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Reaction of o-P,W150s62~ and Fe(lll) in a saturated NaCl solution produces a trisubstituted Wells—Dawson structure
with three low-valent metals, o-(Fe"Cl),(Fe""OH,)P,W;505¢**~ (1). Dissolution of this species into 1 M NaBr (Br~
is noncoordinating) gives the triaquated species o-(Fe""OH,)sP,Wis0se®~ (2). lonic strength values of 1 M or greater
are necessary to avoid decomposition of 1 or 2 to the conventional sandwich-type complex, a55a-(Fe"OH,),-
Fell)(P,W1s0s6),2~ (3). If the pH is greater than 5, a new triferric sandwich, ooSa-(NaOHy)(Fe"OHp)Fe'",-
(PaW1s0s6)214~ (4), forms rather than 3. Like the previously reported Wells—Dawson-derived sandwich-type structures
with three metals in the central unit ([TM"Fe",(P,W150s6)(P2.TM",W130s5,)],6~ TM = Cu, Co), this complex has a
central a-junction and a central S-junction. Thermal studies suggest that 4 is more stable than 3 over a wide range
of temperatures and pH values. The intrinsic Jahn—Teller distortion of d-electron-containing metal ions incorporated
into the external sites of the central multimetal unit impacts the stoichiometry of their incorporation (with a consequent
change in the inter-POM-unit connectivity, where POM = polyoxometalate). Reaction of nondistorting Ni(ll) with
the diferric lacunary sandwich-type POM owocaio-(NaOH,),Fe!y(PoWis0s6),18~ (5) produces a35o-(Ni"OH,),Fe!,-
(PaW150s6)21~ (6), @ Wells—Dawson sandwich-type structure with two Ni(ll) and two Fe(lll) in the central unit. All
structures are characterized by 3P NMR, IR, UV-vis, magnetic susceptibility, and X-ray crystallography. Complexes
4 and 6 are highly selective and effective catalysts for the H,O,-based epoxidation of alkenes.

Introduction in part from the fact they are often invoked as structural

Polyoxometalates (POMSs) containing Keggin and Wells models for reactive metal oxide surfacésn this context,
Dawson moieties are of fundamental and practical intdrést, ~ vacant lacunary heteropolytungstates are of particular
The ability to extensively alter the molecular properties Ntérest because they present the opportunity to modify the

(potentials, charges, sizes, etc.) of POMs, coupled with their Surface properties of metal-oxide-like structural units via the
chemically robust nature, has led to a wide range of replacement of several adjacent high-valent tungsten centers

applications. A number of processes (in particular oxidation With low-valent metals (Co(ll) and Fe(lll), for exampl€).
and acid-dependent reactions) are catalyzed by POMs, and The reactions of d-electron transition metal cations with
this work continues to be the subject of considerable ongoing ffivacant POM species are very complex. First, the three
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substituted metal octahedra can be corner-sharing (A-type)
or edge-sharing (B-typé§.Previous reports have established
that the A-type is more common with a number ofbA-or
A-[-X(MOH3)sWg037"~ (where M = d-electron transition
metal center and X= central heteroatom) structures
reported>1420 Second, A-type trivacant POMs can react
with d-electron metals to form either the trisubstituted parent
(“monomeric”) structure or sandwich-type structures resulting
from the fusion of two Aet-XWqO34"™ units via three corner-
sharing transition metal cations (formula (M@ka-
PWoOz4),", where M= any 3d metalf*~2% In addition,
B-type trivacant POMs, such asPW;150s6'2~ or B-PWyOs4%~,

can lead to at least two product structures (Figure 1). One
involves filling of the trivacant site by three edge-sharing
transition metal MQ@units (to regenerate the parent Wells
Dawson or Keggin structures, respectively), and the other
involves fusion of two trivacant POMs units (via a rhombus
of four edge-sharing transition metal ions) to form a
sandwich-type structuré. 47

(13) There are two possible non-Bakéfiggis isomers in trivacant Keggin
structures. The A-type species is formed by removal of one corner-
sharing MQ octahedron from each of three bridgings®is triads.
The B-type species is formed by removal of one entirOM triad.
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Acta 200Q 300—302 285-304.
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trisubstituted structure ((NiOhsPW10039"~), but it also contained an
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G.J. Chem. Soc., Dalton Tran®001, 2879-2887. (c) Rusu, D.; Rosu,
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Figure 1. Polyhedral representations of species derived from trivacant
B-type lacunary Keggin structures. (A) Trisubstituted parent Keggin

structure. (B) Conventional sandwich-type structure. (C) Neumann derivative
of Zn-Tournecomplex. (D) My sandwich-type structure.

There are many previous reports investigating the role of
transition metal cations on the consequent POM struc-
ture1214-51 For B-type trivacant POMs, most of these reports
have reached the same conclusion. High-valent metals such
as V(V) give the trisubstituted parent species while low-
valent metals such as Cu(ll), Co(ll), and zZn(ll) give the
dimeric sandwich-type specié%®? Finke and co-workers

(31) Wasfi, S. H.; Rheingold, A. L.; Kokoszka, G. F.; Goldstein, A. S.
Inorg. Chem.1987, 26, 2934-2939.

(32) Finke, R. G.; Droege, M. W.; Domaille, P.ldorg. Chem1987, 26,
3886-3896.
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Romero, P.; CasaRastor, N.Inorg. Chem.1993 32, 89-93. (c)
Gomez-Gar@, C. J.; Coronado, E.; Gwez-Romero, P.; CaSdrastor,
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E.; Galm-Mascafs, J. R.; Gmez-Garaa, C. J.Inorg. Chem.1999
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L. Inorg. Chem.1994 33, 4016-4022.
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(41) Zhang, X.; Chen, Q.; Duncan, D. C.; Campana, C.; Hill, Cnbrg.
Chem.1997, 36, 4208-4215.

(42) Zhang, X.; Chen, Q.; Duncan, D. C.; Lachicotte, R. J.; Hill, C. L.
Inorg. Chem.1997, 36, 4381-4386.

(43) Rusu, M.; Marcu, G.; Rusu, D.; Rosu, C.; Tomsa, AJRRadioanal.
Nucl. Chem1999 242, 467-472.

(44) Bi, L. H.; Wang, E.-B.; Peng, J.; Huang, R. D.; Xu, L.; Hu, C. W.
Inorg. Chem.200Q 39, 671-679.
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Figure 2. Wireframe representations of the structures discussed in this paper (with junctions labeled @s The central units of the sandwich-type
structures are shown in combination polyhedral/ball-and-stick representhtior2: o-(FeL)P,W1s0sd" (where L= CI~ or H,0). 3: aBo-(Fe''OHy),-
Fé”z(Plesose)zlzf. 4: (l(lﬁ(l'(NaOFb)(Fé”OHz)Fé”2(P2W15055)2147. 5: a(X(X(X-(NaOFb)zFéII2(P2W15055)2167. 6: (Xﬂﬁ(l-(Ni“on)gFé”2(P2W15056)2147.

