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Abstract: Using either simple ferric salts or the preassembled (p-oxo)diiron(III) anion, [CI,FeOFeCI,] 2-, bridged binuclear 
complexes [ ( H B ~ z , ) F ~ O ( O ~ C R ) ~ F ~ ( H B ~ Z , ) ] ,  R = H, CH,, C6H5 and HBpz3 = tri-1-pyrazolylborate ion, were prepared. 
X-ray crystallographic studies of the acetate and formate derivatives revealed a structure in which the two iron atoms are 
linked by a p-oxo and two p-carboxylato bridging ligands in a bioctahedral geometry in which the termini are capped by the 
tridentate tri-1-pyrazolylborate ligands. The geometry of the {Fe20(O2CR),] core of these compounds is nearly congruent 
with that found in the azidomet forms of the marine invertebrate oxygen transport proteins, hemerythrin and myohemerythrin. 
The (p-oxo)diiron(III) center is bent, with an average Fe-0 bond length of 1.783 (3) A and an average Fe-0-Fe angle of 
124.6 (1)O. The vibrational modes of this center have been characterized by extensive Raman, resonance Raman, and Fourier 
transform infrared (FTIR) spectroscopic studies of the model complexes and their I8O analogues. The latter were prepared 
by exchange with I80H2, which is a facile reaction. The asymmetric stretch (vas) occurs at 751 cm-l and is relatively weak. 
It underlies a strong HBpz3- ligand band and shifts under another such band (to 721 cm-I) in the lSO derivative. This behavior 
was mapped by difference FTIR spectroscopy. The symmetric stretch and deformation modes occur at 528 and 278 cm-I, 
respectively. These vibrational features as well as the magnetic exchange properties, ligand field bands in the optical spectrum 
(695 nm, e 70 MF;l cm-I; -990 nm, e 3.5 MF;l cm-I), and Mossbauer spectroscopic parameters (6 = 0.52 f 0.03 mm/s; 
AEq = 1.55 f 0.05 mm/s) are compared to those reported for met- and oxyhemerythrin as well as other proteins believed 
to contain (p-oxo)diiron(III) cores. Proton NMR investigations of [Fe20(02CCH,)2(HBpz3)2] and its deuterated analogues 
are reported in which the paramagnetically shifted acetate group methyl proton resonances are identified at -10.5 ppm. This 
assignment should facilitate location of the analogous resonance in the proteins. Cyclic voltammetric studies of [ FelO- 
(02CCH3)2(HBp~3)2] revealed an irreversible reduction accompanied by formation of mononuclear [Fe(HBpz,),], which itself 
undergoes a reversible one-electron oxidation. The instability of the (p-oxo)diiron(II) unit in the model compound parallels 
that of the reduced (deoxy) form of the protein. Magnetic susceptibility measurements on a SQUID susceptometer over the 
range 2.9 < T < 300 K revealed the diiron(II1) center of [Fe20(02CCH3)2(HBpz3)2] to be antiferromagnetically coupled 
with a spin exchange coupling constant J = -121 cm-I, a value close to that (-134 cm-') of methemerythrin. 

Oxo-bridged binuclear iron centers are ubiquitous in biology. 
They occur in the invertebrate oxygen transport proteins myo- 

and h e m e r ~ t h r i n , ~ , ~  in ribonucleotide reductase of 
Escherichia and in purple acid phosphatases from beef 
spleen6 and pig allantoic fluid.' Structural details of the diiron 
sites of the metazido forms of hemerythrin from Themiste dys- 
critum4 and myohemerythrin from Themiste zostericola3 have 
been elucidated by X-ray crystallographic studies. Both have 
similar structures schematized in the drawing shown below. Two 
iron atoms are bridged by an oxo atom and by two carboxylate 
groups from the polypeptide chain. The remaining coordination 
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asp = aspartate; glu = glutamate;  his = histidine 

sites are occupied by three histidine imidazole groups for one iron 
atom and by two histidines and the azide ion for the other iron 
atom. 

Although a large number of oxo-bridged binuclear iron com- 
plexes have been prepared and characterized,* most have only a 
single p-oxo bridge between iron atoms and therefore cannot be 
considered as realistic models for the hemerythrin diiron site. One 
proposed model compound for the hemerythrin core, 
(C5H12N),[(CH3COO)(Fe(C6H402)2)2] ,9 is a binuclear, mono- 
acetato-bridged complex, which has no oxo bridge but contains 
bridging alkoxy groups from catecholate ligands. A potentially 
relevant p-oxo psulfato structure has been proposed for [Fe20- 
(phen)2(S04)]S04.6H20 on the basis of infrared spectral data,'" 
but it has not been proven by X-ray crystallography. Other 
binuclear iron complexes which may be of some structural rele- 
vance to hemerythrin include the ferric acetate species of Vasisht 
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and co-workers.] Oxo-bridged structures for these complexes 
can be ruled out on the basis of magnetic susceptibility mea- 
surements. 

Prior to the work described here, there had been no report of 
an attempt to synthesize the (poxo)bis(b-carboxylato)diiron(III) 
core as a model for the hemerythrin diiron site. Our approach 
resembles in some respects the "self-assembly" method1* used by 
Holm and co-workers for the synthesis of dimeric,12 trimeric,13 
tetrameric, and hexamericI3 ironsulfur clusters. The bioctahedral 
structure of the diiron site in hemerythrin dictated the use of a 
facially coordinating tridentate amine ligand. We chose to work 
initially with tri- 1-pyrazolylborate, owing to its ease of synthesis. 
This and a related ligand were employed to occupy three copper 
coordination sites in an earlier attempt to model the blue copper 
protein site.14 In this paper we report the synthesis, structure, 
and physical properties of complexes formed either from simple 
ferric salts or from the "preformed" [ Fe20C16] 2- ion in aqueous 
or acetonitrile mixtures containing potassium tri- 1 -pyrazolylborate 
and sodium carboxylate salts. Preliminary results for [Fe20- 
(02CCH3)2(HBp~3)2] (1) were reported previ~usly. '~ Presented 
for the first time here are the preparation of the formate (2) and 
benzoate (3) analogues, full details of the crystal structure de- 
terminations of l and 2, and measurements of Mossbauer, Raman, 
infrared, electrochemical, and magnetic properties along with a 
comparison to the natural systems. EXAFS results will be dis- 
cussed separately.I6 A second product from the aforementioned 
aqueous reaction mixture is the mononuclear cation, [Fe- 
(HBpz,),]+, which forms in large quantities but can easily be 
separated. The structure and properties of this complex are 
presented and compared to the binuclear system e1sewhere.l' 
Recently, a complex similar to 1, [Fe20(02CCHj)2(TCN)2]2+, 
where TCN = 1,4,7-triazacyclononane, was reported.'* 

Experimental Section 
Materials and Methods. Preparation of Compounds. Potassium tri- 

1 -pyrazolylborate (KHBpz,) was prepared by a literature method.19 
180-enriched (99%) water was purchased from Stohler Isotope Chemi- 
cals, Waltham, MA. All other reagents were obtained from commercial 
sources and used without further purification. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, TN,  and by Atlantic 
Microlab Inc., Atlanta, GA. 

(~-Oxo)bis(~-acetato)bis(tri-l-pyrazolylborato)diiron(III), [Fe20- 
(02CCH3)2(HBpz3)2] (1). To a clear red-brown solution containing 10.00 
g (18.71 mmol) of Fe(C104)3~10H20, 5.09 g (37.40 mmol) of Na(02C- 
CH3).3H20, and 200 mL of H 2 0  (solution pH 2.3) was added with rapid 
stirring a solution of 4.72 g (18.72 mmol) of KHBpz, in 100 mL of H20 .  
A golden-brown solid precipitated immediately; however, with stirring 
the suspension took on a deep red appearance. After - 12 h the mixture 
was filtered (filtrate pH 3.9) and the solid was dried under vacuum to 
afford 6.1 g of a red solid that was shown ('H NMR,  UV-vis) to contain 
both 1 and [Fe (HBp~ , )~ l+ l '  salts. This solid was stirred with 30 mL of 
CH3CN for several minutes, and the mixture was filtered. This first 
batch of crystalline solid was washed with 2 X 10 mL of CH,CN, and 
the combined CH$N filtrates were cooled to -20 OC for 4 h. The 
resulting green-brown microcrystals were collected by filtration, com- 
bined with the first crop, and dissolved in CH2C12. The slightly cloudy, 
green-brown solution was filtered to remove a small amount of colorless 
and red-brown solids. Removal of the solvent and drying in vacuo af- 
forded 2.65 g (42.2%) of microcrystals of 1. Further purification was 
achieved by recrystallization from CH,CN (a saturated solution at room 
temperature was cooled to -20 "C) .  Anal. Calcd for Fe2C22H26B2N1205 
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(1): C, 39.33; H,  3.90, N ,  25.02; Fe, 16.63. Found: C,  39.22; H,  3.91; 
N ,  25.18; Fe, 16.71. 'H N M R  (CDC13, 295 K, 250 MHz) 6 (from 
Me,Si) -12.3 (br), -10.5 (br), -3.0 (br). UV-vis-near IR (CHCI,) X 
262 (cFc 3380 cm-l M-'), 339 (4640), 358 (sh), 457 (505), 492 (460), 528 
(sh), 695 (70), 995 (3.5). IR (KBr, cm-') 3155, 3125, 2460 (B-H), 1560 
(ua, COO), 1503, 1427 (us, COO), 1402, 1391, 1352, 1309, 1215, 1116, 
1094, 1070, 1051,984,926,883,819,756, 716,661,620,528, 360,320, 
245. perf (CDCI,) 1.71 pB per iron. Mass spectrum (by field desorption) 
672 (M'), 612 (M' - (02CCH,) - H).  Calcd formula weight 671.85. 

The crystals used for X-ray diffraction experiments were found to 
contain four molecules of CH,CN per binuclear complex (see below). 
Evidently, the solvent is lost readily under vacuum. Quantitative analysis 
of the optical and N M R  spectra of the solvated and solvent-free com- 
pounds confirmed the presence of four acetonitrile molecules (3.8 CH,- 
C N  molecules per complex were detected by both methods). 

Selectively deuterated 1 was required to facilitate assignment of the 
'H N M R  spectrum. Replacement of B-H with B-D and CH, with CD, 
was effected in the following manner. The complex [Fe20(0,CCH3)2- 
(DBpz,),] was prepared from Na(DBpz,), obtained in the reaction of 
NaBD, with pyrazole in the usual manner ( Y ~ - ~  = 1826 cm-I).l9 The 
synthesis of [ Fe20(02CCD,)2(HBpz,)2] was accomplished by first gen- 
erating Na02CCD3 in solution from NaOH and D02CCD3 and pro- 
ceeding as for 1. 

180-Enriched [Fe2*0(02CCH3)2(HBpz3)2]. Experiments showed that 
the bridging oxygen atom of 1 readily undergoes exchange with water 
in a two-phase system to provide highly enriched [Fe2'80(02CCH3)2- 
(HBpz3)2] for study by resonance Raman spectroscopy (see below). To 
a solution of 54.5 mg (0.081 mmol) of 1 in 2 mL of CH2CI2 was added 
100 pL of 99% enriched l80H2. The mixture was stirred vigorously for 
-20 h. The CH2CI2 layer was removed by pipet, the solvent was stripped 
off in vacuo, and the resulting solid was dried under vacuum overnight. 
The product was characterized by its optical spectrum in chloroform. 
Analysis of its mass spectrum showed that I8O was incorporated only into 
the bridging position and that the sample was 85% enriched. Mass 
spectrum (by field desorption) 674 (M'), 614 (M' - (02CCH,) - H). 

(r-Oxo)bis(~-formato)bis(tri-l-pyrazolylborato)diiron(III), [Fe20- 
(O,CH),(HBpz,),] ( 2 ) .  This compound was obtained in a manner 
analogous to that reported above for 1. To a solution of 2.26 g (4.23 
mmol) of Fe(CIO4),-1OH2O and 0.580 g (8.53 mmol) of N a 0 2 C H  in 50 
mL of H 2 0  was added a solution of 1.07 g (4.24 mmol) of KHBpz, in 
30 mL of H 2 0 .  A brown precipitate formed immediately which turned 
slightly more reddish after 0.5 h when the suspension was filtered (filtrate 
pH 3.3). The solid was dried under vacuum to yield 1.40 g of a red- 
brown solid. In contrast to the preparative procedure of 1, long (-I2 
h) reaction times resulted in very small yields of the desired complex with 
Fe(HBpz,),+ as the only identified reaction product. The solid obtained 
after only 0.5 h of reaction time was stirred with 10 mL of CH3CN for 
10 min, and the mixture was filtered. The undissolved solid was washed 
with 2 X 4 mL of CH,CN and dried in the air. The combined filtrates 
were cooled to -20 OC for 4 h, and the green-brown needles which formed 
were filtered off, leaving a deep red filtrate. The two crops of product 
were combined and dried under vacuum to afford 0.53 g of product. This 
material was taken into CH2CI2 and filtered to remove a small amount 
of an insoluble red solid, and the solvent was removed by using a rotary 
evaporator. Drying under vacuum gave 0.50 g (37%) of 2. As with 1, 
further purification was achieved by recrystallization from a saturated 
acetonitrile solution formed at room temperature and slowly cooled to 
-20 OC. Anal. Calcd for Fe2C20H22B2N1205 (2 ) :  C, 37.31; H ,  3.44; N,  
26.11; formula weight 643.79. Found: C, 37.11; H,  3.45; N, 26.08. 
When obtained from CH3CN solution, 2 crystallizes with four CH3CN 
molecules of solution (see X-ray analysis) which are readily lost from the 
powdered solid under vacuum. ' H  N M R  (CDCI,, 295 K) -12.4 (br), 
-9.1 (v br), -2.9 (br). UV-vis (CHCI,) X 262 (eFe 3250 cm-' M-I), 342 
(5110), 460 (535), 489 (480), -530 (sh), 692 (69). IR (KBr, cm-I) 
3155, 3130, 2845, 2830, 2465 (B-H), 1594, 1503, 1404, 1385, 1362, 
1357, 1308, 1214, 1118, 1071, 1052, 985,925, 885, 819, 764, 713, 663, 
616, 523, 355 (br), 320 (br), 242. (CDCI,) 1.72 pB per iron. Mass 
spectrum (fast atom bombardment (FAB)) 644 (M'), 645 (MH'). 

