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The dimeric [My(OAC)s(py)au-(OH2)IEtsN complexes] (M = Mn, Fe, Co), have been isolated from pyridine
solutions of M(OAC)*xH,O and EfN(OAc)-4H,O. The X-ray structures of (M = Mn, Fe, Co) have been
determined and show the metal ions asymmetrically bridged by two acetate ligands and a water molecule. One
of the metal ions is bound by a pyridine ligand and two monodentate acetate ligands that are hydrogen bonded
to the bridging water molecule. The second metal ion is bound to a bidentate acetate ligand and a pyridine

ligand. Recrystallization of from acetonitrile leads to the reorganizationladind isolation of the M(OAC)s-

(EtN), complexes]l (M = Mn, Fe, Co). The X-ray structure ¢f (M = Mn, Co) has been determined and
shows the three metal ions connected by four bridging acetate ligandsjiuamode and two acetate ligands

in the u1,m1 mode, with a bidentate acetate ligand on each of the external metal ions completing the distorted
octahedral geometry. Air oxidation dfFe in propionitrile leads to the formation of the mixed-valencesfize
(O)(OAC)(OHy)IELN (111) . The X-ray structure ofil has been determined and resembles the core of the basic
acetate complexes; however, it has five bridging acetate ligands. Tisebdoer spectrum d¢fi shows two
quadrupole doublets in a 1:2 ratio wiiiFe)= 1.29(1) and 0.48 mm/&E; = 1.89 and 0.71 mm/s. The oxidation

of I-Fe by H,O,/O; in pyridine solution in the presence of Cligands affords Fgis-(0)(OAC)s(py)sClz (IV).

The X-ray structure oV shows a rhombi€¢Fée" 4(us-O)} core previously found in iron and manganese chemistry.
The reaction of ferrocenium ion withFe under basic conditions in dichloromethane solution led to the formation

of the familiar mixed-valence Res-(O)(OACk(py)s complex ) with the basic acetate structure. Complexes
I-Fe, II-Fe, Ill , andIV catalyze the reaction of Qwvith adamantane under GiF conditions to give adamantanols
and adamantanone. The similarity of the results in comparison to similar studies previously reported for iron/
carboxylate complexes are noted and discussed.

Introduction

and HeE have been determined and show dinuclear iron sites
that contain bridging carboxylates (glutamate, aspartate); oxo,

The activation of dioxygen and the oxygenation of various nyqrox0, or aqua ligands; and terminally coordinated, oxygen
substrates in biology are processes often facilitated or catalyzedyonors (carboxylates, #) or nitrogen donor (histidine) ligands

by dinuclear iron site$. Outstanding examples of metallo-

enzymes that contain such sites are the methane monooxyge-

nases, (MMO) and ribonucleotide reductase (RRB2)The
involvement of a similar site in oxygen transport is known to
be essential in the function of the hemerythrins (Hrhe
structures of MMO (both oxidizédind reducetforms), RRBZ/

(1) (a) Murray, K. S.Coord. Chem. Re 1974 12, 1. (b) Lippard, S. J.
Angew. Chem., Int. Ed. Engl988 27, 344—-361. (c) Que, L., Jr.;
Scarrow, R. C. InMetal Clusters in ProteinsQue, L., Jr., Ed.;
American Chemical Society: Washington, DC, 1988; p 302. (d) Que,
L., Jr.; True, A. EProgr. Inorg. Chem199Q 38,97—199. (e) Sanders-
Loehr, J. Inlron Protein Carriers and Iron ProteinsLoehr, T. M.,
Ed.; VCH: New York, 1989; p 375466. (f) Lynch, J. B.; Juarez-
Garcia, C.; Que, L., JBiol. Chem 1989 264,8091-8096.

(2) (a)Woodland, M. P.; Patil, D. S.; Cammick, R.; Dalton,Biochim.
Biophys. Actal986 873,237—-242. (b) Fox, B. G.; Surerus, K. K.;
Munck, E.; Lipscomb, J. DBiol. Chem 1988 263, 10553-10556.

(3) (a) Sjerg, B.-M.; Gialund, A.Adv. Inorg. Biochem1983 5, 87—
110. (b) Lammers, M.; Follman, Hstruct. Bondingl983 54, 27—

91.

(4) (a) Wilkins, R. G.; Harrington, P. CAdv. Inorg. Biochem1983 5,
51-85. (b) Wilkins, P. C.; Wilkins, R. GCoord. Chem. Re 1987,

79, 195-214.

(5) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P.
Nature 1993 366, 537—543.

(6) Rosenzweig, A. C.; Nordlund, P.; Takahara, P. M.; Frederick, C. A.;
Lippard, S. JChem. Biol 1995 2, 409-418.

(7) Nordlund, P.; Eklund, HJ. Mol. Biol. 1993 232,123-164.

(Figure 1).
Dinuclear Mn sites also play important roles in bioldgy.
They are present in the pseudocatalases ft@otobacillus
plantaruni® and Thermus thermophildsas well as in certain
ribonucleotide reductases (RK),where they catalyze the
disproportionation of KD, and the reduction of ribonucleotides,
respectively.

Dimeric units with structural features similar to those found
in the diiron and dimanganese enzymes are also present as
components of trinuclear sites in certain zinc and manganese

(8) Stenkamp, R. E.; Jensen, L. H.; Sanders-Loeh¥ajure 1981, 291,
263—264.

(9) (a) Manganese Redox EnzyméXecoraro, V. L., Ed.; VCH: New
York, 1992. (b) Dismukes, G. GCChem. Re. 1996 96, 2909-2926.

(10) (a) Kono, Y.; Fridovitch, I. JBiol. Chem 1983 258 6015. (b) Beyer,
W. F., Jr.; Fridovitch, |. JBiochemistryl985 24,6460. (c) Khangulov,
S. V.; Barynin, V. V.; Voevodskaya, N. V.; Grebenko, ABiochim.
Biophys. Actal990 102Q 305.

(11) Barynin, V. V.; Vagin, A. A.; Melik-Adamyan, V. R.; Grebenko, A.
I.; Khangulov, S. V.; Popov, A. N.; Andrianova, M. E.; Vainstein, A.
Dokl. Acad. Nauk. SSSH986 288,877.

(12) (a) Follman, H.; Willing, A.; Auling, G.; Plonzig, J. Ifthioredoxin
and Glutaredoxin Systems: Structure and Functibiojmgren, A.,
Braeden, C. I., Joernvall, H., Sjerg, B.-M., Eds.: Raven Press: New
York, 1986; p 217. (b) Willing, A.; Follman, H.; Auling, GEur. J.
Biochem.1988 170, 603.
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Figure 1. Carboxylate bridged dimers in (A) reduced MM@B) oxidized MMO? (C) reduced RRB2 (D) oxidized RRBZ, (E) deoxyhemerythrif,

and (F) oxygenated hemerythfin.

enzymes. Included among the trinuclear ditese the tri-Zn
centers in alkaline phosphatd4é1-nucleas&’ phospholipasé®
and the tri-Mn center in inorganic pyrophosphattseCar-

[Fe(HB(3,5Pr2pz}],(OH)(OBz) 25 [Fex(Hzhbab}(N-Melm),]
DMF,26 the [Fe(O,CH)4(BIPhMe)] complex2” an asymmetric
complex with both bridging and terminal formate ligands, and

boxylato-bridged dimanganese units may also exist in the the [[TACN)Fe(OH)(OAc}™ complex?8

tetramanganese photosynthetic oxidation cefter.

With very few exceptions the known diiron, di- or tri-bridged,

The biological importance of bridged dinuclear iron structural synthetic analogue complexes are symmetric with the two iron
units has stimulated extensive studies of model complexes. Asubunits related by approximate (or crystallographically re-

large number of complexes that contain diirg@moxo or
u-hydroxo bridged byu-O,0-carboxylate ligands have been

quired) mirror planes or 2-fold axes. The terminal ligand
coordination of the iron atoms for the majority of these

reported and this chemistry has been critically evaluated in complexes is effected by tridentate ligands such as 1,4,7-
several excellent review$. triazacyclononane (TACN® (tris(1-pyrazolyl)hydroborate
Among the dinuclear carboxylate complexes that have been ([HB(pz)s] ), or tris(2-pyridylmethyl)amine (tpa} It would
synthesized and structurally characterized, an important sub-appear that these tridentate ligands impart thermodynamic
group consists of complexes with divalent metal ions. Of these Stability to the dimers as a result of the chelate effect and may
the diferrous complexes often exhibit high reactivity towagd O  be important in determining the core structures. It should be

or H,O,. Examples in this group include the p#-OAcC),-
(OAC)3(py)au-(OH,)]~ aniong® (M = Mn"', Fe' and Cd), [Fe-
(u-OBz)(XDK)(ImH)2(OBz)(MeOH)]?* the Fe(HPTB)(O»-
CPh) complex that reacts irreversibly with & the
[Fex(H20)(OCRu(tmen)] complexes? [Fex(OAC)(TPA),]2,2

emphasized, however, that dimeric, carboxylate-bridged, units
are also obtained with simple monodentate or bidentate
ligands?0:23

The coordination chemistry of oligomeric manganese com-
plexes relevent to biological sites is also exten3R®&. Ex-

(13) Fenton, D. E.; Okawa, HI.. Chem. Soc., Dalton Tran$993 1350.

