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Tetra(4-pyridyl)-cavitand 1 and tetrakis(4-hydroxyphenyl)-cavitand 2 self-assemble into a heterodimeric
capsule 1-2 via four PhOH---pyridyl hydrogen bonds in CDCl3, wherein one molecule of 1,4-disubstituted-
benzene as a guest is encapsulated to form a ternary complex, guest@(1-2). The X-ray crystallographic
analysis of (methyl p-ethoxybenzoate)@(1-2) confirmed that the methyl ester and ethoxy groups of the

encapsulated guest are oriented to the cavity ends of the 1 and 2 units, respectively. The scope and
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limitation of guest encapsulation in 1-2, including guest-binding selectivity and orientational isomeric
selectivity, are described from the viewpoint of size complementarity and CH-w, CH-halogen, and
halogen- interactions between guest and the cavity of 1-2.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Carcerands and hemicarcerands, in which two calix[4]re-
sorcinarene cavitands are held together by four covalent linkages,
have been developed by Cram and others.! They have attracted
considerable attention from the viewpoint of stabilization of
reactive intermediates and microvesicles for drug delivery by the
confinement of guest molecules inside the capsules away from bulk
phases.! Error correction through thermodynamic equilibration,
minimization of synthetic effort by use of modular subunits, and
control of assembly processes through subunit design are charac-
teristics of supramolecular approaches to self-assembly. On the
basis of this concept, cavitand-based capsules have been con-
structed under thermodynamic control using noncovalent in-
teractions such as hydrogen bonds,? metal-coordination bonds,>
jonic interactions,® and solvophobic interactions,® and using re-
versible dynamic covalent bonds.®

Stereoisomerism upon guest(s) encapsulation in self-assembling
capsules offers a new concept in physical organic chemistry as well
as supramolecular chemistry.” Heterodimeric capsules provide an
unsymmetrical nanospace.®® Orientational isomerism emerges
from the encapsulation of an unsymmetrical guest in a hetero-
dimeric capsule,'®!! which may endow a heterodimeric capsule
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with potential as a building block for molecular devices.”!? Recently,
we have reported the self-assembly of tetra(4-pyridyl)-cavitand 1
and tetrakis(4-hydroxyphenyl)-cavitand 2 into a heterodimeric
capsule 1-2 in a rim-to-rim fashion via four PhOH---pyridyl hydro-
gen bonds, wherein one molecule of 1,4-disubstituted-benzene as
a guest is encapsulated to form a ternary complex, guest@(1-2), and
the exchange of guest in and out of 1-2 is very slow on the NMR time
scale (Scheme 1a)." It is noted that 1-2 expresses the orientational
isomerism of an encapsulated unsymmetrical guest with high
orientational isomeric selectivity because the electronic environ-
ment of the 1 unit is different from that of the 2 unit (Scheme 1b)."®
Here we report the X-ray crystal structure of (methyl 4-ethoxy-
benzoate)@(1-2) and the scope and limitation of guest encapsula-
tion in 1-2, including guest-binding selectivity and orientational
isomeric selectivity.

2. Results and discussion

2.1. X-ray crystal structure of (methyl 4-
ethoxybenzoate)@(1b-2b)

Single crystals of methyl 4-ethoxybenzoate-encapsulating
heterodimeric capsule, 5@(1b-2b), suitable for X-ray diffraction
analysis were obtained by slow diffusion of benzene into a CHCl3
solution of a 1:1:3 mixture of tetra(4-pyridyl)-cavitand 1b, tetra-
kis(4-hydroxyphenyl)-cavitand 2b (R=CH,CH(CH3);), and methyl
4-ethoxybenzoate 5. As shown in Figure 1, cavitands 1b and 2b
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Scheme 1. (a) Self-assembly of tetra(4-pyridyl)-cavitand 1 and tetrakis(4-hydroxyphenyl)-cavitand 2 into a heterodimeric capsule 1-2 and guest encapsulation. (b) Orientational

isomerism of an unsymmetrical guest within a heterodimeric capsule.

