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The infrared spectra of bis(oxamid0) complexes with Cu(II) ,  K-i(II), and Pd(I1) have been measured from 4000 to 200 cm-1. 
It has been concluded that the oxamido anion coordinates through both nitrogen atoms in these complexes. I normal co- 
ordinate analysis has been carried out on the iSi(I1) complex including its deuterio and N'5 analogs. The bands near 453 
arid 360 cm-1 have been assigned to the coupled Ni-N stretching and C=O in-plane bending vibrations, while that a t  290 
cm-1 has been assigned to a pure Xi--N stretching vibration. The Si-N stretching force constant has been estimated to be 
0.73 mdynel-4. Previous empirical band assignments have been corrected on the basis of the calculation of potential 
energy distribution in each normal vibration. 

Introduction 
Oxamide (NH2COCONH2) acts as a bidentate ligand 

and may coordinate to the metal ion through both 
nitrogen atoms, both oxygen atoms, or one nitrogen 
and one oxygen atom. In spite of this interesting prop- 
erty of oxamide, very little structural work has been 
carried out since Hoffmann and Ehrhardt2 first prepared 
its Cu(I1) and Ni(I1) complexes in 1913. The infra- 
red study of bis(oxamido) complexes of Cu(1I) and Ni- 
(11) was first carried out by Kuroda, et al.,3 who con- 
cluded that the square-planar aiimido structure ( v h  

symmetry) such as shown below gives the best agree- 
ment with the observed spectra. This structure is p-:,M/:-fj- / \  

c--s N-c 
/" H Q  

0 0 

analogous to that of bis (biureto)copper(II) tetrahydrate 
(violet form), for which an X-ray structural determina- 
tion4 and an infrared study5 have been reported. 

However, bis (oxamido) complexes of Cu(1I) and 
Ni(I1) are difficult to prepare in pure form because 
they are hydrolyzed very easily in aqueous solution. 
Thus, Rising, et a1.,6 have found that the Cu(I1) complex 
was invariably contaminated with the free ligand, and 
only poor analytical results could be obtained. Pod- 
dubnaya and Gabrilov' also noted the hydrolysis and 
decomposition of the Cu(I1) complex in basic solution. 

I 
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The results of microanalyses of the Cu(I1) and Ni(I1) 
complexes reported by Kuroda, et aLj3 were also not 
completely satisfactory. 

In this paper we report a procedure for preparing pure 
oxamido complexes which are free from unreacted ox- 
amide. We also report the infrared spectra of bis- 
(oxamido) complexes of Cu(II), Ni(II), and Pd(1I) 
from 4000 to 200 cm-1 and the results of a normal co- 
ordinate analysis of the Ni(I1) complex including its 
deuterio and N1j analogs. 

Experimental Section 
Preparation of Compounds. ( a )  Nondeuterated Complexes. 

-Hoffman and Ehrhardtz prepared the Cu(I1) and Si(I1) corn- 
plexes in water at high alkali concentration. Under these condi- 
tions i t  is almost impossible to prepare the compkx in pure 
form, both because oxamide decomposes partially and because 
the compound obtained is contaminated with ligand formed by 
the hydrolysis of the complex. It was found that dimethyl 
sulfoxide (DMSO) dissolves about 1 g of oxamide/100 ml of 
solvent at 60-70'. Therefore, me have prepared the oxamido 
complexes using DMSO as a solvent. 

h 1-g amount of oxamide is mixed with a stoichiometric quan- 
tity of the metal nitrate or chloride. The mixture is then ground 
in a mortar and placed in 100 ml of DMSO. It is not necessary 
to dissolve all of the oxamide; a suspension of the material is 
suitable. KOH (50y0 in excess of that  needed to form the metal 
hydroxide) is dissolved in 10 ml of water, and this is added drop- 
\vise Kith constant stirring to the suspension. The salt precipi- 
tates out and may then be filtered and washed with absolute 
ethanol. T o  purify the salt further, i t  is suspended in DMSO a t  
60 t o  70", then filtered and washed with dry acetone. This step 
is repeated two or three times. Drying of the salts may be 
carried out in a vacuum desiccator over P2Oj. The Cu( 11), S i -  
(11), and Pd(1I) salts are rose-red, yellow, and white, respec- 
tively. 

