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CONSPECTUS

Selectivity is one of the most important crite-
ria for the design of new catalytic processes.
More selective catalysis could be both cheaper
and greener because it does not waste reac-
tants, does not require expensive separation
procedures, and generates fewer toxic byprod-
ucts. Traditionally, control of selectivity in het-
erogeneous catalysis has been hampered by
both a lack of understanding of the molecular
details that define such selectivity and the lim-
ited range of synthetic tools available to make
catalysts with the specific properties required.
However, progress in surface science as well as
in nanotechnology and self-assembly are providing greater molecular understanding and a wider synthetic range to
address these limitations.

In this Account, we describe our studies using model systems to pinpoint the mechanistic factors that define selectivity
in a number of increasingly subtle hydrocarbon dehydrogenation and hydrogenation reactions. The first examples show how
the electronic properties of a metal surface affect the regioselectivity of hydrogen elimination from alkyl species adsorbed
on that surface. Nickel preferentially promotes the extraction of hydrogen atoms from the carbon directly bonded to the
surface, a step that leads to undesirable cracking reactions, whereas platinum allows for dehydrogenation farther down the
hydrocarbon chain, facilitating a more desirable isomerization processes.

In a second set of examples, we address the issue of selectivity in alkene isomerizations involving either double-
bond migrations or cis—trans interconversions. In those reactions, the key mechanistic steps require hydrogen abstrac-
tion from a S-carbon of the hydrocarbon chain (the second when counting away from the surface), and selectivity is
defined by steric considerations around the different hydrogens available at those positions. We observed that close-
packed surfaces of platinum have the unique ability to promote the thermodynamically unfavorable but highly desir-
able conversion of trans-alkenes to their cis counterparts, and we prepared new shape-controlled catalysts to take
advantage of that valuable behavior.

Finally, we discuss the more subtle issue of enantioselectivity. Hydrogenation of prochiral reactants such as asym-
metric ketones can produce chiral compounds, but regular metal catalysts are achiral and therefore yield racemic mix-
tures. Fortunately, the adsorption of chiral modifiers onto a catalytic surface can bestow chirality on it. With cinchona
alkaloids, individual molecules can provide the required chiral environment on the surface for such enantioselectiv-
ity. Simpler molecules may also bestow chirality on surfaces, even if that may require their assembly into chiral
supramolecular structures held together by the surface. In both cases, a specific surface chiral site is produced with
the help of molecular adsorbates.

The examples discussed in this Account highlight the need to design and prepare heterogeneous catalysts with sophis-
ticated surface sites in order to promote reactions selectively. Perhaps more importantly, they also hint at some of the tools
available to accomplish that task.
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1. Introduction

In chemistry, catalysis is usually associated with the promotion
of reactions so that they occur at faster rates. From a Kinetic point
of view, this is accomplished by opening up a new mechanistic
avenue with an overall lower activation barrier. In the case of het-
erogeneous solid catalysts, the new chemical route involves
adsorption of the reactants onto the surface, conversion of the
chemisorbed species, and desorption of the products.” The
search for better heterogeneous catalysts has traditionally
focused on identifying the step in the new mechanism that lim-
its the overall rate of reaction and on lowering its activation bar-
rier to increase the overall activity. However, as catalytic
processes have become more complex and as the expense of
feedstocks and the polluting effects of undesirable byproducts
have become more prominent factors in the design of indus-
trial processes, the issue of selectivity has come to the forefront.
For selectivity what is important is not the absolute height of the
activation barrier of the rate-limiting step but rather the relative
heights of the barriers of the several competing pathways avail-
able to the adsorbed species (Figure 1).% This is a more subtle
problem that may in fact require dealing with the relative kinet-
ics of fast reactions.

