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Introduction

Supramolecular chemists have for some time been interest-
ed in crystal engineering strategies in attempts to exert con-
trol over packing arrangements in organic crystals. It is an-

ticipated that such approaches will lead to the generation of
materials that possess technologically useful properties.[1] Of
particular importance are nonlinear optical (NLO) function
(especially second harmonic generation) and ferroelectric
properties because of their practical importance in areas
such as telecommunications, optical storage, and informa-
tion processing.[2] These properties are only found in non-
centrosymmetric bulk materials or polar crystals.[3] Although
control over the packing arrangements of molecules through
the employment of rational design principles has met with
some success both for organic and metal±organic coordina-
tion polymers,[1,4] crystal engineering has not developed to
the stage where a desired structure or crystal symmetry can
be ensured.

Despite the fact that racemic mixtures of chiral com-
pounds often give rise to crystallization of centrosymmetric
structures,[5] we have discovered a class of compounds,
whose members tend to crystallize in acentric space groups.
This class contains asymmetric conjugated molecules that
offer the prospect of interesting physical properties of the
type mentioned above. Herein we report the synthesis and
physical properties of this interesting class of compounds.
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Abstract: The molten reaction of 2-
naphthol, 4-(aminomethyl)pyridine,
and 4-pyridinecarboxaldehyde at about
180 8C yields trans-2,3-dihydro-2,3-
di(4’-pyridyl)benzo[e]indole (1) which
possesses two chiral centers, rather
than an expected Betti-type reaction
product with only one chiral carbon
center. The same reactions, using 3-pyr-
idinecarboxaldehyde, 4-cyanobenzalde-
hyde, or 3- cyanobenzaldehyde instead
of 4-pyridinecarboxaldehyde produce
the related compounds trans-2,3-dihy-
dro-2-(4’-pyridyl)-3-(3’’-pyridyl)benzo-
[e]indole (2), trans-2,3-dihydro-2-(4’-
pyridyl)-3-(4’’-cyanophenyl)benzo[e]in-
dole (3), and trans-2,3-dihydro-2-(4’-
pyridyl)-3-(3’’-cyanophenyl)benzo[e]in-

dole (4), respectively. This reaction
proceeds with a high degree of stereo-
selectivity with a trans/cis ratio of
about 98:2 at elevated temperature.
Compounds 1, 2, and 4 crystallize in a
noncentrosymmetric space group
(Pca21, Pca21, and Cc), while com-
pound 3 has a chiral space group (P21).
These successfully acentric packing ar-
rangements are probably due to the
molecule bearing both two chiral cen-
ters and potential hydrogen-bonding

groups. Furthermore, the reaction of
racemic 6-hydroxy-2’-methyl-2-naph-
thaleneacetic acid with ethyl-2-cyano-1-
(4’-pyridyl)acrylic acetate in the pres-
ence of piperidine gives 1-pyridyl-2-
ethoxycarbonyl-3-amino-1H-naphtho-
[2,1-b]pyran-2’-methylacetic acid (5),
which likewise crystallizes in a chiral
space group. All of compounds are
second harmonic generation (SHG)
active, and have a very strong SHG re-
sponse approximately about 8.0, 5.0,
12.0, 6.0, and 1.4 (for 1±5 compounds)
times that of urea. Ferroelectric prop-
erty measurements indicate that com-
pounds 1, 2, 4, and 5 may display ferro-
electric behavior.
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Results and Discussion

The molten reaction of 2-naphthol, 4-(aminomethyl)pyri-
dine, and 4-pyridinecarboxaldehyde at about 180 8C produ-
ces trans-2,3-dihydro-2,3-dipyridyl-benzo[e]indole (1) which
possesses two chiral centers. It was anticipated that the reac-
tion would follow a Betti-type reaction[6] and yield a product
with only one chiral carbon center, however the formation
of 1 was a welcome surprise. As indicated in Scheme 1, sub-

stitution of 4-pyridinecarboxaldehyde for 3-pyridinecarbox-
aldehyde, 4-cyanobenzaldehyde, or 3- cyanobenzaldehyde
yields the related compounds trans-2,3-dihydro-2-(4’-pyrid-
yl)-3-(3’’-pyridyl)benzo[e]indole (2), trans-2,3- dihydro-2-(4’-
pyridyl)-3-(4’’-cyanophenyl)-benzo[e]indole (3), and trans-
2,3- dihydro-2-(4’-pyridyl)-3-(3’’-cyanophenyl)benzo[e]indole
(4), respectively. This reaction proceeds with a high degree

of stereoselectivity with a trans/cis ratio of about 98:2 at ele-
vated temperature. IR and 1H NMR spectroscopy and mass
spectrometry confirmed their formation. Crystallographic
details relating to these compounds as well as information
regarding their nonlinear optical responses are presented in
Table 1.

