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The copper(t) and zinc(tt) analogues of a series of Cutt-N,S, complexes of bis(imine) ligands 
derived from the condensation of 3-formyl-1 -phenyl-2( 1 H) -pyridinethione and diamines are 
described, together with the electrochemical properties of the couple Cutl-Cut and the crystal 
structure of the copper(i1) complex of the ligand obtained from 1,3-propylenediamine. The complex 
crystallizes in the centrosymmetric space group P i  with a = 16.1 1 I (4), b = 11 .I 94(4), c = 8.681 (2) 
A, cx = 106.81 (2), p = 96.47(2), y = 95.38(2)", Z = 2, and R = 0.073 for 3 328 reflections with 
I > 30(/). The copper atom is equatorially co-ordinated to two imine nitrogens [Cu-N 1.980(5) 
and 1.989(5) A] and two sulphur atoms [Cu-S 2.259(2) and 2.288(2) A], and weakly bound to 
an oxygen atom of a perchlorate anion in an axial position [Cu-0 2.635(5) A]. The CuN,S, centre 
displays a slightly tetrahedrally distorted planar arrangement. 

The couple Cu"-Cu' plays a central role in biological electron- 
transfer processes since copper ions are integral parts of the 
active sites of many proteins and enzymes involved in redox 
processes. ' The crystal structure determined of Populus nigra 
plastocyanin and two different azurins, from AIcaIigenes 
denitrijxans and Pseudomonas aer~g inosa ,~  have shown that 
key features of these 'blue' copper centres are sulphur (cysteine, 
methionine) and imidazole (histidine) co-ordination in low- 
symmetry environments. These structural features markedly 
facilitate the change of redox state of the copper ion but the 
details of the thermodynamic and kinetic aspects of the electron 
transfers are far from being understood.' The characterization 
of the 'blue' protein sites has stimulated much research interest 
in synthetic, low-molecular-weight complexes with CuN,S, 

because in these systems it is easier to rationalize 
the various factors relating structural preferences and redox 
reactivity . 

We have recently reported several Cu"-N2S2 systems, where 
the sulphur donor atoms are provided by pyridinethione 
residues, with pyridinium thiolate character, and the nitrogen 
donors by imine groups, which can be represented schematically 
by structures (1) and (2)." Together with other systems with 
Cu"-N,SS* cores,' * also derived from pyridinethione ligands, 
these complexes provide a framework to investigate structural- 
spectral and electrochemical relationships of relevance in the 
biomimetic chemistry of blue copper sites. The current use of 
the pyridinethione residue as a mimic for the aliphatic thiolate 
ligand present in proteins is dictated by the necessity to 
overcome the redox instability of simple, synthetic copper(r1)- 
aliphatic thiolate  system^,'^ but our future efforts will be 
directed toward the synthesis of sterically protected aliphatic 
carbonyl thiols in an attempt to obtain more stable copper(r1) 
complexes. In the present paper we complete the character- 
ization of systems of types (1) and (2) by reporting the crystal 
structure determination of a member of group (1) with 

* Supplementury duta available: see Instructions for Authors, J. Chem. 
Suc., Dultun Truns., 1989, Issue 1, pp. xvii-xx. 
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a trimethylene bridge R between the imine nitrogens, the 
synthesis of complexes of Cu' and Zn", and the electrochemical 
behaviour of the Cu"-Cu' couples. The symbols employed for 
the various ligands are summarized in Scheme 1. 

Results and Discussion 
Description of the Crystal Structure of [CuL2(C104)]- 

[ClO,].-The structure consists of [CuL2(C104)] + cations 
and disordered C104- anions. A plot of the cation together with 
the labelling scheme is shown in Figure 1. The copper(1r) ion is 
co-ordinated by two nitrogen and two sulphur atoms of the 
ligand; a weakly bound oxygen of a perchlorate anion completes 
the co-ordination polyhedron. The CuN2S2 core displays a 
slightly tetrahedrally distorted planar geometry, the dihedral 
angle between the planes defined by N(8)-Cu-N(12) and 
S(l)-Cu-S(2) being 19.6(2)". The Cu" is only 0.072(1) 8, out 
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Figure 1. ORTEP diagram of [CuL2(CI0,)]' with atomic labelling. 
Thermal ellipsoids are drawn at 30% probability. Hydrogen atoms are 
omitted for clarity 

of the mean plane of the ligand atoms toward the perchlorate 
oxygen. The very weak Cull-OCIO, interaction does not 
produce the characteristic splitting of perchlorate vibrations in 
the i.r. spectrum of the compound; '' it is likely that solvent 
molecules replace the perchlorate group in the weak apical co- 
ordination site in solution. The main features of the CuN,S, 
co-ordination environment are in full agreement with those 
deduced from the spectroscopic properties of the complex in 
solution. ' ' 

Bond distances and angles are reported in Table 1. The Cu-S 
distances of 2.26 and 2.29 A compare with those of copper- 
heterocyclic thiolates (2.25 A) 9d and dithiocarboxylates 
(2.22-2.26 A),'' and are in the middle of the range observed 
for copper-aliphatic and -aromatic thiolates (2.13-2.42 

