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ABSTRACT: A catalyst is generally considered to act locally at the
reaction site. For heterogeneous catalysis, this concept should be
extended to include the influence of the surface on the nonreacting
regions of the reactants because this can lead to more favorable
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reaction paths. In this work, density functional theory is used to

examine how a Pt(111) surface hydrogenates the ketone 2,2,2-
trifluoroacetophenone (TFAP). It is revealed that the platinum
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activates TFAP through an interaction with a part of the molecule

remote from the reaction while simultaneously mediating the hydrogenation of the carbonyl. The remotely activated state is
formed through double bond migration enabled by the malleable electronic structures of the chemisorbed phenyl ring and
platinum surface. By forming an enol, the TFAP carbonyl is able to decoordinate from the Pt surface reducing steric and
electronic interference that inhibits hydrogenation. This result illustrates the necessity of considering catalyst interactions with
molecular parts remote from the reaction site with processes involving a heterogeneous catalyst.
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1. INTRODUCTION

The role of a catalyst in a reaction is to provide a lower-energy
pathway from the reactants to the products. This is typically
viewed as a localized process in which the catalyst acts at the
reaction site to activate intermediates and facilitate the reaction.
For instance, in homogeneous catalysis, the metal center of an
organometallic complex is considered the principle actor in
catalyzing a given mechanism, and this has proven to be an
effective model in describin§ a wide variety of reactions. This
includes the Heck reaction,”” the Suzuki reaction,>* and the
Grubbs catalyst,”® which all led to Nobel prizes for their
namesakes. Reactions that involve double bond migration have
also been described as being mediated by an organometallic
compound principally using the metal center.” On the other
hand, reactions without direct metal coordination are also
known; for example, hydrogen transfer between alcohols and
ketones,® and methods involving metal coordination to
molecule parts remote from bonds to be cleaved also exist.”
Turning to heterogeneous catalysis, the level of complexity
used to describe a catalytic metal surface varies depending on
the amount of detail required to explain its involvement in the
reaction. At one end of the spectrum, no precise atomic
resolution is required to explain the surface—reactant
interaction.'®™"* In this case, the reaction properties discussed
are macroscopic in scope. This includes predicting and
measuring trends in reaction rates'>'* or catalyst stability
under reaction conditions.">'® At the other end of the
spectrum, it is necessary to discuss the interplay of individual
atoms and their critical role required for the reaction to
proceed. This includes cases in which geometrical factors are
important, such as near corners, kinks, and steps,'’~>' or when
discussing the ensemble effect.”*”>* In many of these systems,
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the catalyst is described as acting at a single part of the reactant.
To the authors’ knowledge, the possibility that the surface can
simultaneously act on a remote part of a reactant to stimulate
the progress of the reaction is not discussed in the literature on
surface catalysis.

The present work illustrates that the interaction among all
parts of the reactants and the metal should be examined when
describing reactions on surfaces. Using density functional
theory (DFT), we investigate the hydrogenation mechanism of
the ketone 2,2,2-trifluoroacetophenone (TFAP) over Pt(111)
to the corresponding unsaturated alcohol. TFAP is a commonly
studied reactant in asymmetric hydrogenation over modified
heterogeneous catalysts. Thus, it is important to investigate its
hydrogenation in detail>*~** Supported platinum is a well-
known heterogeneous catalyst for the selective hydrogenation
of ketones into unsaturated alcohols, and the metal surface is
known to provide atomic hydrogen by splitting the gas into
individual atoms. The details of the activation of the ketone
carbonyl are not well-known. We find that the preferred
reaction path for TFAP involves partial decoordination of the
substrate facilitated by an interaction between the metal and the
nonreacting phenyl part of the molecule. In the gas phase, the
electronic structure used to describe this transition would be
similar to that of the benzyl radical; however, the conjugated
nature of the phenyl ring disappears upon adsorption onto the
surface. This correlates with a more substantial involvement of
the platinum with the remote phenyl moiety to activate the

October 2, 2013
Revised: ~ February 10, 2014
Published: March 3, 2014

Received:

dx.doi.org/10.1021/cs400875k | ACS Catal. 2014, 4, 1182—-1188


pubs.acs.org/acscatalysis

ACS Catalysis

Research Article

TEAP carbonyl, highlighting the catalyst’s ability to perform
multiple functions on the same molecule.

