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The histamine H,-antagonist cimetidine (L) forms 1:1 and 2:1 complexes with Cu(II) ion in aqueous solutions. The complexation
constants Kcyu, = (3.02 £ 0.05) X 10° M~ and Kc,np, = (2.35 £ 0.05) X 10* M™! are determined by the pH-metric titration
method. By comparison with greater K¢, and K¢y, values of other biological ligands such as histamine and peptides, it is
concluded that cimetidine is unlikely to bind with Cu(II) in vivo. The polarographic measurements have estimated the Cu(I/1I)
redox potential E° of +0.42 V vs, NHE for the 1:1 cimetidine complex, which implies a likelihood of physiological reduction with
ascorbic acid or hemoglobin. Indeed, a stable 1:1 Cu(I)—cimetidine complex has been isolated (as a very insoluble solid) on
treatment of Cu(II)—cimetidine complexes with ascorbic acid. The stability of the Cu(I)—cimetidine complex is enormous in that
it can survive in the presence of biological ligands. These results may indicate an important role of copper ion in the pharmacological
activities of cimetidine as cuprous—cimetidine complexes in our bodies. Since its E° value of +0.42 V vs. NHE is comparable
to those of blue copper (type I) proteins and Cu~superoxide dismutase, cimetidine is promising as a new biomimetic ligand for
interconversion of Cu(I) and Cu(Il). The Cu-cimetidine complexes exhibit higher superoxide dismutase like activity than any
previous complex, suggesting great biochemical and drug potentials for cimetidine as copper complexes.

Introduction

Cimetidine (trade name Tagamet) is a potent histamine H,-
receptor antagonist, which inhibits excessive acid secretion caused
by histamine, and currently is in worldwide clinical use for
treatment of peptic ulcers.2® The drug is taken orally and ab-
sorbed in the intestine and reaches H,-receptors via the blood-
stream. Cimetidine, like histamine, is a potential chelating agent.
Since micromolar levels of loosely bound Cu(II) ion are present
in blood serum,* it may bind to the drug. Earlier, a polymeric
1:2 Cu(Il)~cimetidine complex was isolated (as green crystals)
from a pH 7.0 aqueous solution for an X-ray analysis.* On the
basis of 'H and '*C NMR studies of the 1:2 complex in aqueous
solution, the binding sites of cimetidine were proposed to be the
imidazole-N and nitrile-N donors.> A 1:1 Cu(Il)-cimetidine
complex is likely to coexist in the solution, but it has not been
verified. A quantitative study on the copper complexes of cim-
etidine has not been reported until now. Especially interesting,
from a pharmacological point of view, is whether cimetidine can
compete for Cu(Il) ion against biological ligands such as serum
albumin or amino acids.
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Recently the Cu(Il) ion was demonstrated to dramatically
increase the cimetidine binding to imidazole receptors located in
rat brain.5® Cu(II) ion has been implicated in the regulation
of the cimetidine binding sites in the brain. Addition of ascorbic
acid or dithiothreitol further enhances the cimetidine binding.’
One hypothesis is that Cu(II) in the cimetidine complex may
undergo reduction to Cu(I) to act as a more potent binding
promoter than Cu(II). We therefore felt it imperative to de-
termine the reduction potential of the Cu(II)~cimetidine complex.
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Our study has revealed that the Cu(I)-cimetidine complex is
indeed generated in the presence of ascorbic acid. Its oxidation
potential E° of +0.42 V vs. NHE is extremely high and more
interestingly is nearly the same as the E° value of bovine Cu-—
superoxide dismutase (SOD).!%!2 We have discovered that the
copper—cimetidine complexes possess superoxide dismutase like
activity much more strongly than any previously reported copper
complex does.

Experimental Section

Materials. Cimetidine was purchased from Sigma Chemicals and
purified by recrystallization from MeOH/MeCN. A stock solution of
Cu(II) ion was prepared from analytical grade Cu'[C1O,]; and stand-
ardized by titration with the disodium salt of ethylenediaminetetraacetic
acid (EDTA).® Cu![NCCH;],ClO, was freshly prepared according to
the literature method.!# Other chemicals employed were of analytical
grade and were used without further purification.

