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Stimulated by the report of high-yield, low-temperature catalytic conversion of methane
to methyl bisulfate (Periana et al., Science 1998, 280, 560), we studied the relative stability
and reaction mechanism of the Pt(NH;),Cl, and Pt(bpym)Cl, complexes in concentrated
sulfuric acid. We find that the mechanism involves a series of steps beginning with C—H
activation to form an intermediate ion-pair Pt(I1)—CH, methane complex prior to forming a
Pt(11)-CHj3; complex. Our calculated relative activation barriers for C—H activation are in
good agreement with experimentally observed H/D ratios. Subsequent oxidation to a Pt(1V)
complex can occur with reduction of SO3. Release of methyl bisulfate regenerates the Pt(l1)
catalyst. Our calculations indicate that for the bipyrimidine system C—H activation prefers
electrophilic substitution, whereas for the ammine system oxidation addition is more
favorable. We find that the oxidation step (the rate-determining step) is more favorable for
the ammine catalyst, suggesting higher activity than the bipyrimidine catalyst. However,
we find that in sulfuric acid the ammine complex is unstable, while the bipyrimidine catalyst
is stable. Bipyrimidine acts as a “proton sink”, allowing the protonated form of the ligand to
remain bound to Pt in concentrated sulfuric acid. These results are consistent with the
observed behavior of the catalysts, suggesting that computational approaches may be useful
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in seeking modified catalysts that would be more economically feasible.

1. Introduction

The direct catalytic conversion of methane to metha-
nol via a low-temperature route could provide an
economic advantage over the current high-temperature
processes involving the formation of syngas. The most
promising route for low-temperature alkane activation
has been the use of transition-metal complexes in
solution, as indicated by the significant research activity
in this area since the 1970s.17° However, the low yields
of new, low-temperature methane oxidation chemistries
and/or high catalyst costs have prevented commercial-
ization thus far. Methane is the most unreactive of the
alkanes, and its oxidized products are typically more
reactive, making selective oxidation a great challenge.
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Figure 1. (bpym)PtCl, and (NH;),PtCl, catalysts for
methane activation.
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The homogeneous catalysis of methane oxidation via
C—H activation using platinum salts was first reported
by Shilov et al.1® Mercuric salts in concentrated sulfuric
acid were shown by Periana et al., utilizing C—H
activation chemistry, to produce a 43% one-pass yield.1!

In 1998, Periana et al.»? reported a significant break-
through in developing an effective catalyst for high-yield
selective oxidation of CH,4 to CH3OH that allowed higher
one-pass yields. This catalyst was formed from PtCl,-
(bpym) (Figure 1). In well-dried sulfuric acid (80 mL at
102%), they found that 72% of 115 mmol of CH, at 3.4
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MPa (~34 atm) was converted by 50 mmol of catalyst
to product (mixture of CH30SO3H + CH3O0H) in 2.5 h
at 220 °C. They suggested that the reaction involved
three processes:

a. CH, activation: CH, + H,SO,+ SO; —
CH,0OSO;H + H,0 + SO, (1a)

b. CH;OH conversion: CH,0SO;H + H,0 —
CH;OH + H,SO, (1b)

¢. S reoxidation: SO, +',0,—~ S0,  (1c)
leading to the net reaction
CH, + '/,0, — CH,OH 2)

This process is very promising, since it provides high
yield at relatively low temperatures. A potential indus-
trial process involving continuous reoxidation and re-
cycle of SO, using well-established sulfuric acid tech-
nology could be envisioned. However, due to the high
costs of removal of water and methanol from concen-
trated sulfuric acid solvent and the severe inhibition of
the catalyst by these materials, the process has not yet
been commercialized.

Some experimental observations relevant to the mech-
anism of the bipyrimidine catalyst are as follows.

(i) Under conditions in which oxidized product is not
made (<150 °C), H/D exchange is observed with CH4 in
D,SO;.

(ii) Addition of Pt(IV) salt as H,Pt(OH)g to the catalyst
results in the formation of product.

From these results, it is concluded that the C—H
activation at 150 °C is via Pt(l1) and the oxidation step
is rate-determining.

Periana et al. found that the ammine catalyst Pt-
(NH3).Cl; has higher initial activity than the bipyrimi-
dine catalyst Pt(bpym)Cl,. (The extrapolated turnover
frequency (TOF) is on the order of 1072 s71, an order of
magnitude higher than for the bipyrimidine catalyst
(TOF &~ 103 s71).) However, after only several turnovers
PtCly(solid) precipitated, halting the reaction (r1, ~ 15
min). In contrast, the bipyrimidine catalyst is stable
over thousands of turnovers.

To provide a basis for improving these catalysts, we
embarked on a project to elucidate the fundamental
mechanism. The hope is that with an improved under-
standing of how the current catalyst works, we might
be able to suggest possible modifications that could
improve the catalyst sufficiently that it would become
commercially viable.

Herein we report thermodynamics of many possible
stable species and intermediates in solution. These
calculations focus on the methane activation step (eq
1a) of the three processes in eq 1. Our calculated relative
barriers for the C—H activation step with the bipyri-
midine catalyst are in good agreement with observed
ratios from H/D isotope exchange experiments. We find
that C—H activation proceeds via electrophilic substitu-
tion for the bipyrimidine catalyst but via oxidative
addition for the ammine catalyst. We also suggest
mechanistic steps involved in oxidation and function-
alization based on less complete calculations.
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Section 2 presents details of the calculations, with the
results addressing stability of the catalyst presented in
section 3. Our results addressing methane activation
are presented in section 4. This section is divided into
three parts: mechanistic issues (section 4.1), the kinet-
ics of C—H activation with (bpym)PtCl, (for which
mechanistic experimental data are available) and (NH3)2-
PtCl, (section 4.2), and the overall thermodynamics of
the reaction (section 4.3). A brief discussion follows in
section 5 with concluding remarks in section 6.

2. Computational Details

All quantum-mechanical calculations were carried out using
the B3LYP flavor of density functional theory (DFT). This
includes nonlocal gradient corrections to the Slater local
exchange functional®® and includes exact Hartree—Fock (HF)
exchange. We used the parameters referred to as Becke3'* with
the Becke nonlocal gradient correction,'®> the Vosko—Wilk—
Nusair exchange functional,*® and the Lee—Yang—Parr local
and nonlocal correlation functional.*”

The core electrons of the Pt were treated with a nonlocal
ECP using angular momentum projection operators to enforce
the Pauli principle.*®1° To do this, we used the Hay and Wadt®
core-valence effective core potential (ECP), which treats
explicitly the outer 18 electrons of Pt (5s,5p,5d,6s,6p). This
basis set is denoted as LACVP** in the Jaguar QM soft-
ware.?t??2 H, C, and N atoms were treated at the level of
6-31G** (valence double-¢ plus polarization); while O and S
were treated by 6-31+G* with diffuse functions being added.

