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ABSTRACT

Computational Studies of High-Oxidation State Main-Group Metal
Hydrocarbon C-H Functionalization

Clinton R. King
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy

High-oxidation state main-group metal complexes are potential alternatives to transition
metals for electrophilic C-H functionalization reactions. However, there is little known about how
selection of the p-block, main-group metal and ligand impact C-H activation and functionalization
thermodynamics and reactivity. Chapter 2 reports density functional theory (DFT) calculations
used to determine qualitative and quantitative features of C-H activation and metal-methyl
functionalization energy landscapes for reaction between high-oxidation state d'°s” In'", TI', Sn'V,
and Pb!Y carboxylate complexes with methane. While the main-group metal influences the C-H
activation barrier height in a periodic manner, the carboxylate ligand has a much larger quantitative
impact on C-H activation with stabilized carboxylate anions inducing the lowest barriers. For
metal-methyl reductive functionalization reactions, the barrier heights, are correlated to bond
heterolysis energies as model two-electron reduction energies.

In Chapter 3, DFT calculations reveal that arene C-H functionalization by the p-block
main-group metal complex TI"(TFA); (TFA = trifluoroacetate) occurs by a C-H activation
mechanism akin to transition metal-mediated C-H activation. For benzene, toluene, and xylenes a
one-step C-H activation is preferred over electron transfer or proton-coupled electron transfer. The
proposed C-H activation mechanism is consistent with calculation and comparison to experiment,
of arene thallation rates, regioselectivity, and H/D kinetic isotope effects. For trimethyl and
tetramethyl substituted arenes, electron transfer becomes the preferred pathway and
thermodynamic and kinetic calculations correctly predict the experimentally reported electron
transfer crossover region.

In Chapter 4, DFT calculations are used to understand the C-H oxidation reactions of
methane and isobutane with SbYFs. SbVFs is generally assumed to oxidize methane through a
methanium-methyl cation mechanism. DFT calculations were used to examine methane oxidation
by SbVFs in the presence of CO leading to the acylium cation, [CH3CO]". While there is a low
barrier for methane protonation by [SbYFs][H]" to give the [SbYFs]CHs]" ion pair, Hz
dissociation is a relatively higher energy process, even with CO assistance, and so this protonation
pathway is reversible. The C-H activation/c-bond metathesis mechanism with formation of an
SbY-Me intermediate is the lowest energy pathway examined. This pathway leads to [CH3CO]" by
functionalization of the SbY-Me intermediate by CO, and is consistent with no observation of Ha.
In contrast to methane, due to the much lower carbocation hydride affinity, isobutane significantly
favors hydride transfer to give tert-butyl carbocation with concomitant Sb¥ to Sb™ reduction. In
this mechanism, the resulting highly acidic Sb¥-H intermediate provides a route to Hz through
protonation of isobutane.

Keywords: main group, CH activation, indium, thallium, tin, lead, antimony
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Chapter 1:

A Brief Introduction to C-H Functionalization Reactions by Fifth and Sixth Period Main-Group
Metal Complexes

1.1 Introduction

C-H functionalization occurs when a reaction or reaction sequence converts a
carbon-hydrogen bond into a carbon-heteroatom bond, typically nitrogen, oxygen, or halogen.
This term often describes a reaction where a transition metal center cleaves a hydrocarbon C-H
bond (e.g. alkane, arene, or vinyl) resulting in organometallic M-C bond, rendering the
carbon activated

(Scheme 1a).! The M-C bond is potentially more reactive than the C-H bond, which can
be

subsequently functionalized into a carbon-heteroatom bond (Scheme 1-1a).
a) C-H Functionalization by Organometallic Reactions

Activation Functionalization

LM * RH — LM-R —> R-X

b) Activation
Oxidative Addition H

LMY ' RH 5 | MY*2
R

Electrophilic Activation
LMY ¥ RH — > L MY-R * H'
©.Bond Metathesis

LMR * R-H — » | MY-R T RH

c) Functionalization
Functionalization py an External Nucleophile
LMR ¥ Nu —» [ ,M¥2 * R-Nu
Elimination py an Internal Nucleophile

L\MY—-R —> LyMY2 * R-Nu
|
Nu



Scheme 1-1. a) C-H functionalization strategy by activation and M-R functionalization. b) Classes of
metal-mediated C-H activation mechanisms. Oxidative addition is characterized by an increase in the
formal oxidation state of the metal. Electrophilic activation is characterized by no change in the formal
oxidation state, and by the deprotonation of the C-H bond. c—Bond metathesis occurs when one M-R bond
is exchanged for another.' ¢) Functionalization involves formal oxidation of the carbon, and can occur
through nucleophilic displacement of the metal center. In this scheme, L represents a generic ligand, Y is

the formal oxidation state of the metal, and R is a generic hydrocarbon.

There are several metal-mediated C-H activation mechanisms, and the most prominently
described are oxidative addition (generally to low valent metals), electrophilic, and c—bond
metathesis. Scheme 1b illustrates that oxidative addition results in the formation M-C and M-H
bond with a concomitant increase in the metal oxidation state by +2. In contrast, electrophilic C-
H activation involves formation of a M-C bond and loss of a proton from the C-H bond, and
typically there is no formal oxidation state change of the metal center. A c-bond metathesis
mechanism involves M-C bond exchange for the incoming C-H bond, and similar to electrophilic

activation there is generally no change in the metal oxidation state.!-

Metal-carbon functionalization (M-R functionalization, Scheme 1¢) occurs when the metal
center is displaced by a strong or weak heteroatom nucleophile. Similar to C-H activation, M-R
functionalization can occur through a variety of mechanisms, but when coupled to organometallic
C-H activation, this typically occurs through nucleophilic displacement of the metal where the

nucleophile originates either from the metal coordination sphere or from the solution.?

C-H functionalization involving C-H activation and M-R functionalization (both
stoichiometric and catalytic) are most prominent with transition-metal complexes that have <d'°
metal electron occupation. For example, Shilov described methane conversion to a mixture of

methanol and methyl chloride.® The established mechanism is outlined in Scheme 1-2 for the



[Pt"C14]? complex. First, the methane C-H bond undergoes electrophilic activation to generate a
Pt-CH3 intermediate. Second, [Pt!VCls] oxidizes the Pt!-methyl complex to a Pt"Y-CH3 complex.

Third, the Pt'Y-CH3 intermediate undergoes M-C bond functionalization.'®?

CH3;0OH/CH4CI
pill CH,

C-H Activation
M-R Functionalization

. y HCI
Cl ,oH

PtV-CHj, Ptl-CH,

Pt ptlV

Oxidation

Scheme 1-2. The Shilov cycle, which selectively oxidizes methane to a mixture of methanol and methyl
chloride. The exact coordination sphere of the Pt complexes are unknown, but in water the possible

ligands are CI, OH", and H,0.'**

tIV

The Shilov reaction requires stoichiometric Pt! oxidant, and Periana* later developed a

bipyridine Pt

catalyst that efficiently and selectively oxidizes methane to methyl bisulfate in
concentrated sulfuric acid using the sulfuric acid as the stoichiometric oxidant (Scheme 1-3). The
bipyridine ligand stabilizes the catalyst against deactivation and maintains its solubility in
concentrated sulfuric acid. Based on computations and experiments, Scheme 1-3b presents details
of intermediates in the methane to methyl bisulfate catalytic cycle.** While there are key

differences of this catalytic cycle compared to the Shilov reaction, the basic C-H activation and

M-R functionalization steps are similar.



_ -+
a) AN
Hm, X
T
NN M
.
b) M-R
Functionalization
HO;SOCH4
OSO;H
| 3 . H,S0, )
Lpyv-CHs Lpy1 OS0sH +L§HEO4
AN \
Cl Cl 2,
S0, + 2H,0 OSOsH Lpii OSOsH2
Oxidation *Cl
2 H,SO
2 4 ”’CHB . CH4
LPt\CI H,SO,

2+
CH
H 2 Lpt! 3
H2S% [LPtI\I//CH:i ;_,/ [ \C|
N

HSO, cl C-H Activation

Scheme 1-3. a) Periana’s methane C-H functionalization catalyst.”® b) Generalized catalytic cycle for the

Periana Pt catalyst.**

While the majority of C-H bond functionalization promoters and catalysts developed use
transition-metal centers, as exemplified by the Shilov and Periana reactions, an alternative strategy
that is the subject of this computational chemistry dissertation is the use of fifth and sixth period
main-group metals to induce C-H activation and M-R functionalization. While fifth and sixth
period main-group metals with d'* or d'%s? metal electron occupation (e.g. Ag-I and Au-Bi) are
typically viewed as Lewis acids, oxidants, additives, and transmetalation reagents, they are not
commonly proposed to be involved in reactions forming organometallic intermediates with M-C
bonds. While it has previously been proposed that fifth and sixth period main-group metals can

mechanistically act similar to transition metals, these reactions generally involve low oxidation

4



states (e.g. Sn').> This dissertation is concerned with high oxidation state main-group metal

reactions, in particular reactions that involve C-H activation and M-R functionalization.

1 2
H He
3 4 5 6 i 8 9 | 10
Li | Be Bl C|N]|]O]| F|Ne
11 | 12 13114 (151 16 | 17 | 18
Na | Mg Al Si| P | S| Cl| Ar

1912021122 |23 |24 | 25|26 27|28 (29|30 (31132 |33|34]|35] 36
K|lCa|[Sc| Ti | V|Cr| Mn|Fe|Co| Ni |Cu|lZn|Ga|Ge| As | Se | Br | Kr

37 |38 |39 |40 | 41 [ 42 | 45 [ 44 [ 45 | 46 | 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
Rb|Sr| Y| Zr|Nb|Mo| Tc |Ru|Rh|Pd|[Ag|Cd| In|Sn|Sb|Te| | | Xe

55| 56 |57-|72 |73 |74 (75|76 (77 |78 |79 | 80|81 |82|83|84|85]86
Cs|Ba| 71| Hf | Ta| W |Re|Os| Ir | Pt [Au|Hg| Tl [Pb| Bi | Po [ At | Rn
87 | 88 | 89-]104 (105|106 107|108 | 109|110 111 | 112 | 113|114 | 115|116 | 117] 118
Fr | Ra [103| Rf (Db | Sg|Bh|Hs | Mt | Ds |Rg|Cn | Nh| FI | Mc] Lv | Ts

57|58 |59 |60 |61|62|63|64(65|66|67|68|69]|70]| 71
la|Ce| Pr|Nd|Pm|Sm|Eu|Gd|Tbh | Dy |Ho| Er [ Tm | ¥Yb | Lu
890|190 (91192 | 9394|9596 97|98 |89 |100(1011102]1103
Ac|Th|Pa| U [Np| PulAm|Cm| Bk | Cf M )

Tl

Figure 1-1. The elements discussed in this work are outlined in red.
1.2 Brief Overview of Some Experimental and Computational Studies of Main-Group Metal

C-H Activation and Functionalization.

In 1993, Periana reported that mercuric bisulfate (Hg" has d'° electronic occupation) in
concentrated sulfuric acid catalyzes the functionalization of methane to methyl bisulfate.® Scheme
1-4 shows the originally proposed catalytic cycle, which consists of electrophilic C-H activation
followed by M-R functionalization and then SOs-induced Hg oxidation. Consistent with the
electrophilic activation description, experiments with methyl bisulfate showed that the rate of its

oxidation is significantly slower than the rate of reaction with methane.



SO, + H,0

| CH,4
Hg"(HSO4)2
e C-H Activation
Oxidation
H,SO,
SO, + 2H,S0,
Hg® + HSO, (HSO4)Hg'-CH3

S

CH,0SO,H M-R  HSO,
Functionalization
Scheme 1-4. Proposed catalytic cycle for mercury catalyzed oxidation of methane in sulfuric acid.

Our group recently examined this Hg-catalyzed methane C-H functionalization reaction
using a combination of continuum and explicit-continuum solvent methods.®® Calculation of the
thermodynamics of several intermediates, including methyl radical, methane radical cation, and
various mercury(I) structures, suggest that these intermediates are endergonic unlikely to induce
C-H functionalization. Overall, this DFT study provided evidence that mercury catalyzes methane
C-H functionalization through an electrophilic C-H activation step rather than an open-shell radical

mechanism.

While the ability of gold to activate the C-H bonds in arenes was reported as early as the
1930’s, in 2004, Periana described methane to methyl bisulfate C-H functionalization using a gold
catalyst in concentrated sulfuric acid.” NMR experiments demonstrated that hydrogen/deuterium
(H/D) exchange between methane and solvent occurs, which is consistent with a reversible C-H

' can induce methane C-

activation step. Calculations by Goddard suggests that both Au' and Au
H activation. The d'° Au' C-H activation route was proposed to occur through an oxidative addition

transition state while the Au' d® C-H activation was proposed to occur through an electrophilic

activation transition state (Scheme 1-5). While Au' can induce C-H activation, M-R
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functionalization was proposed to occur after oxidation through an Au™-CH3 intermediate, which

occurs through an external nucleophilic substitution mechanism.

Oxidative Addition to Au!

o H |*

a) | HOpS? AU
0" “~CH,

Electrophilic Activation py Au'l

0—SO,H|*
O / \
b) ozs:OjAu"' O
oH
H3

Functionalization of Au''-CH,

t
c) (Ho3SO)2Au”'--ﬁ--OSO3H
3

Scheme 1-5. a) Oxidative addition transitions state between methane to Au'(HSOs). b) Electrophilic
activation transition state between methane and Au"'(SO4)(HSO.). ¢) Au"'-CH; functionalization transition

state.’

Periana and co-workers reported that the main-group element iodine catalyzes conversion
of methane to methyl bisulfate in 2% oleum at 195 °C with sulfur trioxide as the terminal oxidant.®?
It was demonstrated that I2"[Sb2F11]" reacts stoichiometrically with methane at 50 °C while other
oxidized iodine compounds (e.g. IMO(HSO4), 1VO2(HSO4), and I"(HSO4)3) do not. Because
experiments with radical scavengers and initiators demonstrated that radical pathways are unlikely,
the proposed catalytic cycle is shown in Scheme 1-6. In this cycle, the 12" cation is assumed to
react with methane through an electrophilic step, although it is unclear if this involves C-H
activation. Related to the Periana reaction, in 65% oleum, Gang et al.®® found that KI, Nal, CH3I,
1205, K103, and KIO4 were also able to catalyze methane C-H functionalization to methyl bisulfate.

