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Studies on Blue Copper Protein Models: Syntheses, Properties, and
Electron-transfer Reactions of Bis[4-(alkylmercaptomethyl)imidazole]-
copper(l) Diperchlorate and Related Complexes and X-Ray
Crystallographic Analysis of Bis[4-(n-propylmercaptomethyl)imidazole-

N3S]copper(il) Diperchlorate 1

Nobuo Aoi, Gen-etsu Matsubayashi, and Toshio Tanaka * '
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Bis[4-(alkyl- and bis[4-(phenyl-mercaptomethyl)imidazole]copper(n) diperchlorates (alkyl = n-propyl,
t-butyl, or benzyl) and 1,6-bis(imidazoi-4'-yl)-2,5-dithiahexanecopper(i) diperchlorate were prepared.
The cationic moieties of these complexes undergo electrochemically reversible redox reactions at the
potentials £, = +0.23 to +0.36 V vs. s.c.e. in methanol containing [NBu",][BF,] (0.1 mol dm™3) as a
supporting electrolyte. Kinetic studies on the reductions of these complexes with ferrocene in methanol
reveal that precursor complexes are formed prior to electron transfer between the reactants; the
formation constants of the precursor complexes are in the range 9.7—32.2 dm? mol~'. The activation
entropies for the electron-transfer reaction were obtained as positive values, +33 to +71 J K™ mol™,
which suggests that the precursor complex undergoes desolvation in a transition state. Electronic
absorption and e.s.r. spectra of the copper(i1) complexes as well as the X-ray crystal structure of
bis[4-(n-propylmercaptomethyl)imidazole]copper(n) diperchlorate are described. The X-ray crystal
structure shows the copper to be centrosymmetrically co-ordinated by two thioether sulphur atoms
[Cu-S 2.397(2) A}, two imidazole nitrogen atoms [Cu-N 1.940(6) A], and two oxygen atoms from

unidentate perchlorate ions [Cu-O 2.594(6) A].

Blue (type I) copper proteins exhibit unusual spectral and
electrochemical properties in comparison with those of com-
mon copper(i) complexes; the proteins exhibit intense absorp-
tion bands near 600 nm (¢ = 3 500—11 300 dm*® mol™ cm™),
small electron—copper nuclear hyperfine coupling constants
(4= 31 x 10* to 90 x 10™* cm™), and relatively high
Cu''-Cu' redox potentials (E; = 0 to +0.6 V wvs. s.c.e.).!
Recent single-crystal X-ray diffraction studies on Cu'' Poplar
plastocyanin and Pseudomonas aeruginosa azurin have demon-
strated that the copper(i) ion as an active site is placed in a
distorted tetrahedral geometry formed by two imidazole
nitrogen atoms of histidine residues and two sulphur atoms of
cysteinate thiolate and methionine thioether.? Although the
biological roles of blue copper proteins are not yet fully under-
stood, plastocyanin is thought to function as an electron-
transport sequence in photosynthetic organisms with the aid
of interconversion between Cu'' and Cu' states.! To date,
several complexes involving the CuS,N; core as models for the
active site of blue copper proteins have been synthesized and
characterized,*'° although little is known about copper(i)
complexes involving both imidazole nitrogen and thioether
sulphur as ligating atoms.} In addition, kinetic studies have
been reported on electron-transfer reactions between Cu''S,;N,
complexes and cytochrome c.'"' The present study was under-
taken to bring about a further understanding of blue copper
proteins.

This paper reports the preparation, spectroscopic, and
electrochemical properties of bis[4-(alkyl- and bis[4-(phenyl-
mercaptomethyl)imidazole}jcopper(n) diperchlorates (1)—(4)

t Supplementary data available (No. SUP 23552, 8 pp.): structure
factors, thermal parameters. See Notices to Authors No. 7, J.
Chem. Soc., Dalton Trans., 1981, Index issue.

Non-S.1. unit employed: G = 107* T.

+ The Cu'' complex of cimetidine is only known as such, although
the Cu'! ion is placed in an octahedral geometry formed by two
S and four N atoms as determined by the X-ray analysis.®

and 1,6-bis(imidazol-4’-yl)-2,5-dithiahexanecopper(m) di-
perchlorate (5), together with the X-ray crystal structure of
bis[4-(n-propylmercaptomethyl)imidazole]copper(i)  diper-
chlorate (1). Moreover, the kinetics of the redox reaction of
these copper(i1) complexes with ferrocene are described.
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[Cu(L'),)IC10,), (1, R=Pr™) [Cul®][Cl0,], (5)

[CulL),IICI0,], (2:R =BuY)
[Cu(L®),][C10,], (3; R = CH,Ph)
(Cu(LY),)[CI0,), (4;R = Ph)

Experimental

Materials.—4-(Alkyl- and 4-(phenyl-mercaptomethyl)imid-
azole hydrochlorides (alkyl = Pr", Bu', or CH,Ph) and 1,6-
bis(imidazol-4’-yl)-2,5-dithiahexane dihydrochloride were
prepared according to the literature methods.!> To aqueous
solutions of these hydrochlorides were added dropwise large
excess amounts of aqueous ammonia to give white suspensions
which were extracted with 1,2-dichloroethane. The extracts
were evaporated under reduced pressure to give oil-free bases
of the mercaptomethylimidazole derivatives. They were
characterized by 'H n.m.r. spectroscopy and used for pre-
parations of the copper(i1) complexes.

