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Introduction 

Protein binuclear copper sites effect remarkable reactions 
with dioxygen including reversible binding (hemocyanin),' 
activation (tyrosinase),2 and reduction (laccase).3 Structural 
information contrasting these active sites is limited but simi
larities are notable: sulfur ligands have been proposed but most 
studies suggest only nitrogen and/or oxygen coordination;4 in 
the oxidized forms all three binuclear sites are strongly anti-
ferromagnetically coupled;5,6 the tyrosinase and laccase bi
nuclear sites exhibit two-electron reductions at potentials which 
are rather high for the proposed all nitrogen/oxygen copper 
coordination.6,7 

Model studies have addressed ligand environment(s), redox 
properties, magnetic interactions, and dioxygen binding in 
these protein active sites.8"12 To help define protein struc
ture/reactivity relationships we are endeavoring to catalog 
fundamental copper(I) coordination chemistry in relatively 
simple mononuclear and binuclear complexes. As discussed 
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elsewhere, polydentate ligands, including macrocycles, can be 
utilized to minimize problems associated with both copper(II) 
and copper(I) substitution lability.13'14 This approach has 

A" 
N' V W 

I 

Unusual Structural and Reactivity Types for Copper(I). 
Synthesis and Structural and Redox Properties of Binuclear 
Copper(I) Complexes Which Are Probably Three 
Coordinate in Solution and Experience Intermolecular 
Metal-Metal Interactions in the Solid State 
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Abstract: Condensation of 2-hydroxy-5-methylisophthalaldehyde with 2-(2/-aminoethyl)pyridine, followed by addition of 
Cu(CH3CN)4BF4 and pyrazolate, resulted in formation of a binuclear copper(I) complex, Cu'2lSOIM(Etpy)2(pz). A com
plete crystal and molecular structural analysis showed each Cu(I) to be bound to the phenoxide oxygen as well as to one imine 
and one pyrazolate nitrogen. In addition each Cu(I) apparently experiences intermolecular copper-copper interactions, with 
an intermolecular Cu-Cu separation of 2.97 A. The pyridine was found to be not coordinated to copper. Overall coordination 
about copper(I) is best described as highly distorted pyramidal, with long axial coordination. In the solid state Cu^ISOIM(Et-
PyMpz) exhibits an electronic absorption spectral band at 600 nm, which is not found in solution spectra, and which is attrib
uted to the copper-copper interaction. Analogous Cu1Cu' complexes were also prepared using a variety of amines instead of 
2-(2'-aminoethyl)pyridine as side arms, and the 3,5-dimethylpyrazole or 7-azaindole anions as bridging groups. Amines with
out coordinating substituents also gave stable complexes; e.g., /<?rf-butylamine gave Cu^ISOI M(r-Bu)2(pz). The latter com
plex did not exhibit an absorption at 600 nm in the solid state or in solution. It appears likely that Cu^ISOI M(r-Bu)2(pz) con
tains three-coordinate Cu( I) both in the solid state and in solution. Moreover, all Cu1Cu1 complexes examined may involve only 
three-coordinate Cu(I) in solution, yet they have exhibited no tendency to bind additional ligands, such as CO or pyridine. 
Most of the binuclear copper(I) complexes gave quasi-reversible electrochemical behavior, with two distinct, one-electron 
redox processes. The most positive reduction potentials obtained were E\! = +0.239, E2

f = +0.080 V vs. NHE. Biological im
plications of the observed reactivities and redox properties of the new complexes are discussed. 
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Table I. 

oompd 
no. 

Binuclear Cu1Cu1 Complexes, Abbreviations Utilized, and NMR Data 

side arm bridge 
(R) (X) abbreviation a\ a2 «3 /3, 

NMR assignments" 
ft PYl PZ2 PZ3 aza2 aza3 aza6 

17 

18 
19 

2-(pyridyl)-
methyl 

2-(pyridyl)-
methyl 

2-(pyridyl)-
methyl 

2-(2'-pyridyl)-
ethyl 

2-(2'-pyridyl)-
ethyl 

2-(2'-pyridyl)-
ethyl 

phenylmethyl 
phenylmethyl 

pyrazolate 

3,5-dimethyl-
pyrazolate 

7-azaindolate 

pyrazolate 

Cu1IlSOIM(MePy)2(Pz) 2.05 6.66 7.56 4.60 

2.06, s 6.69, s 7.72, s 4.67, s 

2.09, s 6.72 7.54 

1.92, s 6.47 7.50 

1.94. s 6.48, s 7.52. 

CuLlSOI M(Mepy)2-
(Me2pz) 

Cu1ZlSOIM(MePy)2 

(az-a) 
Cu1IlSOIM(EtPy)2(Pz) 

3,5-dimethyl-
pyrazolate 

7-azaindolatc Cu'2ISOIM(Etpy)2(aza) 1.96, s 

Cu'2ISOIM(Etpy) 
(Mc2pz) 

8.46 8.02 6.23 

8.37. d 2.13, s* 6.21 

4.70, s 8.43, d 

3.82, t 3.29.t 8.42. d 7.87 6.47 

3.88, t 3.37, t 8.40. d 2.46, s* 6.17 

7.60 3.90,1 
/3.44. 
\3.20 8.39 

14 phenylmethyl 

15 2-phenylethyl 
16 2-phcnyiclhyl 

2-phenylethyl 

//-propyl 
isopropyl 

20 /('/-/-butyl 
21 /('/-/-butyl 

22 /e/7-butyl 

23 phenyl 
24 //-(dimethyl-

amino)-
phenyl 

25 /i-acctyl phenyl 

pyrazolate 
3,5-dimethyl-

pyrazolate 

7-azaindolate 

pyrazolate 
3,5-dimethyi-

pyrazolatc 

7-azaindolale 

pyrazolate 
pyrazolate 
pyrazolate 
3,5-dimcthyl-

pyrazolate 

7-azaindolate 

pyrazolate 
pyrazolate 

Cu'2ISOIM(MePh)2(pz) 2.10, s 6.72 7.54 4.26 
CuLoISOIM(McPh)2- 2.10, s '6.70 7.57 4.37 

(Mc2pz) 

CuLlSOIM(MePh)2 

(az-a) 
2.14,s 6.77 

(4.40. 
(4.32 

7.37 
7.38, 

3.45, t 
3.50, t 

Cu'jISOlM(EtPh)2(PZ) 1.96, s 6.51 
CuLISOlM(EtPh)2- 1.97, s 6.52, 

(Mc2pz) 

CuLlSOIM(EtPh)2(aza) 1.98, s 6.53, s 7.46. s 3.52, t I ^ 

CuLlSOIM(I-Pr)2(Pz) 2.09. s 6.70. s 7.57, s 3.15. t 1 
Cu'2ISOIM(2-Pr)2(pz) 2.1.0, s 6.70, s 7.70, s 2.90, m 1 
Cu'2lSOIM(/-Bu)2(pz) 2.13,s 6.85, s 7.91, s 
C U L I S O I M ( Z - B U ) 2 - 2.10, S 6.81, S 7.85, S 

(Me2pz) 

CuLlSOIM(/-Bu)2(aza) 2.14, s 6.85, s 7.98, s 

CuLlSOIM(Ph)2(Pz) 2.04, s 6.67 
CuLlSOIM(PhNMe2J2- 2.07 c 

(pz) 

3.07.1 
3.10.1 

7.52 
7.55 

2.97 
78, m 

1.20, d 
1.26,s 
1.28.s 

j l .34, s 
\ 1.23, s 

pyrazolate CuLlSOIM(PhCO-
Me)2(Pz) 

8.10 8.39 

8.00 
2.06. s* 

7.93, d 6.51 
2.61.** 6.17 

7.87,d 6.43,1 
7.87.d 6.45,1 
7.93, d 6.54, 1 
2.57, s* 6.10. s 

7.75. d 6.33 

8.13,d 8.36, d 

8.13, d 6.75, d 8.45. d 

0 All spectra were obtained in benzene-rf6 solution at 34 0C. The values listed are given in parts per million, <5, relative to Me4Si. The assignments 
for the resonances are given in Figure 2 and as follows: «i = protons from the methyl group on the aromatic ring arising from 2-hydroxy-5-
methylisophthalaldehyde; «2 = aromatic protons from the 2-hydroxy-5-methylisophthalaldehyde ring; az = the imine protons; /3i = methylene 
protons (or methine proton) adjacent to the imine nitrogen; fi2 = methylene (or methyl) protons two carbons away from the imine nitrogen; 
py 1 = the protons on the carbon adjacent to the pyridine nitrogen; pz2 = protons in the 2 and 4 positions on the pyrazole ring; PZ3 = proton 
in the 3 position on the pyrazole ring; aza2, azas, aza6 = the protons on the 2, 3, and 6 positions, respectively, on the 7-azaindole bridge, s = 
singlet, d = doublet, t = triplet, m = multiplet. If not listed in the table, the multiplicity could not be determined owing to broadness or overlapping 
of the peaks. * These peaks are assigned to the methyl groups attached to the pyrazole ring. c These peaks could not be discerned because of 
overlapping peaks and/or limited solubility. 

resulted in unusual structural and reactivity types for copper 
including four- and five-coordinate copper(I) species. 13~15 The 
binuclear complex 1 provided an opportunity for measuring 
intramolecular electron transfer rates between copper centers, 
but the reduction potentials observed for 1 (eq 1 and 2) are 
significantly more negative than those exhibited by the proteins 
(e.g., +0.36 V for tyrosinase).7-14 

Cu1 1Cu1 1L2 ++ e-
-0.52 V 

T 

-0.91 V 
i. 

