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Abstract

Investigations of Organometallic Reaction Mechanisms Using Ultrafast Time-
Resolved Infrared Spectroscopy

By
Justin Paul Lomont
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Charles B. Harris, Chair

Ultrafast time-resolved infrared spectroscopy provides a powerful tool for studying the
photochemistry of organometallic complexes. The studies described herein focus on the
mechanisms of photochemically initiated organometallic reactions with a particular emphasis on
two topics: the role of spin states and spin state changes in organometallic reactions, and the
primary photochemical dynamics of complexes containing metal-metal bonds (e.g. transition
metal dimers and clusters). Many of these studies seek to uncover trends in reactivity based on
the spin states of organometallic reaction intermediates, with the goal of being able to offer some
level of predictive insight into the reactivity of complexes as classified by their spin multiplicity.
The reactivity of various coordinatively unsaturated reaction intermediates are studied with
respect to bond activation, electron transfer, excited state photoisomerization, and other classes
of reactions important to organometallic catalysis. A second focus, which shares some degree of
overlap with the topic of spin state changes, is the primary photochemistry of complexes
containing metal-metal bonds. Several of the studies reported herein use time-resolved infrared
spectroscopy to examine the primary photochemical processes occurring upon excitation of
transition metal dimers and clusters, and often spin state changes also found to play an important
role. Results of computational chemistry calculations are frequently used to facilitate
interpretation of the experimental results by computation of structures, relative energies, infrared
spectra, and spin-orbit coupling for the complexes studied experimentally. Additional studies
outside these two primary areas of focus also investigated the ring-slippage of cyclopentadienyl
ligands and the CO-delivery properties of a popular CO-Releasing Molecule.
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1 Introduction

Organometallic Chemistry is a field at the intersection of organic and inorganic chemistry,
with applications to a wide range of chemical processes. These include, perhaps most notably,
catalysis of synthetically useful chemical reactions, though organometallic complexes also play
key roles in numerous other processes including biochemical pathways and metallurgy, and have
also found applications as dietary supplements and as CO- and NO-releasing molecules used to
control physiological functions. The majority of research investigations into the behavior of
organometallic complexes have traditionally been carried out using approaches more native to
synthetic chemistry, though in recent years time-resolved spectroscopic techniques have become
increasingly popular for studying the structure and reactivity of these species. The studies
described in this thesis use ultrafast time-resolved infrared (TRIR) spectroscopy to study the
reactivity of a variety of prototypical organometallic complexes with the goal of identifying
unifying underlying principles that can be applied to a broad range of organometallic reactions.

The experimental technique used to investigate each of these topics is picosecond time-
resolved infrared spectroscopy. Certainly not all chemical reactions can be studied on the
picosecond timescale, but this experimental approach is typically quite well-suited for studying
reactions with relatively small free energy barriers, changes in spin state, solvent coordination,
excited state lifetimes, geminate recombination processes, and rearrangements of solvent
molecules, as these dynamics very often take place in the picosecond regime. Indeed, many of
these topics are the focus of study in this thesis. Moreover, many organometallic complexes
contain reporter ligands, such as CO, NO, or CN groups, with strong absorptions in the mid-
infrared region, thus rendering such complexes readily amenable to study by TRIR spectroscopy.
In many cases, quantum chemical calculations are also used to facilitate, and expand upon, our
interpretation of the experimental results.

In Inorganic Chemistry it is often the case that isoconfigurational transition metal ions (i.e.
those with the same d" electron configuration) exhibit similar properties; thus d® Co(III) will
behave more similarly to d® Fe(I) than to d’ Co(II). Analogously, it is also often the case that the
total electron count of an organometallic complex is a strong predictor of its shared trends in
reactivity with other organometallic complexes. 18-electron species are typically stable and
unreactive, while their coordinatively unsaturated 17-electron counterparts tend to participate in
reaction mechanisms involving other radical species/intermediates, and 16-electron complexes
typically react more readily with 2-electron donor ligands. Such trends can further be elucidated
by careful inspection of the more detailed electronic structure of organometallic complexes. One
such parameter that has been the focus of intense study in this thesis is the spin state of an
organometallic complex, which may often rightfully be thought of as a sort of proxy for
discussing radical or diradical electronic character in the reactive frontier orbitals of a complex.

Photoproducts of three spin states, singlet, doublet, and triplet (S = 0, ', and 1, respectively)
have been studied in this thesis. Beginning from a stable 18-electron organometallic complex,
photochemical dissociation of a 2-electron ligand results in the formation of a coordinatively
unsaturated 16-electron photoproduct. Such photoproducts most commonly have a singlet
ground state, though some species, such as Fe(CO)4 and CpCo(CO) are known to be stable in a
triplet ground spin state under certain conditions (for the two examples listed, this is true in non-
coordinating solvents and in the gas phase). While triplet complexes are typically expected to be
less reactive than their singlet counterparts, our group and others have found evidence that this is



not always the case, and indeed that many examples exist in which the course of a chemical
reaction can be accelerated by following a pathway that involves spin crossover processes during
the course of the reaction. Chapters 3 through 5 of this thesis explore the reactivity of triplet
reaction intermediates on the ultrafast timescale and explore spin crossover processes in several
prototypical organometallic photoproducts.

Chapters 6 and 7 of the thesis move on to study odd-electron photoproducts. While these
species are typically unreactive toward most weak 2-electron donor ligands/solvents, many
phosphines and phosphites have been shown to be strongly coordinating enough to add to 17-
electron complexes to yield 19-electron adducts. These electron-rich adducts may then undergo
subsequent disproportionation (electron transfer) reactions, which, under appropriate conditions,
can be observed on the picosecond timescale. Interestingly, one such 19-electron adduct was
observed to redistribute some of its excess electron density onto a CO ligand, causing the ligand
to adopt a bent geometry, and effectively resulting in a complex with 18-electrons localized at
the metal center; this is described in Chapter 6. The reactivity of several odd-electron complexes
toward in-solvent-cage disproportionation was explored and compared in Chapter 7.

Having delved into the reactivity of both even- and odd-electron reaction intermediates, we
turn next to an investigation of the reactivity of a very popular organic radical, TEMPO, as a
ligand toward both classes of coordinatively unsaturated organometallic complexes. The
TEMPO radical has found applications in a truly expansive array of chemical applications,
including alcohol oxidation reactions, the Pauson-Khand reaction, free-radical polymerizations,
nanoparticle synthesis, and serving as an EPR probe in biological systems. While in the past
there have not been any predictive models developed for how TEMPO will coordinate as a
ligand to a metal center (many coordination modes are possible), we find that TEMPO appears to
consistently coordinate as an anionic ligand to low-valent 16- and 17-electron organometallic
species. This work is described in Chapter 8.

Chapter 9 shifts focus to investigate an example how spin state changes can affect excited
state photochemistry, looking at the mechanism of formation of a key metal-ketene intermediate
that has long been postulated to form in reactions involving chromium and molybdenum Fischer
carbene complexes. For the first time, we have directly characterized the structure and spin state
of the metal-ketenes that form upon visible excitation of a prototypical Fischer carbene,
Cr(CO)s[C(CH3)OCHs] via photocarbonylation from the carbene precursor. We also look at the
photochemistry of the tungsten congener of this complex, which we find does not form any
metal-ketene intermediates, explaining its lack of reactivity in synthetic applications.

In Chapters 10 and 11 we explore the photochemistry of trimetallic and tetrametallic metal
carbonyl clusters. In addition to their catalytic applications, these clusters have been used as
synthetic precursors to other organometallic complexes. Considering the numerous metal-ligand
and metal-metal bonds present, it is not easy to predict the photochemical reactivity of these
complexes, and thus picosecond infrared spectroscopy is a very useful tool for examining the
primary photochemical processes in these clusters.

The focus of Chapter 12 is on an application of metal carbonyl complexes that is distinct that
discussed in the other chapters in this thesis: delivery of CO as a form of medical treatment via
CO-Releasing Molecules (CO-RMs). The CO-release properties of one of the most popular CO-
RMs to date, RuyCl4(CO)s (CORM-2) is explored in biologically relevant solvent environments.
In DMSO, the solubilizing agent commonly used in preclinical trials, it is found that CORM-2 is
actually unstable, reacting to form a mixture of products on the time scale of hours to days after
dissolution. The reactivity of the DMSO-ligated products, as well as that of the parent CORM-2



molecule, is also examined in mouse serum, finding that while the parent complex does release
CO spontaneously in mouse serum, the DMSO-ligated monomeric products do not. This
suggests that a significant fraction of the drug delivered in the 150+ studies on this complex to
date is likely inactive with regard to CO-delivery. Photochemical CO-release with this complex
is explored in both solvent environments, and it is concluded that a combined thermal-
photochemical approach to CO release with this popular CO-RM can likely significantly
improve its efficacy as a drug molecule. Though a combined thermal-photochemical approach
has not been taken with any CO-RM to date, such an approach will likely be useful with a
significant number of existing and future (yet to be developed) CO-RMs.

Chapter 13 explores the slippage of cyclopentadienyl rings, which are among the most
widely utilized ligands in organometallic chemistry. This study builds on earlier work in the
Harris group, making use of an n' parent complex to observe the ring-slipped intermediates
formed upon dissociation of a CO ligand. Interestingly, we find evidence that the slipped ring
behaves similarly to a compressed spring, whose energy facilitates ejection of an additional CO
ligand as it relaxes to form an 1’ dicarbonyl loss product.

Chapter 14 describes explorations into the photochemistry of a pair of [Cp*M(CO),], (M =
Cr, Mo) dimers, which differ from the metal-metal bonded complexes discussed in the preceding
chapters of this thesis in that this pair of complexes is characterized by a metal-metal triple bond.
The carbonyl ligands in the parent complexes also adopt fairly unusual semi-bridging
geometries. The photochemistry of these triply metal-metal bonded dimers differs from that of
the singly bonded dimers studied to date in that the stronger metal-metal bond prevents
homolysis via a single photon process, and thus the photochemistry of these complexes on
diffusion limited and longer time scales will be determined by ligand dissociation processes. For
the chromium complex, population of a an excited state triplet intermediate with a lifetime of ca.
380 ps is observed to be the primary photochemical pathway.

Finally, Chapter 15 describes a purely computational study into the presence (or lack thereof)
of an external heavy atom effect in organometallic reactions. Though external heavy atom effects
have long been known to be important in the photophysics and reactivity of organic molecules,
such effects remain almost entirely unexplored for organometallic complexes. DFT and CASSCF
calculates are used to explore the changes in spin-orbit coupling that take place along a
bimolecular reaction coordinate for reactions of the prototypical reaction intermediate Fe(CO)s.
Interestingly, these calculations show no evidence for an external heavy atom effect, and the
reasons for the results of these calculations are explored.

The final chapter, Chapter 16, describes the overall conclusions reached in the studies
described in the preceding chapters and touches on potential future directions for research in the
areas discussed in this thesis.



2  Methods

The following chapter is reproduced (adapted) in part with permission from (Lomont, J. P.;
Nguyen, S. C.; Schlegel, J. P.; Zoerb, M. C.; Hill, A. D.; Harris C. B. J. Am. Chem. Soc. 2012,
134,3120-3126.). Copyright (2012) American Chemical Society.

2.1  Picosecond Time-Resolved Infrared Spectroscopy

The basic details of the experimental apparatus used to collect picosecond time-resolved
infrared spectra are outlined below. This setup has recently been described in substantial detail in
the theses of multiple other students working on the same instrument in the Harris group
laboratory,' and thus will not be detailed in full here.

The experimental setup consists of a Ti:sapphire regenerative amplifier (SpectraPhysics,
Spitfire) seeded by a Ti:sapphire oscillator (SpectraPhysics, Tsunami) to produce a 1 kHz train
of 100 fs pulses centered at 800 nm with an average pulse power of 1.1 mJ. The output of this
commercial system is split, and 30% of the output is used to generate 400 and 267 nm pump
pulses (80 and 6 uJ per pulse at sample, respectively) via second and third harmonic generation.
The other 70% is used to pump a home—built two—pass BBO-based optical parametric amplifier
(OPA),* the output of which is mixed in a AgGaS, crystal to produce mid-IR probe pulses
tunable from 3.0 to 6.0 um with a 200 cm™ spectral width and a ca. 100 fs pulse duration. The
400 and 267 nm pulses pass through a 25 cm silica rod, which stretches the pulses in time to 1
ps, and gives a cross correlation of the mid-IR and 400 or 267 nm pulses of 1.1 ps at the sample.
The stretched 400 and 267 nm pulses are necessary to achieve high pump powers without
generating products resulting from multi-photon excitation. The stretched pulses also reduce
artifacts resulting from nonlinear optical effects in the sample cell windows.

The polarization of the pump beam is held at the magic angle (54.7°) with respect to the
mid—-IR probe beam to eliminate effects from rotational diffusion. A computer controlled
translation stage (Newport) allows for variable time delays up to ca. 1.5 ns between pump and
probe pulses. The sample is flowed using a mechanical pump through a stainless steel cell
(Harrick Scientific) fitted with 2 mm thick CaF, windows separated by spacers ranging from 100
to 2000 gm. The pump and probe beams are spatially overlapped at the sample and focused so
that the beam diameters are ca. 200 and 100 um respectively. The sample cell is moved by
computer controlled translational stages (Standa) during the course of data collection so that
absorptions are not altered by any accumulation of photoproduct on the sample windows.
Reference and signal mid—IR beams are sent along a parallel path through a computer controlled
spectrograph with entrance slits set at 70 um (Acton Research Corporation, SpectraPro—150) and
detected by a 2 x 32 element MCT-array IR detector (InfraRed Associates, Inc.) and a high-
speed signal acquisition system and data-acquisition software (Infrared Systems Development
Corp.) with a resolution of ca. 2.5 cm™. Collected signals are typically averaged over ca. 2 x 10*
laser shots to correct for shot—to—shot fluctuations. Differences in optical density as small as 5 x
10~ are observable after 1 s of data collection.

2.2 Quantum Chemical Calculations



Two classes of quantum chemical calculations were used in the studies described in this
thesis: density functional theory (DFT) calculations, and complete active space self-consistent
field (CASSCEF) calculations.

DFT calculations were used to investigate the structures, energies, and frequencies of the
organometallic complexes observed in the experimental studies described in the studies outlined
in this thesis. The efficient scaling of DFT methods with the number of electrons in the system
(~N°, where N is the number of electrons), combined with the relatively high level of accuracy of
these methods for studying organometallic systems, means that DFT methods often offer the best
available combination of accuracy and efficiency for studying organometallic complexes,
especially when there are a large number of calculations to be done. Indeed, the literature
contains a tremendous number of DFT approaches to studying organometallic systems, and a
variety of computational packages exist with DFT methods built in that can be used easily even
by researchers who are relatively inexperienced with computational methods.

CASSCF methods were used in cases where the spin-orbit coupling (SOC) between different
spin states was of interest. For the purposes of the studies in this thesis, this almost exclusively
involved singlet and triplet states. CASSCF methods are among the most “hands-on” electronic
structure calculations, as the user must select a set of active space orbitals, and a number of
valence electrons, within which all possible excitations will be considered in the wave function.
These may commonly range between active spaces as small as say 2 electrons in 4 orbitals, but
may become as large as say 16 electrons in 16 orbitals. For organometallic complexes, one
typically would like to at least include all of the valence orbitals (both bonding and anti-bonding)
with substantial d-orbital character, typically resulting in at least 10 orbitals in the active space.
This leads to a very long (in terms of computational hours) calculation of the wave function
itself, meaning that more involved calculations, such as those to scan the potential energy
surface, or even those to simply optimize geometries at the CASSCF level, would usually take
too long to make such an approach practical. However, there is another reason yet that such
calculations may be impractical, and this involves how the active space orbitals may change as
changes are made to the geometry of the nuclei. If the active space orbitals change significantly
in character as the geometry of the nuclei is modified (say during a geometry optimization
calculation), the ordering or nature of the active space orbitals may change, such that the user
would need to re-select the set of active space orbitals. Thus, to do such a calculation carefully,
the user would need to periodically re-inspect the active space orbitals to make sure that they are
still the desired choice. Thus, in practice, it is fairly common to obtain nuclear positions from a
lower level calculation (such as a DFT-level geometry optimization), and then use these to
calculate properties as the CASSCF level. Considering all of these difficulties, one must ask,
why use CASSCEF to calculate SOC? The answer lies in the fact that the singlet and triplet states
in which we are interested involve differences in electronic configurations in closely spaced d-
orbital energy levels, and thus the wave functions in which we are interested tend to involve
significant multi-reference character. It is worth noting that time-dependent DFT methods
capable of performing SOC calculations have also been developed, though these have been less
thoroughly tested (to date) and, due to the fact that DFT orbitals may be unreliable in general, it
seems only natural to question whether one can reliably interpret individual orbital contributions
to SOC in such calculations.



3 Ultrafast Studies of Stannane Activation by Triplet
Organometallic Photoproducts

The following chapter is reproduced (adapted) in part with permission from (Lomont, J. P.;
Nguyen, S. C.; Harris C. B. Organometallics 2012, 31, 3947-3957.). Copyright (2012) American
Chemical Society.

3.1 Introduction

The activation of chemical bonds by coordinatively unsaturated organometallic complexes is
a broad topic of intense research.”” The role of spin state changes in these reactions have, in
many cases, been used to rationalize a lack of reactivity due to spin-blocking as triplet metal
centers coordinate to form singlet bond activated products.'®'* Previous studies using ultrafast
time-resolved infrared (TRIR) spectroscopy to monitor silane activation by singlet and triplet
photoproducts in neat HSiEt; solution led to a counterintuitive result, demonstrating that triplets
are actually able to activate Si—-H bonds faster than their singlet counterparts (Figure 3.1)." " In
the present work, we explore the role of spin state changes in the activation of Sn—H bonds in
neat HSnBus, which represents the most widely used organotin reagent.”® Activation of Sn—H
bonds allows for hydrostannylation of alkenes and alkynes, affording synthetically versatile
intermediates; thus it is of interest to better understand the detailed factors governing catalytic
Sn-H bond cleavage.”**!

Previous studies have shown that ground state singlet 16-electron photoproducts can
coordinate to alkyl groups as token ligands with favorable binding energies on the order of 10
kcal/mol.** Triplet metal centers interact much more weakly with solvent molecules, and spin
crossover to a singlet state is typically required for coordination of a solvent molecule to the
metal center.'™> " The rate of spin state changes depends sensitively on the solvent, however,
and coordinating functional groups can facilitate formation of solvated singlet species.'**’

Figure 3.1 summarizes the differences in reactivity observed for the activation of Si—H bonds
by singlet and triplet photoproducts. The increased rates of reactivity for triplet 16-electron
photoproducts were rationalized as follows: triplets interact weakly at best with alkyl groups,
allowing them to diffuse through the solvent rapidly, relative to their singlet counterparts. Upon
encountering a more coordinating Si—H bond, triplets readily undergo spin crossover, allowing
bond activation to take place. This combination of factors causes triplet photoproducts to activate
Si—H bonds more readily than similar singlet species, despite the fact that one might expect the
triplet-catalyzed reactions to be spin-blocked.® Thus far, this paradigm in reactivity has only
been demonstrated for the activation of Si-H bonds in neat HSiEt; solution. Here we explore how
this description extends to another bond activation reaction by carrying out TRIR experiments in
neat HSnBuj; using Fe(CO)s, CpCo(CO),, and CpV(CO)4 catalysts (the CpRh(CO), species is not
involved in the present study).
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Figure 3.1. Summary of previous results on silane activation by triplet and singlet 16-electron
photoproducts in neat HSiEt; solution.

The time-resolved photochemistry of Fe(CO)s,'***>!  CpCo(CO),,'*****  and
CpV(CO),'"*** has been studied previously. In alkane solution each undergoes CO-loss to yield
a ground state triplet photoproduct. In alkanes, *Fe(CO), has a lifetime of tens of nanoseconds
before spin crossover and alkyl solvation of the singlet species occur,’® while in alcohol solvents
spin crossover and solvent coordination happen on the picosecond timescale.”” In alkanes,
’CpCo(CO) is stable as an unsolvated triplet and decays only after reacting with a parent
molecule to form Cp,Coy(CO);.** Recent studies by our group have demonstrated that
’CpCo(CO) can also form complexes with some coordinating solvent molecules without
undergoing a change of spin state.”> Among this set of complexes, CpV(CO)4 is unique in that it
undergoes CO-loss in alkane solution to initially form a mixture of unsolvated *CpV(CO); and
alkyl-solvated 'CpV(CO); in comparable quantities.'®

In this paper we investigate activation of Sn—H bonds by triplet 16-electron photoproducts,
hoping to gain insight into whether previous observations with regard to Si—H bond activation by
triplet species'® will generalize to other bond activation processes. TRIR experiments are used to
monitor Sn—H bond activation on the ultrafast timescale via changes in the CO-stretching region
of the spectrum. We also use electronic structure theory calculations to investigate changes in
spin—orbit coupling (SOC) between singlet and triplet states with the approach of both silane and
stannane complexes to the metal centers. At the outset of this study, we expected that an external
heavy—atom effect, similar to that reported by Kasha in fluorescence experiments on organic
molecules roughly 60 years ago,’® might be important. Interestingly, we find no evidence for an
external heavy atom effect in the present study.



3.2 Methods
3.2.1 Sample Preparation

Fe(CO)s was purchased from Sigma-Aldrich Co., CpCo(CO),, and CpV(CO)s were
purchased from Strem Chemicals Inc., and tributylstannane was purchased from Alfa Aesar. All
samples and solvents were used without further purification. Dilute solutions of all samples were
stable in air at ambient temperatures (verified via FTIR), except for CpV(CO)4, which was
handled under an inert atmosphere. Samples used to collect TRIR spectra were prepared at
concentrations of ca. 5 mM.

322 Data Analysis

Kinetic data in this work result from spectra measured at delay times between 0 and 1100 ps
between the visible pump and mid-IR probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 3 cm” wide) surrounding the reported
center frequency. The kinetic data were then fit to exponential curves using Origin Pro 8
software. To obtain fits with exponential rise and decays, a separate, home-written, fitting
program was used, as the Origin software does not contain this function. Experimental errors are
reported as 95% confidence intervals.

323 Quantum Chemical Modeling

Geometry optimizations were carried out using three different density functionals (BP86,>*
B3LYP,”’ PW91*"*) in the Gaussian09 package.* The lanl2dz basis set was used for Sn,***
while aug-cc-pDVZ basis set*® ™ was used on all other atoms. All geometry optimizations were
followed with a frequency analysis for use in interpreting the TRIR results, and also to verify
that the calculated geometries were genuine local minima. Our choice of basis set was checked
against calculations with a larger basis set, using the Los Alamos ECP for Sn with the aug-cc-
pTVZ-PP basis on Sn and the aug-cc-pTVZ basis on all other atoms. The calculations reported in
Table 3.2 were performed with both basis sets. The fact that the calculations gave very similar
results suggests that the smaller (double-zeta) basis should be appropriate to use in performing
partial geometry optimization scans to locate an approximate minimum energy crossing point
(MECP). The ground spin state of each of the transition metal photoproducts in this study have
been considered previously.'”'****%* For computational efficiency, the n-butyl groups of
tributylstannane were replaced with methyl groups in all calculations. To investigate the
reactivity of triplet and singlet CpV(CO);, Fe(CO)4, and CpCo(CO), potential energy curves to
describe the approach of HSnMes to the metal center were calculated by fixing the metal-Sn
separation at various distances and optimizing the remaining geometric parameters. This type of
analysis builds an approximate potential energy surface for the bond—activation reaction as a
function of the metal—Sn distance,” although the actual reaction coordinate is more complex due
to the high dimensionality of the energy surfaces. As described in the results section, similar
calculations were carried out with HSiMes for comparison. Minimum energy crossing point
(MECP) metal-Sn and metal-Si distances were located by linear interpolation of distances on



either side of the crossing, and a final geometry optimization was performed with this distance
constrained to obtain the MECP geometry.

To investigate the strength of spin—orbit coupling (SOC) between the singlet and triplet spin
states, complete active space multiconfigurational self—consistent field (casscf) calculations were
carried out in the GAMESS—US package® using Ahlrich’s pDVZ basis set’’ with one additional
d function on C and O atoms, and an additional f function on Co, V, and Fe. The aug-cc-pVDZ-
PP*® basis was used for Sn. For dissociation limit SOC calculations, B3LYP geometries were
used in each case. For the MECP SOC calculations, the DFT optimized geometries at the
approximate MECP were used. The active space of the casscf calculations for each species used
8 electrons in 10 d-type orbitals, constituting an (8,10) active space. The choice to include
unoccupied d—type orbitals containing an extra node was made to account for the double—shell
effect.”” Calculations were performed as follows: restricted or restricted open shell Hartree—Fock
calculations were performed for singlet and triplet states, respectively, to generate the initial
wavefunctions. After inspecting the active space orbitals, the casscf wavefunction was generated
for the triplet state. The core orbitals from the triplet casscf wavefunction are then frozen in the
subsequent calculation of the singlet casscf wavefunction, as this is necessary for the
corresponding orbital transformation necessary to calculate the SOC matrix elements.®” Finally,
SOC between singlet and triplet states was calculated using the full Breit—Pauli spin—orbit
Hamiltonian.®" " This method of calculating SOC is favorable, as it allows for different
molecular orbitals to describe the ground and excited states.

3.3 Results

TRIR spectra in the CO-stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands (bleaches)
correspond to the depletion of parent molecules. All TRIR spectra in this study were collected
using 400 nm excitation to avoid absorptions present at shorter wavelengths in the UV-Vis
spectrum of the tributylstannane solvent.

3.3.1 Photolysis of Fe(CO)s in HSnBu; Solution

TRIR spectra of Fe(CO)s in neat tributylstannane solution were collected following 400 nm
photolysis and are shown in Figure 3.2. New absorptions initially appear at 1965 and 1987 cm™',
corresponding to unsolvated *Fe(CO)4.>> These decay with the concomitant rise of absorptions at
2013 and 2081 cm™, which DFT calculations (vide infia) and comparison to previous studies'
allow us to assign to the Sn—H bond activated product. The absorption at 1947 cm™ corresponds
to alkyl-solvated 'Fe(CO), and has contributions from hot bands at earlier times.”® Due to the
stronger neighboring absorptions of *Fe(CO),, the kinetics of the 1947 cm™ absorption are
difficult to accurately obtain, but we do not see significant decay of this species, suggesting the
alkyl-solvated singlet does not rearrange to form a bond activated product on the picosecond
timescale.
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Figure 3.2. TRIR spectra of Fe(CO)s in neat tributylstannane at 20, 50, 100, 150, 300, 500, 700,
and 1000 ps following 400 nm photolysis. Rising absorptions at 2013 and 2081 cm™ indicate
formation of the Sn—H bond activated product, while decaying absorptions at 1965 and 1987 cm’
! show depletion of *Fe(CO),. Parent bleaches at 2000 and 2024 cm™' make it difficult to access
some regions of the product spectrum. (A.U. = Arbitrary Units)

The kinetic traces of the absorptions at 1987 and 2081 cm™ are plotted in Figure 3.3. For the
absorption at 1987 cm™', we observe a fast rise time of 6 + 2 ps followed by a 125 + 22 ps decay.
The absorption at 2081 cm™ shows a monoexponential rise time of 114 + 16 ps, and we assign
this time constant to the formation of the bond activated product, as it is the only absorption not
obscured by parent bleaches, hot bands, or overlapping peaks of other species.
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Figure 3.3. Ultrafast kinetics of Fe(CO)s photoproducts in neat tributylstannane following 400
nm photolysis. The rise time of 114 + 16 ps corresponds to formation of the Sn—H bond activated
product. (A.U. = Arbitrary Units)
3.3.2 Photolysis of CpCo(CO), in HSnBu; Solution

TRIR spectra of CpCo(CO), in neat tributylstannane are shown in Figure 3.4. The most
prominent feature in these spectra is a broad absorption due to an electronically excited state of
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the parent molecule, which decays in ca. 30 ps. We have previously observed evidence for this
absorption following 400 nm excitation in other solvents, and this was assigned to an excited
state of the parent molecule based on the significant degree of concomitant bleach recovery
accompanying its relaxation.”
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Figure 3.4. TRIR spectra for CpCo(CO); in neat tributylstannane at 2, 5, 10, 13, 17, 20, 30, 40,
60, 90, 130, and 150 ps following 400 nm photolysis. The primary photochemical pathway using
400 nm excitation is a non—dissociative electronic excitation of CpCo(CO),, which results in
strong, broad absorptions whose decay coincides with parent bleach recovery. The CO loss
photoproduct rapidly activates the Sn—H bond, as monitored by its absorption centered at 1984
cm’', shown in the lower panel. (A.U. = Arbitrary Units)

The kinetic trace of the absorption at 1984 cm™ is plotted in Figure 3.5. Based on analogy to
a previous study on silane activation,'® this absorption corresponds to the CpCo(CO) Sn—H bond
activated product. Considering the significant overlap with the absorptions of electronically
excited CpCo(CO), and vibrational cooling of the nascent photoproduct on a similar timescale,
we feel the time constant of 28 + 4 ps for the rise of this absorption is best viewed as a rough
upper limit to the timescale for Sn—H activation.
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Figure 3.5. Ultrafast kinetics of CpCo(CO), photoproducts in neat tributylstannane following
400 nm photolysis. (A.U. = Arbitrary Units)

333 Photolysis of CpV(CO), in HSnBu; Solution

Figure 3.6 shows TRIR spectra of CpV(CO)4 in neat tributylstannane. Absorptions at 2017
and 1988 cm™' rise at early times, and decay with the concurrent rise of a peak at 1998 cm™.
Based on analogy to previous studies'’ and DFT calculated frequencies, we assign the absorption
at 2017 cm™ to unsolvated *CpV(CO)3, the absorption at 1988 cm™ to alkyl-solvated 'CpV(CO);,
and the absorption at 1998 cm™ to the bond activated product, 'CpV(CO);(HSnBus). Kinetic
traces for these species are shown in Figure 3.7. Another absorption present at 1888 cm™ (not
shown) demonstrates kinetics that correlate well to the 1988 cm™ absorption of alkyl-solvated
'CpV(CO);. Due to the fact that the tributylstannane solvent has a Sn—H absorption centered at
1809 cm™, we focus on the absorptions shown in Figure 3.6 to monitor product formation and
decay.
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Figure 3.6. Transient difference spectra for CpV(CO)4 in neat tributylstannane at 50, 150, 300,
500, 700, and 1000 ps following 400 nm photolysis. (A.U. = Arbitrary Units)
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The peak corresponding to alkyl-solvated 'CpV(CO); displays a rise time constant of 69 £ 16
ps and decays with a time constant of ca. 3500 ps, which is quite long relative to the
experimentally accessible time delays, resulting in large uncertainties. We simply conclude the
decay of this species to be slow relative to other timescales in the present study. A kinetic trace
of the parent bleach at 2028 cm™ shows that the singlet does not decay to reform the parent
species, and for this reason we correlate its decay to rearrangement to form the Sn—H activated
product. The 2017 cm™ absorption, corresponding to *CpV(CO)3, rises with a time constant of 4
+ 2 ps and decays biexponentially with time constants of 69 + 10 and 770 + 255 ps.

The fast decay component of the triplet correlates to the rise time of the alkyl-solvated
singlet, which is consistent with the previous observation of a fast decay of the triplet to form a
quantity of the alkyl-solvated singlet in n-heptane solvent.'” It seems likely that the
interconversion of *CpV(CO); to 'CpV(CO); at early times is coupled to vibrational cooling of
the nascent photoproduct. The absorption at 1998 c¢cm™, corresponding to the bond activated
product, is fit to an exponential rise with a time constant of 860 + 108 ps.

Table 3.1. Observed vibrational frequencies, DFT frequencies, and literature references

Complex Observed Frequencies in neat HSnBu; Calculated Frequencies® Reference

Fe(CO)s 2000, 2022 1974, 1993 2000, 2023 (heptane)
*Fe(CO), 1965, 1987 1956, 1957, 1965 1965, 1987 (heptane)
'Fe(CO)4(HSnBus) 2013, 2081 1962, 1980, 1984, 2041 2006, 2017, 2091 (HSiEts)
CpCo(CO), 1966, 2028 1947, 1997 1971, 2031 (heptane)
*CpCo(CO) not observed 1958 1990 (heptane)
'CpCo(CO)(HSnBus) 1984 1949 1995 (HSiEt;)
CpV(CO)4 1928, 2028 1912, 1992 1931, 2030 (heptane)
*CpV(COY, 2017 1889, 1899, 1970 2020 (heptane)
'CpV(CO)s(alkyl) 1886, 1988 1871, 1876, 1949 1895, 1990 (heptane)
'CpV(CO);(HSnBus) 1998° 1872, 1886, 1942 1876, 1972 (HSIEt;)

(a) DFT frequencies in this table were calculated using the BP86 functional. (b) The center frequency of this
absorption appears at 2013 cm™ but is difficult to characterize due to overlap with parent bleaches. (c) Another
absorption appears to be present at ca. 1865 cm™ but could not be observed clearly due to the absorption of the Sn—
H stretch of the solvent.

Table 3.1 summarizes the experimental and calculated CO-stretching vibrational frequencies
for each species observed, along with relevant literature values for comparison.
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Figure 3.7. Ultrafast kinetics of CpV(CO), photoproducts in neat tributylstannane following 400
nm photolysis. The trace at 1988 cm™ corresponds to alkyl solvated 'CpV(CO)s, the trace at
1998 cm™' to the Sn—H bond activated product, and the trace at 2017 cm™ to *CpV(CO)s. (A.U. =
Arbitrary Units)

Kinetic traces of the parent bleaches were also performed for each species studied. For
Fe(CO)s, ca. 30% of the parent bleach at 2024 cm™ recovers with a time constant of 71 + 40 ps.
For CpV(CO)4, ca. 20% of the parent bleach at 2028 cm™ recovers with a time constant of 23 + 4
ps. Both of these recoveries are attributed to primary geminate recombination, with no evidence
for further recovery on the timescale studied. The bleach trace for CpCo(CO) performed at 1967
cm’' recovers significantly more (ca. 75%) on the timescale studied, and this is to be expected, as
400 nm excitation populates an electronic excitation as well as a dissociative CO-loss pathway.
The time constant for this recovery is 32 + 3 ps.

334 DFT and ab Initio Calculation Results

Density functional theory (DFT) and ab Initio calculations have been carried out to gain a
more detailed understanding of the factors that govern activation of Sn—H bonds by the
complexes studied experimentally.

Calculated Structures and Energies

Geometry optimizations were carried out with each photoproduct interacting with the Sn—H
site in HSnMe;. The n-butyl groups of the tributylstannane molecule were replaced with methyl
groups for computational efficiency. These calculations indicated that only the singlet state of
each photoproduct is capable of activating the Sn—H bond, consistent with the previous
understanding of triplet organometallic reactivity. The relative spin state energies for each
photoproduct, and the binding energy of the singlet Sn—H activated species, are listed in Table
3.2. Of the three functionals tested, the B3LYP hybrid functional appears to give the most
accurate results for the energies of Fe(CO)s and CpV(CO);, while the BP86 and PW91
functionals more accurately characterize the energies of CpCo(CO). For this reason, we will use
the BP86 functional to characterize the reactions involving CpCo(CO) and the B3LYP functional
for Fe(CO)4 and CpV(CO); in the next section. While it would be desirable to find a single
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functional that accurately characterizes the spin state energy differences of all three 16-electron
species, none of the functionals tested fit this criterion.

The calculated BP86 geometries of the bond activated products are shown in Figure 3.8 (the
geometries obtained with each functional were similar). We selected three parameters to
characterize the bond activated structures: the M—H, M—Sn, and Sn—H bond lengths, where the H
atom in question is that from the Sn—H bond. The Fe(CO)4 and CpCo(CO) structures show
significant elongation of the Sn—H bond, relative to the Sn—H distance of 1.73 A calculated for
the free HSnMejs species, indicating that the Sn—H interaction has been significantly weakened.
The CpV(CO)s bond activated complex shows lengthening of this bond to a lesser extent,
consistent with the lower calculated binding energy for this species. The H atom approaches the
metal center more closely in the iron and cobalt complexes, relative to the vanadium complex,
and the M—Sn distance is also longest for the vanadium complex. These details point to the fact
that CpV(CO); interacts with the Sn—H bond to a lesser extent than the iron and cobalt species,
which is also evident from the binding energies calculated in Table 3.2.

The metal hydride bonds formed in these reactions were not observed experimentally, which
is not surprising considering they are expected to have significantly weaker oscillator strengths
than the CO-stretching modes. Our experiments do not provide evidence for the extent of
coupling between the M-H stretch and the CO-stretching modes, but, considering the general
interest in metal-hydride bonds, we will relate just a couple of DFT results on this topic; for each
bond activated species, DFT frequency calculations predict one isolated M-H stretching mode
that is only very weakly coupled to the CO-stretching modes. The M-H stretch is also predicted
to be couple to at least some of the CO-stretching modes in each species. However, with only the
limited results obtained for these three species, it remains difficult to draw any general
conclusions regarding the extent of coupling between M-H and CO modes.

Table 3.2. DFT calculated energy differences for the singlet and triplet states and calculated
binding energies of HSnMes to each singlet photoproduct, measured relative to the singlet
dissociation limit

AET,—i let-Singlet AEbindin SIl*H activated roduct
Photoproduct - yimoly (keal/mol) ’

Fe(CO),

BP86 0.3 -42.0

PWOI 0.0 -46.2

B3LYP 8.6 34,1

CpCo(CO)

BP86 -13.0 528

PWOI -12.9 -56.4

B3LYP -25.6 -41.9

CpV(CO)s

BP86 0.2 245

PWOI 0.8 2291

B3LYP 4.9 -163

Locating Minimum Energy Crossing Points

In the context of nonadiabatic transition state theory, the nuclear configuration at which a
change of electronic state takes place is found by locating the minimum energy crossing point
(MECP) between the two relevant electronic surfaces. In the present reactions, we can
characterize the enthalpic barrier to the reaction at the MECP geometry, keeping in mind the
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additional requirement that a change in electronic configuration needs to take place in the
vicinity of the crossing. Spin-orbit coupling (SOC) between singlet and triplet states is a defining
factor in determining the probability of the change of spin state, and it is at the MECP geometry
that we wish to calculate the magnitude of SOC.

In cases where the essential features of the reaction coordinate are captured by a single
geometric parameter, one method for locating an approximate MECP involves performing partial
geometry optimizations on both potential energy surfaces at many constrained values of the
parameter used to characterize the reaction coordinate.” In this case, we have used the M—Sn (M
= Fe, Co, or V) distance as our reaction coordinate. Figure 3.9 shows the results of these
calculations, where the B3LYP functional was used for Fe(CO)4 and CpV(CO)s, and the BP86
functional was used for CpCo(CO). In addition to the enthalpic barriers, we are interested in
whether the approach of the Sn atom affects SOC at the metal center. It’s high atomic number
(Z=50), and the fact that SOC in atoms typically scales with Z*, suggest that this could be the
case. In the 1950’s, Kasha reported the first observation of an external heavy atom effect (i.e.
where the heavy atom is not chemically bonded to the species undergoing a change of spin state)
in fluorescence quenching experiments,’® and external heavy atom effects have since been
implicated in a wide number of other situations.* "

Fe(CO),

Fe-H distance: 1.53 A

Fe-Sn distance: 2.70 A

Sn-H distance: 3.02 A

CpCo(CO)
e e od
> o o
N J Co-H distance: 1.48 A
Co-Sn distance: 2.54 A
9 Sn-H distance: 2.55 A

CpV(CO),

V-H distance: 1.72 A

V-Sn distance: 2.98 A

Sn-H distance: 1.97 A

Figure 3.8. Geometries of the Sn—H bond activated products obtained using the BP86 functional.
Distances between the metal center, Sn atom, and H atom involved in bond activation are
indicated for each structure. For comparison, the Sn-H distance calculated for HSnMes is 1.73 A.
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We carried out casscf calculations to characterize SOC between the singlet and triplet states.
SOC values are reported as the r.m.s. value between the three triplet substates and the nearest
singlet state. In an earlier study on silane activation, SOC was calculated only for the isolated 16-
electron organometallic fragments, and the effect of the approaching silane on SOC was not
considered. This was not an unreasonable approximation, as only qualitative trends between the
three complexes were being made. Here we calculated SOC for both the free transition metal
species, as well as at the MECP geometries. The free energy barriers for Sn—H activation, time
constants for bond activation, and calculated r.m.s. SOC values, both at the MECP for Sn—H
activation and at the dissociation limit, are shown in Table 3.3.

Table 3.3. Calculated energetic barriers to reach the MECP for each photoproduct, along with
r.m.s. SOC at the dissociation limit, and the observed time constants for Sn-H activation

Complex AEwec SOC_Idissociation TSn-H activation
(kcal/mol) (cm™) (ps)
Fe(CO)4 -0.4 38.4 114
CpCo(CO) -6.0 206.2 2
CpV(CO); 0.8 64.8 770

For comparison to previous studies on silane activation by these three photoproducts, we
used the same method to locate MECPs for the reactions of each species with HSiMe;, and we
then calculated SOC at each of the MECPs associated with Si—H activation. Table 3.4 compares
the M—Si and M—Sn distances at each MECP as well as the magnitude of SOC at the MECP

geometry.
3.4 Discussion

The results of this study establish that Fe(CO)4, CpCo(CO), and CpV(CO); are capable of
activating Sn—H bonds on the picosecond timescale. Fe(CO)s and CpCo(CO) appear to catalyze
Sn—H activation exclusively through an unsolvated triplet intermediate, while CpV(CO)3 forms
the Sn—H activated product through either an unsolvated triplet or alkyl-solvated singlet
photoproduct. The results are consistent with the previously proposed mechanism for bond
activation by triplet photoproducts developed in studies on silane bond activation.

34.1 Mechanism of Stannane Activation by Triplet Photoproducts

Following 400 nm photolysis of Fe(CO)s in tributylstannane solution, the initially formed
photoproduct is *Fe(CO)s, observed via characteristic absorptions at 1965 and 1987 cm™. The
decay kinetics of this species correlate to the 114 ps rise (Kyimot = 1.4x10° M''s™) of the Sn—H
activated product. While some quantity of alkyl-solvated 'Fe(CO), is also observed, it does not
appear to rearrange to form the bond activated complex on the timescale studied.

The photochemistry of CpCo(CO), has previously been studied on picosecond through
microsecond timescales, and no alkyl-solvated singlet species has been observed, suggesting that
the unsolvated triplet is more thermodynamically stable than any alkyl solvated
intermediates.'®***** In tributylstannane, we observe formation of the bond activated product
via the absorption at 1984 cm! with a rise time of 28 PS (Kbimol = 9.4x10° M'ls'l). The rapid rate
of Sn—H activation is similar to that observed for silane activation in HSiEt; by CpCo(CO)."®
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CpV(CO)4 provides an interesting comparison to the other two species, as it is known to form
both an unsolvated triplet and an alkyl solvated singlet during the first several tens of
picoseconds following photolysis.'” The singlet presumably forms via the vibrationally excited
triplet, as triplet to alkyl solvated singlet is not observed at longer delay times.'” We observe
kinetics that correlate the decay of *CpV(CO); to the growth of the Sn—H activated product, with
Sn—H activation via the alkyl-solvated singlet intermediate occurring on a longer timescale. As
mentioned in the results section, we conclude that the alkyl solvated singlet rearranges to form
the Sn—H activated product, as opposed to reforming the parent complex, since no decay of the
bleach at 2028 cm™' is observed on the timescale studied. Figure 3.10 summarizes the observed
reactivity of CpV(CO)s. The faster rate of activation by *CpV(CO)s, despite the requirement for
spin crossover, is consistent with previous results for silane activation,” while the slower rate of
interconversion observed for the singlet is more akin to the behavior of the singlet 16-electron
photoproduct CpRh(CO), described in Figure 3.1 (though the vanadium species does rearrange
significantly faster).

— singlet — triplet

Fe(CO), + HSnBu,

— AEecp= -0.4 kcal/mol

reactants

products

AEbinding =-34.1 kcal/mol

AE ygcp= -6.0 kcal/mol /

CpCo(CO) + HSnBuj3

reactants

AE . . =-52.8 kcal/mol
binding products

CpV(CO), + HSnBu3

AE = 0.8 kcal/mol

MECP

reactants

products

AE =-16.3 kcal/mol

binding

55 50 45 40 35 30 25
M-Sn Distance (A)

Figure 3.9. Reaction coordinate diagrams for the reactions of HSnBuj with Fe(CO)4, CpCo(CO),
and CpV(CO);. The data points (circles) were generated by performing DFT partial geometry
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optimizations with only the M—Sn distance constrained at each step (HSnMe; was used in the
calculations). Circles represent data points from DFT calculations to locate an approximate
MECP, while lines are intended only as visual aids. Binding energies are those listed in Table
3.2. As described in the text, the B3LYP functional was used for reactions of Fe(CO)s and
CpV(CO)s, while the BP86 functional was used with CpCo(CO).

Table 3.4. SOC values calculated at the dissociation limit, along with those calculate at the
MECP geometries located for activation of Si—H and Sn—H bonds in Me;SiH and Me;SnH. The
metal-Si and metal-Sn distances are also indicated

SOCuissociation M-Si MECP distance _ . " SOCsnn mEce
Complex (em') &) SOCs;.imecp (cm™) M-Sn MECP distance (A) (cm’)
Fe(CO)4 38.4 3.75 63.5 4.04 64.8
CpCo(CO) 206.2 3.51 2232 3.72 214.1
CpV(CO); 64.8 4.43 45.0 4.66 29.5
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Figure 3.10. Observed reactivity of CpV(CO); species toward Sn—H activation in HSnBus.

The rapid rates of Sn—H bond-activation observed for the three photoproducts are similar to
those observed for silane activation (see Table 3.5), and suggest that the previous mechanistic
description for the activation of Si—H bonds by triplet photoproducts also characterizes the
activation of Sn—H bonds by these species. The triplet photoproducts diffuse freely through the
alkyl groups of the solvent with minimal interactions, and, upon encountering the more
coordinating Sn—H bond, undergo a concerted spin crossover and bond activation reaction. Were
the triplet photoproducts to coordinate to alkyl groups, previous kinetic studies into
rearrangement of akyl coordination products’' suggest the stannane reactions should be
significantly slowed due to the longer alkyl chains of tributyl stannane, relative to triethyl silane.
The rate coefficients in Table 3.5 show that this is clearly not the case. The fact that singlet
CpV(CO); rearranged on a much slower timescale in the present study involving longer alkyl
chains (3500 ps) than in triethylsilane (470 ps)'’ strongly suggests that coordination to alkyl
groups also slows rearrangement in the present case.

