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The conversion of methane to methanol by dichloro(η2-{2,2′-bipyrimidyl})platinum(II) [Pt(Bpym)-
Cl2] (Catalytica) and Pt(NH3)2Cl2 (cisplatin) [Science1998, 280, 560] has been studied using hybrid
density functional theory in conjunction with the conductor-like polarizable continuum solvent model
(CPCM). We have determined the full potential energy profiles for plausible catalytic pathways along
the three major phases of the catalytic cycle, namely, (a) C-H activation, (b) Pt(II) to Pt(IV) oxidation,
and (c) functionalization. For Catalytica, oxidation of Pt(II) to Pt(IV) is the highest barrier step for all
active catalytic forms considered. Oxidation of Pt(II) to Pt(IV) is significantly easier for cisplatin compared
to Catalytica, explaining the faster catalytic transformation by cisplatin. Our calculations suggest that the
oxidation barrier is significantly affected by the ligand environment on the Pt center of the catalyst. We
predict that monoprotonation of the bipyrimidine ring of Catalytica significantly affects the oxidation
process only if catalysis proceeds through electrophilic C-H activationcis to the protonated pyrimidine
ring. We also determine a full potential energy profile for catalytic conversion by cisplatin proceeding
through oxidative C-H addition, subsequent deprotonation, followed by oxidation of Pt(II) to Pt(IV),
and then functionalization.

Introduction

Although methane is an abundant natural gas and efficient
fuel, its applications are limited by transportation and storage
difficulties. Methanol, however, is more “mobile” and just as
“clean”, making it practical for many applications including use
as an alternative energy source and in direct methanol fuel cells.
Efficient transformation of methane to methanol is therefore
important for practical and academic reasons as a sustainable,
inexpensive catalytic process for this transformation that could
significantly change the global fuel economy.

Few practical processes currently exist to accomplish this
transformation. Effective procedures that pass methane gas over
heterogeneous oxide catalysts at high temperatures have been
studied since 1993.1 Homogeneous methods2-20 were first
reported in the 1970s,5,6 with the first notable route involving

homogeneous transition-metal catalysts reported by Shilov, who
discovered that square-planar Pt(II) complexes promote “C-H
activation” of alkanes to form alkylated Pt(II) square-planar
complexes. Methanol was obtained from methylated Pt(II)
complexes using K2[PtCl6], an expensive stochiometric outer-
sphere oxidant. Periana and co-workers avoided the use of
K2[PtCl6] by carrying out “C-H activation” reactions with
mercuric salts10 and Pt(II) square-planar complexes17 in fuming
H2SO4, where the medium itself serves as an inner-sphere
oxidant to produce methanol while it is itself reduced to SO2.
The cycle is sustained by aerially reoxidizing SO2 to SO3. Using
the dichloro(η2-{2,2′-bipyrimidyl})platinum(II) [Pt(Bpym)Cl2]
(Catalytica) complex, they achieved catalytic transformation of
methane to methanol in 70% one-pass yield and 80% selectivity
at moderately high temperatures and pressures. The net chemical
equation of the process is

Although cisplatin catalyzes this valuable transformation at
a faster rate than Catalytica, it decomposes to form a polymer
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and ammonium sulfate in the sulfuric acid medium. Stability
of the catalyst in concentrated H2SO4 is paramount for reason-
able turnover. Periana et al. suggested that the [Pt(Bpym)Cl2]
complex is stable in concentrated H2SO4 because of Bpym’s
π-acid character and bidentate nature.17

Methane to methanol transformation employing “C-H acti-
vation” chemistry has inspired a number of theoretical inves-
tigations using density functional theory (DFT).20-26 Hush et
al. investigated the thermodynamics of the conversion of
methane to methanol by cisplatin along with the activation
barriers for C-H activation.21,22 Ziegler et al. and Goddard et
al. studied the thermodynamics and the kinetic barriers of C-H
activation of methane by the Catalytica complex.23,24 These
studies revealed valuable insights, but also produced some
conflicting results. For example, Hush and co-workers suggested
that for cisplatin CH4 displaces NH3 from the complex to form
theσ-complex,22 whereas Goddard et al. asserted that methane
displaces a chloride from cisplatin in forming theσ-complex.25

Goddard and co-workers also carried out extensive studies
to investigate the stabilities of the Catalytica and cisplatin
complexes.25,26Their hybrid DFT-based thermodynamic studies
employed the Poisson-Boltzmann solvation model and indi-
cated that the Bpym ligand is protonated in concentrated
H2SO4.25,26 Moreover, they suggested that the availability of
extra protonation sites on Bpym other than the N-donor sites
attached to the Pt center confers stability to the complex.25,26

However, their thermodynamic calculations predict that proto-
nation is unfavorable for the rate-determining Pt(II) to Pt(IV)
oxidation step. Ziegler and co-workers using a pure DFT func-
tional with the COSMO solvent model predicted that the Bpym
ligand of Catalytica does not undergo protonation in concen-
trated H2SO4.23,24These conflicting conclusions regarding proto-
nation leave unanswered the questions of the importance of
protonation in dictating the stability of the catalyst in concen-
trated H2SO4 and whether protonation has a significant effect
on the key activation barriers involved in the catalytic process.

The catalytic cycles of Catalytica and cisplatin involve
three major stages: (a) C-H activation to form the methylated
Pt(II) complex, (b) oxidation of the methylated Pt(II) complex
to form a Pt(IV) complex, and (c) functionalization of the methyl
group to form CH3OSO3H through SN2 nucleophilic attack on
the methyl by a bisulfate anion. Periana et al. employed isotopic
exchange for the Catalytica system to convincingly establish
that Pt(II) to Pt(IV) oxidation is the rate-determining step.17

Although the associated C-H activation barriers for Catalytica
have been theoretically investigated by both Ziegler and
Goddard, the oxidation step has received much less attention.23-26

Ziegler et al. used a linear transit scan, a constrained search
algorithm, to study the reaction mechanism and locate the
transition states associated with the oxidation process of
Catalytica.24 They suggested that SO3 oxidizes the methylated
Pt(II) center to Pt(IV) and then the methyl group is function-
alized via SN2 attack by HSO4-.24 Although this work contrib-
uted considerably to the understanding of the post C-H
activation phases of the catalytic cycle, it did not theoretically

establish oxidation as the rate-determining step. Furthermore,
the effect of protonation on the oxidation step was not examined.

No theoretical study to date has shown the oxidation step to
be rate determining, nor has a full potential energy profile for
the catalytic process of methane to methanol transformation by
Catalytica been reported. Although it has been suggested that
the catalytic cycle may involve oxidative C-H addition,23,24

no mechanism with computed barriers connecting the oxidative
addition C-H mode with the following reaction phases of the
catalytic cycle has been reported. Similarly, for cisplatin limited
studies have implicated the oxidative addition mode of C-H
activation as a likely pathway for the catalytic cycle, but no
barriers have been yet reported for the subsequent oxidation
and functionalization steps.

