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Transition metal catalysis has proven to be a powerful strategy for olefin functionalization
and polymerization reactions. Ancillary ligands play an important role in controlling the reactivity
and selectivity of these catalytic reactions. Mechanistically guided rational design of ancillary
ligands to achieve desired reaction outcomes has been a long-standing challenge in transition metal
catalyzed olefin hydrofunctionalization and metathesis reactions because multiple properties of
the ligand, including electron donating ability, steric hindrance, and ligand flexibility, could
contribute simultaneously to affect the reaction mechanism, reactivity, and selectivity. To date,
development of new catalytic systems has been largely dependent on trial-and-error, as well as
chemical intuition. Computational investigation is emerging as an effective tool to provide
molecular level understanding of reaction mechanisms, substrate effects, and ligand effects. These
theoretical insights can rationalize experimental observations and facilitate ligand design. In this
thesis, I present a series of computational studies to probe ligand effects in transition metal
catalyzed olefin metathesis and hydroboration reactions. The specific catalytic systems
investigated include effects of phosphine ligands on the initiation rate of 2™ generation Grubbs
catalyst, effects of switchable N-heterocyclic carbene (NHC) ligands on reactivity of Ru-catalyzed
ring-opening metathesis polymerization reactions, and effects of NHC, phosphine, and asymmetric
phosphite ligands on reactivity, regio-, and stereoselectivity of Rh-catalyzed olefin hydroboration

reactions.

v



As a prerequisite to evaluate ligand effects, computational mechanistic investigations will
be conducted for each catalytic reaction to identify the rate- and selectivity-determining transition
states. Various computational approaches including ligand distortion energy analysis, steric and
electronic ligand parameters, ligand steric contour plots, and linear free energy relationships will
then be applied to gain molecular level of understanding in effects of ligands on reactivity and
selectivity. The revealed dominating catalyst-substrate interactions and electronic and steric
properties of ligands will provide experimental chemists with insights into design of new catalysts

with improved catalytic activity, controlled selectivity, and greater substrate scope.
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CHAPTER 1. INTRODUCTION

Transition metal catalysis is an effective strategy to achieve novel reactivity and selectivity
in various synthetic organic reactions. With decades of effort, this area is now an essential aspect
of modern synthetic organic chemistry with a wide range of applications from academia to
industry. The development of new catalytic reactions often relies on a thorough understanding of
reaction mechanisms and factors controlling rate and selectivity. Ancillary ligands exemplified by
phosphine ligands and N-heterocyclic carbene (NHC) ligands largely contributes to delicate
control over reactivity and selectivity of transition metal catalyzed reactions. Modification of
ligand structure can often lead to dramatic influences on ligand steric and electronic properties and
consequently the reaction outcomes. However, it remains challenging to design ancillary ligands
from pure chemical intuition given the complexity of ligand effects - as multiple factors (electron
donating ability, steric bulkiness, rigidity, etc.) may all contribute in a transition metal catalyzed
reaction. Experimental investigations of reaction mechanisms and ligand effects are also often
challenging due to the difficulty in characterization of the short-living reactive organometallic
intermediates.

Computational analyses have been widely applied to almost all types of transition metal
catalyzed reactions to predict the most favorable reaction pathway, to understand the effects of
ligands and substituents, and to provide plausible suggestions to design new catalysts. Although
reaction mechanisms of most transition metal catalyzed reactions, exemplified by Rh catalyzed
hydroboration reactions, have been well accepted, some mechanistic details like reversibility of

elementary steps, substrate effects and ligand effects on reaction mechanism remain unclear.
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Through the last few decades, density functional theory (DFT) calculations have evolved to be an
important tool to study mechanisms of transition metal catalyzed hydrofunctionalization reactions.
The generally accepted procedure to probe the reaction mechanism involves optimization of
reaction intermediates and transition states and calculation of energy along a plausible proposed
reaction mechanism to construct an energy profile. Conventionally, the proposed reaction
mechanism is constructed by well-defined elementary steps containing various competing chemo-
, regio-, and enantio- isomeric reaction pathways. The rate- and selectivity- determining steps can
be determined by comparing computed Gibbs free energies of each competing pathways. The
identified key intermediates and transition states will be further analyzed to provide chemically
meaningful interpretation of ligand-controlled reactivity and selectivity in complicated reaction
systems and to build predictive models for rational catalyst design. Following computational tools
are used in this thesis: electronic and steric ligand parameters, steric contour plots and linear free
energy relationships.

In this thesis, I applied various ligand steric and electronic parameters to quantitatively
describe the effects of ligand on the reactivity and selectivity of catalytic reactions. For example,
Tolman electronic parameter (TEP) is a widely accepted electronic parameter that describes the
electron-donating ability of the ligand. It is defined as the symmetric stretching frequency of the
C-O bond in tetrahedral Ni(CO)3L. TEP can be determined both experimentally by infrared
spectroscopy and computationally by DFT calculations with comparable accuracy.3 Better
electron donor ligands have smaller TEP because they increase electron density on the metal center
and enhance the CO-metal © back bonding, which weaken the CO vibrational frequency. Other
existing electronic ligand parameters, including Lever electronic parameter, trans M-X bond

length, ligand dissociation energy, and NMR chemical shifts are also helpful to interpret
2



experimental results. Ligand steric properties also show crucial influences on the observed
reactivity and selectivity. Tolman cone angle, which is defined as the solid angle formed with the
metal at the vertex and the hydrogen atoms at the perimeter of the cone, has been widely applied
to describe the steric hindrance of the monodentate tertiary phosphine ligands.3 Percent buried
volume can be applied to demonstrate the overall bulkiness of both tertiary phosphine and NHC
ligands. It is defined as the percentage of the total volume of the first coordination sphere occupied
by a ligand.

Ligand distortion and conformation change in transition states are also important factors
contributing to reactivity and selectivity. Our group have applied ligand steric contour plots to
visualize and rationalize ligand-substrate interactions in key transition states. Ligand steric
contour map is derived from the van der Waals surface of the ancillary ligand from the optimized
structures of interest. The contour map was created following the previously reported procedure :
The optimized molecule is rotated and translated so that the transition metal atom is placed at the
origin of the Cartesian coordinate system and the z-axis is oriented along the metal—X bond (X
represents center atom of the ancillary ligand). The contour line of zero is drawn through all points
on the van der Waals surface having the same z-coordinate as the metal atom. The positive contour
lines (colored in green and blue) indicate regions on the ligand van der Waals surface having a
positive z-coordinate, i.e., more distant from substrates cis to the ligand and less likely to
experience ligand-substrate steric repulsion. Yellow and red indicate regions closer to the
substrates cis to the ligand and more significant ligand-substrate steric clashes are expected. The
optimized substrate structures could also be embedded on top of the contour plot to create an

overlay plot.



Linear free energy relationship (LFER), analog to the Taft equation, is also being applied
to describe the quantitative relationship between reactivity/selectivity and ligand parameters to
understand ligand effects in transition metal catalysis. This method is important when any single
parameter failed to describe a reaction and where both electronic and steric effects are proven
significant. Construction of a predictive and quantitative model to describe effects of ligands on
reactivity and selectivity of Rh- and Ru-catalyzed olefin functionalization and polymerization
reactions can largely help future rational catalyst design by pre-synthetic scanning. Similar
predictive model building has been reported by the Sigman group using parameterization-based
approach to study effects of ligands on enantioselectivity of Pd-catalyzed coupling reactions.

In this thesis, I present computational studies on Ru-catalyzed ring-opening metathesis
polymerization (ROMP), ring-closing metathesis (RCM), and Rh-catalyzed alkene hydroboration
reactions. The overall objectives of my studies include investigation of reaction mechanisms,
analysis of ligand effects and construction of predictive models.

. Chapter 2 demonstrates a computational investigation on effects of aminophosphine ligand
initiation rate of in Ru- olefin metathesis catalyst.

. Chapter 3 presents a series of DFT analysis on effects of photo- and redox- switchable
ligands on reactivity and selectivity of Ru-catalyzed ROMP and RCM reactions.

. Chapter 4 presents a computational study on effects of photo-switchable NHC ligands on
reaction mechanism, reactivity and regioselectivity in Rh-catalyzed hydroboration reactions.

. Chapter 5 demonstrates reaction mechanism of Rh-catalyzed directed catalytic asymmetric
hydroboration of aryl olefins and identifies effects of ligand on enantioselectivity and effects of

directing group on regioselectivity.



CHAPTER 2.DISENTANGLING LIGAND EFFECTS ON METATHESIS CATALYST
ACTIVITY: EXPERIMENTAL AND COMPUTATIONAL STUDIES OF RUTHENIUM-

AMINOPHOSPHINE COMPLEXES

A significant part of this chapter was published as Chu, C. K., Lin, T. P.; Shao, H.; Liberman-
Martin, A. L.; Liu, P.; Grubbs, R. H. Journal of the American Chemical Society, 2018, 140(16),
5634-5643. In this work, I designed and carried out DFT calculations and analysis of
computational results. Experimental synthesis of catalysts and kinetic studies were carried out by
Chu, C.K. and Lin, T. of the Grubbs, R. H. group at California Institute of Technology.

2.1 INTRODUCTION

Olefin metathesis reactions, exemplified by ring-opening metathesis polymerization
(ROMP), have enabled the synthesis of new functional materials' and have led to important
industrial applications.?3* Ru-alkylidene complex represents one of the most important olefin
metathesis catalyst since first discovery of G1 by Grubbs in 1995 (Figure 1a).°> The lower reactivity
of G1 in comparison to molybdenum catalysts was later addressed through the development of
second-generation ruthenium olefin metathesis catalysts, notably G2,% in which a phosphine is

substituted with an 1,3-dimesitylimidazol-2-ylidene (IMes) ligand.”

Ru— Cl
= Ru=
cl | Ph Vim
PCys a’| ‘en
PCyj
G1 G2

Figure 1. Established Ru alkylidene olefin metathesis catalysts



The initiation mechanism of Ru-catalyst has been probed both experimentally and
computationally. Mechanistic studies of olefin metathesis promoted by second-generation
ruthenium catalysts have suggested that these reactions occur via a dissociative mechanism, in
which phosphine dissociation occurs to form a 14-electron intermediate in an initiation step prior
to olefin binding (Figure 2).%° The activity of these catalysts is affected by the rate of phosphine
dissociation (ki; initiation rate) and the relative rate of phosphine reassociation (k-1), and

consequently the electronic and steric properties of the PR3 ligand. '°
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Figure 2. Proposed dissociative mechanism of G2 catalyst

Although the dissociative mechanism is well accepted, the effect PR3 ligand on catalyst
initiation rate is less investigated. Our collaborator at Grubbs group synthesized a series of second-
generation ruthenium olefin metathesis catalysts bearing aminophosphine ligands in place of the
tricyclohexylphosphine present in catalyst G2. (Figure 3)
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Figure 3. Structures of morpholino substituted Ru alkylidene complex 1-3

In order to understand effects of morpholino substitution on the strength of phosphine
binding in second-generation ruthenium catalysts (1 - 3), our collaborator conducted a series of

kinetic experiments to determine phosphine dissociation rate constant (ki), phosphine
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reassociation rate constants (k-1), and dissociation equilibrium constant (Kassoc). All values are
normalized with respect to the highest value in each data set (denoted by shading). (Figure 4)
Increasing the number of morpholino substituents causes a steady increase in initiation rates when
comparing catalysts G2, 1, and 2. However, the tris(morpholino)phosphine ligand dissociates at a

significantly slower rate leading to a U-shaped trend in phosphine association constants.
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Figure 4. Comparisons of ki1 and Kassoc for catalyst series bearing G2 and morpholinophosphine ligands (1-3)

The goal of computational studies in this chapter is to gain understanding of the electronic
and steric properties of the morpholinophosphine ligands. The interesting U-shaped trends of Kassoc
do not correlate well with inductive effects expected with morpholino substituents. For example,
the tris(morpholino)phosphine ligand (L.3) is the most electron deficient ligand in the series due to
the inductive effect of more electronegative atoms and is expected to dissociate at the highest rate.
However, the observed U-shaped trends of Kassoc suggested L3 dissociates at a significantly slower
rate comparing to mono(morpholino) ligand (L.1) and di(morpholino) ligand (L.2). Experimental
observations suggested that multiple factors including ligand-ligand steric repulsion, ligand

conformation change, and inductive effects could contribute to the observed phosphine
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dissociation rate. To be more specific, I study the inductive effects of the ligand by computed
Tolman electronic parameters (TEP) and investigate ligand distortion when bonded onto Ru-
catalyst. The ligand-ligand steric repulsion will then be analyzed by evaluation of the optimized
catalyst geometries. The higher dissociation rate (ki) of 2 comparing to 1 will also be analyzed by
computational study of the phosphine dissociation transition state. The gained molecular level of
understanding shall provide further guidance for future design of efficient ruthenium olefin

metathesis catalysts.

22 COMPUTATIONAL METHODS

Geometry optimizations of complexes G2, 1-3, and the corresponding phosphine ligands
were performed using M06!! functional, with the def2SVP basis set.!? Single point energies were
calculated using M06 with the def2TZVP basis set. Solvation effects were considered by
performing single point calculations with the SMD model'? in toluene (¢ = 2.38)!*. All calculations
were performed with Gaussian 09.!° The reported Gibbs free energies and enthalpies include zero-
point vibrational energies and thermal corrections at 298K. The quasiharmonic approximation
from Cramer and Truhlar'® was applied to compute the vibrational entropies. In the quasiharmonic
approximation, vibrational frequencies lower than 100 cm™ were raised to 100 cm™ as a way to
avoid spurious results associated with the harmonic-oscillator model for very low-frequency
vibrations.!’

