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Abstract The complexes trans-[M(LH)2(H20)2] (M = Mn, Co, Ni, Cu, Zn; LH-  = the 
monoanion of malonamic acid) have been synthesized and the X-ray crystal structures of 
the copper (II) and zinc (II) complexes show an octahedral geometry around the metal ion 
in both molecules. The ligand LH-  acts as a bidentate chelate with ligated atoms being the 
amide and one of the carboxylate oxygens. Both structures are stabilized through similar, 
intermolecular 2D hydrogen bonds. The thermal decomposition data, magnetic sus- 
ceptibilities, and electronic, variable-temperature ESR and FT-IR spectra of the complexes 
are discussed in terms of the nature of bonding and known structures. 

It is becoming increasingly apparent that the coor- 
dination chemistry of oxamic acid (H2NCOCOOH) 
and oxamato-based ligands is a central theme in 
transition-metal chemistry. Research in this area 
ranges from solution of pure chemical 1-3 and spec- 
troscopic 4'5 problems to the renaissance in the fields 
of heterometallic chemistry, ~8 molecular mag- 
netism 8 and advanced materials. 9 

In contrast to the great number of studies con- 
cerning oxamato complexes,l 5,1~1a nothing is 
known about the corresponding malonamato 
(malonamic acid: H2NCOCH2COOH, LH2) com- 
plexes, although this class of compounds could offer 
unique features in terms of structural, magnetic and 

* Authors to whom correspondence should be addressed. 

spectroscopic properties. For example, from the 
coordination chemistry point of view, malonamic 
acid and its derivatives may be very interesting 
ligands because the hydrogen atom on the car- 
boxylic group and on the amide function can be 
removed and complexes with singly and/or doubly 
deprotonated ligands can be prepared; in these 
complexes, LH-  and L 2- may adopt a variety of 
ligation modes. The presence of the - -CH2--  group 
between the carboxylate and amide functions, 
which gives a greater flexibility in the LH- /L  2- 
systems and increases the size of the chelating rings 
that can be formed, is expected to alter the coor- 
dinating behaviour of malonamato ligands in com- 
parison with oxamato ligands and, hence, 
differences in the coordination chemistry of these 
two ligand families might be expected. We believe 
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the monoanion and dianion of malonamic acid 
have great potential as versatile new ligands for 
use with a variety of metals and for a variety of 
objectives/advantages, including variable denticity 
levels, bridging vs terminal modes, possible high- 
nuclearity aggregate formation and/or the linking 
of aggregates into polymeric arrays, and interesting 
magnetic exchange interactions. 

The above considerations prompted us to begin 
a systematic study of the coordination chemistry of 
malonamic acid and substituted malonamic acids. 
We plan to use ligands bearing coordinating and 
non-coordinating substituents on the nitrogen 
or/and methylene carbon atoms, thus introducing 
several coordination possibilities and a variety of 
steric and electronic effects. As part of our sys- 
tematic investigation on metal complexes with 
ligands containing both amide/thioamide and car- 
boxylate groups, 2 5,~9 25 we herein report the prep- 
aration and detailed characterization of the Mn", 
Co II, Ni", Cu", Z n " / L H -  complexes and compare 
their structures and spectroscopic characteristics to 
the analogous o x a m a t o ( -  1) compounds. 

General 

E X P E R I M E N T A L  

All manipulations were performed under aerobic 
conditions using materials as received; water was 
distilled in-house. Ethyl malonate monoamide was 
bought from Fluka. Metal analyses were carried 
out using standard gravimetric and potentiometric 
methods. Microanalysis for carbon, hydrogen and 
nitrogen was performed by the University of Dort- 
mund Microanalytical Laboratory. Physico- 
chemical measurements and spectroscopic techni- 
ques were carried out by published methods. 26"~7 

Synthesis of  malonamic acid (LH2) 

Solid CONH2CH2COOEt (10 g, 76.2 mmol) was 
dissolved in 1 N KOH (80 cm 3, 80.0 retool). The 
resulting beige solution was stirred while 1 N HCI 
(80 cm 3, 80.0 mmol) was added to give a pale yellow 
solution. After volume reduction at 65 °C in vacuo 
and cooling, a large excess of EtOH (300 cm 3) was 
added under stirring until a permanent white pre- 
cipitate (KC1) formed. When precipitation was 
judged to be complete, KC1 was removed by fil- 
tration and the filtrate was evaporated to dryness 
at 55"~C in vacuo. The solid cream residue was 
extracted into a minimum of CHC13 and filtered, 
and the filtrate was allowed to concentrate by slow 
evaporation to give a white microcrystalline 
powder. The crude material was recrystallized three 

times from CH2C12/hexane layerings before white 
crystals of acceptable purity were obtained. The 
yield from multiple preparations was 40-50%. 
Melting point: 112 113 C .  Found:  C, 34.8; H, 
5.0; N, 13.7. Calc. for C3HsNO3 : C, 34.9; H, 4.9; 
N, 13.6 %. Mass spectrum : m/z of the molecular ion 
was 103 (calc. formula weight 103.09). 

