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Crystallization of an orthogonal resorcinol-anthracene-resorcinol 
compound l a  (host) from an ester solvent such as alkyl benzoate 
(guest) affords a 1:2 host-guest adduct la*2(ester). An essential as- 
pect of the crystal structures of ethyl, propyl, and isobutyl ben- 
zoate adducts (space group, P2,/n) and also that of methyl ben- 
zoate adduct (CUc) is an extensive hydrogen-bonded network of 
host la, leading to a molecular sheet composed of hydrogen-hond- 
ed polyresorcinol chains and anthracene columns. This network 
generates well-defined, cyclophane-like supramolecular cavities, 
which incorporate two alkyl benzoate molecules in a highly selec- 
tive manner via a combination of essential host-guest hydrogen- 
bonding and what may be called the cavity-packing effect. The se- 
lectivity factor between methyl benzoate (the lowest-affinity guest) 
and isobutyi benzoate (the highest-affinity guest) is 1:70 under 
competitive conditions. The actual geometry of the cavity is some- 
how dependent on and hence induced-fit adjustable to the guest 
structures by manipulating the intramolecular (anthracene-resor- 
cinol dihedral angle) and intermolecular conformation (tilt angle 
between two hydrogen-bonded resorcinol rings) of compound la as 
well as the sheet-to-sheet distance. The adducts la*t(guest) can 
also be obtained by solid-state guest-exchange or guest-binding, re- 
spectively, using a preformed adduct or guest-free apohost dipped 
in an appropriate guest solvent. The methyl benzoate adducts ob- 
tained in these ways exhibit the same X-ray powder diffraction 
pattern as the genuine single-crystal obtained by direct crystalliza- 

*Corresponding author. 

tion of host l a  from methyl benzoate. Thus, even internal 
supramolecular cavities maintained by the hydrogen-bonded net- 
work are readily accessible to molecules in bulk solution. In addi- 
tion, they undergo an induced-fit adjustment to a guest molecule 
newly added by the guest-exchange or the guest-binding process, 
during which the crystallinity is maintained. The potential use of 
symmetrical and divergent multiple hydrogen-bonding sites with 
an orthogonal aromatic spacer (orthogonal aromatic-triad strate- 
gy) is discussed in terms of a tool to construct a new class of porous 
organic crystals that show novel molecular recognition, crystalline- 
state guest-binding, and crystalline-phase molecular alignment 
properties. 

INTRODUCTION 

The intermolecular forces that govern the crystal struc- 
tures of organic molecules may be conveniently classi- 
fied into two categories. One is attractive intermolecular 
interactions and the other is the so-called crystal pack- 
ing. In porous ionic crystals, interionic interaction be- 
tween cation (metal) and anion (oxide) is strong enough 
to give an extensive electrostatic or metal-coordination 
network. In molecular crystals, however, intermolecular 
interactions are usually weak. In such cases, molecules 
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230 Y. AOYAMA ETAL 

in crystals tend to be packed so as to leave a minimal 
volume of empty space or cavity. The actual mode of 
crystal packing must be very complicated, since i t  de- 
pends on the molecular shape in a delicate manner. It is 
therefore not easy at present to predict or design a partic- 
ular crystal structure.2.3 

If, on the other hand, the intermolecular interaction is 
multidirectional and strong enough, the resulting interac- 
tion-network might primarily govern the crystal struc- 
ture; a significant volume of empty space or cavity left 
would be filled with appropriate guest (usually solvent) 
molecules. Hydrogen bonding i s  a potential tool to con- 
trol crystal structures."* We originally planned to design 
simple molecules having divergent9 (exoJh or outwardly- 
directed") hydrogen-bonding sitesi0 that lead to an ex- 
tensive hydrogen-bonded network with well-defined 
supramolecular cavities.' '-I4 In Figure I is schematically 
shown the expected crystal structure for a particular 
class of compounds having four symmetrically-arranged 
hydrogen-bonding sites (X) in a plane perpendicular 
with respect to an appropriate aromatic spacer (S) (Chart 
I).  We report here that an anthraccne derivative having 
two resorcinol moieties (la,  Chart I )  essentially forms 
such a network's and the supramolecular cavities gener- 
ated show remarkable solid-state guest-binding behavior 
in both static and dynamic senses. ' 6  

RESULTS AND DISCUSSION 

1:2 host-guest adduct formation upon 
cocry stallization 
Compound la, mp > 360"C, is not soluble in hydrocar- 
bon or halomethane solvents but is slightly soluble at 
higher temperatures in more or less polar solvents such 
as aromatic and aliphatic esters. Crystals recovered upon 
cooling the solution were found to contain exactly two 
molecules of solvent per mole of host l a  in every tase.17 
On the other hand, recrystallization of the tetramethyl 
reference compound l b  (Chart I )  from such a polar sol- 

Figure 1 Schematic representation of an extensive hydrogen-bonded 
network. 

2a:R=CH3 
2b : R = CHzCH3 
2c : R = CHzCHzCH, 
2d : R CH(CH,), 
2e : R = CH&HzCHzCH3 
2f : R = CHf3i(CH& 
2g : R = C(CH& 

l a  : R =OH 
lb :R=CH3 

Chart I 

vent gave homocrystals of l b  without incorporation of 
the solvent molecules.~~ 

The IR spectra for the adducts la*2(ester) derived 
from alkyl benzoates (2, Chart I) and methyl cyclohexa- 
necarboxylate in KBr pellets showed a significant shift 
in v,=, to a lower wavenumber, Av,=, being rather con- 
stant at 37-46 cm-' except for methyl benzoate (2a) for 
which Av,=, was much smaller (30 cm-1) (Table 1 ) .  
When a mixture of an ester.guest and propylbenzene was 
used as a crystallization solvent, two molecules of the 
former were always included exclusively (Table 2, en- 
tries 1 and 2). This fact, coupled with the above IR re- 
sults, indicates that hydrogen bonding is essential for the 
guest incorporation in the crystals of host la. 

