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For a large number (more than 60) of polyoxometalates (POM) of tungsten, molybdenum, and vanadium, the
charges on metal cations of the coordination sphere have been calculated using the extekdechdélacular

orbital method, and obtained values are compared with the NMR chemical shifts of the corresponding nuclei.
Depending on the local geometry around the metal cation formed by oxygen atoms that may be different in
the large POM, thé®W NMR chemical shifts (for tungstates in the range+e168 ppm to—300 ppm or

even larger, if the shift of~670 ppm for phosphoperoxotungstate is taken into account) correlate with the
charges created by the oxygen environmenin(a range from 3.893 to 3.521 and 3.280 for phosphoper-
oxotungstate). It was assumed that the charge created on the metal cation reflects the change in the energy
of the virtual molecular orbitals participating in the magnetically dipole-allowed transitions affecting the
paramagnetic contribution that is the determining term in the variation of the chemical shift. As a general
rule, decreasing positive charge (increased electronic population) on the metal cation results in decreased
chemical shift, i.e., corresponding to #hielding Similar conclusions are made concerning o and>Vv

NMR chemical shifts, if they are compared with the calculated charges for the corresponding nuclei. It was
shown that some deviations from the observed tendency are often due to the fact that some bond lengths in
the X-ray structure determination are out from their usual range. If allowance is made for the usual range of
the bond lengths (mainly in the bond with the terminal oxygen atom) the observed trend “chemical shift/
charge” is conserved. This situation should be distinguished from the caserefitieed diamagnetieOM,

where an increase in the electronic population on the given atom resultgleshgldingdue to the increased
paramagnetic electron circulation. Roughly, tfi& NMR chemical shifts (in a range frort60 to +1500

ppm) linearly depend on the excess of the charge acquired by the given atom upon reduction. Calculations
also show which atoms participate in LUMO of POM and consequently which cations are reduced. Such
conclusions are consistent with observed chemical shifts of the reduced forms of POM.

1. Introduction spectroscopy. For polyoxotungstates of W(VI), the span of the
chemical shifts may spread from 260 +800 ppm and even

up to—670 ppm, if the peroxocomplexes are taken into account.
Unpaired electrons in paramagnetic complexes or paired elec-
trons (electrons in metaimetal bonds or a delocalized electron
pair) in reduced species may induce the chemical shifts from

A large number of polyoxometalates (POM) are formed by
tungsten, molybdenum, and vanadium in the highest valence
statess™4 In most cases, the anionic structures use octahedral
building blocks W@, which can be linked by edges and/or
corners forming, sometimes, unusual architecture both in solids .
and solutions.gBecause of versatile properties, they find many +2590. to —4000 ppm. (See refer.ences in refs 5 _and 6.) T_he
various applications. Many spectroscopic methods are used topOSSIbIIIty to observe the NMR §|gnals for POM in the solid
study them, and one of them is multi-NMR. Nuclear shielding state opens new perspectives in studying the molecular gnd
provides a tool for understanding the electronic and molecular ele.ctronlc. structures of such molecules and in understanding
environments of a nucleus. In studying NMR spectra of different their role in many processes.
nuclei in a given anion, one gets a unique possibility to elucidate  The first attempt to explain a trend in the change of e/
electronic distribution and structure of a POM in great détail.  NMR chemical shift was probably given by Gansow et by

Among many nuclei, th&3W and5V NMR are most popular ~ the charge delocalization resulting from a removal of ore W
and the chemical shift reflects the electronic environment of an O group from the Keggin anion PMO,0>~ with formation of
atom under study, because in many cases, the nonequivalen® lacunary anion P¥Oszo'". On this basis, the assignment of
surrounding induces different chemical shifts. However, there observed lines to the distinct tungsten atoms in the structure

is no direct demonstration of the bonding in the value of the Was made. However, later this assignment was proved to be
chemical shift like it can be seen, for example, in vibration Wrong, and the actual attribution was made using difference in

the spin-spin coupling2Jw-o-w observed around the main
* To whom correspondence may be addressed. E-mail: leoka@ipc.rssi.ru.lines® The connectivities between different tungsten atoms
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obtained by two-dimensiondf3W NMR have been used for  reasons that change the chemical shift. Moreover, it seems that
an unequivocal assignment of the lines to tungsten atoms inthe optimization of a structure, especially when mixed addenda
the structure. However, such coupling is actually observed only POM are considered, may result in opposite trends in the
in the favorable cases, when a good signal-to-noise ratio is chemical shift! because sometimes even slight modification
achieved. of the bond lengths (much less than obtained in the optimization)
The assignment of the lines is certainly easy when the numberresults in larger change of the chemical shift. As it was shown
of nonequivalent atoms is different, giving rise to different in ab initio calculations of the magnetic shielding of #islo
intensities of the observed lines, or in some cases, it can benucleus in simple tetrahedral complexes, shortening the bond
inferred from the width of the line%lt is found that, because  lengths Me-O in MoOz~ by 0.022 A results in a 317 ppm
of the extreme sensitivity 33 shielding, the chemical shift ~ increase of the calculated Mo chemical shieldifigsuch a
depends on even minor environmental changes. For some POMsgompression of the tetrahedron gives better interaction of the
the 183W NMR chemical shifts correlate with the mean bond atomic orbitals of metal and oxygen, resulting in larger energy
length in individual octahedr¥, similar to correlations found  separations and, hence, in less paramagnetic shift. At the same
by Masori! between the increasing shielding (more negative time, a more compact configuration builds up more electron
NMR chemical shifts) and compression of polyhedron around density on metallic cation decreasing the positive charge and it
the nucleus under study. goes parallel to the increasing energy separations.

As known, the chemical shift is determined by two principal Dependence of the nucleus shielding on the electronegativity
terms: diamagnetic and paramagnétithe diamagnetic con-  of the neighbors is known, and the shielding correlates with a
tribution g is due to the field induced by electron circulation decrease in atomic electron dengitifor example, there are
within an atom in an applied external magnetic field. The numerous studies showing the trends of the chemical shifts with
paramagnetic termy, arises from the mixing of the excited states the calculated charges on the given nuclet{£%23 In some
(magnetic dipole allowed) with the ground electronic state in cases a linear correlation between the chemical shifts and the
the presence of the applied magnetic field. Usually, and as calculated charges has been observed, especially for simple
calculations show, the diamagnetic contribution does not vary complexes, when one-ligand atoms, for examplé&;,Care
within a series of similar complexé&sThe paramagnetic term  gradually replaced by others, such as in simple complexes
depends on the summation of the inverse energy separationgMoO,-,S2].1* (See Supporting Information, Figure S1 and
between the occupied and virtual MO and the less energy Table S1 with DFT- and EHMO-calculated charges for
transition, the larger chemical shift should be observed. WO,-,SZ and other complexes). However, in such cases, the

