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Ten 1:1 and 2:1 complexes of [Mn(CO)3]+ and [Re(CO)3]+ with [Nb6O19]8- and [Ta6O19]8- have been isolated
as potassium salts in good yields and characterized by elemental analysis,17O NMR and infrared spectroscopy,
and single-crystal X-ray structure determinations. Crystal data for1 (t-Re2Ta6): empirical formula, K4Na2Re2C6-
Ta6O35H20, monoclinic, space group,C2/m, a ) 17.648(3) Å,b ) 10.056(1) Å,c ) 13.171(2) Å,â ) 112.531-
(2)°, Z ) 2. 2 (t-Re2Nb6): empirical formula, K6Re2C6Nb6O38H26, monoclinic, space group,C2/m, a ) 17.724(1)
Å, b ) 10.0664(6) Å,c ) 13.1965(7) Å,â ) 112.067(1)°, Z ) 2. 3 (t-Mn2Nb6): empirical formula, K6Mn2C6-
Nb6O37H24, monoclinic, space group,C2/m, a ) 17.812(2) Å,b ) 10.098(1) Å,c ) 13.109(2) Å,â ) 112.733-
(2)°, Z ) 2. 4 (c-Mn2Nb6): empirical formula, K6Mn2C6Nb6O50H50, triclinic, space group,P1h, a ) 10.2617(6)
Å, b ) 13.4198(8) Å,c ) 21.411(1) Å,R ) 72.738(1)°, â ) 112.067(1)°, γ ) 83.501(1)°, Z ) 2. 5 (c-Re2Nb6):
empirical formula, K6Re2C6Nb6O54H58, monoclinic, space group,P21/c, a ) 21.687(2) Å,b ) 10.3085(9) Å,
c ) 26.780(2) Å,â ) 108.787(1)°, Z ) 4. The complexes contain M(CO)3 groups attached to the surface bridging
oxygen atoms of the hexametalate anions to yield structures of nominalC3V (1:1), D3d (trans 2:1), andC2V (cis
2:1) symmetry. The syntheses are carried out in aqueous solution or by aqueous hydrothermal methods, and the
complexes have remarkably high thermal, redox, and hydrolytic stabilities. The Re-containing compounds are
stable to 400-450 °C, at which point CO loss occurs. The Mn compounds lose CO at temperatures above 200
°C. Cyclic voltammetry of all complexes in 0.1 M sodium acetate show no redox behavior, except an irreversible
oxidation process at∼1.0 V vs Ag/AgCl. In contrast to the parent hexametalate anions that are stable only in
alkaline (pH>10) solution, the new complexes are stable, at least kinetically, between pH 4 and pΗ ∼12.

Introduction

Polyoxometalates constitute a large class of inorganic com-
plexes of great versatility and variety that are receiving much
current attention.1 We have recently been investigating poly-
oxotungstate complexes with lanthanides and actinides in
connection with possible applications in the sequestration and
immobilization of these species in nuclear wastes. Although
polytungstates are thermally stable and radiation-resistant, their
instability in highly alkaline solutions renders them inappropriate
for certain waste streams, e.g., alkaline tank wastes at Hanford,
WA.2 In contrast, polyoxoanions of niobium and tantalum are
stable only in basic media (pH>10). We report here the high-
yield synthesis and characterization of very stable derivatives
of these anions with Mn(CO)3

+ and Re(CO)3+. The new
complexes can be regarded as surrogates for corresponding
technetium species, which will be reported elsewhere, and can
provide routes to a solution of the problems associated with
immobilization of99Tc (t1/2 ∼2 × 105 yr)3.

