C,,H,(N,NiO,.3H,0

0%

e q\ee"

Fig. 2. Hydrogen-bond scheme in (I). Hydrogen bonds are in-
dicated by broken lines.

0(4)---N(3) 2:90 (1) A with the O-- - H distances 2-1,
2.2 A. Indeed, the orientation of the NO, group around
the Ni—N(3) bond facilitates formation of these
hydrogen bonds as N(3), N(9) are as close as possible
to the plane of the Ni—NO, fragment with deviations of
only 0-05, 0-58 A. It is clear then that Karn & Busch
(1969) were correct in their view that the nitrite ion
would find it difficult to N-bond to this side of the
macrocycle. It is only the formation of the hydrogen
bonds that permits this.

The O-bonded nitrite occupies the opposite less
crowded* side of the macrocycle. N(1) takes up the
least crowded positions over the pyridine ring [the
N(6)—Ni—O(1)—N(1) torsion angle is —2-0°]. Thus
the planes of the two nitrites are almost perpendicular,

* Models indicate that this side also is too crowded to permit
nitrite to bond through N.
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the angle of intersection being 85-5°. O(2) is hydrogen
bonded to two water molecules [O(5) at 2-75 (2) A,
O(5)4 — x, —y, 1 — z) at 2-63 (2) Al related by a centre
of symmetry. It is surprising that despite these short
distances the occupancy factor of the water molecule is
only 0-5. This pattern of hydrogen bonding in the unit
cell is illustrated in Fig. 2. Apart from this, there is one
other short intermolecular distance that could represent
a hydrogen bond — albeit a very weak one:
N(13)---03)(—x, —y, —2) 3-15 A, with an N—H...O
angle of 163°. There are no other intermolecular
distances less than the sum of the van der Waals radii.

We thank A. W. Johans for his assistance with the
crystallographic investigations.
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Abstract. Cd(CHO,),, 2CHO;.Cd*, M, = 202-44,
C2/c,a=11-614 (4),b =6-185 (3),c = 12409 (5) A,
f = 112-51(5)°, Z =8, D, = 3-266 Mg m™%. R =
0-053 for 1634 independent reflexions. Formate ion (1)
is tridentate and bridges symmetry-related cations.
Both O atoms of the quadridentate formate ion (2)
chelate one Cd atom and are also in bridging positions
to two symmetry-related cations. Four-membered
rings are a significant feature of the polymeric lattice
thus formed. Cd is seven-coordinate in pseudo-octa-
hedral geometry with Cd—O distances in the range
2:259 (4)-2-599 (7) A.

Introduction. The isomorphism of the formate dihy-
drates of Ni', Cd, Zn, Mg, Mn™, Fe' and Cu! has

0567-7408/80/081947-03$01.00

been proved by investigations of the pure formates
(Krogmann & Mattes, 1963; Post & Trotter, 19742;
Burger & Fuess, 1977; de With, Harkema & van
Hummel, 1976; Osaki, Nakai & Watanabé, 1963,
1964; Kay, Almodovar & Kaplan, 1968; Bukowska-
Strzyzewska, 1965; Hoy, de S. Barros, de S. Barros &
Friedberg, 1965; Malard & Pascal, 1966a) as well as
mixed formates (Ogata, Taga & Osaki, 1977a,b;
March, Weber & Nagorny, 1973). Heating leads to
dehydration by a mechanism which is similar for all the
formates mentioned above (Masuda & Shishido, 1979).
This might indicate isomorphism of the anhydrous
formates, some of which are reported to exist in an
unstable a and a stable § form (Malard & Pascal,
1966b; Dollimore, Gupta & Nowell, 1979). The
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Table 1. Atom coordinates (x10%) and isotropic
temperature factors (A? x 103)
x y z U
Cd 3141 (1) 4872 (1) 4477 (1) 26 (1)*
O(11) 1913 (5) 1834 (7) 3875 (3) 37 (2)*
0(12) 1953 (4) 1778 (7) 2107 (3) 33 (2)*
C(1) 1672 (5) 986 (9) 2901 (4) 27 (2)*
H(1) 1245 —378 2753 50
C(2) 4752 (8) 8471 (12) 5935 (6) 45 (3)*
H(2) 5248 9668 6354 50
0(21) 5192 (7) 6981 (13) 5582 (6) 89 (4)*
0(22) 3656 (8) 8346 (13) 5733 (9) 115 (5)*

* Equivalent isotropic U calculated from anisotropic U.

cdit B
ot car

Ccd!
Cdv!

