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An x-ray structural study of phosphonomethylglycine (I) and iminodiacetic-mono- 
methylphosphonic acid (II) has been carried out (diffractometer, direct method, 
anisotropic method of least squares, R = 0.035 and 0.050, R w = 0.040 and 0.052 
from 1712 and 1113 reflections for compounds I and II respectively). The 
crystals of compound I are monoclinic and those of compound II triclinic; I: 

O 

a = 8.681, b = 7.981, c = 9.893 A, ~ = I05.77 ~ dca!c = 1.702 g/cm 3, Z = 4, 
space group P21/c; II: a = 5.590, b = 7.422, c = 10.648 A, ~ = 93.12, B = 
95.03, y = 90.40 ~ ,dcalc = 1.716 g/cm 3, Z = 2, space group PI. The geometric 
parameters of the molecules of compounds I and II are similar. Structural 
proof has been obtained for the first time to show that the nitrogen atom is 
protonated by the proton of the phosphonic acid group, and not the carboxyl 
group, for the Complexones I and II, containing competing functional groups, 
in the crystalline state. Complexone I is obtained from Complexone II by re- 
moving one methylcarboxyl group and replacing it by a hydrogen atom. The re- 
sult of this process is a change in compound I from the conformation of the mole- 
cule of compound II, directed towards the stabilization of a sterically favorable 
system of hydrogen bonds (HB), responsible for the similar structural motifs in 
the crystals of compounds I and II. This system includes HB O-H...O and N--H...O, 
forming dimeric ribbons, networks, and three-dimensional frameworks. In compound 
II, weak intramolecular HB are formed, leading to the formation of H-rings. 

Phosphonomethylglycine (I), a potentially tridentate ligand, and iminodiacetic-mono- 
methylphosphonic acid (II),* a potentially tetradentate ligand, can be regarded as deriva- 

tives of glycine with the general formula ~N--CH=--R". Different combinations of the 

substituents R, R', and R" make it possible to obtain a series of the most commonly en- 
countered monoamine Complexones containing carboxyl and (or) phosphonic acid groups: 

R = I q ;  R"=CH2COOH; f t " = : C 0 0 H  
- -  iminodiacetic acid (IDA) 
fl = [t '--- CH2C00H;  [ 1 " =  C 0 0 H  
- -  nitrilotriacetic acid (NTA) 
1t = [1"= H ; - f / " - =  POsH~ 
- -  aminomethylp.hosp.honic acid (AMP) 
11 = H; It'---- CH~C00H:  R " =  P0sH~ 
- -  phosphonomethylglycine (PMG) 
11 = 11 '=  CH~COOH; B "  = PO3H 2 
- -  iminodiacetic-monomethyl phosphonic acid 

( IDA MP)~. 
[1 --  f / ' =  CH~POsH~; f / " =  COOH glycine bis (methylphosphonic) acid (GP); 

R = [ 1 ' =  CH~P0sH~; [ 1 " =  P0sH~ nitrilotriphosphonic acid (NTP). 

* A c c o r d i n g  to  t h e  IUPAC n o m e n c l a t u r e  r u l e s ,  t h i s  compound i s  c a l l e d  a m i n o - N , N - b i s ( m e t h y l e n e -  
c a r b o x y ! i c ) - N - m e t h y l e n e p h o s p h o n i c  a c i d .  I n  t h e  p r e s e n t  p a p e r ,  t h e  t r i v i a l  name,  w h i c h  i s  
more widely encountered in the literature, is used. 
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Substances. Translated from Zhurnal Strukturnoi Khimii, Vol. 23, No. 5, pp. 98-107, 
September-October, 1982. Original article submitted August 12, 1981. 
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TABLE I. 
drogen (xl0") and the Hydrogen Atoms (xl0 a) in 
Compound I 

Atom ~/a I 

P 
0(t) 
0(2) 
0(3) 
0(4) 
0(5) 
N 
c(t) 
c(2) 

Coordinates of the Atoms Other Than Hy- 

7~5(o) 
--828(t) 
12!6(!) 
868(1) 

2167(t) 
367(i) 

t630(1) 
1747(I) 
2328(2) 

