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Tetraheptylammonium salts of various transition-metal-substituted heteropolyanions withR-Keggin ([XW11O39M]n-),
R-Wells-Dawson ([P2W17O61M]m-), and Weakley and Finke structures ([P2W18O68Co4]10-) were investigated
with respect to their reactivity with CO2 in nonpolar solvents. It was found that copper(II)- and manganese(III)-
substituted heteropolyanions do not react with CO2. Germano- and silicotungstates with theR-Keggin structure
do form complexes with CO2 when substituted with Co(II), Ni(II), and Mn(II). In contrast, boro- and
phosphotungstates substituted with Co(II), Ni(II), and Mn(II) are unreactive. TheR2 isomers of Wells-Dawson
phosphotungstates show reactivity similar to that ofR-Keggin silicotungstatessi.e., Co(II), Ni(II), and Mn(II)
derivatives do react with CO2. On the other hand, theR1 isomer of the Co(II)-substituted Wells-Dawson anion
does not react with CO2, and neither does the Weakley and Finke cobaltotungstate. When reactions do occur,
they are completely reversible. An excess of water decomposes the complexes. Traces of water are, however,
necessary for the reactions to take place. The CO2 adducts were characterized by UV/vis, IR, and13C NMR.
The IR data could be explained as originating either from CO2 complexes with a directη1 metal-carbon bond
or from bicarbonato complexes. IR spectra with isotopically enriched13CO2 and C18O2 support the presence of
a η1 metal-carbon bond. The13C NMR spectra indicate the presence of two different kinds of paramagnetic
CO2 complexes after the reaction ofR-[SiW11O39Co]6- with CO2 (chemical shifts 792 and 596 ppm at 26°C).
The variable-temperature experiments are consistent with the chemical exchange between these two species. UV/
vis, IR, and NMR studies in the presence of controlled amounts of water or ethanol suggest the existence of
H-bonding in the CO2 complexes, similar to that reported in the past for complexes between heteropolyanions
and dioxygen.

Introduction

In 1984 Pope and Katsoulis reported that transition-metal-
substituted heteropolyanions (TMS HPA’s) of tungsten1 are
readily transferable into nonpolar solvents such as benzene and
toluene, where they lose water coordinated to the substituted
transition metal, and become very reactive toward addition of
small molecules to that empty site.2 Reactivity with SO2 and
O2 was observed. More recently, Anson and Toth demonstrated
that TMS HPA’s can serve as electrocatalysts and multiple-
electron reservoirs in a one-step reduction of nitrite anion to
ammonia in aqueous solutions,3 indicating that these complexes
are capable of storage and one-step transfer of at least six
electrons. Other relevant work in the area of TMS HPA
reactivity with various compounds in nonpolar solvents has been

reviewed by Hill and Prosser-McCartha.4 Electrochemical
properties of polyoxometalates as potential electrocatalysts in
homogeneous solutions, and when they are attached to electrode
surfaces, have been reviewed recently by Sadakane and Steck-
han.5

This paper reports the first data concerning the interaction
of TMS HPA’s in nonpolar solvents with carbon dioxide, a
ligand of great current interest because of its potential as a C-1
feedstock and substrate for solar energy storage, as well as for
its alleged role in atmospheric warming (the “greenhouse”
effect).6 In this regard the fixation of CO2 under mild conditions
by transition-metal complexes and its conversion into useful
chemical compounds are areas of great importance in inorganic
chemistry. The most desirable objective is to transform carbon
dioxide into its highly reduced products by a multielectron route,
with methane being the ultimate goal. One approach to reach(1) For reviews of the chemistry of heteropoly complexes see: (a) Baker,

L. C. W. In AdVances in the Chemistry of Coordination Compounds;
Kirschner, S., Ed.; Macmillan: New York, 1961; p 608. (b) Souchay,
P. Ions Mineraux Condenses (Condensed Inorganic Ions); Masson:
Paris, 1969. (c) Evans, H. T., Jr.Perspect. Struct. Chem.1971, 4, 1.
(d) Weakley, T. J. R.Struct. Bonding (Berlin)1974, 18, 131. (e) Pope,
M. T. Heteropoly and Isopoly Oxometalates; Springer: New York,
1983. (f) Day, V. W.; Klemperer, W. G.Science1985, 228, 533. (g)
Pope, M. T.; Muller, A.Angew. Chem., Int. Ed. Engl.1991, 30, 34.

(2) (a) Katsoulis, D. E.; Pope, M. T.J. Am. Chem. Soc.1984, 106, 2737.
(b) Katsoulis, D. E. Doctoral Dissertation, Georgetown University,
1985. (c) Katsoulis, D. E.; Taush, V. S.; Pope, M. T.Inorg. Chem.
1987, 26, 215. (d) Katsoulis, D. E.; Pope, M. T.J. Chem. Soc., Dalton
Trans.1989, 1483.

(3) Toth, J. E.; Anson, F. C.J. Am. Chem. Soc.1989, 111, 2444.

(4) Hill, C. L.; Prosser-McCartha, C. M.Coord. Chem. ReV. 1995, 143,
407.

(5) Sadakane, A.; Steckhan, E.Chem. ReV. 1998, 98, 219.
(6) (a) Gibson, D. H.Chem. ReV. 1996, 96, 2063. (b) Leitner, W.Angew.

Chem., Int. Ed. Engl.1995, 34, 2207. (c) Tanaka, K.AdV. Inorg. Chem.
1995, 43, 409. (d) Ayers, W. M. Ed.Catalytic ActiVation of Carbon
Dioxide; ACS Symposium Series 363; Washington, DC, 1988. (e)
Kolomnikow, I. S.; Lysyak, T. V.Russ. Chem. ReV. (Engl. Transl.)
1990, 59, 589. (f) Behr, A.Carbon Dioxide ActiVation by Metal
Complexes; VCH: Weinheim, Germany, 1988. (g) Darensbourg, D.
J.; Kudaroski, R. A.AdV. Organomet. Chem.1983, 22, 129. (h)
Eisenberg, R.; Hendricksen, D. E.AdV. Catal.1979, 28, 79. (i) Souter,
P. F.; Andrews, L. P. F.J. Am. Chem. Soc.1997, 119, 7350.
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this goal is to use compounds containing transition metals that
could act as both electrocatalysts and electron reservoirs, thus
providing a means to simultaneously deliver multiple electrons
necessary in multielectron reductions.

A number of transition-metal complexes, both in solution and
on electrode surfaces, have been shown to be effective in the
electrocatalytic reduction of carbon dioxide.7 All of those
complexes significantly decrease the overpotential for reduction
of CO2 by up to 1 V (as compared to 1-e reduction to CO2

-

radical) and yield various multielectron reduction products.
Some of those complexes form stable complexes with CO2.
Others coordinate CO2 only under the conditions of electro-
chemical experiments. Known electrocatalysts yield primarily
carbon monoxide and formate anion as the major products of
the CO2 reduction.7 Sullivan et al. did detailed mechanistic
work on a series of bipyridine complexes of transition metals
and made several suggestions concerning the design of new
electrocatalysts that would be capable of reducing CO2 past the
CO and formate step.8 Their major recommendation is to use
as electrocatalysts “electron reservoir” complexes, i.e., com-
pounds capable of storing multiple electrons.

