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Paramagnetic Copper (I) Dimers 

Sir: 
The vast number of paramagnetic copper(I1) dimers' have no 

parallel in copper(1) chemistry since &(I) exists in a c ld-d-shel l  
configuration, d10.2 We report here the preparation and char- 
acterization of the first paramagnetic Cu(1) dimers that must be 
described as anion radical complexes of binucleating a-diimines 
or a-iminoketones. Interest in the former species stems from the 
assertion that the emitting state of the electron-transfer-active 
(a-diimine) copper(1) complexes may be described as resulting 
from a metal-to-ligand charge transfer (MLCT),3 Le., involving 
the anion radical of the ligand: 

hu 

MLCT 
LCu*(a-diimine) - * [LCu"(a-diimine'-)] (1) 

A highly electron-deficient, binucleating a-diimine with re- 
markable electron structure is 3,6-bis(2-pyridyl)- 1,2,4,5-tetrazine, 
bptz.4 Reaction of this ligand with 2 equiv of C U ( P P ~ J ~ + B F L , ~  

,' *. 

'. I' 

bptz 

(1) (a) Goodman, B. A.; Raynor, J. B. Adv. Inorg. Ch" Radiochem. 1970, 
13, 135. (b) Kahn, 0. Angew. Chem. 1985, 97, 837; Angew. Chem., 
Inr. Ed. Engl. 1985, 24, 834 and references cited therein. (c) Karlin, 
K. D., Zubieta, J., Eds., Biological and Inorganic Copper Chemistry; 
Adenine: Guilderland, NY, 1986. 

(2) Weak paramagnetism was reported for a copper(1) trimer with short 
metal-metal distances: Beck, J.; Striihle, J. Angew. Chem. 1985, 97, 
419; Angew. Chem., Int. Ed. Engl. 1985, 24, 409. 

(3) (a) Buckner, M. T.; Matthews, T. G.; Lytle, F. E.; McMillin, D. R. J .  
Am. Chem. Soc. 1979, 101, 5846. (b) Balskie, M. W.; McMillin, D. 
R. Inorg. Chem. 1980,19, 3519. (c) Ahn, B. T.; McMillin, D. R. Ibid. 
1981, 20, 1427. (d) Rader, R. A.; McMillin, D. R.; Buckner, M. T.; 
Matthews, T. G.; Casadonte, D. J.; Lengel, R. K.; Whittaker, S .  B.; 
Darmon, L. M.; Lytle, F. E. J .  Am. Chem. SOC. 1981, 103, 5906. (e) 
Vante, N. A.; Ern; V.; Chartier, P.; Dietrich-Buchecker, C. 0.; 
McMillin, D. R.; Marnot, P. A.; Sauvage, J. P. N o w .  J .  Chim. 1983, 
7, 3. (f) Del Paggio, A. A.; McMillin, D. R.; Inorg. Chem. 1983, 22, 
691. (g) Dietrich-Buchccker, C. 0.; Marnot, P. A.; Sauvage, J. P.; 
Kirchhoff, R.; McMillin, D. R. J. Chem. Soc., Chem. Commun. 1983, 
513. (h) Kirchhoff, J. R.; Gamache, R. E.; Blaskie, M. W.; Del Paggio, 
A. A.; Lengel, R. K.; McMillin, D. R. Inorg. Chem. 1983, 22, 2380. (i) 
Edel, A.; Marnot, P. A.; Sauvage, J. P. Nouv. J. Chim. 1984,8,495. 
(i) Gisselbrecht, J. P.; Gross, M.; Lehn, J. M.; Sauvage, J. P.; Ziessel, 
R.; Piccini-hpardi, C.; Arrieta, J. M.; Germain, G.; Van Meerssche, 
M. Ibid. 1984,8,661. (k) McMillin, D. R.; Kirchhoff, J. R.; Goodwin, 
K. V. Coord. Chem. Rev. 1985, 64,83. (1) Sakaki, S.;  Koga, G.; Sato, 
F.; Ohkubo, K. J.  Chem. Soc., Dalton Tram. 1985, 1959. (m) Blasse, 
G.; Breddels, P. A.; McMillin, D. R. Chem. Phys. Lett. 1984,109, 24. 
(n) Breddels, P. A.; Blasse, G.; Casadont, D. J.; McMillin, D. R. Ber. 
Bumenges. Phys. Chem. 1984, 88, 572. (0 )  Sakaki, S.; Koga, G.; 
Ohkubo, K. Inorg. Chem. 1986, 25, 2330. (p) McGarvey, J .  J.; Bell, 
S .  E. J.; Bechara, J. N. Ibid. 1986, 25, 4325. 
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Table I. ESR and Electrochemical Data of Paramagnetic Copper(1) 
DimersaSb 