2. COMPUTATIONAL METHODS

DFT calculations were carried out for coadsorbed TFAP and
hydrogen on Pt(111) using the ASE*>* and GPAW>*** 0.9 open
source software codes. For this work, the GPAW 0.8 projector
augmented wave (PAW) setups are used. Electron—electron
interactions were treated with the optB88-vdW> exchange-
correlation functional to include the subtle dispersion-related
interactions among the substrate, the hydrogen atoms, and the
platinum surface. For example, the optB88-vdW functional can
predict the experimental binding energy for the difficult to
quantify benzene/platinum interaction.”” A convincing descrip-
tion of the adsorption of benzene on platinum is fundamental
to the extended catalyst concept presented in this work. The
platinum surface was modeled with a four-layer slab that is
periodic in the x and y directions. Each layer is composed of 16
Pt atoms, and the bottom layer was fixed. The Brillouin zone is
sampled using a 2 X 2 grid of k-points. The x/y components of
the cell that were used for all calculations are 11.37 A/9.85 A
and were defined by the 4.02 A optB88-vdW lattice constant for
Pt. A cell height of 24.04 A was used in the z direction. This
choice of z direction cell size provided a 6 A space both above
the top of the molecules adsorbed onto the slab and below the
bottom layer of the slab. The GPAW software resolves the
electronic density and orbitals on a real space grid. In this case,
a grid spacing of 0.1777 A/0.1758 A/0.1768 A was used for the
x/y/z axis. Geometries were relaxed until forces were below
0.01 eV/A on each atom. To find transition paths and barriers,
we used the climbing image nudged elastic band method.*®
Saddle points were relaxed to below 0.01 eV/A. Vibrational
frequencies were calculated for all saddle points and minima
using the harmonic approximation. This was to confirm the
type of stationary point calculated as well as to determine their
zero-point energy (ZPE) correction, which can be significant
when adding hydrogen atoms from the surface to a molecule.””
These modes were determined by constructing the Hessian
matrix through finite differencing of the forces at +0.01 A in the
+x, +y, +2 direction.” Only adsorbates were included in the
atomic displacements. All energies quoted in this work include
the ZPE correction. Supporting Information Table S1 includes
the noncorrected energies. Atomic coordinates and absolute
energies from all relaxations can also be found in the
Supporting Information.

3. RESULTS

In general, TFAP may adsorb in numerous ways. Here, we
concentrate on the previously determined low-energy ketone
geometry*"** shown in the bottom left panel of Figure 1. This
geometry has simultaneous coordination to the metal with both
phenyl and carbonyl groups.

Initially, to probe the stability of TFAP at different stages of
hydrogenation, we move one or two hydrogen atoms from the
surface to the carbonyl. Resulting optimized geometries are
displayed in Figure 1. The addition of one hydrogen reveals
that the semihydrogenated hydroxy intermediate is the surface
species with the overall lowest energy. The potential energy
change for this step (including ZPE) is —0.18 eV relative to the
adsorbed ketone, indicating that in the presence of adsorbed
hydrogen, this semihydrogenated intermediate is strongly
favored thermodynamically over the separated reactants. The
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Figure 1. Energy diagram of all the investigated routes of
hydrogenation. Solid symbols represent transition states; open
symbols denote minima. The reference energy is calculated from the
separated components: a four-layer Pt(111) slab, an isolated TFAP
molecule, and isolated H,. Zero-point energy corrections have been
applied. Insets: Geometries of adsorbed TFAP at different stages of
hydrogenation. In all cases, an appropriate number of hydrogen atoms
are on the Pt surface (2 for the ketone, 1 for the three intermediates).
The triangles (A/V) represent the transition state energy for the
addition of a hydrogen atom to the bridged and apical carbons
adjacent to the ipso carbon. They are colored blue and yellow to
indicate if this addition was done from the hydroxy or enol state,
respectively. In the case of the ketone, hydroxy, and alkoxy geometries,
there are platinum atoms inserted into the carbonyl group bonds.

alternative addition of the same hydrogen to the carbonyl
carbon forms a higher-energy alkoxy intermediate. Completion
of the hydrogenation reaction and formation of the alcohol
results in a 0.28 eV increase in energy compared with the
hydroxy intermediate.