(14) Coleman, J. EAnnu. Re. Biophys. Biomol. Structl992 21, 441.

(15) Volbeda, S.; Lahm, A.; Sakijama, F.; Suck, EMBO J.1991 10,
1607.

(16) Hough, E.; Hansen, L. K.; Birkness, B.; Junge, K.; Hansen, S
Hordvik, A.; Little, C.; Dodson, E. J.; Derewenda, Kature 1989
338,357.

(17) (a) Cooperman, B. S.; Baykov, A. A.; Lahti, Riends Biochem. Sci.
1992 17, 262. (b) Chirgadze, N. Y.; Kuranova, I. P.; Veirskaya, N.
A.; Teplyakov, A. V.; Wilson, K.; Srokopytov, B. V.; Harutynyan, E.
G.; Hohne, W Kristallografiya 1991, 36, 128.

(18) (a) Ghanotakis, D.; Yocum, C. Bnnu. Re. Plant Physiol. Mol. Biol.
1990,41, 255. (b) Pecoraro, V. LPhotochem. Photobioll988 48,
244, (c) Christou, GAcc. Chem. Red.989 22, 328.

(19) (a) Feig, A. L.; Lippard, S. IChem. Re. 1994 94, 759-805. (b)
Kurtz, D. M. Chem. Re. 199Q 90, 585-606. This review contains
an extensive list of compounds reported prior to 1990. (c) Que, L.,
Jr.; Dong, Y.Acc. Chem. Red996 29, 190-196.

(20) Coucouvanis, D.; Reynolds, R. A., lll.; Dunham, W.JRAm. Chem.
Soc.1995 117,7570-7571.

(21) (a) Herold, S.; Pence, L. E.; Lippard, SJJAm. Chem. Sod.995
117,6134-6135. (b) Herold, S.; Lippard, S. J. Am. Chem. Soc.
1997 119,145-156. (c) OBZz= the benzoate anion; Imk imidazole;
H2XDK = m-xylenediamine bis(Kemp’s triacid) imide.

(22) (a) Dong, Y.; Menage, S.; Brennan, B. A,; Elgren, T. E.; Jang, H. G.;
Pearce, L. L.; Que, L., JA. Am. Chem. S0d.993 115, 1851-1859.
HPTB= N,N,N',N'-tetrakis(2-benzimidazolylmethyl)-2-hydroxy-1,3-
diaminopropane, a dinucleating ligand.

(23) (a) Hagen, K. S.; Lachicotte, B. Am. Chem. S04992 114,8741—
8742. (b) R= Me, Ph; tmen= N,N,N',N'-tetramethyl-1,2-diamino-
ethane.

(24) (a) Manage, S.; Zang, Y.; Hendrich, M. P.; Que, L., JrAm. Chem.
Soc. 1992 114, 7786-7792. (b) Oac= acetate, TPA= tris(2-
pyridylmethyl)amine.

(25) (a) Kitajima, N.; Tamura, N.; Tanaka, M.; Moro-oka, Iviorg. Chem.
1992 31,3342-3343. (b) OBz= the benzoate anion; HB(3!B¥2pz}
= tris (3,5-isopropylpyrazolyl) borate.

(26) (a) Stassinopoulos, A.; Schulte G.; Papaefthymiou, G. C.; Caradonna,
J. P.J. Am. Chem. S0d.991, 113, 8686-8697.(b) H2hbab= 1,2-
bis(2-hydroxybenzamido)benzene; N-MetnN-methylimidazole.

(27) (a) Tolman, W. B.; Liu, S.; Bentsen, J. G.; Lippard, S1.JAm. Chem.
Soc.199], 113, 152-164. (b) BIPhMe= 2,2-bis(1-methyliimida-
zolyl)phenylmethoxymethane.

(28) (a) Hartman, J. R.; Rardin, R. L.; Chaundhuri, P.; Pohl, K.; Wieghardt,
K.; Nuber, B.; Weiss, J.; Papaefthymiou, G. C.; Frankel, R. B;
Lippard, S. JJ. Am. Chem. S0d.987 109, 7387-7396. (b) TACN
= 1,4,7-trimethyl-1,4,7-triazacyclononane.

(29) Wieghardt, K Angew. Chem., Int. Ed. Engl989 28, 1153-1172.
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amples of synthetic dimeric Mn complexes include the
symmetric [Mr(O,CCyFs)4(H20)sL )3t and theu-aquabisg-
carboxylato)(L)Mn" complexes?

The possible lack of structural integrity in solution presents
a problem regarding the identity of the reactive species when
the kinetically labile “model” complexes (particularly the diiron
species) participate in stoichiometric or catalytic substrate
oxidation reactions involving ©or H,O,. Recently, various
neutral iron carboxylate complexX&svere found effective as

Reynolds et al.

in 25 mL of pyridine was added tetraethylammonium acetate tetrahy-
drate (0.365 g, 1.4 mmol). After stirringrf@ h the solution was filtered
and 150 mL of diethyl ether was added to the filtrate to induce
precipitation. A nearly colorless microcrystalline product was isolated
(0.91 g, 1.28 mmol, 91% vyield). Anal. Calcd for MDy1N3CseHaz

(fw 711.64): C, 47.35; H, 6.66; N, 5.92. Found: C, 46.79; H, 6.55;
N, 5.63. Characteristic mid-IR bands (cht 2982 (m), 1620 (vs),
1577 (vs), 1567 (vs), 1446 (vs), 1416 (s), 1037 (m), 1009 (m), 795
(w), 705 (s), 656 (M), 615 (M). Far-IR (c: 419 (s br). Electronic
spectra, nmg, M1 cm™): featureless in pyridine and dichloromethane.

catalysts in the oxidation of adamantane under conditions similar Magnetic momentue°°": at 250 K, 7.6Zsg; at 4 K, 2.16:s.

to those employed in the GiF systéi.The latter is based on
reactions of ferrous iron with dioxygen in a pyridine/acetic acid

(b) [Fex(OAC)s(py)zu-(OH2)IEtsN (I-Fe). This compound was
obtained in a manner analogous to that describettfém with ferrous

mixture that contains elemental zinc, and affords as products acetate in place of manganous acetate tetrahydrate. A golden brown

2-adamantanone (major product) and 1- and 2-adamantano

(minor products).

Previously we communicated the synthesis and structural
characterization of the ™ salts of the X-ray isomorphous
and isostructural [MOAC)s(py)au-(OHy)]~ complexes,| (M
= Mn, Fe, Co)®® In solution the complexek are kinetically
labile and exist in equilibria with other species that may be
isolated when other counterions are presénin this paper we
report the detailed synthesis and charaterization of thg [M
(OAC)s(py)au-(OH,)]EtN complexes| (M = Mn, Fe, Co), and
their rearrangement or dissociation into other products in
acetonitrile solution. The reactions of thé&e complex with
O,, H20, and ferrocenium, and the catalytic oxidation of
adamantane withFe and its derivatives under GiF conditions
also have been investigated.

Experimental Section

General Data. All reactions were carried out under an atmosphere

fnicrocrystalline product was isolated (0.87 g, 1.22 mmol, 87% vyield).

Anal. Calcd for FeO11N3CzeHa7 (fw 713.46): C, 47.12; H, 6.59; N,
5.89. Found: C, 47.28; H, 6.44; N, 6.14. Mid-IR identicalltbin .
Far-IR (cntl): 420 (s br). Electronic spectra, nm M~ cm™): (a)
featureless in dichloromethane; (b) 375 (4000) in pyridine. Magnetic
moment,ue°": at 250 K, 7.62s; at 4 K, 4.3%sg.

(c) [Cox(OAC)s(py)2u-(OH2)IEt4N (I-Co). This compound was
obtained in a manner analogous to that describetifén with cobalt
acetate tetrahydrate in place of manganous acetate tetrahydrate. A violet
microcrystalline product was isolated (0.85 g, 1.18 mmol, 85% vyield).
Anal. Calcd for C@011N3CseHa7, (fw 719.62): C, 46.73; H, 6.54; N,
5.84. Found: C, 46.41; H, 6.61; N, 5.72. Mid-IR identicalltbin .
Far-IR (cntl): 428 (s br). Electronic spectra, nm M~ cm™): (a)
in dichloromethane, 567 (600), 533 sh; 586 sh; (b) in pyridine, 512
(400). Magnetic momente°™ at 250 K, 6.7@g; at 4 K, 4.72s.

