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Novel Fd'Fée'" and FéFe!" complexes [FEBBPMP)u-OAc)(u-X)]" (1, X = OAc™,n=1+;2, X =0H",n=

1+; 3, X = OAc™, n = 0; 4, X = OH~, n = 0), where BBPMP" is the anion of 2,6-bis[(2-hydroxybenzyl)(2-
pyridylmethyl)aminomethyl]-4-methylphenol, and OAts acetate, were prepared in order to provide models for
the active site of purple acid phosphatases (PAPs). Comiplexs obtained by the reaction oBBPMP with
Fe(ClQy),-6H,0 in methanol and sodium acetate trihydrate under ambient conditions, while cofples
synthesized as described forunder an argon atmosphere with low levels of dioxyg@nwas isolated froni

in acetonitrile by a substitution of the bridging acetate group by hydroxide, whilas generated in solution
during a spectropotentiostatic experimentrunder argon. Compleg, [Fe€";(BBPMP)u-OACc),]ClO4-H,0,

has been characterized by X-ray crystallography. Crystal data: monoclinic, spacégitym = 14.863(5) A,

b = 12.315(3) A,c = 20.872(8) A8 = 90.83(3}, Z = 4. IR, Mossbauer, magnetic, electronic absorption, and
electrochemical properties -3 have been investigated, and some of these properties represent a contribution
to the understanding of the dinuclear iron center of PAPs. Comp&xg=" ,(BBPMP){u-OAc)(u-OH)]CIO,
(Amax = 568 nmé = 4760 Mt cm™1), and4 [F€'Fe'' (BBPMP)u-OACc)(u-OH)] (Amax = 516 nmé = 4560 M1

cm™Y), constitute good synthetic analogues for the chromophoric site for the oxidized and reduced forms,
respectively, of the enzyme.

Introduction activity* These bands are assigned as being tyrosinate-to-iron-
. . {III) charge transfer transitiorfs.Resonance Raman spectra of
Purple acid phosphatases (PAPs) constitute a novel class Okpe purple and pink forms, using visible excitation, confirm the
metalloenzymes that catalyze the hydrolysis of certain phosphateyesence of tyrosine ring modesAn intense rhombic EPR
esters, including nucleoside di- and triphosphates and aryl signa| withg values of 1.94, 1.73, and 1.58, observed in PAPr
phosphates, under acidic conditidn#though they have been 5t temperatures less than 30 K, is consistent with an antiferro-
isolated from a variety of mammalian, plant, and microbial magnetically coupled high-spin Hee" (S = 1/,) center®
sources, only the enzymes isolated from bovine spleen andyjagnetic measurements revealed that thedred F&' centers

porcine uterine fluids (uteroferrin) have been studied in some 516 weakly coupled wittd values ranging from-5 to —11
detail'? The active site of these PAPs consists of a homo- c-157 Moreover. a value of] = —3.0 el has been

nuclear diiron center with two accessible oxidation states: an ggaplished for the reduced phosphate complex on the basis of
oxidized F&'Fe" form (PAPo) and a reduced 'Hegd" form SQUID magnetization studis.

(PAPN)? PAPo s purple, characterizedlby a_gypical absorption  For the oxidized form, a strong antiferromagnetic coupling
maximum at 556-570 nm € = 4000 M* cm™), EPR silent, (3 > _150 cnr?) has been estimated from SQUID magnetiza-

and enzymaticallly inacti\l/e, ‘i"lh”e PAPT is pink witthax at tion measurements. These data suggest that the two Fe(lll)
505-515 nm € = 4000 M~ cm™) and exhibits acid phophatase  5ioms should be mediated by ;aoxo bridge. However,

EXAFS® and resonance Raman studieto not show any

® Abstract published irAdvance ACS Abstractddarch 1, 1996. evidence for the existence of such a bridge. In addition, a recent
(1) (a) Vincent, J. B.; Olivier-Lilley, G. L; Averill, B. A.Chem. Re.
1990,90, 1447. (b) Vincent, J. B.; Averill, B. AFASEB J 1990,4, (4) (a) Antanaitis, B. C.; Aisen, PAdv. Inorg. Biochem1983 5, 111.
3009. (c) Doi, K.; Antanaitis, B. C.; Aisen, Btruct. Bonding (Berlin) (b) Antanaitis, B. C.; Strekos, T.; Aisen, P.Biol. Chem1982 257,
1988,70, 1. (d) Que, L., Jr.; True, A. EProg. Inorg. Chem199Q 3766.
38, 97. (5) Averill, B. A.; Davis, J. C.; Buerman, S.; Zirino, T.; Sanders-Loehr,
(2) (a) Antanaitis, B. C.; Aisen, Rl. Biol. Chem 1984 259, 2066. (b) J.; Loehr, T. M.; Sage, J. T.; Debrunner, P. 5.Am. Chem. Soc.
Antanaitis, B. C.; P. AisenJ. Biol. Chem 1982 257, 1855. (c) 1987 109, 3760.
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(3) (@) Chen, T. T.; Bazer, F. W.; Cetorelli, J. J.; Polland W. E.; Roberts, (7) Day, E. P.; David, S. S.; Peterson, J.; Dunham, W. R.; Bonvoisin, J.
R. M. J. Biol. Chem1973 258 8560. (b) Campbell, H. D.; Dionysius, J.; Sands, R. H.; Que, L., Ji. Biol. Chem.1988 263 15561.
D. A.; Keough, D. T.; Wilson, B. F.; de Jersey, J.; ZernerBiachem. (8) Kauzlarich, S. M.; Teo, B. K.; Zirino T.; Burman, S.; Davis, J. C;
Biophys. Res. Commuh978 82, 615. Averill, B. A. Inorg. Chem.1986 25, 2781.
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From the above information one can see that the coordination

reveals an antiferromagnetic coupling constant 1 order of environment of the dinuclear core of PAPs is not entirely

magnitude smallerJ(= —15 cnt?), which indicates the lack
of u-oxo bridge? More recently, on the basis of the pH

defined, although the presence of some ligands has been
unequivocally established. Therefore, the synthesis and char-

dependence of activity of the EPR spectra and the visible acterization of novel dinuclear model complexes with relevant
spectral shifts of the phosphate-saturated PAPr and PAPo fromN,O-donor ligands (amine, phenolate, imidazole, and pyridine),
bovine spleen, a dinuclear iron center bridged by carboxylato capable of stabilizing both He and FéFe", continue being

and hydroxo groups was proposed by Witzel etal.
Mdéssbauer studies of PAPo from uteroferrin demonstrate

an important area of investigation. In a recent paper, a diphenyl
d phosphate-bridged analoguelofvas reported®" In this paper,

the presence of two distinct high-spin Fe(lll) centers with strong We report detailed data for two dinuclear iron(lll) complexes

distortions from octahedral symmetfy. The quantitative in-
terconversion of PAPo and PAPr and the similar ts

and their corresponding mixed-valence species with,@sN
donor dinucleating ligand which contains phenolate and pyridine

extinction coefficients found for both states indicate that &S Pendant arms. Some preliminary results of this work have

tyrosinate binds only to the iron center that remains trivalent.

The presence of histidine as a terminal ligand coordinated at

each metal site has been demonstrated by RMBnd pulsed

EPRS studies. From the coordination environment proposed

been already presentédt.