(p-Oxo)bis(r-benzoato)bis(tri-l-pyrazolylborato)diiron(III), [Fe20- 
(02CC,H5)2(HBpzp)2] (3). It was not possible to obtain 3 from aqueous 
solution following the procedure given above for 1 and 2. The only 
identified product obtained from the heterogeneous mixture of reactants 
was Fe(HBpz,)2t. An alternative route was therefore devised which 
utilizes a preformed (p-oxo)diiron(III) core. To a solution of 1.50 g (2.50 
mmol) of (Et,N)2(Fe20C16)" in 25 mL of CHJCN was added 0.720 g 
(5.00 mmol) of Na02CPh with vigorous stirring. After 15 min, 1.26 g 
(5.00 mmol) of KHBpz, in 20 mL of CHJN was added to the inho- 
mogeneous red-brown reaction mixture. The suspension quickly became 
an olive-green color. After 20 min the mixture was filtered to afford a 
light colored precipitate and an olive-green filtrate which was shown from 
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Model for  the Diiron Center in Hemerythrin 

its optical spectrum to contain almost pure 3 (no detectable Fe- 
( H B ~ z , ) ~ + ) .  Addition of 200 mL of H 2 0  precipitated a green solid which 
was collected by filtration after 1 h of stirring and dried under vacuum 
to afford 1.86 g (94%) of product. This solid was dissolved in CH2CI2 
and filtered, and the solvent was evaporated until a dark green oil was 
obtained. Addition of 30 mL of acetone and partial evaporation led to 
crystallization of 3. Occasionally several acetone addition and complete 
evaporation steps must be repeated to initiate crystallization. The green 
solid was filtered and washed with -5-10 mL of acetone and dried under 
vacuum to yield 1.42 g (71.5%) of pure 3. Anal. Calcd for C32H3,,- 

NI2OSB2Fe2 (3): C, 48.29; H, 3.80; N ,  21.11; formula weight 795.99. 
Found: C, 48.02; H, 4.05; N, 20.77. IH N M R  (CDCI,, 295 K) -13.2 
(br), ca. -10.5 (v br), -8.68 (meta), -6.90 (para), -3.0. UV-vis (CHCI,) 
h 265 (tFc 5750 cm-' M-l), 336 (4500), -360 (sh), 455 (480), 490 (430), 
-525 (sh), 691 (65). IR (KBr, cm-I) 3145, 3130, 2480 (B-H), 1595, 
1547, 1407, 1313, 1215, 1113, 1051,883, 839, 818,795,763, 724,717, 
678, 662, 620, 534, 470, 456, 360, 340, 300, 286, 260, 234. Mass 
spectrum (FAB) 796 (M'), 797 (MH'). 

Collection and Reduction of X-ray Data for [Fe20(02CCH3),- 
(HB~z , )~ ] .~CH,CN (1.4CH3CN). Plate-like crystals of 1 appear either 
green or brown by transmitted light through a polarizing filter depending 
on the viewing angle. The crystal used for data collection was obtained 
by slow evaporation of an acetonitrile solution of 1. Its shape was that 
of a truncated square pyramid. The crystal was sealed in a glass capillary 
to prevent solvent loss, which occurs rapidly in air. The crystal quality 
was found to be acceptable on the basis of w scans of several low-angle 
reflections (Ael12 = 0.2"). The diffractometer data and Weissenberg 
photographs showed the crystal to belong to the monoclinic system with 
systematic absences h01, h + I = 2n + 1, and OM),  k = 2n + 1, consistent 
with space group P2,/n (ch, No. 14208 in a nonstandard setting). The 
choice of space group was confirmed by the successful solution and 
refinement of the structure. Data collection and reduction were carried 
out by previously described procedures,21 details of which are presented 
in Table I .  
[Fe20(O2CH),(HBpz,),~4CH3CN (2.4CH3CN). The crystal used in 

the diffraction study was grown from an acetonitrile solution of 2 by slow 
evaporation. These crystals also lose solvent very readily, and thus it was 
necessary to seal the crystal in a glass capillary and to carry out the X-ray 
experiments at low temperature (-25 f 2 "C). At one point during the 
data collection, solvent loss caused a marked decrease in diffracted in- 
tensities (see Table I) .  Several low-angle w scans showed the crystal 
quality to be acceptable ( A G , / ~  = 0.15'). The crystal belongs to the 
orthorhombic system, and the space group was determined to be either 
Pnma (@;, No. 62) or Pn2,a (c",,, No. 33 in a nonstandard setting)20b 
from the systematic absences Okl, k + I = 2n, and hkO, h = 2n. The 
former choice, supported by statistical tests,22 was confirmed by solution 
and refinement of the structure. Further details of the data collection 
and reduction are given in Table I .  

Structure Solution and Refinement. [Fe20(02CCH,)2(HBpz,)2]. 
4CH3CN (l.4CH3CN). The positions of the two unique Fe atoms were 
located from a Patterson map. All remaining non-hydrogen atoms were 
revealed in subsequent difference Fourier maps. The structure was re- 
fined by using anisotropic thermal parameters for all non-hydrogen at- 
oms. Neutral atom scattering factors and anomalous dispersion correc- 
tions for non-hydrogen atoms were obtained from ref 23, and hydrogen 
atom scattering factors were taken from ref 24. All hydrogen atoms 
(except HB1 and HB2) were placed at calculated positions, d(C-H) = 
0.95 A, constrained to "ride" on the carbon atoms to which they are 
attached2s toward the end of the refinement, and fixed in the final re- 
finement cycles. Positions of the hydrogen atoms bound to B1 and B2 
were allowed to refine independently. A common isotropic thermal 
parameter was used for each of the following atom groups: (1) pyrazolyl 
ring hydrogens, (2) acetate methyl hydrogens, and (3) acetonitrile H 
atoms. Least-squares refinementZS converged to the R indices listed in 
Table I .  The function minimized during refinement was xw(lF,I - 
where w = 1.1356/[a2(F,) + 0.000625(F0)2]. The largest ratio of pa- 
rameter shift to estimated standard deviation in the final cycle of re- 
finement was <0.05, and the largest peak and the final difference Fourier 
map was -0.5 e k 3 .  Final positional parameters are presented in Table 
11, and a list of interatomic distances and angles is given in Table IV. A 
listing of observed and calculated structure factors is supplied in Table 
S1 (supplementary material), and the final thermal parameters for all 
non-hydrogen atoms and for HB1 and HB2 are given in Table S3. 

(20) "International Tables for X-ray Crystallography"; 3rd ed.; Kynoch 
Press: Birmingham, England, 1973; Vol. I: (a) p 99; (b) pp 119 and 151. 
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Table I. Experimental Details of the X-ray Diffraction Studies 
of [Fe20(02CR)2(HBpz3)2]-4CH3CN ( R  = C H 3 ,  1.4CH3CN; R 

(A) Crystal Parametersa 

= H, 2.4CH3CN) 

l b  2' 1 2 

group 

cm-3 

cm-, 

a, 8, 13.236 (1) 15.515 (2) space P2 , ln  Pnma 

b, 8, 15.414 (2) 19.764 (3) Z 4 4 
c, 8, 21.697 (2) 12.720 (1) p(calcd), g 1.313 1.376 

0, deg 107.26 (1) 90 p(obsd),dg 1.319 (9) 1.38 (1) 

vol, 8,' 4227.3 3900.3 mol wt 836.06 808.00 

(B) Measurement and Treatment of Intensity Datae 
instrument: Enraf-Nonius CAD-4F  K-geometry diffractometer; 

radiation: M o  Ka (A, = 0.71073 8,) graphite monochromatized 
1 2 

standards 

no. of 
reflections 
collected 
exclusive of 
systematic 
absences 

abs corr 
crystal size, 

m m  
linear abs 

coeff, cm-' 
transmission 

factors 
crystal faces 

average, Rave 
no. of 

reflections 
after 
averaging 

(2,581 (0,6,5) 
(0,6,5), 
monitored every 
9000 s, 
varied randomly 
with no 
overall decay in 
the average 
of the three 
strandards 

55" 
10121 [30 5 28 5 

(+h,+k,fI)l 

0.30 X 0.30 X 0.40 

7.36 

(10,1,3) (6,6,6) (3,4,8), 
monitored every 7200 s, 
step-function-like decay 
of - 13% was co r rec t ed  

3969 [3" 5 28 5 52' 
(+h,+k,+r)]g 

7.81 

0.78-0.8 1 0.76-0.83' 

{OOI); {I 101 i 
0.050 0.056 
9676 3935 

(C) Final Model in Least-Squares Refinemente 
1 2 

final R values' R1 = 0.040 R1 = 0.038 
R2 = 0.052 R2 = 0.048 

no. of observations 
no. of variable 505 280 

5277 [F, > 4a(Fo)] 2597 [F, > 6a(F,)] 

parameters 

From a least-squares fit to the setting angles of 25 reflections with 
28 2 22" for 1 and 28 2 23" for 2. *Unit  cell parameters and data  
collection a t  24 f 1 "C. 'All measurements were carried out a t  -25 
f 2 "C.  dBy suspension in a mixture of CCI4 and heptane. eSee  
ref 21 for further details. fAfter  collecting data  in the region 3" 5 
28 5 36", the crystal was allowed to warm to room temperature for 
ca. 1 h which presumably caused loss of solvent and the resulting 
decline in crystal quality. gA set of data  with 3" 5 28 5 20" (&- 
h,k,&I) was also collected to confirm the crystal symmetry.  
hAbsorption corrections were performed with the Wehe-Busing-Levy 
O R A B S  program. 'No absorption correction was applied. J R ,  = 
C l l F O l  - l ~ c l l l ~ l ~ o l ~  R2 = [Cw(lFo12 - I~c12)/Cwl~0121i/2.  

Positional and thermal parameters for fixed hydrogen atoms are given 
in Table S4. 
[Fe20(02CH)2(HBpz3)2].4CH,CN (2.4CH3CN). The two unique Fe 

atom positions were located by direct methods using M U L T A N . ~ ~  Both Fe 
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Table 11. Final Positional Parameters for 
[Fe20(02CCH3)2(HBpz3)2].4CH3CN (1.4CH3CN)“-d 

ATOn x Y z 
Fel -0.074750) 0.04133(3) 0.24925(2) 
Fez 0.11183(3) 
0 0.05765(14) 
011 -0.07488(18) 
012 -0.14587 (16) 
021 0.05520(19) 
022 -0.01339(17) 
N11 -0.0380(2) 
N12 -0.23769(19) 
N13 -0.1036(2) 
N14 -0.0979(2) 
N15 -0.27126(19) 
N16 -0.1540(2) 
N21 0.2616(2) 
N22 0.1845(2) 
N23 0.19265(19) 
N24 0.3541(2) 
N25 0.2873(21 
N26 0.2950(21 
N3 0.5163(5) 
N4 0.9079(5) 
N5 0.1810(5) 
N6 0.3371(8) 
Cl1 0.0391(3) 
C12 0.0305(3) 
C13 -0.0566(3) 
C14 -0.3210(3) 
C15 -0.4077(3) 
C16 -0.3724(3) 
C17 -0.0779(3) 
C18 -0.1106(3) 
C19 -0.1586(3) 
C21 0.2871(3) 
C22 0.3954(4) 
C23 0.43450) 
C24 0.1488(3) 
C25 0.2261(3) 
C26 0.3124(3) 
C27 0.1629(3) 
C28 0.2459(4) 
C29 0.3264(3) 
C31 -0.01550) 
C32 -0.0324(4) 
C41 -0.1080(3) 
C42 -0.18160) 
C51 0.5799(4) 
C52 0.6593(4) 
C61 0.8551(4) 
C62 0.7855(7) 
C71 0.1554(5) 
C72 0.1179(7) 
C81 0.3212(8) 
C82 0.3108(7) 
51 -0.1932(3) 
8 2  0.3523(3) 
HB1 - 0 . 2 3 3 ( 2 )  
HBZ 0.424(2) 