Over the past decade or so, the research in our group has
addressed the issue of selectivity in catalysis from a molecular-
level perspective.®> Our focus has been mainly on the con-
version of hydrocarbons on transition metal surfaces.*>
Mechanistic studies using model systems, often single-crys-
tal surfaces under well-controlled ultrahigh vacuum (UHV)
environments, have been carried out to characterize the kinet-
ics of surface elementary steps involving key hydrocarbon
intermediates. The knowledge developed from that work has
then been extrapolated to and tested in more realistic sys-
tems, under conditions closer to those used in practical appli-
cations. What we have learned is that, indeed, controlling
selectivity in hydrocarbon conversions can be quite difficult,
because in many instances it involves competition among
very similar hydrogenation or dehydrogenation steps with
only marginally different activation energies. In fact, the more
similar the competing products are in a particular process, the
harder it is to design a selective heterogeneous catalytic sys-
tem for it. On the other hand, we have shown that this is still
possible, by, for instance, tuning the electronic properties of
the solid used as catalyst or the structure of its surface. In this
Account, we briefly summarize some key conclusions from our
studies on a few selected cases of increasing subtlety.
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FIGURE 1. Energetics of Selectivity. (Inset) Depiction of a one-
dimensional potential energy surface for the competitive
conversion of a reactant into two possible products. The diagram
highlights the fact that while reaction rates are determined by their
absolute activation barriers, AG} and AG3, reaction selectivity is
controlled by the difference between two. (Main) Calculated
selectivity for this two-reaction system as a function of AG} — AG3.
A relative variation of only ~10% in absolute barrier heights can
lead to an almost complete switch in selectivity from one product
to the other.
2. Regioselectivity in Alkyl
Dehydrogenation
Several of the examples reported below involve the surface
chemistry of adsorbed alkyl species. Alkyl moieties are often
formed upon activation of alkanes, a step central to many
hydrocarbon-conversion catalytic reactions such as oil refin-
ing, natural gas conversion, food processing, and fine chem-
ical synthesis.6 However, since alkane activation is often the
rate-limiting step in those processes, the isolation and char-
acterization of the resulting alkyl intermediates is difficult to
accomplish. It has also been a challenge to identify the indi-
vidual steps that such alkyls follow on surfaces and to under-
stand the factors that control selectivity during their further
conversion. Fortunately, our early development of the use of
alkyl halides as precursors for the preparation of alkyl groups
cleanly on surfaces” has allowed us and others to investigate
this surface chemistry in detail.

The main lesson that has derived from those studies is that
the dehydrogenation of adsorbed alkyl moieties can take
place at different positions within their molecular structure, at
the o, B, or y carbons of the hydrocarbon chain (as they are
labeled in order of distance away from the surface), and that
removal of a hydrogen atom from each of those positions
leads to different products.>#° Our early work indicated that,
by far, the faster dehydrogenation step involving alkyl adsor-
bates is from the position,10 the same as in organometallic
chemistry.® This step leads to the formation of alkenes and to
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FIGURE 2. Two mechanistic examples of regiospecificity in hydrocarbon dehydrogenation reactions on metal surfaces. Left, comparison
between a-H and -H elimination from ethyl groups bonded to Pt(111) surfaces. In general, the latter is faster than the former, but because
elimination from the o position displays a higher activation energy, the difference becomes smaller at the temperatures typically used in
hydrocarbon reforming. Right, contrast between o-H and y-H elimination steps. The former clearly dominates on nickel substrates, whereas

the rates of both are comparable on platinum surfaces.

fast alkane—alkene equilibria in catalysis."" However, dehy-
drogenation steps at other positions, albeit slower, are
required to promote most other catalytic reactions.

Rates for a-H elimination have been measured directly
from methyl moieties'2~'* but have also been estimated rel-
ative to 8-H elimination from ethyl species.'>'® On platinum,
as on most metals, elimination from the g position can be sev-
eral orders of magnitude faster, but the difference is less at
higher temperatures: at 625 K, a temperature within the range
of those used in many catalytic processes, the rates for o-H
and f-H eliminations differ by only a factor of 5 (Figure 2,
left).> Additional comparisons between o-H and y-H elimina-
tions using neopentyl intermediates indicated that on nickel
o-H elimination, a step believed to lead to undesirable C—C
bond-breaking and hydrogenolysis reactions, dominates,'®'”
whereas on platinum the rates of both steps are comparable
(Figure 2, right).'®'9 This is likely to be the reason why plat-
inum is a particularly good catalyst for reforming catalysis.

