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Investigation of the catalytically relevant y-diiron(1ll) Keggin complexes in agueous acetate buffer leads to a dimeric
Cy-symmetric polyanion, [{ Fe(OH)(OAC)} 4(y-SiW10036)7]*2~ (3) and a trimeric C,-symmetric polyanion, [{ Fes(OH)g-
(H20)2(0Ac)2} (y-SiW10036)3]*"~ (4). Polyanion 3 incorporates a hydroxo/acetato-bridged tetrairon(lll) core, while 4
incorporates a trigonal prismatic hydroxo/acetato-bridged hexairon(lll) core. The monomeric building unit of 3 and
4, {y-SiWyoFe,}, adopts the “out-of-pocket” structural motif (with two corner-sharing FeOs coordination polyhedra
no longer connected to the internal SiO, tetrahedron of the Keggin unit) also observed in the {y-SiW;oFes}-type
structures isolated from nonbuffered aqueous solutions. Following hydrolysis, 3 is converted to 4 as confirmed by
2Si NMR. Magnetic measurements establish that in both 3 and 4 all exchange interactions are antiferromagnetic.

Introduction systems, those containing the divacant silicodecatungstate
Keggin anion,y-SiW;'3'* and its dimetal substituted (di-
metallo) derivativesy-SiWi;oM, (M = Ti(IV), V(V), Mn-

(1), and Fe(Il))*>21 occupy a prominent role. All these

Interest in polyoxometalate (POM) chemistry derives from
potential applications in catalysis, magnetism, and materials
science: 8 As a consequence of their thermodynamic stabil-
ity to oxidative degradation, an attribute not shared by
organic structures, POMs have been used as efficient and

(7) Hill, C. L.; Prosser-McCartha, C. MCoord. Chem. Re 1995 143
407—-455.

selective catalysts for oxidation reactions of organic sub-

strates using the most desirable and environmentally accept-

able oxidants, @ and H0,.57% Among these catalytic
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Tetrairon and Hexairon Hydroxo/Acetato Clusters

dimetallo derivatives contain two proximal and synergisti- synthesis, structure, magnetic properties, and aqueous chem-
cally interacting centers, a feature also observed in severalistry of two silicotungstate derivatives incorporating hydroxo/
enzymes including methane monooxygenase (MRMG) acetato tetrairon and hexairon(lll) clustefs¢(OH)(OAC} 4

and ribonucleotide reductase (RNR)3! that are of intense  (y-SiW10036)2]*> (3) and [ Fes(OH)g(H20)(OAC),} (-
current research interest. It is, therefore, not surprising that SiW;¢Oze)3]*"~ (4).

in addition to structural investigations and catalytic proper-

ties, magnetic measurements and computational studies hav&xperimental Section

been carried out in order to garner additional insight into

their complex electronic and magnetic structi#®.The General Methods and Materials.Potassiuny-decatungstosili-

) ; . cate, K[y-SiW;003¢]*12H,0,35 was prepared according to literature
report by Mizuno et al. on selective reductant-free aerobic methods, and its identity and purity were checked by infrared

oxidation of alkenes catz_sllyzed by an organic-solvent-soluble spectroscopy. Elemental analyses were performed by Kanti Labs
POM complex §(1,2)-SiWio{ Fe(OH)}202¢]° (1) has at-  (mississauga, Canada) and Atlantic Microlab, Inc. (Norcross, GA).
tracted considerable interédtVery recently, we clarified  Infrared spectra (2% sample in KBr) were recorded on a Nicolet
issues and challenges posed by the chemistry and catalysi510 FTIR spectrometer. Electronic absorption spectra were recorded
of 1.34 At the same time, in an attempt to move from catalytic on a Hewlett-Packard 8452A diode array spectrophotom&®.
systems using decidedly non-green solvents (catalysiis by NMR spectra (referenced to 3.6 M TMS in CQWere acquired
takes p|ace in a chlorocarbemacetonitrile So|ution), we at room Femperature using a UNITY GOOFT NMR instrument. The
demonstrated that the “aqueous” analogué ekists as an ~ Pulse width was 0.6s, and the relaxation delay was 0.8 s.
unsymmetric trimer, {Fex(OH)s(H20)2} a(y-SiWioOse)3] 15 Differential scanning calorimetric and ther_mograwmetrlc data were
(2).3 In contrast tol, where the two vicinal edge-sharing 'r\(/lacorde_d on ISI DSC 550 and TGA 1000 instruments, respectively.

