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An Abstract of the Thesis of

Mariam Ali Barakat for Master of Science
Major: Chemistry

Title: Mechanistic DF'T Studies on Carbon Dioxide and Carbonyl Compounds
Insertion into Transition Metal-Hydride Complexes.

In this thesis, we utilize DFT calculations to investigate the mechanism of
a fundamental chemical step that is widely implicated in homogenous catalysis,
namely insertion of unsaturated molecules into a metal-hydride bond of octahe-
dral saturated dS-transition metal complexes. Our first investigation pertains to
carbon dioxide insertion. For many complexes, the reaction has been experimen-
tally determined to follow an associative mechanism. There have been, however,
two views of the rate determining step (RDS) in such mechanism. A more prevail-
ing view assumes a linear transition state (T'S) leading to a C-H bound formate
intermediate, the other assumes a cyclic TS. Herein, we conduct a detailed theo-
retical investigation of the associative PES of CO, insertion into the Re-H bond
of fac-(bpy)Re(CO)3H for which extensive experimental data are available. We
calculate both these transition states and study how their barrier and KIE change
as a function of the solvent and substitution at the 4,4’ bpy positions. Surpris-
ingly, results reveal that the initial stage of the reaction starts with a low energy
linear TS (tsl) for formation of a bond between the carbon and the metal hy-
dride bond leading to a bridged hydride species. A second stage of the reaction
involves cleavage of the bridged metal hydride bond and rearrangement of the
resulting ion-pair intermediate via a cyclic transition state (TS.,.). To explore
the generality of this finding we also calculated CO; insertion in the octahedral
(*'"PENP)Ir(H);. The amino functionality in on the ligand in this complex was
proposed to assist insertion by hydrogen bonding. Again, our calculations show
the PES to start with tsl for bridge formation, followed by a RDS TS.,.. We
show that consideration of T'S.,. as RDS affords activation free energies, solvent
effects, substituent effects and Kinetic Isotope Effects (KIE) that are all in excel-
lent agreement with experimental data available for the two systems. In light of
this finding, we initiated a second investigation aimed at understanding the mech-
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anism of associative insertion of carbonyl compounds other than CO,. For this
purpose, we considered a series of eleven carbonyl compounds, including aldehy-
des, ketones, esters, carboxamides, carbamates and urea derivatives. We worked
with Gusev’s osmium (PNN)Os(H)9(CO) catalyst. The insertion thermodynam-
ics spanned a range of around 30 kcal/mol. Surprisingly, the substrates that
disfavored insertion afforded equilibrium Isotope Effect (EIE) that were slightly
more inverse than the more favored insertions. This implies that the less favored
reactions result in formation of stronger C-H bonds. We rationalized this coun-
terintuitive finding using thermodynamic cycles starting with distortion of the
carbonyl moiety in the free substrates prior to formation of a C-H bond. Sim-
ply put, the different substrates have very different distortion energies, and the
distorted substrates have comparable susceptibilities to reduction by formation
of a C-hydride bond. Kinetically, the calculations predict associative insertion of
all of the carbonyl compounds considered to follow initial bridge formation by a
linear tsl followed by rate limiting TS, .. Associative insertion provides a major
shift from the more conventional insertion mechanism that requires initial coor-
dination of the substrate to a metal. The results obtained in the present work
provide new insights to understanding the associative mechanism for carbonyl
group insertion into the M-H bond of octahedral complexes.
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Chapter 1

Introduction

1.1 Introduction to Insertion Reactions

Inesrtion of unsaturated molecules such as olefins and carbonyl compounds into
metal-hydride bonds is one of the most fundamental and characteristic reactions
in transition metal chemistry. This reaction or its reverse deinsertion (S-hydride
elimination) is a key step in a wide range of important catalytic transforma-
tions such as hydrogenation, hydroformylation and the water gas shift reaction.
Conventionally, insertion reactions in coordinatively saturated complexes follow
inner-sphere mechanisms that require an empty coordination site brought by lig-
and dissociation to bind the substrate directly to the metal at some stage of the
reaction as illustrated in scheme 1.1 [1, 2].

H
(o) L
L— | _L )J\ Aldehyde Insertion L | /o/\R
L/l\l/l\L 0 R > L/l\|/[\L
L L
Open
L coordination site Bound Substarte L
Open
U coordination site
H @ goH R
| X | Ve I]_'l /SR
L7 TL Aldehyde L Hydide L7} 7L
L Coordination L migration L

Scheme 1.1 — Classical Inner-sphere Aldehyde Insertion

In 1986, Sullivan and Meyer reported that carbon dioxide undergoes insertion
into the Re-H bond of the octahedral complex fac-(bpy)Re(CO)sH (bpy=2,2’-
bipyridine) yielding a Re-formate product [3]. Through mechanistic and kinetic
investigations, they argued their results supported a non-classical associative



mechanism where no vacant coordiantion site is required, they proposed the
mechanism can have either a linear or a cyclic transition state (T'S) in the rate-
determining step (RDS). To what best known, this marks the first example of an
associative insertion reaction mechanism.

Since then, there have been ample observations implicating associative inser-
tion for CO4 [4, 5, 6] as well as for other organic substrates. Concerning carbonyl
group insertion (XYC=0), remarkably, Bergens and coworkers observed exper-
imentally a trans-hydrido alkoxide product at very low temperature (-80 °C)
when mixing stoichiometric amounts of acetophenone and the octahedral com-
plex trans-dihydride [(BINAP)Ru-(H)s(diamine)] as outlined in scheme 1.2 [7].
Obviously, initial ligand dissociation and ketone coordination is unlikely in this
system, where an associative mechanism is proposed to take place through a
cyclic TS.

Scheme 1.2 — Experimentally observed Ru-Alkoxide bond.

Accordingly, Blum and Milstein provided experimental evidence for a non-
classical mechanism for aldehyde de-insertion from an octahedral metal-methoxide
complex that did not require an empty coordination site, and DFT calculations
on this reaction supported a cyclic TS as rate determining [8]. Associative unsat-
urated molecules and especially CO, insertion into the M-H bond of octahedral
catalysts has been the subject of several theoretical investigations. However,
these studies provide a conflicting views about the RDS.

The aim of this thesis is to address the gap concerning the RDS in inser-
tion mechanism of some unsaturated molecules such as carbon dioxide and other
carbonyl compounds into octahedral transition metal hydride complexes where
a review for previous mechanistic studies are elaborated in the introduction of
each chapter. Detailed calculations of the outer sphere associative PES in this
reaction will take place through quantum chemical methods and computational
tools. In the next part of this introductory chapter, a brief introduction to kinetic
isotope effect (KIE) as a tool for elucidating reaction mechanism will take place
as well a discussion of the development of quantum methods, specifically Density
Functional Theory (DFT).



1.2 Background of Isotope Effects

1.2.1 Discovery

The theory of isotopes or the fact that atoms coming in more than one weight can
have same number of protons but different masses has been discovered since 1920,
through spectral lines arising in the bands of simple molecules. By that time, the
less-abundant isotopes of carbon, nitrogen, and oxygen had been disclosed. It was
until 1931, the pioneering work of the chemist and physicist Harold C. Urey on
isotopes who believed that isotopes of hydrogen —the lightest element— could be
more important, led to his discovery of deuterium [9], for which he subsequently
won the Nobel Prize [10]. Ever since the “heavy hydrogen” discovery came to
light, isotopes were an active field of research. The rapid development of nuclear
physics after 1931 was initiated by isotope research [11].

Before the discovery of deuterium, chemical properties were generally sup-
posed to be determined by the number and configuration of the extranuclear
electrons, quantities that are identical for isotopes of the same element. There-
after, Eyring and Polanyi independently predicted the mass dependence of these
properties, postulating that protonated and deuterated compounds should have
different dynamic behavior in chemical reactions in much the same way that the
heavier objects tend to move more slowly than lighter ones. This prediction has
been amply verified [12], and the deuterium isotope effect has been found to be of
great value in the study of the mechanisms of chemical reactions and in the devel-
opment of the theories of rate processes. The superiority of the isotope method
in mechanism detection lies mainly in the possibility of making the substitution
within the very reacting center and with a minimum change in reaction’s pa-
rameter. This was especially fruitful in investigations of complex physiological
processes and in medicinal chemistry, as in the breakdown of fatty tissue and in
cholesterol metabolism [13, 14].

1.2.2 Theoretical Basis of Kinetic Isotope effects

Kinetic Isotope Effects (KIE), which refers to the difference in dynamic behavior
between isotopes, can be measured experimentally and theoretically to provide
detailed analysis of the mechanism of reaction under investigation [15]. It is
defined as the ratio of rates constants of the reaction of hydrogen over that of

deuterium, eq 1.1.
k
KIE =2 (1.1)
kp
Henry Eyring’s “theory of absolute rates” [16, 17| expresses KIE as the expo-
nential of difference of free energy of proteo and deutero reactions over RT, gas
constant and temperature respectively, (eq 1.2), where AG is free Energy for

3



proteo-reaction and AGH is that for deuterium, however, an approximation of
equal pre-exponential terms in rate equation of isotopic reactions is provided.

k act —act
KIE =2 — cqp—mr " (1.2)
kp
Understanding the major factors contributing to this quantum mechanical
phenomenon arises from the Potential energy curve of vibration of the bond to

hydrogen and that to deuterium shown in figure 1.1.

Energy

ZPEy ll
ZPEp,
1

Ig

Interatomic Distance

Figure 1.1 — Potential Energy Curve of Bond to Hydrogen/Deuterium.

Since the electronic structure of the two isotopes of the same element are iden-
tical, hence, the forces which hold the atoms together will be nearly independent
of the changes in the masses of the atomic nuclei caused by isotopic substitution,
then this curve is identical for both bonds, and the vibrational force constant &
in Hook’s law expression eq (1.3) could be treated as invariant under isotopic
substitution, but the total vibrational frequency is mass dependent.

v L K (1.3)
2 \| p
Even in it’s ground state or at absolute zero, an oscillator (bond) retains a certain
amount of vibrational energy, commonly referred to as zero-point vibrational
energy (ZPE), eq 1.4, which is dependent upon the vibrational frequency, eq
1.3, and hence on masses.



zpp— Lt L |E (1.4)
2 2mc \| @

Therefore, different isotopes will encounter different ZPE. Simple math of the
described equation above, provides that the ZPE is inversely proportional to the
square root of the mass and that the heavy isotope will always end with the
smaller ZPE.

In a chemical reaction, considering the curve relating the potential energy of
a system with the distance along the reaction coordinates figure 1.2, on top of
which resides the transition state (activated complex), the barrier to reach this
TS from the starting reactants is E,. Difference in width of curves in reactant
and TS express different force constant of the bond being cleaved and that being
formed. According to eq 1.4, the difference in zero point energy upon deuteration
decreases with decreasing force constant and increasing reduced mass, therefore,
bond with higher frequency encounters higher AZPE.

A Case 1 Case 2

A
B '
5 ' Activated
3 ' Complex E :
' (TS) ' '
'Ey Epi i En
AZPEg !

AAZPE = AZPEg - AZPEq1g

Reactant

Y

Reaction Coordinates
Figure 1.2 — Potential Energy Profile based on TST. (E is the activation Energy reach-
ing TS)

However, the difference in zero-point energy in the TS in figure 1.2 is also
affected by the involvement of the assigned isotope sensitive bond in the reac-



tion coordinates near the activated complex. Hence, it is this involvement that
determines the scope of the difference of zero point energy in the reactant and
TS, thus AAZPE.

In a rate process and according to the quasi-thermodynamic conventional
transition state theory (TST)[18], scientists treated KIE in the harmonic ap-
proximation, where it is expressed as result of the partition function ratio of
translational, rotational and vibrational energies, simplified in eq 1.5.

Q™Q"™ Q™Q"™ Q™ QTS _aazPE
W)Tot-(W)trans-(W)mb.eilj'p RT (15)

At low temperature, the exponential term, which is a purely enthalpy factor
expressing the effcet of difference in ZPE between reactant and TS (AAZPE),
dictates the nature and significance of KIE, and considered the heart of isotope
effect.

The first two terms in eq 1.5 are the mass-moment of Inertia (MMI) term,
which is the contributions from rotational and translational motions, critical in-
case of isotope effect in reactions involving molecules of small mass such as Hs.
The third term is the contribution of vibrational motion, which are the thermal
and entropy contributions, mainly dominates at high T. This will result in KIE
being expressed as :

KIE = (

KIE = MMI.EXC.EXP (1.6)

As shown in case (1) in figure 1.2 and at room temperature, assuming the
bond to be cleaved in the reaction to be relatively weak in the activated complex
in comparison to the reactants, then the effect of zero-point energy on the rate
becomes apparent (Ep > Ep), and the proteo-reaction will be more favored.
However, in other cases: such as case (2) there is a considerable difference in
zero-point energy in the activated complex which will in part cancel the difference
in zero-point energy in the reactant, compensating it’s effect and thus resulting
in less-significant KIE.

From case 2 arises two legitimate types of KIE; i) The Normal KIE (KIE>1)
resulting when |AZPErg| < |AZPEReqt| and ii) The Inverse KIE (KIE<1) re-
sulting when |[AZPErg| > |AZPERcqct|-

It is shown that isotope effects are probes for force constant changes at the
position of isotopic substitution. A quick analysis of eq 1.5 shows that isotope
effect will tend to be normal (light faster than heavy) if force constants in the
transition state are smaller than in reactant and inverse if the opposite situation
holds.

Simplistically, while the force constant of the bond in reactant and TS deter-
mines the nature of KIE, it is the strength of the involved bond in the activated
complex what determines it’s significance. So the treatment of vibrations in the
assigned transition states and determining their KIE will be a key feature in



elucidating reaction mechanisms through investigating the stages where the new
bond is formed and the old bond is cleaved, thus, specifying the most possible
rate determining step (RDS) of the reaction under investigation.

1.2.3 Classifications of Isotope Effects

Isotope effects are categorized as either primary or secondary. Primary isotope
effects are rate changes due to isotopic substitution at a site of bond breaking in
the rate determining step of a reaction. Secondary kinetic isotope effects are rate
changes due to isotopic substitutions at a site other than the bond breaking site
in the rate determining step of the reaction. In other words, it occurs when the
atom being substituted is not directly involved in reaction center.

Like primary-KIE, the magnitude of secondary-KIE is determined by vibra-
tional factors, while unlike it, secondary KIE tends to be much smaller. However,
it is still very useful in elucidating reaction mechanisms [19]. Normal secondary
KIEs are generally observed at atoms undergoing a weakening of their bonds in
the transition state, while inverse secondary KIE can result from crowding of an
atom at the transition state.

From such simple assumptions, KIEs can be interpreted qualitatively to pro-
vide valuable information about the nature of atoms being transferred and/or
the geometry of transition state.

1.3 Introduction to Computational Chemistry

1.3.1 Theories Behind Computing

Computational Chemistry is considered as more “recent” addition to the plethora
of approaches developed to aid in the continuous search for the origins of chemical
phenomena. In mechanistic studies,the tremendous progress in the development
of hardware, software, and theoretical methods allowed scientists to gain detailed
information about mechanism of chemical reactions, by studying the nature of
transition states directly, allowing therefore the analysis of the origins of selec-
tivity or the study of more complex reactivity scenarios, such as those related to
catalysis as well as property prediction.

It all starts by studying the electronic structure of atoms and molecules to
describe their motion. Exploring the electronic structure and the properties of
many-electron systems can be done by means of solving the famous Schrodinger
equation (SE), eq 1.7:

HY = EV (1.7)

where H is the Hamiltonian of the system (which takes into account five
contributions to the total energy of a system: the kinetic energies of the electrons
and nuclei, the attraction of the electrons to the nuclei, and the interelectronic and
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internuclear repulsions), E is the energy of the system, and W is the many-electron
wave function. Theoretical chemists approach the above equation in two different
manners, in a time-dependent eq 1.8 and time-independent eq 1.9 fashion which
begins by assuming the separability of the space and time coordinates.

ih&w(az,t) RO

S = g T V(@ () (1.8)
_%%‘j) V(U2 ) = EU(x) (1.9)

where 7 is the imaginary unit, h is Planck’s constant divided by 27, and V is
the potential operator.

Solving the Schrodinger equation essentially means to find a wave function so-
lution (W) that specifies which positions of all the electrons in a molecule are more
likely and which are less likely. But unfortunately, solving it fully for systems
with more electrons than a hydrogen atom is computationally impossible, how-
ever, quantum mechanics (QM) algorithms can approximate it. To that extent,
an enormous amount of effort has been expended on developing mathematical
and theoretical techniques in solving SE based on quantum mechanics approxi-
mations and their implementation into computer programs. Figure 1.3 shows
important milestones since the early period of quantum mechanics implemented
in computational chemistry nowadays.

