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Synthetic, spectroscopic, and potentiometric studies on the copper(II) complexes of pyridine-, quinoline-,
and imidazole-ring-containing disulfides and related compounds have been made with emphasis on copper(1I)-
sulfur interactions. In the presence of copper(II), disulfide ligands, (RCH,NHCH,CH,S-);, where R=4-
imidazolyl (IMAD), 2-pyridyl (PMAD), 6-methyl-2-pyridyl (MPAD), and 2-quinolyl (QMAD), are more
stable in acid solution than in neutral-alkaline solution. A stable 1:1 copper(1I) complex, Cu(IMAD)(CIO,),-
H,O, was isolated as crystals from aqueous solution, whereas a binuclear complex, Cu,(PMAD)Cl,, was ob-
tained as crystals in ethanol. The Cu(II)-IMAD systems exhibit a single d-d peak at 585 nm indicative
of a CuN, chromophore but no charge transfer (CT) band in the region 300—900 nm. The other Cu(II)-
disulfide systems exhibit d-d bands at 650 and =~850nm. A shoulder at 310—330 nm observed for the
Cu(II)-PMAD and -MPAD systems at pH =4 and >6, respectively, is assigned to the S—»Cu(II) CT
transition. Thioether ligands, N-(2-pyridylmethyl)-L-methionine and N-(4-imidazolylmethyl)-pL-methionine,
show the S—Cu(II) CT peak at ~310nm at pH 9 in the 1:1 Cu(II)-ligand systems. Equilibrium con-
stants of the proton-ligand and Cu(II)-ligand systems were determined by pH titrations at 25°C and I=
0.1(KNO,). The Cu(Il)-disulfide systems were analyzed by considering monomeric species CuL, CuLH,
and CuLH, (L=ligand; H=proton) and a binuclear species Cu,L; the log 8,,, values for CuL are 13.38,
13.32, and 9.46 for L=IMAD, PMAD, and MPAD, respectively. Conductivity measurements showed that
the Cu(IT)-IMAD complex isolated as crystals is monomeric in aqueous solution. Comparison of the electronic
absorption and electron spin resonance spectral data and stability constants for various systems suggests that
Cu(II)-PMAD has a square-pyramidal CuN,S chromophore with a sulfur atom in an equatorial position,
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whereas Cu(II)-IMAD has a planar CuN,; chromophore.

The stability of disulfide bonds in copper(II)

complexes in aqueous solution is briefly discussed on the basis of the modes of coordination.

Sulfur as a soft Lewis base is an important ligand
atom in various metal complexes and is now established
as a constituent of the biological copper site in plasto-
cyanin) and azurin,? where copper is bound to a
thiolate and a thioether sulfur and two imidazole
nitrogens. For the copper(I)/copper(II) redox sys-
tems, the binding site should have a proper affinity
for both oxidation states, and combination of sulfurs
and aromatic nitrogens around copper in the proteins
may be a necessary consequence.

Disulfide sulfurs, on the other hand, have been
postulated to be involved in the copper binding in
stellacyanin.3-%) Because of the coordinating ability
of sulfur and the redox activities of copper and disulfide
groups,5-8 copper-disulfide systems may play a unique
role in biological systems. Disulfide and thioether
groups usually exhibit weak ligation toward copper
(I1)® unless effective neighboring donor groups force
them to be in the vicinity of copper(II). The interac-
tions of copper(I) and copper(Il) with multidentate
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disulfide ligands are particularly intriguing because (i)
the disulfide group involved in a multidentate ligand
with aromatic nitrogens and other donor groups may
coordinate to copper to form a binuclear or a dimeric
complex of potential biological significance and (ii)
it may participate in redox reactions with copper(I)
and/or copper(lI) upon complex formation. Lewis
acids such as silver(I) and mercury(I) are known to
cleave disulfide bonds.1® Seff and his collaborators
found that the reaction of copper(II) with di-2-
pyridyl disulfide gives the corresponding copper(I)-
disulfide complex as the main product and a small
amount of the copper(II) complex of 2-pyridine-
sulfinate.’ We have recently observed that a pyri-
dine-containing disulfide, bis[2-(2-pyridylmethylamino)-
ethyl] disulfide (PMAD), reacts with copper(II)
under aerobic conditions to give the copper(Il) com-
plex of 2-(2-pyridylmethylamino)ethanesulfinate!® and
that the oxygen atoms from molecular oxygen are
partly incorporated into the sulfinate moiety.’® Since
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such reactions of disulfide ligands depend much on
their structures, the modes of copper(II)-disulfide in-
teractions would have a crucial effect on the stability
of the disulfide bond in aqueous solution.

In view of the potential importance of the structural
and functional properties expected for copper-disulfide
systems and the paucity of relevant information, we
now investigated the properties of the copper(II) com-
plexes of disulfide and related ligands involving pyri-
dine, quinoline, and imidazole rings in order to acquire
basic information of the modes of copper(II)-sulfur
interactions and their effects on the complex and
disulfide bond stabilities in solution. We initiated this
study on the presumption that only the complexes
with weak or no disulfide sulfur—copper(II) interactions
are stable in aqueous solution, whereas those with
strong interactions suffer disulfide bond cleavage.

Experimental

Materials. 2-Pyridinecarbaldehyde was obtained from
Tokyo Kasei Kogyo, and cystamine (bis(2-aminoethyl) di-
sulfide) dihydrochloride and methyl pL-alaninate hydrochlo-
ride from Nakarai Chemicals. Methyl L-methioninate was
purchased from Sigma. 4-Imidazolecarbaldehyde was pre-
pared from 4-(hydroxymethyl)imidazole hydrochloride by
oxidation with nitric acid.'¥ 1.9-Di-2-pyridyl-2,5,8-triaza-
nonane (PDIEN) trihydrochloride'® was prepared by re-
ducing the Schiff base obtained from 2-pyridinecarbaldehyde
and diethylenetriamine. All the materials used were of
reagent grade, and distilled and deionized water was used

throughout.
Syntheses.18) Bis[2-(4-imidazolylmethylamino ) ethyl] Disul-
fide (IMAD): To a solution of cystamine dihydrochloride

(11.26 g, 0.050 mol) in ethanol was added potassium hy-
droxide (5.61 g, 0.10 mol) dissolved in methanol, and the
resulting inorganic salt (KCI) was removed by filtration.
4-Tmidazolecarbaldehyde (9.60 g, 0.10 mol) in methanol was
added to the filtrate, which was stirred for 30 min at 40—
50 °C. A solution of NaBH, (3.8 g, 0.1 mol) in methanol
was then added dropwise to the solution under cooling.
The reaction mixture was neutralized with 1 M HCl (M=
mol dm~3), concentrated in vacuo, and extracted with meth-
anol. Dry HCI gas was bubbled through the extract in
methanol, when colorless crystals separated. These were
filtered, washed with ethanol, and recrystallized from meth-
anol to give IMAD-3HCI-H,O in 809, yield. Found: C,
32.89; H, 5.73; N, 19.11; Cl, 24.18; S, 14.58%,. Calcd
for C,Hp3NgCLS,-H,O: C, 32.89; H, 5.76; N, 18.94; CI,
24.15; S, 14.56%,.