. o . agnetic measurements were performed for temperature ranges
ferric centers reside in the multidentate polytungstate pocket

. . from 2.0 to 290 K and magnetic field ranges from 0.1 to 5.0 Tesla
(the “in-pocket” structure), the iron centersdinave moved on a Quantum Design MPMS-5 SQUID magnetometer. Experi-

away from the body of the POM, are corner-sharing and are mental susceptibility data were corrected for diamagnetic and TIP
no longer connected to the internal Si heteroatom oxygenstemperature-independent paramagnetic) contributions that were
(the “out-of pocket” structure). Significantly, we determined derived both from tabulated increments and from previous measure-
that the trimer2, is a precatalyst for the selective oxidation ments on similar diamagnetic polyoxotungstatgs (K 4[(CH3)2-

of sulfur compounds using the environmentally optimal (NH2)]s3) = —1.65x 1073 emu mot™, ydamr(Ko[(CH3)2(NH2)]e4)
solvent, HO, and oxidant, @ Since2 could be just one = —2.21 x 1073 emu mot™ Field-de_pendent magnetizatioM (
member of an entire family of attractive water-soluble VS H) measurements at 2.0 K (equipment base temperature, see
catalysts, we have sought to investigate the complex aqueoug9Uré S1 in Supporting Information) for compou@donform to
chemistry of they-SiFeWs, in the presence of acetate, an a scaledB(s = 5/2) Brillouin function. These data suggest the

tensivel d buffer f i dali dpresence of 4.7% per formula unit of an uncouded 5/2 species
extensively used bulter Tor aqueous reactions and a ligandg, ., 45 3 mononuclear Fe(lll) complex. No impurity is observed

that readily bridges metal centers. In doing so, we seek t0 o the M vs H plot for compoundé (Figure S1 in Supporting
obtain a better understanding of the geometrical and elec-|nformation). The scanning range of exchange parameters used in
tronic structures and the magnetic interactions between thethe adaptive fitting procedure covered values frilig = —50 to
vicinal iron centers in the catalytic active site. These features, 0 K with a resolution of 0.1 K; nearest-neighbor spin Hamiltonian
in aggregate, dictate reactivity and consequently catalytic terms were of the forn(3) = —2J,(S1°S; + S3+Sy) — 21(S1*Ss
performance. Within this broad context we report here the + $Sy) andH(4) = —2J(S1S; + SirS) — 20(Srr S + S+ S) —
203(SySs + SarS) — 2SSy t+ S S) — 25 Se.

(22) Feig, A. L.; Lippard, S. JChem. Re. 1994 94, 759-805. Synthesis of Ki[(CH 3)(NH2)]g[{ Fe(OH)(OAC)} 4(y-SiW1d0z6)2]*

(23) zcoozstg\i,Y_l\AS.‘;1 fhen. K.; Que, L., JEoord. Chem. Re 200Q 200~ 16H,0 (K 4[(CH 3)2(NH7)]83). Solid Kg[y-SiW;¢Os¢l*12H,0 (2.00

(24) Siegbahn, P. E. M.; Crabtree, R. HStructure and Bondingspringer- g, 0.67 mmol) was quickly added to a solution containing FefitO
Verlag GmbH: Berlin, 2000; Vol. 97, pp 125.44. 9H,0 (0.55 g, 1.36 mmol) dissolved in 30 mL of GBOOH/CH-