0.16799(3) 
0.06162(11) 
0.12558(14) 
0.13021(14) 
0.21766(14) 
0.22048( 14) 
-0.06477( 16) 
0.01067(16) 

-0.061 19( 16) 
-0.13914( 16) 
-0.07341 (16) 
-0.13591 ( 17 1 
0.13979(17) 
0.29458( 16) 
0.14162(16) 

0.24973(2) 
0.24924(10) 
0.32174(11) 
0.18029(11) 
0.32066 ( 12) 
0.18095 ( 12) 
0.31679(13) 
0.24797(14) 
0.17833 (13) 
0.30620( 14) 
0.246 13 (14) 
0.18623 (14) 
0.31927(13) 
0.24969(13) 
0.17931(12) 

0.16505(18) 0.30926(14) 
0.30202(16) 0.25058(13) 
0.16689(16) 0.18912(13) 
0.1200(4) 0.0503(3) 
0.0955(4) 0.00950) 
0.3539(5) -0.0142(3) 
0,591 5(6 ) 0.0086 ( 3 )  
-0.0772(2) 0.37140(17) 

-0,1495 ( 3  1 
-0.1892(2) 0.1365(2) 

0.09617 ( 19 ) 

0.0969(3) 0.37479(19) 

0.0992(3) 0.0951(2) 
0.1413(3) 0.1383 ( 2 )  
0.1894(2) 0.34313(16) 
0.23720) 0.3996(2) 
0.1956(2) 0.16029(15) 
0.2491(3) 0.10836(19) 
0.0688(4) 0.0594(3) 
0.0022(4) 0.0729(3) 
0.1294(4) - 0 . 0 3 2 3 ( 2 )  
0.1686(5) -0.0851(3) 
0.3448(4) 0.0298(3) 
0.3338(4) 0.0831(3) 
0.5441 (5 -0.0337 ( 3 )  
0.4914(5) -0.0825(4) 

-0.1473(2) 0.2455(2) 
0.2193 (3 0.2497 ( 2 )  

-0.2099(19) 0.2461(13) 
0.2334(20) 0.2521(14) 

Atoms are  labeled as  shown in Figure 1. Positions are  given for 
all non-hydrogen atoms and for the hydrogen atoms that were refined. 
‘The hydrogen atoms a re  labeled according to  the boron atoms to 
which they a r e  attached. “Estimated standard deviations, in par- 
entheses, occur in the last significant figure(s) for each parameter. 

atoms lie in the plane y = Subsequent difference Fourier maps 
revealed the positions of all remaining non-hydrogen atoms. As with 
1-4CH3CN, the structure was refined with anisotropic thermal parame- 
ters for all non-hydrogen atoms. The positions of the hydrogen atoms 
bonded to boron or to the formate carbon atom were allowed to refine 
independently while the pyrazolyl ring and methyl hydrogen atoms were 
placed at calculated positions and constrained to “ride” on their bonded 
carbon atoms. A common isotropic thermal parameter was refined for 
each of the following H-atom types: (1) pyrazolyl ring and (2) aceto- 
nitrile CHI. Full-matrix least-squares refinement converged to the R 
values shown in Table I. The weighting function used in the refinement 
was w = 1.3823/[$(F0) + O.O00625(F2)], and the maximum parameter 
shift in the final cycle of refinement was 0 . 0 2 ~ .  The largest residual peak 
in the final difference Fourier map was -0.33 eA-). The final atomic 
positional parameters are presented in Table 111, and a list of interatomic 
distances and angles is given in Table IV. Observed and calculated 
structure factors are given in Table S2,  and final thermal parameters for 
all non-hydrogen atoms and HC31, HB1, and HB2 are supplied in Table 
S5. Final positional and thermal parameters for the nonrefined hydrogen 
atoms are given in Table S6. 

Physical Measurements. Electrochemistry. Cyclic voltammetry (CV) 
experiments were performed with a Princeton Applied Research (PAR) 
Model 173 potentiostat and a Model 175 universal programmer. CV 
results for scan rates less than 500 mV s-l were recorded on a Houston 
Instruments Model 2000 X-Y recorder while fast scan (>500 mV s-I) 
CV data were recorded with use of a Tektronix 564 storage oscilloscope 
equipped with a Polaroid camera. Experiments were carried out in 
acetonitrile with use of 0.1 M tetra-n-butylammonium perchlorate 
(TBAP), 0.1 M tetra-n-butylammonium acetate (TBAA), or 0.2 M 
LiC104 as the supporting electrolyte. In methylene chloride (CH,C12) 
and dimethylformamide (DMF) solvents, TBAP was used as the sup- 

Table 111. Final Positional Parameters for 
[Fe20(02CH)2(HBpz3)2]-4CH3CN (2.4CH3CN)‘ 

ATOn x Y z 

Fel 
Fez 
0 
011 
021 
Nl 1  
N12 
N14 
N15 
N21 
N 2 2  
N24 
N25 
N3 
N4 
CI 1 
c12 
C13 
C14 
C15 
Cl6 
C2I 
c22 
C23 
C24 
C25 
C26 
C3 1 
C41 
C42 
C51 
C52 
Bl 
B2 
HC31 
AB1 

0.10995(4) 0.2500 -0.11142(5) 
0.23610(4) 0.2500 0.08439(5) 
0.21414(17) 0.2500 -0.0534(2) 
0.05837(16) 0.32261(15) -0.01469(18) 
0.14844(15) 0.32354(12) 0.12342(17) 
0.13701(18) 0.32308(14) -0.2305(2) 
-0.0155(3) 0.2500 -0.1864(3) 
0.10983(18) 0.31289(15) -0.3316(2) 

-0.0239(2) 0.2500 -0.29300) 
0.33835(17) 0.32344(15) 0.0806(2) 
0.2650(2) 0.2500 0.25300) 
0.41231(17) 0.31329(16) 0.1369(2) 
0.3482(2) 0 . 2 5 0 0  0 . 2 R h 2 1 7 1  

-0.0955(4) 0.2500 -0.1513(5) 
-0.1541(4) 0.2500 -0.2308(6) 
-0.1085(3) 0,2500 -0.31RZf51 . . . . -. . - . 
0.3463(3) 0 . 3 6 2 1 ( 2 )  0.0312(3) 
0.4265(3) 0.41 15(2) 0.0553(4) 
0.46540) 0.3661(2) 0.1225(3) 
0.2170(3) 0.2500 0.3389(4) 
0.?673(4) 0.2500 0.4278(4) 
0.3496(4) 0.2500 0.3908(4) 
0.0858(3) 0.3442(2) 0.0713(3) 
0.2114(4) 0 . 0 5 2 2 ( 3 1  0.3Uh61LI 
0.2935(5) 
0.4097(6) 
0.4534(6) 
0.0567(4) 
0.4223 (4) 
0.055(2) 
0.039(3) 

0.0768(3) 
0.0360 (5) 
0.0655(5) 
0.2500 
0.2500 
0.3808( 18) 
0.2500 

... . . , 
0.3087(6) 
0.6005(8) 
0.6839(7) 

-0.3591(4) 
0.2051(5) 
0.104(2) 

-0.442(4) 
AB2 0.490(3) 0.2500 0.247(3) 

‘Atoms a re  labeled a s  shown in Figure 2. The hydrogen atoms 
a re  labeled according to the boron and carbon atoms to which they 
are  attached. See footnotes b and d in Table 11. 

porting electrolyte. Acetonitrile (Photrex grade from J. T. Baker 
Chemical Co.) was either distilled from CaH, or used directly from the 
bottle. DMF was stored over KOH and freshly distilled from BaO. 
Methanol was distilled from Mg(OMe),. TBAP and TBAA were each 
recrystallized three times before use. A three-electrode system was 
employed, consisting of a platinum bead or glassy carbon working elec- 
trode, a platinum wire auxiliary electrode, and a PAR saturated calomel 
(SCE) reference electrode separated from the bulk solution by a bridge 
fitted with the working solvent and supporting electrolyte. Vycor plugs 
were used at the SCE/bridge and bridge/bulk solution junctions. 
Measurements were made at room temperature (25 “C) under nitrogen. 
The electrode performance was monitored by measuring the Fe(II)/Fe- 
(111) couple of ferrocene in the working solution (-1 mg/3 mL of so- 
lution), although measurements of Fe(HBpz3),+ l’ proved to be equally 
good tests for the integrity of the electrode surface. 

Raman Spectroscopy. Raman spectra were recorded by using a Spex 
double monochromator equipped with a cooled RCA 3 1034 photomul- 
tiplier tube and photon counting electronics. Spectra were recorded on 
a Linear Instruments Corp. chart recorder. Laser excitations at 453 to 
514 nm with 30-60 mW of power incident at the sample were obtained 
by using a Coherent Radiation Model 52 tunable argon ion laser. A 
Coherent Radiation CR-599 Dye laser using rhodamine 6G or rhodamine 
560 and a Model 591 utility module with the CR52 argon laser set for 
all lines to pump the dye were used to obtain frequencies between 540 
and 624 nm with 20-55 mW of power incident at the sample. A Co- 
herent Radiation Model CR18 tunable argon ion laser equipped with UV 
optics was used for 364-nm radiation with 100 mW incident at the 
sample. Slits were set to 200/250/500 I m  in all spectra. A backscat- 
tering geometry was used with samples contained in spinning 5-mm 
N M R  tubes when liquid samples were used or spinning sealed capillaries 
when solid samples were irradiated. 

A sample of 1 was prepared by nearly saturating 0.5 mL of CH2C12 
with the compound and sealing the tube. This sample was used for all 
solution Raman spectra of 1.  Compound 1 was stable in solution during 
excitation at all wavelengths. Relative peak areas were estimated by 
cutting and weighing the recorder tracings. The excitation profile of a 
given peak was determined from the ratio of its area to that of the 
symmetrical CC1, stretching vibration at 703 cm-l of the methylene 
chloride solvent. The profile obtained was identical with that obtained 
by using peak heights instead of areas. Peak height ratios were therefore 
used for the final excitation profile. Corrections for the sample absorp- 
tion26 were found to be within experimental error and were consequently 
not made. 

Mossbauer Spectroscopy. Mossbauer spectra were recorded by using 
a conventional constant acceleration spectrometer equipped with a tem- 
perature controller maintaining temperatures within fO.l K and a Nb3Sn 
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superconducting magnet producing magnetic fields up to 80 kOe parallel 
to the direction of the y-rays. The source was 57C0 in Rh. 

Mass Spectra. Mass spectra were recorded with a Varian MAT 731 
high-resolution mass spectrometer equipped with a field desorption (FD) 
source and fast atom bombardment (FAB) gun. 

Nuclear Magnetic Resonance Spectroscopy. 'H N M R  spectra were 
recorded with a Bruker WM 250 spectrometer. 

Optical and Infrared Spectroscopy. Electronic absorption spectra in 
the range 250-800 nm were recorded with a Cary Model 118C spec- 
trophotometer and above 800 nm with a Cary Model 17 spectrophotom- 
eter. 

Infrared spectra were recorded with a Perkin-Elmer Model 283B 
spectrometer, and FTIR data were obtained on a Nicolet 7199 Fourier 
transform spectrometer. 

Magnetic Susceptibility Measurements. The solution magnetic sus- 
ceptibilities were measured in CDC13 by the E V ~ ~ S / N M R ~ ~ ~  technique. 
Diamagnetic corrections of -286 X 10" cgs mol-' for 1 and -260 X lod 
cgs mol-' for 2 were calculated by using Pascal's constants,27b a consti- 
tuitive correction of +8.0 cgs mol-' for each pyrazole ring,27b and the 
following values for other moieties: formate, -1 7 cgs acetate, 
-30 cgs m 0 1 - I ; ~ ~ ~  and 02-, -7 cgs m01-1.27c The mass susceptibility of 
CDC13 was approximated by using the measured value for CHC13 of 
-0.497 X cgs g-1.27d Solid-state measurements of 24.07 mg of 
powdered 1 were carried out with an S.H.E. Model 905 SQUID-type 
susceptometer at 20 kG. A total of 81 data points were taken over the 
range 2.9-300.2 K, including 14 points between 2.9 and 8.0 K in order 
to make an accurate estimate of the quantity of paramagnetic impurity 
present. At several temperatures the magnetic moment was measured 
as a function of field between 6 and 20 kG. The near-zero intercepts of 
the plots of moment vs. field demonstrated the absence of a ferromagnetic 
impurity. The Kel-F sample holder used in the experiments was mea- 
sured at the same 81 temperature points, and its moment was subtracted 
from the observed moment with sample present in order to obtain the 
moment due to the sample alone. Five data points in the range 116-132 
K were found to be unreliable since in this region the paramagnetism of 
the sample nearly balanced the diamagnetism of the sample holder. 
Consequently, data from a second sample of smaller mass were used in 
this temperature range. The theoretical expression (vide infra) was fit 
to the data by a nonlinear least-squares method using a locally written 
program27c on a VAX 11  /780 computer. 

