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An Electron Spin Resonance Study of the Copper(i1) Chelates of Cycio- 
butane-1 ,I -dicarboxylic Acid and Their Mixed Ligand Chelates 
By Alfred D. Toy and Thomas D. Smith," Chemistry Department, Monash University, Clayton, Victoria, 

Australia, 31 68 
John R. Piibrow, Physics Department, Monash University, Clayton, Victoria, Australia, 31 68 

The X-band e.s.r. spectra of the copper(l1) chelate of cyclobutane-I ,I -dicarboxylic acid formed in dimethylform- 
amide, dimethyl sulphoxide, or trimethyl phosphate show that dimeric species are formed which give rise to 
magnetic dipole-dipole coupling in dimethylformamide or dimethyl sulphoxide and predominantly exchange 
coupling when trimethyl phosphate is  used as the solvent. The introduction of salicyclic, mandelic, benzilic, 
malic, or citric acid results in the formation of monomeric mixed ligand complexes though minor amounts of 
dimeric species are present. The ' triplet ' state spectra have been used to extract structural and magnetic para- 
meters of the copper( 11)  dimeric chelates. 

PREVIOUS studies concerned with the use of e.s.r. data 
in the elucidation of the structure of dimeric chelates of 
copper(I1) have shown a remarkable diversity of struc- 
tural forms brought about by subtle changes in the 
structure of the ligand. It is therefore of continuing 
interest to study dimeric forms of copper(I1) chelates 
where the ligand offers few possibilities for bridging sites, 
of conformations of the dimeric structure, and of sym- 
metry relationships of the copper(11) ions in the dimers. 

A ligand of particular simplicity in this respect is 
cyclobutane-1 ,l-dicarboxylic acid. In the present in- 
vestigation the potential of cyclobutane-1,l-dicarb- 
oxylic acid for giving rise to dimeric forms of its copper- 
(11) chelates has been assessed by e.s.r. spectroscopy. 
In addition the stability of the copper(l1) chelate of this 
acid in the presence of other ligands which included 
imidazole, salicyclic, mandelic, benzilic, malic, and citric 
acids has been determined. 

A potentiometric study of complexes of cyclopropane- 
1, l-dicarboxylic acid, cyclopentane-1 , l-dicarboxylic 
acid, and cyclohexane-1 , l-dicarboxylic acid with copper- 
(11), nickel(Ir), zinc(II), and cobalt(I1) ions has been re- 
ported.1 For all the ions, the stability of the 1 : 1 
complexes was found to decrease with an increase in 
size of the ligand ring. 

RESULTS AND DISCUSSION 

The copper(I1) chelate of cyclobutane-1 ,l-dicarboxylic 
acid has a low solubility in water, but was sufficiently 
soluble in non-aqueous solvents such as dimethylform- 
amide, dimethyl sulphoxide, or trimethyl phosphate 
to allow the preparation of 0.1~1 solutions. The chelate 
can easily be formed under these conditions by the 
addition of base, namely triethylamine to a dimethyl- 
formainide solution containing copper(r1) chloride (0.1M) 
and the ligand ( 0 . 2 ~ ) .  This process leads to a reduction 
in the intensity of the X-band e.s.r. signal due to copper- 
(11) chloride by ca.  50% when n = 1, where n is the 
number of moles of triethylamine added per mole of 
copper(I1). For further addition of base up to n = 4 
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the intensity of the signal due to monomeric copper(I1) 
chelate increases and acquires a resolved structure. The 
spectra observed with sample temperatures of 77 K for 
the g ca. 4 and g ca. 2 regions are illustrated by Figures 
1A and 1B respectively, for n = 1 4 .  For n = 1, a 
low-field component was observed and attributed to 
AMs = &2 transitions arising from magnetic dipole 
coupling in a dimeric form of the copper(11) chelate. 
The corresponding AM, = 51 transition can be dis- 
cerned in the g ca. 2 region although the signal is compo- 
site owing to monomeric and dimeric species. Similar 
spectra were obtained at 77 K for n = 2, though the 
contribution by the monomeric species in the g ca. 2 
region was more pronounced. For n = 3, although the 
AMs = -&2 signal was of similar intensity, the AMs = 
A1 signal was much weaker. Higher instrumental gain 
was required to record the spectrum shown in Figure 1A 
for f i  = 4, while in the g ca. 2 region the h e r  AM, = 
-+1 signal was not identified, though it must be a broad 
weak signal underneath the strong monomer spectrum 
in that case (Figure lB,  n = 4) which cannot be extracted 
with any certainty. 

