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Abstract We report density functional theory studies on
the CH-activation and functionalization of methane and
propane by palladium (II) complexes with chelating
bis(NHC) ligands. The combined experimental and com-
putational results indicate that a palladium tetrahalogenido
complex is the resting state of the reaction, while the
CH-activation constitutes the rate-determining step of the
catalytic cycle.
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1 Introduction

Natural gas and lower hydrocarbons constitute a vast fossil
feedstock and energy resource. Direct petrochemical con-
version of lower alkanes to liquid products like alcohols
would open up new possibilities for the chemical industry
and promises the reduction of CO, emissions [1, 2].
Therefore, the development of low-temperature, selective
C-H activation protocols is highly desirable. The selective
functionalization of lower alkanes and especially methane
remains a challenge, despite of significant scientific progress
during the last decades [1, 3-7]. Approaches relying on
transition metals have received a lot of attention since the
seminal work of Shilov in the early 1970s [2, 8, 9], however
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the implementation of a highly selective catalytic process
remains to be accomplished.

Many of the reported catalytic C—H activation methods
only work under strongly acidic conditions using expensive
oxidants. Hence, the biggest challenges for the develop-
ment of an economically viable process are the develop-
ment of efficient co-oxidation protocols relying on
molecular oxygen [10-12] and the substitution of aggres-
sive acidic solvents by environmentally benign solvents.

More than a decade ago our group contributed the catalytic
activation and efficient functionalization of methane by pal-
ladium(II) complexes with chelating bis-N-heterocyclic car-
bene (NHC) ligands in trifluoroacetic acid (HOTFA) [13].
These chelating bis-NHC ligands lead to superior reactivity
and catalyst stability compared to other reports on palla-
dium(II) catalysis without NHC ligands [7, 14, 15]. Later we
examined the influence of the bis-NHC ligand design and
transition metal [16-19], determined counterion effects [20],
and extended our studies to propane [18, 21]. In the reaction
with propane, we experimentally observed the predominant
formation of iso-propyl trifluoroacetate (Fig. 1).

As density functional theory (DFT) calculations have
proven to be a valuable tool for the investigation of CH
activation mechanisms [22-27], we decided to model the
mechanism of the palladium-bis(NHC) complex catalyzed
CH functionalization of methane [28]. We proposed, based
on previous work and the synthesis and reactivity of
potential intermediates (Fig. 2) [29-35] that the reaction
proceeds through a palladium catalyst in the oxidation
states of +II and +IV and that the oxidation step is med-
iated by bromine. The C-H activation step was predicted to
be the rate determining state of the catalytic cycle with an
overall barrier of AG” = 439.5 kcal mol .

Furthermore, the calculations predicted that the C-H
activation by 2 is preceded by an oxidative exchange of the
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Fig. 1 Functionalization of
methane or propane in
trifluoroacetic acid
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Fig. 3 Oxidative exchange of bromido ligands

bromido for the trifluoroacetato ligands by persulfate
(Fig. 3).

Herein, we present further DFT calculations on the
mechanism of the alkane oxidation by palladium(II) cata-
lysts with chelating bis(NHC) ligands. We report additional
information on the mechanism, the resting state of the
overall mechanism, and the rate determining step for the
activation of propane as well.

2 Computational Details

The calculations were performed with Gaussian03 [28, 36]
as previously described in detail [28, 36]. The DFT hybrid
model B3LYP [37-40] was used together with the
6-31G(d) basis set [41-43] for geometry optimizations,
palladium was described using a decontracted Hay-
Wadt(n + 1) ECP and basis set [44]. No symmetry or
internal coordinate constraints were applied during opti-
mizations. All reported intermediates were verified as true
minima by the absence of negative eigenvalues in the
vibrational frequency analysis. Transition state structures
(indicated by ts) were located using the Berny algorithm
until the Hessian matrix had only one imaginary

