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The syntheses, crystal structures, and magnetochemical characterization of four new iron clusters [Fe;04(O,CPh)y;-
(dmem),] (1), [Fe704(0.CMe)11(dmem),] (2), [FesO2(OH)q(0,CBug(dmem),] (3), and [FesO(0,CBU)(N3)s(dmem),]
(4) (dmemH = Me,NCH,CH,N(Me)CH,CH,0H) = 2-{[2-(dimethylamino)ethyllmethylamino} ethanol) are reported.
The reaction of dmemH with [Fe3O(O,CR)s(H,0)3](NO3) (R = Ph (1), Me (2), and Bu! (3)) gave 1, 2, and 3,
respectively, whereas 4 was obtained from the reaction of 3 with sodium azide. The complexes all possess rare
or novel core topologies. The core of 1 comprises two [Feq(us-0);]®* butterfly units sharing a common body Fe
atom. The core of 2 consists of a [Fe30s] ring with each doubly bridging O?~ ion becoming us by also bridging to
a third, external Fe atom; a seventh Fe atom is attached on the outside of this core via an additional x3-O?~ ion.
The core of 3 consists of a [Fes(us-0),]®* butterfly unit with an Fe atom attached above and below this by bridging
O atoms. Finally, the core of 4 is an isosceles triangle bridged by a u3-0?~ ion with a rare T-shaped geometry and
with the azide groups all bound terminally. Variable-temperature, solid-state dc, and ac magnetization studies were
carried out on complexes 1-4 in the 5.0-300 K range. Fitting of the obtained magnetization (M) vs field (H) and
temperature (T) data by matrix diagonalization and including only axial anisotropy (zero-field splitting) established
that 1, 2, and 4 each possess an S = %, ground state spin, whereas 3 has an S = 5 ground state. As is usually
the case, good fits of the magnetization data could be obtained with both positive and negative D values. To obtain
more accurate values and to determine the sign of D, high-frequency EPR studies were carried out on single
crystals of representative complexes 1-4MeCN and 3-2MeCN, and these gave D = +0.62 cm~! and |E| > 0.067
cm~! for 1-4MeCN and D = —0.25 cm~* for 3-2MeCN. The magnetic susceptibility data for 4 were fit to the
theoretical ywm vs T expression derived by the use of an isotropic Heisenberg spin Hamiltonian and the Van Vleck
equation, and this revealed the pairwise exchange parameters to be antiferromagnetic with values of J, = -3.6
cm~tand J, = —45.9 cm~L. The combined results demonstrate the ligating flexibility of dmem and its usefulness
in the synthesis of a variety of Fe, molecular species.

Introduction complext A number of polynuclear iron complexes have
thus been synthesized and studied as possible models for
ferritin to gain insights into the biomineralization process
involved in the formation of its metal cofeOn the other
hand, the paramagnetic nature of Fe in its common oxidation
states can often lead to interesting magnetic properties for

Polynuclear iron compounds with oxygen-based ligation
are relevant to a variety of fields such as bioinorganic
chemistry and magnetic materials. Irooxo centers are
found in several non-heme metalloproteins and metalloen-
zymes; for example, in mammals, iron is stored as ferritin,

a protein that sequesters iron(lll) as a polymeric oxo-hydroxo (1) Bertini, I.; Gray, H. B.; Lippard, S. J.; Valentine, J. Bioinorganic
Chemistry University Science Books: Mill Valley, CA, 1994

(2) (a) Goodwin, J. C.; Sessoli, R.; Gatteschi, D.; Wernsdorfer, W.; Powell,
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polynuclear Fe clusters, such as high ground-state spin valuegthanol (dmemH). This has some similarity to mdabut
and even single-molecule magnetidm. it only has one alcohol group and it was thus anticipated to

Although the exchange interactions between Fe(lll) centers
are almost always antiferromagnetic, certair tepologies N/ \ /
can nevertheless possess large ground-state spin values as a /N N
result of spin frustration. The latter is here defined in its
more general sense of competing exchange interactions of
comparable magnitude, preventing (frustrating) the preferred
antiparallel alignment of all spins, and thus giving larger

ground-state spin values than might be prediéted. give new structural types of products. We were unable to

favorable cases, where these large ground-state spins argcate previous examples in the literature of transition-metal
coupled to a significant magnetic anisotropy, the compounds complexes with this chelate.

HO

dmemH

can behave as single-molecule magnets (SMMR)Is is
the case for SMMs such as H&(OH)i (tacn)]®", [Fes-
(OMe)(dpm)), etc®

Our first investigations with dmemH have been in Fe
chemistry using the triangular [F@(O,CR)(L)s]"™ com-
plexes as reagents, a common strategy in both F&(#HRd

The above considerations and others continue to stimulateMn(lll) 1* chemistry. We have found from these reactions
groups around the world to develop new synthetic methods that dmemH is indeed a good route to a variety of interesting
that can yield new polynuclear F® clusters. A common  Nnew cluster types. These results are described in this paper,
approach has been to use chelates to encourage aggregatiomhich reports the syntheses, structures, and magnetochemical
while ensuring discrete products. Examples include-2,2 characterization of four new Fe clusters containing dmem

bipyridine (bpy)? 1,4,7-triazacyclononane (tactf)and the
anion of dibenzoylmethane (dbin® When the chelate also

Experimental Section

contains potentially bridging groups such as alkoxides, new  Syntheses.All preparations were performed under aerobic
high-nuclearity products can be obtained. Examples of this conditions using reagents and solvents as receivegD[EBCBU)s-

include the deprotonated, tridentate N,O,0 form Nof
methyldiethanolamine (mdalHand the O,0,0 form of tris-
(hydroxymethyl)ethane (thme}{ and other§.We recently

decided to extend this approach to the potentially tridentate o tion of [FeO(0,CPh)(H,0)s](NO3) (0.20 g,

N,N,O chelate Z{2-(dimethylamino)ethyllmethylamirje

(3) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; SessolMRS Bull.
200Q 25, 66.

(4) (a) Jones, L. F.; Brechin, E. K.; Collison, D.; Helliwell, M.; Mallah,
T.; Piligkos, S.; Rajaraman, G.; Wernsdorfer, MWorg. Chem2003
42, 6601-6603. (b) Powell, A. K.; Heath, S. L.; Gatteschi, D.; Pardi,
L.; Sessoli, R.; Spina, G.; Del Giallo, F.; Pieralli, . Am. Chem.
Soc.1995 117, 2491-2502. (c) Céada-Vilalta, C.; O'Brien, T. A,;
Brechin, E. K.; Pink, M.; Davidson, E. R.; Christou, [Borg. Chem.
2004 43, 5505-5521. (g McCusker, J. K.; Vincent, J. B.; Schmitt,
E. A,; Mino, M. L.; Shin, K.; Coggin, D. K.; Hagen, P. M.; Huffman,
J. C.; Christou, G.; Hendrickson, D. N. Am. Chem. S0d991, 113
3012-3021. (e) Kahn, OChem. Phys. Lett1997, 265 109.

(5) Gatteschi, D.; Sessoli, R.; Cornia, 8hem. Commur200Q 9, 725—
732.

(6) (a) Barra, A. L.; Caneschi, A.; Cornia, A.; de Biani, F. F.; Gatteschi,

D.; Sangregorio, C.; Sessoli, R.; SoraceJLAmM. Chem. S0d.999

121, 5302-5310. (b) Powell, G. W.; Lancashire, H. N.; Brechin, E.

K.; Collison, D.; Health, S. L.; Mallah, T.; Wernsdorfer, \Wngew.

Chem., Int. EJ2004 43, 5772-5775. (c) Delfs, C.; Gatteschi, D.;

Pardi, L.; Sessoli, R.; Wieghardt, K.; Hanke, Dorg. Chem.1993

32, 3099-3103. (d) Sangregorio, C.; Olin, T.; Paulsen, C.; Sessoli,

R.; Gatteschi, DPhys. Re. Lett 1997, 78, 4645.

McCusker, J. K.; Vincent, J. B.; Schmitt, E. A.; Mino, M. L.; Shin,

K.; Coggin, D. K.; Hagen, P. M.; Huffman, J. C.; Christou, G.;

Hendrickson, D. NJ. Am. Chem. S0d.99], 113 3012-3021.

(8) Caneschi, A.; Cornia, A.; Lippard, S.Angew. Chem., Int. EA.995
34, 467-469.

