Mixed-Ligand Complexes of Cu(I)
47-0; CI-, 16887-00-6; SO, 14808-79-8; NCS~, 302-04-5.

References and Notes

(1) A preliminary report of this work was presented at the XVIIIth In-
_ ternational Conference on Coordination Chemistry, Sad Paulo, Brazil,
July 1977,
(2) Onleave from the Department of Chemistry, Potchefstroom University,
Potchefstroom, South Africa.
(3) To whom correspondence should be addressed. :
(4) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions”,
Wiley, New York, 1967, p 203.
(5) T.W. Swaddle, Coord. Chem. Rev., 14, 217 (1974).
(6)- J. O. Edwards, F. Monacelli, and G. Otaggi, Inorg. Chim. Acta, 11, 47
(1974).
(7) C.H. Langford and W. R. Muir, J. Am. Chem. Soc., 89, 3141 (1967).
(8) T.W. Swaddle and G. Guastalla, Inorg. Chem., 8, 1604 (1969).
(9) A. Haim, Inorg. Chem., 9, 426 (1970).
(10) W.L. Reynolds I Muran andS Asperger,.l Chem, Soc., Dalton Trans.,
719 (1974).
(11) R.van Eldik and G. M. Harris, Inorg. Chem., 14, 10 (1975).
(12) R. van Eldik, J. Inorg. Nucl. Chem., 38, 884 (1976).
(13) P. R. Joubert and R. van Eldik, Int. J. Chem. Kinet., 8, 411 (1976).
(14) A.J.Poé, K. Shaw, and M. J. Wendt, Inorg. Chim. Acta, 1, 371 (1967).
(15) F. Monacelli, Inorg. Chim. Acta, 2, 263 (1968).
(16) ‘H. L. Bott, A. J. Pog, and K. Shaw, Chem. Commun., 793 (1968).
(17) H. L. Bott, A. J. Poé, and K. Shaw, J. Chem. Soc. A4, 1745 (1970).
(18) M. G. Burnett, J. Chem. Soc. A, 2486, 2490 (1970).
(19) M. J. Pavelich, S. M. Maxey, and R. C. Pfaff, Inorg. Chem., 17, 564
(1978).
(20) O. Nor and A. G. Sykes, J. Chem. Soc., Dalton Trans., 1232 (1973).
(21) T. Ramasami and A. G. Sykes, Inorg. Chem 15, 2885 (1976).
(22) M. L. Tobe, “Inorganic Reaction Mechanisms”, Thomas Nelson, London,
1972, p 90.
(23) C. H. Langford and H. B. Gray, “Ligand Substitution Processes w.
A. Benjamin, Inc., New York, 1965.
(24) E. C, Barber and W L. Reynolds, Inorg. Chem., 12 951 (1973).
(25) M. G. Burnett, J. Chem. Soc. A, 2480 (1970).
(26) J. E. Prue, “Ionic Equilibria”, Pergamon Press, London, 1966.

(27) 1. E. Prue, J. Chem. Soc., 7534 (1965).
(28) S.T.D. Lo, E. M. Oudeman J.C. Hansen, and T. W. Swaddle, Can.
J. Chem., 54, 3685 (1976).
(29) ‘S.T.D. Lo and T. W. Swaddle, Inorg. Chem., 15, 1881 (1976)
(30) H.R. Hunt and H. Taube, J. Am. Chem. Soc., 80, 2642 (1958).
(31) A. C. Dash and N. Ray, Indian J. Chem., 14, 78 (1976).
(32) A. C. Dash and M. S. Dash, J. Coord. Chem., 6, 1 (1976).
(33) F. Monacelli and E. Viel, Inorg. Chim. Acta,l 467 (1967).
(34) R.van Eldik, Z. Anorg. Allg. Chem., 416, 88 (1975).
T.

‘'W. Swaddle and D. R. Stranks, J. Am Chem. Soc., 94, 8357 (1972).
(36) N.'V. Duffy and J. E. Early, J. Am. Chem. Soc., 89, 272 (1967).
(37) P. R. Joubert and R. van Eldik, Inorg. Chim. Acta, 12, 205 (1975).
(38) C. Chatterjee and P. Chaudhuri, Indian J. Chem., 11, 777 (1973).
(39) R. van Eldik, unpublished results.

