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rangements of phosphine ligands and require passage through 
several intermediate TTP topologies in order to return to the 
ground-state arrangement with two eclipsed prismatic phosphines 
and a capping phosphine on the opposite prismatic face. 
Conclusions 

13C and 31P CP/MAS N M R  data obtained over a range of 
temperatures are consistent with a tricapped-trigonal-prismatic 
structure for W(PMe3)3Ha, with two phosphine ligands in eclipsed 
prismatic sites and the third in the opposite capping site. In 
contrast to the results of previous crystallographic studies on such 
compounds, the N M R  spectra suggest that the two prismatic 
phosphine ligands in each molecule are slightly inequivalent. At 
temperatures above ambient, interchange of ligand functionality 
for the phosphine ligands is observed by magnetization-transfer 
experiments and, at  still higher temperatures, by simulation of 
the exchange-broadened N M R  line shapes observed experimen- 

tally. Rate data from the two methods of analysis suggest Ar- 
rhenius activation parameters for ligand functionality interchange 
of E, = 148.8 f 15 kJ mol-' and A = 6.6 X lo2' s-'. The rate 
of functionality interchange reaches ca. 2000 Hz by the decom- 
position point of the material (381 K). A mechanism for this 
exchange has been proposed, involving the "double rearrangement" 
TTP(ground state) * MSA * TTP(excited state) + 

MSA * TTP(ground state) 

In this mechanism slight stretches of the polytypal edges result 
in interchange of ligand functionality without the need for un- 
favorable spatial permutation of the phosphine ligands. 
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The complex of Fe(N03)3 and N,N,N',"-tetrakis(2-benzimidazolylmethyl)-2-hydroxy- 1,3diaminopropane (HFTB) is reformulated 
as [F~(HFTB)(~-OH)(N03),1(N03)2 on the basis of 'H NMR, EXAFS, X-ray diffraction, and conductivity data. This complex 
reacts with hydrogen peroxide to form a 1:l adduct with a new charge-transfer band at 600 nm (e = 1500 M-I cm-I). Resonance 
Raman studies show two resonance-enhanced vibrations, uFd at 476 cm-l and uw, which appears as a Fermi doublet centered 
at 895 cm-'; thesc features shift to 457 and 854 cm-I, respectively, with the use of HJ802 but are not affected by D,O. IH NMR 
measurements indicate that the antiferromagnetic coupling is increased from -J = 20 cm-l to ca. 70 cm-' upon formation of the 
peroxide adduct, suggesting the introduction of a new coupling pathway. The "Fe Mijssbauer spectrum of the peroxide complex 
reveals a quadrupole doublet (6 = 0.54 mm/s, AEa = 0.84 mm/s) distinct from that of the precursor complex (6 = 0.49 mm/s, 
AE, = 0.66 mm/s), indicating that the two irons are affected similarly by peroxide binding. Conductivity measurements in CH3CN 
show that the adduct is a 1:l electrolyte. Taken together, the physical data suggest the formulation [Fe2(H?B)(p-qi:qi-O2)- 
(N03)2](N03) for the peroxide complex. Such dinuclear iron peroxide complexes may be relevant to putative intermediates in 
the oxygenation of the reduced forms of ribonucleotide reductase and methane monooxygenase. 

Diiron centers that are known to interact with dioxygen' have 
been found in hemerythrin,z methane monoo~ygenase,3.~ and 
ribonucleotide r e d u ~ t a s e . ~ ~  Deoxyhemerythrin reversibly binds 
dioxygen and has an active site consisting of a (p-hydroxo)bis- 
(p-carboxylato)diiron(II) core and five terminal histidines. Di- 
oxygen binds to the diferrous center at  the remaining vacant 
coordination site with concomitant electron and proton transfer, 
forming a (poxo)diferric center with a coordinated hydroperoxide 
moiety that is hydrogen-bonded to the oxo bridge (Figure l).*s9 

Dioxygen may bind in similar or related fashion to the diferrous 
centers of methane monooxygenase and ribonucleotide reductase 
to effect the necessary oxidative chemistry associated with these 
enzymes.'*I0 

Because a number of ligand systems"-I6 have been used suc- 
cessfully to model the spectroscopic and structural properties of 
the diferric sites in the crystallographically characterized azido- 
methe~nerythrin'~ and ribonucleotide reductase,'* emphasis is now 
shifting toward efforts that model the diferrous-dioxygen/di- 
ferric-peroxide chemistry exhibited by these proteins. While there 
are a number of examples of structurally characterized dinuclear 
cobalt and copper peroxide complexes,'e23 no nonheme diferric 
peroxide complex is comparably well characterized. Dioxygen 
adducts of three ferrous complexes are known; that of [Fe- 
(pyN5)Iz+ z) has only been cursorily cha rac t e r i~ed ,~~  while the 
adducts of [FelHB(3,5-i-Przpz)3}(OBz)]z6 and [Fe,(N-Et- 
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HPTB)OBzI2+ 27 are proposed to have (Cc-8',8'-peroxo)diiron( 111) 
units on the basis of spectroscopic data. (p-Peroxo)diiron(III) 
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F&we 1. Oxygen binding scheme for hemerythrin. 