19



Table 3.5. Bimolecular rate constants for Si-H and Sn—H activation by 16-electron
photoproducts in triethylsilane and tributylstannane, respectively

Complex Ksilane Activation KS{annane Activation

(M-ls-l) (M-ls-l)
Fe(CO), 1.3x10° 2.3x10°
CpCo(CO) 7.3x10° 9.4x10°
CpV(CO); 4.5x10° 3.4x10°

342 Trends in Reactivity

The relative rates of reactivity of the three triplet photoproducts toward Sn—H bond activation
can be rationalized on the basis of the DFT calculated energy surfaces and SOC between singlet
and triplet states. CpCo(CO) has a favorable interaction energy toward approach of the HSnMes
moiety on the triplet surface, resulting in an MECP that lies 6.0 kcal/mol below the dissociation
limit. This attractive interaction, combined with the relatively large SOC constant (206.2 cm™ at
the dissociation limit) explains the rapid rate of Sn—H bond activation by this species. Fe(CO)4
gives the next fastest reaction rate, and this species is also calculated to have an attractive
interaction with HSnMes on the triplet surface, resulting in an MECP that lies 0.4 kcal/mol
below the dissociation limit. The lower SOC constant (38.4 cm™ at the dissociation limit),
relative to CpCo(CO), combined with the weaker interaction with the Sn—H group on the triplet
surface, is consistent with the slower reaction rate. The slowest rate of Sn—H activation by a
triplet catalyst in this study is that of CpV(CO);, which is the only species that displays a positive
classical energy barrier to reach the MECP, albeit a small one of only 0.8 kcal/mol. As
mentioned in the results section, calculations also predict this catalyst to have a weaker
interaction with the Sn—H bond in the final product. The less favorable interactions with the Sn—
H group, relative to the other photoproducts studied, likely explain the slower rate of bond
activation by *CpV(CO)s. The weaker interactions in the CpV(CO)s bond activated adduct may
also imply that subsequent reactivity, such as addition of the stannane across an unsaturated
carbon—carbon bond, may be less facile using this catalyst.

343 Comparison to Silane Activation

Each of the three triplet photoproducts studied have previously been shown to activate Si—H
bonds in neat HSiEt; solvent on the ultrafast timescale, so it is of interest to compare the
reactivity toward these two congeners.

CpCo(CO) reacts very rapidly to activate both Si—-H and Sn—H bonds, with observed time
constants of 22 ps in HSiEt; and 28 ps in HSnBus. These time constants occur on a similar
timescale to that of vibrational cooling, so we feel the most reasonable conclusion is that both
reactions happen on this timescale or faster. The DFT calculations suggest that both Si—H and
Sn—H bonds are activated by this catalyst with significantly favorable binding energies.'® The
observed rate constant for bond activation by Fe(CO), in tributylstannane is 2.3x10° M 's”', while
that in triethylsilane from a previous study was 1.3x10° M's™". As these processes are occurring
near the diffusion-limited regime, we also point out that the viscosities of the solvents differ
(0.39 cP for triethylsilane’ vs. 1.5 cP for tributyl stannane, obtained from the MSDS). The rate
constant is expected to scale with the inverse of the solvent viscosity for a diffusion limited
process,”” we may expect the rate constant in tributylstannane to be slower by a factor of ca. 3.8
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due to slower diffusion. Looking at our DFT calculations, the fact that the rate constant for Sn—H
activation is higher is best explained by the lack of a classical energy barrier to the Sn—H
reaction, while an enthalpic barrier does exist for the Si—H reaction.'® The changes in SOC
between the two MECP structures are negligible (63.5 cm™ for the Si—H reaction and 64.8 cm™
for the Sn—H reaction). We will consider the SOC calculations in more detail shortly.

Following photolysis of CpV(CO),, there are two photoproduct species involved in bond
activation: unsolvated *CpV(CO);, and alkyl solvated 'CpV(CO)s. Of these, the triplet species
appears to be primarily responsible for activating the Sn—H bond on the timescale studied, while
both species appeared to play a role in Si—H bond activation in triethylsilane.'” The rate of bond
activation by the alkyl-solvated singlet species is significantly slower in tributylstannane than in
triethylsilane, which can be attributed to the higher concentration of alkyl sites to which the
singlet can coordinate. The reactivity of singlet photoproducts has previously been demonstrated
to not follow diffusion-limited kinetics on the picosecond timescale, and the time for
rearrangement of a singlet photoproduct to reach a more coordinating site can increase rapidly
with the number of alkyl groups present.”!

The rate constant for stannane activation in tributylstannane by *CpV(CO); is 3.5x10° M™'s™",
while that for silane activation in HSiEt; by the same species is 4.5x10° M's™". Our calculation
of the MECP for Sn—H activation places the barrier at 0.8 kcal/mol above the dissociation limit,
while that for Si—H activation is 1.3 kcal/mol above the dissociation limit. The SOC values are
again relatively similar, with a value of 29.5 cm™ at the Sn—H MECP and 45.0 cm™ at the Si-H
MECP. Taking into account the fact that Sn—H activation is expected to be slowed by the larger
viscosity, these numbers appear to reasonably consistent with the difference in rates of bond
activation.

Overall, the Si—H activation reaction showed more repulsive interactions with approach of
the various triplet catalysts than did the Sn—H case. This could be because the Sn—H bond is
intrinsically weaker, with a bond enthalpy of ca. 70 kcal/mol’* compared to that of ca. 90
kcal/mol for an Si—H bond.” It may also be the greater polarizability of Sn relative to Si, or
simply more favorable overlap with the metal centered triplet orbitals that allows it to avoid the
repulsive interactions that characterize the interactions of triplet 16-electron photoproducts with
many other ligands.

344 Looking for an External Heavy Atom Effect on SOC

One final point of interest is whether a heavy atom effect is important in the Sn—H bond
activation reaction. Table 3.2 contains the values of SOC at both the dissociation limit and at the
MECPs located for activation of HSnMes; and HSiMes by each photoproduct. If an external
heavy atom effect does affect the rate of bond activation, non-adiabatic transition state theory
suggests that it would have to change SOC at the MECP geometry.”®’® For Fe(CO)4, both
species result in an increase in SOC from 38.4 cm™ at the dissociation limit to 64.8 (63.5) cm™ at
the stannane (silane) MECP. The dissociation limit SOC for Fe(CO)s was also recently
calculated by Harvey and Aschi” to be 29 cm™, which is in good agreement with the present
result. Harvey and Aschi also calculated SOC for Fe(CO)4 at the MECP for CO addition and
found a value of 66 cm™, which is also remarkably close to the MECP values we found for
stannane and silane addition. For CpV(CO)s, both MECPs show a decrease in SOC relative to
the dissociation limit, with the decrease actually being larger for the approach of the stannane
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complex. For CpCo(CO), we observe similar calculated values at the dissociation limit and both
MECPs.

In each case, we observe some changes in SOC at the MECP geometry associated with
stannane and silane activation, however the changes are generally similar for the approach of the
Sn—H or Si—H bonds, despite the differences in atomic number of Sn vs. Si (50 vs. 14).
Importantly, there is no evidence for a heavy atom effect.

We note that all trends in reactivity are in reasonable agreement with the results of the
calculations; the classical barriers and qualitative SOC trends from the dissociation limit values
appear consistent with trends in the experimental rates. At the very least, this does not cast any
obvious doubt on the accuracy of the calculations. If an external heavy atom effect were to play a
role, it seems that one of two scenarios would need to occur near the MECP: either the valence
orbitals of the species undergoing a change of spin state would need to delocalize onto the
incoming heavy atom (in both the singlet and triplet wave functions), or the heavy atom would
need to approach closely enough to the metal center for the electrons its valence orbitals to have
significant electrostatic interactions with the heavy atom (in the context of the SOC operator).
Inspection of the active space orbitals in the present calculations shows that the first scenario is
not the case. The second scenario is based on the fact that the often-quoted Z* dependence of the
heavy atom effect has its origin in the expectation value of the 1/r’ term of the operator, which
contributes a factor of Z* to the value. Since the diradical electron density remains in the Fe, Co,
or V centered molecular orbitals, and the MECPs have M—Sn separations on the order of 4 A
apart, the diradical electron density on the metal resides significantly closer to the metal atom
than to the Sn nucleus. Thus it is not altogether surprising that the casscf calculations do not
predict a heavy atom effect at the MECP; the electrons involved in the spin state change reside in
metal-centered orbitals, and the incoming Sn—H (or Si—H) group does not approach closely
enough to interact strongly, in the context of SOC, with these metal-centered orbitals.

From this point of view, it seems that different incoming groups will likely behave in largely
the same manner in effecting spin state changes in 16-electron photoproducts, so long as they
experience similarly long MECP separations. The very similar SOC values calculated by Harvey
and Aschi” for Fe(CO), at the dissociation limit and at the MECP located for CO-addition also
support this hypothesis; the addition of CO, HSiMes;, and HSnMes are all predicted to show
similar changes in SOC at the MECP geometry. Implicit in the application of this discussion to
experimental chemistry is, of course, the assumption that non-adiabatic transition state theory
can accurately characterize the reaction through a single MECP geometry.

3.5 Conclusions

The reactivity of three triplet organometallic photoproducts toward the activation of Sn—H
bonds has been studied on the picosecond timescale. To our knowledge, this study constitutes the
first experimental demonstration of Sn—H bond activation by these three metal carbonyl species,
and further exploration into their synthetic utility in this area may be worthwhile. The
mechanistic differences between singlet and triplet photoproducts described in studies of silane
activation also characterize the activation of Sn—H bonds in tributylstannane. Triplet 16-electron
photoproducts do not form alkyl-coordinated intermediates, and, for this reason, are able to
diffuse freely through solution. Consistent with previous studies, upon encountering a more
coordinating functional group (in this case the Sn—H bond), the triplet photoproducts readily
undergo spin crossover, which allows formation of the bond activated product. The similarities
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between the present study and that on silane activation support the notion that this description for
triplet organometallic reactivity extends to other bond activation reactions as well, with the
important implication that a two-state mechanism can significantly accelerate the rate of a
reaction by facilitating diffusion of the catalyst to its target functional group. In the case of
CpV(CO)s, the initially formed triplet species can relax to form an alkyl solvated singlet during
the vibrational cooling period, partitioning the reactivity of this catalyst into two pathways. The
singlet photoproduct forms transiently stable alkyl coordinated intermediates, which slows
rearrangement to the bond activated product.

DFT calculations suggest that CpV(CO); activates the Sn—H bond to a lesser extent than
CpCo(CO) or Fe(CO)4. This difference was also apparent in the results of a previous study on
Si-H bond activation by these photoproducts.'® We have explored changes in SOC at MECP
geometries calculated for silane activation, and we find that changes in SOC at the MECP
geometry, relative to the dissociation limit, are similar in magnitude for both types of bond
activation. The observed trends in reaction rates are consistent with the trends in energy barriers
and SOC obtained via calculations. Importantly, our calculations and results show no evidence
for the role of an external heavy atom effect. The results of this study extend our understanding
of triplet 16-electron reactivity to a new class of bond activation reactions and provide insight
into the role, or lack thereof, of external heavy atom effects in two-state organometallic catalysis.
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4 Observation of a Solvent Dependent Spin-State
Equilibrium in CpCo(CO)

The following chapter is reproduced (adapted) in part with permission from (Lomont, J.
P.; Nguyen, S. C.; Schlegel, J. P.; Zoerb, M. C.; Hill, A. D.; Harris C. B. J. Am. Chem. Soc.
2012, 134, 3120-3126.). Copyright (2012) American Chemical Society.

4.1 Introduction

Cyclopentadienyl cobalt dicarbonyl is widely used as a catalyst for the cyclotrimerization of
alkynes,”™®' and its time-resolved photochemistry has been studied by several
authors,'>**¥%8283 Experimental and theoretical investigations have established that the
primary photoproduct, CpCo(CO), exists in a triplet ground state in the gas phase and in alkane
solutions, but that reactivity of CpCo(CO) typically occurs via the singlet state.'®'®
Interestingly, theoretical predictions have shown that a ligand—bound minimum can exist for
both the singlet and triplet species,'>* and that the identity of an incoming ligand affects the
relative energies of the bound singlet and triplet states. Figure 4.1 illustrates this unique feature
of the triplet potential energy surface of CpCo(CO), relative to other triplet photoproducts. Here
we use time-resolved infrared spectroscopy (TRIR) to explore whether cases exist in which a
solvent coordinated triplet state is preferred over that of a singlet, or whether it is possible to
observe two solvated spin states simultaneously.

Previous solution—phase studies on the reactivity of CpCo(CO) and other triplet
organometallic photoproducts have suggested that triplet photoproducts interact very weakly
with alkyl groups of solvent molecules, and that spin crossover to a singlet state is necessary for
the coordination of a solvent molecule to the unsaturated metal center.'>'"'***73%%* The rate of
spin state interconversion depends heavily on the solvent environment, however, and
coordinating solvents can increase the rate of spin crossover for unsaturated triplet species.”

The lack of solvent coordination to coordinatively unsaturated triplet species has been shown
to play an important role in their reactivity, exemplified by studies on the activation of Si—H
bonds in triethylsilane.'”"'?2% 308081 Becayse they interact so weakly with alkyl groups, triplets
diffuse more rapidly through the alkyl chains in neat triethyl silane solutions than their singlet
counterparts. Upon encountering a more coordinating Si—H bond, however, triplets readily
undergo spin crossover to allow bond activation. This combination of factors allows triplet
photoproducts to activate Si—-H bonds much more rapidly than those formed in a singlet state,
despite the fact that one might expect these reactions to be spin—blocked.
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Figure 4.1. Schematic potential energy surfaces for solvent coordination to CpCo(CO), compared
to more typical triplet 16—electron species. Many triplets show a predominantly repulsive
potential toward solvent coordination (solid gray line), while the triplet surface for CpCo(CO)
shows an attractive potential (solid black line). AE designates the energy difference between
solvated singlet and triplet states.

Our observation of a solvent coordinated triplet CpCo(CO) species in this study would be
consistent with previous computational studies showing that a ligand—bound minimum can exist
on the triplet surface.'”” Computational mechanistic studies have also implicated triplet
intermediates in alkyne cyclotrimerization reactions catalyzed by this species.” ™ To facilitate
interpretation of the experimental results, we use density functional theory (DFT) to study each
of the solvent coordinated photoproducts observed in this study. We investigate the choice of
various density functionals on the relative spin state energies, and, consistent with the earlier
careful study by Carredon-Macedo and Harvey,’* the BP86 and PW91 functionals appear to give
reasonably accurate results for the relative spin state energetics of CpCo(CO).

4.2 Methods

4.2.1 Sample Preparation

CpCo(CO), was purchased from Strem Chemicals Inc. All solvents were purchased from
Sigma—Aldrich Co. All samples and solvents were used without further purification. Dilute
solutions of CpCo(CO), were stable in air at ambient temperatures for at least a few hours
(verified via FTIR) in all solvents. Samples used to collect TRIR spectra were prepared at a
concentration of ca. 5 mM.

422 Quantum Chemical Modeling

The ground spin state of CpCo(CO) has been investigated previously be several
authors.'””>”* In this case we were particularly interested in the relative spin—state energetics of
CpCo(CO) coordinated to different solvent molecules, so we carried out geometry optimizations
using three different density functionals (BP86,>"* B3LYP,”™”’ PW91***?) in the Gaussian09
package.” The aug-cc-pDVZ basis set*®*® was used in all calculations, except those involving 1-

iodobutane. Since the aug-cc-pDVZ basis is not defined for iodine, the lanl2dz**** basis was
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used on the iodine atom, while the aug-cc-pDVZ basis was used for all other atoms in these
calculations. All geometry optimizations were followed with a frequency analysis for use in
interpreting the TRIR results, and also to verify that the calculated geometries were genuine local
minima. For the potential energy surface scans shown in Figure 4.5, the distance between the Co
atom of CpCo(CO) and the O atom of methanol was held fixed at various distances as the
remaining geometrical parameters were optimized. These calculations were performed for both
singlet and triplet CpCo(CO) species to locate an approximate minimum energy crossing point
(MECP) for the coordination of methanol to CpCo(CO), as described in section IIL.D.

To investigate the strength of spin—orbit coupling (SOC) between the singlet and triplet spin
states, complete active space multiconfigurational self—consistent field (casscf) calculations were
carried out in the GAMESS—US package® using Ahlrich’s pDVZ basis set’’ with one additional
d function on each C and O atom, and an additional f function on Co. The BP86 geometry for
*CpCo(CO) was used in these calculations (calculated geometries were similar for each choice of
DFT functional). The active space of the casscf calculations consisted of 8 electrons in 10 d—type
orbitals, constituting an (8,10) active space. The choice to include unoccupied d—type orbitals
containing an extra node was made to account for the double—shell effect, which has been shown
to be important in transition metal complexes.” Calculations were performed as follows:
restricted or restricted open shell Hartree-Fock calculations were performed for singlet and
triplet states, respectively, to generate the initial wavefunctions. After inspecting the active space
orbitals, the casscf wavefunction was generated for the triplet state. The core orbitals from the
triplet casscf wavefunction are then frozen in the subsequent calculation of the singlet casscf
wavefunction, as this is necessary for the corresponding orbital transformation necessary to
calculate the SOC matrix elements.’” Finally, SOC between singlet and triplet states was
calculated using the full Breit-Pauli spin—orbit Hamiltonian.®'"* This method of calculating SOC
is favorable, as it allows for different molecular orbitals to describe the ground and excited
states. The effects of state averaging when generating the casscf wavefunctions were tested, but
did not result in a meaningful difference in calculated SOC values, and the reported result is
based on wavefunctions that were not state averaged.

4.3 Results and Discussion

The TRIR spectra in the CO stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands correspond to the
depletion of parent molecules. Since the negative parent bands are very similar in each case, the
spectra presented focus on the newly formed product peaks.

43.1 Ultrafast UV—Pump IR—Probe Spectroscopy in Alkanes and Haloalkanes

The photochemistry of CpCo(CO), in alkane solutions has been studied by several
authors.'™*** In cyclohexane, the carbonyl loss photoproduct, *CpCo(CO), forms in a triplet
ground state with a characteristic IR absorption at 1989 cm™, and is stable as a triplet for > 1
us.** We wanted to investigate whether spin crossover and solvent coordination would occur on
the picosecond timescale in more coordinating solvent environments, so we carried out the same
experiment in a series of haloalkanes: 1—chlorobutane, 1-bromobutane, and 1-iodobutane.
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Figure 4.2. TRIR spectra of CpCo(CO), in cyclohexane and haloalkane solvents at 10, 30, and
50 ps (cyclohexane), and 5, 10, 20, 30, 40, 50, 60, and 70 ps (haloalkanes) following 267 nm
photolysis (400 nm photolysis was used in the case of 1-iodobutane, which also results in a
broad absorption corresponding to an electronically excited state).

In each of these solvents, *CpCo(CO) was not directly observed, but instead a product peak
at ca. 1935 cm™ was present (Figure 4.2 and Table 4.2). On the basis of electronic structure
calculations of the relative spin state energetics of the CpCo(CO) molecule interacting with each
haloalkane (section III.D), we assign this photoproduct to a solvated singlet species. We
conclude that spin crossover to a 'CpCo(CO)(sol.) photoproduct takes place within the first
several picoseconds of the formation of the CpCo(CO) photoproduct in these halogenated
solvents, and no evidence of other solvated photoproducts was observed.

For spectra taken in 1-iodobutane solvent, 400 nm excitation was used to avoid a strong UV—
absorption band of 1-iodobutane that prevents photolysis of CpCo(CO), using 267 nm pump
pulses. This results in the formation of CpCo(CO) along with an electronically excited state of
CpCo(CO), with a lifetime of ca. 50 ps, as can be observed in the spectra in Figure 4.2. TRIR
spectra were also recorded in the other solvents using 400 nm photolysis, and the same
photochemistry involving the CpCo(CO) photoproduct was observed in each, indicating that
both spectra result in the same CO loss photochemistry and thus can be directly compared. All
other spectra are presented using 267 nm excitation.
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432 Ultrafast UV-Pump IR—Probe Spectroscopy in Acetone and DMF

We next studied the photolysis of CpCo(CO); in acetone and dimethylformamide (DMF),
which are expected to be more strongly coordinating than haloalkanes via their sp” hybridized
oxygen atoms. Figure 4.3 shows the TRIR spectra of CpCo(CO), in acetone and DMF.
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Figure 4.3. TRIR spectra of CpCo(CO); in neat acetone and DMF solvents at 5, 10, 20, 30, 40,
50, 60, and 70 ps following 267 nm photolysis.

In both acetone and DMF, only a single photoproduct is observed. The frequency of this
product’s absorption is significantly red—shifted compared to the solvated singlet observed in the
haloalkane solvents. DFT calculations (section III.D) predict this to be the case for solvated
singlet CpCo(CO), and also confirm that the singlet species is the more stable spin state. On this
basis, we assign this photoproduct to a 'CpCo(CO)(sol.) species.

433 Ultrafast UV-Pump IR—Probe Spectroscopy in Alcohols and THF

We next wanted to study the photolysis of CpCo(CO); in alcohol and THF solvents, as we
felt the sp’ oxygen atoms in these solvents would provide an interesting comparison to the sp’
hybridized oxygen atoms in acetone and DMF. Shown in Figure 4.4 are the TRIR spectra of
CpCo(CO); in methanol, 1-butanol, 1-hexanol, 1-decanol, and THF.

Interestingly, these spectra reveal the presence of two distinct solvated photoproducts at ca.
1916 and 1942 cm™. In 1-butanol, 1-hexanol, and 1-decanol, unsolvated *CpCo(CO) can also
be initially observed via its IR absorption at ca. 1989 cm™, and this decays within 50 ps. This is
readily explained by the fact that the longer alkyl chains require *CpCo(CO) to, on average,
undergo more diffusion before encountering a —OH site to which it can coordinate. This is
consistent with our previous understanding of the interactions of triplet species with alkyl
groups.” The presence of two peaks at ca. 1916 and 1942 cm™ was surprising, however, and
their assignment requires more detailed explanation.
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Figure 4.4. TRIR spectra of CpCo(CO); in neat alcohol and THF solvents at 5, 10, 20, 30, 40, 50,
60, and 70 ps following 267 nm photolysis. In 1-butanol, 1-hexanol, and 1-decanol, the initially
unsolvated *CpCo(CO) species can be observed at ca. 1989 cm’™.

We performed these experiments using both 267 nm and 400 nm pump pulses, and observed
that the ratio of peaks at ca. 1916 and 1942 cm was independent of the pump wavelength.
Comparison to experiments in acetone and DMF (section III.C) confirms that these peaks arise
from two distinct chemical species. This information, combined with the observed kinetics in the
longer chain alcohol solvents, indicates that the peaks at 1916 and 1942 cm™ correspond to two
distinct photoproducts originating from the same precursor, which in this case is *CpCo(CO).
Though we initially considered that one of these peaks could belong to a ring-slipped species,
this is inconsistent with the understanding of why ring-slip takes place. Ring—slippage would
only decrease the electron count on an already electron deficient 16 electron metal center, which
is inconsistent with observations of ring—slip in the literature.”” To determine whether a weak
interaction with a second solvent molecule could be responsible for one of the two observed
photoproducts species, we also obtained the TRIR spectra in diluted solutions (10 mol% and 50
mol%) of I-butanol or THF in cyclohexane. These spectra in diluted alcohol solutions showed
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essentially the same peak ratios at ca. 1916 and 1942 cm™, indicating that no weak interaction
with a second alcohol or THF molecule, such as hydrogen bonding with the Cp ring, are
responsible for the presence of a second species. A solvent hydrogen bond donor is also ruled out
by the very similar spectra in both alcohols and THF. Having thus ruled out all other reasonable
possibilities, we are able to conclude that the oxygen atom in alcohol and THF solvents is able to
coordinate to CpCo(CO) in both singlet and triplet spin states. This conclusion is supported by
the results of electronic structure calculations comparing the energetics of each alcohol
coordinated to singlet and triplet CpCo(CO) (section III.D). By comparing the observed and
calculated frequencies and calculated spin state energy differences for CpCo(CO) in each
solvent, we were able to assign the lower frequency peak at ca. 1916 cm™ to 'CpCo(CO)(sol.),
and the higher frequency peak at ca. 1942 cm™ to *CpCo(CO)(sol.).

We note that both products form at essentially the same rate from the unsolvated *CpCo(CO)
precursor, and that they form in the same ratio at which they are present at 1.5 ns within the first
ca. 10 ps, or roughly during the vibrational cooling period of the nascent photoproduct. This
implies that there is little barrier to spin crossover from the unsolvated *CpCo(CO) precursor,
and we infer it is likely that both solvated spin states are in equilibrium. We will examine this
point in more detail in section IIL.D.

One previous study®* has investigated the time—resolved IR spectrum of CpCo(CO); in dilute
alkane solutions containing THF on the microsecond timescale, but these authors did not report
the observation of a second peak at ca. 1916 cm’, which we have assigned to solvated
'CpCo(CO). One possible explanation is that 'CpCo(CO)(sol.) is more reactive than
*CpCo(CO)(sol.) on longer timescales, and thus it has already reacted prior to the shortest time
delay (0.5 ps) reported in that work. This conflicts, however, with the fact that we believe there
to be little barrier to equilibration of *CpCo(CO)(sol.) and 'CpCo(CO)(sol.). Looking carefully at
the spectra from that work, an alternative explanation is that a peak is, in fact, present at ca. 1920
cm™, and that the authors did not assign it due the signal-to—noise ratio. Considering the
integrated absorption of the lower frequency peak is only ca. 24% that of the higher frequency
peak (see Table 4.1), we feel this is the most likely explanation. Our results in 10 mol% THF in
cyclohexane solution show the formation of both *CpCo(CO)(sol.) and 'CpCo(CO)(sol.) from
the unsolvated *CpCo(CO) precursor in the same ratio observed in neat THF solution, and with
the same observed frequency for the THF solvated triplet as in the previous study.**

Table 4.1. Relative Spin State Populations

'CpCo(CO)(sol.) *CpCo(CO)(sol.)
Sl (e 1015 i) (ca. 1942 cm™)
methanol 29% 71%
1-butanol 21% 79%
1-hexanol 24% 76%
1-decanol 30% 70%
THF 24% 76%

(a) Percentages denote relative integrated peak areas for each absorption.

Voigt lineshapes were fit to the peaks corresponding to the solvated singlet and triplet species
in each neat alcohol solvent and neat THF at a time delay of 200 ps. In the case of the absorption
at ca. 1942 cm’', this also required separating a significant overlapping contribution from the
parent bleach at ca. 1965 cm™, to which a Voigt profile was also fit. Undoubtedly, this introduces
some amount of error into our values for the peak areas. We also do not have a reliable way of
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knowing the relative extinction coefficients for the solvated singlet and triplet species. Our main
interest here lies in comparing relative populations across different solvents, and, since both the
singlet and triplet monocarbonyl species have very similar predicted geometries (see DFT
calculations), we will make the approximation that the extinction coefficients are equal as we
calculate the relative populations of the two species. Table 4.1 lists the relative peak areas,
which, using our assumption of equal extinction coefficients, are equivalent to the relative
populations of the solvated singlet and triplet species. It is noteworthy that the relative
populations of the singlet and triplet species are similar in each of these solvents, implying that
coordination of CpCo(CO) to the sp® oxygen atom in each of these solvents results in similar
changes in free energy. The spin state is clearly sensitive to the identity of the moiety directly
coordinated to the metal center however, as demonstrated by the results discussed in sections
III.A and III.B.

Table 4.2 summarizes the experimentally observed frequencies for CpCo(CO) photoproducts
in each solvent studied.

Table 4.2. Experimental CO-Stretching Frequencies for CpCo(CO) Species

Solvent Solvated Photoproduct g:;zzzi ()
cyclohexane *CpCo(CO) 1989
n-octane *CpCo(CO) 1989
1-chlorobutane 1CpCo(CO)(leR) 1935
1-bromobutane 'CpCo(CO)(Br—R) 1932
1-iodobutane 'CpCo(CO)(I-R) 1932
acetone 1CpCo(CO)(O=CR2) 1911
DMF 'CpCo(CO)O=CRy) 1902
methanol 1CpCo(CO)(HofR) 1916

*CpCo(CO)(HO-R) 1942
1-butanol 1CpCo(CO)(HofR) 1916
*CpCo(CO)(HO-R) 1942
1-hexanol 1CpCo(CO)(HofR) 1917
*CpCo(CO)(HO-R) 1943
1-decanol 1CpCo(CO)(HofR) 1918
*CpCo(CO)(HO-R) 1942
THF 'CpCo(CO)(O(-R),) 1913
’CpCo(CO)(O(-R)y) 1942

4.3.4 Density Functional Theory and ab Initio Calculations

DFT geometry optimizations were carried out to investigate the relative spin state energies of
singlet and triplet CpCo(CO) coordinated to each solvent molecule in the study. Each calculation
included a single solvent molecule coordinated to the metal center, and thus these are otherwise
gas phase calculations of the energies and frequencies for the solvent coordinated species. A
careful study of the relative spin state energies for CpCo(CO)** has shown that the BP86
functional gives relatively accurate spin state splitting between singlet and triplet states, so we
expect the BP86 results to be the most reliable. We checked these calculations against the PW91
functional, which also gave good results in the previous study, and the B3LYP hybrid functional,
which gave an excessively large spin state gap in the previous study.”® Table 4.3 summarizes the
calculated spin state energy differences and frequencies associated with each solvent molecule
coordinated to the CpCo(CO) photoproduct in the singlet and triplet states.
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Table 4.3. Results of Density Functional Theory Calculations

Reox (A) Frequenc (cm'l) AE1_¢°

CpCo(CO) + Sing. Trip. Sin;. yTrip. (kcal/mol)

no ligand

BP86 - - 1929 1958 -13.0

PW9l1 - - 1939 1968 -12.9

B3LYP — - 2024 2062 -25.4
1-chlorobutane X = Chlorine

BP86 225 2.66 1925 1942 7.9

PWI1 2.24 2.65 1935 1951 7.7

B3LYP 2.31 2.86 2007 2050 -10.0
1-bromobutane X = Bromine

BP86 2.35 2.69 1928 1941 9.4

PW9l1 2.34 2.68 1937 1949 9.8

B3LYP 241 291 2008 2046 -8.7
1-iodobutane X = lodine

BP86 2.53 2.83 1928 1944 10.5

PW9l1 2.52 2.80 1932 1952 11.2

B3LYP 2.58 3.10 2006 2044 -7.8
acetone X = Oxygen

BP86 1.88 2.07 1909 1921 11.8

PW9l1 1.88 2.07 1919 1930 11.9

B3LYP 1.92 2.20 1987 2027 -6.8
DMF X =Oxygen

BP86 1.95 221 1893 1906 6.6

PW9l1 1.94 2.20 1903 1916 6.6

B3LYP 1.98 222 1975 2029 -8.2
methanol X = Oxygen

BP86 2.04 224 1914 1927 2.8

PWI1 2.03 223 1925 1937 2.7

B3LYP 2.03 223 2005 2030 -11.5
1-butanol X = Oxygen

BP86 2.04 2.29 1919 1927 4.2

PW9l1 2.04 2.28 1929 1936 4.2

B3LYP 2.04 2.28 2006 2031 -10.2
1-hexanol X = Oxygen

BP86 2.04 2.30 1918 1927 4.2

PW9l1 2.04 2.28 1929 1936 43

B3LYP 2.04 2.28 2006 2031 -10.2
1-decanol X = Oxygen

BP86 2.04 2.29 1918 1927 4.1

PW9l1 2.04 2.28 1928 1936 4.1

B3LYP 2.04 227 2006 2030 -10.2
THF X =Oxygen

BP86 2.02 222 1914 1920 4.2

PW9l1 2.00 224 1910 1932 5.8

B3LYP 2.01 223 1988 2025 -9.3

(a) Distance between the Co atom and the nearest non-hydrogen ligand atom (X) obtained from optimized
geometries. (b) Positive AE values indicate the singlet state is favored, while negative values indicate the triplet state
is favored.

Similar to the previous study,”* we find that the BP86 and PW91 functionals give the best
results, while the B3LYP functional consistently overestimates the spin state splitting. We thus
focused on the BP86 and PWO1l results to draw our conclusions about the observed
photoproducts. In the following discussion, results are given as the BP86 value with the PW91
value in parentheses.

Looking first at the results in haloalkanes, the predicted energy splitting is 7.9 (7.7) kcal/mol
in favor of a solvated singlet photoproduct. The corresponding frequency is predicted to be 1925
(1935) cm™'. While these unscaled frequencies are not expected to match the experimental values
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exactly, we make use of their relative values with different solvent ligands to assist in making
spectral assignments. We have attempted to take a holistic view of the observed and predicted
frequencies, calculated energy differences, and experimental data into account in making these
assignments. On the basis of the calculated relative spin state energies and comparisons to other
observed and predicted frequencies, we assign the experimental peaks at ca. 1935 cm™ in each
haloalkane to ' CpCo(CO)(sol.).

In acetone, our calculations predict the solvated singlet species to be favored by 11.8 (11.9)
kcal/mol, and the CO stretching frequency is predicted to be 1909 (1919) cm™. Comparing this
calculated frequency to those calculated for the haloalkane solvated complexes, the further red—
shifting predicted by coordination to acetone is consistent with the experimentally observed
values of ca. 1935 cm™ in haloalkanes and 1911 ¢cm™ in acetone. In DMF, we calculate the
solvated singlet to be favored by 6.6 (6.6) kcal/mol, and the predicted frequency is predicted to
be even further red—shifted to 1893 (1903) cm™, again consistent with the experimentally
observed frequency of 1902 cm™.

Moving to the alcohol and THF results, the predicted energy differences for singlet and
triplet solvent coordinated species are much smaller. Keeping in mind that these are gas phase
calculations, and that entropic contributions are not accounted for, we feel the predicted relative
energy differences of ca. 2-4 kcal/mol match the experimental observation of an equilibrium
between singlet and triplet spin states reasonably well. We note that none of these functionals
include dispersion effects, which could affect the relative stability of singlet and triplet species.
Considering the concentration independence and excitation wavelength independence of the
observed peak ratios (discussed in section III.B), we were able to independently make the
assignment of the two solvated species to 'CpCo(CO)(sol.) and *CpCo(CO)(sol.), and here we
seek primarily to determine which peak corresponds to which spin state. DFT calculations
suggest that 'CpCo(CO)(sol.) corresponds to the lower frequency peak, so we tentatively assign
solvated singlet CpCo(CO) to the peak at ca. 1916 cm™, and solvated triplet CpCo(CO) to the
peak at ca. 1942 cm™. By comparison to the spectra and calculations for CpCo(CO) in acetone
and DMF, we affirm that the lower frequency absorption at ca. 1916 cm™ corresponds to
'CpCo(CO)(sol.), and thus the absorption at ca. 1942 cm™ corresponds to *CpCo(CO)(sol.).

- — - 1CpCo(CO) + MeOH

| —— 3CpCo(CO) + MeOH .f"“
-10 -

-15 4

AE (kcal/mol)

204 “ve_e-*

-25

17 19 21 23 25 27 29 31 33

o

Co-0O Distance (A)

Figure 4.5. DFT energy scans for coordination of methanol to singlet and triplet CpCo(CO). The
curves are generated by performing geometry optimizations at fixed Co—O distances. Circles
correspond to calculated energies relative to the dissociation limit on the singlet surface, while
the lines are fits to the data presented for visualization purposes only.
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As mentioned in section III.B, we feel that the alcohol and THF solvated singlet and triplet
species are likely in equilibrium prior to any subsequent reactivity that might occur. One piece of
evidence supporting this is the calculated spin—orbit coupling constant of 206.2 cm™ (RMS
value), which is relatively high among first-row transition metal complexes.'®”” Recall that the
probability of spin state interconversion should scale approximately with the square of this
value.”' The bound singlet and triplet states in alcohols and THF also possess similar geometries,
as evidenced by the optimized internuclear distances in Table 4.3. Looking at the methanol-
solvated singlet and triplet structures optimized at the BP86 level, for example, shows an RMSD
of only 0.552 A (.400 A with H atoms omitted) in coordinates between the two solvated species.
We also performed constrained geometry optimizations at various separations between the
oxygen atom of MeOH and the Co metal center for both the singlet and triplet species (Figure
4.5). This builds approximate potential energy surfaces for the coordination of methanol to
singlet and triplet CpCo(CO), which allows us to locate an approximate minimum energy
crossing point (MECP) between the two surfaces.” The MECP is essentially a transition state
analogue for reactions occurring on multiple potential energy surfaces, with the added constraint
that the electronic state must also change in the vicinity of this geometry. We find the MECP to
be located at a Co—O separation of 2.28 A, which is also close to the equilibrium separations of
2.24 A and 2.04 A calculated for the solvated triplet and singlet minima, respectively. The
similarity of the MECP to the methanol-solvated minima suggests that crossover between the
species is a facile process. Finally, as mentioned above, the experimental spectra show the
formation of both photoproducts in their equilibrium ratio from a common unsolvated triplet
precursor within the first several picoseconds, strongly suggesting a low barrier to spin state
interconversion from the triplet precursor to the solvated singlet species. We feel this is
convincing evidence that the two spin states are in equilibrium at ambient temperatures.

4.4  Conclusions

We have shown in this paper that the 16—electron species CpCo(CO) can coordinate to a
solvent molecule in either the singlet or triplet spin state. This is in contrast to the previous
assertions that triplet 16—electron photoproducts cannot interact strongly with solvent molecules,
and adds to our understanding of triplet reactivity in organometallic photoproducts. The
existence of transition metal complexes with two thermally accessible spin states is well
known,”””® but, to our knowledge, this is the first observation of a transient photoproduct that
exhibits an equilibrium between two stable spin states, and also the first observed case in which a
solvent molecule has been shown to coordinate to two spin states of the same photoproduct.

In the case of CpCo(CO), spin crossover does not appear to present a significant kinetic
barrier to solvent coordination or reactivity of the triplet species, and thus relative
thermodynamic stabilities determine the spin state of CpCo(CO) on the picosecond timescale. As
electronic structure calculations demonstrate, CpCo(CO) can have favorable interactions with
solvent molecules and other ligands in both the singlet and triplet states, and the ability of a
solvent ligand to stabilize either state will determine the spin state of the reactant present in
solution. These results add to our previous model for triplet reactivity in solution and suggest that
the reactivity of triplet photoproducts may depend strongly on how the solvent environment
affects the relative spin state energetics. Further experiments are underway to compare the
reactivity of solvated singlet and triplet CpCo(CO) as a catalyst in different environments.
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5  Characterization of a Short-Lived Triplet Precursor in
CpCo(CO)-Catalyzed Alkyne Cyclotrimerization

The following chapter is reproduced (adapted) in part with permission from (Lomont, J. P.;
Nguyen, S. C.; Zoerb, M. C.; Hill, A. D.; Schlegel, J. P.; Harris C. B. Organometallics 2012, 31,
3582-3587.). Copyright (2012) American Chemical Society.

5.1 Introduction

Cyclopentadienyl cobalt dicarbonyl is well known for its utility as a catalyst in
cyclotrimerization and cyclo-oligomerization reactions involving alkynes and alkenes.®*®"%®
Computational studies have suggested the involvement of triplet intermediates in these
reactions, 22238283888 and the first step in the reaction mechanism is the thermal or
photochemical dissociation of a CO ligand to form a reactive, 16-electron monocarbonyl species.
Here we report an ultrafast study of the photochemistry of CpCo(CO); in neat 1-hexyne and 1—
hexene solutions and find that both singlet and triplet spin states play a role in generating the
initially formed alkyne/alkene coordinated species.

The time-resolved photochemistry of CpCo(CO), has been studied previously by several
authors. In alkane solvents, the primary photoproduct, *CpCo(CO), forms in a triplet ground state
and is stable for > 1 ps uncoordinated to any alkyl groups.”* Solution—phase studies of
CpCo(CO) and other ground-state triplet organometallic photoproducts have suggested that
unsaturated triplet species interact very weakly with alkyl groups of solvent molecules, and that
intersystem crossing to a singlet state is required for the coordination of a solvent molecule to the
metal center.'”">"**7%% In more coordinating solvent environments, spin crossover to a singlet
state and solvent coordination take place more rapidly.'®***?**> CpCo(CO) is somewhat unique in
that theoretical work has shown that a ligand—bound minimum can exist for both singlet and
triplet states, and their relative energies depend on the identity of the incoming ligand.'** Using
time-resolved infrared (TRIR) spectroscopy, we recently discovered that both the singlet and
triplet spin states of this unsaturated complex can coordinate to certain solvent molecules,
motivating further investigation into the reactivity of this interesting species.
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Figure 5.1. Previously proposed catalytic cycles involving triplet intermediates in cobalt-
mediated cyclotrimerization and cyclo-oligomerization reactions of alkynes and alkenes. Triplet
species are shown in blue.

Previous studies on bond activation in neat triethylsilane solution have established that the
differing interactions of singlet and triplet species toward solvent molecules play an important
role in their reactivity.”” " The diffusion of singlet photoproducts is hindered by their
coordination to alkyl groups as token-ligands, slowing the process of rearrangement to form
bond-activated products. Since triplets interact so weakly with alkyl groups, they are able to
diffuse rapidly through hydrocarbon chains in solution, yet readily undergo spin crossover upon
encountering a more coordinating Si—H bond. These differences in weak solvent interactions
allow triplets to activate Si—-H bonds orders of magnitude faster than their singlet counterparts,'®
despite the fact that triplet reactivity could be slowed by the requirement for a spin state change.

More recently, computational investigations into cobalt mediated cyclotrimerization and
cyclo-oligomerization of alkynes and alkenes have implicated triplet intermediates and
competing spin conserving and spin crossover pathways at several stages of the reaction
mechanisms.*”” *® Figure 5.1 summarizes pathways involving triplet intermediates proposed in
two recent mechanistic studies on these reactions, with triplet species shown in blue.*”*® The
authors of these studies found several low lying minimum energy crossing points between singlet
and triplet surfaces along the reaction path, leading to the proposal of these nonadiabatic
mechanisms. Recent work also suggests a two-state mechanism is involved in the activation of
Si—H bonds for alkene hydrosilation by cyclopentadienyl cobalt species.*

Each of the aforementioned findings demonstrates the tendency for intersystem crossing
between singlet and triplet states to play a role in the reactivity of CpCoL complexes. In the
present study, we explore the picosecond dynamics of photochemically generated CpCo(CO) in
neat alkyne and alkene solutions. Our goal is to gain insight into the interaction of the initially
generated *CpCo(CO) photoproduct with the unsaturated carbon—carbon bonds in the solvent,
specifically looking for the involvement of any solvent coordinated triplet adducts formed
between alkynes or alkenes and the CpCo(CO) moiety.
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5.2  Methods

5.2.1 Sample Preparation

CpCo(CO), was purchased from Strem Chemicals Inc. 1-Hexene and 1-Hexyne were
purchased from Sigma—Aldrich Co. All samples and solvents were used without further
purification. Dilute solutions of CpCo(CO), were stable in air at ambient temperatures for at
least a few hours (verified via FTIR). Samples used to collect TRIR spectra were prepared at a
concentration of ca. 5 mM.

522 Data Analysis

Kinetic traces were obtained by fitting Voigt bandshapes to each spectral feature (the
parent bleach was fit to the static FTIR spectrum), and decay time constants are reported as the
decay time constant from fitting an exponential rise and decay function to the kinetic trace.
Errors are reported as a 95% confidence interval to the fit.

523 Density Functional Theory Modeling

Geometry optimizations were carried out using the BP86,””* B3LYP,””*” and PW91**
functionals in the Gaussian09 package.”’ The aug-cc-pDVZ basis set'®* was used in all
calculations. All geometry optimizations were followed with a frequency analysis for use in
interpreting the TRIR results, and also to verify that the calculated geometries were genuine local
minima.

5.3 Results and Discussion
5.3.1 Ultrafast UV-Pump IR—Probe Spectroscopy in 1-Hexyne and 1-Hexene
Time-resolved infrared (TRIR) spectra of CpCo(CO), in neat 1-hexyne and l-hexene
solutions were collected following 267 nm photolysis. The TRIR spectra in the CO stretching

region are presented as difference absorbance spectra. Positive absorptions correspond to newly
formed species, while negative bands correspond to the depletion of parent molecules.
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Figure 5.2. TRIR spectra of CpCo(CO), in 1-hexyne following 267 nm photolysis. Structures
shown indicate the spectral assignments explained in the text. To extract clear bands
corresponding to the two positive absorptions, the lower panel shows Voigt bandshapes fit to the
30 ps TRIR spectrum with the parent bleach subtracted. This fit is plotted at the same resolution
as the experimental spectra. The actual AOD of the 1979 cm™ absorption at 80 ps is ca. 0.4
before removing the parent bleach.

Figure 5.2 shows the time resolved infrared (TRIR) spectra of CpCo(CO), in neat 1-hexyne
solution. Previous studies in alkane solutions have shown that *CpCo(CO) exhibits a
characteristic IR absorption at 1989 cm™.**** No absorption corresponding to the unsolvated
*CpCo(CO) photoproduct is directly observed in Figure 5.2, but instead the earliest delay times
show the formation of a photoproduct peak at 1949 cm™. This absorption rises during the
vibrational cooling period of the nascent photoproduct, and decays in 28 + 8 ps with the
concomitant rise of a new absorption at 1979 cm™. The absorption at 1979 cm™ then remains
constant in intensity for > 1 ns. We note that the absorption at 1979 cm™ cannot correspond to
unsolvated *CpCo(CO), as there should be no precursor to the unsolvated triplet. A previous
picosecond TRIR study in a mixed 1-hexene/n—hexane solvent observed a similar absorption at

1974 cm™ at delay times of hundreds of picoseconds, corresponding to 'CpCo(CO)(n*-1—
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hexene).”” Thus we assign the absorption at 1979 cm™ in 1-hexyne to 'CpCo(CO)(n*-1-hexyne),
leaving the absorption at 1949 ¢cm™ unassigned for now. We will revisit the assignment of the
absorptions in Figure 5.2 in more detail in the next section.
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Figure 5.3. TRIR spectra of CpCo(CO); in 1-hexene following 267 nm photolysis. Structures
shown indicate the spectral assignments explained in the text. To extract clear bands
corresponding to the two positive absorptions, the lower panel shows Voigt bandshapes fit to the
30 ps TRIR spectrum with the parent bleach subtracted. This fit is plotted at the same resolution
as the experimental spectra. The actual AOD of the 1976 cm™ absorption at 80 ps is ca. 1.0
before removing the parent bleach.

The photochemistry observed in neat 1-hexene solution is very similar to that in 1-hexyne
solution, and the TRIR spectra are shown in Figure 5.3. An initially formed product peak at 1949
cm’' decays in 43 + 11 ps along with the rise of an absorption at 1976 cm™. At early delay times
(5 ps in Figure 5.3), some amount of *CpCo(CO) is also observed at 1989 cm™. As mentioned in
the preceding paragraph, a similar absorption to that at 1976 cm™ has been observed in an earlier
TRIR study’ in solutions of l1-hexene in n—hexane and was assigned to 'CpCo(CO)(n*-1-
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hexene). The previous account’ did not report an absorption corresponding to the 1949 c¢m™
peak in the present study.