Selectivity in the guest binding was evaluated by a 
competitive method using an equimolar mixture of 
guests A and B. The results are summarized in Table 2, 
where the molar ratios N l a  and B/la in recovered crys- 
tals and the selectivity factors A/B are listed. The total 
molar ratios of guest to host, (A+B)/la, are always 2. 
The affinities of alkyl benzoates change with respect to 
the alkyl groups in the order 2a (methyl) < 2b (ethyl) c 
2c (propyl) > 2e (butyl) (entries 3, 4, and 6); clearly, 
there is an optimal alkyl chain-length at the propyl 
group. The affinity of propyl benzoate (2c) is further en- 
hanced by the methyl branching at the terminal position; 
2c (propyl) < 2f (isobutyl) (entry 8). The selectivity fac- 
tor between the lowest-affinity guest 2a and the highest- 
affinity one 2f is as large as 1:70 (entry 10). The selec- 
tivities are also remarkable between geometrical isomers 
of dimethyl 1,4-cyclohexanedicarboxylate (cis >> trans, 
entry 11) and methyl toluate (para >> ortho, entry 12). 
Another notable selectivity is among methyl esters hav- 
ing different acyl moieties. The affinities of cyclohexa- 
necarboxylate, pivalate, benzoate, and pentanoate de- 
crease in this order (entries 13-16).18 

Crystal structure of isobutyl benzoate adduct 
Thc crystal structures of selected alkyl benzoate adducts 
and homocrystals of reference l b  were determined by 
single-crystal X-ray diffraction (Figures 2 - 10 and 
Table 1).  In Figure 2 is shown the structure for lb, in 
which each molecule of l b  is heavily packed via inter- 
molecular methyl-anthracene contacts without formation 
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HYDROGEN-BONDED NETWORK AND SUPRAMOLECULAR CAVITIES 23 1 

Table 1 Crystallographic Data, Important Crystal-Structure Parameters, and Infrared Carbonyl-Stretching Frequencies for Adducts la*2(2a), 
la*2(2b), la*2(2c), and la*2(2f), and compound lba  

Ib 

crystal system 
space group 
a, A 
b, 8, 
c. A 

R 
R W  
no. fflcn. used 
no men. obsd. 

dH. g/cm3 
cp, deg 
cp' deg 

dH.G. g/cm3 

v,,,, cm-I 
AV,,,, Cm-lb 

monoclinic 
c z / C  

13.396( 1) 
20.395( 1) 
13.91 8( 1) 

117.012(5) 
3387.9 

4 
0.048 
0.055 

1760 
3439 

1.31 
0.77 

72.4 
58.3 
49.36 
13.40 
13.35 
10.20 
6.20 
2.71 
2.67 

I695 
30 

monoclinic 
P2 ,/n 

9.033( 1) 
13.885(1) 
15.244(1) 

1 04.32( 1) 
1852.5 

n L 
0.137 
0.167 

1341 
3353 

1.25 
0.71 

72.4 
72.4 
14.57 
13.89 
12.43 
9.77 
6.83 
2.66 
2.74 

1678 
42 

monoclinic 
P2 ,/n 

9.325( 1) 
13.704(1) 
15.615(1) 

102.600(6) 
1947.5 

n L 
0.069 
0.090 

1486 
3149 

1.23 
0.67 

80.0 
80.0 
33.60 
13.70 
12.02 
9.93 
7.16 
2.72 
2.68 

1679 
40 

monoclinic 
P2,/n 

9.534(6) 
13.479(4) 
15.572(4) 

100.77(5) 
1966.0 

n L 
0.096 
0.131 

2433 
4443 

1.27 
0.67 

89.8 
89.8 
43.85 
13.48 
12.22 
9.86 
7.40 
2.78 
2.72 

1679 
41 

monoclinic 
P2,/n 

9.184(5) 
8.159(2) 

15.284(8) 
100.14(2) 

1127.3 
1 
0.049 
0.076 

2266 
362 1 

1.14 

~ ~ ~~ 

Definitions are follows. dH.G. density of adducts; dH, density of hypothetical host crystal with exclude guest molecules; cp and cp', anthracene-resor- 
cinol dihedral angle (referring to Figure 3c and 7c); $, tilt angle between two hydrogen-bonded resorcinol rings (referring to Figure 3c and 7c); ! c ~ . ~ ,  
center-to-center anthracene-anthracene distance (referring to Figure 4 and 8); lfa.o, face-to-face anthracene-anthracene distance (referring to Figure 4 
and 8); I,.,, column-to-column distance (referring to Figure 4 and 8); I,.,, sheet-to-sheet distance (referring to Figure 5 and 9); I,.,, 0-0 distance for 
the 0-H.0-H moiety for the hydrogen-bonded two resorcinol groups (referring to Figure 3a, 6a, 7a, and IOa); lo.K, 0-0 distance for the 0-H*O=C 
moiety in the hydrogen-bonded host-guest adduct (referring to Figure 6a and 10a); v,,, carbonyl stretching frequency for the incorporated ester guest 
in the adduct; Av,,, shift to lower wavenumber in v,, accompanying the adduct formation (v,,(free ester)-v,,(adduct)). 