With the exception of polyoxoanions incorporating Nb or Ta
atoms in place of one or more W atoms,4 there are very few
reported examples of heteropolyniobates5 and no reported
examples of heteropolytantalates. Flynn determined the structure
of [Mn(Nb6O19)2]12- and the Ni(IV) analog6 and described

complexes believed to be [Co(en)(H2O)(Nb6O19)]5- and
[Cr(en)(H2O)-
(Nb6O19)].5-7 A large composite polyoxoanion containing
hexaniobate subunits, [{Eu3O(OH)3(OH2)3}2Al2(Nb6O19)5]26-,
has been reported by Yamase.8

Experimental Section

Syntheses.Potassium hexaniobate, K7HNb6O19‚13H2O (Nb6) and
potassium hexatantalate, K8Ta6O19‚17H2O (Ta6) were prepared by
literature methods9 and characterized by infrared spectroscopy and17O
NMR spectroscopy. Nb6 IR (cm-1): 856 (vs), 777 (s), 669 (s), 528
(s), 418 (vs).17O NMR (ppm): 26 (O(M6), A); 395 (O(M2), B); 600
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(O(M), C). Ta6 IR (cm-1): 854 (s), 837 (s), 700 (s), 536 (s).17O NMR
(ppm):-34 (O(M6), A); 331 (O(M2), B); 483 (O(M), C). Sodium salt
of Nb6 was obtained from a solution of the potassium salt by
precipitation with 5 M NaCl. Dirhenium decacarbonyl, Re2(CO)10, and
pentacarbonylbromomanganese, Mn(CO)5Br, were purchased from
Aldrich and used without further purification. Pentacarbonylbromo-
rhenium, Re(CO)5Br, triscarbonyltrisacetonitrilerhenium perchlorate,
[Re(CO)3(CH3CN)3]ClO4, and triscarbonyltrisacetonitrilemanganese
perchlorate, [Mn(CO)3(CH3CN)3]ClO4, were prepared by literature
methods10 and characterized by infrared spectroscopy and17O NMR
spectroscopy. Re(CO)5Br IR (cm-1): 2151 (m), 2059 (vs), 2035 (vs),
1974 (vs), 1964 (vs), 1122 (m), 1109 (w), 1004 (vw), 939 (vw), 912
(vw), 588 (vs), 553 (m).17O NMR (CD3CN) (ppm): 357(sh), 356, 338
(CO). [Re(CO)3(CH3CN)3]ClO4 IR (cm-1): 2364 (w), 2327 (w), 2298
(w), 2045 (vs), 1934 (vs), 1419 (w), 1369 (w), 1143 (sh), 1091 (vs),
1035 (w), 910 (w), 648 (sh), 625 (s), 588 (m), 540 (w), 482 (w).17O
NMR (CD3CN) (ppm): 342 (CO). [Mn(CO)3(CH3CN)3]ClO4 IR (cm-1):
2364 (w), 2327 (w), 2300 (w), 2057 (vs), 1959 (vs), 1423 (w), 1373

(w), 1093 (vs), 1037 (m), 681 (m), 625 (s), 528 (m), 457 (m).17O
NMR (CD3CN) (ppm): 389 (CO).

K7[Re(CO)3Nb6O19] (ReNb6). Deionized water was used throughout
all syntheses. One millimole (0.4067 g) of Re(CO)5Br was added to a
solution of 1.37 g (1 mmol) of Nb6 in 2 mL of water contained in a
Teflon-lined Parr acid digestion bomb, the bomb was sealed, and the
mixture was heated to 130°C for 17 h. After being cooled, the resulting
mixture, about 10 mg of insoluble unreacted Re(CO)5Br, was filtered
off and addition of 15 mL of ethanol to the filtrate (Vadjusted) 5 mL)
yielded 1.19 g (71%) of crude product. The impurity, about 10% of
trans-K6[{Re(CO)3}2Nb6O19] (t-Re2Nb6) was removed by dissolving
the solid in 2.5 mL of water and adding 3 mL 5 M NaCl to precipitate
pure ReNb6. Anal. Calcd for Na7[Re(CO)3Nb6O19]‚9H2O: Na, 12.1
(11.06); Re, 12.7 (12.8); Nb, 37.3 (38.3); C, 2.52 (2.47).