Atom ] :~cla 

c(3i 4847(11 
H(OI) 7(3) 
H(O4) 698(3) 
H(N) !59(2) 
H(N)t i81(2) 
H(Ct) 226(2) 
H(Ct)i !67(3) 
H(C2) 4t3(3) 
H(C2)t 396(3) 

i077(2) 
362(3) 
98(3) 
,6(2) 
29(2) 

308(2) 
269(3) 
78(3) 

--78(3) 

ylb ' l  + z / r  

-5i0(0', 2755(0) 
--438(1) 28t2(1) 
--996(1) 44t4(1) 

--t476(1) 1232(1) 
6356(1) 835(2) 
435t(t) 1764(2) 
2068(1) 652(t) 
t56t(2) 2420(2) 
3794(2) 362(2) 

z/O 

t482(1) 
--87(2) 
t54(2) 
21i(2) 
69(2) 

126(2) 
266(2) 
330(2) 
24~(2j 

X-ray structural studies have previously been carried out only for monoamine Complexones 
containing as functional group only carboxyl (IDA [I, 2], NTA [3]) or phosphonic acid (AMP 
[4], NTP [5]) groups. Our aim was to study the structure of modified Complexones combining 
phosphorus-containing acid groups and carboxyl groups, since these Complexones should show 
an increased coordination activity and specificity of action and should therefore have a 
number of advantages over classical Complexones. The results of the x-ray structural study 
of compounds I and II were presented at the Third All-Union Conference on Organic Crystal 
Chemistry in May 1981. It was later found that the structure of compound I had been studied 
simultaneously by other workers, who published their results in a brief communication [6]. 
These results coincide practically completely with the results of our study. The accuracy 
of the determination of the atom coordinates in our case is higher by a factor of 2-3. The 
values of the factors R and R w are 0.035 and 0.040 in our case and 0.057 and 0.058 in [6]. 

Sheldrick and Morr gave emphasis to the discussion of the conformation of the molecule, 
and did not deal with the packing of the molecules or a comparison of the behavior of the 
phosphonic acid and carboxyl groups with respect to the formation of the zwitterion. 

The present paper gives a comparative discussion of the influence of the nature and 
number of different functional groups on the structure of the molecule and the crystal for 
Complexones I and II. 

EXPERIMENTAL 

Complexone II was obtained by the reaction of IDA with formaldehyde and phosphorus tri- 
chloride. Complexone I was obtained by the dimethylcarboxylation of compound II in the 
presence of sulfuric acid and hydrogen peroxide. 

The lamellar crystals of compound I with the composition CaHaOzNP and the isometric 
crystals of compound II with the composition CsHIoOTNP were grown from aqueous solutions 
of the corresponding compounds. The crystals of compounds I and II belong to the monoclinic 
and triclinic systems respectively, with lattice parameters I: a = 8.681(4), b = 7.981(7), 
c = 9.893(10) ~, ~ = 105.77(6) ~ , V = 660(2) ~a, dcalc = 1.702(5) g/cm 3, Z = 4, space group 
P2~/c; II: a = 5.590(2)~ b = 7.422(3), c = 10.648(5) ~, ~ = 93.12(4), B = 95.03(3), y = 
90.40(3) ~ , V = 439.4(6) ~a, dcal c = 1.716(2) g/cm a, Z = 2, space group PI. 

The experimental material (2101 and 2016 independent reflections for compounds I and 
II respectively) was obtained on a CAD-4 automatic diffractometer using Mo radiation. The 
intensity of the reflections was measured by the w-scanning method, maximum angle 0 31 and 
27 ~ for compounds I and II respectively. The linear dimensions of the crystal were: I 
0.12 x 0.70 x 0.80; II 0.25 x 0.25 • 0.25 mm. All the calculations were carried out using 
the ENX-SDP set of programs on a PDP Ii/t-55 minicomputer. 