Pale yellow block crystals of 1 were grown from a toluene
solution and crystallized in the noncentrosymmetric space
group, Pca21, with both enantiomeric forms represented in
this crystal. Intermolecular hydrogen bonds extend from the
NH group to a pyridyl nitrogen atom of a neighboring mole-
cule. The pyridyl group closest to the naphthyl group does
not participate in hydrogen bonding. In regard to the pack-
ing of the molecules, hydrogen bonding results in the forma-
tion of a polymeric chain that extends along a 21 axis that
lies parallel to the c axis (Figure 1).[7] All molecules within a

Scheme 1.

Table 1. Significant crystallographic data, powder SHG activity, and ferroelectric properties for 1±5.[10]

1 2 3 4 5

formula C22H17N C22H17N3 C24H17N3 C55H42N6 C24H22N2O5

Fw 323.39 323.39 347.41 786.95 418.44
T [K] 273 273 273 273 273
crystal system orthorhombic orthorhombic orthorhombic monoclinic monoclinc
space group Pca21 Pca21 P212121 Cc P21

a [ä] 10.671(2) 10.8369(14) 9.0449(16) 30.497(4) 8.562(2)
b [ä] 15.145(3) 15.202(2) 11.4354(19) 11.3416(16) 9.520(2)
c [ä] 9.9724(18) 9.9136(12) 18.083(3) 12.5910(17) 25.861(6)
a[8] 90 90 90 90 90
b[8] 90 90 90 102.291(4) 93.012(5)
g[8] 90 90 90 90 90
V [ä3] 1611.6(5) 1633.2(4) 1870.3(5) 4255.2(10) 2104.9(9)
Z 4 4 4 4 4
1calcd [gcm�3] 1.333 1.315 1.234 1.228 1.320
m(MoKa) [cm�1] 0.080 0.079 0.074 0.073 0.093
GOF 0.890 0.904 0.776 0.961 0.803
R1 0.0528 0.0787 0.0583 0.0532 0.0659

WR2 0.1354 0.1749 0.1364 0.1403 0.1568
SHG[a] 8.0U 5.0U 12.0U 6.0U 1.5U
point group C2v C2v D2 Cm C2

Pr (mCcm�2)[b] ~0.17 ~0.13 0 ~0.12 ~0.60

[a]=1U=SHG of urea.[b] Pr= remanent polarization.

Figure 1. Part of the chiral hydrogen-bonded chain present in crystals of
1. The chains extend along the c axis. Chains of opposite handedness (not
shown) are also present in the crystal.
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hydrogen-bonded chain have the same handedness, giving
rise to a chiral one-dimensional polymer that has twofold
helical character; a right-handed helix is represented in
Figure 1. An equal number of symmetry-related chains con-
taining molecules of the opposite handedness are also pres-
ent in the crystal. The crystal structure of 2 is very similar to
that of 1, as indicated by the similarity of the cell dimen-
sions and space group (Table 1). The packing arrangement is
essentially the same, which is not surprising given that the
hydrogen-bonding interaction does not involve the 3-pyridyl
group.

Crystals of 3 are enantiomerically pure and adopt the
chiral space group P212121. The asymmetric unit consists of
one molecule that forms hydrogen bonds to neighbors
through the cyano and NH groups. Unlike 1 and 2, the 4-
pyridyl group does not participate in hydrogen bonding.
Figure 2 shows the formation of a hydrogen-bonded chain

that extends along the b axis. Successive members of the
chain are related by a unit cell translation.

In crystals of 4, hydrogen bonding again results in a chain
structure but in this case both enantiomeric forms are repre-
sented in the one chain as indicated in Figure 3. As with 1
and 2, it is the 4-pyridyl group that is involved in the hydro-
gen bonding. Although both enantiomers are present, the
space group is again noncentrosymmetric.

