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Abstract

Ultrafast Spectroscopic Studies of Organometallic Photochemistry:

The Mechanism of Carbon-Hydrogen Bond Activation in Solution

by

Steven Eric Bromberg

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Charles B. Harris, Chair

When certain organometallic compounds are photoexcited in room temperature
alkane solution, they are able to break or “activate” the C—H bonds of the solvent.
Understanding this potentially practical reaction requires a detailed knowledge of the entire
reaction mechanism. Because of the dynamic nature of chemical reactions, time-resolved
spectroscopy is commonly employed to follow the important events that take place as
reactants are converted to products. For the organometallic reactions examined here, the

electronic/structural characteristics of the chemical systems along with the time scales for

the key steps in the reaction make ultrafast UV/Vis and IR spectroscopy along with




nanosecond Step-Scan FTIR spectroscopy the ideal techniques to use for this study.

The combination of temporal and structural information available from ultrafast

infrared spectroscopy makes this technique a valuable tool for studying the structure of

short-lived reaction intermediates. Therefore, an initial attempt was made to adapt a current
UV/Vis system to operate in the IR by developing a high-power mid-infrared light source.
A CW carbon-monoxide gas laser was modified to operate in Q-switched mode using an
acousto-optic modulator. While Q-switched output was observed, a combination of poor
stability and insufficient overall power made this approach less desirable in light of more
recent solid state laser advances.

An initial study of the photophysics of (non-activating) model metal carbonyls
centering on the photodissociation of M(CO), (M = Cr, W, Mo) was carried out in alkane
solutions using ultrafast IR spectroscopy. Geminate recombination was found to make a

-significant contribution to the observed non-unit photosubstitution quantum yield in each of
these systems. A decay of less than 300 fs was observed in the IR absorption of the
pentacarbonyls which was assigned to reformation of the parent species after only one or
two collisions with the surrounding solvent cage. Details of the solvent dependence of the
product formation and bleach recovery dynamics are also discussed.

Next, picosecond UV/vis studies of the C—H bond activation reaction of
Cp*M(CO), M =Rh, I), conducted in room temperature alkane solution, are described in
an effort to investigate the origin of the low quantum yield for bond cleavage (~1%). The
results of these experiments lead to an explanation of the origin of the low yield: most

molecules are promoted to a non-dissociative excited state after excitation, which decays in




30-40 ps to the ground state without losing a CO ligand. Since these species never go on
to photochemically lose a CO ligand they are consequently unable to generate the reactive
intermediates and cleave the C—H bonds.

To monitor the chemistry that takes place in the reaction after CO is lost, a system
with higher quantum yield is required. The reaction of Tp*Rh(CO), (Tp* = HB-Pz,*, Pz*
= 3,5-dimethylpyrazolyl) in alkanes has a quantum yield of ~30%, making time resolved
spectroscopic measurements possible. From ultrafast IR experiments, two subsequently
formed intermediates were observed. The first intermediate vibrationally cools in 23 ps
before reacting in another 200 ps to form a second, longer lived species. Using Step-Scan
FTIR spectroscopy, the timescale for the decay of this intermediate and the formation of the
final bond activated product was found to be on the order of 200 ns. The nature of these

intermediates are discussed and the first comprehensive reaction mechanism for a

- photochemical C—H activating organometallic complex is presented.
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Introduction
Progress in science has always been highlighted by pivotal discoveries that
immediately push forward the boundaries of what is known and what is possible.
However, the vast majority of scientific progress is incremental. Beginning with some
questions, experiments are designed to provide information that may be used to answer
these questions. Throughout this process, new questions inevitably arise but due to
practical constraints such as funding, time, or manpower, most new lines of questioning
are not pursued. Another reason that important questions can remain unanswered is that
- while the technology and expertise necessary to solve the problem may exist, they may be
unfamiliar or inaccessible. This situation is somewhat special because in this case scientific
issues are not the only limiting factors. By involving other scientists with fresh
viewpoints, the project can be pushed forward and can lead to significant advances. Even
" though interdisciplinary teamwork is not always an option, there are other times when
initiative, fpnding, time, manpower, and outside asgistance are all in place leading to a
collaboration. The work presented in this thesis describes the results of just such a
collaboration.
%ok ¥k
In 1967, R. G. W. Norrish and G. Porter shared the Nobel prize “for their studies
of extremely fast chemicé] reactions, effected by disturbing the equilibrium by means of
very short pulses of energy’*. This work, which began in the 1940s, extended the
boundaries of what could be monitored during a chemical reaction, and thus became a

pivotal period in the development of chemistry. By allowing access to the visible spectra of




species generated during a reaction, Norrish and Porter began an entirely new field of
chemical research. As a result of their work, the analysis of reactants and products could
be complemented by analysis of the reaction intermediates, allowing them for the first time
to directly follow reaction mechanisms.

Their technique began with an intense light flash called the “photolysis flash”
produced in an argon tube which lasted 0.1 milliseconds and had an energy as high as 1000
Joules giving peak powers of 10 watts. An electronic delay circuit controlled another flash
called the “spectroscopic flash” which was sent through the reaction tube and into a
spectrograph. Spectra were then collected as a function of the time between the photolysis
flash and the spectroscopic flash [1].

In the fifty years since the initial prizewinning work was carried out, the
development of the laser and its subsequent application to chemistry have all but redefined
what was meant by “extremely fast chemical reactions” and “very st_lort pulses of energy”.

Using current technology, compact solid-state lasers routinely generate picosecond and

femtosecond photolysis and spectroscopic “flashes” with peak powers of 10° watts [2].

These “ultrafast pulses” can be used to resolve the most fundamental and fleeting of
chemical events that occur nearly 10 orders of magnitude faster than those observed by
Norrish and Porter. Examples of such ultrafast processes include bond breakage and
formation, vibrational relaxation, intermolecular rearrangement, and isomerization, all of
which have been monitored in real time. By characterizing these processes in relatively
simple chemical systems, it is possible to start to understand the behavior of other more

complex systems that also go through these fundamental steps. Over the past decade,




many studies have focussed on establishing a framework for understanding the initial
physical processes that take place during chemical reactions. We can now make use of this
knowledge base to help distinguish between the many different physical and chemical
* processes that are observed while reactants are converted to products. In this way, the
mechanisms of important reactions can be determined beginning with the initial ultrafast
dynamics and continuing through the reaction kinetics all the way to the formation of the
final products.

Organometallic chemistry is one field which has much to gain from the study of
reaction mechanisms. Development has been rapid over the last several decades with the
discovery of a wealth of new and useful reactivity and synthetic methods. The driving
force behind much of the new research is the search for novel and efficient catalysts. Such
rapid growth is particularly notable in the area of photochemistry because of the selectivity

-possible with light-induced reactions. Since many efficient photoreactions do not have
thermal counterparts even when carried out under the harsh conditions of high temperatures
and pressures, photochemistry is a valuable synthetic route for preparative chemists.

A specific challenge facing synthetic chemists is that of developing a method for
using alkanes as starting materials for industrial organic synthesis. The difficulty arises
from the fact that while alkanes are among the most abundant hydrocarbons present in
petroleum feedstocks they are also some of the most unreactive species in organic
chemistry. Their relatively inert nature is due to their strong C—H bond energies which
are typically 90-100 kcal/mol. As a result, there has been considerable effort aimed at

perfecting a catalytic process to break or ‘activate’ the C—H bonds and convert the alkanes
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to other more reactive species such as alcohols and/or ketones. A large step toward this
goal came when the first evidence of intermolecular photochemical C—H bond activation
of alkanes by Cp*Ir(PMe;)H, was reported in 1982 [3]. When dissolved in alkane
solution and irradiated with UV light, this molecule reacts with the alkane solvent, cleaving
a C—H bond to produce products with Metal—Carbon and Metal—Hydrogen single
bonds. This reaction represents the first step in functionalizing saturated hydrocarbons in a
homogeneous catalytic process. Since then, many different complexes have been found to
undergo this reaction and the chemistry has been extensively explored and utilized despite
the fact that all of the individual mechanistic steps were not well understood. Indeed, a
comprehensive, rational investigation into this industrially desirable C—H activation
reaction cannot be complete without a detailed knowledge of the nature of the reactive
intermediates involved in the reaction.

Here, the collaborative nature of my research becomes clear. Observation of ;hese
fleeting species requires the use of specialized ultrafast spectroscopic techniques, a field in
which the Harris group has considerable expertise. At the'same time, the ideal chemical
systems are not usually commercially available and require considerable synthetic skills to
produce in useable quantities, a task perfectly suited for members of the Bergman group.
By combining a knowledge of the physical processes needed to understand chemical
dynamics with a knowledge of the chemistry and reactivity of some complex reactions, my
dissertation describes the significant progress we have made in organometallic chemical

research.

Chapter 1 introduces the experimental techniques used in this study. In these




experiments, an ultraviolet pulse of light is used “instantaneously” excite the organometallic
species. The energy deposited in the molecule may then initiate a chemical reaction by
breaking a bond and/or be dissipated to the solvent. During these processes, the electronic
(UV/IV is)>or vibrational (IR) transitions in the newly created species are recorded as a
function of time after the initial excitation.

In contrast to the UV/Vis technique, ultrafast infrared spectroscopy was not an
established technique in our lab at the outset of my graduate study. Consequently, the goal
of my initial work was to extend our group’s effort to acquire spectroscopic capabilities in
the infrared region. We attempted to adapt current visible systems for the IR using a
separate CW infrared source and the technique of gated upconversion. This technique uses
sum frequency generation of the IR source and a separate ultrafast visible pulse to detect
ultrafast modulations in the CW beam. While it had the benefit of allowing the use of

“conventional CW IR sources such as a CO laser, the technique was not without its
drawbacks. The biggest problems lied in the poor signal to noise of detection due to low
IR intensity. This problem was accentuated by a low repetition rate. In an effort to
develop a high power IR light source, I modified a CW CO laser to operate in pulsed Q-
switched mode. By Q-switching the laser, we hoped that the increase in power over the
duration of the pulse (effectively CW on ultrafast timescales) would be sufficient for use
with gated upconversion at 10 Hz. 'While Q-switching was achieved, issues of stability
and reliability ultimately ended this endeavor in favor of newer solid state laser techniques.
We then shifted our efforts to building an infrared system based on a Ti:Sapphire oscillator

and dye amplification.
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Chapter 2 describes the first experiments done using our femtosecond IR
spectrometer. As an initial study, we investigated the ultrafast dynamics of M(CO),
(M=Cr, W, Mo) dissociation in different alkane solutions. After UV photolysis at 295
nm, both the bleach of the parent molecules and the absorption of the pentacarbonyl
intermediate were probed with 240 fs time resolution. The bleach recovery dynamics were
found to be wavelength dependent, indicating that hot parent molecules are formed and that
the bleach recovery time is determined by the vibrational cooling time. The measured
percentage of bleach recovery in n-heptane is less than the expected value calculated from
the photosubstitution quantum yield measurements, suggesting that the initial recovery of

the bleach is faster than our time resolution. The kinetics of the A, vibrational mode region

of the pentacarbonyl species have been measured to probe the formation and decay of the

nascent product. The absorption of the product is formed with an instrument response
.limited risetime indicating that the generation of the product is much faster than 240 fs. The
longer time kinetics in this region reflect the vibrational» cooling of the product. A fast
decay with time constant of less than 300 fs is present in all the wavelengths probed and its
spectrum appears to resemble the early time spectrum of the hot pentacarbonyl species.
This fast decay, observed in all three different metal carbonyls, is attributed to the fast
geminate recombination of the pentacarbonyl with photodissociated CO ligand after only
one to two collisions with the solvent cage.

Using picosecond transient absorption spectroscopy we began our investigation
into C—H bond activation chemistry by examining the dynamics of Cp*Ir(CO), (Cp* =

C.Me,) in cyclohexane and Cp*Rh(CO), in n-pentane solution at room temperature
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following 295 nm UV excitation. These experiments are detailed in Chapter 3. A transient
absorption with an instrument limited risetime was observed for Ir from 440 to 740 nm and
for Rh from 500 to 650 nm. Each transient can be fit to a biexponential decay consisting of
a fast component of 2-3 ps and a slower component of 30-40 ps. These transients are
attributed to excited state absorptions. Taking into account independent femtosecond IR
studies of the ground state recovery, our data suggest that most excited state molecules
relax through non-dissociative excited states, decaying to the ground state without the loss
of CO. These results offer an explanation for the low C—H bond activation quantum
yields observed on preparative irradiation of Cp*Ir(CO), and Cp*Rh(CO),.

