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Abstract. M, =214.13, orthorhombic, P2,2,2,, a=
9.495(2), b=16286(3), c=5841(1)A, V=
903.2(3)A}, Z=4, D ,=1.575gcm™, CuKa, A
=1.5418 A, y= 11.4 cm™!, F(000) = 440, T= 293 K,
R =0-036 (wR=0-053) for 999 reflections. The
structure is of interest because the compound is a
derivative of citric anhydride and consists of two fused
five-membered rings, one of which is an anhydride and
the other a y-lactone, with one carbon of the fusion
bearing an acetoxy group. The molecule has bond
lengths and angles comparable with those of other
anhydrides. The packing is determined by interaction
between carbonyl and ether oxygen atoms.

Introduction. Citric anhydride, derived from the a-
hydroxycarboxylic acid citric acid, has been invoked in
the reaction catalyzed by the enzyme citrate synthase
so that the reversibility of the conversion of low-energy

* This research was supported by grants CA-10925, CA-22780,
CA-06927 and RR-05539 from the National Institutes of Health,
BC-242 from the American Cancer Society, and by an
appropriation from the Commonwealth of Pennsylvania.

1 (25,35)-Tetrahydro-3-acetoxy-5-oxo-2,3-furandicarboxylic
anhydride.

} To whom correspondence should be addressed.

0108-2701/84/122100-04%01.50

citrate into high-energy acetyl-CoA may be accounted
for (Spector, 1972; Eggerer & Remberger, 1963;
Eggerer, Remberger & Griinewilder, 1964; Wun-
derwald & Eggerer, 1969; Buckel & Eggerer, 1969;
Buckel, 1976); however, detailed high-resolution X-ray
crystallographic studies of citrate bound to the enzyme
citrate synthase (Remington, Wiegand & Huber, 1982)
suggest that there is not room in the active site for such
an anhydride to be formed.

The existence of citric anhydride as a well-defined
molecule has been reported by Repta (Repta, Robinson
& Higuchi, 1966; Repta, 1969; Repta & Higuchi,
1969), who prepared solid citric anhydride. His
preparation has been repeated, and the infrared
spectrum of the solid was consistent with citric
anhydride (Smart, 1984) but we have not been able to
obtain crystals of the product (only very small amounts
of crystalline anhydrous citric acid when the crystal-
lization medium is not sufficiently dry). A report that
citric acid exists in aqueous solution in equilibrium with
its anhydride is really an extrapolation from the existence
of anhydrides of acids such as succinic acid (Higuchi,
Miki, Shah & Herd, 1963; Higuchi, McRae & Shah,
1966; Higuchi, Eberson & McRae, 1967) and no firm
evidence for the existence of citric anhydride in aqueous
solutions is available.

© 1984 International Union of Crystallography
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It seems that citric acid does not form an anhydride
readily. This is not unexpected because there are
conformational preferences in citric acid or the citrate
ion that prevent two carboxylic acid groups from
coming close enough to each other for dehydration to
occur. There are, of course, two types of anhydrides
that have the potential for formation. One involves the
central carboxyl group (with a hydroxyl group in the
a-position) and a terminal carboxyl group, and the
other involves two terminal carboxyl groups; the
different sizes of the rings so generated may favor one
over the other. In general, in citrates and in other
molecules containing a similar a-hydroxycarboxylic
acid grouping, the hydroxyl group lies approximately in
the plane of the carboxyl group (Jeffrey & Parry, 1952;
Nordman, Weldon & Patterson, 1960; Glusker, van
der Helm, Love, Dornberg, Minkin, Johnson &
Patterson, 1965; Johnson, 1965; Glusker, Minkin &
Patterson, 1969; Gabe, Glusker, Minkin & Patterson,
1967; Roelofsen & Kanters, 1972; Glusker & Carrell,
1973; Carrell & Glusker, 1973; Sheldrick, 1974;
Mastropaolo, Powers, Potenza & Schugar, 1976;
Strouse, Layten & Strouse, 1977; Gavrushenko, Car-
rell, Stallings & Glusker, 1977; Swanson, Ilsley &
Stanislowski, 1983). This means that both the hydroxyl
group and the central carboxyl group are perpendicular
to the main backbone of the molecule, as shown in Fig.
1. This has been ascribed (Newton & Jeffrey, 1977) to
hydrogen-bond formation; in the case of metal salts it
could be due to metal coordination. However, this
observed coplanarity can no longer be maintained when
an internal anhydride is formed and the two carboxyl

coo~ OAc
OH

-00C | -CH O\\ c

1\ \C—a 2 c — \\CHZ

\ CH
(o]

* o —CH \C/ \O/C\o

O// factone

anhydride

Fig. 1. The formation of citric anhydride (left) and the relationship
of citric anhydride to the compound studied (right).
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groups need to approach each other in order for a
chemical reaction to occur. This may, in part, explain
the difficulty in preparing an anhydride.

