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Abstract 

Several iron(II1) complexes of the polybenzimidazole ligand trls((benzimidazol-2_yl)methyl)amine(ntb) have been 
synthesized and characterized. The ~~0x0 bridged dinuclear complex, [FeZO(ntb),Clz](PF,),.4THF, has been 
isolated and structurally characterized by X-ray crystallography. The complex crystallizes in the triclinic space 

roup Pi with one complex molecule per unit cell, The cell dimensions are a = 13.758(3), b = 13.913(2), c = 11.526(l) 

8, a=110 52(l), /3=90.56(2), y=60.65(2)” and L’/= 1765 2 A’. The structure refined to a final agreement factor 
(R) of 0.057 using 5092 reflections with 1>3u(T). The complex 1s a centrosymmetric dimer and the coordination 
environment around each iron(W) center is pseudooctahedral. One benzimldazole pendant is bonded traans to 
the bridgmg 0x0 group, while the other benzimidazole pendants, the tertiary amme nitrogen atom and Cl- ion 
are bonded cis to the 0x0 l&and. The Fe-O-Fe bridging angle 1s 180”, as required by the crystallographically 
imposed center of symmetry. The Fe-Fe separatio’n is 3.610(l) A. A mononuclear form of complex 1, 
[WntbP21PF& s(%s (4, h as b een prepared and shown to form 1 m aqueous ethanol solutions containing 
NEt,Cl. Compounds 1 and 2 can be used to prepare compound 3 which contams a y-oxo-y-acetato bridged 
core structure, [Fe,O(ntb),(OAc)](ClO&. Compound 3 was recrystallized from an acetonitrile solution containing 
THF. The dinuclear complex 1 exhibits antiferromagnetlc exchange with a J value of - 100 cm-‘. The room 
temperature solution effectwe magnetic moments for compounds 1 (~~~=2.0) and 3 (pLcff= 1.85 BM) are consistent 
with antiferromagnetically coupled diiron(II1) complexes and indicate that the ~-0x0 bridged structure is retained 
in solution. The room temperature effective magnetic moment of compound 2 is 5.9 BM. The electronic spectra 
of compounds l-3 are similar to those observed for related complexes. The cyclic voltammetry of compound 1 
Indicates that the dinuclear complex can stabilize redox levels higher than f3. Compound 2 exhibits a single 
one electron redox process at E 1R =0.468 V NHE. The proton NMR spectra of compounds 1 and 3 confirm 
the stability of the ~-0x0 bridged structures in solution. Inequivalent benzimidazole NH proton signals are 
observed for compounds 1 and 3, consistent with the X-ray crystal structure of 1. 

Introduction 

0x0 bridged diiron(II1) complexes containing im- 
idazole ligands are of interest as analogues of the active 
sites of non-heme iron proteins [l]. Hemerythrin [2] 
is the protypical member of a class of non-heme iron 
proteins that contain 0x0 bridged structures. Other 
members of this group include ribonucleotide reductase 
[3], purple acid phosphatases [4] and methane mono- 
oxygenase [5]. The structures of methemerythrin [6] 
and the oxidized form of ribonucleotide reductase [3a] 
from Escherichia coli have been reported recently 
to contain (~-0x0) bis(p-carboxylato) and (~-0x0)- 
(p-carboxylato) bridged core structures, respectively, 
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and histidine imidazole as a ligand. In an attempt to 

model the structure and physical properties of these 
biological systems, a large number of 0x0 bridged diiron 

complexes containing nitrogen donor ligands have been 

prepared and characterized [l], but only a limited 
number of these complexes contain imidazole ligands 

[71. 
More recent efforts in modeling the structure and 

reactivity of diiron protein active sites have focused on 
the mechanism of 0, binding in hemerythrin. Both 

deoxyHr and metHr are known to contain an open 

coordination site on one of the iron centers that readily 

binds small anion ligands [2]. In addition, the azide 

ligand in N,metHr is labile and known to exchange 

with other anion ligands [2c]. Dioxygen, on the other 
hand, is known to react with the diferrous center of 
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deoxyHr resulting in a bound hydroperoxide ion sta- 
bilized by intramolecular hydrogen bondmg involving 
the bridging 0x0 group (oxyHr) [6a, 81. 

In an attempt to prepare oxo-bridged diiron complexes 
with labile coordination sites, we have prepared a new 
(~-0x0) diiron(II1) complex containing a tripodal benz- 
imidazole ligand, tris((benzimidazol-2-yl)methyl)amine 
(ntb) [9]. In this paper we report the synthesis crystal 
structure and physical properties of [Fe,O(ntb),- 
Cl,](PF,),.4THF (1). I n addition, we have prepared 

and characterized a monomeric form of the ntb tripodal 

ligand, [Fe(ntb)Cl,](PF&,,(Cl),,. 

Experimental 

Reagents and synthettc methods 
((C&H,),N),[Fe,OCl,] [lo] and tris( (benzimidazol-2- 

yl)methyl)amine (ntb) [9] were prepared as previously 
reported. All other reagents were used as received. 
Elemental analyses were performed by Midwest Mi- 
crolab, LTD, Indianapolis, IN. 

