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Abstract: Density functional theory has been used to investigate the thermodynamics and activation barriers
associated with the direct oxidation of methane to acetic acid catalyzed by Pd?" cation in concentrated
sulfuric acid. Pd?" cations in such solutions are ligated by two bisulfate anions and by one or two molecules
of sulfuric acid. Methane oxidation is initiated by the addition of CH, across one of the Pd—O bonds of a
bisulfate ligand to form Pd(HSO,)(CH3)(H2SO,),. The latter species will react with CO to produce Pd-
(HSO4)(CH3CO)(H2S04),. The most likely path to the final products is found to be via oxidation of Pd-
(HSO.)(CHs)(H2S04), and Pd(HSO,)(CH3CO)(H2S04)2 to form Pd(52-HSO4)(HSO4)2(CHs)(H.SO4) and Pd(;?-
HSO4)(HSO4)2(CH3CO)(H.S04), respectively. CHzHSO,4 or CH3COHSOq, is then produced by reductive
elimination from the latter two species, and CH3;COOH is then formed by hydrolysis of CH;COHSO,. The
loss of Pd?* from solution to form Pd(0) or Pd-black is predicted to occur via reduction with CO. This
process is offset, though, by reoxidation of palladium by either H,SO4 or O,.

Introduction of methane activation and functionalization by'Pin sulfuric

acid and have concluded that methane activation occurs
preferentially via oxidative addition. Their calculations also
confirmed that Pt"—CHjz can be oxidized to Pt—CH;z by SGs.
Goddard and co-worket8 have studied the same system and
have investigated the effects of different ligands on the stability
and activity of the catalyst. They showed that-& bond
activation may occur via electrophilic substitution or oxidative
addition, depending on the ligands on the platinum center. Jones
et al” have reported experimental and theoretical results for
methane conversion to methanol by a mixture of selenic acid
and metallic gold in 96 wt % sulfuric acid. Their studies show
that methane undergoes an electrophilic substitution reaction,
and that the catalytic cycle involves AaAus"™ or Au2t—Au*"
pairs. Methane activation involves the abstraction of a proton
by a bisulfate group and is characterized by an activation barrier

The direct conversion of methane to other chemicals is a
subject of continuing interest. One of the products that can be
made by this means is acetic acid, a commodity chemical widely
used in the chemical industry. Periana et have reported that
Pd&™ cations in 96% sulfuric acid will catalyze the direct
oxidation of methane at 453 K to acetic acid, with methyl
bisulfate (a precursor to methanol) and carbon dioxide as the
only byproducts. It was observed, though, that during the course
of the reaction P# is reduced and precipitates from solution
as Pd-black, resulting in the loss of the active catalyst. The
authors noted that while 40, can oxidize metallic Pd back
to P&, the rate at which the reaction proceeds is insufficient
to maintain Pd in solution. Zerella and Bellave confirmed
these results and have shown that the retention &f fu
solution is controlled by the balance between the oxidizing and

. ) . : . of 28.1 kcal/mol.
reducing potentials of the reaction system. These investigators Here we report the results of quantum chemical calculations
reported that, by adding oxygen to the methane feed and . P d

controlling the total reactant pressure, virtually all of thePd aimed at |dent|fy|p 9 cr!t|cal steps mvol;/ ed n the OX'dat'O'ﬁ of
. . . o methane to acetic acid catalyzed by?Pdtation present in
can be retained in solution. These conditions also lead to an . . . .
. - . . . . concentrated sulfuric acid. These calculations were carried out
enhancement in the yield of acetic acid relative to what is

observed in the absence of oxvaen using density functional theory (DFT). The effects of the solvent,
. . ygen. . . sulfuric acid, were described both explicitly and implicitly. Our
Insights into the elementary processes involved in the

- . . I
activation and oxidation of methane catalyzed by Pt and Au objectives were to determine the forms in which®Pds

. . . . . . stabilized in concentrated sulfuric acid and to calculate the
cations in sulfuric acid have been gained from quantum chemical chanaes in internal enerav and free eneray for the elementar
studies. Ziegler and co-workérshave studied the mechanism 9 oy oy y
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(3) Gilbert, T. M.; Hristov, |.; Ziegler, TOrganometallic2001, 20, 1183. (7) Jones, C. J.; Taube, D.; Ziatdinov, V. R.; Periana, R. A.; Nielsen, R. J.;
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processes involved in the activation of methane, and those The geometry optimizations in the liquid phase can also be done

involved in the formation of methyl bisulfate and acetic acid. using the COSMO solvation model implemented in the TURBOMOLE

Activation energies and free energies were also determined forV-5:6 software? but not using other quantum codes. For the cases

all of the key steps. On the basis of our analysis of the reaction considered, the change in solvation energy for structures optimized in
j . the gas and liquid phases was negligible. For example, for Pd-

pathway, we suggest that octahedrally coordinated Becies . .

are formed during the course of reaction, and that these specieéHSO“)z(sto“) the solvation energy is-31.25 kcal/mol for the

itical he f . f hvl bisulf d ) id Structure optimized in the gas phase an82.04 kcal/mol for the
are critical to the formation of methyl bisultate and acetic acid. structure optimized in the liquid phase. These calculations were done

The _thermodynamics rel_evant to the stabilization of*Pih with the SV(P) basis set implemented in TURBOMOLE along with
solution were also examined. the COSMO solvation model.
Theory Results and Discussion