Av,=, values for other adducts are 46 (la*2(2d)), 37 (la*2(2e)), and 40 cm-l (la*2(methyl cyclohexanecarboxylate)). 

of any cavity. As detailed below, on the other hand, the 
most characteristic feature in the structure for the 
isobutyl benzoate adduct of host la, la*2(2f), is the for- 
mation of an extensive hydrogen-bonded network with 
concomitant generation of supramolecular cavities, 
which incorporate two guest molecules. 

The anthracene and resorcinol rings in compound la  
are almost perpendicular with each other (anthracene-re- 
sorcinol dihedral angles are cp = cp' = 89.8'). The OH 
groups in the two neighboring molecules of la  form a 
hydrogen bond (0-H*O-H), leaving one OH-proton free. 
The 0.0 distance is 1,-,=2.78 A (Figure 3). The two re- 

Table 2 Competitive Cocrystallization of Host la. 

entry guest A guest B A/la B/l a A/B 

1 2a C6HSC3H7 -2 -0 VP 
2 C6Hl,C02CH3 C,HSC,H, -2 -0 vla 
3 2b 2a 1.6 0.4 4 
4 2c 2b I .3 0.7 2 
5 2c 2d 1.3 0.7 2 
6 2c 2e 1.5 0.5 3 
7 2f 2e 1.7 0.3 6 
8 2f 2c 1.2 0.8 1.5 
9 2g 2 1  1.3 0.7 2 
10 2f 2a 1.97 0.03 70 
11 C@l,-I ,4-(CO&H& 

CIS trans -2 -0 VP 
12 CH,-C,H,-CO,CH, 

para onho 1.96 0.04 50 
13 C6H11C02CH3 2a 1.8 0.2 9 
14 2a C H ~ C H Z ) ~ C O ~ C H ~  1.9 0.1 19 
15 C6H,lC02CH3 (CH&CCOZCH~ 1.4 0.6 2 
16 C6H11C02CH3 CH~(CHZ)~CO,CH~ -2 -0 vl'l 
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232 Y. AOYAMA ET AL 

Figure 3 Unit hydrogen-bonding (a) between two molecules of host 
la in adduct la=2(2f) and its top view (b) and side view (c). The 
anthracene and resorcinol rings having the same number in views a-c 
correspond to each other. 

Figure 2 Crystal structure of the homocrystal of compound lb, 
viewed from two different directions (a and b). 

a 

sorcinol rings linked by the hydrogen bond are not 
coplanar with a tilt angle of $=43.85". As a conse- 
quence, the two anthracene rings are not parallel, the tilt 
angle being 43.85-2(90-89.8)=43.45". Extension of the 
hydrogen bonding leads to a molecular sheet composed 
of zigzag-arranged hydrogen-bonded polyresorcinol 
chains and anthracene columns. The column-to-column 
distance is 1,.,=9.86 8, (Figure 4). The anthracene rings 
in a column are parallel with each other but not perpen- 
dicular with respect to the molecular sheet. The center- 
to-center anthracene-anthracene distance is lca-,=13.48 A 
and the face-to-face anthracene-anthracene distance is 
U0.,=12.22 A (Figure 4). Two neighboring sheets slide 
from each other so as to give a staggered arrangement 

b 

Ice 1C-c - Ice 1C-c - 
Figure 4 Hydrogen-bonded network in a molecular sheet of the crystal of adduct la*2(2f), viewed from two different directions (a and b). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



HY DROGEN-BONDED NETWORK AND SUPRAMOLECULAR CAVITIES 233 

of the anthracene moieties (Figure 5). The sheet-to-sheet 
distance is 1,-,=7.40 A. The crystal data and important 
structural parameters are summarized in Table 1. 

Each supramolecular cavity has two anthracene rings 
as a ceil and a floor and two polar walls, in the left and 
right, composed of four pairs of hydrogen bonded OH 
groups (0-H-0-H) of the host (Figure 6). Two of them 
have their free OH-protons inwardly directed. They are 
not located in the mean plane of the molecular sheet; one 
is in front of it and the other behind it because of the 
zigzag nature of the hydrogen-bonded resorcinol rings. 
The front and rear sides of the cavity are covered by the 
resorcinol moieties of neighboring sheets (cf Figure 5 ) ,  
which are not shown in Figure 6 for clarity. Two mole- 
cules of isobutyl benzoate as a guest are incorporated in 
the cavity in  a parallel manner with respect to the an- 
thracene rings19 and also in an antiparallel manner with 
respect to each other (Figure 6).20 The carbonyl oxygen 
atoms of the guest are hydrogen-bonded to the free OH- 
protons of the host with an 0.0 distance of lo-oc = 2.72 
A, while the benzene ring and the isobutyl moiety of the 
guest are within distances of van der Waals interactions 
with the anthracene rings of the host.19 The top view and 
the side view of Figure 6 are shown in Figure 5 for three 
adjacent guest-binding cavities in three neighboring 
molecular sheets. 

Crystal structure of methyl benzoate adduct 

Figure 5 Arrangement of three adjacent guest-binding supramolecular 
cavities in three neighboring molecular sheets in the crystal of adduct 
la*2(2f); top view (a) and side view (b). The anthracene and resorcinol 
rings having the same number in this Figure (a and b) and Figure 6 (a 
and b) correspond to each other. 

top view Figure 5a + 
side view Figure 5b 

Figure 6 Packing geometry for two isobutyl molecules incorporated 
in the supramolecular cavity in the crystal of adduct la*2(2f), viewed 
from two different directions (a and b). The anthracene and resorcinol 
rings having the same number in this Figure (a and b) and Figure 5 (a 
and b) correspond to each other. 