K7[Re(CO)3Ta6O19] (ReTa6). One-half millimole (0.1809 g) of
[Re(CO)3(CH3CN)3]ClO4 was dissolved into a solution of 1.0038 g (0.5
mmol) of Ta6 in 10 mL of water, which had previously been deaerated
with a stream of N2 for 20 min. The reaction mixture, in a 100-mL
single-necked flask fitted with a reflux condenser, was heated to 60
°C under a positive pressure of N2 for 2.5 h. After being cooled, 60
mg of white insoluble material was filtered off, and addition of 15 mL
of ethanol to the filtrate (Vadjusted) 15 mL) yielded 0.70 g (64%) of
product. Anal. Calcd for K7[Re(CO)3Ta6O19]‚9H2O: K, 12.7 (13.1);
Re, 9.10 (8.90); Ta, 50.2 (51.8); C, 2.10 (1.72).

K7[Mn(CO) 3Ta6O19] (MnTa 6). The procedure for ReTa6 was
repeated using [Mn(CO)3(CH3CN)3]ClO4. After being heated, 20 mg
of insoluble material was filtered off, and the yellow product (0.57 g,
55%) was recovered from the filtrate (Vadjusted) 15 mL) by precipitation
with 15 mL of ethanol. Anal. Calcd for K7[Mn(CO)3Ta6O19]‚15H2O:
K, 13.22 (13.21); Mn, 2.67 (2.65); C, 1.76 (1.74); Ta, 52.30 (52.39).

K7[Mn(CO) 3Nb6O19] (MnNb 6). The procedure for ReTa6 was
repeated using [Mn(CO)3(CH3CN)3]ClO4 and Na7HNb6O19‚15H2O.
After the reaction mixture (V ) 40 mL) was heated at 90°C for 3 h,
a small amount of insoluble material was filtered off, and the volume
of the filtrate was reduced to 15 mL on a rotary evaporator. The yellow
product (1.00 g, 70%) was obtained by precipitation with 15 mL of
ethanol. Anal. Calcd for K7[Mn(CO)3Nb6O19]‚12H2O: K, 17.51 (17.79);
Mn, 3.25 (3.57); C, 2.30 (2.34); Nb, 37.24 (36.24).

trans/cis-K6[{Mn(CO)3}2Nb6O19] (t/c-Mn2Nb6). The procedure for
ReTa6 was repeated using 2 mmol (0.72 g) of [Mn(CO)3(CH3CN)3]-
ClO4 and 1 mmol (1.37 g) of K7HNb6O19‚13H2O. After the reaction
mixture (V ) 40 mL) was stirred at room temperature for 4.5 h, a
small amount of insoluble material was filtered off. The volume of the
filtrate was reduced to 20 mL using a rotary evaporator, and 20 mL of
ethanol was added to the filtrate to produce a yellow precipitate (0.48
g, 29%; 75%t-Mn2Nb6, 25% c-Mn2Nb6). The resulting filtrate, still
yellow, was evaporated to 5 mL, and pale yellow material (KClO4)
was filtered off.c-Mn2Nb6 (0.43 g, 25%) was precipitated with 7 mL
of ethanol.

The relative amounts of trans vs cis isomers are influenced by
synthesis temperature. When the previously described procedure was
repeated by refluxing the reaction mixture at 80°C for 3 h, first
precipitation with ethanol afforded 0.89 g of yellow product (51%; 25%
t-Mn2Nb6, 75%c-Mn2Nb6).

