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Synthesis, Structure, and Properties of a Novel 
Heterobimetallic FelllMnll Complex Containing a 
Septadentate Polyimidazole Ligand 

There has been much interest recently in the structure and 
properties of redox-active non-heme p-oxo iron proteins.'-* The 
oxygen carrier protein, hemerythrin (Hr), is known to have a 
p-oxo-bis(p-carboxylat0)-bridged active site s t r ~ c t u r e , ~  which has 
been proposed for other diiron proteins1,2 such as ribonucleotide 
reductase (RR): purple acid phosphatase (PAP),5 and methane 
monooxygenase ( M M 0 ) . 6  Since each of the p-oxo iron proteins 
perform very different chemical functions, it is thought that the 
auxillary ligands coordinated to the iron centers regulate the redox 
properties of the active site.'S2 Histidine is known to be a ligand 
in Hr3 and is thought to be present in RR,' PAP,* and MM0.6b  
The phenolate ion of tyrosine also is thought to be a ligand in PAP 
and uteroferrin.8 

Recently, Averillgb and Zerner et aL9 have shown that purple 
acid phosphatase and uteroferrin (UJ can be modified to form 
a novel class of heterobimetallic compounds ( Fe1I1Zd1 and 

( I )  (a) Wilkins, P. C.; Wilkins, R. G. Coord. Chem. Rev. 1987, 79, 195. 
(b) Lippard, S. J. Angew. Chem., Int. Ed.  Engl. 1988, 27, 344. (c) 
Reichard, P.; Ehrenberg, A. Science (Washington, D.C.) 1983,221, 514. 
(d) Antanaitis, B. C.; Aisen, P. Adu. Inorg. Biochem. 1983, 5, 1 1 1 .  
Sanders-Loehr, J.; Loehr, T. M. Adv. Inorg. Biochem. 1979, I ,  235. (e) 
Kurtz, D. M., Jr.; Shriver, D.; Klotz, 1. M. Coord. Chem. Reu. 1977, 
24, 145. 

(2)  Que, L., Jr.; Scarrow, R. C. In Metal Clusters in Profeins; Que, L., Jr., 
Ed.; ACS Symposium Series 372; American Chemical Society: 
Washington, DC, 1988; pp 159-178. 

( 3 )  (a) Stenkamp, R. E.; Siekler, L. C.; Jensen, L. H .  J. Am. Chem. SOC. 
1984, 106, 618. (b) Sheriff, S.; Hendrickson, W. A,; Smith, J. L. J. 
Mol. Biol. 1987, 197, 273. 

(4) (a) Sjoberg, B.-M.; Loehr, T. M.; Sanders-Loehr, J. Biochemistry 1982, 
21,96. (b) Joelson, T.; Uhlin, U.; Eklund, H.; Sjoberg, B.-M.; Hahne, 
S.: Karlson. M. J. Biol. Chem. 1984. 259. 9076. (c) Petersson. L.: \ ,  ~ ~ ~~~~ 

Grasiund, A.; Ehrenberg, A.; Sjoberg, B.:M.; Reichard, P. J. %l: 
Chem. 1980, 255, 6706. 

( 5 )  (a) Averill, B. A.; Davis, J. C.; Burman, S.; Zirino, T.; Sanders-Loehr, 
J.; Loehr, T. M.; Sage, J. T.; Debrunner. P. G. J. Am. Chem. Soc. 1987. 
109, 3760. (b) Anthaitis, B. C.; Strekos, T.; Aisen, P. J. Biol. Chem. 
1982, 257, 3766. 

(6) (a) Dalton, H .  Adu. Appl. Microbiol. 1980, 26, 71. (b) Ericson, A,; 
Hedman, B.; Hodgson, K. 0.; Green, J.; Dalton, H.; Bentsen, J. G.; 
Beer, S. J.; Lippard, S. J. J. Am. Chem. Soc. 1988,110,2330. (c) Fox, 
B. G.; Surerus, K. K.; Munck, E.; Lipscomb, J. D. J. Biol. Chem. 1988, 
263, 10553. 

(7 )  Sahlin, M.; Ehrenberg, A,; Graslund, A,; Sjoberg, B.-M. J .  Biol. Chem. 
1986, 261, 2778. 

(8) (a) Lauffer, R. B.; Antanaitis, B. C.; Aisen, P.; Que, L., Jr. J. Biol. 
Chem. 1984, 258, 14212. (b) Davis, J. C.; Averill, B. A. Proc. Nurl. 
Acad. Sei. U.S.A.  1982, 79, 4623. 

