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Both trans and cis isomers of the octahedral tantalum clusters [(TagCl,,)Cl,(PR3)4] (R = C,Hs, C3H5, and C,Hy) have been isolated
by the column chromatography. Oxidation of these neutral isomers by NOBF, has yielded the trans and cis isomers of the mono-
and dicationic complexes. No isomerization reaction was observed. Though the electronic spectra of the neutral isomers are almost
identical, the trans and the cis isomers of [TagCl,P(C;Hs)3})™ (n = 1, 2) show different absorption bands around 13 X 10* cm™!,
which indicates the splitting of a metal cluster orbital (t, or t;) due to the lowering of the symmetry from O,. For the niobium
derivatives, only the trans isomers have been obtained. The structures of the following complexes have been determined by the
X-ray diffraction method. Crystallographic data: trans-[TagCl,4{P(C,H;)sl]-CHCl,, Pbca, a = 21.974 (6) A, b = 22.603 (7)
A, c=12099 (2) A, Z = 4; trans-[TagCl {P(C,H,)4k4] [BF,)-CHCly, P2,/a, a = 19.874 (3) A, b = 15.595 (2) A, ¢ = 10.019
(2) A, B =93.47 (2)°, Z = 2; cis-[TagClyfP(CyH;) 314 ] [BF)-3CH,Cl,, P2,/m, a = 16.888 (4) A, b = 16.141 (5) A, c = 12,045
(2) &, 8 =93.88 (2)°, Z = 2; trans-[NbeCl,{{P(C.Ho)slal, PT, a = 15923 (2) A, b = 20.881 (3) &, c = 12311 () A, & = 92.53
(1)°,8=106.47 (1)°, ¥ =90.22 (1)°, Z = 2. The bond distances between the metals in the cluster depend not only on the oxidation
state of the cluster but also on the kind of the terminal ligands on each metal.

Introduction

In the niobium and tantalum cluster complexes {(M¢X,)Y¢]™
(X = edge-bridging halogen; Y = terminal ligand), the bridging
halo ligands are usually much less labile than the terminal ligands,
and the inner core of the cluster complex, (M¢X,,)™, may be
regarded as a big pseudometal with six ligands. Therefore, just
as in the chemistry of the mononuclear octahedral complexes, the
geometric isomers of such cluster complexes should exist if they
have more than two kinds of terminal ligands. However, no pair
of such geometric isomers has been reported.! If such a pair of
the isomers can be isolated, their comparison will reveal the effects
of the terminal ligands on the structure and electronic states of
the metal cluster.

The preparations of [(M¢Cl;,)Cl,L,]"™ (M = Nb, Ta; L =
trialkylphosphines; » = 0, 1, 2) have been already reported by
Klendworth and Walton.2 In the present study, we have isolated
the trans and cis isomers of these clutser complexes and have
determined their structures. Here, the notation of “trans” and
“cis” refers to the positions of the terminal chloro ligands on the
apices of the metal octahedron. As expected, we have found
differences in the electronic spectra between the trans and cis
isomers, and they have given information about the assignments
of the absorption bands of the tantalum clusters, which have been
disputed for a long time.>® In addition, the structural deter-
minations of these complexes have revealed that the distortions
of the metal octahedra of the trans and the cis isomer are different.

Experimental Section

Preparation. Though the preparative methods of the cluster phosphine
complexes were basically similar to those in the literature,? we have
modified them to obtain the pure isomers as described below.

The niobium and tantalum cluster hydrates, M¢Cl,-8H,0, were
prepared’ from metal powder (Nb, 99.9%, 325 mesh; Ta, 99.9%, 325
mesh) and the pentachlorides, which were obtained from the direct re-
action of the elements, NOBF, (95%) was purchased from Alfa Prod-
ucts. Trialkylphosphines were partly prepared according to the litera-
ture,® and the rest of them were from Nippon Chemical Co. Lid. All
reactions were carried out under a dinitrogen or an argon atmosphere in
the solvents distilled over the drying agents (P,O4 for CH,Cl,, CHCl,,
and CH,CN; Na for benzene and toluene; NaOEt for ethanol). Column
chromatography and recrystallization for the X-ray measurements were
performed in air. For each column chromatography run, a solution of
3-5 g of the sample was applied on the column (3 cm in diameter) and
eluted without pressure.