Tolman electronic parameterswere calculated with model complex Ni(CO);L using

B3LYP!® and a mixed basis set of LANL2DZ for Ni and 6-31G(d) for other atoms.'® The



computed A; stretch frequency was reported with a scaling factor of 0.962.2° To reduce
computational cost, structures in the reaction coordinates (Figure 7) were optimized using B3LYP
and a mixed basis set of LANL2DZ for Ru and 6-31G(d) for other atoms. Single point energies

were performed using M06 and a mixed basis set of SDD for Ru and 6-311+G(d,p) for other atoms.

2.3  DFT-OPTIMIZED GEOMETRIES AND COMPUTED PHOSPHINE

DISSOCIATION ENERGIES FOR MORPHOLINOPHOSPHINE RU- CATALYSTS

2.3.1 Structure and conformational flexibility of L2

The morpholine-containing catalysts 1-3 investigated via computational studies to
understand factors affecting phosphine dissociation energies. 2! Catalyst 2, ligated with
cyclohexyl-bis(morpholino)phosphine L2, was of special interest since it is the fastest-initiating
complex of both series. The structure and conformational flexibility of L2 were studied by DFT
calculations. Two conformations were identified for the morpholinophosphine ligand, with varied
orientation of substituents in relation to the phosphorus lone pair, positioned along the z-axis.??
These low-energy conformations are consistent with the conformation of the PCy3 ligand in crystal
structures. > Conformation A, which is less stable in the case of the free ligand, contains a
morpholine substituent that is coplanar with the phosphorus xy-plane (Figure 5). The ring in this
position will be referred to as the “coplanar” substituent. In conformation A, the nitrogen lone pair
of the coplanar ring is anti-periplanar to the phosphorus lone pair. Previous spectroscopic studies

of aminophosphines have suggested that one nitrogen lone pair must take an unprivileged



orientation, resulting in a repulsive, pseudo- interaction with the phosphorus lone pair.2* The lone
pair—lone pair repulsive interaction results in conformation A being the less stable conformer.
Furthermore, the orthogonal cyclohexyl ring present in this ligand conformation exhibits
significant steric clash with both morpholine rings. In comparison, conformation B contains two
orthogonal morpholine rings and a coplanar cyclohexyl ring with respect to the phosphorus xy-

plane, and is the favored conformation for the free phosphine.

Simplified Representation (Top-Down View)
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Figure S. Two perspectives of conformations A and B of ligand L2 and the computed relative energies

2.3.2 Effects of aminophosphine ligand on association constants, Kassoc

In order to provide insight into the origin of the relative aminophosphine association
constants, Kassoc, shown in Figure 4, the DFT-optimized geometries (Figure 6) as well as the Gibbs
free energies (AGq) and enthalpies (AHq4) of phosphine dissociation (Table 2), were computed for
parent catalyst G2 and complexes 1-3. Ligand dissociation energies AGq and AHq are defined as
the Gibbs free energy and enthalpy differences, respectively, between the optimized catalyst and
the 14-electron complex plus the free phosphine. Ligand distortion energy (AEdiswort) is defined as

the energy difference between the metal-bound phosphine ligand geometry and the optimized free
10



ligand geometry. The calculated AGgq and AHg values agree with the U-shaped trend from
experimentally determined Kassoc; lower phosphine dissociation energies were calculated for
complexes 1 and 2 in comparison to G2 and 3. The optimized catalyst structures depict variations
in ligand conformation and steric repulsions between the coplanar phosphine substituent and the
NHC mesityl group. We surmised that the U-shaped trend in phosphine dissociation energy is the
combined result of these factors as well as inductive effects derived from increased heteroatom
incorporation. Therefore, this section presents a detailed computational analysis of the
contributions of these individual factors.

The parent complex G2, bearing a PCy3 ligand, displays an unfavorable steric interaction
between the NHC mesityl and the coplanar cyclohexyl ring (Figure 6). Similarly, in complex 1, a
coplanar cyclohexyl ring is oriented toward the N-mesityl, this conformation is corroborated by
the crystal structure of the analogous monopiperidinophosphine-ligated identified by our
experimental collaborator. These steric clashes between the P-cyclohexyl and N-mesityl promote
phosphine dissociation from catalysts G2 and 1; the lower AGqg of 1 can be attributed to the
inductive effect of the morpholine substituent leading to lower phosphine donor strength. In
contrast, the optimized structures of complexes 2 and 3 both contain a coplanar morpholine ring
oriented toward the N-mesityl. The decreased pyramidalization of the morpholine nitrogen atom
compared to the cyclohexyl carbon leads to smaller phosphine-NHC repulsions in 2 and 3

compared to the repulsions observed in G2 and 1 (Figure 6).
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2.58

Figure 6. DFT-optimized structures for complexes G2 and 1-3 depicting steric repulsions between the N-
mesityl and P-cyclohexyl groups in G2 and 1 and the preferred ligand conformations in 1 and 2

While dissociation of ligands with more cyclohexyl substituents (e.g. G2 and 1) is
promoted by steric interactions, the dissociation of ligands with more morpholine substituents (e.g.
2 and 3) is promoted by inductive effects of the nitrogen atoms, which decrease the donor ability
of the phosphorus lone pair. This electronic effect is corroborated by the computed Tolman
Electronic Parameter (TEP) values for PCy3 and L1-L.3 (Table 1). The TEPs are computed in the
gas phase in Ni(CO);L, and the computed frequencies are scaled with a scaling factor of 0.962. As
discussed in section 2.4.1, conformation A contains a morpholine ring coplanar to the phosphorus
xy-plane, whereas conformation B features a coplanar cyclohexyl ring, (Figure 5). TEP values that
correspond to the preferred phosphine conformations in complexes G2 and 1-3 are highlighted in
bold. As expected, morpholine substitution increases TEP values within a single ligand
conformation, indicating decreased phosphine donor strength. For ligands L.1 and L2, two different

conformations, which contain either a coplanar morpholine (A) or a coplanar cyclohexyl group
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(B) were individually considered. In these cases, conformation A, which features anti-periplanar
geometry of the nitrogen and phosphorus lone pairs, exhibits higher phosphine donor strength than
conformation B.?° Thus, the donor ability of the phosphine ligand is dependent on both inductive
effects and the preferred ligand conformation in the catalyst. The lowest energy phosphine ligand
conformations in complexes 1 and 2, L1(B) and L2(A), have similar TEP values (2064.3 cm™ and
2063.5 cm™!, respectively), suggesting that these two ligands have similar donor strength.
Nonetheless, the phosphine donor strength alone cannot explain the dissociation energy trend.
While complex 3 exhibits the strongest inductive effects expected to promote phosphine
dissociation, a relatively high AGq is observed, indicating the significant contributions of other

factors, notably steric interactions and ligand distortion, in promoting ligand dissociation.

Table 1. Calculated Tolman Electronic Parameter (TEP) Values of Phosphine Ligands.

Conformation A Conformation B
ligand TEP (cm™) TEP (cm™)
PCys - 2060.0

L1 2058.5 2064.3
L2 2063.5 2068.3
L3 2068.3 -

Distortion of the aminophosphine ligand is another factor that promotes phosphine
dissociation. The computed ligand distortion energies (AEuistort) in complexes G2 and 1-3 clearly
indicate more significant distortion of ligand L2 in complex 2 compared to those of the other
phosphine ligands (Table 2). The enhanced distortion of L2 is due to a conformational change
upon binding to the ruthenium center. In comparison to the free ligand, the metal-bound ligand L2
adopts a higher energy conformation with a coplanar morpholine ring (Conformation A, Figure 5)

to minimize steric clashes with the NHC mesityl group. Thus, while it does not exhibit the
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phosphine-NHC steric interactions that promote phosphine dissociation in complexes G2 and 1,
complex 2 has a low AGq due to a significant contribution from ligand distortion energy.

The computational analysis thus revealed that the combined contributions from steric
interactions, inductive effects, and ligand distortion result in the U-shaped trends in Kassoc and AHg.
Accounting for the key promoters of ligand dissociation for each complex, listed in Table 2,
provides an explanation for this trend. “Steric” refers to aforementioned steric repulsions between
the coplanar cyclohexyl ring on the phosphine ligand and the NHC mesityl group. “Inductive”
describes the inductive effect arising from electron-withdrawing morpholine substituents.
“Distortion” refers to distortion of the phosphine ligand in the catalyst.

Ligand dissociation is promoted in G2 and 1 by phosphine-NHC steric repulsions, and
AHg is further reduced in 1 due to inductive effects of the morpholine substituent. Dissociation
from complex 2 is promoted by inductive effects and greater distortion of the phosphine ligand.
The dissociation from complex 3 is promoted by increased inductive effects; however, significant
contributions from phosphine-NHC steric interactions and ligand distortion are not observed to
promote the dissociation of L3.

Table 2. Calculated Phosphine Ligand Dissociation (AGd, AHq) and Distortion (AEdistort) Energies.
catalyst AGq (kcal/mol) AHg (kcal/mol) AEgisor (kcal/mol) Promoters of Ligand Dissociation

G2 12.6 30.3 2.9 Steric
1 9.9 27.8 2.7 Steric, Inductive
2 9.5 27.6 5.7 Inductive, Distortion
3 11.9 29.2 1.9 Inductive
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24  MODELING OF THE REACTION COORDINATE OF LIGAND DISSOCIATION

FOR FAST-INITIATING CATALYST 2

Computational studies of the reaction coordinate for phosphine ligand dissociation along
dissociative mechanism were performed to determine the origin of the high initiation rate for
catalyst 2, and the reason for faster phosphine dissociation for 2 in comparison to 1. The reaction
coordinate diagrams for the dissociation of catalysts 1 and 2 are created by optimization of series
of Ru-complexes with fixed Ru-P distance. (Figure 7) The corresponding ligand conformation is
designated in parentheses (see Figure 5). Both conformations A (more distorted with a coplanar
morpholine ring) and B (less distorted with a coplanar cyclohexyl ring) are considered for catalyst
2. The lowest-energy dissociation pathway of catalyst 2 follows the solid line, starting from
conformation A and continuing on to conformation B at longer Ru—P distances.

While ligand L1 in catalyst 1 maintains the same conformation (B) throughout the
dissociation process, L2 undergoes a conformational change after the Ru—P distance is elongated
to greater than 3.0 A. As discussed above, in the ground state of catalyst 2, L2 adopts the more
distorted conformation A (AEdistorr = 5.7 kcal/mol) to minimize phosphine-NHC steric repulsions.
As the Ru—P bond lengthens during phosphine dissociation, the phosphine-NHC repulsion
diminishes, and thus the less distorted conformation B becomes more favorable. Although location
of the phosphine dissociation transition states was not successful, the computed reaction coordinate
diagrams suggest that the dissociation of L2 is kinetically more favorable than that of L1 due to
the adoption of a lower energy conformation of L2 in the transition state region. Therefore, the

stabilizing effect resulting from this conformational change from A to B is proposed to be the

15



reason that catalyst 2 has a higher rate of phosphine dissociation (ki) than 1 and is the fastest-

initiating catalyst in the series.
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Figure 7. Reaction coordinate diagrams of phosphine ligand dissociation for catalysts 1 and 2

2.5 SUMMARY

Due to the complexity of the ligand effects, multiple computational tools are applied to
disentangle the effects of ligands on observed U-shaped trends in Kassoc and AHg . For example,
Tolman electronic parameter is computed to quantify the inductive effects of
morpholinophosphine ligand. Ligand conformational changes, evidenced by computed AEdistort,

lead to rapid dissociation of the fastest-initiating catalyst 2 of these series, which bears a

16



cyclohexyl-bis(morpholino)phosphine ligand L.2. Overall, computational analysis presented in this
chapter revealed that the combined contributions from steric interactions, inductive effects, and
ligand distortion result in the U-shaped trends in Kassoc and AHq. Take the complex 3 with
tri(morpholino)phosphine ligand L3 for example, although electronic inductive effect promotes
dissociation of L3, lack of significant contributions from phosphine-NHC steric interactions and
ligand distortion lead to the overall slow initiation rate. Computational investigation on the ligand
dissociation transition states with L1 and L2 revealed that ligand conformation change in transition
state further promotes the initiation rate of catalyst 2. Studies presented in this chapter revealed

important considerations for designing efficient ruthenium olefin metathesis catalysts. (Figure 8)
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Figure 8. Key factors contributing to Second-generation ruthenium olefin metathesis catalyst initiation
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CHAPTER 3. EFFECTS OF PHOTO- AND REDOX-SWITCHABLE LIGANDS IN RU-
CATALYZED RING-OPENING METATHESIS POLYMERIZATION AND RING-

CLOSING METATHESIS REACTIONS

A significant part of this chapter were published as Teator, A. J.; Shao, H.; Lu, G.; Liu, P.;
Bielawski, C. W. Organometallics, 2017, 36(2), 490-497; Lastovickova, D. N.; Shao, H.; Lu, G.;
Liu, P.; Bielawski, C. W. Chem. Eur. J. 2017, 23, 5994-6000; Lastovickova, D. V.; Teator, A. J.;
Shao, H.; Liu, P.; Bielawski, C. W. Inorg. Chem. Front. 2017, 4, 1525-1532. In this work, I
designed and carried out DFT calculations and analysis of computational results. Experimental
synthesis of catalysts and kinetic studies were carried out by Lastovickova, D. N. and Teator, A.
J. of Bielawski, C. W. at University of Texas at Austin (Currently at UNIST in South Korea).