compd g acu a p  aNe ~ 2 + / +  

bptz'- 2.0040 0.495 -0.72(IF'/-) 

[(/~-bpt~)(Cu(PPh3),),1'+ 2.0055 0.758 0.910 Odo5 o.463 +0.13 

[(pbptz)(Cu(diphos)J2]*+ 2.0058 0.936 0.780 0'624 o.442 +0.08 

0646 +0.22 0.427 [ (p-bpt~) (C~(~od)) , ]*+ 2.0053 0.960 

[(/~-phdo)(Cu(PPh,)~)~]*+ 2.0058 0.643 0.835 e +0.55d 

'ESR coupling constants a in mT from computer simulations of 300 
K spectra in dichloromethane solution; nuclear spins 1(I4N) = 1 ,  1(,'P) 
= and 1(63.65Cu) = 3 / 2 .  bPotentials E in V vs. SCE from cyclic 
voltammetry in dichloromethane/O.l M Bu4N'CIO;. CThe larger I4N 
splitting is assigned to the coordinating tetrazine nitrogen center.& 
Equivalent tetrazine N coupling constants for the free ligand anion 
may be due to free rotation and/or negligible spin density in the 2- 
pyridyl rings." "Irreversible step, anodic peak potential at 100 mV/s 
scan rate. CNo phdo ligand hyperfine coupling observed. 

CU(BF,)~/CU/ 1,2-bis(diphenylphosphino)ethane ( d i p h o ~ ) , ~  or 
Cu(BF,),/Cu/ 1,5-cyclooctadiene (cod) yields binuclear Cu(1) 
dications with intense (e > 10000) long-wavelength MLCT ab- 
sorption bands at  13 890, 12580, and 19050 cm-I, respectively. 
These diamagnetic complexes6 owe their long-wavelength ab- 
sorption t0.a low-lying bptz ligand 7 ~ *  orbital; in fact, electro- 
chemical reduction occurs a t  positive potentials relative to a 
saturated calomel electrode, SCE (Table I). 

Electrochemical as well as chemical one-electron reduction (e.g. 
with Zn metal) leads to the formation of paramagnetic copper(1) 
dimers' with the anion radical ligand: bptz'-. Evidence for this 
assignment comes from the analysis9 of high-resolution spectra 
(Figure 1, Table I) and from comparison with reported data.4b,c 

The series of coligands in Table I illustrates variable spin 
transfer from the radical ligand bptz'- to the metal fragments as 
evident from increasing 63*65Cu hyperfine splitting and from in- 
creasing inequivalency of the 14N coupling of the tetrazine nitrogen 
 center^.^ While the hyperfine coupling of the copper nuclei a to 
the spin-bearing 7r system originates mainly from a / r  spin po- 

(4) (a) Kohlmann, S.;  Ernst, S.; Kaim, w. Angew. Chem. 1985, 97, 698; 
Angew. Chem., Int. Ed. Engl. 1985,24,684. Kohlmann, S.;  Ernst, S . ;  
Kaim, W. Polyhedron 1986, 5, 445. (b) Kaim, W.; Ernst, S.;  Kohl- 
mann, s.; Welkerling, P. Chem. Phys. Lett. 1985, 118, 431. (c) Kaim, 
W.; Kohlmann, S .  Inorg. Chem. 1986, 25, 3442. (d) Kaim, W.; 
Kohlmann, S .  Ibid. 1987, 26, 68. 

