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equilibrium Kt10,. The correlation lines have slopes that are 
entirely different from that previously observed in toluene. This 
is to be related to the fact that in the first case we are dealing 
with the replacement of a PhCN molecule by dioxygen as discussed 
before rather than with an addition of dioxygen on a dve-coor- 
dinated iron(I1) complex as is the case in toluene. 
Experimental Section 

The instrumentation and procedures for cyclic voltammetry and 
thin-layer spectroelectrochemistry were the same as already described. 
The oxygen partial pressure was adjusted to the desired value by means 
of a gas distributor containing ball-flow meters, one for oxygen and the 
other for argon. 

The synthesis and characterization of the porphyrins investigated in 
this work have been described previously with the exception of the e- 
(C1 IIm)(C12)-CT compound: e-(C12)2-CT,11C a-(C12)2-CT,36b e- 
(diC3py)(Cl 2)-CT,36a a-(diC3py)(Cl 2)-CT,36b a-(diC4py)(Cl 2)-CT,36b 
a-(C1 11m)(C12)CT.36b The e-(C1 lIm)(C12)-CT porphyrin was pre- 
pared along the lines of the same procedure as the e-(diC3py)(C12)-CT 

Its characteristics are as follows. Anal. Calcd for 
C70H73N608: C, 79.14; H, 6.93; N, 7.91. Found: C, 78.94; H, 7.20; N, 

(36) (a) Momenteau, M.; Mispelter, J.; Loock, B.; Lhoste, J. M. J. Chem. 
SOC., Perkin Trans. 1 1985, 61. (b) Ibid. 1985, 221. 

8.00. 'H NMR (ppm): 8.78 (d, 8 X Hpyr); 8.08 (d, 4 X H6 Ph); 7.8-7.3 
(m, 12 X H Ph); 6.32, 5.91, 4.95 (3 X H Im); 3.9 (b, 8 X OCH,); 2.81 
(b, CH); 1.32 to -1.72 (32 X methylene); -2.54 (s, 2 X NH). 

Registry No. (e-(C 1 2),-CT)Fe1', 105502-69-0; [(e- (C 12),CT) Fell-, 
79209-91 -9; [ (e-(C12)2-CT)Fe111]', 93646-90-3; (e-(C1 1 Im)(C12)- 
CT)Fe", 105502-70-3; [(e-(C1 11m)(C12)-CT)Fe1]-, 105502-71-4; [(e- 
(C111m)(C12)-CT)Fe11']+, 105502-75-8; (e-(diC3py)(C12)-CT)Fe11, 
82489-43-8; [(e-(diC3py)(C12)-CT)Fe1]-, 105502-72-5; [(e-(diC3py)- 
(C12)-CT)Fe1"]+, 105502-76-9; (a-(C12),-CT)Fel1, 93646-94-7; [(a- 
(C12)2-CT)Fe']-, 90838-20-3; [(a-(C12)2-CT)Fe"']', 93646-93-6; (a- 
(C 1 1 Im) (C 1 2)-CT) Fe", 8888 7-00-7; [ (a- (C 1 1 Im) (C 1 2)-CT) Fe'l-, 
105502-73-6; [(a-(C1lIm)(CIZ)-CT)Felll]+, 105502-77-0; (a- 
(diC3py)(C12)-CT)Fe1', 82568-76-1; [(a-(diC3py)(C12)-CT)Fe1]-, 
105502-74-7; [(a-(diC3py)(Cl2)-CT)Fer1']', 105502-78-1; (a- 
(diC4py)(C12)-CT)Fe1', 98292-96-7; [(a-(diC4py)(C12)-CT)Fei]-, 
1055 19-66-2; [(a-(diC4py)(Cl 2)-CT)Fe1"] ', 105502-79-2; (a- 
(diC3py)(C12)-CT)Fe1"(OH), 105537-46-0; [(a-(diC3py)(C12)-CT)- 
Fe"(OH)]-, 105502-80-5; <e-(diC3py)(C12)-CT)Fe"'(OH), 1055 19-67- 
3; (a-(C12)2-CT)Fe*11(OH), 93646-95-8; (e-(C12)2-CT)Fe"'(OH), 
93646-91-4; (e-(diC3py)(C12)-CT)Fe"(02), 82498-70-2; (e-(CllIm)- 
(C 1 2)-CT)Fe"(02), 1055 19-68-4; (a-(diC4py) (C 1 2)-CT) Fe"(02), 
105519-69-5; (a-(diC3py)(C12)-CT)Fe"(02), 82498-69-9; (a- 
(C1 1Im)(C12)-CT)Fe"(O2), 105519-70-8; (a-(C1 1Im)(C12)-CT)Fe1'- 
(CO), 105502-81-6; 02,7782-44-7; B~4NC104, 1923-70-2; CO, 630-08-0. 
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The complexes [($-C,H4CH3)(CO)2Mn]2(p-L), L = r-BuO-, Ado-, imidazolate, t-BuC(CN)<, HC(CN)C, were produced from 
Mn' precursor complexes by oxidation with O2 (air) or Pb02 in aprotic media and were characterized by EPR as spin-delocalized 
Mn'Mn" systems. Stability and extent of formation of these dimers depend on the u-donor strength of the anionic bridging ligands 
and correlate with their basicity, the alkoxides being the strongest and the malonodinitrile anions the weakest bases. A comparison 
of the mixed-valence dimers with corresponding mononuclear low-spin Mn" complexes ( T ~ - C ~ H ~ C H ~ ) ( C O ) ~ ( L ) M ~  reveals similar 
g values and halving of the s5Mn coupling constants, except for the alkoxide-bridged dimers, which exhibit some metal-metal 
interaction. Intervalence (IT) transitions of the imidazolate and malonodinitrile anion bridged Mn'Mn" dimers in toluene solution 
are remarkably similar to the IT features measured for corresponding Ru"Ru~" ammine complexes in aqueous solutions. The 
significance of the spectroscopic results with regard to photosynthetic 02-evolving manganese centers is briefly discussed. 

