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Table VI11 
X 

M c1 Br I 

22, 1902-1 906 

Zn A A A 
Cd B B A 
Hg B B A 

is worth noting that for all class B compounds we found only 
one broad band for the metal-bridging halogen stretching 
vibrations instead of three, since probably the three expected 
frequencies have accidentally very similar values. 

In the far-IR spectra of all our complexes, on the basis of 
their idealized symmetries two IR- and Raman-active M-N 
stretching vibrations are expected. In assigning these bands, 
which must occur in the same spectral range as those found 
in ethylenediamine and 1,3-~ropanediamine complexes 
(300-500 cm-1),16,17,19,20,22,36,37 one must proceed cautiously, 
as other vibrations may appear in the same positions. The 
differences in both infrared and Raman spectra of class A and 
B compounds could derive either from their structural dif- 
ferences or from different mixing of the M-N vibration with 
other vibrations. The latter assumption seems to be confirmed 
by an unusually large difference found between the asymmetric 
and symmetric M-N stretching frequencies. The bands re- 
ported in Table VI1 for the probable (M-N) stretching fre- 
quencies are assigned by comparing the spectra of the com- 
plexes with those of a series of [MX4(dmpdH2)] complexes,38 

(35) Alyea, E. C.; Dias, S. A,; Goel, R. G.; Ogini, W. 0. Can. J .  Chem. 1977, 
55, 4227. 

(36) Lever, A. B. P.; Mantovani, E. Inorg. Chem. 1971, I O ,  817. 
(37) Lever, A. B. P.; Mantovani, E. Inorg. Chim. Acta 1971, 5, 429. 
(38) The IR and Raman spectra (one table and two figures) of these com- 

plexes, reported as supplementary material, indicate the presence of 
[MX,]*- (X = C1, Br) anions having Td symmetry. 

in which M-N bands are absent. Furthermore, the assignment 
of these bands also takes into account that differences in metal 
or halogen masses influence the M-N band position. 

Conclusion 

According to infrared, Raman, and X-ray analysis we 
classified the complexes of the group 2B metals of general 
formula [M(dmpd)X2] into two classes. Results are reported 
in Table VIII. Class A contains tetrahedral complexes and 
class B octahedral. In both classes the dmpd forms a six- 
membered chelate ring, which shows a “chair” conformation 
more (group B) or less (group A) flattened. Indeed the ratio 
between the metal and the halogen radii decides the complex 
geometry. When the halogen size is increased and/or the 
metal size is decreased, the tetrahedral coordination is pre- 
ferred because of the difficulty of accommodating four rather 
than two large halogen atoms around a small metal center. 
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Some compounds of the type Cu(TsglyH)2X2 (TsglyH = N-tosylglycinate anion; X = imidazole, N-methylimidazole, and 
pyridine) have been prepared and characterized by means of magnetic moments and ESR, electronic, and infrared spectra. 
For one of them, bis(N-tosylglycinato)bis(N-methylimidazole)copper(II), the crystal structure has also been determined. 
The crystals are monoclinic (PZ,/n) with cell dimensions a = 13.733 (3) A, b = 8.766 (2) A, c = 13.641 (3) A, p = 105.97 
( 5 ) O ,  and Z = 2. The structure has been determined from diffractometric data by Patterson and Fourier methods and 
refined by full-matrix least squares to an R value of 0.052. The complex has squareplanar coordination via two centrosymmetric 
carboxylic oxygens and two imidazole nitrogens. Two weak interactions (2.758 A) with two carboxylic oxygens complete 
the coordination to a strongly distorted tetragonal bipyramid. Packing is determined by N-H(amide)-.O(carboxylate) 
hydrogen bonds and by van der Waals contacts. Electronic, infrared, and ESR spectra are consistent with this type of 
structure for all the complexes. 

Introduction 
In our previous investigation on the copper(I1) ion-N-to- 

sylglycinate system in the solid state and in aqueous solution,2 

(1) (a) University of Parma. (b) University of Bari. (c) University of 
Modena. 