The principal contribution of the paramagnetic term in a opposite trend is observed, namely, decreasing the positive
change of the chemical shift was shown by linear correlation charge on metal correlates with the deshielding. But we should
between thé8W NMR chemical shift and the wavelength of bear in mind that the decreasimge may affect much larger
the lowest charge transfer (LCT) band for the Keggin $®dg" than the effect of the increased electron population on a nucleus.
anions depending on X, despite the fact that this transition is  In the large POM, the ligand atoms are the oxygen atoms,
not magnetically dipole allowet.However, such a correlation  and only the type of oxygen (bridging or terminal) may affect
can be found only for closely related complexes, because thethe electronic distribution around the metal of the coordination
lowest-unoccupied molecular orbital(s) (LUMO) participates sphere, and therefore, it would be interesting to see whether
also in magnetically dipole-allowed transitiohs. the 183 and other nuclei NMR chemical shifts correlate with

Taking into account dependence of the chemical shielding the electron population on metallic atoms of the coordination
on 1/AE, an extended Hikel molecular orbital method (EHMO)  sphere with the aim to find a general trend, if the whole anion
calculation was used to find the energy difference between is used in calculation, and to use calculated values for assigning
bonding and antibonding MOs for the isolated polyhedron taken the observed NMR lines to the particular nuclei forming POM.
out the POM framework (averaged structure in the adopted It is the first objective for calculating the charges that are built
general symmetry of POM) and to follow the change in the up on the metal atom depending on the site environment. The
183 NMR chemical shifts2 Thus, the paramagnetic contribu- second aim is to determine the distribution of the electron
tion was shown to be a major factor in the change of the density, when two or more electrons are introduced upon
chemical shift in such molecules. reduction into the coordination sphere, and influence of the

Difficulties arise when an isolated fragment is used, because €lectron density on the NMR chemical shifts in this case. And
it is unclear how differences in the bridging oxygen atoms the third one, as it proved after our analysis, results in the
(corner and edge sharing with different angles@~W) should possibility to make some conclusions on the accuracy of the
be taken into account. Therefore, any calculations accountingcrystal structure determination. Actually, in most cases, accord-
the whole structure are highly desirable. However, increasing ing to the X-ray crystal data, despite assumed high symmetry
the number of atoms in molecules results in a large set of the of an anion, the environment around tungsten atoms, even for
molecular orbitals that may be involved in the electronic the similar local symmetry, is different due to some inaccuracy
transitions, and they should be taken into account for calculation. in the determination of the atomic coordinates and the influence
There are several papers concerning calculation of the chemicalf the crystal packing. Therefore for calculating the electronic
shielding for®Mo, 5V, and 183 by different methods both  structure of the whole anion, all symmetry-equivalent bond
ab initio and DFT4~1° Despite using sophisticated methods, lengths are averaged under constraints of the expected symmetry
discrepancies between the calculated and observed chemicabf a whole anion. However, this approach is rather time
shifts are rather large, even for small and simple mononuclear consuming. In the present work for calculating the charges on
molecules, and ligands are too different allowing notable change metallic atoms, we follow a simple way using the crystal-
in the chemical shift (more than 400 ppm), if one ligand is lographic atomic coordinates and then the calculated charges
replaced by other. The first attempts to calculate'#i¢/ NMR are averaged for a particular type of metallic atom in a structure.
chemical shifts in PWsO40°20 and lacunary aniodsby DFT The averaged charges and the charges obtained after calculation
were not so successful for deducing any conclusion on the on the average structure may differ sometimes by 0.03 units.
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However, if there are two or three different types of atoms in M..O
the anionic structure, we get the similar trends in the change of 619
the charges for the averaged anion with an adopted high

symmetry and the averaged charges for the same anion having

symmetry, generally not higher thad.

Despite the simplest of the all valence one-electron theories,
the EHMO approach provides a rather good and obvious initial
approximation to the electronic structure of large and complex s
anions, sometimes with low symmef¥.We should also
mention that, though the charges on metallic atoms may differ
depending on the method used, there is parallel change of the
calculated charges (for example, calculated by DFT) on metallic
cation in some considered complex anions.

A
B
iy

Another point should be also mentioned. For a heavy nucleus
such ag®Mo and especially83W, large relativistic and spin
orbital contributions into the shielding are expectéd!®
However, for the polyoxotungstates, where tungsten is sur-
rounded often by the same number of oxygen atoms, the
difference in these contributions may be assumed to be small.
The same may be said about the diamagnetic contribution that
will be relatively constant throughout the whole series and
therefore only variation in the paramagnetic contribution will
play a principal role in the change of the chemical shift.

NN
3. Results and Discussion
In all cases, experimentafW and Mo NMR chemical B
shifts are referenced to one of Né(Mo)O,. For 5V, the
chemical shifts are recalculated relative to §¥O(equal to—536
ppm, if referred to common standard VQLIAlong with this,
we should mention that depending on the solvent the chemical A

shift may differ and usually in aprotic solvent the observed lines
glroem?hmed to high frequencies (more positive) (up te-20 LnWlUO% CH30T1W5013

To calculate the charges on cations in polyoxometalates, theFigure 1. Structure of the Lindgvist anion and its derivatives.
EHMO method of the HYPERG6 package is used with minimal
basis set of valence Slater orbitals and thek#l parameter is
set to 1.75. Input parameters for EHMO calculations are given
in Table S2 in Supporting Information. In all cases, the
experimental atomic coordinates taken from the X-ray crystal AN
data (usually given as a CIF file) have been used. In cases wher
for the same polyanion there were several published data, the
averaged calculated charges are given.

183y NMR Chemical Shifts. Almost all studied anions may
be regarded as derivatives of the two highly symmetrical
structures: the compact Lindgvist anions®@{y>~ (1) (Figure
1), where each Wghas a terminal oxygen atom and four edge-
sharing bridging oxygen atonds26 and the Keggin anidt
[0-XW15040]%~ (a-Il') (Figure 2), where four edge-shared triplet
W30;3 groups linking by corners form an inner tetrahedron
occupied by heteroatom X. Twelve octahedra are equivalent,
and each has one terminal bond, two corner-shared and two
edge-shared oxygen atoms and one common to three tungsten
and central atom. The local symmetry of each octahedron in
both cases may be consideredGas.

