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Single crystals of mellitate anion ([C4(COO)sHg_,]"") salts with 3-aminopyridinium, [3-NH,CsH4NH*];-
[C6(CO0)sH33~] (1), 4-methylpyridinium, [4-CH3CsH4NH*],[CH3CsH4N]>[C(COO)sH4>~] (2), [4-CH;CsHyNH* -
[C6(CO0)sH4>~]-2CH;0H (3), pyridinium, [CsHsNH*],[Cs(COO)sH4>~1-2H,0 (4), 3-methylpyridinium, [3-CH3Cs-
H4NH*],[C(CO0)sH4> 7] (5), [3-CH;CsH4NH*]5[C(COO)sH33~][Cs(CO0)sH,42~]-CH30H (6), and isoquinolinium,
[CoH7NH™1,[C(COO)sH4>~1-CH30H (7), [CoH7NH*1,[CoH7NH 5%51][Cs(COO)sH;3 527~ 1-.CH30H (8) have been
structurally characterized. In these crystals, strong hydrogen-bonds between the mellitate anions are formed. Various
arrangements that depend on the deprotonation number, 7, have been found. All hydrogen-bonds found between the
anions are combinations of a carboxy and a carboxylato group. The “triangular hydrogen-bond” unit between the anions,
in which three anions are connected by the three hydrogen-bonds to form a triangle, in the salt with n = 3, induces the
two dimensional (2-D) sheet self-organizing structure in this crystal. “Dual hydrogen-bond” units between the anions, in
which two pairs of the hydrogen-bonds connect the neighboring anions, have been found in the salts with n = 2 or 2.5.
The repetition of the co-planer “dual hydrogen-bond” induces the anion one-dimensional (1-D) belt structure, while the
combination of the standing and co-planer “dual hydrogen-bond” units induces the 2-D grid structure. These 2-D grids
are further linked by hydrogen-bonds to form a channel. In all the salts (n = 3, 2, 2.5), the counter cation molecules are
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arranged in the space defined by the anion network.

The molecules possessing several functional groups at the
regulated positions are promising components for the supra-
molecular chemistry or crystal engineering.! The functional
groups are utilized for assembling the components by attrac-
tive interactions such as hydrogen-bonds, coordination bonds,
and electrostatic forces. Among them, hydrogen-bonds are the
most investigated intermolecular interaction; in particular, the
carboxy group is often used to create hydrogen-bond networks
for the association of the molecules. The hydrogen-bonding
patterns of carboxylic acids (especially, the aromatic carboxyl-
ic acids) are well investigated, and they are utilized for the
formation of various supramolecular architectures.> It is
known that neutral trimesic acid (benzene-1,3,5-tricarboxylic
acid) molecules form honeycomb hydrogen-bond networks in
its crystal,> and the size of the hexagonal cavities could be
regulated by the spacer molecules.* In the salts of pyromellitic
acid (benzene-1,2,4,5-tetracarboxylic acid) anion with some
pyridiniums, the anions aggregate spontaneously, and form a
multi-dimensional network by the hydrogen-bonds between
the carboxy (carboxylato) groups.**>

On the other hand, the analogue mellitic acid (benzenehexa-
carboxylic acid) is known to form a two-dimensional (2-D)
sheet in which all of the carboxy groups participate in hydro-
gen-bonds (Scheme 1).° The analogue is expected to form the
symmetric hydrogen-bond network of the partially deprotona-
ted carboxylate anions [Ce(COO)¢Hs_,]"~, where n is the
number of protons dissociated from the mellitic acid. When
n is small, the mellitate anions are expected to form multiple
hydrogen-bonds with neighboring anion molecules. If such
anions with self-organizing ability form a network, the counter

ionic components can be packed within the space defined by
them. Since the physical properties of molecular crystals are
strongly dependent on the molecular arrangement and inter-
molecular interactions, such a regulation of packing may be
useful for the functionalized cationic molecules to be arranged
in a regulated way. However, crystals of mellitic acid or mel-
litate anion so far reported are not the salts or co-crystals with

Scheme 1.
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organic molecules but the metal complexes with large n
(n>4). In some of the complexes, hydrogen-bonds between
the anions were observed,”™ but their self-organizing proper-
ties are little known.

In order to investigate the formation of hydrogen-bonds be-
tween mellitate anions with small values of n (1-3), we have
examined the structures of the salts with pyridine derivatives.
They are advantageous from the following reasons: the pK,
values of the pyridinium derivatives correspond to the pK,
values for the partial deprotonation of the mellitic acid
(n = 1-5), single crystal specimens with sufficient qualities
for X-ray analyses are available, and the pyridine ring is geo-
metrically sensitive to the proton position. Also, pyridines can
act as a proton acceptor and pyridiniums as a proton donor for
the hydrogen-bond formation that may interfere with the net-
work formation of the mellitate anions, so that we can deduce
the strength of the self-organizing ability of the mellitate an-
ions from the resultant crystal structures.

As a result of crystallization, eight colorless crystals [n = 3
1),n=2(2,3,4,5,and 7), and n = 2.5 (6 and 8)] have been
obtained. All of the n values are less than 4. In this paper we
describe the structures of these salts and the relationships
found between the n value and the molecular arrangement
pattern in these salts.

