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The hydrogen bond directed molecular recognition between 1,1'-bis(ethenyl-4-pyridyl)-
ferrocene (1) and (+)-1,1'-binaphthol (2)/(—)-1,1'- binaphthol ((—)-2) has been studied by
cocrystallization in different solvents. Single-crystal X-ray structures reveal that 3:2, 2:1,
and 1:1 complexes (3, 4, and 5, respectively) of 1,1'-bis(ethenyl-4-pyridyl)ferrocene (1) and
(+)-1,1-binaphthol (2) are formed in tetrahydrofuran, methanol, and ethanol, respectively.
5 has a noncentrosymmetric packing arrangement, and an efficiency of 0.3 times that of
urea in second-harmonic generation has been measured at 1295 nm. An X-ray crystal
structure of 6, 1:1 complex of 1 with (—)-2 in ethanol, reveals that all the molecular dipoles
are aligned in the same direction (i.e, a polar crystal), but 6 has modest nonlinear optical

properties (ca. 0.4 times that of urea).

Introduction

Crystal engineering is a powerful technique that
allows one to design crystals with specific solid-state
properties.! The possibility of utilizing hydrogen bonds
as a means of engineering novel materials with desired
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structural characteristics is currently a topic of intense
investigation.2 Most studies described so far are based
on organic motifs. Recently, it has been recognizedc3
that the structural and chemical versatility of organo-
metallic molecules can be utilized to prepare solids with
predefined physical and chemical properties.

We have synthesized conformationally flexible 1,1'-
bis(ethenyl-4-pyridyl)ferrocene (1) to use as an as-
sembler and studied the cocrystallization of 1 with
racemic (+)-1,1'-binaphthol (2) in MeOH, THF, and
EtOH. Unexpectedly, the supermolecule obtained from
the cocrystallization of 1 and 2 in EtOH belongs to the
non-centrosymmetric space group. This result has stimu-
lated our curiosity to study the cocrystallization of 1
with (—)-1,1'-binaphthol ((—)-2) in EtOH. Herein we
describe our study on the cocrystallization of 1 with 2
in MeOH, THF, and EtOH and with (=)-2 in EtOH.

Experimental Section

General Considerations. (+)-1,1-Binaphthol (2) and (—)-
1,1'-binaphthol ((—)-2) (Aldrich) were used as received. Co-
crystallization was carried out under air. 'H NMR spectra were
recorded with a Bruker 300 spectrometer. Elemental analysis
was performed by the Analytical Center, College of Engineer-
ing, Seoul National University. Melting points were measured
on a Thomas-Hoover capillary melting point apparatus 6427-
H10 and not corrected. The synthesis of 1 has been reported*
very recently.

(4) Briel, O.; Sunkel, K.; Krossing, I.; Noth, H.; Schmalzlin, E.;
Meerholz, K.; Brauchle, C.; Beck, W. Eur. J. Inorg. Chem. 1999, 483.
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Table 1. Crystal Data and Structure Refinement for 1, 3, 4, 5, and 6

1 3 4 5 6
formula Ca4H20FeN> CeaHeoFe1.5N304 CegHssFe2N4O3 CseH40FEN203 Cu4H34FeN202
fw 392.27 1018.93 1088.87 724.65 678.58
temp, K 293(2) 293(2) 293(2) 293(2) 293(2)
A(Mo Ka), A 0.71073 0.71073 0.71073 0.71073 0.71073
cryst syst orthorhombic triclinic triclinic monoclinic monoclinic
space group P21212; P1 P1 Cc Cc2
a, A 7.5712(9) 11.2617(9) 11.4016(11) 14.4953(11) 14.6369(13)
b, A 10.6230(6) 16.039(2) 15.6189(12) 10.7993(11) 10.9368(13)
c, A 23.313(3) 17.762(2) 17.638(2) 23.770(2) 11.6928(13)
a, deg 90 113.245(9) 70.461(8) 90 90
B, deg 90 107.599(7) 75.708(9) 91.457(6) 114.769(8)
y, deg 90 95.433(8) 69.481(7) 90 90
v, A3 1875.0(3) 2724.7(5) 2742.2(5) 3719.7(5) 1699.6(3)

