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A synthetic route of potentially wide scope is reported herein for
the organoimido functionalization of polyoxotungstates. This report
focuses on the reaction between the monovacant lacunary
polyoxotungstate, a-((n-C4Hg)sN)sHa[PW1103q], and W(NCgHs)Cls
in anhydrous acetonitrile. Evidence from 'H, 3P, 18W, and
TH-183 HMQC NMR spectroscopy, as well as cyclic voltammetry,
electronic absorption, and elemental analysis, is presented for the
formation of a-[PW12039(NCeHs)]*~ (2) of Cs symmetry, which is
structurally related to Ty a-[PWi,040*~ (3) by formal oxide
substitution. The electronic structure of 2 is significantly perturbed
from 3 with significant arylimido — tungsten charge transfer,
primarily localized to the W(NCeHs) fragment with secondary charge
delocalization onto the remaining W and corner-shared bridging
O atoms. This is consistent with the ~800 ppm downfield &W
NMR shift for the phenylimido—tungsten, modest cathodic shifts
in reversible redox potentials, electronic and IR spectra, and density
functional theory calculations.

The first organic derivatives of polyoxometalates (POMSs)
were reported independently in 1978979 by Ho and
Klemperetafor a-[PW;1039(TiCsHs)]4~, and Knoth and co-
workers?¢ and Zonnevijlle and Popg for o-[PW;1O030-
(MR)]* (MR = organogermanium, tin, and lead). Since

include visible light, a necessary condition for developing
POM-based photocatalysts that harness solar energy; (3) the
supramolecular construction of redox-active POMs via both
self-assembly and covalent tethering of the organic compo-
nents into functional POM-based materials.

A promising approach toward the surface functionalization
of closed-framework POMSs involves the formal substitution
of terminal oxo ligands for nitrido or organoimido ligands.
The groups of Errington, Maatta, and Peng independently
established oxo metathesis routes to the organoimido func-
tionalization of hexamolybdate, [M@,4)?~, and also pre-
pared redox-active oligomers and polymers from monomeric
[M0oeO19-x(NR),]?>~ units34a< Recently, Wei reported access
to alkenyldiimido-bridged hexamolbydate dimers via dehy-
drogenative coupling of primary amines witHMogOag*~.4
However, an oxo metathesis approach does not appear to
extend to POMs other than hexamolybdate, and therefore
new routes of broader scope for POM functionalization are
needed. This is particularly true for the polyoxotungstates
because these anions are expected to be both more stable
and inert than isostructural polyoxomolybdates as a result
of the greater inherent strength of-V@ bonds. Unfortu-
nately, it is this feature that also renders polyoxotungstates
unreactive to oxo metathesis. Indeed, only a single example
of a functionalized isopolyoxotungstate exists, namely,

then, considerable efforts have been directed toward the[WgsO.5(NCsHs)]2~, which is prepared in~8% yield from

organic functionalization of redox-active closed-framework
POMs, particularly the molecular metal oxide anions of Mo
and W in their formal 8 oxidation state$.Our motivations

for functionalizing POM surfaces include the following: (1)
access to structurally well-defined complexes for investigat-
ing structure/property relationships emerging at the interface
between organic species and catalytically active metal oxide
surfaces; (2) in a related point, the tuning of POM properties,
particularly redox, photoredox, and photoaction spectra to
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mononuclear precursors yet demonstrates superior thermal
and hydrolytic stability relative to [MgD1g(NCeHs)]?.52

A different synthetic approach is illustrated below for the
organoimido substitution of an-Keggin anion. It involves
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the hydrolytic removal of a formal [WG] fragment from Figure 2. 183 NMR (20.8 MHz) spectrum of in DMF-d; (250 mg in

the POM surface to form a lacunary or monovacant POM 500uL; 1(15;62“?;:%2% aT?:ucS:tI;:Mr%gpiggsz rslgq;jggeb(rzcarll?hﬁﬂ?hrg?t)ifacts
wherein the closed structure is then reformed in a secondWas used to : ; :
step by insertion of a formal [M(NR)T unit via the addition Chemical shifts are reported relative2 M Na[WOd] in D2O.