In order to study the actual chemistry involved in the C-H bond activation reaction,
the dynamics of Tp*Rh(CO), (Tp*=HB-Pz,*, Pz*=3,5-dimethylpyrazolyl) was studied in
room temperature cyclohexane and n-pentane solution after UV photolysis at 295 nm. The
- results of this work are detailed in Chapter 4. With a 30% quantum yield this molecule
allowed us to generate a high enough concentration of intermediates to observe using
ultrafast IR spectroscopy. We found that 50% of the bleach of the parent molecule CO
stretching bands at 1981 and 2054 cm’! recovers with a 70 ps time constant. A new
vibrationally hot species with an absorption centered at 1972 cm™! is formed immediately
after photolysis which cools with a 23 ps time constant. This species is assigned to a
solvated monocarbonyl intermediate. The vibrationally deactivated form of this
intermediate decays with a 200 ps time constant to form a new species at 1990 cm*! which
was harder to assign. Separate experiments on the related Bp*Rh(CO), (Bp* =

H,B—Pz,*, Pz* = 3,5-dimethylpyrazolyl) complex revealed that this peak results from a

Xix




solvent complex in which one of the pyrazolyl arms dechelates from the Rh center.
Observation of the C—H bond activated alkyl hydride necessitated the use of a technique
like step-scan FTIR to monitor longer timescales. Using this technique, we showed that
the final C—H activated product is formed in 230 ns. Taken together, these experiments
represent the first direct observation of the intermediates involved and the overall timescale

of the C—H oxidative addition in room temperature alkane solution.
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Chapter 1: Experimental

Nothing tends so much to the advancement of knowledge as the application of a new

instrument. -Sir Humphrey Davy

% %k %k

1.1 Picosecond UV/Vis Spectrometer
1.1.1 Moetivation: Ultrafast UV/Vis spectroscopy

Chemical reactions are fundamentally dynamic in nature. The rate at which
molecular structures and energies change during a reaction is characteristic of the particular
chemical process taking place. As a result, much can be learned about reaction mechanisms
-by measuring these parameters as they evolve. Because the eventual outcome depends so
strongly on the physical processes taking place immediately after the reaction is initiated, a
significant research effort has concentrated on characterizing these short time dynamics. As
is common in the physical sciences, the development and availability of the necessary
experimental instruments were crucial to the advancement of the field. In this case, the
modelocked dye laser [1-3] was one of the first tools commonly used to study ultrafast
dynamics. With the optimal cavity conditions determined by the laser dye, these oscillators
operated in the visible portion of the spectrum. Based on these lasers, the first ultrafast

spectrometers were designed to monitor changes in visible light absorption. This portion

of the spectrum corresponds to molecular electronic transitions and recording ultrafast




changes in this region has yielded significant information about bond breakage and
formation, vibrational energy transfer, and solvent caging.
1.1.2 Picosecond UV/Vis Spectrometer

The Ultrafast UV/Vis experiments described in this dissertation were carried out
using a laser system based on an amplified synchronously pumped dye laser. This laser
system was originally completed in 1983 and has therefore been previously described
nuUmerous timeé [4-6]. The layout of the system is shown in Figure 1.1. A modelocked
argon ion laser operating at 76 MHz and producing 514 nm, ~100 ps pulses (3-5 nJ of
energy per pulse) is used to pump the dye laser. In this configuration (R6-G dye), the
output of the dye laser consists of 1-2 ps pulses centered around 590 nm. The pulses are
extremely low in energy with only 200-400 pJ per pulse and must therefore be amplified.
This is achieved in a three-stage amplifier line pumped by a frequency doubled, Q-switched

.Nd:YAG laser running at 10 Hz. Portions of the full ~250 mJ output of the Nd:YAG are
sent to each of three amplifier cells with 4% goiné to the.first cell, 6% to the second, and
the remaining 90% going to the third. This amplification scheme produces a 10 Hz train of
1 ps, l mJ pulses centered around 590 nm.

Spectroscopic experiments are carried out using a pump-probe scheme in which one
pulse excites the sample and induces a chemical/physical change in the test molecule. After
a specified time delay, a second pulse interrogates the sample to monitor absorption
changes as a function of time. Time delays are accomplished using a translation stage to
adjust the distance the pump pulse travels with respect to the probe pulse. Taking into

account the speed of light and the length of the stage, the longest time delay that can be
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Figure 1.1 - Picosecond UV/Vis Spectrometer
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achieved with a single round trip of the pulse down the entire 1 meter stage is
approximately 6 nanoseconds. The minimum step size of the stage (10 pm) sets the
minimum time step for the system at 66 fs. For UV excitation experiments, the pump pulse
is generated by frequency doubling the amplified 590 nm output with a 1 mm KDP crystal
which converts approximately 10% of the pulse into 295 nm. The remaining visible light is
then separated from the UV pump pulse by a dichroic beam splitter and focussed into a
water cell to generate an ultrafast continuum. Bandpass filters with 10 nm FWHM are
placed after the continuum to select the desired probe wavelength. In order to maximize
sensitivity, the probe beam is split into signal and reference channels. This configuration
compensates for laser fluctuations in each pulse by measuring only the ratio of the signal to
reference which is independent of the absolute laser power. The sample is placed in the
signal beam path and the UV pump and Vis probe beams are overlapped inside the sample
-cuvette. The signal and reference beams are each focussed onto silicon photodiode
detectors. Any UV light not absorbed by the sample is filtered out to allow only the probe
beam to reach the detector. The output from the photodiodes is processed by gating,
integrating, aﬁd then digitizing the pulses. Next the digitized pulses are transferred to a
computer where the signal to reference ratio is calculated for each shot. Once the ratio is
recorded, the computer moves the translation stage to the next stage delay setting before
more shots are recorded. Averaging multiple pulses at a given delay position decreases the
noise such that signals as small as 1 mOD can be measured.

1.2 Ultrafast IR Upconversion: Q-Switching the CO Laser

1.2.1 Motivation: Ultrafast Infrared Spectroscopy




The relative ease with which visible ultrashort light pulses were produced drove the
initial wave of UV/Vis pump-probe experiments. Most of these experiments were carried
out using small molecules with simple visible spectra, easing the task of assigning the
transients. However, as more information was collected and organized on these molecules,
the systems chosen for study became larger and fnore complex. As the molecular
complexity is increased, the assignment of transients responsible for the overlapping
electronic spectra becomes increasingly ambiguous. Consequently it is difficult to obtain
accurate information about the structure of complex chemical intermediates from visible
spectroscopy.

Infrared spectroscopy, on the other hand, does not suffer from the same drawbacks
as visible spectroscopy. In the infrared region, spectra are composed of distinct, well-
resolved peaks which are extremely sensitive to changes in molecular structure [7]. The

" major problem that has hindered the use of ultrafast infrared pump probe spectroscopy has
been the lack of a suitable ultrafast IR light source. To.solve this problem, researchers
have developed several creative methods that obviate the need for an ultrashort pulse IR
oscillator.

There are four main techniques which have been used to perform ultrafast IR

spectroscopy. They can be grouped according to whether or not the IR sources are pulsed

or CW:




Group I: Ultrafast IR Pulses Group II: CW IR Sources

1. Optical parametric generation [8, 9] 1. Semiconductor Switching [10, 11]

2. Difference frequency generation [12, 13] 2. CW Gated upconversion [14]

Techniques in Group I make use of nonlinear optical processes to generate IR
pulses from visible or near infrared (NIR) lasers. Time resolution is determined by the
initial visible or NIR pulses. On the other hand, techniques in Group II begin with CW
infrared sources and need external methods to measure dynamics. Here, time resolution is
achieved using separate visible pulses to either (1) “chop” the IR beam to produce
ultrashort IR pulses or (2) mix the IR signal with a visible pulse in a nonlinear crystal.

An initial test of semiconductor switching experiments in our laboratory using a
CW carbon monoxide laser as the IR source yielded some data with signal to noise limited

by low IR signal intensity [6]. After considering the low signal to noise ratio along with
equipment requirements for other techniques, the decision was made to try gated
upconversion (GU) as the next attempt to move in the direction of ultrafast IR
spectroscopy. Like semiconductor switching, GU also has the distinct benefit of
independent time and frequency resolution compared to other techniques in which these
parameters are directly coupled through the uncertainty principle. The CO laser was
chosen as the infrared source because of its 400 cm’! tunability range in the vibrational
infrared centered around 1806 cm'l, and its relatively high power compared to other IR
sources. Unfortunately, the results of preliminary upconversion experiments with a 10 Hz
picosecond spectrometer revealed that the CW CO laser was not powerful enough for the
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system to live up to expectations. These experiments showed that an inherent weakness in
our implementation of the upconversion scheme was that the IR power was still too low to
average away the noise at our slow 10 Hz rep rate. Specifically, the low IR power could
not generate enough upconverted photons to allow the use of insensitive but linear
photodiode detectors, instead requiring the use of sensitive but noisy photomultiplier tubes.
At higher repetition rates (kilohertz) the noise from the PMTs could be decreased
substantially in a reasonable amount of time by signal averaging but at 10 Hz, the time
needed for averaging to the same extent was prohibitively long. After analyzing the
problem for possible solutions which did not require an entirely new laser system, it was
concluded that the only way to increase the upconverted signal without damaging the LilO,
upconversion crystal was to increase the power of the IR source.
1.2.2 The CO Laser

Before discussing the plan to increase the CO laser power, an explanation of some
of the concepts behind this type of laser is in order. The laser medium consists of a
mixture of gases including He, N,, CO, and Air. High CO vibrational states are generated
through two different pathways by a DC electric discharge running through the laser
medium. After the discharge creates a plasma, the electrons in the plasma can either
directly excite the CO (eq. 1.1), or they may excite the He (eq. 1.2) or N, (eq 1.3) which

then transfer their energy to the CO through collisions (egs. 1.4, 1.5).

co + e —> CO* + e (1.1)
He + e —> He* <+ e (1.2)
N, + e — N* + ¢ (1.3)




co + He* — CO* + He (1.4)
CO + N,* — CO* + N, (1.5)
CoO* —» CO + hv (1.6)
Infrared light is then emitted from vibrational-rotational transitions in the vibrationally
excited ground electronic state of CO (eq. 1.6);

The design and operation of the Harris group CW CO laser has been previously
described [6]. Briefly, it consists of a quartz laser tube with inlets on each end for inflow
and exhaust of the gas mixture which is evacuated from the tube by a mechanical pump.
The windows are made of CaF, and are permanently sealed on the ends of the tube at
Brewster’s angle. The active medium was 150 cm long inside a ~200 cm long cavity
(depending on the cavity design) with a gold coated mirror on one end and a diffraction
grating on the other (Figure 1.2). The grating was tuned such that the zeroth order

- diffraction was coupled out of the cavity and the first order diffraction was aligned with the
end mirror. Electrodes at each end were fused to endcaps in the laser tube and supported a
discharge of approximately 12 kV and 5-10 mA under lasing conditions. To control the

spatial mode of the laser, irises were placed next to the Brewster windows on each side of

the cavity and were generally closed down to 1 cm to produce a TEM ;, mode. With liquid

nitrogen cooling, laser output is tunable from 1600 cm™! to 2000 cm™!. The flowing
configuration produced approximately 5 watts when all CO lines were lasing.
1.2.3 The Q-Switching Technique

The most hopeful method for increasing the power enough for upconversion to be

effective with the existing laser system is Q-switching. Q-switching generates intense laser
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Figure 1.2 - The Layout of the CW Carbon Monoxide Laser




output in a short burst. In this technique, the laser cavity is initially blocked (lowering the
quality factor, or Q, of the cavity), allowing the gain inside the lasing medium to build up
to a much larger than usual population inversion [15]. Once this enhanced inversion is
produced, feedback inside the cavity is restored and the cavity is allowed to lase. The rapid
buildup of stimulated emission results in a short pulse with peak power that can be orders
of magnitude larger than the CW power. This idea can be easily understood with the
following description of a typical two-level system that shows gain at a frequency v
corresponding to separation between energy levels [16]. If the upper level is populated at a
rate R by an electric discharge and has a relaxation time of 7, then the decay rate for an
excited state population n is n/ 7. Without a means of feedback at the frequency v, the
maximum population of the upper level is given by equation 1.7.
Moo = TR (1.7)
If the system is suddenly allowed to resonate at frequency v, the buildup of
coherent radiation inside the resonator will drastically reduce the population of the upper
level. In this case, the power removed from the cavity from this burst of radiation or Q-
switched pulse is given by equation 1.8 where P, is the Q-switched power and T is the
width of the pulse.
Py = nhviT = Rhvt/T (1.8)

The energy of the puise is then given by

Wo=PyT = nhv . (1.9)

The Q-switched pulse may be as short as nanoseconds depending on the system gain since

it may make only a few roundtrips through the resonator before returning to the CW power
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level. For the most ideal case, this power level will be the rate of populating the upper level

times the energy separation (eq. 1.9) |
P.y = Rhv = (n,, /T)hv (1.10)