In this paper we describe the structure of a
compound related to citric anhydride, and examine
some of the reasons for constraints described above in
the citric acid molecule or the citrate ion.

Experimental.  (25,35)-Tetrahydro-3-acetoxy-5-oxo-
2,3-furandicarboxylic anhydride, (I), prepared by
one of us (RG) and crystallized as prisms. Crystal,
approximate size 0-2 x 0-4 x 0-6 mm, sealed in Lin-
demann tube in dry argon. Four-circle automated
diffractometer, 8-26 scan, max. 260 = 138°. 14 reflec-
tions (6 15-29°) for measuring lattice parameters. 1005
reflections measured, 999 with I > o(I), o(I) derived
from counting statistics. o(F) = (F/2)[e*(D)/(D? +
&12, § is measured instrumental uncertainty 0-017.
Three standard reflections monitored at intervals during
data collection showed no decay of intensities. No
absorption correction. Data corrected for geometrical
factors and put on an absolute scale with a Wilson plot.
h0-11, k 0-19, ! 0-7. Structure solved with MULTAN
(Germain, Main & Woolfson, 1971) on 240 E values
>1-20. Refinement by full-matrix least-squares
methods (Gantzel, Sparks, Long & Trueblood, 1969;
Carrell, 1975), anisotropic temperature factors for C and
O, isotropic for H which were located from a dif-
ference map after a few cycles of refinement of heavier
atoms. 2w(||F,|—IF,1|)> minimized, w = 1/0*(F).
Atomic scattering factors from Cromer & Mann
(1968) and Stewart, Davidson & Simpson (1965). Final
R =0-036, wR = 0-053. Final difference Fourier map
contained no peak greater than 0-13e A-3; max.
A/6=0.22 for C and O, 0-05 for H. Atomic
coordinates are listed in Table 1,* and some important
torsion angles in Table 2.

OCOCH,

O\
\C ——C~ CH

/e N\
o\c / \0/c§o
/)
° M

Discussion. The structure of the molecule studied is
shown in Fig. 2, which also shows bond lengths and
angles. The molecule is both an anhydride and a
y-lactone and may be considered to be derived from a
hydroxycitric acid. It provides partial structural proof
of the existence of citric anhydride.

* Lists of structure factors, anisotropic thermal parameters and a
view of the crystal packing have been deposited with the British
Library Lending Division as Supplementary Publication No. SUP
39660 (10 pp.). Copies may be obtained through The Executive
Secretary, International Union of Crystallography, 5 Abbey
Square, Chester CH1 2HU, England.
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Table 1. Atomic parameters for (2S,3S)-tetrahydro-
3-acetoxy-5-0x0-2,3-furandicarboxylic anhydride

x y z (B
o(l) 0-8319(2) 0-5084 (1) 0-0241 (4) 6-39 (8)
0(2) 0-6388(2) 0-5822 (1) 0-0706 (3) 4.28 (5)
0(3) 0-7685 (2) 0-7706 (1) 0-2129 (3) 3-57(5)
0(4) 0-5548 (2) 0-6612 (1) 0-5877 (3) 4.25(5)
0(5) 0-3895(2) 0-5983 (1) 0-3837 (4) 5:75(7)
0(6) 0-7454 (2) 0-7302 (1) 0-7056 (3) 5-86 (7)
o 0-5653 (2) 0-8213 (1) 0-3350 (4) 5.96 (8)
C(1) 0-7764 (3) 0-5663 (1) 0-1082 (4) 4.21(7)
C(2) 0-8414 (2) 0-6314 (1) 0-2562 (4) 4.28 (7)
Cc(3) 0-7250 (2) 0-6932 (1) 0-3006 (3) 3-10(5)
C(4) 0-5954 (2) 0-6553 (1) 0-1876 (3) 3.46 (6)
C(5) 0-4992 (2) 0-6333 (1) 0.3867 (4) 3.92(7)
C(6) 0-6823 (3) 0-6992 (1) 0-5532(3) 3.73(D
C(7) 0-6732 (3) 0-8321 (1) 0-2352 (4) 4.22(8)
C(8) 0-7229 (4) 0-9092 (1) 0-1260 (6) 5-85(11)
H(1C2) 0-922 (5) 0-656 (3) 0-183 (9) 12.3(4)
H(2C2) 0-892 (3) 0616 (2) 0-380 (5) 4.5 (6)
H(4) 0-549 (3) 0-691 (2) 0-065 (6) 5-9(D
H(1C8) 0-811(3) 0-920 (2) 0-153 (6) 5.5(7
H(2C8) 0-696 (4) 0-903 (2) 0-007 (9) 8:7(9)
H(3C8) 0-683 (5) 0-954 (3) 0-19(1) 10-2 (3)

