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A. Abstract — Summary of significant results

Understanding and controlling selectivity is one of the key challenges in heterogeneous catalysis.
Among problems in catalytic selectivity enantioselectivity is perhaps the most the most
challenging. The primary goal of the project on “Molecular-level Design of Heterogeneous
Chiral Catalysts” is to understand the origins of enantioselectivity on chiral heterogeneous
surfaces and catalysts. The efforts of the project team include preparation of chiral surfaces,
characterization of chiral surfaces, experimental detection of enantioselectivity on such surfaces
and computational modeling of the interactions of chiral probe molecules with chiral surfaces.
Over the course of the project period the team of PI’s has made some of the most detailed and
insightful studies of enantioselective chemistry on chiral surfaces. This includes the
measurement of fundamental interactions and reaction mechanisms of chiral molecules on chiral
surfaces and leads all the way to rationale design and synthesis of chiral surfaces and materials
for enantioselective surface chemistry. The PI’s have designed and prepared new materials for
enantioselective adsorption and catalysis.

Naturally Chiral Surfaces

e Completion of a systematic study of the enantiospecific desorption kinetics of R-3-
methylcyclohexanone (R-3-MCHO) on 9 achiral and 7 enantiomeric pairs of chiral Cu
surfaces with orientations that span the stereographic triangle.

e Discovery of super-enantioselective tartaric acid (TA) and aspartic acid (Asp)
decomposition as a result of a surface explosion mechanism on Cu(643)**®. Systematic
study of super-enantiospecific TA and Asp decomposition on five enantiomeric pairs of
chiral Cu surfaces.

e [Initial observation of the enantiospecific desorption of R- and S-propylene oxide (PO)
from Cu(100) imprinted with {3,1,17} facets by L-lysine adsorption.

Templated Chiral Surfaces

e Initial observation of the enantiospecific desorption of R- and S-PO from Pt(111) and
Pd(111) modified by a variety of chiral templates.

e Demonstrated enantioselective separation of racemic PO on chemically synthesized
chiral gold nanoparticles.

e Discovery of zwitterionic adsorption states of amino acids on Pd(111).

e First structure determinations of adsorbed amino acids and identification of tetrameric
chiral template structures.

e Exploration of the enantiospecific interaction of PO and R-3-MCHO adsorption on
chirally modified Cu(100), Cu(110) and Cu(111).

One-to-One Interactions

e Determination of cinchona orientation on Pt surfaces in situ at the solid-liquid interface
using FT-IRAS.

e Systematic study of the influence of solution properties on the adsorption of modified
cinchonas alkaloids onto Pt surfaces.

e Correlation of cinchona adsorption with catalytic activity, as affected by concentration,
the nature of the solvent, and dissolved gases in the liquid phase.



e Measurement of enantioselective chemisorption on 1-(1-naphthyl) ethylamine (NEA)
modified Pt(111) and Pd(111) surfaces.
e Imaging of chiral docking complexes between NEA and methyl pyruvate on Pd(111).

Chiral Catalyst Synthesis

e Anchoring of cinchona alkaloid to surfaces

e Synthesis of chiral Au nanoparticles and demonstration of their enantiospecific
interactions with R- and S-PO.

e FElucidation of the driving forces for chiral imprinting of Cu(100) by L- and D-lysine to
form Cu(3,1,17)**® facets.

B. Accomplishments

B.1. Scope and goals of program

The scope of the project on “Molecular-level Design of Heterogeneous Chiral Catalysts” is
divided into three areas defined by the three types of chiral surfaces identified by the PIs:
naturally chiral surfaces; templated chiral surfaces and surfaces with one-to-one modifiers.
Naturally chiral surfaces are low symmetry crystal planes of inorganic materials; metals in this
instance. The templated surfaces are surfaces that are modified with adsorbates forming chiral
structures with long range. The one-to-one modifiers are molecules that are chiral when
adsorbed and induce enantioselectivity through their interactions with other adsorbates.

The efforts to study each of the three types of chiral surfaces include experiment, theoretical
modeling, surface preparation, surface characterization and study of enantiospecific interactions
with chiral probe compounds. The goals have been:

e to identify and prepare chiral surfaces,
e to identify enantiospecific surface processes involving chiral molecular probes,
e and to characterize these processes to determine the origins of enantioselectivity.