7 (l(lﬁ(l—(CU“ OHz) Fell 2(P2W15056)(P2CU” z(O H2)4W13052) 167.

have suggested three possible reasdfast, there is often

a significant difference in the size of a low-valent d-electron-
containing transition metal cation and the size of the “hole”
in the POM unit previously occupied by a high-valent metal
such as W'.53 The larger d-electron-containing metal centers

reaction of a-P,W150562~ with M(l1l) could yield either
(M"MOHy)2(M")5(P,W150s6)2'2 ™ or at-Po(M" OHy)sW150s¢" ",

but the sandwich-type POM has a lower negative charge (per
POM unit) than the parent structueP,(M" OH,)sW150sg° .
Because the formation of POMs is kinetically controlled, the

might be better accommodated by sandwich-type structuresproduct with a lower negative charge is often favored.

because they effectively form a#d;4OH,), group encap-
sulated between two trivacant POM units. ThgOQy(OH,),
group fills the void left by the missing BD;3 units without

Third, thermodynamic factors appear to favor the sandwich-
type structures over the trisubstituted parent species (previous
reports suggest that sandwich-type POMs are more thermo-

the incorporation of three new metal centers per trivacant dynamically stable than their monomeric WellBawson and
POM (i.e., two metal sites are shared between the two Keggin counterparts)y.#14246.55.56

trivacant POM subunits). Second, there is an increase in the All previously known sandwich-type POMs derived from
overall charge of the POM (and therefore increased basicity) trivacant Wells-Dawson and B-Keggin units with one

due to the lower charge of the incoming cation ([Co@@H
replacement of (\WO)**, for example). In this context,

(46) Zhang, X.; Anderson, T. M.; Chen, Q.; Hill, C. Inorg. Chem2001,
40, 418-419.

(47) Bi, L. H.; Huang, R. D.; Peng, J.; Wang, E.-B.; Wang, Y.-H.; Hu,
C.-W. J. Chem. Soc., Dalton Trang001, 121—-129.

(48) (a) Li, M.-X.; Jin, S.-L.; Liu, H.-Z.; Xie, G.-Y., Chen, M.-Q.; Xu, Z,;
You, X.-Z.Polyhedron1998 17, 3721-3725. (b) Kortz, U.; Savelieff,
M. G.; Bassil, B. S.; Keita, B.; Nadjo, Unorg. Chem2002 41, 783~
789 and references therein.

(49) Lin, Y.; Weakley, T. J. R.; Rapko, B.; Finke, R. Gworg. Chem.
1993 32, 5095-5101.

(50) Keita, B.; Mbomekalle, I. M.; Nadjo, L.; Contant, Electrochem.
Commun2001, 3, 267—273.

(51) Wassermann, K.; Palm, R.; Lunk, H.-J.; Fuchs, J.; Steinfeldt, N.;
Stosser, RInorg. Chem1995 34, 5029-5036 and references therein.

(52) Harmalker, S. P.; Leparulo, M. A.; Pope, M. I.Am. Chem. Soc.
1983 105 4286-4292.

(53) For example, the radius of octahedrally coordinatetl & 0.74 A,
while that of high-spin octahedral €ds 0.885 A.

exception hav@é-junctions between the trivacant species and
the central M unit (Figure 227547 The exception is the
complex,oooo-(NaOH)Fe" J(PW1s0s¢),167, that has-junc-

(54) (a) POMs of higher charge are not necessarily less stable than the
POMs of lower charge, but current data suggest that in the formation
of new POMs (from other preformed POMs) the species with a lower
negative charge is the more favorable product. This concept is used
to partially explain why alkaline degradation @fSiW,,03¢%~ yields
y-SiW10036%~ instead of 3-SiW1¢0s7:%". See Canny, J.; && A.;
Thouvenot, R.; HerveG. Inorg. Chem.1986 25, 2114-2119. (b)
Another explanation for the dominating force towards dimerization is
the reduction in the number of terminal water (aqua) ligands per Fe(lll)
center. The kinetic stability observed (i.4.> 3 > 5 > 1 or 2) does
not follow this trend exactly, but this may be attributed to structural
differences as well. We thank an anonymous reviewer for bringing
this to our attention.

(55) Neumann, R.; Gara, Ml. Am. Chem. Sod.994 116, 5509-5510.

(56) Previous reports note that prolonged heating of-X({MOH2)3WqOs7"~
results in the formation of sandwich-type structures. See references
12 and 22.
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tions between the trivacant POM units and a uniqug M catalysis of HO,-based epoxidation), trends in the formation
central unit® Because the Na centers are weakly bonded and stability of POMs based on trivacant WellBawson
and labile, this complex is effectively a lacunary sandwich- units as a function of ionic strength, pH, and the intrinsic
type POM. Incorporation of one Cu(ll) or Co(ll) ion into  Jahn-Teller distortion of the incorporated metal are proposed
the central unit of this complex yields a structure with one (Figure 2).

a-junction and ones-junction between the trivacant POM
units and a new central unit5”:58 The predominance of
the centraf-junction over then-junction in sandwich-type

POMs is opposite the known relative thermodynamic stabili- o hesized according to literature procedi#ésBr, CI, Fe, Na,
ties ofa versugs isomers in the parent WetiDawson and Ni, P, and W analyses were performed by Desert Analytics

Keggin structureé_’%’ These_ energy d_ifferences have been |aporatory in Tucson, AZ. C, H, and N analyses were performed
attributed to possible steric interactions between the coor-by Atlantic Microlab Inc. in Norcross, GA. Infrared spectra (2%

dinated water ligands of the external metal sites (of the sample in KBr) were recorded on a Nicolet 510 FTIR instrument.
central multimetal unit) and the bridging oxygen atoms of The electronic absorption spectra were taken on a Hewlett-Packard

Experimental Section

General Methods and Materials.o-Nag J[P,W150s6] - 18H,0 was

the neighboring belt tungsten atofs.

We now report the P& capped Wells-Dawson complex,
a—(Fe‘”CI)Z(F(-:‘”OHZ)PZW1505911‘ (1) This is the first ex-
ample of a monomeric WellsDawson structure trisubsti-
tuted with low-valent transition metals (i.e., valeney).

8452A UV-vis spectrophotometet!P NMR measurements were
made on a Varian INOVA 400 MHz spectrometer, and peaks were
referenced to 85% #PO,. Average magnetic susceptibilities were
measured on a Johnson Matthey Model MSB-1 magnetic suscep-
tibility balance as neat powders at 2@; the balance was calibrated
using Hg[Co(SCN)] as a standard. Pascal’'s constants were used

There are several reports of trisubstituted Keggin derivatives 1o obtain the final diamagnetic corrections.

of formula X(MOH,)sWqOs7"~, but complete X-ray crystal-

Synthesis ofa-Nay[(FeCl),(FeOH,)P,W 1505¢] - 14H,0 (Nal).

lographic structure determination of many of these complexesFerric chloride hexahydrate (1.2 g, 4.5 mmol) was dissolved in 14

has remained elusivV&142° One notable exception is the
structurally characterized complexd@Si(CrOH)sWgOs,/ .18
This paper first addresses the syntheseas-(fFée" Cl),(Fe'" -
OHz)P2W15O5911_ (1) anda—(Fé“OH2)3P2W150599‘ (2) from
isomerically pureo-P,W150562~ and Fe(lll) in a saturated
NaCl solution. The complexes are fully characterized®y
NMR, IR, elemental analysis, and, most significantly, X-ray
crystallography (Figure 2). At low ionic strength valuesl(

M), 1 decomposes to form the traditional sandwich-type
POM aﬁﬁa—(Fé”OHz)zFé”z(P2W15O56)2127 (3),60 or a new
sandwich-type isomergoBo-(NaOH)(FE" OHy)Fe! »(P,-
W150s6)2'*~ (4), depending on the pH of the solution. The
new complex,4, is also obtained as a byproduct in the
synthesis Of(l(l(l(l-(NaOHz)zFé”2(P2W15056)216_ (5) To
probe the role of the external metal sites of the central
junction in both formation and stability (i.e., susceptibility
to degradation at high temperature and pH) of these
sandwich-type POMs, we have prepared a new mixed-meta
derivative,aﬁﬂa-(Ni"OHg)zFé”2(P2W15056)214’ (6), by react-

ing 5 with an excess of Ni(ll). Unlike the reaction &fwith
Cu(ll) or Co(ll), two metal centers are incorporated into the
central unit without additional substitution af; (belt)
tungstens in the-P,W1s0s6'2 units. With the full charac-
terization of these four new structures (along with data on

(57) Anderson, T. M.; Hardcastle, K. I.; Okun, N.; Hill, C. Inorg. Chem.
2001, 40, 6418-6425.