* Present address: Department of Chemistry, Faculty of Science, The
University of Tokyo, Hongo, Tokyo 113, Japan.

Measurements. *'P NMR spectra were measured by a JEOL FX100
spectrometer with H,PO, (85%) as external reference. Infrared spectra
400-50 cm™") were recorded on a Hitachi FIS spectrometer. Electronic
spectra were obtained by use of a Hitachi 220A spectrometer for the
range 300900 nm and by use of a Hitachi U-3400 spectrometer for the
range 380-1400 nm. Cyclic voltammograms were measured in CH,Cl,
solutions containing tetrabutylammonium perchlorate as supporting
electrolyte with a platinum working electrode and a reference saturated
calomel electrode. The scan rate was 100 mV /s, and the range was from
+18t0-17 V.

In the following description of the spectral characterization, the values
of Amgy in nm were written with log (egg,/cm™ mol™ dm?) given in
parentheses for electronic spectra. The values of the IR data were ex-
pressed in units of cm™, and intensities of the peaks were classified in
three groups: strong (s), medium (m), and weak (w). Shoulder peaks
were designated as (sh).

trans- and cis-[(TasCl;)ChLIP(C,H,)3}] (1 and 2). The tantalum
chioride Tag¢Cl;48H,0 (20.0 g, 11.6 mmol) was stirred with excess tri-
ethylphosphine (20.9, 177 mmol) in ethanol (650 mL) at room temper-
ature for a week. The resulting solution with dark green precipitate was
concentrated to half volume, cooled at 0 °C, and filtered. The solvent
of the filtrate was removed under reduced pressure. The products ob-
tained from the filtrate and from the precipitate were treated separately
because the product from the filtrate contained the cis isomer in a higher
ratio than the product from the precipitate. After being dried in vacuo,
the product was washed with ether (20 mL X 4) and hexane (20 mL X
2) to yield a dark green powder (6.6 g from the precipitate and 17.2 g
from the filtrate). The powder was dissolved in CHCI, and chromato-
graphed on a Florisil column (40 cm long) with CHCly—ethanol (98:2)
as eluent. The first eluted fractions gave 1 (yield: 1.8 g from the
precipitate, 6.9 g from the filtrate, and 37% in total) and the third gave

(1) There has been no report on the isolation of a pair of the geometric
isomers of the halogeno clusters of niobium, tantalum, molybdenum, and
tungsten. However, *'P NMR studies of the alkyl molybdenum cluster
complexes [(MogClg)Cl,Ry.nL,} (m = 1-4, L = trialkylphosphines)
have indicated the existence of many isomers in solution: Saito, T.;
Nishida, M.; Yamagata, T.; Yamagata, Y.; Yamaguchi, Y.; Inorg.
Chem. 1986, 25, 1111.

(2) Klendworth, D. D.; Walton, R. A. Inorg. Chem. 1981, 20, 1151.

(3) Fleming, P. B.; McCarley, R. E. Inorg. Chem. 1970, 9, 1347,

(4) Meyer, J. L.; McCarley, R. E. Inorg. Chem. 1978, 17, 1867.

(5) Schneider, R. F.; Mackay, R. A. J. Chem. Phys. 1968, 48, 843.

(6) Robbins, D. J.; Thomson, A. J. J. Chem. Soc., Dalton Trans. 1972,
2350.

(7) K;knat, F. W.; Parsons, J. A.; Vongvusharintra, A. Inorg. Chem. 1974,
13, 1699.