Bis[2-(2-pyridylmethylamino ) ethyl] Disulfide (PMAD) :*  This
disulfide was obtained as tetrahydrochloride in the same
manner from cystamine dihydrochloride (11.26 g, 0.050 mol)
and 2-pyridinecarbaldehyde (10.8 g, 0.10 mol) in 709, yield.
Mp 167 °C (decomp). Found: C, 38.28; H, 5.40; N, 11.39;
Cl, 28.49; S, 12.84%,. Calcd for C,¢H,N,ClS,-H,O: C,
38.56; H, 5.66; N, 11.24; CIl, 28.46; S, 12.87%.

Bis[2-( 6-methyl-2-pyridylmethylamino ) ethyl] Disulfide (MPAD):
This was prepared in methanol in the manner described
for IMAD from cystamine dihydrochloride (4.68 g, 0.021
mol) and 6-methyl-2-pyridinecarbaldehyde (5.05 g, 0.042
mol) and recrystallized from methanol-ethanol. Yield, 259, ;
mp 191—193 °C. Found: C, 40.03; H, 6.30; N, 10.06%,.
Caled for CgHyN,CLS,-2H,O: C, 39.71; H, 6.29; N,
10.299%,.

Bis[2-( 2-quinolylmethylamino ) ethyl] Disulfide (QMAD): This
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was prepared in tetrahydrofuran-methanol in an analogous
manner from cystamine dihydrochloride (5.54 g, 0.024 mol)
and 2-quinolinecarbaldehyde (7.60 g, 0.048 mol) and recrys-
tallized from ethanol. Yield, 10%; mp 199—200 °C.
Found: C, 56.53; H, 5.56; N, 10.79%. Calcd for
Gy HyoN,CLS,: C, 56.79; H, 5.56; N, 11.049%,.

Bis[2-( 2-pyridylmethylamino) ethyl] Sulfide (PMTP):18:19 To
a solution of bis(2-aminoethyl) sulfide dihydrochloride (9.65
g, 0.050 mol) in anhydrous ethanol was added potassium
hydroxide (5.6 g, 0.1 mol) in ethanol under N,. After the
inorganic salt was quickly removed by filtration, 2-pyridine-
carbaldehyde (10.8¢g, 0.1 mol) was added to the filtrate
and the mixture was stirred for 10 min at room temperature.
Reduction with NaBH, (3.8g, 0.1 mol) and isolation as
a hydrochloride were performed in the manner described
for IMAD. Repeated recrystallization from ethanol gave
PMTP-2HCL-H,O as a pale yellow powder, mp 148 °C,
in 609 vyield. Found: C, 48.89; H, 6.20; N, 14.14; Cl,
18.95; S, 7.919%,. Caled for C;4H,,N,Cl,S-H,O: C, 48.85;
H, 6.66; N, 14.24; Cl, 18.10; S, 8.15%,.

N-(4-Imidazolylmethyl) -pDL-methionine (IMET): A solution
of methyl rL-methioninate in methanol, prepared from the
hydrochloride (11.75 g, 0.050 mol) and potassium hydroxide
(2.81 g, 0.050 mol) in methanol, was added dropwise to
a solution of 4-imidazolecarbaldehyde (4.80 g, 0.050 mol)
in methanol. The mixture was stirred for 1—2 h at 30—
40 °C, cooled, and treated with NaBH, (1.90 g, 0.050 mol)
in methanol and then with 1 M HCI as described for IMAD.
Sodium hydroxide (2.0 g, 0.05 mol) dissolved in water was
added to the mixture, which was stirred for 30 min at room
temperature, acidified with hydrochloric acid, and concen-
trated in wvacuo. The residue was extracted several times
with methanol and concentrated in vacuo. Recrystallization
from methanol containing hydrochloric acid gave IMET.
HCI as a colorless powder, mp 240—242 °C (decomp), in
809% yield. Found: C, 40.71; H, 6.12; N, 16.21; Cl, 12.61;
S, 11.629%,. Calcd for CGH,;(N,0,CIS: C, 40.68; H, 6.07;
N, 15.81; Cl, 13.34; S, 12.06%. The Cu(II)-IMET systems
did not give the expected circular dichroism (CD) spectral
peaks in the d-d region, and accordingly IMET-HCI is
described as a racemic mixture.

N-(2-Pyridylmethyl ) -L-methionine (PMET): This was pre-
pared in 809, yield in the manner described for IMET
from methyl r-methioninate hydrochloride (11.75g, 0.050
mol) and 2-pyridinecarbaldehyde (5.36 g, 0.050 mol). Re-
crystallization from ethanol gave PMET as a colorless powder,
mp 219—220 °C (decomp). Found: C, 54.98; H, 6.72; N,
11.33; S, 13.34%,. Calcd for C,;H,;N,0,S: C, 54.98; H,
6.71; N, 11.66; S, 13.83%,.

N-(¢-Imidazolylmethyl)-L-alanine (IALA): This was pre-
pared similarly from methyl r-alaninate hydrochloride (4.00
g, 0.025mol) and 4-imidazolecarbaldehyde (2.4g, 0.025
mol) in 50%, yield. Recrystallization from methanol gave
IALA-HCI-H;O as a colorless powder, mp 215 °C (decomp).
Found: C, 37.59; H, 6.31; N, 18.79%. Calcd for
C,H;;N;0,Cl-H,O: C, 37.05; H, 6.06; N, 18.329,.

[Cu(IMAD)](ClO,),-Hy,O: A concd solution of Cu-
(ClO,),-6H,O (3.7g, 0.01 mol) in water was added to a
solution of IMAD-3HC1-H,O (4.4g, 0.01 mol) in water,
and the pH of the resulting solution was adjusted at =~6.0
with 2M NaOH. The deep blue solution was passed
through a column packed with Amberlite IRA-410 ion ex-
change resin in the ClO,~ form and stored at 10—15 °C,
when dark violet crystals separated. Recrystallization from
water gave pure crystals of [Cu(IMAD)](CIO,),-H,0O.
Found: C, 24.41; H, 3.89; N, 14.269,. Calcd for
C1,H,0NgOsCL,CuS,- H,O: C, 24.31; H, 3.74; N, 14.18%,.
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Attempts to isolate pure complexes from solutions containing
Cu(II) and IMAD in the molar ratio of 2:1 were unsuc-
cessful.