Note. Positional parameters, x, y, z, are expressed as fractions of
cell edges. Average equivalent isotropic temperature factors are in
the form exp(—B sin?6/A?) with B values (A?) calculated from
(B)Y =2 ,., B/ Atoms were refined anisotropically except for the
hydrogen atoms. The numbers in parentheses after each parameter
represent the e.s.d. with respect to the last digits quoted.

Table 2. Torsion angles (e.s.d. 0-2-0-3°)

(a) Anhydride ring

(¢) Other

C(5)—0(4)—C(6)-C(3) —3.4 C(1)-0(2)—C(4)—C(5)  —109-2
0@4)-C(6)-C(3)-C(4) 66 C(4)-C(3)-0(3)—C(7) 618
C(6)—-C(3)-C@@)»-C(5) —6-9 C(6)-C(3)-0(3)-C(1)  —55-9
CB3)—C(4)-C(5-0@) 55 C(1)-CQ)-C(3)—C(6) 1158
C(4}-C(5-0(4)—C(6) —1.4 0(3)-C(3)-C(4)-0(2)  113-8
. 0(3)-C(3}-C(6)-0(4) 1317
(b) Lactone ring 0(3)-C(3)-C(6)-0(6)  —49-1
C(H-C-CR)-C) 42 0(2)-C(4)—~C(5)—-0(5)  —59-8
C(-C(3)-C4)-0(2) -5-1 0(2)—C(4)-C(5)-0(4) 121-2
C(3)-C@)-0@Q)—C(1) 4.2
C(4)-0(2)-C(H-C(2) 1-4
0(Q2-C(1)-C(—C(3) -2-0

C1-C2-H1
C1-C2-H2
C3-C2-H1
H1-C2-H2 93
C7-C8-H2 100
H1-C8-H3 99
H1-C8-H2 122

03-C3-C4
C2-C3-C6
C3-C4-C5
02-C4-H4 105
C3-C4-H4 115
C5-C4-H4 114

1135
104.4

Fig. 2. A view of the molecule with distances and angles. E.s.d.’s are
0-002-0-003 A for distances (0-03-0-06 A if hydrogen is in-
volved) and 0- 1-0-2° for angles (2-5° if hydrogen is involved).

C,H.O,

A review of the Cambridge Crystallographic Data
File (Allen, Bellard, Brice, Cartwright, Doubleday,
Higgs, Hummelink, Hummelink-Peters, Kennard, Mo-
therwell, Rodgers & Watson, 1979; Murray-Rust,
Stallings, Monti, Preston & Glusker, 1983) showed that
of 37 anhydrides that have been reported in the
literature only four have substituents other than carbon
or hydrogen on C(3) and C(4), and no generalizations
could be made from these. However, in 31 anhydrides it
was shown that a change in the substituents on C(3)
and C(4) from carbon to hydrogen resulted in a
lengthening of the carbonyl group C=0O bond and a
shortening of C—C bond lengths, possibly because a
hydrogen atom on C(3) or C(4) becomes labile as a
result of the proximity of the carbonyl group. Data are
given in Table 3 and show that in the structure here
[with oxygen atoms attached to C(3) and C(4)] there is
a lengthening of C(4)—C(5) and C(3)—C(6) and a
shortening of C(5)—0(4) and C(6)—0(4).

