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ABSTRACT: This article describes the high-yielding and selective oxidatively (N

CHg Oxidant
—

“Pdil” H,C —CH,4

induced formation of ethane from mono-methyl palladium complexes. Mecha- "N X

nistic details of this reaction have been explored via both experiment and
computation. On the basis of these studies, a mechanism involving methyl group
transmetalation between Pd" and Pd" interediates is proposed.

| Key step in conversion of methane to ethane

B INTRODUCTION

The catalytic oxidative coupling of methane is an attractive
route to ethane and higher hydrocarbons." While heteroge-
neous catalysts are known for this transformation,"* their
modest selectivities and high reaction temperatures have moti-
vated the pursuit of more selective and milder homogeneous
alternatives.” To date, examples of homogeneous catalytic
alkane/alkane coupling remain rare.*> We hypothesized that
the development of such processes could be informed by
analogy to better-known arene C—H oxidative coupling reac-
tions.” For instance, the Pd-catalyzed dimerization of dimethyl
phthalate is a key step in the industrial preparation of the
monomer precursor to Upilex.” The catalytic cycle for this reac-
tion is believed to involve the following steps: (i) arene C—H
activation by A to generate mono-aryl Pd" complex B,, (Ar =
aryl), (ii) disproportionation to form bis-aryl Pd" adduct C,,,
(iii) C—C bond-forming reductive elimination to release the
product biaryl and Pd’, and (iv) oxidation of Pd° to regenerate
the Pd" catalyst (Scheme 1).

Scheme 1. Pd-Catalyzed Arene Oxidative Dimerization
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Methane activation at Pd" to form mono-methyl complexes
analogous to By, has significant precedent.>®® In contrast, the
generation of ethane from analogues of B, (putative steps ii
and iii) has not been reported.'” The primary challenges asso-
ciated with ethane formation from mono-methyl Pd" com-
plexes are that (a) transmetalation at Pd" (step ii) is highly
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thermodynamically unfavorable'" and (b) the subsequent C—C
coupling step at dimethyl Pd" complexes is slow and low
yielding, even under forcing conditions.'’ We hypothesized that
these challenging steps could be circumvented via the catalytic
cycle proposed in Scheme 2. This would involve: (i) CH,

Scheme 2. Proposed Catalytic Cycle for Pd-Catalyzed
Methane Oxidative Dimerization
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activation at Pd" to generate mono-methyl complex By, (ii)
oxidatively induced transmetalation to form dimethyl Pd"
species D, and (iii) C—C coupling from D to regenerate the
Pd" catalyst.”

Importantly, CH;—CHj coupling at Pd™ and Pd" dimethyl
complexes (step iii) is well-known to occur much more readily
than that from analogous Pd" species.’*'*'*'*> Furthermore,
we have previously demonstrated a related oxidatively induced
CH,—CHj reductive elimination starting with the dimethyl Pd"
complex (dtbpy)Pd(CHj;), (1, dtbpy = 4,4’-di-tert-butyl-2,2'-
bipyridine) (eq 1).** The treatment of 1 with 1.1 equiv of
ferrocenium (Fc*) yielded ethane in 49% yield (maximum
theoretical yield = 50%) via Pd"" intermediate 2. This reaction
provides proof-of-principle for the feasibility of the proposed
oxidative transmetalation step (Scheme 2, step ii). However,
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there is currently no precedent for accessing Pd dimethyl
complexes like 1 via CH, activation."* Thus, in order to realize
the catalytic cycle in Scheme 2, it is critical to achieve CH;—CHj,
coupling from mono-methyl intermediates like Byy,.” Herein, we
report oxidatively induced ethane formation from mono-methyl
Pd" complexes. Both experimental and computational details
about the mechanism of this transformation are discussed.

B RESULTS AND DISCUSSION

Reactivity of 3. Our initial studies focused on the genera-
tion of ethane from mono-methyl Pd" complex (dtbpy)Pd-
(CH;)(OAc) (3). Acetate and other carboxylate ligands have
been widely utilized in Pd-catalyzed methane functionalization
reactions.”'® These are often proposed to promote C—H acti-
vation via concerted metalation—deprotonation-type mecha-
nisms.'® Complex 3 was synthesized by the reaction of (dtbpy)-
Pd"(CH,)(Cl) with AgOAc and was characterized by NMR
spectroscopy and elemental analysis. This complex is quite
stable in the absence of an oxidant. For instance, 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. Complex 3 does
decompose upon heating to 100 °C for 21 h in acetone-dg
(eq 2). This results in CH;D as the major organic product (83%
yield) along with only small amounts of ethane (7%). Notably,
no CH;0Ac was observed under these thermolysis conditions.