Their study, along with a later study by Jarosinska et al.,’ in 25% oleum, which determined an
7



initial rate dependence of 2 for Iz, suggests that the active catalyst is mononuclear in iodine.
Davico reported gas phase experiments and gas-phase electronic structure calculations that
+ 8d

indicated that I" reacts more readily with methane than I>",%¢ which led to the proposal of an I'

cation as the active catalyst.
l, + 2 SO; * 1/2 H,S0,

-1/2 SO,

802 + H20 |2+ H8207_ CH4

I+ H,S,0;

1/2 1, + HyS,07 + SO4 \

121,
HI CH|

CH,0SO;H H,SO,

Scheme 1-6. Catalytic cycle proposed by Periana et al for the iodine catalyzed oxidation of methane to
methyl bisulfate in 2% oleum.®

TI'" salts have been used to promote several different types of organic transformations,’
and one of the most prominent uses is to electrophilically activate arenes. TI'' carboxylates were
first reported to react regioselectively with arenes in 1969 by McKillop et al. (Scheme 1-7a,b) (see
also chapter 3 and the references therein).!® The thallated arenes are typically iodo-substituted in
a subsequent step for use in aryl coupling reactions often catalyzed by palladium.!! McKillop
suggested that TI"(TFA)3 (TFA = trifluoroacetate) in trifluoroacetic acid (TFAH) reacts by the

IIH

classic two step SEAr mechanism (Scheme 7¢), but Kochi'? proposed that TI™! oxidizes arenes
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through an open-shell charge transfer complex (Scheme 1-7d) which can either collapse to a

Wheland intermediate or dissociate fully. This open-shell mechanism rationalized EPR

IIII

observation of certain arene radicals in reactions with TI'" and the formation of bi-aryl products

IIII

from the same arene reactants. However, until recently, the mechanism of TI'" carboxylates with

arenes had not been examined computationally, and this is the subject of Chapter 3.

Thallium-mediated Functionalization of Benzene

I )
) T TEA)s TI(TFA)2 X )
a _— | | ee—
© A > CgHsX * Tl(TFA) * TFA

Results reported by McKillop et al?

1T|”|TFA R R=Me;0:mM:p=9%:4%:87%
) ( 3 R=CO,H;0:m:p=95%:5%:0%
R=CO,Me;0:m:p=95% :5%:0%

Proposed SgAr Mechanism for Arene Thallation

c) T OTTFA); —— H Q—
@ (TFA)3 THTFAR + TFA TI(TFA), * HTFA

Wheland
intermediate

Mechanism for Arene Thallation Proposed by Lau and Kochi'2

(TITEA)] * [CeHel” —= biaryl

I *y i, TN *resHa"
d) [T(TFA)] * CeHs [TF(TFA)2] /[CeHe]

charge-transfer
complex

(T (TFA)(CsHe)) ——= [(TFA)TI"(Ph)” * TFAH

Wheland
intermediate



Scheme 1-7. a) TI"(TFA); mediated C-H functionalization of arenes. b) McKillop'® reported the
regioselectivity of this reaction. ¢) SgAr mechanism for arene thallation. d) Mechanism proposed by

Kochi.'?

1" with arenes discussed above, in 2001 Grushin'? reported that

Similar to the reaction of T
Sn'V(TFA )4 reacts with arenes to form stable stannylated aryl compounds. Upon oxidation of Sn''O
in trifluoroacetic acid and hydrogen peroxide, the presumably Sn'V containing mixture was
allowed to react with benzene or p-xylene. X-ray structures of the resulting Sn-aryl products
revealed a tetranuclear Sn trifluoroacetate complex with two oxo bridges and two aryl groups. The

Sn'Y mixture was able to catalyze rapid H/D exchange in deuterated toluene and TFAH at the meta

and para positions, but only slowly at the ortho position, and not at all at the methyl position.

Recently, experiments by the Periana group and DFT calculations by the Ess group
demonstrated that main-group T1"" and Pb' carboxylates in carboxylic acids can induce alkane C-
H functionalization through an electrophilic C-H activation and M-R functionalization
mechanism.'* While Periana had previously reported that TI™' was capable of methane C-H
functionalization in sulfuric acid,* this recent study showed that TI"'(TFA)3 and Pb'V(TFA)4 both
selectively induce C-H functionalization of methane, ethane, and propane to their corresponding
esters in trifluoroacetic acid (Scheme 1-8a). Experiments suggest radical pathways are not likely,
and DFT calculations strongly support the operation of a closed shell C-H activation and M-R
functionalization mechanism. In contrast to reactions of transition metals with alkanes, with main

group metals, the rate limiting step appears to be C-H bond cleavage, not alkane coordination.
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Experimental Results

a) T'"'(TFA)s or T"”(TFA)s or
POY(TFA)4 o POV (TFA) o
CHy —— _ CHg ———— /\
180°c, ¢ © 180°c,  FC7 O
TFAH TFAH 64-70%
TI”'('|'|:A)3 or
PbY(TFA) 0 0 )y
+
PN 5 F3CJ\O/\/ F3CJ\O (0] CF;
180 °C,
TFAH 77% 23%
Computational Results for Ethane
AG=75.2 keallmol ~ Electron Transfer
TF(TFA); + CoHg
b)

CoHg + T(TFA)s

AG =100.1 kcal/mol

Electrophilic C-H Activation

AG'= 34.2 keallmol

(TFAH)(TFA)T"CHCHy  —————

AG = -3.1 kcal/mol

Scheme 1-8. a) Overview of experimental results for the reactions of propane, ethane, and methane with
TI"™(TFA); or Pb"(TFA),. Overall reaction yields ranged between 55% and 95%. b) Computational analysis
of possible reactions of TI"'(TFA); with ethane. Outline of the proposed electrophilic C-H transition state

(TFAH)( TFA)zTI— -¢- -0
C{>*CF3

AG™= 19.6 kcal/mol

follow by Sx2-type functionalization.'

Scheme 1-8b shows some of the results of the computational analysis of the reaction of
methane with TI(TFA)3 in TFAH. The open-shell pathways of electron transfer (ET) and hydrogen
atom abstraction (HAT) were ruled out due to unfavorable thermodynamics. While a direct

functionalization/oxidation pathway through a concerted hydride abstraction/methyl cation
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capture transition state was examined, it was found to be much higher barrier in energy than that
computed for electrophilic C-H activation . Calculations also showed that methyl trifluoroacetate
is kinetically protected from reacting with TI"/(TFA)3, since the barrier for a second C-H activation
step of the methyl group is >10 kcal/mol higher that the initial C-H activation barrier. The barrier
to functionalization, modeled through an Sn2-type transition state was significantly lower than the

initial C-H activation step, which potentially explains the lack of observed H/D exchange.
1.3 Computational Methods

In this work, density functional theory (DFT) as implemented in Gaussian 09'° was used
to find and compute the energies of structures that correspond to stationary points (local energy

minima or transition states) for possible reaction pathways.

In DFT,!S energies are derived as eigenvalues of a ‘functional’, F, that acts on the electron
density, p. The functional can be split into kinetic energy (7s), nuclear-electron potential energy

(ENk), electron-electron potential (J), and an electron exchange-correlation term (Exc):

Eprrlpl = Flp] = Ts[p] + Englp]l +J[p] + Exclp]

Within the Born-Oppenheimer approximation, Enk is a constant. In order to simplify the
computations, Kohn-Sham theory uses a Hamiltonian operator for a fictitious system of non-
interacting electrons which has a density identical to the real system. Ts and J may be calculated
exactly for the non-interacting system by representing the electrons as occupying orbitals. Exc then
contains terms that describe corrections to the kinetic energy due to the interaction of the electrons
in the real system and non-classical corrections to the electron-electron potential energy. The exact
form of Exc remains unknown, but numerous approximate forms have been proposed. The DFT

energy may be solved for iteratively, in a manner similar to Hartree-Fock theory.
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In this work, the Minnesota 06 functional,'” developed by the Truhlar group of the
University of Minnesota, is primarily used to approximate Exc. It is a hybrid meta-GGA
(generalized gradient approximation) functional with 35 parameters and 27% HF exchange. This
functional was parametrized for main-group thermochemistry, transition metal thermochemistry,

organometallics, and non-covalent interactions.

In Gaussian 09, the Kohn-Sham orbitals are computed using Gaussian basis sets. For
structure optimization and vibrational frequency calculations, the 6-31G(d,p) and 6-31+G(d,p)
basis sets of Pople!® were used for atoms in rows 1-3, and the basis sets of Hay and Wadt,"’
combined with a larger ECP, were used for the heavier elements (In, Sn, Sb, Tl, and Pb). Based
on these smaller basis set geometries, SCF energies were calculated with the Def2TZVPpd basis
sets developed by the Ahlrichs group.?’ These basis sets contain a triple zeta expansion for valance
orbitals, and incorporate diffuse and polarization functions and have seen extensive use in both
wave-function and DFT methods. For the atoms of the fifth and sixth periods, these basis sets have
been augmented with an effective core potential (ECP) that replaces electrons up through the n-2
principle quantum number with analytic functions.?! The effective core potential takes into account
scalar relativistic effects on the core electrons and transmits them, through orthogonality

requirements, to the valance electrons. The primary effect is to contract the valance s orbitals,

making them of significantly lower energy than might otherwise be expected.

Throughout the succeeding chapters, both enthalpy (H) and Gibbs free energy (G) are

computed according to the following formulae:
G=E+E;pp+U+nRT —TS + AGgppp

H :E+EZPE + U+TlRT+AGSOw
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The first term, E, is the electronic energy determined from the electron density through an
SCF (self-consistent field) process; Ezre, U, nRT, and TS terms were calculated within Gaussian
09 using the standard ideal gas partition functions for system translations and rotations and using
the harmonic oscillator partition function for internal motions as determined from a frequency
calculation at the given stationary state.”> The solvation terms were determined using the self-
consistent reaction field method which surrounds the system in a polarizable dielectric medium.
The solvent model?* was parameterized to reproduce free energies of solvation, hence the solvation

term is given as a free energy of solvation.
1.4 Overview of Chapters

Chapters 2-4 are computational chemistry studies using DFT calculations to examine the
reaction mechanisms and reactivity of main-group metals with alkanes and arenes leading to C-H
functionalization. Chapter 2 discusses reactivity predictions using the electrophilic C-H activation
and M-R functionalization for high oxidations state In'! Sn'v, TI™ and Pb'Y carboxylate
complexes. Chapter 2 was previously published as doi: 10.1021/acs.organomet.8b00418.24
Chapter 3 provides computational evidence that benzene undergoes an electrophilic C-H activation

mechanism for reaction with TI'!

carboxylates. Chapter 3 was previously published as doi:
10.1021/acs.organomet.6b00475.% Chapter 4 uses DFT calculations to examine the possibility that

SbFs induces electrophilic C-H activation with light alkanes.
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Chapter 2:

Electrophilic Impact of High-Oxidation State Main-Group Metal and Ligands on Alkane C-H
Activation and Functionalization Reactions

2.1 Introduction

Metal complexes can mediate C-H functionalization of methane and other light alkanes by
a C-H activation reaction to generate a metal-alkyl intermediate, which can then be functionalized
to a carbon-oxygen bond (Scheme 2-1a)."? This C-H functionalization strategy generally involves
two-electron oxidation of the carbon and two-electron reduction of the metal center (e.g. M to
M!, Scheme 1a). Most catalysts that efficiently promote this type of two-electron methane C-H
activation and metal-alkyl functionalization sequence involve 2"%-row and 3"-row transition-metal
complexes, such as Pd, Hg, and Pt.>* Because progress developing new methane functionalization
catalysts based on transition metals has plateaued, we have become interested in an alternative

strategy using high oxidation state p-block, main-group metal complexes.

From the 1960s to the 1980s there were some reports of main-group hydrocarbon C-H
functionalization reactions, but these reactions generally involved arene substrates and never
emerged as a general strategy for oxyfunctionalization.” However, based on these previous uses of
TI'™" as a two-electron oxidant, and the previous report of TI'!' to oxidize methane to methyl
bisulfate in sulfuric acid,® it was recently reported that TI"(TFA)3 (TFA = trifluoroacetate)
promotes C-H oxygen functionalization of methane in trifluoroacetic acid (TFAH) solvent to
methyl trifluoroacetate (MeTFA, Scheme 2-1b).” For example, with 0.25 M TI'}(TFA)3, 3.4 MPag
of methane was oxidized to a 74% yield of methyl trifluoroacetate (MeTFA) at 180 °C in 3 hours

(Scheme 2-1b).” Under similar conditions, Pb'Y(TFA)4 also oxidizes methane to a nearly identical
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MeTFA yield. It was also demonstrated that TI"(OAc); (OAc = acetate) in acetic acid (AcOH)
oxidizes alkanes, but with a significant decrease in product yield,” and the origin of this decrease

in yield remains unexamined.

3) C-H Activation Functionalization c) DFT STUDY

CH 0 0
PR T »
Init snV | g \ (X)n
* HX

81 s0||82 0

b) T TE T PblV
CHy — AR MeTEA + TiEa) + TFAH

TFAH

PbY(TFA
CHy — A \ieTEA + PBY(TEA), + TFAH
TFAH

Scheme 2-1. a) Generalized electrophilic C-H activation and metal-methyl functionalization strategy for
methane. b) Two examples of methane C-H functionalization with high-oxidation state p-block, main-group
metals in TFAH solvent, Frrort Bookmark not defined. o) Thig work examined In", TI", Sn'Y, and Pb" C-H
activation and metal-alkyl functionalization reactions for with carboxylate ligands in TFAH and AcOH

solvents.