The structures of compounds I and II were determined automatically by the direct method 
using the program MULTAN. All the atoms other than hydrogen were located in the E-synthe- 
sis. The refinement of the positional and thermal parameters was carried out by the full- 
matrix method of least squares first in the isotropic and then in the anisotropic approxima- 
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TABLE 2. 
drogen (xl0 ~) and the Hydrogen Atoms (• ) in 
Compound II 

Coordinates of the Atoms Other than Hy- 

A<om :/ :  I l "< A<o,  ,io I :Io 

943(0) 618(0~1 1869(0) 
1406(6) 2t38(4)1 041(3) 
1005(6)--12t6(4)1 t207(3) 
2678(5) 974t@ 30t3(3) 
54t9(7) 6565(5)] 1346(4) 
6279(6) 5252(5)1 3t05(4) 
3087(6) 1t45(5)1 5084(3) 
481(6) 2334(5)1 5852(3) 

293t(6) 2622(5)[ 2821(4) 
21t3(8) 838(6)1 2279(4) 
3265(8) 4014(6)1 1854(4) 
5177(9) 5334(6){ 220t(5) 

C(4) 
C(5) 
H(OI) 
H(O4) 
H(06) 
It(N) 
H(Ci) 
H(Ct)I 
H(C2) 
H(C2)t 
H(C4) 
H(C4) I 

--t409(8) 3387(6) 
' --i225(8) 2212(6) 
, 68(8) 192(6) ~ 
I --692(9) 723(7) 

--301(9) 37(7) 
--431(9) 242(7) 
--238(7) --3(5) 
--31t(8) 43(6) 
--389(7) 339(5) 
--177(9) 462(7)! 
--203(7) 454(5) 

t8(9) 363(6) 

P 
0(1) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
N 
c(t) 
c(2) 
C(3) 

3955(4) 
5079(4) 

37(4) 
149(5) 
573(5) 
307(5) 
286(4) 
153(5) 
to7(4) 
t8o(5) 
420(4) 
37t(5) 

TABLE 3. Bond Lengths d (A) and Valence 
Angles m (deg) in Compound I 

Bond d Bond d 

P-o( t )  
P-o(2) 
P-O(3) 
P - c 0 )  
N--C(I) 
N--C(2) 
C(2)--C(3) 
C(3)--O(4) 
c(3)-o(5) 

t,575(1) 
t ,502(1) 
t,5oo(t) 
1,821(t) 
t,492(2) 
t ,488(2) 

1,509(2) 
t ,3t5(2)  
t ,202(2) 

O(I)--H(OI) 
0(4)--H(04) 
N--H(N)t 
C(t)--n(Ct) 
C(t)--H(Ci)I 
C(2)--H(C2) 
C(2)--H(C2)t 
N--H(N) 

0,79(3) 
0,93(2) 
0,94(2) 
t ,02(2) 

0,9t(2) 
0,98(2) 
0,92(2) 
0,86(2) 

Angle ~ Angle co 

111,78(6) 
t06,09(6) 
104,08(7) 
118,61(6) 
106,22(6) 
109,t3(6) 
1tl,42(9) 
113,2(1) 
1tl,7(t) 
lO9,t(t) 
i24,1(t) 
126,7(1) 
t04(2) 
1t1(2) 

PC(t)H(C !) 
PC(I)H(Ct)I 
NC(t)H(Ct) 
H(CI)C(I)H(Ct)I 
NC(t)H(Ci)I 
C(I)NH(N) 
C(t)NH(N)t 
C(2)NH(N) 
C(2)NH(N)t 
H(N)NH(N)I 
NC(2)H(C2) 
NC(2)H(C2)I 
C(3)C(2)H(C2) 
C(3)C(2)H(C2)t 
H(C2)C(2)H(C2)I 

o(t)PO(2) 
o(t)PO(3) 
o(t)PC(t) 
o(2)PO(3) 
o(2)PC(1) 
o(3)PC(t) 
PC(i)N 
C(I)NC(2) 
NC(2)C(3) 
C(2)C(3)0(4) 
C(2)C(3)O(5) 
0(4)C(3)0(5) 
PO(I)t{(Ot) 
C(3)O(4)H(O4) 

lO7(1) 
lO9(t) 
to3(t) 
116(2) 
tto(t) 
lO6(1) 
1t2(i) 
104(i) 

110(I) 
111(2) 
110(i) 
110(i) 
112(t) 
t09(1) 
1oi(2) 

tion with allowance for secondary extinction from 1712 reflections with I >~ 2o for compound 
I and 1113 reflections with I > 30 for compound II. The coordinates of all the H atoms 
were found from difference syntheses. After the refinement of the structure in the aniso- 
tropic-isotropir (for the H atoms) approximation, the final values of R and R w for compound 
(I) were those given above, and those for compound (II) R = 0.050, Rw = 0.052. In the 
method of least squares, the weighting scheme w = I/o (Fi) 2 was used for compounds I and II. 

