New Directions in Polyvanadate Chemistry: From Cages and Clusters

to Baskets, Belts, Bowls, and Barrels

By Walter G. Klemperer,* Todd A. Marquart, and Omar M. Yaghi

Like other early transition-metal polyoxoanions, large
polyvanadates are known to adopt complex cage/cluster
structures.!! The Keggin structure observed in the anion of
1121 is typical. Here, the [V,,0,,]®~ cage A**! encapsulates

[(CN,H)HI[PV,,0,,] - TH,0 1

K12[v18042] "16 H,0 2

a PO2~ anion. This cage is defined by 24 bridging oxygen
atoms, and 14 of its 18 square faces are occupied by vanadi-
um atoms, each of which is bonded to a terminal oxygen
atom. The closely related Schlemper structure was first ob-
served in 231 Here, the [V,30,,]'?” cage B encap-
sulates a water molecule. This cage is also defined by 24
bridging oxygen atoms, but all 18 of its square faces are
occupied by V=0 groups. The Keggin and Schlemper struc-
tures are very similar since they are both based on O,, cage
frameworks. They differ in that the 24 bridging oxygens
define the vertices of the O, rhombicuboctahedron in Keggin
structures and the D,; elongated square gyrobicupola in
Schlemper structures.[*]

Research in polyvanadate chemistry has very recently ex-
panded beyond classical cage/cluster structures to include
hitherto unknown basket, belt, bowl, and barrel structures
shown in C-H. The [V,,0;,]* basket C contains an
acetonitrile molecule in crystalline 3.I*1 The belt-shaped
[Vg0.,]'¢~ anion D is found in 4,'°! where it encircles an

(PPh,),IMeCN c (V,,0,,)] 3

(NnBu,),[Vs04(0Me),((C,0,)] 4

[*] Prof. W. G. Klemperer, T. A. Marquart, O. M. Yaghi
Department of Chemistry and
Beckman Insitute for Advanced Science and Technology
University of Illinois
Urbana, IL 61801 (USA)

[**] In structures A—G bridging oxygens are represented by large shaded
spheres, terminal oxygens by large open spheres, and vanadium atoms by
small open spheres. For the sake of clarity, the CH,P** groups in H are
shaded, and vanadium and oxygen atoms are represented by small and
large open spheres, respectively. In the structures I-L the vanadium atoms
are represented by small black spheres and oxygen atoms by large open
spheres.
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oxalate ion. Two vanadate bowl strutures are also shown:
One (E) is observed in 5,!°! where the [V,0,4]'*~ bowl con-
tains a nitrate ion, and in 6,1 where the [V,0,¢]'?” ion
contains a potassium ion. The second, the [V;0,,]'*~ bowl
F, contains a Cl~ ion in 7.1°] In 8, V,01}7/12~ units G
are joined together by CH,P** groups to form

[(CH,P)V,05c]'* ™ barrels H that contain tetramethylam-
monium cations.

(NEt,),[V,04(NO;)tca),} - H,O 5, tca = thiophene-2-carboxylate
[K{V,0,(1-0),(1-0,CCH,Bu),][0,CCH,/Bu] - 2/BuCH,COOH 6
(PhCH,NEt,),[V,0,Cl(tca),] - CH,CN 7
(NMe,)g[Hg(MeP)gV,Os6] -11H,O 8

These recent developments in polyvanadate chemistry
raise interesting questions regarding structural principles.
Clearly, the new structures C—F can be viewed as fragments
of classical Keggin and Schlemper cages A and B, but what
about the barrel fragment G or the recently reported
V3007407 1 [V,,04,]° 7 1 % and [V,40,,]° 1" P cages in 9,
10, and 11?7 What about larger cages that are yet to be
K,o[V3405,] 1 20H,0 9
(NEty)[HV,,0,,(ClO,)] 10

(NEt,)s[H,V;504,(Ny)] 11
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discovered? An answer to these questions is to be found in
the infinite sheet (Fig. 1) observed in the V,0; layer struc-
ture.'!] Consider first the [V,0,¢]'>” bowl structure E.
When flattened out into a sheet, this structure becomes the
fragment of the V,0; sheet labeled in orange (Fig. 1) after
terminal oxygen atoms have been removed. The barrel frag-
ment G is similarly displayed as the green V,O; sheet frag-
ment. In other cases, structures can be flattened into V,O;
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Fig. 1. Fragment of the V,0; layer structure (small spheres represent vanadi-
um; large spheres oxygen; for clarity the terminal oxygen atoms at the square-
pyramidal vanadium centers have been omitted). The colored V—O units are
observed in new, molecular polyvanadate structures. For details, see text.

sheet fragments only after cleaving selected V—O bonds. In
the [V,,0,,]* " basket, for example, eight V—O bonds must
be cleaved as in I, where terminal oxygen atoms have been
omitted for clarity. Only then can the basket be flattened (see
J) into the red V,0; fragment of Figure 1. Large cage struc-
tures can be reduced to V,0; layer fragments in the same
way. The [V,,0,,]'°" cage in 9™ is reduced to the yellow
V,0, fragment at the bottom of Figure 1 after cleaving
15V—0 bonds, as shown in K and L. The [V,,0,,]¢"
(10'°%) and [V,40,,]°~ (11111 cages both reduce to V,0,
fragments that are subfragments of this yellow fragment af-
ter 14 bonds are broken. The purpose of the exercise is now
clear: by reversing the procedure, it is possible to cut out
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V,0, sheet fragments, fold them up, and stitch them together
to generate new polyvanadate structures. The recently dis-
covered metastable y-V,04 polymorph!!?! can be derived
from the V,0; structure in an analogous fashion by first
removing the terminal oxygen atoms, then corrugating the
infinite sheet structure, and finally reintroducing the termi-
nal oxygen atoms in new positions.