(9) (a) Keough, D. T.; Dionysius, D. A,; de Jersey, J.; Zerner, B. Biochim. 
Biophys. Res. Commun. 1980, 94, 600. (b) Beck, J. L.; Keough, D. T.; 
de Jersey, J.; Zerner, B. Biochim. Biophys. Acta 1984, 791, 357 .  (c) 
Beck, J. L.; McConachie, L. M.; Summors, A. C.; Arnold, W. N.; de 
Jersey, J.; Zerner, B. Biochim. Biophys. Acta 1986,869, 61. (d) Sage, 
J. T.; Xia, Y.-M.; Debrunner, P. G.; Keough, D. T.; de Jersey, J.; 
Zerner, B. J. Am. Chem. SOC. 1989, I l l ,  7239. 

@PC"' 

41 

Figure 1. Structure of the cation [Fe111Mn11(bimp)(p-MeC02)2]2+, 
showing the atom-labeling scheme. Selected bond distances and angle: 
Fe-SMn, 3.472 (1) A; Fe-O(l), 2.035 (3) A; Fe-N(2), 2.131 (6) A; 
Fe-N(4), 2.142 (5) A; Fe-N(l), 2.308 (5) A; Fe-0(2), 2.002 ( 5 )  A; 
Fe-0(4), 2.035 (4) A; Mn-O(l), 2.092 (3) A; Mn-N(7), 2.159 (5) A; 
Mn-N(9), 2.169 ( 5 )  A; Mn-N(6), 2.316 (5) A; Mn-0(3), 2.116 (4) A; 
Mn-0(5), 2.025 ( 5 )  A; Fe-O(l)-Mn, 114.5 (2)O. 

Fe"'Hg"), in which the Fe" center has been replaced with various 
divalent metal ions. There is good evidence for the presence of 
an Fe"'Zn" center in red kidney bean phosphatase1& and a similar 
center also may be present in calcineurinIob from bovine brain. 
Recent Mossbauer studies on mixed-metal forms of PAP show 
that the intrinsic properties of each iron center can be studied 
without the interference often encountered in exchange-coupled 
clusters. Therefore, p-oxo-p-carboxylato mixed-metal compounds 
containing imidazole and phenolate ligands are of interest as 
models of the heterobimetallic centers isolated from PAP and Up 

Recently, wella and others'lb*c have found that phenol-containing 
polydentate ligands can be used to stabilize heterobimetallic 
complexes. While examining the coordination chemistry of a new 
septadentate polyimidazole ligand, 2,6-bis [ (bis( (1  -methyl- 
imidazol-2-yl)methyl)amino)methyl]-4-methylphenol (H-bimp) 
( l ) , I 2 3 I 3  we found that Fell1 complexes of 1, containing either Mn", 
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Co", Ni", Cu", or Zn" ions, can be prepared in reasonable yields. 
We wish to report herein the synthesis and properties of a novel 
Fe1I1Mnl1 complex of 1. 

The heterobimetallic complex [Fe"'Mn"(bimp)(p- 
O,CCH,),] (C104)2 (2) has been prepared by several methods. 
The easiest procedure involves addition of stoichiometric quantities 
of Fe(C104),.9H20 and Mn(CH3C02)2.4H20 to a methanol so- 
lution containing l equiv of H-bimp and 2 equiv of sodium acetate. 
Addition of 2.5 equiv of NaCIO, affords a black precipitate, which 
after crystallization from a CH2C1,/CH,CN solution gives crystals 
adequate for structure determination. Recently, Que et al.llc have 
reported an alternative procedure for preparing heterobimetallic 
complexes. Following their method, Fe(NO,), is added to a stirred 
solution of H-bimp and 2 equiv of sodium acetate, affording a 
monometalated intermediate of 1 that reacts cleanly with Mn- 
(CH,C02),, giving 2. Sequential metalation procedures have been 
employed successfully in preparing other mixed-metal c~mplexes;'~ 
however, the present H-bimp ligand is unusual in that it forms 
heterometallic complexes directly. 