(9) (a) Murugesu, M.; Abboud, K. A.; Christou, ®alton Trans.2003
23, 4552-4556. (b) Jones, L. F.; Batsanov, A.; Brechin, E. K.;
Collison, D.; Helliwell, M.; Mallah, T.; Mclnnes, E. J. L.; Piligkos,
S. Angew. Chem., Int. EQR002 41, 4318-4321. (c) Moragues-
Canovas, M.; Riviere, E.; Ricard, L.; Paulsen, C.; Wernsdorfer, W.;
Rajaraman, G.; Brechin, E. K.; Mallah, Adv. Mater. 2004 16,
1101-1105. (d) Foguet-Albiol, D.; Abboud, K. A; Christou, Ghem.
Commun2005 34, 4282-4284. (e) Saalfrank, R. W.; Bernt, I.; Uller,
E.; Hampel, FAngew. Chem., Int. EA997, 36, 2482-2485. (e) King,
P.; Stamatatos, T. C.; Abboud, K. A.; Christou, @agew. Chem.,
Int. Ed. 2006 45, 7379-7383.
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(H20)3](NO3), [FesO(O,LCPh)(HA0)3](NO3), [FesO(O,LCMe)s(HzO)s]-
(NO3),*2 and (NEf),(FeOCls)® were synthesized as reported
elsewhere.

[Fe;04(0,CPh)3(dmem)] (1). Method A. An orange-red
0.19 mmol) in
MeCN (20 mL) was treated with dmemH (0.06 mL, 0.38 mmaol),
and the solution was stirred overnight at room temperature. It was
then filtered to remove undissolved starting material, and the filtrate
was allowed to stand undisturbed at room temperature. X-ray-quality
orange crystals oi-4MeCN slowly formed over 5 days in 45%
yield. These were collected by filtration, washed with MeCN, and
dried under vacuum. Anal. Calcd (found) fof/;,MeCN (GoHgo Nas
Fe,0z9): C, 52.66 (52.55); H, 4.35 (4.38); N, 3.00 (3.05). Selected
IR data (cn1?): 1598(m), 1567(m), 1539(m), 1413(vs), 1175(w),
1069(w), 1025(w), 717(m), 675(w), 644(m), 461(m).

Method B. A solution of FeC}-6H,0 (0.20 g, 0.74 mmol) and
NaO,CPh (0.21 g, 1.48 mmol) in MeCN (15 mL) was treated with
dmemH (0.06 mL, 0.37 mmol) and stirred for 3 h. The resultant
red-brown solution was filtered to remove NacCl, and the filtrate
was left undisturbed at room temperature for slow evaporation.

(10) (a) Ammala, P.; Cashion, J. D.; Kepert, C. M.; Moubaraki, B.; Murray,
K. S.; Spiccia, L.; West, B. GAngew. Chem., Int. E@00Q 39, 1688
1690. (b) Murugesu, M.; Abboud, K. A.; Christou, ®olyhedron
2004 23, 2779-2788. (c) Taft, K. L.; Lippard, S. JJ. Am. Chem.
So0c.199Q 112 9629-9630. (d) Benelli, C.; Parsons, S.; Solan, G.
A.; Winpenny, R. E. PAngew. Chem., Int. EA996 35, 1825-1828.

(11) (a) Brechin, E. K.; Boskovic, C.; Wernsdorfer, W.; Yoo, J.; Yamaguchi,
A.; Sanudo, E. C.; Concolino, T. R.; Rheingold, A. L.; Ishimoto, H.;
Hendrickson, D. N.; Christou, G. Am. Chem. So@002 124, 9710~
9711. (b) Libby, E.; McCusker, J. K.; Schmitt, E. A.; Folting, K.;
Hendrickson, D. N.; Christou, Gnorg. Chem1991 30, 3486-3495.

(c) Vincent, J. B.; Christmas, C.; Chang, H. R.; Li, Q.; Boyd, P. D.
W.; Huffman, J. C.; Hendrickson, D. N.; Christou, G.Am. Chem.
Soc.1989 111, 2086-2097.

(12) (a) Duncan, J. F.; Kanekar, C. R.; Mok, K.F.Chem. Soc. A969
3,480-482. (b) Earnshaw, A.; Figgis, B. N.; Lewis,J.Chem. Soc.
A 1966 12, 1656-1663. (c) Bond, A. M.; Clark, R. J. H.; Humphrey,
D. G.; Panayiotopoulos, P.; Skelton, B. W.; White, A. H.Chem.
Soc., Dalton Trans1998 11, 1845-1852.

(13) Armstrong, W. H.; Lippard, S. Jnorg. Chem.1985 24, 981-982.
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Orange crystals slowly formed over 5 days in 30% yield; the product Table 1. Crystallographic Data fot-4MeCN, 2:-MeCN, 3-2MeCN, and
was identified by IR spectral comparison with material from method 4-CHzClz

A. 1 2 3 4
Method C. A solution of (NE%)2(Fe&OClg) (0.20 g, 0.33 mmol) formula CooHioFer CagHroFer CogHudFes  CosHaiClhFer
and NaQCPh (0.14 g, 0.99 mmol) in MeCN (15 mL) was treated NgO2g N5O2g NeO24 N1307

with dmemH (0.11 mL, 0.66 mmol) and stirred for a few hours. fw, g/moR  2241.83 143594  1616.67 887.26
The resultant red-brown solution was filtered and kept undisturbed SPace group C2/c F1 P1 P24/n

f | . o Is slow a, 18.6028(14) 12.4586(8) 12.9769(10) 12.3260(8)
at room temperature for slow evaporation. Orange crystals slowly |’ 4 26.8523(14) 13.5495(9) 14.4142(11) 25.3961(17)
formed over 3 days in 40% yield; the product was identified by IR ¢, A 20.8083(13) 18.690(12) 23.9082(18) 13.1400(9)
spectral comparison with material from method A. a, deg 90 70.636(2) 87.6240(10) 90
[Fe;04(0,CMe)1;(dmem)y] (2). Method A. A solution of FeCy: pB,deg 103.879(2) 79.731(2) 88.5620(10) 99.1490(10)
6H,0 (0.20 g, 0.74 mmol) and NaOMe-3H,0 (0.25 g, 1.85 ;99 %0 73.099(2) - 66.0920(10) 90
20 (0.20°g, ©. | 2 <2 g, L. v, A3 10090.9(11) 2836.2(3) 4084.7(5)  4060.9(5)
mmol) in MeCN (15 mL) was treated with dmemH (0.06 mL, 0.37 z 2 2
mmol) and stirred for 3 h. The resultant red-brown solution was T,K 173(2) 173(2) 173(2) 173(2)
filtered to remove NaCl, and the filtrate was left undisturbed at rad|at|orr1T,?A3 0.71073 071073 0.71073 0.71073
room temperature for slow evaporation. X-ray-quality dark-orange Z“‘"” r%fcl ig;g iggé ii’éé 1'421451411
crystals appeared over 20 days in 15% yield. These were collected g1cd 0.0457 0.0353 0.0415 0.0497
by filtration, washed with MeCN, and dried under vacuum. Anal. wR2 0.0899 0.0864 0.1009 0.1023

Calcd (found) for2:2MeCN (CyoH73NsFe/Ozg): C, 32.53 (32.66); ) .

) a|ncluding solvate molecule$.Graphite monochromatof.| > 2o(1).
H, 4.98 (5.26); N, 5.69 (5.46). Selected IR data (ém 3431(br), dR1L= S(|IFo| — IFell)/T|Fol. eWR2 = [T[W(Fe2 — FR)A/ T [W(FA?] Y2
2985(w), 2875(w), 1565(vs), 1426(vs), 1088(w), 1052(w), 1033(w), w = 1/[02(Fd) + [(ap)? + bp], wherep = [max(F,20) + 2F:2)/3.
886(w), 709(w), 668(m), 637(m), 615(m), 539(m), 487(m).