Experimental Section
Abbreviations: HzBIOMP, 2,6-bis[(((2-hydroxybenzyl)(1-meth-

for PAPs1612 it is clear that the presence of at least one ylimidazol-2-yl)methyl)amino)methyl]-4-methylphenol; HBPMP, 2,6-
phenolate group as a terminal ligand is required to obtain bis[(bis(2-pyridylmethyl)amino)methyl]-4-methylphenokBBPPNOL,

suitable biomimetic complexé$. In fact, a number of dinuclear

N,N '-bis(2-hydroxybenzyIN,N '-bis(2-pyridylmethyl-2-hydroxy-1,3-

synthetic analogues of PAPs containing polypodal ligands Propanediamine; ., 2,6-big [(2-hydroxyphenyl)(2-pyridylmethyl)-

having pyridinel®adk 1-methylimidazolé®ef pyridine—
phenolatd#15¢- and 1-methylimidazolephenolaté® as pen-
dant arms have been reported. However, most of these spec

amino]methy}-4-methylphenol; OPr, propionate; OAc, acetate; [TBA]-
[PFg], tetran-butylammonium hexafluorophosphate.
. Materials. Salicylaldehyde, 2-(aminomethyl)pyridinecresol, Fe-
Ie?CIO4)2-6H20, and [TBA][PF] were obtained from Aldrich Chemical

do not exhibit the characteristic spectral properties found in the ¢, Thionyl chioride and sodium acetate trihydrate were obtained from
purple acid phosphatases. Very recently, we published themerck. For the electrochemical, spectroelectrochemical, and spectro-

synthesis and physicochemical properties of the''f-e
(BBPPNOL){-OAC),] ™ complex® as a potential model for the
visible chromophore of PAPs. The oxidatiereduction chem-

istry of such complexes with stabilization of the mixed-valence

(FE'Fe") and oxidized (F¥,) forms appears to be very

informative, since the two forms of PAPs can be interconverted
by using oxidants such as ferricyanide and hydrogen peroxide

or reductants such as ascorbate and dithioerythrlectro-

chemical studies using coulometric techniques show that the

redox potentials for uteroferrin are 0.367 V at pH5.0 and
0.306 V at pH= 6.0 vs NHE, which indicates @aOH bridging
unity.”

(9) Gehring, S.; Fleischhauer, P.; Haase, W.; Dietrich, M.; WitzeBibl.

Chem. Hoppe-Seyld€r99Q 371, 786.

(10) Dietrich, M.; Minstermann, D.; Suerbaum, H.; Witzel, Bur. J.
Biochem.1991, 199 105.

(11) De Brunner, P. G.; Hendrich, M. P.; de Jersey, J.; Keough, D. T.
Sage, J. T.; Zerner, BBiochim. Biophys. Actd983 745, 103.

(12) Scarrow, R. C.; Pyrz, J. W.; Que, L., Jr. Am. Chem. Sod.99Q
112 657.

(13) Antanaitis, B. C.; Peisach, J.; Mims, W. B.; AisenJPBiol. Chem.
1985 260, 4572.
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S.; Saito, K.Bull. Chem. Soc. Jpr1987, 60, 3547. (b) Yan, S.; Que,
L., Jr.; Taylor, L. F.; Anderson, O. B. Am. Chem. S0d.988 110
5222. (c) Borovik, A. S.; Papaefthymiou, V.; Taylor, L. F.; Anderson,
O. P.; Que, L., JrJ. Am. Chem. Sod989 111, 6183. (d) Maeda, Y.;
Tanigawa, Y.; Matsumoto, N.; Oshio, H.; Suzuki, M.; Takashima, Y.
Bull. Chem. Soc. Jprl994 67, 125. (e) Mashuta, M. S.; Webb, R.

J.; Oberhausen, K. J.; Richardson, J. F.; Buchanan, R. M.; Hendrickson,

D. N.J. Am. Chem. S0d989 111, 2745. (f) Mashuta, M. S.; Webb,

R. J.; McCusker, J. K.; Schmitt, E. A.; Oberhausen, K. J.; Richardson,

J. F.; Buchanan, R. M.; Hendrickson, D. 8l.Am. Chem S0d.992

114, 3815. (g) Campbell, V. D.; Parsons, E. J.; Pennington, W. T.

Inorg. Chem.1993 32, 1773. (h) Krebs, B.; Schepers, K.; Bremer,
B,; Henkel, G.; Althaus, E.; Mier-Warmuth, W.; Griesar, K.; Haase,
W. Inorg. Chem1994 33, 1907. (i) Bernard, E.; Moneta, W.; Laugier,

J.; Chardon-Noblat, S.; Deronzier, A.; Tuchagues, J.-P., Latour, J.

M. Angew. ChemInt. Ed. Engl 1994 33, 887. (j) Nie, H.; Aubin, S.

M. J.; Mashuta, M. S.; Wu, C.-C.; Richardson, J. F.; Hendrickson, D.

N.; Buchanan, R. MInorg. Chem.1995 34, 2382. (k) Shepers, K.;
Bremer, B.; Krebs, B.; Henkel, G.; Althaus, E.; Mosel, B.; Mt
Warmurth, W.Angew. Chem., Int. Ed. Engl990,29, 531.

(16) Neves, A,; Erthal, S. M. D.; Drago, V.; Griesar, K.; Haase |iérg.
Chim. Actal992 197, 121.

scopic studies, high-purity solvents were used as received from Merck.
High-purity argon was used to deoxygenate the solutions. All other
chemicals and solvents were reagent grade.

Syntheses. 2,6-Bis(chloromethyl)-4-methylphenol was prepared as
previously describetb*

HBPA, (2-Hydroxybenzyl)(2-pyridylmethyl)amine. A mixture of
2-(aminomethyl)pyridine (16.30 g, 151 mmol) and salicylaldehyde
(18.56 g, 151 mmol) in 30 mL of methanol was stirred for 15 min at
room temperature. After slow addition of NaBk2.0 g, 52.8 mmol)
at 0 °C, the solution was concentrated under reduced pressure. The
residue was dissolved in 50 mL of water, and the product was extracted
with chloroform (6 x 50 mL). The combined organic phases were
washed with brine, dried over anydrous MgS@hich was filtered
off, and concentrated under reduced pressure. After a few days at room
temperature, X-ray-quality crystals of HBPA were obtained. Yield:
18.5 g; 59%. Mp= 62°C. Anal. Calcd for GgH14N,O: C, 72.87,;

H, 6.58; N, 13.07. Found: C, 72.76; H, 5.94; N, 13.01.

HsBBPMP, 2,6-Bis[((2-hydroxybenzyl)(2-pyridylmethyl)amino)-

' methyl]-4-methylphenol. A mixture of HBPA (10.0 g, 46.7 mmol)
and triethylamine (3.65 g, 36 mmol) in 30 mL of methylene chloride
was added dropwise to a THF solution of 2,6-bis(chloromethyl)-4-
methylphendfe (4.76 g, 23.2 mmol) under stirring. When the addition
was finished, 500 mL of water was added and the residues were filtered
off and dissolved in methylene chloride. The resulting solution was
washed with brine and dried over anydrous MgS#&hich was filtered

off. After concentration of the solution under reduced pressure, the
desired ligand (-BBPMP), was precipitated with 2-propanol, filtered
off, and dried under vacuum. In this way, 8.0 g (50%) eBBPMP

was obtained as a white solid. Single crystals suitable for X-ray analysis
were obtained by recrystallization from @El, solution of the ligand.
Anal. Calcd for GsH3eN4Os: C, 74.97; H, 6.47; N, 9.99. Found: C,
74.66; H, 6.42; N, 9.87.