ﬂﬁ
R arars’

The relationship between V,0; sheets and polyvanadate
baskets, belts, bowls, and barrels extends beyond topology
into chemistry. The sheets of VO, square pyramids found in
V,0, and related vanadates such as «-VOPO, '3 are bonded
together by weak V—O bonds, 2.8 A long. As a result, the
layers are easily separated to form intercalation complex-
es.tt1: 141 In classical vanadate cages, a similar structural sit-
uation is observed. The cage of VO, square pyramids in the
anion of 2, for example, is bonded to an encapsulated
water molecule by very weak V—O bonds. “Intercalation”
chemistry is impossible, however, since the cage framework
blocks access to the vanadium coordination sites. Such is not
the case with the new structures C—F and H, where access to
square-pyramidal vanadium centers is relatively unrestrict-
ed, and guest—host chemistry becomes a real possibility. To
date, only the [L = (V,,0%,)] system has been investigated
from this point of view,[* 5! but a rich chemistry can be
anticipated given the analogy with the solid oxide guest—
host chemistry of zeolites.

German version: Angew. Chem. 1992, 7104, 51

Angew. Chem. Int. Ed. Engl. 31 (1992} No. 1



[1] M. T. Pope, A. Miiller, Angew. Chem. 1991, 103, 56, Angew. Chem. Int.
Ed. Engl. 1991, 30, 34.

[2] R. Kato. A.Kobayashi, Y. Sasaki, J. Am. Chem. Soc. 1980, 102, 6571,
Inorg. Chem. 1982, 21, 240.

(3] G. K. Johnson, E. O. Schlemper, J. Am. Chem. Soc. 1978, 100, 3645.

[4) V. W. Day, W.G. Klemperer, O. M. Yaghi, J. Am. Chem. Soc. 1989, 111,
5959.

[5]1 Q. Chen. S. Liu, J. Zubieta, Inorg. Chem. 1989, 28, 4433.

[6] D. D. Heinrich. K. Folting, W. E. Streib, J. C. Huffman, G. Christou, J.
Chem. Soc. Chem. Commun. 1989, 1411.

{71 W. Priebsch, D. Rehder, M. von Oeynhausen, Chem. Ber. 1991, 124, 761.

[8] G. Huan. A. J. Jacobsen, V. W. Day, Angew. Chem. 1991, 103,426 ; Angew.
Chem. Int. Ed. Engl. 1991, 30, 422.

[9] A. Miiller, R. Rohlfing, J. Déring, M. Penk, Angew. Chem. 1991, 103, 575,
Angew. Chem. Int. Ed. Engl. 1991, 30, 588.

[10] A. Miiller, E.Krickemeyer, M. Penk, R.Rohlfing, A.Armatage,
H. Bogge, Angew. Chem. 1991, 103, 1720, Angew. Chem. Int. Ed. Engl.
1991, 30, 1674.

[11] R. Enjalbert, J. Galy, Acta Crystallogr. Sect. C 1986, 42, 1467.

{12] 1. M. Cocciantelli, P. Graverean, L P. Doumerc, M. Pouchard, P. Hagen-
miiller, J. Solid State Chem. 1991, 93, 497.

[13] B. Jordan, C. Calvo, Can. J. Chem. 1973, 51, 2621.

[14) J W, Johnson, A. J. Jacobson, J. F. Brody, S. M. Rich, Inorg. Chem. 1982,
21, 3820.

[15] W. G. Klemperer, T. A. Marquart, O. M. Yaghi, Mater. Chem. Phys.,
1991, 29, 97.

VCH Index Library

= =

The electronic version can be read by all MS-DOS compat-
ible computers. It is accessed by the Search module of the

Literature Management Program VCH-Biblio.

Angew. Chem. Int. Ed. Engl. 31 (1992) No. I

| A Joumnal of the
Gesellschaft
L . Deutscher Cherniker

International Edition in English

30 Year Index of Reviews
— in print or on diskette -

The reviews in Angewandte Chemie are amongst the most
often cited chemical publications of each year. Many have
become classics of the chemical literature. For thirty years they
have been available in English as well as German. The 30 year
review index now celebrates this anniversary by facilitating
access to these important documents of the rapid development
of our discipline. The index—both a chemical dictionary and a
history book—offers you:

1. A list of all authors, indicating the main author and the title
of the review.

2. A subject index giving the main author.

3. Both indexes provide complete information on date of issue
and first and last page numbers of the German and English
editions.

The electronic version of the index is available on 5 %" and 3%”

diskettes.

The price of the index is DM 98.00, $ 64.00 or £ 37.00. Please

order by telephone or in writing to VCH, Software und Datenbanken,

Postfach 1011 61, D-W-§340 Weinheim, Tel. 062 01/6 02-2 71, Telefax 06201/6 02-328.

© VCH Verlagsgesellschaft mbH, W-6940 Weinkeim, 1992 0570-0833/92/0101-0051 $ 3.50 +.25/0 51