Before assigning the absorptions at 1949 cm *, we should address our reasons for assigning
this peak to a distinct chemical species, rather than to vibrational cooling of the singlet
photoproduct. We have studied the photochemistry of CpCo(CO), following 267 nm excitation
in many solvents, so there are ample data for comparison. In cyclohexane, for example, the
triplet photoproduct absorption is observed at 1989 cm™, and this spectrum shows no similar
absorptions at lower frequencies that would indicate vibrational cooling should lead to an
absorption that is so significantly red-shifted or that persists with a lifetime of 30—40 ps. In other
solvents in which a solvated singlet photoproduct is observed (acetone, DMF, THF, and several
alcohols and haloalkanes),”> we again did not observe any dynamics similar to those in the
present study. Were the dynamics observed in this study simply a result of vibrational cooling,
we would have expected to see at least some evidence of similar spectral changes taking place in
other solvents. Moreover, were the absorption at 1949 cm ' to arise from hot bands of the
solvated singlet, one would expect to simultaneously observe at least some photoproduct
intensity at the fundamental absorption frequency (1979/1976 cm ') of the species giving rise to
the hot bands; the early time spectra in both solvents show that this is not the case. Finally, we do
observe some hot bands at ca. 1920 cm ™' that we attribute to cooling of the species at 1949 cm ™'
(see 5 and 30 ps spectra in Figures 2 and 3). Were these to arise from vibrational cooling of the
solvated singlet at 1979/1976 cm ™', the red-shifting by as much as 60 cm ™' would be remarkably
larger in magnitude than what was observed in cyclohexane or other solvent environments.”” For
these reasons, we assign the observed dynamics to a distinct intermediate species.

To assign the absorptions observed at 1949 cm™ in each solvent, and to direct our efforts
using density functional theory to explore the possible peak assignments, we consider what
plausible coordination geometries exist for alkynes and alkenes to a metal center. Both end-on
and ° coordination geometries initially appear to be plausible candidates. A vinylidene species
was ruled out, both because a vinylidene complex would not be expected to rearrange to form an
n’ species, and because the spectra in 1-hexyne and 1-hexene are very similar, and formation of a
vinylidene from 1-hexene coordination is not possible via a tautomerization mechanism.” A
previous study on the picosecond to nanosecond timescale has also shown that vinylidene
species are not expected to form on the timescale studied.'” We therefore directed our DFT
investigations to end-on and 1> coordination geometries, keeping in mind that both singlet and
triplet spin states have been shown to be important in the reactivity of CpCoL derivatives.

1

53.2 Density Functional Theory Calculations

Density functional theory (DFT) calculations aid us in assigning the photoproducts observed
in the TRIR spectra. Previous studies have shown that the BP86 and PW91 functionals give
reasonable singlet—triplet energy differences for the CpCo(CO) photoproduct,”* and we also
used the B3LYP hybrid functional to further validate the calculated coordination geometries.
Initial testing showed that both side-on (n°) and end-on coordination geometries can be
associated with local minima for the 1-hexyne and 1-hexene coordinated photoproducts, so we
performed geometry optimizations from a variety of initial configurations. Table 5.1 summarizes
the calculated CO stretching frequency for each spin state and coordination geometry, as well as
the binding energy for 1-hexyne and 1-hexene coordinated species relative to the dissociated
triplet state, along with spectral assignments for the experimentally observed absorptions.
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Looking at the experimental spectra, we first assign the absorptions at 1979 cm™ in 1-hexyne
and 1976 cm’ in l-hexene to 'CpCo(CO)(n>-1-hexyne) and 'CpCo(CO)(n*-1-hexene),
respectively. As discussed in the previous section, the assignment of the 1976 cm™ in 1-hexene
to 'CpCo(CO)(n*-1-hexene) was made in a previous study in solutions of 1-hexene in
cyclohexane,” and this assignment is consistent with other cases involving the interaction of
alkenes and alkynes with otherwise coordinatively unsaturated metal centers.””'® DFT
calculations confirm that the singlet n° species are the most thermodynamically stable. We then
consider the 1949 cm™ absorption, corresponding to the transiently stable intermediate present at
early times in each solvent. Comparing the relative energies of the end-on and 1’ coordinated
triplet species (see Table 5.1) allows us to rule out the end-on triplet as a candidate, leaving only
the end-on singlet and 1’ triplet as possibilities. It is not necessarily useful to compare the
relative energies of these two species, since the early time photoproduct must form because of a
kinetic barrier to reaching the final 1’ singlet species. Of these two possibilities, only one
possesses an easily understandable kinetic barrier to forming the n* singlet; the 0 triplet requires
a change of spin state. To rule out the end-on singlet, we consider that the relatively open
coordination geometry of CpCo(CO) should allow the unsaturated carbon-carbon bond to
approach from a distribution of angles, and Hammond’s postulate suggests that those geometries
leading to form the 1’ singlet should have more favorable interactions with the metal center.
Thus if an end-on singlet were to form at early times, there is no clear reason why this
intermediate would be the only species initially present (see 5 ps delay times in Figures 5.2 and
5.3) and then rearrange to the 1’ singlet. This interpretation is also supported by a previous study
on the rearrangement kinetics of 16-electron Cr(CO)s in 1-hexyne solution, in which no end-on
coordinated singlet species was observed. Thus we assign the coordinated intermediate at 1949
cm’ to an 1’ triplet.

Table 5.1. Calculated and observed CO stretching frequencies and relative stabilities for n* and
end-on isomers

Calculated

AEBindingb .

Ligand fcr;c_lll;ency (kcal/mol) E:er; éﬁé?:;t(ilm_l)

Sing.  Trip. Sing.  Trip.
no ligand
BP86 1929 1958 1989 cm™
PW91 1939 1968 *CpCo(CO)
B3LYP 2024 2062 in cyclohexane®
1-Hexyne (n°)
BP86 1950 1941 347 127 o0 Lo
PW91 1961 1949  -37.7  -155 om m-smele

12, .
B3LYP 2040 2031 -122 33  \249cmm-triplet

1-Hexyne (end-on)
BP86 1967 1944  -18.6 -7.1

PWOI 1977 1952 206  -9.4 gg;?;gedby
B3LYP' - - - -

1-Hexene (1)

BP86 1942 1936 349 6T g
PWOI 1953 1945 381  -95

12, .
B3LYP 2031 2035 -124 35 |049cm mi-triplet

1-Hexene (end-on)

BP86 1938 1936  -10.8 -6.6
PWI1 1949 1946  -13.1 9.4
B3LYP*® 2017 - 10.2 -

Not observed by
experiment
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(a) B3LYP geometry optimizations for species with missing entries consistently rearranged to the n2 geometry. (b)
Binding energies are given relative to the dissociated triplet state.

The DFT results for the 1-hexyne coordinated species further support this conclusion, as the
end-on singlet is actually predicted to have a higher CO stretching frequency than the n” singlet,
while the 1’ triplet shows a red—shift in frequency, relative to the 1’ singlet, consistent with the
experimental results. The calculations involving 1-hexene do not show this difference, and
instead predict similar frequencies for the n” triplet and the end-on singlet. While not entirely
conclusive on their own, the results of the frequency calculations are thus most consistent with
the assignment of the species at 1949 cm™ to the 1’ triplet Comparing the DFT-calculated
frequency differences between the 1’ triplet and n* singlet typically shows a roughly 10 cm™'
red-shift going from the singlet to the triplet. This trend is reasonably consistent with the
experimental results; our fits to the TRIR spectra showed the 1’ triplet absorption red- shifted by
ca. 25 cm ' from that of the n” singlet.

Having assigned each initially coordinated species to a triplet precursor, it is interesting to
consider that the spin state change in this reaction appears to take place more slowly than in
alcohol and THF solutions. In a recent study in alcohol and THF solvents,” we observed both
solvated spin states to form concurrently (within 1 ps time resolution), whereas, in the present
case, the solvated triplet clearly forms first and then converts to the solvated singlet. Looking at
the calculated structures of the coordinated triplet and singlet species (Figure 5.4) provides a
possible factor contributing to the slower rate of spin crossover in the present study.

Figure 5.4 summarizes the BP86 calculated coordination geometries and calculated energies
for each species assigned to an experimentally observed IR absorption, focusing on the
coordination of the unsaturated carbon—carbon bond to the Co center. The 1> coordinated alkyne
and alkene show somewhat different coordination geometries in the triplet and singlet states, as
shown in Figure 5.4. The requirement for a rearrangement of the coordination geometry may
partially explain the slower rate of intersystem crossing in these species, relative to our recent
observations in alcohol and THF solvents. For the alcohol and THF coordinated species, both
spin states were calculated to have very similar coordination geometries, which may assist the
Spin Crossover process.
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Figure 5.4. Calculated structures for the observed n” triplet and singlet 1-hexyne and 1-hexene
coordinated species. The graphics focus on the interaction of the Co center with the unsaturated
carbon—carbon bond (the full alkyl chains are not shown). Energies listed are the BP86 values,
relative to the triplet dissociation limit.

5.4 Conclusions

These results provide new insight into the early mechanistic steps of CpCo(CO), catalyzed
cyclotrimerization and cyclo-oligomerization reactions involving alkyne and alkene substrates,
as well as a better understanding of the complex reactivity of triplet 16—electron photoproducts
on the ultrafast timescale. In terminal alkyne and alkene solutions, *CpCo(CO) initially
coordinates to the unsaturated carbon—carbon bond without a change of spin state to form a
*CpCo(CO)(n*-alkyne/alkene) intermediate, which subsequently undergoes spin crossover to
form the 'CpCo(CO)(n*-alkyne/alkene) species. We note that this mechanism appears to be the
only possible route to formation of the n” singlet, as the n’* triplet is the only solvent-coordinated
species observed at early delay times. This result suggests that coordination of alkenes and
alkynes to other triplet 16-electron species involved in the reaction mechanisms depicted in
Figure 1 may similarly involve coordination of alkenes and alkynes prior to spin crossover from
the triplet state. The apparently slower rate of spin crossover involving coordination to alkynes
and alkenes, relative to recent observations in alcohol and THF solvents, highlights the influence
of the coordinating ligand on rates of spin state changes. Consistent with the previous
understanding of the interaction of triplet 16—electron photoproducts with alkyl groups, we do
not observe coordination of *CpCo(CO) with sp® hybridized alkyl groups of 1-hexyne or 1—
hexane.
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6  Direct Observation of a Bent Carbonyl Ligand in a 19-
Electron Transition Metal Complex

The following chapter is reproduced (adapted) in part with permission from (Lomont, J.
P.; Nguyen, S. C.; Harris C. B. J. Phys. Chem. A 2013, 117, 2317-2324.). Copyright (2013)
American Chemical Society.

6.1 Introduction

Though even electron species comprise the majority of organometallic complexes, odd
electron complexes have long been known to exist as stable products, or as reactive
intermediates, in chemical reactions.'”'® Among odd electron complexes, 17-electron (17¢)
and 19-electron (19¢) radicals are the most commonly encountered. 19¢ complexes can be
powerful reducing agents,'” and 19e¢ structures have been implicated as transient
intermediates'**'** and as transition states''®''" in chemical reactions. The question often arises
of whether a 19e complex is a “true 19e complex” in sense that the metal center has 19 valence
electrons, or whether the extra electron density tends to localize onto a ligand. Complexes in
which the 19" electron is at least somewhat localized onto a ligand orbital are often termed 18+8
complexes, where & describes the amount of radical electron density localized on the metal
center, 101104112

In many cases, transiently lived 19e structures are proposed to involve the rearrangement of a
ligand to accommodate the excess electron density at the metal center. A 2-electron donor ligand
may rearrange to become a l-electron donor,'''* an aromatic ring may “slip,” resulting in a
lower coordination number,'"” or a phosphine or phosphite ligand may adopt a radical electronic
configuration.''*'"® Examples of such structures are shown in Figure 6.1. The theoretical
rationale for each of these distortions is that the 19" electron can be moved from a higher energy
metal-ligand antibonding orbital into a lower energy ligand-centered orbital. In many cases, the
experimental evidence for the mechanistic role of these species has originated from
investigations into the reactivity of radical complexes, and thus many of the proposed structures
have not been directly observed.

1
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Cp(CO)3Mo P(OR)3
18e 17e

Figure 6.1. Examples of ligand rearrangements that avoid a 19-electron metal center.

In this chapter, picosecond time-resolved infrared (TRIR) spectroscopy is used to
characterize a 19¢ species in which a single CO ligand adopts a bent conformation to reduce
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excess electron density at the metal center. Specifically, photolysis of [CpRu(CO),], in a 1:4
molar P(OMe);:CH,Cl; solution leads to formation of 17e CpRu(CO), radicals, which coordinate
the Lewis base P(OMe); to form a 19e adduct with a bent CO ligand. The bending of this ligand
is demonstrated by comparison of the CO-stretching frequencies observed in the TRIR spectra of
[CpRu(CO),]» to analogous experiments on [CpFe(CO),],, combined with density functional
theory (DFT) calculations. DFT geometry optimizations provide evidence for the likely
geometry adopted by CpRu(CO),P(OMe)s, which involves a bent Ru—C—O bond angle of ca.
143-153°. Bending of the CO ligand presumably allows this complex to avoid a genuine 19¢
configuration at the metal center, similar in spirit to the structures shown in Figure 6.1. No
evidence for subsequent reactivity or decay of the 19e adduct is observed within 1 ns of its
formation.

The results of this study also provide insight into the mechanism of formation of a bridged
[CpRu(CO)]L(u—CO) photoproduct that has been observed in previous experiments on longer
timescales.''* Interestingly, the bridged species is not observed to form on the picosecond
timescale, indicating that it does not form directly from photolysis of the parent complex at 267
or 400 nm in neat CH,Cl, solution. This suggests that the mechanism of its formation likely
involves diffusive reactions of 17e radicals occurring on longer timescales. It cannot be ruled out
that different excitation wavelengths or different solvent conditions could allow for its formation
directly from photolysis of the parent dimer.

6.2 Methods
6.2.1 Sample Preparation

[CpRu(CO),]2, [CpFe(CO):]2, P(OMe)s, and CH,Cl, were purchased from Sigma-Aldrich
Co. All samples and solvents were used without further purification. Dilute solutions of all
samples were stable in air at ambient temperatures (verified via FTIR). Samples used to collect
TRIR spectra were prepared at concentrations of ca. 5 mM.

6.2.2 Data Analysis

Kinetic data in this work result from spectra measured at delay times between 0 and 1000 ps
between the UV/visible-pump and IR-probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 4 cm” wide) surrounding the reported
frequency. The kinetic data were then fit to exponential curves using Origin Pro 8 software. To
obtain fits with exponential rise and decays, a separate, home-written, fitting program was used.
Errors on experimental time constants are reported as 95% confidence intervals.

6.2.3 Density Functional Theory Modeling

Geometry optimizations were carried out using the BP86,°"** B3LYP,””* B3P86,’"*
B3PW91,** B97D,"”! LC-wPBE,'”"'* MO06,'” PW91,** wB97,"” and wB97XD'*
functionals in the Gaussian09 package.” The 6-31+G(d,p) basis'*”'**"** set was used for all
atoms except Fe and Ru, and the lanl2dz*** basis was used for Fe and Ru. Unless otherwise
noted, all calculations for odd-electron complexes were performed in a doublet spin state. All
geometry optimizations were followed with a frequency analysis for use in interpreting the TRIR
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results. Constrained geometry optimizations (described in section III B) were performed with the
BP86 functional by fixing the M—C—-O bond angle for a single carbonyl ligand at various angles
and optimizing the remaining geometric parameters. Frequency calculations were also carried
out for each partially optimized structure.

6.3  Results and Discussion

TRIR spectra in the CO stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands correspond to the
depletion of parent molecules.

6.3.1 Time-Resolved Infrared Spectroscopy

In polar solutions, [CpRu(CO);], exists as a mixture of cis and trans bridged isomers, as well
as two non-bridged isomers."”'"** With regard to existing studies on the photochemistry of this
complex, IR spectroscopy has been used to examine its reactivity following continuous
irradiation in solution and in matrix isolation,'*'*> and UV-Vis spectroscopy has been used to
study its photochemistry following continuous irradiation and flash photolysis in solution.'*
Reactivity studies involving spin trapping and EPR spectroscopy have also been used to follow
the reactivity of 17e radicals and carbonyl-loss products.’*® Density functional theory has been
used to study the structural isomers of the parent molecule and the corresponding carbonyl loss
products.’®® The results of all of these studies suggest that both 17¢ radicals, and a bridging CO-
loss complex, [CpRu(CO)],(n-CO), may result from photolysis of [CpRu(CO);],.

Figure 6.2A shows picosecond TRIR spectra of [CpRu(CO),], in neat CH,Cl, solution
following 400 nm photolysis. Positive absorptions at 1933 and 2003 cm™ are assigned to the 17¢
CpRu(CO); radical, and similar formation of 17e radicals has been observed previously for the
Fe congener of this species.””’ While only one parent bleach band in the terminal region is not
obscured by product bands, examination of the FTIR spectrum of [CpRu(CO),], in CH,Cl,
solution indicates that both photoproduct bands overlap other parent bleach bands.
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Figure 6.2. TRIR spectra of [CpRu(CO);], following 400 nm excitation in neat CH,Cl, solution
(panel A) and 1:4 molar P(OMe);:CH,Cl, solution (panel B).

Figure 6.2B shows TRIR spectra of [CpRu(CO);], in 1:4 molar P(OMe);:CH,Cl, solution.
This solvent was chosen based on previous studies that have shown 17e radicals can coordinate
the Lewis base P(OMe); on the picosecond timescale under these conditions."**'* Absorptions
at 1930 and 2003 cm™, assigned to 17e CpRu(CO),, decay with the concomitant rise of new
absorptions at 1810 and 1959 cm™. The decay time constants for the absorptions at 1930 and
2004 cm™ are 190 + 4 and 206 + 9 ps, respectively, while the rise time constants for the bands at
1810 and 1959 cm™ are 221 + 7 and 192 + 16 ps, respectively; thus two kinetically correlated
species are present. Based on the correlated time constants for decay of the 17e species and rise
of the new product peaks, we assign the absorptions at 1810 and 1959 cm™ to the 19e
CpRu(CO),P(OMe); adduct. This is supported by the downshift in frequency of the CO-
stretching absorptions, as well as the fact that the new species also shows two strong CO-
stretching bands, ruling out the possibility that P(OMe); has substituted a CO ligand to form a
monocarbonyl product.

Before proceeding, we wish to make abundantly clear the reasons the absorption at 1810 cm™
cannot belong to the dimetallic bridged species [CpRu(CO)]»(u-CO), which has been observed
previously in a 3-methylpentane matrix at 1772 cm™.'"” First, no analogous absorption is present
in the spectra collected in neat CH,Cl; solution, clearly indicating that a reaction with the Lewis
base P(OMe); is responsible for generating the species observed at 1810 cm™. Were the band at
1810 cm™ to correspond to a dimetallic bridged complex, we would expect to observe the same
complex in neat CH,Cl; solution. Second, the time constants for the rise of the bands at 1810 and
1959 cm™ correlate well with one another, indicating that they belong to the same species, and
also correlate well with the decay of the bands at 1930 and 2004 cm™, indicating that CpRu(CO),
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is clearly the species which reacts to form the species observed at 1810 and 1959 cm™. There is
no reason that the presence of the Lewis base P(OMe); should cause recombination of
CpRu(CO), fragments to form a dimetallic complex. Moreover, existing ultrafast studies of
[CpW(CO);3], in phosphine and phosphite solutions'**'** have amply demonstrated that a Lewis
base reacts with individual 17e CpW(CO); fragments to form adducts containing a single metal
center, analogous to what we assign here. In the studies of the [CpW(CO);]» dimer, no evidence
was found to suggest that the presence of a Lewis base caused geminate recombination of the
nascent 17e fragments to form a dimetallic complex. Having examined this spectral assignment
in detail, we will next consider the structure of the CpRu(CO),P(OMe); adduct more closely.

The observed frequency of 1810 cm™ for the antisymmetric stretching mode is unusually low
and is more consistent with the frequency one would expect for a bent or bridging carbonyl
stretching mode than for a terminal carbonyl stretching mode. Additional evidence that this
frequency is lower than expected is provided by comparing the present results to previous studies
involving 17e and 19e¢ photoproducts of [CpW(CO)3]».”*"*" In that study, roughly equal
frequency shifts were observed for the lower frequency and higher frequency absorption bands
when moving from the 17¢ to 19¢ products (Av = 30 and 28 cm’, respectively), while in the
present study the antisymmetric mode redshifts significantly more (Av = 120 c¢m™) than the
symmetric mode (Av = 44 cm™") when moving from the 17¢ to 19e ruthenium products. Even at
the longest delay times, the terminal carbonyl parent bleaches are still not strongly visible,
indicating that some quantity of 17e photoproduct remains overlapped with these bands. This
suggests that an equilibrium 1is established between 17¢ CpRu(CO), and 19e
CpRu(CO),P(OMe)s.

This is consistent with observations made in a previous picosecond study on [CpW(CO);]; in
similar solvent environments, in which an equilibrium was established between 17¢ CpW(CO);
and 19¢ CpW(CO)sL (L = P(OMe)s, PPhs, PBus) on the picosecond timescale."**'* While the
experiments on photolysis of the [CpW(CO)s], dimer observed a picosecond disproportionation
mechanism, the results of the present study cannot be explained by a disproportionation
mechanism: were a disproportionation mechanism to take place, additional cationic and anionic
products would be observed, requiring a total of at least six positive product bands (two for each
of the 17e and 19e species, and at least one for each of the anionic and cationic products) in the
picosecond TRIR spectra.

To provide additional evidence that this frequency is significantly lower than one would
typically expect for the formation of a 19¢ adduct, we also examined the TRIR spectra of the iron
congener, [CpFe(CO);],. TRIR spectra of [CpFe(CO),], were collected following 400 nm
photolysis in 1:4 molar P(OMe);:CH,Cl, solution, and these spectra are shown in Figure 6.3.
Similar to the results with the ruthenium dimer, absorptions at 1918 and 1998 cm™, assigned to
the 17e CpFe(CO), radical, are observed to decay with the concomitant rise of absorptions at
1895 and 1954 cm’', assigned to the 19¢ CpFe(CO),P(OMe); adduct. An isosbestic point at ca.
1907 cm™ is observed between the antisymmetric stretching modes of the 17¢ and 19e¢
complexes. Note that the frequency shift of the antisymmetric mode upon coordination of
P(OMe); to form the 19¢ adduct is only 23 cm™', while this same frequency shifts by 120 cm™ for
the ruthenium congener. This difference further demonstrates that the frequency of the
antisymmetric CO stretching mode of CpRu(CO),P(OMe); is unusually low, and also indicates
that the structures of the iron and ruthenium 19e products differ significantly. The product band
at ca. 1820 cm™ in Figure 6.3 corresponds to the CO-loss product Cp,Fe,(u-CO)s, and this
species has been reported previously.'* It is worth pointing out that previous reports have
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indicated CpFe(CO),L (L = CO, PPhs) to adopt an n*-Cp coordination geometry, thus displacing
the radical electron density onto the Cp ring.'”'*""'** The TRIR spectra reported in this study do
not provide any direct structural information to support or disprove such a coordination
geometry, and the DFT investigations (vide infra) do not predict a ring slipped geometry.
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Figure 6.3. TRIR spectra of [CpFe(CO),], following 400 nm excitation in 1:4 molar
P(OMe);:CH,Cl,; solution.

We were also interested in the possible effects of the solvent on the structure of the 19e¢
CpRu(CO),P(OMe); adduct, so TRIR spectra of [CpRu(CO);], were collected following 400 nm
excitation in 1:4 molar P(OMe)s:n-heptane solution. These spectra were similar to those obtained
in 1:4 molar P(OMe);:CH,Cl, solution, with bands at 1940 and 2009 cm™ observed for the 17¢
CpRu(CO), photoproduct, and frequencies of 1826 and 1956 cm™ observed for the 19e
CpRu(CO),P(OMe); adduct. The antisymmetric band of the 19¢ complex at 1826 cm™ exhibited
a narrower bandwidth in the n-heptane solution than in the CH,Cl, solution. The similarity of the
spectra in these two solvents suggests that the polarity of the surrounding solvent does not
substantially affect the structure of the 19¢ adduct.

As mentioned in the introduction, previous studies have demonstrated that formation of 19¢
adducts may involve rearrangement of a two electron donor ligand to a one electron donor to
avoid a 19¢ count at the metal.'">!''* In this case, the spectroscopic evidence appears to suggest
that, for CpRu(CO),P(OMe);, a CO ligand rearranges to a bent conformation such that it behaves
as a l-electron donor. Density functional theory calculations were carried out to investigate the
structure of the CpRu(CO),P(OMe); and CpFe(CO),P(OMe); complexes.

A final note with regard to the TRIR spectra in neat CH,Cl, solution: previous FTIR studies
following continuous irradiation of [CpRu(CO),], in a 3-methylpentane matrix have observed a
bridging carbonyl absorption at 1772 cm™, and the authors assigned this absorption to a singly
bridged [CpRu(CO)]2(u-CO) photoproduct.’” In the picosecond TRIR spectra in neat CH,Cl,
(Figure 6.2A), no absorptions corresponding to bridging carbonyl photoproducts are observed
following either 400 or 267 nm excitation, indicating that no significant quantity of
[CpRu(CO)]»(u-CO) is formed. The most likely explanation would appear to be that the singly
bridged species forms through a mechanism that does not follow directly from photolysis of the
parent complex, perhaps involving subsequent reactivity of the 17e radical photoproducts on
longer timescales. It is also possible that the singly bridged species does not form in CH,Cl,
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solution, or that an unobserved, transient precursor to its formation is unable to form in CH,Cl,
solution. Similarly, the absence of bridging carbonyl photoproduct peaks indicates that the triply
bridged species Cp,Ruy(1#-CO); is not formed; analogues to this species have been observed
previously following photolysis of [CpFe(CO),],"*" and [Cp Ru(CO),],"*""** (Cp" = Cs(CHa)s).

6.3.2 Density Functional Theory Modeling

DFT geometry optimizations were carried out for each of the 17e and 19e species mentioned
in the preceding section. Interestingly, even when the Opt=VeryTight convergence criteria were
used, two different local minima could be located for CpRu(CO),P(OMe); depending on whether
the input structure involved approximately linear Ru—C—-O angles or one bent Ru—C—-O angle.
This observation held true for all 10 of the functionals tested. Table 6.1 lists the relative energies
and vibrational frequencies obtained for the two minima located with each functional, and
Comparing the energies of these minima, it is clear that the minimum involving a bent Ru—C-O
bond angle is the overall minimum energy structure. For CpFe(CO),P(OMe);, only a single
minimum with approximately linear Fe-C—-O bond angles was located. The calculated BP86
structures of the minima for each 19e species are shown in Figure 6.4.
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Figure 6.4. Structures of the minima located for CpRu(CO),P(OMe);, and CpFe(CO),P(OMe);
using the BP86 functional. The M—C-O angle in question is highlighted in green.
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Table 6.1. Calculated energies and vibrational frequencies for each of the CpRu(CO),P(OMe);
minima located using each density functional. The terms Bent and Unbent are used to distinguish
between the two local minima located with each functional. The angles indicated for each
structure correspond to the set of atoms indicated in Figure 6.4.

Functional Structure Ru-C-O Vib. Freqs.  AEgent Unbent

Angle (°) (cm'l) (kcal/mol)

BP86 Bent 153 1849, 1949 -3.31
Unbent 177 1924, 1980

B3LYP Bent 151 1918, 2031 -1.70
Unbent 177 2007, 2068

B3P86 Bent 150 1927, 2056 -3.57
Unbent 177 2032, 2093

B3PWOI1 Bent 150 1927, 2052 -3.25
Unbent 177 2028,2089

B97D Bent 152 1854, 1954 -4.80
Unbent 177 1935, 1996

LCWPBE Bent 146 1939, 2124 -3.44
Unbent 177 2097, 2158

MO06 Bent 147 1941, 2053 -3.26
Unbent 178 2029, 2095

PWI1 Bent 152 1856, 1961 -4.04
Unbent 177 1942, 2001

WB97 Bent 143 1923, 2095 -3.09
Unbent 177 2068, 2130

WB97XD Bent 147 1947, 2094 -3.42
Unbent 177 2064, 2128

(a) Negative AE values indicate that the bent conformation is favored.

In comparing the calculated and experimental vibrational frequencies, we were primarily
interested in the predicted difference in frequency between the symmetric and antisymmetic
modes. Using the BP86 functional, the difference in frequency between the symmetric and
antisymmetric CO stretching modes for CpFe(CO),P(OMe); is 53 cm’, while for
CpRu(CO),P(OMe); this difference is predicted to be 100 cm™. The fact that the calculated and
experimental frequencies for each complex are in reasonable agreement supports the notion that
the calculated structures can be considered to provide a reasonable description of those observed
experimentally. Thus, it appears that the structure of CpFe(CO),P(OMe); involves approximately
linear M—C-O bond angles, while CpRu(CO),P(OMe); involves a bent CO ligand.

Constrained geometry optimizations were carried out with the BP86 functional to further
investigate the potential energy surface along the coordinate for bending of a M—C-O bond in
both the ruthenium and iron centered 19-electron adducts, and these were performed by freezing
one M—C-O bond angle at angles ranging from 120 to 180 while optimizing the remaining
geometrical parameters. The vibrational frequencies and energies of the bent complexes are
plotted in Figure 6.5.

The results of the frequency calculations shown in Figure 6.5 indicate that, as the M—C-O
angle is bent away from a linear geometry, the frequencies of both the symmetric and
antisymmetric CO stretching modes are predicted to shift. In terms of comparing the results of
these calculations to the experimental data, it is especially relevant that the difference in
frequency between the symmetric and antisymmetric modes increases significantly as the M—C—
O bond angle is lowered. From the plotted energies, it is clear that the minimum energy structure
for CpRu(CO),P(OMe); is predicted to involve a bent CO ligand, while that for
CpFe(CO),P(OMe); is predicted to involve both CO ligands bonded in the traditional, 2-electron
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donor fashion. As shown in Table 6.1, the value of the Ru—C—O angle is predicted to be
approximately 143-153°, depending on which density functional theory method is used. The
leveling off in the potential energy surface of the CpRu(CO),P(OMe); complex (Figure 6.5, top
panel) provides a likely explanation for why two local minima were located in the direct
geometry optimizations for this complex; when the Ru—C—O bond angle is approximately linear,
there is essentially no local gradient in energy along the Ru—C—O bending coordinate.
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Figure 6.5. Vibrational frequencies calculated using the BP86 functional for the symmetric (red
dots) and antisymmetric (blue dots) modes of the two CpM(CO),P(OMe); species, along with
their energies (green lines) as a function of the M—C-0O angle.

In addition to the calculations described thus far, we also performed geometry optimizations
to search for local minima other than those shown in Figure 6.4, and we will describe these
briefly. One type of geometry we considered was a local minimum involving a bridging carbonyl
ligand bridging the Ru and P atoms in the 19¢ CpRu(CO),P(OMe); adduct; however, no
corresponding minimum could be located. We also attempted geometry optimizations for the
CpRu(CO),P(OMe); species in a quartet (as opposed to a doublet) spin state; these resulted in
structures in which the Cp ring distorted to coordinate the metal via a single carbon atom, and the
energies were significantly (> 35 kcal/mol) higher in energy than the doublet minima.
Constrained geometry optimizations were performed in which both Ru—C-O bond angles were
simultaneously constrained to a bent conformation, and the frequencies of these species were
also calculated. The results indicated that bending of both carbonyls simultaneously led to
species with too small of splitting between the symmetric and antisymmetric CO stretching
modes to be consistent with the experimental observations. The “double-bent” structures
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calculated were also consistently higher in energy than the “single-bent” minima reported. For
example, constraining both M-C-O angles to 160° led to structures ca. 3 kcal/mol higher in
energy than the single bent minima, while constraining both M-C-O angles to 150° led to
structures ca. 6 kcal/mol higher in energy than the single bent minima, and further constraining
both M-C-O angles to 140° led to structures ca. 13 kcal/mol higher in energy than the single bent
minima (these values obviously vary somewhat with the choice of functional the values listed
here correspond to those calculated using the BP86 functional). Geometry optimizations
beginning from “ring-slipped” conformations returned to the local minimum shown in Figure
6.4. The fact that no other minima were located further supports assignment of the 19e
CpRu(CO),P(OMe); adduct to the structure containing a bent CO ligand.

Considering that the 19¢ iron and ruthenium species possess identical ligands, and share the
same d-electron configuration, it is somewhat surprising that DFT methods correctly predict this
significant structural difference. The fact that all 10 DFT methods tested correctly distinguished
between the structures of CpFe(CO),P(OMe); and CpRu(CO),P(OMe); speaks to the power of
DFT for studying organometallic complexes. We were pleasantly surprised at this result, and,
indeed, it provided much of the motivation for choosing to test so many functionals. Certainly
though, DFT methods do not always predict geometries consistent with experimental
observations. In a study on the FeO, anion, for example, nine of ten tested DFT methods
predicted a bent geometry for this odd electron complex, while only one predicted the linear
doublet ground state that matches experimental observations.'*

While the observation of a bent 19¢ CO complex is surprising, the literature contains other
reports of bent CO ligands in a variety of contexts. As was mentioned in the introduction, the
bending of a ligand to avoid a 19e configuration at the metal has been reported previously.''>'!*
A number of experimental and computational studies have been carried out on CO bound
myoglobin, and the Fe—C—O angle has been debated and reported to take on a wide range of
values from completely bent to completely linear.'** "' Similarly, bridging carbonyls have been
reported that span the entire range of symmetrically bridging to completely nonbridging.'”> As
early as the 1960’s, unsymmetrical bridging CO ligands were reported, and Cotton suggested
these semi-bridging CO ligands provide a mechanism for a metal with excessive electron density
to transfer some of that electron density onto to a CO group bonded to a metal center with less
electron density.'” '*° The existence of bent nitrosyl ligands is also well known."”” " In the
case of CpRu(CO),P(OMe); we believe the 19e metal center transfers its excess electron density
onto a CO ligand, causing it to adopt a bent conformation.

Of course, the ability to predict which 19¢ complexes will adopt a bent CO ligand
conformation would be a powerful tool. Unfortunately, it remains difficult to make such
predictions from arguments based solely on the identity of the metal center or its ligands.
However, our results demonstrate that DFT methods are able to correctly predict that the
CpRu(CO),P(OMe); adduct will have a bent CO ligand in its minimum energy conformation,
while the CpFe(CO),P(OMe); complex will not. The fact that the DFT results matched the
experimental results closely in this study was very pleasing to us, and thus, at this point in time,
DFT geometry optimizations seem to offer the best method for predicting whether a given 19¢
adduct will contain a bent CO ligand. We expect that future experimental studies characterizing
the structures of 19¢ adducts will help to develop predictive ability regarding the structures of
these species.
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6.4 Conclusions

In this paper, we have used picosecond TRIR spectroscopy to demonstrate the formation of a
19¢ CpRu(CO),P(OMe); adduct with a bent CO ligand. DFT calculations and comparison to
experimentally observed vibrational frequencies for CpFe(CO),P(OMe); were used to assign the
experimental TRIR spectra. Presumably, the CO ligand bends due to donation of excess electron
density from the 19e metal center into a carbon-centered orbital, which allows the metal center to
redistribute some of the unpaired electron density. The observation of a bent CO ligand in
CpRu(CO),P(OMe); provides new insight into the solution-phase structure of this 19¢ complex,
and this information helps to develop a clearer picture of 19e reactivity.

In addition to reporting the observation of a bent CO ligand in the CpRu(CO),P(OMe);
adduct, this study also represents the first ultrafast investigation into the photochemistry of the
[CpRu(CO),], dimer. It is significant that no singly bridged CO complex was observed in neat
CH,Cl; solution following 267 or 400 nm irradiation. This suggests that the singly bridged
[CpRu(CO)]a(4-CO) complex that has been reported previously does not form as a direct result
of photolysis at either excitation wavelength, suggesting that it forms via a diffusive mechanism
on timescales longer than 1 ns. It remains possible that this species may form on the picosecond
timescale under other conditions.
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7  Insights Into the In-Cage Photochemical
Disproportionation of Transition Metal Dimers

The following chapter is reproduced (adapted) in part with permission from (Lomont, J.
P.; Nguyen, S. C.; Harris C. B. J. Phys. Chem. A 2013, 117, 3777-3785.). Copyright (2013)
American Chemical Society.

7.1 Introduction

While the majority of organometallic complexes contain an even number of valence
electrons, the importance of odd electron species has long been known.'""'**'*" Among these,
the most commonly encountered odd electron complexes are 17-electron (17¢) and 19-electron
(19¢) species. Electron rich 19e complexes have been implicated in electron transfer reactions as
well as catalytic processes.'”*'** In the present study, we focus our attention on the reactivity of
17e and 19e complexes toward radical disproportionation on the picosecond timescale.

In the reactions studied in this paper, photochemical cleavage of the metal-metal bond in a
transition metal dimer leads to the initial formation of a 17e radical pair, and these 17e radicals
may coordinate a Lewis base to form a 19e adduct. A 17e and 19e radical pair may then undergo
disproportionation, transferring an electron to yield two 18e complexes. Previous picosecond
studies on the photolysis of [CpW(CO)s], in the presence of Lewis bases have demonstrated that
radical disproportionation between 17e and 19e species can occur prior to diffusion out of the
solvent cage."”™"*” Here we investigate the role of the identity of the transition metal complex in
these reactions, and we find that different transition metal complexes exhibit markedly different
reactivity with regard to picosecond disproportionation and the formation of 19e adducts.

For 19e complexes, a distinction is often made between “true” 19e complexes, in which the
19" electron is localized at the metal center, and 18 + & complexes, in which the 19™ electron
localizes on a ligand away from the metal center.'’"'**!'* For example, we recently discovered
that the 19¢ adduct CpRu(CO),P(OMe); is an 18 + & complex containing a bent CO-ligand.'®"
There also exists evidence that CpFe(CO),P(OMe); is likely to be an 18 + & complex with an 1*
Cp ligand, 1141142

Tyler et al. studied the photochemically initiated radical disproportionation of [CpM(CO)s],
(M = Cr, Mo, W) into CpM(CO);” and CpM(CO);L" (L = phosphine, phosphite), and their
originally proposed mechanism is shown in Figure 7.1, panel C.'®'® More recent TRIR
studies'****1¢17 on [CpW(CO)s], in phosphite and phosphine solutions ranging from
picosecond through microsecond timescales led to the proposal of the two additional
mechanisms, shown in Figure 7.1, panels A and B.

The disproportionation mechanism in panel A occurs on the picosecond timescale, prior to
diffusion of the 17e and 19e radicals out of the solvent cage. This will be referred to as the “in-
cage” mechanism. It is also possible that a pair of 17e radicals diffuses apart prior to formation
of a 19¢ intermediate, or that a 17¢ and 19e radical pair do not form disproportionation products
prior to diffusion out of the solvent cage. In this case, the 17e and 19e species may subsequently
react with other radicals via diffusive encounters in the bulk solvent. This mechanism, shown in
Figure 7.1B, will take place on longer timescales ranging from nanoseconds to milliseconds (or
longer) and has been termed the “radical mechanism.”'®” Finally, there is the disproportionation
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mechanism originally proposed by Tyler et al,'>'**!'**1%% shown in Figure 7.1C. This mechanism

postulates that a 19¢ complex reacts via diffusive collisions with a parent dimer molecule to form
the disproportionation products. This mechanism was supported by observations of a quantum
yield greater than unity, consistent with a radical chain mechanism.

A. in-cage mechanism
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Figure 7.1. A summary of three mechanisms proposed for radical disproportionation

Presumably, mechanisms similar to those in Figure 7.1 also describe plausible
disproportionation mechanisms following photolysis of other transition metal dimers. The
present study uses picosecond time-resolved infrared (TRIR) spectroscopy to elucidate details
surrounding the in-cage mechanism. The results described in this paper present new insights into
its applicability of the in-cage mechanism and the factors that dictate whether this mechanism, or
a diffusive one, will characterize electron transfer reactions in these complexes. These results
also explore the tendency of the 17e radicals generated to form 19e photoproducts in the
presence of Lewis bases, and provide insight into the oxidizing and reducing properties of the
17e and 19e complexes studied.

7.2 Methods
7.2.1 Sample Preparation

an(CO)lo, RCQ(CO)]Q, [CpFG(CO)z]z, [CpRu(CO)z]z, [CpMO(CO)3]2, P(OM€)3, and CH,Cl,
were purchased from Sigma-Aldrich Co. All samples and solvents were used without further
purification. Dilute solutions of all samples, except [CpMo(CO)s], in phosphite/CH,Cl, solution,
were stable in air at ambient temperatures (verified via FTIR). Samples used to collect TRIR
spectra were prepared at concentrations of ca. 5 mM. In the case of phosphite/CH,Cl, solutions
of [CpMo(CO);]», the dimer was observed to decay on the timescale of several hours,
presumably due to the fact that the flow pump setup is not rigorously air-free. For this reason,
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fresh samples of identical concentration were prepared every 30 minutes, and data files were
checked to ensure that no evidence of parent species decay was present in the TRIR spectra.

7.2.2 Data Analysis

Kinetic data in this work result from spectra measured at delay times between 0 and 1000 ps
between the UV/visible-pump and IR-probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 3 cm” wide) surrounding the reported
frequency. The kinetic data were then fit to exponential curves using Origin Pro 8 software. To
obtain fits with exponential rise and decays, a separate, home-written, fitting program was used.
Errors on experimental time constants are reported as 95% confidence intervals.

7.2.3 Density Functional Theory Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the TRIR spectra for [CpMo(CO)s],. Calculations were carried out
using the BP86°® functional in the Gaussian09*’ package using the lanl2dz basis*** for Mo
and the 6-31+G(d,p)'*"'**"*° basis for all other atoms. Geometry optimizations were followed by
a frequency analysis to ensure that all geometries were genuine local minima and for use in
interpreting the TRIR results.

7.3  Results and Discussion

TRIR spectra in the CO stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands correspond to the
depletion of parent molecules.

7.3.1 Reactivity of Mn(CO)s and Re(CO)s Radicals

Mny(CO);p has been demonstrated to undergo disproportionation under thermal or
photochemical conditions in the presence of amines'® """ and other Lewis bases, including THF
and acetonitrile.'”>'”® Previous studies have also provided strong evidence that Mn(CO)s and
Re(CO)s coordinate phosphines, phosphites, and other ligands via an associative mechanism to
form a 19¢ intermediate.'’® '™ However, it is notable, especially in the context of the present
study, that the corresponding parent dimers are not believed to undergo disproportionation
reactions with monodentate phosphines or phosphites.'®''® In the few studies in which
disproportionation was observed in the presence of these ligands, it has been shown that the
disproportionation reaction could be attributed to the presence of other donor solvents.'™ The 18-
electron complexes Mn(CO)sCl and Mn(CO),PPh;Cl have been observed via FTIR
spectroscopy,'”” but, to our knowledge, 19¢ products formed by coordination of a phosphite or
phosphine to Mn(CO)s have not been directly observed. Irradiation of Re;(CO);¢ in pyridine and
DMEF solution led to the observation of Re(CO)s’, suggesting that disproportionation does take
place in these solvents.'™ In acetonitrile, the anionic product was not observed, suggesting that
disproportionation did not take place in acetonitrile solution.'” The cationic products were not
addressed in either of these studies.
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TRIR spectra of Mn,(CO);p and Rex(CO);o in 1:4 molar solutions of P(OMe); in CH,Cl,
were obtained in order to observe the reactivity of the corresponding 17e radical fragments. This
solvent was selected since it was used previously to demonstrate the in-cage disproportionation
mechanism with [CpW(CO)s],, thus allowing us to directly compare the results of that study to
the present observations. Figure 7.2 shows the TRIR spectra obtained for Mn,(CO);, following
400 nm excitaiton. Based on comparisons to previous picosecond TRIR studies in alkane and
alcohol solutions,'™ the positive absorption band at 1985 cm™ is assigned to the 17¢ species
Mn(CO)s. The lack of dynamic changes for this absorption, combined with the absence of any
other absorption bands, indicates that no other products are formed on the picosecond timescale.
Thus, no 19¢ adducts or disproportionation products are observed in these spectra.

1985

— 20 ps
1 — 50ps
— 100 ps
oy 200 ps
— 300 ps
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-3 4| — 700 ps

1700 1800 1900 2000 2100
Wavenumber (cm™)

Figure 7.2. TRIR spectra of Mny(CO),o following 400 nm photolysis in 1:4 molar
P(OMe);:CH,Cl,; solution.

Picosecond TRIR spectra of Re,(CO),o have been reported previously in alkane and carbon
tetrachloride solution."®”'®® 400 nm photolysis of this dimer does not lead to significant
formation of 17e radicals via cleavage of the Re-Re bond, so 267 nm photolysis was instead used
to generate 17e radicals from this parent species. The corresponding TRIR spectra are shown in
Figure 7.3. Previous investigations using 295 nm excitation observed the formation of both 17¢
radicals and CO-loss products,'®”'™ and similar results were observed in the present
experiments. Absorption bands at ca. 1930, 1950, and 2051 cm™ (marked with asterisks in Figure
7.3) are assigned to CO-loss products, while the absorption band at 1989 cm™ is assigned to the
17e species Re(CO)s. We attribute the spectral changes with delay time to solvation of CO-loss
complexes and geminate recombination, but no 19e species are observed on the picosecond
timescale. Were a 19¢ complex to form, we would expect to see the growth of a new product
band red-shifted from the band at 1989 c¢m™, along with significant decay of the band at 1989
cm™ corresponding to the 17¢ Re(CO)s photoproduct. Since this peak decays slightly on the
picosecond timescale, but no other product peaks are formed, we attribute the decay of this band
to overlap with a band of the unsolvated CO-loss complex, which redshifts upon solvent
coordination.
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Figure 7.3. TRIR spectra of Rey(CO);p following 267 nm photolysis in 1:4 molar
P(OMe);:CH,Cl, solution. Asterisks denote absorptions due to the CO-loss product Re,(CO)g.

Considering that the mechanism for ultrafast in cage disproportionation (Figure 7.1A) relies
on the formation of 19¢ adducts, and that no 19e adducts are observed, it is not surprising that
disproportionation products are also not observed to form. This lack of reactivity is in contrast to
that reported previously for CpW(CO)s radicals in the same solvent, which readily coordinate
P(OMe); to form a 19e species and establish a 17e/19¢ equilibrium on the picosecond timescale.
Since previous studies have shown that both Mn(CO)s and Re(CO)s coordinate phosphines,
phosphites, and other ligands via an associative mechanism proceeding through a 19¢
intermediate,'"®'® the lack of reactivity of these 17e¢ complexes on the picosecond timescale
implies that an energetic barrier to coordination of P(OMe); may exist. While unexpected, this
would not be a terribly surprising result when considering that previous studies have
demonstrated rates of associative ligand substitution reactions to 17e complexes to span a wide
range and depend heavily on the identity of the metal center.'*”"** Of course, it is also possible
that an equilibrium between the M(CO)s and M(CO)sP(OMe); adducts is established rapidly, but
that it strongly favors the 17e species, such that the 19¢ adducts are formed in such low yields
that they cannot be detected. Since the 19¢ intermediate is needed to generate the
disproportionation product, this would also explain the lack of observed disproportionation
products.