Results

Structural Features of the Deprotonation and Proto-
nation. The determination of the hydrogen positions would
be critical to obtain information about n. However, it is diffi-
cult to determine the hydrogen positions solely from the elec-
tron densities obtained by the X-ray diffraction data. In this
paper, we utilized the following geometric features that ap-
peared when a proton is bound to some specific atoms in ad-
dition to the electron density information.

a. Carboxy (Carboxylato) Group: When a proton is
bound to the carboxylato group, one C-O bond bound to the
proton should become longer than the other. In a very asym-
metrical carboxy group, therefore, the protonated oxygen can
be determined without ambiguity.” For the hydrogen-bond
between the carboxy and carboxylato groups, there may be
an intermediate state in which one proton is nearly equally
shared by the two groups. In order to investigate such a sys-
tematic change in the geometry, we have adopted the ratio
(r=a/b, a > b) of two C-O bond lengths in the -CO,0O,
group, and plotted it using 89 neutron diffraction data sets of
carboxy groups and/or carboxylato groups in the Cambridge
Structural Database (CSD)® in Fig. 1(a). Based on the deter-
mined hydrogen position, the r values can be classified into
three regions. When the —CO,Op group is not bound to a
hydrogen, that is a carboxylato group, r is smaller than about
1.03. When r is larger than that, the hydrogen forms a cova-
lent bond with O,, corresponding to a carboxy group. This
region can be further classified into two regions. Fig. 1(b)
shows the relationship between the r value and the O--O dis-
tance in hydrogen-bonds between the carboxy and carboxy/
carboxylato groups [part of the data in Fig. 1(a)]. One can
see three areas: I, I, and II. When the O--O distance is very
short (<2.49 A) (area I, the hydrogen atom is equally shared
by both of the oxygen atoms and is often on a symmetry
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Fig. 1. a) Hystgram of the ratio (r) of the two C-O bond

lengths in carboxy (carboxylato) groups. b) Relationship
between the r value and the O--O distance. The data are
taken from CSD.®

element. Since the r value in area Il has some overlap not
only with area I (carboxy group) but also with area II (carbox-
ylato group), we adopted both r values and O--O distances for
determining the hydrogen-bond structure.

b. Pyridine (Pyridinium) Ring: Recently, Steiner repor-
ted about the relationship between the C—-N-C bond angle of
the pyridine (pyridinium) ring and the N--O distance in
N--H--O hydrogen-bond in 4-methylpyridine containing com-
pounds; when the O-H--N hydrogen bond becomes shorter,
the C-N-C bond angle is gradually widened, and the hydro-
gen-bond structure switches to the N*—H--~O type at the cri-
tical angle of about 120°.° We have performed the similar
analysis using 19 neutron diffraction data sets containing pyr-
idine or pyridinium in the Cambridge Structural Database
(CSD). Figure 2 shows that, when the nitrogen is not bound
to hydrogen, the C—-N-C bond angle of the pyridine framework
is smaller than about 119.4°. When a proton is bound to the
nitrogen, namely pyridinium, the angle becomes larger than
that. Especially in very short N--H--O hydrogen-bonds (N--O;
~2.52 A), the C-N—C bond angle situates in the narrow region
around 119.7°, and the hydrogen is bound to both N and O.
Thereby, in our structure analyses, a hydrogen atom was fixed
at the ideal position as pyridinium when the C-N-C angle is
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sufficiently wider than 120°. When the angle is smaller than
119°, we can assume that no covalent bond is formed between
N and H. In the case of the intermediate angle region, a
hydrogen atom was fixed at the position determined from the
difference Fourier map.

Modes of Hydrogen-bonds. In all the crystals studied
here, the mellitate anions form intermolecular hydrogen-bonds
with each other. Though the mellitate anion (n = 2-3) has
both carboxy and carboxylato groups, none of the hydrogen-
bonds in these crystals are the “paired hydrogen-bond” type
formed between the carboxy groups, as often found in crystals
composed of neutral carboxylic acids. The hydrogen-bonds
between the mellitate anions are entirely the “single hydrogen-
bond” type formed between the carboxy group and the carbox-
ylato group (Scheme 2).

The pyridinium (pyridine) ring also forms hydrogen-bonds
with the carboxylato (carboxy) group. There are two modes of
hydrogen-bonds: one N-H group bridges two carboxylato (car-
boxy) groups, “Type 17 (bifurcated hydrogen-bond); and one
N-H group forms hydrogen-bond with only one carboxylato
(carboxy) group, “Type 2”. In the Type 1 hydrogen-bonds, the
N.--O distances are relatively long, while the Type 2 hydrogen-
bonds are generally strong and the N-H--O (N--H-O) align-
ment is almost linear.

[3-NH2C5H4NH+]3[C6(COO)6H33_] (n = 3) (1). The
geometries of six independent carboxy (carboxylato) groups
(A to F as shown in Fig. 3) in the mellitate anion are summa-
rized in Table 1. In the crystal, there are three pairs of hydro-
gen-bonds between the carboxy (carboxylato) groups; A--Fl,
B-Ei and C--Dii, Among them, A-F' and B-El are very
strong hydrogen-bonds, and the O--O distances are shorter
than 2.5 A (hydrogen-bond distances and their symmetry op-
erations between mellitate anions for all the compounds are
summarized in Table 2). The short hydrogen-bond distances
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Fig. 3. 2-D sheet of the mellitate anions (n = 3) in 1.

and their r values of A, B, E, and F (1.04-1.07) indicate that
one proton locates nearly midway between the two —COO
groups [as shown in Fig. 1(b)]. On the other hand, the r values
in the C--D' pair indicate that D is a carboxy group and C is in
the intermediate region, though the O--O distance is not very
short. Since it can be seen that all the 3-aminopyridine mol-
ecules become the pyridinium cations from the very large C—
N-C bond angles (A1, 62, and 03 indicated in Fig. 4 and
Table 1), C must be a carboxylato group based on the
stoichiometry. The difference Fourier map also supports this
assignment.