Cu11Cu1L+ (D 

(2) 

Modification of the macrocyclic complex, 1, has yielded a se
ries of binuclear complexes 2, in which the R and X groups 

\ / 
N-N U 
\ / 
N-N 
// 

. / 

were varied systematically, resulting in wide range of reduction 
potentials. In this manner, utilizing only nitrogen and oxygen 
ligands, high reduction potentials comparable to that of protein 
binuclear sites have been achieved. The new binuclear cop-
per(I) complexes appear to be only three coordinate in solution 
but in some instances experience significant intermolecular 
copper(I)-copper(I) interactions in solid state. 

Synthesis and Characterization of Complexes 

Three copper(II) complexes, 3-5, were prepared by simple 
condensation of 2-hydroxy-5-methylisophthalaldehyde with 
primary amines followed by addition of copper(II), Scheme 
I. The new compounds are blue-green owing to weak absorp
tion in the 630-645-nm region (probably ligand field transi
tions) as listed in Scheme I for methanol solutions. Solid-state 
magnetic susceptibility measurements at 25 °C, also listed in 
Scheme I, suggest that the two copper(II) centers are anti-
ferromagnetically coupled. 

Analogous air-sensitive copper(I) complexes were prepared 
in a helium atmosphere in a fashion similar to the synthesis of 
the copper(II) species. The dialdehyde was condensed with 2 
equiv of a primary amine, RNH2 , then treated with a bridging 
bidentate ligand, XH, in the presence of base, followed by 
addition OfCu(CH3CN)4BF4 (Scheme II). The compounds 
synthesized, along with the abbreviations to be used, are listed 
in Table I. All of the compounds listed gave satisfactory C, H, 
and N analyses. Selected compounds were also analyzed for 
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400 500 600 
WAVELENGTH (nm) 

700 

Figure 1. Electronic absorption spectra: (A) Cu'2lSOIM(EtPh)2(pz) (15) 
in the solid state; (B) Cu^ISOlM(EtPrI)2(Pz) (15) in a hexane solution; 
(C) Cu'2lSOIM(/-Bu)2(pz) (20) in the solid state. 

Scheme I. Preparation of Binuclear Cu11Cu11 Complexes0 

+ 2RNH2 
2) 2Cu (BF4I2- 6H2O 

Cu Cu V \ / V 

X(e) M e f f / C u 

3 

4 

5 

- C H 2 ^ l 

-ZHzCHz-(\ 
N=/ 

1— NH 

- C H 2 C H 2 - C N ^ 

630(160) 

645(120) 

630(100) 

1.4 

1.2 

0.96 

"Spectra were recorded in methanol solution at 25 0C. Magnetic 
susceptibilities are given in Bohr magnetons, measured at 25 0C, and 
corrected for diamagnetism but not for TIP. 

copper, giving the expected values. The infrared spectra of all 
compounds showed the absence of aldehydic carbonyl and 
amine N - H stretches, consistent with complete imine con
densation. The multitude of peaks in the region 700-1640 cm - 1 

made absolute assignments difficult. 
Mass spectra were obtained for compounds 16,19, 20, 21, 

and 22, each of which exhibits parent ion peaks in agreement 
with the formulation given above. The presence of two coppers 
in these compounds is indicated by three parent peaks due to 
the presence of both 63Cu and 65Cu. The relative intensities of 
these three peaks, averaged over all the compounds analyzed, 
were 1:0.90:0.24 for 63Cu2L:63Cu65CuL:65Cu2L (theoretical 
ratio is 1:0.89:0.20). 

The electronic absorption spectrum of Cu'2ISOIM-
(EtPh)2(pz) (15), shown in Figure 1 (curve B), is typical of the 
solution spectrum of all the binuclear copper(I) complexes 
examined. Spectra obtained in the solid state (Nujol mulls) 
varied. The solid-state spectrum of Cu'2ISOIM(EtPh)2(pz) 
(15), shown in Figure 1 (curve A), is typical of that for most 
compounds examined. Note that the absorption present in 
solution at 444 nm (e 8600) shifts to lower energies, ca. 464 nm, 
in the solid state. In addition a new absorption was found in the 
solid-state spectrum at ca. 600 nm. The 600-nm absorption was 
not found in solution even in spectra of concentrated THF 

TMS 

6 4 

CHEMICAL SHIFT (ppm,S) 

Figure 2. NMR spectrum of Cu'2ISOIM(l-Pr)2(pz) (18) in benzene-rf6 

at 34 0C. 

Scheme II 

2RNH2 

I C H 3 C N , A 

2) XH, 2NaOCH3 

3) 2Cu(CH3CN)4 BF4 

solutions, in which these compounds are considerably sol
uble. 

Not all species examined exhibit the solid-state spectrum 
described above. Compounds 19-22 exhibit solid-state spectra 
as shown for Cu'2ISOIM(/-Bu)2(pz) (20) in Figure 1 (curve 
C), which can be compared to the solution spectra of all com
plexes. Under no conditions have compounds 19-22 shown 
notable absorption in the 600-nm region. 

All cuprous compounds were shown to be diamagnetic by 
the presence of very sharp NMR resonances (see Figure 2). 
Table I lists the peaks observed for each complex. The as
signments given were made by cross comparisons of all the 
spectra. In each case, the identity of the organic entity is con
firmed. Integration values were in agreement with the proposed 
structures. 

Solution Reactivity. All compounds presented here are un-
reactive toward carbon monoxide. This was shown definitively 
for CO-saturated solutions (CH2Cl2) of Cu'2ISOIM(Et-
pyMpz) (9) and Cu1ZlSOIM(I-Pr)2(Pz) (18) both of which 
show infrared absorptions in the region 1500-1650 cm - 1 , 
characteristic of the original complex, 9 or 18, but neither 
shows any bands in the region 1700-2200 c m - ' which would 
be attributable to a carbonyl complex. Also, evaporation of 
THF solutions of these compounds with a stream of CO gave 
the original compounds, as identified by IR spectra. 

All copper(I) compounds react with oxygen at the ambient 
temperature to form green or brown products from orange 
DMF solutions. This reaction could not be reversed by subse
quent bubbling of argon through the solutions. The air sensi
tivity of these complexes prevented reliable solution molecular 
weight measurements. 

Electrochemistry. All electrochemical results presented here 
were obtained in DMF solutions at a platinum indicating 
electrode. Ferrocene was used as an internal standard and all 
potentials have been converted to vs. NHE using £ f = +0.40 
mV vs. NHE for ferrocene.16 The cyclic voltammograms for 
the Cu(II) compounds, 3-5, were irreversible as shown in 
Figure 3 for Cu" 2 ISOIM(Mepy) 2 (OH) 2 + (3). Addition of 1 
equiv of pyrazole to the same solution, however, gave the 
quasi-reversible electrochemistry also shown in Figure 3 . ' 7 
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Figure 3. Cyclic voltammograms of DMF solutions: Cu1^ISOIM-
(Mepy)2(OH)2+ (3, ); Culr

2ISOIM(Mepy)2(OH)2+ (3, containing 
1 equiv of pyrazole, — ) . Both voltammograms were observed with a 
platinum electrode, using 0.1 M TBAP as the electrolyte at a scan rate of 
200 mV/s. 

Similar results were observed for Cu1^ISOIM(EtPy)2(OH)2+ 

(4). In contrast CuM2lSOIM(hist)2(OH)2 + (5) gave very ir
reversible electrochemistry even with added pyrazole. 

Constant-potential electrolysis (CPE) of 3 plus an equivalent 
amount of pyrazole at —0.35 and —0.70 V indicated that each 
wave corresponded to a one-electron process. No attempt was 
made to isolate a mixed valence species, but the binuclear cu
prous complex, Cu'2lSOIM(Mepy)2(pz) (6), was synthesized 
by CPE of an acetonitrile solution containing Cu1^ISOIM-
(Mepy)2(OH)2+ (3) and an equivalent amount of pyrazole at 
-0 .70 V (n = 2.0). 