Commercially available ferrocene was purified by sublim-
ation before use in the redox reaction with the copper(n)
complexes.

Deionized water was used in preparations of the ligands.
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Tlable 1. Colours, yields, and analytical data of the copper com-
plexes

: a0
Com- Yield , AnabsistC0
plex Colour ) C H N

(1)  Brown plates 57 28.95 4.15 9.55

(29.25) 4.2) 9.75)
2 Brown microcrystals 30 31.7 4.75 9.6
3Gl9 @7 (9.3)

(3)  Brown plates 15 394 3.6 8.35
(39.25) (3.7 8.9

(4)® Purple microcrystals 15 36.3 34 8.55
(36.35) (3.35) (8.5

(5)® Light green needles 25 22.1 32 10.35
(2245 (3.0)7 (10.45)

@ Calculated values in parentheses. ® Isolated as monohydrates.

1,2-Dichloroethane was purified in the usual manner.”
Methanol and ethanol were distilled with sodium alkoxide.

Preparations of Bisf4-(alkyl- and Bis{4-(phenyl-mercapto-
methyl)imidazolelcopper(n) Diperchlorates, [Cu(L),][ClO,],
[R = Pr* (1), Bu' (2), CH,Ph (3), or Ph (4)], and 1,6-Bis-
(imidazol-4'-yl)-2,5-dithiahexanecopper(11) Diperchlorate,
[CuL3][Cl10,]; (5).—To an ethanol (5 cm®) solution of 4-(n-
propylmercaptomethyl)imidazole (L') (0.50 g, 3.2 mmol) was
added Cu(ClO,),*6H,0 (0.59 g, 1.6 mmol) dissolved in the
same solvent (5 cm®). The resulting deep green solution was
allowed to stand overnight at room temperature, giving a pre-
cipitate, which was collected by filtration and recrystallized
from methanol-ethanol (1: 1 v/v) to yield brown plates of (1).
Other copper(1r) complexes (2)—(5) were prepared similarly by
the reaction of Cu(ClO,);*6H,0O with the corresponding imi-
dazole. Properties and analytical data of these copper(in)
complexes obtained are summarized in Table 1. No melting
points could be determined, due to the explosive nature of the
complexes.

Physical Measurements.—Electronic absorption spectra
were obtained using a Union SM-401 spectrophotometer.
Electron spin resonance spectra were recorded on a JEOL
ME-2X spectrometer and were calibrated with diphenylpi-
crylhydrazyl (¢ = 2.0037). Cyclic voltammetry was performed
in a conventional cell consisting of a platinum disc as a work-
ing electrode, a platinum plate (2 X 2 cm) as a counter elec-
trode, and a saturated calomel reference electrode (s.c.e.),
using [NBu",][BF,] or [NBu")[ClO,] as a supporting elec-
trolyte.

Kinetic measurements were carried out in methanol under
a nitrogen atmosphere under pseudo-first-order conditions
with at least 10-fold excess amounts of ferrocene over the
copper(i1) complexes (3 x 10 to 4 x 10 mol dm™), except
that for the reaction of (5) with ferrocene in which at least
100-fold excess amounts of ferrocene were used, since the
reaction is thermodynamically unfavourable. The reaction
rates were determined by monitoring the decay or rise of
absorption bands at 270—400 nm using a Union RA-103
stopped-flow spectrophotometer equipped with a 2-mm
quartz cell in a cell-holder thermostatted within +0.2 °C.