Crystals suitable for X-ray study were grown, for example, by
dissolving 480 mg oft-Mn2Nb6 in 2.5 mL of water and adding ethanol
by vapor diffusion in the refrigerator. Two types of crystals appeared
after 2-3 weeks of storage at 7°C. Small yellow crystals oft-Mn2Nb6

(0.17 g) formed. In addition, 0.06 g of large, yellow, needle-type crystals
of c-Mn2Nb6 was recovered. Anal. Calcd for K6[{Mn(CO)3}2Nb6O19]‚
8H2O: K, 15.60 (15.46); Mn, 7.20 (7.24); C, 5.10 (4.74); Nb, 36.2
(36.7). A total of 430 mg ofc-Mn2Nb6 was dissolved in 2.5 mL of
water. Large, needle-type, yellow crystals ofc-Mn2Nb6 (0.16 g) formed
after 2-3 weeks of storage in a refrigerator at 7°C. Anal. Calcd for
K6[{Mn(CO)3}2Nb6O19]‚23H2O: K, 13.30 (13.12); Mn, 6.25 (6.15);
C, 4.15 (4.03); Nb, 29.9 (31.2).

cis-K6[{Mn(CO)3}2Ta6O19] (c-Mn2Ta6). The procedure for ReTa6

was repeated using 0.56 mmol (0.2006 g) of [Mn(CO)3(CH3CN)3]ClO4

and 0.56 mmol (1.15 g) of MnTa6. Several drops of 3 M KOH were
added to adjust the pH of water to 11 before MnTa6 was dissolved.
After the reaction mixture (V ) 10 mL) was refluxed at 100°C for 2
h, about 60 mg of insoluble material was filtered off, and the yellow
product (0.60 g, 49%) was recovered from the filtrate (Vadjusted) 10
mL) by precipitation with 15 mL of ethanol. Anal. Calcd for K6[{Mn-
(CO)3}2Ta6O19]‚16H2O: K, 10.52 (10.71); Mn, 5.21 (5.02); C, 3.22
(3.29); Ta, 48.4 (49.6).

trans/cis-K6[{Re(CO)3}2Nb6O19] (t/c-Re2Nb6). The procedure for
ReNb6 was repeated using 1 mmol (1.37 g) of Nb6 and 2 mmol (0.82
g) of Re(CO)5Br. After the resulting mixture was cooled, 0.84 g (44%)
of a white precipitate (mostlyt-Re2Nb6 with impurity of unreacted Re-
(CO)5Br) was recovered.t-Re2Nb6 was purified by dissolving in 2 mL
of water, filtering off 10 mg of unreacted Re(CO)5Br, and precipitating
t-Re2Nb6 with ethanol. To the filtrate left from hydrothermal synthesis,
5 mL of ethanol was added, producing 0.49 g (25%) of white precipitate
(∼75% c-Re2Nb6, ∼25% t-Re2Nb6).

Crystals suitable for X-ray study were obtained similarly to the
manganese compounds. A total of 810 mg oft-Re2Nb6 was dissolved
in 5 mL of water. A total of 720 mg of colorless block crystals of
t-Re2Nb6 was recovered after storage in a refrigerator for 8 weeks at 7
°C. Anal. Calcd for K6[{Re(CO)3}2Nb6O19]‚15H2O: K, 12.42 (12.31);
Re, 19.55 (19.53); C, 3.81 (3.78); Nb, 29.23 (29.24). A total of 620
mg of c-Re2Nb6 was dissolved in 3 mL of water. A total of 340 mg of
large, colorless needle crystals ofc-Re2Nb6 was recovered after being
refrigerated for 6-8 weeks at 7°C. Anal. Calcd for K6[{Re(CO)3}2-
Nb6O19]‚19H2O: K, 11.83 (11.86); Re, 18.72 (18.82); C, 3.62 (3.64);
Nb, 28.11 (28.18).

