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피BPLMP(OAc)2](BPh4)2 (1), a new model for the reduced form of the purple acid phosphatases, has 
been synthesized by using a dinucleating ligand, 2,6-bis[((2-pyridylmethyl)(6-methyl-2-pyridylmethyl)amino) 
methyl]-4-methylphenol (HBPLMP). Complex 1 has been 아laracterized by X-ray diffraction method as having 
(g-phenoxo)bis(acetato)diiron core. Complex 1 was crystallized in the monoclinic space group C2/c with the 
Allowing cell parameters: a=41.620(6) A, b=14.020(3) A, c=27.007(4) A, 6=90.60(2)°, and Z=8. The iron cent- 
ers in the complex 1 are ordered as indicated by the difference in the Fe-0 bond lengths which match well 
with typical Feni-0 and Fen-0 bond lengths. Complex 1 has been studied by electronic spectral, NMR, EPR, 
SQUID, and elect。아lemical methods. Complex 1 exhibits strong bands at 592 nm, 1380 nm in CH3CN (e= 
l.Ox 10,3.0x 102). These are assigned to phenolate-to-Fem and intervalence charge-transfer transitions, respec- 
tively. Its NMR spectrum exhibits sharp isotropically shifted resonances, which number half of those expected 
for a valence-trapped species, indicating that electron transfer between Fen and Fe111 centers is faster than NMR 
time scale. This complex undergoes quasireversible one-electron redox processes. The Fe111^^111 and FenFein/ 
Fe% redox couples are at 0.655 and - 0.085 V vs SCE, respectively. It has ^^=3.3 x 1012 representing that 
BPLMP/bis(acetate) ligand combination stabilizes a mixed-valence FenFeni complex in the air. Complex 1 ex- 
hibits a broad EPR sign시 centered near g느 1.55 which is a characteristic feature of the antiferromagnetically 
coupled high-spin FenFeni system (Stotal=l/2). This is consistent with the magnetic susceptibility study showing 
the weak antiferromagnetic coupling (7=-4.6 cm1, H=-27SfS2) between Fe11 and Fem center.

Introduction

The purple acid phosphatases (PAP) constitute to a novel 

class of non-heme metalloenzymes which catalyze the hy- 
dr이ysis of certain phosphate esters under weak acidic con
dition.1 Although they have been isolated from a variety of
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mammalian, plant, and microbial sources, only the PAP en
zymes isolated from bovine spleen2-8 and porcine uteroferrin9-17 
have been studied in some detail. Recently, a different PAP 
enzyme extracted from red kidney bean was reported hav
ing a heteronuclear FeZn unit in the active site.18 However, 
the active sites of most PAPs contain dinuclear iron cente호s 
with two accessible oxidation states: a reduced active FenFem 
form (PAP点)and an oxidized inactive FemFeni form (PAP0X)? 
The catalitically active FenFeni form (PAP^) is pink (Xmax= 
510 nm, e=4000 M" r), while the catalytically inactive
FemFem form(PAPox) is purple (為血【드560 nm, £=4000 M-1 
cm-1).4,9-11 These bands are assigned as tyrosinate-to-Fe111 
charge transfer transitions which are confirmed by Reso
nance Raman study.5 A distinctive feature of these proteins 
is the tyrosine residue bound to only one iron(III) center 
which contributes to similar extinction coefficients.5

The FenFem form (PAPred) exhibits rhombic EPR sigals at 
g드 1.94, 1.73, and 1.58, which is consistent with an antiferro
magnetically coupled high-spin FenFein center.6,1112 In fact, 
magnetic susceptibility study shows that the Fe11 and Fera 
centers are weakly antiferromagnetically coupled with J 
values ranging from - 5 to - 11 cm1 (where, H- - 2ZSi* 
S2).5,14 Recent magnetic susceptibility 마udy of the FeniFeni 
fonn (PAP0X) reveals a weak antiferromagnetic coupling (J 그 

-15 cmf, which indicates lack of 卩-oxo bridge.8 X-ray 
아mcture and analysis has not been possible for the diiron 
PAP enzymes; however, EXAFS7,15 and NMR16 studies sug
gest that the iron center has an oxygen-rich coordination en
vironment similar to that in ribonucleotide reductase.19 It 
has been suggeted that iron centers are bonded to 3.5 N/O 
donors at about 2.14 A, which are likely associated with his
tidine and aspartate or glutamate as well as a water molecule.

bridging hydroxo ligand has been suggested in the reduc- 
form of the protein, but some controversy still exists on 

the nature of the bridging ligands at the oxidized center.
A number of recent model studies focused on the pre

paration of phenoxo-containing multidentate ligands having 
pyridine,20,21 imidazole,22 benzimidazole,23 carboxylate,24 and 
pyridine-phenolate25~29 as pendant arms. However, it is still 
very important to investigate the controlling factor of sta
bilization of mixed-valence states and the characterization 
of the physical properties of mixed-valence complexes. 
Therefore, we have approached the subtle change in the 
structure by introducing the substituents to the dinucleating 
ligand and investigated the physical properties of those mix
ed-valence complexes. In this paper, we report the synthesis 
of the new dinucleating HBPLMP ligand and the crystal 
structure, spectral, magnetic, and electrochemical properties 
of the mixed-valence complex [FenFeinBPLMP(OAc)2]^Ph4)2 

(1) for a new model of the reduced form of the purple acid 
phosphatases.