(d) [Mn 3(OAC)g](EtaN)2 (11-Mn).  Recrystallization of Mp(OAC)s-
(py)att-(OHR)(ET4N) (I-Mn ), (0.5 g, 0.703 mmol) from an acetonitrile
diethyl ether solution led to the isolation of a small amount of oil and
a pink crystalline solid. The crystalline material (0.25 g, 0.28 mmol)
was obtained in a 60% yield based on manganese. Anal. Calcd for
Mn3z016Cs2HsaN2 (fw 897.68): C, 42.82; H, 7.19; N, 3.12. Found: C,

of purified nitrogen using standard Schlenk techniques or in a Vacuum 42.85: H, 7.43; N, 3.12. Characteristic mid-IR bands (& 2982
Atmospheres glovebox. The metal acetates, tetraethylammonium m), 1607 (vs), 1566 (vs), 1420 (vs), 1006 (m), 793 (w), 663 (m), 617

acetate tetrahydrate, and tetraethylammonium chloride were purchase

m). Far-IR (cm): 482 (m). Electronic spectra, nma,(M~* cm™?):

from Aldrich and used as received. Ferrocenium hexaﬂuorophosphatefealtureless in acetonitrile. Magnetic momegi™™: at 250 K, 9.82z;

was synthesized by the sulfuric acid oxidation of ferrocene in the
presence of hexafluorophosphéePyridine was freshly distilled over
calcium hydride and stored ov8 A molecular sieves. Diethyl ether
was predried over sodium wire and distilled from sodium benzophenone
ketyl. Acetonitrile was predried ov8 A molecular sieves and distilled
over boric anhydride. Dichloromethane and propionitrile were distilled
over calcium hydride. Electronic spectra were obtained on a Varian

Cary model 219 spectrophotometer. Infrared spectra were obtained

at 4 K, 5.50u.

(e) [Fe(OAC)s](EtsN), (1I-Fe). This compound was obtained in a
manner analogous to that describedlfevn . A small amount of oil
and a colorless crystalline solid, which loses its crystallinity upon
removal of the crystallization solvents, were isolated. The crystalline
material (0.20 g, 0.22 mmol) was obtained in a 47% vyield based on
iron. Anal. Calcd for FgD16Cs2HeaN2, (fw 900.40): C, 42.69; H, 7.16;

N, 3.11. Found: C, 42.14; H, 6.51; N, 2.96. Mid-IR identicallto

on a Nicolet 60-DX FT-IR spectrophotometer. Gas chromatography Mn. Far-IR (cnt?): 472 (m). Electronic spectra, nm,(M-1 cm-3):

was performed on a Hewlett-Packard 5890 Series Il instrument equipped

with a flame ionization detector. Elemental analysis were performed
by the Analytical Services of the University of Michigan.

Synthesis. (a) [Mr(OAC)s(py)z¢-(OH2)]EtN (I-Mn). To a light
pink solution of manganous acetate tetrahydrate (0.68 g,

(30) Pecoraro, V. L.; Baldwin, M. J.; Gelasco, Bhem. Re. 1994 94,
807—826.

(31) Caneschi, A.; Ferraro, F.; Gatteschi, G.; Melandri, M. C.; Rey, P;
Sessoli, RAngew. Chem., Int. Ed. Endl989 28, 1365-1366.

(32) (a) Yu, S.-B.; Lippard, S. J.; Sheweky, |.; Bino,lAorg. Chem1992
31, 3502-3504. (b) L= Mesbipy or tmeda.

(33) (a) Singh, B.; Long, J. R.; Papaefthymiou, G. C.; Stavropoulos, P. J.
J. Am. Chem. Sod996 118,5824-5826. (b) Singh, B.; Long, J. R,;
Fabrizi de Biani, F.; Gatteschi, D.; Stavropoulos, PJ.JAm. Chem.
Soc.1997 119,7030-7047.

(34) (a) Barton, D. H. R.; Doller, DAcc. Chem. Re4.992 25,504—512.

(b) Barton, D. H. R.; Boivin, J.; Motherwell, W. B.; Ozbalik, N.;
Schwartzentruber, K. M.; Jankowski, Kew J. Chem1986 10, 387—
398. (c) Barton, D. H. R.; Boivin, J.; Gastiger, M.; Morzycki, J.; Hay-
Motherwell, R. S.; Motherwell, W. B.; Ozbalik, N.; Schwartzentruber,
K. M. J. Chem. Soc., Perkin Trans.1B86 947—955.

(35) Reynolds, R. A, lll; Pike, J. D.; Dunham, W. R.; Coucouvanis, D.
Manuscript in preparation.

(36) Hadjikyriacou, A. Ph.D. Thesis, The University of Michigan, Ann
Arbor, MI, 1988.

featureless in acetonitrile. Magnetic momgg{®™: at 250 K, 9.6@s;
at 4 K, 5.5%g.

(f) [Cos(OAC)s](EtaN), (11-Co). This compound was obtained in a
manner analogous to that describedlfevin . A small amount of oil

2.78 mmol) 5nq 3 violet crystalline solid were isolated. The crystalline material

(0.22 g, 0.24 mmol) was obtained in a 51% vyield based on cobalt.
Anal. Calcd for Cg O16CsHeaN, (fw 909.66): C, 42.25; H, 7.09; N,
3.08. Found: C, 41.84; H, 6.77; N, 2.92. Mid-IR identicalitdn .
Far-IR (cnT?): 468 m (M—0). Electronic spectra, nne, (M~ cm™2):

607 sh, 575 (2900) and 539 sh in acetonitrile. Magnetic mopngfft"

at 250 K, 6.6@g; at 4 K, 4.3%5.

(9) [Fesus-(O)(OAC)7(OH2)]ELsN (I11).  An amount of [Fe(OAC)s-
(py)ut-(OH)IELN (I-Fe, 0.75 g, 1.05 mmol), was dissolved in 50 mL
of propionitrile, exposed to the atmosphere for 30 min, and then filtered
under a nitrogen atmosphere. An amount of diethyl ether (150 mL)
was slowly deposited on top of the solution and allowed to diffuse
slowly. Large brown block crystals formed and were isolated (0.32 g,
0.46 mmol, 65% yield) based oniron. Anal. Calcd fop®gCo2HasN
(fw 745.12): C, 35.46; H, 5.82; N, 1.88. Found: C, 35.80; H, 5.68;
N, 1.93. Characteristic mid-IR bands (cht 3025 (w br), 2981 (m),
1622 (s), 1600 (vs), 1580 (s), 1421 (vs), 1004 (m), 802 (m), 660 (m),
619 (w). Electronic spectra, nme, (M~ cm™): 463 (550) sh in
acetonitrile. Magnetic momepts°™ at 250 K, 5.62; at 4 K, 4.7%.
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Table 1. X-ray Crystallographic and Data Collection Parameters fos(M\c)su-(H20)(pyRlEtN (1) (M = Mn, Fe, Co); [My(OAC)s](EuN)2
(1) (M = Mn, Co); [Fe(OAC)us-(0)(HO)IELN (Il ); and [FROA(OAC)sCla(py)d (1V)

I-Mn I-Fe I-Co 11-Mn 1I-Co 1 v
fw 711.64 713.46 719.62 897.67 909.64 744.6 996.96
space group P2;/a P2:/a P2,/a Ab&2 P2:nb PA2;1 Fdd2
a(d) 18.09(1) 18.085(6) 18.143(3) 18.794(4) 14.339(3) 19.496(7) 35.705(7)
b (A) 11.057(4) 10.955(4) 10.888(2) 16.894(3) 16.719(3) 19.496(7) 12.762(3)
c(A) 18.367(7) 18.273(7) 18.216(3) 14.165(3) 18.604(4) 8.716(4) 18.574(4)
o (deg) 90 90 90 90 90 90 90
S (deg) 108.49(4) 108.58(3) 108.84(1) 90 90 90 90
y (deg) 90 90 90 90 90 90 90
V (A3 3456(2) 3432(2) 3406(1) 4497(2) 4460(2) 3313(3) 8464(3)
z 4 4 4 4 4 4
earc (9/Cn?) 1.35 1.38 1.40 1.33 1.36 1.49 1.57
dos (9/cn¥) 1.38 1.42 1.44 1.36 1.42 1.54 1.53
radiation Mo Ko/graphite monochromator
scan type )
no. of data collcd a a a b b b b
no. of unique reflcns 4541 4468 4459 3002 6012 3038 1032
ref Fo? > 30(Fo?) 2099 2505 2578 1548 3065 2057 973
no. of params 307 405 405 178 348 523 173
R 0.0592 0.0425 0.0473 0.0761 0.0793 0.0741 0.0440
Ry 0.0591 0.0431 0.0464 0.1066 0.1014 0.0744 0.0471
GOF 1.382 1.119 1.255 1.514 1.440 1.812 1.197

a+h, +k, £l, 20 = 3—45°. b +h, +k, +I, 20 = 3—45°. °Fo? > 20(Fo?).

