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Abstract

The domestic production of natural gas has significantly increased in recent years. As a result,
there is a demand to utilize its main component, methane, as a C1 source for value-added products,
such as gasoline or diesel fuels. The industrial conversion of methane to liquid fuels uses multi-
step processes with heterogeneous catalysts, which require high energy input and result in poor
selectivity for the desired products. An attractive alternative to this method employs homogeneous
catalysts to perform the oxidative coupling of methane. This approach could directly access higher
alkanes at lower temperatures to achieve a more mild and selective process. Additionally,
mechanistic insight gained from well-established solution-phase techniques could help improve
the yield and selectivity in such homogeneous reactions. The proposed mechanism to form the
initial product ethane from methane involves: (i) C—H activation of methane to generate a M-CHz3
intermediate, (ii) oxidatively-induced disproportionation between M—CHjs intermediates to form a

M—(CHs) species, and (iii) reductive elimination from M—(CHz)2 to liberate ethane.

Chapter 2 describes the stoichiometric oxidation of homogeneous mono-methyl Pd"' complexes
to selectively generate ethane. Experimental and computational studies support the formation of a
dimethyl Pd"V intermediate from methyl transfer. These studies demonstrate steps ii and iii of our
proposed catalytic cycle.

In Chapter 3, C—H activation, step i, is examined using a model system. Pd"" complexes and

AgOPiv are employed in the C-H activation of pentafluorobenzene, via a Ag-CsFs intermediate.

Xvii



Experimental evidence supports a Ag-mediated activation of pentafluorobenzene to form Ag-CeFs,

followed by transmetalation to Pd, affording the Pd" product.

Chapter 4 explores the conversion of methane to ethane based on mechanistic information gained
in the aforementioned stoichiometric studies of steps i, ii, and iii. High throughput experimentation
demonstrates ethane generation from several reactions containing Pd or Pt complexes, which are
further pursued upon the development of a method to quantify the gaseous products. These studies
reveal that a decomposition pathway to form ethane arises from ligand degredation, and that ligand
modification suppresses this side reaction. Further studies with these modifications are being

pursued to achieve methane coupling.

Chapter 4 explores the conversion of methane to ethane based on mechanistic information gained
in the aforementioned stoichiometric studies of steps i, ii, and iii. High throughput experimentation
demonstrates the formation of ethane from several reactions containing Pd or Pt catalysts, which
are further pursued upon the development of a method to quantify the gaseous products. These
studies reveal that a significant decomposition pathway to form ethane arises from ligand
decomposition, and that ligand modification suppresses this side reaction. Further studies with

these modifications are being pursued in order to achieve methane coupling.
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CHAPTER 1

Upconversion of Natural Gas to Access Value-Added Products

1.1 Overview

As natural gas production increases in the United States, methods to efficiently utilize this
abundant resource have gained growing attention. Natural gas is most often burned to generate
heat and electricity for industrial and residential applications. However, a major inefficiency
associated with this process is the transportation of this gas. To circumvent this challenge, the main
component, methane, could be converted into liquid fuels or commodity chemicals. This
introduction discusses several relevant approaches to the functionalization of methane, from

established industrial processes to recent advances of individual steps in this transformation.

1.2 Increasing Natural Gas and Common Ultilization

Since 2005, domestic natural gas production has dramatically increased, mainly as a result of
improved hydraulic fracturing techniques for accessing shale gas. As shown in Figure 1.1, the U.S.
Energy and Information Administration projects dramatically rising supplies of natural gas,
making domestic natural gas production by 2040 nearly equal to coal and crude oil combined.! As
natural gas has become more abundant, the price has dropped by almost 50% since 2008.% Thus,
increased effort has focused on developing strategies to utilize this cheap, abundant carbon source
in place of traditional crude oil feedstocks, thereby reducing our dependence on foreign oil.



Figure 1.1. U.S. Energy Production by Fuel, 1980 - 2040*
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In the U.S., natural gas is typically burned to generate heat and power, as transporting natural
gas from drilling or fracking sites to homes and businesses is highly energetically wasteful. Natural
gas is most commonly transported by pressurization in pipelines, but it can also be condensed into
liquefied natural gas and shipped in tanker trucks. Both of these methods are much less efficient
than shipping liquid alkanes. Due to the significant transportation cost and/or limited pipeline
infrastructure, excess natural gas from crude oil production and processing is often flared, or
burned off, in more remote areas. Although flaring reduces the negative environmental impact of
this potent greenhouse gas, this process wastes significant amounts of natural gas and generates
environmentally detrimental CO- in the process.®> Thus, an efficient method for converting natural
gas into a liquid form could provide a more transportable form of energy.

Natural gas is composed of 70 to 90% methane, which provides an attractive carbon source for
liquid transportation fuels and commodity chemicals.* The chemical conversion of methane could
circumvent the associated inefficiencies of transporting natural gas and could provide access to
products traditionally arising from crude oil. Thus, methane functionalization would be a useful
alternative to typical methods to burn natural gas.



1.3 Chemical Conversion of Methane

Methane functionalization (H3C—H — HsC—X) is a challenging process due to the inert nature
of this molecule. Thus, selective functionalization of methane and other alkanes, is often
considered the “holy grail” reaction for chemists.> Methane contains very strong C—H bonds of
105 kcal/mol, has poor solubility in many polar solvents, and has poor coordinative abilities. To
overcome the unreactive nature of methane, many approaches employ harsh conditions with high
temperatures and pressures.>® However, all of these conditions introduce a series of new

challenges that must be addressed to achieve an industrially viable process.

1.4 Industrial Approaches to Methane Upconversion

Currently, several methods to convert methane into value-added products are conducted on an
industrial scale. The most well established process involves an initial steam reforming step to
generate syngas, comprised of a mixture of CO and H..° Syngas can then be converted into
methanol and ultimately gasoline through the Mobil process, or proceed directly to higher alkanes
through the Fischer-Tropsch synthesis (Scheme 1.1).1° However, a number of limitations are

associated with these methods to upconvert methane.

Scheme 1.1 Industrial Methods to Functionalize Methane

Fischer-Tropsch Synthesis

[Fe] or [CO]
CpHopeo  + nHY0
200-400 °C
Steam Reforming AG = -50 kcal/mol
[Ni]
CHy +H,0 ———————————> CO+3H,
750-900 °C
Syngas
AG = 49.3 kcal/mol
Mobil Process
[Cu-Zn-Cr]
» CH3OH  ——— C,Hppp  + nHY0
230 °C

AG = -22 kcal/mol

Both the Mobil Process and Fischer-Tropsch synthesis require high temperatures to generate

the syngas intermediate, which is a highly energy intensive step.® The Fischer-Tropsch step also
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results in a mixture of products, further reducing the overall efficiency of the process.

Furthermore, the gas-to-liquid (GTL) plants to convert methane into liquid fuels require high
capital investments, often upwards of billions of dollars. Despite these limitations, globally five
GTL plants were operational as of early 2014 with four additional plants in planning or
construction phases.'! This is likely a result of the low price and increasing abundance of natural

gas.

1.5 Direct Routes to Methane Functionalization

To avoid the challenges associated with the multi-step GTL process, extensive research has been
focused on direct routes to convert methane into value-added products. In nature, methane
monooxygenase performs the selective partial oxidation of methane to generate methanol through
the use of an iron active site.*? Although this process provides a direct and selective route to
methane functionalization, performing this transformation on an industrial scale is currently

challenging.®

Similar approaches have been widely studied in catalysis research, in which the C—O bond in
methanol is formed via activation of methane (Scheme 1.2).%142° An inherent challenge in the
catalytic conversion of methane to methanol is the propensity for over-oxidation, which converts
the desired product, methanol, to the thermodynamically favored product CO2. Several
reportst’1921-23 have taken various strategies to overcome this challenge, using unique reaction
conditions, oxidants and solvents, however, none of these processes can outperform current GTL

methods.

Scheme 1.2 Potential Routes to Methane Functionalization

Partial Oxidation ‘ 10xidative Coupling

112 05 1720, .
H;C-OH <«———  H3C-H — 1/2 [H3C-CH3] ~ ----- » C5-Cqs
=2

Ultimately to Generate

Methanol Higher Alkanes

An alternate method for the functionalization of methane would be through oxidative coupling
to generate the C—C bond in ethane (Scheme 1.2). Upon subsequent couplings, higher liquid
4



alkanes could access transportation fuels such as gasoline or diesel fuel. Additionally, olefins such
as ethylene or butadiene, valuable precursors to a wide array of polymers, could be formed through
oxidative coupling of methane. Moreover, this process could replace traditional petroleum
feedstocks, as both higher alkanes and olefins are predominantly synthesized from cracking of

crude oil.

1.6 Current Advances in Oxidative Coupling of Methane

Significant research on the oxidative coupling of methane has focused on the use of
heterogeneous metal oxide catalysts to generate ethane and ethylene (Scheme 1.3). 72427 The
leading reports employ mixed catalyst systems with lithium and magnesium?® or tungsten and
manganese.?® These transformations are proposed to proceed through homolytic cleavage of the
C—H bond, to generate methyl radical, which recombines with another methyl radical to generate
ethane or ethylene. To make these processes industrially viable, approximately 30% overall
efficiency is required; however, after years of research on catalyst design, leading catalysts still do
not meet this standard.?® Some relevant limitations include: (1) poor selectivity due to significant
overoxidation to form CO and CO»; (2) harsh reaction conditions with temperatures over 700 °C
required to achieve reactivity of methane; and (3) heat transfer issues resulting in hot spots in the
catalyst bed that lead to catalyst degradation.?® Additionally, similar transformation with alkanes
higher than methane could result in regioselectivity issues, as secondary C-H bonds are more easily
functionalized due to lower bond dissociation energies.’® To address these challenges of
heterogeneous catalysts, significant efforts in catalyst design and modifications have been pursued,
such as the process currently being commercialized by Siluria using nanowire catalysts.>>3! To
further address these challenges, a better mechanistic understanding of reactivity at the metal

center is required to inform both chemical and engineering modifications to these systems.

Scheme 1.3 Leading Heterogeneous Process for the Oxidative Coupling of Methane®?

M]
H3C—H + 02 _— HzC:CHz + H3C—CH3 + Hzo
800 °C, 100h

25% Overall Efficiency (5:1)
[M] = W-Mn/SiO,



In our approach for the oxidative coupling of methane, we sought to address some issues faced
in heterogeneous systems by exploring the use of homogeneous catalysts. Typically, homogeneous
systems operate at lower temperatures, which provides opportunities for mitigating catalyst
deactivation and overoxidation pathways that are commonly observed at the high temperatures
required for the heterogeneous systems.3® Furthermore, mechanistic experimental techniques are
well established with homogeneous catalysts, facilitating efforts to obtain the mechanistic insights
necessary to rationally improve the reactivity and selectivity of the catalyst. Despite these benefits,
prior examples of homogeneous catalytic alkane/alkane coupling reactions are scarce.34%’

1.7 Prior Studies on Methane Activation or Methyl Coupling with Pd and Pt

Precedents for the methane activation with homogeneous Pd' and Pt catalysts and ethane
generation from palladium or platinum methyl complexes support the potential feasibility of the
oxidative coupling of methane using homogeneous Pd and Pt catalysts. For example, partial
oxidation of methane to methanol has been shown by Shilov!* with homogeneous platinum salts.
Numerous subsequent studies®'>2°3843 have established the detailed mechanism of the C—H
activation step in this system. Periana also performed methane functionalization with a
homogeneous palladium or platinum catalyst to generate methyl bisulfate or acetic acid.!”?144
Additional reports on the partial oxidation of methane have also been shown with palladium salts*
and biscarbene palladium complexes, as shown in Scheme 1.4. We drew inspiration from these
examples of homogeneous Pd and Pt catalysts that are known to activate methane for our studies

into the oxidative coupling of methane (Scheme 1.4).

Scheme 1.4 Selected Pd/Pt Catalysts Shown to Perform Partial Oxidation of

Methane
N,’Bu
Hoo o § < ) \N/ solv (/\ B
2 - -
DL AN [ i Pd'(0Ac), <V P!
o oS A N\( “er
cl / Q\/Nq
Bu
Shilov Periana Bercaw Sen Strassner

In the late 1980s, Canty demonstrated the first example of the reductive elimination from a
high-valent Pd'V—CHjs species to generate ethane. More recently, several reports from our group*®-
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49 and others®®>° have shown the oxidation of similar low-valent Pd" and Pt"" dimethyl complexes
to access high-valent intermediates, followed by selective formation of ethane under mild reactions
conditions (Scheme 1.5). Based on these studies, we propose a similar reaction for ethane

formation from reductive elimination using Pd or Pt methyl complexes

Scheme 1.5 Ethane-Forming Reductive Elimination via High-Valent Intermediates

1
1
" 1+ E cH, | N
N ~CHs [Ox] N -solv boN | cH, N ! -CH;
/M\ —_— /M\ + H30—CH3 ' v or /M\
CHs N CHj I N7 | CH, N™ | “CH,3
1
88-98% | solv N
1
Observed Intermediates
Representative Complexes:
Busy IPr fiP
r r
‘Bu = (:L 7N
=N~ IICH3 y /N\ 1.WCH3 N\ ’N
/ " ) 0o
_ N/Pd\CH;; — ’\T(/Pd ~CH, ipr /Pt\ ipr
[Bu S \ /4 ) H3C CH3
N
‘Bu”

Collectively, these reports of methane activation and HsC-CHz coupling at palladium and
platinum metal centers help to inform our catalytic cycle for oxidative coupling of methane
(Scheme 1.6). Our proposed catalytic cycle involves: (i) activation of methane by a Pd or Pt metal
center, A, to form B; (ii) methyl transfer between two molecules of B to generate 0.5 equiv of C;
and (iii) reductive elimination at C to liberate ethane and regenerate A. The following chapters
outline mechanistic studies related to each of the steps of the proposed catalytic cycle. Mechanistic
studies on the oxidation and reductive elimination, steps ii and iii, are discussed in Chapter 2
(Scheme 1.6). Mechanistic studies of C—H activation at Pd, shown as step i, are described in
Chapter 3 using a model system. Finally, we explore the generation of C, products from methane
in Chapter 4, combining all three steps of our proposed catalytic cycle. These studies could have
direct implications for the development of a catalytic homogeneous approach to the oxidative

coupling of methane.



Scheme 1.6. Proposed Route to Oxidative Coupling of Methane

i) C—H activation

+ 2 equiv H;C-H

-CH
2 [M”] 2 [M”]\X 3
A — 2 equiv H3C-H B
[Ox]*
H307CH3
. H;C Ox] . I
iii) Reductive ' v.~CHs ii) Oxidative Methyl
Elimination M ]\x Transfer
®
C
[M] = Pd or Pt

1.8 Collaborations in Our Efforts towards Oxidative Coupling of Methane

Studies in the Sanford lab on the oxidative coupling of methane were in collaboration with
Professor James Mayer, and much of the work shown from the high throughput experiments in
Chapter 4 were performed with Dr. Johanna Blaquiere from the Mayer lab. Dr. Matthew Remy, a
previous member of the Sanford lab, provided initial studies on the generation of ethane from
mono-methyl palladium complexes, although his results are not discussed in detail in Chapter 2.
All of the computational work shown in Chapter 2 was conducted by Prof. Allan Canty from the

University of Tasmania, and all of the crystal structures were resolved by Dr. Jeff Kampf.
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CHAPTER 2

Mechanistic Studies of Methyl Transfer and Reductive Elimination

of Palladium Methyl Complexes!

Background

Natural gas is an abundant domestic resource, and its main component, methane, provides an
attractive C; feedstock for both fuels and commodity chemicals. 1= Thus, there is high demand for
efficient routes to methane functionalization. A number of heterogeneous catalyst have been
utilized in methane functionalization, however, these processes often require high temperatures
which result in poor selectivity.* Thus, we envisioned a pathway using homogenous catalysts

operating at lower temperatures to circumvent these challenges.

Prior work by Shilov and others provides precedence for methane functionalization with
homogenous group 10 metals through the formation of C—O bonds.**>® However, this approach
faces an inherent challenge due to facile overfunctionalization of the product MeOH to generate

thermodynamically favored CO2.2* Thus, we propose an alternate route via formation of C—C

The majority of the chemistry described in this chapter has been published in the following Article: Lotz, M. D.;
Remy, M. S.; Lao, D. B.; Canty, A. J.; Mayer, J. M.; Sanford, M. S. “Formation of Ethane from Mono-Methyl
Palladium(IT) Complexes,” J. Am. Chem. Soc. 2014, 136, 8237-8242.
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bonds to ultimately access higher alkanes.”® We focused on the first step in this methane
oligomerization process by studying the initial C-C bond formation to generate ethane from
methane. Examples of catalytic methane coupling to liberate ethane remain rare in homogeneous
catalysis.}3>010-13 Thys, we sought to demonstrate the key step in this process, C—C bond

formation to generated ethane from mono-methyl Pd" species.

For our approach to catalytic coupling of methane, we envisioned a process analogous to well
established arene C—H oxidative coupling reactions.!* One such example is the dimerization of
dimethyl phthalate, used industrially to access a monomer precursor to the commercial resin
Upilex® (Figure 2.1).!>!6 The catalytic cycle for this reaction is proposed to involve the following
steps: (i) arene C—H activation by A to generate mono-aryl Pd! complex Bar (Ar = aryl), (ii)
disproportionation to form bis-aryl Pd"! adduct Car, (iii) C—C bond-forming reductive elimination
to release the biaryl product and Pd’, and (iv) oxidation of Pd’ to regenerate the Pd" catalyst (Figure
2.1).

Figure 2.1. Homogeneous Pd-Catalyzed Arene Oxidative Dimerization to Generate
Industrial Precursor to Upilex® Resin

H CO,Me MeO,C CO,Me
Pd/Cu/phen O
2 B —————
5, -
CO,Me MeO,C CO,Me

Proposed Mechanism:

(i) C-H activation

+ 2 equiv ArH
L. - — 2 equiv HX _
2 L/Pd”\))é d 2 F>pg \’)‘(r
(A) + 2 equiv HX (Bay)
— 2 equiv Ar-H d
(iv) oxidation T (ii) disproportionation
(iii) reductive
L elimination L - Ar L -X
SPdY = S Pgl + ~pgll
I_/Pd I_/Pd ~Ar L/Pd “x
(cAr)
Ar—Ar

Based on this precedent for arene dimerization, we envisioned a similar process for methane

coupling. Prior studies have demonstrated C—H activation of methane (Figure 2.1, step i) at Pd"
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complexes to form mono-methyl complexes similar to Bar.>1-2® However, generation of ethane
has not been reported from mono-methyl complexes analogous to Bar (steps ii and iii).>*?> The
main challenges in disproportionation/reductive elimination from mono-methyl Pd" complexes
are: (a) disproportionation has been shown to be highly energetically unfavorable at Pd" (step ii)2
and (b) the subsequent C—C coupling step at dimethyl Pd" complexes typically results in poor

yields of ethane, even under forcing conditions.?

CH3—CHs coupling at high valent palladium dimethyl species is known to occur more readily
than at the analogous Pd" species.”?-2 Thus, we hypothesized that the oxidation of Pd" methyl
complexes to Pd"V dimethyl intermediates might induce a more facile reductive elimination. Our
newly proposed catalytic cycle would involve: (i) CH4 activation at Pd'' to generate mono-methyl
complex Bcrs, (ii) oxidatively-induced disproportionation to form dimethyl Pd' species D, and

(iii) C—C coupling from D to regenerate the Pd" catalyst (Figure 2.2). 51
Figure 2.2. Proposed Catalytic Cycle for Pd-Catalyzed Methane Oxidative Dimerization

(i) C—H activation
+ 2 equiv CH3;—H

L _ — 2 equiv HX _
2 |_>Pd”\;<( 2 t;Pd"\f(Hs
(A) +2 equiv HX (Bcha)
— 2 equiv CH;-H
N CH —|+ oxidant
3
H3C7CH3 L\ IIV/X
(iii) reductive L~ | "™CH, ] (i) oxid_ative_
elimination solv disproportionation
(D)
+ +
Lo u-X _l
L~ Pd g0

Previously, our group provided proof-of-principle for the feasibility of the proposed oxidatively-
induced generation of ethane from dimethyl Pd" complex (dtbpy)Pd(CHs)2 (1, dtbpy = 4,4'-di-tert-
butyl-2,2'-bipyridine, Scheme 2.1).” The treatment of 1 with 1.1 equiv of ferrocenium (Fc*) yielded
ethane in 49% yield (maximum theoretical yield = 50%). This reaction was shown to proceed
through trimethyl Pd" intermediate 2 (Scheme 2.1), and upon warming the reaction to 25 °C,

liberation of ethane was observed.
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Scheme 2.1. Proof-of-Principle for Oxidative Coupling Generate Ethane

+
Fc*  Fc _\+ : (‘3H3 1
N_  CH N_  .CH i N_ ! _CH
Copar®™ N A hecny +( Patl” P ((SPAVTS
N~ CHz 25°C o N~ Tsolv 5 | “CHs
(1) (49%) solv
intermediate (2)
s S
dtbpy

These studies with the dimethyl Pd" species 1 demonstrated steps ii and iii of our proposed cycle.
However, Pd" dimethyl complexes such as 1 could prove challenging to access catalytically
through CHjy activation. For instance, prior work by Bercaw has shown similar mono-methyl metal
species react with methane via degenerative exchange of the methyl ligand rather than the
formation of a dimethyl intermediate (Scheme 2.2).%* Thus, a mono-methyl intermediate such as
Bcns, where X represents anionic ligands such as CI, OAc, OTFA, would be a more catalytically

relevant species.

Scheme 2.2. Degenerative Exchange of Methyl Groups with Pt*®

e 4, e
N ~ /SOIV CH4 CH4 . N ~ BCH:‘%
N~ CH, CsFsN N~ Ssolv

M /\
N N= Me;N  NMe,

To support our proposed catalytic cycle, it was crucial to demonstrate the key step of ethane
formation from such a mono-methyl Pd" species. Thus, our goals were to (a) achieve high yielding,
selective generation of ethane from mono-methyl Pd" complexes in the presence of an oxidant and
(b) to provide mechanistic insight to support our proposal of oxidative disproportionation in this

reaction.
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Results and Discussion

Reacvitiy of Mono-methyl Pd' Complex 3: Thermolysis Studies

Our initial studies focused on the generation of ethane from mono-methyl Pd" complex
(dtbpy)Pd(CH3)(OAc) (3). Notably, acetate and other carboxylate ligands have been widely
employed in catalytic methane functionalization reactions with Pd".347 Thus, complex 3 is a more

catalytically relevant intermediate than dimethyl species 1.

Complex 3 was synthesized by halide abstraction from previously reported®
(dtbpy)Pd"(CH3)(Cl) with AgOAc and was characterized by NMR spectroscopy and elemental
analysis. This complex is remarkably stable in the absence of an oxidant. It can be stored in the
solid state at —33 °C for several months without detectable decomposition. It is also stable in
acetone at room temperature under N for at least 24 h. Upon heating to 100 °C, 3 decomposed
after 21 h in acetone-ds to predominantly generate CHsD (83% yield) along with only small

amounts of ethane (Scheme 2.3).

Scheme 2.3. Thermolysis of Mono-methyl Complex 3

N CH j
( Spqu s _no oxidant Hy,C-CH;  + HsC-OAc + CHsH + CHsD
N~ S0OAc acetone

3) 100°C, 8d (7%) (not detected) (7%) (83%)

Reactivity of Mono-methyl Pd"! Complex 3: Oxidation

Complex 3 was subjected to oxidation with several 1 and 2 e oxidants at 25 °C in acetone-ds.
Complex 3 reacted rapidly with several of these oxidants at to form ethane in modest yield (Table
2.1%). Notably, the maximum theoretical yield of ethane in these experiments is 50%. Only trace
CH3D (or CH4) was observed with most oxidants (<1% in all cases except with hypervalent iodide

oxidants, entries 5-6).

2 This ethane-forming reaction of 3 with AcFcBF4 was initially discovered by Dr. Matthew Remy.
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Table 2.1. Oxidation of 3 with 1e- and 2e- Oxidants?