[Cuy(PMAD)]Cl;: To a solution of PMAD-4HCI-H,O
(5.0 g, 0.01 mol) in ethanol (50 ml) was added with stirring
a solution of CuCl,-2H,O (3.4g, 0.02 mol) in ethanol (20
ml). The pale blue precipitate which separated from the
solution was filtered and washed with ethanol. Found: C,
31.56; H, 3.69; N, 9.31; Cl, 23.43; S, 10.57%. Calcd for
C,6H,,N,C1,Cu,S,: C, 31.85; H, 3.67; N, 9.29; Cl, 23.50;
S, 10.67%.

[Cu(PMET)]CIO,-H,0: To a solution of PMET (2.4
g, 0.01 mol) in aqueous methanol was added a solution
of Cu(ClO,),-6H,O (3.7g, 0.0l mol) in methanol. The
resulting solution was neutralized with 1 M NaOH and
kept in a refrigerator, when greenish blue crystals separated.
These were recrystallized from methanol. Found: C, 31.25;
H, 4.19; N, 6.329%,. Calcd for C;;H,,N,OClCuS-H,O: C,
31.43; H, 4.08; N, 6.66%.

[Cu(PDIEN)](ClO,),: PDIEN-3HCl (3.9g, 0.01 mol)
and Cu(ClO,),-6H,O (3.7g, 0.01 mol) were dissolved in
water, and the pH of the resulting solution was adjusted
at ~7.0. The blue violet solution was passed through a
column packed with Amberlite IRA-410 jon exchange resin
in the ClO,~ form and kept at room temperature, when
blue violet needles separated. Found: C, 34.93; H, 4.10;
N, 12.729%. Caled for C,;gHy,N;O.CLCu: C, 35.07; H,
4.24; N, 12.79%.

Spectroscopic Measurements. Absorption spectra were
measured in water with a Hitachi 323 and a Union Giken
SM-401 high-sensitivity recording spectrophotometer and CD
spectra with a JASCO MOE-1 spectropolarimeter, the con-
centrations of samples being 1—4 mM for visible and 0.1—
0.8 mM for ultraviolet spectral measurements. Electron spin
resonance (ESR) spectra were measured for 4—5 mM solu-
tions with JEOL FE-3X and FE-1X ESR spectrometers.

Conductivity Measurements. Conductivities of various
copper(II) complexes were measured in water at 25 °C
under N, with a Kyoto Denshi CM-07 conductivity meter
calibrated with 0.01 M potassium chloride.

pH Titrations. Reagents: Carbonate-free 0.1 M KOH
was prepared according to the method of Armstrong®® and
standardized against standard potassium hydrogen phthalate
(Merck DIN 19226). Copper(II) nitrate (0.01 M) was pre-
pared from Cu(NO,),-3H,0O and standardized by chelato-
metry using metallic zinc (JIS primary standard) as stand-
ard.

Apparatus and Procedure: Measurements of pH were made
with an Orion Research 901 ion meter equipped with an
Orion 90-01-00 glass electrode and a 91-02-00 double junc-
tion reference electrode. The meter was calibrated with
NBS standard buffer solutions (4.008, 7.413, and 9.180 at
25°C). Conversion of pH meter reading (pHy) to —log
[H], where [H] refers to hydrogen ion concentration, was
made by correcting the difference (0.060) between pHy
and —log [H] obtained by titrating 0.0l M HNO, with
0.1 M KOH at the ionic strength (I) of 0.1 M (KNO,).
The hydroxide ion concentration [OH] was calculated from
the apparent ion product of water pK,'=13.91 (=pHy—
log [OH]) determined by titrating 0.1 M KNO, with 0.1
M KOH. Titrations were performed at 254-0.05 °C under
N, for solutions containing a ligand only and those con-
taining a ligand and Cu(II) in the molar ratio of 1:1, 1:2,
and 2:1. Reproducibility was checked by multiplicate
titrations.

Calculation of Equilibrium Constants. The equilibria in
the present systems and the relevant equilibrium constants,
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Bogrs are defined by Egs. 1 and 2, respectively (charges are
omitted for simplicity):

ﬂpqr
pCu + gL + ' H — Cuy,LH,, (1
[CuquH,]
_ _L"pHe7rd 2
Brar = tGuprL1amET @)

where p, g, and r are the numbers of moles of Cu(II), ligand
(L), and proton (H) in the complex Cu,L/H,, respectively,
and a negative value of r denotes the deprotonation from
the complex. Calculation of f,,, was made by the method
of nonlinear least-squares with the use of the computer pro-
gram MINIQUAD?D where the function minimized is the
sums of squares of the residuals in the mass balance equations
for total hydrogen ion, total metal, and total ligand. A
graphical method?? was used for calculation of the stability
constants for Cu(II)-PMET and -PMTP for which the
least-squares treatment was not effective because of the small
pH changes with the addition of alkali.

The By value for Cu(II)-PMTP was calculated by Eq.
3 derived from the material balance equations and the elec-
troneutrality of solution:

B (ds—Cy ) (32— ) ,
[(3Cu—A)a+ (CL—Cu)B1(3CL—4)
where
A = 3[CuLl] + 3[L] + 2[HL] + [H,L],
a =1+ [H)/K,s, + [H]P/Kay Ko, + [HPF/ Ky, Ky, - Koy,
and
B = 2[H]/Ky, + [HI*/ Ky, Ko,

The K, values are acid dissociation constants. The equa-
tion for Cu(II)-PMET (Eq. 4) was derived in a similar
way:

©)

oo = (20— B)(Ax—CpB)[H]? ’
[(2Cy—A)a+ (CL—Cx)B1(2CL— 4)
where
4 = 2[CuL] + 2[L] + [HL],
a =1+ [H]/K,, + [H]*/Ky, Ky,

(%)

and
B =2+ [H)/K,,.