The cyclic voltammogram for Cu'2ISOI]V[(Mepy)2(pz) (6) 
was, of course, identical with that shown in Figure 3 for 3 plus 
1 equiv of pyrazole. All binuclear copper(I) compounds pre
sented in Table 11 exhibited cyclic voltammetry similar to the 
solid line in Figure 3; however, large peak separations (Ep.t — 
Ep1. = 100-150 mV at 50 mV/s) were observed for many 
compounds at a platinum electrode.18 Cyclic voltammetry at 
a hanging mercury drop electrode (HMDE) gave smaller peak 
separations (70-90 mV) for most compounds, and the formal 
potentials (Ef) were identical with those observed using a 
platinum electrode. The potentials recorded in Table II were 
determined at a platinum electrode because this electrode al
lowed direct comparison with the internal standard, ferrocene, 
on the same scan. It was found that the potentials could be read 
more accurately using differential pulse voltammetry and this 
technique was employed to obtain the values presented in Table 
II. In all cases, the formal potentials were within 10 mV of the 
potentials observed by cyclic voltammetry. All compounds 
containing the 7-azaindole anion as the bridge exhibited irre
versible electrochemistry, often showing two anodic waves but 
only ill-defined cathodic waves, and hence the electrochemistry 
of these species is not included here. 

Constant-potential electrolysis at a potential 200 mV more 
positive than the second oxidation peak was performed on 
compounds 6, 9,10,19, and 20, as typical Cu(I) species, and 
each gave a two-electron oxidation (n = 2.0 ± 0 . 1 ) . 

The average separation of the two formal potentials (E\! — 
£2

f) is 194 ± 40 mV for all new compounds listed in Table II. 
From this value for E\! — E2

!, the average comproportionation 
constant, K, is calculated to be 1.9 X 103 for the equilib
rium 

Cu1Cu1L + C u I I C u I I L 2 + ^ 2 C u l l C u ' L + (3) 

Table II. Reduction Potentials for Binuclear Copper Complexes0 

Cu11Cu11L2+ + 6 - ^ C u 1 1 C u 1 L + 

Cu11Cu1L2+ + e" ^ C u 1 C u 1 L 

no. 

1 
6 
7 
9 

10 
12 
13 
15 
16 
18 
19 
20 
21 
23 
24 
25 

compd 

CuS( ISOIM) 2 (P r ) 2
2 + 

Cu^ISOIM(MePy)2(Pz) 
Cu^ISOIM(MePy)2(Me2Pz) 
Cu'2ISOIM(Etpy)2(pz) 
Cu^ISOIM(EtPy)2(Me2Pz) 
C^2ISOIM(MePh)2(Pz) 
Cu !

2 lSOIM(MePh)2(Me,pz) 
Cu^ISOIM(EtPh)2(Pz) 
Cu1^SOlM(EtPh)2(Me2Pz) 
Cu1ZlSOIM(I-Pr)2(Pz) 
CuMSOIM(I-Pr)2(Pz) 
Cu'2ISOIM(r-Bu)2(pz) 
Cu'2ISOIM(;-Bu)2(Me2pz) 
Cu^ISOIM(Ph)2(Pz) 
Cu1

2ISOIM(PhNMe2)2(pz) 
C^2ISOIM(PhCOMe)2(Pz) 

£ , f * 

-0.52 r f 

-0.211 
-0 .190 
-0.110 
-0 .113 

0.146 
0.206 
0.128 
0.205 
0.146 
0.193 
0.240 
0.239 
0.144 
0.146 
0.152 

E2' * 

- 0 . 9 lrf 

-0.452 
-0.374 
-0.344 
-0.267 
-0.081 

0.005 
-0.078 

0.009 
-0.076 

0.001 
0.053 
0.080 

-0.032 
-0.048 

0.008 

nc 

2.0 

2.0 
2.0 

1.9 
2.0 

" These values were measured by differential pulse voltammetry 
in DMF using a platinum indicating electrode. * Potentials are given 
in volts vs. NHE. Potentials were measured vs. ferrocene as an internal 
redox couple, then corrected to vs. NHE using a value of 0.40 V for 
ferrocene vs. NHE. c These values for n were determined by con
stant-potential electrolysis at a potential 200 mV more positive than 
£i f . Values are given for all complexes actually examined by CPE. 
'' Reference 13. 

Table III. Basic Crystal Data for Cu1ZlSOlM(EtPy)2(Pz) (9) 

C26H26Cu2N6O 
25O2.3(10)A3 mol wt = 565.6 

space group P2\lc (no. 14) 
a = 20.980 (4) A 
b = 4.929(I)A 
c = 24.773 (6) A 
/3= 102.38(2)° 

V--
Z = 4 
Pcaicd = 1.50 gem - 3 

fi = 23.8 cm-' 
X(CuKa) = 1.5418 A 

where L represents the entire ligand system.14 Note that all 
complexes containing a 3,5-dimethylpyrazolate bridge have 

smaller formal potential separations (E\{ — £ 2
f) and corre

spondingly smaller comproportionation constants than their 
pyrazolate bridged analogues. 

Addition of excess pyridine (up to 100-fold excess) to the 
electrochemical solutions of 6,12, and 13 did not cause a sig
nificant shift (<10 mV) in the potentials, but merely broad
ened the peaks. Cyclic voltammetry of 6, 7, 9, and 10 in other 
solvents such as CH 2 Ch, CH 3 CN, and THF gave similar be
havior to that observed in DMF, while the electrochemistry 
for all other compounds was irreversible in these alternative 
solvents. 

Crystallographic Analysis 

The crystal and molecular structure of Cu'2ISOIM(Et-
py)2(pz) (9) was determined. Basic crystal data are summa
rized in Table III. Tables IV-VII present the atomic param
eters and interatomic distances and angles. The atom labeling 
scheme is illustrated in Figure 4. 

The bonds to the copper atoms are shown in Figure 4. Each 
copper is bound to three ligand atoms in what is almost a tee 
geometry, the largest angles being 167.6 ( N l - C u l - N 3 ) and 
170.7° (N2-Cu2-N4) . The intramolecular copper-copper 
distance, 3.304 A, is sufficiently long that any direct interaction 
is unlikely. 

There still remains, however, the possibility of direct in-
termolecular interaction between copper atoms. The molecules 
form an infinite stack in the direction of the b axis, a section 
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Table IV. Atomic Parameters and esd's for Cu^lSOIMCEtpyhCpz) (9) 

t'23 

CuI 
Cu2 
Ol 
Nl 
N2 
N3 
N4 
\ 5 
N 6 
C l 
C2 
C 3 
C4 
C 5 
C6 
C7 
CS 
C 9 
ClO 
CM 
C12 
C I 3 
C 14 
C I 5 
C I 6 
C17 
C18 
C19 
C 20 
C21 
C22 
C23 
C24 
C25 
C 26 

23 7 1 7 ( 3 ) 
18 8 4 0 ( 3 ) 

2 6 2 4 ( 1 ) 
3 1 7 6 ( 2 ) 
2229 ( 2 ) 
1614(2) 
1412(2) 
4 0 9 0 ( 2 ) 
1383(2) 
3 1 6 1 ( 2 ) 
3 6 6 7 ( 2 ) 
3 6 3 3 ( 2 ) 
4231 (2) 
4 3 2 6 ( 2 ) 
4 9 4 2 ( 3 ) 
3833 (2) 
3249 (2 ) 
2784 (2 ) 

8 6 8 ( 2 ) 
719(3) 

1187(3) 
3289(3) 
3398(3) 
3480(2) 
2955(3) 
3054(3) 
3670(4) 
4166(3) 
1866(2) 
1377(3) 
1030(2) 
3 9 2 ( 3 ) 

9 8 ( 3 ) 
443 (4) 

1070(4) 

24 543(14) 

70218(13) 

99 60 (6) 

14 363 (7) 

5481 (7) 

10 565 (8) 

8318 (7) 

18 214 (9) 

1473(10) 

10 007 (8) 

11901 (8) 

13 920 (9) 

11 854 (9) 

10 099(10) 

10 164(16) 

8315(10) 

8178 (8) 
6107 (9) 

7395(12) 

8962(12) 

10881 (11) 

16 574 (9) 

15 393 (11) 

17556(10) 

18762(13) 

20 797(13) 

21 466(12) 

20 198(13) 
3367 (9) 

4646 (11) 

2604(10) 

2021(13) 
119(17) 

-1058(15) 

-366(14) 

37 118(3) 

42 920(3) 

4407(1) 

3905(1) 

4994(1) 

3366 (2) 

3610(1) 

2575(2) 

6244(2) 

4783 (2) 

4760 (2) 

4330(2) 

5181(2) 

5624(2) 

6072(3) 

5645(2) 

5237(2) 

5313(2) 

3265(2) 

2806 (2) 

2876(2) 

3531 (2) 

2997(2) 

2591(2) 

2257(2) 

1894(2) 

1877(2) 

2217(3) 

5219(2) 

5507(3) 

5789(2) 

5593(2) 
5871(3) 

6319(3) 

6499(3) 

535 (4) 

492 (4) 

51(2) 

56(2) 

51 (2) 
57(2) 

51 (2) 
89(3) 

94(3) 

48(2) 

47(2) 

54(3) 

45(2) 

45(2) 

55 (3) 

54(3) 

45 (2) 

57 (3) 

58(3) 