(8) (a) Rabinowitz, R.; Henry, A. C.; Marcus, R. J. Polym. Sci., Part A
1968, 3, 2055. (b) Rothstein, E.; Saville, R, W.; Horn, P. E. J. Chem.
Soc. 1953, 3996. (c) Rabinowitz, R.; Henry, A. C.; Marcus, R. J.
Polym. Sci., Part A 1968, 3, 2055. (d) Kauffman, G. B.; Teter, L. A.
Inorg. Synth. 1960, 6, 87.
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2 (yield: 0.3 g from the precipitate, 3.4 g from the filtrate, and 16% in
total). The second eluted fraction was presumed to be [(TagCl;5) XyfP-
(C3Hs)ahs] (X = Cl or OC,H,) from IR spectroscopy and elemental
analysis. Both isomers were recrystallized from CHCly-heptane to yield
green crystals. Anal. Caled for C,,HgClyPsTag: C, 14.03; H, 2.94; CI,
24.16. Found for 1: C, 14.10; H, 2.93; Cl, 23.74. Found for 2: C, 14.04;
H, 2.92; Cl, 23.88. Electronic spectral data (CHCly): 1, 235 (4.4), 275
(sh), 337 (4.4), 407 (3.6), 475 (sh), 683 (3.8), 806 (3.5); 2, 235 (4.4),
275 (sh), 338 (4.4), 406 (3.6), 475 (sh), 681 (3.8), 809 (3.5). IR: 1, 323
s,3175,282m, 240 m, 190 w, 152 w; 2, 320's, 281'5,239 m, 190 w, 152
w. P NMR: 1,6 -4.70; 2, § -4.74, -5.07. Cyclic voltammetry (E ):
1,0.24,0.78 V; 2,0.23, 0.75 V. Solubility in 100 g of solvent: in acetone,
1,0.077 g, 2,0.24 g;in THF, 1,0.24 g, 2, 1.5 g: in toluene, 1, 0.047 g.
2,0.19g.

trans- and cis-[(TagCl,;)CL{P(C3H,),k] (3 and 4). These compounds
were prepared from TagCl48H,0 (4.43 g, 2.57 mmol) and tripropyl-
phosphine (6.30 g, 39.3 mmol) by the same procedure described for the
synthesis of 1 and 2 except that CH,Cl,—ethanol solution (98:2) was used
as eluent. Both compounds were green. Yield: 1.94 g (34%) of 3 and
1.26 g (22%) of 4. The trans isomer is poorly soluble in CHCl, in
contrast with other neutral complexes. Anal. Caled for CygHgCl4PTag:
C, 19.45; H, 3.81; Cl, 22.33. Found for 3: C, 19.49; H, 3.75; Cl, 21.95.
Found for 4. C, 19.20; H, 3.69; Cl, 22.49. Electronic spectral data
(CHCI,): 3,244 (4.3), 275 (sh), 337 (4.4), 337 (4.4), 406 (3.6), 475 (sh),
686 (3.8), 810 (3.5). IR: 3,3235,282m,240m, 192 w, 154 w; 4, 322
s, 280's, 239 m, 194 w, 150 w. 3P NMR: 3,4 -10.36; 4, § -10.32,
-10.76. Cyclic voltammetry (E,/): 3, 0.24, 0.80 V; 4, 0.25,0.75 V.

trans and cis-[(Ta6C|1Z)ClzlP(é4H,)3l4] (5 and 6). These compounds
were prepared from TagCl48H,0 (6.00 g, 3.48 mmol) and tributyl-
phosphine (10.49 g, 51.9 mmol) by the same procedure as described for
the synthesis of 1 and 2. Yield: 2.83 g (34%) of § and 1.08 g (13%) of
6. Anal. Caled for CgH,3Cl14PsTag: C, 24.11; H, 4.55; CI, 20.76.
Found for §: C, 24.03; H, 4.54; Cl, 20.83. Found for 6: C, 24.09; H,
4.47, Cl, 20.46. Electronic spectral data (CHCl;): §, 240 (4.3), 275 (sh),
337 (4.4), 407 (3.6), 475 (sh), 682 (3.8), 810 (3.5); 6, 240 (4.4), 275 (sh),
337 (4.4), 406 (3.6), 475 (sh), 685 (3.8), 811 (3.5). IR: §, 318 s, 282
m, 240 m, 192w, 151 w; 6 330 m (sh), 321 5,280 m, 238 m, 191 w, 150
w. 3P NMR: §,4§-10.61;6, § -10.50, -10.90.