3.1 INTRODUCTION

Historically, improvements to existing homogeneous catalysts have focused on enhancing
intrinsic catalytic properties, such as activity, selectivity, and/or functional group tolerance. An
ability to “switch” the performance displayed by a catalyst over the course of a reaction could
facilitate access to products with uniquely tailored structures or properties that vary in response to
changing environments. Such enhanced control over reaction pathways has fueled the field of
switchable catalysis, whereby stimuli responsive functional groups are incorporated into known
catalysts.?® (Figure 9) The switchable ancillary ligand controls the catalyst activity by through
bond electronic effects and through space steric repulsions. Computational investigation on
electronic and steric properties of switchable ligands and the effects of ligands on reactivity could
potentially impede advanced switching functions to alternate monomer selection and achieve

copolymerization with defined microstructure.
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Figure 9. Effects of switchable ligands on product selectivity

In recent years, a variety of switchable catalytic methods have been disclosed, however,
few examples have been reported that involve modulation of the activities displayed by transition-
metal-based catalysts.?” Our collaborator, the Bielawski group, successfully incorporated photo-
and redox-switchable N-heterocyclic carbene (NHC) ligands onto Ru olefin metathesis catalyst.
Two switchable catalysts have been subsequently applied in ring-opening metathesis
polymerization (ROMP) and ring-closing metathesis (RCM) reactions to explore the catalyst-
controlled reactivity and monomer selectivity.

Although the proposed reaction mechanisms of Ru-catalyzed ROMP (Figure 10) and RCM
(Figure 11) reactions are generally accepted, the rate-determining transition state and resting state
remain substrate dependent. 2 From the Dewar—Chatt-Duncanson adduct % (1), [2+2]
cycloaddition (TS1) takes place to form the fused bicyclic metallacyclobutane intermediate (2).
The 4-membered ring is then cleaved through a retro [2+2] cycloaddition (TS2) and the
coordination of another cycloalkane regenerates 3. Ring strain energy of the fused
metallacyclobutane intermediate is a key factor to determine RDS. In 2012, Cramer and Hillmyer

published a series of study on the computed energies of the intermediates and transition states of
19



the ROMP of norbornene, cyclopentene, cycloheptene, and Z-cyclooctene. Their results indicated
TS2 to be barrierless with norbornene substrate, and a very low barrier of 1.4 kcal/mol with
cyclopentene, and thus making TS1 the RDS. In case of substrates with larger rings such as
cycloheptene and Z-cyclooctene, TS2 became rate-determining due to the smaller strain-release

in TS2 and the increased steric repulsion between substrate and the ligand in TS1. °
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Figure 10. Proposed mechanism and RDS of Ru-catalyzed ROMP of cycloalkenes

Similarly, the proposed reaction mechanism of Ru-catalyzed RCM reactions initiates from
4 with the intramolecular [2+2] cycloaddition (TS3) to form the metallacyclobutane (5) followed
by the metallacyclobutane cleavage (TS4). Then the product cycloalkane is released through
ligand dissociation from 6. 4 is then regenerated through an olefin metathesis and the release of an

ethylene. In 2011, Hillier and Percy reported the computational studies of a series of o, ® - dienes
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that lead to 5-10 membered ring products and the observed RDS for all substrates are the
metallacyclobutane cleavage TS4.3! Effects of different ancillary ligands on the relative stability
of the metallacyclobutane intermediates have also been investigated. The 14-electron d*-Ru(IV)
center of metallacyclobutane is electron deficient. Previous studies have also concluded the
stronger o-donating NHC ligands stabilizes the metallacyclobutane intermediates comparing to
PPh; ligands, which suggested the effects of switchable ligand on ruthenacyclobutane intermediate

may also contribute to the observed reactivity trend.>>

+
v
cl” | IT }

L ¥

. ]
Cl ‘Ru. cl..

vl R
S O
TS4 n s )n

Figure 11. Proposed mechanism and RDS of Ru-catalyzed RCM of a, @ -dienes

In this chapter, I report the first computational analysis on effects of photo- and redox-
switchable NHC ligands on the reactivity of Ru-catalyzed ROMP and RCM reactions. Bielawski

group ¥ and others ** have demonstrated that the photoinduced electrocyclization of an N-
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heterocyclic carbene bearing an annulated photochromic *° dithienylethene (DTE) ¢ unit
significantly altered the donating ability of the ligand. The photo-cyclized NHC ligand L1closed
under UV light is proven to be a better donor ligand comparing to the open ligand L1open,
evidenced by the experimental and computed Tolman electronic parameters (TEPs). Building on
those results, Bielawski group reported the first photoswitchable olefin metathesis catalyst®”>*8 that
can be reversibly toggled between two states (7open and 7closed) using light and demonstrate the
remote modulation of its intrinsic activity in ROMP and RCM reactions (Figure 12). Similar
photoswitchable NHC ligand was also incorporated on an Rh-based catalyst to control the

reactivity of hydroboration reactions. (Chapter 4)*°
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Figure 12. Ru-olefin metathesis catalyst bearing photo-switchable NHC ligand

Kinetic studies on photo-modulated reactivity of ROMP of cyclooctadiene (COD),
norbornene derivative 11, and RCM of 9 to form disubstituted olefin 10 are summarized in Figure
13. Catalyst 1closed bearing weaker donor ligand L1closed facilitates the RCM reaction, evidenced by
the observed rate difference (kc/ko = 2.1) between the ring-closed and ring-open catalysts. (Figure

13a) Conversely, in ROMP of COD, the relative activities displayed by 20 and 2¢ (k¢/ko = 0.66)
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were opposite to those observed in the aforementioned RCM reactions, which indicated that the
effects of ligand could be substrate and reaction dependent. (Figure 13b) In ROMP of norbornene
derivative 11, observed rate difference (ke/ko = 0.56) shows same trend as in ROMP of COD. As
previous mechanistic studies reported, the rate determining step of ROMP of norbornene
derivative 11 is likely to be different from that of ROMP of COD, it is interesting to investigate

how ligand effects contribute to different rate determining step with different substrates.
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Figure 13. Experimental observed effects of photoswitchable NHC ligand on reactivity of a) RCM of
distributed olefin 10 and b) ROMP of COD and norbornene derivative 11

Redox-switchable catalysis is also appealing as many complexes feature multiple oxidation
states, each of which may display a unique activity and/or selectivity. Incorporation of a quinone-
annulated*® N-heterocyclic carbene*! into a catalytically active Ru center is being synthesized by
our collaborator Bielawski group. The electron donor ability of the NHC ligand increases
significantly upon reduction, evidenced by the computed TEPs.** (Figure 14) As Ru-catalyzed
olefin metathesis reaction reactivity and monomer selectivity are largely controlled by ligand
electron donating abilities, different monomers may be selectively polymerized in a manner that
depends on the oxidation state of the NHC ligand and potentially lead to redox-controlled

copolymerization from a mixture of monomers.
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Figure 14. Ru-olefin metathesis catalyst bearing redox-switchable NHC ligand

Experimental kinetic investigations by our collaborator Bielawski group are presented in
Figure 15. Consistent with the photo-modulated RCM reaction, catalyst 8ox bearing weaker donor
neutral ligand (L.2.x) facilitates the RCM reaction at a faster rate comparing to the neutral catalyst
8ox (kox/kred = 6.7). (Figure 15a) They also explored the catalytic activities displayed by 8ox and
8rea in ROMP reactions. In ROMP of norbornene derivative 11, observed rate difference (Kox/Kred
= 0.19) indicated better donor ligand (L2red) promotes the reactivity. Alternatively, in ROMP of
COD, the relative activities displayed by 8ox and 8red (kox’kreda = 3.7) were opposite to those
observed in the aforementioned photo- modulated catalytic system. This suggested that on top of
electron donor ability of the ligand, other factors such as ligand steric repulsion or ligand distortion

energy may also contribute to the reactivity trend. (Figure 15b)
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Figure 15. Experimentally observed effects of redox-switchable NHC ligands on reactivity of a) RCM of
distributed olefin 9 and b) ROMP of COD and norbornene derivative 11

The overall goal of this chapter is to conduct computational analysis to elucidate effects of
the photo- and redox-switchable ligands on reactivity of Ru-catalyzed ROMP and RCM reactions.
This chapter aims to gain molecular level of understanding of the electronic and steric properties
of the photo- and redox- switchable NHC ligands and consequently the effects of ligands on the
experimentally observed reactivity trends.** As previous computational studies pointed out, the
rate-determining transition state and catalyst resting states are substrate-dependent. As a result, the
electronic properties of the NHC ligand along cannot explain the observed reactivity trends. For
example, with photo-switchable catalyst 1, the better donor ligand L1open promotes reactivity of
Ru-catalyzed ROMP of COD; conversely, with redox-switchable catalyst 8, the weaker donor
ligand L2ox promotes reactivity of Ru-catalyzed ROMP of COD. This interesting observation
suggested on top of electronic donor ability, other properties of the switchable ligands may also
contribute to the reactivity trend. The achieved mechanistic insights on factors controlling rate and
substrate selectivity in Ru-metathesis reactions are expected to aid the design of future switchable
catalyst that can perform controlled copolymerization of different monomers with controlled

polymer sequence.
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3.2 EFFECTS OF PHOTO-SWITCHABLE LIGANDS ON RU-CATALYZED ROMP

AND RCM REACTIONS

3.2.1 Computational methods

The B3LYP'® density functional and a mixed basis set of SDD** for Ru and 6-31G(d) for
other atoms were used in geometry optimizations. Single-point energies were calculated with
MO06!!" and a mixed basis set of SDD for Ru and 6-311+G(d,p) for other atoms. Solvation energy
corrections were calculated using the SMD'!® model in benzene (g = 2.27).!* In accordance with
the experimental conditions, benzene was used as solvent in the calculations for the all reactions.

All calculations were performed with Gaussian 09.'°

3.2.2 Effects of photo-switchable L1 on reactivity of Ru-catalyzed ROMP of cyclooctdiene

Figure 16 presents the computed energy profile of Ru(L1)Cl, catalyzed ROMP of
cyclooctdiene (COD) along the proposed reaction mechanism. The reaction initiates from 4-
coordinated ruthenium ethylidene complex 13. The red line represents reaction with L1open ligand
while the blue line with L1coesed ligand. COD coordination then takes place to form the Dewar—
Chatt—Duncanson adduct 14 followed by bottom [2+2] cycloaddition trigonal bipyramidal TS5 to
generate the ruthenacyclobutane 15. 15 then undergoes retro [2+2] cycloaddition TS6 to generate
product complex 16.

In reactions with both catalysts, the retro-[2+2] cycloaddition TS6 is the rate-determining

step and the ruthenaalkylidene 13 is the catalyst resting state. In this reaction, the identity of resting
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state is unclear due to the small energy difference between 13 and 14. For the easiness of future
discussion, 13 is chosen to be the resting state of Ru-catalyzed ROMP of COD. The calculated

AG' with L1open is 1.1 kcal/mol lower in energy than with L1ciosea. Note that if 14 is the resting
state, the computed AAG' between TS6open and TS6ciosed is 0.7 kcal/mol, which does not change

the relative trend.
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Figure 16. Computed reaction energy profile of the Ru-catalyzed ROMP of cyclooctadiene

The computed AAG' shows 7open a more efficient catalyst on ROMP of COD, which is in
good consistency with the experimentally observed reactivity trend (ke/ko = 0.66). The effects of
photo-switchable ligands on reaction rate differences were then elucidated by evaluation of the

optimized 3-D structure of the rate- determining retro-[2+2] cycloaddition.* The computed
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activation energies indicate that the ring-opened ligand (IL1open) promotes the barrier required for
the retro-[2+2] cycloaddition (7.4kcal/mol) relative to an analogous reaction involving the ring-
closed form of the ligand (L1closed) (8.5kcal/mol). In consistency with experimental kinetic studies,
the calculations predicted that the ring-closed catalyst should facilitate the ROMP of COD at a
relatively slower rate (K theory/Ko,theory = 0.15), although the rate difference was overestimated when
compared to experimental data (ke/ko = 0.66). In the ROMP of COD, steric interactions with the
monomer dominate the difference in reactivity displayed by each form of the catalyst. Upon
photocyclization, the NHC backbone undergoes planarization which, in turn, forces the N-mesityl
substituents further into the coordination sphere of the ruthenium center. The increased steric bulk
in the L1closed results in an unfavorable steric interaction with the propagating chain, which hinders

the retro-[2+2] cycloaddition and thus attenuates the rate of the ROMP.
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Figure 17. Computed activation Gibbs free energies of ROMP of COD as catalyzed by ruthenium complexed
with ring-opened (L10) or ring-closed (1¢) photo-switchable ligands

28



3.2.3 Effects of photo-switchable ligand L1 on reactivity of Ru-catalyzed ROMP of

norbornene

Figure 18 presents the computed reaction energy profile of ROMP of simplified
norbornene (NBE) substrate along the proposed reaction mechanism. Ru(LL1)Cl catalyzed ROMP
of NBE initiates from 4-coordinated ruthenium ethylidene resting state 17. Similar to previous
energy profile, the red line represents reaction with L1open ligand while the blue line with L1closed
ligand. NEB coordination then takes place to form the Dewar—Chatt-Duncanson adduct 18
followed by bottom [2+2] cycloaddition trigonal bipyramidal TS7 to generate the
ruthenacyclobutane 19. 19 then undergoes retro [2+2] cycloaddition TS8 to generate product
complex 20.