X-Ray Crystal Structure Analysis—A single crystal of (1)
with approximate dimensions 0.06 X 0.10 X 0.22 mm was
selected for X-ray diffraction studies and was mounted
approximately along the longest dimension. The space group
and initial unit-cell parameters were determined from oscil-
lation and Weissenberg photographs. Accurate cell constants

Table 2. Atomic co-ordinates (x10*; H, x10% for [Cu(LY),}-
{CIO.]Z (1; R = Pr") with estimated standard deviations in paren-

heses

Atom X y z

Cu o0) 0(0) o0)
Cl 513(2) —1555Q2) —2585(1)
S —2327(2) 523(2) 13(1)
o) 165(6) —1 734(8) -1 574(4)
0Q2) —-617(7) —1027(9) —3110(5)
0@3) 1 549(7) —412(8) —2 694(6)
04) 916(6) —3115(7) —2954(4)
N@1) 96(6) 2 050(8) —6794)
N(2) 613(7) 4 115(8) —1 597(5)
Cc) 1 046(7) 2 693(9) —-1231(5)
C(2) —659(8) 4 370(10) —1279(6)
C@3) —955(7) 312209) —696(5)
C@4) —2156(8) 2 704(9) —151(6)
C(5) —2875(7) —93(11) —1200(6)
C(6) —316309) —1902(11) —-1217(D)
C() —4 413(11) —2338(14) — 649(8)
HC(1) 186(7) 232(9) —143(5)
HC(2) -107(9) 520(10) —135(6)
HN(2) 107(9) 459(11) —194(6)
HC(41) —309(09) 309(11) —51(6)
HC(42) —207(6) 320(8) 52(5)
HC(51) —356(9) 61(11) —124(6)
HC(52) —230(09) 11(11) —154(6)
HC(61) —25509) —-253(11) ~90(6)
HC(62) —329(10) —-231(12) —180(7)

were determined by the least-squares refinement of the angular
settings of 45 reflections with 26 values up to 27°.

Crystal data. CsH,Cl,CuN,OsS, (1), M = 574.9, Mono-
clinic, space group P2;/n, a = 10.131(1), b = 8.229(1), ¢ =
13.663(1) A, B = 90.40(1)°, U = 1139.1(3) A3, Z =2, D, =
1.676(1) g cm™3, F(000) = 590, u(Mo-K,) = 14.5 cm™.

Intensity data were collected on an automated Rigaku four-
circle diffractometer for all reflections in the range 20—
55° and with k > 0 and / > 0 by using graphite-monochro-
matized Mo-K,, (A = 0.710 69 A) radiation. The @—20 scan
mode was used with a 20 scan rate of 2° min™, The scan width
in 20 was (1.0 + 0.34 tan8)°, and 60-s background counts were
taken on either side of each scan. Five check reflections were
monitored before every S0 reflections. There was no significant
change in their intensities during the data collection. The
intensities were corrected for Lorentz and polarization effects.
No correction was made for absorption. Of the 2 619 inde-
pendent reflections, 1 534 had structure amplitudes larger
than three times their standard deviations. They were used in
the subsequent calculations.

Structure determination. The positions of the copper and
sulphur atoms were indicated on a three-dimensional Patter-
son map. Subsequent cycles of Fourier syntheses and block-
diagonalleast-squares calculations gave a reasonable set of co-
ordinates and thermal parameters for all the non-hydrogen
atoms. A difference-Fourier map based on the anisotropic
refinement showed electron densities in positions which were
attributed to imidazole ring- and methylene-hydrogen atoms.
The methyl hydrogen atoms, however, were omitted from the
refinement because their positions could not be determined
withany certainty. In the final four cycles of the block-diagonal
least-squares refinement with anisotropic thermal parameters
for all the non-hydrogen atoms and with isotropic thermal
parameters for hydrogen atoms, the residual indices were
R = X||F,| — |F.||/E|F,] = 0.066 and R’ = [Ew(|F,| — |F.})¥/
Zw|F,|?]* = 0.078. The weighting scheme, 1/w = o*(F,) +
0.001(F,)*, was used. The final difference-Fourier map had no
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Figure 1. Stereoscopic packing diagram for [Cu(L'),][ClO.], (1). The origin of the cell is at the bottom left corner. The z axis is
horizontal, the x axis is vertical, and the y axis points out from the origin

Figure 2. Molecular structure of [Cu(L!'),][C1O,), (1) with the
atom labelling scheme

positive maxima >1 e A except in the vicinity of the methyl
carbon and copper atoms. Atomic scattering factors for Cu?*,
Cl—, and neutral S, C, N, O, and H were taken from ref. 14 as
were the anomalous dispersion corrections for Cu?*, Cl—, and
S. Final atomic co-ordinates are given in Table 2.

