Acta Cryst. (1970). B26, 1969

1969
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Dipotassium fumarate, K,C4H204.2H20, is monoclinic with a=6-35;, b=18-225, c=7-27, A, p=
98°20’, space group P2;/c, with four formula units in the unit cell. The structure has been refined from
three-dimensional data with anisotropic temperature factors to give an R index of 0-111. Chains of
fumarate groups are aligned parallel to the [010] axis at heights zero and 4c. The chains are linked by
bonds between the two water molecules, one of them linking the chains at heights approximately 0
and ¢, separated by the [100] axis translation, through hydrogen bonds of 2-78 and 2-81 A, and the
other linking the chains at 0 and ¢, i.e. one above the other, through hydrogen bonds of 2-90 and 2-81 A.
K+-O distances range from 2-71 to 2-85 A with an average value of 2:79 A. The two COOH groups in
the molecule are both ionized as evidenced by nearly equal C-O bonds in both carboxyl groups of the

same molecule.

Several salts of fumaric acid have been investigated by
Gupta (1956), Gupta & Barnes (1961), Gupta & Roy
(1967) and Gupta & Sahu (1970). A salt of unusual
interest is the so-called acid potassium hydrogen fu-
marate (Gupta, 1956) whose chemical composition can
be expressed either as 2KC;H;0,+CH,O, or
2CH,0,+K,C4H,0,. Regardless of which formula
really represents the actual structure there is, in either
case, an extra ‘molecule of crystallization’, in a tri-
clinic unit cell, which occupies a centre of symmetry
(Gupta, 1956). One way to establish the correct chem-
ical composition would be to determine accurately the
dimensions of the compounds K,C;H,04 and KC,H;0,
[those of C4H,O, have already been determined by
Brown (1966) and Bednowitz & Post (1966)] and to
compare these values with those already determined
for potassium hydrogen fumarate (Gupta & Roy,
1967). The present work describes an attempt at deter-
mining accurately the dimensions of the compound
K,C4H,0,4, which is the neutral potassium salt of
fumaric acid.

Crystal data

The crystals were grown following the method de-
scribed by Gupta & Barnes (1961). The unit-cell data
are:

a= 635, A o calc=1-819 g.ml-!
b=18228 A ¢ meas=1-817 g.ml~!
c= 7272 A

£=98°20' Z=4

Space group P2,/c

Linear absorption coefficient for
Mo Ka=10-5 cm™!
Cu Ka =100-8 cm! ,

Intensity data were collected using precession photo-
graphs and unfiltered Mo K radiation (4k0,0k/, 01,
hkh,hkh, hk2h,hk2h) and equi-inclination Weissenberg
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photographs using unfiltered Cu K radiation around
the [001] axis (hkO,hk1,hk2,hk3,hk4). A total of 704
reflexions were found to have non-zero intensity values,
the others being too weak to be observed. The inten-
sities were estimated visually using an intensity scale
with crystal reflected spots and a graded series of ex-
posures. They were all brought to a nearly absolute
scale using statistical methods, and F2 values were
derived after application of appropriate corrections,
which did not include that for absorption.

Determination and refinement of the structure

Patterson projections down the [001], [010] and [100]
axes proved to be of no help in determining the posi-
tions of the potassium atoms. Trial and error methods
based on considerations of packing and low-order re-
flexions showing large intensities proved fruitless. In-
equality relations (Sy . Sx=Syz,x) using only zonal
reflexions (£k0,0k/, h0!) proved equally useless. A three-
dimensional unsharpened Patterson function was then
computed, the solution of which led to the following
assignment for the positions of the potassium atoms:

x/a y/b z/c
K@) 0-117 0 0-250
K1) 0-400 133 0-250

Work was then concentrated on the [001] electron
density projection which was the best projection. Re-
iterative normal Fourier refinements gave a value of
R(hk0)~0-388 and R(0k!/)~0-30. Four cycles of least-
squares refinement for the zonal data, with an overall
isotropic temperature factor and unit weight for all
reflexions, brought the R value down to R(hk0)=0-155
and R(0k/)=0-22. A full-matrix three-dimensional re-
finement with anisotropic temperature factors was then
undertaken at the TIFR, Colaba, using the CDC 3600
version of the program of Busing, Martin & Levy
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(1962) as modified by Hamilton, Ibers, Srikanta and
Johnson. Six cycles of least-squares refinement reduced
the R value for all observed reflexions to 0-122. Four
reflexions 042, 062, 102, 211, were corrected for ex-
tinction following the method of Srinivasan (1959). The
final R value was 0-111 and the observed and calculated
structure factors are given in Table 1. The contribu-
tions of the hydrogen atoms are not included. Reflex-
ions not observed are excluded from the list. The atomic
scattering factors as given in International Tables for
X-ray Crystallography were used in the calculations.
For the potassium atoms, values of the atomic scat-
tering factor for K+ were used.