The crystal structure of the methyl benzoate adduct 
la*2(2a) belongs to a space group (C2.k) different from 
that ( P 2 , h )  for the isobutyl benzoate adduct described 
above. It exhibits a similar overall feature as far as the 
zigzag-arranged hydrogen-bonded network is concerned; 
the tilt angle between two resorcinol rings linked by a 
hydrogen bond is 41 = 49.36' (Figure 7), which is close to 
(I = 43.85" for the isobutyl benzoate adduct (Figure 3). 

top view b 

side view C -t 

Figure 7 Unit hydrogen-bonding (a) between two molecules of host 
l a  in adduct la*2(2a) and its top view (b) and side view (c). The 
anthracene and resorcinol rings having the same number in views a-c 
correspond to each other. 
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The two resorcinol rings in compound l a  are not perpen- 
dicular with respect to the anthracene ring, the dihedral 
angles being cp = 72.4" or cp' = 58.3". This twisting is in 
such a way (1 80 - (cp + cp') = 9) that the two anthracene 
rings in a pair of hydrogen-bonded molecules of l a  be- 
come parallel with each other (Figure 7). This leads to a 
molecular sheet in  which the anthracene columns are 
composed of face-to-face stacked anthracene rings 
which are perpendicular to the molecular sheet (!c,.o = 
13.40 A, Pa.,= 13.35 A, and lc-c= 10.20 A) (Figure 8 and 
Table 1 ). The neighboring sheets are interpenetrating 
with each other to some extent (Figure 9). Otherwise, the 
staggered mangement of the anthracene moieties is sim- 
ilar to that for the isobutyl benzoate adduct (Figure 5) .  

In the supramolecular cavity are incorporated two 
molecules of methyl benzoate (2a) in a perpendicular 
manner with respect to the anthracene rings and also in 
an antiparallel manner with respect to each other, as 
shown in Figure 10. The carbonyl oxygen atoms of in- 
corporated guest 2a are hydrogen-bonded to the free OH 
protons of host l a  (lo.oc = 2.67 A), as above, and the 
methyl groups in 2a are in van der Waals contacts with 
the anthracene rings of la.  The benzene rings in 2a, on 
the other hand, undergo partial stacking with resorcinol 
rings of host l a  i n  neighboring sheets (cf Figure 9), 
which are not shown again in Figure 10 for clarity. 

Crystal structures of ethyl benzoate and propyl 
benzoate adducts 
The crystal structures of the ethyl and propyl benzoate 
adducts la*2(2b) and la*2(2c) are similar to that of 
adduct la*2(2f) in respect to the space group ( P 2 , h )  and 
the mode of guest binding (parallel).20 The anthracene- 

resorcinol dihedral angles (cp = q', referring to Figures 
3c and 7c) in regard to incorporated guest molecules de- 
crease in the order 2f > 2c > 2b. The tilt angles ($, refer- 
ring to Figures 3c and 7c) between two hydrogen-bond- 
ed resorcinol rings decrease in the same order; 2f > 2c > 
2b. Because of this compensation in q and $, the an- 
thracene-anthracene distances (I,.,) are kept rather con- 
stant among adducts la*2(2b), la=2(2c), and la=2(2f). 
On the other hand, the decreasing sizes of bound guests 
2f > 2c > 2b > 2a are sensitively reflected on the sheet- 
to-sheet distances (lJ.J. All the actual values are shown 
in Table 1.  

Power pattern X-ray diffraction and solid-state 
guest-binding properties 
The crystallinity of an organic solid can be conveniently 
evaluated by X-ray powder diffraction. All the single 
crystals of the adducts obtained by direct recrystalliza- 
tion exhibited sharp diffraction patterns, as typically 
shown in Figure 1 la  and b for adducts la=2(2a) (space 
group, Wc) and la*2(2b) (P2,/n), respectively. Adducts 
la=2(2c) and la*2(2f), which belong to the same space 
group (P2,h) as la*2(2b), show more or less similar dif- 
fraction patterns as la*2(2b). They exhibit characteristic 
diffractions at 20 s 13" and 8" (cf Figure l lb)  with cal- 
culated spacings of d = 71$ and 10 1$ (2dsin0 = k), re- 
spectively. They may correspond to the sheet-to-sheet 
(lS.+) and column-to-column ( lCJ distances. The actual 
values of aYA are 6.93 and 10.3 (la*2(2b)), 7.2-7.3 and 
10.36 (la*2(2c)), and 7.45 and 10.18 (la*2(2f)), which 
are in fact close to the corresponding and iC-= values 
(Table 1) .  

a 

Figure 8 Hydrogen-bonded network in a molecular sheet of the crystal of adduct la*2(2ah viewed from two different directions (a and b) 
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2,3 4 

I 
b' 

A h  

A- 
1s-s Is, 

Figure 9 Arrangement of three adjacent guest-binding supramolecular 
cavities in three neighboring molecular sheets in the crystal of adduct 
la*2(2a); top view (a) and side view (b). The anthracene and resorcinol 
rings having the same number in this Figure (a and b) and Figure 10 (a 
and b) correspond to each other. 

top view Figure 9a 

side 

t 
view Figure 9b 
+ 

Figure 10 Packing geometry for two methyl benzoate molecules 
incorporated in the supramolecular cavity in the crystal of adduct 
la*2(2a), viewed from two different directions (a and b). The 
anthracene and resorcinol rings having the same number in this Figure 
(a and b) and Figure 9 (a and b) correspond to each other. 