Introduction 
The vast majority of mixed-valence complexes with metal  

centers in d5/d6 configurations involve the group 8 metals, es- 
pecially ruthenium,' in their  +II/+III oxidation states2 The 
paramount position of ruthenium ammine fragments in this 
chemistry is due to their kinetic stability in both oxidation 
and  to the conveniently accessible redox potential range in which 
these complexes are available.' Considering these criteria, we have 
set out to search for organometallic systems with similar properties 
but which contain metals in lower oxidation statesS4 The kinetic 
stability and redox potential requirements for a ruthenium ammine 
related chemistry seem to be met by the (s5-C,R5)(CO),Mn(L) 
complexes (R = H, Me); ruthenium(I1,III) systems are connected 
to manganese(1,II) by a diagonal relationship in the periodic table. 
Complexes with the substitutionally very inert5 f ragment  ($- 
C 5 R 5 ) ( C 0 ) 2 M n  undergo reversible one-electron oxidation over 
a potential range of more than 2 V ; 4 b 9 6  some stable oxidized species 
were characterized recently as low-spin manganese(I1) com- 
plexes.4b 

Karl Winnacker Fellow, 1982-1987. 

Mixed-valence complexes of manganese are currently attracting 
considerable attention' because such species were observed by EPR 

(1) (a) Creutz, C. Prog. Inorg. Chem. 1983,30, 1. (b) Richardson, D. E.; 
Taube, H. Coord. Chem. Rev. 1984, 60, 107. 

(2) Iron complexes: (a) Morrison, W. H.; Hendrickson, D. N. J .  Chem. 
Phys. 1973,59,380; Inorg. Chem. 1975,14,2331. (b) Desbois, M. H.; 
Astruc, D.; Guillin, J.; Mariot, J. P.; Vanet, F. J .  Am. Chem. SOC. 1985, 
107, 5280. Ruthenium complexes: (c) Creutz, C.; Taube, H. Ibid. 
1973, 95, 1086. (d) Isied, S. S.; Kuehn, C. In Tunneling in Biological 
Systems; Academic: New York, 1979; pp 229-236. (e) Wieghardt, K.; 
Herrmann, W.; Koppen, M.; Jibril, I.; Huttner, G. 2. Naturjorsch., E: 
Anorg. Chem., Org. Chem. 1984,398, 1335. Osmium complexes: (f) 
Richardson, D. E.; Sen, J. P.; Buhr, J. D.; Taube, H. Inorg. Chem. 1982, 
21, 3136. (g) Magnuson, R. H.; Lay, P. A.; Taube, H. J .  Am. Chem. 
SOC. 1983,105,2507. 

(3) Taube, H .  Angew. Chem. 1984,96, 315; Angew. Chem., In t .  Ed. Engl. 
1984, 23, 329. 

(4) (a) Gross, R.; Kaim, W. Angew. Chem. 1984,96,610; Angew. Chem., 
Int. Ed. Engl. 1984,23,614. (b) Gross, R.; Kaim, W. Angew. Chem. 
1985,97, 869; Angew. Chem., Int. Ed. Engl. 1985, 24, 856. (c) Gross, 
R.; Kaim, W. Inorg. Chem. 1986, 25, 498. (d) Gross, R.; Kaim, W., 
to be submitted for publication. 

( 5 )  Caulton, K. G. Coord. Chem. Rev. 1981, 38, 1. 
(6) Hershberger, J. W.; Klingler, R. J.; Kochi, J. K. J .  Am. Chem. SOC. 

1983, 105, 61. Zizelman, P. M.; Amatore, C.;  Kochi, J.  K. Ibid. 1984, 
106, 3771. 
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during irradiation of the 02-producing enzymatic centers in 
photosynthetic membranes of chloroplasts? Several MnlIMnlI1 
and MnlIIMdV model compounds have been reported7 and used 
to assign tentatively the oxidation state of the S2 intermediate of 
the oxygen-evolving complex. However, it has been pointed out 
that great care has to be exercised in relating the magnitudes of 
the 55Mn ( I  = s/2) hyperfine splittings with the metal oxidation 
states.7d 

Mixed-valence Mn'Mn" systems were reported as electrogen- 
erated cations, viz., [($-CsH5)(NO)Mn(p-SR)]2+9 and ( ( p -  
CH2)[(~s-CsH5)(CO)2Mn]2)+;10 however, it was only recently that 
a neutral Mn'Mn" intermediate, (C0)3Mn(p-SPh)3Mn(C0)3, 
had been characterized at  -40 OC by McDonald.7c Neutral 
mixed-valence complexes are of special interest because the ab- 
sence of change trapping in nonpolar solvents should lead to a 
high degree of delocalization (class IIIA1IB), even at considerable 
metal-metal distances.] 

We can now present EPR and electron spectroscopic evidence 
for neutral Mn'Mn" complexes that, though highly labile, are 
formed at  ambient temperatures during oxidative processes in- 
volving C P ' ( C O ) ~ M ~  fragments (Cp' = $-C5H4CH3) and bridging 
alkoxide (l) ,  imidazolate (2), and malonodinitrile anions (3). 