The strong O--O interactions make [C¢(COO)sH33"]’s ar-
range into a 2-D sheet in the ab plane (Fig. 3). N(11) of 3-
aminopyridinium forms a Type 2 hydrogen-bond with C, and
N(21) and N(31) form Type 1 hydrogen-bonds with A and F
and with B and E', respectively (Fig. 4) [for all compounds,
hydrogen-bonds and their distances A (except between an-
ions) are indicated in each figure]. The amino groups also
form hydrogen-bonds with [Cs(COO)¢H33~], but these are
weak (2.90-3.21 A).

The anion planes are not parallel to the sheet, and are ar-
ranged stepwise (Fig. 5). The cation molecules are packed
between the 2-D sheets of [Cs(COO)sH33~] by the N-H--O
and NT—H--O hydrogen-bonds. The arrangement of cations
viewed along the ¢ axis is a herringbone type, and the mo-
lecular plane is almost perpendicular to the anion sheet.

[4-CH3CsHs;NH*1,[4-CH3CsHyN1,[Co(COO)6H4*"]

(n = 2) (2). The mellitate anion is on a two-fold axis, and the
geometries of three independent carboxy (carboxylato) groups
(A, B, and C; shown in Fig. 6) are summarized in Table 1. The
r values clearly indicate that A and C are carboxy groups, and
that B is a carboxylato group. The C-N—C bond angles (61
and 62) of the pyridine (pyridinium) rings show that N(1) is
not bound to a proton, and that N(2) is protonated. So the
formula of 2 is [4-CH3CsH4;NH'],[4-CH3CsHyN],[Co-
(COO)6H4*"] (n = 2).

Two carboxy-carboxylato pairs of hydrogen-bonds, B--C'
and C--Bl, link the two neighboring [Cs(COO)sH4>~] mole-
cules, and this leads to the formation of a one-dimensional (1-
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Table 1. C-O Bond Lengths, r in Mellitate Anions, and Table 2. Selected Hydrogen-Bonds between Carboxy (Car-
C-N-C Bond Angles in Pyridinium (Pyridine) Rings boxylato) Groups
Carboxy 0--0 O-H--O .
(carboxylato)  a/A b/A CN-C Groups i rance/A angle/° Symmetry operation
bond angle/® -
group A-F  24622) 1683 —x+1,y—1/2, —y+1
A 1.298(3) 1217(3) 1.07 61 123.8(2) 1 B-ET  24833) 1725 xny—1,z
B 1.2993) 1.215(3) 1.07 62 124.3(2) C.-Di  253812) 162.8 —x, y+1/2, —z+1
C 1.275(3) 1.2303) 1.04 63 124.1(2) :
1 D 131603 1206(3) 109 2 B---C. 2.546(2)  174.0 —x, —y+1, -z
E 1.281(3) 1.227(3) 1.04 3 C.D' 2478(3) 1413 —x, —y+1, —z+1
F 1.286(3) 1.225(3) 1.05 A-F' 2576(3)  156.2 —x+1, -y, —z
A 1.302(2) 1.21512) 1.07 61 118.3(2) 4 A-C 2511Q2) 1469 —x+1/2,y,z+1/2
2 B 1.251(2) 1.248(22) 1.00 62 120.9(2) E-F 2517(2) 14901  —x+41, —y+1, —z+1
c 13132) 1.212(2) 1.08 s B-D' 25470) 1628 —x+1y—1/2.—z+1/2
A 1.2503) 1.247(4) 1.00 61 121.6(3) C-F'  2676Q2) 1674 —x+1,y—1/2, —z+1/2
B 1.314(4) 12094) 1.09 62 122.3(6) DAl 2550(2)  166.9 x4+1,y,z
3 C 1.263(4) 1.241(4) 1.02 Al-BIl 2707(3)  169.6 —x, =y, -z
D 1.305(4) 1.213(4) 1.08 Al-D2 2572(3)  165.0 —x, —y, —z
E 1.309(4) 1.217(4) 1.08 Cl-C2  24853) 1799 oy,
F 13173) 1207(4) 1.09 6 DI-A2i 25263) 150.6 —x, =y +1, —2
A 1.314(3) 1.213(3) 1.08 61 121.9(2) El--FI"  2.597(3)  153.5 —x+1, -y, -z
4 B 1.308(3) 1.221(3) 1.07 B2.-C2T  2.593(3)  165.0 —x, —y+1, —2
C 1.273(3) 1.240(3) 1.03 E2-F2"  2567(3)  146.1 —x—1,—y+1,—z
A 1.297(2) 1.2202) 1.06 61 120.9(2) E-F  26193) 1550 —x+1, -y, —z2
B 1.303(2) 1.2142) 1.07 62 122.7(2) 7 B-A'  2.6293) 163.6 X, —=y+1/2,z+1/2
5 C 1.331(2)  1.201(2) 1.11 C-Eil  25093)  165.9 X, =y +1/2,z24+1/2
D 1.256(2) 1.255(2) 1.00 A-Bl  2555(3) 1462 x4, -y, —2
Al 1.260(4) 1.244(5) 1.01 01 122.8(4)
Bl 1.315(4) 1.206(4) 1.09 62 123.2(6)
Cl 1.290(4) 1212(4) 1.06 63 120.1(6)
DI 1.304(4) 1.2094) 1.08 604 122.9(4)
El 1.312(4) 1.210(4) 1.08 65 126.1(5)
p F1 1.271(4) 1.236(5) 1.03
A2 1.281(4) 1.220(4) 1.05
B2 1.319(4) 1.199(4) 1.10 0
2 1.279(4) 1.235(4) 1.04 .
D2 1.318(4) 1.201(4) 1.10
E2 1.310(4) 1.209(4) 1.08 o
F2 1.278(4) 1.229(4) 1.04 i
A 1.281(4) 1236(4) 1.04 61 121.1(3)
B 1.320(4) 1212(4) 1.09 62 122.7(3)
; C 1.295(4) 1.208(4) 1.07
D 1.318(4) 1.216(4) 1.08
E 1.261(4) 1.2444) 1.01
F 1.318(4) 1.204(4) 1.09
A 1.260(4) 1237(4) 1.02 61 1222(3)
B 1.309(4) 1.211(4) 1.08 62 121.5(3)
3 C 1.281(4) 1.226(4) 1.04 63  119.6(4)
D 1311(4) 1.212(4) 1.08
E 1.260(4) 1.249(4) 1.01
F 1.315(4) 1.212(4) 1.08

