Complexes of copper(1) with aromatic compounds in aqueous

solutions
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The apparent stability constants of the complexes of Cu*(aq) with several aromatic compounds, mainly substituted
benzoic acids, were determined electrochemically. The results reveal that these complexes are surprisingly stable,

2.0 <log K <£4.0 at the pK, of the benzoic acids. The stability constants depend on the pH. This dependence is
considerably stronger than that predicted from the pK, of the acids, suggesting that complexes of CuOH with the
aromatic acids are also formed. Electron donating substituents increase the apparent stability constants. The results
indicate that the complexes formed are due to d —— = interactions between the copper d orbitals and the aromatic
n system. The effect of Cu*(aq) on the 'H NMR of benzoic acid supports this conclusion.

Copper(1) concentrations in aqueous solutions are limited due
to two reasons: (1) the disproportionation reaction® (1) and

2Cu*(aq) =—— Cu*'(aq) + Cu’®
K=538x10°dm*mol™! (1)

(2) the low solubility product of CuOH or Cu,0O and of
other copper(i) compounds, e.g. copper(l) halides.’” However
copper(l) can be maintained at higher concentrations in
aqueous solutions in the presence of suitable ligands: © acids,
e.g CO, CH,CN, alkenes;"* ligands which form Cu'L, complexes
whereas they form Cu™L, complexes, due to entropic reasons,
e.g L=NH,;"* hydrophobic ligands, e.g CH;N(CH,)[CH,-
CH,N(CH,)],CH,CH,N(CHj,), and CH,CN.?

Copper(1) complexes are known to catalyse a variety of
important organic processes.*” Some of these, e.g the Ullman
reaction, are carried out in aqueous solutions, even in
alkaline media.”® This seems surprising as the concentration
of Cu*(aq) under the experimental conditions should be
extremely low.

Recent kinetic studies on Ullman reaction (2) suggested that

2-BrC,H,CO, —2,

2-HOC-H,CO,” + Br~ (2)
a complex between Cu' and the 2-bromobenzoate is a key
intermediate in the process.® Indeed it is known that Cu’ forms a
complex with benzene and its crystal structure was reported.’
Crystal structures of copper(l) carboxylates,’® including
the benzoate,!' reveal, as expected, that the copper is co-
ordinated to the oxygen of the carboxylate group. However in
aqueous solutions, which have a high relative permittivity,
the binding constant of Cu' to carboxylate is expected to be
very small. Although in solid copper(l) fumarate spectral
evidence indicates that the copper is co-ordinated to the oxygen,
in aqueous solutions it is bound to the carbon—carbon double
bond."

It was therefore decided to try and determine the stability
constants of the copper() complexes with several, water
soluble, aromatic compounds.

Experimental
Materials

Solvents and reagents were reagent grade or better. Distilled

water was further purified by passing through a Milli Q
Millipore set-up (final resistivity >10 MQ cm™). All the
experiments were carried out at room temperature, 22 £ 2 °C.}
The pH of all solutions was monitored with a Corning model
220 pH-meter, error £ 0.01 pH units, and the glass electrode
was calibrated with standard buffers. All the experiments
involving Cu' were carried out in strictly deaerated solutions,
using the syringe technique.

Spectroscopy

'"H NMR spectra were recorded using a Bruker DPX 200 Hz
spectrometer. Solutions in D,O containing 3% CH;CN,
1 X 107* mol dm™* benzoic acid and 1 x 107* mol dm* copper
ions, Cu(CH;CN),PF¢ or CuSO,, at pH 4.7 were used. The
UV-Vis spectra were recorded using a Hewlett-Packard 8452
diode array spectrophotometer. Special cells for anaerobic
studies were used.

The concentration of Cu?*(aq) was determined spectro-
photometrically by the addition of ammonia to form the
complex Cu(NHj;),>* which has a molar absorption coefficient
of 60 dm® mol ™! em™! at 604 nm.