sition states have been corrected by triple-C single-point
calculations on the 6-311 +4G(d,p) level of theory [46—
48], CPCM solvent calculations on the optimized geome-
tries [49, 50], and by applying the dispersion correction
DFT-D3 V2.1, Rev. 6 [51] with BJ damping [52] and
s¢ = 1.0. It has been reported that the inclusion of dis-
persion effects significantly improves the performance of
the B3LYP functional in the treatment of metal-alkane
interactions [53]. The CPCM solvent parameters were
selected for trifluoroacetic acid (experimentally determined
dielectric constant: 8.55 [54]) with an experimental density
derived solvent probe radius of 2.479 A, using UAKS radii
for the solute atoms. For acetic acid the experimentally
determined dielectric constant of 6.60 [55] has been used.

All energies reported are Gibbs free energies at standard
conditions (7 = 298 K, p = 1 atm) using unscaled fre-
quencies. Approximate Gibbs free energies were obtained
through thermochemical analysis, using the thermal cor-
rection to the Gibbs free energy as reported by Gaussian03
(including zero point effects, thermal enthalpy corrections
and entropy) and additionally taking into account the D3
correction and dispersion, repulsion and cavitation energy
corrections of the CPCM solvent model. This procedure
has been recommended for the calculation of transition
metal complexes [56]. Electronic energies including dis-
persion and solvent effects are given in the Supporting
Information. The Hessian matrix required for vibrational
analysis was calculated on the double-C level of theory.
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Fig. 4 Coordination and ligand exchange phenomena. Values are given in kcal mol~' relative to compound 2

The trifluoroacetate and the bromide anions have been
treated by explicit solvation. The energies of those clusters
converged nicely within four coordinating solvent mole-
cules. In cases where different isomers could be formed, all
isomers have been calculated, but only the most stable one
is shown.

3 Results and Discussion

Our computational results [28] predict that the trifluoro-
acetate complex 1_(OTFA), (cf. Figure 2) should be the
resting state of the mechanism. Unfortunately, we could
not unambiguously verify the presence of 1_(OTFA), in
the reaction mixture by 'H NMR. This is due to the fact
that anions (e.g. halides) present in the reaction mixture
interact with the “acidic” CH, bridge of the chelating
ligand; for relevant "H NMR spectra and a thorough dis-
cussion please see the Supplementary Material and Ref.
[32]. Nevertheless, the observation of a red-brown colored
precipitate during the catalysis points toward the formation
of palladium(IV) species. In addition the formation of
palladium(IV) species after the addition of persulfate to
1_Br, in HOTFA (and heating over night at 60 °C) was
proven by "H NMR spectroscopy. For experimental details
and the relevant '"H NMR spectra, please see the Supple-
mentary Material. In order to further explore the nature of
the resting state, we consequently calculated potential
coordination pre-equilibria prior to the formation of the
catalytically potent intermediate 1_(OTFA),. Figure 4
shows the most stable potential intermediates.

The calculations predict that under non-oxidative con-
ditions the palladium(Il) complex 1 with two coordinating
bromido ligands is the most stable compound (AG =
—14.4 kcal molfl). Nevertheless, the endergonic inter-
conversion to the trifluoroacetate coordinating compound 2

@ Springer

via intermediate 5 (AG = —7.1 kcal mol™') should be
thermodynamically feasible under the reaction conditions
employed (7T = 90 °C). Likewise, 1 and 2 are predicted to
stand in equilibrium with their positively charged species
1* and 2% (A% AG = —12kcal mol™!, 2*: AG =
+2.3 kcal mol™).

However, our experimental observations (e.g. the pre-
sence of bromine) are consistent with the prediction that
under oxidative conditions the palladium(IV) compound 6
with four coordinating bromido ligands will become the
global minimum (6: AG = —14.8 kcal mol™")!