(40) P.R. Joubert and R. van Eldik, React. Kinet. Catal. Lett., 3, 23 (1975).
(41) R. van Eldik, React. Kinet. Catal. Lett., 2, 251 (1975).

Inorgam'c Chemiistry, Vol. 18, No. 6, 1979 1527

M. J. Pavelich, Inorg. Chem., 14, 982 (1975)
D. A. Palmer and H. Kelm, Inorg Chem., 16, 3139 (1977).

(44) G. G. Schlessinger, Inorg. Synth 9, 160 (1967)
W. E. Jones, L. R. Carey, and T. W, Swaddle, Can. J. Chem., 50, 2739
(1972)

(46) S.N. Anderson and F. Basolo, Inorg. Synth., 7, 214 (1963).

(47) “Gmelins Handbuch der Anorganischen Chemie”, Vol. 64, 1938, p 109.

(48) M. Mori, Inorg. Synth., 5, 132 (1957).

(49) T.Ramasami, R. K. Wharton and A. G. Sykes, Inorg. Chem., 14, 359
(1975).

(50) E.Zinato, R. D. Lindholm, and A. W.-Adamson, J. Inorg. Nucl. Chem.,
31,449 (1969)

(51) F. Basolo and R. K. Murmann, Inorg. Synth., 4, 172 (1953).

(52) F.K. Fleischmann, E. G. Conze, D. R. Stranks, and H. Kelm, Rev. Sci.
Instrum., 45, 1427 (1974).

(53) D. L. Gay and R. Nalepa, Can. J. Chem., 48, 910 (1970).

(54) H. Taube and F. A. Posey, J. 4m. Chem. Soc., 75, 1463 (1953).

(55) F. A. Posey and H. Taube, J. Am. Chem. Soc., 78, 15 (1956).

" (56) P. M. Brown and G. M. Harris, Inorg. Chem., 7, 1872 (1968); S. C.

Chan and G. M. Harris, ibid., 10, 1317 (1971).

(57) F. Monacelli, Inorg. Chim. Acta, 7, 65 (1973).

(58) G. C. Lalor and G. W. Bushnell, J. Chem. Soc. A4, 2520 (1968).

(59) G. B. Schmidt, Z. Phys. Chem. (Frankfurt am Main), 50, 222 (1966).

(60) S. C. Chan, Aust. J. Chem., 20, 61 (1967).

(61) - E. Inada, K. Shimizu, and J. Osugi, Rev. Phys. Chem. Jpn., 42, 1 (1972).

(62) Y. Taniguchi, T. Watanabe, and K. Suzuki, Bull. Chem. Soc. Jpn., 48,
3023 (1975).

(63) K. Shimizu, N. Tsuchihashi, and Y. Furumi, Rev. Phys. Chem. Jpn.,
46,30 (1976).

(64) K. Shimizu and T. Okamoto, Doshisha Daigaku Rikogaku Kenkyu

" Hokoku, 16, 120 (1975).

(65) M. Ueno, K. Shimizu, and J. Osugi, Rev. Phys. Chem. Jpn., 43, 33 (1973).

(66) . C.P.J. Vuik, Ph.D. Dissertation, Imperial College London, 1974, p 178.

(67) D. R. Stranks, Pure Appl. Chem., 38, 303 (1974).

(68) S.D. Hamann, “Physico-chemical Effects of Pressure”, Butterworths,
London, 1957.

(69) M. Nakahara, K. Shimizu and J. Osugi, Rev. Phys. Chem. Jpn., 40, 12
(1970).

(70) W. L. Masterton, H. Welles, J. H. Knox, and F, J. Millero, J. Solution
Chem., 3,91 (1974).

(71) D. A. Palmer and H. Kelm, unpublished results.

(72) D. R. Stranks and N. Vanderhoek, Inorg. Chem., 15, 2645 (1976).

(73) S.B.Tong, H. R. Krouse, and T. W. Swaddle, Inorg. Chem., 15, 2643
(1976).

(74) R.J. Buchacek and G. M. Harris, Inorg. Chem., 15, 926 (1976).

(75) K. R. Brower, J. Am. Chem. Soc., 90, 540 (1968).

(76) M. W. Grant, J. Chem. Soc., Faraday Trans. 1, 69, 560 (1973).