(25) Solomon, E. I.; Brunold, T. C.; Davis, M. I.; Kemsley, J. N.; Lee, i i ; _
S.-K. Lehnert. N.; Neese, F.. Skulan, A. J.- Yang. Y. -S.. Zhou, J. COOK buffer (0.5 M, pH 4.7). The resulting slightly turbid red

Chem. Re. 200Q 100, 235-349. brown mixture was stirred for 10 min ar_wd then treated with
(26) Merkx, M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Mer, J.; (CH3),NH,CI (2.0 g, 24.4 mmol). The solution gradually cleared
. LBID_Fl)(ar'(\iAY S}-_ﬂﬁﬁgew- Ct?eli/ln"’ '|:nF- EdZOOIJ?, 42.258}2(180;- - and after 5 min was filtered off. Red-brown columnar crystals
@7 jol. ’200'3' 163 5%@24’19_” riesner, R. A Lippard, S.them. separated after 1 week. Yi.eld ca. 1.2 g (60% based on W). Anal.
(28) Que, L., Jr.; Dong, YAcc. Chem. Re<996 29, 190-196. Calcd (found) for WoFe4K4SizO100NsCasH1122 W, 59.06 (58.9); Fe,
(29) LSir;\Itchag, M. Dg_/klrjzzggé(;.:zl;%[%go% B. A.; Stubbe, J.; Drennan, C. 3,59 (3.79); Si, 0.90 (0.93); K, 2.51 (2.51); N, 1.80 (1.86); C, 4.63
. Nat. Struct. Biol. ) . . 1)- )
(30) Skulan, A. J.; Brunold, T. C.; Baldwin, J.; Saleh, L.; Bollinger, J. M.; (4.40). IR (KBr pellet, 2006-400 cn™): 1579 (m-s), 1464 (w),
Solomon, E. 1.J. Am. Chem. So@004 126, 8842-8855. 1417 (m-w), 1384 (w), 1026 (m), 998 (w), 948 (s), 874 (s), 792
(31) Eckert, N. A,; Stoian, S.; Smith, J. M.; Bominaar, E. L.; Mk, E.; (vs), 723 (s), 665 (br, s), 542 (M), 483 (M). YVIS [Amax NM (€,
(32) Miusabv, b, G.t Morokuma, K. Geleti,v. v il C.norg. Chem, ' 6m ] of & (2) 70 mM fresh solution in 4O: 445 (220), 550
2004 43 7702-7708. N » Ve FIL & A0TG- : (sh); (b) 70 mM solut_ion ?n KO incubated for 2 h: 445(160%°Si
(33) Quitonero, D.; Wang, Y.; Morokuma, K.; Khavrutskii, L. A.; Botar, ~NMR (100 mM solution in BO at pH 6; ppm): —94.3 Ov1, =
B.; Geletii, Y. V.; Hill, C. L.; Musaev, D. GJ. Phys. Chem. B00G 30+ 1 Hz), —94.9 Ovyz = 35+ 1 Hz).
110, 170-173.
(34) Botar, B.; Geletii, Y. V.; Kagerler, P.; Musaev, D. G.; Morokuma,
K.; Weinstock, I. A.; Hill, C. LJ. Am. Chem. So006 128 11268~ (35) Tezg A.; Herve G. Inlnorganic Synthese§insberg, A. P., Ed.; John
11277. Wiley and Sons: New York, 1990; Vol. 27, pp 856.
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Synthesis of K[(CH3)2(NH2)]g[{ Fes(OH)o(H20)2(OAC)2} (y-
SiW10036)3]*39H,0 (K o[(CH 3)2(NH3)]s4). Complex4 results from
decomposition of a highly concentrated {6000 mM) solution of
3in water. Authentict is prepared as follows. A 100 mM solution
of 3 (3 gof3in5 mL) was kept for 23 days in a closed vial. At
this stage, a corresponding deuterated solution displays a two-line
295i NMR spectrum with an intensity ratio of 2:1. Next, the solution