All calculations used the Poisson—Boltzmann continuum
approximation to describe the effect of solvent.?®=2* In this
approximation, the solvent-accessible surface of the solute is
calculated as illustrated in Figure 2 (using van der Waals radii
for the atoms of solute and then rolling a sphere of radius R
of solvent over this surface to obtain a smooth surface). Then
at each self-consistent-field (SCF) step, we calculated the
reaction field in the solvent due to the electrostatic field of
the solute wave function using the experimental dielectric
constant (e = 98 for 99% H,S0,2 and radius Ry = 2.205 A%),
This reaction field was then included in the Fock operator
(Kohn—Sham Hamiltonian) to calculate the orbitals of the DFT
wave function of the solute. This calculation used a numerical
grid to describe the solvent region of space. For a fixed
geometry, this process was continued until self-consistent. The
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Figure 2. lllustration of the solvent-accessible surface
used in the calculation of the Poisson—Boltzmann solvation
energy.

total energy then included the QM energy (which includes
rearrangement effects due to the solvent) and the solute—
solvent interactions. The forces on the QM atoms due to the
solvent are also calculated so that the geometry could be
calculated in the presence of the solvent. However, in this
work, the single-point solvation (free) energy was calculated
at each optimized gas-phase geometry.

The analytical Hessian was calculated at each optimized
geometry in the gas phase. The DFT gas-phase energy was
corrected for the zero-point vibrations to obtain AHgk. In
addition, we used the vibrational frequencies to calculate the
enthalpy and entropy as a function of temperature to obtain
the total free energy AGk at finite temperature T. For the
reaction energies (Table 3), we report two numbers.

(i) The first number, AHok, is the sum of the electronic
energy, solvation energy, and zero-point energy with no
temperature corrections. This corresponds to the enthalpy
change at 0 K.

(ii) The second number, AGussk, adds the free energy
correction from 0 to 453 K to the AHok hnumber. Note that we
do not correct the free energy for concentration differentials
among reacting species to obtain the chemical potential. Such
concentration corrections can be significant, since some of the
reactions studied include ligand exchange with the solvent
(sulfuric acid) present in much higher concentration than the
other species in solution.

The various discussions in the text will mainly be based on
AGAS3K-

3. Results on Catalyst Stability in Sulfuric Acid

3.1. Ammine Ligands. We calculate that in sulfuric
acid the ammine ligands in Pt(NH3),Cl, are favorably
displaced by bisulfate ligands.

Pt(NH,),Cl, + 2H,S0, —
[Pt(OSO;H),CL)*™ + 2[NH,]" (3)
AHg = —32.5 kcal/mol, AG 55 = —23.4 kcal/mol

The driving force for this reaction is the favorable
protonation of the ammine ligands to form NH,*, which
goes into solution.
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In fact, we find that at 453 K the bidentate form of
bisulfate is the thermodynamically favored species.

[Pt(OSO4H),CL,)*~ —
[Pt(7°-OSO4H)CI,]” + [OSO,H] (4a)
AHg = 15.6 kcal/mol, AG 55« = —5.7 kcal/mol

The protonated form of bisulfate ligands is highly
unfavorable.

[Pt(OSO4H),CL,)*~ + 2H,SO, —
[Pt(OSO,H,),Cl,]° + 2[0SO,H]~ (4b)
AHg, = +31.9 kcal/mol, AG 455 = +30.0 kcal/mol

Structures and relevant bond distances of these Pt
complexes are shown in Figure 3b.

The favorable thermodynamics for decomposition of
the ammine complex suggests that it may be short-lived,
as observed. The loss of the ammine ligands is the first
step of PtCly(solid) precipitation.

3.2. Bipyrimidine Ligand. For the bipyrimidine
ligand, we consider three cases (unprotonated, singly
protonated and doubly protonated). We find the follow-
ing.

(i) The singly protonated form, [Pt(bpymH)Cl,]* is the
most stable.

(i) AGys3k for forming the doubly protonated form,
[Pt(bpymHy)CI,]?, is only 4.9 kcal/mol higher in energy.

(iif) AGassk for forming the neutral unprotonated
form, [Pt(bpym)Cl,], is 7.8 kcal/mol less stable in solu-
tion (it is the most stable in the gas phase).

Thus

[Pt(bpym)CIL,] + H,SO, —
[Pt(bpymH)Cl,]" + [0SO,H]~ (5a)
AHg = —7.6 kcal/mol, AG 55« = —7.8 kcal/mol

[Pt(bpymH)CL,]" + H,SO, —
[Pt(bpymH,)CL,]*" + [OSO,H]™ (5b)
AHg = +6.1 kcal/mol, AG 55« = +4.9 kcal/mol

Our calculations suggest that the singly protonated form
would be dominant in the real catalytic environment.
However, the differently protonated forms are accessible
to allow proton shuttling to facilitate the activation and
oxidation steps (discussed in section 4.3.4).

The geometries of these complexes are given in Figure
3a. A somewhat surprising result from these calcula-
tions is that the structure of [Pt(bpym)Cl;] hardly
changes upon adding the protons. Thus, the Pt—N bond
distances increase slightly (0.005 A) and the Pt—ClI bond
distances decrease slightly (0.05 A) upon protonation.
The central C—C bond connecting the two pyrimidine
units changes very little (from 1.48 to 1.45 A). The
pyrimidine groups in all three cases are parallel when-
bound to the PtCl, complex.28 Thus, the bipyrimidine
ligand functions as a proton reservoir.
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AHx = +7.6 kcal/mol
AG 55, = +7.8 keal/mol
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Figure 3. Geometries of different forms of the catalyst: (a, top) unprotonated and singly and doubly protonated forms of
the bipyrimidine catalyst; (b, bottom) ammine and bisulfate forms of the catalyst. The small changes near the Pt indicate
that little charge is removed from the Pt, while the small changes in the bpym ligand indicate that the charge is localized

near the protons.

These bpym structures are more stable than the
bisulfate systems. For example

[Pt(bpymH,)CL,J*" + 2[0SO,H] —
[Pt(OSO,4H),CLJ*~ + [bpymH,]** (6)
AHg = +0.3 kcal/mol, AG 55« = +18.4 kcal/mol

This contrasts dramatically with the ammine case in
eq 3.

(28) In free bipyrimidine the calculated angle between the pyrimi-
dine planes was 28.4°. The energy required to twist the planes parallel
was calculated to be —2.7 kcal/mol, including solvation and zero-point
energy corrections.

Energies for the various species are reported in Table
1. The most stable form of free bipyrimidine in solution
is the doubly protonated form. Adding the third proton
is uphill: 8.5 kcal/mol. Thus, bipyrimidine retains two
unprotonated N sites that can form a complex with
PtCl, even in concentrated sulfuric acid.

4. Results for Conversion of CH4 to CH3;0S0O3H

4.1. Mechanistic Issues. 4.1.1. Mechanism Pro-
posed by Current Calculations. Our calculations
support a reaction mechanism with three basic steps
(see Figure 4a).

