COMMUNICATIONS

Homo- and Heterochiral Supramolecular Tapes
from Achiral, Enantiopure, and Racemic
Promesogenic Formamides: Expression of
Molecular Chirality in Two and Three
Dimensions**

Steven De Feyter, André Gesquicre, Klaus Wurst,
David B. Amabilino, Jaume Veciana,* and
Frans C. De Schryver*

Understanding how a stereogenic center influences con-
formations at the molecular scale and organization at the
supramolecular level is an elusive and intriguing challenge in
a number of scientific disciplines.! A very interesting
challenge is to prepare self-assembling systems and to study
how the chiral nature of the component compounds in
combination with the self-assembly process affects the order-
ing in two and three dimensions. In both two- and three-
dimensional (2D and 3D, respectively) systems, pure enan-
tiomers form enantiomorphous structures.

But what happens when equimolar mixtures of enantiomers
are crystallized or are physisorbed at a surface? Will the
racemate resolve spontaneously into a racemic conglomerate,
or will both enantiomers co-crystallize or co-adsorb forming
racemic 3D or 2D crystals? In 3D (liquid) crystals, conglom-
erate formation is the exception? 3 rather than the rule. In 2D
monolayers at the air/water interface, both the controlled
separation of enantiomers and racemate formation have been
reported from grazing incidence X-ray diffraction studies.*
In 2D monolayers on solid supports, modern tools such as
atomic-force microscopy (AFM)I and scanning tunneling
microscopy (STM) provide compelling evidence for sponta-
neous segregation.l’! The use of STM is especially appealing
for the visualization of (sub)monolayer structures, since it can
reveal with near-atomic resolution the ordering in two
dimensions.®¥l The technique has shown that both chirall®!!
and achirall> I molecules self-assemble into chiral arrays, the
former enantiospecifically and the latter as 2D conglomerates.
Experimental data available so far suggest a spontaneous
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resolution, 10 11a=dl although one report has noted differ-
ences in the way molecules discriminate through their
chirality depending upon their absorption site.['*!

The compounds we have targeted to address these ques-
tions are the achiral formamide 1 and the chiral formamide
2.1 Here we report the X-ray crystal structure and STM
imaging of the self-assembled monolayers of the enantiopure
and racemic 2, as well as the STM data for 1, and compare the
expression of molecular chirality in two and three dimensions.
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The X-ray crystal structurel'®!"] of the enantiopure com-
pound (R)-2 (Figure1) has a unit cell which contains
molecules with four different conformations, all of which
form chains (in which the molecules are linked through
N—H:--O=C and other weaker hydrogen bonds) that unite
head-to-head through C—H --- O=C hydrogen bonds between
formyl groups to generate supramolecular tapes. There are
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Figure 1. Views of the two hydrogen-bonded tapes formed by the four
conformational diastereomers of (R)-2 in its crystals. Intrachain N—H--- O
distances: 2.072 and 1.940 A; angles: 167.4 and 157.9°; N--- O distances:
2.864 and 2.857 A; interchain C=0 --- H—C distances: 2.685, 2.693, 2.675,
and 2.686 A; C-H---O angles: 147.5, 1474, 146.8, and 1453°; C---O
distances: 3.514, 3.521, 3.500, and 3.500 A.
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two types of gross conformations among the four molecules:
one in which the aliphatic chain extends in the plane of the
phenyl group to which it is attached, and one in which it is
oriented approximately perpendicularly to this plane. None
of the alkyl chains have the all-frans conformation, but
instead contain portions with cisoid geometry. The reason
for this distortion may result from the packing of the tapes,
which allows only minimal interdigitation of the aliphatic
chains.

The X-ray crystal structurel'” ¥l of racemic 2 has a unit cell
comprised of two centrosymmetrically related molecules.
These molecules form homochiral chains (Figure 2) connect-
ed through various hydrogen bonds to give a very similar

R chain l

( (

resolution into enantiopure crystals in three dimensions but
instead, racemic crystals are formed.