(77) C. Schenk and H. Kelm, J. Coord. Chem., 2, 71 (1972).

(78) T.G. Spiro, A. Revesz, and J. Lee, J. Am. Chem. Soc., 90, 4000 (1968).

(79) M. T. Beck, Coord. Chem. Rev., 3, 91 (1968).

(80) P. R. Joubert and R. van Eldik, Inorg. Chim. Acta, 14, 259 (1975).

(81) J. B. Goddard and F. Basolo, Inorg. Chem., 7, 936 (1968).

(82) As a result of a referee’s comments, these values were redeterined in
an independent laboratory at the Department of Chemistry, State
University of New York at Buffalo, Buffalo, NY.

Contribution from the Department of Chemistry,
Montana State University, Bozeman, Montana 59717

Mixed-Ligand Complexes of Copper(II) with Imidazole and Selected Ligands

M. SRINIVAS MOHAN, D. BANCROFT, and E. H. ABBOTT*

Received October 13, 1978

The formation constants have been measured for the mixed-ligand complexes MLA and MLA,, where M = Cu(Il), A
= imidazole, and L = bipyridyl, histamine, glycine, aspartic acid, malonic acid, and 5-sulfosalicylic acid. The lower stability
of the MLA,, complexes as compared to that of MLA is attributed to the loss of 7 bonding resulting from the two cis-coordinated
imidazoles being out of plane. Imidazole, unlike bipyridyl, does not enhance the affinity of Cu(II) for the oxygen donor
sites of anionic ligands. In the series of mixed complexes studied the order of stability for the ligand L is glycine > aspartic
acid > bipyridyl > malonic acid > 5-sulfosalicylic acid > histamine.

Introduction

The imidazole group of histidine is one of the 1mportant
binding sites for Cu(II) in biological systems. X-ray, spec-
troscopy, and various other techniques show that the imidazole
moiety binds Cu(II) in sperm whale myoglobin,!? bovine serum
albumin,’® human albumin,!¢ hemocyanin,'d ceruloplasmin,
and ribonuclease as well as in a number of other bimolecules. '
The effectiveness of the imidazole group to act as a metal

binding site has been attributed to its great flexibility (the
metal-N bond can lie up to 30° from the imidazole plane),
its availability at physiological pH (pK ca. 7.0), and its capacity
to form both ¢ and = bonds with metal ions.?

In recent years considerable research has been carried out
on model mixed-ligand complexes in an effort to understand
the nature of metal-ion complexation in biological systems.
Studies on mixed-ligand complexes containing bipyridy!l® and

0020-1669/79/1318-1’527$01.00/0 © 1979 American Chemical Society
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histamine* show that when metal ions are bound to these
aromatic nitrogen donors they prefer to coordinate ligands with
oxygen donors rather than those with nitrogen donors. The
affinity for ligands with nitrogen and oxygen donors like
glycine lies between those observed for the pure O and N
ligands. On the basis of these results it has been suggested
that imidazole would impart similar discriminatory qualities
to metal ions.” Since bipyridyl and histamine are typically
chelating while the histidyl residues in proteins are typically
nonchelating,? we felt that it would be interesting to study
mixed-ligand complexes of imidazole and determine whether
bipyridyl, histamine, and imidazole behave analogously in
mixed-ligand complexes. We have therefore carried out a
detailed study of the formation of mixed-ligand complexes
containing Cu(II), imidazole (im), and the ligands bipyridyl
(bpy), histamine (hs), glycine (gly), aspartic acid (asp),
malonic acid (mal), and sulfosalicylic acid (ssa). Prior to this
work very few studies on mixed-ligand complexes containing
imidazole have been reported.®

Experimental Section

Reagents. The ligands imidazole (grade III), a,a-bipyridyl, glcyine,
aspartic acid, and S-sulfosalicylic acid were obtained from Sigma
Chemical Co., while malonic acid, copper(II) nitrate trihydrate, sodium
hydroxide, ethylenediaminetetraacetic acid, potassium hydrogen
phthalate, and potassium nitrate were Baker’s analyzed grade. The
purity of the ligands was checked and their molecular weights were
determined by potentiometric titration with standard carbonate-free
sodium hydroxide. Imidazole was used in the monoprotonated form
while aspartic acid and 5-sulfosalicylic acid were used in the tri-
protonated forms. The other ligands were used in the diprotonated
form. A stock solution of Cu(II) was prepared and standardized by
titrating with the disodium salt of EDTA,’ while the carbonate-free
sodium hydroxide was prepared and standardized by titrating with
potassium hydrogen phthalate. Double-distilled water was used in
the preparation of all stock and experimental solutions.