7.3.2 Reactivity of CpFe(CO), and CpRu(CO), Radicals

[CpFe(CO),]» has been shown to undergo thermal and photochemical disproportionation in
the presence of phosphines and phosphites,'*'*! and these early experiments played a role in
developing the mechanism shown in Figure 7.1C. The disproportionation chemistry of
[CpRu(CO),], has been reported to be similar to that of the iron congener.'”> TRIR spectra of
[CpFe(CO),]» have been reported on the femtosecond though microsecond timescales, and 400
nm photolysis leads to the formation of 17e CpFe(CO), radicals, as well as a triply bridged CO-
loss complex, Cp,Fex(u-CO)s.'”> ' The photochemistry of [CpRu(CO),], has been investigated
previously by flash photolysis and continuous irradiation experiments in solution'**"*>*® and by
continuous irradiation in frozen matricies.'”> Density functional theory calculations''*'* have
also been used to study this complex and its derivatives.
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TRIR spectra of each of these dimers in 1:4 molar P(OMe);:CH,Cl, solution were collected
as part of a recent study on the observation of a bent CO-ligand in the 19¢ CpRu(CO),P(OMe);
adduct,’®' and we reproduce them here to discuss their implications for in-cage radical
disproportionation. In these spectra, the formation of 19¢ adducts (in an equilibrium with the
corresponding 17e species) was observed on the picosecond timescale, but no disproportionation
products were observed. We will briefly revisit these results here.

Figure 7.4A shows the TRIR spectra of [CpFe(CO):], collected following 400 nm photolysis
in 1:4 P(OMe);:CH,Cl, solution. Positive absorptions at 1918 and 1998 cm™ correspond to 17¢
CpFe(CO),, and these decay with the concomitant rise of absorptions at 1895 and 1954 cm™ (rise
time of 315 + 38 ps for the 1895 cm™ band), assigned to the 19¢ complex CpFe(CO),P(OMe)s;.
The weak positive absorption at ca. 1820 cm™ is assigned to the triply-bridged CO-loss product
CpoFex(u-CO);. In these spectra, we observe no evidence indicating the formation of
disproportionation products. If disproportionation products were to form, we would at least one
additional band at a frequency lower than that of the antisymmetric stretching mode of
CpFe(CO),P(OMe); (which would correspond to the anionic product), as well at least one
absorption at a frequency higher than that of the symmetric stretching mode of CpFe(CO),
(which would correspond to the cationic disproportionation product). These expected frequency
regimes are based on comparisons to previous experiments on the [CpW(CO);], dimer, as well
as to present results on the [CpMo(CO)s], dimer (vide infra).

TRIR spectra of [CpRu(CO);], in 1:4 P(OMe);:CH,Cl, solution are shown in Figure 7.4B.
Absorptions at 1930 and 2003 cm™, assigned to 17e CpRu(CO),, decay with the concomitant rise
of new absorptions at 1810 and 1959 cm™ (rise time of 192 + 16 ps for the 1959 cm™ band),'®!
which were assigned to 19e CpRu(CO),P(OMe);. Our recent investigation into the unusually low
frequency of the antisymmetric stretching mode at 1810 cm™ demonstrated that this low
frequency can be attributed to the presence of a bent CO ligand.'®" Similar to the situation with
the iron congener, we observe no evidence indicating the formation of disproportionation
products in these spectra.
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Figure 7.4. TRIR spectra of [CpFe(CO),]» (Panel A) and of [CpRu(CO),], (Panel B) following
400 nm photolysis in 1:4 molar P(OMe);:CH,Cl, solution.

The CO ligand presumably distorts to a bent conformation in order to distribute charge away
from the metal center, and thus this 19-electron adduct is best described as an 18 + & complex.
The lowered charge density at the metal center may explain its poorer ability to act as a reducing
agent, relative to the 19¢ tungsten complex, CpWCO3P(OMe);, studied previously.'**'*

Interestingly, reports have indicated that CpFe(CO),L (L = CO, PPhs) complexes adopt an n*
coordination geometry for the Cp ligand, thus displacing the radical electron density onto the Cp
ring.'*""'** For this reason, it seems likely that CpFe(CO),P(OMe); may similarly redistribute
charge away from the metal center onto the Cp ring, making it a poorer reducing agent. The fact
that CpFe(CO),P(OMe); does not undergo disproportionation on the picosecond timescale is,
itself, evidence that this species is a poorer reducing agent than the 19¢e CpW(CO);L (L = PPh;s,
P(OMe);, PBuj3) complexes with which the in-cage mechanism was originally observed.
Delocalization of the 19" electron onto the Cp ring would seem to provide the most likely
explanation for the lack of disproportionation reactivity in this case.

7.3.3 Reactivity of CpMo(CO); Radicals

As described in the introduction, the disproportionation reactivity of [CpMo(CO);]», as well
as its chromium and tungsten congeners, has been studied previously.'®> ' These experiments
led to the proposal of the disproportionation mechanism shown in Figure 7.1C. In polar solvents,
[CpMo(CO)s], exists as a mixture of trans and gauche isomers, with no bridging carbonyls
present in either structure.””®"’ The nanosecond TRIR spectra of [CpMo(CO);], have been
reported previously in n-heptane solution following 532 nm excitation."”*"®® 532 nm photolysis
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leads to the formation of 17e CpMo(CO); radicals, with no evidence for the formation of CO-
loss products.'”* 2!
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Figure 7.5. TRIR spectra of [CpMo(CO)s], following 400 nm photolysis in 1:4 molar
P(OMe);:CH,Cl,; solution.

Figure 7.5 shows the TRIR spectra of [CpMo(CO);], collected following 400 nm photolysis
in 1:4 molar P(OMe);:CH,Cl, solution. These spectra are similar to those obtained previously for
[CpW(CO)s], in the same solvent."**'** Photoproduct absorptions at 1891 and 2004 cm™ are
assigned to the 17e species CpMo(CO)s. These decay with the concomitant rise of absorptions at
1884 and 1973 cm™, assigned to the 19¢ species CpMo(CO);P(OMe)s. A decay constant of 196
+ 5 ps is observed for the band at 2004 cm™', and a rise time of 184 + 8 ps is observed for the
absorption at 1973 cm’™', suggesting that the two species are kinetically correlated. An isosbestic
point is also observed at ca. 1877 cm’.

Absorptions at ca. 1779 and 2068 cm™' are also observed to grow in with time constants of
193 + 11 and 299 + 67 ps, respectively. The broad lower frequency band at ca. 1779 cm™ is
assigned to the anionic disproportionation product, CpMo(CO);", while the higher frequency
band at 2068 cm™ is assigned to the cationic disproportionation product, CpMo(CO);P(OMe);"
(the intensity of this absorption has been magnified by a factor of 3 for visualization purposes).
Note that these absorptions should exhibit identical rise times, as they correspond to products
formed simultaneously in the same chemical process. The lower intensity of the 2068 cm
absorption makes it difficult to obtain a quality fit, so we feel the rise time for the band at 1779
cm™ likely provides the most accurate time constant that we can offer for this process. The
anionic product has been observed previously in pyridine solution and displays a similar
absorption frequency (1770 cm™ in pyridine), as well as another at 1895 cm™, which likely
overlaps with the 1891 cm™ band of CpMo(CO); in the present study.'**** The observed
frequencies for these species are consistent with those observed for the analogous
disproportionation products with the tungsten analogue.
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Table 7.1. Experimentally observed vibrational frequencies for each photoproduct in 1:4 molar
P(OMe);:CH,Cl, solution.

Complex e count Observed Frequency (cm™)
Mn(CO)s (17e) 1985
Re(CO)s (17e) 1989
CpFe(CO), (17e) 1918, 1998
CpFe(CO),P(OMe); (19¢) 1895, 1954
CpRu(CO), (17e) 1930, 2003
CpRu(CO),P(OMe); (19¢) 1810, 1959
CpMo(CO); (17e) 1891, 2004
CpMo(CO);P(OMe); (19¢) 1884, 1973
CpMo(CO)5” (18¢) 1779
CpMo(CO);P(OMe);" (18¢) 2068

To our knowledge, the cationic disproportionation product, CpMo(CO);P(OMe);", has not
previously been characterized, so DFT calculations were used to predict its vibrational
frequencies. Using the BP86 functional, bands are predicted at 1988, 2002, and 2056 cm™ (see
Table 7.2). Assuming that the band predicted at 2056 cm™ corresponds to that observed
experimentally at 2068 cm™, the lower frequency bands likely overlap with those of the 17¢
and/or 19e photoproducts. DFT calculations were similarly carried out on the anionic product for
the purpose of comparing the oscillator strengths predicted for the absorptions monitored
experimentally. The calculated vibrational frequencies and intensities are listed in Table 7.2.
Note that two degenerate bands are predicted at 1806 cm™, which correspond to the band
observed experimentally at 1779 cm™. The calculated intensities, after summing those for the
degenerate modes at 1806 cm™', predict the absorption observed experimentally at 1779 cm™,
corresponding to the anionic product, to be ca. 4.7 times stronger than that of the cationic
product at 2068 cm™'. Considering that these are gas phase calculations, the calculated intensities
seem to agree, at least qualitatively speaking, with those observed experimentally.

Table 7.2. Calculated vibrational frequencies and intensities for photoproducts arising from
photolysis of [CpMo(CO);].

Complex e count Calculated Frequencies (cm™) and intensities (km/mol)
CpMo(CO); (17¢) 1913 (1242), 1916 (802), 1989 (626)
CpMo(CO);P(OMe); (19¢) 1886 (954), 1901 (743), 1972 (883)

CpMo(CO); (18¢) 1806 (1293), 1806 (1307), 1894 (764)
CpMo(CO);P(OMe);" (18¢) 1988 (967), 2002 (395), 2056 (549)

7.3.4 Comparison to Previous Ultrafast Disproportionation Studies

The most striking result of this study is that the in-cage disproportionation mechanism
previously observed following photolysis of [CpW(CO)s], in P(OMe) 3/CH,Cl; solution does not
occur for four out of the five complexes investigated. Only the molybdenum congener of the
[CpW(CO)s], dimer reacts according to the in-cage disproportionation mechanism under the
conditions tested.
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As mentioned in section IIIA, the fact that 17e Mn(CO)s and Re(CO)s radicals do not form
19¢ complexes via coordination of P(OMe); as a ligand on the picosecond timescale suggests
that either an energetic barrier exists for coordination of a P(OMe); ligand to these complexes, or
that the 17e/19¢ equilibrium heavily favors the 17e species. Given that no 19e photoproducts are
observed, it is not surprising that disproportionation products do not form on the picosecond
timescale, since the in cage mechanism requires a 19¢ complex as the reducing agent in the
disproportionation reaction.

CpFe(CO), and CpRu(CO), behave similarly in that both 17e radicals do coordinate
P(OMe); as a ligand on the picosecond timescale, but neither of the corresponding 17e/19¢
radical pairs is observed to undergo in-cage disproportionation. A recent study by us'®' into the
structure of CpRu(CO),P(OMe); provides evidence for why this 19e complex is unlikely to serve
as a strong reducing agent; the excess charge from the metal center delocalizes onto a CO ligand,
weakening the capacity for this complex to behave as a reducing agent. Previous studies on the
iron congener have suggested that CpFe(CO),L complexes adopt an n* Cp coordination
geometry, similarly delocalizing excess charge away from the metal center. The fact that neither
of these complexes is expected to genuinely have a 19¢ configuration at the metal center
provides the most likely explanation for why these species are not strong enough reducing agents
to participate in disproportionation reactions on the picosecond timescale.

The only complex for which photolysis led to disproportionation on the picosecond timescale
was [CpMo(CO)s],. The results were very similar to those observed in previous studies on
[CpW(CO)s]o. We infer that both the CpMo(CO);P(OMe); and CpW(CO);P(OMe); 19¢ adducts
have sufficient 19e character at metal to behave as a reducing agent on the picosecond timescale.
Similar to the results observed for the tungsten photoproducts, the formation of in-cage
molybdenum disproportionation products is complete within the first few hundred picoseconds;
decay of the 17e¢ and 19e species does not continue significantly at later delay times,
demonstrating that their diffusion apart limits the timescale over which the in-cage
disproportionation mechanism can operate. As was discussed in the existing studies on the
tungsten dimer, the timescale of ca. 200 ps for formation of the disproportionation products thus
corresponds to the timescale for diffusion of the nascent 17¢/19¢ radical pair out of the solvent
cage. This timescale determines the extent to which disproportionation can occur on the
picosecond timescale. Previous infrared spectroelectrochemical studies observed that the
electrochemical and spectroscopic characteristics of [CpMo(CO)s], are nearly identical to those
of [CpW(CO);],,°”* which is consistent with the results observed in the present study.

Taking all of the available data into account, membership in the same periodic group appears
to provide the best predictor of reactivity toward the formation of 19e products and
disproportionation on the picosecond timescale. A previous study by Tyler et al. investigated
whether a heavy atom effect could be observed in a study on geminate recombination of 17¢
CpFe(CO), and CpMo(CO); radicals, and found no evidence for a spin barrier to
recombination.”** In the present study, we observe no clear trends in reactivity for metal centers
of differing atomic number, supporting the notion that spin barriers also do not play a role in the
tendency of these 17e/19e pairs to undergo disproportionation. While there is only limited
evidence in this study to further support this assertion, spin state changes frequently play an
important role in the reactivity of transition metal complexes, so we feel this is an important
point to consider.
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7.4  Conclusions

In this paper we have reported an investigation into the picosecond photochemical
disproportionation reactivity of several transition metal dimers in the presence of the Lewis base
P(OMe);. Our observations indicate that the reactivity of the 17e photoproducts studied follows
periodic trends in terms of their tendency to form 19e products and to undergo disproportionation
reactions. Interestingly, the in-cage disproportionation mechanism, originally reported in
photochemical studies on the [CpW(CO)s], dimer, does not take place with four of the five
transition metal dimers studied. The results demonstrate that in-cage disproportionation can only
occur in cases where both 19¢ product formation (in significant quantities) and electron transfer
are fast, relative to diffusion of the nascent radical photoproducts.

The observations made with regard to in-cage disproportionation carry implications for the
initiation of radical chain reactions catalyzed by transition metal dimers in the presence of Lewis
bases.” " The in-cage mechanism serves as an early termination step to a radical chain
pathway, implying that those transition metal dimers which do not undergo in-cage
disproportionation may serve as better initiators of radical chain pathways. This is a somewhat
counterintuitive notion, since the factors that promote in-cage disproportionation (i.e. the facile
formation of 19e adducts, and, in particular, 19¢ adducts that are strong reducing agents) are the
same factors one might expect to promote an efficient radical chain pathway. We should also
point out that delocalized 18 + & adducts are likely be inefficient initiators of these reactions, and
that many radical pathways can be efficiently initiated by 17e photoproducts in non-coordinating
solvents (in the absence of a Lewis base).

The results of this study reveal that in-cage disproportionation may, in fact, be a relatively
uncommon process, emphasizing the importance of other disproportionation pathways, such as
those shown in Figures 7.1B and 7.1C. Future work will focus on elucidating the role of the
Lewis base on the strength of the 19¢ reducing agent formed in these reactions.
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8  Reactivity of the TEMPO Radical Toward 16- and 17-
Electron Organometallic Reaction Intermediates

The following chapter is reproduced (adapted) in part with permission from (Lomont, J. P.;
Nguyen, S. C.; Harris C. B. J. Am. Chem. Soc. 2013, 135, 11266-11273.). Copyright (2013)
American Chemical Society.

8.1 Introduction

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) is a stable nitroxyl radical with a
remarkably broad range of applications in chemistry, including numerous examples in the field
of organometallic catalysis. TEMPO is a popular reagent for the oxidation of alcohols,”'**'* and
TEMPO-based catalysts have been employed for various industrial applications, often with
environmental and health benefits over alternative methods.*'>*'® Further applications of
TEMPO include catalysis of the Pauson-Khand reaction,”’’ oxidative couplings of arenes,”'®
nitration of olefins,””” and the synthesis of monodisperse cobalt oxide nanoparticles.”** TEMPO
is also commonly used as a radical trap and polymerization reagent”'** and as a structural
probe of biological systems via EPR measurements.”" >

The behavior of TEMPO as a ligand is a topic of significant interest, as its bonding and
reactivity carry mechanistic implications for the myriad of chemical processes mentioned above.
Literature reports have established three distinct modes of coordination of TEMPO to individual
metal centers (see Figure 8.1), as well as additional examples involving TEMPO as a bridging
ligand between pairs of metal centers,”° demonstrating that its behavior as a ligand is as varied
as its chemical applications. In the present study, we use picosecond time-resolved infrared
(TRIR) spectroscopy to directly characterize the reactivity of TEMPO as a ligand toward
coordinatively —unsaturated 16-electron (16e) and 17-electron (17e) organometallic
photoproducts, which are representative of commonly encountered intermediates in
organometallic reaction mechanisms. Our observations make use of the structurally sensitive
CO-stretching frequencies of the metal-carbonyl photoproducts to monitor the reaction with
TEMPO.

Examples of TEMPO as a ligand in organometallic complexes
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(pyramidal at N) (planar at N)

Figure 8.1. Representative examples of coordination geometries for TEMPO adducts

TEMPO may coordinate to individual metal centers with either n' or n* hapticity, with two
possibilities for the electronic structure of the n' coordinated TEMPO ligand. n' TEMPO ligands
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may either effectively undergo an internal oxidation-reduction process with the metal center,
resulting in an anionic TEMPO ligand, or they may behave as radical le donors, with no
oxidation/reduction taking place.>®*** This distinction is more than a mere issue of electron
counting, as the two situations result in clearly distinguishable bonding geometries at the nitroxyl
nitrogen atom; anionic TEMPO ligands are characterized by a nitrogen atom that adopts a
pyramidal geometry, while the radical TEMPO ligand maintains a planar geometry about the
nitrogen center. These differences have been established by characterization of the crystal
structures of various TEMPO adducts involving metals including Li, Na, Mg,236 Ti, " Ga,>®
Pd,**" Cu,**'** Fe,* and A1 2% Examples of n2 coordinated TEMPO adducts include the 16-
electron (16e) complexes (TEMPO)Co(CO), and (TEMPO)Mn(CO)s, or the 14-electron (14e)
complex (TEMPO)V(CO)s, which are formed via reactions with Co,(CO)s, 2% Mny(CO);0,2"
or V(CO)s (a 17¢ complex),”*® respectively. The reactions with metal carbonyl dimers
presumably proceed via homolysis of the metal-metal bond.

While the mechanisms of TEMPO catalyzed oxidation reactions have been studied by several
authors,”* > the coordination chemistry of TEMPO has been much less thoroughly
investigated, and many key reaction intermediates have never been directly observed. There still
remains substantial debate in the literature regarding the mechanism of alcohol oxidations.**'
2325357 At present, there exist no clear rules for predicting the nature of coordination of a
TEMPO ligand in a given complex. In this study, we use ultrafast TRIR spectroscopy to directly
characterize the adducts formed following the reaction of TEMPO with coordinatively
unsaturated 16e and 17¢ metal carbonyl reaction intermediates in solution. Density functional
theory calculations are used to facilitate interpretation of the experimental results. Metal
carbonyl complexes represent one of the most widely used classes of organometallic reagents
and catalysts, and thus the reactivity of TEMPO toward these species is broadly relevant to
chemists working with this increasingly popular, coordinatively versatile reagent. For each of the
16e and 17e intermediates studied, TEMPO coordination is observed to take place with
concomitant oxidation of the metal center, yielding adducts containing anionic TEMPO ligands.
No other ligand substitutions or distortions are observed. The similar reactivity of TEMPO with
each of the intermediates studied suggests that these observations are representative of TEMPO’s
reactivity toward low-valent transitions metal complexes in general.

8.2  Methods
8.2.1 Sample Prepration

CpCo(CO),, Fe(CO)s, [CpFe(CO)z]2, Mny(CO)yg, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), and cyclohexane were purchased from Sigma-Aldrich Co. All samples and solvents
were used without further purification. Dilute solutions of all samples were stable in air at
ambient temperatures for at least a few hours (verified via FTIR).

8.2.2 Data Analysis
Kinetic data in this work result from spectra measured at delay times between 0 and 1000 ps

between the visible-pump and IR-probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 5 cm” wide) surrounding the reported
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frequency. The kinetic data were then fit to exponential curves using Origin Pro 8 software.
Errors on experimental time constants are reported as 95% confidence intervals.

8.2.3 Density Functional Theory Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the TRIR spectra. Calculations were carried out using the BP86,>">*
B3LYP,’"?*° M06,'*° PBE0,>* % PW91,"** and WB97'*" functionals in the Gaussian09*
package using the 6-311+g(d,p) basis*®*'** for all atoms. Geometry optimizations were followed
by a frequency analysis for use in interpreting the TRIR results and to ensure that all geometries
were genuine local minima. As DFT methods are known to have difficulties accurately
predicting bond enthalpies for TEMPO and other radicals, we use only the calculated frequencies
in interpreting the experimental observations.**> %

8.3  Results and Discussion

TRIR spectra in the CO stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands correspond to the
depletion of parent molecules. Data were collected using 400 nm excitation, as initial
experiments indicated that the relative absorption cross sections of TEMPO and the metal
carbonyl species, combined with the weaker 267 nm pump power, rendered collection of quality
TRIR spectra at the 267 nm excitation wavelength infeasible (see SI for the UV-Vis spectrum of
TEMPO in cyclohexane solution).

8.3.1 Ultrafast reactivity of TEMPO toward 16-electron photoproducts

Beginning from a stable 18e organometallic complex, thermal or photochemical dissociation
of a 2e ligand leads to the formation of a relatively reactive 16e species. In this study, we have
characterized the reactivity of the TEMPO radical toward the 16e CpCo(CO) and Fe(CO)4
photoproducts, which serve as representative examples of 16e intermediates in organometallic
reaction mechanisms. The literature contains ample reports on the reactivity of these prototypical
16e photoproducts, which facilitates interpretation of the experimental results in
cyclohexane/TEMPO solution. Spectra were collected at varied TEMPO concentrations; the
spectra collected at lower TEMPO concentrations generally yielded better signal-to-noise, and
here we present spectra collected at concentrations that allow clear visualization of the
conversion of each photoproduct to the corresponding TEMPO adduct, while maintaining quality
signal-to-noise ratios.

Reactivity of TEMPO toward CpCo(CO)

In alkane solution, 400 nm photolysis of CpCo(CO), leads to formation of *CpCo(CO),
characterized by its absorption band at 1989 c¢m™, along with excitation into an electronically
excited state of the parent molecule that relaxes completely within the first 100 ps. Figure 8.2
shows TRIR spectra of CpCo(CO), collected following 400 nm excitation in a 0.16 M solution
of TEMPO in cyclohexane solvent. At early delay times (see 5 ps spectrum), the positive
features in the spectra are dominated by broad absorption bands due to the electronically excited
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parent complex. The negative bleaches at 1967 and 2029 cm™ correspond to depletion of the
parent CpCo(CO), complex. The band at 1989 cm™, corresponding to *CpCo(CO), decays with a
time constant of 274 + 32 ps (kpimer = 2.3 * 10'° M"'s™), with the concomitant rise of a new band
at 2025 cm’', attributed to the TEMPO adduct. Data collected at higher TEMPO concentrations
(e.g. 0.32 M TEMPO) shows complete conversion of *CpCo(CO) at a 1 ns delay time.

CpCo(CO), - 0.16 M TEMPO in cyclohexane
2

1989/
1 N Tzozs

A Absorbance (A.U.)

1900 2000 2100
Wavenumber (cm™)

Figure 8.2. TRIR spectra of CpCo(CO), in 0.16 M TEMPO/cyclohexane solution following 400
nm photolysis.

It is noteworthy that this new CO absorption band is at a higher frequency than that of
*CpCo(CO); coordination of a solvent molecule as a token ligand to CpCo(CO) typically results
in a decreased CO stretching frequency for the lone carbonyl ligand, presumably due to
increased pi-backbonding from the Co center.”*>*>*7**"! In the spectra shown in Figure 8.2, we
interpret the increase in CO-stretching frequency to suggest a decrease in pi-backbonding to the
CO ligand upon coordination of the TEMPO ligand, suggesting a decrease in electron density at
the Co center.

As was mentioned in the introduction, TEMPO can coordinate to a single metal center with
either n' or n* hapticity, with either an anionic or radical electronic configuration in the n'
geometry. To coordinate to 16e CpCo(CO) with an 1> geometry and not exceed an 18¢ count at
the metal center, either the carbonyl ligand would have to dissociate, or the Cp ring would have
to distort. Considering that the observed TEMPO adduct clearly contains a CO ligand, and that
the observation of a stable a ring-slipped product in the solution phase would be exceedingly
rare,”’ we conclude an 1' coordination geometry for TEMPO. Of the two possibilities for n'
coordination, only the anionic coordination mode would be expected to reflect an oxidation of
the metal center, consistent with the relatively high frequency of the IR absorption band
observed for the CpCo(CO)(TEMPO) adduct. This strongly suggests that the TRIR results
indicate an anionic TEMPO ligand. Density functional theory (DFT) calculations were carried
out to further investigate the structure of this adduct.

Geometry optimizations and frequency calculations were carried out using six DFT
functionals (see Table 8.1), including both hybrid and pure density functionals. Previous
investigations into the ability of various DFT functionals to accurately predict the difference in
energy between the singlet and triplet states for 16e CpCo(CO) have demonstrated that pure
density functionals (e.g. BP86 or PW91) are better able to predict this energy gap.”>*>2"**"!
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Upon coordination of the doublet TEMPO ligand to *CpCo(CO), our results suggest that a
doublet ground state is favored by 8 to 20 kcal/mol, relative to a quartet.

side-view angle-view

I | I

/ @ cobalt ‘\

pyramidal @ carbon

geometry at N

@ oxygen
‘ @ nitrogen ‘

Figure 8.3. DFT (B3LYP) calculated structure for the CpCo(CO)(TEMPO) adduct (H-atoms
omitted for clarity).

Geometry optimizations indicate that TEMPO coordinates to the metal center in a ' fashion
(see Figure 8.3), consistent with our aforementioned reasoning. As discussed in the introduction,
previous work has established that anionic TEMPO ligands are characterized by a pyramidal
geometry at the nitroxyl nitrogen, while a radical TEMPO ligand maintains a planar geometry at
the nitrogen center. With each functional tested, the nitrogen atom of the CpCo(CO)(TEMPO)
adduct clearly adopts a pyramidal geometry, indicating the presence of an anionic TEMPO
ligand. The sum of the bond angles about the nitrogen atom is 336.1° (B3LYP value). For
comparison, calculations on the free (non-metal-coordinated) TEMPO ligand were also carried
out, and each functional also correctly predicts a nearly planar geometry for the free TEMPO
radical. Reduction of the TEMPO ligand, and thus oxidation of the Co center, is consistent with
the experimentally observed blue-shift in the CO stretching frequency upon TEMPO
coordination; whereas coordination of most 2e donor ligands results in a decrease in the
experimentally observed CO stretching frequency, the fact that coordination of TEMPO results
in an increase in the CO stretching frequency suggests decreased pi-backbonding from the Co
center to the CO ligand.

Table 8.1. Experimental and calculated frequency shifts upon coordination of TEMPO (nitroxyl
group) to CpCo(CO). Previous results for coordination of 1-butanol are provided for
comparison.

. AUTEMPoa AUBmanol,si AUBmanol,m

Functional (cm'l) ngle{a (cm’l) pleta (cm'l)

B3LYP 22 -59 -35

BP86 5 -43 -36

MO06 23 -56 -36

PBEO 48 -56 -37

PWOI1 5 -43 -37

WB97 36 -66 -42
Experiment: 36 -73 -42

(a) Calculated frequency shifts are reported relative to the CO-stretching frequency calculated for *CpCo(CO). No
scaling factors were used.
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Indeed, the calculated CO-stretching frequencies predict an increase in CO-stretching
frequency upon coordination of TEMPO (Table 8.1). For comparison, the analogous
experimental and calculated values are also shown for both the singlet and triplet 1-butanol-
coordinated adducts observed in a previous study;> these are provided to demonstrate the ability
of DFT calculations to reproduce experimentally observed changes in CO-stretching frequencies.
While these calculated frequency shifts are not expected to be quantitatively accurate, it is
striking that the changes in experimentally observed CO-stretching frequencies upon
coordination to TEMPO and 1-butanol are qualitatively well-reproduced by the DFT
calculations. These calculated frequencies, in conjunction with the experimental results and
calculated geometries, support assignment of TEMPO in the CpCo(CO)(TEMPO) adduct as an
anionic TEMPO ligand (refer to Figure 8.1), effectively resulting in a Co(Il) complex. As was
mentioned earlier, the simple fact that the experimental CO stretching frequency increases upon
coordination of TEMPO provides strong, stand-alone evidence that TEMPO has oxidized the
metal center. The good agreement between calculation and experiment in this spectroscopically
straightforward adduct (i.e. containing a single CO oscillator) supports the notion that DFT
methods are useful for predicting the behavior of TEMPO as it reacts with coordinatively
unsaturated organometallic intermediates.

Reactivity of TEMPO toward Fe(CO),

Photolysis of Fe(CO)s at 400 nm in cyclohexane solution leads to formation of *Fe(CO)s,
characterized by absorption bands at 1965 and 1987 cm™, along with a small amount of
'Fe(CO)4(cyclohexane), characterized by absorption bands at 1950, 1970, and 1986 cm™.*° TRIR
spectra of Fe(CO)s collected following 400 nm excitation in a 0.32 M solution of TEMPO in
cyclohexane solvent are shown in Figure 8.4. A higher concentration of TEMPO was used in this
case so that the conversion of photoproducts to TEMPO-coordinated adducts could be observed
more clearly on the picosecond timescale. Bands at 1965 and 1987 cm™ decay with increasing
decay time, accompanied by the growth of new bands at ca. 1985 and 2041 cm™, attributed to
formation of an Fe(CO)4(TEMPO) adduct; note that the band at 1987 cm appears to shift as it
decreases in intensity due to its overlap with the band of the TEMPO adduct at at 1985 cm™. The
relatively static absorption band at 1949 cm’ is attributed to 1Fe(CO)4(cyclohexane). At a 0.32
M concentration of TEMPO, the rise time of the band at 2041 cm™ is 634 + 102 ps (Kpimor = 4.9 %
10° M's'). Based on comparisons to previous time-resolved studies on Fe(CO),
photoproducts,”® the TEMPO adduct may also have a weak absorption band near 1965 cm™
overlapping that of *Fe(CO),. Multiple CO-dissocaition processes can be ruled out, as the
incident photon energy at 400 nm is too weak to lead directly to multiple CO-loss in the solution
phase, and previous studies have examined the spectra of ligand induced multiple CO-loss for
this photoproduct and the presence of the band at 2041 cm™' is inconsistent with such a process.”
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Figure 8.4. TRIR spectra of Fe(CO)4 in 0.32 M TEMPO/cyclohexane solution following 400 nm
photolysis.

Changes in geometry and the coupling of local modes upon TEMPO coordination make it
less straightforward to assign an oxidation state to the TEMPO ligand based purely on the
experimental data than in the case of the CpCo(CO)(TEMPO) adduct. However, it is useful to
compare the present spectra to those observed in a previous solution phase study on Fe(CO)4
adducts formed with the 2e donor PEts, or with alcohol solvents.”> For Fe(CO)4PEt;, the major
CO-stretching absorptions are located at 1932 and 2047 cm’', and for Fe(CO)4(alcohol) these are
located at 1950 and 2047 cm™. In each case, the lower frequency bands most likely correspond to
an overlapping combination of the B; and B, bands, with the higher frequency band assigned to
an A; mode. The notably higher frequency of the B,/B; band (1985 cm™) in the TEMPO adduct
may suggest that the Fe center is less able to effectively pi-backbond, though the similar
frequencies of the A; modes in all three cases are not as conclusive. For this reason, DFT
geometry optimizations and frequency calculations were also used to study the oxidation state of
the TEMPO ligand in this adduct.

Table 8.2. Experimental and calculated frequency gap for the A; and B; modes of
*Fe(CO)4(TEMPO)

Functional Av [A, — B, modes] (cm™)

B3LYP

BP86 65

MO06 57

PBEO 55

PWI1 67

WB97 54
Experiment: 55

Using each of the six functionals tested, the DFT calculated geometries show a pyramidal
coordination geometry about the nitrogen center (sum of bond angles equal to 334.1° with
B3LYP), indicating that TEMPO is reduced to an anionic ligand. To check for consistency with
the experimentally observed IR spectra, frequency calculations were carried out. We have used
the calculated frequency gap between the highest frequency CO-stretching (A;) mode and the
next highest frequency (B;) mode to compare with the splitting between the experimentally
observed bands (Table 8.2). As is evident from the values in Table 8.2, these calculated
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frequency gaps are consistent with the gap observed experimentally, supporting assignment of
the experimentally observed TEMPO adduct to anionic TEMPO ligand adduct. It is reassuring to
note that all six functionals uniformly predict a distinctly pyramidal coordination geometry about
nitrogen.

From these results, we thus conclude that both of the 16e photoproducts studied react to form
adducts containing anionic TEMPO ligands (refer back to Figure 8.1), effectively increasing the
oxidation state of the metal centers by one. The bimolecular rate constants demonstrate that the
reactions between these 16e species and TEMPO occur at or near the diffusion limited rate.

8.3.2 Ultrafast reactivity of TEMPO toward 17-electron radicals

In addition to the 16e photoproducts described thus far, we also explored the reactivity of the
TEMPO radical toward odd-electron reaction intermediates. Photolysis of [CpFe(CO),], and
Mn,(CO);p at 400 nm readily yields the corresponding 17e radicals, which serve as
representative examples of 17e intermediates in organometallic reaction mechanisms. Note that
we have elected to present spectra at higher TEMPO concentrations for these 17-electron
photoproducts, so that formation of the corresponding TEMPO adduct could be readily observed
on the ultrafast timescale.

Reactivity of TEMPO toward CpFe(CO);

In alkane solution, photolysis of [CpFe(CO),], at 400 nm leads to formation of 17e
CpFe(CO), radicals, characterized by absorption bands at 1935 and 2006 cm™ (which shift
slightly in the data in 0.64 M TEMPO solution shown in Figure 8.5). A CO loss product,
Cp2Fey(n-CO)s is also formed and shows an absorption band at 1820 cm™ (not shown);'*° this
species did not show dynamic changes with delay time. Figure 8.5 shows TRIR spectra of
[CpFe(CO),]» collected following 400 nm excitation in a 0.64 M solution of TEMPO in
cyclohexane solvent. As the delay time increases, the bands at 1931 and 2003 cm™,
corresponding to CpFe(CO); (shifted slightly from those in neat cyclohexane), decay with the
concomitant rise of new bands at 1972 and 2020 cm™, assigned to a CpFe(CO),(TEMPO)
adduct. The fact that two bands are present in this adduct indicates that both CO ligands are still
present. Note that the CpFe(CO), band at 2003 cm™ overlaps a parent bleach band at ca. 2005
cm’', which is not readily visible due to overlap with the more intense positive band. At a 0.64 M
concentration of TEMPO, formation of the TEMPO adduct is not substantially complete within
the experimentally accessible time delays, indicating that formation of the TEMPO adduct from
CpFe(CO), is notably slower than with either of the 16e photoproducts studied. It does not
appear that an equilibrium is reached on the timescale studied, as the peaks continue to show
dynamic changes at delay times >1000 ps. In addition to the observed frequencies themselves,
the fact that dynamic changes continue to occur beyond the first ca. 200 ps rules out the
possibility of recombination of the nascent fragments to incorporate a bridging TEMPO ligand,
as previous studies have demonstrated that picosecond bimolecular reactions involving the
fragments cease after diffusion out of the solvent cage, which is complete within the first ca. 200

ps.
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Figure 8.5. TRIR spectra of CpFe(CO), in 0.64 M TEMPO/cyclohexane solution following 400
nm photolysis.

Noting that both the frequencies of the symmetric and antisymmetric CO-stretching modes of
the CpFe(CO), species increase upon coordination of the TEMPO ligand, it appears that the
amount of electron density at the Fe has decreased (i.e. that the metal center has been oxidized
by coordination of TEMPO). For comparison, coordination of the strong 2e donor ligand
P(OMe); to CpFe(CO); results in a decrease of the CO stretching frequencies, indicative of an
increase in pi-backbonding to the CO-ligands. Thus the experimental results in this case again
point to an anionic TEMPO ligand. DFT calculations show a calculated pyramidal geometry at
nitrogen for this adduct using all six functionals tested (sum of angles equal to 336.5° with
B3LYP), also indicating an anionic TEMPO ligand.

As shown in Table 8.3, DFT results with each of the hybrid functionals predict an increase in
the CO-stretching frequencies of both modes upon coordination of TEMPO to CpFe(CO),,
consistent with the experimental results. The pure DFT functionals tested (BP86 and PWI91)
instead predict similar frequencies for CpFe(CO), and CpFe(CO),(TEMPO). Considering that
the experimentally observed frequencies are clearly higher for the TEMPO adduct, consistent
with the anionic ligand (whose geometry was correctly predicted by all of the functionals tested),
this difference indicates that the pure DFT functionals do a poor job of describing the changes in
vibrational frequencies for CpFe(CO), upon coordination of a TEMPO ligand.

Table 8.3. Experimental and calculated frequency shifts for CO-stretching modes upon
coordination of TEMPO (nitroxyl group) to CpFe(CO),

Functional AWgrmaisie (cm’l) Ao (cm'l)

B3LYP 40 22

BP86 6 -2

MO06 40 21

PBEO 41 23

PWI1 6 -3

WB97 59 37
Experiment 41 17
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Reactivity of TEMPO toward Mn(CO)s

400 nm photolysis of Mn,(CO),o yields a pair of Mn(CO)s radicals, characterized by an
absorption band at 1985 cm™ in alkane solution.'®**”> Figure 8.6 shows TRIR spectra of
Mn,(CO);p collected following 400 nm excitation in a 0.64 M solution of TEMPO in
cyclohexane. The bands at ca. 1985 cm™ decrease with increasing delay time, along with the rise
of bands at 2021-2033 (broad) and 2052 cm™, assigned to an Mn(CO)s(TEMPO) adduct. The
possibility of concomitant CO-loss (from Mn(CO)s) to yield species with fewer CO ligands was
assessed via DFT frequency calculations, and these predicted a strong red-shift (ca. 50-80 cm™)
of the strongest CO-stretching absorption band, relative to bare Mn(CO)s, in each case, thus
ruling out potential CO-loss structures. Similar to the situation with [CpFe(CO),]», the fact that
dynamic changes take place on timescales longer than that for diffusion out of the solvent cage
eliminate the possibility of recombination to form an adduct with a bridging TEMPO ligand.
Considering the delocalization of the vibrational modes of Mn(CO)s, and lack of existing TRIR
results on the coordination of ligands to Mn(CO)s, it is not necessarily straightforward to
correlate the experimentally observed frequency shifts to changes in the amount of electron
density at the Mn center. DFT calculations were thus used to investigate the oxidation state of
the metal center to check for consistency between the experimentally observed and calculated
CO-stretching absorptions.

an(CO)10 - 0.64 M TEMPO in cyclohexane
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Figure 8.6. TRIR spectra of Mn(CO)s in 0.64 M TEMPO/cyclohexane solution following 400
nm photolysis.

Similar to each of the other adducts in this study, all six functionals tested indicate that the
Mn(CO)s(TEMPO) adduct adopts a pyramidal geometry about the nitrogen center (sum of angles
= 333.8° using the B3LYP functional), again indicating an anionic TEMPO ligand. The
calculated frequency shifts for Mn(CO)s(TEMPO), relative to bare Mn(CO)s, are in good
agreement with those observed experimentally; the highest intensity absorption band (observed
experimentally at 1985 cm™) is predicted to remain at a similar frequency and decrease in
intensity, with higher frequency bands becoming IR active at frequencies blue-shifted by ca. 20-
85 cm™ relative to the band at 1985 cm™. On the basis of comparison between the DFT results
and the experimental spectra, we conclude that Mn(CO)s(TEMPO) is characterized by an anionic
TEMPO ligand.
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We point out that 17e complexes are typically relatively unreactive toward many 2e donor
ligands, relative to their 16e counterparts, and that only strong Lewis bases (e.g. phosphines,
phosphites) have been previously observed to undergo associative reaction mechanisms with 17¢
photoproducts on the ultrafast timescale."”®"**'*” Even among 17¢ photoproducts, Mn(CO)s is
particularly unreactive in this regard, as a recent study demonstrated that it does not react to any
detectable extent in concentrated P(OMe); solutions on the picosecond timescale.””” Also of
relevance to the Mn(CO)s(TEMPO) adduct are previous studies that have isolated a final product
of Mn(CO);(TEMPO) from the reaction of TEMPO with Mn,(CO),o, with TEMPO behaving as
an 1° anionic ligand (refer back to Figure 8.1) in the 16e Mn(CO)3(TEMPO) complex.**’ This
implies that to wultimately achieve the more thermodynamically stable product,
Mn(CO)s(TEMPO) must loose two additional carbonyl ligands and rearrange its TEMPO ligand
to an 1> coordination geometry.

A final point we wish to make is that the fact the metal centers are clearly oxidized upon
reaction with TEMPO (which is clear from the experimental data alone in the case of CpCo(CO)
and CpFe(CQO),) is indication that the dynamic changes observed in the TRIR spectra cannot be
the result of an electron transfer process independent of TEMPO coordination. Were this to be
the case (i.e. were electron transfer to cause oxidation of the metal centers), electron transfer
would need to occur from an already electron deficient metal center to TEMPO, and electron
transfer from a species which is already electron deficient 7o a species which is stable under
ambient conditions would be unprecedented. Were such a rare event to be observed, there is
furthermore no reason it should take place with all four of the photoproducts studied. The
timescales observed for this reaction at the concentrations studied are consistent with the body of
existing literature surrounding bimolecular reactions involving electron deficient organometallic
photoproducts on the picosecond timescale, and the DFT results further indicate both that
TEMPO should coordinate to these metal centers as an anionic ligand, and that, upon
coordination, the frequencies should shift in a manner consistent with the experimental
observations.

8.4  Conclusions

In this study we have examined the reactivity of the TEMPO radical toward coordinatively
unsaturated 16e and 17e metal carbonyl reaction intermediates. In each case, we observe that this
coordinatively versatile ligand coordinates to the metal center associatively with a concurrent
internal oxidation-reduction process, yielding adducts with anionic TEMPO ligands. The
oxidation state of each metal center has thus increased by one, and these adducts are
characterized by a pyramidal geometry at the nitroxyl nitrogen atom. Overall, the 16e complexes
appear to react more readily with TEMPO than the 17e complexes, despite the fact that TEMPO
is a radical species. The fact that TEMPO coordinates to each of these intermediates similarly, as
an anionic ligand, suggests that these results can be considered generally representative of the
reactivity of TEMPO toward coordinatively unsaturated 16e and 17e reaction intermediates of
low-valent complexes. In light of this result, one can rationalize the tendency for the TEMPO
ligand to adopt an anionic character by the low-valency of the metal center, making the internal
oxidation-reduction process facile.

This result is relevant to existing studies on TEMPO catalyzed reaction mechanisms. For
example, Sheldon et. al. have suggested a reaction mechanism in which TEMPO coordinates to a
Cu(I) complex as an anionic ligand to yield a Cu(Il) intermediate, which subsequently effects
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alchol oxidation.””**”> An alternative mechanism for this same reaction suggests a different role
for the metal complex, where disproportionation of TEMPO yields a hydroxylamine which is
then oxidized by the metal complex to yield the active catalytic speices, an oxoammonium
TEMPO cation.”>*’*** The latter mechanism has been proposed to characterize the same
reaction catalyzed by a variety of other metals as well. While the present results do nothing to
rule out the possibility of the latter mechanism, they clearly demonstrate that TEMPO can react
as proposed in the former mechanism, via anionic coordination to a low-valent metal center.
Similar anionic coordination of TEMPO has also been proposed previously in other situations,
such as a C-H arylation mechanism in which two TEMPO molecules coordinate as anionic
ligands to a low-valent Rh(I) complex yielding a Rh(III) intermediate.”'® Additional (different)
mechanisms have been proposed for reactions involving higher-valent metal complexes.

The structure and reactivity of organometallic TEMPO adducts is important to developing a
clear understanding of their mechanistic role in a wide range of chemical processes, including
the oxidation of alcohols, oxidative arene coupling, free radical polymerization, and radical
trapping experiments. In addition to the insight gained into the chemistry of this important
ligand, we have demonstrated that time-resolved infrared spectroscopy, combined with electronic
structure calculations, allows for direct characterization of the structure of organometallic
TEMPO adducts in the solution phase. Continued studies into the reactivity of well-characterized
TEMPO complexes will help to further elucidate the mechanistic details and patterns governing
TEMPO-mediated organometallic reactivity.
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9  Direct Observation of a Metal-Ketene Formed by
Photoexcitation of a Fischer-Carbene Using Ultrafast IR
Spectroscopy

The following chapter is intended to be published in an American Chemical Society Journal
and thus we claim no copyright for the text or figures contained in this chapter.

9.1 Introduction

Fischer carbene transition-metal complexes have been developed as reagents for a variety of
reactions which form new carbon—carbon bonds and which exploit the chemistry of the formal
double bond between the metal and the carbene carbon.*****” The carbon atom is electrophilic
and readily undergoes nucleophilic addition reactions, resulting, for example, in benzannulation
between unsaturated alkoxycarbenes and alkynes.**® These types of thermal reactions are a long-
standing area of investigation; however, Fisher carbenes are also useful for an entirely different
set of unique but poorly understood photoinduced reactions.