self-assemble into the heterodimeric capsule 1b-2b in a rim-to-rim
fashion via four PhOH---pyridyl hydrogen bonds with the O---N
distances of 2.67-2.79 A. The 1b-2b possesses an inner cavity of the
approximate dimensions 4.8x15.3 A and four equatorial portals of
ca. 2.4x5.9 A (including van der Waals radii).!® Exactly one mole-
cule of 5 is encapsulated in the cavity of 1b-2b, and oriented with
the long axis of the guest along the long axis of 1b-2b so as to
maximize guest-capsule CH-7 interaction. The methyl ester and
ethoxy groups of the encapsulated 5 are oriented to the cavity ends
of the 1b and 2b units, respectively. This orientation is in good
agreement with that determined previously by the 'H NMR study.'®

The close contact distances between guest-CHs and the aro-
matic cavity of host are 2.64 and 2.88 A for the CO,CHs---Crt—1b,
and 2.73 and 2.86 A for the OCH,CHs---Crt—2b, indicating guest—
capsule CH- interaction.""®'® The carbonyl oxygen atom of the
CO,CH3 group interacts with an inner proton of the methylene-
bridge rim (O-CHijyHout—0) of the 1b unit with the C=O0---H;,C
distance of 2.27 A."7 There is also weak C=0---HC interaction of the

(b)

Figure 1. X-ray crystal structure of (methyl 4-ethoxybenzoate)@(1b-2b): (a) front
view and (b) top view. Cocrystallization solvents are omitted for clarity.

carbonyl oxygen atom with a p-pyridyl B-proton of the 1b unit (2.37
and 2.61 A). There is no interaction between the oxygen atom of the
ethoxy group and a p-phenol B-proton of the 2b unit (2.95 and
3.02 A).

The heterodimeric capsule 1b-2b possesses four large equatorial
portals, which are capped with two molecules of CHCl3 and two
molecules of benzene as recrystallization solvents in the crystal
structure of 5@(1b-2b), as shown in Figure 2. There are loose
halogen-7 interaction between the accommodated CHCI; and the
benzene ring of the encapsulated 5 (Cl---Cr distances of 3.57 and
3.68 A) and CH-halogen interaction between CHClz and the outer
protons of the methylene-bridge rim (O-CHjHou—O) of 1b-2b
(Cl---HoyC distances of 2.65 and 2.74 A).“b'”']s The accommodated
benzene loosely interacts with the p-pyridyl and p-phenol groups
of 1b-2b in an edge-to-face w-m stacking fashion.

2.2. NMR study for guest encapsulation in 1a-2a: scope and
limitation

In the 'H NMR study, 1a and 2a with side chains R=(CH;)sCH3
were used."® Figure 3 shows the 'H NMR spectra of a mixture of
1a-2a (5 mM) and 1-15 equiv of 4,4’-dimethylbiphenyl 21 in CDCl3
at 23 °C. Upon addition of 21 to 1a-2a, a mixture of 21@(1a-2a),
guest-free 1a-2a, and free 21 was observed, wherein the '"H NMR
signals of the three species independently appeared. This result in-
dicates that exchanges between 21@(1a-2a) and guest-free 1a-2a
and between 21@(1a-2a) and free 21 are slow on the NMR time
scale. The signals of guest-free 1a-2a almost disappeared upon ad-
dition of 15 equiv of 21 (Fig. 3f). As the electronic environment of 1a
is different from that of 2a, 21 encapsulated in 1a-2a was desym-
metrized, and its '"H NMR signals appeared as two sets of singlet for
the methyl protons with A¢ values (Gencapsulated guest—0free guest) Of
—3.76 and —3.56 ppm and as two sets of doublet for the aromatic
3,3’-protons with A¢ of —1.00 and —0.82 ppm. These A values
clearly indicate that the methyl groups are oriented to both aromatic
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Figure 2. Space-filling representation of X-ray crystal structure of (methyl 4-
ethoxybenzoate)@(1b-2b) with CHCl; and benzene molecules capping the equatorial
portals of 1b-2b: (a) front view and (b) side view. (c) Top view of the encapsulated
guest, the capping CHCls;, and benzenes. Benzene molecule and chlorine atom are
shown in orange and green, respectively. Other cocrystallization solvents are omitted
for clarity.
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Figure 3. Association behavior of heterodimeric capsule 1a-2a with 4,4’-dimethylbi-
phenyl 21 monitored by 'H NMR (400 MHz, CDCl3, 23 °C): (a) [1a-2a]=5 mM, (b)
[1a-2a]=[21]=5mM, (c) [1a-2a]=5mM and [21]=10 mM, (d) [1a-2a]=5mM and
[21]=15mM, (e) [1a-2a]=5mM and [21]=25mM, and (f) [1a-2a]=5mM and
[21]=75 mM.