B.2. Accomplishments - Naturally Chiral Surfaces
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Gellman has completed a comprehensive study of the
enantiospecific desorption of R-3MCHO from a set of 9
achiral and 7 enantiomeric pairs of chiral Cu single
crystal surfaces. Figure 1 shows the ideal structures of

Figure 1. The seven enantiomeric pairs
of chiral copper surfaces and the
enantiospecificity of the desorption
energies of R-3MCHO from these
surfaces (kJ/mole).




chiral surfaces around the stereographic triangle and the enantiospecificity of the R-3MCHO
desorption energies on each, AAE;® =AE> —AER . The key point is that, although the
magnitude of these desorption energies is always ~1 kJ/mole, they do depend on surface

structure; note that the sign of AAE;'" differs among the surfaces.

PAX Measurements of chiral kink densities on Cu(643)R&S

As indicated earlier, the real structures of the naturally chiral surfaces differ from the ideal
ones because thermal roughening by diffusion of atoms along step edges causes the kinks to
coalesce. The details of this process were originally modeled on chiral Pt and Cu surfaces by
Sholl who showed that although the kink densities are reduced by thermal roughening, the net
chirality of the surface is preserved.”” Recently, Gellman has used photoemission of adsorbed
Xe (PAX) in conjunction with STM imaging to measure the distribution of terrace-, step- and
kink-sites.>® The binding energy of the adsorbed Xe 5p;,, photoemission feature depends on the
local work function and thus, the local structure of the adsorption site. High-resolution UV
photoemission spectra of Xe on the Cu(111), Cu(221) and Cu(643) and on the Pt(111), Pt(221)
and Pt(531) surfaces reveal this site sensitivity and have been used to estimate the real site
densities on these surfaces.

Super-enantiospecific decomposition - TA and Asp on Cu(hkl)®*®

The small enantiospecific energy differences (~1 kJ/mole) between chiral species control
enantioselectivity. For a first-order process such as the desorption of R-3MCHO from chiral
Cu(hkD)**® surfaces, such differences lead to differences in desorption rates of ~30% at room
temperature. Extremely high enantioselectivities can only be observed for processes that have
highly enantiospecific energetics (easy to envision but difficult to achieve), or for processes that
have highly non-linear reaction kinetics. Gellman has discovered a type of surface process that
is super-snantiospeciﬁc; the explosive decomposition of tartaric acid (TA) on naturally chiral Cu
surfaces.

During heating, tartaric acid (HO,C-CH(OH)-CH(OH)-CO,H) decomposition on Cu
occurs by a process that requires an empty site and thus, proceeds with a non-linear rate law of
the general formr =Kk -0(1—0) . When 6#=1, the

process must be initiated by a nucleation step that O
creates empty sites. The decomposition of TA then
creates additional empty sites in an autocatalytic
process with explosive kinetics. This phenomenology
is  illustrated beautifully by the isothermal
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the time that the decomposition of L-TA reaches
completion on Cu(651)°, the onset of D-TA
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and, because of its explosive nature, proceeds to
completion in a relatively short time, resulting in the very high enantioselectivity.

Enantiospecific isotopomer displacement to probe chiral adsorption

Gellman has also shown that aspartic acid, (Asp, HO,CCH(NH,)-CH,-CO,H), the amino
acid analog of tartaric acid, undergoes explosive decomposition on Cu surfaces. The major
products are CO, and CH3-C=N, similar to those found for other amino acids on Pd(111).5"°
The fact that this occurs for an amino acid opens a world of experimental opportunities for
studying super-enantiospecificity because there are 16 different isotopomers of L-aspartic acid
available. Isotopomers such as HOz13C-CH(NH2)-CH2-13C02H have been used to demonstrate
unequivocally that the CO, originates solely from the carboxylate end groups.

The critical opportunity created by the availability of isotopically labeled amino acids is the
ability to use mass spectrometry to distinguish between enantiomers desorbing from the surface.
For example, by exposing a racemic mixture containing equal parts L-aspartic-1,4-">C; acid and
D-aspartic acid to the Cu(3,1,17)® surface and then using TPD to measure the yields of CO, and
BCO, (at g/m = 44 and 45 amu, respectively), the relative coverages of the two enantiomers
(isotopomers) has been determined. Although the Cu(3,1,17)® surface is exposed to a racemic
mixture, the adsorbed layer is enantiomerically enriched because one of the two enantiomers
adsorbs preferentially. During extended exposures the preferred enantiomer displaces the other
until equilibrium is established between the racemic gas phase and an enantiomerically enriched
adsorbed phase (Figure 3). Using this method, Gellman has shown that L-Aspartic acid is
preferentially adsorbed on the Cu(3,1,17)° surface (and that D-aspartic acid is preferentially
adsorbed on Cu(3,1,17)%).