[Fe" (BBPMP)(u-OAc);]ClIO4H,O (1). To a solution of Fe-
(ClO4)26H,0 (1.0 g, 2.75 mmol) in 20 mL of methanol were added
sodium acetate trihydrate (0.7 g, 5.1 mmol) ansBBPMP (0.60 g,
1.07 mmol). The clear deep blue solution was heated t6CGl@nd
stirred for 10 min at ambient atmosphere. After cooling of the solution
- to room temperature, a blue microcrystalline precipitate was formed,

which was filtered off and washed with 2-propanol and ether. Yield:
65%. Anal. Calcd for @HaiN4O:.FeCl: C, 51.76; H, 4.56; N, 6.19.
Found: C, 51.63; H, 4.56; N, 6.14. Single crystals suitable for X-ray

(17) Wang, D. L.; Holz, R. C.; David, S. S.; Que, L., Jr.; Stankovich, M.
T. Biochemistry1991, 30, 8187.
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crystallography were obtained by recrystallization from a 2-propanol  Table 1. Crystallographic Parameters for
acetone (1:1) solution of (Caution! As with all perchlorate salts, [Fe"(BBPMP)u-OACc);]ClO4H,0

samples should be handled with care.) chemformula  GHuNOuFeCl Z 4

[Fe'" (BBPMP)(u-OAc)(u-OH)]CIO 4-3H,0 (2). To an acetonitrile fw 904.92 T,°C 25
solution (30 mL) ofl (0.5 g, 0.5 mmol) were added 5 drops of distilled space group P2:/n (No. 14) 2 A 1.540 562
water and 1 pellet of KOH with magnetic stirring at room temperature. g, 14.863(5) Pealo g CNT3 1.65
When the solution showethax = 532 nm, the mixture was filtered to b, A 12.315(3) u, cmt 21.3
remove the excess base and the solution was concentrated under reduced, A 20.872(8) R2% 7.52
pressure up to dryness. Compl@wvas recrystallyzed from a GH B, deg 90.83(3) Ru.,” % 7.84
CN—hexane mixture (2:1). Yield: 80%. Anal. Calcd for V. A 3820.0
Cs7HasN4O1sFeCl: C, 49.44; H, 4.82; N, 6.23. Found: C, 49.53; H, aR= Y |KFo| = IFell/SKIFol. ® Ry = [SW(KIFo| — |Fel)¥SWKFJ V2
4.31; N, 6.31. w = K[o¥(|Fo| + g|Fo[)] % k = 2.0506;g = 0.002 500.

[Fe'"Fe" (BBPMP)(u-OAc).]-4H,0O (3). To a solution of Fe-
(ClO4)2:6H,0 (1.0 g, 2.75 mmol) in methanol (20 mL) were added
sodium acetate trihydrate (0.7 g, 5.1 mmol) angBBPMP (0.60 g, Crystal parameters are given in Table 1. The intensity data were
1.07 mmol) under an argon atmosphere with a low level of dioxygen. .qjected by using am—26 scan mode, graphite-monochromated Cu
The mixture was stirred for 60 min. After the deep purple solution . radiation (1.540 562 A), a scan speed of20°/min, and a scan
was allowed to s_tand at 1°(Q: overnight, a microcrysta!line precipitate range of (0.80+ 0.35 tand)°. No significant decline in intensities of
was formed,. Wh'fh was filtered off, and washed "_‘"th metha.nol and 4o standard reflections was observed. The data were corrected for
ethe_r. Yield: 60%. '_A‘”al' Cal§d forQ—|.47N40112Fe>. C,54.49 H, | 5rentz and polarization effects. The number of measured reflections
5151’ N’_?'52' Fc_’llmd' C,53.90;H, 4.93; N, 6.51. Molar conductivity a5 5297 in the range 15/15, 0/10, 0/22 with 4393 unique reflections
=66Q cn? ML . . . . and 1856 with > 30(l). The systematic absences waf, h + k =

Physical Methods. Melting points were obtained by using an 2n, and &I, k = 2n, consistent with the space gro@@y/n (Cz5; No.
electrothermal apparatus and are uncorrected. All elemental analysesl4). Equivalent reflections were merged wiRy, = 4.81%. The
were performed on a Perkin-Elmer 2400. IR spectra were recorded girycture was solved using SHELXB6 and successive Fourier
with a Perkin-Elmer Model 781 spectrometer (Kbr disk), while gyntheses. The structure was refined by a least-squares procedure that

electronic absorption spectra in the range-28800 nm were recorded jjlized a “blocked-cascade” algorithm. The function minimized during
in CH3CN with a Perkin-Elmer L19 spectrophotometer. Electrochemi- a least-squares refinement Waw(|Fo| — |F|)2 wherew = k|o%(Fo)

cal experiments were performed with a Princetqn Appligd Research gF2~1, with k = 2.0506,g = 0.002 500, and(Fo) = the esd for
(PARC) Model 273 potentiostat/galvanostat, equipped with an IBM/ the opserved amplitudes based on counting statistics. The positions
AT-386 microcomputer and an HP-7475 plotter. Cyclic voltammo- ot i atoms were calculated and included in the final refinement cycle
grams (CVs) and differential pulse voltammograms (DPVSs) were sing the SHELX-78® program. An empirical absorption correction
aquired in acetonitrile containing 0.1 M [TBA][RFas supporting (DIFABS) was applied, with maximum and minimum transmission
electrolyte, at 100 mV/s, under an argon atmosphere at room temper-gactors of 1.619 and 0.651. All non-hydrogen atoms were refined with
ature. The electrochemical cell employed was of the standard three-ine yse of anisotropic thermal parameters. The number of refined

electrode configuration: a platinum working electrode, a platinum-  parameters was 510. In the final refinement cy@®e<( 0.0752 and
wire auxiliary electrode, and an SCE reference electrode con:structedRW = 0.0784) a maximuni\/o = 0.41 and a maximum height in the

in our laboratory. The performance of the reference electrode was fing| AF map of 0.72 e A3 were observed. During all calculations

monitored by measuring the FEc couple of ferrocene, which was e analytical scattering factors for neutral atoms were corrected for
found to have a value 0#0.28 V. The half-wave potentials were  poih Af' andi(Af ") terms. The calculations were carried out on an

taken as the average of the anodic and cathodic peak potentials ofig\/3090 computer using the SHELX-76 program package and the
reversible or quasi-reversible CVs and DPVs. Diagnostic criteria for scattering factors taken from ref 21c.