Experimental Section

All reagents and solvents were purchased from comm
ercial sources and used as received. Solvents were of either 
reagent or spectroscopic grade and were dried by standard 
procedures prior to use. 2,6-bis(chloromethyl)-4-methyl- 
phenol was prepared by following previously reported pro
cedure.20 Microanalyses were performed by Basic Science 
Research Center, Seoul.

(2・pyrid 뫼 meth 미) (6・methyl・2・pyrid매 meth매) 
ine (PLA). A mixture of 2-(aminomethyl)pyridine (1.2 g, 
10 mmol) and 6-methyl-2-pyridinecaboxaldehyde (1.2 g, 10 
mmol) in 60 mL of methanol was stirred for 3 hours at 
room temperature and 10% Pd/C (0.7 g) was added to the 
solution. The mixture was hydrogenated in a Parr hydrogen
ation apparatus at 40 psi at room temperature for 4 hours. 
The mixture was filtered and the filtrate was evaporated 
under reduced pressure. The product was purified by 
column chromatography (ethylacetate: ethanol=l: 1) to af
ford a yellow oil (yield=80%).NMR (CDC13, 8): 2.54 (s, 
3H, lutidyl-CH3), 3.94, 3.99 (s, s, 2H, 2H, lutidyl-C7f2, py- 
ridyl-CH2), 7.02, 7.16, 7.37, 7.53, 7.65, 8.57 (d, d+t, d, t, t, 
d, 1H, 2H, 1H, 1H, 1H, 1H, lutidyl-Hs and pyridyl-Hs).

2,6・bis[((2・pyridylmethyl)(6F2tiwl・C・pyHdyl・ 
methyl)amino)methyl]-4-methyl phenol (HBPLMP).

This compound was synthesized by the literature method21 
with the following modification. Under N2 atmosphere, a 
mixture of (2-pyridylmethyl)(6-methyl-2-pyridylmethyl)am- 
ine (4.2 g, 20 mm이) and triethylamine (2.0 g, 20 mmol) in 
15 mL of THF was added dropwise to a stirred THF solu
tion of 2,6-bis(chloromethyl)・4・methylphen이 (2.0 g, 10 
mm이) at O °C. When the addition was completed, the mix
ture was allowed to warm to room temperature. After 3 
days, the stirred mixture was filtered to remove triethy
lammonium salts, and the filterate was concentrated under 
reduced pressure. The residue was dissolved in 40 mL of 
water, and the product was extracted with three 40 mL por
tions of methylene chloride. The extracts was washed with 
brine, and dried over anhydrous MgSO4. The product was 
purified by column chromatography to afford 4.5 g (80% 
yield) of a yellow oil. FAB+-Mass m/z: 559 (M-H+), Anal. 
Calcd for C35H38N6O: C, 75.20; H, 6.85; N, 15.00. Found: 
C, 75.28; H, 7.37; N, 15.13.NMR (CDC13, 8) 2.23 (s, 
3H, Ar-CH), 2.53 (s, 6H, lutidyl"), 3.76 (s, 4H, Ar-C/f2), 
3.83, 3.86 (s, s, 4H, 4H, lutidyl-C//2, pyridyl-C//2), 6.98, 
7.01, 7.31, 7.50, 7.56, 7.60, 8.51 (d+d, t, d, d, d, t, d, 4H, 
2H, 2H, 2H, 2H, 2H, 2H, lutidyl-Hs and pyridyl-77s). 10.70 
(b, 1H, Ar-OH).

[FenFeu,BPLMP(OAc)2](BPh4)2 (1). A solution of 
0.21 g (0.38 mm이) of HBPLMP in 10 mL methanol was 
treated with a solution of 0.31 g (0.76 mmol) of Fe(NO3)3- 
9H2O in 5 mL of methanol to yield a dark-green s이ution. 
Addition of 0.094 g (1.14 mmol) of sodium acetate in 4 mL 
of methanol caused the formation of dark blue-green solu
tion. After 30 min stirring at room temperature, metathesis 
with 0.29 g (0.84 mmol) of sodium tetraphenylborate result
ed in the immediate precipitation of the bluish-green crude 
product. Further purification was achieved by recrystalli
zation of the crude product by vapor diffusion of methanol 
into an acetone solution of 1 to afford dark blue-green cry
stals. FAB+-Mass m/z: 787 (M2+), Anal. Calcd for C87H83B2- 
Fe2N6O5: C, 73.30; H, 5.87; N, 5.90. Found: C, 72.80; H, 
6.24; N, 5.80.

