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The separation of enantiomers, which is an important step in
the production of optically active chemicals for use in a variety
of applications, is frequently performed using -classical
diastereomeric resolution, or Pasteurian resolution.'* This
crystallization process relies on the different solubility and
crystallization propensity of the diastereomers formed by the
enantiomers of a target racemate with a complementary
chiral compound (the resolving agent), which forms a complex
or a salt with it. The identification of the resolving agents that
work for a given racemic mixture in this process relies on an
empirical screening,” although some rationalization based on
phase behavior or arguments based on supramolecular
chemistry and molecular recognition can be invoked largely
with hindsight.®!

The study of Pasteurian resolution involving surfaces is
interesting for a number of reasons, many of which arise from
the reduced symmetry possibilities in this low-dimensional
environment.”! Unlike the situation in bulk crystals, sponta-
neous resolution is observed very frequently on crystalline
surfaces wherein domains of opposite handedness arise.!
Enantiomers often adsorb in mirror-image domains, though
their separation and collection is a tremendous task. A
demonstration of Pasteur’s triage at the nanoscale was shown
for mirror-image clusters using the tip of a scanning tunneling
microscope (STM) as a nanoscale probe.!

Diastereomeric interactions on surfaces could be more
powerful for practical separations. For instance, transfer of
chirality from chemisorbed monolayers to bulk crystals has

been used for the selective growth of crystals of one
enantiomer in a racemic mixture in solution, which presum-
ably involves diastereomeric interactions between the surface
and the crystal nucleus,"! while for similar cases conglom-
erates are formed."” Visualization of diastereomeric inter-
actions on surfaces is rare. While the observation of diaste-
reomeric interactions for the complex formed between
phenylglycine and adenine was seen under ultrahigh
vacuum conditions on a metal surface,"! this process origi-
nates from the formation of chiral strips of the prochiral base
followed by adhesion of the amino acid to it. It is therefore
akin to a spontaneous resolution. There is no information
regarding the formation of two-dimensional (2D) crystals of
diastereomers in a dynamic system in solution. This observa-
tion could be very relevant to separation procedures involving
the interaction of chiral molecules with surfaces.

Herein we demonstrate diastereoselective adsorption on
an achiral surface by surface-mediated complex formation
and the in situ visualization at the molecular level by employ-
ing STM at the liquid—solid interface (Scheme 1). As part of
the process, a 2D crystal is formed, and as such it is
a crystallization process, albeit more dynamic than the case
of bulk crystals. Although only a small fraction of the
molecules in solution are involved in 2D crystal formation
because of the limited surface area of the substrate, we appeal
to Pasteurian resolution, as the concept is identical in the
sense that one diastereomeric complex is less soluble than the
other and/or shows a pronounced affinity for adsorption onto
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Scheme 1. A cartoon depicting diastereoselective crystallization at the
liquid—solid interface. The hammer-like features symbolize the enantio-
pure resolving agents. The red and blue ovals represent the enantio-
mers of the racemate to be resolved.

the achiral substrate and is therefore preferentially taken up
in the surface adsorbed crystal, leaving the other diastereo-
mer in solution. We used STM, supported by molecular
modeling," to visualize the diastereoselective adsorption
process and the chiral resolution at the nanoscale. Various
phenomena related to surface chirality have been revealed
with the technique,™ ¥ but to the best of our knowledge, none
of them deal with diastereomeric resolution by surface-
mediated diastereomeric complex formation in solution.

An alkylated resorcinol derivative (1) with a lactate
moiety, which is the source of chirality, was selected as the
potential resolving agent, as the compound itself displays
spontaneous resolution on highly oriented pyrolytic graphite
(HOPG).'™! The octadecyloxy chains favor monolayer for-
mation by physisorption through C—H:--r interactions with
HOPG and van der Waals interactions between those chains.
1-Phenyloctane was used as the solvent, as it fulfills technical
requirements for STM at the liquid-solid interface. Rac-1,2-
diaminocyclohexane (a 1:1 mixture of (R,R)- and (S.5)-2)
served as the racemate because the amine groups can interact
with the hydrogen-bond donors in the acid group of the
resolving agent. The enantiomers of 1 form enantiomorphous
monolayers on HOPG when adsorbed from 1-phenyloc-
tane.['”) The individual resorcinol residues can be identified by
STM, showing that nearest-neighbor molecules of different
rows form dimers which are organized in lamellae over large
areas up to several square micrometers. The alkyl chains are
fully extended on the surface, running nearly perpendicular to
the row axis, and are interdigitated with those of adjacent
rows. The width of a row (D1) is about 3.7 nm (Figure 1b).
Molecule 2 does not self-assemble into a monolayer that is
stable enough to withstand STM imaging.