Electronic energies of reactant, product, and transition states were Different aspects of the overall reaction pathway are consid-
determined using density functional theory (DFT). The B3LYP ered in the following subsections. These include solvation of
functional was used to describe electron exchange and correlation, andpf+ cations, activation of methane to form P@H; bonds,
the 6_-_316* basis set was used to locate optimized ground-sFate andipsertion of CO into Pe-CH; bonds, and formation of final
transmon-stat(_e structures. The LANL2DZ effectl\(e core potential was products. The overall reaction pathway and the free energy
used to describe the Pd atom. All geometry optimizations were done profile are shown at the end of the Results and Discussion

using the Gaussian 03 softwdrdlolden; a freeware, was used for . . ) . .
visualization of the geometries and vibrational frequencies. After a section (Figures 6 and 7). All the reactions mentioned in the

particular molecular structure was optimized to a stationary point (€Xt below are listed in Table 1 for easy reference.
(transition state or minimum energy structure), its energy was further ~ Solvation of Palladium. Experimental investigations of
refined by a calculation at a higher level of accuracy using the methane oxidation to acetic acid catalyzed by'Pehtions are
LACV3P**++ basis set as implemented in the Jaguar soft#are. carried out in concentrated sulfuric acid (typically 96 wt %),
Palladium was treated using effective core potentials within the and Pd" is introduced by dissolving either Pd$6r PdC}.12
LACV3P** ++ basis set. All stationary points were found on the basis For 70-100 wt % HSQu, the principal species present in
of gas-phase calculations, and then their energy in solution was gg|ytion are HSQ,, H,0, H, and HSQ~. The concentration

calculated using the PoisseBolizmann continuum (PBC) model o ignic species is small, since th&pof concentrated sulfuric
which is available with Jaguar. The “growing string method” developed acid is low (104).13.14

by Peters et ai* was used to locate the transition state connecting two Possible struct for Pd solvated | Ifuri id
minimum energy structures. In this method a minimum energy path ossibie structures for solvated In sulluric acid are

connecting the reactant and product is estimated without making an SPOWN in Figure 1. PdS{ran combine with a molecule of2H
initial guess for the reaction path. The point with highest energy on SO to form Pd@*HSQy), in which the bisulfate anions are
this reaction path is taken to be the transition state. This point is further bidentate ligands (vizy? ligation). Further solvent molecules
converged to the exact saddle point by the transition state finding can then add to Pg{-HSQy),, keeping the P& cation four-
algorithm implemented in the Gaussian 03 softwiardl transition coordinated. In sulfuric acid solution, the stable form is
states reported here were verified to have only one imaginary frequency.palladium bisulfate solvated by one or two solvent molecules.
The minimum energy paths and frequencies of all transition states are Ca|culated changes in the internal energy and standard free

given in the Supporting Information. Free energies were determined energy are given below for the solvation reactions. As mentioned

Wlthln_the rigid-rotor, harmonlc-_oscula'tor approxmatlon. Stan_dard free earlier, theAG® is determined for 453 K, a representative
energies were calculated by including translational, rotational, and .
reaction temperature.

vibrational partition functions. The Hessian matrix required for
vibrational analysis was calculated with the LANL2DZ/6-31G* basis
set. Details concerning the calculations of free energies in the liquid- PdSQ + H,SO, < Pd(r]Z-HSO4)2
phase are given in the Supporting Information, as well as an assessment o

of the accuracy of PBC calculations. A discussion of the effect of AE = —7.0 kcal/mol, AG®= —7.2kcal/mol (1)
hydrogen bonding between solvent and the solute on the calculated

energies is also given in the Supporting Information. All of the energies Pd(172-HSOA)2 + H,SO, ~ Pd(772-HSO4)(HSOA)(HZSO4)
reported here are based on the liquid-phase calculations, in which the

solvation of dissolved species is described by the PBC model. In AE = —5.2 kcal/mol, AG®= —2.5kcal/mol  (2)
reporting the energy change of reactions, the syniolis used to

denote the electronic energy change. The symiféf is used to denote Pd(772-HSO4)(HSO4)(HZSO4) + H,S0, <

the standard change in free energy at 453 K. The standard state for all

species present in solution is 1 mol/L. The symhbls, andAG, refer Pd(HSQ),(HSO,),
to the energy of activation and free energy o_f activa’;ion, respectively. AE = —4.3 kcal/mol, AG® = —6.0 kcal/mol (3)
The energy E) reported here includes the interaction between the

extended solvent and the solute which is handled implicitly. The zero All of the P&+
point energy (ZPE) is not included B2 The ZPE corrected values are
given in the Supporting Information. ValuesAE after ZPE correction
change by only+2.0 kcal/mol.

species exhibit four-fold coordination in a square
planar fashion. If additional molecules are brought either above
or below the plane, they do not bond with the Pd center. This
is true for all of the P&" species studied here.

(8) Frisch, M. J.; et alGaussian Ogrevision C.02; Gaussian, Inc.: Wallingford, Since 96 wt % HSO, contains 16 mol % kD, it is necessary
CT, 2004. . . . .
(9) Schaftenaar, G.; Noordik, J. H. Comput.-Aided Mol. Desigh00Q 14, to consider structures in which2B acts as a ligand. Two
123.
(10) Jaguar, 5.5 ed.; Schrodinger, LLC: Portland, OR, 2003. (12) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102, 346.
(11) Peters, B.; Heyden, A.; Bell, A. T.; Chakraborty, A.Chem. Phys2004 (13) Kazansky, V. BCatal, Today2002 73, 127.
120, 7877. (14) Kazansky, V.; Solkan, WPhys. Chem. Chem. Phy2003 5, 31.