This approximate treatment leads to the following relations

Poy/Pey~ /T (1.11)
Wo~ PewT (1.12)
which show that for a laser system with a lifetime on the order of microseconds and
sufficiently high gain such that 7 is on the order of nanoseconds, P,/ P, may be as large
as 103. While this treatment is approximate and ignores the influence of the laser level on
the power output, it does indicate the potential benefits that Q-switching could have on

increasing the power of our CO laser.
Since the invention of Q-switching in the early 1960’s, several distinct methods for
-producing Q-switched pulses have been demonstrated. These include rotating mirrors,
electrooptic and acoustooptic shutters, saturable absorbers, and thin film absorbers [15].
While each of these have found a place in various lasers, the only technique that had been
previously applied to the CO laser was the rotating mirror [17-20].  Rotating the end
mirror of the laser is one of the most direct ways of modulating the gain inside the cavity.
The mirror is placed on a spinning motor shaft such that oscillation is only allowed to take
place in the instant that the cavity is aligned. Although it is an inexpensive and simple
approach to Q-switching, this method has several drawbacks which made it unsuitable for
inclusion into an upconversion scheme. In addition to vibration and mechanical noise

which complicate alignment, the most significant drawback is the inability to synchronize
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the Q-switching time with the rest of the laser setup. This is because each of the critical
parameters of repetition rate, high cavity Q time, and low cavity Q time are directly
coupled. Therefore, we required another technique which allowed independent control
over these parameters. Both acoustooptic and electrooptic modulators permit these
parameters to be separately adjusted. Electrooptical Pockels cells have the benefit of
extremely fast switching time (<10 ns), a large hold-off ratio and precise timing.
However, these gains come with the expenses and complications associated with the
electrooptic crystal and the fast-rising high-voltage power source. On the other hand,
acoustooptics are much simpler, requiring straightforward Rf drivers and piezoelectrics to
modulate the gain. The simplicity of its operation compared to the Pockels cell made the
disadvantages of relatively slower opening time and lower hold-off ratio worth the initial
trade.
-1.2.4 Application of Q-Switching to the CO Laser
The practical matter of modifying the CO laser for Q-switched operation revolved
around the choice of a suitable modulator and the adjustment of the laser cavity to
accommodate the additional element. An acoustooptic modulator (AOM) is composed of
three main elements: a diffractive crystal, a piezoelectric acoustic transducer, and an Rf
driver. The crystal must have a density dependent index of refraction and must be
transparent in the lasing region. If an Rf signal is relayed to the piezoelectric, an acoustic
wave is generated within the cfystal, creating a Bragg diffraction grating which deflects a
percentage of the light out of the intracavity beam. This reduces the Q of the cavity,

thereby inhibiting lasing and allowing the population to build up. When the signal is
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removed, the grating disappears. This restores the Q, leaving the crystal free to transmit
the intracavity light and allowing laser oscillation. In designing the acoustooptic, it is
important to minimize reflection of the acoustic wave to keep it from reducing the
diffraction efficiency of the Q-switch. Generally, a damping material is used to absorb
most of the enéargy of the sound wave while the residual energy is made to reflect back off
axis by angling the crystal side opposite the transducer. Because of its transmission and
index of refraction characteristics, the optical module for these experiments was composed
of anti-reflection coated germanium crystal. It was purchased from the Brimrose
Corporation, model number GEM 4-1. A standard TTL pulse generator was used to
control the model FFA-40-B2-F15 Rf driver. A diagram of the Q-switch and control
electronics is shown in Figure 1.3.

For a slow opening AOM, the build-up time of the pulse can depend on the time
- needed to open the Q-switch. A faster switch will create a shorter pulse, leading to a higher
peak power. The switching speed itself depends on the sound velocity within the block of
transparent material and on the diameter of the laser beam because the switching time is
effectively the time required for the sound wave to traverse the beam path. Hence, the
smaller the intracavity laser beam, the faster the speed of the Q-switch. During CW
operation, the beam diameter of the CO laser was setto 1 cm. With a Q-switch rise time of
.18 ps/mm, the time needed to open the switch at this diameter is almost 2 ps. This is an
order of magnitude longer than the ~100 ns pulsewidths we expect based on previous
work. To optimize the performance of the Q-Switch, the laser cavity had to be altered to

ensure that the beam diameter was approximately 1-2 mm. A pair of lenses was inserted
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into the cavity (see Figurel.4) to telescope the beam in order to decrease the size of the
intracavity beam without closing the irises and lowering power. The lens assembly
consisted of a plano-concave and a plano-convex lens set approximately 17-18 cm apart
depending on the overall cavity length (to compensate for collimation). This served to
decrease the beam diameter by a factor of 5 and maintain the necessary collimation and laser
power.

In addition to having a fast opening time, the Q-switch must also extinguish the
laser cavity as much as possible to allow the population to build up to its maximum. Since
the 50% diffraction efficiency of the AOM is relatively low, the ability of the Q-switch to
block the cavity had to be checked. One way to determine the switching ability is to
measure the time needed for oscillation to build up in the cavity. The buildup time 7', is

given by equation 1.13: [15]

T,= l [ T)ln(ﬁ] (1.13)
r—118, n,
where 7 is the normalized inversion ratio, T is the round-trip time inside the laser cavity, 6,
is the fractional power loss per round-trip, n_ is the steady state photon number, and 7, is
the initial photon number. The inversion ratio itself is defined as

rEsr— (1.14)
with N, as the population inversion immediately after opening the switch and N, as the
threshold inversion just after switching. The ratio can be used to determine how well the
Q-switch blocks the cavity because the value of the ratio depends on the extent of inversion

built up while the cavity was “blocked”. Since the build-up time is inversely proportional

to the normalized inversion ratio, and the rest of the parameters are fixed for the CO laser, a
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measurement of the time can be used to determine the inversion ratio and find out how well
the cavity is optimized for Q-switching.

The Q-switch was placed inside the laser cavity and the timing adjusted so that the
switch was repeatedly opened for a chosen time and then closed for 500 s (the recovery
time is 350 ps [17] such that the laser should be fully recovered by the time the switch
opens again). The average power was measured while the switch was modulated and then
the open time was changed to a new value. Q-switch open times were varied over a series
of intervals ranging from 520 ps to 10.7 ms. Recorded laser powers could be fit to an
exponential curve correspdnding to a build-up time of 690 us (Figure 1.5). Using this
value along with 13 ns for 7, .01 for 8. from our CO laser system, and the reasonable
value of 10! for %— [15], we find an inversion ratio » of only 1.05. This tells us that the
laser is being pumped only 20% above threshold, indicating that the Q-switch is not fully

-extinguishing the cavity and that there is a significant amount of light leaking through
during the diffracting interval.

One reason for this marginal cavity blocking is that the diffraction angle is quite
small at only 11 degrees and lasing is still possible over a meaningful range of adjustment
in the end mirror angle. Since the Q-switch is so close to the end mirror in this
configuration, it is possible that the light that should be reflected out of the cavity is still
within an acceptable lasing angle. To fix this problem, the cavity had to be lengthened to
make sure that the diffracted ]ight would strike the end mirror at an angle that would not
allow it to lase. The laser was situated close to the edge of the optical table making it

difficult to extend the cavity in the same configuration. Before moving the entire laser,
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several folded cavity designs were tried. Examples of these layouts are shown in Figure
1.6. These cavity designs had the benefit of allowing room for diagnostic tests of
diffraction efficiency (50-60% depending on the cavity) and maximum collimation distance
(cavity should be limited to ~220 cm from end of laser tube to end mirror). Unfortunately,
the inability to maintain sufficient collimation over a convenient folded cavity length made
these designs impractical.

After moving the laser, the linear cavity was rebuilt and optimized. In Q-switched
operation, the most reliable results were achieved running at 20 KHz. Pulses of ~250 ns
were recorded with an average power of 75 mW. A typical pulse is shown in Figure 1.7.
This translates into a peak power of only 15 watts, substantially lower than originally
expected. For these experiments, the Q-switch is kept open for 550 ns to allow the pulse to
build up and then closed for another 50 Us to allow the laser to recover. While this time is

- significantly shorter than the 350 us recovery time mentioned earlier, it is reasonable
because of the low hold-off ratio of the acoustooptic. Since the laser is never completely
extinguished, the maximum population inversion that can be achieved inside the cavity isa
fraction of the optimal inversion possible for a completely blocked cavity. When the
population inversion is depleted and the shutter is closed, the time needed to recover to the
reduced inversion level is less than that for a completely extinguished (higher inversion
ratio) cavity. This situation also explains the low Q-switched pulse peak power.

1.2.5 Conclusions
At this point, strategic decisions concerning our ultimate goal of ultrafast IR

spectroscopy had to be made. While Q-switched pulses were realized, a combination of
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difficulties and emerging opportunities eventually led us to terminate the project before it
was fully completed. Aside from the problem of low Q-switched power, which may
partially be due to low CW power, there was also the issue of stability. With a great deal
of effort, it was possible to align the CO laser to generate fairly uniform pulses. However,
the slightest agitation (for example, water running through the Q-switch module, vibrations
in the laser table, adjusting optics) was enough to disrupt the pulse train.
In retrospect, using a CO laser to do gated upconversion at a low repetition rate
(even had Q-switching been ultimately successful),was probably not the best choice to
move into the field of ultrafast IR spectroscopy. Ultrafast systems that used lower power
commercial sealed-tube CO lasers were then in operation, compensating for the low signal
to noise ratio by running at kilohertz rep rates and doing extensive signal averaging [14].
While fairly straightforward in its operation, the chemical nature of the laser also made it
-much less reliable than the emerging solid state ultrafast lasers that made difference

frequency generation a much more attractive route.

1.3 Ultrafast IR Difference Frequency Generation

1.3.1 Motivation: Moving to Solid State Technology

Progress in ultrashort light pulse generation has historically been represented by
advances in dye laser technology including the synchronously pumped dye laser [1-3] and
the colliding pulse mode-locked (CPM) dye laser [21]. These lasers have been the standard
tools for studying ultrafast dynamics over the past decade. One of the directions that

ultrafast pulse research has taken in order to improve upon the dye-based systems is in the
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area of new gain media. Specifically, solid-state media like the titanium doped sapphire
laser have been supplanting dye based systems as the most popular ultrafast sources since
modelocking was demonstrated in the Ti:sapphire system in the late 1980s [22-27].
Several characteristics make Ti:sapphire a better alternative ultrafast source. It has the
broadest tuning range of any conventional laser with a bandwidth four times larger than
organic dyes (660-1180 nm). The sapphire host is easy to handle, free from chemical
degradation, and has a better thermal conductivity than dye solutions allowing it to handle
substantially higher pump powers. In addition, the lack of a flowing dye solution increases
the stability of the Ti:sapphire laser, which is crucial to sustaining modelocked operation.
Because of the difficulties involved in the upconversion scheme, and all of the benefits of
the new solid state technology, we decided to move our efforts to a Ti:sapphire based
difference frequency generation system which is described in the next section.
'1.3.2 Femtosecond IR Spectrometer
The ultrafast apparatus used in these studies is shown in Figure 1.8 and consists of
a Ti:Sapphire oscillator [28] and dye amplifiers pumped by a 30 Hz Nd:YAG laser. The
output of the Ti:Sapphire oscillator is amplified in a two-stage LDS 798 dye amplifier and
compressed using a pair of prisms to produce 10 WJ pulses with 50 fs pulse width at 820
nm. This amplified light is then split into three beams. One beam is further amplified to
obtain 20 pJ pulses at 820 nm with pulse widths of approximately 70 fs. The other two
beams are used to generate two separate sources of white light continuum in sapphire
windows. Desired wavelengths of the white light are selected by two band pass filters each

having a 10 nm FWHM window and then amplified in two three-stage dye amplifiers to
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produce two independently tunable fs pulses from 560 nm to 1000 nm. For this
experiment, LDS 698 is used in one amplifier chain to obtain 100 puJ, 700 nm pulses.
Rhodamine 610 is used in another amplifier chain to produce 400 pJ, 590 nm light. The
590 nm light, which is compressed by a pair of prisms to shorten the pulse width to about
200 fs, is frequency doubled in a 300 um thick BBO crystal to generate UV light at 295
nm. IR pulses in the 5 pm region are generated by mixing the amplified pulse at 700 nm
with the 820 nm pulse in a2 mm LilO, crystal. The FWHM of the IR pulses is about 80
fs. The spectral band width is approximately 200 cm"!, limited by the phase matching
condition of the LiIO; crystal. By simply adjusting the phase matching angle,
wavelengths from 1800 cm™! to 2300 cm"! can be generated without changing band pass
filters. IR pulses in the 3 to 6 um region can be generated by changing the band pass
filters and the dye for the amplifier. The important feature of this system is that it produces
“two independently tunable fs pulses in addition to the 820 nm pulses, allowing us to
generate independently tunable pump and probe pulses in UV, Visible and IR region.