We could so far never obtain single crystals of host l a  
without any included guest molecules. Recrystallization 
of l a  from a low-boiling solvent such as ethyl acetate or 
a mixture of ethyl acetate and benzene afforded single 
crystals la.2(CH3CO2CH2CH3) or la*2(CH,CO2- 
CH2CH3)*2(C6H,),,15 respectively. Upon heating in vac- 
uo, they lost most of guest molecules, giving 
la~0.5(CH,C02CH2CH3) whose diffraction pattern is 
shown in Figure l lc .  There are a set of diffractions in- 
cluding those at 28 = 11.33' (d = 7.82 A) and 7.93' (d = 
1 1.16 A), corresponding to la-a and I,-,,  respectively. 
Thus, this solid material, la*0.5(CH3C02CH2CH,), still 
possesses a significant degree of crystallinity and the 
supramolecular cavities are preserved.21 This material, 
when dipped in methyl benzoate (2a), rapidly picked up 
two molecules of 2a with concomitant loss of the ac- 
etate, giving rise to adduct la*2(2a)22, whose diffraction 
pattern is shown in Figure 1 Id. 

Another interesting observation is the guest exchange. 
The alkyl benzoate adducts as well as la.0.5- 
(CH3C0,CH2CH,) are not soluble in an alkyl benzoate 
solvent at room temperature. When, for example, single 
crystals of the ethyl benzoate adduct 1*2(2b) were 
dipped in methyl benzoate (2a), they were converted to 
the methyl benzoate adduct l*2(2a)23,24, whose diffrac- 
tion pattern is shown in Figure 1 le. The diffraction pat- 
terns in Figures l l d  and l l e  are nearly identical with 
that for the single-crystalline sample of this adduct ob- 
tained by direct recrystallization (Figure 1 la), although 
diffractions in the former are somewhat broader than 
those in the latter and relative intensities of various dif- 
fractions are not necessarily the same between these two 
cases. Both the crystalline adducts obtained by solid- 
state guest-binding and guest-exchange must have the 
same crystal structure as the genuine single crystal of 
this adduct. 

Crystallization of host l a  from an equimolar mixture 
of methyl benzoate (2a) and ethyl benzoate (2b) affords 
a mixed adduct la-0.4(2a)*1.6(2b) (vide supra, Table 2, 
entry 3), whose diffraction pattern is shown in Figure 
l l f .  This is very similar to that for the pure adduct 
la*2(2b) (Figure 11  b); there is almost no sign of the dif- 
fractions characteristic of adduct la*2(2a) (Figure 1 la). 
These results are indicative of the homogeneity of the 
structure of the mixed adduct. It possesses the 2b-in- 
duced hydrogen-bonded network and supramolecular 
cavities incorporating the more-favored (2b) and the 
less-favored (2a) guests with different affinities. 

DISCUSSION 

Hydrogen-bonded network and supramolecular 
cavities 
Host l a  forms a hydrogen-bonded network. This neces- 
sarily generates large cavities ceiled and bottomed by 
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Figure 11 Powder-pattern X-ray diffractions for single crystals of adduct la=2(2a) (a). single crystals of adduct la*2(2b) (b), crystalline materials of 
apohost la*O.S(CH,CO,CH,CH,) (c), adduct la*2(2a) obtained by the crysdine-phase guest-exchange (d), adduct la-2(2a) obtained by the crys- 
talline-phase guest-binding (e). and mixed adduct la*0.4(2a). I .6(2b) (0. See text for the details of the preparation of samples. 

the (nearly) orthogonal anthracene rings. The cavities are 
filled with guest molecules. The calculated densities for 
the adducts are dHG = I .23-1.31 gkm3 (Table 1). Those 
for the hypothetical host crystal with excluded guest 
molecules are d H =  0.67-0.77 gkm3 (Table l), consistent 
with the highly porous nature.25 The high-melting (mp > 
360 "C) thermal stability and the low-density porous na- 
ture of the crystals of host l a  are of the same origin, i.e., 
the novel and strong hydrogen-bonded network. The ba- 
sic structures of the network are similar for various alkyl 

benzoate adducts. They contain staggered-layered mole- 
cular sheets composed of zigzag-arranged polyresorcinol 
chains and parallel-aligned anthracene columns. In this 
respect, the supramolecular cavities are rather rigid as 
far as the present variation in the alkyl groups of alkyl 
benzoates as guests is concerned. At the same time, how- 
ever, they still exhibit some degree of flexibility to allow 
induced-fit adjustments to guest structures.26 This is 
done by manipulating the intramolecular (anthracene-re- 
sorcinol dihedral angle) and intermolecular conforma- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROGEN-BONDED NETWORK AND SUPRAMOLECULAR CAVITIES 237 

tion (tilt angle between two hydrogen-bonded resorcinol 
rings) of compound l a  on one hand and the sheet-to- 
sheet distance in the crystal on the other. 