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4651



ARTICLES Chempath and Bell

Table 1. Summary of Reactions?

eq no. reaction AE? AG?
Palladium Solvation
1 PASQ + H,SO; < Pd(;>-HSQy), -7.0 -7.2
2 Pdg2-HSQy), + HoSOs <> Pd(7-HS QL) (HSOy) (HoS Q) -5.2 -25
3 Pdg72-HS Q) (HSQy)(H2S0s) + HoSO, < PA(HSQ)o(H2SOy), —4.3 -6.0
4 Pd>-HSQy); + 2H,0 < Pd(HSQ)2(H20), -23.3 +5.6
5 Pd(HSQ)2(H20), + Hz0 < [PA(HSQ)(H20)3]* + HSOy~ -2.1 —0.4
6 [PA(HSQ)(H,0)s]* 4+ Ho0<> [Pd(H,0)4]2+ + HSO,~ -2.0 —45
Methane Activation
7 Pd>-HSO)(HSQ)(H2SQy) + CH; — Pd(2-HSOy)(HSO)(CHs)(H)(H2SOy) +30.4 +44.0
8 Pd2-HSQy); + CH, — Pd(?-HSO)(CHz)(H2SQy) +2.9 +13.7
9a Pd{2-HS Q) (HSO,)(H.SQy) + CH, — Pd(HSQ)(CHg)(H2S0y), —4.6 +8.6
9b Pd¢>-HSQy)(HSQy)(H,SOy) + CH, — PA(HSQ)(CHz)(H2S0y), +5.5 +18.3
10 PA(HSQ)2(H2SQy); + CHy — Pd(HSQ)»(H2SOs)(CH,) + H.SO, +15.3 +28.8
CO Insertion
11 Pdg2-HSQy)(HSQy)(H2SQ) + CO < Pd(2-HSQy)(HSQy)(CO) + HoSOy -13.1 +2.1
12 PA(HSQ)2 (H2SQu); + CO < PA(HSQ)2(H2S0;)(CO) + HySOy —-8.9 +6.0
13 Pd(HSQ)(CHs)(H2S0s), + CO < PA(HSQ)(CHs)(CO)(H:SQy) + H,SOy —24.5 +14.4
14 Pd(HSQ)(CH3)(CO)(H,SQy) + H,SO; — PA(HSQ)(CH3CO)(HoSOy)2 +8.0 +14.0
Product Formation
15 Pd(HSQ)(CH3)(H2SQ), — Pd(H:SQy), + CH3HSO, +35.5 +17.0
16 Pd(HSQ)(CH3CO)(HSOy), — Pd(H:SOy), + CH;COHSQ +28.7 +7.7
17 Pd(HSQ)(CH3)(H2SQy), + Ho0 — PA(HSQ)(H)(H2SOy), + CHsOH +21.3 +23.4
18 PA(HSQ)2(H2S0s)2 + HaSOy + Y20, — Pd7-HSO,) (HSOs)3(H2S0s) + H20 +25.3 +27.0
19 PA(HSQ)(CHs)(H2S0y), + HoSOy + 4,0, — Pd(2-HSOy) (HSQy)2(CHg) (H2S0y) + H,0 -11.8 -8.6
20 Pd(HSQ)(CHsCO)(H:SQy), + HaS0;, + Y,0, — Pd(2-HSOy) (HSOy) o CHsCO) (H:SQu), + Ha0 —-14.3 —-14.0
21 H,SO;, — H,0 + SO, +1,0, +19.5 —4.7
22 Pd2-HS Q) (HSOy)o(CHs)(H2S Q) — Pd(2-HSOy)(HSOy)(H,SOs) + CH3HSOy —38.1 —53.7
23 Pd{?-HSOy)(HSOy)2(CH;CO)(HSO) — Pd(2-HSOy) (HSOy) (H2SOy) + CH:COHSQ -19.2 —35.6
24 Pd{2-HSOy)(HSQy)(H.SQy) + CO + H,0 — Pd(HSQy), + CO, + H2SOy -3.6 -11.5
25 PA(HSQ)2(H2SQ); + CO+ H,0 — Pd(H:SQy); + CO, + 2H,SO, -2.9 -31.2
26 CHHSO, + H,S0, — CO + H,0 + 2H,S0; —39.0 —-70.5
27 PA(HSQy), + HoSO; — Pd(72-HSQy); + SO, + 2H,0 —48.2 -76.3
28 PA(HSQy), + Y,0, — Pd@-HSQy), + H.0 —67.7 -71.6

aThe thermochemistry of all reactions mentioned in the text is summarized here. The energies are in ka&/refdrs to energy (kcal/mol) without
zero-point corrections, but including the solvation correctiak@. refers to the free energy (kcal/mol) at 453 K, which includes contributions from the
vibrational, rotational, and translational degrees of freedom. All energies and free energies are in kcal/mol.

alternatives are shown in Figure 1 (structueandF). Energy A. PdSO, B. Pd(?-HSO.),
changes for the processes in which water replaces bisulfate

anions or sulfuric acid are given below.
Pd(%-HSO,), + 2H,0 < Pd(HSQ),(H,0), b W
AE = —23.3 kcal/mol, AG®=5.6kcal/mol  (4) & pym2HSO,)(HSO.)(H,S0.) D. Pd(HSO4)2(H.S0x).
Pd(HSQ),(H,0), + H,0 < [Pd(HSQ)(H,0)5 " + HSO,” ) Y

AE = 2.1 kcal/mol, AG°® = —0.4 kcal/mol (5) s
oF
[PA(HSQ)(H,0)5 " + H,0 < [Pd(H,0),]*" + HSO,”
AE = —2.0 kcal/mol, AG° = —4.5kcal/mol  (6) E. PA(HSO.)x(H,0)s F. [Pd(H;0):]?