Z 4 2 2 4 2
R1 0.0605 0.087 0.078 0.0413 0.0337
wR2 0.2279 0.298 0.205 0.0701 0.0597

Synthesis of 1. To the solution of lithium diisoproylamide
(generated in situ by the reaction of diisopropylamine (2.3 mL,
16.4 mmol) in 30 mL of THF with n-BuLi (10.0 mL, 16.0 mmol)
at —78 °C) was added 4-picoline (1.5 mL, 15.4 mmol) at —78
°C. While the solution was stirred at room temperature for 30
min, the solution turned reddish. To the reddish solution was
added 1,1'-ferrocenedicarboxaldehyde (1.56 g, 6.20 mmol) at
room temperature. While the resulting reaction mixture was
stirred at room temperature for 4 h, brown solids were
precipitated. To the solution were added excess water (30 mL)
and methylene dichloride (30 mL). The methylene dichloride
layer was collected, evaporated to dryness, and dissolved in
15 mL of pyridine. The pyridine solution was cooled to O °C.
Excess POCI; (1 mL) was added dropwise to the pyridine
solution. While the solution was stirred at room temperature
for 1.5 h, the color of the solution turned to violet. To the violet
solution was added ice to quench excess POCI;. After evapora-
tion of pyridine, the residue was dissolved in water (30 mL)
and basified to precipitate reddish solids by aqueous 4 M
NaOH. Filtration of the solution gave red solids. Purification
of the red solids by chromatography on a silica gel column
eluting with Et,O/MeOH (v/v, 1:1) gave 1.70 g of 1 (70%).
Single crystals suitable for X-ray study were grown by slow
evaporation of the THF solution of 1. Mp: 215 °C dec. 'H NMR
(CsDs, 300 MHZz): 6 8.49 (d, 6.0 Hz, 4 H), 6.68 (d, 6.0 Hz, 4 H),
6.61 (d, 16.2 Hz, 2 H), 6.25 (d, 16.2 Hz, 2 H), 4.21 (t, 1.7 Hz,
4 H, Cp), 4.07 (t, 1.7 Hz, 4 H, Cp) ppm. Anal. Calcd for Cz4Hz0-
FeN,: C, 73.48; H, 5.14; N, 7.14. Found: C, 73.48; H, 5.14; N,
7.34.

Cocrystallization. 3. Compounds 1 (20 mg, 0.051 mmol)
and 2 (14.6 mg, 0.051 mmol) were dissolved in 3 mL of THF.
The solution was allowed to evaporate at room temperature
for 4—5 days. Red lamellar crystals were isolated in 72% yield
(based on 1). IR (KBr pellet): vo_p 3405 cm™? (very weak).
Anal. Calcd for CisH10FesNgOg: C, 75.44; H, 5.93; N, 4.12.
Found: C, 75.43; H, 5.55; N, 4.48.

4. The red needle-shaped crystals of 4 were obtained in the
same way as 3, using MeOH instead of THF as the reaction
medium. Yield based on 1: 58%. IR (KBr pellet): vo-n 3421
cm~! (very broad and weak). Anal. Calcd for CggHsgFe2N4Os:
C, 75.07; H, 5.19; N, 5.15. Found: C, 74.95; H, 5.25; N, 5.13.

5. The red lamellar crystals of 5 were obtained in the same
way as 3, using EtOH instead of THF as the reaction medium.
Yield based on 1: 88%. IR (KBr pellet): vo-n 3500 cm™ (very
broad). Anal. Calcd for CysHsgFeN,O3z: C, 76.35; H, 5.43; N,
3.87. Found: C, 76.13; H, 5.12; N, 4.08.

6. Compounds 1 (80.7 mg, 0.20 mmol) and ((—)-2) (58.9 mg,
0.20) were dissolved in 10 mL of EtOH. After evaporation of
the solvent at room temperature for 7 days, long block-shaped
crystals of 6 were obtained in 91% yield. Mp: 180 °C. IR (KBr
pellet): vo_p 3438 cm™. Anal. Calcd for CsH3sFeN,O,: C,
77.88; H, 5.05; N, 4.13. Found: C, 78.07; H, 5.03; N, 4.30.