The report by Anson and Toth3 indicating electrocatalytic and
electron-reservoir capabilities of HPA’s, and the report by Pope
and Katsoulis demonstrating reactivity of TMS HPA’s in
nonpolar solvents with small molecules,2 prompted us to
investigate whether TMS HPA’s in nonpolar solvents could
activate CO2 and serve as electrocatalysts in its multielectron
reduction. This paper reports our findings concerning the
reactivity of TMS HPA’s with carbon dioxide in nonpolar
solvents. Their electrocatalytic activity with respect to carbon
dioxide reduction is presently being investigated in our labora-
tory.

Background

Heteropolyanions. HPA’s are polyanionic, condensed oli-
gomeric aggregates of transition-metal ions, usually in their d0

electronic configuration, and oxide ions, held together by metal-
oxygen bonds.1 The largest number of HPA’s is formed by
Mo(VI) and W(VI). Mo or W in an HPA are typically
surrounded by six oxide ions, forming MO6 octahedra. The
most widely studied HPA’s are those with the formulas
XM12O40

m- (M ) W, Mo, X ) P, Si, B, Ge, etc.) and
X2M18O62

n- (M ) W, Mo, X ) P, As). The former adopt the
so-called “Keggin” structure. (See Figure 1a). The structure
has overall Td symmetry and is based on a central XO4

tetrahedron surrounded by 12 MO6 octahedra arranged in 4
groups of 3 edge-shared octahedra, M3O13. These groups are
linked together and to the central XO4 tetrahedron by sharing
corners. The X2M18O62

n- anions adopt the so-called “Wells-
Dawson” structure (see Figure 1b,c). The structure can be

viewed as containing two subunits (two XM9 groups) of the
Keggin structure, fused into a cluster of virtualD3h symmetry.
During the last 30 years many “modified” Keggin and Wells-
Dawson anions have been reported. They are based upon the
replacement of one of the 12 or 18 tungsten or molybdenum
atoms by another octahedrally coordinated metal atom, Z. The
first example of such compounds was reported by Simmons
and Baker in 1962,9 and an extensive investigation followed,
which established unequivocally the large new general structural
category of heteropolyanions.10 Since then, numerous examples
of “modified” Keggin and Wells-Dawson heteropoly com-
plexes containing a variety of octahedral heteroelements have
been described.11 It has also been established that when the
octahedral heteroatom is a first-row transition metal, its sixth
outer coordination site is occupied by a water molecule,10 which
may be more or less deprotonated depending on the substituted
metal, Z, and on the pH.10,11e The anions then can be
formulated: [XM11O39Z(H2O)]m- (Keggin structure) and
[X2M17O61Z(H2O)]n- (Wells-Dawson structure). Two struc-
tural isomers exist for the latter structure, depending on the
position where the transition metal is substituted. In the so-
calledR2 andR1 isomers the metal is substituted in the cap and
belt of the Wells-Dawson structure, respectively12 (see Figure
1b,c).

(7) (a)Electrochemical and Electrocatalytic Reactions of CO2; Sullivan,
B. P.; Ed.; Elsevier: Amsterdam, 1993. (b) Collin, J. P.; Sauvage, J.
P. Coord. Chem. ReV. 1989, 93, 245. (c) Sullivan, B. P.Platinum
Met. ReV. 1989, 33, 2. (d) Cheng, S. C.; Blaine, C. A.; Hill, M. G.;
Mann, K. R.Inorg. Chem.1996, 35, 7704. (e) Bhugun, I.; Lexa, D.;
Saveant, J. M.J. Am. Chem. Soc.1996, 118, 1769. (f) Haines, R. J.;
Wittrig, R. E.; Kubiak, C. P.Inorg. Chem.1994, 33, 4723. (g) Zhang,
J. J.; Pietro, W. J.; Lever, A. B. P.J. Electroanal. Chem.1996, 403,
93. (h) Lee, Y. F.; Kirchhoff, J. R.; Berger, R. M.; Gosztola, D.J.
Chem. Soc., Dalton Trans.1995, 22, 3677. (i) Toyohara, K.; Nagao,
H.; Mizukawa, T.; Tanaka, K.Inorg. Chem.1995, 34, 5399. (j) Steffey,
B. D.; Curtis, C. J.; Dubois, D. L.Organometallics1995, 14, 4937.
(k) Ogata, T.; Yanagida, S.; Brunschwig, B. S.; Fujita, E.J. Am. Chem.
Soc.1995, 117, 6708. (l) Arana, C.; Keshavarz, M.; Potts, K. T.;
Abruna, H. D.Inorg. Chim. Acta1994, 225, 285.

(8) Sullivan, B. P.; Bruce, M. R. M.; O’Toole, T. R.; Bolinger, C. M.;
Megehee, E.; Thorp, H.; Meyer, T. J. In ref 6d, Chapter 6, p 52.

(9) Simmons, V. E.; Baker, L. C. W.Proc. VII Intl. Conf. Coord. Chem.
Stockholm1962, 195.

(10) Baker, L. C. W.; Baker, V. S.; Eriks, K.; Pope, M. T.; Shibata, M.;
Rollins, O. W.; Fang, J. H.; Koh, L. L.J. Am. Chem. Soc.1966, 88,
2329.

(11) (a) Malik, S. A.; Weakley, T. J. R.J. Chem. Soc., Chem. Commun.
1967, 1094. (b) Weakley, T. J. R.; Malik, S. A.J. Inorg. Nucl. Chem.
1967, 29, 2935. (c) Malik, S. A.; Weakley, T. J. R.J. Chem. Soc. A
1968, 2647. (d) Tourne, C.; Tourne, G.; Malik, S. A.; Weakley, T. J.
R. J. Inorg. Nucl. Chem.1970, 32, 3875. (e) Weakely, T. J. R.J.
Chem. Soc., Dalton Trans.1973, 341. (f) Zonnevijlle, F.; Tourne, C.
M.; Tourne, G. F.Inorg. Chem.1982, 21, 2751. (g) Ortega, F.; Pope,
M. T. Inorg. Chem.1984, 23, 3292.

(12) (a) Contant, R.; Ciabrini, J.-P.J. Chem. Res., Synop.1977, 222; J.
Chem. Res., Miniprint1977, 2601. (b) Lyon, D. K.; Miller, W. K.;
Novet, T.; Domaille, P. J.; Evitt, E.; Johnson, D. C.; Finke, R. G.J.
Am. Chem. Soc.1991, 113, 7209.