The barrier for Pt(II) to Pt(IV) oxidation is sensitive to the
ligand environment on the Pt center and may determine the
overall rate of methane to methanol conversion by different Pt
complexes. The fact that cisplatin, despite being unstable,
converts methane to methanol faster than Catalytica suggests
that oxidation is significantly faster in the case of cisplatin than
Catalytica. This suggests that better catalysts might be designed
with the stability of Catalytica and the catalytic ability of
cisplatin or possibly with desirable attributes exceeding those
of either of these complexes. The rational design of improved
catalysts depends on the elucidation of what molecular features
influence a complex’s catalytic ability and on a fundamental
understanding of the catalytic process, its full mechanism, and
associated potential energy profiles. We anticipate that a detailed
theoretical description of the intermediates and transition states
of methane to methanol conversion by these two catalysts will
add to a conceptual framework to support the rational exploita-
tion of ligand effects to develop better methane to methanol
catalysts.

Here, we use B3LYP DFT in conjunction with the CPCM
(COSMO) solvent model27,28 to explicitly carry out a compara-
tive study of the catalytic pathways involved in the transforma-
tion of methane to methanol by cisplatin and Pt[Bpym]Cl2 in
concentrated H2SO4. Our main objectives are to (a) determine
the full catalytic pathways for Catalytica, cisplatin, and associ-
ated species, including the identification of intermediates and
transition states, (b) resolve what affects the catalytic abilities
of cisplatin, Catalytica, and related species by comparing the
relative energies of their key transitions states and intermediates,
(c) clarify the effect of protonation on the critical activation
barriers of the catalytic cycle for Catalytica, and particularly
the oxidation barrier, and (d) establish whether the cisplatin
catalytic cycle operates through oxidative C-H addition or via
electrophilic C-H activation.

Computational Details

All quantum chemical calculations have been carried out using
the Gaussian 03 suite of programs.29 We have used B3LYP, which
employs the Becke3 gradient-corrected hybrid exchange functional,
as implemented in Gaussian 0330 for optimizing all the molecular
structures of relevant intermediates and transition states. Pt is
described with the Los Alamos double-ú basis set along with the
corresponding Pt pseudopotential (LANL2DZ).31-33 All other atoms(21) Mylavaganam, K.; Backsay, G. B.; Hush, N. S.J. Am. Chem. Soc.
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are described using the 6-31G+(d,p) basis set, which includes
polarization functions for heavy atoms and hydrogens and a set of
diffuse functions for all heavy atoms. All molecular structures were
fully optimized with harmonic frequencies computed in the “gas
phase”. A fine grid with 75 radial and 320 angular points was
employed for numerical integration. All intermediates were char-
acterized by the absence of imaginary frequencies. Transition states
were confirmed by computing the gas phase Hessian analytically
and confirming the presence of a single negative eigenvalue (single
imaginary frequency). IRC (intrinsic reaction coordinate) computa-
tions were carried out for key transition states (related to the
catalytic cycle of cisplatin) to check if they connect the desired
minima. For the solvent phase calculations, single-point energies
were calculated for the gas-phase-optimized structures with the
CPCM solvent model as implemented in Gaussian 03. Previous
investigations have used similar methodologies with satisfactory
results.34 The CPCM solvent parameters were selected for 98%
H2SO4 with a dielectric constant of 98.0, a solvent probe radius of
2.205 Å,25 and a solvent density of 0.011 molecule/Å3. For the
solute atomic radii we have used the atomic radii from the universal
force field. The total energies from solvent computations were
corrected for zero-point effects by adding the zero-point energies
obtained from the calculated gas phase frequencies. All relative
energies reported in the Results and Discussion section are relative
energies in solution phase with zero-point energies unless stated
otherwise. The energies of intermediates and transition states along
with the byproducts are indicated relative toINT1 , the starting
complex, and the reagents (SO3 and H2SO4, and Cl- for some
pathways) for each individual catalytic cycle unless stated otherwise.

Note that to simplify figures potential energy diagrams sometimes
do not show all reagents and byproducts, although they contribute
to the computed relative energy. All balanced equations are provided
in the Supporting Information.

Results and Discussions

Figure 1 illustrates a schematic description of the intermedi-
ates and transition states for the (a) C-H activation, (b)
oxidation of Pt(II) to Pt(IV), and (c) functionalization to form
CH3SO3H stages of the full catalytic cycle.

Figure 2 shows complexes considered for the Catalytica (1
to 4) and cisplatin (5 and6) catalyzed reactions. The specific
species considered are (1) Pt(Bypm)Cl2, also called Catalytica;
(2) Pt(Bypm)Cl(HSO4), a mixed chloro-bisulfate Pt(II) complex
formed from1 through ligand exchange with the medium; (3)
[Pt(BpymH)Cl2]+, with the protonated backbone of the Bpym
ligand of complex1; and (4) [Pt(BypmH)Cl(HSO4)]+, the
protonated form of2; and for cisplatin (5) (NH3)2PtCl2, also
called cisplatin; and (6) (NH3)2PtCl(HSO4), the cisplatin
analogue of2 formed through ligand exchange. Catalytic
complexes2, 3, and4 for Catalytica were considered in previous
computational studies by Goddard et al.,25 who suggested their
possible roles as active catalysts. Similar considerations have
led us to examine catalytic cycles for both5 and6. Reaction of
cisplatin with H2SO4 from the medium can yield other active
forms formed through exchange of NH3 with sulfuric acid.
However, in this study we restrict ourselves to an examination
of the starting forms that retain the N-sp3 donors. Additionally,
we have examined the effect of varying the electronic nature
of the N-donor ligands to the Pt(II) center on the oxidation of
Pt(II) to Pt(IV).
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Figure 1. Schematic representation of the catalytic route for methane to methanol conversion by the Pt(II) catalysts Catalytica and cisplatin.
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A. σ-Complex Formation and C-H Activaton. It is
reasonable to assume that CH4 displaces a chloride ligand from
the Pt(II) center of the Catalytica complex, rather than a N donor
of the bidentate Bpym ligand considering the related entropic
factors. This results in theσ-complexSIGC(X-) or σ-complex
SIGC-D (which has the counterion X- dissociated from
σ-complexSIGC(X-); see Figure 3), where the C-H σ-bond
of methane acts as a donor to the Pt(II) center. Two modes
through whichσ-complex formation can occur are plausible:
(a) dissociation of the chloride ligand and subsequent formation
of the σ-complex by association with methane and (b) direct
displacement (nucleophilic displacement) (see Figure 3) of the
chloride ligand from the Pt(II) center by methane. Our gas phase
calculations indicate that mode (b) is favored over mode (a) by
10.0 kcal/mol for complex1. However, the trend is reversed in
solution, where the dissociative pathway is favored over
nucleophilic displacement by 7.7 kcal/mol! Figure 3 illustrates
a schematic description of these two pathways leading to C-H
activation through the electrophilic C-H activation pathway.