complexes have also been obtained by the addition of HIOl to 
[Fe(PhgO),]'*" and to diferric annplues of dinucleating ligands 
such as HPTB- and 5-MeHXTA.1O The only crystallograph- 
ically characterized iron peroxide complex is [Fe6(0)2- 
(0,)(O2CPh),,(OH,),],,I which has a (p4-peroxo)tetrairon unit. 
Our interest in dinuclear iron complexes to model possible in- 
termediates for oxygen activating enzymes such as methane 
monooxygenase has led us to further characterize the solution 
structure of the peroxide adduct of Fe11'2HFTB, first reported by 
Ni~hida. '~  

Experimental Section 
Syntbah. The dinucleating ligands HPTB, N-Et-HPTB, and 5,6- 

Mq-HPTB were synthesized by the published p ro~edures . )~~~  Their 
identity and purity were confirmed by 'H NMR spectroscopy. 

Fe,(HPTB)(OH)(NO,), was prepared by dissolving HPTB (0.15 g. 
0.2 mmol) in 20 mL of EtOH and then adding Fe(N0,)3.9H10 (0.20 
g. 0.4 mmol)." Upon standing, the dark orange solution yielded dark 
orange needles and platelike crystals. The crystals were washed with 
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Figure 2. 
structure. 

EtOH and vacuum-dried to a powdered form for noncrystallographic 
experiments. The 5,GMy-HPTB and N-Et-HPTB complexes were 
synthesized analogously. Anal. Calcd for Fy(HPTB)(OH)(NO,)4* 
1.5H2@0.5EtOH. C16H,FelNi,0i,: C, 41.71; H, 3.89; N, 18.93. 
Found C, 41.60; H, 3.86; N. 19.01. Calcd for Fe2(5.6-Mel-HPTB)- 
(OH)(NO1),~2H2O, CaHMFelNi40t,: C, 45.52: H, 4.80; N. 17.28; Fe, 
9.84. Found C. 45.82: H, 4.98; N, 16.96; Fe. 9.22. Caled for Fel(N- 
Et-HPTB)(OH)(NOl),.HlO, CaHJIFe,Ni,O,J: C, 46.28; H, 4.69; N, 
17.56; Fe, 10.00. Found C, 46.67; H, 4.89; N. 17.56; Fc, 9.64. 

"Fe-enriched samples of [Fe~(HPTB)(OH)(NOl)ll(NOl)l were 
prepared by using I mg of 70% enriched "FyO, dissolved in IO mL of 
hot wncentrated HNO,. The HNO, was evaporated, and the resultant 
solid was redissolved in methanol and then treated with 3.9 mg of HPTB 
(final volume IO mL). 

"0-labeled hydrogen peroxide was prepared from %,(97% or 50% 
isotopic abundance. Isotec) by the published procedure.)' 

Methods. Conductivity measurements were obtained on a Yellow 
Springs wnductivity bridge with a range of concentrations from 0.2 to 
0.8 mM complex in acetonitrile. For the peroxide wmplex a small 
amount (1-2 pL) of 30% H202 was added to the same stock solution of 
precursor wmplex to compare the two measurements directly. 

X-ray absorption spectra (XAS) were wllated between 6.9 and 7.9 
keV at bsamline X-9A of the National Synchrotron Light Source (NS- 
LS) at Brookhaven National Laboratories. The monochromator was 
calibrated by using the 71 13.0-eV Is - 3d peak in the XAS spectrum 
of [ E q N ]  [FeCl,] (suspended in DUCO Cement). The XAS data for the 
solid samples were obtained at ambient temperature in transmission mode 
with A., (-log (Cr/Co)) determined from an incident (C,) and final (Cr) 
ionization detector. The XAS data for the sample in frozen methanol 
solution were obtained at 100 K and &p (Cr/Co) was determined from 
an incident (C,) ionization detector and a final Lytle fluorescence (C,) 
detector with a Mn filter and Soller slits. As previously describul. a 
modification of the pmgram EXAPLT was employed to extract x from A, 
with a three-region cubic spline function.'6 Least-squares refinements 
to determine iron-ligand distances used the NewtonGauss algorithm 
and were performed with locally developed software. The refinements 
reported were on Xk', and the function minimized was R = [,V~(X. - 
x) ' /n] ' / ' ,  where the sum is over n data points between 2 and 13 

Magnetic susaptibility data were recorded over a temperature range 
of 1&300 K at a measuring field of 2.0 koe with an SHE Corp. VTS-50 
superwnducting SQUID susceptometcr interfaced with an IBM 9000 
computer system. The temperature dependence data for Fe,(N-Et- 
HPTB)(OH)(N03),.2H20 and Fe,(5,dMe,HPTB)(OH)(NOl),~3H,0 
were analyzed by using the Heisenberg-Diracvan Vleck spin Hamtltc- 
nian !7f = -2JS,.S,. Details of the data collection and fitting are prc- 
vided elsewhere." 