Figure 1. Polyhedral representations of transition-metal-substituted
heteropolyanions examined in this study: (a)R-[XW11O39Z(H2O)]n-,
X ) P, Si, Ge, B and Z) Co2+, Mn2+, Ni2+, Cu2+, Mn3+; (b)
R2-[P2W17O61Z(H2O)]m-, Z ) Co2+, Mn2+, Ni2+, Cu2+, Mn3+; (c)
R1-[P2W17O61Z(H2O)]m-, Z ) Co2+; (d) [PW9O27CoII

4O14(H2O)2O27-
W9P]10-. Each vertex of a polyhedron locates an oxygen atom. A W
atom is within each white octahedron. Each (shaded) tetrahedron
contains heteroatom X. Each shaded octahedron contains the substituted
transition metal, Z.
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Other transition-metal-substituted heteropolyanions containing
two transition-metal-bound water molecules per heteropolyanion
were reported by Weakley et al.13 and by Finke et al.14 One of
these complexes containing cobalt has the formula [PW9O27-
CoII

4O14(H2O)2O27W9P]10- (see Figure 1d).
In 1984, Katsoulis and Pope2 demonstrated that transition-

metal-substituted heteropolyanions are easily transferred from
water to a variety of nonpolar solvents by using tetraheptylam-
monium bromide as a phase-transfer agent. They reported that
such polyanions show considerable (metalloporphyrin-like)
reactivity in nonaqueous solvents. A major feature of the new
chemistry is the facile loss of the coordinated water molecule(s),
which leads to coordinatively unsaturated sites on the surface
of the polyanion; e.g.

For metals such as Co(II) the process is readily detected
spectroscopically. The “hydrated” complex and similar anions
are pink or red, and the anhydrous complex and its analogues
(with pentacoordinated Co(II)) are green. The anhydrous HPA’s
react easily with a variety of ligands, such as alcohols,
acetonitrile, pyridine, chloride ion,sulfur dioxide, and dioxygen.
The interaction with SO2 and O2 has been investigated in detail
by Pope and Katsoulis. The IR evidence indicated a metal-to-
sulfur bond in the complexes with SO2.2b,c Multiple spectro-
scopic data were used to demonstrate that a weak dioxygen
adduct is stabilized by a hydrogen-bonded water molecule.2d

The data reported in this paper demonstrate that TMS HPA’s
in nonpolar solvents react readily with carbon dioxide, forming
complexes similar in certain characteristics to complexes with
dioxygen reported by Pope and Katsoulis.

Experimental Section

Materials. HPLC grade nonpolar solvents toluene, dichloromethane,
chloroform, and carbon tetrachloride were purchased from Aldrich.
Toluene was distilled over sodium/benzophenone, and dichloromethane,
chloroform, and carbon tetrachloride were distilled over calcium
hydride. All solvents were stored under nitrogen, over molecular sieves.
The water content in dried solvents was typically less than 1 mM.
Potassium salts of transition-metal-substituted Keggin, Wells-Dawson,
and Weakley and Finke complexes were prepared according to the
methods published previously.11-14 The IR and UV/vis spectra and
cyclic voltammograms agreed with the data reported in the literature.11-14

The phase transfer agent, tetraheptylammonium bromide, was obtained
from Aldrich. Tetrabutylammonium bicarbonate (TBAHCO3) was
prepared according to the method described previously15 by bubbling
CO2 gas through a methanolic solution ofn-Bu4NOH and then drying
under vacuum at temperatures below 40°C. The solution of this
compound in toluene gave a13C NMR signal at 162 ppm, as expected
for a bicarbonate.16 “Bone dry” grade carbon dioxide gas (Linde,
99.8%) and extra dry nitrogen gas (Linde, 99.7%) were used without
further purification. For the experiments that required drier conditions,
CO2 gas was dried over P2O5 and distilled into the reaction vessel under
vacuum. Isotopically pure13CO2 and C18O2 were purchased from
Cambridge Isotope Laboratories in 1.0 L “break seal” flasks.

Most experiments were carried out on Schlenk double-manifold lines,
although certain experiments requiring extremely dry conditions (less
than 10 mM water) were performed on a high-vacuum line with an oil
diffusion pump.

Phase Transfer. A slight modification of the method introduced
by Katsoulis and Pope2 was used. Typically, an unbuffered 10 mM
aqueous solution of the potassium salt of the heteropolyanion was
shaken briefly with an equal volume of the stoichiometric amount of
tetraheptylammonium bromide (THABr) in toluene. (The concentration
of THABr solution was 10x mM, wherex is the absolute value of the
negative charge on the HPA.) Since all the HPA’s were colored, it
was easy to observe the complete transfer from the aqueous to the
organic layer. After the two phases had been allowed to settle for 10
min, they were separated. The organic layer at this stage was
determined, via coulometric Karl Fisher titration, to contain between
20 and 25 water molecules per heteropolyanion. Next, the wet toluene
was removed by heating to 40°C under vacuum, and the dry solvent
(toluene, dichloromethane, chloroform, or carbon tetrachloride) was
added using either the cannula technique on a Schlenk line (typically
final water concentration was then 5 mM) or solvent distillation on
the high-vacuum line (final water concentration as low as 1 mM was
then possible). For the experiments with controlled amounts of water,
water (or wet solvent) was added using gastight syringes or was distilled
under vacuum into the reaction vessel.

Spectroscopy. UV/vis spectra were recorded using the HP 8452A
diode array spectrophotometer. Vibrational spectra were run using a
Nicolet Impact 410 FT IR spectrometer with KBr disks (for potassium
salts) and 0.0050 cm AgCl windows (for 50 mM solutions of THA
salts). The Bruker Avance 250 MHz spectrometer was used to record
13C NMR spectra. The NMR samples were prepared on a high-vacuum
line, by transferring13CO2 gas into HPA solutions in deuterated solvents,
using 10 mm tubes with J. Young valves. The spectra reported in
Figure 5 required 2000 scans.

Electrochemistry. Cyclic voltammetry was carried out on a PAR
273A potentiostat.

Water Measurements. Water was determined by coulometric Karl
Fischer titration using a Metrohm 684 KF coulometer filled with
Aquastar Coulomat single solution.

Magnetic Susceptibility. Magnetic susceptibility was measured in
solution by the Evans NMR method, using a modification introduced
by Kozik et al. in 1988.17 As usually used,1H NMR chemical shifts
are observed for a given H of a standard compound contained in solution
in two coaxial NMR tubes, the outside of which also contains, in the
solution, the compound of interest. Since the difference in chemical
shifts depends on the difference in volume susceptibilities for the two
solutions, the magnetic susceptibility of the subject compound is
calculable. Frequent sources of inaccuracies involve neglect of
corrections for density differences between the two solutions (especially
important for solutions of heteropoly species) and neglect of differences
in solvent concentrations. In this modification the unusual accuracy
in determining the differences in susceptibilities results from placing a
studied heteropoly compound in the outer tube and an equimolar
solution of its diamagnetic standard in the inner. This setup eliminates
the usual inaccuracies, as well as the relatively unpredictable diamag-
netic corrections for the heteropoly species. This modification made
possible the determination of excess diamagnetism of several two-
electron-reduced heteropolyanions over their oxidized parents. In the
present work the diamagnetic standard used wasR-[PW11O39ZnII]5-.
The 1H NMR reference material was TMS.