B.3. Accomplishments - Templated Chiral Surfaces
Template formation by amino acids

Prior to examining enantioselective adsorption on amino-acid modified surfaces, the
surface chemistry of glycine, L-alanine and L-proline were explored on Pd(111) by Tysoe. They
are thermally stable to ~350 K, and adsorb in both their anionic and zwitterionic forms. The
amino acids thermally decompose at T > 350 K by cleavage of the C-CO, bond to evolve an
alkyl amine and CO,.

Enantioselective adsorption was studied on a number of amino acid modified surfaces by
measuring differences in the saturation R- and S-PO coverage. It was found that amino acids



with n-alkyl side chains (alanine, 2-
aminobutanoic acid and norvaline)
show enantioselectivity, while those
with branched chains (valine, leucine)
do not. The conformation of the
adsorbed amino acid (zwitterionic or
anionic) does not correlate with its
enantioselectivity. These
experiments were supplemented by
DFT calculations by Sholl that
showed that the amino acids adsorb to
the surface via the carboxylate and amine or amide group.

aminobutanoic acid tetramers and (C) valine dimers (non-
enantioselective to PO adsorption) on Pd(111).

Since the amino acid conformation does not influence enantioselectivity, we have used
STM to examine the distribution of amino acids on a Pd(111) surface. Tetramers of amino acids
form on surfaces that show enantioselectivity, while dimers form on surfaces that do not. This
strongly suggests that amino acids form surface templates that consist of amino acid tetramers, a
hypothesis confirmed by a demonstration that the variation in tetramer coverage of 2-
aminobutanoic acid on Pd(111) scales with the increase in enantioselectivity.  This is the first
clear demonstration of the formation of a chiral template.

To obtain direct evidence that the amino acid tetramer templates form a chiral pocket, we
first imaged PO alone on Pd(111) using STM and found that it adsorbs as islands consisting of
one-dimensional rows. We then attempted to image PO on amino acid-modified surfaces, but
without success. While this effort is ongoing, Figure 4 shows the currently most stable structure,
which has dimensions and a simulated STM image (Figure 5) close to that found experimentally.

The enantioselective chemisorption of PO and enantioselective reactivity of 2-butanol
were explored on proline modified Pd(111). Proline acted as a chiral modifier for both PO and
2-butanol adsorption and the decomposition of 2-butanol to yield the methylethyl ketone was
also found to be enantioselective.

Effect of substrate on enantioselective chemisorption

In order to explore how the nature of the substrate (Pd vs. Pt vs. Cu, for example)
influences the enantioselective interaction between a given chiral template and chiral probe,
Tysoe, Zaera and Gellman have studied the enantioselective

uptake of R- or S-PO on R- or S-2-butanol templated Pd(111), | ¥ e
Pt(111), Cu(111) and Cu(100) substrates. The three surfaces :P*‘?' WWJ
behave differently, with copper showing no enantioselectivity. P”“W“
Zaera and Tysoe have also demonstrated differences in the | ! S
enantioselective adsorption of PO on Pt(111) and Pd(111) | ¥ -
modified with 2-methyl butanoic acid or with NEA.'"" An | e ' Y
extensive study of Cu(111), Cu(110) and Cu(100) modified with | ¥ ¢ C @@ CCEY

alanine, alaninol, 2-butanol and 2-butoxide and probed with PO
and R-3MCHO revealed no enantioselectivity. It was suggested
that this arises from the inability of these chiral modifiers to
interact with the chiral probes through hydrogen bonding.
Substrate effects were further explored by Tysoe on a dilute

Figure 5. Depiction of the
alanine tetramer that has the
dimensions and simulated
STM image that most closely
correspond to the measured
images.




Au/Pd(111) alloy containing ~8%
gold."*  Co-adsorption of R-2-
butanoxide with R-PO or S-PO
leads to enantioselective (ee of
~14%) 2-butanone formation that
is greater in the presence of S-PO
than in the presence of R-PO. The
ee values for the formation of 2-
butanol from the remaining 2-
butoxide species depend strongly
on the initial 2-butanoxide
coverage, varying from a few
percent at moderate coverage, to €e
~ 100 % at low initial 2-butanol
coverages.'*
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Propylene oxide on L- Figure 6. Left panel shows an STM image of the Cu(100) surface
lysine/Cu(100): Templating or | modified by the adsorption of L-lysine to create Cu{3,1,17}" facets.
imprinting? The right panel shows the desorption of D- and L-lysine from
o Cu(100) and Cu(3,1,17)**S surfaces. The peak at 472 K for the
One of the most intriguing | desorption of L-lysine from the Cu(100) surface is at exactly the
enantiospecific  interactions of | same temperature as that for L-lysine desorption from the

amino acids on achiral surfaces is | Cu(3.1.17)" surface.
the example of L-lysine on