The crystal structure of 215 is shown in Figure 1. No crys- 
tallographic symmetry is imposed on the cation, and assignments 
of the high-spin Fell' (S = 5 / 2 )  and high-spin Mn" (S = 5 / 2 )  
atomic positions are based on the overall shortening of the 
metal-ligand bond distances associated with the Fell' ion. A 
possible problem arises in differentiating the positions assigned 
to the Fell' and Mn" ions, due to their identical S = 5 / 2  spin 
configurations. The longer Mn"-0 and Mn"-N distances, 
however, are consistent with lengths reported recently for the 
mixed-valence [ Mn"Mn"1(bimp)(p-02CCH3)2]2+ ion12 and otherI6 
isostructural p-phenoxo-bis(p-carboxy1ato)-bridged Mn com- 
pounds. The Fe"'-O and Fe"'-N distances are slightly longer 
than the distances reported for [Fe11Fe111(bimp)(p-02CC6H5)2]2+ 
and related compounds but are consistent with lengths reported 
for other phenolate-bridged Fe"' complexes.17 The Fe-Mn 
distance i n  2 is 3.445 (3) A .  

Presence of a high-spin Fell' ion in 2 has been confirmed by 
the 100 K 57Fe Mossbauer spectrum, which shows a single 
quadrupole-split doublet with a splitting of 0.646 (3) mm/s and 
isomer shift of 0.355 mm/s vs iron foil at room temperature. The 
electronic spectrum of 2 consists of a broad band centered at 559 
nm ( t  = 674 M-' cm-I) and a shoulder at 329 nm (c = 1343 M-I 
cm-I). A similar spectrum has been reported for [Fe"Zn"'- 
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Figure 2. Cyclic voltammograms of [ Fe111Mn"(bimp)(p-MeCOz)2]2t 
(top), [MnllMnll'(bimp)(r-MeCOz)z]zt (middle), and  [Fe"Fe"'- 
(bimp)(p-MeC0z)2]2' (bottom) in acetonitrile (0.1 M TBAP) a t  a 
platinum wire electrode and Ag/AgCl reference (E(Fc/Fct) = +0.325 
V). 

(bpmp)(p-OPr),] 2+ { I d  and Fe1IFe"'( bimp)(p-OAc)J 2+ .13  Com- 
parison of the spectrum of 2 with those of [FellFelll(bimp)(p- 
OAc),j2+13 (523 nm, t = 606 M-I cm-]) and [MnllMnlll- 
( b i m p ) ( p - O A ~ ) ~ ] ~ + ' ~  (606 nm, t = 430 M-' cm-') allows us to 
understand the nature of these transitions. The absorption at 559 
nm is due to the phenolate-to-FeIrl charge-transfer transition. The 
intensity of the band is similar to that observed for [Fe"FeI1'- 
( b i m p ) ( p - O A ~ ) ~ ] ~ + ,  which indicates that the phenolate-to-Fe"' 
charge-transfer transition is not appreciably affected by the 
presence of the divalent cation. The intense band at  329 nm 
obscures the weak 6A, - 4T2(4D) ligand field transition expected 
for a high-spin ferric ion and is likely due to ligand ?M* transitions 
and metal-ligand charge-transfer transitions.I* No intervalence 
charge-transfer band is observed in the near-IR region; therefore, 
the data appear consistent with the FeII'Mn" bridged structure 
observed in the crystal structure. 

A cyclic voltammogram of complex 2 in acetonitrile is displayed 
in Figure 2, along with the voltammograms of [FeIIFe"'- 

02CCH3)2]2+.12 Two quasireversible redox processes are observed 
for each complex corresponding to successive one-electron-transfer 
steps. The redox steps at -0.16 and +1.01 V vs Ag AgCl ( E -  

and Fe"'Mn"/Fel''Mnl'' couples, respectively. These values are 
in close agreement with the first and last redox steps observed 
for the Fe, and Mn, homologues, respectively. The 565-mV shift 
in  the Mn"/Mn"' r edox couple in 2, relative to the second 
Mn"/Mn"' redox step in [Mn"Mn"'(bimp)(p-OA~)~]~+, is a result 
of the close proximity of the manganous and ferric ions and simple 
coulombic interactions. 