A similar sequence of spectra was obtained with di- 
methyl sulphoxide as solvent ; however, the AM, = & 1 
and AM, = -J=2 signals in this solvent were not as well 
resolved as those obtained in dimethylformamide. 
Addition of triethylamine to a solution of copper(I1) 
chloride (0 .1~)  and cyclobutane-1 , l-dicarboxylic acid 
(0.1~) in trimethyl phosphate produced spectra which, 
in addition to the resolved signals at g ca. 2 and g ca. 4, 
possessed a zero-field line and a high-field component at 
ca. 4600 gauss, indicative of exchange coupling.2 

The addition of imidazole ( 0 . 1 ~  or 0 . 2 ~ )  to dirnethyl- 
forinamide solutions of the copper(I1) cyclobutanedicarb- 
oxylic acid chelate brought about a marked reduction 
in the intensity of the low-field (g ca. 4) signal. This 
indicated that mixed ligand chelate formation leading 
to a monomeric species competes well with the process 
of dimerisation. 

The addition of salicyclic acid plus base to the same 
copper(I1) chelate brought about a similar change. 
In this case, a well resolved signal was observed at both 
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FIGURE 1A Experimental X-band e.s.r. spectra (-) and 
best-fit theoretical e.s.r. lineshapes ( - - - -  ) for the g ca. 4 
region due to diInethylformamide solutions of copper(I1) 
( 0 . 1 ~ )  and cyclobutane-l,l-dicarboxylic acid ( 0 . 2 M )  a t  77 K 
and 9140 MHz for various n values. Parameters for best-fit 
theoretical e.s.r. lineshapes are listcd in Table 1 
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FIGURE 1B Experimental X-band e.s.r. specfxa (-) and a 
best-fit theoretical e.s.r. lineshape ( - ---)  for the g ca. 2 
region due to dimethylformamide solutions of copper(I1) 
( 0 . 1 ~ )  and cyclobutane-1,l-dicarboxylic acid ( 0 . 2 ~ )  at 77 K 
and 9140 MHz for various values of n. Parameters for the 
best-fit theoretical monomer e.s.r. lineshape are listed in Table 
2 

room temperature and 77 K which accounted for all 
of the copper(I1) being present as a monomeric species. 
Further, on addition of base to the dimethylformamide 
solution containing copper(I1) chloride (Omlivr), cyclo- 
butane-1,l-dicarboxylic acid (Onl~), and salicyclic acid 
(0-lM) up to TZ = 2, the spectra were closely similar to 
those obtained in the absence of salicyclic acid. This 
indicated that the formation of the dicarboxylate chelate 
is the first step in the mixed ligand chelate form a t' ion. 
For fa = 3 a spectrum due to the monomeric species 
was observed in the g ca. 2 region at  77 I< which became 
better resolved at n = 4. In the g ca. 4 region for 12 = 3, 
the A M s  = &2 signal is reduced in intensity, while for 
n = 4 no signal could be observed even a t  much higher 
instrument a1 gain. 