The energy cost for dissociating Cl- from complex1 is 30.1
kcal/mol, while dissociating HSO4- from complex2 requires
only 19.8 kcal/mol. Similar energetic penalties are predicted
for the protonated analogues, whereTCOMP lies 28.9 and 15.2
kcal/mol aboveINT1 , the initial complex formed between the
Pt(II) complex and methane, for complexes3 (see Figure 4 for
optimized molecular geometries) and4, respectively. We find
that the nucleophilic displacement barrier (TS1) to displace Cl-

by methane is significantly higher, withTS1 37.8 kcal/mol
above INT1 . Our gas phase calculations indicate that the
transition state for the direct displacement channel (b) lies 2.0
kcal/mol aboveSIGC(Cl-) for complex1. However, for1 in
sulfuric acid the situation reverses, withSIGC(Cl-) higher in
energy thanTS1by 2.4 kcal/mol. We also find thatSIGC(Cl-)

is 42.2 kcal/mol higher in energy thanINT1 , whereasTS1 lies
37.8 kcal/mol aboveINT1 . To determine the origin of the effect
of solvation on the relative energies considered, the calculated
dipole moments for various species were examined. Our
predicted dipole moment forSIGC(Cl-) (µ ) 8.45 D) is smaller
that of TS1 (µ ) 9.99 D), indicating a larger stabilization of
TS1 with respect toINT1 in the highly polar medium. The
predicted relative energies ofSIGC(Cl-) with respect toINT1

Figure 2. Molecular species that are plausible candidates for carrying out oxidation of methane to methanol catalytically in concentrated
H2SO4 for Catalytica (1, 2, 3, and4) and cisplatin (5 and6).

Figure 3. Schematic route of C-H activation of complex1 initiating through dissociation and nucleophilic displacement channels.

Figure 4. Optimized molecular structures of (a)INT1 for complex
1, (b) INT1 for complex 3, (c) INT1-4a for complex 4 (trans
isomer), and (d)INT1-4b for complex4 (cis isomer). All bond
lengths are in angstroms.
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are significantly different from the earlier results of Goddard
et al.,25 who predicted thatSIGC(Cl-) lies only 28 kcal/mol
aboveINT1 .25 In their calculations they employed the Poisson-
Boltzmann solvent model to compute single-point energies at
gas phase B3LYP/LACVP**(+)-optimized structures. It is
surprising that using a slightly different basis set and the CPCM
solvent model results in a 14.0 kcal/mol difference. On the other
hand, they predictTS1 to be 40.0 kcal/mol at 0 K, which is in
good agreement with our result of 37.8 kcal/mol. In contrast,
we predict that the displacement of HSO4

-, a better leaving
group than Cl-, by methane from complex2 is 29.6 kcal/mol.

The two different pathways (Figure 3) for ligand exchange
lead to the formation of theSIGC(X-) andSIGC-D intermedi-
ates.SIGC(X-) differs from SIGC-D in that SIGC has the
counterion X- loosely bound to the metal center, where X- is
either Cl- or HSO4

-. In the highly polar solvent phase the
counterion X- can dissociate fromSIGC(X-) to formSIGC-D
and free X-. For1, dissociation of Cl- from SIGC(Cl-) to form
SIGC-D is exothermic by 12.0 kcal/mol due to the significant
stabilization of the separated and solvated ions in the highly
polar medium, suggesting thatSIGC(Cl-) is not formed in
solution phase and that for1 the more likely intermediate en
route to C-H activation isSIGC-D. For all σ-complexes per-
taining to the Bpym and protonated Bpym Pt(II) catalytic species
we find that dissociation of counterion X- from SIGC(X-) is
favored, leading to the formation of SIGC-D and X-. This
suggests that the nucleophilic displacement pathway through
TS1 leads to the formation of theSIGC-D intermediate rather
than theSIGC(X-) intermediate in the highly polar concentrated
sulfuric acid medium. As a result, we considerSIGC-D as the
intermediate en route to C-H activation for both the nucleo-
philic and the dissociative pathways for complexes1 to 4.

Monoprotonation of the Bpym backbone of Catalytica
introduces several possibilities. We find that monoprotonation
of Bpym on 1 is favored by 1.6 kcal/mol at 0 K. Given the
excess number of H2SO4 molecules in concentrated H2SO4, it
is reasonable to assume that all active catalytic forms and
intermediates of Catalytica will be monoprotonated. Diproto-
nation is significantly unfavorable, as has been indicated
previously by both Goddard and Ziegler.24,25 Diprotonation of
1 is unfavorable by 15.9 kcal/mol according to our computations.

Monoprotonation of2 leads to the two isomers4a and4b,
giving rise to two possible isomers ofINT1 (see Figure 4) for
complex 4, where trans-INT1 with bisulfate trans to the
protonated ring is slightly more stable (by 3.1 kcal/mol) than
cis-INT1 (bisulfate ligandcis to the protonated ring). The
dissociation of HSO4- from both 4a and 4b led to identical
TCOMP species, and hence the same intermediates and
transition states are encountered for both isomers along the
reaction path. To compute the reaction barriers for complex4,
we take into consideration onlyINT1-4a.

The dissociative pathway toSIGC-D formation is favored
over the nucleophilic displacement pathway for complex3.
Dissociating Cl- requires 29.2 kcal/mol fromINT1 , whereas
TS1 (see Figure 5) for the nucleophilic displacement (with CH4

approachingtrans to the protonated pyrimidine ring) pathway
lies 40.7 kcal/mol aboveINT1 for complex3. Furthermore,TS1
for the correspondingcisnucleophilic displacement (see Figure
5) lies 46.8 kcal/mol aboveINT1 . For complex4 only the
dissociative pathway was investigated. Dissociating HSO4

- from
4 requires 15.2 kcal/mol. Intriguingly, the optimized structure
of TCOMP formed from dissociating Cl- from 3 or HSO4

-

from 4 shows that the Cl- ligand prefers acis orientation to
the nonprotonated pyrimidine ring. We calculate a low-

frequency vibrational mode of 46 cm-1, corresponding to a
floppy wagging mode of the Pt-Cl bond between the positions
cis and trans to the unprotonated ring. We did not locate an
analogoustransminimum, as all our guess geometries for this
structure collapsed to theTCOMP geometry, where the Cl is
cis to the protonated ring.TCOMP (see Figure 6) can form
SIGC-D-3aor SIGC-D-3b (Figure 6) on the basis of the mode
of approach of the methane molecule. The floppy Pt-Cl bond
wagging mode suggests that possibly both the protonatedcis
and trans isomers ofSIGC-D can be formed. Interconversion
between thecis-transmonoprotonated forms is likely through
a low barrier proton shuttling mechanism by HSO4

-, most likely
hydrogen bonded to Bpym, as shown in Figure 7.