Anal. Calcd for K~CU(C~HZNSOZ)Z:  Cu, 20.25; C, 15.31; H,  
1.28; N, 17.86. Found: Cu, 19.90; C, 15.58; H ,  1.56; S, 
17.58. 

Anal. Calcd for KziSi(CzHzSaOa)e: Ni, 18.93; C, 15.54; H, 
1.30; S, 18.12. Found: Ni, 18.63; C, 15.41; H ,  1.85, N,  
17.84. 

Anal. Calcd for KaPd(C2H2Na02)a: Pd, 29.83; C,  13.47; 
H, 1.13; S, 15.71, Found: Pd, 28.63; C, 13.20; H, 1.49; A-, 
15.41. 

(b)  Deuterated Complexes.-Oxamide-& was prepared by 
bubbling SD3 gas (purchased from Merck Sharp and DohrIic of 
Canada, Ltd., Montreal) into a solution of diethyl oxalate in 
DaO at 0'. The deuterated oxamide which precipitatcd was 
filtcrcd and dried over PzOs. The hydrated metal nitrate or 

Their composition was checked by analysis. 



Vol. 5, No. 5, May 1966 INFRARED SPECTRA OF METAL OXAMIDO COMPLEXES 797 

chloride was dissolved in D20, placed in a closed tube, and allowed 
to stand for 3 to 4 days. The salts were reprecipitated in the cold 
and dried. This procedure was repeated two or three times to 
ensure complete deuteration. The deuterated Cu(I1) and Ni(I1) 
complexes were prepared from these deuterated reagents using the 
same method as used for the preparation of the nondeuterated 
complexes. 

Nl5-Substituted Ni Complex.-N16Ha gas (obtained from 
Merck Sharp and Dohme of Canada, Ltd., Montreal) was trans- 
fered under vacuum to  a solution of diethyl oxalate and water. 
The iS15-substituted oxamide which was precipitated from the 
solution was filtered, washed with acetone, and dried over Pz06. 
The Ni(I1) complex was then prepared as described above. 

Spectral Measurements.-A Perkin-Elmer Model 21 double- 
beam infrared spectrophotometer equipped with NaCl optics 
was used to obtain the spectra from 4000 to 700 an-'. Both the 
KBr-disk and Nujol-mull methods were used in this region. 
The spectrum from 700 to 200 cm-l was obtained on Beckman 
Model IR-7 and IR-12 infrared spectrophotometers. The Nujol- 
mull technique with CsI plates was used in this region. 

(c) 

Infrared Spectra 
Figure 1 illustrates the infrared spectra of oxamide, 

the potassium bis(oxamid0) complexes of Cu(II), 
Ni(II), and Pd(II), andltheir deuterio analogs. Figure 

1 
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Figure 1.-Infrared spectra of oxamide and its metal complexes (dotted lines are for deuterio analogs). 

2 compares the infrared spectra of the NI4 and NI5 spe- 
cies of bis(oxamido)nickel(II) complex. All of the ob- 
served frequencies are tabulated in Table I. The spec- 
tra of oxamide and its deuterio analog agree substan- 
tially with those reported previously by Scott and 
Wagner.* However, the spectra of the Cu(I1) and 
Ni(I1) complexes show a significant difference from 
those reported byKuroda, et al. ;3 bands reported near 
1120 cm-1 for these complexes are completely missing 
in the present work. It is evident that  these bands 
reported by Kuroda, et al., are due to uncoordinated 
oxamide, which absorbs strongly a t  1120 cm-l. It is 
seen from Figure 1 that the infrared spectra of bis- 
(oxamido) complexes of Cu(II), Ni(II), and Pd(I1) 
are all alike in the NaCl region. This resemblance 
seems to suggest a similar structure for all these com- 
plexes. The two N-H stretching bands of oxamide a t  
3370 and 3200 cm-I are replaced upon chelation by a 
sharp single band a t  about 3310 cm-l. This change is 
similar to that observed for the N-H stretching bands 

