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The preparations, X-ray structures, and detailed physical characterizations are presented for three new tetranuclear
Fe'YRCO, /phen complexes, where phen = 1,10-phenanthroline: [Fe,(OHO)(OH),(0,CMe)4(phen)s](ClO,)s+4.4MeCN-
Hzo (1'44MECN'H20), [FE402(02CPh)7(phen)2](C|04)‘ZMECN (Z'ZMECN), [Fe402(02CPh)3(phen)2]'2H20 (3‘2H20)
Complex 1:4.4MeCN-H,0 crystallizes in space group P2i/n, with a = 18.162(9) A, b = 39.016(19) A, ¢ =
13.054(7) A, B = 104.29(2)°, Z = 4, and V = 8963.7 A3. Complex 2:2MeCN crystallizes in space group P2y/n,
with a = 18.532(2) A, b = 35.908(3) A, ¢ = 11.591(1) A, B = 96.42(1)°, Z = 4, and V = 7665(1) A3. Complex
3-2H,0 crystallizes in space group 12/a, with a = 18.79(1) A, b = 22.80(1) A, ¢ = 20.74(1) A, B = 113.21(2)°,
Z =4, and V = 8166(1) A3. The cation of 1 contains the novel [Fes(us-OHO)(u-OH),]™* core. The core structure
of 2 and 3 consists of a tetranuclear bis(us-O) cluster disposed in a “butterfly” arrangement. Magnetic susceptibility
data were collected on 1-3 in the 2-300 K range. For the rectangular complex 1, fitting the data to the appropriate
theoretical yu vs T expression gave J; = =75.4 cm™%, J, = =21.4 cm™%, and g = 2.0(1), where J; and J; refer
to the Fe'"O(0,CMe),Fe" and Fe''(OH)Fe!" pairwise exchange interactions, respectively. The S = 0 ground state
of 1 was confirmed by 2 K magnetization data. The data for 2 and 3 reveal a diamagnetic ground state with
antiferromagnetic exchange interactions among the four high-spin Fe'" ions. The exchange coupling constant Jy,
(“body—body” interaction) is indeterminate due to prevailing spin frustration, but the “wing—body” antiferromagnetic
interaction (Jy,) was evaluated to be —77.6 and —65.7 cm~* for 2 and 3, respectively, using the appropriate spin
Hamiltonian approach. Mosshauer spectra of 1-3 are consistent with high-spin Fe'" ions. The data indicated
asymmetry of the Fe, core of 1 at 80 K, which is not detected at room temperature due to thermal motion of the
core. The spectra of 2 and 3 analyze as two quadrupole-split doublets which were assigned to the body and
wing-tip pairs of metal ions. *H NMR spectra are reported for 1-3 with assignment of the main resonances.

Introduction variety of viewpoints, including molecular magnetic materials
and bioinorganic chemistry. In the former area it has been
found that some of these clusters possess large total spin
values @) in their ground staté,a property resulting from
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Dinuclear and polynuclear hydroxo-, alkoxo- and oxo-
bridged iron(lll) complexes are of current interest from a
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provides the possibility of obtaining new examples of iron-
based single-molecule magnets (SMMs), i.e., molecular
species which show a slow relaxation rate of the magnetiza-
tion.3 For example, the smallest iron(lll) SMM is [F®Me)s-
(dpm)],* where dpm is the anion of dipivaloylmethane,
exhibiting aS = 5 ground state. In the bioinorganic area,
hydroxo- and oxo-bridged dinuclear complexes represent
synthetic models of the active sites of various hon-heme iron
protein$§ such as hemerythrin (Hr), ribonucleotide reductase
R2 protein (RNR-R2), the hydroxylase component of meth-
ane monooxygenase (MMOH), and fatty acyl desaturases,
which contain diiron cores bridged by oxo or hydroxo
ligands. From another bioinorganic chemistry point of view,
polynuclear F#/0?, OH~ complexes represent model
systems for the buildup of the ireroxo core of ferriti§ or

for biomineralization processes that form a variety of iron
oxo minerals such as ferrihydrite, goethite, &tc.

Important to the future of the above areas is the develop
ment of synthetic procedures that can yield new" Fe
hydroxo/alkoxo/oxo dinuclear and polynuclear complexes.
The ability of the ligand systems RGOL-L (L—-L =
neutral bidentate N-donor) to assemble novel Feluster
types &k = 2—6) exhibiting aesthetically pleasing structures
and interesting magnetic phenomena (e.g., spin frustration)
has been investigated. Restricting further discussion-th L
= 2,2-bipyridine (bpy), 1,10-phenanthroline (phen), or their
derivatives, the up to now structurally characterized members
of this family are [FeO(O.CMe)Clx(bpy)],2* [FExO(0,-
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[Fes0o(O.CMe)(phen)](Cl04)z,12 and Na[FeO4(OH)(amiy-
(phen}](NOz)e** (ami = the zwitterionic form of3-alanine).
Two observations concerning the above family have been
the stimuli of our efforts. First, we noticed that the'"Fe
L—L (L-L bpy, phen) ratio in the tri-, tetra- and
hexanuclear clusters is 3:1, 2:1, 1:2, or 3:4; no 1:1 clusters
have been reported. And second, contrary to the numerous
tetranuclear PE/RCO, /bpy complexes, no such iron(lll)
carboxylate clusters with phen are known. The former all
have the [Fgus-O),]8" core. Tetranuclear, oxide-bridged
carboxylate clusters of Fecontaining this core have been
under study for several years yielding a wealth of structural,
spectroscopic, and physical data. Almost all known examples
have either the bent (“butterfly?ye1%r planat® dispositions
of four Fé" atoms, typed andll, respectively, with the
pyramidal u3-O%" ions either on the same sidé) (or on
opposite sidesl() of the fused Fegplanes. [FgO.Cly(O,-
CMe)Cly(bpy)] displays an unusual structural asymmetry
in its core that can be described as a hybrid of the bent and
planar dispositions of the four metal ionil ().%
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Suspecting that 1:1 Fephen clusters and tetranuclear prismatic crystals of-4.4MeCNH,O were grown from a similar
species possessing the jge-0),]®" core could exist, we  reaction mixture, within 45 days, with the reactant concentrations
concentrated our efforts on the'H&?~, OH/RCO;, /phen scaled down to ca. 1/10. The dried sample analyzddtég. Anal.
chemistry. In this paper, we describe the preparation, X-ray €alcd for GeHasClsFeNsOzs: C, 43.01; H, 3.16; N, 7.17. Found:
crystal structures, magnetic properties, and spectroscopic (IRC: 42:47: H, 3.19; N, 7.09. IR data (KBr pellet, cfir 3414 (m,
5’Fe-Mtssbauer!H NMR) characterization of complexes br), 3068 (w), 1570 (s), 1428 (s), 1342 (w), 1146 (w), 1107 (s),

1090 (s), 870 (w), 848 (m), 724 (s), 658 (W), 624 (M), 544 ().
[Fes(OHO)(OHX(OCMek(phen)](ClO4)z (1), [FesOx(O2- The deuterated complex was prepared exactly as described for the

CPh)(phen)](ClO4) (2), and [FaOx(O.CPh)(phen)] (3). normal complex using Fe(Cly-6D,0 (0.15 mmol) and Na®
Complex1 is the desired 1:1 Pephen carboxylate cluster  cyve-3D,0 (0.26 mmol) and pheB,O (0.15 mmol) in MeCN 1
containing the novel [F€us-OHO)u-OH),]"* core, while mL); the sample was dried in vacuo at 0.

complexeL and3 are the first members of the FRCO,/ [Fe402(O,CPh);(phen),](CIO 4)-2MeCN (2-2MeCN). Method
phen subfamily of clusters with the [Hes-O),]®" core. In A. To a stirred deep red solution of Fe(G)@6H,0 (4.66 g, 10.1
addition, we report reactivity studies with the goal to assess mmol) and NaGCPh (2.54 g, 17.7 mmol) in MeCN (26 mL) was
the basic chemistry underlying the isolated clusters, i.e., added a solution of pheH,O (2.00 g, 10.1 mmol) in the same
pathways between the different types of complexes. The solvent (6 mL). A color change to dark green occurred, and the
structure and preliminary magnetic propertied biave been solution soon began to deposit a o_Iark green microcrystalline sc_>|id.
briefly communicated” This work is the continuation of a | N Precipitate was collected by filtration, copiously washed with
broad prograr® concerned with developing synthetic routes cold MeCN, and dried in air. The yield was 0.99.g25%). X-ray-

d dvi h . . f | | quality, green-purple prismatic crystals 22MeCN were grown
to, and studying the magnetic properties of, polynuclear from a similar reaction mixture, within 2 weeks, with the reactant

complexes of 3d-metals at intermediate oxidation states. qoncentrations scaled down to ca. 1/2. The dried sample analyzed
Polynuclear 3d-metal chemistry is today an area of modern as2-MeCN. Anal. Calcd for GHs.CIFeNsOo: C, 56.16: H, 3.39:
science whose interfaces with many disciplines have providedN, 4.37. Found: C, 56.09; H, 3.24; N, 4.13. IR data (KBr pellet,
invaluable opportunities for crossing boundaries both inside cm=2): 3062 (w), 1710 (w), 1598 (s), 1554 (s), 1530 (m), 1520
and between the fields of chemistry, biology, and physics. (m), 1492 (w), 1446 (w), 1398 (s), 1176 (w), 1146 (w), 1106 (m),

_ _ 1070 (w), 1024 (w), 870 (w), 848 (m), 724 (s), 674 (m), 648 (w),
Experimental Section 624 (W), 602 (W), 520 (W), 472 (m).

Syntheses.All manipulations were performed under aerobic Method B. To a stirred solution o1-H,0 (0.78 g, 0.5 mmol) in
conditions using reagents and solvents as received (Aldrich Co.) MeCN (10 mL) was added solid PhGE& (0.43 g, 3.5 mmol). The
Basic iron(lll) benzoate was prepared as described elsewhere. solid soon dissolved, but no noticeable color change occurred. A

Caution! Although no such behavior was observed during the strong smell of acetic acid was evident. A small quantity of dark
present work, perchlorate salts are potentially explosive and shouldgreen crystals o2-2MeCN formed after 24 h. These were collected

be handled with care. by filtration, copiously washed with cold MeCN, and dried in air.
[Fe4(OHO)(OH) 2(O,CMe)4(phen)](CIO 4)3:4.4MeCN-H,0 Low yields of 5-8% were obtained.
(1-4.4MeCN-H,0). To a stirred deep red solution of Fe(G)& Method C. To a stirred deep green solution dH,0 (0.31 g,

6H,0 (6.93 g, 15.0 mmol) and NagOMe-3H,O (3.57 g, 26.2 0.2 mmol) in MeCN (5 mL) were added solid P#®(0.17 g, 1.4
mmol) in MeCN (35 mL) was added a solution of pkidpO (2.97 mmol) and a solution of NaCI£H,0 (0.25 g, 1.8 mmol) in MeCN

g, 15.0 mmol) in the same solvent (19 mL). A noticeable color (5 mL). A deep green homogeneous solution was obtained from
change to dark green occurred, and the solution soon began towhich green crystals d2-2MeCN began to precipitate after 12 h.
deposit a dark green microcrystalline precipitate. The solid was When precipitation was judged to be complete, the product was
collected by filtration, repeatedly washed with cold MeCN, and collected by filtration, washed with cold MeCN, and dried in air.
dried in vacuo. The yield was 4.12 ¢70%). X-ray-quality, green Yields were typically in the 4645% range.