As compound 6 is not soluble in trifluoroacetic acid
[32], our calculations even underestimate the preference
for the formation of 6. Comparable to the case of palla-
dium(Il), also the palladium(IV) complex is predicted to
undergo endergonic ligand exchange reactions with the
solvent to form the complexes 7 (AG = +1.9 kcal mol™ )
and 8 (AG = +6.2 kcal mol™"). The positively charged
species 6% (AG = +14.0 kcal mol™") and 8% (AG =
+8.8 kcal mol™") are predicted to be viable intermediates
under these reaction conditions as well. We also looked at
the transition states for the oxidative addition of Br, in
order to check for the kinetic barriers for the formation
of the palladium(IV) complexes. As expected, all transi-
tion states lie well below (AG7é = 16.4 kcal mol™!,
22.6 kcal mol™!, 33.9 kcal mol™!, 22.3 kcal molfl) the
overall reaction barrier we modeled [28] for the whole
catalytic cycle (AG” = 39.5 kcal mol™"). In conclusion,
our calculations are in agreement with our experimental
observations of the formation of the palladium(IV) com-
pound 6, which also corresponds to the resting state of the
catalytic cycle. Together with the formation of compound
6 under oxidative conditions by removal of bromide
from the solution according to Fig. 5, two complexes S
with one trifluoroacetato and one bromido ligand each are
formed.
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Fig. 5 Oxidative formation of
complexes 5 and 6
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Fig. 6 Transition states for the activation of propane

Fig. 7 Isodensity plot (0.06 a.u.) of the HOMO in the transition state
ts[2*>3] for methane

We then also investigated the activation of propane. The
main difference between the activation of the C; substrate
methane and the C; substrate propane is the regiochemistry
between the n- and the iso-position. We therefore calcu-
lated the rate determining transition states for both path-
ways, the activation at the iso- and n-position of propane
(Fig. 6).

The DFT results clearly indicate a preference for the
activation of the terminal CHj; instead of the internal CH,
group (AAG” = 45.0 kcal mol™"). The transition state
for the activation of the terminal methyl group of propane
is also 1.4 kcal mol~' more favorable than the transition

HQSZO& 2-0OTFA

-2°HSO, /(

L :

state for the activation of methane (AG” = +39.5
kcal mol™"). This is in nice agreement to the observation
that the functionalization of propane proceeds at tempera-
ture about 20 °C lower compared to methane. The transi-
tion state for the C—H activation can be understood as the
nucleophilic interaction [25] of the two electrons of the
o-C-H bond of the alkane with a d-orbital of the transition
metal (Fig. 7). The interaction in the HOMO of ts[2*>3]
can also be rationalized in terms of the transient formation
of a 3-center-2-electron bond situation between the palla-
dium atom, the transferred proton, and the carbon atom of
the alkane.

Contrary to the predictions by DFT, we experimentally
observe the formation of about 90 % of iso-propyl tri-
fluoroacetate and only about 5 % n-propyl trifluoroacetate.
We therefore conclude, that in case of propane either the
CH activation step is followed by an isomerization step as
has been reported in the case of cobalt catalysis [57], or
that another mechanism than in the case of methane is
operating. Potential alternative mechanisms of CH func-
tionalization include radical reactivity due to the formation
of bromine in the reaction mixture, or the formation of
electrophilic Br' species in the presence of Lewis acids
[58-60]. Mechanistic studies (experiment and DFT) in
order to clarify the reaction mechanism for propane are
underway in our laboratories and will be reported in due
course.

4 Conclusions

In conclusion, we present a DFT study on the function-
alization of methane and propane by palladium complexes
with bis(NHC) ligands. Coordination phenomena of the
catalyst have been investigated and the calculations pre-
dict that the resting state of the reaction is a tetrahalo-
genido palladium(IV) complex. This result is in agreement
with experimental observations. In the reaction with pro-
pane the calculation of the rate determining transition state
indicates that the formation of n-propyl trifluoroacetate
should be preferred, whereas experimentally the predom-
inant formation of iso-propyl trifluoroacetate is observed.
Further work therefore aims at rationalizing the discrep-
ancy between the computational and the experimental
results.
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5 Supplementary Material

The complete Gaussian citation [36] and "H-NMR spectra
showing the formation of palladium(IV) species after the
addition of persulfate to complex 1 in HOTFA and
experimental details thereof.
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