61(3) 

76(3) 

73(3) 

124(5) 

86(3) 

83(4) 

114(5) 

148(6) 

92(4) 

56(3) 

71(3) 
60(3) 

63(3) 

77(4) 

136(6) 

145(6) 

554(4) 

575 (4) 

46(2) 

45(2) 

41(2) 

58(3) 

55 (3) 

79(3) 

90(4) 

41 (3) 
44(3) 

46(3) 

54(3) 

65(3) 

113(5) 

61 (3) 
47(3) 

54(3) 

74(4) 

90(4) 

67(4) 

44(3) 

56(3) 

55(3) 
85(4) 

87(4) 

72(4) 

85(4) 

50(3) 

63(3) 

62(3) 

106(5) 

147(7) 

114(6) 

94(5) 

607 (4) 

585 (4) 

51 (2) 
50(2) 

58(2) 

63(3) 

62(2) 

64(3) 

83(3) 

49(3) 

50 (2) 

57 (3) 

65(3) 

54(3) 

78(4) 

48(3) 

46(2) 

49(3) 

74(3) 

66(3) 

67(3) 

57(3) 

76(4) 

51(3) 
72(4) 

53(3) 

60(3) 
80(4) 

62(3) 

99(4) 

75(3) 

87(4) 

131(6) 

119(6) 

77(4) 

-53(4) 

-82(4) 

-8(2) 

-7(2) 

-4(2) 

-3(2) 

-3(2) 

-4(3) 

-7(3) 

-I (2) 
-4(2) 

-9(2) 

-4(2) 

-1(2) 
-5(3) 

1 (2) 
-5(2) 

3(2) 

-13(3) 

1 (3) 
2(3) 

-8(2) 

-9(3) 

-9(3) 

-11 (3) 
16(4) 

-7(4) 

-20(4) 

-9(2) 

6(3) 

-7(3) 

-4(4) 

-45(5) 

-39(5) 

0(5) 

112(3) 

117(3) 

8(1) 

18(2) 

23(2) 

4(2) 

7(2) 
27(2) 

31(3) 
14(2) 

16(2) 

22(2) 

16(2) 

10(2) 

-2(3) 

15(2) 

13(2) 

20(2) 

5(3) 

-7 (3) 
0(3) 

22(2) 

47(3) 

23(3) 

22(3) 

2(3) 
43(4) 

37(3) 

22(2) 

45(3) 

35(3) 

27(3) 

46(4) 

85(5) 

44(4) 

54(4) 

26(4) 

6(2) 

2(2) 

3(2) 
9(2) 

1 (2) 
-5(3) 

5(3) 

-6(2) 
-3(2) 

-10(2) 

-6(3) 

-7(3) 

4(4) 

1 (2) 
-3(2) 

5(2) 

-4(3) 

-6(3) 

6(3) 

0(2) 

2(3) 

-6(3) 

-14(3) 

-5(3) 

0(3) 

-8(4) 

4(2) 

7(3) 
-5(3) 

0(4) 

-36(6) 

-11 (5) 
14(4) 

B, A2 B,k2 

113 
H4 
H 6 

H6 
H 6 

H7 
H 9 

HIO 
HI 1 

H 12 

HI3 
H 13' 

H14 

401 (2) 

451 (2) 

502(2) 

529(2) 

495 (2) 

385(2) 

291 (2) 
69(2) 

38(2) 

125(2) 

362(2) 

288(2) 

298 (2) 

1530 (8) 

1324 (8) 

1180(10) 

1008(11) 

864(10) 

693 (8) 

506 (8) 

577 (9) 

879 (9) 

1252 (9) 

1758 (8) 

1786 (8) 

1442(10) 

438(2) 

517(2) 

623 (2) 

595(2) 

628(2) 

592(2) 

565(2) 

338 (2) 

253 (2) 

268 (2) 

371 (2) 
346(2) 

283(2) 

5.00 

5.10 
8.00 

8.00 

8.00 

5.00 

5.10 

6.10 

6.60 

6.70 

5.40 

5.40 

7.20 

H14' 
H16 
H17 
H18 
H19 
H 20 

H 20' 

H2I 
H2I' 

H23 
H24 
H25 
H26 

378(2) 

256(2) 

268 (2) 

376(2) 
460(2) 

215(2) 

164(2) 

108(2) 

156(2) 

15(2) 

-36(2) 

25(2) 

135(2) 

1416(10 

1839 (9 

2170 (9 

2302 (9 
2057 (9 

213 (8 

216 (8 

554 (9 
587 (9 

295 (9 

-46(10 

-242(10 

-113(10 

310(2) 

228 (2) 

166(2) 

166(2) 

224(2) 

548 (2) 

493 (2) 

522(2) 

577(2) 

527(2) 

573(2) 

652(2) 

682(2) 

7.20 

7.00 

7.70 

7.30 

7.40 

5.30 

5.30 

6.30 

6.30 

7.00 

9.10 

8.50 

9.10 

" Fractional coordinates have been multiplied by factors of 105 for the copper atoms, 104 for the remaining nonhydrogen atoms, and 103 

for the hydrogen atoms. U,j has been multiplied by 104 for the copper atoms and 103 for the remaining nonhydrogen atoms. * The form of the 
thermal ellipsoid is exp[-2ir2(U]\h2a*2 + • • • + 2U2iklb*c*)] for the anisotropic thermal parameters. 

of which is shown in Figure 5. Although the separation between 
molecules in the direction of the b axis is 4.929 A (just the 
length of the b axis), the molecule is far from perpendicular 
to this axis, the angle between the axis and the mean molecular 
plane being 41°. Thus, "overlapping" portions of neighboring 
molecules come rather close to one another. The average dis
tance of atoms O l , C l , C8, C9, and N2 from the mean plane 
of atoms N1, C3, C2, C1, and 01 in the neighboring molecule 
just below is 3.20 A. This is somewhat shorter than the sepa
ration usually observed between stacked 7r-delocalized mole
cules.19 The intermolecular copper-copper distance is shorter 
yet, at 2.968 A. 

A least-squares plane calculation including the atoms of the 
benzene ring, the methyl carbon, and the phenolic oxygen 
shows these atoms to be coplanar, with no deviation from the 
mean plane exceeding 0.009 A. The deviations of the copper 
atoms from this plane are 0.04 A for CuI and 0.29 A for Cu2. 
In each case the direction of the out-of-plane separation is that 
which reduces the intermolecular copper-copper distance. 
Each of the two C = N groups is also twisted slightly out of 
plane in the direction of the copper atom to which it is bound 
(deviations: 0.04 A for C3, 0.05 A for N l , 0.04 A for C9, and 
0 .10AforN2) . 

Figure 4. ORTEPdrawing of Cu ÎSOIMCEtpyhCpz) (9), including atomic 
labeling scheme. Each hydrogen is given the same number as the carbon 
to which it is bound. 

The atoms of the pyrazolate group are coplanar with no 
deviation from the mean plane exceeding 0.006 A. The benzene 
and pyrazole rings are not quite coplanar, the dihedral angle 
being 170(3)°. 

There is also a slight deviation of each copper atom from the 
plane defined by the three atoms to which it is bound. These 
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Figure 5. Crystal packing of Cu^ISOINUEtpyhCpz) (9) showing a section 
of an infinite stack of molecules which forms in the solid state. The three 
molecules are corresponding ones from three different unit cells, translated 
along the b axis (which lies in the vertical direction in the orientation of 
this figure). AU copper atoms lie in the same plane, parallel to the page. 
The pyrazolate groups are directed out of the page, toward the reader. The 
shortest copper-copper distance, 2.97 A, occurs between atoms in neigh
boring molecules, connected by dashed lines in the figure. The two dotted 
lines correspond to two different intermolecular Cu-H distances, 2.64 
(CuI-H13') and 3.09 A (Cu2-H20'). 

deviations are 0.14 A for CuI and 0.06 A for Cu2. Again, in 
each case the direction of the out-of-plane separation is that 
which reduces the intermolecular copper-copper distance. 

It should be noted that a possible attraction for another 
copper atom is not the only factor favoring this direction for 
the out-of-plane separation. As shown in Figure 5, there is a 
hydrogen atom on the opposite side of each copper atom, and 
in the case of Cu 1 this hydrogen is at a distance of 2.64 A. (This 
is also the copper that is farther out of its donor-atom plane.) 
Thus, at least for CuI, copper-hydrogen steric interactions 
may influence the out-of-plane displacement of the copper 
ion. 

A final point which should be noted concerning the coordi
nation about copper is that the copper-nitrogen bonds are 
shorter than most which have been reported for Cu(I) com
plexes with nitrogen donor ligands.22 The average lengths are 
1.88 A for the copper-pyrazole nitrogen bonds and 1.90 A for 
the copper-imine nitrogen bonds. The copper-oxygen distances 
are substantially longer than this, averaging 2.09 A. Also, as 
stated previously, the N-Cu-N bond angles approach 180° 
(167.6 and 110.1°). These factors may suggest some degree 
of two-coordinate character, which may be related to the un
usual chemical behavior of the compound (e.g., unreactivity 
toward CO). 