The 590 nm beam is sent through a variable de]ay line before being frequency
doubled. The resulting UV beam, focused to a spot size of 200 pm at the sample, is used
to initiate the photoreaction. The subsequent changes in the IR absorption are probed by
the IR beam. The probe IR beam is split into a signal and reference beam by a 50% Ge
beam splitter. The signal beam, focused down to ~200 pm in diameter at the sample, is
overlapped with the pump beém and recollimated afterwards. Both the signal (after the
sample) and reference beam are then focused into a monochromater (CVI, Digikrom 240).

The two beams travel parallel to each other, displaced vertically by 1 cm along the direction
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of the monochromater slit. The slit size is variable from 10 um to 2 mm. The IR beam size
at the slit is about 300 um and the slit is set to 400 pm during normal operation. The two
beams are separated after the monochromater and focused onto a matched pair of liquid N,
cooled HgCdTe detectors. The outputs from the two detectors are sent to two boxcar
integrators and a digitizer. The high and low bounds from the signal and reference
channels are set to be + 40% and - 40% of the average counts. The counts from the signal
and the reference channels are normalized to remove shot to shot laser fluctuations. The
fluctuation of the IR pulse intensity is normally in the 10% to 40% range. This
normalization scheme gets rid of the noise caused by the probe laser fluctuations. As a
result, the noise of the system is dominated by the dark counts of the detectors. The typical
noise of the system after averaging 100 laser shots is about 0.1%. The time dependence of
a signal at a particular wavelength is collected by setting the monochromater at a fixed
-wavelength and changing the delay of the UV pump beam. A spectrum is recorded by
scanning the monochromater while the pump pulse is fixed at a given delay time. The
spectral resolution is determined by the resolution of the monochromater. A 150
groove/mm grating is used in the monochromater and the slit width is set at 400 um,
leading to a wavelength resolution of about 4 cm™!. The time resolution of the system is
determined by the cross correlation of the pump and probe beams, which is about 240 fs
for this experiment. The instrument response can be measured in a thin silicon wafer. A
UV photon excites the electron into the conduction band giving rise to broad IR absorption
(Figure 1.9). The rise time of the absorption signal, which is limited by the instrument

response function, is well fitted by the integration of a gaussian function with a FWHM of
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240 fs (Figure 1.10). A more detailed description of the design and alignment of this

system is in preparation [29].
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1.4 Step-Scan FTIR Spectroscopy
1.4.1 Motivation: The Multiplex Advantage

One of the most intriguing aspects of monitoring chemistry as it takes place is the
incredibk; range of timescales spanned during the reaction. For example, unimo]ecular
events such as bond cleavage can take place in femtoseconds (10-*5 s) and bond formation
and energy dissipation need only picoseconds (10712 s) to complete. The timescale for
these individual events contrasts greatly with the timescale fypically associated with the
overall reaction which is often controlled by the rate of diffusion in the solvent (<107 s).
As aresult, observation of all the different species produced throughout a chemical reaction
requires the use of spectroscopic techniques designed for tracking chemical changes over
these longer timescales. In principle, the same pump probe method used in the ultrafast
experiments can be employed in the nanosecond regime. In practice, however, more
-efficient instruments take advantage of sufficient detector time response and multiplexing
technology. Perhaps the best example of this concept is step-scan fourier transform
infrared (FTIR) spectroscopy.
1.4.2 Step Scan FTIR Spectrometer

The spectrometer used in these experiments (Figure 1.11) has been reconfigured
several times during the course of these and other ongoing experiments. Details of the
modified Bruker IFS88 FTIR spectrometer including the electronics and optics are
described elsewhere [30, 31]. The idea behind step-scan FTIR is quite ingenious. In a
conventional interferometer, data is collected while the moving mirror continuously scans

back and forth. This process generates a single static interferogram. However, in
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step-scan mode, the mirror is moved through its path in small steps while laser pulse
induced dynamics in the sample are recorded at each mirror position. After a number of
flashes are averaged, the mirror is moved to its next position and the process is repeated
over the entire range of the mirror. When the data collection process is completed, the
computer assembles a set of time resolved interferograms which are Fourier transformed
into time resolved difference spectra.

Transient absorption spectroscopy relies not only on the overall spectral change in
intensity but also on the background spectral intensity. As a result, the single beam
spectrum of the sample must also be recorded. To accomplish this, a special HgCdTe
detector with simultaneous AC and DC outputs was used. First a DC coupled scan was
taken without sample excitation. This data was saved and used to calculate the phase and
single channel DC spectrum. Following measurement of the time resolved interferograms,
the stored phase from the DC scan is used to rearrange the data to time resolved difference
interferograms before they are Fourier transformed.

Because the sensitivity of the instrument is highly dependent on the stability of the
stepping mirror position, great care was taken to minimize acoustic and mechanical noise in
the laboratory while experiments were conducted. A floating optical table was used to
isolate the spectrometer from building vibrations and all ventilation systems were disabled

during data acquisition. The sample necessitated special handling as well. To avoid

vibrations from the peristaltic sample pump, the airtight system was flowed from a main

sample tank to another smaller reservoir held several feet above the laser table. The flow

was maintained through the ceil only by gravity while the pump kept the level of solution
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constant in the reservoir constant. With all of the improvements to the system and our
optimization of the experimental conditions, scans with 50 ns time resolution, 4 cm!

frequency resolution took approximately 5 hrs. to achieve a signal to noise ratio of 10:1.
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Chapter 2: Femtosecond Infrared Studies of the
Dissociation and Dynamics of Transition Metal
Carbonyls in Solution

We always thought that if we knew what “one” is we would also know what “two” is. For
“one plus one makes two”. Now we slowly realize that we still have a lot to learn about the

“plus”. , -Sir Arthur Stanley Eddington

2.1 Introduction

Photolysis of transition metal carbonyls produces short-lived coordinatively
unsaturated metal carbonyl intermediates, many of which are involved in important
.industrial or synthetic reactions [32-35]. Knowledge of the initial formation, relaxation and

reactivity of these intermediates is therefore crucial to the understanding of the overall

reaction mechanism. For this reason, the photochemistry of transition metal carbonyls has

been extensively studied by ultrafast laser spectroscopy [14, 36-60]. In particular, with the
advent of femtosecond infrared spectroscopy, a technique pioneered by Hochstrasser and
coworkers {61], the detailed structure of short-lived reactive intermediates can be directly
studied. The metal hexacarbonyls, M(CO), (M=Cr, W, Mo), have long been used as
model systems for the study of transition metal carbonyl photochemistry. Laser photolysis
of gaseous M(CO)4 under collisionless conditions proceeds through the loss of several

carbonyl groups [62-65]. In a liquid solution [66] and low temperature matrix [67],
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however, UV photolysis leads to efficient loss of a single CO ligand to form a
pentacarbonyl intermediate. The lack of multiple CO ligand loss was attributed to the
efficient energy relaxation of the highly energized metal carbonyl intermediates in the
condensed phase environment [54-56]. Picosecond time resolved experiments indicate that
the naked pentacarbonyl species, Cr(CO); is solvated within 1-2 ps in methanol [46-
50][51, 52] and cyclohexane [46-50]. The subsequent vibrational cooling of the solvated
intermediate has been extensively studied by transient visible [36-40][46-50]{51, 52] and
IR [43-45] absorption spectroscopy and resonant Raman spectroscopy [68]. As a result of
the photolysis, both the high frequency CO stretching mode and other low frequency
modes are excited. While the isolated high frequency CO stretching modes relax on the 150
ps time scale [36-40][43, 44, 69][53], the low frequency modes in the molecule relax more
rapidly, taking 10s of ps [36-40][43, 44, 69]. The time scale for the vibrational relaxation
- of these CO modes is similar to that of the parent molecules measured in IR pump and IR
probe experiments [70-75].

While the solvation and vibrational relaxation of the pentacarbonyl species are well
characterized, the early time dynamics such as dissociation and cage recombination are not
as well understood. UV/Vis spectra of these molecules in alkanes show a strong singlet
transition around 290 nm and a weaker triplet transition around 355 nm. It is not clear
whether dissociation occurs from the singlet or triplet excited states. Wavelength
dependent photosubstitution qﬁantum yield measurements on W(CO),, in n-hexane solution
have shown that the quantum yields are the same for excitation wavelengths ranging from

254 nm to 366 nm [76]. This suggests that dissociation proceeds from the lower lying
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triplet state, and that there is an effective intersystem crossing from the singlet state to the

triplet state. Fermntosecond spectroscopic studies on these molecules [51, 52], however,

suggest that dissociation may occur in the singlet state, as will be discussed in detail later.

This model was also invoked in an earlier photoluminescence measurement in a low
temperature gas matrix [77, 78]. The photosubstitution quantum yields in various solvents
have been measured, ranging from 0.42 to 0.93 depending on the solvent [79, 80]. These
yields should be interpreted as the yield for formation of solvated W(CO); after the
completion of any initial cage recombination. Two models have been proposed to account
for the less than unit quantum yields [76][79, 80]. The first invokes a unit quantum yield
for CO dissociation and a solvent dependent, rapid geminate recombination of CO. The
second model suggests that the quantum yield for CO dissociation itself is not unity and
that efficient radiative and nonradiative relaxation channels exist for the excited state
-molecules.

Although invoked to explain the non-unit quantum yield in the photodissociation of
M(CO) in solution [76][79, 80], geminate recombination ‘of CO has never been directly
observed in these hexacarbonyls nor has it been seen for other transition metal carbonyls.
This process has, however, been observed in the solution phase photodissociation of
simple diatomic molecules: 1, [81] and I,” [82-86], polyatomic molecules: CH,I, [87, 88],
1,7 [89-94], and metal carbonyl dimers [41, 42, 95}{87]. Cage recombination is not limited
to solution phase reactions. It has also been observed in photodissociation reactions in
solids [96], high pressure gases [97, 98], and clusters [99-102]{103, 104].

To elucidate the role of geminate recombination dynamics in these metal carbonyls,
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ultrafast studies in the sub-picosecond regime are needed. The ultrafast dynamics of
M(CO); in alcohol and hexane solutions have been studied by femtosecond visible
spectroscopy [51, 52]. A fast decay component with exponential time constant of 350 fs
was observed in the 450 nm region after photolysis at 310 nm. The fast component was
assigned to the absorption of an excitf:d state while the 350 fs decay was interpreted as the
time scale for the CO dissociation. This fast component was found to be similar for
different central metal atoms, M=Cr, Mo and W, even though they have very different
spin-orbit coupling. In light of this, it was suggested that the similarity in the early time
dynamics meant that either photodissociation occurs in the singlet state or the intersystem
conversion is much faster than the 100 fs time resolution of the experiment. This fast
component was observed in the same spectral region of the visible absorption of the
M(CO)Slspecies. For this reason, the fast component was later suggested as possible
evidence for fast geminate recombination of the M(CO), fragment with CO [87]. From the
optical spectra alone, it is difficult to determine whether the absorption is due to M(CO);
or the excited state of M(CO) 6 The IR spectra, however, are expected to be quite different
for these two species. Both ground state M(CO), and M(CO) 5 have a strong and distinct
IR absorption making this reaction an ideal system for a femtosecond IR spectroscopic
study [43, 44, 69]. To unambiguously assign the previously observed fast component and
understand the ultrafast dynamics in the solution phase photodissociation of M(CO),, we
have recently studied the bleach recovery dynamics of the parent CO stretching band and
the product formation and decay dynamics for the three metal carbonyls in different alkanes

using femtosecond infrared spectroscopy.
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2.2 Experimental

M(CO), obtained from Pressure Chemical, was dissolved in various alkane
solutions. The sample was then pumped through a nozzle to produce a jet with a center
thickness of 200 pum. For the experiments probing the bleach of parent molecules, the

concentration of the sample, about 1mM, was adjusted so that the OD of the CO stretching

mode of M(CO), was ~1. For the experiments probing the M(CO)4 absorption, the

concentration of the sample, at ~3 mM, was adjusted so that the OD of the sample at 295
nm was ~1.0. The integrity of the samples was checked before and after experiments by
FTIR spectra. IR kinetics and spectra were recorded using the femtosecond IR

spectrometer described in Chapter 1.