Reactions of CO2 with Heteropolytungstates. In a typical experi-
ment, gaseous CO2 was passed through the toluene, dichloromethane,
chloroform, or carbon terachloride solution containing 0.01 M het-
eropolyanion. If the anion reacted with CO2, a nearly instantaneous
color change occurred for all complexes except those containing Mn-
(II) (which remained orange-yellow). The visible spectra of the
complexes formed by TMS HPA’s and CO2 were recorded under a
CO2 atmosphere, using a specially designed UV/vis cell connected to

(13) (a) Weakley, T. J. R.; Evans, H. T., Jr.; Showell, J. S.; Tourne, G. F.;
Tourne, C. M.J. Chem. Soc., Chem. Commun.1973, 139. (b) Evans,
H. T.; Tourne, C. M.; Tourne, G. F.; Weakley, T. J. R.J. Chem. Soc.,
Dalton Trans.1986, 2699.

(14) (a) Finke, R. G.; Droege, M. W.Inorg. Chem.1983, 22, 1007. (b)
Finke, R. G.; Droege, M. W.; Domaille, P. J.Inorg. Chem.1987, 26,
3886.

(15) Silavwe, N. D.; Goldman, A. S.; Ritter, R.; Tyler, D. R.Inorg. Chem.
1989, 28, 1231.

(16) (a) Gordon, A. J., Ford, R. A.The Chemist’s Companion; Wiley: New
York, 1972. (b) Williams, T. J.; Henkens, R. W.Biochemistry1985,
24, 2459.

(17) Kozik, M.; Casan-Pastor, N.; Hammer, C. F.; Baker, L. C. W.J. Am.
Chem. Soc.1988, 110, 7697.

[SiW11O39Co(H2O)]6- a [SiW11O39Co(_)]6- + H2O
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the reaction flask. The experiment was repeated at 0.05 M HPA
concentration, and the solution IR spectra were recorded using AgCl
cells.

Results

A. General Observations. Reactivity of TMS HPA’s with
carbon dioxide in nonpolar solvents was investigated using a
set of HPA’s similar to, though more extensive than, the one
used by Katsoulis and Pope in their work with sulfur dioxide
and dioxygen.2 Three kinds of structures were examined. The
first two structures contain a single divalent or trivalent metal
ion in place of a tungsten atom in the Keggin or the Wells-
Dawson anion as a MO5(OH2) octahedron, while the third
structure contains two nonadjacent CoO5(OH2) octahedra. All
investigated complexes and their denotations in the following
text are as follows: (A) metal-substituted Keggin silicotungstates
[SiW11O39MII ]6- (MII ) Mn2+, Co2+, Ni2+, Cu2+) and
[SiW11O39MnIII ]5-, denotations SiW11MII 6- and SiW11MnIII 5-;
(B) metal-substituted Keggin germanotungstates [GeW11O39MII]6-

(MII ) Mn2+, Co2+, Ni2+), denotation GeW11MII 6-; (C) metal-
substituted Keggin phosphotungstates [PW11O39MII]5- (MII )
Mn2+, Co2+, Ni2+), denotation PW11MII 5-; (D) cobalt-
substituted Keggin borotungstate [BW11O39CoII]7-, denotation
BW11CoII 7- (E) metal-substituted Wells-Dawson phospho-
tungstatesR2-[P2W17O61MII]8- (MII ) Mn2+, Co2+, Ni2+, Cu2+),
R2-[P2W17O61MnIII ]7-, andR1-[P2W17O61CoII]8-, denotationsR2-
P2W17MII 8-, R2-P2W17MnIII 7-, andR1-P2W17CoII 8-; (F) Weak-
ley and Finke’s phosphotungstocobaltate [(PW9O34)2Co4]10-,
denotation (PW9)2Co4

10-.
The evidence for complex formation was a color change and

the appearance of two new vibrational frequencies, around 1675
and 1350 cm-1, after carbon dioxide gas was bubbled through
a solution of tetraheptylammonium salts of TMS HPA’s in
toluene, chloroform, dichloromethane, or carbon tetrachloride.
The only exceptions were Mn(II) derivatives; for these, IR
spectra alone were used, because the color change was not
noticeable, owing to no spin-allowed transitions for a low-field
d5 electron configuration. Figures 2 and 3 show visible and IR
spectra for cobalt-substituted silicotungstate, the compound for
which more detailed studies described later were performed.
For this compound the color changes are easily observed by
eye. The “hydrated” complex is orange-red, the “dry” complex
is green, and the “CO2” complex is burgundy red. Table 1
summarizes the results of reactivity for TMS HPA’s with carbon
dioxide and the electronic spectra observed for hydrated, dry,
and CO2 complexes. In addition to the two vibrations around
1675 and 1350 cm-1 that are observed only for TMS HPA’s
which react with CO2, the IR spectra of all tested compounds

contain a strong signal around 2335 cm-1, resulting from
dissolved CO2 gas.

When an excess of water is added to the heteropoly-CO2

complexes, the UV/vis spectra change to these of the original
hydrated complexes, matching the spectra immediately after the
transfer from water to the nonpolar solvent. The same spectral
change is observed when the heteropoly-CO2 complexes are
exposed to air for several hours.

The following reactivity patterns have been observed. Mn-
(II)-, Co(II)-, and Ni(II)-substituted Keggin silico- and ger-
manotungstates (SiW11MnII 6-, SiW11CoII 6-, SiW11NiII 6-,
GeW11MnII 6-, GeW11CoII 6-, GeW11NiII 6-) react with carbon
dioxide, while Cu(II)- and Mn(III)-substituted silicotungstates
(SiW11CuII 6- and SiW11MnIII 5-), a Co(II)-substituted boro-
tungstate (BW11CoII 7-), and all tested Keggin phosphotungstates
(PW11MnII 5-, PW11CoII 5-, and PW11NiII 5-) do not. Of all
studied Wells-Dawson substituted phosphotungstates,R2-
P2W17MnII 8-, R2-P2W17CoII 8-, andR2-P2W17NiII 8- do react,
while R2-P2W17CuII 8- andR2-P2W17MnIII 7- as well as theR1

isomer of the Co(II) derivative do not. The only tested Weakley
and Finke compound, [(PW9O34)2Co4]10-, was found not to react
with CO2.

For TMS HPA’s that did form complexes with CO2, the
reactions were found to be completely reversible in all four
investigated solvents. Bubbling nitrogen or evacuating the
solutions yielded the original dry pentacoordinate spectra.
Similar studies by Pope and Katsoulis concerning SO2 and O2

reactivity under the same conditions revealed that all of the listed
compounds reacted with SO2, but only two complexes
([XW11O39MnII]6-, where X ) Si, Ge) reacted with O2.2 In
addition, reactions with SO2 were found to be irreversible
(except for the Weakley and Finke complex), while reactions
with dioxygen were fully reversible.