(h) Fegus-(0)2(OAC)s(py)sClz (IV). An amount of [Fe(OAC)s-
(pY)au-(OH)]ELN (I-Fe, 1.00 g, 1.40 mmol), was dissolved in 40 mL ~ 2-adamantanol, and 2-adamatanone.
of pyridine, and tetraethylammonium chloride (0.23 g, 1.40 mmol) was X-ray Crystallography. Single crystals of-Mn , I-Fe, I-Co, and
added to the solution. An excess of hydrogen peroxide (0.10 mL of |v were grown by solvent diffusion of diethyl ether into mM solutions
30 wt %) was added slowly to this solution. After stirring h the of the complexes in pyridine. Diffusion of diethyl ether into acetonitrile
red-brown solution was filtered in air, and 50 mL of diethyl ether was sglutions of II-Mn and II-Co, and a propionitrile solution ofll
added to the filtrate. Upon standing atl0 °C for 12 h, off-white afforded single crystals for these complexes. The crystals were mounted
crystalline tetraethylammonium acetate formed and was isolated. An in glass capillaries and sealed under argon. Diffraction data for all
additional 75 mL of diethyl ether was added to the deeply colored crystals were collected on a Nicolet R3m diffractometer using Mo K
filtrate, which resulted in the formation of a red-brown crystalline radiation equipped with a graphite monochromator. The solutions of
material. The product was isolated and washed with a minimal amount the structures were determined by a combination of heavy-atom
of cold ethanol (0.51 g, 0.51 mmol, 36% vyield). Anal. Calcd for Patterson techniques, direct methods, and Fourier methods. The
Fe014C32H3sN4Cl, (fw 996.6): C, 38.53; H, 3.81; N, 5.62. Found: integrity of the crystals were monitored by following three standard
C, 39.04; H, 4.05; N, 5.77. Characteristic mid-IR bands®m1586 reflections every ninety-seven reflections. Crystal and refinement data
(), 1445 (s), 1040 (w), 697 (m), 662 (w), 654 (w), 629 (w), 618 (W). for complexed —IV are compiled in Table 1.
Electronic spectra, nn_t(M*l cm*l_): 582 (270), 474 (1470) sh., 445 (a) [Mn 2(OAC)s(py)au-(OH2)JELN (I-Mn). The carbon atoms of
(2270) sh in acetonitrile. Magnetic momen©™ at 250 K, 4.48g; the tetraethylammonium cation and the carbon atoms of the pyridine
at 4 K, 0.46s. ligands were refined using isotropic thermal parameters. The remaining

(i) [Fezus-(0)(OAC)s(py)s] (V). An amount of [Fe(OAC)s(pY)au- non-hydrogen atoms were refined using anisotropic thermal parameters.
(OHy)]ELN (I-Fe, 0.75 g, 1.05 mmol) was dissolved in 50 mL of  The hydrogen atoms of the bridging water were not located in the
dichloromethane, and ferrocenium hexafluorophosphate (0.35 g, 1.05electron density map.

mmol) and EN were added. After standing for an hour, diethyl ether (b) [Fex(OAC)s(py)au-(OH2)JELN (I-Fe). All non-hydrogen atoms
(100 mL) was slowly added on top of the solution. Large brown- \vere refined using anisotropic thermal parameters. The hydrogen atoms
black needles formed and were isolated (0.43 g, 55 mmol, 79% yield) of the bridging water were located in the electron density map and
based oniron. Anal. Calcd for g@;sCo7HasN3 (fw 775.11): C, 41.84; were refined using isotropic thermal parameters.

H, 4.29; N, 5.42. Found: C, 42.06; H, 4.44; N, 5.51. Characteristic (c) [Co,(OAC)(py)au-(OHJELN (1-Co). All non-hydrogen atoms
mid-IR bands (cm?): 1611 (s), 1603 (s), 1447 (s), 1415 (s), 1041 \yere refined using anisotropic thermal parameters. The hydrogen atoms
(w), 699 (m), 656 (w), 632 (w). The compound is identical to the ot the pridging water were located in the electron density map and
known basic acetate complex reported previotsly. were refined using isotropic thermal parameters.

Adamantane Oxidations3* Adamantane (0.1 g, 0.734 mmol) and (d) [Mn 5(OAC)gJ(EtaN), (I-Mn). The carbon atoms were refined

an excess of zinc powder (1.3 g, 19.9 mmol) are dissolved/suspended,sing isotropic thermal parameters. The remaining non-hydrogen atoms
in 29 mL of pyridine. To this was added 1 mL of a standard solution \yere refined using anisotropic thermal parameters.

of the iron catalyst (10 mg/mL in pyridine) and complexese, II- (€) [Co(OAC)gJ(EtaN)s (II-Co). The carbon atoms of the tetraethyl-

Fe, Il , andlV, and the reaction was stirred vigorously in air for 18 h. : / fined Using i ic th | h
Water was added (20 mL), and the mixture was extracted with diethyl ammonium cation were refined using |sot_r0p|ct erma _paramgters. The
! remaining non-hydrogen atoms were refined using anisotropic thermal

ether (100 mL, three times). The ether solution was washed with 1 M parameters

HCI (100 mL, three times) followed by a saturated NaCl solution (100 '

mL, three times) and then dried over anhydrous MgS6ollowing (f) [Feaus-(O)(OAC)(OH)IELN (Ill).  All non-hydrogen atoms
the evaporation of the solvent to dryness, the residue was dissolved in"Were refined using anisotropic thermal parameters.
10 mL of diethyl ether and an aliquot (5 mL) of this solution was
combined with an aliquot (5 mL) of a standardized solution of (38) The products were analyzed by a flame ionization detector. Column:
naphthalene (10 mM in diethyl ether). This mixture was then analyzed 3% OV-17; column held at 98C for 2 min and then ramped to 160

°C at 10°C/min; injector and detector set at 28Q; flow rate 200
mL/min. Retention time (min): 6.3, adamantane; 9.4, naphthalene;
11.0, 1-adamantanol; 12.2, 2-adamantanol; and 13.4, 2-adamatanone.

by gas chromatograpPffor adamantane, naphthalene, 1-adamantanol,

(37) Cannon, R. D.; White, R. FProg. Inorg. Chem1988 36, 195-298.
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(9) Feyus-(0)2(OAC)s(py)«Cl, (1V). The carbon atoms were refined
using isotropic thermal parameters. The remaining non-hydrogen atoms
were refined using anisotropic thermal parameters.

Results and Discussion

Synthesis. The previously communicatétidinuclear com-
plexes [M(OAC)s(py)zu-(OH2)]~ (M = Mn, Fe, Co) assemble
spontaneously from the appropriate reagents in pyridine solution
and are isolated as /Bt salts,|—M. The metal ions are
asymmetrically bridged by two acetate ligands and a water
molecule. One of the metal ions is bound by a pyridine ligand
and two monodentate acetate ligands, that are hydrogen bonded
to the bridging water molecule. The second metal ion is bound

to a bidentate ,aFetate ligand arld a ,py“d'ne ligand. In thg Figure 2. Structure and partial labeling of the anion ff@Ac)s(Py)u-
absence of pyridine and upon dissolving these compounds in(OH,)-, I-Fe, non-hydrogen atoms as drawn by ORTEP. Thermal
acetonitrile changes in the electronic spectra are apparent forellipsoids represent the 40% probability surfaces except the water
I-Fe andI-Co. These changes suggest that upon dissociation protons which were fixed for clarity.
of pyridine the kinetically labile complexes rearrange to form
new molecules. The spectra observed in pyridine solutions of (EuN™ or CI7) or ligands (Ct) may facilitate the isolation of
I-Fe and I-Co can be “recovered” upon addition of small oxidation products. The tetranuclear complexszgO),-
amounts of pyridine to the acetonitrile solutions of these (OAc)s(py)sClz (IV) was isolated and shows a rhomlpked" ;-
complexes. (us—0)2} “butterfly” core previously seen in iron and manga-
Recrystallization ofl from neat acetonitrile affords a small  nese chemistrj£¢3° Attempts to assemble this compound from
amount of an oily residue and the linear trinuclear complexes FeCb, Fe(OAc) (3 equiv) in pyridine or pyridine/CECN
M3(OAC)s(EtsN)2 (II-M , M = Mn, Fe, Co). The electronic  solution in the presence of DH,0,, or O,/H,O, were not
spectra of [M(OAC)g](EtsN)2 (M = Fe (I-Fe), Co (I-Co)) in successful. These results support the hypothesis that the