Discussion 
The rather negative reduction potentials observed for 

complex 1 (eq 1 and 2) likely result from a square-planar ar
rangement of "hard" oxygen and nitrogen ligands.25 The 
complexes reported here were designed to stabilize copper(I) 
in an attempt to better model binuclear copper protein sites. 
For example, the condensation of 2-hydroxy-5-methyliso-
phthalaldehyde with 2-aminomethylpyridine resulted in the 
binucleating ligand in 3, which is more flexible than the ligand 
system in 1 and also presents relatively soft pyridines for 

Table V. Bond Distances (A) for Cu^ISOlM(EtPy)2(Pz) (9) 

CuI -Ol 
C u I - N l 
C u l - N 3 
Cu2-01 
Cu2-N2 
Cu2-N4 
O l - C l 
N1-C3 
N l - C 1 3 
N2-C9 
N2-C20 
N3-N4 
N3-C12 
N4-C10 
N5-C15 
N5-C19 
N6-C22 
N6-C26 
C1-C2 
Cl-C'8 
C2-C3 
C2-C4 
C4-C5 
C5-C6 
C5-C7 
C7-C8 
C8-C9 
ClO-CI l 
C11-C12 
C13-C14 
C14-C15 
C15-C16 

2.089 (2) 
1.901 (3) 
1.882(3) 
2.097 (2) 
1.894(3) 
1.878(3) 
1.300(4) 
1.281 (5) 
1.482(5) 
1.296(5) 
1.469(5) 
1.372(5) 
1.355(6) 
1.349(6) 
1.330(6) 
1.353(7) 
1.331 (6) 
1.354(8) 
1.424(5) 
1.421 (5) 
1.449(5) 
1.399(5) 
1.378(6) 
1.513(7) 
1.366(6) 
1.413(5) 
1.453(6) 
1.355(7) 
1.348(7) 
1.507(7) 
1.501 (7) 
1.363(7) 

C16-C17 
C 17-Cl 8 
C18-C19 
C20-C21 
C21-C22 
C22-C23 
C23-C24 
C24-C25 
C25-C26 
C3-H3 
C4-H4 
C6-H6 
C6-H6 ' 
C6-H6" 
C7-H7 
C9-H9 
C10-H10 
C I l - H M 
C12-H12 
C13-H13 
C13-H13 ' 
C14-H14 
C14-H14 
C16-H16 
C I 7 - H I 7 
C18-H18 
C19-H19 
C20-H20 
C20-H20' 
C21-H21 
C21-H21 ' 
C23-H23 
C24-H24 
C25-H25 
C26-H26 

1.391 (8) 
1.344(8) 
1.345 (9) 
1.508(7) 
1.499(7) 
1.354(7) 
1.385(9) 
1.322(11) 
1.339(10) 
1.03(4) 
0.90 (4) 
0.90 (5) 
0.85(5) 
0.90(5) 
0.96 (4) 
0.96 (4) 
0.95 (4) 
0.88 (4) 
0.96 (4) 
0.89(4) 
1.05(4) 
1.01 (5) 
0.99 (5) 
0.87 (4) 
0.98 (5) 
0.98 (4) 
0.91 (5) 
0.99 (4) 
0.97 (4) 
0.95 (4) 
0.90(4) 
0.97 (4) 
0.99(5) 
0.97(5) 
0.96(5) 

coordination. Two additional binucleating ligands, providing 
even greater flexibility, were obtained using 2-(2'-ami-
noethyl)pyridine and histamine, and these ligands reacted 
readily with copper(II) salts to yield the binuclear copper(II) 
complexes 4 and 5. Complexes similar to 4 and 5 were reported 
during the course of the present study.26 

In all three copper(II) complexes, both copper atoms are 
presumably bound to an aromatic nitrogen. This has been 
demonstrated by an X-ray structure determination of Cu1'2-
ISOIM(hist)2(OH)2+ (5).27 Each copper(II) is actually five 
coordinate with one of the copper atoms bound to the oxygen 
of a water molecule and the other copper bound to the oxygen 
of the hydroxy bridge of an adjacent molecule. 

The electrochemistry of these nonmacrocyclic complexes, 
3-5, is irreversible as shown in Figure 3 for Cu1^ISOIM-
(Mepy)2(OH)2+ (3). This may be a result of the relatively 
labile hydroxy bridge, which is a poor ligand for copper(I). The 
introduction of pyrazole did produce reversible electrochemical 
behavior, also shown in Figure 3, leading to the isolation of a 
stable binuclear copper(I) complex, Cu'2lSOIM(Mepy)2(pz) 
(6), by constant-potential electrolysis (n = 2).'7 The reduction 
potentials observed for Cu'2ISOIM(Mepy)2(pz) (6) (E ]f = 
—0.21, E^ = —0.45 V) were appreciably more positive than 
those observed for the macrocyclic complex, 1, indicating that 
the binucleating ligand in 6 does indeed provide a better en
vironment for copper(I) relative to copper(II). 

The copper(l) compound Cu^ISOIMtMepy^pz) (6) was 
also synthesized directly from cuprous starting materials. 
Similar reactions with 2-aminomethylpyridine or 2-(2'-ami-
noethyl)pyridine as side arms and with pyrazole, 3,5-di-
methylpyrazole, or 7-azaindole as bridging ligands gave 
complexes 7-11. The coordination environment around each 
copper(I) of these complexes was expected to be a tetrahedral 
arrangement of one oxygen and three nitrogen ligands. The 
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Table VI. Bond Angles (deg) for Cu'2lSOIM(Etpy)2(pz) (9) 

O l - C u l - N l 
0 1 - C u l - N 3 
N ! - C u l - N 3 
0 1 - C u 2 - N 2 
0 1 - C u 2 - N 4 
N2-Cu2-N4 
CuI 0 1 - C u 2 
C u I - O l - C l 
C u 2 - 0 1 - C l 
C u l - N l - C 3 
C u l - N l - C 1 3 
C3-N1-C13 
Cu2-N2-C9 
Cu2-N2-C20 
C9-N2-C20 
C u l - N 3 - N 4 
C u l - N 3 - C 1 2 
N4-N3-C12 
Cu2-N4-N3 
Cu2-N4-C10 
N3-N4-C10 
C15-N5-C19 
C22-N6-C26 
0 1 - C 1 - C 2 
0 1 - C 1 - C 8 
C2-C1-C8 
C1-C2-C3 
C1-C2-C4 
C3-C2-C4 
N1-C3-C2 
C2-C4-C5 

91.7(1) 
97.1 (1) 

167.6(2) 
91.5(1) 
96.8(1) 

170.7(2) 
104.2(1) 
127.5(3) 
127.7(3) 
126.1 (3) 
117.3(3) 
116.6(4) 
125.5(3) 
120.4(3) 
114.1 (4) 
120.6(3) 
133.1 (3) 
106.3(4) 
121.2(3) 
131.8(3) 
107.0(4) 
116.4(4) 
115.9(5) 
121.5(4) 
120.2(4) 
118.4(4) 
124.0(4) 
118.6(4) 
117.4(4) 
129.2(4) 
124.0(4) 

C4-C5-C6 
C4-C5-C7 
C6-C5-C7 
C5-C7-C8 
C1-C8-C7 
C1-C8-C9 
C7-C8-C9 
N2-C9-C8 
N4-C10-C11 
C10-C11-C12 
N3-C12-C11 
N1-C13-C14 
C13-CI4-C15 
N5-C15-C14 
N5-C15-C16 
C14-C15-C16 
C15-C16-C17 
C16-C17-C18 
C17-C18-C19 
N5-C19-C18 
N2-C20-C21 
C20-C21-C22 
N6-C22-C21 
N6-C22-C23 
C21-C22-C23 
C22-C23-C24 
C23-C24-C25 
C24-C25-C26 
N6-C26-C25 

121.8(4) 
116.9(4) 
121.3(4) 
123.4(4) 
118.8(4) 
124.8(4) 
116.4(4) 
129.0(4) 
110.6(5) 
105.2(5) 
111.0(5) 
109.8(4) 
112.1 (5) 
116.2(4) 
122.2(5) 
121.5(5) 
119.6(5) 
118.4(6) 
119.1 (6) 
124.3(6) 
110.1 (4) 
112.8(4) 
116.0(4) 
123.0(5) 
121.1 (5) 
118.4(6) 
119.5(7) 
119.3(7) 
123.8(7) 

crystallographic results presented herein for Cu'2ISOIM-
(Etpy)2(pz) (9) did not yield the expected structure. The 
side-arm pyridine nitrogen atoms are not coordinated. The 
overall coordination about copper approximates trigonal py
ramidal, with a long, axial, copper-copper interaction with 
Cu(I)-Cu(I) = 2.97 A. Copper(I)-copper(I) interactions with 
metal separations as short as 2.45 A are known but in all pre
viously characterized species having proposed Cu(I)-Cu(I) 
interactions there is at least one bridging ligand between the 
two interacting copper atoms.28 It is reasonable to assume that 
the structures of the analogous species, 6-11, are similar to this 
structure found for CU1IlSOIlVl(EtPy)2(Pz) (9). 

