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perspectives for highly sensitive measurements
with a new generation of atom interferometers.

Biicker et al. (34) recently reported reduced
atom number fluctuations in twin-atom beams,
and the group of M. Oberthaler has independent-
ly used spin dynamics in Bose-Einstein conden-
sates to generate atomic two-mode entanglement
detected by a homodyning technique.
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Direct Observation

of Molecular

Preorganization for Chirality
Transfer on a Catalyst Surface

Vincent Demers-Carpentier,” Guillaume Goubert," Federico Masini,* Raphael Lafleur-Lambert,*
Yi Dong, Stéphane Lavoie,* Gautier Mahieu," John Boukouvalas,* Haili Gao,?
Anton M. H. Rasmussen,? Lara Ferrighi,? Yunxiang Pan,? Bjerk Hammer,?* Peter H. McBreen*

The chemisorption of specific optically active compounds on metal surfaces can create catalytically
active chirality transfer sites. However, the mechanism through which these sites bias the stereoselectivity
of reactions (typically hydrogenations) is generally assumed to be so complex that continued progress in
the area is uncertain. We show that the investigation of heterogeneous asymmetric induction with
single-site resolution sufficient to distinguish stereochemical conformations at the submolecular
level is finally accessible. A combination of scanning tunneling microscopy and density functional
theory calculations reveals the stereodirecting forces governing preorganization into precise

chiral modifier-substrate bimolecular surface complexes. The study shows that the chiral modifier
induces prochiral switching on the surface and that different prochiral ratios prevail at different
submolecular binding sites on the modifier at the reaction temperature.

hirality transfer and amplification on
surfaces is fundamentally important to
progress in the synthesis of enantiopure
compounds for pharmaceutical and agrochem-
ical applications (/—4) and to discussions of the
origin of biological homochirality (5). Chirally
modified heterogeneous catalysts, in which the
reaction is stereocontrolled at surface sites formed
by adsorbing a chiral molecule, offer a number
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of sought-after advantages, including ease of
separation of the catalyst from the product. The
best-explored examples in terms of potential ap-
plications involve the hydrogenation of activated
ketones to chiral alcohols and hydroxy esters on
cinchona-modified Pt (6, 7). A number of syn-
thetic modifiers that share some key structural
and functional characteristics of cinchonidine,
such as 1-(1-naphthyl)ethylamine (NEA) and its
condensation derivatives (8), can also be used.
However, a lack of mechanistic understanding
has long been seen as an impediment to the ra-
tional development of chirally modified hetero-
geneous catalysts (6, 7).

We directly characterized the surface com-
plexation of a prochiral reagent with a chiral
modifier by using 2,2,2-trifluoroacetophenone,
TFAP, as the prochiral substrate, (R)-(+)-NEA as

the modifier, and Pt(111) as the metal surface.
Preorganization in this chemisorption system can
be described in terms of molecular recognition
between a fully chiral molecule and a molecule
that is chiral only by virtue of its confinement
on the surface (4, 9—15). The experiment resolves
interactions at the level of functional groups at
individual modifier sites and thereby provides
insight into the structural preorganization that
biases the stereochemical outcome of the reac-
tion, in essence the mechanism of chirality trans-
fer. The scanning tunneling microscopy (STM)
measurements were carried out at room temper-
ature in parallel with room temperature catalytic
measurements on the asymmetric hydrogena-
tion of TFAP to 2,2,2-trifluorophenylethanol over
(R)-NEA modified Pt on an alumina support.