Six equivalent tungsten cations in the original aniogOA§~
reveal the large chemical shift (Table 1). Removal of thre@/
group results in the nonequivalency of tungsten atoms, one 1-SiW 1204 B-XWyM;04
apical (Wa) and four belt (W) types (Figure 1). The derivative
anion W03*~ (1a),282%that may be viewed as two fused penta
fragments of the parent anion, gives rise to the expected two- principle, lead to higher deshieldifi§3! Hence, this transition
line pattern in thé®W NMR spectrum shifted to lower values  does not contribute to the observed chemicals shifts. The line
despite the lower energy of the lowest charge transfer (LCT) assigned to the apical tungsten atoms Vg the most shifted.
band (namely, excitations from MO formed mostly by oxygen At the same time, the calculated charges on both types of
orbitals to MO formed by tungsten ones), which should, in tungsten atoms are less than those for the parent anion, and for

/

Figure 2. The structure of the Keggin anion and its isomeric forms.
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TABLE 1: 8 Chemical Shifts and Calculated Charge on TABLE 2: 18\W Chemical Shifts and Calculated Charges in

Tungsten Atom in Polyoxotungstates Isomeric Forms of the Keggin Anion and Its Isomeric and
POM type m Wa ref Mixed Species
P charge shift,
1 WO | g 25737 (3.756) 275, 26 POM opm W We  ref
2 W;Os* P la g 3.659 3.736 28,29 6  PWOu* q 3.656 27
o —160 —-25 30,31 0 -93 12
3 CeWOss® Ib q 3.749 3.731 33 7 B-B-PWoV3045 q 3.680 3.650 41
o —12 -17 35 0 —107 —118 42
4 LaW1003597 Ib q 3.709 3.716 34 B-Q-PW9V3O406_ q 3.655 3.692
o —19 2 35 reconstructed o —130 -—87 43
5 CHTiWsO6®  Ic q 3.744 3.733 36 8  B--SiWgNbsOuso'~ q 3.674 3.696 44
0 645 32.3 0 —-125 -118
B- 6~
aValue calculated for averaged bonds in the anio@pymmetry. B+4-PWo (NDO2):0s7 g i?g; i3.171011 4

b Average values calculated for structural data of two different papers.

the apical tungsten, the charge is the least one (Table 1). The A number of POMs may be considered as derivatives of the
same distribution of charges has been revealed by DFT Keggin anion ¢-Il) (Figure 2), from which the corner-shared
calculations®?2 Thus, changing the structure (formation of the triad group A or edge-shared triplet group C may be removed
corner sharing W—O—W;g bonds) results in decreasing the 10 give the ratio 3:6 (or 6:3) of tungsten atoms.
charges on tungsten atoms. In some cases, the triad A may be replaced by a triad of other
From consideration of the structure, it is clear that practically metal cations such as V(V), Nb(V), Ti(IV), and others (Figure
linear bridges by oxygen atoms in the mirror plane induce 2, shaded octahedra). In many cases, the replacement of two
lengthening in the W—O,, bond in trans position and, and more tungsten atoms gives rise to so-called positional
consequently, the bonds AWOyp are shortened, resulting in a  isomers?®4%and special preparative methods were developed
decrease in the charge ons\Wrhus, an increase in the electronic  to produce isomers with the predetermined disposition of
population (decreased positive charge) results (as we will seeintroduced cations. However, because of the positional disori-
below) in expected shielding of the corresponding nucleus. For €ntation in the crystal, it is impossible to get geometric
this anion, we should note that the line for the apical tungstens, characteristics of the distinct isomer form the X-ray structure
which have only edge-sharing oxygen atoms in tlyeplane determination. Nevertheless, in some cases, authors have
(perpendicular to the terminal %0 bond), reveals unusual high ~ succeeded to prepare a crystal with the fixed orientation of
shielding. It should be mentioned that for the averaged structure 2n10Ns.
we have a larger difference in the calculated charges. Neverthe- For example, in the mixed addenda anj®XWoM3Os0>~
less, the correspondence between the chemical shifts and thdFigure 2), three vanadium atoms replace the tungsten atoms
calculated charges is observed. in the triad (W4).*! But in this case, the triplet cap C is rotated
In [LnW100s¢™ (Ib), two penta fragments are coordinated around a 3-fold axis for 60 In this mixed anion, the charge on
by Ln cations (Figure 13334 In this anion, also two types of  the tungsten in the rotated triplet @)Vis higher than one on
tungsten atoms and in cases of the diamagnetic complexegungsten in the belt B and the NMR chemical shift is also larger,
(La(Ill) and Ce(IV)) a two-line pattern is observ&iput the coinciding with the observed trend in the charges and chemical
difference betweeny is much less than for decatungstate shifts (Table 22 It is noteworthy that calculation using a
[W100s2]4~. The crystal structure determination has not been modeled {-PWoV3040]®~, where triad A (WOg) of the
done for [LaW¢Os6]®", and for comparison, the charges are [0-PW12040]*" is replaced by WO with coordinates taken from
calculated using the structural parameters taken from the crystal3-PWoV3040>, results in a larger charge on the belt tungsten
structure determination of the Pr(l1l) complékPr(l1l) should than on the triplet ones, and therefore it may explain the inverse
not induce many differences in the structural characteristics pattern of the lines in th&#W spectrum of thei-mixed addenda
because of a similar lanthanide ionic radius. It should be noted anion (in italics in Table 2§3
that the calculated charges for the apical,Whose environment For [3-SiWgNb3O4g~, whose structure was determined by
is apparently similar in the La and Ce complexes, also explains Nomya et alt* similar to the phosphovanadotungstate one, the
the reversed pattethof two lines in the!®W NMR spectrum calculated charges on tungsten atoms in the triplet are less than

of [Ce(IV)W1003¢]8". It seems that the slightly larger A0 in the six W belt, which is consistent with the observed two-

distance in the latter compared with Lay@ss> results in a line pattern in the®®3W NMR spectrum.

larger charge on W Another case of the substituted POM is peroxo complex
In some cases, the Lindqvist anion f®4g>~ may give [B-PWg(NbO,)3037]5~, where the terminal oxygen atoms on Nb

derivatives, where one or two groups® are replaced with  (in triad A) are replaced by peroxo groufyBoth the calculated
other metal cation(s). Generally for monosubstituted anions, two charges and the observé8W NMR chemical shifts for the
lines with the intensity ratio 4:1 (the first number corresponds cap W and belt W\, tungsten atoms are found to be very close,
to the line with the highest chemical shifts) are observed (Table which rules out the possibility to discriminate the tungsten atoms
S3 in Supporting Information), but for [(CHOTiIWsO1g]3", and possibly subtle change in the electronic structure results in
whose structure has been solved (Figure 1), the pattern in thehardly distinguishable two lines.

183 NMR spectrum is reversed (Table34jand such change The surface oxygen atoms @dge type) or @(corner type)
may be explained by the trans influence of Ti through the of the Keggin fragment X\WOs3 may be united giving in the
bridging oxygen atom&-3 The calculated charges correspond former case so-called Dawson anions [P@N)s0s2]~ (lIl )

to the observed chemical shifts. Some possible variations of (Figure 3)*6:47 Despite lowering the energy of the LCT band
the charges on metallic cations in some determined structuresin comparison with the parent Keggin anion, the two lines with
but without NMR data and vice versa are given in Table S3 a 1:2 pattern intensity are shifted to negative values (Tabt 3).
(Supporting Information). Once again, we can underline that the LCT does not play an
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Figure 3. Structures of dimeric anions and N&®;011¢4 based on the Keggin anion fragments.