A racemic molecular packing arrangement in a noncen-
trosymmetric or chiral space group is very rare because cen-
trosymmetric packing is very favorable. Four examples illus-
trate the fact that one molecule bearing both two chiral cen-
ters and potential hydrogen-bonding groups has met the re-
quirements of the presence of a highly asymmetric unit and
hydrogen-bond orientation effects which are essential for
the noncentrosymmetrically polar packing arrangement.
This hierarchical crystal engineering strategy is further sup-
ported by the following extended example.

The reaction depicted in Scheme 2 was undertaken with a
view to providing another example (1-pyridyl-2-ethoxycar-
bonyl-3-amino-1H-naphtha[2,1-b]pyran-2’-methylacetic acid
(5)) of crystallization in a noncentrosymmetric space group
from a racemic mixture. A single-crystal analysis of the
product revealed that the crystals adopt the chiral space
group P21 and that the asymmetric unit contains two unique
molecules. We were surprised to discover that the two
unique molecules were in fact diastereomers. Figure 4a

Figure 2. Part of the hydrogen-bonded chain present in crystals of 3. The
chain extends along the b axis with successive molecules related by a unit
cell translation. All chains in the crystal are chiral and are of the same
handedness.

Figure 3. Part of the hydrogen-bonded chain in 4, which extends along
the c axis. The chain is made up of both enantiomers.

Scheme 2.

Figure 4. a) The diastereomers (epimers) present in crystals of 5 ; b) a 2D
hydrogen network formed from both diastereomers. The network extends
in the bc plane.
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shows two unique molecules, which at first glance appear to
be almost centrosymmetrically related. Closer inspection re-
veals that the noncyclic chiral carbon center has the same
configuration in both molecules. The fact that the molecules
differ in configuration only at one carbon center makes the
molecules an epimeric pair. Extensive hydrogen bonding in-
volving both epimers results in a 2D network that extends in
the bc plane (Figure 4b).

We considered that this series would have an excellent
chance of exhibiting NLO effects because the arrangement
of the functional groups in these conjugated molecules is
likely to result in a significant asymmetric charge distribu-
tion that could enhance NLO behavior. Compound 3, which
crystallizes in the chiral space group, P212121 exhibits the
strongest SHG response; approximately 12 times that of
urea. Compound 1 has the next strongest response of about
eight times that of urea. The very strong response of 3 rela-
tive to 1 is probably due to the 4-cyanophenyl group being a
better electronic acceptor than the 4-pyridyl group. A simi-
lar effect is noted in 4-(4-ethynylphenyl)ethynylbenzonitri-
le.[4c,8] A weaker but still strong effect is found for 2 (ca. five
times that of urea). The difference in NLO behavior found
for 1 and 2 is likely to be a consequence of the difference in
the electronic effect of 4-pyridyl compared to 3-pyridyl.
Compound 4 exhibits a response about six times that of
urea.

A powder SHG signal of the order of 1.5 times that of
urea was found for 5. The relative weaker SHG effect may
be a consequence of the absence of a suitable donor±accept-
or system in the molecule.

In contrast to SHG-active materials which are all noncen-
trosymmetric, ferroelectric behavior is limited to crystals
that belong to one of the 10 polar point groups (C1, C2, Cs,
C2v, C4, C4v, C3, C3v, C6, C6v). Of the five acentric compounds,
1, 2, 4, and 5 have a polar point group and accordingly they
have the potential to display ferroelectric behavior. Experi-
mental results indicate that they are ferroelectrically active
compounds. Of particular interest, the electric hysteresis
loop of 5 displays typical ferroelectric behavior with a rema-
nent polarization (Pr) of 0.40±0.60 mCcm�2 and coercive
field (Ec) of 12 kVcm�1 (Figure 5). The saturation spontane-
ous polarization (Ps) of 5 is about 1.0±3.0 mCcm�2, com-
pared to H-bond type TGS (triglycine sulfate) with a Pr of
3.0 mCcm�2.[9]

In conclusion, the present results provide strong encour-
agement that crystallization of solutions containing racemic
mixtures has the potential to yield noncentrosymmetric
products that may have technological applications. At the
same time, the present hierarchical crystal engineering
methodology, which is based on both two chiral centers and
hydrogen bond formation, appears to allow the prediction
and control of the noncentrosymmetric polar packing ar-
rangement for racemic molecules, while the molten synthetic
technique opens up a new synthetic route for racemic mole-
cules with two chiral centers.