Physical Measurements
NMR spectra were obtained on Varian Unity plus 300 

and Unity plus 600 spectrometers. The paramagnetic 'H 
NMR spectra were obtained using a 90° pulse with 16 K 
data points. An inversion-recovery pulse sequence (180° -T- 
90° -AQ) was used to obtain non-selective proton relaxation 
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times (Ti)・ A typical magnitude 'H・COSY spectrum was col
lected with 1024 data points in t2 and 256 data points in 
with a band width of 10 kHz and a repetition time of < 0.2 
s. The time for the data collection for a ~10 mM sample 
was about 8 hrs. A zero-degree shifted sine bell was ap
plied in both dimensions and zero-filled to 2048 t2x2048 h 
data points prior to Fourier transformation and sym
metrization. In this study, cross signals from pairs of signals 
with A8< 1 ppm in a spectral width of ~30 ppm could be 
clearly recognized under proper processing procedures. Elec
tronic spectra were measured on an Hewlett-Packard 8452A 
diode array spectrometer. Near-IR spectrum was recorded 
with Varian Cary 17DX spectrophotometer. FAB Mass spec
trum was performed on VG70-VSEQ (VG Analytical, UK). 
X-band EPR measurements were performed with Bruker 
ESP-300S spectrometer equipped with an Oxford liquid hel
ium cryostat. Magnetic susceptibility measurements was per
formed with SQUID Quantum Design II susceptometer. 
Electrochemical studies are performed with a BAS 51W 
electrochemical analyzer (Biochemical Systems, Inc., West 
Lafayette, IN). All electrochemical experiments were done 
under argon at ambient temperature in solutions of aceto
nitrile with 0.1 M tetrabutylammonium perchlorate as the 
supporting electrolyte. Cyclic voltammograms were obtain
ed by using a three-component system consisting of a pla
tinum net working electrode, a platinum wire auxiliary elec
trode, and a BAS Ag/Ag+ or saturated calomel reference 
electrode containing a Vycore tip plug to separate it from 
the bulk solution. The ferrocinium/ferrocene couple was 
used to monitor the reference electrode.

X-ray crystallography
A dark blue-green crystal of [FenFemBPLMP(OAc)2] 

(BPh4)2 (1), (dimensions: 0.50 x 0.40 x 0.15 mm) was mount
ed on the Enraf-Nonius CAD4 automatic diffractometer 
with graphite-momxhromated Mo Ka (X=0.71073 A) at am
bient temperature. The cell dimensions were obtained by 
least-squares refinements of the setting angles for 25 well
centered reflections. The data were corrected for Lorentz 
and polarization effects. Absorption e任ects were corrected 
by the empirical psi-scan method. The structure was solved 
by Patterson methods (SHELXS-86), and was refined by 
full-matrix least squares technique (SHELXS-93). The crys
tallographic and refinement data are summarized in Table 1. 
All non-H atoms were refined with anisotropic thermal 
parameters. Hydrogen atoms were included in the structure 
factor correlation in idealized positions (d(C-H)=0.95 A, 
BH=3.0). The weighting scheme was based on counting 
statistics and included a factor (p는0.05) to downweight the 
intense reflections. The maximum and minimum peaks on 
the final difference Fourier map correspond to 1.325 and 
一 1.047 e/A3, respectively. An ORTEP plot of the structure 
of the cation is shown in Figure 1, together with the numb
ering scheme for the complex. Selected bond lengths and 
bond angle옹 are listed in Table 2, while atomic coordinates, 
thermal parameters, and a complete listing of bond lengths 
and angles are availa미e as supplementary material.

Results and Discussion

Description of the X*ray structure of [FeDFera

Table 1. Cry아allographic Data and Structure Refinement for 1
formula 
FW 
T(°C) 
wavelength, A

叩
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g
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 O
A
 A

O

A

 

c

m

c
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z

Pcalcd> gm
卩(Mo Ka), cm1 
no. of rflns collctd 
no. of indep rflns 
no. of params 
GOF on F2
final R indices [I > 2g(I)] 
R indices (all data)
largest diff. peak and hole, e/A3

C87H83B2Fe2N6O5
1425.91
20
0.71073
C2/c
41.620(6)
14.020(3)
27.007(4)
90.60(2)
15758(6)
8
1.202
4.23
4560
4490 [R(int)= 0.0242]
919
1.210
Rla=0.0689, wR2=0.1652
Rl=0.0770s wR2=0.1713
+0.657 and - 0.216 

“R1=£||FJ-同 ||/£卩밍. wR2터圳(玲_玲)元讦。4严, whefe 

)v=l/{<y2Fo2+(0.0786P)2+5.28P} and where p네0)+2Fc}/3.
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Figure 1. Structure of the cation of 1, showing the 간om-labeling 
scheme. Important bond lengths (A) and angles (°): FeQi= 
2.110(7), Fe2-O1=1.964(7), Fef - Fe2=3.473(7), Fe「O广「思=116.9(4).