- — - The identity of the products from methods B and C was
(17) Boudalis, A. K.; Lalioti, N.; Spyroulias, G. A.; Raptopoulou, C. P.; . . .
Terzis, A Tangoulis, V.; Perlepes, S.JPChem. Soc., Dalton Trans. confirmed by microanalyses (both dried samples analyze® as
2001, 955. MeCN) and by IR spectroscopic comparison with samples from
(18) (a) Papaefstathiou, G. S.; Escuer, A.; Vicente, R.; Font-Bardia, M.; method A.

Solans, X.Chem. Commur001, 2414. (b) Lalioti N.; Raptopoulou, . . L
C, P.; Terzis, A.; Aliev, A. E.; Gerothanassis, |. P.; Manessi-Zoupa, [FesO2(O-CPh)g(phen)]-2H.0 (3-2H.0). Basic iron(lll) ben-

E.; Perlepes, S. PAngew. Chem., Int. Ed2001, 40, 3211. (c) zoate (0.76 g, 0.8 mmol), “BEOH)O(O,CPh)(H20),", was dis-

gaﬁaefstatglog, (%/ S.;IES%JGF, :]A';I Raptogﬁulolébgi ié;G;er(Zé?, A.; solved in MeCN (10 mL) to yield a deep red solution, followed by
erlepes, o. P.; Vicente, ur. J. Inorg. em . a H

Papaefstathiou, G. S.; Perlepes, S. P.; Escuer, A.; Vicente, R.; Font—the addlt'c_m of S_O"d phehl,O (0.24 _g, 1.2 mmol). The latter

Bardia, M.; Solans, XAngew. Chem., Int. E2001, 40, 884. (e) dissolved immediately, and the solution turned brown-green. The

Papaefstathiou, G. S.; Raptopoulou, C. P.; Tsohos, A.; Terzis, A.; reaction solution was stirred for 10 min and then filtered and left

Bakalbassis, E. G.; Perlepes, S.liforg. Chem.200Q 39, 4658. (f) i - _rav- ;
Tsohos, A.- Dionyssopotlou, S.: Raptopoulou, C. P.: Terzis, A. capped and undisturbed for 24 h. The resulting X-ray-quality, red

Bakalbassis, E. G.; Perlepes, SAPgew. Chem., Int. EL.999 38 prismatic crystals 08-2H,O were collected on a frit, copiously
983. (g) Tangoulis, V.; Raptopoulou, C. P.; Terzis, A.; Bakalbassis, washed with cold MeCN, and dried in vacuo. The yield was 40%.
E. G.; Diamantopoulou, E.; Perlepes, S.Iforg. Chem.1998 37, The dried compound analyzed asQifree @). Anal. Calcd for

3142. (h) Tangoulis, V.; Raptopoulou, C. P.; Paschalidou, S.; Bakal- . . . . .
bassis, E. G.; Perlepes, S. P.; Terzispagew. Chem., Int. Ed. Engl. CeoHseFesNsOss C, 60.63; H, 3.56; N 3.54. Found: C, 60.37; H,

1997 36, 1083. (i) Tangoulis, V.; Raptopoulou, C. P.; Paschalidou, 3.69; N, 3.40. IR data (KBr pellet, crd): 3060 (m), 3026 (w),
gh Tsolhéags%Ag.6 Egzl'o;%kea!)bz%ssis, Ei'G'{/ Telgzis, A, Plerleltz:esblﬁfg- ) 1637 (s), 1598 (s), 1558(s), 1518 (s), 1492 (m), 1446 (m), 1402 (s,
em.19914 56, - () Tangoulis, V.; Raptopoulou, C. P.; Terzis,  pry 1176 (m), 1144 (m), 1106 (m), 1068 (m), 1026 (m), 870 (m),
Toar e ggau S Perlepes, . P; Bakalbassis, Exdg. Chem. g 6 (m) 720 (s), 688 (5), 674 (s), 656 (), 596 (w), 574 (), 518
(19) Earnshaw, A.; Figgis, B. N.; Lewis, J. Chem. Soc. A966 1656. (w), 468 (s).
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Table 1. Crystallographic Data fot—3

1-4.4MeCNH-0 2:2MeCN 3-2H,0
chem formula Ga.8He2.LClsFeN12. 025 Cr7Hs57CIFeNgO20 CgoHeoFeN4O20
fw 1744.22 1645.14 1620.72
space group P2:/n P21/n 12/a
a 18.162(9) 18.532(2) 18.79(1)
b, A 39.016(19) 35.908(3) 22.80(1)
¢ A 13.054(7) 11.591(1) 20.74(1)
B, deg 104.29(2) 96.42(1) 113.21(2)
V, A3 8963.7 7665(1) 8166(1)
Z 4 4 4
T,°C 25 25 25
A, A 0.71073 1.541 80 0.71073
Dealca g CNT3 1.293 1.426 1.318
w, mmt 0.796 6.905 0.766
R12 0.0993 0.0737 0.0744
wR2 0.2676 0.1897 0.1804

aw = 1/[o4Fo?) + (aP)2 + bP] and P = (maxFq2, 0) + 2F2)/3; a = 0.1409 andb = 73.3684 forl-4.4MeCNH,0, a = 0.1157 andb = 32.2473 for
2:2MeCN, anda = 0.0820 and = 25.7531 for3-2H,0. R1= X(|Fo| — |Fc|)/Z(|Fo|) and wR2= {Z[W(Fo?2 — FAJ/Z[w(F:A?} Y2 for 6721 (-4.4MeCNH0),
5328 @-2MeCN), and 44383-2H,0) reflections withl > 20(1).

Physical MeasurementsMicroanalyses were performed by the Further crystallographic details are briefly as follows. Complex
Microanalytical Laboratory of the Laboratoire de Chimie de 1-4.4MeCNH,0: 29(max)= 43° (Mo Ka radiation), scan speed
Coordination at Toulouse. Infrared spectra (46@00 cn1?!) were = 1.5°/min, scan range= 2.1° + a0, separation, reflections

recorded as KBr disks on a Perkin-Elmer 16PC spectrometer. collected/unique/used 10 810/10 233,( = 0.0694)/10 250, 914
Room-temperaturéH NMR spectroscopy was performed on a parameters refined AP)mad(Ap)min = 0.847/~0.649 elR, (Alo)
400.13 MHz Avance DPX spectrometer (Bruker) using a spectral = 0.304. Complex2:2MeCN: 2(max)= 97.5 (Cu Ka radiation),
width of 120 ppm. Chemical shifts are quoted on ¢hecale with scan speed= 1.5°/min, scan range= 2.9 + o;0, separation,
respect to external TMS or the proton solvent signalsbtmuer reflections collected/unique/used 7860/73RQ: (= 0.0403)/7370,
measurements were recorded on a constant-acceleration conver964 parameters refinedAp)ma/(Ap)min = 0.944/~0.552 e/R,
tional spectrometer with a 50 mCi source®o (Rh matrix). The (Alo) = 0.029. Complex3:2H,0: 26(max) = 48.5 (Mo Ka
absorber was a powdered sample enclosed in a 20 mm diameteradiation), scan speedg 1.5°/min, scan range= 2.2° + o402
cylindrical, plastic sample-holder, the size of which had been separation, reflections collected/unique/used 6765/64%9 €
determined to optimize the absorption. Variable-temperature spectra0.0294)/6292, 596 parameters refinedo\mna/(Ap)min = 0.600/
were obtained in the 86300 K range, by using a MD 306 Oxford ~ —0.339 e/R, (Alo) = 0.008.
cryostat, the thermal scanning being monitored by an Oxford ITC4  For 1-4.4MeCNH,0 and2-2MeCN, all hydrogen atoms were
servocontrol device#0.1 K accuracy). A least-squares computer introduced at calculated positions as riding on bonded atoms. All
prograni® was used to fit the NMgsbauer parameters and determine non-hydrogen atoms were refined anisotropically except the oxygens
their standard deviations of statistical origin (given in parentheses). of the two perchlorate iongl) and those of the solvent molecules
Isomer shift valuesd) are reported relative to iron foil at 300 K. (1, 2) which were refined isotropically. F@&2H,0, all hydrogen
Variable-temperature (2300 K) dc magnetic susceptibility data  atoms were located by difference maps and refined isotropically,
were collected on powdered microcrystalline solids on a Cryogenics except those on C(26) and C(57), which were introduced at
S600 SQUID magnetometer (complexe$i,O and3) and on a calculated positions as riding on bonded atoms. All non-hydrogen
Quantum Design MPMS SQUID susceptometer (compRx atoms were refined anisotropically, except those of the solvent water
MeCN). Data were corrected with the standard procedure for the which were refined isotropically.
contribution of the sample holder and diamagnetism of the sample.
Solid-state EPR spectra in the-800 K temperature range were  Results and Discussion
recorded on a Varian ESR9 X-band spectrometer, equipped with . . o )
an Oxford helium continuous-flow cryostat, a Hall probe, and a  Syntheses.Previous investigations using 1,10-phenan-
Hewlett-Packard frequency meter. throline (phen) in |r0n(“|) CarbOXylate Chemistry led to the
X-ray Crystallography. Crystals of 1-4.4MeCNH,O, 2- isolation of [FeO(O,CPh)(phen)]Cl2,*? [FesO(0,CMe)-
2MeCN, and3-2H,0 were sealed in capillaries filled with drops  (phen}](ClO.)s,*® and Na[FeO4(OH),(ami)(pheny](NOz)q,*
of the mother liquors and mounted on a Crystal Logic dual where ami is the zwitterionic form ¢@f-alanine. The first of
goniometer (complexes and3) and a P2 Nicolet diffractometer these complexes contains the e0)]*" core, while the
(complex 2). Complete crystal data and parameters for data gecond consists of a bent'fgline which can be described
collection for the three complexes are reported in Table 1. Intensity as two identical [Fgu-O)]** units with a common central

data_were recorded usmg@i&ze scan. Three standard ref_le(?tlons Fell atom: in both complexes the carboxylate ligands are
monitored every 97 reflections showed less that 3% variation and . h .
monodentate. The ring-shaped hexanuclear cation consists

no decay. Lorentz, polarization, an@-scan absorption (for : .
2-2MeCN and3-2H,0) corrections were applied using Crystal of two [Fex(u-OH)(u-O-CR)(phen)]*" subunits, each linked

Logic software. The structures were solved by direct methods using 0 the two additional Fé atoms through two single-0*-
SHELXS-86and refined by full-matrix least-squares techniques groups; thus, this complex contains the f#eOH)(u-O--
on F2 with SHELXL-9321b

(21) (a) Sheldrick, G. M.SHELXS-86: Structure Sehg Program

(20) Varret, FProceedings of the International Conference ondstmauer University of Gdtingen: Gitingen, Germany, 1986. (b) Sheldrick,
Effect Applicationsindian National Science Academy: New Delhi, G. M. SHELXL-93: Crystal Structure Refinement Progrduniversity
1982. of Gattingen: Gadtingen, Germany, 1993.
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CR)]?" and [Fe(u-O)]*" cores. The syntheses of the Scheme 1

dinuclear and trinuclear complexes both involved the 1:2 Fe(Cl04);6H,0 + NaO,CR + phen
Fe'/phen ratiot>'® We wondered whether 1:1 Eégphen R=Me R=Ph
carboxylate clusters would be capable of existence, and thus,

we employed the 1:1 reaction ratio. Complex {f@HO)- FyOHOFe TPhcoH o oFe
(OH)(O,CMe)(phen)](Cl0.)s (1) was obtained using the re_ ‘E./Fe AMCOH N
1:1.75:1 Fe(ClQ)s-6H,0/NaQ:CMe-3H,0/phen ratio in i phen