X CH3;H + CH3;D
no oxidant

No_ . _CH (7%) (83%)
N /Pd”:OAZ 100 °C, 21 h OA (&)
’ H;-CH CH3;-OAc
(3) acetone-dg CHs~CHy + 3

(7%) (not detected)

In contrast, 3 reacts rapidly with various oxidants at 25 °C
in acetone-d; to form ethane in 11—-37% vyield (Table 1).

Table 1. Oxidation of 3 with le~ and 2¢~ Oxidants®

N - CH; 1.2 equiv Oxidant
n- CH3-CH3 + CH3;D + CH3;0A:
(NP one 25°C, 1 h s ? sone
@3) acetone-dg
yield yield yield
entry oxidant CH? CH,* CH;0Ac
1 K,$,04 11% <1% <1%
2 PhI(OAc), 15% 31% 37%
3 PhI(OTFA), 28% 3% 49%*
4 CAN 17% <1% <1%
S AgBF, 22% 1% <1%
6 AcFcBE, 36% <1% <1%
7 NFTPT 31% <1% <1%
8¢ NFTPT 37% 1% <1%

“Conditions: 3 (4 gmol, 1 equiv), oxidant (4.8 ymol, 1.2 equiv), 1,1,2-
trichloroethane (4 ymol, 1 equiv, standard), acetone-dg, 25 °C, 24 h.
The theoretical maximum yield of ethane is 50%. “The theoretical
maximum yield of CH, and CH;0Ac is 100%. 9CH,OTFA is formed
in 49% yield in this reaction. “Conditions: 3 (4 umol, 1 equiv),
NFTPT (20 umol, § equiv), 1,1,2-trichloroethane (4 pmol, 1 equiv,
standard), acetone-dg, 25 °C, 1 h.

Importantly, the maximum possible yield of ethane in these
experiments is 50%. Minimal CH;D (or CH,) is observed with
most oxidants (<1% in all cases except with hypervalent iodine
oxidants, entries 2 and 3). The yield of ethane varies signifi-
cantly as a function of oxidant. In some cases, this is due to
competitive processes. For instance, hypervalent iodine oxi-
dants bearing carboxylate ligands (e.g,, PhAI(OAc),, PhI(OTFA),,
entries 2 and 3) afford significant quantities of CH;0Ac and
CH;OTFA as well as CH;D. Overall, the highest yields of
ethane (and cleanest reactions) are observed with the le~
oxidant acetylferrocenium tetrafluoroborate (AcFcBF,)"” and
the 2¢~ oxidant N-fluoropyridinium triflate (NFTPT) (entries 6
and 7). The reaction of 3 with 1.2 equiv of each of these
oxidants affords ethane in 36 and 31% yield, respectively. With
1.2 equiv of NFTPT, there was ~15% of a Pd(CH;) species
remaining at the end of this reaction. The use of an excess of
oxidant (S equiv) could be used to push the reaction to full
conversion; under these conditions, ethane was formed in 37%
yield (entry 8).

The inorganic byproducts of these transformations are (dtbpy)-
Pd"(OAc)(BF,) (4) with AcFcBF, and (dtbpy)Pd"(OAc)(X)*
[X = F~ (5-F); X = 2,4,6-trimethylpyridine (5-TP)] with
NFTPT. The X ligands of 4 and § (BF,”, F~, and TP) are in
rapid exchange with solvent (acetone or water); thus, the com-
plexes 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-F/TP is 55% under our standard
reaction conditions.