Molecular recognition in supramolecular cavities 
The 1:2 (host-to-guest) stoichiometry is readily under- 
stood in terms of essential host-guest hydrogen bonding 
as confirmed by both crystallography and IR spec- 
troscopy;lS there are two such hydrogen-bonding sites in 
each cavity. The hydrogen bonding, however, must not 
be the sole governing factor, since there is a notable se- 
lectivity in the guest binding or adduct formation for a 
series of closely related guest esters, e.g., 1:70 between 
methyl benzoate (2a) and isobutyl benzoate (20. A con- 
trol experiment using a piece of single crystal of the 
methyl benzoate adduct dipped in a saturated solution of 
host l a  in an equimolar mixture of methyl benzoate and 
isobutyl benzoate indicates a preferential crystal growth 
of the isobutyl benzoate adduct on the crystal surface 
with concomitant methyl-to-isobutyl guest-exchange in 
the crystalline phase. Furthermore, the mixed adduct 
la*0.4(2a). 1.6(2b) obtained by competitive crystalliza- 
tion shows an X-ray powder diffraction patterns which is 
very similar to that of the pure adduct la*2(2b). An indi- 
cation of this is that even the less-favored guest 2a is en- 
trapped in the cavities suited for the more-favored one 
2b. These results demonstrate that the observed selectiv- 
ity should be ascribed not to any difference in the rate 
processes, such as nucleation, of crystallization but to 
molecular recognition in the supramolecular cavities. 

The isobutyl benzoate molecule as a guest is slightly 
longer than the long axis of the anthracene moiety of 
compound la. When the benzene ring of the former sits 
on one of the terminal benzene rings of the latter, the two 
terminal methyl groups in the former, i.e., the guest, ex- 
tend beyond the anthracene ring (Figure 5). In this way, 
not only the supramolecular cavity but also the space be- 
tween neighboring sheets can be nicely filled or packed 
with two molecules of isobutyl benzoate (20 (Figures 5 
and 6). The cavity packing would also be sensitively 
controlled by the face-to-face anthracene-anthracene dis- 
tance (lr,.,). The latter in turn depends on the tilt angle 
(4, Figure 3) between the resorcinol rings in the hydro- 
gen-bonded polyresorcinol chain. The zigzag nature of 
the latter may have this significance. 

The crystal packing would not be so good with ethyl 
benzoate (2b) or propyl benzoate (2c) as a guest. The 
sheet-to-sheet distance (ls+ refemng to Figures 5 and 9) 
for adduct la*2(2b) is smaller than those for adducts 
la*2(2c) or la*2(2f) only by 0.33.or 0.57 A (Table I), 
respectively, which is much shorter than a carbon-carbon 
bond distance, i.e., the difference in alkyl chain-lengths 
between guests 2b and 2c or 2f. Along these lines is un- 
derstandable the selectivity in the binding of alkyl ben- 
zoates, which is characterized by the optimal alkyl-chain 

length at propyl, the affinity-enhancing effects of methyl 
branching, and the highest-affinity occurring at the 
isobutyl group. A full interpretation of the selectivity, 
however, should be deferred until much information is 
available as to the competition between unfavorable 
nonbonded steric interactions and favorable high-effi- 
ciency crystal packing.2a 

It is also interesting to note that the present guest- 
binding in the supramolecular cavity bears a striking re- 
semblance to the guest-binding to the resorcinol cyclic 
tetramer host in homogeneous solutions.27 Both systems 
involve a cooperation of hydrogen-bonding and what 
may be called the cavity packing.18 The hydrogen-bond- 
ing sites in the host are provided by a pair of hydrogen- 
bonded OH groups of the resorcinol moieties. The cavity 
packing may actually be a combination of n-K stacking 
and CH-n interactions.27d 

The methyl benzoate molecule seems to be too small 
in size to allow a good face-to-face interaction with the 
anthracene moiety. In order to avoid a lot of empty space 
to be generated, this small guest is perpendicularly 
bound in the quadratic prism-like cavity of proper size. 
This induced-fit adjustment of the cavity is a result of a 
remarkable cooperation of the intramolecular (an- 
thracene-resorcinol dihedral angle) and intermolecular 
(tilt angle between two hydrogen-bonded resorcinol 
rings) conformational changes and a significant shrink- 
age of the sheet-to-sheet distance (ZS.J (Table 1). This 
binding mode allows methyl-anthracene CH-K contacts 
(Figure 9) but seemingly weakens the host-guest hydro- 
gen-bonding, the shift in carbonyl stretching frequency 
(Av,=, = 30 cm-I) being 7-16 cm-I smaller as compared 
with those for other alkyl benzoate adducts (Table 1). 

SUMMARY AND CONCLUDING REMARKS 

There are many examples of porous inorganic crystals, 
where an extensive electrostatic or metal-coordination 
network leads to the formation of channel- (as in rutile), 
layer- (as in clay and graphite), or cage-like (as in zeo- 
lite) cavities.28 The present work may provide a general 
strategy for the design of porous organic crystals.29 
Compound l a  is an aromatic triad having two hydrogen- 
bonding responsible aromatic (resorcinol) rings with an 
intervening (nearly) orthogonal aromatic (anthracene) 
spacer. The symmetrically and divergently arranged OH 
groups in the former form an extensive hydrogen-bond- 
ed network with enforced anthracene columns (orthogo- 
nal aromatic-triad strategy). The resulting molecular 
sheets are layered to generate well-defined supramolecu- 
lar cavities. Thus, host l a  affords novel crystals having a 
high thermal stability, a porous nature, and a sheet (lay- 
er) structure. Each cavity incorporates two molecules of 
a variety of polar guest compounds via essential host- 
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guest hydrogen-bonding. The binding of alkyl benzoates 
is highly selective with respect to the alkyl groups, de- 
pending on how they can fill or pack the supramolecular 
cavity as well as the space between neighboring sheets. 