MeCN. Its formation is summarized in eq 1, on the basis of o

the reasonable assumption thagCHis the source of the /i\
OHO®* and OH ions. The excess of NaGOMe-3H,0 is Fe
beneficial to the preparation. Use of_the s_toichiometric ligand substitutions have been widely used in metal car-
amount of NaQCMe-3H;0 (a 1:1:1 reaction ratio) does not  qyviate cluster chemisti?. Unfortunately, we could not
give pure complex; instead, a small amount of [f(O>  onfirm this type of reactivity forl. Addition of PhCQH
CMe),(phen)](CIO,)s** precipitates from solution and this  j, eycess tal gave pure? in low yield according to eq 3.

material has proven difficult to separate. This represents a second route to com@exmethod B in

~Fe
W

Fe

| hen ey the Experimental Section). The precise means of formation
4Fe(ClQ)s6H,0 + 4NaO,CMe-3H,0 + 4phen 20°C of 2 from the [Fa(us-OHO)(u-OH),]"* precursor is undoubt-
[Fe,(OHO)(OH),(0,CMe),(phen)](CIO,); + 4NaClQ, + edly complex, but it may be initiated by protonation of core

5HCIO, + 32H,0 (1) OH™ and OHG™ ions and MeC@ ions, facilitated by the
relatively low K, value of PhCGH, triggering reorganiza-
Since single-crystal X-ray crystallography revealed the tion of the structure. We have found that addition of NagIO
existence of the new [R@u-OHO)(u-OH),]"" core inl (vide in the reaction mixture assists precipitation2in MeCN
infra), we sought to prepare the benzoate analogugic., providing a higher yield route to this compound (method
complex [Fe(OHO)(OH)(O,CPh)(phen}](ClO4)s. How- C).
ever, the Fe(Clg)s-6H,0O/NaQ,CPh/phen (1:1.75:1) reaction
mixture in MeCN vyielded the tetranuclear complex{Bg0.- [Fe,(OHO)(OH),(O,CMe),(phen)](CIO,); +
CPh)(phen}](ClO,) (2) containing a “butterfly”-type [Fg 7PhCQH _MeCN [Fe,0,(0,CPh)(phen}](CIO,) +
(uz-O),]®* core (vide infra). The formation d@ is summa- 20°C
rized in eq 2. The “excess” NaOPh over that required for 4MeCOH + 2HCIO, + 2phent 2H,0 (3)
formation of the benzoate analoguelofvas considered to
be a possible reason for the isolation2ofWhen we sought
to prevent formation o2, an Fe(ClQ)s*6H,O/NaG:CPh/phen
reaction ratio of 1:1:1 was employed. However, this reaction
system gave a mixture of green-purple crystal2-@MeCN
(identified by unit cell determination) and a red-brown
microcrystalline solid; the latter was formulated as,[B¢O,-
CPh)(phen)](ClO4)2-5H,0 on the basis of elemental analy-
ses, and it presumably has a structure similar to that of
[FEXO(O.CPh)(phen)]Cl,-7H,0.1?

Omitting the counterion from the reaction mixture does
not greatly influence the structural identity of the product.
The 1:1 reaction between basic iron(lll) benzoate z(G&l)-
O(O,CPh}(H,0),", and pherH,O in MeCN yielded a
brown-green solution from which [F@,(O.,CPh)(phen)]

(3) was crystallized in low yield £20%). Complex3 is
structurally analogous t@ in that it also contains the
“butterfly”-type [Fey(us-O),]®" core. However, an additional
PhCQ™ had to be introduced to balance charges; this resulted
in the replacement of the boeipody benzoate bridge by

MeCN two terminal monodentate benzoates (vide infra). Once the

. + + n——= . . . . .
4Fe(ClQ)y6H,0 + 7TNaGLPh+ 2phe 20°C existence oB had been established, it was possible to design
[Fe,O,(0,CPh)(phen}|(CIO,) + 7NaClQ, + 4HCIO, + a more rational synthesis that gave this complex in a better

22H,0 (2) yield (~40%). In this improved procedure (see Experimental
Section), the exact stoichiometric 'Hphen was used ac-
Looking for an alternative method for preparing the cording to eq 4.
benzoate analogue &f we anticipated that compleixwould For convenience, the preparations/transformations de-
be capable of MeC® substitution on treatment with  scribed above are summarized in Scheme 1.
PhCQH. Such a reactivity pattern is consistent with the
known acidities of the RCOOH molecules as reflected in 4+pe,(OH)O(O,CPh)(H,0)," + 6phene——s
the (K, values (K, of MeCOH = 4.75, K, of PhCQH = 20°C
4.19), and the probable mechan#finvolves protonation 3[F&,0,(0,CPh)(pheny] + 10H,0 (4)
of bound acetates by more acidic PhEOmolecules,

followed by their displacement by generated PhC® Such Description of Structures. Selected interatomic distances

and angles for complexds4.4MeCNH,0, 2-2MeCN, and
(22) (a) Vincent, J. B.; Christmas, C.; Chang, H.-R.; Li, Q.; Boyd, P. D. 3-2H2O are listed in Tables 24; ORTEP representations

W.; Huffman, J. C.; Hendrickson, D. N.; Christou, G.ICAm. Chem. are presented in Figures—B. Complex1:4.4MeCNH,0

Soc.1989 111, 2086. (b) Christou, G. C.; Perlepes, S. P.; Libby, E.; : ; .
Folting, K.. Huffman. J. C.; Webb, R. J.. Hendrickson, D. INorg. crystallizes in monoclinic space grolg2/n. Its structure

Chem.199Q 29, 3657. consists of the tetranuclear [K®HO)(OH)(O,CMe),-
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Figure 1. ORTEP representation of the cation of comple#x.4MeCN
H>0 at the 30% probability level. The-OH~ oxygen atoms are O(1) and
0O(3), while atoms O(2) and O(4) belong to the OH@roup.

Figure 2. ORTEP representation of the tetranuclear cation of complex
2-:2MeCN at the 30% probability level. For clarity, only the ipso C atom
of phenyl rings of the benzoate groups is included.

Figure 3. ORTEP representation of the tetranuclear molecule of complex
3-2H,0 at the 30% probability level. For clarity, only the ipso C atom of

are related by the crystallographic 2-fold axis.

(phen)]®* cation, three CI@ anions, and solvate # and
MeCN molecules; the latter three will not be further
discussed. The four Peatoms lie at the corners of a

is bridged by one & group and two MeCg@ ligands; the
latter are in the familian:n*;u, mode. One single OH

Table 2. Selected Interatomic Distances (A) and Angles (deg) for
Complex1-4.4MeCNHO

Fe(1)--Fe(2)
Fe(3)--Fe(4)
Fe(1)--Fe(4)
Fe(2)--Fe(3)
Fe(1)-0(4)
Fe(1y-0(1)
Fe(1)-0(9)
Fe(1)-0(11)
Fe(1)-N(1)
Fe(1)-N(2)
Fe(2)-0(2)
Fe(2)-0(1)
Fe(2)y-0(5)
Fe(2)-0O(7)
Fe(2)-N(3)

O(1)-Fe(1)-0(4)
O(1)—Fe(1)-0(9)
O(1)-Fe(1)-0(11)
O(1)—Fe(1)-N(1)
O(1)-Fe(1)-N(2)
O(4)—Fe(1)-0(9)
O(4)-Fe(1)-0(11)
O(4)Fe(1)-N(1)
O(4)-Fe(1)-N(2)
0(9)—Fe(1)-0(11)
0(9)—Fe(1)-N(1)
0(9)-Fe(1)-N(2)
O(11)-Fe(1)-N(1)
O(11)-Fe(1)-N(2)
N(1)—Fe(1)-N(2)
O(1)-Fe(2)-0(2)
O(1)-Fe(2)-0(5)
O(1)-Fe(2)-0(7)
O(1)—Fe(2)-N(3)
O(1)—Fe(2)-N(4)
0(2)-Fe(2)-0(5)
0(2)-Fe(2)-0(7)
O(2)-Fe(2)-N(3)
0(2)—Fe(2)-N(4)
O(5)—Fe(2)-0(7)
O(5)—Fe(2)-N(3)
O(5)—Fe(2)-N(4)
O(7)—Fe(2)-N(3)
O(7)-Fe(2)-N(4)
N(3)—Fe(2)-N(4)
0(2)-Fe(3)-0(3)
0(2)—Fe(3)-0(6)
O(2)—Fe(3)-0(8)
O(2)—Fe(3)-N(5)

3.694(2)
3.687(2)
3.261(2)
3.250(2)
1.883(6)
1.997(7)
2.038(8)
1.998(8)
2.138(10)
2.186(9)
1.881(7)
1.997(7)
2.035(8)
2.014(9)
2.148(9)

94.1(3)
173.5(3)
91.9(3)
88.9(4)
89.5(3)
91.4(3)
99.7(3)
97.7(3)
172.8(4)
90.7(4)
86.8(4)
84.7(3)
162.4(4)
86.3(4)
76.1(4)
94.0(3)
172.9(3)
91.3(4)
90.5(3)
89.2(3)
92.9(3)
99.5(3)
96.5(3)
171.4(3)
88.9(4)
87.3(4)
83.8(3)
163.7(4)
88.4(4)
75.4(4)
93.8(3)
93.4(3)
100.1(3)
96.3(4)

Fe(2N(4)
Fe(3)0(2)
Fe(3)0(3)
Fe(3)0(6)
Fe(3y0(8)
Fe(3)N(5)
Fe(3yN(6)
Fe(4)0O(4)
Fe(4)0(3)
Fe(4)0(10)
Fe(4y0(12)
Fe(4yN(7)
Fe(4yN(8)
O(2y-0(4)

O(2)-Fe(3)-N(6)
O(3)Fe(3)-0(6)
O(3)Fe(3)-0(8)
O(3)-Fe(3)-N(5)
O(3}-Fe(3)-N(6)
O(6)Fe(3)-0(8)
O(6yFe(3)-N(5)
O(6)-Fe(3)-N(6)
O(8)-Fe(3)-N(5)
O(8)Fe(3)-N(6)
N(5)-Fe(3)-N(6)
O(3)-Fe(4)-0(4)
O(3) Fe(4y-0(10)
O(3)-Fe(4)-0(12)
O(3)-Fe(4)-N(7)
O(3)Fe(4)-N(8)
O(4) Fe(4)-0(10)
O(4) Fe(4y-0(12)
O(4)-Fe(4)-N(7)
O(4)-Fe(4)-N(8)
O(10) Fe(4)-0(12)
O(10) Fe(4)-N(7)
O(10)-Fe(4)-N(8)
O(12) Fe(4)-N(7)
O(12) Fe(4)-N(8)
N(7)-Fe(4)-N(8)
Fe(1}O(1)-Fe(2)
Fe(3YO(3)-Fe(4)
Fe(2}O(2)—Fe(4)
Fe(1}O(4)—Fe(4)
C(53Y0(7)—Fe(2)
C(55) O(10)—Fe(4)
O(5yC(51)-0(6)
O(7)-C(53)-0(8)

2.164(9)
1.876(7)
1.984(7)
2.028(9)
2.005(10)
2.136(11)
2.186(11)
1.869(6)
2.002(7)
2.045(8)
1.991(8)
2.180(9)
2.172(9)
2.525(9)