Hegedus and coworkers discovered that photoexcitation of group 6 Fischer carbenes leads to
products consistent with the reactivity expected from ketenes.”® > For example, carbenes
readily react with imines after visible photoexcitation to form f-lactams, the four-membered ring
common to all penicillin antibiotics. This reactivity led Hegedus to propose an intermediate
metal-ketene structure in which a carbonyl has inserted into the metal-carbene bond (a process
termed photocarbonylation, see Scheme 1) to form the ketene moiety. Nevertheless, there exists
no direct evidence for a metal-ketene structure despite previous attempts to observe these species
in cryogenic matrices and with microsecond time-resolved spectroscopy.*”**** Interestingly, this
reactivity was observed for group 6 complexes of Cr and Mo, but not W.**

H3CO
OCHs hv CHa Nucleophile
(CO)sCr —>» (CO),Cr ——>»  Products
CHs o
metal-ketene

Figure 9.1. Photocarbonylation reaction step proposed for Cr and Mo Fischer carbene complexes

For many years after the seminal report by Hegedus in 1982, the mechanistic details
surrounding the reactivity of the group 6 Fischer carbenes remained elusive. Recent work by
Fernandez et. al. led to the proposal of a mechanism for the photocarbonylation reaction
involving initial excitation into a triplet state which undergoes a solvent-induced spin crossover
to yield a metal-ketene solvated at the vacant coordination site.”> "’ Photochemical
investigations into both Cr and W carbenes characterized the anti — syn isomerization of the
methoxy substituent as one of the primary photochemical processes, with CO-loss occurring to a
lesser extent.”””**® Despite these insights, the photocarbonylation mechanism has, until now,
never been experimentally observed.
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9.2 Results and Discussion

We report picosecond TRIR measurements on the group 6 Fischer carbene complexes
Cr(CO)s[CCH3(OCH3)] (A) and W(CO)s[CCH3(OCH3)] (B) following visible photoexcitation
(see SI for experimental details). For the Cr complex, we show the first conclusive evidence of
metal-ketene intermediates in the reaction mechanism; both short-lived and long-lived metal
ketene intermediates are observed to form upon visible excitation. For the W complex, no metal-
ketene products were observed, demonstrating that the lack of synthetic utility of W-based
Fischer carbenes is due to a lack of reactivity in the key photocarbonylation step.

Figure 1 shows TRIR difference spectra and kinetic traces for A dilute in cyclohexane
following 400 nm excitation. Negative signals, referred to as bleaches, result from species
depleted by the 400 nm excitation pulse and correspond to the absorptions of A, while positive
signals result from new species present after photoexcitation.

At early delay times, two strong positive features are observed at 1777 cm™ and 1990 cm™,
which both decay with similar time constants of 33 = 5 ps and 36 + 1 ps, respectively. The 1777
cm’' band exhibits a rise time of ~5 ps. Based on the relatively low frequency of the 1777 cm’
band, the strong features observed at early delay times are assigned to the formation of an
excited state metal-ketene intermediate (refer to scheme 1), which has been postulated to form
en-route to generating a longer-lived metal-ketene species.”” >’ The similar time constants for
he decay of the 1777 and 1990 cm™ bands, along with DFT calculations indicating the terminal
CO-stretching modes of a metal ketene are consistent with the frequency of the transient band at
1990 cm™, suggest that these bands correspond to the same transiently-lived metal-ketene. Bands
at 1771 and 1791 cm™, which are visible at early times but persist beyond the decay of the 1777
cm” band, are correspondingly assigned to long-lived metal-ketene structures. The parent
bleaches recover substantially on the same timescale (33 + 2 ps), indicating that the primary
relaxation pathway for the excited state metal-ketene is reversion to the parent complex, though
it likely also exhibits a non-negligible branching ratio to formation of the longer-lived metal-
ketenes, as has been suggested previously.”>****** Our DFT calculations (vide infia) indicate
that the presence of the two bands at 1771 and 1791 cm™ is likely due to two distinct ketene
structures, as a single metal-ketene structure would not be expected to give rise to two bands in
this region. These metal-ketenes have never before been observed experimentally and are the
species that have long been postulated to be responsible for the synthetically useful
photochemistry of Fischer carbenes.

Other bands observed at 1930, 1953 and 2070 cm™ are assigned to the known anti — syn
isomerization for the methoxy substituent of A.”"*"" Weaker bands observed at 1899 and 2044
cm™ are assigned to the formation of a CO-loss product. Interestingly, neither the bands
corresponding to the triplet nor the singlet metal-ketene species are observed following 267 nm
excitation, indicating that irradiation at this wavelength does not lead to formation of metal-
ketenes. When the analogous TRIR experiments were carried out in methanol, the transiently
lived metal ketene was still observed, but no long-lived singlet metal-ketene species were
detected. Considering the low yield of long-lived metal-ketenes, it may simply be that peak
broadening in the more polar solvent places these bands below our detection threshold.
Alternatively, there may be a solvent-dependent branching ratio to formation of the long-lived
metal ketenes.
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Figure 9.2. TRIR spectra of Cr(CO)s[CCH3(OCHj3)] following 400 nm excitation in cyclohexane
solution along with corresponding kinetic traces.

DFT calculations” were carried out to investigate the structures of the metal-ketene
intermediates observed experimentally. A recent DFT study of Cr carbene complexes by
Fernandez et al. showed that the lowest lying triplet state possesses a metal-ketene
structure,”>**° suggesting that this state is responsible for the unique photochemistry of the
compounds. Typically the difference in the spin-state and geometry between T, and Sy would
cause the triplet state to be long-lived, persisting for hundreds of picoseconds or more. The fact
that the transiently lived metal-ketene relaxes in ca. 33 ps suggests that this species is a singlet.

We performed DFT calculations on the singlet (So) and triplet (T)) states of A and found two
nearly isoenergetic triplet geometries with metal-ketene structures (insets 1 and 2 of Figure 2).
The calculated metal ketene stretching frequencies for the two triplet structures were 1749 and
1772 cm’', which are in quite good agreement with the experimentally observed frequencies for
the long-lived metal-ketene structures. The calculated terminal CO-stretching frequencies for
both structures also agree reasonably well with the experimentally observed band at 1988 cm™,
suggesting that these two triplet structures may represent the two long-lived metal-ketenes
observed experimentally.

Time-dependent DFT calculations show five electronic levels accessible with the energy of a
400 nm photon (71.5 kcal/mol): three triplet states (T}, T2, T3) and two singlet states (S, S»), as
shown in Figure 2. Because spin-allowed absorption cross sections are typically larger than for
spin-forbidden excitations, photoexcitation should promote A to a singlet electronic state (S; or
S,), and the molecule can subsequently relaxes to the lowest triplet state (T}).
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Scans of the potential energy surface (PES) of the T, and S, states along the carbene-
chromium-carbonyl C—Cr—C bond angle reveal a downhill pathway for formation of the two
nearly isoenergetic triplet metal-ketene structures (Figure 2). This bond angle changes by 43°
between Sy structure A (inset 4) and T; metal-ketene structures (insets 1 and 2), and the distance
between the carbene carbon and carbonyl carbon shortens from 2.75 to 1.63 A. PES scans in the
Sy state indicate that this state approaches the T, state at the metal-ketene geometries, but no
crossing was identified. Were the triplet minima to relax to a singlet state, the PES scans suggest
that the Sy state will revert to the parent complex. This very likely explains the short lifetime of
the transient metal-ketene observed at early delay times.

The ~5 ps rise of the excited state ketene band most likely corresponds to the timescale for
insertion of a CO into the metal-carbene bond. Considering that the peak at 1990 cm™' shows no
rise, but is broad at early time delays, this band likely results from a distribution of photoexcited
A molecules which may or may not have not yet formed the metal-ketene structure, but already
possess terminal CO absorptions in this spectral region. The fact that spectral signatures of the
long lived bands at 1771 and 1791 cm™ are visible at early delay times (see 1 ps and 5 ps spectra
in Figure 1) suggests that the long-lived species can be formed quite rapidly after
photoexcitaiton. Thus the initially populated excited singlet state can relax to either the singlet
ground state or to the long-lived triplet state, and the branching ratio between these two
relaxation pathways will determine the yield for formation of the long-lived metal-ketenes.

Though this interpretation appears to provide a fairly straightforward explanation for the
experimental results, it is worth considering the suggestion of Fernandez et. al. that solvent
coordination and relaxation to a singlet spin state may produce the metal-ketene intermediate
responsible for the chemistry of the group 6 carbenes.”>*****” Accordingly, we also carried out
DFT calculations in which an alkane solvent molecule coordinates to the vacant coordination site
of a singlet metal-ketene structure. Local minima were located involving solvent-coordinated
metal-ketene structures, though PES scans along the coordinate for alkane de-coordination
indicate a very low barrier (ca. 3 kcal/mol) to solvent de-coordination, at which point the ground
state singlet should relax back to the parent structure (see Figure 2). Thus while we cannot
conclusively rule out the possibility that the long-lived metal-ketenes observed experimentally
correspond to solvent-coordinated singlet structures, we favor the interpretation of the data
suggested by our DFT results, as it provides an intuitively reasonable and internally consistent
explanation for the experimental observations. Similar DFT scans indicate that decoordination of
methanol from the hypothetical solvated singlet metal-ketene may involve a higher barrier, on
the order of ca. 10 kcal/mol.
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Figure 9.3. DFT energetics as a function of the carbene-chromium-carbonyl C—Cr—C bond angle
for the Sy and T, electronic levels involved in photoexcitation of Cr(CO)s[CCH3(OCHj3)] (A).
Insets show the calculated molecular structures at various points on the PESs, and the associated
bond angles are given in the lower corners of the insets. Data points for T, correspond to the
structure shown in inset 2. The relative energies of singlet (S;, S») and triplet (T;, T», T3) excited
states within the energy of a 400 nm photon are shown.

To summarize, the TRIR results for the photochemistry of Cr(CO)s[(CCH3(OCHs3)]
following 400 nm excitation can be interpreted as follows: initial excitation into a singlet state
results in the formation of both a transiently lived singlet metal-ketene intermediate, along with
two long-lived triplet metal ketene intermediates. Another primary photoexcitation pathway
involves the previously characterized to anti — syn isomerization of the methoxy substituent.
The long-lived triplet metal-ketenes are the species responsible for the well-known, synthetically
useful photochemistry of Fischer carbenes. CO-loss also occurs to a minor extent.

We next sought to investigate the analogous W carbene, and these TRIR difference spectra
following 400 nm excitation in cyclohexane are shown in Figure 3. The most notable difference
between these spectra and those collected for the Cr carbene is the lack of any bands in the
bridging-CO region (ca. 1750-1850 cm™) that would indicate the formation of a metal-ketene
structure. Thus, we can immediately see that no metal-ketene intermediate is formed upon visible
excitation of the W Fischer carbene. Transient broad bands are observed at ca. 1930, 1970 and
2060 cm™, assigned to an excited state of the parent complex, B, which decay on the timescale of
23 + | ps. Long lived bands are also observed at 1938, 1948, 1985 (weak) and 2069 (weak) cm™,
and these are assigned to anti — syn isomerization that takes place upon photoexcitation,
analogous to the process observed for the Cr congener.””**® The bands of the two isomers of B
overlap strongly, influencing the observed band positions. Analogous experiments carried out
using 267 nm excitation also observed additional bands at 1892, 1905, 1995, and 2044 em™,
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corresponding to a CO-loss species (not observed following 400 nm excitation), but again found
no evidence for any metal-ketene structure.
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Figure 9.4. TRIR spectra of W(CO)s[CCH;3(OCHj3)] following 400 nm excitation in cyclohexane
solution.

The absence of formation of a metal-ketene intermediate is consistent with the lack of
photochemical reactivity typically observed for tungsten Fischer carbenes in synthetic
applications. It has been suggested that high occupation of the p, atomic orbital of the carbene
carbon may inhibit photoinsertion of the CO-ligand, making photocarbonylation -either
unfavorable or presenting a substantial kinetic barrier.””

9.3 Conclusions

In conclusion, we have monitored the formation of the metal-ketene intermediates formed
upon visible excitation of the Fischer carbene Cr(CO)s[CCH3(OCHs3)]. Photoexcitation leads to
rapid formation of both singlet and triplet metal-ketene structures, with the singlet metal-ketene
primarily relaxing to reform the parent complex in tens of picoseconds, and potentially also
contributing to the population of the two long-lived triplet metal-ketenes, which are responsible
for the synthetically useful photochemistry of these complexes. Another major photochemical
pathway involves anti — syn isomerization of the parent carbene, with CO-loss being a minor
pathway. The analogous tungsten-based Fischer carbene was also studied, and while
photoisomerization and CO-loss pathways were observed, no metal-ketenes were formed. This is
consistent with the observed lack of reactivity of tungsten-based Fischer carbenes in synthetic
applications.
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10 Picosecond Time-Resolved Infrared Studies of the
Photochemistry of M;(CO);, (M = Fe, Os) Clusters in
Solution

The following chapter is reproduced (adapted) in part with permission from (Lomont, J. P.;
Shearer, A. J.; Nguyen, S. C.; Harris, C. B. Organometallics, 2013, 32, 2178-2186.). Copyright
(2013) American Chemical Society.

10.1 Introduction

Transition metal carbonyl clusters of the type M3(CO);2 (M = Fe, Ru, Os) serve as common
synthetic precursors to other organometallic complexes.’”*>'” Their structures, fluxional ligand
rearrangement mechanisms, and chemical reactivity patterns have served as a model for the
behavior of other transition metal carbonyl complexes. In this paper, we report an investigation
into the picosecond photochemical dynamics of the Fe;(CO);, and Os3(CO);, clusters in the
solution phase. A previous picosecond time-resolved infrared (TRIR) study on the
photochemistry of the Rus3(CO);; congener’'® demonstrated that each of the observed
photoproducts contained a bridging carbonyl ligand, while the parent complex itself contains no
bridging carbonyl ligands. In the present study, we find that no cluster photoproducts containing
bridging carbonyls form as a result of metal-metal bond cleavage from the non-bridged iron or
osmium clusters, providing an interesting contrast to the previous results.

Both Fe3;(CO);» and Os3(CO);, have found wide applications in chemical catalysis and as
synthetic precursors to other organometallic complexes. These clusters have been shown to
catalyze olefin hydrogenation, alkene isomerization, hydrosilation, and carbonylation
reactions.’’®>> The reactivity of both complexes toward ligand substitution and
declusterification has been investigated, as has the subsequent reactivity of the derivatives
formed in these reactions.’**** Their catalytic behavior when adsorbed onto various surfaces
has also been studied,”>** and surface adsorbed adducts of each cluster have been shown to
catalyze the Fischer-Tropsch reaction®>>* and the water gas shift reaction.’® The mechanisms
of fluxional ligand rearrangements in the Fe;(CO);, cluster have been a topic of substantial
discussion in the literature, and these mechanisms serve as a model for the fluxional processes at
work in other M3L 1, species.356_3 67

Several studies have investigated the photochemistry of these clusters in the solution phase
and in alkane glasses.’® %" Regarding the carbonyl-loss complexes observed in glasses,
Fe3;(CO);; adopts a structure containing two bridging carbonyls, while Os3(CO);; contains no
bridging carbonyl.’*®*® It is worth noting that, in alkane glasses, the parent Fes(CO)i, species
contains bridging carbonyls, while Os3(CO);, does not. Photochemical cleavage of a metal-metal
bond in either complex is believed to lead to formation of bridging carbonyl rearrangement
isomers, though the evidence for the existence of these species is less direct.’’'”’* While non-
bridged metal-metal bond cleavage photoproducts are expected to be short lived, isomers
containing bridging carbonyls have been proposed to be relatively stable, accounting for the
photochemical reactivity of these clusters on diffusion limited timescales and beyond.””' To our
knowledge, the only existing picosecond time-resolved study on the photochemistry of either of
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these clusters was performed using 590 nm pump and 720, 760, or 800 nm probe wavelengths to
study the photochemistry of Fe3(CO)2.>"* This study concluded that metal-metal bond cleavage
products, some containing bridging carbonyls, were observed to form on the picosecond
timescale, as were carbonyl-loss products. By probing the photochemistry of these clusters using
ultrafast TRIR spectroscopy, we seek to directly monitor the structure and stability of the
products formed following photochemical excitation, which will allow for a better understanding
of their subsequent roles in chemical reactions.

In this paper we report an investigation into the photochemistry of the Fes;(CO);, and
0Os3(CO);; clusters following 267 nm and 400 nm excitation wavelengths in solution. The results
of this study provide new insight into the role of transiently lived metal-metal bond cleavage
intermediates, bridging carbonyl species, fragmentation products, and CO-dissociation products
in trimetallic clusters.

10.2 Methods

10.2.1  Sample Preparation

Fe3(CO)12 and Os3(CO);, were purchased from Fisher Scientific, and cyclohexane and
methanol were purchased from Sigma—Aldrich Co. All samples and solvents were used without
further purification. Dilute solutions of Fe;(CO);2 and Os3(CO);, were stable in air at ambient
temperatures for at least a few hours (verified via FTIR) in each solvent. Samples of Fe3(CO);2
used to collect TRIR spectra were prepared at a concentrations of ca. 4 mM. The Os3(CO);,
sample was prepared as a saturated solution in cyclohexane, since the solution appeared to be
saturated at a concentration of less than 1 mM.

10.2.2  Data Analysis

Kinetics traces in this work result from spectra measured at delay times between 0 and 1000
ps between the UV/visible-pump and IR-probe pulses. Kinetic traces for each spectral feature
were obtained by integrating a narrow spectral region (ca. 4 cm™ wide) surrounding the reported
frequency. The kinetic data were then fit to exponential curves using Origin Pro 8 software. Most
photoproducts were observed to be completely formed within 1 ps, or roughly the duration of the
excitation pulse. For these products, exponential decay functions were fit to data beginning at a
delay time of 2 ps. In cases where an exponential rise and decay function was needed, a separate,
home-written, fitting program was used. Errors on experimental time constants are reported as
95% confidence intervals.

10.2.3  Density Functional Theory Modeling

Density functional theory (DFT) calculations have been carried out to attempt to facilitate
assignment of the species observed in the TRIR experiments. All calculations were carried out
using the BP86°"*" functional in the Gaussian09* package. The 6-31+G(d,p) basis'**"***" set
was used for all atoms except Fe and Os, for which the lanl2dz*** basis was used. Each
geometry optimization was followed by a frequency analysis to ensure that all geometries were
genuine local minima. While most structures in this study were identified by interpretation of the
infrared spectra and comparison to literature results, DFT calculations were used for predicting
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the strengths of interactions with solvent molecules, as well as to search for local minima
corresponding to the short-lived metal-metal bond cleavage transients.

10.3 Results and Discussion

Time-resolved infrared (TRIR) spectra of Fe;(CO);2 and Os3(CO);» have been recorded in
the CO stretching region following 400 and 267 nm excitation. Spectra for Fe;(CO),, were
collected in cyclohexane and methanol solutions, while the low solubility of Os3;(CO);, in polar
solvents limited our study to cyclohexane solution for that species. TRIR spectra are presented as
difference absorbance spectra, in which positive absorptions correspond to newly formed
species, and negative bands correspond to the depletion of parent molecules.

10.3.1 Picosecond Time-Resolved IR Spectroscopy of Fe;(CO);,
Cyclohexane Results

TRIR spectra of Fe3(CO);, collected in cyclohexane solution following 400 nm and 267 nm
excitation are shown in Figure 10.1 and the time constants for exponential fits to the data are
listed in Table 10.1. A previous study into the electronic structure of a single crystal sample of
Fe;(CO)y, indicated that absorption bands at 437 and 602 nm correspond to 6—¢ and 6 —6
transitions (with respect to metal-metal bonding/antibonding orbitals), respectively, while a band
at 263 nm was assigned to an MLCT state associated with charge transfer to a carbonyl ligand.*”
In solution, Fe;(CO);, exists as a mixture of non-bridged and bridged (C,y) isomers, with the
non-bridged isomer present in significantly larger quantities (see Figure 10.2, structures A and
B).****">3%¢ While the exact quantity of the bridged isomer in solution is not known, it has been
suggested to be in the range of 5-10%, depending on the solvent.’”® As can be seen in the FTIR
spectrum in Figure 10.1, the bridging carbonyl absorption is very weak relative to the
absorptions in the terminal region. We will focus first on interpreting the bands in the terminal
carbonyl stretching region.
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Figure 10.1. TRIR spectra of Fe3(CO);, following 400 nm and 267 nm excitation in cyclohexane
solution at delay times of 20, 50, 100, 200, 300, 400, and 700 ps, along with the FTIR spectrum.
An enlarged version of the terminal carbonyl region of the 267 nm excitation spectrum at a delay
time of 1 ns is shown in the bottom panel.

Following 400 nm excitation, the strongest product absorption band at 2036 cm™ exhibits a
decay time constant of 133 + 23 ps. The time constants for decay of the other positive terminal
carbonyl absorptions at ca. 1990, 2005, and 2017 cm™ are similar to that for the 2036 cm™ band,
suggesting that these bands correspond to the same species. A previous study following 590 nm
excitation in cyclohexane reported a similar decay time constant of 150 ps for the transient
photoproducts.”” In that work, the photoproduct absorptions were assigned to a mixture of
unsaturated and bridging Fe3;(CO);, isomers. In both this study and the previous study, a fast
decay component of ca. 10 to 25 ps is observed, and we attribute this to vibrational cooling of
overlapping bands of the nascent photoproduct. The short, picosecond lifetime of this transient
species suggests that it is a metal-metal bond cleavage isomer that exists uncoordinated to any
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solvent molecules. Were a solvent molecule to coordinate as a token ligand to one of the metal
centers, we would expect the solvent-coordinated photoproduct to exhibit a significantly longer
lifetime.

The fact that the only observable bridging carbonyl product bands at 1807 and 1861 cm™ do
not recover on the same timescale as those in the terminal region, along with their significantly
weaker intensity, suggests that the species that contribute dominantly to the terminal region do
not contain any bridging carbonyls. As we will discuss shortly, the band at 1861 cm™ does not
decay on the timescale studied, and only becomes visible as the parent bleaches recover. Thus
we assign the strong bands at 1990, 2005, 2017, and 2036 cm™ in the terminal carbonyl region
species to a non-bridged metal-metal bond cleavage photoproduct, similar to structure C in
Figure 10.2. We point out that the bridged photoproducts observed via a band at 1807 and 1861
cm™ will also have weak overlapping contributions in the terminal CO-stretching region (vide

infra).

Table 10.1. Time constants for transient product bands and bleach recoveries of Fe;(CO);, in
cyclohexane following 400 and 267 nm excitation

Absorption (cm'l) T400 nm (PS) T 267 nm (PS)
Product decay time constants in cyclohexane®
1807 293 + 87 327+ 186
1990 10+2 11+2

141 +£32 167 +38
2005 10+2 13+2

145+9 159+ 17
2017 24+4 11+2

152+ 13 125+ 12
2036 4 + 3 (rise) 16 £ 15 (rise)

133 +23 156 +17
Parent bleach recovery time constants in cyclohexane
1835 276 + 57 222 +138
1867 191 +£52 240+ 173
2047 100+ 12 21+£3

187 +22

(a) Only absorptions that decay on the picosecond timescale are listed in this table.

We attempted to use DFT geometry optimizations to study the structure of the metal-metal
bond cleavage product. Previous DFT investigations studies on Fe3;(CO);; have shown that the
calculated minimum energy structure corresponds to the C,, geometry observed in the crystalline
phase, which is not the predominant form observed in solution. Our initial attempts to locate a
non-bridged metal-metal bond cleavage product were carried out by performing geometry
optimizations beginning from input geometries in which a single Fe-Fe bond distance had been
elongated from a non-bridged, Ds, geometry, or from the C,,, bridged geometry. These
optimizations each returned to the C,, equilibrium structure, or to a higher energy non-bridged
structure with equal Fe-Fe bond distances. We thus feel it is likely that the transiently lived, non-
bridged Fes;(CO);» photoproduct may not correspond to a genuine local minimum on the
potential energy surface and that the ca. 150 ps lifetime corresponds to the timescale for
rearrangement of the metal-metal cleavage product to reform the parent complex.

To investigate the nature of potential metal-metal bond cleavage products arising from the
non-bridged isomer, we began with a Ds, structure obtained from a symmetry-constrained
geometry optimization, and performed single-point frequency calculations for structures with
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one, two, or all three metal-metal bonds elongated, searching for structures whose predicted IR
absorption bands red-shift ca. 10 cm™ relative to the Ds, structure (to, at least qualitatively,
match the experimentally observed transient). We found that elongating a single Fe-Fe bond did
not lead to significant changes in the predicted observed IR frequencies, while symmetrically
elongating either two or three Fe-Fe bonds led to predicted red-shifts in the IR bands that were
reasonably consistent with our experimental spectra. For example, symmetrically elongating two
Fe-Fe bonds to 4.4 A leads to predicted red shifts of 4-9 cm™ for the strongest observed bands,
while symmetrically elongating all three Fe-Fe bonds to 4.0 A leads to predicted red-shifts of 10-
11 cm™, with the pattern of band intensities resembling that of the ground state structure in both
cases. Thus our DFT results suggest that the non-bridged transient species likely corresponds to a
structure in which either two or three Fe-Fe bonds are elongated, relative to the ground state
structure.
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Figure 10.2. Species A and B depict the non-bridging and bridging isomers of the parent
Fe3(CO)i2 complex. C shows the transient metal-metal bond cleavage product arising from
photolysis of A, while D shows the carbonyl-loss product believed to form following ligand
dissociation from B.

Looking next at the absorptions in the bridging carbonyl region of Figure 10.1, these exhibit
decay rates longer than those observed for the terminal carbonyl bands. From Figure 10.1, it is
evident that the bridging carbonyl bleach bands at 1835 and 1867 cm™ are similar in intensity to
the transient bridging photoproduct band at 1807 cm™. Despite the rather large errors on some of
the time constants due to the weak band intensities, the kinetics of the bleach recoveries also
correlate well with those for decay of the bridged photoproduct. These facts suggest that only the
C,, bridging isomer gives rise to photoproducts containing bridging carbonyl ligands. Were the
non-bridged isomer to give rise to a photoproduct containing bridging CO-ligands, we would
expect the corresponding bands to be substantially larger in intensity than those observed, since
the non-bridged parent isomer is present in significantly larger concentration than the bridged
parent structure. This point is further demonstrated by the correlated kinetics for decay seen in
the transient band at 1807 cm™ and the recovery of the parent bleaches in the bridging region.
The picosecond lifetime of the bridging carbonyl absorption observed at 1807 cm™ indicates that
the observed absorption cannot correspond to a carbonyl loss or fragmentation product, as the
absorptions of such products would not be expected to recover on the picosecond timescale. We
thus assign the band at 1807 cm™ to a metal-metal bond cleavage transient arising from cleavage
of an Fe-Fe bond in the C,, bridged parent molecule.
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DFT geometry optimizations calculations were again used to search for local minima
involving the cleavage of a metal-metal bond (and/or rearrangement of the bridging carbonyls)
from the C,, bridged complex. These attempts either returned to the C,, parent complex, or to a
higher energy non-bridged minimum. Similar to the case with the non-bridged isomer, no local
minima with an extended Fe-Fe bond were located. Single-point DFT calculations were again
performed involving the elongation of one or two Fe-Fe bonds (the CO-bridged Fe pair was not
extended), and, similar to the results with the all-terminal structures, only structures in which two
Fe-Fe bonds were elongated led to red-shifts that appear reasonably consistent with the
experimental observations. For example, symmetrically elongating the two non-bridged Fe-Fe
bonds to 4.4 A leads to red shifts of 2-9 cm™ in the observable IR band frequencies, with the
pattern of band intensities again resembling that of the ground state structure in each case. We
thus assign the transient bridging rearrangement intermediate to a geometry involving two
extended Fe-Fe bonds, though we cannot say whether a bridging carbonyl may also rearrange.
The short (picosecond) lifetimes for reversion of both transient species to their parent complexes
implies that they plays little role in the photochemistry of Fe;(CO);, in reactions occurring on
diffusion limited (or longer) timescales.

A weak positive absorption is also present at ca. 1861 cm™; this is more clearly visible at
longer delay times when the overlapping bleach intensity at 1867 cm™ has recovered. In the
TRIR spectra, the band at 1861 cm™ is more prominent in the spectra obtained following 267 nm
excitation, consistent with the notion that shorter excitation wavelengths will favor excitation
into a dissociative MLCT state. A previous study in alkane glasses reported the formation of
bridged CO-loss photoproduct D (Figure 10.2) at a frequency of 1858 cm™.**® We thus assign the
absorption at 1861 cm™ in the present study to structure D. Again, the comparably weak
intensities of this photoproduct band and those of the bridged parent bleaches suggests that the
bridged isomer likely gives rise to this complex, though it cannot be ruled out that this species
may form in low quantum yield from photolysis of the non-bridged parent isomer. Likewise, we
cannot rule out the possibility that the C,, bridged parent isomer may also undergo fragmentation
to yield Fe(CO)4 and Fe,(CO)s; our conclusions in this regard are based on the disparate intensity
scales observed for 1) the (weaker) bridging isomer parent bleaches and bridging CO-loss
photoproduct intensities, and 2) the (stronger) all-terminal isomer bleach and fragmentation
photoproduct intensities.

In general, the spectra and kinetics observed following 267 nm excitation are qualitatively
similar to those observed following 400 nm excitation. However, it is noteworthy that a greater
amount of parent bleach intensity remains at longer delay times following 267 nm excitation. If
we compare the 2047 cm™ parent bleach intensity at 1 ns relative to its maximum value at early
delay times (ca. 2 ps), this absorption maintains ca. 12% of its maximum intensity following 267
nm excitation, but only 6% following 400 nm excitation. While these numbers are only intended
to provide a qualitative comparison, it is clear that more photoproducts remain at longer delay
times following 267 nm excitation.

This is also apparent by looking at the positive product bands following 267 nm excitation.
At a delay time of 1 ns, absorption bands are visible at 1967, 1988, 2033, and 2060 cm’'; these
appear to remain relatively constant in intensity as the overlapping transient metal-metal bond
cleavage products decay. The bands at 1967 and 1988 cm™ are assigned to Fe(CO)4,>*~*** and
those at 2033 and 2060 cm™ are assigned to the bridged isomer of Fey(CO)g,>'”™ based on
comparisons to literature values. The literature demonstrates that bridged Fe,(CO)g also displays
weak bands in the bridging region, but these appear to be below our detection limit. Some reports
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assign a very weak a’ transition at 1857 cm™, and all reports assign another weak a’> band at ca.
1815-1820 cm™ ***** While both bands are weak, the a’> band should be several times stronger
than the a’ band, so the fact that we do not observe an a’’ band in the 1815-1820 cm™ region for
this species indicates that the band at 1861 cm™ does not correspond to the a’ mode of bridged
Fey(CO)s, confirming our earlier assignment of the 1861 cm™ band to Fe;(CO),;. DFT
calculations indicate that interactions between Fe,(CO)g and an alkyl group are only weakly
favorable (ca. 0.25 kcal/mol) and thus we do not believe that Fe,(CO)s coordinates to an alkyl
group as a token ligand. The band at 2060 cm™ appears to rise with increasing delay time; we
attribute this to the band’s weak intensity and overlap with the more intense recovering parent
bleach. Thus it appears that 267 nm excitation leads to fragmentation products in addition to the
metal-metal bond cleavage products. The bands at 2033 and 2060 cm™ are also weakly visible in
the spectra following 400 nm excitation, suggesting that a small amount of fragmentation also
occurs at this wavelength. While it is possible that carbonyl-loss products are also formed (in
fact, the very weak absorption at 1861 cm™ does suggest that a small amount are formed), the
spectra appear to be well-explained by fragmentation products and metal-metal bond cleavage
transients, and thus we find no clear evidence suggesting significant formation of carbonyl loss,
Fe3;(CO);; photoproducts from the all-terminal isomer of Fe3;(CO);,. In previous solution-phase
continuous irradiation studies, it was observed that photofragmentation dominated the net
photochemistry of Fe3(CO),.°*® Considering the short lifetimes of the transient rearrangement
products, the fragmentation photoproducts are likely responsible for subsequent reactivity on
longer timescales.

Recent X-ray scattering studies on the ruthenium congener have shown that two-carbonyl
loss products must be invoked to obtain a quality fit to the X-ray scattering data.’***! Such di-
carbonyl loss products arising from single photon absorption are believed to be rare, though their
existence has been established following excitation of Fe(CO)s at 267 nm.*>"*" In the present
study, the band positions observed at longer delay times all appear to correspond to known
photoproducts, and thus we do not believe any di-carbonyl loss products are observed in this
study.

Methanol Results

TRIR spectra of Fe;(CO);, collected in methanol solution following 400 nm excitation are
shown in Figure 10.3, and the corresponding time constants for the decay of each absorption
feature are listed in Table 10.2. We were interested to see if differences in the quantities of
bridging photoproducts would be observed in the more polar methanol solvent, since the
bridging Fe3(CO);, isomer is present in larger quantities in more polar solutions.>” Similar to the
data collected in cyclohexane solution, it is evident that disparate absorption intensity scales
characterize the bridging and terminal carbonyl regions in these spectra.
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Figure 10.3. TRIR spectra of Fe3(CO);, following 400 nm and 267 nm excitation in methanol
solution at delay times of 20, 50, 100, 200, 300, 400, and 700 ps, along with the FTIR spectrum.
An enlarged version of the terminal carbonyl region of the 267 nm excitation spectrum at a delay
time of 1 ns is shown in the bottom panel.

Looking first at the terminal carbonyl stretching region, the absorptions at 2002, 2020, and
2037 ecm™ decay at similar rates following excitation at either 400 or 267 nm irradiation. The
lifetimes of these absorptions are slightly (ca. 30%) longer than those of the terminal carbonyl
bands in cyclohexane solution. Based on the similar decay constants of each band in this region,
it appears that a single transiently lived photoproduct is observed in this region of the spectrum.
Again, the picosecond lifetime of this species implies that it exists uncoordinated to solvent
molecules. For comparison, a previous study on the photochemistry of Rus;(CO);, observed a
THF-solvated isomer with a lifetime of 50 ms,’”*> which is several orders of magnitude longer
than the lifetime of the species observed in the present study. The relatively similar lifetime in
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each solvent supports the notion that there is no major difference in the behavior of this transient
rearrangement intermediate in cyclohexane or methanol solvents.

In the bridging region of the spectrum, the photoproduct band at 1794 cm™ is red-shifted
relative to the frequency observed in cyclohexane. The comparable intensity scale and correlated
kinetics between this absorption and the bridged parent bleaches again suggests that the bridged
parent species gives rise to the bridged transient photoproduct. It is somewhat interesting that the
lifetime of the bridged photoproduct is actually shorter in methanol, perhaps indicating that the
more polar solvent decreases the stability of the bridged metal-metal bond cleavage product,
relative to the situation in cyclohexane. The absorption for the bridged carbonyl loss product D is
not clearly visible in these spectra, presumably due to its overlap with the parent bleaches and
broadening of the absorptions in the more polar solvent, combined with its already very weak
intensity.

Comparing the spectra obtained following 267 and 400 nm excitation again reveals the
presence of fragmentation photoproducts. Looking at the TRIR spectra at a delay of 1 ns shows
the presence of bands at 1944, 1982, 2018, and 2032 cm’’. Based on comparison to literature
values, the band at 1944 cm™ is assigned to Fe(CO)a4, whose absorption frequencies are known to
shift upon coordination to methanol.*®” To our knowledge, the IR spectrum of Fe,(CO)g in polar
solutions has not been reported previously. However, based on our observations in cyclohexane,
as well as the fact that one would expect Fe,(CO)s to be formed concomitantly along with
Fe(CO)s, we attribute the bands at 2018, and 2032 cm™ to Fe,(CO)s. Considering the shift in the
observed frequencies, relative to cyclohexane solvent, it seems likely that Fe,(CO)s also exists
coordinated to a solvent molecule. Our DFT calculations indicate that bridged Fe,(CO)s does
coordinate to a methanol molecule with a favorably enthalpy of ca. 12 kcal/mol.

Table 10.2. Time constants for transient product bands and bleach recoveries of Fe;(CO);; in
methanol following 400 and 267 nm excitation

Absorption (cm'l) T400 nm (PS) T 267 nm (PS)
Product decay time constants in methanol®
1794 9+ 19 (rise) 30+ 15 (rise)

194 + 42 135+48
2002 13+5 8+1

222 +36 205 +23
2020 203 +38 22176
2037 174 £ 17 186+ 19
Parent bleach recovery time constants in methanol
1826 186 +28 170 +31
1864 9+4 11+7

133 +£25 141 + 44
2050 22+5 12+1

260 + 36 219+ 17

(a) Only absorptions that decay on the picosecond timescale are listed in the table.

10.3.2 Picosecond Time-Resolved IR Spectroscopy of Os;(CO),

In the solution phase, Os3(CO);; is known to adopt a non-bridged, approximately Dsj
geometry.”>"” Unfortunately, the very low solubility of Os3;(CO)i5 in polar solvents prevented
us from obtaining TRIR spectra in methanol or other alcohols. Unlike the iron congener, the
parent osmium cluster does not contain any detectable fraction of an isomer containing bridging
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carbonyls. Transitions in the electronic absorption spectrum of Os3;(CO);, at 330 and 385 nm
have been assigned to o—o and o —o transitions (with respect to metal-metal
bonding/antibonding orbitals), respectively, with another band at 240 nm assigned to an MLCT
state associated with charge transfer to a carbonyl ligand.*® A remaining band centered at 280 nm
has not been assigned.*

The TRIR spectra of Os3(CO);, collected in cyclohexane following 400 nm excitation are
shown in Figure 10.4, and the time constants for the decay of each absorption feature are listed in
Table 10.3. In this case, no bridging carbonyl photoproducts were observed to form at either
excitation wavelength, and thus the spectra shown focus on the terminal carbonyl stretching
region.

0s3(CO)45 l
2 1cyclohexane, 400 nm

Os3(CO);, l
2 {cyclohexane, 267 nm

A Absorbance (A.U.)

1950 2050
0Os3(CO),,
cyclohexane, 267 nm, 1 ns delay (zoom)
1900 1950 2000 2050 2100

Wavenumber (cm™)

Figure 10.4. TRIR spectra of Os3(CO);, following 400 nm (top panel) and 267 nm (bottom
panel) excitation in cyclohexane solution at delay times of 20, 50, 100, 200, 300, 400, and 700
ps. An enlarged version of the 267 nm excitation spectrum at a delay time of 1 ns is shown in the
bottom panel.

Following 400 nm excitation in cyclohexane solution, product bands were observed to form

at 1991, 2010, 2028, and 2062 cm’', as were parent bleaches at 2001, 2015, 2036, and 2069 em™.
The product bands are observed to decay on a timescale of ca. 150 ps (see Table 10.3), with time
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constants that are similar to one another within the errors of the fits. Considering that no bridging
carbonyls are present, and that most of the product absorptions decay on the picosecond
timescale, we assign the major photoproduct to a metal-metal bond cleavage transient, similar to
that observed for the iron congener (see structure C in Figure 10.2). DFT geometry optimizations
were again unable to locate a local minimum with an extended metal-metal bond and returned to
the ground state geometry calculated for Os3(CO);,. To investigate the structure of the transient
metal-metal bond cleavage intermediate, single-point DFT frequency calculations were
performed for structures beginning from the ground state structure with one, two, or all three Os-
Os bonds elongated. Similar to the case with the Fe;(CO),; cluster, only structures involving two
or three Os-Os bonds elongated led to red-shifting of the calculated frequencies to produce
results in reasonable accord with the observed spectra. For example, symmetric elongation of
two Os-Os bonds to 4.4 A yielded predicted red-shifts of 6-9 cm™ in the observable IR bands,
while symmetric elongation of all three Os-Os bonds to 4.4 A predicted red-shifts of 10-11 cm™,
with the pattern of band intensities again resembling that of the ground state structure in each
case. Our DFT results thus indicate that the structure of the transient rearrangement intermediate
likely involves two or three elongated Os-Os bonds.

Table 10.3. Time constants for product band and bleach recoveries of Os3(CO);, in cyclohexane
following 400 and 267 nm excitation

Absorption (cm'l) T400 nm (PS) T 267 nm (PS)
Product decay time constants in cyclohexane
1991 5+1 10+3
174 +35 129+ 15
2010 12+3 184+ 16
156 + 16
2028 5+1 18 £ 4 (rise)
126 + 14 186 + 32
2062 8+3 14 £ 4 (rise)
145+ 14 164 + 43
Parent bleach recovery time constants in cyclohexane
2001 5+1 153 +11
136+ 18
2015 2+1 13 + 11 (rise)
141+6 183 +43
2036 61 184+ 14
117+9
2069 61 125+ 18
126 + 17

Considering that each of the transient bands assigned to metal-metal bond cleavage products
(for both the Fe and Os clusters) present spectra that somewhat resemble those of the
corresponding parent complex, but red-shifted by ca. 10 cm™, we should address the possibility
that these bands could also correspond to already recovered ground state molecules (i.e. with all
three metal-metal bonds intact) that are still vibrationally hot. While this possibility cannot be
definitively ruled out, the available evidence suggests this is not the case. Our DFT results
indicate that the metal-metal bond cleavage transients yield spectra with similarly red-shifted
frequencies and are thus in accord with the spectral assignment of these bands to metal-metal
bond cleavage products. Moreover, were the transient bands due primarily/entirely to vibrational
cooling of ground state molecules, we would expect to observe significant band narrowing and
blue-shifting of each of the positive bands observed in all of the spectra in Figures 10.1, 10.3,
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and 10.4 with increasing delay time; this not the case. The majority of the transient bands
observed remain at a relatively constant bandwidth and stable center frequency with increasing
delay time, which is not consistent with spectral dynamics we would expect from vibrational
cooling. The only band for which a dynamic blue-shift is clearly observed is the highest intensity
positive transient band following 267 nm excitation of Os3(CO);,. By contrast, the highest
intensity bands in the spectra of Fe;(CO);» in both solvents at both excitation wavelengths
actually appear to red-shift slightly with increasing delay time, probably due to their overlap with
the neighboring parent bleach band. Certainly, vibrational cooling of the transient photoproducts
affects these spectra; for example, several of the kinetic fits in Tables 10.1-10.3 display a fast
early time component that is influenced by, or entirely due to, vibrational cooling. However,
considering the agreement between the DFT calculated transient metal-metal bond cleavage
products, and the lack of consistent band narrowing and blue-shifting that would be expected if
the positive bands were due entirely to vibrational cooling, we feel the evidence supports
assignment of the transient bands (i.e. those bands that recover on the picosecond timescale) to
metal-metal bond cleavage products.

Comparison of the spectra following 267 and 400 nm excitation in Figure 10.4 shows similar
band positions and rates for decay of the transient species. Making the same qualitative
comparison of the parent bleach intensities as was made for the iron congener, the parent bleach
at 2069 cm’' maintains ca. 11% of its initial maximum intensity at 1 ns following 267 nm
excitation, but only ca. 5% of its initial maximum intensity following 400 nm excitation. We
interpret this to indicate that more long-lived (fragmentation or carbonyl-loss) photoproducts are
formed following 267 nm excitation, as one would expect when shifting to higher excitation
wavelengths. Monitoring the yield of CO-loss photoproducts by integrating the overlapping
transient and CO-loss photoproduct positive bands shows the same general trend as was
observed by monitoring the relative fraction of remaining parent bleach intensity. We point out
that it is difficult to visualize the differences in the amount of CO-loss photoproducts at the
different excitation wavelengths, as the y-axes of these spectra have been normalized to account
for differences in transient band intensity due to differing extinction coefficients and pump
powers at the two excitation wavelengths. Note also that the maximum intensity for transient
bands is typically observed at delay times of only a few picoseconds, while the earliest delay
time plotted is 20 ps (which contributes to why it is difficult to visualize the relative quantities of
photoproducts remaining at longer delay times). A few of the photoproduct and bleach bands
were observed to exhibit rise times that extended for 13-18 ps, and we believe this is due to
vibrational cooling processes and the overlap of product and bleach bands at early delay times.

Unlike the situation for the iron congener, the photoproducts present at long delay times in
these spectra do not correlate well to the absorptions for potential fragmentation products.
Os(CO)4 would be expected to display bands at ca. 1948, 1966, 2010, and 2097 cm™,*** which
does not match the observed TRIR spectra. Osy(CO)s has been observed previously in a CHy
matrix to show bands at 2004, 2024, and 2056 cm™,”* and, while these band positions may at
first appear reasonably consistent with some of the observed absorptions, there are a few pieces
of evidence which are inconsistent with the formation of Os,(CO)s. First, the band at 2002 cm™
decays completely on the picosecond timescale, which is inconsistent with formation of a
fragmentation product. Also, two bands are present at 2052 and 2060 cm', rather than the single
band in this region that would be expected for Osy(CO)s. Finally, Osy(CO)s and Os(CO)s would
be expected to form concomitantly, and thus the absence of Os(CO), is further evidence that
Os2(CO)g does not form. While the IR spectrum of Os(CO); has not, to our knowledge, been
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reported, the IR spectrum of Os,(CO)y is known to exhibit bands at 1778, 2013, 2024, 2038, and
2080 cm™' in alkane solution.’”>””® These bands are clearly inconsistent with the observed TRIR
spectra, demonstrating that fragmentation to yield Os,(CO)¢ does not occur. Thus for Os3(CO);2,
fragmentation does not appear to take place. We therefore attribute the long-lived photoproduct
intensity at 1993, 2023, 2052, and 2060 cm™ to carbonyl-loss products. The similarity between
the band positions at both excitation wavelengths suggests that no di-carbonyl loss (i.e.
0Os3(C0O)19) photoproducts are observed in these spectra, as the lower energy 400 nm excitation is
not expected to yield such species.

A previous study at 90 K in methylcyclohexane glass containing CO suggested that an
equatorial CO ligand is initially dissociated, followed by rearrangement to an axially vacant
form.>® IR absorptions for this species were reported at 1970 (weak), 1996, 2021, 2051, and
2060 crn'l, which, considering the difference in the experimental conditions, match the bands
observed at longer delay times in the current spectra well. We thus assign the species observed at
longer delay times in the present study to axially vacant Os3;(CO);;. Our DFT calculations
suggest that coordination of an alkane as a token ligand at the axial site of Os3(CO);; is not
favorable; geometry optimizations were attempted with a propane molecule occupying the
vacant axial site of Os3(CO);;, and these led to minima involving the propane molecule expelled
from the axial site.

10.4 Conclusions

In this study, we have investigated the ultrafast solution-phase photochemistry of the
Fe3(CO)12 and Os3(CO)p, clusters following 267 and 400 nm excitation. Significantly, no
formation of bridging carbonyl cluster photoproducts from non-bridging parent molecules was
observed. This observation appears to hold true for rearrangement isomers arising from metal-
metal bond cleavage, as well as the carbonyl-loss photoproducts, of either the iron or osmium
congeners. This is in direct contrast to the observations made previously for Ru3(CO);,, in which
two distinct types of bridging photoproducts formed from the all-terminal parent complex. In that
study, no transient species without bridging carbonyls were experimentally observed. In the
present study, the only transient trimetallic photoproducts observed to contain bridging carbonyls
were the rearrangement isomer and carbonyl-loss product that we believe arise from photolysis
of the C,, bridging isomer of Fe3(CO);s».