Method B. An orange-red solution of [R®(0,CMe)s(Hz0)a]- the w-scan method (0%3frame width). The first 50 frames were
(NOs) (0.20 g, 0.03 mmol) in MeCN (15 mL) was treated with remeasured at the end of data collection to monitor instrument and
dmemH (0.10 mL, 0.06 mmol), and the solution was stirred Ccrystal stability (maximum correction dnwas <1%). Absorption
overnight at room temperature. It was then filtered, and the filtrate Corrections by integration were applied based on measured indexed
was allowed to stand undisturbed at room temperature. OrangeCrystal faces. The structure was solved by direct methods in
crystals of the product formed over 25 days in 10% vyield; the SHELXTL&*and refined using full-matrix least squares. The non-H
product was identified by IR spectral comparison with material from atoms were treated anisotropically, whereas the hydrogen atoms
method A. were calculated in ideal positions and were riding on their respective

[FesO,(OH)4(0,CCBU)g(dmem)] (3). A solution of dmemH ~ carbon atoms. Refinement was done using
(0.03 mL, 0.19 mmol) in MeCN (5 mL) was treated with pyridine In 1-4MeCN, the asymmetric unit cons_,lsts_ of half the Eleister
(15 uL, 0.19 mmol), followed by the addition of a solution of ~and two MeCN molecules of crystallization. A total of 644
[Fe:0(0,CBW)s(H,0)3](NO3) (0.18 g, 0.19 mmol) in MeCN (12 parameters were refined in the final cycle of refinement using
mL). The resultant solution was filtered, and the filtrate was left 32 986 reflections with > 20(l) to yield R1 and wR2 of 4.57 and
undisturbed at room temperature. X-ray-quality orange needles of 8-99%, _respect_lvely. I2:MeCN, a total of 721 parameters were
3-2MeCN grew over 10 days in 20% yield. These were collected refined in the final cycle of refinement using 18 637 reflections
by filtration, washed with MeCN, and dried under vacuum. The With! > 20(l) toyield R1 and wR2 of 3.53 and 8.64%, respectively.
dried solid was analyzed as solvent-free. Anal. Calcd (foundpfor N 3-2MeCN, a total O_f 924 parameters were refined in t_he final
(CsHuNFeO2): C, 42.27 (42.53); H, 7.23 (7.40); N, 3.65 (3.68). cycle of refinement using 17 808 reflections with 20(l) to yield
Selected IR data (cm): 2960(m), 2925(w), 2866(w), 1558(vs), ~R1 and WR2 of 4.15 and 10.0%, respectively.4CHCL, the
1484(s), 1427(vs), 1376(w), 1332(w), 1228(m), 1073(w), 903(w), azide ligand at N11 was disordered and it was refined in two
787(w), 662(m), 608(m), 530(m), 427(m). positions with the site occupation factors dependently refined. A

[FesO(0,CBUY)»(Na)s(dmem)] (4). A solution of [FeO(O, total of 472 parameters were refined in the final cycle of refinement
CBUW)s(H20):](NO3) (0.10 g, 0.11 mmol) in EtOH (15 mL) was using 9205 reflections with > 2¢(1) to yield R1 and wR2 of 4.97
treated with dmemH (34L, 0.20 mmol) and solid sodium azide and 10.23%, respectively. Unit cell data and details of the structure
(0.03 g, 0.46 mmol) and then stirred overnight at room temperature "¢finements for the four complexes are listed in Table 1.
to give an orange precipitate. The solid was collected by filtration Other Studies. Infrared spectra were recorded in the solid state

and washed with a little EtOH. It was recrystallized from a,cH  (KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the
1
Cl,/hexanes layering to give X-ray-quality orange crystalstof ~ 400~4000 cm* range. Elemental analyses (C, H, and N) were

CH,Cl, over 3 days in 25% yield. Anal. Calcd (found) fery performed by the in-house facilities of the University of Florida
»,CH:Cly (CossHssN1F&0,Cl): C, 34.83 (34.77); H, 6.32 (6.30): Chemistry Department. Variable-temperature dc and ac magnetic
N, 21.55 (21.16). Selected IR data (ch 3390(br), 2959(w), susceptibility datg were collected at the University of Florida gsing
2870(w), 2066(vs), 1543(m), 1480(w), 1418(m), 1342(w), 1225(w), a_Quantum Design MPMS-)_(L _SQUID susceptometer equipped
1087(m), 986(w), 720(m), 633(w), 606(w), 429(w). with a 7 Tmagne_t and_ opgratlng in the 800 K range. Sampl_es _
X-ray Crystallography. Data were collected on a Siemens were embedded in solid eicosane to prevent torquing. Magnetization

SMART PLATFORM equipped with a CCD area detector and a vs field and temperature data was fi_t using the progMAG_NE'IT
graphite monochromator utilizing Mo dradiation ¢ = 0.71073 Pascal’'s constariswere used to estimate the diamagnetic correc-

A). Suitable crystals of+4MeCN,2-MeCN, 3-2MeCN, anc4-CHy- tion, which was subtracted from the experimental susceptibility to
Cl, were attached to glass fibers using silicone grease and give the molar paramagnetic susceptibiligy). Double-axis angle-
transferred to a goniostat, where they were cooled to 173 K for (14) SHELXTL6 Bruker-AXS: Madison, W, 2000.

data collection. Cell parameters were refined using up to 8192 (15) cRC Handbook of Chemistry and Physitgeast, R. C., Ed.; CRC
reflections. A full sphere of data (1850 frames) was collected using Press, Inc.: Boca Raton, FL, 1984.
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dependent high-frequency electron paramagnetic resonance (HFEPR)ed to a hexanuclear product. Treatment ofJ{BE,CBU)e-
studies were performgd on _single crystals b#MeCN and_ (H20)3](NO3) with dmemH in MeCN led to the subsequent
3-2MeCN using a rotating cavity and a 7 Ttransverse magnetic  jsolation of [FeO(OH)4(O.CBU)s(dmemy] (3) (eq 3). The
field, which can be rotated about an axis perpendicular to the axis 5qdition of 1 equiv of NEfor pyridine as a base improves

of the rotating cavity. In addition, a 17 T axial magnet was o via|d from 10 to 20%. The same product is obtained on
employed for some single-axis measurements. The experiments.

were carried out over a wide range of frequencies{800 GHz) increasing the amount of dmemH to 3 equiv.

and with the sample at temperatures in the-28 K range. 2[Fe,0(0 CBut) (H 0)3]+ + 2dmemH—
2 6\" 12
Results and Discussion [Fe,0,(OH),(0,CBU)g(dmem)] + 4BUCO, + 6H" +
SynthesesMany synthetic procedures to polynuclear iron 2H,0 (3)

clusters rely on the reaction of [f@(O.CR)(L)s]" species ) i

with a potentially chelating ligand, and this was one of the 't IS clear that the reactions that lead 16-3 are very

procedures chosen in the present work. In such reactionsSomPplicated, and the reaction solutions likely contain a

the [FeOJ™* core of the trinuclear iron complex serves as a complicated mixture of several species in equilibrium. In

building block for higher nuclearity species, but the exact SUCh cases, factors such as relative solubility, lattice energies,

nuclearity and structure of the product depend on SeVera|crys_talllza'uon kinetics, and others determine the identity of

factors; in the present work, we have found that the identity the isolated products, and one (or more) of these factors is

of the carboxylate group is one of these. undoubtedly the reason that the reaction product is so
The reaction of [FED(O,CPh)(H.0)s]* with 1—3 equiv dependent on the exact_carquylgte emplo;_/ed.

of dmemH in MeCN gave the heptanuclear complex SINce complex3 contains bridging hydroxide groups, a

[Fe;04(0,CPh)i(dmem)] (1) with a core topology not similar reaction was explored in the presence of sodium
previously encountered (eq 1). The same product was azide. Perlepes and co-workers have demonstrated that the

obtained from an EtOH reaction solvent and also from the réPlacement of bridging hydroxide groups (which almost
always mediate antiferromagnetic exchange interactions) with

7[Fe,0(0,CPh)(H,0),] " + 2dmemH+ 4e” — end-on bridging azide groups (which mediate ferromagnetic

_ exchange) in cobalt, nickel, and iron clusters leads to
3[F&,0,(0,CPh),(dmemy] + 9PhCQ " + 16H,0 + 12H" products with much higher ground-state spin valieghus,

1) we explored a variety of reaction conditions differing in the
treatment of an MeCN solution of Fe@H,O with sodium a:'dFe a(r)nougtBaL?d/ ar (SDOIV?\% angl I wastoung tha.tda rgachon
benzoate and dmemH in a 2:4:1 ratio. Increasing the amountg_z[_4e3 t'(02 t)fl( 2 )3]t(' 3)|’ mem ) an azclzBeuln a
of sodium benzoate or dmemH still gave compledut the N . era 10 gave4 € ne:lw _?EUC ear clomE EX_itBéOz_d )>
reaction was not so clean. Reactions in which MeCN was (N2)s(dmem)] (4) (éq 4). The complex has its azide groups

replaced by EtOH and Fe£b6H,O by Fe(ClQ)s-xH,0 or [Fe,O(O. CBU).(H 0)3]+ + 2dmemH+ 3N.~ —
(NEt)2(F&OCle) also gave the same product for Fe/dmemH 2 o2 3

ratios of both 1:1 and 1:2. Clearly, compléxs a preferred [Fe;0(0,CBU),(Ny)s(dmem)] + 3H,0 + 4BUCO, +
product of these components and the particular carboxylate 2H" (4)
group.

If the carboxylate employed was acetate instead of all in terminal sites, but it nevertheless has an interesting
benzoate, then the product from the F#@eCO;Na/dmemH core structure. Comple# was also obtained in lower yield
(2:5:1) reaction system in MeCN (method A of the Experi- from the rgact!on of preformed compl@with 4 equiv of
mental Section) was another heptanuclear compleyQi@,- sodium azide in EtOH.