trans -[(NbeCl,,)CL{P(C,H;),}] (7). Triethylphosphine (4.9 g, 41
mmol) was added to a solution of NbsCl,;8H,0 (7.7 g, 6.5 mmol) in
ethanol (300 mL). The solution was stirred for 2 days, and refluxed for
2 days. The solvent was then removed in vacuo and the residue was
washed with ether (4 X 40 mL). The product was purified by column
chromatography on silica gel (30 cm long) with CHCly~ethanol (98:2)
as eluent and washed with ether. Yield: 2.3 g (37%) of olive green
crystals. Anal. Caled for C5yHgCli4NbgPy: C, 18.89; H, 3.96; Cl, 32.52.
Found: C, 19.14; H, 3.86; Cl 31.94. IR: 345 (sh), 3405, 295 s, 276 m,
249 m, 237 m, 207 w, 132 w, 120-105 w. Electronic spectral data
(CHCly): 265,412, 612, 942, 3P NMR (CHCl;): §7.70.

trans-[(NbCl ,)CL{P(C,H,),},] (8). This compound was prepared
from NbgCl,4-8H,0 (5.9 g, 4.9 mmol) and tripropylphosphine (12.6 g,
78.6 mmol) by the same procedure described for the synthesis of 7 except
that it was purified by column chromatography on Florisil with etha-
nol-CHCl, (2:98) as eluent. Yield: 2.6 g (31%) of olive green crystals.
Anal. Caled for CyHgyCli4NbgPy: C, 25.51; H, 5.00. Found: C, 25.33;
H, 4.91. Electronic spectral data (CHCly): 265, 412, 612, 942. *'P
NMR (CHCly): 6 1.97.

trans [ (Nb,Cl ;) CL{P(CHy)s}] (9). Tributylphosphine (10.3 mL, 4.1
mmol) was added to a solution of NbgCl,4,8H,0 (9.8 g, 8.3 mmol) in
ethanol (300 mL). The solution was refluxed for 1 day and stirred for
2 days. The solvent was removed in vacuo and the residue was washed
with ether (3 X 40 mL) and hexane (3 X 20 mL). Purification by
column chromatography on silica gel with ethanol-CHCl; (99:1) as
eluent yielded olive green crystals of 9 (5.8 g, 37%). Anal. Calcd for
CusH,sC1,sNbgPy:  C, 30.95; H, 5.84. Found: C, 30.87; H, 5.87.
Electronic spectral data (CHCly): 259, 411, 610, 950. P NMR
(CHCly): 8 1.87.

trans -[(TagCl,,)CLIP(C,Hs) I BF,] (10). A solution of NOBF, in
CH,CN (0.1 mol/dm?, 4.9 mL) was added dropwise to a suspension of
1(0.47 g, 0.23 mmol) in CH4,CN (30 mL) until no neutral complex was
detected with TLC (silica gel). As the reaction proceeded, the suspension
became an orange solution. The solvent was removed in vacuo, and the
residue was washed with CHCl, (20 mL) and ether (2 X 20 mL). Yield:
0.40 g (82%). The product was recrystallized from CH,CN-ether to give
orange crystals, which were stable in air. The complex was prepared also
by the oxidation with AgBF, instead of NOBF,. In this case, the pro-
cedure was similar to that described above except that silver metal was
removed by careful filtration after the reaction. Anal. Caled for
C,HgBCl F,P,Tag: C, 13.46; H, 2.82. Found: C, 13.42; H, 2.78.
Electronic spectral data (CH,Cl,): 275 (sh), 345 (4.3), 410 (sh), ca. 500
(sh). 746 (3.3), 780 (3.3), 833 (3.3), 960 (3.3). IR: 3315, 2925, 254
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m, 184 w, 150 w, 144 w. Solubility in 100 g of solvent: acetone, 1.2 g;
THF, 0.02 g; CHCl;, 0.04 g.

cis-[(TagCl,)Cl{P(C,Hs) 3}, ABF,] (11). A solution of NOBF, in
CH,CN (0.1 M, 3.4 mL) was added dropwise to a solution of 2 (0.338
g, 0.165 mmol) in CH;CN (20 mL) until no neutral complex was de-
tected with TLC. The color of the solution changed from green to orange
as NOBF, was added. The solvent was then removed in vacuo. The
residual oil as washed with toluene, dried in vacuo, washed with ether,
and dried again in vacuo to yield an orange powder. Recrystallization
from CH;CN solution afforded orange crystals of 11 (0.26 g, 73%). The
complex was prepared also by oxidation with AgBF, instead of NOBF,.
Anal. Calcd for CoyHgBCl,FP Tas: C, 13.46; H, 2.82. Found: C,
13.34; H, 2.64. Electronic spectral data (CH,Cl,): 275 (sh), 344 (4.4),
412 (sh), ca. 500 (sh), 770 (3.5, br). IR: 330s, 290s, 270 m, 248 m,
182 w, 150 w, 144 w. Solubility in 100 g of solvent: acetone, 8.1 g; THF,
1.4 g; CHCl,, 3.2 ¢.