The Cu-S bond distance 
estimated by extended X-ray absorption fine structure (EXAFS) 
for cytochrome c oxidase (2.27 A) is also in this range.16 In 
making these comparisons it should be taken into account 
that the pyridinethione imine is a neutral ligand, while the 

including plastocyanin.' 

thiolate ligands carry negative charge; the Cu-S bonds in 
[CuL*(ClO,)] + are thus rather strong. The Cu-S-C angles, 
which are a measure of the hybridization at the sulphur atoms, 
are near 107" and are similar to those of a few copper(I1) 
thiolates 9d*14b and plastocyanin,' while for other synthetic 
copper(r1) thiolates such angles deviate substantially from this 
~ a l u e . ' ~ " ~ " ~ ~  The Cu-N bond lengths are in the normal range 
found for copper(1Ibimine complexes.' 

In the ligand molecule both pyridine rings deviate somewhat 
from ideal aromatic geometry: distances from 1.34 to 1.43 A and 
bond angles from 115 to 123". This observation, together with 
the two short C-S distances of 1.69 and 1.71 A, may suggest 
substantial pyridinethione character in the ligand. However, the 
largest and shortest C-C distances within the pyridine rings 
belong to the bonds which are closest and most distant from the 
metal, respectively. This is quite usual in the aromatic ring 
structure of copper(Irtsalicy1aldimine complexes.' ' In addition, 
the five ligand atoms belonging to the six-membered chelate 
rings containing the sulphur atoms lie in a common plane and 
are almost coplanar with the adjacent pyridine rings, while the 
Cu" is displaced from those planes by only 0.6 and 0.8 A, 
respectively. This indicates that a certain degree of 7c de- 
localization occurs between the adjacent chelate and pyridine 
rings of the ligand, as is confirmed by the short C(6)-C(7) and 
C(13)-C(14) single-bond distances of 1.45 and 1.46 A 
respectively, and the long C(l)-C(6) and C(14)-C( 19) aromatic 
bond distances of 1.43 and 1.42 A respectively. Therefore, we 
believe that the non-negligible contribution to the shortening of 
the C-S bonds comes from 7c delocalization within the chelate 
rings, and still prefer the formalism of depicting the ligands of 
pyridinethione complexes in their pyridinium thiolate forms. 
The change in formalism is suggested by some major changes 
occurring in the spectral properties of the ligands on metal 
binding, as shown previously for a related series of 
complexes ' and confirmed here by comparison of the spectra 
of the ligand L' and of several zinc(I1) complexes (see later). 

Characterization of the Copper(1) and Zinc(r1) Complexes.- 
In a previous paper" we investigated the effect of the sub- 
stituents R and R' in the pyridinethione imine ligands on the 
structure of the resulting copper(r1) complexes (1) and (2) 
respectively. For complexes of type (1) it was found that on 
extending the length of the carbon chain R a progressive 
distortion of the copper(I1) chromophore from square planar to 
flattened tetrahedral results, while the structure of complexes of 
type (2) is much less dependent on the nature of the substituents 
R'. In both cases the structural features of the complexes could 
be inferred from the rich spectroscopic characteristics of Cu". 
Since copper(1) complexes are diamagnetic and generally 
exhibit poor optical properties, we thought it of interest to see if 
it was possible to find any spectroscopic probe for the structure 
of the copper(1) counterparts of (1) and (2). Some representative 
copper(1) complexes were thus synthesized (Table 2) and 
compared with the corresponding zinc(I1) complexes; these are 
the appropriate reference for the electronic structure and 
spectra of the ligands in the copper(I1) systems. 

The complexes of Cu' and Zn" were obtained by adding the 
perchlorate salts of the metals to preformed solutions of the 
Schiff bases. The copper(1) complexes appear reasonably air- 
stable both in the solid state and in solution. The i.r. spectra 
of the complexes display broad, featureless bands near 1 100 
cm-', which are indicative of non-co-ordinated perchlorate, and 
characteristic imine v(C=N) bands in the range 1620-1 650 
cm-'. Particularly rich are the i.r. regions in which the ring 
stretching modes (1 480-1 610 cm-') and out-of-plane C-H 
bending modes (below 900 cm-') occur due to the presence of 
several aromatic nuclei in the ligands. 

The changes undergone by the pyridinethione imine ligands 
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Table 1. Selected bond lengths (A) and angles (") for [CuL2(CI0,)][CI0,] 

cu-S( 1 ) 
Cu-N( 12) 
C( 1 )-W) 
N( 2)-C(25) 
C(5)-C( 6) 
N(8)-C@) 

C(14)-C(15) 
C( 1 1)-N( 12) 

2.288(2) C( 17)-N( 18) 1.364( 8) 
1.989(5) C(19tCU4) 1.420(9) 
1.359(8) cu-S(2) 2.259(2) 
1.431(7) cu-O(1) 2.635(5) 
1.38( 1) C( 1 )-C(6) 1.430(9) 
1.475(8) C(3)-C(4) 1.34( 1) 
1.469(9) C(6tC(7) 1.446(9) 
1.38( 1) 

S( l)-Cu-S(2) 86.0( 1) 