Crystal Structure Determination of 1, 3, 4, 5, and 6.
Crystals of 1 was grown by THF, crystals of 3 and 4 were

grown by slow evaporation of the solvent in THF and metha-
nol, respectively, and 5 and 6 were grown by slow evaporation
of the solvent in ethanol. Diffraction was measured by an
Enraf-Nonius CAD4 automated diffractometer. Unit cells were
determined by centering 25 reflections in the appropriate 26
range. Other relevant experimental details are listed in Table
1. The structure was solved by direct methods using SHELXS-
86 and refined by full-matrix least-squares with SHELXL-93.
All non-hydrogen atoms were refined anisotropically; H1" and
H2" in 3, H1 and H1' in 4, H(01) and H(02) in 5, and H(1) and
H(9) in 6 were found in the Fourier map and refined isotro-
pically. The thermal ellipsoids at C18 and C19 in 5 showed
high positional and thermal parameters due to the two
positions of the double bond® in fragment 1. Final occupancy
ratio converged to 56.8(3.8):43.2(3.8) for C18/C19 and C18'/
C19'. The same thing happened to 6. The final occupancy ratio
in 6 converged to 65.7(3.7):34.3(3.7) for C6/C7 and C6'/C7'".

SHG Measurements. The measurements of second har-
monic generation (SHG) intensity were carried out by the
Kurtz—Perry powder technique,® using the beam of 1 = 1.295
um and | =5 MW/cm? generated by a BBO optical parametric
oscillator pumped by a Nd:YAG laser. Samples in the range
75—150 um were used, and the thickness of the samples was
270 um.

Results

Synthesis and Crystal Structure of 1. Ferrocenes
adopt various conformations depending upon the mag-
nitude of the rotational barrier” and can be considered
in a sense as nonrigid molecules that have variable
structures. Thus, compound 1 was prepared from 1,1'-
ferrocenedicarboxaldehyde, which is readily accessible
from ferrocene (eq 1).

OH

Qcro @—LCO
5]
- N
Fe ——ON__HO, po POCI; _ _aq. NaOH
THF
D>cro

OH py ridine
ON

@;\—@N &)
N

-6

Treatment of 1,1'-ferrocenedicarboxaldehyde with the
lithium carbanion of 4-picoline followed by protonation
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Figure 1. An ORTEP drawing of 1.

and dehydration gave 1 in 70% yield. Very recently,
Beck et al. reported* the preparation of 1 and studied
its application in the synthesis of nonlinear optical
material. They used the Wittig—Horner reaction of
aldehydes with diphenyl(4-picolyl)phosphane oxide to
obtain ferrocenyl dipyridine derivatives. Single crystals
of 1 suitable for an X-ray study were grown by slow
evaporation of the THF solution of 1. Crystal data and
details of refinement are given in Table 1, and Figure 1
shows the view of molecule 1, which belongs to noncen-
trosymmetric P2,2;2;. For the structure of 1, bonding
parameters fall in the expected range.? The Cp rings
are planar and nearly parallel, the angle between the
planes being 1.30°. The torsion angles between the
cyclopentadienyl ring and pyridine ring are 13.12° and
15.56°. The two cyclopentadienyl rings on 1 adopt a
staggered conformation, while the two substituents of
1 adopt a typical 1,3'-orientation,® i.e., an anti-fashion.

Cocrystallization of 1 with 2 and Crystal Struc-
tures of 3, 4, and 5. The use of (+)-1,1-binaphthol in
the preparation of inclusion compounds through hydro-
gen bonding with alcohols, amines, and amides is quite
popular.t® Thus, we expect that changing the reaction
medium in the crystal engineering of (+)-1,1-naphthol-
related compounds may allow one to obtain different
supramolecular architectures. Cocrystallization of 1
with 2 has been carried out in several solvents including
THF, MeOH, and EtOH.

