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Computational investigations on the reaction offP,* with O, have been carried out by the relativistic
density functional approach. Calculations indicate that the reactivity ,6fH3t toward Q is different
from the metallic carbene PtGH The dehydrogenation route in the reaction of(Pt," with O, is
quite unfavorable, both dynamically and thermodynamically. The reaction channels to progD6&CH
and HCOOH with involvement of ©0 bond activation and €0 bond coupling are strikingly exothermic,
where the G-O bond coupling and the release of CO are the crucial steps for the entire reaction channels.
Predicted overall Gibbs free energies of reactddh are —66.2 kcal mot? for H,O/CO and—73.5 kcal
mol~* for HCOOH, respectively. Both energy-favored routes have thus relatively high reaction efficiencies
toward Q in comparison with dehydrogenation. On the basis of theoretical results, plausible mechanisms
for the reaction of RCH," with O, and candidates for the experimental neutral products ECOH in

reaction have been proposed.

1. Introduction

The transition-metal platinum plays a vital role in methane
functionalization due to its significant reactivity toward methane

activation! In general, the methane functionalization by the

gaseous platinum clusters mainly consists of two essential
processes: first, the dehydrogenation of methane yields the
metallic carbene species; second, the resultant carbene speci
consecutively reacts with the substrates, such as dioxygen
ammonia, or other small molecules, to generate ultimate key

products?
The transition-metal cationic clusters,P{n = 1—24) have

been found to be quite reactive for methane dehydrogenation

in the gas phastAmong the bare platinum clusters, the reaction
of bare Pt with CH, has been extensively investigated by
experiments in combination with theoretical calculatibh$he

resultant carbene species P&CHrom methane dehydrogenation

has been served as the key precursor to subsequent reactions in
methane functionalizatiochExperimental studies by Wesendrup

et al’ show that the metallic carbene species P{Cehan react

with O, to yield methanol, formaldehyde, and other oxygen-
containing products in the catalytic cycle mediated by. Rschi

et al® also have set up a gap-phase model of the reaction of

91§tCH2+ with NHj3 for the synthesis of hydrogen cyanide in the
'heterogeneous process. Such reactions are usually classified into

the category of the carbetheteroatom bond coupling reac-
tion.>10 Chemical syntheses of methanol, formaldehyde, and
formic acid are inevitably involved with this bond coupling
process.

Theoretical investigations of potential energy surfaces for the
platinum-mediated reactions are still challenging in accuracy
due to its remarkable relativistic effects. Pavlov et’ahave
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C—0 Bond Coupling from REH," and G

neutral products [C, K O;] in experiments, namely, #CO,,
H,O/CO, or HCOOH

Among the reactions induced by Ptg€kithe most fascinating
one is the functionalization reaction of PtgHwith O,, where
the formic acid presumably exists in the products. Furthermore,
the experimental studies reveal that the reactivity of species Pt
CHz"t (n = 2—4) with O, depends on the cluster size. For
example, the measured reaction efficiency of PfCl4 0.028
while that of P{CH," is 0.17, much more efficient than the
former? In the C-N bond coupling, the carbene species P{CH
reacting with NH may result in three different products, whereas
the clusters REH,™ (n = 2) exclusively dehydrogenate the gH
moiety 10

Such striking size dependence of reactivity and catalytic
reaction routes for the platinum cluster cations stimulates our
interest to investigate the reaction mechanisms &4 with
O theoretically. In this work, an extensive relativistic density
functional study has been carried out on thg&CPL /O, system.
Considering the possible interactions betweeRs" and Q,

the precursor structures involved in the reactions have been

carefully determined first. Combining previous experimental
observations with the theoretical calculatidh8 the plausible
low-energy pathways were contrived, and the corresponding
relative energy profiles have been explored for the reaction of
PT4CH2+ with O..

2. Computational Details

All calculations have been performed using the Amsterdam
Density Functional (ADF) packadén all calculations, the 1s
orbitals for carbon, nitrogen, and oxygen atoms and thedis
orbitals for platinum are kept frozen in the frozen core
approximation. The orbitals for valence electrons of all elements
are expanded within the triplgSlater-type basis set augmented
with two polarization functions. Frequency analyses have been

carried out to assess the nature of stationary points. The zero- ™

point energy corrections have been incorporated into the total
electronic energies.

