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1091. The Crystal Structure of Dipotassium Bis(trimethy1enedi- 
nitramine)nickelate( 11) Tetrahydrate 

By (MISS) D. M. LIEBIG and J. H. ROBERTSON 
The crystal structure of the neutral potassium salt of the nickel(I1) 

complex of trimethylenedinitramine has been determined from three- 
dimensional X-ray data a t  room temperature. The salt crystallises as a red 
tetrahydrate but the water molecule takes no part in the co-ordination of 
the nickel. The complex ion is formed by the co-ordination of two tri- 
methylenedinitraniine molecules to one nickel atom and has the nickel in 
square-planar co-ordination, with the octahedral position unfilled. The 
ligand molecules are bonded to the nickel atom through the amino-nitrogen 
atoms. The nitro-groups, although near to the nickel, are not bonded to i t ;  
instead, they block the approach to the octahedral position, in consequence 
of the planarity of the 0,N-N(N:)C system. The length of the N-N bond is 
1.29 A, showing considerable double-bond character. The fact that the red 
crystal dissolves to give a green solution is believed to be due to the break- 
down of the steric hindrance to the nitro-groups, permitting two solvent 
molecules t o  fill the octahedral positions. 

NICKEL forms complexes or complex salts with three homologous polymethylenedinitr- 
amines (O,N*NH*[CH,],*NH*NO,) as follows (where L" represents the corresponding ligand 
molecule) : Ni[L2] ,4H,O, bluish, microcrystalline, paramagnetic ; Ni[L3],,4H,0, red, very 
well crystalline, diamagnetic; Ni[L4],2H,0, green, well crystalline, paramagnetic. It 
is clear that the nickel atom is quite differently co-ordinated in these complexes, despite 
the similarity of the ligands. The magnetic properties and the colours indicate that there 
is octahedral co-ordination in the first and third compound listed, but planar co-ordination 
in the second. It was thought that an X-ray diffraction study might reveal steric reasons 
for the differences, besides giving the exact configuration of the molecules. The complex 
formed by trimethylenedinitramine is especially interesting because, whilst it is deep red 
in the solid state its aqueous solution is dark green. X-Ray structural work on this com- 
pound is described below. The structure of the complex formed by tetramethylene- 
dinitramine (it is polymeric, with distorted octahedral co-ordination at the nickel atoms) 
will be reported in a subsequent Paper. 

EXPERIMENTAL 
Preparation and Properties of K,Ni(O,N~N~[CH,],~N*NO,) ,, 4H,O.-Trimethylenedinitramine 

was heated gently with nickel sulphate and potassium hydroxide in aqueous solution. The 
dark green solution deposited red crystals of the required salt tetrahydrate which were then 
recrystallised from water. The salt was readily soluble in water, giving a green solution, but 
insoluble in most organic solvents; it dissolved readily in pyridine, giving a bright green 
solution from which green crystals were deposited. The formula of the salt established by 
Hawkins The salt melts a t  234-236", with decom- 
position, turning green; it is diamagnetic.l The crystals were obtained usually as (001) 
plates showing the { llO} faces. Viewed with polarised light, the material was pleochroic, the 
colour varying from dark red to orange; the relative degree of absorption when the electric 
vector lay in the three axial directions was c > a > b. 

Absorption S$ectra.-The spectrum of the crystalline salt was obtained by Dr. B. J. Hath- 
away; a Beckman D.K. 2 double-beam spectrometer, fitted with a reflection attachment, 
was used. For the aqueous solution a Unicam S.P. 500 spectrophotometer was employed. 
In  Figure 1 these spectra are compared. In the case of the crystalline solid the large absorption 
peak a t  475 rnp is indicative of planar co-ordination around the nickel atom. In the case of the 
solution, the spectrum obtained, showing absorption at  400, 700, and probably 1100-1200 mp, 

is confirmed by the X-ray analysis. 

S. W. Hawkins, personal communication. 
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(a) 

FIGURE 1. Absorption spectra of dipotassium 
bis (trimethy1enedinitramine)nickelate (11) 
tetrahydrate. (a) Solid by reflectance ; 
(b) aqueous solution by transmission 

L ( o . o o r % )  

is similar to that given by the hexahydrated ion and other known octahedrally co-ordinated 
nickel complexes. 