In reactions with both catalysts, the ruthenaalkylidene 17 serves as catalyst resting state.
In consistent with previous computational investigations by Cramer and Hillmyer, the cleavage of
ruthenacyclobutane (TS8) is promoted by the strained norbornene substrate. Consequently, [2+2]
cycloaddition TS7 that forms ruthenacyclobutane (TS7) is the rate-determining step. The
computed AG' of TS70 is 2.2 kcal/mol lower in energy than TS7¢. The computed AAG' shows
L1open 2 more efficient catalyst on ROMP of norbornene, which is in good consistency with the

experimentally observed reactivity trend (kc/ko = 0.56).
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Figure 18. Computed reaction energy profile of Ru-catalyzed ROMP of norbornene

In agreement with the experimental data, DFT calculations indicated that the ring-opened
form of the catalyst facilitate the polymerization of the norbornene derivative substrate
(8.4kcal/mol) with lower free energy barrier than its ring-closed analogue (10.6 kcal/mol). Closer
examination of the optimized TS7 geometries indicated that steric effects of the ring-opened and
ring-closed forms of the NHC ligand are similar during the [2+2]-cycloaddition step with
norbornene, which suggested that electronic effects of the photo-switchable ligand dominates the

reactivity ROMP of NBE.
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Figure 19. Computed activation Gibbs free energies of ROMP of norbornene as catalyzed by ruthenium
complexed with ring-opened (L1open) or ring-closed (L1ciosea) photo-switchable ligands

3.2.4 Effects of photo-switchable ligand L1 on reactivity of Ru-catalyzed RCM of 1,6-

heptadiene

The reaction energy profile of the complete catalytic cycle of the RCM of 1,6-heptadiene
is shown in Figure 20 with the red line represents reaction with L1open ligand while the blue line
with L1cesea ligand. The 1,6-heptadiene substrate binds onto Ru-methylidene catalyst 21 to form
the Dewar—Chatt—Duncanson adduct 22. Subsequent [2+2] — cycloaddition (TS9) takes place to
form ruthenacyclobutane intermediate 23, which then undergo retro-[2+2] cycloaddition (TS10)
to release one molecule of ethylene and alkylidene intermediate 24. Intermolecular coordination
of the terminal double bond forms intermediate 25, which further undergoes intermolecular [2+2]

— cycloaddition (TS11) to form the fused ruthenacyclobutane intermediate 26. The rate-
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determining step is the retro-[2+2] cycloaddition (TS12) to form the cyclopentene product and the
catalyst resting state is the ruthenacyclobutane intermediate 27. Along the computed reaction
energy profile, the fused ruthenacyclobutane intermediate 26 represents the reaction resting state.
The activation energy barrier is defined by the barrier difference between 26 and TS12 for each

catalyst.
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Figure 20. Computed reaction energy profile of the Ru-catalyzed RCM of 1,6-heptadiene
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The computed reaction energy profile of Ru-catalyzed RCM model substrate 1,6-
heptadiene, revealed that the rate-determining step is the retro-[2+2] cycloaddition (TS12) to form
the cyclopentene product and that the catalyst resting state is the ruthenacyclobutane intermediate
26.“*"The computed energy barriers indicated that the reaction employing the ring-closed ligand
L1ciosea required a slightly lower barrier for the retro-[2+2] cycloaddition than the analogous
reaction with the ring-opened form (L1lopen). While the computed activation energies appear to
have underestimated the rate constant difference (ke theory/Ko,theory = 1.2) compared to that measured
by NMR spectroscopy (kce/ko = 1.4—1.7), both theory and experiment showed that the RCM
reaction was relatively more promoted by the ring-closed ligand Lleciosed. Since the computed
transition state geometries exhibit similar steric interactions between the NHC ligand and the
substrate for both forms of the catalyst, the observed rate constant difference was attributed to an
electronic effect. In the ring-opened form, the NHC ligand is a stronger donor and stabilizes the
Ru(IV) metalacyclobutane intermediate, which results in a higher barrier for the subsequent retro-
[2+2] cycloaddition. The L1open ligand is a better electron donor ligand comparing to L1clesea and
promotes the [2+2] - cycloaddition due to stabilization of the ruthenacyclobutane intermediate,

and thus results in a faster reaction rate.
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Figure 21. Computed activation Gibbs free energies of the RCM of 1,6-heptadiene norbornene as catalyzed
by ruthenium complexed with ring-opened (L1open) or ring-closed (L1cosea) photo-switchable ligands

33 EFFECTS OF REDOX-SWITCHABLE LIGANDS ON RU-CATALYZED ROMP

AND RCM REACTIONS

3.3.1 Computational methods

The combination of using B3LYP for geometry optimization and M06 for single point
energy calculations is the standard method in our recent computational studies of transition metal-
catalyzed reactions. We compared the performance of this method with a few other popular
methods (as listed in Table 3) for the computational studies of Ru-catalyzed olefin metathesis

reactions. The reported Gibbs free energy (AG*) and enthalpy (AH*) are the energies required to
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cleave ruthenacyclobutane resting state (28) through the rate-determining retro [2+2]
cycloaddition (TS13). The full energy profile will be presented in 3.3.4.

On top of computational methods, examination on performance of quasiharmonic
approximation is also included in Table 3. In column “without quasiharmonic correction”, the
reported Gibbs free energies and enthalpies include zero-point vibrational energies and thermal
corrections at 298 K calculated using a harmonic-oscillator model. In column “with
quasiharmonic approximation” the quasiharmonic approximation from Cramer and Truhlar was
applied to compute the thermal corrections.! In the quasiharmonic approximation, vibrational
frequencies lower than 100 cm™ were raised to 100 cm™ as a way to avoid spurious results
associated with the harmonic-oscillator model for very low-frequency vibrations.!” In consistent
with previous reported computational studies, the harmonic-oscillator approximation may lead to
spurious results for the computed entropies in molecules with low-frequency vibrational modes
and lead to inaccurate Gibbs free energy results. As a unimolecular reaction, the computed AAG*
and AAH' is expected to be relatively close in value. Without quasiharmonic approximation, the
AAG? fluctuation is much higher than that with quasiharmonic approximation. This suggested
inclusion of quasiharmonic approximation can significantly improve the entropy calculations in
late transition metal catalysis and provide more accurate Gibbs free energy. On the other hand,
changing the B3LYP geometry to BP86 with either the SVP basis set or with a mixed basis set
with SDD for Ru and SVP for other atoms lead to very small changes in the AH* and AG* values
computed with the quasiharmonic correction. In summary, the computed AAH* and AAG?* values
are not very sensitive to the choice of density functional and basis set, while the quasiharmonic

correction is necessary to achieve consistent results among the methods that are tested.
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Table 3. Benchmark of DFT Functional, Basis Set, and Quasiharmonic Correction in Ru-catalyzed RCM
Reaction Bearing Redox-switchable NHC Ligands.

IR DI
= AN
co o oo | Ly <.

L
FJ‘\Cl FJ cl
Mes” ~"*Mes Mes” ~"*Mes u - u_
.. . c @ cr i)
L =12y L =L24 \O
resting state rate-determinig
28 TS13

Without quasiharmonic ~ With quasiharmonic

AH? AH? correction correction
it
Method (TS13) (TS13rea) 20 AGE  AGH aaGe AGH AGE
(TS13) (TS13req) (TS13) (TS13red)

MO06/SDD-6-311+G(d,p)/SMD*
//B3LYP/SDD-6-31G(d)
MO06/def2TZVP/SMD*
//B3LYP/SDD-6-31G(d)
MO06/SDD-6-311+G(d,p)/SMD*
//BP86/SVP
MO06/def2TZVP/SMD*
//BP86/SVP
MO06/SDD-6-311+G(d,p)/PCM*
//BP86/SDD-SVP
MO06/SDD-6-311+G(d,p)/SMD*
//IM06L/SDD-6-31G(d)/SMD*

7 Benzene was used as solvent.

11.1 11.8  -0.7 10.8 11.2 -04 11.0 11.7 -0.7

11.8 125  -07 115 11.9 -04 117 12.4 -0.7

11.1 12.1 -1.0 98 12.7 29 108 11.9 -1.1

11.7 127 -1.0 10.5 133 28 114 12.5 -1.1

10.6 11.6 -1.0 938 9.7 0.1 10.2 11.1 -0.9

11.0 119 -09 12.0 11.3 0.7 11.7 11.7 -0.6

Based on the computational benchmark studies, in this section, B3LYP'® density functional
and a mixed basis set of SDD for Ru and 6-31G(d) for other atoms were used in geometry
optimizations. Single-point energies were calculated with M06!! and a mixed basis set of SDD for
Ru and 6-311+G(d,p) for other atoms. Solvation energy corrections were calculated using the
SMD'!3 model with benzene (¢ = 2.27) or CH2Clz (e = 8.93)!* depending the reaction studied. In
accordance with the experimental conditions, benzene was used as solvent in the calculations of
the RCM of 1,6-heptdiene, while CH2Cl> was used as solvent in calculations of the ROMP of COD

and NBE. All calculations were performed with Gaussian 09.'° To confirm the nature of the
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stationary points, vibrational frequency calculations were performed for all optimized structures.
All optimized transition state structures have only one imaginary (negative) frequency, and all
minima (reactants, products, and intermediates) have no imaginary frequencies. The imaginary
frequencies of all transition states and three lowest vibrational frequencies for each optimized
structure are provided in the supplementary section below. The Gibbs free energies in solution

were calculated at 1 mol/L.

3.3.2 Effects of redox-switchable ligand L2 on reactivity of Ru-catalyzed ROMP of

cyclooctadiene

The computed reaction energy profiles for the ROMP of COD is presented in Figure 22.
The reaction initiates from 4-coordinated ruthenium ethylidene resting state 29. The red line
represents reaction with the reduced L1rea ligand while the blue line with neutral L1ox ligand.
Cyclooctdiene coordination then takes place to form the Dewar—Chatt—Duncanson adduct 30
followed by trigonal bipyramidal [2+2] cycloaddition TS14 to generate the ruthenacyclobutane 31.
31 then undergoes retro [2+2] cycloaddition TS15 to generate product complex 32. In reactions
with both catalysts, the retro-[2+2] cycloaddition TS15 is the rate-determining step. The fused
ruthenacyclobutane intermediate 31 serves as the catalyst resting state because it is a more stable
intermediate than the Dewar—Chatt-Duncanson adduct 30. The calculated AG' with 8rea is 0.6
kcal/mol lower in energy than with 8ox. The change of resting state could be attribute to the electron
donor ability of the NHC ligand: the computed smaller TEP suggested both redox-switchable L2
a generally better donor ligand than both photo-switchable L1 and could stabilize the electron

deficient ruthenacyclobutane intermediates. These computed relative low energy barriers (5.2 and
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5.6 kcal/mol with 8x and 8red) are consistent with previous computational studies on the ROMP

of COD.

AGsol e ;*:
( Hsal) S0 g\ Vel © :i:\_\_/_/ "

N NMes MesN NIVIes

kcal/mol

e
~RuU
L 7
I cl -
CI-Ru, N
O 69
(-8.7)
53 TS15,,

Cleg L
o Ru= CI'R|IU7\— cI-RU

26
© O)_\ (-16.7)
[

Figure 22. Computed reaction energy profile for the Ru-catalyzed ROMP of cyclooctadiene

The DFT optimized geometry and computed Gibbs free energy of rate-determining retro-
[2+2] cycloaddition TS15 of ROMP of COD is presented in Figure 27. The reduction of L2ox does
not alter the steric properties of the NHC ligand, evidenced by similar ligand-substrate distances
in TS1S50x and TS15red. The reduced ligand suppresses the retro-[2+2] cycloaddition by
stabilization of the resting state and results in a slower polymerization (AG*wq = 5.6 kcalmol™' vs.
AG*ox=5.2 kcal/mol, ki/Kired cale=2.6). Although underestimated, the calculated activation energies

were in agreement with the relative polymerization rate constants determined by experiment.
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Figure 23. DFT calculations of ligand effects on the activation energies of the rate-determining transition
state (TS16) in the Ru-catalyzed ROMP of cyclooctadiene

3.3.3 Effects of redox-switchable ligand L2 on reactivity of Ru-catalyzed ROMP of

norbornene

The computed reaction energy profiles for the ROMP of norbornene (NBE) is presented in
Figure 24. The reaction initiates from 4-coordinated ruthenium ethylidene resting state 33. The red
line represents reaction with the reduced L2red ligand while the blue line with neutral L2ox ligand.
NBE coordination then takes place to form the Dewar—Chatt—Duncanson adduct 34 followed by
trigonal bipyramidal [2+2] cycloaddition TS16 to generate the ruthenacyclobutane 35. 35 then

undergoes retro [2+2] cycloaddition TS17 to generate product complex 36. In consistent with
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previous mechanistic studies, the ring strain of fused ruthenacyclobutane promotes the retro [2+2]
cycloaddition. As a result, in reactions with both catalysts, the highest energy [2+2] cycloaddition
TS16 is the rate-determining step. As the lowest energy point on the computed energy profile, the
alkylidene intermediate 33 is the catalyst resting state. Although underestimated, the calculated
AAG' trend between TS190x and TS19:eq (0.2 kcal/mol) reproduced the experimentally observed

larger reactivity with reduced ligand L2req.
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Figure 24. Computed reaction energy profile for the Ru-catalyzed ROMP of norbornene

To ascertain the origins of the experimental observed reactivity trend, the optimized [2+2]
cycloaddition transition state geometries are presented in Figure 25. As expected, L2red and L2ox

exhibit similar steric properties in TS16 and electronic effects of the ligand dominate the observed

41



reactivity trend. In its reduced state, the NHC ligand stabilizes the electron-deficient Ru(IV) center
and therefore facilitates the polymerization (AGes= 9.7 kcal/mol vs. AGix= 9.9 kcal/mol,
kirea’k1=1.4). Although underestimated, the calculated activation energies were in agreement with

the relative polymerization rate constants determined by experiment.
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Figure 25. DFT calculations of ligand effects on the activation energies of the rate-determining transition
state (TS16) in the Ru-catalyzed ROMP of norbornene
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3.3.4 Effects of redox-switchable ligand L2 on reactivity of Ru-catalyzed RCM of 1,6-

heptadiene

The reaction energy profile of the complete catalytic cycle of the RCM of 1,6-heptadiene
is shown in Figure 26. The red line represents reaction with reduced ligand L2rea while the blue
line with neutral ligand L2.x. The 1,6-heptadiene substrate binds onto Ru-methylidene catalyst 37

to form the Dewar—Chatt—Duncanson adduct 38. Subsequent [2+2] — cycloaddition (TS18) takes
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place to form ruthenacyclobutane intermediate 39, which then undergo retro-[2+2] cycloaddition
(TS19) to release one molecule of ethylene and alkylidene intermediate 40. Intermolecular
coordination of the terminal double bond forms intermediate 41, which further undergoes
intermolecular [2+2] — cycloaddition (TS20) to form the fused ruthenacyclobutane intermediate
28.