Fig. 4. Hydrogen-bonds between the anion and cation mo-
lecules in 1. N--O distances (A) in hydrogen-bonds are
shown.
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Fig. 5. Side view of the anion sheets and cation layer in 1.
Broken lines represent the hydrogen-bonds between the
anions.

N

Fig. 6. 1-D belt made up of the anion chain and cations in
2. N--O distances (A) in hydrogen-bonds are shown.

D) zig-zag chain along the ¢ axis. In this chain, the mellitate
anions lie on the same plane. [4-CH3CsH,;NH'] and [4-
CH;3CsHyN] are peripherally linked with the anion chain by
Type 2 hydrogen-bonds, resulting in the 1-D belt formation
along the c axis (Fig. 6).
[4-CH;CsH4NH],[C6(COO)gHy*~1:2CH;0H (2 = 2)
(3). The geometries of six carboxy (carboxylato) groups (A
to F; shown in Fig. 7) in the mellitate anion molecule are
summarized in Table 1. None of the r values are in the inter-
mediate region (area I), so one can assign A and C to carbox-
ylato groups, and B, D, E, and F to carboxy groups. The C-N—
C bond angle at N(1) (A1) indicates that the 4-methylpyridine
[N(1)] becomes the pyridinium cation. The angle at N(2) (62)
is not adequate for the determination of the protonation, since
the large thermal vibration (or static disorder) of the molecule
is suggested from the largely anisotropic temperature factors.
Since the mellitate anion is undoubtedly n = 2, it is safe to
conclude that the 4-methylpyridine [N(2)] is protonated based
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on the stoichiometry. The compound 3 has two methanol
molecules as the crystal solvents, so the formula is [4-
CH;CsH4NH'],[Cs(COO)¢H4>~1-2CH;0H (n = 2).'°

The neighboring mellitate anions are linked by two pairs of
O-H--O hydrogen-bonds (C--D' and D--C!, or A-F! and
F--A'). Consequently, a 1-D chain is formed along the
[—1 1 1] direction (Fig. 7). The Type 2 hydrogen-bonds are
formed between [C¢(COO)sH4>"] and two independent [4-
CH;CsH4NH*]’s. These hydrogen-bonds set the cations on
both sides of the 1-D anion chain, and make the 1-D belt
structure (Fig. 7). The concavities formed in this belt are filled
by methanol molecules. The interactions via methanol mole-
cules pile up the 1-D belts along the [1 —1 1] direction (Fig. 8).

[CsHsNH*],[C6(COO)¢H4>"1-2H,0 (n =2) (4). The
mellitate anion lies on a two-fold axis, and the geometries of
three independent carboxy (carboxylato) groups (A, B, and C;
shown in Fig. 9) are summarized in Table 1. The r values and
the O--O distances indicate that A and B are carboxy groups,
and that C is a carboxylato group. The C—-N-C bond angle at
N(1) (01) shows that the pyridine becomes a pyridinium
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SR 25572

Fig. 9.

1-D belt and the intermolecular hydrogen-bonds in
4. i) (—x+1/2,—y+3/2,2), iii) (x,=y+3/2,z+1/2),
iv) (—x,—y+1,—z). N--O and O--O distances (A) in
hydrogen-bonds are shown.

(@) (b)

Fig. 10. m-m stacking between the mellitate anion (n = 2)
and pyridinium in 4, a) top view, b) side view. The oxy-
gen atoms are omitted for simplicity.

cation. Since the two protons transfer from one mellitate anion
and the compound 4 contains two water molecules, the formu-
la is [C5H5NH+]2[C6(COO)6H427] -2H20 (n = 2)

The neighboring anion molecules are linked by two pairs of
strong hydrogen-bonds (A--C', All..Ci), forming a 1-D chain
along the ¢ axis. The pyridinium cations are peripherally
linked with the anion chain by a Type 2 hydrogen-bond be-
tween C and N(1)", forming the 1-D belt structure. Water
molecules fill the concavity in the anion belt, and link these
belts tightly by the O-H--O hydrogen-bonds (Fig. 9).