Schridinger Equation
(Erwin Schrédinger)

i"’)\ Density Functional Theory
= &) (Hohenberg, Kohn, & Sham)
P
D
b
Born-Oppenheimer GAUSSIAN-70
approximation (POF’le)
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Figure 1.3 — Milestones in quantum mechanics contributions to Computational
Chemistry.

In 1928, Douglas R. Hartree introduced “self-consistent field method (SCF)”
[20], which was later augmented by Vladimir A. Fock to be known as the Hartree-
Fock (HF) method [21]. HF makes the fundamental approximation that each



electron moves in the static electric field created by all of the other electrons -
thus neglecting electron correlation- and then proceeds to optimize orbitals (wave-
functions) for all of the electrons in a self-consistent fashion subject to variational
principle. It was defined as a stepping stone on the way to more sophisticated
theories toward the ultimate rigor of solving the Schrodinger equation thus pre-
dicting properties and energies.

In the early 60s, a new standpoint toward the electronic interaction in molecules
is possessed, which was later known as the electron density. It originates from
the dependence of the hamiltonian operator on the total number of electrons in a
molecules, therefore, integrating this density over all space gives the total number
of electrons, eq 1.10 [22].

N:/p(r).dr (1.10)

Assuming the variation principle approximation and Born-Oppenheimer’s which
assumes fixation of the nuclei’s position and separation from electronic inter-
actions, Hohenberg, Kohn, and Sham represented the first effort to define the
Density Functional theory (DFT). It is known as using functionals (function of a
function) by which energies and properties can be obtained from the electron den-
sity function of the system under study. Interestingly this density (p(r)) started
to emerge as a useful physical observable among computational researchers. De-
spite it’s introduction a few decades before, in 1998, the Nobel Prize in Chemistry
was divided equally between Walter Kohn “for his development of the density-
functional theory” and John A. Pople “for his development of computational
methods in quantum chemistry- Gaussian-70" [23].

DFT is now used in studies of numerous chemical problem areas, from calcu-
lating the geometrical structure of molecules (i.e. bonding distance and angles)
to mapping chemical reactions, which is dealt with as bond formation/cleavage
occurring due to changes in electronic states of molecules along a potential energy
surface (PES).

In organometallic reactions, those involving transition metal complexes as
catalysts, such as polymerization of olefins [24], dehydrogenation of alcohols [25],
ammonia synthesis [26] and COs hydrogenation using homogeneous catalysts
[27], the mechanism involves more than one intermediate and transition state,
therefore, the development of highly active catalysts is related to correctly un-
derstanding the complicated mechanisms. This is where alot of DFT calculations
are employed.

1.3.2 Methods of Inquiry

This thesis is for purely theoretical work. DFT electronic structure calculations
were done using quantum chemical software- Gaussian6[28]. The main proce-
dure to start DFT calculations is determining the level of theory which is what
signifies the hamiltonian used to apply a certain approximation and the basis set,



describing mathematically the molecular orbital within a system in which the the-
ory is conducted. Unless otherwise specified, all geometry optimizations and fre-
quency calculations were done at the popular MO6L-D3 level of theory developed
by Truhler and coworkers [29], and is proven to have balance between accuracy
and time for transition metals and organometallic compounds[30]. The basis set
used for main group elements is def2tzvp, while all metals incorporated additional
associated effective core potential (ECP), which is a method used to reduce the
scope of the electronic structure problem for heavy elements, by treating only
their valence electrons. The calculations are linked and compared to available
experimental work. To set the most optimal experimental solvent conditions, the
universal continuum solvation model (SMD) is used [31], which is based on the
quantum mechanical charge density of a solute molecule interacting with a polar-
izable continuum description of the solvent such as: THF, acetone, acetonitrile
and toluene employed in this study. The thermal and entropy terms to the Gibbs
free energy were computed at 298.15 K and 1 M concentrations. The harmonic
frequencies were used to calculate the KIEs without any scaling. As a proof of
concept, scaling frequencies by 0.95 is done, and results obtained this way did not
show any significant change. Gaussview 5 visualization software was utilized for
visualization of optimized geometries, vibration frequencies and intrinsic reaction
coordinates (IRCs) [32]. Quantum Theory of Atoms in Molecules (QTAIM) was
done using the Miiller approximation [33] as implemented in AIMALL program
ultilized for calculations of Delocalization index parameter (DI), for located Bond
critical points (BCP) in some optimized molecules [34].
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Chapter 2

Mechanistic DFT Study on CO»
Insertion into Re-H Bond of
(bpy)Re(CO)sH

2.1 Aim and Background of the Study

Predictions on the increase in earth’s temperature upon increase in the concentra-
tion of CO4 was first estimated by the Swedish Nobel laureate Svante Arrhenius
in 1896 [35]. Scientists for decades had shown that carbon dioxide traps heat
and thus functions as green house gas causing global warming. The problem is
accelerating bringing the world to irreversible climate change. The latest in this
attempt was the 2021 nobel prize in physics which was awarded to Syukura Man-
abe for his accurate predictions of consequences of carbon dioxide accumulation
in the atmosphere, and the foundation of current climate models [36, 37].

COy is the product of combustion of fossil fuels, it is relatively inert, non-toxic
and highly abundant gas. Therefore, a high driving force is required to mitigate
its release into the atmosphere. The demands for green and sustainable chemistry
have driven in recent years interest in utilizing the abundant CO, as a carbon
feedstock for synthesis in renewable energy [38], for hydrogen storage [39], and
the main precursor for preparation of organic compounds synthesised on large
industrial scales [40].

Current research in this area uses heterogeneous catalysts based on transition
metals for electrocatalytic conversion, however, most displayed little selectivity
to the product between methane, carbon monoxide, and formic acid. In prac-
tice, these metals are either too expensive or have limited lifetimes but currently
being operated and improved on a pilot scale [41, 42, 43]. Alternatively, ho-
mogeneous molecular organometallic complexes may be employed as catalysts
for hydrogenation of carbon dioxide to formic acid. A lot of 2nd and 3rd row
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transition metals have shown to be active for carbondioxide hydrogenation. The
first step in the catalytic cycle of such reactions is proposed to be the insertion
of CO into the metal-hydride bond to generate a metal-formate bond, eq 2.1,
which is believed to be a key step in the proposed mechanism of CO5 reduction.
Therefore, understanding the insertion mechanism is of fundamental interest and
can be important to catalyst design.

M — H+COy — M — OCHO (2.1)

In their study in 1986, Sullivan and Meyer reported CO, undergoes insertion into
the Re-H bond of the octahedral complex fac-(bpy)Re(CO)3H (1-Re-H; bpy=2,2’-
bipyridine) yielding a Re-formate product (1-Re-OCHO) [3]. The kinetics of
the reaction in aprotic solvents followed a second order rate law, and the rates
were sensitive to the solvent as well as to substitution at the 4,4’-bpy positions
but not to the presence of additives like PPhs and NEt;. As mentioned in the
previous chapter, Sullivan and Meyer argued the results supported a non-classical
associative mechanism that can have either a linear or a cyclic transition state
(TS) in the rate determining step (RDS) as shown in scheme 2.1.

s s
o0 | y o]

i J.
! /N\RE _~Co ! /N<‘R.:/CO
€ €
— N/ | \CO — N/ | \CO
\__/ & \_7 ¢
Linear TS Cyclic TS

Scheme 2.1 — Associated TSs for CO9 Insertion into 1-Re-H

Octahedral metal-hydride complexes are among the most investigated cata-
lysts and electrocatalysts used in this context. For Example, Nozaki who’s been
a leader in this area of chemistry, discovered the pyridyl pincer ligated complex
PNP-Ir(H); (scheme 2.2) to catalyze CO4 reduction to the formate anion in wa-
ter using Hy as reductant and KOH as a proton acceptor and invoked a catalytic
cycle that begins with COs insertion [27].

Nozaki (2009) Hazari (2011) Waymouth (2016)

Scheme 2.2 — Efficient Octahedral catalysts in inserting COo
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The reaction has been the subject of several experimental and theoretical in-
vestigations. However, there have been conflicting views about the rate-determining
step of this fundamental step. DFT investigations by Ahlquist on the Nozaki cat-
alyst calculated a mechanism that starts with a transition state ts1 yielding an
intermediate species il described as a C-H bound formate intermediate as out-
lined in scheme 2.3 [44, 45].
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Scheme 2.3 — An Associative Insertion Mechanism

From il two distinct routes were considered to arrive to the final C-O bound
formate product: (i) intramolecular rearrangement via cyclic transition state ts2
or (ii) dissociation into free ions followed by recoordination by one of the C-O
formate bonds. The computed ts2 “the cyclic TS” imparted an activation barrier
of 8.0 kecal/mol to the rearrangement route. An exergonic dissociation of il “the
ion-pair” in water was presumed to be barrierless and was hence concluded to
be the more plausible rearrangement route. This implies tsl is the RDS for
COy insertion. Another study on the Nozaki catalyst by Yang calculated tsl
and assumed barrierless dissociation of il in water but did not calculate ts2 [46].
The same protocol was adopted in calculations by Hazari and coworkers on CO,
insertion into an amino pincer analog of the Nozaki catalyst in THF (scheme
2.2) [47]. However, these investigations did not calculate T'Ss for the proposed
dissociation of il. This is a thorny problem for electronic structure methods
because the entropy of dissociation of a ligand from a complex is highly favorable
for the products but not necessarily for the dissociation TS which is often not
possible to locate on the PES. The energy of ts2 in scheme 2.1 might as well be
lower than other points on the free energy surface leading to full dissociation into
separated ions. Furthermore, calculations by Morokuma on the Nozaki catalyst
in water and by Waymouth on a ruthenium catalyst with an amino pincer ligand
in THF (scheme 2.2) both predicted ts1 and ts2 to have similar energies [48, 49].
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Some studies reported only ts1 and skipped the question of the rearrangement of
il altogether [50, 51], while other studies reported only ts2 [52, 53].

The mechanism of COs insertion in 1-Re-H was the subject of computational
study by Li and coworkers[54], which identified only a cyclic transition state.
Remarkably, in this case the intrinsic reaction coordinate (IRC) originating from
this TS was reported to connect the reactants “smoothly” with the products.
Concerted CO, insertion in a metal-hydride bond was also reported in studies
by Baiker and coworkers on the hydrogenation catalyst [Ru(dmpe)2Hs][52, 55].
However, these conclusions had been based on geometries optimized in the gas
phase. Recent studies on the associative reactions between organic carbonyl
substrates and bifunctional hydrogenation catalysts have shown the solvent can
profoundly change the details of the outer-sphere potential energy surface [56, 57].

The extensive kinetic data uniquely available for CO4 insertion in 1-Re-H
makes it an ideal system to address the associative PES. The previous calculations
on this system were done as part of a more elaborate theoretical investigation
of the mechanism of photocatalytic reduction of CO, by the chloro catalyst fac-
(bpy)Re(CO)3Cl in the presence of triethylamine. The computed results were not
discussed in details and no comparisons were made with the experimental data.
The experiments included measurements of substantially inverse kinetic isotope
effects (KIEs) 0.52 — 0.58 depending on the solvent. However, no attempts were
made to use the observed KIEs to distinguish between the linear and Cyclic TSs
proposed for 1-Re-H in scheme 2.1.

The aim of this chapter is to use DF'T methods to investigate the associative
mechanism for COs insertion in 1-Re-H in details through isotope effect and
Potential Energy Surface calculations, where both Linear and cyclic TSs are
located, which allowed us to conduct side-by-side comparison of the involved
transition states in the reaction along the available experimental data.

2.2 Results and Discussion

2.2.1 Energy Profile in THF

The stationary points identified on the associative PES in the reaction between
CO; and 1-Re-H in THF are summarized in figure 2.1. Gibbs free energies
(B) and Electronic Energies with solvent correction (A) are given relative to the
separated reactants in kcal/mol. The calculations in THF identify a minimum il
at an early stage of the PES in which the hydride is “sandwiched” between the
metal and the carbon of CO,. The Re-H and C-H bond distances in il are rp._g
=206 A and ro_y = 1.23 A. il may at first suggest formation of an ion-pair in
which the formate anion has been produced by hydride transfer from the metal
but is still subject to an “extreme” degree of C-H activation by agostic bonding
to a square pyramidal metal fragment. However, the common range for CH-M
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agostic bond distances is 2.3 — 2.9 A [58], much longer than rz._y in il. In fact,
in i1 Re-H is stretched by just 0.27 A compared to the reactant 1-Re-H, and the
C-H bond is still significantly longer than in the free formate anion, 1.23 vs 1.14
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Figure 2.1 — Calculated MO6L-D3 (A):Eg,;,+G and (B): Gibbs free energy profile for
COg insertion into 1-Re-H in THF; in kcal/mol at 298 K and 1 M. Some
bond distances are given in A.

For a comparison, the borohydride adduct given in scheme 2.4 is calculated
to have a Re-H bond distance of 2.07 A, a significantly stretched B-H bond (1.26
A) and a bent Re-H-B angle (134°).
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Scheme 2.4 — Comparison of Borohydride Analog of il, through geometry analysis
and Delocalization index.

Analysis of the electron density in the given adduct using the Quantum The-
ory of Atoms in Molecules (QTAIM) identifies a Bond Critical Point (BCP) in
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the Re-HBH3 bond. The Delocalization Index (DI) between the Re and H atoms
of the Re-HBH; bond is 0.30 (¢ values in scheme 2.4). This is a substantial value
implying a significant degree of 2-electron sharing in the Re-H bond [34] which
can be interpreted in terms of an appreciable bond order [59, 60] as expected
from a bridging hydride. The intermediate il of interest also has a significantly
bent Re-H-CO, angle, 146°, and a Re-HCO, bond with a BCP and a substantial
DI value, 0.25. By analogy with the borohydride complex, therefore, il may be
classified as an organometallic bridging hydride complex. This means il can be
viewed to be the product of a step involving addition of CO, to the hydride end
of the intact Re-H bond, not the product of a hydride transfer step cleaving the
Re-H bond to give an ion-pair species.

Consistently, the computed “linear” ts1 for this step is characterized by a very
long C-H distance, 1.46 A, and a Re-H bond that is barely stretched relative to
the reactant; rz._z = 1.89 A vs 1.79 A. The intrinsic reaction coordinate (IRC)
shown in figure 2.2 reveals CO, approaches the Re-H bond at a significantly bent
C-Re-H angle, not linearly, reaching 141° in tsl and 146° in il. For convenience,
we continue to refer to tsl as the “linear” TS. The reaction coordinate of tsl is
discussed further in the kinetic isotope effects section.
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Figure 2.2 — Computed IRC plot for the Linear transition state "ts1” located on PES
of COy insertion into 1-Re-H in THF, bond length in A.

As shown in figure 2.1-A; the electronic energy of tsl is only 1.2 kcal/mol
higher than il. However, when the vibrational terms are included, the Gibbs free
energy of il comes to be 3.0 kcal/mol above tsl, figure 2.1-B. This means il is

16



unlikely to be an observable intermediate in THF because there is no barrier for
CO, dissociation. The reason we discuss il in these great details here is to stress
that this species is not a hydride transfer product.

Further calculations in THF identified i2, the second intermediate located
on the PES. The Re-H and C-H bond distances in i2 are rpe_py = 2.36 A and
re—g = 1.19 A. The Re-H bond at i2 is stretched by 0.57 A when compared to
the reactant 1-Re-H. Now, the metal-hydride bond is more consistent with the
common range of CH-M agostic bond distances discussed earlier. This means
that i2 could be now viewed as the product of the step involving metal-hydride
bond cleavage forming an “ion-pair” where the C-H bond formed at i2 is still
subjected to an agostic interaction with the metal.
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Figure 2.3 — Computed IRC plot for the second Linear transition state "ts2” located
on PES of COjy insertion into 1-Re-H in THF, bond length in A.

A computed second "Linear” transition state ts2 for this step is located and
characterized by an imaginary frequency of 860i cm ™! consistent with motion of
Re-H bond stretching vibration. The intrinsic reaction coordinate (IRC) for ts2
shown in figure 2.3, the variation in the Re-H bond along the IRC shows full
cleavage of the Metal hydride bond starting from the bridged Complex il. As
shown in figure 2.1-A, the electronic energy of ts2 is only 0.5 kcal/mol higher
than il. However, when the vibrational terms are included, the Gibbs free energy
of both il and i2 comes to be 1.8 kcal/mol and 3.6 kcal/mol above ts2, figure
2.1-B. This means that il, ts2 and i2 all have similar energies. This is not
surprising, since these three species differ by minor changes in the position of the
hydride between the metal and CO2.