(8) T. A. Scott and E. L. Wagner, J. Chem. Phys. .  SO, 465 (1959). 
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TABLE I 
VIBRATIONAL FREQUENCIES OF 

BIS(OXAMIDO) COMPLEXES~ (cM-') 

----Kz~~(CzHzNzOz)z--- KzM- 
Ni (CzDzSzOz)* Band assignment* 

Ni  ("5) Cu Pd Ni C u  
3315 3310 3310 3310 2470 2460 o(N-H), v i ,  " 9  

1660 1660 1620 1660 1660 
1620 1620 1590 1620 1620 1 v(c=o)' y2' 'Io 

144OC 
1328 
1268 
1286 
1250 
834 
785 

768 

725< 
625 
603 
535c 
458 
385O 
360 

29oc 

1435c 
1315 
1258 
12-80 
1240 
82 5 
775 

763 

71SC 
615 
590 
53OC 
453 
385O 
360 

285c 

1 4 3 F  
1340 
1250 
1305 
1215 
815 
780d 

780d 

725 
600 
575 

4730 
(375) 
365 
355 
310b 

. . .  

142OC 
1320 
1256 
1287 
1247 
830 
780 
775 
767 
757 

618 
580 
565 
515 
38P 
360 

32bC 

. . .  

143jC 
1305 
1250 
1075 
1040 
755 
645 

700 

717 
605 
575 
53OC 
458 
38.Y 
358 

29oc 

143OC Combination band 1. v(C-X), Y 3 ,  Yil 

iil: 1 6(N-H), ~ 4 .  viz 

770 u(C-C), V I  

640 T ( N - H ) ~  

655 6(C=O), vi4 

715 ? ;;; t T(c=o)e 

. . . 
(375)  
365 v(M-N) 4- S(C=O), Y I  

355 
310c v(M-N), pi6 

Ring def, V i 4  

473 S(C=O) + u(MI-N), Y 6  

Values in parentheses indicate shoulders. Band assign- 
ments for nondeuterated complexes. Weak bands. Overlap 
of two bands. T denotes out-of-plane bending mode. 

in going from primary to secondary amidesg and is inter- 
preted as an indication that one of the hydrogens of 
each NH2 group is ionized upon coordination. A 
single band, or a t  most a closely spaced doublet, is ob- 
served for the N-H stretching mode of these complexes. 
This would preclude a structure such as I1 since two 
substantially different N-H stretching frequencies are 
expected for such a structure. 

The strong broad doublet near 1660-1600 cm-1 is 
definitely due to the C=O stretching modes. It is 

(9) L. Bellamy, "The Infrared Spectra of Complex Molecules," Methuen 
Co., Ltd., London, 1958. p 203. 

clear that these frequencies are too high to be assigned 
to either of the following structures 

1-1 - N 

c-0 0-c 

H-N N-H 
111 

H-0 

C=N ?i=c \ 

\ /  

H-0 0-H 
IV 

Thus, it is concluded that the diimido structure (I) 
represents the most probable structure of the complex, 
as suggested earlier by Kuroda, et aL3 illthough the 
square-planar V h  structure (I) predicts only two infra- 
red-active C-N stretching modes, Kuroda, et u Z . , ~  
assigned all four bands between 1350 and 1200 cm-I 
to the C-N stretching modes with the assumption that 
two other inactive modes may also be allowed because 
of relaxation of selection rules in the crystal lattice. 
We have found that two bands (a weaker pair a t  1286 
and 1250 cm-' for Ni(I1) and a t  1305 and 1215 cm-I for 
Cu(I1)) disappear, while the two bands (a stronger pair 
a t  1328 and 1268 cm-' for Ni(I1) and at  1340 and 1250 
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H 