Potentiometric Measurements. Proton association constants for
imidazole, aspartic acid, and 5-sulfosalicylic acid were determined
by potentiometric titration of these ligands with standard NaOH. The
stability constants for the binary metal complexes were computed from
titration curves in which the metal:ligand ratio was 1:10 for imidazole
and 1:2 for aspartic acid and sulfosalicylic acid. The corresponding
data for bipyridyl, histamine, glycine, and malonic acid at 25.0 °C
and u = 0.2 M (KNO,) were taken from our previous work.> The
equilibrium constants for the ternary systems were computed from
titrations in which the total concentrations of Cu(ll), the bidentate
or tridentate ligand, and imidazole were ina 1:1:1, 1:1:2, and 1:1:3
molar ratio. The concentration of Cu(II) was approximately 2.0 X
1073 M. Multiple titrations were carried out for each system.
Mixed-ligand complexes for copper(II)—pyrocatechol-imidazole and
copper(Il)—ethylenediamine-imidazole could not be quantitatively
studied because of slow equilibration and insolubility.

The potentiometric titrations were carried out at 25.0 £ 0.1 °C
with the apparatus and procedure described previously.” A constant
ionic strength of 0.2 M was maintained by addition of KNO;. The
equilibrium constants reported in this paper are all concentration
constants.

Calculations. The proton association constants for the free ligands
and the stability constants for binary and ternary equilibria 1-8 were

KMML
M+ L = ML (n
My,
M + 2L = ML, )
KM
M+ A =2 MA (3)
BMya
M + 2A “ Ma, 4
My
M + 3A =2 MA, (5)
,SMMM
M + 4A = MA, (6)

Mohan, Bancroft, and Abbott

M
B8¥vra

M+L+A MLA (7

Mysra,

M+ L+ 2A MLA, (8)

calculated from the titration data by using a corrected version of the
computer program $¢0Gs.! (M = Cu(Il), A = im, L = ssa and asp
in equilibria 1 and 2 and L = bpy, hs, gly, asp, mal, and ssa for
equilibria 7-9.) In the case of bpy and hs, constants for the formation
for a hydroxo complex according to the equilibrium 9 were also
obtained.

BMyLacom)

M+L+A+OH MLA(OH) (%)

In titrations involving a 1:1:1 molar ratio of M, L, and A (where
L = hs, gly, asp, mal, and ssa) the association constants for equilibria
7-9 were calculated by taking into consideration the proton association
constants and the stability constants for the binary mono and bis
complexes for L and A, For titrations involving a 1:1:2 molar ratio,
in addition to the above species the MA; complex was also taken into
consideration in calculating the constants for equilibria 7-9. Analysis
of titration curves with a 1:1:3 molar ratio of M, L, and A shows that
complexes of the type MLA, are not formed appreciably under the
experimental conditions employed. The constants for ternary systems
involving bipyridyl were calculated by two different methods. In one
approach the 1:1 Cu(bpy) complex was considered to be completely
formed and the ternary constants were calculated by taking into
consideration the proton association constants for imidazole only. The
validity of these constants was checked by the second approach wherein
no assumptions were made and the ternary constants were calculated
by taking into consideration the proton association constants and the
stability constants for the binary complexes of bpy and im. As found
in the previous study,? the constants obtained by the two methods are
found to be in very good agreement. The stability constants for any
given species were in excellent agreement irrespective of whether they
were obtained from titration curves with a 1:1;1,a 1:1:2,0ora 1:1:3
molar ratio of M, L, and A.
The stepwise formation constants for equilibria 10-16 could be
KML

ML + L ——== ML, (10)
KM,

MA + A MA, (11)
KMAy,

MA; + A MA, (12)
KMAY,

MA; + A MA, (13)
KM yia

ML + A MLA (14)

KMLA

MLA(OH)

MLA + OH MLA(OH) (15)
KMy a,

ML + 2A ——== MLA, (16)

readily calculated by considering the relevant data for the proton
association constants and the cumulative binary and ternary constants.