Starting with i1, the subsequent transformation leading to the final Re-formate
product is computed to be highly exergonic: AG* = -20.6 kcal/mol. The cyclic
TS (TSy.) provides a direct route for this transformation. TS, is characterized
by an imaginary frequency of 255i cm~! for a vibration that exchanges C-H and
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C-O bond coordination of the formate anion to the metal as confirmed by IRC
calculations, figure 2.4.
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Figure 2.4 — Computed IRC plot for the Cyclic transition state "T'S.,.” located on
PES of COy insertion into 1-Re-H in THF, bond length in A

The C-H bond in TS,,. is contracted to 1.17 A but it is still pointed to the
metal at 2.25 A with a C-H-Re angle of 1072, suggesting some degree of C-H
agostic bonding. The distance between the metal and the oxygen in the four
membered ring of the reaction center, on the other hand, is long: 2.85 A. Along
these parameters, what is striking here in that the initial linear transition states
(tsl and ts2) and intermediates (il and i2) have very similar energies, and the
IRC of TS, in THF concertedly links il to 1-Re-OCHO. This means that in
effect, CO, insertion in this system effectively proceeds concertedly via a cyclic
TS. This indicates that once the bridging species il is formed, TS.,. represents
an early TS to reach the final low energy product. Consistently, the activation
free energy from il to TS, is low, AG} = 5.0 kcal /mol.

The highest point on the Gibbs free energy profile in figure 2.1 is 22.8
kcal/mol for TS, (at 298 K and 1M). Perhaps just fortuitously, this value is in
excellent agreement with the experimental activation free energy of 23.0 kcal /mol
determined at 298 K in THF from an Eyring plot. The computed energy of tsl
on the other hand is only 14.8 kcal/mol while that of ts2 is 16.0 kcal/mol. The
dissociation of il into free ions is uphill by 12.2 kcal/mol, so dissociation won’t
compete with TS.,. in THF even if it was barrierless. Given that tsl and ts2
don’t lead to an energy well on the Gibbs free energy surface, the full results in
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figure 2.1 imply CO, insertion into Re-H bond in 1-Re-H proceeds effectively
concertedly in THF via TS,..

Moreover, the reaction between COy and 1-Re-H was computed in the gas
phase, the IRC originating from TS.,. was reported to connect the separated
reactants smoothly with the product 1-Re-COHO, as reported previously by Li
and coworkers[54].
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Figure 2.5 — Energy and selected parameters on the gas phase IRC for CO4 insertion
in 1-Re-H. The reference point for the energy is the combined reactants
as converged from the IRC.

Our attempts to optimize tsl, il, ts2 and i2 in gas phase weren’t fruitful.
Consistently, after TS, location, it’s calculated IRC shows no other stationary
points, this is given in Figure 2.5-A. Although there are no more stationary
points for other TSs and intermediates in the gas phase, the IRC features a
shoulder at the early stage of the reaction where these species are expected to be
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formed. The changes in the Re-H and H-CO, bond distances along the gas IRC
as plotted in Figure 2.5-B illustrate how COs initially bridges to the hydride in
the tsl segment, and how appreciable Re-H bond cleavage begins only afterwards
in the ts2 segment.

Interestingly, unlike the H-COy bond which shows to be formed in a great
extent prior to T'S.,. and the Re-H bond which we previously showed that it
cleaves largely in the ts2 region, the distance between the metal and one of the
oxygen atoms of CO, decreases almost linearly along the IRC until the final
formate product is formed. When combined, the two IRCs originating from
tsl and TS.,. identified in THF shown in reveal net changes in the geometric
parameters that are, overall, similar to the ones plotted in Figure 2.5-A. An
effectively concerted COy insertion in THF as inferred from the Gibbs free energy
profile in figure 2.1 is therefore not unreasonable.

In order to verify that the above finding in THF as a solvent is not an artifact
of MO6L-D3, the level of theory at which the calculations were conducted, and
due to the difference in the nature of the species located on the potential energy
surface of the reaction, we calculated the energy profile at the wB97XD functional
after geometry optimization, results are shown in figure 2.6. As shown, the
calculated profile at this level enforces the above conclusion and predicts the
energy of TS,,. to be 21.7 kcal/mol, also close to the experimental, while that of
tsl is much lower at 13.1 kcal/mol, while no ts2 was located on this PES using
wBI97XD functional.

Gibbs Free Energy in THF at wB97XD :O “
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Figure 2.6 — Calculated wB97XD Gibbs free energy profile for CO5 insertion in 1-Re-
H in THF; in kcal /mol at 298 K and 1 M. Some bond distances are given
in

Methodically, two additional functionals were used to calculate the Gibbs
free energy profile of CO, insertion into 1-Re-H, which are: M06 [61] and B3LYP
[62], both with and without dispersion, through single point calculation using
geometries from the main MO6L-D3 functional used. The conclusion continues
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supporting a concerted mechanism for this reaction through TS, which showed
the highest point on the computed profiles (figure-2.7).

30.0
——E-(MO6L) +

25.0 dispersion

——E-MO6L
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+—E-MO06 +
dispersion

15.0

E-MO06

—e—E-B3LYP +
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—e—E-B3LYP
Reactants tsl il ts2 i2 TScyc M3¥ormate
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-10.0

Figure 2.7 — Variation of the Energy Profile of the Reaction of COy insertion into
fac-(bpy)Re(CO)3H at different levels of theory in THF
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2.2.2 Computed Kinetic Isotope Effect

The computed KIE for the initial step of CO5 addition to 1-Re-H in THF via ts1
and its components are summarized in scheme 2.5.

AZPEy =-0.17
1-Re-H + CO, ts1H AGy = 14.84 keal/mol 1)
I-Re-D + CO, fZPEp =017 ts1P AGp = 14.90 kcal/mol )
AAZPE = -0.03
l-Re-H + tle —_— l-Re-D + tslH AAG = '0-06 kca]/mol (3)
KIE =1.10

(MMI=1.00, EXC = 1.05, EXP=1.05)

Scheme 2.5 — Computed KIE for tsl in THF.

The barriers for the proteo and deutero reactions via ts1? (eq 1) and ts1? (eq
2) are very similar, AG* = 14.84 and 14.90 kcal /mol, respectively. This means
deuteration has a very minor unfavorable effect on the reaction rates of this step,
leading to a very small normal KIE = 1.10, eq 3. The MMI, EXC and EXP
components are all near unity for this KIE.

We at first found the absence of a KIE for tsl to be quite intriguing be-
cause we thought this TS was for a “hydride transfer” step as been introduced in
literature, so we expected the reaction coordinate to be dominated by the stretch-
ing vibrational mode of the Re-H bond being broken [63]. If this was true, the
stretching mode of 1-Re-H would have become the loose vibration in tsl (v ¥).
Because v } is a “lost” vibration in the TS with an imaginary frequency, the dif-
ferent ZPEs from the Re-H and Re-D stretching vibrations in the reactant would
have contributed to a significantly negative AAZPE* and a substantial normal
KIE. It was this lack of a significant KIE that lead us to examine the nature of
ts1 more closely. Thus, we find the actual v in tsl to have a reduced mass of
3.67 amu, and a motion that can be related to one of the translational modes of
the free CO5 molecule, consistent with a reaction in which CO, is adding to the
Re-H bond. The vibrations in tsl continue to include a distinct mode for Re-H
stretching having a reduced mass near 1.0 amu and a frequency (1571 cm™!) close
to that in 1-Re-H (1642 cm™1). Accordingly, v * in tsl is not highly sensitive to
isotope substitution of the hydride, dropping from 422i cm~* to 387i cm~! upon
deuteration. For comparison, doubling the mass of the COs carbon atom in tsl
lowers v ¥ by 132i cm™!, down to 290i cm™!. The fact that the Re-H isotope
sensitive vibrations in the reactant remain as real Re-H vibrations in tsl can
explain the lack of a KIE in the given step.

However, the stretching vibration was shown to be lost at ts2, the second
"Linear” transition state that wasn’t reported before in mechanistic studies on
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CO; insertion into octahedral complexes. Upon deuteration, the imaginary fre-
quency drops from v = 860i cm™' at ts27 to 650i cm™! at ts2P. Despite the
decrease in the imaginary frequency that is witnessed only at ts2 step, this step
still didn’t show significant KIE as illustrated in scheme 2.6. The barriers for
the proteo and deutero reactions via ts2f (eq 4) and ts2P (eq 5) are observed
to be very similar, AG* = 16.00 and 15.64 kcal/mol, respectively. This means
deuteration has a very minor favorable effect on the reaction rates of this step,
leading to a very small inverse KIE = 0.91, eq 6. This inverse KIE could be ex-
plained in one way due to the partially formed C-H bond at ts2 step right before
full cleavage of the Re-H bond. The partially formed C-H bond at ts2 mitigates
the effect of imaginary frequency on yielding significant KIE. This inverse nature
of KIE is fully consistent with step involving asymmetric bridged hydride cleav-
age. However, the experimentally reported KIE is much more inverse than that
calculated for ts2.

AZPEy = 1.25

1-Re-H + CO, ts2H AGy = 16.00 kcal/mol 4)
1-Re-D + CO, AZPEp=1.14 ts2P AGp = 15.94 kcal/mol (5
AAZPE = +0.11
KIE = 0.91

(MMI=1.00, EXC = 1.15, EXP=0.82)

Scheme 2.6 — Computed KIE for ts2 in THF.

An altogether different condition applies for the KIE in TS, as summarized
in scheme 2.7. Upon deuteration of the metal hydride, the activation free energy
defined from the separated reactants to TS, is lowered from 22.76 to 22.24
kcal/mol, eqn’s 7 and 8 respectively. The resulting AAGH = +0.52 kcal /mol
leads to KIE = 0.42 in eq 9. The given KIE is driven by a positive AAZPE =
+0.55 kcal/mol, which gives EXP = 0.40. The EXC term (1.05) mitigates the
EXP term slightly, while the MMI term does not contribute to the KIE.

AZPEy =2.12 H
1-Re-H + CO, TScye AGy = 22.76 kcal/mol @)
AZPEp, = 1.57 D
1-Re-D + CO, TSeye AGp = 22.24 kcal/mol ®)

p AAZPE =+0.55 H ©
1-Re-H + TS = 1-Re-D 4 TS AAG = +0.52 kcal/mol

cyc
KIE = 0.42
(MMI=1.00, EXC = 1.05, EXP=0.40)

Scheme 2.7 — Computed KIE for TSy in THF.
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The reaction coordinate characterizing T'S.,. corresponds to a rotation, or a
slippage, of the intact formate anion over the square pyramidal cationic fragment.
The imaginary frequency for this motion is again insensitive to deuteration: vh
= 255i cm~! vs ViD = 246i cm~!. In contrast to tsl and ts2, however, in the
transformation from 1-Re-H to TS.,. the Re-H bond is totally lost and a new
C-H bond is totally formed. The KIE in this case is determined by the different
vibrational frequencies of the Re-H and C-H bonds which we elucidate for the

stretching mode with the aid of figure 2.8.

ZPEC = 3.35 ey = 2342 cm'™!
ar - o H’ fep = 1684 cm!
e ‘U/ZPEI\;‘]:I =235 ZPEcp =241 Ncp = 1684 cm

My = 1169 cm’! ZPEnh = 1.67

AZPEyimp = -0.68 AZPECHcp = -0.94

str

AAZPE g = +0.26 kcal/mol

1-Re-H vs 1-Re-D Deuteration favors TSy, TS?yc Vs TSgc

Figure 2.8 — Contribution of the Re-H and C-H stretching vibrations to the KIE of
TSeye.

The frequency of the Re-H stretching vibration in the proteo reactant is v3%,, =
1642 cm™! while the stretching frequency of the C-H bond in TS, is v, = 2342
cm~!. Both modes have reduced masses near 1.0 amu, so the different frequencies
originate from different force constants £ = 1.72 vs £ = 3.35 mDyne/A, which
is expressed in figure 2.8 using different curvatures for the harmonic vibrational
curves as explained in the previous chapter. These frequencies make different
contributions to the ZPE of 1-Re-H and TS.,.: ZPES;, = 2.35 vs ZPEY;, = 3.35
kcal/mol. Upon deuteration these frequencies are lowered to v5% = 1169 and
v = 1684 cm™!, and their contributions to ZPE are lowered to ZPE" = 1.67
and ZPE:r = 2.41 kecal/mol. Deuteration, therefore, causes a greater stabilizing
effect on the ZPE of TS, than on 1-Re-H, leading to a contribution of AAZPE =
+0.26 kcal/mol in eq 6 from the stretching mode alone. Additional contributions
from the bending modes lead to the final AAZPE of +0.55 kcal/mol.

To sum, the insensitivity of * to deuteration and the higher frequencies of
the C-H vibrations in TS.,. compared to the Re-H vibrations in the reactant can
explain why the KIE in scheme 2.6 is inverse.

The experimental KIE for CO, insertion into 1-Re-H in THF is 0.58 4+ 0.03.
Clearly, an inverse KIE would be incompatible with a mechanism in which tsl

or ts2 is rate-determining. On the other hand, the KIE of 0.42 computed for
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the cyclic TS (TS.y.) is in good agreement with the experiment. The wB97XD
functional gives KIE = 0.38. Differences between computed and measured KIE
of these magnitudes are not unexpected since, for example, the calculations use
harmonic vibrational frequencies. Thus, the computed energy of TS, as well as
the computed KIE support a cyclic TS as the RDS in the given system.

KIE wasn’t utilized before either experimentally or computationally for eluci-
dating the mechanism of COs insertion into octahedral complexes other than the
one for 1-Re-H discussed in details in this chapter. Another inverse KIE is known
for a CO, insertion in a square planar nickel-hydride complex, 0.61 in THF or
0.79 in CH3CN [64]. Interestingly, Murray and coworkers have recently studied
CO, insertion into the bridging metal hydride bonds of [L,Fez(u-H)3]*" clusters
and measured KIEs of 1.09 and 1.50 depending on the steric bulk of the ligands
in the clusters [65, 66].

In an attempt to validate our calculated KIE, scaling harmonic frequencies
in egs (3) and (9) were done by a factor of 0.95, by increasing lower vibrations
to 50 cm~! and to 100 cm~! showed no significant effect, KIE results shown in
table 2.1 for tsl and for T'S..

Table 2.1 — Variation in KIE of tsl and T'S.,. upon scaling the harmonic frequencies
with 5 different methods.

KlEunscaled KIESO KIE] 00 KIE*0.95 KIE50*0.95 KIE] 00%0.95
THF 0.42 0.42 0.42 0.44 0.44 0.44
TS,y Acetone 0.42 0.42 0.42 0.44 0.44 0.45
MeCN 0.30 0.30 0.28 0.32 0.32 0.30
THF 1.10 1.10 1.10 1.10 1.10 1.10
tsl Acetone 1.15 1.15 1.15 1.15 115 1.15
MeCN 1.05 1.05 0.99 1.06 1.06 1.00

2.2.3 Computed Solvent and Substituent Effects

Experimentally, the kinetics of CO; insertion in 1-Re-H exhibited a large de-
pendence on the solvent with the second-order rate constant increasing in the
order 1.97 x 10~* (THF) < 2.52 x 107% (Acetone) < 5.44 x 1072 (Ace-
tonitrile), in M~!s~!. Using the experimental activation free energy determined
from the Eyring plot in THF as a reference (23.0 kcal/mol at 298 K) the rate
constants afford activation energies of 21.5 kcal/mol in acetone and 19.7 kcal/mol
in acetonitrile. The experimental study also included kinetics data for the effect
of a few substituents at the 4,4’ positions of the bipyridyl ligand. The greatest
effect was found for the methoxy substituents (-OMe) which increased the reac-
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tion rates by approximately three orders of magnitude compared to the parent
complex, corresponding to a barrier of 21.3 kcal/mol. In this section we examine
if these effects can be reproduced by the computed associative mechanism.

The dielectric constants for the solvents used are Ds = 7.3 (THF), 20.7 (Ace-
tone) and 36.1 (CH3CN). For comparison, the computed Energy profile along
with some assigned geometric parameters are elaborated in figure 2.9 (A) in
THF, (B) in Acetone, and (C) in CH3CN. The computational and experimental
results are summarized in table 2.2.
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Figure 2.9 — Calculated M06L-D3 Gibbs free energy profile for COz insertion in 1-
Re-H. (A) in THF, (B) in Acetone, and (C) in CH3CN; in kcal/mol at
298 K and 1 M. Some bond distances are given in

Despite the wide range of Ds values, changing the solvent continuum applied
in the calculations exerts very minor effects on the energy of tsl: 14.7 (THF),
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14.9 (Acetone) and 15.3 (CH3CN), in kecal/mol. This is not surprising, since tsl
is an early TS that does not introduce any significant changes in the character of
the bonds characterizing the two reactants.