Several reaction pathways were calculated, and their energy
profiles are also shown in Figure 1. The preferred route is
highlighted in red, and will be discussed first. The reaction
proceeds by stepwise addition of atomic hydrogen. From the
stability of the hydroxy intermediate, it may be expected that
hydrogenating the carbonyl oxygen first is preferred over the
adjacent (benzylic) carbon. This is, indeed, the case, and the
ketone-to-hydroxy activation energy is 0.43 eV. Thus, hydro-
genating the oxygen is a fast process at room temperature. The
addition takes place from a precursor in which the hydrogen
atom is adsorbed atop a Pt adjacent to the chemisorbed oxygen.
From this position, the hydrogen atom approaches the lone
pair of oxygens; hence, the electronic system may easily change
from Pt—H---O—Pt to Pt---H—O---Pt. In the resulting hydroxy
intermediate, the benzylic carbon is o-bonded to a Pt to
saturate its valence shell.
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To complete the hydrogenation reaction, the benzylic carbon
is now hydrogenated. However, prior to accepting the second
hydrogen, the reacting group lifts away from the surface into an
enol intermediate. This state is possible only through
simultaneous double bond migration and modification of the
phenyl-platinum interaction. This will be described in the next
paragraph. The hydrogen addition proceeds by H moving on
top the Pt that previously bonded to C, followed by the
formation of the C—H bond. The total barrier to form the enol
and add the hydrogen is 0.98 eV. Despite this apparently high
barrier, it is the investigated path of overall lowest energy. This
value for the activation energy is twice what was determined for
the hydrogenation of acetophenone*’ but is consistent with the
values found for the hydrogenation of other carbonyls.*~*

Now we return to the enol intermediate, which will be
analyzed in terms of interatomic distances to infer intra-
molecular bond strength. During the decoordination from
hydroxy to enol, the benzylic carbon releases its bond to Pt,
shifting from tetrahedral to trigonal planar coordination. As
such, a rearrangement of bond lengths is expected within the
molecule. Figure 2 shows selected C—C bond lengths along
with ball and stick illustrations of the hydroxy, enol, and alcohol
structures of TFAP on Pt(111).

The C—C bond between the benzylic carbon and the phenyl
ring is shown in yellow in Figure 2. It significantly decreases
from 1.51 to 1.39 A as TFAP transitions between the hydroxy
and enol intermediates. This implies that a much stronger bond
is formed between these two carbon atoms as the side group
lifts away from the surface, compensating for the lost C—Pt
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Figure 2. Analysis of carbon—carbon bond lengths (right) for
geometries (left) at different stages of reaction. The two carbon—
carbon bonds involved in bond migration are marked in yellow
(phenyl-side group) and azure blue (internal phenyl). The hydroxy
intermediate (top) has benzene-like phenyl—Pt bonding as well as a
benzylic C—Pt 6 bond. In the enol intermediate (middle), that & bond
is broken, a phenyl double bond has migrated to the side group
forming an enol, and the phenyl now bonds to Pt with an additional &
bond. Finally, the alcohol (bottom) recovers the benzene-like phenyl-
Pt coordination of two 7 bonds and two ¢ bonds.
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bond. As hydrogen subsequently attacks the decoordinated
benzylic carbon, completing the hydrogenation reaction, this
stronger bond weakens as it elongates to 1.54 A.

A critical part of the favored pathway is how the bond lengths
within the phenyl ring also change during the reaction. Initially,
when the phenyl ring adsorbs onto the platinum surface, its
conjugated character is lost due to the lower symmetry of the
adsorption site. This interaction can be understood in terms of
a donation—backdonation interaction between the benzene
molecular orbitals and metal d states. For the TFAP
hydrogenation reaction, it is instructive to employ a
complementary view that describes a local interaction using
distinct submolecular bonding mechanisms.*” Under this
scheme, two C—C double bonds are partly localized, forming
m-bonds that interact with the underlying Pt atoms. These
bonds are slightly elongated to 1.43 and 1.44 A from their gas
phase values of 1.40 and 1.41 A. This bonding can be compared
with that of mbonded ethylene that has a 141 A C-C
distance.*® The four remaining C—C bonds connect to the two
apical carbons that are 6-bonded to individual Pt atoms. Each of
these four bonds straddles two Pt atoms and is further
elongated to 1.47—1.48 A, reflecting a rehybridization that
shows increased sp® character induced by the Pt ¢ bonds.