When the solutions of complexes formed between het-
eropolyanions and CO2 are heated, their colors revert to those
of the original dry pentacoordinate species, indicating the loss
of coordinated CO2. This process is fully reversible, and the

Figure 2. Visible spectra of tetraheptylammonium salts of (a)
R-[SiW11O39Co(OH2)]6-, (b)R-[SiW11O39Co(_)]6-, and (c)R-[SiW11O39-
Co(CO2)]6- in toluene.

Figure 3. (a) Infrared spectrum of the tetraheptylammonium salt of
R-[SiW11O39Co(CO2)]6- in CCl4. Two peaks marked with arrows appear
after the CO2 is bubbled, and they are assigned to vibrations of CO2

complexed to cobalt. (b) Difference spectrum betweenR-[SiW11O39-
Co(CO2)]6- and R-[SiW11O39Co(-)]6-. The peak at 2335 cm-1

originates from CO2 gas dissolved in the solvent.
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colors of CO2 complexes return when the solutions are cooled.
Figure 4 demonstrates this thermochromic behavior for the
SiW11Co-CO2

6- complex. We discovered that it is possible
to match the observed spectra with computer-generated linear
combinations of observed spectra for the dry and CO2 complex
from Figure 2. The results of the computer fits are reported in
Figure 4 as percentages of CO2 complexes in the computer fit.

B. More Detailed Studies withr-[SiW11O39CoII ]6-. More
detailed studies were performed for the cobalt-substituted
Keggin silicotungstate SiW11Co6-, owing to its very significant
changes in UV/vis spectra on CO2 complexation, very effective
purification, and favorable electronic relaxation times for
characterization by NMR of paramagnetic cobalt18 in heteropoly
complexes.19

1. Role of Water. Experiments performed on a high-
vacuum line revealed that a certain amount of water is necessary
for SiW11Co6- to react with CO2. To determine the exact
amount of water required for the reaction, absorbance at 556
nm was monitored as a function of water concentration. Starting
with a very dry solution with a water-to-HPA ratio of 1:10,
water was continuously added to the solution until the absor-
bance value reached a maximum. Interestingly, the amount of
required water changes with the concentration of SiW11Co6-.
We tested solutions with HPA concentrations of 5, 10, 50, 100,
and 200 mM. The required concentrations of water for full
reaction were 8, 10, 30, 40, and 50 mM, respectively. Therefore,
the ratio of water to HPA changes from 1.6:1 to 1:4 as the
concentration of SiW11Co6- increases from 5 to 200 mM.

It was also discovered that the reactions of SiW11Co6- with
CO2 do take place in very dry solutions (ratio of H2O to
SiW11Co6- less than 1:10), in the presence of methyl or ethyl
alcohol. The electronic and IR spectra of CO2 complexes
prepared in the presence of alcohol are identical with the spectra
recorded in the presence of the required amount of water.

2. Other Ligands. There is no reaction of SiW11Co6- with
dimethyl and diethyl carbonate. The visible spectra of SiW11Co6-

in these solvents are identical with those of the dry pentacoor-
dinate species. Addition of water to these solutions leads to
the hydrated species. In addition, SiW11Co6- does not react
with dry diethyl pyrocarbonate (acid anhydride of the monoethyl
ester of carbonic acid). Addition of water to that solution leads
to decomposition of the heteropoly complex. Another very
important observation is that SiW11Co6- does not react with

tetrabutylammonium bicarbonate, even when a very large excess
of TBAHCO3 is used and the temperature is lowered to-80
°C.

3. 13C NMR Data. Figure 5 shows the low-field fragments
(500-1000 ppm) of the13C NMR spectra for SiW11Co6- in
toluene, after the reaction with13CO2 in the presence of a small
amount of water (H2O:Co ) 1:1) with temperatures ranging
from -40 to 35°C. Each spectrum has three new signals not
seen before bubbling carbon dioxide. One peak at 125 ppm
(not included in Figure 5) with a line width of less than 5 Hz
is assigned as originating from13CO2 dissolved in the solvent.16

Two other signals, whose chemical shifts and line widths are
very sensitive to temperature, are shifted considerably downfield
to 792 ppm (∆1/2 ) 400 Hz) and 596 ppm (∆1/2 ) 1000 Hz) at
room temperature. These signals are assigned as originating
from carbon atoms in a paramagnetic environment. The line
widths of both signals decrease as the temperature increases
from -40 to 0°C (from 1550 to 200 Hz and from 1500 to 200
Hz for the downfield and upfield peaks, respectively), but that
relationship inverts at higher temperatures. In the temperature
range from 0 to 35°C the line widths increase with temperature
(from 200 to 800 Hz and from 200 to 1600 Hz for the downfield
and upfield peaks, respectively). The downfield peak has a
larger integration at all temperatures. The integration ratio of
these two signals remains relatively constant in the temperature
range from-40 to 10°C (I1/I2 ) 1.3), but it increases to almost
3.0 as the temperature increases to 35°C. See Table 2 for the
summary of these NMR data. Integration ratios and line widths
are difficult to determine above 40°C, owing to the significant
decrease in signal-to-noise ratio caused by further increase in
the line widths and the decomposition of the CO2 complex to
the dry complex. Adding water lowers the total integration of
the signals, but the integration ratio is not affected.

The same spectra taken in the presence of methyl or ethyl
alcohol have only two new signals; one at 125 ppm (dissolved
CO2) and one in the paramagnetic region, with a chemical shift
of 770 ppm at room temperature. The chemical shift of the
paramagnetic signal changes from 930 ppm at-30 °C to 745
ppm at 40°C. The line width of this signal changes from 400
Hz at-30 °C to 650 Hz at 40°C. As in the presence of water,
the signal-to-noise ratio decreases considerably at temperatures
above 40°C.

(18) Drago, R. S.Physical Methods in Chemistry; Saunders: Philadelphia,
1977; p 437.

(19) Jorris, T. L.; Kozik, M.; Casan-Pastor, N.; Domaille, P. J.; Miller, W.
K.; Baker, L. C. W.J. Am. Chem. Soc.1987, 109, 7402.

Figure 4. Visible spectra ofR-[SiW11O39Co(CO2)]6- in toluene vs
temperature. Letters correspond to temperature (°C) and percent reacted,
as follows: (a) 0°C, 100%; (b) 10°C, 99%; (c) 20°C, 97%; (d) 30
°C, 94%; (e) 40°C, 91%; (f) 50°C, 87%; (g) 60°C, 80%; (h) 70°C,
71%; (i) 80°C, 60%; (j) 90°C, 47%; (k) unreacted.

Figure 5. 13C NMR spectra of 0.1 MR-[SiW11O39Co(CO2)]6- in
toluene at temperatures from-40 °C to +35 °C.
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4. Vibrational Spectra with Isotopically Enriched 13CO2

and C18O2. The vibrational frequency observed at 1347 cm-1

for the complex with natural abundance CO2 was shifted to 1340
cm-1 for 13CO2 and to 1331 cm-1 for C18O2, while the peak at
1673 cm-1 was shifted to 1633 and 1657 cm-1, respectively.