Mechanistic Studies. We next sought to gain insights into
the mechanism of ethane formation in these systems using a
combination of experiment and theory. A first set of experi-
ments was performed to assess whether methyl radical inter-
mediates (CH;e) are involved in ethane formation from
complex 3. The reactions of 3 with AcFcBF, and NFTPT were
performed in the presence of 40 equiv of the H atom donor
1,4-cyclohexadiene (CHD). As discussed in our prior work,™
CH;e intermediates formed under these conditions would be
expected to participate in rapid He abstraction from cyclo-
hexadiene to afford CH, in high yield. As shown in Table 2,
entries 3 and 4, <6% methane was detected under these con-
ditions, with only small decreases in the yield of ethane. These
results suggest against CH;e formation as a major pathway to

Table 2. Influence of Cyclohexadiene and Light of Oxidative
Ethane Formation from 3

(: ~pdl :g:z 22’2'(‘?’:; CH3-CH; + CHyD
(3) acetone-dg
yield yield
entry oxidant conditions C,Hg CH,
1 AcFcBF, none 36% <1%
2 NFTPT none 37% 1%
3t AcFcBF, CHD 29% 2%
4b NETPT CHD 35% 6%
5° AcFcBE, no light 38% <1%
6° NFTPT no light 39% <1%

“Conditions: 3 (4 ymol, 1 equiv), AcFcBF, (4.8 yumol, 1.2 equiv) or
NFTPT (20 pmol, S equiv), 1,1,2-trichloroethane (4 umol, 1 equiv,
standard), acetone-d;, 25 °C, 1 h. Y40 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.
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ethane. We also compared the reactions of 3 with AcFcBF, and
NFTPT carried out under ambient light to those conducted in
foil-wrapped NMR tubes. As shown in entries 5 and 6, nearly
identical yields were obtained in the presence and absence of
light, suggesting against mechanisms involving light-induced
cleavage of the Pd—CHj; bonds.

We next conducted low temperature NMR experiments in an
attempt to observe organometallic intermediates during the
oxidation of complex 3. Importantly, our previous studies of the
reaction of Pd dimethyl complex 1 with FcBF, showed the
formation of trimethyl Pd" intermediate 2 (eq 1).** Complex 2
was proposed to form via initial oxidation of 1 followed by
subsequent methyl group transmetalation between a dimeth-
yl Pd" intermediate and the dimethyl Pd" starting material.
Intermediate 2 is stabilized by the presence of three strongly
electron donating methyl groups; thus, its detection at low
temperature by 'H NMR spectroscopy was relatively
straightforward."*

We hypothesized that an analogous methyl group trans-
metalation process could be occurring during the oxidation of
3 (Scheme 3). However, here, the penultimate organometallic

Scheme 3. Proposed Mechanism for Ethane Formation
from 3
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intermediate would be the dimethyl Pd" species 8, which is
expected to be significantly less stable than its trimethyl
analogue.'” The treatment of 3 with NFTPT or AcFcBF, at
—78 °C in CD,Cl, resulted in 'H NMR spectra with broad,
uninterpretable signals. The formation of ethane occurred upon
warming these samples to —60 °C. The addition of 100 equiv
of CH;CN (which was anticipated to stabilize cationic Pd"
complexes such as 8)"? did marginally enhance the stability of
the intermediates formed during this process. However, the
spectra remained broad and showed a complex mixture of 'H
NMR signals. Furthermore, warming this mixture to —40 °C
resulted in the rapid liberation of ethane.

We turned to DFT to obtain a mechanistic picture of the
reactivity of 3 with oxidants. We selected the reaction of
NFTPT with 3 for detailed computational study for two rea-
sons. First, it affords the highest yield of ethane of any of the
transformations in Table 1. Second, NFTPT is well-known to
function as a 2¢~ oxidant for Pd" centers,'® thus limiting the
likelihood of odd-electron intermediates, which would be much
more difficult to treat computationally.'” Notably, these calcu-
lations were performed using bipyridine (bpy) in place of dtbpy
as the ligand at palladium; as such, the starting material is
termed 3’ and subsequent intermediates are denoted with a
prime. The DFT calculations® show a low energy 2e” oxi-
dation path that has three steps in the overall conversion of

3’ + NFTP (N-fluoropyridinium) to §'-F/5'-TP and ethane.
These steps are (1) oxidation of 0.5 equiv of 3’ by NFTP to
generate Pd" isomers 6’ and 7', (2) methyl group trans-
metalation between 1 equiv of 7' and 1 equiv of Pd" starting
material 3’ to form 8’ and 5-F/,'**° and (3) ethane reductive
elimination from 8’ to release the products. The details of each
step are discussed below. The initial oxidation of 3’ with NFTP
proceeds via TS I’ (Figure 1) with transfer of F* to the Pd
center. This activation barrier (AG¥ = 17.6 kcal/mol) is the
highest for the entire sequence. The initial product 6’ iso-
merizes to 7’ via a transition structure (TS_II") with a very low
barrier, as would be anticipated for a labile five-coordinate Pd"
center.'” The isomerization is highly thermodynamically
favorable (AG = —8.7 kcal/mol).