The computed energy of T'S.,. relative to the separated reactants, on the other
hand, decreases uniformly as Ds increases: AG* = 22.8 (THF), 22.0 (acetone) and
18.4 (CH3CN), kcal/mol. This is the same effect observed experimentally. The
solvent effects on T'S.,. most likely follow from some degree of ion-pair character
acquired in TS.,.. This is evident in the computed geometry of TS, which
exhibits increased separation of the formate anion with increased Ds, especially
in acetonitrile where the Re— HCO, distance is increased to 2.73 A (figure 2.9-
C). In the gas phase AG! for TS,,. is increased to 26.7 kecal/mol. Despite that
ts2 was located in THF and acetonitrile only, it’s barrier decreased from 16.0
kcal/mol to 12.2 kcal/mol as Ds of solvent increases. Same solvent effect was
observed on i2, which exhibit highest stabilization in CH3CN the most polar
solvent, resulting in it being more stable than the bridged hydride species il,
supporting it’s ion-pair character. The aprotic solvents are also computed to
exert pronounced effects on the energy of il following tsl. As a consequence,
il has a higher free energy than tsl in both THF and acetone, but the order is
reversed in acetonitrile, although the difference between the two species remains
small, 1.3 kcal/mol.

Table 2.2 — Computed solvent and substituent effects on the energy of the stationary
points for COz insertion in 1-Re-H, AG in kcal/mol at 298 K and 1 M.(-
: indicates unlocated species)

Solvent ts1 i1 ts2 i2 TS,. 1ReOCHO  AG,,  AG,,
Solvent effects on (bpy)Re(CO),H

THF 14.8 17.8 16.0 19.6 22.8 -2.8 30.0 23.0

Acetone 14.9 15.6 - 16.2 22.0 2.7 17.5 21.5

MeCN 153 14.0 12.2 13.9 18.4 3.6 12.5 19.7
Effect of 4,4'-OMe substitution

THF 14.4 17.0 - 18.9 21.7 -39 283 21.3

Experimentally, the given solvents exert minor effects on the KIE, with THF
and acetone giving similar values, 0.58 £+ 0.03 vs 0.55 £ 0.11, while acetonitrile
gives a slightly more inverse KIE: 0.52 + 0.05. The calculations capture this
trend qualitatively yielding KIE = 0.41 (THF), 0.42 (acetone) and 0.30 (CH3CN).
Although the effect of acetonitrile appears to be exaggerated, the result is still
overall, satisfactory. The gas phase calculations afford KIE = 0.48.
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Scheme 2.8 — Methoxy substituted analog of 1-Re-H at the 4,4’ position of bipyridyl
ligand.

Calculations on COs insertion into the C-H bond of the 4,4’-OMe substituted
analog of 1-Re-H (scheme 2.8) in THF shows TS,,. reproduces the observed

favorable effects of substitution on the reaction rate in THF fairly accurately:
AAG! = -1.1 kecal/mol vs AAG! = -1.7 kcal/mol. Interestingly, a much

comp

smaller effect is computed for the given substitution on tsl, AAG! = -0.4

comp

kcal/mol, while no ts2 was located on the PES of the reaction. The detailed
Gibbs Free Energy Profile is shown in Figure 2.10.

Gibbs Free Energy for Methoxy substituted1-Re-H in THF
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Figure 2.10 — Calculated M06L-D3 Gibbs free energy profile for COs insertion in
Methoxy substituted analog of 1-Re-H in THF; in kcal/mol at 298 K
and 1 M. Some bond distances are given in A.

Table 2.2 also includes data for the thermodynamics of the hydride trans-
fer reaction from 1-Re-H to CO, leading to the separated formate ion and five
coordinate metal cation fragment (AGins). In THF, AG;,ns = +30.0 keal /mol,
much higher than TS, so the mechanism involving dissociation of the ion pair
forming free ions are unlikely to compete with T'S.,. in THF.

Hydride transfer in acetone and acetonitrile, on the other hand, affords AG;,,.s
= +17.5 and +12.5 kcal/mol, respectively, 4.5 and 6.0 kcal/mol lower than TS,,..
What is important to our study is the kinetics of COs insertion, so whether the
free ions in the more polar solvent will be involved as intermediates in the mech-
anism depends on whether their formation encounters a barrier or not. Starting
with i2 as the reference point, free ion formation in acetonitrile is almost ergoneu-
tral (-1.4 kcal/mol). In contrast, the transformation from i2 to the final formate
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product 1-Re-OCHO is highly exergonic (-17.5 kcal/mol). As mentioned in the
introduction, the entropy of dissociation favors the thermodynamics of the free
ions. However, formation of the free ions from i2 still requires cleavage of the
Re-H bond, further bending of the CO, angle and pulling of the formate anion
out from the metal center of the cation fragment before the favorable effect of the
dissociative entropy is exerted. These are the same requirements needed to reach
TSeye. In fact, the computed geometry of TS, in acetonitrile is characterized
by quite long Re-HCO, (2.73 A) and long Re-OCHO (3.31 A) bond distances
indicating a very early transition state with increased ion-pair character (figure
2.9).

Our attempts to identify a TS for free ion formation from i2 have not been
successful. The problem is that as the Re-HCO, bond is stretched in the course of
TS geometry optimization, the formate anion tips and coordinates one of the two
oxygens to the metal. These features of the dissociative PES obtained by static
DFT calculations may not conclusively rule out a role for free ion formation in
the insertion mechanism. A more complete investigation of the dissociative PES
by dynamic calculations that account explicitly for the acetone and acetonitrile
molecules of the solvent is beyond the scope of the present study. However,
assuming dissociation of the formate ion from i2 to be completely barrierless
is also too simplistic and would provide computed activation free energies in
acetone and acetonitrile that are way too low compared to the experimentally
observed ones. Given that the barrier from i2 to T'S.y. in acetonitrile is only 4.5
kcal /mol, there seems to be no obvious advantages for free ion-formation and re-
coordination over the direct highly exergonic intermolecular reaction. Note that
in the experimental study, Sullivan and Meyer raised the possibility of a role for
free ions in the mechanism of CO, insertion in 1-Re-H in acetonitrile but ruled
it out based on results from trapping experiments.

2.2.4 Conclusion

Previous results from kinetics and mechanistic experiments by Sullivan and Meyer
provided compelling evidence that carbon dioxide insertion into the metal hydride
bond of the octahedral complex fac-(bpy)Re(CO)sH (1-Re-H) proceed by a non-
classical associative mechanism that does not require an empty coordination site
to initially bind COs to the metal, but still left the question about the involved
TS open (a or b in the study).

In the present chapter we conducted a more detailed DF'T investigation on
the PES of the reaction of carbon dioxide insertion into 1-Re-H systems where
we compared the computed results with the available experimental data. When
a polarizable continuum representing THF, acetone and acetonitrile is applied
during geometry optimization, the calculations identify a linear ts1 and a cyclic
TSeye. Detailed analyses of the reaction coordinates and isotope effects reveal tsl
mediates an initial stage of the reaction that anchors the carbon of CO, to the
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metal-hydride bond. The reaction identifies a minimum for the bridged species
followed by a distinct TS for hydride transfer (ts2) that leads to an ion-pair
minimum between the formate anion and a cationic metal fragment (i2) that
rearranges by TS.,. to give the final product. tsl, il, ts2 and i2 all have similar
free energies and are significantly lower than the cyclic TS.

Consideration of TS, as the RDS accurately reproduces the available ex-
perimental data, including the magnitude of activation free energies in the two
systems, solvent effects, substituent effects and KIEs. In contrast, assuming tsl
to be the RDS leads to barriers, solvent effects and KIEs that are all inconsistent
with the experiments. These results appear to follow because initial step of the
reaction involving tsl represents a step that “bridges” COs to the Re-H bond.

Prior to T'S.y., C-H bond formation is nearly completed but it is still pointing
to the metal. Although a C-O bond from COs is part of the four membered ring
of the reaction center, the Re-OHCO bond distance is still long, so TS, may
still be best classified as mediating an outer-sphere mechanism in the sense that
there is no pre-coordination of CO5 to the metal.
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Chapter 3

Effect of Hydrogen Bonding and
trans-Hydride on CO»- Insertion
into Metal-Hydride Bond

3.1 Introduction

As concluded in Chapter 2, the DFT calculations of the PES of the reaction
of COy insertion into Rhenium hydride bond of (bpy)Re(CO)sH showed the rate
determining step is without ambiguity in full support of cyclic transition state
(TS¢ye), this is what led to an experimentally inverse kinetic isotope effect ob-
served by Sullivan and Meyer[3]. Also, we showed that tsl is an early transition
state involving a step that “bridges” COy to the Re-H bond. This proposition
represents a new understanding to how CO, activation reaction through homo-
geneous transition metal catalysts is initiated.

The catalyst used in the previous experiment is one of those organometallic
complexes to be described as “clean” due to the lack of cooperation possibility of
any of it’s ligands in the insertion reaction, and the lack of a strong sigma donor
ligand trans to the metal-hydride bond weakening it and assisting it’s cleavage,
all what helped in clearer elucidation of the reaction mechanism.

This led us to question the validity of our conclusion when using one of today’s
frontier transition metal octahedral catalysts efficiently used in reaction of CO,
hydrogenation, which is Hazari’s Iridium(III) trihydride complex that carries a
tridentate pincer ligand [47], scheme 3.1.
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Scheme 3.1 — Hazari’s Octahedral trans-Trihydride Complex (1-Ir-H)

The choice of this catalyst is a key step in investigating the generality of our
proposition under specific catalytic variables. First due to to: i) Presence of a
characteristic hydride trans to the metal-hydride bond involved in the reaction,
these strong segma donors are scientifically believed to have great effect assist-
ing the dissociation of the groups trans to them[67], a phenomenon known as
“Trans-Effect”; and ii) Amine arm of the pincer ligand which could be involved
in stabilizing the insertion of CO4y through hydrogen bonding with one of the 2
oxygen atoms of COs.

Both hydrogen bonding and trans effect are to be examined through Potential
Energy Surface calculations, geometric parameters analysis and Isotope Effect.

3.2 Results and Discussion

3.2.1 Free Energy Profile

We started our study by calculating the Free Energy profile for the reaction
between CO, and 1-Ir-H. The stationary points located on the PES of this reac-
tion are summarized in details in Figure 3.1. Calculations were done in THF
continuum as a solvent.

As found in the previous chapter, the calculations started by identifying a
linear transition state tsl. This TS is characterized by an imaginary frequency
5347 cm~! and coordinates involving motion of the hydride between the metal
and the carbondioxide (further analysis of ts1 frequencies will be done in Isotope
effect’s section of this chapter). It is also characterized by an Ir-H and C-H bond
distances of 7,y = 1.75 A and ro_yg = 1.65 A. These parameters indicate that
only 0.05 A lengthening in the Ir-H bond occurs at tsl, this barely stretching
relative to the reactant 1-Ir-H (1.70 A), is consistent with significantly long C-H
bond. Thus, no full cleavage of Ir-H bond occurs at tsl, however, tsl yields an
intermediate il at an early stage of the PES in which the hydride is “sandwiched”
between the metal and the carbon of CO, at distances ry—xg = 2.00 A, still
inconsistent with common range for CH-M agostic bond distances discussed in
previous chapter, and rc_y = 1.20 A, still significantly longer than in a free
formate anion (1.21 A vs 1.14 A). This is all in indicative of il being viewed as
the product of a step involving addition of COs to the hydride end of the intact
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Ir-H bond, not the product of a hydride transfer step cleaving the Ir-H bond to
give an ion-pair species. As shown in figure 2.1-A, the electronic barrier of tsl
is only 1.7 kcal/mol higher than the reactants. However, when the vibrational
terms are included the Gibbs free energy increases to 9.8 kcal /mol.
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Figure 3.1 — Calculated M0O6L-D3 (A):Eg,,+G and (B): Gibbs free energy profile for

COs insertion into 1-Ir-H in THF; in kcal/mol at 298 K and 1 M. Some
bond distances are given in A.

The IRC for tsl shown in figure 3.2 is observed to link the initial adduct of
the reactants to il.
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Figure 3.2 — Computed IRC plot for the linear transition state ”ts1” located on PES
of COq insertion into 1-Ir-H. Energy in kcal/mol.
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Further calculation in THF identified i2, the second intermediate located on
the PES. The Ir-H and C-H bond distances in i2 are rp,_ gy = 2.28 A and rc_g
= 1.18 A. The Ir-H bond at i2 is stretched by 0.58 A when compared to the
reactant 1-Ir-H. Now, the metal-hydride bond is more consistent with the common
range of CH-M agostic bond distances discussed earlier. This means that i2
could be now viewed as the product of the step involving Metal-hydride bond
cleavage forming an “ion-pair” where the C-H bond formed at i2 is still subjected
to an agostic interaction with the metal. The attempt to locate a transition
state for the cleavage of the bridged species il yielding i2 weren’t successful.
This means that no saddle point appears along the valley connecting il and i2,
therefore, no genuine transition state for hydride transfer is shown. Next, the
calculations identified a second TS which is TS.,. with the C-H and C-O bonds
of the formate anion making a four membered ring with the metal at 2.62 A
and 2.90 A, respectively. The C-H bond in T Seye has been fully formed, since
it is in great agreement with that of a formate anion (1.15 A vs 1.14 A). TSeye
is characterized by an imaginary frequency of 160 i cm~! for a vibration that
exchanges C-H and C-O bond coordination to the metal. The IRC computed in
THE confirms T'S.y. connects i2 and the product 1-Ir-OCHO as shown in figure
3.3.

The highest Energy point on Gibbs Free Energy profile for COy insertion
into 1-Ir-H is the cyclic transition state TSS.,.. At this TS the fomate is already
formed, however, the C-H bond is still pointing to the metal at 2.62 A. The barrier
for this TS is computed to be 15.5 kecal/mol, just fortuitously this value is also
now in excellent agreement with the experimental activation free energy of 14.3
kcal/mol determined at 298 K in THF by Hazari and coworkers [64]. The barrier
for tsl is computed to be 9.8 kcal/mol, much off that reported experimentally.
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Figure 3.3 — Computed IRC plot for the Cyclic transition state "T'S.,.” located on
PES of COjy insertion into 1-Ir-H. Energy in kcal/mol.
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3.2.2 Computed Primary Kinetic Isotope Effect

As done earlier, we started by calculating the kinetic Isotope Effect for tsl, re-
sults summarized in scheme3.2.

I-I-H 4+ CO, ts1H AGy = 9.80 kcal/mol (D
I-IrD  + CO, AZPEp =0.36 ts1P AGp = 9.82 kcal/mol 2)
ANZPE = 0.01
1-Ir-H + tle _ 1-It-D + tSIH AAG = -0.02 kcal/mol (3)
KIE = 1.04

(MMI=1.00, EXC = 1.06, EXP=0.98)

Scheme 3.2 — Computed KIE for tsl in THF.

The barriers for proteo and deutero reactions via ts1f (eq 1) and ts1” (eq2)
respectively, differ only by -0.02 kcal /mol, which means that deuterium substitu-
tion shows some minor unfavorable effect on the rate of the reaction reaching this
TS. This leads to the small and non-considerable normal kinetic Isotope Effect
(1.04), even less significant than that reported for tsl in 1-Re-H (Chapter 2).
This absence of a significant KIE for tsl still supports the proposition that no
hydride transfer is initiated at this stage of the reaction.

The imaginary frequency (v*) is considered the loose vibration in any reaction,
i-freq in ts1 has a reduced mass p = 4.34 amu, and a motion that can be related to
one of the translational modes of the free CO, molecule, consistent with a reaction
in which COs is adding to the Ir-H bond. However, this vibration was not highly
sensitive to isotope substitution where it only drops from 4787 cm™! in ts1 to
4507 cm~! in ts1” upon deuteration. The vibrational analysis for ts1 continued
to reveal a distinct symmetrical and asymmetrical stretching vibrations for the
trans-Hydrides in ts1 at 2017 cm™! and 1613 cm ™ respectively, of reduced masses
of 1.01 amu and 1.35 amu respectively. Still locating these 2 isotope sensitive
vibrations means that they remained as real modes at this stage of the reaction
which compensates AZPE resulted from the reactant (1-Ir-H) upon deuteration,
therefore resulting in a non significant AAZPE = +0.01 kcal /mol, explaining the
small KIE at this given step where the metal-hydride bond isn’t yet dissociated,
and no full "hydride transfer” is possessed when reaching il.
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However, Upon deuteration the activation free energy reaching TS, from the
separated reactants decreases from 15.55 keal/mol to 14.91 kcal/mol, eq’s 4 and
5 respectively, scheme 3.3.

AZPEy = 3.53

I-irtH  + CO, ngc AGy = 15.55 keal/mol 4)
1-IrD  + CO, AZPEp = 2.85 TSEyc AGp = 14.91 kcal/mol 5)
AAZPE = +0.68
II-H  + TSp, ———— 1D 4 TS?yC AAG = +0.64 kcal/mol (6
KIE = 0.34

(MMI=1.00, EXC = 1.07, EXP=0.32)

Scheme 3.3 — Computed KIE for TS,y in THF.