TABLE 3: 183V Chemical Shifts and Calculated Charge in Complex Heteropolytungstates

POM type W Wg Wazr Waz ref
10 PW1g0g25~ 2 [} q 3.646 3.597 46, 47
o) —128 =174 48
11 o AW 160625 1l q 3.681 3.636 49
o) —-121.9 —145.3 48
12 y*-AS W150625~ bl q 3.683 3.629 49
o] —-110 —166 48
13 A-B-Si;W1gTigO774~ v q 3.683 3.617 50
o —132 —146
14 [SW1sZn3(H,0)s]12~ \% q 3.677 3.704 57
[SbW1gNagZna(H20)3]°~ q 3.673 3.667
sodium added o) —-97 —148
15 NaRW3¢O110M \! q 3.567 (\&1) 3.560 (Wsyp) 3.543 3.521 58
o) —208 —210 —276 —288 48

a Averaged for two structures.

important role in the chemical shift. Decreased charges for the two-line 1:2 pattern in thé#3W NMR spectrum, whose chemical
cap C and belt B tungsten atoms correspond to increasedshifts are consistent with the calculated charges (Table 3).
shielding for tungsten in the Dawson anion, while the shielding  There is a whole series of dimeric anions formed by the
for the Wk atoms is larger due to the presence of the three Keggin anion XW0Os3, where three tungsten atoms are replaced
corner-sharing oxygen atoms. by low valent cations and the former terminal oxygen atoms
In case of [AsW;4065]%~, the structures of andy* isomers act as bridges between two units with formation of, for example,
have been solved by Neubert and Futh$he second anion  [A-S-Si;W1gTisO77]4~ (Figure 3)2° As thel®3W NMR spectrum
differs from the Dawsom structure by the 60rotation of two shows, the tungsten atoms in belts are more shielded than those
polar triplet caps followed by the 8Qotation of one of the in the rotated triplets. (Not&y—o-w =15.5 Hz.) The chemical
new (AsWyOs;) units along the 3-fold axis, giving rise to  shifts —132 ppm (triplet) and-146 ppm (belt) are consistent
centrosymmetric anion. Two equivalent caps and belts give a with the calculated charges 3.683 and 3.617, respectively. The
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structure of another isomer [&-GeW15TigO77'4" has been 100
determined by Yamase et &h.and the'®3WwW NMR spectrum is o
measured. Similar to thg isomer, the charge on tungsten in 50 N
the triplet is higher (3.670) than that on the belt tungsten, but £ 0
the reverse pattern in th€3W spectrum <108 ppm for the 5
belt and—128 ppm for the triplet) may point out some changes % _503 5 355 36 365 37 375 38
that occur upon dissolving the salt. Unfortunately, the value of -
2Jw-o-w coupling equal to 17.4 Hz is in the usual range of the 8 -100 +3‘
interaction through corner sharing for bothand § isomers g ¢ '*EJ'
(see, for example f—GeW;,040]*; 2w—o-w is 20.5 Hz)2:53 5 -150 & i
Trimetallo (Al or Ga) derivatives of lacunary 9-tungstosili- o 200
cates botha. and 8 forms give very clos€Jw-o-w values % 5
(15.3-15.9 Hz)>* However, for thea-substituted complex = 250
[A- a-P,W,1071(H20)3]6~, the value?dw—o-w for triplet and belt o] o ©
interactions is 22 H® ~ =300
Thus, it could be assumed that the reversed pattern in the -350
183/ spectrum may result from several factors and one of them
is the most probable: splitting the dimer into monomers, and Calculated charge on W
in this case, the inverse two-line pattern could be observed Figure 4. Plot between the'®3W NMR chemical shifts and the
similar to one found by Finke et & for [A-3-Si;W1gNbgO77]8~ calculated charges on tungsten in different POM, anions +5; +,
— [A-ﬁ-SinNb304o]7‘. anions 6-9; O anions 16-15. All anions are from Tables-43.

In another dimeric anion similar thl but with the triplets
(Wc¢) removed, two halves are combined by three addenda
atoms, for example, [B-SIV1sZn3(H20)3]*2~ (Figure 3) studied
by Kortz et al®” The authors underline that the anion contains
three sodium cations located in the mirror plane formed by three
Zn atoms firmly bound to the anion. From calculation of the
charges, it may be deduced that those sodium atoms are boun
to the anion in solution. The calculated charges for the triads
(Wa) and belts (V¥), when the anion lacks sodium atoms, do

The calculated charge (3.562) on W in \WQwhere all
octahedra have corner sharing), corresponds to the observed
chemical shift 200 ppm), supporting the observed trend in
the chemical shift/the calculated charge.

In Figure 4, thé®¥3W NMR chemical shifts are plotted against

e calculated charges on the corresponding tungsten atoms.

hus for the considered anions, we may observe a fair
correspondence between #§&V NMR chemical shifts and the
- charges on tungsten. The plot allows a change of the chemical
hot correspond to th? observeo! .pattern m}?fw spectrum shift to be estimated, if all bond lengths in POM, for example,
(Tat_)le 3), and (_)r_]ly WIFh the ad(_jmon of sodium atoms at three [WeOs1q)2-, are slightly enlarged for 0.5%—o increased from
equivalent po_smons n the mirror plane are the calculated 1.7000 to 1.7085 A). The calculated charge on W in this case
charges consistent with the observed trend. increases from 3.756 to 3.779, corresponding to an increased

Another representative_of the Keg_gin derivative is large POM chemical shift by 31 ppm. By this, we would like to underline
[NaRWsOu1d '~ (IV) (Figure 3) with unusual 5-fold sym-  that the chemical shift is extremely sensitive to the local oxygen
metry, which gives rise formally to two different sets of enyironment and that using the optimized POM structures may
tungstens® Five fragments (shown as shaded octahedra) of the result in somewhat erroneous conclusions.