Comparison of the values &G° for eqs -3 and 4-6 shows
that the displacement of 430, or HSQ, as ligands by KO is og?
not favored thermodynamically in concentrated sulfuric acid.
Estimates of the relative fractions of various?P@pecies are
summarized in Table 2 for solutions containing—7M0 wt %

H.SO4. The results reported in this table are based on the

experimental valués for the concentrations of D, H,SO, G. Pd(H.S0,)- H. Pd*HS0.)x(HSO.),
and HSQ™ and the values oAG® reported here (see eqs-8).
Table 2 shows that the dominant form of dissolved'Pib
predicted to be Pd(HS((H,SOy),, whereas Pd@-HSOy)-
(HSOy)(H2SOy) and Pd2-HSQy); are present in much smaller
concentrations. H C O S pd o
Work by Kazansky and co-workéfst4 shows that concen- c 000

trated sulfuric acid{96 wt %) contains a lower concentration

of protons than a dilute solution of,80Q, in water. The reason Figure 1. Structures of Pd solvated in sulfuric acid. StructubesF are
Pd** species. Structur€ is an example of a Pdspecies, and structute
(15) Robertson, E. B.; Dunford, H. B. Am. Chem. Sod.964 86, 5080. is an example of a Pd species.
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Table 2. Relative Fractions of Pd?" Species? H 8 2 S Pd 9
[#] ~ & TS1.Transition State
wt%  mol% Pd(r7- Pd(%-HSO,) PA(HSO), ce ‘ e
H,SO, H,0 [Pd(H,0)4)** HSO,), (HSO,)(H.S0,) (H2S04),
74.6 47.6 0.2547 0.6231 0.0336 0.0885
797 414 0.0096  0.0590 0.0329 0.8985 1. P HSOuJz+ CH s "“m’“m"c“*m'
85.5 34.7 0.0001 0.0016 0.0056 0.9927
89.8 28.5 0 0.0005 0.0031 0.9964 ci
90.7 27.0 0 0.0004 0.0028 0.9968 -
93.6 21.9 0 0.0002 0.0021 0.9977 -
95.1 18.6 0 0.0002 0.0018 0.9980
96.7 14.3 0 0.0001 0.0016 0.9983
97.5 11.7 0 0.0001 0.0015 0.9983
98.0 9.9 0 0.0001 0.0015 0.9984
99.0 53 0 0.0001 0.0013 0.9986 Figure 2. Activation of methane over Pgf-HSQy) to form a PeFCHa

bond.

2 Relative fractions of Pd species are given in the last four columns. g cC o
Other Pd species are present in negligible concentrations at these conditions ¢, © e 0O . TS2. Transition State
The second column gives the mol % of water vs the wt % of sulfuric acid.
All equilibrium constants used for these calculations are based on the
qguantum chemical calculations reported in this work and are evaluated at
a temperature of 453 K. Experimentally determined equilibrium constants
at 298 K for the water-containing species (e.g., [Pdi}]2") are available
in the literaturé®'” but are not used here.

K. Pd{n?-HS04) (H504][H=504}+CH4

for this is that HSOy is much less effective at solvating protons
than is HO. As a consequence, the dissociation constantef H
SOy is only 1074 in anhydrous HSQ,. Consistent with this, our
calculations also show that dissociation ofS@, to HSQ,~
and HSO," is energetically uphill AE = +19.8 kcal/molAG

= +21.2 kcal/mol). We also examined the possibility that the Figure 3. Activation of methane over Pgg-HSOs)(HSOs)(H.SOy),

reactants and products we have considered are protonated. Fapathway 1. CHis added across the bidentate bond, converting the bidentate
HSQ, to an SOy ligand. (Eq 9a: Pdf- HSO4)(HSO4)(HZSO4) + CH;—

example, protonation of the reactant in eq 9a,7/RPt{SQy)- PA(HSQY(CH(HS AE — —4.6 keallmol. AG® ~ +8.6 kealimol.
(HSOy)(H2SOy), requires an energy 6f14.6 kcal/mol to form (HSQYCHI(HSQ camo calimol.)
[Pd@7%-HSOy)(H2SOQy)2] *. Similarly, protonation of the product gi-g""f"so'““?gj?nf;"*m; TS3. Transition state

of Pd(HSQ)(CHs)(H2S0y) to form [PACH)(H2SQy)3] ™ requires

an energy of+18.8 kcal/mol. These values are calculated
assuming one molecule of,HO, reacts with the Pd species to
form the protonated product and H$OThus we conclude that
protonated species are unlikely to be found in our reaction ]‘ jﬁa
system.

Methane Activation. The addition of methane to structures M. Pl HSOHSOUHSOCH, 0. PAHSO4 (CH) (Hi50M,
B, C, andD (Figure 1) leads in all cases to the formation of a
Pd—CHs; bonds. Only those reactions in which €id attached
to Pd and a proton is attached to the oxygen atom of an/ASO
group were found to be thermodynamically favorable. As - }
exemplified by eq 7, oxidative addition of GHo P&t to ;bda L H C 0
produce an octahedrally coordinated product is highly unfavor- [<} °c 00 00O
able thermodynamically. Figure 4. Methane activation which involvesmadduct intermediate. The

species at the bottom right (structu®@ will undergo further rearrangement

2. . to structurel of Figure 3. (Eq 9b: Po-HSOy)(HSQy)(H2SOy) + CHs —
Pd@"-HSO)(HSO,)(H,SO) + CH, Pd(HSQ)(CHs)(H2SQr)2; AE = 5.5 kcal/mol, AG® = +128.3 kcal/mgl.)