acetonitrile solutions are similar to those seen fop({®AC)s- integrity of I-Fe is maintained to some extent in pyridine
(py)2u-(OHR)JELsN (M = Fe (-Fe), Co (-Co)) respectively, solution, as well as in equilibria with other species, and is in
in acetonitrile solutions. The electronic spedtrée andll- concert with the synthetic methodology used by others to make
Co taken in pyridine solutions or acetonitrile solutions with tetranuclear iron complexes with similar structural motf4?
pyridine added (5% v/v) are similar to thoselefe andl-Co, In an attempt to isolate a hydroxide bridged mixed-valence

respectively, in pyridine solutions. Subsequent recrystallization complex ofl-Fe by oxidation and the subsequent monodepro-

of lI-Fe andll-Co from wet pyridine leads to the reformation tonation of the bridging water molecule, an equivalent amount

of the dinuclear specidsFe andI-Co which can be isolated.  of ferrocenium ion in the presence of an equimolar amount of

This observation is consistent with an equilibrium betwéen base was added to a solutionlefe. The compound isolated

andll (eq 1), although a number of other ionic and neutral was the well-studied, mixed-valence sE@AC)sus-(O)(pPY)
comple®’ (V), with the basic acetate structure.

2[M,(OAC)s(py),u-(OH,)] ™ = (OSHtr)l]Jl(E:iulile [l)e?fﬂriptior;:. Tklie cocr:npleées [M(CZ)SAC)s(Py);u-
e )]ELN, = Mn, Fe, Co; Figure 2), are X-ray
[M3(OAC)g]™ + M(OAc), + 4py + 2H,0 (1) isomorphous and isostructural. Selected bond distances and
] ] angles are compiled in Table 2. The anion$ obnsist of two
species may also be present. In contrast to the iron and cobaltsjx-coordinate divalent metal ions bridged by two acetate ligands
complexes recrystallization #Mn from wet pyridine affords  and one water ligand. The asymmetry in the dimeric structures
the trinuclear species unchanged, suggestingltidn may derived from the differences in the coordination environment
be thermodynamically more stable thaMn . o of the two metal ions. One of these is coordinated by two
Manganese(ll) complexes are known to be oxidized to monodentate anionic acetate ligands and a pyridine molecule,
Mn(ll) and Mn(IV) complexes, often with terminal and/or  hile the other is bound to a bidentate acetate ligand and a
bridging G~ ligands, by oxygen and peroxidés® The pyridine molecule. The two monodentate acetate ligands bound
reaction of the dinucleadrMn with oxygen (air) or hydrogen  tg the same metal ion are hydrogen bonded to the aqua bridge
peroxide in acetonitrile solution affords a small amount of a in the dimers. This results in a uniquely asymmetric bridge,
dark brown oil and the [M(OAC)e]*~ complexll-Mn ina65%  py comparison to other aqua-bridged dimers that are hydrogen
yield. In pyridine solution again a small amount of a dark brown ponded in a symmetric fashion by monodentate carboxylate
oil is isolated along with the unreacted starting materisiin , ligands located symmetrically on either side of the briefgd:41
recovered in a 85% yield. Presumably the dark brown material | | the O(ac)-O(H,) distances of 2.547(1) and 2.60(1) A for
contains oxidized manganese species. These materials were nqtpp | 2.574(7) and 2.615(8) A fol-Fe, and 2.573(8) and
characterized due to their poor yields and difficulty in their 2.612(9) A forI-Co are within range for strong hydrogen

separation from-Mn andll-Mn. _ bonding. The MaMn distance inl-Mn of 3.618(3) A
Air oxidation of I-Fe in propionitrile affords the mixed-  compares well to the distances reported for J@»CCyFs)4-
valence trinuclear complex [ges-(0)(OAc),(OHy)]ELN (lIl ). (H20)sL5]3! and the aqua-bridged complexes Mf(OHz)uz-
The [Feus-(O)(OAc)] ™ core oflll is quite similar to the [Feis-
(O)(OAc)|%** cores of the basic acetate compleXelide (39) Armstrong, W. H.; Roth, M. E.; Lippard, S. J. Am. Chem. Soc.
infra). 1987 109, 6318-6326.
The hydrogen peroxide or air oxidation bFe in pyridine (40) Gorun, S. M.; Lippard, S. Jnorg. Chem.1988 27, 149-156.

. . . : - 41) (a) Ahlgren, M.; Turpeinen, UActa Crystallogr.1982 B38,276. (b
in the presence of tetraethylammonium chloride was |nvest|gated( ) '(ru)rpeir?en, u.; Hma%jnen' R.: Reedijlz Poh,ghedroﬁlggz 6, 16(()3)_

with the expectation that the presence of additional counterions (c) Das, B. K.; Chakravarty, A. Rnorg. Chem.1991, 30, 4978.
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Table 2. Interatomic Distances (A) and Angles (deg) for JBAC)su-(H20)(py)X]ELN (1) (M = Mn, Fe, Co); [Mi(OAC)](EtN), (I) (M =
Mn, Co); and [Fe(OAc)us-(O)(H0)]ELN (I11) @

Distances (A)

complex M-MP M-0 M—O(u-OAc) M—0O(;*-OAc)° M—O(;%-0Ac) M—N
I— Mn 3.618(3) 2.252(7) 2.14(2, 4) 2.141(8) 2.259(7) 2.290(9)
2.111(6) 2.167(7) 2.262(8) 2.314(8)
I-Fe 3.577(2) 2.206(6) 2.09(2, 4) 2.110(5) 2.195(6) 2.210(6)
2.148(5) 2.098(5) 2.228(4) 2.222(6)
I-Co 3.548(2) 2.146(6) 2.06(1, 4) 2.084(5) 2.183(5) 2.167(6)
2.111(5) 2.068(6) 2.181(6) 2.173(6)
11-Mn © 3.569(2) 2.11(2) 2.12(7, 4) 2.143(13) 2.195(10) -
2.17(2) 2.282(9)
I-Co 3.465(3) 2.222(12) 2.06(2,8) 2.298(14) 2.20(4, 8) -
3.471(3) 2.106(13) 2.190(13)
2.138(11)
2.072(11)
I 3.283(3) 1.867(4) 2.06(8, 4) 2.040(9) 2.231(9) 2.120(10)
3.283(3) 1.867(4) 2.120(8)
3.344(3) 2.093(10)
Angles (deg)
I-Mn I-Fe I-Co 11-Mn 11-Co 1
M-(u-O)-MK 108.3(3) 110.5(2) 112.9(2) 113.1(8) 106.6(5) 111.8(3)
110.8(5) 111.8(3)
127.1(4)

aThe first number in parentheses represents the largest of the individual standard deviations or the standard deviation of the mean, and the
second represents the number of equivalent bonds averaged guttH,O; Il , u-O of 5*,u? acetate ligandijl , u3—O. I, monodentate acetati;,
n*-O of n*,u? acetate ligandil , singular bridging acetaté |, Il , andlll bidentate acetaté Disorder of;*,u? acetate ligand and acetate modeled
at 50% occupancy.Range 2.09(2)2.195(10).9 1.990(10)-2.108(12)." 2.189(10)-2.306(12). 1.983(8)-2.142(9). M—OH,. k1, M—u-H,0—
M; Il , M—u-O—M of 5tu? acetate ligandtll , two Fé'—us-O—Fe" and Fé'—us-O—Fé'.

