Correspondence

Heteropoly and Isopoly Anions as Oxo
Complexes and Their Reducibility to

Mixed-Valence ‘‘Blues’’!
Sir:

The structures of isopoly and heteropoly anions?
are customarily described as assemblages of metal-
oxygen polyhedra or as fragments of metal-oxide lat-
tices.! This communication draws attention to the
fact that, in many respects, poly anions behave like
conventional mononuclear oxo complexes of molyb-
denum, vanadium, efc. Such a viewpoint leads to a
classification of structural types and to a rationaliza-
tion of heteropoly blue formation.

Although all known poly anion structures contain
each nonhetero metal atom M (MoVY!, VV, efc.) in an
octahedron of six oxygen atoms, the metal atom is
always found to be displaced from the center of its
octahedron toward a corner or an edge.* The resulting
short M~O bonds link M to either one or two nonbridg-
ing oxygens on the exterior of the anion. Such ‘“‘ter-
minal” M~O bond lengths in poly anions are very close
to those observed for normal oxo complexes, e.g., Mo-O
in Mo7Og¢~ is 1.72 A% and in MoO.F2~ it is 1.71 A
Metal-oxygen stretching frequencies are also similar;
¢f. the terminal W-O stretch (940-980 cm~—%)"8 in
several 12-tungstates, XW104"~, with that (961-968
cm™1)? in WOCL;~. Furthermore, it has recently been
shown that the uv charge-transfer spectra of poly
anions are comparable to those of mononuclear oxo
complexes, 10

In Table I, known poly anion structures have
been divided into categories according to the number
of unshared oxygen atoms attached to each M atom.
Type I structures correspond to mononuclear MOL;
species and have the M atom in an approximately
tetragonal (Ci,) site with a single unshared oxygen
atom. Type II structures have each M atom with
two mutually cis unshared oxygens (¢f. mononuclear
MO,L, species). Type III anions have both sorts of M
atom sites. Only one structure, that of the 12-para-
tungstate ion, HyW 2040, is known!! to be of the last
type, although the 1:11 and 2:17 heteropoly anions,!?
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TABLE I
STRUCTURAL TYPES OF POLY ANIONS

No. of known

General formula® Type? examples®
XMpOg"~ (= 3-T) I >30¢
KoM 15068~ I Ca. 104
M50~ (n = 2—8) - I X Ca. 6
V10098~ Ie 1
XM*Op~ (n = 5-8) 11 5
XM*5024H5"— (n = 3—4) II Ca. 12
C02M010033H46— II 1
XMogOgeb~ . II 2
X Moy04e5~ 11 3
Mo070448~ I1e 1
MogOqs*™~ 11 1
Ho W10yt~ III 1

aM = W, Mo, W+ V, Mo + V; M = W, Mo, W 4+ V,
Mo + V, Nb, Ta; M* = Mo, W. ? For original structure de-
terminations see ref 2 and 14: type I, monooxo. terminal groups;
type II, cis dioxo terminal groups; type III, both monooxo and
cis dioxo terminal groups. ¢ Excluding ‘“‘mixed” Mo 4+ W and
Nb + Ta complexes. 9 Including isomeric (« and 8) forms but
excluding the large numbers of 1:1:11 and 1:2:17 complexes
in which an M atom of the 1:12 and or 2:18 structures has been
replaced by another “‘central’”’ atom: see, for example, L. C. W.
Baker, et al., J. Amer. Chem. Soc., 88, 2329 (1966). © VO™
contains two metal atoms with no oxo-type oxygens; MorOqf™
contains one such metal atom.

formed by partial hydrolysis of XM;04"~ and XyMis-
Og’~ complexes, probably have type 111 structures.!?
Evans®!* and Bachmann and Barnes!® have noted
the prevalence of the cis MO, group in poly anion struc-
tures, and more recently, Lipscomb®® has proposed
that the structures of isopoly and heteropoly anions
might be limited to those in which each M atom is co-
ordinated to no more than two unshared oxygens.
Lipscomb’s proposal would limit poly anion structures
to the three types listed in Table I. However, mono-
nuclear trioxo complexes of Mo(VI) and W(VI), eg.,
MoOsdien! and WO3F;3—,18 are not unknown. It
seems possible, therefore, that poly anions incorpo-
rating MO; or M(OH),0;_, groups might be formed.
Indeed, structures proposed?!® for the metastable species
H,W,0:*~ and “paratungstate-A,” HsWO’~, are of
this type. Although the tetratungstate anion is de-
tectable only by fast-reaction techniques,® isolation
of sodium paratungstate-A has recently been claimed.?
The reduction of certain poly anions to mixed-valence
heteropoly blues is well known and has been recently
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studied by several groups.??—2* The formation of
heteropoly blues appears to involve the stepwise re-
duction of d° M atoms to the d! oxidation state with-
out a change in the structure of the anion.10:25:2 It
is noted here that the formation of heteropoly blue
anions appears to be restricted to complexes with
type I or type III structures.?” Thus, each of the type
I structures listed in Table I is known to be reducible,?
but there are no instances of the reduction of type II
anions.?® As far as type III structures are concerned,
although the 12-paratungstate ion has such a structure
in the solid state, there is little evidence for other than
the hexatungsto (type II?) form in most solutions,?
and there have been no reports of a paratungstate
“blue.” On the other hand, the demonstrated  re-
duclb1hty31 of PVVnOsJ_', Si\/\/rno;;gs_, and P2W17O’ello_
is consistent with the view of these complexes as type
I1I species.