The molecule shows no great evidence of strain when
compared with other anhydrides such as a succinic
anhydride derivative (Malmros & Wagner, 1978) or
with a lactone of hydroxycitric acid (Glusker, Minkin &
Casciato, 1971). The central carboxyl group [C(6),
0(6), O(4)] cannot lie in the plane of the acetylated
hydroxyl group [O(3), C(7), O(7), C(8)], as it would if
it were a free citrate ion, because the central carboxyl
group is part of the anhydride ring system and is
coplanar with a terminal carboxyl group that forms the
other half of the anhydride. Lactones of hydroxycitric
acid are extremely stable and can be crystallized
readily.

There are no hydrogen atoms attached to oxygen
atoms in this molecule so that there is no potential for
hydrogen-bond formation. The packing of molecules in
the crystal structure is therefore determined by the
packing of oxygen atoms, mainly carbonyl groups with
their inherent dipoles interacting with ether oxygen
atoms. The shortest packing distances involve the
lactone carbonyl group O(l) interacting with furan
(lactone and anhydride) oxygen atoms, O(2) and O(4),
of another molecule at distances of 2-737 (2) and
2-981 (2) A, respectively, and the anhydride carbonyl
group O(6) interacting with O(3) (attached to the acetyl
group) of another molecule at 2-652 (2) A. The short
O(1)---O(4) distance of 2-98 A may result from the
interaction of negatively charged carbonyl O(1) with a
slightly positively charged O(4).

The hydrolysis of citryl-CoA via citric anhydride has
been illustrated by Spector (1972) as

0
1 OSCOA (I)I
c” ] coo”
7/ / \ /
CH2 \ CH2 CH2
- [
“°\(|, ot &= ”0\(|: / = "ol
/7 \ VAR s/
cHz C CH2 fl CH2 €00~
0 | 0 |
coo~ coo~ coo~
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Table 3. Bond lengths (in A) in anhydrides
Lengths Lengths Lengths Length
Substituents C(5)—0(5) C(5)—0(4) C(4)—C(5) C(3)-C@4)
at C(3) and C(4) and C(6)—0(6) and C(6)—0(4) and C(3)—C(6)
Cc c,c.cH 1-183,1.178 1.387,1-384 1.511, 1.511 1-547
C,H, C, Ht 1.189,1.188 1.387,1-389 1-497, 1.503 1-534
H, H,H, Hi 1-192,1-189 1.384,1:372 1-466, 1-484 1-512
This work
C,0,H,0 1-188,1-186 1-365,1:375 1-522,1.533 1.527
* 14 entries.
+ 16 entries.
I 1entry.

Our results would indicate that C—O cleavage in the
anhydride on hydrolysis is more likely for the C(6)—
O(4) than the C(5)—0(4) bond (i.e. the one nearest the
substituted hydroxyl group) since the former bond is
slightly longer and more twisted than the latter. Since
carbonyl groups are polarized, with the negative end of
the dipole moment on the oxygen atom, it would be
expected that hydrolysis would result from nucleophilic
substitution on the carbon atom (Berliner & Altschul,
1952). Another electron-withdrawing group would
enhance this reactivity. Citric anhydride, with a
hydrogen atom in place of the acetyl group (to give a
hydroxyl group), would be expected to be much more
reactive and this may be the reason that it is so hard to
prepare.

References

ALLEN, F. H,, BELLARD, S., BRICE, M. D., CARTWRIGHT, B. A.,
DouBLEDAY, A., HiGGs, H., HUMMELINK, T., HUMMELINK-
PETERS, B. G., KENNARD, O., MOTHERWELL, W. D. S,
RODGERS, J. R. & WAaATson, D. G. (1979). Acta Cryst. B35,
2331-2339.

BERLINER, E. & ALTSCHUL, L. H. (1952). J. Am. Chem. Soc. 14,
4110-4113.

BUCKEL, W. (1976). Eur. J. Biochem. 64, 263-267.

BuckeL, W. & EGGERER, H. (1969). Z. Physiol. Chem. 350,
1367-1376.

CARRELL, H. L. (1975). ICRFMLS. Modification of UCLALS4.
The Institute for Cancer Research, Philadelphia, PA.

CARRELL, H. L. & GLUSKER, J. P. (1973). Acta Cryst. B29,
638-640, 674—682.

CROMER, D. T. & MaANN, J. B. (1968). Acta Cryst. A24, 321-324.

EGGERER, H. & REMBERGER, U. (1963). Biochem. Z. 3317,
202-223.

EGGERER, H., REMBERGER, U. & GRUNEWALDER, C. (1964).
Biochem. Z. 339, 436-453.

