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[FeIIFeIIIBPLNP(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)ami-
no)methyl]-4-nitrophenol (HBPLNP). Complex 1 has been studied by electronic spectral, NMR, EPR, SQUID,
and electrochemical methods. Complex 1 exhibits two strong bands at 498 nm (ε = 2.6 × 103 M−1cm−1) and
1363 nm (ε = 5.7 × 102 M−1cm−1) in CH3CN. These are assigned to phenolate-to-FeIII  and intervalence charge-
transfer transitions, respectively. NMR spectrum of complex 1 exhibits sharp isotropically shifted resonances,
which number is half of those expected for a valence-trapped species, indicating that electron transfer between
FeII and FeIII centers is faster than NMR time scale at room temperature. Complex 1 undergoes quasireversible
one-electron redox processes. The FeIII

2/FeIIFeIII  and FeIIFeIII /FeII
2 redox couples are at 0.807 and 0.167 V ver-

sus SCE, respectively. It has Kcomp= 5.9× 1010 representing that BPLNP/bis(acetato) ligand combination sta-
bilizes a mixed-valence FeIIFeIII  complex in the air. Interestingly, complex 1 exhibits intense EPR signals at g
= 8.56, 5.45, 4.30 corresponding to mononuclear high-spin FeIII  species, which suggest a very weak magnetic
coupling between the iron centers. Magnetic susceptibility study shows that there is a very weak antiferromag-
netic coupling (J = -0.78 cm−1, H = -2JS1 ⋅ S2) between FeII and FeIII  centers. Thus, we can suggest that complex
1 has a very weak antiferromagnetic coupling between the iron centers due to the electronic effect of the nitro
group in the bridging phenolate ligand.

Introduction

The purple acid phosphatases (PAP) constitute to a novel
class of non-heme metalloenzymes that catalyze the hydroly-
sis of various phosphate esters under weak acidic condition.1

Although they have been isolated from a variety of mamma-
lian, plant, and microbial sources, only the PAP enzymes
isolated from bovine spleen (BSPAP),2-8 porcine uterus
(uteroferrin),9-17 and red kidney been (KBPAP)18,19 have
been studied in some detail. Recently, a X-ray structure of
the KBPAP was reported having a heteronuclear FeZn unit
in the active site.18 However, the active sites of most PAPs
contain dinuclear iron centers with two accessible oxidation
states: a reduced FeIIFeIII  form (PAPred) and an oxidized
FeIIIFeIII  form (PAPox).1 The catalytically active FeIIFeIII

form is pink (λmax = 510 nm, ε = 4000 M−1cm−1), while the
inactive FeIIIFeIII  form is purple (λmax = 560 nm, ε = 4000
M−1cm−1).4,9-11 These bands are assigned as tyrosinate-to-
FeIII  charge transfer transitions which are confirmed by Res-
onance Raman study.5

The reduced form of uteroferrin (Ufred) exhibits rhombic
EPR signals at g = 1.94, 1.73, and 1.58, which is consistent
with an antiferromagnetically coupled high-spin FeII and
FeIII  center.6,11,12 In fact, magnetic susceptibility study shows
that the FeII and FeIII  center is weakly antiferromagnetically
coupled with J values ranging from -5 to -11 cm−1 (where, H
= -2JS1 ⋅ S2).5,14 When the phosphate binds to Ufred, EPR sig-
nal intensity of Ufred ⋅ PO4 diminishes, which is also consis-
tent with a weaker antiferromagnetic coupling (J ≈ -3.0 cm−1)

for Ufred⋅ PO4.12 Recent magnetic susceptibility study of th
FeIIIFeIII  form (Ufox) reveals a weak antiferromagnetic cou
pling (J > -15 cm−1), which indicates lack of µ-oxo bridge.8

Unfortunately, X-ray structure and analysis has not be
reported for the diiron PAP enzymes. However, EXAFS7,15

and NMR16 studies suggest that the iron center has an o
gen-rich coordination environment similar to that in ribon
cleotide reductase.20 It has also been suggested that iro
centers are bonded to 3.5 N/O donors at about 2.14 Å, wh
are likely associated with histidine and aspartate or glu
mate as well as a water molecule. A bridging hydroxo liga
has been suggested in the reduced form of the PAPs,
some controversy still exists on the nature of the bridg
ligands in the oxidized form.