(58) This structure also has two additional Cu(ll) or Co(ll) atoms in one
of the two Wells-Dawson units (iry sites). See structuréin Figure
2.

(59) Quantitative determinations of energy differences for dhand
isomers of Keggin and WelsDawson POMs under equilibrium
conditions were recently reported. See: (a) Weinstock, I. A.; Cowan,
J. J,; Barbuzzi, E. M. G.; Zeng, H.; Hill, C. L1. Am. Chem. Soc.
1999 121, 4608-4617. (b) Anderson, T. M.; Hill, C. LiInorg. Chem.
in submission.

(60) apa is used in the sandwich-type structures to indicate the con-
nectivity for the first cap-belt junction, the first and second belt-central
Mg junctions, and the second belt-cap junctions, respectively (Figure
2).
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mL of 4 M NaCl solution, andx-Nay[P,W1:0s6] (6 g, 1.5 mmol)
was added slowly with vigorous stirring. The solution was stirred
for 10 min at room temperature and was filtered with a medium
porosity (glass-sintered) frit. The solution was cooled to°C0
overnight, and large orange crystals were collected and redissolved
in 10 mL of 1.5 M NaCl. Diffraction quality crystals were formed
after several days. (2.6 g, yield 40%). IR (2% KBr pellet, 1300
400 cnrl): 1086 (s), 1014 (w), 942 (s), 905 (m), 812 (s), 698 (W),
574 (w), 558 (w), 524 (m), 479 (w), and 432 (W}P NMR (15
mM POM, in D,O saturated in NaCl): one peak for the distal P
atom at—15.8 ppm QAvy, = 60 Hz). Magnetic susceptibilityues

= 7.9 ug/mol at 297 K. Anal. Calcd for BClFesNag1074P,Wss:

Cl, 1.57; Fe, 3.70; Na, 5.59; P, 1.37; W, 60.94. Found: ClI, 1.52;
Fe, 3.74; Na, 5.46; P, 1.41; W, 60.97. [MW 4525.2.]

Synthesis ofo-Nag[(FeOH,)3PaW1505¢] - 19H,0 (Na2). Com-
plex1 (1 g, 0.23 mmol) was dissolved in 30 mif M NaBr with
vigorous stirring. Yellow-orange cubic crystals were formed after
several days (0.65 g, yield 65%). IR (2% KBr pellet, 13@00
|cm*1): 1090 (s), 1013 (w), 950 (s), 893 (m), 807 (s), 727 (m), 638
(w), 623 (W), 524 (m), 477 (w), and 422 (W3'P NMR (15 mM
solution in B;O): one peak for the distal P atom atl6.4 ppm
(Avy2 = 75 Hz). Magnetic susceptibilityies = 7.9 ug/mol at 297
K. Anal. Calcd for HBroFesNagOg:P,W15s. Br, 0.00; Fe, 3.69; Na,
4.56; P, 1.37; W, 60.82. Found: Br, 0.00; Fe, 3.74; Na, 4.45; P,
1.40; W, 60.77. [MW= 4534.4.]

Synthesis of Najoafo-(NaOH,)(FeOHy)Fey(PW150s56)2] -
20H,0 (Na4). Solid o-Nay[P,W150s¢] (5 g, 1.25 mmol) was slowly
added (with stirring) to ferrous chloride tetrahydrate (0.49 g, 2.46
mmol) dissolved in 30 mL ol M NaCl. The solution was heated
gently at 65°C for 510 min, filtered hot, and the filtrate cooled
to 10 °C. Dark green crystdis that formed overnight were
redissolved in 30 mL of KD and allowed to oxidize in air for 5
days at ambient temperature. Each day, soligDg€identified by
elemental analysis) was removed by centrifugation. Sodium chloride
(1.5 g) was added, and the solution was stirred for 1B min. A
yellow-brown precipitate was removed using a Q4% (pore size)

(61) Contant, R. Innorganic Synthesessinsberg, A. P., Ed.; John Wiley
and Sons: New York, 1990; Vol. 27, pp 16411.
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microfilter, and the yellow-orange filtrate was left exposed to the
air. After 1-2 days, large light-yellow plates formed and were
collected on a medium frit. This product has been previously
identified asaaaa-(NaOHz)zFe“' 2(P2W15056)21&.46 The filtrate was
concentrated to approximately 70% of its original volume, and a
light yellow precipitate was collected. This compound was recrys-
tallized from 0.5 M NacCl (3.7 g, yield 70%). IR (2% in KBr pellet,
1300-400 cn1?): 1089 (s), 1053 (m, sh), 1018 (w), 946 (m), 918
(w), 881 (w), 834 (w), 745 (m), 699 (m), 597 (w), and 515 (w).
31P NMR (15 mM solution in RO): two peaks for two symmetry
inequivalent distal P atoms at11.9 (Avy, = 75 Hz) and—14.5
ppm (Avi, = 200 Hz). Magnetic susceptibilityies = 8.5 ug/mol
at 297 K. Anal. Calcd for ByFesNays0134,P4Wag: Fe, 2.01; Na, 4.13;
P, 1.49; W, 66.13. Found: Fe, 2.09; Na, 4.16; P, 1.48; W, 65.41.
[MW = 8340.1.]

Synthesis of [(CHCH 2CH>CH,)4N] 15[ aofo-Fes(PaW1s0s6)7]
(TBA4). The tetran-butylammonium (TBA) salt ot was prepared
by a metathesis reaction. To 1.0 g (0.12 mmol) o#Nta30 mL
of H,O was added with stirring 0.50 g (1.8 mmol) of TBACI. gH
Cl, (250 mL) was added to this cloudy solution, and the mixture

Fe, 1.11; N, 1.94; Ni, 1.16; P, 1.23; W, 54.64. Found: C, 16.99;
H, 5.08; Fe, 1.19; N, 2.02; Ni, 1.19; P, 1.16; W, 53.82. [M¥/
10126.1.]

X-ray Crystallography. Suitable crystals of N Na2, Na4, and
Nab6 were coated with Paratone N oil, suspended on a small fiber
loop, and placed in a cooled nitrogen stream at 100 K on a Bruker
D8 SMART APEX CCD sealed tube diffractometer with graphite
monochromated Mo ¥ (0.71073 A) radiation. A sphere of data
was measured using a series of combinationg @hd w scans
with 10 s frame exposures and 0fBame widths. Data collection,
indexing, and initial cell refinements were all handled using
SMART software?32 Frame integration and final cell refinements
were carried out using SAINT softwaf& The final cell parameters
were determined from least-squares refinement. The SADABS
program was used to carry out absorption correctféns.