trans-[(TagCl,)Cl,{P(C;H,),},IBF,] (12). The compound was pre-
pared from 3 by the same procedure as described for the synthesis of 10.
The product was washed with toluene and ether. Anal. Caled for
C36Hg4BCl s F4 P Tag: C, 18.72; H, 3.67. Found: C, 18.67; H, 3.59. IR:
331's,29155,252 m, 187 w, 149 w.

cis{(Ta4Cly,)CLIP(C3H,)4},J(BF,] (13). The compound was prepared
from 4 (0.124 g, 0.056 mmol) by the same procedure as described for
the synthesis of 11. Yield: 0.075 g, 58%. Anal. Found: C, 18.13; H,
3.42. IR: 3305, 292 m, 287 m (sh), 247 m, 197 w, 187 w, 148 w.

trans-[(TagCl,,) CL{P(C,H,)4},ABF,], (14). A solution of NOBF, in
CH;CN (0.1 M, 5.2 mL) was added to a suspension of 1 (0.15 g, 0.074
mi) in CH;CN (20 mL). As the reaction proceeded, the suspension
became an orange solution and then a red-orange solution. The solvent
was removed in vacuo, and the residue was washed with ethanol (2 X 20
mL) and ether (2 X 20 mL). Yield: 0.14 g (82%). The product was
recrystallized from CH;CN-ether. The compound was brown and stable
in air. It was very easily reduced in solution. Anal. Calcd for
Cy4HgoB,Cl yFyP Tag: C, 12.94; H, 2.71. Found: C, 13.52; H, 2.67.
Electronic spectral data (CH;CN): 353 (4.4), 421 (sh), 500 (sh), 680
(2.8), 774 (3.2). IR: 3425, 303 m, 270 m, 149 w, 85-50 w.

cis-[(TagCl},)CL{P(C,H,)3},IBF,], (15). A solution of NOBF, in
CH,;CN (0.1 M, 4.6 mL) was added to a suspension of 2 (0.14 g, 0.066
mmol) in CH,CN (20 mL). The solvent was removed in vacuo, and the
residue was washed with ethanol—ether (1:1). Yield: 0.09 g (62%). The
compound was brown and stable in air. Because the compound was
soluble in alcohols and reduced by them, it was difficult to remove the
unreacted NOBF, without partial reduction of 15. The electronic
spectrum of the product always showed some contamination with mon-
ocationic species. Anal. Caled for CyyHgBoCly FsP,Tag: C, 12.94; H,
2.71. Found: C, 12.79; H, 2.61. Electronic spectral data (CH,CN): 353
(4.4), 424 (sh), 500 (sh), 734 (3.1, br). IR: 341s, 302 m, 265 m, 233
w, 180 w, 145 w, 90-50 w.

Structure Determination. The crystals of the tantalum complexes for
X-ray studies, which contained solvent molecules, were sealed in a ca-
pillary while the crystal of the niobium complex was fixed on the top of
a glass rod with adhesive. The possible space groups and the approximate
cell constants of the crystals studied in this work were determined by the
oscillation, Weissenberg, and precession photographs. The reflection data
and the data for the accurate cell constants were measured with a Rigaku
AFC-4 diffractometer equipped with a Rotaflex rotating anode X-ray
generator with the Mo K radiation monochromatized with graphite
(wavelength: 0.71069 A) at the Protein Engineering Research Center,
Osaka University. The reflection data of all crystals were corrected for
the Lp factor, and did not indicate any decay. An empirical absorption
correction was applied for the reflection data of all tantalum complexes.