A number of recent model studies focused on the prep
tion of phenoxo-containing multidentate ligands having py
dine,21,22 pyridine-lutidine,23 imidazole,24 benzimidazole,25

carboxylate,26 and pyridine-phenolate27-31 as pendant arms.
However, it is still very important to investigate the contro
ling factor of stabilization of mixed-valence states and t
characterization of the physical properties of mixed-valen
complexes. 

In this study, we have approached the subtle change in
structure by introducing the substituent to the dinucleat
ligand and investigated the physical properties of the mix
valence complex. We report the synthesis of the new di
cleating HBPLNP ligand and the spectral, electrochemic
and magnetic properties of the mixed-valence comp
[FeIIFeIIIBPLNP(OAc)2](BPh4)2 (1) as a new model for the
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reduced form of the purple acid phosphatases. 

Experimental Section

All reagents and solvents were purchased from commer-
cial 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(bromomethyl)-4-nitrophenol
and (2-pyridylmethyl)(6-methyl-2-pyridylmethyl)amine (PLA)
was prepared by following previously reported procedure.21,23

Microanalysis was performed by Korean Basic Science
Research Institute, Seoul.

2,6-bis[((2-Pyridylmethyl)(6-methyl-2-pyridylmethyl)-
amino)methyl]-4-nitrophenol (HBPLNP): This ligand was
synthesized by the literature method22 with the following
modification. Under N2 atmosphere, a mixture of (2-pyridyl-
methyl)(6-methyl-2-pyridylmethyl)amine (4.3 g, 20 mmol)
and triethylamine (3.0 mL, 20 mmol) in 20 mL THF was
added dropwise to a stirred THF solution of 2,6-bis(bromo-
methyl)-4-nitrophenol (3.25 g, 10 mmol) at 0 oC. When the
addition was completed, the mixture was allowed to warm to
room temperature. After 3 days, the above mixture was fil-
tered to remove the ammonium salt, and the filtrate was con-
centrated under reduced pressure. The residue was dissolved
in 40 mL of water, and the product was extracted with three
40 mL portions of CH2Cl2. The extract was washed with
brine, and dried over anhydrous MgSO4. The crude product
was purified by column chromatography (ethylacetate :
ethanol = 1 : 1) to afford a yellow oil (70% yield). 1H NMR
(300 MHz, CDCl3): 2.55 (s, 6H, lutidyl-CH3), 3.84, 3.87,
3.90 (s, s, s, 4H, 4H, 4H, Ar-CH2, lutidyl-CH2, pyridyl-CH2),
7.00, 7.16, 7.27, 7.50, 7.62, 8.51 (d, t, d, d + t, t, d, 2H, 2H,
2H, 4H, 2H, 2H, lutidyl-Hs and pyridyl-Hs). 8.20 (s, 2H, Ar-
Hs).

[FeII FeIII BPLNP(OAc)2](BPh4)2 (1): A solution of 0.15 g
(0.25 mmol) of HBPLNP in 10 mL methanol was treated
with a solution of 0.202 g (0.50 mmol) of Fe(NO3)3 ⋅ 9H2O
in 5 mL methanol to yield a reddish-brown solution. After

30 min stirring at room temperature, 0.063 g (0.77 mm
sodium acetate was added to above solution. After 1 h
stirring at room temperature, metathesis with 0.194 g (0
mmol) of sodium tetraphenylborate resulted in the imme
ate precipitation of the reddish-brown product. The cru
product was purified by the vapor diffusion of ether into t
CH3CN solution of complex 1. FAB+-Mass m/z: 1133.3.
Anal. Calcd. for [FeIIFeIIIBPLNP(OAc)2](BPh4)2, C86H80B2-
Fe2N7O7: C, 70.90; H, 5.53; N, 6.73. Found: C, 70.53; H
5.21; N, 6.87.