(i) With a square-planar Pt(l1) complex as starting
material, methane activation occurs via an intermediate
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Table 1. Energetics of L,Pt,Cl,, Complexes and
Other Reacting Species

electronic solvation ZPE G453k
E E (kcal/  (kcal/

compd (hartree) (kcal/mol) mol) mol)
[(NH3),PtCI;]° —1152.799 824 -30.2 51.4 -38.0
[(OSO3H),PtCI,]*~ —2439.049 954 —160.3 374 -51.2
[(7?-OSOzH)PtCl;]~ —1739.356 347 —55.6 186 —42.4
[(H2S04),PtCI,]° —2440.066 346 -13.9 51.6 —51.7
[(bpymH,)PtCI,]2+ —1567.650 889 —-2215 103.1 -—46.5
[(bpymH)PtCl,]*™ —1567.468 698 —80.0 95.8 —45.9
[(bpym)PtCl,]° —1567.127 652 —237 87.6 —46.4
[NH.]*™ —56.904 893 53 -89.3 311 -18.0
[bpymH;]e*+ —528.102 3480 -417.2 108.3 -—37.9
[bpymH_]?*+ —528.0688205 —-186.5 1011 -—37.1
[bpymH]* —527.835306 8 -56.5 928 -37.0
bpym (bipyrimidine)  —527.449428 2 —-13.4 84.0 -—-37.6
H,SO,4 —700.226 950 5 -14.3 240 -29.3
[OSO3H]~ —699.724 028 8 —-67.7 16.4 —29.9
CH, —40.523 252 46 1.7 28.3 -—18.1
HCI —460.797 487 2 -0.8 42 -184
SO3 —623.766 593 1 —-5.4 73 —25.6
SO, —548.594 640 4 —4.3 42 —-254
H,0 —76.418146 75 —6.8 13.3 -184
CH3;0S0zH —739.5306418 -10.6 418 -33.1

ion-pair methane complex, [LoPt'"X(CHy,)], to produce a
CH3—Pt(Il) square-planar complex.

[LPt"CL]™ + CH, — [L,Pt"CI(CH )™V CI™ (7a)

[L,Pt"CI(CH )™ Ccl™ —
[L,Pt"CI(CH,)]™ + HCI (7b)

(i) Oxidation of CHz—Pt(ll) to an octahedral CH3;—
Pt(1V) complex can occur via adding bisulfate ligands
in the axial positions with reduction of SOs.

[L,Pt"CI(CH)]™ + 2H,S0, + SO, —
[L,Pt"CI(CH,)(0SO,H),]™ + SO, + H,0O (8)

(iii) Functionalization occurs via reductive elimination
of CH30803H.

[L,Pt"CI(CH,)(OSO,H),]™" —
[L,Pt"CI(OSO,H)]™" + CH,0SO,H (9)

After [L,Pt"CI(OSOzH)] (eq 8) is formed from one
turnover, the catalytic cycle can proceed using [L,Pt"-
CI(OSO3H)] as the catalyst without further involving
the [LPt''Cl,] species. Hence, eq 7a is replaced by eq
7a’ for subsequent catalytic cycles.

[L,Pt"CI(OSO,H)]™" + CH, —
t + a
[L,Pt"CI(CH)]™* + 0SO,H™ (7a')

This mechanism shares similarities with both the
aqueous Pt(11)/Pt(1V) system proposed by Shiloy0:29-30
and the Periana mechanism? (Figure 4b) discussed
below.

4.1.2. Comparison with Experiment. Periana et
al. suggested that C—H activation takes place via
electrophilic substitution, going through a dissociative

(29) Siegbahn, P. E. M.; Crabtree, R. H. 3. Am. Chem. Soc. 1996,
118, 4442.

(30) Holtcamp, M. W.; Labinger, J. A.; Bercaw, J. E. J. Am. Chem.
Soc. 1997, 119, 848.
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Figure 4. Overall mechanism of catalytic cycle: (a, top)
as suggested from the calculations; (b, bottom) as proposed
originally by Periana et al.

step to form the 14-electron T-complex, [(bpym)Pt''CI|™+
(see Figure 4b). Subsequent reaction with methane (eq
10b) leads to the CHz—Pt(ll) intermediate.

[(bpym)Pt"CL]™" — [(bpym)Pt"CI]™**---CI” (10a)

[(bpym)Pt"CI™"---CI” + CH, —
[(bpym)Pt"CI(CH,)]™" + HCI (10b)

The Periana T-complex (eq 10a) is similar to the
methane complex intermediate found in eq 7a. However,
we find that as one Cl~ is removed, it is favorable for
the CH, to occupy the open coordination site. Hence,
our mechanism goes through a methane complex inter-
mediate rather than the T-complex.

Neither the 14-electron T-complex nor the methane
complex have been directly observed experimentally.
However, should such intermediate species be formed,
conversion to the CH3—Pt(ll) species (eqs 7b and 10b)
is calculated to be exothermic, probably making it short-
lived.

The most significant mechanistic information comes
from H/D exchange experiments with D,SO, at temper-
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atures below 150 °C (where no oxidized products are
made). Here significant amounts of highly deuterated
species (CD4, CD3H, and CD,H,) are observed. This
suggests that the activation barrier of the reverse
reaction (eqs 7a and 10a) is higher than the forward
reaction (eqs 7b and 10b).

The large excess of H,SO, in solution favors the
formation of HCI as CI~ goes into solution.

H,SO, + CI~ — HCI + OSO,H~ (11)

The proposed oxidation (eq 8) and functionalization
(eq 9) steps are consistent with our calculations.

4.1.3. Comparison with Previous Calculations.
Hush and co-workers have reported calculations of the
thermodynamics for the ammine complex.3! They used
the same level of DFT as our work. Also for the metal
they used a similar level of calculations (but with the
Stoll ECP3233 instead of the Hay and Wadt ECP).
However, for the nonmetal atoms their calculations
were less rigorous. Thus, in Hush'’s calculations, the core
electrons of the C, N, S, O, and Cl atoms were replaced
with simplified core potentials and they used only
valence double-¢ basis sets (no polarization functions).
In addition, no diffuse functions were used. In contrast,
we found that diffuse functions for O and S are very
important to properly describe the stabilization of the
OSO3zH™ anion.

The treatment of solvation is also different. Hush et
al. used the isodensity polarizable continuum model
(IPCM).2* We used the Poisson—Boltzmann continuum
approximation, which has been thoroughly tested for
solvation energies of many organics and metal-contain-
ing systems.

Hush found that for the ammine catalyst C—H
activation via oxidative addition is less favorable com-
pared to electrophilic substitution. In contrast, we find
oxidative addition is more favorable than electrophilic
substitution in the ammine system. They found that
ligand exchange results in the exchange of the two
chlorides with two bisulfate molecules (eq 12).

[(NH,),PtCL,] + 2H,S0, —
[(NH,),Pt(0SO4H),] + 2HCI (12)

In contrast, we find this to be quite unfavorable (as
discussed in section 4.3.3). The CHz;—Pt(11) complex then
goes through similar oxidation and functionalization
steps as proposed by Periana et al.12

Hush'’s calculations would lead to a net reaction free
energy of —66.7 kcal/mol in solution at 298 K for the
net reaction of methane activation

CH, + 2H,S0, — CH,0SO,H + 2H,0 + SO, (13)

while our calculations give —21.3 kcal/mol. This 45.4
kcal/mol energy difference results from differences both
in the gas-phase calculations and in the thermal cor-

(31) Mylavaganam, K.; Backsay, G. B.; Hush, N. S. J. Am. Chem.
Soc. 1999, 121, 4633.

(32) Igel-Mann, G.; Stoll, H.; Preuss, H. Mol. Phys. 1988, 65, 1321.

(33) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123.

(34) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.;
Frisch, M. J. J. Phys. Chem. 1996, 100, 16098.
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rections. On the other hand, the solvation energy contri-
butions from the two methods are similar for this case.

4.2. Calculated Kinetics of C—H Activation. 4.2.1.
(bpym)PtCl,. Figure 5 shows the C—H activation
reaction energy profile (AH(0K)) in solution for (bpym)-
PtCl,.3% We find a distinct stable intermediate B. Since
the barrier for the reverse reaction B — A is larger than
the forward barrier B — C and since subsequent
reactions of C are not favorable (low temperature, <150
°C), we expect multiple exchanges with deuterium in
D,SO4 before desorption of methane, as observed.