We denote these two types of phenyl C—C bonds* as 7 and
0. To illustrate the distinction between them, the localized 7-
bonded C—C interactions are highlighted in blue in Figure 2. In
the hydroxy state, these C—C bond lengths are distinct from
those of the ¢ type C—C bonds, which are illustrated in black.
The slight length difference between the two 7 bonds can be
explained by the side group’s being associated with the longer
double-bonded carbon pair. As the side group decoordinates
from the surface to form the enol, that longer double bond
elongates further and falls into the range of the four ¢ bonds as
illustrated with the blue arrow. Finally, when the alcohol is
formed, this bond contracts to match more closely its original
length. The concurrent changes of the side group C—C bond
length and phenyl z-bond lengths indicate that a double bond
migrates from the ring to the side group and back during the
hydroxy—enol—alcohol reaction steps.

When the double bond is outside the ring, the carbon atom
in the ring that loses its double bond will be undercoordinated
unless it forms another bond. The interatomic distance
between this carbon, and its underlying platinum atom
decreases from 2.20 to 2.15 A, indicating that a stronger
interaction occurs between the two and as a result adequately
stabilizes the carbon atom. Thus, the malleable electronic
structure of the adsorbed phenyl ring and the platinum surface
allows for the enol intermediate to exist and makes the low-
energy pathway possible. As a result, the surface has two key
functions: it catalyzes the hydrogenation at the carbonyl site
while simultaneously activating the TFAP molecule through the
phenyl ring.

The electronic rearrangement calculated in TFAP for the
hydroxy-to-enol transition is akin to what can be observed with
the benzyl radical. In the gas phase, the spin density of the
unpaired electron of the benzyl radical on the exomethylene is
~0.7—0.8. The remainder is shared over the ortho and para
positions of the phenyl ring.>* This radical has been shown to
have five resonant structures that contribute almost equally to
the molecular geometry,”’ where all the C—C bond lengths
range from 1.391 to 1.428 A5 Thus, in the gas phase, it is not
surprising that the unpaired electron can be seen to migrate
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Figure 3. Reaction mechanisms for the three paths considered.
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from the benzylic carbon to the ortho position of the phenyl
ring for the hydroxy-to-enol transition calculated for TFAP.

The analogy with the benzyl radical ends when TFAP is
adsorbed onto the surface, resulting in the previously discussed
changes to its electronic structure. One consequence is the
energetic penalty required for the platinum surface to stabilize
TFAP from the ortho position of the phenyl ring (enol
intermediate) instead of the benzylic carbon (hydroxy
intermediate). In the gas phase, both of these intermediates
would be simultaneously accessible as a superposition of both
states. The interaction of the Pt surface has collapsed the
delocalized system into distinct states with unique energies.
Given that adsorbed intermediates can have different electronic
structures from their gas phase analogues, mechanistic
comparisons between both phases should be applied with
caution.

To challenge the remotely activated pathway, conventional
reaction paths need also be considered. In this case,
hydrogenation involves the addition of two hydrogen atoms.
This may happen in either a stepwise or a simultaneous fashion.
Stepwise hydrogenation of carbonyls over a metal catalyst can
proceed through two different surface intermediates: either by
hydrogenating the carbonyl carbon, which forms a Pt—O
bonded alkoxy; or by attacking the carbonyl oxygen first, which
leads to a Pt—C bonded hydroxy. For example, the hydro-
genation of aldehydes and ketones over Ru(0001) has been
calculated to prefer reaction paths through very stable alkoxy
intermediates, albeit facing high barriers in the ensuing reaction
step.”> Conversely, hydrogenation of the carbonyl of acrolein
over Pt(111) has been shown to proceed through a hydroxy
intermediate.****

Two alternative stepwise pathways were thus considered.
Direct addition of hydrogen to the hydroxy intermediate was
calculated as well as a path that involves hydrogenating the
benzylic carbon first, leading to an alkoxy intermediate.
Schematics of all three calculated pathways are presented in
Figure 3, and the two additional energy landscapes are included
in Figure 1. For the hydrogenation of TFAP, no simultaneous
reaction paths were found. Attempts in that direction lead to
the already considered hydroxy—enol mechanism.

First, the direct hydrogenation route without prior
decoordination of the hydroxy intermediate will be discussed.
Although the formation of the hydroxy moiety had a low
barrier, it is strongly bound to platinum through a Pt—C ¢
bond. Thus, for the second hydrogenation, a direct reaction
mechanism involving a three-center Pt—H—C transition state is
found to have the highest overall transition state energy of the
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three paths considered (E = —1.79 €V, corresponding to an
activation energy of 1.18 eV). This mechanism involves H
climbing the Pt to which C is still bound, similar to what is
found for hydrogenation of o-bonded carbons of benzene/
Pt(111)% and ethylene/Pd(111)%° systems. It is perhaps no
surprise that this scenario produces a high reaction barrier
because the benzylic carbon atom is sp*-hybridized, with each
molecular orbital already bonded to another species. On the
contrary, in the favored hydroxy—enol mechanism, the benzylic
carbon rehybridizes to an sp® configuration and, thus, has a p,
orbital susceptible to hydrogenation.