'H NMR spectra were obtained on a Nicolet NT-300, an IBM AC- 
300, or a Varian Unity-300 NMR spectrometer. Temperature calibra- 

Representation of the [Fe,(HPTB)(OH)(NOl),](NOl)l 
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Et,N is eliminated. The base is unnc&ry and a crystalline pmduct 
is formed more readily without the base. 
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Table 1. Comparison of Metric Parameters of [Fe2(5,6-Me2-HPTB)(OH)(N03)2](N03)2 and [Fe2(DBE)2(OBz)2](C103)2 
EXAFS data fits of IO mM 

[Fe2(5,6-Me2-HPTB)(OH)(N03)2](N03)2 in MeOH"Sb selected bond lengths of 
first-shell fit multishell fit [Fe2(DBE)2(0Bz)21 (c10,)2c 

n atom R, A 62 n atom R, A 0 2  bond length, A 
2.01 0.0042 Fe-Ol 1.96 ( I )  

0.0005 Fe-OIC 1.99 ( I )  
0.006 Fe-Ol' 2.03 (1) 

N/o 2.41 
C 

0.002 Fe-N 1 B 2.07 (2) 
"O 2.91 3.1 

5 

1 Fe 3.18 
4.6 C 4.25 0.006 Fe-N 1 A 2.09 (2) 

F = 0.156d Fe-N 1 2.35 (2) 
Fe-Fe 3.21 ( I )  

2.01 0.0044 5 
I N/O 0.0005 1 N/o 2.41 

F = 0.104d 

"This work. bBoth solid and solution EXAFS data gave fits consistent with similar structures. CReference 43. "F, goodness of fit, is defined as 
rms(dev)/rms(dat) where the function minimized is R = [ x k 6 ( x ,  - x ) / n ] l / * .  

tion for variable-temperature 'H NMR experiments was accomplished 
with methanol/HCl s~lutions.~' The value for the antiferromagnetic 
coupling, J,  was evaluated from the temperature dependence of the iso- 
tropic shifts as previously described." The concentrations of EtOH and 
acetone were determined by the method of standard addition using 
benzene as an internal integration standard. 

UV-vis spectra were recorded on an HP  8451A diode array spec- 
trometer. Resonance Raman spectra were obtained on a Spex 1403 
spectrometer interfaced with a Spex Datamate using Spectra-Physics 
Models 2030 argon ion and 375B dye (Rhodamine 6G) lasers. Spectra 
were obtained at 79 K with use of a gold-plated copper cold finger in 
thermal contact with a dewar containing liquid nitrogen.39 Raman 
frequencies are referenced against an external N a 8 0 ,  standard in frozen 
aqueous solution (A, stretch at 993 cm-l)." 
Results and Discussion 

Structure and Properties of the "Fe1112(HPTB)" Precursor 
Complex. Nishida and co-workers first formulated the complex 
of Fe(II1) and HPTB as Fez(HPTB)(N03),.2EtOH on the basis 
of its elemental analysis.29 Conductivity measurements indicated 
a 2:l electrolyte and led to the suggestion of a (p-alkoxo)(p- 
nitrato)diiron core for the complex with two terminal nitrates, 
i.e. [Fe2(HPTB)(p-N03)(N03)z](N03)z~2EtOH.29 However, 
upon reexamination in our laboratory, several lines of evidence 
suggested that this formulation was incorrect and have led us to 
reformulate this compound as solvates of [ Fez(HPTB)(p-OH)- 
( N O ~ ) ~ I ( N O ~ ) Z -  

While the elemental analysis that we obtained of the HPTB 
complex was consistent with Nishida's it could also 
be made consistent with the alternative formulation by suitable 
manipulation of both the number and type of solvate molecules. 
'H NMR spectroscopy was used to clarify the solvate question; 
the amount of ethanol found in the parent complex varied from 
0.2 to 0.8 molecule/complex depending on the extent of vacu- 
um-drying, and in none of the samples did the ethano1:complex 
ratio approach 2:l. Furthermore, corresponding complexes of the 
N-ethyl and 5,6-dimethyl derivatives of HPTB afforded analyses 
more easily reconciled with the p-hydroxo formulation. 

Efforts to clarify this problem with X-ray diffraction yielded 
a structure whose resolution was limited by the disorder in the 
solvent structure and by facile loss of solvent from the  crystal^.^' 
Nevertheless, the spatial relationships of the various ligating atoms 
can be determined from the structure as represented in Figure 
2. It features a (p-alkoxo)(p-hydroxo)diiron core, with each iron 

(37) 
(38) 
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L., Jr. J .  Am. Chem. Soc. 1986, 108, 6871-6879. (b) Que, L., Jr.; 
Maroney, M. J. Met. Ions Biol. Syst. 1987, 21. 87-120. 
Czernuszewicz, R. C.; Johnson, M. K. Appl. Spectrosc. 1983, 37, 
297-298. -. . -. -. 