Keggin anion are combined by corners resulting in fordg However, we should mention that for certain POMs some
symmetry, but the presence of nonlabile’Nm the 5-fold axis  giscrepancies in the general trend chemical shift/charge are
above the pseudomirror plane that contains the five phosphorusgpserved. For example, for the Keggin anioasq{W1,04q"",
atoms gives rise to the four-line pattern with the intensity ratio the calculated charge on tungsten decreases in a seri€y\X),
2:2:1:1 in the'®W NMR spectrunt® Calculation of the charges  g; (IV), Hp2+ (Table 4)27.59-61 which is consistent with the

on the tungsten atoms reveals that the electron density on thanreasing shielding. However, for [BMDag)> and [AIW;204d>
tungstens W and Wa; near the opening is larger, corresponding  gnionss263 the calculated charges are greater, which might
to their shielding. In the crystal structure, determination of the assume the larger chemical shifts than for phosphotungstate. It
sodium occupies two positions with 0.5 probabilities. Placing means that some modification of the structure (sort of shrinking)
sodium in one part of the whole anion results in a notable happens upon dissolving (when adopting effective symmetry
decrease of the charge (0.022) on polak Wngsten atoms. T, and the bridging oxygen atoms in the borotungstate may
Consequently, we may attribute the most negatively shifted line actually interact more strongly (increasing LUMO energies),
to these types of tungsten atoms. It is noteworthy that thesethan that it follows from the crystal data. It should be noted as
tungsten atoms (W are linked by four corner-sharing oxygen \ell that the band in the IR spectrum assigned to vibrations of
atoms. the bridging W-O—W is observed at a higher frequency than

Generally speaking, a distinct trend in the chemical shifts in phosphotungstate, which also correlates with lardér.
and the charges is observed for the POM considered. In theSimilar consideration may be applied ta-RIW 15040].576364
Lindqgvist structurd, the tungsten atoms have four oxygen atoms Such difficulties may be encountered, when calculating the
in the xy plane that form edge sharing, resulting in the largest chemical shifts by modern techniques.
chemical shift. Then, replacing these oxygen atoms by corner- The Keggin anion may exist in several isomeric forms, and
sharing ones gives rise to gradual shieldihdd (Wg), 11, Il the structures may differ by the number of the triplets rotated
(Wg), and IV (Wg)), and at the same time the charge on the around theC; axis for 6@, 3 isomer when one triplet (3¥) is
tungsten atoms decreases, as well. Thus, the corner oxygemotated (-11) and y isomer {-11) with two rotated triplets
atoms generally induce a larger decrease of the charge on(Figure 2). In thes isomer 3-11), rotation of the one triplet
tungsten atoms, if compared with the edge shared type, due to(shaded octahedra) reduces high symmetry of the Keggin anion
better interaction. from T4 to Cs,, resulting in three types of tungsten atoms C, B,
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TABLE 4: Charges on Atoms and the83W NMR Chemical Shifts in the Keggin Anions and Its Isomeric Forms

POM charge shift, ppm W Wg We Wp ref
16 SiWi2046"™ q 3.652 56, 60
0 —103 12
17 HoW12040%~ q 3.623 (3.584) 61
(W1204087) o) —-112 12
18 BWi1,040°~ q 3.68% (3.629) 62
(NaBW1,046%7) o —130 12
19 AlW1,040°~ q 3.691 63
o —-112.8 63, 64
20 f-SiW,040* q 3.726 3.669 3.737 59, 65, 66
0 —130 —115 —110 7,8
21 y-SiW1046"~ q 3.793 3.691 3.683 3.672 67
0 —160 —105 —117 —127 68

a Average value from two X-ray crystal work3Average value for two types of the anion havi@g and D, symmetries in a single crystal.

and A (C rotated triplet), and such an isomer is characterized for this anion, for a similar complex [Pb(R{W;,035]°", the

by the three-line pattern i#3W NMR spectra with the intensity 183V NMR spectrum with complete assignment is meastifed,
ratio 1:2:1 (C:B:A)78 The structure of thed-SiW;,040]*~ has and according to our EHMO calculation, the charges on
been studied in three work%8566Though French authdishad tungstens are consistent with general trend excluding the values
worked on the mixed addenda anigh$iMoW;1040]*~, where g for Wy and W

one molybdenum statistically replaces tungsten supposedly in
the triad (W), they give more accurate data. The calculated
charges averaged for three structures and the observed chemical
shifts are presented in Table 4. The calculated charges for
tungsten in the rotated triplet and in the corner-shared triad are
proven to be larger than those for the six-tungsten belt. The
larger chemical shift for the tungsten @Mn the rotated triplet
corresponds to the larger calculated charge, but at present the
increased charge for tungsten in the triad sAj\annot be
explained. We can mention that despite very close properties
of Mo(VI) and W(VI), the molybdenum may influence the bond
lengths of tungsten both in the six-tungsten belt and triad. It
could be that the bond lengths in those octahedra of the triad,
which are slightly shorter than those found in the crystal
structure determination and dissolution of the salt, may result
in the relaxation of some bonds giving the observed NMR
pattern. Or, the increase E results in a strong decrease in
the paramagnetic contribution and despite increased charge the
observed chemical shift is the least.

The third y isomer of the Keggin anionyfXW 504" Wi W, Ws We W; W,
(y-I') with two rotated triplets ha€,, symmetry with four [Pb(GaQ)- q 3.682 3.735 3.717 3.741 3.694 3.681
different types of tungsten atoms (FigureS2)lwo Wx atoms W11044] 7
have a common edge in the formay plane (localz axis [Pb(PQ)- 0 —74.4 —88.7 —102.8 —111.5 —127.4 —146.3

coincides with a bond WO and actually can be viewed as W11034] >

being a square pyramid, because the oxygen atoms common

with Si are too far from W. The 8w NMR spectrum of However, inspection of the bond lengths reveals that the @/

[7-SiW1,040]4" measured by Tz et al® shows the expected ~ bond in bridging W—O—Pb is shorter (1.76 A) than the usual

4:1:4:1 pattern. bridging bond and the terminal ¥+O bond (1.80A) is too long.
However, the lowest chemical shift for Malls out of the Allowing the former for 1.86 A and the latter for 1.75 A results

expected trend. The charge is the highest fqr, Which is not in the charges 3.722 and 3.702, respectively, which are fairly

surprising because, as it follows from the calculation, the less consistent with the general trend.

oxygen atoms in the polyhedron around tungsten, the higher Some other examples of more complex anions are given in

positive charge. However, the chemical shift assigned to theseTable S4 and Figure S2 (Supporting Information), where some

tungstens in the structure of{SiW1,040]*" indicates thatthey =~ necessary adjustment of the bond lengths should be made, which

are the most shielded. The situation cannot be explained untilmay prove to be useful in the calculation of the paramagnetic

the actual calculation of the paramagnetic shifts is done for suchshielding for large POM by sophisticated methods.

a case. Positions of the other three lines in'#&/ NMR spectra As it was mentioned above, the supposed penta-coordination
are fully consistent with the suggested scheme of the chemicalaround tungsten Win [y—XW31204¢"" results in increasing
shift vs the charge within this polyanion. its charge. On the contrary, an addition of the seventh oxygen