CMe)s(dmem)] (2) (eq 2). Its formula is the same as that Description of Structures. A labeled representation of
complex 1 is shown in Figure 1. Selected interatomic

7FeCl + 11MeCQ,~ + 2dmemH+ 4H,0 — distances and angles are summarized in Table 2. Complex
1-4MeCN crystallizes in the monoclinic space groGp/c
[Fe,0,(0,CMe);,(dmemy] + 21CI" + 10H" (2) with the Fe molecule lying on a crystallographi€, axis
passing through the central Fe4 atom. The core can be
described as two [R&s-O),] planar-butterfly units fused at
body atom Fe4, with one butterfly unit being atoms Fel
Fe2, Fe3, Fe4, 09, and Ol®-urthermore, each butterfly
unit can be considered as two edge-sharingDReiangular
units, with theus-O%" bridging atoms O9 and 010 being

of 1, except for the carboxylate identity, but structurally the
two complexes are very different (vide infra). The same
product2 was obtained using [E®(O,CMe)s(H20)3](NO3)
as the starting material in a reaction with 2 equiv of dmemH
in MeCN (method B). The yields & were much lower than
those ofl, although they could be somewhat improved by
the addition of some NEtase to the reaction. (17) (a) Boudalis, A. K.; Donnadieu, B.; Nastopoulos, V.; Clemente-Juan,
In contrast to the heptanuclear products from the use of J.; Modesto; M.; Alain; S.; Yiannis; T.; Jean-Pierre; Perlepes, S. P.
benzoate and acetate reagents, the use of pivalate reagents & Seriaee S B Eomer A:vioonie R Pontbardia M. Somns,
X. Angew. Chem., Int. EQ001, 40, 884—886. (c) Papaefstathiou, G.

(16) (a) Takahasi, S.; Hill, Rev. Sci. Instrum2005 76, 023114. (b) Mola, S.; Escuer, A,; Vicente, R.; Font-Bardia, M.; Solans, X.; Perlepes, S.
M.; Hill. S.; Goy P.; Gross, MRev. Sci. Instrum200Q 71, 186. P.Chem. CommurR001, 23, 2414-2415.
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Figure 1. Labeled representation of the structureloHydrogen atoms

and phenyl rings (except for the ipso carbon atoms) have been omitted for
clarity. TheC, symmetry axis is approximately vertical. Color code: Fe(lll),
green; O, red; N, blue; C, gray.

Table 2. Selected Bond Distances (A) and Angles (deg) fetMeCN

Figure 2. Labeled representation of the structure2oHydrogen atoms

Fel-010 1.8276(18) Fe207 2.1053(18) have been omitted for clarity. Color code: Fe(lll), green; O, red; C, gray;
Fel-02 1.9966(18)  Fe309 1.8436(18) N, blue.
Fel-04 2.0424(18) Fe308 2.0092(19)
Fel-0O1 2.0519(19) Fe306 2.027(2) Table 3. Selected Bond Distances (A) and Angles (deg)ZdvieCN
Fel-N2 2.248(2 Fe3013 2.038(2
Fel-N1 2.269%3; Fe3011 2.054(7()19) Fel-Ol 18783(17)  Fe4017 2.0107(18)
Fe2-09 1.9234(17) Fe3012 2.200(2) Fel-06 1.9992(19)  Fe4015 2.057(2)
Fe2-010 1.941(2)  Fe409 1.989(2) Fel-08 2.0106(18)  FedN3 2.246(2)
Fe2-05 2051(2)  Fe4010 1.9915(17) e 5-%1‘(72()17) Feans iéig(zz()n)
Fe2-02 2.0534(17) Fe4014 2.0681(18) Fol N1 228002 Fes03 1 0568017
Fe2-03 2.0537(18) el 282(2) e -9568(17)
Fe2-03 1.8672(17)  Fe504 2.0141(17)
010-Fe4-010  84.82(10) Fe209-Fed  96.92(8) E:;‘Egiz é-gﬁgigg Egg%i g-gggg&gg
Fe3-09-Fe2 120.44(9) FetO10-Fe2  124.59(9) For O11 20413(19)  Fe5018 5.0022(18)
Fe3-09—Fe4 125.57(10) Fei010-Fe4  134.38(10) Fon 2 0541(1 FeROd T 1
Fo2 O10—Fed 96.25(8) e2-05 .0541(18) e60 .9053(18)
Fe2-07 2.1647(18)  Fe603 1.9579(17)
_ . Fe3-O1 1.8621(17)  Fe6022 2.055(2)
slightly above and below their E@lanes. These O atoms  Fe3-02 1.9900(17)  Fe6025 2.0619(19)
bridge somewhat asymmetrically; the bonds to the wingtip F¢3-016 2.0380(18)  Fe7O4 1.8175(18)
. 2 A and Fe8-09 — 1.844 A Fe3-010 2.0658(19)  Fe7024 2.011(2)
Fe atoms (Fe1-O10= 1.828 A and Fe =1 ) Fe3-014 2.094(2) Fe7027 2.0623(19)
are shorter than the bonds to the body Fe atoms-{Fa20 Fe3-09 2.0976(18)  Fe?026 2.069(2)
= 2.09 = Fe4-02 1.8787(17)  Fe?028 2.211(2)
1.941 _A and Fe2-09 = 1.923 A). The two dmem et 16 19894018  Fero20 2.057(2)
groups bind as tridentate chelates to Fel and its symmetry res-013 2.0416(18)
partner Fel with their alkoxide O atoms bridging wingtip Fe6-023 2.0525(19)
atom Fe1_|r_1 one E@Jhlt Wlt_h bpdy atom Fe2 in the other. 03-Fe2-0O1 93.57(7) Fe203-Fe5 128.04(9)
The remaining peripheral ligation ab_out th_e 164 core is O1—Fe3-02 98.58(7) Fe203—Fe6 129.56(9)
provided by 11 benzoate groups, 9 in their commgém?: O02-Fe5-03  104.52(7) Fe503—Fe6 95.88(7)
_bridai ; ; Fe3-Ol-Fel  133.53(10) Fe704—Fe6 121.04(9)
u-bridging mode and the other 2 in the rayéchelating Fe3-Ol-Fe2  123.22(9) FerOd—Fon 132.30(10)
mode on Fe3 and Fée3 Fel-Ol-Fe2  99.98(8) Fe604—Fe5 95.69(7)
A labeled representation of complékis provi in Fe4-02-Fe5  127.18(9) Fe1O5—Fe2 93.29(7)
. abe edl ep(je§e aton o d.CO plexis dp 0 IdEd . Fe402-Fe3 99.52(8) Fe4016-Fe3 94.35(7)
Figure 2. Selected interatomic distances and angles are given res 02-Fe3  130.01(9)

in Table 3. Complex2-MeCN crystallizes in the triclinic

space grougl. The molecule contains a remarkable fFe  seventh Fe atom (Fe7) on the periphery of the molecule. The
(u3-O)4] core. It can be described as consisting of a central two dment groups bind one each to the external atoms Fel
[FesOg] ring containing Fe2, Fe3, and Fe5, with each of the and Fe4 in a tridentate chelating manner, with their alkoxide
doubly bridging G~ ions of this hexagon becoming by O atoms also bridging to ring atoms Fe2 and Fe3, respec-
also bridging to a third, external Fe atom (Fel, Fe4, and tively. Peripheral ligation is completed by 11 acetate groups,
Fe6). The fourth @ ion bridges ring atom Fe5, Fe6, and a 10 in nnt:u-bridging modes and %? chelating to Fe7.
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Figure 3. Comparison of cores of (a), 2 (b), and3 (c). Color code:
Fe(lll), green; O, red.