The structure of the supramolecular cavity is primarily 
governed by the rigid hydrogen-bonded network. It is, 
however, not completely rigid but is capable of “breath- 
ing” or undergoing a finer (induced-fit) adjustment to 
guest structures by manipulating the three freedoms left, 
i.e., the intramolecular conformation of host la, the in- 
termolecular geometry of two hydrogen-bonded resorci- 
no1 rings, and the crystal-phase sheet-to-sheet distance. 
In this respect, the present supramolecular cavity bears 
relevance to the active sites of enzymes. The cavity is of 
the cyclophane type. In this respect, it bears relevance to 
the covalently-constructed synthetic cyclophane hosts 
which occupy a central position in the current molecular 
recognition studies. 

The present strategy may open the way to the predic- 
tion and design of particular crystal structures al least of 
the present type. Such important crystal-structure para- 
meters as the anthracene-anthracene distance ( /o.J,  the 
column-to-column distance ( / c .c ) ,  and, to some extent, 
even the sheet-to-sheet distance (is.$), and the size, 
shape, and nature of the supramolecular cavities are pre- 
dictable on the basis of the molecular structure of host 
la. These characteristic aspects suggest a potential use 
of this type of porous organic crystalline solids as a new 
class of receptors, catalysts, and adsorbents, i.e., as an 
organic counterpart of a variety of inorganic porous ma- 
terials such as zeolites. 

Another important implication of this work is that the 
present strategy would also provide a clue to achieve 
molecular alignments in crystals. By proper choice of in- 
corporated guest molecules, one may achieve an an- 
thracene-guest donor-acceptor alternation along the col- 
umn. The aromatic spacers and hydrogen-bonding sites 
could be changed in various ways. The targets in further 
work which is now under way in our laboratory include 
( 1) shortening of the face-to-face aromatic-aromatic dis- 
tance, (2) alternation of different types of columns such 
as donor column and acceptor column,30 and (3)  con- 
struction of three-dimensional hydrogen-bonded net- 
works, thereby giving rise to highly-structured molecular 
polymers. 

EXPERIMENTAL SECTION 

General procedures 
‘H NMR spectra were taken on a JEOL-GX 270 or a 
JEOL EX 400 spectrometer. IR spectra were obtained 
with a JASCO IR-8 10 spectrophotometer. Microanalyses 
were performed at the microanalysis center of Kyoto 
University. 

X-ray crystal structure determinations 
Single-crystals of adducts la*2(2a), la*2(2b), la*2(2c), 
and la*2(2f) suitable for X-ray analysis were obtained 
by crystallization of host l a  from respective guest sol- 
vents (vide infra). Crystal data are summarized in Table 
1. Diffraction data were obtained with an Enraf Nonius 
CAD4 four-circle automated diffractometer using 
graphite-monochromated Mo Ka radiation (h = 0.71073 
A). Selected crystals were mounted in glass capillaries. 
The reflection intensities were monitored by three stan- 
dard reflections every 2 h; the decays of intensities for 
all crystals were within 2%. Intensity data were correct- 
ed for both Lorentz and polarization effects. An absorp- 
tion correction was applied in each case with the pro- 
gram DIFABS.3’ 

The structures were solved by use of the program 
SIR8832 and refined anisotropically for non-hydrogen 
atoms by full-matrix least-squares calculations. Each re- 
finement was continued until all shifts were smaller than 
one-third of the standard deviations of the parameters in- 
volved. Atomic scattering factors and anomalous disper- 
sion terms were taken from International Tables for X- 
ray Cry~taIlography.~3 Hydrogen atoms except for disor- 
dered ones were introduced at calculated positions (C-H 
= 0.95 A) and their parameters were isotropically re- 
fined. The final R and K, values of all crystals were 
summarized in Table 1. The weighting scheme w-‘ = 
(o*(Fo> + (0.0I5F0)~) was employed for all crystals. The 
positions of disordered guest molecules in adducts 
la*2(2b) and la*2(2f) were not located.20 The calcula- 
tions were performed on a micro VAX 3100 computer by 
using the Enraf-Nonius SDP34 set of computer programs. 

9,10-Bis(3,5-dihydroxy-l-phenyl)anthracene (la) and 
9,10-Bis(3,S-dimethyI-1-phenyl)anthracene (lb) 
Compound l a  was obtained by the nickel-catalyzed cou- 
pling reaction of 9,lO-dibromoanthracene and 3,5- 
dimethoxy- 1-phenylmagnesium chloride,3S followed by 
demethylation of the resulting tetramethoxy derivative 
with BBr3.36 Thus, a THF solution (30 mL) of the 
Grignard reagent prepared from 1 -chloro-3,5-dimeth- 
oxybenzene (1  0.0 g, 57.9 mmol) and magnesium (2.11 g, 
86.9 mmol) was added dropwise under nitrogen into a 
solution of 9,lO-dibromoanthracene (5.83 g, 15.3 mmol) 
and NiCI,*bis(diphenylphosphinopropane) (0.19 g, 0.15 
mmol) in a mixture of benzene (220 mL) and THF (150 
mL) at 40°C in a period of 24 h. The mixture was stirred 
at room temperature for 12 h, poured into water, and ex- 
tracted with ether. The ether extract was washed with 
aqueous HCl (2 N), water, saturated aqueous NaHCO,, 
water, and saturated aqueous NaCl in this order and 
dried (Na,SO,). Removal of the ether gave the crude 
product which was reprecipitated from dichloromethane- 
hexane, chromatographed on silica gel with a mixed sol- 
vent of hexane, ether, and dichloromethane (5:  1 : 1) as 
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eluent, and finally recrystallized from a mixture of hexa- 
ne and dichloromethane to afford pale-yellow crystals of 
9,l O-bis(3,5-dimethoxy- 1 -phenyl)anthracene (2.9 g, 
37%): mp 280°C; ( lH NMR (DMSO-d,) 6 3.87 (s, 12 H, 
OCH,), 6.48 (t, 2 H, Ar-H), 6.73 (d, 4 H, Ar-H), 7.35 
(double d, 4 H, Ar-H), 7.78 (double d, 4 H, Ar-H). 

