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cis,cis,cis-1,2,4,5-Cyclohexanetetracarboxylic acid, C10H12O8,

(I), contains a mirror plane and the cyclohexane ring exhibits a

chair conformation. Two crystallographically independent

hydrogen bonds form R2
2(14), R2

2(16) and R4
4(16) ring motifs,

and propagation of these two hydrogen bonds along the c and

b axes generates C2
2(16) and C2

2(7) chains. cis,cis,cis-1,2:4,5-

Cyclohexanetetracarboxylic dianhydride, C10H8O6, (II), was

prepared by the reaction of (I) with acetic anhydride. The

cyclohexane ring of (II) exhibits a boat conformation and the

dihedral angle between the two anhydro rings is 117.5 (1)�.

Comment

Over the past 15 years, considerable efforts have been made to

obtain polyimide ®lms possessing low linear thermal-expan-

sion coef®cients (CTEs) with the aim of reducing thermal

stress (Numata et al., 1986, 1987). Recently, polyimides with

low dielectric constants (") have also been in demand in order

to increase the signal-propagation rate in chips (Matsuura et

al., 1991; Sachdev et al., 1999). We have attempted to develop

polyimides with both low CTE and low " values. According

to the structure±property relationship, promising target

materials include polyimides with stiff linear-chain structures

for low CTEs and with low polarizability for low " values

(Hasegawa, 2001). We have highlighted the combination of

cycloaliphatic 1,2:4,5-cyclohexanetetracarboxylic anhydride,

(II), and rod-like 2,20-bis(tri¯uromethyl)benzidine, (III). The

polyimide ®lm (IV) resulted in low " values, as expected, but

did not show low CTE values (Hasegawa et al., 2001). The

present X-ray investigation was undertaken to obtain struc-

tural information about (II) and its intermediate, 1,2,4,5-

cyclohexanetetracarboxylic acid, (I).

In (I), atoms C1 and C4 lie on a mirror plane (Fig. 1). The

cyclohexane ring assumes a chair conformation, with the

carboxyl group on atom C2 in an equatorial position and that

on atom C3 in an axial position, resulting in the four carboxyl

groups being in a mutually cis conformation, which is similar

to that of tetramethyl cis,cis,cis-1,2,4,5-cyclohexanetetracar-

boxylate, (V) (Robinson et al., 2000). Among the endocyclic

angles, the C3ÐC4ÐC3i angle [114.19 (18)�] of (I) (Table 1)

and the corresponding angle [114.6 (3)�] of (V) are the largest

as a result of the 1,3-diaxial repulsion, and the angles at atoms

with axial substituents in both structures [110.67 (14)� in (I),

and 108.9 (3) and 110.7 (3)� in (V)] are smaller [symmetry

code: (i) x, y, 1
2 ÿ z]. The two carbonyl groups of the carboxyl

groups in (I) are synperiplanar with respect to an endocyclic

bond [O1ÐC5ÐC2ÐC1 = ÿ8.5 (2)� and O3ÐC6ÐC3Ð

C2 = 3.0 (2)�], and all four carbonyl groups in (V) are also

synperiplanar, with larger deviations from an eclipsed position

[the corresponding torsion angles are ÿ13.0 (6) and 21.4 (5)�

for the equatorial carboxyl groups, and ÿ19.8 (5) and

ÿ25.6 (5)� for the axial groups].

Two crystallographically independent hydrogen bonds

(Table 2 and Fig. 2), viz. O2ÐH2� � �O3 and O4ÐH4� � �O1,

form R2
2(14) rings about an inversion center, R2

2(16) rings

along a 21 screw axis and R4
4(16) rigns about a twofold axis

(Etter, 1990; Bernstein et al., 1995). Propagation of these two

hydrogen bonds along the c and b axes generates two chain

motifs, viz. C2
2(16) and C2

2(7), resulting in a two-dimensional

network perpendicular to the a axis.

In (II) (Fig. 3 and Table 3), the molecule possesses

approximate C2v symmetry. The displacement ellipsoids of

atoms O3 and O4 are appreciably larger than those of the

other atoms, which may be due to hydrolysis of the anhydro

rings, and the hydrogen bonds associated with atoms O3 and

O4 may promote the reaction (Table 4 and Fig. 4). Crystals

kept at ambient temperature showed degradation of crystal-

linity after a few months.
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The cyclohexane ring of (II) assumes a boat conformation

[Cremer & Pople (1975) puckering parameters are

Q = 0.749 (2) AÊ , � = 90.3 (2)� and ' = ÿ61.8 (2)�], while the

cyclohexane ring of cis-1,2-cyclohexanedicarboxylic anhy-

dride, (VI), adopts a chair conformation (Pawel et al., 1982).

The mean torsion angle of the cyclohexane ring of (I) is

52.2 (1)�, and the corresponding value in (VI) is 49 (4)�. The

cyclohexane ring of (VI) is largely ¯attened at the anhydro

side of the ring and puckered at the opposite side. Although

the anhydro ring of (VI) adopts a slightly distorted envelope

conformation, the anhydro rings of (II) assume a favorable

planar conformation (maximum deviations are 0.03 AÊ for C1/

C2/C8/O2/C7 and 0.01 AÊ for C4/C5/C10/O5/C9), as observed

in succinic anhydride (Ehrenberg, 1965; Fodor et al., 1984) and

5,6,11,12-tetrahydro-5,12;6,11-di-o-benzenodibenzo[a,e]cyclo-

octene-5,6-dicarboxylic anhydride (Cicogna et al., 2002). For

(VI), the strain induced on anhydro ring formation is relaxed

by the deformations of the anhydro and cyclohexane rings,

while for (II), the cyclohexane ring adopts a boat conforma-

tion, because the four carboxyl groups that are mutually cis

form anhydro rings at either side of the cyclohexane ring.