Synthesis of the 1:1 Cu(I)-Cimetidine Complex. Treatment of Cul-
[NCCH,]ClO, (16.4 mg) with 2 equiv of cimetidine (25.2 mg) in 10
mL of 2% CH;CN-H,0 in Ar for 1 h at 25 °C yields the 1:1 Cu(I)~
cimetidine complex as a white precipitate (19.5 mg). Anal. Calcd for
C,oHsNgSCuClO,H,0: C, 27.72; H, 4.19; N, 19.39. Found: C, 27.92;
H, 3.92; N, 19.49. The 1:2 Cu(II)—cimetidine complex was prepared as
described in ref 5.

Potentiometric Measurements. The formation constants of Cu(II)-
cimetidine complexes were determined by potentiometric acid—base ti-
tration (an Orion Research 811 digital pH meter) of cimetidine with a
carbonate-free 0.200 M NaOH solution in the presence of Cu(II) ion.
The titration data were treated by a computer-aided Schwarzenbach
method.!* The temperature was maintained at 25.00 £ 0.05 °C, and
the ionic strength was adjusted to 0.20 M with NaClO,. All -log [H*]
values were estimated with a correction of —0.13 pH unit to the pH meter
readings.' All solutions were carefully protected from air by a stream
of argon prepurified with an alkaline pyrogallol solution. The electrode
system was calibrated with pH 7.00 and 4.01 buffer solutions and
checked by the duplicate theoretical titration curves of 4.00 X 10 M
HCIO,4 with 0.200 M NaOH solution at 25 °C and 7 = 0.20 M (Na-
ClO,).

Electrochemical Measurements. Cyclic voltammetry and dc polarog-
raphy were performed with a Yanaco Polarographic Analyzer P-1100
system at 25.00 £ 0.05 °C and 7 = 0.20 M (NaClO, or NaNO,). A
three-electrode system was employed: a 3-mm glassy-carbon rod (grade
GC-30, Tokai Electrode Co.) or a Yanagimoto dropping mercury elec-
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Figure 1. Potentiometric titration curves for L-HCIO, (L = cimetidine)
in the absence and presence of Cu(Il) ion at 25 °Cand I = 02 M
(NaClO,): (a) [total L] = 2.0 X 10~ M only; (b) [total L] = [total
Cu(ID)] = 2.0 X 10~ M; (c) [total L] = 1.1 X 1072 M; [total Cu(II)]
=1.0 X 107 M. a for curve a is mole of base per mole of cimetidine;
a for curves b and ¢ is mole of base per mole of Cu(II) ion. The broken
lines indicate precipitation of the 1:2 Cu(II)-cimetidine complex.

trode as the working electrode, a mercury pool as the counter electrode,
and a saturated calomel reference electrode (SCE) with a potential of
+241 mV vs. NHE at 25 °C. The cyclic voltammograms with scan rates
of 10-100 mV s™! were evaluated graphically.

Spectrophotometric Measurements. UV spectra were measured with
a Shimazu UV-200S spectrophotometer at 25.0 £ 0.1 °C and I = 0.20
M (NaClO,). IR spectra (KBr tablet) were obtained on a Shimazu
IR-408 spectrophotometer.

Measurement of Superoxide Dismutase like Activity, The superoxide
dismutase like activity was examined by a method for the xanthine—
xanthineoxidase system used by Fridovich et al.!” The assay is per-
formed in 3 mL of 0.05 M potassium phosphate buffer at pH 7.8 con-
taining 10# M EDTA in a 1-cm cuvette thermostated at 25.0 °C. The
reaction mixture contained 1 X 10 M ferricytochrome ¢ (Sigma
Chemicals Type-III), 1 X 10™* M xanthine, 300 Sigma units of catalase
(Sigma Chemicals, C-100), and sufficient xanthine oxidase (Sigma
Chemicals) to produce a rate of reduction for ferricytochrome ¢ (550 nm)
of 0.025 absorbance unit/min. Under these conditions, the concentration
of copper complexes required to halve the initial (till 5 min) rate is
defined as ICq. . Since the Cu(I)-cimetidine complex is very insoluble
in aqueous solution, the saturated solution was prepared and its con-
centration estimated from copper content by using an atomic absorption
method with a Shimazu AA-646 flame spectrophotometer.