Crystallographic calculations were performed on an ACOS
7008 computer at the Crystallographic Research Centre,
Institute for Protein Research, Osaka University. Figures 1
and 2 were drawn on a NUMERICON 7000 system at the
Crystallographic Research Centre with local version of
ORTEP-IL.**

Results and Discussion

Description of the Structure of [Cu(L"),][C1O4], (1; R = Pr™).
—A stereoview of the crystal structure of complex (1) is given
in Figure 1. The structure consists of two discrete centro-
symmetric molecules in a unit cell, Figure 2 shows the molecu-
lar geometry of (1) with the atom labelling scheme. Relevant
bond distances and angles are summarized in Table 3. The
imidazole nitrogen and the sulphur atoms of the ligand are co-
ordinated to the copper(ir) ion to form a strict CuS,N;, plane,

Table 3. Selected bond distances and angles for [Cu(L'),][ClO.),
(1; R = Pr*) with estimated standard deviations in parentheses

(a) Bond distances (A)

Cu-S 2.397(2) C(2-C(3) 1.342(11)
Cu—0(1) 2.594(6) C(3)-C4) 1.473(11)
Cu—N() 1.940(6) C(5)-C(6) 1.529(13)
S—C(4) 1.832(8) C6)—-C(7) 1.534(11)
S—C(5) 1.818(8) CI-0(1) 1.436(6)
N(1)-C(1) 1.338(9) CI-0(2) 1.416(7)
N1)-C@3) 1.387(9) CI-0(3) 1.423(7)
N(2)-C(1) 1.354(10) CI-0(4) 1.449(6)
N(2)-C(2) 1.379(11)

(b) Bond angles (°)

S—Cu—0(1) 100.1(1) Cu~N(1)~-C(1) 131.1(5)
S—Cu—N(1) 84.112) Cu—N(1)-C(3) 121.9(5)
O(1)~Cu—N(1) 95.0(2) C(1)-N1)-C(3) 106.8(6)
O(1)~CI-0(2) 108.4(4) C(1H)"N2)~-C(2) 108.6(7)
0O(1)—-CI-0(3) 110.8(4) N(1)-C(1)~N@Q) 108.9(6)
O(1)~-CI-0(4) 108.3(4) NQ2)-C(2)~-C(3) 106.4(7)
0(2)-CI-0(3) 109.6(4) N(1)-C(3)-C(2) 109.3(7)
0(2)-CI-04) 109.2(4) N(1)-C(3)~-C(4) 118.5(6)
03)CI0(4) 110.5(4) C(2)-C(3)-C@4) 132.1(7)
Cu-S—-C(4) 94.8(3) S-C(4)—-C(3) 111.9(5)
Cu—S—C(5) 103.6(3) S—C(5)—C(6) 110.4(6)
C(4)-S—C(5) 101.2(4) C(5)-C(6)~C(7) 112.5(8)
Cu—O(1)-Cl 139.3(4)

where the two sulphur atoms as well as the two nitrogen atoms
are located in frans positions to each other. Perchlorate oxy-
gen atoms are co-ordinated to the copper(i) ion in apical
positions. The geometry around the copper(it) ion is analogous
to that of bis(B-methylmercaptoethylamine)copper(n) di-
perchlorate.®> The Cu-S bond length [2.397(2) A] of (1) is
significantly longer than the sum (2.34 A) of the in-plane radi-
us of copper(ir) ion (1.30 A) !¢ and the tetrahedral covalent
radius of sulphur (1.04 A)."” Similar large Cu—S distances have
been reported for some copper(ii) complexes with thioether
ligands, for example, bis(2,5-dithiahexane)copper(i1) diper-
chlorate [2.354(1) A; while another Cu—S distance is 2.320(1)
A),”® bis(B-methylmercaptoethylamine)copper() diperchlor-
ate [2.366(1) Al and bis[2-(ethylthio)ethylJamine(2-pyridyl-
methyl)copper(11) sulphate [2.385(1) and 2.461(2) A].* On the
other hand, the Cu—~N bond length [1.940(6) A) of (1) is some-
what shorter than those of some copper(if) complexes with imi-
dazole ligands, for example, tetrakis(imidazole)copper(ii) di-
jodide [1.98(3) and 2.04(3) A]," tetrakis(imidazole)copper(l)
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Figure 3. Electronic absorption spectra of [Cu(L'),;][ClO,]; (1) (a),
and [CuL®][ClO,]; (5) (b) in methanol-ethanol (1: 4 v/v) (—),
and in Nujol mulls (- * + - - *)

sulphate [2.000(5) and 2.021(5) A1, bis[2,2-bis(5’-phenylimid-
azol-2’-yl)propanelcopper(i) diperchlorate [1.979%(5) and
1.960(4) A),! and bis[1,3-bis(5’-phenylimidazo}-2’-yl)-2-thia-
propane]copper(i) diperchlorate [2.019(7) and 2.020(9) A].2!
Both perchlorate ions placed in the apical positions are weakly
bonded to the copper(i1) ion, as depicted by rather large Cu—O
distances [2.594(6) A] observed in complex (1). Similar large
Cu—0 bond lengths have been reported for bis(B-methylmer-
captoethylamine)copper(n) diperchlorate [2.599(2) A]1® and
various {[CuL’][ClO,]; complexes (where L’ = ligand with N,
S,N,, or S, centres; 2.53—2.68 A).>:5:22-24