Results and Discussion 
Synthesis. T h e  binuclear complexes [Fe20(02CR)2(HBpz3)2], 

R = CH, (1) or H (2), form in reasonably good yield from 
aqueous reaction mixtures containing ferric perchlorate,  sodium 
ace ta t e  or formate,  and KHBpz,. A byproduct  of t h e  reaction 
is the bis(tri- 1-pyrazolylborate) complex, [ F ~ ( H B ~ Z , ) ~ ] + ,  which 
may be prepared in high yield from acetate-  or formate-free 
solutions.17 The tridentate HBpz3- ligand was chosen because its 
threefold symmetry is ideal for capping a face of an octahedral  
metal complex and also because it is readily s y n t h e s i ~ e d . ' ~  
Separat ion of t h e  mononuclear and binuclear iron complexes is 
easily effected owing to their very different solubilities in CH3CN. 
A brown precipitate forms initially and readily decomposes t o  a 
mixture  of 1 (or 2) and  [F~(HB~z,)~](CIO,). A similar yellow- 
brown material  has been isolated from CH3CN solution tha t  over 
the course of time decomposes to  a mixture or mono- and binuclear 
products in solution as determined by optical spectrophotometry. 
Fu r the r  investigation of this  brown intermediate  is in progress. 
Studies  of t h e  formate system indicate  t h a t  t h e  solution pH is 
important in isolating the desired product and that  lower pH tends 

Model for  the Diiron Center in Hemerythrin 

Table IV. Selected Interatomic Distances (A) and Angles (deg) 
for [Fe20(02CR)z(HBpz3)z]~4CH3CN (R = CHI, 1; R = H, 2)" 

! 1 

C o o r d i n a t i o n  Spheres 

F e l  . . *Fez  

Pe l -0  
Fe2-0 

Fe l -Nl l  
Fel-NI 3 
Fez-NZ1 
Fe2-N23 

Fel-NI2 
Fe2-N22 

3.1457(6)  3 .1677(9)  

1 .780(2 )  1 .777(3)  
1.788( 2 )  1.785(3)  

Fei-011 
Fel-012 
Fe2-02 1 
Fe2-022 

Fe 1-0- Fe 2 

NlI-Fel-Nl2 
N1 I-Fel-NZ3, I I *b 
N12-Fe 1-NI 3 

NZI-FeZ-NZ2 
NZI-FeZ-N23,21. 
N22-FeZ-NZ3 

01 I-Fel-0 
011-Fe l -012 , l l '  
0-Fel-022 

021-Fe2-O 
2 1-Fez-22 , 2  I 
0-Fez-022 

C-Fel-NI2 
O-Fel-NI3,l I ' 
0-Fe I-NI I 

0-Fe2-N22 
02 I-FeZ-N23,2 1 ' 
022-Fe2-NZI 

011-Fel-Nl1 
0 1  I-Fel-N12 
O-Fel-N11 
0-Fe l-NI3 
0 1  2-Fe 1-N12 
012-Fel-N13 
0-Fe I-N11 

OZI-Fe2-N21 
02 I-Fe2-NZ2 
0-Fe2-NZ 1 
0-Fe 2-N2 3 
022-FeZ-N22 
022-Fe2-tI2 3 

2. 
a c e t a t e  groups  formate group  

C31-011 1.259(4)  
C31-021 L.254(5) 
C31-C32 1 .503(6 )  
01 1 * * '02 1 2.2 37( 3 )  

C41-012 1.259(4)  C3 1-011 1.246( 5 )  
C41-022 1.258(4)  C31-021 1.244(5)  
C41-C42 1.499(5)  01 I "'021 2.245( 3 )  

01 I-C3 1-02 1 l25.8(  3 )  
01 I-C3 1-C32 I 17.1 ( 4 )  
C32-C31-021 117.1(3)  

012-C41-022 1 2 5 . 3 0 )  
012-C41-C42 117 .6 (3 )  
C42-C41-022 117.2( 3 )  

t r i - 1 - p y r a z o l y l b o r a t e  g roupsC 

i 2. 
max. mean m i " .  max. mi". 

Fe-N2-N1 120 .9 (  2)  
Fe-N2-C3 132.M 2 )  
B-NI 1.533(6)  

B-Nl-C5 131.2(3)  
8-NI-NZ 1 1 9 . 2 0 )  
N2-Nl-C5 108.6(4) 
NI-C5-C4 108.5(3)  
C5-C4-C3 104.7(3)  
C4-C3-N2 1 1 0 . 1 ( 4 )  
C3-NZ-Nl 106 .0 (3 )  
N2-NI I . 359(4 )  

N-E-N 108.0(3) 

mean 

120.5 
133.1 
1.529 
108.4 
131.1 
119.8 
109.1 
119.1 
104.8 
110.8 
N 6 . 3  
1.365 
1.341 
1.357 
1.387 
1.322 

121.1 
132.1 
1.537 
108.3 
131.4 
119.7 
10R.9 

112.2(6)  
1 0 7 . 4 0 )  
1 .369(4)  
1.352( 7 )  
1 .378(6 )  
1 .408(6)  
1 .324(5)  

(23) 'International Tables for X-ray Crystallography"; Kynoch Press: 

(24) Stewart, R. F.; Ddvidson, E. R.; Simpson, W. T. J .  Chem. Phys. 1965, 

(25) SHELX-76: Sheldrick, G. M. In 'Computing in Crystallography"; 
Schenck, H., Olthof-Hazekamp, R., van Koningsveld, H., Bassi, G. C., Eds.; 
Delft University Press: Delft, The Netherlands, 1978; pp 34-42. 

(26) Shriver, D. F.; Dunn, J. 9 .  R. Appl. Spectrosc. 1979, 28, 319-323. 
(27) (a) Evans, D. F. J.  Chem. SOC. 1958, 2003-2005. (b) Mulay, L. N. 

In "Physical Methods of Chemistry. Part IV. Determination of Mass, 
Transport, and Electrical-Magnetic Properties"; Weissberger, A,, Rossiter, 
9. W., Eds.; Wiley-Interscience: New York, 1972; Chapter VIII. (c) 
Earnshaw, A. "Introduction to Magnetcchemistry"; Academic Press: London, 
1968. (d) "Handbook of Chemistry and Physics"; Weast, R. C., Ed.; CRC 
Press, Inc.: Boca Raton, 1983, E-115. (e) Karlin, K. Ph.D. Dissertation, 
Columbia University, 1975. 

Birmingham, England, 1974; Vol. IV, pp 99 and 149. 

42, 3175-3187. 

VI-C5 1 . 3 2 5 i s j  
c5-c4 1 .353(6 )  
c4-c3 1 .368(6 )  
C3-N2 1 .321(5 )  

max. mean mi". max.  mi". 

C-C 1 .309(11)  1 .436(8 )  1.180 1 .388(13)  1 .444(9 )  

C-C-N 175.3(12)  177.1(7)  176.8 176.5(11)  179 .2 (6 )  
C-!I l . lOO(7)  1 .143(11)  1.121 i . n89(14)  i.109(8) 

"See Figures 1 and 2 for labeling schemes. b T h e  primed label 
refers to the formate-bridged complex. < T h e  following general la- 
beling scheme was used: I 

HB-NI-~,  

i 



3658 J. Am. Chem. SOC., Vol. 106, No. 12, 1984 Armstrong et al. 

CIB 

C32 

Figure 2. Structure of 2 showing the 40% probability thermal ellipsoids 
and the atom labels; primed and unprimed atoms are related by a crys- 
tallographically required mirror plane. 

Figure 1. Structure of 1 showing the 40% probability thermal ellipsoids 
and the atom-labeling scheme. 

to favor the formation of [Fe(HBpz,),]+. 
Although the “self-assembly” synthesis is effective for the 

formate, acetate, and propionate (unpublished results) derivatives, 
to prepare the benzoate analogue, it was necessary to use Fe20C12- 
as a starting material in nonaqueous reaction mixtures. Yet 
another route, involving isolation of the insoluble “(TCN)FeCl,”, 
TCN = 1,4,7-triazacycIononane, intermediate, has been employed 
to synthesize the analogous complex [ Fe20(02CCH3)2-  
(TCN)2]2+.18 The existence of these different (poxo)bis(p- 
carboxylato)diiron(III) complexes underscores the intrinsic sta- 
bility of the “Fe20(O2CR),” core found in hemerythrin and 
possibly other nonheme iron proteins. 

In order to facilitate the assignment of infrared, Raman, and 
NMR spectra, several isotopically substituted derivatives of 1 were 
required. Deuterated analogues were obtained by using DBpzY 
in place of HBpz< in one case and 02CCD3- for 02CCH< in 
another. Exchange of the bridging oxo atom proved to be a facile 
process and was quantitatively achieved by stirring a CH2CI2 
solution of 1 with I80H2 for several hours. With use of infrared 
spectroscopy it was found that this exchange was 30% complete 
after 7 min. The facile exchange of I8O into the (poxo)diiron(III) 
core is discussed in more detail below. 

Description of the Structures. Although it is not crystallo- 
graphically imposed, 1 has nearly perfect C2, symmetry (Figure 
I). The asymmetric unit consists of the neutral, binuclear complex 
[Fe20(02CCH,),(HBpz3)2] and four CH3CN molecules of 
crystallization. A higher pseudosymmetry is indicated by the 
presence of an approximate mirror plane containing 15 atoms (2 
Fe, oxo, 2 B, 2 pz rings), all of which have nearly the same z 
coordinates (all close to The shapes of the thermal ellipsoids 
of the atoms lying on this pseudomirror plane, and those related 
by it, also reflect this pseudosymmetry (Figure 1). The largest 
deviation from the best least-squares plane defined by the 15 atoms 
is 0.047 A, for atom Fel .  The largest A, where A is defined as 
the difference in the distances of pseudo-mirror-related atoms from 
the z = plane, is 0.18 A, for atoms C13 and C19. In the 
formate analogue, the [Fe20(02CH)2(HBpz3)2] complex lies on 
a crystallographically required mirror plane (Figure 2) and the 
space group symmetry is higher (orthorhombic Pnma vs. mono- 
clinic P2,/n for 1-4CH3CN). The two crystalline forms are related 
by minor differences in crystal packing originating no doubt from 
the slightly different steric requirements of the bridging acetate 
and formate ligands. The shortest intermolecular contacts are 
2.26 [H(C16)...H(C24)] in 1 and 1.86 A [H(C14),..H(C26)] 
in 2. 

The structures of 1 and 2, shown in Figures 1 and 2, respectively, 
are composed of two six-coordinate iron atoms bridged by a single 
oxygen atom and two bidentate acetate groups and capped by 
tridentate tri-1-pyrazolylborate ligands. Both iron atoms are 
surrounded by a distorted octahedral array of ligands. Three 

pyrazole nitrogen atoms occupy the coordination faces external 
to the diiron core, and three oxygen atoms are the face internal 
to the bridged diiron unit. Angles with idealized values of 90’ 
range from 81.7’ [N(22)-Fe(2)-N(23)] to 97.0’ [O-Fe(2)-0- 
(22)]. A major factor in the distortion from the octahedral values 
is the steric constraint of the tri-1-pyrazolylborate ligand. This 
constraint is relieved in the low-spin Fe(HBpz,),+ structure17 
((N-Fe-N) = 88 .5 ’ ) ,  where the Fe-N bond lengths are shorter 
[ F ~ ( H B ~ z , ) ~ + ,  (Fe-N) = 1.957 A; 1 and 2, (Fe-N) = 2.160 A] 
than in the high-spin (vide infra) iron complexes 1 and 2. 
Movement of the relatively rigid tridentate ligand away from the 
iron center in 1 or 2 vs. [Fe(HBpz,)J+ gives rise to significantly 
smaller N-Fe-N angles. The principal region of ligand flexibility 
appears to be in the N-B-N angles, which have increased 
markedly in 1 and 2 relative to the [Fe(HBpz,),]+ cation. In 1 
and 2 the tridentate ligand opens up as much as possible to ac- 
commodate the longer Fe-N bond distances { [ F ~ ( H B ~ z , ) ~ ] + ,  
(N-B-N) = 105.7’; 1, 2, (N-B-N) = 108.4’). The mean 
N-B-N angles in 1 and 2 are similar to those in other complexes 
of HBpz3-, discussed elsewhere,I7 which supports the contention 
that the corresponding angles in [Fe(HBpz,),]+ are unusually 
small.i7 Other ligand structural parameters in 1 and 2, (B-N) 
(1.53 A), (N-N) (1.37 A), (N-C) (1.33 A), and (C-C) (1.37 
A), are typical of the tri-I-pyrazolylborate ligand in its transi- 
tion-metal complexes. l 

The Fe-N and Fe-O (acetate) distances in 1 and 2 are in accord 
with values for other high-spin iron(II1) complexes. For example, 
in two complexes that have the N402 donor set around a central 
high-spin iron(II1) atom, [Fe(aca~c1)~trien](PF,)‘8 and [Fe- 
(a~ac),trien](PF~),~* the mean Fe-N (2.135, 2.136 A, respectively) 
and Fe-0 (1.908, 1.930 A) bond lengths may be compared with 
the corresponding distances in 1 and 2, (Fe-N) = 2.160 A, 
(Fe-O(acetate)) = 2.043 A, (Fe-O(formate)) = 2.053 A. The 
mean Fe-N distance (2.172 A) in the high-spin iron(I1) complex, 
[Fe(HB(3,5-Me,p~),)~]?~ is close to that of 1 and 2. The average 
Fe-N bond lengths in 1 and 2 may also be compared to those in 
other oxo-bridged binuclear iron complexes: enHz[ (FeHED- 
TA)20]*6HZ030 (2.25 A), [(FeB(H20))20](C104)431 (2.2 A), 
[Fe(TPP)20]32 (2.087 A), [FeB]20.2/,DMF33 (2.04 A), [Fe- 
(~alen)],0.2py~~ (2.09 A), [Fe(salen)]20.CH2C1,35 (2.1 l?5a 2.1235b 

(28) Sinn, E.; Sim, G.; Dose, E. V.; Tweedle, M .  F.; Wilson, L. J. J .  Am. 