N.__ _CHj 1.2 equiv oxidant
C >pPdlC H,C-CH; + CHsD + H;C-OAc
OAc acetone-dg
@) 25°C, 1h
. % Yield % Yield % Yield
Entry ~ Oxidant CoHe" CHsDICHS  CHsOAc
1 K2S20s 11 <1 <1
2 BQ <1 <1 <1
3 Oxone <1 <1 <1
4 NCS 11 <1 10
5 PhI(OAC): 15 31 37
6 PhI(TFA)2 28 3 49¢
7 CAN 17 <1 <1
8 AgBF4 22 1 <1
9 AcFcBF4 36 <1 <1
10 NFTPT 32 <1 <1
11® NFTPT 37 1 <1

aConditions: 3 (4 pumol, 1 equiv), oxidant (4.8 pmol, 1.2 equiv), 1,1,2-trichloroethane (4 pmol,
1 equiv, standard), acetone-ds (5 mM), 25 °C, 24 h. "Theoretical maximum yield of ethane is
50%. “Theoretical maximum yield of CHs4 and CHzOAc is 100%. ICH3OTFA is formed in 49%
yield this reaction. ¢Conditions: 3 (4 pmol, 1 equiv), NFTPT (20 umol, 5 equiv), 1,1,2-
trichloroethane (4 pumol, 1 equiv, standard), acetone-ds (5 mM), 25 °C, 1 h.

The yield of ethane varies significantly as a function of oxidant. In some cases, this is due to
competitive C—-X reductive elimination. For example, PhI(OAc), and PhI(OTFA), afforded
significant quantities of CH30Ac and CH30OTFA, respectively, as well as cH:D (Table 2.1, entries 5 and 6).

Many of these oxidants exhibited poor reactivity, generating little or no ethane.

The highest yields of ethane and cleanest reactions were observed with the le™ oxidant
acetylferrocenium tetrafluoroborate (AcFcBF4) and the 2¢™ oxidant N-fluoropyridinium triflate
(NFTPT) (Table 2.1, entries 9 and 10). The reaction of 3 with 1.2 equiv of each of these oxidants
afforded ethane in 36 and 32% yield, respectively. With 1.2 equiv of NFTPT, there was ~15% of a
Pd"(CH3) species remaining at the end of this reaction, potentially due to loss of the acetate ligand

over the course of the reaction. However, the use of excess oxidant (5 equiv) could be used to push
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the reaction to full conversion. Under these conditions, ethane was formed in 37% yield (Table
2.1, entry 11).

The inorganic by-products of these transformations are (dtbpy)Pd"(OAc)(BF.) (4) with AcFcBF4
and (dtbpy)Pd(OAc)(X)" [X = F~ (5-F); X = 2,4,6-trimethylpyridine (5-TP)] with NFTPT. The
X-type ligands of 4 and 5 (BF4, F, and TP) are in rapid exchange with solvent (acetone or water);
thus, the complexes were converted to the corresponding iodide salts to determine yields. This
procedure established that the yield of 4 is 43% and the yield of 5 is 78% under our standard

reaction conditions (Scheme 2.4).

Scheme 2.4. Oxidation of 3 with AcFcBFs and NFTPT

@( BF,
o 1

F
@JD o
BF
(AcFc) N @4 Nal N
> H3C—CH; + Sy OAC ——= N -]
(a) acetone ( /Pd\ | ( /Pd\l
25°C, 30 min 36% N(4 BFSC)W N )
-BF, .
(" Spar St ,
T OR T0° 43%
3) N-F
— )
(b)‘ o®
(NFTPT) » H;C—CHj; + N\F%HDAC — = (N\Pd"’l
2550 30 min (32%) N~ Solv NT
’ (5-OTf) (5-1)

78%

Mechanistic Studies: Probing the Potential Intermediacy of CHze

We next sought to gain insights into the mechanism of ethane formation with mono-methyl
complexes. Initial studies investigated the potential intermediacy of methyl radicals (CHze) in
ethane generation upon oxidation of 3. The oxidation of complex 3 was performed in the presence
of 40 equiv of the H-atom donor 1,4-cyclohexadiene (CHD). Based on our prior studies,” CHze
intermediates would be expected to participate in rapid He abstraction from cyclohexadiene to
afford CHa in high yield under these conditions. As shown in Table 2.2, <6% methane was detected
(entries 3 and 4). Additionally, only a small decrease in the yield of ethane was observed upon
reaction with both NFTPT and AcFcBFs in the presence of CHD. Based on these results, CHze
formation does not appear to be a major pathway to ethane under these conditions. Additionally,
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reactions of 3 with AcFcBF4 and NFTPT were conducted in foil-wrapped NMR tubes to exclude
any light-mediated reactivity. Nearly identical yields were observed in both the absence of light as
compared to in ambient light, suggesting against mechanisms involving light-induced homolysis
of the Pd—CH3 bonds (Table 2.2, entries 5 and 6).

Table 2.2. Influence of Cyclohexadiene (CHD) and Light on Oxidative Ethane

Formation from 32

N _CHj 1.2 equiv oxidant
( >pdC HsC-CH; + CHsH + CHsD
N OAc acetone-dg
(3) 25°C, 1h
Entry Oxidant Conditions % Yield CoHs % Yield CH4
1 AcFcBF4 standard 36 <1
2 NFTPT standard 37 1
3p AcFcBF4 CHD 29 2
4b NFTPT CHD 35 6
5¢ AcFcBF4 no light 38 <1
6° NFTPT no light 39 <1

aConditions: 3 (4 umol, 1 equiv), AcFcBF4 (4.8 pmol, 1.2 equiv) or NFTPT (20 pumol, 5 equiv),
1,1,2-trichloroethane (4 umol, 1 equiv, standard), acetone-ds (5 mM), 25 °C, 1 h under ambient
light. ®40 mmol of 1,4-cyclohexadiene (CHD) added under the standard conditions. °Reaction

conducted under standard conditions but in a foil-wrapped NMR tube to exclude ambient light.

Mechanistic Studies of 3: Intermediates in the Oxidation of 3 In Situ

We next conducted low temperature NMR spectroscopy experiments in an attempt to observe
organometallic intermediates during the oxidation of complex 3. Previously, our group observed
high-valent Pd intermediate 2 at -80 °C upon the treatment of complex 1 with FcBF4 (Scheme
2.5).” Intermediate 2 was proposed to form via initial oxidation of 1 followed by subsequent methyl
group transmetalation. This species (2) was detected via low temperature 'H NMR spectroscopy

due to enhanced stabilization from three strongly electron donating methyl groups.?’-?%-3%-3
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Scheme 2.5. Prior Studies to Observe Organometallic Intermediate 2 via *H NMR
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We envisioned an analogous methyl group transmetalation process could be occurring during the
oxidation of 3 (Scheme 2.6). However, in this reaction, the organometallic intermediate would be
the dimethyl Pd" species 8, which is expected to be significantly less stable than its trimethyl
analogue.?’° Indeed, broad, uninterpretable signals were observed by 'H NMR spectroscopy
upon the treatment of 3 with NFTPT or AcFcBF4 at —78 °C in CD2Cl,. Generation of ethane was
observed upon warming the reaction mixture to —60 °C. This is consistent with the lower stability
of the putatitive high valent Pd intermediates in this transformation compared to previously

observed 2.
Scheme 2.6. Proposed Mechanism for Ethane-Formation from 3
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We hypothesized that further stabilization of the putative Pd" intermediate 8 was necessary to
obtain a clearer mechanistic picture of the intermediates in this transformation. Previous work has
shown facile C—C reductive elimination from similar octahedral complexes to proceed through an
initial ligand loss to generate a pentacoordinate intermediate.*” Based on previous studies with
dimethyl species 1, we envisioned a similar pentacoordinate Pd" intermediate (8) is formed during
the reaction with 3 (Scheme 2.6). This species is likely partially stabilized by fluxional

coordination of the acetate. However, we hypothesized the addition of a more strongly
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coordinating axial ligand, such as CD3;CN, could trap intermediate 8 in an octahedral
conformation, and thus, slow reductive elimination.?’*° Upon addition of 100 equiv of CH3CN to
the reaction, only marginal enhancements in stability of the intermediates were observed by 'H
NMR experiments at -80 °C. However, the spectra showed a complex mixture of '"H NMR signals.
Additionally, this mixture concomitantly resulted in the rapid liberation of ethane at -80 °C, in the

presence of CD3CN (Figure 2.3).

Figure 2.3. Monitoring the Oxidation of 3 with AcFcBF4 at -80 °C
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Mechanistic Studies of 3: Computational Modeling

As in situ NMR experiments highlighted the complexity of the system, we utilized DFT studies
as a tool to gain a better mechanistic picture of this transformation. These computational studies,
performed by Professor Allan Canty, probed the reactivity of 3 with oxidants. The oxidation of 3
with NFTPT was chosen for DFT calculations as it affords the highest yield of ethane compared
to other oxidants in Table 2.1. Additionally, NFTPT is a well studied 2¢~ oxidant,*'*° thus limiting

the likelihood of more computationally challenging 1 e outer sphere oxidation pathways.
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Bipyridine (bpy) was used in place of dtbpy to simplify calculations. The analogous bpy
intermediates are denoted with a prime (i.e. 3’ vs 3). Additionally, all calculations were performed
in dichloromethane at the B3LYP level for geometry optimization, using the SDD basis set on Pd
and the 6-31G(d) basis set for other atoms.

These calculations show a low energy 2e  oxidation path that has three steps in the overall
conversion of 3’ + NFTPT to 5°-F/5’-TP and ethane. These steps are: (1) oxidation of 0.5 equiv
of 3’ by NFTPT to generate Pd" isomers 6’ and 7°, (2) methyl group transmetalation between 7’
and the remaining 0.5 equiv of Pd" starting material 3’ to form 8’ and 5-F°,'>?° and (3) reductive
elimination from 8’ to release ethane and inorganic products. Oxidation by NFTPT is the highest
energy step in the pathway, occurring through F* transfer (via TS 1°, Figure 2.4) to the Pd" starting
complex (3) with a barrier of 17.6 kcal/mol. The resulting Pd"Y complex 6’ then proceeds through
a thermodynamically downhill isomerization (AG = —8.7 kcal/mol) to achieve 7°. This step occurs
with a low barrier as a result of dissociation (from a k? to k! coordination) of the labile acetate

ligand to access a five-coordinate Pd" intermediate. 2’
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Figure 2.4. Energy Profile for the Oxidation of (bpy)Pd(CHs3)(CFs3) (3') with NFTPT
(TP = 2,4,6-trimethylpyridine. Energies AG (AH) in kcal/mol.)
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The next step involves transmetalation of a methyl ligand from Pd" species 7’ to Pd" starting
complex (3”). This step occurs via an early transition state, reflected in the bond distance of the
PdV-Me (2.183 A) as compared to the Pd""“Me (2.756 A), shown in Figure 2.4 (TS_III’). The
geometry at the carbon of the bridging methyl ligand is not fully trigonal bipyramidal, as reflected
in CH> angles (117.4-117.9°). The structure shows a single imaginary frequency, with an
"umbrella" motion for the methyl group. Excellent orbital overlap between the LUMO of
nucleophilic Pd" species 3’ and the HOMO of Pd" methyl species (7°) facilitates a barrierless
transmetalation that is highly thermodynamically downhill (AG = —19.8 kcal/mol). This
transmetalation produces Pd" intermediate 8’, which is analogous to the trimethyl Pd'V

intermediate experimentally observed in the oxidation of dimethyl Pd" species (1).

Finally, reductive elimination occurs from five-coordinate complex 8’ to generate ethane with a
relatively low barrier of 10.5 kcal/mol. Formation of CH30Ac, via an alternate reductive

elimination pathway, has a much higher barrier (AG* = 32.4 kcal/mol), consistent with the
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selectivity for ethane observed in this oxidation. These results provide computational evidence to
support our propose mechanism. In parallel with these DFT studiess, we were concurrently
investigating alternative approaches to experimentally characterize intermediates formed during

the reaction.
Reactivity of Model Complex 9: Thermolysis Studies

We anticipated that replacement of the acetate ligand of 3 with a more stabilizing X-type ligand
might enable detection of some of the transient intermediates. CF3 ligands have been shown to
stabilize related Pd" intermediates.***’ Additionally, these ligands are relatively unreactive in
reductive elimination, minimizing any potential reactions such as competing F3C—-CH3s reductive
elimination. Therefore, an analogous CF3 complex, (dtbpy)Pd"(CH;3)(CF5) (9), was utilized in
further studies to observe intermediates and obtain mechanistic insight for the formation of ethane

from palladium methyl complexes.
Reactivity of Model Complex 9: Oxidation

Complex 9 was prepared by treating (tmeda)Pd"(CHs)(I) with CsF and Rupert’s reagent,
TMSCF3, to generate (tmeda)Pd"(CH3)(CF3), followed by ligand exchange with dtbpy to achieve
9. This complex was characterized by NMR spectroscopy and elemental analysis. As anticipated,
palladium (II) complex 9 was even more stable than 3 in the absence of oxidants. It can be stored
under N2 in the solid state for >6 months without detectable decomposition and is stable at 25 °C
in acetone for at least 2 d under N>. Even at 100 °C in acetone, complex 9 only decomposes
completely after 8 d, yielding CH3D as the major organic product in 74% yield. Trace ethane (<5%)
and no Fz:C—CH3 were detected (Scheme 2.7).

Scheme 2.7. Thermolysis of Mono-methyl Complex 9

N _CH i
C >Spatl 0 _mooxidant . ¢ CH, + FsC-CH; + CH,D + CHsH
N CF3 acetone

9) 100 °C, 8 d 3% not detected 74% 4%

Complex 9 reacts rapidly with AcFcBF4 and NFTPT at 25 °C in acetone-ds to afford ethane in
34 and 41% yield, respectively (Table 2.3, entries 1 and 2). As with complex 3, oxidation of 9 is
highly selective with both oxidants, generating <2% yield of methane in these reactions. The

inorganic by-product of both of these reactions is (dtbpy)Pd"(CF3)(X)" (10, X = solvent, F~, or
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TP), which is formed in 95% and 93% yield, respectively. To fully quantify the inorganic products,
Nal was added to the reaction upon completion to displace labile ligands present in solution (F~,
TP, BF4"). The reactions of 9 with AcFcBF4 and NFTPT were unaffected by the exclusion of light
(entries 5 and 6), indicating that light-induced Pd—CH3 bond homolysis is not a major pathway in
generating ethane. Additionally, only trace amounts of CH4 were observed upon oxidation of 9 in
the presence of the He donor CHD, providing evidence against CHze intermediates as a major

pathway to ethane formation.
Table 2.3. Reaction of 9 with AcFcBF4 and NFTPT?

CH; oxidant
_— >

(N>pd“\/ H;C—CH, + CHsp + CHzH
N CF3 acetone
9) 25°C, 1h
Entry Oxidant Conditions % Yield CzHs (yg:(iél_'iDCH“
1 AcFcBF4 none 34 2
2 NFTPT none 41 <1
3b AcFcBF4 CHD 29 2
4b NFTPT CHD 42 2
5e AcFcBF4 no light 39 <1
6° NFTPT no light 42 <1

aConditions: 9 (4 umol, 1 equiv), AcFcBF4 (4.8 pumol, 1.2 equiv) or NFTPT (20 umol, 5 equiv), 1,1,2-
trichloroethane (4 umol, 1 equiv, standard), acetone-ds (5 mM), 25 °C, 1 h. ® 40 mmol of 1,4-
cyclohexadiene (CHD) added under otherwise standard conditions. ‘Reaction conducted under standard
conditions but in a foil-wrapped NMR tube to exclude ambient light).

Mechanistic Studies of 9: Computation

Next, we computationally modeled the oxidation of 9 with NFTPT, to test the feasibility of a
similar low energy pathway as with 3. DFT calculations show that the lowest energy path for the
reaction of 9’ (bipyridine analogue of 9) with NFTPT directly parallels that of the aforementioned
calculations with 3’. It involves three steps: (1) oxidation of 0.5 equiv of 9° by NFTPT to generate
Pd" isomers 11° and 12°, (2) methyl group transmetalation between 12° and the remaining 0.5
equiv of Pd" starting material 9’ to form 1 equiv of 13°,3%*33and (3) ethane reductive elimination
from 13’ to release the products (Figure 2.5). Initial oxidation of 9° via F* transfer to Pd" is the
highest energy step for the entire sequence, albeit slightly lower than that of the acetate system

with a AG' = 16.6 kcal/mol versus 17.6 kcal/mol for the oxidation of 3. The following
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isomerization of 11° (via TS_II’) and methyl transfer from 12’ to 9’ (via TS_III’) are both
thermodynamically favorable steps. The methyl transfer of the acetate complex (in the oxidation
with 3”) proceeded through an early transition state. However, in the oxidation of 9°, TS_III’
appears to have much more closely matched Pd"™Y~Me and Pd"-Me bond distances of 2.22 and
2.27 A, respectively (Figure 2.5). This suggest that methyl transfer proceeds through more of a
central transition state with 9> compared to the analogous system with 3°.

Figure 2.5. Energy Profile for the Oxidation of (bpy)Pd(CH3)(CF3) (9') with NFPTP (TP=2,
4, 6-trimethylpyridine. Energies AG (AH) in kcal/mol.)
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The barrier for ethane reductive elimination from CFs intermediate 13” (Figure 2.5) is computed
to be lower than that from OAc intermediate 8> (6.0 versus 10.5 kcal/mol, respectively). This

difference can be attributed to the six-coordinate nature of 8, as the acetate ligand of 8’ can
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1 2

participate in «* and «* coordination. Generally, reductive elimination from five-coordinate
complexes has been shown favored over six-coordinate complexes.*®>* Thus, this fluxional

behavior of the acetate ligand increases the barrier for reductive elimination.

Furthermore, the observed selectivity for H3C—CHs reductive elimination over competing H3C—
CFzcan be explained based on a much higher energy barrier for H3C—CF3 of 20.9 kcal/ mol (Figure
2.6). Similar trends in reactivity with the acetate complex 3’ can be supported with a high barrier
for H3C—OAc reductive elimination, with H3C—OAc proceeding through an even higher barrier of
32.4 kcal/mol.

Figure 2.6. Energy Profile for the Formation of HsC-OAc and H3C—CFs from 8’

and 13’, respectively (TP= 2, 4, 6-trimethylpyridine. Energies AG (AH) in kcal/mol.)
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Mechanistic Studies of 9: Experimental

Based on DFT calculations, intermediates 11, 12, and 13 should not be detectable, since the
oxidation step has the highest barrier. However, we hypothesized that the addition of a coordinating
solvent might trap 11, 12, and/or 13 as 6-coordinate cationic species that could be detected at low
temperature by NMR spectroscopy. The oxidation of 9 with NFTPT at -40 °C in CDCl; in the
presence of 100 equiv of CD3CN resulted in a complex and uninterpretable mixture of 'H and °F
NMR signals. This is likely due to the coordination of several labile ligands present in solution
(TP, F-, OTf ") to these cationic pentacoordinate intermediates 11, 12 and 13, shown in Scheme

2.8.

Scheme 2.8. Proposed Mechanism of Reaction of 9 with NFTPT
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However, under otherwise identical conditions, the reaction of 1 equiv of 9 with 1.2 equiv of
AcFcBFs cleanly afforded an intermediate with '"H and '"F NMR signals consistent with the
formation of complex 13-CD3CN (Figure 2.7). This species was formed in 28% yield relative to
an internal standard along with 38% of the Pd" product 10. Warming the reaction mixture to 25 °C
over 24 h resulted in the disappearance of 13-CD3CN, with concomitant formation of ethane. The
structure of 13-CD3CN was further characterized by 'H-'H HMBC, 'H-'3C HSQC and 'H-'H
ROESY.
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Figure 2.7. Oxidation of 9 with AcFcBFs Upon Addition of CDsCN
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One additional intermediate (13-isomer) was also observed during the course of the reaction,
albeit in much lower quantities as compared to 13-CD3CN (3% versus 28%, respectively, Figure
2.8). Based on the observance of two equivalent 'H NMR shifts in the methyl region, we
hypothesize this intermediate as 13-isomer, shown in Figure 2.8. We hypothesize that 13-isomer
is formed upon isomerization of 13-CD3CN. Both 13-CD3CN and 13-isomer are fully consumed
upon warming the reaction to 25 °C, generating ethane and Pd" product 10-CD3CN as the sole
products of this reaction. Liberation of ethane from 13-isomer is less likely due to the poor orbital
overlap of the two equatorial methyl ligands causing reductive elimination of H;C—CH3 to be
energetically unfavorable.* Furthermore, the rate of appearance of HsC—CH3 was identical to the
rate of decay of 13-CD3CN, supporting ethane generation from 13-CD3CN and not 13-isomer.
This suggests that 13-isomer could be equilibrating with 13-CD3CN, which then reductively

eliminates ethane.
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Figure 2.8. New Pd'V Intermediates Formed In Situ Upon Oxidation of 9 with AcFcBF4

+ +
N AcFcBF o ] T
_CH Crcbiry N
(it ——= NopgvCHs = Nopw s | o pcocny & ( SPdC
®) CF; -40°C N7 ] "CF, N™ | "CH, 25°C N CF3
NCCD3 NCCDg (10-CD;CN)
(13-CD3CN) (13-isomer) *
28% 3%
A
2
A 13-CD,CN (PdV)
|
A | A 13-isomer (PdV)
1 & 10-CD,CN (Pd")
2 -24 -26 -28 3 22 20 18 1.6
f1 (ppm) f1 (ppm)
15F NMR 1H NMR
(-22 to -30 ppm) (2.4 to 1.6 ppm)

To further corroborate the structures of the observed intermediates in this transformation, 13-
CD3CN and 13-isomer were synthesized via an alternate route. The treatment of (dtbpy)Pd(CH3)2
(1) with Umemoto’s oxidant (CF5") 14 at —40 °C afforded an intermediate with 'H and "’F NMR
resonances matching those of putative intermediates 13-CD3CN and 13-isomer (Figure 2.9). Upon
warming the reaction to 25 °C, ethane, 10-CD3CN and the byproduct of the CF3* oxidant,
benzothiophene, were observed. This observation, along with the DFT calculations, strongly
supports the involvement of Pd" intermediate 13- CD3CN and 13-isomer in the oxidatively-

induced generation of ethane from 9.
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Figure 2.9. Authentic Synthesis of Pd'V Intermediate 13-CD3CN
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Oxidation of Other Mono-Methyl Pd Complexes

To further investigate the scope of Pd'' complexes that can participate in this transformation,
we examined the reactivity of several other mono-methyl Pd" complexes bearing catalytically
relevant X-type ligands. Analogous (tbpy)Pd'"(CH3)(X) complexes, where X = OTFA, I, and Cl,
were treated with AcFcBF4 at 25 °C in acetone-ds. Both the chloride and trifluoroacetate complex
formed ethane in modest yields, with < 5% of products from competing pathways (ie. CHsOTFA,
CHaCl, and CHsH), (Table 2.4). With the iodide complex, however, significant methyl iodide was
observed, presumably due to competing HsC—I reductive elimination. With the chloride complex,
additional DFT calculations revealed a similar low energy pathway for the oxidation compared to
both 3° and 9 (for results see p. 49-50). With these results, we have demonstrated ethane
generation from several mono-methyl Pd" for applications to future catalytic efforts to convert of

methane to ethane.
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Table 2.4. Reaction of Mono-methyl Complexes with AcFcBF42

N N vl
(N>Pd”\/§H3 ﬂ- N>Pd'()s(°|v + H,C—CHs; + CHsD + CHsX
acetone
25°C,1h
__
Entry  X= |norg/0a:\(i|§|gdt % Yield C:He % Yield CHsD % Yield CHsX

1 cl 71 23 <1 10

20 | 72 16 <1 520

3 OTFA 59 35 <1 1e

aConditions: 9 (4 umol, 1 equiv), AcFcBF4 (4.8 umol, 1.2 equiv), 1,1,2-trichloroethane (4 umol, 1 equiv, standard), acetone-
ds (5 mM), 25 °C, 1 h. ®"MeCl observed. ¢Yields based on previously reported calibration curve.”.9Mel observed as the major
side product. ®MeOTFA observed as the major side product.