Finally, taking into account the aforementioned correlation, atom as observed in peroxophosphotungstate{B\l# -, where
we may consider as an example the lacunary Keggin anion, there are two peroxo groups lying in the plane perpendicular to
which acts as a tetradental ligand toward lead in the unique the W=0O around each tungsten atdhmarkedly decreases the
complex [Pb(Ga@W11035]”~ and has a fixed orientation in  charge (3.280) corresponding to the highest shieldin§76
the crystaP® and therefore the configuration around each tung- ppm in agueous solution and, correspondingh27 ppm in
sten atom is determined. Though no NMR spectrum is measuredacetonitrile) in the®®3W NMR spectrum for this tungsten (VI).
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in solution, as confirmed by8W NMR spectrum with four
lines with intensity ratio 1:2:1:2273 Two types of tungsten
atoms W, and W6 with local symmetry close t€;, with two
terminal oxygen atoms, give rise to the two most spaced lines.
The calculated charges and the observed chemical shifts are
distributed in the following manner

Wa Ws We Wop
HoW1,042710 q 3.722 3.722 3.711 3.639
o —109 —-114 —116 —147

Calculation shows that they have the most different charges on
atoms. The closely spaced two lines in the middle of the

spectrum correspond to two types of tungsten atoms with local
symmetry close t&,,, and at the same time the charges on the

tungsten atoms are only slightly different. It should be noted

that, namely, these lines are inverted with decreasing®pH.

For both anions, the larger positive charges on tungsten
having two cis terminal bonds are observed than those for POM
with tungstens with one terminal bond, despite larger negative
anionic charge per tungsten. It is not surprising, since octahedra
in the formers are slightly swelled, and as we have mentioned
above, expanding an octahedron results in increasing the positive
charge on this tungsten. Nevertheless, for such anions, cor-
respondence between the calculated charges and®té
chemical shifts and the increased charge is observed as well.

Therefore, combination of NMR data and calculation of the
charges by means of EHMO and using the experimental atomic
coordinates may help in assigning the observed lines, clarify
the situation with the charge delocalization throughout the anion
as proposed by Klemperérand establish in some cases the
accuracy of the X-ray structure determination, especially for
the metal cations located in the symmetry equivalent sites.

%Mo NMR Chemical Shifts. In the case of polyoxometa-
lates,®*Mo NMR is not as abundant @83 NMR. For three
main typesl, II, andlll similar to polytungstates (Figures 1

YMo:O24 (IV) and 2), NMR and X-ray structure data are available. The
Figure 5. Structures of heptatungstate, dodecatungstate, and hexamo alculated charges on molybdenum #flo NMR chemical
lybdometalate. shifts are given in Table %.77-80 For these three cases, it is
clearly seen that increasing the calculated charge on molybde-

Another group refers to two POM with octahedra having two Num corresponds to increasing the chemical Shiftthe trend
cis 9%>W, whose symmetry is close 165, and it is hardly similar to that found for the corresponding polytungstates. For
possible to expect that the calculated charges will be in the line [P2M01g0s2]°~ (III') with the Dawson structufé(Figure 2), the
shown in Figure 4, since the system of the magnetic dipole- molybdenum atoms in the triplet caps bear a higher charge than
allowed transitions may be different from that for POM ones in the belts, but for comparison, the weight average value
consisting of the octahedra witBy, symmetry. is used because in t&Mo spectrum only a wide single line is

The largest spread in the chemical shifts is observed for observed!

heptatungstate [WD,4% (Figure 5), with its three linéd73 os ) .
whose intensity ratio 1:4:2 corresponds to structurally non- MABLE 5: ®Mo NMR Chemical Shifts and the Calculated

[HaW12042]'"

equivalent tungsten atoni$’5> The unique tungsten Win the Charges

middle of the anion has formally no terminal oxygen atoms, POM type  Gwo  0,ppm ref
and the observed line corresponds to the most deshielded 22 M0sO16>~ I 3.767 122 81, 77
tungsten for W(VI). At the same time, the calculated charge is 23 PMQ20403;7 I 3.713 22 78, 82
the highest on this tungsten atom. The other lines correspond %’;",\%8%275 :{'/ g'gg? :ﬁ 3613' gg
to more shielded tungsten atoms, and the electron population 5 TeQMeoeag—ﬁ Y, 3806 10 80, 82

on them gradually increases as follows
In the Anderson-type anions f¥YMogO24" (Where Y =

Wa Wg We Te(VI) or I(VII)) (Figure 5), the octahedra Ma@may be con-
W06~ q 3.893 3.730 3.720 sidered to hav€,, symmetry with two cis terminal bond$:2°
0 268 —106 —189 Similar to tungstates with octahedra®f, symmetry, the higher

positive charge is built up on molybdenum in comparison with
Similar distribution of the charges was found in the DFT one for Mo in octahedra withC,, symmetry. Some other
calculation of this anior® examples of polyoxomolybdates with possible assignments of
Dodecatungstate [V1,042]1% (Figure 5) consists of four  the lines for different structures are given in Table S5 and Figure
groups of different tungsten atomsand its structure is retained ~ S2 (Supporting Information).
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Ve accept electrons in the reduced species by characteristic positive
e ,;"\ shifts of their corresponding lines. As a matter of fact, in some
N AT extent, this contradicts the general rule according to which
Voo /:T" f/ ﬁ decreasing the oxidation state results in larger shielding due to
o— '%|/,\.\J;.-3’f —® the presence of electrons, and therefore, the line shifts to high
f/--"/; T 4& field.9 Mostly it refers to the mononuclear complexes, and on
\“\fif” — the contrary, if the complex is dimer with metahetal bond
R formed, the resonance line shifts to low field, showing larger
V05 S deshield@ng _with de_creasing thg o?qdation sﬁtgsuch a
12V A2 deshielding is explained by availability of low-lying empty
Figure 6. Structures of decavanadate and pWx2Ox.. orbitals in a metatmetal bond inducing large paramagnetic

electron circulation, giving a positive shift. Thus, it would be
interesting to carry out calculation on reduced species to find,
first, how the charges change during reduction and to see which

5V NMR Chemical Shifts. For polyoxovanadates, three
structures without unequivocal assignment of the observed lines
. : ) : o
WI|2|332$ considered; one is decavanadate ¥~ (Figure cations accept electrons,
6)3384where three types of vanadium give a three-line pattern ) . )
in the 53V NMR spectrun® and the other is the heteropoly- According to electron spin resonance data, a single electron
vanadates [PMV;04]%" (1:4:2 patterr?f-88 and [VVi2V,047%", introduced into §-SiW;,040]*" is evenly delocalized over the
having bicapped Keggin structure (Figure 6) (four line patt&hn). coordlnatlpn sph_er%? Th(_e second mtrodt_lced electron is com-
As previously found for [WO54%", in [V 10024]%", the atom pletely paired with the first one, and this electron pair (bipo-
V having no terminal oxygen atoms is the most deshielded !aron), according to NMR, is also delocaliz&dlhe difference

and it has the highest charge in charges on tungsten between the oxidized and reduced species
shows a fraction of electron density on each cation (Table 6).
Va Vs Ve At the same time, the positive shift (60 ppm) of tHaw line
[V 100246 3.415 3.290 3.204 is observed; revealing uniform distribution of the introduced
shift, ppm 113 36 21 electron pair over the coordination sphere.