reversibility of electron-transfer processes were employed in the usual

mannert® Spectropotentiostatic experiments were performed with the Results and Discussion

use of an optically transparent thin-layer cell constructed according to

a procedure described elsewhé&tePotentials were applied to the cell Syntheses. A dinuclear iron center with two accessible
by a potentiostat/galvanostat (PARC 263), and the spectra were collectedhxidation states, BE-d'" and FEF€E", has been well established
with & Perkin-Elmer L19 spectrophotometer. The performance of the for the active site of PAPs isolated from bovine spleen and
reference _electrode was monitored before an(_j after the experiments,r:)orcine uteru€. In an attempt to gain more information
by measuring the FéFc couple of ferrocene, which was found to have concerning the coordination environment of the iron centers in

avalue of+0.25 V. Spectral changes were registered after equilibrium - 6 , h
was established, following selected potential steps. We allowed 90 sthese metalloproteins, We'®and Krebs's groufy"are currently

between the recording of each spectrum, and the experiments wereinvestigating the syntheses and characterization of new iron
stopped when no further changes in the intensity,@f were observed complexes with N,O-donor dinucleating ligands having terminal
for the reduced species. ‘Msbauer spectra were measured at 298 and phenolate and pyridine binding groups. The ligard8BPMP
115 K against &’Co (Rh) source moving at constant acceleration. is produced in good yield by nucleophilic substitution of 2,6-
Velocity calibration was carried out by using the resonance lines of bis(chloromethyl)-4-methylphenol with HBPA in THF solution
metallic iron, and isomer shifts are given relative to iron metal at room containing E4N. This ligand reacts in methanol with 2 equiv
temperature. Magnetic susceptibility measurements were performedof Fe(ClQy),6H.0 in the presence of sodium acetate trihydrate
on polycrystalline samples of the complexes over a temperature rangea 5 mpient atmosphere to form the dark-blue and stable complex
o 5102992 Kt e Fradey e megTelometr el o 1 £ (6P OACHCIOATO (1) Complend was sy
(thesized from in CH;CN/H,O/KOH via a reaction substituting

were applied in the usual manner with the use of tabulated Pascal . .
constant€o one bridging acetate group by opeOH. The synthesis was

X-ray Crystallography. A dark blue prismatic crystal (0.42 0.25 monitored by visible absorption spectroscopy and the reaction

x 0.12 mm) of [F& (BBPMP)(-OAc);]CIO.-H,0 was mounted on was stopped when the bas.ic acgtonitrile solutior2 showed
a CAD-4 Enraf-Nonius diffractometer. The cell parameters were Amax = 532 nm. Below this point, the complex appears to

obtained by a least-squares fit of 25 reflections (1600 < 30.C°).

(18) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706. (21) (a) Sheldrick, G. MSHELXS86Program for the Solution of Crystal

(19) Neves, A,; Erthal, S. M. D.; Vencato, |.; Ceccato, A. S.; Mascarenhas, Structures. University of Gtingen, Germany, 1986. (b) Sheldrick,
Y. P.; Nascimento, O. R.; Haer, M.; Batista, A. A.Inorg. Chem. G. M. SHELX-76: Program for Crystal Structure Determination
1992 31, 4749. University of Cambridge, England, 1986. (aernational Tables for

(20) (a) Merz, L.; Haase, Wl. Chem. Soc., Dalton Tran£98Q 875. (b) X-Ray CrystallograplyKynoch Press: Birmingham, U.K., 1974; Vol.
O’Connor, C. JProg. Inorg. Chem1982 29, 203. V.
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Table 2. Atomic Parameters for
[Fe"(BBPMP){u-OAC),|ClO4H,0

atom X y z Bq2 A2
Fe(1) 0.3529(2)  0.3750(2) 0.2975(1)  4.09(8)
Fe(2) 0.5268(2)  0.4103(2) 0.1861(1) 4.18(8)
0o(1) 0.4821(5)  0.3422(6) 0.2697(3) 2.7(2)
0(2) 0.2392(6)  0.4046(7) 0.3280(4) 3.7(2)
0o(3) 0.5720(5)  0.4611(7) 0.1090(3) 3.7(2)
0o(4) 0.3057(6)  0.3343(7) 0.2124(4) 4.2(2)
0o(5) 0.4162(6)  0.3493(7) 0.1447(3) 4.02)
o(6) 0.3749(6)  0.5305(7) 0.2795(4) 4.3(2)
o(7) 0.4781(6) 0.5523(7) 0.2092(4) 4.2(2)
N(1) 0.4047(7)  0.3878(8) 0.3954(4) 3.1(2)
N(2) 0.3491(7) 0.2093(8) 0.3272(5) 3.5(2)
N(3) 0.5964(7)  0.2584(8) 0.1692(4) 3.3(2)
N(4) 0.6501(7) 0.4338(8) 0.2372(5) 3.5(2)
Figure 1. Structure of the cations df, showing the atom-labeling ggg 8243388; 8%3%8 ggggiggg g?%
scheme. c(@3) 0.603(1) 0.236(1) 0.4074(6) 4.5(2)
C4 0.6423(9 0.148(1 0.3809(7 4.2(2
dissociate, and we were not able to isolate the corresponding CES; 0.630529; 0.124%1% 0.31768 3.9%2%
(u-OH), analogue of2. The synthesis of the mixed-valence  C(6) 0.5765(9)  0.194(1) 0.2789(6) 3.3(2)
[Fe'FE"'(BBPMP)u-OAc),] complex, 3, was achieved by 88 8-3_)8351(3)) 8-%5((3 g-ggéé% g‘;g))
treating a methanolic solution ofsBBPMP with 2 equiv of c(9) 0:3768(9) 0:283(1) 0:4292(6) 4:1(2)
Fe(ClQy)2-6H,0 and 2 equiv of sodium acetate trihydrate under  c(10) 0.3711(8)  0.191(1) 0.3859(6) 3.1(2)
an argon atmosphere with low levels of dioxygen. This purple C(11) 0.396(1) 0.088(1) 0.4092(7) 4.6(2)
Fe'Fe' complex is very stable in the solid state, even in the C(12) 0.388(1) 0.002(1) 0.3685(7) 5.1(2)
presence of air, but oxidizes in solution under aerobic conditions. g(ﬁ) 8-33(1)923 (0)'(1)%2(? 8-?5221((73) j-g(g)
Complexesl—3 exhibit one symmetri(iaizsym = 1450 cnrt CEng 0:3644293 0:4878 0:426756; 3:7523
and one asymmetricaksym= 1570 cn1* stretching mode for C(16) 0.2638(9)  0.490(1) 0.4281(6) 3.4(2)
the acetate bridging groups, which suggests the same mode of c(17) 0.227(1) 0.540(1) 0.4815(7) 5.0(2)
coordination of the ligand in the complex¥s. Stretching C(18) 0.136(1) 0.552(1) 0.4869(7) 5.1(2)
vibrations of the uncoordinated CJOare located at 1100 and C(19) 0.082(1) 0.518(1) 0.4390(7) 4.6(2)
1090 cn1? for complexesl and2, respec_tively, and are absent gg% 8:%33?83 8:323% 8:32328 2:8%
for [F€'Fe!'(BBPMP){u-OAc),], confirming the neutral char- C(22) 0.5650(9)  0.169(1) 0.2105(6) 3.4(2)
acter of this complex according to the molar conductivity c(23) 0.6943(9) 0.280(1) 0.1797(6) 4.0(2)
experiment (6821 cn? M~1).22 In addition, the Masbauer, C(24) 0.7098(9)  0.354(1) 0.2344(6) 3.7(2)
magnetic susceptibility, and electrochemmical data, together gggg 8-;288; g-ﬁgﬁg 8%;%8 gi%
mth elemen.tal analyses and electronic spectroscopy, support o@7) 0.728(1) 0.490(1) 0.3331(7) 43(2)
e formulation for complexe2 and 3, when compared td. C(28) 0.660(1) 0.502(1) 0.2888(7) 5.1(2)
Crystal and Molecular Structure of [Fe!';(BBPMP)(u- C(29) 0.5796(9)  0.224(1) 0.1008(6) 3.5(2)
OAC)2]CIO 4-H,0 (1). The structure of complek consists of C(30) 0.6061(8)  0.302(1) 0.0513(6) 3.5(2)
discrete dimeric [F&,(BBPMP)u-OAc);]* cations, uncoordi- C(31) 0.634(1) ~ 0.256(1)  —0.0053(7)  5.0(2)
nated perchlorate anions, and a water of crystallization in the 2(32) 0.650(1) 0.320(1) :0'0579(7) 5.7(2)