(29) Oliver, J .  D.; Mullica, D. F.; Hutchinson, B. B.; Milligan, W. D. 

(30) Lippard, S. J.; Schugar, H. J.; Walling, C. Inorg. Chem. 1967, 6, 

Chem. SOC. 1978, 100, 3375-3390. 

Inorg. Chem. 1980, 19, 165-169. 

1825-1833.- 
(31) Fleischer, E. B.; Hawkinson, S .  J .  Am. Chem. SOC. 1967,89,72&721. 
(32) Hoffman, A. B.; Collins, D. M.; Day, V. W.; Fleischer, E. B.; Sri- 

(33) Gozen, S.; Peters, R.; Owston, P. G.; Tasker, P. A. J .  Chem. SOC., 

(34) Gerloch, M.; McKenzie, E. D.; Towl, A. D. C. J .  Chem. SOC. A. 1969, 

(35) (a) Coggon, P.; McPhaiI, A. T.; Mabbs, F. E.; McLachlan, V. N. J .  
Chem. SOC. A .  1971,1014-1019. (b) Atovmyan, L. 0.; Dyachenko, 0. A.; 
Soboleva, S. V.  Russ. J .  Struct. Chem. (Engl. Transl.) 1970, 1 1 ,  517-518. 

vastava, T. S.; Hoard, J. L. J .  Am. Chem. SOC. 1972, 94, 3620-3626. 

Chem. Commun. 1980, 1199-1201. 

2850-2858. 
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A), [ Fe(sal-N-n-C3H7),] 2036 (2.14 A), [ F e ( 2 - m e q ~ i n ) ~ l ~ O .  
CHC1338 (2.19 A), [Fe(C1-C7H2N04)(H20)2]20~4H2039 (2.107 
A), and [Fe(C22H22N4)]20.CH3CN37 (2.05 A). 

Another binuclear complex of interest for purposes of com- 
parison is (C5H12N)3[(CH3COO)(Fe(C6H402)2)z],9 which contains 
two iron(II1) atoms bridged by a single bidentate acetate moiety 
and by two oxygen atoms from separate catecholate groups. The 
Fe-O(acetate) and Fe-O(bridge catecholate) distances in this 
complex (2.03 and 2.02 A, respectively) are close to the mean 
Fe-O(carboxy1ate) lengths in 1 and 2 (2.048 A), whereas the 
terminal Fe-0 distances are somewhat shorter (1.97 A). The 
structure of the basic iron carboxylates, [Fe30(o2CR),(H2o),]+, 
consists of iron(II1) atoms bridged by bidentate acetate groups 
with Fe-O(acetate) bond lengths typically in the range 1.96-2.08 
A; the mean distance in [Fe30(gly+),(H20)3](clo4)40 is 2.02 A, 
in [Fe30(02CCH3)6(H20)3](C104)41 it is 2.02 A, and in [Fe30- 
( p i ~ ) , ( M e o H ) , ] C l ~ ~  it is 2.01 A. A similarity in the overall 
structural features of the bridged cores of 1 and 2 and that of the 
Fe30(02CR)6+ complexes is expected since the unit consisting 
of any two iron atoms in the trinuclear cluster along with their 
bridging groups (i.e,, Fe2(p3-O)(p-OzCR)2) has a distinct resem- 
blance to the Fe2(p-0)(p-O2CCH3), core in 1 and 2 (vide infra). 

The Fe-O(oxo) distances in 1 and 2 (1.777 (3)-1.788 (2) A) 
are equal and fall within the range 1.73 to 1.82 A found for the 
single oxygen atom bridged binuclear iron(II1) complexes men- 
tioned above and for the structures of Fe20C162-.43 Owing to 
the influence of the two acetate bridges the Fe-0-Fe angle (av, 
124.6’) is well outside the range for the single-atom-bridged 
complexes (- 139-180’) and is closer to the 120’ Fe-O(oxo)-Fe 
angle found in the planar Fe3O7+ The latter feature is 
responsible for an unusually short Fe . Fe distance (3.157 (1) 
A) compared to other p-oxo complexes (3.4-3.6 A). The 
lengthened Fe - Fe separation (- 3.3 A) in the Fe3O7+ core arises 
from the longer Fe-O(oxo) distances (1.9 A). A lengthening in 
the Fe-N distances trans to the bridging oxo ligand indicates the 
greater structural trans effect44 of oxo compared to carboxylato 
oxygen donor atoms and is also observed in the metmyoheme- 
rythrin crystal structure determination (vide infra). The geometry 
of the carboxylate ligands is unexceptional with mean angles and 
distances-O.-.O (1,  2.236 A; 2, 2.245 A), C-0 (1,  1.258 A; 

C-C-0 (1, 117.3’)-and the CH, (acetate) carbon atom lying 
in the plane of the carboxylate OCO group, in agreement with 
other carboxylate-bridged iron c ~ m p l e x e s . ~ * @ - ~ ~  The least-squares 
plane defined by the four non-hydrogen atoms in each acetate or 
the three non-hydrogen atoms in each formate grou very nearly 

little “twist” of the carboxylate group relative to the iron-iron axis. 
By contrast, in another complex containing the M(p-O)(p- 
02CCH3)2M core, Os2(p-O)(p-02CCH3)2C14(PPh3)2~(C2HS)20~5 
the acetate groups are markedly twisted with respect to the Os-Os 
vector. 

2, 1.247 A), 0-C-0 (1, 129’; 2, 128.4’), C-C (1,  1.501 A), 

contains the two iron atoms (max deviation, 0.15 8: ) indicating 
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Figure 3. Optical spectra of 1 in CHClp and metazidohemerythrin. 

Finally, it should be noted that a complex containing the 
Fe20(02CCH3)$+ core with a different capping tridentate amine 
has been structurally characterized.I8 In this complex, [Fe20- 
(02CCH3)2(TCN)2]12.1/2NaI.3H20, the structural parameters 
are very similar to those in 1 and 2 with some small differences. 
The [Fe20(02CCH3) (TCN),],’ cation exhibits typical Fe-O- 
(oxo) (1.77 and 1.80 A) and Fe-O(acetate) (2.00-2.05 A) bond 
distances with a relatively short Fe. - - Fe separation (3.064 A), 
consistent with a small Fe-O(oxo)-Fe angle (1 18.3’). The av- 
erage Fe-N bond distance (2.18 A) and lengthening in Fe-N 
bonds trans to the bridging oxo atom are also in close agreement 
with the appropriate values for 1 and 2. A more detailed com- 
parison must await report of the full structural details. 

Electronic Spectra. The UV-vis-near IR spectrum of 1 in 
CHC1, solution is shown in Figure 3 together with that of azi- 
domethemerythrin. The latter was recorded on a sample of the 
protein kindly provided by Dr. J. Sanders-Loehr. 

Qualitatively, the spectrum of 1 bears a striking resemblance 
to that of azidomethemerythrin (Figure 3). Quantitatively, 
however, the prominent peaks between 400 and 500 nm are six 
times less intense than those observed in the spectrum of the 
protein sample.46 The fact that 1, 2, 3, and [Fe20(02CCH3),- 
(TCN),] 2+ have nearly identical visible spectra indicates that 
this spectrum is characteristic of the (Fe,O(O,CR),) core. The 
visible spectrum of the protein consists of the sum of these inherent 
optical transitions plus any applicable exogenous ligand-to-metal 
charge-transfer bands (e.g., azide to iron). As expected from this 
analysis, the spectra of methemerythrin and metchlorohemerythrin 
between 400 and 500 nm have peaks with intensities similar to 
those in the spectra of 1-3. 

Although we do not yet have enough information to assign 
completely the electronic spectra of 1 , 2 ,  and 3, several comments 
can be made. The high-spin, oxo-bridged diiron(II1) complex, 
[F~,O(HB~Z,),(H~B~Z,)~], containing poly(pyrazoly1borate) 
ligands but lacking the bridging acetate ligands fails to show any 

(46) (a) Sanders-Loehr, J.; Loehr, T. M.; Mauk, A. G.; Gray, H. B. J. Am. 
Chem. Sac. 1980, 102, 6992-6996. (b) Dunn, J. B. R.; Addison, A. W.; 
Bruce, R. E.; Sanders-Loehr, J.; Loehr, T. M. Biochemistry 1977, 8, 
1743-1749. (c) Garbett, K.; Darnall, D. W.; Klotz, I. M.; Williams, R. J. 
P. Arch. Biochem. Biophys. 1969, 103, 419-434. 
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FOURIER TRANSFORM INFRARED SPECTRA OF [Fe,0(a9c),(HBpz8&] 

Figure 4. Resonance Raman spectra of 1 and its I80-substituted deriv- 
ative in CH2C12 solution. 

peaks in its visible spectrum above 400 nmS4' This observation, 
coupled with the similarity between the visible spectra of 1-3 and 
[Fe20(02CCH3)2(TCN)2]2+, rules out the possibility that lig- 
and-to-metal charge transfer involving the pyrazolylborate ligands 
is responsible for any of the visible bands, especially the more 
prominent ones at 457 (emax 505 cm-' MF;l) and 492 nm (emax 
460 cm-' MFC1). Moreover, these bands are too intense for d-d  
transitions, even those enhanced by lowered symmetry or spin-spin 
interactions between the metal ions. Since neither of these bands 
is responsible for the resonance Raman enhancement of u,(Fe- 
0-Fe) in the visible region (vide infra), they are unlikely to involve 
charge-transfer transitions arising from the p o x 0  bridge. 

Four d-d transitions are expected for octahedral high-spin d5 
ferric complexes.48 The two lowest in energy, 6Al - 4T2(4G) 
and 5A1 - 4Tl(4G), are readily observed at 695 (emax 70 cm-' 
MF;l) and 995 nm (emx 3.5 cm-' MF;'), respectively. Both here 
and in the methemerythrins, the other two transitions are "buried" 
under the more intense visible transitions.& These d-d transitions, 
especially if they contain some charge-transfer character, may 
in fact be just those hidden bands responsible for the - 10-fold 
(weak) resonance enhancement of the Raman spectrum in the 
visible region (vide infra). This assignment would place the 6Al - [4A,, 4E](4G) transition at  -520 nm and the 6Al - 4T2(4D) 
transition at -440 nm (if 1-3 are indeed analogous to the azi- 
domethemerythrin) .49 

Resonance Raman and Fourier Transform Infrared Spectros- 
copy. The resonance Raman spectrum of a 0.1 M solution of 1 
in methylene chloride is shown in Figure 4, top. In order defi- 
nitively to identify those lines which represent vibrations of the 
(poxo)diiron(III) unit, the spectrum of I80-exchanged 1 was 
recorded and is shown in Figure 4, bottom. Four features clearly 
shift upon isotopic substitution. We assign the line at  528 cm-' 
to the symmetrical Fe-0-Fe stretch (v,) and note that I8O ex- 
change shifts it to 511 cm-'. The feature a t  1050 cm-' appears 
to contain more than one line, only one of which shifts (to 1017 
cm-l) in the I8O spectrum. Since 1050 cm-' = 2 us,  we assign 
this shiftable line to the first overtone of the symmetric stretch. 
Although changes clearly occur in the region around 280 cm-' 
upon l 8 0  substitution, it is uncertain exactly what shift is taking 
place owing to the presence of a strong solvent band at 285 cm-I. 
Since other good solvents for 1 also have peaks in this region, 
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Figure 5. Fourier transform infrared spectra of lSO-1, l6O-1, and the 
difference between these spectra. Samples were run in KBr for 32 scans 
at 2-cm-' resolution. 

spectra were taken of solid samples ol" 1 and its I80-substituted 
analogue. These spectra show a line at 269 cm-' which does not 
shift upon "0 substitution and a broad feature at 278 cm-' which 
moves under the 269-cm-' line after I8O exchange. Closer ex- 
amination of the solution spectra in Figure 4, top, reveals the 
presence of a shoulder around 300 cm-' which shifts under the 
solvent line, increasing its intensity in the spectrum, Figure 
4, bottom. We assign the feature at 278 cm-I in the solid state 
(and at an undetermined position in solution) to the deformation 
mode of the Fe-0-Fe unit, ud. Finally, a broad feature a t  804 
cm-' shifts to 781 cm-' after lSO exchange, leaving behind a line 
at 791 cm-I. It is possible that this shiftable line is the asymmetric 
Fe-0-Fe stretch since this vibration is Raman allowed in Clu 
symmetry and would be expected to occur in this region.8b*43a,S0~51 
Investigators studying azidomethemerythrin have assigned a band 
at  780 cm-I to this asymmetric stretch for just these reasons.49 
We are unable to make such an assignment, however, because 
the infrared spectrum shows only one band of very weak intensity 
in this region which does not move at all with I8O substitution. 