2.3 Results

Figure 2.1 shows the bleach recovery dynamics of M(CO), in heptane solution
measured at the peak of the parent molecule T, CO stretching' mode. The squares,
triangles and circles are data points for M = Cr (1987 cm™!), W (1983 cm'!), and Mo (1989
cm!) respectively. The kinetics are fit by a constant bleach plus a single exponential rise
function with a rise time of 110 ps, 70 ps and 70 ps as indicated by the thin lines. The
percentage bleach recovery, the ratio of the amplitude of the exponential rise component to
the total initial bleach is 15%, 15% and 6% for M = Cr, W and Mo respectively. For
comparison, the signals from different samples are scaled to have the same initial bleach
value. Bleach recovery dynamics in different solvents were also measured. The bleach

recovery dynamics for Cr(CO) in heptane and dodecane at 1987 cm! and 1988 cm! are
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Figure 2.1 - Bleach recovery for M(CO)s in heptane measured at the peak of
the T;, CO stretching band at 1987, 1983, and 1989 cm-! for M = Cr, W, and
Mo. -
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shown in Figure 2.2. The measured percentage bleach recovery is 15% and 21% in
heptane and dodecane. These kinetics are measured at the peak of the parent molecule CO
stretching band. As will be discussed later, these values for bleach recovery should not be
interpreted as the amount of parent molecules reformed, nor should the recovery time
constant be taken simply as the time for reforming the parent molecules. The recovery
dynamics for all three M(CO) in different solvents are wavelength dependent near the
parent molecule absorption band. Shown in Figure 2.3 are the kinetics for W(CO), in
heptane at 1983 cm! (circles), corresponding to the peak of the bleach, 1980 cm!
(squares), and 1978 cm™! (triangles). The data taken at 3 cm"! on the high frequency side
is indistinguishable from that taken at the peak and is left out for clarity. This wavelength
dependent behavior is a signature of the vibrational cooling of hot parent molecules, which
will be discussed in next section.

The spikes before t=0 seen in Figure 2.3 are due to perturbed free induction decay.
This phenomenon, which is the result of vibrational coherent effects occurring on the same
time scale as dephasing is known to obscure the study of early time dynamics using
femtosecond IR spectroscopy. The details of the perturbed free induction decay in these
complexes are described elsewhere [105].

Because the perturbed free induction signal is predominant around t=0 for probe
wavelengths near the parent molecule bleach we need to probe at a wavelength region as far
away from the parent CO stretching band as possible in order to study the fast dynamics of
the M(CO); species. The vibrationally hot M(CO); species have broad absorptions,

ranging from 1960 cm™! to 1900 cm™! [43, 44, 69]. Shown in Figure 2.4 are the long time
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Figure 2.2 - Bleach recovery measured at the peak of the T, CO
stretching band for Cr(CO)¢ in heptane and dodecane.
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Figure 2.4 - Kinetics of the formation of W(CO)s in heptane probed at 1927
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kinetics of W(CO), in heptane probing at 1927 cm!(the peak of the W(CO); A, band), and
1917 cmL. The Kinetics can be well fit by a 22 ps exponential rise function at 1927 cm!
and a26 ps exponential decay at 1917 cm"!. These wavelength dependent kinetics follow

the vibrational cooling dynamics of the solvated W(CO)sX (X=heptane) species [43, 44,

69]. In addition to the cooling dynamics, there is also a fast initial decay in the kinetics

when measured with small time steps of 33 fs. Shown in Figure 2.5 is the short time
dynamics for Mo(CO), in heptane probed at 1929 cm™! (the peak of the Mo(CO),
A,band), 1918 cm’!, and 1908 cm™!. The signals at different wavelengths are scaled to the
same amplitude at the maximum absorbance change of the kinetics. The initial rise of the
signal is well fitted by an instrument response limited rise. All the kinetics are well fitted
by a fast exponential decay followed by a slower exponential rise or decay function. The
fast decay component has a time constant shorter than 300 fs. They appear to be fitted best
- by 100 fs to 200 fs exponential decays. Fits with 150 fs exponential decay are shown in
Figure 2.5. The amplitude of the fast component cannot be well determined because it is
very sensitive to the time constant used for the fit. Within the noise of the data, the relative
amplitude for the fast and slow component appear to be similar for the three different
wavelengths.

The fast decay kinetics are also measured for different metal centers. Shown in
Figure 2.6 are the kinetics measured at 1917 cm-! for M(CO) in heptane with M = Cr, W
and Mo, represented by squére, triangle and circles respectively. The signals from
different metal carbonyls are scaled to have the same size at the peak. The kinetics for

different metals are similar, consisting of a fast component and a slower component with
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Figure 2.5 Early time dynamics for the formation and decay of Mo(CO); in
heptane probed at 1929, 1918, and 1908 cm!, represented by the squares,
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component.
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time constant of 10s of ps. The fast components are well fitted by exponential decays with
time constants of approximately 150 fs, as shown in Figure 2.6. The relative amplitudes

for the fast and slow components appear to be similar for different metal centers.

2.4 Discussion
2.4.1 Bleach Recovery

‘To understand the early time dynamics of the systems, we have probed the
reformation of the ground state parent molecules and the formation and decay of the
product. The photosubstitution quantum yields for M(CO), in various alkane solvents are
known to decrease as the chain length of the alkanes is increased. For Cr(CO)y this value
decreases from 0.72 in n-pentane to 0.58 in n-dodecane. Since the alkane-solvated
pentacarbonyl species produced in the photolysis are completely substituted by the entering
‘ligands with a diffusion limited rate in these reactions, the quantum yields measure the
yields of producing the pentacarbonyl species after any initial c'age recombination is
complete. Therefore, the non-unit quantum yields suggest that after UV photolysis some
of the parent molecules are regenerated in the ground state through either fast geminate
recombination of the photofragments or radiative or nonradiative relaxation from the excited
state. A previous ultrafast IR spectroscopic study on these molecules did not observe any
absorption bands (from ca. 1 ps to ns time scale) other than those of the parent and the
pentacarbonyl species [43, 44,' 69], suggesting that it is unlikely that there is any excited
state population on that time scale. The parent molecule would then be reformed within 1

ps through fast cage recombination or nondissociative relaxation from the excited state,
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giving rise to a partial bleach recovery of the parent molecule absorption bands.

A bleach recovery is indeed observed for all the three different metal carbonyls, as
shown in Figure 2.1. The time scale for the bleach recovery cannot be taken as the time for
reforming the ground state molecules, but rather it reflects the vibrational cooling of the
molecules. The presence of vibrational cooling of the ground state molecule is evident

when we probe at the longer wavelength side of the bleach as shown in Figure 2.3. It has

been shown [41, 42, 95][43, 44, 69] that there are strong anharmonic couplings between

the CO stretching and low frequency modes for many metal carbonyls. As a result of
populating the low frequency modes, the CO stretching bands are broadened and red
shifted. As shown in Figure 2.3, the bleach recovers initially and then increases again for
the low frequency side of the CO stretching band. At the center and high frequency side
the bleach recovers monotonically with a slower time constant. The initial recovery in the
-kinetics at the low frequency side is due to the absorption of the vibrationally hot parent
molecules, which have a red-shifted CO stretching band, and the subsequent increase in
bleach signal is caused by the vibrational cooling of those molecules. The recovery times
measured at the center of the bleach are 112 ps, 70 ps and 70 ps for M = Cr, W and Mo
respectively. These time constants reflect the cooling of both the low frequency modes that
are anharmonically coupled to CO stretching mode and the CO stretch itself. Unfortunately
the presence of vibrational population at v=1 and higher levels in the CO stretching mode
cannot be unambiguously determined in this experiment since their absorption overlaps
with the absorption of the pentacarbonyl species. The vibrational cooling rates of low

frequency modes in these hexacarbonyls molecules have not been measured, but those for
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the pentacarbonyl species have been studied [43, 44, 69]. It was found that the CO
stretching bands of these pentacarbonyl species in hexane narrows in about 10 ps. This
time constant is taken as the average cooling time of the low frequency modes, which is
similar to other large polyatomic molecules [106-108]. The CO stretching time of M(CO),
in n-hexane has been measured to be »about 140 ps. Our measured bleach recovery times
fall between 10 ps and 140 ps suggesting that both low frequency modes and CO stretching
mode are excited when the molecule is reformed in its electronic ground state.

From the quantum yields for substitution in n-heptane of 73%, 79% and 93% for
Cr(CO)4, W(CO), and Mo(CO), the percentage of parent molecules reformed are expected
to be 27%, 21%, and 7% respectively. The actual percentage of bleach recovery, as shown
in Figure 2.1, is measured to be 15%, 15%, and 6% for the three metal carbonyls in n-
heptane. The relative amount of recovery agrees with the trend expected from the
substitution quantum yields, but the absolute values are significantly lower than those
expected. This suggests that the reformation of parent molecules is faster than we can
measure at this wavelength. There should be a fast initial recovery of the bleach followed
by the slower vibrational cooling shown in Figure 2.1 and 2.2. Unfortunately, as shown
in Figure 2.3, the interference of the perturbed free induction decay signal makes it difficult
to measure any fast dynamics in this spectral region. The bleach recovery for Cr(CO), in
n-dodecane is also measured. Compared with n-heptane solution, shown in Figure 2.2,
the relative amount of bleach recovery agrees with the trend that there is a higher percentage
of recovery in a longer chain alkane solvent. The measured 21% recovery for Cr(CO)g in

n-dodecane is again smaller than the 42% expected from the quantum substitution yield
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measurement.
2.4.2 Product Dynamics

Our measurements of the bleach recovery in these metal carbonyls suggests that
there is a fast regeneration of the vibrationally hot ground state parent molecules. This
recovery could be a fast relaxation from the electronic excited states and/or a fast cage
recombination of CO and the pentacarbonyl intermediate. To understand the possible
contribution of geminate recombination to the fast bleach recovery and therefore the non-
unit quantum yield, we have studied the ultrafast dynamics of the pentacarbonyl species.
To avoid the interference of the perturbed free induction decay signal, the measurements
have to be made as far away from the parent molecule bleach as possible. At the peak, ca.

1927 cm’!, and lower frequency side of the A, vibrational band of the three solvated

M(CO);, the contribution from the perturbed free induction decay can be neglected and the

-product still has a significant absorption.

The signal at all wavelengths can be fit by an instrument response time limited rise
followed by a fast decay of ca. 150 fs and a slower wavelength dependent decay or rise.
Typical kinetics of the slow component are shown in Figure 2.4. The wavelength
dependence and time constants for this component follow the vibrational cooling dynamics
of the solvated pentacarbonyl species, which has previously been well studied by ultrafast
visible [36-40] and IR [43, 44, 69] spectroscopy. At 1927 cm’! (the peak of the A,
band), the slow component grbws with an exponential rise time constant of about 22 ps,
while at 1917 cm™! (to the red side of the peak), the signal decays with a time constant of

about 26 ps, reflecting the spectral narrowing and blueshifting as a result of the cooling of
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the low frequency modes that are coupled to the CO stretch.
The fast decays appear to be faster than 300 fs at all wavelengths, and are best fit by
a time constant of approximately 150 fs. The detailed wavelength dependence for Mo(CO),
in heptane is shown in Figure 2.5. The relative amplitude of the fast and slower
components seems to be the same for all the three wavelengths, covering the peak of the
A, band and 10 cm’! and 20 cm’! away from this peak. Since the slower components are
unambiguously assigned to the cooling of vibrationally hot pentacarbonyl species, the
presence of the fast decay in the same spectral region with the same relative amplitude
across the A, band suggests that this component also pertains to the nascent pentacarbonyl
species. The fast decay is then attributed to the rapid geminate recombination of the
pentacarbonyl species with the CO ligand that is still trapped in the solvent cage. The 150
fs time scale for the geminate recombination agrees with previous measurements in CH,I,
- and metal carbony! dimer, Mn ,(CO),,, in which geminate recombination was observed to
happen on the 300 fs time scale [87]. This ultrafast time scale for geminate recombination
was also observed in a recent study on the dissociation of LyeAr, clusters [99-102], in
which it was found that geminate recombination of the I atoms occurs 360 fs after the direct
dissociation of 1,. Unfortunately, since the fast decay is faster than the time resolution, its
amplitude cannot be accurately measured by the present experiment and therefore we cannot
determine quantitatively the percentage of pentacarbonyls that recombine.
The kinetics measured at 1929 cm! for all three M(CO)¢ ( M=Cr, W and Mo)
molecules are compared in Figure 2.6. The best fits to the fast components give time

constants of approximately 150 fs for all three metal carbonyls. Again, neither the

51




amplitude nor the time constant for the fast component can be accurately determined
because of the lack of time resolution. If the quantum yield for CO dissociation is unity,
we would expect to observe 27%, 21%, and 7% geminate recombination for Cr, W and
Mo respectively based on the measured photosubstitution quantum yield [79, 80]. If we
observe similar percentages of recombination for all three different metal carbonyls, the
different photosubstitution quantum yields must then be caused by different yields for CO
photodissociation from these molecules. At this point, the quality of the data does not
allow a quantitative comparison between the time scale and percentage of geminate
recombination for the three different metal carbonyls. Therefore the branching ratio
between the dissociative and nondissociative pathway cannot be quantitatively determined.

