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By carefully choosing molecular components, it is possible to
design supramolecular assemblies on metal surfaces for a
variety of applications ranging from templating to asymmetric
catalysis."* The choice of molecular building blocks is based
on the fundamental chemical concept of functional groups;
hydrogen-bond donor—acceptor pairs have proven exception-
ally useful for self-assembly.*® Hence, it is crucial to
recognize that associative chemisorption can generate hydro-
gen-bond donor functionality in molecules for which hydro-
gen bonding is negligible in the gas or solution-phase.”

Herein, we report that nonsubstituted arenes form strong
C—H---O hydrogen bonds to co-adsorbed esters and ketoest-
ers on Pt(111) surfaces. Scanning tunneling microscopy
(STM) imaging is used to isolate well-defined aryl-carbonyl
assemblies at 150-300 K and to identify the interaction that
binds them as double hydrogen bonding. In this way,
chemisorption-activated arenes are found to combine two
powerful properties for 2D self-assembly: planarity and
double hydrogen bonding. Furthermore, the direct observa-
tion of aryl-carbonyl C—H--O interactions supports a new
mechanism for the stereoselective hydrogenation of ketoest-
ers on cinchona-modified platinum.[”? In turn, the observation
also suggests that aryl C—H--X bonding, where X is a
hydrogen-bond acceptor, should be explicitly considered in
the design of metal-arene chiral catalysts.

STM images of a single chemisorbed pyrene molecule
surrounded by 10 molecules of ethyl formate, one for each
aryl C—H bond, are shown in Figure 1 A,B. These crownlike
structures are observed over the entire Pt(111) surface
(Figure 1 D). Pyrene is imaged as an oval-shaped protrusion
with a long and a short axis, in keeping with its molecular
structure. The long axis is collinear with two C—H bonds,
whereas the short axis lies between C—H bonds (Figure 1C).
The docking of ethyl formate to pyrene occurs along the short
axis, but not along the long axis (Figure 1 A), revealing that
each interadsorbate interaction involves a pair of adjacent C—
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Figure 1. STM images of pyrene (Py) and ethyl formate (EF) co-adsorbed on a Pt(111) surface at 150 K. A) and B) An assembly of 10 molecules of
ethyl formate around a single pyrene molecule. C) Illustration of the assembly. D) Assemblies located on terraces over the entire surface. E) A
nonsaturated assembly of three molecules of ethyl formate around a single pyrene molecule.

H bonds. The strong directionality of the interaction indicates
that the aromatic molecule serves as a double hydrogen-bond
donor to ethyl formate, forming one C—H:--O bond per lone
pair of electrons on the carbonyl oxygen atoms. Saturated
complexes containing one carbonyl group per C—H bond are
observed at low coverages of pyrene and moderate coverages
of ethyl formate. The ethyl formate protrusions are not
equally distant from the aromatic molecule in unsaturated
assemblies (Figure 1E). The more well-defined structure of
the saturated assemblies suggests a cooperative hydrogen-
bonding process.

Aryl C—H--O bonding is known to play a role in self-
assembly on noble-metal surfaces in cases where an aromatic
donor is activated by an electron-withdrawing nitro or
carboxylate group.’'!! The carboxylate groups serve, in
turn, as charge-bearing hydrogen-bond acceptors, and it is
known that appropriately substituted aromatic molecules can
form strong hydrogen bonds to anion acceptors.['?! In contrast,
the interaction between pyrene and ethyl formate on the
Pt(111) surface is due to the chemisorption-induced polar-
ization of an otherwise non-activated aromatic molecule.
Computational studies have shown that the chemisorption of
aromatic molecules on Group VIII metals results in an
unequal elongation of the C—C bonds, a movement of the
hydrogen atoms out of the molecular plane by approximately
20°, an increased positive charge on the hydrogen atoms, and
an increased negative charge on the carbon atoms.!>% These
effects translate into enhanced acidity for the aromatic
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molecule, thereby, enabling C—H---O bonding to nonresonant
carbonyl groups. A related phenomenon was reported by Ho
and co-workers.'®!"! They found that O, molecules adsorbed
on a Ag(111) surface serve as hydrogen-bond acceptors in
interactions with co-adsorbed ethylene and acetylene mole-
cules.

The hydrogen-bond lengths in the crownlike assemblies
were deduced by averaging hundreds of peak-to-peak dis-
tances between pyrene and ethyl formate protrusions. The
model illustrated in Figure 1C and reference distances
determined from atomically resolved images of the Pt(111)
surface (Figure 1E) were used to estimate the O---H distances
as d=(1.8+0.1) A. For this distance estimation, the dimen-
sions of gas-phase pyrene were used, with the exception that
the C—H bonds were assumed to tilt away from the surface by
20°; adsorbate-metal distances were not taken into account;
and the protrusions observed for ethyl formate were assumed
to be centered over the carbonyl oxygen atom.