Conclusions

Herein, we have demonstrated the generation of ethane from several catalytically relevant mono-
methyl palladium complexes bearing a variety of X-type ligands (OAc, CF3, I, Cl, OTFA).” These
transformations proceed upon treatment with oxidants AcFcBF4 and NFTPT, resulting in high
yielding, selective generation of ethane. Further studies with the acetate complex 3 and
trifluoromethyl complex 9 demonstrate ethane formation likely does not involve CHse
intermediates. DFT studies were conducted on the oxidation of the acetate and trifluoromethyl
complexes with NFTPT. Based on this work, a low energy reaction pathway was proposed to
involve: (a) initial oxidation as the highest energy step, (b) transmetalation of a methyl group from
1 equiv of a Pd" intermediate to 1 equiv of the starting Pd" complex to provide a dimethyl Pd"
intermediate, and (c) reductive elimination to liberate ethane from the resulting dimethyl Pd"V
intermediate. Efforts to experimentally observe intermediates upon oxidation of 3 or 9 with NFTPT
resulted in a complex mixture of unstable intermediates, preventing any definitive identification
of these intermediates. However, Pd"V intermediates were observed by low temperature '"H NMR
upon oxidation of (dtbpy)Pd(CH3(CF3) with AcFcBF4. These results provide precedence for key
steps of oxidative disproportionation and reductive coupling in our proposed catalytic cycle en

route to the oxidative coupling of methane (Figure 2.2).
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General Experimental Procedures and Characterization

General Instrumentation

NMR spectra were obtained on Varian vnmrs 700 (699.76 MHz for *H; 175.95 MHz for 13C),
Varian vnmrs 500 (500.1 MHz for *H; 125.75 MHz for $3C; 470.56 MHz for '°F), Varian MR 400
(400.52 MHz for *H; 125.70 MHz for 3C; 376.87 MHz for 1°F) or Varian Inova 500 (499.90 MHz
for *H) spectrometers. H, 3C and °F chemical shifts are reported in parts per million (ppm)
relative to the referenced solvent, and reported as singlet (s), doublet (d), triplet (t), quartet (q),
doublet of doublets (dd) and mulitiplet (m).

All solutions were prepared in the glove box under an atmosphere of nitrogen unless otherwise
noted. J. Young NMR tubes for the oxidation reactions were obtained from Chemglass® and
customized by our glassblower to minimize the total volume of the tube (0.8 mL total volume).
The tubes were then filled to the top with solvent after addition of the oxidant to accurately measure
the yield of gaseous product. Due to the large T of ethane and the internal standard used, the
following acquisition parameters were used for *H NMR spectroscopic analysis of ethane-forming

reactions: scans = 2, acquisition time = 5 s, steady state scan = 0, and relaxation delay = 200 s.
Materials and Methods.

THF, CH2Cl>, and pentanes were obtained from Fisher Scientific or VWR and dispensed from
an Innovative Technologies solvent purification system using columns packed with activated
alumina, copper catalyst, and molecular sieves. Acetone (Fisher) was refluxed over CaSOa,
distilled, and then freeze-pump-thaw degassed. Benzene (Fisher) was refluxed over
Na/benzophenone, distilled, and freeze-pump-thaw degassed. Acetonitrile-dz was obtained from
Cambridge Isotope Laboratories, stored in a drybox, and used without further purification.
Acetone-ds (“100%”) was purchased from Cambridge Isotope Laboratories in ampules and used
in a dry box without further purification. CD2Cl, (Cambridge) was dried over CaH, distilled, and
then freeze-pump-thaw degassed. 1,4-cyclohexadiene (Acros) was dried over CaCl,, distilled and
then freeze-pump-thaw degassed. Palladium acetate (Pressure Chemical), palladium chloride
(Pressure Chemical), TMSCFs (Ryan Scientific), CsF (Matrix Scientific), AgBF4 (TCI), AgOAc
(Aldrich), AgPFes (Alfa Aesar), benzoquinone (Aldrich), 4,4’-di-tert-butyl-2,2’-bipyridine
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(Aldrich), ceric ammonium nitrate (Aldrich), iodine (Aldrich), iodobenzene diacetate (TCI),
iodobenzene bis(trifluoroacetate) (Acros), N-fluoro-2,4,6-trimethylpyridinium triflate (TCI),
potassium persulfate (Acros), 5-(trifluoromethyl)-dibenzothiophenium triflate (Aldrich), 1,1,2-
trichloroethane (Aldrich), and methyl triflate (Aldrich) were obtained from commercial vendors
and used without further purification. CsF (Matrix Scientific) was dried by heating to 200 °C
overnight under vacuum and then stored in a glove box. Acetylferrocenium tetrafluoroborate was

prepared using a literature procedure.>®

Characterization of Palladium (11) Mono-Methyl Complexes.

(dtbpy)Pd"(CHz3)2 (1). Complex 1 was prepared using a literature procedure. The 'H NMR
spectroscopic data for this complex matched that reported in the literature.>®

(dtbpy)Pd"(CHz3)(OAcC) (3). In an Nz-atmosphere dry box, (dtbpy)Pd(CHs)(1)*? (316 mg, 0.62
mmol, 1 equiv) and AgOAc (115 mg, 0.69 mmol, 1.1 equiv) were combined in a 20 mL vial
equipped with a Teflon stirbar. Dry acetone (10 mL) was added, the vial was wrapped in foil to
exclude light, and the reaction mixture was stirred at 25 °C for 1 h. The resulting yellow-gray
mixture was filtered through a plug of Celite®, the solvent was removed under vacuum, and the
resulting yellow solids were dissolved in benzene (10 mL). The benzene solution was filtered
through a plug of Celite®, and the volatiles were removed under vacuum to afford the product as
a pale yellow powder (106 mg, 38% vyield). *H NMR (699.76 MHz, 298 K, acetone-ds): & 8.54 (d,
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J=2Hz, 1H), 8.52 (d, J = 2 Hz, 1H), 8.47 (d, J = 6 Hz, 1H), 8.35 (d, J = 6 Hz, 1H), 7.69-7.68
(multiple peaks, 2H), 1.92 (s, 3H), 1.44 (s, 9H), 1.43 (s, 9H), 0.65 (s, 3H). *C NMR (175.95 MHz,
298 K, acetone-de): & 175.63, 164.34, 164.23, 157.94, 153.88, 150.32, 148.78, 124.61, 124.42,
121.53, 120.21, 36.37, 36.36, 30.61, 30.45, 24.43, —0.77. Elemental Analysis: calculated for
Ca21H30N202Pd, C: 56.19, H: 6.74, N: 6.24; Found: C: 56.41, H: 6.81, N: 6.21.

Bu ~
ZN__ _CF
Spdl 0
< N CH,3
Bu 9

(dtbpy)Pd''(CH3)(CFz3) (9). In an N2-atmosphere dry box, (TMEDA)Pd(CHs)(CFs) (432 mg,
1.41 mmol, 1 equiv) and dtbpy (453 mg, 1.69 mmol, 1.2 equiv) were combined in a 20 mL

scintillation vial equipped with a Teflon stirbar. Benzene (10 mL) was added, and the reaction
mixture was stirred overnight at 25 °C . A pale yellow precipitate formed over the course of the
reaction, and this precipitate was collected on a glass frit. The solids were then dissolved in acetone
(5 mL). Pentanes (15 mL) were added, resulting in the precipitation of a pale yellow solid, which
was collected by filtration. The solids were combined and dried under vacuum to afford the product
as a pale yellow solid (502 mg, 78% yield). *H NMR (500.10 MHz, 298 K, CD2Cl,): § 8.90 (dd, J
=6 Hz, 2 Hz, 1H), 8.54 (d, J = 6 Hz, 1H), 8.05 (d, J =2 Hz, 1H), 8.05 (d, J = 2 Hz, 1H), 7.52 (dd,
J=6Hz, 2 Hz, 1H), 7.51 (dd, J = 6 Hz, 2 Hz, 1H), 1.43 (s, 9H), 1.425 (s, 9H), 0.61 (s, 3H). °F
NMR (470.56 MHz, 298 K, CD2Cl,): § —21.14 (s, 3F). 3C NMR (175.95 MHz, 298 K, CD,Cl.):
164.28, 163.64, 156.86, 154.62, 151.52 (q, J = 4 Hz), 148.44, 138.99 (q, J = 366 Hz), 124.12,
123.67, 119.38, 118.99, 35.94, 35.86, 30.61, 30.60, —2.41 (g, J = 10 Hz). Elemental Analysis:
calculated for C2oH27F3N2Pd, C: 52.35, H: 5.93, N: 6.11; Found: C: 52.31, H: 5.97, N: 6.11.
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(dtbpy)Pd''(OACc)* (4-OTf) and (dtbpy)Pd"(OACc)(H20)* (4-H20). In an N2-atmosphere dry
box, (dtbpy)Pd''(OAC)2>” (200 mg, 0.41 mmol, 1 equiv) was suspended in acetone (10 mL) in a 20
mL scintillation vial equipped with a Teflon stirbar. Methyl triflate (44.6 pL, 0.41 mmol, 1.0 equiv)
was added, and the solution was stirred at 25 °C for 2 h. The filtrate was concentrated to dryness
and dissolved in CH2Cl. (5 mL). Pentanes (15 mL) were then added, resulting in the precipitation
of a yellow solid. This precipitate was collected on a glass frit and dried under vacuum to afford
an inseparable mixture of the k2-acetate product (4-OTf) and the aquo complex (4-H20) as a

yellow solid (164 mg, 92% overall yield).

For 4-OTf: 'H NMR (699.76 MHz, 298 K, acetone-ds): 8.41 (d, J = 2 Hz, 2H), 8.30 (d, J = 6
Hz, 2H), 7.79 (dd, J = 6 Hz, 2 Hz, 2H), 2.42 (s, 3H), 1.32 (s, 18H). 3C NMR (175.95 MHz, 298
K, CD,Cl,): 188.61, 168.55, 156.86, 150.57, 126.09, 122.36, 36.66, 30.31, 24.44.

For 4-H20: 'H NMR (699.76 MHz, 298 K, acetone-ds): 8.83 (d, J =6 Hz, 1H), 8.69 (d, J =2
Hz, 1H), 8.68 (d, J = 2 Hz, 1H), 8.52 (d, J = 6 Hz, 1H), 8.09 (dd, J = 6 Hz, 2 Hz, 1H), 7.91 (dd, J
=6 Hz, 2 Hz, 1H), 2.77 (br. s, 2H), 2.51 (s, 3H), 1.44 (s, 18H). This complex was insufficiently

soluble to obtain a fully resolved **C NMR spectrum.

\/

(TMEDA)Pd"(CH3)(CFs3). In an Nz-atmosphere dry box, CsF (539 mg, 3.37 mmol, 3 equiv),
(TMEDA)Pd(CH3)(1)*3(364 mg, 1.12 mmol, 1 equiv), and TMSCF3 (98 pL, 2.25 mmol, 2 equiv)
were combined in a 50 mL Schlenk flask. THF (10 mL) was added, the flask was covered in foil,
and the reaction mixture was stirred at 25 °C overnight. Additional TMSCF3 (98 pL, 2.25 mmol,
2 equiv) and CsF (539 mg, 3.37 mmol, 3 equiv) were added, and the reaction was stirred for another
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24 h. The reaction was then concentrated to dryness, CH2Cl> (10 mL) was added, and the mixture
was filtered through a plug of Celite®. The filtrate was concentrated to ~0.5 mL, and cold pentanes
(10 mL) were added. The resulting mixture was stored at —30 °C for 1 h, during which time an off-
white precipitate formed. The precipitate was collected on a fritted filter and dried under vacuum
for 1 h to afford the product as an off-white powder (245 mg, 71% yield). *H NMR (699.76 MHz,
298 K, acetone-ds): 6 2.72 (broad s, 2H), 2.62 (broad s, 2H), 2.58 (s, 6H), 2.46 (s, 6H), 0.10 (s,
3H). 1%F NMR (376.87 MHz, 298 K, acetone-de): & —21.94 (s, 3F). 13C NMR (175.95 MHz, 298
K, acetone-ds): & 138.28 (q, J = 364 Hz), 61.41, 59.98, 48.96, 48.69, —4.93 (q, J = 11 Hz).
Elemental Analysis: calculated for CgHi9F3sN2Pd, C: 31.33, H: 6.24, N: 9.13; Found: C: 31.06, H:
6.12, N: 8.98.

Bu ~
ZN.___CF
Spdl
—N |
# —
Bu

(dtbpy)Pd"(1)(CF3). (‘Buzbpy)Pd"(CHs)(CFs) (160 mg, 0.35 mmol, 1 equiv) was suspended

in a solution of 1> (152 mg, 0.6 mmol, 1.7 equiv) and hexanes (10 mL) in a 20 mL scintillation

vial equipped with a Teflon stirbar. A tan precipitate formed upon stirring for 4 h in the dark, and
this precipitate was collected on a glass frit. The precipitate was dissolved in acetone (5 mL).
Pentanes (15 mL) were then added, resulting in the precipitation of tan solid. The solid was
collected by filtration and dried under vacuum to afford the product as a tan solid (74 mg, 37%
yield). *H NMR (699.76 MHz, 298 K, acetone-dg): & 9.74 (d, J = 6 Hz, 1H), 8.84 (d, J = 6 Hz,
1H), 8.62 (d, J = 2 Hz, 1H), 8.58 (d, J = 2 Hz, 1H), 7.90 (dd, J = 6 Hz, 2 Hz, 1H), 7.73 (dd, J = 6
Hz, 2 Hz, 1H), 1.48 (s, 9H), 1.44 (s, 9H). °F NMR (376.87 MHz, 298 K, acetone-ds): § —10.53 (s,
3F). This complex was insufficiently soluble to obtain a fully resolved *C NMR spectrum.
Elemental Analysis: calculated for C19H24F3IN2Pd, C: 39.98, H: 4.24, N: 4.91; Found: C: 40.07,
H: 4.28, N: 4.82.
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(dtbpy)Pd''(CHs)(acetone-ds)*. This complex was prepared using a literature procedure. The

'H NMR spectroscopic data for this complex matched that reported in the literature.”

dtbpy)Pd'(12). (dtbpy)Pd(l2) was prepared using a literature procedure. The *H NMR
(dtbpy py prep g P

spectroscopic data for this complex matched that reported in the literature.>®

Bu ~
= N7 CH,
By~

(dtbpy)Pd"(CHz3)(I). (dtbpy)Pd(CHs)(l) was prepared using a literature procedure. The H

NMR spectroscopic data for this complex matched that reported in the literature.>

(dtbpy)Pd"(CHz3)(CI). (dtbpy)Pd(CHs)(Cl) was prepared using a literature procedure. The *H
NMR spectroscopic data for this complex matched that reported in the literature.
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(dtbpy)Pd''(CH3)(OTFA). (dtbpy)Pd(CH3)(OTFA) was prepared using a literature procedure.

The 'H and **F NMR spectroscopic data for this complex matched that reported in the literature.

*BF
Bu <|:H3_| 4
_N CF
>pal ®
=~N"| “CH,
Bu = NCCD
3

13-CD,CN

(dtbpy)Pd"(CHz3)2(CF3)(CD3CN)* (13-CD3CN). *H NMR (500.1 MHz, CD,Cly, 233 K): §
8.90 (d, J = 6 Hz, 1H), 8.54-8.52 (overlapping with other species, 1H), 8.28-8.26 (overlapping
with other species, 2H), 7.76-7.73 (overlapping with other species, 1H), 7.70 (d, J = 6 Hz, 1H),
2.21 (s, 3H), 1.72 (s, 3H), 1.44-1.37 (overlapping with other species, 18H). °F NMR (470.56
MHz, CD2Cly, 233 K): 6 —27.08 (s, 3F).

*BF,
Bu ~ (|3F3—| 4
—ZN CH
Spal
=N"| “CH,
Bu = NCCD
3

13-isomer

(dtbpy)Pd"(CH3)2(CF3)(CD3CN)* (13-isomer). *H NMR (500.1 MHz, CD,Clz, 233 K): §
8.58 (d, J = 6 Hz, 1H), 8.54-8.52 (overlapping with other species, 2H), 8.28-8.26 (overlapping
with other species, 1H), 8.05-8.02 (overlapping with other species, 1H), 7.75-7.72 (overlapping
with other species, 1H), 2.15 (s, 6H), 1.43-1.37 (overlapping with other species, 18H). 1°F NMR
(470.56 MHz, CD2Cly, 233 K): § —24.72 (s, 3F).
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General Procedure for Thermolysis of Complexes 3 and 9

N X no oxidant
C >pd” —— > H3C-CH; + CH3H + CH3D
N~ ">CH, acetone-dg
100 °C
3:X=0Ac
9:X= CF3

In an Nz-atmosphere dry box, the Pd' complex (4 pmol), 1,1,2-trichloroethane (internal
standard, 4 umol, 20 pL of a 0.2 M solution in acetone-d6, 1.1 equiv) and acetone-d6 (0.8 mL)
were added to a J. Young NMR tube, filling the NMR tube completely. A *H NMR spectrum was
acquired at 25 °C to determine the initial integration ratio of the standard to the Pd" starting
material. The tube was completely submersed in a 100 °C oil bath and heated in ambient light for
the appropriate time. The reaction was cooled to 25 °C and analyzed by *H NMR spectroscopy.
For each complex, the yield of ethane, CH4, and CHsD were determined by integration of relevant
peaks in the *H NMR spectra.

Table 2.5. Results from Thermolysis of 3 and 9

Complex Reaction % Yield % Yield % Yield % Yield starting
Time CoHe CH,4 CHsD material
3 21h 7 7 83 nd
9 21h nd nd 43 65
9 8d 3 4 74 3

nd = not detected
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General Procedure for Oxidation with Oxidants at 25 °C

H,C-CH; + CHyX + CHsH

N _CH; oxidant R
e, _
<N/Pd\x acetone-dg "BF4~ 4‘ BF4
) - N _
25°C,1-18 h ( :Pd/x + (NN\Pd/acetone de
N “acetone-dg " "CH,

In an Nz-atmosphere dry box, 0.3 mL (1 equiv, 4 umol) of a stock solution of Pd'' complex
(0.013 M in acetone-de) and 1,1,2-trichloroethane (internal standard, 60 pL of a 0.2 M solution in
acetone-ds, 1.1 equiv) were added to a J. Young NMR tube. A dry glass capillary was added to
facilitate mixing of the complex with the oxidant. An initial *H NMR spectrum was acquired to
determine the ratio of standard to complex. The tube was taken back into the dry box, where
acetone-ds (0.1 mL) and a solution of the oxidant (0.2 mL of a 0.024 mM solution in acetone-ds,
1.2 equiv) was added, filling the NMR tube to the top. The tube was quickly capped, was shaken
vigorously, and analyzed after 1 h and 24 h at 25 °C by *H NMR spectroscopy. Yields were
determined by integration of relevant peaks in the *H NMR spectra. To quantify the inorganic
products, Nal (8 equiv) was added to the reaction mixture to generate the corresponding iodide
complex. Yields were determined by integration of relevant peaks in the *H NMR spectra. The

reported yields and standard deviations are based on three separate runs.

General Procedure for Radical Trap Experiments with Complex 3 or 9 at 25 °C

1.2 equiv oxidant
N CH CHD or no hv
C Spat7 0 = HsC-CH; + CHsH
N X acetone-dg
25°C,1h

In an Nz-atmosphere dry box, 0.5 mL (1 equiv, 4 umol) of a stock solution of complex 3 or 9
(0.008M in acetone-ds), 1,4-cyclohexadiene (15.2 pL, 0.2 M, 40 eq), and 1,1,2-trichloroethane
(internal standard, 20 uL of a 0.2 M solution in acetone-ds, 1 equiv) were added to a J. Young
NMR tube. A dry glass capillary was added to facilitate mixing of complex with the oxidant. An

initial *H NMR spectrum was acquired to determine the ratio of standard to complex. The tube
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was taken back into the dry box, where acetone-ds (0.2 mL) and a solution of acetylferrocenium
tetrafluoroborate (0.1 mL of a 0.048 M solution in acetone-ds, 1.2 equiv) or a solution of N-fluoro-
2,4,6-trimethylpyridinium triflate (0.1 mL of a 0.2 M solution in acetone-ds, 5.0 equiv) was added,
filling the NMR tube completely. The tube was quickly capped, shaken vigorously, and was
allowed to stand for ~1 h at 25 °C. The reaction was then analyzed by *H NMR spectroscopy,
which showed complete consumption of the mono-methyl complex. Yields were determined by
integration of relevant peaks in the *H NMR spectra. The reported yields and standard deviations
are based on three separate runs.

Representative Procedure for Oxidation of Complex 9 with AcFcBF4 at —40 °C

+BF4_
N CF AcFcBF _NCcD
> :CH3 4 - ( >p 3 4 H, C-CH; + CHH
3 100 equiv CD3CN, CD,Cl, e
9 10-CD,CN
95% 24% 9%
+ — + —
- 40°C CH3_| BF4 c:F3 4\ BF4 j BFs™ |250C
< ~py~CFa _CH, g: NCCD3
| “CH, “CH,4 ~F
NCCD; NCCD3
13-CD,CN 13-isomer 10-CD,CN
28% 3% 38%

In an N2-atmosphere dry box, Pd complex 9 (1.8 mg, 4 umol), 1,1,2-trichloroethane (internal
standard, 20 pL of a 0.22 mM solution in CD3CN), and CD2Cl> (0.5 mL) were combined in a J.
Young NMR tube. An initial tH NMR spectrum was acquired to determine the ratio of standard to
complex 9. The tube was taken back into the dry box and was placed in a cold well at 181 °C
until completely frozen (required ~30 min). With the tube still in the cold bath, AcFcBF4 (0.1 mL
of 0.048 M solution in CD2Cl», 1.2 equiv) was added, and the resulting mixture was allowed to
stand in the cold bath until it was completely frozen (required ~15 min). The NMR tube was sealed,
removed from the drybox, and immediately placed in a —78 °C cold bath. After 30 min at —78 °C,
the tube was shaken vigorously. The tube was then inserted into an NMR spectrometer with the

probe pre-cooled to —40 °C. The initial spectrum (after 15 min) showed partial consumption of
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starting material 3 (28% remaining) and the formation of three inorganic complexes (proposed to
be 13-CDsCN, 13-isomer and 10-CD3CN), seen in Figure 2.10 and Figure 2.11. No ethane was
detected at this temperature. After 1 h at —40 °C, the sample was warmed to 25 °C over 30 min. At
this point, the *H NMR spectrum showed the generation of ethane (24% yield) and complex 10-
CDsCN (95% yield) along with traces of unreacted starting material (7%) and methane (9%). The
mixture of intermediates at low temperatures was further characterized by *H-'H gradient COSY,
!H-IH ROESY, H-3C HSQC and *H-3C HMBC NMR spectroscopy at -20 °C, using pyridine-ds
as the trapping ligand due to increased stability of the intermediates. Yields were determined by

integration of relevant peaks in the *H NMR spectra.

Figure 2.10. 'H NMR Spectra for Low Temperature Oxidation of 9 with AcFcBF
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Figure 2.11. '°F NMR Spectra for Low Temperature Oxidation of 9 with AcFcBF4
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Characterization of Pd'V Intermediates

The previous procedure for low temperature oxidation of 9 with AcFcBF4, was followed with
the exception of the 100 equiv of CD3CN which was replaced with 100 equiv of pyridine-ds for

enhanced stability of the intermediates, and thus ease of characterization (Figure 2.12 and 2.13).