The AI stretching frequency is at 983 cm-l for room-temperature 
aqueous solution; however, this resonance shifts to 993 cm-I in frozen 
solution. 
Fe2(HFTB)(OH)(N0,),~l .5H20.0.5EtOH crystallizes in the space 
group PI with cell constants a = 15.532 (7) A, b = 16.854 (6) A, c = 
12.504 (6) A, a = 108.78 (3)O, 6 = 103.92 (4)O, and y = 62.88 (3)O. 
The data was collwted to a peak width of 2O. The structure was solved 
by using isotropic temperature factors and refined to R = 0.17; the 
crystal decomposed before 4 scans could k made. Several other crystals 
of the same compound gave similar low-resolution data. 
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Figure 3. EXAFS data (S) and simulations (-) of Fe2(5,6-Me2- 
HPTB)(OH)(N03),-2H20 in MeOH: (A) first-shell Fourier filtered 
(back-transformed 1 .O-2.3 A) xk3 data; (B) multishell Fourier filtered 
(back-transformed 1.0-6.0 A) xk3  data; (C) Fourier transform of xk3  
data and simulation presented in panel B. Parameters for fits are as listed 
in Table I. 

being six-coordinate. The tertiary amine nitrogens of the HPTB 
ligand are trans to the hydroxo bridge, while terminal monodentate 
nitrates coordinate trans to the alkoxo bridge. The benzimidazoles 
are coordinated trans to each other and perpendicular to the 
approximate Fe202 plane. There appear to be 1-stacking inter- 
actions between benzimidazoles on the two sides of the molecule, 
and such interactions may aid in stabilizing this structure. Similar 
ligand arrangements have been observed in the related complexes 

where DBE represents the mononucleating analogue of HPTB. 
[ F ~ Z ( D B E ) ~ ( N O ~ ) J  ( N 0 3 ) t 2  and [F~z(DBE)~(OWZI  (C104)2,43 

(42) Nishida, Y.; Shimo, H.; Takahashi, K.; Kida, S. Mem. Fm. Sci. Kyushu 
Llniu., Ser. C 1984, 14, 301-306. 

(43) MEnage, S.; Que, L.. Jr. Inorg. Chem. 1990.29.4293-4297. 
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An EXAFS analysis of the parent complex, as a solid and in 0.02 I I ~ 

methanolic solution, was carried out to confirm the crystal 
structure and obtain metric details of the metal coordination 
environment. Figure 3 shows first-shell and multishell fits to the 
methanolic solution data which consist of 5 0 N at 2.01 A, 1 O/N 
at 2.41 A, 3.7 C at 2.97 A, and 1 Fe at 3.18 i.4 These structural 
parameters are consistent with the proposed structure and match 
well with the structural parameters obtained crystallographically 
for the related DBE complex (Table I). The 2.01-A average bond 
length is consistent with Fe-0 bonds found for various complexes 
with Fe2(p-OR), cores (rav = 2.02 A)42943*45-48 and Fe-N bonds 
of benzimidazole ligands (rav = 2.07 A).14*33*43,49,50 The 2.41-A 
distance is typical of Feamine bonds which are usually elongated 
in tripodal ligands that form five-membered chelate rings; this 
elongation appears even more pronounced for tripodal ligands with 

.5cI 

- 

0 ! I L I 

47 ppm, which disappear upon addition of D 2 0  or CD30D (Figure 
5 ,  Table 11). These features are also absent in the spectrum of 
the N-Et derivative and thus associated with the benzimidazole 
N-H protons. The feature at 35 ppm is found in all three HPTB 

(44) Since both the solid Fe2(N-Et-HPTB)(OH)(NO,)l and the methanolic 
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Tabk 111. Electronic and Vibrational Properties of Iron Peroxo Complexes' 
A, (e) v(Fe-0) (I8O) v ( 0 - 0 )  ('*O) bonding mode ref 

oxyhemerythrin 500 (2300) 503 (480) 844 (797) 7' 55 

[Fe2(5,6-Me2-HPTB)(02)(N03)2]t (MeOH) 600 ( I  500) 474 888 p-q':q' 

Hr(1601*0) 501, 485 825, 818 
[F~Z(HPTB)(OZ)(N~,)ZI~ (HzO) 560 (2200) 476 (457) 895 (854) Cc-ql:vl this work 
[F~Z(HPTB)(OZ)(NO,)ZI~ 604 (1 600) 470 890 p-qI:ql this work 

this work 
[Fe2(N-Et-HPTB)(02)(N03)2]t (MeOH) 606 (1500) 476 (460) 890 (838) jL-qI:vl this work 

[Fe2(5-Me-HXTA)(02)(OA~)]2- 480 (2370) n.0. 884 p-q':ql 30 

[ Fe2(N-Et-HPTB)(02)(OBz)]2t 588 (1500) 476 900 p-q':q' (?) 27 
[Fe(HB(3,5-i-Pr2pz),)(OBz)]202 679 418 (409) 876 (827) p-q':qL (?) 26 

I [Fet PY N5) 1 20214+ 540 (1 90) n.r. n.r. p-q':vl (?) 25 
l[Fe(Ph,PO),1202)4+ 576 (3540) n.0. 882 (848) ~ - 7 ' : q '  (?) 28 
[Fe (TMP) 1 +I n.r. 574 (547) n.0. p-ql:ql (?) 56 

Fe(OEP)O< n.0. 806 (759) v2 58 
[Fe111(EDTAH)02]2- 520 (530) n.0. 815 v2 57 
[Fe111(EDTAH)(160180)]2- no. 794 