0020-1669/83/ 1322-1902$01.50/0 

it was suggested that the ligand presents the properties of both 
the L-a-amino acids3 and their N-acetyl o r  N-benzoyl deriv- 

(2) Parts 1 and 2: Antolini, L.; Battaglia, L. P.; Battistuzzi Gavioli, G.; 
Bonamartini Corradi, A.; Grandi, G.; Marcotrigiano, G.; Menabue, L.; 
Pellacani, G. C. J .  Am. Chem. SOC., in press. 

(3) Chow, S .  T.; McAuliffe, C. A. Prog. Inorg. Chem. 1975, 19, 51.  
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Bis(N-tosylglycinato) bis(N-methylimidazole)copper( 11) 

a t i ~ e s , ~ , ~  depending on the pH of the media. In fact at pH 
greater than 5 ,  some compounds were separated in which the 
ligand was found to act as a bidentate ligand through an 
oxygen atom of the carboxylate group and a deprotonated 
nitrogen atom of the sulfonamide group, as the X-ray crystal 
structures performed on two of them have demonstrated. 

For one complex, C u ( T ~ g l y H ) ~ . 4 H ~ 0  (TsglyH = N-tosyl- 
glycinate monoanion), separated at a pH lower than 5 ,  the 
suggestion of a coordinative behavior of the amino acids 
through the carboxylate group, as previously found in the 
N-acetyl or N-benzoyl derivatives of the L-cy-amino acids, was 
based only upon its spectroscopic and magnetic properties. As 
crystals suitable for X-ray analysis of this compound were not 
obtained, we have now investigated some of its ternary com- 
plexes by means of spectroscopic and magnetic measurements 
in order to determine carefully the ligand coordination sites. 
For one of the complexes, bis(N-tosylglycinato)bis(N- 
methylimidazole)coppr(II), the crystal structure has also been 
determined. 

Further interest in this work derives from its biological 
implications, since we are dealing with complexes containing 
imidazole and carboxylate groups, which are the ligating 
moieties found in proteins and in many naturally occurring 
mixed-ligand complexe~.~,’ 

Experimental Section 

Preparation of Bis(N-tosylglycinato)bis(imidazole)copper(II) and 
Bis(N-tosylglycinato)bis(N-methylimidazole)copper(II), Cu- 
(T~glyH)~(Im), and Cu(TsglyH)z(N-MeIm)z. Both complexes were 
prepared by mixing the C u ( T ~ g l y H ) ~ ~ 4 H ~ 0  complex2 and the amine 
in a 1:2 molar ratio, in methanol. After the solution was allowed to 
stand, blue-violet crystals separated. Anal. Calcd for Cu- 
(TsglyH)z(Im)2, C24H28C~N608SZ: C, 43.91; H, 4.30; N,  12.81; S, 
9.78. Found: C, 43.87; H,  4.37; N,  12.74; S, 9.55. Calcd for 
Cu(T~glyH)~(N-Me1m),, C26H32CUN&&: C, 45.62; H, 4.72; N,  
12.29; S, 9.38. Found: C, 45.80; H, 4.77, N,  12.28; S, 9.46. 

Preparation of Bis(N-tosylglycinato)bis(pyridme)copper(II), Cu- 
(TsglyH),(py),. The compound is prepared as reported above in 
ethanol. Anal. Calcd for C28H30CuN408Sz: C, 49.56; H, 4.46; N, 
8.26; S, 9.46. Found: C, 49.23; H,  4.39; N,  8.07; S, 9.00. 

Physical Measurements. The electronic spectra of the solid com- 
pounds were recorded as mull transmission spectra with a Shimadzu 
MPS 50L spectrophotometer. The infrared spectra were recorded 
with a Perkin-Elmer 180 spectrophotometer as KBr pellets or in a 
Nujol mull on KBr pellets as support in the 4000-250-cm-’ spectral 
range. The room-temperature magnetic moments were measured by 
the Gouy method with Ni(en)3S203 as calibrant and correction for 
diamagnetism with the appropriate Pascal constants. The ESR spectra 
were recorded on a JEOL PE-3X spectrometer on polycrystalline 
samples with diphenylpicrylhydrazyl (DPPH, g = 2.0036) as cali- 
brating field marker. 