Gross and Kaim 

R '  r=\ 

Alkoxide-type ions12 and imidazolate (Im)I3 are rather common 
bridging ligands that are also ubiquitous in biological environments 
(e.g. deprotonated histidine and tyrosine), and a number of recent 
studies have dealt with the ability of these anionic ligands to bring 
about electronic and magnetic interactions between two coordi- 
nated metal fragments.13*14 The third kind of anionic ligands used, 

(a) Cooper, S.  R.; Dismukes, G. C.; Klein, M. P.; Calvin, M. J .  Am. 
Chem. SOC. 1978, 100, 7248. (b) Mathur, P.; Dismukes, G. C. Ibid. 
1983, 105, 7093. (c) Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J. 
J. Chem. SOC., Chem. Commun. 1985,347. (d) Mabad, B.; Tuchagues, 
J. P.; Hwang, Y. T.; Hendrickson, D. N. J.  Am. Chem. SOC. 1985,107, 
2801. (e) McDonald, J. W. Inorg. Chem. 1985, 24, 1736. (f) Seela, 
J. L.; Folting, K.; Wang, R. J.; Huffman, J. C.; Christou, G.; Chang, 
H. R.; Hendrickson, D. N. Ibid. 1985, 24, 4456. (9) Plaksin, P. M.; 
Stoufer, R. C.; Mathew, M.; Palenik, G. J. J. Am. Chem. SOC. 1972, 
94, 2121. (h) Morrison, M. M.; Sawyer, D. T. Ibid. 1977,99, 257. (i) 
Unni Nair, B.; Dismukes, G. C. Ibid. 1983, 105, 124. 
(a) Dismukes, G. C.; Siderer, Y. FEES Lett. 1980, 121, 78; Proc. Natl. 
Acad. Sci. U.S.A. 1981, 78, 274. (b) Dismukes, G. C.; Ferris, K.; 
Watnick, P. Photobiochem. Photobiophys. 1982, 3, 243. (c) Abra- 
mowicz, D. A.; Dismukes, G. C. Biochim. Biophys. Acta 1984,765,318. 
(d) de Paula, J. C.; Brudvig, G. W. J .  Am. Chem. Soc. 1985,107,2643. 
(e) Sauer, K. Acc. Chem. Res. 1980, 13, 249. ( f )  Hansson, 0.; An- 
dreasson, L. E. Biochim. Biophys. Acta 1982, 679, 261. (g) Abra- 
mowicz, D. A.; Dismukes, G. C. Ibid. 1984, 765, 318. (h) Dismukes, 
G. C.; Mathis, P. FEES Lett. 1984, 178, 51. (i) de Paula, J. C.; Beck, 
W. F.; Brudvig, G. W. J .  Am. Chem. SOC. 1986, 108, 4002, 4018. 
Hydes, P.; McCleverty, J. A,; Orchard, D. G. J .  Chem. Soc. A 1971, 
3660. 
Geiger, W. E.; Connelly, N. G. Adu. Organomet. Chem. 1985,24, 87. 
(a) Robin, M. B.; Day, P. Adu. Inorg. Chem. Radiochem. 1%7,10,247. 
(b) Goodman, B. A.; Raynor, J. B. Ibid. 1970, 13, 136. 
(a) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. P. Metal Alkoxides; 
Academic: New York, 1978. (b) Olmstead, M. M.; Power, P. P.; Sigel, 
G. Inorg. Chem. 1986, 25, 1027 and references therein. 
(a) Sundberg, R. J.; Martin, R. B. Chem. Reu. 1974,74,471. (b) Inoue, 
M.; Kubo, M. Coord. Chem. Reu. 1976, 21, 1. (c) Beem, K. M.; 
Richardson, D. C.; Rajagopalan, K. V. Biochemistry 1977, 16, 1930. 
(d) Palmer, G.; Babcock, G. T.; Vickery, L. E. Proc. Natl. Acad. Sci. 
U.S.A. 1976, 73,2206. (e) Szecsy, A. P.; Haim, A. J. Am. Chem. Soc. 
1981,103,1679. (f) Krogh-Jespersen, K.; Schugar, H. J. Inorg. Chem. 
1984, 23,4390. (g) Seela, J. L.; Huffman, J. C.; Christou, G. J. Chem. 
SOC., Chem. Commun. 1985, 58. (h) Chunplang, V.; Wilson, L. J. Ibid. 
1985, 1761. (i) Morgenstern-Badarau, I.; Cocco, D.; Desideri, A.; 
Rotilio, G.; Jordanov, J.; Dupre, N. J. Am. Chem. SOC. 1986, 108, 300. u) Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, C. Inorg. Chem. 
1986, 25, 398. 
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the deprotonated malonodinitriles (3), were successfully applied 
in RulIRul" mixed-valence chemistry by Krentzien and Taube 
and were shown to effect strong interaction between the bridged 
metal centers.15 

The anions 1-3 can be classified in two ways with regard to 
their function as bridges between metal centers of different valency. 
First, the metal-metal distance dM-M is an important factor in 
determining the extent of interaction in mixed-valence comp1exes;I 
a rough estimate of dM+ gives 330 pm (I), 620 pm (2), and 800 
pm (3) if dMw = 200 pm.I6 A second essential ligand property, 
especially for the coordination of weak electrophiles, is the a-donor 
strength, as measured by pKBH+, the pK, value of the acid con- 
jugate to the base B;17 the reported values are pKBH+ = 19.2 (1, 
R I= t-Bu),'* 14.5 @),I9 11.2 (3, R' = H),20 and 13.1 (3, R' = 

Experimental Section 
Instrumentation. EPR: Varian E9, X-band (9.5 GHz), 0.31 T mag- 

netic field strength. Calibration and g value determination were accom- 
plished by use of the double-cavity technique with the perylene radical 
anion in dimethoxyethane as reference.22 EPR data are corrected for 
second-order effects;llb low-temperature spectra (-1 50 "C) in toluene 
glass could not be interpretedu because of extensive overlapping of lines. 
Compqter simulation of isotropic spectra was accomplished with use of 
available programs.23a IR: JASCO A-100; solution spectra in THF. 
UV/vis/near-IR: Pye-Unicam SP 1800 and Perkin-Elmer Lambda 9. 