The coordinates of the atoms in the structures of compounds I and II are given in 
Tables 1 and 2 respectively. The table of temperature correction constants can be obtained 
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TABLE 4. 
(deg) in Compound !I 

Bond 

P--O(t) 
P--O(2) 
P--O(3) 
P--C0) 
N--C0) 
N--C(2) 
N--C(4) 
C(2)--c(a) 
o(4)-c(3) 
o(5)-c(3) 
c(4)-c(5) 
o(6)-c(5) 

Bond Lengths d (A) and Valence Angles 

Bond 

0(7)--C(5) 
O(l)--H(Ot) 
O(4)--H(O4) 
0(6)--H(O6). 
N--H(N) 
C(i)--H(CI) 
C(t)--H(Ci)t 
C(2)--H(C2) 
C(2)--H(C2)t 
C(4)--H(C4) 
C(4)--H(C4)t 

i,574(4) 
t,5oo(3) 
t,5oo(3) 
t,8o6(5) 
1,5o5(6) 
t,499(6) 
1,498(7) 
t,51i(7) 
i,324(7) 
t,i9i(6) 
t,5t6(7) 
t,304(6) 

d 

t ,203(6) 
0,7t(6) 

" 0,84(6) 
0,92(6) 
0,85(6) 
024(5) 
0,96(6) 

0,97(5) 
0,95(6) 
0,96(5) 
0,97(6) 

Angle o Angle o 

O(i)PO(2) 
O(1)PO(3) 
o(l)ec0) 
o(2)PO(3) 
o(2)PC(l) 
O(3)PC0) 
PC0)N 
C(i)NC(2) 
C(i)NC(4) 
C(2)NC(4) 
NC(2)C(3) 
O(4)C(3)C(2) 
O(5)C(3)C(2) 
o(4)c(3)o(5) 
NC(4) C(5) 
0(6)C(5)C(4) 
O(7)C(5)C(4) 
0(6)C(5)0(7) 
PO(t)H(Ot) 
PC(t)H(Ct) 

ii0,8(2) 
106,4(2) 
t07,4(2) 
ti6,9(2) 
i04,4(2) 
ii0,6(2) 
ii9,4(4) 
t12,8(6) 
it5,0(4) 
t09,8(4) 
ii0,2(4) 
i09,2(4) 
t24,5(5) 
t26,2(5) 
tt5,t(4) 
1t2,2(4) 
i2o,8(5) 
i27,o(5) 
to7(5) 
to8(3) 

PC(i)--H(Ct)i 
NC(i)H(CI) 
NC(i)H(Ci)i 
H(CI)C(I)H(CI)I 
C(I)NH(N) 
C(2)NH(N) 
C(4)NH(N) 
NC(2)H(C2) 
NC(2)H(C2)i 
C(3)C(2)H(C2) 
C(3)C(2)H(C2)i 
H(C2)C(2)H(C2)t 
C(3)0(4)H(O4) 
NC(4)H(CA) 
NC(4)H(CA)I 
C(5)C(4)H(C4) 
C(5)C(4)H(CA)I 
H(CA)C(4)H(CA)i 
C(5)O(6)H(O6) 

i06(3) 
i07(3) 
ii2(3) 
t04(4) 
i06(4) 
t07(4) 
t06(4) 
t07(3) 
t09(4) 
t06(3) 

tt3(5) 

to8(3) 
io8(3) 
liO(3) 
t10(3) 
io6(4) 
ii5(4) 

from the authors. The bond lengths and valence angles are given in Tables 3 and 4. Figure 
la and b gives the configurations of the molecules of compounds I and II respectively, to- 
gether with the numbering of the atoms. 