Botar et al.

was transferred to a beaker and allowed to evaporate in open air at

room temperature. Light-green parallelepiped crystals formed after
1-2 days. Yield 2.4 g (80% based &u[(CH 3)2(NH>)]s3). Anal.
Calcd (fOUnd) for W()F%Kgsigolestconlez: W, 58.72 (592), Fe,
3.57 (3.46); Si, 0.90 (0.96); K, 3.74 (3.58); N, 1.19 (1.30); C, 2.56
(2.69). IR (KBr pellet; 2006-400 cn1?): 1622 (m-w), 1547 (m-

w), 1465 (m-w), 1414 (w), 1024 (m), 998 (m-w), 949 (s), 876 (s),
793 (vs), 725 (s), 533 (m), 484 (m).

X-ray Crystallography. Crystals of K4(CH3)2(NH5)]s3 and
Ko[(CH3)2(NH)]g4 were taken directly from the mother liquor and
immediately cooled to 173(2) K on a Bruker D8 SMART APEX
CCD sealed-tube diffractometer with graphite-monochromated
(three-circle goniometer witl K CCD detector, Mo k& (0.71073
A) radiation). Structure solution and refinement, graphic, and
generation of publication materials were performed using SHELX-
TL, V 6.12 software’® Crystal Data foiK 4[(CH 3)2(NH2)]g3: Wag-
FeK4Si0100NsCo4H112, M = 6226.20, tetragonal, space groidp
m, a = 37.430(2) A,c = 19.682(1) A\v = 27575(3) B, Z = 8,

p = 3.00 g/cnd, u = 17.248 mmt, F (000)= 22 400, crystal size
=0.14 x 0.11 x 0.10 mn3. A total of 218 748 reflections (1.34

< © < 30.08) were collected of which 20 749 reflections were
unique R(int) = 0.1191).R = 0.0620 for 13 798 reflections with

I > 20(1), R=0.0936 for all reflections; max/min residual electron
density 6.39 (0.82 A from W10) and2.94 e A3, The maximum
shift/error value and GOF were 0.001 and 1.03, respectively.
Crystal Data for K 9[(CH 3)2(NH2)]84: W30FQ§K98i30152NgC20H152,

M = 9393.34, trigonal, space grof3;21,a = 20.3314(9) Ac =
33.390(3) AV =11953(1) B, Z= 3, p = 3.915 g/cri, u = 22.464
mm~1, F (000)= 12 666, crystal size= 0.15 x 0.10 x 0.04 mnd.

A total of 107 393 reflections (1.88< ® < 27.10) were collected

of which 17 405 reflections were uniqu&({nt) = 0.0700).R =
0.0557 for 16924 reflections with > 20(l), R = 0.0575 for all
reflections; max/min residual electron density 5.61 (0.85 A from
W11) and—2.59 e A3 The maximum shift/error value and GOF
were 0.001 and 1.29, respectively. The Flack parameter value of
0.037(2) indicates the correct absolute configuration.

Results and Discussion

Structure and Chemistry of Acetate-Bridgedy-Diiron

Keggin POMs. The reaction of -SiW,¢Os¢]®~ with 2 equiv

of Fe(lll) in 0.5 M CHCOOH/CHCOOK aqueous buffer
solution (pH 4.7) at room temperature followed by addition
of a hydrogen-bonding cation leads to the formation of a
new dimericy-diiron(lll) polytungstosilicate3 (Figure 1).
The structure of3 can be viewed as &,-symmetric
arrangement of tw@y-SiWig} units connected by a hydroxo/
acetato-bridged tetrairon(lll) corg,fe(OH)(OAc} 4]*t. The
monomeric unit in3, {y-SiW,oFe}, adopts the same “out-
of-pocket” structural motif (the iron centers are corner-

Figure 1. Structure of polyanior8 in ball-and-stick representation (view
approximately perpendicular to the anioi€s axis): (W: large dark gray
spheres; Fe: large light gray spheres; Si: large black spheres; O: small
gray spheres; C: small black spheres).