The preferential delocalization of the electron pair over the
The charges for two other types are less than fgrag expected,  pelt in [PW,15065] is clearly seen by the shift of the line

though the charges forg/and \¢ are inconsistent_ with thg assigned to the belt tungsten atomsgjViFigure 3)% At the
observed trend (th% same spread of the charges is found in alygme time, calculations show decreasing the positive charge on
initio calculations),® but the difference is rather small and ngsten atoms of the belt as well (Table 6). Calculation also
probably some changes in geometry happen upon dissolvingyeyeals that nondegenerate HOMO, occupied by two electrons,
the solid that modifies expected pattern in fie spg)fctrum. is comprised of 12W 5 orbitals (see Figure S3 of Supporting
On the ggther hand, for POM [RAW:0:°" and  |htormation) and whose energy is markedly lower than one of
_[VV12V_2O4?} , the ‘increasing charges is consistent with he rest of the MO. The charge on belt tungsten atoms decreases
increasing®V chemical shifts of the three types of vanadium e g the delocalized electron density, and at the same time,
forming a c(gggrdlnatlon sphere (excluding V in the inner he tyngsten in the caps do not acquire any electron density,
tetrahedronj>~*® However, despite rather large positive charges anq the charge rests the same as for the oxidized parent.
on vanadium, the lines are strongly negatively shifted, possibly The second POM with uneven distribution of the two in-

due to large negative anionic charge troduced electrons is [WOs,]®~, where the electron pair is

Va Vs Ve delocalized over 8 tungsten atomss\Figure 1), as it is de-
8 1 i _
[PV1V50ud® 3.446 3.208 3.204 duced from the 8w NMR s_pectrum3. According to calcula
shift, ppm o1 —38 "y tions, the electron density is evenly distributed in the HOMO
[VV 12V2047]% 3.363 3.276 3.263 consisting of these 8 W(see Figure S3 in Supporting Infor-
shift, ppm 34 —43 —56 mation). A small positive shift of the line attributed to the apical

) ] ] atoms may be explained by a slightly enlarged octahedron in

Calcylated qharges and tév NMR chem!C{:ﬂ shifts Wlth the reduced stat®(the calculated charge on these\ W larger
possible assignments for other POM containing vanadium are than that for the nonreduced anion) and definitely not by de-
given in Table S6 and Figure S2 (Supporting Information).  |ocalization of the electrons on the two apical tungstens. De-
creasing the number of metallic atoms acquiring electron density
results in larger positive shift in th#3W NMR spectrum of
some lines for§-SiW;,04q).6-67-%8 The difference between cal-

Many of the considered POM built up of octahedra with one culated charges for the initial and reduced forms points out
terminal bond W=0 may be reduced by one, two, and more preferential distribution of the electron pair over four neighbor-
electrons without changing the initial structdré, and it is ing tungstens W with partial delocalization over other tungsten
relevant to consider NMR and calculated data for large atoms that is fairly consistent with interpretation of NMR
polyanions, which contain the introduced electrons. In most spectrum. According to calculation, LUMO accepting two
cases, two electrons are delocalized and paired allowing metalelectrons is composed of the atomic orbitals, namely, of these
NMR spectra to be measured in solutforbepending on tungsten atoms (see Figure S3 of Supporting Information) like
structure, the electron pair (bipolaron) may be delocalized over it was found in DFT calculatio®® On the contrary, in
the whole framework of the coordination sphere or part of it. [y-SiW125,034]%~, where two adjacent Whave sulfide &,
On the other hand, the introduced electrons may localize on as bridging atoms forming strongly stabilized HOMO (electron
specific metal atom(s) due to forming the metaietal bond, sink), the two electrons completely reside on them due to the
especially, when the oxygen is replaced by sulfur as in metal-metal bonc?® No electron transfer occurs in this case
[y-SiW12S,03¢]8~. The 18W NMR may reveal the atoms that  on the neighboring atoms. The decrease of the calculated charge

3. NMR and Diamagnetic POM with Localized and
Delocalized Electron Density
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TABLE 6: 8W NMR of Mixed Valence Anions and Charges on Cations, Received Electron Density

Ma) Mg Mc
POM q o q d q d ref
1 SiW1204067 0.078 60 94
2 P2W1806287 0.16 126 94
3 W10035~ 0.243 410 31
4 y-SiW10405~ 0.381 617 0.081 42 0.013 37 67, 68
5 ON—-Wg018%~ 0.694 594 106
6 B —SiW120405~ 0.132 0.164 0.214
7 V- SiW;1,5,035 6- 0.858 1218 96
8 BW,,03/(0H,)s5(6€) 1.477 1542 62
B —SiM01,04c5~ 0.192 0.153 0.146 101, 102
9 B —PMo012040" g 0.333 0.308 0.331 103
170 NMR shift [q][0] —1.347 915 —1.340 933 —1.365 911 103, 104
z 1800 two studies'®1192Calculated charges show that electron density
2 1600 | is almost uniformly distributed over anion, though slightly larger
.“E 1400 * R on the triplet and the triad. Indirectly, such a distribution may
@ d be confirmed by’O NMR spectra of the reduced forms, where
E 1200 | the smaller negative calculated charge on the terminal oxygen
g 1000 atoms corresponds to larger shifts (Tabl@%).%*Unfortunately,
S 800 | %Mo NMR spectrum cannot give unequivocal answer on
& 600 4 4 o5 distribution of four electron&® Two wide lines observed at
% 400 | 3‘ +800 and—200 ppm approximately of equal intensities may
= 200 | correspond to either delocalization of each electron pair in triplet
8 14 5 and triad (giving+800 ppm shift) separated by the six tungsten
0 ‘ ‘ belt (—200 ppm), corresponding to larger calculated charges,
0 0.5 1 1.5 2 or four electrons may be delocalized over the belt. In both cases

the line, corresponding to molybdenum atoms that do not accept
electrons, is assumed to be negatively shifted similar to case of
[P,W14067],%~ where the line of the belt tungstens accepting
electrons is positively shifted and one of the caps is strongly
in this case is the greatest fof complexes. A similar situation ~ negatively shifted* We may assume that for anion in solution
is observed when two Watoms are replaced by Moand with relaxation of some bond length, repulsion of two electron
introduced electrons reside on molybdenum atoms, since LUMO pairs may favor their separation in triplet and triad (correspond-
consisting of ¢, orbitals of Mo in the oxidized anion, is ing lines may be overlapped), moreover protonation of the
markedly stabilized in comparison with the orbitals formed bridging oxygen atoms in the belt may hamper delocalization
mostly by tungsten. in the belt.