Electronic Absorption and E.S.R. Spectra, and Redox
Behaviour—Figure 3(a) and (b) show the electronic absorp-
tion spectra of (1) and (5), respectively, in both methanol-
ethanol (1:4 v/v) and in the solid state. Intense bands ob-
served in the solution spectra [A,,, = 382 nm for (1) and 334
nm for (5)] may be assigned to sulphur-copper charge-transfer
(c.t.) transitions, since complexes with the Cu''S,N, skeleton,
where S and N are thioether sulphur and amino- or pyridyl-
nitrogen respectively, exhibit strong bands in the range 300—
400 nm,*’ while the Cu''N, type complexes involving only
imidazole as ligands display no strong band in this region.’
As described in the previous section, the X-ray structure analy-
sis of (1) has revealed that the two sulphur atoms as well as the
two nitrogen atoms are located in trans positions to each other.
1n addition, the solid-state spectra of (1) as well as (5) show
low-energy shifts of the sulphur—copper c.t. bands accompan-
ied by broadening compared with the solution spectra [Figure
3(a) and (b)]. Complex (1) in solution affords an additional
band as a shoulder around 330 nm. This shoulder is tentatively
assigned to the cis isomer with respect to two thioether sulphur
atoms as well as two imidazole nitrogen atoms, because the
shoulder is close in position to the absorption band of (5),
whose geometry should be a cis configuration with respect to
the two nitrogen atoms owing to the steric requirements of the
ligand (L%). Thus, the band at 382 nm observed in the solution
spectrum of (1) may be assigned to the trans isomer.

The co-existence of the trans and cis isomers of (1) is
supported also from the e.s.r. spectrum in methanol-ethanol

J. CHEM. SOC. DALTON TRANS. 1983

(a) dpph (g=2-0037)
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Figure 4. X-Band e.s.r. spectra of [Cu(L'),]J[CIO,}; (1) (a@) and [Cu-
L%)[ClO,); (5) (b) in methanol-ethanol (1 : 4 v/v) at 77 K (dpph =
diphenylpicrythydrazyl)

(1:4 v/v) at 77 K. This shows eight signals consisting of four
intense and four weak ones in the g region arising from
splitting due to the $*/$5Cu nuclei (/ = 3), as shown in Figure
4(a), while (5) exhibits only four e.s.r. signals in the same
region, as seen in Figure 4(b). Complexes (2) and (3) exhibited
e.s.r. spectra very similar to (1), whereas in the spectrum of (4)
the signals due to the trans and cis isomers have not been
well resolved. On the other hand, the spectrum of (5) shows
super-hyperfine splittings (4 ¥ = 15 G) due to the two imid-
azole "N nuclei in the g, region, indicating the ligation of
two imidazole nitrogen atoms to the copper(ir) ion in (5).

The electronic absorption bands observed at shorter wave-
lengths than 300 nm in (1) and (5) are presumably derived
from a nitrogen-copper c.t. transition and from a ©1 —» nt*
transition of the ligands, since Cu''N, complexes containing
amine and pyridine ligands have been reported to exhibit
strong absorption bands due to a nitrogen—copper c.t. transi-
tion in the 200—300 nm region,%” and the free L.! (R = Pr") and
L.* molecules also displayed absorption bands in this region.
The appearance of the spectra of (2) and (3) resembles well
that of (1), while the spectrum of (4) is similar to that of (5).
All the complexes in solution exhibited a weak broad band
near 600 nm assignable to d-d transitions. This is in marked
contrast to blue copper proteins having thiolate sulphur atoms
which display an intense band in this region.! The electronic
absorption maxima for complexes (1)—(5) are listed in Table
4 and the e.s.r. parameters of (1)—(5) are summarized in
Table 5.

The g (2.24—2.29) and g, (2.07—2.09) values of these
complexes are larger than those of complexes not only of the
Cu''S;N, type, where S and N are thioether sulphur and
amino- or pyridyl-nitrogen respectively {g; = 2.12, g, = 2.05
for 2,10-diamino-4,8-dithiaundecanecopper(ir) diperchlorate; ®
g1 = 2.16, g, = 2.05 for 1,8-bis(2’-pyridyl)-3,6-dithiaoctane-
copper(n) diperchlorate;® g = 2.21 for [2-(2’-pyridyl)-
ethyl]bis[2-(ethyithio)ethyl]aminecopper(it) cation 2}, but
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Table 4. Electronic absorption bands (Ama../nm) of the copper(ir)
complexes at 25 °C

Complex d-d° Cu<Sc.t.® Cu<Sct?
1) 616 330, 382 414
@) 624 340, 384 397
) 606 330, 390 396
4) 669 338 — 350
(5) 661 334 — 350

@ Measured in methanol-ethanol (1:4 v/v). ®Measured in Nujol
mulls.