The structure was solved using direct methods and difference
Fourier techniques (SHELXTL, V5.16¥° All atoms were refined
anisotropically, except where noted (see Supporting Informatfon).
The final R1 scattering factors and anomalous dispersion corrections
were taken from thelnternational Tables for X-ray Crystal-
lography®® Structure solution, refinement, graphics, and generation

was shaken in a separatory funnel. After standing for 30 min, the o b pjication materials were performed by using SHELXTL, V5.10
mixture separated into a cloudy colorless upper layer and a clearsoftwares® Additional details of data collection and structure

yellow lower layer. The bottom organic layer was collected and
concentrated to a thick oil with a rotary evaporator. A yellow solid

refinement are given in Table 1, and thermal ellipsoid plots (at the
50% probability level) are given in Figure 3. Disorder of the Na

was then precipitated from the concentrated organic layer by atoms prevented the identification (crystallographically) of aft Na

addition of diethyl ether £100 mL). The resulting solid was
collected on a medium frit and dried under vacuum for 24 h (1.2
g, yield 80%). IR and elemental analysis establish thatd not
changed during the conversion of A TBA4. IR (2% KBr pellet,
1300-400 cnrh): 1151 (m), 1087 (s), 1049 (m, sh), 1014 (w),
947 (s), 911 (m), 887 (m), 834 (m), 746 (m), 697 (m), 598 (w),
and 499 (w). Anal. Calcd for £dHsad=e3N15011PsW3g: C, 25.47,;
H, 4.81; Fe, 1.48; N, 1.86; P, 1.09; W, 48.74. Found: C, 25.43; H,
4.77; Fe, 1.46; N, 1.83; P, 1.12; W, 49.01. [M#/11235.9.]
Synthesis of Najaffa-(NiOH ;),Fex(P,W150s6),] - 24H,0 (Nab)
and [(CH3CHCH,CH2) N1 affo-NiFe(PaW150s6),] (TBAB).
The parent diferric compleX (0.750 g, 0.0825 mmol) was dissolved
in a minimal amount of 0.5 M NacCl, and the pH was adjusted to
~2 by addition of HCI. NiC}-6H,O (0.320 g, 0.825 mmol) was
slowly added and the resulting solution heated to>60for ~10
min. The solution color changed slightly (from greenish-yellow to
dark yellow) on heating. After7 days, a yellow precipitate formed
that was recrystallized from 0.25 M NaCl (0.46 g, yield 66%). IR
(2% KBr pellet, 1306-400 cntl): 1086 (s), 1060 (w, sh), 1017
(w, sh), 945 (s), 927 (m), 876 (m), 837 (m), 788 (s), 747 (m), 702
(s), 518 (m), and 487 (W§*P NMR (9 mM solution in BO): —16.9
ppm,Avy, = 300 Hz. Magnetic susceptibilityzes = 10.3ug/mol
at 297 K. Anal. Calcd for kkFe;Na aNi-O13ePsW3o: Fe, 1.32; Na,
3.81; Ni, 1.39; P, 1.47; W, 65.30. Found: Fe, 1.36; Na, 3.85; Ni,
1.36; P, 1.45; W, 64.82. [MW= 8446.6.] The tetrar-butylammo-
nium salt was prepared by treating 0.4 g oféNa 25 mL of H,O
with 0.16 g TBACI followed by extraction with 150 mL of GH
Cl,. Addition of E4O to the green lower organic layer afforded
0.38 g (~80% vyield). IR (2% KBr pellet, 1300400 cn1?): 1106
(w), 1087 (s), 1049 (w, sh), 1014 (w, sh), 947 (s), 911 (m), 888
(m), 824 (m), 786 (m), 749 (w), 696 (s), 528 (m), and 480 (w).
Anal. Calcd for Q44H504FQN14Ni20112P4W30: C, 17.13; H, 5.03;

(62) The dark green crystals formed in the synthesis af &ta Nag(Fe''-
OHy)2F€!2(P2W1s0s6)2] (the Fe/P/W ratios from elemental analysis
are 2/2/15, and the IR spectrum is virtually identical to that of
Nage[(ZNOH2)2Zna(P2W150s6)2]). See reference 46.

countercations in the four structures.

Catalytic Oxidation of Alkenes. In each reaction, the alkene
substrate (0.9 mmol) and TBlor TBA6 (0.004 mmol) were stirred
under Ar at 25°C in 1 mL of CHCN in a 10-mL Schlenk flask
fitted with a Teflon stopcock and rubber stopper. The reaction was
initiated by the addition of 25%L of 30% aqueous bD,. The
organic products were identified and quantified by GC/MS and GC,
respectively, using decane as the internal standard. The fy@ H
concentration was measured using standard iodometric anélyses.

Thermal Stability Experiments. Solutions of3—5 (0.09 M)
were adjusted to common pH values (ranging from 3.0 to 5.7) by
addition d 1 M HCI or 1 M NaOH and placed in glass vials with
sealed caps. The ionic strength was adjusted by adding appropriate
quantities of LiCl, NaCl, KCI, or NHCI. The solutions were
degassed as liquids and purged with Ar. The vials were heated in
a mineral oil bath at various temperatures (from 20 t¢@pand
the contents stirred magnetically at a constant speed of 200 rpm.
Aliquots (0.7 mL) were removed from the vials at measured time
intervals, immediately cooled to ambient temperature, and then
analyzed byP NMR.

Results and Discussion

Syntheses. The preparation ofa-(Fe" Cl)y(F€"OH,)-
P.W1s0s¢t (1) is very similar to the preparation of the

(63) (a)SMART version 5.55; Bruker AXS, Inc., Madison, WI, 2000. (b)
SAINT, version 6.02; Bruker AXS, Inc., Madison, WI, 1999.

(64) (a) Sheldrick, G.SADABS University of Gdtingen: Gitingen,
Germany, 1996. (b)SHELXTL version 5.10; Bruker AXS, Inc.:
Madison, WI, 1997.

(65) For Nd, all Fe, W, Na, and Cl atoms were refined anisotropically.
For N&2, only W and Na atoms were refined anisotropically. FodNa
only W, Fe, P, and Na atoms (as well as water oxygen atoms) were
refined anisotropically. For N& all W, Fe, Na, and Ni and all but
O1l1s, Olls, and O12s of the water oxygen atoms were refined
anisotropically. Crystal quality was the limiting factor for determining
which atoms were refined anisotropically.

(66) International Tables for X-ray CrystallographyKynoch Academic
Publishers: Dordrecht, Netherlands, 1992; Vol. C.

(67) Day, R. A., Jr.; Underwood, A. LQuantitatve Analysis 5th ed.;
Prentice Hall: Englewood Cliffs, NJ, 1986.
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Table 1. Crystal Data and Structure Refinement forIN&la2, Na4, and N&

Anderson et al.

Nal Na2 Na4 Nab
empirical formula CIFesNasOggPWis FesNagOg1P2W1s FesNay10144PsW3g HsoFesNagNi20138PaW3g
fw 4602.36 4455.7 8344.33 8243.9
cryst syst monoclinic triclinic triclinic triclinic
space group P2:/n P1 P1 P1
unit cell a=13.343(2) A a=12.859(1) A a=13.797(1) A a=13.781(2) A

b= 28.535(3) A b=13.349(1) A b=22.051(1) A b=13.878(2) A
c=21574(2) A c=22.250(2) A c=24.594(2) A c=21.444(3) A
o= 90° o = 92.471(2) o = 109.949(% o= 91.553(2)
p=92.139(2j £ =97.309(2) £ =199.041(2) B =96.024(2)
y =90° y =108.181(2) y = 93.748(2) y =118.480(2)
\Y; 8208.3(2) B 3585.4(5) R 6888.8(6) & 3571.0(8) B
Z/density (calcd) 43.724 Mgffn 2/4.127 Mg/ni 2/4.023 Mg/ni 1/3.833 Mg/ni
abs coeff 21.695 mmt 24.755 mm* 25.433 mnt 24.667 mm?
refins collected 146867 61769 106050 40806
indep refins 29048R(int) = 0.1839] 46442R(int) = 0.0418] 27027R(int) = 0.0770] 12184R(int) = 0.1063]
GOF onF2 1.069 0.927 1.285 1.117
final Rindices | > 20(1)] R12=0.0679 R%=0.0483 R%=0.0900 R%=0.0800
WR2 = 0.2351 wR2=0.0789 WR2 = 0.1834 WR2=0.1852

aR1= 3||Fol = IFcll/ZIFol. "WR2 = {3 [W(Fo* — F)A/ 3 [W(Fo?)7} >

tetraferric sandwich-type POMeaSSa-(Fe"OH,),Fe" »-
(P,W150s6),*%~ (3), with three exceptions (see Figure 2 for
general structures). First, a 3:1 ratio of Fe(lllotdP, W 1505612~

is used (a 2:1 ratio was used in the preparation of the
tetraferric sandwich). Second,is synthesized at ambient
temperature while the sandwich-type POB) (vas heated

to 80 °C. Third, 1 is prepared in aqueous media of
significantly higher ionic strength (the concentration of NaCl
is 4 M versis 1 M for the tetraferric sandwich). Once the
complex is prepared, it is only stable in solutions at least 1
M in NaCl. Solutions of lower ionic strength always result
in decomposition, as confirmed B{P NMR. The high ionic
strength necessary to stabilizeloes not allow isolation of
the tetran-butylammonium salt. ComplexX (o-(Fe'-
OH,)3PW1505¢77) is prepared by dissolvind in a 1 M
solution of NaBr. The ionic strength of this solution is high

terminal W—O stretching and WO—W bridging bands
characteristic of heteropolytungstat3.here is no splitting
observed in the; vibrational mode of the central R@Qnits.