of suitably reactive reagents. This approach was first reportedmorphology. This behavior has precedence because the Q
in nonaqueous media by Klemperer and co-workers, who salts of a-[PW;;030(R€’(NCgHs))]*~ and o-[PW11030-
isolated [PW;03o(TiCsHs)]*~ as a tetraa-butylammonium (Re’0)]* also could not be separat&dn fact, this behavior
(Q") salt from the reaction between-Q;H3[PW;103q] appears to be symptomatic of arylimido-substituteldeggin
(Q4H31) and (GHs)TiCls in anhydrous organic solvents. complexes in general because the series of aryl-substituted
This was extended more recently by Proust for the prepara-derivatives of 2 mentioned earlier all exhibit the same

tion of organoimidoo-[PW11039(R€'(NCeHs))]4, as well problem of purification, despite large differences in electronic
as Proust and Maatta for the nitrido complege®W:105¢- and steric properties of the appended substituents. This
(Re'N)]* ando-[PW;1039(0s"'N)]4, by reaction of QHzl suggests that the polyanion lattice packing energetics, while
with Re(NGHs)(PPh).Cls, ReNCL(PPh),], and [OSNCI]~, being clearly dominated by long-range Coulombic interac-

respectively’®¢ Extending this approach further, we report tions, are influenced very little by the presence of the aryl
herein the first synthesis of an organoimido-functionalized ring. This, in turn, is likely related to a 12-fold positional

iso-addenda heteropolyoxotungstatgP\W;,039(NCgHs)] 3~ disorder of the arylimido substituent in the unit éelind is

(2), where the metal framework “addenda” consist entirely consistent with our inability to obtain full structure solutions

of W atoms (Figure 1§. from X-ray diffraction data collected on single crystals of
The addition of W(NGHs)Cl,” (1 equiv) to a stired  different arylimido @ salt derivatives. Similar difficulties

anhydrous acetonitrile solution containingH1 (200 mg, are reported in structural investigations of transition-metal-

1 equiv) and triethylamine (3 equiv) under a dry» N substituted Keggin and other derivativés§bc

atmosphere at 2%C results in the rapid formation<@0 min) The3'P,1H, and'®W NMR and IR spectra are consistent

of both2 anda-[PW:2040]*~ (3) as identified by*H and3'P with the proposedCs-symmetry structure foR. The triply
NMR spectral monitoring of the reaction mixture. A yellow- degenerate PO asymmetric stretch & (1080 cm?) splits
brown air-stable microcrystalline solid is isolated in 93% into two IR absorption bands i@ (1080 and 1066 cnt;
yield based on ¢Hs1 and is formulated as a mixedtGalt KBr) with bathochromic shifts of 25 cni! for the remain-

of both anions2 and 3.2 The purity of2 in this material ing three principal, and unsplit, bands of the Keggin
varies between 67 and 94% and is identical with that of the framework. Similar behavior is observed in metal-substituted
initial reaction mixture solution. Surprisingly, attempts to a-Keggin Cs-symmetry complexe&:5*¢In CD3;CN, 2 ex-
purify this solid by recrystallization from numerous solvent hibits a single>P NMR resonance at14.05 ppm versus
systems, solid-phase extraction, or reversed-phase chroma85% HPQ,, whereas the same peak fdresonates down-
tography all fail to separate the two isocharged anions field at —13.80 ppm (Figure S1 in the Supporting Informa-
because there is no change in the measured product puritytion). TheH NMR spectrum of2 in CDsCN consists of
even though the samples are highly crystalline (usually thin three sets of aromatitdi NMR resonances® 7.65 (t, 2H,
plates) and appear to be homogeneous in color and crystaimeta), 7.20 (t, 1H, para), and 7.18 (d, 2H, ortho). The
integrations of these resonances relative to those of the Q
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which will appear in a future report. ppm relative ® 2 M NaaWO4/D-0 in a 2:2:2:2:1:2 relative
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(8) Anal. Calcd for Geredion: N PWisOsox (X = 0.94): C, 17.53; ratio as well as a single resonance-&85.3 ppm assigned

H, 3.09; N, 1.50. Found: C, 17.65; H, 3.09; N, 1.49. IR (KBr, 400  t0 3 by comparison with an authentic sample (Figure 2). This

1200 cntY): P—0O 1080 (s), 1066 (m), WO 975 (s), W-O—W 894 i istent with the propogadsymmetry of2

(s), 811 (vs) cmt. UV—vis (CHsCN, 300-900 nm): Asy 312 and spectrum Ig consiste prop .y y !

475 nm.1H NMR (CDsCN, MesSi = 0, 500 MHz): & 7.65 (t, 2H, where thet 3\N NMR_resonanc_es are aSS|gnec_j to the 11 W

me;%)‘; 7-5022}2 bHH r;aga),lz-%)Ss gi/\mi\ncgt?g?\iFNdMFf\J(?/vDéCN’ atoms bearing terminal oxo ligands. The unique tungsten
3 =0, z): 0 —14.05. -07, N& 4= ; . ; R i

0, 20.8 MH2): 6 —59.8 (2),—78.0 (2),—84.9 (2),—85.9 (2),—86.4 coordinated to the phenylimido ligand is not observed in a

(1), —90.3 (2);+745 (1; detectable only b{#3W—H HMQC). simple 1-D experiment presumably because dffbadening
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Figure 3. 183W—1H HMQC NMR (20.8 MHz, 500 MHz) spectrum &
in DMF-d7 (250 mg in 50QuL).