The resulting AAGH = 0.64 kcal/mol leads into a substantial inverse KIE
= 0.34 in eq 6. Again, this given KIE is dominated by the EXP term which
results from a significantly positive AAZPE? = 40.59. The imagianry frequency
of TS,y doesn’t show any sensitivity toward deuteration where it only drops
from 160icm ™" in TSY_ to 1557 cm™" in TSP . Also, the IRC in figure 3.3 shows
that the reaction coordinates characterizing T'S.,. corresponds to the slippage of
intact formate anion over the metal. In contrast to tsl, it was clearer that in
the transformation from 1-Ir-H to TS, the Ir-H bond is lost and a new C-H
bond is formed. The substantial KIE in this case is determined by the different
vibrational frequencies of the Os-H and C-H bonds. The stretching vibrations
of these two bonds are shown in figure 3.4 below, where their contribution to

AAZPE is considered.

str str

ZPEcy = 3.80 ney = 2656 cm™!
Ulf—n =1954
1-Ir-H str sym ) 5 str str 1939 1
L T UZPEI\ZLI{I =4.99 ZPEcp =271 nep = 1939 cm
Vir—p, =1811 ZPEgih = 4.27
LD v, o o174 AZPES b = 0.72 AZPEScp = -1.02

asym

str

AAZPE = +0.30 kcal/mol

1-Ir-H vs 1-Ir-D Deuteration favors TScyc TSH e vs TSPye

Figure 3.4 — Contribution of the Ir-H and C-H stretching vibrations to the KIE of

TS¢yc. ZPE in kcal/mol, Stretching vibrations in cm~ 1.

The symmetric and asymmetric stretching vibrations in the proteo reactant
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are 1954 cm™! and 1534 ecm~! respectively, while the frequency of stretching
vibration of the formed C-H bond at TS} is 2656 cm™'. These vibrations have
a reduced masses near 1.00 amu. Therefore, the different frequencies originate
from different force constants as shown in table 3.1.

Table 3.1 — Stretching vibrations of 1-Ir-H and TSy, (cm™!), their force constant
(mDyne/A), and reduced masses (amu,).

Frequency (cm')  Force Constant (mDyne/A) Reduced Mass (amu)

vIr—H—sym 1954 2.67 1.00
vIr—H—asym 1534 1.41 1.02
Ven 2656 4.40 1.06

These frequencies result in different contributions to zero point energy in the
reactant and TS.,.: ZPE" = 4.99 kcal/mol vs ZPE$ = 3.34 kcal/mol. Upon
deuteration these frequencies are lowered where the symmetrical Ir-D stretch
becomes 1811 cm ™!, asymmetrical stretch: 1174 cm™! and the C-D bond stretch:
1939 cm~!. This stabilization results in lowering their contribution to zero point
energy in deutero-reactant to ZPEsy, = 4.27 kcal/mol and in TS?  to ZPEg; 2.77
keal/mol. ‘

Deuteration, therefore, causes a greater stabilizing effect on the ZPE of TS,
than on 1-Ir-H, leading to a contribution of AAZPE®" = +0.30 kcal/mol in eq
6, from the stretching mode alone. Additional contributions from the bending
modes lead to the final AAZPE of 4+0.68 kcal/mol.

Thus, this higher frequency of C-H bond at TS, and it’s greater contribu-
tion to AAZPE, together with the insensitivity of the imaginary frequency to
deuteration explains the inverse nature of KIE in scheme 3.3.
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3.2.3 Hydrogen Bonding Effect

Pincer Ligands are a class of chelating agents that bind tightly to three adjacent
coplanar sites of a transition metal in a meridional configuration[68], scheme 3.4.
Such ligands offer the ability to fine tune the electronic and the steric properties
about the metal center, thereby increasing the scope of their applications. The
research on modification of the pincer ligands to elucidate reaction mechanisms
has been the interest of numerous researchers[69, 70].

o
L'—M

k | M = Metal
L L,L'L" = Ligands

Scheme 3.4 — General structure of a tridentate Pincer-Ligand

Modifications have been made on the pincer-ligand site to improve the rate
determining step in COy hydrogenation reactions reaching the final formic acid
product via involvement of the ligand in the reaction. In consideration that
the rate Determining step in these reactions is the displacement of formate by
H, (Hydrogenolysis)[71]. Pathak and coworkers|72], tested the incorporation of
an N—H functionality in pincer ligand by calculating 2 pathways for the reac-
tion, ligand assisted where the hydrogen is said to only stabilize the formate
moiety vs ligand participation where the amine proton is totally transferred,
the latter being very similar to that proposed by Noyori for asymmetric ketone
hydrogenation[73].

Considering the first step of hydrogenation, CO, insertion into metal-hydride,
the hydrogen bond donor atom incorporated in a pincer ligand is also believed
to assist insertion. In this context, Hazari and coworkers, demonstrated experi-
mentally and computationally that the presence of a hydrogen bond donor atom
in the secondary coordination sphere of the Ir(III) trihydride complex lowers the
kinetic barrier of the reaction with CO,, by comparing the stability of formate
anion via N-H..O hydrogen bond interactions at ts1 considered as the "Hydride
Transfer” and rate determining step. This study didn’t illustrate any effect on
the cyclic transition state TS.,.[47].

Figure 3.5 reproduces and compares the MO6L-D3 Gibbs free energy profiles
for CO4 insertion into 1-Ir-H(blue) and 1-Re-H(red) of the previous chapter where
no hydrogen bonding is present.
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Figure 3.5 — Computed Gibbs Free Energy Profile for COs insertion into 1-Re-H (red)

and 1-Ir-H (blue). Energy in kcal/mol.

The energy barrier for tsl is 14.8 kcal/mol in 1-Re-H which drops to 9.8
kcal/mol in 1-Ir-H, thus resulting in stabilization of 5 kcal/mol. However, the
energy barrier for TS,,. is observed to decrease from 22.8 kcal/mol in 1-Re-H
system to 15.5 kcal/mol in 1-Ir-H which results in stabilization of around 7.3
kcal /mol, greater than that of tsl.

This difference in energy could be first attributed to the stabilization of the
distorted COy moiety in the later by hydrogen bonding interaction. The N-H

stretching vibration in the assigned amine arm are shown in table 3.2.

Table 3.2 — The change in N-H bond stretching vibration frequency cm™! at different

stages of the reaction.

vstretch of N-H (Cm_l)

1-Ir-H 3464
tsl 3418
il 3217
i2 3171
TS 3389

cyc

The stretching vibration is observed to slightly decrease from 3464 cm™! at 1-
Ir-H to 3418 cm ™1 at tsl, then it reaches minimum at i2, the species encountering
ion-pair character, thus is expected to get stabilized through hydrogen bonding.
However, the bond’s frequency then increases from 3171 cm™! at i2 to 3389 cm ™!
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when reaching T'S.,. revealing low effect on the cyclic transition state, therefore,
hydrogen bonding interaction with oxygen is minimized at this step.

3.2.4 Trans-Hydride Effect

The second factor that can have a direct effect on the energy barrier of the reac-
tion is the Trans-Effect. The hydride is classified as the ligand with the strongest
effect, meaning it will strongly impact the ligand trans to it, by disfavoring it’s
presence. The trans-effect was elaborated also by Hazari in the same study on
1-Ir-H [47], who emphasized the effect of trans-ligand on the thermodynamics of
CO; insertion into 1-Ir-H, by examining the effect of different trans ligands on
the natural bond orbital (NBO) charge of the transferred hydride, in considera-
tion that the rate-determining step is the nucleophilic attack of hydride on CO,
and that step being tsl, therefore more nucleophilic hydrides have lower kinetic
barriers. This study didn’t explain the effect of trans-H on the cyclic transition
state’s barrier as it is not calculated.

This led us to question the importance of the trans-ligand in affecting the
RDS of CO; insertion reaction, through comparing this effect on tsl and TS,
using what is defined earlier as secondary isotope effect. The Secondary Isotope
Effect (a-KIE) was calculated and shown in table 3.3, along with the trans-Ir-H
bond length at the different stationary points on the PES of the reaction.

Table 3.3 — The variation in trans Ir-H bond length (A) and secondary o-KIE at
different stages of the reaction in THF.

[rans ro, g 0-KIE
tsl 1.65 0.92
il 1.58 0.83
i2 1.56 0.72
TS 1.55 0.61

cyc

A significant secondary isotope effect (a-KIE) is resulted revealing the in-
volvement of the trans-H in the reaction coordinates. trans-Ir-H bond contrac-
tions start at tsl, where the bond length decreases from 1.70 A in the reactant
to 1.65 A at this step, resulting in 0.92 a-KIE. However, the secondary kinetic
isotope effect decreases reaching the maximum inverse at T'S.y., a-KIE = 0.61,
consistent with the the highest bond contraction meaning the shortest r;.g =
1.55 A, considered the step where the hydride fully cleaves and CO, starts insert-
ing, this effect favored the bridge cleavage and thus resulted in the decrease in
the kinetic barrier of the reaction. For completeness we include the equilibrium
isotope effects (EIE) at il and i2 minima in table 3.3.
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Despite TS, not showing any evidence of hydrogen-bonding with the amine
proton incorporated in the secondary coordination sphere of the pincer ligand,
it still results in a higher kinetic barrier stabilization than that of tsl when
compared to 1-Re-H system. Our computed results suggest an explanation for
this kinetic stabilization. TS.,. is shown to receive the highest trans-Hydride
effect by encountering the most inverse a-KIE, thus, evidently supporting our
previous proposition that the reaction is to be proceed concertedly through TS,

considered as the rate-determining step, thus resulting in the observed metal-
formate product.

3.2.5 Computed Solvent Effect

The stationary points calculated on the associative PES for CO; insertion in the
hydride of 1-Ir-H are summarized in figure 3.6.
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Figure 3.6 — Calculated minima and TSs on the associative PES for CO2 insertion in
1-Ir-H in THF(A and B) and CH3CN (C). Bond distances are given in
A. Gibbs free energies are given in kcal/mol at 298 K and 1 M relative
to the separated reactants. KIE values are kinetic isotope effects defined
relative to the separated reactants.
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As before, the PES starts with tsl for addition of COs to the intact Ir-H
bond of 1-Ir-H. This is true in both the gas phase and in a solvent continuum.
When the calculations are done in THF, the bridged species il and the ion-pair
species i2 were both fully optimized and characterized by normal mode analyses
as true minima, but ts2 that is expected to connect the two minima could not
be optimized. In acetonitrile, on the other hand, the IRC originating from tsl
leads at first to a plateau where il is expected to be found, and then proceeds
directly into ion-pair i2 as shown in figure 3.7. In both solvent continuums, the
insertion reaction following i2 is completed via TScyc.
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Figure 3.7 — IRC originating from tsl in the reaction between 2-Ir-H and COs in
acetonitrile.

The highest energy point on the insertion Gibbs free energy surfaces in figure
3.6-B and C is TS... The computed AG?* for the transformation from the
separated reactants 1-Ir-H and COq to TS, in THF is 15.5 kcal/mol. This is
in excellent agreement with an experimental value of 14.3 kcal/mol determined
from an Eyring plot. The computed AG! for TS,,. is lowered to 14.0 keal/mol
in acetonitrile. Significantly, for this system the computed free energy of the
separated ions from dissociation of i2 in acetonitrile is 15.3 kcal/mol, slightly
higher than TS, figure 3.6-C
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3.3 Conclusion

In this chapter, we investigated how hydrogen bonding and trans-hydride lig-
and might influence the associative PES for CO, insertion and especially the
rate determining step. We conducted a more detailed DFT investigation of the
associative PES in Iridium (III) tri-hydride octahedral complex. When a polar-
izable continuum representing THF or acetonitrile is applied during geometry
optimization, the calculations identify a linear TS, resembling tsl in previous
chapter. This TS is similar to the one reported in many studies. Analysis of the
reaction coordinates reveals ts1 mediates a preparatory stage of the reaction that
bridges the carbon of CO; to the metal-hydride bond, and not a TS for hydride
transfer. This view is unambiguously evident in the reaction of 1-Re-H where
the calculations identify a minimum for the bridged species followed by a distinct
TS for hydride transfer (ts2). The calculations predict the cyclic TS to be rate
limiting in this system as well. Accepting this result accurately reproduces the
experimental kinetics data available for 1-Ir-H, including the magnitude of activa-
tion free energy, and solvent effect. In contrast, assuming tsl to be rate limiting
affords barriers and solvent effects that are all inconsistent with the experiment.
TSey. has a nearly fully formed C-H bond, while both the H and an O atoms of
the resulting formate unit are weakly bound at the coordination site originally
occupied by the hydride. Although a C-O bond is part of the four membered
ring, TS,y may still be best classified as mediating an outer-sphere mechanism
in the sense that there is no pre-coordination of CO5 to the metal.

1-Ir-H is a prototype of octahedral metal hydride complexes with an amino
ligand functionality that can interact with a carbonyl group in an associative
mechanism. Given that the similar RDSs for 1-Re-H which lacks the amino func-
tionality and 1-Ir-H, it is reasonable to expect that other insertions of CO, into
metal-H bonds, at least those of d® octahedral hydrides, may generally proceed
through analogous TS,,. with k*-H,O-formate character.
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Chapter 4

Structure - Activity Study of
Insertion Reaction of a Series of
Carbonyl Compounds

4.1 Introduction

In the Previous two chapters we conducted a mechanistic study on the reaction of
carbon dioxide insertion into a metal-hydride bond of octahedral transition metal
complexes forming metal-formate products. Using kinetic isotope effect and po-
tential energy surface calculations, we provided a new perspective toward how
this elementary reaction is initiated, where CO4 approaches hydride with a bent
angle through tsl resulting in the formation of a newly characterized “bridging
species” known as il. This step is completely different from the initial conven-
tional “Hydride Transfer” step mostly discussed in literature where nucleophilic
attack of the hydride on CO, initiates the reaction resulting in ion-pair forma-
tion, thus, tsl is attributed as hydride transfer T'S and il as ion-pair minimum.
Failure in locating a second linear TS involving full cleavage of the metal-hydride
bond (ts2 in Chapter 2) supports this proposition.

However, insertion is not limited to carbon dioxide, other unsaturated organic
substrates like olefins and some carbonyl groups undergo insertion into a metal
hydride bond that are proposed to proceed through associative mechanism. A
mechanistic study by Hasanayn and Morris for acetophenone hydrogenation via
trans-[Ru(H)q(diamine) (diphosphine)| system verified an energetically favorable
route suggesting the formation of Ruthenium-alkoxide product via a hydride-
transfer step from the metal to the ketone followed by reorganization of the
alkoxide within the intact ion pair as simplified in figure 4.1 [74]. The reaction
is proposed to proceed through an outer sphere associative mechanism where no
vacant coordination cite is required.
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Figure 4.1 — Ketone hydrogenation mechanism involving carbonyl insertion into
ruthenium-hydride bond.

Moreover, one of the proposed routes for hydrogenation of methyl acetate by
Hasanayn and coworkers into trans-[Ru(H)2(PNN)(CO)] catalyst identified the
coordination of the terminal oxygen of the hemiacetaloxide formed post hydride
transfer to yield the octahedral 2-Ru-HemAc as shown in figure 4.2, where no
ligand dissociation is proposed as well [75].

; G
N, 0O metathesis /N
ju-co + P — /LL'H + 'N—Ru-CO
~e OMe ~ >
Horg1 = 0.0; Gy = 0.0 Hog = 8.2; GOy =8.4 1
2-Ru-H

2-Ru-HemAc; HC g =-2.8; GO = 4.2

Figure 4.2 — Metal alkoxide mediated mechanism for hydrogenation of ester. Energies
are given in kcal/mol

In this chapter, we focus on examining our proposition on the initial stage of
the bridging species formation in insertion reaction of various classes of carbonyl
compounds (XYC=O0, where X|Y = H, Me, OMe, OEth, NH,, NHMe) and CO,
shown in scheme 4.1, including aldehydes, ketone, carbonate, lactone, ester
carboxamide, carbamate and urea. Some that showed facile insertion.
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Scheme 4.1 — Series of Carbonyl compounds; 1: Formaldehyde/2: Acetaldehyde/
3: carbon dioxide/4: Acetone/5: Dimethyl carbonate/6: Lactone/T:
Ethyl acetate/8: N-methylacetamide/9: Methyl methylcarbamate/10:
Urea/11: Dimethylurea.

Specifically, using Gusev’s octahedral Osmium trans-dihydride complex trans-
[Os(H)2(CO) PyCHoNH-CHy;CHoNHP#Buy| (Scheme 4.2 ;1-Os-H), one of the
frontier catalysts utilized for hydrogenation of aldehydes and esters [76], we will
conduct a DFT-based comprehensive investigation on the insertion mechanism of
these organic compounds into Os—H bond, through thermodynamic study of the
net reaction. A kinetic study will be conducted through analysis of computed
transition states and along the PES of reaction for each substrate with 1-Os-
H. Also, we aim at using energy decomposition cycles to explain the different
propensities of these compounds to undergo reduction.