Alternative Procedure for trans-K6[{Re(CO)3}2Nb6O19] (t-Re2-
Nb6). The procedure for ReTa6 was repeated using 1 mmol (1.37 g) of
Nb6 and 2 mmol (0.99 g) of [Re(CO)3(CH3CN)3]ClO4. After the reaction
mixture (V ) 40 mL) was heated at 60°C for 1.5 h, a small amount
of insoluble material was filtered off. The volume of the filtrate was
reduced to 20 mL using a rotary evaporator, and 0.95 g (50%) of white
t-Re2Nb6 was recovered after precipitation with 20 mL of ethanol.

trans-K4Na2[{Re(CO)3}2Ta6O19] (t-Re2Ta6). The procedure for
c-Mn2Ta6 was repeated using 0.32 mmol (0.71 g) of potassium salt of
ReTa6 and 0.32 mmol (0.1591 g) of [Re(CO)3(CH3CN)3]ClO4. Several
drops of 3 M NaOH were added to adjust the pH of water to>10
before dissolving ReTa6. After the reaction mixture (V ) 12 mL) was
refluxed at 100°C for 1 h, 0.53 g (68%) of whitet-Re2Ta6 was
recovered by precipitation with 12 mL of ethanol. Single crystals were
grown using the same procedure as fort-Mn2Nb6 andt-Re2Nb6. Anal.
Calcd for K4Na2[{Re(CO)3}2Ta6O19]‚11H2O: K, 7.31 (6.71); Na, 1.98
(1.97); Re, 15.7 (16.0); C, 3.23 (3.09); Ta, 45.32 (46.58).

17O Enrichment. The procedure for synthesis of ReNb6 and t/c-
Re2Nb6 was followed using (instead of deionized water) a mixture of
1.5 mL of 99% D2O and 1.0 g of 10% enriched water for ReNb6

enrichment and a mixture of 2.5 mL of 99% D2O and 0.53 g of 10%
enriched water fort/c-Re2Nb6 enrichment.

Instrumental. An approximate sphere of data was collected on a
Siemens SMART 1K CCD system. Crystal stability was monitored by

(10) Schmidt, S. P.; Trogler, W. C.; Basolo, F.Inorg. Synth.1985, 23, 44.
(b) Edwards, D. A.; Marshalsea, J.J. Organomet. Chem.1977, 131,
73.
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recollection of the first 50 frames after data collection was finished.
No significant decay was observed. Crystallographic data are in Table
2. The structures were solved by direct methods using SHELXTL.11

Hydrogen atoms were not included in the models.
17O NMR spectra were collected on a Bruker AM 300 spectrometer.

The offset frequency was 40.687 MHz, the bandwidth was 50 kHz,
and the repetition rate was 10 Hz. All spectra were collected in
deuterated water, except for the spectra of Re(CO)5Br, Re(CO)3(CH3-
CN)3ClO4, and Mn(CO)3(CH3CN)3ClO4, which were collected in
deuterated acetonitrile. Collection time for unenriched samples was
about 20 h.

IR spectra were obtained on a Nicolet 7000 spectrometer with a
resolution of 2 cm-1. All samples were prepared as KBr pellets. TGA
curves were obtained from room temperature to 950°C under nitrogen
atmosphere on a TGA 2050 analyzer made by TA Instruments. Alumina
pans were used for all measurements. DSC curves were obtained from
room temperature to 725°C under nitrogen atmosphere on a DSC 2910
calorimeter made by TA Instruments. Platinum pans were used for all
measurements.

Cyclic voltammetry curves were obtained for all compounds in
aqueous solution. A total of 0.1 g of the corresponding compound was
dissolved in 10 mL of deaerated water, forming∼0.02 M solution. A
total of 0.1 M Na(CH3COO) was used as a supporting electrolyte.
Platinum wire was used as a counting electrode, glassy carbon was
used as a working electrode, and Ag/AgCl saturated electrode was used
as a reference electrode. Chemical analyses were performed by Kanti
Technologies, Inc., 43 Old Falls Blvd., N. Tonawanda, NY 14120.