O( 1)-cu-S( 1) 89.0( 1) 
N( 12)-Cu-S( 1 ) 92.7(2) 

O(I)-Cu-N(12) 102.9(2) 
N(2)-C( 1)-S(2) 116.9(5) 
C(3)-N(2)-C(l) 122.7(5) 
C(4)-C(3)-N(2) 121 . I  (7) 
C(5)-C(6)-C(l) 118.6(6) 
N( 8)-C( 7)-C(6) 1 28.1 (6) 
C(9)-N(8)-C(7) 116.2(6) 
N(12)-C(ll)-C(lO) 111.4(7) 
C( 13)-N( 12)-C( 1 1) 1 17.8(6) 

C(19)-C(14)-C(13) 123.5(6) 
C( 17)-C( 16)-C( 15) 1 17.4(7) 
C(3 1)-N( 18)-C( 17) 1 15.3(5) 
N(l8)-C(l9)-S(l) 117.7(5) 

N(12)-Cu-S(2) 162.8(2) 
N( 8 )-Cu-S(2) 94.8(2) 

O( 1 )-Cu-S(2) 94.3(1) 
C( 19)-S( 1 )-Cu 106.1(2) 

C(25)-N(2)-C(l) 121.3(5) 
C(5)-C(4)-C(3) 118.0(7) 
C( 7)-C( 6)-C( 1 ) 1 25.2( 6) 

N(2)-C(l)-C(6) 116.7(5) 

C(9)-C( 10) 1.53( 1) 
N( 12)-C( 13) 1.253(9) 
C( 15)-C( 16) 1.38( 1) 
N( 18)-C( 19) 1.383(8) 
C( 19)-S( 1) 1.69 1 (6) 
Cu-N(8) 1.980(5) 
C( 1 F W )  1.71 l(6) 

C(7)-N(8)-Cu 129.9(5) 

C( 1 1)-N( 1 ~) -CU 
C( 10)-C(9)-N(8) 110.9(7) 

C( 14)-C( 13)-N( 12) 128.9(7) 
C(19)-C(14)-C(15) 120.4(7) 

C(3 1 )-N( 18)-C( 19) 121 3 5 )  

1 13.5(5) 

N( 18)-C( 17)-C( 16) 122.2( 7) 

N(18)-C(19)-C(14) 114.9(6) 
N(8)-Cu-S( 1) 17 1.0(2) 
N(12)-Cu-N(8) 89.2(2) 
O( 1)-Cu-N(8) 82.0(2) 
C(l)-S(2)-Cu 107.5(2) 

N W C ( 3  1 1.38 3( 9) 
C(4)-C(5) 1.36( 1) 
C(7)-N(8) 1.28 l(8) 
C( 10)-C( 1 1) 1.51(1) 
C( 13)-C( 14) 1.46(1) 
C( 16)-C( 1 7) 1.34( 1) 
N( 1 8)-C( 3 1) 1.437(7) 

C(6)-C( l)-S(2) 126.4(5) 
C(25)-N(2)-C(3) 116.0(5) 

C(7)-C(6)-C(5) I16.2(6) 

C( 1 1 )-C( 10)-C(9) 1 13.1(6) 

C(6)-C(5)-C(4) 123.0(7) 

C(9)-N(8)-Cu 11 3.9(4) 

C(13)-N( 12)-Cu 128.5(5) 
C( 1 5)-C( 14)-C( 1 3) 1 1 6.1(7) 
C(16)-C( 15)-C(14) 122.2(8) 
C(19)-N( 18)-C(17) 123.0(6) 
C(14)-C( 19)-S(1) 127.4(5) 

Table 2. Elemental analysesa and selected i.r. bands for the copper(1) and zinc(n) complexes 

Analysis/% 
f 

C 
68.7 

(68.4) 
50.3 

(50.5 5) 
51.0 

(5 1.35) 
51.85 

(52.1) 
58.9 

(59.15) 
43.1 

(43.45) 
44.65 

(44.25) 
44.9 

(45.0) 
52.0 

(52.25) 

H 
4.50 

(4.80) 
3.70 

(3.60) 
3.95 

(3.85) 
4.00 

(4.05) 
4.05 

(4.20) 
3.30 

(3.10) 
3.60 

(3.30) 
3.70 

(3.50) 
3.80 

(3.70) 

3 

N 
11.95 

(1 2.25) 
8.95 

(9.05) 
8.70 

(8.85) 
8.55 

(8.70) 
7.15 

(7.25) 
7.70 

(7.80) 
7.65 

(7.65) 
7.50 

(7.50) 
6.35 

(6.40) 

1.r. (cm-') 
r \ 

A 

v(C=N) v(ring) V(C104) 6(CH) 
1638 1 606, 1 592, 756, 740, 

1 535,1491 690 
1631 1 598, 1 590, 1088, 764, 717, 

1 541, 1488 622 69 3 
1 632 1 598,l 590, 1 087, 762, 719, 

1 543,1489 623 694 
1635, 1 598, 1 590, 1086, 762,7 19, 
1 628 1 540, 1489 623 694 
1618 1587, 1558, 1540, 1087, 820, 762, 

1 503,1489 623 7 19,694 
1649 1 601,l 590, 1095, 762, 723, 

1557, 1488 62 1 694 
1 648, 1 598, I 590, 1 090, 768, 762, 
1 642 1 552, 1489 623 723,693 
1 646 1600,1591, 1097, 764, 723, 

1 560, 1490 624 696 
1621 1600,l  5 8 8 , l  558, 1093, 82 1, 762, 

1 505,l 489 623 722,695 

a Calculated values in parentheses. All bands are of medium or strong intensity. 