Table 5. E.s.r. parameters for the copper(ir) complexes in methanol-
ethanol(1:4v/v)at77K

Complex 10%|4y|/cm™ 21 g1

a 150 2.28 2.07
(149) ¢ 2.31)°

) 153° 2.28°% 2.08

3) 147°% 2.28° 2.08

4 180° 2.29°% 2.07

5 132°¢ 2.24¢ 2.09

2 Minor species in parentheses. ® Minor species were not well
resolved, owing to weak intensities. ¢ Only one species was observed.

also of the Cu'"'S, type with only thioether as ligands (g =
2.09—2.12, g, = 2.03—2.04).° On the other hand, the g, and
g values of the present complexes are compared with those
of the Cu''N, complexes involving only imidazole nitrogen
donors [gy = 2.26, g; = 2.06 for bis(2,2’-bi-imidazole)-
copper(t) diperchlorate;? g = 2.26, g; = 2.06 for tetrakis-
(N-methylimidazole)copper(i) diperchlorate®], and of blue
copper proteins (g; = 2.19-—-2.30, g, = 2.05—2.08).! These
results suggest that the co-ordination of imidazole ligands may
increase the g and g values of copper(l1) complexes.

It has been reported that the increase of positive charges on
the metal-ligand complex and the tetrahedral distortion of a
planar Cu"'X, moiety cause the decrease of 4| and the in-
crease of gy values simultaneously.? In fact, the g value of the
Cu''N, as well as Cu''S, complexes tends to increase as the
|4y| value decreases. Such a tendency, however, is vague in the
Cu''S,N; complexes.® In the present complexes the g, values
appear to decrease with decreasing |4)|. The |4)| values ob-
tained for (1)—(3) and (5) are smaller than those of Cu''S;N,
complexes with both amino- or pyridyl-nitrogen and thio-
ether sulphur as ligating atoms (173 x 10™ to 183 x 10™*
cm™); ? in particular, (5) exhibits a significantly small | A
value. This may be due to a distinct distortion of a square-
planar configuration of the Cu''S,N, skeleton toward a
tetrahedral geometry. Moreover, the powder e.s.r. spectrum
of (5) at 77 K showed a weak signal due to a AM = 42
transition, indicating that (5) involves some metal-metal inter-
action in the solid state.

Electrochemical parameters of the copper(i) complexes
(1)—«5) obtained by cyclic voltammetry are summarized in
Table 6. The separations between anode and cathode peak
potentials are 60—100 mV in methanol containing [NBu",]-
[BF,] as a supporting electrolyte, although they are 100—300
mV when [NBu"]{ClO,] is used in place of [NBu"][BF.]. In
addition, the peak separations in methanol containing [N-
Bu",][BF,] were almost independent of sweep rates (10—100
mV s™). Thus, the redox process for the copper(1) complexes
is essentially reversible. This is confirmed also by the change of
the electronic absorption spectra of (1) during the electro-
chemical reduction and the subsequent oxidation under a
nitrogen atmosphere (see Figure 5); the sulphur—copper c.t.

Table 6. Electrochemical parameters for the copper(ir) complexes

ESIV
Complex  [NBu%|[BF]® [NBu%)CIO,]®
M +0.33(60) +0.28(110)
%)) +0.37(85) +0.35(300)
3) +0.34(60) +0.30(130)
@) +0.36(100) +0.32(100)
) +0.23(65) +0.23(140)

@ (Epe — Epa)/2 V vs. s.ce. in methanol, calibrated with E; of
ferrocene/ferrocenium cation (+0.328 V vs. s.c.e.; J. W. Diggle and
A. J. Parker, Electrochim. Acta, 1973, 18, 975); sweep rate 0.1
V 5745 |E, — E,|/mV in parentheses. ® Supporting electrolyte (0.1
mol dm™).

Cu—S ct. band

Oxid.

ReducLJ

Absorbance (arbitrary units)

1 1 1 o |
300 400 500 600
Wavelength /nm
Figure 5. Changes of the electronic absorption spectra of [Cu(L!),]-
[C1O4); (1) during the electrochemical reduction and the subse-

quent oxidation in methanol containing [NBu®][BF,] (0.1 mol
dm™) as a supporting electrolyte at 25 °C

band around 380 nm decays on the controlled-potential reduc-
tion at +0.10 V vs. s.c.€., and is recovered completely on the
subsequent oxidation at +0.50 V vs. s.c.e. A similar spectral
change was observed in the redox reaction of (2)—(5) in
methanol.