(biphme)}* as well as in Cg(O,CR)(B).* (B = monodentate

base). A series of complexes of the general typg@®£LR)s-

(L)2 (L ='PrOX, PheMgEda}¢ have been shown to have the

same core as ifl-Mn andll-Co. However, when a more

sterically hindered chelate is used € BIPhOH, BIDPhEH)

the u1,m1 acetate no longer binds to the terminal iron ion and

the geometry of the terminal iron ions becomes distorted square

pyramidal. The central manganese iorliMn is located on

a crystallographic 2-fold axis and exhibits a disorder associated

with the 2-fold axis. This disorder can be modeled (Figure 4)

with a 50% occupancy for each of the two different bridging

] ) ] ) modes fi1,u2 and u1,m1). The two remainingua,u, bridging

Figure 3. Structure and partial labeling of the anion BIDACK]*",  acetate ligands are unperturbed. The-Man distance inll-

Irgg%'sgr?tnt';‘gd;g%eng’;ﬁﬁ@iﬂ?ﬁgsy ORTEP. Thermal ellipsoids Mn at 3.569(2) A is comparable to distances found ins{@a-
CCH3)5(biphmE‘),44 Mn3(02CCI-|3)5(phen)_»,44 Mn3(02CPh)5—

(O.C RYL7% 01 3.739(2), 3.595(9), and 3.621(2) A, respectively. (PIPY)2,'* and Mm(O,CCH)e(bipy)>t at 3.635(1), 3.700(2),

The Fe-Fe distance ifl-Fe of 3.577(2) A compares well to 3.387(1), 3.588(1), and 3'6.14(1) A, respectively. _'I[hé:o

the distances reported for 4e(OH,)(O:CR)(tmen) complex does not have any imposed crystallographic symmetry

3.653(2) A)3 deoxyhemerythrin (3.57 A% and methane and does not.display glisorder in the bridging acetate ligands.
Snonoo(xg/ge%ase (3.% ,&).Tr?/e Co—(Co diftzznce inl-Co of The Co-Co distances il-Co at 3.465(3) and 3.471(3) A are

3.548(2) A is comparable to the distances inGEOH,)(0.C comparab_le to that in G(O-CPh)(quinoline)**at 3'56 A,
R)s(tmen)*1> complexes of 3.597 and 3.696 A. Other metric 1€ anion of [Feus-(O)(OACK(OH)IELN, Il (Figure 5),

details (Table 2) are similar to those reported for a plethora of CONSISts of three iron atoms bound to a centgaD. The iron
carboxylate complexes and will not be discussed further. centers form an isosceles triangle with two-ee distances of

The centrosymmetric anions of DAC)](ELN), Il (Figure 3.283_(3) and one of 3.344(3) A with the-O displaced above_
3), consist of a linear array of three six-coordinate divalent the trigonal plane of the irons by 0.34 A. A crystallographic
metals. They contain six acetate ligands that are found in threeMirror plane bisects the molecule through iieO and the
different coordination modes. Two of the acetate ligands are

; ; 43) Ménage, S.; Vitols, S. E.; Bergerat, P.; Codjovi, E.; Kahn, O.; Girerd,
bound as bidentate chelates, one each to the two terminal metaf 33 Guillot. M.: Solans. X.: Calvet. Torg. Chem1991 30, 2666-

ions. Two acetate ligands in tha,u, mode and one acetate 2671.
ligand in theus,71 mode are bridging the central metal ion to  (44) Rardin, R. L.; Poganiuch, P.; Bino, A,; Goldberg, D. P.; Tolman, W.
each of the terminal metal ions. Thes(MAc)s core is similar ) ‘(35 E';&fr}i;t'%p-aﬁi’rssthgﬂ's@mm CBh_eKI‘é v5v°|‘319§2_ %ﬁé‘;ﬁtﬁ?ﬂ(}é’ﬁé‘%
i inv),18¢,43 . s ,M.B.; ,D.B.; ) )
to that found in MB(O,CR)s(bipy),“**and Mry(O,CCHs)s Soc., Chem. Commuh974 843-844. (b) Catterick, J.; Thornton, P.

J. Chem. Soc., Dalton Tran&976 1634.
(42) Zhang, K.; Stern, E. A.; Ellis, F.; Sanders-Loehr, J.; Schiemke, A. K. (46) Goldberg, D. P.; Telser, J.; Bastos, C. M.; Lippard, $1drg. Chem.
Biochemistry1988 27, 7470-7479. 1995 34, 3011-3024.
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Figure 6. Structure and partial labeling of i&-(0O)(OAC)s(py)sCla,

IV, non-hydrogen atoms as drawn by ORTEP; carbon atoms of the
pyridine ligands were omitted for clarity. Thermal ellipsoids represent
the 40% probability surfaces.

bridging acetate ligands the iron atoms are found in two different
coordination environments that appear to structurally promote
Figure 4. Structure and partial labeling of the anion [M@AC)]?", valence localization to two ferric sites and one ferrous site. The
1I-Mn , non-hydrogen atoms as drawn by ORTEP. Thermal ellipsoids Fe—(u3-O) bond distances itil , two at 1.867(4) and one at
represent the 30% probability surfaces. Shown are two forms that 2.093(10) A, are comparable to those found in(BAC)gus-
occupy the same site in the positionally disordered structure; the (O)(3-Et-py}-0.5(tolueney’ at 1.866(4), 1.858(4), and
disordered oxygen atoms O2, O7, O8, and 010 were refined at 50% 3 0og(4) A. The latter contains a lattice-stabilized valence-
oceupancy. localized [F&F€" ;us-(0)] core. The valence localization i

is apparent in th&”Fe Massbauer spectra (vide infra).

The structure of Fgis-(0)(OAC)s(py)sCly, IV (Figure 6),
shows the rhombic WD, core previously encountered in
manganeséc and iror$®404¢hemistry. The (F£;)%" unit in
IV is similar to those in [Fgis-(O)(OCPh)(H2B(pz))2)-
(EuN),2° VI ; Feyus-(0)2(0,CCR)g(H20)5:2H,0,8 VII , as well
as [Faus-(0)(BiCOH),(BiCO),(0,CPh)]Cl,.4" A structural
comparison of the cores IV, VI, andVIl is presented in Table
3. The (Fg0,)8" unit in IV displays crystallographically
imposedC, symmetry with bond angles and distances which
correspond well to those iVl which has approximaté&,
symmetry. In contrast to the “butterfly” core ¢¥ and VI,

VIl has planab2, symmetry. The gross structuresldf and
VI are very similar, with each of the external irondéfbound

to terminal chloride and pyridine ligands in place of the
Q@ o8 binucleating HB(pz), ligands inVI. In IV two terminal

Figure 5. Structure and partial labeling of the anion {#£(O)(OACc)- pyridine Ilgands have taken the_p!ace_of the unique bf'dg'”g
(OHy)]-, Il , non-hydrogen atoms as drawn by ORTEP. Thermal benzoate ligand iVl. These pyridine ligands are found in a
ellipsoids represent the 40% probability surfaces. syn conformation that may be stabilized by interactions.
The displacement of the external iron atomslVh from the
mean plane of the £E®; inner core (0.6 A), is smaller than
ShatinVi (0.9 A). This difference accounts for a less puckered
structure for the core ifiv and longer Fe-Fe, and Fe—Fe

unique iron. The remaining iron atoms are in equivalent
environments and are each bound to a terminal bidentate acetat
A single acetate bridges the two equivalent iron atoms in the
familiar u1,u2 bridging mode. Two additionals,uz bridging distances compared Al

acetate ligands connect each of the equivalent iron atoms to Magnetic Susceptibility. The temperature-dependent mag-

the unique iron atom. All of the iron centers are in a distorted |\ - va0 - e0 o e [MOAC)s(Py)aui-(OH2)ELN (1) com-
octahedral environment, with a terminal water ligand completing ;
plexes was analyzed, and coupling constants (Table 4) were

the coordination sphere of the unique iron. The asymmetric derived from fits obtained using the spin Hamiltontdr =

Fe0)8* core oflll is similar to the core in the well-studied o o :

(basic)acetate complex&s.Valence localization in the mixed- ~2JS'S,. In fitting the susceptibility the high-temperature
valence basic acetate complexes usually arises from inter-( 7) Wu, C.-C.; Jang, H. G.: Rheingold, A. L.:@ah, P.; Hendrickson,
molecular and crystal lattice effects caused by solvent molecules D. N. Inorg. Chem.1996 35, 4137-4147.