Preparation of  the complexes 

The metal salts MnCI2"4H20, MC12"6H20 
(M = Co, Ni), CuCI 2 • 2H20 and ZnC12 were used as 
starting materials. The trans-[M(LH)2(H20)2] 
(M = Mn, Co, Ni, Cu, Zn) complexes were all pre- 
pared similarly. To a solution of LH2 (10.0 mmol) 
in H20 (3 Cln 3) w a s  added a solution of LiOH" H2O 
or NaOH (10.0 mmol) in the same solvent (4 cm3). 
The resulting clear solution was stirred while a solu- 
tion of the required metal chloride (5.0 mmol) in 
H20 (2-3 cm 3) was added. Solid product formation 
was rapid (2 3 rain). The flask was stored for 2 h 
at room temperature and the resultant micro- 
crystalline material was collected by filtration, 
washed with H20 (3 X 1 cm3), EtOH (3 x 1 cm 3) and 
Et20 (5 x 5 cm3), and dried in vacuo over silica gel. 
Yields were typically 80-90%. The complexes could 
also be prepared by using a metal chloride: LH2: 
O H - =  1:1:1 molar ratio, but the yields were 
lower. The copper(I1) complex was also pre- 
pared through the reaction of one equivalent of 
CuCO3"Cu(OH)2 added to an aqueous solution 
of four equivalents of LH2 using a water-bath and 
allowing effervescence to subside between sub- 
sequent additions. Unreacted basic carbonate was 
removed from the solution by filtering. Blue crystals 
of trans-[Cu(LH)2(H20)2] were grown from satur- 
ated water solutions at room temperature. Colours, 
analytical results and molar conductivity values for 
the prepared complexes are given in Table I. 

X-Ray crystallography and structure solution 

Suitable crystals of the copper(I1) and zinc(II) 
complexes were prepared by recrystallization of the 
microcrystalline solids from water. Crystals with 
appropriate dimensions were mounted in air. Crys- 
tal data and details of the data collection and data 
processing are listed in Table 2. The space groups 
were determined by preliminary Weissenberg and 
precession photographs. Unit-cell dimensions were 
determined and refined using the angular settings 
of 24 automatically centred reflections in the range 
11 < 20 < 24 ~' on a Nicolet P2j diffractometer, 
upgraded by Crystal Logic with Zr-filtered Mo 
radiation. Intensity data were recorded with the use 
of 0-20 scans. Three standard reflections monitored 
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Table 1. Colours, analytical results ( % f  and conductivity data of the malonamato(- 1) complexes of manganese(!I), 
cobalt(II), nickel(II), copper(Ii) and zinc(II) 

AM h 

Compound Colour M C H N (S cm ~ tool t) 

trans-[Mn(LH)2(H20)2] Cream 19.1(18.6) 24.2(24.4)  4.1(4.1) 9.6(9.5) 4 
trans-[Co(LH)2(H20)2] Pink 20.0(19.7) 24.2(24.1 ) 4.0(4.1 ) 9.3(9.4) 6 
trans-[Ni(LH)2(H~O)2] Pale green 19 .4 (19 .6 )  24.3(24.1) 4.3(4.1) 9.4(9.4) 2 
trans-[Cu(LH)2(H20)2] Turquoise 2 0 . 3 ( 2 0 . 9 )  23.9(23.8)  4.1(4.0) 9.0(9.2) 7 
trans-[Zn(LH)2(H20)2] White 21.8(21.4) 23.5(23.6)  3.9(4.0) 9. I (9.2) 3 

"Calculated values in parentheses. 
r'Values of molar conductivity for 10 3 M solutions in DMSO at 25C. 
M = metal. 

every 97 reflections, showed less than 3% variation 
and no decay. Lorentz, polarization and absorption 
corrections were applied using Crystal Logic 
software. 

The structures were solved by direct methods 
using the SHELXS-862~ program and refined by 
full-matrix least-squares techniques with SHELX- 
76. 2~ All hydrogen atoms were located by difference 
maps and their positions were refined isotropically. 
The non-hydrogen atoms were refined using aniso- 
tropic thermal parameters. Selected bond distances 
and angles are given in Tables 3 and 4.* 

RESULTS AND DISCUSSION 

General information 

The formation of the m a l o n a m a t o ( - l )  com- 
plexes can be summarized in eqs (1) and (2). 