Table 3. Electronic spectra of copper(1) and zinc(n) complexes in 
acetonitrile solution 

Compound h,,,,/nm (&/dm3 molt') 
L' 3 17 (24 600), 409 (7 500) 
[CuL'][ClO,] 290 (sh) (12 500), 309 (12 950), 380 (8 loo), 550 (2 650) 
[CuL2][C104] 290 (sh) (13 OOO), 308 (13 800), 400 (6400), 515 (sh) 

(3 150) 
[CuL3][CI04] 295 (15 500),  305 (sh) (15 400), 403 (5 840), 480 (5 100) 
[CuLh2][C1O4] 326 (25 OOO), 419 (10 200) 
[ZnL'][CIO,J, 310 (sh) (13 200), 332 (17 600), 365 (sh) (13 OOO) 
[ZnL2][C10,J2 321 (16 250), 365 (sh) (10 800) 
[ZnL3][C1O,], 323 (15 800), 365 (sh) (9 600) 
[ZnL62][CI0,]2 324 (23 loo), 379 (15 800) 

on binding to a metal become evident on comparison of the 
spectral properties of the free ligand L' and of the complexes 
of Cu' and Zn" with L'-L3 (Tables 2-4). The increase in 
pyridinium thiolate character is indicated by the blue shift of 
the lowest-energy near-u.v. electronic absorption of the ligand 

(e410 nm), due to an aromatic x - n* transition, on binding 
to Cu' ( 3 8 W O o  nm) and especially Zn" (e 365 nm), and by 
the downfield shift of the ring proton n.m.r. signals resulting 
from the aromatization and increased positive charge on the 
pyridine nucleus that accompanies metal binding. Both effects 
are larger in the zinc(1r) complexes because of their higher 
overall positive charge. In these systems more positive charge is 
obviously also localized on the metal, as evidenced by the larger 
downfield shifts of the n.m.r. signals of the ligand groups 
adjacent to the donor atoms (CH=N and CH,-N). Considering 
the position of the azomethine proton signal, it should be noted 
that this signal is found at unusually low field for the free ligand, 
due to the presence of different electronic effects in the thione 
form, and, therefore, it cannot be compared directly with those 
of its metal 

Analysis of the spectroscopic data for the zinc([]) complexes 
in Tables 2-4 shows no significant variation throughout the 
series, whereas for the copper(1) compounds a regular variation 
in the position of the electronic band at lowest energy may be 
indicative of structural changes in the series [CuL'] + to 
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Table 4. Proton n.m.r. spectra of copper(1) and zinc(n) complexes in CD,CN" 

Pyridine and 
Compound CH=N phenyl H CH2-N C-CH2-C CH3 J 

8.98 (s) 
8.45 (br) 
8.35 ( x s )  
8.38 (s) 
8.47 (xs)  
8.86 (x s) 
8.70 ( x s) 
8.78 (x s) 
8.77 (s) 

6.7-8.1 (m) 
6.9-8.1 (m) 
6.9-8.1 (m) 
6.9-8.1 (m) 
7 . G 8 . 2  (m) 
7.2-8.5 (m) 
7.2-8.5 (m) 
7.2-8.5 (m) 
6.9-8.5 (m) 

3.90 (s) 
3.95 (br) 
3.60 ( z t) b 5.9 
3.75 (x t) 2 . G 2 . 4  (m) x5 

2.35 
4.13 ( x s )  
4.08 ( z t) b 5.8 
4.05 (m) 2 . G 2 . 4  (m) 

2.33 

a All chemical shift data referenced to SiMe,; coupling constants are given in Hz. Obscured by solvent absorption. 

Figure 2. Cyclic voltammograms recorded at a platinum electrode on 
deaerated acetonitrile solutions containing NEt4CI0, (0.1 mol dm-3) 
and (u )  [CuL2]'+ (1.40 x lo-, mol dm-3), ( 6 )  [CuL2]+ (1.30 x lo-, 
mol drn-,). Scan rate 0.5 V s-l 

[CuL3] +. This band has a moderate intensity and is missing in 
the spectra of the zinc(1r) complexes; we therefore assign it to 
metal-to-ligand charge-transfer (m.1.c.t.) transitions from the 
filled d levels of Cu' to the lowest n* orbital of the conjugated 
imine ligand. These transitions occur at much higher energy for 
the zinc(rr) complexes and fall outside the near-u.v. region 
investigated. 