Results and Interpretation

Copper(Il) Complex Formation Constants. The potentiometric
titration curves for L-HCIO, (L = cimetidine) and 1:1 and 1:11
Cu(II)-L-HCIO, are displayed in parts a—c of Figure 1, respec-
tively. The mixed protonation constant K; defined by equation
1 was calculated to be 1072 at 25 °C and I = 0.20 M (NaClO,),

L+ H*=HL* K = [HL*]/([L]ay) 1

which agrees well with the reported value of 107% at 25 °C and
I=0.1 M (NaCl).!® In the latter stage of the Cu(II)—cimetidine
titrations the green 1:2 complex® started to precipitate; see the
broken lines in Figure 1b,c. For equilibrium analysis, we have
used the initial stage of the titration curve (part ¢) [0.1 < a <
0.6, where a is moles of base per moles of Cu(II) ion]. The data
fit to simultaneous equilibria 2 and 3. The buffer pH region of

Cul'! + L = Cull-L Koay = [Cul-L]/([Cul'][L]D (2)
Cu-L + L = Cul-L,

Kcyn, = [Cull-L,]/([Cu™-L]{L]))

partc is less than 5 and hence, the hydrolysis of Cull,, is negligible

in light of Koy = [Cu(OH)*]/([Cul][OH]) = 10°% at 25 °C.}*

The calculated 1:1 and 1:2 Cu(II)—cimetidine formation constants

Kcynp and Ky, at 25 °C and 7 = 0.20 M (NaClO,) are (3.02
=+ 0.05) x 10* M and (2.35 = 0.05) X 10* M, respectively.
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Figure 2. (a) Polarogram of 2.0 X 107> M cimetidine at pH 7.8, 25 °C
and /=020 M (NaNO;). (b) Polarogram of 2.0 X 10* M 1:2 Cu-
(Il)—cimetidine complex in the presence of 2.0 X 107 M cimetidine at
pH 78,25 °Cand I = 0.20 M (NaNO,). E;;; = +0.11, Elz——032
Vvs. SCE. (¢) Cychc voltammogram of 2.0 X 1074 M 1:2 Cu(II)—cxm-
etidine complex in the presence of 2.0 X 107 M cimetidine at pH 7.8,
25 °Cand I = 0.20 M (NaClO,). E’j;; = +0.13 V vs. SCE.
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Figure 3. Plots of eq 9. E|, values used for the calculation were obtained

by using the polarographic method at pH 7.8, 25 °C, I = 0.20 M (Na-

NO,), [total Cu(II)] = 2.0 X 10™* M, and [total L] = 2.4 X 10~* t0 8.4
x 103 M.

Redox Properties. A typical polarogram of the 1:2 Cu(II)-
cimetidine complex in aqueous solution at pH 7.8 (cimetidine was
used 10 times in excess to suppress the cimetidine dissociation to
the 1:1 complex) showed two-step reduction waves (Figure 2b).
The first step at £/, = +0.11 V vs. SCE represents a reversible
one-electron-reduction process for the Cu(II) to the Cu(I) complex,
which was checked by the log plot method.?® The second re-
duction step at E2 2 = —0.32V is nonreversible, which represents
the reaction of Cu(I) complex to form Cu’~Hg. The cyclic
voltammogram (Figure 2c) corresponding to the first polarographic
wave indicates a reversible redox process on-a glassy-carbon
electrode. The midpoint potential E’|,, between the anodic and
cathodic peak is +0.13 V vs. SCE. P[or a rever51b111ty test, we
have measured the cyclic voltammogram (E' 2 = +0.16 V vs,
SCE) of Cu(II) with 5 equiv of cimetidine at pH 7.0 at the scan
range of —0.20 to +0.50 V vs. SCE and scan rates of 10-100 mV
s, and proved that the cathodic and anodic peak separations are
58-65 mV, the ratio of the two peak heights is unity, and the peak
heights are proportional to the square roots of the scan rates.