[Fe,O(ntb),Cl,](PF,), .4THF (1) 
Method A. To 15 ml of acetonitrile were added ntb 

(0.311 g, 0.763 mmol) and KPF, (0.707 g, 3.84 mmol). 
Solid FeCl,. 6H20 (0.207 g, 0.766 mmol) was added 
with stirring and the resulting orange solution was 
filtered to remove precipitated salts. Sodium acetate 
(0.0321 g, 0.391 mmol) was added and the solution was 
stirred for 18 h. The solution was then evaporated to 
dryness and the residue dissolved in 3 ml of acetonitrile 
to which 50 ml of THF were added. The solution was 
filtered and allowed to sit at -40 “C for three days 
giving 0.147 g of [Fe,O(ntb),Cl,](PF,), (29.6%) as the 
dihydrate. Slow vapor diffusion of an acetonitrile so- 
lution of the complex containing THF gave crystals of 
1 as the THF solvate which were suitable for X-ray 
crystal structure determination. Anal. Calc. for 
Fe,C,,H,,N,,P,Cl,F,,O~2H,O: C, 43.04; H, 3.46; N, 
14.64. Found: C, 43.44; H, 3.21; N, 14.30%. 

Method B. To ((C,H,),N),[Fe,OCl,] (0.442 g, 0.736 
mmol) in 5 ml of acetonitrile was added ntb (0.607 g, 
1.49 mmol) followed by KPF, (1.145 g, 6.219 mmol). 
The mixture was stirred for 1 h and filtered giving a 
dark red solution. The solution was layered wrth 20 
ml of THF and stored in a refrigerator at -40 “C for 
3 days giving orange microcrystals of the desired complex 
(0.447 g, 46.6%). 

[Fetntb)Cl,I(PF,),,Cl,, (2) 
The ligand ntb (0.329 g, 0.808 mmol) and NH,PF, 

(0.714 g, 4.38 mmol) were dissolved in 15 ml of ethanol. 
A solution of FeC1,.6H,O (0.220 g, 0.814 mmol) in 10 

ml of ethanol was added slowly with stirring. The deep 
red solution was carefully filtered and the filtrate stirred 
for an additional 10 min giving a dark orange precipitate. 
Elemental analysis suggests the presence of 0.5 Cl- 
and 0.5 PF6- counterions per cation. Anal. Calc. for 

FeC&,H,,N,P,,Cl,,F,: C, 46.2; H, 3.4; N, 15.7. Found: 
C, 46.5; H, 3.7; N, 15.3%. 

[FezO(CH,CO,)(ntb),](CIO,),~ THF.2H,O (3) 
To a stirred slurry of ntb (0.662 g, 1.62 mmol) and 

sodium acetate (0.135 g, 1.65 mmol) in 10 ml of ace- 
tonitrile was added solid Fe(ClO,),.xH,O (0.606 g, 1.62 
mmol). The resulting green solution was stirred for 2 
h after which a white solid was filtered off. The filtrate 
was layered with 30 ml of THF and after sitting for 
24 h a mass of dark green crystals was isolated (0.624 
g, 63.3%). Recrystallization was accomplished by vapor 

diffusion of an acetonitrile solution with THF. Anal. 
Calc. for Fe C H 2 54 57 N,,O,,CI,: C, 46.06; H, 4.08; N, 
13.93. Found: C, 46.33; H, 3.81; N, 13.63%. 

X-ray structure determination 
The structure of compound 1 was determined at 

room temperature on an Enraf-Nomus CAD4 diffrac- 
tometer using molybdenum radiation and a graphite 
monochromator. A summary of the crystal data and 
experimental parameters are listed in Table 1. X-ray 
grade crystals were grown by slow vapor diffusion of 
an acetomtrile solution containing 1 and THF. Com- 
pound 1 crystallizes in the triclinic space group Pi 
which was confirmed using the program TRACER [11] 
and the successful solution of the structure. A suitable 
crystal was chosen for data collection and coated with 

TABLE 1. Crystallographic data for complex 1 

Formula C56HS8Fe2F12NL40~CIZPZ 
Formula weight 1447.71 
Space group Pi 

a (‘Q 13.758(3) 

b (A) 13.913(2) 

c (A) 11 526(l) 

a (“) 110.52(l) 

P (“) 90.56(2) 

Y (“) 60.65(2) 

v (A’) 1765 2 
z 1 

DC,,, (g cm-‘) 1 36 

T (“C) 23(l) 
R 0 057 

RW 0062 

P (cm-‘) 6 10 
No. umque reflectlons 6196 
No. observed refiectlons 5092 (I > 341)) 
No. variables 449 
GOF 1 01 
Max. A/u 0 20 
Highest peak (e A’) 0 47(7) 
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epoxy then sealed in a capillary. The data were collected 
using the ~-28 scan technique and corrected for Lorentz 
and polarization effects as well as for absorption effects 
($ scans). The unique iron atom was located using 
Patterson techniques and refinement of the structure 
was performed using least-squares methods associated 
with the SDP/VAX [ll] program package. The PF,- 
counterion and both THF solvate molecules were found 
to be disordered. The former was modeled using a 
single P atom and 18 F atoms giving three PF,- groups 
having occupancies of 0.45, 0.30 and 0.25. The latter 
groups were modeled with four THF units (for each) 
with occupancies ranging from 0.2 to 0.3. Scattering 
factors were taken from Cromer and Waber [12] and 
anomalous dispersion effects were included in F, [13]. 
Ail hydrogen atoms were placed in calculated positions 
(C-H= 1.00 A, B,,,=1.2 B of the bonded atom) and 
included in the final cycle as fixed contributions. The 
final convergence factors were R = 0.057 and R, = 0.062 
based on 5092 reflections with I> 30(I). Selected bond 
distances and angles associated with the cation are 
given in Table 2. See also ‘Supplementary material’. 