Since the electronic chromophore of the ligand is unchanged 
in the series L'-L3, the variation in the position of the m.1.c.t. 
band must reflect the change in energy of the copper(1) dorbitals 
determined by differences in the structures of the complexes. 
While complexes of Cu' and Zn" prefer to assume a tetrahedral 
geometry, the short ethylenediamine bridge of L' may not allow 
more than a slight tetrahedral distortion of the [CuL']' 
complex and it is likely that an almost regular tetrahedral 
arrangement is accessible to the Cu' only with the four-carbon 
bridge of L3. Since the energy of the highest d orbitals 
decreases with the distortion of a square-planar field toward a 
tetrahedron, the position of the m.1.c.t. transition is expected 
to undergo a corresponding shift to high energy, as observed 
here in the series [CuL']' to [CuL3]+. In agreement with 
this interpretation, the m.1.c.t. band occurs at still higher 
energy for [CuL6,]+, which is certainly allowed to assume a 
perfectly regular tetrahedral geometry, even though the 
presence of a conjugated phenyl residue in L6 makes a direct 
comparison with the chromophore of L'-L3 less straight- 
for ward. 

Electrochemistry of the Copper( elec copper(^) Couples.-The 
electrochemical behaviour of [CuL'I2 + was examined some 
time ago in dimethylformamide s~ lu t ion .~"  The most significant 
feature of the redox behaviour of the derivatives [CuL']'' to 
[CuL4I2+ is the couple Cu"-Cut. Figure 2(a) shows as a 
typical example of the cyclic voltammetric response exhibited 
by [CuL2I2+ at a platinum electrode in acetonitrile solution. 
The full chemical reversibility of the one-electron reduction is 
testified by the complementary response exhibited by [CuL2] ', 
Figure 2(b). Confirming the chemical evidence, controlled- 
potential coulometric tests performed at - 0.3 V indicate the 
reduction process to involve one electron per molecule of 
[CuL2]'+; in addition, the cyclic voltammogram recorded on 
the exhaustively reduced reddish solution is similar to that 
shown in Figure 2(b). 

Analysis of the cyclic voltammetric responses with scan rates 
varying from 0.02 to 20.480 V s-l gives evidence for a quasi- 
reversible electron transfer, uncomplicated by subsequent 
chemical reactions." The ipa/iPc ratio is constant at unity, the 
current function ipCv-t is substantially constant, and the 
difference A E ,  = EPa - Epc gradually increases from 75 mV 
at 0.02 V s-' to 340 mV at 20.480 V s-'. As shown in Figure 3, 
another ill defined, subsequent cathodic step at E,  = - 1 . 1  V 
follows the reduction Cu"-Cu'. The presence of the stripping 
peak at -0.25 V in the reverse scan clearly allows assignment 
to the reduction Cu'-Cuo, followed by a rapid demetallation 
process. 

A final interesting aspect of the redox activity of the com- 
plexes [CuL']' + to [CuL4I2 + is their anodic oxidation. Except 
for [CuL'I2+, all complexes undergo in acetonitrile solution a 
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Table 5. Significant electrochemical parameters for the redox change 
Cu"-Cu' of the complexes [CUL' ]~+ to [CuL4I2+ in different non- 
aqueous solvents" 

+O 
I 1 I I I C t  I I I I 1 J 

-1.0 -1.300 

Figure 3. Cyclic voltammogram recorded at a platinum electrode on a 
deaerated acetonitrile solution containing [CuL2I2+ (1.40 x mol 
dm-3) and NEt,ClO, (0.1 mol dm-3). Scan rate 0.2 V s-l 

Figure 4. Cyclic voltammogram recorded at a platinum electrode on an 
acetonitrile solution containing [CuL']+ (1.30 x mol dm-3) and 
NEt,CIO, (0.1 rnol dm-3). Scan rate 0.2 V s-' 

first irreversible one-electron oxidation, followed by other ill 
defined anodic processes. Comparison with the redox behaviour 
of their zinc(I1) analogues, which are anodically redox silent 
below + 1.4 V (while displaying an irreversible reduction at the 
zinc centre around - 1.1 V), allows us to attribute this first step 
to a metal-centred process, i.e. it corresponds to the oxidation 
Cu"-Cu"' (for [ C U L ~ ] ~ + / ~ + ,  E = + 1.15 V; for [ C U L ~ ] ~ + / ~ + ,  
Ep = + 1.20 V; for [ C U L ~ ] ' + ~ ~ + ,  Ep = + 1.05 V). This 
oxidation presents features of chemical reversibility only in the 
case of [CuL'I2 +, as shown in Figure 4. This is not unexpected; 
taking into account that copper(rr1) species are planar, only the 
[CuL'I2+ ion is stereochemically suitable for such a redox 
change. 

Analysis of the cyclic voltammograms for this Cu"-Cu"' 
response (E" = + 1.18 V) at varying scan rates reveals that it 
is complicated by decomposition of the copper(rI1) species. 
Assuming a first-order decomposition process, a half-life of 
about 1 s can be computed for [CuL'"+.'' In dimethyl- 
formamide (dmf) solution the complexes [CuL'I2+ to 
[CuL4I2+ behave essentially in the same manner. The only 
difference is that no electrode deposition of copper metal occurs 
in correspondence to the step Cu'-Cuo, even if such a process is 
irreversible in character. In addition, concerning the complex 
[CuL'I2+, its copper(Ir1) species is notably less long-lived in 
dmf than in MeCN. 