Crystal Data.-C,H,,N,O,,K,Ni, M = 533.1, Orthorhombic, a = 8.91, b = 10.86, t = 
10.22 f 0.01 A, U = 998 A, D,  = 1.808 (by flotation), 2 = 2, D, = 1.818, F(000) = 540. 
Space group, Pbam (D2h9, No. 55). Absorption coefficient for X-rays ( A  = 1.542 %.) p = 58.5 
cin .-l. 

Collection of Reflexion Intensities.-The specimens used for X-ray work were about 0.5 x 
0.4 x 0.1 mm. in size, Copper radiation was used with a nickel 
filter. With a Leeds Weissenberg goniometer, seven layer-lines were photographed in the 
a-axis setting, viz., OKE to 6kZ, and eight layer-lines in the b-axis setting, viz., h0Z to h7E. Ac- 
curate unit-cell parameters were obtained from high-order spectra on the zero-layer-line photo- 
graphs, which were calibrated with power-lines from aluminium. The reflexion intensities 
were estimated visually by means of a calibrated strip. Lorentz and polarisation corrections 
were applied, and the observations correlated by the use of computer programmes written by 
J. Smith. in the usual 
way. 

Absorption was neglected. 

The approximate absolute scale was obtained by Wilson’s method 
Out of 1005 possible independent reflexions, 771 were measured. 

3 
4 x I0 cm:‘ 
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Structure Determination and Refinernent.-Systematic absences gave two alternatives for the 
space group, Pba2 and Pbam. The latter was assumed to be correct (and was confirmed by the 
structure analysis) but the possibility of the former had to be borne in mind continuously during 
the early stages. The space group Pbam has a multiplicity of 8, but the unit-cell size and the 
crystal density showed that the number of molecules in the cell was 2. Both Ni and K atoms had 
to be on special positions. The Ni atom was clearly a t  the origin. The I< atom was located 
first from Patterson projections and later from the three dimensional Patterson function on the 
mirror plane at  z = c/2, with x N 0 and y The location of ‘the light atoms, C, N, and 0, 
was attempted unsuccessfully by calculation of the three-dimensional electron density with the 
phases of Fourier terms determined by the two heavy atoms; their location was found by study 
of the heavy-atom to light-atom vectors in the three-dimensional Patterson function. The 
ligand lay across the mirror plane at  z = 0 ;  the water molecules were also in special positions, 
two on the mirror plane at  z = c/2, the other two on the two-fold axis. The approximate 
structural parameters thus obtained were refined by successive cycles, with the SFLS programme 
of Cruickshank et  aZ.3 When the value of R, the conventional discrepancy factor, reached 
0.18, anisotropic thermal vibration parameters were introduced , and refinement continued 
until atomic shifts became less than their standard deviations. The value of IZ was then 0.125. 
The calculated structure factors are listed with the observed structure amplitudes in Table 1. 
The final atomic parameters are set out in Tables 2-5. The numbering of the atoms of the 
ligand is shown in Figure 3. 

b/5. 

A. J. C. Wilson, Natuw, 1942, 150, 152. 
D. W. J. Cruickshank et al., “ Computing Methods and the Phase Problem in X-RaY Crystal 

Analysis,” Pergamon, London, 1960, p. 32. 
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TABLE 1 

Observed and calculated struc ;ture amplitudes 

FC 

a r a  
-19a 
544 

39 
278 
-271 
387 
33* 
273 

-1 56 
375 
87 

38e 
975 
1049 
72 
45 

3 5 1  
449 
59 

413 
3 s9 
374 
189 
627 
944 

-935 
346 

-xaa 
-49 
1 0 3  
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3 1 4  

'145 
-9 3 
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54 
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- 1 8 3  
1029 
334 
334 
- 5 1  
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3 48 
1 3 1  
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3 54 
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-89 
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- a 1 3  
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h k l  F, 
1 5 4  60 
I 5 5 $ 2 5  
T 5 6 170 
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1 5 9 2 5 8  
1 5 11 353 
r 6 a11  
I 6 t 3 1 5  
T 6 a a19 
I 6 3 1 2 0  
f 6 4 Fa1 
I 6 5 156 
I 6 6 roa 
r 6 9 165 
r 7 8 445 
1 7 1  99 
r 7 3 581 
f 7 3 114  
f 7 4 469 