DFT calculations indicate the rate-determining step is the retro-[2+2] cycloaddition to form
the cyclopentene product (TS13) and the catalyst resting state is the ruthenacyclobutane
intermediate 28. The reaction employing the neutral ligand (L2ox) requires 0.7 kcal/mol lower
barrier for the retro-[2+2] cycloaddition than the reaction with the reduced ligand (L2rea). This is
in agreement with the faster reaction rate with the neutral catalyst observed in experiment, although
computations underestimated the rate-difference. The experimental rate-constant ratio (100)
corresponds to a Gibbs activation energy difference of about 2.7 kcal/mol. The fast reaction rate
with the neutral ligand in retro-[2+2] cycloaddition is attributed to an electronic effect. The
stronger donor ligand L2red stabilizes the Ru(IV) metallacyclobutane intermediate (28red), and thus

requires higher barrier for the subsequent retro-[2+2] cycloaddition.
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Figure 26. Computed reaction energy profile of the Ru-catalyzed RCM of 1,6-heptadiene
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The DFT optimized geometries of retro-[2+2] cycloaddition transition state (TS16) is
presented in Figure 27. Similar to Ru-catalyzed ROMP of COD and norbornene, the steric
properties of the ligand L2ox does not change significantly upon reduction of the ligand, evidenced
by similar ligand-substrate distances in TS13ox and TS13red. The more strongly donating reduced
form of the NHC ligand electronically stabilized the ruthenacyclobutane transition state, which
suppressed the retro-[2+2] cycloaddition and decreased the rate of the reaction (AG*ed = 11.7
kcal/mol vs AG¥ox = 11.0 kcal/mol). Although the calculated rate constant difference for 8ox and
8red mediated RCM of 9 (kz,theory/Kored theory = 3.3) was significantly lower than the rate differences
observed for the RCM reactions of 9 (ko/kored = 6.7), the theoretical and experimental data showed
that the RCM reactions were promoted by the Ru(Il) complex bearing the neutral NHC ligand and

was effectively attenuated upon reduction.
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Figure 27. DFT optimized RDS retro-[2 + 2] cycloaddition (TS13) transition states in Ru-catalyzed RCM of
1,6 heptadiene
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3.4 SUMMARY

In summary, in collaboration with the Bielawski group, we have investigated the effects of
photo- and redox-switchable NHC ligands on the reactivity of Ru-catalyzed ROMP and RCM
reactions. In photo-modulated system, the open form ligand L1open is a better donor and a sterically
less demanding ligand when coordinated onto Ru-catalyst as compared to the closed form ligand
L1ciosed. In redox-modulated system, the reduced ligand L2red is a better donor ligand comparing
to the neutral ligand L2ox The steric properties of the redox-switchable NHC ligand remain intact
during the switching process.

In consistent with previous mechanistic studies, our DFT calculations also indicated that
the rate-determining transition states and resting states are substrate dependent., To be specific,
the reaction mechanisms of ROMP reactions are substrate dependent, and consequently electronic
and steric effects of the switchable NHC ligands may promote or suppress the ROMP reactivity
depending on the substrate. The RDS of ROMP of NBE is formation of ruthenacyclobutane
intermediate, namely [2+2]-cycloaddition, which is not a sterically demanding transition state. As
a result, electronic properties of the ligand control the observed reactivity. Reactivity of ROMP of
NBE is always promoted by better electron donor ligand L1open and L2reda. The RDS of ROMP of
COD is the cleavage of ruthenacyclobutane resting state, namely retro-[2+2]-cycloaddition, which
is more sensitive to ligand steric environment. As a result, in photo-modulated system, sterically
more demanding ligand L1cosed suppresses the reactivity due to ligand-substrate steric repulsion.
In redox-modulated system where ligand steric properties remain intact, better donor ligand L2red
suppresses the reactivity by stabilization of ruthenacyclobutane resting state. The effects of ligands

on reactivity trend in RCM of 1,6-heptadie are also elucidated. Both better donor ligands L1open
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and L2rea suppress the RCM of 1,6-heptadiene by stabilization of the metallacycle resting state.
The results described in this chapter have established a new strategy to control Ru-catalyzed
ROMP and RCM reactions that involve multiple monomers and may facilitate access to new
classes of precisely defined copolymers. Indeed, the proof of concept synthesis of cyclooctadiene-

norbornene copolymerization has been successfully conducted by our collaborator Bielawski

group.
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CHAPTER 4.EFFECTS OF N-HETEROCYCLIC CARBENE LIGANDS ON
REACTION MECHANISM, REACTIVITY AND REGIOSELECTIVITY OF RH-

CATALYZED HYDROBORATION OF STYRENE

A significant part of this chapter was submitted for publication as Shao, H.; Bielawski, C. W.; Liu,
P. “Computational Investigation on Effects of N-heterocyclic Carbene Ligands on Reaction
Mechanism, Reactivity and Regioselectivity of Rh-Catalyzed Hydroboration of Styrene”. In this
work, I designed and carried out DFT calculations and analysis of computational results.

4.1 INTRODUCTION

N-heterocyclic carbenes (NHCs) are a class of spectator ligands widely applied in
homogenous transition metal catalysis due to the tunability of their electronic and steric
properties. ¥ Although the electronic donor ability of NHC ligands have been investigated,
mechanistic insights on the effects of NHC ligands on the mechanism, reactivity, and selectivity
in Rh catalyzed hydroboration reactions remain unstudied.*’ With its unique molecular scaffold,
modification of NHC backbone and the N-substituents could offers novel modes of reactivity and
selectivity control in switchable catalysis, in which the structure of the NHC ligand is altered on-
the-fly through external stimulus.-%373% In 2009, Bielawski group has incorporated a
photochromic diarylethene (DAE) into the backbone of an NHC ligand to facilitate the
photomodulation of electronic property of the ligand. As illustrated in Scheme 1a, L1 undergoes

reversible photocyclization: UV light promotes the 1,2-dithiophenylethylene cycloaddition to form
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the cyclohexadiene derivative L1c. Under visible light, 6m-electrocyclic ring opening occurs to
form dithiophenyl ethylene form (L1o). As reported by Bielawski group, the Rh-L1 catalyst
exhibited capability to modulate the reactivity of Rh-catalyzed olefin hydroboration with photo-
modulation. Hydroboration of styrene is 9.2 times faster under visible light with L1o than that
under UV light with L1¢.%°5! (Scheme 1b) As presented in Chapter 3, the same class of photo-
switchable NHC ligands have been successfully applied to control the reactivity of Ru-catalyzed
ROMP and RCM reactions. Our computational analysis suggested that both electronic and steric
properties of the photo-switchable NHC ligand are altered upon photo-cyclization and affect the
catalyst activity in Ru-catalyzed ROMP and RCM reactions. Therefore, both electronic and steric
effects may contribute to the reactivity difference of this photo-switchable catalyst system in the

Rh-catalyzed hydroboration reactions.
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Figure 28. (a). Rh(I) precatalyst with photo-switchable NHC ligands (L1o and L1c); (b). Rh(L1)Cl-catalyzed
hydroboration of styrene with distinct reactivity

To computationally evaluate the electronic and steric effects of photo-switchable NHC
ligands on reactivity and selectivity, one needs to elucidate the reaction mechanism of Rh-NHC

catalyzed hydroboration of styrene. Although the proposed reaction mechanism with 4 competing
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pathways leading to two regioisomeric hydroboration products is well accepted, the identity of
favored reaction pathway and rate-determining step remain unclear.>? The detailed proposed
mechanism is presented in Figure 29, in which the left two pathways lead to the linear product (i)
and the right two pathways lead to the branched product (ii). All four pathways initiate via ligand
exchange of the Rh(I) pre-catalyst 3 to form the reactant complex 4 with agnostic H-Bpin
coordination. Oxidative addition of hydrogen-boron bond then takes place to generate the 5-
coordinated Rh(IIT) complex 5. Subsequent migratory insertion of the olefin may occur via four
competing pathways involving either insertion into the Rh-B or the Rh-H bond with two
regioisomeric approaches of the olefin. Olefin insertion into the Rh-H bond (i.e. hydride migration)
forms 7L and 7B, which then undergo C-B reductive elimination to release the linear and branched
products 1 and ii, respectively. This hydride migration mechanism is referred to as the Mannig-
N6th mechanism, originally proposed by Minnig and No6th in 1985.2 Alternatively, in the
modified Mannig-N6th mechanism, or boryl migration mechanism, olefin inserts into the Rh-B
bond to form 6L and 6B, which generate corresponding linear and branched products through C-

H reductive elimination.
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Figure 29. Proposed mechanism of Rh-catalyzed olefin hydroboration reactions

The reaction mechanism of olefin hydroboration utilizing Rh(I) catalyst and phosphine
ligands has been probed both experimentally and computationally through the past few decades.
Deuterium labeling studies by Evans and Fu in early 1990s concluded that Rh(PPh3);Cl catalyzed
hydroboration of styrene proceed via hydride migration followed by rate-determining C-B
reductive elimination step. Interestingly, computational mechanistic investigation on reaction
mechanism of Rh(PH3)3;Cl catalyzed hydroboration of ethylene suggested both the Méannig-Noth
mechanism through hydride migration and modified Ménnig-Noth mechanism through boryl
migration pathways are possible.>>-3* (Figure 30) In 1994, computational studies by the Morokuma
group suggested boryl migration the favored pathway along the associative mechanism with two
PH3 coordinated in rate-determining boryl migration transition state.>> A later mechanistic

investigation by the Zieglar group in 2000 concluded that hydride migration is significantly
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favored over boryl migration along the dissociative mechanism, with C-B reductive elimination as
rate determining transition state.’® The ambiguity in previous computational mechanistic studies
suggested the reaction mechanism of Rh-catalyzed hydroboration reactions may change depending
on the steric environment created by the ancillary ligands. Moreover, no computational
mechanistic studies have been presented to investigate the origin of regioselectivity in Rh-
catalyzed hydroboration of styrene.

To resolve the aforementioned mechanistic challenges, this chapter will investigate the
reaction mechanisms of Rh(PPh3);Cl and Rh(NHC)CI catalyzed hydroboration of styrene by
elucidating the favored reaction pathways and identifying rate-determining transition state. The
difference between NHC and PPh; ligands and their effects on reaction mechanism will then be
discussed. The effects of photo-switchable ligand on reactivity and regioselectivity of
hydroboration of styrene will also be presented to study the structural-function relationship
between electronic and steric properties of the NHC ligand and hydroboration reactivity and

regioselectivity.
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Figure 30. Proposed mechanism of early computational mechanistic studies on Rh-catalyzed hydroboration
with simplified ethylene substrate

4.2 COMPUTATIONAL DETAILS

1'® with a mixed

All geometry optimizations were performed using the B3LYP functiona
basis set of SDD for Rh and 6-31G(d) for other atoms.** Single point energies were calculated with
MO06'! and a mixed basis set of SDD for Rh and 6-311+G(d,p) for other atoms. Solvation effects
were considered by performing single point calculations with the SMD'® model in benzene (& =
2.27).'* All calculations were performed with Gaussian 09.'

Reaction energy profiles presented in this study were obtained by optimizing molecular
geometries and calculating energies of the reaction intermediates (local minima) and transition

states (1*' order saddle point) along plausible reaction pathways. Vibrational frequencies were

computed at the same level of theory in geometry optimization to confirm whether the structures
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are intermediates (no imaginary frequency) or transition states (only one imaginary frequency).
Reported Gibbs free energies and enthalpies include thermal corrections computed at 298K.

The reported Gibbs free energies and enthalpies include zero-point vibrational energies and
thermal corrections at 298 K calculated using a harmonic-oscillator model. Since the harmonic-
oscillator approximation may lead to spurious results for the computed entropies in molecules with
low-frequency vibrational modes, the quasiharmonic approximation from Cramer and Truhlar was
applied to compute the thermal corrections for a few key transition state structures.!® In the
quasiharmonic approximation, vibrational frequencies lower than 100 cm™! were raised to 100 cm™
!"as a way to avoid spurious results associated with the harmonic-oscillator model for very low-
frequency vibrations.!” The reported energies in the text were corrected using the quasiharmonic

approximation. The Gibbs free energies in solution were calculated at 1 mol/L.