DISCUSSION OF RESULTS 

The molecules of compounds I and II exist in the zwitterion form with the negative 
charge localized on the phosphonic acid group: 

0.,~ + O . . x  + / c H ~ c O O H  
-- , ")P-CH,~--N-CH.-COOH ,'-- .?.P-CH~'-N. ' 

o';", " "  " " o' H " 'H"CH COOH 
OH H N 

The suggestion, previously made many times, that it is the phosphononic acid group 
that is deprotonated, because of its higher acidity, in competition with the carboxyl group 
has been confirmed by studying the spectra of Complexones with mixed functional groups. In 
particular, Grigor'ev, Voronezheva, and Dyatlova, from the infrared spectra of compound II 
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a 

0(3) P 0(2) 

H(N) ~' -'Q H(01' 

~ C I ) 

,~)C(~.) 
H(c2)~ d'Z\  ~.  o(s~, 

.(c2) ~rc!s) 
~ 0(4) 

~5 H(o4) 

Fig. i. 

O(3) 

0(7) H(C4)1 

�9 o:~'~: . '~ ;,-,~1,7 
ot~) H ~  ~) ~ 

i 

ors) 

p .o0) 

,,,z) H(C!)I 

(1),~ H(C2)1 
H(c2) 

0(4) 

u H(04) 

Conformations of the molecules of compounds I 
and II. 

in solution and for the deuterated derivative in the solid state, showed that the N atoms 
is protonated by the proton of the phosphonic acid group [7]. We have obtained structural 
proof of this result for compounds I and II in the crystalline state. 

The geometry of the deprotonated phosphonic acid group shows characteristic freatures 
which are also detected in other related compounds, for example in aminoethylphosphonic acid 
[8]. The P--O(H) bond length is appreciably greater than the length of the other two equal- 
ized P--O bonds: P--O(1) 1.575(1) and 1.574(4) in compounds I and II respectively; P-O(2) 
1.502(1) and 1.500(3); P-O(3) 1.500(1) and 1.500(3) A. The 0(2)P0(3) valence angle is 
correspondingly greater than the five other angles in the polyhedron of the P atom, as a 
result of the mutual repulsion of the 0(2) and 0(3) atoms carrying the excess negative 
charge: 118.61(6) in compound I and i16.9(2) ~ in compound II. 

The other bond lengths and valence angles in compounds I and II coincide to within 
2-3(o). The C--N bonds are longer than the sum of the covalent radii (1.47 ~) by ~0.02 ~; 
this is typical of protonated nitrogen [5]. 

The geometry of the carboxyl group corresponds to the results of the statistical 
treatment of data on compounds containing this group [9]. 

Table 5 gives the values of the torsional angles in the molecules of compounds I and 
II characterizing their conformation. Table 5 also gives the values of the corresponding 
angles for the two independent molecules (Ilia and IIIB in Table 5) in one (the most stable) 
of the three crystalline modifications of iminodiacetic acid (IDA-2) [i, 2], whose con- 
formation has features similar to those of the conformation of the molecule of compound I. 
For the latter also, apparently, the possibility of the appearance of a similar conforma- 
tional flexibility, responsible for the existence of different conformers depending on the 
crystallization conditions, is not excluded. 

It can be seen from Fig. 1 that the relative positions of the functional groups is dif- 
ferent for the molecules of compounds I and II. At the same time it can be seen from Table 
5 that their conformations also show certain similarities. The oxygen atoms of the phos- 
phonic acid groups are arranged in analogous fashion relative to the nitrogen atoms: the 
0(2) atoms have the trans-conformation, and the 0(i) and 0(3) atoms the gauche conformation. 
Thus the conformations of the NC(1)PO(1)O(2)O(3) fragments are similar. Analysis of the 
torsional angles around the C(1)--N bonds shows that when compound I is obtained from com- 
pound I!, the removal of one of the acetate groups and its replacement by the H(N) atom is 
accompanied by the rotation of three bonds of the tetrahedral N atom about the fourth 
C(1)--N. As a result of this rotation, the tetrahedron of the N atom retains approximately 
its orientation relative to the P--C(1) bond, but its apices C(2), C(4), and H(N) (in struc- 
ture II) are occupied by the atoms H(N), H(N)I, and C(2) respectively (in structure I) (see 
Table 5). At the same time the C(2) atom in compound I and the H(N) atom in compound II 
occupy the trans-position relative to the P atoms, and the other atoms -- H(N) and H(N)I in 
compound I, and C(2) and C(4) in compound II -- occupy the gauche position. 