MC12 + 2LH 2 + 2OH 

H20 
, trans-[M(LH)2(H20)2]+2C1 (1) 

M = Mn, Co, Ni, Cu, Zn 

* Supplementary material available. Complete listings 
of anisotropic thermal parameters of the non-hydrogen 
atoms (2 pages), positional and equivalent thermal par- 
ameters of the non-hydrogen atoms (2 pages), positional 
and isotropic thermal parameters of the hydrogen atoms 
(2 pages), non-hydrogen bond lengths and angles (2 
pages) and observed and calculated structure factors (10 
pages) for complexes trans-[Cu(LH)z(H20)2] and trans- 
[Zn(LH)2(H20)2] have been deposited with the Editor. 

H~O 
C u C O 3  ° C u ( O H ) 2  -~- 4LH2 + H20  , 

T 

2trans-[Cu(LH)2(H20)2]+ TCO~ (2) 

The complexes are microcrystalline, stable in the 
normal laboratory atmosphere and insoluble in all 
common organic solvents, except D M F  and 
DMSO. The molar conductivities of  the complexes 
in DMSO are in accord with them being formulated 
as non-electrolytes. 3° The X-ray powder diffraction 
patterns of  the Mn", Co" and Ni" complexes in the 
4 < 20 < 6 0  range indicate that these compounds 
are isostructural with trans-[Zn(LH)2(H20)2], 
whose centrosymmetric octahedral structure has 
been established by crystallography (vide infra). 

Description of structures 

ORTEP projections of the molecules of com- 
plexes trans-[Cu(LH)2(H20)2] and tran,s'- 
[Zn(LH)2(H20)2] are shown in Figs 1 and 2, respec- 
tively. 

In both compounds the six-coordinate metal ions 
sit upon crystallographic centres of symmetry with 
the LH ligand chelated through its amide oxygen 
atom 0(3) and one of the carboxylate oxygen atoms 
[O(1)]. The axial positions are occupied by two 
water molecules. Due to the Jahn Teller effect, the 
axial Cu--O(4)  bonds [2.480(1)A] are weaker than 
the corresponding bonds in the Zn l[ complex 
[2.228(1)A]. The difference (0.53A) in the average 
length of the axial and the equatorial bonds is in 
excellent agreement 3~ with the value RL-- Rs (0.51A), 
reported by Hathaway,  32 where Rc and Rs represent 
lengths of  the axial and equatorial bonds between 
copper and oxygen. T h e  M__Ocarboxylale31.33 35 
M--Oamide 36'37 and M--Oaqua 31"33'36-38 bond distances 
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Table 2. Crystal data, experimental conditions and refinement for complexes trans- 
[M(LH)2(H20)2] (M = Cu, Zn) 

Parameter trans-[Cu(LH)2(H20)2] trans-[Zn(LH)2(H20)2] 

Formula C6H 12CuN2Os C6H 12ZnN208 
M 303.75 305.58 
Crystal colour Turquoise White 
Crystal system Monoclinic Monoclinic 
Space group P2~/n P2/jn 
a (/~) 7.068(1) 7.087(1) 
b (~) 7.502(1) 7.369(1) 
c (~) 9.682(1) 9.585(1) 
fl ('~) 100.90(I) 99.97(1) 
U(~ 3 ) 504.2(1 ) 493.0(1 ) 
Z 2 2 
Dm (g cm 3) 1.99 1.99 
Dc (g cm 3) 2.000 2.058 
Radiation (2, ~)  Mo-K~ (0.71073) Mo-K~ (0.71073) 
F(000) 310 312 
/~ (cm t) 22.00 24.60 
Scan speed (° min -~) 4.5 4.5 
Scan width (°) 2.5 ~-ala2 separation 2.5 + a la2 separation 
20max(°) 56.0 56.0 
Range h - 9  to 6 0~9 
Range k - 9  to 9 0-9 
Range l - 12 to 12 - 12 to 12 
Reflections collected ; 2353 ; 1189 1361 ; 1173 

unique 
Reflections used 1090 1062 
[F0 > 6.0or(F0)] 
Averaging R 0.0148 0.0192 
Parameters refined 103 103 
Weighting scheme Unit weights Unit weights 
[A/if]max 0.003 0.020 
(Ap) . . . .  (Ap)m~n (e A-3) 0.36, -0 .23  0.28, -0 .20  
S u 0.40 0.37 
R 9 (obs, all data) 0.0190, 0.0217 0.0175, 0.0206 
Rw" (obs, all data) 0.0216, 0.0246 0.0190, 0.0231 

aS = [Y.w(]Fo]- ]Fd)2/(N-P)] '/2, where P = number of parameters and N = number 
of observed reflections. 

h R = YllFol-IFcll/~,lFol. 
' Rw = [Zw( lFol -  IFcl)2/ZwlFol2] 1/2. 

are reasonable  for  complexes of  this type and agree 
well with published results. The  bond  angles a round  
Cu"  and Zn  n are fairly close to 90 °. 