Table 5 summarizes the electrode potentials for the most 
significant redox change, Cu"-Cu', of the complexes [CuL 'I2 + 

to [CuL4I2 + both in acetonitrile and dimethylformamide 
solutions. Also reported is the difference between the forward 

MeCN dmf 
I\ 

Complex E"IV AEQb/mV ED'IV AEQbJmV 
[CUL']2+ -0.17 80 -0.18 90 

[CUL2]2 + +0.01 85 + 0.0 1 85 
[CUL3]2 + + 0.20 81 +0.19 83 

-0.22 9a 60 9a 

[CuL4]2 + + 0.24 110 +0.21 210 

Redox potentials us. s.c.e. Under the present experimental conditions 
the ferrocenium-ferrocene couple was located at +0.38 and +0.45 V in 
acetonitrile and dimethylformamide solutions, respectively. * Peak 
separation measured at 0.2 V s-I. 

and backward peaks, which, if compared with the value of 59 
mV for a purely reversible one-electron transfer, can provide a 
rough evaluation of the degree of reversibility of the relevant 
one-electron addition. 

The structural reorganizations accompanying a redox change 
should affect essentially the kinetics of the heterogeneous 
eiectron-transfer process. According to the Marcus theory, 
inner-sphere rearrangements, enhancing the activation barrier 
of the electron transfer, slow down the rate of the process, 
so causing a departure from electrochemical reversibility. ' 
However, Gray has elegantly pointed out that the lower is the 
reorganization following a redox change in copper complexes 
the more positive is its thermodynamic redox potentiaL2' 

In the present series of complexes the largest rearrangement 
is likely experienced by the planar [CuL'"+.'' An increase 
in length of the bridging carbon chain, R, inducing increased 
tetrahedral distortion in the relevant copper(r1) species, makes 
it easier to access Cu'. Regarding the derivative [CuL4I2+, even 
if steric repulsion between the hydrogen atoms of the bridging 
phenyl and the hydrogen atoms a to the imine groups may 
induce some tetrahedral distortion, as evidenced by spectro- 
scopic data," we think that the high redox potential arises 
mainly from electronic effects due to the electron-withdrawing 
ability of the phenyl group. 

Gray and co-workers 2 1  have shown that in the one-electron 
reduction of blue copper proteins in aqueous solutions (pH 
6.5-7.0) the entropy change associated with the change Cu"- 
Cu' is negative (-24 for stellacyanin, -32 for plastocyanin, 
-43 cal K-' mol-' for azurin). The negativity of this value is 
attributed to the fact that the copper site is buried in an 
hydrophobic environment, which inhibits the release of water 
molecules following the partial charge neutralization and 
prevents a decrease in solvent ordering. In simple biomimetic 
model complexes such environmental effects are not expected. 
In order to test this hypothesis we have measured the entropy 
change for the Cu"-Cu* redox couple of [CuL2I2"+ and 
[CuL3I2 +I+, which should best mimic the corresponding 
structural change in the active site of the blue copper proteins.22 
The entropy of the charge transfer has been evaluated from the 
variation of the E"' value with t e m p e r a t ~ r e . ~ ~ , ' ~  Figure 5 
shows the linear correlation found in acetonitrile solution in 
the temperature range from -20 to +20°C (correlation 
coefficients: 0.967 for [CuL2I2+/+; 0.992 for [CuL3I2+/+). An 
electron-transfer entropy of + 32 cal K-' mol-' for [ C U L ~ ] ~ + / +  
and of +21 cal K-' mol-' for [CuL3I2+/+ can thus be com- 
puted. This positive value confirms that in proposing simple 
metal complexes as models for the active sites of metallo- 
biomolecules the lack of hydrophilic and/or hydrophobic 
environments must be taken into account. 

The derivatives [ C U L ~ ~ ] ~ +  to [CUL '~]~ '  are unstable in 
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Figure 5. Plots of the Cu"-Cu' redox potential of [CuL2I2+ (0)  and 
[CuL3I2+ (A) us. temperature in acetonitrile solution 
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Figure 6. Cyclic voltammogram recorded at a platinum electrode on a 
deaerated acetonitrile solution containing [CuL6,]*+ (1.00 x mol 
dm-3). Scan rate 0.5 V s-' 

dimethylformamide solution; on the contrary, they are 
sufficiently stable in acetonitrile solution to enable cyclic 
voltammetric experiments to be performed. As a typical 
example, Figure 6 shows the cyclic voltammetric response 
exhibited by [ C U L ~ ~ ] ~ + .  The reduction step Cu"-Cu' obeys the 
diagnostic criteria for a quasi-reversible electron transfer (ipa/ipf 
constant with scan rate; AE, increases from 90 mV at 0.02 V s- 
to 300 mV at 51.2 V s-'; ip,v+ remains practically constant). 
Also for this complex the two irreversible steps Cu'-Cuo 
(E ,  = -0.4 V), and Cu"-Cu"' (Ep = +1.35 V) are present. 
As reported in Table 6, this type of complex gives rise to 
notably high Cu"-Cu' redox potentials, again in accord with 
the spectroscopic evidence which assigns to the copper(I1) 
complexes (2) a structure with significant tetrahedral 
distortion.' ' 
Experimental 