The relationship described between the conformations of molecules I and II is appa- 
rently determined by the requirements of close packing of the molecules in the crystal and 
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Fig. 2. Diagram of the hydrogen bonds 
in structure I (projection on the 
(i00) plane, the carboxyl group is 
given schematically, and the 0(5) atom 
is omitted). 

TABLE 5. Torsional Angles in Compounds I-III, deg 

Torsionalangle I Torsional angle J II Torsionalangle IIIAIIIIB 
! ! 

O(I)PC(I)N 
O(2)PC(I)N 
O(3)PC(1)N 
PC(I)NC(2) 
PC(I)NH(N) 
PC/I ]NH(N)I 
H(,N)NC(2)C(3) 
ttiN) 1 NC(2) C(3) 
C(t)~C(2;2(~) 
NC(2)C(:~)o(4) 

NG(2)C(3)O(5) 
C(2)C(3)O(4)H(O4) 
O(t)PC(I)N 
O(2)PC(i)N 

75,2 
--166,5 
--37,7 

--t74.9 
71,9 

O(3)PC(I)N 
PC(I)NH(N) 
PC(t)NC(2) 
PCO)NC(4) 
H(N)NC(2)C(3) 

-54,7 
170,4 
73,3 

-53,7 
35,0 

O0)C(2)C(i)N 
O(2)C(2)C(t) N 

C(2)C(t)NC(3) 

-49.~ H(~)NC(4)C(5) 
170,3 
51,3 [] NC(2)C(3)O(4) 

--74,9 NC(4)C(5)O(6) 
i77,8 NC(2)C(3)0(5) 

NC(4)C(5)0(7) 
--1,5 C(t)NC(2)C(3) 

56,7 

t79,1 
-26/1 C(1)NC(3)C(4) 
--1.t 
t54,7 
150,9 

--t6 I 12 
166 --169 

-t78 [ , t75 

[ 
76 --73 

t63,0 C(t)NC(4)C(5) --59,,9[[ 
61,0 C(2)C(3)O(4)]t(O4 ) 173,5~ 

--t72,4 C(~)C(5)O(4)H(O6) 177d 1 

the  f o r m a t i o n  o f  a c o n v e n i e n t  sy s t em of  i n t e r m o l e c u l a r  h y d r o g e n  bonds  (HB). F i g u r e s  2 and 
3 g i v e  s c h e m a t i c  r e p r e s e n t a t i o n s  o f  t he  sys t ems  of  HB in  the  s t r u c t u r e s  b e i n g  compared ,  p r o -  
j e c t e d  on t he  (100) p l a n e .  

I t  can be seen  f rom F i g s .  2 and 3 and Tab l e  6 t h a t  t h e  o v e r a l l  o r g a n i z a t i o n  of  s t r u c -  
t u r e s  I and I I  ( i n  s p i t e  o f  t h e  a b o v e - m e n t i o n e d  d i f f e r e n c e s  in  the  s t r u c t u r e  o f  the  m o l e c u l e s  
and the  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  l a t t i c e  p a r a m e t e r s  and symmetry o f  the  c r y s t a l s )  i s  
on the  whole  t h e  same. 

In  b o t h  c a s e s  t he  f u n c t i o n s  o f  p r o t o n  a c c e p t o r s  i n  the  i n t e r m o l e c u l a r  HB a r e  f u l f i l l e d  
o n l y  by the  d e p r o t o n a t e d  0(2)  and 0 (3)  atoms o f  t h e  p h o sp h o n i c  a c i d  g roups  (bu t  n o t  t h e  
c a r b o x y l  o r  h y d r o x y l  oxygen  atoms of  t h e  COOH g r o u p s ) .  In  b o t h  s t r u c t u r e s ,  t h e  lib d e -  
n o t e d  as  Nos. 1 and 2 i n  Tab le  6a form c e n t r o s y m m e t r i c  d i m e r i c  r i n g s  c o n t a i n i n g  8 and 10 
members in  compound I and 8 and 16 members in  compound I I  r e s p e c t i v e l y .  The d imer s  form 
r i b b o n s  e x t e n d i n g  a l o n g  t he  y and z axe s  i n  compounds I and I I  r e s p e c t i v e l y .  The r i b b o n s  
a r e  a r r a n g e d  i n  n e t w o r k s  l y i n g  p a r a l l e l  to  the  (100) p l a n e  in  s t r u c t u r e  I and p a r a l l e l  t o  
t he  (110) p l a n e  i n  s t r u c t u r e  I I .  