Scheme 4.2 — Gusev’s Octahedral Osmium ¢rans-Dihydride Complex (1-Os-H)

4.2 Results and Discussion

4.2.1 Thermodynamics of Insertion

We started our investigation by a thermodynamic study of the net insertion
reaction of the different carbonyl compounds into Os-H bond of 1-Os-H forming
a metal-alkoxide product (1-Os-OCHXY), a general reaction is shown in scheme
4.3.
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Scheme 4.3 — Insertion reaction into 1-Os-H

The Gibbs free energy (AG°) and the electronic Energy (AE) are computed
in a polarizable continuum representing toluene as solvent. These energies along
with equilibrium isotope effect of the equilibrium reaction of the proteo and
deutero 1-Os-H are shown in table 4.1.

Table 4.1 — Electronic(AE), Gibbs Free Energy AG° and Equilibrium Isotope Effect
for the insertion reaction of different carbonyl compound. Energies are in

keal/mol.
Substrate AE AG® EIE
1- Formaldehyde -30.0 -15.5 0.29
2- Acetaldehyde -22.6 -7.4 0.28
3-CO, -18.8 -6.5 0.33
4- Acetone -17.7 -0.8 0.26
5- Dimethyl carbonate -8.7 5.3 0.26
6- Lactone -7.5 7.0 0.25
7- Ethyl acetate -5.8 9.5 0.27
8- N-methylacetamide -4.5 11.1 0.28
9- Methyl methylcarbamate -2.9 12.9 0.27
10- Urea 4.0 18.0 0.26
11- Dimethyl urea 3.5 19.2 0.26

As shown above, the equilibrium isotope effect (EIE) is computed to be
highly inverse for all the substrates considered. This result can be attributed
in a straightforward way to the fact that the vibrational frequencies of the C-H
bond being formed in the assigned reactions are much higher than that of Os-H
bond being cleaved. Energies were arranged in order of decreased exoergicity
as obtained by calculations, different carbonyl compounds showed very different
affinity to insert into Os-H bond of the complex, where the reaction’s energies
spanned a range of around 35 kcal/mol indicating different propensities of these
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substrates to get reduced. The most favorable insertion was for that of formalde-
hyde with highly exoergic free energy of -15.5 kcal/mol, while the least favorable
was that of Dimethylurea with insertion free energy of 19.2 kcal/mol.

However, the variation in the EIE (Kgy/Kp) was essentially minor. This
was totally unexpected because one would normally associate the more favorable
reaction with the formation of a much “stronger” C-H bond that would yield the
more inverse EIEs. Counterintuitively, the computed data in table 4.1 reveal
opposite trend, where Dimethylurea, the least favorable inserted species resulted
in very similar inverse EIE to that of Formaldehyde (0.26 for vs 0.29). This
means that, the C—H formed after Dimethylurea insertion is of same strength as
that of Formaldehyde insertion, despite the great difference in their net reactions
energies. This is a counterintuitive finding because, generally, more exoergic
reactions are expected to yield stronger bonds, that have higher frequencies.

To rationalize why the more favorable insertion doesn’t form stronger C—
H bonds or why the energy of insertion/reduction isn’t directly linked to the
strength of the bond being formed. We constructed two thermodynamic cycles
to split the energy of the reduction reaction into several terms. These two cycles
are outlined in scheme 4.4.

Cycle 1: Cycle 2:
i i i
_ —AEpyg | AE,
Hov 6 ———~ Gy 10s:H + C  — ™ . 1-0s-OCHXY
X Y AE‘dist +AE, 0 X X Y AEhyd+AEdist+AEred+ AEcoord
OE gist LEhya AEgist AEcoord
1. Distort th 1. Hydride 2. Distort th inati
sublsstr.;rte t: AE, Dissociaton from substra!l: toormc:il as + CZ?T:::"O"
motif 2. Vertcally bind the metal-hydride in metal-alkoxide
hydride to the carbon product H
|
- —~C-y) . C..
H + o= \"Y 1-0s+ + H + o=4 ”Y4>AE _O/C\"“Y + 1-Os+
X X red %

3.Reduce the
distorted carbonyl

Scheme 4.4 — Thermodynamic Cycle for carbonyl compounds reduction

In Cycle 1, the structural and electronic energy of the complex itself are ex-
cluded, where the reaction studied is the reduction of the carbonyl compounds
through binding of H™ to the carbon of carbonyl. Therefore, -AE},4 of this reac-
tion is split into two terms; i) A distortion energy (AE’ys), which is the energy
required to distort the structure of the carbonyl compound from planar to trigo-
nal pyramidal geometry attained at it’s alkoxide form, and ii) The “vertical” (or
adiabatic) energy (AE,) for hydride binding to the distorted organic substrate.

In Cycle 2, we studied the net insertion reaction, where the Electronic energy
of insertion (AE,,,) is split into four terms; i) AEj,4 representing the affinity of
the complex to donate a hydride forming a metal cation (which is constant value
characterizing the complex), ii) AEy;s which is the energy required to distort the
structure of the carbonyl compound from planar to trigonal pyramidal geometry
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attained at the metal-alkoxide product, iii) AE,.; is the energy of the reaction
involving binding the hydride to the distorted carbonyl, and iv) AE,..q which
is the energy required to coordinate both the metal cation and alkoxide anion
forming metal-alkoxide product. The computed energies are shown in table 4.2.
As shown in table 4.2, for Cycle 1, the distortion energies (AE’ ;) are com-
puted to vary considerably among the organic substrates. The lowest AE’ g
is that of formaldehyde at 32.6 , which encounters hydrogens as substituents to
the carbonyl. However, at the other end are structures involving amido groups
substituents such as Dimethylurea which requires much higher distortion energy
of 70.1 kcal/mol. The overall range of the computed distortion energies is 37
kcal/mol. Most remarkably and according to the shown computed data, some of
the substrates that strongly disfavor reduction have high distortion energy. For
example, the net reaction energy for reducing formaldehyde is much favored than
that of Dimethylurea: AE,,, = -24.1 and 5.1 kcal/mol, respectively. Accord-
ingly, the distortion energy required by formaldehyde is much lower than that
of Dimethylurea: AE’4 = 32.6 vs 70.1 kcal/mol. However, the vertical energy
required to bind the hydride to the distorted carbonyl (AE,) are -68.2 kcal/mol
for Formaldehyde and -77.2 kcal/mol for Dimethylurea. This means that the
distorted Dimethylurea in fact favors reduction (forming C-H bond) by nearly
9 kcal/mol compared to the distorted formaldehyde, thus resulting in C—H bond
of very similar strength, therefore invariant EIE. However, there is no systematic
correlation between the distortion energies and the net reduction energies.

Table 4.2 — Computed MO6L-D3 Distortion Energies shown in thermodynamic cycles.

Cycle 1 Cycle 2

Substrate AE’ 4 AE,  -AE,,  -AGuy ‘ AE, 4 AE ;¢ AE, 4 AE .4 AE AG®
1- Formaldehyde 32.6 -68.2 -35.6 -24.1 89.8 43.0 -78.6 -84.2 -30.0 -15.5

2- Acetaldehyde 360 -643 -284 -16.4 89.8 45.7 -74.0 -84.0 -22.6 -7.4
3-CO, 53.8 -92.4 -38.6 -29.1 89.8 58.4 -97.0 -70.0 -18.8 -6.5

4- Acetone 385 -62.0 -235 -10.8 89.8 47.7 -71.2 -84.0 -17.7 -0.8

5- Dimethyl carbonate 58.7 -844 -25.7 -13.9 89.8 59.7 -85.4 -72.7 -8.7 5.3
6- Lactone 51.0 -71.7 -20.7 -10.3 89.8 67.2 -87.9 -76.6 -71.5 7.0

7- Ethyl acetate 51.0 -72.2 -21.2 9.3 89.8 56.1 -77.3 -74.4 -5.8 9.5

8- N-methylacetamide 584 -71.5 -13.1 -1.1 89.8 49.3 -62.4 -81.1 -4.5 11.1
9- Methyl methylcarbamate | 66.6  -83.4  -16.8 -5.2 89.8 55.7 -72.5 -75.9 -2.9 12.9
10- Urea 68.5 -763 -7.8 3.5 89.8 66.4 -74.1 -78.0 4.0 18.0

11- Dimethyl-Urea 701 -772 7.2 5.1 89.8 66.0 -73.1 -79.1 3.5 19.2

Cycle 2 starts with removing a hydride from 1-Os-H complex. This step is
endoergic by AE; 4= 89.9 kcal/mol. Similarly as Cycle 1, the distortion ener-
gies (AEys) are computed to vary considerably among the organic substrates.
Also, The lowest AEy,; is for that of formaldehyde at 43.0, while the highest
is that of Dimethylurea at 66.0 kcal/mol. After distorting, Formaldehyde and
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Dimethylurea showed reduction energies of AE,.; = -78.2 and -73.1 kcal/mol
respectively, while coordination energies AE ¢ = -84.2 and -79.1 kcal/mol re-
spectively. Therefore, both have very similar tendency to get reduced first, and
then coordinate with the square pyramidal osmium cation (1-Os+) form of the
complex forming metal-alkoxide product, thus, the only factor contributing to
their very different reaction energies and plays an important role in their differ-
ent propensities to insert into metal-hydride bond is suggested to be “distortion”.

Evidently, the presence of an amino group at the carbonyl carbon greatly
increases the distortion energy. The distortion at hand involves primarily pyra-
midalization of the three substituents at the carbonyl carbon. This presumably
raptures the conjugation achieved when there is a substituent with a lone pair. In
the case of ureas, the distortion involves both pyramidalization at the carbonyl
carbon as well as the nitrogen centers, which can explain the very high distor-
tion energy. In other words, when there is an amino group connected to the
carbonyl, m-conjugation greatly stabilizes the carbonyl motif around the carbon,
disfavoring thereby the interaction with a hydride thus reduction.
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4.2.2 Mechanism of Insertion

Our investigations on carbonyl compounds insertion into Os-H bond of 1-Os-H
suggests that a major factor in determining the thermodynamic favorability of
reduction is “Distortion Energies” of the substrates. To direct our proposition,
we performed additional calculations on the mechanism of insertion to probe the
distortion’s effect on the pathway of the reaction along with examining the RDS.
We started our mechanistic study by locating the stationary points along the PES
of reaction of two substrates with 1-Os-H that showed very different distortion
energies, Formaldehyde and Dimethylurea. Gibbs free energy profiles are shown
in figure 4.3.

A. Gibbs Free Energy for Formaldehyde in Toluene
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Figure 4.3 — M06L-D3 Gibbs Free Energy profile for insertion of Formaldehyde (A),
and Dimethylurea (B) in toluene.

Both profiles start by locating the first linear transition state on the PESs
of the reactions in toluene. These T'Ss showed barely stressed Os-H bond at
1.77 A for Formaldehyde and 1.90 A for Dimethylurea when compared to the
reactant 1-Os-H (1.73 A). However, the C-H bond is observed to be shorter for
Dimethylurea than that of formaldehyde (1.80 A vs 1.41 A) indicating a greater
interaction for the former at this stage of the reaction, but yet, much larger
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than a fully formed C-H bond at formate (1.14 A), then they are both still
characterized as tsl. The barriers for these TSs varry considerably from 0.2
kcal/mol for Formaldehyde to 32.0 kcal/mol for Dimethylurea while the kinetic
isotope effect was essentially invariant as illustrated in figure 4.3. This transition
state connects the initial reactants to il, the first minimum on the PES. According
to the previously discussed details, by analogy to il reported in chapters 2 and
3, this minimum is considered a bridging hydride minimum, where the hydride is
sandwiched between osmium and carbon of the carbonyl.

The electornic energy along with gibbs free energy, the kinetic isotope ef-
fect (KIE), and some assigned geometric parameters of tsl computed for all the
carbonyl compounds are shown in table 4.3.

Table 4.3 — The electronic energy (AEY), Gibbs free energy (AGH)imaginary fre-
quency, reduced mass (u), KIE and some bond distances at ts1.

Substrate AE/ AG* i-freq n oou Yc_n KIE

1- Formaldehyde -10.5 0.2 193 4.32 1.77 1.80 1.23

2- Acetaldehyde -6.1 5.5 495 2.09 1.80 1.64 1.37
3-CO, -0.3 8.2 534 2.82 1.78 1.66 1.19

4- Acetone 0.4 13.3 592 1.89 1.89 1.53 1.46

5- Dimethyl carbonate 6.0 18.2 630 2.31 1.84 1.47 1.17
6- Lactone 34 15.2 737 1.79 1.90 1.43 1.35

7- Ethyl acetate 5.8 19.1 676 1.89 1.90 1.42 1.35

8- N-methylacetamide 7.3 20.3 236 2.48 2.01 1.32 1.12
9- Methyl methylcarbamate 14.6 27.9 653 2.00 1.87 1.50 1.30
10- Urea 19.1 30.8 811 1.81 1.88 1.42 1.27

11- Dimethyl-Urea 20.0 32.0 791 1.80 1.90 1.41 1.24

We continued our investigations to locate the second transition state known
as the cyclic TS. Computed TS, connects il, the bridging intermediate to the
final metal-alkoxide product. Same TS was calculated for all the studied carbonyl
compounds and are all characterized by an imaginary frequency representing a
vibration that exchanges C-H and C-O bond coordination of the formed alkoxide
anion to the metal. This i-freq were observed to be insensitive to isotope substi-
tution of the hydride by deuterium. The computed stationary points along the
PESs of the insertion reaction of all substrates with 1-Os-H are shown in table
4.4

Moreover, no distinct hydride transfer transition state (ts2) were located for
all these substrates, indicating the vanish of such step when a bridging hydride
is formed and a shallow surface near these points. Therefore, after formation
of the bridging species characterized by a lower barrier, the reaction is expected
to proceed through concomitant cleavage of Os—H bond and formation of Os—
O bond through what we discussed earlier as slippage or cyclic TS, therefore
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resulting in insertion, not through a conventional hydride transfer mechanism.
As shown in table 4.4, the free energy of the separated ions that can form by
dissociation of all i1s in toluene is computed to be endoergic and much higher than
TScye for all the substrates. Therefore, this rules out any proposed role for free
ions in mediating associative carbonyl compounds insertion into metal hydride
bond in Gusev’s system. lon-pair formation, dissociation and re-coordination is,
therefore, unlikely to be viable.

Consistently, T'S,. is observed to be the highest point on the PES of all the
substrates as shown in table 4.4, therefore indicating that if reduction reaction
is to take place for these carbonyl compounds, then it is expected to proceed
through the characteristic cyclic transition state (TScy.).

Table 4.4 — Computed MO6L-D3 Free energies for stationary points along the PES of
the reaction of 1-Os-H with all the substrates. Gibbs free energies are
given in kcal/mol at 298 K and 1 M relative to the separated reactants.

Substrate tsl il TS, 1-Os-OCHXY Separated ions
1- Formaldehyde 0.2 -3.5 4.9 -15.5 54.2
2- Acetaldehyde 5.5 4.4 12.9 7.4 61.4
3-CO, 8.2 5.3 13.6 -6.5 51.2
4- Acetone 133 5.0 18.5 -0.8 66.3
5- Dimethyl carbonate 18.2 15.8 21.2 53 64.1
6- Lactone 15.2 15.9 21.5 7.0 69.1
7- Ethyl acetate 19.1 20.1 28.0 9.5 68.6
8- N-methylacetamide 20.3 214 31.2 11.1 76.6
9- Methyl methylcarbamate| 27.9 27.1 341 12.9 73.0
10- Urea 30.8 29.7 40.4 18.0 82.0
11- Dimethyl-Urea 32.0 29.9 40.8 19.2 86.1

Despite showing that the reduction of the above studied substrates with 1-Os-
H in toluene involves TS, as RDS. The initial stage of the reaction commonly
involves a preparatory step for activating the carbonyl compound through bridg-
ing species formation which is observed to encounter a smaller yet significant
barrier. However, this barrier varies substantially when changing the carbonyl
compound. Theoretically, the kinetic barrier for any transformation is the en-
ergy required for the structural and electronic reorganization to progress from a
ground state to a transition state. As the energy varies substantially among the
considered organic compounds we suggest that it falls from the bending required
by this carbonyl prior to bridging the hydride with the metal. Thus assuming
that this preparatory step (forming the bridge) is due to a bending barrier from
the carbonyl.

We can test this assumption by constructing a thermodynamic cycle (Cycle 3)
to dissect the reaction’s energy into two energies. This cycle is outlined in scheme
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4.5, where the Electronic Energy barrier (AE?) is split into; i) A distortion energy
(AE”4:5), which is the energy required to distort the structure of the carbonyl
compound from planar to trigonal pyramidal geometry attained at the level of
tsl, and ii) A vertical binding energy (AE”,), which is the energy required to
react the hydride with the carbon of distorted carbonyl compound.

(o) g A
1. NH
* ANWA TN
‘ ‘ AErxn N-— 2 ,-“PtBUZ
1-Os-H + /c\ /Cis\co
7
X Y  AEgst+ AEy, <) H
AEaist

1. Distort the
substrate to motif in
the TS

2. React the distorted
substrate with complex

Co..
1-0sH + o— \'"Y
X

Scheme 4.5 — Thermodynamic Cycle 3 for energy barrier at tsl.