TABLE I1 
SYMMETRY COORDINATES FOR IN-PLANE VIBRATIONS 

Vibrational 
Species Symmetry coordinate modea 

Y (N-H) 

S3* = ( I / d Z ) ( A q  - Ath f Aq’ - A$’) 6(N-H) 
Sa = (l/*)(Ad + Ad’) v(C-N) 

Ai SI = ( 1 / 4 ) ( A h  4- Ah’) 
Sz = ( l / d ? ) ( A ~  + AT’) v(C=O) 

Sa = AR u(C-C) 
Sob = ( 1 / d 2 ) ( A P  - AY f Ap‘ - Ay’) S(C=O) 
S7 = (l /&)(AD f AD’) u(Ni-N) 

Ring def Sa = (1/2)(A6 f A6’ - Act - Act’) 
SO Ring def = (1/@0)(4Aq - A6 - A8’ - Am - Am’) 

Bz Sia = ( l / d Z ) ( A h  - Ah’) v(N-H) 
Su = ( ~ / & ( A Y  - AY’) v(C=O) 

Sip = (1/2/2)(AP - AY - A@‘ -t AY’) 

Sizb - ( 1 / 4 ) ( A q  - A$ - AP’ 4- A$’) 8(N-H) 
Si3 = (l /d!)(Ad - Ad’) v(C-N) 

Sis = (1/2/2)(AD - AD‘) v(Ni-N) 
Ring def 
Ring def 

6(C=O) 

SIB = (l/Z)(A8 - A8’ f Am - Am’) 
Si7 = (1 /2) (A8 - A6‘ - Am f Am’) ,.. 

a Y and 6 denote stretching and bending modes, respectively. 
These coordinates are not normalized [see K. Nakamoto and 

Figure 3.-Molecular model of 1 : 1 metal-oxamide complex. 

cm-1 for Cu(I1)) are shifted slightly upon deuteration. 
A. E. Martell, J .  Chenz. Phys., 32, 538 (1960)l. 

It is probable that  the former two bands are due to the 
N-H in-plane bending modes and that the latter two 
are due to the C-N stretching modes. 

The bands below 850 cm-I are rather difficult to 
assign on an empirical basis. In order to give complete 
band assignments over the whole spectral region, we 
have carried out a normal coordinate analysis on the Ni- 
(11) complex including its deuterio and N15 isotopic 
species. 

Normal Coordinate Analysis 
Since the square-planar diimido structure (I) seems 

to explain the observed spectra quite satisfactorily, we 
have carried out a normal coordinate analysis on this 
model. Although the spectra are obtained for 1 : 2  
(metal :ligand) complexes, the analysis has been 
made on the 1:l complex model shown in Figure 3. 
This approximation simplifies the calculations without 
introducing serious errors in frequencies and force con- 
stants. lo Such an approximation is particularly appro- 
priate for metal oxamido complexes since vibrational 
coupling between ligands is not serious in these weak 
chelates. 

The 1 : 1 complex model of Figure 3 has 21 [(3 X 9) - 
61 normal vibrations. With Czv symmetry this model 
gives four classes into which these vibrations may be 
grouped. The in-plane vibrations (8 A1 + 7 B2) are 
separable from the out-of-plane vibrations (3 AP + 
3 B1). Only the 15 in-plane vibrations were calcu- 
lated in this paper. We chose the 9 stretching and 13 
angle-bending coordinates shown in Figure 3. The 
use of 22 internal coordinates for 15 vibrations leaves 
seven redundancies in our calculation. Five of these 
were removed by coordinate transformations (four con- 
cerned with the sum of the angles about the carbon and 
nitrogen atoms and one related to the sum of the five 
angles in the ring). The two remaining redundancies 
are not as readily removed and were left in the calcula- 
tion. Table I1 lists the symmetry coordinates used in 
our calculations. 

(10) J. Fujita, A. E. Martell, and K. Nakamoto, J .  Chem. Phys., 86, 331 
(1962). 