(5)  Phosphanes may serve as reductands; cf. ref 3d. 
(6) Kohlmann, S.;  Fenske, D.; Kaim, W., to be submitted for publication. 
(7) UV/vis/near-IR (in dichloromethane): [(p-bpt~)(Cu(PPh,),)~]'*, Y,, 

= 6200, 19400, and 24040 cm-'; [(p-bptz){Cu(cod)J,]'+, P, = 20 100, 
25 300, and C7000 cm-I. Elemental analyses could not be obtained due 
to dissociative lability (loss of PR, or cod). 

( 8 )  Kaim, W. (a) Coord. Chem. Rev. 1987, 76, 187. (b) Kaim, W. J. 
Organomet. Chem. 1984, 262, 17 1 .  

(9) Computer simulation program: Kaim, W.; Bock, H. J .  Organomet. 
Chem. 1979, 164, 281. 
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Figure 1. ESR spectrum of [ (~-bptz){Cu(PPh~)~l~]'+ at  300 K in di- 
chloromethane solution with amplified low-field wing section (top) and 
computer simulation (bottom, 875 theoretical lines). Intensity differences 
at the periphery are due to selective line broadening of components with 

larkation,& the large 31P coupling in the PPh3 complex results 
from good hyperconjugatives overlap between Cu/P a bonds and 
the A system; a smaller PCuP angle of only -90° in the diphos 
complexlo diminishes that kind of hyperconjugative interaction.* 

In the reaction between excessS C U ( P P ~ ~ ) ~ + B F ;  and 4,7- 
phenanthroline-5,6-dione (phdo), the binuclear radical complex 
is the only stable product and can thus be conveniently isolated 
and identified (Table I)." 

M~ # 0.4b-c 

phdo H O E '  
methoxatin 

The phdo ligand is of particular interest because it may serve 
for the dehydrogenase12b and copper-containing as a 

(10) (a) Cf.: Albano, V. G.; Bellon, P. L.; Ciani, G. J. Chem. Soc., Dalton 
Trans. 1972,1938. (b) The angle P-Cu-P is about 120° in Cu(PPh& 
complexes of chelate ligands: Kirchhoff, J. R.; McMillin, D. R.; Rob- 
inson, W. R.; Powell, D. R.; McKenzie, A. T.; Chen, S .  Inorg. Chem. 
1985, 24, 3928. See also ref 5. 

(1 1) [(phdo-N.C2N'.O')(Cu(PPh~)2]2]+ BF4-: 26% yield, red crystals. Anal. 
Calcd for C84H66BC~2F4N202P4: C, 68.48; H, 4.52; N, 1.89. Found: 
C, 68.97; H, 4.98; N, 1.67. UV/vis/near-IR: vmaX = 18 800, 23470 
cm-I. I R  1580, 1475, 1430, 1420 cm-l (uc4), in dichloromethane. 

(12) (a) Sleath, P. R.; Noar, J. B.; Eberlein, G. A.; Bruice, T. C. J .  Am. 
Chem. SOC. 1985,107,3328. (b) Duine, J. A.; Frank, J. Trends Bio- 
chem. Sci. (Pers. Ed.) 1981,6, 278; Jongejan, J. A.; van der Meer, R. 
A,; Duine, J. A. Ibid. 1986,11, 511. (c) Moog, R. S.; McGuirl, M. A,; 
Cote, C. E.; Dooley, D. M. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 
8435. (d) Ernst, S.; Kasack, V.; Bessenbacher, C.; Kaim, W. Z .  Na- 
turforsch., B: Anorg. Chem., Org. Chem., in press. 
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amine oxidase'2c cofactor methoxatin, a potentially new vitamin,lk 
and because it can act as 0,O'-chelate mononucleating ligand12d 
or as double N,O-chelating ~ y s t e m , ' ~ ~ J ~ * ' ~  as in the present situ- 
ation. o-Quinones are known to form mononuclear 0,O'-coor- 
dinated copper(1) semiquinone complexe~,'~ which have, however, 
not been isolated; the biochemical formation and conversion of 
equinones/catechola is frequently catalyzed by copper-containing 
enzymes.lc Facile formation and stability of the paramagnetic 
complexes presented here suggest that cationic copper(1) fragments 
are particularly suitable in stabilizing anion radical intermediates, 
either through the charge effect alone or via additional contri- 
butions from a / r  hyperconjugation. 
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(13) Phdo may be denoted as an isoambialterdentate chelate ligand: von 
Zelewsky, A. Inorg. Chem. 1981, 20,4448. 