Pd@;*-HSO,)(HSO,)(CH,)(H)(H,SO,)

i Methane can be also be activated byPPeflSOy)(HSOs) (H-
AE = 30.4 kcal/mol, AG®=44.0kcal/mol  (7) g5 as shown in eq 9. As shown in Figures 3 and 4, there are

Pd(;*-HSO,), + CH, — Pd@7*-HSO,)(CH,)(H,SO,) Pd(-HSO)(HSO)(H,50, + CH,
AE = 2.9 kcal/mol, AG®° =13.7 kcal/mol (8) Pd(HSQ)(CH,)(H,SO,), (9)

By contrast, eq 8, which involves the transfer of a proton two pathways by which this reaction can proceed. These
from methane to a bisulfate ligand, is more favorable. The correspond to eqs 9a and 9b defined in the captions for Figures
structures of the reactant, transition, and product states for this3 and 4. Neither the transition states nor the final states for these
reaction are illustrated in Figure 2. The activation barrier for reactions are equivalent. As shown in Figure 3, the first pathway,
eq 8 isAEa = 27.8 kcal/mol, and the free energy of activation eq 9a, involves the transfer of a proton from £ an O atom
is AGs= 38.1 kcal/mol. of the #?-HSQ, ligand in such a way that, at the end of the

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4653
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reaction, the proton is bound to one of the two O atoms that is @ PAHSONCH:ICONH:SO)+H:S0s T84. Transition State

not bonded to Pd. In this instancAE = —4.6 kcal/mol and >

AG° = 8.6 kcal/mol, and the activation energy and free energy

are AE; = 27.9 kcal/mol andAG,; = 41.5 kcal/mol. Figure 4

shows that, in the second case, eq 9b,@#korbs in the form

of a g-adduct by replacing one of the P® bonds of the

bidentate ligandAE = 12.5 kcal/mol AG® = 25.3 kcal/mol).

A proton from CH is then transferred to one of the oxygens P-PdHSO)CH; J(H:S0i)z+CO R. Pd (HSONCH,COH:SOd):

bound to Pd (see Figure AE = —7.0 kcal/mol,AG® = —7.0 &’ b
£

C.“& 2.
)9 !

kcal/mol). The activation barrier for this proton-transfer step is

AE, = 23.2 kcal/mol, and the free energy of activatiomiG,

= 24.5 kcal/mol. We note that the proton transferred from

methane ends up in slightly different positions in these two .‘%ﬁ

pathways. The end product of eq 9b can rearrange to the low- g 6 2 8 3

energy form (structuré, Figure 3), which is the end product

of eq 9a AE = —10.1 kcal/mol,AG® = —9.8 kcal/mol). Figure 5. lllustration of the processes involved in the formation of acyl
The addition of CH to Pd(HSQ)2(H2SOy)2, structureD in species.

Figure 1, occurs via a path similar to that shown in Figure 4. 13CH,0H and HSQ;,) and3CO. These experiments confirmed

As illustrated by eq 10, the reaction begins with the replacement that 13C is only present as G##fCOOH. Consistent with these

of one of the HSQ, ligands by a CH molecule, which then  findings, we have determined that the oxidation of 880,

forms a o-adduct with the Pd cation, a structure which is by either HSQ, or O, to form CO and associated products is
identical toN in Figure 4. The subsequent steps in the reaction highly favorable.

pathway are identical to those shown in Figure 4. Calculations were made in the course of the present study to
identify the pathways by which CO interacts with the-RoH;
Pd(HSQ),(H;S0O,), + CH, —~ Pd(HSQ),(H,SO,)(CH,) + complexes. These calculations show that CO can displace a

H,SO, molecule of HSQ, to form Pdg2-HSOy)(HSOs)(CO), even
when there is no Cklligand, as in eqs 11 and 12.
AE = 15.3 kcal/mol, AG® = 28.8 kcal/mol (10)

Pd@*HSO,)(HSO,)(H,SO,) + CO<~
Table 2 indicates that, in 96 wt % sulfuric acid,2Paations @ ) W)(HSO)

are present primarily as Pd(H$@H.SOs), and to a lesser Pd*-HSO,)(HSO)(CO) + H,SO,
extent as PaR-HSQy)(HSOy)(H.SQy). Nevertheless, the results AE = —13.1 keal/mol, AG® = 2.1 kcal/mol  (11)
presented above suggest that the primary pathway for methane

activation is via eq 9a, which involves RA(HSQy)(HSQy)(Hy- Pd(HSQ),(H,S0O,), + CO< Pd(HSQ),(H,SO,)(CO) +
SQy), rather than via eq 10, which involves Pd(H${H2SOs)». H,SO,
The reason for excluding eq 10, and likewise eq 9b, is the

unfavorable thermodynamics for forming theadduct of CH AE = —8.9 kcal/mol, AG°®= 6.0 kcal/mol  (12)