The E; values obtained for the present complexes (+0.23 to
+0.37 V vs. s.c.e.) are higher than those not only of the Cu''N,
complexes such as various bis(N-substituted pyrrole-2-
carboxaldiminato)copper(m) (—1.0 to —0.4 V vs. s.c.e.) 26 but
also of the Cu''S;N, complexes such as 2,10-diamino-4,8-
dithiaundecanecopper(ir) diperchlorate (—0.06 V vs. s.c.e.),’
whereas they are somewhat smaller than the E; values of
copper(i) complexes with bis(pyridyl)- and dithioether-
containing tetradentate ligands (4+0.47 to +0.65 V vs. s.c.e.).%
Thus, it should be mentioned that the E; values of (1)—(5)
are comparable with those of blue copper proteins (0 to +0.6
V vs. s.c.e).t

Kinetics of the Reduction of the Copper(ut) Complexes with
Ferrocene.—When a methanol solution of (1) was mixed with
ferrocene (fc) in the same solvent, the band at 382 nm due to
the sulphur—copper c.t. transition weakened in its intensity and
the concomitant appearance of a band due to the ferrocenium
cation (fc*) centred at 619 nm was observed, indicating the
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Table 7. Pesudo-first-order rate constants for the electron-transfer
reaction between [Cu(L'),)** and ferrocene in methanol containing
[NBu®][BF] (0.1 mol dm™)

10°[Cu(L)2* Y/ 10°[fcl/ kovs, */
7/°C mol dm™ mol dm™ st
11.3 4.36 4.49 4.11
6.73 5.89
11.2 8.10
16.8 9.58
22.4 133
17.6 4.36 449 6.18
6.73 8.90
11.2 124
16.8 15.5
224 209
23.5 4.36 4.49 11.1
6.73 17.5
11.2 23.0
16.8 29.8
224 39.0
29.6 4.36 4.49 16.2
6.73 24.1
11.2 34.0
16.8 44.0
224 63.8

* The reproducibility is within +5%.

[Cu(@M),P* + fc L» [Cu(LY]* + fc* 0)
(1; R =P

occurrence of the redox reaction shown in equation (i). Plots of
log|4; — As| vs. time, where A4, and A, are absorbances at
382 nm at a time ¢ and at the end of the reaction respectively,
showed a good linearity for at least three half-lives, from which
pseudo-first-order rate constants, k.ns., were calculated. The
kops. values at four different temperatures are listed in Table 7.
If one assumes that the reaction proceeds via two successive
steps (the formation of a precursor complex followed by the
electron-transfer process), the reaction of (1) with ferrocene can
be expressed as equations (ii) and (iii), where [Cu-fc]**

[Cu(LY,Jt* + fo === [Cu-fcP* (i)
(1; R="Pr"
[CufcP* om [Cu(Lh)y]* + fe* (iii)

represents the precursor complex, Kis the equilibrium constant
of equation (ii) and k.. is the rate constant for the electron
transfer reaction [equation (iii)]. According to this scheme, the
kv, value in the presence of a large excess of ferrocene can be
expressed by equation (iv). If X[fc] <€ 1 ([{fc] = the concen-

ke K]fc] .
ko!n. - 1 + K[fC] (IV)
tration of ferrocene), that is, X is sufficiently small, equation
(iv) is reduced to k,ps. = ke Kl[fcl, which predicts a linear
dependence of k.us. On [fc]. In the reaction of (1) with ferro-
cene, however, there exists no linear relation between those
quantities, as depicted in Figure 6. On the other hand, equa-
tion (iv) is transformed to equation (v), which predicts a linear

1 1 1
T, FuKifC) | ®
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1 i1 3

1
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103{tc]1/mol dm ™

Figure 6. Plots of k... against [fc] for the reaction of [Cu(L"),]**
with ferrocene at (@) 29.6, (b) 23.5, (¢) 17.6, and (d) 11.3 °C

03~

1/s

kobs.

) 1 1 J
50 100 150 200 250

[c] “7dm3 mot™

0 1

Figure 7. Plots of k... ! against [fc]™ for the reaction of [Cu(L"),]**
with ferrocene at (@) 11.3, (b) 17.6, (¢) 23.5, and (d) 29.6 °C

relationship between kops. ! and [fc] ™. This is confirmed to be
valid as shown in Figure 7. The k., and K values can be ob-
tained from the intercepts and the slopes, respectively, of the
straight line in Figure 7. The kinetic parameters for the re-
actions of (2), (3), and (5) with ferrocene were similarly de-
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Table 8. Thermodynamic and activation parameters ® for the reactions of the copper(i) complexes with ferrocene ®

Complex K/dm? mol™ AH?®/K) mol™  AS®/J K™ mol™ keofs™ AH 4/kI mol™  AS.#J K mol™!
) 26.5 + 2.7 —-25+1 —56 + 4 109 + 11 +73 4+ 4 +38+2
2) 11.5 + 4.8 ~20 4+ 1 —47 + 2 402 + 78 +77+1 +64 + 2
3) 222+ 52 ~12 4+ 1 —16 1 149 4 32 +824+ 6 +71 4+ 20
(©))] 9.7 + 2.3 —-18 + 2 —41 4+ 1 327 + 41 +68 + 4 +33 43
) 322 £33 —40 1+ 2 —-100 + 6 18 +2 +78 +2 +42 45

% Errors quoted are standard deviations. * In methanol containing 0.1 mol dm~3 [NBu",J(BF,] at 25 °C.