Fe(ll)/SiWyo reactant ratio, same type of countercations, and
similar pH), but in the absence of any bufférThe iron
centers in3 form a planar arrangement and are connected
with each other by hydroxo groups (bond valence sum (BVS)
values for the monoprotonated oxygen atoms range between
1.1 and 1.4) and bidentate acetate ligands. The oxidation state
(3+) of the Fe centers i3 has been unambiguously
confirmed by (a) the exclusive use of a ferric salt (FegNO
9H,0) under aerobic conditions as a starting material; (b)
BVS calculations which give values of 3:3.1 for the Fe
centers; and (c) magnetic measurements (discussed below)
which are fully consistent with Fe(lll) centers and not Fe(ll).
The presence of bidentate acetate ligands binding adjacent
d-metal cations is reminiscent of the dichromium (Il
tungstosilicate derivativey[1,2)-SiWoOs(OHX Cr(H0)-
(OAC)},]°, the only known non-iron example of an “out-
of-pocket” y-Keggin derivative’” In contrast to the di-
chromium(lll) complex, in3 the bidentate acetate ligands
bind to vicinal iron centers belonging to different polytung-
state monomer units. There are only a few other examples
of polytungstates containing acetate ligands. These include
a multiiron(lll)-substituted tungstophosphate, 4PV
Fes0s6(OAC),], a dirhodium(lll) derivative, [PWOsof Rhp-
(OAC):}]57, and three lanthanide-containing complexes:
[{ (12-P2W17051La(H20)2(OAC)} 2] 16~ and E SinloggLn(Hzo)-
(OAC)}2]* (Ln = Gd(Ill), Yb(II)).38 41 In addition to

sharing and no longer ligated to the internal oxygen atoms
of the central Si heteroatom) observed in the trirBewhich
is obtained following a similar synthetic protocol (identical

(36) SHELXTL 6.12Bruker AXS, Inc.: Madison WI, 2002.
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Stosser, R.; Pope, M. Tinorg. Chem.1996 35, 3273-3279.

(38) Godin, B.; Chen, Y. -G.; Vaissermann, J.; Ruhimann, L.; Verdaguer,
M.; Gouzerh, PAngew. Chem., Int. EQ005 44, 3072-3075.

(39) Wei, X.; Dickman, M. H.; Pope, M. Tinorg. Chem1997, 36, 130~
131.
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b
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e Figure 3. 29Si NMR spectrum of a 100 mM solution &f4[(CH 3)2(NH2)]e3
after ca. 4 h. This spectrum remains virtually unchanged after 20 days.
0.5
0 . T
400 500 600 700

Wavelength, nm

Figure 2. Time profile of the electronic absorption spectra of a 70 mM
aqueous solution df 4[(CH3)2(NH>2)]s3: (a) fresh solution and after (b) 5
min, (c) 10 min, (d) 1 h, and (e) 2 h. Spectrum (e) remains virtually
unchanged indefinitely.

noteworthy structural features, the dim8r,provides con-
firmatory evidence to our previous study, which strongly
argues in favor of two distincty-SiWioFe} isomers, the
“in-pocket” form present in organic solvents and the “out-
of-pocket” form present in aqueous soluti@nThis trend
can seemingly be expanded to include other dimetallo
tungstosilicate derivatives since all “in-pockéy-SiW, oM}
structures (M= Ti(IV), V(V), and Mn(lll)) known so far
have been isolated from organic solvelit¥:+2Interestingly,

however, the}(1,2)-SiWi¢O0z(OHY Cr(H-O)(OAC)} ;]°~ com-
plex having the “out-of-pocket” dichromium(lll) structural Figure 4. Structure of polyaniow in ba_lll-ar\d-st.ick representation (view.