The molecular structures @fand2 can be said to represent <
two different ways of linking a number of E@ triangular
units, as is clear in Figer3 , where the cores df-3 are
compared. The core topologies of compleXeand 2 are
unprecedented within Fe(lll) chemistry. Indeed, there are
only a few Fe complexes in the literature, and they are all Table 4. Selected Bond Distances (&) and Angles (deg)3@MeCN
mixed-valent except for the one reported by Winpenny and ., o5

Figure 4. Labeled representation of the centrosymmetric structur& of
Hydrogen atoms and methyl groups on pivalate groups have been omitted
for clarity. Color code: Fe(lll), green; O, red; C, gray; N, blue.

cP Y 1.9382(17) Fe206 2.0662(19)
co-workers containing phenylphosphonate ligand and Zheng Fe1-o01 2.0251(18)  Fe207 2.2189(19)
and co-workers containing cyclohexenephosphonate ligfand. Fel-02 2.0457(17)  Fe3010 1.9420(17)
While this manuscript was in preparation, disklike and or o20 2.0471(17)  Fe309 1.9651(18)
_ p prep , Fel-03 2.0504(18)  Fe302 2.0181(18)
domelike heptanuclear Fe(lll) clusters were repottoljt Fe2-05 1.8441(17) Fe3011 2.0331(19)

they are structurally very different from complexeand2; Fe2-09 1.9580(18)  Fe3N1 2.231(2)

the latter are thus novel heptanuclear Fe(lll) complexes Fe2-o4 2.0412(18)  Fe3N2 2:212(2)

p (1 P - Fe2-08 2.0448(18)
A labeled representation of compl&is shown in Figure Fe3 02 Fel  125.40(8) F0200- Fes 117.76(9)
; ; ; ; . Fe —Fe . e .
4. Selected interatomic dlstance_s anq angle_s are given in o os el 126.51(9) Fe3010-Fel  129.75(9)
Table 4. Compled-2MeCN crystallizes in the triclinic space  rer—o5-Fe1 95.36(7)

groupP1 with the asymmetric unit containing two indepen-
dent Fe clusters, both lying on inversion centers; since the pivalate groups. There are three types of pivalate binding
two molecules are essentially superimposable, we show andmodes: four are in the commag:;*:u-bridging mode, two
discuss the structure of only one of them here. The core are in the rare)? chelating mode, and the remaining two are
consists of an [F&us-O),] unit (Fel, Fel Fe2, and Fe2, in an ! terminal mode.

on either side of which is attached a [E&DH).(u-OR)] unit A number of other Fecomplexes have been previously
containing Fe3; the OHions are O9 and O10 on one side, reported, possessing a variety of metal topologies, such as
and their symmetry partners are on the other side. One OH planar, twisted boat, chair, parallel triangles, octahedral,
bridge (010) connects Fe3 to central Fel whereas the othelladderlike, cyclic, et@! However, the only previous com-
bridge (09) connects to Fe2. The Ohiature of O9 and  pounds structurally similar t8 are [FO,(OMe)(tren)]>~

010 was confirmed by bond valence sum calculatfns, (5)22and [FeO.(OR)(O,CPh}] (6).23 Both 5 and6 contain
which gave values of 1.14 for O9 and 1.05 for O10.
Peripheral ligation is provided by two dmenand eight

(21) (a) Seddon, E. J.; Huffman, J. C.; ChristouP@lton 200Q 23, 4446—

4452, (b) Brechin, E. K.; Knapp, M. J.; Huffman, J. C.; Hendrickson,
D. N.; Christou, G.lnorg. Chim. Acta200Q 297, 389-399. (c)
Carada-Vilalta, C.; Rumberger, E.; Brechin, E. K.; Wernsdorfer, W.;
Folting, K.; Davidson, E. R.; Hendrickson, D. N.; Christou,JGChem.
Soc., Dalton Trans2002 21, 4005-4010. (d) Camda-Vilalta, C.;
O'Brien, T. A.; Pink, M.; Davidson, E. R.; Christou, Gorg. Chem.
2003 42, 7819-7829. (e) Hegetschweiler, K.; Schmalle, H.; Streit,
H. M.; Schneider, W.Inorg. Chem.199Q 29, 3625-3627. (f)
Christmas, C. A.; Tsai, H.; Lien; Pardi, L.; Kesselman, J. M.; Gantzel,

(18) (a) Tolis, E. I.; Helliwell, M.; Langley, S.; Raftery, J.; Winpenny, R.
E. P.Angew. Chem., Int. ER003 42, 3804-3808. (b) Yao, H.-C.;
Li, Y.-Z.; Zheng, L.-M.; Xin, X.-Q. Inorg. Chim. Acta2005 358
2523-2529.

(19) (a) Datta, S.; Betancur-Rodriguez, A.; Lee, S.-C.; Hill, S. O.; Foguet-
Albiol, D.; Bagai, R.; Christou, GPolyhedron2007, in press. DOI:
10.1016/j.poly.2006.11.006. (b) Jones, L. F.; Jensen, P.; Moubaraki,

B.; Berry, K. J.; Boas, J. F.; Pilbrow, J. R.; Murray, K. R.Mater.
Chem. 2006 16, 2690-2697. (c) Ako, A. M.; Waldmann, O
Mereacre, V.; Klover, F.; Hewitt, I. J.; Anson, C. E.; Glel, H. U.;
Powell, A. K. Inorg. Chem.2007, 46, 756—766.

(20) (a) Brown, I. D.; Altermatt, DActa Crystallogr.1985 B41, 244. (b)

Palenik, G. Jlnorg. Chem.1997, 36, 4888-4890. (c) Palenik, G. J.
Inorg. Chem.1997, 36, 122.
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P. K.; Chadha, R. K.; Gatteschi, D.; Harvey, D. F.; Hendrickson, D.
N.J. Am. Chem. So&993 115 12483-12490 and references therein.
(g) Shweky, I.; Pence, L. E.; Papaefthymiou, G. C.; Sessoli, R.; Yun,
J. W.; Bino, A,; Lippard, S. JJ. Am. Chem. S0d.997, 119, 1037~
1042. (h) Grant, C. M.; Knapp, M. J.; Streib, W. E.; Huffman, J. C.;
Hendrickson, D. N.; Christou, Gnorg. Chem1998 37, 6065-6070.

(22) Nair, V. S.; Hagen, K. Snorg. Chem.1992 31, 4048-4050.
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Figure 5. Labeled representation of the structuredoHydrogen atoms 0 : : . . . .
have been omitted for clarity. Color code: Fe(lll), green; O, red; C, gray; 0 50 100 150 200 250 300
N, blue. Temperature(K)
Table 5. Selected Bond Distances (A) and Angles (deg)4aZH,Cl, Figure 6. Plots ofymT vs T for complexesl (O), 2 (M), 3 (a), and4 (#).
The solid line is the fit of the data fat; see the text for the fit parameters.
Fel-01 1.8716(19)  Fe204 2.0469(19)
Fel-N8 2.007(2 Fe206 2.0605(19 . . .
Fel-03 2.029(1()18) Fe201 21070()%19; the only previous dlscrgte exam_ple be|nggi]§_(eTIEO)z(Og-
Fel-07 2.0608(19) Fe301 1.8647(19) CPh)Clg], where TIEO is 1,1,2-tris(1-methylimidazol-2-yl)-
Fel-N4 2.220(2) Fe3N5 2.020(2) ethoxide?s
Fel-N3 2.243(2) Fe302 2.0245(19) ' . . .
Fe2-03 1.9787(19)  Fe305 2.066(2) Magn.etochemls'try.. Solld-s.tate, varlaple-tempgrature dc
Fe2-02 1.9834(19)  Fe3N2 2.211(2) magnetic susceptibility datain a 0.1 T field and in the-5.0
Fe2-N11 2.007(2) FesN1 2.241(2) 300 K range were collected on powdered crystalline samples
Fe3-Ol-Fel  162.82(11) Fe202—Fe3  96.07(8) of 1-4 restrail_"ned i_n eicosane. The obtained data are plotted
Fe3-Ol1-Fe2 98.34(8) Fe203-Fel 96.77(8) as ymT vs T in Figure 6. Forl-/;MeCN, yuT steadily
Fel-Ol-Fe2  98.85(8) decreases from 6.95 é mol~* at 300 K to 4.07 crhK

. i, mol~! at 5.0 K. The 300 K value is much less than the spin-
a central [Fg(us-O);]®" core with an additional Fe atom on only (g = 2.0) value of 30.62 cfK mol! for seven
each side, as iB, but the precise means of attachment are |\, ninveracting Fe(lll) ions, indicating the presence of strong
different. _ _ . antiferromagnetic interactions. The 5.0 K value suggests an
A labeled representation ¢f is provided in Figure 5. S= %, ground state. Fa2-2MeCN, yv T steadily decreases

Selected interatomic distances and angles are given in Tablgrom 8.19 cnd K mol—t at 300 K to 4.14 ciiK mol—! at 34