at low temperatures which destroy the 3-fold symmetry of the (48) (a) Ponomarev, V. I.; Atovmyan, L. O.; Bobkova, S. A.; Tukel.
molecule3’4” The asymmetry inll , by comparison to the Dokd. Acad. ’\\‘/all","N‘?fir?gle‘{}zg‘f'?Sﬁ;f’ﬂz; A(tt’())vﬁﬁsg'r‘]erl‘_' R A
triiron basic acetate structures, is due to the absence qfqne Struct. Chem1985 26, 197-201. o T

bridging acetate. In the absence of a full complement of (49) Griffith, J. S.Struct. Bondingl972 10, 87—126.
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Table 3. Interatomic Distances (A) and Angles (deg) for obtained for OH-bridged specie¥®® Weak anti-ferromagnetic
Fey(us-0)2(OAC)(pY)aClz (IV); [Fes(us-0)(OAC)(H2B(pz2)2] EtsaN coupling has also been recently observed for a series of diferrous
(VI);*and Fe(us0)(OCCR)s(Hz0)s 2H:0 (VII )° XDK complexes with bridging benzoate, trifluorosulfonate, and
v VI Vi chloride ligandgp
Distances (A) The temperature-dependent magnetic behavior for the [M
Fe—Fe 2.878(3) 2.829(4) 2.915(3) (OAC)g)(Et4N), (1) complexes was analyzed, and coupling
Fa—Fe 3.462(2) 3.488(2) 3.476(2) constants were derived (Table 4) from fits obtained using the
3.316(2) 33552060(22) 3.436(3) spin Hamiltoniarf®51 H = —2J15($1°'S,) + —2J13(S+Ss) as-
3:330% suming thatli; = J,3, due to the symmetry of the complexes,
Fe—Fe 6.032(3) 5.920(2) 6.276(4) andS= S+ S, WithS=S + S + S5, H = Jif|Sif* +
Fe—O 1.907(7) 1.895(7) 1.936(3) 1$12 — |S13) + Jix(|S|? + |32 — |S|9). If zero-field terms
1.945(7) 1.917(7) 1.961(3) are ignored, the magnetic susceptibilty can be calculated (eq
1.955(8) 2)52
1.967(8)
Fe—O 1.861(7) 1.822(7) 1.842(4)
1.854(8) x= (L ﬂ292/3k'l‘)[(ZS(S+ 1)(2S+ 1)e EESKTy,
Angles (de —E(SS)/KT
Fa—O—Fe 96.7(3) gles %)3.5(3) 96.5(2) (Z(ZS+ e o 1@
94.5(3)
Fe—O-Fe 123.2(4) 125.1(5) 129.5(2) where { 8%/3k) = 0.5013 erg K mot*. The derived coupling
130.9(4) 125.9(5) 133.9(2) constantsJ;, = Js and Ji3 show weak anti-ferromagnetic
igi?g behavior forll-Mn and compare well to those for the structur-
O-Fe—0 83.1(3) 85.4(3) 82.9(2) ally similar Mng(O,CCH)g(bipy);** complex. The latter has a
85.6(3) magnetic moment of 9.75 at 285 K and 5.86g at 4.2 K and
e Jizo=—4.4cntlandJiz = £0.5 cntl. Another complex with
/F \ the same core, MyO.CCHs)s(biphme},** also has similar
Fer—O 0—TFe, magnetic properties with a magnetic moment of 8£&t 300
\{ K and 5.54 at 2 K andJ;, = —1.9 cnt and J;3 = —0.3
cm L,
2 Reference 39 Reference 48. Recently a magnetic study of a series of complexes(dre

CRX(L)2 (L = IProX, PheMgEda, BIPhOH, BIDPhEH3®

Table 4. Summary of Magnetic Suceptibilities for CompleixsIV which possess the same Jf@,CR)] core as inl , were shown

Uef J(cm™) to exhibit both ferromagnetic and anti-ferromagnetic coupling.
Complex at 250 K at4 K iz Jis The complexes REO,CPh)(PrOX), and Fg(O.CPh)(PheMe-
I-Mn 767 216 210 _ Eda) displayed weak anti-ferromagnetic behavior. The mag-
I-Fe 7.62 4.37 —02 _ netic moments of 9.5%; at 300 K and 6.52g at 5 K andJ;» =
I-Co 6.76 4.72 -0.2 — —1+ 0.5 cnr! andJ;3 = 0 cnt for the'PrOX and 9.505 at
l-Mn @ 9.83 5.52 —-5.6 0.7 300 K and 6.74g at 5 K andJ;; = —1 4+ 0.5 cntt andJi;s =
e oo o e o 0 cn X for the PheMgEda derivative compare well to the values
i ° 5.62 475 _ _ determined foll-Fe. The derivatives with L= BIPhOH or
v 4.49 0.46 — — BIDPhEH were weakly ferromagnetic. The later ligands are

bound to [Fg(O.CR)] cores that have foups,u, bridging
carboxylate ligands and the remaining carboxylate ligands bridge
through a single oxygen with the second oxygen “dangling”.
asymptote was used to determine thealues for each of the The gifferencg benzgen th®roX and Phel\/gEgda and ?heg
fomp"”em m‘imemsf'” the d'mh"tr%:z 2'0lf°”'M”h’ 9=22  BIphOH and BIDPhEH derivatives undoubtedly has its origin
or I-Feaandg N 2.'19. orI-Co: which are close to the expected the steric constraints associated with the bulky BIPhOH and
values>® Magnetization studies do not show zero-field effects, BIDPhEH ligands. These constraints cause the terminal iron

and smc_ebthe c_oupfl_lng V\llas viry wedak and dt_)ecat;s;:- tge¥]WQU|datoms to assume a trigonal bipyramidal rather than octahedral
not contribute significantly to the understanding of the behavior oo, meiry  In the absence of structural characterizatiolt of

of these complexes, the zero-field splitting terms were ignored Fe, its speculative structure can only be derived from other

in the calculation. The very weak anti-ferromagnetic coupling physical measurements. Its anti-ferromagnetic behavior, similar
for these complexes (M Mn, Fe, Co) are as expected for aqua- to that for Fe(0,CPh)(PrOX), and Fg(O,CPh)(PheMeEda)

bridged dinucltla_ar comple>r<]es :ngolg Iiong_witthhoe anti-lflerro- where the terminal iron atoms are six-coordinate, supports the
magnetic coupling strength orde 20 usually assumption thal-Fe is isostructural tdl-Mn andll-Co. The

observed for similarly bridged species. The magnetic MoMents . minal iron atoms ifl-Fe would not be five-coordinate as
for Mnau-(OHz)(02CC(CHb)s)abipyz and Mrpu-(OHz)(OAC)s found with the BIPhOH or BIDPhEH ligands but rather six-

32 ;
(tmeda)* of 7.76%s at 300 K, (.)'91’45 at Z.K’.S'OZ“B at300 coordinate as found with th&rOX or PheMgEda terminal
K, and 0.67Lg at 2 K, respectively, are similar to the values ligands as inl-Mn andII-Co .

for I-Mn, as are their weak anti-ferromagnetic coupling The ma :
- 1 ) ) gnetic moment of [Bes-(0)(OAC)(OH,)]ELN, I,
constants of-2.7 and—2.9 cnt!. Coupling constants of aqua 5.62u5 at 250 K, is significantly larger than for the mixed-

bridged iron species have been reported to be typical of anti- | ; | 280 K37 Th
ferromagnetic behavior and are significantly weaker then thoseva ence basic acetate complexes3.lup at 280 K: ©

aFe—Fe—Fe;, Ji2 = Jas.

(51) Kambe, K.J. Phys. Soc. JprLl95Q 5, 48.
(50) Drago, R. S.Physical Methods in ChemistrySaunders College (52) Van Vleck, J. H. InThe Theory of Electric and Magnetic Suscepti-
Publishing: Chicago, 1977. blities; Oxford University Press: London, 1932.
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observed moment folll indicates weaker anti-ferromagnetic
coupling inlll by comparison to the basic acetate complexes,
where the coupling constants range from-3® cnT! to 10—

20 cnt! with a variety of terminal ligands and lattice solvent
molecules’” This may be the result of valence localization in
Il , apparent in the Mssbauer spectrum and the structural
analysis, which shows a longer'Feus-(0) bond distance which

may decrease the effectiveness of the magnetic exchange

between the iron atoms.

The magnetic moments of ke-(0)(OAC)s(py)sCly, 1V,
4.4%g at 250 K (2.2 per iron atom) and 0.46 at 4 K
(0.2 per iron atom), are indicative of moderate anti-
ferromagnetic coupling. The magnetic behavior I&f is
consistent with that of the structurally similar complek.3°

An analysis of the variable temperature magnetic susceptibility

data forlll and IV using spin-exchange coupling models is
currently underway.

MdOssbauer Spectroscopy.The solid-state Mssbauer spec-
trum of I-Fe at 125 K displays only a single sharp quadrupole
doublet withd(Fe) = 1.30(1) mm/s AE; = 2.00 mm/s, and
fwhm = 0.15 mm/s3 In frozen pyridine solutior-Fe also
displays a single sharp quadrupole doublet witfe)= 1.18-

(1) mm/s,AEq = 2.96 mm/s, and fwhrs 0.20 mm/s indicating
that the solid-state structure bfe is not retained in pyridine

solution. The isomer shifts and quadrupole splittings in the solid

state and frozen pyridine solution, however, are typical for high-

spin ferrous complexes. The observance of only a single
guadrupole doublet for the asymmetric complex was unexpected

but not unique and reflects similar electric field gradients for
the two iron sites in both the solid state and frozen pyridine
solution. A single quadrupole doublet for asymmetric iron sites
has also been reported for PF@,CCHs)4(py)s]n.2® The Mdss-
bauer spectra dfFe in the solid state and in frozen pyridine
solution reflect the kinetic lability ofl, which in solution
undergoes a structural rearrangement.

obtained in pyridine and acetonitrile solutions. The isomer shift
of I-Fe in the solid state is comparable to values reported for
Feyu-(OH2)(O,CRu(tmen), 22 MMO 454 and RRB2.4%" as well
as the series of XDK complex8® The AE, value is smaller
for I-Fe presumably due to a lesser distortion of the iron sites
in I-Fe from octahedral symmetry compared to those in other
diiron complexes.