The self-assembly of the formamides 1 and 2 (in S, R, and
rac forms) in two dimensions has been studied with STM at
the 1-heptanol/graphite interface. All form monolayers with
domains (areas of parallel tapes) which are related by the
C; symmetry of the surface, and are characterized by areas of
low tunneling current (observed as darker bands in the
images) which correspond to the location of the alkyl chains
(which are interdigitated) and brighter zones which coincide
with the location of the phenyl benzoate moieties. Only in a
few cases are the alkyl chains visible, which indicates there is a
relatively high mobility. All the formamides self-assemble
into tapes reminiscent of those in the crystal structures, with a
distance between the same point in adjacent molecules within
each chain of 8.60 + 0.20 A. The corresponding distance in the
tapes of (R)-2 and rac-2 in their crystals are 8.66 and 8.86 A,
respectively. The repeat distance perpendicular to the tape
direction is 29.0+1.0 A in the physisorbed monolayers,
compared with 27.70 A in the sheets formed in crystals of
rac-2.

The images of monolayers of enantiopure formamides (§)-2
and (R)-2 (Figure 3) are enantiomorphous, while rac-2 shows
a very distinct structure. The chiral induction phenomenon for
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Figure 2. Views (top) perpendicular to a sheet of rac-2 in its crystals
showing the homochiral chains and heterochiral tapes and (bottom)
parallel to the sheets showing their stepped nature with respect to the alkyl
chain long axes. Intrachain N—H --- O distance: 2.174 A, angle: 149.8°, N ---O
distance: 2.888 A, interchain C=O---H~C distance: 2.493 A, C-H--O
angle: 148.2°, C-+- O distance: 3.329 A.

chain assembly as that of the enantiopure compound. These
homochiral chains form heterochiral tapes. The alkyl chains
(which are in the all-frans conformation) of neighboring
chains interdigitate, with a minimum spacing between carbon
atoms of adjacent chains of approximately 3.7 A, to form
sheets of molecules (Figure 2, top). There is strict R-S-R-S
alternance within the sheets, which are not completely flat but
undulate (Figure 2, bottom). Thus, there is no spontaneous
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achiral 1

rac-2
Figure 3. STM images of (S)-2 (16.1 x 16.1 nm?, 1.0 nA, —0.51 V; top left),
(R)-2 (12.0 x 12.0 nm?, 1.0 nA, —0.73 V; top right), rac-2 (13.6 x 13.6 nm?,
1.0nA, —0.54 V; bottom left), and 1 (11.3 x 11.3 nm?, 1.0 nA, —0.83 V;
bottom right) at the 1-heptanol/graphite interface. The orientation of some
of the phenyl benzoate groups is indicated by a bar.

(8)-2 and (R)-2 in pure form is expressed by the orientation of
the phenyl benzoate moiety with respect to the normal on the
propagation direction of the tapes (the tape normal): the
phenyl benzoate moieties are rotated clockwise for (S)-2 and
counter-clockwise for (R)-2. In order to judge the influence of
the graphite substrate, the registration of the observed

1433-7851/01/4017-3218 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2001, 40, No. 17



COMMUNICATIONS

monolayers with respect to the surface has been determined
and is expressed by the angle 6, that is, the angle between the
propagation direction of the tapes and the reference axis
along the [0010] direction of the graphite surface (Figure 4),
which is almost parallel to the propagation direction of the
tape. The angle 6 takes negative and positive values for (S)-2
and (R)-2, respectively (between 0° and 12° with a bias for
larger values). Thus the molecular chirality of enantiopure 2 is
expressed by both the orientation of the adlayer with respect
to the symmetry of the underlying graphite lattice and by the
orientation of the phenyl benzoate moieties with respect to
the tape normal.
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Figure 4. A schematic representation of the orientations of the molecules
of (S)- (left) and (R)-2 (right) at the graphite/1-heptanol interface.

The racemic mixture rac-2 physisorbed from 1-heptanol on
graphite (Figure 3) does not display the generally observed
spontaneous resolution on surfaces. The angle 6 is always
found to be 0+ 1°, which suggests there is a different packing
of the tapes to those formed by the pure enantiomers. In
addition, the phenyl benzoate groups within a domain are
rotated both clockwise and anticlockwise from the tape
normal, as can be appreciated clearly in the image shown in
Figure 3. In a few cases it was possible to correlate details in
the STM images with intermolecular features in great detail.
For example, in a high-resolution image, such as Figure 5, the
STM contrast in the upper area suggests that one of the
phenyl rings of the phenyl benzoate groups is lying flat on the
graphite surface while the other one is tilted. In general, the
specific STM contrast on a (sub)molecular scale does not
allow the chiral nature of a domain to be characterized.
However, the two observations mentioned above, that is, the
registry of the molecules with respect to the graphite surface
and the orientation of the molecules with respect to the tape
normal, do show that the domains formed by the racemate
have the characteristics of neither the R nor § enantiopure
domains, but are racemic themselves: domains formed from a
racemate solution are not enantiomerically pure. To the best
of our knowledge this is the first time that this finding has
been reported for 2D adlayers adsorbed on a solid surface and
studied by STM.
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Figure 5. A high-resolution STM image of rac-2 (9.6 x 9.6 nm?, 1.0 nA,
—0.58 V) at the 1-heptanol/graphite interface.