4.3  RESULTS AND DISCUSSION

4.3.1 Reaction mechanisms of Rh-IMe catalyzed hydroboration of styrene

We first investigated the reaction mechanism of Rh-NHC catalyzed hydroboration of
pinacolborane (HBpin) and styrene using the 1,3-dimethylimidazol-2-ylidene (IMe) ligand. The
computed reaction energy profiles for the four competing pathways are presented in Figure 31.
From the reactant complex 4, B-H oxidative addition takes place via 3-centered transition state
TS1 to form 5-coordinated Rh(III) complex 5. As discussed earlier, four competing styrene

migratory insertion pathways lead to two regioisomeric hydroboration products. The black
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pathways represent the hydride migration mechanism, and the red pathways account for the boryl
migration mechanism, where styrene inserts into the Rh-B bond. The 2,1-hydride migration (TS2),
where the hydride migrates onto the terminal carbon of the styrene, and the 1,2-boryl migration
(TSS), where the Bpin group migrates onto the internal carbon, lead to the branched product 3.
The 2,1-boryl migration (TS3) and the 1,2-hydride migration (TS4) produce the linear regioisomer
2. The 2,1-boryl and hydride migrations (TS3 and TS2) to form benzylic rhodium complexes 6
and 7 are favored over corresponding 1,2-migration pathways (TS4 and TSS5) due to electronic
stabilization of the a-Ph substituent that delocalizes the partial negative charge on the a carbon.”’
Subsequently, the benzylic Rh(III) intermediates 6 and 7 undergo facile C-H and C-B reductive
elimination via TS6 and TS7 to form the linear and branched products (2 and 3), respectively. The
reactant complex 4 is regenerated upon the coordination of another molecule of HBpin and styrene.
The rate- and regioselectivity determining step (RDS) of the overall hydroboration cycle is the 2,1-
migratory insertion of styrene into the Rh-B/Rh-H bond, TS2 and TS3 for branched and linear

products, correspondingly.
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Figure 31. Calculated energy profile for Rh(IMe)Cl catalyzed hydroboration of styrene
(All energies are with respect to the four-coordinate square planar reactant complex 1.)
(*Geometry optimization of TS4 is conducted at B3LYP/LANL2DZ—6-31G(d) level of theory with energy
computed at M06/SDD—6-311+G(d,p)/SMD (benzene) level of theory)

The optimized geometries of the two most favorable migratory insertion transition states
(TS2 and TS3) are presented in Figure 32. Interestingly, both hydride and boryl migration
transition states could potentially adopt two different geometries, namely square-based pyramidal

(sbp) and trigonal bipyramidal (¢bp). Both electronic structure of the 5-coordinated Rh(I) complex
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and the steric repulsion between ligands contribute to the relative favorability between sbp and tbp
geometries. Early crystal field theory analysis suggested sbp conformation is electronically
favored due to lower lying d orbitals with Csy symmetry.>® Consequently, branch-selective hydride
migration transition state favors square-based pyramidal (sbp) geometry (TS2) over trigonal
bipyramidal (¢bp) geometry (TS2b) by 6.3kcal/mol due to favored electronic structure of Rh(III)
complex. On the other hand, tbp conformation is sterically favored due to strain release of ligand-
ligand repulsive interaction, the sterically more demanding linear-selective boryl migration favors
tbp geometry (TS3) over sbp geometry (TS3b) by 11.0 kcal/mol due to strain release. The different
favored geometries of hydride and boryl migration transition states will later contribute to the
effects of NHC ligands on reaction mechanism and regioselectivity. The square based pyramidal
geometry is more sensitive to ligand steric properties, consequently sterically more hindered
ligands are expected to suppress hydride migration transition states and promote branch

regioselectivity in Rh-NHC catalyzed hydroboration of styrene reactions.
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Figure 32. Optimized structures of hydride and boryl migration transition state TS2 and TS3
(All energies are with respect to the four-coordinate square planar reactant complex 1 as in scheme 3.)
Geometry optimization of TS3 b is conducted at BBLYP/LANL2DZ—6-31G(d) level of theory with energy
computed at M06/SDD—6-311+G(d,p)/SMD (benzene) level of theory
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4.3.2 Reaction mechanisms of Rh(PPhs)3Cl catalyzed hydroboration of styrene

This section investigates the reaction mechanism on hydroboration of styrene with
Wilkinson’s catalyst (Rh(PPh3);Cl). Figure 33 presents the computed energy profile containing
four competing pathways. From 3-coordinated complex 5, B-H oxidative addition takes place
through an associative mechanism to form stable intermediate 6. Though no oxidative addition
transition state is located, this step can be considered energetically facile.’®> Ligand substitution
leads to the 5-coordinated Rh(III) intermediate 7. Similar to last section, subsequent dissociative
migratory insertion of styrene occurs via four competing pathways. Due to the steric bulkiness of
Bpin ligand, attempts to identify associative 6-coordinated octahedral migratory insertion
transition states always fail with the dissociation of one PPh; ligand. Both hydride migration
transition states (TS8 and TS9) are energetically favored over the boryl migrations (TS10 and
TS11).>> Upon coordination of one PPhs ligand, Rh(IIl) intermediates 8 and 9 then undergo
associative C-B reductive elimination via TS14 and TS15 to release the linear and branched
products respectively.

The reaction energy profile designates the RDS as hydride migration, TS8 and TS9.
Interestingly, as reported by Evans, Fu and Calabrese, the regioselectivity of Rh(PPh3);Cl
catalyzed hydroboration of styrene is dependent on PPh; concentration. With fresh prepared
catalyst or by adding excess PPhs ligand into the reaction mixture, up to 99% branched selectivity
is reported, which agrees with the computationally predicted regioselectivity.”>> On the other
hand, the oxidation of catalyst can lead to mixed regioselectivity®®, we hypothesized that oxidation
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of catalyst could cause dissociation of one PPhs ligand from the Rh(III) complex and lead to
dissociative reductive elimination transition states. Indeed, the computed dissociative reductive
elimination step raises in energy (10.5 kcal/mol) along the branched selective pathway. The
computed small AAG (0.1kcal/mol) between rate-determining-step along linear (TS9) and

branched (TS15_dissociative) is in consistent with expected mixed regioselectivity.
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Figure 33. Calculated energy profile for Rh(PPh3)3Cl catalyzed hydroboration of styrene
(All energies are with respect to the four-coordinate square planar reactant complex 5.)

(*Geometry optimization of TS14 is conducted at BALYP/LANL2DZ—6-31G(d) level of theory with energy
computed at M06/SDD—6-311+G(d,p)/SMD (benzene) level of theory)
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As the computed reaction mechanism suggested, the Rh-NHC and Rh-PPhs catalyzed
hydroboration of styrene proceed via different reaction mechanisms. Branched selective styrene
hydroboration always proceed via sbp 2,1 hydride migration transition states, (TS2 and TS8).
However, linear selective hydroboration of styrene undergoes different reaction pathways as
illustrated in Figure 34. With PPh; ligand, 1,2 hydride migration TS9 is 4.5 kcal/mol favored over
2,1 boryl migration TS10. With sterically more demanding IMe ligand, evidenced by cone angle,
TS4 is disfavored by 1.3 kcal/mol comparing to TS3. The relative bulkier IMe ligand exhibit
unfavorable steric clash between IMe N-Me substituents and cis chloride and Bpin ligands create
a sterically demanding environment. This steric environment is created by the inherent electronic
and steric difference between PPhs and IMe ligands. Firstly, with two N-Me substituents point
toward the substrate plane, IMe is a bulkier ligand evident by its measured cone angle. Secondly,
Rh-C distance in TS4 is significantly smaller than Rh-P distance in TS9 for IMe is a stronger
donor ligand. As a result of disfavored steric environment, TS4 raises in energy and 2,1 boryl
migration TS3 thus became the RDS for linear selective pathway of Rh(IMe)Cl catalyzed

hydroboration of styrene.
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Figure 34. Favored hydride and boryl migration transition states of a). Rh(PPhs);Cl and b). Rh(IMe)Cl
catalyzed hydroboration of styrene
(All energies are with respect to the 5-coordinate square based pyramidal intermediates 5 in Figure 31 and 7 in
Figure 33)

4.3.3 Effects of photo-switchable NHC ligands on reactivity of Rh-catalyzed

hydroboration of styrene

The effects of photo-switchable ligands on rate-determining hydride and boryl migration
barriers and consequently the reaction rates of in Rh catalyzed hydroboration of styrene is
presented. As previously introduced, experimentally styrene hydroboration with Rh-L1 is 9.2
times faster under visible light with L1o than under UV light with L1c. Table 4 summarizes the
Tolman electronic parameters (TEP) of tested NHC ligands, experimental observed reaction rate,
and computed activation energy barriers. The vibrational frequencies are computed with
mPWI1PW91/6-311°G(2d)-6-311°G(d,p) in the gas phase in Ni(CO);L complex. The computed

frequencies are scaled with a scaling factor of 0.954. The switchable NHC ligand under visible
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light L1o has smaller TEP, suggesting it a better electron donor ligand than L1c under UV light.
The computed TEP values are in good consistence with reported experimental values.®!

The computed AG* L is the activation Gibbs free energy of boryl migration, while the
computed AG* B is the activation Gibbs free energy of hydride migration with respect to the
corresponding 4-coodinated agostic HBpin Rh-complex. In consistent with experimental
observations, both computed AG* and experimentally measured reaction rate suggest Rh catalyzed
hydroboration of styrene proceed faster with L2 than open form L1o ligand than with closed form
L1c ligand. Electronic property of the photo-switchable ligand is the dominating factor contributes
to the observed catalyst activity trend. The Rh center coordination number is reduced from 5 to 4
and is electron deficient during migratory insertion. Thus, a better electron donor ligand stabilizes
both hydride and boryl migration and makes the overall reaction kinetically more favorable.
Stronger donor ligands L.1o with smaller TEP clearly promote both boryl and hydride migration.

Interestingly, the computed TEP suggested L.2 a weaker electron donor ligand than L1o.
Along the linear selective pathway, the computed AG* L of boryl migration transition state with
L2 follows the observed trend of electronic ligand effect on reactivity. However, along the
branched selective pathway, the computed AG* B of hydride migration transition state with L2 is
lower than that with both ligands. This suggested that on top of ligand electronic effects on

reactivity, ligand steric effect cannot be neglected.

Table 4. Electronic Effects of NHC Ligands on Boryl and Hydride Migration Barrier.

L=L1lo L=Ll1c¢ L=L2
Experimental TEP (cm™) 2049 2055 -
Experimental rate (mol™ s™!) 2.3 %103 2.5x10* 6.0 x 107 (vis)
: : 1.9 x 107 (UV)
Calculated TEP (cm™) 2051 2056 2054
AG! L (kcal/mol) 17.9 19.5 18.4
AG' B (kcal/mol) 18.0 18.8 16.8
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Figure 35 then presents the optimized rate- determining transition states for linear and
branched selective hydroboration of styrene with L2 and photo-switchable NHC ligands L1o and
L1c. Closer examination of computed transition states TS20/c and TS30/c suggests that the steric
property of the ligand remain intact during the switching process. The measured N-Me and hydride
H-H distance is in sbp hydride migration TS20 and TS2¢ (2.24 A and 2.22 A) suggested the
existence of ligand-substrate steric clash with both ligands due to backbone repulsion. No

unfavorable steric clash in both tbp boryl migration TS3o/c transition states.
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Figure 35. Effects of photo-switchable ligands on reactivity of hydroboration of styrene
(All energies are with respect to its corresponding four-coordinate square planar reactant complex x, -Vibrational
frequencies computed with mPW1PW91/6-311+G(2d)-6-311+G(d,p) in the gas phase in Ni(CO);L; computed
frequencies are scaled with a scaling factor of 0.954)
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4.3.4 Effects of photo-switchable NHC ligands on regioselectivity of Rh-catalyzed

hydroboration of styrene

Our currently understanding of the reaction mechanism states sbp hydride migration is
sensitive to ligand-substrate steric clash, while thp boryl migrations have no significant ligand-
substrate steric repulsion. We thus predict that a bulkier NHC ligands will introduce larger steric
clash and disfavor branch selective hydride migration and promote linear regioselectivity. To
testify this hypothesis, Figure 36 presents computed AG* of hydride and boryl migration with a
group of NHC ligands with distinct steric properties. Among the set, L3 with no N-substituent is
the least sterically hindered while L5 with -Bu N-substituent is the most sterically hindered. Blue
bars represent AG* of boryl migration transition states that is not sensitive to steric properties of
NHC ligands. The fluctuation of energy is primarily due to electronic effects — qualitatively, better
donor ligands with smaller TEP promote reactivity along both pathways. As expected, no linear
correlation is observed between AG¥inear and cone angle. The pink bars represent AG* of hydride
migration transition states that is susceptible to ligand steric effect. Good linear correlation
(R?=0.85) is observed between AG*pranched and cone angle. It is clear that sterically less hindered
ligands L3 and L2 have smaller hydride migration barrier, where sterically bulky ligand LS lead
to larger hydride migration barrier. As a result, AAG* with the bulkiest NHC ligand L5 predicts

linear regioselectivity, while the least bulky NHC ligand L3 predicts branched selectivity.
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Figure 36. a). Reaction mechanism of Rh(NHC)CI catalyzed hydroboration of styrene, where linear and
branched regioisomers formed through distinct pathways. b). Effects of NHC ligands on reactivity and
regioselectivity of hydroboration of styrene
(“ Vibrational frequencies computed with mPW1PW91/6-311+G(2d)-6-311+G(d,p) in the gas phase in Ni(CO);L)
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44 SUMMARY

This chapter presented a computational investigation on reaction mechanism of Rh-
catalyzed hydroboration of styrene with PPh; and NHC ligand. In contrast to the phosphine-ligated
Rh(I) catalyzed hydroboration of styrene, which forms both linear and branched regioisomers
through the hydride migration pathway, the favored pathways to form the linear and branched
regioisomers with the Rh(NHC)CIl catalyst are boryl migration and hydride migration,
respectively. The effects of NHC ligands on reaction mechanism, regioselectivity and reactivity is
also presented. As the branched and linear products are formed through fundamentally different
rate-determining transition states, the following design principles were concluded for Rh(NHC)Cl
catalyzed hydroboration reactions: 1). Better donor ancillary ligands, evidenced by smaller Tolman
electronic parameter (TEP), promote formation of both linear and branched products; 2). Bulky
NHC ligands with large cone angles suppress hydride migration, which is more sensitive to steric
repulsions. This makes the linear-selective boryl migration more favorable; 3). PPhs and smaller
NHC ligands with smaller cone angles favor the branched product through the hydride migration
pathways. These summarized design principles of Rh-NHC catalysts can be used to develop new
catalysts with enhanced reactivity and switchable catalysts for otheer hydroboration and other

hydrofunctionalization reactions.
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Figure 37. Effects of ligand on reaction mechanism and regioselectivity of Rh-catalyzed hydroboration of
styrene