Results

Synthesis of Complexes. At pH>6 PMAD is de-
composed by Cu(II) in the presence of dioxygen to
give the Cu(II) complex of the sulfinate derived from
PMAD.12:13)  Probably because of the cleavage and
subsequent redox reactions, preparation of the Cu(1I)-
PMAD complex was not feasible in aqueous solution
(pH=7); in ethanol, however, PMAD-4HCI gave a
binuclear complex of the composition, Cuy,(PMAD)Cl,,
as crystals. The imidazole-containing disulfide IMAD
was less susceptible to the cleavage at pH 6—7, giving
a 1:1 complex Cu(IMAD)(C1O,),-H,O which is stable
in water. At higher pH it also affords the Cu(II)-
sulfinate complex.2)  The methionine derivative
PMET and the pyridine-containing diethylenetriamine
derivative PDIEN gave the corresponding 1:1 com-
plexes with Cu(II), but attempted isolation of the
Cu(II)-PMTP and -IALA complexes was not suc-
cessful under the conditions used.
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Spectra. The Cu(Il)-disulfide systems are rela-
tively stable in acid solution. Figure 1 illustrates the
absorption spectra of some 1:1 Cu(II)-ligand systems,
and Tables 1 and 2 show the spectral data for various
binary and ternary systems, respectively, in acid—neu-
tral solution. The 1:1 and 2:1 Cu(I1I)-PMAD systems
have an absorption peak at 650 nm and a shoulder
at =330 nm at pH=4, whereas the 1:1 and 1:2 Cu-
(II)-2-(aminomethyl)pyridine (ampy) systems have a
peak at 650 and 585 nm, respectively. An additional
band is observed at 850 nm as a shoulder for the 1:1
Cu(II)-PMAD system and the 2:1 system at pH<4.0.
Interestingly, the peak at 650 nm of Cu(II)-PMAD
remained unchanged on going from the 1:1 binary 0
system to the 1:1:1 Gu(II)-PMAD-ampy ternary sys-
tem. The isolated complex Cu,(PMAD)CI, exhibited
a peak at 760 nm in dimethyl sulfoxide and at 660 Fig. 1. Absorption spectra of 1:1 Cu(II)-ligand
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nm in water (pH 4.2). The Cu(II)-MPAD and systems in water.

—~QMAD systems show spectral behavior partly similar -———: Cu(IN-IMAD (pH 5.0), ----: Cu(II)-
to those of Cu(II)-PMAD; the d-d peaks are observed PMAD (pH 4.5), —--—: Cu(II)-MPAD (pH 4.7),
at =650 nm, but the band in the region 300—350 ——: Cu(II)-PMET (pH 7.0), ———: Cu(Il)-

nm appears only at pH>6 for the Cu(lI)-MPAD PMET (pH 8.9).

system, while it is undetectable for the Cu(1I)-QMAD

TABLE 1. ABSORPTION SPECTRAL DATA FOR BINARY SYSTEMS IN WATERa)

& &
Ligand Cu(II):Ligand pH Amax/NM m Ligand Cu(II):Ligand pH Amax/NM e o
IMAD 1:1 3.4 720 21 MPAD 850sh 90
3.7 630 32 2:1 4.0 680 39
1.4 592 63 5.1—5.3 300sh 1840
5.0 585 70 650 127
2:1 4.0 600 40
QMAD? 1:1 3.3 790 20
PMAD 1:1 3.5 330sh 1870 4.0 670 72
650 187 5.0 650 184
. 850sh 74 850sh 95
4.5 330sh 1400 2:1 4.0 690 33
650 164 5.2 650 107
850sh 89
21 3.4 330sh 580 PMTP 1:1 7.0 320 3500
650 78 600 190
850sh 45 850 81
4.1 330sh 770
650 82 PMET? 1:1 7.0 680 100
4.5 330 1100 8.8 307 1750
650 101 680 100
750sh 85 IMET 1:1 7.2 670 108
2:1" (DMSO) 760 99 9.0 308 1600
4.2 660 85 670 110
MPAD 1:1 4.0 660 56 TALA? 1:1 7.4 660 83
850sh 36
4.7 650 184 ampy® 1:1 6.8 650 47
850sh 100 1:2 6.3 585 76
6.2—7.0 310 3700
650 177 bimen" 1:1 6.5 585 110

a) sh=Shoulder. b) Cu;(PMAD)Cl; in dimethyl sulfoxide (DMSO) and in water. ¢) The CT peak at 300—350
nm is undetectable because of the quinoline band. d) The CD spectral data, Amax/nm (Ag), for these systems are as
follows: Cu(II)-PMET, 635 (—0.11) at pH 7.0 and 325 (-0.62) and 615 (—0.22) at pH 8.8; Cu(II)-IALA, 580 (-0.11) and
720 (0.11) at pH 7.4. e) ampy=2-(Aminomethyl)pyridine. f) bimen=N,N’-Bis(4-imidazolylmethyl)ethylene-
diamine,.
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TABLE 2. ABSORPTION SPECTRAL DATA FOR TERNARY SYSTEMS IN WATER®
System pH Amax/NM e/M" Cu™ cm™
1:1:1 Cu(II)-IMAD-bpy 7.1 700br 75
870sh 51
2:1:2 Cu(II)-IMAD-bpy 7.1 700 70
870sh 49
1:1:1 Cu(II)~-PMAD-ampy 4.1—43 330sh 1400
650 139
850sh 65
2:1:2 Cu(II)-PMAD-ampy 3.9—4.3 330sh 900
650 100
850sh 46
1:1:1 Cu(II)-PMAD-bpy 4.1 680 107
850sh 64
2:1:2 Cu(I1)-PMAD-bpy 4.1 680 9%
850sh 65

a) sh=Shoulder; br=broad.

system because of the strong quinoline peaks.

In the region 300—900 nm the 1:1 Cu(II)-IMAD
system at pH 5 has a single peak at 585 nm with a
normal intensity. The wavelength and molar absorp-
tion coefficient of the peak are not affected by con-
centrations of the solution covering the range 10—
10-2 M, suggesting that the 1:1 Cu(II)-IMAD com-
plex has a monomeric structure with an N, donor
set analogous to that of 1:2 Cu(II)-ampy and of 1:2
Cu(II)~4-(aminomethyl)imidazole (amim). The ESR
spectrum shows at least seven resolved superhyperfine
structures due to nitrogen donors, the g values, g/=
2.23 and g, =2.06, being typical of a tetragonal struc-
ture with axial symmetry (Table 3).

The 1:1 Cu(II)-PMTP system, where a thioether
sulfur replaces the disulfide sulfurs of PMAD, exhibits
a strong peak at 320 nm (¢=3500) and well-resolved
d-d bands at 600 and 850 nm. The 320-nm peak
has been assigned to the S—Cu(II) charge transfer
(CT) transition,'® which is compatible with the equa-
torial S-Cu(II) bonding. Because no CT band is
observed for the five-coordinate complex of PDIEN
which is the nitrogen analog of PMTP, the chromo-
phore of Cu(II)-PMTP is described as GuN,S with
an axial nitrogen coordination. Complexes of analo-
gous pyridine-containing thioethers with CulN,S, chro-
mophores have been reported to show the S—Cu(II)
CT band at 340—380 nm.?» The 1:1 systems with
PMET and IMET give a d-d band at 670—680 nm
corresponding with a CuN,O, chromophore, but an
additional band appears at =310 nm with pH in-
crease. The negative CD peak at 325 nm and its
absence in 1:1 Cu(II)-TALA reveal that the 310-nm
peak is due to the S—Cu(II) CT transition. The
Cu(II)-methionine system in ethanol has been reported
to give two S—Cu(II) CT peaks at 380 and 450 nm.2®