We calculate the overall reaction A — C to be
endothermic by 19.6 kcal/mol. We find that the first step
to C—H activation involves the breaking of one Pt—CI
bond. Methane occupies the open coordination site,
forming the methane complex B. Cl~ remains very
closely associated as an ion pair and can be involved in
breaking the C—H bond to form C. The calculated
barrier of B — C is small, 35.2 — 30.8 = 4.4 kcal/mol
(going through transition state T2), which may explain
why B is transient. We find that the reverse reaction
B — A indeed has a larger barrier (40.7 — 30.8 = 9.9
kcal/mol).36

The direct reaction pathway from B to C via transi-
tion state T2 corresponds to C—H activation via an
electrophilic substitution mechanism. There is no for-
mation of an intermediate species with a Pt—H bond.
As the Pt—C bond is formed, the breaking of the C—H
bond is assisted by the CI~ of the ion pair. We also
carried out calculations for the oxidative addition mech-
anism. Here both Pt—H and Pt—C bonds are formed as
the C—H bond is broken. This leads to the intermediate
D via transition state T2b. Elimination of HCI from D
leads back to C. We find that the barrier from B to C
via T2 (35.2 — 30.8 = 4.4 kcal/mol) is 9.1 kcal/mol lower
than from B to D via T2b (44.3 — 30.8 = 13.5 kcal/mol).
This suggests that C—H activation of methane via
(bpym)PtClI, favors electrophilic substitution over oxida-
tive addition.

The highest barrier for the overall reaction A — C
via electrophilic substitution is estimated to be 40.7 kcal/
mol (T1). As discussed in section 4.1.1, after one turn
of the catalytic cycle the initial species in solution,
(bpym)PtCly, is converted into (bpym)Pt(Cl)(OSOsH).
We find that exchanging a CI~ ligand for an OSOzH~
ligand is endothermic (by AH(sol, 0 K) = 6.4 kcal/mol,
AG(sol, 453 K) = 11.7 kcal/mol). Hence we expect the
effective overall barrier, AH(sol, 0 K), to be less than
34 kcal/mol (since the Pt—O bond in Pt—OSO3H is
weaker than the Pt—ClI bond).3” Similarly, the relative
energetics, AH(sol, 0 K), of the analogous B, T2, C, T2b,
and D with respect to (bpym)Pt(Cl)(OSO3zH), A', are
24.4,28.8, 13.2, 37.9, and 19.3 kcal/mol instead of 30.8,
35.2, 19.6, 44.3, and 25.7 kcal/mol, respectively.

(35) Note that in calculating the Kkinetics all species are included;
i.e., we do not calculate reactant fragments as separated species at

infinity.
(36) From our calculations on C—H activation barriers of small
hydrocarbons on a Pt surface (Kua, J.; Goddard, W. A., 111. Unpub-

lished results), we find that DFT/B3LYP with the same basis set
systematically overestimates barriers by ~5 kcal/mol when compared
to experiment. The numbers we report are the actual calculated
numbers without any corrections.

(37) This estimate presumes the pathway for the bisulfate ligand
is very similar to that for chloride. Calculations with the bisulfate
ligand are currently in progress (Philipp, D.; Xu, X.; Goddard, W. A.,
I11. Manuscript in preparation).
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Figure 5. C—H activation reaction energy profile of (bpym)PtCl,. The calculated structures for the stable intermediates
(no negative eigenvalues in the Hessian) and the transition states (one negative eigenvalue in the Hessian) are also reported.
The pathway A — T1 — B — T2 — C provides the lowest energy reaction path for activating CH,4. The barrier for B — T2
— C (4.4 kcal/mol) versus B — T2 — A (9.9 kcal/mol barrier) is consistent with the H/D exchange experiments. The pathway
B — T2 — C corresponds to electrophilic substitution, while B — T2b — C (13.5 kcal/mol barrier) corresponds to oxidative

addition. A’ shows the relative energy for (bpym)Pt(OSOz;H)CI.

These results are consistent with experimental obser-
vations providing strong support of our mechanism for
C—H activation, in particular, that an ion pair methane
complex intermediate, B, is involved (as opposed to a
single-step reaction).

4.2.2. (NH3)2PtCl,. Because it is unstable in sulfuric
acid, H/D exchange experimental data are not available
for the ammine catalyst (it forms precipitate leading to
catalyst death, as discussed in section 3). However, our
calculations for the Kinetics of C—H activation suggest
that the ammine catalyst (if it were stable in solution)
would have a different reaction profile compared to the
bipyrimidine catalyst.

Figure 6 shows the reaction energy profile (AH(0 K)
in solution) of (NH3),PtCl,. The overall reaction A— C
is endothermic by 26.2 kcal/mol. Methane occupies the
open coordination site, forming a distinct intermediate
methane complex, B, 23.6 kcal/mol uphill from A. CI~
remains very closely associated as an ion pair and is
involved in breaking the C—H bond to form C. The
relative barrier heights36 are opposite to those found for
(bpym)PtCl,. The forward reaction B— Cis42.1 — 23.6
= 18.5 kcal/mol (going through transition state T2),

while the reverse reaction B — A has a smaller barrier
(33.1 — 23.6 = 9.5 kcal/mol).

We find that (NH3),PtCl, favors oxidative addition
over electrophilic substitution. The barrier for the
reaction B — D via T2b is 32.1 — 23.6 = 8.5 kcal/mol.
This is 10.0 kcal/mol lower than electrophilic substitu-
tionof B— Cvia T2 (42.1 — 23.6 = 18.5 kcal/mol). This
suggests that direct C—H activation can involve either
electrophilic substitution or oxidative addition depend-
ing upon the ligands.

As discussed in section 4.1.1, after one turn of the
catalytic cycle, the reacting species changes from (NHs),-
PtCl; to (NH3),Pt(CIl)(OSO3sH). We find that exchanging
a CI~ ligand for an OSO3zH™ ligand is endothermic (by
AH(sol, 0 K) = 3.4; AG(sol, 453 K) = 6.7kcal/mol) leading
to a first barrier (AH(sol, 0 K),T1) of 29.7 kcal/mol
instead. Similarly, the relative energetics (AH(sol, 0 K))
of the analogous B, T2, C, T2b, and D with respect to
(NH3)2Pt(Cl)(OSO3H) (A") are 20.2, 38.7, 22.8, 28.7, and
18.0 kcal/mol instead of 23.6, 42.1, 26.2, 32.1, and 21.4
kcal/mol, respectively.

4.3 Calculated Thermodynamics for Conversion
of CH,4 to CH30OSO3H. 4.3.1. Overall Thermodynam-
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Figure 6. C—H activation reaction energy profile of (NH3),PtCl,. The pathway A — T1 — B — T2 — C provides
the lowest energy reaction path for activating CH,. The pathway B — T2b — C (8.5 kcal/mol) corresponds to oxidative
addition, while B — T2 — C (18.5 kcal/mol barrier) corresponds to electrophilic substitution. A’ shows the relative energy

for (NH3),Pt(OSO;zH)CI.

ics. The overall thermodynamics calculated for various
steps in the conversion of CH4 to CH3zOSO3H are shown
in Figures 7 and 8 for six different cases (L = NH3, L =
OSO3H, L, = 2-0S03H, L, = bpymH;, L, = bpymH,
L, = bpym). In this diagram, the starting point (L PtCl,)
is at the upper right and the species with ClI replaced
by CHj3 is at the bottom right. The pathway to get here
involves the stable intermediate [L,Pt(CH,4)CI]" at the
far right. From the lower right we go up to the left to
form the oxidized Pt(1V) complex with two (OSO3zH)~
ligands. This involves several intermediate steps that
we leave out in the diagram. From here reductive
elimination leads to the CH30SO3H product and the
modified catalyst L,Pt(OSO3H)CI in the upper middle.
Subsequently, this would be considered the catalyst.
Thus, the first turnover involves the cycle at the far
right, while subsequent ones go from L,Pt(OSO3H)CI
to [LoPt(CH,)CI]".