Both crystal  structures are stabilized th rough  
similar extensive, in termolecular  2D hydrogen  
bonds  involving the carboxyla te  groups,  amide 
functions and water  molecules (Table 4). All the 
hydrogen a toms capable  of  forming hydrogen  
bonds  are involved in hydrogen  bond  format ion .  
In the resulting network,  each molecule o f  t rans-  

[M(LH)z(H20)2] (M = Cu, Zn) is connected via 

hydrogen  bonds  to eight different neighbour ing 
molecules. Each water  oxygen [(4)] is involved in 
two strong, a lmost  linear hydrogen  bonds  to non- 
coordina ted  carboxyla te  oxygens 0(2)  of  two 
different molecules.  The  NH2 groups  hydrogen-  
bond  to coord ina ted  amide  oxygen 0(3)  f rom one 
neighbour ing molecule and water  oxygen a t o m  
0(4)  f rom ano ther  t r a n s - [ M ( L H ) 2 ( H 2 0 ) 2 ]  unit ;  
these hydrogen  bonds  are of  weak to intermediate  
strength, the largest a ccep to r -hyd rogen  distance 
being 2.38(2)A in the copper ( I I )  complex.  It is 
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Table 3. Selected bond distances (~) and angles for com- 
plexes trans-[Cu(LH)2(H20)z] and trans-[Zn(LH)dH20)2] 

trans-[Cu(LH)2(H20)2] 
Cu--O(l) 1.934(1) 
Cu--O(3) 1.966(1) 
Cu--O(4) 2.480(1) 
C(3)--O(3) 1.252(2) 
C(3)--N 1.311(2) 
C(1)--O(1) 1.265(2) 
C(1)--O(2) 1.247(2) 

O(1)--Cu--O(3) 93.0(2) 
O(1)----Cu--O(4) 89.0(2) 
O(3)--Cu--O(4) 94.0(2) 
O(3)--C(3)--C(2) 124.6(1) 
O(3)--C(3)--N 120.8(1) 
C(1)--C(2)~C(3) 121.9(1) 
0(1)--C(1)--0(2) 122.6(1) 

trans-[Zn(LH)2(H20 )2] 
Zn--O(l) 2.024(1) O(1)--Zn--O(3) 91.0(2) 
Zn--O(3) 2.032(1) O(l)--Zn--O(4) 89.0(2) 
Zn--O(4) 2.228(1) O(3)--Zn--O(4) 93.0(2) 
C(3)--O(3) 1.247(2) O(3)--C(3)--C(2) 125.1(1) 
C(3)--N 1 . 318 (2 )  O(3)--C(3)--N 120.4(1) 
C(l)--O(1) 1.255(2)  C(1)--C(2)--C(3) 122.6(1) 
C(1)--O(2) 1.253(2) O(1)--C(1)--O(2) 123.0(1) 

worth noting that the water oxygens act as both 
donor and acceptor atoms. 

Magnetic and ligand field spectral studies 

Table 5 gives the room-temperature effective 
magnetic moments and details of the solid-state 
electronic spectra of  the Mn n, Co u, Ni" and Cu" 
complexes. 

The Pen values indicate that the Mn", Co" and 
Ni" complexes are of the high-spin type;39 the 
values for trans-[Co(LH)z(H20)2] and trans- 
[Ni(LH)2(H20)2] show large and small orbital con- 
tributions, respectively, in accord with six-coor- 
dinate stereochemistries. 39 Variable-temperature 
magnetic measurements for trans-[Cu(LH)z(H20)2] 
over the range 4.2-300 K at 1 and 5 kG show 
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Fig. 1. ORTEP representation of the molecule of complex 
trans-[Cu(LH)2(H20)2] ; thermal motion is representated 
by 50% probability ellipsoids. Identical symbols are used 
for atoms generated by the centre of symmetry; open 

bonds indicate hydrogen bonds. 