Results

Binary Systems. The proton association constants and the
stability constants for the binary systems involving imidazole,
ssa, and asp have been reported earlier.!! We have redet-
ermined these constants under the experimental conditions [¢
=250 °C, u = 0.2 M (KNO;)] used in this work for de-
termining the ternary constants. We have previously reported
the binary constants for gly, asp, ssa, and mal at 25.0 °C and
w = 0.2 M.? The proton association constants and the binary
rhetal constants are tabulated in Tables I and II.

Ternary Systems. The titration curves a, b, and ¢ in Figure
| were obtained for ternary systems involving Cu(II), bipyridyl,
and imidazole ina 1:1:1, a 1:1:2, and a 1:1:3 molar ratio.
Curve d was obtained for a 1:1:2 ternary system involving
histamine. With both these ligands an additional proton is
titrated in excess of that expected for diprotonated bpy and
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Table I. Association Constants® for the Free Ligands at 25.0 °C Table II. Association Constants® for Mixed-Ligand Complexes of
and u=0.2 M (KNO,) Imidazole at 25.0 °C and p = 0.2 M (KNO,)
log log log Alog log Alog
ligand L log KMy, KMy p  KHaly ligand L KMEyp % K¢ KMEyp,  K,©
bpy 4.45 cD? bpy 3.92 -0.36 6.76 -0.98
hs 9.88 6.16 hs 3.44 -0.84 5.12 -2.62
gly 9.60 2.33 gly 4.00 -0.28 6.98 -0.76
asp 9.65 3.68 2.00 asp 3.93 -0.35 6.88 -0.86
mal 5.22 2.64 mal 3.71 -0.51 6.34 -1.40
5-ssa 11.86 2.43 cpb 5-ssa 3.69 -0.59 6.26 -1.48
¢ All constants are accurate to £0.02. Values for bpy, hs, gly, @ All constants are accurate to £0.05. ? A = imidazole. ° A log

and mal are from ref 8.

log KHy; , for imidazole is 7.00 at 25.0
HA

°C, u=0.2 M. Y CD =completely dissociated.
Table II.  Association Constants® for the Binary Metal-Ligand
Complexes at 25.0 °Cand u=0.2 M (KNO,)
ligand L log KMpyp log KI\’”-‘M]-_I2

bpy? 810 5.50

hs 9.25 6.52

gly 8.16 6.82 .

asp 8.84 6.98

mal 4.81 2.66

5-ssa 9.57 7.05

e All constants are accurate to +0. 02 For imidazole the values
of log KM MA> log KM MA,logK ’MA and log KM 3MA
at 25.0 °Cand u=0.2 M are 4.28, 3.46, 2. 83 and 2.05, respectlve-
ly. b Valuesat 25.0 °Cand u=0.1 M."* Values for hs, gly, and
mal are from ref 8.

12,00

1.0 L L i i 1 L 1

1.0 2.0 3.0 . 40 5.0 6.0 7.0

Figure 1. Titration curves for ternary systems (m = moles of base
added per mole of metal ion): (a) Cu(II) + bipyridyl + imidazole
(1:1:1); (b) Cu(Il) + bipyridyl + imidazole (1:1:2); (c) Cu(Il) +
bipyridyl + imidazole (1:1:3); (d) Cu(II) + histamine + imidazole
(1:1:2).

monoprotonated imidazole. Analysis of these curves in terms
of the species discussed earlier indicates that in both these
systems the ternary complexes MLA, MLA,, and MLA(OH)
are formed. The formation constants for these complexes are
listed in Table III.

K| is defined by eq 17.and A log K, by eq 18.

12.0 |

11.0 L

1.0 | 1 s I

1 1
T 2.0 3.0 3.0 50 8.0 7.0
o

Figure 2. Titration curves for ternary systems (m = moles of base
added per mole of metal ion): (a) Cu(II) + glycine + imidazole (1:1:2)
(a similar curve was obtained for malonic acid); (b) Cu(Il) +
sulfosalicylic acid + imidazole (1:1:2); (c) Cu(II) + sulfosalicylic
acid + imidazole (1:1:3); (d) Cu(II) + aspartic acid + imidazole
(1:1:2). .