cavity ends of 1a-2a and the guest does not tumble within 1a-2a on
the NMR time scale. Based on the 'H NMR integration changes of
signals of 21@(1a-2a) as a function of the concentration of 21, the
association constant of heterodimeric capsule 1a-2a with guest 21
was estimated to be K,=(2.76+0.05)x10°> M~ in CDCl3 at 23 °C.

Under the conditions of [1a-2a]=[dimethyl terephthalate
11]=5mM, the 'H NMR signals of guest-free 1a-2a almost dis-
appeared, namely, the association of 1a-2a with 11 was much
greater than that of 1a-2a with 21. Therefore, as shown in Figure 4,
the dilution experiments of [1a-2a]=[11] in the range 0.5-2 mM
were carried out to determine the association constant of
K,=(2.02£0.13)x10* M~ in CDCl3 at 23 °C.° In the competitive
encapsulation experiments, the 'H NMR signals of guest-
A@(1a-2a) and guest-B@(1a-2a) appeared independently on the
NMR time scale. Thus, comparison of the signal integrations
between guest-A@(1a-2a) and guest-B@(1a-2a) can be used to
evaluate the guest-binding ability of 1a-2a (for example, Fig. 5).
Guest molecules 3-31 investigated here and the relative guest-
binding ability of 1a-2a determined by the competitive encapsu-
lation experiments in CDCl3 are summarized in Chart 1 and Table 1,
respectively. Table 1 also contains molecular lengths of guests in-
cluding van der Waals radii,®® Aé values of the terminal methyl
protons of p-functional groups of the encapsulated guests, and
orientational isomeric selectivities of the unsymmetrical guests
encapsulated in 1a-2a. The following features (items 1-5) are
noteworthy concerning the guest encapsulation in 1a-2a.

Item 1: size selectivity. The molecular lengths of the encapsu-
lated guests are in the range 12.14-15.15A. The heterodimeric
capsule 1a-2a strictly discriminates a one-carbon atom difference
in guests, as well as functional groups. The binding ability of 4 to
1a-2ais 735 times greater than 23, and 24 was not encapsulated in
1a-2a. The binding ability of 13 to 1a-2ais 27 times greater than 19,
and 26 and 27 were not encapsulated. In contrast to 11 and 21
encapsulated in 1a-2a, 25 and 29-31 were not encapsulated, re-
spectively. Thus, a fit between guest and cavity of capsule in size is
essential for the encapsulation.>%115:21

9.0 8.0 7.0 6.0 5.0 4.0 0.0
ppm

Figure 4. Dilution experiment for the association of 1a-2a with dimethyl tere-
phthalate 11 monitored by 'H NMR (400 MHz, CDCls, 23 °C): (a) [1a-2a]=5 mM, (b)
[1a-2a]=[11]=0.5 mM, (c) [1a-2a]=[11]=0.75 mM, (d) [1a-2a]=[11]=1 mM, and (e)
[1a-2a]=[11]=2 mM.
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Figure 5. Competitive encapsulation experiments of two kinds of guests in 1a-2a
monitored by 1H NMR (400 MHz, CDCl;, 23°C): (a) [la 2a]=5mM and
[4]=[11]=10 mM, (b) [1a-2a]=5 mM and [5]=[6]=10 mM, and (c) [1a-2a]=5 mM and
[21]=[23]=50 mM ‘M’ and ‘m’ show the major and minor ouentatlonal isomers, re-
spectively, encapsulated in 1a-2a.