. . a7 perpendlcglar to the, axis of th_e polyanion): (W: large dark gray spheres;
motif has been isolated from both,® and CHCN. Fe: large light gray spheres; Si: large black spheres; O: small gray spheres;
Importantly, the structure o8 also validates our previous C: small black spheres).
computational studies which predicted that the use of ligands
with greater binding constants for Fe(lll) centers than the to much broader lines (decreasing the signal-to-noise), but
y-SiWyg ligand, such as acetate, would result in the cleavage Simultaneously the shorter relaxation time facilitates use of
of the Fe-O(Si) bonds and subsequent displacement of the & shorter relaxation delays, etc. (increasing the signal-to-
diiron unit out of the polytungstate pock&t. noise ratio due to faster pulsing). Regardless, however, it is

The solution chemistry 08 was studied using U¥vis clear from the relative rates & converting to4 and the
and?Si NMR spectroscopy. The acetate din®iis unstable ~ NMR acquisition time that**Si NMR cannot provide
in water, as shown by the time-dependent-s spectra  information on the structure & in solution. The?**Si NMR
of a 70 mM solution. The spectrum of a fresh sample (taken SPECtrum shows two resonances with a 2:1 ratio; 94.3
within seconds after dissolving in water) shows Fe(lll)- ~ and —94.9 ppm, respectively (Figure 3). The spectrum of
centered e-d transition bands with a broad shoulder at ca. the same solution kept for 20 days is practically identical to
550 nm and a peak at 445 nm (Figure 2). Within a few that shown in Figure 3. Room-temperature evaporation of
minutes, the profile of the spectrum changes with a gradual the **Si NMR solution after +2 days afforded greenish
disappearance of the shoulder at 550 nm and a decrease iffystals in a nearly quantitative yield (80% based3pn
intensity of the peak at 445 nm. A single-crystal X-ray structural investigation reveals a

These spectral changes are associated with a change iffimeric hexairon(l1l) polyanion, formulated agfes(OH)o-
the solution color from brown to light green. After 2 h, the (H20)2(OAC):} (y-SiWacOse)a] "~ (4) (Figure 4). The anion

hydrolytic decomposition seems to be complete and the Structure can.be viewed as a trigonal arrangement of three
spectrum does not undergo any further changes. Thel?-SiWid} units connected by an electrophilic hydroxo/
paramagnetism of the Fe(lll) centers has two principal acetato-bridged hexairon(lll) central core, {f&@H)o(H.0)-
consequences on the ratio of signal-to-noise ift8eNMR (OAc)e] ™", with overall C; symmetry. Significantly, poly-

spectrum of3: it shortens thd; and T, values, which leads anion 4 is quasi-isostructural with the trime&. The only
major structural difference between the two polyaniods (
(40) Kortz, U.J. Cluster Sci2003 14, 205-214. and 4) is the incorporation of two bidentate ligands 4n
(41) Mialane, P.; Dolbecq, A.; Rilie, E.; Marrot, J.; Seheresse, FEur. which bind two vicinal iron(lll) centers from the two
J. Inorg. Chem2004 33-36. ival di SiwW its. Like 2. th
(42) zhang, X. Y.; O'Connor, C. J.; Jameson, G. B.; Pope, Mindrg. Symmetry_-equwa ent, lvacaﬁj{— Wi} ur?|ts_ ike2, the
Chem.1996 35, 30-34. acetate-trimerd, is also enantiopure (chird?3,21 space
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Figure 5. (a) Left: Ball-and-stick representation of the centf&g" 4}
core of 3 (Fe: large, bright gray sphereg:oxo positions of hydroxo

Botar et al.