The interactions of the chiral modifier and
the prochiral substrate with the metal surface
were first studied separately. Two modifier mo-
tifs, present in a 7:3 ratio, are observed in the STM
images (Fig. 1, A and B). The two motifs may
be distinguished by the position of the bright
protrusion: It extends from the central region of
the image in the majority motif (A) and from
the left-hand side in the minority motif (B). The
two lowest energy structures predicted by den-
sity functional theory (DFT) are the (R)-NEA-1
and (R)-NEA-2 conformers (Fig. 1, E and F).
Their calculated adsorption energies are ~2 eV
with a pronounced 0.13 eV preference for the
(R)-NEA-1 conformation (figs. S10 and S11), sug-
gesting that their relative surface coverages are
determined in part by adsorption dynamics. Sur-
face vibrational spectroscopy measurements (figs.
S1 and S2) confirm that the NEA conformers are
chemisorbed in the geometry found in the DFT
calculations. In particular, the C-CH; bond is
nearly perpendicular to the surface, as also de-
scribed for the Pd(111) surface (/6).
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Fig. 1. STM images and DFT-
calculated structures of the single
enantiomer modifier, (R)-NEA, and
the prochiral substrate, TFAP, chem-
isorbed separately on Pt(111) at
room temperature. The modifier,
(R)-(+)-1-(1-naphthylethylamine,
is imaged in two distinct forms in
a 7-to-3 ratio. These two confor-
mations [(A) and (B)], (R)-NEA-
1 and (R)-NEA-2, differ in whether
the NH; group points to the edge
or the center of the two-ring
aromatic framework [(E) and
(F)]. The STM image (C) and DFT-
calculated structure (G) of 1-(1-
anthrylethylamine are used to
identify the bright protrusion as
the ethylamine group. Chemi-
sorption of the substrate, 2,2,2-
trifluoroacetophenone, leads to
the formation of homochiral dimers
(27). A pro-S dimer and the cor-
responding calculated structure
are shown in (D) and (H), respec-
tively. STM images were recorded
at room temperature, 1.2-V sample
bias, and 0.3-nA tunnel current.

Fig. 2. STM image of the chemisorption system
formed by adding TFAP to (R)-NEA—modified Pt(111).
(A) Large scan (11.5 nm by 5.5 nm) image, taken
with the sample held at room temperature, shows
that TFAP forms both dimers and modifier-substrate
complexes. The distribution of geometries in the dia-
stereomeric complexes, as determined from a visual
inspection, is plotted in (C) and (D) in terms of the
angular position (6) and orientation (¢) of TFAP with
respect to (R)-NEA, as defined in (B). A color code is
used to emphasize the existence of five distinct abun-
dant families, three (M; to Ms) involving (R)-NEA-1
and two (Mg and Ms) involving (R)-NEA-2. STM im-
ages were recorded at 1.2-V bias and 0.3-nA current.
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Upon chemisorption, the substrate forms di-
mers, and each TFAP is imaged (Fig. 1D) as a
bowling-pin motif in which the small brighter
protrusion is caused by the trifluoroacetyl sub-
stituent. DFT calculations predict a binding en-
ergy of ~1 eV per TFAP monomer and suggest
that dimers are stabilized (/7) by two simulta-
neous aryl-CH ~"OC interactions in a homochiral
conformation (Fig. 1H). Because the DFT cal-
culations establish the directionality of the car-
bonyl groups within each dimer, the prochirality
of dimerized TFAP can be determined by a vi-
sual inspection of the STM images. Pro-S dimers
are shown in Fig. 1, D and H, and additional ex-
amples of pro-R and pro-S dimers are presented
in fig. S6. In keeping with the objective of chi-
rality transfer to the hydrogenation product, the
pro-S configuration is defined as the one that

000000~ 99004
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would yield (S)-2,2,2-trifluorophenylethanol fol-
lowing attack by adsorbed atomic hydrogen at
the enantioface in direct contact with the metal
surface.

When both the modifier and the substrate
are present on the surface, STM images taken
at room temperature show a dynamic system
where, in addition to forming dimers, TFAP
binds to (R)-NEA. Video measurements (movie
S1) reveal that the dimers disassemble and reas-
semble on the time scale of the experiment and
that individual TFAP molecules form short-lived
complexes (seconds to a few minutes) with the
modifier. The ratio of (R)-NEA-1 to (R)-NEA-2
is conserved upon adding the substrate. At the
coverage used in this study, about 60% of the
NEAs are interacting with a TFAP molecule at any
given time. A visual inspection of these modifier-
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substrate complexes in terms of TFAP’s angular
position (0) and orientation (¢) with respect to
the modifier (as defined in Fig. 2B) shows tight
groupings of the experimental structures into five
distinct geometries (M; to Ms; Fig. 2, C and D).
The corresponding STM motifs are shown in Fig.
3. By using DFT calculations (Fig. 3 and figs.
S17 and S18), we explored the best possible (R)-
NEA-+TFAP complexes on the Pt surface. Three
of the four most stable (R)-NEA-1+TFAP com-
plexes and the two most stable (R)-NEA-2+TFAP
complexes found by DFT are included in Fig. 3.
These calculated structures match with the five
most abundant families observed by STM both
in terms of the location of the TFAP around
the ethylamine group and the direction in which
it points (see fig. S19 for simulated STM im-
ages). We note that one additional rather stable