Table 1. Selected Bond Lengths and Charges from
Geometry-Optimized Structures @fand 32

bond bond length (prA) moiety Mulliken popt
W-—N 177.6 Q) Why; CeHsN  1.998 @); —0.492 @)
W-0y 172.7Q);917258) Wo 2.085 @);92.088 @)
Wn—OP  240.29) Obe —0.796 @);¢ —0.794 @)
Ob,e —0.784 0);4—0.784 Q)
Wo-OP  246.02);9245.18) O —0.623 @);9 —0.623 @)

a ADF2006.01 program. Triplé-ZORA relativistic basis sets with two
polarization functions on all atoms except H (W frozen core-4spdf).
b SVWNS5 (LDA) functional.¢ SVWNS5 (LDA) + BP86 (GGA).4 Averaged
over all such units in the structure.\W= phenylimido-tungsten; W =
all other tungstens; G= terminal oxo; @ = u2-bridging oxygen (c, corner;
e, edge).

arising from the adjacent quadrupotdX nucleus; however,
it is detected in &4H—83W HMQC experiment as a single
broad!®W peak at+745 ppm, which cross-correlates with
the o- andp-H atoms of the phenyl ring (Figure 3). Similar
cross-correlations for long-randé;—w and®Jy—w couplings
have been reported for mononuclear arylimidongsten
complexe$.

The anticipated thermal and hydrolytic stabilities2cdre
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the POM framework upon phenylimido substitutioh &
—0.13%), as is expected from the greaterdonor ability
and lower electronegativity of the phenylimido versus oxo
ligand!? An additional—0.006& of charge is transferred from
the central PG~ to the W;;035(NCsHs) framework. The
excess charge i is localized primarily on the unique
phenylimido-tungsten atom (66%) with residual charge
delocalized onto the other W atoms (19%) and the corner-
shared bridging O atoms (14%). Little charge accumulates
on the edge-shared bridging and terminal O atoms. Predomi-
nant localization of the phenylimide~ tungsten charge
transfer is reflected further in the Kohisham molecular
orbitals and®3W NMR chemical shifts. The highest occupied
molecular orbital (HOMO) irR is predominantly aryl €C

and W d-N p s bonding in character with no contributions
from other W atoms, whereas & the HOMO is nhonbonding
with bridging O p character, Pp.**@ The increased para-
magnetic contribution in the-800 ppm downfield*®W
NMR chemical shift of the phenylimido versus terminal oxo
W atoms also is consistent with increased “d-orbital” electron
occupancy, wherein the absence of similarly large chemical
shift changes for the othéfW NMR resonances i@ further
reflects the localized nature of this charge transfer. Magnetic-
field-induced mixing of low-lying excited states into the
ground state may also contribute to the increased paramag-
netic contribution because the electronic spectrum2of
confirms new transitions in the visible region that are absent
in 3. The secondary delocalization of charge transferred from
the W(NGHs)*" fragment across multiple W atoms is
reflected in the redox potentials @& wherein the lowest
unoccupied molecular orbital (LUMO) is tungsten-centered
with multiple W d,—Oy, p slightly antibondingz* contribu-
tions. The cyclic voltammogram & in acetonitrile (1 mM
2ina 0.1 M Q[PF]~ electrolyte versus 0.01 M Ag/AgN§p
consists of three quasireversible monoelectronic half-wave
potentials at-0.704,—1.211, and-1.894 V that are similar

confirmed in an acetonitrile solution. In the presence of either to 3 but are cathodically shifted by 119, —99, and—74
water (10 equiv) under reflux for 3 days or HBr (3 equiv) mV, respectively. The first electron affinity differenc&EA)
under ambient conditions, no decomposition is detected by between2 and 3 is approximated by their relative LUMO

IH or 3P NMR, suggesting that the formation 8fduring
the synthesis of likely occurs via a concurrent pathway.

energies3® Accounting for solvation within the conductor-
like screening model (COSMO), the estimat®lA is —102

In the absence of direct structural information, density MeV, in reasonable agreement with experimerit19 mv).

functional theory (DFT) calculations can provide insight on
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of 2 and 3 are reminiscent of those between structurally NMR spectrum of the mixture ¢ and3. This material is available

characterized [MO1s(NCsHs)]?~ and [MsO14]2~ (M = Mo+

and W), which also have been modeled successfully using

DFT methods$ 521! These include (1) a linear WN—C
bond angle (1799 consistent with multiorbital€ and )
W—N bonding, (2) shorter terminal WO versus W-N
bonds, (3) and longer (PO bonds when trans to terminal
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