Because the similar transition-metal complex Co'(TFA)s; oxidizes alkanes by an open-
shell mechanism,® and TI"' can mediate electron transfer with hydrocarbons® (and potentially
hydride transfer), we previously used density functional theory (DFT) calculations and
experimental studies to examine the mechanism of ethane oxidation by TI™(TFA)s. Our
calculations suggest that TI"'(TFA)s oxidizes ethane by a closed-shell electrophilic C-H activation
and one-step metal-alkyl oxygen functionalization mechanism.”!'® We have not reported
calculations on methane oxidation by TI"™(TFA)s or calculations on the thermodynamic and
reactivity impact of the main-group metal center and surrounding acetate ligands. Therefore, in
pursuit of evaluating possible C-H functionalization catalysts based on p-block, main-group
metals, we used DFT calculations to compare the reactivity of methane C-H activation and metal-

methyl functionalization reactions for 5™ and 6™-row high-oxidation state (d'%s%) In!, TI"!, Sn'V,
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and Pb'"Y with acetate ligands in carboxylic acid solvents. In this report we describe that C-H
activation is electrophilically controlled, and correlated to 5s and 6s unoccupied orbital energies,
but the range of C-H activation barriers for this set of main-group metals is relatively narrow.
Unexpectedly, the carboxylate ligand has a much larger quantitative impact on C-H activation with
stabilized carboxylate anions inducing the lowest barriers. In contrast, the stability of the metal-
methyl intermediates and the reductive functionalization barriers are extremely sensitive to the
main-group metal center and are correlated to reaction thermodynamics and bond heterolysis

energies as a model two-electron reduction energies.
2.2 Results and Discussion
2.2.1 Computational Details

Gaussian 09 was used for optimization and normal-mode vibrational frequency analysis
for minima or transition-state structures.'! Structures were optimized with MO06/6-
31G**[LANL2DZdp for In, Tl, Sn, and Pb].!? Electronic energies and orbital energies were
calculated using M06/def2-TZVPPD//M06/6-31G**[LANL2DZdp]."* This level of theory was
chosen based on our previous assessment of p-block, main-group ionization energies.'® For
thermochemical corrections, temperature was set to 298 K and pressure to 1 atm. All calculations
were performed with either an augmented TFAH or acetic acid SMD continuum model for
estimates of the standard state solvation free energy change (AGsolv).'* Similar to several previous
studies, for TFAH solvent, the dielectric was set to 8.42 and the radii set to 2.479 (see Supporting
Information (SI)).”!*!> All free energies and enthalpies reported include AGsolv. Free energies are

the sum of E(ScF large) + AEZPE(small) + AU(small) + NRT — TAS(smail) + AGsolv(iarge) (Large = M06/def2-
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TZVPPD; Small = M06/6-31G**[LANL2DZdp]. No concentrations corrections or scaling of

vibrational frequencies were applied.

TI'™MX3, Sn'VX4, Pb'VX4 (X = TFA or OAc), and similar main-group acetate complexes can
be synthesized by dissolving the metal oxide in either TFAH or AcOH with an oxidant, such as a
peracetic acid. For example, Sn'Y(TFA)s can be generated by SnO in trifluoroperacetic
acid/trifluoroacetic anhydride or protonation of tetraphenyltin in TFAH.!® In these carboxylic acid
solvents there are a variety of possible mononuclear and polynuclear structures with several
different ligand coordination environments possible. However, we chose to compare and analyze
K>-type coordination main-group mononuclear models (Scheme 2-2a) for several reasons. 1) This
x* type model corresponds to the experimental x-ray structure of TI™(OAc)s.!” 2) While
polynuclear main-group structures have been observed,'®!® extensive kinetic studies of arene and
cyclopropane oxidation by TI"(TFA)3; showed first-order rate dependence on TI'™.>! 3) For
TI™(TFA)s, our previous study showed a relatively small difference between C-H activation
barriers calculated with mononuclear and multinuclear models.'® 4) While carboxylic acid solvent
coordination to the main-group metal center is energetically favorable (e.g. TI'(TFA)3;(TFAH)),
which likely facilitates fast proton transfer and ligand exchange with solvent, solvent-coordinated
models and the x? type model used here provide relatively similar calculated C-H activation barrier

heights.!'”
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Scheme 2-2. a) Main-group metal acetate model used to explore relative reactivity trends. For TI"'X3 and
In"X; structures, the x* metal-carboxylate coordination is equivalent for both metal-oxygen interactions.
For Sn'VX4 and Pb'X4, the x* metal-carboxylate coordination is not equivalent for both metal-oxygen
interactions. For each carboxylate there is one shorter distance (~2.15 A for Sn and Pb) and one longer
distance (~2.40 A for Pb and ~2.20 A for Sn). b) Qualitative orbital level diagram for d'’s’ main-group
metal acetate complexes. ¢) Example of 3D-structure and LUMO orbital for Pb(TFA)a.

2.2.2 Electronic Structure

For the x? type metal acetate models, as expected, the d'°s° electronic structure gives a
dominant low-spin singlet configuration with high spin states more than 30 kcal/mol higher in
energy. Scheme 2b illustrates that these main-group complexes have a low-energy core set of d'°
electrons that are ~6 eV lower in energy than the HOMO orbitals that are ligand centered. The
reactive empty orbital is a 5s or 6s orbital that has antibonding interactions with the acetate ligands

(Scheme 2-2¢).
2.2.3 Mechanism

We previously used DFT and experiments to examine the mechanism for ethane C-H
functionalization by TI"(TFA)3.!° Based on our calculated and experimental data,” we proposed
that this neutral TI'™ complex reacts with alkanes rather than the monocationic structure
[TI"(TFA):2]". With the addition of one explicit TFAH solvent stabilization to both the metal and

TFA anion we estimated ligand dissociation to be ~25 kcal/mol, which is likely too large for viable
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reaction pathways emanating from this monocation in relatively non-polar, although hydrogen
bonding, solvent. However, this estimate for TFA anion dissociation is potentially an upper bound
with only one explicit solvent hydrogen bonding interaction stabilizing the cation and anion pair.
Therefore, following the Strassner approach for Pd carboxylate complexes,'> we calculated TFA
dissociation for In"(TFA)3, TI''(TFA)3, Sn!V(TFA)s, and Pb"(TFA)4 using M(TFA)n + (TFAH)s
- [M(TFA)u-1(TFAH)]" + [(TFAH)4(TFA)]. AG values are: In'' = 21.9 kcal/mol, TI'! = 21.4
kcal/mol, Sn'Y = 27.6 kcal/mol, and Pb"Y = 23.3 kcal/mol. While inclusion of several explicit
solvents stabilize the metal monocation and TFA anion, these dissociation energies are still too
high to make the monocation a lower energy C-H activation pathway compared to the neutral C-

H activation pathway.

The reaction pathway we used to evaluate the relative reactivity impact of main-group
metals and acetate ligands is shown in Scheme 2-3. Here the C-H activation transition state for

methane involves an electrophilic substitution,?%!

which has also been called by several
alternative names.”>?> In this transition-state structure the metal-carbon bond is formed
simultaneous to C-H bond cleavage and proton transfer to the acetate ligand. For the x” type model
the intrinsic reaction coordinate (IRC) leads directly from the metal complex and methane to the
metal-methyl intermediate. At this intermediate, the formed carboxylic acid requires very little
energy to dissociate from the now more electron rich metal-methyl intermediate. The mechanisms
used to determine relative functionalization reactivity involve either an internal or external
nucleophilic acetate functionalization transition state, which results in a methyl acetate or two
electron metal reduction. The internal transition state involves transfer of the methyl group from

the metal center to one of the acetate ligands without inversion of the carbon configuration and

without acetate ligand dissociation. The external functionalization transition state first involves
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acetate dissociation followed by nucleophilic substitution where the acetate is oriented in a co-

linear arrangement with the metal-carbon bond and results in configuration inversion of the methyl

group.
Internal
Functionalization
R ks
CH Activation
of)A\\o Xl\lll----C:H3 o]
MXn * CHy — | V| XoM-CH3 * HX — — MX " he
X.M_ H or R 1% 0~ "R
~C
Hs — XM-»--C---O»)A\\Q
Hj
External
Functionalization

Scheme 2-3. Outline of C-H activation and metal-methyl functionalization mechanism used to examine

metal, ligand, and solvent effects on reactivity.
2.2.4 Metal and Carboxylate Ligand Impact on C-H Activation Barriers and

Thermodynamics

Scheme 2-4 illustrates and compares the thermodynamics and barriers for C-H activation
reaction of methane with In"'(TFA)3, TI"(TFA)s, Sn'V(TFA)4, and Pb"(TFA)4. The result of these
reactions are the corresponding metal-methyl intermediates. Because these main-group TFA
complexes occupy different periodic table rows, and have different oxidation states, we initially
assumed they would have dramatically different C-H activation barriers. However, the smallest
activation barrier (AG¥) of 31.9 kcal/mol is for TI"(TFA)3 and the largest is 34.3 kcal/mol for
Sn'V(TFA)4. Interestingly, TI"(TFA)3 and In"'(TFA)3 have nearly identical barrier heights, despite
6s and 5s LUMO energies that differ by more than 1 eV,?* and there is no linear correlation
I

between the metal TFA complex LUMO energies and AG* values. However, this suggests that In

could be viable for alkane C-H activation chemistry by generation of an organometallic

26



intermediate rather than only act as a dative coordination-type Lewis acid, if it can be generated
as species similar to In"(TFA)s. A slightly larger range in AG* values (~7 kcal/mol) was found for
the calculated C-H activation barriers of methane with In'(OAc)s, TI"'(OAc)3, Sn'Y(OAc)4, and

Pb!(OAc)4 (Scheme 2-5).

In contrast to the C-H activation barriers, the reaction thermodynamics for forming the
metal-methyl intermediates have a relatively large range in stability. For example, (TFA)3Pb!V-Me
is exergonic by 18.8 kcal/mol while (TFA)2In'"-Me is endergonic by 6.0 kcal/mol, which is an ~25
kcal/mol range in thermodynamic stability. Similarly, there is ~16 kcal/mol thermodynamics
stability difference between (OAc)3Pb!V-Me and (OAc)2In'"-Me. It is important to recognize that
there is not a kinetic-thermodynamic relationship between the C-H activation barrier heights and
the metal-methyl stabilities. However, the ordering of the metal-methyl stabilities is heavily
influenced by the 5s and 6s LUMO orbital energies. The LUMO orbital energies range from -3 to
-5 eV for TFA and OAc complexes of In'!, TI'"", Sn'Y, and Pb'"Y (see Appendix 1). Similar to the
metal-methy] stabilities, the LUMO energies increase as Pb'Y < TI"" < Sn'V < In""!. This suggests
that the stabilizing influence of the 5s and 6s unoccupied orbitals in the main-group metal
complexes is significant when the metal-methyl bonds are fully formed and the pair of electrons

are highly polarized towards the metal center.
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Scheme 2-4. Free energy landscapes for C-H activation of methane and external metal-methyl
functionalization for main-group metal TFA complexes. Enthalpies are reported in parenthesis. No
potential-energy barrier was found for (TFA);Pb'Y-Me external functionalization. See discussion.

(kcal/mol)
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CH Activation Step Reductive Functionalization
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Scheme 2-5. Free energy landscapes for C-H activation of methane and external metal-methyl
functionalization for main-group metal OAc complexes. Enthalpies are reported in parenthesis. No
potential-energy barrier was found for (TFA);Pb'Y-Me external functionalization. See discussion.

(kcal/mol)

While there is a relatively narrow range for C-H activation barriers by different metals with
the same carboxylate ligand, the metal OAc complexes have ~8-10 kcal/mol larger free energy
barriers than the metal TFA complexes (compare Schemes 2-4 and 2-5), and this can be correlated
to higher energy LUMO orbitals of the metal OAc complexes as well as the ~5 unit pKa difference
between carboxylate ligands. While the C-H activation AG* values for main-group metal TFA
complexes are all below ~35 kcal/mol, and potentially thermally accessible, only TI"(OAc)s has
a free energy barrier below 40 kcal/mol. This indicates that ligand influences, in particular for

carboxylate complexes, are overall more impactful than the metal center for C-H activation.
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However, the values in Scheme 2-4 values were calculated in TFAH and the values in Scheme 2-
5 were calculated in AcOH. To more closely examine the effect of acetate ligands on C-H
activation barriers for In'", TI", Sn'V, and Pb'Y metals we also computed C-H barriers in TFAH
solvent for the series OAc, monofluoroacetate, dichloroacetaete, difluoroacetate, trichloroacetate,
to TFA (Scheme 2-6). This carboxylate ligand series was chosen because they represent the

continuum between OAc and TFA.

50
I —
9 R o — — —
g 30 E— — — —
8 [r— —
3 r R 1F
b 20 A
3 (I) 0
XoqM_ H
10 ~C
— 3 -
R Group =
0
CH, CH,F  CHCl CHF, ccl, CF,

Scheme 2-6. Free energy barriers for methane C-H activation by In'" (black), TI" (blue), Sn'" (red), and

Pb' (green) with carboxylate ligands. (kcal/mol)

Similar to what we found for OAc and TFA, these mono-, di-, and tri-fluoro and chloro
carboxylate ligands show a similar 5-7 range in C-H activation barriers for the four main-group
metals, and all the barriers monotonically decrease as OAc methyl group C-H bonds are replaced
by carbon-halogen electron withdrawing bonds. Inspection of the LUMO orbital energies shows
that the carboxylate ligand can control the energy of the LUMO, and there is a high degree of
linear correlation between the LUMO energies and C-H activation barriers for all these acetate

ligands for each metal (see SI). For example, for TI'"!, AG* = 7.0*LUMO + 60.9 kcal/mol with R?
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= 0.97. As expected, there is also a general qualitative correlation between the carboxylate

conjugate acid pKa value and barrier heights.