[F~,(O)Z(OZ)(OB~) dOH2)I 534 (1 590) n.r. 853 P4 31 

'Units: A,,, nm; c, M-' cm-I); vibrational data, cm-l. n.0. = not observed; n.r. = not reported. bInfrared data. 
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Figure 6. Electronic spectra: (A) 0.3 mM [Fe,(HPTB)(OH)(N- 
03)2](N0,)2 in MeOH; (B) same solution as in (A) with 5 equiv of H202 
added. Inset: (A) resonance Raman spectrum of 3 mM [Fe2(HPT- 
B)(OH)(N0,)2](N03)2 with 5 mM H202 in H20  at 79 K obtained by 
using 575 nm and averaging five 5-s scans with 80-mW power at the 
sample; (B) resonance Raman spectrum of 3 mM [F%(HPTB)(OH)(N- 
03)2](N03)2 with 5 mM H21s02 in H20  at 79 K obtained by using 575 
nm and averaging five 5-s scans with 80-mW power at the sample. 

shows a temperature dependence in the range -60 to +30 OC that 
corresponds to a J value of -20 (3) cm-', in agreement with the 
solid susceptibility measurements, suggesting that the (p-alk- 
oxo)(r-hydroxo)diiron(III) core is retained in solution. Other 
features of the 'H N M R  spectrum are indistinctive and will not 
be discussed further. 
[Fe,(HFTB)(OH)(N03)2](N03), + H2OP The electronic 

spectrum of [Fe,(HPTB)(OH)(N03),](N03)2 in MeOH exhibits 
a A,, a t  340 nm (t = 7300 M-' ~ m - l ) , ~ '  which arises from a 
benzimidazole-to-iron charge-transfer transition (Figure 6). 
When hydrogen peroxide is added, the color changes from orange 
to blue-green and a new feature appears near 600 nm. This band, 
observable in a variety of solvents including water, methanol, 
acetone, acetonitrile, DMF, and DMSO, shows some solvent 
dependence; for example, A,, = 560 nm (e = 2200 M-I cm-') 
in H20 and & = 604 nm (e = 1600 M-' an-') in MeOH (Figure 
6, Table 111). The HPTB complex has a very high affinity for 
peroxide: by the use of Job's method of continuous variations, the 
[Fe,(HPTB)(OH)(NO,),] (NO,), to H202 binding stoichiometry 
is demonstrated to be 1:1, and K i n  is estimated to be greater than 
lo6 M-I in MeOH. Application of a vacuum does not result in 
loss of the blue-green color, which indicates that the peroxide 
binding is irreversible. Under the appropriate conditions, the 

(51) The complexes formed with the derivatized ligands also have a similar 
feature. F~~(S,~-M~Z-HPTB)(OH)(NO,)~ has a & at 350 cm-' (e = 
7500 M-' cm-I), and Fez N-Et-HPTB)(OH)(NO,), has a A,, at 340 cm-' (e = 6000 M-' cm- I ). 

peroxide complex is stable enough to allow spectroscopic char- 
acterization of the peroxide binding mode. In fact, its electronic 
and 'H N M R  spectra may be observed at  ambient temperature; 
however, low-temperature techniques were required to observe 
the resonance Raman spectra due to facilitated decomposition of 
the complex by laser irradiation. 

The resonance Raman spectrum of the peroxide adduct shows 
the new spectral feature a t  ca. 600 nm to be a peroxide-to-iron 
charge-transfer transition. With 575-nm excitation at  79 K, two 
features are observed; one is assigned to v(Fe-0) at  476 cm-', 
and the other, which appears as a Fermi doublet centered at  895 
cm-l, is assigned to ~(0-0) (Figure 6 inset, Table III).52*53 
Accordingly, the observed vibrations shift to 457 and 854 cm-', 
respectively, with the use of H2I8O2; these are in good agreement 
with the calculated shifts predicted by using a simple diatomic 
model, v(Fe180) = 455 cm-' and ~ ( ~ ~ 0 - l ~ O )  = 854 cm-'. The 
v ( 0 - 0 )  Fermi doublet also collapses into a single peak upon '*O 
substitution. The use of 488- and 621-nm excitation affords 
Raman features that are less enhanced than those obtained with 
575-nm excitation, thereby corroborating the charge-transfer 
assignment for the 600-nm band. The peroxide adduct of the 
corresponding N-ethyl derivative exhibits similar Raman features 
(Table 111). 

The spectra are unaffected by the presence of D20, suggesting 
that neither peroxide oxygen is protonated. In contrast, the Raman 
features of oxyhemerythrin, which has an 11'-hydroperoxide moiety, 
are affected by D20 (Av(Fe-0) = -3 cm-' and Av(0-0) = +4 
cm-1).8 Since peroxide bound in 11' and p-9' modes would be 
sufficiently basic to be readily protonated in aqueous solution, the 
absence of a shift in the Raman vibrations in D 2 0  strongly suggests 
that both peroxide oxygens are coordinated to a metal center. 
Unfortunately, efforts to determine the symmetry of peroxide 
binding by the use of statistically mixed labeled H202 (50% l80) 
to form the peroxide complex were uninformative due to a lack 
of resolution in the isotopically shifted peaks. 