7 6 a93 
1 7 7  74 
1 7 8 348 
1 7 re 275 
r a e  71 
I 8 I 189 
I 8 2 oe4 
t 8 3 160 
I 8 4 104 
P 8 5 a48 
I 8 6 149 
I 8 7 101 
1 8 8  8r 

1 9 0 337 
9 1 434 

T 9 2 rr7 
T 9 5 a18  
1 9 7 353  
I 9 8 a a s  
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f I 0  0 159 
I I 0  I 5 3  
I ro a 167 
1 I* 4 1 3 s  
I re 7 7 0  
t 10 8 81 
r xr o IOI 
I X I  I 196 
I 11 a roo 
r I I  3 182 
r I X  4 241 
r 11 5 3x1 
I XI 7 7. 
1 1 3  0 143 
r 1 3  a 165 
1 1 3  4 
2 o 939 
a 0 I 39s = 0 2 1593 
2 0 3  95 
2 o 4 a 3 3  

T 5 a 191 
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Fc 

5 1  
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-1a6 
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' 33  
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'f $9 
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70 
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194  
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97 
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'193 
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-a8 3 
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-125  
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34a  
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a s 5  
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0x87 
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82 
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r91 
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2 78 
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F c  
-36: 
749 
3 5s 
772 

59 
2r0 
1 4 5  
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' 3 9  

-709 
6a 
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-194 - 58 
-r 56 
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94 

1495 
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84 
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48 
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TABLE 1 (Contin? 

h k I F* 

3 * 69 
a 6 r r77 
2 6 2 6  
2 6 3 
3 6 4 393 
a 6 5 18r 
3 6 6 334 
3 6 8 aor  
2 6 x o  ~ 3 a  
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a 7 I 185 
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3 2 6s 
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h k  

9 7  
9 7  
9 7  
9 7  

TO 0 
I 0  0 
TO 0 
I 0  0 
10 3 

Ni 

Bis (trimethylenedinitramine) nickelate (11) Tetrahydrate 5807 

TABLE 2 
Atomic co-ordinates (A) and estimated standard deviations (A x 

Atom X Y Z 44 4Y) 4 2 )  
..................... o*ooo o*ooo o*ooo 0 0 0 

. . . . .. . . . .. . . . . . . . 0.036 

.................. 0.870 
I.... . . . . . . . . . . . . .  0.080 
. . . . . . . . . . . . . . . . . . - 0.529 
. . ... . . . .. . . . . .. .. - 1.323 
.................. -1.938 - 
.................. -1.567 
.................. 0.000 
.................. 1.742 

3.277 
2.800 
2,648 
1.282 
1.019 

-0.135 
1.855 
5-430 
1.102 

5.110 
o*ooo 
1,273 
1.295 
2-272 
2.253 
3.181 
3.447 
5.110 

4 
14 
10 
7 
8 
7 
8 
0 

13 

3 
15 
9 
7 
7 
7 
8 
0 

12 

0 
0 
9 
8 
7 
8 
6 

10 
0 

TABLE 3 
Thermal vibration tensor components, Uij (A2), and estimated standard deviations 

(A x 10-4) in parentheses 
Atom 

Ni ...... 
K ...... 
C(1) ... 
C(2) ... 

O(1) ... 
O(2) ... 

N(l )  ... 
N(2) ... 

O(3) ... 
O(4) ... 

Ull 

0*0219(11) 
0-0450(20) 
0.0189(63) 
0.0263 (45) 
0*0063(28) 
0.01 13(35) 
0.0192(35) 
0*0312(36) 
0*0208(47) 
0*0432(66) 

u22 
0-0257( 12) 
0.0201 (15) 
0.0179(66) 
0.01 54( 40) 
0.0090 (30) 
0.0 1 90 (3 6) 
0.0255 (36) 
0.0348(40) 
0-0255 (50) 
0.0327 (64) 

u33 
0-0177(11) 
0.0 1 7 3 ( 1 4) 
0.0323 ( 66) 
0.01 90 (37) 
0*0090(29) 
0*0104( 32) 
0.02 74 (33) 
0.01 23( 33) 
0.0206 (47) 
0.0309 (60) 

u12 
0.0025 (26) 
0-0107(35) 
0-0172( 120) 
0*0275(85) 
0.00 13 (60) 