X-ray Data Collection and Structure Determination. The crystal 
and refinement 1106, are summarized in Table I. Cell dimensions 
were determined by diffractometry with an “on line” single-crystal 
Siemens AED diffractometer and refined by least squares with use 
of 2 8  values of 15 accurately measured high-angle reflections (1 10’ 
5 2 8  I 140’). The intensities were collected on the diffractometer 
with Ni-filtered Cu Ka radiation (x = 1.5418 A). One reflection 
was measured after 50 reflections as a check on alignment and on 
crystal and instrument stability. The individual reflection profiles 
were analyzed as described by Grant and Gabe.8 With an acceptance 
criterion of I > 2 4 0 ,  2435 reflections were retained. Lorentz and 
polarization corrections were applied, but not absorption corrections, 
as the w i  value was very low (0.26), and if a cylindrical shape is 

(4) Battaglia, L. P.; Bonamartini Corradi, A.; Marcotrigiano, G.; Menabue, 
L.; Pellacani, G. C. Inorg. Chem. 1981, 20, 1075 and references cited 
therein. 

(5) Battaglia, L. P.; Bonamartini Corradi, A,; Marcotrigiano, G.; Menabue, 
L.; Pellacani, G. C. J. Am. Chem. Sac. 1980, 102, 2663. 

(6) Sigel, H.; Fisher, B. E.; Prijs, B. J. J.  Am. Chem. Sac. 1977, 99,4489. 
(7) Sigel, H. Inorg. Chem. 1980, 19, 141 1 and references cited therein. 
(8) Grant, D. F.; Gabe, E. J. J. Appl. Crystallogr. 1978, 11, 114. 
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Table 1. Crystal Data for [ Cu(TsglyH),(N-MeIm), ] 

molecular formula C,,H,,CuN, 0, s, 
mol wt 684.24 
a, A 13.733 (3) 
b ,  A 
C, A 13.641 (3) 
P ,  deg 105.97 (5) 
v, A3 1578.8 (7) 
Z 2 
dobsd(by flotation), g.cm+ 1.42 

8.766 (2) 

dcalcd, g’cm‘3 1.44 
space group P 2 , h  
cryst dimeEs, mm 
radiation ( A ,  A) 

0.11 X 0.29 X 0.52 
Cu KO, Ni  filtered (1.54178) 

26 limits, deg 6-140 
temp, “C 20 
abs coeff, cm-’ 26.4 
F(000),  electrons 710 
unique data used (I > 2 4 1 ) )  2435 
no. of variables 252 
R 0.052 
Rw 0.054 

assumed for the crystal, the absorption correction coefficients are 
practically invariant over the 8 range 4-70’ (A* = 1.52-1.50). The 
structure was solved by the heavy-atom technique and refined by the 
least-squares method with anisotropic temperature factors for all 
non-hydrogen atoms to R = 0.081. A successive A F  map revealed 
the positions of hydrogen atoms, which are introduced in the refinement 
with isotropic thermal parameters. The final R ( R  = Clq/CIFol) 
was 0.052, and Rw-(Rw = [ ( C W ( ~ A J ~ ) ~ / ( ~ W F ~ ) ~ ] ~ / ~ )  was 0.054. Five 
reflections (101, 311, 211, 121, 212) were excluded from the final 
refinement since they were affected by extinction or counting errors. 
The atomic scattering factors, corrected for anomalous dispersion, 
were taken from ref 9. The function minimized in the least-squares 
calculations CwlAF12, with the weighting scheme w-’ = u2(Fo) + 
0.01732(F,)z. All the calculations were performed with use of the 
CYBER 76 computer at  the Centro di Calcolo dell’Italia 
Nord-Orientale, Bologna, Italy, with the SHELX’O system of programs. 
Final atomic coordinates are listed in Table 11. 

Analysis. Sulfur, nitrogen, carbon, and hydrogen were analyzed 
with a C. Erba elemental analyzer, Model 1106, by G. Pistoni. 