Solution Equilibria. Figure 2 shows the titration

TaBLE 3. ESR SPECTRAL PARAMETERS FOR
1:1 Cu(Il)-LicaND sysTems AT 77 K

Ligand pH g g, \|4y)/ 10“cm™
IMAD 7.0 223 206 202
PMAD” 4.0 225 207 182
PMTP 7.0 220 207 175
PMET 7.0 228  2.05 185

8.8 227 2.6 179
IMET 7.2 228 207 188
IALA 7.4 227 206 187
bimen"” 7.0 2.21 2.06 206

a) Parameters for the predominant species. b)bimen=
N,N’-Bis(4-imidazolylmethyl)ethylenediamine.

curves for some ligands in the absence and the presence
of Cu(II). The overall proton-ligand stability con-
stants, log fy,7, calculated from these data are listed
in Table 4 and the stepwise dissociation constants
(pK,) in Table 5. The two lower acid dissociation
steps of IMAD are assigned to the imidazole nitrogens,
because the imidazole moiety of amim has the pK,
value of 4.73.2% As observed for PDIEN,!% the pro-
tonation of the least basic pyridine rings of PMAD
and PMTP occurs only at pH<2.5.

Since the disulfide bonds are susceptible to cleavage
in the presence of Cu(II) at neutral and alkaline pH,
the stability constants were calculated from the data
covering the pH ranges 2—3.5 for PMAD, 2.6—5.0
for MPAD, and 2.8—5.9 for IMAD. Considering
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TABLE 4. STABILITY CONSTANTS, log Boir, OF PROTON-LIGAND COMPLEXES, LH,, aT 25 °C anp I=0.1(KNO;)?

Ligand log Bon log Bo12 log Boi3 log Boia
IMAD 8.74(0.007) 16.59(0.006) 21.21(0.006) 25.10(0.005)
PMAD 7.88(0.006) 14.90(0.007) 16.77(0.006)

MPAD 7.80(0.001) 14.81(0.001) 17.60(0.004) 19.76(0.006)
PMTP 8.01(0.001) 15.01(0.001) 16.79(0.002)

PMET 7.60(0.003) 9.70(0.004)

a) Values in parentheses are estimated standard deviations.

Fig. 2. Titration curves for proton- and Cu(II)-
ligand systems at 25 °C.
a: Moles of KOH added per mole of ligand. 1:
IMAD (0.004014 M), 2: PMAD (0.004000 M), 3:
MPAD (0.002000 M), 4: Cu(II) (0.004027 M) and
IMAD (0.004003 M), 5: Cu(II) (0.004027 M) and
PMAD (0.004001 M), 6: Cu(II) (0.002029 M) and
MPAD (0.002009 M).

that the absorption spectra of 1:1 and 2:1 Cu(II)-
PMAD and -MPAD systems have a peak at 650 nm
indicative of a monomeric species and that a complex
with the composition Cu,L. (L=PMAD) was isolated,
we attained convergence in the computer simulations
by including the species CuLH, (for L=IMAD and
MPAD), CuLH, CuL, and a binuclear species Cu,L.
The analysis of the 1:1 Cu(II)-IMAD system was
possible either by the set of species CuLH,, CuLH,
and Cul, or by the set CuLH,, CuLH, and Cu,L,,
the sums of the squares of residuals being approxi-
mately the same. However, Cu,L, was rejected in
the simulation including both CuL. and Cu,L,. From
this fact and the absorption spectral behavior of the
Cu(II)-IMAD systems, we preferred the set with mono-
meric species. This conclusion is further supported
by the conductivity measurements of Cu(II) complexes
(Fig. 3); Cu(IMAD)(CIO,), has the same molar con-
ductivity as shown by Cu(PDIEN)(ClO,), and other

TABLE 5. ACID DISSOCIATION CONSTANTS OF LIGANDS
AT 25 °C anp I=0.1(KNO3)

Ligand pKa, pKa, pKa, pKa,
IMAD 3.89 4.62 7.85 8.74
PMAD a) 1.87 7.02 7.88
MPAD 2.16 2.79 7.01 7.80
PMTP a) 1.78 7.00 8.01

0.9” 1.9" 6.96" 7.98"
PMET a) 2.10 7.60

a) Not obtained. b) Ref. 19.
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Fig. 3. Molar conductivities of copper(II) complexes
in water at 25 °C.
A: CuCl,, @: Cu(ClOy),, [J: Cu(bpy)(NO,),, A:
Cu(PDIEN)(ClO,),, O: Cu(IMAD)(CIO,),, M:
Cu(PMET)CIO,, @: Cu(PMS)Cl (PMS =2-(2-Pyri-
dylmethylamino)ethanesulfinate).

dipositive Cu(II) complex ions. The stability con-
stants for Cu,l. were calculated from the data for
the 2:1 Cu(II)-disulfide systems. Table 6 shows the
overall stability constants for various complexes studied.
The log fy;y values for Cu(II)-PMAD and Cu(II)-
IMAD are 13.32 and 13.38, respectively, which are
much greater than those for 1:1 Cu(II)-ampy (=9.5)29
and Cu(Il)-amim (=9.22).26) There is a drastic sta-
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TaBLE 6. STABILITY CONSTANTS, log Bper, OF copper(1l)
compLexes, Cup,LgH,, AT 25 °C anp I=0.1(KNO3)”

) Speci
Ligand };)e; ;es log Boe”
IMAD 112 20.51(0.02)
111 17.22(0.007)
110 18.38(0.006)
210 16.30(0.04)"
PMAD 111 16.26(0.005)
110 18.82(0.003)
210 16.62(0.009)!
MPAD 112 16.75(0.018)
111 18.54(0.005)
110 9.46(0.003)
PMTP 110 16.3(0.1)
18.1(0.1)°
PMET 110 9.3(0.1)"
11-1 0.5(0.06)
PDIEN 110 20.85(0.11)"
ampy? 110 9.5(0.2)"
120 17.2(0.3)
amim” 110 9.22(0.03)"
120 17.17

a) Values in parentheses are estimated standard
deviations. b) Calculated for 1:1 Cu(Il)-ligand sys-
tems. c) Calculated for 2:1 Cu(II)-ligand systems. d)

Obtained by graphical methods. e€) Ref. 19. f) Ref.
15. g) ampy=2-(Aminomethyl)pyridine. h) Ref. 27.
i) amim=4-(Aminomethyl)imidazole. j) Ref. 26.

bility decrease in Cu(II)-MPAD due to the 6-methyl
group, the log #,,, value of 9.46 being as low as that
of Cu(Il)-ampy. The results imply that PMAD and
IMAD behave as multidentate ligands coordinating
through most of the available donor atoms, whereas
MPAD coordinates to Cu(II) in the same way as
ampy. We may compare the logf,;,, values for
PMAD and IMAD with the log f,,, values for ampy
and amim: the log f,,, values for the disulfides are
smaller than these log 5, values, which could result
from the difference in the ligand basicity and/or in
the donor sets in the coordination plane.