The general picture that emerges is one where the nature
of the catalyst plays a central role in determining selectivity.
Most transition metals are good dehydrogenation catalysts but
promote a-, -, and y-H eliminations with different relative effi-
ciencies, and that is what really matters in terms of selectivi-
ty.®> For instance, nickel is a particularly good promoter of
undesirable a-H elimination steps, whereas platinum is com-
paratively efficient at promoting the y-H elimination steps that
lead to desirable alkane isomerizations. It may in fact be pos-
sible to use the correlation identified between this selectivity
and the %d character of the metal?° to fine-tune dehydroge-
nation catalysis via alloying. The structure of the surface may
also contribute to define the relative rates of these dehydro-
genation steps,*'%2%21 put if so, that is a less marked effect.

A subtler example of regioselectivity is seen in the case of
the migration of carbon—carbon double bonds in alkenes. The

1154 = ACCOUNTS OF CHEMICAL RESEARCH = 1152-1160 = August 2009 = Vol. 42, No. 8

first step in that reaction is the incorporation of a hydrogen
atom into one of the two carbons of the double bond in the
alkene and the formation of an alkyl surface intermediate; the
alkyl is then converted back to an alkene via a s-H elimina-
tion step. The thing to notice here is that since the alkyl inter-
mediate may contain different types of 5 hydrogens, that is,
since it may have hydrogens bonded to g-carbon atoms in dif-
ferent chemical environments, the 5-H elimination may not
necessarily involve the same hydrogen incorporated in the
preceding half-hydrogenation step. If that is the case, a new
molecule may be made.

One example of this type of isomerization is the migra-
tion of C=C bonds in cyclic compounds. Figure 3 summarizes
the temperature-programmed desorption (TPD) data obtained
for two systems involving Cs2% and Cg3 cyclic moieties,
respectively. Both reactions show preferential migration of the
double bond from the exo position into a carbon—carbon
bond inside the cycle. This is because the outside carbon in
the methylene group of both methylenecyclopentane and
methylenecyclohexane is the easiest to hydrogenate, and
because -H elimination from an inner carbon in the ring of
the resulting methylcyclopentyl and methylcyclohexyl sur-
face intermediates, respectively, is favored over the reversal of
the original hydrogenation step. The difference in the activa-
tion barriers of the two dehydrogenation pathways available
to the methylcycloalkyl intermediate is only about 3 kcal/mol,
but that is sufficient to obtain high selectivities toward the pro-
duction of the methylcycloalkene.

3. Stereoselectivity in Alkene Cis—Trans
Isomerization

An even subtler example of selectivity involving s-H elimina-
tion from alkyl intermediates was identified in the cis—trans
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FIGURE 3. Temperature-programmed desorption (TPD) data from
studies on the regiospecificity of carbon—carbon double bond
migration reactions on Pt(111) surfaces. Two examples, both
involving cyclic compounds, are provided, namely, the
interconversions between 1-methylcyclopentene (1MCp=) and
methylenecyclopentane (MeCp) (top traces) and between 1-
methylcyclohexene (1MCh=) and methylenecyclohexane (MeCh)
(bottom traces). Traces are shown for the desorption of both
compounds starting with surfaces covered with either the
methylcycloalkenes (left panel) or the methylenecycloalkanes (right
panel). In both cases, preferential migration is seen toward the
former compounds, that is, toward migration of the double bond to
a position within the cyclic moiety (shaded peaks).
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FIGURE 4. Mechanism of the interconversion between the cis and
trans isomers of 2-butene on metal surfaces. This reaction goes
through a common 2-butyl intermediate and proceeds in a
direction defined by the relative stereo restrictions imposed on the
transition state of the two possible -H elimination steps from that
moiety (as indicated by the Newman projections in this figure).

isomerization of C=C bonds in alkenes. The mechanism
involved is illustrated, for the case of 2-butenes, in Figure 4.
As in double-bond migrations, C=C cis—trans isomerizations
require an alkene hydrogenation step and a subsequent g-H
elimination from the resulting alkyl surface intermediate. How-
ever, here, the latter reaction always occurs at the same £ car-
bon atom, also the same involved in the initial hydrogenation
(the inner carbon not bonded to the surface). Selectivity, there-
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fore, does not come from the regiospecificity of the dehydro-
genation step, but rather from the steric differences in the
configurations required to abstract the different hydrogens
within the same /5 carbon atom. This is better illustrated by the
Newman projections in Figure 4, where the two hydrogens
bonded to the inner g carbon have been labeled with a red
circle and a blue diamond, respectively: elimination of the red-
circle hydrogen leads to the production of cis-2-butene,
whereas elimination of the blue-diamond hydrogen results in
the formation of trans-2-butene.