Transmetalation of the methyl ligand between 3’ and 7’
proceeds via an early transition state in which the transferring
methyl group is much closer to the initial Pd" than the in-
coming Pd" nucleophile, as reflected in the Pd—CHj distances
(2.183 and 2.756 A, respectively, in TS III’). The geometry at
the carbon of the bridging methyl ligand is not quite trigonal
bipyramidal, as reflected in CH, angles (117.4—117.9°). The
transition structure shows a single imaginary frequency, with an
“umbrella” motion for the methyl group. The transmetalation
reaction is thermodynamically downhill (AG = —19.8 kcal/mol)
and is essentially barrierless. The transmetalation process is
facilitated by the excellent orbital match between the HOMO
of 3’ and the LUMO of 7’ (Figure 1).

Finally, ethane formation occurs via H;C—CHj; coupling at
the five-coordinate complex 8’ (containing an additional weak
Pd--O interaction). The barrier for this process is calculated to
be low (10.5 kcal/mol) in the absence of a strongly coordi-
nating ligand to fill the sixth coordination site. The other
possible reductive elimination reaction from 8’ (H;C—OAc cou-
pling) is much less favorable, with a barrier of 32.4 kcal/mol.
This is consistent with the fact that this product is not observed
with NFTPT as the oxidant.

Model Complex to Detect Intermediates. We reasoned
that replacing the OAc of 3 with a more stabilizing X-type
ligand might enable detection of some of the short-lived inter-
mediates in this ethane-forming reaction. Several recent reports
have shown that CF; ligands stabilize related Pd" intermedia-
tes.'*>94?! Furthermore, CF, ligands are notoriously inert in
reductive elimination reactions, suggesting the possibility that
methyl ligand transmetalation between Pd centers could out-
compete reductive elimination to form F;C—CH;. Thus, we
next targeted (dtbpy)Pd"(CH,;)(CF;) (9) as a model com-
pound for probing reaction intermediates and mechanisms of
oxidatively induced ethane formation from mono-methyl Pd
complexes.

Complex 9 was prepared by treating (tmeda)Pd"(CH;)(I)
with CsF/TMSCF; and then dtbpy. It was characterized by
NMR spectroscopy and elemental analysis. Palladium(II) com-
plex 9 is even more stable than 3 in the absence of oxidants. It
can be stored under N, in the solid state for >6 months without
detectable decomposition and is stable at 25 °C in acetone for
at least 2 days under N,. Even at 100 °C in acetone, it only
decomposes completely after 8 days, yielding CH;D as the
major organic product in 74% yield. Trace ethane (<5%) and
no F;C—CH; were detected (eq 3).

Complex 9 reacts rapidly with AcFcBF, and NFTPT at
25 °C in acetone-ds to afford ethane in 34 and 41% yield,
respectively (Table 3, entries 1 and 2). As with complex 3, <2%
yield of methane was detected in these reactions. The inorganic
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Figure 1. Energy profile for the reaction of (bpy)Pd(CH;)(CF;) (3') with the N-fluoropyridinium cation, together with views of the HOMO for 3’

and LUMO for 7". TP = 2,4,6-trimethylpyridine. Energies AG (AH)

in kcal/mol.
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Table 3. Reaction of 9 with AcFcBF, and NFTPT*

Oxidant
N/de'CH CH3-CH3 + CHyD
N Fs 25°C,1h
(9) acetone-dg
yield yield
entry oxidant conditions C,Hg CH,
1 AcFcBE, none 34% 2%
2 NFTPT none 41% <1%
3t AcFcBF, CHD 29% 2%
4° NETPT CHD 42% 2%
5¢ AcFcBF, no light 39% <1%
6° NFTPT no light 42% <1%

“Conditions: 9 (4 ymol, 1 equiv), AcFcBF, (4.8 pumol, 1.2 equiv) or
NFTPT (20 umol, S equiv), 1,1,2- trlchloroethane (4 pmol, 1 equiv,
standard), acetone-d;, 25 °C, 1 h. Y40 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.

byproduct of both of these reactions is (dtbpy)Pd"(CF;)(X)*
(10, X = solvent, F~, or TP), which is formed in 95 and 72%
yield, respectively.”” The reactions of 9 with AcFcBF, and
NFTPT were essentially unaffected by the presence of 40 equiv
of 1,4-cyclohexadiene (CHD, entries 3 and 4) and by the

exclusion of light (entries S and 6). As with 3, these results
suggest against CHje intermediates as a major pathway to
ethane formation.