2.2.5 Metal and Carboxylate Ligand Impact on Metal-Methyl Functionalization Barriers

and Thermodynamics

While there are several experimental and computational studies on the topic of metal-
mediated C-H activation reactions, there are only a few studies that have examined mechanisms
and reactivity trends of metal-alkyl oxygen functionalization reactions. Despite a limited number
of functionalization studies, two bookend types of closed-shell metal-methyl functionalization
reactions have emerged. The first of these reactions involves methyl anion transfer from the metal
center to an electrophilic oxygen atom, usually an external oxidant. This type of mechanism has
been proposed for functionalization of Re-methyl bonds with oxidants such as hydrogen peroxide
and pyridine oxide, and is often referred to as an organometallic Bayer-Villiger reaction.?>® For
this type of electrophilic functionalization reaction, Cundari and Gunnoe have surveyed the
influence of the transition metal identity on (bpy)metal-methyl functionalization barriers.?” A
reasonable correlation was identified between functionalization barriers and reaction energies,
which was attributed to lower metal-methyl bond strengths. There was also some correlation
between the methyl group charge and functionalization barrier heights. Cundari has also compared
organometallic Bayer-Villiger functionalization and oxygen atom transfer/methyl group migration
for s-block to p-block 3d metal-methyl structures with B-diketiminate ligands using pyridine-/N-

oxide.?®

At the other extreme, the second type of metal-methyl functionalization reaction involves

nucleophilic oxygen attack of a polarized metal-methyl bond that results in two-electron reduction
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2930 and is often referred to as an Sn2-like mechanism. As discussed above,

of the metal center,
Scheme 2-3 depicts this type of reductive functionalization pathway where a carboxylate
nucleophile either migrates from the metal center to the methyl group (internal) or the carboxylate
nucleophile leaves the metal coordination sphere and then induces substitution at the backside of
the metal-methyl bond (external). The external nucleophilic reductive functionalization
mechanism has been proposed in a variety of transition-metal-methyl intermediates, and generally
requires a high oxidation state, presumably to substantially polarize the metal-methyl bond and to
create a good metal leaving group. For example, Ziegler, Musgrave, and others have proposed that

(bpym)Pt!"-methyl oxidation to (bpym)Pt'V

-methyl provides a route for reductive functionalization
with extremely weak nucleophiles.’'** A similar functionalization mechanism was recently
proposed based on experiments and computational studies for a diacetate Pt'V-methyl complex.?*
This nucleophilic reductive mechanism has also been proposed for Pd-methyl functionalization,
for example in the case of Pd-catalyzed methane oxidation to methyl bisulfate and to acetic acid.*®
Strassner also proposed this type of functionalization mechanism for bis(NHC)Pd catalyzed
methane trifluoroacetoxylation.’® Similarly, Vedernikov, Sanford, and others have also proposed
nucleophilic reductive functionalization for Pd'V-dimethyl functionalization reactions.>’” More
related to main-group-methyl functionalization reactions, Periana and co-workers proposed that
Au-methyl intermediates react by external reductive functionalization with bisulfate.*

Interestingly, Labinger and Bercaw synthesized a N-heterocyclic carbene Au'

-methyl complex
and kinetic studies suggest an internal reductive elimination mechanism for functionalization.*”

Very recently, we showed that Hg"-methyl also undergoes reductive functionalization by an

external bisulfate nucleophilic.*’
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Only a few DFT studies have explored the metal and ligand impact on functionalization
barriers. In one example, Cundari used DFT calculations to explore functionalization of model
group 9 bipyridine coordinated Rh'"-methyl complexes.*!' This study showed that substitution of
the bipyridine ligand with electron withdrawing groups can lower functionalization barriers by
greater than 10 kcal/mol, which was attributed to inducing a more electron poor metal center.
Cundari and Gunnoe also examined terpyridine-coordinated ~Rh™-methyl bond

224 Cundari has also used DFT calculations to examine reductive

functionalization.
functionalization of first-row transition-metal-methyl reactions.** It was found that d-electron

occupation could not explain functionalization barrier heights, rather ligand size and electronics

are more important.

To examine nucleophilic reductive functionalization for In™ TI™, Sn!V, and Pb"Y main-

group-methyl structures we first compared external and internal transition-state barriers (Scheme

IIII 17,10 IIII

2-3). We have previously reported both transition states for TI'"-ethyl”!* and I""-ethyl structures.®
In these cases, internal and external functionalization transition states are close in energy.
However, change from an ethyl group to a methyl group dramatically changes the preference for
a lower energy external transition state. For example, (TFA).TI"'-Me has an internal transition
state barrier height of 34.7 kcal/mol and external barrier of 24.6 kcal/mol. Similarly, for
(TFA)3Sn'V-Me the external barrier is 13.5 kcal/mol lower in energy than the internal barrier. This
general preference for external functionalization results from less carbocation character required
in the transition state, and is qualitatively consistent with relative methyl versus ethyl carbocation
stabilities. The internal transition-state structures have highly elongated metal-carbon partial bond

lengths with significant carbocation character that is not stabilized by a methyl group (see

Appendix 1). Because of the external functionalization preference, Schemes 2-4 and 2-5 only
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report external transition-state energies. However, despite significant searching, no external
transition-state structure was located for functionalization of (TFA)3Pb!Y-Me. In this case, when
the TFA ligand dissociates and is oriented near the methyl group there is no potential energy barrier
for collapse to form MeTFA. Therefore, we have estimated this barrier as the energy for ligand
dissociation to create the [(TFA)3:Pb'Y-Me]"/[TFA] pair, which is 12.8 kcal/mol. This ion-pair
energy is less than the internal functionalization with a barrier of 18.3 kcal/mol and was estimated
using the equation (TFA)3Pb'Y-Me + (TFAH)s = [(TFA)2(TFAH)Pb!Y-Me]* + [(TFAH)4(TFA)].
For (TFA):In'""-Me, (TFA).TI"'-Me, and (TFA)3Sn'V-Me the TFA dissociation energy estimates
are 14.7, 7.3, and 20.3 kcal/mol. Importantly, our analysis of metal-dependent functionalization
barrier trends is identical whether external or internal transition states are considered. Also
important, for the purpose of comparing relative closed-shell functionalization reactivity we did
not consider radical functionalization mechanisms.*®*’ While open-shell C-H functionalization
mechanisms of alkanes by p-block elements have been proposed,*®* these reactions are unlikely
to involve metal-methyl intermediates. Also, Goldberg and Ison have shown that open-shell

50-52 and

transition-metal-methyl functionalization mechanisms are possible, but generally with Oz,
previous experiments demonstrated that O made no major impact on TI"(TFA); alkane

functionalization yields.”

The result of external functionalization is MeTFA and two-electron reduced metal
complexes (In'(TFA), TI(TFA), Sn''(TFA)2, and Pb'"(TFA)2). In contrast to the C-H activation
barriers, there is a large range in barrier heights for In'", TI'"!, Sn'V, and Pb'Y metals. For example,

(TFA),TI"-Me has a functionalization barrier of 24.6 kcal/mol while (TFA)2In""-Me has a barrier

111

of 44.1 kcal/mol. In general, 6s TI"! and Pb'Y have low functionalization barriers while 5s In'"' and

Sn'V' have large functionalization barriers. The (TFA).TI"™-Me and (TFA):Pb'V-Me
34



functionalization barriers are lower than the reverse barriers for TFAH protonolysis while
(TFA)In"'-Me and (TFA)3Sn'V-Me functionalization barriers are larger than the TFAH
protonolysis barriers. This is consistent with no hydrogen-deuterium exchange for alkane
functionalization by TI'' in TFAD,Frror! Bookmark not defined.7 1yt hydrogen-deuterium exchange of
hydrocarbon C-H bonds catalyzed by Sn!V(TFA), Error! Bookmark not defined. [terestingly, while the
functionalization barrier for (TFA)3Pb'"Y-Me is lower than (TFA).TI"'-Me, (TFA)3Sn'V-Me and
(TFA):In"-Me have roughly similar barriers. The large functionalization barrier for Sn'v is
consistent with Grushin’s report that suggests fast initial reaction with arene C-H bonds, but slow

or no functionalization.'¢

For TFA complexes, Scheme 2-4 shows that the metal-dependent ordering of

functionalization barriers follows Pb'Y < TI'' < Sp!V = In!

, and this ordering is the same as the
thermodynamic stabilities of the metal-methyl intermediates, but the energy range is much larger,
increasing from an ~25 kcal/mol range to an ~45 kcal/mol range. The metal-dependent
functionalization trend for OAc complexes shown in Scheme 2-5 is very similar to the TFA
complexes. Similar to the difference between TFA and OAc C-H activation barriers, OAc
functionalization barriers have ~10 kcal/mol higher barriers. However, for functionalization, the

effect of the carboxylate ligand, while similar in magnitude to the effect on C-H activation, is

dwarfed by the impact of the main-group metal.

Because the functionalization barriers mirror the relative metal-methyl intermediate
stabilities, this suggested to us that a likely correlation model for functionalization reactivity
should be two-electron reduction energies. Indeed, there is a reasonable linear correlation between

external functionalization barrier heights (AG* values) and AGrxn values AG* = 0.4*AGrxn + 46.4
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kcal/mol; R? = 0.70, Figure 2-1). There is a similar linear correlation between internal
functionalization barriers and AGrn values (see Appendix 1). This correlation is reasonable
considering that the stabilities of In'(TFA), TI(TFA), Sn'(TFA)2, and Pb'"(TFA) have the same
ordering as the functionalization barriers, but an even larger range in their energies (~82.4 kcal/mol
for TFA complexes and 64.5 kcal/mol for OAc complexes). Also, this correlation results from the
relatively elongated metal-carbon partial bond lengths in the transition states where the methyl

fragment develops some carbocation character and the metal is significantly reduced.
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Figure 2-1. Correlation plots for AG* (external functionalization) versus AGi, metal-methyl bond
heterolysis energy, and metal-methyl cation 6* orbital energies. These plots include the functionalization
barriers of In"-Me, TI"-Me, and Sn'"'-Me with OAc, monofluoroacetate, difluoroacetate, and TFA ligands.
Linear correlations: AG* = 0.4*AGin + 46.4 kcal/mol; R?=0.70. AG* = 0.6*BHE - 1.3 kcal/mol; R*>=0.88.
G* = 14.0¥*LUMO energy + 75.2 kcal/mol, R* = 0.90.

While experimental two-electron reduction potentials are known for these main-group
metals, accurate estimates of potentials in carboxylic acid solvents could not be found. Therefore,
for a direct comparison, we calculated the two electron reduction of the metal-methyl structures
by heterolysis fragmentation to the corresponding methyl carbocation and reduced anionic metal
structures. Plotting functionalization AG* values versus metal-methyl bond heterolysis energies
(BHE) shows a higher degree of linear correlation with AG* = 0.6*BHE - 1.3 kcal/mol and R? =
0.88 (Figure 2-1). Because the functionalization transition states use the metal-methyl o* for two-
electron reduction and this orbital is highly skewed towards the metal being mainly composed of
either metal 5s or 65 character, we also found that these orbital energies provide correlation with

barriers, with R? = 0.90.

37



2.3 Conclusions

This work reported DFT calculations that compared the methane C-H activation and metal-
methyl functionalization thermodynamics and barrier for high-oxidation state In'", TI'"!, Sn!V, and
Pb!Y carboxylate complexes. We found that the main-group metal influences the C-H activation
barrier height in a periodic manner, but the carboxylate ligand has a much larger quantitative
impact on C-H activation and stable carboxylate anions have the lowest barriers. For metal-methyl
reductive functionalization reactions, external functionalization is lowest in energy, carboxylate
dissociation is relatively facile, and the main-group metal dramatically influences the barrier
heights, which are correlated to reaction thermodynamics, bond heterolysis energies, and o*
orbital energies as models two-electron reduction energies. Overall, this work begins to outline
which main-group metals and carboxylate ligands could be useful for alkane functionalization
systems that utilize C-H activation and metal-alkyl functionalization reactions. Because C-H
activation reactions have a narrow range of barrier heights, and ligands can be used to decrease
these barriers, significant attention should be paid to designing complexes where the kinetics and
thermodynamics for two-electron reductive functionalization are feasible. While TI"! and Pb'" are
viable, and have previously been demonstrated experimentally,” In"™" and Sn' with simple

carboxylate ligands are not viable, but could be significantly tuned by ligand effects.

Reprinted (adapted) with permission from King, C. R.; Rollins, N.; Holdaway, A.; Konnick, M.
M.; Periana, R. A.; Ess, D. H., “Electrophilic Impact of High-Oxidation State Main-Group Metal
and Ligands on Alkane C—H Activation and Functionalization Reactions.” Organometallics 2018,

37 (18), 3045-3054.). Copyright 2018 American Chemical Society.
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Chapter 3:

Arene C-H Functionalization by P-Block Metal TI(III) Occurs at the Borderline of C-H
Activation and Electron Transfer

3.1 Introduction

Modern arene C-H functionalization' reactions are dominated by 2"-row and 3"-row
transition metals, such as Pd",2 Rh™ * and Ir'"". Our computational group is interested in alternative
p-block main-group elements and metals that mediate C-H activation reactions. Using density

functional theory (DFT), we previously proposed that TIM

and other main-group metals
functionalize light alkane C-H bonds through a C-H activation mechanism that involves the
formation of an organometallic metal-alkyl (MR) intermediate (Scheme 3-1a).°> This discovery
prompted us to examine the possibility that arene C-H functionalization by p-block main-group

TI™ that has traditionally been attributed to an electrophilic aromatic substitution (SeAr)

mechanism might also proceed by a C-H activation mechanism (Scheme 3-1b).

McKillop and co-workers® reported that thallation of benzene by TI'(TFA):; (TFA =
trifluoroacetate), formed from TI"! oxide in trifluoroacetic acid (TFAH), gives (TFA)TI"(Ph) as
an intermediate in route to iodobenzene (Scheme 1b). (TFA):TI"(Ph) was directly observed using
"H NMR. For alkyl substituted benzenes, such as toluene, para C-H substitution is highly favored,
while for benzoic acid and methyl benzoate, ortho iodo functionalized arenes are the major product

(Scheme 3-1c¢).%
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Scheme 3-1. a) Alkane C-H functionalization by TI1"™.° b) Arene C-H activation and functionalization.®® c)

Arene thallation regioselectivity.®

McKillop and co-workers suggested that (TFA):TI"(Ph) is formed by an SEAr mechanism
with a Wheland-type (c-complex) intermediate. However, Kochi’ subsequently reported electron
spin resonance (ESR) and spectroscopic studies that showed the presence of charge-transfer
complexes and aryl radicals for arene functionalization reactions with TI"(TFA)3. Biaryl products
of up to ~10% yield were also reported for reactions with highly substituted arenes. Based on this

1" species

evidence, and studies with added LiTFA, Kochi proposed that a reactive monocationic T
forms a charge-transfer complex that subsequently evolves to either a solvent-separated electron

transfer (ET) pair or a Wheland intermediate leading to arene thallation (Scheme 3-2a).”