The positions of the heavy atoms (Ta, Nb, Cl, and P) in the cluster
units were determined by direct methods (MULTANT8), and other non-
hydrogen atoms were located in the successive Fourier maps. A new
program, ANYBLK, was used for the refinements,® and all structures were
refined by the full-matrix least-squares method. In the final stages of
refinements, hydrogen atoms were placed at 1.08 A from carbon atoms.
The positions of methyl hydrogen atoms were determined so that the
dihedral angle of H-C~C-P (or C) would become 60 + 1201° (n = 0-2).

The neutral-atom scattering factors in the analytical form were used
in the calculation, and anomalous dispersion effects were included in F.."°
The calculations were performed on an NEC ACOS S930 computer at
the Protein Engineering Research Center, Osaka University.

(9) This program was written by H. Imoto for the refinement of the
structures in this work. It uses the usual algorithm for the least-squares
refinement. It can refine structures by keeping any kind of linear
relations between the parameters to be refined and also the shapes of
any groups of the atoms as rigid bodies with or without the conditions
of constrained movement. The sizes of the refinement blocks can be
changed freely between block-diagonal and full-matrix refinement.
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Table I. Crystal Parameters and X-ray Diffraction Data?
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1a 10a 11a 9
formula C24H6°C1|4P4T36'CHCI3 C24H60C1NBF4P4T36'CHC13 CuHsoCluBF,‘P,‘Ta“(CHzClz); C“HlogC]l‘Nb‘P‘
fw 1541.12 1916.27 2151.82 2526.97
space group Pbca P2,/a P2/m P1
a/A 21.974 (6) 19.874 (3) 16.888 (4) 15.923 (2)
b/A 22.603 (7) 15.595 (2) 16.141 (5) 20.881 (3)
c/A 12.099 (2) 10.019 (2) 12.045 (2) 12.311 (2)
B/deg 93.47 (2) 93.88 (2) 106.47 (1)4
cell vol/A3 6009 (2) 3100 (1) 3276 (1) 3921 (1)
VA 4 2 2 2
no. of used reflen® 4293, >4¢ 5033, >3¢ 4069, >4g 8902, >6¢
R(F,), Ry(F}F 0.046, 0.039 0.042, 0.032 0.052, 0.044 0.48, 0.052

9All X-ray data were measured at 20 °C. ®The number of the observed reflections used for the refinement and the cutoff condition. ‘w =

1/0%(F,) 9a =92.53 (1)% v = 90.22 (1)°.

trans -[Ta,Cl, {P(C;H,);},JCHCI, (1a). The observed systematic ab-
sences unequivocally determined the space group to be Pbca. The heavy
atoms of the cluster molecule (Ta, Cl, and P) were refined anisotropi-
cally, and other non-hydrogen atoms were refined isotropically. The
isotropic temperature factors of all hydrogen atoms were set equal and
refined as one parameter. Positional parameters of hydrogen atoms were
not refined.

The crystal for X-ray measurements was recrystallized from a
CH,Cl,—pentane solution. However, the structure determination revealed
that the solvent molecules in the crystal were CHCly.!!  The CHCl,
molecule was believed to have been introduced with the container, which
might have been washed with CHC!; before use. Since the CHCl,
molecule seemed to fit in the space of the crystal lattice better than the
CH,Cl, molecule, it was not improbable that the small amount of CHCl,
was concentrated in the good crystals. The very low yield of the good
crystals also supported the assumption. More than 100 crystals had been
examined by X-ray photographs before a good single crystal was ob-
tained.

trans-[Ta.Cl {P(C,H;)3},IBF,}}CHCI; (10a). The observed system-
atic absences unequivocally determined the space group to be P2,/a. All
non-hydrogen atoms were refined anisotropically. The dihedral angles
of H-C-C~P were refined by treating the methyl groups as rigid bodies
with freedom to rotate around the C-C bonds. All of the isotropic
thermal parameters of hydrogen atoms were set equal and refined as one
parameter.