The instrument response limited rise of the signal indicates that the pentacarbonyl
species are produced much faster than 240 fs. Based on this result, the previously observed
- instrument response limited rise of the visible absorption signal in the 450 nm region may
be assigned to the formation of the pentacarbonyl species [51, 52][87]. Furthermore the
CO dissociation process is then complete within 100 fs [51, 52].

Unfortunately, the time resolution of about 250 fs in this experiment is not fast
enough to provide an accurate measurement of the percentage of molecules that undergo
geminate recombination. However, it is now possible to carry out femtosecond IR
experiment with 40 fs time resolution [109]. Future experiments with time resolution on
the order of 40 fs should allow a quantitative measurement of the percentage and time scale
of geminate recombination. A comparison between the three different metal centers should

shed light on how the electronic properties of the metal center affect the dissociation
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dynamics of these metal carbonyls. A solvent dependence study should reveal what kind
of solvent properties determine the time scale and amount of geminate recombination in the

solution phase reaction.

2.5 Conclusion

UV photolysis leads to an efficient CO loss in M(CO),. Both the bleach recovery
and product formation and decay have been studied by femt.osecond IR spectroscopy with
240 fs time resolution. The percentage of the bleach recoveries are found to be smaller than
the photosubstitution quantum yields indicating that reforming of the vibrationally hot
ground state parent molecules occurs faster than our time resolution. The relative amount
of bleach recovery observed for the three metal carbonyls and in different alkanes agrees
with the trend expected from photosubstitution quantum yield measurement. The formation
- of the pentacarbonyl species is found to be instrument response limited. We observe a fast
decay (< 300 fs ) of the IR absorption of the pentacarbonyl species, which is assigned to
the fast geminate recombination of these pentacarbonyls with CO after only one to two
collisions with the surrounding solvent cage. Although the percentage of the
pentacarbonyl species that undergoes this fast geminate recombination has not been
quantitatively determined due to the lack of time resolution in this experiment, fast geminate
recombination of the photoproduct certainly contributes to the non-unit photosubstitution
quantum yield observed in these molecules. Future experiments with faster time resolution
should quantitatively measure the amount of geminate recombination and its dependence on

both the metal center and the solvent.

53




Chapter 3: Ultrafast Dynamics of Cp*Ir(CO), and
Cp*Rh(CO), in Solution: The Origin of the Low
Quantum Yields for C—H Bond Activation

The most exciting phrase to hear in science, the one that heralds new discoveries is not

Eureka! (I found it!) but "that's funny..." -Isaac Asimov

% %k

3.1 Introduction

3.1.1 Organometallic Photochemistry

Organometallic chemistry has developed rapidly over the last several decades. This
development is particularly notable in the area of solution photochemistry [110-119], which
- makes up a sizeable fraction of organometallic syntheses known. Interest in this area
derives mainly from the fact that many of the reactions are very difficult or impossible to
perform thermally while the analogous photochemical reactions only require relatively mild
reaction conditions. From the perspective of an ultrafast spectroscopist, several classes of
reactions are particularly interesting because they combine practical synthetic and catalytic
importance [120-123] with a means of testing fundamental aspects of solution phase
chemical reaction dynamics. Indeed, many of these reactions proceed on time scales
comparable to or even faster than vibrational energy relaxation or redistribution. In such
cases, the detailed molecular mechanisms underlying bond formation in the products can be

strongly influenced by one or more of the energy dissipative mechanisms described above
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in the hexacarbonyls.

One such class of reactions is Oxidative Addition [124-127] and includes the
practically significant C—H [34, 128-133] bond activation reaction. The initial steps in
this reaction are independently part of another fundamental reaction class called
Photosubstitution [79, 110, 113, 134, 135]. Despite their extensive use, however, the
individual mechanistic steps of these interesting and practically important photoinitiated
reactions are not well understood. The extreme reactivity of most of the photochemically
generated intermediates results in the species having lifetimes that are in the femtosecond
and picosecond timescales. My research goal was to use the techniques of ultrafast IR and
UV/Visible spectroscopy to observe and characterize these short-lived intermediates.
Information about their structure, energetics, and lifetime could then be used to
unambiguously determine the individual steps of several important reaction mechanisms.
-3.1.2 Carbon-Hydrogen Bond Activation

Of all the classes of molecules available for use as starting materials in organic
synthesis, the most abundant class is also the least accessible. Alkanes, which constitute a
significant portion of the world’s hydrocarbon resources are also among the least reactive
compounds in organic chemistry. Their relatively inert nature is usually explained by their
strong C—H bond energies which are typically 90-100 kcal/mole. As a result, there has
been considerable effort aimed at developing a catalytic process to break or ‘activate’ the
C—H bonds and convert the alkanes to other more reactive species such as alcohols and/or
ketones.

In 1982, the first direct evidence for the photochemical activation of a solvent
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alkane C—H bond with a transition metal complex was reported by Bergman et al. [136]
and soon after by Graham [137]. Bergman used the pentamethylcyclopentadienyl (Cp*)
Iridium complex Cp*Ir(H),(PMe,), while Graham used a Cp* carbonyl complex
Cp*Ir(CO),. They found that when these complexes were dissolved in alkane solution and
irradiated with UV light, the alkyl hydride was formed as the final product (Figure 3.1).
These important discoveries of photochemical C—H activation generated considerable
interest in the field and became the focus of a variety of experimental and theoretical
studies. Besides NMR experiments [138][139], most spectroscopic studies have focused
on the carbonyl complexes. This is because of the characteristically strong IR bands
associated with CO ligands and the fact that the distinct absorptions of CO ligands are very
sensitive to changes in both other ligands and solvent environments.
Much of the experimental evidence obtained by IR spectroscopy indirectly points
.toward a dissociative mechanism for the reaction [134]. This scheme begins with the loss
of CO as the first step, resulting in the formation of a coordinatively unsaturated
intermediate. In earlier studies of the photodissociation and subsequent solvation of
transition metal hexacarbonyls (that do not involve C—H bond activation) it was shown
that to a large extent, the solvation dynamics around an open site were controlled by the
vibrational cooling of the pentacarbonyl! precursor [38, 39, 70, 140]. This information
concerning the initial steps of CO dissociation in metal carbonyls can then be compared to
the results of C—H activating éompounds to begin to Figure out why these molecules are
so reactive.

In addition there is a central question concerning the metal-alkane complex and its
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role in the C—H activation reaction. It is known to lower the barrier for C—H bond
activation from 100 kcal/mol for unactivated bonds to approximately 5 kcal/mol for
activated bonds. This question has been addressed by theoretical calculations which predict
the formation of these complexes in C—H activating systems [130, 141-143]. Flash
kinetic studies have also been carried out to observe the intermediates formed when
Cp*Rh(CO), is excited in liquid noble gas solutions with added alkanes [144, 145]. As
evidence for this dissociative mechanism, the unsaturated intermediaté has been detected in
the gas phase [146] and in low temperature matrices [147-150]. The solvated
monocarbony! intermediate has also been identified in the photolysis of Cp*Rh(CO), in
liquid Xe and Kr solution [67, 134, 151]. Despite this progress, however, the individual
steps of the mechanism have not yet been directly observed in room temperature alkane
solution.

~ 3.1.3 Low C—H activation quantum yield in Cp*M(CO),

Two principal difficulties have together inhibited direct observation of the alkane
complex intermediates and their subsequent reaction in room temperature solution. Firstly,
the extreme reactivity of the photogenerated species leads to rapid reaction rates making the
intermediates impossible to observe with conventional spectroscopic techniques.
Secondly, the quantum efficiencies for forming the alky] hydride product in the ‘classic’
C—H activating complexes such as Cp*Ir(CO), and Cp*Rh(CO), are on the order of 1%
[152]. This value is too small to generate a concentration of intermediate species high
enough to detect after each photolysis pulse. Experiments on Cp*Ir(CO), and

Cp*Rh(CO), solutions by Heilweil et al. showed that the quantum yields were simply too
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low to detect any photoproducts [45]. In this work, they observed a bleach and complete
recovery of the C—O stretches within 40 ps. Since no new CO stretching bands were
observed, it was not clear what lead to the bleach and rapid recovery of the parent CO
stretching bands.

This chapter describes a picosecond UV/Vis study of these metal carbonyls which
helps to clarify the origin of the bleach recovery and how it relates to the low quantum yield
for the C—H activation reaction of Cp*M(CO), in alkanes. In light of the strong evidence
for the CO dissociation pathway and the extreme reactivity of coordinatively unsaturated
organometallic intermediates, we expect that the low quantum yield originates in the
primary photophysical processes that take place before the M—CO bond is broken. The
excited state dynamics then play a critical role in the subsequent photochemistry by
determining the branching ratio between the dissociative and non-dissociative reaction

.pathways. The existence of lower lying excited states below the strong MLCT band is
evident in the UV/Vis absorption spectrum of these compounds and has been demonstrated
by wavelength dependent measurements of the C—H activation quantum yield. In an
effort to investigate the dynamics of these excited states and how they affect the guantum
yield for CO loss, we have performed transient visible absorption spectroscopy on room
temperature solutions of Cp*Ir(CO), in cyclohexane and its congener Cp*Rh(CO), in

n-pentane solution with 1 picosecond time resolution.

3.2 Experimental

The laser apparatus used to carry out the picosecond pump-probe experiments was
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described in Chapter 1. Briefly, 1-ps, 10-uJ pulses at 295 nm were used to excite the
sample (concentration ~ 1 mM) and transient absorption signals were measured by using
10 nm fwhm bandpass filters at selected probe wavelengths (440-740 nm) from a
continuum generated in a water cell. In the Rh experiments, pump power was attenuated to
avoid signals originating from the solvent. In the Ir experiments, however, the small signal
size necessitatéd the use of the fairly strong pump powers. In order to eliminate the
resulting solvent contribution to the observed signal for the Ir complex, a neat cyclohexane
solvent scan was taken immediately preceding the sample scan. This scan was then
subtracted from the overall signal [153]. Spectrometric grade cyclohexane and pentane
were purchased from Fisher Scientific Co. The Cp*Rh(CO), complex was purchased from
Strem Chemicals and was used as received while the Ir complex was prepared according to

the literature [154].

3.3 Results and Discussion

After excitation into the M~ CO CT bands of the I and Rh complexes at 295 nm,
transient absorptions are observed at each wavelength probed from 440 to 740 nm for Ir
(Figures 3.1-3.5) and 500 to 650 nm for Rh (Figures 3.6 and 3.7). A representative long
timescale trace for Rh (Figure 3.8) shows that on the 100 ps timescale, the signal returns
nearly to the baseline [153]. The data are summarized in Tables 1 and 2.

All of the transients éonsist of instrument limited (1.5 ps) rises followed by
biexponential decays. The best fit to the data yield a fast component which decays in 2-3

ps and a slower component which decays in 30-40 ps. Within our signal-to-noise the time
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Figure 3.2 - Transient Absorption of Cp*Ir(CO), in cyclohexane
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Figure 3.6 - Transient Absorption of Cp*Rh(CO), in pentane
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2.6 61 24

2.6 66 35

4.0 61 25

2.7 54 33

2.3 59 ‘ 25

3.0 68 30

2.0 70 ‘ 30

1.5 71 30

1.8 78 40

2.0 77 40

I S—

Table 1. Summary of Iridium Data




T2 (ps) C, (%)

500 3.3 60 37 40

530 5.0 53 40 47

570 5.0 73 40 27

620 3.0 84 40 16

650 4.8 84 38 16
530 (long 4.0 58 40 42
scan )

Table 2. Summary of Rhodium Data
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constants are similar at all wavelengths probed while the amplitudes of the fast components
appear to be larger at redder wavelengths. While the low signal-to-noise ratio of the Rh
data does not allow a quantitative statement to be made concerning the recovery of the
signal, it clearly returns to within a few percent of its original value by 100 ps. This
recovery is consistent with both the earlier IR results [45] and the quantum yield
measurements [155].

Neither the reactant Cp*Ir(CO), nor the product Cp*Ir(CO)R)(H) absorb
significantly in the 440-740 nm range we probed (Figure 3.9). Therefore, any transient
absorptions detected at these wavelengths correspond to new intermediate species generated
by photoexcitation. In addition, because we do not observe any wavelength dependence of
the decay time constants, these transients cannot be due to the vibrational cooling of the hot
parent molecule or photoproduct [38, 40]. Since we do not know how large the extinction

-coefficient is for the new species, we must consider the possibility that the transients are a
result of the loss of CO to form a monocarbonyl intermediate despite the low quantum
yield. The instrument limited risetimes are certainly consistent with the timescale for CO
loss observed in other metal carbonyls. For example, CO dissociation in M(CO) ¢ M=Cr,
Mo, W) has been observed to occur on the 300 fs time scale [52]. However, considering
the timescales of the decays (see following paragraphs) and results from previous IR
experiments [45][69], the behavior of the transients is inconsistent with that expected for a
monocarbonyl. Such pathways are: (1) recombination with CO to reform the parent
molecule and (2) reaction with the solvent.