All subsequent discussions pertaining to protonated complexes
involve only monoprotonated forms. The Bpym ligand has two
N atoms within each six-membered aromatic ring that are highly
electron deficient. One nitrogen atom of each pyrimidine ring
acts as aσ-donor to the Pt center and makes the ring in turn
more electron deficient. Moreover, protonation can further
reduce the electron density on the rings, making them susceptible
to nucleophilic attack. Methane can displace the chloridecis or
transto the protonated pyrimidine ring. Gas phase optimizations
led to structures for transition states and correspondingσ-com-
plexes that showed the displaced Cl- interacting with the ring
carbon adjacent to the N-donor to the Pt center. This feature is
more pronounced for the pathway involving displacement of
Cl- cis to the ring and can be identified further by the puckering
of the pyrimidine ring (see Figures 5 and 8). For both thecis
andtransdisplacement pathways we found that theSIGC(Cl-)
complexes are significantly higher in energy compared to the
corresponding transition states (TS1) (10 and 12 kcal/mol) in
solution phase. This suggests that in solution phase the interac-
tion between the pyrimidine ring and the displaced Cl- is highly
unfavorable and if the nucleophilic displacement pathways are
operative, they will formSIGC-D intermediates with the
displaced Cl- having no interaction with the complex moieties,
with the enhanced solvation of the oppositely charged ions
driving the dissociation.

Unlike Catalytica, which has the Bpym bidentate N-donor
ligand that cannot be displaced by a weak ligand like CH4 due
to entropic factors, in cisplatin alternative catalytic routes
through dissociation of monodentate NH3 ligands can exist. We
find the energetic penalty incurred in dissociating NH3 from
cisplatin (22.1 kcal/mol) is larger compared to that for dis-
sociating Cl- from cisplatin (12.2 kcal/mol). However, the
energy required for dissociating NH3 from cisplatin is not so
prohibitively high as to eliminate a catalytic cycle originating
through this route. Because this path deviates from the focus

Figure 5. Optimized molecular structures ofTS1 for complex3
with methane approaching the Pt center (a)trans, TS1-3a, and (b)
cis, TS1-3b, to the protonated pyrimidine ring for complex3. All
bond lengths are in angstroms.
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of this report on investigating the influence of changing the type
of N-donors ligated to the Pt center on activation barriers, we
restrict our choices to catalytic pathways where the N-donors
are retained throughout the catalytic cycle. However, the
catalytic process originating from loss of NH3 is currently under
investigation.

In the case of cisplatin (5) we observe that displacing Cl- is
significantly easier than for Catalytica (1). This is expected
because the sp3-N center of NH3 is a betterσ-donor than the
more electronegative sp2-N center of Bypm and hence signifi-
cantly weakens the Pt-Cl bond trans to it. This effect is also
observed for dissociation energies of Cl- and HSO4

- in cisplatin.
Furthermore, the gas-phase-optimized transition state for Cl-

displacement from cisplatin (TS1) (see Figure 9) shows a
hydrogen-bond-like interaction between the leaving Cl- and the
H attached to the NH3 ligands. This likely decreases the Cl-

displacement barrier relative to that of the analogous Catalytica
complex (1). Not surprisingly, we observe that the barrier to
displacement of HSO4- from (NH3)2PtCl(HSO4) (6) by methane
is 26.2 kcal/mol, 4.2 kcal/mol lower than that of the Pt(Bypm)-
Cl(HSO4) complex.

C-H activation followsσ-complex formation. It has been
suggested that two significant routes for C-H activation exist:
(a) electrophilic C-H activation and (b) oxidative C-H

addition.14,15 Electrophilic C-H activation requires that the
leaving or dissociated ligand, or an external base (anion),
captures the acidic hydrogen from the activated C-H bond,
leading to the formation of the Pt(II)-CH3-methylated complex,
METHPT (HX), whereas oxidative addition leads to the forma-
tion of a Pt(IV) hydrido methyl complex (OCHINT ). The
optimized molecular structures of transition states corresponding
to electrophilic C-H activation for the protonated Catalytica
complexes3 and4 are shown in Figure 10.

Figure 6. Optimized molecular structures for (a)TCOMP , (b) SIGC-D-3a, and (c)SIGC-D-3b for complex3. All bond lengths are in
angstroms and angles are in degrees.

Figure 7. Schematic diagram of proton shuttling through a hydrogen-bonded HSO4
- anion.

Figure 8. Optimized molecular structures ofSIGC(Cl-) for complex3 with methane approaching the Pt center (a)trans, SIGC(Cl-)-3a,
and (b)cis, SIGC(Cl-)-3b, to the protonated pyrimidine ring for complex3. All bond lengths are in angstroms.

Figure 9. Optimized molecular structures ofTS1 (a) for complex
5 and (b) for complex6. All bond lengths are in angstroms.
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For Pt[Bpym]Cl2 (1) the non-zero-point-corrected activation
barrier to electrophilic C-H activation through electrophilic
C-H substitution, the energy ofECHTS(Cl-) relative to
SIGC(Cl-), is 2.2 kcal/mol in the gas phase. The reaction
becomes barrierless in solution, in contrast to the 11.5
kcal/mol barrier predicted previously.25 This also holds true for
the protonated catalyst. The difference arises from the predicted
energetics ofSIGC(Cl-) relative to INT1 for 1 and 3. Our
predicted energetics differ significantly from those reported
previously.25 However, ECHTS(Cl-), where the anion in
parentheses facilitates the C-H activation, lies 11.5 kcal/mol
aboveSIGC-D for 1 (see Figure 11). The lowest barrier for
electrophilic C-H activation by Cl- for complex 3 is 10.6
kcal/mol (energy ofECHTS(Cl-) relative toSIGC-D for C-H
activation occurringtransto the protonated ring; see Figure 13).
The barrier to oxidative addition is higher than the barrier to
electrophilic addition for complexes1, 2, 3, and4, in agreement
with the results of Goddard et al. for complex1.25 The potential
energy profiles for C-H activation by complexes1-4 are
shown in Figures 11-14.