The strength and, hence, the number of C—H:--O inter-
actions may be tuned by substitution on the aromatic
molecule. As shown in the STM images in Figure 2, ethyl
formate preferentially assembles at one ring of methylnaph-
thalene molecules adsorbed on a Pt(111) surface. The images
show two, three, or rarely four ethyl formate molecules
located at one side of the substituted aromatic molecule,
whereas nonsubstituted naphthalene molecules adsorbed on
Pt(111) may be completely surrounded by ethyl formate
molecules. The methyl group of the methylnaphthalene
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Figure 2. A)-C) STM images of methylnaphthalene and ethyl formate co-adsorbed on a Pt(111) surface at 150 K. The assemblies of ethyl formate

and methylnaphthalene molecules are illustrated in the lower panels.

molecule weakens the interaction of one aromatic ring with
the metal surface, leading to the effective activation of only
the nonsubstituted ring.

Figure 3A displays an STM image (measured at room
temperature) of an assembly of 10 molecules of methyl
pyruvate around a single pyrene molecule on a Pt(111)
surface. This manifestation of metal-activated C—H---O bond-
ing is of particular relevance to the enantioselective hydro-
genation of a-ketoesters on chirally modified platinum
catalysts.'!") The reaction is performed at room temperature
using a range of modifier—substrate pairs with the following
characteristics.”) All modifiers (for example, cinchonidine)
are anchored to the platinum surface by a multiple-ring
aromatic group and all have a conventional hydrogen-
bonding group, which is held away from the surface. All
substrates (for example, methyl pyruvate) contain both an
activated prochiral ketocarbonyl and a second group capable
of conventional hydrogen bonding. Hence, if platinum-
activated aryl C—H--O bonding is taken into account, all
modifier-substrate pairs can simultaneously form two distinct
hydrogen-bonding interactions, as illustrated in Figure 3B.
An energetic inequivalence of approximately 2-3 kcalmol !
is required for the observed levels of enantioselection (ca.
95% ee). Hence, we assume that the strength of the double
C—H:+O bond is at least 2-3 kcalmol™'. This hypothesis is
consistent with calculations and experimental data showing
that polarized aromatic molecules, such as tetrafluoroben-
zene, can form relatively strong C—H--O bonds.”” The
observation that the substituted ring of methylnaphthalene
is not strongly activated towards C—H:-O bonding is con-
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sistent with the fact that all effective modifiers for the Orito
reaction contain multiple-ring aromatic groups.

The significance of metal-activated aryl-carbonyl C—
H--O bonding extends to homogeneous chiral catalysis with
planar-chiral and double hydrogen-bond donor catalysts.
Planar-chiral catalysts are based on arene-metal com-
plexes.”! As with the activation of aromatic molecules on
the platinum surface, the aromatic groups of the planar-chiral
catalysts display enhanced acidity because of their activation
by the metal.” It is instructive to consider the unexpected
antiperiplanar conformation observed for formyl ligands in
metal-cyclopentadiene complexes.” In the antiperiplanar
geometry, the formyl oxygen atom points towards the arene
ring, consistent with C—H--O bond formation to the metal-
activated cyclopentadienyl group.? In contrast, the synper-
iplanar orientation, in which the carbonyl oxygen atom points
away from the arene, is observed for the pentamethylcyclo-
pentadienyl (Cp*) complex [Cp*Ru(CO)(PPhMe,)HCO],*!
presumably because of the absence of aryl C—H bonds.
Indeed, evidence for intermolecular C—H--O bonding is
found in the crystal structures of metal-arene complexes.”!
Hence, our work indicates that a stereodirecting role for C—
H--X bonding in planar-chiral catalysis should be considered.
The ability to directly image aryl-carbonyl bonding is also
important in the context of asymmetric catalysis activated by
double hydrogen-bond donors.”?’! Aromatic systems com-
bine a high density of donor pairs with skeletal rigidity, well-
defined planar shapes, and the opportunity to tune the C—
H--X interaction through judicious substitution.
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Figure 3. A) STM image of pyrene (Py) and methyl pyruvate (MP) co-
adsorbed on a Pt(111) surface. Adsorption was carried out at 150 K
and images were recorded at room temperature. B) Illustration of the
role of aryl-carbonyl C—H---O bonding in the formation of a prochiral
complex between cinchonidine and methyl pyruvate co-adsorbed on
platinum.

In summary, we have shown that nonsubstituted aromatic
molecules chemisorbed on a platinum surface form double
C—H--O bonds to co-adsorbed esters and ketoesters. The
hydrogen-bond strength is sufficient to form well-defined
assemblies at 150-300 K and may be tuned by substitution on
the aromatic molecule. The C—H--O interaction is key to
understanding the asymmetric hydrogenation of a-ketoesters
on cinchona-modified platinum catalysts and may also be
relevant to catalysis by metal-arene complexes. We anticipate
that double hydrogen bonding involving aromatic molecules
will play an increasingly important role in the rational design
of both chiral catalysts and 2D supramolecular structures.

Experimental Section

Variable-temperature STM measurements were carried out on clean
polished Pt(111) surfaces under ultrahigh vacuum. A tunneling
current of /, = 0.96 nA and tunneling voltages of V= —0.84 to —0.99 V
were used.
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