K C-H Activation b) Arene ESR Detected
[T (TFA)] * CoHe ———  (TFAT"(Ph))" * TFAH o
ET ‘ I :
cha(r:%fr-]g’laer)i(sfer [Tl" (TF A)2]./[ CeHs].+ .
T(TFA)] .
biaryl [+ [é K ]).2+] T Aoy
e Wheland
intermediate
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Scheme 3-2. a) Possible arene thallation mechanisms. b) Examples of ET intermediates observed.

Here we report density functional theory (DFT) calculations (M06/def2-TZVPPD//M06/6-
31+G(d,p)[LANL2DZdp], SMD solvent)® that reveal benzene, mono-substituted arenes, and di-
substituted arenes undergo a one-step C-H activation thallation mechanism that is akin to transition
metal C-H bond activation. Calculations also show that similar to transition metal C-H activation,
arene directing groups (e.g. carboxylate group) result in metal coordination and highly
regioselective C-H activation. For highly substituted/electron-rich arenes, ET becomes
competitive or even preferred over C-H activation, and outersphere ET energies correlate with the

observed crossover from a C-H activation regime to an ET regime.
3.2 Results and Discussion

Based on our previous report of alkane C-H functionalization by TI"/(TFA)3, we adopted
two TI'™! models. The first model is the neutral TI"'(TFA); without explicit solvent where each
TFA coordinates with the T1'" metal center through a x? interaction (see Appendix 2 for low-energy
TI"(TFA)3 structures). A multinuclear TI'! model (e.g. TI2(TFA)s) was not used since kinetic
studies of arene C-H bond oxidation by TI"(TFA)s show first-order rate dependence on TI™.75?
While this is not definitive, it does suggest reactivity at a single metal site without pre-equilibrium

IHI

dissociation of a multinuclear species. For a monocationic TI™" model we used the explicit solvent

stabilized complex [TI"(TFA)2(TFAH)]', TFAH = trifluoroacetic acid. We previously estimated
the energy to achieve [TI"(TFA)2(TFAH)]* + [(TFA)(TFAH)] as AH = ~25 kcal/mol (AG = ~30

kcal/mol). In general, this AH value suggests neutral TI'!

pathways may be lower in energy than
monocationic pathways. Kochi’s proposal of the reactive [TI"(TFA)2]* species was based on rate

studies in which added LiTFA resulted in a decrease of kobs for arene C-H bond thallation. With a

1:1 ratio of TI(TFA)3: mesitylene in TFAH solvent, kobs was found to be 0.36 s.”° With two
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equivalents of LiTFA kobs decreases to 0.026 s'.”° While the rate suppression with added TFA
could suggest a dissociative mechanism involving [TI"(TFA).]", it is also possible that added TFA
results in formation of [TI"(TFA)4]", which is less reactive than TI"(TFA)s. This latter proposal
is supported by our calculation where formation of [TI"(TFA)4]” AH = -32 kcal/mol (AG = -19
kcal/mol) relative to the neutral species and TFA. This result is consistent with reports from Blixt
and co-workers suggesting that [TI"'(X)4]~ complexes (X = Cl, Br, CN) are dominant in solutions

containing excess anions. '

a
) cr,  1F b)
C-H Activation o /)A\\O s TS Ts1
(TFA)3T|{> — (TFA)sz\ H | —— @raRT"en) Wheland
X +TFAH intermediate

AH/AG = - - TS1 6%
H/AG = -13.2/-0.4 AHAG = -5715.8

AH/AG = 10.2/22.8

-
" -4 C-H Activation
gr [TH(TFA) {@} Wheland intermediate and

proton transfer merge in TS.

AH/AG = 40.2/35.5

[T (TFA)(TFAH)] *
AH/AG = 36.0/37.6

PCET

100.0

30.0
300
oo

E0.0

Energy

400

C-HDistance

La0 50 1gp

O-H Distance

100

Scheme 3-3. Top: a) Mechanisms branching from the Tl-benzene charge-transfer complex. Energies
relative to TI"'(TFA); + benzene. (kcal/mol) b) Diagram showing the merging of a Wheland intermediate

and proton transfer into a one-step C-H activation process. Bottom: Potential energy surface with fixed TI-

C bond length of 2.43 A. (kcal/mol, A)

To begin, we examined m-coordination complexes between benzene and TIM(TFA)s.

Because the LUMO orbital of TI"'(TFA)3 is mainly 6s in character with little sp hybridization,
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there is significant flexibility in benzene coordination ranging from 7' to 7° that are close in energy
(see SI). While there is an enthalpic stabilization for forming (TFA)sT1"(5?-CsHs) (AH = —13.3
kcal/mol, Scheme 3-3), AG is only exergonic by 1.2 kcal/mol relative to separated TI'(TFA)3 and
benzene. CHelpG and ESP atomic charges indicate that there is ~0.35 e of charge transfer from
benzene to TI"! in (TFA)3TI"(5'-CsHs), see SI. This relatively large amount of charge transfer is
consistent with UV excitations observed by Kochi,” and our TD-DFT calculations that show

excitation from the benzene HOMO to the TI" LUMO (see Appendix 2).

There are multiple reaction pathways stemming from (TFA):TI"('-CsHs). The first
pathway involves electrophilic C-H activation via TS1 that forms (TFA)TI"(Ph) by proton
transfer to a TFA ligand with simultaneous formation of a TI-Ph bond (Scheme 3a, Figure 3).

"_alkane C-H activation transition

Structurally, TS1 is very similar to our previously reported T
state® and transition metal C-H activation transition states.'®!! With AH* = 10.2 kcal/mol (AG* =
22.8 kcal/mol) for TS1 this C-H activation pathway is more viable than alternative ET or proton-
coupled ET (PCET) pathways.'? The short TI-Ph bond length in TS1 has structural similarities to
a Wheland-type intermediate. However, the potential energy surface showed no definitive energy
minimum for a Wheland intermediate (see Appendix 2). Extensive structure searching for
Wheland-type intermediates with a fully formed TI-Ph bond and dearomatized benzene either
converged to m-complexes or TS1. This indicates that T1-Ph bond formation merges with proton
transfer to become a one-step C-H activation transition state (Scheme 3-3b). A similar concerted
mechanism was proposed by Galabov and Schleyer for sulfonation of benzene in nonpolar

solvent.'?

This proposal is consistent with the potential energy landscape at the bottom of Scheme
3-3 where proton transfer (O-H C-H distances) is plotted with a constant T1-C bond length and

TS1 is clearly a saddle point whereas Wheland-type structures are significantly higher in energy.
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Alternative to C-H activation, we also considered the ET and PCET pathways shown in
Scheme 3-3. Separation of the charge-transfer complex into [TI'(TFA)3]*/[CeéHs]*" results in
formal outersphere ET and requires AH = 39.6 kcal/mol (AG = 35.5 kcal/mol). We considered that

", Indeed, formation of

outersphere ET would be more viable from the monocationic T
[TI"(TFA)2]*/[CsHs]*" is more favorable with AH = 7.7 kcal/mol (AG = 3.4 kcal/mol), but
combined with the ~25 kcal/mol energy for complete TFA dissociation this pathway is higher in
energy than C-H activation for benzene. To avoid charge separated species, PCET could occur by
ET from benzene to the TI'" metal center with simultaneous proton transfer to a TFA ligand to
give [TI'(TFA)2(TFAH)]* and [CsHs]*. The PCET pathway for benzene is only slightly lower in
enthalpy than ET (~4 kcal/mol lower). Our proposal of C-H activation rather than ET and PCET
for benzene is consistent with Kochi’s report’® that only highly substituted arenes react with
TI"(TFA);3 to form biphenyls and show ESR active species. Also, the calculated C-H/C-D kinetic
isotope effect (KIE) of ~5 for the C-H activation transition state between TI"}(TFA)3; and benzene

based on zero-point energies is qualitatively consistent with the experimental value of 7.4 reported

for the mesitylene arene C-H bond.”'*

We further examined the C-H activation free energy barriers for methyl-substituted
benzenes. The barriers are plotted in Figure 3-1 and show that AG* decreases from ~20 kcal/mol
for benzene to ~10 kcal/mol for pentamethylbenzene. The nearly monotonic decrease in C-H
activation AG* suggests that the electron-donating capacity of the methyl groups outweighs
destabilizing steric interactions. The thermodynamic AG for ET between TI"(TFA); and methyl-
substituted benzenes is also plotted in Figure 3-1. Outersphere ET becomes significantly more
favorable with increasing methyl group substitution of benzene and ET becomes competitive with

C-H activation at 3-4 methyl groups. This calculated crossover region from C-H activation to
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competitive ET is consistent with radical cation ESR signals and arene dimer products observed
by Kochi for tri- and tetra-substituted benzenes.” The correct prediction of the crossover region
using ET thermodynamics suggests that the kinetic ET barriers are similar to the AG values.
Indeed, Marus theory estimates of AG* for ET between TI™(TFA); and benzene to be ~37
kcal/mol, which is ~14 kcal/mol higher in free energy than TS1 (see Appendix 2). For ET between
TI"(TFA); and pentamethylbenzene the AG* is ~13 kcal/mol, which shows competitive C-H

activation and ET.
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Figure 3-1. Plot of C-H activation free energy barriers (®) and outersphere ET free energy (m) versus the

number of benzene methyl group. (kcal/mol)

The Kochi and Olah'> groups independently measured relative thallation reaction rates for
methyl-substituted arenes with TI"(TFA)s;. The top of Figure 3-2 plots the calculated C-H
activation AAG* values versus the experimental AAG* values derived from reaction rates (see
Appendix 2). For nearly all arenes the relative C-H activation barriers display the correct
qualitative reactivity. The bottom of Figure 3-2 shows a moderate R? of 0.76 for linear correlation
between calculated and experimental AAG* values. This qualitative agreement of relative arene

thallation reactivity supports the proposed C-H activation mechanism.
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Figure 3-2. Top: Plot of calculated (®) and experimental (M) AAG* values for C-H activation of methyl-
substituted benzenes. Bottom: Linear correlation plot of calculated and experimental AAG* values.

(kcal/mol) Experimental values used from reference 7b.
Thallation regioselectivity of arenes provides another means to test the proposed C-H
activation mechanism. For toluene there is a significant preference for para thallation while for

methyl benzoate there is a significant preference for ortho thallation. Figure 3-3 shows the

56



similarity between TS1 and the para C-H activation transition state for toluene. For toluene the
AAG* values for ortho, meta, and para C-H activation provide qualitative and semiquantitative
correlation with the experimentally observed regioselectivity. For example, the transition state for
para thallation of toluene is 1.6 kcal/mol lower in enthalpy than the transition state for ortho
thallation, and 3.6 kcal/mol lower in enthalpy than the meta thallation transition state. This is
consistent with the 9:6:85 ortho:meta:para ratio reported by Olah.!*> For methylbenzoate, the ortho
C-H activation is 7.2 and 8.8 kcal/mol lower in enthalpy than para and meta C-H activation
transition states, respectively, and thus overestimates the 95:5:0 ortho:meta:para ratio reported by
McKillop.®® The preference for the ortho transition state is due to the CO2Me group-T1 metal center
interaction that directs C-H activation akin to ortho directing group interactions in transition metal

C-H activation.*®

J ':’f‘)
toluene TS

J

methyl benzoate
TS
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Figure 3-3. C-H activation transition-state structures. (A)

3.3 Conclusions

MO06 DFT calculations were used to compare C-H activation, ET, and PCET mechanisms
for reaction of benzene with TI"(TFA)s. An electrophilic C-H activation transition state by a
neutral TI™ is lowest energy and the calculated primary C-H/C-D KIE is consistent with
experiment. The C-H activation transition state is similar to transition metal-mediated C-H
activation transition states. The proposed C-H activation mechanism also provides an explanation
for regioselective arene thallation with chelating and non-chelating arene functional groups. C-H
activation is the lowest energy pathway for TI"(TFA)s reaction with benzene, toluene, and
xylenes. However, for trimethyl and tetramethyl substituted benzenes, ET becomes the preferred
pathway and calculations correctly predict the experimentally reported ET crossover region.
Overall, these calculations provide evidence for arene C-H activation promoted by p-block main-
group metal complexes. These calculations also provide details showing that changes in the

functional groups of arenes can cause a shift from C-H activation to ET.
3.4 Computational Details

Calculations were performed with Gaussian 09.'® Enthalpies and free energies refer to
MO06/def2-TZVPPD//M06/6-31+G(d,p)[LANL2DZdp].® We previously showed that this level of
theory reproduces electron affinities for T1 cations.’® Minima and transition-state structures were
verified by normal mode analysis and intrinsic reaction coordinate (IRC) calculations. A modified
SMD solvent model for water,® which accurately reproduces monocation TI solvation, was used
for TFAH solvent with radius = 2.479 A and € = 8.42. This strategy has been used in previous

reports.!” For CHelpG and ESP atomic charges the thallium Van der Waals radius was 1.96 A.!8
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All enthalpies and free energies reported include AGsolv. Details of deriving AAG* values derived

from reaction rates are given in Appendix 2.

Reprinted (adapted) with permission from King, C. R.; Gustafson, S. J.; Black, B. R.; Butler, S.
K.; Konnick, M. M.; Periana, R. A.; Hashiguchi, B. M.; Ess, D. H., “Arene C-H
Functionalization by p-Block Metal TI(III) Occurs at the Borderline of C—H Activation and
Electron Transfer.” Organometallics 2017, 36, 109-113. Copyright 2017 American Chemical

Society.
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Chapter 4:

Computational Comparison of C-H Activation, Hydride Transfer, and Protonation Pathways for
Methane and Isobutane by SbFs

4.1 Introduction

Reaction of methane with SbVFs, especially in the presence of a Bronsted acid (e.g HF or
HSOsF), is assumed to induce reversible formation of methanium ([CHs]") that fragments to Haz
and methyl cation (Scheme 4-1a), which can further react leading to alkane oligomerization.! For
methane, the first step of this superacid-induced reaction pathway is supported by the experimental
observation of methane hydrogen-to-deuterium (H/D) exchange.>* However, density functional
theory (DFT) studies reported competitive low energy transition-state structures for alkane
protonation and concerted hydrogen exchange, and both pathways can account for H/D exchange
in methane.>® The second step in the methanium to methyl cation pathway is tenuous because Hz
is generally not observed.'” Alternatively, Hz is observed for larger alkanes, such as isobutane,

although typically in less than stoichiometric amount.'*-!?