Two possibilities have to be kept in mind when considering
the composition of the individual tapes in a racemic domain,
firstly the tapes are enantiopure. In this case, although there is
no segregation at the level of domains, there would be
segregation at the tape level. From the orientation of the
aromatic groups in Figure 3 (bottom left) the sequence of the
chirality of the tapes can then be described as being (from left
to right) S-S-R-R-R-R when our findings for the enantiopure
compounds are taken into account. Secondly the tapes are
racemic, as in the 3D crystals. To achieve this packing the R
and S enantiomers have to lie head-to-head, and the long axes
of the aromatic groups have to be oriented along the same
line. The resulting arrangement is similar to the one shown in
Figure 2. This centrosymmetrical arrangement requires that
one enantiomer has a methyl group (attached to the stereo-
genic center) pointing towards the graphite surface, which is
energetically unfavorable.!'’)

A final result which is important to highlight is that, in stark
contrast to racemic 2, the achiral compound 1% exhibits
enantiomorphic domains that always consist of only one of the
two possible orientations of the aromatic groups with respect
to the tape axis (Figure 3, bottom right) and the angle 6 takes
positive or negative values (never 0°), that is, this achiral
compound shows segregation and the formation of chiral
domains.

The type of structural resemblance between X-ray struc-
tures and physisorbed monolayers, as seen here for rac-2, is
rare, 2 but provides important clues regarding the roles of
each structural feature of the molecule in self-assembly
processes. The conformational mobility of the chiral alkyl
chains in this interesting family of compounds allows the
formation of different unions between the hydrogen-bonded
tapes in the crystals and on the graphite substrate; the subtle
interactions of the latter with the tapes must surely play an
important role. The tapes described here are clearly robust
“supramolecular synthons”,** both on the graphite surface
and in the crystals. It has been shown that a racemic mixture
does not show segregation in two dimensions but forms a
racemate. This observation might have important implications
concerning the expression of stereochemistry at surfaces and
its transfer into three dimensions.

1433-7851/01/4017-3219 $ 17.50+.50/0 3219



COMMUNICATIONS

Experimental Section

Compounds 1 and 2 were prepared according to the published method.['’]
The STM images were acquired in the variable current mode (constant
height) under ambient conditions with the tip immersed in the liquid. For
details see ref. [9].

(1]

(10]

(1]

(12]

3220

Received: March 21, 2001
Revised: June 21, 2001 [Z16819]

a) G. Solladie, R. G. Zimmermann, Angew. Chem. 1984, 96, 335-349;

Angew. Chem. Int. Ed. Engl. 1984, 23, 348-362; b) E. L. Eliel, S. H.
Wilen, Stereochemistry of Organic Compounds, Wiley, New York,
1994; c) “Supramolecular Stereochemistry”: NATO ASI Ser. Ser. C
1995, 473; d) T. J. Marks, M. A. Ratner, Angew. Chem. 1995, 107,167 -
187; Angew. Chem. Int. Ed. Engl. 1995, 34,155-173; ¢) A. E. Rowan,
R.J. M. Nolte, Angew. Chem. 1998, 110, 65-71; Angew. Chem. Int.
Ed. 1998, 37,63 -68; f) M. M. Green, J.-W. Park, T. Sato, A. Teramoto,
S. Lifson, R. L. B. Selinger, J. V. Selinger, Angew. Chem. 1999, 111,
3328-3345; Angew. Chem. Int. Ed. 1999, 38, 3138-3154; g) B. L.
Feringa, R. A. van Delden, Angew. Chem. 1999, 111, 3624 -3645;
Angew. Chem. Int. Ed. 1999, 38,3418 —3438; h) K. Mikami, M. Terada,
T. Korenaga, Y. Matsumoto, M. Ueki, R. Angelaud, Angew. Chem.
2000, 712, 3676-3701; Angew. Chem. Int. Ed. 2000, 39, 3532 —-3556.
L. Pasteur, C. R. Hebd. Seances Acad. Sci. 1848, 26, 535 —539.