Results and Discussion 

Description of the Structure of Bis(N4osylglycinato)bis- 
(N-methylimidazole)copper(II). A drawing of the structure 
showing the atom numbering is given in Figure 1, and selected 
bond distances and angles are collected in Table 111. The 
structure consists of copper atoms lying on the center of 
symmetry, square-planar coordinated via two centrosymmetric 
carboxylic oxygens and two imidazole nitrogen atoms (Cu- 

= 2.974 ( 5 )  A; 0(1)-..N(2)’ = 2.774 ( 5 )  A (i = 3,J, 2 ) ) .  Two 
weak interactions (2.758 (4) A) with two carboxylic oxygen 
atoms in the “out of plane” positions complete the very dis- 
torted tetragonal bipyramidal coordination. The equatorial 
atoms are strictly coplanar, as required by the symmetry, and 
the distortion of the coordination polyhedron, measured by the 
angle between the Cu-0(2) vector and the normal to the 
equatorial plane, is 37.8’. 

This kind of structural arrangement is typical for carbox- 
ylate complexes and for the ternary complexes of N-protected 
amino acids (where the protecting group is an acetyl or a 
benzoyl group), which ac t  a s  carboxylate In 

0 (1 )  = 1.967 (4) A, Cu-N(2) = 1.970 (4) A; N(2)-0(1) 

(9) ‘International Tables for X-ray Crystallography”; Kynoch Press: Bir- 
mingham, England, 1974; Vol. IV, p 99. 

(10) Sheldrick, G. M. “SHELX-76 Program for Crystal Structure 
Determination”; University Chemical Laboratory: Cambridge, England, 
1976. 

(1 1) Antolini, L.; Battaglia, L. P.; Bonamartini Corradi, A.; Marcotrigiano, 
G.; Menabue, L.; Pellacani, G. C.; Saladini, M. Inorg. Chem. 1982, 21, 
1391. 



1904 Inorganic Chemistry, Vol. 22, No. 13, 1983 

Table 11. Fractional Atomic Coordinates (X104) for the Cu(TsglyH),(N-MeIm), Complex 

Battaglia et al. 

atom xla Ylb  z lc  atom xla Y l b  z/c 

0 (0) 0 (0) 
2232 (1) 6435 (2) 

884 (2) 1252 (4) 
282 (3) 3115 (4) 

3214 (3) 5722 (6) 
2131 (4) 7852 (5) 
1488 (3) 5234 (5) 
1073 (3) -130 (5) 
2592 (4) -20 (7) 

805 (3) 2647 (5) 
1414 (5) 3715 (6) 
1742 (4) 6655 (6) 
2167 (4) 5854 (7) 
1748 (5) 5986 (8) 
913 (5) 6924 (8) 
467 (8) 7066 (15) 
498 (6) 7700 (9) 
898 (5) 7574 (8) 

2052 (5) 121 (7) 

0 (0) 
-745 (1) 
-592 (2) 

162 (3) 
-552 (4) 
-269 (4) 
-405 (3) 
1297 (3) 
2380 (4) 
-373 (3) 
-842 (5) 

-2071 (4) 
-2717 (5) 
-3749 (5) 
-4155 (5) 
-5290 (6) 
-3484 (6) 
-2459 (5) 

1411 (4) 

Table 111. Selected Bond Distances (A) and Angles (deg) with 
Esd's in Parentheses 

(a) In the Coordination Polyhedron 
Cu-O(l) 1.967 (3) C ~ - 0 ( 2 )  2.758 (4) 
Cu-N(2) 1.970 (4) 

0(1 )-Cu-N(2) 90.4 (2) 

(b) In the Ligands 
1.271 (6) N(2)-C(10) 1.329 (8) 
1.227 (6) N(2)C(13) 1.374 (7) 

1.451 (7) N(3)C(11) 1.483 (10) 
1.621 (5) N(3)-C(12) 1.378 (10) 
1.443 (4) C(12)<(13) 1.358 (8) 
1.426 (5) 
1.758 (5) 

1.510 (8) N(3)-C(10) 1.331 (7) 

N(l)-S-C(3) 105.8 (3) C(lO)-N(2)<(13) 106.5 (5) 
0(4)-SC(3) 108.4 (3) C(lO)-N(3)C(ll) 125.1 (6) 
0(4)-S-N(1) 106.7 (3) C(lO)-N(3)4(12) 106.0 (6) 
0(3)-S-C(3) 108.0 (3) C(ll)-N(3)C(12) 128.7 (6) 
0(3)-S-N(1) 107.3 (3) N(3)C(lO)-N(2) 111.7 (5) 
0(3)-S-0(4) 119.8 (4) N(3)-C(12)4(13) 108.0 (6) 
S-N(1)-C(2) 117.2 (4) N(2)-C(13)-C(12) 107.7 (6) 