-0.28 eV

Fig. 3. STM images and DFT-calculated structures of the five most frequently ob-
served modifier-substrate diastereomeric complexes, M; to Ms. The indicated
percentages are relative to the total population of 900 complexes. The DFT-
calculated structures establish the prochirality of the substrate in families M, to
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Fig. 4. DFT-calculated structures for mirror-image complexes formed by bind-
ing TFAP to (R)-NEA-1 on Pt(111). For each binding site (o, {3, and ), two stable
complexes of inverse prochirality are found. Dashed lines indicate the mirror
planes perpendicular to the surface that bring pro-R TFAP into pro-S TFAP and
vice versa. For example, by taking the M; family (left-hand side of the middle
panel) where a pro-S TFAP binds at the top of the ethylamine group [B-(S)], a
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Ms. The numbers below the calculated structures are the potential energies relative
to the separated substrate and modifier (figs. 516 and $19). STM images were
recorded at a 1.2-V bias and 0.3-nA tunnel current, with the sample at room
temperature.
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reflection operation relative to the dashed line gives the mirror counterpart
[B-(R)]. The same symmetry operation applied to all of the M; groups [plus
a possible y-(R) spedies for (R)-NEA-2] reveals the 12 families used for the sta-
tistical analysis presented in Fig. 5. Red arcs indicate stereodirecting repulsive
interactions for the low population families. According to the energy calcula-
tions, the mirror counterparts are about 0.1 to 0.3 eV less stable (fig. S20).
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(R)-NEA-1+TFAP complex is identified with
DFT (complex X; in fig. S17) but does not cor-
respond to any of the abundant families ob-
served in the STM images, suggesting that it
undergoes facile conversion into one of the ob-
served structures. The excellent overall corre-
spondence between experiment and theory allows
us to discuss the imaged complexes in terms
of the calculated structures. In particular, it re-
veals that the five most abundant families all
form via NH, ~OC interactions. Hence, the pro-
chirality of TFAP substrate in each of the com-
plexes can be determined by visual inspection
of the STM images.

Labeling the five most abundant families
in terms of the combination of the prochirality
of TFAP (pro-R or pro-S) and the position where
it binds to the ethylamine function (o, B, and y
for the left-hand, top, and right-hand sites, re-
spectively) gives o-(R) for M; and My, B-(S) for
Mj; and Ms, and y-(R) for M,. It then becomes
natural to look for less abundant families as
complexes of inverse TFAP prochirality at the
given sites, that is, to look for a-(S), B-(R), and
v-(S) families (Fig. 4). It turns out that ~93% of
all complexes in a sample of 900 can be accounted
for by including the less abundant mirror-image
families. The remaining nonassigned complexes
consist mainly of TFAP interacting with the naph-
thyl (6 < 0 data points, Fig. 2C) instead of the
ethylamine group and complexes resulting from
high local coverage. Termolecular complexes of
one (R)-NEA and two TFAPs are observed where
both the o and v sites are simultaneously occu-
pied (fig. S5), implying that the ethylamine group
is in the same conformation for both binding
events, in agreement with the DFT calculations
(Flg 3, Ml and Mz)

A statistical analysis of over 900 complexes
(Fig. 5) shows that we are observing a strong
expression of regiospecific prochiral differen-
tiation. For example, the most frequently ob-
served complex is formed by pro-R TFAP at the
o, position of (R)-NEA-1 corresponding to fam-
ily M, (Figs. 2 and 3). It accounts for 34% of
all of the complexes, whereas its pro-S coun-
terpart accounts for 3%. This 11-to-1 pro-R—
to—pro-S ratio is evidence of strong prochiral
steering at the a site. Further, 1-to-6 and 6-to-1
pro-R—to—pro-S ratios are measured at the § and
y sites, respectively. The overall stereoselectiv-
ity of (R)-NEA-1 is good, with a ratio of 3 to
1 (obtained from adding the TFAP populations
at all three binding sites for this conformer),
whereas for (R)-NEA-2 a less-pronounced 3-
to-2 ratio is observed.