Table 4. Dimensions of the unique hydrogen bonds (distances in ]~ and angles in °) in trans- 
[M(LH)2(H20)2] (M = Cu, Zn) 

A - - H . . ' B  A ' . .  B H. . .  B / A H B  

trans-[Cu(LH)z(H20 )2] 
N--H(A). •. O(3) [ - x ,  - 1 - y ,  -z]  3.157(2) 2.38(2) 152(2) 
N--H(B).-.  0(4) [0.5+x, - 0 . 5 - y ,  0.5+z] 2.877(2) 2.11(2) 166(2) 
O(4)--H(A)... 0(2) [ -0 .5+x ,  0.5-y,  --0.5+z] 2.722(2) 1.96(2) 175(2) 
O(4)--H(B)... 0(2) [1 - x ,  - y ,  --z] 2.752(2) 1.93(3) 175(2) 

trans-[Zn(LH)z(H20 )2] 
N--H(A).. .O(3) [ - x ,  - l - y ,  -z ]  3.170(2) 2.33(1) 158(1) 
N--H(B). . .0(4)  [0.5+x, - 0 . 5 - y ,  0.5÷z] 2.972(2) 2.12(1) 164(1) 
O(4)~H(A).. .  O(2) [ -0 .5+x ,  0.5-y,  -0 .5+zl  2.726(1) 1.81(1) 177(1) 
O(4)--H(B)... 0(2) [1 - x ,  - y ,  -z]  2.714(1) 1.83(1) 169(1) 
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Table 5. Solid-state effective magnetic moments and elec- 
tronic spectral data for the malonamato(-l) complexes 
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lt~jl ~''~' (B.M.) values and ligand 
field spectral data ''d (103 cm ~) 
for the new complexes Data 

trans-[Mn(LH)2(H20)2] 

6A l q -+ 4A i,j, 4E~ (G) 
6A lq--+ 4T2~ (G) 
6A ~ (G)--+ 4T, q (G) 

6.04 
24.57 
22.67 
18.50 

trans-[Co(LH)2(H20)2]" 
//eft 
4Tio--+ 4T~ , (P) 
4Tt~-+ 4A2~ I 
Calc. 4TI~--+ aT2, 
10 Dq t (cm i) 
B / ( cm-  ') 

5.03 
20.83, 19.61, 18.52 
17.00 
7.92 
9010 
858 
0.88 

C3 

k, HA 
0 2  

HA N ~ 03  

H B (  

trans-[Ni(LH)2(H20)2]~l 
#~.~ 3.09 
3A2q--* 3TI. q ( P) 26.30 
3A2q--~3TI. q (F) 15.15 
3 A 2~/---~ I E,/' 13.88sh 
10 Dq l(cm ~) 9140 
B t (cm ') 932 
fl/ 0.90 

Fig. 2. ORTEP representation of the molecule of complex 
trans-[Zn(LH)2(H20)2] ; thermal motion is represented by 
50% probability ellipsoids. Identical symbols are used 
for atoms generated by the centre of symmetry; open 

bonds indicate hydrogen bonds. 

a mono tonous  increase in the susceptibility with 
decreasing temperature, as expected for essentially 
non-coupled monomer ic  complexes. 

The spin- and Lapor te- forbidden transitions o f  
the t2q3eg 2 Mn" c o m p o u n d  are very weak 4° and 
could hardly be observed, even in non-diluted sam- 
ples. The d d  spectra o f  trans-[M(LH)z(H20)2] 
(M = Co, Ni) can be assigned to transitions in octa- 
hedral structures under Oh symmetry.  4°'4~ The 10 
Dq values indicate that L H -  produces a ligand field 
of  medium strength. 4° The d - d  band maximum in 
the spectrum of  t rans-[Cu(LH)2(H20)2 ] has an 
energy typical of  compounds  having a tetragonally- 
distorted CuO6 chromophore .  4°'42 

E S R  spectra 

The X-band ESR spectrum of  a polycrystalline 
sample of  trans-[Cu(LH)2(H20)2] at 17.5 K is shown 

t rans-[ C u( L H )z( H 20 )2] 
/*e~ 1.89 
d-d 13.70 

Per metal ion. 
~' At room temperature. 
"From diffuse reflectance spectra in the 11,50(> 

29,400 ' region. 
JAssignments are given assuming a ligand field of Oh 

symmetry. 
" The 4TI~ j -+ 4T2~1 transition is expected to appear below 

the lowest frequency limit of the instrument used. 
1These ligand field parameters were calculated as 

described in Appendix V of Ref. 40. 
q T h e  3Azu -+ 3T2s I transition is expected to appear below 

the lowest frequency limit of the instrument used. 
hA spin-forbidden band frequently observed in octa- 

hedral Ni H complexes. 