Along the dissociative pathway, electrophilic C-H activation
is likely to be carried out either by the dissociated Cl- or by
HSO4

- formed from the protonation of Cl- (as shown in Fig-
ure 3). Because Cl- is a stronger base than HSO4

-, we ob-
serve that the electrophilic C-H activation barrier (energyof
ECHTS-D(X-) relative toSIGC-D) is higher when the pro-
ton is abstracted by HSO4- than by Cl- (a difference of 2.0
kcal/mol for 1) for all the cases studied herein. A schematic
representation of the PESs corresponding to these pathways is
shown in Figure 11 for1. For the dissociative pathway involving
2 an analogous mechanism can occur (Figure 12). We notice
that ECHTS-D(HSO4

-) lies 35.3 kcal/mol aboveINT1 for 2,
whereasECHTS-D(Cl-) lies 33.1 kcal/mol aboveINT1 .
Although the pathway for C-H activation involving Cl- has
the lowest maximum barrier for complex2, this may not be
the major channel for C-H activation, as free Cl- is likely to
be present in low concentration in concentrated H2SO4 due to
protonation. However, Periana et al. have observed trace

amounts of CH3Cl in the reaction medium, suggesting the
possibility that free chloride has led to the functionalization of
methane.17 Hence, C-H activation by Cl- cannot be ruled out
for complexes2 and4. For3 we again find that the dissociative
pathway is significantly favored over nucleophilic displacement
(Figure 13). The lowest activation barrier to C-H activation
for 3 is 40.0 kcal/mol along theECHTS-D(Cl-) pathway. Figure
14 shows the dissociative pathways leading to C-H activation
for complex4, where the pathway with the lowest barrier to
C-H activation occurs viaECHTS-D(Cl-) with an energy 30.0
kcal/mol aboveINT1 (Figure 14).

In the case of cisplatin the barriers associated with C-H
activation are notably different. The 12.4 kcal/mol transition
state energy ofECHTS(Cl-) relative toSIGC(Cl-) for 5 is
substantially larger than for1, whereECHTS(Cl-) lies below
SIGC(Cl-). The higher barrier for5 arises because Cl- becomes
a weaker base, as it has a hydrogen-bond-like interaction with
the acidic hydrogen of the NH3 ligand bound to the Pt(II) center
in the transition state (see Figure 15) when it is capturing the
proton of the C-H bond coordinated to the Pt(II) center.
However,ECHTS(Cl-) is lower in energy (relative toINT1 )
for 5 (36.4 kcal/mol) than for1 (40.4 kcal/mol), suggesting that
C-H activation is considerably easier with cisplatin (5) than
with Catalytica (1) via this route. This trend is contrary to
previously reported barriers.25

For cisplatin we predict that oxidative addition is favored
over electrophilic C-H activation by only 2.2 kcal/mol, whereas
it was previously reported as being favored by 10.1 kcal/mol25

(for PESs for5 and6 see Figures 16 and 17). We discuss the
probable existence of a catalytic route through oxidative C-H
addition after section C, which discusses functionalization.

B. Oxidation of Pt(II) to Pt(IV). Periana and co-workers
suggested that oxidation proceeds through reaction of the
Pt(II) methylated intermediate with SO3, the acid anhydride of
sulfuric acid.24 The catalytic cycle is sustained by passing SO3,
which oxidizes Pt(II) to Pt(IV) and is itself reduced to SO2,
through the reaction media. Along the same lines Ziegler et al.
investigated the oxidation step employing SO3 as the oxidant
and located relevant transition states using constrained optimiza-
tion schemes.24 Goddard et al. have suggested pathways for
Pt(II) to Pt(IV) oxidation that proceed via a proton shuttling
mechanism involving an H2SO4 molecule interacting with
Bpym.25 This mechanism is thus specific to protonated Cata-
lytica complexes (3 and 4) because it can be applied only to
complexes with ligands that can be protonated on the ligand
backbone. Unfortunately, no transition states along this pathway
have yet been reported.25 Our repeated attempts to locate
pathways for oxidation with H2SO4 failed to yield any meaning-
ful results. The oxidation mechanism suggested by Ziegler et
al. involving SO3

24 can generally be applied to different kinds
of ligand environments on Pt(II). We assume that the general
mechanism of oxidation in concentrated H2SO4 is likely to be
independent of the ligand environment, and hence the mecha-
nism suggested by Ziegler et al. is a highly probable pathway
for this route.

SO3 is usually believed to be the oxidant in concentrated
H2SO4, and Periana has demonstrated that the catalytic process
is sustained by passing SO3 through the reaction medium.24

Consequently, it is expected that SO3 is the oxidizing agent for
conversion of Pt(II) to Pt(IV).24 In contrast, a possible mech-
anism suggested by Goddard and co-workers does not involve
SO3 as an oxidant, but involves H2SO4.24 Our results show that
Pt(II) centers of methylated Pt(II) intermediates (METHPT (HX))
have a filled 5dz2 HOMO. This fact led us to believe that

Figure 10. Optimized molecular geometries of transition states
for electrophilic C-H substitution for complexes3 and4 (proto-
nated Catalytica species). C-H activation by Cl- and HSO4

- trans
(a and c) andcis (b and d) to the protonated pyrimidine ring. All
bond lengths are in angstroms.
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oxidation occurs through removal of electrons from the 5dz2

orbital of Pt(II). BecauseMETHPT (HX) intermediates are
nucleophilic in nature, oxidation proceeds through Lewis acid-
base type interactions with SO3, as indicated by Ziegler et al.24

Figure 11. C-H activation by complex1 through electrophilic substitution pathways: (1) nucleophilic displacement viaECHTS(Cl-) to
form theσ-complex and subsequent electrophilic C-H activation by Cl-, (2) dissociation of Cl- via ECHTS-D(Cl-) to form theσ-complex
and subsequent electrophilic C-H activation by Cl-, and (3) dissociation of Cl- via ECHTS-D(HSO4

-) to form theσ-complex and subsequent
electrophilic C-H activation by HSO4-. Energies relative toINT1 for key transition states and intermediates are shown in parentheses.

Figure 12. C-H activation by complex2 through electrophilic substitution pathways: (1) nucleophilic displacement to form theσ-com-
plex via ECHTS(HSO4

-) and subsequent electrophilic C-H activation by HSO4-, (2) dissociation of HSO4- to form theσ-complex via
ECHTS-D(HSO4

-) and subsequent electrophilic C-H activation by HSO4-, and (3) dissociation of HSO4- to form theσ-complex via
ECHTS-D(Cl-) and subsequent electrophilic C-H activation by Cl-. Energies relative toINT1 for key transition states and intermediates
are shown in parentheses.
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This route leads to a catalytic cycle that can explain methane
to methanol conversion by all Pt(II) complexes studied in this
work. Alternative pathways we investigated involving interaction
between H2SO4 andMETHPT (HX) intermediates did not lead
to meaningful pathways for sustaining a catalytic cycle.
Furthermore, theMETHPT (HX) intermediate of5 does not

form an adduct with H2SO4 analogous to the complex it forms
with SO3, and this most likely eliminates the possibility that
sulfuric acid is itself acting as the oxidizing agent.