There are several reasons to explore possible alternative mechanisms for reaction of
methane with Sb¥Fs, in particular for conditions without excess Brensted acid. Hogeveen'* and
de Rege!’ reported that the reaction of methane with neat SbVFs in the presence of CO at 60 and
80 °C led to formation of [CH3CO]" and reduced Sb'™! with no observation of Hz (Scheme 4-1b).
Experiments also showed that while Hz is capable of reducing SbY to Sb'"', under these conditions
the rate of reduction is inconsistent with its formation and rapid reaction without observation.!'

This suggests that the methanium to methyl cation pathway outlined in Scheme 4-1a is an unlikely
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route to [CH3CO]". Additionally, the relatively mild conditions of this reaction are inconsistent

with the ~40 kcal/mol energy required to dissociate H2 from methanium.'%!7

a) .
Carbocation pathway c) Hypothesis for this work

. . ¥
CHs * [sbVFs] [H]" =————= [CHs]' * [Sb'Fe] — [CH3] * H2 Fo

° "H organoantimony
F4SU\R," intermediate

b) R-H * sbVFy — > F,Sb—R * HF

Cco :
CH, * 8b'Fs — o> [CH3COl" * sbllFy + HF * F

2 )<H + SbVF5 I 2/‘9 + SbIIIF3 + H2 + 2F_
SO,ECI ﬁ

30 C

Hydrogen formation

Scheme 4-1. a) Outline of methyl cation pathway for reaction of me-thane with [SbYFs][H]". b) Overview
of methane and isobutane oxidation reactions with SbYFs. ¢) Possible C-H activation transition state and

organoantimony intermediate as the first mechanistic step for the oxidation of alkanes by Sb"Fs.

In contrast to the methane reaction, Sommer and coworkers reported that the reaction of
isobutane with neat SbVFs results in Sb''F3 with observation of both Hz and tert-butyl cation.!'!:!?
While this result would seemingly fit with a protonation-induced carbocation pathway, Sommer
used acetone as a Bronsted base to demonstrate that the small quantity of protons in SbYFs are
unlikely to be involved with the Sb¥ to Sb' reduction. Alternative to a carbocation pathway is a
pathway that involves direct hydride transfer from isobutane to Sb. However, Olah and others
dismissed this pathway with citation of the formation of a very weak Sb-H bond, and unfavorable

thermodynamics.*

While previous DFT studies examined reaction pathways for H/D exchange by SbVFs
superacids, there has been no computational consideration of mechanisms involving C-H
activation/metalation (Scheme 4-1c) or hydride transfer that provide a route for Sb¥ to Sb™

reduction. The possibility of C-H activation with an alkylantimony (Sb-R) intermediate is
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intriguing because the most prominent examples of C-H activation involve transition-metal
complexes, and only recently has the possibility of p-block, main-group metals facilitating C-H

activation been suggested.'

Here we report DFT calculations that compare C-H activation, hydride transfer, and
protonation pathways for oxidation of methane and isobutane with Sb¥Fs. We found that the
SbVFs-mediated C-H activation pathway is viable and results in an SbY-Me intermediate, which
can be functionalized by CO resulting in [CH3CO]* and Sb"!. Because methyl cation is very
unstable, this C-H activation pathway is lower in energy than hydride transfer and protonation
pathways. In contrast, for isobutane, the hydride transfer transition pathway is a significantly lower
energy route than C-H activation, which leads to tert-butyl cation and an Sb¥-H intermediate that

provides a pathway to Hz formation.
4.2 Results and Discussion
4.2.1 Models and Methods

SbVF5 contains small quantities of HF, and protons are produced in the reaction with me-
thane. Therefore, reaction pathways were referenced to the ground state of [SbYFs]TH]" (and
[SbY2F11]TH]" for a dinuclear model). Dinér® used a similar ground state, and this is consistent

with Estevez et al’s>”’

previous DFT reports examining plausible structures for the combination of
SbVFs and HF. Because of the limited quantity of HF in SbYFs we did not use the [SbVFs] [H2F]*
model, which was identified by Kim and Klein’s Car-Parrinello molecular dynamics simula-

tions.'??? Importantly, this ground state allowed direct comparison of protonation and Sb-mediated

reaction pathways.
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We used MO06/Def2-TZVPDD?*2%//M06/6-31+G**[LANL2DZdp?**?’ for Sb]*® in
Gaussian 09%° to optimize all minima and transition-state structures, and energies correspond to
298 K. Free energies are the sum of E(scr,pef2-12zvppD) + EZPE(6-31G6**[LANL2DZdp]) T U(6-31G**[LANL2DZdp])
+ nRT — TS(6-316++[LANL2DZdp]) T AGsolv(Def2-TZVPDD). Because the isobutane reaction was carried out
in SO2FCI, as an approximation for bulk solvent effects, particularly dielectric stabilization, we
used the SMD continuum solvent model for dimethylsulfoxide. While this approach is crude,
inclusion of solvent-induced electrostatic stabilization is important because hydride transfer and
protonation pathways transition states develop significant charge. We also used this continuum
solvent model for the methane oxidation reaction, however, because this reaction was reported in
neat SbVFs, we also report relevant gas phase values, which is similar to nearly all previous DFT

studies that examined SbVFs.
4.2.2 Methane Oxidation

We began by examining the methanium pathway outlined in Scheme 4-1a. With [SbYFs]
[H]" as the ground state, we located the methane protonation transition state, TS1 (Scheme 2-2a,d).
This transition state was previously reported by Dinér, and our intrinsic reaction coordinate (IRC)
calculation shows it connects to the [SbYFs] [CHs]" ion pair. Our M06 AG* value is 15.3 kcal/mol
(AH* = 5.7 kcal/mol). This relatively low barrier for protonation is consistent with Raugei and
Klein’s molecular dynamics study of reaction of light alkanes with SbYFs in HF that identified
highly reactive protons and low barriers for alkane protonation resulting from coordination of HF
to SbVFs.2!>2 While there is a low barrier for methane protonation, even with the continuum sol-
vent stabilization, H> dissociation is unlikely. The AG to achieve separated [SbYFs]", [CH3]", and

H: is 53.3 kcal/mol, and our estimate for achieving [SbYFs] [CH3]" and Ha is ~42 kcal/mol. This
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relatively large value for Hz separation from [CHs]™ is consistent with Dinér’s® previously

calculated value and the experimentally measured gas phase value of ~40 kcal/mol.*
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Scheme 4-2. a) Calculated methyl cation pathway that begins with the methane protonation transition state
TS1. b) Calculated hydride transfer with simultaneous CO capture of methyl cation. ¢) C-H activation and
CO functionalization transition states. d) 3D depictions of TS1-TS5, rendered using CYLView.’!
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Scheme 4-3. Energy landscape comparing methane protonation, hydride transfer, and C-H activation

reaction pathways for the mononuclear Sb model. Gibbs free energies (enthalpies) in kcal/mol.

With our best estimates indicating the formation of methyl cation to be unlikely, we
considered pathways that circumvent this high-energy intermediate. Therefore, we examined CO
induced H: displacement from [SbYFs] [CHs]" through transition state TS2 (Scheme 4-2a). This
transition state provides H2 and the [CH3CO]*[SbYFs]  ion pair. This pathway is only slightly lower
in energy than Hz dissociation from [SbYFs] [CHs]" with a AG* of 49.3 kcal/mol, which suggests
that H> dissociation is not feasible. We also located a transition state similar to TS2, but with
[SbVFs] displacing Hz, which was higher in energy than TS2. This suggests that methane
protonation occurs to achieve [SbYFs] [CHs]", but that this ion pair is impeded from losing H> and

this is unlikely to be a productive avenue for formation of [CH3CO]" (Scheme 3-3 pathway), which
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is consistent with both the experimentally observed H/D exchange in methane and lack of observed

Ho.

With the protonation pathway unlikely to account for formation of [CH3CO]", we then
explored Sb-mediated hydride transfer, which could then undergo reductive elimination to give
Sb™F3 and HF. While Hogeveen suggested the possibility of a hydride transfer mechanism
between alkanes and SbVFs,'* this mechanism was dismissed by Olah.* However, this type of
mechanism is generally proposed for carbocation formation for reaction between SbVFs and alkyl
fluorides.*? For methane, hydride abstraction of methane by Sb¥Fs requires AG* = 56.9 kcal/mol
(AH*= 45.3 kcal/mol) and gives the [(HF)FsSbH] [CH3]" ion pair. While this relatively large
barrier for hydride abstraction is perhaps not unexpected, based on the hydride affinity of methyl
cation (312 kcal/mol),>* we examined if hydride transfer would be more feasible if facilitated by
CO leading to overall hydride substitution. TS3 (Scheme 4-2b,d) with a relatively bent Sb-H-C
angle and highly stretched C-H partial bond length provides a one-step route to [(HF)FsSbYH]-
[CH3CO]". Indeed, the presence of CO does lower the hydride transfer barrier to AG* = 41.0
kcal/mol and AH* = 33.1 kcal/mol. However, the >40 kcal/mol AG* value is unlikely to account
for reactivity at 60 or 80 °C. Also, if [(HF)FsSbYH] were to be formed it would likely generate H>
or transfer the hydride to [CH3CO]" to give acetaldehyde. Consistent with this argument, the
calculated barrier for protonation of [(HF)FsSbH]- with HF is 50.7 kcal/mol, indicating that an

SbY-H bond is highly acidic.

With protonation and hydride transfer pathways being inconsistent with the relatively mild
conditions for conversion of methane to [CH3CO]", we then considered the possibility of C-H

activation involving an SbY-Me intermediate, which could undergo SbY to Sb™ reduction. The C-
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H activation transition state involves coordination of the methane C-H bond to the Sb metal center
followed by a o-bond metathesis type transition state TS4 (Scheme 4-2c,d) that leads to
[(HF)FsSbY-Me][H]". Relative to [SbYFs] TH]", the AG* for TS4 is 35.1 kcal/mol and AH* is 26.3
kcal/mol. The AH for forming [(HF)FsSbY-Me][H]" is slightly exergonic with AG =-7.8 kcal/mol.
Perhaps surprisingly, TS4 is 5.9 kcal/mol lower in Gibbs energy and 6.8 kcal/mol lower in
enthalpy compared with TS3. In the gas phase the AAG] value between TS4 and TS3 increases to
18.3 kcal/mol. Also, comparison of TS4 and TS3 at 80 °C and at 34 atm of methane and 19 atm
of CO (de Rege conditions) did not significantly change this energy difference. All other
functionals and basis sets examined also show that TS4 is lower in energy than TS3. For example,
®B97X-D/Def2-TZVPDD gave AAGL(TS3-TS4) values of 15.0. With the viability of TS4, we
examined several variations. For example, we explored the possibility of a C-H activation
transition state from the more reactive [F4Sb¥]". However, fluoride dissociation is very unfavora-
ble (AG = 86.3 kcal/mol) and while intramolecular fluoride transfer can occur for Sb¥2F1o, the

fluoride bridges and provides a vacancy around Sb for methane coordination and activation.
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Upon C-H activation, a plausible route to [CH3CO]" involves Sb¥Y-Me bond
functionalization with CO. We located TS5 (Scheme 4-2c,d) where there is displacement of re-
duced Sb with simultaneous C-C bond formation. The overall reaction thermodynamics leading to
[CH3CO]" and Sb™ is AG = -37.7 kcal/mol. While the Sb¥-Me intermediate is slightly exergonic
relative to the starting ground state, which indicates it is potentially observable, the barrier for
functionalization is relatively low. The AG* for TS5 is 25.9 kcal/mol (AH* = 19.2) relative to the
SbY-Me intermediate. This suggest that at the temperature and pressure conditions required to
undergo C-H activation that the SbY-Me intermediate should rapidly undergo CO
functionalization. We also explored alternative Sb¥-Me bond functionalization pathways that were
found to be higher in energy. For example, SbY-Me bond heterolysis without CO is 24.3 kcal/mol

higher in energy than TS5 and SbY-Me bond ho-molysis requires >60 kcal/mol.
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With C-H activation and CO functionalization identified as a plausible pathway to explain
the observation of [CH3CO]" without forming Hz, we continued to examine several other less
plausible pathways. For example, we examined the possibility of SbVFs undergoing reductive
elimination to give Sb'"F3 and F2, which could oxidize methane. While the AG for this reaction is
exergonic, one-step and two-step reductive elimination mechanisms require transition states with
very large barriers (AG* >80 kcal/mol). We also ruled out fluorine and Sb centered radical

pathways resulting from Sb-F bond homolysis, which has a bond strength of >80 kcal/mol.

While the mononuclear Sb model suggests that C-H activation is a lower energy route to
methane oxidation than either protonation or hydride transfer pathways, we wondered if a
dinuclear Sb model would alter this conclusion. Therefore, we examined these pathways beginning
with the ground state model [SbY>F11][H]". Scheme 4-4 presents the solvent stabilized and gas
phase dinuclear pathway energies. The qualitative shape of this dinuclear surface is similar to the
mononuclear surface. Again, methane protonation [SbY2Fi1]H]" leading to the [SbY2F11][CHs]"
ion pair is low in energy, but H? dissociation via TS2 is relatively high in energy at 41.3 kcal/mol.
While this relatively large free energy fits with the experimental lack of Hz formation, and is close
to the experimental barrier for Ha dissociation from [CHs]", the entropy penalty is likely
overestimated. Importantly, even though TS2 is an ion pair, in the gas phase this transition state is

significantly higher in energy, with AG* = 68.7 kcal/mol and AH* = 50.0 kcal/mol.