The zero-order regular approximation formalism (ZORA)
has been used to account for the relativistic effect without
including the spir-orbit coupling®® Our previous calculatiof%
indicate that the ZORA treatment without the sporbit
coupling on the CHPt,* (n = 2—4) systems can predict
reasonably qualitative results compared with experiments and
provide a theoretical basis for understanding the anomalous
behavior of Pi" in methane dehydrogenation. The PW91
exchange and correlation functiondleave been used through-
out this work, and they have been verified to be reliable for the
properties of the neutral and charged platinum cluste@ur
test calculations by the PW91 functional show that the dis-
sociation energy of RPivas somewhat overestimated by 0.5 eV
without the spir-orbit coupling. If the spir-orbit coupling
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Figure 1. Relative energy profiles for isomerization of,€H,".
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Figure 2. Optimized structures of FEH(O,)" and calculated
relative energies to the reactants of," and G (kcal mol?).
Bond lengths are in angstroms.

effect was taken into account in calculation, the predicted
dissociation energy of Pat its ground state’Eq™) is 3.31 eV,

in good agreement with the latest experimental value of 3.14
eV.18In previous calculation¥] the spin-orbit coupling effect
was approximately estimated withinl0 kcal mof. Since the
spin flip was probably involved in transition-metal-mediated
reactionsi® different spin multiplicities of reactants have been
considered.

3. Results and Discussion

A. Structures and Stabilities of PuCH2" and Its Complex
with O». In previous study of methane dehydrogenation by the
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Figure 4. Relative energy profiles of dehydrogenation reaction @€P§™ with O,.

cluster Pf+,5¢ the optimized ground state of the dehydrogenated CHx(H,O)" are 45.3 and 25.5 kcal n1dl, respectively. The
product P{CH,™ is “A; with Cp, symmetry. The next low-energy  energy release from the complex,®@Hx(NH3)™ is enough to
doublet state i8B,, and it is less stable than the quartet ground surpass the barrier of the hydrogen transfer. However, for the
state by 1.9 kcal mot. Figure 1 shows that the further hydrogen adduct PACH,(H,O)™, the releasing complexation energy of 25.5
transfer from the Chimoiety of P§CH,™ to the vicinal platinum kcal molt is just comparable to the barrier, and thus the
has a substantially high barrier of 27.6 kcal miglgiving rise dehydrogenation efficiency is relatively low, as observed
to a less stable isomer. Therefore, the isolated quart€Hzt experimentally.

has relatively high stability in the gas phase, and the bridging  Figure 2 displays the optimized structure of the complex Pt
CH, moiety can be involved in further reactions with, ®Hs,

CHy(Oy)*. The calculated energies of the doublet and quartet
and HO? complexes in parentheses are relative to the energy sum of the
Experimentally, the association of NHnd HO with Py- ground states of FEH,™ and Q. The superscript® and4 such
CH,™ may promote the dehydrogenation of the QOioiety.

as in structureScomplex1and“complex1denote the doublet
The deuterium labeling experimefitsave revealed that, in the  state and the quartet state, respectively. The calculations have
reactions of RICH,™ with NH3 and HO, the dehydrogenation ~ shown that the structures é6omplex1 and “complex1 with
exclusively occurs in the CHmoiety of PECH,", and the the side-on dioxygen are the most energy-favored coordination
corresponding reaction efficiencies for NEnd HO are 0.86 patterns, where the doublet state is slightly lower in energy than
and 0.41, respectively. Koszinowski et®diave ascribed such  the quartet counterpart by 1.0 kcal mblThe small doublet
differences in reactivity to respective nucleophilicities of NH  quartet energy gap of 1.0 kcal mélmay give rise to the spin
and HO. Further calculations predict that the complexation flip between the different spin stat&%.The formation of the
energies for the formation of adducts;®Hx(NH3)™ and Pj- low-energy doublet structure can be rationalized through the
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visual frontier orbital theory and doneacceptor interactions. B. Mechanisms of Reactions of RCH»,t with O». In the
The schematic illustration for the frontier orbital interactions present work, we proposed possible mechanisms for the reaction
of P CH,™ with O, is depicted in Figure 3. As shown in Figure of PuCH,™ with O,, which are different from those for the

3a, the symmetries of the singly occupied molecular obitals reaction of PtCH" with O, suggested by Pavlov et #.Due
(SOMOs) of P{CH,™ are h, by, and a, respectively. The

to the presence of an %pybrid carbon atom in the carbene
degenerate antibonding™ orbitals of O, have hh and a species PtCht, the direct G-O bond coupling between PtGH
symmetries under th€,, point group. These electrons in b and Q is available. However, the direct attack of metal-bound
and a SOMOs of PICH," may couple with the two unpaired  dioxygen toward the carbon atom is not favorable energetically
electrons in the symmetry-adaptation antibondirtgorbitals in an end-on complex REH,"(O>), in which the sp-hybrid
of O, to form two bonding electron pairs in the doublet