BPLMP(OAc)2](BPh4)2 (1). Complex 1 crystallizes in 
the monoclinic space group C2/c. The structure of the ca
tion of 1 is shown in Figure 1, and selected bond lengths 
and angles are given in Table 2. The structure of 1 reveals 
that the iron centers are triply bridged by an oxygen atom 
from a phenolate and by two acetate ligands, thus giving 
what increasingly appears to be a thermodynamically fa
vored core 아ructure. The remaining coordination sites of 
each iron centers are occupied by nitrogen atoms from am
ine, pyridyl, and 6-methylpyridyl pendants, resulting dis
torted octahedral geometries. Though the iron centers in 1 
are coordinated by a N3O3 donor set, it shows significant 
differences in the Fe-0 bond lengths for the two Fe centers 
(2.110 and 1.964 A), which match well with Fen-0 and Fe111- 
O bond lengths of the known complexes.20-23 The Fe"-Oi 
and Fe111-©! bond distances in 1 are slightly longer than
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 1

Fe ⑴-0(1) 2.110(7) Fe(l)-O(2) 2.118(9)
Fe(l)-O(3) 2.042(8) Fe(l)-N(l) 2.205(8)
Fe ⑴-N(2) 2.140(10) Fe(l)-N(3) 2.179(9)
Fe(2)-O(l) 1.964(7) Fe(2)-O(4) 1.987(8)
Fe(2)-O(5) 1.926(8) Fe(2)-N(4) 2.180(8)
Fe ⑵-N(5) 2.135(9) Fe(2)-N(6) 2.201(9)

O(l)-Fe(l)-O(2) 89.5(3) O⑴⑴-0(3) 90.1(3)
O(2)-Fe(l)-O(3) 93.1(4) O(l)-Fe(l)-N(l) 86.9(3)
O(2)-Fe(l)-N(l) 96.7(4) O(3)-Fe(l)-N(l) 169.7(3)
O(l)-Fe(l)-N(2) 90.8(3) O(2)-Fe(l)-N(2) 175.6(4)
O(3)-Fe(l)-N(2) 91.3(4) O(l)-Fe(l)-N(3) 159.3(3)
O(2)-Fe(l)-N(3) 80.8(3) O(3)-Fe(l)-N(3) 108.5(4)
N(l)-Fe(l)-N(2) 78.9(4) N(l)-Fe(l)-N(3) 76.3(4)
N(2)-Fe(l)-N(3) 97.5(3) O(l)-Fe(2)-O(4) 94.2(3)
O(l)-Fe(2)-O(5) 98.0(3) 0(4)4負 2*0(5) 95.5(3)
O(l)-Fe(2)-N(4) 89.1(3) O(4)-Fe(2)-N(4) 90.9(3)
O(5)-Fe(2)-N(4) 170.0(3) O(l)-Fe(2)-N(5) 87.5(3)
O(4)-Fe(2)-N(5) 169.9(4) O(5)-Fe(2)-N(5) 94.2(4)
O(l)-Fe(2)-N(6) 163.8(4) O(4)-Fe(2)-N(6) 84.9(3)
O(5)-Fe(2)-N(6) 98.2(4) N(4)-Fe(2)-N(5) 79.1(4)
N(4)-Fe(2)-N(6) 74.8(4) N(5)-Fe(2)-N(6) 90.7(3)
C(l)-O(l)-Fe(l) 119.3(6) C(l)-O(l)-Fe(2) 123.6(6)
Fe(l)-O(l)-Fe(2) 116.9(4) C(35)-O(2)-Fe(l) 134.6(9)
C(37)-O(3)-Fe(l) 137.0(8) C(37)-O(4)-Fe(2) 133.7(8)
C(35)-O(5)-Fe(2) 132.9(8) C(7)-N(l)-C(8) 111.4(9)

those (2.090 and 1.943 A) of [FenFeinBPMP(OPr)2](BPh4)2 
(2).” The structure of 1 is confirmed as the mixed-valence 
nature of this dinuclear complex by exhibiting discrete Fe11 
and Fe111 centers. Interestingly, both nitrogen atoms of 6- 
methylpyridyl ring are trans to oxygen atom of bridged

Greek letters designate positions of pyridyl rings.