Physical measurements 
Electronic spectral data were recorded on a Shimadzu 

model 160 spectrophotometer in acetonitrile. ‘H NMR 
spectra were obtained on a Varian XL300 MHz spec- 
trometer. Magnetic susceptibility measurements were 
performed using a variable temperature supercon- 
ducting magnetometer by Quantum Design MPMS op- 
erating at 0.5 T in the range 2-300 K. A powdered 
sample of compound 1 (11 to 45 mg) was placed in 
a kelf bucket that had been calibrated independently. 
Diamagnetic corrections were evaluated using Pascal’s 
constants. The data were processed and the quantity 
minimized was C(Y,,, - Y,,,)‘, with X-Y and Y=xT. 
The quality of the fit was estimated through the statistical 
index R, where N is the number of measurements. R 
values are listed in Table SIX (‘Supplementary ma- 
terial’). 

TABLE 2. Selected bond lengths (A) and angles (“) for I 

Fe-Fe 
Fe-Cl 
Fe-O 1 
Fe-N1 

Fe-01-Fe 
Cl-Fe-01 
Cl-Fe-N1 
Cl-Fe-N2 
Cl-Fe-N4 
Cl-Fe-N6 
Ol-Fe-N1 
Ol-Fe-N2 

3.610(l) 
2.293(l) 
1.8050(9) 
2.360(4) 

180 
102.63(7) 
167.3(l) 
104.0(2) 
92.0(l) 

104.15(9) 
90 l(1) 
90.7( 1) 

Fe-N2 
Fe-N4 
Fe-N6 

Ol-Fe-N4 
Ol-Fe-N6 
Nl-Fe-N2 
Nl-Fe-N4 
Nl-Fe-N6 
N2-Fe-N4 
N2-Fe-N6 
N4-Fe-N6 

2.093(4) 
2.249(5) 
2.094(4) 

165 2(l) 
90.6(l) 
75.3(l) 
75.3(l) 
75.6(l) 
87.4(2) 

150.8(l) 
84.0(2) 

Cyclic voltammograms were recorded using a PARC 
model 174 universal programmer and model 175 po- 
tentiostat/galvanostat. All electrochemical measure- 
ments were performed in an inert atmosphere glove 
box using degassed acetonitrile solutions containing 0.1 
M tetrabutyl ammonium perchlorate (TBAP) as a sup- 
porting electrolyte. A platinum wire was used as the 
working electrode. The counter and reference electrodes 
were a platinum coil and Ag/AgCl, respectively. 

Results and discussion 

Synthesis 
The tetradentate tripodal ligand tris((benzimidazole- 

2-yl)methyl)amine (ntb) reacts with Fe(ClO,), in the 
presence of sodium acetate to form a doubly bridged 
(CL-oxo)(p-acetate)diiron(III) complex via the now fa- 
miliar self-assembly method [14]. We have found that 
ntb also reacts with FeCl,. 6H,O and ((C,H,),N),- 
[Fe,OCl,] to give a linear bridged ~~0x0 diiron(II1) 
complex. The presence of sodium acetate appears to 
be necessary for the formation of the 0x0 bridge when 
using FeCl, as the metal source. In the absence of a 
base, such as sodium acetate, only the mononuclear 
Fe(ntb)Cl,’ cation (2) is isolated. Hydrolysis of 2 leads 
to the formation of compound 1 in the presence of 
NaPF, and NE&Cl in aqueous ethanol. However, in 
the presence of sodium acetate and NaPF,, the hy- 
drolysis of 2 yields a green precipitate which analyzes 
forthe doublybridgedcompound, [Fe,O(ntb),(O,CCH,)] 

(PF& (3). 
Interestingly, the addition of excess NEt,Cl to an 

aqueous ethanol solution of 3 results in the formation 
of compound 1. The lability of the carboxylate bridge 
of [Fe,0(ntb),(02CCH,)13’ is not surprising because 
it has been shown previously that bridging carboxylate 
ligands of (p-oxo)bis(p-carboxylato)diiron(III) com- 
plexes readily exchange with phosphate ligands and 
other anions [15]. Indeed, chemistry very similar to 
that observed for compound 1 has been reported for 
Fe,O(tacn),(O,CCH,),](PF,), in aqueous solutions con- 
taining NaN, or NaNCS [16]. In these cases, both 
bridging acetate ligands are displaced resulting in the 
formation of singly bridged p-0x0 complexes 

[Fe20(tacn)2&l ( w h ere X=N,- or NCS-). Interest- 
ingly, when tacn is replaced with Me,tacn only mono- 
nuclear FeLX, complexes are isolated. As with Me,tacn, 
steric interactions may also play a role in the lability 
of the acetate bridge of compound 3. 

Displacement of the carboxylate bridge in 3 by Cl- 
to give a linear ~~0x0 bridged compound, such as 1, 
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is not likely to be biologically relevant to the chemistry 
reported for hemerythrin because the triply bridged 
core structures of deoxyHr and metHr are known to 
remain unaltered in the presence of simple anions, 
such as N,-, Cl-, OH-, NCS and HO,- [2c]. On 
the other hand, purple acid phosphatase is thought to 
contain a bridging carboxylate anion that is displaced 
or ruptured in reactions with phosphoesters and 0, 
[4]. Therefore, linear or bent ~~0x0 diiron(II1) core 
structures may be important intermediates in the chem- 
istry of some non-heme iron proteins. 