Results and Discussion

The first examples of organometallic groups attached to
hexametalate oxoanions were reported by Klemperer several
years ago,12 and all organometallic derivatives of polyoxometa-
lates have been reviewed recently.13 Of direct relevance to the
present work are the anions [Nb2W4O19{M(CO)3}]3- (M ) Mn,
Re)12 and [P2Nb3W15O62{Re(CO)3}],8-14 isolated as tetra-n-
butylammonium salts from acetonitrile solution. The greater
surface-charge densities of [Nb6O19]8- and [Ta6O19]8- as
compared to [Nb2W4O19]4- and [P2Nb3W15O62]9- result in an
enhanced reactivity of the former anions toward the binding of
the organometallic moieties.

The new niobate and tantalate derivatives reported here are
easily prepared in good yield in aqueous solution, starting with
[M(CO)3(CH3CN)3]+ or under hydrothermal conditions starting
with [M(CO)5Br]. The compositions and structures of the new

complexes are established by elemental analysis, by infrared
and 17O NMR spectroscopy, and by single-crystal X-ray
diffraction of five salts.

17O NMR spectroscopy proved to be the simplest way to
confirm the structures of the product anions (see Figures 1-3
and Table 1. The salts were soluble enough to allow accumula-
tion of spectra of unenriched samples within 20 h. All symmetry-
distinct oxygen atoms could be detected, and assignments are
shown in the figures. All assignments were made on the basis
of peak intensities and proximity of peaks to corresponding
peaks of Nb6 and Ta6.9 Some spectra revealed the presence of
ClO4- (δ ∼290 ppm) as an impurity, and spectra of enriched
samples of ReNb6 showed signals from traces ofc- andt-Re2-
Nb6 . The formation of 2:1 complexes and the existence of both
cis and trans isomers were first deduced from the NMR spectra.

X-ray analysis of single crystals of potassium salts of trans
isomers of Re2Nb6, Mn2Nb6, and Re2Ta6 and of cis isomers of
Mn2Nb6 and Re2Nb6 are summarized in Tables 2 and 3. The

(11) Sheldrick, G. M.SHELXTL; Bruker AXS Inc.: Madison, WI, 1997.
(12) Besecker, C. J.; Klemperer W. G.J. Am. Chem. Soc.1980, 102, 7598.

(b) Besecker, C. J.; Day, V. W.; Klemperer, W. G.; Thompson, M. R.
Inorg. Chem.1985, 24, 44.

(13) Gouzerh, P.; Proust, A.Chem. ReV. 1998, 98, 77.
(14) Nagata, T.; Pohl, M.; Weiner, H.; Finke, R. G.Inorg. Chem.1997,

36, 1366.

Table 1. Oxygen-17 NMR Chemical Shifts

compound terminal bridging central carbonyl

Nb6 600 395 26
Ta6 483 331 -34
MnNb6 615, 633 128, 410, 428 35 378
ReNb6 629, 645 156, 408, 435 40 333
MnTa6 497, 516 91, 346, 357 -21 380
ReTa6 502, 521 121, 349, 361 -17 334
c-Mn2Nb6 ?a, 659, 697 145, ?, 447, 454 47 382, 383
c-Re2Nb6 659, 675, 719 178, 190, 457, 465 54 334, 336
c-Mn2Ta6 ?, 541, ? 103, ?, 367, 371 ? 384, 386
t-Mn2Nb6 663 143, 447 46 382
t-Re2Nb6 679 169, 458 53 335
t-Re2Ta6 553 133, 379 ? 336

a A question mark (?) indicates that the signal was not reliably
observed.

Figure 1. Oxygen-17 NMR spectra of (a) MnTa6, (b) MnNb6,
(c) ReTa6, and (d) ReNb6.