From L,Pt(OSO3H)CI, one can also consider a second
cycle in which the CI~ is lost while the (OSO3H)~
is retained. This catalytic cycle is shown at the lower
right.

In addition, we examined a pathway where formation
of the Pt—CHj3 bond occurs without displacing the CI~
ligands. This is also represented by the left side of
Figures 7 and 8, where L = CI.

Energetics for the reaction intermediates are given
in Table 2, while energy differences of the reactions
(AHok and AGys3k) are given in Table 3. The alpha-
numeric labels for each reaction are shown in Figure
7b. For convenience in comparing the two major types
of ligands, we present the results for L = NHzand L, =
bpymH in parts a and b of Figure 8. The reactions can
be partitioned into three groups.

The first group involves the reactions in the top half
of parts a and b of Figure 7 (reactions 6—9). This
describes the overall thermodynamics for ligand ex-
change between CI~ and OSO3;H~ and determines the
dominant forms of the catalyst in solution. Chloride
from the complex goes into solution as HCI in fuming
sulfuric acid.

The second group of reactions is the (lower right)
catalytic cycle involving the L,PtXCH3 intermediates,
where X = CI. Formation of Pt(I)-CHj3; via C—H
activation is given by reactions 10a and 1lla. The
oxidation step is reaction 3a. The functionalization step
is reaction 4a. Reactions 1a and 5a form the methane
complex (L,PtXCH, species) as a stable intermediate,
which leads to C—H activation via reaction 2a. We
expect the methane complex to be transient in this two-
step C—H activation. It has not been detected directly
by experiment. However, we calculate this complex to



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on December 29, 2001 on http://pubs.acs.org | doi: 10.1021/0m0101691

Solubility and Thermodynamics of PtClI,

Organometallics, Vol. 21, No. 3, 2002 519

L =NH, n=0

L PN L=0SO,H n=-2
~N / L,=0SO;H n=-1
L,=bpymH, n=+2
OSO;H(-) HCI + OSO,H(- Ly=bpymH pn=+1
L,=bpym =0
~ H,50,
Hei| H2SO, kel H,80,

0soH | " y
TS A L

P
OSOH \oso H

L Pt\

\—1
\
Q
3

CH, + H,SO,
~ HCI + OSO,H(-)

4 4
CH;080,H
JH(-
1
n+1

CH n+
OSOH n L oH
OSOH L
‘ _CH, 3 0SoH | LPR
LPIC | ) cl
| “osoH Lpe o
OSOH PR
3 OSO,H(-) a
0SO,H
¢ OSO,H(-)
H,SO
) = e A,
H,S0
2H,S0, c n 2 H,S0, e
*80: e + 80, _CH, | "
0SO,H LPt
cl
o n+1 L = NH, n=0
szt< >302H L=0SOH n=-2
o L,=0SOH n=-1
L,=bpymH, n=42
9 L,=bpymH n=+1
8 L, = bpym n=0
0SOH | "
L Ll Lp
0OSO.H \OSO H t\

CH
0SOH " L
0SOH
_CH,
L P
| ~osoH 11b
OSOH
2b
3b

4a\ 1a
_cH, n+1
osoH | LPE
| (¢}
CH
L
I [¢] 10a
0SO,H
2a
xa
n
11
: L2Pt<C :
cl

Figure 7. Calculated overall thermodynamics of the catalytic cycle: (a, top) chemical steps; (b, bottom) definitions for the

energetics (in Table 3).

be stable and our interpretation of the isotope experi-
ments involves the existence of this species.

The third group is the (lower left) catalytic cycle
involving the L,PtXCHj; intermediates, where X =
OSO3zH. Formation of Pt(Il)-CHj; via C—H activation
is given by reactions 10b and 11b. The oxidation to form

the Pt(IV) intermediate is reaction 3b. The functional-
ization step is reaction 4b. Reactions 1b and 5b form the
stable methane complex (L,PtXCHy, species) as a stable
intermediate, which leads to C—H activation via 2b.
For C—H activation to occur in a single step requires
simultaneous breaking of the C—H and Pt-X bonds with
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Figure 8. Calculated overall thermodynamics of the catalytic cycle: (a, top) energetics for the L = NHj case; (b, bottom)

energetics for the L, = bpym case.

formation of the H—X bond. We have not been able to
locate a transition state for such a single-step C—H
activation.

4.3.2. Stable Species in Solution before Reacting
with CH,. Before reaction with methane, the most
thermodynamically stable species in solution among the
four species involved in reactions 6—9 is L,PtCl, for all
ligands, L. The least favored species is L,Pt(OSO3H),,

with the exception of (OSO3H),Pt(72-OSOzH)~. For L, =
bpym, bpymHo,, 72-0OS0O3H, we find that L,Pt(2-OSOzH)
is slightly favored over L,Pt(Cl)(OSO3H) in solution.
However, the concentration of sulfuric acid (the solvent)
is ~10* times greater than any of the other species in
solution, suggesting that there is a small but non-
negligible amount of L,Pt(Cl)(OSOzH) and L,Pt(y?-
OSOsH) in solution.
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Table 3. Reaction Thermodynamics of L,PtXY