Description of crystal struchue of compound 1 
The structure of compound 1 consists of the 

[Fe,O(ntb),Cl,]” cation, four tetrahydrofuran solvate 
molecules and two PF6- counteranions. The complex 
crystallizes in the triclinic space group Pi. A view of 
the centrosymmetric cation is shown in Fig. 1. Selected 
bond lengths and angles of the cation coordination 
sphere are given m Table 2. 

The bridging 0x0 group (01) lies on a crystallographic 
center of symmetry that relates both halves of the 
molecule. The Fe-01 bond length is 1.8050(9) 8, while 
the Fel-01-Fe2 bond angle 1s 180” and the Fe-Fe 
separation is determined to be 3.610(l) A. The re- 
maining five coordination sites on the iron centers are 
occupied by the tetradentate ntb ligand nitrogen atoms 
and a chloride ion giving a distorted octahedral ge- 
ometry. The amine nitrogen atom (Nl) of the ntb ligand 
bonds cis to the bridging 0x0 group and tram to the 
chloride Ion, and has a bond length of 2.360(4) A. Two 
of the benzrmtdazole moieties bond cis to the 0x0 group 
(N2 (2.093(4) A) and N6 (2.094(4) A), while the third 
benzimidazole donor (N4) bonds tram to the 0x0 group 
at a distance of 2.249(5) A. 

In general, the benzimidazole pendants are bonded 
more strongly to the iron center than to the amme 

Fig. 1. ORTEPplot of [Fe20(ntb)2CI,]Z+ Hydrogen atoms omltted 
for clarity 

nitrogen atoms because they are good 7r donors. The 
benztmidazole hgand bonded tram to the bridging 0x0 
ligand, however, has a longer Fe-N bond distance due 
to the trans influence of the 0x0 group. A similar tram 

influence 1s observed for the tmidazole ligands that are 
bonded tram to the bridgmg 0x0 group m N,metHr 

[61. 
The trans orientation of the benzrmtdazole donor in 

compound 1, relative to the 0x0 group, was not an- 
ticipated, since it seemed more logical that the weaker 
and hence longer Fe-N1 amine bond would better 
accommodate the trans influence exerted by the 0x0 
bridging hgand. It seems then that the coordination 
geometry of the ntb ligand relative to the 0x0 group 
is controlled in part by interligand steric interactions 
between opposing ntb ligands. Similar interligand re- 
pulsion effects m iron 0x0 complexes of the tpa tripodal 
ligand were reported to result in the formation of 
unsymmetric ~~0x0 diiron(II1) complexes [17]. In this 
case, the interhgand stertc mteractlon between pyridine 
pendants is relieved by the unsymmetric orientation of 
the tpa ligands relative to the 0x0 bridge. A structure 
similar to complex 1 has been reported for the dinon(II1) 
complex of 2-[bis((benzimtdazol-2-yl)methyl)amino]- 
ethanol (bbtmae) [18]. As with compound 1, the 0x0 
bridged complex of bbrmae is centrosymmetric with an 
Fe-O-Fe angle of 180”. The amine nitrogen atoms and 
benzimidazole ligands bond CLS to the bridging 0x0 
group while the hydroxyethyl oxygen atom bonds trans 

to the bridge. The benzimtdazole pendants are stacked 
parallel to their symmetry related counterparts about 
the inversion center A similar stacking arrangement 
of the benzimidazole ligands is observed for compound 
1, which relieves any mterligand steric interactions. The 
closest mteratomic separation between benzimidazole 
ligands in compound 1 is 2.93 A (between H6 and 
H9B). 

Electromc spectra 
Complexes 1 and 2 exhibit intense charge-transfer 

transrtrons in the 300-420 nm region. For compound 
1, only two intense transitions centered at 300 nm 
(~=4500 M-’ cm-’ Fee’) and 401 nm (~=3630 M-r 
cm-’ Fee’) are observed and have been assigned to 
0x0 -+ Fe(II1) charge-transfer transitions. The spectrum 
of compound 2 is qualitatively similar to 1 with tran- 
sitions centered at 302 nm (~=2140 M-’ cm-‘) and 
405 nm (~=1770 M-’ cm-‘). The similarity m ap- 
pearance of the solution spectra of both complexes 1 
and 2 initially suggested that either compound 2 hy- 
drolyzes readily to compound 1 or that compound 1 

decomposes to compound 2 in acetonitrile solutions. 
However, solution magneticsusceptibilitymeasurements 
on both compounds show that they are stable in ace- 
tomtrile (vzde wzfru). Interestingly, the electronic spec- 



trum of [Fe(HB(Pz),)CI,]- is very similar to the spectra 
of compounds 1 and 2 displaying only two transitions 
at 291 nm (~=4800 M-’ cm-‘) and 394 nm (~=6400 
M-r cm-‘) that are thought to arise from Cl- --f Fe(II1) 
charge-transfer transitions [19]. The electronic spectrum 
of 3 displays an absorption maximum at 368 nm (E = 4340 
M-1 cm-r F e -1 ) with a shoulder at 331 nm (~=3800 
M-’ cm-’ Fe-‘) correspondmg to oxo+Fe”’ charge- 
transfer transitions. In addition there is a shoulder at 
480 nm (c= 320 M-’ cm-’ Fe-‘) possibly arising from 
an 0x0--, Fe”‘, 6A, --f (4A, 4E) d-d transition, or 
CH,CO,- + Feni charge-transfer transition. A broad 
band is observed at 601 nm (~=91 M-r cm-’ Fe-‘) 
that is assigned to the 6A, --f 4T,(4G) transition. 