Table 9. First-order rate constants for the reaction of [Cu(LY),}*
with ferrocene in methanol containing 0.1 mmol dm™ [NBu"]-
[BF,] at 4.7 °C; [fc] = 8.4 x 10" mol dm™3

[Cu')/mol dm™ Kops./s™!
8.40 x 107* 0.533 + 0.02
140 x 1073 0.869 + 0.01
2.10 x 1073 1.08 + 0.02
2.80 x 107? 1.29 + 0.03
4.20 x 1073 1.72 + 0.02

termined, while those for the reaction of (4) with ferrocene
were obtained by monitoring the increase of the absorbance at
275 nm due to the formation of the Cu! species. The K and
ke, values thus obtained are summarized in Table 8 together
with thermodynamic and activation parameters calculated
from K and k., at four different temperatures. The values of
K (9.7—32.2 dm® mol™) obtained here are consistent with the
fact that K{fc] cannot be neglected in equation (iv).
Another possible mechanism may be considered: the cop-
per(ii) species reacts with ferrocene without the formation of a
precursor complex [equations (vi) and (vii)], as reported for
a redox reaction of bis{2,9-dimethyl-4,7-bis[(sulphonyloxy)-
phenyl]-1,10-phenanthroline}copper(ir) diperchlorate with
sodium hexacyanoferrate(u) in water,?” where Cu'! represents

k
Cult === Cu'™* (vi)
-1
k
Cu'™ + fc —=—p Cu! + fc+ (vii)

a solvated copper species and Cu''* a desolvated and active
species. This mechanism predicts a linear relation between the
kous. value and the concentration of the Cu' complex in the
presence of an excess amount of the Cu!! species [equation
(viii)]. The reaction with fc, however, indicates no linear

kike[Cu'']
kobs. = k
-1

(viii)
relation between these quantities under the condition of using
excess amounts of the Cu'! species (Table 9 and Figure 8).
Moreover, plots of k.. "' against [Cu'’]™ are linear and give
an intercept (Figure 9). These findings support the mechanism
of equations (ii) and (iii).

The present copper(ir) complexes have high electron-with-
drawing properties as demonstrated by the high redox po-
tentials. On the other hand, ferrocene has been reported to act
as an electron donor toward m-acceptors such as sym-trinitro-
benzene and tetracyanoethylene.’®? Thus, ferrocene may
interact with the copper(ir) complexes to form a precursor com-
plex of the c.t. type prior to electron transfer. The negative
AH® and AS° values are compatible with the formation of pre-
cursor complexes (Table 8). Although there have been re-
ported several studies on the electron-transfer reactions of

Kobs. /57

0 1 L 1 4 J
1-0 20 30 40 50

1031cu'y /mot dm™3

Figure 8. Plot of k... against [Cu''] for the reaction of [Cu(L"),}*
with ferrocene at 4.7 °C; [fc] = 8.4 x 107° mol dm™

2:0p

kobe‘/S

0 1 1 \ N

4 i
04 08 1-2
102cu™1™ 7dm? mot ™
Figure 9. Plot of k.. against {Cu'']™? for the reaction of [Cu-
(LY),)** with ferrocene at 4.7 °C; [fc] = 8.4 x 10 mol dm™

some copper(ir) complexes with other metal complexes,?27-3¢.3t
the formation of precursor complexes has never been pre-
sented. The electron-transfer reactions of blue copper pro-
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teins with some metal complexes were suggested to proceed
via precursor complexes, which involve the interaction
between the metal complexes and the histidine residue co-
ordinated to the copper ion as the active site of blue copper
proteins.*>”3 Thus, the redox reactions of the present copper-
(1) complexes with ferrocene may be similar to those of blue
copper proteins with metal complexes as reductants.

The k., value obtained increases with increasing redox
potential of the copper(il) complexes. Moreover, the AS, !
values are positively large for all the present reactions. This
may largely be due to desolvation in a transition state of the
reduction of the copper(ir) complexes [equation (iii)], which
accompanies the configurational change from tetragonal to
tetrahedral geometry.
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