Figure 2. Oxygen-17 NMR spectra of trans isomers of (a) Re2Nb6,
(b) Mn2Nb6, and (c) Re2Ta6.
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structures of trans and cis isomers are shown in polyhedral and
thermal-ellipsoid representations in Figures 4 and 5. The metrical
data listed in Table 3 are for the most part unexceptional.
Attachment of [M(CO)3]+ to the anions results in a closing up
of the three surface oxygen atoms involved. The nonbonded
O‚‚‚O contacts are∼0.2 Å shorter than those in corresponding
O3 sets that are not bonded to M (2.777-2.851 Å). This
presumably reflects the reduction in charge density on the
bonded oxygen atoms. At the same time, the O-M-O angles
are reduced from an idealized 90 to 75-80°, a distortion dictated
by the lengths of the M-O bonds.

The cis isomers of the 2:1 complexes have two open O3 sets
that could be used for attachment of additional M(CO)3 groups.

All four such positions are occupied in the neutral species [{(C5-
Me5)Rh}4V6O19].15 Attempts to introduce more than two
M(CO)3 groups to the niobate and tantalate systems have so
far been unsuccessful.

Representative infrared spectra are shown in Figure 6, and
these provide the quickest way to identify the three structural
types. Vibrational frequencies for all the new complexes are
listed in the Supporting Information. The simple metal-oxygen
stretching pattern (400-900 cm-1) of the original hexametalate
anions16 is split into more components by the lower symmetry
of the M(CO)3 derivatives, and a new weak band at∼460 cm-1

(15) Chae, H. K.; Klemperer, W. G.; Day, V. W.Inorg. Chem.1989, 28,
1423.

Table 2. Crystal Data

t-Re2Ta6, 1 t-Re2Nb6, 2 t-Mn2Nb6, 3 c-Mn2Nb6, 4 c-Re2Nb6, 5

emp. form. K4Na2Re2C6Ta6O35H20 K6Re2C6Nb6O38H26 K6Mn2C6Nb6O37H24 K6Mn2C6Nb6O50H50 K6Re2C6Nb6O54H58

fw 2312.70 1870.76 1590.19 1824.40 2158.98
space group C2/m (No. 12) C2/m (No. 12) C2/m (No. 12) P1h (No. 2) P21/c (No. 14)
unit cell, Å, deg a ) 17.648(3) a ) 17.724(1) a ) 17.812(2) a ) 10.2617(6) a ) 21.867(2)

b ) 10.0561(14) b ) 10.0664(6) b ) 10.098(1) b ) 13.4198(8) b ) 10.3085(9)
c ) 13.1714(19) c ) 13.1965(7) c ) 13.109(2) c ) 21.411(1) c ) 26.780(2)
â ) 112.531(2) â ) 112.067(1) â ) 112.733(2) R ) 72.738(1) â ) 108.787(1)

â ) 85.591(1)
γ ) 83.501(1)

vol, Å3 2159.1(5) 2182.0(2) 2174.7(5) 2794.7(3) 5714.8(9)
Z 2 2 2 2 4
T, °C -102 -102 -102 -102 -102
λ, Å 0.71073 0.71073 0.71073 0.71073 0.71073
calcd density, g/cm3 3.557 2.853 2.428 2.168 2.509
µ 21.217 7.718 2.760 2.179 5.931
Ra 0.0588 0.0307 0.0484 0.0583 0.0574
wR2

b 0.1764 0.0826 0.1338 0.1927 0.1676

a R ) ∑||Fo| - |Fc||/∑|Fo| includesI > 2.00 σ(I). b wR2 ) {∑[w(Fo
2 - Fc

2)]2/∑[w(Fo)2]2}0.5, includes allI.