Y. Takanishi, H. Takezoe, Y. Suzuki, I. Kobayashi, T. Yajima, M.
Terada, K. Mikami, Angew. Chem. 1999, 111, 2502-2504; Angew.
Chem. Int. Ed. 1999, 38, 2354 —-2356.

P. Nassoy, M. Goldman, O. Bouloussa, F. Rondelez, Phys. Rev. Lett.
1995, 75, 457 - 460.

I. Weissbuch, M. Berfeld, W. Bouwman, K. Kjaer, J. Als-Nielsen, M.
Lahav, L. Leiserowitz, J. Am. Chem. Soc. 1997, 119, 933 -942.

C.J. Eckhardt, N. M. Peachey, D. R. Swanson, J. M. Takacs, M. A.
Khan, X. Gong, J.-H. Kim, J. Wang, R. A. Uphaus, Nature 1993, 362,
614-616.

For leading reviews on chiral studies in two dimensions, see a) M.
Lahav, L. Leiserowitz, Angew. Chem. 1999, 111, 2691 -2694; Angew.
Chem. Int. Ed. 1999, 38, 2533 -2536; b) 1. Weissuch, I. Kuzmenko, M.
Berfeld, L. Leiserowitz, M. Lahav, J. Phys. Org. Chem. 2000, 13, 426 —
434, and references therein.

a) J. P. Rabe, S. Buchholz, Science 1991, 253, 424—-427; b) J. Frommer,
Angew. Chem. 1992, 104, 1325-1357; Angew. Chem. Int. Ed. Engl.
1992, 37, 1298-1328; c) S. De Feyter, A. Gesquiere, M. M. Abdel-
Mottaleb, P. C. M. Grim, F. C. De Schryver, C. Meiners, M. Sieffert, S.
Valiyaveettil, K. Miillen, Acc. Chem. Res. 2000, 33, 520—531.

a) S. De Feyter, P. C. M. Grim, M. Rucker, P. Vanoppen, C. Meiners,
M. Sieffert, S. Valiyaveettil, K. Miillen, F. C. De Schryver, Angew.
Chem. 1998, 110, 1281 —1284; Angew. Chem. Int. Ed. 1998, 37, 1223 -
1226;b) S. De Feyter, A. Gesquiere, P. C. M. Grim, F. C. De Schryver,
S. Valiyaveettil, C. Meiners, M. Sieffert, K. Miillen, Langmuir 1999,
15, 2817-2822; c) S. De Feyter, A. Gesquiére, F. C. De Schryver, C.
Meiners, M. Sieffert, K. Miillen, Langmuir 2000, 16, 9887 —-989%4;
d) L. G. Giancarlo, G. W. Flynn, Acc. Chem. Res. 2000, 33, 491-501,
and references therein.

a) F. Stevens, D. J. Dyer, D. M. Walba, Angew. Chem. 1996, 108, 955 —
957, Angew. Chem. Int. Ed. Engl. 1996, 35, 900-901; b) F. Stevens,
D. M. Walba, N. A. Clark, D. C. Parks, Acc. Chem. Res. 1996, 29, 591 —
597, and references therein.

a) P. Qian, H. Nanjo, T. Yokoyama, T. M. Suzuki, Chem. Lett. 1998,
1133-1134; b) H. B. Fang, L. C. Giancarlo, G. W. Flynn, J. Phys.
Chem. B 1998, 102, 7311-7315; c) P. Qian, H. Nanjo, T. Yokoyama,
T. M. Suzuki, K. Akasaka, H. Orhui, Chem. Commun. 2000, 2021 -
2022; d) B. Ohtani, A. Shintani, K. Uosaki, J. Am. Chem. Soc. 1999,
121, 6515-6516; e) M. O. Lorenzo, C.J. Baddelley, C. Muryn, R.
Raval, Nature 2000, 404, 376 —379.