The packing of the ribbons in the network is simpler in the triclinic crystal of com- 
pound II than in the monoclinic crystal of compound I. In compound II, the HB join trans- 
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Fig. 3. Diagram of the hydrogen bonds in structure II (pro- 
jection on the (I00) plane). 

lationally equivalent ribbons (HB No. 3 in Table 6a); in compound I, the networks are made 
up of ribbons related by 21 screw axes (HB No. 3 in Table 6a) (two ribbons per cell). The 
three-dimensional framework is formed from the networks by identical interactions in trans- 
lation in the direction of the x axis (the HB No, 4 in Table 6a are marked by arrows in 
Figs. 2 and 3). 

The'fine differences in the nature of the crystal structures of compounds I and II are 
determined by the nature of the donor atoms taking part in the intermolecular interactions. 
It should be noted that all the HB O--H...O detected in compounds I and II lie in the range 
2.57-2.63 ~ and belong to the class of strong HB [i0]. At the same time the HB N--H...O 
correspond to weaker interactions. Thus in the structure of compound II, the forces of 
interaction within the dimeric ribbons and between the ribbons in the networks are approxi- 
mately identical and the interactions between the networks are slightly weaker. In the 
structure of compound I the situation is different; some of the interactions in the ribbons, 
and also the interactions between the ribbons (HB Nos. 2 and 3), are weakened. Thus the 
above description of the packing in compound I is somewhat formal in character, but it is 
convenient from the viewpoint of the comparison of the crystals being discussed. 

The x-ray structural studies of the carboxyl-containing complexes indicate that the 
zwitterion structure of the Complexone is generally accompanied by the production of short 
intramolecular contacts N--H...O. Similar contacts, leading to the formation of five-mem- 
bered H-rings, are observed for ethylenediaminetetra-acetic [Ii], nitrilotriacetic [3], 
ethylenediaminedisuccinic [12], mercaptoethylaminotriacetic [13], dihydroxybutanediamine- 
tetra-acetic [14], cyclohexanediaminetetra-acetic [15], and diethylenetriaminepenta-acetic 
[16] acids. In the case of iminodiacetic acid, for which, as noted above, the structure 
of three crystalline modifications has been studied, the authors do not examine these rela- 
tionships. Our calculations showed, however, that in this Complexone also, the formation 
of intramolecular contacts H...O shorter (to different extents) than the sums of the van der 
Waals radii is observed. It should be noted that the N...O distances in these cases usually 
lie in the range of values corresponding to generally accepted ideas about HB. The geometry 
of the fragment N--H...O, however, does not always correspond to the criteria for the exis- 
tence of intramolecular HB. 

According to the formal criterion proposed by Hamilton [17], interactions A--H...O with 
an H...O distance less than 2.4 ~ should be regarded as HB. According to [18], the angle 
at the H atom in this case should be greater than 97 ~ 
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In the structure of compound I, the conformation of the molecule does not facilitate 
the formation of H-rings. In fact, Table 6b shows the absence of contacts allowed even 
according to the extremely soft criterion of Hamilton.* 

The intramolecular contacts N-H...O detected in the structure of compound II have 
boundary values within this criterion. Although on the whole the choice of the conformation 
of the molecule in the structure of compound II, as in the structure of compound I, is de- 
termined by the requirements for the formation of a convenient system of intermolecular HB, 
it can be shown that the two comparatively weak intramolecular interactions N--H(N)...O(6) 
and N-H(N)...O(5) also makea contribution to the stabilization of the structure. 

It should be noted that one of these contacts (with 0(5)) is with the carbonyl oxygen 
atom of the COOH group and the other (with 0(6)) is with the protonated (hydroxyl) oxygen 
atom of the same group. These contacts generally lead to weaker HB than the interactions 
with the protonated anionic group COO-. On the other hand, the absence of an intramolecular 
bond N-H with the oxygen atom of the phosphonic acid group is due to steric factors. Our 
analysis of the structure of the molecules of compounds I and II using Stuart--Briegleb 
models showed that the closure of the H-rings by HB whose lengths satisfy Hamilton's cri- 
terion is impossible, because of the extremely large P-C distance. 