Reduction of the Keggin anion by six electrons results in Some words should be said about the nitrosyl complex
complete localization of electron density on three tungsten atoms[Ws0:sW—NOJ3~, where the oxidation state of W in the
in the triplet group with reduced W(IV) forming a metahetal W—N-—0 fragment is considered to bet2(d%).1% This tungsten
bond?” Such a configuration strongly deshields the correspond- is proved to be strongly deshield&land according to calcula-
ing tungsten atoms, and the line is observed around 1500ppm. tion bears lower charge than the rest tungsten atoms. The
Gradual increase of the chemical shift is observed as well with chemical shift correlates with the charge difference correspond-
decrease of the oxidation state and the largest shift (6700 ppm)ing to localization approximately of one electron on the W linked
is observed for dimeric WO,CFs)4 with W(Il) where closely  to ligand NO group (Table 6), and the rest of the electron density
spaced) orbitals form?® is delocalized over NO group with small participation of d

Correlation between the differences in the calculated chargesorbitals (see Figure S6 of Supporting Information). Formally,
for oxidized and reduced species and the chemical shifts (Figurethe d,, orbital of W, is vacant, and despite this, there is some
7) clearly shows the principal role of the paramagnetic contribu- delocalization of electron density over neighboring atoms as
tion to the observed chemical shifts due to circulation of the may be deduced from NMR. Probably in the excited state,
introduced electrons. electron density is actually transferred and calculation shows

Unfortunately, there is still no data on NMR for reduced that in this case the charge on tungstens reduced.
[B-XW12040]"". Calculated charges, when two electrons are
introduced into -XW1204¢]"~ using oxidized structure, show 4. Conclusions
delocalization of slightly larger electron density over the triad
(Table 6). It should be noted that, if we use averaged geometry Having calculated the charges on atoms forming the coor-
in strict symmetryCs,, the belt tungsten atoms acquire electron dination sphere and comparing them with the corresponding
density in a greater extent, but conclusion strongly depends onchemical shifts for a large number of POM, we may see that
the bond lengths in the bridgesAWO—Wg and Ws—O—W¢ there is a definitive correlation between these two values. The
between the belt and triad and triplet. As a matter of fact, stronger interaction between oxygen and metal of the coordina-
calculations on $-SiM01,040]®~ reduced with two electrons,  tion sphere, the less positive charge on this cation that is
whose structure is determined receriflyshow larger electron ~ accompanied by increasing energy gap between bonding and
density on molybdenum atoms of the rotated triplet C (Figure antibonding MO and, consequently, the nucleus under study is
2 and Table 6). The interesting issue is the distribution of four more shielded. It is hoped that more detailed information will
electrons in B-PMo;2040]"~, whose structure were solved in  be obtained in real calculations of the shielding, but as a

Charge difference Aq

Figure 7. Correlation between th83W NMR chemical shifts and the
charge difference.
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preliminary test of the structure that will be calculated, the 2 Polyoxollrjnetalatesc:j frorr|1 platonic sglids hto anti-retal activity;
; ; ; Pope, M. T., Mlier, A., Eds.; Kluwer: Dordrecht, 1994.

EHMO method can be used to get the _f|rst_apprOX|mat|c_)n. It (3) Pope, M. T: Milller, A. Angew. Chem.. Int. Ed. Engl991 30,

was shown thaZ (1/AE) where summation is done for five 34 _ug

inverse energy separations between the bonding MO and five  (4) Baker, L. C. W.; Glick, D. CChem. Re. 1998 98, 3.

virtual d* orbitals calculated by EHMO not only for individual (5) Kazansky, L. B McGarvey, B. R.Coord. Chem. Re 1999 188
octahedron taken from the structure but also using baricentersl57'(6) Mason, J. EdMultinuclear NMR Plenum: New York, 1987
of the bonding and virtual five MO calculated for the whole @ Gansow, O. A Ho, R. K. C: K|emperer" W. GJ. Or‘ganon']et.

anions may be fairly correlated with the chemical stiffn Chem 198Q 187, c27.

increase in the electronic population on a nucleus surroundedS (%SLfffggrgéggChauveauy F-Doppelt, P, Brevard, CJ. Am. Chem.
- - . - ocC. .

by the same I.|gands (in our case, oxygen) coincides with a (9) Sveshnikov, N. N Pope, M. T.Inorg. Chem200Q 39, 591.

general trend in metal NMR shift. Even small changes of the  (10) Kazansky L. PChem. Phys. Lett1994 223 289.

charge may influence not only the metal chemical shifts but  (11) Mason, JJ. Am. Chem. Sod.991, 113 24.

also the3lP NMR chemical shifts in the heteropolyanions (see 19é122)10A40258§2’ R Hammer, C. E Baker, L. C. W.J. Am. Chem. Soc.

Supporting Informgtlon, ,Table S7 and a P'OI in Figure S4 (13) K’azansky, L. B Chaquin, R, Fournier, M; Herve, G.Polyhedron

between the chemical shift and the charge difference calculatediggg 26, 4353.

for phosphorus in HPA and on phosphorus insf0lated from (14) Combariza, J. EBarfield, M.; Enemark, J. HJ. Phys. Chenl991,

. S P 95, 5463.
the ﬁam('e1 anlck)ln, sho;vmg influence of the coordination sphere (15) Hada, M Kaneko, H; Nakatsuji, H.Chem. Phys. Let.996 261,
on the phosphorus charge). 7

Drastic negative shift of the NMR line, for example, in '(16) Rodriguez-Fortea, A.; Alemany, P.; Ziegler,JI.Phys. Chem. A

mononuclear complexes with decreasing the oxidation state 1999 103 8288. .
. . . (17) Ruiz-Morales Y Zigler, T.J. Phys. Chem1998 102A 3970.
(increase of electron population), is well kno#nHowever, (18) Nakatsuji, H Sugimoto, M; Saito, SInorg. Chem199Q 29, 3095.

reduction of POM with two electrons or with six electrons results  (19) Binl, M.; Hamprecht, F. AJ. Comput. Cheml99§ 19, 113.
in large positive shift, despite marked decrease of the cHarge.  (20) Bagno, A Bonchio, M Chem. Phys. Lett200Q 317, 123.

This is characteristic of dimer complexes with the metaktal 0(()%121 Bagno, A Bonchio, M; Sartorel, & Scorrano, GChemPhysChem
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such complexes. ) (26) Fuchs, J Freiwald, W; Hartl, H. Acta Crystallogr.1978 B34,
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