Table 3. Is아ropic shifts and experimental relaxation times of 1
Peak Chemical shift (ppm) Tlexp (ms)

CH2(Ae) 368 nd
CH2(Aa) 77 0.8
CH2(Be) 176 3.3
CH2(Ba) 43 1.3
CH2(Ce) 266 10
CH2(Ca) 47 0.9

ft 78 17
y 12 30

iCH3 21.5 13
a -25 3.1
Pl' 176 3.3

y 74 15
0.5 nd

phenolate and are pointing down and away each other. The 
Fe「N3 and Fe2-N6 bond distances in the complex 1 are long
er than those of the complex 2. In addition, the bond angle 
Fe-O-Fe is also bigger than that of [FenFemBPMP(OPr)2] 
(BPh4)2 (2), [FeHFeinBIMP(OAc)2](BPh4)2 (3), and 
[FenFeniBZIMP(OAc)2](BPh4)2 (4).20-23 These results are 
presumably due to the steric effect of the methyl sub
stituents on the pyridine ring.30 In the previous (g-phenoxo) 
diiron complexes 2, 3, and 4 with similar triply bridged 
cores, the metal-metal separation is constrained by the car
boxylate bridges to be less than 3.45 A. However, the Fe- 
Fe distance in the complex 1 of 3.473 A is longer than 
those of previous (|i-phenoxo)mixed-valence complexes 2, 3, 
and 4 and is comparable to 3.52 A distance found in the 
reduced form of uteroferrin by EXAFS study.15

(P)

―^250 200 150

Figure 2. 'H NMR spectrum of 1 in CD3CN.

(d)



658 Bull. Korean Chem. Soc. 1998, Vol. 19, No. 6 Seon Hwa Yim et al.

Wavelength (nm)
Figure 4. Visible absorption spectrum of 1 in CH3CN 가 am
bient temperature. Inset: near IR spectrum of 1 in CH3CN.

NMR studies
NMR spectroscopy has been established as a useful 

probe of the structural and magnetic properties of the mixed- 
valence complexes.31 The NMR spectrum of the complex 1 
displays relatively sharp well-resolved resonances that span 
350 ppm range in chemical shift. The narrow line widths of 
the signals are consistent with the diiron (II, III) complex 
adopting the Tle of the fast electonic relaxation high-spin 
Fe11 center (Figure 2).32 Most of protons can be assigned by 
comparison of integration, T】values (Table 3), and COSY 
connectivities (Figure 3).

All twelve CH2 protons appear as six resonances (A^ Be, 
Ce, Aj,, Ba, Ca) with very short Ti values and two-proton in
tegrations each; the number of resonances observed sug
gests that there is a two-fold axis symmetry relating the two 
halves of the molecule. It is noted that、(365 ppm) peak 
is folded and appears at 35 ppm due to the limit of spectral 
width. Thus, the six CH2 resonances would arise in the half
molecule from the two protons on the phenolate backbone 
and the four protons associated with the pyridyl anns. The 
COSY spectrum of 1 (Figure 3) shows several cross peaks 
of the pyridyl (叫康，Y) and 6-methylpyridyl (pB p2, Y) 
pendants present in the complex. However, a protons of the 
pyridyl ring being too close to the metal centers have 
values too short to permit its connectivity to the cor
responding p protons to be observed; we assign them to re
maining unassigned features with appropriately values. 
Also, the CH3 proton peak of the 6-methylpyridine is ob
served at -25 ppm with short value. In addition, the 
CH3 protons of the bound acetate and CH3 protons of the 
bridged phenolate were found at 71 ppm and 66 ppm, 
respectively, similar to those of [FenFemBPMP(OPr)2](BPh4)2.21

The analysis of the assignments reveals that only 17 dis
tinct signals are observed, indicating that electron transfer 
between the metal centers is faster than the NMR time scale 
and thus, there is a two-fold axis symmetry relating the two 
halves of the molecule in the solution. Therefore, complex 1 
is valence-detrapped and belongs to the class II mixed- 
valence complex according to the Robin-Day classification.33

Electronic Absorption Spectra
[FenFeinBPLMP(OAc)2](BPh4)2 (1) is air-stable bluish 

green solid. Complex 1 exhibits strong absorption band at 
592 nm in CH3CN (e=1.0x 103) as 아iown in Figure 4. This 
band is due to the charge transfer transition from filled pn or
bitals of phenolate oxygen to the half filled dn* orbitals of 
the Fem center. All the (|i-phenoxo)mixed-valence complexes 
display phenolate-to-Fe(III) charge transfer transition. For ex
ample, similar charge transfer bands are observed at 523, 
554, and 570 nm for [FenFeinBPMP(OPr)2](BPh4)2,21 [FenFeni- 
BIMP(OAc)2](BPh4)2,22 and
respectively. Interestingly, complex 1 also exhibits a broad 
band at 1380 nm(£느3.0xl()2) in the near-IR region. Since 
diferrous and diferric complexes do not show any near-IR 
bands, it can be assigned to intervalence charge-transfer tran
sition which is a characteristic of mixed-valence complex.34

Electrochemistry
Cyclovoltammogram of complex 1 in acetonitrile is 

shown in Figure 5. Complex 1 displays two quasireversible 
one-electron redox processes corresponding to the Fe%/ 
FenFeni and FenFera/Fen2 couples at 0.655 and - 0.085 V vs. 
SCE, respectively. These values are slightly shifted to ne
gative potential than that of [FenFeinBPMP(OAc)2](BPh4)2.20 
This slightly cathodic shifted potential of complex 1 reflects 
the effect of electron-donating ability of methyl substituents 
of the 6-methylpyridine rings.