. b i (33) 0.640(1) 0.432(1) 0.0520(7) 4.8(2)
crystallographic asymmetric unit. An ORTEP drawing of the C(34) 0.6113(9)  0.480(1) 0.0022(6) 3.9(2)
complex cation with its atom-labeling scheme is shown in Figure  ¢(35) 0.5949(9)  0.412(1) 0.0566(6) 4.4(2)
1. The atomic parameters and selected bond distances and C(36) 0.3380(8)  0.322(1) 0.1582(5) 2.4(2)
angles are given in Tables 2 and 3 respectively. No crystal- C(37) 0.280(1) 0.279(1) 0.1087(7) 4.5(2)
Iographic_ symmetry is imp_ose_d on the cation, resulting in the gggg gjiégggg; 8:?8%3 g:gigggg; 431;%
observation of distinct ferric sites in the complex. The metal 4, —0.066(1) 0.220(1) 0.3944(7)  12.6(2)
centers are bridged by the phenolate oxygen atom of the ¢ 0.5640(3)  0.7443(4) 0.3963(2) 7.0(1)
BBPMP?~ dinucleating ligand and by two acetate ligands. The 0O(8) 0.578(1) 0.750(1) 0.3303(8) 9.7%2)
nitrogen (amine and pyridyl) and oxygen (phenolate) donors O(9) 0.602(2) 0.828(2) 0.423(1) 14.62)
of the ligand complete the octahedral environment of the two 8823 8-%2% 8-67322% 8-2%‘2‘% ﬁg(%
iron centers in a facial terminal arrangement. A similar o) 0.576(2) 0.937(3) 0.1341(2) P! é@)
arrangement around the iron(lll) centers has been detected in o(gy 0.657(2) 0.719(2) 0.419(2) 2.5@)
the related [Fé,(BIOMP)(u-OAc);]ClO4-H,O complextd in 0(10y 0.520(2) 0.821(2) 0.442(1) 1.2€2)
which the HBIOMP ligand contains 1-methylimidazole instead  O(11) 0.492(3) 0.672(3) 0.377(2) 8.9(2)

of pyridine groups. Interegtingly, the two Ferr_ninal phenolate Beq = %3 fi(a"a). ® Occupancy factor 0.799.0ccupancy factor
oxygen donor atoms coordinat@nsto the bridging phenolate  ¢.201.

group in both complexes. This result constrasts with that

observed in the closely related [L&u-OPr)]™ complexse

with a similar N,0-donor set, in which two pyridyl groups are  (“-OACk|CIO.-H-0 and [Fé!(BIOMP)(u-OAC)]CIO4-H0
trans rather thancis to the bridging phenolate. The distinct and five-membered in [L Cb,(u-OPr)]*). Unfortunately, a
coordination arrangements observed in the structures probablyfull crystal structure description for [LF&(u-OPr)] * 1>9is not
arise from the different N(amine ~ O(phenolate) chelate rings ~ yet available for further comparisons. Recently, Krebs étal.
present in these complexes (six-membered il fFEBBPMP)- reported a diphenyl phosphate-bridged analogug wfth the
same mode of coordination of the ligand around the iron centers
(22) Geary, W. JCoord. Chem. Re 1971, 7, 81. but with remarkable differences in bond angles and distances.
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Table 3. Selected Bond Distances (&) and Angles (deg) for
[Fe"2(BBPMP){u-OAC),]ClO4-H-0

Bond Distances

Fe(1)-0O(1) 2.054(8) CrO(8) 1.40(2)

Fe(1)-0(2) 1.851(9) CHO(9) 1.30(2)

Fe(1)-0O(4) 1.965(8) CHO(10) 1.31(2)

Fe(1)-0(6) 1.980(9) CHO(11) 1.42(2)

Fe(1)-N(1) 2.18(1) CHO(8y 1.64(3)

Fe(1)-N(2) 2.13(1) CHO(9) 1.49(3)

Fe(2)-0(1) 2.055(7) CrO(10) 1.50(3) 2

Fe(2-0(3) 1.861(8) CHO(11) 1.44(4) B

Fe(2-0(5) 1.993(9) S

Fe(2-0(7) 1.956(9) £

Fe(2)-N(3) 2.17(1) =

Fe(2-N(4) 2.13(1) 4

Fe(1)--Fe(2) 3.528(8) g
Bond Angles E

O(1)-Fe(1)-0(2) 176.3(3) O(1yFe(1)-N(2) 85.6(3)
O(1)—Fe(1)-0(4) 91.03) O(2yFe(1)-0(4) 92.6(4)
O(2)—-Fe(1)-0(6) 91.7(4)
O(1)—Fe(1)-0O(6) 88.8(3) O(2)yFe(1yN(1) 88.6(4)
O(1)-Fe(1)-N(1) 87.7(3) O(2yFe(1)-N(2) 93.5(4)
O(4)—Fe(1)-0(6) 97.6(4) O(3)Fe(2-N(3) 88.3(4)
O(4)—Fe(1)-N(1) 169.3(4) O(3yFe(2-N(4) 93.9(4)
O(4)—-Fe(1)-N(2) 90.5(4) O(5)Fe(2)-0O(7) 97.9(3)
O(6)—Fe(1)-N(1) 92.9(4) O(5)rFe(2)-N(3) 89.8(4)
O(6)-Fe(1)-N(2) 170.2(4) O(5)}Fe(2-N(4)  165.5(4)
N(1)—Fe(1}-N(2) 78.9(4) O(7yFe(2)-N(4) 94.2(4)
O(7)—Fe(2)-N(3) 172.1(4) 4 ) > 3 p
O(1)-Fe(2)-O(3) 175.3(3)  N(3yFe(2-N(4) 77.8(4) .
O(1)—-Fe(2)-0(5) 86.5(3) Fe(1yO(l)y-Fe(2) 118.3(4) Velocity (mm/s)
O(1)—-Fe(2)-0(7) 91.7(3) Fe(1yO(4)-0O(5) 107.5(4) . . .
O(1)-Fe(2)-N(3) 87.03) Fe(2r0(5)-0(4) 111.9(4) Z:]gdusce( bz(.)ttl\élrﬁs;afleg T(pectra of polycrystalline sampleg {op), 2,
O(1)—Fe(2)-N(4) 85.2(3) Fe(1)0O(6)-0(7) 111.8(5) :

O(3)—Fe(2-0(5 93.3(4 F O(7)-0(6 109.0(4 c iq i
o§3§—£§z¥o§7g 93-0543 0%(3’)2-—}CI(—)O(9)$ ) 105(1)( ) (BPMP)u-OPr)]2+ complex (1.943(2) Ay5c This is a reflec-