5. Magnetic Susceptibility. Magnetic moments determined
by Evans methods were 4.7, 4.6, and 4.6 for “hydrated”, “dry”,
and “CO2” complex, respectively.

Discussion

A. Reactions with CO2. There is no doubt that certain
transition-metal-substituted heteropolytungstates in nonpolar
solvents form complexes with carbon dioxide. This statement
is supported by changes in electronic and IR spectra and new
13C NMR signals in the paramagnetic region for SiW11Co6-.
The electronic spectra of new CO2 complexes are similar to,
but not identical with, those of aqua anions and are consistent
with the attachment of the CO2 ligand to the vacant coordination
position.2c The reactions are fully reversible and are temper-
ature-dependent. The temperature dependence of electronic
spectra and the presence of the isosbestic point (see Figure 3)

indicate the existence of two species at equilibrium: the dry
pentacoordinate complex of the substituted transition metal and
its hexacoordinate analogue, in which carbon dioxide fills the
empty coordination site. It is possible to determine the
percentages of both species at various temperatures by fitting
the observed spectra with a linear combination of spectra for
dry and CO2 complexes. Excellent fits are obtained. The
contribution of the CO2 complex to the linear combinations at
various temperatures is listed in the caption of Figure 4.

On the basis of reported data, it appears that no copper(II)-
or manganese(III)-substituted HPA’s react with CO2, while the
reactivity of cobalt(II), nickel(II), and manganese(II) complexes
depends on the heteroatom and the geometry of the complex.
Germano- and silicotungstates with theR-Keggin structure
substituted with these three metals favor complex formation,
while boro- and phosphotungstates are unreactive. However,
R2 isomers of Wells-Dawson phosphotungstates show reactivity
similar to that of R-Keggin silicotungstates; i.e., cobalt(II),
nickel(II), and manganese(II) derivatives do react with CO2. On
the other hand, theR1 isomer of P2W17Co behaves similarly to
R-PW11Co and does not react with CO2.

B. Structural Features of New Complexes. In general,
reactions of transition-metal compounds with carbon dioxide
can lead to many different types of structures: from classical
carbonato (or bicarbonato) complexes to “real” CO2 complexes.
We have excluded any other complexes that would require
oxidation state changes in the complexation, i.e., oxalates,
formates, or other carboxylate complexes. We justify this
conclusion by noting that there is no magnetic moment change
for SiW11Co6- after CO2 complexation, indicating no change
in the oxidation state for cobalt. Also excluded is the possibility
that carbon dioxide does not bind to the transition metal but to
the basic surface oxygen atoms, because neither unsubstituted

Table 1. Solution Visible Spectra (nm) of Heteropolyanion-Aquo, Dry Heteropolyanions, and Heteropolyanion-CO2 Complexes in Toluenea

anion type mol formula
hydrated heteropolyanion

MO5(H2O)
dry heteropolyanion

MO5

complex
with CO2

R-Keggin
silicotungstate

R-[SiW11O39CoII]6- 494 (55), 520 (59), 538 (59)b 548 (57), 586 (78), 617 (44) sh,
744 (7.1)b

502 (80), 556 (120) broad

R-[SiW11O39MnII]6- no peaks obsdb no peaks obsdb no peaks obsd, complex formsc

R-[SiW11O39NiII]6- 700 (7), 704 (6) shb,d 710 (5.1) v broad 708 (7); 760 (6.8) v broad
R-[SiW11O39CuII]6- loss of water on transferb 712 (17) broadb no reacn
R-[SiW11O39MnIII ]5- 514 (156), 540 (140) sh e no reacn

R-Keggin
germanotungstate

R-[GeW11O39CoII]6- 496 (56), 520 (60), 540 (60) 546 (40), 588 (78), 617 (45) sh,
750 (8)

494 (55), 576 (82) broad

R-[GeW11O39MnII]6- no peaks obsd no peaks obsd no peaks obsd, complex formsc

R-[GeW11O39NiII]6- 750 (3) v broad 488 (3.5) sh, 732 (3.1) broad 712 (4.8), 790 (5.6)
R-Keggin

phosophotungstate
R-[PW11O39CoII]5- 496 (87) sh, 518 (110),

542 (107), 604 (91)
530 (70) sh, 546 (80), 612 (76)f no reacn

R-[PW11O39MnII]5- no peaks obsdb no peaks obsdb no peaks obsd, no reacnc

R-[PW11O39NiII]5- 720 (1.5) v broad no peaks obsd no reacnc

R-Keggin
borotungstate

R-[BW11O39CoII]7- 546 (39), 580 (37), 612 (27) sh 552 (51), 590 (80), 610 (75) sh,
764 (20)b

no reacn

Wells-Dawson
phosphotungstate

R2-[P2W17O61CoII]8- 490 (52) sh, 520 (48), 540 (46)b 545 (60), 594 (70)b 562 (90) broad

R1-[P2W17O61CoII]8- 500 (54) sh, 546 (50) 546 (55), 596 (96), 756 (17)
broad

no reacn

R2-[P2W17O61MnII]8- no peaks obsd no peaks obsd no peaks obsd, complex formsc

R2-[P2W17O61NiII]8- 698 (5) broad, 780 (4) sh 738 (6) broad 712 (8) broad, 786 (9) broad
R2-[P2W17O61CuII]8- loss of water on transfer 700 (35) broad no reacn
R2-[P2W17O61MnIII ]7- 458 (320) e no reacn

Weakley and Finke
phosphotungsto-
cobaltate

R-[PW9(O34)2CoII
4]10- 500 (60) sh, 560 (98) broadb,g 516 (54) sh, 550 (102),

576 (110) sh, 600 (116)b,h
no reacn

a Molar extinction coefficients are given in parentheses.b The same as reported in refs 2b,c.c Based on IR spectrum.d sh ) shoulder.e No
change in spectrum upon drying indicates no loss of water in toluene.f Mixture of six- and five-coordinate species, as reported also in ref 2b.g Two
out of four cobalt atoms in the structure are CoO5(H2O), and the other two are CoO6. h Two out of four cobalt atoms in the structure are CoO5, and
the other two are CoO6.

Table 2. 13C NMR Data in Toluene for Complexes Formed
betweenR-[SiW11O39CoII]6- and CO2 in the Presence of Water

chem shift (ppm) line width (Hz)
temp
(°C) δ1 δ2 (∆ν1/2)1 (∆ν1/2)2

integration
ratio I1/I2

35 765 583 800 1600 2.8
26 792 596 400 1000 1.6
10 833 616 250 380 1.3
0 861 630 200 200 1.3

-10 890 644 290 253 1.3
-20 930 660 370 300 1.3
-30 958 675 800 650 1.3
-40 1010 697 1550 1500 1.3
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nor lacunary HPA’s react with carbon dioxide, as indicated by
no changes in their IR spectra, after CO2 is bubbled. In addition,
the complexes with CO2 form in the presence of a 3:1 excess
of triflic acid, when the most basic surface oxygens become
protonated. Figure 6 shows three possible structures of real
CO2 complexes, as well as carbonato and bicarbonato com-
plexes.