The photochemistry of Fe;(CO);, differs from that of its ruthenium and osmium congeners in
that UV irradiation leads to fragmentation of the cluster into Fe(CO)4 and Fe,(CO)s moieties. For
Ru3(CO)1,* and Os3(CO)po, fragmentation of the cluster does not occur, and carbonyl loss
products are the only photoproducts arising from dissociation of the cluster. While it remains
difficult to offer a simple explanation for why the all-terminal ruthenium cluster is the only in
this series to yield photoproducts containing bridging carbonyls, the observation of
fragmentation products for the iron cluster alone can likely be explained by differences in the
strength of the metal-metal bonding interactions. Previous reports have demonstrated that the
strength of metal-metal interactions among the homometallic group 8 metal carbonyl clusters
tend to increase with increasing atomic number, and thus are expected to be weakest in the iron
species, 85397398

These observations carry implications for the species involved in the photochemical
reactivity of these clusters on longer timescales; the transient metal-metal bond cleavage
products recover on the picosecond timescale, implying that these cannot participate in reactions
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occurring on diffusion limited timescales. Thus the fragmentation and carbonyl-loss
photoproducts of the iron and osmium clusters, respectively, will dictate the photochemistry of
these clusters on longer timescales. It is interesting that, despite their analogous structures, each
of the homoleptic group 8 transition metal carbonyl clusters exhibits unique photochemistry on
the ultrafast timescale. The photochemistry of the group 8 clusters thus appears to be quite
nuanced and not easily generalized.
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11 Picosecond time-resolved infrared and DFT studies of
the photochemistry of Co4(CO);, in solution

The following chapter is reproduced (adapted) in part with permission from (Lomont, J.
P.; Nguyen, S. C.; Harris, C. B. Organometallics, 2012, 31, 4031-4038.). Copyright (2013)
American Chemical Society.

11.1 Introduction

The chemistry of transition metal carbonyl clusters, including their structure, fluxional
dynamics, and thermal and photochemical reactivity, is a subject of considerable interest in the
chemical sciences.”' """ Among these, clusters of the group 8 and group 9 metals of the
type M3(CO);2 (M = Fe, Ru, Os) and M4(CO);» (M = Co, Rh, Ir), respectively, have served as
models for the behavior of other transition metal clusters. We present an investigation into the
photochemical behavior of Co4(CO);; in polar and nonpolar solvents using picosecond time-
resolved infrared (TRIR) spectroscopy. Ultrafast studies on the photochemistry of M3(CO);,
clusters have provided insight into their rearrangement and ligand dissociation dynamics,’'*">
but, to our knowledge, this constitutes the first investigation into the photochemistry of an
M4(CO),;, complex on the ultrafast timescale.

Though it was the first tetranuclear cluster ever prepared,’” the structure of Co4(CO)i,
remained unclear for several decades. A number of NMR investigations have addressed the
structure of the cluster using B, 70, and *Co resonances.*” ™' P*CNMR studies initially
yielded controversial results, but the structure of this species in alkane solutions and in the solid
state is now known to be of C3, symmetry.***!¢

Though it’s catalytic activity has been investigated to a lesser extent than that of many other
metal carbonyl clusters, Co4(CO);, has been used as a catalyst in hydroformylation and
hydroesterification reactions.*'”*'® Synthetic chemists working on the Coy(CO)s catalyzed
Pauson-Khand reaction (PKR) originally suggested that the formation of Co4(CO);, was an
impediment to the PKR,**** though in the past decade Co4(CO);, has actually gained
significant attention for its role as a catalyst in the PKR in both organic and aqueous
solutions.””'™** At a CO pressure of 10 atm, Co4(CO);, was demonstrated to achieve higher
catalytic efficiency than the more widely used Co,(CO); catalyst.**!

Existing studies on the photochemistry of Co4(CO),, are somewhat limited. Interestingly, UV
photolysis of either Co4(CO);, or Co(CO)s has been shown to significantly impede the catalytic
hydroformylation of alkenes, relative to the thermally catalyzed reaction.*® Recent studies have
also shown that Co4(CO);, in CH,Cl, solution can serve, under thermal or photochemical
conditions, as a precursor to cobalt-carbon clusters with a cubane structure, which act as single-
molecule magnets.*””*** The strongest absorptions in the electronic spectrum of Co4(CO), are
centered at 340 and 375 nm. Both have been assigned to multiple overlapping transitions, which
are predicted to result primarily in weakening of the metal-metal bonding between the apical and
basal Co atoms. %! Considering the results of a previous study on the trimetallic Ru3(CO);;
cluster, it initially seemed likely that 267 nm excitation would also lead to CO-loss products via
MLCT excitations.”"®
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In this study we investigate the photochemically induced rearrangement dynamics of
Co04(CO),2, which may serve as a model for the photochemistry of other MyL;, clusters. The
observed photochemistry in cyclohexane and CH,Cl, solvents is compared at 267 and 400 nm
excitation wavelengths, and DFT calculations are used to facilitate interpretation of the
experimental spectra.

11.2 Methods

11.2.1  Sample Preparation

Co4(CO),, was purchased from Strem Chemicals Inc. Cyclohexane and CH,Cl, were
purchased from Sigma—Aldrich Co. All samples and solvents were used without further
purification. Dilute solutions of Co4(CO);, were stable in air at ambient temperatures for at least
a few hours (verified via FTIR) in each solvent. Samples used to collect TRIR spectra were
prepared at a concentration of ca. 2 mM.

11.2.2  Data Analysis

Kinetic data in this work result from spectra measured at delay times between 0 and 1100 ps
between the UV/visible-pump and IR-probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 3 cm” wide) surrounding the reported
frequency. The kinetic data were then fit to exponential curves using Origin Pro 8 software. To
obtain fits with exponential rise and decays, a separate, home-written, fitting program was used.
Errors on experimental time constants are reported as 95% confidence intervals.

11.2.3  Density Functional Theory Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the TRIR experiments. All calculations were carried out using the
BP86,>"* B3LYP,””” and PW91*"* functionals in the Gaussian09* package using the
lan12dz*** basis on Co and the aug-cc-pDVZ basis*®* set on all other atoms. Each geometry
optimization was followed by a frequency analysis to ensure that all geometries were genuine
local minima. Beyond checking for reasonable consistency between the experimentally observed
spectra and the calculated structures, we did not find the calculated frequencies to be particularly
helpful in assigning the experimental spectra. Many species show similar predicted CO-
stretching frequencies, and the errors in the absolute frequencies are too large to make
quantitative comparisons between calculated and observed values.

11.3 Experimental Results
TRIR spectra in the CO stretching region are presented as difference absorbance spectra.
Positive absorptions correspond to newly formed species, while negative bands correspond to the

depletion of parent molecules.

11.3.1  TRIR in Cyclohexane Solution
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Figure 11.1. TRIR spectra at UV-IR delay times of 10, 40, 200, 400, and 1000 ps obtained
following 400 nm photolysis in cyclohexane solution. The inset magnifies the 1800-1900 cm™
spectral region. In the inset, gray dots are actual data points while black lines are fits to the data.

Figure 11.1 shows TRIR spectra of Co4(CO);, in cyclohexane following 400 nm excitation.
Broad absorptions between ca. 1975 and 2050 cm™ correspond to terminal CO-stretching modes
of the photoproducts, while those between 1800 and 1855 cm™ correspond to bridging CO-
stretching modes. Parent bleaches are observed at 1863, 2054, and 2062 cm™'. Overlapping peaks
of the terminal CO-stretching modes of different species make it difficult to separate their
kinetics in the terminal region of the spectrum, but the bridging region contains absorptions at ca.
1824 cm™ and ca. 1849 cm™ that clearly display distinct kinetics, suggesting that two distinct
species must be present. Kinetic traces of the absorptions at 1824, 1849, and 1863 cm™ are
shown in Figure 11.2.

While the 1824 cm™ region decays to baseline on the timescale studied, we observe some
intensity at ca. 1850 cm™ even at longer delay times. We interpret this to suggest that the 1824
cm’' absorption results solely from metal-metal bond cleavage products, while the absorption at
1849 cm™ has contributions from both metal-metal cleavage and CO-loss products. A weak
absorption is also present at ca. 1880 cm™, but the weak intensity and overlap with the parent
bleach make it difficult to obtain reliable kinetics in this region.

101



Table 11.1. Experimental Time Constants for Product Peaks and Bleach Recoveries in
Cyclohexane at 400 and 267 nm

Absorption (cm'l) T400 nm (PS) T 267 nm (PS)
Product decay time constants in cyclohexane
1824 95+4 119+9
1849 36 £ 5 (rise) 54 + 8 (rise)
170+9 152+ 15
2010° 5+1 8+ 1
114+ 10 166 + 24
2031* 13+1 17+2
140+ 8 173 +24
2040° 26+4 17+6
156 + 13 191 +£22
Parent bleach recovery time constants in cyclohexane
1863" 15+1 11+2
157+2 158 +4
2052* 19+3 15+2
154 +4 183+ 18
2060* 16+2 22+5
164 +£8 237 +39

(a) The fast decay components of these absorptions may correspond to vibrational or electronic relaxation processes,
or to fast recombination of transiently dissociated complexes.
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Figure 11.2. Kinetic traces obtained at 1824, 1849, and 1863 cm™ following 400 nm excitation in
cyclohexane. Lines represent exponential functions fit to the experimental data points.

TRIR spectra collected using 267 nm excitation are qualitatively similar to those obtained
using 400 nm excitation. Kinetic traces of the CO-stretching absorptions following both
excitation wavelengths are summarized in Table 11.1. The most noteworthy difference between
the spectra obtained with the two excitation wavelengths is the amount of parent bleach intensity
remaining at longer delay times; it is clear that more long-lived photoproducts are present
following 267 nm excitation, relative to when 400 nm excitation is used. If we compare the 2060
cm’’ parent bleach intensity at 1 ns relative to its maximum value at early delay times (ca. 2 ps),
this absorption maintains 21% of its initial maximum intensity using 267 nm excitation, but only
10% following 400 nm excitation. While these numbers are only intended to provide a
qualitative comparison of the quantum yields for photochemical processes, it is clear that more
photoproducts remain at longer delay times following 267 nm excitation than with 400 nm
excitation. As will be discussed later, we can interpret this in terms of the branching ratio for
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formation of CO-loss vs. metal-metal bond cleavage products. Overall, the observed
photoproducts exhibit only small downshifts in frequency relative to the parent complex. One
possible explanation for this is that, in a tetrametallic cluster, the changes in electron density as
bonds are broken or formed are spread over several metal centers, whereas in complexes
containing only a single metal center, the changes in electron density are localized to the lone
metal, and thus tend to affect the CO stretching frequencies more significantly.

11.3.2 TRIR in CH,Cl, Solution

TRIR difference spectra of Co4(CO);, following 400 nm excitation in CH,Cl, are shown in
Figure 11.3. Absorptions from ca. 1950-2045 cm™ again reflect terminal carbonyl stretches of
transient photoproducts, and absorptions in the 1800-1850 cm™ region correspond to bridging
CO-stretching modes. These spectra are qualitatively similar to those obtained in cyclohexane,
and kinetic fitting parameters for the various absorptions are given in Table 11.2. Two time
scales for product decay are again observed in the bridging region, as can be seen from the
kinetic traces at 1825 and 1840 cm™ in Figure 11.4. Relative to the decay times observed in
cyclohexane, the transient species have longer lifetimes in CH,Cl,. The significantly different
decay times of the absorptions at 1824 cm™ in cyclohexane and 1825 cm™ in CH,Cl, clarify the
fact that this absorption is not simply the result of vibrational cooling of the absorptions at 1849
cm™ in cyclohexane or 1840 cm™ in CH,Cl,. This solidifies the assignment of these kinetically
uncorrelated absorptions to two distinct chemical species. Also supporting this notion is the fact
that we do not observe evidence of significant blue shifting of the terminal carbonyl frequencies.
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Figure 11.3. TRIR spectra at UV-IR delay times of 10, 40, 200, 400, and 1000 ps obtained
following 400 nm photolysis in CH,Cl, solution. The inset magnifies the 1800-1900 cm™
spectral region. In the inset, gray dots are actual data points while black lines are fits to the data.

Spectra and kinetics obtained following 267 nm excitation are similar to those obtained
following 400 nm excitation, with more photoproduct intensity at longer delay times again
observed following 267 nm excitation, relative to when 400 nm excitation is used. In this case,
the 1 ns spectrum following 267 nm excitation shows that the parent bleach at 2062 cm™
maintains 20% of its initial maximum intensity, while this fraction decreases to 7% when 400 nm
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excitation is used. These fractions are similar to those observed in cyclohexane solution. In both
solvents, and with both excitation wavelengths, the higher frequency bridging product absorption
exhibits a rise time of ca. 50 ps. We believe there are two reasonable explanations for this rise.
The first is vibrational cooling of the corresponding photoproduct, as this process would not be
expected to show a significant solvent dependence. An alternative possibility is that, since this
peak overlaps with the parent bleach, the faster recovery of the lower frequency absorption at
1824/1825 cm™ leads to significant parent bleach recovery at early times, causing the higher
frequency kinetic trace to increase in intensity at early times.

Absorbance Change (A.U.)

0 200 400 600 800
Time Delay (ps)

Figure 11.4. Kinetic traces obtained at 1825, 1840, and 1857 cm’! following 400 nm excitation in
CH,Cl,. Lines represent exponential functions fit to the experimental data points.

Table 11.2. Experimental Time Constants for Product Peaks and Bleach Recoveries in CH,Cl, at
400 and 267 nm

Absorption (cm'l) T400 nm (PS) T 267 nm (PS)
Product decay time constants in CH,Cl,
1825 276 £ 12 322+23
1840 48 + 10 (rise) 52 4+ 6 (rise)
390+ 72 435+ 34
2015 9+1 T7+2
190 + 18 116 +17
2035* 18+1 28+6
220+ 10 173 £ 56
2045* 29+3 25+ 19
319+ 18 188+ 15
Parent bleach recovery time constants in CH,Cl,
1857* 9+1 7+3
307+ 11 302+ 12
2054 20+ 1 22+2
245+9 283 +27
2062° 18+1 26+3
256+ 6 353 £31

(a) The fast decay components of these absorptions may correspond to vibrational or electronic relaxation processes,
or to fast recombination of transiently dissociated complexes.

In determining whether the observed kinetic traces in both solvents correspond to ground

state rearrangement products, vibrationally excited products, or electronically excited species, we
can compare the data collected at different excitation wavelengths and different solvents to gain
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important insights. The fact that the spectra in a given solvent are qualitatively very similar and
show similar kinetics at different excitation wavelengths indicates that the observed dynamics
are not the result of electronically excited species; if electronically excited species did account
for any of the observed dynamics, we would expect to observe differences in the TRIR spectra as
a function of excitation wavelength. Comparing the data in different solvents, the differing
lifetimes of the transient rearrangement intermediates indicate that the observed lifetimes are not
due to vibrational relaxation; if, for example, the lower frequency bridging absorption was
merely a vibrationally hot species, we would not expect its lifetime to change so significantly
between solvents. This same reasoning holds for the other absorption features. For these reasons,
we assign the observed dynamics to ground state species.

11.4 DFT Results and Discussion

To facilitate interpretation of the experimental results, we have carried out geometry
optimizations and frequency calculations for Co4(CO);» and several potential photoproducts
resulting from metal-metal bond cleavage or CO-loss. Due to the large number of overlapping
absorptions from CO-stretching modes, our assignments of the experimentally observed species
must rely strongly on the DFT results. As we will describe, however, the results we have
obtained appear to match with, and explain, the experimental data quite well.

In accord with previous studies, our calculations yield a ground state Cs, structure for the
parent complex, shown from several angles in Figure 11.5a. Looking at what non-dissociative
rearrangement products can be formed from excitation of the parent molecule, there initially
appeared to be two possibilities. One is cleavage of a metal-metal bond between the apical Co
and any of the three equivalent basal Co atoms, while the other is rearrangement of a bridging
CO between any pair of basal Co atoms to become a terminal CO, which would also likely
involve the concurrent cleavage of a metal-metal bond between the two formerly bridged Co
atoms. Previous studies into the electronic spectrum have suggested that cleavage of an apical-
basal Co-Co bond is most likely. We investigated both of these possible pathways using DFT
calculations.

11.4.1  Rearrangement Pathways

Rearrangement of a bridging CO along with cleavage of a metal-metal bond between any of
the three basal Co atoms did not lead to any stable unsolvated local minima, nor did it lead to any
stable alkane or CH,Cl, solvated geometries (see SI for details of these calculations). Attempts at
geometry optimizations following from this pathway returned to the parent species with the
solvent molecule, if present, expelled from Co4(CO);, cluster. We interpret this to indicate that
no stable local minimum exists that follows in a simple fashion from cleavage of a basal-basal
Co—Co bond and/or rearrangement of a bridging CO-ligand. Following this initial dissociation
pathway, no clear description arose to explain the observed rearrangement dynamics.
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Figure 11.5. Calculated BP86 structures for the parent Cos(CO);, (5a) shown at several angles,
as well as the two rearrangement products (5b and 5c¢) formed via cleavage of an apical-basal
Co—Co bond, along with a line drawing representation of the Dyq4 structure proposed by Cotton in
Ref. 26 (5d).

Following the metal-metal cleavage pathway involving an apical-basal Co—Co bond did lead
to two stable rearrangement geometries. Two different products can readily form, since either an
apical or basal CO ligand can rearrange to bridge the cleaved metal-metal bond (5b and 5c). We
believe these species correspond to the rearrangement products observed experimentally.

Our attempts to locate alkane and CH,Cl, solvent coordinated minima for structure 5b
showed that the solvent molecule may coordinate only weakly via a basal Co atom (5-alkyl and
5b-CH,Cl, in Table 11.3). We were unable to locate any solvated minima for structure Sc,
presumably due to increased steric crowding. Table 11.3 lists the energies of each of these
complexes. While converged geometries were obtained for S5b-alkyl and 5b-CH,Cl, it is
noteworthy that the binding energies to these solvents are weakly favorable at best; in several
cases these are even calculated to have higher energies than the dissociated solvent and cluster
moieties.

Attempts to locate other plausible rearrangement structures were unsuccessful; these are
described in more detail in the SI of the published manuscript, and we will briefly address just
one other relevant result here. Despite evidence for a Cs, crystal structure, Cotton once suggested
that a structure of D,q symmetry may actually correspond to the solution phase geometry at
ambient temperature (see Figure 11.5d).** Attempts to locate a structure corresponding to this
geometry were unable to locate a corresponding local minimum, and instead led to a structure
that differs significantly from the Cs, parent complex or either of the other rearrangement
structures. This new structure contained 6 bridging and 6 terminal carbonyl ligands. To reach this
structure from the parent complex would require the breaking and formation of many chemical
bonds, thus it does not appear to be a plausible rearrangement intermediate for the species
observed in our experiments.
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To relate the calculated structures to our experimental spectra, we first consider that 2
distinct species were observed to recover on the picosecond timescale in each solvent. The decay
time constants in either solvent are on the timescale of hundreds of picoseconds, which is far
shorter than would be expected for a solvent-coordinated rearrangement product. For
comparison, a previous study on Rus(CO);, observed a THF solvated complex with a lifetime of
50 ms,””* which is ca. 10° times longer than the lifetimes of the transient rearrangement products
observed in the present study. The frequency shift of the product absorptions between
cyclohexane and CH,Cl, solvents is also relatively small, consistent with a difference in
dielectric constants between solvents, and not indicative of differences in solvent coordination
between the two solvent environments. These observations agree with the results of our
calculations, which indicate solvation of the rearrangement intermediates is weakly favorable at
best. We thus assign the two species observed experimentally in each solvent to unsolvated 5b
and 5c. While we cannot rule out the existence of other rearrangement products, the experimental
results demonstrate the presence of two species, and only two reasonable rearrangement
geometries could be located, supporting the notion that 5b and 5c are the predominant
rearrangement products formed upon photoexcitation. It is, of course, worth noting that the
specific bonding arrangements of the structures assigned to the experimental rearrangement
products are obtained from the results of the DFT calculations. If more subtle conformational
changes, such as the reversible opening of a briding CO ligand, were at work, DFT calculations
may fail to locate a corresponding minimum.

To assign which of the experimentally observed absorptions corresponds to each of 5b and
Sc, we first looked to the DFT calculated frequencies; however these are predicted to be similar
for both compounds. Each is predicted to exhibit 2 relatively strong absorptions in the bridging
region, and the absolute calculated frequencies are not are not necessarily useful, as the typical
errors are on the order of the separation of the experimentally observed absorptions. As only two
distinct kinetic traces are observed, it is likely that each species has an overlapping absorption
with the parent complex. An alternative possibility is that the DFT calculated frequencies
overestimate the separation of the two absorptions for each species, and in reality each species
has two absorptions at similar frequencies.

Table 11.3. Relative Energies Calculated for Co4(CO);, and Rearrangement Complexes

Species AH relative to Parent (kcal/mol)

BP86 PWI1 B3LYP*
5a 0 0 0
5b 29.2 29.1 28.1
5b-alkyl 30.6 27.5 -
5b-CH2CI2 26.4 243 29.8
5¢ 2.0 1.2 5.3

(a) No stable minimum could be located for 5b coordinated to propane.

To assess which species is expected to have a larger barrier to rearrangement back to the
parent complex, we located transition states beginning from species 5b or 5c returning to 5a, and
the associated energies are given in Table 11.4. 5c is calculated to have the larger barrier to
rearrangement back to the parent complex, which suggests that this species is the longer-lived
rearrangement isomer corresponding to the kinetic trace at 1849 cm™ in cyclohexane (1840 cm™
in CH,Cl,). Considering these are gas phase calculations, the low calculated barriers for return to
the parent complex are in reasonable agreement with the observed lifetimes of the rearrangement
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species. Species 5b is thus assigned to the kinetic trace at 1824 cm™ in cyclohexane (1825 cm™
in CH,Cl).

Table 11.4. Calculated Energy Barriers for Rearrangement to the Parent Complex

Transition State AH* to Return to Parent Complex (kcal/mol)

BP86 PWI1 B3LYP
5b > 5a 0.30 0.61 0.50
5¢ > 5a 1.51 1.65 0.79

While it remains difficult to conclusively assign which of 5b and 5c correspond to which
kinetic trace, we feel the fact that only these two structures could be located, despite great effort
to search for others, provides strong support for our assignment of the two observed
rearrangement products as species 5Sb and 5c. Both have lifetimes on the same order of
magnitude and are present in comparable quantities, which is not surprising, given the parallel
nature of their formation and recovery via ligand rearrangements. We attribute the solvent
dependence of the lifetimes of both rearrangement products to stabilization of the rearrangement
intermediates in the more polar CH,Cl, solvent.

11.4.2  Carbonyl-Loss Products

Looking at the absorptions that remain present at longer delay times, the similarities between
the quantities of these species in each solvent, combined with the observed excitation wavelength
dependence of their formation, suggests that these absorptions correspond to CO-loss products
rather than to solvated rearrangement intermediates. Were a solvated rearrangement species
present, we expect that its formation should be solvent dependent, and thus cause a noticeable
difference in the quantity of long-time parent bleach intensity in the different solvents; this is not
the case. The wavelength dependence thus indicates that the higher energy of the 267 nm
photons leads to a greater fraction of CO-loss products. We also do not believe these absorptions
correspond to fragmentation products, such as Co(CO)s or Co0y(CO)s. Co(CO)s has a
characteristic absorption at 2011 cm'l, and Co,(CO)s has absorptions at 1857, 2023, 2041, and
2070 cm™ in n-heptane.*® While we do observe photoproduct intensity near 2010 cm™, there
appears to actually be more than one absorption present in this region. Another possible set of
fragmentation products we considered were the odd electron fragments Co(CO); and Coz(CO)o,
the IR spectra of which, to our knowledge, have not been reported. For this reason, we can only
rely on DFT calculations to assess the presence of these intermediates. DFT results predict three
strong terminal CO stretching modes for Co3(CO)y between 2000-2020 cm™ (BP86 values).
Co(CO); is calculated to have two strong, distinct IR bands downshifted ca. 40-60 cm™ from
those of the terminal stretching modes calculated for Co3(CO),, and we would expect these to be
relatively sharp, compared to those of a cluster. Since the two species would have to form from
cleavage of a common precursor, Co4(CO);2, we would also expect the strong CO-stretching
bands of each species to exhibit comparable intensities. These predictions are clearly not
consistent with the observed spectra at long delay times, and for this reason we ruled out
fragmentation to Co(CO); and Co3(CO)y as a possible pathway. The data are thus most
consistent with the formation of a CO-loss product. This is similar to the results of a previous
TRIR study on Ru3(CO);, using the same excitation wavelengths, which observed CO-loss
products but no evidence for fragmentation of the cluster.’'®
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To investigate the nature of the CO-loss products, we carried out geometry optimizations
following loss of one of each of the 4 types of CO ligands (apical, basal bridging, and 2 types of
basal terminal) from the parent complex. Deletion of an apical or either type of basal terminal
CO ligand led to the structures shown in Figure 11.6, while deletion of a bridging ligand led to
rearrangement of an apical CO to become a bridging CO, resulting in structures very similar to
6a. Geometry optimizations were carried out for alkane and CH,Cl, solvated versions of each.

(6a) (6b) (6c)

Figure 11.6. Calculated BP86 structures CO-loss products formed from dissociation of a
carbonyl ligand from the parent species (5a). Since a local minimum could not be located for the
unsolvated bridging CO-loss complex, the structure shown in panel (d) was obtained from the
CH,Cl;-solvated bridging loss complex with the solvent molecule not shown.

The relative stabilities of these species are given in Table 11.4. In the case of the bridging-
loss complexes, alkane and CH,Cl, solvated species were located, but these geometries could
only be converged when the BP86 functional was used.

While calculations and experiments cannot tell us which of the CO ligands is dissociated, we
seek to determine which CO-loss product(s) is (are) most stable, since rearrangement to the most
stable isomer is likely to determine the subsequent chemistry of these complexes. Among the
unsolvated CO-loss species, the apical CO-loss structure (6a) is most stable. Using the BP86
functional, which generally gave intermediate results between those of the B3LYP and PW91
functionals, 6a is favored by at least 8.3 kcal/mol over each other CO-loss species. Calculated
structures for alkyl and CH,Cl, solvated structures showed more favorable binding energies for
coordination at either of the two terminal CO-loss sites, but this is weighed against the higher
intrinsic stability of the apical CO-loss complex. The energies calculated for each complex,
measured relative to unsolvated 6a, are given in Table 11.5.

Among the alkyl-solvated complexes, the apical CO-loss complex (6a-alkyl) is calculated to
be the most stable. However, the binding energy of only ca. 1-4 kcal/mol is notably lower than
values of ca. 11-13 kcal/mol that have been measured experimentally for coordination of an
alkane as a token ligand to unsaturated 16-electron complexes,”**° thus we tentatively assign
the CO-loss photoproduct observed in cyclohexane to 6a-alkyl, though it also seems reasonable
that unsolvated 6a may be present in solution.

Among the CH,Cl, solvated complexes, the apical CO-loss species (6a-CH,Cl,) is again
calculated to be the most stable. While CO-loss at the apical site leads to a product that is
intrinsically more stable, the fact that this photoproduct does not interact as strongly with CH,Cl,
as the basal-terminal CO-loss products (6b-CH,Cl, and 6¢-CH,Cl,) leaves it only ca. 1.5-2.5
kcal/mol more stable than these isomers. The calculated frequencies for 6a-CH,Cl,, 6b-CH,Cl,,
and 6¢-CH,Cl, are similar, making it difficult to unambiguously assign the CO-loss product in
CH,Cl; solution, thus our assignment to 6a-CH,Cl, remains tentative.
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Table 11.5. Relative Energies Calculated for CO-loss Photoproducts

Species AH relative to Parent (kcal/mol)

BP86 PWI1 B3LYP
6a 0 0 0
6b 9.5 9.5 8.3
6¢ 10.0 9.8 9.6
6a-alkyl -1.6 -4.2 -1.1
6b-alkyl 1.8 -1.2 2.5
6¢c-alkyl 22 -1.0 34
6d-alkyl 10.0 - -
6a-CH,Cl, -3.9 -7.2 2.7
6b-CH,Cl» -2.2 =53 -1.4
6¢-CH,Cl, 23 -5.5 -0.9
6d-CH,CL," 10.2 - -

(a) No stable minimum could be located for 6d-alkyl or 6d-CH,Cl, with the PW91 or B3LYP functionals

While DFT calculations allow us to identify the most stable CO-loss structures, energy
differences of only a few kcal/mol may fall within the errors of the calculations, so conclusions
regarding these complexes remain tentative. It is reassuring that all three functionals result in the
same qualitative trends in energy differences.

In the context of the photochemistry of Co4(CO);», it is noteworthy that 267 and 400 nm
excitation wavelengths lead to only transient rearrangement products and CO-loss complexes,
with no evidence for fragmentation to form Co(CO)s or Coy(CO)s. This is important, because
knowledge of the photoproducts formed via direct excitation of the parent complex facilitates our
understanding of the subsequent chemistry of these complexes. In previous studies on cobalt
catalyzed hydroformylation and hydroesterification reactions, and the Pauson-Khand reaction,
the catalytically active species were believed to be Co(CO)s or species derived from Co,(CO)s,
such as HCo(CO), or HCo(C0)3."** The present study suggests that photochemical formation
of Co(CO), radicals, hydrides, Co,(CO)s, or any other fragmentation products must occur
through subsequent thermal or photochemical reactions of the Co4(CO);; CO-loss complexes.
Another possibility is that the yield of fragmentation products is quite low, but that their
concentration accumulates over time. The short (sub-nanosecond) lifetimes of the rearrangement
products (5b and 5c) indicate that these are not likely to play an important role in reactivity
occurring on diffusion limited, or longer, timescales in dilute solution.

11.5 Conclusions

The photochemical dynamics of Co4(CO);, were studied using picosecond TRIR
spectroscopy. In both cyclohexane and CH,Cl, solvents, 267 and 400 nm excitation result
primarily in cleavage of an apical-basal Co—Co bond and formation of two new bridged
intermediates, 5b and 5c. The formation of these species involves rearrangement of either a basal
(5b) or an apical (5¢) carbonyl to bridge the cleaved Co—Co bond. Both species exhibit a solvent
dependent lifetime, and both decay on the timescale of hundreds of picoseconds. These lifetimes
indicate that neither forms a solvent-coordinated complex in either cyclohexane or CH,Cl,
solvent. We thus interpret the solvent dependence of the lifetimes to be caused by the differing
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solvent polarities, with the more polar CH,Cl, solvent stabilizing the rearrangement
intermediates relative to the cyclohexane solvent. It is important to emphasize the specific
structural assignments of these species rely heavily on the DFT results. In the process of
performing DFT calculations to search for other potential rearrangement intermediates, we found
no stable minimum corresponding to the D,y geometry once proposed by Cotton,”* implying that
this structure does not likely play a role in the thermal or photochemical reactivity of Cos(CO);5.

Carbonyl loss accounts for a minor, but important photochemical pathway, with a greater
fraction of CO-loss products forming following 267 nm excitation, relative to when 400 nm
excitation is used. In cyclohexane or other alkane solvents, DFT calculations suggest that the
alkyl-solvated apical-CO-loss species is the most stable, though coordination to alkyl groups
should be weak. In CH)Cl,, the solvent-coordinated apical-CO-loss species 6a-CHyCl, is
calculated to be the most stable.

Importantly, we do not observe evidence for the formation of Co(CO)4, Co(CO)s, Co(CO)s,
or Co3(CO)y arising directly from photoexcitation of the parent species. Taking into account the
picosecond lifetimes observed for the rearrangement complexes, photoproducts involving loss of
a single CO ligand from the Co4(CO);, parent molecule are most likely to dictate the subsequent
reactivity in solution. To our knowledge, this work represents the first investigation into the
photochemistry of an MyL;, complex on the picosecond timescale. The experimental and
computational results probe the role of bridging carbonyl intermediates and formation of CO-loss
products, which provide insight relevant to existing and future studies on the chemistry of
tetrametallic clusters.
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12 Exploring the Utility of Thermal-Photochemical CO-
Delivery with CORM-2

The following chapter is intended to be published in an American Chemical Society Journal
and thus we claim no copyright for the text or figures contained in this chapter.

12.1 Introduction

Once considered a dangerous toxin, nitric oxide has since become widely recognized for its
critical role as a signaling molecule.*”” Similarly, research on the biological role of the CO, the
“silent killer,” uncovered that many crucial physiological and cellular processes are governed by
CO through its roles in vasodilation, circadian rhythms, and anti-apoptotic, anti-proliferative, and
anti-inflammatory functions.**’

In cells CO is generated by heme-oxygenases.**' Administering exogenous CO gas as a form
of medical treatment has been explored in several clinical trials on human subjects,"**** but this
approach carries inherent problems, since inhalation exposes the gas (which readily outcompetes
oxygen in binding to hemoglobin) to the body’s entire blood supply, poisoning and potentially
even killing the patient. Thus administering CO as a solution via a molecular release process has
become an ever-intensifying areas of research. Early attempts at developing CO-releasing
molecules (CO-RMs) sought to tune the CO-release properties of boroncarboxylates****” but
this approach proved unsuccessful, and metal carbonyl complexes have since proved to be the
most promising class of CO-RMs.***

A large number of metal carbonyl CO-RMs have been synthesized and explored for their
CO-release properties. Several well-known metal carbonyls of long-standing interest, such as
Fe(CO)s or Mny(CO)y, have also been explored as CO-RMs.**® Synthetic approaches to
designing new CO-RMs often employ organic ligands that allow for improved solubility,
targeting of specific organs, and hopefully lower toxicity such that they can be safely processed
and excreted from the body.***> One notable candidate CO-RM in this regard is
Ru(CO);Cl(glycinate) (CORM-3),"**7 though numerous other organometallic CO-RMs with
improved aqueous solubility have been developed, and this remains an area of active exploration.

Ru,Cl4(CO)s (CORM-2) is among the most widely studied CO-RMs, and its physiological
efficacy has been investigated in a wide variety of contexts, resulting in over 150 articles
published to date on its biological applications.” A primary challenge in developing useful
metal carbonyl CO-RMs is their solubility, as most metal carbonyl complexes have very limited
solubility in aqueous solution. As such, CORM-2 has traditionally been “solubilized” in DMSO,
as is common practice in many small molecule screening studies. As we will elaborate on in this
paper, the term “solubilized” is misleading in this context, since the CORM-2 dimer reacts
readily with DMSO to generate DMSO-ligated monomeric ruthenium products. Mann et al. have
previously studied this reaction using CNMR spectroscopy,”® and we have used FTIR
spectroscopy to monitor the same reaction in DMSO, the dynamics of which are visible on the
timescale of minutes to days after dissolving CORM-2 in DMSO. We find similar behavior to
that reported previously, though monitoring the reaction via FTIR was helpful for developing a
clearer picture of the timescale over which the reactions take place and the reactivity of the
DMSO-ligated products in different solvent environments.
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While CORM-2 has traditionally been used to liberate CO spontaneously upon injection into
living tissue, many other CO-RMs do not spontaneously release CO and have been explored as
photochemical CO-release agents.**® It is convenient that CORM-2 releases CO spontaneously,
yet despite possessing 6 CO ligands, an average of only 0.9 moles of CO is released to
myoglobin per mole of CORM-2 used.*”* Thus it would appear that CO-loss from CORM-2 may
lead to the formation of products which do not themselves undergo further spontaneous CO-loss
in living tissue, motivating our desire to explore its photochemical CO-release properties in the
spirit of developing a tandem thermal/photochemical CO-delivery method.

We have used FT-IR spectroscopy to characterize the reactivity of CORM-2 in DMSO
solutions, observing the mixture of monomeric DMSO-ligated products that form upon
dissolution. We then explored the behavior of both the CORM-2 parent dimer and the major
DMSO-ligated monomeric products with regard to CO-release in a biologically relevant solvent
environment: mouse serum. The relatively uncongested organometallic CO-stretching region of
the infrared spectrum in mouse serum allows for direct monitoring of these complexes via FT-IR
spectroscopy in this solvent environment. While the parent CORM-2 dimer readily liberates CO
in mouse serum, the major DMSO-ligated products do not. The photochemical CO-release
properties of the species observed in DMSO and in mouse serum were also examined, and
photoexcitation does readily liberate CO, demonstrating that a tandem thermal/photochemical
approach may significantly improve the efficacy of CORM-2 for biological applications. Indeed,
such an approach can very likely be generally applied to a wide range of CO-RMs. Of relevance
to the practical application of this approach in living organisms are existing studies in which non-
thermally active CO-RMs (those which have failed to produce an effect in-vivo in the absence of
light) have successfully been used to liberate CO to yield a physiological response in the
presence of a cold light source.”®"° Finally, ultrafast time-resolved infrared (TRIR)
spectroscopy was used to look at the primary photochemical dynamics of the monomeric species
formed in DMSO solution, demonstrating that CO-loss is the only primary photochemical
process leading to the formation of long-lived products (thus, CO ligand dissociation occurs
selectively over that of ClI ligands).

12.2 Methods
12.2.1.  Sample Preparation

Ru,Cl4(CO)¢ (CORM-2), all solvents, and mouse serum were obtained from Sigma-Aldrich
Co. and were used as supplied.

12.2.2  FT-IR Spectroscopy and CW Photolysis

FTIR Spectra were collected on a Nicolett 6700 FT-IR Spectrometer (Thermo Scientific).
Where continuous-wave irradiation was used, the source was a 254 nm Pen-Ray® lamp (Ultra-
Violet Products Ltd.) providing an intensity at the sample of ca. 4.5 mW/cm®. Samples were
contained in a stainless steel cell (Harrick Scientific) fitted with 2 mm thick CaF, windows
separated by spacers ranging from 25 to 390 um in thickness. The solvent spectrum has been
subtracted as the background in all FT-IR spectra.
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12.2.3  DFT Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the infrared spectra. Calculations were carried out using the
BP86,””*® and B3LYP,”*" functionals in the Gaussian09* package using the lan12dz**** basis
for Ru and the 6-311+g(d,p) basis®® >** for all other atoms. Geometry optimizations were
followed by a frequency analysis for use in interpreting the TRIR results and to ensure that all
geometries were genuine local minima.

12.3 Results and Discussion

12.3.1 Structures Present in Solutions of CORM-2

The structure of CORM-2 has been investigated previously using a variety of techniques
including X-ray diffraction,*' infrared spectroscopy,**® and density functional theory
calculations.****® Tts structure in the solid state and the solution phase is believed to correspond
to the isomer of C,, symmetry shown in Figure 12.1. Our DFT calculations carried out for this
study also find that this isomer is predicted to be the most stable.

Many small molecule screen studies use DMSO to dissolve a potential drug before injection
into a living organism, and this has been the approach taken in the numerous preclinical
investigations into the biological applications of CORM-2. As Mann and co-workers noted
previously,”® CORM-2 reacts with DMSO to form DMSO-ligated monomers. Similar
observations have also been made with regard to other oxygen-containing solvents.*”> Using
CNMR spectroscopy, Mann and co-workers observed that the parent complex readily reacts in
DMSO to form species A, B, and C after warming for 5 minutes and allowing the sample to sit
overnight. Interestingly, in that study the parent complex CORM-2 was not observed, nor was it
reported in a spectrum collected within 23 minutes of dissolution in DMSO, suggesting that it
reacts rapidly when dissolved in DMSO.*® Fortunately the infrared spectra of complexes A, B,
and C, and of the related monocarbonyl D, have been characterized previously,*® facilitating
their assignment via FT-IR spectroscopy in our study.

We have used FT-IR spectroscopy to follow the reaction of CORM-2 with DMSO on
timescales ranging from minutes to days after dissolution in neat DMSO (Figure 13.1). Within a
few minutes of dissolving the complex, it is clear that several species are present in solution.
Bands initially observed at ca. 1955, 2043, 2120, and 2131 cm’! decay as several new bands are
observed to grow in. These initially observed bands do somewhat resemble the FTIR spectrum of
intact CORM-2, though a careful comparison of these bands to the FTIR spectrum of CORM-2
in other solvents suggests that it has likely already undergone a reaction upon dissolution, and
thus we have labeled this bands RI (reactive intermediates).*®’ This also explains the notably
higher solubility of CORM-2 in DMSQO, relative to other solvents. The bands at 2062 and 2121
cm’ are assigned to complex A, those at 2011 and 2075 cm™ to complex B, and those at 2033
and 2089 cm™ to complex C (note that B and C are structural isomers). Since the infrared
frequencies of these complexes have each been previously reported in the literature in
chloroform solution,*® the identity of each of these species was readily verified by diluting
aliquots of the DMSO solution with chloroform and then collecting the FT-IR spectrum. After
several days had passed, no further significant spectral changes were observed, and complexes B
and C were the primary species present in solution, with a small amount of the tricarbonyl
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species A also visible. Voigt fits to the bands at 2011 and 2033 cm™ used in conjunction with the
calculated band intensities indicate the ratio of B:C is roughly 3:2. It remains entirely possible
that the small amount of species A present continues to undergo CO-substitution by DMSO at
slow rate to form additional B and C, though our data do not allow us to conclude this with
certainty. A relatively weak band at ca. 1975 cm™ is assigned to the monocarbonyl species D.
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Figure 12.1. FTIR spectra of CORM-2 in DMSO at varying times after preparing the solution.
The frequencies observed for product species in CHCI; solvent are also listed.

It is thus clear that the mixture of structures present in DMSO solutions of CORM-2 evolves
significantly on the timescale of hours to days. That this reaction occurs spontaneously and takes
days to complete bears on the large body of existing (and future) physiological studies on
CORM-2; careful attention should be paid to characterizing the solution being tested in such

studies.
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12.3.2  Thermal and Photochemical CO-Release Properties of CORM-2
Derivatives in Mouse Serum

Considering that the CORM-2 parent molecule and the monomeric species formed in DMSO
solutions may exhibit different behavior with regard to spontaneous CO-release, we next sought
to characterize the behavior of these species in a biologically relevant solvent environment:
mouse serum. Since an average of only 0.9 moles of CO are delivered per mole of CORM-2 used
(despite its 6 CO ligands),*”” it seemed that CO loss from CORM-2 may lead to the formation of
products which do not themselves undergo further spontaneous CO loss. While absorptions from
proteins and biomolecules heavily obscure the region of the infrared spectrum corresponding to
the CO vibrations in organic molecules, the higher frequency region in which organometallic
CO-stretching modes are observed is relatively uncongested, making FT-IR characterization of
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Figure 12.2. FTIR spectra of: (a) CORM-2 prepared in DMSO 5 days earlier (thus consisting
primarily of species B and C) diluted 6-fold in mouse serum (b) the sample from the previous
panel following 254 nm irradiation (c) pure CORM-2 dissolved in mouse serum via sonication
for 10 minutes along with the spectrum in pure water for comparison (d) the sample from the
previous panel following 254 nm irradiation.
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Figure 12.2a shows the FTIR spectrum obtained when a solution of CORM-2 dissolved 5
days earlier in DMSO is diluted in mouse serum. The spectrum appears qualitatively similar to
that in neat DMSO, with the bands appearing more coalesced than in mouse serum, possibly due
to spectral broadening or shifting, or to a different balance of isomers B/C in the new solvent
environment. Water may also coordinate to replace DMSO as a ligand.*” The spectrum shows
no changes upon standing, indicating that the species present are stable in this environment. 7hus
the DMSO-ligated monomers do not spontaneously release CO in mouse serum, suggesting that
a significant fraction of the CO-delivery agent being introduced in DMSO solutions is inactive.

Considering that many CO-RMs are only active photochemically (i.e. they only produce a
physiological effect in-vivo in the presence of applied light),"***>4*343%4% and that CO-loss is
commonly observed upon UV excitation of metal carbonyls,”* CW irradiation (A=254 nm) of
the sample from Figure 12.2a was carried out in the spirit of liberating CO from the otherwise
inactive CO-RM derivatives. Figure 12.2b shows a spectrum collected after 4 min. of photolysis.
A reaction has clearly taken place, and free CO is detected in this spectrum. Bubbles of CO gas
are also visible in the sealed IR cell and by translating the cell such that the beam in the FTIR
instrument passes through these bubbles, the rovibrational spectrum of CO gas can be observed.
Thus the inactive DMSO-ligated CORM-2 derivatives can be activated for CO release
photochemically.

Having investigated the behavior of the DMSO-ligated derivatives in mouse serum, we next
sought to do the same for the parent molecule. CORM-2 was thus dissolved in mouse serum via
sonication for 10 minutes. The corresponding FTIR spectrum is shown in Figure 12.2c, along
with that in water for comparison, and it is clear that CORM-2 has undergone a reaction. The
spectrum shows no changes upon standing, indicating that the species present are stable in this
environment. The timescale for which we can neatly monitor the stability of the species present
under these conditions appears to be limited to ca. 2-3 hours, as the mouse serum solution begins
to congeal, presumably due to lower solubility causing the organometallic species to crash out of
solution.*’® We observe no detectable decay of the species present, nor release of free CO, in the
sample stored inside the FTIR cell.

While it was not possible to observe free CO here, since it can escape during sonication,
additional evidence (vide infra) confirms that CO is released. We were curious to see which
components of the mouse serum promoted its decomposition. A previous study used osmometry
experiments to demonstrate that CORM-2 decomposes in various solvents, evidenced by a
reduction in the average molecular mass of the species present in solution, though the timescale
over which these changes took place was not discussed.*** Sonication for 3 min. in phosphate
buffered saline (PBS) yields a solution with an FTIR spectrum similar (albeit less broadened) to
that in mouse serum. Sonication in saline for 3 minutes produced similar spectral changes, but
the reaction was less complete and continued in the sealed FTIR cell; in this case free CO was
detected. The fact that the same products form in saline, and CO release is observed,
demonstrates that CO was indeed evolved during sonication in PBS and mouse serum. It appears
that NaCl promotes the release of CO, and that phosphate ions accelerate the reaction. This is
consistent with earlier work by Motterlini et. al. who observed that saline promotes CO loss from
CORM-3, with PBS resulting in even more rapid CO loss.”’" If enough time is allowed to pass,
the formation of similar products can be observed to begin in pure water, suggesting that the
product(s) formed in each solution may involve substitution of water for CO ligands.

We note that the absorption for free CO appears fairly strong, despite the fact that the
oscillator strength for free CO is typically lower than that of CO in an organometallic complex,
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and we attribute this to the fact that formation of small pockets of pure CO may affect the
relative signal strengths observed in the FTIR spectrum. It is also worth pointing out that the
band for pure CO appears broadened near the center, as if two distinct free CO absorptions are
present. This is not altogether surprising, as numerous matrix isolation studies of CO have
demonstrated that multiple absorption bands can arise for free CO due to interactions with
surrounding molecules (in this case, likely water in the mouse serum).*’”*” Analogous
experiments involving the solution of CORM-2 dissolved 5 days earlier in DMSO were also
carried out where pure water was used in place of mouse serum, and generally similar results
were obtained in this case (see SI of published manuscript, Figures S1 and S3).

Since the products formed in mouse serum showed no further reaction over the course of
several hours, photolysis of the solution in Figure 12.2¢c was also carried out in the interest of
promoting additional CO loss. CO was readily liberated, as demonstrated by the spectral changes
and observation of free CO gas in Figure 12.2d.

To briefly recap: both the products of the reaction of CORM-2 with DMSO, and with mouse
serum itself, are stable in mouse serum (i.e. they do not spontaneously liberate CO at an
appreciable rate). In both cases, UV irradiation promotes rapid photochemical CO-release, which
can thereby significantly increase the yield of CO-delivery by CORM-2.