Determination of the stability constants of the copper(1)
complexes

Two experimental approaches were utilized. Cyclic voltam-
mograms and square wave data were recorded using an EG&G
Princeton Applied Research Potentiostat and Galvanostat
Model 263 driven by Model 270 electrochemistry software in
connection with the hanging mercury drop electrode (HMDE)
mode of Model 303A static mercury drop electrode (SMDE)
and a Ag-AgCl reference electrode in a KCI-AgCl solution
separated by a frit from the bulk solution. The solutions
contained 0.2 mol dm 3 NaClO,, 1 x 10~* mol dm 3 CuSO, (as
small as possible concentration to prevent non-reproducible
maximum spikes in the current) and 5 x 107*-0.05 mol dm ™3 of
an aromatic compound. Fast scanning (5000-15000 mV s ')
cyclic voltammograms and high frequency (600-1500 Hz)
square wave (SW) voltammograms were recorded and the peaks
attributed to the Cu™" and Cu"° redox processes deconvoluted
using Cool software (mainly SW data were used as the derived
half-wave potentials, Ei, are more reliable). Each system was

+ The accuracy of the results obtained did not require the use of a more
accurate temperature control.
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studied at several concentrations of the aromatic solute; in the
range 5 X 107*-5 X 1072 mol dm 3, and at several pH, from the
pK, of the solute to pH 5.0; at lower pH the compounds are
insoluble and at higher pH copper(i1) precipitates and CuOH
might be formed electrochemically (for 4-nitrophenol solutions
at pH 6.0 had to be used). Plots of Ei(Cu'™), after correcting
for deviations of the Cu®"° potential from the standard one
for each series of experiments, vs. log [L] yielded straight
lines, see for example Fig. 3. From the intercepts of these lines,
which all had slopes not far from —0.059 indicating the for-
mation of a 1:1 complex i.e. Cu'L, the stability constants were
calculated using eqn. (3) where (E);, for Cu™(aq) + e~ ——
Cu’q, is 0.386 V.2

AE, = (Ey)ey, — (E)ye= —0.059 log K, — 0.059 log [L] (3)

Also plots of E(Cu™") vs. log [L] gave straight lines, Fig. 3,
however these are more difficult to interpret as they have to be
corrected for the stability constants of Cu”L, some of which
are unknown, a process which decreases the accuracy of the
results.

Fast scanning voltammetry is required as at normal scanning
rates high concentrations of the ligands are required in order to
obtain two well separated waves. Thus for example for maleic
acid, for which K = [Cu'L}/[Cu*(aq)[L] = 1.06 x 10* dm® mol™!
at pH 3.0, maleate concentrations =5 X 1072 mol dm™* are
required in order to obtain two well separated waves.'> However
at high scan rates the disproportionation reaction is inhibited
and two waves are observed at considerably lower ligand
concentrations, see below. The solubility of the aromatic
compounds in water is naturally limited.

In the second approach the effect of the aromatic ligand on
the absorption of copper(1) fumarate at 346 nm was measured.
The stability constant of the latter complex is known ' and
therefore by competition calculations the desired stability
constants can be calculated, assuming that no mixed ligand
complexes are formed. The reasonable agreement between the
results obtained by these two approaches, see below, indicates
that this assumption is correct. This technique is less accurate
than the electrochemical one as dioxygen penetration, even at
very low concentrations, affects the results significantly. There-
fore this technique was used only to verify the electrochemical
approach and to measure the stability constants of the phenol
complex which could not be obtained electrochemically, prob-
ably due to adsorption to the mercury electrode, and of the
pentafluorobenzoic acid complex which has the lowest stability
constant.

The following experimental procedure was used: to a set
of deaerated syringes containing known concentrations of
CuSO,, fumarate, at a concentration high enough to ensure full
comproportionation, the aromatic compound, at the desired
pH, copper metal was added and the syringes were sealed and
mixed for 24 h. The solution was then transformed into an
anaerobic spectrophotometric cell and the optical density, at
346 nm was measured. The stability constants were calculated
by comparing the optical density of samples containing no
aromatic additive, which yield copper(1) fumarate, with those
obtained in the presence of the aromatic additives. The calcu-
lations are based on eqns. (4)—(6) where L =fumarate, L' =
aromatic compound, [Cu’(L')]=[Cu’(L)]°— [Cu'(L)], [L]=
[L] - [Cu'(L)], [L']=[L"]° = ([Cu' (L))’ — [Cu'(L)]), [Cu'(L)]
= Asu6/8346(Cu (L)), £346(Cu’(L)) =1600 dm® mol™ cm™' and
K, =1.0 x 10* dm* mol ! at pH 3.0."2