Physical Measurements.-Elemental analyses were by the 
microanalytical laboratory of the University of Milano. Infrared 
spectra were obtained on a Nicolet MX-1E FT-IR instrument, 

Table 6. Redox potentials and peak-to-peak separation for the 
reduction Cu"-Cu' of the derivatives [ C U L ~ , ] ~ +  to [CUL',]~+ in 
acetonitrile solution, at a scan rate of 0.2 V s-' 

Complex P' /V  AE,/mV 
[Cu L5 2] ' + + 0.55 270 

[CU L7,y + + 0.56 86 
[ C U L ~ , ] ~ +  +0.43 81 

Table 7. Crystal and refinement data for [CuL2(C104)][C104] 

Formula 
M 
Space group 
alA 
blA 
C I A  

a/" 
PI" 
T10 
u/A3 
z 
DJg ~ r n - ~  
F ( o w  
Radiation 

Temperature "C 
plcm-' 
Scan mode 
Scan speed/" min-' 
Scan width/" 
Scan range/' 
Independent reflections 
Observed reflections [I > 30(1)] 
Parameters refined 
R" 
R'b 

" R = C(lFJ - IFcl)/XIFcI. R' = 

c2 7HZ4C12CuN,08S2 
731.15 
PT 
16.1 1 l(4) 
1 1.194(4) 
8.68 l(2) 
106.81(2) 
96.47( 2) 
95.38(2) 
1475.9 
2 
1.64 
746 
Graphite-monochromated Cu-K, 

24 _+ 3 
43.2 

0.05 
0.9 + 0.3 tan 0 

3 398 
3 328 
342 
0.073 
0.08 1 

(h  = 1.5418A) 

8-28 

1.0 < e < 56.0 

C ~ W ( l F O ; , l  - I~cI>2/w~o)21+. 

with a standard resolution of 2.0 cm-', electronic spectra on a 
Perkin-Elmer Lambda-5 spectrophotometer, and proton n.m.r. 
spectra at 80 MHz on a Bruker WP-80 FT spectrometer. Cyclic 
voltammetry was performed in a three-electrode cell having a 
platinum working electrode surrounded by a platinum-spiral 
counter electrode, and an aqueous saturated calomel reference 
electrode (s.c.e.) mounted with a Luggin capillary. A BAS l00A 
electrochemical analyser was used as polarizing unit. 
Controlled-potential coulometric tests were performed in a H- 
shaped cell with anodic and cathodiccompartments separated by 
a sintered glass disc. The working macroelectrode was aplatinum 
gauze; a mercury pool was used as counter electrode. An Amel 
potentiostat model 551, with an associated coulometer (Amel 
integrator model 558) was employed here. In all electrochemical 
tests, the temperature was controlled at 20 + 0.1 "C. 

Reagents and Preparations.-All reagents were of the high- 
est grade commercially available and were used as received. 
3-Formyl- 1 -phenyl-2( 1 H)-pyridinethione was prepared as de- 
scribed in the l i terat~re.~'  Tetrakis(acetonitrile)copper(I) 
perchlorate. was prepared by the usual method.26 The 
preparation of the copper(1r) complexes was reported pre- 
viously." The ligand L' was obtained by refluxing a mixture 
of 3-formyl-l-phenyl-2( lH)-pyridinethione (1 mmol) and 
ethylenediamine (0.5 mmol) in absolute ethanol. The product 
precipitated as a yellow powder. 

The complexes of Cu' and Zn" were prepared according to 
the following general procedure (using an inert atmosphere for 
Cu'). A solution of the Schiff base was prepared by refluxing a 
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Table 8. Fractional atomic co-ordinates ( x lo4) for [CuL2(C10,)][C104J with e.s.d.s in parentheses 

3 026( 1) 
2 178(1) 
2 OO9(1) 
2 447(4) 
2 057(3) 
2 331(5) 
2 975(5) 
3 383(5) 
3 157(4) 
3 666(4) 
3 677(3) 
4 277(5) 
5 049(5) 
4 834(5) 
4 033(3) 
4 064(5) 
3 370(4) 
3 569(5) 
2 988(5) 
2 207(5) 
1980(3) 
2 537(4) 

538(3) 
- 183(3) 

1 694(1) 
1 507(2) 

344w 
-271(6) 

- 1 390(5) 
-1 967(7) 
- 1 405(8) 
- 278(8) 

307(6) 
1 481(7) 

3 261(7) 
3 065( 10) 
2 192(8) 
2 401(5) 
3 061(7) 
3 378(6) 
4 342(7) 
4 692(8) 
4 063(7) 
3 123(5) 
2 729(6) 

2 093(5) 

-1 910(4) 
-2 621(4) 

Occupancy factors: 0.7; * 0.6 0.5; 0.4; 0.3. 