Preparations. Mixed-valence alkoxide complexes were obtained by the 
following procedure: KOR (R = t-Bu or adamantyl, Ad) and the pho- 
togenerated solvate Cp'(C0)2(THF)Mn23b were reacted in equimolar 
ratio in THF solution to slowly yield a fine orange-red and highly air- 
sensitive suspension. Infrared spectroscopy showed two pairs of CO 

d--h 

t- Bu) .21 

~ ~ ~ ~ _ _ _ _ _  ~_____ 

~ (a) Hodgson, D. J. Prog. Inorg. Chem. 1974,19, 173. (b) Nishida, Y.; 
Shimo, H.; Maehara, H.; Kida, S .  J .  Chem. Soc., Dalron Trans. 1985, 
1945. (c) Fiaschi, P.; Floriani, C.; Pasquali, M.; Chiesi-Villa, A,; 
Guastini, C. Inorg. Chem. 1986,25,462. (d) Sorrell, T. N.; Borovik, 
A. S.; Shen, C. C. Ibid. 1986, 25, 589. (e) Vincent, J. B.; Folting, K.; 
Huffman, J. C.; Christou, G. Ibid. 1986, 25, 996. 
Krentzien, H.; Taube, H. J .  Am. Chem. SOC. 1976, 98, 6379; Inorg. 
Chem. 1982, 21,4001. 
Richardson, D. E.; Taube, H. J. Am. Chem. Soc. 1983, 105, 40. 
Stewart, R. The Proton: Applications to Organic Chemistry; Academic: 
New York, 1985. 
Murto, J. Acto Chem. Scand. 1964, 18, 1043. 
Walba, H.; Isensee, R. W. J. Org. Chem. 1956, 21, 702. 
Pearson, R. G.; Dillon, R. L. J .  Am. Chem. SOC. 1953, 75, 2439. 
Hibbert, F.; Long, F. A. J .  Am. Chem. SOC. 1971, 93, 2836. 
Bolton, J. R. J. Phys. Chem. 1967, 71, 3702. 
(a) Kaim, W.; Bock, H. J.  Organomet. Chem. 1979,164,281. Oehler, 
U. M.; Janzen, E. G. Can. J .  Chem. 1982, 60, 1542. (b) Fischer, E. 
0.; Herberhold, M. Experientia, Suppl. 1964, 9, 259. 



Mixed-Valence Mn'Mn" Dimers 

Table I. EPR and IT Absorption Data of Cp'(C0)2(L)Mn and 
[Cp'(CO),Mn] &L) Complexesob 

mono n u - 
clear 

c o m p 1 ex binuclear complex 

L OMn g O M n  g "IT (AvI/2)  

-0-t-Bu 6.4 2.027 2.65 2.059 9640 (3500) 
-0Ad 6.4 2.027 2.70 2.058 9800 (3500) 
-ImC 6.1 2.035 3.05 2.035 7000 (>6000)c 

7270 (-lOOOO)d 
-CH(CN), 5.9 2.037 3.1 2.039 8180 (2500)' 

7810d 
-C-t-Bu(CN)2 5.25 2.021 2.70 2.017 8940 (-2500)c*c 

8550 (2120)d 

"Coupling constants assMn in mT ( = l o  G); absorption energies vIT 
and band half-widths AuIl2 in cm-'. T H F  solution, except where 
noted. In toluene solution. dData for corresponding Ru"Ru"' am- 
mine complexes in aqueous s o l ~ t i o n . ~ ~ J ~  

stretching bands, indicative of one species with vco = 1855 and 1770 cm-' 
(slowly decreasing, mononuclear anionic complex) and another species 
with vco = 1890 and 1805 cm-' (binuclear anionic complex). The values 
given are those of the t-BuO complexes; with A d 0  systems the fre- 
quencies uc0 are still lower by about 10 cm-I. Attempts to further 
characterize these compounds were unsuccessful due to their poor solu- 
bility and highly pyrophoric nature in the solid state. Careful oxidation 
of the T H F  suspension with Pb02  or by admittance of air results in the 
formation of mixed-valence species as evident from EPR and electronic 
spectroscopy; IR monitoring shows a decrease of the bands noted above 
and the appearance of new CO stretching bands at 1895, 1845, and 1825 
cm-I. The region above 1900 cm-l is dominated by the bands from 
Cp'(CO)3Mn that always accompany the formation of the mixed-valence 
complexes described here. 

Imidazolate complexes were obtained from Cp'(C0)2(ImH)Mn4b by 
oxidative deprotonation with O2 or Pb02 in T H F  or toluene solution (cf. 
Scheme I), with metal fragment acquisition by the first formed mono- 
nuclear manganese(I1) complex Cp'(CO)2(Im)Mn producing appreciable 
amounts of the imidazolate-bridged mixed-valence dimer. Whereas the 
C O  stretching frequencies vco = 1910 and 1830 cm-I (in toluene) show 
little change on oxidative deprotonation, the formation of the mixed-va- 
lence dimer is accompanied by a very broad IT absorption band with a 
maximum around 1400 nm. 

Paramagnetic malonodinitrile complexes were formed by oxidative 
deprotonation with O2 or Pb02  of yellow diamagnetic precursor com- 
plexes, which were formed from CP'(CO)~(THF)M~ and malonodinitrile 
(MDNH) or tert-butylmalonodinitrile ( ~ - B U - M D N H ) ~ ~  and which were 
characterized by IR: Cp'(C0)2(MDNH)Mn uCN = 2260 cm-I, vco = 
1925, 1870 cm-I; Cp'(CO),(t-BuMDNH)Mn YCN = 2240 cm-I, uco = 
1930, 1870 c d .  EPR and electronic spectroscopy (Figures 3 and 4) 
show that oxidative deprotonation yields primarily mononuclear man- 
ganese(I1) complexes with intense ligand-to-metal charge-transfer 
(LMCT)  band^^^.^ at  676 nm (MDN complex) and 835 nm (t-BuMDN 
complex); stretching frequencies were found in the IR spectra at vCN = 
2190 cm-' and uco = 1945, 1890 cm-' for the MDN system and at  vCN 
= 2165 cm-' and uco = 1945, 1885 cm-I for the t-BuMDN system. The 
additional formation of mixed-valence dimers is evident from both EPR 
and electronic spectroscopy (cf. Figures 3 and 4). 