67



CHAPTER 5. EFFECTS OF SUBSTRATES AND DIRECTING GROUPS ON REGIO-
AND ENANTIOSELECTIVITY IN CATALYTIC ASYMMETRIC HYDROBORATION

OF ALKENES

5.1 INTRODUCTION

Rh catalyzed asymmetric hydroboration of styrene is an effective approach to install new
chiral centers in organic synthesis with highly controlled chemo-, regio-, and enantioselecitivities.
The achieved boronic esters can be further functionalized to generate chiral alcohols and
amines.®?,% Numerous studies have been reported to synthesize primary and secondary chiral
organoboron derivatives. For example, various ligands have been reported effective in Rh-
catalyzed CAHB of styrene including the chiral bidentate P,P-ligands BINAP® and Josiphos®’,
the P,N-ligands QUINAP®, PYPHOS®, and the ferrocenylpyrazole derivative 1% with good

yield, regioselectivity and enantioselectivity. (Figure 38).
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Figure 38. Ligands used in Rh-catalyzed asymmetric hydroboration to generate secondary boronic esters
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Synthesis of tertiary boronic esters, despite their importance as precursors to tertiary
alcohols, amines, and all carbon quaternary centers, has been a great challenge in transition metal
catalyzed hydroboration. Current synthetic approaches are Ilimited to Cu-catalyzed
enantioselective borylations with (Bpin), as the boryl source. In 2010, Shibasaki® and Yun’®
independently developed copper catalyzed conjugate borylation of B, B-substituted aryl substrate
(Figure 39 a,b); while Hoveyda group probed the problem by using Cu-NHC catalyst to synthesize
tertiary boronic esters.’!(Figure 39 d) One drawback of the Cu-catalyzed borylation protocols is
that it always requires the presence of a strong base. In 2015, Tang group presented a study using
L4 incorporated Rh-complex to catalyze enantioselective borylation to synthesis a-amino tertiary
boronic esters with moderate yield (69%) and up to 99% ee (Figure 39 d).”* In all listed
hydroboration reactions, (Bpin)» serves as the borane source, which does not utilize desired atom

economy.”?

a). Shibasaki (2010): .
CuPFg"CH3CN (10 mol%)

o LiOtB(qIEIr?]gwli’/o) Bpin O
o
X R * (Bpin)2 L1 A R
2-propanol (2 equiv) Me
R = Me, Et 1.5 equiv DME,rt,16-24h
80-86 %yield
90-96 %ee
b). Yun (2010): CuCl (5 mol%) .
0 NaOB (1 mg1%) Bpin O
S + . L2
B
OFt (Bpin)2 MeOH (2 equiv) Mo~ OFt
: THF,rt, 20h
1.1 equiv 100 %conv
93 %ee
c). Hoveyda (2010): CuCl (5 mol%) on on
NaOByL (13 mQl% ~
L3 Hs(molq)o? 0) Bpin O BFY

. @ NH
OEt (Bpin)2 MeOH (1.2 equiv) OEt O/ <Ar
Me “Ph

o
1.1 equiv THF,-50°C, 12h )
Ar =2,4,6-(i-Pr);CgH,
L3

4
o

90 %yield
95 %ee

(2 mol%) J\

[Rh(nbd)31Bf b 19%) HN

L4 :
i ‘0

(Bpin)2 DABCO (20 mol%) ©/TB£)

1.5 equiv CgFe, 80°C

69% yield

99% ee

Figure 39. Cu- and Rh-catalyzed non-directed hydroboration of activated aryl olefins to form tertiary boronic
esters

d) Tang (2015)

S,
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Since 2011, the Takacs group at the University of Nebraska-Lincoln published a series of
studies in Rh-catalyzed CAHB reactions of f,y-unsaturated substrates with high enantioselectivity
under mild conditions.’ In their earlier publications, they have demonstrated the efficient CAHB
of allylic trisubstituted alkenes with oxime and phosphonate directing groups.’> However, the
synthesis of chiral tertiary benzylic boronic esters is not achieved until recently.”® Using the
TADDOL-derived phosphite T1 in combination with a common Rh(I) catalyst precursor, the
phosphonate-directed of B-aryl-substituted methylidene substrate 2 undergoes borylation at more
substituted position of the alkene, generating B-borylation product (R)-3 (81%, 97:3 %er) with re-
facial selectivity (Figure 40a). Interestingly, the TADDOL-derived asymmetric ligand controls the
n-facial selectivity of the reaction through two distinct stereo centers on the backbone. The favored
conformation and the steric environment of this T1/T2 ligand scaffold and its effect on
enantioselectivity in Rh-catalyzed hydroboration reactions have not been investigated
computationally. Effects of directing group on regioselectivity of CAHB reactions also remain
unclear. With the oxime ether directing group, the CAHB of similar methylidene substrates 4
produces the other regiosomeric y-borylation product (R)-5 (70%, 95:5 %er) with same re-facial

selectivity.
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Phosphonate-directed CAHB

0.25% [Rh(cod)Cl],, 0.5% AgBF4

lo) | (in situ generated precatalyst) O Me
‘5\)\ 0.5% (R,R)-T2 B pn
Et0” Ph pinBH, THF, 1t, 2 h EtO” A -
6Et . _— > 6Et Bpin
B-borylation, re-attack (81%, 97:3 er)
2 (R)-3
Oxime-directed CAHB
Me Me (RR)-T1: X=H
)\ 1% Rh(nbd),BF4, 2% (R,R)-T1 )\ Bpin (R,R)-T2: X = Me
Me \E\J\ pinBH, THF, rt, 2 h Me \g 4 o
Ph Y-borylation, re-attack ~~>Ph H_B
4 5 (71%, 94:6 er) 0

pinBH
Figure 40. Rh-catalyzed directed CAHB of methylidene vinyl arenes with a). Phosphonate directing group,
and b) Oxime directing group

Takacs group presented a ab inito study of the reaction mechanism of Rh-catalyzed cyclic
y,0—unsaturated amide with carbonyl directing group. They investigated the two-point binding
mechanism where the directing group of the substrate coordinates onto the Rh-center to form a
chelating type of interaction. They concluded that the rate-determining transition state is the
secondary C-B bond reductive elimination.”’

To our knowledge, no computational studies have been presented on the Rh-catalyzed
phosphonate directed CAHB of aryl substrates to form the sterically demanding tertiary C- B bond.
The generally accepted proposed mechanism is illustrated in Figure 41a.>? upon coordination of
the substrate and the HBpin, complex 6 undergoes oxidative addition to form 5-coordinated Rh(III)
complex 7. Similar to the proposed mechanism in Chapter 4, subsequent migratory insertion of the
olefin could occur via four competing pathways involving either insertion into the Rh-B or the Rh-
H bond with two regioisomeric approaches of the olefin. 2,1 and 1,2 olefin insertion into Rh-H

bond (i.e. hydride migration) form 5-membered metallacycle 8 and 6- membered metallacycle 11

71



which then undergo C-B reductive elimination to release the linear and branched products 12 and
3, respectively. Similarly, 2,1 and 1,2 olefin insertion into the Rh-B bond (i.e. boryl migration)
forms 5-membered metallacycle 11 and 6-membered metallacycle 10 which then undergo C-H
reductive elimination to release the linear and branched products 12 and 3, respectively.

In following sections of this chapter, I will first conduct DFT calculations to reveal the
favored reaction mechanism of Rh-catalyzed directed CAHB and to identify the rate- and
selectivity- determining step. The second goal of computational studies is to determine factors
promoting formation of the sterically demanding tertiary C-B bond. One hypothesis is that T1/T2
ligand could serve as a semi-labile ancillary ligand, where the ligand backbone Ar group or the
OPh could bind reversibly onto Rh center to stabilize 4-coordinated metallacycle intermediates
and/or reductive elimination transition states. (Figure 41b) Based on the computed RDS structures,
I will then analyze the conformation of free T1 ligand and its effect on enantioselectivity. The last
goal of this chapter is to investigate effects of directing group on regioselectivity and provide

guidance in designing directing group controlled CAHB reactions.
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Figure 41. a) Proposed reaction mechanism of Rh-catalyzed CAHB of phosphonate directed methylidene
vinyl arenes ; b) Possible binding modes of the asymmetric phosphite ligand on Rh; c¢) Goals of computational
investigation

5.2 COMPUTATIONAL DETAILS

All geometry optimizations were performed using the dispersion corrected B3LYP-D3
functional'®’® with a mixed basis set of SDD for Rh and 6-31G(d) for other atoms.** Single point
energies were calculated with M06!! and a mixed basis set of SDD for Rh and 6-311+G(d,p) for
other atoms. Solvation effects were considered by performing single point calculations with the

SMD model in THF (g = 7.4).!*!* All calculations were performed with Gaussian 16.7
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Reaction energy profiles presented in this study were obtained by optimizing molecular
geometries and calculating energies of the reaction intermediates (local minima) and transition
states (1% order saddle point) along plausible reaction pathways. Vibrational frequencies were
computed at the same level of theory in geometry optimization to confirm whether the structures
are intermediates (no imaginary frequency) or transition states (only one imaginary frequency).

The reported Gibbs free energies and enthalpies include zero-point vibrational energies and
thermal corrections at 298 K calculated using a harmonic-oscillator model. Since the harmonic-
oscillator approximation may lead to spurious results for the computed entropies in molecules with
low-frequency vibrational modes,'¢ the quasiharmonic approximation from Cramer and Truhlar!’
was applied to compute the thermal corrections for a few key transition state structures. In the
quasiharmonic approximation, vibrational frequencies lower than 100 cm-1 were raised to 100 cm-
1 as a way to avoid spurious results associated with the harmonic-oscillator model for very low-
frequency vibrations. The reported energies in the text were corrected using the quasiharmonic

approximation. The Gibbs free energies in solution were calculated at 1 mol/L.

5.3  RESULTS AND DISCUSSION

5.3.1 Reaction mechanisms of phosphonate directed CAHB

This section presents computational mechanistic investigation of Rh-catalyzed CAHB of
x with phosphonate directing group. Oxidative addition of HBpin generates the common Rh(III)

intermediate 7, which act as the resting state in the computed reaction energy profile in Figure 42.
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For the sake of clearness, only the four re-selective styrene migratory insertion pathways from 7
are presented. The blue pathways represent the hydride migration mechanism, where olefin inserts
into Rh-H bond; and the black pathways account for the boryl migration mechanism, where olefin
inserts into Rh-B bond. The 2,1-hydride migration (TS1), where the hydride migrates onto the
terminal carbon, and the 1,2-boryl migration (TS3), where the Bpin group migrates onto the
internal carbon, lead to the B-borylation product 3. The 2,1-boryl migration (TS2) and the 1,2-
hydride migration (TS4) produce the gamma borylation product 12. The 2,1-boryl and hydride
migrations (TS1 and TS2) to form benzylic rhodium complexes 8 and 9 are favored over
corresponding 1,2-migration pathways (TS3 and TS4) due to electronic stabilization of the a-Ph
substituent that delocalizes the partial negative charge on the a carbon. Subsequently, the benzylic
Rh(IIT) intermediates 8 and 11 undergo sterically demanding tertiary C-B reductive elimination
TSS and energetically facile tertiary C-H reductive elimination TS6 to form - and y- borylation
products (3 and 12), respectively. The rate- and regioselectivity determining step (RDS) of the -
borylation pathway is sterically demanding tertiary C-B reductive elimination TSS with a barrier
of 15.8 kcal/mol; the RDS of the y-borylation pathway is the 2,1 boryl migration TS2 with a barrier
of 16.5 kcal/mol. In consistence with experimental observation, the computed Gibbs free energies

suggested B-borylation is favored over y-borylation.
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Figure 42. Calculated energy profile for Rh(IMe)Cl catalyzed hydroboration of phosphonate directed aryl alkene with re-facial selectivity
(All energies are with respect to the 5-coordinated Rh(IIT) complex 2) ((*Geometry optimization of TS2 is conducted at B3LYP-D3/LANL2DZ—-6-31G(d) level
of theory with energy computed at M06/SDD-6-311+G(d,p)/SMD (THF) level of theory, **The reported energy is estimated from the constrained
ModRedundant calculations)
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The optimized migratory insertion transition states (TS1, TS4) along the favored reaction
pathways are presented in Figure 43. Consistent with observations described in Chapter 4, hydride
migration TS1 adapts the electronically favored square based pyramidal (sbp) conformation with
inserting hydride ligand at apical position, and phosphonate directing group cis to ligand.
TS1_bottom is favored over TS1_side due to trans-effect of the strong sigma donor ligand Bpin.
The phosphonate directing group is a relatively weaker trans ligand comparing to the inserting
olefin. Boryl migration TS4 adapts the sterically less demanding trigonal bipyramidal (¢bp)
conformation with hydride and directing group occupying axial positions. The steric repulsion
between phosphite ligand and Bpin determines the energy difference between TS2 bottom and
TS2 side. TS2 bottom is sterically favored by putting both sterically demanding Bpin and
ancillary phosphine ligand in equatorial positions and small hydride and directing phosphonate in
axial positions. In consistent with the conclusion of previous section, with relative flexible and
sterically less demanding phosphonate ancillary ligand, the hydride migration energetically
favored over boryl migration evidenced by the relative energy difference between TS1 bottom

and TS1_bottom.
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Figure 43. Optimized conformations of square based pyramidal hydride migration transition state (TS1) and
trigonal bipyramidal boryl migration transition state (TS4)