with either Pd(HSG)2(H2SQy), or Pdg>-HSOy)(HSQ)(H2SQy).
Moreover, the overall barrier for methane activation via eqs 10
and 9b is 53.3 kcal/mol, whereas eq 9a has a barrier of 41.5
kcal/mol. This difference of 11.8 kcal/mol compensates for the
fact that the free energy of Pd(H9H2SOy), is lower than
that of Pdy?-HSO)(HSOy)(H.SOx) by 6.2 kcal/mol (see eq 3).
Itis noted further that methane activation via eq 8 is projected pg(HSQ)(CH,)(H,S0O;), + CO<
to occur at roughly the same rate as that via eq 9a. While the
concentration of Paf-HSQy), is predicted to be lower than PA(HSQ)(CHZ)(CO)(H,SO) + H,SO,
that of Pd2-HSOy)(HSOs)(H2SOy) (see Table 2, and eq 2), AE = —24.5 kcal/mol, AG® = —14.4 kcal/mol (13)
the free energy of activation via eq 8, in which £igacts with ) _
Pd@2-HSQy),, is lower than that for eq 9a by 3.4 kcal/mol. Adsorbed CQ can theq insert into the-RdH; bond to form
This difference of 3.4 kcal/mol compensates for the fact that N acyl species (see Figure 5).
the free energy of Pg¢-HSQy); is lower than that of Pd@- _
HSOy)(HSOy)(H2SO) by 2.5 keal/mol. PA(HSQ)(CHL)(CO)(H,SO) + H,SO,
Insertion of CO. Periana et al.have suggested that the PA(HSQ)(CH;CO)(H,SO,),
ca_rb(_)n atom associa_lted vyith the cgrboxylate group of acetic AE = 8.0 kcallmol, AG® = 14.0 kcallmol  (14)
acid is formed by the insertion of CO into theP@H; complex
formed upon the activation of C/HMore recently, Zerellaand  The activation energy and the free energy of activation for eq
Bell? have established that CO is formed via the oxidation of 14 are AE; = 15.1 kcal/mol andAG, = 14.7 kcal/mol. We
methyl bisulfate, an intermediate formed during the oxidation have also considered the addition of CO to Pd catalyst first,
of CHy4. Both the source of CO and its role in forming the followed by the activation of methane. The barrier for activation
carboxylate group of acetic acid were confirmed in experiments of CH, by Pd2-HSOy)(HSO,)(CO) has a value of 27 kcal/
using 1°C-labeled methyl bisulfate (produced by reaction of mol, which is similar to that for eq 8.

The activation energy and the free energy of activatiomdtg
= 8.2 kcal/mol andAG, = 15.0 kcal/mol for eq 11. In the case
of the CH-containing species, Pd(HSJQCH3)(H.SOy),, AE
= —24.5 kcal/mol and\G° = —14.4 kcal/mol, and this reaction
(eq 13) proceeds without an activation barrier.
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Formation of CH3HSO,4 and CH3COOH. Periana et al. case of methane oxidation to methanol catalyzed 3/ Pt
and Zerella et al® have proposed that methyl bisulfate and the in sulfuric acid. While the oxidation of Pd to Pd* does
mixed anhydride of acetic and sulfuric acid, §&3OHSQ, are not have many precedents, stable octahedratt Recbm-

formed via intramolecular processes, egs 15 and 16, below. Withplexes have been reported, some of which contain methyl and
the amounts of water present in 96 wt %3, the mixed ethyl ligands?-23
anhydride hydrolyzes to acetic acid and sulfuric acid, whereas 1o oxidation of P& to Pd+ can be envisioned to
methyl bisulfate is stable to hydrolysis. Both sets of authors occur via reaction with k5O, and G (egs 18-20). Note that
have proposed that zero-valent Pd atoms are formed during thethe octahedral Pd species on the right-hand side of these
release of products, e.g., egs 15 and 16. equations always has a bidentateHSQ, ligand. Replacement
. of onen?-HSQ, ligand by the combination of an HS@gand

PA(HSQ)(CHy)(H,S0), — PA(H,SO,), + CHHSO, and an HSQ, ligand is not favored, because the presence of

AE = 35.5 kcal/mol, AG® =17.0 kcal/mol  (15) two ligands instead of one leads to crowding around the Pd
atom.
Pd(HSQ)(CH,CO)(H,S0,), — Pd(H,SO,), +
CH,COHSQ,  pd(HSQ),(H,S0O,), + H,SO, + 1,0, —

AE = 28.7 kcal/mol, AG®° =7.7 kcal/mol  (16) Pd@*-HSO,)(HSO,)5(H,SQ,) + H,O
While the present calculations show that the thermodynamics AE = 25.3 kcal/mol, AG® = 27.0 kcal/mol  (18)

for these processes are moderately unfavorable, the formation
of Pd-black formation (viz., Pe~ Y¢Pds, AE = —32.6 kcal/ Pd(HSQ)(CH,)(H,SO,), + H,SO, + 1/202—>

mol, AQ° = —23.4 kcal/mol) makes these reactions thermo- Pd(nz-HSO4)(HSO4)2(CH3)(HZSO4) +H,0
dynamically favorable. Nevertheless, egs 15 and 16 are unlikely
to proceed, since the activation barriers for these reactions are AE = —11.8 kcal/mol, AG® = —8.6 kcal/mol (19)

very high, and it was not possible to identify a pathway by which
these reactions might proceed with a reasonable barrier. FOde(HSQ)(CH3CO)(HZSO4 ,+ H,S0, + 1/202_.

example, in the case of eq 15 we have estinidtibe activation 2
barrier to be 49 kcal/mol. Pd(y*-HSO)(HSO,),(CHCO)(H,SOy, + H0

Since 96 wt % sulfuric acid containsl6 mol % water, it is AE = —14.3 kcal/mol, AG® = —14.0 kcal/mol (20)
reasonable to consider the hydrolysis ofRGHs)- and Pd-
(CH5CO)-containing species as processes by which methanol ;s evident that the thermodynamics of oxidizing2Pdo
and acetic acid might form, respectively. The methanol releasedp g+ 41 not favorable for eq 18. However, when 34 CHy-
|t_)|ysthe f'rfSt of thers]el Lgacl?ons'&/vould re?Ct |fmmehd|ate|y ‘_N'th CO is part of the P& complex, the oxidation of Pd to Pd"
¢ 2 O;_t(?q OrrITI] rg_et yh ('jSl.Jd at_e. n e);a:hmp N odsutc a re_actlokr:, is readily accomplished. This is a direct result of the stabilization
orwhich palladium hydride 1S one ot the products, 1S given by - ¢ p -+ by the alkyl or acyl ligand. While egs &0 are written
eq 17. It is apparent that the Gibbs free energy change for this . L
o ) . . . assuming an external source of,@he oxidation of P#" to
reaction is relatively high; therefore, this process seems unlikely _~, . ! . . C
Pd* can also proceed with sulfuric acid acting as the oxidizing

to oceur. agent. The free energy changes for such processes are obtained
Pd(HSQ)(CH,)(H,S0,), + H,0 — % adding the value oAG°® for eq 21 to that for eq 18, 19, or