171.1(4)
172.2(3)
92.9(4)
90.1(3)
89.3(3)
88.8(4)
86.1(4)
83.1(4)
163.1(4)
88.1(4)
75.3(5)
94.2(3)
172.5(3)
92.5(4)
88.7(3)
90.7(3)
92.0(3)
99.5(3)
172.6(3)
97.7(3)
90.7(4)
84.7(3)
84.2(4)
87.2(3)
162.2(3)
75.4(3)
135.3(4)
135.3(4)
119.8(4)
120.7(4)
132.6(8)
131.0(8)
125.9(12)
125.3(12)

ligands are significantly shorter@.25 A) than those bridged
by the singlex-OH~ ion (~3.69 A). A chelating phen
molecule completes a distorted octahedral coordination at
each metal center. Atoms O(2) and O(4) are 0.74 and 0.73
A, respectively, above the bestfdane, while atoms O(1)
and O(3) are both below this plane by 0.21 and 0.18 A,
phenyl rings of the benzoate groups is included. Primed and unprimed atomsrespectively.
As stated in the Experimental Section, the H atoms of the
cluster were not crystallographically located. Given the fact
that the four metal centers are clearly high-spin (as evidenced
by Fe-O and Fe-N bond lengths$; ¢ and by>Fe-Mass-

rectangle and deviate from their best least-squares plane bypauer spectroscopysee below) and the crystallographically
only ~0.018 A. Each of the Fe(1)/Fe(4) and Fe(2)/Fe(3) pairs established presence of three ¢1Qons, charge consider-
ations require that three core O atoms should be formally

protonated. Core O atoms O(1) and O(3) are protonated as
group (vide infra) bridges each of the Fe(1)/Fe(2) and evidenced by (i) their bond distances to'feoms [mean
Fe(3)/Fe(4) pairs. FeFe separations bridged by three 1.995(7) A], which are typical of F—(u-Onydroxo
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bonds?¢91424and (ii) the close approach of two lattice MeCN  Scheme 2

molecules to H-bonding distances [O(IN(10) = -y —
3.063(3), O(3)-N(9) = 3.013(3) A]. The Fe-O(2, 4) bond Fe@ Fe
distances are markedly shorter than the-©¢1, 3) distances, T 0
suggesting a different nature for O(2) and O(4). However, |_-|‘ + ,
the Fe-0O(2, 4) bond lengths fall outside the upper end of ¢ . a ¢
the range reported (1.74.82 A) for complexes containing l O* l
the [Fe(u-0)(u-0,CR)]?* unitta24225and the lower limit of Fe@ Fo

the range reported (1.93.98 A) for complexes containing «— b —>
the [Fe(u-OH)(u-O,CR)]*" unit2cd1424b.¢yrthermore, we

note that the bridging unit atoms O(2) and O(4) are not within CR)(bpy).Cl,],% which contains a terminally coordinated
H-bonding distance of any other ligand or lattice species, c|- at each F&. Tetranuclear complexes containing"Fe
but their distance [2.529(9) Al .is such that the presence of atoms bridged solely by oneOH- group (complext can

a proton between them is poss@?é?The presence of such  pe regarded as containing "Featoms bridged by a single
a protE)n WPuId confer partial hydroxo character to the O(?), u-OH™ group, if we ignore the OH® bridging group) are
O(4) “oxo0” groups and would be expected to result in gjso knowns® these complexes contain the adamantane-like
elongation of the FeO,y, distance$® Consistent with this  ¢gres [Fe(u-O)(u-OH)4]** %% and  [Fe(u-O)x(u-OH)a(u-
assignment, the Fe(tjFe(4) and Fe(2)-Fe(3) distances  QR),J4+ .30 ¢ Examples of Fé clusters containing the-
[3.261(2), 3.250(2) A] are intermediate between those found oH3- group are knowr%3! they are all tetranuclear. A
in complexes containing the [{a-OH)(u-O:CR)]*" (~3.45  diagram of the [Fgu-OHO*)]** unit, defining its metrical
A)zedi42iab and [Fe(u-O)u-O,CR)]*" (3.06-3.18 A) parameters, is shown in Scheme 2. The-O distances (a)
units#&242.2%Finally, the trans influence expectét>**%or in the reported complexes are in the range 2.394(1)-
a pureu-O*~ group is also reduced, resulting instight 2.426(4) A, slightly shorter than (a) ih[2.525(9) A]. The
elongation of the FeN bonds in trans positions (compared Fe..Fe distances through the “end-on” (1) bnd to “end-
with those in cis positions) and suggesting that O(2) and tg-end” (c, ¢) parts of u,-OHO®* are in the ranges
O(4) are notu-O* groups. For example the FetiN(2) 3.397(1)-3.474(1) and 3.675(1)3.755(1) A, respectively;
bond trans to O(4) has a length of 2.186(9) A, while the the corresponding average values lirare 3.255(2) and
length of the corresponding cis bond [FetN(1)] is 3.691(2) A. The shorter b,’kdistances inl reflect the
2.138(10) A_- On the basis of the above strong crystal- presence of two triatomic exogeneous bridges (two MgGO
lographic evidence, we are confident in the assignment of in the present complex; there is only one triatomic bridge
the new [Fe(us-OHO)u-OH) ™" core inl. It should be  (RCO,~, CO;) connecting the Fé atoms that are bridged
mentioned at this point that Meclusters in which the by the “end-on” parts of OH® in the literature ex-
hydroxg?¢142%r OHO’" 2° hydrogens were not crystallo-  amples?3LThis structural difference results in smaller values
grgphmglly Iocated'are by no means rare. Furthgr support tofor the angles, o in 1 [119.8(4), 120.7(4) compared to
this assignment arises from IR spectroscopy (vide infra). the reported complexes [136.4(3)38.4(3]. Another dif-

An alternative description of the structure is also useful: ference betweef and literature exampl&sdlis the fact that
the cation of1 may be considered as consisting of two in the latter the OH® moiety is coplanar with the fe
{Fey(u-O)(u-O,CR)(phen)} 2" fragments triply bridged by atoms; this makes our cation the first example of an out-of-
two u-OH~ groups a_nd one proton. An analogous dinuclear planeu,~-OHO*~ group in F&' cluster chemistry and the third
fragment, with bpy in place of phen, has been structurally in general. The two reportétexamples were the Mivin"
characterized in the discrete dinuclear complex(Ke&,- complexes (Ba,CaMn4(OHO)(O:CMe)L;] and (Ca)-

(23) (a) Grant, C. M.; Knapp, M. J.; Streib, W. E.; Huffman, J. C.; [Mn“(_OHO)(OZCMe)ZLZ]' where L is the penta‘_anion of 1,3-
Hendrickson, D. N.; Christou, G. Gnorg. Chem.1998 37, 6065. diamino-2-hydroxypropanikN,N',N'-tetraacetic acid. The
(b) Satcher, J. H., Jr.; Olmstead, M. M.; Droege, M. W.; Parkin, S. _ — i i ini ici
R.; Coll, B. C.; May, L.; Balch, A. LInorg. Chem.199§ 37, 6751. ﬁ" OHOC’ . “}?and IS Currently of gr:?;u l:)_lc;]lno.rganlp ImlereSt’
(24) (a) Kurtz, D. M., JrChem. Re. 199Q 90, 585. (b) Armstrong, W. ecause it has been proposed to eXigjther in an in-plane
H.; Lippard, S. JJ. Am. Chem. S04984 106 4632. (c) Vankai, V. or in an out-of-plane fashion, in the oxygen-evolving Mn
A Newton, M. G.; Kurtz, D. M., Jrinorg. Chem1992 31, 341. (d) oy hiex during the S S, states. Recently, crystallographic

Kitajima, N.; Amagai, H.; Tamura, N.; Ito, M.; Moro-oka, Y.;
Heerwegh, K.; Penicaud, A.; Mathur, R.; Reed, C. A.; Boyd, P. D.

W. Inorg. Chem1993 32, 3583. (e) Micklitz, W.; Lippard, S. Jnorg. (30) (a) Drieke, S.; Wieghardt, K.; Nuber, B.; Weiss, J.; Bominaar, E. L.;
Chem.1988 27, 3067. Sawaryn, A.; Winkler, H.; Trautwein, A. Xinorg. Chem.1989 28,

(25) (a) Wu, F.-J,; Kurtz, D. M., Jr.; Hagen, K. S.; Nyman, P. D.; 4477. (b) Murch, B. P.; Bradley, F. C.; Boyle, P. D.; Papaefthymiou,
Debrunner, P. G.; Vankai, V. Anorg. Chem.199Q 29, 5174. (b) V.; Que, L., JrJ. Am. Chem. S0d987 109, 7993. (c) Sessler, J. L;
Gorun, S. M.; Lippard, S. dJnorg. Chem.1991, 30, 1625. Sibert, J. W.; Burrell, A. K.; Lynch, V.; Markert, J. T.; Wooten, C. L.

(26) Jameson, D. L.; Xie, C.-L.; Hendrickson, D. N.; Potenza, J. A.; Sugar, Inorg. Chem.1993 32, 4277.

H. G.J. Am. Chem. S0d.987, 109, 740. (31) (a) Tanase, T.; Inagaki, Y.; Yamada, Y.; Kato, M.; Ota, E.; Yamazaki,

(27) Braga, D.; Grepioni, F.; Novoa, J. Ghem. Commuril998 1959. M.; Sato, M.; Mori, W.; Yamaguchi, K.; Mikuriya, M.; Takahashi,

(28) Plakatouras, J. C.; Bakas, T.; Huffman, C. J.; Huffman, J. C,; M.; Takeda, M.; Kinoshita I.; Yano, Sl. Chem. Soc., Dalton Trans.
Papaefthymiou, V.; Perlepes, S.PChem. Soc., Dalton Tran994 1998 713. (b) Tanase, T.; Inoue, C.; Ota, E.; Yano, S.; Takahashi,
2737. M.; Takeda, M.Inorg. Chim. Acta200Q 297, 18.