Item 2: CH-m interaction. In a series of p-disubstituted-benzene
guests with oxygen-containing functional groups and a similar
molecular length, the guest-binding ability of 1a-2a increased in
the order: 18<5 and 11<6<4. Furthermore, in marked contrast to
14 encapsulated in 1a-2a, the carbon analogue 28 was not encap-
sulated. These results clearly indicate that CH-7 interaction be-
tween the polarized C-H bond of acetoxy, methoxycarbonyl, or
methoxy group in guest and the electron-rich aromatic cavity of the
capsule 1a-2a as a w-base plays an important role in the encap-
sulation of guest in 1a-2a,''®6 although electrostatic potential
repulsion between the lone pairs of the carbonyl oxygen atom of
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functional groups of guests and the aromatic cavity of 1a-2a should
also be considered.”®

Item 3: isotope effect. Compounds 4-dg, 11-dg, and 14-dg with
the trideuterium-labeled methyl groups (Chart 1) were used to
investigate the isotope effect on guest encapsulation in 1a-2a. In all
cases investigated here, the guest-encapsulation isotope effect of
1a-2a was Ky/Kp>1 in CDCl3 at 23 °C, and increased in the order
K[14@(1a-2a)]/K[14-ds@(1a-2a)] (1.01+£0.04)<K[11@(1a-2a)]/
K[11-ds@(1a-2a)] (1.08£0.02)<K[4@(1a-2a)]/K[4-ds@(1a-2a)]
(1.1140.02). This order would be more or less related to that of
acidity of the terminal methyl group of guests. This result suggests
that the higher polarizability of a C-H bond relative to a C-D bond
would result in stronger CH-7 interaction between guest and
1a-2a,% although a blue shift of the C-H/C-D stretching frequency
upon formation of a CH/CD- interaction that leads to an increased
zero point energy splitting,>> as well as a volume isotope effect,?*
should also be considered.

Item 4: CH-halogen and halogen-7 interactions. The binding
abilities of iodo-containing guests 12 and 13 to 1a-2a are greater
than 14, 17, and 18, although the molecular lengths of the former
guests are somewhat shorter than those of the latter guests. This
result suggests that CH-halogen and halogen-7 interactions are
effective for guest encapsulation."®”18 1t is known that the iodo
group is polarized d(+) in the polar region and d(—) in the equa-
torial region of the C-I bond.”'8® Thus, there would be CH-I
interaction between the polarized inner proton of the methylene-
bridge rim of a cavitand and the 3(—) equatorial region of the iodo
atom in the C-I bond of a guest, and I-m interaction between the
d(+) polar region of the iodo group and the aromatic cavity of
a cavitand.

Item 5: orientational isomerism. The heterodimeric capsule
1a-2a expresses orientational isomerism of encapsulated un-
symmetrical guests with high orientational isomeric selectivity

OCH I
COCHz  OCOCH;  CO,CH4 CO,CHs ’ 8 ‘ OCOCH; CO,CH3 |
CH30,C OCOCH;  OCHoCH; ocong, |l CHS CHgoCo CO,CHz OCOCH; OCH,CHj;
3 4 5 1 12 13
CO,CHy

CH,OCH,4 ’ OCOCH; CO,CH,CHs CO,CHs
CHZOCH3 oH o CoonoH3 OCH3 OCH,CH,CH3 ~ COCH,CHjs l

¢ 18 19 20 CH3

CHQCHS oc:|-|3

OCOCH4 OCOCH,CH;  CO,CH4 I I CH,CH,CHy
OCOCHzCH;  OCOCHzCHs  CO,CH,CH;  OCH;, OCH,CH,CH,CHy  CH,CH,CH,
23 24 25 26 27 28 CH3 OCH3
0COCD; CO,CD3 CH,OCD,
OCOCD3 CO,CD3 CH,OCD;
4'd6 1 1'd6 1 4'd6

Chart 1. Guest molecules investigated in this study.
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Table 1
Relative guest-binding abilities of heterodimeric capsule 1a-2a, molecular lengths of
guests, Ad Values, and orientational isomeric selectivities

Guest no. Relative binding Molecular Adg_cu3® (ppm) Orientational

ability? length® (A) isomeric
selectivity?