Table IV. Contacts Less Than 3.5 Aa 

0(1)..*0(4)' 3.405 (6) C(11).**0(2).! 3.365 (11) 
N(2)...0(4)' 3.393 (7) 0(2)-.0(2)!: 3.395 (5) 
C(10)...0(4)' 3.059 (8) 0(2)..*0(4)" 3.462 (7) 

a Superscripts for the oxygen atoms indicate the following trans- 
formations: i = x , y -  1 , z ; i i =  *I2 - x , y  - ' /*,  
z7 

-z;i i i=X, 1 - y ,  

particular, in bis(hippurato)bis(imidazole)copper(II) the 
corresponding distances and angle (Cu-0 = 1.976 (3) A, 
Cu-N = 1.964 (3) A, Cu--.O(axial) = 2.736 (4) A, and 
37.2')" are very close to those found in the present complex, 
while in bis(N-acetyl-a-alaninato)bis(N-methylimidazo1e)- 
copper(I1) hydrate the shortest equatorial coordination dis- 
tances (Cu-0 = 1.942 (3) A, Cu-N = 1.959 ( 5 )  A) are 
associated with the longest "out of plane" interaction (2.907 

In the present complex, only the amide nitrogen is suitable 
for hydrogen bonds (Table IV). In fact, packing (Figure 2) 
is determined by an NH(amide)--O hydrogen bond (N( 1)- 
H(3)-0(2)' = 2.925 (6) A (i = - , Z), N(l)-H(3) = 0.82 
(6) A, H(3)-0(2)' = 2.11 (6T.1, N(l)-H(3).-0(2)' = 
171.8'), involving the weakly coordinated carboxylic oxygen 