Cocrystallization of 1 with 2 in THF at room temper-
ature led to the isolation of 3. The supermolecule 3,
belonging to the space group P1, contains 1 and 2 in
the ratio of 3:2, along with solvent molecules (Figure
2). Selected intra- and intermolecular bond lengths and
angles are given in Table 2. The asymmetric unit was
chosen to contain one and a half molecules of 1, one
molecule of 2, and two molecules of THF. The super-
molecule consists of a crystallographically imposed
inversion center at the iron of anti-1. Thus, through the
symmetry operation, (S)-(—)- and (R)-(+)-2 are bridged

(5) Bhadbhade, M. M.; Das, A. Jeffery, J. C.; McCleverty, J. A.;
Badiola, J. A. N.; Ward, M. D. J. Chem. Soc., Dalton Trans. 1995, 2769.

(6) (a) Kurtz, S. K.; Perry, T. T. J. Appl. Phys. 1968, 39, 3798. (b)
Dougherty, J. P.; Kurtz, S. K. J. Appl. Crystallogr. 1976, 9, 145.

(7) Braga, D. Chem. Rev. 1992, 92, 369, and references therein.

(8) (a) Lee, B. Y.; Moon, H.; Chung, Y. K.; Jeong, N.; Carpenter, G.
B. Organometallics 1993, 12, 3879. (b) Lee, S.-G.; Lee, H.-K_; Lee, S.
S.; Chung, Y. K. Organometallics 1997, 16, 304. (c) Kim, J. E.; Son, S.
U,; Lee, S. S.; Chung, Y. K. Inorg. Chim. Acta 1998, 281, 229. (d) Kang,
Y. K.; Shin, K. S.; Lee, S.-G.; Lee, I. S.; Chung, Y. K. Organometallics
1999, 18, 180.

(9) (a) Palenik, G. J. Inorg. Chem. 1970, 9, 2424. (b) Grossel, M. C;
Goldspink, M. R.; Hrijac, J. A.; Weston, S. C. Organometallics 1991,
10, 851.

(10) (a) Weber, E.; Czugler, M. In Molecular Inclusion and Molecular
Recognition-Clathrates | and 11; Topics in Current Chemistry, Vol. 149;
Weber, E., Ed.; Springer-Verlag: Berlin—Heidelberg, 1988; Chapter
2, p 45. (b) Toda, F. In Molecular Inclusion and Molecular Recognition-
Clathrates | and I1I; Topics in Current Chemistry, Vol. 140; Weber, E.,
Ed.; Springer-Verlag: Berlin—Heidelberg, 1987; Chapter 3, p 43. (c)
Weber, E. In Inclusion Compounds; Vol. 4, p 213.
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Figure 2. Structure of 3 with some hydrogen-bonding
contacts indicated (broken lines).

Table 2. Selected Bond Distances (A) and Angles
(deg) for 3, 4, 5, and 62

3

Fe(1)—C(3) 1.992(11) C(6)—C(7) 1.194(13)
Fe(1)—C(5) 2.044(9) C(11)-C(12") 1.288(13)
Fe(2)—C(9) 1.996(12) C(18)—C(19') 1.271(14)
Fe(2)—C(10') 2.038(10) C(2")—0(1") 1.342(10)
C(16")—N(1") 1.301(14) C(12")—0(2") 1.368(9)
C(15")—N(1") 1.321(13) C(11")—C(12") 1.369(11)

C(1)—Fe(1)~C(1)#1 180.00(3) C(1")-C(2")—-O(1")  119.4(8)
C(1)—Fe(2)-C(6) 110.4(4) C(11")—-C(12")-0(2") 117.7(9)

4
Fe(1)-C(1) 2.042(8) C(22")—N(2) 1.30(2)
Fe(1)-C(6) 2.054(8) C(01)—O(1) 1.357(9)
Fe(2)-C(1) 2.055(7) C(01)—0O(1") 1.365(8)
Fe(2)-C(6') 2.069(7) C(02)—C(02)) 1.486(10)

C(23)-N(2) 1.334(10)
C(1)-Fe(1)-C(6)  110.3(3) C(02)-C(01)-O(1)  117.1(7)
C(1)-Fe(2)-C(6') 108.2(3) C(02)-C(01)-O(l')  117.8(7)

5
Fe—C(5) 2.014(7) C(02)—0(01) 1.354(7)
Fe—C(6) 2.057(7) C(012)—0(02) 1.366(8)
C(22)—-N(2) 1.318(9) C(01)—C(011) 1.479(7)
C(16)—N(1) 1.332(9)