When benzilic or mandelic acid was added to a solution 
containing copper(I1) chloride ( 0 . 1 ~ )  and cyclobutane-1,l- 
dicarboxylic acid ( 0 . 1 ~ )  in diniethylformamide the 
dimeric copper@) chelate was formed initially and was 
found to persist up to n = 3. For these mixed ligand 
systems, however, a small amount of copper remains in 
a new dimeric form for 12 = 4, whose presence is indicated 
by the appearance of low-intensity low-field lines which 
could be easily distinguished from those due to the dicarb- 
oxylic acid dimer. For the dicarboxylic acid-mandelic 
mixed ligand case at 77 K, the g ca. 4 spectra are shown 
in Figure 2A and the g ca. 2 spectra in Figure 2B. At 
room temperature the signal intensity increased slightly 
from 32 = 3 to 4. This observation confirmed that most 
of the copper(I1) was present in a monomeric form when 
?a = 4. 

The spectra obtained a t  both room temperature and 
77 K irom dimethylformamide solutions containing 
copper(x1) chloride ( 0 . 1 ~ )  , cyclobutane-1,l-dicarboxylic 
acid (0-hi), and malic acid ( 0 . 1 ~ )  were indicative of the 
formation of monomeric species arising from mixed 
ligand chelate formation which accounted for all of the 
copper(r1) present in the system when n = 4 or 5. It is 
more difficult in this case to decide which ligand controls 
the co-ordination of the copper(II), but a comparison 
of the sigiials with those due to malic acid and dicarb- 
oxylic acid systems alone indicated that the early stages 
of combination involve the formation of the cyclo- 
butanedicarboxylic acid chelate. When 32 = 1, 2, or 3, 
although the intensity of the room-temperature e.s.r. 
spectra indicated that most of the copper(I1) was in 
monomeric form, there is some modification of the low- 
field lines when compared with those due to the dicarb- 
oxylic acid alone at  77 K. 

Spectra obtained from a dimethylformamide solution 
containing copper (11) chloride ( 0 . 1 ~ )  , cyclobu t ane-1, 1 - 
dicarboxylic acid ( O m l ~ ) ,  and citric acid when n 2 3 
accounted for all of the copper(I1) present in monomeric 
form as determined from e.s.r. measurements a t  both 
77 K and room temperature. At lower 32 values, how- 
ever, the spectra a t  77 K show the presence of low-field 
components such that when n = 1, a signal centred at GCI. 

900 G occurred along with a broad signal centred a t  1500 
G. It may be speculated that these low-field components 

http://dx.doi.org/10.1039/DT9730002498


2500 J.C.S. Dalton 

I 1 1 
1250 1500 1750 

G 

FIGURE 2A Experimental X-band e.s.r. spectra (-) and a 
best-fit theoretical e.s.r. lineshape ( - - - - ) for the g ca. 4 
region due to dimethylformamide solutions of copper(I1) 
( O a l ~ ) ,  cyclobutane-1, l-dicarboxylic acid (O~IM),  and mandelic 
acid ( 0 . 1 ~ )  a t  77 K and 9140 MHz for various values of n. 
Parameters for the best-fit theoretical e.s.r. lineshape are listed 
in Table 1 
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FIGURE 2B Experimental X-band e.s.r. spectra (-) and a 
best-fit theoretical e.s.r. lineshape ( - - - - ) for the g ca. 2 
region due to dimethylformamide solutions of copper(I1) 
( O - ~ M ) ,  cyclobutane-1, l-dicarboxylic acid (O-~M), and mandelic 
acid ( 0 . 1 ~ )  a t  77 K and 9140 MHz for various values of n. 
Parameters for the best-fit theoretical e.s.r. lineshape are listed 
in Table 2 

can be attributed to AMs = &3 and AM, = &2 transi- 
tions arising from coupling of three copper(I1) ions in a 
trimeric species3 or from the turning points in a spec- 
trum with S = 1 due to coupling between two copper(I1) 
ions with a large value of the zero-field splitting term 0 . 4  

These components may be attributed to AM, = &3 
and AM, = j--2 transitions arising from the coupling of 
three copper(I1) ions in a trimeric  specie^.^ For n = 2 
only a AMs = &2 signal was found in the low-field 
region. 