The crystal for X-ray measurements were recrystallized from a
CH,Cl,-pentane solution, but the structure determination showed that
the solvent in the crystal was CHCl;.!2  We think the reason was the
same as that described for the solvent in 1a.

cis-[Ta,Cl {P(C,H,),} JBF,};3CH,Cl, (11a). The crystal for the
X-ray measurements was obtained by recrystallization from a
CH,Cl,-heptane solution. If the space group P2, was assumed, the
refinements did not converge. Therefore, the only possible space group
consistent with the observed systematic absences was the centrosymmetric
group P2,/m. The Ta, Cl, and P atoms in the cluster cations were refined
anisotropically, and other non-hydrogen atoms were refined isotropically.
The positional parameters and the isotropic temperature factors of the
hydrogen atoms were fixed. The [BF,]” ions and the CH,Cl; molecules
are located in the large tunnels running along the b axis and are loosely
bound in the structure. These species were treated as rigid bodies because
refinements in the usual full-matrix method resulted in deformed shapes.
The [BF,]™ ion was assumed to be a tetrahedron with B-F bonds of 1.37
A. The length C-Cl and CI-C-Cl angles in the CH,Cl, molecules are
fixed at 1.77 A and 109.47°, respectively. The [BF,]” ion was located
at the inversion center, and disordered in two orientations that were
related by the inversion symmetry. The isotropic thermal parameters of
all fluorine atoms of the [BF,]” ion were set equal. The structure had
two kinds of CH,Cl, molecules. The first molecule was located near the
mirror plane and, therefore, was disordered in two positions overlapping
partly with each other. The second CH,Cl, molecule was found in a
large space and showed very large thermal parameters. The occupation
factors of the both molecules were refined to be a little smaller than the
possible highest values, 0.5 and 1.0, respectively (see Table IV).

trans [Nb,Cl, ,{P(C,H,)3}]. The crystal for the X-ray study was ob-
tained by the recrystallization from a toluene-acetone solution. The

(10) (a) Cromer, D. T.; Waber, J. T. International Tables for X-ray Crys-
tallography; Kynoch Press: Birmingham, England, 1974; Vol. IV, Table
2.2B. (b) Cromer, D. T. Ibid., Table 2.3.1.

(11) The refined occupation factors of the chlorine atoms of the chloroform
molecule were 0.98 (3), 0.92 (2), and 0.99 (3).

(12) The refined occupation factors of the chlorine atoms of the chloroform
molecule were 1.01 (2), 0.99 (2), and 0.92 (2).

structure was successfully solved when the centrosymmetric group P1 was
assumed. The heavy atoms (Nb, Cl, and P) were refined anisotropically,
and the carbon atoms were refined isotropically. The hydrogen atoms
with isotropic temperature factors were not refined. This normal re-
finement converged to give a reasonably low R value. However, among
the 36 C-C bonds, two bonds were abnormally short (1.03 and 1.06 A)
and two bonds were long (both 1.85 A). Refinement with the space
group Pl did not improve the anomaly. This anomaly and the large
thermal parameters of methyl carbon atoms (i.e. the end of the butyl
chain) suggested that the positions of the butyl groups were disordered
among a number of sites. In order to examine the influence of the
locations of the butyl groups on the refined bond distances between the
atoms in the cluster, we refined the structure also under the constraint
that the butyl chains were held in the normal shape (C-C = 1.54 A, P-C
= 1.85 A, angle C—-C—C (or P) = 109.47°). This refinement gave slightly
higher R values (R(F,) = 0.055, R,(F.}) = 0.066). Though the positions
of the carbon atoms deviated from the result of the normal refinement
by as much as 0.32 A, the bond distances between heavy atoms (Nb, Cl,
and P) were not significantly changed. The largest differences of the
bond lengths between the two refinements were 0.001 A for Nb-Nb,
0.003 A for Nb~Cl, and 0.004 A for Nb~P. Therefore, we concluded
that both refinements were reliable for the discussion of the structure of
the cluster, and we will present the results obtained by the normal re-
finement.

Results

Preparation and Characterization. We could isolate both the
trans and cis isomers of the tantalum cluster complexes as de-
scribed in the Experimental Section. The compounds reported
by Klendworth and Walton as [TagCl4{P(C;H;)sla]™ (n = 0-2)
appear to contain mainly the trans isomers because the reported
electronic spectra of the oxidized species are similar to those of
the trans complexes.

The trans and the cis isomers had different solubilities in organic
solvents. In general, the cis isomer was more soluble than the
trans (see Experimental Section). For example, the monocationic
cis isomers of the tripropylphosphine complex dissolved in chlo-
roform, and the trans did not. When chromatographed, the neutral
cis isomer was more strongly adsorbed due to its higher polarity
than that of the corresponding trans isomer.