C(1)~Fe—C(6) 110.4(3) C(011)—C(012)—0(02) 118.2(5)
C(01)—C(02)—0(01) 117.3(5)

6

Fe—C(2) 2.024(5) C(11)—N(1) 1.323(8)
Fe—C(3) 2.038(5) C(14)—-0(1) 1.357(5)
C(10)—N(1) 1.322(8) C(13)—C(13)#3 1.488(7)

C(1)-Fe—C(L)#2  117.0(4) C(13)-C(14)—0O(1) 118.9(3)

a2 Symmetry transformations used to generate equivalent at-
oms: #1 —x, —y+1 ,—z+1; #2 —x, y, —z+1; #3 =X, y, —z.

by a symmetric bridging group, anti-1, with the fer-
rocene moiety being staggered via hydrogen bonding
(N1-02",2.667 A; ON1—H2"—02", 147.4°). (S)-(—)- and
(R)-(+)-2 are also hydrogen bonded to two syn-1 (N2—
01", 2.713 A; ON2—H1"—01", 169.3°) with ferrocene
being eclipsed groups and with the dihedral angle
between the two naphthalene rings in 2 being 83.6°.
Thus, syn- and anti-1 coexist in the same supermolecule.
Through a symmetrical bridging group anti-1, two
enantiomeric components, (S)-(—)- and (R)-(+)-2, as-
sociate to give an achiral supermolecule 3 of meso type.
Two molecules of THF are in an asymmetric unit,
presumably arising from difficulties in close-packing of
1 and 2.

Cocrystallization of 1 and 2 in methanol at room
temperature gave the crystalline supermolecule 4,
which belongs to the space group P1 as 3. An asym-
metric unit in 4 consisting of two molecules of 1, one
molecule of 2, and one molecule of water is shown in
Figure 3. Selected intra- and intermolecular bond
lengths and angles are given in Table 2. Each asym-
metric unit contains (S)-(—)-2 or (R)-(+)-2 and is chiral.
The asymmetric units are packed in a centrosymmetric
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Figure 3. Structure of 4 with some hydrogen-bonding
contacts indicated (broken lines).

Figure 4. Structure of 5 with some hydrogen-bonding
contacts indicated (broken lines).

fashion. Figure 3 shows that the ferrocene unit is of an
almost perfectly eclipsed conformation. The two hydroxy
groups in 2 are hydrogen bonded to a pyridyl group of
syn-1 and a pyridyl group of another syn-1, with the
dihedral angle between the two naphthalene rings in 2
being 79.1° and bond distances of 01:::N2, 2.712 A, and
01'---N1’, 2.681 A, and bond angles of OON2—H1-01,
161.1°, and ON1'—H1'—01', 164.0°. Water molecules
are included in 5 and bonded to one of the free pyridyl
groups with a bond distance of N2'---:O*, 2.8278 A.
Cocrystallizion of 1 and 2 in ethanol at room temper-
ature resulted in the supermolecule 5 with 1, 2, and
ethanol in the ratio of 1:1:1. The crystal structure of 5
(Figure 4), belonging to the space group Cc, looks like a
stairlike chain structure. Selected intra- and intermo-
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Figure 5. Single stranded helical structure of 6 main-
tained by hydrogen bonding.