Cu*(aq) + L=—==Cu'(L) K,=[Cu"(L)[/[Cu*(ag)][L] (4

Cu*(aq) + L' =—Cu'(L")
K, =[Cu'(L"))/[Cu’(aQ)][L'] (5)

K, = Kj[Cu' (L][LY/[Cu' (D][L'] (6)
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Fig. 1 Cyclic voltammetry of Cu" in the presence of 2-chlorobenzoic
acid. Solution composition: 1 X 10™* mol dm~* CuSO,, 0.2 mol dm™*
NaClO,, pH 4.0, scan rate 10000 mV s~ ! vs. Ag-AgCl. A, No additive;
B, 5x107* mol dm™3 C, 0.02 mol dm % and D, 0.05 mol dm™
2-chlorobenzoic acid.

This technique has the drawback that dioxygen leaking into
the syringe during the 24 h increases the measured optical
density whereas a leak during the analytic stage decreases it.
Therefore the accuracy of this technique is smaller than that
of the electrochemical one.

Results

Fast scanning cyclic voltammograms and high frequency
square wave voltammograms of solutions containing 0.2 mol
dm™* NaClO,, 1 x 107* mol dm * CuSO, and 5 x 107*-0.05
mol dm™* of an aromatic compound were measured; typical
results are shown in Figs. 1 and 2. The results clearly reveal that
two well separated waves are obtained under these conditions
in the presence of the aromatic compounds, the separation
between the waves increasing with the concentration of the
aromatic compound. These waves are attributed to the Cu™!
and Cu" redox processes.

Plots of E(Cu") and of Ey(Cu™) vs. log[L'], where L’ is the
aromatic compound, give straight lines, Fig. 3, as predicted.
The slope of these lines should be 0.059(p — ¢) V for the redox
processes Cu'L’, + e"——> Cu""'L’, + (p — ¢)L'. Therefore
for the Cu'® process a slope of ~—0.059 V is expected. The
results always were somewhat smaller than predicted, e.g —0.47
V in Fig. 3. This result seems to suggest that not all the inter-
action between the Cu’ formed and the aromatic compound is
lost, a somewhat surprising result. However the results clearly
demonstrate that a 1:1 complex is formed between Cu*(aq)
and all the aromatic compounds studied. The slopes of the
lines at lower pH were usually considerably lower than 0.059
V/log[L']; the source of this phenomenon is not clear. The
slopes of the lines for the Cu™* process are significantly smaller,
as expected, due to the formation of complexes between Cu™
and the aromatic acids.]

The apparent stability constants of the Cu'L’ complexes were
calculated from the intercepts of the straight lines obtained for
the Cu"® processes. The results are summarised in Table 1.

In order to check the reliability of the technique used the
stability constant of copper(1) maleate at pH 3.0 was measured
in the frequency range 600-1000 Hz. The result, Table 1, log
K=3.92%0.2, is in excellent agreement with that measured at
60 Hz, log K=4.0." Also the results using the second

i One of the referees suggested that ternary complexes of the types 1:2
and 1:1:1 might be formed and affect the results. The results are in
accord with the assumption that no 1:2 complexes are formed in these
systems, consistent with expectations for a d —> ©* complex of Cu'.
The pH effect on the apparent stability constants is in accord, see below,
with the formation of 1:1:1 complexes of the aromatic compound;
Cu' and OH". The limited pH range accessible for measurements and
the limited accuracy of the results do not enable a detailed analysis of
the stability constants of each species formed.
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Fig. 2 Square wave voltammetry of Cu™ in the presence of 2-chloro-
benzoic acid. Solution composition as in Fig. 1, frequency 800 Hz.
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Fig.3 Plots of Ey5,,(Cu™) and E;,),(Cu™") (vs. NHE) against log [2-

CICsH,CO,H]. E,, values obtained by the square wave voltammetric
experiments at 800 Hz, pH 5.0.