Physical Measurements. 1H NMR spectra were obtained
on Varian Mercury 300 and Unity plus 600 spectromete
The paramagnetic 1H NMR spectra were obtained using 
90o pulse with 16K data points. An inversion-recovery pul
sequence (180o-τ-90o-AQ) was used to obtain non-selectiv
proton relaxation times (T1). A typical magnitude 1H-COSY
spectrum was collected with 1024 data points in t2 and 256
data points in t1 with a band width of 10 kHz and a repetitio
time of < 0.2 s. A zero-degree shifted sine bell was appl
in both dimensions and zero-filled to 2048 t2 × 2048 t1 data
points prior to Fourier transformation and symmetrizatio
In this study, cross signals from pairs of signals with <
ppm in a spectral width of ~30 ppm could be clearly reco
nized under proper processing procedures. Electronic s
tra were measured on a Hewlett-Packard 8453 biochem
analysis UV/Visible spectrophotometer. Near-IR spectru
was recorded with Varian Cary 5G spectrophotometer. 
band EPR measurements were performed with Bruker E
300S spectrometer equipped with an Oxford liquid heliu
cryostat. Electrochemical studies were performed with
BAS 50W electrochemical analyzer (Biochemical System
Inc., West Lafayette, IN). All electrochemical experimen
were done under argon at ambient temperature in CH3CN
solutions with 0.1 M tetrabutylammonium perchlorate as t
supporting electrolyte. Cyclic voltammogram was obtain
by using a three-component system consisting of a platin
net working electrode, a platinum wire auxiliary electrod
and a BAS Ag/Ag+ or saturated calomel reference electro

Figure 1. 1H NMR spectrum of complex 1 in CD3CN.
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containing a vycor tip plug to separate it from the bulk solu-
tion. The ferrocenium/ferrocene couple was used to monitor
the reference electrode.

Results and Discussion

1H NMR studies. 1H NMR spectroscopy has been estab-
lished as a useful probe of the structural and magnetic pro-
perties of the mixed-valence complexes.32 The NMR spec-
trum of 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 T1e of the fast electronic
relaxation high-spin FeII center (Figure 1).33 Most of protons
are assigned by comparison of integration, T1 values (Table
1), COSY connectivities (Figure 2), and the comparison
with a previous reported [FeIIFeIIIBPMP(OPr)2](BPh4)2

22

and [FeIIFeIIIBPLMP(OAc)2](BPh4)2
23.

All twelve CH2 protons appear as six resonances (Ae, Be,
Ce, Aa, Ba, Ca) with very short T1 values and two-proton inte-
gration each. The number of resonances observed sug
that there is a two-fold axis symmetry relating the two halv
of the molecule. Thus, the six CH2 resonances would arise in
the half-molecule from the two protons on the phenola
backbone and the four protons associated with the pyr
pendant arms. The COSY spectrum of complex 1 (Figure 2)
shows several cross peaks of the pyridyl (β1, γ1, β1′ ) and 6-
methylpyridyl (β2, γ2, β2′ ) pendants protons. However, α
protons of the pyridyl ring are being very close to the me
centers. Thus, T1 values are too short to permit its connecti
ity to the corresponding β protons to be observed. We assig
them to remaining unassigned features with appropriately1

values. The CH3 proton peak of the 6-methylpyridyl moiety
is observed at -26 ppm with short T1 value. In addition, the
CH3 protons of the bound acetate was found at 74 ppm s
lar to those of [FeIIFeIIIBPMP(OPr)2](BPh4)2

22 and [FeIIFeIII -
BPLMP(OAc)2](BPh4)2.23

The analysis of the peak assignments reveals that only
distinct signals are observed, indicating that there is a tw
fold axis symmetry relating the two halves of the molecu
in the solution and the electron transfer rate between 
metal centers is faster than the NMR time scale at room t
perature. Therefore, complex 1 is valence-detrapped and
belongs to the class II mixed-valence complex according
the Robin-Day classification.34

Electronic Absorption Spectra. [FeIIFeIIIBPLNP(OAc)2]-
(BPh4)2 (1) is an air-stable reddish-brown solid. Complex1
exhibits strong absorption band at 498 nm in CH3CN (ε =
2.6× 103 M−1cm−1) as shown in Figure 3. This band is orig
nated from the charge transfer transition from filled pπ orbit-
als of phenolate oxygen to the empty dπ* orbitals of the FeIII

metal center. All the previous (µ-phenoxo)mixed-valence
complexes display the similar phenolate-to-Fe(III) char
transfer transition. However, complex 1 has the most blue-
shifted one among the previous phenoxo-bridged mix
valence diiron(II,III) complexes: [FeIIFeIIIBPMP(OPr)2]-
(BPh4)2 (523 nm),22 [FeIIFeIII BPLMP(OAc)2](BPh4)2 (592

Table 1. Isotropic shifts and experimental relaxation times of
complex 1

Peak Chemical shift (ppm) T1exp (ms)

CH2(Aa) 68
CH2(Be) 283 0.73
CH2(Ba) 49 0.71
CH2(Ce) 186 0.93
CH2(Ca) 44 0.86

β1 76 10.0
γ1 1.8 31.5
β1′ 65 8.5

CH3(lu) -26 1.5
β2 85 12.7
γ2 12 21.5
β2′ 66 8.5
α 185

Greek letters designate positions of pyridyl and lutidyl rings.