Cu(100). Several studies of amino acids on Cu(100) surfaces have used STM to show that
amino acids cause a gross reconstruction, leading to the formation of {3,1,17} facets.””!” Zhao
et al. have shown that when L-lysine is adsorbed on the Cu(100) surface it leads to the formation
of a homochiral set of {3,1,17}" facets (Figure 6).'®'" This result indicates that L-lysine can be
used to imprint natural chirality onto an achiral copper surface. This was further explored by
showing that that adsorption of PO on Cu(100) modified with L-lysine is enantiospecific. The
results suggest that the L-lysine adsorbs on Cu(100) as a zwitterion, and that this enable
hydrogen-bonding interactions to occur with the adsorbed PO. The imprinting of natural
chirality into the Cu(100) may also contribute to the enantioselectivity which, in principle, could
arise from a combination of both natural chirality and templating effects.

B.4. Accomplishments - One-to-one Chiral Modifiers
Adsorption of cinchonidine on Pt from solution

In order to understand the one-to-one modifier-reactant interaction mechanisms of
cinchona alkaloids under realistic conditions, Zaera has used infrared spectroscopy to
characterize the adsorption of cinchonidine and related modifiers from solution on platinum
surfaces. Its vibrational modes were first assigned using a combination of experimental
spectroscopic measurements and ab initio computational methods. The geometry of
cinchonidine on platinum depends on its concentration in solution; at low and intermediate
concentrations, the cinchonidine (Figure 7) is adsorbed with the quinoline ring parallel to the
surface but, at high concentrations, the ring tilts away from the surface. The maximum
enantioselectivity occurs under conditions consistent with cinchonidine having the quinoline ring
parallel to the surface.
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Figure 7. Structure of the cinchona alkaloids: cinchonidine, CD; cinchonine, CN; quinine, QN; quinidine, QD;
dihydrocinchonidine, DHCD; dihydrocinchonine, DHCN; dihydroquinine, DHQN; and dihydroquinidine,
DHQD. These form pairs of ‘near’ enantiomers that differ only in nature of the peripheral functional groups on
the quinuclidine ring (R; = H or OCH3;) and quinoline ring (R, = CH=CH, or CH,CH3).
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Figure 8. Desorption of adsorbed

cinchonidine from a platinum surface into
different solvents as a function of rinsing
volume. In these experiments the
cinchonidine was first adsorbed from a
CCl,-saturated solution, and then flushed
with sequential 20 ml aliquots of the stated
solvents. The coverage of the adsorbate
remaining on the surface was determined in-
situ by following the infrared absorption
signal at 1512 cm™', which corresponds to an
in-plane deformation of the quinoline ring.
The data show that the desorption kinetics
are very sensitive to the nature of the
solvent, varying from fast desorption in
water and dichloromethane to irreversible
adsorption in cyclohexane and other
alkanes. This trend correlates well with the
chirality-imparting ability of cinchonidine
for enantioselective hydrogenation reactions
on platinum catalysts.

The influence of dissolved gases on the
orientation of cinchonidine adsorbed onto Pt from
CCly solutions was also characterized using FT-IRAS.
Most of the gases studied (Ar, N,, O, air and CO,)
have no detectable influence on cinchonidine
adsorption. However, hydrogen was found to play a
unique role, initially accelerating the uptake of
cinchonidine, but later displacing some of the
adsorbed cinchonidine from the Pt surface. These
results correlate with the effect of the solvent on the
enantioselectivity of the Orito reaction. In particular,
the effect of solvent polarity on the kinetics of
cinchonidine desorption correlated with the solvent
influence on the enantioselectivity of the Orito
reaction on the cinchonidine-modified Pt catalyst.
Cinchonidine adsorbs irreversibly on Pt from non-
polar solvents such as cyclohexane, but can be
removed easily by more polar solvents such as
CH,Cl,. The evolution of the adsorbed cinchonidine
overlayer on Pt during flushing with different solvents
is illustrated in Figure 8. The cinchonidine solubility
correlates well with the activity and enantioselectivity
of the cinchonidine/Pt catalyst for the Orito reaction.
In general, the enantioselective properties of the
cinchonidine/Pt catalyst are defined by the adsorption
geometry of the cinchonidine modifier which, in turn,
is influenced by reaction parameters such as the
cinchonidine concentration, the type of solvent, and
the nature of the gases dissolved in the liquid phase.