5. Complex4-CH:Cl; crystallizes in the monoclinic space K, stays essentially constant until 10 K, and then decreases
group P2y/n. The structure consists of an F&osceles  slightly to 3.85 crd K mol~ at 5.0 K. As for1-%/,MeCN,
triangle bridged by @3-0% ion (O1) with a rare T-shaped  this behavior is indicative of antiferromagnetic interactions

geometry, rather than the common trigonal-planar geometry and anS= %, ground state. Fa8, ymT increases from 9.73

usually seen in triangular metal carboxylaté3he Fel-- cm® K mol~t at 300 K to a maximum of 14.10 ¢k mol—?*
Fe2 and Fe2-Fe3 edges are each additionally bridged by at 20 K and then drops to 12.92 & mol~* at 5.0 K. The
an alkoxide O atom of the dmemligand and ann*u 300 K value is again much less than the spin-only value of

pivalate group. As a result, the FeFel (2.997(1) A) and  26.25 cni K mol~* expected for six noninteracting Fe(lll)
Fe2--Fe3 (2.980(1) A) distances are much shorter than the ions, indicating predominantly antiferromagnetic interactions.
Fel--Fe3 (3.694(2) A) distance. Similarly, the Fe@1 The increase inymT as the temperature then decreases
(2.070(19) A) distance is noticeably longer than theFel suggests that the lowest-lying states are of high-spin values,
01 (1.872(19) A) and Fe301 (1.865(19) A) distances. Fel, and the maximum at 20 K of 14.10 ém mol~* is very
Fe2, Fe3, and O1 are coplanar, and O2 and O3 are slightlyclose to the spin-only value of 15.00 i mol~* for anS
above and below this plane. A chelating dmemnd a = 5 ground state. The decrease ypT at the lowest
terminal azide on each Fe atom complete the ligation at thetemperatures is very likely due to zero-field splitting (ZFS)
metal atoms, which are all near-octahedral. The overall Within the S =5 ground state and perhaps some weak
asymmetric F¢O is with little precedent in iron chemistry, ~intermolecular interactions. Fat!/,CH,Clz, yuT steadily
decreases from 5.74 ék mol~* at 300 K to 4.07 crhK

(23) Ammala, P. S.; Batten, S. R.; Cashion, J. D.; Kepert, C. M.; Moubaraki, mol™ at 50 K and then stays approximately constant until
B.; Murray, K. S.; Spiccia, L.; West, B. @norg. Chim. Acta2002

331, 90-97. (25) (a) Gorun, S. M.; Papaefthymiou, G. C.; Frankel, R. B.; Lippard, S.
(24) Cotton, F. A.; Wilkinson, GAdvanced Inorganic ChemistryViley: J. J. Am. Chem. Socl987, 109, 4244-4255. (b) Gorun, S. M.;
New York, 1980; pp 154155. Lippard, S. JJ. Am. Chem. Sod.985 107, 4568-4570.
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Figure 7. Plot of reduced magnetizatiod(Nug) vs H/T for complex Figure 8. Plot of reduced magnetizatioM(Nug) vs H/T for 2:2MeCN.

1-'/;MeCN. The solid lines are the fit of the data; see the text for the fit The solid lines are the fit of the data; see the text for the fit parameters.
parameters.

15 K, below which it decreases slightly to 3.75%kmol* 12
at 5.0 K. The latter value suggests &r= %, ground state.

To confirm the above ground-state spin estimates, variable-
field (H) and temperature-magnetizatioM)( data were 08
collected in the 0.47.0 T and 1.810 K ranges. The
resulting data forl-%,MeCN are plotted in Figure 7 as
reduced magnetizationM/Nug) vs H/T, where N is
Avogadro’s number andig is the Bohr magneton. The
saturation value at the highest fields and lowest temperaturesbo, 0.0 1

is ~4.8, as expected for a8 = %, spin state and withy

slightly less than 2; the saturation value shouldgigeThe

data were fit, using the prograMAGNET?® by diagonal- 04

ization of the spin Hamiltonian matrix assuming that only

the ground state is populated, incorporating axial anisotropy |
(DS?) and Zeeman terms, and employing a full powder

average. The corresponding spin Hamiltonian is given by
eq 5, wheres, is the easy-axis spin operatarjs the Lande 4.2

—
1

ol
N
-
N
3
(o)
N
@
o
-
©
o
N
©
N
N
©
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©
(<]
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g factor,uo is the vacuum permeability, artdlis the applied K
9
H= Délz + guBuoé'H (5) Figure 9. Two-dimensional contour plot of the fitting-error surfacel¥s

andg for 2-2MeCN.

field. The last term in eq 5 is the Zeeman energy associated i i
with an applied magnetic field. The best fit farl/;MeCN for the fits as a function ob andg and have plotted them
is shown as the solid lines in Figure 7 and was obtained 85 two-dimensional contour plots. We will show below the

with S= 5, and with either of two sets of parametegs= data for2:2MeCN as the representative example; the rest
1.94 andD = —0.56 cmtl or g = 1.95 andD = 0.77 cn. are available as Supporting Information. Fbf/;,MeCN
Alternative fits withS= 3, or 7/, were rejected because they (Supporting Information, Figure S1), the plot clearly shows
gave unreasonable values g@fand D. It should be noted  only the above-mentioned minima with positive and negative
that it is common to obtain two acceptable fits of magnetiza- D values, with both fits being of comparable quality.

tion data for a giverSvalue, one wittD > 0 and the other For 2:2MeCN, the reduced magnetization plot saturates
with D < 0. This was indeed the case for the magnetization at ~4.5, again suggesting &= 5/, ground state (Figure
fits for all of the complexesl—4 in this work. To assess  g). The fit, shown as the solid lines in Figure 8, gave-
which is the superior fit ?n these cases and to also ensures;, wjth ejtherg = 1.91 andD = —0.76 cnTl or g = 1.91
that the true global minimum had been located for each g54dp = 0.98 cntl. The error surface contour plot is shown

compound, we calculated the root-mean-square error surface, Figure 9 and shows the above minima, with the one with

(26) Davidson, E. RMAGNET, Indiana University: Bloomington, IN, negative D _cllearly th.e Superior fit since it has a Iower.
1999. (deeper) minimum. Figure 9 also clearly shows that the fit
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Figure 10. Plot of reduced magnetizatioM(Nug) vs H/T for complex Figure 11. Plot of reduced magnetizatioW(Nug) vs H/T for complex

3. The solid lines are the fit of the data; see the text for the fit parameters. 4'1/ZCH2tC|2- The solid lines are the fit of the data; see the text for the fit
parameters.

Scheme 1 diagonal interactio®?” In 1, two such Fgunits are fused at
the body (central) Fe4 of the two butterfly units and,
assuming the same spin alignments as those in the discrete

¢ Fe, molecules, the ground-state spin alignments are predicted

Fe to be those shown in Scheme 1, giving @n= %, ground

/ state, as observed experimentally. The structurally different

0 Fe(lll); complexes mentioned above with disklike and

\ T domelike topologies also possel3s= %/, ground state®’

The ground states f@&and3 are not so easy to rationalize
convincingly because of their high content of triangular units,
especially for2. For 3, the recognizable Reunit as inl
suggests that the spin of this subunit is zero, and then the
two Fe atoms Fe3 and Fe8bove and below would have
their spins parallel to each other by both being antiparallel
to the spins of Fel and FeThis would thus rationalize an
overall S= 5 ground state foB.

For 4-1/,CH,Cl,, the reduced magnetization saturates at
~4.7, suggesting a8 = %, ground state and < 2 (Figure

.I.ll). The fit of the data (solid lines in Figure 11) gaSe=

5/, with eitherg = 1.92 andD = —0.69 cnm* or g = 1.92

andD = 0.82 cmr’. The D vs g error surface (Supporting

Information, Figure S3) shows that the fit with negatbe

is again superior, suggesting that this may be the true sign

of D. Since complex is only trinuclear, we determined its

pairwise Fe exchange interactions by fitting the variable-
temperature susceptibility data to the appropriate theoretical
expression.

50

minimum is a soft one, consistent with significant uncertainty
in the precision of the obtainegland D fit values, which
we estimate as£0.02 ong and +5—10% onD.

For 3, the reduced magnetization plot saturates-at5,
suggesting arS = 5 state withg < 2 (Figure 10). A
satisfactory fit could only be obtained if data collected at
fields aboe 5 T were excluded, suggesting that some low-
lying excited states witls > 5 are being stabilized by the
applied field to the point that they are significantly populated
at these temperatures. To avoid this, the data at 6 and 7
were excluded, and now a good fit was obtained (solid lines
in Figure 10) withS= 5 and eitheg = 1.95 andD = —0.28
cmtorg=1.92 andD = 0.33 cnt. The error surface for
the fit shows again that the fit with negatiizeis far superior
(Supporting Information, Figure S2), suggesting that this is
the true sign oD.

It is of interest to try to rationalize the observed ground-
state spin values df—3. It is assumed that all E@airwise
exchange interactions are antiferromagnetic, as is essentially>7) (a) wemple, M. W.; Coggin, D. K.; Vincent, J. B.: McCusker, J. K.;

always the case for high-spin Fe(lll), and there will thus be Str:ieb, W. E.; H:Jffman, J. C, Hendrickson.(lg). N.; ghlristou,ls.