Figure 2.12. 'H-'H ROESY NMR Spectra
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Figure 2.13. 'H-'H ROESY NMR Spectra
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BF,° &3

S
+
cn,
CH H;C—CH,

(N\Pdll 3 (N Pdlv/CFS
- ’ +
N 0 CH3  cp,CN (100 equiv) SCH; | warm

CDZCI2 NCCD3 to 10-CD,CN
(13-CD4CN) rt
o
—40°C + isomers

Independent Synthesis of Proposed Intermediates 13-CD3CN and 13-isomer. In an No-
atmosphere dry box, (dtbpy)Pd(CHs). (1) (1.6 mg, 4 upmol), 1,1,2-trichloroethane (internal
standard, 20 pL of a 0.22 mM solution in CD3CN), and CD2Cl> (0.5 mL) were combined in a J.
Young NMR tube. An initial *H NMR spectrum was acquired to determine the ratio of standard to
complex 1. The tube was taken back into the dry box and was placed in a cold well at —-181 °C
until completely frozen (required ~30 min). With the tube still in the cold bath, trifluoromethyl
dibenzothiophenium tetrafluoroborate 14 (0.1 mL of 0.048 M solution in CD,Cly, 1.2 equiv) was
added, and the resulting mixture was allowed to stand in the cold bath until it was completely
frozen (required ~15 min). The NMR tube was sealed, removed from the dry box, and immediately
placed in a —78 °C cold bath. After 30 min at —78 °C , the tube was shaken vigorously. The tube
was then inserted into an NMR spectrometer with the probe pre-cooled to —40 °C . The initial *H
and °F NMR spectra showed complete consumption of the starting material (dtbpy)Pd(CHs)2 ().
A complex mixture of Pd-containing products was formed (Figure 2.14). Importantly, two of the
major species showed 'H and **F NMR resonances identical to those of proposed intermediates
13-CD3CN and 13-isomer. These complexes were formed in 18% and 5% vyield, respectively.
After 1 h at —40 °C, the sample was warmed to 25 °C over 15 min. At this point, the *H NMR
spectrum showed the generation of ethane (12% yield) along with 10-CD3sCN (21%). Yields were

determined by integration of relevant peaks in the *H NMR spectra.
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Figure 2.14. 'H NMR Spectra for Independent Synthesis of Proposed Intermediates 13-

CD3CN and 13-isomer.
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Computational Details

Gaussian 09 was used at the B3LYP%%%2|evel of density functional theory (DFT) for geometry

optimization. Other computational details have been reported.®

Figure 2.15. DFT Calculations for the Low Energy Pathway for Oxidation of

(dtbpy)Pd(CHs)(Cl).
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Figure 2.16. DFT Calculations for the Low Energy Pathway for Competing Reductive

Elimination with the Chloride Complex.
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CHAPTER 3

Investigating C—H Activation at Palladium: Studies with Arene
Model Substrates

Background

The oxidative coupling of abundant methane to form higher alkanes would be an attractive
route to fuels and commodity chemicals.! In our pursuits of a system to achieve this transformation,
we sought to further explore one key step in this process, C—H activation (Scheme 3.1, step i). In
the previous chapter, we demonstrated the selective and high yielding generation of ethane from
mono-methyl palladium (I1) complexes such as B (steps ii and iii). Thus, further investigation of
C-H activation at Pd" species of the general structure A, would better inform our proposed

catalytic cycle.
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Scheme 3.1. Proposed Catalytic Cycle for Methane Functionalization

i) C—H activation

+ 2 equiv H3C-H
— 2 equiv HX
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iii) Reductive +
Elimination H3C—CH3 H—| ii) Disproportionation
3

L _¢C

Palladium (11) species have been utilized in a wide variety of C—H functionalization reactions,
often in conjunction with additives, such as silver salts.?® Silver additives have been shown to
enhance yields in C—H functionalization reactions;%® however, the role of these additives is often
not well established. Thus, to better understand the mechanism of C-H activation, we sought to

explore the role of silver in these transformations with a Pd" species.

Some of the commonly proposed roles of silver additives include: (1) the AgX provides an X-
type ligand for the Pd center, assisting in C—H activation at Pd (Scheme 3.2, step A);>® (2) the
AgX reacts with Pd to form a bimetallic Pd-Ag intermediate that facilitates C—H activation (step
B);29-22 (3) the Ag" salt promotes the initial C—H cleavage to form a Ag-R intermediate (step B);?*-
24 (4) the Ag* salt facilitates C—C reductive elimination at Pd (step C);? or (5) the Ag* salt serves
as a terminal oxidant to regenerate the Pd catalyst (step D). 1921222642 However, experimental
evidence to definitively establish the role of silver salts remains relatively rare.'>%-2.2741Thys, our
initial work focused on the use of a model system to experimentally elucidate the role of silver

salts in C—H activation using Pd complexes analogous to A (Scheme 3.1).
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Scheme 3.2. Proposed Catalytic Cycle for Methane Functionalization
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Development of a Model System

In this model system, the choice of substrate was crucial in order to investigate both the
mechanism of C—H activation with palladium and the role of silver salts in this step. Although
ultimately methane is our desired substrate for C—H activation studies with Pd, significant
challenges arise in studies with this substrate. One major challenge associated with the activation
of methane is the potential instability of the resulting Pd"-Me products at the elevated temperatures
required for methane activation.***® Thus, we sought to develop a model system to gain a better
mechanistic understanding of the C—H activation step with palladium complexes based on two key
criteria. First, we targeted substrates that would yield stable, isolable Pd products from C-H
activation, in order to selectively investigate the C—H activation step. Second, we focused on a
substrate that has been utilized in C—H functionalization catalysis, in order to gain mechanistic
insight directly relevant to catalytic applications. On the basis of these criteria, our initial studies
were conducted with pentafluorobenzene (CsFsH) as the substrate for our model system. C¢FsH is
a particularly convenient choice because it is a liquid and contains a spectroscopic '°F handle, both

of which simplify reaction procedures and analysis. Initial studies of Ce¢FsH activation were
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conducted with the model complex, (4,4’-di-tert-butyl-2,2’-bipyridyl)Pd(Cl). (1-Cl), as analogous
Pd complexes have been generated in the reductive elimination of ethane shown in Chapter 2

(Scheme 3.1, steps ii and iii).
Results and Discussion

Probing the Reactivity of the Model System with CesFsH

We established initial conditions for the activation of CeFsH with 1-Cl and a silver salt.
Treatment of 1-Cl with AgOPiv and Ce¢FsH afforded predominantly the pentafluorophenyl
palladium product 3, along with trace amounts of 2 (Scheme 3.3). To confirm the structure of the
major product 3, this complex was synthesized independently by reaction of the previously
reported (1,5-cyclooctadiene)Pd(CsFs)2*” with 4,4’-di-tert-butyl-2,2°-bipyridine. Complex 3 was
also characterized by *H, 3C, and °F NMR spectroscopy, as well as an X-ray crystal structure.
Gratifyingly, complex 3 is remarkably stable, as heating to 100 °C for up to 5 d did not lead to
reductive elimination or other decomposition pathways. Furthermore, CsFsH has been utilized in
a variety of catalytic transformations,'%2%3048-51 fylfilling our two requirements for a model
system. The establishment of a simple model system allowed us next to investigate the role of

silver additives in the mechanism of C—H activation.

Scheme 3.3. Activation of CeFsH with 1-Cl to Generate 2 and 3

| ~ H
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Under these conditions, we found that 2 and 3 were not observed in the absence of silver salts
(Table 3.1, entry 5). Ag salts have been shown to participate in halide abstraction, generating a
more active Pd species.>'*%? Thus, we envisioned silver salts to perform a similar halide
abstraction under our conditions to access the bis-pivalate complex 1-OPiv. To probe this theory,
1-OPiv was synthesized and subsequently subjected to the reaction conditions with AgOPiv,
affording similar yields of 2 and 3 as 1-Cl (Table 3.1, entry 2). However, only trace amounts of 2
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and 3 were detected with 1-OPiv in the absence of AgOPiv (entry 6), suggesting that the role of
AgOPiv is not solely to perform halide abstraction and form 1-OPiv under these conditions.
Notably, similar trends in reactivity were observed with other carboxylate complexes, 1-OAc and
1-OTFA. Treatment of 1-OAc and 1-OTFA with AgOPiv and CsFsH resulted in mixtures of 2
and 3 (Table 3.1, entries 3-4), albeit in lower yields with 1-OTFA. However, upon exclusion of
silver salts, 1-OAc afforded only trace amounts of 2 and 3 (entry 7). For further studies, we chose
to investigate Ag-mediated C—H activation at Pd carboxylate complexes. These reactions are less
likely to proceed through a halide abstraction step, which should simplify mechanistic studies.

Table 3.1. Probing Carboxylate Complexes in CeFsH Activation?

Pd Pd

AgOPiv N R N R

(2 (3)

7 =
<N\Pd’x I <N\ X . <N\ /g s
N X

N N = dtbpy

Equiv of

Entry X = AgOPiv % Yield of 2 % Yield of 3
1 cl 3 3 73
2 OPiv 3 4 74
3 OAc 3 11 68
4 OTFA 3 19 38
5 of None <1 <1
6 OPiv None 1 <1
7 OAc None 1 <1

8Conditions: Pd complex (25 pumol, 1 equiv), AgOPiv (75 umol, 3 equiv), CeFsH (28 pL, 250
pmol, 10 equiv), tetrahydrofuran (25 mM), 60 °C, 18 h.

We began our investigation with 1-OAc, as it generated modest yields of 2 and 3 and could be
easily synthesized from more readily available starting materials. Further optimization of the
reaction conditions afforded an 88% vyield of 3 from 1-OAc, AgOPiv and CeFsH (Table 3.2, entry
1). However, in the absence of AgOPiv, <1% conversion to organometallic products 2 and 3 was
observed under otherwise analogous conditions (Table 3.2, entry 2). As consistently poor reactivity
was observed in the absence of silver, we sought to further explore the role of silver salts in CsFsH

activation.
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Table 3.2. Developing a Model System to Investigate C-H Activation

~ M
Fs—r
Z =
Z I\ I
N _OAc  Additive (3 eq) Ne > Fs N Q Fs
< ~Pdl - < Pd? + < "Pd
N OAc 60°C, 18 h N~ “OR N \@_F5
(1) THF (2 (3)
NN = dtbpy R = Ac, Piv
Entry Additive % Yield 2 % Yield 3

12 AgOPiv <1 88
2b none <1 <1
3¢ Ag20 <1 85
4¢ Ag2CO3 21 39
5a AgOAcC 12 30
62 AgOTFA 60 19
7a AgBF4 <1 1
82 AgPFs <1 <1
92 MOPivd <1 <1
102 M2CO3® <9 <2

aConditions: 1-OAc (12.2 mg, 25 pmol, 1 equiv), additive (75 umol, 3 equiv), CsFsH (0.2

mL, 1.8 mmol, 72 equiv), THF (0.025 M, 1 mL).; ®Conditions: 1-OAc (12.2 mg, 25 pmol, 1

equiv), CeFsH (0.2 mL, 1.8 mmol, 72 equiv), THF (0.025 M, 1 mL).; ¢Conditions: 1-OAc

(12.2 mg, 25 pmol, 1 equiv), Ag additive (37.5 pumol, 1.5 equiv), CeFsH (0.2 mL, 1.8 mmol,

72 equiv), THF (0.025 M, 1 mL); M = Na, Li, Cs, MesN. ®M = Na, Li, Cs

We probed the reactivity of other Ag salts in the activation of CeFsH with 1-OAc. Other basic

silver salts, Ag2CO3, AgOAc and AgOTFA, generated mixtures of products 2 and 3, potentially
as a result of decreased solubility compared to AgOPiv under these conditions. Interestingly, Ag.O
afforded comparable yields to that of AgOPiv despite its low solubility. Silver salts bearing less
basic ligands (tetrafluoroborate and hexafluorophosphate) performed poorly in these reactions.
Additionally, notable fluctuations in yield were observed from reactions conducted under ambient
light, likely due to decomposition of Ag species formed during the reaction. Therefore, all

reactions were conducted in the exclusion of light.
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To examine the effect of bases in this reaction, the silver additive was replaced with pivalate
and carbonate bases with varying solubilities. NaOPiv, LiOPiv, CsOPiv and MesNOPiv all
afforded <1% of products 2 and 3 under otherwise similar conditions (Table 3.2, entry 9).
Carbonate bases (Na.COgs, Li.CO3 and Cs2COs) performed similarly, generating <2% of 3.
Collectively, these data suggest silver salts are required to form substantial yields of 3 from CeFsH
and 1-OAc.

Other Ag-promoted pathways shown in Scheme 3.2 (C-C coupling and reoxidation) can be
ruled out, as the formation of 3 is a redox neutral process and reductive elimination does not occur
under these conditions. Therefore, the silver additives are likely participating in the C—H activation
step through either a bimetallic Pd-Ag intermediate or through Ag-arene formation. To distinguish
between these two pathways, we focused on efforts to detect intermediates formed during the

reaction.

Investigating the Intermediates in the Reaction

To detect the presence of transient intermediates, the reaction between 1-OAc, Ce¢FsH, and
AgOPiv was monitored by *°F NMR spectroscopy. Formation of 2 was initially observed, followed
by rapid formation of 3. Over 18 h, 2 was completely consumed, presumably to form 3.
Interestingly, an intermediate (4) was observed at -103 ppm at the beginning of the reaction.
Intermediate 4 was quickly consumed, with concomitant generation of palladium products 2 and
3 (Figure 3.1).
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Figure 3.1. Monitoring the Reaction by °F NMR Spectroscopy
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Based on prior reports of a Ag-aryl complex,??224 we hypothesized 4 to be a Ag-arene species,
generated by the activation of CeFsH with AgOPiv. To probe the formation of this intermediate
(4) via Ag-mediated activation, we also monitored the reaction in the absence of Pd. In the absence
of light, the combination of C¢FsH and AgOPiv resulted in formation of intermediate 4, with the
diagnostic resonance at -103 ppm (Figure 3.2, bottom). When CsFsH and CsOPiv were combined

under analogous conditions, no new peaks were observed. These results suggest that 4 is not a Pd-

containing intermediate.

61



Figure 3.2. Overlapping *°F NMR Spectra for In Situ Observation of 4
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H/D Exchange Studies with CsFsH

Additional H/D exchange studies with CsFsH and MOPiv were conducted to further study the
mechanism of this transformation. To probe the activity of MOPiv in H/D exchange, palladium
was excluded from the reaction. Excess DO was added to react with Ag-aryl intermediates,
incorporating deuterium in pentafluorobenzene to allow the quantification of C—H activation by
2H NMR spectroscopy. Treatment of a solution of CeFsH (1 equiv) and 5 equiv of DO in THF
with AgOPiv (0.04 equiv) resulted in 83% deuterium incorporation after 18 h at 60 °C (Figure 3.3,
i). However, the analogous reactions with CsOPiv and MesNOPiv afforded only 3 and 11%
deuterium incorporation, respectively (Figure 3.3, ii and iii). Shown in Figure 3.3 (iv), the addition
of 1-OAc to reactions with CsOPiv resulted in <2% deuterium incorporation, providing further
evidence to suggest Pd does not directly participate in the C—H activation step. Collectively, these
data support the key role of AgOPiv in activation of CeFsH, rather than base- or palladium-
mediated pathways.
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Figure 3.3. H/D Exchange Studies with CeéFsH and Various MOPIv Sources
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Synthesis of an Authentic Ag-CsFs (4)

To confirm the structure of 4, Ag-CeFs was independently synthesized and isolated from
LiCeFs and AgTFA according to a literature procedure.>® As shown in Figure 3.4, the *°F NMR
spectrum of the isolated Ag-CsFs correlates to that of intermediate 4. After 24 h in solution at 25
°C, 4 decomposes to a silver mirror and CsFsH, presumably due to protonation by adventitious

water.
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Figure 3.4. Comparison of In Situ Formation of 4 with Authentically Synthesized 4
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Notably, significant shifting of the resonances of 4 was observed by °F NMR spectroscopy,
likely due to the presence of different ligands in solution. As the isolated Ag-CeFs (4) was
synthesized in acetonitrile, we proposed that weakly coordinated acetonitrile ligands are likely
being displaced with pivalate or acetate anions during the reaction, resulting in shifts of the *°F
resonances for complex 4. To probe our hypothesis, spectral data for authentic samples of complex
4 were collected upon addition of CsOPiv and NaOAc. Shifts in the ortho- and para- fluorine
resonances from -101.83 and -152.09 ppm to -103.80 and -157.42 ppm were observed upon
addition of these salts, shown in Figure 3.5. This fluxional ligand exchange accounts for slight

differences in °F resonances for 4, shown later in this chapter.
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Figure 3.5. Observance of Shifting 1°F NMR Resonances in Isolated Ag Species (4) With

Acetate and Pivalate Anions
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Reactivity of 1-OAc with 4

We next examined the reactivity of isolated 4 with palladium complex 1-OAc. Upon treatment
of 1-OAc with 3 equiv of Ag-CeFs (4), complex 3 was generated in 91% yield. Monitoring the
reaction by °F NMR spectroscopy, we observed similar overall reactivity to that with
AgOPiv/CsFsH, albeit much faster than the latter due to higher initial concentrations of 4 (Figure
3.6). Also, the broad signal between -102 and -107 ppm represents complex 4, likely resulting
from ligand exchange in the presence of acetate anions. This fluxional ligand exchange was further

demonstrated in the previous section (Figure 3.5).
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Figure 3.6. Monitoring the Reaction of 1-OAc with Preformed 4 by 1°F NMR
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Collectively, these results provide strong evidence to support the role of AgOPiv in the
activation of CsFsH, forming the Ag-CsFs species 4. We propose that the short-lived species 4 then
undergoes transmetalation to Pd to generate 2 and 3. A similar mechanism has been proposed by
Nolan and coworkers in the Au-catalyzed carboxylation of 1,3,5-trifluorobenzene, proceeding
through a similar Ag-arene intermediate followed by transmetalation to Au.?® In addition, prior
reports demonstrating Pd-catalyzed CeFsH/arene cross-coupling reactions have suggested
formation of a Ag-CeFs intermediate.? However, this is the first reported example of the direct
observation of a Ag-CeFs intermediate via C—H cleavage at Ag. This insight into the role of silver
in arene activation could inform future studies in the catalytic arene C—H functionalization

reactions.
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Reactivity of Mono-aryl Complex 2

As transmetalation between Ag-CeFs (4) and palladium species 1-OAc likely proceeds through
mono-aryl intermediate 2, further stoichiometric studies were conducted with palladium species 2.
We chose to conduct studies with the mono-aryl pivalate complex 2, (dtbpy)Pd(CsFs)(OPiv), due
to its enhanced solubility relative to the analogous acetate complex. Complex 2 was synthesized
from (dtbpy)Pd(CeFs)(1) and AgOPiv, and it was characterized by *H, 3C, and °F NMR
spectroscopy. Modest decomposition was observed with 2 after 18 h in THF at 60°C, resulting in
60% of 2 and detectable amounts of palladium black and CeFsH. Despite the decreased stability,
we proposed that the rate of conversion of 2 to 3 under the reactions conditions likely outcompetes

alternate decomposition pathways to attain high yields of 3.

Treatment of 2 with AgOPiv and CeFsH afforded 3 in 87% vyield (Table 3.3, entry 1),
comparable to overall conversion of 1-OAc to 3 under analogous conditions. In the absence of
AgOPIv, <1% of 3 was observed. Replacing AgOPiv with other pivalate bases, such as CsOPiv,
resulted in trace amounts (<1%) of 3 (entry 3). Thus, we propse that a similar transmetalation with

Ag-CeFs occurs at 2.

Table 3.3. Reactivity of Mono-Aryl Palladium Complex 2

~H
F5_1 _
\ =
N /GFs Additive (3 eq.) N /Q—FS
<N/Pd\OPiv <N/F)d =
, 60°C, 18 h . ©_F5
THF
Entry Additive Equiv of CeFsH % Yield of 3 % Remaining 2
1 AgOPiv 36 equiv 87 <1
2 none 36 equiv <1 77
3 CsOPiv 36 equiv <1 78
4 AgOPiv none 5 70

To probe our hypothesis of transmetalation at mono-aryl species 2, the reaction was monitored
by °F NMR spectroscopy to observe the formation of intermediate 4. Intermediate 4 is detected

upon treatment of 2 with CsFsH and AgOPiv, albeit in lower concentrations and with faster
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consumption than reactions with 1-OAc. Furthermore, the initial rates of formation of 3 (5.3x107
mM/sec) and consumption of 2 (-5.4x10°> mM/sec) were similar, further supporting the conversion
of 2 to 3. To gain additional insight into the involvement of intermediate 4, complex 2 was treated
with 2 equiv of isolated Ag-CeFs (4). This reaction rapidly formed 3 within 2 h. (Figure 3.7).
Collectively, our studies support a pathway proceeding via initial formation of 2, by a Ag-
promoted activation of CeFsH, followed by a second Ag-CesFs (4) transmetalation at 2 to generate
3.

Figure 3.7. Reactivity of 4 with AgOPiv/CsFsH or Preformed Ag-Arene 5
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Stoichiometric studies of well-defined Pd' complexes have provided evidence to support a non-
oxidative role for Ag in C—H activation of C¢FsH. This mechanistic insight for the role of silver in
C—H activation reactions could have important implications for catalytic C—H functionalization
reactions with Pd. However, using this model system, catalytic studies are not feasible due to the
high stability of the resulting palladium complex 3. Thus, we chose to study a more catalytically
relevant system using thiophenes as substrates. We specifically chose 2-substituted thiophenes in
order to block one site from C—H activation, hindering the formation of higher oligomers and
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simplifying product analysis. Thiophenes have been widely demonstrated as substrates for Pd-
catalyzed C—H functionalization reactions, and these transformations are generally proposed to
proceed through Pd-mediated C-H activation.?1:%/:28:304054-58 |n addition, many of these reports
require silver salts to enhance reactivity.?1:27:28:304054-58 Thys we chose to study the catalytic
dimerization of 2-substituted thiophenes to better understand the role of silver carboxylates in

catalysis.

Moving Towards Catalysis: Stoichiometric Thiophene Coupling

Initial studies with 2-substituted thiophenes (2-methyl and 2-trifluoromethyl Thiophene) were
conducted using conditions analogous to those used in the stoichiometric studies with CeFsH (see
on p. 87). In these studies, we observed similar trends in reactivity as stoichiometric studies with
CeFsH, suggesting a similar dependence on AgOPiv. We next sought to demonstrate the catalytic
application with thiophene substrates. Thus, we optimized our reaction using conditions
resembling previously published catalytic conditions,? %" by decreasing the catalyst loadings and
increasing the reaction temperature. Treatment of 2-methyl thiophene with AgOPiv and 1-OAc
(10 mol%) in dioxane at 100 °C afforded 5 in 53% yield after 18 h (Table 3.4, entry 1). Other silver
salts yielded diminished amounts of 5 under otherwise analogous conditions (entries 2-5). In the
presence of other pivalate bases, no coupled product was detected, shown in Table 3.4 (entry 6).
Under identical conditions, 60% of the dimer 6 was generated from 2-trifluoromethyl thiophene
(entry 8), with no product 6 formed using CsOPiv (entry 10). We also probed the dimerization of
2-substituted thiophenes using the commercially available Pd(OAC). trimer as the catalysts, since
this is commonly utilized in C-H functionalization reactions with thiophene substrates.?1:2949
Interestingly, diminished yields of dimerized products 5 and 6 were observed with Pd(OAc). under
otherwise analogous conditions, demonstrating the utility of 1-OAc in these transformations
(Table 3.4, entries 7,11). Since the trends in reactivity are similar to that of our studies with CeFsH,

we propose a similar mechanism involving activation of thiophene via Ag-mediated activation.
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Table 3.4. Dimerization of Thiophenes Under Optimized Conditions®

R_ g 1-OAc, AgOPiv R_ s s_ R
UH dioxane 7\
100 °C, 18 h 50r6
Entry R= Additive % Yieédo?fGDimer
1 CHs AgOPiv 53
2 CHs AgOAc 8
3 CHs Ag2CO3 12
4 CHs Ag20 16
5 CHs AgPFs <1
6 CHs MOPivP <1
7 CHs AgOPiv, Pd(OAc):° 28
8 CFs AgOPiv 60
9 CFs CsOPiv <1
10 CFs AgOPiv, Pd(OAc):¢ 38

aConditions: thiophene (1 mmol, 3.3 equiv based on oxidant), additive (300 mmol, 1
equiv), 1-OAc (15 pmol, 10 mol%), dioxane (1 M), 100 °C, 18h; M = Na, Li, Cs,
MesN; With Pd(OAC): instead of 1-OAc.