0(8)-ClI-0(9) 108(1) 0(8)-CI—O(10) 94(1) tion of the short terminal Fe(lltyO(phenolate) bond Ien_gths
0(8)-Cl—0(10) 114(1) O(8)-Cl-0(11)  109(1) (Fe(1)-0O(2)= 1.850(8) and Fe(2)O(3)= 1.861(8) A) which
O(8)-CI-0(11) 109(1) O(9)y-CIl—0(10) 110(1) are coordinated itranspositions to the bridged phenolate group
0(9)-CI-0(10) 110(1) O(9)-Cl-0(11y  130(1) in 1. Furthermore, one can note that the Fe(@|1)—Fe(2)
0(9-Cl-0(11) ~ 110(1)  O(10)-Cl-O(11)  104(1) bridging angle of 118.3(&)in 1 is somewhat larger than the

O(10y-Cl-O(11)  105(1) 113.1(1y value observed for the [EE€" (BPMP)u-OPr)]2*

. u
Undoubtedly, these changes can be correlated with the rigid E’QQFE’,'\%)ZUEZ';(%“;&%H?J‘ Ct:)?] sgqifr(ly;lltﬁefg;l:[?zié-

character of diphenyl phosphate when compared to the acetal§ynce of 3.528(8) A fofl is larger than the analogous distance

group. . . in the BPMP™ complex (3.365(1) A) and shorter than that in
In the dinuclear cation ot, each of the iron centers has a 4, (1-0,P(OPhY), complex (3.837(8) AJsh

tertiary amine nitrogen atom and one pyridyl group, which  gina)y - atoms O(8)-0(11) were found to be disordered
coordinateransto the oxygen atoms of the carboxylato bridges. beween two positions. This disorder was modeled by the

The fi_ve-membered chelate rings f_ormed by the N(amine) and addition of four new atomic positions, O(8yO(11), and
N(pyrldy!) donors at each of the iron centers are rotated by yofineq isotropically. The site occupation factors of the original
~180" with respect to each other and the carboxylato groups, 4iomic positions were then refined as one number, 0.799(2),
which are also related by the same ps.eudo-z-fold axis, so t.hatand the complement of the refined site occupation factor was
the carboxylato groups are coordinated in an asymmetric fashion. ;.4 as the site occupation factor of the new atomic positions.
The Fe(lll)—O(cgrboxquto) bond lengths [average 1.960(8) A] Mossbauer Spectroscopy. Méssbauer spectroscopy was
trans to the tertiary amine atoms are somewhat shorter than ,se (o assign the oxidation states of the iron centers in these
the Fe(lIl}-O(carboxylato) lengths [average 1.978(8)tAjns dinuclear complexes. Representative spectra of complexas
to the pyridyl nitrogen donors. This can be associated with the _; 115 k are given in Figure 2, and the'Mbauer parameters
Fe(lll)~N(amine) distances [average 2.175(10) A], which are oo jisted in Table 4. The parameters observed for complexes
Iayggr than the Fe(III-)N(pyr[dyI) bonds [average 2.130(10) AJ. 1 and 2 are typical of high-spin Fe(lll) ion% in agreement
Similar structural observations have been reported fo¥'{Fe i the magnetic susceptibility data, and are comparable to
(BIOMP)g‘ngC)Z]+ **/and for the mixed-valence [{BPMP)- those detected for the oxidized form of (PAP}P@nd the

. : ;
w-OPr)%] . complex ahnd caln be explameq r']n Lerlrlns ?f the analogues model complexes listed in Table 4. These obseva-
constraining nat;l:(i‘sf)f t es;zl igands. As with the Hﬁ% tions, together with the X-ray crystal structurelofFigure 1),
(BPMP)( -OPr}] and [F€l2(BBPMP){1-O,P(OPhy),]™, ™ clearly show that the Mgsbauer spectra are not affected by the
the Namine—F€—Npyrigy chelate angles in compleare signifi- small diferences in the coordination environments of the two
cantly less than FO[N(1)—Fe(1)}-N(2) = 78.9(4) and N(3)- iron sites in1 and 2.
Fe(2)-N(4) = 77.9(47], confirming the ring strain caused by For the mixed-valence EE€" complex3 two doublets (four
the pyridyl arms. The Fe(ll;O bond lengths with the bridging | orenzians of equal areas) were used to fit the spectra. The
phenolate group [Fe(1)O(1) = 2.054(8) and Fe(2)O(1) =

2.056(8) Alinlare Signiﬂcant.ly longer than the porresponding (23) Greenwood, N. N.; Gibb, T. Qdssbauer SpectroscopGhapman
Fe(lll)—O(phenolate) bond distance observed in the' e - and Hall: London, 1971; pp 113168.
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Table 4. Mossbauer Parameters of the Complexes

% area of
T,K 6, mm/s AEg, mm/s T, mm/s absorption ref
[Fe" (BBPMP)(u-OAC),]ClO, 298 0.41 1.06 0.65 100
115 0.46 1.09 0.53 100 this work
[Fe' (BBPMP)(u-OAc)(u-OH)]CIO, 298 0.40 0.96 0.59 100
115 0.50 0.97 0.57 100 this work
[FE ,(BBPMP)(u-OAc),] 298 0.41 1.08 0.31 50
1.06 2.81 0.29 50
115 0.53 0.96 0.43 50
1.13 2.86 0.35 50 this work
[Fe" A(BBPMP){u-O,P(OPh}));]CIO, 300 0.36 0.82 100
70 0.48 1.24 100 15h
[Fe" (L) (u-OPry]BF,4 298 0.37 0.77 100 15¢g
[Fe" 5(BIOMP)(u-OAC),]CIO, 295 0.41 1.08
125 0.51 1.06 15
[Fe'" ,(BBPPNOL)-OAC),]PFs 300 0.39 1.22 0.59 50
0.41 1.00 0.59 50
115 0.50 1.27 0.40 50
0.50 0.89 0.40 50 16
[Fe' (BBPPNOL)-O,P(OPh));]BPhy 300 0.40 0.66 0.43
0.40 1.22 0.40
50 0.52 0.65 0.36 15h
[FE'Fe" (BPMP)(u-OAC)](BF4)2 77 1.16 2.42 0.41 49
0.47 0.51 0.33 51 15a
[FE'Fe" (BPMP)(-OPr)](BPhy), 300 0.96 1.83 0.38 51
0.41 0.53 0.28 49 15¢
purple bovine spleen PO 100 0.47 0.99
0.53 1.32 5
pink uteroferrin 100 0.52 1.83
1.22 2.66 11
Table 5. J Values of the Dinuclear Complexes Magnetic Susceptibility Measurements. The variable-
complex J cmt ref temperature magnetic data for completes3 in the solid state,
[Fe" (BPMP)(-OAC)](BF ) H0 Y 15a cpllected in thg temperature range 4296.2 K, are shown in .
[Fe" ,(BBPMP)(-OAC);]‘H,0O 53 this work Flgur_e 3 and indicate the presence_of weak a_meerromagne'_uc
[Fe' (BBPMP)(u-O:P(OPh});]ClO.H,0 —57 15h coupling processes. The data were fitted by using the expression
[Fe" ,(BBPMP)(u-OAC),]ClO4-H,0 -6.0 this work for molar susceptibility versus temperature from the spin-
[Fe"2(BIOMP)(u-OAC),]ClOs-H-0 —6.4 15 exchange Hamiltoniahl = —2JS$, (S; = S = %/, for 1 and