Conclusions regarding the structures of poly anions
not listed in Table I may be drawn from considerations
of their redox behavior. Recent polarographic in-
vestigations of the isopoly ‘‘pseudometatungstate’’??
and ‘‘polytungstate-Y’’3% anions indicate that these
complexes are easily reduced, from which it may be in-
ferred that they have type I (or type III) structures.3*
Since the true formulas of these complexes are not
known at present, further speculation is inappropriate.
In molybdate solutions, the isopoly anions which are
the predominant solute species at pH 3-5, v1z., M 07Oy~
and MogOs?™, are not reducible, although more acidic
solutions of Mo(VI) are easily reduced to blue species.
The anion responsible for the blue color in such solu-
tions has been formulated® as MogO2~. Recent
work?® shows that this species is better written as
H:MoYsMo04O152~, a reduced form of the type I hexa-
molybdate anion, first reported by Fuchs and Jahr.¥
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CORRESPONDENCE

Most of the approximately 75 anions representing
the structures listed in Table 1 are tungstates and
molybdates. At present count, all poly anions con-
taining octahedral vanadium, niobium, or tantalum
have type I structures.® This is to be expected for
electrostatic reasons; type II structures for pentavalent
atoms would tend to have high overall charges. Among
molybdates and tungstates there appears to be a ten-
dency for the former to adopt type II structures and
the latter, type I structures. Thus, the only type I
molybdates are a few 1:12 and 2:18 complexes with
central atoms that strongly favor tetrahedral coordina-
tion (PY, Si, etc.), together with the hexamolybdate
anion, MogOis*~. Type II tungstates are even less
common -than type I molybdates and are based on
“‘octahedral”’ central atoms IVH, TeV!, Ni!l, and NIV 3¢
In this conmnection, the structues of the 10-tungsto-
lanthanates, Ln!*W;y03;7~, recently described by Pea-
cock and Weakley* will prove interesting. Since no
observations of heteropoly blue formation were made,
it is possible that these complexes have type 1T struc-
tures. Further discussion of the significance or even
the existence of the tungstate-type I wvs. molybdate-
type II dichotomy must therefore await the results of
more structural studies.

Acknowledgments.—Helpful discussions with Pro-
fessor L. C. W. Baker and Drs. C. M. Flynn, Jr., and
H. So are gratefully acknowledged.

(38) The structure proposed for the (reducible) heteropolyvanadate
MnV{;0s¢ - is type 111, however: C. M. Flynn, Jr., and M. T. Pope, J. A mer.
Chem. Soc., 92, 85 (19870).

(39) K. Eriks, private communication, 1970; H. H. K. Hau and K. Eriks,
Abstracts, American Crystallographic Association Meeting, New Orleans,
La., 1970, No. P10.

(40) R. D. Peacock and T. J. R. Weakley, J. Chem. Soc. A, 1836 (1971).

(41) A sabbatical leave (1970-1971) spent in the Department of Inorganic
Chemistry, Technical University of Vienna, was supported in part by a
Type D grant from the donors of the Petroleum Research Fund, administered
by the American Chemical Society.

DEPARTMENT OF CHEMISTRY MicHAEL T. Poprgé!

GEORGETOWN UNIVERSITY
WasHINGTON, D. C. 20007

RECEIVED JANUARY 26, 1972

Huckel-Type Rules and the Systematization of
Borane and Heteroborane Chemistry

Sir:

This correspondence deals with some theoretical
justification for two empirical concepts which in our
opinion allow for a conceptually simple systematization
of boranes, carboranes, and heteroboranes. One con-
cept correlates the structures of the known boranes and
heteroboranes to a ‘‘parent” series of closo molecules!
whose geometries are closely approximated by regular
deltahedra (Figure 1, column 1)* and from which the
nido! and arachno! series can be derived (Figure 1,
columns 2 and 3, respectively). The second concept
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