The vibrational energies of the [Fe,(HPTB)(OH)(NO,),!- 
(NO,),/peroxide complex are in the same range as other (di)fernc 
peroxide complexes (Table 111). The v(Fe-0) value of 476 cm-I 
is close to that found for o ~ y H r ; ~ " * ~ ~  however, not all the reported 
femc peroxide complexes exhibit this vibrati0n.~>'~7.~ The v ( 0 - 0 )  

(52) Since the complex was not very soluble when SO?- or other internal 
standards were added, aqueous 0.5 M Na2S04 was loaded on an adja- 
cent port and used as an external reference before and after the ex- 
periment. 
Nishida and co-workers have also reported the resonance Raman 
spectrum of this peroxide complex with v (F t0 )  at 495 cm-I and u ( 0 -  
0) at 890 cm-I. However, the solvent system was not noted and these 
bands are sensitive to solvent (Table 
Dunn, J. B. R.; Shriver, D. F.; Klotz, I. M. Pmc. Narl. Acad. Sci. W.S.A. 

Kurtz, D. M.; Shriver, D. F.; Klotz, I. M. J.  Am. Chem. Soc. 1976,98, 
1913,70,2582-2584. 

5033-5035. 
Wagner, W.-D.; Paeng, I. R.; Nakamoto, K. J .  Am. Chem. Soc. 1988, 
110, 5565-5567. 
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Table IV. MBssbauer Parameters 
6, LtZ , intens, 

mm/s "7s % ref 
[ F ~ ( H B P ~ ~ ) ( O A C ) J Z O  0.52 1.60 100 60 
mcthemerythrin 0.46 1.57 100 59 
oxy hemerythrin 0.52 1.92 50 59 

FeAHPTB)(OH)(NOh 0.49 0.66 100 this work 
Fe,(HPTB)(OH)(NO,), + H2O2 0.54 0.84 100 this work 
[Fe2(N-Et-HPTB)(OBz)]2+ + O2 0.52 0.72 100 27 
[Fe2(5-Me-HXTA)(02)(OAc)]~ 0.54 1.04 100 30b 

features for these complexes also exhibit a range of values 
(8 15-904 cm-I), with the q2 complexes having values near 800 
cm-' and those with postulated p-q':q' coordination having values 
near 900 cm-I. Interestingly, the sole ql complex (oxyhemerythrin) 
and the p4 complex exhibit intermediate values near 844 cm-I. 
The rationale for these observations is still unclear. 

The Mossbauer spectrum of s7Fe-enriched 1.2 mM [Fe2(HP- 
TB)(OH)(N03)2](N03)2 in methanol exhibits a broad quadrupole 
doublet with parameters typical of high-spin ferric centers, 6 = 
0.49 mm/s and AEq = 0.66 mm/s. The absence of magnetic 
hyperfine structure at 4.2 K is consistent with the coupled diferric 
structure discussed earlier. Addition of H 2 0 2  affords a new 
quadrupole doublet with 6 = 0.54 mm/s and AEQ = 0.84 mm/s. 
That the parameters of both iron centers are similarly affected 
by peroxide binding suggests that the peroxide binds to both of 
the ferric irons in a symmetric arrangement (Table IV). 

Peroxide binding effects a dramatic change in the 'H NMR 
spectrum of [F~(5,~M~HPTB)(0H)(N0,),](NO3),;  the proton 
resonances become sharper and less paramagnetically shifted 
(Figure 5 ,  Table 11). Similar peak patterns are observed for the 
HPTB complex in a variety of solvents (CD,CN/DMSO-$, 
CD30D, or D20). A 'H NMR titration study of [Fe2(HPT- 
B)(OH)(NO,),](NO,), with H202 shows that the peroxide species 
is completely formed when 1 equiv of H202  is added/metal 
complex and both sets of resonances from the complexed and 
uncomplexed species are observable when less than 1 equiv of H202 
is added/metal complex. Thus binding is at the slow-exchange 
limit and no intermediate species is observed. 

For the [Fe2(HPTB)(OH)(N03)2](N03),/H,0, adduct, the 
N-H resonances shift from 48 and 44 ppm to 28 and 26 ppm, 
respectively, while the C7 resonance shifts from 35 ppm to 17 ppm, 
indicating a significant increase in the antiferromagnetic coupling 
between the ferric centers upon peroxide binding. The temperature 
dependence of the resonances of the peroxide complex shows a 
slight positive slope with increasing temperature, suggesting that 
the N€el point shifts to above room temperatureMb in the peroxide 
complex. A precise value for the coupling constant, 4, is difficult 
to deduce when -J becomes large because of the insensitivity of 
isotropic shift to temperature changes.38b However, comparisons 
of the isotropic shifts with those of other diferric complexes with 
the bis(2-benzimidazolylmethy1)amine structural unit indicate that 
-J is smaller than the 100-120-cm-' value associated with (p- 
oxo)diiron complexes but larger than the 20-cm-' value associated 
with bis(p-a1koxo)diiron complexes (Table 11). The C7 benz- 
imidazole protons of the oxo-bridged complex [Fe20(0Bz),- 
(N3)2](C104)2 (-J = 117 cm-I) resonate at  11.7 ppm, while those 
of the dialkoxo-bridged complex [Fe2(DBE),(0Bz),](C104), (-J 
= 20 cm-') resonate at  36 ~ p m . ' ~  Since the isotropic shift is 
proportional to the magnetic susceptibility of the complex on the 
assumption that the hyperfine splitting value remains constant,38 
the observed shift to 17 ppm for the C7 proton of the peroxide 
complex corresponds to a x that is ca. 15% of the value for the 

(57) Ahmad, S.; McCallum, J. D.; Shiemke, A. K.; Appdman, E. H.; Loehr, 
T. M.; Sanders-Loehr, J. Inorg. Chem. 1988, 27, 2230-2233. 