To further probe our mechanistic hypothesis, in situ NMR experiments were performed with 2-
trifluoromethyl thiophene using **F NMR spectroscopy to facilitate the detection of small
concentrations of transient intermediates. At 60°C, several unknown intermediates were observed
by °F NMR spectroscopy, denoted by asterisks in Figure 3.8, along with rapid product formation.
However, attempts to further characterize these intermediates by in situ NMR experiments proved
unsuccessful. Additionally, we were unable to synthesize a Ag-thiophene intermediate in a similar

route as Ag-CsFs, likely due to the instability of the more electron-rich thiophene-Ag species.
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Figure 3.8. 1°F NMR Experiment of Dimerization of 2-Trifluoromethyl Thiophene
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To further probe the mechanism of the C—H activation step, we performed a series of H/D
exchange experiments with both 2-methyl thiophene and 2-trifluoromethyl thiophene. Addition of

D20 (5 equiv) to the reaction of the thiophene substrate (1 equiv) and AgOPiv resulted in 26 and

13% deuterium incorporation for 2-methyl thiophene and 2-trifluoromethylthiophene,

respectively. The analogous reaction with other MOPiv sources resulted in only trace amounts of
deuterium incorporation for both substrates, seen in Table 3.7 (entries 2, 3, 6). Interestingly, using
a pivalate base in the presence of our palladium complex (1-OAc) also resulted in <1% deuterium
incorporation in 2-methyl thiophene. Collectively, these data suggest C-H activation is occurring

at Ag, potentially through a Ag intermediate similar to 4.
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Table 3.5. Deuterium Incorporation of 2-substituted Thiophenes

R_s MOPiv (0.3 equiv) R_s
D,O (5 equiv)
1 equiv dioxane, 100 °C, 4 h
Entry X= MOPiv Pd Source % Yield of Dimer
1 CHs Ag none 20
2 CHs Cs none <1
3 CHs MesN none 6
4 CHs Cs 1-OAc? 1
5 CFs Ag none 13
6 CFs Cs none <1
aWith addition of 1-OAc (7.4 mgs, 10 mol%) to the reactions conditions.
Conclusions

Herein, we have demonstrated the role of silver in the activation of pentafluorobenzene with
Pd" complexes. Based on our in situ NMR experiments and rate studies, we propose this
transformation proceeds via: (1) activation of CsFsH by AgOPiv followed by (2) transmetalation
at 1-OAc to generate organometallic intermediate 2, and finally (3) a second transmetalation at 2
to generate 3. Furthermore, we have been able to demonstrate the first example of in situ formation
of Ag-CesFs upon C—H activation of CeFsH.

We have extended these stoichiometric studies with CgFsH to a catalytic studies with
thiophenes. Interestingly, activation of similar substrates has been widely proposed to occur at the
Pd center, employing silver salts as a terminal oxidant.?”*%*" Under our conditions, silver salts are
also likely to facilitate the reoxidation of Pd, as substoichiometric amounts of palladium were used
in our catalytic studies. However, we provide evidence to support an additional non-oxidative role
of Ag. Based on H/D exchange experiments with thiophenes and analogous work with the CsFsH
system, we propose a similar mechanism involving Ag-mediated activation of thiophene and

subsequent transmetalation at Pd.

Although CsFsH and thiophene are much more reactive towards C—H activation than CHs, we
envision applying these conditions with analogous Ag and Pd complexes to future catalytic
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reactions with CHs. Interestingly, a number of different homogeneous metal species have been
employed in the activation and/or functionalization of methane. As mentioned in Chapter 1, Pd
and Pt have been utilized in the partial oxidation of methane to afford methanol.>*-¢* However, this
reactivity is not limited to group 10 metals. For example, methane functionalization has also been
demonstrated with group 11 and 12 metals Au,%? Hg,®® and T1.%® Future studies aimed at
determining the viability of this approach will be pursued in our efforts to oligomerize methane.

General Experimental Procedures and Characterization of Data

General Instrumentation.

NMR spectra were obtained on Varian vnmrs 700 (699.76 MHz for *H; 175.95 MHz for 13C),
Varian vnmrs 500 (500.1 MHz for *H; 125.75 MHz for 13C; 470.56 MHz for 1°F), Varian MR 400
(400.52 MHz for 'H; 125.70 MHz for 3C; 376.87 MHz for 1°F) or Varian Inova 500 (499.90 MHz
for *H) spectrometers. H, 3C and °F chemical shifts are reported in parts per million (ppm)
relative to the referenced solvent peak. Multiplicities are reported reported as singlet (s), doublet
(d), triplet (t), quartet (q), doublet of doublets (dd) and mulitiplet (m). °F NMR yields were
reported based on the internal standard a,o,a-trifluorotoluene using the following acquisition
parameters for NMR spectroscopic analysis: scans = 8, acquisition time =5 s, steady state scan =
0, and relaxation delay = 10 s. 2H NMR vyields were reported based on the internal standard
acetone-ds, using a 10 s relaxation delay. Gas chromatography was carried out on a Shimadzu 17A
using a Restek Rtx®-5 (Crossbond 5% diphenyl/95% dimethyl polysiloxane; 15 m, 0.25 mm ID,
0.25 um df) column. GC calibrated yields are reported relative to neopentyl benzene as an internal
standard. All stock solutions were made using volumetric glassware. All reactions and synthesis
of metal complexes were run in air, except the synthesis of the Ag-CeFs species (4) and any NMR
array reactions with 4, which were conducted in a glove box under an atmosphere of No.

Materials and Methods

THF, CH2Cl,, diethyl ether and pentanes were obtained from Fisher Scientific or VWR. Dry
THF was dispensed from an Innovative Technologies solvent purification system using columns
packed with activated alumina, copper catalyst, and molecular sieves. Anhydrous acetonitrile and
1,4-dioxane were obtained from Alfa Aesar. All deuterated solvents were obtained from
Cambridge Isotope Laboratories and used without further purification. Cesium carbonate
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(Aldrich), cesium pivalate (Aldrich), 5,5’-dimethyl-2,2’-dithiophene (Acros), 4,4’-di-tert-butyl-
2,2’-bipyridine (Aldrich), lithium carbonate (Aldrich), 2-methyl thiophene (Acros), n-butyl
lithium (Acros), neopentyl benzene (Alfa Aesar), Palladium acetate (Pressure Chemical),
palladium chloride (Pressure), palladium pivalate (Aldrich), palladium trifluoroacetate (Strem),
pentafluorobenzene (Oakwood), pentafluorophenyl iodide (Matrix), silver tetrafluoroborate (TCI),
silver oxide (Acros), silver acetate (Aldrich), silver trifluoroacetate (Acros), sodium carbonate
(Alfa Aesar), sodium pivalate (Acros), 2-trifluoromethyl thiophene (Oakwood), a,0,0-
trifluorotoluene (TCI), tris(dibenzylideneacetone) dipalladium (Oakwood) were obtained from
commercial vendors and used without further purification. (dtbpy)PdCl.% silver pivalate®®,
tetramethylammonium pivalate®®, lithium pivalate®” and silver carbonate®® were prepared based on

literature procedure.

Synthesis and Characterization of Palladium Complexes and Other Compounds

(dtbpy)Pd"(OAc)2 (1). Combined commercially available palladium acetate (500 mgs, 2.22
mmol, 1 equiv), 4,4’-di-tert-butyl-2,2’-bipyridine (708 mgs, 2.64 mmol, 1.2 equiv), acetic acid (2
drops) in acetone (10 mL) and stirred with a Teflon stirbar for 18 h at 25 °C. A yellow precipitate
formed over the course of the reaction. Pentanes were added and the pale yellow precipitate was
collected on a glass frit. The solid was dried under vacuum to afford the product as a pale yellow
powder (897 mg, 82% vyield). 'H NMR (500.10 MHz, 298 K, DMSO-ds): § 8.58 (d, J = 2 Hz, 2
H), 8.02 (d, J = 6 Hz, 2 H), 7.76 (dd, J = 6, 2 Hz, 2 H), 1.89 (s, 6 H), 1.40 (s, 18 H). 3C NMR
(175.95 MHz, 298 K, DMSO-ds): 175.51, 165.27, 155.09, 148.99, 124.00, 120.94, 35.85, 29.86,
23.58. Elemental Analysis: calculated for C22H3zoN204Pd, C: 53.61, H: 6.13, N: 5.68; Found: C:
53.42, H: 6.04, N: 5.77.
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Bu =
=N OPiv
o
=N OPiv
t = .
Bu 1-OPiv

(dtbpy)Pd''(OPiv)2 (1-OPiv). Dissolved commercially available palladium pivalate (350 mgs,

1.1 mmol, 1 equiv) and 4,4’-di-tert-butyl-2,2’-bipyridine (307 mgs, 1.14 mmol, 1.01 equiv) in
acetone (10 mL) and stirred with a Teflon stirbar for 18 h at 25 °C. The yellow solution was
concentrated to 0.5 mL. Pentanes (15 mL) were added and to yellow solution and yellow crystals
formed over 24 h at 25 °C. The yellow crystalline solid was collected on a glass frit. The solid
was dried under vacuum to afford the product as a pale yellow powder (461 mg, 73% vyield). *H
NMR (400.53 MHz, 298 K, acetone-ds): 6 8.59 (d, J = 2 Hz, 2 H), 8.09 (d, J = 6 Hz, 2 H), 7.76
(dd, J=6, 2 Hz, 2 H), 1.45 (s, 18 H), 1.14 (s, 18 H). 1*C NMR (175.95 MHz, 298 K, DMSO-ds):
182.59, 165.17, 154.99, 148.62, 124.18, 120.88, 38.49, 35.88, 29.87, 28.37.

(dtbpy)Pd''(OTFA)2 (1-OTFA). Dissolved commercially available palladium trifluoroacetate
(200 mgs, 0.6 mmol, 1 equiv) and 4,4’-di-tert-butyl-2,2’-bipyridine (177 mgs, 0.66 mmol, 1. 1
equiv) in acetone (10 mL) and stirred with a Teflon stirbar for 18 h at 25 °C. Decolorizing charcoal
was added, stirred for 1 h, and filtered over Celite® to remove PdC. The filtrate was concentrated
to 0.5 mL. Pentanes (15 mL) were added at 25 °C and a solid precipitated. The solid was collected
on a glass frit and dried under vacuum for 2 h to afford the product as a pale yellow powder (422
mg, quantitative conversion). *H NMR (500.10 MHz, 298 K, acetone-ds): & 8.69 (d, J = 2 Hz, 2
H), 7.98 (d, J =6 Hz, 2 H), 7.87 (dd, J = 6, 2 Hz, 2 H), 1.46 (s, 18 H). 3C NMR (175.95 MHz, 298
K, acetone-ds): 167.27, 162.65 (q, J = 36 Hz), 157.62, 150.16, 126.05, 122.91, 116.45 (q, 290 Hz),
37.39, 30.85. F NMR (470.51 MHz, 298K, acetone- ds): & -74.93 (s, 6 F).
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(dtbpy)Pd'(CsFs)(1). Combined commercially available tris(dibenzylideneacetone)
dipalladium(0) (150 mgs, 0.45 mmol, 1 equiv) and 4,4’-di-tert-butyl-2,2’-bipyridine (180 mgs,
0.67 mmol, 3 equiv) in tetrahydrofuran (10 mL) and stirred with a Teflon stirbar for 30 m at 60 °C
in foil-wrapped vial. Pentafluorophenyl iodide (120 pL, 0.9 mmol, 4 equiv) was then added and
the reaction was stirred at 60 °C for 12 h. The reaction was then filtered through a plug of Celite®
and the solvent was removed under vacuum. The resulting red-orange residue was recrystallized
by vapor diffusion in dichloromethane: pentanes (1:10) to yield red-orange needles. *H NMR
(400.52 MHz, 298 K, acetone-ds): 4 9.58 (d, J = 6 Hz, 1H), 8.65 (d, J = 2 Hz, 2H), 7.82 (dd, J =6
Hz, 2 Hz, 1H), 7.78 (d, J = 6 Hz, 1H), 7.64 (dd, J = 6 Hz, 2 Hz, 1H), 1.47 (s, 9H), 1.43 (s, 9H).
13C NMR (175.95 MHz, 298 K, acetone-ds): 165.87, 165.70, 157.35, 156.12, 153.77, 150.80,
125.47, 125.23, 121.82, 121.37, 36.54, 36.51, 30.40, 30.26 (note: the pentafluorophenyl carbons
are not reports as these were not fully relaxed after 12 h). °F NMR (376.84 MHz, 298K, acetone-
de): 6 -116.27 (m, 2 F), -162.94 (t, J = 19 Hz, 1 F), -165.60 (m, 2 F).

(dtbpy)Pd"(CsFs)(OPiv) (2). (dtbpy)Pd"(CeFs)(1) (135 mgs, 0.2 mmol, 1 equiv) was dissolved
in acetone (10 mL) and AgOPiv (42 mgs, 0.2 mmol, 1 equiv) and a Teflon stirbar were added to
the reaction vial. The reaction was wrapped in foil and stirred at 25 °C for 1-2 h. The resulting
yellow-gray solution was filtered through a plug of Celite® and concentrated under reduced
pressure. The pale yellow residue was dissolved in dichloromethane (5 mL) and stirred with
decolorizing charcoal, filtered over Celite® and the filtrate was again concentrated under reduced

pressure. The solid was then dissolved in dichloromethane (2 mL) and pentanes were added to
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precipitate out the product. A pale yellow solid was collected on a glass frit, (157 mg, 50.6% yield).
'H NMR (699.76 MHz, 298 K, acetone-ds): 5 8.63 (d, J = 2 Hz, 1H), 8.62 (d, J = 2 Hz, 1H), 8.37
(d, J =6 Hz, 1H), 8.03 (d, J = 6 Hz, 1H), 7.88 (dd, J = 6, 2 Hz, 1H), 7.57 (dd, J = 6, 2 Hz, 1H),
1.47 (s, 9H), 1.42 (s, 9H), 1.01 (s, 9H). 13C NMR (175.95 MHz, 298 K, acetone-ds): & 183.34,
166.65, 166.21, 158.04, 155.79, 154.21, 149.11, 125.73, 125.41, 122.34, 121.47, 40.34, 37.16,
37.04, 31.00, 30.81, 29.49 (pentafluorophenyl carbons not fully relaxed after 18h). **F NMR
(376.84 MHz, 298K, acetone- de): 6 -118. 96 (m, 2F), -163.92 (t, J = 19 Hz, 1F), -166.19 (m, 2F).

(dtbpy)Pd"(CsFs)2 (3). The (cyclooctadiene)Pd!'(CsFs). complex (200 mgs, 0.42 mmol, 1
equiv) was dissolved in dichloromethane (10 mL) and 4,4’-di-tert-butyl-2,2’-bipyridine (134 mgs,
0.5 mmol, 1.2 equiv) and a Teflon stirbar were added. The reaction was stirred at 25 °C for 1 h,
and then pentanes (10 mL) were added and the reaction was cooled to -30 °C for 18h to precipitate
out the product. Recrystalization in dichloromethane: pentanes yielded 149 mgs of a white,
crystalline solid (50 % conversion).*H NMR (699.76 MHz, 298 K, acetone-ds): & 8.69 (d, J = 2
Hz, 2H), 7.99 (d, J = 6 Hz, 2H), 7.66 (dd, J = 6, 2 Hz, 2H), 1.44 (s, 18H). 1*C NMR (175.95 MHz,
298 K, acetone-ds): 6 165.96, 156.57 , 151.30, 148.50 (dd, J = 227, 22 Hz), 137.44 (m), 125.27 ,
121.62,118.83 (t,J =53 Hz), 36.61, 30.47. 1°F NMR (376.84 MHz, 298K, acetone- dg): & -115.74
(m,4F),-163.21 (t, J=20 Hz, 2 F), -165.32 (M, 4 F).
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Silver-pentafluorophenyl species (4). Complex 4 was prepared using a literature procedure.®
The *H NMR spectroscopic data for this complex matched that reported in the literature. *3C NMR
(175.95 MHz, 298 K, acetone-ds): 6 152.75 (dd, J = 230, 27 Hz), 142.86 (d, J = 251 Hz), 138.70 —
135.76 (m), 109.27 (t, J = 73 Hz).2°F NMR (376.84 MHz, 298K, acetone- ds): & -102.16 —-102.58
(m), -152.16 (t, J = 19 Hz), -161.82 — -162.19 (m).

5, 5’-bis(trifluoromethyl)-2,2°-bithiophene (6). Combined previously reported (PhCN)2PdCl>
(29 mg, 0.075 mmol)®°, potassium fluoride (145.5 mg, 2.5 mmol, 2 equiv) and silver nitrate (424.5
mg, 2.5 mmol, 2 equiv) and added 2-trifluoromethyl thiophene (141 uL, 1.25 mmol, 1 equiv),
dimethoxyl sulfoxide (8 mL) and a Teflon stirbar. Stirred the reaction at 25 °C for 20 h and then
added more potassium fluoride (145.5 mg, 2.5 mmol, 2 equiv), (PhCN).PdCl, (29 mg, 0.075
mmol), and silver nitrate (424.5 mg, 2.5 mmol, 2 equiv). Continued stirring at 25 °C for 24 h and
then filtered over a plug of Celite® and washed plug with diethyl ether (2 x 20 mL). Washed the
filtrate with distilled water (2 x 20 mL), dried with Mg2SO4 and evaporated solvent under reduced
pressure. Obtained pale yellow crystals (125.2 mgs, 66.4 %) upon evaporation. *H NMR (699.76
MHz, 298 K, acetone-de): 5 7.67 (d, J = 4 Hz, 2H), 7.53 (d, J = 4 Hz, 2H). 3C NMR (175.95 MHz,
298 K, acetone-dg): & 140.27, 131.76, 131.12 (g, J = 39 Hz), 126.91, 123.42 (q, J =268 Hz). 1°F
NMR (376.84 MHz, 298K, acetone- dg): 4 -56.19 (s, 6 F).
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Representative Procedure for Stoichiometric CsFsH Activation with 1-OAc

In air, Pd" complex 1-OAc (12.3 mg, 25 pmol, 1 equiv) and AgOPiv (15.6 mg, 75 umol, 3
equiv) were weighed into a 4 mL vial. THF (1 mL, 0.025 M), Ce¢FsH (0.2 mL, 1.8 mmol, 72 equiv),
and a Teflon stirbar were added to the vial. The reaction was stirred at 60 °C for 18h, in the
exclusion of light. The slurry was cooled and filtered over Celite® to remove solids. The filtrate
was concentrated under reduced pressure to remove unreacted substrate. The residue was then
dissolved in THF (0.5 mL) and a,0,a-trifluorotoluene (20 pL of a 0.41 mM solution in THF) was
added as an internal standard. *°F NMR spectrum was acquired at 25 °C to determine the

integration ratio of the standard to Pd" product.

—

@) THF

= /‘F5 /@ F H

N Q N — 5 — F5
(e e (e Y O
NT [SFs 60°C.1sn SN solvent P e Y

Thermolysis Studies of 3

In air, the bis-aryl Pd" complex 3 (15 mg, 21 umol, 1 equiv) was added to a screw-cap NMR
tube with CsFsH (0.2 mL, 1.8 mmol, 72 equiv), a,a,o-trifluorotoluene (20 pL of a 0.41 mM
solution in THF) as a standard, and THF (1 mL, 0.021 M). The tube was kept at 25 °C for 24 h
and a 1°F NMR spectrum was acquired at 25 °C to determine the integration ratio of the standard
to 3. The tube reamained at 25 °C for an additional 16 h and a second °F NMR spectrum was
acquired at 25 °C. No decomposition was observed. The tube was then heated at 100 °C for 3 d
and another °F NMR spectrum was acquired at 25 °C. No decomposition was observed and the

integration ratios between 3 and standard remained the same. The tube was heated an additional 2
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d at 100 °C and a final *°F NMR spectrum was acquired at 25 °C. Similar ratios between standard

and 3 were observed.
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General Procedure for Experiments with Various Silver Salts or Pivalate Bases

In air, the Pd"" complex 1-OAc (12.3 mg, 25 pumol, 1 equiv) and additive (75 pmol, 3 equiv)
were weighed into a 4 mL vial. THF (1 mL, 0.025 M), C¢FsH (0.2 mL, 1.8 mmol, 72 equiv), and
a Teflon stirbar were added to the vial. The reaction was stirred at 60 °C for 18h, in the exclusion
of light. The slurry was cooled and filtered over Celite® to remove solids. The filtrate was
concentrated under reduced pressure to remove excess substrate. The residue was then dissolved
in THF (0.5 mL) and a,a,a-trifluorotoluene (20 uL of a 0.41 mM solution in THF) was added as
an internal standard. °F NMR spectrum was acquired at 25 °C to determine the integration ratio

of the standard to the Pd" product. All reactions were performed in triplicate.
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General Procedure for Experiments with Lewis Acids

In air, the Pd" complex 1-OAc (12.3 mg, 25 pumol, 1 equiv), CsOPiv (17.5 mg, 75 pumol, 3
equiv), and lewis acid additive (50 pmol, 2 equiv) were weighed into a 4 mL vial. THF (1 mL,
0.025 M), CeFsH (0.2 mL, 1.8 mmol, 72 equiv), and a Teflon stirbar were added to the vial. The
reaction was covered with aluminum foil and stirred at 60 °C for 18h, in the exclusion of light.

The slurry was cooled and filtered over Celite® to remove solids. The filtrate was concentrated
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under reduced pressure to remove excess substrate. The residue was then dissolved in THF (0.5
mL) and o,a,0-trifluorotoluene (20 puL of a 0.41 mM solution in THF) was added as an internal
standard. °F NMR spectrum was acquired at 25 °C to determine the integration ratio of the

standard to the Pd" product. All reactions were performed in duplicate.
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Monitored by "9F NMR Spectroscopy

General Procedure for in situ NMR Experiments with AgOPiv and CeFsH.

On comparable scale to vial reactions: In air, the Pd" complex 1-OAc (25 umol, 1 equiv) and
AgOPiv (15.6 mg, 75 pumol, 3 equiv) were weighed into a screw cap NMR tube. THF (1 mL, 0.025
M), CeFsH (28 pL, 252 pumol, 10 equiv), and an internal standard, a,a,a-trifluorotoluene (10 pL)
were added to the vial. The tube was covered with aluminum foil until inserting into the NMR
spectrometer, preheated to 60 °C. The reaction was monitored by **F NMR for 12 - 18h at 60 °C.

On a Reduced Scale: In air, the Pd" complex 1-OAc (10 pumol, 1 equiv) and AgOPiv (30 umol,
6.2 mg, 3 equiv) were weighed into a screw cap NMR tube. THF (1 mL), CsFsH (11 uL, 100 pmol,
10 equiv), and an internal standard, a,o,a-trifluorotoluene (2 pL) were added to the vial. The tube
was covered with aluminum foil until inserting into the NMR spectrometer, preheated to 60 °C.
The reaction was monitored by *°F NMR for 12 - 18h at 60 °C.
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Figure 3.9. Plot of the Reaction of 1-OAc with CsFsH Upon Addition of AgOPiv
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Procedure for in situ Generation of Ag-arene without Pd.

N H AgOPiv N Ag
Fsi— Fs—i-
/ THF, 60 °C z

In air, AgOPiv (90 pumol, 15.6 mg, 1 equiv) was weighed into a 4 mL vial. THF (1 mL), Ce¢FsH
(0.2 mL, 1.8 mmol, 24 equiv), and a Teflon stirbar were added to the vial. The reaction was stirred

at 60 °C for 1 - 2 h, in the exclusion of light. The slurry was cooled and a °F NMR spectrum was
taken at 25 °C to observe 4.