Because there are no substituents on the pyridinium mole-
cule, all the cation and anion planes can be almost parallel.
The interplaner distances are 3.59 between the cations (Fig. 9),
and 3.51 A between the cation and the mellitate anion in the
neighboring belts (Fig. 10). The shortest carbon—carbon in-
teratomic distances are 3.47 and 3.40 A, respectively. These
contacts are shorter than twice the van der Waals radius of
carbon,!! and thus are indicative of m-m interactions.

[3-CH3CsH;NH*,[C4(COO)¢H4>"] (n =2) (5). The
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26452y 29682)
N (2) /2>
62

Fig. 11. Intermolecular hydrogen-bonds in 5. N--O distan-
ces (A) in hydrogen-bonds are shown.

geometries of six independent carboxy (carboxylato) groups
(A to F; shown in Fig. 11) in the mellitate anion are summa-
rized in Table 1. From the r values, one can clearly assign C
and E as carboxy groups and D as a carboxylato group. The
values of the other three (A, B, and F) are intermediate, and the
assignment has been made as follows. Both A and B are
hydrogen-bonding with D (carboxylato), so they must be car-
boxy groups. Both oxygen atoms in F are hydrogen-bonding
with E (carboxy), C (carboxy), and N(2) which is protonated
[The C-N-C bond angles at N(1) and N(2) (A1 and 62) show
that both 3-methylpyridine molecules become the pyridinium
cations]. Since the oxygens in F act as a proton acceptor in the
hydrogen-bonds and there is no space for F to be a carboxy
group, F is assigned as a carboxylato group. This assignment
is consistent with the difference Fourier map and with the
composition of this salt.

The neighboring mellitate anions are connected by two pairs
of hydrogen-bonds (E--F' and F--E!) into an anion dimer, and
the dimers are further linked by two pairs of hydrogen-bonds
(B-D' and C-F") with other dimers [about 70° of the dihedral
angle between the anion molecules at (x,y,z) and at
(—x+ 1,y —1/2,—z+ 1/2) shown in Fig. 11], forming the
2-D grid structure parallel to the bc plane (Fig. 12). The 2-
D grids are linked by the D--Af hydrogen-bonds, forming a
channel along the a axis. The cation molecules are trapped in
this channel by the N-H--O hydrogen-bonds [Type 1 on N(2),
and Type 2 on N(1)].

[3-CH3CsHyNH*]5[C4(COO)sH3**"1,-CH;0H  (n =
2.5) (6). There are two independent mellitate anions (I, II),
and the geometries of independent carboxy (carboxylato)
groups (Al to F1 and A2 to F2; shown in Fig. 13) are sum-
marized in Table 1. The r values and their O--O distances in
hydrogen-bonds indicate that Al, F1 and F2 are carboxylato
groups, and that B1, D1, El, B2, D2, and E2 are carboxy
groups. Since the C1--C2 pair has intermediate r values and
the short O--O hydrogen-bonding distance [area II in Fig.
1(b)], one proton is shared equally by them. The r value of
A2 and the O--O distance in the hydrogen-bond do not clearly
correspond to the areas shown in Fig. 2(b). However, A2 can
be assigned as a carboxylato group, since the counterpart of the
hydrogen-bond (D1) is a carboxy group, and there is no elec-
tron density indicative of the existence of syn-hydrogen in the
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® Cp

Fig. 12. 2-D channel connected by hydrogen-bonds be-
tween the anions in 5.

Fig. 13. 2-D sheet of the anions (I and II) with methanol
molecules in 6.

difference Fourier map around it. The temperature factors of
the molecules at N(2) (62) and N(3) (03) are very large, so a
full discussion about the C-N-C angles is rather difficult.
However, one can assign that the crystallographically indepen-
dent five 3-methylpyridine molecules become the 3-methyl-
pyridinium cations'? not only from the C-N—C bond angles
of the pyridine rings, but also from the fact that the sum of the
negative charge of two independent anion molecules is 5. The
assignment is consistent with the difference Fourier maps
around the pyridine rings. Since compound 6 has one metha-
nol molecule as the crystal solvent, the formula is [3-
CH3CsH4NHT]5[C6(COO)sHs3 5~ 1,-CH30H (n = 2.5)."
Two sets of four pairs of hydrogen-bonds (Al--Bl',
Bl--All, E1--F1i and F1-El# for anion I, and B2--C21,

Bull. Chem. Soc. Jpn., 76, No. 7 (2003) 1357

64

—~

N(4)

/ 2.685(4)
] Q...
Pt Aﬁzﬂy
ptie gy é}
NS) 2705(6)! o
"3.101(5)

2 'é N(2;
o 2.677(4) &
82
R Ay

Fig. 14.

2 708(6)“'

Intermolecular hydrogen-bonds between the an-

ions and cations in 5. N--O distances (A) in hydrogen-
bonds are shown.

Fig. 15. Side view of the anion sheets and cation layer in 6.

C2--B2i, E2--F2V, and F2-E2"Y for anion II) link the anion
molecules into two 1-D chains along the a axis, and further
hydrogen-bonds (A1--D2i, C1.-C2, and D1--A2%) make them
into a 2-D sheet. A methanol molecule compensates the space
in the sheet.

N(2) of 3-methylpyridinium cation forms a Type 1 hydro-
gen-bond with F1 and E1%. N(1), N(3), N(4), and N(5) form
Type 2 hydrogen-bonds with A1, C1, A2, and F2, respectively
(Fig. 14). Since an additional interaction, N(5)--A2, exists, the
mode of hydrogen-bond on N(5) may partly have a Type 1
character. These N—H--O hydrogen-bonds insert the cations
between the 2-D anion sheets (Fig. 15). The cations form the
columnar structure with nearly parallel stacking, and the mo-
lecular planes are almost perpendicular to the anion sheet.