We can rule out the possibility of CO recombination on the basis of the timescales
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Figure 3.9 - Electronic absorption spectrum of Cp*Ir(CO), in cyclohexane
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of the decays. One way recombination may occur is via a diffusion process, which at
millimolar concentrations would take place in microseconds, orders of magnitude slower
than we observe. The other possibility is geminate recombination. This could occur if the
photolyzed CO is not able to escape the solvent cage before recombining with the
monocarbonyl fragment to regenerate the parent species. From previous experiments
probing this process, the timescale for geminate recombination is known to be on the order
of 100 fs to 1 ps -- significantly faster than the decays we recorded [88]. Therefore, we
conclude that the transients are not due to the recombination of CO with a monocarbonyl
fragment.

In the recent femtosecond IR study of Cp*M(CO), (M=Ir, Rh) in n-hexane by
Heilweil [45] , UV excitation at 289 nm was found to lead to a bleach of the parent
molecule CO stretching bands. The bleach recovers with a 40 ps time constant, indicating

- the reformation of the parent molecules. No detectable amount of C—H activated product
is observed. From this observation, we can conclude that the visible transients we see in
the spectra of the Ir and Rh complexes are not due to the reaction of a monocarbonyl
intermediate with the solvent.

In addition, the energy barrier for C—H bond activation has been determined from
the experiments in liquid noble gases to be on thé order of 6 kcal/mole [129, 144, 156].
Using a simple Arrhenius description, we can estimate how long it should take for the
C—H activated product to fbrm, corresponding to the time scale of the decay of a
monocarbonyl. Using a pre-exponential factor of 1x 10! sec”! and an energy barrier for

metal insertion into the C—H bond of 6.0 kcal mole™!, the C—H activated product should
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form with a half-life on the order of 200 ns. This is several orders of magnitude longer
than the time we measured, again implying that the transients are not reacting with the
solvent to form the C—H activated product.

Ruling out the generation of a monocarbony! species as the origin of the visible
transients, we attribute our result to the first direct observation of a short-lived
non-dissociative excited state due to UV excitation of Cp*Ir(CO)2 and Cp*Rh(CO)z. This
ﬁndin‘g is important because it provides an explanation for the low quantum yields for
C—H activation by these complexes. Namely, after excitation by a UV photon, most
molecules end up in one or more excited states that do not lead to CO loss. As a result of
populating these states, the reactive coordinatively unsaturated species is never generated in
most molecules. Instead, these molecules relax to the ground state within 40 ps. This
scheme is shown in Figure 3.10. Furthermore, these observations support the results of
* the ultrafast IR study [45] which discussed the possibility of similar excited states to
explain the bleach recovery in the parent CO stretches of Cp*Ir(CO)2 and Cp*Rh(CO),
following UV excitation.

Since the transition at 295 nm contains mainly M—CO* charge transfer character
[157], the non-dissociative excited state involved is most likely a lower-lying state that is
strongly coupled to the M—CO* CT state. This is supported by the static absorption
spectra of these molecules in alkane solutions, each of which show weak and broad
absorption from 350 to 500 nm indicating that there are lower lying states below the strong
metal to CO charge transfer band at 290 nm for Ir and 315 nm for Rh. Wavelength

dependent quantum yield measurements of Si-H activation by Cp*Rh(CO), have found
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that the quantum yield for this reaction decreases by an order of magnitude when the
excitation wavelength is changed from 313 nm to 458 nm [135]. This reduced quantum
yield indicates that the low lying state accessed by excitation at 458 nm has significantly
less CO dissociation character. At this point, the exact nature of the excited state is still not
known, although there have been some tentative assignments. Based on their wavelength
dependent quantum yield measurement, Lees and coworkers suggest that excitation into
these low lying states leads to a ns ton> ring slippage in the molecules, which can then
undergo rapid reversible ring-slippage to relax back to the ground state [152][135]. While
it is possible that the 40 ps transient we observe corresponds to this ring-slipped
intermediate, our data only allow speculation concerning this issue. In addition, Pradella
and coworkers have suggested that these excited states also have substantial M-Cp*
anti-bonding character [158]. They based this assignment on the surprising results of a
~ recent study of the photolysis of Cp*Rh(CO), in hexane solution in which they found that
at A > 380 nm the reaction pathway was consistent with the breaking of the Rh-Cp* bond.
It should also be noted that the fast component observed in our experiment was not
identified in the IR study [45]. At early times the transient IR spectrum is broad and
structureless due to the anharmonic coupling between the CO stretches and highly
populated low frequency modes [69]. This broadening, in addition to an experimental
artifact present at early times [69], may have obscured the fast transient in the IR spectrum.
It is possible that this fast corhponent is a result of the decay of the excited state to the
ground state. This process would then produce a vibrationally excited ground state

molecule in 2-3 ps. It is also possible that the short component is a result of the absorption
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of an initially generated excited state that relaxes in 2-3 ps into a longer-lived excited state
which decays in 30-40 ps. This model would be favored if there is a wavelength
dependence of the relative amplitude of the fast and slow components. Although it appears
that the relative amplitude of the short component is larger towards redder wavelengths, the
signal to noise ratio of our data is not large enough to distinguish between these two
possibilities. Future experiments probing the parent molecule absorption in the UV will

provide an answer to this question.

34 Conclusion

Examination of the visible transient absorptions of Cp*Ir(CO), and Cp*Rh(CO), in
room temperature solution has allowed us to directly observe the excited electronic state
responsible for the low C—H activation quantum yield. These results elucidate the
pathway taken by the majority of Cp*Ir(CO), and Cp*Rh(CO), molecules that absorb a
UV photon: they decay back to ground state within 30-40 ps through non-dissociative
short-lived excited states. Further insight into the excited state dynamics of these
interesting organometallics will be gained after comparisons of the current results to those
arising from both the highly efficient C—H activating Tp*Rh(CO), as well as the non

C—H activating but highly dissociative CpCo(CO), species.




Chapter 4: The Mechanism of a C—H Bond
Activation Reaction in Room Temperature Alkane

Solution

A man with new ideas is a crank until he succeeds. -Mark Twain

%k %

4.1 Introduction

Since the initial discovery that the strong carbon-hydrogen (C—H) bonds in
alkanes undergo oxidative addition to certain transition metal complexes, the quest to
understand and utilize this "C—H activation" reaction has been the focus of intense
research effort (Figure 4.1) [33, 136, 137]. Both of these research goals should be
“furthered by developing a detailed understanding of the individual steps involved in
metal-mediated C—H activation reactions. To monitor these elementary steps,
spectroscopic techniques with microsecond time resolution are commonly used with the
goal of identifying the reaction intermediates [35, 138, 149, 159, 160]. The extremely
rapid reaction rate prevents these established methods from monitoring the earliest kinetics
at room temperature. In order to use these conventional techniques, the experiments must
be performed in the gas phase [146], in liquefied noble gases [129, 156], or in low
temperature matrices [158, 161] to slow down the reaction.

Insight into the individual steps involved in metal-mediated C—H activation

reactions have been obtained from spectroscopic techniques with microsecond time
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resolution, with the goal of identifying the reaction intermediates. However, the extremely

rapid reaction rate prevents these established methods from monitoring the earliest kinetics
at room temperature, and requires that the experiments be performed in the gas phase, in
liquefied noble gases, or in low-temperature matrices to slow down the reaction.

In the gas phase, photolysis of CpRh(CO), (Cp = C,H,) yields the highly reactive
CpRhCO, which reacts with alkanes at rates close to the gas-kinetic values (Fig. 1a) [146].
Low-temperature matrix work also showed the formation of CO-loss products [158, 161].
In liquid krypton solution, the solvated complex Cp*Rh(CO)*Kr (Cp* =C sMe,, Me =
methyl ) is the first species observed. The alkane must then displace Kr before the final
activation step can take place [129, 156]. These experiments established that the first step
involves loss of a CO ligand to generate a coordinatively unsaturated intermediate. It is
difficult, however, to generalize the results to room-temperature, neat alkane solution

" because of the extreme changes in reaction conditions. In contrast to earlier work, the goal
of this work is to study the reaction under the most relevant conditions, room-temperature
alkane solution. To accomplish this, and to overcome the reaction-rate measurement
limitations inherent in microsecond spectroscopy, we used ultrafast spectroscopy with
picosecond [37] and femtosecond [105, 162] time resolution. These techniques allow
access to the inter- and intramolecular processes that take place on time scales faster than
diffusion.

The next step in the sfudy is clearly to monitor the actual chemistry which takes
place from photolysis to the formation of the final product. Identification of the reaction

intermediates is required to build a detailed picture of the overall bond-activation reaction.
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Even with the time resolution available to us in the IR, the low quantum yields of ~1% for
the C—H activation reaction of Cp*Ir(CO)2 and Cp*Rh(CO)2 make detection of the
intermediate species impossible [45].

Fortunately, a rhodium compound that was originally reported to undergo “highly
efficient” C-H activation in 1986 [163, 164] was recently reinvestigated and its quantum
yields measured [155, 165]. This study by Lees on 3,5 tris-dimethyl-pyrazolylborato
(Tp*) rhodiumdicarbonyl placed the quantum efficiency over 30%.

The CO vibrational stretching frequencies of Tp*Rh(CO), in pentane are 1981 cm’™
and 2054 cm™}, which lie in a region of the spectrum that is readily accessible by our
femtosecond spectrometer. Coupled with the 200 fs time resolution of our apparatus, the
relatively high quantum yield of the Tp*Rh(CO), wil! enable us to address the important
question of whether there are detectable intermediate complexes formed in room

-temperature solution. If so, what are their structures and the timescales for their formation
and decay? By answering these questions, we will be able to unambiguously establish the

C—H activation reaction mechanism in room temperature solution.

4.2 Experimental

These experiments were performed with our 30 Hz fs IR spectrometer with 200 fs

time resolution (chapter 1.3). The sample was pumped by a UV pulse at 295 nm and the
subsequent changes of the IR ébsorption in CO stretching mode region were probed as a
function of both time and wavelength. Tp*Rh(CO), was synthesized according to a

published procedure [166, 167] and fully characterized by conventional spectroscopic
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methods. The sample solution, degassed and sealed under an N:2 atmosphere, was flowed
through an airtight cell to ensure that each laser pulse probed a fresh volume of sample.
The nanosecond FTIR system used in this study has been previously reported in
detail [30, 168]. It consists of a pulsed Nd:YAG laser to initiate the photochemistry and a
modified Bruker IFS88 Step-Scan FTIR spectrometer for recording the transient
absorptions. Samples in cyclohexane were excited at 355 nm and their spectra were
collected from 1600 to 2300 cm™!. In the configuration used in this work, the spectrometer
has a time resolution of ~50 ns and frequency resolution of 4 cm"!. Solutions of
Tp*Rh(CO), in each solvent were filtered, degassed, and sealed in an airtight flow cell.
The flow rate was set to insure that at a repetition rate of 10 Hz, each pulse encountered
fresh sample. UV/Vis and IR spectra were collected throughout each run to monitor
sample integrity. Solution concentrations were adjusted so that 80% of the excitation light

“was absorbed in the 1 mm path length of the IR cell. Similar procedures were followed for

the Bp*Rh(CO), sample.

4.3 Results
In cyclohexane, Tp*Rh(CO), shows peaks at 1981 and 2054 cm™! due to the
antisymmetric and symmetric stretching modes of the two CO ligands. Upon irradiation,
the static FTIR spectrum exhibits only a decrease in the intensity of the parent peaks and the
corresponding formation of the final C—H activated product at 2032 cm’.
However, the ultrafast spectra reveal the interesting dynamics. Figure 4.2 shows

the transient difference IR spectra of Tp*Rh(CO), in cyclohexane at -10, 10, 66, 200 and
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660 ps. Similar spectral evolution was also observed in n-pentane solution (Figure 4.3).
The last panel in Figure 4.2 is an FTIR difference spectrum of the sample after exposure to
about 30 UV pulses at 308 nm from an excimer laser. The negative CO stretching bands at
1981 cm™! and 2054 cm™! indicate the depletion of the parent molecule while all positive
absorption bands correspond to the creation of new species. Detailed kinetics of the
spectral features in n-pentane were measured up to 1 ns as shown in Figures 4.4-4-7. A
broad wavelength-independent background signal from CaF 2 windows has been subtracted
from both the transient spectra and kinetics (figure 4.4).