All investigated complexes of the heteropolyanions with
carbon dioxide show two new absorptions in IR spectra, one
around 1673 cm-1 (1672-1675 cm-1) and the second one a
round 1349 cm-1 (1348-1350 cm-1). Comparison of these
absorptions with literature data reveals that they could be
assigned most likely as originating from either real metal-CO2

or metal-bicarbonato complexes.20a,21

Recently, Masceti et al.20 developed vibrational spectroscopic
criteria for the assignment of structure in CO2 complexes.
According to this work, there are two vibrations in CO2

complexes with metals that should be considered. They are
referred to asν1 andν3, symmetric and asymmetric stretching
modes, and∑∆ν represents the sum of the frequency shifts
observed in theν1 andν3 modes in the labeled complexes (13CO2

and C18O2). The following relationships were developed.
(a) The C-coordination mode is characterized by small

splittings of theν1 andν3 modes (ν3 - ν1 e 400 cm-1); ∑∆ν-
(13C) g ∑∆ν(18O) with 60 < ∑∆ν(18O) < 70 cm-1.

(b) For the end-on coordination modeν3 - ν1 is very large
(>400 cm-1) and isotropic shifts by18O are very large as well;
∑∆ν(13C) < ∑∆ν(18O) and∑∆ν(18O) > 70 cm-1.

(c) For the complexes with the side-on coordination mode
ν3 - ν1 is of the same order of magnitude as the end-on mode,
but the relationship between isotropic frequency shifts is
reversed;∑∆ν(13C) g ∑∆ν(18O) and∑∆ν(18O) e 60 cm-1.

Unfortunately, no similar research was performed for car-
bonato or bicarbonato complexes. Data reported in the literature
concerning isotopic labeling for bicarbonato complexes include
13C but not18O labeling.22

Infrared data for complexes formed by CO2 and SiW11Co6-

show a relatively small splitting betweenν3 andν1 (324 cm-1)
and∑∆ν(13C) g ∑∆ν(18O) (47g 32). These two observations
support theη1(C) coordination mode in the real CO2 complex.
According to Mascetti et al. that bonding mode should also be
characterized by 60< ∑∆ν(18O) < 70 cm-1. However, the
observed value is only 32 cm-1. It is possible that the presence
of hydrogen bonding involving oxygen atoms from CO2 (vide
infra) could affect the latter value significantly. However, no
supporting data are present in the literature. The IR data
including isotopic13C labeling for H-bonded CO2 complexes23

do not include any C18O2 studies.
Formation of CO2 complexes with TMS HPA’s requires some

presence of water (or alcohols). We considered the following
three hypotheses to explain this observation: (1) the complexes
formed are really carbonato or bicarbonato compounds (alkyl
carbonato in the presence of alcohols); (2) water (or alcohol)
serves as a bridging ligand, and (3) water (or alcohol) is used
for hydrogen bonding.

To investigate the first possibility (formation of carbonato
or bicarbonato complexes), we attempted the preparation of real
bicarbonato complexes by two different procedures. First,
SiW11Co6- was reacted with TBAHCO3 in toluene. The
solution remained green, indicating no reaction, even when a
20-fold excess of bicarbonate was added and the temperature
was lowered to-80 °C. Similarly, no reaction was observed
with SiW11Co6- and the neat dry acid anhydride of monoethyl
ester of carbonic acid, the reagent used successfully in the past
to prepare alkyl carbonato complexes.24 When water was added
to these solutions, the HPA was decomposed, indicating acid
hydrolysis of HPA by ethylcarbonic acid. In addition, there
was no reaction between SiW11Co6- and dimethyl and dialkyl
carbonates. Another important observation is that vibrational
frequencies of CO2 complex with SiW11Co6- do not change
when alcohol replaces water. If the complexes formed in the
presence of water and alcohol were bicarbonato and alkyl
carbonato complexes, respectively, the vibrational frequencies
would not be identical. Signals for bicarbonato and alkyl
carbonato complexes of the same metal in an identical coordina-
tion environment reported in the literature differ by 15 cm-1.24

On the basis of all of these observations, it seems very
unlikely that the compounds prepared by reactions of carbon
dioxide with TMS HPA’s are either carbonato or bicarbonato
complexes.

The possibility that water is a bridging ligand is rejected on
the basis of the magnetic susceptibility measurements in
solution. The magnetic moments of hydrated SiW11Co6-, dry
SiW11Co6-, and SiW11Co6- complexed with CO2 have almost
identical values: 4.7, 4.6, and 4.6, respectively. If two cobalt
centers were bridged by a water molecule, then significant
antiferromagnetic electron pairing would be expected, leading
to lowering of the magnetic moment either when the complex
is dried or when it is reacted with CO2.

Therefore, we propose the hypothesis that water (or alcohol)
is used to stabilize the CO2 complex by hydrogen bonding. In
fact, hydrogen bonding was also proposed by Katsoulis and
Pope2d to explain a similar water requirement for complex
formation between SiW11Mn6- and dioxygen in toluene.

(20) (a) Mascetti, J.; Tranquille, M.J. Phys. Chem.1988, 92, 2177. (b)
Jegat, C.; Fouassier, M.; Mascetti, J.Inorg. Chem.1991, 30, 1521.
(c) Jegat, C.; Fouassier, M.; Tranquille, M.; Mascetti, J.Inorg. Chem.
1991, 30, 1529. (d) Jegat, C.; Fouassier, M.; Tranquille, M.; Mascetti,
J.; Tommasi, I.; Aresta, M.; Ingold, F.; Dedieu, A.Inorg. Chem.1993,
32, 1279.

(21) Palmer, D. A.; van Eldik, R.Chem. ReV. 1983, 83, 651.

(22) Yoshida, T.; Thorn, D. L.; Okano, T.; Ibers, J. A.; Otsuka, S.J. Am.
Chem. Soc.1979, 101, 4212.

(23) Fujita, E.; Creutz, C.; Sutin, N.; Brunschwig, B. S.Inorg. Chem.1993,
32, 2657.

(24) Looney A.; Parkin, G.; Alsfasser, R.; Ruf, M.; Vahrenkamp, H.Angew.
Chem., Int. Ed. Engl.1992, 31, 92.

Figure 6. Possible binding modes with transition metals for CO2 (a-
c), monodentate carbonate (d), and bicarbonate complexes (e).
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Oxygen atoms from coordinated CO2 should be even more
suitable for H-bonding than coordinated dioxygen.