in Fig. 3. The spectrum is typical for axial-type Cu" 
complexes with two g-values (91 = 2.318, 
9± = 2.076 and 91i >9± > 2.03, suggesting a d~-y2  
(or less likely a d~,.) g round  state which is consistent 
with the observed elongated octahedral  stereo- 
chemistry. 3~'43'44 The calculated G value (G = y 2 /  
9 ± - 2  = 4.18) is above 4 and, thus, the extent o f  
interaction between Cu" centres in the poly- 
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Fig. 3. The X-band powder ESR spectrum of trans- 

[Cu(LH)2(H20)2] at 17.5 K (frequency 9.425 GHz). 

crystalline solid is negligible, indicating an essen- 
tially mononuclear structure. 45 

As a consequence of the fast spin-lattice relax- 
ation time of high-spin Co n , signals were observed 
only below ~ 30 K. The X-band ESR spectra of 
t rans-[Co(LH)2(H20)2] ,  recorded at various tem- 
peratures between 30.0 and 4.2 K, are consistent 
with an S = 3/2 spin state. 27'46 The polycrystalline 
powder ESR signals are broad and the band widths 
were found to be temperature-dependent. No hyp- 
erfine splitting of the transitions was detected, since 
it is difficult to resolve this splitting in non-mag- 
netically diluted samples. The spectra show typical 
rhombic ,q-values; the apparent 9-values are 
91 = 8.00, 92 = 2.76 and 93 = 2.03 at 4.2 K. The 
large rhombicity 91-if2 may indicate a significant 
asymmetry in the equatorial plane 47 and can be 
justified only through the low-symmetry ligand field 
model. 48 

The high-spin d 5 configuration is unique in that 
it is an orbital singlet state and there are no excited 
states with the same spin multiplicity. There is, thus, 
no orbital contribution in the ground state and no 
mixing in of  excited states is possible while the 
symmetry remains high. These are also conditions 
under which zero-field splitting is small. Hence, in 
the absence of hyperfine splitting, only a single line 
is seen, ,q is isotropic and has a value close to 2.00. 49 
In accord with theoretical considerations, the poly- 
crystalline powder, room-temperature ESR spec- 
trum of an undiluted sample of  t rans-  

[Mn(LH)2(H20)2] has one 9 value close to the free 
electron value, within the limits of  9 stan- 
dardization. In addition, there are shoulders at 
lower field, which suggest a low value of the zero- 
field splitting parameter  D. 5° 
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I R  spec t ra  

Table 6 gives diagnostic IR and far-IR bands. 
The 1750 1300 spectral region is shown in Fig. 
4. Assignments in Table 6 have been given in 
comparison with the data obtained for L H - N a  + 
and o x a m a t o ( - 1 )  complexes, 2.3 and have been 
assisted by N H / N D  and O H / O D  isotopic 
substitutions. 45152 Low-frequency assignments 
were also assisted by metal isotopic substitutions 
(5~Ni/62Ni, 63Cu/65Cu, 64Zn/68Zn)52 and studying the 
variation in band frequency with changing metal 
ion, and l i tera ture .  22124"53 

The IR spectra of  the complexes exhibit a med- 
ium intensity band at 3130 3045 cm 1, assigned to 
v(OH) ..... d. water;53 its broadness and low frequency 
are both indicative of  hydrogen bonding. Dehy- 
dration of the complexes causes the disappearance 
of this band confirming its origin. The ~(OH) mode 
of the coordinated water appears in the 858-786 
cm ~ region" the c~(OH) .... a. ~,tcr mode cannot be 
seen due to its overlap with v(CO)~,m~de. 

Considering the amide function of the complexes, 
the spectra show the typical bands of neutral pri- 
mary amide groups]  4 The v(CN) mode is situated 
at higher frequencies in the spectra of the complexes 
than for LH Na +, whereas the v(CO) bands show 
a frequency decrease. These shifts are consistent 
with amide-oxygen coordination. 52 On coor- 
dination via oxygen, the positively charged metal 
ions stabilize the negative charge on the oxygen 
atom; the amide function now occurs in its polar 
resonance form and, thus, the double bond charac- 
ter of the CN bond increases, while the double bond 
character of  the CO bond decreases. 