Magnetic susceptibility 

Solution magnetic susceptibility measurements were 
conducted on compounds l-3 in acetonitrile at 295 K 
using the Evans method [20]. For compounds 1 and 
3 the effective magnetic moments were determined to 
be equal to 2.0 and 1.85 BM/Fe, respectively, indicative 
of antiferromagnetically coupled diiron(II1) complexes. 
Compound 2, on the other hand, has an effective 
magnetic moment of 5.9 BM which is normal for a 
mononuclear high spm Fe(II1) complex. Solid state 
variable temperature magnetic susceptibility studies 
have been performed on compound 1. The temperature 
dependence of the magnetic susceptibility data of com- 

pound 1 is best described by the isotropic exchange 
Hamiltoman, H= - 2IS, .S, for two interacting spins 
with S=5/2. The magnetic data were fit using the 
expression below: 

Xcalc=P s + (1 -P) Ng X (2 exp(&) 

+ 10 exp(&) + 28 exp( 12x) + 60 exp(2Ck) 

+ 110 exp(3&))(1+ 3 exp(2r) + 5 exp(ti) 

+ 7 exp( 12x) + 9 exp(20.x) + 11 exp(3Ck)) ~ ’ 

+ TIP (1) 

Equation(l) was modified to account for temperature 
independent paramagnetism (TIP) and a small per- 
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centage (P) of paramagnetic impurity. When the tem- 
perature is decreased, the moment decreases to about 

0.7 BM at temperatures lower than 50 K, where it 

plateaus due to the presence of a small amount of an 

uncoupled Curie-behaved contaminant. This is consis- 

tent with the S= 0 state being the ground state. The 
best fit of the experimental data gives a J value of 
-100 cm-l and g=1.87 with TIP equal to 202~ lop6 
cm3 mol-’ and P equal to 1.48 X lo-‘. 

Examination of the literature shows that mono- 

bridged ~-0x0 diiron(II1) complexes exhibit exchange 

interactions in the range - 65 to - 191 cm-’ [21] (Table 

3). Complexes of planar macrocycles (e.g. porphyrins) 
are generally in the high range of exchange values while 

complexes containing less rigid structures fall around 

-90 cm-l. 

The J value determined for 1 is in the range of 

values reported for structurally similar compounds [18, 
21, 221, but smaller than the values reported for (p- 
oxo)diiron(III) porphyrin complexes [23,24]. The Fe-Fe 
distance of 3.610(l) 8, is too large to result in the 

antiferromagnetic exchange interaction from direct 

Fe-Fe overlap. Instead, the magnetic interaction arises 
from the so-called superexchange pathways. For a (II- 

oxo)diiron(III) complex the exchange pathway most 
favored is through r bonds formed from the Fe d, 

and 0x0 px orbitals or through u bonds formed from 

the overlap of the Fe drZ and 0x0 pZ orbitals [18, 211. 
The most favored exchange pathway for bent Fe-O-Fe 
systems is the r pathway while the (T pathway is favored 

relative to the r pathway for linear Fe-O-Fe systems. 
For bent systems the overlap between the px orbital 
of the 0x0 group and the d, orbital of the Fe(II1) ion 

increases relative to linear systems. Conversely, the 

overlap of the pZ orbital of the 0x0 group and the 
dZ2 orbital of the Fe(II1) ion increases in the linear 

systems relative to the bent systems. Because there are 

two types of exchange pathways with one greater m 
linear systems and one greater m bent systems, there 
is no real correlation between the Fe-O-Fe angle and 
the value of J for (~-0x0) diiron(II1) complexes, as 
reported by others [22]. 

TABLE 3 Comparison of core dlmenslons and magnetic data for lmear (~-0x0) dllron(II1) complexes 

Fe-Fe (A) Fe-O (A) -J (cm-‘) Ref 

3 610(l) 
3.563( 1) 
3.559(l) 
3.580( 1) 
3.518(l) 
3 510(5) 

1.8050(9) 
1.7816(7) 
1.7795(8) 
1.790(l) 
1.759(l) 
1.747(5) 
1 763(5) 

100 this work 
103 18 
95-105 18 

109.7 22 
187 24 
191 23 
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One factor which may influence J, however, is the 
Fe-O distance. For the porphyrin complexes 

[Fe(TPC)],O (Fe-O-Fe = 180”) and [Fe(TPP)],O 
(Fe-O-Fe = 1SW) large J values of - 191 and - 186 
cm-‘, respectively, have been reported [23, 241. These 
complexes both have very short Fe-O bond distances 
of about I .75 A. The linear complexes [Fe(tpa)Cl],O 
[22] and [Fe(bb imae)], [18] have J values of - 110 

and - 103 cm-‘, respectively. The Fe-O bond lengths 
[22b] of these complexes are more like those of complex 
1 (1.805 A) with distances of 1.790 and 1.782 A, 
respectively (Table 3). The weaker exchange interaction 
in complexes that possess linear 0x0 bridges may be 

related to the fact that the crossed dZ2 - d, interaction 
emphasized in bent bridged 0x0 complexes is no longer 
operative. 