At low concentrations of NaCI{1 M), 1 reacts with itself
to form the tetraferric sandwich-type compl&xPolyanion
3 can be isolated in solution or as a solid. In solutiBrcan
be converted back tt, however, when additional NaCl is
added, and the solution is heated for approxinyaleh at
75 °C. These observations suggest the overall charge of the
complex may affect (at least in part) whether the sandwich-
type structure or the parent Well©awson structure is the
product, because the monomeric speciesr(2) both have
a higher charge (per POM unit) than the sandwich-type
structure 8).70 If the pH is higher than 5, a new triferric
sandwich-type complexoofo-(NaOH,)(Fe"OH,)Fe! ,-
(PW150s6)'4 (4), is formed instead o8 (see Figure 2 for

enough to prevent decomposition, while simultaneously general structures). Complekmay also be isolated (as a

allowing the two terminal Cl ligands on the P&; cap to be
exchanged for water (aqua) ligands. No coordinatior? of

solid) in high yield ¢70%) during the synthesis of the
diferric sandwich-type complexpaoa-(NaOH),Fe" -

with Br~ is observed. This was confirmed by elemental (P,W150s6),%% (5) via a metastable tetraferrous sandwich-

analysis and by X-ray diffraction analysis.

Complex 1 has two peaks in the solutioflP NMR

type precursof? Fractional crystallization is used to separate

the two complexes4(and5) because they differ in charge.

spectrum. This could be consistent with two P atoms that The tetran-butylammonium (TBA) salt of4 is readily
are not symmetry equivalent, but in all previously reported prepared by a metathesis reaction (see Experimental Sec-
Fe(ll)—POM structures, the peaks due to the P atoms tion).”* Control of pH is important as POM decomposition

proximal to an Fe(lll) site are usually not obsenféd®
However, one of the two peaks in th® NMR spectrum of
1 was identified by comparison with an authentic sample of

is possible at too low (i.e., pH 2) or too high pH values
(i.e., pH> 8).
The 3P NMR spectrum of4 consists of two peaks

2 (—16.4 ppm). In addition, the ratio of the integrated areas corresponding to two symmetry inequivalent distal P atoms.
of the two peaks is found to be dependent on the NaCl Interestingly, the chemical shift of one peak is similar to

concentration of the solution (Figure 4). At high NaCl
concentration, the peak assigne@twompletely disappears.

(69) Rocchiccioli-Deltcheff, C.; Thouvenot, B. Chem. Res., Syna977,
2, 46-47.

The single peak remaining was then assigned to conmplex (70 This argument was first used to partially explain why alkaline

(—15.8 ppm)? The IR spectra of Naand N& are similar
to the parent complexy-P,W150s,°~. Both complexes have

(68) Although only two speciesl(and 2) were detected in solution and
isolated as crystals, it is possible that the mono- and trichlorinated
species are present but are not observed'ByNMR because the
chemical shifts (in ppm) of these species overlap the peaks for species

1land2.
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degradation of 82-SiW11035°~ yields y-SiWi100s~ rather than
B-SiW1¢037%~. However, when the (#O)*" fragment from the
rotated MO, triad adjacent to the lacunaryy) site is lost, the
intermediate £-SiW100s7%") has one tungsten center with three
terminal oxygen atoms (in violation of the Lipscomb principle). See:
(a) Lipscomb, W. Nlnorg. Chem1965 4, 132-134. (b) Canny, J.;
Tézg, A.; Thouvenot, R.; HerveG. Inorg. Chem.1986 25, 2114~
2119. (c) Kortz, U.; Jeannin, Y. P.;"Ze A.; Herve G.; Isber, S.
Inorg. Chem.1999 38, 3670-3675.



Trivacant Wells-Dawson Heteropolytungstates

Figure 3. Thermal ellipsoid plots (50% probability surfaces) of the polyanions. (A) Compl€¢Xhe Fe1-Cl1, P1-0O1, and W13-O54 bond lengths are
2.305(5) A, 1.573(12) A, and 1.716(11) A, respectively. The-F@20—Fe2 and P+0O1—Fel angles are 92.2(xnd 123.8, respectively.) (B) Complex
2. (The W13-056, Fe4-0124, and W2-021 bond lengths are 1.930(13) A, 1.998(12) A, and 1.678 A, respectively. TheO#9-W8 and W27
0107-Na9 bond angles are 153.9{@nd 154.6(6), respectively.) (C) Comple4. (D) Complex6. (Select bond lengths fet and6 are given in Table 3,
and a complete list of bond lengths and angles are provided in Supporting Information.)

the tetraferric sandwicl3, and the chemical shift of the other the diferric complex5 (1089 and 1062 cnt). This implies
peak is similar to the diferric sandwich compléx,This is there is less structural distortion in thesMandwich-type
consistent with a structure having one cenfiinction and structures compared to the diferric sandwich-compte$,
one Centrab.'junction. The IR Spectrum of Nais similar Reaction o5 with 2.0 equiv of NiC} y|e|ds a new mixed-
to those previously described for the Cu(ll) and Co(ll) metal sandwich-type POMySBBa-(Ni"OHy)Fe! o(PWs-
derivatives of5 (See structure’ in Figure 2) All three 056)2147 (StructurQG in Figure 2) Unlike the reaction &
sandwich-type structures have three metals in the central unitith Cu(ll) or Co(ll), two metals are now incorporated into
The Spllt in thel)g vibrational mode of the central FZ,(DnltS the central unit without Subsequent substitution f
is more pronounced ia (1089 and 1053 Cl’ﬁ) thanitis in tungstens in th&-P2W1505612* unitS, even when an excess
m—— FR———— YT A oordinat of Ni(ll) is present. The*P NMR spectrum o6 has one
(D) e on's chelectron-containing metal 16 dehycrated Lpon extracion Sindlet for the symmetry-equivalent P atoms distal to the
into an organic solvent. See reference 12a. central NI',Fe", unit consistent withC,, point group

Inorganic Chemistry, Vol. 41, No. 9, 2002 2483



Figure 4. Equilibration of oa-(FeClp(FeOH)P,W150s9~ (1) and
o-(FeOH)sPW1s0s¢9”~ (2). The percentage of each species present (i.e.,
mole fraction) is plotted as a function of the ionic strength (NaCl
concentration) at constant temperature {23 and pH (4).

Anderson et al.

Na* countercations (in all four structures) makes it impos-
sible to account for the charge balance of the structures by
X-ray crystallography alone. As a result, elemental analyses
were used instead to precisely determine the total number
of Na' cations present per formula unit.