The structure of Cu'2ISOIM(Etpy)2(pz) (9) suggested the 
synthesis of a series of compounds which had no donor atoms 
on the side arms (R), i.e., complexes 12-25, Table I. These 
compounds also proved to be crystalline compounds, stable in 
the absence of dioxygen. Since the polydentate ligand systems 
employed provide only three coordination for each copper, 
these compounds are presumed to be three coordinate in so
lution. 

All compounds which have nonbulky side arms are brown 
in the solid state, this color being due, in part, to a 600-nm band 
observed in the solid state Nujol mull spectrum (curve A in 
Figure 1). This band is not present in the spectrum of the 
complex with r<?r?-butyl side arms, Cu'2ISOIM(/-Bu)2(pz) 
(20), which is red in the solid state as well as in solution (curve 
C in Figure 1). This 600-nm band may be attributed to the 
intermolecular copper-copper interaction which may be in
hibited by the presence of large ferf-butyl side arms. This 
copper-copper interaction appears to be only a solid-state 
phenomenon, since the 600-nm band was not found in solution 
spectra, even in very concentrated solutions. 

This novel dimerization of d10 copper(I) centers may be 
closely related to the dimerization observed for rhodium(I), 
d8, isocyanide complexes.29 The intermolecular bonding of 
Rh(CNPh)4+ monomers results from the mixing of higher 
energy orbitals with the lower energy (filled) d orbitals, re-
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Table VII. Nonbonding Distances and Associated Angles for 
Cu1SlSOIM(EtPy)2(Pz)(Q) 

Cul-Cu2 3.3036(4) Cul-Cu2fl 2.9685(4) 
CuI-H13'* 2.64(4) Cu2-H20'a 3.09(4) 
01-Cul-Cu2a 95.7(1) 01-Cu2-Cul6 105.5(1) 
Nl-Cul-Cu2" 83.2(1) N2-Cu2-Cul* 92.1(1) 
N3-Cul-Cu2a 104.5(1) N4-Cu2-Culf' 89.6(1) 

" Translated by one unit cell in positive^ direction. * Translated 
by one unit cell in negatives direction. 

suiting in overall stabilization. These bonding interactions give 
rise to an electronic absorption, at lower energy than the 
original monomer transition. Similarly, the 600-nm absorption 
observed in the solid state for Cu'2ISOIM(EtPh)2(pz) (15) 
is lower in energy, compared to the 440-nm absorption ob
served for the same compound in solution (Figure 1). Note that 
in the solid state the higher energy band is at 460 nm. This shift 
from solution to solid state and the asymmetric nature of the 
440-nm solution band suggest that this solution absorption is 
due to several transitions, one of which may be shifted to lower 
energy (600 nm) upon interaction with another copper(I). 
Complexes with apparent copper(I)-copper(I) interactions 
have not been reported to exhibit notable electronic absorption 
spectra. Exact assignments of the electronic absorption spectral 
bands in the copper(I) complexes reported herein await further 
study. 

The solution structure of Cu'2ISOIM(Etpy)2(pz) (9) ap
pears to be similar to that found in the solid state with the ab
sence of the intermolecular Cu-Cu interaction. The pyridine 
nitrogens do not appear to be bound in benzene solution, since 
the NNfR resonance for the proton on the carbon adjacent to 
the pyridine nitrogen (pyi, Table I) of Cu'2ISOIM(Etpy)2(pz) 
(9) occurs at the same position, within experimental error, as 
the corresponding proton from 2-(2'-aminoethyl)pyridine (i.e., 
0 8.44 ± 0.02 ppm from Me4Si). In fact, all compounds which 
contain pyridine on the side arms exhibit this resonance at the 
same position within experimental error (i.e., 8 8.42 ± 0.04 
ppm from Me4Si). The resonance of this proton would be ex
pected to shift downfield upon binding to a copper(I) ion. This 
effect has been observed for the proton in the 2 position of an 
imidazole ring, which shifts by 0.4-0.7 ppm downfield upon 
binding copper(I) to the imidazole ring.30 Sharp resonances 
were observed for the pyrazole protons of these compounds (for 
instance, the doublet at 7.87 ppm and the triplet at 6.43 ppm 
in Figure 2). This indicates that there is no equilibrium between 
bound and unbound pyrazole, and hence the pyrazolate bridge 
must be totally bound to the copper(I) ions or totally disso
ciated in benzene solutions (unlikely, at best). The 7-azain-
dolate bridge also appears to be completely bound to the copper 
ions in benzene solutions, since the resonances for the /32 ali
phatic hydrogens (on the side arms) are split by the unsym-
metric bridge (for instance, compound 22 in Table I). Also, the 
resonance found for the 7-azaindolate protons are very sharp 
peaks, indicating that no dissociation equilibrium is occur
ring. 

The new copper(I) compounds serve as an interesting series 
for electrochemical comparisons. Several trends can be ob
served in Table II. In the following discussion, the formal po
tentials for the second reduction (£2

f), eq 4, will be used since 
these processes were more reversible and slightly more sys
tematic than the E \f potentials. The general trends, however, 
are the same with both processes. 

Cu1 1Cu1L+-He-^Cu1Cu1L (4) 

The first point of interest is the effect of the possible binding 
sites (i.e., pyridine) in the side arms. The following series 
of potentials (E2

{) was observed: Cu'2ISOIM(EtPh2)2(pz) 
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Figure 6. Stercoview illustrating crystal packing of Cu^lSOl M(Etpyh(pz) (9). The molecules depicted comprise more than one unit cell, although the 
edges of only one cell are shown. 

Scheme III 
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Cu1SiSOIM(MePh)2(Pz) (12, -0.081 V) 
» Cu'2IS01M(Etpy)2(pz) (9, -0 .344 V) > CuMSOIM-
(Mepy)2(pz) (6, —0.452 V). This indicates that the complexes 
containing the pyridine rings provide a more favorable envi
ronment for copper(II) relative to copper(I) when compared 
to their benzene ring analogues. Since the pyridine nitrogens 
do not appear to be bound to the copper(I) ions (in solution or 
in the solid state), the effect of these pyridine rings must be 
largely on the oxidized copper(II) sites. Hence, it appears that 
the pyridines bind to the copper ions upon oxidation, 26, and 
dissociate from copper(I) upon reduction, 9, Scheme III. Re
call that, in the similar cupric complex, Cu" 2 ISOIM-
(hist)2(OH)2 + (5), the imidazole nitrogens were shown to be 
coordinated in the solid-state X-ray structure.27 It is reasonable 
that side-arm pyridine nitrogens would also coordinate to 
copper(II). The above series also indicates that the methyl-
pyridine side arm provides a better environment for copper(ll) 
than does the ethylpyridine side arm. This may be a result of 
the geometry of the side arms and their relative ability to bind 
to the copper(II) centers. 

The introduction of methyl substituents on the pyrazolate 
bridges causes an increase in the reduction potential (Ei1) as 
follows: CuMSOIM(MepyMMe.pz) (7, -0 .374 V) > 
CuMSOIM(~MepyMpz) (6, -0 .452 V) and CuMSOIM-
(MePh)2(Me2Pz) (13, +0.005 V) > CuUlSOIM(MePh)2(Pz) 
(12, —0.081, V). An inductive effect of the methyl groups would 
stabilize copper(II) relative to copper(I), but the reverse trend 
is actually observed. The steric bulk of the methyl groups may 
be responsible for the relative destabilization of copper(II). 
These methyl groups may inhibit the binding of both pyridine 
(from the side arms) and DMF (solvent) to the oxidized cop-
per(II) ions by partially blocking the fourth, square-planar 
binding site around each copper(II). Also, shielding the copper 
centers from the solvent molecules with hydrophobic groups 
(such as these methyls) may not allow the polar DMF mole
cules to efficiently solvate the charged copper(II) species. 
Relative stabilization of copper(I) also results from more bulky 

side arms, as reflected in the following series (£ 2
f ) : Cu'2-

IS01M(*-Bu)2(pz) (20, +0.053 V) > Cu'2-
ISOIM(2-Pr)2(pz) (19, +0.001 V) > Cu1ZlSOIM(I-Pr)2(Pz) 
(18, -0 .076 V). 