‘H NMR spectroscopy 

In order to elucidate the solution structure of 
complex 1 further, the ‘H NMR spectra of 
[Fe,0(ntb),(0,CCH,)]3+ (3) and compound 1 were 
recorded m CD&N. The lH NMR spectra of both 
compounds are shown in Fig. 2. The spectrum of complex 
1 appears to be less complicated than that of 

I / / -_-I---- ,I~ , _, 
40 30 20 10 fi (PPm) O 

(a) 

II 

[Fe,0(ntb),(0,CCH3)]3f. The simplicity of the spec- 
trum of 1 is attributed to the presence of the inversion 
center. In general, there are sharp resonances between 
6 and 8 ppm and between 10 and 13 ppm in the 
spectrum of 1 that are assigned to H6 and H7, re- 
spectively, of the phenyl rings of the benzrmidazole 
pendants. There appears to be a series of broad res- 
onances, some buried, between 8 and 15 ppm which 
is probably due to the H8 protons of the phenyl rings. 
The spectrum of compound 3 shows a broad resonance 
at 10 ppm which does not correspond to a peak in the 
spectrum of compound 1. This resonance is assigned 
to the methyl protons of the bridging acetate group. 
The spectra of both compounds 1 and 3 display res- 
onances that are associated with D,O exchangeable 
protons. These signals are located between 16 and 20 
ppm for compound 1 and 15 and 18 ppm for 3, and 
are assigned to the N-H protons of the benzimidazole 
moieties. The presence of two N-H resonances in the 

spectrum of compound 1 in a 2:l ratio offers proof 
that the solid state structure of the complex is retained 
in solution. Compound 3, on the other hand, possesses 
three resonances associated with N-H exchangeable 
protons at 17, 18 and 19 ppm. A very broad resonance 
is also observed at 30 and 27 ppm for compounds 3 
and 1, respectively. These signals are probably due to 
either H9 protons (benzimidazole) or methylene protons 
of the ntb ligand. 

It should be noted that there are three plausible 
structures for [Fe,O(ntb),(O,CCH,)]‘+: (i) both ntb 
ligands occupy positions about the iron centers with 
the amine nitrogen atom tram to the 0x0 group, (ii) 
the amme nitrogen atom of one ntb ligand is bonded 
truns to the 0x0, while the other amine is bonded cis 
to the 0x0 bridge, or (iii) the amine nitrogen atoms 
of both ntb ligands bond czs to the 0x0 group. Case 
(i) has been observed for a polyimidazole ligand con- 
taining 2-substituted 1-methylimidazole pendants, such 
as tris((l-methylimidazol-2-yl)methyl)amine (tmima) 
[25]. Case (ii) has been observed for ligands containing 
pyridine pendants, e.g., tpa [17, 221 Finally case (iii) 
Includes compound 1 and a tpa complex containing a 
bridging phthalate group [22]. Of the three possibilities, 
cases (i) and (ii) should produce the most interligand 
steric interactions for the ntb hgand. Therefore it is 
probable that [Fe,O(ntb),(O,CCH,)]” + adopts a struc- 
ture described m case (iii). In this configuration there 
are minimal mterhgand steric interactions The ine- 
quivalence of the benzimidazole NH protons in the 
NMR spectrum of compound 3 supports this conclusion. 

40 30 20 10 0 

@I 
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Fig 2 ‘H NMR spectra of compounds 1 (a) and 3 (b) m CD&N 
referenced to external TMS. 

Electrochemistry 

Cyclic voltammograms of complexes 1 and 2 were 
obtained in acetomtrile solutions containing TBAP as 
the supportmg electrolyte (see ‘Supplementary mate- 



39 

rial’). Compound 1 exhibits an irreversible reduction 
at - 0.18 V NHE (not shown) and a coupled oxidation- 
reduction wave at 0.74 and 0.42 V, respectively. The 
EIR value for this process is 0.58 V, however, AE is 
0.32 V. The redox process therefore by definition is 
irreversible 1261. Based on the work of others [27, 281, 
the wave at -0.18 V is probably due to either a one- 
electron or two-electron reduction of the compound. 
Assuming that compound 1 exists as an Fe,(III,III) 
dimer at 0 V NHE, the redox process centered at 0.58 
V would potentially correspond to the Fe,(III,III)@ 
Fe,(III,IV) process, assuming that one electron has 
been transferred. 

Compound 2 displays an oxidation wave at 0.525 V 
NHE and a coupled reduction step at 0.411 V. For 
this process E,,, = 0.468 V and m=O.114 V. Although 
hE is greater than the value of 0.059/n V (for n= 1) 
associated with a reversible electrochemical process, 
the i,/i, ratios at various scan rates are approximately 
unity. Furthermore, the plots of i, and i, versus the 
square root of the scan rate are-linear. Therefore this 
redox process is at the very least quasi-reversible, and 
corresponds to the one electron Fe(II1) e Fe(I1) redox 
couple. 

We have reevaluated the electrochemistry of 
[Fe,0(ntb),(0,CCH,)]3f reported previously by 
Nishlda et al. [7b] and verify their findings. 
[Fe,0(ntb),(0,CCH3)]3’ shows an irreversible reduc- 
tion wave at 0.06 V and an irreversible oxidation wave 
at 0.64 V NHE. These results are qualitatively similar 
to those observed for compound 1 with one exception, 
no reduction wave coupled to the oxidation process at 
0.64 V is detected. The wave at 0.06 V presumably is 
due to the Fe,(III,III) + Fe,(II,III) reduction, while 
the wave at 0.64 V is tentatively assigned to the 
Fe,(III,III) + Fe,(III,IV) oxidation. 