In our initial surface-science work on these systems, we
found that on Pt(111) surfaces, trans-2-butene isomerizes pref-
erentially to its cis counterpart.?*~2€ That is a surprising result,
not what is expected thermodynamically and also not what is
commonly observed in catalytic processes. Certainly, signifi-
cant amounts of trans fats are produced during the partial
hydrogenation of edible oils, a fact that has gained national
attention because of the associated adverse health effects.?”
This is because the catalytic hydrogenation of olefins is often
accompanied by cis—trans isomerization reactions, since they
both share the same surface alkyl intermediates. Natural oils
are almost exclusively comprised of cis-olefins, but the fat
obtained after their partial hydrogenation almost invariably
contains a large fraction of (undesirable) trans-C=C double
bonds.

A more detailed study of this system revealed a couple of
key factors that affect selectivity in cis—trans conversions of
alkenes. Perhaps first and foremost is the effect exerted by
coadsorbed hydrogen. It had already been known that, in gen-
eral, the presence of hydrogen on the surface of metals weak-
ens the adsorption of alkenes and favors z adsorption rather
than the di-o bonding that dominates on clean surfaces.?®3°
However, here we learned that, at least on Pt(111), this effect
is stronger with cis than with trans alkenes. TPD experiments
with 1,4-difluoro-2-butenes, where fluorine substitutions were
used to label and differentiate between the cis and trans iso-
mers, showed that the trans isomer is indeed the more sta-
ble of the two on the clean (hydrogen-free) Pt(111).3" Direct
studies with 2-butyl surface intermediates, prepared by acti-
vation of 2-halobutanes, also indicated the preferential pro-
duction of trans-2-butene.?® On the other hand, quantum
mechanics (DFT) calculations clearly attested to both a switch
from di-o adsorption on clean Pt(111) to &z bonding on hydro-
gen-saturated surfaces and, more revealing, the reverse of rel-
ative stability from the trans to the cis isomer of the alkene.??

The DFT study also pointed to the role that the structure of
the surface plays in determining the bonding strength of alk-
enes on metals, which appears to be due to, at least in part,
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FIGURE 5. Kinetic catalytic data and transmission electron microscopy (TEM) images to indicate the correlation that exists between the
structure of the surface of a platinum-based catalyst and its selectivity in alkene cis—trans isomerization conversions. Catalysts consisting of
tetrahedral platinum particles, which only expose (111) facets promote the formation of the cis isomer preferentially (top). Other more round
structures, conversely, display a reversed selectivity toward the trans isomer (bottom).

a significant reconstruction of the metal surface atoms induced
by the adsorption.?? It was hypothesized that such reconstruc-
tion may be driven by the need to minimize the steric inter-
actions between the surface and the end groups of the alkene
(which are expected to be more severe with the trans isomer),
and that perhaps more open surfaces would require a lesser
degree of reconstruction and therefore show the expected
higher stability for the trans isomer. This was indeed corrob-
orated experimentally, first by TPD using single-crystal sur-
faces with more open structures,®® and later by using
supported catalysts consisting of tetrahedral platinum parti-
cles, which only expose the (111) planes that promote cis alk-
ene formation.>33* In the latter, Kinetic measurements
indicated that the tetrahedral Pt catalysts promote trans-to-
cis isomerizations at a rate almost twice as high as they do
similar trans-to-cis conversions, and also that the more
rounded particles obtained by annealing to high temperatures
show a preference for the reverse cis-to-trans reaction (Fig-
ure 5).333% Here is a clear example where stereoselectivity in
dehydrogenation steps involving hydrocarbon surface inter-
mediates can be controlled by controlling the structure of the
surface of the catalysts used.
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4. Enantioselectivity in Double-Bond
Hydrogenation

There is yet one additional level of subtlety possible when
considering selectivity in hydrogenation reactions with
so-called prochiral molecules, that is, molecules that yield
chiral products. Ketones with carbonyl moieties attached to
two different groups, for instance, can be hydrogenated to
chiral alcohols. Typically, that hydrogenation occurs with equal
probability on both sides of the molecular plane and there-
fore results in the production of racemic mixtures. However,
it has been shown that, in some instances, the addition of a
chiral modifier promotes the preferential formation of one
enantiomer over the other.3>>® Such enantioselectivity in solid
catalysts modified by chiral modifiers is attained by creating
a chiral catalytic site on the surface.