The next stage of the investigation was to
understand the effects of the cinchona modifier’s
molecular structure on its adsorption and ability to



impart catalytic enantioselectivity to the Orito
reaction. A comparative study using cinchonidine,
cinchonine, quinine, quinidine, and the dihydro
analogs of those four molecules revealed that the
adsorption equilibrium constants (K,4s) followed the
sequence cinchonine > quinidine > cinchonidine >
quinine (Figure 9). Some of this ordering can be 2]
explained by solubility differences, but quinidine has
a much larger K,4s than expected from its relatively Concontration

high solubility; bonding to the surface must also play | Figure 9. Adsorption isotherms for several
a role in determining the trends in K,g. FT-IRAS | cinchona and related compounds from
experiments revealed that each of the cinchona (5101““0? (;“tl)to_ a _tpl_a“fn“md surface, as
alkaloids binds differently on platinum at saturation dzzgggf y In-Situ infrared spectroscopy
coverage; while the quinoline ring of cinchonidine

tilts along its long axis to optimize n-n intermolecular interactions, in cinchonine it tilts along the
short axis and bonds to the surface through the lone electron pair of the nitrogen atom. Both
quinine and quinidine exhibit additional bonding interactions with the surface via their methoxy
oxygen atoms. Perhaps a more surprising result from this work is the fact that cinchonine
displays a higher K,4s than cinchonidine, quinine or quinidine in spite of the fact that, according
to previous work, it can be readily displaced from the surface by all of those cinchona alkaloids.

Uptake
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The variations between the different cinchona alkaloids, both in their adsorption properties,
and in their behavior in solution were deemed to arise from intrinsic molecular properties
associated with their structure: the relative solubilities of the different cinchona alkaloids are
roughly independent of solvent type (Figure 8). Correlations between the cinchona
conformations and their chemical behavior have already been identified in some cases, but not
yet fully explained. Preliminary NMR and DFT data suggest that the most stable configuration
may be determined by the steric effects exerted by the peripheral functional groups (vinyl,
methoxy) bonded to the quinuclidine and quinoline rings. This behavior may account for the
reported differences in catalytic enantioselectivities observed when using cinchonidine and
cinchonine as chiral modifiers.

In studies of cinchona alkaloids as one-to-one chiral modifiers, we have shown that subtle
changes in the position of the substituent groups outside the central chiral pocket explain the
basic physicochemical differences between pairs of near-enantiomers (quinine VS. quinidine,
cinchonidine vs. cinchonine). Such properties include crystal structure, solubility, and
adsorption equilibrium. Both energetic and entropic factors must be considered to fully account
for the observed trends. These studies involved eight cinchona compounds, and a comparative
study based on a combination of quantum mechanical calculations, solubility measurements,
NMR configurational analyses, and in-Situ characterization of the adsorption of those compounds
on solid surfaces using infrared absorption spectroscopy. Two factors are considered: the
rotational configuration of each molecule in the gas versus the solid state, and the intermolecular
interactions that hold the crystal together. Particularly puzzling is the fact that, although
cinchonidine and cinchonine are near enantiomers, they crystallize in different structures. Our
data indicate that this is mostly due to intermolecular interactions, arising from the better packing
available to cinchonine, possibly because of the position of the peripheral vinyl group relative to
that in cinchonidine. It is this subtle effect of the outside moieties of these molecules that we
believe defines many of their unique enantiospecific properties.



UHYV adsorption of NEA and MP on Pd(111) and
Pt(111)

Our studies on the adsorption of cinchona
alkaloids and their analogs from solution are
complemented by surface-science studies of a close
analog, NEA, on Pt(111) and Pt(111) surfaces.
Solution-phase experiments on cinchona alkaloids
discussed above provide detailed information on the
effects of solvents on the structure and adsorption
properties of cinchona alkaloids, but these systems are
sufficiently complex that the interactions between the
cinchona modifier and prochiral reactant and product
(alkyl pyruvate and lactate, respectively) in the Orito
reaction cannot be explored in detail. The UHV
experiments study enantiospecific adsorbate-adsorbate
interactions using NEA co-adsorbed with chiral probes,
such as PO, or the prochiral reactants and products of
the Orito reaction.