Upon premixing like enantiomers of 1 and 2 in solution
and deposition on the substrate, a new packing pattern is
observed. Figure 1c,d show typical STM images of such
monolayers formed by [(R)-1+ (R,R)-2] and [(S)-1+ (S,5)-2]
respectively, at a solution ratio of 2:1. The width of the
molecular rows (D2) is about 5.3 nm, which is much larger
than that of enantiopure 1 (D1=3.7 nm). Rows consist of
abutted tail-to-tail molecules of 1. The alkyl chains are not
interdigitated, but this feature explains only in part the
increased width of the rows. Based on the orientation and
packing of the alkyl chains, the distance between resorcinol
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Figure 1. a) Chemical structures of the chiral resorcinol derivative

1 and 1,2-diaminocyclohexane 2. % indicates the location of a stereo-
genic center. STM images of monolayers at the 1-phenyloctane-HOPG
interface formed by b) (R)-1 (/,;.=0.70 nA; V,,=0.50V) and

c),d) upon premixing 1 and 2 at a 2:1 ratio. ) (R)-1: (R,R)-2 (2:1)
(le=0.25 nA; V. =1.00 V), d) (S)-1: (5,5)2 (2:1) (lee=0.20 nA;
Viee=1.00 V). The solution composition is shown in a black text box,
whereas the domain composition is given in a white text box. White
solid lines indicate the main symmetry axes of graphite. Yellow dashed
lines indicate the selected graphite reference axis running perpendicu-
lar to one of the main symmetry axes. Black solid lines indicate the
direction of molecular rows. 6 is the angle between the row axis and
the HOPG reference axis. Double-headed arrows show the width (D)
of the rows. Models of resorcinol and diamine molecules are super-
imposed on the STM image. e) Molecular model of the z-shaped (R)-
1/(R,R)-2 self-assembled structure on graphite obtained by molecular
mechanics simulations. The model at the right is the s-shaped (S)-
1/(S,5)-2 structure which is obtained by reflection. The yellow dashed
line is the graphite reference axis. f) Snapshot of representative
structure (side view) of the core of the (R)-1/(R,R)-2 assembly (N blue,
O red).

groups of adjacent molecules along the propagation direc-
tions of the rows is only about 0.7 nm. This distance is less
than that for the enantiopure 1 alone (ca. 1.0 nm). When the
molecules of 2 can be identified in the STM images, they
indicate the formation of a 1-2-1 complex, the diaminocyclo-
hexane being located between two lactate groups (Figure 1e).
The location of the diaminocyclohexane groups often appears
fuzzy in the STM images. These streaky features are
attributed to the tip knocking the molecular segments stand-
ing above the plane of the alkyl chains in the monolayer. This
interpretation is supported by molecular modeling showing
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that the 1,2-diaminocyclohexane units can protrude above the
alkylated resorcinol derivative (Figure 1 f).

In contrast to the enantiopure layers of the pure acids
where the alkyl chains are oriented quasi-perpendicular to the
lamellar direction, the 2D chirality of the monolayers of the 1-
2-1 complex can clearly be determined by the orientation of
the alkyl chains with respect to the row axis. For the complex
of (R)-1 with (R,R)-2 the alkyl chains are rotated counter-
clockwise (CCW) with respect to the normal of the row axis
and clockwise (CW) in the (S)-1 and (S,S)-2 case (Figure 1).
Furthermore, the monolayer chirality is also established by
the relative orientation of the row axis with respect to the
graphite lattice. The angle 6 between the row axis and the
HOPG reference axes (—1100) is —10 £ 2° in monolayers of
(R)-1/(R,R)-2 (Figure 1c,e) and +12+3° for (S)-1/(S.,S)-2
(Figure 1d,e). The angles for the pure acids are —4 +2° ((R)-
1) and + 5 £ 3° ((S)-1), respectively (Supporting Information,
Table S3; Figure 1b for (R)-1).