( b i m p ) ( p - 0 2 C C H 3 ) 2 ] 2 +  and [Mn"MnlI1 (bimP)(P- 

(Fc/Fc+) = 0.325 V) for 2 correspond to the FeI'Mn' I /FerllMnll 

( 1  8) The compound [Mn,(bimp)(p:OAc),](ClO~) has been prepared. The 
electronic spectrum shows an intense band at 309 nm ( e  = 3730 M-' 
cm-l) that is most likely due to a ligand m* transition. No ligand field 
or charge-transfer transitions are observed in the visible region. 
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Magnetic susceptibility measurements on powdered crystals of 
2 between 299.7 and 5.2 K indicate that the metal ions are weakly 
coupled antiferromagnetically. The magnetic moment of the 
sample drops from 7.18 MB/complex at  299.7 K to 0.872 pB/ 
complex at  5.2 K. Susceptibility data were least-squares fitted 
by using !heA Hamiltonian for an isotropic exchange interaction, 
H = -2JS,.S2 (SI and S2 = The exchange-coupling constant 
J was determined to be -7.7 cm-l with g = 1.9 and TIP fixed at  
800 X IO" cgsu. The powder EPR spectrum of 2 at 4.2 K is 
consistent with an S = 5 coupled binuclear system.19 

In summary, the bimp- ligand appears capable of stabilizing 
heterobimetallic complexes containing discrete trivalent and di- 
valent metal ion binding sites, similar to PAP and U p  A complete 
discussion of the structure and properties of 2 and related com- 
plexes (Fe"'M", where MI1 = Co, Ni, Cu, and Zn) will be reported 
later. These complexes should be useful in evaluating the electronic 
properties of isolated iron centers in the presence or absence of 
exchange coupling. 
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Molecular Mechanics of Single Bonds in 
Tetrakis(carboxy1ato)dirhodium Systems 

In  a previous analysis' of dirhodium centers by molecular 
mechanics, a harmonic force constant of 0.88 mdyn A-I, calculated 
from a measured2 Rh-Rh vibration frequency of 170 cm-', was 
used in the force field for Rh-Rh single bonds. More recent, more 
detailed electronic, infrared, Raman, and resonance Raman 
studies3s4 have shown that v(Rh2) should rather be assigned to the 

( I )  Boeyens, J; C. A.; Cotton, F. A.; Han, S.  Inorg. Chem. 1985, 24, 1750. 
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Schematic drawing of the bridged Rh2(02CR),L2. 

Table I. Calculated and Observed Rh-Rh Distances (k = 2.73 mdyn 
A-') Together with the Tabulated Values of r, 

axial donor, L R r(obs)/A ref r(calc)/A r o / A  
H 2 0  (planar) CH, 2.3855 (5) 4 2.385 2.42 
H20 (tetr) CH, 2.3855 (5) 4 2.385 2.43 
Me20S CH, 2.406 (1) 5 2.406 2.44 
Me20S C2H5 2.407 (1) 6 2.407 2.43 
Me2S0 CF, 2.419 (1) 6 2.420 2.45 
H20 (planar) C(CH,), 2.371 (1) 5 2.371 2.41 
H20 (tetr) C(CH,), 2.371 (1 )  5 2.371 2.42 

Table 11. Improved Force-Field Parameters for Bond Stretching 
(klmdyn A-', r o / A )  and Angle Bonding (k/mdyn A rad-I, &,/rad) 

k rn or On 
Rh-S(ax) 0.80 2.35 
H-O(ax) 5.00 0.96 
C-S(ax) 3.50 1.80 
O=S(ax) 3.50 1.45 
O=C(br) 3 .OO 1.26 
C-F 0.40 1.32 
Rh-Rh-O,S(ax) 0.3 3.1416 
0-Rh-O,S(br) 0.8 1.571 
Rh-0-Lp(br) 0.4 2.094 
Rh-O=C( br) 0.2 2.094 
Lp-0-C(br) 0.6 2.094 
0-C-O( br ) 1.5 2.094 
0-C(br)-C 1 .o 2.094 
F-C-C(br) 0.65 1.91 1 
F-C-F 0.52 1.91 1 
Rh-0-H,Lp(ax) 0.4 2.094, 1.91 1 
Rh-S-C(ax) 1 .o 1.911 

Torsional Parameters (U/J mol-'. dddee) 

x-0-c-x 0.63 0 
X-Rh-0-X(ax) 0.42 90 

band at 289 cm-I. It is of interest to see if this assignment could 
be sustained by molecular mechanics simulation of the known 
dirhodium systems, using the corresponding harmonic force 
constant of 2.73 mdyn A-1 (N cm-I). 

Calculations were done on a series of Rh2(02CR),L2  system^,^-^ 
shown in Figure 1, by using a Newton-Raphson minimization 
procedure coded by Boyd.' The series of compounds considered 
allowed for the variation of both the carboxyl group and the axial 
ligands. In each case the parameter r,, in the expression for bond 
strain, V = lIzk(r - r,J2, was varied for constant k = 2.73 mdyn 
A-' until the observed bond length was reproduced. The results 
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