As shown in Figure 4.2, the bleaches at 1981 cm™! and 2054 cm™ partially recover
within 66 ps. In addition, the detailed kinetics of the bleach at 2054 cm™' are shown in
Figure. 4.5. About 50% of the bleach recovers with a 70 ps time constant while the other
half stays constant until ca. 1 ns, the longest delay time that can be achieved with our
- translation stage. This partial recovery is slightly smaller than the expected 70% recovery
based on the reported 30% quantum yield [169]. This difference suggests that there is a
fast reformation of the ground state parent molecule through the ultrafast geminate
recombination of the CO and monocarbonyl species and/or radiative and radiationless decay
from the excited state [105]. It is important to note, however, that the 70 ps recovery time
is not necessarily an indication of the time scale of these processes. It can also reflect the
vibrational relaxation of the rapidly formed hot ground state molecules.

The spectrum at 10 ps shows absorption bands at 1972, 1958 and 1945 cml.
These bands are assigned to the v=0-1, 1-2 and 2-3 transitions, respectively, of the CO

stretching mode of an intermediate. Photoproducts with vibrationally excited CO stretching

83




-10 ps

2 200 ps

2+ 660 ps

| Absorbance Change ( x 100%)

- —

A R AR (L LA R N B AL ER S AL S A
1900 1920 1940 1960 1980 2000 2020 2040 2060 2080
Wavenumber (cm™)

Figure 4.3 - Ultrafast IR spectrum of Tp*Rh(CO), in pentane

84




— data

S
R PR

— solvent

- subtracted

w
R PP

Absorbance Change (10 mOD)
()

-200 0 200 400 600 800
Delay (ps)

Figure 4.4 - Kinetics of Tp*Rh(CO), at 1973 cm!in
cyclohexane.showing data subtraction.

85




(o)
.

e data

Absorbance Change (10 mOD)

— fit(70ps)

" 60 80

Figure 4.5 -Bleach recovery kinetics of Tp*Rh(CO), at 2054 cm1 in pentane.




15 4

0.5 4

Absorbance

’0-5--- S RO SR N B Trrrrrfrsrsyrfrrrrrrrr=o1
-200 -100 0 100 200 300 400 500 600 700

Delay

Figure 4.6 - Kinetics of Tp*Rh(CO), at 1973 cm-lin
pentane after subtraction.

87




o o
N o0
1 . . . 1

o
'
PREEN ST

Absorbance change

0.2 -

2200 -100

Figure 4.7 - Kinetics of Tp*Rh(CO), at 1990 cm-lin pentane.




modes have been observed in the photolysis of other metal carbonyl such as M(CO) 6
(M=Cr, W, and Mo) [44, 105]. The observed anharmonic shift of about 13 cm! is also
similar to those of other metal carbonyls [44, 140, 170]. The time scale for the vibrational
cooling of this intermediate in n-pentane is found to be about 23 ps by monitoring the rise
time of the signal at the v=0-1 transition frequency as shown in Figure 4.6. The spectrum
at 66 ps shows that the vibrationally deactivated intermediate has only one absorption band
at 1972 cm™, in the spectral region from 1900 to 2075 cm’!. This species decays to form
a new intermediate with a single absorption band at 1990 cm’!.

We assign the first intermediate (denoted A) with CO absorption at 1972 cm™! to
Tp*Rh(CO)*RH (RH = alkane solvent), a complex between the monocarbonyl and the
solvent [36]. The time scale for formation of the intermediate is consistent with those
associated with solvent complex generation observed in previous studies of CpCo(CO),

- [45] and (acac)Rh(CO), (acac = acetyl acetonate) [170], and M(CO), (M = Cr, Mo, and
W) [38, 40, 68]. After the CO dissociated from the metal center, the solvent moved in to
occupy the empty site on the metal, and formed a complex that vibrationally relaxed in 10 to
20 ps. The Tp*Rh(CO), molecule shows similar reactivity and formed a new complex that
vibrationally cools on a time scale of 23 ps. This monocarbonyl solvent complex then
converts to the second intermediate, B, on a time scale of 200 ps (Figure 4.7).

The identity of B is more difficult to assign. There is some experimental and
preliminary theoretical evidence to support the postulate that one of the pyrazolyl arms in
the Tp*Rh(CO)*RH complex may detach from the metal center after photoexcitation [155,

165, 169, 171-173]. In the Tp*Rh(CO), starting material, the three pyrazolyl arms are
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coordinated to the Rh center to form an n3 complex (Figure 1b) whereas the dechelated
complex would be 1?2 (Figufe lc). In room temperature solution, the Tp*Rh(CO),
complex exists as a mixture of 1> and 12 isomers, with equilibrium constant Keq. =100
favoring the 13 species [155]. In addition, recent density functional theory calculations by
Zaric and Hall [174] indicate that the closely related monocarbonyl complex TpRhCO (Tp =
HB-—Pz,, Pz = pyrazolyl) may be stable in an n2-bound configuration. Static low-
temperature matrix studies [161] and ab initio calculations support the blue-shifted position
of the CO stretch in 112-Tp* complexes. Thus, the second intermediate observed in the
ultrafast IR spectrum may be an 12-Tp*RhCO*RH complex. Despite this support, there
has been no experimental evidence for the involvement of an 12 species in the early time
dynamics of the C—H bond activation reaction at room temperature.
A model chemical system for probing the effect of dechelation on CO stretching
frequencies and testing whether B is an n? solvent complex is Bp*Rh(CO), (Bp* =
H,B—Pz,*, Pz* = 3,5-dimethylpyrazolyl) (Fig. 1d) [161]. This complex, with only two
pyrazolyl rings attached to the boron atom, is a known stable 12-species. Because it has
only two Rh-N bonds instead of three, the CO stretches of this compound are blue-shifted
30 wavenumbers relative to the 113’-”i‘p"‘Rh(CO)2 complex. Photoinduced loss of CO from
Bp*Rh(CO), should produce a moriocarbonyl species whose coordination environment is
similar to the proposed 1n2-Tp*Rh(CO) intermediate. Briefly, the Bp*Rh(CO), compound
was prepared according to the literature [175] and dissolved in dry cyclohexane (~ 1.4
mM). The solution was sealed under a nitrogen atmosphere and flowed through a 1-mm

IR cell. After irradiation at 295 nm, the spectrum was collected from 1960 to 2090 cm! at
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time delays of -10, 10, 66, 200, and 660 ps. The ultrafast IR spectra of Bp* in
cyclohexane (Figure 4.8) show that at 10 ps, the bleaching of the parent peaks at 2010 and
2080 cm! coincides with the growth of a another peak at 1992 cm™!. Thus, the spectrum
of the 12-Bp*RhCO matches that of the second intermediate in the Tp*Rh(CO), system.
There is, however, no peak at 1972 cm-! as there is in the Tp*Rh(CO), system, which
suggests that the second intermediate in the reaction scheme is an 12-Tp*RhCO*RH
complex in which one of the Rh-N bonds is broken. With this proposed structure for the
second intermediate, we have assigned all of the observable species in the ultrafast spectra
and can focus on the bond-activation process.

In the Tp*Rh(CO), system, the newly assigned second intermediate was stable to

~1 ns, the longest time we could measure with our ultrafast system, so we could not
observe the formation of the final C—H activated product. In order to understand the
“complete reaction and establish whether other intermediates are involved, we must observe
the final bond activation step and link this with the ultrafast dynaﬁlics. Previous studies
with microsecond time resolution showed that this step occurs in less than 1 ps [176], and
so the time scale of the final bond-activating step is between 1 ns and 1 us. In order to
follow the rest of the chemistry, nanosecond IR experiments were performed to probe

C—H activation of Tp*Rh(CO), iﬁ alkane solvents.

Representative nanosecond time-resolved spectra of Tp*Rh(CO), in cyclohexane
(Figure 4.9) show a decrease in C—O absorption at 1981 and 2054 cm’!, due to the fast
depletion of the parent molecule, and a new absorption at 1990 cm"! that grew in in less

than 50 ns. The observation of a single peak indicates that we are observing a
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monocarbonyl species, and the frequency of the peak matches the longest lived
N*-Tp*Rh(CO)*RH transient observed in the ultrafast IR measurements on this same
system (Figure 4.2). The signal at 1990 cm’! decayed to below the baseline and could be
fit to an exponential of ~280 + 11 ns (curve B in Figure 4.10). The subsequent formation
of the alkyl hydride product was observed at 2032 cm™! (curve D in Figure 4.10). It grew
in with a single exponential time constant of 230 + 3 ns. The decay time of intermediate B
is longer than the formation time of the final product D because of thermal effects
associated with the parent bleach at 1981 cm-!. Temperature changes in the sample due to
absorption of the laser pulse caused a time dependent change in the refractive index of the
sample [177]. Such effects appear as time dependent changes in absorbance near strong
parent peaks and increase the observed lifetime of nanosecond transient intermediates.
Because the transient at 1990 cm™ was close to the parent bleach at 1981 cm’l, it was
.strongly influenced by these effects whereas the final product at 2032 cm™! was further

away from the bleaches and was not affected.

4.4 Discussion

For the Bp*Rh(CO), system, nuclear magnetic bresonance (NMR) and IR studies
showed that upon UV photolysis, there is no formation of C—H activated product,
consistent with previous work [165, 171-173]. Time-resolved FTIR measurements
showed only one peak at 1992 cm! due to the monocarbonyl solvent complex and no
evidence for the formation of an alkyl hydride (Figure 4.11). The solvent complex was

stable for longer than 1 ps, but static FTIR spectra show that it eventually recombined with
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CO or decomposes into unknown products. The inability of Bp*Rh(CO), to activate C—H
bonds suggests that not only is dechelation necessary to provide reactivity at the metal
center, but rechelation is required to stabilize the product that results from the reaction.

The nanosecond time scale of the reaction indicates that there is a significant thermal
barrier involved in the formation of the C—H activated product. Rate constants k
determined from the experiments presented here allow us to estimate values for the reaction
barrier in room temperature solutions. For the cyclohexane reaction, a simple treatment
with transition state theory and a rate constant of 4.3 x 106 s-1 (1/230 ns) at 295 K, gives
the height of the free energy barrier, AG*, as ~8.3 kcal/mol. This estimate is comparable to
the value of 7.2 kcal/mol calculated for the Cp*Rh(CO), system by extrapolating the
results of 183 K liquid Kr-cyclohexane experiments to room temperature [144]. We can
combine these data with our earlier ultrafast result to assemble a comprehensive reaction

' coordinate diagram (Figure. 4.12).

The rhodium dicarbonyl is initially in formal oxidation state (I). Upon UV
irradiation, the compound loses one CO in less than 100 fs [51, 52] to form a vibrationally
hot, coordinatively unsaturated (16-electron) complex, also in oxidation state (I). The
reactive species generated is quickly solvated in a barrierless reaction and then vibrationally
cools in 20 ps [43, 45, 140]. All subsequent processes that take place at the Rh center are
either thermal, and do not require the absorption of additional photons, or depend on
residual photon energy in the cbmplex. The CO stretching absorption of the first detectable
solvated intermediate A could be observed at 1972 cm!, red-shifted from the lowest

frequency peak of the parent complex at 1981 cm'!. Loss of one CO substantially reduces
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back-bonding from Rh and increases the electron density at the metal center. This change
weakens the bonds between the Rh center and the 6-donating Tp* pyrazole ligands and
eventually breaks of a Rh-N bond. The complex traverses a 4.2 kcal/mol barrier, [with k
= 5.0 x 10%s! or 1/ 200 ps] and forms the 12-Tp* monocarbonyl complex B. Removal of
the electrons formerly donated to the metal by the now-detached arm of the Tp* ligand
reduces the electron density at the metal again, shifting the CO absorption to higher
frequency (1990 cm™!). Detachment of the pyrazole ring in B increases the coordinative
unsaturation of the solvate, making it more reactive toward C—H oxidative addition. The
bond-breaking step occurs with a time constant of 230 ns, correspondiné to a barrier of
~8.3 kcal/mol and forms the unstable 112 C—H activated complex (C). This complex now
has the metal center in formal oxidation state (III), which reduces its electron density,
providing the driving force for rechelation of the dangling pyrazole ring to form the final

“product, Tp*Rh(CO)(R)(H) (complex D).

4.5 Conclusion

Monitoring the C—H bond activation reaction in the nanosecond regime with IR
detection has made it possible to establish directly the time scale for C—H bond-activation
in room-temperature solution. The final breaking of the C—H bond occurs during the last
step of the reaction, 230 ns after photolysis in cyclohexane. Before this bond can be
broken, the Tp*Rh(CO), comf)lex must dissipate its initial excess vibrational energy, and
then break one of the Rh-N bonds. Immediately following the rate limiting C—H bond-

activation step, the Rh-N bond reforms to stabilize the final product. These steps before
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and after activation provide the structural and electronic environment around the metal
center that allows the reaction to occur. Taking into account the ultrafast and nanosecond
infrared experiments on Tp*Rh(CO), and the related Bp*Rh(CO),, we have followed the
C—H bond reaction in room temperature solution over 10 orders of magnitude in time to

generate a complete picture of the overall mechanism.
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