The X-ray structure of the triferric POM, Ma (Figure
3C and Table 1) yields a new member of the previously
reported M Wells—Dawson sandwich-type POMs. Poly-
anion 4 is very similar to the previously reported Cu(ll)-
and Co(ll)-substituted diferric sandwich complexésll
three species have ofigunction and onex-junction joining
each trivacant POM unit to the central;Mnit. There are
three key differences, however. First, Ndoes not show
simultaneous substitution of two bett,) tungstens with Fe-
(I). Second, the outer Fe(lll) site in the central; Mnit
does not show significant JahiTeller distortion (see Table
3). Third, the fourth position in the central unit df is
occupied by a weakly bonded seven-coordinate”
(average NaO bond length 2.45 A). Finally, bond valence

symmetry for this structure, while the paramagnetism of the sum calculations from the X-ray structure 4fyield an

Ni",Fe", unit renders the signal for the proximal P atoms
too broad to be observeéd Control of pH (~2) significantly
reduces the number of impurity peaks present iftRéNMR

average oxidation state of 3.a4 0.09 for the Fe atom¥&.
The X-ray structure of the sodium salt@BSo-(Ni" OHy),-
Fe' »(P,W150s6)2 (Nab) reveals that two Ni(ll) atoms have

spectrum. These peaks are attributed to different polar capreplaced the two Naatoms of5 with simultaneous rear-

rotation isomer$272 The IR spectrum of N&has W-O

stretching bands characteristic of sandwich-type polytung-

stophosphates. The; vibrational mode of the central RO
unit is split indicating a local symmetry lower thémn, a
feature seen in many sandwich-type PO$he UV—vis
spectrum of6 is not structurally informative as the intense

rangement of the structure back to the conventional inter-
POM-unit connectivity known g8 in Baker—Figgis notation
(B-junctions). Each Ni(ll) atom is ligated by three oxygen
atoms from one of the trivacamt-P,W;50s6'2~ units, two
oxygen atoms from the othex-P,WisOs6'?~ unit, and a
terminal water ligand (Figure 3D). Bond valence sum

charge-transfer bands (oxygen-to-tungsten) obscure the Feealculations from the X-ray structure of Blgield an average

and Ni-centered dd transitions.

Crystallographic Studies. The X-ray crystal structures
of Nal and N& reveal single triferric-capped Weltawson
structures (Figure 3 and Table 1). In Baké&tiggis notation,
both structures are the (cap rotation) isomef?® The two
complexes differ in the types of ligands occupying the

oxidation state of 2.25 0.31 for the Ni atoms and 3.16
0.23 for the two Fe atom&.There is rotational disorder in
both of the polar WO,3 caps (the two conformationsa
and 33 exist in a~4:1 ratio). Previously, cap disorder in
sandwich-type POMs (in the solid state) was observed by
Finke and co-worker& > They attributed additional peaks

terminal coordination sites. Usually, these sites are occupiedin the 3P and®W NMR spectrum ofaSSa-(Zn"OHy),-
by water (aqua) ligands if the complex is prepared in aqueousZn'»(P,W150s6),'~ to the presence of 6Qotations of the

solution. In contrast, two of the three Fe(lll)L sites inNa

polar caps. It is noted in other reports that protonation of

have Cft ligands instead. To the best of our knowledge, this bridging oxygen atoms (connecting a cap with the rest of

is the first example of Classociation (at a terminal position)
in a POM compleX® Nal and N& are also the first
monomeric Wells-Dawson structures containing complete
reconstitution of the Mcap by a low-valent metal. An X-ray

the POM structure) may lead to such cap rotatitSs.
Catalysis. TBA4 and TBA6 are very good catalysts for

the epoxidation of alkenes by.8, in solution at room

temperature. Representative product distributions are given

analysis of a trisubstituted, monomeric Keggin complex has in Table 2. Both complexes are stable (no apparent structural
been reported, but it was an A-type trivacant complex, not degradation after 75 h in 0.25 M.8,). The selectivity and

the B-type trivacant species seen in the defect Wells
Dawson structure®¥ Bond valence sum (BVS) calculations
from the X-ray structures df and?2 yield average oxidation
states of 3.10t 0.06 and 3.08t 0.05, respectively, for the
Fe atomg? Like many other polyoxometalates, disorder of

(72) (a) Jorris, T. L.; Kozik, M.; CasaRastor, N.; Domaille, P. J.; Finke,
R. G.; Miller, W. K.; Baker, L. C. WJ. Am. Chem. S0d.987, 109,
7402-7408. (b) Baker, L. C. W.; Figgis, J. 3. Am. Chem. So&97Q
92, 3794-3797.

(73) There is one example of a bridging Gh a POM structure. See:
Randall, W. J.; Weakley, T. J. R.; Finke, R. (Borg. Chem.1993
32, 1068-1071.
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yields in these reactions approach those of the highly
effective Neumann/Khenkin systems (the catalyst used by

(74) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244—247.

(75) There is also a small amount of cap disorder in on®M unit of
Nad. Approximately 8% of the POMs have one polar cap rotated by
60° along the long axis of the POM. Although the disorder irdN&
not detectable in solution b¥P NMR, the percentage of disorder in
the solid state of comple® is consistent with the relative ratio
observed in solution.

(76) Kawafune, |.; Matsubayashi, Bull. Chem. Soc. Jpri996 69, 359—
365.

(77) Maksimovskaya, R. I.; Maksimov, G. Mh. Neorg. Khim1995 40,
1363-1368.
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Table 2. Product Distributions for Ambient Temperature Oxidation of
Alkenes by HO, Catalyzed by TBA and TBAG?

Substrate Products

(Catalyst) Selectivity (Yields Based on H,O,) [Turnover's]b

(TBA4) 99%(94%)[99] 1%[1]
(TBA6) 99%(99%)[222] 0¢ 0.5%][1]
OH O
O
(TBA4) 90%(86%)[9] o¢ 10%[1]
(TBA6) 70%(67%)[7] 30%[3
O
o & d‘, @
(TBA4) 86%(79%){50] 14%(11%)[8] 0¢
(TBAG6) 96%(71%)[29] 4%(3%)[1.3] o

aConditions: 2%L of 30% H,0O, (aq) was injected into 1 mL of GECN
4 mM in TBA4 or TBA6 and 0.9 M in alkene under Ar to initiate the
reaction. Organic products were quantified by GC and GC/MRlectivity
= (moles of indicated product/moles of all organic products derived from
the substratex 100; epoxide yields based on peroxide consumetholes
of epoxide/moles of kD, consumed) 100; turnovers= moles of indicated
product/moles of catalyst after 30 h reaction tifiblo products within
the detection limit €0.2%).

Neumann and co-workers is illustrated in Figure ¥&¥ 82
In addition, yields based onJ@, consumption are high,
indicating very little decomposition of 4D, under turnover
conditions. The high selectivities for epoxide most likely rule
out homolytic mechanisms including Fe-assisted radical-
chain breakdown of kD, and Fenton-type chemistry.
Stability and Formation. The thermal stability of the
multi-iron sandwiches3—5) were evaluated with careful
control of temperature, pH, and ionic strength. At all
temperatures (from 20 to 8C), pH values (from 3 to 6),
and values of ionic strength (NaCl concentrations from 0 to
2.5 M) used, the order of stability (i.e., longevity of the
species in solution) was unchange#i> 3 > 5. The new
triferric sandwich §) is significantly more stable than either
the diferric 6) or tetraferric 8) sandwich structures. A

(78) Neumann, R.; Gara, M. Am. Chem. Sod.995 117, 5066-5074.

(79) Neumann, R.; Khenkin, A. Mnorg. Chem.1995 34, 5753-5760.

(80) Neumann, R.; Khenkin, A. Ml. Mol. Catal. A: Chem1996 114
169-180.

(81) Neumann, R.; Khenkin, A. M.; Juwiler, D.; Miller, H.; Hara, M.
Mol. Catal. A: Chem1997 117, 169-183.

(82) The authors also acknowledge Mizuno and co-workers’ recent O
based catalytic epoxidation studies as well. See: Nishiyama, Y.;
Nakagawa, Y.; Mizuno, NAngew. Chem., Int. EQ001, 40, 3639~
3641.