The computed MO6L-D3 Energies of Cycle 3 are shown in table 4.5. The
distortion energies (AE” 4 ) are shown to vary considerably among the organic
substrates. Compounds with higher distortion energies showed higher reaction
barriers, very consistent with the thermodynamics. Remarkably, a high per-
centage of distortion is attained at tsl by compounds initially requiring higher
distortion, thus favoring by that hydride bridging. This is supported by examin-
ing the energy required to react the distorted geometry of the organic substrates
with hydride. AE”, is highly exergonic and very comparable for all the com-
pounds [spans a range of 7 kcal/mol]. In a more extreme scenario, compounds
that showed unfavorable reduction experimentally and theoretically, are currently
(after distorting) showing high susceptibility to react. For example, the distortion
energy in the reaction of formaldehyde is much lower than that of Dimethylurea:
AEgs = 3.1 keal /mol vs 34.7 keal /mol. However, the vertical energy for hydride
bridging to the distorted formaldehyde and the distorted Dimethylurea are -13.7
and -14.5 kcal/mol respectively. This means that the distorted Dimethylurea
in fact favors hydride bridging by nearly 1 kcal/mol compared to the distorted
formaldehyde.
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Table 4.5 — Computed M06L-D3 for Energies in Cyle 3.

Substrate AE”dist AE”v AE*rxn

1- Formaldehyde 3.1 -13.7 -10.5

2- Acetaldehyde 7.8 -14.0 -6.1
3-CO, 14.2 -14.5 -0.3

4- Acetone 14.9 -14.5 0.4

5- Dimethyl carbonate 25.6 -19.6 6.0
6- Lactone 21.5 -18.1 34

7- Ethyl acetate 25.8 -20.0 5.7

8- N-methylacetamide 27.8 220.5 7.3
9- Methyl methylcarbamate 33.7 -19.2 14.6
10- Urea 33.0 -13.9 19.1

11- Dimethyl-Urea 34.7 -14.5 20.2

After showing that the distortion energy dictates the thermodynamic favor-
ability of reduction, currently, we showed that it dictates kinetics as well. Es-
pecially, distortion starts at an early stage of the reaction where the compound
approaches the metal-hydride through a bent angle at tsl resulting in what we
defined earlier as a bridging species il.

4.3 Conclusion

In this chapter, we were able first to represent a simple approach for explaining
the different thermodynamic susceptibility of a series of carbonyl compounds to
get reduced. Our calculations suggest that carbonyl compounds having donor
group substituents and showing experimentally non facile insertion favor C-H
bond formation to the same extent as experimentally facile ones. However, their
high distortion energies prior to hydride binding dictate this transformation thus
disfavoring insertion.

Kinetically, we were able to support our previous proposition in Chapters 2
and 3 on the involvement of a bridging species as a preparatory step in hydro-
genation of carbonyls as well as carbon dioxide. In some cases the formation of
this species was clear, in others, the C—H bond was more dissociative at the level
of tsl, however, in all the above studied unsaturated compounds no trace for a
distinct hydride transfer T'S was located.

To clarify the origin of this observation we can think of the carbonyl group
as a Lewis acid that are expected to accept pair of electrons. The first step in
bridge formation is computed to be of a distinct barrier along the potential energy
surface of the reaction. This barrier arises from the distortion of the carbonyl
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compound and varies upon. When this barrier is attained, we expect an exoergic
C-H bond partial formation, similar for all species prior to cleavage of a metal-
hydride bond. However, M-H bond cleavage is concomitant with the C-O bond
insertion through what we computed and explained as TS, the highest point
and RDS, not through a hydride transfer TS forming an ion-pair species. This
transformation is predicted to be barrierless where the PES leads directly to
TSeye, as both ts2 and i2 weren’t distinctly located.

In attempts to develop new and more efficient catalytic systems, the mecha-
nism of hydrogenation of unsaturated molecules using organometallic transition
metal-hydride complexes had been widely elucidated. Numerous studies focus on
examining the hydricity of metal-hydrides since a more conventional mechanism
is expected to start through nucleophlic attack of the hydride on the carbon.
Simplistically, our calculations convey no support for a mechanism initiated by
a “shoot” of hydride to the carbonyl. This finding is believed to redirect the
understanding of what has been for a long time fundamentally misunderstood as
a hydride transfer mechanism.
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Chapter 5

Conclusion

Insertion reactions of unsaturated molecules into saturated octahedral transition
metal complexes is proposed to proceed through an associative mechanism where
no empty coordination site is required. However, probing the rate determining
step for such process has been tedious, due to conflicting view about the nature
of TS involved. The advancement in the development of hardware, software,
and theoretical methods allowed scientists to gain detailed information about
mechanism of chemical reactions using modern quantum chemical methods such
as Density Functional Theory (DFT).

In this thesis, we utilized DFT methods to investigate the associative mech-
anism of insertion of unsaturated molecules into a metal-hydride bond of sat-
urated octahedral dS-transition metal complexes. We examined the associative
outer-sphere potential energy of the reaction of carbon dioxide and carbonyl com-
pounds insertion into three different metal hydride complexes.

Our first investigation pertained carbon dioxide insertion into rhenium hy-
dride bond of fac-(bpy)Re(CO)3H, a system by Sullivan and Meryer who pro-
posed either a linear or cyclic TS as RDS. The full associative mechanism was
studied, our calculations revealed that the initial stage of the reaction starts with
a low energy linear T'S (ts1) for formation of a bond between the carbon and the
metal hydride bond leading to a bridged hydride species (il). In analogy with an
organometallic bridged borohydride intermediate that are known to perform such
species and using QTAIM, we supported our proposition that il is more consis-
tent with a hydride bridge. A second stage of the reaction involves cleavage of
the bridged metal hydride bond and rearrangement of the resulting ion-pair in-
termediate via a cyclic transition state (T'S.,.). We showed that consideration of
TScye as RDS afforded activation free energies, solvent effects, substituent effects
and KIE that are all in excellent agreement with the experiment.

Our second investigation explored the effect of hydrogen bonding and trans-
hydride ligand on the RDS of the same given transformation. We concluded
that the RDS in the reaction with (**"PENP)Ir(H)s, a prototype of octahedral
complexes also involved a cyclic TS. Moreover, accepting this finding, accurately
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reproduced the available experimental kinetics data for this system. In contrast,
assuming ts1, the linear TS, to be rate determining afforded barriers and solvent
effects that are all inconsistent with the experiment.

A key point in such conclusion reveals a new fundamental understanding to a
mechanism has been widely believed to be initiated through a “hydride transfer
step” where a nucleophilic attack of the hydride on the carbon takes place. Our
finding redirects this understanding and simplistically conveys no support for a
mechanism initiated by a “shoot” of hydride to the carbonyl.

In the last part, we expanded our investigation into the mechanism of associa-
tive insertion of carbonyl compounds other than CO,. We considered the inser-
tion of eleven carbonyl compounds (XYC=0, where X,Y = H, Me, OMe, OEth,
NHs;, NHMe) into Gusev’s octahedral osmium dihydride (PNN)Os(H)2(CO) cata-
lyst. Different carbonyl compounds showed different susceptibility to get inserted
(energies varied over a range of around 30 kcal/mol). However, the substrates
that disfavored insertion afforded Equilibrium Isotope Effect (EIE) that were
slightly more inverse than the more favored insertions. This meant that the less
favored reactions result in formation of stronger C-H bonds. We rationalized this
counterintuitive finding using thermodynamic cycles starting with distortion of
the carbonyl moiety in the free substrates prior to formation of a C-H bond. We
concluded that this result followed due to high “Distortion Energies” required
by these substrates prior to reduction, and that the distorted substrates have
comparable susceptibilities to reduction by formation of a C-hydride bond. Ki-
netically, calculations predicted an associative mechanism where T'S,,. is the RDS
even if some reactions are uphill or prohibited, while tsl is a preparatory step
for forming bridging hydrdie intermediate. Therefore, we showed that distortion
energies dictate both the kinetic and thermodynamic trends of these reactions.
The results obtained in the present work provide new insights to understanding
the associative mechanism for carbonyl group insertion into the M-H bond of
octahedral complexes.
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Appendix A

Abbreviations

EIE Equilibrium Isotope Effect
IRC Intrinsic Reaction Coordinates
KIE Kinetic Isotope Effect

NBO Natural Bond Orbital

PES Potential Energy Surface

RDS Rate Determining Step

THF Tetrahydrofuran

TST Transition State Theory

ZPE Zero Point Energy
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Appendix B

Job Script Samples

B.1 Optimization and Frequency Calculations

S%chk=C02

xEmem=4 0GB

%NProcshared=28

#MO6L,/gen opt=(tight,calcfc) scrf=(smd,solvent=THF) freq integral={grid=superfine)

Ccarbon dioxide

01
c,0,-0.35787019,0.11242598,-0.09220139

0.0,0.8011297299,0.11242598,-0. 09220139
0,0,-1.5168701099,0,11242598,-0, 09220139
caodo

DE'F?'IZVP

Figure B.1 — Input sample job showing the commands needed for the optimization
and frequency calculation of the Carbon dioxide in THF.
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Optimization completed.
-- Stationary point found.

| Optimized Parameters |
I (Angstroms and Degrees) |

I Name Definition Value Derivative Info. |
IR1 R(1,2) 1.159 -DE/DX= 0.0 |
IR2 R(L,3) 1.159 -DE/DX= 0.0 !
A1 L(2,1,3,-2,-1) 180.0 -DE/DX= 0.0 !
A2 L(2,1,3,-3,-2) 180.0 -DE/DX= 0.0 !

GradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGradGrad

Input arientation:

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 6 0 -0.357870 0.112426 -0.092201
0 0.801146 0.112426 -0.092201
3 8 0 -1.516887 0.112426 -0.092201

(8]
o]

Distance matrix (angstroms):
1 2 3
1 C 0.000000
2 O 1.159016 0.000000
3 O 1.159016 2.318033 0.000000
Stoichiometry CO2
Framework group D*H[O(C),C*(0.0)]
Deg. of freedom 1
Full point group D*H NOp 8
Largest Abelian subgroup D2H NOp 8
Largest concise Abelian subgroup C2 NOp 2

Figure B.2 — Output sample showing the completed optimization for COs in THF.
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Harmonic frequencies (cm**-1), IR intensities (KM/Mole), Raman scattering

activities (A**4/AMU), depolarization ratios for plane and unpolarized
incident 1ight, reduced masses (AMU), force constants (mDyne/A),
and normal coordinates:

Frequencies
Red. masses
Frc consts
IR Inten
Atom AN

1 6

2 8

3 8

Frequencies
Red. masses
Frc consts
IR Inten
Atom AN

1 6

2 8

3 8

Figure B.3 -

1

PIU
-- 675.8268
-- 12.8774
-- 3.4654
-- 35.7896

X Y
0.38 0.80
-0.14 -0.30
-0.14 -0.30

4

SGU
-- 2458.1787
-- 12.8774
-- 45,8463
-- 775.1948

X Y
0.00 0.00
-0.00 -0.00
-0.00 -0.00

Z
-0.00
0.00
-0.00

Z
0.88
-0.33
-0.33

2
PIU
675.8268
12.8774
3.4654
35.7896
X Y
0.80 -0.38
-0.30 0.14
-0.30 0.14

z
-0.00
-0.00

0.00

3
SGG
1386.9869
15.9949
18.1291
0.0000
X Y
0.00 -0.00
-0.00 0.00
-0.00 0.00

zZ
-0.00
0.71
-0.71

Output Sample showing the frequency calculations of the CO5 molecule

in THF.
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Temperature 298.150
Atom 1 has atomic
Atom 2 has atomic
Atom 3 has atomic number 8 and mass
Molecular mass: 43.98983 amu.

Principal axes and moments of inertia in

Pressure
6 and mass
number 8 and mass

Kelvin.
number

1.00000 Atm.

12.00000
15.99491
15.99491

1 2 3
Eigenvalues -- 0.00000 153.45774 153.45774
X -0.00000 1.00000 -0.00000
Y 0.00000 0.00000 1.00000
z 1.00000 0.00000 -0.00000
This molecule is a prolate symmetric top.
Rotational symmetry number 2.
Rotational temperature (Kelvin) 0.56442
Rotational constant (GHZ): 11.760510

Zero-point vibrational energy

atomic units:

31083.92 (Joules/Mol)

7.42923 (Kcal/MoT1)
Vibrational temperatures: 972.36 972.36 1995.56 3536.77
(Kelvin)

Zero-point correction= 0.011839 (Hartree/Particle)
Thermal correction to Energy= 0.014453
Thermal correction to Enthalpy= 0.015397
Thermal correction to Gibbs Free Energy= -0.008849
sum of electronic and zero-point Energies= -188.642957
sum of electronic and thermal Energies= -188.640343
sum of electronic and thermal Enthalpies= -188.639399
sum of electronic and thermal Free Energies= -188.663645

E (Thermal) cv S

Kcal/moTl cal/Mol-Kelvin cal/Mol-Kelvin
Total 9.069 6.833 51.030
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 37.270
Rotational 0.592 1.987 13.069
Vibrational 7.588 1.865 0.691

Q Logl0(Q) Ln(Q
Total Bot 0.117523D+05 4.070124 9.371807
Total v=0 0.327933D+10 9.515785 21.910904
vib (Bot) 0.388004D-05 -5.411164 -12.459666
vib (v=0) 0.108267D+01 0.03449%6 0.079431
Electronic 0.100000D+01 0.000000 0.000000
TransTlational 0.114679D+08 7.059482 16. 255059
Rotational 0.264123D+03 2.421806 5.576414

Figure B.4 — Output Sample showing the Thermodynamic section calculations of the
CO3 molecule in THF'.
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%chk=Re-H

xmem=40GBE

%NProcshared=28

#opt=(tight,calcfc) freq rM06L/genecp/Wl6 EmpiricalDispersion=GD3
scrf=(smd,solvent=THF)} nosym integral={(grid=superfine)

1-Re-H complex in THF

01
-5.16710137 -0.52412830 -1.00623167
-5.16710137 -0.52412830 0.57376833
-6.90149452 1.65897108 -0.69196732
-4.79554052 2.86158508 -0.69196732
-5.48162252 4.07588108 -0.69472832
-6.87627552 4.0B39EC0E -0.69607332
-7.58423652 2.88392208 -0.69326632
-7.64192552 0.39852708 -0.69071232

-7.91870452 -1.87939192 -1.47545332
-9.06168352 -2.01845492 -0.68837732
-9.49513052 -0.95129592 0.09746868
-8.79289352 0.25153708 0.09688868
-3.69568452 2.85150808 -0. 68869532
-4.92465352 5.02392608 -0.69582632
-7.42057052 5.03976308 -0.70046332
-B.68454252 2.B9468208 -0.69991632
-7.57456252 -2. 71818392 -2.09818132
-9.61858152 -2.96654192 -0. 68746632
-10. 39587552 -1.05818002 0.72103268
-9.13585952 1.08923108 0.72256968
-5.49908252 1.65897108 -0.69196732
-7.21055652 -0.679486092 -1.47720232
-5.16710137 -0.52412830 -3.05623167
-5.16710137 -2. 57412830 -1.00623167
-3.11710137 -0.52412830 -1.00623167
-5.16710137 -0.52412830 -4.17163167
-5.16710137 -3. 68952830 -1.00623167
-2.00170137 -0.52412830 -1.00623167

OOOI"‘II"‘II"‘IZZIIIIIIIII"\I"‘Iﬁﬁﬁﬁﬁﬁﬁﬁlﬁ

HC NOOD
Def2TZVP

R R
Re O
QZVP

AR

Re O
def2

Figure B.5 — Input sample job showing the commands needed for the optimization
and frequency calculation of 1-Re-H transition metal complex in THEF.

64



B.2 Single Point Calculations

%chk=co2

%mem=7 8GB

%NProcshared=28

#MO6L/gen/w06 EmpiricalDispersion=GD3 scf=(direct) scrf=(smd,solvent=THF)
integral=(grid=superfine)

opt=(calcfc,tight) freq

Carbondioxide

01
C,0,-0.35787019,0.11242598,-0.09220139
0,0,0.8011297299,0.11242598,-0.09220139
0,0,-1.5168701099,0.11242598,-0.09220139

coo0
Def2TzvP

--Tink1l--

%chk=co2

%mem=7 8GB

%NProcshared=28

#M06/gen/W06 EmpiricalDispersion=GD3 scf=(direct) scrf=(smd,solvent=THF)
integral=(grid=superfine)

geom=check guess=check

Carbondioxide
01

coo0
Def2TzvP

--Tink1l--

%chk=co2

%mem=7 8GB

%NProcshared=28

#b3Typ/gen/W06 EmpiricalDispersion=GD3 scf=(direct) scrf=(smd,solvent=THF)
integral=(grid=superfine)

geom=check guess=check

Carbondioxide
01
coo0

Def2TzVvP

--Tink1--

%chk=co2

%mem=7 8GB

%NProcshared=28

#wB97XD/gen scf=(direct) scrf=(smd,solvent=THF) integral=(grid=superfine)
geom=check guess=check

Carbondioxide
01

coo0
Def2TzvP

Figure B.6 — Input sample job showing the commands needed for single point calcu-
lation of CO2 molecule in THF at different levels of theory (in red) after
optimizing first at M06L/WO06.
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Emem=72GE

%nprocshared=28

#freq rMDELf?enecpHWDE EmpiricalDispersion=GD3
scrf=(smd,s0 vent=t01uene§ nosym integral={grid=superfine)

C--0

01

0 2.20833700 14.14746100 0.15200900
C 1.51092600 14. 80740300 -0.67136000
0 0.66355700 15.68475300 -0.44461700
Codo

Def2TZVP

R

Figure B.7 — Input sample job showing the commands needed for single point calcu-
lation of distorted CO9 molecule in toluene.