In the second alternative route, the first hydrogen is added to
the carbon to form an alkoxy species. This state is found to be
disfavored by 0.73 eV compared with the hydroxy species. The
hydrogenation is not direct, but is preceded by decoordination
and recovery of the C=0 double bond. Hydrogenation then
occurs as the H climbs on top of the Pt to which the carbon
was previously bonded. Finalizing this route, the addition of
hydrogen to the oxygen atom is facile relative to the alkoxy
state with a barrier of 0.35 eV. However, due to the high energy
of the alkoxy intermediate, the transition state energy is 1.08 eV
above the hydroxy state, and as a result, this route is only the
second most favorable.

It is interesting that we find decoordination prior to carbon
hydrogenation in both the alkoxy and hydroxy—enol routes.
The preference for decoordination in both hydrogen-to-carbon
addition steps illustrates that the benzylic carbon is not easily
hydrogenated when o-bonded to Pt. The idea of decoordina-
tion prior to H attack has previously been investigated; its
importance is dependent on the chemical species involved.®”
Here, we find that the decoordination involves recovery of the
reacting C=0 double bond in the alkoxy path and formation
of a C=C bond in the hydroxy-enol route. For the alkoxy case,
direct reactions involve the decoordinated mechanism. In the
other case, the direct hydroxy path is energetically disfavored,
despite the significant bond rearrangements involved in the
decoordination calculated in the hydroxy—enol route.

In addition to the two alternative routes, hydrogenation of
both ortho carbon atoms from the hydroxy and enol states was
performed. This was to ascertain the likelihood of hydro-
genating the phenyl ring instead when the complex is in its
most stable configuration as well the proposed key intermediate
for the most favorable path from ketone to unsatruated alcohol.
The saddle points for all four side reactions are included in
Figure 1 using the A and V symbols to represent the addition
of a hydrogen atom to the bridged and apical carbons adjacent
to the ipso carbon, respectively. Blue symbols denote when the
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hydrogen is added to the hydroxy, and yellow ones are for
when the enol is the initial case. One important result is that
the hydrogenation of both ortho carbon atoms of the enol are
more costly than for the hydroxy. This implies that the
availability of the enol intermediate decreases the possibility of
alternatively hydrogenating the ring instead of the carbonyl for
a hydrogen atom in close proximity to the carbonyl. An
additional consequence of the bond rearrangement necessary to
form the enol intermediate results in a higher selectivity toward
forming the alcohol.

All of these reaction paths are calculated under extremely low
hydrogen conditions. Experimentally, as the hydrogen pressure
increases, so does the reaction rate for the hydrogenation of
TFAP.* In addition, computational studies have also shown
that as the concentration of hydrogen increases on a Pt
nanoparticle the energy of adsorption per adatom decreases
until it is no longer favorable to add another adatom to the
surface.” This coincides with a decrease in the activation
energy required to desorb two adatoms and form H,.*" Given
these results, it is presumed that as the surface reaches a high
surface coverage of extra hydrogen adatoms, this would result in
a reduction in the calculated activation energy for the
hydrogenation of TFAP. This reduction would continue as
the H adatom concentration is increased until it becomes more
favorable for the adatoms to desorb instead.