The stability constants for Cu(II)-PMTP and Cu-
(II)-PMET were calculated by a graphical method.
Both systems were analyzed by considering Cul. only,
and protonated species CuLH, and CuLH were neg-
ligible.  The pyridine-containing thioether PMTP
forms a 1:1 complex with log f$;,,=16,3,28) whereas
PDIEN forms a complex with log f;,,=20.85.19 The
stability difference of 4.5 log unit is attributed to the
difference in the coordinating ability of an amine
nitrogen and a thioether sulfur, and further supports
the conclusion derived from the spectra that Cu(II)-
PMTP has an N,S donor set in the coordination plane.
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The amino acid derivative PMET forms a 1:1 com-
plex with log f;,=9.30, which is smaller than the
value of 11.8 reported for N-(2-pyridylmethyl)glycine
with higher pK, values.?® At pH>7 the complex
liberates an additional proton probably from the coor-
dinated water molecule, whose dissociation constant
was calculated by assuming the following step:

CuL. = CuL(OH) + H. ()

Discussion

Structures of Complexes in Solution. The intensity
and location of the S»>Cu(II) CT band are affected
by the mode of S—Cu(II) interactions.?0-32) The CT
band due to equatorial thioether—-Cu(II) bonding is
strong, while the band due to apical bonding is some-
times too weak to be detected: the Cu(II) complex
of an imidazole-containing thioether ligand, bis(4-
phenyl-2-imidazolylmethyl) sulfide, has an apical S—
Cu(II) bonding (2.824 A) but shows no CT band.3?
The spectral properties of disulfide-Cu(II) bonding
may be considered analogously, and the CT band
arising from the apical disulfide-Cu(II) interaction
may not be detected because of the poor overlap of
the Gu(II) d,,_;, and S orbitals and the long axial
S—Cu(II) bond as seen in the Cu(II) complexes of
oxidized D-penicillamine (3.057 and 3.138 A)3 and
glutathione (3.16 and 3.28 A);3) both of which ap-
parently lack obvious S—>Cu(II) CT bands. The Cu-
(IT)---S separations in these complexes are much longer
than the Cu(I)-S bonds (2.3—2.4 A) in some Cu(I)-
disulfide complexes.3538)  Therefore, the 330-nm
shoulder shown by CGu(II)-PMAD is assigned to the
equatorial S—Cu(II) CT transition by analogy with
the spectrum of the related system Cu(II)-PMTP.18)
The observed intensity (e=1100) indicates that the
S—Cu(II) interaction is weaker than that in Cu(II)-
PMTP. For the system Cu(Il)-tetramethylcystamine
(=Dbis[2-(dimethylamino)ethyl] disulfide) Downes et
al. observed three bands and suggested that both of
the disulfide sulfur atoms are involved in the interac-
tions with Cu(II).?® Although a somewhat reduced
|4y/| value observed for Cu(II)-PMAD suggests sulfur
coordination,?® the ESR parameters do not explicitly
point to the Cu(II)-S bonding. The splitting of the
d-d band is ascribed to a square-pyramidal structuret!)
with a donor group of PMAD occupying an apical
position; in the 2:1 system the 850-nm band disap-
pears at pH>4.1, indicating that the apical donor
is used for forming a binuclear complex Cu,L. The
d-d band at 650 nm is remote from the band exhibited
by 1:2 Cu(IlI)-ampy (585 nm) with a CuN, chromo-
phore. Sterically PMAD may be coordinated to Cu-
(II) in the same way as ampy in 1:2 Cu(II)-ampy,
but actually the maximum wavelength of 1:1 Cu(II)-
PMAD is the same as that of 1:1 Cu(II)-ampy. Ad-
dition of ampy has no apparent effect on the spectrum
of 1:1 Cu(II)-PMAD (Table 2), which may indicate
either that the bonding by added ampy is similar
to that by one of the two 2-pyridylmethylamino moieties
of PMAD or that ampy does not coordinate to Cu(II)
at all. With 2,2'-bipyridine (bpy), which probably



November, 1983]

occupies two equatorial positions, the maximum at
650 nm shifts to 680 nm with concomitant loss of the
330-nm CT peak. An additional band is observed
in both ternary systems at 850 nm as a shoulder. The
680-nm peak is close to the peak at 690 nm exhibited
by 1:1:1 Cu(II)-ampy-bpy. This indicates that Cu-
(II)-PMAD-bpy and Cu(II)-ampy-bpy have a simi-
lar chromophore. Incidentally 1:2 Cu(II)-bpy com-
plexes with various geometries often exhibit an elec-
tronic reflectance spectral peak at =650 nm.42:43)
From these considerations, the chromophore of 1:1
Cu(II)-PMAD in acid solution is best described as
CulN,S with apical coordination by a nitrogen donor,
and we propose structure 1, which is reminiscent of
the probable structure of Cu(II)-PMTP.1® Octahed-
ral Ni(II)-PMAD complexes in the solid state have
been reported to involve PMAD as a pentadentate
ligand.?»4%

X

N/
_ s

S § L,/NH
& Cu
AN SN—
A,

1

Another line of evidence is provided by the stability
and the spectrum of the Cu(II)-MPAD system. In
sharp contrast with the Cu(II)-PMAD system, it has
the same stability constant as that of Cu(II)-ampy,
which confirms an analogous mode of coordination
in the square plane. The stability difference of 3.9
between Cu(II)-PMAD and Cu(I1I)-MPAD (Table 6)
corresponds to the difference of one nitrogen donor
in the plane, again indicating that at least three nitro-
gens are involved in the equatorial bonding in Cu(II)-
PMAD. Space-filling molecular models show that,
when MPAD is coordinated through the pyridine and
amine nitrogens and the disulfide sulfur (structure 2),

m \“/ CH3
5\ NH
OH
’ c‘ ’ o
HN/ SN=
N 7/

3

2

the methyl group severely interferes with the equatorial
bonding by the rest of the donors. This is in accord
with the lower stability and the lack of the S—Cu(II)
CT band at pH<6.