[C9H7NH+]2[C(,(COO)6H42_]°CH3OH (n = 2) (7). The
geometries of six independent carboxy (carboxylato) groups
(A to F; shown in Fig. 16) in the mellitate anion are summa-
rized in Table 1. The r values clearly indicate that E is a
carboxylato group, and that B, C, D, and F are carboxy
groups. Applying the relation between the C—N—C bond angle
and the hydrogen position on the pyridine ring, the correspond-
ing bond angles of the quinoline ring (A1 and 62) indicate that
both isoquinoline molecules become the cations. Though the r
value of A is in the intermediate region, it can be assigned as a
carboxylato group based on the stoichiometry and relatively
long O--O distance in the A--B pair. These hydrogen positions
are also consistent with the difference Fourier maps around
N(1) and N(2). Since methanol is contained as the crystal
solvent, the formula of the compound 7 is [CoH;NH™],-
[C6(CO0)sH,>~1-CH30H (1 = 2).

Two pairs of the O—H--O hydrogen-bonds [E--F' and F--E!
in Fig. 16(a)] link the neighboring mellitate anions,
[C6(CO0)¢H4>7], into an anion dimer, and two further pairs
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Fig. 16. Two kinds of the hydrogen-bond patterns between
the anions in 7; a) in the co-planar dimer unit, b) between
the dimer units. The symmetry operation (i) is
(x+1,—y+1/2,z+ 1/2). N--O distances (A) in hydro-
gen-bonds are shown.

a

Fig. 17. 2-D channel of the anions and the cation columns in 7.

of hydrogen-bonds [B-A' and C-El in Fig. 16(b)] link the
anion dimers with the neighboring other dimers (about 70° of
dihedral angle) into a 2-D grid (Fig. 17). The 2-D grids are
connected by the O-H--O hydrogen-bonds via methanol mol-
ecules to form the channel structures along the [1 O 1]
direction. The isoquinolinium cations are trapped in the chan-
nel by the N-H--O hydrogen-bonds [Type 1 on N(2), Type 2
on N(1)], and form the columnar structure. The angle between
the grid layer and the cation column is about 60°.
[CoH7NH* ,[CoH7NH( 55+ ][C6(COO)H3 525~ 1-CH3-

OH (n = 2.5) (8). The geometries of six independent car-
boxy (carboxylato) groups (A to F; shown in Fig. 18) in the
mellitate anion are summarized in Table 1. The r values and
their O--O distances in hydrogen-bonds clearly indicate that A
and E are carboxylato groups, and B, D, and F are carboxy
groups. From the r value and the O--O hydrogen-bond dis-
tance, C is found to be situated in the area Il [Fig. 1(b)]. One
proton is thus equally shared by the two —COO groups (C and
C'). The C-N-C bond angles at N(1) and N(2) (61 and 62)

Hydrogen-Bond Networks of Mellitate Anions

Fig. 18. 2-D sheet of the mellitate anions (n = 2.5) with
methanol molecules in 8. O--O distances (A) in hydro-
gen-bonds are shown.

Fig. 19. Hydrogen-bonds between the mellitate anions and

between the anion and isoquinolinium in 8. Note that the
isoquinoline with N(3) shares one proton with the other
isoquinoline related by the inversion symmetry. N--O
distances (A) in hydrogen-bonds are shown.

indicate that both isoquinoline molecules become isoquinoli-
nium cations. As for N(3), the situation is slightly different.
The shortest intermolecular contact is N(3)--N(3) pair related
by the inversion center. The distance is extremely short,
2.659(7) A. This clearly indicates that a strong hydrogen-bond
exists between N(3) at (x,y,z) and that at (—x,1 —y,1 —2).
Indeed, 03 is in the intermediate region in Fig. 2, and two
isoquinoline molecules equally share one proton. Methanol is
contained as the crystal solvent, so the formula of the
Compound 8 is [C9H7NH+]2[C9H7NH0‘50'5+][C()(COO)()-
H;35%37]-CH;0H (n = 2.5).

The neighboring mellitate anions, [C6(COO)sH;5>77], are
linked by the O—H--O hydrogen-bonds between the carboxy
and carboxylato groups (A--Bi, C--Cl, and E--Fi) and via
methanol molecules [A--O(13) and D--O(13)] to form a 2-D
anion sheet in the ac plane (Fig. 18).

Through the Type 1 [N(1)] and Type 2 [N(2)] hydrogen-
bonds (Fig. 19), the isoquinolinium molecules are inserted be-
tween the anion sheets, and their molecular planes are almost
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perpendicular to the sheet. The hydrogen-bonded isoquinoli-
nium pair is also arranged in the same cation layer, and no
hydrogen-bonds are formed with the mellitate anion.