The situation is different for the molecules of classical (purely carboxyl) Complexones. 
Here, the zwitterion structure implies the formation of one (or several, depending on the 
number of nitrogen atoms) deprotonated carboxyl branches COO-, which tend to form strong 
HB and whose geometry permits the closure of intramolecular glycine H-rings. The fact that 
these rings are detected in the crystal structures of all classical Comp!exones, irrespec- 
tive of their composition, proves that this structure is characteristic of purely carboxyl 
Complexones even outside the crystal structure. The inclusion in the Complexone of a 
phosphonic acid group, which has a higher acidity, not only excludes the deprotonation of 
the carboxyl groups, but also possibly leads to a further redistribution of electron density 
throughout the molecule, and hence to an additional decrease in the activity of the oxygen 
atoms of the COOH group and to the participation of these atoms in HB in the role of proton 
acceptors. 

Overall, this study has shown that the chief factors determining the conformation of 
the stereochemically nonrigid molecules of compounds I and II are the intramolecular HB 
O-H...O and N-H...O involving the oxygen atoms of the phosphonic acid groups as proton 
acceptors. The formation of H-rings based on intramolecular interactions N--H...O with 
carboxyl oxygen atoms is a secondary feature. 

Nevertheless, the existence of these weak interactions in the structure of compound II 
indicates the possibility of obtaining, in this case, more stable metal complexonates con- 
taining chelate rings, compared with Complexone I, for which the structural studies show a 
tendency to form only bridging bonds. 

Studies in this direction are being continued. 

The authors thank V. Ya. Temkina for interest in the work and for providing the speci- 
men of compound II. 
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CRYSTAL STRUCTURE OF o-PHTHALATO(AQUO)BIS(ETHYLENEDIAMINE)NICKEL(II) 

HEMIHYDRATE 

N. P. Kozlova, V. M. Agre, 
V. K. Trunov, S. S. Makarevich, 
and N. N. Barkhanova 

UDC 539.26+54.386+547.584 

An x-ray structural study of [Ni(C2H6N2)2(CsH~O4)(H20)]'0.5H=O has been carried 
out (automatic diffractometer, lMo, 2146 reflections, heavy-atom method, all H 
atoms located, anisotropic-isotropic(H) refinement,oR = 0.039). The crystals 
are monoclinic, a = 15.979, b = 10.185, c = 21.896 A, B = 109.34 ~ ,dcalc = 
1.501 g/cm 3, Z = 8, space group C2/c. The four N atoms of two bidentate-cyclic 
ethylenediamine ligands, the O(H20) atom, and an O(phthalate) atom are 
coordinated octahedrally to the Ni atom; the O atoms are in the cis-position. 
The octahedron is distorted as a result of the formation of nonplanar (gauche 
conformation) five-membered metal-containing rings with an intrachelate angle 
NNiN 82.5 ~ The distances areNi--N(H=O) 2.154, Ni-O(phthalate) 2.094, Ni--O 

o 

2.081-2.108 A. The carboxyl groups form angles of 42.2 and 113.6 ~ with the 
planar benzene ring, and an angle of 126.5 ~ with one another. The molecules of 
the complex are joined in the crystal by van der Waals forces and also by 
H-bonds N--H...O and O--H...O. The shortest of these is formed by the oxygen 
atoms of the coordinated water (0...0 2.718 and 2.716 ~) and the water of 
crystallization (2.742 A). 

The structures of compounds containing the ligands ethylenediamine (en) and the 
o-phthalate anion (Phi) have not been studied. The only published data relate to the syn- 
thesis and lattice parameters of the complex compound [Cu(en)2][Cu(Pht)2] [I]. 

The present paper describes an x-ray structural study of a complex compound of nickel- 
(II) containing these ligands, but in a different ratio, Ni(en)~(Pht)'l.5H=O. 

EXPERIMENTAL AND STRUCTURE DETERMINATION 

The blue crystals of Ni(C2HsN2)2(CeH~O~)'I.5H~O are monoclinic; a = 15.979(5), b = 
O ~ 3 

10.185(5), c = 21.896(6) A, 8 = i09.34(i) ~ V = 3362(4) A , M = 370.12, dcalc = 1.501 g/cm 3, 
Z = 8, space group C2/c. 
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