Table 3. Selected Average Bond Lengths (Å) and Angles (deg)a

t-Re2Nb6 t-Mn2Nb6 t-Re2Ta6 c-Re2Nb6 c-Mn2Nb6

M-O(terminal) 1.765(5) 1.776(5) 1.79(2) 1.765(6) 1.771(5)
M-O(M) 1.964(4) 1.971(4) 1.96(1) 1.920(6)-2.010(6) 1.931(1)-2.004(4)
M-O(M, M′) 2.048(4) 2.044(4) 2.06(1) 2.017(6)-2.092(6) 2.003(4)-2.066(4)
M-O(M5) 2.3972(6) 2.3967(6) 2.397(1) 2.397(6) 2.386(4)
M′-C 1.894(7) 1.804(8) 1.88(3) 1.904(9) 1.793(8)
M′-O(M2) 2.176(5) 2.085(5) 2.17(2) 2.178(6) 2.070(5)
CM′C 88.6(4) 88.8(4) 90(1) 89.4(4) 88.9(3)
OM′O 74.8(2) 79.2(2) 75.6(7) 74.9(2) 79.0(2)

a M ) Nb, Ta; M′ ) Mn, Re.

Figure 3. Oxygen-17 NMR spectra of cis isomers of (a) Re2Nb6,
(b) Mn2Nb6, and (c) Mn2Ta6.

Figure 4. Structure oftrans-[Nb6O19{Re(CO)3}2]6- in (a) polyhedral
and (b) thermal-ellipsoid (50%) representations.
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is assigned to the Mn(Re)-C vibrations.10b In addition, two sets
of CO stretching bands are seen at ca. 1900 and 2000 cm-1.
Similar bands are observed for a number offac-[M(CO)3L3]+

(M ) Mn, Re) complexes.17

Unlike the underivatized hexametalates, which are stable only
in strongly basic media18 (precipitation of the oxides begins
below pH∼10), solutions of the Mn and Re derivatives show
no sign of precipitation when the pH is lowered to 4. Cyclic
voltammograms of all the compounds in 0.1 M sodium acetate
show no redox features except an irreversible oxidation process
at +1.5 V (Re) and+0.9 V (Mn). Similar features are observed
in voltammograms of the corresponding [M(CO)3(CH3CN)3]+

cations.
Representative TGA curves fort-Mn2Nb6 and t-Re2Nb6 are

shown in Figure 7. The other complexes behave similarly. The

initial weight loss corresponds to the loss of water of crystal-
lization. A second endothermic process starts at 400-450 °C
for the Re compounds and at∼200 °C for the Mn compounds
and corresponds to the loss of the CO ligands. A third weight
loss (Re compounds only) above 700°C is assumed to be
associated with the loss of Re2O7 formed by oxidation or
disproportionation.

Conclusion
The title complexes demonstrate the reactivity of the hexa-

niobate and hexatantalate anions toward binding of triscarbonyl
metal groups and imply that other organometallic species can
be attached in a similar fashion, pointing the way to soluble
alkali-stable supported catalysts. Although both Nb and Ta
anions could be derivatized, the tantalate required more forcing
conditions, e.g., 100°C for t-Mn2Ta6 vs room temperature for
the corresponding niobate. The syntheses are straightforward
and efficient, and the products are robust species, stable in
aqueous solution over a broad pH range, including highly
alkaline conditions. The Re compounds are thermally stable to
∼400°C in the solid state and can be formed under hydrother-
mal conditions at 130°C and pH∼12. Such properties suggest
that analogous complexes with Tc(CO)3

+ could be employed
for the sequestration and storage of99Tc wastes.
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Figure 5. Structure ofcis-[Nb6O19{Re(CO)3}2]6- in (a) polyhedral and
(b) thermal-ellipsoid (50%) representations.

Figure 6. Infrared spectra of Nb6, ReNb6, t-Re2Nb6, andc-Re2Nb6.

Figure 7. TGA curves oft-Mn2Ta6 (Mn) andt-Re2Nb6 (Re). Robust,
alkali-stable, triscarbonyl metal derivatives of hexametalate anions,
[M6O19{M′(CO)3}n](8-n)- (M ) Nb, Ta; M′ ) Mn, Re;n ) 1, 2).

2586 Inorganic Chemistry, Vol. 40, No. 11, 2001 Besserguenev et al.