GABE, E. J., GLUSKER, J. P., MINKIN, J. A. & PATTERSON, A. L.
(1967). Acta Cryst. 22, 366-3175.

GANTZEL, P. K., SPARKS, R. A, LONG, R. E. & TRUEBLOOD, K. N.
(1969). UCLAL S4. Univ. of California, Los Angeles.

GAVRUSHENKO, N., CARReLL, H. L., StaLLINGS, W. C. &
GLUSKER, J. P. (1977). Acta Cryst. B33, 3936-3939.

GERMAIN, G., MAIN, P. & WOOLFSON, M. M. (1971). Acta Cryst.
A217, 368-376.

GLUSKER, J. P. & CaRrRELL, H. L. (1973). J. Mol. Struct. 15,
151-159.

GLUSKER, J. P.,, MINKIN, J. A. & Casciato, C. A. (1971). Acta
Cryst. B27, 1284—1293.

GLUSKER, J. P., MINKIN, J. A. & PATTERSON, A. L. (1969). Acta
Cryst. B25, 1066—1072.

GLUSKER, J. P., VAN DER HELM, D., LovE, W. E., DORNBERG, M.
L., MINKIN, J. A., JOHNSON, C. K. & PATTERSON, A. L. (1965).
Acta Cryst. 19, 561-572.

HigucHi, T., EBERSON, L. & MCRAE, J. D. (1967). J. Am. Chem.
Soc. 89, 3001-3004.

HiGucHl, T., MCRAE, J. D. & SHAH, A. C. (1966). J. Am. Chem.
Soc. 88,4015-4019.

HigucHl, T., Miky, T., SHAH, A. C. & HERD, A. K. (1963). J. Am.
Chem. Soc. 85, 3655-3660.

JEFFREY, G. A. & PaRRY, G. S. (1952). Nature (London), 169,
1105-1106.

JounsoNn, C. K. (1965). Acta Cryst. 18, 1004-1018.

MALMRoS, G. & WAGNER, A. (1978). Cryst. Struct. Commun. 17,
67-10.

MASTROPAOLO, D., POWERS, D. A., POTENZA, J. A. & SCHUGAR,
H. J. (1976). Inorg. Chem. 15, 1444—1449,

MURRAY-RUST, P., STALLINGS, W. C., MoNTI, C. T., PRESTON, R.
K. & GLUSKER, J. P. (1983). J. Am. Chem. Soc. 105,
3206-3214.

NEWwWTON, M. D. & JEFFREY, G. A. (1977). J. Am. Chem. Soc. 99,
2413-2421.

NorbpMAN, C. E., WELDON, A. S. & PATTERSON, A. L. (1960).
Acta Cryst. 13,414-417,418-426.

REMINGTON, S., WIEGAND, G. & HUBER, R. (1982). J. Mol. Biol.
158, 111-152.

REPTA, A. J. (1969). The Chemistry of Some Cyclic Anhydrides.
Dissertation. No. 69-9, 715, University Microfilms, Inc., Ann
Arbor, Michigan. Diss. Abstr. Int. B, (1969), 30(3), 1060-1061.

REPTA, A. J. & HiGgucHl, T. (1969). J. Pharm. Sci. 58, 505-506,
1110-1114.

REPTA, A. J,, ROBINSON, J. R. & HigucHi, T. (1966). J. Pharm.
Sci. 55, 1200-1204.

ROELOFSEN, G. & KANTERS, J. A. (1972). Cryst. Struct. Commun.
1,23-26.

SHELDRICK, B. (1974). Acta Cryst. B30, 2056—-2057.
SMART, C. J. (1984). The Institute for Cancer
Philadelphia, PA 19111. Unpublished observations.
SPECTOR, L. B. (1972). In The Enzymes, edited by P. D. BOYER,

Vol. VII, pp. 357-382. New York and London: Academic Press.

STEWART, R. F., DaviDsoN, E. R. & SimpsoN, W. T. (1965). J.
Chem. Phys. 42,3175-3187.

STROUSE, J., LAYTEN, S. W. & STrROUSE, C. E. (1977). J. Am.
Chem. Soc. 99, 562-572.

SwaNsON, R., ILsLEY, W. H. & StanisLowskl, A. G. (1983). J.
Inorg. Biochem. 18, 187-194.

WUNDERWALD, P. & EGGERER, H. (1969). Eur. J. Biochem. 11,
97-105.

Research,