For the m a l o n a m a t o ( - 1 )  complexes prepared 
one proton per ligand has been lost during com- 
plexation. This is clearly confirmed by the IR spec- 
tra of the complexes which show the typical bands 
for ionized, coordinated carboxylate groups. 54 The 
E,~(CO2) and v~(CO2) bands are at 1605-1554 and 
1421-q367 cm ~, respectively. The absence of a 
higher A value [A = Vas(CO2) - vs(CO~)], as might be 

55" expected for a monodentate carboxylate group, ~ is 
due to the fact that the oxygen a tom not coor- 
dinated to metal ions participates in hydrogen 
b o n d i n g .  34,54,% 

The presence of one v(MOamide) and one 
v(MO ...... d.~,ter) vibration in the low-frequency spec- 
tra of the complexes reflects their al l - t rans  (cen- 
trosymmetric) octahedral stereochemistry. 53 Two 
Y(MOcarboxylatc ) bands are observed in the far-IR 
spectra of  the Mn 11, Co n, Ni n and Zn n complexes 
(the broad 362 cm ~ feature in the Cun compound 
undoubtedly representing two overlapping bands) ; 
this splitting is presumably due to crystal packing 
effects. 
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Table 6. Diagnostic FT-IR spectral data of the malonamato(- 1) complexes (cm-~) 

trans-[M(LH)z(HzO )z] 

Assignment" M = Mn M = Co M = Ni M = Cu M = Zn 

v(OH)coord wa,~ 3047mb 3069mb 3073wb 3126mb 3074mb 
v(CO),mi~e 1632sb 1635sb 1635sb 1629sb 1637sb 
v,~(CO2) 1554s 1564s 1568s 1605s 1575s 
v(CN) 1453m 1455m 1457m 1470m 1461m 
v~(CO2) 141 ls 1418m 1421m 1367m 1388m 
7t'(OH)coord. w a t e r  834m 837m 858m 786m 858m 
1;(MOcarboxylate ) 337m, 320m 343m, 324m 348w, 327m 362mb 338w, 327w 
v(MOamide) 291 m 307s 299m 332m 281 s 
v(MO~oo~d ...... ) 242w 260m 271 m 250w 239w 

See text. 
Abbreviations : b = broad, m = medium, s = strong, w = weak, v = stretching, ~ = out of plane bending. 

g 

[... 

1750 1600 1500 1400 1300 

Wavenumber  (cm-1) 

Fig. 4. The 1750-1300 cm ~ FT-IR spectral region of 
the complexes trans-[M(LH)z(H20)2]. Transmittance (%) 

values are arbitrary. 

The Vas(CO2), v(CN) and v(MOcarboxylate ) 
vibrations shift to higher frequencies according to 
the sequence Mn" < Co u < N i  n < Cu n > Z n  ix, i.e. 
they follow the well-known Irving-Williams 
order. 53 The ma lonam a to ( -  1) copper(II) complex 
exhibits the highest-frequency v(OH) .... d. w a t e r  and 

lowest-frequency n(OH) . . . .  d.  w a t e r  modes, because 
the Jahn-Teller effect of the Cu 2+ ion causes an 
axial elongation. The weaker M--OH2 bond in the 
Cu" complex results in an increase of the electron 
density between oxygen and hydrogens and, there- 
fore, a higher v(OH) and a lower n(OH) are 
expected. The weak C u - - O H  2 bond is also reflected 
in the low frequency of the v(CuO .... a. wat,) mode 
(250 cm ~). The Jahn-Teller effect will result in 
stronger bonds to the equatorial ligands compared 
to the corresponding bonds in the other complexes ; 
this fact is clearly demonstrated by the higher wave- 
numbers of  the Vas(CO2) , v(CN), v(MOcarboxylate ) and 
v(MOamide) modes and the lower frequency of the 
vs(CO2) vibration in trans-[Cu(LH)2(HzO)2]. 

Thermal studies 

The thermal decomposition of the complexes was 
studied using TG/DTG,  DTA and DSC techniques 
under nitrogen. Characteristic data are presented 
in Table 7. Figure 5 shows the TG curves of the 
Mn n, Co II, Ni" and CuII complexes during the 
initial weight loss of 25% ; the dehydration enthal- 
pies of the prepared complexes as a function of the 
number of d electrons are shown in Fig. 6. 