Results 
Organometallic mixed-valence Mn'Mn" dimers were produced 

via the routes summarized in Scheme I. The alkoxide-bridged 
species were obtained by careful oxidation of the substitution 
products from photogenerated CP'(CO)~(THF)M~ with potassium 
salts of very b a ~ i c ' ~ ~ ' *  alcohols; the vibrational data (cf. Experi- 
mental Section) suggest that these poorly soluble and highly 
pyrophoric precursors can be formulated as anionic mono- and 
binuclear complexes ( [Cp'(CO)2Mn] 1,2(OR)]- since related com- 
pounds such as [(ss-CsMes)(C0),(t-BuS)Mn]- and [(os- 
CSHS)(CO),(PhSe)Mn]- display similarly low (<1900 cm-') CO 
stretching frequencies.2sa Oxidation is accompanied by the 

(24) Boldt, P.; Militzer, H.; Thielacke, W.; Schulz, L. Justus Liebigs Ann. 
Chem. 1968, 718, 101. 

( 2 5 )  (a) Winter, A.; Huttner, G.; Gottlieb, M.; Jibril, I. J.  Organomet. Chem. 
1985, 286, 317. (b) Huttner, G.; Schuler, S.; Zsolnai, L.; Gottlieb, M.; 
Braunwarth, H.; Minelli, M. Ibid. 1986, 299, C4. (c) Burckett-St. 
Laurent, C. T. R.; Caira, M. R.; English, R. B.; Haines, R. J.; Nas- 
simbeni, L. R. J .  Chem. SOC., Dalton Trans. 1977, 1077. 
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Figure 1. EPR spectrum of [Cp'(CO)2Mn]2(p-OAd) in T H F  at room 
temperature (top) with computer simulation (bottom) (line width for 
simulation 2.0 mT). Note the line broadening at  low field. 

disappearance of the low-energy CO stretching bands and by the 
formation of new IR bands a t  higher energies; the thus formed 
neutral, hydrocarbon-soluble, mixed-valence species are recognized 
by characteristic EPR spectra (Figure 1) and by the presence of 
intervalence (IT) electronic transitions in the near-infrared region 
of the spectrum (Table I) .  

The EPR signal consists of 11 lines in the intensity ratio 
1:2:3:4:5:6:5:4:3:2:1 and can thus be simulated by assuming full 
equivalency of the two 55Mn nuclei ( I  = '/,) with respect to the 
coupling with one unpaired electron. Furthermore, the isotropic 
coupling constant assMn is only about half as large as in comparable 
mononuclear Mn" c o m p l e x e ~ ~ ~ , ~  and closer to values reported for 
other Mn'Mn"  specie^;^^^^^'^ mononuclear compounds Cp'- 
(CO),(RO)Mn are observed during dissociative processes of the 
mixed-valence systems or after oxidation of the anions [Cp'- 
(C0)2(RO)Mn]- formed with less basic17 alkoxides or aryloxides. 
Although the alkoxide-bridged mixed-valence complexes [Cp'- 
(CO),Mn],(pOR), R = t-Bu, Ad, can be obtained in high con- 
centrations and can be kept for several days at ambient tem- 
peratures in solution, we were unable to isolate these compounds 
because of the notorious lability of Cp'(C0)2(L)Mn complexes;26 
one final decomposition product is Cp'(CO)sMn, accompanied 
by brown precipitate. The use of (qS-CsMe5)(C0)2(THF)Mn 
starting material did not lead to any detectable binuclear para- 
magnetic complexes, presumably because of steric congestion in 
the arrangement 4B. 

+e- 

-a-  
e 

5 
7 
-e- 

40  4c 

( 2 6 )  Gross, R.; Kaim, W. J .  Organomer. Chem. 1985, 292, C21. 
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Figure 3. EPR spectrum of a 55:45 mixture of Cp'(CO)2(t-BuMDN)Mn 
(6-line spectrum) and of [Cp'(CO),Mn],(p-t-BuMDN) (1 1-line spec- 
trum) at room temperature in THF. 

100 min 

Figure 2. Formation of the mixed-valence dimer [Cp'(C0)2Mn]2(p-Im) 
from the corresponding Mn" monomer as evident from EPR spectra at 
room temperature in toluene solution. 

Paramagnetic imidazolate and malonodinitrile anion complexes 
were obtained as mixtures of mononuclear Mn" complexes and 
binuclear Mn'Mn" compounds via oxidative deprotonation of 
neutral mononuclear Mn' precursors by aerial oxygen or lead 
dioxide (Scheme I) .  Neither the coordination of the second 
organometallic fragment nor the concomitant formation of 
Cp'(C0)3Mn or the maximal ratio of Mn'Mn" to Mn" product 
could be significantly influenced e.g. by addition of excess metal 
fragment. For determination of that maximal ratio, one has to 
consider the different sums of relative EPR intensities for both 
species; while this sum is only 6 for the 6 equivalent components 
of the mononuclear complex, it amounts to a total of 36 for the 
11 components of a binuclear arrangement (cf. preceding para- 
graph). Accordingly, an equimolar mixture would exhibit the 
1 :2:3:4:5:6:5:4:3:2: 1 intensity ratio for the binuclear system in 
relation to a 6:6:6:6:6:6 intensity pattern of the mononuclear 
species. 