The G-matrix elements were evaluated using the 
following molecular dimensions: D = D’ = 2.03 A, 
d = d’ = 1.32 A, R = 1.40 A, Y = r‘ = 1.28 A, h = h‘ = 

108”, $ = $’ = C$ = 4’ = 126O, 7 = 84”. The F- 
matrix elements were expressed by using the simple 
Urey-Bradley force field.ll Finally, two secular equa- 
tions of the form IGF - EX/ = 0 were solved for the 
AI (ninth order) and Bz (eighth order) species using an 
IBM 7094 computer. The fact that  two “zero fre- 
quencies” are obtained, one for each species, provided a 
good check of our calculations. 

Table I11 lists the set of force constants which gives 
the best fit to the observed frequencies for bis(oxamid0)- 
nickel(I1) and its deuterio and N16 isotopic species. 
Most of these force constants were transferred from 
those of bis(glycino)nickel(II) dihydrate12 and were ad- 
justed slightly to fit the present compounds. Table IV 
compares the observed frequencies with those calcu- 
lated for the three isotopic species. The agreement is 
quite satisfactory; the average error for the 42 observed 

1.02A, a = 01’ = fl  = fl’ = y = y’ = 120°, 6 = 6‘ = 

TABLE I11 
FORCE CONSTANTS OF 

BIS(OXAMIDO)NICKEL(II) COMPLEX (MDYNES/A) 
Repulsion Bending Stretching 

K(C=O) = 8 . 8 0  

K(Ni--N) = 0.73  H(N-Ni-N) = 0 02 F ( N . . , N )  = 0 . 0 2  
H(C-C-N) = 0.30 F ( C .  . . . N )  = 0.05 
H(O=C-C) 0 . 5 5  F ( O . . . . C )  = 0 . 5 5  

K(N-H) = 5 . 8 3  H(O=C-N) = 0 . 5 0  F(O,,.,N) = 1 . 5 0  
K(C--N) ~ 4 , 5 0  H(Ni-N-C) = 0 . 0 5  F ( N i . . . . C )  = 0 . 0 2  

H(H--N-C) = 0.10 F ( H , . , , C )  = 0.53  
K(C-C) = 2 . 5 0  H(H--P\’--Ni) = 0 23 F ( H . ’ .  .Ni) = 0.08 

frequencies is 1.5% and maximum error is 4.1y0 (vI5 of 
the deuterated compound). The last column of Table 
IV gives the approximate description of each normal 
mode derived from the calculation of the potential 
energy distribution in each symmetry coordinate. I3 

As is seen in Table IV, the results of normal co- 
ordinate analysis confirm the previous empirical band 

(11) T. Shimanouchi, ibid., 17, 245 (199). 
(12) R.  A. Condrate and K. Nakamoto, ibid., 41, 2590 (1965). 
(13) Y. Morino and K. Kuchitsu, ibid., 40, 1809 (1952). 
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assignments in the region above 850 cm-l. Vibrational 
coupling was found only in vll (1268 cn- '  of the non- 
deuterated species), which consists of the C-N stretch- 
ing coupled with the N-H in-plane bending mode. 

TABLE IV 
COMPARISON OF CALCULATED ASD OBSERVED FREQUENCIES FOR 

SPECIES (CM-1) 

KeNi(C2H&02)2 AND THE DEUTERATED AND N" ISOTOPIC 

KzNi- KzNi- K2Ni- 
(CzH~Nz0z)z (CzDzNz0z)z (C2H2X16202)2 Band 

Y 1  

Y 2  

Y 3  

Y 4  

Y 6  

Y 8  

Y? 

va 

us 
YlO 

Y11 

Y12 

Y13 

Y14 

Ul6 

Obsd 

3315 
1620 
1328 
1286 
834 
458 
360 
. . .  

3315 
1660 
1268 
1250 
768 
535 
290 

Calcd 

3352 
1594 
1342 
1260 
842 
460 
355 
199 

3352 
1695 
1272 
1251 
765 
555 
281 

Obsd 

2470 
1620 
1305 
1075 

755 
458 
358 
. . .  