(29) (a) Gorun, S. M.; Papaefthymiou, G. C.; Frankel, R. B.; Lippard, S. (32) (a) Stibrany, R. T.; Gorun, S. Mingew. Chem., Int. Ed. Endl990
J.J. Am. Chem. S0d.987 109, 3337. (b) Parsons, S.; Solan, G. A.; 29, 1156. (b) Gorun, S. M.; Stibrany, R. T.; Lillo, Anorg. Chem.
Winpenny, R. E. PJ. Chem. Soc., Chem. Comma9895 1987. 1998 37, 836.
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Table 3. Selected Interatomic Distances (A) and Angles (deg) for Table 4. Selected Interatomic Distances (A) and Angles (deg) for
Complex2-2MeCN Complex3-2H,0?
Fe(1)--Fe(2) 3.302(1) Fe(2)O(7) 2.025(6) Fe(1)--Fe(2) 3.456(1) Fe(HN(1) 2.152(5)
Fe(1)--Fe(4) 3.458(1) Fe(3O(13) 2.047(6) Fe(1)--Fe(2) 3.275(1) Fe(HN(2) 2.203(5)
Fe(1)--Fe(3) 5.880(2) Fe(2)O(15) 2.000(6) Fe(2)--Fe(2) 2.912(1) Fe(2)O(2) 2.042(5)
Fe(2)--Fe(3) 3.472(2) Fe(3)0(2) 1.807(6) Fe(1)--Fe(1) 5.780(2) Fe(2)O(4) 2.120(4)
Fe(2)--Fe(4) 2.879(2) Fe(3)0(8) 2.001(7) Fe(1)-0O(1) 2.059(5) Fe(2Y0O(6) 2.036(5)
Fe(3)--Fe(4) 3.296(2) Fe(3)0(10) 2.032(7) Fe(1)}-0(3) 1.998(4) Fe(2)0(7) 1.961(4)
Fe(1)-0(1) 1.819(6) Fe(3YO(11) 1.972(7) Fe(1)-0(5) 2.051(5) Fe(2Y0(7) 1.931(4)
Fe(1)-0(3) 1.978(6) Fe(3YN(11) 2.160(9) Fe(1)-0(7) 1.821(4) Fe(2YO(8) 2.004(4)
Fe(1)-O(5) 2.036(6) Fe(3yN(12) 2.162(8)
Fe(1-0O(16) 2.015(7) Fe(4y0(1) 1.934(6) O(1)-Fe(1)-0(3) 89.1(2)  O(2)yFe(2)-0O(7) 90.1(2)
Fe(1)-N(1) 2.136(9) Fe(4y0(2) 1.916(6) O(1)-Fe(1)-O(5)  166.1(2)  O(2yFe(2)-O(7) 165.5(2)
Fe(1)-N(2) 2.169(8) Fe(4y0(6) 2.014(6) O(1)-Fe(1)-0O(7) 96.1(2)  O(2)Fe(2)-0O(8) 93.2(2)
Fe(2-0(1) 1.925(6) Fe(4y0(9) 2.027(6) O(1)-Fe(1)-N(1) 90.4(2)  O(4yFe(2)-0O(6) 84.1(2)
Fe(2-0(2) 1.959(6) Fe(4yO(12) 2.059(6) O(1)-Fe(1)-N(2) 81.6(2)  O(4yFe(2-0O(7) 93.1(2)
Fe(2)-O(4 2.043(6 Fe(4yO(14 2.062(6 O(3)—Fe(1)-0(5) 91.1(2) O(4yFe(2)-0(7) 87.3(2)
(2r-o¢) © (#Hoa) © O(3)-Fe(1)-0(7) 99.7(2)  O(4)Fe(2-0(8) 170.6(2)
O(1)-Fe(1)-0(3) 96.7(3)  O(2)Fe(3)-N(11) 99.1(3) O(3)-Fe(1)-N(1)  166.1(2)  O(6)Fe(2-0(7) 176.4(2)
O(1)-Fe(1)-0(5) 93.4(3) O(2)Fe(3-N(12)  174.5(3) O(3)-Fe(1)-N(2) 90.3(2)  O(6)-Fe(2-0O(7) 99.2(2)
O(1)-Fe(1)-0(16) 94.6(3) O(8Fe(3)-0O(10)  166.4(3) O(5)-Fe(1)-0(7) 97.6(2)  O(6)Fe(2-0(8) 88.7(2)
O(1)-Fe(1)-N(1) 97.7(3)  O(8)Fe(3)-0(11) 94.7(3) O(5)—Fe(1)-N(1) 86.1(2)  O(7yFe(2-0(7) 83.0(2)
O(1)-Fe(1)-N(2) 174.3(3)  O(8)YFe(3)-N(11) 85.7(3) O(5)—Fe(1)-N(2) 84.5(2)  O(7yFe(2-0(8) 93.8(2)
O(3)—Fe(1)-0(5) 94.3(3)  O(8)Fe(3)-N(12) 88.6(3) O(7)—Fe(1)-N(1) 94.2(2)  O(7¥Fe(2y-0O(8) 99.9(2)
O(3)-Fe(1)-0(16) 94.2(3) O(10¥Fe(3-0O(11)  95.7(3) O(7)-Fe(1)-N(2)  169.7(2)  Fe()}O(7)-Fe(2)  132.1(2)
O(3)-Fe(1)-N(1) 165.6(3) O(10yFe(3-N(11)  81.9(3) N(1)—Fe(1)-N(2) 75.9(2)  Fe(1yO(7)-Fe(2)  121.6(2)
O(3)—Fe(1)-N(2) 89.0(3) O(10¥Fe(3-N(12)  83.0(3) O(2)—Fe(2)-0(4) 80.3(2)  Fe(2yO(7)-Fe(2) 96.9(2)
O(5)—Fe(1)-0(16) 167.5(3) O(1BFe(3-N(11) 164.5(3) O(2)-Fe(2)-0(6) 87.1(2)
O(5)—Fe(1)-N(1) 85.1(3) O(11}Fe(3-N(12)  88.4(3) _ _
O(5)-Fe(1)-N(2) 86.9(3)  N(11)}-Fe(3)-N(12) 76.1(3) a Prlr_ned atoms are related by the symmetry operation-0%y, 1 —
O(16)-Fe(1)-N(1) 84.4(3) O(1yFe(4-0(2) 83.8(2) zto their unprimed partner.
0O(16)-Fe(1)-N(2) 84.1(3)  O(1)Fe(4)-0O(6) 89.9(3) . _
N(1)—Fe(1)-N(2) 76.6(3)  O(1)}-Fe(4)y-0(9) 168.9(3) and 0.24 A, respectively, with sum of angles of 354.4 and
883—?8);8% gg-g% 88;623);883 ggggg 354.8, respectively. The dihedral angle between the two Fe-
—Fe . e . H H
O()—Fe(2)-0(7) 167.6(3) O(2}Fe(4)-0(6) 167.9(3) (3) planes is 1_47.‘6 Thus_,, the core can pe considered as
O(1)-Fe(2-0(13) 90.3(3) O(2}Fe(4-0(9) 96.2(3) two edge-sharing R® triangular units with the oxygen
88—?23)):82‘11)5) gs-g((g)) 8((?;?%3)):883 g;-igg atoms above their kEeplanes (type in the Introduction).
0(2)Fe(2)-0(7) 89.0(3)  O(6)Fe(4)-0(9) 92.0(3) Peripheral ligation is provided by. seven PhC@nd two
0O(2)-Fe(2)-0(13) 84.5(2) O(6YFe(4)-0(12) 82.8(3) phen chelate groups, the former in their comnsynsyn
8%*?%%_88)5) 1;358((%) 8((3;?%3)%_88‘21; 185-28)) bridging modes, and the latter attached to the wing-tiy Fe
—Fe . e . . . .
O(4)-Fe(2)-0(13) 177.43)  O(9)Fe(d)-0(14) 83.5(3) ce_nters, Fe(l)_ and Fe(3). The body/wmg-tlp fpairs are
O(4)-Fe(2)-0(15) 91.6(3) O(12)Fe(4-0(14) 174.1(3) bridged by sixu,-carboxylate groups, while a seventh
82;3—?%):883 gg-gg; Eegggﬁg—iegg ﬁi;g; carboxylate bridges the two “hinge” ions, Fe(2) and Fe(4).
—Fe . e —Fe . . .
O(13)-Fe(2-0O(15)  86.4(3) Fe(2yO(1)Fe(4) 96.5(3) The metal_s are all octahedrally coordinated, their ch_romo-
O(2)—Fe(3)-0(8) 93.8(3) Fe(2yO(2)—Fe(4) 96.0(2) phores being Fe(1, 3y, and Fe(2, 4)@ and the entire
O(2)-Fe(3)-0(10) 93.7(3)  Fe(2yO(2)-Fe(3) 134.3(3) cation has a virtuaC, symmetry. The Fe-Fe separations

O@)-Fe(3-0(11 9633 Fe3O@)-Fe()  124.50) fall into four types. The body/body separation, Fe(2)

Fe(4), is short (2.879(2) A) because these metal ions are
bridged by two oxides. The wing-tip/body distances (all Fe
atoms involved are bridged by a single oxide) separate into
two types, those bridged by one Ph€Qyroup (Fe(1)-
Fe(4), 3.458(1) A; Fe(2)Fe(3), 3.472(2) A) and those
bridged by two (Fe(t)-Fe(2), 3.302(1) A; Fe(3)-Fe(4),
3.296(2) A). Finally, the wing-tip/wing-tip separation
(Fe(1y--Fe(3), 5.880(2) A) is the longest as expected. The
“body”-Fe to us-O distances are in the range 1.916(6)
1.959(6) A (average 1.933 A), whereas the “wing-tip”-Fe
to us-O distances are clearly shorter (average 1.813 A). This
asymmetry is also reflected in the bond angles at the triply
bonding oxide atoms: the FeD(1)—Fe(4) and Fe(2)
O(2)—Fe(4) angles (96.5(3) and 96.0{2)espectively) are
(33) Proserpio, D. M.; Hoffmann, R.; Dismukes, G.ZAm. Chem. Soc. much smaller than the other F&—Fe angles (123.7(3)

1992 114, 4374. 134.3(3)).

(34) Zouni, A.; Witt, H.-T.; Kern, J.; Fromme, P.; Krauss, N.; Saenger, Complex 3:2H,0 crystallizes in the monoclinic space
W.; Orth, P.Nature 2001, 409, 739. 12/ d disol I hicallv i
(35) Rapta, M.; Kamaras, P.; Jameson, G.JBAm. Chem. Soc 995 group a an Isplays crystallographically mpos@i

117, 12865. symmetry. The tetranuclear molecule contains a “butterfly”

data have begun to become available on the topological
arrangement of the Mn ions of this important biological
system?* however, the oxygen-based ligands of the metal
ions could not be located at the available 3.8 A resolution.
Examples in which the OHO group behaves ag? or us®?°
ligand are also known.

Complex2-2MeCN crystallizes in the monoclinic space
group P2y/n. Its cation contains a [REi-O);]8t core
comprising four F& atoms with a “butterfly” disposition
and auz-O?" ion bridging each Fg‘wing”. lons Fe(2) and
Fe(4) occupy the “hinge” or “body” sites, and Fe(1) and
Fe(3) occupy the “wing-tip” sites. Both oxide ions, O(1) and
0O(2), lie slightly above their respective fglanes by 0.25
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Table 5. Comparison of Selected Structural Parameters (A, deg?,f8r and Representative Iron(lll) Carboxylate “Butterfly” Complexes Possessing

the [Fe(us-O)]8* Corerp

param 2¢ 3 Acd Be cef D9 Eh

Fa:-Fa 2.879(2) 2.912(1) 2.829(4) 2.855(4) 2.843(2) 2.897(1) 2.878(3)
Fe<-Fa, 3.299(2) 3.275(1) 3.328(2) 3.306(4) 3.323(2) n.r. 3.316(2)
Fay--Fay 3.465(2) 3.456(1) 3.494(3) 3.439(4) 3.470(2) nr. 3.462(2)
Fe,—Of 1.920(6) 1.931(4) 1.906(7) 1.926(5) 1.913(5) 1.924(1) 1.907(7)
Fe,—Of 1.946(5) 1.961(4) 1.961(8) 1.947(5) 1.948(5) 1.950(1) 1.945(7)
Fey—Ox 1.813(6) 1.821(4) 1.836(8) 1.819(5) 1.844(5) 1.855(1) 1.861(7)
Fe—O—Fe 96.3(3) 96.9(2) 94.0(3) 95.0(2) 94.8(2) 96.8(1) 96.7(3)
Fe,—O—Fe, 124.1(3) 121.6(2) 125.5(5) 123.9(3) 124.3(5) 123.6(1) 123.2(4)
Fe,—O—Fe, 134.2(3) 132.1(2) 133.8(5) 131.9(3) 132.4(3) 130.2(1) 130.9(4)
o 147.6 144.3 n.r. 139.6 n.r. 157.6 n.r.

aQuoted esd’s for averaged values are the esd’s of the individual valBescripts: b= body, w= wingtip, t = triply bridging. ¢ Averaged values
using Cy virtual symmetry.d Complex A is (EuN)[Fes02(O2CPhy(H2B(pz))2z]. € Complex B is [FesO2(0CMe)(bpy)](ClO4). f Complex C is

(NBugn)[FexO2(OCMe)(pic)z]. 9 ComplexD is [FesO.Cly(O,CMe)s(3-Mepy)).

h ComplexE is [Fe,0.Cl(02CMe)(py)dl. | For metal ions bridged by two

RCO,~ groups. For metal ions bridged by one RGOgroup.k Dihedral angle between the Fplanes. n.r= not reported.