The E, j, values on the polarogram were found to shift to less
positive potentials with an increase in ratio of [cimetidine] to
[Cull}: 4+0.102 (12:1), +0.079 (22:1), +0.075 (29:1), and +0.064
(42:1) Vvs. SCE at pH 7.8, 25.0 °C, and I = 0.20 M (NaNO,).
The lowering of the [cimetidine]: [Cu“] ratio raises the E} ; value

to ~+0.15 V vs. SCE (at 5:1) where the Hg oxidation wave
merges. These E|, values were used to calculate the theoretical
Cu(I)~cimetidine complex formation constant K¢y .

Copper(I) Complex Formation Constants. The Cu(I)—cime-

tidine equilibria can be described by eq 4-6, which, along with

(20) Kolthoff, I. M.; Lingane, J. J. Polarography; Interscience: New York,
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Figure 4. Potentiometric titration curves for L-HCIO, (L = cimetidine)
in the absence and presence of Cu(I) ion in 2% v/v CH,CN at 25 °C
and 7 = 0.2 M (NaClO,): (a) [total L] = 2.0 X 10~ M only; (b) [total
Cu(l)] = 1.0 X 103 M, [total L] = 2.0 X 107 M. g is mole of base per
mole of Cu(I) ion.

eq 2 and 3, are incorporated into the Nernst equation to obtain
general formula in eq 7. Equation 7 can be simplified to eq 8

Cu'+L=Cu-L Koy (4)
CUI—L +L= CUI_L2 Kcule (5)
CUI—L,,_] + L= Cl.lI—L,l KCu‘L,' (6)

1+ 5 I Ke [LD)
j=1i=

R
E=Equm+ RT In
F 1 + KCu"L[L] + KCI.I”LKCuuLzlL]Z

@
1+ 5 1 (Kew [LD)

J
E,;, = Ecyu + 0.059 log 8)
e Koy Keyiy (L]

at [cimetidine] >> [Cu!l], pH >6, and 25 °C, since the Cu(II)
complex is almost all in the 1:2 form. Rearrangement of eq 8
gives eq 9. With a displacement of —0.079 V vs. SCE for the

Ky Koy, [L]?
antilog [(Ecym — Ey/3)/0.059]

KealLllt + 3 11 (e [LD) =

K [L]{1 + A([L])} (9)

Ecym term? and the above values for K¢,n and Keynp,, a plot
of the left-hand side against [L] of eq 9 gives a linear line with
zero intercept (Figure 3), which indicates the A([L]) term to be
negligibly small. That is, the 1:2 (or more) Cu'-cimetidine
complexes are virtually negligible under the reaction conditions.
From the gradient of the linear line, we can obtain K¢,L = (1.3
+ 0.2) X 10° M1,

To get support for this conclusion, we have examined the direct
interaction of Cu(I) ion with cimetidine (1:2 molar ratio) by a
potentiometric acid—-base titration method (Figure 4). When
Cu![NCCH;],-ClO, is mixed with L-HCIO, in aqueous solution,
the colorless 1:1 Cu(I)—cimetidine complex immediately and nearly
quantitatively precipitated and at the same time 1 equiv of H*
was liberated (Figure 4b). Hence the titration curve uptoa =
1 overlaps with the titration curve of 1 equiv of H* in the presence
of 1 equiv of L-H*. The break at g = 1 (where all the liberated
H* is completely neutralized) and the subsequent buffer region
up to a = 2 [where the uncomplexed 1 equiv of L-H* (pK, 7.20)
is neutralized] well illustrate the 1:1 Cu(I)—cimetidine equilibrium
of eq 4. The complex formation constant K¢,y for Cu(l) is
apparently larger than Kc,u for Cu(Il), as intuitively understood
from the greater depression of the cimetidine buffer pH with Cu(I)

Kimura et al.

(Figure 4b) than with Cu(II) (Figure 1b). Because of the pre-
cipitation problem, we were unable to evaluate the K¢,y value
from the Figure 4b titration data.

The theoretical Nernst equation (10) for the 1:1 complex
formation constants K¢,y and K¢ ny allows us to assess a theo-
retical redox potential E°(1:1) of +0.18 V vs. SCE (at 25 °C)
for the 1:1 Cu(I/II)-cimetidine complexes.