Procedure for H/D Exchange Experiments with CeFsH
For Reactions without Palladium Complex: In air, MOPiv (75 pmol, 0.4 equiv) was weighed
into a 4 mL vial. THF (1 mL, 0.025 M), CeFsH (0.2 mL, 1.8 mmol, 1 equiv), DO (163 pL, 9

mmol, 5 equiv) and a Teflon stirbar were added to the vial. The reaction was stirred at 60 °C for
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18h, in the exclusion of light. The slurry was cooled and filtered over Celite® to remove solids.
Acetone-ds (20 pL, 272 pumol) was added as an internal standard. 2H NMR spectra were acquired

at 25 °C to determine the amount of deuterium incorporation using a relaxation delay of 10 s.

For reactions with Palladium Complex: In air, 1-OAc (12.3 mg, 25 umol, 0.01 equiv) and
CsOPiv (17.6 mg, 75 pmol, 0.4 equiv) were weighed in a 4 mL vial. THF (1 mL, 0.025 M), CeFsH
(0.2 mL, 1.8 mmol, 1 equiv), D20 (163 pL, 9 mmol, 5 equiv) and a Teflon stirbar were added to
the vial. The reaction was stirred at 60 °C for 18h in the exclusion of light. The slurry was cooled
and filtered over Celite® to remove solids. Acetone-ds (20 pL, 272 umol) was added as an internal
standard. 2H NMR spectra were acquired at 25 °C to determine the amount of deuterium

incorporation using a relaxation delay of 10 s.

Scheme 3.4. H/D Exchange with CesFsH and Various MOPiv Sources

F MOPiv (0.3 equiv) F
F H D,O (5 equiv) F D
E F THF,60 °C, 18 h F F
F F
1 equiv M=Ag: 83%D
M = Cs: 3% D

M = MesN: 11% D
M=Cs+1: 2%D

Synthesis of Authentic Sample of 4.

Complex 4 was prepared using a literature procedure.> The *H NMR spectroscopic data for
this complex matched that reported in the literature. >°C NMR (175.95 MHz, 298 K, acetone-dg):
0 152.75 (dd, J = 229.6, 27.3 Hz), 142.86 (d, J = 250.6 Hz), 138.70 — 135.76 (m), 109.27 (t, J =
72.7 Hz).1F NMR (376.84 MHz, 298K, acetone- d): & -102.16 — -102.58 (m), -152.16 (t, J = 19.2
Hz), -161.82 —-162.19 (m).
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General Procedure for Observing Shifting Peaks of 4 by 1°F NMR.

In a No-filled glovebox, 4 (7 mg, 26 pmol, 1 equiv) was dissolved in dry THF (0.5 mL) in an
amber NMR tube. An initial 1°>F NMR spectrum was taken at 25 °C. A solution of CsOPiv (6 mg,
26 pmol, 1 equiv) in dry THF (0.2 mL) was added to the NMR tube, the tube was shaken, and a
second '°F NMR spectrum was taken at 25 °C. A solution of NaOAc (4 mg, 26 pmol, 1 equiv) in
dry THF (1 mL) was added to the NMR tube, the tube was shaken, and a third °F NMR spectrum

was taken at 25 °C.
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General Procedure for in situ NMR reaction of 1-OAc with AgCeFs.

In a No-filled glovebox, the Pd'' complex 1-OAc (10 umol) and isolated 4 (30 umol, 8.25 mg,
3 equiv) were weighed into a screw cap NMR tube. THF (1 mL) and an internal standard, a,0,0-
trifluorotoluene (2 pL) were added to the vial. The tube was covered with aluminum foil until
inserting into an NMR, preheated to 60 °C. The reaction was monitored by *°F NMR for 12 - 18h
at 60 °C.
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Figure 3.10. Plot of the Reaction of 1-OAc with 4.
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General Procedure for Reactivity of 2 with Additives

In air, Pd" complex 2 (16.1 mg, 25 pumol, 1 equiv) and the respective additive (75 umol, 3
equiv) were weighed into a 4 mL vial. THF (1 mL), CeFsH (0.1 mL, 0.9 mmol, 36 equiv), and a
Teflon stirbar were added to the vial. The reaction was stirred at 60 °C for 18h, in the exclusion of
light. The slurry was cooled and filtered over Celite® to remove solids. The filtrate was
concentrated under reduced pressure to remove excess substrate. The residue was then dissolved

in THF (0.5 mL) and a,0,a-trifluorotoluene (20 pL of a 0.41 mM solution in THF) was added as
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an internal standard. °F NMR spectra were acquired at 25 °C to determine the integration ratio

of the standard to the Pd" product. All reactions were performed in triplicate.

N N = dtbpy
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N (2)\E;_F5 60°C, 12-18 h, THF o =

General Procedure for NMR Experiments with 2 and AgOPiv.

In air, the Pd" complex 2 (10 pmol) and AgOPiv (10 pmol, 6.4 mg, 1 equiv) were weighed
into a screw cap NMR tube. THF (1 mL), CsFsH (11 pL, 100 pmol, 10 equiv), and an internal

standard, a,a,o-trifluorotoluene (2 pL) were added to the vial. The tube was covered with

aluminum foil until inserting into an NMR, preheated to 60 °C. The reaction was monitored by *°F
NMR for 12 - 18h at 60 °C.

Figure 3.11. Plot of the Reaction Progress Upon Treatment of 2 with CsFsH/AgOPiv.
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General Procedure for reactions of 2 with 4.

In a N2-filled glovebox, the Pd" complex 2 (6.4 mg, 10 pmol, 1 equiv) and 4 (20 umol, 5.5 mg,
2 equiv) were weighed into a screw cap NMR tube. THF (1 mL) and an internal standard, a,0.,0-
trifluorotoluene (2 pL) were added to the vial. The tube was covered with aluminum foil until
inserting into an NMR, preheated to 60 °C. The reaction was monitored by **F NMR for 12 - 18h
at 60 °C.

Figure 3.12. Plot for the Reaction Upon Treatment of 2 with AgCeFs (4).
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General Procedure for Stoichiometric Reactions with 2-substituted thiophenes.

In air, the Pd" complex 1-OAc (12.3 mgs, 25 pumol, 1 equiv) and the respective additive (75
pmol, 3 equiv) were weighed into a 4 mL vial. THF (1 mL, 0.25 M), thiophene (250 mmol, 10
equiv), and a Teflon stirbar were added to the vial. The reaction was stirred at 60 °C for 18h, in
the exclusion of light. The slurry was cooled and filtered over Celite® to remove solids. The filtrate

was then diluted with dichloromethane, an internal standard was added (neopentyl benzene, 20
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uL, 1.3 mM in THF), and samples were analyzed by GC. Yields were reported based on calibrated

GC yields, based on Ag as a 2 ¢” oxidant (moles pdt/(moles of Ag/2)*100 = % yield). All reactions

were performed in at least duplicate.

Table 3.6. Dimerization of 2-R-Thiophene with 1-OAc Under Stoichiometric

Conditions
R_ g [Pd] (1-OAc, 25 mmol) R g s R
UH AGOPIY (3 equiv) 7\
(10 equiv) THF, 60 °C, 18h 50r6
% Yield of
Entry R= Additive
5o0r6
1 CH3 AgOPiv 16
2 CHs none <1
3b CHs Ag Sallts® <1
4 CHs MOPive <1
5d CHs Lewis Acide <1
6 CF3 AgOPiv 41
7 CF3 none <1
8 CF3 Ag20 29
9 CF; Other Ag Saltsf <1
10 CF3 MOPive <1
11d CF3 Lewis Acide® <1

aConditions: 2-CHs-thiophene (25 pL, 250 pmol, 10 equiv), additive (75 mmol,
3 equiv), 1 (25 pmol, 1 equiv), THF (0.025 M), 60 °C, 18h; PAg Salts = AgOAc,
Ag2CO3z (37.5 mmol), Ag20 (37.5 mmol), AgBF4; °M = Na, Cs, MesN.; ‘With 2
equiv of additive (50 mmol); ¢Lewis acid = AlICls, BF3OEt2, Cr(CO)s, InCls,
(Me2S)AUCI, Sc(OTf)2, SnClz, W(CO)s, Zn(OAC)2; fAg = AgOAC, Ag2COs
(37.5 mmol), AgBFa.
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General Procedure for Catalytic Reactions with 2-substituted thiophenes.

In air, the Pd" complex 1-OAc (7.4 mg, 15 pmol) and AgOPiv (62.4 mg, 300 pmol, 1 equiv)
were weighed into a 4 mL vial. Dioxane (1 mL, 1M), thiophene substrate (1 mmol, 3.3 equiv), and
a Teflon stirbar were added to the vial. The reaction was stirred at 100 °C for 18h, in the exclusion
of light. The reaction was cooled and filtered over Celite® to remove solids. The filtrate was then
diluted with dichloromethane, an internal standard was added (neopentyl benzene, 20 uL, 1.3 mM
in THF), and samples were analyzed by GC. Yields were reported based on calibrated GC vyields,
based on Ag as a 2 ¢ oxidant (moles pdt/(moles of Ag/2)*100 = % yield). All reactions were

performed in at least duplicate.

R\@/H MOPiv, D,0O (20 eq.) R R\G/H/D
\/ Dioxane, 100 °C \_/
R = CF3, CHj3

General Procedure for H/D Exchange Reactions of Thiophene Substrates with MOPiv.
Without Pd: In air, MOPiv (300 pmol, 0.3 equiv) was weighed into a 4 mL vial. Dioxane (1M,
1 mL), thiophene substrate (1 mmol, 1 equiv), D20 (90 uL, 5 mmol, 5 equiv) and a Teflon stirbar
were added to the vial. The reaction was stirred at 100 °C for 4 h, in the exclusion of light. The
reaction was cooled and 20 pL of acetone-ds was added to the reaction vial as an internal deuterium
standard. A portion of the solution was then transferred into an NMR tube and analyzed by 2H
NMR Spectroscopy. Yields of deuterium incorporation are reported are based on the internal

standard.

With Pd: In air, 1-OAc (7.4 mg, 15 pmol) and CsOPiv (300 umol, 0.3 equiv) were weighed
into a 4 mL vial. Dioxane (1M, 1 mL), thiophene substrate (1 mmol, 1 equiv), D2O (90 uL, 5
mmol, 5 equiv) and a Teflon stirbar were added to the vial. The reaction was stirred at 100 °C for
4 h, in the exclusion of light. The reaction was cooled and 20 pL of acetone-ds was added to the
reaction vial as an internal deuterium standard. A portion of the solution was then transferred into
an NMR tube and analyzed by 2H NMR Spectroscopy. Yields of deuterium incorporation are

reported are based on the internal standard.
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Figure 3.13. Overlaped Spectra for H/D Exchange of 2-methyl thiophene and MOPIv.
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Figure 3.14. Overlaped Spectra for H/D Exchange of 2-trifluoromethyl thiophene and

MOPiv.
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Structure Determination of (dtbpy)Pd"(CsFs)(l) via Single Crystal X-ray Crystallography.®

In air, X-ray quality crystals were grown by dissolving (dtbpy)Pd'(CsFs)(l) in a small amount
of dichloromethane and crystallized by diffusion in pentanes at 25 °C. Yellow plates were obtained
after 3 d. A crystal of dimensions 0.06 x 0.04 x 0.04 mm was mounted on a Rigaku AFC10K
Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device and
Micromax-007HF Cu-target micro-focus rotating anode (A = 1.54187 A) operated at 1.2 kW power
(40 kV, 30 mA). The X-ray intensities were measured at 85(1) K with the detector placed at a
distance 42.00 mm from the crystal. A total of 2159 images were collected with an oscillation
width of 1.0° in ®. The exposure time was 5 sec. for the low angle images, 30 sec. for high angle.
The integration of the data yielded a total of 70288 reflections to a maximum 20 value of 136.44°
of which 4306 were independent and 4195 were greater than 2o(I). The final cell constants (Table
3.7) were based on the xyz centroids 44179 reflections above 10c(I). Analysis of the data showed
negligible decay during data collection; the data were processed with CrystalClear 2.0 and
corrected for absorption. The structure was solved and refined with the Bruker SHELXTL (version

2008/4) software package, using the space group Pbca with Z = 8§ for the formula Co4H4N>FsPdI.

3 All crystal structures were resolved by Dr. Jeff Kampf
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All non-hydrogen atoms were refined anisotropically with the hydrogen atoms placed in idealized
positions. Full matrix least-squares refinement based on F2 converged at Ri = 0.0419 and wR» =
0.0975 [based on I > 20(I)], R1 = 0.0429 and wR2 = 0.0983 for all data. Additional details are
presented in Table 1 and are given as Supporting Information in a CIF file. Acknowledgement is
made for funding from NSF grant CHE-0840456 for X-ray instrumentation.

Sheldrick, G.M. SHELXTL, v. 2008/4; Bruker Analytical X-ray, Madison, W1, 2008.

CrystalClear Expert 2.0 r12, Rigaku Americas and Rigaku Corporation (2011), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.
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Table 3.7. Crystal Data and Structure Refinement for (dtbpy)Pd'' (CsFs)(I).

Empirical formula

C24H24FsIN2Pd

Formula weight 668.75
Temperature 85(2) K
Wavelength 1.54178 A

Crystal system Orthorhombic
Space group Pbca

Unit cell dimensions

a=12.3979(2) A alpha =90°
b=17.5191(3) A beta =90°
€c =21.6820(15) A gamma =90°

Volume 4709.3(3) A3
4 8
Calculated density 1.886 mg/mms3
Absorption coefficient 17.142 mm-!
F(000) 2608
Crystal size 0.06 x 0.04 x 0.04 mm?3

Theta range for data collection

4.08 to 68.22°

Limiting indices

-1l4<=h<=14, -21<=k<=21, -25<=I<=26

Reflections collected / unique 70288
Unique Refelctions 4306 [R(int) = 0.0801]
Completeness to 6 = 35.01 100 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.5472 and 0.4261

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4306 /48 /336

Goodness-of-fit on F2

1.003

Final R indices [I>20(l)]

R1=0.0419, wR2 = 0.0975

R indices (all data)

R1=0.0429, wR2 = 0.0983

Largest diff. peak and hole

1.291 and -0.923 e. A3
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Structure Determination of 3 via Single Crystal X-ray Crystallography.

In air, X-ray quality crystals of 3 were grown by dissolving 3 in a small amount of
dichloromethane and crystallized by diffusion in pentanes at -33 °C. Colorless prisms of 3 were
obtained after 24 h. A crystal of dimensions 0.31 x 0.28 x 0.17 mm was mounted on a Bruker
SMART APEX-I CCD-based X-ray diffractometer equipped with a low temperature device and
fine focus Mo-target X-ray tube (A = 0.71073 A) operated at 1500 W power (50 kV, 30 mA). The
X-ray intensities were measured at 85(1) K; the detector was placed at a distance 5.070 cm from
the crystal. A total of 4055 frames were collected with a scan width of 0.5° in ® and 0.45° in phi
with an exposure time of 10 s/frame. The integration of the data yielded a total of 65510 reflections
to a maximum 26 value of 70.02° of which 12093 were independent and 11239 were greater than
26(1). The final cell constants (Table 3.8) were based on the xyz centroids of 9695 reflections
above 10c(l). Analysis of the data showed negligible decay during data collection; the data were
processed with SADABS and corrected for absorption. The structure was solved and refined with
the Bruker SHELXTL (version 2008/4) software package, using the space group Plbar with Z =
2 for the formula C3gH24N2F1oPd. All non-hydrogen atoms were refined anisotropically with the
hydrogen atoms placed in idealized positions. Full matrix least-squares refinement based on F2
converged at R1 = 0.0262 and wR2 = 0.0668 [based on | > 2sigma(l)], R1 = 0.0290 and wR2 =
0.0689 for all data.
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Sheldrick, G.M. SHELXTL, v. 2008/4; Bruker Analytical X-ray, Madison, W1, 2008.

CrystalClear Expert 2.0 r12, Rigaku Americas and Rigaku Corporation (2011), Rigaku Americas,
9009, TX, USA 77381-5209, Rigaku Tokyo, 196-8666, Japan.

Table 3.8. Crystal Data and Structure Refinement for 3.

Empirical formula CsoH24F10N2Pd
Formula weight 708.91
Temperature 85(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1
a=10.3964(2) A alpha = 97.4490(10)°
Unit cell dimensions b =10.9403(2) A beta = 92.6340(10)°
c=12.4107(3) A gamma = 97.7850(10)°
Volume 1383.87(5) A3
4 2
Calculated density 1.701 mg/mm3
Absorption coefficient 0.762 mm-?
F(000) 708
Crystal size 0.31x0.28 x 0.17 mm?3
Theta range for data collection 1.66 to 35.01°
Limiting indices -16<=h<=16, -17<=k<=17, -20<=I<=20
Reflections collected / unique 65510
Unique Refelctions 12093 [R(int) = 0.0487]
Completeness to 6 = 35.01 99.2 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8813 and 0.7980
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 12093/0/ 394
Goodness-of-fit on F2 1.057
Final R indices [I>20(I)] R1=0.0262, wR2 = 0.0668
R indices (all data) R1=0.0290, wR2 = 0.0689
Largest diff. peak and hole 1.047 and -1.031 e. A
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CHAPTER 4

Conversion of Methane to Ethane: High Throughput

Experimentation and Resulting Studies

Background

Natural gas is an abundant resource in the United States, and with improved extraction methods,
has become even more accessible in the last ten years.! Since 2005, domestic natural gas
production has increased by 6.3 quadrillion BTUs (British thermal units), making the US the
largest producer of dry natural gas in the world.? As methane is the predominant component of

natural gas, methane could be a promising C1 feedstock to fuels and commodity chemicals.>®

Significant research has focused on various approaches to upconvert methane to value-added
products. Current industrial methods employ heterogeneous catalysts, such as the two-step process
of steam reforming to generate syngas (CO+H>) and subsequent Fischer-Tropsch synthesis (FT)
to access higher alkanes (Figure 4.1).” However, FT plants remain relatively scarce due to their
high capital cost®s as well as due to a number of inherent disadvantages associated with this
process. One disadvantage is that this two-step process requires high temperatures (250 to 700 °C),

often resulting in formation of the thermodynamically favored product, CO,.% Another challenge
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of this approach is the poor selectivity in the Fisher-Tropsch step, resulting in a range of alkane
products.® To improve the efficiency of the overall conversion of CH4 to higher alkanes, we sought

a more direct route using to circumvent the challenges associated with thisheterogeneous process.

The direct functionalization of methane has been extensively studied using heterogeneous metal
oxide catalysts.® However, these catalysts have failed to become industrially relevant due to issues
in selectivity and overall conversion, due to high temperatures required, resulting in over oxidation
of products and catalyst degradation.* Mechanistic studies could provide needed insight to improve
this oxidative coupling process. To gain a better mechanistic understanding of the functionalization
of methane, we envision an alternate approach using homogeneous catalysts operating under more

mild reaction conditions.

Figure 4.1. Industrial Process for Accessing Alkanes from Methane

Fisher-Tropsch

Steam Reforming

Synthesis
[Ni] [Fe] or [Co]
CH4 + Hzo —_— CO + 3H2 —_— CnH2n+2 + Hzo
750 °C 200 °C

Utilization of homogeneous catalysts can provide several advantages over heterogeneous
processes.’® Typically, homogeneous systems operate at significantly lower temperatures,
potentially minimizing the formation of CO.. Additionally, well-established solution-phase
techniques can facilitate mechanistic studies with homogenous catalysts, thereby providing insight

to enable enhancements of selectivity and reactivity.

Homogeneous catalysts containing Pd and Pt metal centers have been utilized in methane
functionalization, commonly through partial oxidation to generate the oxygenated product
methanol (Figure 4.2).1%3 However, under conditions typically shown to activate methane,
methanol is inherently biased to undergo facile oxidation to generate CO2.2* To circumvent this
challenge, we envisioned an alternate approach through oxidative C—C coupling of methane to

form ethane, followed by subsequent couplings to generate higher alkanes (Figure 4.2).
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Figure 4.2. Potential Routes to Functionalization of Methane

| Partial Oxidation | | Oxidative Coupling |
1/2 O, 1220, -
H3C-OH e S CH4 o 1/2 [H3C—CH3] ..... p . C5 - C15
-H,0

To Ultimately Access

Methanol Gasoline/Diesel Fuels

Our proposed approach proceeds through: (i) methane activation with Pd or Pt catalysts to
generate M-Me bond,; (ii) disproportionation to generate a dimethyl metal intermediate; and (iii)
reductive elimination to liberate C—C coupled product (Scheme 4.1). In the development of this
process, our group®>*8 and others'®2! have demonstrated steps ii and iii with Pd and Pt complexes,
further discussed in Chapter 2. Additionally, studies using a model system with palladium
complexes in Chapter 3 have provided insight into the role of additives in C—H activation, relating
to the first step of our proposed catalytic cycle (scheme 4.1, step i). With our stoichiometric studies
of steps i - iii, we sought to combine these steps to investigate catalysis with this system, forming

ethane from methane as the first product in this process.

Scheme 4.1. Proposed Catalytic Cycle for Methane Dimerization

i) C—H activation

+ 2 equiv H3C—H

CH
2 M] 2 < :
— 2 equiv H3C-H
iii) Reductive /
Elimination ii) Disproportionation
CH
H,C—-CH — >3
3 3 M e,
[M] = Pd or Pt

In efforts to investigate the overall conversion of methane to ethane, a number of logistical
challenges had to be addressed. First, methane activation often requires high pressures and elevated
temperatures, and special reactors are required to handle these conditions. Second, we sought an
efficient and rapid method to examine a variety of catalysts and conditions previously
demonstrated in steps i, ii or iii of this transformation. Finally, the analysis of our product, ethane,

could prove challenging in these mixtures of gases. The detection of trace ethane in high pressures
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of methane needed to be addressed to ensure accurate identification of promising catalysts and

conditions.
Results and Discussion

Initially, we did not have the capabilities in the Sanford lab to address all of these issues.
However, all of these criteria for the experimental setup could be achieved through the use of high
pressure parallel reactors at the Center for Catalysis Research and Innovation (University of
Ottawa). These 16 parallel reactors tolerate elevated pressures and temperatures well above the
requirements for our experimentation (Figure 4.3). Each reactor well contained an independent
headspace, avoiding cross-contamination of the gaseous products of each reactor, while allowing
efficient screening of a variety of reactions. Additional details about the reactors and experimental

protocol can be found on p. 129.

Figure 4.3. High Throughput Experiment — Reactor Setup*

-----
-----

16 Parallel Reactors

To address the last challenge in the detection of ethane, our collaborators at the University of
Washington, specifically Dr. Johanna Blaquiere, conducted a series of tests with mixtures of CHs

and C2He. With these studies, Dr. Blaquiere developed a sampling protocol, venting the headspace

4 Pictures courtesy of Roxanne Clement, Center for Catalysis Research and Innovation, University of Ottawa
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from pressure reactors into gas bags, and subsequent sampling of the gas via a gas tight syringe.
The gases in the syringe were then injected onto a Gas Chromatography instrument with a GS-
CarbonPLOT column to separate the gaseous components of the reaction mixture. This work
established the limits on maximum pressures of methane (10 bar) and minimum catalyst loading

of 20 umoles to ensure reproducible detection of ethane.

Concurrently in the Sanford lab, we focused on the experimental design for the high throughput
experimentation (HTE). For these studies, a series of metal complexes and a variety of conditions
were chosen based on prior work in our group and others.0121517.22-24 T more efficiently examine
a series of reactions, our approach combined several metal complexes under one set of conditions,
as previously demonstrated by Wieland and coworkers®. Upon detection of ethane, subsequent
studies on individual metal species were used to elucidate the complex generating the highest
yields of ethane. Thus, for each experiment, several metal complexes (1) were combined with a

base (2), an oxidant (3), an additive, and a solvent (4) in each reactor well, shown in Figure 4.4.