] / ) carbon atoms in the CHmoiety are coordinatedly saturated.
Zcomplex1 As Figure 3b displays, there are many possible local- The formation of the lowest-energy precur@oomplexlhas

orbital-phase adaptation patterns for the association,GHRt" an exothermicity of 33.4 kcal mol, and the energy release
with O,. Hence, the formed complexes exhibit distinct structural may drive the hydrogen transfer from Gkb metal atoms in

varieties as shown in Figure 2. Among these complexes, 2complex], which was verified to be the most favorable
2complexlin the doublet state is the lowest-energy species and

. : - elementary step energetically in preliminary calculations.
it should be taken as the precursor of consecutive reactions of _. . .
I Since the presence of multi-metal centers makes the reaction
PtLCH, ™ (Oy). . S .
channels become much complicated, it is important to contrive
. X subsequent reaction processes. In the reaction of Pt@ith
(19) (a) Fukui, K.J. Phys. Chem197Q 74, 4161. (b) Fukui, K.Acc. b
Chem. Res1981 14, 363. (c) Dewar, M. J. SBull. Soc. Chem. Fr1951 0,,%P it was noted that the branch channels to productsai/H
18, C71. (d) Chatt, J.; Duncanson, L. 8. Chem. Soc1953 2939. CO and HCOOH request the occurrence of the@ bond
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Figure 6. Relative energy profiles along the channels t8OHCO and HCOOH and the corresponding structures of intermediates and

transition states. Bond lengths are in angstroms.

activation of dioxygen and the-€H bond coupling, while the

dehydrogenation of REH,™ with Oy is likely to occur in the

generation of HCO, does not. On the basis of the analysis of gas phase. However, this channel to loss gpiHess efficient
product varieties, two types of reaction mechanisms for the lossthermodynamically in comparison with other branch channels

of H, and the oxidation of ChHto H,O/CO or HCOOH have
been considered for the reaction of®#,™ with O..

1. Reaction Pathway to Elimination of H,. Figure 4 presents
the relative energy profiles of dehydrogenation ofpt;™ with

(vide infra), and thus the further reaction to yield £as not
been explored here.

2. Reaction Pathway to HO/CO. In the dehydrogenation
route as shown in Figure 4, the most stable intermedi2ie

0., as well as corresponding structures of intermediates anda local minimum on the potential energy surface, and as a

transition states. The ground-state reactants " and Q

precursor it can be involved in other reaction channels. Here

serve as the reference state in determining the relative energeticsve explored the reaction channel to®and CO from the

As Figure 4 shows, the formation &domplexlreleases energy
of 33.4 kcal mot?, which is enough to overcome the barrier of
24.8 kcal mot? for the first C-H bond activation of the Cil
moiety in 2complexl Through the transition staf€S c1/c2
the precursofcomplexlevolves to a more stable hydrid@.
Followed by the second-€H bond activation via the transition
stateTS c2/c3 a dihydridec3 forms with a barrier of 35.8 kcal
mol~1, and the transition stat€S c2/c3is slightly lower in
energy than the reactants by 4.9 kcal molThe dihydridec3
evolves into a dihydrogen comple&4d with an endothermicity
of 20.2 kcal mot®. There is no transition state to be located
betweerc3andc4 due to strong interactions of dihydrogen with
the metal clustet Finally, the liberation of Hfrom c4requires
24.5 kcal mot? to yield the productg5. The overall reaction

lowest-energy intermediat®, where the elementary reactions
steps of G-O bond activation as well as-€0 and O-H bond
couplings are involved. Figure 5 displays the relative energy
profiles and corresponding structures of intermediates and
transition states along this reaction channel.

As Figure 5 displays, the hydrogen transfer from metal to
dioxygen inc2 forms an intermediate6 via a four-membered
ring transition statd'S c2/céwith a barrier of 35.9 kcal mof.

The Pt=H and OG-0 bond lengths off S c2/c6are 1.68 and
1.34 A, respectively, and the-@DH bond length irc6is 1.45
A. Followed by the G-O bond fission, the intermediaiet
proceeds to a more stable intermedia®with a Pt-bound
hydroxyl. The formation of the intermediat& has a remarkable
exothermicity of 71.1 kcal mot relative to the reaction entrance

of dehydrogenation is predicted to be endothermic by 4.3 kcal in Figure 4, which may facilitate the further hydrogen transfer.

mol~2, and the Gibbs free energy of reactioG = 5.4 kcal
mol~! (at 298.15 K). The calculation results indicate the