The elementary steps which lead to the oxidation ¢f"Rd
AE = 21.3 kcal/mol, AG° = 23.4 kcal/mol (17) Pd*" may involve participation of two or more sulfuric acid
molecules. We did not attempt to find transition states for these
The hydrolysis of P&¢CH;CO to form acetic acid is  reactions because these calculations require a very large
thermodynamically favorable, but the activation barrier was expenditure of computing resources. The ability oS8y or
estimateé’ to be around 80 kcal/mol. Consequently, this process H,S0,/0, to oxidize Pd metal to Fdt has been demonstrated
is unlikely to be the principal route to acetic acid. in our laboratony and hence it is reasonable to expect that the
As an alternative to eqs 5.7, we examined the possibility  gxidation of P& to Pd* in sulfuric acid would follow a
that Pd" species undergo oxidation to Pdspecies, and that  mechanism similar to that proposed for the oxidation 8f R
methyl bisulfate and the mixed anhydride of acetic acid and P¢+ under similar condition$® The thermodynamics calcula-

sulfuric acid are the_n produced via intramolecu_la_r PrOCESSES fions given in eqs 19 and 20 show that the oxidation of Pd-
from these P#™ species. These processes are similar to those

examined by Xu et &% and Hristov and Zieglérfor the

Pd(HSQ)(H)(H,SO,), + CH;OH

(20) Xu, X.; Fu, G.; Goddard, W. A.; Periana, R. A. Selective oxidation of
CH, to CH;OH using the Catalytica (bpym)PtCtatalyst: a theoretical

(16) Shi, T. S.; Elding, L. |Acta Chem. Scand.998 52, 897. study. InNatural Gas Comersion VIl Proceedings of the 7th Natural Gas

(17) Rudakov, E. S.; Yaroshenko, A. P.; Rudakova, R. I|.; Zamashchikov, V. Conversion Symposium, June-&0, 2004, Dalian, China; Bao, X., Xu,
V. Ukr. Khim. Zh.1984 50, 680. Y., Eds.; Elsevier: Amsterdam, 2004; Vol. 147, p 499.

(18) Zerella, M.; Mukhopadhyay, S.; Bell, A. Them. Commur2004 1948. (21) Campora, J.; Palma, P.; del Rio, D.; Carmona, E.; Graiff, C.; Tiripicchio,

(19) The growing string method produces a minimum energy path, and the A. Organometallics2003 22, 3345.
highest energy point on this path is the first guess for transition state. In (22) Canty, A. J.; Denney, M. C.; Patel, J.; Sun, H. L.; Skelton, B. W.; White,
most cases we were able to converge accurately to the saddle point starting A. H. J. Organomet. Chen2004 689, 672.
from this initial guess. In a few cases, where we could not converge to a (23) Yamamoto, Y.; Kuwabara, S.; Matsuo, S.; Ohno, T.; Nishiyama, H.; Itoh,
saddle point, the initial guess itself is taken as the transition state. K. Organometallics2004 23, 3898.
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Figure 6. Overall reaction pathway for the formation of gfSQ, and CHCOHSQ.

(HSQy)(CH3)(H2S0y), and PA(HS@Q(CH3CO)(H,SQy);, is ther- proposed by Zerella and Bell on the basis of experimental

modynamically favored. studies? These authors demonstrated that the source of CO
required for the formation of the carboxylate group in acetic
H,S0,—H,0+ SO, + lIZO2 acid is oxidation of CHHSO;, the primary byproduct of CH

oxidation. The free energy profile shown in Figure 7 suggests
that the rate-limiting step for the oxidation of methane to acetic

The release of products from ®dcomplexes is thermody- ~ acid is the initial activation of CH _
namically feasible and does not involve high activation barriers.  The reaction mechanism shown in Figure 6 does not involve

AE = 19.5 kcal/mol, AG° = —4.7 kcal/mol (21)

Equation 22 illustrates how GHSOy is formed. the reduction of P to Pd. However, as noted earlier, Pd
deposition is observed during experimental stud®¥. The
Pd(7*-HSO)(HSO,),(CHy)(H,S0O,) — calculations reported here suggest that Pd reduction will not

5 occur as a part of the reactions sequence involved in the
Pd@*-HSO)(HSO.)(H,SO,) + CHHSO oxidation of methane to methanol. Therefore, some other species
AE = —38.1 kcal/mol, AG® = —53.7 kcal/mol (22) present in the system must be responsible for reducirfg. Pd
Experimental work reported by Zerella and Bell has shown that
The activation energy and free energy of activation for eq 22 CO produced during the course of the overall reaction can reduce
are AE, = 26.9 kcal/mol and\G, = 27.5 kcal/mol. A similar P+ to Pd-black®1®> Thermodynamic calculations for eqs 24
reaction for the formation of C#€OHSQ, is represented by  and 25 show that such processes are favorable, and if these

eq 23. atoms can form small Pd clusters, then the Gibbs free energy
5 change for producing elemental Pd becomes far more favorable.
Pd(y*-HSO,)(HSO,),(CH;CO)(H,SO,) — As noted earlier, for the reaction P YsPds, AE = —32.6