Keu
E°(1:1) = Ec,yn + 0.059 log % (10)
cuilL

Isolation and Characterization of the 1:1 Cu(I)-Cimetidine
Complex. The Cu/! redox potential (+0.18 V vs. SCE or +0.42
V vs. NHE) suggests appreciable stability of the Cu(I)—cimetidine
complex with respect to the Cu(II) complex. In fact, we have
succeeded in isolating an analytically pure 1:1 Cu(I)~cimetidine
complex [Cu(L)(ClO,)-H,0] (colorless) by treating Cu![NCC-
H;],(C10,)'% with 2 equiv of cimetidine. The same species pre-
cipitated when the 1:2 Cu(II)-cimetidine complex (green,
water-soluble) was chemically reduced with ascorbic acid or 0
V vs. SCE at pH 7 and 25 °C was electrochemically applied. This
is the first report of isolation of a stable Cu(I)—cimetidine complex.
The nitrile absorption in the IR spectrum of the 1:1 Cu(I)-cim-
etidine complex occurs as a strong singlet band at 2230 cm™, 30
cm™! higher than that of the 1:2 Cu(II)—cimetidine complex.5 The
insufficient solubility of the cuprous complex in any solvent tested
precluded its extensive characterization. Its maximum solubility
in 0.05 M phosphate buffer at pH 7.8 and 25 °C was estimated
to be 3.4 X 10-5 M by the atomic absorption spectroscopic method.
The colorless cuprous complex is gradually oxidized in air to the
green cupric complex at room temperature.

Superoxide Dismutase like Activity of Cu(I)- and Cu(II)-
Cimetidine Complexes. The 1C,; of the 1:1 Cu(I)—cimetidine
complex was 4 X 10”7 M with an additional presence of 2.0 X
10-5 M cimetidine at 25 °C and pH 7.8. Separately, we have
confirmed that free cimetidine has no SOD-like activity. The ICs,
of the 1:2 Cu(II)—cimetidine complex was 4 X 107° M with the
presence of 4.0 X 1075 M cimetidine at 25 °C and pH 7.8. In
order to assess those values, we have measured ICsq of previously
reported SOD-like complexes under the same conditions: e.g.
Cull[o-phen],,2 2 X 10~ M; Cu(II)~glycylglycine,22 2 X 1075 M;
Cullfsalicylate],,”* 4 X 10~ M; Cu(II)-macrocyclic dioxo[12]N,,2
5% 107 M.

Discussion

Affinity of Cimetidine for Cu(II). Analysis of the pH-metric
titration curve ¢ in Figures 1 before precipitation of the 1:2 Cu-
(II)—cimetidine complex has established the complexing equilibria
of 1:1 (eq 2) and 1:2 (eq 3) in aqueous solution with formation
constants Ke,n = (3.02 & 0.05) % 10* M‘ and Keynp, = (2.35
% 0.05) X 10 ML, As in an earlier report,® only the very msoluble
(polymeric) 1:2 cupric complex was isolated from a mixture of
Cull{Cl10,], and cimetidine in 1:1 to 1:11 molar ratios. We were
unable to isolate the 1:1 complex. The coordination of cimetidine
to Cu(II) in the 1:2 complex in solution will occur through the
two imidazoles and two thioethers at equatorial site and weakly
bound two cyanoguanidine (or H,O) at axial positions (in crystals
the cyano-N goes to an axial site of an adjacent molecule). For
the 1:1 complex the three donors from a cimetidine may occupy
three equatorial sites.

Apparently the cimetidine binding to Cu(II) ion is not so strong
as that of the relevant physiological bidentate histamine (K¢ g
= 3.8 X 10° M}, K¢y, = 3.0 X 108 M), 24 histidine (Keun, =
2.0 X 1019 M™! KcunL = 4.2 X 10" M1),% or other amino acids
(e.g., with glycme, KCu"L =24 % 108 M, Kcyup, = 7.4 X 108

'1) 2 Cimetidine-Cu is less stable than tetradentate glycyl-
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glycylhistidine (GGH)-Cu that is a biomimetic model of Cu(II)
binding to albumin,??” whose 1:1 complex formation constant
at pH 7.4 is calculated to be 6.3 X 10'2 M~!,26 approximately 10°
times as great as the K¢, value for the cimetidine complex. This
argument is supported by a qualitative test; addition of a 10 times
excess of cimetidine to the Cu(II)-GGH complex (Ay,, = 525
nm) at pH 7.4 causes no visible absorption spectral change to the
1:2 Cu(II)—cimetidine (Ay,, = 606 nm), indicating no occurrence
of the ligand exchange. These in vitro experiments taken together
can exclude an earlier conception® that cimetidine might be bound
with Cu(II) in our body.