Figure 2. COSY spectrum of complex 1 in CD3CN.

Figure 3. Visible absorption spectrum of complex 1 in CH3CN at
ambient temperature. Inset: near IR spectrum of complex 1 in
CH3CN.
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nm),23 [FeIIFeIIIBIMP(OAc)2](BPh4)2 (554 nm),24 and [FeII-
FeIIIBZIMP (OAc)2](BPh4)2 (570 nm).25 This is probably
due to the electron-withdrawing effect of the nitro group in
the bridging phenolate. Interestingly, complex 1 exhibits a
broad band at 1363 nm (ε = 5.7× 102 M−1cm−1) in the
near-IR region and this transition is similar to that of the
[FeIIFeIIIBPLMP(OAc)2] (BPh4)2

 (λmax = 1380 nm, ε =
3.0× 102 M−1 cm−1).23 Since defers and differed complexes
do not show any near-IR bands, it can be assigned to the
intervalence charge-transfer transition which is a character-
istic of mixed-valence complexes.35

Electrochemistry. Cyclovoltammogram of complex 1 in
CH3CN is shown in Figure 4. Complex 1 displays two quasi-
reversible one-electron redox processes corresponding to the
FeIII

2/FeIIFeIII  and FeIIFeIII /FeII
2 couples at 0.807 and 0.167 V

vs. SCE, respectively. The first redox couple value is some-
what obscure due to the irreversible oxidative wave of the
BPh4 counter anion near 1000 mV. These values are slightly
shifted to positive potential than those (0.655 and -0.085 V)
of [FeIIFeIII BPLMP(OAc)2](BPh4)2.23 This anodic shift of
complex 1 reflects the effect of the electron-withdrawing
ability of nitro substituent of the bridging phenolate moiety. 

We have determined the thermodynamic stability of the
mixed-valence complex by evaluating its comproportion-
ation constant (Kcomp) for the equilibrium;

[FeIII
2BPLNP(OAc)2]3+ + [FeII

2BPLNP(OAc)2]+

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

∆E = (RT/nF) ln Kcomp (2)

The large value of ∆E (0.64 V) of complex 1 yields Kcomp

= 5.9× 1010 which indicates a substantial stability of the
mixed-valence FeIIFeIII  complex over its corresponding FeII

2

or FeIII
2 complexes. Interestingly, the comproportionation

constant of complex 1 is slightly smaller than those of
reported phenoxo-bridged mixed-valence complexes, [FeII-
FeIIIBPMP(OPr)2]2+, [FeIIFeIIIBPLMP(OAc)2]2+, and [FeII-

FeIIIBIMP(OAc)2]2+ (Kcomp= 7.5× 1011, 3.3× 1012, 1× 1011,
respectively).22-24 The structural effects, electronic effects
and coulombic interactions are the most probable factors 
determine the different stabilization for complex 1 from the
comparison with [FeIIFeIIIBPLMP(OAc)2]2+ and [FeIIFeIII -
BPMP(OPr)2]2+.36

Magnetic properties. EPR spectroscopy has been ve
useful for characterizing the electronic and magnetic prop
ties of the diiron(II,III) centers in the dinuclear metal com
plexes and proteins.37 When the high-spin FeII (S1 = 2) and
FeIII  (S2 = 5/2) centers are antiferromagnetically couple
they exhibit characteristic signals at gavg < 2.0 resulting from
a ground state (Stotal = 1/2).38 For example, [FeIIFeIIIBPMP
(OPr)2]+ and [FeIIFeIIIBPLMP(OAc)2]2+ complexes22,23 exhi-
bit broad signals near g = 1.60 and 1.55 due to the antiferro
magnetic coupling between the two iron centers. Surprisi
ly, complex 1 exhibits the intense EPR signals at g = 8.56,
5.45, 4.30 with a very weak signals in the region of g < 2.0
(Figure 5). These intense signals are originated from the mo
nuclear high-spin FeIII  (S= 5/2) center with almost axial sym

 
Kcomp

Figure 4. Cyclic voltammogram of complex 1 versus SCE in
CH3CN with 0.1 M TBAClO4 under argon using a 100 mV/sec
scan rate. The irreversible oxidative wave near 1000 mV is due to
the oxidation of the BPh4 counter anion.