lecular bond lengths and angles are given in Table 2.
Each chain consists of 1 and 2 in the ratio of 1:1 with
hydrogen bonds (bond distances N1—001, 2.694 A, and
N2:--002, 2.698 A, and bond angles of ON1—H01—-001,
160.6°, and ON2—H02—002, 166.0°), and the dihedral
angle between the two naphthalene rings in 2 is 85.2°.
Each chain consists of the same enantiomers (RRRR-2
or SSSS-2) and is chiral. Each chain is connected to
each other through the C—H---z interaction! between
the Cp ring in one chain and the aromatic ring of
naphthalene in another chain: the Cp ring and naph-
thalene ring are almost perpendicular to each other,
with a dihedral angle of 81.0°, the distance (3.598 A)
between the centroid of the closest aromatic ring of 2
and the nearest C atoms of Cp is shorter than the
shortest distance (3.787 A) between the C atoms of the
closest aromatic ring of 2 and the nearest C atoms of
Cp, and the angle C—H---centroid is 160.0°. Thus, each
chain is connected to each other, and the chains are
packed in a non-centrosymmetric manner, i.e., a polar
crystal. Strands are cross-linked to form a two-dimen-
sional network through aromatic C—H--- interactions
and act like threadlike molecules eventually to form a
three-dimensional interwoven system.
Cocrystallization of 1 with (—)-2 and Crystal
Structure of 6. Cocrystallization of 1 with (—)-2 was
carried out in THF, methanol, and ethanol, respectively.
However, cocrystallization of 1 and (—)-2 in THF and
methanol, respectively, gave powdered materials. Co-
crystallization of 1 with (—)-2 from ethanol in a molar
ratio 1:1 resulted in the formation of supramolecular
complex 6. X-ray analysis (Figure 5) of 6, belonging to
the space group C2, revealed tubular-helical 1:1 as-
semblies of circular structures linked by hydrogen
bonds, 7—m interactions, and aromatic C—H---z interac-
tions. Selected intra- and intermolecular bond lengths

(11) (a) Linderman, S. V.; Kosynkin, D.; Kochi, J. K. 3. Am. Chem.
Soc. 1998, 120, 13268. (b) Biradha, K.: Zaworotko, M. J. 3. Am. Chem.
Soc. 1998, 120, 6431. (c) Braga, D.; Grepioni, F.; Tedesco, E. Organo-
metallics 1998, 17, 2669. (d) Weiss, H.-C.; Blaser, D.; Boese, R;
Doughan, B. M.; Haley, M. M. Chem. Commun. 1997, 1703. (e)
Madhavi, N. N. L.; Katz, A. K.; Carrell, H. L.; Nangia, A.; Desiraju, G.
R. Chem. Commun. 1997, 1953. (f) Steiner, T.; Tamm, M.; Lutz, B;
van der Mass, J. Chem. Commun. 1996, 1127.
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Figure 6. Two-dimensional layered structure of 6 as-
sembled through the CH---xr interaction (view down the a
axis); note the perfect alignment of molecular dipole

moments along the b axis.
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Figure 7. Molecular packing diagram of 6 illustrating the
mr-stacking between Cp and pyridyl rings (view down the ¢
axis); note the perfect arrangement of molecules along the
b axis. Molecules of (—)-1,1'-binaphthol are omitted for
clarity.
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and angles of 6 are given in Table 2. Supermolecule 6
forms a well-defined supramolecular structure. The two
substituents on the cyclopentadienyl groups of the
ferrocene are situated at 1- and 2'-positions (a dihedral
angle of 36.6°), and the interplanar angle between the
two pyridyl rings is 22.0°, which allows nearly linear
hydrogen bonds to be formed. The bond distance be-
tween heteroatoms in the hydrogen bond is 2.706 A, the
bond distance of H—0 in the hydrogen bond is 0.811 A,
and that of H+--N is 1.917 A. The bond angle of 0O—
H—N is 164.0°. One of C—H bonds of the pyridyl rings
interacts with one of the aromatic rings of binaphthol
in an edge-to-face manner, eventually to align all the
molecular dipoles in the same direction (i.e., a polar
crystal) (b axis). The distance between the centroid of
the closest aromatic ring of the binaphthol and the
nearest C atom of pyridyl is 3.840 A (H—centroid 2.970
A; C—H---centroid 157.2°), and the interplanar angle is
88.0°. Thus, each strand is cross-linked to form a two-
dimensional layer through aromatic C—H---z interac-
tions (Figure 6). A self-assembly of layers develops, in
which the two cyclopentadienyl rings of ferrocene are
m-stacked to two pyridine rings of another discrete
complex. All of the cyclopentadienyl rings and pyridine
rings are 7—x stacked with each other (Figure 7). Such
m—am stacking appears to play an important role in the
formation of three-dimensional aggregates.t0a12