3 662 13.83 —3.60, —3.60 =

4 581 13.84 —3.53, —3.50 —

5 199 13.58 —3.43, -3.37 1:0.03

6 164 13.35 —3.54, —3.42 1:0.15

7 160 13.69 —2.86, —2.86 =

8 84 12.81 — —

9 75 13.24 -3.00 Specific

10 74 13.70 —3.53, -3.54 =

1 73 13.37 —3.52, 347 —

12 57 12.14 -3.33 1:0.16

13 52 12.16 -3.11 Specific

14 47 13.18 —-3.33, -3.33 =

15 26 12.65 —3.27,° —-3.12 1:0.49

16 41 13.00 nd’ Specific

17 33 15.14 —-3.72, -3.49 1:0.42

18 2.4 13.65 -3.09, —2.79 1:0.33

19 1.9 13.47 -2.87 Specific

20 1.6 13.79 —3.67, —3.56 Specific

21 1.0 13.17 —3.76, —3.56 —

22 0.90 12.34 — —

23 0.79 15.15 -3.80, —3.30 1:0.38

24 ne® 16.46 — —

25 ne® 14.75 — —

26 neé 10.92 = =

27 nes 14.50 — —

28 nes 13.93 — —

29 ne® 12.28 = =

30 ne® 14.45 — —

31 neé 15.60 — —

@ Relative guest-binding ability of 1a-2a determined by the competitive encap-
sulation experiments in CDCl; at 23°C, wherein K,=(2.02+0.13)x10*M~" for
11@(1a-2a) and K,=(2.76+0.05)x 10> M~! for 21@(1a-2a).

b Molecular lengths of guests including van der Waals radii.?°

€ A6 values (Oencapsulated guest—Ofree guest) Of the terminal methyl protons of p-
functional groups of the encapsulated guests. For unsymmetrical guests, Ad values of
major orientational isomer are shown here.

94 Orientational isomeric selectivity of unsymmetrical guest encapsulated in
1a-2a.

¢ Terminal acetylenic proton.

f Not determined due to overlapping with other signals.

& No encapsulation.

based on the difference in electronic environments of the pyridyl-
cavitand 1a and the phenol-cavitand 2a (Scheme 1b).1*%> For
the halogen-containing unsymmetrical guests 9, 12,13, 16, and 19,
the halogen groups were specifically or preferentially oriented
to the cavity of the 1a unit. For the ester-containing unsymmetrical
guests 5, 6, 15, 18, and 20, the ester groups were preferentially
oriented to the cavity of the 1a unit. For 17 and 23, the acetoxy
group was preferably oriented to the 1a unit. The delicate balance
among attractive CH-m interaction, CH-halogen (halogen-) in-
teraction, or electrostatic potential repulsion between the lone pair
of the carbonyl oxygen atom of a guest and the aromatic cavity of
a cavitand,'® as well as C=0---HC interaction shown in Figure 1, in
a guest-1a-2a assembly would influence the orientational isomeric
selectivity of unsymmetrical guests within 1a-2a.

3. Conclusions

We have described the self-assembly of tetra(4-pyridyl)-cav-
itand 1 and tetrakis(4-hydroxyphenyl)-cavitand 2 into a hetero-
dimeric capsule 1-2 via four PhOH---pyridyl hydrogen bonds in
CDCl3, wherein one molecule of 1,4-disubstituted-benzene as
a guest is encapsulated to form a ternary complex, guest@(1-2). The
heterodimeric capsule 1-2 strictly discriminates a one-carbon atom
difference in guests, as well as functional groups. The delicate bal-
ance among attractive CH-m interaction, CH-halogen (halogen-)

interaction, C=O0---HC interaction, or electrostatic potential
repulsion between the lone pair of the carbonyl oxygen atom of
aguest and the aromatic cavity of a cavitand in a guest-1-2 assembly
would influence the binding ability of guests to 1-2, as well as the
orientational isomeric selectivity of unsymmetrical guests within
1-2. Our next projects are (1) theoretical calculations to elucidate
the origins of selective or specific orientational isomerism of
(unsymmetrical guest)@(1-2)and (2) study on the rotation behavior
of guests within 1-2 directed to a supramolecular gyroscope.2®

4. Experimental
4.1. General

'H and 3C NMR spectra were recorded at 400 and 100 MHz,
respectively, on a JEOL JNM-AL400 spectrometer. Synthesis of
tetra(4-pyridyl)-cavitand 1a and tetrakis(4-hydroxyphenyl)-
cavitand 2a with side chains R=(CH;)sCH3 were described pre-
viously.%*13 CDCI3 employed in the '"H NMR experiments was stored
over K,COs prior to use.