(14) Metal complexation of methoxatin has been suggested as a possible 
requirement for its biological activity: Noar, J. B.; Rodriguez, E. J.; 
Bruice, T. C. J. Am. Chem. SOC. 1985, 107, 7198. 

(1 5) (a) Muraev, V. A.; Cherkasov, V. K.; Abakumov, G. A.; Razuvaev, G. 
A. Dokl. Akad. Nauk SSSR 1977, 236, 620. (b) Razuvaev, G. A.; 
Cherkasov, V. K.; Abakumov, G. A. J. Organomet. Chem. 1978,160, 
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Synthesis and Structure of the "Linear" Tetranuclear 
Cluster [ ( M o O ~ S ~ ) ~ F ~ ~ S ~ ] " :  Implications for Aqueous 
Mo-Fe-S Chemistry 
Sir: 

Recent interest in and explorations of the chemistry of Mo, Fe, 
and S have been stimulated by inter alia the MoFe cofactor of 
nitrogenase.' Although the structure of this cofactor remains 
unsolved, the aforementioned explorations have led to several novel 
polynuclear Mo-Fe-S clusters of the so-called "linear" and 
"cubane" t y p e ~ . ~ J  During our explorations of aqueous and en- 
zyme-mediated assembly of Fe-S and Mo-Fe-S  cluster^,^ we 
noted the development of a novel absorption spectrum in aqueous 
mixtures containing salts of Fe(I1) and Moo4-$:- ( x  = 2-4) 
at  basic pHs. Subsequent isolation and characterization of this 
absorbing species showed it to be [ ( M O O ~ S ~ ) ~ F ~ ~ S ~ ] ~ .  This cluster 
represents (i) the first example of a "linear" tetranuclear Mc-Fe-S 

(1) (a) Muller, A. Polyhedron 1986, 5, 323-340. (b) Newton, W. E.; 
Schultz, F. A.; Gheller, S. F.; Lough, S.; McDonald, J. W.; Conradson, 
S. D.; Hedman, B.; Hodgson, K. 0. Ibid. 1986, 5 ,  567-572. 

(2) (a) Coucouvanis, D.; Simhon, E. D.; Baenziger, N. C. J .  Am. Chem. 
SOC. 1980, 102,6644-6646. (b) Tiekelman, R. H.; Silvis, H. C.; Kent, 
T. A.; Huynh, B. H.; Waszczak, J. V.; Teo, B. K.; Averill, B. A. J. Am. 
Chem. Soc. 1980, 102, 5550-5559. (c) Teo, B. K.; Antonio, M. R.; 
Tiekelman, R. H.; Silvis, H. C.; Averill, B. A. J. Am. Chem. SOC. 1982, 
104,6126-6129. (d) Coucouvanis, D.; Baenzinger, N. C.; Simhon, E. 
D.; Stremple, P.; Swenson, D.; Kcstikas, A.; Simopoulos, A,; Petrouleas, 
V.; Papaefthymiou, C. J. Am. Chem. SOC. 1980,102, 1732-1734. (e) 
Coucouvanis, D.; Baenzinger, N. C.; Simhon, E. D.; Stremple, P.; 
Swenson, D.; Kostikas, A,; Simopoulos, A.; Petrouleas, V.; Papaefthy- 
miou, C. Ibid. 1980, 102, 1730-1732. 

(3) (a) Wolff, T. E.; Berg, J. M.; Hodgson, K. 0.; Frankel, R. B.; Holm, 
R. H. J. Am. Chem. SOC. 1979, 101, 4140-4150. (b) Wolff, T. E.; 
Power, P. P.; Frankel, R. B.; Holm, R. H. J.  Am. Chem. Soc. 1980,102, 
4694-4703. (c) Mascharak, P. K.; Armstrong, W. H.; Mizobe, Y.; 
Holm, R. H. J. Am. Chem. SOC. 1983, 105,475-483. 

(4) Bonomi, F.; Werth, M. T.; Kurtz, D. M., Jr. Inorg. Chem. 1985, 24, 
4331-4335. 
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