A detailed conformational search for resting state complex 2 is also conducted with
computed relative energy presented in Figure 44. The 5-coordinated Rh(III) complex adapts square
based pyramidal geometry with the phosphonate ligand favors to be frans to the directing group,
and hydride favors to be trans to the alkene substrate. The strongest sigma donor ligand Bpin is
located at the apical position. (7) The small Gibbs free energy difference between 7 and 14 (2.3
kcal/mol) and 19 (4.4 kcal/mol) ensured easy pseudorotation between intermediates to undergo

subsequent migratory insertions.
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Figure 44. Computed Gibbs free energy of S-coordinated Rh(III) intermediates

5.3.2 Factors promoting sterically demanding tertiary C-B reductive elimination

One interesting mechanistic feature of this reaction is the formation of -borylation product
through sterically demanding C-B reductive elimination of the tertiary carbon (TSS). Detailed
conformation search of the metallacycle intermediates 8 and reductive elimination transition state
TS5 revealed that the benzylic group could bind to the Rh-center with a conventional 1! fashion
or a unusual 1’ fashion where the Ph substituent binds onto the Rh center, as evidenced by the
relatively short Rh-C distances with the ipso and ortho carbons of the Ph (2.22 A and 2.29 A).
Consistent with previous studies, formation of the 1’ benzyl complex 8 n?is disfavored due to
loss of aromaticity. 8 The two metallacycle intermediates can interconvert under a Curtin-

Hammett condition as illustrated in Figure 47.
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Although the benzyl n’-complexes have been observed, no computational studies have
been reported to investigate its role in promoting sterically demanding C-B bond formation in Rh-
catalyzed CAHB reactions. In reductive elimination transition states, TS5 13 is energetically
favored over TS5 1! by 3.9 kcal/mol. Closer examination of the computed transition state 3-D
structures revealed that the n® coordination of Ph ring makes TS5 sterically less crowded.
Compared to the C-B distance in TS5 n' (1.89 A), the enlongated C-B distance in TS5 n?(2.05A)
reduces steric tension between inserting Bpin and the substituent and consequently promotes the
reactivity of the sterically demanding tertiary C-B bond reductive elimination. This represents the
first example that benzylic n’ coordination with a Rh center promotes a sterically demanding bond

formation.
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5.3.3 Procedure to generate ligand steric contour plot from optimized ligand geometry

As introduced in first chapter, ligand steric contour plot serves as a great tool to visualize

and rationalize ligand conformations. 8! Figure 45 illustrated the procedure to create the steric

contour plot of the (R,R)-T1 ligand.

a) The ligand structure is optimized at the same level of theory as other calculations in this

chapter (B3LYP-D3/SDD-6-31G(d,p)).

A hypothetical Rh atom is installed in equatorial position at the phosphine atom
(with Rh-P distance 2.30 A), the ligand is then rotated and translated so that the Rh
atom is placed at the origin of the Cartesian coordinate system (0.0, 0.0, 0.0).
The z axis is oriented along the Rh-P bond. The ligand is placed in the half-space
along the positive z axis (with positive z coordinates).
The x axis is oriented along the two carbon atoms on the ligand backbone. Note that
the definition of these axis can be tailored depending on the system studied.
An example of the rotated/translated coordinates is provided below:
x y z

Ir 0.00000  0.00000  0.00000

P 0.00000  0.00000  2.30000

C 1.95269 0.00000 4.37349

C -136784 1.43257 4.33854
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b) The Van der Waals surface of the ligand was built up using the atomic radii as tabulated

in A. Bondi, “Van der Waals Volumes and Radii’”', Journal of Physical Chemistry, Vol.
68, No. 3, pp. 441, 1964. H atoms are included in the Van der Waals surface.

The contour map of the ligand was plotted using the matplotlib library in Python. The
contour lines are created along the z axis. The contour line of zero is drawn through all
points on the van der Waals surface having the same z coordinate as the Ir atom. The
positive contour lines (colored in green and blue) indicate regions on the ligand van der
Waals surface having a positive z coordinate, i.e. more distant from the half-space
containing the substrate. The negative contour lines (colored in yellow and red) indicate
regions on the ligand surface with a negative z coordinate, i.e. closer to the half-space
containing the substrate. Thus, if a substrate is placed in a yellow or red region on the
ligand contour plot, more significant ligand-substrate interaction is expected. The unit

on the colour bar for the contour lines is in A.

Optimized ligand structure Van der Waals surface Created steric contour plot

Figure 46. Illustration on the procedure to create steric contour plot from DFT optimized geometry
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5.3.4 Application of ligand steric contour plot to study conformation of the asymmetric

T1 ligands

To elucidate the steric environment and the mode of chiral induction with the asymmetric
T1 ligand, this section uses steric contour plot and quadrant diagram to study the conformations
of monodentate asymmetric phosphite ligand (R,R)-T1 and (§,S)-T1. Figure 47a revealed that both
T1 ligands adapt chair conformation, where P-O>-C*-C! locates on the same plane and O*-C?-C>-
C* locates on another plane. When this ligand coordinates on to an Rh center (highlighted in red),
the Rh is expected to locate at the sterically less demanding equatorial position. Take (R,R)-T1
ligand for example, the Ar groups at equatorial positions (Ar> and Ar’) are expected to point
towards the Rh-center and thus be placed in closer proximity to the metal than the axial Ar groups
(Ar' and Ar*). Here, we define the quadrant occupied by the equatorial Ar groups (Ar? and Ar’) as
“occupied” quadrants. With (S,5)-T1 ligand, Ar*> and Ar® locate at axial positions, while Ar' and
Ar* are in equatorial positions. Indeed, the steric contour plots indicate a pseudo-C> symmetry for
the T1 ligand. (Figure 47¢) In (R,R)-T1 ligand, Ar' and Ar* in first and third quadrant tilt away
from the Rh center creating relative open pockets, while Ar? and Ar® in second and fourth quadrant
tilts toward Rh center creating relative occupied pocket. While, in (S,5)-T1 ligand, Ar? and Ar’ lie
in relative open pockets, while Ar! and Ar* in relative occupied pocket. The stereocenters on T1
ligand backbone introduces an achiral environment around the metal center through the four Ar

groups on the ligand backbone.
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I

-2
Figure 47. Conformation and steric environment of asymmetric (R,R)-T1 and (S,S)-T1 ligands, a) chair
conformation of the asymmetric ligands; b) computed 3-D structures of the T1 ligands; c) Steric contour plot
and the quadrant diagram of the ligand, view from Rh-P
(all hydrogens concealed for the sake of clearness)

5.3.5 Origin of enantioselectivity in phosphonate directed CAHB

Following the discussion of pseudo-C> symmetric (R,R)-T1 ligand, this section further
elucidates the origin of enantioselectivity in Rh-catalyzed phosphonate directed CAHB reactions.
The computed Gibbs free energy of TS5 R and TS5 S with respect to the common Rh(III)
intermediate 2 is presented along with the optimized 3-D structures. Consistent with experimental
observation, TS5 R is energetically favored over TS5 S by 1.4 kcal/mol, leading to re facial

selectivity. As presented in Figure 48, the ligand in TS5 S is clearly more distorted. This is
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evidenced by the computed Edisioriion and the loss of C> symmetry, suggesting ligand distortion
energy is the one major contributor to observed facial selectivity.

The origin of ligand distortion in TSS_S is then analyzed with ligand steric contour overlay
plot. The steric contour plot is created following procedures described in previous section with
substrates overlaid on top of it. The significant change of ligand shape in TS5 S is in consistent
with the higher ligand distortion energy (Edisiorion=5.5kcal/mol). Closer examination of the ligand
conformation in computed transition states revealed the origin of disfavored ligand distortion in
TSS_S. As discussed in section 5.3.1, the favored reductive elimination transition state TSS adapts
square based pyramidal conformation, where the phosphonate directing group and the n?
coordinated Ph ring are in axial position. The n* coordinated Ph ring represent the most steric
demanding group (highlighted in red) cis to the phosphine ligand. As illustrated in Figure 48b, in
favored TS5 R, the Ph ring locates at the open quadrant 1 below Ar', resulting in less ligand
distortion and favored Gibbs free energy (AG*=15.8 kcal/mol); In disfavored TS5 S, the Ph ring
locates at the occupied second quadrant below Ar’, resulting in more significant and disfavored

Gibbs free energy of activation (AG*=17.2kcal/mol).
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Ligand less distorted Ligand more distorted

Figure 48. Demonstration of the origin of enantioselectivity. a) computed 3-D structures of the tertiary
reductive elimination transition states; b) Steric contour plot with substrate overlaid on the top
(all hydrogens concealed for clarity) (the most steric demanding Ph-group is labeled red)

5.3.6 Reaction mechanism of oxime directed CAHB

This section presents mechanistic investigation of Rh-catalyzed CAHB of x with the oxime
directing group. The computed reaction energy profiles containing four competing reaction
pathways are presented in Figure 49. From the reactant complex 21, four competing styrene
migratory insertion pathways lead to two regioisomeric hydroboration products. The blue
pathways represent the hydride migration mechanism, where olefin inserts into Rh-H bond; and

the black pathways account for the boryl migration mechanism, where olefin inserts into Rh-B
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bond. The 2,1-hydride migration (TS9), where the hydride migrates onto the terminal carbon, and
the 1,2-boryl migration (TS11), where the Bpin group migrates onto the internal carbon, lead to
the beta-borylation product 5. The 2,1-boryl migration (TS10) and the 1,2-hydride migration
(TS12) eventually produce the y-borylation product 26. The 2,1-hydride and boryl migrations
(TS9 and TS10) to form benzylic rhodium complexes 22 and 25 are favored over corresponding
1,2-migration pathways (TS11 and TS12) due to electronic stabilization of the a-Ph substituent
that delocalizes the partial negative charge on the a carbon. Subsequently, the benzylic Rh(III)
intermediates 22 and 25 undergo sterically demanding tertiary C-B reductive elimination TS13
and relative facile tertiary C-H reductive elimination TS16 to form - and y- borylation products
(5 and 26), respectively. The (RDS) of the beta-borylation pathway is sterically demanding C-B
reductive elimination TS13 with a barrier of 22.9 kcal/mol; the RDS of the y-borylation pathway
is the C-H reductive elimination TS16 with a barrier of 16.6 kcal/mol. In consistence with
experimental observation, the computed Gibbs free energies suggested y-borylation is favored over

B-borylation.
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Figure 49. Calculated energy profile for Rh(IMe)Cl catalyzed hydroboration of oxime directed aryl alkene with re-facial selectivity
(All energies are with respect to the 5-coordinated Rh(II) complex 2)
((*Geometry optimization of TS2 is conducted at B3LYP-D3/LANL2DZ-6-31G(d) level of theory with energy computed at M06/SDD—6-311+G(d,p)/SMD
(THF) level of theory**The reported energy is estimated from the constrained ModRedundant calculations)
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5.3.7 Effect of directing group on regioselectivity

One interesting observation is that the regioselectivity is completely reversed to favor y-
borylation with the oxime directing group. Examination of the optimized RDS indicated that two
factors contribute to the increased free energy barrier in TS13 R. Electronically, the n-Ph
coordination is weakened in TS13_R evidenced by the elongated Rh-C distances (2.36A and
2.17A) comparing to those in TS5 R (2.30A and 2.14A). This could be attributed to the electronic
effect of the directing group: giving its weaker electronegativity, N lone pair serves as a stronger
electron donor ligand than O lone pair and makes the Rh center more electron-rich. Sterically, the
oxime directing group is more sterically demanding comparing to the phosphonate directing group,
leading to significant steric repulsion between the N-Me group and the O on ligand backbone. In
combination, TS13 R is disfavored both electronically and sterically, leading to the revision of

regioselectivity.
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Figure 50. Effects of oxime directing group on regioselectivity determining tertiary C-B bond reductive
elimination
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5.4  SUMMARY

This chapter presented a computational investigation on Rh-catalyzed phosphonate- and
oxime- directed asymmetric hydroboration with asymmetric phosphite ligand T1 to generate chiral
tertiary benzylic boronic esters. The reaction mechanism is investigated by construction of the
computed energy profile, where the rate- and selectivity- determining transition state along the 3-
borylation mechanism is the tertiary C-B reductive elimination. Closer examination of the
optimized reductive elimination transition states revealed that an 1’ isomer of the benzylic Rh
complex promotes the sterically demanding reductive elimination. The mechanism of chiral
induction using T1 ligand and the ligand effect on enantioselectivity is then investigated. Steric
contour plot of the ligand revealed that the monodentate phosphite ligand T1 adapts a pseudo-C>
symmetric conformation. The asymmetric T1 ligand suppresses the si-facial selectivity due to
disfavored ligand-substrate repulsion with the coordinated m’-benzyl group. The effects of
directing group on regioselectivity is also demonstrated. The tertiary C-B reductive elimination in
oxime directed CAHB reaction is disfavored both electronically, through a weaker n’-
coordination, and sterically, as evidenced by the greater steric repulsion between the directing
group and the ligand backbone. Overall, this chapter presented the computational investigation on
the reaction mechanism of Rh-T1 catalyzed CAHB reaction. The molecular level of understanding
granted from mechanistic studies shall aid future asymmetric catalyst design of directed

hydroboration and other hydrofunctionalization reactions.
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