Discussion

Neutral mellitic acid forms a 2-D sheet resulting from the
hydrogen-bonds spreading out to six directions.® The hydro-
gen-bonds are “paired hydrogen-bonds,” and the O--O distan-
ces are about ~2.65 A. However, when the deprotonation oc-
curred, a “paired hydrogen-bond” has never been seen. This
may be due to the following reason. When a mellitic acid is
partly deprotonated, each mellitate anion possesses both
—COOH and -COO~ groups. The —COOH group may form
a hydrogen-bond with either -COOH and —COO~ groups.
However, the bond with the latter is preferable due to the
additional Coulombic attraction compared with the hydro-
gen-bond between C—OH and C=0 (Scheme 3). The hydro-
gen-bond distance would be shorter than the “paired hydrogen-
bond” due to the attractive force between the carboxy and
carboxylato groups. In order to avoid unreasonable O--O
atomic contacts, a carboxylato group is turned around the O—
H--O hydrogen-bond, and a stronger “single hydrogen-bond”
(0--0; <2.6 A) is formed (Scheme 3). On the other hand, the
hydrogen-bond may also be strong in the combination of car-
boxylic acid and pyridine derivatives.'* In fact, the formation
of the supramolecular architecture based on this interaction is
widely studied and is very useful for crystal engineering.'?
However, in the salts of pyromellitate anions with pyridiniums,
the formation of infinite networks by the “single hydrogen-
bonds” precedes the interruption by pyridiniums,'® when the
carboxy (carboxylato) groups are available for the formation of
intermolecular hydrogen-bonds (not participating in the intra-
molecular hydrogen-bonds). Since no breakdown of the net-
work between mellitate anions (n = 3, 2, and 2.5) has been
observed, the “single hydrogen-bond” is considered to be
much stronger and precedes the interaction of carboxylic acid
(carboxylate) - pyridine (pyridinium). The pyridine (pyridi-
nium) molecules are always linked at the periphery of the
anion network by Type 1 or 2 hydrogen-bonds. Since there
are no “paired hydrogen-bonds” in the crystals studied, the
carboxylic acid (carboxylate) - pyridine (pyridinium) interac-
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Scheme 4.

tion may be stronger than that.

In the case where three protons are dissociated (n = 3), all
the “paired hydrogen-bonds” in the neutral mellitic acid crystal
can be displaced by “single hydrogen-bonds,” and the anions
form a 2-D sheet. Since the self-organizing property is strong,
the repetition of the hydrogen-bonding unit shown in Scheme 4
leads to the formation of the 2-D sheet structure. It is worth
noting that any deprotonation pattern of mellitate anion with
n = 3, namely, 1, 2, 3-, 1, 2, 4-, or 1, 3, 5-carboxylato groups,
can maintain the 2-D sheet structure.

On the other hand, the mellitate anions with n = 2 does not
form a 2-D sheet. Instead, the “dual hydrogen-bond,” neigh-
boring anions are bound by two carboxy—carboxylato pairs of
the “single hydrogen-bonds” [Scheme 5(a)], appears to be the
dominant hydrogen-bond unit. This type of hydrogen-bond
has been seen in the salt of tetrachlorophthalate with 2-meth-
yl-5-ethylpyridinium, where the anions form a dimer.!” Tn the
salts with n = 2, the repetition of this “dual hydrogen-bond”
unit often makes a 1-D anion chain. In the compound 2, a zig-
zag chain is formed, while in 3 and 4, the mellitate anions form
a straight chain. In addition to the parallel “dual hydrogen-
bond” [Scheme 5(a)], the standing “dual hydrogen-bond” is
found in 5 and 7 [Scheme 5(b)]. The hydrogen-bond in
Scheme 5(b) has never been seen in the crystals of an aromatic
carboxylic acid. The 2-D grid structure in both compounds is
composed of the co-planar dimers [consistent with Scheme
5(a)], and the standing “dual hydrogen-bond” [Scheme 5(b)]
between the dimers. These two types of “dual hydrogen-bond”
units [Scheme 5(a), (b)] are dominant in the mellitate anion
salts with n = 2, and show their strong self-organizing ability.

In 6, the crystallographically independent anions (I and II)
form two kinds of independent 1-D chains along the a axis. In
8, the anions form a zig-zag chain along the c axis. These 1-D
chains constructed by the co-planar “dual hydrogen-bonds”

<9y

a (b)

Scheme 5.



Table 3. Crystal Data and Structure Refinement Parameters

Compound 1 2 3 4 5 6 7 8
Formula C27H24N6O12 C36H34N4012 Ca6HogN2 Oy CHooN2 Oy Ca4HyoN2 O CssHs1N5Oos C31HuN>013 C40H31N3013
Formula Weight 624.52 714.68 592.51 536.41 528.43 1182.03 632.54 761.70
Crystal System monoclinic monoclinic triclinic orthorhombic monoclinic triclinic monoclinic triclinic
Space Group P2, C2/c Pl Pcen P2, /c Pl P2, /c Pl
alh 16.556(1) 12.378(1) 10.462(1) 10.785(1) 9.763(1) 17.052(1) 12.231(2) 11.578(1)
bIA 9.530(1) 19.400(1) 14.525(1) 11.365(1) 11.829(1) 19.153(1) 22.486(2) 14.383(1)
clA 9.989(1) 14.177(1) 9.641(1) 18.228(1) 19.510(1) 10.021(5) 10.678(2) 15.929(1)
ol — — 102.77(1) — — 92.86(1) — 137.0(1)
Bl 123.41(1) 93.26(1) 103.77(1) — 93.30(1) 116.49(1) 109.48 (1) 102.21(1)
VI — — 77.39(1) — — 74.32(1) — 74.11 (1)
V/IA3 1315.54(8) 3398.9(2) 1366.4(4) 2234.1(3) 2249.4(2) 2810.9(2) 2768.7(6) 1739.8(1)
Z 2 4 2 4 4 2 4 2
Dy/g cm™3 1.576 1.397 1.440 1.595 1.560 1.396 1.517 1.454
(Mo-Ka)/em™! 1.26 1.06 1.18 1.36 1.27 1.12 1.20 1.10
26 max 55.0 54.9 54.8 54.8 55.0 55.0 55.0 55.0
/lemp' of data collection 5 123 103 103 100 131 103 123
No. of unique reflections 3186 3863 6107 2874 5146 12788 6332 7872
Rine 0.021 0.033 0.032 0.040 0.030 0.030 0.045 0.038
No. of observations 3008 3030 4770 2114 4230 8778 4129 4529
[l > 1.50(D)]