electronic solvation ZPE Gg-s3k (kcaI/mOI)
E E (kcal/  (kcall L= L= L= L= L= L= L=
compd (hartree) (kcal/mol) mol)  mol) reacn NH; OSOsH OSOs;H bpymH; bpymH bpym Cl
(@ L=NHzn=0 (a) Enthalpies at 0 K
[LoPt(CI) " —1152.799 824 -30.3 51.4 —38.0 (Solvation and ZPE Included)
[LPt(CI)(CH]"+ —732.8380424  —740 802 —395 la 171 254 27.6 28.2 262 243
[L,Pt(CI)(CH3)]" —732.4849952  —231 728 —40.0 2a 105 -10.9 —17.0 -7.0 —2.9 1.4
[LoPt(CI)(CH3)(OSOsH),]" —2 131.755 517 374 1102 -57.0 3a -313 -247 —239 -37 -175 -21.9
[L.Pt(CI)(OSOsH)]" —1392.230 355 374 688 —456 4a -13.7 —40 87 —242 -180 -—18.1
[LPt(OSOH)(CH.)]™! —972.256 873 848  97.0 —46.7 5a 137 188 115 14.1 176 17.9
[L.Pt(OSO3H)(CHy)]" —971.9136445 323 902 —425 10a 276 145 10.6 21.2 233 257
[LPt(OSO5H)s(CHy)]" —2371.173 061 —418 1281 —61.6 1la 242 79 56 7.1 147 193
[LPt(OSO5H),]" —1631.664 687 —420 868 -51.1 b 201 342 20.5 335 316 256
[LoPt(-0S0sH)]™ —931.7434662  —820 682 —427 2b 65 -200 —127 —131 -10.1 06 —0.7
(b) L = 0SOsH: n = —2 3b -19.0 -220 —224 12.4 -8.4 -—134 -27.1
[LPE(CI),]" —2439.049954  —160.3 374 -512 4b  —243 41 46  —-397 -248 -280 95
[L,Pt(CI)(CH)]"* —2019.320 910 —49.7 66.3 —49.6 5b 16.0 254 9.8 19.8 22.6 20.1 16.6
[LoPt(CI)(CH)]" —2018.739 748 ~163.7 50.3 —54.2 10b 26.7 14.2 7.9 20.3 215 26.2
[LoPt(CI)(CH3)(OSOsH),]" —3418.053 658  —143.4  96.0 —65.0 11b 226 53 -29 6.6 125 207 158
[L,Pt(CI)(OSOsH)J" 2678500690  —1515 549 -56.1 6 —34 -66 -1l61 -141  -86 64
[LePt(OSO;H)(CHA)I™!  —2 258.741 620 -503 830 -58.0 4 —41 -88 -108 -137  -90 55
[L,Pt(0SOsH)(CH3)" 2258195206  —152.4  76.8 —58.1 8 138 270 4.6 0.8 7.7 92 156
[LPtOSOsH)s(CHs)]"  —3657.493744  —1389 1133 -707 9 179 -359 154 -l45 167 147
[LPt(OSOzH) " —2917.943 707 —145.6 72.5 —60.9 (b) Free Energy Corrections to 453 K
[L-Pt(;2-OSO;H)]" —2218.222 290 —472 542 -51.9 (Solvation and ZPE Included)
(©) L = 77-0S0sH: n = —1 la 146  26.0 26.5 24.9 233 217
[L.Pt(CI)]" —1739.356 347 -556 188 —42.4 2a 107 -148 -17r7  —-61 16 2.9
[L,Pt(CI)(CH)]"* —1319.515 383 -131 477 -426 3a 80 49  -25 194 23 23
[L,Pt(CI)(CHa)]" —1319.062 922 —53.1 412 -439 4a -353 -282  -78 464 378 -352
[LoPt(CI)(CHs)(OSOsH),]  —2 718.344 868 -52.3 781 —62.9 5a 7.9 134 3.3 8.3 125 100
[L,Pt(CI)(OSOsH)]" —1978.793 194 —467 369 —463 10a 253 112 8.8 18.8 217 246
[LoPt(OSOsH)(CHA)]™*  —1558.928 694 —247 644 —493 1la 186 —14 144 2.3 109 129
[L,Pt(OSO;H)(CHg)]" —1558.492 265 ~50.6 584 —49.8 b 181 314 166 30.6 306 220
[LPHOSOH)(CHa)]"  —2957.777913  —47.0 962 —67.0 2b 113 —195  -125  -102 -89 02 = 21
[L,Pt(OSOsH),]" —2218.222 290 —472 542 -519 3b 2.4 5.8 0.8 36.2 117 120 -25
[LoPt(;>-0S0H)]™* 1518423676 197 358 —a44 4b —47.0 -27.4 —134 —61.0 —409 —47.7 -32.8
5b 86 165 0.4 10.4 135 108 8.6
(d) Lz = bpymH;; n = +2 10b 294  11.9 4.1 20.4 216 222
[LoPt(CD]" —1567.650889  —221.5 1031 —465 11b 199 —-30 —12.1 0.2 45 110 107
[LPt(CI)(CH]"* —1147.460 954  —396.6 131.3 —48.8 6 67 —126 -232 —165 -108 —117
[LPt(CI)(CHg)]" —1147.363169  —204.6 1255 —48.6 7 05 —149 161 -202  —171 —112
[L-Pt(CI)(OSOsH)]" —~1807.066587  —226.8 1202 —54.9 9 18 211 17 08 1o 31
[LPt(OSO;H)(CH,)]™!  —1386.878566  —3950 147.9 -56.8
L,Pt(OSO;H)(CHa)]" 1386777249  —211.6 1424 —54.6 . .
{sztgos%H;E(CHg]n _5786.041018  —1851 1783 —71.1 The exothermicity for reaction 6 ranges from —23.2
[LPt(OSOsH),]" —-2046.479393  —2343 1372 -59.3 kcal/mol (L, = 72-OSO3H) to —6.7 kcal/mol (L2 = (NHz3)2)
[LoPt(2-0S0sH)]™ 1346383048  —398.2 1195 -51.1 with the sequence
(e) L, = bpymH; n = +1
[LoPt(CI),]" —1567.468 698 -80.0 958 —45.9 2
[LPH(CI)(CH)]™* ~1147.400134  —1812 1242 —47.9 17°-OSOzH > bpymH, > (OSO;H), >
[LPt(CI)(CHg)]" —1147.168 266 —-68.9 1180 —47.2 bpym > bpymH > (NH.),
[LoPt(CI)(CH3)(OSOsH),]" —2 546.419 229 -80.9 1547 —67.9
[L-Pt(CI)(OSOsH)]" —1806.888 369 -885 1130 -54.6
[L.Pt(OSO;H)(CH,)I™  —1386.815 271 -186.6 140.8 —54.7 The exothermicity for reactions 9 and 6 from most to
[L,Pt(OSO;H)(CH3)]" —1386.582 419 —82.4 135.0 -—54.2 least exothermic is
[LPt(OSO5H)s(CH3)]" —2 785.826 856 898 1720 -745
[LPt(OSO5H),]" —2 046.307 444 —-97.4 130.7 -57.4 )
[L,Pt(7-0SOzH)J"1 ~1346.316248  —187.7 1123 —50.4 (OSO4H), > #°-OSO4H > bpymH,, >
(f) L, =bpym;n=0 bpymH > bpym ~ (NH,),
[LoPt(CI),]" —1567.127 652 237 876 —46.4
[LoPt(CI)(CH]"* —1147.174 537 546 1163 —48.1
[L.Pt(CI)(CHg)]" —1146.814 217 —-18.2 109.7 —47.2 with values ranging from —33.7 to —8.5 kcal/mol. Pt-
[LoPE(CI)(CH3)(OSO3H),]"  —2 546.068 763 —-325 1465 —68.0 (72-OSO3H); is particularly unfavorable.
Etzgtggggi‘?gg&]g]m *i ggg-ggg g% *gg-g 12‘3‘-2 *gi-g 4.3.3 Thermodynamics of C—H Activation. (a)
2 3 4, - . - . . - . -
[L,Pt(OSOsH)(CHs)]" —1386.235 047 —272 1265 -557 Overall Thermodynamics to Form the CHz; Com-
[L.Pt(OSO3H)5(CH3)]" —2785.484 031 -375 1643 —-70.7 pleX. We consider L2PtC|2 fi rst, since it is the most
[LoPt(OSOzH),]" —2 045.987 901 —-335 1228 -57.3 stable species in solution. The formation of L,Pt(Cl)-
[LoPt(5*-OSOzH)]™** —1346.090 643 —63.1 1041 -50.8 (CHg3) from L,PtCl; (reaction 10a) is endothermic for all
(@L=Cln=-2 ligands. The bisulfate ligands are the least endothermic
{IEZE:E(SESSE;EEEA;}ZH ‘i ;Zggg‘l‘ ‘1323 _132(1) ;‘?-g ‘zg-i (+8.8 and +11.2 kcal/mol). The bpym ligands lead to
2 3 3 . . . .
[L,Pt(OSOH)s(CH)" 3178.602 004 1474 786 —609 +18.8, +21.7, and +_24.6 kcal/mol as the number of
[LoPt(OSO3H),]" —2439.049 954 ~160.3 374 —51.2 protons on the bpym is decreased from 2to 0. The L =
[LoPt(72-OSOsH)]" 1 —1739.356 347 -55.6  18.8 —42.4 NH3 case is the most endothermic (+25.3 kcal/mol).
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With L,Pt(Cl)(OSO3H) as the starting material and
going to L,Pt(CI)(CHs3) (reaction 11a, which combines
6 and 10a), the L, = bisulfate and L, = (bisulfate), cases
are exothermic (—1.4 and —14.4 kcal/mol). The trend
(most exothermic first) is