Into a CH,CI, solution (80 mL) of the tetramethoxy 
derivative thus obtained (2.59 g, 5.75 mmol) was added 
dropwise a CH,C1, solution (40 mL) of BBr, (3.2 mL, 
34.5 mmol) in a period of 12 h at 0 "C. The mixture was 
poured into water and extracted with ether. The ether ex- 
tract was washed with aqueous saturated NaHCO,, wa- 
ter, and aqueous saturated NaCl in this order and dried 
(Na,SO,). Removal of the ether gave the crude product 
which was chromatographed on silica gel with a mixed 
solvent of hexane and ethyl acetate (5: 1) as eluent, treat- 
ed with active charcoal, and recrystallized from a mix- 
ture of ethyl acetate and benzene (vide infra) to afford 
single crystals of adduct la*2(CH3C0,CH2CH,)*- 

H, Ar-H), 6.40 (t, 2 H, Ar-H), 7.39 (doubled d, 4 H, Ar- 
H), 7.68 (double d, 4 H, Ar-H), 9.45 ( s ,  4 H, OH), 1.17 
(t, 6 H, CH,CH3), 1.99 (s, 6 H, CH3CO), 4.01 (q, 4 H, 

obtained (approximate size, 2 x 1 x 1 mm3) were heated 
at 80 "C in vacuo for 10 h, most of the solvent molecules 
were removed to leave a turbid solid with a composition 
of la-0.5(CH3C02CH2CH3). This material was ground 
into fine powders and heated again at 80 "C in vacuo for 
10 h to give solvent-free la: mp > 360 "C. Anal. Calcd 
for C,,Hl,0,: c ,  79.17; H, 4.60. Found: c ,  78.88; H, 
4.44. 

Reference compound l b  was prepared in a yield of 
50% by the coupling reaction of 9,lO-dibromoan- 
thracene and 3,5-dimethyl-1 -phenylmagnesium chloride 
in a similar manner as above: mp 250 "C (decomp.); 1H 
NMR (CD,CI,) 6 2.40 (s, 12 H, CH,), 7.08 (d, 4 H, Ar- 
H), 7.21 (t, 2 H, Ar-H), 7.33 (double d, 4 H, Ar-H), 7.69 
(double d, 4 H, Ar-H). Anal. Calcd for C3,H,,: C, 93.22; 
H, 6.78. Found: C, 93.24; H, 6.77. 

2(C&j) (2.0 g, 92%): 'H-NMR (DMSO-d,) 6 6.23 (d, 4 

CH,), 7.32 (S, 12 H, C&j).  When the single Crystals thus 

Recrystallization 
The crude product of compound l a  (ca. 1 g) was dis- 
solved in ethyl acetate (30 mL). Benzene (30 mL) was 
added slowly with careful stimng to avoid precipitation 
of l a  on the wall of the flask. The resulting solution was 
kept in an atmosphere of benzene vapor in a sealed con- 
tainer. Single crystals of adduct la*2(CH3COI,- 
CH2CH3)*2(C&,) of an approximate size of 2 x 1 x 1 
mm3 separated in a couple of days. 

Guest-free compound la (ca. 20 mg) was dissolved in 
10-15 mL of a high-boiling guest solvent such as alkyl 
benzoate or an equimolar mixture of two such guest sol- 
vents at 140-150 "C under nitrogen. The resulting solu- 
tion was allowed to cool down at a rate of 1 "C/min. 

Crystals of the host-guest adduct(s) (approximate size, 
2 x 1 x 1 mm3) which separated, in most cases, at tem- 
peratures < 70 "C were collected by filtration. They 
were washed with propylbenzene and wiped with a filter 
paper. The washing-wiping cycle was repeated two or 
three times to remove a trace of solvent on the crystal 
surface. At least ten pieces of such crystals were com- 
bined and dissolved in DMSO-d, for 'H NMR analysis 
for the amount(s) of guest molecule(s) incorporated. 

Guest exchange and guest binding in the solid state 
Into an appropriate guest solvent (X, 30 mL) was added 
ca. 200 mg of the single crystals of adduct la*2(Y) or 
la*2(CH,C0,CH2CH3)*2(c6H6). The single crystals 
were of a similar size (approximately 2 x I x 1 mm3). 
The mixture was left at room temperature without stir- 
ring. About ten pieces of the crystals were picked up at 
appropriate time intervals and got rid of the solvent on 
the surface as above. They were analyzed by 1H NMR 
for the amounts of guest molecules incorporated to allow 
the extent of guest exchange to be evaluated. The yield 
in terms of weight of the recovered crystal was - 100% 
in every case, indicating that there had been no dissolu- 
tion-loss of host l a  during the guest-exchange process. 

Pieces of apohost la*0.5(CH,C0,CH2CH3) were ob- 
tained by heating single crystals (approximate size, 2 x 1 
X 1 mm3) O f  adduct la*2(CH3C02CH,CH3)*2(C6H6) at 
80 "C in vacuo (vide supra). Although they became no 
longer transparent but turbid, they appeared to retain the 
shape and size of the original single crystal. The solid- 
state binding of methyl benzoate to the apohost thus ob- 
tained was carried out similarly as above. 
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