetic trace reveals that the formation time
of the final product is about 4.4 ps, suggesting that the
Si—H bond activation step involves a very small energy
barrier, if any.

3.1. Initial Solvation and Reaction Pathways. Although
the reaction involving the Mn compound appears very
complicated compared to that of the Re compound, the
two reactions share a common pattern. The newly formed
metal dicarbonyls CpM(CO), resulting from photodisso-
ciation of a CO ligand are quickly complexed with a
solvent molecule either through the Si—H bond to form
the final product on the ultrafast time scale or through
an ethyl group to form a reactive intermediate which
further reacts to form the final product on a longer
(nanosecond to microsecond) time scale. The ethyl sol-
vate, which results from interaction of a metal center with
an ethyl group of EtsSiH, can also be viewed as a
kinetically favored intermediate whose relative abundance
is expected to be governed by steric interaction.

To study the underlying chemistry, the branching ratios
of the two solvation schemes in the reactions of CpMn-
(CO); and CpRe(CO); with Et;SiH are compared. The
branching ratio is derived from kinetic traces of the final
product B13 measured in the nanosecond regime shown
in Figure 9. The kinetic trace exhibits an instrument-
limited rise due to initial solvation through the Si—H bond
on the ultrafast time scale, and an exponential rise due
to dissociative rearrangement from alkyl solvate B12. The
kinetics can be modeled using the following equation:
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FIGURE 7. Proposed reaction mechanism of silane Si—H bond activation by CpRe(CO); (compound B5).

where I(t) is the intensity of the observed transient species,
Co and C, are constants proportional to the probability of
solvation through the Si—H bond and that of solvation
through the ethyl moiety, respectively, and 7 is the time
constant for the rearrangement process. The ratios C,/Cy
for the Mn and Re complexes are found to be 5.3 and 3,
respectively. These results indicate that because of its
larger diameter and consequently reduced steric hin-
drance, the Re center of a CpRe(CO), samples equivalently
the three ethyl groups and single Si—H bond in an Et;SiH
molecule during initial solvation, while the Mn center does
not.

3.2. Electronic Configuration and Reaction Pathways.
One turns next to the differences in reaction mechanisms
involving Mn and Re atoms. Although Mn and Re belong
to the same group in the periodic table, their reactivity
toward activating a Si—H bond depends critically on the
electronic structure of the organometallic complexes.
Promotion of a parent molecule to different regions of the
electronically excited manifold may lead to dissociation
channels that result in dicarbonyls of different morphology
and/or electronic multiplicity. This aspect of reactivity is
demonstrated in the reaction of the manganese complex
with EtsSiH.

Figure 10 shows the transient difference infrared
spectra taken at —10, 10, 33, 200, and 660 ps time delays
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with respect to the UV excitation pulse. The last panel is
a static FTIR spectrum for the purpose of comparison. In
the 10 ps panel, the two bands at 1892 and 1960 cm~1
are due to an ethyl solvate B12, resulting from solvation
of singlet CpMn(CO),, labeled B10, through the ethyl
moiety of a solvent molecule. Bands at 1883 and 2002
cm~* which also appear in the 10 ps panel are attributed
to CpMn(CO), in its triplet state, labeled B11, according
to results from ab initio calculations. Species B12 is more
energetically stable than B11, the latter decaying to the
former within 200 ps as shown in Figure 10. These two
dicarbonyl intermediates can be considered as emerging
from two parallel channels that are governed by dynamic
partitioning processes determined by the excited potential
energy surface of CpMn(CO)s. As shown in the inset of
Figure 8, there are two distinct electronic excited states
accessible under the present experimental conditions.
Both excited states are expected to be populated when a
sample of CoMn(CO); is irradiated with UV light because
there is substantial overlap between the two electronic
bands. This explains why both singlet and triplet dicar-
bonyls were observed.

The correlations between the excited states and the
observed intermediates were studied by comparing the
relative abundance, or branching ratio, of B12 and B11
when subjected to different excitation energies. The
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I(t)=C,+ C,e™”" )
branching ratios of B12 to B11, derived from Kkinetic
studies of B12, are found to be 1:1 for 295 nm excitation

and 1:3 for 325 nm excitation. The lower-energy band
peaking at about 330 nm is therefore correlated with
formation of CpMn(CO); in its triplet state, whereas the
higher-energy band (<295 nm) is correlated with forma-
tion of CpMn(CO); in its singlet state.

3.3. Nature of the Silane Intermediates. Typically, the
energy required to break a transition-metal—CO bond is
about 45—50 kcal/mol.*° The energy carried by a 295 or
325 nm laser beam is equivalent to 97 or 88 kcal/mol,
respectively. With these numbers in mind, the nascent
metal dicarbonyl resulting from the loss of a CO ligand
would have to deposit to its environment at least ~40 kcal/
mol of energy before forming an observable intermediate.
It is conceivable that the metal complex may experience
changes in molecular conformation and/or electronic
multiplicity during the energy dissipation process. The
observed intermediates were studied using ab initio
calculations because the lifetimes of those transient
species are often too short for conventional characteriza-
tion techniques such as nuclear magnetic resonance
(NMR) and electron spin resonance (ESR).