2470 
1660 
1250 
1040 
700 
530 
290 

Calcd Obsd 

Ai 
2446 3310 
1593 1620 
1337 1315 
1035 1280 
740 825 
449 453 
352 360 
197 . . . 

Bz 
2446 3310 
1694 1660 
1264 1258 
1000 1240 
692 763 
546 530 
278 285 

Calcd assignmenta 

3348 
1593 
1333 
1252 
83 1 
450 
383 
198 

u(N-H) 
u(C=O) 
v(C-N) 
d(N-H) 
u(C-C) 

6(C=O) + u(lM--N) 
2(M--N) + S(C=O) 

Ring def 

3345 u(K-H) 

1259 v(C-N) + S(S-H) 
1693 v(C=O) 

1249 6(S-H) 
755 S(C=O) 

277 Y (M --s) 
546 Ring def 

6 These band assignments were obtained from the calculation 
of the potential energy distribution for the nondeuterated species. 
The frequencies of the other isotopic species were arranged so 
that frequencies listed in the same row of the table correspond 
approximately to the vibrational mode given for the nondeuter- 
ated species. 

The weak shoulder band at  834 cm-l ( v 5 )  is assigned 
to the C-C stretching mode. Upon deuteration, this 
band is shifted to 755 cm-I and couples strongly with 
the N-D in-plane bending mode. The band a t  785 
cm-1 is assigned to the N-H out-of-plane bending mode 
which is not calculated in this paper. It is interesting 
to  note that the N-H in-plane and out-of-plane bending 
frequencies reported here are similar to those obtained 
for diformylhydrazine (1229 and 770 cm-l, respec- 
tively) . I 4  The C=O in-plane bending frequency of this 

(14) T. Miyazawa, T. Shimanouchi, and S. Mizushima, J. Chem. Phys. ,  
24, 408 (1956). 

latter compound (753 cm-l) is slightly lower than the 
N-H out-of-plane bending frequency (770 cni-l). In 
accordance with this, the C=O in-plane bending fre- 
quency of the Ni(I1) complex has been calculated to be 
768cm-l (m). 

The doublet near 610 cm-l of the Ni(I1) complex is 
assigned to the C=O out-of-plane bending mode. A 
similar doublet has been observed for the Ni(I1) gly- 
colato complex near 575 cm-l and assigned to the same 
rnode.l5 The weak band a t  535 cm-l is assigned to one 
of the ring deformation modes ( V I ? ) .  A mode similar to 
this has been observed at  543 cm-1 for the Ni(I1) gly- 
colato complex.15 

The bands a t  458 and 360 cm-l are both due to the 
coupled vibrations between C=O in-plane bending and 
Ni-N stretching modes ( Y e  and ~ 7 ) .  A purer I+N 
stretching mode ( ~ 1 5 )  is observed a t  290 cm-' as a weak 
band. It is seen in Table I that both V 6  and V I S  are 
metal sensitive and seem to shift progressively to higher 
frequencies as the metal is changed in the order Ni(I1) < 
Cu(I1) < Pd(I1). This result suggests that  the strength 
of the metal-nitrogen bond in oxamido complexes in- 
creases in the above order of metals. It is noted that 
the V6 frequencies obtained for the oxamido complexes 
(458 cm-l for Ni(II), 473 cm-' for Cu(II), and 515 
cm-l for Pd(I1)) are similar to those observed for 
metal-nitrogen stretching frequencies of the corre- 
sponding glycino complexes (439 crn-l for Ni(II), 481 
cm-' for Cu(II), and 550 cm-l for Pd(II)12). The Ni-N 
stretching force constant of the oxamido complex 
(0.73 mdyne/A) is also similar to that found for the 
glycino complex (0.70 mdyne/A). It is therefore con- 
cluded that the strength of the Ni-N bond is almost the 
same in these complexes. 
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