The best example of this behavior is that of the hydrogena-
tion of a-ketoesters by platinum catalysts, where promotion with
small amounts of cinchona alkaloids can lead to enantioselec-
tivities in excess of 95%.3>37 The proposed mechanism by
which this enantioselectivity is attained is illustrated schemati-
cally at the top of Figure 6: the cinchona modifier forms a weak
complex with the reactant and places the reactant within its chiral
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FIGURE 6. Schematic illustration of the two main models by which
chiral modifiers are proposed to bestow enantioselectivity to
heterogeneous catalysts. (Top) Formation of one-to-one complexes
between the modifier (cinchonidine) and the reactant. In this case,
the carbonyl group of the reactant (shown as a Newman
projection) is held by the adsorbed cinchonidine so it can only
adopt one of its two possible orientations with respect to the
surface and therefore incorporate hydrogen atoms on only one
side of the molecule. (Bottom) Formation of supramolecular surface
chiral templates, where three molecules of the enantiopure
templating agents (2-butoxide adsorbates), either the (R) (left panel)
or the (S) (right panel) forms, form a pocket of specific chirality on
the surface. The (R) purple structure fits nicely in the chiral site left
by the (R) butoxides but not on that defined by the (S) enantiomers.

pocket, forcing the carbonyl group to adopt a specific orienta-
tion with only one side of the molecular plane available for reac-
tion once the cinchona binds to the metal surface. Hydrogenation
of the carbonyl moiety then leads to the preferential formation
of one of the two possible enantiomers of the alcohol. We have
been probing the molecular details of the adsorption of cinchona
alkaloids from solutions onto platinum surfaces that underpins
this chemistry by using in situ reflection—absorption infrared
spectroscopy (RAIRS).>8~49

The first lesson that we have learned from our work in this
area is that many of the kinetic trends reported for cinchona-
modified catalytic systems can be explained by the details of
the adsorption of the cinchona alkaloid on the platinum sur-
face. For instance, it was found that the aromatic ring by which
the cinchona bonds to the surface reorients from flat adsorp-
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tion to a tilted configuration upon increasing the concentra-
tion of the chiral modifier in solution, and that this geometrical
rearrangement explains the accompanying loss in enantiose-
lectivity seen during a-ketoester hydrogenation catalysis.*'42
In a second study, it was shown that an initial pretreatment of
the surface with hydrogen is needed to start both cinchona
adsorption and catalytic conversions, and also that extensive
hydrogen exposures lead to the hydrogenation of the chiral
modifier and to a loss in catalytic activity and selectivity.*>44
The choice of solvent was found to heavily influence both cin-
chona adsorption and its effectiveness in adding enantiose-
lectivity to catalysts as well: solvents of intermediate polarity,
roughly matching that of the cinchona alkaloids, typically per-
form best in both adsorption and catalytic experiments.*>46

Chiral modification of catalysts with cinchona alkaloids
appears to require a fast adsorption—desorption equilibrium
on the platinum surface. Our research indicates that the extent
of that equilibrium is affected not only by the geometry of
adsorption adopted by the cinchona alkaloids but also by their
solubility in the solvent used.**4” A dramatic manifestation of
the interplay between these two factors is seen when the
adsorption behavior of closely related cinchona molecules is
compared. For instance, although cinchonine adsorbs more
strongly on Pt than its near-enantiomer cinchonidine,*® cin-
chonidine can still displace cinchonine from the surface (the
opposite not being possible),*? and typically dominates chiral
modification in catalysis. This is because cinchonine is also
less soluble than cinchonidine: the energy gained by adsorp-
tion is compensated by an energy loss due to the decrease in
solubility (Figure 7).