Interpretation of the E.s.Y. Results.-' Triplet ' state 
spectra arising from purely magnetic dipole-dipole 
coupled copper(I1) dimers can be satisfactorily accounted 
for by a model which covers axially symmetric cases as 
well as significant lowering of axial symmetry. The 
appropriate spin Hamiltonian may be written for cases 
here as (1) where the nomenclature is identical to that 

used previously.5 It was assumed that [ J I  < ca. 30 cm-1 
and that no ' pseudo-dipolar ' contributions arising 
from exchange in equation (1) are needed. Allowance 
is made for ' singlet '-' triplet ' transitions which will 
occur when J ca. 0, as well as for the influence of off- 
diagonal hyperfine interaction matrix elements neglected 
in our earlier work,4 but now all allowed for in all our 
computer programmes .39 

The spectra observed in one case with very low- and 
very high-field lines, due to the influence of a significant 
exchange interaction, J ca. -300 cm-l, have been 
treated in terms of a composite D arising from both 
exchange effects and dipolar coupling, and in terms of 
the total spin of the pair of ions.4 

The monomeric signals were accounted for by the use 
of the well-known axial and orthorhombic spin Hamil- 
tonians.6 

Best-fit parameters obtained for the dimeric species 
based on AM, = &2 results alone are in Table 1, while 
those due to the monomeric species are in Table 2. 
These examples illustrate that it is often difficult to 
obtain clear-cut AMs = &l dimer signals, and so one 
must rely on AM, = &2 spectra for computer simulation 
of spectra. 

The e.s.r. spectra of solutions of copyer(I1) chloride 
( 0 . 1 ~ )  and cyclobutane-1 '1-dicarboxylic acid ( O - l M )  in 
dimethylformamide with benzilic or mandelic acid 
added showed evidence of a large pseudo-dipolar contri- 
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Calculated magnetic parameters for dimeric species AMB = & 2 spectra only). Errors listed give range of parameters 
over which theoretical curves compatible with the observed e.s.r. lineshapes are obtained 

1 0 - 4 ~  1 0 - 4 ~  Dimer symmetry - 
I t  Transition 4 E/"C gll gi cm-l cm-1 c/G deduced 

O.lM-CuII, O~Z~-cyclobutane-l,2-dicarboxylic acid 
1 AM, = f 2  4.0 & 0.2 - 2.290 2.060 1 l O f  5 5 &  5 011 = 15, Axial 

4 AM, = f 2  4.0 + 0-2 15 f 5" 2.395 2-015 170 f 5 10 f 10 611 = 10, Monoclinic 
f 0*006 & 0.005 01 = 17 

0.005 & 0.005 01 = 15 

O.lM-CuI1, 0.1~-cyclobutane-1, l-dicarboxylic acid, 0-1M-mandelic acid 
4 AM, = f2 4.4 i. 0.3 - 2.300 2-070 165 f 5 40 f 10 011 = 10, Axial 

f 0.005 & 0-005 a1 = 15 

O-lM-CuII, 0. l-cyclobutane- 1,l ,dicarboxylic acid, 0.1 M-benzilic acid 
4 AM, = f 2  3.8 & 0.2 - 2.140 2.090 40 & 5  1 0 %  5 a11 = OL Axial 

f 0-005 & 0.005 = 10 

0.1 0.1 

0.1 0.1 

0.1 0.1 

0.1 0.1 

TABLE 2 
Calculated magnetic parameters for monomeric species. Errors listed give range of parameters over which theoretical 

curves compatible with the observed e.s.r. lineshapes are obtained 
104 x Coupling Line 

[CulI]/w [C,H&O,H)]/M n g-Values constants/cm-1 widths/G 
0.1 0-2 4 gll = 2.315 A 1 7 6 f 5  B = 20 