water molecules on the Fe centers are also clearly identified
by their corresponding small BVS values of 0.4. The
presence of two structurally inequivalent Si atoms (Sil1 and
Si2 in Figure 4) observed in the solid-state structurd &f

in agreement with the two-lif¥Si NMR spectrum (relative
intensity ratio of 2:1) shown by the solution from which
crystals of4 are obtained (Figure 3). This strongly suggests
that the acetate trimed, is indeed the hydrolysis product
of 3. Interestingly, the?®®Si NMR corresponding to the
acetate-free trimer2, also shows the expected two-line
spectrum with a relative intensity ratio of 2:1 but with the
more intense peak shifted upfield relative to the other géak.
The separation between the two peaks is also different, 1.5
ppm for2 and 0.6 ppm ford. The most likely explanation

for the different NMR spectra is that incorporation of the
two acetate ligands ia affects the interactions between the
ferric centers (also addressed below by magnetic studies).

groups: small crossed gray spheres; oxo positions: small gray spheres; CA stronger paramagnetic effect is observed in the spectrum

black spheres; H not shown for clarity). F©—Fe bonds between the inner
{Fe",} fragment are highlighted in dark gray. Right: Corresponding
exchange coupling scheme f8mwith the two assigned magnetic superex-
change constants reflecting ti@, symmetry of the centra{ Fe(OH)-
(OAC)}4]*" fragment. (b) Left: Structure of the centrigrée''¢} core in4
(oxo positions of terminal bD ligands: dark gray; see (a) for other color
codes). Right: Exchange coupling scheme4@mploying five exchange
constants, reflecting th€, symmetry of the central [REOH)o(H20),-
(OAC),]"* fragment.

group) as a result of the slight rotation of the two symmetry-
equivalent {y-SiWy} units around theC, axis of the
polyanion. This deviation is about 4,3as indicated by the

of 4 relative to that o, as indicated by the slightly broader
NMR lines (30-35 Hz for4 vs 20-25 Hz for 2). The?°Si
NMR establishes that the trimer structure is stabilized in
aqueous solution by the presence of acetate. Specifically,
whereas2 decomposes readily and irreversibly in watér,
does not. Significantly, this fact provides additional evidence
that the catalytic oxidation activity ifyy-SiW,oFe)} -derived
systems does not involve the trimer itself but a hydrolytic
product of the trime#?

Magnetic Properties of 3 and 4.The magnetic properties
of 3 and4 are characterized by antiferromagnetic coupling

dihedral angle of the least-square planes defined by [O57,between the four planar Fe(lll) centers of thEe(OH)-
Si2, 049, and Fe3] and [Fe3, W15, Sil, and W6] (see Figure (OAc)}4 core and the six Fe(lll) centers of the trigonal

S2 in Supporting Information). The observed chirality very
likely results from crystal packing forces. The structural
similarity of 2 and4 is also illustrated by their IR spectra,
which are virtually identical in the 5601000 cn1? region

prismatic{ Fe;(OH)o(H20)(OAC),} core, respectively (Figure
5). As in both3 and 4, the Fe centers occupy near-ideal
octahedral coordination environments (K& bond lengths
of 1.97(1)-2.07(1) A, O-Fe—0O bond angles of 85.8(5)

(see Figure S3 in Supporting Information). The same 93.6(5}), they represent near-ideal spin-5/2 centers in their

arguments used f@ unambiguously establish the oxidation
state as 3 for the Fe centers id. All u-oxygen atoms

6A; ground states with no significant spiorbit coupling.
The intramolecular exchange is mediated by the single

connecting the Fe(lll) centers in the hexairon core are u-hydroxo group and bridging acetate ligands, which connect

monoprotonated with BVS values of +:1.2. The terminal

the nearest-neighbor iron positions. On the basis of0ke

Figure 6. Temperature dependence;df for compoundsK 4[(CH 3)2(NH2)]s3 (a) andK o[(CH 3)2(NH2)]s4 (b) at 0.1 Tesla for the temperature range2®0
K. Experimental data (corrected for diamagnetic/TIP contributions and, in the c#&g(6H 3)2(NH>)]s3, for paramagnetic components, see Experimental
Section): black squares; best fits to the corresponding isotropic Heisenberg models: gray lines.
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symmetry of the{Fe(OH)(OAc}, core of 3, an isotropic