(4) A).'2 

~~~ 

(12) Battaglia, L. P.; Bonamartini Corradi, A.; Menabue, L.; Pellacani, G. 
C.; F'rampolini, P.; Saladini, M. J.  Chem. Soc., Dalton Trans. 1982,78 1. 

2695 (6) 
1907 (5) 
971 (5) 

2056 (53) 
1156 (48) 
975 (41) 

2716 (49) 
2059 (46) 
1092 (42) 

67 (59) 
-45 (49) 
-97 (43) 
580 (40) 

2376 (45) 
4071 (47) 
3882 (45) 
4017 (46) 
2083 (41) 

265 (43) 

269 (16) 
-349 (9) 
-424 (8) 
3319 (75) 
3623 (69) 
5710 (68) 
5087 (61) 
5312 (68) 
7305 (65) 
6084 (82) 
8066 (71) 
8536 (65) 
8162 (65) 
404 (62) 

89 (62) 
1284 (72) 
-637 (73) 
-516 (67) 
-671 (67) 

2769 (7) 
2922 (5) 
2253 (4) 
-779 (48) 

-1478 (49) 
-401 (40) 

-2429 (47) 
-4213 (45) 
-5633 (42) 
-5626 (57) 
-5461 (48) 
-3745 (42) 
-2000 (41) 

780 (44) 
2257 (46) 
3098 (45) 
3335 (46) 
3731 (41) 
2435 (43) 

1 

F&ne 1. ORTEP view of the Cu(TsglyH),(N-MeIm), complex showing 
the atom numbering and the thermal motion ellipsoids (40%) for the 
non-hydrogen atoms. The hydrogen atoms are represented as spheres 
of arbitrary radius. 

atom, and by van der Waals contacts quoted in Table IV. The 
SO2 group is only involved in this last type of interaction. 

A structural investigation performed on two (N-tosyl- 
glycinato)copper(II) complexes separated from aqueous so- 
lution at a pH greater than 5 had shown that the amino acid 
behaved as a bidentate ligand through deprotonated sulfon- 
amide nitrogen and carboxylate oxygen atoms, forming stable 
five-membered chelate rings, which favor the five-coordination 
of the metal ion. The structural results on the Cu- 
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Figure 2. Projection along the u axis of the packing of the Cu- 
(TsglyH)2(N-MeIm)2 complex. 

(T~glyH)~(N-Me1m)~ complex shows that N-tosylglycine may 
also act as a simple carboxylic acid when the basicity of the 
medium is unable to deprotonate the sulfonamide nitrogen 
atom. Coordinating as a simple carboxylate acid, the amino 
acid becomes a weak ligand for the copper(I1) ion, so that, 
as the weak ligand field of the in-plane donors strengthens the 
axial interactions, a tetragonal coordination is favored. This 
evidence reinforces our conviction that in the parent Cu- 
( T ~ g l y H ) ~ 4 H ~ 0  complex, also, the N-tosylglycine coordinates 
solely through the carboxylate group.2 

The variable pH-dependent coordinative behavior of N-to- 
sylglycine, greater than that observed in the N-acetyl or N- 
benzoyl derivatives of the amino acids, clearly depends on the 
presence of the tosyl group, which has a strong inductive 
electrophilic effect, so that the anion of the sulfonamide group 
becomes an excellent nu~leophi1e.l~ 

Bond distances and angles in the N-tosylglycinate mo- 
noanion found in bis(N-tosylglycinato)bis(N-methyl- 
imidazole)copper(II) are similar to those of other previously 
examined complexes? the only difference being observed for 
the S-N( 1) distance, which is longer in the former complex 
(1.621 ( 5 )  A) than in the latter (1.570-1.580 A), in agreement 
with the presence in the latter complexes of a coordinated 
deprotonated nitrogen atom. In the uncoordinated sulfon- 
amides, also, the S-N distance is 1.606-1.650 

As shown by analyses of the planarity (supplementary 
material), the Ca-COO group is planar and practically or- 
thogonal to the benzene ring (the dihedral angle being 106.1'). 
The sulfonamide nitrogen is displaced 0.298 A out of the 
carboxylate plane. Moreover, the mean plane through the 
carboxylate group forms an angle of 44.5' with the sulfon- 
amide moiety. 

The conformation of the glycinate moiety can be described 
by using torsion angles around C-N and C-C bonds, C(  1)- 

(4)', corresponding to the extended form for the amino acid. 
Spectroscopic Results. Band shapes, and positions of the 

room-temperature electronic spectra of all the complexes 
(Table V) are very similar to one another and consistent with 
the presence of a strongly distorted tetragonally elongated 

C(2)-N(l)-S = 172.9 (4)O, O(l)-C(l)-C(2)-N(l) = -167.3 

(13) Pohotaki, I. Top. Sulfur Chem. 1976, 1 ,  111 and references cited 
therein. 

(14) Knkhel, A,; Kopf, J.; Oehler, G.  R. J .  Chem. SOC., Chem. Commun. 
1978, 595. 

(15) Walsh, B.; Hathaway, B. J. J .  Chem. SOC., Dalton Trans. 1980, 681. 
(16) Couldwell, C.; Rout, K.; Robey, D.; Taylor, R.; Rossotti, F. J. C .  Acta 

Crystallogr., Sect. B 1978, B34, 1491. 