Redox Potential of Cu(I/IT)-Cimetidine. The theoretical redox
potential of the 1:1 Cu(I/II)~cimetidine complex is extremely high,
+0.42 V vs. NHE at pH 7.8. The presence of higher concentration
of cimetidine with respect to [Cu'!] has lowered the potential to
+0.31 V vs. NHE at 42:1. This is interpreted to mean that the
higher {cimetidine] makes the six-coordinate 1:2 complex more
favorable, which contributes to stabilization of Cu(II).

The equilibrium mixtures of 1:1 and 1:2 Cu(II)-cimetidine
complexes at pH 7.0 were readily and quantitatively reduced with
ascorbic acid (E° = +0.22 V vs. NHE at pH 7)* and dithio-
threitol (E° = —0.33 V vs. NHE at pH 7)% to the colorless 1:1
Cu(I)-cimetidine complex. The thus formed Cu(I) complex
solution shows an cyclic voltammogram identical with the one
obtained initially with Cu(II) complex (E’;; = +0.40 V vs. NHE,
at pH 7.0 and [cimetidine] /[Cul] = 5).

No Ligand Exchange

O SN | coo® Cimetidine H
3
’(& : H(N;
N, B3 pH 7.4 H{J New
)
Cu*-GlyGlyHis S—c + GlyGlyHis
Ascorbic acid N (OHp)
HC43
H

Most interestingly from a physiological point of view, Cu(II)
tightly bound to GGH at pH 7.4 is rapidly released to bind with
cimetidine in the presence of ascorbic acid (10 mM) (the half-life
time is ca. 5 min, when [Cu"™~-GGH] = | mM and [cimetidine]
= 2 mM), giving the insoluble 1:1 Cu(I)—cimetidine complex. In
our body, there are other biological reductants that possess less
positive £° values than Cu'/!—cimetidine; e.g. hemoglobin (+0.17
V vs. NHE at pH 7), ubiquinone (+0.10 V at pH 7), and glu-
tathione (-0.23 V at pH 7).2® These facts may suggest that the
administered cimetidine can interact with available copper ions
and that the resulting Cu(I)—cimetidine species precipitates on
tissues. The present in vitro discovery might further be relevant
to a pharmacological fact that cimetidine binding to “imidazole”
receptors is greatly enhanced in the presence of Cu(II) ion and
ascorbic acid.” Physiologically of further interest may be a fact
that the Cu(I)—cimetidine complex is stable even at very low pH
region, as illustrated in Figure 4b, which suggests that cimetidine
could stay bound to the cuprous complex in digestive organs. In
this connection our preliminary test has revealed that the cime-
tidine activity inhibiting the acid secretion in rats is dramatically
enhanced by addition of copper ion. We are further pursuing
experiments for the effects of copper ion on the cimetidine ac-
tivities.

Cimetidine as a Biomimetic Ligand for Interconversion of Cu-
(I/II). The 1:1 Cu(L)—cimetidine complex formation constant
Ky = 1.3 X 10° M7}, which is greater than that for the 1:1
Cu(II)-cimetidine complex, is remarkably large for a Cu(I)
complex in aqueous solution. We do not know of such a ther-
modynamically stable Cu(I) complex in aqueous solution with
any of the previously reported ligands except for macrocyclic

(25) Basolo, F.; Chen, Y. T. J. Am. Chem. Soc. 1954, 76, 953.

(26) Lau, S.-J.; Kruck, T. P. A.; Sarkar, B. J. Biol. Chem. 1974, 249, 5878.

(27) Sakurai, T.; Nakahara, A. Inorg. Chem. 1980, 19, 847.

(28) Dryhurst, G.; Kadish, K. M.; Scheller, F.; Renneberg, R. Biological
Electrochemistry; Academic: New York, 1982; Vol. 1.