Pd(nZ-HSO4)(HSO4)(HZSO4) + CH;COHSQ,

Pd(*-HSQ,)(HSO,)(H,SQ,) + CO+ H,0 —
AE = —19.2 kcal/mol, AG°® = —35.6 kcal/mol (23)

Pd(H,S0,), + CO, + H,SO,

The activation energy and free energy of activation for eq 23 AE = —3.6 kcal/mol, AG® = —11.5 kcal/mol (24)

are estimated to be AE; = 3.3 kcal/mol andAG, = 3.3 kcal/

mol. Pd(HSQ),(H,SO,), + CO+ H,0 — Pd(H,SQ)), + CO, +
The overall catalytic cycle is shown in Figure 6, and the free 2H,S0,

energy change along a representative pathway is given in Figure

7. The catalytic cycle shown in Figure 6 closely resembles that AE = —2.9 kcal/mol, AG®= —31.2 kcal/mol (25)
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kcal/mol :
H CO Addition
40 - 27.9 (#1.5)
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20 - :
54.6 (8.6)
0 - EPd(CHz)(HSO4)(H2804)2

Pd(n*-HSQ4)(HSO4)(H,SO4)

-20 -
Pd(CHs)(HSO4)(H;S04)CO
-40 1 CHa 201 (5.8)
Activation '
-60 -

14.0 (8.9)
783

ARTICLES
Pd** > Pd* i Product
: Removal
211 (8.2) : CH:COHSO,
Pd(COCH:)(HSO4)(H2S04),
i 321 (-1.5)
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£ PA(COCH:)(HSO:(H:804)2

1354 (-4.8)
H Pd(HS04)2(H2S04)2
524 (-35.7)

Figure 7. Schematic of the change in electronic energy along a representative pathway for the oxidation of methane to acetic acid. The graph is scaled on
the basis of electronic energy (kcal/mol) as shown onythais. Standard free energies at 453 K of corresponding structures are given in parentheses. TS2

is the transition state for methane activation. TS3 is the transition state for CO insertion inteCHpHond. TS4 is the transition state for gEODHSQ

elimination from the PH center. Dashed lines are shown to indicate portions of the energy profile where the activation barrier had not been calculated.

kcal/mol andAG® = —23.4 kcal/mol. These calculations of Pd
cluster formation were done with the LANL2DZ basis set,

(17%-HSOy)(HSOy)(H2SQy) and PA(HSG)2(H2SOy); to form Pd-
(0) via egs 24 and 25. These observations are consistent with

assuming that the reaction occurs in the gas phase. Note thathe experimental findings of Zerella et &who found that that
the CO used in above reactions is formed by the oxidation of the yield of acetic acid passes through a maximum as the partial

CH3HSOy, which is formed during the reaction cycle. The

pressure of CO is increased.

thermodynamics for such an oxidation is favorable, as shown Conclusions

in eq 26 below.
CHZHSO, + H,SO,— CO+ H,0 + 2H,S0,
AE = —39.0 kcal/mol, AG° = —70.5 kcal/mol (26)

The reoxidation of Pd(0) can occur by one of several

processes. Two examples are presented in eqs 27 and 28, on

involving H,SO, as the oxidizing agent (eq 27) and one
involving O, as the oxidizing agent (eq 28).

Pd(H,SQ,), + H,SO, — Pd(;*HSQ,), + SQ, + 2H,0
AE = —48.2kcal/mol, AG® = —76.3 kcal/mol (27)
Pd(H,SOy), + 1,0, —~ Pd(*-HS0O,), + H,0
AE = —67.7 kcal/mol, AG°® = —71.6 kcal/mol (28)

It is evident that Pd(0) can be reoxidized by botpSE, and
O, and that the values okG® differ only slightly for eqs 27

The results of this investigation show that?Paations are
stabilized in concentrated sulfuric acid, primarily in the form
of Pd@%-HSQy)(HSQy)(H2SQy) and PA(HSG)2(H2SQy),. Meth-
ane activation occurs primarily via addition of @Ecross one
of the Pd-O bonds of a bisulfate ligand. Insertion of CO into
the Pd-CHs bond of this species leads to the formation a-Pd
(e,OCHg species. Direct formation of GHSO, or CH;COHSQ
via reductive elimination from either Pd(HQY0CH3)(H2SOy)2
or Pd(HSQ)(CHsCO)(H:SQy); is predicted to have a high
activation barrier. A much more likely route to products involves
the oxidation of Pd(HS&)(CHs)(H2SOy), and Pd(HSG)(CHs-
CO)(H,SQy), to form Pd{2-HSOy)(HSOy)2(CH3)(H2SOy) and
Pd(7-HSQy)(HSOy)2(CHCO)(HSQy), respectively, which then
can readily eliminate CHHSO, or CH;COHSQ, respectively.
Acetic acid is then formed by hydrolysis of GBOHSQ, a
process which is thermodynamically favored in 96 wt % sulfuric
acid. The loss of Pd from solution to form Pd(0) or Pd-black
is predicted to occur via the reduction with CO. This process is

and 28. These findings are in qualitative agreement with the Offset, though, by reoxidation of palladium by eithes3@, or

experimental work of Zerella et al.

O,. Thus, the maintenance of Pdin solution involves proper

The preceding discussion illustrates the importance of main- balancing of reducing and oxidizing species.

taining a proper balance on the concentration of CO in the
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and retention of Pd cations in solution. The insertion of CO
into the Pd-CHs bond of Pd(HSG)(CHs3)(CO)(H.SOy), eq 12,

is enhanced by an increase in the partial pressure of CO;
however, high CO partial pressure favors the reduction of Pd-

(24) The activation barriers for this reaction were found wi88, ligands
replaced by HO ligands. This was done to reduce the number of atoms in
the growing string method and get the results in a timely manner.
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