(17) Graafland, T.; Wagenaar, A.; Kirby, A. J.; Engberts, J. B. F. N. J.  Am. 

Chem. SOC. 1979, 101, 6981. 
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Table V. Magnetic, Electronic, and Infrared Results for the 
Solid Complexes 

Peff? fiB 1.87 
g II 2.249 
g1 2.053 
1 04A, cm-' 189 
d-d bands, 15.4 sh 

u(NH)F cm-I 3200 s 
dOCO)asym> 1620 vs 

cm-' 17.9 

cm-' 

1.90 
2.204 
2.028 
206 
15.9 sh 
18.2 
3240 s 
1620 vs 

1.79 
2.175 (g3) 

2.053 (g,) 
15.4 sh 
18.0 
3240 s 
1625 vs 

2.102 (g,) 

dOCO),ym, 1380 vs 1375 vs 1365 vs 

@Oz)asym$ 1330 vs 1325 vs 1325 vs 

4S0, )sym, 1165 vs 1165 vs 1165 vs 

cm-' 

cm-' 

cm-' 
u(SN), cm-' 900 s 905 s 880 s 

in Cu(TsglyH),(Im),, appears at 3320 s cm-I. 
a NH stretching band of the amino acid. That of the imidazole, 

Table VI. Correlation between d-d Band Maxima and Shortest 
Axial Interactions for Some Complexes Having an 
Elongated-Octahedral Configuration 

d-d 
band max, Cu-Oaxiaf 

cm-' dist, A 
Cu(Ac-a-ala),(N-MeIm),.H,O 18.2 2.907 (4) 
Cu(TsglyH), (N-MeIm), 17.9 2.758 (4) 
Cu(Hippu1, (Im), 17.5 2.736 (4) 

a Oxygen atom of the carboxylic group. 

ligand A correlation between the d-d band max- 
imum of the electronic spectrum and the C w O  axial distance 
for several complexes is reported in Table VI. 

All the solid complexes show "normal" room-temperature 
magnetic moments and polycrystalline ESR spectra (Table 
V) of an axial type, suggesting an essentially dAy2 ground state. 
The experimental g and A values are in the range expected 
for similarly distorted octahedral complexes.20p21 

The IR spectra of the three compounds, very similar to one 
another in band shape and position (Table V), also closely 
resemble those found for the alkali salts of the ligand and that 
found for the C~(TsglyH)~.r lH~O complex,2 confirming an 
amino acid coordination through the carboxylate group in this 
last complex, also. In particular, in our complexes the SO2 
(asymmetric and symmetric) and S N  stretching band positions 
(1325-1330, 1165, and 880-905 cm-', respectively) are dif- 
ferent with respect to those found in other previously examined 
copper(I1)-N-tosylglycinate complexes (1 245-1 268, 
1108-1 140, and 958-978 cm-', respectively2 and agree with 
the presence of a longer S-N( 1) distance, the amide nitrogen 
atom being undeprotonated and uncoordinated. 

The similarity of the spectroscopic properties enables us to 
suggest for all these bis(amine) adducts the presence of a 
CuN202 chromophore. In particular, these ternary systems 
containing heteroatomic amine-Cu2+-0 ligating moieties were 
found to be more stable than the corresponding binary com- 
plexes containing oxygen donor ligands, since the amines en- 
hance the affinity of Cu(I1) for oxygen donor sites of anionic 
ligands7 Therefore, these systems may be used as realistic 

(18) (a) Attanasio, D.; Collamati, I.; Ercolani, C.; Rotilio, C. J .  Chem. Soc., 
Dalton Trans. 1973, 2242. (b) Zbid. 1974, 1319 and references cited 
therein. 

(19) Christiano, S.; Bereman, R. J. J .  Inorg. Nucl. Chem. 1978, 40, 1953. 
(20) Smith, D. W. J .  Chem. SOC. A 1970, 3108. 
(21) Attanasio, D.; Collamati, I.; Ercolani, C .  J .  Chem. SOC., Dalton Trans. 

1974, 2242. 
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mimics for copper enzymes or copper nonenzymatic proteins, Registry No. C~(TsglyH)~(Im)~, 85479-91-0; Cu(TsglyH),(N- 
especially for “blue proteins” of type 2 C U . ~ *  M ~ I I ~ ) ~ ,  85479-92-1; C~(TsglyH)~(py)~,  85506-84-9; Cu- 
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infrared spectra. planes, distances involving hydrogen atoms, bond distances and angles 
in tosylate benzene rings, and final structure factors (17 pages). 

(22) Beinert, H. Coord. Cbem. Reo. 1980, 33, 55.  Ordering information is given on any current masthead page. 

(TsglyH)2*4H20, 85337-9 1-3. 
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Crystal Structure of Tetraoxotetrahydroxohexabismuth(II1) Perchlorate Heptahydrate, 
Bi604( HO),( C104)6*7H20: An X-ray and Neutron Diffraction Study 
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The structure of the title compound was determined from single-crystal X-ray and neutron diffraction data, collected by 
diffractometric methods. The compound crystallizes in the orthorhombic space group P212121 with 2 = 4, a = 11.084 