Discussion

The hydrogen-bonding patterns observed in 3, 4, and
5 are quite different; supermolecule 3 consists of three
molecules of 1 (two molecules of syn-1 and one molecule
of anti-1) and (S)-(—)- and (R)-(+)-2 with four hydrogen
bonds, 4 consists of syn-1 and 2 in the ratio of 2:1 with
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two hydrogen bonds, and 5 consists of syn-1 and 2 in
the ratio of 1:1 with hydrogen bonds. The X-ray crystal
structure of free 1 (Figure 1) shows an anti-conforma-
tion. However, to achieve good hydrogen bonding anti-
and syn-1 coexist in 3, while in 4 and 5 only syn-1 is
observed. Thus, the versatility observed in the recogni-
tion of chiral components in 3, 4, and 5 seems to be
closely related to the flexibility of 1.7 In 3 and 5, solvent
molecule(s) was (were) included and in 4 water mol-
ecules instead of methanol. The water molecules in 4
might come from air during the cocrystallization. When
the cocrystallization of 1 with 2 was carried out in wet
ethanol, no water molecules were included in the
crystal: 5 was obtained. The inclusion of water molecule
in 4 was presumably due to the methanol itself. The
change of reaction medium affects greatly the crystal
structure.

Recently, crystal engineering targeted at crystals
exhibiting large optical nonlinearities has attracted
much interest because supramolecular effects!® can be
applied to prevent antiparallel stacking of nonliner
chromophores and to favor a polar order. It has been
also reported® that it is possible to induce preferential
crystallization of non-centrosymmetric polymorphs by
using polar solvents. However, results obtained thus far
for guest—host inclusion complexes are not impressive.
Fortunately, 5 belongs to a non-centrosymmetric space
group Cc even though we use racemic 2 as a component.
Thus, 5 has a nonzero dipole moment and has an
efficiency in SHG 0.3 times that of urea at 1295 nm.

Encouraged by the result of 5, we tried to find
materials possessing high nonlinear optical properties
by using enantiomerically pure (—)-2 instead of racemic
2. Thus, cocrystallization of 1 with (—)-2 has been
carried out in THF, MeOH, and EtOH, respectively. As
already mentioned, the choice of the solvent in the
cocrystallization of 1 and (—)-2 was critical. Supermol-
ecule 6 was obtained in EtOH. The crystal structure of
6 belongs to the noncentrosymmetric space group C2.
Compared to the crystal structure of free 1, the fer-
rocene fragment in 6 is deformed and should have a
nonzero dipole moment. At first, we expected that the
hydrogen bonding would enhance the molecular hyper-
polarizability. The electronic absorption spectrum of 6
in the solid state shows a strong band at 518 nm, which
is 56 nm red-shifted compared to that of free 1. the
hydrogen bonding causes the electron-acceptibility of
pyridyl groups to be higher and, consequently, the 1,1'-
bis(ethenyl-4-pyridyl)ferrocenyl moiety to have an en-
hanced dipole moment. As shown in Figure 6, all the
molecular dipoles align in the same direction (i.e., a
polar crystal). Thus, a large second-harmonic generation
was expected. However, contrary to our expectation, an
efficiency 0.4 times that of urea has been measured at
1295 nm presumably due to the phase mismatching.
The reason for the poor efficiency has not been solved
yet and will be the topic to resolve in the near future.
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Conclusion

We have demonstrated the ease of assembly of fer-
rocenyl dipyridine (1) and binaphthol (2 or (—)-2) into
crystalline supramolecular aggregates. Crystal struc-
tures and solid-state properties are quite sensitive to
the change of the reaction medium: cocrystallization of
1 and 2 in THF forms a 3:2 complex (3), in MeOH a 2:1
complex (4), and in EtOH a 1:1 complex (5). Supermol-
ecules 3 and 4 belong to the centrosymmetric space
group P1, while for 5 hydrogen bonding leads to non-
centrosymmetric packing arrangement (Cc) with modest
nonlinear optical properties. Supermolecule 6, obtained
by the cocrystallization of 1 with (—)-2 in EtOH, is a
polar crystal with a perfect dipole alignment. However,
the efficiency of 6 in the second-harmonic generation
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was not high as expected, but was only 0.4 times that
of urea.
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