The surface chemistry of methyl pyruvate (MP)
and methyl lactate (ML) was studied on Pd(111) by
Tysoe. MP adsorbs at low coverages with its
molecular plane parallel to the surface, and reorients to
be perpendicular to the surface as the coverage
increases, and some spectroscopic evidence is found
for the presence of the enol form of MP. A portion of
the flat-lying MP decomposes at higher temperatures
to form an adsorbed pyruvate species. The structure of
MP has been calculated on Pd(111) by DFT methods,
which predict heats of adsorption of flat-lying and
perpendicular MP that are in good agreement with the
desorption activation energies measured by TPD.*’
The chemistry of ML on Pd(111) is similar to that of
MP; ML either desorbs, or dehydrogenates to form
flat-lying MP, which subsequently decomposes in an
identical manner to that found for flat-lying MP on
Pd(111). We have collected STM images of MP on
Pd(111) (Figure 10), which display all forms of MP
that have been identified spectroscopically. The enol
form was assigned by comparison with previous
images on Pt(111), and the flat-lying species was
simulated using bSKAN. The assignment of the
vertical form of MP was confirmed by imaging it on a
CO-covered surface to force it into an wupright
configuration.

We have also explored the chemistry of NEA on
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Figure 10. A high-resolution STM image
of methyl pyruvate on Pd(111) at 120 K
showing the wvarious forms on methyl
pyruvate on the surface. Examples of flat-
lying methyl pyruvate are enclosed by blue
boxes (a), the vertical forms by purple
circles (b) and the enol by green rectangles

(©).

Figure 11. (a) 20.1 nmx20.1 nm STM
image of NEA on Pd(111) at low coverage
(relative coverage 6 = 0.057 ML) taken at
100 K. The line profiles along the white
lines (b) are shown on the right and
correspond to a molecule along its long axis
(top) and perpendicular to it (bottom). (c)
and (d) display the two conformers of NEA.
Imaging conditions: V, = -101 mV; current
set point I; = 19.3 pA.




Pd(111) surfaces using TPD and RAIRS, coupled with DFT calculations, to show that it bonds
through the naphthyl ring, which lies parallel to the surface, similar to the structure of the most
enantioselective orientation of cinchonidine. These results are corroborated by STM images of
NEA on Pd(111) (an example of which is shown in Figure 11). This further reveals that the
NEA is randomly distributed on the surface, as was found on Pt(111), consistent with a one-to-
one interaction. Both exo and endo conformers of NEA were identified by STM and the
measured coverage ratio of the two conformations was rationalized using Monte Carlo methods.
Similar surface chemistry has been found for NEA on Pt(111).

Enantioselective adsorption of chiral probes with one-to-one modifiers.

We have found enantioselective adsorption of chiral probes with NEA on both Pt(111) and
Pd(111) surfaces. On NEA-modified Pd(111), Tysoe found enantioselective adsorption of 2-
butanol over a narrow NEA coverage range suggestive of templating effects. These results,
however, appear to be inconsistent with the observed random distribution of NEA on Pd(111).
Evidence was obtained on Pt(111) by Zaera for both 1:1 complexation and templating
contributions to enantioselective adsorption. We have explored the adsorption of NEA on
Pt(111) by RAIRS and TPD under ultrahigh vacuum and also in situ from liquid solutions.
Evidence was obtained for both the formation of supramolecular chiral templates and the
complexation of individual modifiers with the MP reactant. In particular, TPD titrations of
NEA-modified Pt(111) using PO as a chiral probe pointed to a relative enhancement in the
adsorption of one enantiomer over the other at intermediate NEA coverages, the behavior
expected from the templating mechanism. On the other hand, an enantiospecific difference in R-
and S-PO adsorption energetics was also observed. Both TPD and RAIRS data suggested
enantiospecific interactions between the adsorbed NEA and adjacent PO. The NEA uptake from
solution displayed additional enantioselectivity, in particular when comparing the adsorption of
enantiomerically pure NEA with that of racemic mixtures, and also pointed to possible
adsorption changes induced by ethyl pyruvate, a common reactant in chiral hydrogenation
processes.

In order to understand the NEA-induced enantioselectivity of PO adsorption, we have (in
collaboration with Zgrablich) developed molecular models based on Monte Carlo simulations for
PO on Pt(111) modified by NEA. The observed enantioselectivity could not be explained simply
by pair-wise interactions between co-adsorbed PO and NEA, but rather required the inclusion of
co-operative effects. Starting from a very simple model, kinetic Monte Carlo simulations were
able to predict the TPD spectra of PO from
surfaces modified with different coverages
of NEA that required the inclusion of quite
complex interactions to satisfactorily
reproduce the experimental data. Finally,
Tysoe has studied the enantioselective
adsorption of ML on NEA-covered
surfaces. The enantioselectivity increased
over a narrow NEA coverage range,

showing a sharp peak at a NEA coverage | Figure 12. High-resolution

of ~0.6 ML. on Pd(111) at 120 K. Two types of image were detected.
Image A shows the surface before tip cleaning and image
B afterwards. The white boxes define identical scan
areas.
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Identification of prochiral docking complexes AR