- 0.0068(68) 
-0.0037(61) 
-0.0085(70) 
- 0.0154(97) 

0*0134(111) 

u23 

0~0000 (0) 
0~0000 (0) 
0~0000(0) 
0-0168(82) 

- 0*0052(56) 
0.0054( 65) 

- 0.0024(66) 
0.03 17 (62) 
0-0000(0) 
0~00000 (0) 

u13 
0~0000(0) 
0~0000(0) 
0~0000(0) 
0*0254( 108) 
0.0 105 (60) 
0*0042( 70) 

- 0*0330(60) 
0*0130(65) 
0-0000( 0) 
0~0000(0) 

TABLE 4 
Bond Angles and e.s.d. (the primes refer to 

mirror-related atoms) Bond lengths and e.s.d. (A) 
Ni-N(l) .................. .. ..... ..... 1.898 (0.007) N(1)-Ni-N(1') .............. ....... 
C(l)-C(2) .................... ...... . 1.51 (0.01) C(2)-C( 1)<(2') . . . . . . , . . . . . . . . . . . . . . 
C(2)-N( 1) .. . . . . . . . . . . . . . . . . . . . . . . . . . 1.50 (0.01) C( 1)-C(2)-N( 1) . . . . . . . . . . , . . . . . . . . . . 
N(l)-N(2) .... ....................... 1.29 (0.01) C(2)-N(l)-N(2) ................... .. 
N(2)-O(1) ........................... 1-31 (0-01) N( 1)-N (2)-0 ( 1) . . . . . . . . . . . . . . . . . . . . . 
N(2)-O(2) ........................... 1-26 (0.01) N( 1)-N( 2)-O( 2) . . . . . . . . . . . . . . . . . . . . . 

0 (l)-N(2)-0 (2) . . . . . . . . . . . . . . . . . . . . . 
Ni-N ( 1)-N (2) . . . . . . . . . . . . . . . . . . . . . 
Ni-N ( 1 )-C (2) . . . . . . . . . . . . . . . . . . . . . 

86" 05' (35') 
115" 25' (38:) 

116" 42' (41') 
117" 22' (43') 

108" 33' (45 ) 

122" 10' (44') 
120" 21' (45') 

119" 34' (33') 
123" 32' (33') 

TABLE 5 
Closest approaches between non-bonded atoms (A) 

K-0(3) ............ 2.74 Ni-O(1) ......... 2.97 0(2)-0(3) ......... 3.42 O(3)-0(4) ......... 3.35 
K-0(4) ............ 2.74 O(1)-0(2) ......... 2.23 O(2)-0(4) ......... 3-38 O(1)-0(4) ......... 3-02 
K-0(4) ............ 2.97 O(1)-0(3) ......... 2.79 O(3)-0(3) ......... 3.33 
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DISCUSSION 

The unit cell contains two anions associated with four potassium ions and eight water 
molecules. Each anion is formed by the co-ordination of two ligand molecules around one 
nickel atom. A two-fold axis relates the ligand molecules to one another; a t  the same 
time, each ligand molecule has m symmetry. The anion as a whole has 2/m symmetry; 
its appearance, when viewed down the two-fold axis direction, is shown in Figure 2. The 
nickel is square-planar bonded to the amino-group nitrogen atoms. The octahedral 
positions of the nickel atom are not occupied but are sterically barred by the nearness of the 
oxygen atoms of the nitro-groups. These oxygen atoms, related by the mirror, are 2.97 A 
from the nickel and 4 6 0 A  apart, with the vacant octahedral position between them. 
The bonds from nickel to nitrogen, 1.898 A, with standard deviation 0.007 A, are of normal 
length for square-planar nickel complexes; for example, in the compounds formed with 
salicylaldoxime,4 dimethylgly~xime,~ and thiosemicarbazide,6 the Ni-N distances are, 