(3) A, b = 16.992 (2) A, and c = 17.387 (3) A. The structure was derived on the basis of the intensities of 3183 X-ray 
and 2679 neutron reflections by using Patterson and Fourier methods. Refinement by full-matrix least-squares methods 
gave the conventional R values 0.067 (X-rays) and 0.087 (neutrons). The structure contains discrete hexanuclear complexes 
B&O,(HO)>+, ClOL ions, and crystal water molecules. The bismuth complex has a slightly distorted octahedral arrangement 
of the Bi atoms, with the 0 atoms located above the octahedral faces. Each type of oxygen (oxide and hydroxide) forms 
a distorted tetrahedron surrounding the Bi octahedron, giving close to Td symmetry of the complex. The short Bi- - -Bi 
distances in the complex vary between 3.633 (8) and 3.764 (8) 8, (average 3.675 A), the short Bi- - -02- distances between 
2.10 (1) and 2.20 (1) A (average 2.15 A), and the short Bi---OH- distances between 2.29 (1) and 2.48 (1) A (average 
2.40 A). The coordination of oxygen to Bi within the complex is trigonal bipyramidal, with the hydroxide oxygens at the 
axial apices and the oxide oxygens at two of the equatorial apices, the third being occupied by the lone 6s2 electron pair 
of Bi. Each Bi coordinates four other oxygen atoms outside the complex at longer Bi---0 distances, giving a total coordination 
number of 8. The coordination polyhedra are irregular. Infrared and Raman spectra of the complex both in solid state 
and in solution are consistent with this structure. All but three of the hydrogen atoms participate in hydro en bonds, most 
of which are weak. The perchlorate ions are close to tetrahedral with an average C1- - -0 distance of 1.44 6, the individual 
distances having estimated standard deviations of 0.01 A. 

Introduction 
Several independent methods have proved that the main 

species in moderately acidic solutions of bismuth(II1) over a 
wide range of metal concentrations is a hexanuclear complex. 
Reviews of the work are given in ref 1 and 2. 

From the results of emf measurements, the formula Bi6- 
(HO)126+ was p r ~ p o s e d , ~  with the reservation that the emf 
method cannot distinguish between this formula and others 
with different numbers of water molecules. The occurrence 
of a hexanuclear species was confirmed in an X-ray solution 
study,4 where the metal atoms were found to have an octa- 
hedral arrangement and the bridging HO- groups were as- 
sumed to be located above the octahedral edges. The oxygen 
atoms could not, however, be located with precision. Raman 
measurements on solutions and crystals of the perchlorate, as 
well as infrared measurements on  crystal^,^.^ were interpreted 
by the same formula and geometric arrangement. 

In an X-ray structure study’ of the basic bismuth nitrate 
BiON03.1/zHz0, an alternative structure was suggested. The 
structure was proposed to contain hexanuclear aggregates of 
bismuth atoms, forming trigonal prisms. The light atoms could 
not be located, and no refinement of the Bi positions was 
performed. A reinvestigation* of the structure of this salt 

showed the proposed structure to be in error. It contains 
complexes Bi604(H0)46+, very similar to those found in the 
present work, and the formula should accordingly be written 
Bi,04( €IO),( N03)6*H20. 

This was confirmed by a simultaneous, independent inves- 
tigationg by Lazarini. Virtually the only difference is that 
Lazarini, in view of IR spectroscopy1° and TGA results,” 
considered also the water molecule and a nitrate group to be 
coordinated to Bi, i.e. writing the formula of the complex 

Lazarini also found the same arrangement of Bi and 0 in 
two other structures. The compound Bi604(H0)4(N03!6- 
4H2012 contains isolated Bi604(H0)46+ units while in B1,- 
05(H0)3(N03)5.3H2013 there is a closely related complex 
Bi6Os(H0)2+. In the latter compound the hexanuclear groups 
are linked in pairs through two intermolecular Bi- - -0 bonds. 

The present study has been undertaken in order to obtain 
more extensive structural evidence for the composition and 
geometry of the hexanuclear bismuth hydrolysis complex. A 
preliminary X-ray investigation of the basic perchlorate salt 
using film methods has been published earlier,14 in which it 
was shown that the Bi atoms form discrete hexanuclear com- 
plexes with octahedral geometry. 

LBib(H20) (NO3)OdHO)4] ’+- 
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