Fig. 1. Perspective view of the interactions in Cd(CHO,),. Atoms
are given arbitrary radii. Superscripts refer to: (i) 0-5 — x, 0.5 —
»1l—2z;({)05—x05+p»05—z;G)l—x,1—p 1~z
(iv)0-5 —x,1-5—py, 1 —2;(v)0-5 —x, —0-5 + »,0-5 — z; (vi)
0-5+ x,—0-5 + y, z; (vii) x, | —p, —0-5 + z; (viii)) —0-5 + x,
0:5+y,2z;(x)x, 1 —»,0:5 + 2.

structure determination of the stable anhydrous Cd
formate seemed, therefore, to be interesting.

Colourless prisms of anhydrous Cd formate were
grown from a solution of Cd carbonate in aqueous
formic acid (ca 50%) at about 350 K. Cell dimensions
were obtained by least squares from the centring of 30
strong reflexions between 26¢ = 20 and 30° on an
automated Stoe four-circle diffractometer. A crystal ca
500 x 50 x 30 um was used for the collection of 2028
diffractometer data up to 26 = 70° with mono-
chromated Mo Ka radiation (A1 = 0-7107 A).

Although g = 5-168 mm~', no empirical absorption
correction could be found that improved the merging R
for equivalent reflexions obtained by azimuthal scan.
Probably anisotropic extinction effects have greater
influence than absorption effects on the quality of the
data.

After Lp corrections had been applied, equivalents
averaged, and three low-angle reflexions omitted, 1634
independent skl with F > 4¢(F) remained.

ANHYDROUS CADMIUM FORMATE

The structure was solved in Cc by Patterson
methods and subsequent difference syntheses, and
assigned as centrosymmetric only after several cycles
of blocked-cascade least-squares refinement. H atoms
could not be located but were positioned according to
stereochemical criteria and refined as riding atoms with
U=0-05 A2

After application of an empirical correction for
isotropic extinction, the final difference map showed no
further significant features; the final R was 0-053.

Atomic parameters are given in Table 1,* structural
details in Fig. 1.

Discussion. As expected, and in contrast to Cd formate
dihydrate (Post & Trotter, 1974a), there is only one
crystallographic site for the cation in the present
structure.

Each Cd is surrounded by 5 + 2 O atoms. Five O
atoms, O(11), O(1D),, O(12)%, 021" and O(22)Y,
from five different formates (three of which are
symmetry related, Fig. 1), coordinate strongly to the
Cd atom in a distorted square-pyramidal arrangement
(for distances and angles see Table 2), the basal atoms
and Cd being coplanar to within 0-07 A. The variation
in Cd—O distances {2-259 (4)—2-323 (5) A] is within
the range found for Cd formate dihydrate (Post &
Trotter, 1974q).

Application of the empirical parameters of Brown &
Wu (1976) for this fivefold coordination gives rise to a
bond valence of 1-78 for Cd?*. Only when the weaker
interactions of both the O atoms of the chelating
formate (2) with Cd are taken into account is the bond
valence increased to 2-06, which seems more reason-

* Lists of structure factors and anisotropic thermal parameters
have been deposited with the British Library Lending Division as
Supplementary Publication No. SUP 35246 (12 pp.). Copies may
be obtained through The Executive Secretary, International Union
of Crystallography, 5 Abbey Square, Chester CH1 2HU, England.

Table 2. Distances (A) and angles (°) within the
coordination polyhedron with e.s.d.’s in parentheses

For superscripts see Fig. 1.