(29) Windholz, M.; Budavari, S.; Stroumtsos, L. Y.; Fertig, M. N. Merck
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tetrathioethers.’® All of the three donor groups of cimetidine,
i.e. imidazole N, thioether S, and cyanoguanidine N, have =x-donor
characters and hence would prefer the soft Cu(I) ion over the hard
Cu(II) ion. The IR spectrum of the Cu(I)—cimetidine solid shows
a strong vy at 2230 cm™!, 30 em™! higher than that for Cu'lL,,
suggesting a stronger ~CN—-Cu(I) bonding. Uncomplexed cim-
etidine has ycmn at 2180 cm™.. In the tetrahedral [Cu!(NCC-
H,),]ClO, complex, vegy 0ccurs at 2275 and 2300 cm™.!4 The
unique electrochemical properties of cimetidine which favor the
Cu(I) ion are obvious when its E° value is compared with those
of relevant ligand systems: tetraimidazole, E° = +0.04 V vs.
NHE;? tetraammine E° = +0.02 V vs. NHE;*' bis(o-
phenanthroline), E° = +0.17 V vs. NHE.»

Recently, copper complexes containing thioether and hetero-
aromatic nitrogen ligands are attracting much attention as
models*** for type I copper proteins (E°® = +0.2 to +1.0 V vs.
NHE!%) having electron-transfer functions. Typical model
structures are shown below. Their reported E° values (vs. NHE)
are +0.9 V (for 1 in H,0), +0.47 V (for 2 in MeOH),* and

(* H
5{—\'3 Y R-S ,NﬁN
N,CU\N ;N'CU?N% "CUF

H H HNJ_/
1 3 2 3 3%

~ ~

+0.61 V (for 3 with R = ¢-Bu in MeOH).** Cimetidine has a
similar structure to those, especially 3 with an additional cyan-
oguanidine. The electronic absorption bands of the possible
square-planar (or octahedral) CulL, complex (A, = 344 and
615 nm in MeOH)® and of square-planar Cu(II) in 3 (R = ¢-Bu;
\ = 340 and 624 nm in MeOH/EtOH)? are very close, indicating
similar ligand fields for cimetidine and 3. The more intense bands
at ~340 nm for both are assigned to S — Cu charge-transfer
transitions.>*

Superoxide Dismutase like Activity by Cu—Cimetidine Com-
plexes. The E*° value of +0.42 V vs. NHE for Cu(I/II)—cimetidine
is especially interesting in its similarity to the reported E° value
of +0.42!! or +0.35 V!2ys. NHE (at pH 7) for Cu-superoxide
dismutase (Zn-Cu-SOD). We therefore have assayed the SOD-
like activity of the Cu(I/II)—cimetidine complexes to compare
with the previous, SOD-like complexes by the well-established
xanthine—xanthine oxidase and ferricytochrome ¢ system.!” In
our earlier experiments,>® we have found parallel O, scavenging
activities of indirectly (from xanthine-xanthine oxidase) and
directly (from KO,) generated O, for various copper complexes.

The assay result was very encouraging in that the 1:1 Cu(I)-
and 1:2 Cu(II)—cimetidine complexes are extremely strong O,”
scavengers, whose activities are much higher than any of the
previously recognized SOD-like substances: Cu(II)—(o-phen),,?!
Cu(I)-glycylglycine,?? Cu(II)-(salicylate),?* and Cu(II)-
macrocyclic polyamines.’> Although the detailed reaction
mechanism must await more precise experiments, we tentatively
consider the O, dismutation reactions 11 and 12 to be similar

Cu(II)—cimetidine + O,~ — Cu(I)—cimetidine + O, (1)
Cu(I)—imetidine + O, + 2H* —
Cu(II)—cimetidine + H,0, (12)

to those with SOD, in view of nearly the same E® values for Cu/I,
The active species most likely is the 1:1 Cu—cimetidine species
(the 1:2 Cu(II)—cimetidine complex should undergo dissociation
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prior to the 1:1 species), whose distinct features may be (i) that
cimetidine is a tridentate ligand and hence the remaining one
coordination site is open to incoming O,", (ii) that cimetidine is
a neutral ligand and hence the complexes bear positive net charges,
ready to invite the attack of negative superoxide ion O, and (iii)
that the Cu(I) = Cu(II) conversion is nearly reversible without
decomposition of the complexes. In Cu-SOD,* the Cu(II) in the
active center is surrounded by four imidazole nitrogens and one
H,0 that is to be displaced by the incoming O,”. For further
advantage Cu-SOD has Arg 141 (bearing a positive guanidinium
catior;; which helps to attract the negative O, to the H,O pos-
ition.