Hzg::zgggE’QAI\T)O%_)Z-AS)A(\ISZC]E)A?O“GHZO :ig:g tlhés work 2, and$, = 2, $ = %, for 3),land the following pareameter:g
FelFd! bovine spleen ~11.0(3) 9 = 2.00 (fixed),D = 0.0 cnT and_ TIP=_ 400 x 107% cmé/mol
FellFel bovine spleen ~15.0 9 for 1-3; 3= —6.0 (1) cnm 4, % impurity = 1.7 (x0.1) for 1;

J=—10.6 @&1) cm!, % impurity = 2.4 for2; J = —5.3(*1)
isomer shift, values of 0.53 and 1.13 mmy/s and the quadrupole CM *, % impurity = 2.5 for3. A J value of —6.0(1) cm ™
splitting, AEo, values of 0.96 and 2.86 mm/s at 115 K are for [F€"'2(BBPMP)u-OAc),|CIO, is in good agreement with
assigned to a high-spin tecenter and a high-spin teenter, = —5.7@1) cmrt and J 215;6-4 C”Tl found for [Fe',-
respectively?® in agreement with the magnetic susceptibility (BBPMP)%;.OZP(OPh_»Z]Clo‘* and [Fé!,(BIOMP)(u-OAc)]-
data. These parameters, with exception of A, value of ~ ClO+H20, 1' respectlllvely. On the other hand, thevalue of
0.96 mm/s attributed to the Eeenter, fall in the range observed ~10-6 cm* for [Fe!l2(BBPMP)u-OAC)(u-OH)ICIO,, when

for most of the mixed-valence " complexes described in compared td and [Fé'o(BIOMP)(u-OAC)|CIO, Hz0 suggests
the literature. 153¢ The largeAEq value for the Fé center an improvement o&—5.0 cnt for a substitution of one acetate

probably is a reflection of major distortions from effective bridging group by au-OH and leads us to speculate about a

. mixed (u-OAc/u-OH) bridging unity, according to Witzel et
octahedral symmetry as has_been observgd in thg X-ray crystalal”lo for the active center of PAPo. Thevalue of 15.0 crmt
structure of complex1, which shows similar Mssbauer

; A =" determined by Haase etor the purple form of bovine spleen
parameters for the iron(lll) center. From this information it strongly corroborates this trend. Avalue of —5.3¢£1) et
seems reasonable to assume that the one-electron reduction gf,, [Fe'Fe! (BBPMP)(-OAc),] is somewhat similar to thd
1 does not cause significant change in the electronic chargeygjye of—3.2 cnr? for [Fe'Fell (BPMP)u-OAC);](BF4)2 152and
distribution at the iron center that remains oxidized. Indeed, these observations are in agreement with a weak antiferromag-
this interpretation is well corroborated by the fact that the mixed- netic coupling process for the pink form of PAP.
valence comple8 is valence-trapped in the solid state, even at Electrochemistry. Cyclic voltammograms (CVs) and dif-
room temperature, as indicated by the observation of discreteg antial pulse voltammograms (DPVs) of completes were
quadrupole doublets (Figure 2). These results strongly suggestacorded in acetonitrile with [TBA][P§ as supporting elec-
that, in the solid state, complexés-3 probably have similar  olyte in the potential range 1.2 to+0.7 V vs SCE. Typical
coordination environments. Furthermore, it is worthy of note cvs and DPVs ofl—3 are shown in Figure 4. The redox
that the M@sbauer parameters for compl@are comparable  parameters from CVs and DPVs bf 3 are essentialy identical
to those reported for PAPr(Table 4). This fact reflects, at  with Ey;;! = —0.57 andEy 2 = —1.15 V versus Ft/Fc, which
least to some extent, structural similarities between the distortedcan be ascribed to the successive redox reactiofs/IFe' Fé'
octahedral coordination environment of the iron(lll) centers in and FéFe'/Fe). Unfortunately, the values reported by Hen-
the present complexes {8, site) and that proposed for the drickson and Buchanan et al-0.29 and—0.84 V vs Ag/
nonreducible iron center in the protein (M 6ite)! AgCI'®) are not the correct values for compléx* In fact,
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T/K supporting electrolyte, platinum working electrode, platinum wire

auxiliary electrode, ferrocene internal standard) under argon at 100 mV/

Figure 3. Magnetic susceptibility®) and effective magnetic moment s, with two SuCCessive scans.

(O) of powder samples as functions of temperaturelf¢op), 2, and

3 (bottom). complex of the same ligand. From the separation of the redox
these redox couples-0.04 and—0.62 V vs Ag/AgCk*) are  PotentialsEy 2" andEy2?, we have determined the stability of
shifted to more anodic potentials when compared to the reportedthe mixed-valence forms of complexésand2 by evaluating
values of —0.225 and—0.785 V vs Ag/AgCl for [Fé&' - their comproportionation constantXcfm = 101 for the

(BIOMP)(u-OAc),]*.15 Indeed, this reflects the relative facility — equilibrium
of obtaining the mixed-valence compl&as compared to the n
corresponding complex with JBIOMP. These differences in  [F€' 2(BBPMP)(OAC)X] +

Ei/, values most probably arise from the distinct basic character I _ Keom
of the 1-methylimidazole and pyridyl pendant arms in the [Fe'o(BBPMP)(OAC)X] =
BIOMP?3~ and BBPMP- ligands, respectively. On the other 2[F'Fe" (BBPMP)(OAC)X] (1)

hand, one can observe how the bridging units in the BBPMP
complexes [F¥,(BBPMP)u-OAc),]*, [Fe''2(BBPMP)u-
OAC)(u-OH)]™, and [Fé';(BBPMP)(u-O,P(OPh)),]* 15" and
in the BPMP complexes [F&F€"(BPMP)u-OAc),]*" and 1 2
[Fe'Fell(BPMP)u-OAC)(OH)+ 152 affect the reversibility of Eiyp — By = (RTINF) In Ko, ()
the redox processes. It is worth noting the better degree of
reversibility for both redox couples of complexésand 3

compared with complex2 (Figure 4), which reflects the ) s
difference in the bridging moieties. Therefore, structural 16° for the corresponding equilibrium in the [FgBBPPNOL)-

changes in solution accompaning the redox processes may b4 OAC)” cliomplex@ However, [FéFe! (BBPMP){u-OAc)]
responsible for the two quasi-reversible redox couple4 famd and [FéFe (BBPMP)(u-OAc)(u-OH)] are approximately 2

2 and an irreversible reduction wave for theQ.P(OPh)), orders of magnitude less stabilized than the well-characterized
complex [FEFe" (BPMP){u-OPr)]?" 15¢ (Keom = 7.5 x 1019).