17°-0SO,H > (OSO,4H), >bpymH, >
bpymH > bpym >(NH,),

(b) Thermodynamics for Forming the CH, Com-
plex. Since we find that the C—H activation step
includes the formation of the methane complex L,Pt-
(CD(CHy,), it is relevant to consider the energetics for
reaction la by starting from L,PtClI; (or 5a starting from
L,PtCI(OSO3H)). We find that reaction la is least
endothermic for NH3 ligands, moderately endothermic
for bpym ligands, and most endothermic for bisulfate
ligands. Reaction 5a shows a similar trend.

For ease in comparing the thermodynamics of several
different ligands, we have chosen to consider that the
Cl~ originally on the catalyst L,PtCl, is dissociated
completely to form HCI infinitely separated from the
CH4—Pt(Il) complex as in egs 14a and 14b

[L,Pt"CL]™ + CH, + H,SO, —
L,Pt"CI(CH)]™™* + HCI + 0SO.H™ (14a
2 4 3

[L,Pt"CI(CH)]™™* + 0SO,H™ —
[L,Pt"CI(CH )™ + H,SO, (14b)

and corresponding to steps la and 2a. We do this
despite the result that our calculations find the process
of egs 7a and 7b, in which the CI~ stays associated with
the CH4—Pt(Il) complex. The reason is that the calcula-
tions with weakly bound ligands are very difficult
(particularly when OSOgsH is displaced as in 1b and 2b,
where there are many very low lying vibrations com-
plicating calculations for transition states). We expect
the trends to be the same.

(c) L = NH3 Case. Comparing the relative energetics
of reactions 1a and 10a (and analogously reactions 5a
and 11a), we find that, for the NH3 ligands, formation
of the L,Pt(CI)(CH.) complex is significantly less endo-
thermic than forming L,Pt(CI)(CH3), +14.6 and +25.3
kcal/mol, leading to an endothermic step 2a of +10.7
kcal/mol.

(d) L = OSO3H Case. The above trend for L = NH3
is reversed for the bisulfate ligands; reaction 2a is —14.8
and —17.7 kcal/mol for two and one bisulfate ligands,
respectively.

(e) L, = bpym Case. The bpym ligands lead to
intermediate results. Reaction 2a is exothermic (—6.1
kcal/mol) for bpymH, and increases in endothermicity
with deprotonation (—1.6 and +2.9 for bpymH and
bpym, respectively).

Our calculations investigating the kinetics of C—H
activation for L, = bpym (section 4.2.1, Figure 6) find
that the CI~ remains associated with the complex in an
ion pair (rather than separated at infinity as above).
Here we find that the reaction corresponding to 2a (B
— C) is exothermic (AH(sol, 0 K)= —11.2 kcal/mol). The
fact that no methane complex has been isolated experi-
mentally suggests that the methane complex remains

Kua et al.

tightly associated as an ion pair. Thus, A—B — C in
Figure 5 is a more correct description of the reaction
than la and 2a in Figure 7b.

Among the bipyrimidine complexes, the singly pro-
tonated [(bpymH)PtCl,]* is 4.9 kcal/mol more stable
than the doubly protonated [(bpymH2)PtCl;]?". Thus,
although the bpymH should be dominant, the bpymH,
species will also be present in significant amounts. For
L, = bpymH, reaction 10a is endothermic by +21.7 kcal/
mol, whereas for L, = bpymHy, it is less endothermic
(+18.8 kcal/mol). As a result, the doubly protonated
complex [(bpymH2)Pt(CI)(CH3)]?>" is more stable (by 2.9
kcal/mol) than the singly protonated [(bpymH)Pt(Cl)-
(CHa)I™.

(f) OSO3zH Anion. The catalytic cycle on the left
(reactions 1b, 2b, 5b, 10b, and 11b) where X = OSO3H
shows trends similar to the cycle on the right (X = CI).
However, this cycle is thermodynamically less acces-
sible, since reactions 6 and 7 are exothermic.

(g) Comparison with Calculations by Hush. In
contrast with our results, Hush and co-workers3! found
that replacement of X = CI with X = OSO3H is
thermodynamically favorable; hence, they examine re-
actions related to the left cycle of Figure 7b. For
example, they calculated

[(NH,),PtCL,]° + H,SO, + CH, —
[(NH,),Pt(CH,)(OSO;H)]° + 2 HCI (15)

(this corresponds to reaction 10b minus reaction 6) to
be exothermic (AHok = —6.2 kcal/mol). In contrast, we
find this reaction to be quite endothermic (AHok = +30.0
kcal/mol). This large discrepancy is due mainly to the
relative solvation energies of the two Pt complexes. We
find that the solvation energies of [(NH3),PtCl;]° and
[(NH3),Pt(CH3)(OSO3H)]° are close in energy (—30.3 and
—32.3 kcal/mol, respectively), whereas Hush calculated
a large difference (—9.5 and —50.4 kcal/mol, respec-
tively).

4.3.4. Thermodynamics of Oxidation. The oxida-
tion step (reaction 3a) involves a two-electron-redox
reaction: oxidation of Pt(Il) to Pt(IV) coupled to reduc-
tion of S(VI) in the form of SOz to S(1V) in the form of
SO; (eq 8). Experimentally, the oxidation step is rate-
determining. We find that formation of the Pt(IV)
octahedral complex is most exothermic for the NH;
ligand (—8.0 kcal/mol). It is mildly exothermic (—2.5
kcal/mol) for the 7?-OSOzH ligand. For the bpym
ligands, this step is +19.4 kcal/mol for the doubly
protonated form, 2.3 kcal/mol for the singly protonated
form, and —2.3 for the unprotonated form. Assuming
that the activation barrier to oxidation follows the same
trend, we would expect that the NH3 ligand complex
should have the lowest barriers and hence be the most
active (as observed).

The analogous reaction on the left side of the catalytic
cycle (reaction 3b) follows the same general trend
(comparing the different ligands), except that all these
reactions are significantly more endothermic than the
reaction 3a. Thus, we conclude that retention of one CI~
leads to the most active form of the catalyst. This is in
good agreement with experimental evidence that Cl is
important for the oxidation step. When the L,Pt(OSOzH),
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Figure 9. Suggested mechanism for the oxidation step.

complex was used as the starting material instead of
L,PtCl,, the activity was drastically reduced.38

On the basis of preliminary calculations of the inter-
mediates involved in the oxidation step, our suggested
mechanism for oxidation is shown in Figure 9, il-
lustrated with L, = bpymH. Structure D is the Pt(l1)—
CHj3; intermediate with two additional H,SO, solvent
molecules loosely associated with the axial positions.
Since oxidation of Pt(ll) to Pt(IV) requires the simul-
taneous reduction of SO3 to SO, we have added one SO3
molecule to the system. SO3; may displace one of the
axial H,SO4 molecules, the latter moving to a position
that bridges the proton of the bpym ligand and SOs. The
bpym ligand rotates slightly and one proton points
toward the bridging H,SO,4 molecule to form a hydrogen-
bonding network (see Figure 10). Simultaneous proton
transfer across this bridge (concurrent with electron
transfer from Pt to SO3) can take place to transform
SOj3 to reduced H,SOg3 (illustrated by T3a). H,SO3 goes
into solution, favorably dissociating into SO, and HO.
The remaining bisulfate ion can form a strong Pt—0O
bond (~2 A), giving rise to structure E. Subsequent
proton transfer in solution leads to structure F.