FIGURE 2. Appearance of the complex ion, FIGURE 3. Numbering of the atoms, and 
viewed in the c-direction along the two- 
fold-axis 

bond lengths (A) and angles 

respectively, 1.86,1.85 & 0.015, and 1.911 & 0.014 A. Within the ligand, there are several 
features of interest. The nitro-group is not symmetrical, one of the N-O bonds being 
longer than normal and the angles correspondingly altered. The N-N bond is strikingly 
short (1.29 h;; e.s.d. 0.01 k) and must have considerable double-bond character; the 
N-N single bond length is 1.46 k (e.g., in hydrazine and dimethylhydrazine) ; the double- 
bond length is 1.25 k [N,F,, 1.25 A; N2(CH,),, 1.24 A].' The marked double-bond 
character of the N-N linkage is characteristic of nitramines. It has been found in ethylene- 
dinitramine (N-N = 1.33 A) and its sodium salt (N-N = 1.28 A), and also, less marked, 
in cyclotrimethylenetrinitramine lo (N-N = 1.36 and 1.41 h;) and cyclotetramethylene- 
tetranitramine l1 (N-N = 1.35 and 1.37 A). Consistent with this partial double bond it is 
also characteristic that there is planarity of the six atoms comprising the 0,N-NHR system; 
in the nickel complex, the atoms in 02N-N(Ni)C are found in a plane. It is the planar 
configuration of this system which holds the nitro-group oxygen atoms in such a position, 
relative to the nickel, that octahedral co-ordination of the nickel is barred. Only a slight 

L. L. Merritt, C. Guare, and A. E. Lessor, Acta Cryst., 1956, 9, 253. 
D. E. Williams, G. Wohlauer, and R. E. Rundle, J .  Amer. Chem. SOL, 1959, 81, 755. 
L. Cavalca, M. Nardelli, and G. Fava, Acta Cryst., 1962, 15, 1139. 
L. E. Sutton, " Tables of Interatomic Distances," Chem. SOC. Special Publ. No. 11, 1958. 

N. Allentoff and G. F. Wright, A d a  Cryst., 1953, 6, 1. 
* F. J. Llewellyn and F. E. Whitmore, J. ,  1948, 1316. 

lo P. M. Harris, U.S. Air Force Office of Scientific Research, Report No. AFOSR-TR-59-165, 1959. 
l1 H. H. Cady, A. C. Larson, and D. T. Cromer, A G ~ U  Cryst., 1963, 16, 617. 
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rotation of the N-N bond would suffice to carry the oxygen away from the octahedral 
site sufficiently to allow the approach of, say, a water molecule. It is believed that a 
distortion of this kind does occur when the salt is dissolved in water, when, because of 
the thermal motion and buffetting of solvent molecules, the octahedral site is reached with 
such frequency by solvent molecules that the nickel passes into d2sp3 hybridisation. The 
solution should then be paramagnetic, but we have not yet been able to confirm this. 

Turning to the crystal structure as a whole, the anions, each of an overall flat-ellipsoidal 
shape, are packed in a thick layer on the mirror plane z = 0. Above (and below) this, 
another thick layer, on the mirror planes z = c /2 ,  is formed by the potassium ions and 
their associated water molecules, The layers are held together by electrostatic forces and 
hydrogen bonding. In the anion layer, the non-planar methylene chains are innermost, 
and the nitro-groups form its surface. The particular oxygen atoms which most project 
towards the cation-water layer are those (0,) having the shorter N-0 bonds. These 

FIGURE 4. Environment of the nitro-group 
(distances in A) 

oxygen atoms make one direct contact with the potassium ion (0, K = 2.87 A)- 
The other nitro-group oxygen atoms (0,) are those responsible for the steric hindrance of 
the nickel ; these make two contacts of hydrogen-bonding length with water molecules 
(3.02 and 2.79 A), besides being fairly close to the nickel. It is presumably the charge 
on the nickel, together with these hydrogen bonds, which attracts the more negatively 
charged oxygen atom, 0,, inwards. In the 
cation-water layer, the potassium atoms have six nearest neighbours ; there are three 
water molecules a t  2-7 f i ,  one water molecule at 2.97 A, and two nitro-group oxygens a t  

These oxygen contacts are shown in Figure 4. 

2-87 A. 
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