No. of Variables 413 238 394 175 349 795 421 512
R; Ry 0.036; 0.045 0.055; 0.062 0.082; 0.102 0.058; 0.074 0.048; 0.057 0.081; 0.096 0.069; 0.071 0.074; 0.067
Goodness of fit indicator 1.52 1.74 2.53 1.84 1.65 1.91 1.36 1.25

R= Y |IFo|l = |Fll/ Y |Fol; Ry = {3 w(|Fo| — |Fe])?/ Y. wF2}'/2.
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show that the anion (n = 2.5) also has the n = 2 character. In
addition, the chains are linked into a 2-D sheet by strong hy-
drogen-bonds mediated by the protons equally shared between
the two —COO groups. The large space in the 2-D sheet is
filled by methanol molecules. These structural features are the
dominant character of the anions with n = 2.5.

The pattern of the molecular arrangements varied by n
(Scheme 4 and 5) is reflected in the symmetry of the
crystals. When n = 3 (Scheme 4), it is not possible for this
pattern to accommodate any symmetry centers in the sheet. As
a result, 1 (n = 3) has an acentric space group, and the other
crystals have centric space groups.

In these salts, five salts contain the solvent molecules of
methanol or water contained in methanol or in air. Although
in the crystals of several 5-alkoxyisophthalic acids, the pattern
of hydrogen-bond depends on the solvate molecules,? the pre-
sent salts can not be grown from the other solvents. When the
crystallization occurs, the formation of the hydrogen-bonds
between the mellitate anion molecules may precede, and there
may be several stable anion arrangements (for example, two
types of “dual hydrogen-bonds”). Certainly, the inclusion of
methanol or water molecules is thought to be necessary to keep
one of the anion arrangements in the crystalline state, yet the
strong self-organizing ability of the mellitate anions is consid-
ered as a key factor for the growth of the present crystals.

Conclusion

The mellitate anions have various molecular arrangements
depending on the deprotonation number, n. They are linked by
“single hydrogen-bonds,” and show strong self-organizing
ability. An anion with n = 3 forms a “triangular hydrogen-
bond” unit (Scheme 3) to form a 2-D sheet. The anion with
n =2 can form two types of the “dual hydrogen-bond” units
[Scheme 4(a) and (b)], composed of two “single hydrogen-
bond”s. A 1-D chain or a 2-D grid may be formed by these
hydrogen-bond units. In the crystals of the anion with n = 2.5,
a 1-D chain is formed, and then the existence of the half shared
proton leads to the 2-D sheet structure.

The chain, sheet and grid of the mellitate anion assemblies
can be used to arrange the counter cation molecules in the
defined space, and to control the physical properties (electrical
conductivity, magnetism, and so on) based on the cation ar-
rangements.

Experimental

Preparation of Materials. Mellitic acid and a large excess
amount of bases (typical molar ratio is 1:10) were separately dis-
solved in methanol, and then these solutions were mixed at room
temperature. The solutions were subjected to slow evaporation of
the solvent at room temperature in air or in a nitrogen gas flow.
After one or a few days, colorless block-shaped single crystals
appeared. To check the presence of two or more different crystal-
line forms, X-ray diffraction measurements were performed for
several crystals in the same batch. Consequently, in the cases of
4-methylpyridine and isoquinoline, it was revealed that the solv-
ated and unsolvated crystals with the same pyridine derivative
were grown in the same batch. They have practically identical
appearances (compound 2 and 3, 7 and 8). In the case of
3-methylpyridine, compound 5 was grown during two days after
the beginning of the evaporation, and the further evaporation of
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that solution sometimes allows us to obtain compound 6.

X-ray Structure Determination. Diffraction data for all the
samples were recorded on a Rigaku R-AXIS Rapid imaging plate
diffractometer with graphite-monochromated Mo-Ka radiation
(A =0.71069 A). The temperature was regulated by a cold nitro-
gen gas flow instrument. The crystal data are summarized in
Table 3. The structures were solved by direct methods (SIR-
92'8) and refined with the data [/ > 1.50(I)] on F using the teX-
san program package.

The hydrogen positions in the O-H--O and O-H--N (O--H-N)
hydrogen-bonds were determined by applying the geometric fea-
tures mentioned in the Results section to both proton donor and
proton acceptor in each hydrogen-bond, while checking the con-
sistency with the electron densities. Their thermal parameters
were refined as isotropic. The other hydrogen atoms were fixed
at each ideal position.

In the analysis of 1 (with an acentric space group, P2;), the
Bijvoet pairs were averaged, and the anomalous dispersion effects
were included in the F calculation.

CCDC-208167 (1), CCDC-208168 (2), CCDC-208169 (3),
CCDC-208170 (4), CCDC-208171 (5), CCDC-208172 (6),
CCDC-208173 (7), and CCDC-208174 (8) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44-1223-336-
033; or e-mail: deposit@ccdc.cam.uk).

This work was partly supported by a Grant-in-Aid for Sci-
entific Research from the Ministry of Education, Culture,
Sports, Science and Technology.
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