Cd-0(11) 2-303 (4) Cd-0QDW  2-275(9)
Cd-0(11)! 2:323 (5) Cd—0(22) 2-586 (9)
Cd—0O(12)  2-259 (4) Cd—0(22)~  2-285(10)
Cd-0(21) 2:599 (1)

O(11)-Cd-0(11) 72-1(2)  0O(12)'-Cd—0(22)* 84-9 (3)
O(11)'-Cd—-0(21) 95-3(2) O1)—-Cd-0(11) 90-4 (2)
o(11)—-Cd—-oQ)™ 96-3(2) ORD¥-Cd-0(21) 69-5(3)
0O(11)'-Cd—0(22) 85-7(3) OQNM-Cd—0(22) 115-7(3)
O(11)-Cd—0(22)* 89-3(3) O(22)-Cd—O(l1) 86-1(2)
0(12)"—Cd—O(11) 109-0(1)  O(22)¥-Cd—0(21) 115-5(3)
O(12)"—Cd—-0(21) 85-8(2) O(22)*—Cd—0(22) 70-0(3)
O(12)"-Cd—-O0Q 1" 89.6(3) O(11)-Cd—O(21) 155-4(2)
O(12)"-Cd—0(22) 90-8(3) O(11)-Cd—-0(22) 147-6 (3)
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able. The most regular polyhedron for sevenfold
coordination, the pentagonal bipyramid, has been
observed for Cd (Post & Trotter, 1974b; Drew, Hollis,
McFall & Nelson, 1978), but seemed less likely a priori
in the present structure considering the octahedral
coordination of Cd in the formate dihydrate (Post &
Trotter, 1974a). The polyhedron about the central
metal might be characterized as distorted square-base
trigonal-capped [basal atoms O(11), O(11),, O(22)"
and O(22) are coplanar within 0-5 Al, as reported for
Cd diacetate dihydrate (Harrison & Trotter, 1972), but
is probably best described as a distorted pseudo-
octahedron (because of the coplanarity, see above) in
which one apical region is occupied by O(21) and
0(22). The somewhat long Cd—0O(21) and Cd—0(22)
distances (ca 2-6 A) are common for bridging O atoms
of chelating carboxylate ligands (Harrison & Trotter,
1972; Post & Trotter, 1974b), though recently a similar
distance has been reported for a non-chelating O in Cd
maleate (Hempel, Hull, Ram & Gupta, 1979). Indeed,
0O(21) and O(22) also coordinate symmetry-related
cations to make formate (2) quadridentate. Thus
twisted strips of four-membered rings, each sharing two
atoms, are formed along a (Fig. 1). Perpendicular to
these strips, the polymeric structure is further extended
by formate (1) bridging Cd cations approximately along
¢ (Cd*...Cd-..Cd"" and Cdi...-Cd" in Fig. 1). More-
over, O(11) coordinates a second Cd atom, thus giving
rise to another four-membered ring {Cd, O(11)}, Cd,
O(11) in Fig. 1] and additionally linking the
Cd—formate—Cd chains. The fact that the bridging and
chelating atoms O(21) and O(22) are not equally
shared between Cd atoms may explain the high thermal
motion of these O atoms which may make the short
bond distances and the small angle observed in formate
(2) unreliable.

Distances and the angle in the non-chelating formate
(1), however, are normal (Post & Trotter, 1974a; de
With, Harkema & van Hummel, 1976; Burger &
Fuess, 1977) and reflect the mesomeric state of this
anion. Values are listed in Table 3. The structure of
anhydrous Cd formate appears to be more closely
related to those of Cd with higher carboxylates,
especially to that of Cd malonate monohydrate (Post &
Trotter, 1974b), than to that of Cd formate dihydrate.
One fundamental difference is the impossibility of

Table 3. Bond lengths (A) and angles (°) of the
formate anions with e.s.d.’s in parentheses

C()=0(11)  1.247(7) o1 )-C(1)=0(12)  124-7 (5)
C(1)=-0(12) 1.251 (8) 0(21)-C(2)—-0(22)  115-8 (8)
C(2)-0(21) 1.214(12)
C(2)-0(22) 1.202(13)
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strengthening the polymer by hydrogen bonds via
water molecules, though some O atoms of symmetry-
related formates are only 2-7 to 2-8 A apart.

It is, therefore, difficult to speculate about the
rearrangement of the lattice of Cd formate dihydrate
upon dehydration.

The author thanks Professor G. M. Sheldrick and
Drs W. Clegg and P. G. Jones for help with scientific,
technical and language problems, and the Verband der
Chemischen Industrie for financial support. All pro-
grams used were written by GMS and WC.
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