(47) Armstrong, W. H.; Lippard, S. J., unpublished results. 
(48) Hush, N. S.; Hobbs, R. J. M. Prog. Znorg. Chem. 1968,10,259-359. 
(49) Shiemke, A. K.; Loehr, T. M.; Sanders-Loehr, J., submitted for 

publication. 
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A 1967, 1561-1564. 

Biochem. 1982, 17, 69-74. 
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The 804-cm-I feature must therefore be accounted for in some 
other way. The presence of a line at  79 1 cm-' may obscure the 
true maximum position of this line. We note that v, + vd = 808 
cm-I, and therefore tentatively assign the line at 804 cm-' to the 
combination band v, + Vd. 

In order to obtain further information about the asymmetric 
Fe-0-Fe stretching vibrations, commonly used to identify (p-  
oxo)diiron(III) c ~ m p l e x e ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Fourier transform infrared 
spectra of solid samples of 1 and I8O-1 were recorded from 600 
to 1100 cm-'. These spectra and the l8O - I6O difference spectrum 
are displayed in Figure 5. From these spectra it is evident that 
the v,,(Fe-O-Fe) mode shifts from 751 (I6O) to 721 cm-' ("0) 
upon isotopic substitution, from under one ligand band to under 
another. Its surprisingly low intensity and energy require com- 
ment. Both are probably the result of the small Fe-0-Fe angle. 
Walton et al. were unable to find an asymmetric p-oxo stretch 
in the infrared spectrum of an analogous osmium complex$5 and 
in Fe20(phen)2(S04)2s6H20, where one of the sulfate groups 
bridges the iron atoms along with the p-oxo ligand, the asymmetric 
vibration is also surprisingly weak.'" These compounds also have 
unusually acute M-O-M angles. No asymmetric stretches have 
been identified for the [Fe(salen)120 complexes either.8b These 
complexes had the smallest reported Fe-0-Fe angles, except for 
the hemerythrins, prior to our communication of the structure 
of l.ls The change in the dipole moment diminishes for this 
vibrational mode when the M-0-M angle decreases reducing the 
intensity of the infrared asymmetric stretching band. In the 
[Fe20(02CCH,)2(TCN)2]2+ cation, where the Fe-0-Fe angle 
is even smaller, v,,(Fe-0-Fe) occurs a t  730 cm-I.l8 This ob- 
servation is consistent with the above arguments. 

A simplified set of secular equations (eq 1 and 2, where pM and 
pug are reciprocals of the masses of metal and oxygen, respectively, 
X i  = (5.889 X 10-7)v; where vi is the frequency of the ith vibration 
in wave numbers, k d  is the M-0 stretching force constant in 
mdyn/A, and kdd is the M a - M  stretchstretch interaction force 
constant in mdyn/A), previously derived52 for singly bridged 
bimetallic coordination compounds of C2, symmetry, may be 
applied to the vibrational analysis of 1. From measured values 

A1 

BI 

A s  = [PM + Po(1 + cos 4)](kd + kdd) 

Xas = [PM + MO(1 - COS 4)l(kd - k d d )  

(1) 

(2) 

of v, and vas the stretch (kd) and the stretch-stretch interaction 
(kdd) force constants are easily calculated to be kd = 3.24 mdyn/A 
and k d d  = 0.35 mdyn/A. From these constants, the v, and vas 
values for the '*O substituted derivative of 1 may also be computed. 
The results are v, = 510 cm-I, which is identical within experi- 
mental error with the measured value of 51 1 cm-I, and vas = 715 
cm-I, which is somewhat less than the observed value (721 cm-I). 
Possibly the numbers obtained from the FTIR difference spectrum 
are not as accurate as we might wish, although a difference of 
6 cm-' between observed and calculated values is not substantial. 
I t  is interesting that the stretching force constant (kd) for 1 is 
identical with the one calculated for Fe20C162-.51 

Many of the remaining Raman bands in 1, 2, and 3 also occur 
in [Fe(HBpz3)?]+ and are assigned to the vibrations of the py- 
razolylborate ligand. These bands as well as those assigned 
previously are summarized in Table V. A Raman spectrum of 
NaHBpz3 exhibits bands that may correspond to those in the iron 
complexes, but these were often as much as 30 cm-I from the 
corresponding bands of the coordinated ligand. 

Of the remaining lines observed in the Raman spectrum of 1, 
three (275, 328, and 360 cm-') are absent in the spectra of Fe- 
(HBpz,),' but occur (within f 1 0  cm-I) in the spectra of the 
formate- (2) and benzoate-bridged (3) analogues. The line at 269 
cm-' in the solid spectrum of 1 and at 275 cm-' in solution is in 
the right frequency range for an Fe-N ~ t r e t c h ' ~ ~ , ~ ~  and so we 
tentatively make this assignment. Since the structures of 1-3 are 
all very similar it is reasonable to expect the symmetric Fe-O- 
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Figure 6. Excitation profile of the 528-cm-' (vs, Fe-0-Fe) Raman band 
of 1. 

(carboxylate) stretching frequency to occur at nearly the same 
frequency in the three complexes, Le., either at 328 or 360 cm-'. 
Since the line at  360 cm-' is more intense in the spectra of the 
three complexes and closer in frequency to where such an Fe-0 
carboxylate stretch might be expected,53 we tentatively assign the 
band to the symmetrical Fe-O(carboxylate) stretching mode. The 
remaining lines in the spectra of 1-3 are presently unassignable. 

To aid in the analysis of the vibrational spectra, 1 was syn- 
thesized by using 180H2 (99% enriched, diluted 1:2 with 160H2) 
in the expectation of incorporating I8O into the bridging position. 
The 3:2 ratio of peaks at 511 and 528 cm-' in the resonance 
Raman spectrum of this I8O-substituted derivative in methylene 
chloride (-0.1 M) indicated that there was 60% incorporation 
of l8O into the Fe-O-Fe unit. At a later time, however, the same 
solution gave a spectrum in which the 5 1 1-cm-' band was less than 
10% of u,(F&Fe). This result not only demonstrated that water 
from air readily exchanges its oxygen with the bridging oxygen 
atom of 1 in methylene chloride but it also suggested a simple 
method for preparing I80-substituted 1. A solution of 1 in  
methylene chloride in a sealed vial was stirred with I8O (99%-only 
small quantities are needed). The solid-state Raman spectra of 
1 prepared this way showed essentially 100% l80 substitution at 
the oxo position. Mass spectra of these samples show 85% in- 
corporation of I8O due to handling of solutions of 1 in air with 
the resultant I6O exchange and, more importantly, demonstrate 
that only the bridging oxygen exchanges. In the protein, exchange 
only occurs under certain conditions and in particular metazi- 
dohemerythrin in I80H2 will not exchange at The rapid 
exchange (see above) of I8O for l6O in the bridge position of our 
model compound suggests that the lack of exchange in the protein 
is caused by inaccessibility of water to the diiron core and is not 
an intrinsic property of the (Fe20(02CR)21 active site. 

The excitation profile for the 528-cm-I (us )  band of 1 is shown 
in Figure 6. It is remarkably similar to the excitation profile of 
the 503-cm-I ( u s )  line of a z i d ~ m e t h e m e r y t h r i n . ~ ~ ~ ? ~ ~  The profile 
in Figure 6 peaks at -520 nm, near the region where the profile 
peak of the protein band occurs. This value is significantly lower 
in energy than the major peak at 492 nm in the optical spectrum, 
but close to a weak shoulder (528 nm). The profile of the sym- 
metric stretch in the azidomethemerythrin also has a peak at 
around 440 nm.49 In the profile of the symmetric stretch of 1, 
the band intensity is observed to be rising at 454 nm as the 
excitation wavelength decreases, but precisely where it reaches 
a maximum cannot be determined with the data at hand. We 

(53) Ferraro, J. R. "Low-Frequency Vibrations of Inorganic and Coor- 
dination Compounds"; Plenum Press: New York, 197 1 ; see, for example, p 
201 and also Chapter 5 .  
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173 

193 
208 sh 

248 
274 s 
283 

301 sh 
328 

360 
528 sC 

62 1 
669 
703 
740 b 
79 1 
804 
808‘ 
865 w 

929 
98 1 
1050 
1O5Oc 
1070 
1092 

1156 b 
1188 
1220 

1310 
1321 sh 
1387 
1403 
1436 

185 

185 

215 

278 s 
285 

334 sh 
339 sh 
359 
525 s 

668 
703 
740 b 

802 

837 sh 
884 w 
927 
983 

1046 
1068 
1087 

1157 
1187 
1220 

1310 
1321 sh 
1389 
1404 
1434 sh 

164 

212 sh 
229 
244 

285 
(under solvent 285) 

169 

199 

285 
300 

337 

360 
526 s 

556 b 
621 w 
667 
703 
740 b 

812 

839 

929 
98 1 

1062 b 

1094 

1155 
1190 
1217 

1312 

1392 
1405 
1433 sh 
1493 

674 
703 
729 b 
798 

865 w 
920 m 
927 
993 
1049 

1075 
1109 
1119 

1189 
1213 
1224 sh 
1314 
1320 
1388 
1408 
1446 w 

us( Fe-N) 
solvent 
us( Fe-N) 
6(Fe-0-Fe) 

v,(Fe-O,CR) 
Y,( Fe-0-Fe) 

L 
solvent 
solvent 
L 
L 
us + Udd 

L 
L 
L 

L 
L 

solvent 
L 
L 

L 
L 
L 
solvent 
L 

2u,e 

v3(c104-) 

aEntries are in cm-I. Symbols: s, strong; w, weak; sh, shoulder; b, broad. The table covers only the range 160-1500 cm-I. All compounds 
were dissolved in CH2C12. bus  = symmetric stretch, 6 = deformation, L = assigned as vibration of HBpz). CShifts upon exchange with I80H2 
(see text). dCombination band. e Overtone. 

suspect that it also reaches a maximum at -440 nm before it rises 
to -100-fold enhancement a t  364 nm (Figure 6). 

Qualitatively, the 1050- and 804-cm-’ lines follow the same 
enhancement profile as the 528-cm-’ band (data not shown) as 
expected, but the low relative intensities of these lines and the fact 
that both overlap other lines make it difficult to determine their 
profiles quantitatively. 

Mossbauer Spectra. The Mossbauer spectra a t  4.2 and 170 
K consist of a symmetric quadrupole doublet. The 4.2 K spectrum 
is shown in Figure 7a. A least-squares fit (solid line) to the 
experimental points assuming Lorentzian absorption lines gives 
an isomer shift 6 = 0.52 f 0.03 mm/s (relative to metallic iron 
at room temperature) and a quadrupole splitting AEQ = 1.60 f 
0.05 mm/s. The observed line widths (full width at half maximum 
r = 0.31 * 0.04 mm/s) are consistent with equivalent iron sites. 
Since the isomer shifts for a large number of high-spin mono- 
nuclear and poxo-bridged binuclear ferric complexes generally 
fall in the range 0.3 to 0.6 m m / ~ , * ~ - ~ ~  the isomer shift for 1 is 
indicative of a high-spin ferric state. The quadrupole splitting 
for 1, however, is substantially larger than for most S = 5 / 2  ferric 
complexes. On the other hand, several poxo-bridged complexesab 

and the met forms of h e m e r ~ t h r i n ~ ~ s ~ ~  have lAEQI values in the 
range 1.5-2.0 mm/s, which encompasses the parameters derived 
for 1. 

The Mossbauer spectra of 1 in externally applied magnetic 
fields, H, I 80 kOe at 4.2 K, are consitent with those of a dia- 
magnetic ground state. The experimental spectrum obtained at 
H ,  = 40 kOe is shown in Figure 7c. A characteristic doublet-triplet 
absorption pattern occurs that is characteristic of a negative sign 
for the principal component of the electric field gradient ( V2,).55 
The negative sign of V,, indicates a distortion from octahedral 
symmetry which corresponds to a compression along a symmetry 
axis. For all but one of the met forms of hemerythrin the sign 
of V, has been determined to be positive. A theoretical simulation 
of the data in Figure 7c, assuming random orientation of the 
crystallites in the powdered sample relative to the direction of H,, 
is given in Figure 7b. The simulation parameters were the field 
at the nucleus H ,  = 40 kOe, hEQ = -1.60 mm/s, r = 0.31 mm/s, 
and the asymmetry parameter 7 = 0. Simulations for H, = 20, 
60, and 80 kOe were also carried out and fit the experimental data 
very well with H ,  = H, in all cases. In other words, there is no 
detectable contribution from magnetic hyperfine interaction other 

(54) Greenwood, N. N.; Gibb, T. C. “Miissbauer Spectroscopy“; Chapman 
and Hall, Ltd.: London, 1971; pp 148-164. 