We have detennined the thermodynamic stability of the 
mixed-valence form by evaluating its comproportionation 
constant (Komp) for the equilibrium;

[Fen,2BPLMP(OAc)2]3+ + [Fen2BPLMP(OAc)2]+
K

2[FenFeniBPLMP(OAc)2]2+ (1)

AE = (RT/nF)ln (2)
The large value of AE (0.74 V) of complex 1 yields 瓦响= 

3.3 X 1012 which indicates a substantial stability of the 
FenFem complex over its corresponding Fen2 or Fein2 com
plexes. Interestingly, the comproportionation constant of 
complex 1 is slightly larger than those of reported phenoxo
bridged complexes, [FenFemBPMP(OPr)2]2+ (KcOmp=7.5x 1011)
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Figure 5. Cyclic voltammogram of complex 1 versus SCE in 
CH3CN with 0.1 M TBACIO4 under argon using a 100 mV/sec 
scan rate. The reversible oxidative wave near 1000 mV is due to 
the oxidation of the BPh^ counter anion.

and [FenFemBIMP(OAc)2]2+ (^=1 x 1011).21'22 The struc
tural effects, and Coulombic interactions are the most prob
able factors that determine the different stabilization for 
complex 1 when compared with [FenFemBPMP(OPr)2]2+.35

Magnetic properties
EPR spectroscopy has been very useful for characterizing 

the diiron (II, III) centers in the dinuclear metal complexes 
and proteins.36 These centers exhibit a signal with gav < 2.0, 
which is indicative of antiferromagnetic coupling between 
high-spin Fem (Sx=5/2) and high-spin Fe11 (S2=2), resulting 
in an Stotal=l/2 ground state.37 Complex 1 exhibits a broad 
intense EPR signal centered near g그 1.55 with very weak sig
nals at g=4.3 (Figure 6). A similar broad signal near g드 1.6 
has also been reported in [FenFeraBPMP(OPr)2]+ complex.21

In order to understand the magnetic property of complex 
1, the variable-temperature magnetic susceptibility data of 1 
in the solid state, collected in the temperature range 5-195 
K, were obtained (Figure 7). The plot shows typical process

Magnetic Field (gauss)
Figure 6. EPR spectrum of a frozen solution of 1 in CH3CN at 
4 K. Instrumental parameters: microwave frequency, 9.42 GHz; 
power, 5 mW; modulation frequency, 100 kHz; modulation am
plitude, 5.08; gain, 2.5x 104.
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Figure 7. Plot of the magnetic susceptibility of powder sample 
as functions of temperature for 1. The solid line resulted from a 
least-squares fit of the data.

of antiferromagnetically coupled system. The data were fitt
ed by using the expression for molar susceptibility versus 
temperature from the following spin Hamiltonian38:

H +£[Q(S凌-必,(S,+l))+Ej(SA&)+僞,g, H] (3)

where, J is the isotropic exchange coulping constant, S de
notes spin 아ate (S『2 and S2=5/2), and Z), and 氏 are the ax
ial and rhombic zero-field splitting parameters. The final 
parameter set of the best fit was found to be J=- 4.6 cm-1, 
gi=2.02, Dr= - 9.27 cm \ g2=2.00 (fixed), and f>2=0-00 cm-1 
(fixed) with EJD^O.113 and E2/D2=0.333. The coupling 
constant for 1 (J=-4.6 cm1) consistents with the EPR 
data and represents the typical range for |i-phenoxo or |i-al- 
koxo bridged diiron (II, III) system with a weak anti
ferromagnetic coupling.21~29 Magnetic susceptibility result is 
consistent with the EPR data of 1.

Summary

we have synthesized and characterized [FenFeniBPLMP 
(OAc)2](BPh4)2 (1), as a new model of the reduced form of 
the purple acid phosphatases, in order to investigate the ef
fect of the subtle change in the structure by introducing the 
substituents to the dinucleating ligand. Complex 1 exhibits 
the quite interesting features in terms of structural and phy
sical properties due to the steric effect of the methyl sub
stituents on the pyridine ring.