Coordinates, bond-lengths and angles
and intermolecular contacts

The final atomic coordinates together with their esti-
mated standard deviations (in parenthesis) are given
in Table 2(a) while the thermal parameters with their
e.s.d.’s (in parenthesis) are listed in Table 2(b). The
expressions used were of the type exp [—(b11h2+ byk?
+ b3302+ bpskl + by hl + byohk)].

The bond lengths and angles for the fumarate group
together with their e.s.d.’s are given in Table 3 where
the symbols refer to the atoms as shown in Fig. 1.
The K+-O contacts less than 4 A are listed in Table 4.

Table 1. Observed and calculated structure factors
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Table 2. Final parameters

(a) Fractional coordinates ( x 105)

x y z
K() 12410 (87) 473 (23) 26094 (84)
K(II) 39906 (82) 13481 (24) 76456 (93)
C(1) — 8810 (378) 13479 (116) 2709 (391)
C(2) — 15883 (352) 21507 (103) 3752 (373)
C@3) —4684 (441) 27308 (111) 23 (409)
C(4) —11367 (436) 35096 (111) 1140 (328)
o(1) —22977 (255) 8970 (74) 703 (279)
0(2) 10471 (252) 12507 (82) 1257 (253)
0@3) 3254 (259) 39856 (74) 2270 (288)
0O4) —31096 (256) 36522 (83) 27847 (317)
O(5) (H,0) (D 56687 (253) 2035 (82) 27847 (317)
0O(6) (H,0) (ID) 39871 (256) 21397 (72) 26203 (293)
(b) Thermal parameters ( x 104 A2)
bi b2 b33 b1z bis b2
K1) 137 (13) 5(1) 148 (14) 43) 34 (1) 3(3)
K(II) 103 (12) 11 (1) 178 (17) 4 (4) 35(11) -1 (@4)
Cc() 135 (56) 8 (5 151 (78) -507) —41 (59) —8(16)
C(2) 135 (57) 5@4) 139 (69) -9 (16) —44 (52) 1(15)
C(@3) 288 (93) 9 (5) 120 (64) 7(19) 16 (70) 24 (16)
C(4) 280 (80) 10 (5) 9 (47) 7(19) 89 (60) 16 (13)
o(l) 146 (45) 6 (3) 259 (60) =21(11) 47 (44) =3 (11
0Q2) 106 (39) 11 (4) 161 (51) 1(12) 337 11Qan
0@3) 143 (51) 7@3) 257 (59) 2(12) 56 (46) 11 (13)
O(4) 147 (45) 74 344 (71) 9 (13) —5(46) —4(13)
O(5) (H,0) (D 114 (43) 12 (4) 388 (70) —16 (11) 44 (46) 0(14)
O(6) (H,0) (ID) 107 (39) 9 (3) 280 (61) 14 (13) -1 39 15 (14)

The symbol 2O(2) refers to the oxygen atom derived nation around the potassium atom K(I) if only the
from O(2) by a unit translation along [100], efc.; a contacts less than 2:9 A are taken into account.

symbol such as 20(4) indicates an atom derived
from the oxygen atom O(4) by a unit a translation fol-
lowed by a glide operation, and so on; the primed
symbols refer to centrosymmetrically related atoms.

Table 3. Bond lengths and angles in the fumarate group
Length, / a(l)

The average value for the K*+-O contacts is 2-79 A 2531823 %:%‘éi A 8:8%3 A
and there is fourfold coordination of the oxygen atoms C(4)-0(3) 1-264 0028
around the potassium atom K(II) and fivefold coordi- C(4)-0(4) 1-295 0-031

Fig.1. The structure viewed down the [001] axis.

A C26B - 6*



1972 THE CRYSTAL STRUCTURE OF DIPOTASSIUM FUMARATE DIHYDRATE

Table 3 (cont.)
Length, / o(l)

Planarity of the atoms in the fumarate group

. i " The equation to the best plane passing through all the
88)*_88; }.323 » 8.8§§ atoms in the fumarate group, derived by the method
C(2)=C(3) 1:324 0-030 of least-squares, is given by
Angle, 6 () X—1:980 Y—31-773 Z+15-544=0
O(1)-C(1)-0(2) 123-9° 1-2°
821;—88;—8‘8; 112-9 1-2 and the deviations of the atoms from this plane with
2)-C(1)- 18-5 1-6 e.s.d.’s are given in Table 6. The fumarate group is
88:88;:58; }%g:g %:g definitely not planar. The two halves of the fumarate
C(3)-C(4)-0(4) 1188 14 group, i.e. the groups containing the atoms C(1), C(2),
C(3)-C(4)-0(3) 1165 1-4 O(1), O(2) and tbe atoms C(3), C(4), O(3), O(4) are in
0(3)-C(4)-04) 1245 12 two different but nearly parallel planes, the angle be-
tween them being 176-3°. The equations to the two
Table 4. KO contact distances less than 4 A planes are given below:
Distance X—7623 Y+60-025 Z+11-733=0
K(@)~—0(1) 3-109 A C(1), C(2), O(1), O(2
K@—om 1o [C(1), C(2), O(1), O(2)]
K(D—0(3) 2718 X+2262 Y—20-226 Z—11-563=0
KO—0(1") 2:754 C(3), C4), O(3), O4)].
K(D—,0(4) 3-129 [C(3), C(4), O@3), O(4)]
IIZ(P‘%(%), g::’-’gg The deviations of the plane-defining atoms from the
KEIg:gHz(O()I) 2811 plane and their e.s.d.’s are given in Table 7. Although
KID)-0(2) 2-785 fumaric acid is itself planar (Brown, 1966; Post et al.,
K(ID-20(1) 2-854 1966), the fumarate groups in the salts are not planar
E(ﬁg"(ll?gg (g) g:?lz”} - (Gupta & Roy, 1967; Gupta & Sahu, 1970; Pedone
KEII):EHio) EI’) 5.857 & Sirigu, 1967). The lack of planarity in the molecule
K(ID-¢(H,0) (I) 2-756 is not surprising since accurate structure determina-