Table 3. Average Bond Lengths in Metal Substituted ST-POMs

central unit NizFe Fes CuFe CoFe

unit connectivity  o38a aoBo aoBo ooBa
M—0a¢ 2.11(2) A 2.094)A 2351)A 2.184)A
M—0Oe¢f 2.08(2)A 1.9733)A 1.97(0)A  2.013)A
AM—0d 0.03A 0.12A 0.38 A 0.17 A

aComplete formulas (with central units listed first) are (NigifFe
(P2W150s6)214~, (FeOH)Fex(P2W1s0s6)21%~, (CUOH)Fexy(P2W150s6) (P2Cly-
(OH2)4aW 1305216, and (CoOH)Fex(P2W150s6)(P2C0(OH2)sW13052)16,
respectively? Inter-POM-unit connectivities of the sandwich-type POMs
(ST-POMSs) are for the first cap-belt junction, the first belt-central unit
junction, the second belt-central unit junction, and the second belt-cap
junction, respectively¢ Average (axial and equatorial) ND, Fe-O, Cu—
O, and Coe-O bond lengths, respectively, for the exterior M@ctahedra
in the central unitd Differences in average axial and equatoriat-& bond
lengths.

number of factors may be responsible for these trends. Given
the fact that pH, temperature, and ionic strength were all
carefully controlled (and the results consistent) over wide
ranges, we conclude these factors alone are not directly
responsible for this trend in stability. In addition, because
the results of the thermal stability experiments suggest that
stability is not exclusively a function of the metal population
of the central unit, consideration of other structural factors
must be made. There are two such factors consistent with
the described trend, and we now elaborate each.

One explanation for the different stabilities of sandwich-
type structures likely derives from the fact that they are
subject to the effects of BakeFiggis isomerisni?® In
traditional Keggin and WellsDawson structures, 8Ccap
rotation isomers (denoted #@ y, 0, ande for one, two,
three, or four cap rotations, respectively, in the Keggin
complexes) result in structures less thermodynamically stable
than thea structure’?® Rearrangement of these complexes
to the more stablex structure is spontaneous and usually
kinetically facile®® The relative thermodynamic stabilities
of f anda isomers have been measured in situ. Isomeriza-
tions of KegginB-AlW 1,04,°~ and Wells-Dawson j3-P,-
W1¢062°~ to their respectiver isomers have\G® values of
approximately 2 kcal/mét2and 4 kcal/moP®® As shown in
Figure 5A, the junctions between the trivacant Wells
Dawson POM units and the central unit are structurally
analogous to the Mcaps in the parent WelsDawson
species. Three metal centers from the central unit effectively
replace the three “missing” W atoms. Two metal centers are
shared by both trivacant POM units (the “internal” metal
sites), and each of the two external metal sites of the central
unit reconstitutes the remaining vacancy for one trivacant
POM unit only. This analysis leads to the reasonable
inference that at parity of all other factors (pH, ionic strength,

(83) There are other important factors governing the relative stabilif of
and a isomers. Previous studies have shown that the nature of the
heteroatom plays an important role in determining these relative
stabilities. See reference 59a.
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This suggests that significant repulsion would be present with
two pure o-junctions, consistent with Finke’s original
proposaP?

The M; sandwich-type POMs have a combination of both
o-junctions angB-junctions. Initially, this might suggest that
the M; sandwich-type structures would not be any more
stable than the structures with twa-junctions or two
S-junctions, because all three structures would effectively
have two such “destabilizing” forces (BakeFiggis rotation
and terminal ligand repulsion). To understand why M
sandwiches are unique, consider the ligand coordination
geometry at the occupied external metal site of the central
unit (Figure 6C). As previously mentioned, sandwich-type
structures with two centrab-junctions or two central
SB-junctions have a similar pentadentate coordination geom-

Figure 5. (A) Drawing of a typical sandwich-type polyoxometalate etry at the external metal sites of the central unit, except
illustrating how the_central Ylunit reconstitutes the Npap of each trivacant that one is rotated 180with respect to the other. The M
pvells Daywson unit g;’%?;ﬁ;ﬁ:g gé}i&i’gﬁg“,_’}i?gj?é&fgsgzl?f’th sandwich, on the other hand, is remarkably different (Figure
The terminal water ligand of the Fe atom in the external position and the 5B and 6C). It is bound to two sets of bridging oxygen atoms
bridging oxygen atom of the POM _unit are shoyvn_in re_d. Acircleisdrawn from each POM unit that are both corner-sharing, unlike
around the POM bound by arjunction (Bakef-Figgisa-isomer) between . . . . . .
the trivacant POM unit and the central unit. structures with twao-junctions or twog-junctions, which
involve coordination with one set of corner-sharing and one
set of edge-sharing oxygen atoms. The result is a substantially
countercation, temperature, etc.)igunction (i.e.-isomer)  jfferent local coordination geometry for the external MO
would be less stable than arjunction (i.e.o-isomer). octahedron in the central multimetal unit that allows the metal
A second explanation for the observed stabilities in site to retain itso. form (i.e., BakerFiggis connectivity)
sandwich-type POMs was first suggested by Finke and co-while simultaneously allowing the terminal ligand to point
workers32 They proposed that a 8@otation of each trivacant  away from the bridging oxygen atoms of the POM units
o-PW15056'%~ unit (to generate a structure with tveejunc- (similar to ag junction).
tions from a structure previously having tvfbjunctions) Another interesting feature of the external metal sites in
would bring the terminal ligands of the external metal sites a|| sandwich-type POMs is their ability to affect the angle
in the central unit significantly closer to the bridging oxygen (or bend) between each trivacant POM unit (e@-P»-
atoms of the neighboring belt tungsten atoms (Figure®B). \W,40s612") and the central unit. This feature came to our
Sandwich structures with tw@-junctions or twaa-junctions  attention when we reacted Ni(ll) with the diferric lacunary
have very similar local coordination polyhedra at the external sandwich-type POMS5, and got a product which differed
metal sites of their respective central units. Each metal not only in the total number of metals incorporated but also
octahedron at an external site of the central unit has onejn central junction connectivity from that of the Cu(ll)- or
oxygen atom shared wiita P heteroatom, one terminal water - Co(ll)-derivatives ([TMF€" (PaW1:0s)(PTM" ;W 1505)], 16~
ligand, and four oxygen atoms (two from each trivacant POM TM = Cu, Co) prepared in analogous experimént$o
unit) shared with belt tungsten atoms 6ites). In a structure  understand what factors control such differences in metal
with two S-junctions, one trivacant POM unit coordinates incorporation, we first experimentally and independently
to the external metal atom via oxygen atoms from two edge- evaluated the effects of countercation, pH, and temperature,
sharing tungsten atoms while the other POM unit coordinatesthree factors known to impact the formation of POM
via oxygen atoms from two corner-sharing tungsten atoms structure27°0868 The discovery of the role of ionic
(Figure 6A). The same is observed in structures with two strength on the reconstitution of the parent Welawson
a-junctions except that there is a T8@tation with respect  structures (structuresand?) reported here prompted us to
to theS-junctions (Figure 6B). The result of this 18tation consider ionic strength as a fourth potential factor.all
is the oxo ligands (from each trivacant POM unit) above cases, howeer, no differences in the final structure were
the axial ky) plane bisecting each central Fe(lll)-octahedron
are now below the plane and vice versa. This moves the (gs) The distance between the terminal water ligand of the central unit

terminal ligand of the external metal sites in the central unit and the oxo ligand of the belt W atom for ansMandwich-type
L L. structure with twan-junctions was determined by using structural data
significantly closer to one of the bridging oxygen atoms of from 3, rotating each trivacant POM unit by §Gnd then reattaching
the neighboring belt tungsten atoms (from 2.9 to 2.1%R). it to the central unit vieCrystaimaker(V.5 by David Palmer).
(86) Contant, R.; Ciabrini, J. R. Inorg. Nucl. Chem1981, 43, 1525~
1528.
(84) There is no known crystal structure of a sandwich-type structure with (87) Abbessi, M.; Contant, R.; Thouvenot, R.; Her@elnorg. Chem1991,
four metals occupying the central unit and two centrglinctions. 30, 1695-1702.
The diferric sandwich structure with tw junctions, comples, has (88) Lyon, D. K.; Miller, W. K.; Novet, T.; Domaille, P. J.; Evitt, E,;
no transition metals occupying the external sites, but rather, it has Johnson, D. C.; Finke, R. G. Am. Chem. Sod 991, 113 7209-
two weakly bound and very distorted Na-based heptahedra. 7221.
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Figure 6. Central units of the multi-iron WellsDawson sandwich-type polyoxometalates. (A) Tetraferric sandwich-type structure wifh+-juvztions.