Table 1 Stability constants of the copper(l) complexes

Ligand pH log K¢ pK,
Benzoic acid 4.0 3.7 4.19
4.0 4.1°
5.0 4.7
Salicylic acid 3.0 2.9 2.97
4.0 2.8
5.0 33
2-Chloro-benzoic acid 3.0 2.9 2.92
4.0 3.7
5.0 4.5
3-Bromobenzoic acid 4.0 3.9 3.86
5.0 5.6
3-Methylbenzoic acid 4.0 3.6 4.27
5.0 4.7
2-Methylbenzoic acid 4.0 3.6 391
4.0 4.2°
4.5 4.7
5.0 5.3
5.0 4.7°
Pentafluorobenzoic acid 3.0 2.0° 1.8
4-Nitrophenol 6.0 35
Maleate 4.0 39
Phenol® 3.0 2.9°

“Error limit + 0.2. ®* Measured by the second approach, i.e. the effect of
the aromatic ligand on the absorption of copper(l) fumarate at 346
nm,'? error limit £ 0.5. ¢ Previous result'? log K=4.0 is in full agree-
ment with the present results.

experimental approach, Table 1, confirm the validity of the
electrochemical technique.

The apparent stability constants of the complexes of Cu*(aq)
with benzoic acid, 2-methylbenzoic acid, pentafluorobenzoic
acid and phenol were determined via the effect of the aromatic
compound on the yield of copper(1) fumarate; typical results are
presented in Fig. 4. The results, which are summarised in Table
1, for benzoic acid and 2-methylbenzoic acid are in agreement

0.3+

300 320 340 360 3é0 400
Wavelength/nm

Fig. 4 Effect of phenol on the yield of copper(1) fumarate. Deaerated
solutions containing phenol, 1 X 107* mol dm™* CuSO, and 5 x 1073
mol dm ™ fumaric acid at pH 3.0 were stirred in the presence of copper
metal for 24 h. The reference solution had the same composition but
was not stirred in the presence of copper metal. Curves: 0, no phenol,
Az, 0.197; 1, 5% 107 mol dm™* phenol, A, 0.179; 2, 1 X 1072 mol
dm 3 phenol, A;,0.148; 3, 1.5 X 1072 mol dm 3 phenol, 434 0.123.
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Fig. 5 The effect of copper ions on the 'H NMR of benzoic acid: (A),
D,O0 solutions containing 3% CH;CN, 1 x 10~* mol dm* benzoic acid
at pH 4.7; (B), same as (A) plus 1 X 107 mol dm~* Cu(CH,CN),PF,,
deaerated solution; (C) as (A) plus 1 X 107* mol dm™~* CuSO,.

with those obtained electrochemically. The other two systems
could not be studied using the electrochemical technique.

In order to verify the formation of complexes between
Cu”(aq) and aromatic compounds, the effect of Cu*(aq) on the
'"H NMR spectrum of benzoic acid was measured; the spectra
obtained are shown in Fig. 5. The results demonstrate that
Cu*(aq) causes an upfield shift of the signals due to the aro-
matic hydrogens (on average 0.06 ppm for the ortho hydrogens,
0.01 ppm for the meta and 0.07 ppm for the para) whereas
Cu**(aq) causes a downfield shift of the same signals (on
average 0.02 ppm for the ortho, 0.01 ppm for the meta and 0.03
for the para hydrogen).

Discussion

The results clearly reveal that copper() forms in aqueous
solutions surprisingly stable complexes with aromatic com-
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pounds. The apparent stability constants of the complexes are
summarised in Table 1. It is of interest that the stability con-
stant of the benzoate complex is considerably larger than that
observed for the analogous copper(11) complex !5 and that of
copper(i1) acetate.'* These observations show that the large
stability constants of the copper(i) substituted benzoate
complexes are due to a d —> 1 interaction between the Cu'
and the aromatic ring and not to an electrostatic interaction
with the carboxylate group. It is of interest that also the
stability constant of silver(1) benzoate'® is considerably larger
than that of the acetate;" this result suggests that also the
silver-benzoate is a d —> © complex.