2 783(1) 
4 668(2) 

924(2) 
- 793(7) 

-1 832(6) 
-3 287(9) 
-3 792(9) 
-2 784(9) 
- 1 287(7) 
- 348(9) 
1 152(6) 
1 8OO(9) 
2 860( 10) 
3 842( 10) 
4 469(7) 
5 918(9) 
6 850(8) 
8 295(9) 
9 331(10) 
8 880(9) 
7 445(6) 
6 359(8) 

-2 221(6) 
- 2 044(6) 

- 116(3) 
672(3) 

1394(3) 
1327(3) 

535(3) 
- 329(3) 
-627(3) 
- 60( 3) 
804(3) 

1 lOl(3) 
2 402( 1) 
2 357(3) 
3 257(4) 
1897(4) 
2 083(4) 
5 909( 1 ) 
5 484(5) 
5 515(9) 
6 588( 10) 
6 649(10) 
5 365( 11) 
6 202( 17) 
6 020( 19) 

Ylb 
- 3 455(4) 
-3 578(4) 
- 2 867(4) 
- 2 034(4) 

3 331(4) 
2 928(4) 
1 820(4) 
1 114(4) 
1 517(4) 
2 625(4) 
4 965(2) 
3 718(5) 
5 425(6) 
4 951(6) 
5 757(5) 
1791(2) 
2 893(7) 

8 15( 12) 
2 246( 15) 
2 095( 15) 
1 073(15) 
1091(25) 
1287(27) 

21 C 

- 1 126(6) 
- 386(6) 
- 564( 6) 

- 1 481(6) 
6 513(6) 
6 262(6) 
6 567(6) 
7 123(6) 
7 373(6) 
6 068(6) 
3 705(6) 
2 603(6) 
4 41 l(8) 
4 946(8) 
2 832(7) 

- 1 615(3) 
- 1 289(9) 
- 985( 15) 
- 172(19) 

-2 179(19) 
-3 159(19) 
- 3 023(30) 
- 354(33) 

mixture of 3-formyl-l-phenyl-2( 1H)-pyridinethione (1 mmol) 
and the appropriate amount of the amine in absolute ethanol 
(20 cm3) for about 0.5 h. After cooling to room temperature, the 
metal perchlorate salt (0.5 mmol) was added as a solid (Cu') or 
dissolved in a small amount of ethanol (Zn"). The resulting 
mixture was heated for 0.5 h with stirring. Then it was cooled 
and the brown (Cu') or yellow (Zn") precipitate present was 
collected by filtration, washed with small amounts of ethanol 
and diethyl ether, and dried under vacuum. The elemental 
analyses of the complexes are collected in Table 2. 

Crystuliogruphic. study of [CuL2(C104)1[CI04].-CrystaIs 
of the complex suitable for X-ray analysis were obtained by slow 
diffusion of vapours of diethyl ether into an ethanol solution of 
the compound at room temperature. A dark brown crystal of 
approximate dimensions 0.15 x 0.30 x 0.45 mm was chosen 
for data collection and mounted on an Enraf-Nonius CAD-4 
automatic diffractometer. A summary of the crystallographic 
data is given in Table 7. Unit-cell dimensions were determined 
from least-squares refinement of the angular settings of 25 
carefully centred reflections. Intensities were collected for 
Lorentz, polarization and absorptions effects 27 (transmission 
factors ranged between 0.57 and 0.24), and the intensities of 
three standard reflections were monitored every 120 min for 
stability control during data collection. 

The choice of the P i  centrosymmetric space group was made 
on the basis of the centric distribution of E values and later 
confirmed by the refinement of the structure. The structure was 
solved by the heavy-atom technique, with the use of Patterson 
and Fourier synthesis. All the hydrogen atoms were located by 
Fourier difference techniques, but those belonging to the phenyl 
rings were included in calculated positions in the rigid-group 
refinement adopted for the rings (see below). Refinement was 
performed by means of the full-matrix least-squares method. 
The function minimized was Zw(lF,I - lFc1)2 with weights 
w = c 2 ( F , ) .  The two phenyl rings were refined as rigid 
groups with the hydrogen atoms riding on the corresponding 
carbons with a common thermal parameter. Anisotropic 
thermal parameters were refined for all the atoms except the 

phenyl rings, the oxygen atoms of the perchlorate anions, and 
the hydrogen atoms. The refinement of the perchlorate counter 
ion was troublesome because of high rotational disorder around 
the C1(2)-0(5) axis. A model with three different orientations 
of the oxygen atoms in the basal plane of the tetrahedron was 
constructed; a refinement of this model as three rigid groups 
was unsuccessful, so the atoms were allowed to move without 
constraints with fixed approximate occupancies for each 
oxygen atom. During the last cycle of refinement the maximum 
shift/error was 0.4 for the Y/b  parameter of O(11). The final 
Fourier difference map showed peaks not exceeding 0.8 e 
near the disordered perchlorate anion. 

All the calculations were performed on an IBM 4361/3 
computer with the SHELX 76 set of programs 27 which use the 
analytical approximation for the atomic scattering factors and 
anomalous dispersion corrections for all the atoms (from ref. 
28). Table 8 gives the final atomic co-ordinates for non- 
hydrogen atoms with estimated standard deviations (e.s.d.s.) 
obtained from the least-squares inverse matrix. The molecular 
plot of Figure 1 was produced by the program ORTEP.29 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom co-ordinates, thermal 
parameters, and remaining bond lengths and angles. 
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