[Fes(usz-O),)8" core very similar to that in the anion &

H,O solvate molecules, at3580 and 3070 cmi are

The only essential structural difference between the two assigned to the ©H stretching mode of the bridging OH

clusters is that the PhGO group which bridges the body
Fe' sites in2 has been replaced by two terminal, mono-
dentate benzoate ligands & one coordinated to each of

and OHG™ groups, respectivel§Pde.29%4Two broad peaks
are observed upon deuteration, i.e., in the spectrum
[Fe4(ODO)(OD)(0O,CMek(phen)](ClO4)s (1a): one cen-

of

the two body metal ions. The unligated benzoate oxygen tered at~2630 and a second at2250 cn®. Considering

atom O(9) is hydrogen-bonded to the latticgCHmolecule,
with an Quaer++O(9) distance of 2.88 A. The dihedral angle
between the Fe(1)Fe(2)F&(and Fe(D)Fe(2)Fe(?d planes

is 144.3. Most structural trends i3 are similar to those
seen in comple®; obviously, the replacement of the seventh
bridging PhCQ@~ by two monodentate PhGO groups has
little structural effect.

Complexes2 and 3 join a small family of structurally
characterized tetranuclear'Felusters containing the “but-
terfly”-type [Fey(us-0),]®" core ().°a®15Gorun and Lippard
have carried out detailed analyses of the,(kgO),]®" core
geometries in both the planar and “butterfly”structural types

that deuteration results in an isotropic red shift@/2, these
bands are assign#dto the O-D stretching modes of the
OD and ODG~ groups, respectively. Of particular diag-
nostic significance in the low-frequency region is the medium
peak at 870 cm, which disappears in the spectrum upon
deuteration; a new peak at 640 chappears in the spectrum
of 1a. Therefore, the 870 cm band is assigned to the
bridging OH" deformation mod@d4°

Bands of phen in the 16601400 cn?, attributed to ring
stretching vibrations, shift to higher frequencies upon che-
lation*'4tin 1—3. Similar shifts occur for the bands between
1250 and 1100 cri, while those between 1050 and 700

by defining diagnostic interatomic distances and bond anglescm shift to lower frequencies with splitting of the band at

within this core!®® A careful comparison of these structural
parameters foR, 3, and the other members of the iron(lll)
“butterfly” family®*e15 reveals a remarkable structural
similarity of their cores. In Table 5 are compared selected
structural parameters fd@, 3, and the representative iron-
(11 carboxylate “butterflies” (EAN)[FesO(O,CPh)(H,B-
(pz))2] (A, HoB(pz),~ = dihydrobis(1-pyrazolyl)borateéf?2
[Fes0x(0,CMe)(bpy)](ClO4) (B),** (NBus)[FesO(O.CMe)-
(pic)s] (C, picc = picolinate)? [Fes0O.Cly(O.CMe)s(3-
Mepy)] (D, 3-Mepy = 3-methylpyridine)>¢ and [FeO.-
Cly(O.CMeX(py)d (E, py = pyridine)> Detailed comparisons
for some of the previously reported @] complexes may
be found elsewher#,15d.16

A final point of interest is that the [Muz-O).]8" (M =
3d metal) “butterfly” type core is known in vanadium(If,
chromium(lll) 3 chromium(ll)—iron(I11) 3 mixed-metal, and
manganese(lI1ff23° carboxylate chemistry.

IR Spectroscopy. Further support to the structural as-
signment ofl as a complex containing OHand OHG~
groups (vide supra) comes from FT-IR spectroscopy. Two

medium broad bands observed in the spectrum of the fully (41) Grlllone

desolvated compound, i.e., the form without MeCN and

(36) Castro, S. L.; Sun, Z.; Grant, C. M.; Bollinger, J. C.; Hendrickson, D.
N.; Christou, G.J. Am. Chem. S0d.998 120, 2365.
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~850 cnt? (an out-of-plane &H deformation)

The strong bands at 1570)( 1554 @) and 14281), 1398
(2) cm™t are assigned to the,d COO) andv{(COO) modes
of the carboxylate ligands, respectivéiyThe differenceA
(A = v,{COO0) — v{CO0O)) for both complexes (142 crh
for 1, 156 cm! for 2) is less than that for NafCMe (164
cmY) and NaQCPh (186 cm?), as expected for the
bidentate bridging mode of the carboxylate ligatféi.he
existence of two types of benzoate ligands (monodentate,

(37) (a) Eliis, T.; Glass, M.; Harton, A.; Folting, K.; Huffman, J. C.;
Vincent, J. B.Inorg. Chem1994 33, 5522. (b) Bino, A.; Chayat, R.;
Pedersen, E.; Schneider, laorg. Chem.1991, 30, 856. (c) Donald,
S.; Terrell, K.; Robinson, K. D.; Vincent, J. B.olyhedron1995 14,
971.

(38) Pan, W.-Y.; Yu, X.-FChin. J. Chem1994 12, 534.

(39) Representative references: (a) Bouwman, E.; Bolcar, M. A.; Libby,
E.; Huffman, J. C.; Folting, K.; Christou, Gnorg. Chem.1992 31,
5185. (b) Wemple, M. W.; Tsai, H.-L.; Wang, S.; Claude, J. P.; Streib,
W. E.; Huffman, J. C.; Hendrickson, D. N.; Christou, 8org. Chem.
1996 35, 6437. (c) Aromi, G.; Bhaduri, S.; Artus, P.; Folting, K.;
Christou, G.Inorg. Chem.2002 41, 805.

(40) Borer, L.; Thalken, L.; Ceccareli, C.; Glick, M.; Zhang, J. H.; Reiff,
W. M. Inorg Chem.1983 22, 1719.

. D.; Benetollo, F.; Bombieri, Golyhedron1991, 10,

(42) (a) Deacon G. B.; Phillips, R. Coord. Chem. Re 198Q 33, 227.
(b) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
Coordination Compoundégith ed.; Wiley: New York, 1986; pp 231
233, 251, 253.
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7%, T/ cm’ mol”" K

T T T T
150 200 250 300

T/K

Figure 4. Plot of ymT vs T for a polycrystalline sample of complek
The susceptibilityym, was measured under a 0.1 T magnetic field. The
solid line is a fit of the 2-300 K data to the appropriatel Jnodel; see the
text for the fitting parameters.

50 100

Scheme 3

bidentate bridging) ir8 is reflected in its IR spectrum by
the appearance of twg{COOQ) bands at 1637 (monodentate)
and 1558 cm! (bidentate bridging}? the twov{COQ) bands
most probably coincide at 1402 ctn

The spectra ofl and2 exhibit bands near 1100 and 625
cm1, due to the’s(F,) andv4(F,) modes of the uncoordinated
T4 ClO4~, respectively*? the v3(F,) band in2 should also
involve a deformation phen or PhGOcharacter.

Magnetic Susceptibility Studies of 1-3. Variable-tem-

perature magnetic susceptibility data were collected on

analytically pure, powdered samples of complekes. A
plot of the producjmT of complexl vs temperature is shown

3.5

3.0 1

2.5+

2.04

1.54

7T/ cm’ mol” K

1.0+

0.5 1

T T T T
150 200 250 300

T/IK
Figure 5. Plots ofymT vs T for microcrystalline samples of complex2s
(open circles) an@® (open triangles). The susceptibilities were measured

under a 0.1 T magnetic field. The solid lines are the fits of the8@0 K
data to the appropriate)2nodel; see the text for the fitting parameters.

B T
0 50 100

areJ; = —75.4 cm?, J, = —21.4 cm!, g = 2.0(1), and
p = 0.8%.

H=-4(SS+ S ~ (S5 + SS) (5)

A further verification for the amount of paramagnetic
impurity comes from the plot of the reduced magnetization
M/Nug vs the ratio of external magnetic field and the absolute
temperature HTY) at 2 K. The nonzero magnetization,
although the ground state = 0, is in accordance with
the small percentage of paramagnetic impurity found in the
susceptibility data. The data were simulated using eq 6, where
Bs(X) is the theoretical Brillouin function for af = 5/2
system and the percentage impurity that has been found
from the susceptibility measurements; the simulation is very
good. The energies of the spin values obtained with the fitting
values show that the first excit&F 1 state is well isolated
from the diamagneti& = 0 ground stateAE = 51 cni'%).

M = pNgugSB;5(X) (6)

The calculated, andJ, values are reasonable. Although
there are few examples of complexes containinj E®ms

in Figure 4 f is the corrected molar magnetic susceptibility/ Pridged solely by ong-OH™ group, there is, nonetheless, a

tetramer). The value giuT decreases rapidly with decreasing
temperature from 4.46 chmol! K at room temperature
until a plateau of 0.035 cfrmol~* K is reached at-16 K;

the latter nonzero value is due to an amount of paramagnetic(_75'4 cm
impurity. The temperature dependence of the susceptibility >
data reveals strong antiferromagnetic exchange interactiondt-hydroxo)bis-carboxylato)- {16 to —60 cnr

between the P& atoms; in accord with this behavior, the
room-temperature value gfuT is considerably less than
expected for four noninteractirig= 5/2 metal centers (17.52
cm?® mol~! K). Inspection of the molecular structure f

reveals that there are two main exchange pathways. The firs

one, J;, refers to the PEO(O,CMe)F€e" interactions, and
the second onel,, refers to the PE(OH)Fe" interactions.
The exchange pathways Inare shown in Scheme 3. Thus,

the Hamiltonian formalism given in eq 5 was used to fit the

data, taking into account a small percentageSof 5/2
paramagnetic impurityp]. The obtained fitting parameters

particularly narrow range in which th&values are found
(approximately—20 to —30 cn11).2%2¢The value of); in 1
(—21.4 cm?) is within the reported range. The value hf

1) is between the ranges previously reported for
the (u-oxo)bisfi-acetato)- {218 to—200 cn1t)?4a2543and
1)2d,24a,b,c,d
diiron(lll) cores. The intermediate; value presumably
reflects the nature of the bridge within the Fe(1e(4) and
Fe(2)--Fe(3) pairs, which is neither pure-OH)(u-O.CMe),

nor pure (-O)(u-O.CMe),, as reflected by the intermediate

Fe-0(2, 4) distances (average 1.877(7)%).44

Plots of the producgmT vs T for complexe2 and 3 are
shown in Figure 5. The data will not be discussed in detail

(43) (a) Arulsamy, N.; Glerup, J.; Hodgson, D.Idorg. Chem.1994 33,
3, 3043. (b) Jensen, K. B.; McKenzie, C. J.; Simonsen, O.; Toftlund,
H.; Hazell, A.Inorg. Chim. Actal997, 257, 163.