Finally, an electronic effect is observed in the series of 
compounds which have phenyl rings bonded directly to the 
imine nitrogens: Cu'2ISOIM(PhCOMe)2(pz) (25, +0.008 V) 
> Cu1JlSOIM(Ph)2(Pz) (23, -0 .032 V) > CuMSOIM-
(PhNMe2)2(pz) (24, -0 .048 V). Here, the electron-with
drawing carbonyl substituent results in relative copper(I) 
stabilization, while the electron-donating amine substituent 
results in relative copper(II) stabilization. Similar effects of 
remote substituents have been reported recently for a series 
of mononuclear copper(II) complexes.10 

The oxidation/reduction of these compounds in two one-
electron steps was the expected behavior for two interacting 
metal centers.14-32 This sequential behavior has been observed 
for the series of binuclear complexes, 27, recently investigated 

N , 0 N 

M M 

N/ V \ 
M = Mn, Fe, Co, Ni, Cu 

2 7 

in our laboratories.33 Stepwise oxidation/reduction was also 
found for many ruthenium(II) dimers, in which closer prox
imity and greater interactions between the ruthenium centers 
correlate with a greater separation of the two redox processes 
(and larger comproportionation constants).34 That all the new 
complexes exhibit two one-electron redox waves further 
suggests that the binuclear compounds are monomeric in so
lution. Oligomerization would probably result in intermolec-
ular copper-copper interactions leading to more complex 
electrochemical behavior. Even the complexes with tert-buty] 
side arms, which were designed to inhibit intermolecular in
teractions, show electrochemical behavior similar to all other 
compounds. It thus seems likely that all new complexes have 
comparable solution structures, the most probable having 
three-coordinate Cu(I). 

The average comproportionation constant found for the 
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binuclear copper complexes in this study (from Table II) was 
K= 1.9 X 103, which is smaller than that found for the mac-
rocyclic binuclear copper complex, 1 {K = 4 X 106).14 This is 
reasonable since the lower value was observed for the present 
copper(l) compounds which contain one pyrazolate type bridge 
and one phenoxide bridge, compared to two phenoxide bridges 
between the coppers in 1. The pyrazolate bridge is expected 
to result in a larger Cu-Cu distance and smaller intramolecular 
copper intereactions. The oxidized binuclear copper(II) 
complexes with bridging pyrazolate, such as 26, Scheme III, 
were not isolated in the present study, but the relative effects 
of alkoxide vs. pyrazolate bridges on metal interactions have 
been demonstrated in similar binuclear copper(II) compounds 
and the trend was the same as found here.35 

The nonreactivity of the copper(I) complexes in the present 
study toward carbon monoxide is an addition to the confusing 
phenomenon of carbon monoxide binding to copper(I) com
plexes. In general, copper(l) complexes have been found to 
bind CO if a fourth coordination site is available.'2'3' '36 On the 
other hand, most four-coordinate copper(I) compounds do not 
bind CO, with the exception of several square-planar, four-
coordinate complexes, which bind CO as a fifth l igand.1 3 '5 

Obviously, the geometry and type of ligands around copper(I) 
affect the CO binding ability for copper(I). The nature of these 
effects, however, remains obscure. 

Biological Implications 

It may not be valid to compare exact reduction potentials 
of simple metal complexes with those of corresponding protein 
systems due to varying solvation effects.37 Nonetheless, 
analysis of trends or comparisons of approximate potentials 
may be useful. Within this context the high reduction poten
tials observed for binuclear copper protein sites have been 
"mimicked" by the binuclear copper complexes presented in 
this study. Hence, it is not unreasonable to believe that these 
proteins utilize only oxygen and/or nitrogen ligands around 
each copper. Indeed, a three-coordinate copper-ligand envi
ronment can be considered for the reduced form of the binu
clear site. The nonreactivity of the new compounds toward CO 
is in contrast to hemocyanin. This does not preclude a three-
coordinate reduced binuclear site, since some three-coordinate 
copper(l) complexes have been shown to bind CO.12-31-36 

The oxidation/reduction of these compounds in well-sepa
rated one-electron steps contrasts with the available electro
chemical information on the binuclear protein sites. While no 
electrochemical data is available on hemocyanin, for both 
laccase and tyrosinase, a single potential has been associated 
with the overall two-electron reduction of the binuclear copper 
site.6-7'38 Correlations between the electrochemical behavior 
of the new compounds, 6-25, and of the proteins is difficult 
owing to solvation effects, the different techniques employed, 
possible nonequilibria in the proteins, etc.37 '38 Nonetheless, 
the electrochemical behavior reported for the new compounds 
suggests that the two-electron reduction of laccase and of ty
rosinase is probably not a simple reduction of two equivalent 
copper ions strongly interacting through bridging ligands. 

Conclusions 

Stable binuclear copper(I) complexes have been prepared 
using binucleating ligands. Several of the new complexes ex
hibit copper-copper interactions in the solid state, as suggested 
by a peculiar visible absorption spectrum. This was confirmed 
for Cu'2ISOIM(Etpy)2(pz) (9) via a complete molecular 
structure determination. In addition to the copper-copper 
interaction each copper(I) is bound to one oxygen and two 
nitrogen ligands. In solution all the new cuprous complexes 
likely contain three-coordinate copper, which appears to be a 
quite stable environment for copper(I). 

All new complexes exhibit two one-electron redox processes, 
at well-defined potentials. The highest reduction potentials 
were observed for complex 21 in which the copper(I) centers 
are somewhat buried within the hydrophobic substituents. 
With reduction potentials of £ , f = 0.239 and £ / = 0.080 V, 
the ligand environment in 21 represents a substantial im
provement on the original square-planar, four-coordinate li
gand environment provided by the starting model, 1. The 
reason for this high (relative) stability of copper(I) within the 
new molecules is not obvious. While many three-coordinate 
mononuclear copper(I) complexes have been isolated 
employing very soft phosphorus or sulfur donors, very few 
three-coordinate monuclear (or binuclear) copper(I) com
plexes have been isolated with nitrogen or oxygen donors.23,28'39 

The binuclear nature of the compounds in this study may be 
responsible for their stability. Perhaps the second copper serves 
to anchor the binucleating ligands, promoting a favorable 
three-coordinate environment around each copper(I). 

Relatively high reduction potentials on the order exhibited 
by these complexes (and by the binuclear protein site) may be 
necessary for reversible oxygen binding.40 Unfortunately these 
complexes have thus far reacted irreversibly toward oxygen. 
We are presently investigating modifications on the side arms 
and their effect on the nature of the oxygenation reaction. 

Experimental Section 

Materials. All chemicals were reagent grade and were used as re
ceived unless otherwise noted. Copper(Il) tetrafluoroborate, ground 
to a powder and then dried for several days in vacuo (25 0C), was used 
as Cu(BF4)2-6H20. Tetrabutylammonium perchlorate (TBAP, 
Southwestern Analytical Chemicals) was dried exhaustively in vacuo 
(25 0C) before use. Reagent grade /V.A'-dimethylformamide (DMF) 
was dried over MgSC>4 and 4A molecular sieves for 24 h and then 
vacuum distilled. 2-Hydroxy-5-methylisophthalaldehyde was prepared 
by a modification of the literature method.41 Tetra(acetonitrile) 
copper(l) tetrafluoroborate was also prepared by the published 
method.42 

Cu,l2lSOIM(Mepy)20H(BF4)2-CH30H-H20 (3). Aminomethyl-
pyridine (0.44 mL, 4 mmol) was added to a solution of 2-hydroxy-
5-methylisophthalaldehyde (0.33 g, 2 mmol) in methanol (50 mL). 
The resulting yellow solution was boiled at reflux for 1 h, after which 
Cu(BF4J2^H2O (1.38 g, 4 mmol) was added. The resulting blue-green 
solution was refluxed for 45 min. Removal of the solvent (methanol) 
using a rotary evaporator gave a blue-green solid, which upon re-
crystallization from methanol yielded blue-green crystals of 3. These 
crystals were washed with methanol followed by diethyl ether and 
dried under vacuum for several hours. Anal. (C22H26N4O4CU2B2F8) 
C, H, N, Cu. 

Cu"2ISOIIVI(Etpy)20H(BF4h-CH3CH20H (4). 2-(2'-Ami-
noethyl)pyridine (0.50 mL, 4 mmol) was added to a solution of 2-
hydroxy-5-methylisophthalaldehyde (0.33 g, 2 mmol) in ethanol (25 
mL), The resulting yellow solution was boiled at reflux for 5 min and 
then Cu(BF4)2-6H20 (1.38 g, 4 mmol) was added to give a green so
lution. After boiling for 5 min, this solution was allowed to cool slowly 
to 4 0C, and the resulting blue-green solid was collected and recrys-
tallized from ethanol to give blue-green crystals of 4. The product was 
washed with ethanol followed by diethyl ether and dried under vacuum 
for several hours. Anal. (C25H3oN403Cu2B2Fg) C, H, N: Cu: calcd, 
17.3; found. 18.0. 

Cun2lSOIM(histhOH(BF4)2-H20 (5). Histamine (0.44 g, 4 mmol) 
was added to a solution of 2-hydroxy-5-methylisophthalaldehyde (0.33 
g, 2 mmol) in methanol (50 mL). The resulting yellow-orange solution 
was boiled at reflux for 15 min, and then Cu(BF4)2-6H20 (1.38 g, 4 
mmol) was added to give a green solution. The solution was reduced 
to a small volume (~10 mL) using a rotary evaporator, and the re
sulting green solid was collected by vacuum filtration. Recrystalli-
zation of this solid from ethanol gave light blue-green needles of 5. 
The product was collected and washed with ethanol followed by diethyl 
ether, and then dried in vacuo for several hours. Anal. 
(Ci9H24NJO3Cu2B2F8) C, H, N; Cu: calcd, 18.6; found, 19.3. 