; ; ; ; ; (. Chem. Soc., Dalton Trand.998 4, 719-725. Boudalis, A. K;;
compet_mg antlferromagnetlc exchange |_nteract|ons_an(_j spin Tangoulis, V.; Raptopoulou, C. P.; Terzis, A.; Tuchagues, J-P.:
frustration effects within the many Eériangular units in Perlepes, S. Plnorg. Chim. Acta2004 357, 1345-1354. (c)

i Overgaard, J.; Hibbs, D. E.; Rentschler, E.; Timco, G. A.; Larsen, F.
thetse c.om'plexes. .The ground statelols the easlest 1o K. Inorg. Chem2003 42, 7593-7601. (d) Boudalis, A. K.; Lalioti,
rathI’]a'IZG. the dlSCfete Eebutterﬂy (planar or bent N‘ Spyrou“as' G. A’ Raptopouk)u’ C. P’ Terzisl A’ Bousseksou’
rhombus) topology is known to usually give &r 0 ground A.; Tangoulis, V.; Tuchagues, J.-P.; Perlepes, $nétg. Chem2002

state as a result of the antiferromagnetic interactions along ﬁéfféf%ﬁ@f%&ﬁae‘ﬁ%w"T'_D.';Fgri';tsﬁwzed'r.Eflr'f’;g?'gﬁgﬂq’ ks

the four outer edges, overcoming, and thus frustrating, the 2003 541-555.
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the Fe-O—Fe angle does not alter too much. In this
-J=Ae" (8)

relationship A = 8.763x 10", B = —12.663, andP is the

shortest superexchange pathw&gpplying this relationship

to complex4 givesJ, = —12.9 cmt andJ, = —46.4 cm'Y,

Figure 12. Core of4 defining the pairwise exchange interactions. which are in reasonable overall agreement with the experi-

mental values obtained from fitting the susceptibility data,

Scheme 2 especially since it is assumed reasonable that an angular
1 dependence is of lesser importance than the radial one, and

this is ignored by eq 8. However, the acute values of the

angles of Fe202—-Fe3 and Fe203—Fel (96.07(8) and

96.77(8) A, respectively), which lead to the wehlkoupling,

Fe3/°1\,:e1 are significantly smaller than those found in dinuclear Fe(lll)

; 1 complexes on which the relationship of eq 8 was based and

probably do reflect an angular dependence. The valug of

The Heisenberg spin Hamiltonian describing the isotropic iS Stronger than the magnitude of the antiferromagnetic

Fe2
o | o3

exchange interactions within an isosceles tFiangle ofC,, coupling constant found for the triangular iron(lll) carboxy!-
symmetry (Figure 12) is given by eq 6, whelgrefers to ~ ate complexes with an approximately equilaterals(Fié"
the interactions between Fe#Fe3 and Fet-Fe2 andJ, core (30 cn)* but weaker than the 86130 cni* values
refers to the Fe3-Fel interactions refers to the spin of ~ observed for the [RO]** and [FeO(O.LR)]*" dinuclear
atom Fe cores3t
None of the compound$—4 exhibited an out-of-phase
H=-21,(5'S+53) —23,(59) (6) ac magnetic susceptibility signal down to 1.8 K in an ac

field of 3.5 Oe oscillating with frequencies up to 997 Hz.

The energies of the resultant total spin st&eswhich are This indicates that they do not exhibit a large enough barrier
eigenfunctions of the Hamiltonian in this coupling scheme, (vS KT) to exhibit the characteristic signature of slow

are given by eq 7, wher& = § + &. The overall magnetization relaxation characteristic of SMMs, at least
multiplicity of the spin system is 216, made up of 27 downto 1.8 K.
individual spin states ranging fro® = /5 to 1%/, As discussed above, fits of variable-temperature and

variable-field magnetization data are not the most reliable
EIS,S\ 0= —J[SH(S; + 1) — Sa(Sy + 1)] — J[S\(Sy + 1)] way to obtain the most precise and accurate valud3 of
7) its sign. The magnetization fits suggestedo be negative
for 2 and 3, but they could not suggest the signffor 1.
An expression for the molar paramagnetic susceptibility Since the sign and magnitudeDfare crucial to the potential
was derived for this complex using the Van Vleck equatfon.  ability of a complex to function as a SMM, we desired to

This was then used to fit the experimentadT vs T data, better characterizéd for these new and relatively rare
with fit parameters ofl,, J,, and an isotropig value. The examples of Feclusters with significant ground-state spin
fit is shown as the solid line in Figure 6, which gale= values. The perfect technique for this is HFEPR spectros-
—3.6 cnl, J, = —45.9 cn!, andg = 1.93. These values  copy.

identify the ground state as th®r, S\[= |, Otate shown HFEPR SpectroscopyA detailed single-crystal study of

in Scheme 2, which is in agreement with the conclusion from representative complexésAMeCN and3-2MeCN has been
the reduced magnetization fit. Clearly, the antiferromagnetic carried out by HFEPR spectroscopy. The main overall
Ja interaction is totally frustrated by the much stronggr objective was to measure the ZFS parameters in the spin
interaction, and the spins of Fel and Fe3 are thus alignedHamiltonian of eq 9
antiparallel. . . R R

The marked inequality in the exchange constajdts> H=D§’+ES’ - §?) + guauoSH )
|Ja4l, Is as expected on the basis of the ir@xo bond lengths,
where Fe3-01 = Fel-01 < Fe2-01. A similar situation which is the same as that in eq 5 except that it also now
was also observed in the previous; Eemplex with a similar  includes the rhombic ZFS terr&(SZ — S7), whereE is the
core, [FeO(TIEOR(O,CPh)Clg, for which J,= —8(4) cni? rhombic ZFS parameter anfli and S, are thex andy
and J, = —55(6) cnTl. It has been established that the

(29) Gorun, S. M.; Lippard, S. Jnorg. Chem 1991, 30, 1625-1630.

magnitude of the exchange coupling constafdr an oxo- (30) Dziobkowski, C. T.; Wrobleski, J. T.; Brown, D. Bnorg. Chem.
bridged Fe(ll1} unit can be approximately correlated with a 1981, 20, 671-678. _
single structural paramet by the expression in eq 8f (%) (LATSIonG W Lnber . 1 Am Chem sedoss 105
Frankel, R. B.; Lippard, S. J. Am. Chem. S0d.984 106, 3653~
(28) Van Vleck, J. HThe Theory of Electric and Magnetic Susceptibilities 3667. (c) Armstrong, W. H.; Lippard, S. J. Am. Chem. Sod.985
Oxford Press: London, 1932. 107, 3730-3731.
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Figure 13. Plot of the HFEPR peak positions f8r2MeCN obtained from Figure 14. Frequency dependence f8r2MeCN with the field oriented
angle-dependent studies at 116 GHz and 1.4 K. along one of the minima in Figure 13 (191The inset displays temperature-

dependent spectra obtained at 106 GHz.

components of the total spin operat8r EPR is a high-
resolution spectroscopic technique that can be used to
investigate the more complete spin Hamiltonian of eq 9, 0
whereas fits of bulk magnetization data are essentially

insensitive to inclusion of the rhombl€E term. -5

Single-axis angle-dependence studies were first performed
to roughly determine the orientation of each crystal in the
magnetic field. Both complexet4MeCN and3-2MeCN
possess low-symmetry structures. Thus, determining the
precise symmetry directions represents a highly complex task
requiring detailed two-axis rotation studies. However, as we OF
have recently demonstrated for several other low-symmetry 5|
polynuclear complexes, one can readily obtain basic infor-
mation from single-axis studié&32in particular, the sign -10r Bl/xy
of D, which is the crucial factor in whether a particular 15 _S=I5f2l,D?0 N
complex is a SMM. 0 1 2 3 4 5 6 7

Figure 13 displays the angle dependence of the field Magnetic field (tesla)
positions of the strongest EPR transitions determined from Figure 15. (a) Simulated Zeeman diagram for a sfir= 5 system with
field—swept spectra recorded at 116 GHz and 1.4 K for D < 0, with the magnetic field _parallel to thx—}_axis. The red Iine_s (labeled