( 5 5 )  (a) Collins, R. L. J .  Chem. Phys. 1965, 42, 1072-1080. (b) Gabriel, 
J. R.; Ruby, S.  L. Nucl. Instrum. Methods 1965, 36, 23-28. 
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Figure 7. (a) Mossbauer spectrum of 1 in zero applied field at 4.2 K. 
(b) Simulation of H,, = 40 kOe Mossbauer spectrum of 1. The experi- 
mental spectrum is given in c. 
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Figure 8. Proton NMR spectrum of 1 in CDCI,. 

than the applied field and therefore no residual paramagnetism 
at  4.2 K. 

NMR Spectra. Proton N M R  spectroscopy has proved to be 
a very useful technique for monitoring reaction products in this 
study. Distinguishing between the low-spin monomeric ferric 
species and the coupled high-spin species is quite straightforward. 
Compounds 1-3 were examined over the range f200  ppm. 

The 'H N M R  spectrum of 1 in CDCI, solution at  295 K is 
shown in Figure 8. Superficially, the spectrum appears to consist 
of three broad resonances at  -12.3, -10.5, and -3.0 ppm. There 
is evidence, however, for an even broader resonance underlying 
the -10.5-ppm peak. Examination of the spectra of [FezO- 
(O,CH),(HBpz,),] and [Fe,0(02CCD3)2(HBpz3)z], in which the 
-10.5 ppm resonance is absent, revealed an  underlying signal a t  
ca. -9.1 ppm. From this result we assign the -10.5-ppm resonance 
in 1 to the acetate methyl protons. The spectrum of [Fe20- 
(O,CCH,),(DBpz,),] lacks the signal at -3.0 ppm, implying that 
this peak arises from H(B) in 1. 

From the C,, symmetry found for 1 in the solid state, which 
should be retained in solution, one expects to find eight 'H res- 
onances, including two sets of nonequivalent pyrazole ring reso- 
nances. Only four peaks are resolved, however, and we therefore 
assume that the 'H N M R  signals of all the pyrazole rings are 
equivalent. Since the -12.3-ppm resonance is substantially more 
intense than any other, it is assigned to two accidentally degenerate 
proton resonances, tentatively, protons H(4) and H(  5) of the 
pyrazole rings (atom labels are given in Table IV). The very broad 
signal at ca. -9.1 ppm underlying the CH3 resonance is assigned 

i / 1 1 1 1 1 1  

0.4 0.2 0.0 -0.2 

k 

Figure 9. Cyclic voltammograms at  200 mV s-' a t  a glassy carbon 
electrode of 1 in 0.1 M tetra-n-butylammonium perchlorate in acetonitrile 
showing several repetitive scans. The inset shows results for [Fe- 
( H B ~ Z ~ ) ~ ] " + ,  n = 0 and 1, in 0.2 M LiCI04/CH3CN solution. Voltage 
readings are referenced to the saturated calomel electrode. 

to H(3) of the pyrazole ring because it is the proton closest to 
the paramagnetic iron centers. It would be the broadest signal 
if the dipolar interaction were primarily responsible for the line 
broadening. In the simplest analysis, complex 1 may be considered 
as two separate S = '/, iron(II1) systems, in which the dipolar 
contribution to the isotropic shifts (OHIH,) is usually negligi- 
ble.56s57 The observed isotropic shifts, then, are contact in origin. 
Shifts of the pyrazole ring protons are not attenuated by distance 
(assuming that the previous assignments hold) a s  would be ex- 
pected if the shift mechanism were purely u contact in nature. 
The pyrazole ring protons all have negative isotropic shifts com- 
pared to the potassium salt of the free ligand in CDCI,. A purely 
x-spin delocalization mechanism is therefore also unlikely since 
contact shifted systems in which a a mechanism dominates exhibit 
an alternating sign pattern of shifts. The 'H N M R  spectrum of 
the p-oxo-bridged complex, [ F e ( ~ a l - N - n - C , H ~ ) ~ ] o ,  displays an 
alternating sign pattern around the aromatic ring, indicative of 
the r-spin delocalization m e ~ h a n i s m . ~ ~  An independent study 
on salen (1-oxo)diiron complexes confirmed this result.s9 In 
contrast, phenanthroline and bipyridine p-oxo-bridged complexes, 
e.g., [Fe,0(phen)4]C14-5H2057 and [Fe20(bpy)4]C146H20,60 have 
spectra interpreted in terms of a predominantly u-spin delocali- 
zation mechanism. The contact shifts in these complexes are 
generally larger than those in 1 and are all negative, except for 
small positive shifts for the H(4,7) in the phenanthroline complex 
and H(4,4') in the bipyridine complex. As in 1, line widths for 
the proton closest to the paramagnetic center, H(6,6') in bpy and 
H(2,9) in phen, are substantially larger than the others. 

Further studies, including temperature dependence and ring 
methyl substitutions, would be required to elucidate the relative 
contributions of u- and r-spin delocalization mechanisms in 1. 
N M R  studies of azidomethemerythrin from P. gouldii at  250 
MHz did not reveal either the histidine imidazole ring or the 
@-CH2 protons of aspartate or the y C H 2  resonance of glutamate.61 
This result is somewhat surprising in light of the present work. 

Electrochemistry. Figure 9 displays the cyclic voltammetry 
(CV) results for 1 in acetonitrile with 0.1 M TBAP as the sup- 
porting electrolyte. During the first cathodic sweep a reduction 
can be seen at  -0.76 V vs. SCE for which there is no coupled 
oxidation wave. Even at scan speeds of 5 V/s, little if any of the 

(56) McGarvey, B. R.; Kurland, R. J. J .  Magn. Reson. 1970, 2, 286-301. 
(57) Wicholas, M. J .  Am. Chem. SOC. 1970, 92, 4141-4142. 
(58) Boyd, P. D. W.; Murray, K. S. J .  Chem. SOC. A. 1971, 2711-2714. 
(59) LaMar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A. J .  Am. 

(60) Wicholas, M.; Jayne, D. horg.  Nucl. Chem. Lett. 1971, 7,443-445 
(61) York, J. L.; Millett, F. S.; Minor, L. B. Biochemistry 1980, 19 

Chem. SOC. 1973, 95, 63-75. 

2583-2588. 
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reduced form survives to be reoxidized. A small wave and an 
inflection can be seen in the return scan at  -0.04 and +0.11 V, 
respectively, followed by a major oxidation wave at  +0.26 V. 
Continuous scans (Figure 9) reveal the formation of a stable new 
species with oxidation and reduction peak potentials at +0.26 and 
+0.20 V, respectively, and Ellz = +0.23 V. This value is exactly 
the half-wave potential of the [ Fe(HBpz&]+ cation'' measured 
under these conditions. 

The inset to Figure 9 shows the CV results for [Fe- 
( H B ~ Z ~ ) ~ ] C ~ O ~  over the range 0.5 to -0.2 V. Here, in 0.2 M 
LiC104/CH3CN solution, this Fe(II)/Fe(III) couple approaches 
electrochemical reversibility (Up = 62 mV).62 The cathodic 
and anodic waves have equal heights (i, = i,) and are superim- 
posable. Similarly, symmetric CV's were recorded in di- 
methylformamide and methanol with 0.1 M TBAP and 0.1 M 
tetrabutylammonium acetate (TBAA) as supporting electrolytes. 
Finally, a plot of ia or i, vs. (u ) ' / ,  (u = scan speed) is linear, further 
supporting the claim of reversibility in this system. A recent report 
of the electrochemistry of Fe(HBp& shows that this couple is 
also reversible in liquid SOz.63 

In a separate experiment, [ F ~ ( H B ~ Z , ) ~ ] C I O ~  was added to the 
cell containing 1. The CV resembled that of Figure 9 except that 
the reversible wave at El, ,  = 0.23 V grew proportionately in 
intensity. We therefore conclude that, upon reduction, 1 collapses 
irreversibly to mononuclear [Fe(HBpz3),] and other, as yet un- 
identified, electrochemically inactive iron species. 

The repetitive scans in Figure 9 show that there are no reduction 
waves corresponding to the features a t  -0.04 and +0.11 V in the 
anodic scan. Also, if the scan rate is slowed to 20 mV/s, these 
anodic waves are no longer evident. Intermediates in the de- 
composition of l are probably responsible for these features in 
the CV since they would be expected to be more evident at faster 
scan speeds, as is the case. 

If the system is allowed to scan continuously for several cycles 
(Figure 9) a steady state is obtained at  the electrode surface in 
which the couple due to [Fe(HBpz,),] ceases to increase and the 
reduction of 1 no longer decreases. In an attempt to show that 
the steady state represents only diffusion to and from the electrode 
surface and does not involve a reaction pathway that, after re- 
oxidation of Fe(HBpz&, reforms 1, CV experiments were per- 
formed in acetonitrile with 0.1 M TBAA as the supporting 
electrolyte. First, [ F ~ ( H B ~ Z , ) ~ J +  was stirred in this electrolyte 
to determine that no new electroactive species would form during 
redox cycling in the presence of 100-fold excess acetate ion. Next, 
1 was examined in the same electrolyte to see if the presence of 
excess acetate could inhibit the decomposition of 1 to the mo- 
nonuclear species during the CV scan. When a single scan CV 
of 1 from 0.7 to -1.2 V was run, however, the results were similar 
to those found by using TBAP as the supporting electrolyte. The 
relative peak heights of the reduction wave of 1 to the oxidation 
wave of Fe(HBpz,), remained the same. Clearly no simple 
equilibrium exists between the reduced iron containing species 
after the reduction of 1 involving free acetate that can alter the 
formation of [Fe(HBpz,),]. The above studies were extended to 
include the use of platinum and gold electrodes and solvents 
methylene chloride and dimethylformamide (DMF) with quali- 
tatively similar results. One striking difference between the CV's 
of 1 in DMF and acetonitrile appeared, however, Id DMF at 200 
mV/s, after the major reduction wave at -0.78 V there is a second 
(small) reduction at  -0.92 V. At slow scan speeds (20 mV/s) 
this second reduction disappears, but at high scan speeds (5 V/s) 
the first reduction at  -0.86 V is followed by a second reduction 
a t  -1.04 V of significant current height. This second wave may 
represent the reduction of the second iron in a partially reduced, 
intact form of 1. It  must be noted, however, that under no con- 
ditions was an oxidation wave corresponding to either of these 
reductions found. Thus 1 does not form stable reduced products 
corresponding to the deoxy or semimet forms of hemerythrin. 
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Figure 10. Plot of xMmrr vs. T for solid 1 

Magnetic Susceptibility. Measurements were carried out for 
solution samples of 1 and 2 and for a solid sample of 1. Room- 
temperature magnetic moments in CDCI, were measured by using 
the Evans NMR technique?' Molar magnetic susceptibilities were 
calculated by using eq 3, where Au (Hz) is the shift difference 

(3) 

of sample and reference signals, u is the spectrometer frequency, 
c is the molar concentration, M is the molecular weight, xo is the 
solvent mass susceptibility, and Xdla is the molar diamagnetic 
correction for solute. A term involving the density difference 
between sample and reference solutions was omitted. For 1, p,,/Fe 
= 1.71 pB, and for 2 perf = 1.72 pB. 

A plot of molar susceptibility vs. temperature for solid 1, 
measured by SQUID susceptometry, is given in Figure 10. This 
variable temperature behavior of 1 is well described by the theory 
of Heisenberg, Dirac, and van Vleck for magnetic coupling in a 
binuclear system with terms added for temperature-independent 
paramagnetism (TIP) and the contribution to the observed sus- 
ceptibility from a paramagnetic impurity. The expression64 for 
the temperature-dependent susceptibility may be derived from the 
general isotropic exchange Hamiltonian, H = -2J SI.S2 for SI 
= Sz = 5/z,  and is given as the first term in eq 4, where C = 

xhf = 
2eZX + 10e6" + 28eIZX + 60eZoX + 1 10e30X 
1 + 3eZX + 5 e 6 ~  + 7eIzX + 9ezox + 1 1e3OX 

(4.40) + TIP + p -  
T 

C 

(4) 

2Ng'pB2/kT, x = J /kT,  TIP  is the temperature-independent 
paramagnetism, p is the mole percentage of a paramagnetic im- 
purity, and 4.40/T is the expression for the susceptibility of an 
S = 5 / 2  impurity. A multiplicative term of (1 - p )  for the first 
two terms was omitted owing to the very small value of p in this 
experiment. Least-squares fits to eq 4 were carried out under 
several conditions. In all cases g was fixed at 2.00. Using the 
61 data points in the range 36-300.2 K and refining only J while 
fixing both TIP  and p equal to zero gave J = -1 20.17 (8) cm-I 
with a correlation coefficient (CC) of 0.999968. Using the same 
data with onlyp  = 0 and refining J and TIP gives J = -121.71 
(14) cm-', TIP  = 3.6 (3) X cgs mol-', and CC = 0.999933. 
When all of the data (81 points) in the range 2.9-300.2 K were 
used in the refinement, allowing J and p to vary and setting TIP  
= 0, then J = -120.42 (7) cm-', p = 1.99 (3) X and CC 
= 0.999934. Finally, with all data and allowing J ,  TIP, and p 
to vary one obtains J = -121.29 (10) cm-I, TIP = 2.2 (2) X 
cgs mol-!, p = 1.74 (3) X and C C  = 0.999945. The solid 

(64) O'Connor, C. J. Prog. Inorg. Chem. 1982, 29, 204-283. 
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line in Figure 10 was calculated by using these last parameters 
substituted into eq 4. 