On the other hand, the optical and ESR spectra
(Tables 1 and 3) indicate that 1:1 Cu(II)-IMAD has
a planar GuN, coordination structure with no strong
Cu(II)-S bonding. Molecular models suggest that
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both ¢is and trans structures are possible with respect
to the imidazole nitrogens and that the dithio group
apically approaches Cu(Il) in the #rans structure. Al-
though the apical S-Cu(II) interaction is not incom-
patible with lack of S—=Cu(II) CT bands, we prefer
the cis structure (3) with negligible S—Cu(II) interac-
tions on the basis of the stability of the 1:1 complex
toward the disulfide bond cleavage as has been ob-
served for PMAD.12:18) It should be noted in addition
that the 1:1 Cu(II) complex of N,N’-bis(4-imidazolyl-
methyl)ethylenediamine with an N, donor set shows
the same absorption and ESR spectral parameters as
those of the 1:1 Cu(II)-IMAD system (Tables 1 and
3). The ternary Cu(II)-IMAD-bpy systems show a
broad peak at 700 nm and a shoulder at 870 nm,
indicating a change from the square-planar to the
square-pyramidal structure. Structures 1 and 3 are
related to each other and may be determined by steric
requirements for pyridine and imidazole rings in the
¢is coordination positions.

Effects of Sulfur Coordination on Stability Constants of
Copper(II) Complexes. The difference of =4.5 be-
tween the log f;, values for PMTP and PDIEN is
attributed to the difference in the complexing ability
of a thioether sulfur and an amine nitrogen. An
analogous stability difference exists between the Cu(II)
complexes of diethylenetriamine (log f;,0=15.9) and
bis(2-aminoethyl) sulfide (log £;,0=9.07).2 The com-
plex of PMAD is less stable than that of PMTP in
spite of similar coordination structures of CuN,S as
inferred from absorption spectra. An explanation for
this is the orbital overlap in the S-Cu(II) interaction,
which is considered from the CT band intensities to
be small in Cu(II)-PMAD and large in Cu(II)-PMTP.
Steric effects due to the presence of two sulfur atoms
in one of the chelate rings should also affect the sta-
bility. The log f;;, value for PMAD is expectedly
smaller than log f;5, for 1:2 Cu(II)-ampy with an
N, donor set by 3.9 log units. The low stability of
Cu(IT1)-MPAD is ascribed to the bidentate nature of
MPAD due to the steric hindrance arising from the
6-methyl group.

Although 1:1 Cu(II)-IMAD and 1:2 Cu(II)-amim
probably have the same donor groups in the coor-
dination plane, the difference between log f;, of Cu-
(IDH-IMAD and log f;5 of Cu(II)-amim is rather
large (=3.8) and may be caused by lower basicity
of IMAD and steric strains due to the disulfide bond.

The terdentate thioether ligand PMET forms
a 1:1 complex (log f;;0=9.3), which is more stable
than the Cu(II)-rL-methioninate complex (log f;,=
7.849).4%) The stability enhancement is due primarily
to the pyridine nitrogen, and contribution by the



3266

thioether moiety may be negligible, because Cu(II)-
ampy has approximately the same stability. In this
connection, L-methionylglycine and S-methyl-L-cystein-
ylglycine form Cu(II) complexes CuL with signifi-
cantly higher stability than expected from the basicity
of the terminal amino group of various dipeptides;
the thioether sulfur of glycyl-L-methionine has no effect
on the stability of Cul. owing to the inaccessibility of
the side chain to Cu(II).®®

Dependence of the Disulfide Bond Stability on the Coordi-
nation Structure. Disulfides are susceptible to het-
erolytic cleavage by Ag(I), Hg(I), and other soft
Lewis acids, forming sulfinic acids and thiols by the
reaction with water and subsequent disproportiona-
tion.1® Formation of 2-pyridylsulfinate from di-2-pyridyl
disulfide in the presence of Cu(II) has been interpreted
as due to the same heterolytic cleavage reaction.!V)
PMAD is readily converted to 2-(2-pyridylmethyl-
amino)ethanesulfinate in the presence of Cu(II) and
dioxygen at pH =7.1%13) Although this reaction has
been found to require dioxygen,!® it must involve the
heterolytic cleavage and the reaction with water, be-
cause the oxygens incorporated from dioxygen account
for only 25—309%, of the total sulfinate oxygens. The
2:1 Cu(I1)-PMAD system at pH=7 exhibits a transient
but resolved peak at 330 nm,!® indicating that the
Cu(II)-S interaction is stronger than in acid solution
where the 330-nm peak appears as a shoulder. The
Cu(II)-tetramethylcystamine system in acetonitrile,
whose disulfide bond is more stable than that in the
Cu(IT)—cystamine system, gives strong S—Cu(II) CT
peaks and is rapidly decomposed by addition of a
second equivalent of sodium methoxide.?® On the other
hand, the Cu(II)-penicillamine disulfide®® and -glu-
tathione disulfide3® complexes, which were isolated
from aqueous solution, have long Cu(II)---S distances
(3.0—3.3 A) and show no CT bands. Also, the Cu-
(I)-IMAD system is more stable in aqueous solution
and gives a 1:1 complex as crystals; in line with this,
the system shows no band ascribable to the S—>Cu(II)
CT transition. Since the stability constants of Cu-
(II)-disulfide and -thioether complexes are usually
low,27-5%) neighboring effective Cu(II)-binding sites
which bring the disulfide group close to Cu(II) would
promote the cleavage reaction. These observations
probably indicate that only those complexes which in-
volve weak Cu(II)-S bonds are stable in aqueous
solution.

The disulfide bond has been proposed as a copper
binding site in stellacyanin®-% which lacks the methi-
onyl residue established as a binding site in plastocyanin
and azurin. While the proposal is attractive in view
of the coordinating ability of the disulfide sulfurs, it
becomes necessary to cope with the dichotomy be-
tween coordination and disulfide bond cleavage. We
may infer from the present observations that the copper
site should meet one of the following requirements
for the stability of the bond in the vicinity of Gu(II):
(i) the S---Cu(II) separation is as large as 3.0 A;
(i1) water and other nucleophiles are excluded from
the copper binding site. Just as the Cu(II)---S(methi-
onine) distance found in plastocyanin is unusually long
(2.90 A),) a disulfide group would be able to con-
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tribute to the copper binding in stellacyanin through
weak interaction with a large Cu(II)---S separation.

We thank Mr. Kiyoshi Takami for assistance with
the experiments. Thanks are also due to Dr. Yukio
Sugiura of Kyoto University and Drs. Shinnichiro
Suzuki and Takeshi Sakurai of Osaka University for
ESR spectral measurements. We are indebted to Dr.
P. Gans of the University of Leeds for suggestions
on the use of the computer program MINIQUAD.
This work was supported by a Grant-in-Aid for Special
Project Research (No. 57102001) from the Ministry
of Education, Science and Culture.