Figure 4.4. Representative Conditions for the Conversion of Methane to Ethane

o Representative Metal Complex:

N \7_\( W=y
Pd(OAC), w ®_N\Pt/ N© CN‘M’ND
Pd, / N\ PR
ol c’ o c’

P
Cl

@ Base: cs’ ojw< K 0)<

9 Representative Oxidants:
K N —/® % |
0 =< PR = L
F F
am. 12 Reactor °Solvent: ﬁ F2C”OH
ZNH" gel O>N:0> Well gy F F
6 F

Each of the four components, metal complex, base, oxidant and solvent (Figure 4.4), were chosen
based on rational design for each reaction. For example, several palladium and platinum species
were examined in these reactions, as shown in Figure 4.4. These metal complexes were selected

based on prior reports of methane activation or methyl coupling, in either stoichiometric or
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catalytic studies. These complexes included Pd and Pt salts as well as isolated Pd and Pt complexes

bearing mono- and bidentate ligands.

The second component, base was included to drive the methane activation forward by facilitating
deprotonation of alkane c-complex intermediates. Two bases of varying strength, CsOPiv and
KO'Bu were selected based on prior use in C—H activation chemistry. The third component,
oxidant, was employed to facilitate HsC—CHs reductive elimination from potential M—CHs
intermediates in this transformation. Based on the studies discussed in Chapter 2, the addition of
oxidants allows access to high valent metal intermediates from M'"-CHj species. These less stable
high valent M-CHs intermediates then undergo HaC—CHs coupling more easily than the analogous
Pd" complex. Oxidants commonly shown to react with palladium and platinum complexes were

selected for these experiments.

The fourth component added to the reaction was solvent. Solvent choice is crucial in methane
activation reactions due to limited solubility of methane in many polar organic solvents. A number
of gases have been shown to have enhanced solubility in fluorinated solvents versus more polar
organic solvents.?® Additionally, homogeneous catalysts are likely to activate weaker C—H bonds
in solvent molecules over the strong C—H bonds of methane. Thus, we chose a series of fluorinated
solvents to mitigate activation of solvent and maximize the solubility of CH4. In Chapter 3, Ag
additives were shown to participate in C—H activation through deprotonation of the substrate or
halide abstraction to access a more active catalyst. Thus, 2 equiv of AgOPiv was added to each of
the reactions. With these rationally designed reaction conditions in hand, high throughput

experiments were conducted on the parallel pressure reactor system.

Experiments were performed over 4 days, slightly modifying conditions based upon the prior
day’s results, and all results can be seen in the General Experimentation and Characterization
section (p 131). Based on prior reports, methane functionalization reactions are conducted under a
wide range of conditions including pressures from 1 to 30 bar and temperatures of between 60 -
180 °C. As mentioned previously in this chapter, our HTE reactions were performed at pressures
of 10 bar CH4 based on studies by our collaborators. For these reactions, we chose a temperature
regime starting at lower temperatures (50 — 100 °C) with the temperature ramping to 120 — 150 °C

after 1 h. We proposed these lower initial temperatures should enable the formation of the active
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catalysts under these conditions, ultimately reaching higher temperatures required for methane
activation. Reactions were conducted under these conditions, and upon completion, the headspace
of each was individually vented from the reactor into a gas bag, shown on the right in Figure 4.5.
The gas bags were sampled manually via gas-tight syringe and injected into the GC to detect ethane
and ethylene. Using these outlined conditions and methods, we conducted a series of reactions at

the high throughput facility, analyzing for hydrocarbon gases ethane and ethylene.

Flgure 4.5. Sampling of Reaction Headspace from Parallel Reactor to Gas Bag

r,“

Gas Bag

.

Initially, we ran a series of control reactions to confirm the detection of ethane using the
instrumentation at the high throughput facility. These reactions employed a combination of
dimethyl catalysts and oxidants previously shown to liberate ethane®®" (Scheme 4.2). As
anticipated, ethane was observed from these reactions under 10 bar CH4, confirming that trace
ethane could be detected under these conditions at the high throughput facility.

Scheme 4.2. Representative Control Reaction under 10 bar CH4

N CH; CH,4 (10 bar), Ag,0 (10 equiv)

~N,,”
N “CH, solvent
100 - 150 °C, 12 h

M = Pd, Pt

» H,;C-CH,
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Next, reactions were conducted with the four components required to convert methane to ethane.

We were pleased to find that ethane was observed from several of reactions containing palladium

and platinum dichloride complexes with various oxidants and solvents, shown below in Table 4.1.

Interestingly, ethylene was also detected in these reactions, possibly arising from ethane activation

and subsequent B-hydride elimination. Due to limited time at the HTE facility, we were unable to

conduct the necessary tests to confirm that the observed C. products originated from CHa. Thus,

we sought to follow up these results at our home universities, conducting necessary control

reactions and determining the complex affording the highest yields of each C» product.

Table 4.1. HTE Hits Generating Ethane and Ethylene

Ethane Peak Ethylene Peak

Entry Metal Complex Oxidant Kiea il
12 1:2,3 KIO4 0.5 0
28 123 NOBF4 0.5 0
38 1,2,3 N-fluoropyridinium 05 0

BF4
4b 1,2,3 N-fluoropyridinium 05 0
BF4
o Pd(TFA)2, Pd(OPiv)2,
5 Pd(OAC)2 Ag20 0 1.3
5 K2PtCls + :
@ tbutylbiscarbene AgOPIv; Kios 0 1.3
a N-fluoropyridinium
7 < BFs 0.5 0
8° 5,6,7 Ag20 0 0.5
o 56,7 N-fluoropyridinium 05 05
BF4
109 6,9 Ag20 24 1.7
11¢ 4,8,9 CAN 1.1 0
12° 6,9 KIO4 1.1 4.8

Metal Complexes:

S ap

a” 1Cl

7 b
Pd R R
8" 4 al o’ N
6:R=26-Pr
7:R=3,5-Me
8:R=26-Me
9:R=4-Me

aConditions: 120°C, 14h, trifluoroethanol; °Conditions: 150°C, 14h, C4F: “Conditions:
150°C, 14h, CsFsN : trifluoroethanol (1:9); 9Conditions: 150°C, 14h, trifluoroethanol;
eConditions: 150°C, 14h, CsF:N

Initial work by our collaborators in the Mayer lab further characterized the reaction shown to

generate the highest yields of ethane in the high throughput studies (Table 4.1, entry 10). They

were able to reproduce the observation of ethane and ethylene from this reaction, and determined

that complex 6 generated the highest amount of ethane under these conditions. Based on these
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results, we sought to further investigate other reactions shown in the HTE to generate ethane and

ethylene.

In our lab, we sought to establish a similar method to both conduct and analyze these reactions
to convert methane to ethane. We envisioned a system similar to that in the Mayer lab, using Parr®
pressure vessels and analyzing products via gas chromatography using a Carbon-PLOT column.
However, we included some modifications to enhance the sampling capabilities and more
accurately quantify the product yields. Some of the key design criteria included: (a) detection and
separation of trace ethane in 10 bar CHs, similar to studies in the Mayer group; (b) attaining
reproducible amounts of sample from each injection; (c) generating accurate and calibrated yields
of ethane from reaction mixtures; and (d) sampling of both the headspace (gaseous portion of the
reaction) and the solution phase of the reaction, facilitating the collection of kinetic data during
the course of the reaction. To design a system meeting these criteria, the following equipment was
established with guidance from the Thompson Chemical Engineering Lab at the University of
Michigan. Reactions were conducted in 50 mL Parr® pressure vessels, and upon cooling, were
connected to a GC instrument via Swagelock® connections (figure 4.6). The headspace from the
reactor was sampled through a gas outlet in the pressure reactor (i) that then flowed through a
pressure gauge (ii), into a 1 mL sample loop of the GC (iii), and finally through a backpressure
regulator (iv), shown in Figure 4.6. The pressure gauge and backpressure regulator ensured that
equal pressures of sample filled the sample loop, and thus, controlled the amount of sample
injected onto the GC column each time. Components ii and iv were incorporated to ensure

reproducibility among injections and facilitate accurate quantification of these gaseous products.
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Figure 4.6. Setup for Sampling of Gaseous Products From Pressure Vessel
. S, Y N '—

A
i)Pressure’ ; )
Reactor : — 1) Pressure
Gauge

With a method to analyze these reactions in hand, we sought to demonstrate separation of the
gaseous mixtures and detection of trace ethane in methane. A mixture of gases containing methane
with trace ethane and ethylene was sampled on the newly established system. Before each
injection, the sample loop was purged multiple times to ensure that pure sample was injected onto
the GC column. As shown in Figure 4.7 (left), ethane and ethylene were observed using an
isothermal GC method with good separation among the three gases (see p. 132 for full details).
The GC trace shown in Figure 4.7 represents five overlayed injections from the same reactor,
showing good reproducibility among the injections. To enable the quantification of gases
generated in our reactions, we sought to calibrate this system and fulfill our third requirement. A
calibration curve was obtained using a premixed tank of ethane in methane (0.11 wt% ethane in
methane), shown in Figure 4.7 (right).
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Figure 4.7. Reproducibility of Sampling and Calibration of System
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To address our last criteria, we modified a reactor to facilitate sampling of the solution-phase of
the reaction via a dip tube (Figure 4.8). A frit was added to the end of the dip tube to prevent
particles from clogging the tube. Sampling of the solution was achieved by leveraging the high
pressures in the reactor, which forced the reaction solution through the fritted dip tube and into the
t-shaped section of tubing, which is closed off from the glass collecting tube. This intermediary
tubing was crucial to permit only a small aliquot of the solution to be collected, and prevented
overpressurization of the glass collection tube. After the reaction was closed off from the t-shaped
tubing, the sample was then collected in the tube (shown here is a J. Young NMR tube) under

ambient pressures of N.
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Figure 4.8. Modifications to Pressure Vessel to Enable Solution Phase Sampling
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All of these design modifications allowed us to quantitatively analyze reactions to access the
conversion of methane to ethane. We have obtained good separation of gaseous mixtures of ethane,
ethylene and methane with high sensitivity, detecting <1 umole of ethane in 10 bar methane.
Additionally, this new equipment afforded reproducible sampling of the reaction headspace,
providing calibrated yields of ethane from these reactions. Also, modifications included in the
pressure reactors facilitated sampling of both the gases in the headspace and solution phase species.
Thus, we satisfied all of the criteria for this apparatus, and next sought to quantify yields of ethane

from promising HTE results.

Our studies initially focused on reactions shown to generate ethane using Pd complexes (Table
4.1, entries 1-4). These complexes can be easily synthesized from commercially available ligands
and palladium dichloride.??® The purity of these complexes was assessed through *H NMR
spectroscopy and elemental analysis. Upon subjecting these complexes to the reaction conditions,
no ethane or ethylene was observed from any of palladium complexes under conditions from the

THE (Table 4.2). Thus, the trace gases we observed during the high throughput experiments appear
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to be artifacts from either the reaction setup or some contamination, although further investigation

of the source of these false-positive results has not been pursued.

Table 4.2. Ethane and Ethylene Generated using Palladium Complexes

1, 2, 3 (60 umoles), oxidant (10 eq.)
base (10 eq.), AgOPiv (6 equiv)
CH, > H;C-CH; + H,C=CH,
solvent, 150 °C, 18h

(10 Bar)
Entry Oxidant Base Solvent Ethane i
(Mmoles) (umoles)
Klo _ not not
1 4 CsOPiv TFE observed observed
NOBF i not o
2 4 CsOPiv TFE observed observed
NFPBF ! not o
3 4 KOBu TFE observed observed
NFPBF i CeF . e
4 4 CsOPiv 66  obsserved  observed

Next, we examined palladium salts in combination with silver oxide as an oxidant (Table 4.1,
entry 5). Upon repeating this reaction in triplicate, we observed only ethylene, similar to the results
from the high throughput experiments. To elucidate the source of ethylene in these reactions, we
ran the reaction under 10 bar N2 rather than methane, using otherwise analogous conditions. If the
ethylene generated in our original conditions was derived from CHg, then no C; products would
be expected under N.. When the reaction was run under nitrogen, the amount of ethylene obtained
was within error of the ethylene formed under CH4 pressures (Scheme 4.3). These results indicate
that ethylene is not a result of methane coupling, but potentially generated from a decomposition

pathway of the pivalate base or the ligands on palladium.

113



Scheme 4.3. Ethylene Generated from Palladium Salts, Under CH4 and N2 Pressures

Pd(OTFA),, Pd(OPiv),, Pd(OAc), (60 umoles)
Ag,0 (10 eq.), CsOPiv (10 eq.)
CH, - H,C=CH,
CgF5N:TFE (1:10), 150 °C, 18h

(10 Bar)

Under CH,4: 0.15+0.07
Under N5:0.08 £0.01

We then turned our focus to several results with platinum complexes that generated ethane and
ethylene in the high throughput studies. The first result we examined involved potassium
hexachloroplatinate (K2PtCls) and a tert-butyl biscarbene ligand (Table 4.1, entry 6). To pursue
this reaction, we synthesized the carbene ligand based on prior literature reports.®® Subjecting this
platinum salt/ligand to conditions analogous to the HTE, we observed only ethane generated under
pressures of CHs (Scheme 4.4). This result was unexpected as only ethylene was observed during
the high throughput experiments under analogous conditions. The reaction was performed under
N2 pressures, resulting in comparable ethane yields to reactions conducted under methane. This
suggests the ethylene observed was not derived from CHa coupling, but rather a side reaction.
Further studies to modify the reaction conditions, such as removal of AgOPiv, did not mitigate the
detection of C; products in the background reactions (under N2). This suggests that the ethane is

likely derived from ligand decomposition.

Scheme 4.4. Yields of C2Hs and C2H4 from K2PtCls and a Biscarbene Ligand

K,PtClg (60 umoles), KOBu (10 equiv)
KlO4 (10 equiv), AgOPiv (10 equiv)

N
FE
| |
N/, LN
'7& 2Br )T
CH4 or N2 > H3C'CH3
(10 Bar) TFE, 150 °C, 18h

Under CH,4:0.21 £ 0.07
Under N;:0.11 £0.14
Under CH,?:0.18 £ 0.11
Under N5?: 0.07 +£0.01

2In the exclusion of AgOPiv
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Next, we examined results from the HTE containing preformed Pt species with bidentate
nitrogen donor ligands (Table 4.1, entries 7-12). To examine these reactions, we synthesized
ligands and complexes using established procedures®33.The structure and purity of these
complexes was then determined by 'H NMR spectroscopy and elemental analysis. Our studies
revealed that the reaction of methane with (bipyrimidine)Pt''Cl, and N-fluoropyridinium
tetrafluoroborate in 2,2,2-trifluoroethanol did not afford any Cz products (Scheme 4.5). Similar to
the results with palladium complexes, we hypothesize that the observed ethane at the high
throughput facility was a result of an artifact in the sample preparation or cleaning of the reactors.

Scheme 4.5. Yields of C2H4 and C2Hs Using (bipyrimidine)Pt!'Cl:

J N N=
e
\Pt/
cl” cl
NFPBF, (10 eq.)

CsOPiv (10 eq.), AGOPiv (6 equiv)
CH, A » HsC-CH; + H,C=CH,

(10 Bar) solvent, 150 °C, 18h no C, products observed

Next, we examined the reaction that generated the highest yields of ethane and ethylene in the
HTE, shown in entry 10 (Table 4.1). Upon repeating this reaction, we observed ethane and ethylene
using Pt"(DAB) catalysts 6 and 9, as shown in Scheme 4.6. Notably, significant ethane and
ethylene were also observed under pressures of N.. Thus, we sought to elucidate the source of
ethane from this reactions under N> before repeating the remaining reactions, all of which
contained similar Pt(DAB)CI> complexes. A better understanding of the source of C> products

under N2 pressures could provide insight into future efforts to convert methane to ethane.

Scheme 4.6. Generation of C2Hs and C2Ha Using (DAB)PtCIl. Complexes

6,9, Ag,0, CsOPiv
CH,; or N, H;C-CH; + H,C=CH,
TFE, 150 °C, 18 h

(10 Bar)
w/CHy: 0.29 +0.04 0.16 £ 0.01

w/Ny.  0.54+0.05 0.39 +0.34
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Based on work by our collaborators, complex 6 generated the highest yields of ethane under
these conditions. Thus we pursued studies to investigate the background reaction with 6 under N
pressures. First, we examined the reactivity of 6 under slightly modified conditions, i.e. higher
catalyst loading to more easily detect trace products. The reaction of complex 6 with CHs in the
presence of Ag>0 in TFE generated 0.5 pmoles of ethane and 0.3 umoles of ethylene under these
modified conditions (Figure 4.9). The analogous reaction was conducted under 10 bar N2 rather
than methane, generating 0.3 pmoles of ethane and 0.2 umoles of ethylene, confirming a
significant background reaction occurs with complex 6. The yields of both ethane and ethylene
from the reaction under CH4 were within error of those observed under N2, suggesting these C»
products were not derived from methane coupling. In further studies, we focused predominantly
on elucidating the source of ethane generated in these reaction. Details about the ethylene from
these reactions can be found in the General Experimental Procedures and Characterization Section
(p. 133).

Figure 4.9. Ethane Generated Using Complex 6 under Pressures of CHs and N2?

6, Ag,0, CsOPiv
CHy or Ny 2= H3;C-CHj;
(10 Bar) TFE, 150 °C, 18h
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Control: Under

Under 10 Bar CH, 10 Bar N
2

aConditions: 6 (80 pumoles, 53 mgs, 1 equiv), CsOPiv (187 mgs, 10 equiv),
Ag,0 (185 mgs, 10 equiv), CH4 (10 bar) or N (10 bar), in TFE (2 mL), 150 °C,
18 h.

To mitigate the apparent decomposition of the (DAB)Pt complexes to form ethane, the reactions
were examined under reduced temperatures and at shorter reaction times. At 120 °C, we observed
reduced ethane generated from reactions with 6 under N> pressures (Table 4.3, entries 1-2).
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However, we also saw similarly reduced yields of ethane from analogous reactions run under CHa.
At 100 °C, no ethane was detected under CH4 pressures, and thus reactions under N2 were not
performed (entry 4). Additionally, the reaction with 6 under N> was stopped after 3 h and 6 h,
affording comparable ethane as detected at 18 h (see p. 133). Thus, it appears this side reaction to
generate ethane occurs rapidly but diminishes at lower temperatures, and ethane yields from
reactions under CH4 also diminish with lowered temperatures. Lower temperatures or shorter
reaction times were not effective in inhibiting this side reaction without also reducing reactivity
under CHs. We next sought to identify the source of ethane to better understand and inhibit this

background reaction.
Table 4.3. Modifying Conditions to Impede Formation of Ethane Under N2

6 (80 umoles), Cs,CO3 (10 equiv)
Ag,0 (10 equiv))

CHy or Ny » H3;C-CHj;
(10 Bar) TFE, T C, 18h
Entry CHa4 or N2 Temperature (wﬁg;gg)e
1 N2 150 °C 1.33
2 N2 120 °C 0.44
3 CHa 120 °C 0.07
4 CHa4 100 °C not detected

To investigate the source of ethane, we examined each of the components in the reaction,
specifically those likely to generate ethane upon decomposition. A series of reactions were
conducted under 10 bar N2, systematically modifying the base and the ligand scaffold of complex
6. First, we studied the pivalate base, modifying CsOPiv to Cs,CO3 under otherwise analogous
conditions. This variation should not significantly impact the basicity or the solubility under these
conditions, however, the degradation of carbonate should result in significantly different products
than that of pivalate. We proposed diminished yields of ethane would be observed with this

modification if ethane is derived from pivalate base. Interestingly, when the reaction was
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conducted with Cs2COs under N2, higher amounts of ethane were observed, shown in Figure 4.10.

This suggest that the background reaction does not arise from decomposition of the pivalate base.

Figure 4.10. Probing the Background Reaction — Modification of the Base

6, Ag,0, CsX
Ny > H3C-CH3;
(10 Bar) TFE, 150 °C, 18h
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We next looked to the modification of complex 6, or more specifically the ligand scaffold.
Complex 6 could decompose in at least two ways: (i) decomposition of the isopropyl substituent
on the aryl ring, or (ii) degradation of the diimine backbone. Hence, we synthesized a series of

platinum complexes with modified ligands to inhibit degradation at each of these positions.

To address the possibility of ethane formation via degradation at the o-isopropyl groups, the
analogous mesityl complex 10 and p-isopropyl species 11 were synthesized based on prior
reports3333% of similar complexes. Decomposition involving activation of the isopropyl
substituent could occur, thus modification of the ortho-isopropyl groups on the aryl ring could help
suppress this background reaction. Complex 10 has similar solubility to 6, but with ortho-methyl

groups which have an increased distance from the Pt metal center to prevent activation. Complex
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11 also has comparable solubility but contains no alkyl substituents at the ortho-positons of the
aryl ring. Thus, complex 10 and 11 were subjected to the reaction conditions, under 10 bar N, and
the headspace was analyzed using the previously mentioned GC techniques. Both complex 10 and
11 resulted in similar or increased amounts of ethane compared to reactions with 6. These data
suggest that decomposition of the ortho-isopropyl substituents on the aryl ring of 6 does not

significantly contribute the background reaction (Figure 4.11).

Figure 4.11. Methods for Modification of the Aryl Substituent of 6 to Inhibit the

Observed Background Reaction
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Next, we examined alterations of the diimine backbone to inhibit the formation of ethane in
reactions conducted under N2. Thus, the methyl groups on the backbone were changed to a smaller
hydrogen substituents. This change should affect the products generated in decomposition of the
ligand backbone, resulting in reduced amounts of ethane. The complex (12) was synthesized based
on previous reports,®® and characterized by *H NMR spectroscopy and elemental analysis.
Complex 12 was subjected to the reaction conditions under 10 bar of N.. Gratifyingly, a
significantly lower amount of ethane, 0.03 umoles, was observed in reactions containing 12, shown
in Figure 4.12, suggesting that degradation of the backbone generates ethane under these

conditions. To gain evidence in support of this proposal, complex 13, bearing a larger, more
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hindered fused napthyl backbone was synthesized. This complex could also mitigate ethane
formation by inhibiting the degradation of the ligand backbone. Subjecting 13 to similar reaction
conditions under 10 bar of N> resulted in no detectable formation of ethane (Figure 4.12). Thus,
these studies strongly suggest that the ethane observed in these background reactions derives from
degradation of the ligand backbone. However, further work to elucidate the mechanism of

decomposition has not been conducted.

Figure 4.12. Modifications in the Backbone of the Ligand Scaffold for 6 to Minimize the
Background Ethane Observed.

[Pt] , Ag,0, CsOPiv

N> » H3C-CH;
(10 Bar) TFE, 150 °C, 18h . é

1.20
1.00
g >
3 0.80 AI'_N\ /N_AI'
£ Pt H H
20.60 cl” el v . {
Ar—N N—Ar 2R\
2 6 . Ar—N  N—Ar
5040 Pt Pt
= N
w 2o Cl Cl Cl/ \CI
12 13
0.00

Moving forward, we pursued further studies with these complexes shown to exhibit a limited
background reaction under N2. Preliminary studies with both 12 and 13 afforded only trace ethane
and ethylene under CH4 pressures. However, further studies with 12 and 13 using other oxidants,

bases and solvents could be pursued to generate higher yields of ethane and ethylene.
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Table 4.4. Ethane and Ethylene Observed from 12 and 13 under CH4 and N2

[Pt] (80 umoles),
Ag,0 (10 equiv), CsOPiv (10 equiv)

CHy or N, > H4C-CH, + H,C=CH,
(10 Bar) TFE, 150 °C, 18h
Entry  Complex CH, or N, (“rﬁg;:;‘)e (“If;g?/elesgle
! 12 CH, 0.06 0.07
2 12 N, 0.03 0.03
8 13 CH, 0.06 0.07
4 13 N, not detected not detected

After elucidating the main source of ethane in these background reactions conducted under N2
pressures, further investigation into the conversion of methane to ethane could be pursued with
metal complexes containing modified backbone functionality, such as 12, 13 and 14
((MeDABY)PLCI,). Further ligand design to generate complexes less likely to form C, products
upon decomposition, such as with trifluoromethyl substituents, could also be pursued in this

transformation.
Conclusions

From this work, we have identified a series of reactions from high throughput experimentation
that resulted in ethane and ethylene. Furthermore, we established a method to efficiently analyze
and quantify the products of these reactions, through gaseous headspace and solution-phase
sampling techniques. With these developments, we have pursued several of the HTE reactions
shown to generate ethane and ethylene, identifying and mitigating a background reaction observed
with several of the diimine ligands. Interestingly, these diimine ligands have been used by Bercaw
and others in stoichiometric studies of methane functionalization, however, to our knowledge there
are no reports of this decomposition pathway to generate ethane.?#%23335 Qverall, these studies

could provide insight into ligand design in future studies on methane functionalization.
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Future Directions

In pursuing future routes to methane oligomerization, the activation of methane remains a
challenge. To achieve this key C—H activation step, one alternate approach could combine two
catalysts, A and B, in a tandem process, as shown in Scheme 4.7. This type of process would
involve: (1) activation of methane by complex A to form Achs; (2) subsequent methyl transfer
from complex AcwHs to complex B, resulting in Bcrs; and (3) oxidation/reductive elimination at
Bcns to generate ethane. Using this system, the most proficient metal complexes could be chosen
for each step, circumventing the requirement for one catalyst to efficiently perform all of the steps
in the catalytic cycle. Additionally, improvement of each step could be achieved by tuning
complex A and B independently to improve both methane activation and C-C reductive

elimination.