The optimized molecular geometry of CpoMn(CO),+(Hs-
CCHj5) (representing species B12) and that of B11 are
shown at the top and bottom, respectively, of Figure 11.
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Also shown are some key parameters, including their
relative energies, bond angles, bond lengths, and calcu-
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FIGURE 12. Ultrafast kinetics (solid lines) of CopMn(CO); in neat
triethylsilane after 325 nm UV photolysis at 1979 cm~* (Figure 10,
B13) and the CO stretch of the silyl adduct CpMn(CO),(H)(SiEt),
2002 cm™* (Figure 10, B11), 1892 cm~! (Figure 10, B12). The
frequencies were chosen to minimize overlap with adjacent peaks.
Time constants for the exponential fits (dashed lines) are shown in
the figure.

lated vibrational frequencies. Qualitative understanding
of steric interactions can be deduced from these geometric
parameters. In addition, because IR bands have better
spectral resolution than UV—vis bands, ab initio vibra-
tional frequencies are helpful in assigning identities to
transient intermediates, as in the case of the manganese
complex. Results from such calculations also provide
insights into the nature of the interactions between a
metal complex and solvent molecules. A growing body of
evidence has shown that transition-metal complexes of
triplet character interact weakly with, or are slightly
solvated by, weakly binding ligands such as alkanes and
inert gas molecules. The interaction with strongly binding
ligands including CO, C=C, and Si—H bonds, however,
may be sufficiently strong to cause a presumably con-
certed spin-crossover/coordination process.”20:41=44 As g
consequence, it would appear that triplet CpMn(CO),
tends to be preferentially solvated through the Si—H bond
of Et3SiH to form singlet CpMn(CO),(H)(SiEt;), whereas
the singlet CpMn(CO), gives little contribution to the
formation of the final product in the ultrafast regime. This
is evidenced by the single-exponential rise of the product
kinetics shown in Figure 12.

4. Conclusions

Time-resolved infrared spectroscopy, which provides both
structural and temporal information concerning a chemi-
cal system, has been instrumental in understanding
chemical reactions by identifying and monitoring the
reactive intermediates. The vibrational modes of a mol-
ecule are determined by its chemical environment, its
morphology, and its electronic structure. In particular, the
CO stretch of a metal carbonyl carries information about
the electron density and chemical bonding at the metal
center. The use of time-resolved infrared spectroscopy has
allowed for the detailed study of organometallic reaction
systems. Reaction mechanisms have been studied for both
C—H and Si—H bond activation. Both reactions proceed
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through extremely reactive coordinatively unsaturated
intermediates, forming solvent complexes within pico-
seconds, and then undergo vibrational cooling.

In the case of C—H activation, it was established that,
for Cp*Rh(CO),, the quantum yield is a function of the
partition between a CO dissociative state and a nondis-
sociative excited electronic state. Studies of C—H activa-
tion by Tp*Rh(CO), show that the time scale for final C—H
activation is ~200 ns for cyclic hydrocarbons, suggesting
a barrier of 8.3 kcal/mol for the bond-breaking step.
Tp*Rh(CO), also shows interesting dynamics as a function
of ligand connectivity at the metal center. At 200 ps after
photoexcitation, the ligand partially dechelates to form the
n?-Tp*Rh(H)(S) complex. Reaction to form the final alkyl
hydride occurs from this state, and involves the breaking
of the C—H bond, followed by re-formation of the Rh—N
bond.

For Si—H activation, markedly different behavior was
observed. The reaction in CpRe(CO); is partitioned into
two distinct channels upon initial photoexcitation. These
channels represent coordination of the dicarbonyl inter-
mediate through the Si—H bond or through an ethyl
moiety of the solvent molecule. Activation of the Si—H
complex occurs in a few picoseconds, while activation of
the ethyl complex occurs on a much longer time scale of
6.8 us. The longer activation time of the ethyl complex
suggests that rearrangement proceeds via a dissociative
rearrangement mechanism. In CpMn(CO); the reaction
is similar, but there exist two initially formed excited
electronic states. This leads to two possible intermediates
(singlet or triplet), each with two associated reaction
pathways (solvation through the Si—H bond or through
the ethyl moiety). Thus, the course of the reaction is
determined by the initially formed excited state and by
the initial solvation process.

These studies have shown that it is possible to study
very complex bimolecular chemical reactions to produce
a detailed picture of the mechanisms involved in the
reactions. These studies have also shown that reaction
steps which occur on the ultrafast time scale, such as
structural change, electronic state partitioning, and sol-
vation, can have a dramatic effect on reactivity on a much
longer time scale. It is expected that time-resolved infrared
spectroscopy, especially in the ultrafast regime, will find
wide application in the studies of bimolecular reactions.
The information thus obtained will be helpful in the
construction of reaction coordinates of complex reactions,
which has been a challenge in understanding the pro-
cesses of chemical reactions in condensed phases at the
molecular level.
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