The analysis of the NMR assignments reveals that the 
electron transfer between the metal centers is faster than the 
NMR time scale. Complex 1 exhibits a broad EPR signal 
centered near g=L55 which is a characteristic feature of the 
antiferromagnetically coupled high-spin FenFeni complex. 
The magnetic susceptibility study shows the weak an
tiferromagnetic coupling (7=- 4.6 cm1) between Fe11 and 
Fe111 center. As a result, complex 1 is valence-detrapped and 
belongs to the class II mixed-valence complex according to 
the Robin-Day classification. Therefore, the dependence of 
the physical properties on the bridging and terminal ligands 
in the model complexes should provide important insights 
into the magnetic and electronic interaction of such dinu
clear iron centers surrounded with hydrophobic packet am
ino acid residues in biological systems. The studies of the 
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phosphate binding ability of complex 1 and its reactivity are 
in progress in our laboratory and will be the subject of fu
ture reports.

Acknowledgment. This work has been supported by 
the Korea Science and Engineering Foundation (Grant No. 
96-0501-01-01-3) and the Basic Science Research Institute 
Program (Project No. BSRL97-3407).

Supplementary Material Available： Tables of 
atomic coordinates, equivalent Isotropic displacement 
parameters, complete bond lengths and bond angles for 
[FenFeinBPLMP(OAc)2](BPh4)2 (1). Ordering information is 
given on any current masthead page.

References

1. For recent reviews of these enzymes, see: (a) Sanders- 
Loehr, J. in Iron Carriers and Iron Proteins^ Loehr, T. 
M., Ed.; VCH Publishers: New York, 1989; Vol. 5, 373- 
466. (b) Que, L., Jr.; True, A. E. Prog. Inorg. Chem. 
1990, 38, 97-200. (c) Vincent, J. B.; Oliver-Lilley, G. 
L.; Averill, B. A. Chem. Rev. 1990, 90, 1447-1467. (d) 
Anderson, K. K.; Gruslund, A. Advances in Inorganic 
Chemistry, 1995, 43, 359-408. (e) Wilcox, D. E. Chem. 
Rev. 1996, 96, 2435-2458.

2. Davis, J. C.; Lin, S. S.; Averill, B. A. Biochemistry 
1981, 20, 4062-4067.

3. Antanaitis, B. C.; Aisen, P. J. Biol. Chem. 1982, 257, 
1855-1859.

4. (a) Antanaitis, B. C.; Aisen, P. Adv. Inorg. Biochem. 
1983, 5, 111-136. (b) Antanaitis, B. C.; Strekas, T.; 
Aisen, P. J. Biol. Chem. 1982, 257, 3766-3770.

5. Averill, B. A.; Davis, J. C.; Burman, S.; Zirino, T.; San
ders-Loehr, J.; Loehr, T. M.; Sage, J. T.; Debrunner, P.
G. J. Am. Chem. Soc. 1987, 109, 3760-3767.

6. Dietrich, M.; Miinstemmann, D.; Suerbaum, H.; Witzel,
H. Eur. J. Biochem. 1991, 199, 105-113.

7. Kauzlarich, S. M.; Teo, B. K.; Zirino, T.; Burman, S.; 
Davis. J. C.; Averill, B. A. Inorg. Chem. 1986, 25, 
2781-2785.

8. Crowder, M. W.; Vincent, J. B.; Averill, B. A. Biochem
istry 1992, 31, 9603-9608.

9. Antanaitis, B. C.; Aisen, P. J. Biol. Chem. 1984, 259, 
2066-2069.

10. Lim, J. S.; Manuel, A. S.; Sykes, A. G. Inorg. Chem. 
1996, 35, 614-618.

11. Antanaitis, B. C.; Aisen, P.; Lilienthal, H. R. J. Biol. 
Chem. 1983, 258, 3166-3172.

12. Davis, S. S.; Que, L., Jr. J. Am. Chem. Soc. 1990, 112, 
6455-6463.

13. Pyrz, J. W.; Sage, J. T.; Debrunner, P. G.; Que, L., Jr. 
J. Biol. Chem. 1986, 261, 11015-11020.

14. Day, E. P.; David, S. S.; Peterson, J.; Dunham, W. R. 
Bonvoison, J. J.; Sands, R. H.; Que, L., Jr. J. Biol. 
Chem. 1988, 263, 15561-15567.

15. True, A. E.; Scarrow, R. C.; Randall, C. R.; Holz, R. C.; 
Que, L., Jr. J. Am. Chem. Soc. 1993, 115, 4246-4255.

16. (a) Lauffer, R. B.; Antanaitis, B. C.; Aisen, P.; Que, L., 
Jr. J. Biol. Chem. 1983, 258, 14212-14218. (b) Scarrow, 
R. C.; Pyrz, J. W.; Que, L., Jr. J. Am. Chem. Soc. 1990, 
112, 657-665. (c) Wang, Z.; Ming, L. J.; Que, L., Jr. 
Biochemistry 1992, 31, 5263-5268.