Electrochemical studies performed on [Fe(TPP)],O 
and [Fe(salen)],O show that these complexes may be 
oxidized to the Fe,(III,IV) mixed valence state having 
E,, values for the redox process less than 1.4 V [29, 
301. In fact, the diiron(II1) TPP and salen complexes 
have been chemically oxidized and the corresponding 
mixed valence complexes isolated. These mixed valence 
complexes have S= l/2 ground states and show single 
line EPR signals at g= 2 [30]. Attempts to chemically 
oxidize compound 1 have failed to produce a species 
displaying an EPR signal near g = 2. 

Conclusions 

In this study, a new linear (~-0x0) bridged diiron(II1) 
complex (1) has been prepared and characterized by 
several physical methods. The crystal structure of 1 
shows that the complex is a centrosymmetric dimer and 

has benzimidazole pendants associated with the tripod 
polybenzimidazole ligand bonded tram to the 0x0 bridge. 
The other benzimidazole pendants bond CZ.Y to the 
bridging 0x0 group and are paired about the center 
of symmetry. The iron centers in 1 are strongly coupled 
antiferromagnetically resulting in a reasonably well- 
resolved ‘H NMR spectrum of the complex. The ‘H 
spectrum of 1 differs from the spectrum of the related 
oxo-iron complex, [Fe,0(ntb)(0,CCH,)]3’ (3), in the 
number of benzimidazole NH protons detected. The 
data support the presence of a bent 0x0 bridge in 3 
and a linear bridge in 1. The acetate bridge in 3 was 
found to be easily displaced by Cl- in aqueous ethanol. 
Under such conditions, compound 1 was afforded in 
high yields. Finally, the electrochemical properties of 
1 have been evaluated by cyclic voltammetry, and the 
data suggest that an FenlFel” form of the complex is 
generated upon oxidation at 0.74 V (NHE). 

Supplementary material 

Tables of the atomic positional parameters and iso- 
tropic thermal parameters, anisotropic thermal para- 
meters, selected bond lengths and angles, H atom 
parameters, bond distances and angles for anions and 
solvate molecules, magnetic susceptibility data (36 
pages), and figures showing the plot of the variable 
temperature magnetic data and cyclic voltammograms 
(2 pages) are available from the authors on request. 

Acknowledgements 

These studies were supported by a National Science 
Foundation grant CHE-9016947 (R.M.B.) and an NSF 
equipment grant CHE-9016978 (J.F.R.). 

References 

(a) S J Llppard, Angew Chem , Int. Ed Engl, 17 (1988) 344, 

(b) L. Que, Jr., ACS Symp. Ser, 372 (1988) 152; (c) J.B. 

Vmcent, G.L. Olwler-Ldley and B A. Averill, Chem Rev., 90 
(1990) 1447. 
(a) P C. Wllkms and R.G Wdkms, Coord Chem Rev, 79 

(1987) 195, (b) I.M. Klotz and D.M Kurtz, Jr., Act Chem 

Res , I7 (1984) 16; (c) R C. Reem, .I M McCormick, D E. 

RIchardson, F.J. Devlm, P.J Stephens, R L Musselman and 

E I. Solomon, J Am Chem. Sot, 111 (1989) 4688 
(a) P Nordlund, B -M. Sjoberg and H Eklund, Nature (Len- 

don), 345 (1990) 593, (b) M Lammers and H. Follmann, 

Shuct Bondmg (Berhn), 48 (1983) 133, (c) P. Rexhard and 

A. Ehrenberg, Scrence (Washmgton, DC), 221 (1983) 514. 
(a) S.S. Dawd and L. Que, Jr., J Am Chem Sot, 112 (1990) 
6455, (b) J.C. Daws and B.A Averlli, Proc Nat1 Acad Scl 
US A, 79 (1982) 4623; (c) B.C Antanaitls and P Alsen, in 



40 

A V. Xavier (ed.), Frontrers m Blornorgamc Chemrsfry, VCH, 

Wemhetm, 1986, pp 481, (d) L Que, Jr., Coord Chem. Rev, 
50 (1983) 73 

5 (a) M P Woodland, D S Paul, R. Cammack and H. Dalton, 

Biochrm. Elophys Acta, 873 (1986) 237, (b) M.P. Woodland 
and H Dalton, J Blol. Chem, 259 (1984) 53; (c) B G Fo, 

K K. Sureus, E. Munck and J.D. Lipscomb, J Btol Chem, 
263 (1988) 10553; (d) A. Ertcson, B. Hedman, K.O. Hodgson, 

J Green, H. Dalton, J.G. Bentsen, R.H Beer and S.J Ltppard, 

J Am Chem Sot , 110 (1988) 2330. 

6 (a) R E Stenkamp, L C. Seeker, L H. Jensen, J.D. McCallum 

and J. Sanders-Loehr, Proc Nat1 Acad SCI lJ.S A, 82 (1985) 

713, (b) S. Sheriff, W.A. Hendrtckson and J L. Smith,J. MoZ 

B~ol, 197 (1987) 273; (c) R.E. Stenkamp, L.C. Seeker and 

L.H Jensen, J Am Chem Sot, IO6 (1984) 618. 

7 (a) K.J. Oberhausen, J.F. Rtchardson, R.J. O’Brten, R.M. 