Differences in both adsorption energy and solubility across
series of similar cinchona alkaloids as those reported in Fig-
ure 7 are likely to relate mainly to differences in bonding to
the surface, but they also reflect more subtle effects related to
the entropy of the system. Specifically, the presence of periph-
eral groups such as the vinyl group in the quinuclidine ring
(and the methoxy in the quinoline moiety of quinine and qui-
nidine) may reduce the rotational configuration space avail-
able to those molecules and with that their entropy. Notice in
particular the difference in relative position of the vinyl moi-
ety within the structures of quinine and cinchonidine, where
it points up and away from the quinoline ring (in the draw-
ings in Figures 6 and 7) versus the structures of quinidine and
cinchonine, where it is placed down and closer to the aro-
matic ring. This results in differences in internal vibrational and
rotational modes, and consequently in decreases in entropy of
solution and solubility. Evidence from two-dimensional NMR,
DFT calculations, and temperature-dependent solubility stud-
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FIGURE 7. Relative Gibbs free energies for the solubility in CCl,
and for the adsorption on a platinum surface of four closely related
cinchona alkaloids. As the structures provided in the figure show,
the quinidine—quinine and cinchonidine—cinchonine pairs are near
enantiomers, the former having an additional methoxy group in
the quinoline ring. The differences in both solubility and adsorption
observed within these four compounds can only be ascribed to an
effect exerted by the peripheral groups, the methoxy and the vinyl
moieties in the quinoline and quinuclidine rings, respectively.

ies support this conclusion.>®>" The hypothesis of the cen-
tral role that peripheral substituents play in defining the
physical chemistry properties of cinchona alkaloids is one that
we are exploring at present, because it provides a handle on
how to tailor the adsorption properties of the cinchona at a
molecular level and with that their chiral modification ability
in catalysis.

Simpler molecules such as tartaric acid have also been
shown to act as chiral modifiers in some heterogeneous cat-
alytic hydrogenations.>? In those cases, the surface is expected
to play a more central role, helping form the required chiral
site by assembling local supramolecular structures with chiral
void spaces.>® The bottom panel of Figure 6 illustrates how
this may work with three 2-butoxide moieties, which adsorb
on our hypothetical surface in a triangular fashion to create a
chiral site of a specific handedness. The (R) purple shape in the
diagram fits nicely within the pocket left by the three (R)-2-
butoxide moieties (Figure 6, bottom, left), but not in the (mir-
ror image) site produced by similarly arranged (S)-2-butoxide
species (Figure 6, bottom, right).

This chiral templating of the surface can be probed indi-
rectly by quantitatively contrasting the adsorption of a sec-
ond chiral molecule on identical surfaces precovered with
each of the two enantiomers of the modifier: any difference
in uptake provides an indication of enantioselectivity.>* In our
studies, (S)- and (R)-propylene oxide (PO) were used to probe
the templating capabilities of enantiopure 2-butoxide (pre-
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FIGURE 8. Summary of TPD vyield data obtained in chiral titration
experiments using enantiopure propylene oxide (PO) highlighting
the enantioselectivity imparted to the surface by three chiral
modifiers, 2-butoxide, 2-methylbutanoic acid, and 1-(1-
naphthyl)ethylamine. In all three cases, an enantiomeric excess is
seen in the uptake of PO of the same chirality as the chiral modifier
used within a specific range of coverages. This behavior can be
explained by the model presented in Figure 6.

pared by thermal activation of adsorbed 2-butanol),>® 2-me-
thylbutanoic acid,>® and 1-(1-naphthyl)ethylamine (NEA)>” on
Pt(111) surfaces. All three adsorbates display the behavior
expected from chiral modifiers: the PO uptake is higher on
surfaces predosed with templating agents of the same chiral-
ity (Figure 8). In addition, the reported enantioselectivity is
seen only within a specific range of coverages of the chiral
maodifier on the surface, around 0.3 monolayers (ML) for 2-bu-
toxide, 0.5 ML for 2-methylbutanoic acid, and 0.8 ML for NEA
(Figure 8). This is to be expected, because a minimum cover-
age may be needed to get the neighboring adsorbates in close
enough proximity to define a molecular-size chiral pocket and
because high coverages may lead to blocking of the empty
chiral sites. An enantioselectivity excess in the uptake of the
probe molecule between the two enantiomeric surfaces only
over a well-defined range of surface coverages is in fact one
of the key observations used to argue for the chiral templat-
ing effect.*9°8