References

1) P. M. Colman, H. C. Freeman, J. M. Guss, M.
Murata, V. A. Norris, J. A. M. Ramshaw, and M. P.
Venkatappa, Nature, 272, 319 (1978); H. C. Freeman,
“Coordination Chemistry-21,” ed by J. P. Laurent, Pergamon
Press, Oxford(1981), p. 29.

2) E. T. Adman, R. E. Stenkamp, L. C. Sieker, and
L. H. Jensen, J. Mol. Biol., 123, 35 (1978).

3) N. S. Ferris, W. H. Woodruff, D. B. Rorabacher,
T. E. Jones, and L. A. Ochrymowycz, J. Am. Chem. Soc.,
100, 5939 (1978).

4) M. Lundeen, Inorg. Chim. Acta, 56, 149 (1981).

5) A. G. Lappin, “Metal Ions in Biological Systems,”
ed by H. Sigel, Marcel Dekker, New York (1981), Vol.
13, p. 15.

6) P. Hemmerich, “The Biochemistry of Copper,” ed
by J. Peisach, P. Aisen, and W. E. Blumberg, Academic
Press, New York (1966), p. 15.

7) P. Kroneck, J. Am. Chem. Soc., 97, 3839 (1975).

8) P.J. M. W. L. Birker and H. C. Freeman, J. Am.
Chem. Soc., 99, 6890 (1977).

9) R. B. Martin, “Metal Ions in Biological Systems,”
ed by H. Sigel, Marcel Dekker, New York (1979), Vol.
9, p. 1.

10) P. C. Jocelyn, “Biochemistry of the SH Group,”
Academic Press, London and New York (1972).

11) L. S. Higashi, M. Lundeen, E. Hilti, and K. Seff,
Inorg. Chem., 16, 310 (1977).

12) A. Odani, T. Maruyama, O. Yamauchi, T. Fujiwara,
and K. Tomita, J. Chem. Soc., Chem. Commun., 1982, 646.

13) O. Yamauchi and H. Seki, Chem. Lett., 1982, 1241.

14) F. L. Pyman, J. Chem. Soc., 109, 186 (1916).

15) W. R. Harris, I. Murase, J. H. Timmons, and A.
E. Martell, Inorg. Chem., 17, 889 (1978).

16) All melting points are uncorrected.

17) This compound has been obtained earlier as a crude
oil of low analytical purity (L. G. Warren, M. M. Kadooka,
and K. Seff, Inorg. Chem., 14, 1773 (1975)).

18) T. Sakurai, S. Suzuki, and A. Nakahara, Bull. Chem.
Soc. Jpn., 54, 2313 (1981).

19) S. A. Bedell, J. H. Timmons, A. E. Martell, and I.
Murase, Inorg. Chem., 21, 874 (1982).

20) D. M. G. Armstrong, Chem. Ind. (London), 1955,
1405.

21) A. Sabatini, A. Vacca, and P. Gans, Talanta, 21,
53 (1974).

22) M. Kodama and E. Kimura, J. Chem. Soc., Dalton
Trans., 1979, 325.

23) Unpublished results.

24) D. E. Nikles, M. J. Powers, and F. L. Urback, Inorg.
Chim. Acta, 37, L499 (1979).



November, 1983]

25) H. Kozlowski and T. Kowalik, Inorg. Chim. Acta, 34,
L231 (1979).

26) P. R. Huber, R. Griesser, and H. Sigel, Inorg. Chem.,
10, 945 (1971).

27) R. M. Smith and A. E. Martell, “Critical Stability
Constants,” Plenum Press, New York and London (1975),
Vol. 2.

28) The difference of 1.8 log units between this value
and that reported by Bedell et al. (Ref. 19) may be due to
the different methods of determination.

29) R. G. Lacoste, G. V. Christoffers, and A. E. Martell,
J. Am. Chem. Soc., 87, 2385 (1965).

30) V. M. Miskowski, J. A. Thich, R. Solomon, and H.
J. Schugar, J. Am. Chem. Soc., 98, 8344 (1976).

31) A. R. Amundsen, J. Whelan, and B. Bosnich, J.
Am. Chem. Soc., 99, 6730 (1977).

32) H. J. Prochaska, W. F. Schwindinger, M. Schwartz,
M. J. Burk, E. Bernarducci, R. A. Lalancette, J. A. Potenza,
and H. J. Schugar, J. Am. Chem. Soc., 103, 3446 (1981).

33) J. A. Thich, D. Mastropaolo, J. Potenza, and H.
J. Schugar, J. Am. Chem. Soc., 96, 726 (1974).

34) K. Miyoshi, Y. Sugiura, K. Ishizu, Y. litaka, and
H. Nakamura, J. Am. Chem. Soc., 102, 6130 (1980).

35) C.-I. Branden, Acta Chem. Scand., 21, 1000 (1967).

36) T. Ottersen, L. G. Warner, and K. Seff, J. Chem.
Soc., Chem. Commun., 1973, 876.

Copper(IT)-Sulfur Interactions in Disulfide Complexes

3267

37) L. G. Warner, T. Ottersen, and K. Seff, Inorg. Chem.,
13, 2819 (1974).

38) M. M. Kadooka, L. G. Warner, and K. Seff, J. Am.
Chem. Soc., 98, 7569 (1976).

39) J. M. Downes, J. Whelan, and B. Bosnich, Inorg.
Chem., 20, 1081 (1981).

40) U. Sakaguchi and A. W. Addison, J. Am. Chem. Soc.,
99, 5189 (1977).

41) B. J. Hathaway and D. E. Billing, Coord. Chem. Rev.,
5, 143 (1970).

42) B. J. Hathaway, I. M. Procter, R. C. Slade, and A.
A. G. Tomlinson, J. Chem. Soc., A, 1969, 2219.

43) R. J. Fereday, P. Hodgson, S. Tyagi, and B. J.
Hathaway, J. Chem. Soc., Dalton Trans., 1981, 2070.
44) P. E. Rieley and K. Seff, Inorg. Chem., 11, 2993 (1972).
45) G. Brookes and L. D. Pettit, J. Chem. Soc., Dalton
Trans., 1977, 1918.

46) H. Sigel, C. F. Naumann, B. Prijs, D. B. McCormick,
and M. C. Falk, Inorg. Chem., 16, 790 (1977).

47) H. Sigel, V. M. Rheinberger, and B. E. Fischer,
Inorg. Chem., 18, 3334 (1979).

48) H. Sigel, K. H. Scheller, V. M. Rheinberger, and
B. E. Fischer, J. Chem. Soc., Dalton Trans., 1980, 1022.
49) H. Sigel, Angew. Chem., Int. Ed. Engl., 21, 389 (1982).
50) H. Sigel and K. H. Scheller, J. Inorg. Biochem., 16,
297 (1982).