4.2. Synthesis

4.2.1. Tetra(4-pyridyl)-cavitand with side chain R=CH,CH(CH3), 1b

Compound 1b was synthesized in 85% yield as off-white crystals
according to the literature methods.?® Mp 382 °C (decomp.); 'H
NMR (CDCls, 23 °C) 6 8.60 (d, J=5.4 Hz, 8H), 7.36 (s, 4H), 6.99 (d,
J=5.4 Hz, 8H), 5.31 (d, J=6.8 Hz, 4H), 5.00 (t, J=7.8 Hz, 4H), 4.24 (d,
J=6.8 Hz, 4H), 2.25 (dd, J=7.3 and 7.8 Hz, 8H), 1.71-1.61 (m, 4H), 1.09
(d, J=6.4 Hz, 24H); 3C NMR (CDCls, 23 °C) § 152.2, 149.5, 142.0,
138.6, 126.8, 124.9,121.2,100.5, 39.1, 34.7, 26.1, 22.9. Anal. Calcd for
CegHegN4Os-H,0: C, 75.11; H, 6.49; N, 5.15. Found: C, 74.89; H, 6.51;
N, 5.03.

4.2.2. Tetrakis(4-hydroxyphenyl)-cavitand with side chain
R=CH,CH(CHs), 2b

Compound 2b was synthesized in 70% yield as off-white crystals
according to the literature methods."> Mp 291 °C (decomp.); "TH NMR
(DMSO-dg, 23 °C) 6 9.40 (s, 4H), 7.70 (s, 4H), 6.84 (d, J=8.8 Hz, 8H),
6.68 (d, J=8.8 Hz, 8H), 5.18 (d, J=7.3 Hz, 4H), 4.81 (t, J=7.8 Hz, 4H),
424 (d,J=7.3 Hz, 4H), 2.32 (dd, J=7.3 and 7.8 Hz, 8H), 1.58-1.48 (m,
4H),1.00(d, J=6.4 Hz, 24H); 3C NMR (DMS0-dg, 23 °C) § 156.2,152.0,
138.1,131.1,128.9,123.5,121.1,114.6, 99.6, 38.5, 34.9, 26.0, 22.7. Anal.
Calcd for C7,H72012-H30: C, 75.37; H, 6.50. Found: C, 75.18; H, 6.39.

4.2.3. Heterodimeric capsule 1a-2a"

Tetra(4-pyridyl)-cavitand 1a (61.88 mg) and tetrakis(4-hydroxy-
phenyl)-cavitand 2a (64.88 mg) were placed in a 5 mL volumetric
flask, to which was added CDCls. The resulting slightly heteroge-
neous mixture was sonicated at room temperature for a few minutes
to give a clear solution of 1a-2a (10 mM), which was used as a stock
solution of 1a-2a for 'TH NMR study. "TH NMR (CDCls, 23 °C) 6 10.63 (br
s,4H),8.72(d,J=5.9 Hz, 8H), 7.41 (s,4H), 7.30 (s, 4H), 7.12 (d,J=5.9 Hz,
8H), 699 (d, J=8.4Hz, 8H), 693 (d, J=8.4Hz, 8H), 5.40
(d, J=6.9 Hz, 4H), 5.22 (d, J=6.8 Hz, 4H), 4.88 (t, J=7.9 Hz, 8H), 4.30
(d,J=6.9 Hz,4H),4.11 (d,J]=6.8 Hz,4H), 2.28-2.45 (m, 16H),1.22-1.62
(m, 80H), 0.93 (t, J=6.7 Hz, 24H).

4.3. X-ray data collection and crystal structure determination
of (methyl 4-ethoxybenzoate)@(1b-2b)

The data were measured using a Bruker APEX II CCD area
detector, using Mo Ko graphite monochromated radiation
(A=0.71073 A). The structure was solved by direct methods using
the program SHELXS-97.27 The refinement and all further calcula-
tions were carried out using SHELXL-97.27 The H-atoms were
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included in calculated positions and treated as riding atoms using
the SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-square on F-
Crystal data and structure refinement are listed in Table S1, and
ORTEP view is shown in Figure S1 in Supplementary data. Crys-
tallographic data (excluding structure factors) for the structure in
this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication number CCDC
699622. Copies of the data can be obtained, free of charge, on ap-
plication to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: +44
(0)1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).
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