Tysoe has collected STM images of MP
adsorbed on NEA-covered Pd(111) at 120 K
(Figure 12). The image in Figure 12A shows a
diffuse region that contains a bright protrusion
and a dark spot. The image in Figure 12B is a
subsequent scan collected after cleaning the STM
tip, which shows an extended region with a g ‘ ‘
brighter spot at one end. The white squares Uiy o T
outline exactly identical scanning areas where | Figure 13. A high-resolution STM image of two
there is a direct correspondence between the structures formed - by  co-adsorbing  methyl

. ) . . pyruvate and NEA on Pd(111) at 120 K along
structures in both images. Thus, the image in with the profiles measured along the lines A and
Figure 12A is collected with a functionalized tip | B.

(likely by MP) while the image in Figure 12B is

obtained with a clean one. Such differences between the images of identical species have been
observed previously on reactive metal surfaces, for example, for acetophenone on Pt(111). In
that case, the dark spot corresponded to the presence of the carbonyl group, which may aid in
assigning the docking complex in our work. An example of a higher-resolution image is shown
in Figure 13, along with two profiles along the lines indicated by A and B, where the images
were collected with a clean tip. The profile along A yields a width of ~1.3 nm, corresponding to
the distance along the long axis of the naphthyl group (which is oriented along the close-packed
<110 > rows) and is identical to that found for NEA alone (Figure 11) allowing the location of
the naphthyl group to be identified. However, the distance along profile B is ~1.9 nm,
substantially larger than for NEA alone, due to the presence of MP.

Recent STM work by McBreen identified docking complexes between
trifluoroacetophenone (TFAP) and NEA on Pt(111) where the images are a simple sum of the
individual components. However, the images shown in Figures 12 and 13 are not a simple
superposition of those of NEA and MP alone. Tysoe recently carried out TPD experiments for
MP co-adsorbed with NEA on deuterium-covered Pd(111). The surface was pre-dosed with
deuterium to minimize MP decomposition. Predominantly perpendicular MP was identified
from its characteristic desorption temperature. More interestingly, H-D exchange (but not
complete hydrogenation) of the MP was also found in the CH3-C=0 group where the extent of
H-D exchange varied with NEA coverage, reaching a maximum at ~0.5 ML. Such H-D
exchange has been seen previously for MP on Pt(111) and proposed to occur via the enol form.
These results imply that the docking complex involves a vertically oriented MP and that its rate
of H-D exchange is enhanced by the presence of NEA.

B.5. Accomplishments - Chiral Materials Synthesis
Tethering cinchona alkaloids

As mentioned earlier, the Orito reaction uses a chiral cinchona modifier in solution with a
particulate platinum catalyst for enantioselective hydrogenation of a-ketoesters to chiral
alcohols. In Zaera’s lab, cinchona alkaloid modifiers have been tethered to high-surface-area
silica supports, with the ultimate goal of combining them with platinum nanoparticles to obtain
the enantioselective behavior of cinchona normally added as a chiral modifier in solution. If
successful, this approach will lead to a heterogeneous chiral catalyst that does not require the
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addition of chiral modifiers to the reacting solution. Two routes for tethering cinchona have
proven to be viable. The most effective was one in which cinchonidine is first derivatized with
3-isocyanatopropyltriethoxysilane (ICPTEOS) at the alcohol position, and then anchored to the
silica surface via the tricthoxysilane group. Tethering occurs via the formation of Si-O-Si bonds
at silica sites having two geminal hydroxyl groups on the same silicon atom. The resulting
catalyst was successfully tested for the enantioselective addition of aromatic thiols to unsaturated
ketones. The activity of the supported cinchonidine catalyst proved to be comparable to that of a
platinum catalyst with the free modifier in solution, but tethering does lead to a significant loss
of enantioselectivity.

Chirally modified gold nanoparticles

The rapid recent advances in the synthesis and characterization of shape-controlled metal
nanoparticles have put the synthesis of chiral nanoparticles with controlled enantioselectivity
within reach. Gellman and collaborated with Shukla to prepare chiral Au nanoparticles and
demonstrated their enantioselective adsorption of several chiral probes: PO, 2-butanol, and
glucose. The Au nanoparticles are rendered chiral by templating their surfaces with chiral ligands
such as D- or L-cysteine. We have developed a very simple polarimetry experiment for detecting
their enantiospecific adsorption of chiral probes. As illustrated in Figure 14A, adding a racemic
mixture of a chiral probe such as PO to a solution containing enantiomerically pure, chiral Au
nanoparticles results in a partitioning of the PO between the solution and an adsorbed phase. If the

equilibrium constants for adsorption are enantiospecific, K5 # KJor K[} =K}, then the

concentrations of the two probe enantiomers in solution and in the adsorbed phase will differ. A
key element of this experiment is that once adsorbed on Au nanoparticles, the optical rotation
constant of PO differs from that in solution; in this case, it is higher. This phenomenon, first
demonstrated by Shukla, is critical because it provides contrast between the optical rotation of
light by the adsorbed- and solution-phase PO. As result, when racemic-PO is added to a solution