4. DISCUSSION

The presented reaction pathway for TFAP has at least three
implications on work being carried out in the context of
stereoselective TFAP hydrogenation. First, surface science
experiments reveal that the alcohol of TFAP adsorbed on
Pt(111) and annealed to room temperature produces vibra-
tional spectra and STM motifs identical to those of TFAP.>®
This observation was interpreted as conversion from alcohol to
ketone, and the present calculations confirm that the adsorbed
ketone is energetically preferred over the alcohol. However, the
experiments indicate a change in the observed spectrum upon
annealing the adsorbed alcohol, and in combination with the
calculated low energy of the hydroxy intermediate, this suggests
that the hydroxy species could be the source of the common
vibrational spectrum. Second, in the Orito reaction, 1:1
complexes between adsorbed reactants and modifiers are
believed to play a crucial role in the asymmetric discrimination.
It has recently been investigated that the product alcohol of
TFAP also binds strongly to the modifier and how this
interaction critically affects the possible reaction mechanisms.*>
Also in this case, we propose that the semihydrogenated
intermediates should be considered. Finally, a more speculative
application of the remote activation in TFAP could offer an
explanation to an outstanding question in the Orito reaction.
The introduction of small amounts of modifier can greatly
accelerate the hydrogenation of the prototypical reactant ethyl
pyruvate.”® In contrast, only a modest acceleration or even
deceleration is observed in the case of TEAP®**®® and other a-
phenyl ketones.%*”% This lack of modifier acceleration has
been interpreted in terms of TFAP dimers in which the
hydrogenation would be already accelerated before introduc-
tion of the modifier.”® The activating effect of dimers cannot be
excluded on the basis of the present results, but the hydroxy—
enol reaction mechanism suggests that already, the TFAP
monomer is intrinsically activated by the phenyl ring.

For other substrates,® such as methyl pyruvate, the
hydrogenation reaction proceeds through an enol intermediate
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that is possible through keto—enol tautomerization,”® but
because of its fluorination, enolization is usually not considered
relevant for TEAP.>® The adsorption of the phenyl ring and the
accompanying possibility of bond migration provides an
alternative enolization route. Even the two paths not involving
an enol state show subtle intramolecular changes similar to
what was calculated in the enol route, as shown in Supporting
Information Figure S1. The identified possibility that a catalyst
surface can activate a reaction by interacting with a remote
nonreacting part of the molecule illustrates that the local
coordination of reacting species may not entirely describe their
reactivity.

The active involvement of a phenyl ring adjacent to a ketone
being hydrogenated may be relevant to some additional
experimental observations. As an example, we apply our
findings to the hydrogenation of 1-phenyl-1,2-propanedione
(PPD). This diketone, illustrated in Figure 4, can be readily

O
CHs

o)

Figure 4. Illustration of 1-phenyl-1,2-propanedione.

hydrogenated on supported platinum’" or palladium” to form
1-hydroxy-1-phenyl-2-propanone. Importantly, the ketone
group adjacent to the phenyl ring is preferentially hydrogenated
over the other ketone group. The rationale for this
regioselectivity proposed by Nieminen et al. has two parts:”
First, the most favorable configuration of PPD on platinum has
both the phenyl ring and the adjacent ketone group adsorbed
onto the metal. Geometries with the other ketone group
chemisorbed are less stable. Second, it is assumed that
coordinating the carbonyl to the surface activates it for
hydrogenation;”* therefore, a larger proportion of the ketone
groups adjacent to the phenyl will be activated leading to
preferential hydrogenation of this carbonyl. The present results
for TFAP are consistent with this rationale; however, we
additionally propose that the phenyl ring adsorbed to the metal
surface activates the a-carbonyl and provides a low-energy
pathway that the S-carbonyl does not have access to.

5. CONCLUSIONS

By examining the hydrogenation of TFAP on Pt(111), it has
been calculated that the lowest energy route involves the
surface to activate the molecule in two locations. In the first
hydrogenation step, metal coordination activates the carbonyl
directly. In the second and rate determining step, the catalyst
surface interacts with the remote phenyl ring to activate the
benzylic carbon via decoordination into an otherwise
inaccessible enol state. The partly decoordinated enol lets the
platinum atoms local to the benzylic carbon facilitate the
hydrogenation reaction with the lowest reaction barrier. The
decoordination of the hydroxy intermediate is found to be
facilitated by double bond migration from the adsorbed phenyl
to the side group. This double bond migration is possible due
to the malleable electron structure of the phenyl/Pt system that
maintains the filled valence shell of the carbon left unsatisfied
by the migration.

Finally, although this work examines only TFAP and similar
molecules, it is not expected that such multiple reaction site
behavior shown by the platinum surface is limited to the

dx.doi.org/10.1021/cs400875k | ACS Catal. 2014, 4, 1182—1188
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studied family of molecules. Instead, just as one must consider
the reactivity at different sites on a heterogeneous catalyst, it
appears necessary to also take into account the full set of
molecule-surface interactions, including those of nonreacting
remote moieties.

B ASSOCIATED CONTENT
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An additional figure (Figure S1) and table (Table S1). Atomic
positions of all relaxed structures and transition states with their
calculated absolute energy. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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