(24) Gritzner, G.; Kuta, JPure & Appl. Chem1982 54, 1527. Structural effects and Coulombic interactions are the most

X =0Ac forl; X =0H for2

This value ofKom indicates a substantial stability of the
mixed-valence complexesand4 compared witlKcom = 4 x




Purple Acid Phosphatase Models

Inorganic Chemistry, Vol. 35, No. 8,

199@367

Table 6. Visible Absorption Properties of the Dinuclear Complexes
comple® max/eC ref y Eapp
Vvs SCE
[Fe'" 3(BBPMP)(u-OAC);]ClO4H,0 =334/7850 -o.21
601/7700  this work i o3 /
[Fe“lz(BBPMP)(II-OAC)(M-OH)]C|04'3H20 =334 sh - -0,37 i
568/4760 this work i -1.07  —047 —007 +0.28 40,61 40.93
[FEV (BBPMP)(u-OAC),]-H,0 =334 sh Lo6(10 3/ LR}
540/4840 this work
[FEVI! (BBPMP)(u-OAC)(u-OH)] =334 sh
516/4560  this work
[F&'Fe (BPMP)-OPr)](BPhs),CHsCOCH; 390 sh
554/950 15c
aIn CH3CN. ? Units of nm.¢ Units of M~ cm™Y/Fe,. ¢ Estimated
from spectroelectrochemistry.
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Figure 5. Visible absorption spectra df, [F€";(BBPMP)u-OAc),]-
ClO4-H;0, and3, [Fe'Fe" (BBPMP){u-OAc),]-H-0O, in CHCN at room
temperature. ]

problable factors that determine different stabilizations Jor 1
and4 when compared with [Fég€' (BPMP)-OPr)]*.
Electronic Spectroscopy and Spectroelectrochemistry.
The absorption properties of the complexes insGEN are
summarized in Table 6, and the visible spectra for complexes
1 and3 are displayed in Figure 5. We have used spectroelec-
trochemistry to examine the electronic absorption and redox
properties of [FéFe! (BBPMP)(-OAc),)] (Figure 6a) generated  Figure 6. Spectral changes during spectropontentiostatic experiments,
in solution from complexl. The mantainance of isosbestic  with time intervals between each spectrum of 90 s, for the conversion
points in successive spectra strongly corroborates the presencef (a) complexl into 3 and (b) complex2 into 4 in CHsCN, under
of a single product throughout the course of the electrolyses. It argon. Applied potentials vs SCE: (a) A 0.0 V,-8.27 V, C—0.29
is important to note that the spectrum of comp&¢Figure 5) V,D -031V,E-0.33V,F-0.35V, G-0.37 V, H-0.38 V; (b)
is identical with the spectrum of the mixed-valence species A0.0V,B—-0.35V,C~-0.38V,D—-0.40V,E—-0.42V, F-0.45V.
generated in solution fromh (Figure 6a), which supports the

Mmoo ® >

=4

7
6500

T T T T
3500 450.0 550.0 8000

WAVELENGH (nm)

structure proposed f@. TheEt = —0.57 V vs F¢/Fc and 10000 \70

n = 1.0 + 0.1 electron values obtained from the Nernst plot A334mm 82

(inset in Figure 6a) are in good agreement with the CV and ~ ©2°° ASOIam 40

DPV results. Similarly, the same technique was used to generate 129

the [Fé'Fe''(BBPMP)u-OAC)(u-OH)] complex in CHCN 06000 ‘082 102 122
solution from complex2 (Figure 6b). Interestingly, from the A —
Nernst plot (inset in Figure 6b) we can observe a cathodic shift  0.4000-

of 80 mV when compared to the situation of the complex with ]

two acetate bridges, despite CV and DPV methods revealing ,o00-

similar redox potentials for both species. The discrepancy

between the voltammetric and spectropotentiostatic data prob- | - [ _ . - —
ably arises because of the instability of the fully reduced {Fe 3000 4000 5000 6000 7000 8000

(BBPMP)(u-OAc)(u-OH)]~ species (Figure 4) under the con-

ditions of the voltammetric experiments. In fact, a negative WAVELENGHT (nm)

shift can be expected, since hydroxide is more basic than therigure 7. Spectral changes during the convertion of complex

acetate group. [Fe"(BBPMP)u-OAC),]ClO4H;0, in CHCN/EgN, into complex2,
The band or shoulders &£334 nm are detected for complexes [Fe'"'2(BBPMP)u-OAc)(u-OH)]CIO,, with time intervals of 150 s.

1-4 and are assigned to phenolate-td'Feharge transfer

transitions, while the bands in the visible region appear to On the basis of the values and the hypsocromic shifts observed

depend on two factors: the oxidation state of the iron centers for 3 and4, we tentatively assigned them as phenolate-t8-Fe

and the nature of the bridging groups. For complekesd?, combined with F& -to-pyridine CT transition3® A similar

the bands correlate well with phenolate-tdUFET processes;  assignment has been used for the mixed-valence compléx [Fe

however, for the mixed-valence complex&sand 4, the Fe''(BPMP){u-OPr)]2*,15¢ where the Fé-to-pyridine band is

transitions do not seem to have the same origin a4 fond 2. shifted to higher energy as compared to the phenolateto-Fe
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Scheme 1. Proposed Reactions among4
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Interestingly, neithe® nor 4 has shown intervalence
transfer absorption bands, in @EN, in the near-IR region.
However, from the compropotionation constant valkig,g =
109, which suggests a great deal of stabilization in the ground
state?® we tentatively assigned both complexes as type Il mixed-
valence species in the Robin and Day classificatfofrinally,

[Fe' (BBPMP)(u-OAC) (1-OH)]*, Amax = 568 nmé = 4.760

M~1cm™%, and [F¢Fe" (BBPMP)u-OAc)(u-OH)], Amax= 516
nm/e = 4.560 M1 cm™1, are good synthetic analogues of the
chromophoric site for the oxidized and reduced forms of PAPs.
As described in the Experimental Section, complkewas
obtained from compled in CH3CN/H,O/KOH. The reaction
was followed spectrophotometrically, and as illustrated in Figure
7, [Fe",(BBPMP)u-OAc),] " is cleanly converted to [F&-
(BBPMP)(u-OAc)(u-OH)]™. A linear plot (inset in Figure 7)
indicated’ two species in solution with no restrictions on
stoichiometry. The reaction of [Hg(BBPMP)u-OAc)(u-
OH)]™ in CH3CN/H,O/CH;COOH was also followed and

showed the same isosbestic points, back to the spectrum ofCOpper,

[FE'"'(BBPMP)u-OAc),] ™. Unfortunately, we were not able
to obtain suitable crystals of neith2inor 3 for X-ray analyses.

ligand HsBBPMP, as analogues for the active site of PAPs. The
complexes exhibit novel IR, Mgsbauer, magnetic, electro-
chemical, and electronic absorption properties that improve the
understanding of the oxidized and reduced forms of the
enzymes. The complexes [F£BBPMP)u-OAc),]™ and [Fé! -
(BBPMP){u-OAc)(u-OH)]" can be interconverted in solution,
and the processes illustrated how to adjust the chromophore in
order to have a model for the active site of the proteins.
However, due to the presence of two terminal phenolate groups,
the redox couples lie at more negative potentials than those
detected for PAPY. In order to mimic the electrochemical
properties for the F&/Fe'Fe" redox potential reported for
PAPs!” we recently prepared a new unsymmetricgDN-donor
dinucleating ligand, 2-[((2-pyridylmethyl)amino)methyl]-6-[((2-
hydroxybenzyl)(2-pyridylmethyl)amino)methyl]-4-methylphe-
nol (H.BPBPMP) and its first P! complex as a model for
the redox properties of uteroferdf. The syntheses of new
dinuclear complexes of iron, vanadium, manganese, nickel,
and zinc, including heterobimetallic species, with
HsBBPMP and HBPBPMP are in progress in our laboratory
and will be the subject of future reports.

However, considering the properties of these complexes and Acknowledgment. This work was supported by grants from

the structure of the cations df, we propose Scheme 1 to
correlate the model complexes.

Summary and Perspectives. We have synthesized and
characterized F&, and F&F€! complexes of the dinucleating
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