A R-PO B .. C
K Kf; 0.15£0.01°M
0.2 . Parameter Value
D-cys/Au
R-PO RPO o 5 R
= 012 O gt — X gt 0.90+ 0.04 /M
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= [ e B [ R
-g 003474+ 374 a0 cys/Au Xane | — Fags 22103°M
[+ [ R
- L-oys
£ 017 K5 K 813 M
S-PO S-PO S u  Looysifu
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sSPO
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Figure 14. A) Gold nanoparticles modified with D- or L-cysteine and in the presence of R- or S-PO. The
equilibrium constants, KS;E , describe the adsorption of the R- or S- PO on the surfaces of the D- or L-cys

modified nanoparticles. B) Optical polarimetry of gold nanoparticles during addition of rac-PO to solution.
The equal and opposite slopes when added to D- or L-cys/Au indicate enantioselective partitioning of the
enantiomers between solution phase and adsorbed onto the particles. Parameter estimates for the optical

R/S . . .
rotation constants, al adsorption equilibrium constants, KJ ;L > and concentrations of adsorption sites,

sol/ads :

So , on the gold nanoparticles, all derived from polarimetry data.
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of chiral Au nanoparticles, enantiospecific adsorption results in a net rotation of polarized light
(Figure 14B). Note that, when the Au nanoparticles are modified by a racemic mixture of DL-
cysteine, or when there is only D- or L-cysteine in solution without Au nanoparticles, the
addition of racemic PO to solution does not result in any optical rotation.

Gellman has developed a simple, quantitative model for enantiospecific adsorption on
chiral gold nanoparticles and for predicting the consequent optical rotation. This model has been
used to analyze the data shown in Figure 14B. A number of calibration measurements were used
to derive the estimates shown in Figure 14C for the enantiospecific adsorption equilibrium

constants, K7/®, the optical rotation constants for PO, o’ ., and the concentration of

adsorption sites on the gold nanoparticles,S,. The beauty of these experiments is that these

quantities can be determined solely on the basis of a set of careful measurements of optical
rotation. In fact, all of the syntheses and optical rotation measurements were made by an
undergraduate student working with Shukla and they are well within the capability of good
undergraduate researchers.

Chiral imprinting of metals

In addition to templating, chiral adsorbates on metal surfaces can induce surface chirality by
imprinting; the reconstruction of the surface to form naturally chiral facets. In early work on
Cu(221) surfaces, Gellman and collaborators observed the reconstruction of achiral steps to form
kinked step edges during adsorption of R-3MCHO at 300 K. At the same time, Zhao et al.
reported the STM image in Figure 6 revealing the reconstruction of Cu(100) to expose
Cu{3,1,17}facets following L-lysine adsorption. Although both Cu{3,1,17}° and Cu{3,1,17}"
facets are possible, they observed only Cu{3,1,17}" facets. This is a very exciting observation of
chiral imprinting.

Recently, Gellman completed a detailed study of D- and L-lysine adsorption and desorption
from Cu(100) and Cu(3,1,17)**® surfaces. L-lysine desorbs molecularly from these surfaces and
its desorption energetics are consistent with Zhao’s observation of chiral imprinting, in the sense
that the desorption energies estimated from the TPD spectra (Figure 6) follow the

trend AE o7 < AE[ s < AES, ) - In other words, these energy differences provide the driving

force for reconstructing the Cu(100) surface, and for the preference of L-lysine to produce R-
rather than S-facets. Equally important, the desorption temperatures for D- and L-lysine from
Cu(3,1,17)** demonstrate that the desorption energies exhibit diastereomerism,

AEG s e = AES s # AES r = AES % s, as they must. Furthermore, the desorption spectra

of D- and L-lysine from the Cu(100) surface both show weak, high-temperature desorption
features at 472 K, the temperatures at which D- and L-lysine desorb from the Cu(3,1,17)° and
Cu(3,1,17)} surfaces, respectively (Figure 6). These features are believed to arise from the
imprinted facets observed by Zhao. The combined evidence for chiral imprinting is extremely
exciting because it suggests a pathway to synthesize naturally chiral metal surfaces from achiral
metals.
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