(44) Werner, R.; Ostrovsky, S.; Griesar, K.; Haase,IMérg. Chim. Acta
2001, 326, 78.
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Scheme 4 Scheme 5
T /Feb T
Fe,—QO O—Fey,
. . o Fep
since magnetic studies with similar structures have been
previously reported®de15aThe room-temperature values are l

2.72 cn¥ mol! K for 2 and 3.36 criimol™ K for 3, both
being lower than the value expected for four uncoupled 5/2 cmL, g = 2.02)% As for [Fe0(0,CMe)(bpy)](CIO.), an

spins. The values ofwT decrease monotonically with error-surface plot for the fitting i@ and3 shows that while

. . -l
decrea§|r|1|g ;[jgmperature UTI'I a.platearllj 3ffo'0b& |ch|nl KI the value ofl,;, is well determined by the fitting procedure,
(essentially diamagnetic value) is reached for both complexesy, \/ajue 0By i NOt; Sincely, is SO much stronger thal,

at 16 K; the residugiuT value is due to a similar percentage and since there are fouk, interactions and only ondy,

of paramag.net|c |mpur|t'y in both complexes. The data the spin-manifold energies are primarily determinedlfy
suggest antiferromagnetically coupled systems \Bita 0 making the precise value df, indeterminate. Thus, as for
ground state. For a complex suchzass total of flve_exchar_lge_ the bpy complex, a large range &f, values give essentially
parameters_]ij are r_equwed 0 co”ver each poss_lb le PAITWISE aqually good fits of the data, although the quodggvalues
exchange interaction betv_veen Fatom§| andj; a sixth give the lowest fitting error. Tetranuclear butterfly iron(lll)
parameterJ;s (the numbering scheme is the same as that complexes, such & 3, [Fe0,(O.CMe),(bpy)](CIO,) #2and

shown in_Figure 2) is assumed_to be zero'é‘given the large related specie¥2Pare regarded as examples exhibiting spin
distance involved (Fe()Fe(3)= 5.880(2) A). However,  ¢,qation9245The strong antiferromagnetit, interactions

the main exchange interaction pathway will be via the g strate the weakedy, interaction leading to the = 0

o .
o bru-jges,. not Fhe benzoate brldges,. so that from the ground state via the spin alignments shown pictorially in
magnetism viewpoint, the core symmetry is reduced and only Scheme 5; i.e., the E&pins are parallel in the ground state

tr'1reeJ values are requiredhiz = Jis = Jup, Jo3 = Jos = even though thel,, parameter is most likely negative
J'wb, andJ4 = Jup, Where b= body and w= wing-tip. In (antiferromagneticy®10

fact, consideration of the FeO and Fe-O—Fe distances and

angles in Table 3 shows that the almost same pyramidality H=-23,(SS) — Jul(S, + S)(S, + S)] @)
of O(1) and O(2) has a minor influence on these structural

parameters and alanodel appropriate fo€,, symmetry, The S = 0 ground state of complexe$—3 is not
i.e.,dwb = Jwp, thus does not appear unreasonable. AnalogousSurprising; this a very common ground state fof'Felusters,
considerations can be applied & for which, due to ~ Where x is an even numbef.?*¢234>Some important
symmetry, a total of three exchange parameters are initially exceptions, however, include cations §6gOH)o(tacn}]®*
required to cover each possible pairwise interaction between(S = 10, tacn= triazacyclonane};*® compound [Fe
the Fé' atoms (assuming thai,’ = 0; see Figure 3). This  (OMe)(dpm)] (S = 5),* and complex [FE>(OH)(O-
model is also the one employed previously for complex CMe)olz] (S = 5, L™ is the anion of 1,1-big{-methyl-
[Fe;0,(0,CMe),(bpy)](ClO,) and discussed in detail else- imidazol-2-yl)-1-hydroxyproparté).

where® The exchange pathways fhare shown in Scheme EPR Spectra.X-band powder EPR spectra bf-3 were
4; bearing in mind that Fe(4F Fe(2), Fe(1)= Fe(Z), and recorded in a wide range of temperatures (30K). The
Fe(3)= Fe(1), a similar interaction scheme applie§tdhe  spectra are nearly identical. The spectrumlodt 4 K is

Hamiltonian formalism given in eq 7 was used to fit the data
taking into account a small percentageSof 5/2 paramag-

(45) (a) Gatteschi, D.; Caneschi, A.; Sessoli, R.; CorniaCAem. Soc.
Rev. 1996 25, 101. (b) Winpenny R. E. FAcc. Chem. Red.997, 30,

netic impurity (). The obtained fitting parameters akg =
—2.4 cml, Jyp = —77.6 cmt, g = 2.0, andp = 1% for 2
andJy, = —15.6 cnt, Jyp = —65.7 cmt, g = 2.0, andp
= 1% for 3. The energy difference between tBe= 0 ground
state and the first excitef = 1 state is 78 cm' for 2 and
66 cm ! for 3. The different] parameters derived f@&and

3 arise from the structural differences between the tw
complexes, the main difference being the absence of the

benzoate group i3 that bridges the body Mesites. The

obtainedJ values can be compared with those previously

determined, for example, in [F@2(O.,CMe)(bpy)](ClO,)
(oo = —17.8 cm%, Jyp = —91.0 cm?, g = 2.02 and
[Fe4Ox(OCELtY(bpy)](PFes) (Jop = —14.6 cm?, Jyp = —83.2
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89. (c) Benelli, C.; Parsons, S.; Solan, G. A.; Winpenny, R. E. P.
Angew. Chem., Int. Ed. Engl996 35, 1825. (d) Brechin, E. K.;
Knapp, M. J.; Huffman, J. C.; Hendrickson, D. N.; Christou/ii&rg.
Chim. Acta200Q 297, 389. (e) Seddon, E. J.; Yoo, J.; Folting, K;
Huffman, J. C.; Hendrickson, D. N.; Christou, &.Chem. Soc., Dalton
Trans. 2000 3640. (f) Ammala, P.; Cashion, J. D.; Kepert, C. M;
Moubaraki, B.; Murray, K. S.; Spiccia, L.; West, B. @ngew. Chem.,
Int. Ed.200Q 39, 1688.

0 (46) (a) Barra, A.-L.; Debrunner, P.; Gatteschi, D.; Schulz, C. E.; Sessoli,

R. Europhys. Lett.1996 35, 133. (b) Sangregorio, C.; Ohm, T.;
Paulsen, C.; Sessoli, R.; GatteschiAhys. Re. Lett.1997, 78, 1997.

(c) Caneschi, A.; Ohm, T.; Paulsen, C.; Rovai, D.; Sangregorio, C.;
Sessoli, RJ. Magn. Magn. Mater1998 177-181, 1330. (d) Caciuffo,

R.; Amoretti, G.; Murani, A.; Sessoli, R.; Caneschi, A.; Gatteschi, D.
Phys. Re. Lett. 1998 81, 4744. (e) Gatteschi, D.; Lascialfari, A.;
Borsa, F.J. Magn. Magn. Mater1998 185 238. (f) Wernsdorfer,
W.; Caneschi, A.; Sessoli, R.; Gatteschi, D.; Cornia, A.; Villar, V.;
Paulsen, CPhys. Re. Lett. 200Q 84, 2965.
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Figure 8. Variable-temperatur&’Mdssbauer spectrum for compléx

(solid line) along with the simulated one (dotted line) according to eq 8. Table 6. Mdssbauer Paremeters for Complexdes3

See the text for details.

area 02 Ty AEq
100 o= _ compdsite T(K) ratio(%) (mms?i) (Mmmsl) (Mmms?d
1A¢ 80  53.6(6) 0.470(1) 0.144(2) 0.573(4)
80 K 1A¢ 150 57(1) 0.443(2) 0.154(2)  0.614(7)
8 g 1B 80  46.4(6) 0.485(2) 0.144(2) 1.032(4)
c 1B 150  43(1) 0.456(2) 0.154(2)  0.971(8)
£ 1004 ' ' 1A +B)d 293 100 0.370(3)  0.172(4)  0.717(5)
S 2b 80  46.2(6) 0.540(1) 0.161(2) 0.822(4)
ZINS 150 K 2b 150  46(1) 0.507(2) 0.161(3)  0.803(7)
© 2 293 50(3) 0.440(6) 0.161  0.74(2)
= 2w 80 53.8(6) 0.494(1) 0.161(2) 1.262(4)
X 2w 150 54(1) 0.465(2) 0.161(3)  1.252(8)
2w 203 49(3) 0.403(6) 0.161  1.19(2)
3b 80  49(3) 0.527(2) 0.182(5)  0.74(1)
3b 150  48(3) 0.500(2) 0.184(5)  0.74(1)
3b 293 49(1) 0.404(4)  0.222(9) 0.72(1)
3w 80  51(3) 0.502(2) 0.183(5)  1.189(1)
, P 3w 150 52(3) 0.479(2) 0.187(5)  1.18(1)
source velocity / mm s 3w 293  51(1) 0.400(4)  0.227(9)  1.14(1)

Figure 7. Variable-temperaturé’Méssbauer spectrum for compldx a|somer shift relative to iron foil at room temperatuPaVidth at half-

. . . height.© Arbitrary notation: site A is the most symmetricélData could
shown in Figure 6. The spectra show a signaj at ~4.3. not be fitted by two doublets due to close proximity of pegkBarameter

This resonance, which has a rhombic character, is thevalues fixed. b= body, and w= wing-tip.
signature of arS = 5/2 state, indicating the presence of a
paramagnetic impurity in the samples. A simulation was
carried out using the Hamiltonian given in eq 8; the simulated
spectrum is also presented in Figure 6. The simulated
parameters ar® = 0.26 cmt, E= 0.0858 cm* (1 = 0.33),
andg = 2.02.

to each other, as expected for very similagQl ligand
environments for the Pecenters. However, the quadrupole
splitting values at 80 K AEqa = 0.573(4), AEgs =
1.032(4) mm sY) clearly indicate a quite different symmetry
for these NO, environments. Due to second-order Doppler
effect?”® both 5, and dg values slightly decrease with
increasing temperature, where&dBqo, and AEqg converge
to a common average value yielding a unique quadrupole-
*’Fe Mussbauer SpectroscopyMossbauer spectra for  split doublet at room temperature. The large difference in
complexesl—3 were recorded at 80, 150, and 293 K. The AE, values for sites A and B at 80 K points out to quite
spectra ofl and3 are shown in Figures 7 and 8, respectively. different local symmetries for the two ferric sites: splitting
The spectra were least-squares fitted with Lorentzian lines, of the T,4 orbital triplet by crystal field distortions affording
and the resulting isomer shiféX and quadrupole splitting  lower than octahedral symmetry is significantly larger for
(AEq) parameters (Table 6) are consistent with the presencesijte B compared to site A.
of high-spin Fe(lll) centers in non-sulfur environmefts. Thus, we may consider that the tetranuclear metal core of
Despite the close similarity of the four Feenters inthe 1 assumes a less symmetric conformation at 80 K than at
rectangular core oi, the low-temperature spectra consist 293 K and that the 80 K conformation imposes a less
of two quadrupole-split doublets of approximately equal symmetric environment to two metal centers (site B)
absorption areas; see Figure 7. The isomer shift values atcompared to the other ones (site A). Given the flexibility of
80 K (0a = 0.470(1),0s = 0.485(2) mm s') are very close  the OHG~ moiety, where the proton is hydrogen bonded to
two “oxide” ions (O(2) and O(4) in Figure 1), a conforma-
tional isomerism due to thermal motion of this proton as
depicted in Scheme 6 may be considered. Partial localization