Compounds that form diastereomeric complexes upon
premixing do the same upon sequential addition. In such an
experiment, domains of (R)-1 disappear in time after addition
of a droplet of a solution of (R,R)-2 in 1-phenyloctane, as they
are gradually replaced by domains composed of the complex
(R)-1/(R,R)-2 (Supporting Information, Figure S6). This
dynamics in the monolayers can be followed by STM in real
time revealing that the replacement of the surface-bound acid
with the complex is relatively fast (for the present case after
5 min).

Unlike the combinations of acids and amine described
above, mixtures of unlike enantiomers (R)-1 and (S,S)-2, or
(5)-1 and (R,R)-2 at the ratio of 2:1 do not lead to complex
formation. Only monolayers of the acid are observed, with
molecular packing and chiral expression identical to those of
the enantiopure acids alone. Only at higher mole ratios (1:5 or
1:10) in case of the (R)-1 and (S.5)-2 system, a small number
of domains suggesting complex formation were observed.
(Supporting Information, Figure S8). Whatever the experi-
mental conditions, (S)-1/(R,R)-2 complexes were never
observed. Therefore, we can conclude that the formation of
surface-supported diastereomeric complexes (R)-1/(R,R)-2
and (S)-1/(S,S)-2 is more favorable than (R)-1/(S,S)-2 and (S)-
1/(R,R)-2. This result is crucial in view of the targeted
diastereoselective adsorption experiments that aim at selec-
tively adsorbing one of the diamine derivatives from a race-
mate with the help of the resolving acid. Furthermore, it is
important to note that in the unlikely event that complexes
are formed between unlike enantiomers of 1 and 2 on surface,
they can be distinguished from the more stable complexes
between alike enantiomers by the orientation of the alkyl
chains.

To gain insight into the structure and energy character-
istics of the absorbed diastereomeric complexes, a joint
molecular mechanics/molecular  dynamics (MM/MD)
approach was used to model self-assembled monolayers of
(R)-1 interacting with either (R,R)- or (S,5)-2 (in a 2:1 ratio)
on a graphite substrate. Good agreement is found between
the experimental and theoretical values for the lattice
parameters (Supporting Information, Table S1), which vali-
dates the models proposed for the supramolecular organiza-
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tion of the chiral molecules on graphite. Furthermore, the
calculations shed light on the arrangement of the molecules of
2 in the diastereomeric combinations considered ((R)-
1/(R,R)-2 versus (R)-1/(S,S)-2), which cannot be directly
assessed from the STM images. This is key information, as the
interactions between 1 and 2 entail the stereoselective
adsorption of one diastereomer. While the (R,R)-2 molecules
can insert well in between two adjacent rows of (R)-1 forming
an ordered hydrogen-bond array, this is not the case for the
(S,5)-2 molecules, which, owing to the spatial arrangement of
their amino groups, are only amenable to hydrogen bonding
with one row of (R)-1 (Supporting Information, Figure S9).
Note that the majority of the hydrogen bonds are formed
between the COOH group of resorcinol as the acceptor and
the NH, groups of the diamine as the donor (Supporting
Information, Figure S9). An energy analysis (Supporting
Information, Table S2) suggests that the formation of a 2:1
complex of (R)-1 with (R,R)-2 is more stable by about 1.8 kT
(4.5 kJmol ™) at 300 K than its (R)-1/(S,S)-2 counterpart. The
data also clearly point to the fact that the stabilizing