Additional information concerning the bonding between CO2

and cobalt is obtained from13C NMR spectra. Three new
signals are observed in the13C NMR spectrum after CO2 gas is
reacted with SiW11Co6-. One of these peaks, located at 125
ppm, is easily assigned to CO2 gas dissolved in the solvent.16

Interestingly, there is no other new peak in the diamagnetic
region, indicating that there is no free bicarbonate or carbonate
present in solution. Carbon dioxide is the only diamagnetic
carbon-containing species (except tetraheptylammonium groups
and the solvent) present in solution. In addition to the signal
at 125 ppm, there are two different13C NMR signals in the
paramagnetic region of the spectrum when water is present, but
only one in the presence of alcohol. Since the IR spectrum
indicates only one kind of bonded CO2, we postulate that both
of these NMR signals represent CO2 bound to cobalt and
H-bonded to water at the same time. The only difference
between the bondings is in the type of hydrogen bonding. One
of the signals represents CO2 bound to water using two hydrogen
atoms for H-bonding, while the other one requires only one H
atom from water or alcohol. Figure 7 shows four hypothetical
ways in which a water molecule could H-bond with a complexed
CO2 molecule, using both of its hydrogens. Structures c and d
contain water as a part of an extended bridge between two cobalt
centers. This is not inconsistent with our previous statement
concerning exclusion of water as a bridging ligand, on the basis
of magnetic moments measurements. In Figure 7c,d the cobalt
atoms are separated by six covalent and two hydrogen bonds,
a highly unlikely situation for any significant antiferromagnetic
coupling. Figure 8 shows two hypothetical structures in which
only one atom of hydrogen from water molecule (or from an
alcohol) is utilized for hydrogen bonding.

It is important to consider the reasons for stabilization of these
CO2 complexes by hydrogen bonding. They could be related
to “anchoring” CO2 to the heteropolyanion (Figure 7a), similarly
to the structures reported for cobalt tetraaza macrocyclic
complexes,23 to stable ring formation (Figure 7b), or simply to
the stabilization of a “bent” polar CO2 molecule in the
environment of the ion pair formed by HPA and tetrahepty-
lammonium cations (the rest of the structures in Figures 7 and
8). The last possibility would explain why the water require-
ment is concentration-dependent. It is possible that as the
concentration of the heteropoly complex increases, the structures
of ion pairs change, affecting the environment within the ion
pairs and subsequently the number of water molecules required
to stabilize the CO2 complex by H-bonding. In fact, it is highly
likely that, depending on water concentration, the ion pairs
between THA cations and HPA anions involve aggregates of
various sizes, i.e., more than one HPA anion surrounded by
THA cations.

The fact that the line widths for the two paramagnetic signals
in the presence of water decrease with increasing temperature
at lower temperatures, but that the trend is reversed at higher
temperatures, clearly indicates that the two species are exchang-
ing with each other.25 Since the diamagnetic CO2 signal remains
narrow, the dissolved CO2 does not participate in this exchange.
There is considerably slower, if any, chemical exchange in the
presence of alcohol. The line width of this signal is comparable
to the line widths of two signals in the presence of water at
lower temperatures, but it is much smaller at higher tempera-
tures. The chemical shifts of both broad signals change with
temperature, as expected for the paramagnetic species.

Conclusions

Multiple spectroscopic evidence indicates that certain transi-
tion-metal-substituted heteropolyanions react with carbon di-
oxide, forming reversible complexes. Our data support the
hypothesis that these complexes are “real” CO2 complexes with
a direct η1 metal-carbon bond. However, since we were
unsuccessful in obtaining crystalline samples in the solid state
of any of these complexes, our hypothesis cannot be confirmed
by X-ray crystallography. In fact, it may be impossible ever
to obtain crystals for these very bulky tetraheptylammonium
cations.

Comparison of our data with the data reported by Pope et al.
for reactions of TMS HPA’s in nonpolar solvents with dioxygen
and sulfur dioxide reveals a striking similarity between CO2

data and the data for dioxygen.2 In both cases the reactions
are fully reversible and they both require the presence of water,

(25) La Mar, G. N., Horrocks, W. D., Jr., Holm, R. H., Eds.NMR of
Paramagnetic Molecules; Academic Press: New York, 1973; Chapters
2 and 8.

Figure 7. Proposed hypothetical bonding modes for CO2 with cobalt
in R-[SiW11O39Co(CO2)]6-, stabilized by hydrogen bonding utilizing
both hydrogen atoms from water.

Figure 8. Proposed hypothetical bonding modes for CO2 with cobalt
in R-[SiW11O39Co(CO2)]6-, stabilized by hydrogen bonding utilizing
one hydrogen atom from water or alcohol.
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supposedly for hydrogen bonding. The reactions with SO2 gas
are irreversible for almost all HPA’s, and they do not require
the presence of water.

The reactivity pattern is not very well understood at this time.
Clearly there must be a very delicate balance between the facility
with which the terminal water ligand on the substituted transition
metal is lost, the redox potential of the substituted metal, and
the detailed geometry around the metal. The fact that the water
ligand cannot be complexed too tightly to the metal for the
reaction to take place is clearly seen in the nonreactivity of Mn-
(III) complexes, in which it is impossible to create the
pentacoordinate environment around that metal. The importance
of the detailed geometry is demonstrated by the nonreactivity
of any of the Cu(II) derivatives, where a large Jahn-Teller
distortion is expected. Most likely, the combination of all three
effects determines the stability of a possible CO2 complex. A
very interesting observation concerns the reactivity of two
different isomers of the cobalt-substituted Wells-Dawson
complex. Of the two isomers, only one (R2) reacts with CO2.
This observation could be explained by assuming that there is
a real cobalt-carbon bond in the complex (supported also by
IR data), which would require a certain amount of back-bonding.
It was reported by Contant and Ciabrini12athat metals substituted
in the belt of the Wells-Dawson structure (R1 isomer) are easier
to reduce than metals substituted in the cap (R2 isomer).
Therefore, cobalt in theR1 isomer is more difficult to oxidize
than cobalt in theR2 isomer, which would make the back-
bonding more favorable for Co in theR2 isomer, leading to a
stronger cobalt-carbon bond.

Final Comments Concerning the NMR Data. The NMR
data presented in this paper deserve special comment. They

represent the first13C NMR signals ever reported for octahedral
paramagnetic Co(II) complexes, regardless of which structure
of the two considered in this paper is proposed. To the best of
our knowledge no13C NMR data exist in the literature for
carbonato, bicarbonato, or real CO2 complexes with Co(II). The
lack of data for the last group is not surprising, owing to the
small number of known CO2 complexes. In fact, only one
paramagnetic CO2 complex (with Ni(II)) has been reported to
date, although its13C NMR spectrum was not measured.26

There were attempts to record13C spectra for paramagnetic
cobalt-bicarbonato complexes in cobalt(II) human carbonic
anhydrase, but no direct signal for carbon in a paramagnetic
environment was ever detected.16b The conclusions in that work
were based on the effect that the paramagnetic cobalt has on
the line width of thediamagneticbicarbonate ion present in
solution, which is in exchange with the paramagnetic signal.
Therefore, the13C NMR data presented in this paper are highly
unique.
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