& 0.005 B 6 f 1 0  
g i  = 2.055 
f 0.005 

With 0-1M-mandelic acid 
0.1 0.1 4 gll = 2.305 A 165 3 6 a, = 15 

& 0.005 B l O f 5  
g l  = 2.060 

& 0.005 

With 0.lM-benzilic acid 
4 g, = 2.300 A ,  165 & 5 a,= 10 

0.005 

f 0-005 

4 0.005 

g, = 2.060 A ,  l O f 5  62 = 5 

g, = 2.055 A ,  1 5 f 5  B, = 5 

With 0.lM-salicylic acid 
4 g, = 2.305 A ,  160 & 5 a, = 15 

f 0.005 

0.005 

& 0.005 

g, = 2.050 A ,  l O & S  a, = 5 

gv = 2.045 A ,  l O f 5  a# = 5 

VGth O-l~-malic acid 
5 g, = 2.305 A, 165 f 5 0, = 15 

f 0.005 

f 0-005 

f 0.005 

g, = 2.065 A, l O A 5  az = 5 

g, = 2.055 A,  l O f 5  0, = 5 

With 0-lM-citric acid 
6 g, = 2.305 A,  165 5 0, =3 15 

f 0.005 

j, 0-005 
gz = 2.055 A ,  10f 5 B, = 5 

g, = 2.045 A, 104: 5 0# = 5 
f 0.005 
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bution to the zero-field splitting owing to exchange. 
The best-fit parameters obtained were D = 0-345 cm-l, 
gjr = 2-39 & 0.01, gL ca. 2.07 and the component line- 
width, d = 20 G. The zero-field and high-field lines 
observed are ‘ x ’-lines and thus gl may not be deter- 
mined accurately from these results. Table 1 shows 
that gl = 2.015 0.005 and gl = 2.395 & 0.005 for 
0.2~-cyclobutane-l, l-dicarboxylic acid with 12 = 4. 
These results were based on an analysis of the AM, = &2 
spectrum only for which gL cannot usually be obtained 
with high precision. 

The essential framework of the copper(I1) cyclobutane- 
carboxylic acid dimeric chelate is illustrated by structure 
(I). The construction of a space-filling molecular model 

cop--cu2+ -- -0zc 
‘ c - c  / c-c 1 p C O , - - - C U 2 + - - 0 * c ’ ~  1 

c-c C - C  

confirmed that the copper-copper separation distance 
for this structure was compatible with that obtained 
from the e.s.r. data. In addition, the structure of this 
chelate agrees with the 1 : 1 ratio indicated by the room- 
temperature and 77 I< e.s.r. spectra. For this case the 
structure of the ligand and in particular the C0,H-C-- 
CO,H angle controls the overall form of the dimer. 

Exceptional behaviour was noted for two of the mixed 
acid systems. These were the cyclobutanedicarboxylic 

acid-benzilic and -mandelic acid clielates. In both these 
cases although room-temperature and 77 I< spectra in the 
g ca. 2 region confirmed a breakdown to monomeric 
species, in the g ca. 4 region at 77 K AM, = &2 signals 
were observed. The parameters obtained for the copper(I1) 
cyclobutanedicarboxylic acid-benzilic acid chelate indi- 
cated a copper-copper separation distance of 4.4 and 
a low A value of 40 x cm-l. Small A values have 
been noted previously and interpreted in terms of distor- 
tion about the copper(I1) even though the overall dimer 
symmetry remained axial.’ This AMs = &2 signal 
was found to be exactly the same as that due to copper(z1) 
benzilate alone. For the copper (11) cyclobutanedicarb- 
oxylic acid-mandelic acid chelate the g-values and sepa- 
ration distance are in substantial agreement with those 
published for copper(I1) ~nandelate.~ The programme 
used to obtain the parameters listed in Table 1 uses the 
more complete theory as explained earlier and so small 
differences between the present copper(r1) cyclobutanedi- 
carboxylic acid-mandelic acid case and the copper(I1) 
mandelate can be accounted for. 
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