(58) McCandlish, E.; Mihztal, A. R.; Nappe, M.; Sprenger, A. G.; Valen- 
tine. J. S.; Stong, J. D.; Spiro, T. G. J .  Am. Chem. Soc. 1980, 102, 
4268-427 1. 

(59) Olymura, M. Y.; Klotz, I. M.; Johnson, C. E.; Eintcr, M. C. R.; 
Williams, R. J. P. Biochemistry 1969, 8, 1951-1958. 

(60) Armstrong, W. H.; Lippard, S. J.  J .  Am. Chem. Soc. 1984, 106, 
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Figure 7. Possible structures for the [Fez(HPTB)(OH)(N03)2]- 
(N03)z/H202 complex compatible with the spectroscopic data. 

uncoupled case or a -J of 70 (10) cm-I. 
The increase in antiferromagnetic coupling between the ferric 

centers indicates that a new coupling pathway is generated upon 
peroxide binding. A p-q'-peroxide can be eliminated as a plausible 
mode of peroxide binding, since such a structure would be expected 
to exhibit a J value comparable to those of complexes with Fe202 
cores (-J = 5-20 cm-I). Given the above observations, the two 
modes of peroxide binding that remain as possibilities are p-ql:q' 
and p-q2:q2 modes (Figure 7). Such binding modes are exem- 
plified by two copper complexes, both of which are structurally 
characterized, Le. ([C~(TPA)]~(truns-p-q':q'-O~)}X~~ and [Cu- 
{HB(3,5-i-Pr,p~)~}],(p-q~:q~-O~).~~ Both binding modes can 
mediate strong antiferromagnetic coupling, at  least for dicopper 
complexes. In iron chemistry, the p-q':ql mode is exemplified by 
the complex [Fe(TPP)]20261 'H NMR spectra of this metastable 
intermediate at low temperature show that the pyrrole shifts are 
only slightly larger than those of the p-oxo species [Fe(TPP)],O, 
suggesting a J value approximately -100 cm-' for the p-ql:ql- 
peroxo complex. For the HPTB complex, the peroxide is likely 
to be bound in a cis p-q':ql mode, because of the presence of the 
p-alkoxo group. Such a binding mode has been structurally 
characterized in a dicobalt complex, [Co2(bpmp)(OBz)Od(BF4)2, 
with a p-phenoxo, a p-q':q'-peroxo, and a p-benzoato bridge.$, 

Although none of the spectroscopic methods applied can be used 
alone to deduce the solution structure of the [Fe2(HPTB)- 
(OH)(NO,),] (NO,),/peroxide complex, a consistent picture 
emerges when the data are taken together. The Job plot and the 
'H NMR titration data indicate a 1:l [Fe2(HPTB)(OH)- 
(N03)2](N03)2:H202 binding stoichiometry. The Raman, 
MBssbauer, and 'H NMR data show that this peroxide is bound 
in a symmetric fashion from both the standpoint of the peroxide 
ligand and that of the diiron unit, which leaves two reasonable 
possibilities for peroxide binding: p-q2:q2 and p-ql:ql (Figure 7). 
The p-q2:q2 peroxide coordination would require rearrangement 
of the benzimidazole moieties of the HPTB ligand to the cis 
configuration and loss of both bound nitrate anions forming a 3+ 
cation, while the p-ql:ql mode affords either a 1+ or a 2+ cation 
depending on the number of nitrates that remain coordinated. 
However, the fact that the energy of the peroxide charge-transfer 
band changes when carboxylates replace nitrates makes the 
displacement of both bound anions upon peroxide binding very 
unlikely.63 Conductivity measurements in acetonitrile indicate 

(61) Balch? A. L.; Chan, Y.-W.; Cheng, R.-J.; LaMar. G. N.; Latos-Gra- 
zvnski. L.: Renner. M. J.  Am. Chem. Soc. 1984. 110. 7779-7785. 

(62) SGzuki, M.; Ueda,'I.; Kanatomi, N.; Murase, I. Chem. Loft. 1983, 
185-188. 
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that, unlike the parent complex, which exhibits a conductivity value 
expected for a 2:l electrolyte (AM = 240 i2-1 cm-I mol-' for 8 X 
IO4 M complex in acetonitrile), the peroxide complex behaves 
like a 1:l electrolyte (AM = 147 i 2 - I  cm-I mol-' for 8 X 10-4 M 
complex in acetonitrile).u We thus propose that peroxide binding 
appears to result in the replacement of the p-OH with a p-$$ 
peroxide moiety with the retention of the basic ligand coordination 
around the dibridged dinuclear center (Figure 7a). This proposed 
structure for [Fe,(HFTB)(02)(N03)2]N03 is different from that 
proposed for the dioxygen adduct of [Fe,(N-Et-HPTB)- 
(OBz)] (BPh4)2,27 which consists of a tribridged diferric core 
analogous to the 2+ cation in Figure 7b with benzoate replacing 
nitrate. The structural differences in the two peroxide complexes 
may be reflected in the subtle changes in their UV-vis, Raman, 
and Miissbauer parameters (Tables 111 and IV). 