The second €H bond activation leads to a less stable
intermediatec8 with a barrier of 25.8 kcal mot. The G-O
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bond coupling inc8 via the transition statd’S c8/c9has a with 0,.° To have an insight into the size dependence of
substantial barrier of 42.2 kcal md| generating the primary  reactivity, further calculations on the reactions of,(GH,"
productc9with the bridgedg,-CO structure. The overall process (n = 2,3) with G, have been performed, and detailed results
is exothermic by 76.6 kcal mol relative toc2. are available in the Supporting Information. Calculations indicate
The metal-bound hydrogen, hydroxyl, and carbonyd9rtan that such remarkable reactivity may arise from the distinct
undergo consecutive rearrangements to yield the products offrontier orbital interactions as well as possible spin flip. For
H,O/CO or HCOOH. Possible mechanisms for subsequent example, the inertia of REH,™ toward Q can be ascribed to
branch channels and optimized structures of transition statesthe violation of the symmetry-adaptation rule for frontier orbital
and intermediates in reaction are displayed in Figure &9n interactions. Furthermore, the large energy splitting between the
the hydrogen migration results in an intermedieté Followed doublet-quartet states of the side-on complex of@," with
by the coupling of hydrogen with hydroxyl, the more stable O, may prevent the spin flip and the formation of a low-energy
complexcllwith the Pt-bound water is formed with a barrier doublet precursor to subsequent reactions. As shown in Figures
of 15 kcal mofl. The formation ofc11 has the enormous 2 and 3, the symmetry-adaptation frontier orbitals betwegn Pt

exothermicity of 125.6 kcal mot relative to PACH," + O,. CH.t and Q can effectively admix to form the more stable
Such striking energy release may cause the elimination,0f H complex as the precursor of reaction. The small energy gap of
or CO from complexcll, yielding primary products13or c12 1 kcal mol! betweencomplex1 and“complex1 (see Figure
and ultimate products Pt/H,O/CO. Calculations indicate that 2) makes the spin transition facile. The predicted relative
the release of water froml1 requires 28.1 kcal mot, while energetic for the dehydrogenation channel in the reaction of

the liberation of CO needs 46.1 kcal malThe overall channel Pt,.CH," (n = 2—4) with O, shows that the larger cluster Pt
to the products KD/CO has an exothermicity of 57.1 kcal mbl CH," has relatively high reactivity.
and free energy of reactiohG = 66.2 kcal mot! relative to

the reaction entrance ftH,™ + O». 4. Conclusions
3. Reaction Pathway to HCOOH.Another branch channel ) . . L
to the products of Rt and HCOOH starting front9 is also Possible mechanisms for the reaction ofGM," with O,

shown in Figure 6. Obviously, the formation of the formic acid have been studied by the relativistic density functional theory
molecule requires the consecutive couplings of the metal-boundMethod. Predicted thermodynamic values indicate that the
hydrogen and hydroxyl with the carbonyl group in the inter- dehydrogenation branch channel in the reaction is less efficient

mediatec9. First, the hydroxyl transfer ic9 yields c14 with with the Gibbs free energy of reactiakG = 5.4 kcal mof™,
the activation barrier of 30.3 kcal mdl The intermediate14 whereas the branch channels to produc®/&0 and HCOOH

evolves tac16through transition stategS c14/c15andTS c15/ are quite favorable thermodynamically. In the energy-favored
c16with barriers of 28.2 and 17.1 kcal m@| respectively. The ~ Processes to #0/CO and HCOOH, the corresponldmg overall
C—H and G-OH bond couplings are involved in the formation ~ GiPbs free energies are66.2 and—73.5 kcal mol*, respec-

of c16 The structure ot16 can be viewed as the molecular tVely, and both branch channels might be competitive in
complex of the cationic cluster Ptwith the neutral formic acid ~ consideration of balance between dynamic and thermodynamic

molecule though the chargelipole interactions. The final ~ aSPects. The intermediateu{CO)(H)PL(OH)]" (c9) was
elimination of formic acid fromt16requires the energy of 25.1  Predicted to be the important precursor for both channels to
kcal molL. H,0/CO and HCOOH, and the release of CCchhis the key

As Figure 6 displays, predicted relative energy profiles for SteP_for the formation of bO/CO. The calculation results
the branch channels to,8/CO and HCOOH indicate that the ~Provide a basis fOJ[ understanding the size dependence of
initial elementary steps for the products®{CO are more  reactivity for PECH;™ (n = 2—4).
favorable energetically, whereas the ultimate product HCOOH ] ]
is more stable than #/CO by 15.3 kcal mof. The calculated Acknowledgment. We acknowledge financial support from
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reaction, and the mixtures of,@/CO and HCOOH might be
the primary components of neutral products [G, €] observed
in experiments.

In contrast to RLCH,", the smaller cluster REH," is
unreactive and BEH," is much less efficient in the reaction OM700288A
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