For the imidazolate system (Figure 2), the symmetrical 1 1-line 
pattern arises because g(dimer) = g(monomer) and because 
2aM,(dimer) = aM,(monomer); however, the observed intensity 
ratios indicate that considerable amounts of Mn" complex remain. 
The bottom spectrum in Figure 2 illustrates the maximum ratio 
obtained between Mn'Mn" and Mn" complexes, showing overlap 
of every other line of the Mn'Mn" 11-line pattern with a Mn" 
sextet; it can be fairly well reproduced by assuming a molar ratio 
of -3:l between the dimer and the monomer as shown by the 
"stick-diagram" calculation (1) or by computer simulation. 

intensity ratio 

1:2:3:4:5:6:5:4:3:2:1 = 36 Mn'Mn" dimer (1) 
2 :  2: 2: 2: 2: 2 2 12 MnIImonomer 
3:2:5:4:7:6:7:4:5:2:3 3:l mixture (Figure 2C) 

A small line width of ca. 0.7 mT and a slight difference in g 
values allow a clear distinction between the six-line spectrum of 
Cp'(CO)2(t-BuMDN)Mn and the 1 1-line pattern of spin-delo- 
calized [Cp'(C0)2Mn]2(p-t-BuMDN) (Figure 3). This time, 
the obtainable ratio of dimer to monomer can be calculated from 
the intensity ratio of 1:7 between the two separate outermost 
high-field !he< of both species; as with computer simulations, one 

1 

Figure 4. Electronic absorption spectrum of the mixture [Cp'- 
(C0)2Mn],,2(t-BuMDN) in toluene (cf. Figure 3), showing the LMCT 
transition of the monomer at 835 nm and the IT band of the mixed-va- 
lence dimer as a shoulder a t  1 120 nm. 

arrives at a 1:1.2 molar ratio in favor of the mononuclear complex. 
In no instance could we detect superhyperfine coupling from 'H 
or I4N nuclei, in agreement with calculated spin d e n ~ i t i e s . ~ ~ , ~  

Formation of the mixed-valence species as evident from EPR 
spectra is accompanied by new absorption bands in the near-in- 
frared region that are not present in solutions of the mononuclear 
c o m p l e x e ~ ~ ~ , ~  or of the final decomposition products; hence, they 
are assigned to the expected intervalence transitions (IT). The 
IT bands of the Mn'Mn" complexes with the ligands 2 and 3 are 
remarkably similar to the spectral features displayed by corre- 
sponding Ru"Ru"' ammine  compound^.^^^'^ The imidazolate 
system exhibits a very broad band with an absorption maximum 
at  1400 nm while the malonodinitrile anion bridged species have 
much more narrow IT bands, partly obscured by intense LMCT 
(d(Mn") - (-CR(CN),)) b a r ~ d s ~ ~ . ~  in the visible region of the 
spectrum (Figure 4). 
Discussion 

The determining factor for the formation of mixed-valence 
dimers [Cp'(C0)2Mn]2(p-L) is the a-donor strength of the anionic 
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bridging ligands p L .  Whereas the strong bases Ado- and t-BuO- 
(pKBH+ = 19.2)18 can form mixed-valence dimers as the only 
paramagnetic products, the less basic imidazolate (PKBH+ 14.5)19 
and malonodinitrile anions (pKBH+ = 11-1 3)20921 yield only mix- 
tures of binuclear Mn'MnT1 and the remaining mononuclear Mn" 
compounds, the maximal ratios being 3:l for the imidazolate 
system (Figure 2) and 1:  1.2 for the tert-butylmalonodinitrile 
complexes (Figure 3). Mixed-valence dimer formation was not 
observed when benzimidazolate (pKBH+ = 12)," phenolates (PKBH+ 
= lo), and most other alkoxides were used,17 apparently, additional 
coordination of a neutral Mn' fragment to a neutral Mn" system 
Cp'(CO),(L)Mn requires considerable ligand basicity despite the 
gain in delocalization energy. The notorious kinetic lability of 
complexes with Cp'(CO)zMn fragments"*26 has made it possible 
to obtain the Mn'Mn" dimers via intermolecular exchange pro- 
cesses according to Scheme I; however, this propensity of the 
organometallic fragment is also responsible for the failure to isolate 
the dimeric species because of facile degradation processes 
(steady-state situation). 

Nevertheless, the EPR results clearly allow the characterization 
of Mn'Mn" dimers as neutral spin-delocalized species even in those 
cases where the metal centers are separated by ca. 800 pm (ligands 
3). It is assumed that the organometallic Mn fragments are always 
N-coordinated in the complexes of malonodinitrile anions since 
the tert-butyl substituent would not permit C-coordination and 
since the high affinity of Cp'(C0)2Mn fragments for N(cyano) 
coordination has been demonstrated recently by us;26 the presence 
of negative charge density at these N centers is illustrated by the 
resonance structures 5A and 5C. 

R' 

5 A  5 6  

R '  

c/c\c 
N 4  \N- 

6C 

The observed delocalization on the EPR time scale of ap- 
proximately s supports the notion that the absence of charge 
trapping in aprotic, nonpolar solvents may permit such delocal- 
ization even if only small electronic interaction energies are in- 
volved. ) Low-spin manganese(I1) complexes with strong a-donor 
ligands are particularly suitable for EPR studies because a rel- 
atively large gap between the doublet ground state and higher 
excited states results in slow spin-lattice relaxation and good 
conditions for observation of EPR signals a t  room temperature; 
further advantages of the isotope 55Mn (100% natural abundance) 
are the characteristic nuclear spin of 5 / 2  and the high magnetic 
moment. 