12.3.3  Picosecond Time-Resolved Infrared Studies on the Primary Photochemistry
of the DMSO-ligated Derivatives (B & C)

Since the photochemistry of the DMSO-ligated derivatives B and C have now been
demonstrated to be of practical interest, we also undertook ultrafast TRIR spectroscopic studies
of these species to gain insight into their primary photochemistry.

Picosecond TRIR experiments were used to characterize the primary photochemistry upon
excitation of the DMSO-ligated species that form upon dissolution of CORM-2 in DMSO. The
sample used for the TRIR experiments was prepared by allowing CORM-2 to react in DMSO at
room temperature for 5 days, such that the primary species present in solution are B and C (in a
roughly 3:2 ratio). The positive photoproduct signals observed are thus expected to correspond to
products formed upon excitation of the mixture of species B and C. Figure 12.3 shows the FTIR
spectrum of this sample (reproduced from the lower panel of Figure 1), along with the TRIR
spectra obtained at delay times of 5 and 1700 ps.
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Figure 12.3. (top) FTIR spectrum of CORM-2 dissolved in DMSO 5 days earlier, reproduced
from the lower panel of Figure 1. (middle and bottom) TRIR spectra of this sample collected in
neat DMSO solution following 267 nm excitation at delay times of 5 ps and 1700 ps.

The TRIR spectra at early times show a weak, broad absorption lower frequencies, likely
corresponding to vibrationally excited photoproducts (see spectrum at 5 ps). A sharper band at
ca. 1995 cm™ observable at early times may correspond to an electronically excited state, to an
unsolvated complex, or to an isomer of the final photoproduct undergoing a geometric
rearrangement. The TRIR spectra at intermediate delay times ranging from ca. 50 to 1700 ps
appear similar to that shown at 1700 ps, with a static absorption band centered at ca. 1975 cm™.

Either isomer (B or C) present in this mixture could in principle lose a CO, a CI, or a DMSO
ligand. The fact that the solvent is DMSO rules out the possibility that any photoproduct signals
at delay times greater than a few tens of picoseconds are due to loss of a DMSO ligand, as
DMSO can readily re-coordinate to a vacant coordination site under these conditions. In this
case, loss of a CI ligand would result in two observable photoproduct bands for the symmetric
and asymmetric stretching modes of the two would-be remaining carbonyl ligands. DFT
calculations were used to verify this, and such bands would be expected to differ in frequency by
ca. 50-100 cm™ and thus should readily be resolved in the photoproduct spectra. This is not the
case, and as such we can see that a Cl ligand is not lost, thus indicating that CO is lost.

It is also worth pointing out that the approximate strengths of a Ru-CO bond and Ru-ClI bond
are 317%*7 and 77*"® kcal/mol, respectively. Thus while both fall within the 267 nm photon
energy of 107 kcal/mol, the CO is much more weakly bound and thus is the ligand clearly
expected to be preferentially dissociated, in line with the observations in the TRIR spectra.

Some of the potential monocarbonyl products that form upon CO loss in DMSO solution (i.e.
those which coordinate another DMSO molecule at the vacant coordination site) have been
characterized previously,*® and the infrared band observed at ca. 1975 cm™ is consistent with
that reported previously in chloroform solution for species D, which was also observed in DMSO
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solution in the FT-IR spectra shown in Figure 12.1. Thus we tentatively assign the photoproduct
observed in the 1700 ps TRIR spectrum to the monocarbonyl species D, though it remains
possible that another structural isomer or stereoisomer of D exhibits a similar infrared frequency,
or that a mixture of monocarbonyl isomers is observed.

The principle result obtained from the TRIR experiments is that loss of CO occurs selectively
over loss of Cl upon photoexcitation of the mixture of B and C. In biological environments it
remains possible, and indeed likely, that DMSO will also be dissociated from B and C, either
due to photochemical dissociation or to substitution by water or other molecules/ions present in
solution.

12.4. Conclusions

To date, CORM-2 has been used in a large number of physiological studies to release CO
under thermal conditions. As we have explored in this study, dissolution of CORM-2 in DMSO
leads to a reaction of the parent CORM-2 molecule to form monomeric DMSO-ligated
ruthenium complexes on the timescale of hours to days. While the parent complex readily
liberates CO under thermal conditions in mouse serum, the two primary dicarbonyl products
formed in DMSO solution do not exhibit the same CO-release behavior. For this reason, one can
expect the physiological efficacy of a DMSO solution of CORM-2 to depend sensitively on the
time elapsed between dissolution of the complex and administration of the complex into a living
organism.

There exist several CO-RMs which will not release CO readily under thermal conditions, and
are instead used as photochemical CO-delivery agents. This approach can even offer advantages
in terms of site-specificity and timed control of CO-release. Our exploration into the
photochemistry of CORM-2 demonstrates that both the parent complex and the mixture of
DMSO-ligated monomers formed in DMSO solution readily liberate CO upon photochemical
excitation. Taken in conjunction with the observation that the DMSO-ligated species do not
release CO thermally in mouse serum (while the parent does), we suggest that CORM-2 may be
an ideal candidate for a combined thermal-photochemical CO-delivery approach in biological
specimens. Though such an approach has not, to our knowledge, been taken with any CO-RM to
date, this idea may very well extend to any number of thermally active CO-RMs which do not
quantitatively liberate CO under physiological conditions.
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13 A TRIR/DFT Mechanistic Study of Ring-Slipped
Intermediates via Photolysis of (n'-CsCls)Mn(CO)s

The following chapter is intended to be published in an American Chemical Society Journal
and thus we claim no copyright for the text or figures contained in this chapter.

13.1 Introduction

Since the synthesis and characterization of ferrocene in the early 1950’s,*”” "' the
cyclopentadienyl ligand and its analogues have become among the most widely-used ligands in
organometallic chemistry. A variety of coordination geometries have been characterized for this
coordinatively versatile ligand, and a subset of representative structures are shown in Figure
13.1. Isomerization, or “ring-slippage” between these different coordination geometries,
particularly those of n°, n°, and n' hapticity, are known to be important mechanistic components
in the reactivity of many cyclopentadienyl complexes. In a previous communication by our
group, we reported several intermediates formed following the “reverse ring-slip” processes
occurring in (nl-C5C15)Mn(CO)5 following 295 nm and 325 nm excitation.”” Here we report on
our continued exploration of this complex, examining the wavelength dependence of its
photochemistry and also characterizing the solvation dynamics of photoproducts formed in a
more polar, coordinating solvent (methylene chloride). Of particular interest with regard to
solvent-solute interactions is the monocarbonyl-loss photoproduct, which features an unusual,
stabilizing three-center M-C-Cl interaction at the metal center. Density Functional Theory (DFT)
calculations are used to explore the experimentally observed intermediates, as well as to examine
the relevance of the experimental results to related complexes containing the more extensively
utilized Cp (CsHs) and Cp* (CsMes) ligands.

Cyclopentadienyl Coordination Geometries
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Figure 13.1. Coordination geometries for cyclopentadienyl ligands with 0’ through n' hapticity

The concept of cyclopentadienyl ring-slippage was first proposed to explain differences in
rates of CO-substitution between cyclopentadienyl containing complexes and their homoleptic
metal-carbonyl counterparts,* the underlying rationale being that a temporary distortion to
lower hapticity allows the metal center to avoid an excessively high electron count during the
course of a nucleophilic displacement reaction. Ring-slippage can occur analogously with other
aromatic ligands including benzyl, indenyl, fluorenyl, fulvalene, etc.””** Evidence for this
ligand distortion has been observed in a wide-range of chemical transformations, including
ligand substitutions, alpha-hydrogen abstractions, beta-hydrogen eliminations, bond insertion
reactions, and reactions involving transfer of an aromatic ligand.”
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Cyclopentadienyl complexes of reduced hapticity (relative to the n° geometry) have been
characterized previously using X-ray crystallography,'’*****7 NMR measurements,”"***~°' and
via infrared absorption bands,*"**" as well as by less direct evidence based on infrared
characterization and electron counting.’**>"" Similar observations have been made for
complexes containing other aromatic ligands. It remains more difficult to characterize the
changes in hapticity that occur during the course of a chemical reaction, as the transient
structures associated with ring-slip processes are typically very short lived. Indeed, the first
proposa4lgs3 of ring-slip in the literature were based on inferences from kinetic and mechanistic
studies.

In this study, we seek to circumvent the traditional difficulties associated with probing ring-
slipped geometries by characterizing the species of various hapticity that form via photochemical
dissociation of one or two carbonyl ligands from an n' parent complex. Picosecond time-
resolved infrared (TRIR) spectroscopy and density functional theory calculations are used to
explore the reverse ring-slip processes associated with the wavelength dependent photochemistry
of (nl-C5Cl5)Mn(CO)5. In particular, we explore the mechanism of the relatively rare single-
photon, dicarbonyl-loss process observed for this complex with a focus on the role of the reverse
ring-slip in effecting loss of the second CO. Experiments in CH,Cl, solvent are used to explore
the behavior of the monocarbonyl-loss species in polar, coordinating solvents, and additional
density functional theory calculations are used to further explore the implications of the
experimental results toward other species less amenable to ultrafast investigations.

13.2 Methods

13.2.1  Sample Preparation
(n'-CsCls)Mn(CO)s was synthesized according to literature protocol,”®® and n-pentane and
methylene chloride (Sigma-Aldrich Co.) were used without further purification.

13.2.2  Data Analysis

Kinetic data in this work result from spectra measured at delay times between 0 and 1000 ps
between the visible-pump and IR-probe pulses. Kinetic traces for each spectral feature were
obtained by integrating a narrow spectral region (ca. 5 cm” wide) surrounding the reported
frequency. The kinetic data were fit using a home-written fitting program. Errors on
experimental time constants are reported as 95% confidence intervals.

13.2.3  DFT Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the TRIR spectra. Calculations were carried out using the BP86,"*
and B3LYP,”"*" functionals in the Gaussian09* package using the lan12dz*** basis for Mn and
the aug-cc-pvdz basis*®*® for all other atoms. Geometry optimizations were followed by a
frequency analysis for use in interpreting the TRIR results and to ensure that all geometries were
genuine local minima.
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13.3 Results and Discussion
13.3.1  Ultrafast photochemistry in n-pentane

In a previous communication by our group,’™ TRIR results on (1'-CsCls)Mn(CO)s in n-
pentane solution following 295 and 325 nm excitation were reported. We have further explored
the photochemistry following 267 and 400 nm excitation to investigate the wavelength
dependence of the photochemical processes observed previously, with a particular focus on the
rare dicarbonyl-loss process observed in the earlier study.
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Figure 13.2. TRIR spectra of (1'-CsCls)Mn(CO)s in n-pentane solution following 267 nm
excitation. (A.U. = arbitrary units)

Figure 13.2 shows the TRIR spectra collected following 267 nm excitation in n-pentane
solution. Comparison to our group’s previous report™ and to the literature®® allows assignment
of species B (1982 cm™) to the di-carbonyl-loss product (1°-CsCls)Mn(CO);, C (1989 cm™) to
Mn(CO)s, D (2020, 2092 c¢cm') to a monocarbonyl-loss C-Cl coordinated product
(CsCls)Mn(CO)4, and the bands labeled E to an electronically excited state which relaxes
completely within the first ca. 200 picoseconds. Bleaches at 2011, 2044, 2075, and 2128 cm’
correspond to the parent complex, ('-CsCls)Mn(CO)s (A) (note that the weak parent bleach at
2075 cm” was not observed in the previous study, though it was reported by Reimer and
Shaver’®). Species B has been isolated previously,” while C, D, and the excited state E have
been characterized in earlier TRIR studies.'*******% The monocarbonyl-loss product, D, is
known to rearrange to (nz-CsCls)Mn(CO)4, F, on the timescale of 136 ns,”* but the relative
quantities of B, C, and D at a given excitation wavelength remain constant over the timescale
studied.
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Note that species B exhibits IR bands at 1982 and 2048 cm™ in cyclohexane solution
(reported previously ™), but in the present TRIR study, we do not observe the higher frequency
(2048 cm™) band due to its overlap with the parent bleach at 2044 cm™. In the previous TRIR
study, a band at 2046 cm™ was attributed to B in n-pentane, but repeated attempts have been
unable to reproduce this band in the TRIR spectra. The most likely explanation appears to be that
the 2046 cm™ band previously attributed to B was in fact a result of a spectral artifact or baseline
drift, as the signal-to-noise of the present system is significantly higher that used in the earlier
study.’'® Indeed, the observed frequency of the parent bleach at 2044 cm™ in n-pentane suggests
that it should likely overlap the 2046 cm™ band of B in n-pentane in the TRIR spectra. The
signal-to-noise ratio is clearly better in the present spectra, as the parent bleach at 2075 cm™ was
also not observed in the previous study.
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Figure 13.3. Chemical structures of the various intermediates observed in the TRIR spectra

In the previous report™® the highest frequency parent bleach at 2127 cm’, and the
neighboring transient product band at ca. 2116 cm™', were not characterized, though the short
lifetime of the 2116 cm™ band indicates that it also corresponds to the transient electronically
excited state labeled E.

Figure 13.4 shows the TRIR spectra in n-pentane following 400 nm excitation. Examination
of the spectrum at 400 nm shows bands corresponding to an electronically excited state, E*
(labeled with an asterisk as this may likely correspond to a different excited state, or mixture of
excited states, than that observed following 267 nm excitation), along with the ring dissociation
product Mn(CO)s (C) as the only major long-lived photoproduct. No detectable quantities of
carbonyl dissociation products were observed. From this data, we see that longer wavelength
irradiation leads to highly selective, preferential dissociation of the n'-CsCls ligand, leaving the
metal-carbonyl bonds intact. This demonstrates the relatively labile nature of n' coordinated
cyclopentadienyl ligands relative to those of greater hapticity.

124



1120 ps A

=

<

o 04

o

C

®©

2

o -

@ -17100ps

<

SENE
0 ___J\f\ﬁh—,

Aex.= 400 nm

-19700 ps n-pentane
1920 1975 2030 2085 2140

Wavenumber (cm'1)

Figure 13.4. TRIR spectra of ('-CsCls)Mn(CO)s in n-pentane solution following 400 nm
excitation.

With the picosecond TRIR spectra of this complex at four excitation wavelengths in hand
(267 and 400 nm data from this study, 295 and 325 nm data from our group’s earlier study™?),
we can now compare the relative quantities of the major photoproducts formed (species B, C,
and D) across the different excitation wavelengths. In view of the rarity of single-photon-induced
dicarbonyl-loss processes occurring in the solution phase,>°>*"**>! the observation of species
B was initially surprising; the generally held expectation is that excess photoexcitation energy,
beyond that needed to dissociate the first carbonyl ligand will dissipate to the solvent before a
second carbonyl is lost. In this case, the wavelength dependence observed for the ratio of
monocarbonyl-loss to dicarbonyl-loss product is striking; 267 nm excitation leads to a lower
relative proportion of dicarbonyl-loss product (B), relative to the amount of monocarbonyl-loss
product (D), than excitation at either 295 or 325 nm (Table 14.1). The relative amount of ring-
loss product, C, increases with increasing wavelength. It is not surprising that no dicarbonyl-loss
product is observed at 400 nm, as this excitation wavelength also does not yield any
monocarbonyl-loss species. Table 1 lists the relative peak areas for absorption bands
corresponding to species B, C, and D. Note that these values are normalized with regard to the
total integrated intensity for a given infrared band at a given wavelength, and thus these values
do not indicate the absolute quantum yield for a species nor have these values been weighted by
the absorption coefficient of the infrared absorption (as these values are not known). Nontheless,
these provide information on the relative yields of species B, C, and D formed at each
wavelength.
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Table 13.1. Relative integrated (normalized) intensities of photoproduct absorptions as a function
of excitation wavelength®

Species (freq.) 267 nm 205nm®  325nm” 400 nm

B (1980 cm™)  0.34 0.34 0.25 0
C (1989 cm™) 031 0.57 0.71 1
D (2020 cm™)  0.35 0.09 0.04 0

(a) Integrated band intensities were measured at delay times >600 ps, after vibrational cooling and relaxation of
excited states is complete, (b) 295 and 325 nm excitation results were adapted from the previous study by our group.

Looking at Table 13.1, we find that the relative yield of the dicarbonyl-loss photoproduct, B,
is relatively constant across the excitation wavelength regime of 267 nm to 325 nm, and that the
relative fraction of monocarbonyl-loss product actually decreases going from 267 nm to 295 nm.
While it is not entirely clear why relatively less monocarbonyl-loss product is observed, this
trend nonetheless clearly indicates that the dicarbonyl-loss process is not occurring due simply to
excess remaining photoexcitation energy after the first carbonyl is dissociated. Were that the
case, one would expect the relative fraction of D to B to increase with decreasing excitation
energy, as dissociation of the second carbonyl would be a chance event, the probability of which
should only increase with at shorter excitation wavelengths. The data in Table 13.1 show that this
is clearly not the case. However, there exists another possible explanation; the reverse ring-
slippage may facilitate ejection of the second CO-ligand.

To explore this possibility, we carried out DFT calculations to determine the exothermicity
associated with the reverse ring-slip going from the monocarbonyl-loss complex to form the
dicarbonyl-loss product. We discovered that formation of the dicarbonyl loss product (B) from
the monocarbonyl loss product (D) is actually calculated to be exothermic by 3.6 kcal/mol (BP86
value). The Mn-CO bond dissociation enthalpy from D is calculated to be 37.9 kcal/mol, while
the favorable enthalpy change from the reverse ring slip is calculated to be 41.5 kcal/mol (see
Figure 13.5). We point out that the thermodynamic values associated with ejection of the second
CO are measured here relative to the most stable monocarbonyl-loss structure calculated; in
actuality, the fast (< 1 ps) formation time of the dicarbonyl-loss product suggests that the
dicarbonyl-loss reaction path never passes through the stable intermediate D, but instead likely
proceeds more directly through the vibrationally (or -electronically) excited parent or
monocarbonyl-loss species.

- 41.5 kcal/mol

rev flﬂg

P

AH co.joss™ 37-9 keal/mol | AH, 5 = - 3.6 kcal/mol |

Figure 13.5. Energetics associated with the reverse ring slip and carbonyl dissociation reaction of
monocarbonyl-loss product D to form dicarbonyl loss product B.
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The fact that the ejection of a second CO-ligand is exothermic provides an explanation for
the relatively constant yield for ejection of a second CO-ligand across the 267-325 nm
wavelength regime.”'? This also elucidates an interesting feature of the chemistry of ring-slipped
complexes that has not, to our knowledge, been discussed previously. Namely, a slipped ring can
possess ‘“stored energy,” not unlike a compressed spring, which can be released to facilitate the
ejection of another ligand, particularly when the value of the energy stored is in excess of the
binding energy of another ligand. This behavior can be expected to be completely general among
ring-slipped intermediates and will be explored further in section III C.

Indeed, there exist examples in the literature suggestive of similar behavior.***”"* Figure 13.6
shows two such examples (adapted from references™ ). Species 1 reacts with P(CH3); to yield
intermediate 2, which can then proceed to add a second phosphine to yield 3, or undergo
carbonyl-loss to yield 4. The loss of CO from 2 to form 4 is almost undoubtedly driven by the
increase in hapticity of the Cp ligand (as no other explanation for why this reaction would
proceed spontaneously is readily apparent). The reaction of 2 to form 3 (under thermal or
photochemical conditions) is reversible, with the equilibrium favoring the higher hapticity
species in the absence of an excess of the phosphine reagent. The same is true for the reaction of
5 to form 6 (although this reaction was reported only under photochemical conditions). Similar
to the present observation of the ejection of a second CO-ligand from (1'-CsCls)Mn(CO)s, the
reversible nature of these reactions (i.e. the fact that the phosphine ligands can be ejected to
reform the reactant) can very likely be attributed to the favorable enthalpy associated with the
reverse ring-slip process. This is almost certainly true when such reactivity is observed under
thermal conditions (the reversible nature of the reaction of 2 to 3), although when photochemical
conditions are used it is also, of course, possible that photochemical excitation drives
dissociation of the phosphine ligand (the reversible nature of the reaction of 5 to 6).
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Figure 13.6. Examples of ligand dissociation reactions from the literature likely driven by the
favorable enthalpy change associated with reverse ring-slippage.

Returning our focus to the results of the present study, it must be noted that a net exothermic
reaction for the reverse ring-slip/ligand-ejection process is not, itself, enough to dictate that the
reaction will proceed forward. Indeed the observation of any quantity of the monocarbonyl-loss
product D is clear evidence that a kinetic barrier must exist to ejection of the second CO-ligand.
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D is known to rearrange to an > coordinated complex F on the timescale of 136 ns, with no
observation of an increase in the amount of dicarbonyl-loss product. Based on the time constant
of 136 ns for the rearrangement of D to F, we obtain a lower limit of 8.1 kcal/mol for the ground
state barrier for CO-ejection. The lack of formation of B from D at longer delay times indicates
that the dicarbonyl-loss process is coupled to the relaxation processes occurring following the
initial photoexcitation event. Thus formation of B from an (electronically or vibrationally)
excited state of D is still tied to the relaxation processes occurring after photoexcitation, though
the lack of a straightforward relationship between the excitation energy and the relative yields for
B and D shown in Table 13.1 suggest that the relative quantities of each species formed depend
in a detailed manner on the electronic structure of the species involved. The energy stored in the
initially slipped ring, which is released during the reverse ring-slip processes occurring after
photoexcitation, helps to account for the lack of a straightforward wavelength dependence in the
relative yields of the mono- and dicarbonyl loss products observed experimentally.

13.3.2  Ultrafast Photochemistry in Methylene Chloride

The structure of the monocarbonyl loss product D has been proposed to involve a three-
center M-C-Cl interaction with an n' coordinated ring,*** and the calculations carried out for the
present study also confirm this as the most likely structure for D (see Figure 13.5). This unusual
proposed coordination geometry for this ring to the metal center prompted us to experimentally
investigate the dynamics of D in a more coordinating solvent, in which a solvent molecule might
be expected to coordinate to the metal center and thus disrupt this unusual interaction.
Information on the dynamics of such a process would provide insight into the overall effects of
this interaction on the reactivity of D in solution. TRIR experiments were also thus carried out in
CH,Cl; solution following 267 nm excitation (see Figure 14.7), and the dynamics of each
photoproduct discussed previously were examined.

The majority of the observed bands appear similar to those observed in n-pentane solution,
although broadened in the more polar solvent. The bands of species B and C are overlapped and
visible in the 1975-1990 cm™ region, with species D observed at 2029 and 2091 cm’', along with
the decaying bands of the electronically excited state E. Note that in CH,Cl, solvent, the lower
frequency parent bleach is no longer visible at later delay times, suggesting that other
photoproduct bands overlap this bleach; these may be a combination of transient bands of the
excited state E, bands of photoproducts B or C that shift in the new solvent environment, and/or
bands of a solvated photoproduct (vide infra). One clear difference is observed relative to the
experiments in n-pentane; as the delay time increases, the 2091 cm™ band of D decays, and a
new band becomes visible at 2103 cm™ (see Figure 5). Though the lower frequency (2029 cm™)
band of D also exhibits dynamics, this band may overlap the excited state E at early times
(evidenced by the results shown in Figure 1) and may also be influenced by the dynamics in the
vicinity of the neighboring parent bleach. Thus the kinetic trace shown in Figure 13.7 was
generated using the band at 2091 cm™.

Considering that this new species at 2103 cm™ is observed to form in the more coordinating
CH,Cl, solvent, but not in alkane solvents, we assign this species to a CH,Cl,-coordinated
monocarbonyl-loss product, D(sol). D(sol) may also exhibits a band at ca. 2005-2025 cm™, as the
bleach of A in this region is no longer visible at later delay times, and this may also influence the
dynamics of the band observed for D at 2029 cm™. Spectral overlap of the bands of the
electronically excited state E with that of D(sol) at 2103 cm™ during the first few hundred
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picoseconds make it difficult to accurately fit a rise to the formation of D(sol), so we used the
decay of D to fit a time constant to the solvation process D -> D(sol), obtaining a time constant
of 680 £ 300 ps.
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A ox.= 267 nm

-11 700 ps CHyClp
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Wavenumber (cm™)
Tdecay = 680 * 300 ps
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Kinetic trace for decay of D (2091 cm™")

0 250 500 750 1000
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Figure 13.7. TRIR spectra of (1'-CsCls)Mn(CO)s in CH,Cl, solution following 267 nm
excitation.

DFT calculations were used to scan the potential energy surface associated with
coordination of a CH,Cl, molecule to the metal center, and, a barrier on the order of 6-9 kcal/mol
is predicted relative to the dissociation limit (infinite separation) as the CsCls ring rearranges to
accommodate the incoming solvent molecule. Note that these calculations were performed in the
“gas phase” for coordination of D with a single CH,Cl, molecule. In fact, DFT calculations
indicate that D + CH,Cl, at the dissociation limit is actually calculated to be lower in energy than
the solvated minimum for D(sol), although coordination of CH,Cl, to the metal center is
calculated to be favorable relative to dissociated intermolecular distances relevant in the solution
phase (ca. 3.5 A). Thus the calculated barrier is also smaller when referenced against’"*
intermolecular distances relevant in the solution phase, and overall the presence of a few
kcal/mol barrier to solvent coordination compares favorably with the experimentally observed
time constant of 680 ps. Taken together, these results also provide additional support for the
proposed geometry of D, involving a three center M-C-Cl coordination. The coordination
geometry of the CsCls ring is calculated to differ in the solvated and unsolvated complexes; the
Mn center in D(sol) coordinates to the CsCls ring via only a single carbon atom (refer to Figure
13.4).
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The results of the TRIR experiments and DFT calculations indicate that the type of three
center M-C-Cl interaction present in D can be disrupted by coordinating solvents, allowing
coordination of a molecule as a token ligand at the metal center. There is a barrier to this process
on the order of a few kcal/mol. Coordinating ligands are thus also expected to be able to react via
an associative mechanism with the metal centers of such complexes. With regard to the
subsequent reactivity of any solvated complex containing a Cp ligand, it is relevant to point out
that substitution at weakly solvated Cp-metal complexes has been shown to proceed via
dissociative or interchange mechanisms, while only the displacement of stronger ligands will
proceed via ring-slip processes.’’> Of course, in the case of a solvated ' complex, subsequent
reactivity cannot involve any further ring-slippage without dissociating the ring completely.

TRIR spectra collected following 400 nm excitation in CH,Cl, were very similar to those
collected in n-pentane solution, with species C as the only long-lived photoproduct observed.
The selective dissociation of the CsCls at longer excitation wavelengths is thus preserved when
changing to a polar solvent, which is not a surprising result.

13.3.3  Exploring the related CpMn(CO), and Cp*Mn(CO), Complexes via DFT

In order to explore the applicability of the results for (n'-CsCls)Mn(CO)s to other
cyclopentadienyl ligands, DFT calculations were carried out to investigate the analogous Cp
(CsHs) and Cp* (CsMes) species. While (n'-CsCls)Mn(CO)s is particularly amenable to studies
of ring-slipped intermediates formed via the photochemically induced reverse ring-slip
processes, independent consideration of the Cp and Cp* analogues helps to extend the
applicability of this investigation to the expansive range of Cp- and Cp*-ligated organometallic
complexes.

Though 1’ complexes represent the most commonly encountered Cp/Cp* complexes, n'-Cp
complexes have been known to exist for almost as long as n°-Cp complexes,”” and thus we
could expect to readily locate local minima for the Cp/Cp* analogues of A using DFT geometry
optimizations. After optimizing structures for the n'-CpMn(CO)s and n'-Cp*Mn(CO)s parent
analogues, we performed a search for Cp and Cp* analogues of each of experimentally observed
species. Carbonyl-loss and dicarbonyl-loss structures were optimized for each compound. The
monocarbonyl-loss derivatives, D¢, and Dcp+, involved rearrangement of the ring to an n’
geometry, analogous to that in species F for the CsCls ligated compounds (see Figure 13.8).
Unlike A, the Cp and Cp* derivatives do not possess localized lone electron pairs (as the Cl
atoms of the CsCls ring of A do) to allow a coordination geometry analogous to that observed for
species D. While an n° coordination geometry leaves the Mn center electron deficient
(essentially a 17¢ species), n° coordination geometries in Cp complexes are quite rare.” As
Cotton pointed out long ago, geometry clearly dictates that a regular pentagon with three vertices
equidistant from a given point necessarily must have all five vertices equidistant from that
point,*® thus an 1’ coordinated ring would necessarily have to distort its bond lengths or angles
from those of an 1)’ ring to an appreciable extent.
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Figure 13.8. Structures of the monocarbonyl-loss products arising from the parent complex (A)
and its Cp and Cp* analogues.

The dicarbonyl loss products for the Cp and Cp* derivatives, B¢y and B¢+, were analogous
to B, as both are characterized by 1’ rings coordinated to the metal center. For both Bcp and Bep+,
the loss of a carbonyl ligand from D¢, or Dcp+ (monocarbonyl-loss) to form the dicarbonyl-loss
complex is calculated to be even more exothermic than in the case with the CsCls ring,
highlighting the fact that the n* Cp/Cp* rings are less stabilized than that in D involving a three
center M-C-Cl interaction at the metal center. The enthalpy changes for the reactions of the D¢y -
> Bcp + CO and Dcp+ -=> Bep+ + CO were calculated to be -15.8 kcal/mol and -20.8 kcal/mol,
respectively (BP86 values). This result is significant, as it demonstrates that the mechanistic
paradigm involving ring-facilitated ligand ejection is expected to be even more prevalent in
complexes of the more widely utilized Cp and Cp* ligands.

To further explore the intrinsic stability of the various possible coordination geometries, we
performed calculations beginning from the calculated minima for Bcp, and Bcp+ in which a
single metal-carbon (a Cp/Cp* ring carbon) distance was extended in small steps away from the
ground state minimum structure. Interestingly, at no point during these scans of the potential
energy surfaces did we locate a minimum energy structure corresponding to anything resembling
an 1’ coordination geometry. This suggests that neutral n° Cp/Cp* complexes will likely be quite
rare, as other structures were consistently found to be energetically preferred over the n’
geometry, which, as was already mentioned, would require a significant distortion of the
cyclopentadienyl ring were it to exist.

13.4 Conclusions

In this study we have investigated the reverse ring slip processes that occur following
photoexcitation of n'-(CsCls)Mn(CO)s. As was uncovered via the wavelength dependent study
and accompanying and DFT investigation into the dicarbonyl-loss process, ring-slipped
geometries can possess stored potential energy relative to their n° counterparts, which can
facilitate ejection of a ligand from the metal center. This result is likely general among ring-
slipped complexes, as examples suggesting similar behavior appear to already exist in the
literature.

The monocarbonyl-loss product D is characterized by a three center M-C-Cl interaction
geometry with the CsCls ring. The investigation in methylene chloride solvent explored the
reactivity of this species toward coordination to a solvent molecule and uncovered that a CH,Cl,
molecule can coordinate to the metal center, disrupting the three center interaction. An energetic
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barrier is associated with rearrangement of the ring coordination geometry to accommodate
coordination of a CH,Cl, solvent molecule. These results provide insight into the nature of the
three center M-C-Cl coordination geometry and its implications for the reactivity of D, which
may also be applicable to other complexes characterized by similar coordination geometries.

Excitation at 400 nm results in highly selective dissociation of the CsCls ligand from (n'-
C5Cls)Mn(CO)s, demonstrating the labile nature of n'-coordinated cyclopentadienyl ligands.

Additional DFT investigations explored the structure and reactivity of complexes analogous
to those studied experimentally, in which the more widely-encountered Cp and Cp* ligands
replaced the CsCls ligand. Significantly, the mechanistic paradigm in which reverse ring-slip can
facilitate ejection of a ligand also characterizes the reactivity of Cp- and Cp*-ligated complexes.

Taken together, these results present new and significant insights into cyclopentadienyl ring-
slippage, which are widely applicable toward a broad range of organometallic complexes.
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14 Primary Photochemical Dynamics of Triply-Bonded
Metal Carbonyl Dimers Probed Via Ultrafast Infrared
Spectroscopy

The following chapter is intended to be published in an American Chemical Society Journal
and thus we claim no copyright for the text or figures contained in this chapter.

14.1 Introduction

The photochemistry of transition metal carbonyl dimers is a topic of longstanding interest, as
these complexes serve both as catalysts for synthetically useful reactions and as models systems
for understanding the photochemistry of other transition metal dimers and clusters.'®~'*>'” The
majority of such complexes whose photochemistry has been characterized in detail contain a
metal-metal (M-M) single bond, and photochemical excitation typically leads to a wavelength
dependent mixture of M-M bond homolysis and CO-dissociation products.’'® The photochemical
reactivity of homoleptic metal carbonyl dimers of Mn, 11721863519 g o TTLISTISS 4hd Co,** have
been characterized in detail, as has that of the cyclopentadienyl carbonyl-complexes of Mo,'”***’
W, 138521 g 137.140522-524 5 g ) 119,120.135,161

Only a limited number of investigations have been made into the photochemistry of
tetracarbonyl group VI dimers, [CpM(CO),],. The structures of these complexes are distinct
from those of the other aforementioned metal carbonyl dimers in that the group VI tetracarbonyl
dimers are characterized by higher order M-M bonds of bond order three. Thus the
photochemistry of the group VI tetracarbonyl dimers may be expected to differ significantly
from that of the more well-characterized species bound by M-M single bonds. In this spirit we
sought to investigate the photochemistry of [Cp*Cr(CO),]» (1) (Cp* = CsMes) in solution using
ultrafast time-resolved infrared (TRIR) spectroscopy. Investigations into the photochemistry of
the molybdenum congener, [Cp*Mo(CO),]», (6) were also carried out, though a detailed
interpretation of these data was hindered by the lack of stability of the Mo complex in solution.

The structure of 1 is characterized by a triple bond linking the Cr atoms and four terminal CO
ligands, which are bent slightly over the Cr=Cr bond’*>”*® and have been described as semi-
bridging CO ligands.””” The tendency of the d° [CpM(CO),]> dimers to adopt bridging or semi-
bridging CO-ligand conformations has been explored using a fragment molecular orbital theory
approach.”®” Initial studies into the photochemistry of 1 demonstrated CO-loss but found no
evidence of Cr=Cr cleavage products, presumably due to the strength of the Cr=Cr triple bond.”**
Subsequent infrared characterization of the CO-loss product in PVC matrices observed a single
broad band in the bridging CO-stretching region,”* suggesting a triply-bridged structure of D3,
symmetry for Cp*,Cra(u-CO)s (2), analogous to that of the triplet iron complex Cp,Fe (n-CO)s3
(see Figure 14.1).”** Turner and coworkers then characterized the solution-phase photochemistry
of 1 using nanosecond to microsecond TRIR spectroscopy and made the surprising observation
that the bridging CO band of 2 is actually two separate bands split by 11 cm™ in n-heptane at
room temperature.” On this basis it was determined the structure of 2 must involve a distortion
from D3, symmetry, either due to a particularly strong interaction of the (u-CO); group with the
Cp* rings, effectively lowering the symmetry to C,, or to a non-linear Cp*-Cr-Cr-Cp*
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arrangement, lowering the symmetry of the (u-CO); group to Cs (at most). Studies into the
reactivity of 2 with CO demonstrate a bimolecular rate constant ca. 1000 times greater than that
observed for the reaction of the triplet Cp,Fe,(u-CO); with CO, suggesting that 2 may be a
singlet.”*” A subsequent DFT study concluded that 2 is a singlet on the basis of comparison of
calculated and experimental infrared frequencies, though the triplet was predicted to be
energetically favored by more than 10 kcal/mol.”*' The reaction of 2 with THF to form 3 has also
been observed,”*>*" although 2 does not appear to react with PPh;.”**>*

The structure of the molybdenum congener of 1, [Cp*Mo(CO),]» (6) is generally similar to
that of 1, with differences in the bonding angles.” Existing knowledge on the photochemistry of
6 is limited, and this can likely be at least partially attributed to its lower solution-phase stability
(vide infra).
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Figure 14.1. Structures of [Cp*Cr(CO),]» and relevant photoproducts observed in previous
studies.

It has been suggested that a single-electron excitation should not be capable of cleaving a
doubly or triply bonded dimeric transition metal complex,’*® since promotion of a single electron
from a bonding to an antibonding orbital should lower the effective bond order by, at most, one.
For this reason, we do not expect to observe products arising from M-M bond homolysis in this
study. This notion is consistent with the lack of observed M-M cleavage products for 1'**°** and
its Cp analogue® in previous studies. Similarly, CO-loss, and not M-M bond cleavage, has been
observed as the primary photochemical process upon excitation of Cp,V2(CO)s, which can be
described as containing a V=V double bond.”*?

In this study we have used ultrafast TRIR spectroscopy to characterize the primary
photochemical dynamics of 1. Upon visible or UV excitation of 1, the principal photoproduct
observed is a transiently lived rearrangement isomer, which DFT calculations suggest exists in a
triplet spin state. This species reverts to the parent complex on the timescale of ca. 380 ps and is
not involved in formation of the CO-loss product. The structure of this transient appears to
distort somewhat between THF and cyclohexane solutions, though the lifetime in each solvent is
fairly similar. The triply-bridged CO-loss product, 2, does not react with THF in neat THF
solution on the picosecond time scale, although it is known to do so in dilute solutions of THF on
longer time scales. We also briefly discuss the results of analogous studies on the Mo congener,
6, and although the instability of this species in solution limited our ability to carry out a
comprehensive analysis of the TRIR data, this species does not form excited state bridged
intermediates analogous to those formed by 1.
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14.2 Methods

14.2.1  Sample Preparation

[Cp*Cr(CO),], was purchased from Santa Cruz Biotechnology Inc., [Cp*Mo(CO),], was
purchased from Fischer Scientific, and solvents were obtained from Sigma-Aldrich Co. All were
used as supplied. Samples were prepared at concentrations of ca. 10 mM.

14.2.2  DFT Modeling

Density functional theory (DFT) calculations have been carried out to facilitate assignment of
the absorptions observed in the infrared spectra. Calculations were carried out using the
BP86,°*® and B3LYP,”"”® functionals in the Gaussian09* package using the 6-311+g(d,p)
basis*®' % for all atoms. H atoms were substituted for CH; groups on the Cp* rings of both
complexes studied experimentally. Geometry optimizations were followed by a frequency
analysis for use in interpreting the TRIR results and to ensure that all geometries were genuine
local minima.

14.3 Results and Discussion

Time-resolved infrared (TRIR) spectra of 1 have been recorded in the CO-stretching region
following 400 and 267 nm excitation in cyclohexane and THF solvents. TRIR spectra for the
molybdenum congener, 6, were also collected in cyclohexane, though these solutions contained
an impurity due to the instability of 6 in solution. TRIR spectra are presented as difference
absorbance spectra, where positive features correspond to newly-formed photoproduct species
and negative features (bleaches) correspond to depletion of the parent complex.

14.3.1  Picosecond TRIR Spectroscopy of [Cp*Cr(CO),], in Cyclohexane Solution

TRIR spectra of 1 in cyclohexane solution following 400 nm excitation are presented in
Figure 14.2. Three transient bands are observed at 1770, 1900, and 2007 cm’’, each of which
decay on the time scale of 378 + 15 ps (as measured for the 1770 cm™ band, see Figure 14.3)
along with concomitant recovery of the parent bleach bands. Weaker, but long-lived
photoproduct bands are also observed at ca. 1785 and 1795 cm™, and these are assigned to the
previously characterized CO-loss product 2.*° These appear less well-resolved in our data,
relative to the previous report,”° though it is clear that two distinct bands are present. The bands
of 2 are visible at the earliest delay times of only a few picoseconds (as would be expected for a
CO-dissociation product) and do not detectably increase in intensity as the transient decays; as
such it is clear that the decay of the transient complex is unrelated to the formation of 2. TRIR
spectra collected following 267 nm excitation appeared qualitatively similar to those obtained
following 400 nm excitation. At both excitation wavelengths it is clear that the majority of
photoexcited 1 molecules relax to reform the parent complex on the picosecond timescale, and
thus that CO-dissociation is associated with a relatively small quantum yield, which was not
necessarily evident from the previous study on the nanosecond to microsecond time scales.”*
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Figure 14.2. TRIR spectra of 1 in cyclohexane solution following 400 nm excitation. (A.U. =
Arbitrary Units)
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Figure 14.3. Kinetic trace for decay of the transient intermediate observed in cyclohexane
solution following 400 nm excitation. (A.U. = Arbitrary Units)

With regard to the transient, a few details relating to its structure are readily apparent. First,
the transient complex is not a CO-loss adduct, as it readily reverts to the parent complex on the
picosecond time scale, evidenced by concomitant recovery of the parent bleaches along with its
decay. Thus it is expected to be a rearrangement/structural isomer of 1. The fact that two terminal
and one bridging CO bands are observed indicates that the transient contains at least two
terminal CO-ligands and either one or two bridging CO-ligands. The fact that any bridging
ligands are observed signifies a lowering of the Cr=Cr bond order, as without a weakening of this
bond there would be no impetus for the rearrangement of terminal CO ligands to a bridging
conformation.

The observation of this transient species complements the earlier, nanosecond to
microsecond time scale TRIR study’*” on this complex in two ways. First, we have uncovered
that the principal (highest quantum yield) photochemical process upon UV/visible excitation of 1
is actually a photoisomerization reaction. Second, despite the lack of M-M homolysis products,
the photochemistry of 1 does appear similar in spirit to that of other metal carbonyl dimers; the
primary photochemical pathway does involve weakening of the M-M bond. The difference in
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this case is that the higher bond order of the Cr=Cr bond, along with the transient formation of
bridging CO-ligands, prevents overall homolysis of the metal-metal bond.

A more detailed discussion of the structure of the transient intermediate will be presented in
Section 14.3.3.

14.3.2  Picosecond TRIR Spectroscopy of [Cp*Cr(CO),], in THF Solution

TRIR spectra of 1 collected in THF solution following 400 nm excitation are shown in
Figure 14.4. Similar to the observations in cyclohexane solution, the major photochemical
pathway involves formation of a transient intermediate that decays to reform the parent complex
on the picosecond time scale. However, in THF solution four transient bands are observed at
1769, 1790, 1890, and 2010 cm™'. The presence of an additional transient band, along with fact
that these transient photoproduct bands don’t all simply shift in the same direction, relative to
those observed in cyclohexane, suggests that the changes in frequencies reflect at least a minor
change in the structure, and perhaps also a change in the delocalization of the vibrational modes
in the THF solvent. The relative band intensity of the highest frequency band (2010 cm™) also
appears lower in THF solution, though this may also be influenced by broadening in the more
polar solvent. The transient again reverts to the parent complex on the picosecond time scale,
with a lifetime of 344 £ 17 ps in THF solution (Figure 14.5), which is fairly similar to the
lifetime of the transient observed in cyclohexane solvent. THF does not appear to trap the
transient intermediate to any detectable extent, as evidenced by the slightly shorter lifetime in
THF solution.
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Figure 14.4. TRIR spectra of 1 in THF solution following 400 nm excitation. (A.U. = Arbitrary
Units)
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Figure 14.5. Kinetic trace for decay of the transient intermediate observed in THF solution
following 400 nm excitation. (A.U. = Arbitrary Units)

The CO-loss product 2 is more difficult to observe in THF solvent (though it is of course still
expected to be present), and indeed its bands may overlap those of the much stronger transient
absorptions, whose bands are still visible at the longest experimentally accessible delay times.
This is true for the data collected at both 400 nm and 267 nm excitation wavelengths, which
again appear qualitatively similar to one another. Broadening of the bands of 2 in neat THF very
likely also contributes to the difficulty in resolving these bands from those of the transient
rearrangement photoproduct. Though the previous TRIR study on this complex observed 2 to
react with THF to form 3, no products arising from the reaction of 2 with THF are detected in the
present picosecond experiments in neat THF. Bands of 3 were observed at ~1740, 1774, and
1881 cm™ (in n-heptane solution containing dilute THF) in the previous study, and 3 was
estimated to form at a rate near the diffusion limit.>*” While the bands at 1774 and 1881 cm’
may partially overlap (and thus be masked by) the strong transient band at 1769 cm™ and the
higher frequency parent bleach at ca. 1869 cm™, respectively, data was collected to frequencies
as low as 1720 cm™ with good signal-to-noise and no evidence was observed for any absorption
at ca. 1740 cm™, nor to frequencies as low as 1720 cm™. Thus, it would appear that 3 does not
form within ~ 1 ns of CO-dissociation from 1 in neat THF solution, thus implying a kinetic
barrier of at least several kcal/mol for the addition of THF to 2.

To explore the structure of the transient intermediate observed experimentally, DFT
calculations were carried out for a variety of potential rearrangement isomers of the parent
complex. These included structures with elongated Cr=Cr bonds, rotations about the Cr=Cr
bond, and rearrangement of either one or two terminal CO ligands to bridging conformations.
Each calculation was carried out using both the B3LYP and BP86 functionals, and both singlet
and triplet spin states were tested for each calculation. A previous DFT study on the CO-loss
photoproducts of 1 noted that each of these functionals yielded similar results, with improved
accuracy for the calculated (absolute, unscaled) vibrational frequencies using the BP86
functional.™' Our observations were similar in this regard. Although the B3LYP functional
predicted greater relative stability for the triplet rearrangement isomers than did the BP86
functional, the results were qualitatively quite similar in terms of the calculated energetics and
the local minima located.

With regard to the singlet state rearrangement isomer calculations, despite beginning
geometry optimizations from a wide variety of input structures, all singlet calculations reverted
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to the ground state parent structure. Thus no singlet minima containing bridging COs (as would
be required to match the experimental data) could be located.

When the spin state was changed to a triplet, four distinct local minima were readily located,
and these are shown in Figure 14.6. Each of these structures contains two semi-bridging and two
terminal CO ligands, with structures 4-trans and 5-trans characterized by a frans arrangement of
the terminal COs, and structures 4-cis and 5-cis characterized by a cis arrangement of the
terminal COs. In each case, the bridging CO ligands are asymmetrical, each interacting more
strongly with one Cr atom than the other, hence these CO groups may more accurately be
described as semi-bridging ligands. The relative energies, Cr-Cr distances, and vibrational
frequencies of each structure calculated using the BP86 functional are provided in Table 14.1.
Though the absolute calculated vibrational frequencies are not expected to be quantitatively
accurate, trends in the number, ordering, and relative intensities of the infrared bands can be
compared to the experimental data to assess the consistency of each structure with that of the
transient rearrangement isomer observed experimentally.

14.3.3 DFT Studies

To explore the structure of the transient intermediate observed experimentally, DFT
calculations were carried out for a variety of potential rearrangement isomers of the parent
complex. These included structures with elongated Cr=Cr bonds, rotations about the Cr=Cr
bond, and rearrangement of either one or two terminal CO ligands to bridging conformations.
Each calculation was carried out using both the B3LYP and BP86 functionals, and both singlet
and triplet spin states were tested for each calculation. A previous DFT study on the CO-loss
photoproducts of 1 noted that each of these functionals yielded similar results, with improved
accuracy for the calculated (absolute, unscaled) vibrational frequencies using the BP86
functional.™' Our observations were similar in this regard. Although the B3LYP functional
predicted greater relative stability for the triplet rearrangement isomers than did the BP86
functional, the results were qualitatively quite similar in terms of the calculated energetics and
the local minima located.