The distinction between one-to-one reactant—modifier
complex formation and supramolecular templating in the
bestowing of enantioselectivity to surfaces by chiral modifi-
ers is somewhat arbitrary; in reality, all cases may involve both
mechanisms to different degrees. This is what has become evi-
dent in our studies with the three chiral modifiers reported in
Figure 8. In the case of the butoxide groups, all the evidence,
from RAIRS and TPD experiments, points to a dominant tem-
plating effect.>> However, with 2-methylbutanoic acid, in addi-
tion to an increase in uptake, the PO molecule also binds with
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a slightly higher energy on the homochiral surface.>® The lat-
ter effect is particularly noticeable in the case of NEA, where
two different PO adsorption sites with appreciably different
binding energies are in fact clearly detected.>” Actually, NEA
is known to act as a single-molecule chiral modifier, in the
style of cinchona alkaloids, in some catalytic hydrogenation
processes.>® The energetic contribution seen with NEA (and to
a lesser extent with 2-methylbutanoic acid) can be ascribed to
direct interactions between single modifier and probe (or reac-
tant) molecules. It is most likely supplemented by entropic ele-
ments due to the local arrangement of the molecules on the
surface, allowing for the formation of chiral ensembles or even
to the interconversion among different molecular conforma-
tions within each individual chiral modifier molecule (as is the
case with the cinchona alkaloids).***”

5. Concluding Remarks

In the preceding sections, we have briefly summarized the most
salient conclusions from our studies on selectivity in hydrocar-
bon conversion reactions on surfaces. Our examples illustrate the
different degrees of subtleties that may be involved in the mech-
anisms of those. In terms of dehydrogenation reactions where
hydrogen abstraction is to be considered from different positions
within the hydrocarbon chain, selectivity may be achieved by
tuning the electronic properties of the surface. Most transition
metals are quite efficient at promoting dehydrogenation steps,
but they do so at different relative rates from different positions
in the carbon chain. Hence, nickel shows a distinct preference for
hydrogen elimination from the a position and typically facili-
tates subsequent C—C bond-breaking steps. Platinum, by con-
trast, promotes y-H elimination competitively and therefore
facilitates isomerization processes instead.

Regioselectivity in dehydrogenation can therefore be con-
trolled by electronic tuning of the catalyst. The stereochemis-
try of hydrogen elimination steps, on the other hand, requires
control of the structure of the surface instead. This is clearly
the case in alkene isomerizations, where the hydrogens to be
eliminated may all be bonded to carbon atoms at the same (or
closely related) positions in the chain but where the interac-
tions between auxiliary groups and the surface may direct a
specific H abstraction. Our example of how cis-to-trans alk-
ene isomerization reactions can be promoted on Pt(111) sur-
faces provides a dramatic illustration of this principle.

Finally, enantioselectivity imposes even more stringent con-
ditions on the catalytic site. In the case of the hydrogenation
of prochiral unsaturated hydrocarbons, for instance, what is
required is the induction of a specific adsorption geometry for
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the reactant on the surface. Such adsorption control is likely
to require complex chiral structures, and, in lieu of the ability
to prepare solid surfaces with such complexity (as may be
done in homogeneous or enzymatic catalysts), a molecular
chiral modifier, acting as a cocatalyst, may be used instead.
Local chiral sites may then be assembled out of one or more
of these chiral modifiers on the surface. Chirality may be
mainly provided by the modifier itself, as is the case with cin-
chona alkaloids, but may also be built out of a supramolecu-
lar structure held in place by the underlying surface.

In general, it is clear that increasing demands on catalytic
selectivity require designs of catalytic sites of increasing com-
plexity. The demands on the catalytic site imposed by the
required selectivity may be quite stringent but, thanks to new
advances in both our understanding of reaction mechanisms
and synthetic methodologies from self-assembly and nano-
technology, may now be met via the preparation of hetero-
geneous catalysts with well-defined electronic properties and
structures.
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