Also the effect of Cu*(aq) on the 'H NMR is in accord with
the conclusion that the copper ion is bound to the aromatic ring
and not to the carboxylate group. Thus copper(l) induces an
upfield shift of the signals whereas copper(ir), which is bound to
the carboxylate, induces a downfield shift of the signals. The 'H
NMR spectra were recorded also at Cu": benzoic acid ratios
considerably lower than 1:1 (results not shown). In these
experiments only one set of signals was observed, though
the shifts were smaller. These results indicate that the rate
of formation and decomposition of the copper(l) benzoic
acid/benzoate complex is fast on the timescale of the NMR
measurement.

The apparent stability constants for most systems studied
increase considerably with pH. (The case of salicylic acid is an
exception and the effect could not be studied for phenol and 4-
nitrophenol.) This effect is in most systems considerably larger
than that which can be attributed to a larger stability constant
for the anionic form than for the acidic form of the aromatic
acids (thus for example for 2-chlorobenzoic acid the apparent
stability constant of the complex increases by a factor of ~40
when the pH is raised from 3.0 to 5.0, whereas the concen-
tration of the anion increases only by a factor of 2 by this pH
change). It seems probable that CuOH is somehow involved
in the complex formation in solutions with pH=5. This
uncertainty in the nature of the exact complex, or complexes,
present in the solutions enables only the report of the apparent
stability constants of the complexes.

When the apparent stability constants of the aromatic acids,
at the pH of their pK, (derived by interpolation) in order to
eliminate pH effects, are compared, Fig. 6, the results clearly
point to a Hammett relation. The fact that an increased electron
density on the ring stabilises the copper(l) complex is in accord
with a recent conclusion that the ¢ donating contribution
is more important than the n* accepting contribution to the
stability of these copper(i) complexes. This is probably due to
the fact that Cu™(aq) is not a strong reducing agent.

Finally it should be pointed out that the results show that
Cu*(aq) forms surprisingly stable d — n* complexes with a
variety of aromatic compounds in aqueous solutions. It was
recently noted that interactions between copper(l) and aryl
rings exist, though they are “somewhat of a novelty” and their
nature is still not clear.” The finding that Cu*(aq) forms
d—— ©* complexes with a variety of aromatic compounds in
aqueous solutions might be of importance in at least four ways.
(1) The concentration of copper(I) species in aqueous solutions
containing copper(i1) salts in the presence of copper metal
increases when aromatic compounds are added to the system.
(2) If the copper(1) is bound mainly to one carbon—carbon bond
of the aromatic ring and causes a severe geometric rearrange-
ment of the ring as the crystal structure of Cu'(C4Hy)"® and
model calculations indicate, then its effect as a catalyst for a
variety of processes is easier to understand. (3) In a variety of
copper enzymes there are aromatic residues near the active
site.’® It might be speculated that in some of these enzymes
interaction of Cu' with these residues contributes to the
stability of their reduced form. (4) Recently Domenech et al.*®
have shown that macrocyclic ligands that contain aromatic
rings stabilise Cu' in aqueous solutions. Their results reveal that
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Fig. 6 Dependence of log K on the pK, of the aromatic acids. Values
of log K at the pK, of each acid are used. 1, C,F;CO,H; 2, 2-
CIC,H,CO,H; 3, 2-HOCH,CO,H; 4, 2-MeC(H,CO,H; 5, 3-
BrC,H,CO,H; 6, 3-MeC,H,CO,H; 7, PhCO,H.

methyl substituents increase the stability constants of these
complexes in full agreement with the results presented herein.
It is therefore proposed that, as their results show that the
methyl substituents on the aromatic ring do not affect the
stability of the copper(ir) complexes, the properties of these
ligands are due to the binding of Cu' to the m system of the
aromatic ring and not to the hydrophobicity of these ligands as
suggested."
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