The dihedral angle between the two anhydro rings is

117.5 (1)�. Hence, the polyimide chain containing (II) as an

anhydride monomer is expected to be non-linear. We ascribe

the high CTE of the polyimide ®lm (IV) to the non-linearity of

the polyimide chain.

Experimental

Compound (I) was prepared by esterifying 1,2:4,5-benzenetetra-

carboxylic dianhydride with methanol in the presence of Ti(OBu)4 to

give tetramethyl 1,2,4,5-benzenetetracarboxylate and then hydro-

genating the latter at 423 K under 5 MPa hydrogen pressure in the

presence of Ru on a carbon support (New Japan Chemical Company

Ltd, 1996). Hydrolysis of the resulting ester in the presence of water

and sulfuric acid gave (I). Compound (II) was prepared by the

reaction of (I) with acetic anhydride. Crystals of (I) and (II) suitable

for X-ray diffraction studies were obtained by slow evaporation of an

aqueous solution and an acetic anhydride solution, respectively, at

room temperature.

Figure 1
The molecular structure of (I), showing displacement ellipsoids at the
50% probability level.

Figure 2
The crystal packing of (I), showing the hydrogen bonding.

Figure 3
The molecular structure of (II), showing displacement ellipsoids at the
50% probability level.

Figure 4
The crystal packing of (II), showing the hydrogen bonding.



Compound (I)

Crystal data

C10H12O8

Mr = 260.20
Orthorhombic, Pbcm
a = 5.9425 (18) AÊ

b = 12.436 (2) AÊ

c = 14.999 (2) AÊ

V = 1108.5 (4) AÊ 3

Z = 4
Dx = 1.559 Mg mÿ3

Cu K� radiation
Cell parameters from 25

re¯ections
� = 25.1±28.2�

� = 1.21 mmÿ1

T = 298 (2) K
Cubic, colorless
0.20 � 0.20 � 0.20 mm

Data collection

Rigaku AFC-6R diffractometer
2�/! scans
Absorption correction:  scan

(North et al., 1968)
Tmin = 0.774, Tmax = 0.786

1188 measured re¯ections
1188 independent re¯ections
1038 re¯ections with I > 2�(I)

Rint = 0.016
�max = 74.9�

h = 0! 7
k = 0! 16
l = 0! 19
3 standard re¯ections

every 150 re¯ections
intensity decay: none

Re®nement

Re®nement on F 2

R(F ) = 0.041
wR(F 2) = 0.113
S = 1.11
1188 re¯ections
88 parameters
H-atom parameters constrained

w = 1/[�2(F 2
o) + (0.0547P)2

+ 0.3575P]
where P = (F 2

o + 2F 2
c )/3

(�/�)max < 0.001
��max = 0.27 e AÊ ÿ3

��min = ÿ0.20 e AÊ ÿ3

Extinction correction: SHELXL97
Extinction coef®cient: 0.0050 (7)

Compound (II)

Crystal data

C10H8O6

Mr = 224.16
Orthorhombic, Pna21

a = 13.591 (2) AÊ

b = 9.306 (2) AÊ

c = 7.711 (3) AÊ

V = 975.2 (5) AÊ 3

Z = 4
Dx = 1.527 Mg mÿ3

Cu K� radiation
Cell parameters from 25

re¯ections
� = 26.6±28.4�

� = 1.12 mmÿ1

T = 298 (2) K
Rod, colorless
0.25 � 0.25 � 0.20 mm

Data collection

Rigaku AFC-6R diffractometer
2�/! scans
Absorption correction:  scan

(North et al., 1968)
Tmin = 0.723, Tmax = 0.799

1074 measured re¯ections
1074 independent re¯ections
984 re¯ections with I > 2�(I )

Rint = 0.017
�max = 74.9�

h = 0! 17
k = 0! 11
l = 0! 9
3 standard re¯ections

every 150 re¯ections
intensity decay: none

Re®nement

Re®nement on F 2

R(F ) = 0.039
wR(F 2) = 0.110
S = 1.07
1074 re¯ections
146 parameters
H-atom parameters constrained

w = 1/[�2(F 2
o) + (0.0664P)2

+ 0.1313P]
where P = (F 2

o + 2F 2
c )/3

(�/�)max = 0.007
��max = 0.19 e AÊ ÿ3

��min = ÿ0.16 e AÊ ÿ3

Extinction correction: SHELXL97
Extinction coef®cient: 0.053 (11)

For both compounds, data collection: MSC/AFC Diffractometer

Control Software (Molecular Structure Corporation, 1996); cell

re®nement: MSC/AFC Diffractometer Control Software; data reduc-

tion: TEXSAN (Molecular Structure Corporation/Rigaku, 2000);

program(s) used to solve structure: SIR92 (Altomare et al., 1994);

program(s) used to re®ne structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: PLATON (Spek, 2003) and ORTEPIII (Burnett

& Johnson, 1996); software used to prepare material for publication:

SHELXL97, PLATON and PARST (Nardelli, 1995).

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: OB1124). Services for accessing these data are
described at the back of the journal.
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