. a—d) correspond to the transitions shown in the inset of Figure 14. (b)
complex3-:2MeCN; given the low temperature, these data simulated zeeman diagram for a si8r= 5/, system withD > 0, with the
points must correspond to transitions from the lowest-lying magnetic field parallel to thexy plane. The red lines (labeled—a)
ms levels. Two series of resonances are observed (black ancforrespond to the transitions shown in Figure 16.
red data points), which shift significantly upon rotation of
the field, thus providing the clearest evidence for a significant ll peaks lie on a straight line, which extrapolates to a finite
magnetoanisotropy. Both series exhibit 1@@riodicity, with frequency on the vertical axis; i.e., there is no evidence for
virtually identical amplitudes. The source of the two series curvature in the data. Assumin®S ~ 1.5 cm* (from
has a natural explanation for compl@2MeCN for which reduced magnetization measurements), one realizes that at
there are two differently oriented molecules in the unit cell. '€as a 3 T magnetic field would be required to overcome
Thus, one naturally expects two distinct EPR signatures, onethe axial term in eq 9. This suggests that the Zeeman
from each orientation. The solid curves represent phenom-interaction commutes with the dominant axial term in eq 9
enological fits to the two sets of data and are intended to 8Cross the entire range of fields for which data were collected
capture the qualitative nature of the angle dependence. Thel0-6-2 T). In other words, the minima in Figure 13 and the
phase shift between the two data sets ist73°. data in Figure 14 correspond to field orientations parallel to
or very close to the axes of the two species. This is quite
coincidental, as the sample orientation was not previously

5F

Energy (cm")

To determine the sign dd, frequency- and temperature-
dependent data were collected on com@BexMeCN with
the field oriented along one of the minima in Figure 13 Known. _ _ _ _
(197°). Figure 14 displays the frequency dependence of the . F19ure 15a displays a simulation of the Zeeman diagram
angle-dependent peak from Figure 13, and the inset displayd©’ @ SMM with S=5, i.e., withD < 0. As can clearly be
representative spectra taken at higher temperatures. aseen, the transition from the lowest-lying level occurs at

remarkable feature of the frequency-dependent data is that€ lowest field; the excited-state transitions all occur at
higher field. This agrees qualitatively with the data in Figure

(32) Lee, S.-C.; Stamatatos, T. C.; Hill, S.; Perlepes, S. P.; Christou, G. 14' Therefore, We. can conclude ttiats negatlve' and that
Polyhedron in press. DOI:10.1016/j.poly.2006.10.052. 3is a SMM. The intercept on the frequency axis in Figure
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Figure 16. Temperature-dependent spectraffeiMeCN at 197 GHz with , .
the dc magnetic field applied within the easy)(plane. Figure 17. Easy-plane peak positions fdr4MeCN plotted vs frequency
at 20 K. The solid lines are simulations made using the ZFS parameters

given in the main text.
14 (66.4 GHz) then corresponds to the ZFS between the . .
ground and first excited states. If one assumes $hat5, between the orthogonal Zeeman and ZBSJ) interactions.
thenD = —0.25(1) cn?, which is in reasonable agreement In other quds, _the data d|splaye.d in Figure 17 provide
with the value from the magnetization fit® (= —0.28(3) further conf.|rmat|o_n that the field is in they plane .and.,
cmY). Because of the uncertainty in the precise orientation When combined with the temperature dependence in Figure
of the field relative to the easy axis, we cannot quote a precise16: &/S0 confirm the positive sign &f. The fit assumes an
value forg; the main purpose of the HFEPR measurements S— /2 ground state and yields values @f= 2.0 andD =

was to unambiguously determine the signdyfwhich was +0.62 cm’. This value again agrees reasonably well with
successfully achieved. that from the reduced magnetization studibs= +0.77(7)

Single-axis rotation experiments for compl&MeCN cm?). The somewhat lower value ¢f obtained from the
were not able to locate the axial direction (presumably, the "€duced magnetization fits is due to the lower precision
rotation plane was inclined significantly with respect to the available from bulk magnetization fits and also to the
magnetiz axis of the molecule). Nevertheless, we were able assumptllon of axial anlsotropy.m the latter; HFEPR data_ are
to locate the plane perpendicular to the axial direction ( MOre rehgble. In fact, thg best fit tp the HFEPR data required
plane) from measurements similar to those shown in Figure the inclusion of a rhombic ZFS anisotrop| > 0.067 cnt.

13. Thus, all of the temperature- and frequency-dependent! NiS 1S not unexpected, given the low symmetry of the
studies were carried out with the field aligned within the Molecule. Our estimate d represents a lower bound, as
magnetic xy plane of the Fe molecule. Only a single the orientation of the field within the easy plane was not
molecular species was anticipated for complegMeCN, Ifnown. Low-temperqture EPR measurements on thg dome-
making interpretation of the data more straightforward. ke Fe(lll) cluster yield aD value of 0.28 cm,*> which
Furthermore, this complex exhibits sharper EPR peaks, as'S considerably lower than that fdr4MeCN. This can be
evident from Figure 16, which shows the high-fiedgplane attrlbuteq to their dilﬁer'ent st'ructurgl arrangements. Igadmg
spectra obtained at different temperatures and a frequencyl® the differences in single-ion anisotropy and spspin

of 197 GHz. Comparison of the data in Figure 16 with the 2NISOtropy.

simulated Zeeman diagram in Figure 15b reveals that
complex1 cannot bea SMM because itB value is positive.

As can be seen from Figure 15b, upon reduction of the The tridentate N,N,O ligand dmerrhas proven to be a
temperature, the stronger EPR peaks should be observed atery fruitful new route to a variety of new Fe(lll) clusters
the lowest fields for an easy-plane magnet ¥ 0) when comprising two Feand one Fgspecies, depending on the
the field is applied parallel to the easyy| plane; this is identity of the carboxylate employed. The latter point
exactly what is seen in the data.1#4MeCN were a SMM, emphasizes the exquisite sensitivity of the reaction product
the intensities of the five transitions (labeledeain Figure on a variety of reaction conditions and reagents employed.
16) would be reversed. For example, even though complexieand2 have the same

Figure 17 displays the results of a multifrequency study formula except for the identity of the carboxylate, the
for complex1-4MeCN, with the field applied within the easy  structures of the two complexes are very different. It was
plane; the temperature was 20 K. Fits (solid curves) to the interesting that the azide ligands #were only terminal
positions of the EPR peaks were performed via exact rather than bridging but, nevertheless, fostered formation of
diagonalization of eq 9. It is very clear from Figure 17 that a product very different from that of the non-azide product
the data lie on a series of lines that aret evenly spaced 3.
and exhibit significant curvature at low frequencies and  Fitting of the reduced magnetization YT data estab-
fields. These trends are a characteristixgplane spectra  lished thatl, 2, and4 each possesses 8n= %, ground state
obtained for a system with a significant uniaxial anisotropy spin, wherea8 has anS = 5 ground state. The complexes
(both positive and negativ®), due to the competition all serve to clearly emphasize again how ground-state spin

Conclusions
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values of significant magnitude can result from spin- quantum tunneling of the magnetization through the batrier,
frustration effects even though all the pairwise exchange- it is not surprising that no sign of slow relaxation is seen at
interaction constants are antiferromagnetic. The magnetiza-temperatures above 1.8 K. Studies done at temperatures
tion fits of 1—4 serve to emphasize, however, the difficulty significantly belav 1 K will be required to better investigate

of determining the sign oD for Fe(lll) clusters from such  the potential SMM behavior. Nevertheless, the present work
measurements, thus making it difficult to predict whether a does establish interesting new examples qfdhesters with
given cluster might be a new example of a SMM. Repre- significant ground-stat& values and negativ® values.
sentative complexed and 3 were therefore studied by ginally, the preparation of complexds-4 again serves
HFEPR spectroscopy, a tremendously powerful and sensitivey, emphasize the utility of alkoxide-containing chelates in
technique, useful for obtaining accurate and precise Valuespolynuclear metal cluster chemistry, and the results of

for spin Hamiltonian parameters such Bsincluding an  5qgitional studies using new chelates related to dmeiti
unequivocal determination of its sign. From these measure-,, reported in due course

ments, we concluded that compl&bhasD < 0 and thus is

a potential SMM, whereas compléxhasD > 0 and is not Acknowledgment. We thank the National Science Foun-
a potential SMM. In fact, none of the compounis-4 dation for support of this work.

exhibited an out-of-phase ac magnetic susceptibility signal

down to 1.8 K in ac frequencies up to 997 Hz. Even 3pr Supporting Information Available: X-ray crystallographic data
which was confirmed by HFEPR spectroscopy to have a in CIF format for complexe4-4MeCN, 2:-MeCN, 3:2MeCN, and
negativeD value, its values 06 = 5 andD = —0.25 cnr! 4-CH,Cl, and two-dimensional contour plots of the fitting-error

give a barrier () to magnetization relaxation with an upper  Surface v andg for 1-4/:MeCN, 3, and4-/,CH.Cl,. This material
value of U = D| = 6.3 cn? (=9.0 K). Remembering is available free of charge via the Internet at http://pubs.acs.org.

that the true or effective barriel{s) is less tharlJ due to IC070106W
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