The solid-state Mssbauer spectrum of [E®ACc)s](EtsN)2
(ll-Fe) at 125 K displays two quadrupole doublets witfi-e)
= 1.22(1), 1.14(1) mm/s andEq = 1.71, 2.50 mm/s with a
relative intensity of 2:1. These values are typical for high-spin
ferrous ions and are similar to that seen in fE&2CPh}-
(BIPhMe)]** which shows two quadrupole doublets widh
(Fe)=1.14(1), 1.36(1) mm/s; aldlE, = 3.60, 2.64 mm/s with
a relative intensity of 2:1. The lesser isomer shift in the terminal
iron ions in [Fe(O.CPhk(BIPhMe)] in comparison to the
central metal ion and the terminal ionsllAFe arises from the
presence of ther acceptor aromatic nitrogen atoms of the
BIPhMe ligands.

The solid-state Mssbauer spectrum ol (Figure 7) at 125
K displays two quadrupole doublets wiflfFe)= 1.29(1) and
0.48 mm/s AE; = 1.89 and 0.71 mm/s, and relative intensities
of 1:2, respectively. The isomer shift valueslbf agree well

(53) “fwhm?”, full width half-maximum.

(54) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson,
D. E.; Salifoglou, A.; Lippard, S. JJ. Am. Chem. Sod995 117,
10174-10185.

This lability also is
demonstrated by its rearrangement upon recrystallization from
acetonitrile and by differences in the solution electronic spectra

Reynolds et al.
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Figure 7. Solid state Mgsbauer spectrum doff at 125 K.

with those reported for the mixed-valencesf&2Ac)s us-(0)-
(3-Et-py)-0.5(toluene¥’ complex of 1.242 and 0.531 mm/s with
respect to iron at 99 K. The quadrupole splittings are different
as would be expected due to differences in the overall charges
that will affect the electric field gradient.

The solid-state Mssbauer spectrum ¢¥ at 125 K displays
only a single quadrupole doublet wififFe)= 0.492 mm/s and
AEy; = 0.848 mm/s. A similar result was reported for the
tetranucleaivl which shows a single quadrupole doublet with
o(Fe) = 0.52 mm/s andAE; = 1.21 mm/s at 80 K® The
difference in theAE, values reflects a more symmetric electric
field gradient inlV. An examination of the structure d¥/
with comparison tovl (Table 3) shows that the departure of
the iron sites iV from octahedral symmetry is less pronounced
than that observed for the iron sites\th. Thus the Feus-

(O) bond distances itV range from 1.861(7) to 1.945(7) A,
while those inVI are found between 1.842(4) and 1.961(3) A.
The spectrum ofVIl display$® two resolvable quadrupole
doublets at 80 K. The NMgsbauer spectrum of the structurally
similar complex [Fgus-(0)2(BiCOH)x(BiCO)x(O,CPh)]CI,* at
4.2 K is nearly identical tdV with one quadrupole doublet
(6(Fe)= 0.5 mm/s andAEg = 0.81 mm/s).

Adamantane Oxidation. The oxidations of adamantane with
I-Fe, 1I-Fe, 1l , and IV as catalysts were investigated. The
conditions and protocol of the catalytic oxidation were those
described for the GiF systetf. In a pyridine/acetic acid solution
the substrate is dissolved along with an iron catalyst and a
sacrificial reducing agent (Zn metal). After vigorous stirring
in the air for 18 h, the solution is analyzed for oxidation (and
coupling) products. The products observed are 1-adamantanol,
2-adamantanol, 2-adamantanone, 4-(1-adamantyl)pyridine, and
2-(1-adamantyl)pyridine, the pyridine-substituted adamantyl
products were not investigated in this preliminary study. The
results obtained whehFe, ll-Fe, lll , and IV were used as
catalysts and a comparison to the data obtained from the GiF
systeni* and for certain neutral iron acet&teomplexes are
shown in Table 5.

The results show the catalytic effectiveness of all of these
compounds to be very similar. The percentages of total oxidized
products forl-Fe, ll-Fe, Ill , andIV are very similar to those
reported previously334with I-Fe being the most effective of
the catalysts reported herein. ThEe andll-Fe catalysts show
oxidation selectivity that favors the formation of 1-adamantanol
over 2-adamantanol. This is in contrast to what has been seen
previously in the other systed#$*where 2-adamantanol is the
preferred product. The catalytic studies reported herein were
undertaken with the sole purpose of demonstrating that under
GiF conditions a great number of complexes that contain the
proper chemical constituents display similar catalytic function.
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Table 5. Catalytic Oxidation of Adamantane by,®y Various Iron by the choice of solvent and/or the counterions preerithe

Carboxylate Complexés presence of simple, easy to replace ligands and the known
catalyst 1-ad-&I 2-ad-of 2-ad-oné total ref stoichiometry of the isolated complexes make them well suited
I 1o 08 100 127  this work as starting materials for the synthesis of complexes that contain
If 3.2 1.2 125 16.9  this work multidentate, structure-stabilizing, ligands.
I 2.0 0.5 7.5 10.0  this work The oxidation ofl-Fe has led to the isolation of complexes
i 0.9 0.9 8.5 10.3  this work I andV, which exhibit the{ Feyus-(0)} ¢+ core common in
2/19 ég 2'2 181'% 1%-% tgés work iron chemistry. ComplexVv was also isolated as an oxidation
S 0.6 13 1.3 132 33 product and exhibits a rhombj&ey(uz-(0))2} 8 unit also known
s3 0.7 1.3 10.1 121 33 in iron chemistry but to a much lesser extent than{tRe;us-
Bi 1.4 1.9 12.2 155 34 (O)} core.

aCarried out under GiF conditior#$. P 1-Adamantanol¢ 2-Ada- Complexesl-Fe, ll-Fe, I, fand v Catalytically o>§idize__
mantanol ¢ 2-Adamantanone Percent of product relative to initial ~adamantane under GiF conditions. Due to the kinetic lability

concentration of adamantarfeCarried out under 1 atm of pure,O of these complexes in coordinating solvents, the exact nature
9 ZnFe(OACK(py)e- " Fe(OACK(pY)s. ' [Fex(OAC)(py)aln. | GIF system. of the catalyst(s) is difficult to ascertain. Comparison of the
results obtained in this study with results from other laboratories
The mechanistic details of the GiF system have been studiedon related complexé%3* shows remarkable similarities. It
extensively and some disagreement regarding the interpretationsippears that in the absence of kinetic constraints many of these
of the data can be found in the literatPeThe lability of iron catalytic oxidations may be based on a common catalyst that
acetate complexes in solution, as shown by the chemistry of assembles in solution from the common components that are
I-Fe andll-Fe, as well as the presence of essentially the same present in all systems.
chemical components in all of the catalytic systems examined The structural similarity of-Fe to the reduced form of MMO
thus far, suggests that the active catalyst(s) in the above systemés apparent in the solid state. However, solutiond-B& in
may be a common complex(es) of considerable thermodynamicdonor solvents do not retain the solid-state structure, and as a
stability. However to make assumptions about the nature of result a study of the oxidative function dfFe, and possibly
the active GiF catalyst based on the complexes isolated fromthe development of a functional model for MMO, is hindered.
these catalytic reactions or from catalytic studies of kinetically The inherent kinetic lability of iror-carboxylate complexes is
labile “models” is not prudent. The solid state structures of general, with most of the known carboxylate complexes subject
the complexes that are used as catalysts may have no relatiorio structural rearrangement in solution. It is clear that carboxy-
to the species performing catalysis. A number of potential late-bridged centers in metalloenzymes and metalloproteins
catalytic species may be present in solution in equilibria. Some retain their structural integrity by virtue of the protein “back-
of these may be isolated under specific conditions, and any or bone” which serves as a matrix for the orientation of substrate
all of them could function as catalysts or precatalysts under the molecules and the introduction of dioxygen to the active metal
conditions of the GiF system. We expect to gain some insight centers. An elementary study of enzyme function with “model”
into the species that are possibly present in solution by compounds lies in the development of synthetic analogue
identifying the species present in nonpolar solvent solutions prior systems, for which solution kinetic lability is hindered and
to and following the catalytic oxidation. Studies with derivatives structural integrity is maintained.
of I-Fe andll-Fe, soluble in nonpolar solvents, are currently
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