Experimental Section

Synthesis of 1: The molten reaction of 2-naphthol (20 mmol), 4-(amino-
methyl)pyridine (20 mmol), and 4-pyridinecarboxaldehyde (23 mmol) at
about 180 8C under an N2 atmosphere afforded racemic trans-2,3-dihy-
dro-2,3-di(4’-pyridyl)benzo[e]indole (1) in 80% yield (16 mmol) based on
2-naphthol. The ratio of trans/cis is estimated to be 98:2. IR (KBr): ñ=
3297(m), 3029(w), 2869(w), 1624(m), 1593(s), 1520(m), 1407(m),
1365(m), 1274(m), 1252(m), 1211(m), 1050(w), 994(w), 946(w), 869(w),
819(s), 758(m), 699(m), 610(m), 566(w), 499 cm�1 (w); 1H NMR: d=

2.348(br, 1H; NH), 4.519±4.825 (m, 1H; CH), 4.875(d, 1H; CH), 7.019±
8.705 (m, 14H; ArH, PyH); MS: m/z : 323.0.

Synthesis of 2 : The procedures are identical to those of 1 except that 3-
pyridinecarboxaldehyde was used instead of 4-pyridinecarboxaldehyde.
Compound 2 was obtained in 60% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3238(s), 3026(w),
1626(m), 1595(s), 1574(m), 1523(m), 1471(m), 1459(m), 1420(m),
1369(m), 1272(w), 1260(w), 1210(m),1155(w),1126(w), 995(w), 927(w),
851(m), 808(s), 771(m), 745(m), 715(m), 654(w), 634(w),603(w), 553 ,
cm�1 (w); MS: m/z : 323.0.

Synthesis of 3 : The procedures are identical to those of 1 except that 4-
cyanobenzoaldehyde was used in place of 4-pyridinecarboxaldehyde.
Compound 3 was obtained in 75% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3341(s), 3053(w),
2868(w), 2231(m), 1625(m), 1593(s), 1521(m), 1469(m), 1412(m),
1363(m), 1250(m), 1208(w), 1252(m), 1178(m), 1111(w), 992(w), 949(w),
868(w), 823(s), 753(m), 695(m), 606(m), 569 cm�1 (w); MS: m/z : 347.0.

Synthesis of 4 : The procedures are identical to those of 1 except that 3-
cyanobenzoaldehyde was used to replace 4-pyridinecarboxaldehyde.
Compound 4 was obtained in 60% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3321(m), 3056(w),
2231(m), 1626(m), 1596(s), 1521(m), 1469(w), 1451(m), 1412(m),
1365(m), 1263(m), 1251(m), 1155(m), 1063(w), 992(w), 903(w), 858(w),
807(s), 743(m), 693(m), 655(w), 616(w), 549(m), 518 cm�1 (w); MS: m/z :
347.0.

Synthesis of 5 : Piperidine (0.6 mL) was added to a stirred mixture of rac-
emic (or (S))-6-hydroxy-2’-methyl-2-naphthaleneacetic acid (10 mmol)
and ethyl-2-cyano-1-(4’pyridyl)acrylic acetate (10 mmol) in ethanol
(20 mL). The mixture was refluxed for 24 h. The orange solution was
poured into ice water (100 ml). The resulting precipitate was isolated by
filtration, washed with water, dried, and recrystallized from ethanol. The
colorless needles of 5 were obtained in about 84% yield (8.37 mmol). IR
(KBr): ñ=3433(m), 3302(w), 2977(w), 2930(w), 1717(w), 1680(s),
1621(m), 1603(m), 1526(s), 1472(m), 1407(w), 1306(w), 1283(w), 1225(s),
1196(w), 1068(m), 1034(w), 833(w), 816(w), 785(w), 651(w), 527 cm�1 (w).

Figure 5. The electric hysteresis loop of 5 as observed by Virtual Ground
Mode for a powdered sample in the form of a pellet by using an RT6000
ferroelectric tester at room temperature.
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