DFT calculations show that the lowest energy path for the
reaction of 9’ (bipyridine analogue of 9) with NFTP is di-
rectly analogous to that for 3. It involves three steps: (1)
oxidation of 0.5 equiv of 9’ by NFTP to generate Pd"
mers 11’ and 12/, (2) methyl group transmetalation between 1
equiv of 12’ and 1 equiv of Pd" starting material 9’ to form
13,27 and (3) ethane reductive elimination from 13’ to
release the products (Scheme 4).° This sequence directly par-
allels that found for 3’ (Figure 1); as a result, most of the details
are discussed in the Supporting Information. The barrier for

iso-

Scheme 4. Proposed Mechanism of Reaction of 9 with

NFTPT
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ethane reductive elimination from 13’ is computed to be lower
than that from 8’ (6.0 vs 10.5 kcal/mol, respectively). This
difference can be attributed to the second weak C-O inter-
action in 8'; generally, reductive elimination from six-coordinate
complexes is slower than that from five-coordinate complexes.””

The DFT calculations suggest that 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 six-
coordinate cationic species that could be detected at low tem-
perature by NMR spectroscopy. Conducting the reaction of 9
with NFTPT at —40 °C in CD,Cl, in the presence of 100 equiv
of CD;CN resulted in a complex and uninterpretable mix-
ture of 'H and F NMR signals.28 However, under otherwise
identical conditions, the reaction of 1 equiv of 9 with 1.2 equiv
of AcFc" afforded an intermediate with 'H and '°F NMR signals
consistent with formulation as complex 13-CD;CN (Scheme S).

Scheme S. Reaction of 9 with AcFc* with Added CD;CN

T*BF(
(N “pqi~CFs 1.2 equiv AcFoBF, (N “pgi~CF3
N” ~ “CHz ™ CDLCN (100 equiv) HsC—CHs + "N~ ° “NGCCDj
9 CD,Cly, 25 °C (10-CD4CN)
N" N = dibbpy
25°C
N. _CF No o
A UGN A (N,Pd'V\CFa —
—40°C N~ “NCCDg | ~CH,
(NMR) (10-CD4CN) NCCDg
(13-CD4CN)

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 disappearance
of 13-CD;CN, with concomitant formation of ethane.
Importantly, the rate of appearance of H;C—CHj; was identical
to the rate of decay of 13-CD;CN.

We further corroborated the structure of 13-CD;CN by gen-
erating this complex in situ via an alternative route. The treat-
ment of (dtbpy)Pd(CHj;), (1) with CF;* oxidant 14 at —40 °C
afforded an intermediate with 'H and 'F NMR resonances
matching those of putative intermediate 13-CD,CN (eq 4).*
This observation, along with the DFT calculations, supports the
involvement of Pd" intermediate 13-CD;CN in the oxidatively
induced generation of ethane from 9.

TRE -
CF, | BF4
s

CH, |'BF4
O O \
CH (14) (:ZPd'V -CHs
° | ~CF. ~warm™ HsC—CHg (4

—_—
“CH; CD4CN (100 equiv) NCCD, W?o

m Za8od (13-CD4CN) t
+ isomers

N
C Zpan
N

B CONCLUSIONS

In summary, this report describes the oxidatively induced
generation of H;C—CHj from mono-methyl Pd" acetate and
trifluoromethyl complexes. Experimental studies suggest that
the major pathway for ethane formation does not involve CHz®
intermediates. DFT calculations on the reaction of the OAc and
CF; systems with NFTP show a low energy pathway involv-
ing methyl group transmetalation between 1 equiv of a Pd"

intermediate and 1 equiv of the Pd" starting material. The key
PdV dimethyl intermediate was detected and characterized
during the reaction of (dtbpy)Pd(CH;)(CF;) with AcFcBF,.
Overall, these transformations provide exciting precedent for
the possibility of achieving C—C coupling of methane via a
catalytic cycle like that in Scheme 2. Studies toward this goal
are currently underway.
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