An alternate route (illustrated by T3b) keeps the
H,>SO,4 molecules associated with the axial positions of
the complex and utilizes SOz as the bridge. As before,
to form H,SOj3, one proton leaves the bpymH ligand and
the other comes from the axial H,SO, molecule. This
route also leads to structures E and F.

The key to the oxidation step, therefore, is to transfer
two protons and two electrons from the Pt(Il) complex

(38) Periana, R. A. Unpublished results.

+

0SOzH 1+

H\< I"”M...Pt.ul\\“CHa
Cl

OSO3H

Figure 10. Structure of [(bpymH,)Pt(CI)(CH3)-:+(SO3)-
(H2S0y)2]?" involved in Figure 9.

to an SOz molecule, leading to the oxidized Pt(1V)
complex. Formally, D has a bpymH (+1), a chloride (—1),
and a bisulfate (—1) ligand. Since the net overall charge
of the complex is +1, this leads to Pt(11). On the other
hand, E formally has a bpym (0), a chloride (—1), and
two bisulfate (—1 each) ligands. Since the net overall
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Figure 11. Suggested mechanism for the functionalization step.

charge of the complex is still +1, this leads to Pt(1V).
Proton transfer from E to F reduces the net charge;
hence, F is still formally Pt(1V).

4.3.5. Thermodynamics of Functionalization. The
functionalization step involves removal of CH3;O0SO3;H
from the Pt(IV) complex via reductive elimination to
regenerate a Pt(Il) complex (eq 9). We find this step
(reaction 4a) to be exothermic for all ligands considered.
Experimental evidence suggests that this is a fast step.1?
Methanol is then formed from the hydrolysis of CH3-
OSOsH, regenerating H,SO,.

CH,0SO,H + H,0 — CH,OH + H,SO, (16)

Preliminary calculations suggest (see Figure 11) that a
key step is that a bisulfate ligand in the axial position
(down in Figure 11) rotates toward the equatorial
position, while the equatorial methyl is transferred to
the other axial bisulfate (up in Figure 11). A detailed
mechanistic study is in progress to delineate whether
the CH30SO3H formation is more favorable via Sy2 or
a concerted three-center transition state.

5. Discussion

We find that critical to stability of the catalytic
complex in concentrated sulfuric acid is having a ligand
that in its protonated state (at low pH) still can bind
strongly to the Pt center. The bipyrimidine ligand
(doubly protonated in solution) still has two N centers
to bind to the complex. Simple ammines would not live
long in acidic media, since it is quite favorable for them
to form free RNH," in solution, and the loss of the
ammine ligands will eventually lead to the PtCl,
precipitate and catalyst death. We expect that the
favorable ligands should have at least three N mz-acid
sites with two nitrogens in the right positions to act as
a bidentate ligand to the Pt complex plus at least one
additional N to be protonated in sulfuric acid.

We find the oxidation step is most favorable for the
ammine ligand. Since the oxidation step is rate-
determining, this suggests that the ammine form of the
catalyst should be responsible for the short-lived higher
catalytic activity before precipitation occurs.

Although L,PtCl; is the starting catalyst, our mech-
anism suggests that the first turnover leads to one CI~
irreversibly lost as HCI. After the functionalization step,
L,Pt(Cl)(OSO3H) is regenerated. This becomes the
starting point for subsequent catalytic cycles, which we
find to have a lower barrier for the CH activation step.

We find that weaker binding L ligands enhance C—H
activation by stabilizing the formation of a stronger
Pt—C bond in the Pt(I1)-CHj; intermediate. We calcu-

late the enthalpy of C—H activation to be less endo-
thermic for the weaker binding O-based bisulfate ligands
than for the N-based ligands (reactions 10 and 11 in
Table 3a).

As discussed in section 4.2.1, the methane ion-pair
intermediate complex leads to calculated relative acti-
vation barriers for conversion to CH3 versus loss of CH4
that are in good agreement with H/D exchange experi-
ments (for bpym). Our calculations also suggest that the
reaction pathway involving the close association of X~
(X = CI, OSOzH) keeps the intermediate methane
complex reactive to forming the Pt(11)—CHs species.

We find that C—H activation using (bpym)PtCl,
proceeds more favorably via electrophilic substitution,
whereas (NH3),PtCl, favors oxidative addition.

We find that decreasing protonation of bpym favors
a more rapid oxidation step. This is reasonable, since
the less positive ligand would stabilize the Pt(1V) com-
plex. Hence, we expect that having too many protona-
tion sites on L may destabilize the oxidation complex.
In addition, we expect that, as the solvent is made less
acidic, the oxidation step should be increasingly favor-
able. Our calculations make it clear that step 3a is much
more favorable than 3b: i.e., retention of one CI~ ligand
leads to the most active form of the catalyst.

Although water is involved in the hydrolysis to
convert methyl bisulfate to methanol (see eq 16), the
presence of water in the catalytic cycle has deleterious
effects on activity. As more water is generated from the
decomposition of H,SO3; to SO, and H,0 (byproduct of
the oxidation step), the equilibrium of H,SO,4 and SO3;
(direct oxidant) shifts to reduce the concentration of SO3
and, hence, inhibit the oxidation step. Preliminary
calculations also suggest that water can bind to the axial
positions to block the oxidation step or compete with
methane at the equatorial position to block C—H activa-
tion.

6. Conclusions

Modern DFT methods with solvation can be useful
in elucidating reaction mechanisms, even for reactions
in very acidic media. Our studies suggest that in order
to prevent catalyst death via precipitation of PtCl,
under highly concentrated acidic conditions, suitable
ligands require multiple protonation sites. The proto-
nated free ligand should have open electron donor sites
to form a complex with PtCl,. This explains the observed
stability of the bipyrimidine catalyst, which does not
favorably undergo ligand exchange with bisulfate. In
contrast, the ammine catalyst favorably undergoes
ligand exchange to form the bisulfate complex in sulfuric
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acid, which will eventually lead to PtCl, precipitation
and catalyst death.

We calculate the thermodynamics of the C—H activa-
tion step to be most favorable for the weaker-binding
bisulfate ligands. We find that the activation proceeds
through a methane complex rather than the 14-electron
T-complex. Our calculated relative barriers for a two-
step C—H activation mechanism are in good agreement
with observed experimental isotope results. We find that
the thermodynamics of the rate-determining oxidation
step is most favorable for the ammine ligand, suggesting
that the ammine form of the catalyst should be respon-
sible for the short-lived higher catalytic activity before
precipitation of PtCl, occurs. This is in good agreement
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with the experimentally observed higher activity of the
ammine catalyst over the bipyrimidine catalyst.
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