(S)-1:(R,R)-2 g(s,S)-z'(4:1 : _1)

| (R)-1:(R,R)-2:(S,S)-2 (4:1:1) |

DR (R)-1RR)2 [ 2o

(S)-1(S,5)-2 ;-
(R é)‘-z-‘(ﬁ,‘si-i (4:1:1) Lok

Figure 2. STM images of monolayers formed upon premixing one
enantiomer of 1, and the racemate of 2 at the 1-phenyloctane-HOPG
interface. Molecular models are superimposed on top of the STM
images. a) (R)-1:(R,R)-2:(S,5)-2 (4:1:1) (l.;=0.30 nA; V., =1.00V),

b) (5)-1: (R,R)-2: (5,5)-2 (4:1:1) (l4;=0.30 nA; V,,,=1.00 V). c) Large-
scale STM image of (R)-1/(R,R)-2 formed from a solution of (R)-
1:(R,R)-2:(5,5)-2 (4:1:1) (loy=0.15 nA; V.o, =0.85 V).
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contributions favoring the (R)-1/(R,R)-2 assembly arise from
electrostatic interactions and hydrogen bond terms, in other
words from interactions taking place between the polar head
groups of 1 and 2.

To explore the ability of 1 to selectively co-adsorb one of
the enantiomers of 2, (R)-1 or (5)-1 were premixed with equal
amounts of (R,R)-2 and (S,5)-2, that is, rac-2. Adding rac-2 to
(R)-1 leads to the anticipated two-component pattern con-
sisting of (R)-1/(R,R)-2 for a solution composition with a ratio
ranging from 4:1:1 up to 1:10:10 (Figure 2 and the Supporting
Information). The same holds true for (S)-1 and rac-2, where
(8)-1/(S,S)-2 is observed. Most importantly, monolayer pat-
terns characteristic for diastereomeric complex formation
involving (R)-1 and (S,5)-2 [(R)-1/(S,S)-2] or (S)-1 and (R,R)-
2 [(S)-1/(R,R)-2] were never observed. These results clearly
show the capacity of the acid to selectively co-adsorb one of
the enantiomers of the amine by diastereoselective adsorp-
tion. Thus, acid resolves amine at the surface.'"]

In summary, Pasteurian diastereomeric segregation has
been achieved at the liquid—solid interface in an equilibrating
system thanks to the appropriate design of a resolving agent
capable of interacting with the surface. Upon combining
a resolving agent with good affinity for the substrate with the
racemic mixture of a compound with lower affinity for the
substrate, one of the latter enantiomers is exclusively
adsorbed as a diastereomeric complex on the achiral graphite
substrate; the other enantiomer is left in solution. This
discovery bodes well for the development of studies of
diastereoselective phenomena at interfaces to deepen under-
standing of interfacial diastereomer complexes and their
possible exploitation. The observation of this diastereoselec-
tivity at an interface also opens the opportunity for the study
of more complex resolution phenomena under similar
conditions in dynamic systems. The results presented show
the potential for STM to probe stereochemical processes
usually associated with much larger scales, giving submolec-
ular-level information.

Experimental Section

All of the STM experiments were performed at room temperature
using a PicoSPM (Agilent) machine operating in constant-current
mode. Mechanically cut tips were used in the measurements (Pt/Ir
wire 80%/20%, diameter 0.25 mm). The compounds under inves-
tigation were dissolved in 1-phenyloctane (Aldrich, 98 %). Com-
pound 1 was synthesized according to the reported procedure,!
whereas 2 was obtained from Acros (99 % ). The overall concentration
of 1in the solution is always 7.6 x 10~>M while the concentration of 2 is
varied from sample to sample depending on the molar ratio of 1 and 2.
A drop of the solution was applied on a freshly cleaved surface of
highly oriented pyrolytic graphite (HOPG) (grade ZYB, Advanced
Ceramics Inc., Cleveland, OH). Then, the STM tip was immersed into
the solution and scanned: a bright (dark) contrast refers to a high
(low) height. The bias voltage was applied to the sample in such a way
that, at negative bias voltage, electrons tunnel from the sample to the
tip.

MD simulations were carried out with the Dreiding force field in
the NVT ensemble at 298 K for 1 ns. The assemblies were built by
applying periodic boundary conditions on a unit cell containing
a frozen graphite bilayer and two rows of ten (R)-1 resorcinol
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molecules, separated by a central row of ten (R,R)- or (S,5)-2 diamine
molecules.

Information on materials, additional STM images, structural
analysis, and molecular modeling is provided in the Supporting
Information.
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