Periana suggested that the Catalytica catalyst is poisoned by
the water produced during the catalytic cycle, as catalysis stops
when the concentration of sulfuric acid falls below 90%.17 This

Figure 13. C-H activation by complex3 through electrophilic substitution pathways: (1) nucleophilic displacement to form theσ-complex
via ECHTS(Cl-) and subsequent electrophilic C-H activation by Cl-, (2) dissociation of Cl- to form theσ-complex viaECHTS-D(Cl-)
and subsequent electrophilic C-H activation by Cl-, and (3) dissociation of Cl- to form theσ-complex viaECHTS-D(HSO4

-) and subsequent
electrophilic C-H activation by HSO4-. Energies relative toINT1 for key transition states and intermediates are shown in parentheses.

Figure 14. C-H activation by complex4 through electrophilic substitution pathways: (1) dissociation of HSO4
- to form theσ-complex

via ECHTS-D(HSO4
-) and subsequent electrophilic C-H activation by HSO4-, and (2) dissociation of HSO4- to form theσ-complex via

ECHTS-D(Cl-) and subsequent electrophilic C-H activation by Cl-. Energies relative to INT1 for key transition states and intermediates
are shown in parentheses.
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can be explained if the oxidation step is inhibited by water in
the reaction medium because in dilute H2SO4 it rapidly combines
with SO3, the anhydride of H2SO4, by a highly exothermic
reaction and H2SO4 cannot itself oxidize Pt(II) to Pt(IV) in
METHPT (HX) intermediates. Thus, the concentration of free
SO3 is reduced significantly in the presence of water and the
production of water in the catalytic cycle poisons the catalytic
process.

METHPT (HX) can act as a Lewis base to form adducts with
Lewis acids. For instance,METHPT forms a Lewis acid-base
adduct (INT2 ) with SO3 where the 5dz2 orbital of Pt(II) donates
charge to the 3p orbital of the electrophilic S atom of SO3. The
adduct (Figure 18) is 4.4 kcal/mol more stable than its immediate
precursors along the C-H activation by Cl- pathway for
complex1. The Pt(II) center acts as a better Lewis base in5
(cisplatin) (the stabilization gained from adduct formation is
10.4 kcal/mol) than it does for1. Formation of the Lewis acid-
base adduct is followed by protonation by H2SO4 to form INT3
(see Figure 18), which produces HSO4

- as a byproduct.
After protonation the reaction proceeds through hydroxylation

of the Pt center, leading to the formation of Pt(IV). This step
involves a high barrier (energy ofOXITS relative to INT1 )
for all cases we have examined. The sensitivity of this barrier
to the electronic nature of the ligands is a question of central
importance in designing more effective next-generation Pt(II)
complexes. Periana et al. used deuterated sulfuric acid to
demonstrate that in the presence of the Catalytica complex
methane undergoes deuterium exchange with D2SO4.17 This led
them to conclude that oxidation is the rate-determining step for
the catalytic process. Similar experiments were not carried out
for cisplatin, probably due to its fast decomposition in concen-
trated H2SO4.

Hydroxylation is indeed a high barrier process in the catalytic
cycle involving Pt[Bpym]Cl2. The hydroxylation transition state
(OXITS ) lies 44.6 kcal/mol aboveINT1 for Catalytica (1). For
the Pt(Bpym)ClHSO4 variant (2) the energy ofOXITS decreases
to 37.5 kcal/mol. However, theOXITS-3a and OXITS-3b
energies of 46.8 and 51.8 kcal/mol are higher for protonated
Catalytica (3), where the oxidation occurs along the catatlytic
route involving C-H activationtransandcis to the protonated
pyrimidine ring, respectively (see Figure 19 for optimized
molecular geometries). Surprisingly,4 (the protonated form of
2) has a slightly lower barrier to oxidation (35.9 kcal/mol) along
the catalytic route involving C-H activation trans to the
protonated pyrimidine ring than for complex2. However, for
complex4, OXITS-3b lies 40.8 kcal/mol aboveINT1 when
C-H activation occurscis to the protonated pyrimidine ring.
From theOXITS energies of complexes1 and 2 and their
corresponding protonated forms,3 and 4, we observe that
protonation significantly affects only the relative energy of the

OXITS transition state along the catatlytic route that proceeds
via C-H activationcis to the protonated pyrimidine ring of
the Pt(II) complexes.

For cisplatin (5) the relative energy ofOXITS is 34.9
kcal/mol, significantly lower than for its Catalytica analogue
(1), and decreases even further for (NH3)2Pt(HSO4)Cl (complex
6) (28.2 kcal/mol). Thus, oxidation differentiates the relative
rates of the catalytic cycle by cisplatin and Catalytica and
explains the faster transformation of methane to methanol
observed by Periana et al. for cisplatin.17 The hydroxylation
TS (OXITS ) is the final TS involved in the oxidation of the Pt
center. We observe that the oxidation kinetics are almost
certainly determined by the electronic nature of the donor centers
on the Pt(II) center. The sp2-hybridized N-donors of the 2-2′
bipyrimidine (Bpym) ligand are weakerσ-electron donors than
ammonia with its sp3-hybridized N donor, which is less
electronegative. The more electron rich Pt(II) center in cisplatin
undergoes more facile oxidation than the Pt(II) center in
Catalytica.

C. Functionalization to Form CH3OSO3H. Hydroxylation
is followed by the loss of SO2, which is exothermic; dissociation
of OXIP (see Figure 20 for optimized molecular geometries)
to INT4 and SO2 is favored by 11.3, 11.3, and 11.6 kcal/mol
in cases of Catalytica (1 and2), protonated Catalytica (3 and
4), and cisplatin (5 and 6), respectively. The five-coordinate
Pt(IV) center can bond to HSO4- from the reaction medium or
undergo isomerization to theINT5 intermediate, which has the
methyl group in the axial position.ISOMERTS lies below the
transition states for oxidation and C-H activation for all the
complexes studied (31.3 kcal/mol for Catalytica). Interestingly,
the isomerINT5 is significantly more stable thanINT4 for each
of the catalysts studied.INT4 is a five-coordinate complex with
Cl- in the axial position, whereasINT5 has the methyl group
in the axial position. The strong preference for the methyl group
over the chloride is surprising, but may be explained by the
fact that the unsaturated five-coordinate complex prefers a more
polarizableσ-electron-donating group compared to the poor
electron-donating chloride in the unsaturated axial position. The
relative stabilities ofINT4 and INT5 are in accordance with
the rules derived for pentacoordinate complexes by Hoffmann
and co-workers,35 which suggest that for square-pyramidal
complexes of d6 (here, Pt(IV)) transition metals the stronger
σ-donors (here-CH3 group) will show a preference for the
apical position.