We first comment on the dehydration process. 
The T G / D T G / D T A  curves of the Mn II, Co II, Ni H, 
Cu H and Zn H complexes show a first, endothermic 
mass loss at 122-160, 146-181, 160-196, 116-142 
and 120-155 °C, respectively, which corresponds to 
the release of all the water content. Clear plateaux 
are reached at 162, 145 and 158 °C for the Mn n, 
Cu" and Zn II complexes, respectively, suggesting 
that the anhydrous species are thermally stable. 
A clear plateau is not reached after the complete 
dehydration of the Co H and Ni n complexes, because 
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Table 7. Important thermal decomposition data 

Dehydration ~ 
Decomposition of the 

anhydrous product 

Complex AT b'' (°C) AH d (kJ mol- ' )  T, ~'~ (°C) T f  "/(°C) 

trans-[Mn(LH)2(H20)2] 122-160 129_+3 172.5 190.5 
trans-[Co(LH)2(H20)2] 146-181 182 _+ 12 181.0 200.0 
trans-[Ni(LH)2(H20)2] 160-196 227_+ 10 196.0 212.5 
trans-[Cu(LH)2(H20)2] 116-142 100+3 215.0 234.5 
trans-[Zn(LH)z(H20)2] 120 155 140+_ 14 164.0 218.5 

a Dehydration occurs in one step. 
bTemperature range in which all water is removed. 
"From TG data. 
d Enthalpy of dehydration calculated from differential scanning calorimetry (DSC) 

experiments. 
e Temperature at which the decomposition of the water-free product starts. 
rTemperature at which 25% of the total weight of trans-[M(LH)z(H20)2 ] has been 

lost. 
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Fig. 5. The TG curves of trans-[M(LH)2(H20)2] during 
the initial weight loss of 25%. 
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Fig. 6. Dehydration enthalpies of the prepared complexes 
as a function of the number of d electrons of the metal 
ions. Vertical bars indicate uncertainties in experimental 

values. 

the decomposition of the anhydrous species starts 
immediately. 

The anhydrous species decompose with rather 
simple degradation mechanisms as revealed by the 
small number of  D T G  peaks. 

By differential scanning calorimetry (DSC) we 
have measured the dehydration enthalpies. 57 The 
AH values are in the region expected for the removal 
of  coordinated w a t e r y  8 

The CuII complex exhibits the lowest A T a n d  AH 
values, and the highest TI and T2 temperatures, due 
to the J ah~Te l l e r  effect (for the definition of AT, 
T1 and T2 see footnotes in Table 7). The weaker 
Cu- -OH2 bonds result in easier, in terms of energy, 
dehydration (lower AT and AH) and, thus, in a 
more stable anhydrous complex due to the stronger 
equatorial bonds (higher T~ and T2). 

In the Mn n, Co II and Ni II triad, AT and AH 
follow the same trend as the crystal field sta- 
bilization energies (CFSE) of these metal ions in 
weak octahedral fields, i.e. M n " < C o " < N i  n (see 
Table 7, and Figs 5 and 6). Using the calculated 10 
Dq values from ligand field spectra (Table 5) and 
subtracting the predicted 59 CFSE (8 Dq for 
trans-[Co(LH)2(H20)2] and 12 Dq for trans- 
[Ni(LH)2(H20)2] from the experimental enthalpies, 
the resulting points lie nearly on the straight line 
which connects Mn n and Zn n in Fig. 6, as 
expected. 59 

C O N C L U S I O N S  

The present study shows that the manganese(II),  
cobalt(II), nickel(II), copper(II)  and zinc(II) com- 
plexes, which we have isolated, all have monomeric  
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oc tahedra l  s tereochemis t ry  with b iden ta te  

Ocarboxylalc , Oamid e coord ina t i on  o f  LH . In this they 
resemble complexes  o f  o x m H  ( o x t a i l -  is the 
m o n o a n i o n  of  oxamic  acid). 2"l°'lu6° The compar i son  

between the coord ina t ing  abili t ies of  L H -  and  
oxmH 2,60 towards  Mn" ,  Co" ,  Ni  H and Cu"  dem-  

ons t ra tes  the decrease on the s t rength o f  the metal  
oxygen bonds  as the chela t ing ring size increases 
from f ive-membered in o x t a i l -  to s ix-membered  in 
LH . 

We believe that  L H -  is also capab le  o f  act ing as 
a br idging  l igand and much work  still remains  to 
be done  in explor ing  its coo rd ina t ion  chemistry.  
More  recent work  has unear thed  a novel N d l l l / L H -  

po lymer ic  complex  in which L H -  behaves  as a tet- 
r aden ta te  br idging  l igand;  this result  will be 
descr ibed in due course.  W o r k  is also in progress  
for the p r e p a r a t i o n  and charac te r iza t ion  o f  ma lon-  
a m a t o ( - 2 )  metal  complexes.  L 2- and  re la ted 
l igands have proven  very reactive and excellent 
sp r ingboards  into new homometa l l i c  and  het- 
erobimetal l ic ,  cluster and  po lymer  chemis t ry ;  our  
studies,  a l ready  well advanced ,  will be repor ted  
soon. 
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