The 55Mn coupling constants of the mononuclear complexes 
show a decrease in the order alkoxides > imdazolate > malono- 
dinitrile anion > tert-butylmalonodinitrile anion complexes (Table 
I), indicating slowly increasing delocalization of spin into the ligand 
7r s y ~ t e m ; ~ ~ . ~  in agreement with this interpretation, the LMCT 
transition (2) is shifted considerably from vLMCT > 25 000 cm-' 
for the alkoxide and imidazolate complexes to 14 800 and 1 1  980 
cm-l for the MDN and t-BuMDN species, respectively. 

hu 
[Cp'(CO),Mn"]+(L)- *[Cp'(CO)2Mn1](L*) (2) 

Spin-delocalized mixed-valence dimers should exhibit half the 
metal isotope coupling constant of corresponding mononuclear 
systems, thereby leaving the total spectral width u n ~ h a n g e d . * 8 J ~ ~ , ~ ~  
This rule is fairly well obeyed by the imidazolate and malono- 
dinitrile anion complexes; however, a conspicuous discrepancy must 
be noted for the alkoxide species, where assMn = 2.7 mT of the 

(27) (a) Hudson, A,; de G. Kennedy, M. J. Inorg. Nucl. Chem. Lett. 1971, 
7, 333. (b) Hasty, E. F.; Golburn, T.  J.; Hendrickson, D. N. Inorg. 
Chem. 1973, 12, 2414. 

dimers is significantly smaller than half of the coupling constant 
mMn/2 = 3.2 mT of the mononuclear complexes (Table I ) .  In 
addition to that difference, the alkoxide-bridged dimers are dis- 
tinguished by unusually high4bvd isotropic g values whereas the 
other pairs of mono- and binuclear S = complexes have very 
similar g values as would be anticipated.28 

The special spectroscopic behavior of the alkoxide-bridged 
dimers must be traced back to the steric situation 4: Sterically 
demanding alkoxides'2b such as Ado- or t-BuO- may induce not 
only bond distortions but also weak metal-metal interactions within 
an arrangement (4B) so that the estimated16 metal-metal distances 
of 280-350 pm for RO-bridged  dimer^'^.'^ overlap with the 
bonding range of Mn-Mn-bonded organometallic c o m p l e ~ e s ; ~ ~  
even a small extent of metal-metal interaction should then lead 
to a reduction of the metal isotope coupling.30 

This interpretation is supported by X-ray crystallographic 
results for the complexes 4A and 4C with ER = SEtZ5' and 
TePh,25b which clearly indicate the presence of a Mn-Mn single 
bond in the cations 4A and no bonding interaction in the anions 
4C; the neutral species should then adopt the intermediate position 
4B. There is, of course, less steric repulsion in the complexes 4 
with the higher homologues E of oxgyen and in the related neutral 
dimers [Cp(CO)2Mn]2(p-E'R) with group 15 elements E' = P, 
As, Sb,31 which are isoelectronic with the cationic group 16 
complexes 4A. The fact that the neutral group 15 element species3' 
and the cationic thiolate complexes 4A25c have one valence electron 
less than the neutral alkoxide-bridged dimers is evident from their 
rather high (>1900 cm-I) CO stretching f r e q u e n c i e ~ . ~ ~ ~ ~ ~ ~  

The dissociative lability of the complexes with first-row-element 
donor atoms 0 and N precluded satisfactory electrochemical 
measurements; the stability constants K = 10El-E2/59 mV, which 
can be calculated for thiolate-bridged Mn'Mn" systems, range 
from lo5 for (C0)3Mn(p-SPh)3Mn(CO)37e to lo6 for 4 (ER = 
SPh)Z5C to 10I2 for [(q5-C5H5)(NO)Mn(~-SR)]2+.9 

A characteristic spectroscopic feature of class I1 and IIIA 
mixed-valence complexes is the IT transition which often occurs 
a t  rather low energies;' such a transition was also observed after 
irradiation of the photosynthetic 0,-evolving complex.8g The result 
that the IT absorption of the alkoxide-bridged species occurs at 
lower energies than that of the triply thiophenolato bridged 
compound (CO)3Mn(p-SPh)3Mn(C0)37e may again by attributed 
to the closer metal-metal distance in the former systems; M-hy- 
droxy-bridged Rd'Ru"' dimers were reported to have vIT = 16 000 
cm-'." However, the most remarkable result from electronic 
spectroscopy is that the position and the width of the IT bands 
measured in toluene for Mn'Mn" complexes with the ligands 2 
and 3 are virtually identical with the data obtained for corre- 
sponding Ru"Ru"' ammine species in aqueous solution (Table 
I).2d,'5 We cannot, as yet, offer an explanation for this intriguing 
correspondence; however, this result does not only emphasize once 
more32,33 the crucial role of the bridging ligand in determining 
the spectroscopic properties of mixed-valence compounds, it also 
constitutes excellent support for the validity and usefulness of the 
concept of diagonal relationship between Ru and Mn compounds 

(28) All Mn" com exes described here have g > gel,,,,, = 2.0023 because 
a low-spin Mn I situation is characterized by a small difference between 
the singly occupied and the highest filled molecular orbital and by a 
relatively large gap between the singly occupied and the lowest empty 

(29) Bernal, I.; Creswick, M.; Herrmann, W. A. Z. Naturforsch., B: Anorg. 
Chem., Org. Chem. 1979, 348, 1345. 

(30) Cf. the results for Mn2(C0)9: Lionel, T.; Morton, J. R.; Preston, K. 
F. Inorg. Chem. 1983, 22, 145. 

(31) (a) Lang, H.; Mohr, G.; Scheidsteger, 0.; Huttner, G. Chem. Ber. 1985, 
118, 574. (b) Sigwarth, B.; Zsolnai, L.; Scheidsteger, 0.; Huttner, G. 
J. Orgunomet. Chem. 1982, 235, 43. (c) Weber, U. Zsolnai, L.; 
Huttner, G. Ibid. 1985, 289, 357. 

(32) Kaim, W. Angew. Chem. 1983.95, 201; Angew. Cfiem., Int. Ed. Engl. 
1983, 22, 171. 