Isomerization is followed by SN2 nucleophilic attack by
HSO4

- on INT5 to form CH3OSO3H. We predict a barrier
(INT5-SN2TSenergy difference) corresponding to this reaction
for Catalytica (1 and 2) of 17.9 kcal/mol. For protonated
Catalytica (3 and 4) the barrier is 17.7 kcal/mol (see Figure
21). We predict a slightly larger barrier for the cisplatin complex
(20.8 kcal/mol).

Nucleophilic displacement on Catalytica leads to the forma-
tion of the Pt(Bpym)HOCl complex, represented by thePt(II)-
HYDROXY intermediate in the catalytic pathway shown in
Figure 1. The-OH ligand is likely to get protonated in the
acidic environment to produce H2O ligated to the Pt center, but
easily displaced by H2SO4 to form Pt(Bpym)Cl(HSO4), thus
regenerating the active form of the catalyst, which can then
initiate the next catalytic cycle. For example, protonation of
the hydroxyl group of thePt(II)HYDROXY intermediate
formed along the catalytic cycle of complexes3 and 4 is
favorable by 12.0 kcal/mol. The barrier to displacement of H2O
from the Pt center by HSO4- is 24.7 kcal/mol, which is

(35) Rossi, A. R.; Hoffmann, R.Inorg. Chem.1975, 14, 365.

Figure 15. Optimized molecular structures for (a)SIGC(Cl-) and
(b) ECHTS(Cl-) for complex5. All bond lengths are in angstroms.
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significantly smaller than the barrier to C-H activation and
the Pt(II) to Pt(IV) oxidation barrier. Thus, active catalytic

species can be easily generated. Also, the mixed aqua complex,
[Pt(BpymH)Cl(H2O)]2+, is only 0.39 kcal/mol more stable than

Figure 16. C-H activation by complex5 through oxidative addition and electrophilic substitution pathways: (1) nucleophilic displace-
ment to form theσ-complex via ECHTS(Cl-) and subsequent electrophilic C-H activation by Cl-, (2) dissociation of Cl- to form the
σ-complex viaECHTS-D(Cl-) and subsequent electrophilic C-H activation by Cl-, (3) dissociation of Cl- to form theσ-complex via
ECHTS-D(HSO4

-) and subsequent electrophilic C-H activation by HSO4-, and (4) dissociation of Cl- to form the σ-complex via
OCHTS(Cl-) and subsequent oxidative C-H addition. Energies relative toINT1 for key transition states and intermediates are shown in
parentheses.

Figure 17. C-H activation by complex6 through oxidative addition and electrophilic substitution pathways: (1) nucleophilic displacement
to form theσ-complex viaECHTS(HSO4

-) and subsequent electrophilic C-H activation by HSO4-, (2) dissociation of HSO4- to form the
σ-complex viaECHTS-D(Cl-) and subsequent electrophilic C-H activation by Cl-, (3) dissociation of HSO4- to form theσ-complex via
ECHTS-D(HSO4

-) and subsequent electrophilic C-H activation by HSO4-, and (4) dissociation of HSO4- to form theσ-complex via
OCHTS(HSO4

-) and subsequent oxidative C-H addition. Energies relative toINT1 for key transition states and intermediates are shown
in parentheses.
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the mixed HSO4- complex, [Pt(BpymH)Cl(HSO4)]+. Plots with
activation barriers related to regeneration of the catalyst from
the hydroxylated species are shown in the Supporting Informa-
tion.

In the functionalization phase protonation of the-OH group
can occur, leading to formation of a bound water molecule. This
may further reduce the barrier to SN2 attack, as the Pt will be
rendered more electron deficient by the bound water compared
to the hydroxide and hence the Pt center will serve as a better
leaving group. If ligand exchange occurs between the bound
water molecules and HSO4-, the SN2 barrier is expected to be
lower compared to the hydroxyl bound case, as HSO4

- is more
electron withdrawing than-OH. The INT5-SN2TS energy
difference with a HSO4- ligand instead of a-OH bound to the

Pt center has been predicted to be 10 kcal/mol by Ziegler et al.
using a pure functional.24

D. Does Catalysis Proceed through Oxidative C-H Ad-
dition? We have investigated pathways to C-H functionaliza-
tion via oxidative C-H addition for complex5. The hexa-
coordinate hydrido complex formed from oxidative C-H
addition can undergo elimination of HCl or deprotonation (see
Figure 22). HCl elimination leads to formation of the
METHPT (HCl) intermediate, which can also be formed through
the electrophilic C-H activation route. The barrier to HCl
elimination fromOCHINT is relatively large, as the transition
state for HCl elimination lies 33.0 kcal/mol aboveOCHINT
and 51.0 kcal/mol aboveINT1 , practically eliminating the
prospect of catalysis through this route. Another possibility
is deprotonation and simultaneous detachment of X- to
form METHPT (H2SO4). The energetic cost of deprotonation
is not prohibitive. The transition state to deprotonation

Figure 18. Optimized molecular geometries of (a)INT3 and (b)
OXIINT for complexes1 and2. All bond lengths are in angstroms.

Figure 19. Optimized molecular geometries ofOXITS corre-
sponding to complexes3 and4 formed via C-H activation (a)trans
and (b)cis to the protonated pyrimidine ring. All bond lengths are
in angstroms.

Figure 20. Optimized molecular geometries of (a)OXIP , (b)
INT4 , (c) ISOMERTS, and (d)INT5 corresponding to complex
1. All bond lengths are in angstroms and all angles are in degrees.

Figure 21. Optimized molecular geometry ofSN2TScorrespond-
ing to complexes3 and4. All bond lengths are in angstroms.

Figure 22. Schematic diagram of deprotonation of “C-H”
oxidative addition product for complex5 leading to subsequent
pathway for catalytic transformation.

Figure 23. Optimized molecular geometries of (a)ELITS and
(b) DEPROTOTS corresponding to complex5. All bond lengths
are in angstroms.
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(DEPROTOTS) (see Figure 23) lies 31.4 kcal/mol aboveINT1 .
Deprotonation is then followed by the catalytic route discussed
above (Figure 1). The full potential energy profile is discussed
in the following section.

E. Full Potential Energy Profiles of Pt(II) Complexes.The
main objectives of this work are to determine the relative
energies of intermediates and transition states for the catalytic

cycles of the four likely active forms of the Catalytica complex
in concentrated H2SO4, to plot their full potential energy profiles,
and thus identify the active mechanism of methane to methanol
conversion. In plotting the full potential energy profiles, we have
integrated the three major phases of the catalytic cycle for each
complex studied. Although we have calculated that electrophilic
C-H activation can proceed by several routes, we illustrate only

Figure 24. Schematic potential energy profile for the catalytic cycle of complex1 in H2SO4 through electrophilic C-H activation channels.