Figure 5. EPR spectrum of a frozen solution of complex 1 in
CH3CN at 4 K. Instrumental parameters: microwave frequen
9.42 GHz; power, 5 mW; modulation frequency, 100 kHz; mod
lation amplitude, 5.08; gain, 2.5× 104. 

Figure 6. Plot of the magnetic susceptibility and effective magn
tic moment of powder sample as a function of temperature 
complex 1. The solid line resulted form a least-squares fit of t
data.
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metry (g = 8.56, 5.45) and rhombic symmetry (g = 4.30).
Thus, we can suggest that complex 1 has a very weakly anti-
ferromagnetic coupling between the FeII and FeIII  center.

In order to investigate the magnetic property of complex 1,
variable-temperature magnetic susceptibility data of com-
plex 1 in the solid state were obtained in the temperature
range 5-300 K (Figure 6). The data for molar susceptibility
versus temperature were fitted by using the following spin
Hamiltonian:39

H = -2JS1 ⋅ S2 + [Di (Szi
2-1/3Si(Si+1)) + Ei (Sxi

2-Syi
2) 

+ βSi gi H] (3)

where, J is the isotropic exchange coupling constant, Si

denotes spin state (S1 = 2 and S2 = 5/2), and Di and Ei are the
axial and rhombic zero-field splitting parameters. The final
parameter set of the fit was found to be J = -0.78 cm−1, g1 =
2.01, D1 = -13.2 cm−1, g2 = 2.00 (fixed), and D2 = 0.00 cm−1

(fixed) with E1/D1 = 0.15. This is quite different result from
the previous [FeIIFeIIIBPMP(OAc)2](BPh4)2 and [FeIIFeIII -
BPLMP(OAc)2](BPh4)2 complexes that show weak antiferro-
magnetic couplings (J ≈ -5.0 cm−1 and J = -4.6 cm−1, respec-
tively). In addition, the observed effective magnetic moment
(µeff = 6.55 BM) is slightly smaller than the value of the
magnetically uncoupled high-spin FeII and FeIII  system (spin
only value: µeff = [g(S1(S1 + 1) +S2(S2 + 1))]1/2 = 7.68 BM).
Thus, complex 1 has a very weak antiferromagnetic cou-
pling (J = -0.78 cm−1) that is consistent with EPR data. This
unusual magnetic behavior is due to the electron-withdraw-
ing effect of the nitro group in the bridging phenolate
moiety. Therefore, we can suggest that the major magnetic
exchange interaction pathway between the iron centers is the
oxygen atom of the bridged phenolate ligand.

Summary

We have synthesized and characterized [FeIIFeIIIBPLNP
(OAc)2](BPh4)2 (1), as a new model of the reduced form of
the purple acid phosphatases, in order to investigate the
effect of the subtle change in the structure and electronic
environment by introducing the methyl substituent on the
pyridyl ring and electron-withdrawing effect of the nitro
substituent on the bridged phenolate moiety.

The analysis of the NMR assignment reveals that the elec-
tron transfer rate between the iron centers is faster than the
NMR time scale at room temperature. As a result, complex 1
is valence-detrapped and belongs to the class II mixed-
valence complex according to the Robin-Day classification.
However, complex 1 exhibits intense EPR signals at g = 8.56,
5.45, 4.30, corresponding to mononuclear high-spin FeIII sys-
tem. This is a very unusual feature of the mixed-valence FeII-
FeIII system. The magnetic susceptibility study shows a very
weak antiferromagnetic coupling (J = -0.78 cm−1) that is con-
sistent with EPR data. This unusually weak antiferromag-
netic coupling is due to the electron-withdrawing effect of
the nitro group in the bridged phenolate moiety. Thus, we
can suggest that the oxygen atom of the bridged phenolate
ligand is the major pathway of the magnetic exchange inter-

action between the iron centers. Therefore, the depende
of the physical properties on the bridging and termin
ligand environment in the model complexes can prov
important insights into the electronic and magnetic inter
tion of such dinuclear iron centers surrounded with hyd
phobic packet amino acid residues in biological systems.
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