Scheme 4.7. A Tandem Catalytic Approach to Methane Coupling

i) C-H Activation
H,C-H

<C\M/X <C\M/CH3
c— X -HX c— . X
A Achs
ii) Methyl
Transfer

N—_, —CHs N, —X
Bchs B
iii) Oxidative
[Ox]* Coupling 1/2 H3C-CH;

oy
MIV/CH3

N—
[Ox] L

X =1, OAc, CF3;, TFA

Initially, we would envision applying complexes previously demonstrated to achieve each step
of this process to the tandem catalytic cycle. For example, several palladium and platinum
complexes have been used in methane functionalization reactions or H/D exchange studies with

methane, implicating their propensity for the methane activation. Thus, similar complexes could
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be employed in this tandem system as A, for methane activation step. In Chapter 2, we
demonstrated generation of ethane from the oxidation of Pd"—-CHj species. Additional work in our
group'®!® and others®2°3® has shown the oxidation of dimethyl Pd and Pt species under mild
conditions also generates ethane. Based on this work, similar catalysts for B would be promising

in facilitating the oxidative coupling.

One main challenge introduced with tandem catalysis involves methyl transfer between two
different metal centers, proceeding from A to B. To address this, stoichiometric studies on this
methyl transfer could provide optimal conditions and metal complexes for the overall
transformation to generate ethane. Insight gained from stoichiometric work could be applied to

catalytic studies to convert methane to ethane.

To explore methyl transfer between A and B, we conducted very preliminary stoichiometric
studies with a biscarbene Pd complex (16) and tbpy Pd complex (17), representing Acns and B,
respectively. Complex 16 was chosen for Achs as biscarbene Pd complexes analogous to 16 have
been used in the partial oxidation of methane, a process that is believed to involve initial methane
activation.'? Thus, biscarbene Pd complexes similar to 16 could be promising as catalyst A in this
tandem system. In Chapter 2, we have shown that the treatment of 18 with 1 and 2 e oxidants
affords ethane in good yields. As 18 has been shown in the oxidative coupling to access ethane,
this complex likely could perform as catalyst B in the tandem system. With these two promising
complexes representing A and B, we wanted to examine the methyl transfer step from 16 to 17,

required to realize a tandem approach.

In preliminary studies, 16 and 17 were combined under mild conditions, affording complex 18
after 1 h. This reaction provides some initial proof-of-principle for the methyl transfer step,
however further mechanistic studies will provide necessary insight to achieve methane coupling
with a tandem system. Using complexes similar to 16 and 17, tandem catalysis could provide a

promising alternate route to methane coupling.
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Scheme 4.8. Tandem Catalysis to Convert Methane to Ethane

B THF, 25 °C N
f CH ‘Bu~ ! f ‘Bu
3 [ 1h ' S
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Bu Bu Observed by 'H NMR

16 17 18

Another approach to address the challenge of methane activation would employ the use of other
metal centers. A number of metal complexes have been shown to perform alkane
functionalization,¢-38 and perhaps the different properties of these metal centers could be exploited
in methane activation. For example, cobalt complexes have been shown to facilitate both C-H
activation of alkanes and oxidative coupling to generate ethane.3**! Thus, application of similar
cobalt complex to our proposed catalytic cycle could provide an alternate route to methane

coupling with Pd or Pt species.

Based on prior reports, cobalt complexes can facilitate the non-directed C—H activation of arenes
and alkanes. Brookhart and coworkers demonstrated C—H activation of alkanes with 19, to access
alkane dehydrogenation products.®® Additionally, cobalt pincer complexes such as 20 have been
shown by Chirik*? to facilitate borylation of benzene, proposed to proceed through oxidative
addition of the C—H bond. Thus, similar bidentate and tridentate cobalt complexes could be applied
to methane activation in our catalytic cycle. Furthermore, stoichiometric studies**** with Co''-
CHs species, such as 21, have selectively afforded ethane, as shown in Figure 4.1. Based on these
precedents, similar cobalt complexes containing bidentate or pincer ligands could be used in efforts

to oxidatively couple methane.
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Figure 4.13. Precedents for Cobalt Mediated C—H Functionalization and HsC-CH3s
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For C-H Activation/Functionalization:
P
I = N /P’ Pr
Co <~N-c§
> ~CH,SiMe
\ Z>TMs P 2SiMes
o\
TMS Pr IPr
19 20
Of Alkanes Of Arenes
For H3C-CH3 Reductive Elimination:
_ (bpy)oF
—=N H py)Fe
:Co/c ® = s HyCCH;
=N “CH, MeCN
= 21

General Experimental Procedures and Characterization

General Instrumentation.

NMR spectra were obtained on Varian vnmrs 700 (699.76 MHz for *H; 175.95 MHz for 13C),
Varian vanmrs 500 (500.1 MHz for H; 125.75 MHz for *C), Varian MR 400 (400.52 MHz for 1H;
125.70 MHz for 13C; 376.87 MHz for *°F) or Varian Inova 500 (499.90 MHz for *H) spectrometers.
'H and *3C chemical shifts are reported in parts per million (ppm) relative to the referenced solvent
peak. Multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet (q), doublet of
doublets (dd), heptet (h) and mulitiplet (m). Gas chromatography was carried out on a GC-FID
(Shimadzu GC-2010 Plus) using a 1 mL sample loop and a GS-CarbonPLOT (30 m, 0.32 mm ID,
3.00 um df,) column obtained from Agilent with high purity helium as the carrier gas. In all
reactions, the back-pressure regulator was set at atmospheric pressure. The method for analyzing
gases utilized a split injection (20:1) and an isothermal method (60 °C, 5 min) with an FID detector
(250 °C). GC yields were calibrated based on a mixed tank of ethane in methane (0.11%), obtained
from Metro Welding. All pressure reactions were prepared in an N»-filled glovebox, sealed, and
then pressurized with N2 or CHa. The synthesis of metal complexes was conducted in air, and the

complexes were dried overnight under vacuum before transferring into the glovebox.
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Materials and Methods

Acetone, dichloromethane, methanol, pentanes and tetrahydrofuran were obtained from Fisher
Scientific or VWR and used without further purificaiton. All deuterated solvents were obtained
from Cambridge Isotope Laboratories and used without further purification., 2,3-butanedione
(Alfa Aesar), cesium carbonate (Aldrich), cesium pivalate (Aldrich), hexafluorobenzene (TCI), 4-
isopropyl aniline (Aldrich), N-fluoropyridinium tetrafluoroborate (TCI), palladium acetate
(Pressure Chemical), palladium pivalate (Aldrich), palladium trifluoroacetate (Strem),
pentafluoropyridine (Matrix), potassium hexachloroplatinate (Pressure), potassium periodate
(Aldrich), potassium t-butoxide (Acros), silver oxide (Acros), 2,2,2-trifluoroethanol (Alfa Aesar)
and Zeise’s dimer (Strem) were obtained from commercial vendors and used without further

purification. Silver pivalate was prepared based on literature procedure.

Synthesis and Characterization of Complexes
Diimine ligands (°P"DABM®),%3 (PP DABH),* (CP'DABN®) 45 (MepDABME) 24 (MMep A gMe) 24
(PMeDABMe) 46 (MespABMe) 24 gng  (MeSDABHM)*" were synthesized based on precedent reports. The
palladium and platinum complexes (4,4’-di-tert-butyl-2,2’-bipyridine)PdCl. (1),%” (dipyridyl
ketone)PdCl; (2),?8 (4-tert-butylpyridine).PdCl> (3),2° (2,2’-bipyrimidine)PtCl (4),* (4,4’ -di-tert-
butyl-2,2’-bipyridine)PtCl, (5),* ("™DABM®)PtCl, (7),*® and (°M*DABM®)PtCl, (8)** were

prepared based on literature procedures.
General procedure for synthesis of DABPtCIl2. complexes

The synthesis of Pt complexes is based on established procedures for the synthesis of
(M™eDABMEYPLCI, (7).32 Zeise’s dimer [(C2H4)PtCl2]2 (1 equiv) was suspended in THF at 25 °C,
resulting in an orange solution after 10 m. Diimine ligand (2 equiv) was then added to the
suspension and the solution was stirred at 25 °C for 24 h, affording a color change (dark red or
brown depending on the ligand). The solution was then concentrated to 0.5 mL and 10 mL of
pentanes was added to precipitate the product. The solids were collected on a glass frit and dried

overnight under vacuum.
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(“PrDABMe)PtCI; (6). A brown powder (167 mgs, 74% yield) was isolated. *H NMR (401 MHz,
298 K, Acetone-ds) & 7.50 — 7.16 (m, 6H), 3.19 (h, J = 7 Hz, 4H), 1.95 (s, 6H), 1.40 (d, J = 7 Hz,
12H), 1.18 (d, J = 7 Hz, 12H). Elemental Analysis: calculated for C2sH40CI2N2Pt, C: 50.15, H:
6.01, N: 4.18; Found: C: 49.98, H: 5.95, N: 4.12.

Cl/ \CI
9

(PMeDABMe)PLCI2 (9). A brown powder (115 mgs, 36% yield) was isolated. *H NMR (700 MHz,
298 K, Acetone-ds) § 7.30 (d, J = 8 Hz, 4H), 7.03 (d, J = 8 Hz, 4H), 2.37 (s, 6H), 1.81 (s, 6H).1*C
NMR (176 MHz, 298 K, DMSO-ds) 6 180.43, 142.92, 137.10, 128.84, 123.15, 20.71, 20.58.

(MesDABMe)PLCI2 (10). A brown powder (182 mgs, 47% yield) was isolated. *H NMR (401
MHz, 298 K, Acetone-ds) & 6.52 (s, 4H), 1.83 (s, 6H), 1.70 (5, 12H), 1.28 (s, 6H). *C NMR (175.95
MHz, 298 K, DMSO-ds): 180.42, 141.02, 136.53, 129.61, 128.28, 20.51, 19.16, 17.08.
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(PP'/DABM®) (21). Dissolved para-isopropyl aniline (0.73 mL, 5.3 mmol, 2 equiv), 2,3-
butanedione (0.23 mL, 2.7 mmol, 1 equiv) and trifluoroacetic acid (3 drops) in methanol (10 mL)
and let stand at 25 °C for 6 h. The precipitate was isolated on a glass frit and washed with additional
methanol. A yellow powder (424 mgs, 50% yield) was collected. *H NMR (700 MHz, 298 K,
Acetone-ds) 8 7.27 (d, J = 8 Hz, 4H), 6.76 (d, J = 8 Hz, 4H), 2.92 (hept, J = 7 Hz, 2H), 2.12 (s,
6H), 1.24 (d, J = 7 Hz, 12H). 3C NMR (176 MHz, 298 K, Acetone-ds) 5 168.65, 149.88, 145.05,
127.65, 119.74, 34.33, 24.46, 15.32.

(PP"'DABMe)PtCI2 (11). A yellow powder (296 mgs, 51% vyield) was isolated. *H NMR (700
MHz, 298 K, DMSO-ds) § 7.37 (d, J = 8 Hz, 4H), 7.08 (d, J = 8 Hz, 4H), 2.97 (hept, J = 7 Hz,
2H), 1.80 (s, 6H), 1.25 (d, J = 7 Hz, 12H). 2*C NMR (175.97 MHz, 298 K, DMSO-ds) & 180.48,
147.78, 143.17, 126.15, 123.23, 32.98, 23.74, 20.66.

PrH HPr
NHN
i \Pt/ i
Pr VAN Pr

Cl 12 Cl

(“P'DABH)PtCI2 (12). A red-brown powder (62 mgs, 91% vyield) was isolated. *H NMR (401
MHz, Acetone-ds) 5 9.82 (s, 2H), 7.96 — 7.69 (m, 6H), 3.80 (h, J= 7 Hz, 4H), 1.84 (d, J = 7 Hz,
12H), 1.65 (d, J = 7 Hz, 12H). 13C NMR (175.97 MHz, 298 K, DMSO-ds) & 183.38, 140.89,
132.94, 129.07, 123.30, 28.04, 24.21, 23.08.
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(“PrDABNaPtPtCI; (13). A dark red powder (232 mgs, 90% yield) was isolated. *H NMR (700
MHz, 298 K, Acetone-ds) 8 8.07 (d, J = 8 Hz, 2H), 7.19 (t, J = 8 Hz, 2H), 7.13 (t, J = 8 Hz, 2H),
7.02 (d, J = 8 Hz, 4H), 6.13 (d, J = 7 Hz, 2H), 2.99 (hept, J= 7 Hz, 4H), 0.92 (d, J = 7 Hz, 12H),
0.46 (d, J = 7 Hz, 12H). 3C NMR (175.97 MHz, 298 K, DMSO-ds) & 176.84, 146.15, 140.48,
140.10, 132.11, 132.79, 130.02, 129.42, 125.68, 124.27, 123.73, 28.05, 23.58, 23.38.

(MesDABH)PLCI2 (14). (SMe2)2PtCl> complex (200 mgs, 0.51 mmol, 1 equiv) was dissolved in
acetone (10 mL) and the DAB ligand (165 mgs, 0.56 mgs, 1.1 equiv) was added to solution. The
reaction was stirred at 25 °C for 24 h and then concentrated to ~0.5 mL. Pentanes (10 mL) was
added and the solution was cooled to -33 °C to precipitate out the product. A brown powder (223
mgs, 78% vyield) was isolated on a glass frit. *H NMR (500 MHz, 298 K, DMSO-ds) & 9.00 (s,
2H), 6.98 (s, 4H), 2.29 (s, 6H), 2.21 (s, 12H).

General Procedure for High Throughput Experiments

All solids were weighed out into 5 mL glass liners in the N»-filled glovebox. The well of each
reactor was then filled with 0.1 mL of solvent, followed by insertion of the glass liner into the well.
Solvent was added outside the liner to prevent evaporation of the solvent from the reaction inside
the liner. Subsequently, the reactors were sealed and pressurized with N2 to ensure each reactor
maintained pressure. If any of the reactors failed to hold pressure, the o-ring inside the reactor was
replaced and this test was repeated. The N2 pressure was vented and the reactors were pressurized
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with 10 bar CHa. Then approximately 2 mL of solvent was added to the pressurized reactions, and
the reactors were heated to the appropriate temperatures. On day 1 — 3 of HTE studies, the reactors
were heated at 50 °C for 1 h and then the temperature was increased to 120 °C for 12 -13 h. On
the final day of experiments, the temperature was modified to 100 °C for 6 h and 150 °C for 6
additional hours, to attain more methane activation at higher temperatures. The reactors were then

cooled to 25 °C over 3 h and sampled.

General Procedure for Sampling of Headspace for HTE

The sampling of each headspace was performed in a similar manner to the procedures established
by our collaborators, Dr. Johanna Blaquiere and Dr. James Mayer. Each reactor was vented directly
into a gas bag, and the reactor was then pressurized with 10 bar N2 and vented into the same bag
to flush out any remaining gaseous products in the reactor. A gas tight needle was used to remove
10 pL of the gaseous mixture via a septum on the gas bag. The gaseous mixture was then manually

injected into the GC instrument, using an J&W Carbon-PLOT column.
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Figure 4.14. HTE Generating C2 Products

P Ethane Peak Ethylene Peak Metal Complexes:
Entry Metal Complex Oxidant Ared Ared
12 1,2,3 KIO4 05 0
28 12,3 NOBF 05 0 H C />—<\
3 1,2,3 N—ﬂuorcg‘)gridinium 05 0
4
4 1,2,3 N-fluoropyridinium 05 0 CI 1 (‘|
BF.
55 Pd(TFA)2, Pd(OPiv),, Pd(OAc). Ag20 0 1.3
62 K2PtCls + thutylbiscarbene AgOPiv, KIO4 0 13 C(L\ﬁ H
72 4 N-fluoropyridinium 05 0 & _
BF.
8° 5,6,7 Ag20 0 0.5
g 5,6,7 N-fluoropyridinium 05 05
BF.
10¢ 6,9 Ag20 24 1.7
11¢ 4,8,9 CAN 1.1 0 % (gb
12¢ 6,9 KIO 1.1 438
13 Control: (*"DABVe)Pt(CH,), , (Ar=mCF) Ag,0 5.9 1.1 i CI
14 Control: (A"DABMe)Pt(CH,), , (Ar =mCF) Ag,0 32 12
15 Control: (*"DABMe)Pt(CH,), , (Ar =mCF) Ag,0 6.7 15 R H R
16 Control: (Tetramethylethylenediamine)Pd(CH3), Ag0 95 0 Q—N/ \N©
17 Control: (1,5-cyclooctadiene)Pt(CHz)> Ag20 72 131 R >P< R
18 Control: (1,5-cyclooctadiene)Pt(CHz)2 KIO4 165.4 19 Cl Cl
19 Control: (C,H,)PdCl, Ag20 1.2 185.7 6: R =26-Pr
20 Control: (C;Hs)PdCl, Ag20 21 170.7 7:R=35-Me
21 Control: P{(OAc),, (C;Hs)PdCl, Ag20, KIOq 14 222 8:R=26-Me
9:R=4-Me

General Procedure for Conversion of CH4 to C2Hs Conducted in the Sanford Lab

All components of the reaction were dried overnight under reduced pressure before transferring
into the glovebox. To prevent background contamination, the Hastelloy® well, glass liner, and
Teflon® stirbar were dried in the oven for at least 3 h, and then pumped into the glovebox while
still hot. All reactions were prepared in an No-filled glovebox. The metal complex (60 umoles),
oxidant (600 umoles, 10 equiv), base (600 umoles, 10 equiv) and AgOPiv (126 umoles/ complex,
2.1 equiv/complex) were weighed into the glass liner. Dry solvent (2 mL) was added to the glass
liner along with ~5 mL of solvent in the well to prevent the reaction from drying out. The glass
liner was then inserted into the well of the reactor, and sealed before removing the pressure vessel
from the glovebox. Each vessel was then pressurized with 10-12 bar of CHa, and heated to 165 °C
on an custom built aluminum block (to reach an internal temperature of 150 °C). The vessels were
stirred at 165 °C for 18 h, then removed from the heating block and submerged in ice until reaching
25 °C. The cooled reactors were sampled via GC-FID using a GS carbon-PLOT column. Each

reaction was performed in duplicate or triplicate.
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General Procedure for Sampling of Headspace in the Sanford Lab (Modified System)

Each reactor was directly connected to the GC sample loop via Swagelok® quick-connect
fittings and vented into a section of tubing closed off from the GC by a two-way valve. The reactor
was then closed and the sample in the tube was released into the GC sample loop upon opening
the two way valve. This step is repeated 10 times to ensure a complete purge of the prior sample.
The sample loop must be in the correct position to allow the sample to flow into the loop (position
91). The GC program includes the switching of the sample loop between the two positions ( -91
inject to column, 91 load), however it can be manually changed using the function button, pressing
5 and then 91 enter to access the load position. After the sample is purged through the sample loop,
the green start button must be pressed to turn the sample loop and inject the sample onto the GC

column. The yield from each reactor is an average of 5 injections.

Figure 4.15. Diagram of the Sample Loop on the GC-2010 Plus

Sample from To Backpressure Sample from To Backpressure
Reactor Regulator Reactor Regulator

He Carrier To GG Heg:;ner To GO
85 Column Column
1 mL Sample Loop 1 mL Sample Loop
To Load Sample To Inject Sample Onto GC
Manual Command: 91 Manual Command: -91

Scheme 4.9. Ethane and Ethylene Generated from 6 Under Pressure of CH4 or N2

6, Ag,0, CsOPiv

CH, or N, HsC—CH; + H,C=CH, Py (P
TFE, 150 °C, 18 h QN’\ :N©
(10 Bar) ipr /Pt i

w/CH,: 0.5+0.2 0.3+0.1 ' Pr

Cl Cl
w/Nz. 0.3+0.1 0.2+041 6
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General Procedure for Investigating Background C2 Products

All components of the reaction were dried overnight under reduced pressure before transferring
into the glovebox. To prevent background contamination, the Hastelloy® well, glass liner, and
Teflon® stirbar were dried in the oven for at least 3 h, and then pumped into the glovebox while
still hot. All reactions were prepared in an No-filled glovebox. The platinum complex (80 umoles),
Ag20 (184 mgs, 800 umoles, 10 equiv) and CsX (800 pumoles, 10 equiv) were weighed into the
glass liner. Dry 2,2,2-trifluoroethanol (2 mL) was added to the glass liner along with ~5 mL of
solvent in the well to prevent the reaction from drying out. The glass liner was then inserted into
the well of the reactor, and sealed prior to removing the pressure vessel from the glovebox. Each
vessel was then pressurized with 10-12 bar of CH4 or N2, and heated to 165 °C on an custom built
aluminum block (to reach an internal temperature of 150 °C). The vessels were stirred at 165 °C
for 18 h, then removed from the heating block and submerged in ice until reaching approximately
25 °C. The cooled reactors were sampled via GC-FID using a GS carbon-PLOT column. Each

reaction is performed in duplicate.

Scheme 4.10. Ethane and Ethylene Generation from Complex 6 at Reduced Times

6, Agzo, C82C03
NZ H3C_CH3 + HzC:CHz i i
TFE, 150 °C, XX h PN
(10 Bar) N\ /N
3 h: 0.68 umoles 0.26 pmoles pr Pt pr
Cl' Cl

6 h: 0.74 pmoles 0.05 pmoles

18 h: 1.33 pumoles 0.14 pmoles

Table 4.5. Ethane and Ethylene Formed at Reduced Temperatures

6 (80 umoles), Cs,CO3 (10 equiv)
Ag,0 (10 equiv))

CH; or N, » H;C-CH; + H,C=CH,
(10 Bar) TFE, T °C, 18h
Entr CHsor N Temperature Ethane Ethylene
d ) ° P (umoles) (umoles)
1 N2 150 °C 1.33 0.14
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2 N2 120 °C 0.44 0.25
3 CHa 120 °C 0.07 0.02
4 CHas 100 °C not detected not detected

Scheme 4.11. Ethane and Ethylene Generation Using CsOPiv or Cs2COs3 with

Complex 6
6, Ag,0, CsX
Nz > H3C_CH3 + Hzcchz i i
TFE, 150 °C, 18 h N
(10 Bar) N\ /N
w/ CsOPiv: 0.31 pmoles  0.24 pmoles Pr Pt Pr
(¢]] 6 Cl

w/ Cs;C03: 1.33 umoles  0.14 pmoles

Scheme 4.12. Generation of Ethane and Ethylene from Pt Complexes Under N2

[Pd], Ag,0, CsOPiv
N2 - H3C—CH3 + HzC:CHQ
TFE, 150 °C, 18 h

(10 Bar)
Entry Complex R= R = Ethane Ethylene
1 6 2 6-iPr Me 0.31 0.24 R R' R’ =
2 10 246Me  Me 1.00 0.40 N NS
) Pt
3 1 4-iPr Me 0.14 0.09 CI/ \Cl
4 12 2 .6-iPr H 0.03 0.04 [Pt]
5 13 2,6-1Pr Napthyl not detected not detected
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