Buchanan, J.K. McCusker, R.J. Webb and D H. Hendrmkson, 

Znorg Chem , 31 (1992) 1123; (b) Y. Ntshtda, M. Nasu and 

T. Tokn, Inotg Chim Acta, 169 (1990) 143, (c) S.M Gorun 

and S J. Ltppard, Inorg Chem., 27 (1988) 149; (d) W.B 

Tolman, R.L. Rardm and S.J. Ltppard, J Am Chem. Sot, 

III (1989) 4532; (e) R H. Beer, W.B Tolman, S.G. Bott and 

S.J Lippard, Inorg Chem, 28 (1989) 4557, (f) P Gomez- 

Romero, N. Casan-Pastor, A. Ben-Hussem and G B Jameson, 

J Am Chem Sot, I10 (1988) 1988, (g) F Wu and D.M 

Kurtz, Jr, J Am Chem Sot, III (1989) 6563, (h) K L. Taft, 

A. Masschelem, S Lm, S.J. Ltppard, D Garfinkel-Schweky 

and A. Bino, Inorg Chim Acta, 198-200 (1992) 627. 

8 AK Shtemke, T.M. Loehr and J Sanders-Loehr, J Am 

Chem Sot, 108 (1986) 2437. 

9 L K. Thompson, B.S Ramaswamy and EA. Seymour, Can 

J Chem , 55 (1977) 878 

10 W.H. Armstrong and S.J. Ltppard, Inorg Chem., 24 (1985) 

981 

11 B.A. Frenz, m H. Schenk, R. Oithof-Hazekamp, H. van 

Konmgsveld and G C Bass1 (eds ), Computmg m Crystallo- 

graphy, Delft Umversrty Press, Delft, Netherlands, 1978, p 

64. 

12 D.T Cromer and J T Waber, Intematlonal Tables for X-ray 

Crystallography, Vol IV, Kynoch, Bnmmgham, UK, 1974, 

Table 2 2 3. 

13 D T. Cromer, Intematlonal Tables for X-ray Crystallography, 
Vol IV, Kynoch, Bnmingham, UK, 1974, Table 2 3 1 

14 (a) W.H Armstrong and S.J. Ltppard, J Am Chem. Sot, 
105 (1983) 4837, (b) K Wteghardt, K Pohl and W. Gebert, 

Angew Chem , Int Ed En&, 22 (1983) 727. 
15 (a) W H Armstrong and S.J Ltppard, J Am Chem Sot., 

IO6 (1984) 4632, (b) IO7 (1985) 3730; (c) P.N Turowskt, 
W H. Armstrong, M.E. Roth and S.J Ltppard, / Am Chem 

sot, 112 (1990) 681. 
16 K. Wteghardt, K. Pohl and D Ventur, Angew Chem, Int 

Ed Engl, 24 (1985) 392. 

17 R.E. Norman, S. Yan, L. Que, Jr, G. Backes, J. Lmg, J 

Sanders-Loehr, J.H Zhang and C.J O’Connor, J Am Chem 

sot, 112 (1990) 1554 
18 K. Takohashr, Y. Ntshtda, Y Maeda and S. Ida, / Chem 

Sot , Dalton Trans., (1985) 2375. 

19 P N. Turowskt, W H Armstrong, M.E Roth and S J. Ltppard, 
.I Am Chem Sot, 112 (1990) 681. 

20 D.F. Evans, J Chem Sot, (1958) 2003 
21 (a) D.M. Kurtz, Jr., Chem Rev, 90 (1990) 585; (b) R. 

Hotzelmann, K. Wteghardt, V Florke, H.-J. Haupt, D.C. 
Weatherburn, J. Bonvotsm, G Blondm and J.-J Girerd, J 
Am Chem Sot, 114 (1992) 1681. 

22 (a) R E Norman, R C Holz, S Menage, C.J O’Connor, 
J.H. Zhang and L. Que, Jr., Inorg Chem, 29 (1990) 4629, 
(b) S.M Gorun and S.J Ltppard, Reel Trav Chum Pays- 
Bas, 106 (1987) 417; (c) Inorg Chem, 30 (1991) 1625. 

23 S.H Strauss, M.J. Pawhk, J Skowyra, J.R Kennedy, 0 P 
Anderson, K. Spartalta and J L Dye, Inorg Chem , 26 (1987) 
724. 

24 P.N Swepston and J.A Ibers, Acta Crystallogr, Sect C, 41 
(1985) 671. 

25 R.M Buchanan, K.J. Oberhausen, J.F Rtchardson, S Chen, 
J.K McCusker and D.H Hendrtckson, manuscript m prep- 
aratton 

26 A.J Bard and L.R. Faulkner, Electrochemrcal Methods, Wtley, 

New York, 1980. 
27 W H Armstrong, A. Spool, G C Papaefthymtou, R B. Frankel 

and S.J. Lippard, J. Am Chem Sot, IO6 (1984) 3653 
28 J.R. Hartman, R.L Rardm, P. Chandhetrt, K. Pohl, K 

Wreghardt, B. Nuba, J Wetss, G.C Papaefthymtou, R.B 

Frankel and S J Lrppard, J Am Chem Sot, 109 (1987) 
7387. 

29 R H. Felton, G.S. Owen, D. Dolpm, A Forman, D C. Berg 
and J. FaJer, Ann. NY. Acad Scl , 206 (1973) 504 

30 R G. Wollman and D N Hendrickson, Inorg Chem, 16 (1977) 
723 