All of the diferric peroxide complexes studied thus far appear 
to favor peroxide bridge formation, and none of these complexes 
model the dioxygen-binding mode found for oxyhemerythrin- 
.**wM Those capable of reversible dioxygen binding derive from 

monoferrous precursor com lexes and presumably have trans 
p-q'$-peroxo coordination.J)36 The difemc peroxide complexes 
derived from dinucleating ligands such as HPTB and HXTA are 
most likely to have cis p - 7 ' : ~ ~  peroxide coordination and appear 
incapable of reversible dioxygen binding. They are reactive toward 
organic  substrate^^^.^^ and may thus more appropriately model 
the diiron-dioxygen interactions in ribonucleotide reductase and 
methane monooxygenase, diiron proteins that activate dioxygen.d10 
A detailed study of the reactivity of the [Fe,(HPTB)(OH)- 
(NO,),] (NO,),/peroxide complex toward organic substrates is 
in progress. 
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Coordination modes of 3-substituted 2,4-pentanediones are considered with respect to the chemical nature of the substituent and 
the conformational flexibility of the ligand. Examples of additional and competitive coordination of the extra donor site(s) are 
given, and two different pathways for the structural rearrangement in such complexes are discussed. Accordingly, a new constitution 
of the acetylacetone cyanation intermediate product 4 in its Cu and Ni complexes is speculated. The 3D network structure of 
the title compound in which all functional groups are involved in coordination is determined (C,2H,2CoN20,, tetragonal, space 
group P42/n, u = 14.444 ( , I )  A, c = 6.832 (2) A, 0, = 1.431 g ~ m - ~ ,  Z = 4, R = 0.0217), and its solid-state electronic spectrum 
is analyzed in terms of the angular overlap model. 

Introduction 

The structure and stability of 3-substituted 2,4-pentanedionato 
chelate complexes are influenced by the electron-withdrawing 
strength of the substituent to different extents.[ For instance, 
nitro, cyano, and halogeno groups cause an electron density shift 
away from the central atom2 and weakening of the coordinate 
bonds.3 As a result, the prerequisites for the formation of ad- 
ditional (with preservation of the 0,O-chelate; 1) or competitive 
(toward a carbonyl group: 2, 3) coordination of the substituent 
are established. 

/cb Y\ yo 
: \  o= c ,y-x\ p r -  \\ 

O - c  

.in, ,C-CH, v "-% 0 
Mfn C-XY---M 
\ / /  
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Type 1 intermolecular bonding is realized in the 
[(NH3)5CoNCacacCr]4+ complex cation," where NCacacH = 
3-cyano-2.4-pentanedione (XY = CN). Recently, we reported 
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the structure of C~(NCacac), ,5~ in which one of the cyano groups 
is linked to an adjacent copper atom. The presence of intramo- 
lecular additional coordination of the hexafluorobut-2-enyl sub- 
stituent (XY = CF,C=CCF,) to iridium and rhodium atoms has 
been reported by Russell et al.7 

(1) (a) Tsiamis, C.; Cambanis, S.; Hadjikostas. C. Inorg. Chem. 1987,26, 
26. (b) Tsiamis. C.: Cambanis. S.: Jannakoudakis. A. D.: Theodoridou. 
E. J:  EIrcrroa&l. Chem. Interfacial Elccrrochem. 1988, 252, 109: 

(2) Sahai, R.; Verma, R. J. Indian Chem. Soc. 1981,58,640. 
(3) Tanaka, M.; Shono, T.; Shinra. K. Bull. Chcm. Soc. Jpn. 1969, 12, 

3190. 
(4) Balahura, R. J.; Johnston, A. J. Inorg. Chcm. 1983, 22, 3309. 
( 5 )  Angelova, 0.; Petrov, G.; Macicek, J. Acra Cqwrallogr. 1989, C15, 710. 
(6) Such bridging behavior of the cyanoacctylacetonato ligand was earlier 

reported by Thompson et al. from spectroscopic analysis of zirconium 
and titanium complexes: (a) Thompson, D. W.; Barrett, P. B.; Lefel- 
hocz, J. P.; Lock, G. A. J. Coord. Chrm. 1973, 3, 119. (b) Lock, 0. 
A.; Thompson, D. W. J .  Chcm. Soc., Dalron Trans. 1980, 1265. 

(7) (a) Russell. D. R.; Tucker, P .  A. J. Chrm. Soc., Dcllron Trans. 1975, 
1749. (b) Barlex, D. M.; Evans, J. A.; Kemmitt, R. D. W.; Russell, D. 
R. J .  Chem. Soc., Chcm. Commun. 1971, 331. 
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