Representative titration curves for ternary systems involving
gly, asp, ssa, and mal are given in Figure 2. Unlike the ternary
systems involving bpy and hs, these systems do not indicate
the titration of any excess protons. Analysis of these curves
shows that the ternary complexes MLA and MLA, are formed
in all cases. The formation constants for these complexes are
listed in Table III.

The relative stability of the ternary complexes as compared
to that of the corresponding binary complexes can be quan-
titatively expressed in different ways. A recent review of these
methods!? has shown that for a variety of reasons the most
suitable comparison is in terms of A log K. We have therefore
tabulated in Table III the difference in stabilities of the binary
and ternary complexes in terms of A log K as defined by eq
17 and 18. A log K| represents the difference in stability for

Alog K, = log KMk, - amn
Alog K, = log KMta, - (18\)

\\

log KMA
log KMA2
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7.0

PRy 39 o 5 5.0
1og Kyra

Figure 3. Plot of log KM vs. log KM, M = Cu(ID), A = imidazole.

L: (O) histamine, (O) sulfosalicylic acid, (O) malonic acid, (A)

bipyridyl, (O) aspartic acid, (+) glycine.

the addition of an imidazole to the 1:1 Cu(II)-L complex and
to Cu(Il). A log K, represents the difference in stability for
the addition of two imidazoles to the 1:1 Cu(II)-L complex
and to Cu(II). It should be kept firmly in mind that the
magnitudes of A log K; and A log K, are strongly influenced
by statistical differences in the formation of each complex as
well as differences in bonding. If the structures of the
complexes were known and if the magnitude of the ther-
modynamic trans effect were also known for ML where L is
unsymmetrical, then statistical corrections could be applied.
Since these data are unavailable, we have chosen to report
uncorrected values of A log K. However, under the assumption
that these Cu(II) complexes are square planar and that the
thermodynamic trans effect is negligible, there is a statistical
correction of log 2 for both A log K; and A log K. If the
statistical correction is the same for each, then it does not affect
comparison between the two.

Discussion

Imidazole coordination of Cu(IT) in binary and mixed-ligand
complexes has been studied in considerable detail by X-ray
crystallography.’® It is found that, where possible, the im-
idazole ring prefers to be coplanar with the four major binding
sites of Cu(II).!% If these four sites are considered to be in
the xy plane, then the imidazole ring is held in the xy plane
by « bonds between the d,, or d,, metal orbital and a vacant
w* orbital at the imidazole nitrogen. This in-plane = bonding
is sufficiently weak so that steric effects can readily twist the
imidazole ring away from the xy plane. In particular, when
two imidazole molecules occupy cis positions on Cu(II), neither
is in plane. In these cases the imidazole rings range from 30
to 60° out of the xy plane. This indicates that the Cu(II) d,,
orbital is of sufficiently high energy so that it does not = bond

Mohan, Bancroft, and Abbott

100

Percentage of Cu(II)

Figure 4. Relative concentrations of binary and ternary complex
species in the copper(II)-bipyridyl-malonic acid system (0.001 M
each). +=25.0°C, u = 0.1 M. Calculated with constants in ref 3b.
M = Cu(Il); bpy = bipyridyl; L = malonic acid.

productively with imidazole in the cis-bis(imidazole) com-
plexes.

Equilibria 14 and 16 measure the tendency of imidazole to
form mixed-ligand complexes. The constant KM~ , measures
the addition of a single imidazole to the binary ML complex
to form the ternary MLA complex with structure I. The

__7im _—— im
/ 2+
@u2+ // / c //
/ / / /
Y N,
I

Il

constant K%EAZ measures the addition of two imidazoles to the
binary ML complex to form the ternary ML A, complex with
structure IT. The A log K, and A log K, values listed in Table
IIT are negative in all cases indicating that imidazole binds
better to Cu(Il) than to the binary ML complexes. The
negative value for A log K can be attributed to the fact that
there are fewer coordination positions available on the binary
ML complex than on Cu(Il). The much more negative values
for A log K, can be due to a combination of the statistical effect
resulting from the reduction in available binding sites plus the
loss of = bonding in going from an in-plane coordinated
imidazole to two out-of-plane cis-coordinated imidazoles.
m-Bonding effects have been previously invoked to explain the
decrease in stability with an increase in the number of co-
ordinated imidazole molecules in binary Cu(II) complexes.!*
In the ternary complexes, the addition of the two imidazoles
occurs without a substantial steric interaction between the
imidazole rings and the ligands L. Our basis for this assertion
is the linear correlation between Kyt , and KMpa, shown in
Figure 3. Specific steric interactions between the imidazole
and the ligand L should cause the ratio of Kyjra and KMra,
to differ from complex to complex.