H = gugSH + SD-S (8)

(47) (a) Murray, K. SCoord. Chem. Re 1974 12, 1. (b) Greenwood, N.
N.; Gibb, T. C.Mdssbhauer Spectroscopghapman and Hall: London,
1971; pp 148-164.
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Scheme 6
6 5 '
.- 7 4 @
\ s/ \ ;
¢ Fe 9 N N=
) 0 i \O/
Site A Site B H (5,6) CHs
(more symmetricyI (less symmetric) )
1 3.9
" O-'.H." - "
Fy .?&iFe u
O 9 8 7 6 5 4 3
Fé H Fe
\O/ 2.9 h L
H
of the proton toward one of these “oxide” ions would endow 65 60 55 50 45 40 35 30 25 20 15 10 5 0
this ion with a strong hydroxo character, thus elongating the Chemical Shift / ppm

corresponding FeO bonds; the resulting stronger oxo Figure 9. H NMR (400 MHz) spectrum of complekin CDCly/CDsCN
character for the other “oxide” ion of the OHO bridge (6:1 v/v). An expansion of the 2:59.0 ppm region is shown separately.

would induce a shortening of the other two-H@ bonds. h FEN.O dinati h dthel f
Assuming that the Fe(u-Onaoxg, i-€., Fe-O(1) and ave 204 coordination spheres and the larger range o

Fe—0(3), Fe-N, and Fe-Oucetarcbonds are almost identical bond length (1.807(6)2.169(8) A). The short Fe()0(1)

for the two conformations, the above-mentioned process (1,'819(6) A) and Fe(3)0(2) (1.807(6) A) bonds for the

_ti I i i i i
would result in Fe-(u-O-oxiger) distances closer to Feu- wing dt_'p ,:_:é lons OIZ ]EJrowdettf;]e dma}m (3;stortt|rc]>n ?{Lthe .
OH) than to Fe-(4-O) distances for one B-O-oxaer) (i- coordination geometry from octahedral and are thus the main

: g ; : tributors to the greateEq value® In contrast, the body
O,CMe), unit (thus yielding a more symmetric environment con . .
for the corresponding Mecenters (site A)); conversely, the Fe(2) and Fe(4) (see Figure 2) have an Fe@vironment
Fe—(u-Owoxcer) distances in the other F@-O-oqger)(-Os- and a narrower range of bond length (1.916(2)062(6) A);

CMe), dinuclear unit would be closer to F€u-O) than to the doublet assigned to these body metal ionsAlag =

Fe—(u-OH) distances (thus yielding a less symmetric ;Oi mm sl..ATr?logouil atrgqmﬁnts:ée validzfor corrlplex
environment for the corresponding'Feenters (site B)). At > Where ac??mth € dou t'e I\:N' 1 argd F'Q (~1. Fr_nm S?))
low temperature, the reduced thermal motion may slow theg as&g;net 0 " eAVémg.-ﬁlp e(l) an e(gsee |dngJ)ret ):
process to such an extent that the resulting small difference omewhat similaito dilferences were observed between
in coordination environments can be detected through such

wing-tip and body F& ions in [FeOx(O.CMe)(bpy)]-
9 —
a sensitive technique as'lg&bauer spectroscopy. In the high- (Cl0,)** (1.333(3)/0.962(4) mm 8 at 105 K) and other
temperature rangel(> 200 K), the process is thermally

butterfly-type complexes with the [Fgs-0),]®" core (),
accelerated to such an extent that an averaged coordinatio

rgxhibiting large differences in Fe-O? bond lengths
environment can only be observed. In the room—temperaturebeltﬂv?\leMn%N'Sng't'p and bOdAy rl'?_ieﬁ:vl';ns' dv of |
structure ofl, the average distance for the Hgi-O-oxide) pectroscopy.An study of complexes

bonds (Fe(2, 3y0(2), Fe(L, 4y-0O(4)) is 1.877(7) A, while 1-3 has been carried out. This study has been conducted to
the ranges }eported, for tr,1e e Ogomya ' bonds ,in the  investigate whether the solid-state structure of the complexes
0xo/nydroxo

Fe (u-0)u-0,CRVIZH and [Ee(u-OH)u-O.CRMIZ units is retained in solu_tion. In adc_iition, NMR has_repre_sented a
grgz(lum)gu 82323’243’)22;3nd 1 9:£_1Q gg AZC)’&“'Z“Zb'Cref]pectively useful tool to monitor the various transformations discussed

in the synthetic section and the purity of the products. In
Figures 9 and 10 are shown spectra recordedLfand 2;

the measured chemical shifts are collected in Table 7.
Assignments have been assisted by literature re-
ports?a10.11,13,15a,24c48The spectra display broadened and

the N,O, donor set of the wing-tip P& centers (at 80 K: shiftedlresonances, features_typical of paramagnetic NMR.
Obody = 0.540(1) duing_tp = 0.494(1) mm St for 2; dpoay = The 'H NMR spectrum ofl in CDsCN covers the 670

0.527(2) Ouingp = 0.502(2) mm st for 3). Thesed values ppm region being extreme_ly c_omplica_lted, thus indicating the_
show little temperature dependence due to second-ordef>XiStence of several species in SO“_mOn' S_pe_ctra recofded n
Doppler effect This assignment is confirmed in terms of & CDCHCDLCN (6:1_ vIV) solvent m|xture]_(|s mso_luble n
coordination environment symmetry, in agreement with pure CPCJ‘) were simpler gnd better defined. E'g.ht peaks
previous observations for similar butterfly cofé§he AEq are assignable to the coordinated phgn protons. Itis not F:Iear
values for both sites ir2 and 3 reflect deviations from if these peaks correspond to the eight protons of a given

octahedral geometry, since the valence-electron contributionphen (|_n such a case all coordinated phen ligands are
to AEq is negligible for a high-spin Feion. The twoAE, magnetically equivalent) or to the four proton types of two

values for each spectrum are also significantly different. For nonequivalent phen ligands (in such a case the protons

complexZ, the dOl_Jblet_ with largeAEq (~ 1.2 mm s?)is (48) Chen, Q.; Lynch, J. B.; Gomez-Romero, P.; Ben-Hussein, A.; Jameson,
assigned to the wing-tip Fe(1) and Fe(3) (see Figure 2) that = G. B.; O’Connor, C. J.; Que, L., Jmorg. Chem.198§ 27, 2673.

The Messbauer spectra of complex2sand 3 consist of
two quadrupole-split doublets of equal areas. The two
doublets are assigned to the body and wing-tip pairs of
iron(lll) atoms. The isomer shift values allow one to
distinguish the @donor set of the body Mecenters from
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Table 7. H NMR Spectral Datafor Complexesl—3

complex phef RCO~
1"(R = Me) 57.8,62.4(2,9), 30.8, 25.6 (3, 8), 16.2,14.2 (4, 7), 3.7,3.5 (5, 6) —220
2¢(R=Ph) 40.1,34.438.15, 32.85 (2, 9R1.2 17.420.4, 16.9 (3, 8)13.2 9.1/9.0,7.98.0,7.8/7.8,7.57.4,7.47.2
11.412.9,11.2 (4, 7)6.3 5.86.3,5.8 (5, 6)
34(R=Ph) 82.1,69.2(2,9),36.0,31.9(3, 8),21.2,14.5(4,7),14.0,11.9 (5, 6) -106

aThe data are the chemical shifts (ppm) on éhscale.? In CDCIy/CDsCN (6:1 v/v).€ In CDClg; shifts observed in pure GIGN are shown in italics.
d1n CDsCN. € Numbers in parentheses refer to the phen ring positions.

Summary and Perspectives

The use of 1,10-phenanthroline (phen) it Fmrboxylate

-CiHs chemistry has provided access to three new tetranuclear
s (5,6) iron(Ill) complexes. Complext contains the unprecedented
\ ‘ [Fes(us-OHO)(-OH)]™t core. This complex fulfils the
\ prediction in the Introduction where we stated that there
appeared no reason 1:1'"Fearboxylate/phen assemblies

should not be made. The identification bEmphasizes the
‘ belief that the F&/0?-, OR/RCQO, /L—L chemistry
e s e s 3(3 9 u (R" = H, Me, ...; L—L = bpy, phen) is rich and exciting.

U Complexe and3 have the well-known [Fus-0),]®" core
L not previously described with phen. Our efforts have also
demonstrated that the replacement of the bdaydy car-
boxylate bridge (present i2) by two terminal monodentate
carboxylates (present B) is easy. These could have future
utility as sites for incorporation of other ligands by metathesis
or as means to obtain higher nuclearity compounds. Although

belonging to each 2, 9/3, 8/4, 7/5, 6 pair of each independentthe three reported complexes have been found to possess
phen are equiva|ent and would appear as a Sing|e peak)S= 0 ground states, they nevertheless Suggest pOSSibilitieS
Consideration of peak widths allows for assignment of the for other Fg species that might exist and which may have
very broad resonance at 57.8 ppm and the shoulder at 62.41igh-spin ground states. We are trying to prepare such species
ppm as being due to the 2, 9 protons, since they are closesby (i) introducing alkoxo ligands that can lead to new Fe
to the metal centers. Along the same lines, the most topologies not accessible with#Oand RCQ™ ligands alone,
peripheral phen protons should give rise to very narrow and (i) replacing u-OH /u-OR~ ligands (which often cause
less hyperfine shifted peaks; the peaks at 3.7 and 3.5 ppmantiferromagnetic interactions) in known clusters by end-on
are thus assigned to the 5, 6 protons. The two broad peaksazido ligands (which propagate ferromagnetic exchange
at 30.8 and 25.6 ppm are assigned to the 3, 8 protons, whileinteractions), or/and (iii) incorporating aromatic heterocycles
the relatively narrow peaks at 16.2 and 14.2 ppm must be that can simultaneously chelate and bridg# Fens.
due to the 4, 7 protons. Finally, a group of signals observed
in the 20-24 ppm region could be attributédo the acetate Acknowledgment. This work was supported by the Greek
protons. General Secretariat of Research and Technology (Grant
For complex2, spectra recorded in GON and CDC} 99ED139). A.K.B. thanks the European Community for
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dependence of the spectra is small (Table 7). The peaks offramework of the TMR contract FMRX-CT980174. We
the phen protons exhibit a pattern similar to thatlpfind thank Prof. D. Gatteschi (Department of Chemistry, Uni-
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ments of these resonances are difficult. In the spectrum of

complex3 in CDsCN the observed chemical shifts span a _ Supporting Information Available: X-ray crystallographic data
larger range (up te-70 ppm wide); however, the pattern of In CIF format for the structures of complex@2MeCN and3:

45 40 35 30 25 20 15 10 5 0
Chemical Shift / ppm

Figure 10. H NMR (400 MHz) spectrum of complef in CDCl;. An
expansion of the 3:010.5 ppm region is shown separately.

the peaks is similar to that observeddn 2H,0 and information concerning the program used to derive the
In summary, the abovéH NMR study has shown that susceptibility equation for complek4.4MeCNH,0 (including a

the solid-state structures of [FOHO)(OHK(O,CMe)- table with the experimental and calculated susceptibilities).

(phen)‘]%, [Fei0,(O.CPh)(phen)]*, and [FeO(O.CPh)- This material is available free of charge via the Internet at

(phen}] are most probably retained in CDZTD;CN hitp://pubs.acs.org.

(6:1 v/v), CDCE and CDXCN, and CRCN, respectively. IC025795K
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