The value of J found here indicates a somewhat stronger 
coupling between iron atoms than is generally the case in simple 
poxo-bridged iron complexes where -J falls in the range 80-105 
~ m - ~ . ~ ~ 7 ~ ~  An exception is the [Fe(protoporphyrin IX)I2O complex 
which has a J value of -132 The met (aquo) form of 
hemerythrin from Go@ngia gouldii has a J value of -1 34 cm-1,66 
in reasonably good agreement with the model complex 1. In 
contrast, oxyhemerythrin from G. gouldii has a relatively small 
J of -77 cm-’, which may be due to a weakening of the Fe-0-Fe 
exchange coupling resulting from interaction of the p-oxo atom 
with a proton of bound hydroperoxide or some protein side chain.49 
In as much as the Fe-O(oxo) bond distances in 1 are not unusually 
short and J is not markedly dependent on the Fe-0-Fe angle, 
the relatively large exchange constant of the protein and model 
systems may arise from additional contribution of the bridging 
acetate groups to the exchange coupling pathway. 

Comparison with Hemerythrin, Ribonucleotide Reductase, and 
Purple Acid Phosphatase Proteins. The value of compound 1 as 
a model for the properties of the protein core may be assessed 
by comparing its properties with those of the hemerythrin de- 
rivatives (Table VI). 

The structure of the bridged binuclear (Fe20(02CR)2)  unit is 
nearly the same in the model and the diiron cores of the metazido 
forms of the proteins. The greatest structural deviation is the 
Fe-0-Fe bridging angle, 123.6 (1)’ in I and 135’ and 132’ in 
metazidohemerythrin and metazidomyohemerythrin, respectively. 
This angle may be influenced by the capping ligand, tri-1- 
pyrazolylborate vs. protein-supplied histidines. In a recently 
reported analogue of 118 with the smaller capping TCN ligand, 
an even smaller Fe-O-Fe angle is obtained. The iron-oxo bridge 
bond lengths in 1 are equivalent, as expected intuitively of two 
irons with identical coordination spheres. This result agrees well 
with the structure of the meta~idomyohemerythrin~ but not with 
that of meta~idohemerythrin.~ Further refinement of the latter 
is awaited with interest. Another common feature to both 1 and 
metazidomyohemerythrin is the lengthening of Fe-N distances 
trans to the pox0  bonds. 

The magnetic properties of model and protein are similar with 
coupling constants J of -121 and -134 cm-’, respectively. The 
differences in bridging angle have little effect on the coupling 
constant, as has been observed in other oxo-bridged complexes.sb 

Qualitatively, the electronic spectra of 1 and the protein look 
very similar. In comparing the spectra of 1 and metazido or 
oxyhemerythrin quantitatively, major differences can be seen in 
the visible region (400-500 nm) where, in 1, the spectrum of the 
exogenous ligand-to-metal charge-transfer bands are missing. In 
this region the spectra of 1 and the met, methydroxy, and met- 
chlorohemerythrins are more similar, although the 6Al - 4T2(4G) 
transition at 695 nm in the spectrum of 1 is shifted to lower 
wavelengths in these hemerythrin derivatives. The similarity in 
the electronic spectra below 400 nm underscores the similar 
electronic structures of metal-pyrazole and metal-imidazole 
complexes. 

The electronic spectrum of 1 also bears a striking resemblance 
to that of ribonucleotide reductase from E. ~ o l i . ~ ~ , ~ ~  The major 
difference between the two is in the position of the d-d band at 
690 nm in 1 vs. 600 nm in ribonucleotide reductase. This dif- 
ference is not surprising, however, since the corresponding tran- 
sition in hemerythrin shifts substantially depending on the bound 
exogenous ligand (Table VI). The previous objectionSe that a triply 
bridged (Fe,O(O,CR),) core was unlikely for the diiron center 
of ribonucleotide reductase based on the rapid rate of l 8 0  in- 
corporation is now untenable since the present study reveals that 
1 also incorporates I8O rapidly. In contrast, the electronic 

J.  Am. Chem. SOC., Vol. 106, No. 12, 1984 3665 

spectrum of purple acid phosphatase is very different from that 
of 1, and this protein probably has a different core g e ~ m e t r y . ~ ? ~  

Not surprisingly, the major peak in the Raman spectrum of 
1, v, at  528 cm-’, has its counterpart in the spectra of the met- 
hemerythrins and o ~ y h e m e r y t h r i n . ~ ~ ~ - ~ ~ @ > ~ ~  In the visible region 
of the electronic spectrum the greatest enhancement of this us 
vibration, both in 1 and in the protein derivatives, occurs around 
520 nm. Another peak in the excitation profile is found at 440 
nm in the protein and is also implied by our results on 1 (Figure 
6). Both in 1 and in the protein, this band is most enhanced when 
UV light is used. Since “exogenous” ligands cannot bind to 1, 
vibrations derived from such ligands, present in some of the protein 
derivatives, are absent in the spectrum of 1. Bands between 750 
and -800 cm-I have recently been found in the UV enhanced 
resonance Raman spectra of metazido- and oxyhemerythrin and 
assigned to the asymmetric vibration of the Fe-0-Fe unit.49 A 
band associated with this unit in 1 occurs at 804 cm-I, but we have 
shown it to be a combination band (ud + u s ) .  The true position 
of u,, 751 cm“ in the IR, is undetectable in the resonance Raman 
spectra of 1 even using UV excitation. The corresponding bands 
in the protein may actually be Y,, for the (poxo)diiron(III) unit, 
but the possibility that these are actually combination bands 
comparable to the band at 804 cm-I in the spectrum of 1 should 
also be considered. 

The Mossbauer spectrum of 1 is, surprisingly, more similar to 
that of m e t h e m e r ~ t h r i n , ~ ~  and is somewhat less similar to that 
of metazidohemerythrin (Table VI). Although the metazido 
derivative is structurally closer to 1, the methemerythrin, recently 
found to have a vacant coordination site where the ligands bind 
in the other  derivative^,'^ has a quadrupole splitting (1.57 mm/s) 
almost identical with that of 1 (1.60 mm/s). 

The redox behavior of 1 is quite unlike that of hemerythrin. 
Reduction of 1 leads to a collapse of the bridging structure and 
formation of F ~ ( H B ~ Z , ) ~ .  While the stability of [F~(HBP, )~ ]  may 
drive this reaction, reduction of the diiron(II1) center increases 
its intrinsic lability and makes the oxo bridge more susceptible 
to cleavage. This observation may have relevance to arguments 
about the structure of deoxyhemerythrin, where EXAFS evidence 
suggests that the oxo bridge has, indeed, been m ~ d i f i e d . ] ~ , ~ ~  

Finally, as reported elsewhere,16 the edge and EXAFS regions 
of the X-ray absorption spectra of 1 and metazidomyohemerythrin 
are nearly superimposable, further underscoring the similarities 
in their geometric and electronic structures. 

Conclusions 
Accurate models for the metazido forms of hemerythrin and 

myohemerythrin have been synthesized. Their structures agree 
well with those of the (Fe,O(O,CR),) cores in the proteins. 
Chemical exchange of the g-oxo-bridging ligand is facile, as 
monitored by I8O labeling studies. Detailed magnetic, optical 
spectroscopic, FTIR, and resonance Raman spectroscopic studies 
have defined the electronic and vibrational properties of the triply 
bridged diiron core. This information is valuable in assigning 
related results for hemerythrin derivatives and further supports 
the proposal that ribonucleotide reductase has a similar diiron 
center. Proton NMR studies suggest that paramegnetically shifted 
resonances associated with the {Fe20(02CCH2R),(his)5] unit in 
met forms of hemerythrin should be observable. Electrochemical 
reduction of [Fe20(02CCH3),(HBpz,)2] results in cleavage to 
form mononuclear [Fe(HBpz,),] as the only electroactive product. 
Model compounds of greater relevance to the functional properties 
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M. C.: Caughey, W. S .  J .  Chem. SOC., Chem. Commun. 1972, 263-264. 

(66) Dawson, J. W.; Gray, H.  B.; Hoenig, H. E.; Rossman, G. R.; 
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1973, 248, 7464-7472. 
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Johnson, C. E.; Klotz, I. M.; Okamura, M. Y.; Williams, R. J. P. Arch. 
Biochem. Biophys. 1971, 142, 574-583. 
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19. 241-253. 
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of hemerythrin and related proteins will require ligands that 
stabilize the bridged binuclear structure in the reduced, diiron(I1) 
state and permit coordination of exogenous ligands at  a non- 
bridging coordination site. Studies to produce such compounds 
are in progress. 
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Investigations of the reactivity of white phosphorus toward 
various organometallic compounds have so far provided rather 
sparse results, most likely because of the well-known ‘high 
reactivity” of the P4 species. Only recently it has been found that 
P4 is capable of coordinating to metallic centers as a q1 or q2 

More frequently the P4 molecule has been observed 
to break apart with subsequent formation of complexes containing 
the ~ y c l 0 - P ~ ~  and -P14 fragments or unsubstituted phosphorus 
atoms5 coordinated to the metal. 

In this communication we present evidence for the preparation 
and the crystal structure of a unique complex, [Co- 
(Ph2PCH2PPh2PPPPPh2PCH2PPh2)]BF4, which contains an 

unusual zigzag type tetraphosphorus fragment P/~\P’’‘ 

This complex apparently arises from a P4 molecule which has been 
induced to rearrange to a linear P4 chain by two bis(dipheny1- 
phosphin0)methane (dppm) ligands. 

The preparation of the compound was accomplished by reacting 
white phosphorus with C O ( B F ~ ) ~ . ~ H ~ O  and dppm in a THF-1- 
butanol mixture under N2.6 The complex was a moderately 

(1) Dapporto, P.; Midollini, S.; Sacconi, L. Angew. Chem., Inr. Ed. Engl. 
1979, 18, 469. 

(2) Lindsell, W. E.; McCullough, K. J.; Welch, A. J. J.  Am. Chem. SOC. 
1983, 105, 4487. 

(3) Di Vaira, M.; Ghilardi, C. A.; Midollini, S.; Sacconi, L. J. Am. Chem. 
SOC. 1978, 100, 2550. Vizi-Orosz, A. J. Organomet. Chem. 1976, 111 ,  61. 

(4) Campana, C. F.; Vizi-Orosz, A,; Pilyi, G.; Mark6, L.; Dahl, L. F. 
Inorg. Chem. 1979, 18, 3054. 

(5) Simon, G. L.; Dahl, L. F. J. Am. Chem. SOC. 1973, 95, 2175. 
(6) A solution of white phosphorus (1.5 mmol) dissolved in THF was 

added, under a nitrogen atmosphere, to a mixture of C O ( B F ~ ) ~ . ~ H ~ O  (1 mmol) 
dissolved in 1 -butanol and bis(dipheny1phosphino)methane (dppm) (2 mmol) 
dissolved in THF; the resulting solution was heated to the boiling temperature; 
the solvents were distilled off until the solution turned deep red and then red 
crystals of analytical formula CSOHMBCoF4P8 precipitated. The yield amounts 
to 75% based on Co(BF4),.6HZO. The complex was recrystallized from 
methylene chloride/ 1-butanol. 
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Figure 1. Perspective view of the complex cation [Co- 
(Ph2PCH2PPh2PPPPPh2PCH2PPh2)]+. ORTEP drawing with 30% prob- 
ability ellipsoids. 

Table I. Selected Bond Distances (A) and Angles (deg) 
co-P 1 2.203 (2) P2-P3 2.183 (3) 
Co-P3 2.281 (2)  P3-P4 2.173 (3) 
Co-P4 2.285 (2) P4-P5 2.197 (3) 
co-P5 2.305 (2) P5-P6 2.171 (3) 
Co-P6 2.281 (2) P6-P7 2.196 (3) 
CO-P8 2.196 (2) 

P 1 -CO-P3 
P 1 -Co-P4 
P 1 -Co-P5 
P 1 -Co-P6 
Pl-CO-P8 
P3-Co-P4 
P3-CO-P5 
P 3 - c ~ P 6  
P3-CO-P8 
P4-CO-P5 
P 4 - C e P 6  
P4-Co-P8 
P~-CO-P~ 
P5-CO-P8 

98.8 (1) 
95.2 (1) 

149.9 (1) 

109.8 (1)  
56.8 (1) 
77.1 (1) 

130.3 (1) 
107.1 (1) 
57.2 (1) 
81.6 (1) 

152.7 (1) 
56.5 (1) 
99.8 (1) 

112.1 (1) 

98.1 (1) 
100.8 (1) 
61.7 (1) 

61.5 (1) 
61.9 (1) 
81.6 (1) 
60.9 (1) 
61.2 (1) 
86.2 (1) 
62.3 (1) 

100.0 (1) 
91.8 (1) 

93.4 (1) 

air-stable, diamagnetic solid that behaves as an 1 : 1 electrolyte 
in methylene chloride solution. 

The molecular structure of the title compound has been es- 
tablished by a single-crystal X-ray diffraction study.’ The solution 
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