Figure 25. Schematic potential energy profile for the catalytic cycle of complex2 in H2SO4 through electrophilic C-H activation channels.
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the most probable routes considering both barrier heights and
concentrations of key anions that may be involved in the
reaction. In certain cases additional low-barrier, but less probable
routes are also depicted in Figures 24-30.

A comparison of the three profiles strongly indicates that the
rate of catalysis by the Pt(II) complexes are determined by
oxidation and C-H activation. We observe that these two
bottlenecks are smallest for [Pt(BpymH)ClHSO4]+ (4). The

Figure 26. Schematic potential energy profile for the catalytic cycle of complex3 in H2SO4 through electrophilic C-H activation channels.

Figure 27. Schematic potential energy profile for the catalytic cycle of complex4 in H2SO4 through electrophilic C-H activation channels.
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activation barrier associated with the hydroxylation step is
highest in energy (35.9 kcal/mol aboveINT1 ). C-H activation
is the other significant barrier, with theECHTS-D(HSO4

-) 31.6
kcal/mol aboveINT1 , 4.3 kcal/mol smaller than the highest
barrier encountered in the oxidation phase. The C-H activation

barrier is even smaller (30.0 kcal/mol) if free Cl- carries out
C-H activation in the catalytic route of4. It is improbable
that complex3, although protonated, is the active catalyst
form, as the barrier to oxidation is prohibitively large (46.8
kcal/mol).

Figure 28. Schematic potential energy profile for the catalytic cycle of complex5 in H2SO4 through electrophilic C-H activation channels.

Figure 29. Schematic potential energy profile for the catalytic cycle of complex5 in H2SO4 through oxidative C-H addition channels.
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We find that protonation of the Bpym backbone does not
necessarily have any significant detrimental effect on the lowest
lying catalytic routes. As discussed earlier, it significantly affects
only the reaction barriers for the catalytic route via C-H
activationcis to the protonated pyrimidine ring. It was previously
suggested that protonation of the Bpym ring significantly affects
the oxidation process on the basis of DFT thermodynamic
calculations. However, it was not clearly indicated whether they
considered oxidation of the C-H activated productcis or trans
with respect to the protonated pyrimidine ring.25

Our results substantiate the experimental observation of
deuterium exchange in the deuteriated solvent with methane at
150°C without the production of CH3OSO3H. The differences
of 4.2-5.9 kcal/mol (see Figure 27) between the oxidation
barrier and C-H activation barrier for complex4 suggests that
at lower temperatures Pt(II) to Pt(IV) oxidation can be sub-
stantially suppressed while C-H activation leading to deuterium
exchange remains active. This is the first theoretical demonstra-
tion of Periana et al.’s deuterium exchange results.17 The
difference between these barriers can be further examined using
other DFT functionals, solvent models, and full optimization
within a solvent model, but this is beyond the scope of the
current work.

For 5 we predict that the lowest barrier route for CH4 to
CH3OSO3H is the oxidative C-H addition pathway, with a
barrier 1.7 kcal/mol lower than that of electrophilic C-H
substitution (see Figures 28 and 29 for potential energy pro-
files). Note that for complex5 we observe that Pt(II) to
Pt(IV) oxidation is slightly favored over electrophilic C-H
activation by 1.5 kcal/mol. Although we find that the catalytic
route via oxidative C-H addition is slightly more favorable
than the electrophilic C-H activation route, the energy differ-
ences are small relative to both the resolution of the methods
we employ and considering the branching ratios such a

difference produces at the temperatures at which the reactions
are carried out.

A comparison between the catalytic profiles of5 and 6
indicates that the barriers associated with (NH3)2PtClHSO4 (6)
are the lowest of all the catalyst species considered (see Figures
28, 29, and 30). This is due to the smaller barrier to oxidation,
as OXITS lies only 28.2 kcal/mol aboveINT1 for (NH3)2-
PtClHSO4. Furthermore C-H activation remains a lower barrier
process than oxidation, with a barrier of 27.9 kcal/mol for6.
The lower barrier to oxidation for complex6 than those of
complexes1, 2, 3, and 4 explains the faster conversion of
methane to methanol by cisplatin compared to Catalytica.
Although our calculations clearly indicate that the barriers
associated with N-sp3 donor ligands are considerably smaller
than those associated with N-sp2 ligands, they are not potential
targets as catalysts because NH3-based Pt complexes easily
decompose in the highly acidic H2SO4 medium. This problem
can be avoided by combining two strategies: (i) using a
bidentate N-sp3-based ligand and (b) providing additional
protonation sites remote to the N-sp3 donor centers, for example
on a side chain of the bidentate ligands, so that they have little
effect on the N-sp3 donors upon protonation in H2SO4. The first
strategy ensures stability of the complex due to entropic factors,
and the second strategy ensures stability from enthalpic factors,
as the protonation on the side chain makes the ligand less
susceptible to further protonation, as has been suggested for
Catalytica by Goddard et al. Investigation of certain prototypes
of these ligands is in progress and will be reported in a future
publication. The other potentially viable strategy is to add
electron-donating groups to the Bpym ligand to decrease the
barrier to oxidation.

Conclusions
This theoretical study establishes the full potential energy

profiles for the catalytic cycles of methane to methanol

Figure 30. Schematic potential energy profile for the catalytic cycle of complex6 in H2SO4 through electrophilic C-H activation channels.
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conversion by Catalytica and cisplatin and explains the faster
rate of catalysis for cisplatin compared to Catalytica based on
computed barriers for Pt(II) to Pt(IV) oxidation. Our calculations
also reveal that the oxidation of Pt(II) to Pt(IV) is rate limiting
for protonated Catalytica forms. However, C-H activation also
involves a significantly high barrier. The energy of the oxidation
transition state (OXITS ) is significantly affected by the nature
of the ligands. N-sp3 donors make Pt(II) to Pt(IV) oxidation
facile compared to Bpym, aσ-donorπ-acid ligand. However,
protonation of the Bpym ligand of Catalytica does not sigin-
ificantly affect the barrier to Pt(II) to Pt(IV) oxidation if it
proceeds through “C-H activation”transto the pyrimidine ring.
Moreover, our results provide a theoretical description of the
isotopic exchanges observed by Periana et al. Additionally, we
have established a route for methane to methanol conversion
operating via oxidative C-H addition and subsequent depro-
tonation for cisplatin. Our calculations suggest the catalytic

transformation occurs favorably through oxidative C-H addition
and also through electrophilic C-H activation for cisplatin.
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