A convenient way to compare the influence of imidazole and
bpy on the interaction of Cu(II) with oxygen and nitrogen
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Figure 5. Relative concentrations of binary and ternary complex

species in the copper(II)-imidazole-malonic acid system (Cu(Il) = -

malonic acid = 0,001 M; imidazole = 0.002 M). ¢ =25.0°C, u =
0.2 M. Calculated with constants reported in Tables IT and III. M
= Cu(II); A = imidazole; L = malonic acid.

donors is to consider the addition of the ligand L to the binary
Cu(im) and Cu(bpy) complexes in terms of the A log K values
for eq 19-21. The A log K values for eq 19 and 20 will be

Alog K = log KM{im); - log KM (19)
Alog K = log KM{imy - log KMy (20)
Alog K = log MY - log KRy 1)

the same as for eq 17 and 18 since in a ternary complex both
ligands are stabilized or destabilized to the same extent.®* In
Table IV the A log K values for the ternary complexes of
imidazole and bpy are collected. The available values for the
ternary complexes of histamine are also included. For bpy
the A log K values clearly show that interaction is favored with
anionic donors as compared to neutral donors. The positive
A log K values for systems 5-7 in Table IV indicate that the
Cu(bpy) complex interacts better with the anionic oxygen
donors than Cu(1l) itself. For histamine the A log K values
are negative for both oxygen and nitrogen donors. None-
theless, the more positive value for system 7 as-compared to
the values for systems 1, 2, and 4 has been used to argue that
histamine also promotes binding to anionic oxygen donors,
although on a more modest scale than bpy. For imidazole the
A log K values are negative for all systems. A significant
astatistical mixed-ligand formation is not observed in any of
the systems. The contrasting behavior of bpy and imidazole
is demonstrated by the species distribution plots for the
bpy—Cu(II)-mal (Figure 4) and the im—Cu(II)-mal systems
(Figure 5). In the former system the concentration of the
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Table IV. Comparison of A log K Values for the Mixed-Ligand
Complexes of Bipyridyl, Histamine, and Imidazole (z = 25.0 °C
and z = 0.2 M Unless Stated Otherwise)

ligand B ligand A
no. ligand L bpy?® hs® im® (im),©
1 bpy —-2.44% 036 -0.98
2 en ~1.19% (-1.29)¢  —1.437
3 hs —2.44¢ ~0.84  —2.62
4 gly -0.42¢ (~0.35)¢ -0.64%¥ —-0.28 —-0.76
5 mal +0.319 (+0.27)¢ -0.51 -1.40
6 5-ssa +0.5k . =059 -148
7 pyrocatechol +0.319 (+0.36)% —0.48!

% A log K calculated from A log K = log KMBMLB —log
KMM LN locg K calculated from the equation A log KMByLA
—log RMy1. € Alog K values calculated from the equation
Alog K=log KMAZMLA1 ~log KMy 9 Reference 8. € Refer-
ence 3b. t=25.0°C,u=0.1 M, fReference 4a. t=37.0°C,
p=0.15M. & Reference 4c. " Reference 3a. ¢=25.0°C,u=
0.1 M. *Reference 4b. r=25.0°C,u=0.1 M.

ternary complex reaches a maximum of ca. 92% while in the
latter system the ternary complexes are at a concentration of
less than 50% over the pH range 2-8. Much has been made
of the astatistical mixed-ligand complex formation between
Cu(bpy) and anions.” It has been suggested that similar
phenomena should occur between substrate ligands and Cu(II)
held at an enzyme active site by imidazole moieties.* However,
the present work does not indicate any significant astatisticality
in the formation of any mixed-ligand imidazole complexes,
although it is interesting to note that the most stable mix-
ed-ligand complexes are formed with the biologically important
amino acids.
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