Recently, cimetidine has been reported to inhibit the oxidative
metabolisms of steroid hormones,’®% drugs,*®* and other

(36) Tainer, J. A.; Getzoff, E. D.; Richardson, J. S.; Richardson, D. C.
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chemicals.#! It was proposed that cimetidine directly binds at the
sixth ligand position of cytochrome P-450.4445 Qur present
findings may invoke a new explanation that the active O, species
formed on P-450 may be scavenged by the Cu—cimetidine com-
plexes before they reach the substrates. We are planning to test
this hypothesis. In this regard, it may be recalled that Cu(II)
complexes of tyrosine, salicylates, etc. having SOD-like activities
are also reported to inhibit drug metabolisms by microsomal
cytochrome P-450.464" In light of the recent report* that a Cu(II)
complex of 3,5-diisopropylsalicylate exhibiting a strong SOD-like
activity is promising as antiinflammatory and anticancer agents,
the copper—cimetidine complexes are certainly worthy of thorough
pharmacological investigations.
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Electrochemistry of [M(CO),Cp},, [M(CO);Cp]*, [M(CO),Cp], and M(CO);Cp Where

M = Mo and W
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The complete electrochemical mechanisms for the reduction and oxidation of [Mo(CO),Cp]; and [W(CO),Cp],, where Cp is
cyclopentadienyl, and their associated monomeric cationic and anionic species were determined by the use of various electrochemical
techniques. The dimers are both reduced and oxidized by an overall two-electron ECE mechanism, where the chemical reaction
produces the monomeric 17-electron M(CO);Cp radical (M = Mo, W). This radical is a key intermediate species in the
electrochemical mechanism. It was demonstrated that [Mo(CO),Cp]* and {M(CO);Cp]" could be directly interconverted by a
two-electron-transfer step. This latter reaction proceeds through the monomeric M(CO),Cp radical species.

Introduction

The heterometallic dimer (TPP)InMo(CO),Cp and (TPP)-
InW(CO),Cp, where TPP is the dianion of tetraphenylporphyrin,'?
may be oxidized or reduced by one or more electrons and, de-
pending upon the potential, will generate as decomposition
products either [M(CO),Cp],, [M(CO),Cp]*, [M(CO),Cp]-, or
M(CO),Cp where M = Mo or W.2 In this regard, it is of some
importance to understand the detailed electrochemistry of the
molybdenum and tungsten complexes in the absence of a me-
talloporphyrin. This is the subject of the present communication.

The electrochemistry of Mo and W metal-metal-bonded com-
plexes of the form [M(CO),Cp], has been the subject of only
several brief studies.>® In nonaqueous media, the addition of
two electrons to [M(CO);Cp], generates the anionic [M(CO);Cp]~
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fragment, which is formed after rapid cleavage of the metal-metal
bond. The abstraction of two electrons from [M(CO),Cp], also
results in rapid cleavage of the metal-metal bond, this time re-
sulting in formation of [M(CO),Cp]*. However, a complete
electrochemical mechanism for these oxidations and reductions
has never been reported. For example, the overall two-electron
reduction of [M(CO);Cp], can generate two [M(CO);Cp]~ anions
cither by a single two-electron reduction, or by two one-electron
reductions both of which are followed by cleavage of the met-
al-metal bond (an electrochemical EC or an EEC mechanism).
Alternatively, the reduction may proceed first via the singly re-
duced [M(CO);Cp]," radical and then via the M(CO),Cp
fragment that is formed upon cleavage of the metal-metal bond
in [M(CO);Cpl,” (an electrochemical ECE mechanism).

The photolysis of [M(CO),Cp], and [W(CO);Cp], leads to
homolytic cleavage of the metal-metal bond as shown in eq 1

[M(CO),Cp]; — 2M(CO),Cp 1)

where M = Mo”8 or W.”? The M(CO);Cp radical has also been
postulated as an intermediate during electroreduction of the
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