a) D. P. E. Smith, J. Vac. Sci. Technol. B 1991, 9, 1119-1125; b) J. P.
Rabe, S. Buchholz, Phys. Rev. Lett. 1991, 66, 2096-2099; c) S.J.
Sowerby, W. M. Heckl, G. B. Petersen, J. Mol. Evol. 1996, 43, 419—
424; d) F. Charra, J. Cousty, Phys. Rev. Lett. 1998, 80, 1682-1685;
e) C. L. Claypool, F. Faglioni, A. J. Matzger, W. A. Goddard III, N. S.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

(13]

[14]
[15]

[16]

(17]

(18]

(19]
[20]
[21]
[22]

(23]

(24]

1433-7851/01/4017-3220 $ 17.50+.50/0

Lewis, J. Phys. Chem. B 1999, 103, 9690-9699; f) D. L. Patrick, V. J.
Cee, M. D. Morse, T. P. Beebe, J. Phys. Chem. B 1999, 103, 8328 —8336;
¢) D. G. Yablon, L. C. Giancarlo, G. W. Flynn, J. Phys. Chem. B 2000,
104,7627-17635; h) R. Lim, J. Li, S. F. Y. Li, Z. Feng, S. Valiyaveettil,
Langmuir 2000, 16, 7023 —7030.

M. Bohringer, W. D. Schneider, R. Berndt, Angew. Chem. 2000, 112,
821-825; Angew. Chem. Int. Ed. 2000, 39, 792-795, and references
therein.

M. Taniguschi, H. Nakagawa, A. Yamagishi, K. Yamada, Surf. Sci.
2000, 454—456, 1005 -1009.

D. B. Amabilino, E. Ramos, J.-L. Serrano, T. Sierra, J. Veciana, J. Am.
Chem. Soc. 1998, 120, 9126 -9134.

X-ray structural data for (R)-2 at 223 K: colorless plate, radiation used
Moy, empirical formula C,,H,;NO,, triclinic, space group P1 (No. 1),
a=8.6598(3), b=8.6770(4), c=29.688(2) A, a=95411(2), f=
94.923(3), y=110.092(3)°, V=2069.02)A3, Z=4, poau=
1.186 gem=3. F(000) 792, 6=2.52-21.99°, unique reflections meas-
ured 7326, unique reflections observed (I>20)=5758, parameters
989, restraints 3, R indices (all data) 0.0795, wR2 (all data) 0.1442,
final R indices (I >20(1)) = 0.0564, final wR2 (I >20(1)) =0.1283.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
nos. CCDC-159907 and CCDC-159908. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).

X-ray structural data for rac-2 at 223 K: colorless prism, radiation
used Moy,, empirical formula C,,H,,NO,, triclinic, space group P1
(No. 2), a=8.856(1), b=9.543(2), c = 12.604(2) A, o =94.885(6), f =
106.972(9), y = 98.526(9)°, V=998.2(3) A3, Z=2, peyiea = 1.229 gecm 3,
F(000) 396, 6=1.71-19.87°, unique reflections measured 1762,
unique reflections observed (I>20)=1226, parameters 249, re-
straints 0, R indices (all data) 0.0857, wR2 (all data) 0.1580, final
R indices (I >20(I)) =0.0534, final wR2 (I >20(I)) =0.1343.

A. Calderone, R. Lazzaroni, A. Gesquicre, S. De Feyter, F.C.
De Schryver, J. L. Brédas, unpublished results.

It was not possible to obtain single crystals of the achiral compound
suitable for X-ray diffraction studies.

Y. H. Yeo, G. C. McGonigal, D. J. Thomson, Langmuir 1993, 9, 649 —
651.

R. Azumi, G. Go6tz, T. Debaerdemaeker, P. Biuerle, Chem. Eur. J.
2000, 6, 735-744.

K. Eichhorst-Gerner, A. Stabel, G. Moessner, D. Declercq, S.
Valiyaveettil, V. Enkelmann, K. Miillen, J. P. Rabe, Angew. Chem.
1996, 108, 1599-1602; Angew. Chem. Int. Ed. Engl. 1996, 35, 1492 —
1495.

G. R. Desiraju, Angew. Chem. 1995, 107, 2541 -2558; Angew. Chem.
Int. Ed. Engl. 1995, 34,2311 -2327.

Angew. Chem. Int. Ed. 2001, 40, No. 17