(B) Hypothetical tetraferric sandwich-type structure with tergunctions. (C) Triferric sandwich-type structure with oagunction and oneg3-junction.

Only the central multi-iron units and the immediately adjacent “belts” of the trivacant POM units are shown for clarity. Edge-sharing W atoms (at the
external site) are shown in blue, and corner-sharing W atoms are shown in red.

Figure 7. Central units of two representativesMandwich-type polyoxometalates. (A) Gie"", central unit (B) F&# Fe''; central unit. As the @-Fe—0;,
angles in (A) become wider (©-Fe—0Og and Q—Fe—Oc are 83.2(4) and 83.1(4), respectively), the @-Fe—04 angles in thexy plane must become more
narrow (@—Fe—0, and G—Fe—0s are 90.3(4) and 91.5(4), respectively). Similarly, the O-Fe—0O, angles in (B) are more narrow (& Fe—Og and
Op—Fe—0Oc are 78.4(6) and 80.0(7), respectively); therefore, thes©Fe—0,4 angles are wider (-Fe—0; and G—Fe—0s are 94.0(7) and 94.2(7),
respectively).

seen as a function of any of these fact¥r# reasonable  of the Ms sandwich-type structures, one external metal site
explanation for the formation of the different POMs as the of the central unit is unoccupied while the metal occupying
d-metal is varied at parity of reaction conditions relates to the other external site is coordinated to both internal Fe(lll)
the Jahn-Teller effect?%.°! atoms (by edge-sharing). Jahfieller distortion of the metal
Table 3 provides bond lengths for the d-metal centers at atom occupying this site results in a wider angle for the two
the external metal sites in four sandwich-type POMs that oxygen atoms between each internal Fe(lll) site and the metal
define the degree of JahiTeller distortion in each (differ-  occupying the external site (Figure 7A,B). In the case of
ences in the axial and equatorial-ND bonds). Thetfe,® Cu(ll) incorporation, this is due to axial compression and
electron configuration of six-coordinaté Gu(ll) results in equatorial elongation of the CtO bonds (Figure 7A). This
significant distortion of the local G'{OH,)Os coordination means that the ©Fe—0O angle in axial plane trans to the
polyhedron (the difference in axial and equatorial-& O—Fe—0 angle adjacent to the Cu(ll) site must become
bond lengths is 0.38 A). In contrast, the’é,? configuration narrower. Because both internal Fe(lll) sites are coordinated

of octahedral &Ni(ll) shows no such distortion. to each trivacant POM unit, the result is the entire structure
Figure 7 shows the central units of the; Mandwich- is bent inward (i.e., closer to 9Qvith respect to the central

type POMs paSo-(CU'OH,)Fe! o(PaW150s6) (P.CU' 2(OHy) 4 unit), thereby narrowing the aperture to the vacant site of

W1305,)16~ and oo So-(Fe' OHy)Fe! o(P2W150s6),15. In all the central unit. This effectively closes off the vacant external

site and prevents another Cu(ll) atom from enteffhg.

(89) (a) The role of pH was thoroughly evaluated, and careful measurements cqnsistent with this observation. the X-ray data show that a
were taken to control the pH before, during, and after the reactions !

involving metal incorporation intd. Furthermore, in experiments Na* countercation does not coordinate inside the vacant site,
where pH was not controlled, the pH of Ni(H) 5 (pH = 5.2) lies as it does in structure$ and5, but stays on the surface of

between that of Co(ll} 5 (pH = 5.6) and Cu(ll)+ 5 (pH = 3.9). L .
(b) Previous reports have shown that reaction temperature and time the vacant site instead (Flgure 2)-

can significantly impact the resulting product. See references 32 and

35b. (92) Furthermore, the X-ray structure dindicates that the two tungsten
(90) Deeth, R. JCoord. Chem. Re 2001, 212, 11-34. atoms blocking the aperture of the vacant external metal site are both
(91) Bersuker, I. BChem. Re. 2001, 101, 1067-1114. exchanged for Cu(ll) atoms (in the presence of excess Cu(ll)).
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In contrast, Fe(lll) in the triferric sandwich-type complex
(4) shows significantly less JahiTeller distortion (Figure
7B). This results in an aperture to the vacant site that is
slightly wider, thus allowing a second equivalent of Fe(lll)
to be incorporated (as determined by X-ray crystallography).
Incorporation of Ni(ll) is analogous to Fe(lll), because Ni-
(1) shows virtually no JahnaTeller distortion®® We were
not able to grow diffraction quality crystals of a species with
only one Ni(ll) present, althougftP NMR and elemental
analyses suggest that such a species does exist.

Conclusions.Reactions of trivacant POMs with d-electron-
containing transition metals are complex. Typically, orfly d
metals allow full reconstitution of B-type trivacant structures.
Complexed and2, however, represent the first reconstitution
of a trivacant Wells-Dawson structure with a low-valent

Anderson et al.

affect how the complex will react with other metals as well.
Jahn-Teller distortion of a d-electron metal at an external
metal site affects the aperture of the vacant site in the central
unit (opposite the site of metal incorporation). The result of
a nondistorted Ni(ll) reacting with the diferric lacunary
complex5 is the first conventionalo{ffo) Wells—Dawson
sandwich-type POM with two different metals in its central
unit. Metals which show significant JahfTeller distortion
(Cu(ll) and Co(ll), for example) incorporate a total of three
new metals into the structure (one in the central unit and
two in a, sites of one trivacant POM unit). Because all
previous Wells-Dawson sandwich-type POMs with two
central 5-junctions contain only one type of metal center
([(MOH2)2M2(P2W15056)2]n_, where M= CO“, Mn”, CU',

Ni", Zn'", and F&), the subsequent rearrangement (a possible

metal. These complexes are isolated in a synthetic mediumresult of the steric constraints imposed by the terminal water

of substantial ionic strength (4 M NaCl or greater). While

ligands) observed upon Ni(ll) incorporation suggests a route

these species are stable in solutions with ionic strength asto new mixed-metal derivatives.

low as 1 M, lower values (i.e., less than 1 M) always result
in rapid (but reversible) decomposition to sandwich-type

complexes. Under harsher conditions (high temperature andW

pH), only the triferric sandwich4) is produced. Thermal
stability studies over a range of physical conditions indicate
this species is more stable (long-lived) than either the
tetraferric @) or diferric (5) sandwich-type complexes. The
enhanced stability of the triferric species is most likely
attributable to the unique coordination environment of its
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single external metal site. These sites not only play a role in ture determination parameters, crystal and structure refinement data,

the stability of the sandwich-type complexes, but they also atomic coordinates and isotropic displacement coefficients, bond
lengths and angles, and anisotropic displacement parameters for

(93) TheR-value of the X-ray structure of the €g-e'', sandwich was

Nal, Na2, Na4, and N&. This material is available free of charge

high (R1~ 15%); therefore, the uncertainty in this structure is large via the Internet at http://pubs.acs.org.

enough that it is not specifically discussed in the text with respect to
the Jahn-Teller distortion of high-spin octahedral Co(ll).
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