tions of fumaric acid itself by Brown (1966) and Bed-

o : nowitz & Post (1966), has shown an absence of con-
nstS;g?f’craﬁ)tlén;ermolecular contacts less than 4 A are jugation in the C-CH-CH-C bond system, with the
) central C-C bond being a real double C=C bond. This,

therefore, leaves scope for the COOH group to twist

Table 5. Intermolecular contacts less than 4 A around the single C-C bond, presumably to conform
with packing considerations, the metal-oxygen link-

C)=yCd) D;S;a;;c; ages and the local balancing of opposite charges.
C(2)—:C(3) 3-423

S(é;:gggg g;gg _ Table 6. Deviations of atoms from the plane
0(3)—:C(1) 3908 % of the fumarate group

0(4)-,C(1) 3729 -

0(2)-:0(3) 3826 Deviaon  Bsd. |
0(3)-¢0(2) 3551 e 117 3
0(1)-:063) 3-883 C(2) —0-056 0-028
0(4)-:0(2) 3:966 CQ3) 0-164 0:83411

(H20) (1)—¢°0(3) 3-545 ) —0014 oo

(H20) (D—¢°0(3") 3-525 _ o) o284 9:020

(H,0) )—0@2) = - 3789 0@) oan oo

(H20) (D—;0(4) 3657 ‘~ 0(3) —ol e

(H20) (1—-0(1") . 3410 - R —0154

(H20) (D—(H0) (IN 4084 .

H;0) (I)-¢(H20) (I 3-865

gHiog Ellg—i(()(i) ) b 3-842 ) Table 7. Deviations of atoms from the planes

‘Egzgg 83—;:88; g‘ggz . ‘ : of the two halves of the fumarate group
(H;O) (11).20(2) 4049 - : Deviation E.s.d.

«(H20) dI)~0(3) ) 3-805 o C(1) 0-061 A 0031 A
K@D)—O(1) .. 3-108 S C(2) —0-049 0-029
K{I)—:04") oo 34129 - o) 0:013 0-031

- K(@)0(2) ' 3-290 o o) 0-007 0-025
K{ID-(H20) (D) 3-894 : . C@3) ; —0031 0-033
KID)-(H20) (I) 3-741 : C4) 0:025 0-033
K@D—C(1) 3-146 0(@3) 0-085 0-023

K(@D-C(1) 3-864 04) —0-093 0-024
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Fig.2. A three-dimensional view of the structure.

Description of the structure

The nearly equal bond-length values for the C-O dis-
tances in the carboxyl groups indicate that the COOH
groups are fully ionized as would be expected. Fig. 1
shows a view of the structure looking down the [001]
axis while Fig. 2 is a three-dimensional view of the
structure. In the crystal, fumarate groups are aligned
parallel to the [010] axis at heights approximately zero
and ic from the basal plane (001). The chains are
linked by weak van der Waals contacts of 4-0 A be-
tween oxygen atoms O(1)---O(2) and O(2)---O(1").
Stronger bonding is, however, provided by the water
molecules. The water molecule (H,O)(I) links the chain
at zero with the one immediately above it derived by
the glide operation, the H-bonds being 2:81 A,
(H,0)(I)---20(1), and 2:78'A, (H,0)(I)---20(4) respec-
tively (Fig. 1) and the angle O(1)---(H,O)(I)---20(4)
being 98:2°, The second water molecule (H,O)(II)
binds the two chains of fumarate groups which are
separated by a unit a translation and are at heights
zero and 4c¢ from the basal plane (001), through hydro-
gen bonds of 2:81 A, (H,0)(II)---20(4) and 2-90 A,
(H,O)(II)---0O(2), the angle O(2)---(H,O)(II)---20(4)
being 100-5°. In other words, one of the water mole-
cules (H,O)(I), binds the chains placed immediately
above and below while the second water molecule
(H,O)(II), cross links the chains separated by the unit a
translation, The short distances of 2-81, 2:78, 2-81 and

18 24

290 A and nearly tetrahedral values for the
0O---(H,0)---0 angles indicate that they are real hy-
drogen bonds.

No attempt has been made to locate the hydrogen
atoms in this structure, although projections of differ-
ence Fourier syntheses indicate peaks in the expected
positions.
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