Cuprous Compounds. The series of copper(I) compounds 6-25 was 
synthesized in the manner described below for Cu'2ISOIM(Et-
P>')2(PZ) (9), with the following modifications. The appropriate amine 
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(RNH2) and bridge (XH) were used to provide the R and X groups 
listed in Table I. The initial imine condensation was slow for the ar
omatic amines, and the amine and dialdehyde were allowed to react 
overnight, in refluxing acetonitrile, in the synthesis of 23-25. Com
pounds 7,10,13,16, and 23-25 were recrystallized with DMF instead 
of CH3CN. Compounds 20-22 were recrystallized from heptane in
stead of acetonitrile. 

Cu'2lSOIM(Etpy)2(pz) (9). The following was performed under 
helium in a Vacuum Atmospheres Dri-Lab inert atmosphere chamber. 
2-(2'-Aminoethyl)pyridine (0.24 mL, 2 mmol) was added to a solution 
of 2-hydroxy-5-methylisophthalaldehyde (0.16 g, 1 mmol) in aceto
nitrile (15 mL). The resulting yellow solution was heated at reflux for 
15 min and then cooled to the ambient temperature. Pyrazole (0.07 
g, 1 mmol) and sodium methoxide (0.11 g, 2 mmol) were added to the 
solution, and after stirring briefly Cu(CH3CN)4BF4 (0.63 g, 2 mmol) 
was added to give a brown solution and a brown precipitate. This 
mixture was boiled at reflux for 15 min, and then the acetonitrile was 
removed by evaporation under vacuum. The brown solid was dissolved 
in hot toluene (30 mL), leaving behind a white solid (NaBF4) upon 
vacuum filtration. The toluene was then removed from the filtrate by 
evaporation under vacuum to yield a brown solid. Recrystallization 
from acetonitrile gave brown needles, 9. The product was collected 
by vacuum filtration, washed with acetonitrile, and dried for several 
hours in vacuo. Anal. (C26H26N6OCU2) C, H, N, Cu. 

Physical Measurements. Sample preparation for physical studies 
on the air-sensitive materials was accomplished in a Vacuum Atmo
spheres Dri-Lab inert atmosphere chamber, under a helium atmo
sphere. Helium-saturated spectroquality solvents were used for so
lution studies. 

Magnetic susceptibility measurements were done on powdered 
samples at the ambient temperature using a Cahn Instruments Far
aday balance. The calibrant utilized was HgCo(SCN)4, and dia-
magnetic corrections were made using Pascal's constants. 

Electronic spectra were recorded on a Cary 14 spectrophotometer. 
Solid-state spectra were obtained from Nujol mulls on filter paper 
against a Nujol-saturated filter paper as a blank. 

Infrared spectra were recorded on a Beckman 1R-12 infrared 
spectrophotometer. Solid-state spectra were obtained from Nujol 
mulls pressed between KBr plates. Solution spectra were obtained 
using calcium fluoride solution cells (path length of 1 mm). 

Proton magnetic resonance spectra were recorded on a Varian 
EM390 spectrophotometer at 90 MHz (34 0C). The solvent utilized 
was benzene-^6 containing Me4Si as the reference. 

Mass spectra and elemental analyses were performed by the Caltech 
Microanalytical Laboratory. 

Electrochemistry. A Princeton Applied Research (PAR) Model 
174A polarographic analyzer was used for cyclic voltammetry and 
differential pulse voltammetry. For display purposes, a Hewlett-
Packard 7004B X-Y recorder was utilized. The apparatus used for 
constant-potential electrolysis (CPE) consisted of a PAR Model 173 
potentiostat-galvanostat coupled with a Model 179 digital coulo-
meter. 

Cyclic voltammetry was done in a single compartment cell with a 
volume of ca. 5 mL. In all solvents the supporting electrolyte was 0.1 
M TBAP. The working electrode consisted of a platinum button 
electrode or a hanging mercury drop electrode. In all cases, the aux
iliary electrode was a coiled platinum wire and the reference electrode 
consisted of a silver wire immersed in an acetonitrile solution con
taining AgNO3 (0.01 M) and TBAP (0.1 M), all contained in a 9-mm 
glass tube fitted on the bottom with a fine porosity sintered glass frit. 
The apparatus employed for constant-potential electrolysis was sim
ilar, except that a two-compartment H cell was used to isolate the 
auxiliary electrode from the working compartment. A platinum gauze 
was used as the working electrode for CPE. 

All potentials are reported vs. the normal hydrogen electrode, NHE. 
This was accomplished by the use of an internal reference redox 
couple, namely, ferrocene, for which the formal potential is reported 
to be +0.400 V vs. NHE in water.16 It has been proposed that the 
ferrocene reduction potential changes very little in different solvents, 
and hence it is a good solvent-independent redox couple.16 Experi
mentally, small amounts (ca. 10-3 M) of ferrocene were added to 
solutions containing the compounds of interest and formal potentials 
for both couples were measured under the same conditions. 

X-ray Data Collection and Reduction. Acicular crystals of 9 were 
grown by slow evaporation of an acetonitrile solution under helium. 
Preliminary oscillation and Weissenberg photographs showed the 

space group to be P2\/c (no. 14) uniquely defined by its extinc
tions. 

A crystal of dimensions 0.04 X 0.08 X 0.33 mm (which had been 
cut from a larger needle) was mounted on a Syntex P2i four-circle 
diffractometer for data collection. No attempt was made to protect 
the crystal from atmospheric oxygen as no air sensitivity had been 
exhibited in the solid state. Cell parameters were determined by a 
least-squares fit to 15 automatically centered reflections with 26 > 
56°. The resulting parameters are given in Table III. Intensity data 
were collected from two octants using 6-20 scans to a maximum 26 
of 130°. The scan range extended from 1 ° below the Cu Kai 26 value 
to 1° above the Cu Ka2 value, and the scan rate was l°/min, with the 
total background counting time equal to the total scan time. Three 
check reflections were measured after every 50 reflections to monitor 
the crystal and instrument stability. 

Because the check reflections showed an overall drop in intensity 
of 5% during the course of data collection, the data was scaled in 11 
groups according to the average intensity in each group of one of the 
check reflections (002). Lorentz and polarization corrections were 
then applied. Standard deviations of intensities were calculated using 
the formula 

a2(/) = [S + (B\ + B2) + (dS)2]/(Lp)2 

where S, Bl, and B2 are the scan and two background counts and d 
was taken as 0.02.43 Absorption corrections were calculated by the 
method of Gaussian quadrature.44 After symmetry-extinct reflections 
were deleted and equivalent reflections averaged, there remain 4269 
unique data (3390 > 0; a rather high percentage of the high 26 data 
was "unobserved"). 

Solution and Refinement of the Structure. With the exception of C. 
K. Johnson's ORTEP program, all computer programs were from the 
CRYM system of crystallographic programs. Literature values were 
used for the scattering factors for Cu+, O, N, and C,45 the real part 
of the anomalous dispersion correction for copper45 and for the H 
scattering factors.46 The function minimized in the least-squares re
finement was 2w(|F0 |2 - \k'Fc\

2)2, where the weight w = l/<x2(F0
2), 

and F0 and Fc are the observed and calculated structure factors. 
The positions of all nonhydrogen atoms were found using standard 

Patterson-Fourier techniques. Least-squares refinement with these 
atoms and isotropic temperature factors led to R = 2||A:F0| -
I Fc | I / 2 | * F 0 | = 0.087 (for those reflections with F0

2 > 2a). Use of 
anisotropic temperature factors for all nonhydrogen atoms lowered 
R to 0.062. The 26 hydrogen atoms were located by difference map 
techniques. Each was assigned a fixed isotropic temperature factor 
equal to 1.0 A2 greater than that for the carbon atom to which it was 
bound. Hydrogen positional parameters were refined. The final re
finement was by blocked-matrix least squares with all positional pa
rameters in one matrix and the anistropic thermal parameters and 
scale factor in another. No data were omitted from this refinement. 
The final R was 0.042 for the 2620 reflections'with F0

2 > 2<r; R for 
all data was 0.063. The final goodness of fit, ~Lw(k2F0

2 - Fc
2)2/(n 

— p), was 2.85, where n = 4269 is the number of observations and p 
= 394 is the number of parameters. The largest feature in the final 
difference Fourier map was a peak of height 0.96 e A -3 , located ap
proximately 0.7 A from Cu2 in the positive y direction. The second 
highest peak (0.87 e A -3) was not in a position of chemical significance 
(between the pyrazole groups of neighboring molecules). Final pa
rameters and interatomic distances and angles are presented in Tables 
IV-VN. 
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