to two new multiiron(lll) derivatives which incorporate a

Heisenberg model was adopted that employs two exchangetetrairon(lll) core in3 and a hexairon(lll) core it As

constants,J; and J,, where the two exchange interactions
involving one u-hydroxo and twou-acetate groups are
assigned ta); and the two interactions involving only one
u-hydroxo group tal, (Figure 5a). Fod, correspondingly,
five exchange constant3,(-Js) were used to accommodate
the C, symmetry of the nine nearest-neighbor interactions
in the centraf Fe;(OH)y(H.0),(OAc),} fragment. Here, four
different Fe-OH—Fe geometries were correlated wilk

Jo, Js, and Js, whereas the Fe(lll) pairs coupled by one
u-hydroxo group and ong-acetate group were assigned to
Js (Figure 5b). A full computational simulation of the
parameter space (i.e., the individud| energies and a
common, isotropigy factor) yielded a best fit to the low-
field susceptibility data foB and4 (Figure 6). Interestingly,
the best fit for3 results in stark differences fdi/ks = —41.2

K and J)/kg = —4.5 K, underlining the amplification of
antiferromagnetic coupling by the two acetate groups per
Fe—Fe contact. Fod, a best fit is achieved for a set of
exchange energiek/kg = —32.0 K, Jo/ks = —24.0 K, J3/ks
18.0 K, Jo/kg = —16.0 K, andJs/ks = —20.7 K (all £

0.5 K). In both cases, an isotropic splitting factgro
1.99, and a resulting singlet ground state are found. Jhe
values of4 are similar to the corresponding set of exchange
energies observed for the acetate-free tringrwith its
{Fes(OH)o(H20)s} core and its identical superexchange
connectivity. However, a quantitative comparison is com-
plicated by the fact that due to the relatively large number
of exchange parameters, several sets;0f all reproduce

indicated by?°Si NMR, hydrolytic decomposition o leads

to the formation ot in nearly quantitative yield. The use of
aqueous acetate buffer solutions for the preparati@eoid

4 leads to the incorporation of acetate groups in the POM
framework. The acetate groups bind to vicinal ferric centers,
thus defining a simple and efficient route for functionalizing
the y-diiron(lll) Keggin structures with implications for their
magnetic properties and reactivity. The “out-of-pockegt”
SiWygFe} structural motif previously observed in the trimer
2, isolated from nonbuffered aqueous solutions, is confirmed
by the X-ray structures & and4. These findings corroborate
the conclusions of our previous studies and strongly argue
in favor of two structural motifs fory-diiron Keggin
derivatives: an “in-pocket” structure observed in organic
solvents and an “out-of-pocket” structure observed in both
buffered and unbuffered aqueous solutions. In future studies,
the findings of this work will be used to evaluate the impact
of local metal stereochemistry (“in-pocket” vs “out-of-
pocket”) on magnetic, catalytic, and other properties of
POMs with adjacent metal centers. The examples of the
acetate trimer4, and the quasi-isostructural acetate-free
trimer, 2, provide an opportunity to systematically study the
influence of functional groups on intramolecular spin ex-
change between paramagnetic centers in multimetal
POMs.
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of local minima then limit the principal accuracy of the finite-
resolution fitting procedure. Additional experiments (e.g.,

Supporting Information Available: Additional experimental

low-temperature magnetization measurements, inelastic neu€etails, magnetization curves (Figure S1), ball-and-stick structure
tron scattering) are thus necessary to confirm the magneticof 4 (Figure S2), IR spectra o2 and 4 (Figure S3), and

level spectrum derived from the particular setJofs.

Conclusions

Attempts to expand the-diiron(Ill) Keggin family of

crystallographic files forK4(CH3)2(NH2)]s3 and Kg[(CH 3),-
(NH3)]s4 in CIF format. This material is available free of charge
via the Internet at http:/pubs.acs.org.

catalysts and elucidate their related complex chemistry led 1C070126Y
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