With regard to the singlet state rearrangement isomer calculations, despite beginning
geometry optimizations from a wide variety of input structures, all singlet calculations reverted
to the ground state parent structure. Thus no singlet minima containing bridging COs (as would
be required to match the experimental data) could be located.

When the spin state was changed to a triplet, four distinct local minima were readily located,
and these are shown in Figure 14.6. Each of these structures contains two semi-bridging and two
terminal CO ligands, with structures 4-trans and 5-trans characterized by a frans arrangement of
the terminal COs, and structures 4-cis and 5-cis characterized by a cis arrangement of the
terminal COs. In each case, the bridging CO ligands are asymmetrical, each interacting more
strongly with one Cr atom than the other, hence these CO groups may more accurately be
described as semi-bridging ligands. The relative energies, Cr-Cr distances, and vibrational
frequencies of each structure calculated using the BP86 functional are provided in Table 14.1.
Though the absolute calculated vibrational frequencies are not expected to be quantitatively
accurate, trends in the number, ordering, and relative intensities of the infrared bands can be
compared to the experimental data to assess the consistency of each structure with that of the
transient rearrangement isomer observed experimentally.
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Figure 14.6. Structures of the triplet rearrangement isomers identified as local minima using DFT
calculations. The structures shown were obtained using the BP86 functional. H atoms were
substituted for CHj groups in the calculations, and these have been omitted for clarity of
visualization in the graphics above.

Table 14.1. DFT (BP86) calculated energies, Cr-Cr bond distances, and CO-stretching mode
frequencies and intensities for each of the triplet structures shown in Figure 14.6.

Structure (kca?/];ol)"’ C(?Sr (cm-l i \12;1(; /mol)b
#6257 0o iogo (178

drans 19523 ns) e oy

S-trans 216 245 1810 (1133), 1817 (0),

1902 (2029), 1336 (0)

(a) Energies measured relative to the ground state singlet parent structure. (b) Values in parentheses report the
calculated intensities for each CO-stretching absorption.

In this regard, structure 4-trans appears in reasonable agreement with the transient observed
in the TRIR spectra in cyclohexane solution (refer to Table 14.1). In order of increasing

140



frequency, a relatively intense bridging CO band is predicted, accompanied next by a relatively
intense terminal CO band, and then a final, highest frequency terminal CO band of notably lower
intensity. Based on the low intensity calculated for the 1840 cm™ mode for 4-trans, it is
reasonable that this band could not be detected in the TRIR experiment in cyclohexane, or it may
also overlap one band of the CO-loss species, 2. The ordering of the bands calculated for
structure 4-cis is qualitatively different. Again in order of increasing frequency, a relatively
intense bridging CO band is again predicted, followed by a second bridging CO band of just over
half the intensity of the first, followed by a slightly weaker terminal CO band, and finally a
highest frequency terminal CO band of the largest overall intensity. The prediction of the highest
frequency terminal CO stretching band being the most intense in the spectrum is at stark odds
with the experimental observations. The same is true of 5-cis, ruling out this structure as well. 5-
trans is only expected to show two IR-active bands in the CO-stretching region, and is thus also
inconsistent with the experimentally observe transient in the TRIR spectra.

The CO stretching vibrations of the transient observed in THF are qualitatively similar to
those observed in cyclohexane, with the exception of a second bridging CO absorption, blue-
shifted relative to that observed in cyclohexane and at roughly one third the intensity of the first
bridging absorption band. For the same reasons described in the preceding paragraph, structures
4-cis, 5-cis, and 5-trans are inconsistent with the experimentally observed spectra in THF, while
4-trans again provides a qualitatively correct description of the spectrum observed. The only
caveat is that the second, lower intensity bridging CO absorption in 4-frans (that listed at 1840
cm” in Table 15.1) must become more intense in THF solution, presumably due to a distortion of
the structure in the more polar solvent. Nonetheless, 4-frans again provides the only qualitatively
correct description of the CO-stretching region of the spectrum observed experimentally.

Thus the structure of the transient observed experimentally in both cyclohexane and THF
solvents is assigned to a structure of the form of the triplet species 4-frans, containing two semi-
bridging CO ligands and a trans configuration of the two terminal CO ligands. It is worth taking
note that the agreement between the experimental and calculated spectra is only qualitative at
best, and the precise structural details will likely differ from those calculated for 4-trans. It is
also worth pointing out once more that no singlet minima other than the parent complex could be
located, and thus the transient observed experimentally is assigned to an excited state triplet
intermediate.

Similar to the parent complex, 1, the triplet transient rearrangement isomer appears to also
favor a conformation involving semi-bridging CO-ligands, suggesting that the tendency to adopt
semi-bridging CO-ligand conformations for this chromium d° complex persists even in its
excited state structures.

14.3.4  Picosecond TRIR Spectroscopy of [Cp*Mo(CO),], in Cyclohexane
Solution

We were also interested to study the primary photochemistry of the molybdenum congener,
[Cp*Mo(CO),]> (6). However, we found that this complex was unstable when dissolved in
solution, decaying on the timescale of a few hours in cyclohexane, and more rapidly in THF
solution, as monitored via FTIR spectroscopy. Figure 14.7 shows FTIR spectra of
[Cp*Mo(CO),]» at 10 minutes and 3 hours following dissolution in cyclohexane solution (the
sample vessel contained air, though was sealed after preparing the solution). The parent bands of
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6 at 1844 and 1869 cm’ decay with the rise of bands at 1882, 1903, and 1938 cm’!
corresponding to a decay product (or, perhaps, multiple decay products) of the parent complex.

1 FTIR 10 minutes after dissolution
=== FTIR 3 hours after dissolution

1844

>
< *
0] 1869
o
c
©
Xel *
o
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O
1800 1850 1900 1950

Wavenumber (cm'1)

Figure 14.7. FTIR spectra of 6 in cyclohexane solution at times of 10 minutes and 3 hours
following dissolution. Asterisks (*) denote bands corresponding to decay products of 6, which
become increasingly intense as more time elapses following dissolution.

TRIR spectra of a cyclohexane solution of 6 collected over the course of ca. 1-2 hours (the
time period used for collection of data in this experiment before preparing a fresh sample) thus
amount to spectra monitoring a mixture of both the parent complex and its decay product(s)
simultaneously. These TRIR spectra collected following 267 nm excitation are shown in Figure
14.8. Clearly, interpretation of the observed product bands is confounded by the presence of a
mixture of species present in solution, making it difficult or impossible to draw definitive
structural conclusions about the nature of the long-lived products formed. Nonetheless,
inspection of the bridging CO-stretching region of the spectrum allows us to observe a clear
difference between the photochemistry of 6 and that of 1; no bridging carbonyl absorption bands
are observed in the spectra for the molybdenum species. This fact indicates that no bridged
photoproducts are formed from the parent complex, nor from its uncharacterized decay
product(s), though our present focus is on the photochemistry of the parent molecule. Short-lived
bands at ca. 1832 and 1859 cm™ appear to correspond to the vibrationally excited parent
complex, as these bands greatly resemble the IR spectrum of 6 simply red shifted by ca. 10 cm™,
consistent with a vibrationally excited parent species. These transient bands have a lifetime on
the order of tens of picoseconds, significantly shorter than those of the transient observed for the
Cr complex, and again consistent with relaxation/cooling of a vibrationally excited parent
species. These transient bands decay with concomitant recovery of the bleaches of 6, indicating
that 6 is reformed as the vibrationally excited species decays. The bleaches of the impurities
(marked with asterisks in Figure 14.8), do not recover, indicating that their depletion leads to
long-lived products, presumably CO-loss products.
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Figure 14.8. TRIR spectra of 6 in cyclohexane solution following 267 nm excitation collected
over the course of ca. 1-2 hours before preparing a fresh sample. Since 6 is unstable in solution
and decays to form another species (refer to Figure 14.6), these TRIR spectra are best regarded
as representing the primary photochemistry of both 6 and the decay product of 6 that forms upon
dissolution in cyclohexane solution. Asterisks (*) denote bleach bands corresponding to the
decay product of 6. (A.U. = Arbitrary Units)

The longer lived bands observed at 1895 and 1990 cm™ are difficult to assign due to the
presence of the decay product(s) of 6 in the sample. Thus here we simply report the frequencies
observed for these long-lived bands and only tentatively discuss their assignment. These almost
certainly correspond to CO-dissociation products of 6 and its decay products, as cleavage of the
Mo=Mo bond in 6 is unexpected to occur via a single photon excitation. However we will not
attempt to assign a definitive molecular structure to these bands, and again emphasize that our
primary motivation in discussing these results is to simply show that no bridged transients or
photoproducts are formed from the Mo complex. This highlights that the photochemistry of the
Cr and Mo complexes differs in their tendency to form both transient and long-lived
photoproducts containing bridged CO ligands, with the Cr complex favoring bridging CO-
ligands between the two metal centers.

14.4 Conclusions

The picosecond photochemistry of [Cp*Cr(CO),], in alkane and THF solution has been
studied using TRIR spectroscopy. Visible or UV excitation leads predominantly to formation of
a transiently lived (378 + 15 ps) rearrangement isomer with a weakened Cr=Cr bond and two
terminal carbonyl ligands rearranged to bridging conformations. This species reverts to the
parent complex on the picosecond timescale and does not appear to be involved in formation of
the CO-loss product. DFT calculations indicate that this transient is characterized by a triplet
spin state and that the two terminal CO ligands adopt a trans conformation about the Cr=Cr
bond. Photolysis in neat THF solution does not trap the transient intermediate, and its lifetime
(344 £+ 17 ps) is similar in either solution. The structure of the transient appears qualitatively
similar in THF, though some structural differences must exist between the transient structure
observed in the two solvents, evidenced by the observation of a second bridging CO-stretching
band in THF solution.
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The previously characterized CO-loss species of the Cr dimer, which adopts an asymmetric
arrangement of the three bridging CO ligands, is not observed to react with THF (again in neat
THF solution) on the picosecond time scale. This suggests that a kinetic barrier to formation of
the previously observed THF adduct (3, refer to Figure 14.1) exists. The present study also
makes clear that CO-dissociation is a relatively low quantum yield event, with formation of the
transient being the major photochemical pathway.

The molybdenum congener, [Cp*Mo(CO);],, was found to be unstable in solution, decaying
on the time scale of a few hours in cyclohexane solution, and more rapidly in THF. TRIR
spectroscopy was used to investigate the potential formation of bridged intermediates in the
photochemistry of this Mo congener, and no bridged species, transient nor long-lived, were
observed. This indicates that the photochemistry of the molybdenum complex does not involve
the formation of CO-bridged intermediates to the same extent observed for the chromium
complex.

Overall, these results provide some of the first insight to date on the primary photochemical
dynamics of transition metal dimers containing multiple metal-metal bonds (i.e. metal-metal
bonds of order two or higher). These species will likely display significantly different
photochemistry than the body of existing transition metal dimers characterized to date (i.e.
complexes with metal-metal single bonds), as the lower tendency to undergo metal-metal bond
cleavage for the former class of complexes will lead to a greater tendency for the solution phase
photochemistry of these complexes to be dictated by ligand-dissociation pathways.
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15 Should External Heavy Atom Effects be Expected in
Transition Metal Complexes?

The following chapter is intended to be published in an American Chemical Society Journal
and thus we claim no copyright for the text or figures contained in this chapter.

15.1 Introduction

The influence of spin state changes on the rates of chemical reactions is a topic of significant
and longstanding interest in organometallic and transition metal chemistry,'>!'***>*77:334537 Ag
these reactions are formally forbidden, the requirement for a spin state change between reactants
and products is frequently invoked to rationalize slow or non-reactivity.''”****° Nonetheless, an
increasing number of reaction mechanisms with steps involving spin state changes are
consistently being uncovered,*”*** highlighting the difficult-to-predict relationship between
spin state changes and chemical reactivity, particularly where transition metal complexes are
involved.

The probability of moving between two potential energy surfaces of different spin
multiplicity is mediated by spin-orbit coupling (SOC), a property which tends to increase with
increasing atomic number. For complexes of the heavier second and third row transition metal
elements, SOC is often large, resulting in facile spin crossover. However, for complexes of first
row transition metal elements, SOC is often low enough that non-adiabatic behavior contributes
significantly to slowing reaction rates. For example, a recent study of the reaction of the triplet
*Fe(CO), with CO to yield the singlet product 'Fe(CO)s found that the probability of surface
hopping is only ca. 0.05.7""

With regard to organic molecules, which typically have substantially lower SOC than
transition metal complexes, the probability of spin state changes can be increased by a nearby
heavy atom present in a different molecule (e.g. another solute or solvent molecule); this is
termed an external heavy atom effect. External heavy atom effects were first proposed by Kasha
in the 1950’s°® and have since been implicated in an expansive number of other studies in both
chemical and biological contexts. For example, external heavy atom effects enhance the
probability of spin forbidden transitions in molecular oxygen,>*' fullerenes,*>** and organic
light-emitting diodes (OLEDs),”* in addition to a wide range of organic molecules.®>~*>%
External heavy atom effects on spectral transitions have also been investigated for metal ions and
complexes, albeit to a lesser extent.”*’>*

However, external heavy atom effects on reaction rates in transition metal complexes remain
almost entirely unexplored. Such is the focus of the present investigation. External heavy atom
effects in transition metal complexes may be important in a wide variety of contexts in which
spin state changes occur, particularly those involving reactions of first-row transition metal
complexes, as these involve the lightest elements among transition metal complexes and thus
will tend to have relatively low SOC properties. Examples of relevant reactions include those to
produce transition metal dimers, trimers, and clusters (particularly heterometallic complexes),
the catalytic activation of stannanes, or more generally any reaction forming a bond between a
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transition metal element and another element of high atomic number (e.g. tin, lead, a lanthanide
or actinide, etc.), or any reaction occurring in a solvent containing a heavy atom.

A limited number of experimental investigations into external heavy atom effects on
chemical reaction rates in transition metal complexes have been carried out to date. Tyler and
coworkers investigated the presence of a spin barrier to the geminate recombination 17-electron
radicals in complexes of Fe, Mo, and Ti.?** Recombination efficiencies were found to be similar
in the presence or absence of an external heavy atom perturber, from which it was concluded that
no spin barrier was present; another possible interpretation exists, which is that an external heavy
atom effect may not have been significantly observed. A combined experimental/computational
study by our group also investigated the activation of stannanes (Sn-H bonds) by a series triplet,
first-row transition metal reaction intermediates. In that study, we carried out calculations of
SOC for the transition metal complexes and found no evidence for an external heavy atom effect;
changes in SOC were found to be similar for the approach of either an Si-H or Sn-H (Zs; = 14,
Zsn = 50) moiety to a series of three first-row transition metal compelxes.*”’

Here we set out to explore the role of external heavy atom effects in transition metal
complexes with a computational study on the prototypical 16-electron reaction intermediate
Fe(CO)s. The chemistry of iron pentacarbonyl and its photoproducts has been studied
extensively, motivated both by its synthetic utility as a reagent for organometallic iron
compounds, and because its rich chemistry relates broadly to many fundamental chemical
phenomena, including fluxional ligand rotation, ligand substitution reactions, and two-state
reactivity.”">>! Its CO-loss product, Fe(CO)a, exists in a triplet ground state in both solution and
gas phases, and spin crossover to a singlet is required for subsequent chemical reactions to occur.
Solution phase spectroscopic studies indicate that the triplet species does not interact
substantially with weakly coordinating solvents (e.g. alkanes), and that in more coordinating
solvents (e.g. alcohols) it undergoes rapid spin crossover to a singlet state with concurrent
solvent coordination, as depicted in Figure 15.1.'%%
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Figure 15.1. Triplet Fe(CO)4 undergoes solvent coordination and spin crossover to form a singlet
adduct

A nonadiabatic analogue to transition state theory has been developed, which characterizes
reaction rates via a minimum energy crossing point (MECP) between two potential energy
surfaces, in this case of different spin multiplicity.’®”””*!*>*> The enthalpic barrier to reach
the MECP is analogous to that in an adiabatic reaction, but passage over the barrier in the spin-
forbidden case is also dictated by the surface hopping probability, which is closely linked to the
SOC matrix element coupling the singlet and triplet states at the MECP. Previous work has
found success applying such a bimolecular non-adiabatic treatment to calculating the rate
constant for addition of a CO ligand to *Fe(CO),.” Figure 15.2 diagrams the potential energy
surfaces involved in a non-adiabatic reaction involving coordination of a ligand/small molecule
to triplet *Fe(CO), to yield a singlet adduct, schematically indicating the location of the MECP at
the intersection of the diabatic singlet (red) and triplet (blue) surfaces.

146



Adiabatic
Surface B

Diabatic
Surface 2

2He !

Minimum Energy

Diabatic Crossing Point

Surface 1

Adiabatic
Surface A

Reactants (triplet)
Products (singlet)

Reaction coordinate for coordination of CH;X to Fe(CO),

Figure 15.2. Diagram of the potential energy surfaces associated with a spin-forbidden reaction.
The diabatic surfaces correspond to potential energy surfaces of a pure spin state, and their
intersection defines the MECP geometry. Hj, in the present case corresponds to the SOC matrix
element coupling the two electronic surfaces. The adiabatic surfaces describe potential energy
surfaces whose spin character varies smoothly from reactants to products. Adiabatic Surface A
thus depicts the potential energy surface that would be followed in the limit of large SOC.

In the present study we explore the changes in SOC that occur along a bimolecular reaction
coordinate for coordination of a small molecule to *Fe(CO)4. For this purpose, we selected
haloalkanes of the formula CH;X (X = F, Cl, Br, 1), as well as methanol (X = OH). The presence
of a single potentially coordinating site in each of these molecules makes for a facile and
straightforward comparison of the effects on SOC between the singlet and triplet states of
Fe(CO)4 with the approach of each incoming molecule as the group X approaches the Fe center.
Similar haloalkanes have also previously served as choice solvents for experimental studies on
external heavy atom effects for similar reasons in terms of experimental design.*®>*>*

15.2 Methods
15.2.1  Density Functional Theory Calculations

To locate minimum energy crossing point (MECP) geometries for each of the Fe(CO)s +
CH;X reactions, partial geometry optimizations were carried out in singlet and triplet spin states
at fixed Fe-X distances. These scans build approximate diabatic potential energy surfaces that
allow us to locate a representative MECP geometry for the approach of each ligand.”*” Partial
geometry optimizations were carried out at constrained Fe-X separations at intervals of 0.1 A,
and a linear extrapolation between the nearest two points to the MECP on each surface was used
to determine the Fe-X distance at the MECP (Fe-Xwmgecp). A final partial geometry optimization
was then carried out at this the Fe-Xypcp distance (in the triplet spin state) to determine the
MECP structure. Because of the approximate nature of the partial optimization method to reach
the MECP, the energy barrier located provides a lower bound for the MECP energy barrier
(AHMmecp). As the focus of the present study is on changes in SOC with the approach of each
CHsX moiety, we were less concerned with the calculated AHygcp values but rather with
obtaining qualitatively reasonable comparisons of the Fe-Xyecp distances for each reaction.
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The DFT calculations in this study were carried out in the Gaussian09* package with the Fe-
X distance as the only constrained parameter. In the case of X = OH, the Fe-O distance was used
to characterize the reaction coordinate. The B3LYP hybrid functional’’”® was used with the 6-
31+g(d,p) basis set'*"***™ on C, O, H, and F atoms, while the lanl2dz basis**** was used on Fe,
Cl, Br, and I. Previous studies have shown the B3LYP functional to be appropriate for
determining geometries of organometallic species, and that hybrid density functionals more
accurately characterize the singlet-triplet energy gap for Fe(CO)s, as compared to pure density
functionals.”?”® Additional calculations using the 6+311g(d,p) basis*®*' ** for all atoms were
carried out to locate the MECP geometries with a higher level basis set to validate the use of the
6-31+g(d,p)/lanl2dz basis for determining the other calculated geometries (see Table S1 for a
comparison).

15.2.2  CASSCEF Calculations of Spin-Orbit Coupling Constants

SOC calculations were carried out using complete active space self consistent field
(CASSCF) wavefunctions generated with the GAMES-US package®® at the DFT optimized
geometries. The full, 2-electron Pauli-Breit SOC operator was used to evaluate SOC in all
calculations.®*® The active space in each CASSCF calculation consisted of 10 frontier molecular
orbitals occupied by 10 electrons (a (10,10) active space). The choice of active spaces for
transition metal carbonyls, and specifically for iron carbonyls, has been considered
previously.””>*® This choice of active space accounts for the double shell effect, which has been
shown to be important.”” SOC was calculated at each DFT generated triplet geometry using two
sets of molecular orbitals (one for each spin state). This procedure for calculating SOC involves
a corresponding orbital transformation that requires freezing the core occupied molecular orbitals
from the first wave function optimized (this can be either spin state) as the SCF procedure
optimizes the second wave function.” For consistency, the triplet spin state orbitals were always
optimized first, so that the core molecular orbitals from the triplet wave function were frozen as
the singlet spin state orbitals were optimized. The effect of optimizing either set of orbitals first
has been considered previously and is not expected to make a significant difference.”®’ We also
carried out our own comparisons by optimizing the singlet spin state orbitals first at several
geometries, and we found negligible differences in the calculated SOC values. The lanl2dz
basis*™*** was used for all SOC calculations. We note that there are not many basis sets available
for treating atoms as heavy as iodine, and we wanted to use the same basis set on each of the
coordinating groups for consistency. Since the important results of this work are largely
qualitative, we feel it is safe to say that these choices do not affect the significance of our results.
The results of the present SOC calculations also agree favorably with those in the literature for
Fe(CO),4 for which an all-electron double-zeta basis set was used.” All reported SOC values are
given as the root mean square SOC (SOC,ns) between the three triplet substates and the nearest
singlet state. Assuming rapid equilibration between triplet substates, the root mean square value
is the relevant quantity for calculating the probability of crossing between electronic surfaces,
and is hence the quantity relevant to the rate of spin crossover.
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15.3 Results and Discussion

15.3.1  Calculation of Molecular Geometries and Spin-Orbit Coupling Matrix
Elements

We began by identifying a set of representative molecular geometries of interest, including
the MECPs for each reaction of interest. As noted in section II.A, MECPs were located using the
partial geometry optimization method,”* which involves carrying out DFT geometry
optimizations at constrained Fe-X distances (X = F, Cl, Br, I, OH) for each of CH3;X molecules
approaching the iron center of Fe(CO)s. These calculations were carried out in both the singlet
and triplet spin states, allowing us to build up approximate diabatic potential energy surfaces for
coordination of the CH;X moiety to Fe(CO),, as diagrammed schematically in Figure 15.2. After
determining the Fe-Xyrcp distance for each reaction, a final constrained geometry optimization
was performed to obtain a representative MECP geometry. The Fe-X distances and energy
barriers (AHmgcp) associated with each MECP are listed in Table 15.1.

Table 15.1. MECP Fe-X distances, energy barriers and SOC,s matrix elements for the
coordination of CH3X molecules to Fe(CO)4

CH:X (X=) Fe-Xyecp distance (A) AHymgcp (keal/mol) MECP SOC,,s Matrix Element (cm'l)

F 2.35 4.85 151.2
Cl 291 1.22 124.4
Br 3.11 1.21 114.2
1 3.34 1.25 78.4
OH* 2.58 0.17 183.7

(a) The Fe-O distance was used for CH;0H

To assess the changes in SOC that occur along each reaction coordinate, the geometries
obtained from constrained geometry optimizations were used to generate CASSCF wave
functions for both singlet and triplet spin states, which were then used to calculate the SOC
matrix elements between the singlet and triplet states. Figure 15.3 shows the SOC.ys matrix
elements for bimolecular reactions of Fe(CO)s with CH3X molecules as a function of the
distance between the Fe center and the coordinating atom.
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SOC,,,s at MECP distances:

F: (2.35A) 151.2cm™
Cl: (2.91A) 124.4 cm™

I (3.34A) 78.4 cm™

= OH: (2.58 A) 183.7 cm™
£ 110 dissociation limit: 35.7 cm™!
3]
- X:

1]

£ —F
8 9| _ cl
? |

— OH

50 [ —3Fe(cO),

30
22 24 26 28 30 32 34 36 38 4.0

Fe-X Distance (A)

Figure 15.3. SOC,ns matrix elements as a function of Fe-X (X = F, Cl, Br, I, OH) distances, and
at the dissociation limit (lower dashed grey line, the x-axis is not meaningful with respect to the
dissociation limit value). SOC was computed at the DFT optimized geometries using CASSCF
wave functions. The SOC matrix element at the MECP Fe-X distance is indicated for each
reaction. Circles on the plot correspond to calculated data points, while the lines are included to
aid visualization.

In all cases we found SOC to increase with the approach of the incoming CH3X molecule.
For example, the calculated SOC,ys matrix element for Fe(CO)4 reacting with CH3F increase
from the dissociation limit value (i.e. for isolated Fe(CO), in vacuum) of 35.7 cm™ to 151.2 cm™
at the CH;F Fe-Xygcp distance of 2.35 A. Significantly, our findings do not suggest that a heavy
atom effect is at work. Similar changes in SOC were observed for the approach of each ligand to
the metal center, as can be seen in Figure 15.3. From both qualitative and quantitative
perspectives, only minor differences are observed, in terms of the changes in SOC, with the
approach of each of the different CH3;X molecules. No clear trends or correlations are present
between SOCys values and the atomic number of the incoming coordinating atom or functional
group, X. In fact, when taking into account the different Fe-Xygcp distances, which tend to
increase with the size of the incoming atom (see Table 1 or Figure 15.3), Figure 15.3 indicates
the opposite of a heavy-atom trend in SOC at the MECP geometries. While each incoming group
causes notable changes in SOC, it is perhaps more noteworthy that the lightest incoming groups,
OH and F, are predicted to cause the greatest increase in SOC at the respective MECP
geometries, and this would appear to be attributable to their close Fe-Xygcp distances.

In the following sections, we will explore the nature and origins of the changes in SOC with
varying Fe-X distance, as well as discuss the implications of these changes for the chemistry of
transition metal complexes undergoing non-adiabatic reactions.

15.3.2  Exploring the Changes in SOC Observed Along a Bimolecular Reaction
Coordinate

Some existing studies on SOC in organic biradicals have provided a satisfying qualitative
description of the factors responsible for CASSCF computed changes in SOC by approximating
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the triplet diradical character as being localized in two singly occupied molecular orbitals
(MOs).”*2%! In transition metal complexes, there are typically several d-type valence MOs
spaced closely in energy, allowing several low lying excited states to contribute significantly to
the CASSCF wave function. In such cases, a two electrons in two orbitals description cannot be
readily applied.”**”> Several configuration state functions tend contribute to the wave functions
in these Fe(CO)4/CH;X pairs with similar weights, and both these weights and the contributions
of different atomic orbitals (AOs) to the MOs vary with Fe-X distance, and with the identity of
the incoming ligand (and perhaps other parameters as well). For this reason, it is not feasible to
offer a qualitatively simple explanation for the increase in SOC in terms of changes in individual
AO contributions to MOs along the reaction coordinate. However, we wish to offer a few
comments that we feel provide useful insight into the source of the increase in SOC.

First, the increase in SOC is not simply the result of distortion of the CO ligands from the
equilibrium *Fe(CO), geometry; the presence of the CH3X moiety is necessary for a substantial
increase/change in SOC, relative to the dissociation limit. For example, Figure 15.4 compares the
calculated SOC,,s values for three different sets of nuclear coordinates, those of: (A) isolated
’Fe(CO)4, (B) *Fe(CO)4 + CH;F optimized at a fixed Fe-F distance of 2.5 A, and (C) only the
*Fe(CO)4 moiety from the *Fe(CO)4 + CH;F pair optimized at an Fe-F distance of 2.5 A with the
CHsF moiety deleted. The difference in nuclear coordinates for the two isolated *Fe(CO)q
moieties is fairly small, with an r.m.s. difference in nuclear coordinates of only 0.097 A (e.g. the
distortion of the Fe(CO)4 moiety itself is fairly minor). Similarly, the difference in SOC,ys values
is small, at 35.7 cm™ for structure A, and 38.3 cm™ for structure C (refer to Figure 3). The
*Fe(CO)4 + CH;F pair at an Fe-F distance of 2.5 A (B) has significantly higher SOCps at 140.6
cm™'. From this example, it is clear that the presence of the CH3;X molecule plays a significant
role in effecting the changes in SOC. However, the comparisons in Figure 15.3 between the
various CH3;X molecules make it clear that the atomic number of the X group does not
significantly influence the changes in SOC observed.

3Fe(CO), 3Fe(CO),+ CH5F 3Fe(CO), + CH;F
(fre.p =2.5A) (CH3F ligand removed)
e @ @
9
}*4
3 g !
SOC s = 35.7 cm™ SOCims=140.6 cm™ | SOC/ms = 38.3 cm™
A B o

Figure 15.4. Calculated molecular geometries and SOCyms matrix elements for (left) *Fe(CO), at
the ground state minimum geometry, (middle) *Fe(CO)4 + CH3F moiety constrained with Fe-F =
2.5 A, and (right) the same *Fe(CO), geometry as in the middle panel, but with the CH;F moiety
no longer present. The r.m.s. difference in Fe(CO)s coordinates between the two Fe(CO)4
geometries is small, at 0.097 A.

A similar comparison to that between panels A and C in Figure 15.4 can be made between
the MECP geometries and the ground state *Fe(CO), geometry. For example, the r.m.s. change in
’Fe(CO), coordinates for the CHsI and CH;OH MECP geometries, relative to ground state
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3Fe(CO)4, are 0.072 A and 0.079 A, respectively, and the corresponding SOC.ys values at the
MECP geometries are 78.4 cm™ and 183.7 cm™, respectively (recall that the Fe-Xyecp distances
varied for each CH3X group, 2.58 A for the reaction involving CH;l, and 3.34 A for that
involving CH;3l, refer to Table 15.1). Thus, it is again clear that it isn’t simply the changes in
Fe(CO)4 nuclear coordinates that are responsible for the changes in SOC at the MECP
geometries, relative to the dissociation limit. The presence of the incoming CH3X molecule, and
its interactions with the electronic structure of the Fe(CO)4 moiety, would thus appear to be key
to effecting the changes in SOC.

Second, the active space MOs, in which the unpaired triplet electron density resides, do not
take on significant contributions from AOs on the coordinating atom, X. SOC depends on
characteristics of the frontier orbitals of the atom or molecule in which the unpaired spin density
resides. An orbital-based analysis becomes somewhat complicated in the case of a (10,10)
CASSCF wave function, where configuration state functions from all possible permutations of
excitations within the 10 active space orbitals contribute to the wave function. Thus to evaluate
the characteristics of the active space MOs, we present a largely simplified analysis that allows a
qualitative inspection of the atomic/molecular orbital contributions to the wave functions with
results that offer a basic, but intuitive, level of insight into the computed SOC values. The atomic
orbital contributions to each of the 10 active space orbitals in the MECP wave functions were
analyzed and grouped into orbitals located on either the Fe(CO); molecule, or onto the incoming
atom, X. Table 15.2 shows the (normalized) atomic orbital contributions summed for the nine
atoms of the Fe(CO)4 moiety along with those from the coordinating atom X, averaged over the
10 active space MOs. Inspecting the values in Table 15.2, it is clear that the diradical character
does not delocalize significantly onto the incoming group.

As with any simplified analysis, there are limitations and flaws to this approach that we
should briefly point out. For example, the number of orbitals present on the Fe(CO)4 moiety or X
atom are influenced by the choice of basis set, and we have not attempted to account for this in
the present simplified analysis. We have also averaged over the active space orbitals, effectively
making some assumption that each is equally important to the wave function, which is not the
case. Nonetheless, despite these somewhat crude simplifications, it is clear that the active space
orbitals, responsible for determining SOC, do not delocalize significantly onto the incoming
group, X. This does present a physically reasonable picture, in that it seems quite reasonable the
electron(s) responsible for changing the spin state of the Fe(CO)s molecule should remain
primarily on the Fe(CO)4 molecule. The frontier MOs in transition metal complexes are indeed
typically spaced relatively closely in energy and have a significant amount of d-orbital character.

Third, the observed changes in SOC depend not only on the Fe-X distance, but also on the
angle of approach, as shown in Figure 15.5. This simply demonstrates that the calculated SOC
values depend on multiple structural coordinates, and not only on the Fe-X distance, which is not
at all surprising. This angular dependence contributes to the fact that the SOC,ns values in Figure
15.3 do not vary in an entirely smooth manner with respect to Fe-X distance. Looking at Figure
15.5, the larger incoming groups (Cl, Br, I) show a stronger angular dependence, perhaps due to
their larger valence orbitals approaching the Fe center more closely, making the active space Fe-
centered MOs more sensitive to changes in their orientation. We note that the choice to not re-
optimize the geometries at each angular orientation inspected in Figure 15.5 was made in the
interest of looking at changes in a single parameter (the angle of the ligand relative to the
equatorial plane), whereas the changes in Figure 15.3 are influenced by minor changes in
multiple other coordinates, in addition to the Fe-X distance.
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Figure 15.5. SOC.ns matrix elements as a function of orientation for 3Fe(CO)4 and CH3X
geometries optimized with the constraint rr..x = 3.0 A. Geometries of the individual molecules
were not reoptimized between successive calculations, so that only their relative orientation was
changed (e.g. all bond lengths and angles for the invididual Fe(CO),; and CH3;X moieties were
held constant). These geometries are similar to those along the Fe-X reaction coordinate (Figure
16.3). The dependence of SOC on orientation illustrates the complex, multidimensional
relationship between SOC and molecular geometry along the bimolecular reaction coordinate.

For Fe(CO)4, the approach of an incoming ligand to the vacant coordination site appears to
only cause increases in SOC, relative to the dissociation limit. This is consistent with the limited
number of other studies in the literature to date, in which addition of a silane, stannane,””” or
CO” were all found to increase SOC at the MECP geometry, relative to the dissociation limit.
However, it remains entirely possible that addition of a ligand to the vacant coordination site(s)
of other complexes could cause decreases in SOC as well. Indeed, earlier work by us®"® indicates
that addition of a silane or stannane to triplet CpV(CO); results in a decrease in SOC with

approach of an incoming ligand.

15.3.3  Implications with Regard to an External Heavy Atom Effect

The extent to which a reaction behaves non-adiabatically can be considered in the context of
the Landau-Zener expression describing the probability of hopping between electronic surfaces
at the MECP on either a first pass through the crossing, or a return attempt.”’

P " (Ey) = (1+ P)1= P) (1a)
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P=exp

=2V, ‘uH
hak \ 2(EH ‘EMECP)

With other factors constant, the probability for not crossing on a given attempt decreases
with the exponential of the SOC matrix element squared. In the limit of small surface hopping
probability, which previous work indicates is appropriate for the addition of a ligand to
’Fe(CO),,” the Landau-Zener expression can be Taylor expanded to first order to show that the
probability of surface hopping scales with the square of the SOC matrix element.

Landau-Zener 4‘/1§ ‘uH
Psu (EH) =
hAF 2(EH _EMECP) (1c)

This implies that a 3-5 fold increase in SOC at the bimolecular MEC, relative to SOC at the
ground state “Fe(CO)4 geometry (roughly the magnitude of changes observed in Figure 15.3),
causes a 9-25 fold increase in the surface hopping probability. This interpretation is best
regarded as a qualitative assessment, but gives an idea of the overall magnitude of the
contribution of the changes in SOC to the predicted reaction rates; the increased SOC along a
bimolecular reaction coordinate is predicted to accelerate the rate of the reaction by a factor of
ca. 9-25 times. As we noted earlier, this effect is expected to vary depending on the complex
involved, and indeed there will be reactions where SOC will decrease along a bimolecular
reaction coordinate.

(I1b)

The more interesting result, and that which more likely extends to other complexes as well, is
that our results indicate that we should not expect an external heavy atom effect to come into
play for the reaction of this first-row transition metal complex. Similar changes in SOC were
predicted with the approach of each incoming ligand, regardless of atomic number. Notably,
when taking into account the differing Fe-Xygcp distances, we actually expect to see the opposite
of a heavy atom effect, where the incoming groups of lowest atomic number (also smallest in
size), are predicted to effect the greatest changes in SOC at the MECP geometry, relative to the
dissociation limit.

There exist only a limited number of studies to date for comparison to the present results.
SOC calculations were carried out in our earlier work on the activation of stannanes by a series
of first-row transition metal complexes. As was noted earlier in this manuscript, the approach of
either an Si-H (Zsi = 14) or Sn-H (Zs, = 50) group to the metal center caused similar changes in
SOC; in that study too, no evidence for an external heavy atom effect was found.””" Harvey et.
al. also studies the addition of CO to Fe(CO)4 calculating SOC at both the ground state geometry,
as well as at the MECP for the addition of CO to form Fe(CO),. Their dissociation limit SOC
value of 29 cm™ agrees well with our calculated value of 35.7 cm™. They found that SOC at the
Fe(CO), + CO MECP increased to 66 cm™, again in qualitative agreement with the trends
observed involving coordination of CH3X molecules in the present study.”

In light of the body of existing work on solvent external heavy atom effects, it is also worth
briefly considering the implications of our present study on the possibility of external heavy
atom effects on transition metal complexes by a heavy atom perturber present in the bulk solvent

154



(i.e. when the solvent is not explicitly one of the molecules involved in the reaction).
Haloalkanes bearing chlorine, bromine, and iodine atoms have often served as choice solvents
for designing experiments to test for such effects. The structure of liquids such as iodomethane,
for example, are thus relevant to interpreting the implications of our present computational study
on the possibility of solvent heavy atom perturbers on reaction rates of spin forbidden reactions
of transition metal complexes. In neat iodomethane, the radial distribution function for nearest
neighbors of the heavy element, I, places nearest intermolecular I-I interactions at ca. 3.5-4 A, I-
C interactions at ca. 3-3.5 A, and I-H interactions at ca. 2.5-3 A.°*> Comparison of these radial
distributions to the changes in SOC shown at similar Fe-X distances in Figure 15.3 would
suggest that an external heavy atom effect is not predicted to be present for a first-row transition
metal complex, such as Fe(CO)4, dissolved in iodomethane or other similar solvents.

15.4 Conclusions

In conclusion, we have found that SOC in a prototypical organometallic reaction
intermediate, Fe(CO)4, changes significantly along a bimolecular reaction coordinate, and that
the changes in SOC do not appear to be significantly affected by the atomic number of the
coordinating atom or functional group. Our work thus indicates that an external heavy atom
effect is not expected to influence the rate of reactions of this complex. In fact, when the
differing Fe-Xmecp distances are taken into account, the opposite of a external heavy atom type
trend is predicted, with the lightest coordinating atoms (e.g. F, OH) causing the greatest increases
in SOC at the MECP geometry.

We point out that while an increase in SOC was observed here with the approach of each
incoming molecule along the bimolecular reaction coordinate, changes in SOC along such a
reaction coordinate are difficult to predict by “chemical intuition” alone, and cases will exist in
which SOC decreases with the approach of an incoming ligand.

The conclusions of this study are also relevant to reactions occurring in solvents containing
heavy atoms, where external heavy atom effects have been observed in a large number of studies
on organic molecules. Such effects have not previously been explored for reactions of transition
metal complexes, though the results of our calculations do bear relevance to such situations.
Specifically, we do not see any evidence of an external heavy atom effect by heavier elements
such as Br (Zp; = 35) or I (Z; = 53) on this first-row transition metal complex at distances
relevant to those in solution (on the order of a few angstroms). However, it is important to
remember that transient collisions in liquids may place the heavy atom (e.g. I) into closer contact
with the metal center for fleeting periods of time, during which more substantial perturbations on
SOC may occur, and while our calculations do not directly address this possibility, we find no
evidence for such an effect. It is also worth keeping in mind that the metal center of a transition
metal complex is typically where the unpaired electron density will be localized, and thus the
presence of ligands will tend to hinder the approach of external heavy atoms to the site (the metal
center) relevant to effecting changes in spin state.

Most importantly, the results of this computational study suggest that external heavy atom
effects are not expected to exert a significant influence on the rates of spin forbidden reactions of
transition metal complexes. As this is among the first computational study to date to explore the
role of external heavy atom effects on the rates of organometallic reactions, we hope that this
will serve as a starting point for additional exploration in this area. It is important to note that

155



implicit in the application of computational results of the nature presented here to experimental
chemistry is the assumption that nonadiabatic transition state theory can accurately characterize
the rate of a nonadiabatic reaction through a single MECP geometry, and in particular that the
relevant SOC value to the rate of a nonadiabatic reaction rates is solely that at the MECP
geometry.
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16 Summary and Outlook

As is hopefully evident from the studies described in this thesis, time-resolved spectroscopy
provides a powerful tool for elucidating the dynamics of organometallic reactions. Time-resolved
spectroscopic approaches can allow the observation and identification of each distinct
intermediate in complex reaction mechanisms. Kinetic barriers to individual reaction steps can
be directly measured, and, ideally, carefully designed experiments can be used to gain predictive
insight into reactions which have not yet been studied, allowing rational design and exploration
of new synthetic approaches with practically useful applications. The investigations described in
this thesis represent just a tiny fraction of the contributions time-resolved spectroscopy has made
to the understanding of organometallic catalysis and photochemistry over the past several
decades.

Much of my motivation for studying the role spin states and spin state changes play in
organometallic reactions stemmed from the fact that this area of chemistry seemed poorly
understood, yet relevant to a wide range of organometallic reactions. The studies described in
this thesis, combined with earlier work from the Harris group, and from other research groups,
suggest that the spin state of a coordinatively unsaturated reaction intermediate can serve as a
good predictive indicator of overall trends in reactivity and solution-phase dynamics. Still, there
remains much work to be done to expand the scope of the species whose reactivity has been
studied experimentally. A recent review article has attempted to synthesize much of the work
contained in this thesis, and the reader may wish to look to this articles for a brief summaries of
the overall results of much of the work described in the preceding chapters.>*®

Additionally, the state of the theoretical understanding of spin-forbidden reactions is
interesting to consider. As is described in a few different areas of this thesis (see Chapter 15, for
example), a nonadiabatic analogue to transition state theory has been developed to describe
chemical reactions occurring on multiple potential energy surfaces. In principle, this theory
should be easy for any chemist to understand on a basic level, as it is essentially identical to
standard transition state theory, with the caveat that there is a non-unity probability of passing
through the transition state (MECP) once it is reached. However, the extension of this theory to
nonadiabatic reactions is not a topic that is commonly taught in any undergraduate or graduate
chemistry course. Additionally, the literature on this topic is scarce and is not often written for a
non-specialist target audience. Nonetheless, this theory is necessary for understanding the factors
affecting the rates of a broad class of chemical reactions. This issue could seemingly be remedied
by integrating a basic description of the theory into physical chemistry courses and textbooks. A
generalized theory for treating the probability of crossing between the two potential energy
surfaces (in other words, for calculating the probability of passing through the transition state
analogue in a nonadiabatic reaction), was published by Landau and Zener in 1932, three years
prior to the Eyring equation; hence it would not appear to be an issue of the theory needing time
to develop, but instead a pedagogical issue.

The two principle quantities that influence the rate of a nonadiabatic reaction are the energy
barrier to reach the MECP, and the coupling between the potential energy surfaces, which for
spin-forbidden reactions is typically spin-orbit coupling (SOC). Some computational chemistry
packages have begun to implement procedures for locating MECP geometries, while others have
yet to do so. This should be a relatively simple routine to implement, as it only requires
calculating the gradient on the relevant potential energy surfaces, and thus the quantities needed
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for locating the MECP are already calculated during a typical geometry optimization. As the
routines for locating MECPs become more widely implemented, it will become easy for non-
specialists to regularly calculate MECP geometries for chemical reactions of interest. While
approximate methods for locating MECPs are already more commonly used (e.g. the partial
geometry optimization method used in several cases in this thesis), there are many chemical
reactions for which partial optimization methods are not appropriate (e.g. when a single
internuclear distance or bond angle does not sufficiently describe the reaction coordinate).
Accurately predicting or calculating the energy barrier in a spin-forbidden reaction is also more
difficult than in a reaction occurring on a single potential energy surface.

SOC remains one of the most poorly understood quantities in terms of its computation, and
this is particularly true when transition metal complexes are involved. Some of the relevant
considerations were addressed in Chapter 15, and here I will just point out that this remains an
area in which there is much progress to be made, and where much stands to be gained from a
better understanding of the properties that influence SOC. This is also a difficult topic for the
average chemist to approach, and improvements in the pedagogy surrounding this topic could
lower the barrier to entry for exploration and discovery.

Additionally, there have been a very limited number of studies designed to test the
applicability of nonadiabatic transition state theory to experimental chemistry. As such, the scope
of reactions it can be expected to accurately describe, even qualitatively speaking, has yet to be
established. Of course, there are reactions where nonadiabatic transition state theory is not
expected to apply. For example, the relaxation processes that immediately follow photoexcitation
are one case in which case a spin-forbidden relaxation from an excited state may occur more
rapidly than the rearrangement of nuclear coordinates, resulting in a Franck-Condon transition.
In such cases, the spin contribution to the probability of the process will still be determined by
the SOC between the relevant states via the spin selection rule. Such Franck-Condon-type
transitions may also compete with those that would otherwise follow along the potential energy
surface associated with changes in nuclear coordinates, and thus it is not always clear which
theoretical description is appropriate.

Turning to the other topics of focus in this thesis, the work on the photochemistry of
transition metal dimers and clusters elucidated the nuanced behavior of these complexes toward
CO-loss and photochemically induced fragmentation. While photochemical CO-loss (or
dissociation of other ligands) will likely occur to some extent in most of these complexes, the
relative strengths of the metal-metal bonds, along with the other energy dissipation pathways
available, will determine whether or not overall metal-metal bond cleavage products are formed.
The clusters studied to date make up only a small fraction of those important to organometallic
chemistry for synthetic, catalytic, and other applications. The work by our group and others
using TRIR spectroscopy to study metal-carbonyl dimer and cluster photochemistry has also
been the focus of a recent review article, which interested readers may wish to read.’'®

Our exploration into metal carbonyls as CO-releasing molecules represents only one study on
this topic, which has been increasing in popularity over the last ca. 10-15 years, resulting in the
publication of hundreds of articles on this topic as well as numerous patents in the hopes of these
complexes will find clinical applications. The primary contributions of our work in this area
were to demonstrate that a molecular understanding of the chemistry that takes place during
thermal and photochemical CO release can lead to meaningful mechanistic insight, and that a
combined thermal and photochemical approach will often be helpful for achieving the full CO-
delivery potential of these complexes.
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Overall, the studies described in this thesis touch on several distinct areas of organometallic
chemistry in which time-resolved infrared spectroscopy, combined with quantum chemistry
calculations, were able to provide new and significant mechanistic insight. These projects, along
with the body of existing work to date, demonstrate the value of time-resolved spectroscopic
studies for elucidating the fundamental details governing organometallic reaction dynamics.
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