17. Crans, D. C.; Simone, C. M.; Holz, R. C.; Que, L., Jr.

Biochemistry. 1992, 31, 11731-11739.
18. Strater, N.; Klabunde, T.; Tucker, P.; Witzel, H.; Krebs, 

B. Science 1995, 268, 1489.
19. (a) Nordlund, P.; Sjoberg, B. M.; Eklund, H. Nature 

1990, 345, 593-598. (b) Wallar, B. J.; Lipscomb, J. D. 
Chem. Rev. 1996, 96, 2625-2657.

20. Suzuki, M.; U아】ara, A.; O아lio, H.; Endo, K.; Yanaga, 
M.; Kida, S.; Saito, K. Bull. Chem. Soc. Jpn. 1987, 60, 
3547-3555.

21. (a) Borovik, A. S.; Que, L., Jr. J. Am. Chem. Soc. 1988, 
110, 2345-2347. (b) Borovik, A. S.; Papaefthymiou, V.; 
Taylor, L. F.; Anderson, O. P.; Que, L., Jr. J. Am. 
Chem. Soc. 1989, 111, 6183-6195.

22. (a) Mashuta, M. S.; Webb, R. J.; McCusker, J. K.; 
Schmitt, E. A.; Oberhausen, K. J.; Richardson, J. F.; Bu
chanan, R. M.; Hendrickson, D. N. J. Am. Chem. Soc. 
1992, 114, 3815-3827. (b) Mashuta, M. S.; Webb, R. J.; 
Oberhausen, K. J.; Richardson, J. F.; Buchanan, R. M.; 
Hendrickson, D. N. J. Am. Chem. Soc. 1989, 111, 2745- 
2746.

23. Suzuki, M.; Oshio, H.; U아iara, A.; Endo, K.; Yanaga, 
M.; Kida, S.; Saito, K. Bull. Chem. Soc. Jpn. 1988, 61, 
3907-3913.

24. Borovik, A. S.; Murch, B. P.; Que, L., Jr.; Papaefthy- 
miou, V.; Miinck, E. J. Am. Chem. Soc. 1987, 109, 
7190-7191.

25. (a) Neves, A.; Erthal, S. M. D.; Drago, V.; Griesar, K.; 
Haase, W. Inorg. Chim. Acta. 1992, 197, 121-124. (b) 
Neves, A.; de Brito, M. A.; Vencato, I.; Drago, V.; 
Griesar, K.; Haase, W.; Mascarenhas, Y. P. Inorg. 
Chem. 1996, 35, 2360-2368.

26. Neves, A.; de Brito, M. A.; Vencato, I.; Drago, V.; Grie- 
sar, K.; Hasse, W. Inorg. Chim. Acta. 1993, 214, 5-8.

27. Neves, A.; de Brito, M. A.; Drago, V.; Griesar, K.; 
Haase, W. Inorg. Chim. Acta. 1995, 237, 131-135.

28. Krebs, B.; S아lepers, K.; Bremer, B.; Henkel, G.; Al- 
thaus, E.; Muller-Warmuth, W.; Griesar, K.; Haase, W. 
Inorg. Chem. 1994, 33, 1907-1914.

29. Nie, H.; Aubin, S. M. J.; Mashuta, M. S.; Wu, C. C.; 
Richardson, J. F.; Hendrickson, D. N.; Buchanan, R. M. 
Inorg. Chem. 1995, 34, 2382-2388.

30. Zang, Y.; Kim, J.; Dong, Y.; Wilkinson, E. C.; Ap- 
pelman, E. H.; Que, L., Jr. J. Am. Chem. Soc. 1997, 
119, 4197-4205.

31. Ming, L. J.; Jang, H. G.; Que, L., Jr. Inorg. Chem. 
1992, 31, 359-364.

32. Bertini, I.; Luchinat, C. NMR of Paramagnetic Molec
ules in Biological Systems; The Benjamin/Cummings 
Publishing Company, Inc. California 1986.

33. Robin, M. B.; Day, P. Adv. Inorg. Chem. and Radio- 
chem. 1967, 10, 247-422.

34. Creutz, C. Prog. Inorg. Chem. 1983, 30, 1-73.
35. Gagne, R. R.; Spiro, C. L.; Smith, T. J.; Hamann, C. A.; 

Thies, W. R.; Shuemke, A. K. J. Am. Chem. Soc. 1981, 
103, 4073-4081.

36. Wertz, J. E.; Bolton, J. R. in Electron Spin Resonance: 
Elementary Theory and Practical Applications; Mc
Graw-Hill, Inc.: 1972.

37. Miinck, E.; Debrunner, P. G.; Tsibris, J. C. M.; Gun- 
salus, I. C. Biochemistry 1972, 11, 855-863.

38. Day, E. P.; Kent, T. A.; Lindahl, P. A.; Miinck, E.; Or
me-Johnson, W. H. Roder, H.; Roy, A. Biophys. J. 
1987, 52, 837-853.