(33) (a) Ondrechen, M. J.; Ellis, D. E.; Ratner, M. A. Chem. Phys. Lett. 
1984,109, 50. (b) The possibility of spin delocalization via the ligand 
T system was supported recently by results from a 3 K single-crystal 
EPR study of the Creutz-Taube Ru"Ru"' ion: Stebler, A,; Ammeter, 
J. H.f Furholz, U.; Ludi, A. Inorg. Cfiem. 1984, 23, 2764. Cf. also: KO, 
J.; Zhang, L. T.; Ondrechen, M. J. J. Am. Chem. SOC. 1986,108, 1712. 
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that was mentioned in the Introduction and has been exploited 
by us4 and others.34 
Summary 

This study adds further examples to the rapidly growing number 
of organometallic mixed-valence c o m p l e ~ e s . ~ ~ * ~ ~  The combination 
of "hard" ligands which are commonly used with more 'inorganic" 
metal fragmentsl2-I5 and the weakly electrophilic organometallic 
fragments [Cp(CO),Mn]O/+ 4,26 results in an unsatisfactory situ- 
ation as concerns coordinative stability; we shall try to overcome 
this problem by using either more electrophilic metal fragments 
or even more basic bridging ligands. Nevertheless, it has been 
possible with some ligand systems to change from Ru"Ru"' am- 
mine to organometallic Mn'Mn" systems without affecting the 
position and shape of the IT transition but with having the valuable 
opportunity for convenient EPR studies of the spin distribution.33b 

One reason to use small biochemically relevant 0 and N ligands 
in this study despite the preparative difficulties was to answer the 
question whether further spectroscopic knowledge can be gathered 
with regard to mixed-valence manganese species such as the ones 
observed during irradiation of photosynthetic 02-evolving com- 
plexes in chloroplast membranes.s There are mixed-valence 
Mn'Mn" complexes with two: or three7e thiolate bridges, 
and other approaches have included the use of sulfur ligands to 
stabilize higher-valent manganese as mixed-valence species7' or 
in the presence of p- imidaz01ate~~J~~~ or p-OR ligands;'" however, 

25, 4870-4876 

(34) Lynch, M. W.; Hendrickson, D. N.; Fitzgerald, B. J.; Pierpoint, C. G. 
J .  Am. Chem. SOC. 1984, 106, 2041. 

(35) (a) Babonneau, F.; Henry, M.; King, R. B.; El Murr, N. Inorg. Chem. 
1985, 24, 1946. (b) Casewit, C. J.; Rakowski DuBois, M. Ibid. 1986, 
25, 74. (c) Scherer, 0. J.; Schwalb, J.; Wolmershiiuser, G.; Kaim, W.; 
Gross, R. Angew. Chem. 1986, 98, 349 Angew. Chem., In!. Ed. Engl. 
1986, 25, 363. 

EXAFS studies of enzymatic material have strongly suggested 
that the first coordination shell around the Mn centers contains 
only light donor atoms such as 0 or N and that the manganese 
atoms are in close contact, possibly bridged by 0.36 Although 
the photosynthetic processes do not involve manganese in the +I 
oxidation state or in organometallic forms and model systems 
involving higher valent Mn and oxo ligands7c are certainly more 
realistic (oxygen is used and not produced in our system), the 
application of the alkoxide/oxide analogy37 may stimulate further 
investigation and speculation on the nature of the photosyn- 
thetically active manganese centers.*' 

A final comment should be made on the relation between 55Mn 
coupling constants and oxidation-state assignments. The isotropic 
values assMn of organometallic low-spin Mn" and Mn'Mn" 
(doubled value) range from 5.4 mT (alkoxide-bridged dimers) 
to 6.1 mT (imidazolate-bridged dimer and monomer) and 6.4 mT 
(alkoxide-coordinated monomers) to 6.6 and 7.2 mT for thiolate- 
and methylene-bridged d i m e r ~ , ~ ~ ? ~ J O  thus illustrating again7d the 
difficulty of determining metal oxidation statessg from EPR hy- 
perfine values only. 
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Reaction of CH,HgOH with adenine (HAd) in water-ethanol mixtures yielded 2:l and 3:l compounds. Substitution of the 
imidazole proton and one of the amino protons in [(CH,Hg),(Ad-H)].EtOH was deduced from the IR spectra. Crystals of 
[(CH3Hg)3(Ad-2H)].l/2H20 are monoclinic, C2/c ,  with a = 20.809 (7) A, b = 7.263 (1) A, c = 18.788 (1) A, f l  = 104.91 (4)', 
and 2 = 8. The structure was refined on 1104 nonzero Mo Ka  reflections to R = 0.050. The imidazole proton and both of the 
amino protons have been substituted by linearly coordinated CH3Hg+ groups in this compound. Reaction of CH3HgOH and 
CH3HgX (X  = NO3-, CIO;) led to isolation of compounds of the type [(CH3Hg),(Ad-2H)]X. Crystals of [(CH3Hg),(Ad- 
2H)]N03 are monoclinic, P2,/c, with a = 14.458 (5) A, b = 7.478 (1) A, c = 20.114 (5) A, f l  = 126.34 (2)O, and 2 = 4. The 
structure was refined on 1502 nonzero Cu K a  reflections to R = 0.053. This compound contains NO3- anions and 
[(CH3Hg)4(Ad-2H)]+ cations, in which three CH3Hg+ groups occupy the same sites as in the above compound, whereas the fourth 
CH3Hg+ group is bound to N3. The infrared spectra of these compounds and of their C8-deuteriated derivatives were compared 
with those of CH3HgAd, and diagnostic regions were identified to characterize each type of bonding. The IH and "C NMR results 
are discussed. 

Introduction 
As part of our continuing research on the binding of the 

CH3Hg+ cation with DNA bases, a series of adenine complexes 
(Chart I) have been structurally characterized in this laboratory.'" 

They invariably showed that metal complexation first occurred 
with N9 by substitution of the labile acidic H9 proton. Extra 
C H 3 H d  groups could be i n t d u c e d  into the ring without Proton 
displacement. They were found to bind first to N7 and then to 
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