In order to test the actual enantioselectivity of
(R)-NEA-modified Pt for TFAP hydrogenation,
we carried out catalytic measurements using
Pt/Al,0O;5 at room temperature. Indeed, enantio-
selection is observed with an enantiomeric ex-
cess of ~34% (corresponding to an enantiomeric
ratio of roughly 2:1) in favor of the (R)-product.
This moderate expression of asymmetry is in
line with our STM measurements on (R)-NEA—
modified Pt(111), also at room temperature,
identifying predominantly pro-R preorganization
and a smaller but significant fraction of pro-S
preorganization.

The classification of STM images, calculated
structures, and energies (Figs. 3 and 5) gives de-
tailed information on the diastereomeric complexes
inducing chirality transfer from the modifier to
the substrate. The DFT calculations (Fig. 4) re-
veal that the observed prochiral excesses can be
explained by the balance between an attractive

REPORTS I

NHOC interaction and a simple set of repul-
sive forces in the low population families o-(S),
B-(R), and y-(S). Simulation of the coadsorption
of (R)-NEA-1 and trifluoromethyl 2-pyridyl ke-
tone to form B-(R) and B-(S) complexes evens
out the energy difference between the two
prochiralities (fig. S21), revealing that a repul-
sive interaction between the amine group of the
modifier and the phenyl moiety of TFAP is the
reason for the low populations of B-(R) and y-(S)
families. Similarly, the o-(S) family is disfav-
ored relative to 0-(R) because of steric interaction
between the phenyl group of the substrate and the
naphthyl group of the modifier. Phenyl-naphthyl
repulsion also causes the absence of a y-(R)/(R)-
NEA-2 family. Our observations thus identify re-
pulsive interactions with the phenyl group as the
main stereodirecting force at the origin of the
enantioselectivity for the NEA-TFAP pair. This
subtle steric effect occurs in the presence of the
binding NH, ~"OC interaction and the yet stronger
chemisorption interaction of TFAP.
Importantly for a chirality transfer process
(18, 19), the relative abundances of TFAP surface
enantiomers averaged over ensembles of coexist-
ing TFAP dimers and TFAP/(R)-NEA complexes
reveal that the modifier induces prochiral switch-
ing of the adsorbed substrate. There is an overall
excess of pro-R TFAP that increases with the cov-
erage of the modifier. Symmetry breaking is ob-
served to occur irrespective of the sequence in
which the substrate and the modifier are added
to the surface. When the surface is first exposed
to TFAP and then to (R)-NEA to a surface cov-
erage of roughly 1/3 monolayer of (R)-NEA and
1/3 monolayer of TFAP (as shown in Fig. 2), a
pro-R excess up to 15 £ 2% is observed. For ex-
periments performed by first adsorbing (R)-NEA

Total

66%

Pro-S

3%

13%

3% 1%

6%

27%

1%

Fig. 5. Classification of 900 modifier-substrate complexes formed by (R)-NEA and
TFAP on Pt(111) at room temperature into distinct stereochemical and regiochem-
ical arrangements. Each entry shows a 2 nm—by—2 nm STM image of an archetypal
complex of a particular family, along with the percentage of the total complex
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population it represents. The remaining 7% mostly consist of complexes where
TFAP binds to the naphthyl instead of the ethylamine group and irregularly shaped
complexes likely caused by high local coverages. STM images were recorded
at a 1.2-V bias and 0.3-nA current with the sample at room temperature.
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and then dosing TFAP on the modified surface
with similar coverages, pro-R excesses of up
to 16 + 3% are observed. This behavior can be
explained simply by low barrier rotation of the
trifluoroacetyl group followed by preferential
capture of pro-R TFAP to form diastereomer-
ic complexes at free binding sites around the
ethylamine group of the modifier. The observed
symmetry breaking is a direct manifestation of
the action of (R)-NEA as a chiral modifier of the
Pt(111) surface.