Polarizable continuum Model (PCM)

Mode1 : PCM.

Atomic radii : SMD-Coulomb.

Polarization charges : Total charges.

Charge compensation : Nohe.

solution method : Matrix inversion.

Cavity type : vdw (van der waals surface) (Alpha=1.000).
Cavity algorithm : GePol (No added spheres)

Default sphere Tist used, NSphG= 31.

Lebedev-Laikov grids with approx. 5.0 points / Ang**2.

smoothing algorithm: York/Karplus (Gamma=1.0000).

Polarization charges: spherical gaussians, with
point-specific exponents (Izeta= 3).

Self-potential: point-specific (ISelfs= 7).

Self-field : sphere-specific E.n sum rule (ISelfD= 2).

1st derivatives : Analytical ECr).r(x)/FMM algorithm (CHGder, D1lEAlg=3).
Cavity 1lst derivative terms included.

2nd derivatives : Analytical EC(r).r(xy)/FMM algorithm (CHGder, D2EA1g=3).
Cavity 2nd derivative terms included.

solvent : TetraHydroFuran, Eps= 7.425700 Eps(inf)= 1.974025

Figure B.8 — Output sample output showing the polarizable continuum model used
in all calculations
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B.3 Transition State and IRC Calculations

%chk=tsl

Z%mem=40GB

%nprocshared=28

#opt=(modred) freq rM06L/genecp/W06 EmpiricalDispersion=GD3
scrf=(smd, solvent=THF) nosym integral=(grid=superfine)

Transition state for hydride bridging

01

-5.00979228 -0.47249984  -1.35383640
-4.98215121  -0.46064906 0.49481898
-7.08547228 1.77837116  -0.88419940

]
("]

-4.98231328 2.69187416  -1.22273940
-5.45635928 3.97514616  -1.05087840
-6.80340028 4.15608616 -0.78311440
-7.62221028 3.04816616  -0.70129340
-7.88132428 0.55263116  -0.82119840

-7.87899228 -1.75562084 -1.02773540
-9.22867428 -1.83209184  -0.75590340
-9.92280728  -0.66085984  -0.50055640
-9.24229928 0.53937416  -0.53623140
-3.93788628 2.50490016  -1.43303940
-4.77552428 4.81071116  -1.12676340
-7.21197028 5.14751716  -0.64162640
-8.67609328 3.16723916  -0.49801240
-7.29777828  -2.64602184  -1.22722940
-9.71741428  -2.79555484  -0.74305540
-10.98077628  -0.68105984  -0.27664740
-9.76361328 1.46397416  -0.33777640
-5.76815028 1.61037416  -1.14215340
-7.20880728 -0.59671984 -1.05866640
-5.07267728  -0.46267984  -3.33744940
-4.59175328 -2.33861784  -1.32677640
-3.12857128 -0.12678484 -1.37166440
-5.05390328 -0.49045384  -4.49427040
-4.35107928  -3.47458484  -1.28143240
-1.98819628 0.09355716  -1.35851540
-5.01155444  -1.29621897 1.86086471
-3.85684944  -1.38397597 2.00056571
-6.17239144  -1.33600397 1.98549671

OO0ONOO0OONMNMZZIITIIIITIIIINNHNONONODOANNNODI

F

1
2 29 F

2
2
HCNOO
Def2TZVP

B

Re 0
QzVP

Re 0
def2

Figure B.9 — Input sample showing the commands needed for the optimization of the
fixed geometry of transition state.
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%chk=tsl

%mem=40GB

%nprocshared=28

#opt=(ts,noeigentest,tight,readfc,modred) freq rmMO6L/genecp,/W06
EmpiricalDispersion=GD3

scrf=(smd,solvent=THF) nosym integral=(grid=superfine) geom=check

Activated Transition state for hydride bridging

01

HCNOO
Def2TzVvP

Re 0
QzZVP

Re 0
def2

Figure B.10 — Input sample showing the commands needed for activation of the ge-
ometry of transition state.

Harmonic frequencies (cm**-1), IR intensities (KM/Mole), Raman scattering
activities (A**4/AMU), depolarization ratios for plane and unpclarized
incident light, reduced masses (AMU), force constants (mDyne/A),
and normal coordinates:

1 2 3
A A A
Frequencies -- -422.1135 28.2774 32.8095
Red. masses -- 3.6690 7.4027 8.8452
Frc consts -- 0.3852 0.0035 0.0056
IR Inten -- 2450.4331 0.0441 1.2860
Atom AN X Y z X Y z X Y Z
1 75 0.01 0.00 -0.00 -0.01 0.01 -0.03 -0.01 -0.00 -0.03
2 1 0.50 0.07 -0.72 -0.04 0.01 -0.03 0.00 0.02 -0.04
3 6 0.00 -0.00 -0.01 -0.01 -0.00 0.04 -0.00 -0.03 0.08
4 6 -0.00 -0.01 -0.01 -0.06 0.03 -0.19 -0.03 -0.01 0.00
5 6 -0.00 -0.01 -0.00 -0.06 0.03 -0.18 -0.01 -0.03 0.14
6 6 -0.00 -0.00 0.00 -0.03 0.01 -0.03 0.01 -0.05 0.26
7 6 0.00 -0.00 0.00 -0.01 -0.01 0.07 0.01 -0.05 0.22
8 6 0.00 -0.00 0.00 0.01 -0.01 0.09 -0.00 -0.03 0.03
9 6 0.01 0.00 0.01 0.00 -0.00 -0.04 -0.01 -0.02 -0.16
10 6 0.00 0.00 0.00 0.03 -0.02 0.09 -0.01 -0.04 -0.16
11 6 -0.00 0.00 0.01 0.05 -0.04 0.24 -0.00 -0.05 -0.04
12 6 0.00 -0.00 0.00 0.04 -0.03 0.23 0.00 -0.05 0.05
13 1 -0.00 -0.01 -0.01 -0.08 0.05 -0.31 -0.05 0.01 -0.09
14 1 0.00 -0.01 -0.00 -0.09 0.05 -0.28 -0.01 -0.02 0.16
15 1 0.00 -0.00 0.00 -0.03 0.00 -0.01 0.03 -0.07 0.37
16 1 0.00 -0.00 0.00 0.01 -0.02 0.17 0.03 -0.08 0.30
17 1 0.01 0.00 0.01 -0.01 0.01 -0.15 -0.02 -0.01 -0.24
18 1 0.00 0.00 -0.00 0.04 -0.03 0.08 -0.01 -0.04 -0.24
19 1 -0.00 -0.00 0.00 0.07 -0.06 0.35 0.00 -0.07 -0.03
20 1 0.00 -0.00 -0.01 0.05 -0.05 0.34 0.01 -0.07 0.13
21 7 0.00 -0.02 -0.02 -0.03 0.02 -0.06 -0.02 -0.01 -0.02
22 7 0.02 -0.00 0.02 -0.01 0.00 -0.03 -0.01 -0.02 -0.06
23 6 -0.08 0.01 -0.07 0.12 0.06 -0.04 0.02 -0.09 -0.04
24 6 -0.00 0.01 0.01 -0.05 0.00 -0.04 -0.01 -0.00 0.07
25 6 -0.00 -0.00 -0.00 0.03 -0.08 0.15 -0.00 0.00 -0.00
26 8 0.00 -0.00 -0.08 0.21 0.11 -0.05 0.05 -0.16 -0.04
27 8 -0.00 0.00 0.00 -0.08 -0.00 -0.06 -0.01 -0.01 0.16
28 8 0.01 -0.00 0.00 0.07 -0.17 0.31 0.00 -0.00 0.03
29 6 -0.23 -0.05 0.39 -0.03 -0.00 -0.04 0.04 0.18 -0.02
30 8 0.02 -0.03 -0.06 -0.03 -0.00 -0.04 -0.23 0.14 -0.05
31 8 0.04 0.04 -0.04 -0.04 -0.00 -0.03 0.31 0.29 0.03

Figure B.11 — Output sample showing the calculated imaginary frequency after the
activation of the geometry in optimization of transition state.
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%chk=tsl

%mem=40GB

%nprocshared=28

#IRC=(calcfc,maxcycles=200,maxpoints=100,recorrect=never,nogradstop) rM06L/genecp/wW06
EmpiricalDispersion=GD3

scrf=(smd, solvent=THF) nosym integral=(grid=superfine)

IRC for Rransition State of hydride bridging in 1-Re-H

(=)
=

e,0,-4.9362057331,-0.515018271,-1.4371674681
.7448002204,-0.4839720893,0.4434288452
.0259823182,1.6933370766,-0.8267429766
.9332334602,2.637461874,-1.1450524233
.4128979199,3.9067086855,-0.8978715876
.7579178999,4.0631687234,-0.6082926541
.5690369699,2.9468749949,-0.5737808217
.8107216273,0.459040369,-0.7864354121
.7738353618,-1.852612463,-0.9740586734
.1236247566,-1.9461172504,-0.7078461085
.8364996885,-0.7814526308,-0.4775003627
.1738463033,0.429121602,-0.5176995983
.8902574869,2.4693475911,-1.3766376354
.7379845542,4.7495723068,-0.9331646687
.1712952508,5.0426056438,-0.4089776788
.619596291,3.0447175943,-0.3443398137
.1779302126,-2.7359857531,-1.1597911242
.5973252212,-2.9166778747,-0.683427412
0.8968759886,-0.814544145,-0.2669404344
.7106178259,1.3484989619,-0.3368982766
.7130340899,1.5500031304,-1.1145870845
.1243432881,-0.68239568,-1.0174061122
.1306401148,-0.4961948292,-3.3541464869
.473009219,-2.3756805543,-1.5241177338
.0696721183,-0.1383895018,-1.6566998093
.207608467,-0.498487696,-4.5096177131
.1976566004,-3.4992242465,-1.5753427591
.9441621862,0.0978280568,-1.7951393789
.5213309061,-0.6367674259,1.6746334515
.3916601902,-1.7742230734,2.0187743694
.9871838196,0.438981224,1.9218268518

OO0ONOO0ODO0ONMNMNZZIITITIIITIIITINHOHODNDOOOODODIA

O0000C0CO0O 0000000000000 OO0 OO0 O

1
vvinpPrEp,~rviwplbnNVNORONOONPR2RWOOONNNOOWV BN B

HCNOO
Def2TZVP

B

Re O
QZVP

OO

Re O
def2

Figure B.12 — Input sample showing the commands needed for the calculation of the
intrinsic reaction coordinates for bridging hydride TS in 1-Re-H sys-
tem.
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Energies reported relative to the TS energy of -1103.363329

Energy RxCoord
1 -0.01737 -18.95493
2 -0.01736 -18.76445
3 -0.01735 -18.57430
4 -0.01733 -18.38439
5 -0.01732 -18.19487
6 -0.01731 -18.00502
7 -0.01729 -17.81486
8 -0.01728 -17.62414
9 -0.01727 -17.43325

10 -0.01725 -17.24222
11 -0.01724 -17.05118
12 -0.01722 -16.86013
13 -0.01721 -16.66909
14 -0.01720 -16.47809
15 -0.01718 -16.28713
16 -0.01716 -16.09628
17 -0.01715 -15.90564
18 -0.01713 -15.71521
19 -0.01712 -15.52543
20 -0.01710 -15.33539
21 -0.01708 -15.14620
22 -0.01707 -14.95584
23 -0.01705 -14.76546
24 -0.01703 -14.57494
25 -0.01701 -14.38467
26 -0.01700 -14.19498
27 -0.01698 -14.00539
28 -0.01696 -13.81605
29 -0.01695 -13.75931
30 -0.01693 -13.56809
31 -0.01691 -13.37680
32 -0.01689 -13.18560
33 -0.01687 -12.99433
34 -0.01685 -12.80319
35 -0.01683 -12.61202
36 -0.01681 -12.42100
37 -0.01678 -12.23001
38 -0.01676 -12.03918
39 -0.01673 -11.84834
40 -0.01670 -11.65748
41 -0.01667 -11.46647
42 -0.01664 -11.27531
43 -0.01661 -11.08403
44 -0.01657 -10.89266
45 -0.01653 -10.70127
46 -0.01649 -10.50986
47 -0.01645 -10.31845
48 -0.01640 -10.12705
49 -0.01635 -9.93567
50 -0.01630 -9.74429
51 -0.01624 -9.55294
52 -0.01618 -9.36160
53 -0.01611 -9.17025
54 -0.01603 -8.97891
55 -0.01596 -8.78755
56 -0.01587 -8.59618
Total number of points: 55
Total number of gradient calculations: 56
Total number of Hessian calculations: 1

IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC-IRC
Figure B.13 — Output sample showing the Energies along the reaction coordinates of

the bridging hydride TS in 1-Re-H system as displayed in the output
file.
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B.4 AIM Calculations

%Chk=1-Re-H

%mem=40GB

%NProcShared=28

#rMo6L/genecp/WO6 EmpiricalDispersion=GD3
scrf=(smd,solvent=THF) nosym integral=(grid=superfine)
output=wfx pop=NBO

Re-H chelate ligand in THF

01
Re,0,-4.9790677878,-0.6143852142,-1.1434805853
.8462177808,-0.6780313831,0.6426967653
.0370999071,1.6412272547,-0.5799800751
.9222622528,2.545475256,-0.8623361071
.3908181136,3.8289476257,-0.6762366169
.7414793838,4.0147497002,-0.4310291713
.5682259722,2.9110334571,-0.3818836759
.8450520114,0.4221281383,-0.5511649459
.8559960695, -1.8862250332,-0.7542368223
.2140568566,-1.9509662406, -0.525004856
.9078129327,-0.7726211269, -0.3031959008
.2160435906,0.421359392,-0.3168279819
.8753095647,2.3549654731,-1.0566285499
.7033759486,4.6611327399,-0.7249128314
.1465091831,5.0064230374,-0.2811887278
.6243611651,3.031501478,-0.1916282567
.276191025,-2.7815268255,-0.9329091128
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Figure B.14 — Input sample showing the commands needed for the AIM calculation
of 1-Re-H system.
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Atom A AtomB  2*D2(A,B) DI(A,B) %Deloc(A,B)  %Deloc(B,A)

Rel
Rel
H2
Rel
H2
C3
Rel
H2
C3
C4
Rel
H2
C3
C4

H2
c3
Cc3
Cc4
Ca
Cc4
c5
C5
C5
C5

C6
Cé
C6
C6

1.9799766895E+01 7.2619837534E-01 2.6922600359E+00 2.4287414482E+01 (Bonded)
7.4179040957E+01 2.6380182319E-02 9.7800150770E-02 2.3977154338E-01
8.2210779308E+00 6.2626204602E-03 2.0945083881E-01 5.6921447895E-02
7.3514820149E+01 2.8001300155E-02 1.0381017628E-01 2.5680227860E-01
8.1475985413E+00 6.1433396293E-03 2.0546153909E-01 5.6341084390E-02
2.9967601266E+01 4.7976944575E-02 4.3606620714E-01 4.4000059351E-01
8.0576076809E+01 8.2079393793E-03 3.0429573954E-02 6.8688523325E-02
8.9315272959E+00 1.5724193876E-03 5.2588938096E-02 1.3158864947E-02
3.2827340726E+01 8.0840938019E-02 7.3476961769E-01 6.7652115837E-01
3.1896676711E+01 1.3543767080E+00 1.2421102691E+01 1.1334164618E+01 (Bonded)
8.0537312379E+01 1.0144191999E-02 3.7607909414E-02 8.4931981165E-02
8.9262513780E+00 3.7448141180E-03 1.2524381179E-01 3.1353357878E-02
3.2815950634E+01 7.2787735968E-02 6.6157343346E-01 6.0941340824E-01
3.2519721505E+01 7.7729437590E-02 7.1286320911E-01 6.5078767532E-01

Figure B.15 — Output sample showing the detected Bond Critical points and Delocal-

ization indices parameter (DI) in AIM calculation of 1-Re-H complex.
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