Similar to the mononuclear energy surface, the dinuclear hydride and C-H activation
transition states are lower in energy than TS2. The C-H activation transition state is lower in Gibbs
free energy and enthalpy, but only by 2.8 and 2.3 kcal/mol, respectively. While there remains a

clear preference for the C-H activation pathway, the smaller energy difference with the dinuclear
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model could mean that the hydride pathway may occur as a competitive pathway. In the gas phase,
however, as expected due to the lack of stabilization for the charge build up in TS3, the C-H
activation transition state is lower in Gibbs free energy and enthalpy by more than 10 kcal/mol.
We also examined the relative energies of TS3 and TS4 using M06-2X and ®B97X-D functionals.
For M06-2X/Def2-TZVPPD and M06-2X/aug-cc-PVTZ the C-H activation transition state TS4 is
lower in Gibbs free energy by 5.3 and 5.7 kcal/mol, respectively. For ©B97X-D/Def2-TZVPPD
and ®B97X-D /aug-cc-PVTZ the C-H activation transition state TS4 is lower in Gibbs free energy
by 5.2 and 5.7 kcal/mol, respectively. All of these calculations suggest that while hydride transfer
could be competitive it would likely contribute in a minor amount to forming [CH3CO]". Again,
similar to the mononuclear energy surface, while the Sb¥-Me intermediate is slightly exergonic
the barrier for functionalization is <10 kcal/mol on the Gibbs surface and <5 kcal/mol on the
enthalpy surface. However, these very low barriers are due to solvent stabilization of the polarized

transition state TS5.
4.2.3 Isobutane Oxidation

As outlined in Scheme 4-1b, reaction of isobutane with Sb¥Fs was reported without CO,
and results in Sb''F3 with observation of both Hz and tert-butyl cation. While the C-H activation
pathway provides an explanation for the methane oxidation, it is unlikely that C-H activation
would result in isobutane oxidation and generate Hz. Therefore, for isobutane, using mononuclear
and dinuclear Sb models, we examined protonation and hydride transfer, and compared these

pathways to the C-H activation (Scheme 4-5).

To us, it was surprising that the barrier for protonation of isobutane through TS6 (AG* =

15.2 kcal/mol and AH* = 2.2 kcal/mol for the dinuclear case, Scheme 4-5a) is similar to the barrier
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for methane protonation. However, this is consistent with previous computational results.’ In
contrast to the more than 50 kcal/mol endergonic value to forming methyl cation and Hz from
[CHs]", it is exergonic to form fert-butyl cation and Hz from [C4H11]*. With [SbY2F11] as a weak

assisting nucleophile, there is a low barrier for H2 dissociation by TS7 (Scheme 4-5a).

While there are relatively low barriers for isobutane protonation and Hz dissociation, there
is a lower barrier for hydride transfer. PCET, ET, and HAT have significantly larger barriers or
unfavorable thermodynamics compared to hydride transfer. Relative to [SbY>Fi1][H]" and
isobutane, TS8 (Scheme 4-5b) has a AG* value of 7.8 kcal/mol, which is ~26 kcal/mol lower in
energy than TS3 for methane, and is consistent with the significantly lower hydride affinity of zert-
butyl cation compared to methyl cation. The AG of the anionic SbY-H and tert-butyl cation ion pair

is -20.2 kcal/mol, which is consistent with its experimental observation.

To confirm that C-H activation is a higher energy pathway than hydride transfer and
protonation for isobutane, we calculated TS9 (Scheme 4-5c). Although the tertiary C-H bond of
isobutane is homolytically weaker than the methane C-H bonds, the C-H activation AG* of 47.4
kcal/mol (Scheme 4-5, TS9) for isobutane is somewhat larger than the barrier for methane, likely
because of steric repulsion. The slightly larger isobutane C-H activation barrier compared to
methane is consistent with previous computational studies with a similar conclusion.***> More
importantly, because the barrier for C-H activation is relatively insensitive to the alkane structure
this allows non-C-H activation pathways to become favored where they are more dramatically

influenced by the alkane structure, as is demonstrated here for hydride transfer.

We examined several possible pathways for formation of Hz after generation of the anionic
SbVY-H, and several plausible pathways emerged. The most viable is by SbY-H protonation of
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isobutane through TS10 (Scheme 4-5d). Importantly, the anionic Sb¥-H hydrogen is highly acidic,
and we found an extremely low barrier for protonation of isobutane. TS10 has a AG* value of <5
kcal/mol relative the SbY-H intermediate. This protonation also results in SbY to Sb™"! reduction.
Generation of H2 follows by dissociation by TS7. This proposed pathway for H> formation is

consistent with experiments that show that the ratio of Hz to isobutane is < 1.>%!1:12
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Scheme 4-5. a) Calculated tert-butyl cation pathway that begins with protonation of isobutane. b) Isobutane
hydride transfer transition state. ¢) Isobutane C-H activation transition state. d) Protonation of isobutane by

SbY-H formed from hydride transfer.

4.3 Conclusions

DFT calculations were presented that support a new mechanism for oxidation of methane
with SbYFs. A low barrier for methane protonation by [SbYFs] [H]* was found, but this pathway is
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a dead end and reversible because the barrier for Hz dissociation is very large due to the instability
of methyl cation. Reversible methane protonation is consistent with the experimentally observed
hydrogen-to-deuterium exchange. As a viable alternative to the methyl cation pathway, the C-H
activation/c-bond metathesis mechanism results in an SbY-Me intermediate, which can be
functionalized by CO resulting in [CH3CO]". In contrast to methane, due to the significantly lower
carbocation hydride affinity, hydride transfer is a much lower pathway for isobutane and results in

tert-butyl carbocation and Hz is formed by the resulting SbY-H protonation of isobutane.
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Appendix 1: Supporting Information for Chapter 2

Al.1 Comparison of Experimental and Computational Atomic Redox Energies

In order to assess the accuracy in computing electronic energies of several different
functional/basis set combinations, we computed the absolute gas phase atomic oxidation potentials
for the relevant oxidation states of the several metals by three different DFT functionals (M06,!
MO06-L,> ®B97X-D?) and two different basis sets (Def2-TZVPPD* (Table A1-2) and aug-cc-
PVTZ’ (Table Al-3)) and then compared these simulated values to those calculated from
experimental gas phase ionization energies (Table A1-1).° For each combination of basis set and
functional, we performed a linear regression of the computational energies against the
experimental energies. The accuracy of the M06 functional for these systems is reflected in this
functional showing the smallest MUE’s. We have previously’ used M06/Def2-TZVPPD, and since
use of the aug-cc-pVTZ offered only slight improvement, we continued to use M06/Def2-
TZVPPD for this study. Def2-TZVPPD and aug-cc-pVTZ basis sets were obtained from the Basis

Set Exchange® (https://bse.pnl.gov/bse/portal).

Table Al-1. Gas-phase atomic oxidation potentials from experiment, and from computations using the

Def2-TZVPPD basis set. All energies are in eV.

Exptl Mo06 Mo06-L oBI7X-D
In* 2 In** + 2¢ 46.9 46.3 46.2 46.8
TI* > TP + 2¢ 50.3 49.8 49.3 49.8
Sn?* 2> Sn*" + 2e 71.3 70.6 70.6 74.0
Pb?" > Pb* + 2e 74.3 73.6 73.3 73.9
MUE - 0.2 0.8 0.9
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Table A1-2. Gas-phase atomic oxidation potentials from experiment, and from computations using the aug-

cc-pVTZ basis set. All energies are in eV.

In* 2 In** + 2¢
TI* 2> TP + 2¢
Sn?* 2 Sn*" + 2e
Pb>* > Pb* + 2¢

MUE

Exptl MO06 MO06-L wBI7X-D
46.9 47.1 49.2 46.8

50.3 50.1 49.3 49.8

71.3 71.6 70.6 71.2

74.3 74.2 73.6 74.8

- 0.2 1.2 0.3

Table A1-3. Experimental gas-phase atomic ionization energies® for In, T1, Sn, and Pb used to calculate

absolute gas phase atomic oxidation potentials in Tables S1 and S2. Energies given in eV.

element 1st 2nd 3rd 4th
In 5.79 18.87 28.03 54.0
Tl 6.11 20.43 29.83 a

Sn 7.34 14.63 30.50 40.74
Pb 7.42 15.03 31.94 42.32

aNot available.

A1.2 Solvent Model Parameters

In order to simulate a solution environment, we used the SMD solvation model developed

by Truhlar and co-workers, as implemented in Gaussian 09. This model includes the bulk dielectric

constant (€) and solvent radius as parameters. Since, of these two, variations in the dielectric

constant have a greater effect on the computed energies,” we assessed the effect of varying the

dielectric constant on the CH activation and internal functionalization transition states (see Scheme
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2-3 in Chapter 2) of our TI(TFA)3 model system. The structures of the transition states did not
change appreciably with changes in the dielectric constant. The CH activation energy and the
activation energy for internal functionalization are plotted in Figure A1-1 as a function of dielectric

constant.
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Figure Al-1. The free energy of CH activation (black, Scheme Sla) and the free energy of internal

functionalization (red, Scheme S1b) versus &.

Our results show that the relatively non-polar CH activation transition state has minor
variations (<2 kcal/mol) with dielectric constant while the relatively more polar internal
functionalization transition state (vide infra) is about 8 kcal/mol more stable at a dielectric constant

of 80 than at a dielectric constant of 5.
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A1.3 Modeling Ionization and Dissociation

In order to assess the likelihood that cationic metal trifluoroacetate might form in
trifluoroacetic solution, we computed the following ionization reaction energies using explicit
solvent molecules to stabilize the ions, in which M = In (n = 3), Tl (n = 3), Sn (n = 4), Pb (n =4);

TFA = trifluoroacetate:
Reaction A1-1: M(TFA), + (TFAH)s — [M(TFA)u1(TFAH)]" + [(TFAH)4(TFA)]
Reaction A1-2: M(CH3)(TFA)n1 + (TFAH)s — [M(CH3)(TFA)n2(TFAH)]" + [(TFAH)4(TFA)]

Table A1-4. Energies for ionization reactions of metal trifluoroacetate complexes including explicit solvent

molecules. All energies in kcal/mol.
Reaction A1-1 | Reaction A1-2

M AH AG AH AG

In | 196 219 10.3 14.7

Sn | 243 27.6 164 203

Tl | 16.1 214 4.0 7.3

Pb | 19.5 23.3 10.2 12.8

Strassner and co-workers have previously'? shown that computationally, trifluoroacetate
ions are stabilized by the addition of explicit solvent molecules with no additional stabilization
being seen after the addition of four explicit solvent molecules, therefore we used a four-molecule
solvent cluster to stabilize the trifluoroacetate ion, while stabilizing the metallic cation with an
additional solvent molecule. On the other hand, the addition of a methyl ligand decreases the

thermodynamic barrier to forming a cationic species between 7 and 14 kcal/mol. The barriers for
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external functionalization of the methyl cation complexes are significantly lower than the external

functionalization barrier for neutral complexes.
A1.4 Dinuclear Model for TI(TFA);

To examine our assumptions that reaction pathways would not be fundamentally altered
by the presence of di- and polynuclear species, we optimized the a structure for a dinuclear
Tl2(TFA)e complex in which four of the TFA ligands bridge the two Tl centers (Scheme S2a). We
found that the free energy of formation of this complex from individual TI(TFA)3 units is
favorable, with AG =-7.0 (AH =-26.9). However, the CH activation transition state (Scheme S2b)
has AG* = 35.2 (AH* = 23.8), which is ~4 kcal/mol higher than the energy of the CH activation

transition state for the mononuclear model.
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Scheme Al-1. a) Structure of dinuclear thallium trifluoroacetate complex. b) Structure of CH activation

transition state for dinuclear thallium complex.

A1.5 CH Activation with Mixed Ligand Sets of Trifluoroacetate and Acetate

Figure A1-2 shows the energy of the CH activation transition state for various
combinations of trifluoroacetate and acetate ligands. The energy of the transition state is
qualitatively more dependent on the ratio of trifluoroacetate ligands to acetate ligands present in

the complex than on the type of ligand acting as a proton acceptor.
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Figure A1-2. a) Plot of CH activation energies with methane for T1X; (blue) and InX3 (black), where X =
trifluoroacetate (TFA) or acetate (Ac) as indicated and b) plot of CH activation energies with methane for
PbX4 (green) and SnX4 (black), where X = trifluoroacetate (TFA) or acetate (OAc) as indicated. When both
TFA and OAc are present, the * indicates the ligand acting as a proton acceptor in the transition state

structure.

A1.6 Correlation of CH Activation and LUMO Energies

To test our hypothesis that the electrophilicity of the metal complexes is the principle factor
in determining the energy of the CH activation transition state, we plotted the CH activation
energies for several complexes of Tl with their LUMO energies (a measure of electrophilicity)
(Figure A1-3a). We found that a strong correlation exists between these LUMO energies and the
CH activation energy. However, when we extended this plot to include complexes of other metals

(Figure A1-3b), we found that this correlation was lost.
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Figure A1-3. a) CH activation transition state energies for TI(X); with methane for X = nitrate,
trifluoroacetate, difluoroacetate, monofluoroacetate, trichloroacetate, acetate, and methyl, plotted against
LUMO energies. b) CH activation transition state energies for M(X),, M =In (n=3), Sn (n=4), Tl (n =
3), Pb (n = 4); X = trifluoroacetate, difluoroacetate, monofluoroacetate, trichloroacetate; plotted against

LUMO energies.