The previous lack of direct information on
modifier-substrate stereodirecting interactions
has been the major roadblock in the comprehen-
sion and optimization of chirally modified het-
erogeneous asymmetric catalysts. As this study
demonstrates, efficient stereodirection occurs
through subtle energy differences in the presence
of stronger ones, including chemisorption bonding.
It is extraordinarily difficult to identify the origin
of these differences, and their relative impor-
tance, in the absence of direct measurements.
The combination of STM and DFT used here
to describe chirality transfer preorganization
in terms of regiospecific prochiral ratios is a
key step forward. It can serve as a basis for
profound studies of the kinetic relevance of in-
dividual submolecular sites as well as for studies
of the stereodynamics of heterogeneous asymmetric
induction. Our model-free analysis suggests that

for the NEA-TFAP pair a higher enantiomeric
excess could be achieved by molecular design
to limit the chiral pocket to one binding site,
rather than the multiple sites observed. Efforts
could be directed toward blocking the counter-
productive B site and/or favoring chemisorption
of NEA-1 over the less-selective NEA-2 con-
former. In future work, STM/DFT-guided asym-
metric catalyst design could be applied to other
modifier substrate pairs and a broader range of
reactions.
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N, Reduction and Hydrogenation
to Ammonia by a Molecular
Iron-Potassium Complex

Meghan M. Rodriguez,* Eckhard Bill,> William W. Brennessel," Patrick L. Holland*

The most common catalyst in the Haber-Bosch process for the hydrogenation of dinitrogen (N,)
to ammonia (NH;) is an iron surface promoted with potassium cations (K*), but soluble iron
complexes have neither reduced the N-N bond of N, to nitride (N*") nor produced large amounts
of NH; from N,. We report a molecular iron complex that reacts with N, and a potassium reductant
to give a complex with two nitrides, which are bound to iron and potassium cations. The product has
a FesN; core, implying that three iron atoms cooperate to break the N-N triple bond through a
six-electron reduction. The nitride complex reacts with acid and with H, to give substantial yields of
N,-derived ammonia. These reactions, although not yet catalytic, give structural and spectroscopic
insight into N, cleavage and N-H bond-forming reactions of iron.

method for catalytic reduction of dinitro-
gen (N,) with dihydrogen (H) to give
ammonia (NH3). This process is vital for pro-
duction of synthetic fertilizer, which is needed to
produce food for the world’s expanding popula-
tion (/). Several metals catalyze the Haber-Bosch

The Haber-Bosch process is a large-scale
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process (iron, ruthenium, osmium, uranium, and
cobalt-molybdenum), but iron has received the
most industrial and theoretical attention because
of its hardiness and low cost (2—4). The most
common iron catalyst is promoted by K addi-
tives and was developed by Mittasch in 1910 (2).
In the century since then, chemists have studied
the nature of active iron and iron/potassium

surfaces, as well as the kinetics of N, reduction
(3). These studies have shown that iron is predom-
inantly in the zero oxidation state in the catalyst.
Importantly, the rate-limiting step of the catalytic
process is N, chemisorption and N-N bond cleav-
age to give surface-bound nitrides (N*"), which
react with H, to form the N-H bonds in NHj;
(Fig. 1). However, many details of the bond-
breaking and bond-forming steps are difficult to
discern by using surface science techniques, for
example, how many iron atoms are involved in
the N-N dissociation step and whether the K*
promoter interacts with N, during the N-N dis-
sociation step (4). Similar uncertainties surround
postulated mechanisms for N, reduction by nitro-
genase enzymes, which have iron (in the +2 and
+3 oxidation states) at their active sites (5, 6).
Reactions of iron coordination compounds
with N, are of interest because the products can
shed light on Fe-N, interactions in atomic detail.
Although the behavior of iron atoms in a co-
ordination compound (where they have a posi-
tive formal charge) is inevitably different than the
zero valent iron atoms on a metallic surface, co-
ordination compounds are more amenable to de-
tailed structural characterization. Unfortunately,
iron coordination complexes are poor at reduc-

Fig. 1. Simplified scheme Fe surface iron-nitride ammonia release

of the ammonia formation with K*

pathway in the Haber-Bosch N, N N 3H, NHz  NH3
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