Al1.7 Structure and Charge Comparison for Internal and External Functionalization

Pathways for TI(TFA);
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We found that of two possible functionalization pathways, external or internal, that external
was favorable with the possible exception of the Pb(TFA )4 system, for which an external transition
state could not be found. Through an analysis of the structure and charges for the TI(TFA)3 system,
we found that the higher energy of the internal functionalization transition states is explained, at
least in part, by the greater degree to which the internal functionalization transition state structure
contains a methyl cationic fragment. Figure A1-4a and b show structures for external and internal
functionalization transition states. Figure Al-4c and d show how the electrostatic charge on the
methyl group (as assigned by several schemes available in Gaussian 09) changes over the course
of the intrinsic reaction coordinate. The plots show that in the transition state structure, the internal
functionalization transition state carries is about 0.4 atomic charge units more positive than in the

external functionalization transition state.
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Figure Al1-4. a) External functionalization transition state structure for TI(TFA)3 system. b) Internal
functionalization transition state structure for TI(TFA); system. ¢) charge assigned to the methyl group in
the external functionalization transition state by the Mulliken (blue), HLYGAt (red), CHELPG (black),
MKUFF (green) schemes as implemented in Gaussian 09. d) charge assigned to the methyl group in the
internal functionalization transition state by the Mulliken (blue), HLYGAt (red), CHELPG (black),
MKUFF (green) schemes as implemented in Gaussian 09. Note that for the plots in ¢) and d) the charge is
given in units of elementary charge and the intrinsic reaction coordinate, which follows the gradient of the

potential energy surface, is generally not assigned units.

A1.8 Potential Energy Surface for External Functionalization of Pb(CH3)(TFA)(TFAH)*

As part of our efforts to locate a transition state structure for the external functionalization
of Pb-methyl intermediate, we performed a 2-dimensional relaxed potential energy surface scan
by systematically varying the C-Pb and C-O distances in the structure shown in Scheme A1-3. The
potential energy surface generated is shown in Figure A1-6. An examination of this surface shows
that while it flattens out in the region of the expected transition state, there is no local maximum
in either of the two critical internal coordinates. In Schemes A1-4 and A1-5, the energy required
to form the methylcation (see Table Al-5 vide supra) was used as an estimate for the

functionalization transition state energy, since it likely provides an upper bound.

88



)C\FB X~ il
Xo(XH)Pb----C---070 o~ cF,
3
Scheme A1-2. Structure used to generate the potential surface shown in Figure A1-1. The lengths shown

in red (Pb-C) and blue (C-O) were varied between 2.1 and 3.1 A (Pb-C), and 1.5 and 2.5 A (C-O).
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Figure A1-5. Potential surface generated by systematically varying the indicated C-Pb and C-O distances
in the structure shown in Scheme A1-1. All other internal coordinates were allowed to relax freely. Energies

were generated by DFT using M06//6-311G+(d,p)/LANL2DZDP.
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A1.9 Further Analysis of Internal Functionalization Transition States

The internal functionalization transition state structures were more variable than the CH
activation transition states for the various metals. We were able to find internal functionalization
transition states for all systems studied. We further found that the energy of these structures
correlates well with both the overall reaction energy and the bond heterolysis energy, defined here
as the energy required to break the methylmetal complexes into methyl cation and metal anion

fragments.
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Figure A1-6. a) Internal functionalization transition-state geometries for metal-methyl structures. b) Bond
length changes as a function of IRC. M = In (black), T1 (blue), Sn (red), Pb (green) c) Correlation plots for
AG* (internal functionalization) versus AGr, and AG* versus metal-methyl bond heterolysis energy for the

metal systems with trifluoroacetate ligands.

A1.10 Further Analysis of External Functionalization Transition States

On the other hand, the external functionalization transition states, whose structures with
TFA ligands are shown in Scheme 2-4a, do not exhibit a fully broken methyl-metal bond in the
transition state, and are less strongly correlated to the bond heterolysis energy (as shown in Figure
2-1 of Chapter 2). Not unexpectedly, the LUMO orbitals (Scheme 2-4b shows an example for the

thallium trifluoroacetate system) of the metal cation fragment show that, in addition to containing
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o* character, they contain a significant amount of 5s or 6s character (depending on the metal

involved).

9

Scheme A1-3. a) Structures for In"-Me, Sn'V-Me, and T1"-Me external functionalization transition states
with trifluoroacetate ligands; b) Visualization of the Kohn-Sham LUMO orbital for T1"'-Me trifluoroacetate
cation fragment.
Al.11 Data for Figure 2-1
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The following reactions were used to compute the data in Table A1-6, which was used to
generate Figure 2-1. Reaction A1-3 gives the bond heterolysis energy, Reaction Al-4 is the
formation of products from the metal-methyl intermediate, and Reaction A1-5 is the formation of
the external functionalization transition state. In these reactions, X = acetate (Ac),
monofluoroacetate (MFA), difluoroacetate (DFA), trifluoroacetate (TFA); M =1In (n=3), Sn (n=

4), Tl (n=3), Pb (n=4).

Reaction A1-3: M(X)n-1(CH3) — [M(X)n-1]” + [CH3]"

Reaction A1-4: M(X)n-1(CH3) — M(X)n2 + CH3X

Reaction A1-5: M(X)n-1(CH3) + XH — [M(X)n2(XH)—CH3—X]*

Table A1-5. data used to generate Figure 2-1. All energies, except LUMO energies, are given in kcal/mol.
The LUMO is for the species [M(X)n2(XH)CH3]"

Reaction A1-3 Reaction A1-4 Reaction A1-5 LUMO

X M AH AG AH AG AH AG (eV)
Ac In 110.1 99.0 27.9 12.9 43.9 55.2 -1.80
Ac Sn 104.1 91.7 17.9 1.5 41.2 52.3 -1.78
Ac Tl 75.0 63.1 -23.5 -36.3 20.9 34.0 -3.16
Ac Pb 56.6 44.0 -34.8 -47.0 ? a 2

MFA In 101.8 89.7 25.0 -15.3 38.0 48.9 -1.77
MFA Sn 90.9 78.4 14.6 -27.8 35.9 45.3 2

MFA TI 71.6 56.9 -27.8 -41.4 14.9 25.2 -3.21
MFA Pb 46.6 33.9 -37.0 -76.9 P a 2
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DFA In 05.0 83.0 31.5 16.0 33.1 43.8 -1.89
DFA  Sn 77.1 64.7 3.0 -12.1 30.7 40.3 -2.45
DFA TI 62.2 49.8 -31.5 -46.1 16.3 26.8 -3.45
DFA Pb 39.2 26.4 -34.5 -69.5 N 2 N

TFA In 02.1 80.0 25.5 10.0 33.1 44.1 -2.01
TFA  Sn 73.5 63.7 10.5 -8.2 32.2 44.0 -2.70
TFA T1 62.0 479 -37.3 -52.4 13.1 24.7 -3.67
TFA Pb 34.5 20.9 -41.8 -53.6 N 2 -3.94

#Value not computed.

A1.12 Effect of Adding Explicit Solvent Molecules in Functionalization Reaction

Since the external functionalization structures that we analyzed require that an acetate
anion must be transferred to at least the second solvation shell, we endeavored to find external
functionalization transition states that include solvent molecules interacting with the anion. For the
external functionalization of thallium, the addition of one explicit solvent molecule solvating the
incoming nucleophile changed the transition state energy from AG* = 12.1 (AH* = 2.7) to AG* =

13.4 (AH* =-6.9).
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Appendix 2: Supporting Information for Chapter 3

A2.1 TI(TFA);3 Structures

Structure 1A shown in figure A2-1 below is the TI(OAc)3 x-ray structure.! Change of
acetate ligands to TFA ligands and optimization resulted in structure 1B. We also located low-
energy structures 1C and 1D. The lowest energy structures are 1C and 1D that both have Cs
symmetry. The enthalpies of these structures are within about 1.1 kcal/mol of each other. The

energy of 1D was adopted as the ground state energy.

Figure A2-1. Top: TI(OAc); x-ray structure and the corresponding TI(TFA); structure optimized in implicit

trifluoroacetic acid solvent. Bottom: Low-energy TI(TFA); structures.

96



A2.2 TD-DFT Results

The table below (table A2-1) lists the major M06 TDDFT excitations for m-complexes
between benzene with TI(TFA)s, [TI(TFA)]", and [TI(TFA)(TFAH)]" (Figure A2-2). All
excitations are qualitatively consistent with the spectra reported by Kochi, and therefore, this does

not provide a way to distinguish between neutral and cationic species.?

Table A2-1. TDDFT results.

Structure Excitation Wavelength Oscillator Strength
[TI(TFA)3(CsHs)] 329 0.24
[TI(TFA)2(CeHe)]" 345 0.30
[TI(TFA)(TFAH)(CsHe)]" 336 0.32

Figure A2-2 shows the Kohn-Sham orbitals that give rise to the TDDFT excitation at 329
nm for the TI(TFA)3-benzene © complex. These orbitals show the charge-transfer character from
the arene to the T1 metal center. This wavelength is close to the wavelength reported by Kochi and

Lau for charge transfer between benzene and TI(III) in trifluoroacetic acid solvent.

2 I-QP-&d 9
J"ra o8 7
J

Figure A2-2. Relevant Kohn-Sham MO06 orbitals for the 329 nm excitation.

A2.3 Benzene-Thallium Complexes

97



We examined the coordination modes of benzene to TI(TFA)3 by starting with structures
in which benzene was constrained in various coordination modes. All of the internal coordinates
of these structures were allowed to relax except for C-T1 distances, which were fixed to maintain
the proper coordination mode. When all modes were allowed to relax, the preferred binding modes

were found to be n' or n? (see Table A2-2 and Figure A2-3).

2.59

Figure A2-3. Representative m-complex structures of benzene and TI(TFA)s.

Table A2-2. Relative energies of various n-complexes of benzene and TI(TFA)s.

Relative® Relative®
. . a,d
Constrained . electro;nc electro;nc AH (AG)™° of
.. constrained C-TI energy’ of energy’ of relaxed
coordination . . ¢
mode distance (A) constrained relaxed structure
structure structure (kcal/mol)
(kcal/mol) (kcal/mol)
n' 2.4 -14.2 -15.5 -12.6 (0.2)
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2 2.5 -13.5 -15.4 -12.7 (0.2)
3 2.6 -1.9 -15.5 -12.5(2.1)
4 2.7 0.5 -15.7 -12.9 (1.4)
5
6

= S S 3

2.8 2.4 -15.6 -12.3 (2.5)

n 2.9 -4.8 -15.8 -13.2 (-0.4)
 Relative to separated benzene and TI(TFA)s.
® Electronic energy from M06/6-31+G(d,p)[LANL2DZdp] SMD solvent calculation.
¢ All structures relaxed to #' or #* complexes.
¢ Free energies and enthalpies from MO06/def2-TZVPPD//M06/6-31+G(d,p)[LANL2DZdp] with SMD
solvent.

A2.4 Note on CHelpG and ESP Charges

A value of ~0.35 e of charge transfer from benzene to TI"! in (TFA);TI"(5'-CsHs) was based on
CHelpG and ESP atomic charges. This value is the result of summing atomic charges on all atoms
in the TI(TFA)3 fragment of the complex and summing the atomic charges on the benzene fragment
in the complex. The atomic charges used are determined by fitting partial atomic charges to a
molecular electrostatic potential. The CHelpG and ESP algorithms select points in a grid
surrounding the Van der Waals surface.?

A2.5 Marcus Estimates

Marcus theory estimates the kinetic barrier for outer-sphere electron transfer (ET) by using
reorganization energy, A, and free energy change:

_ (A+AG6%)?

AG*
42

The internal structural reorganization energy (A:) is given by*>:
A; = Er(Rp) — Eg(Rg) + Ep(Rg) — Ep(Rp)

The solvent/outersphere reorganization energy (Ao) is given by:

o=@ (L ) (2

21y 21y, T/ \&xn &

For trifluoroacetic acid, €= = 1.285 and &, = 8.42.
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For ET between TI(TFA)3 and arenes, the Marcus estimates reported in the main text ignore
solvent reorganization energy. For benzene this estimate is AG* = 36.8 kcal/mol. For
pentamethylbenzene, AG* = 13.5 kcal/mol. Estimate of the solvent reorganization energy is
dependent on the radii. For intermolecular distances of less than 10 A, including the solvent
reorganization energy increases the overall AG* by less than 5 kcal/mol.

A2.6 Explanation of Activation Energies

Relative arene thallation rates (Figure 3-2 in Chapter 3) were converted into free energy
differences (AAG*) using standard transition state theory with cancellation of pre-exponential
factors, i.e.: kr = ki/k2 = e 61126, D'RT For regioselectivity data reported by McKillop® and Olah’,
free energy differences were derived from product ratios by assuming that the reported product
ratio is equal to a ratio of rate constants.

A2.7 Potential Energy Landscapes

Figure A2-4 shows the energy landscape where the T1-C bond has been scanned from the
distance in the © complex (~2.6 A) to the distance in the thallation product (~2.2 A), and the TI-C-
H angle has been scanned from that in the © complex (~90°) to an approximately tetrahedral angle
(~110°) that might be expected in a Wheland intermediate. Importantly, all Wheland-type
structures are much higher in energy than the n! n-complex structure. Additionally, scans of the
same coordinates as shown in Scheme 3-3 were performed using energies from the ®B97xd,
MO6L, and B3LYP functionals, and the M06 functional with an IEF-PCM solvent model. PES’s

from these scans are qualitatively identical to the one shown in Scheme 3-3.
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Figure A2-4. PES generated by scanning the TI-C distance in increments of 0.1 A and scanning the TI-C-
H (#) angle in increments of 5°. All other coordinates were unconstrained. (kcal/mol)
The following plots (Chart A2-1) of different combinations of bond lengths and angles also

indicate that a Wheland-type structure is not an energy minimum.
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Figure A2-5. A) Potential energy scan generated by varying the angle between the reactive hydrogen atom
and the arene plane () in increments of 5°, while all other internal coordinates were allowed to relax. The

same angle is ~173°in the m complex structure, and ~128° in the C-H activation transition state structure.
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B) Plot showing the effect of ¢ on C-H distance (a). C) Plot showing the effect of ¢ on TI-C distance (b).
D) Plot showing the effect of ¢ on O-H distance (c). E) Plot showing the effect of ¢ on TI-C-H angle ().

A2.8 Arene Coordination versus Activation Barriers

Plot A in Figure A2-5 shows the free energies for t-complex formation between methyl-substituted
arenes and TI(TFA)s. Plot B shows the trend in AG* for TS1 of chapter 3 plotted against the n-

complex, which is relatively constant.
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Figure A2-6. (kcal/mol)
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