The trans and the cis isomers with the same charge had similar
color. The trans and cis isomers showed identical IR spectra in
the region 4000-350 cm™!, where the absorptions are due to the
coordinating trialkylphosphines. Distinct differences were observed
in the far-infrared spectra (400-50 cm™') between the trans and
cis isomer (see Experimental Section). However, the spectra
depended not only on the geometry but also on the kind of the
phosphines and on the oxidation state of the cluster, and we could
not discern any systematic difference between the trans and cis
isomers. The electronic spectra (200-1400 nm) of the neutral
isomers were also similar, but those of the isomers of the oxidized
cluster had obvious differences in the region 600-1200 nm (vide
infra).

The cyclic voltammetry of the neutral complexes showed that
the first oxidation potentials of the trans and cis isomers were the
same within the experimental error. However, the second oxi-
dation potential of the trans isomer was slightly higher than that
of the cis isomer (ca. 0.04 V; see Experimental Section).

The cis and trans isomers of the neutral complex could be clearly
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Table II. Positional Parameters and Equivalent Isotropic Thermal
Parameters for trans-[TagCl 4{P(C,H;s);}4)-CHCl,

Imoto et al.

Table IV. Positional Parameters and (Equivalent) Isotropic Thermal
Parameters® for cis-[TagCl,{P(C3Hs)3la} {BF,]-3CH,Cl,?

atom 10%x/a 10%/b 10%z/¢ Uy /107 A2 atom 10%x/a 10%/b 10%2/c Uy /107 A2
Ta(l) 380.9 (2) 627.2 (3) -1037.0 (4) 27.2 (3) Ta(l) 3688.2 (4) 3417.6 (5) -940.6 (6) 33.9 (4)
Ta(2) ~-843.7 (2) 199.2 (3) -600.8 (4) 27.0 (3) Ta(2) 4714.0 (6) 2500 702.4 (10) 29.7 (6)
Ta(3) -103.0 (2) 627.2 (3) 1200.9 (4) 26.1 (3) Ta(3) 2311.0 (6) 2500 =212.7 (10) 32.0 (6)
Cl(1) -561 (1) 965 (2) -1947 (3) 42 (2) Ta(4) 3340.2 (4) 3407.7 (5) 1426.8 (6) 28.8 (4)
Cl(2) 331 (1) 1483 (2) 223 (3) 40 (2) CI(1) 3922 (4) 2500 -2493 (6) S1(5)
Cl(3) 1453 (1) 500 (2) =510 (3) 38 (2) Cl(2) 5121 (2) 3565 (3) -579 (4) 46 (3)
Cl(4) 586 (1) -17 (2) -2632 (3) 36 (2) Cl(3) 2305 (3) 3558 (3) -1652 (4) 47 (3)
CI(5) -1125 (1) 990 (2) 706 (3) 39 (2) Cl(4) 3496 (3) 4619 (2) 264 (5) 44 (2)
Cl(6) -880 (1) ~508 (2) -2154 (3) 37 (2) Cl(5) 4718 (2) 3568 (3) 2134 (4) 39 (3)
Ci(7) 848 (2) 1394 (2) -2303 (3) 47 (2) Cl(6) 1903 (2) 3546 (3) 1114 (4) 41 (3)
CI(8) 2293 (3) 2992 (4) 4622 (9) 188 (9) Cl(7) 3097 (4) 2500 2989 (6) 39 (4)
Cl(9) 1377 (2) 2246 (3) 5464 (6) 104 (5) Cl(8) 3898 (3) 4516 (4) -2333 (5) 59 (3)
Cl(10) 1859 (4) 2047 (4) 3319 (7) 159 (8) P(1) 6283 (4) 2500 1336 (8) 45 (5)
P(1) -1996 (2) 450 (2) -1328 (3) 42 (2) P(2) 730 (4) 2500 =770 (7) 47 (5)
P(2) -249 (2) 1446 (2) 2846 (3) 39 (2) P(3) 3151 (3) 4596 (3) 2987 (5) 42 (3)
C() -2098 (10) 1081 (11) =2221 (24) 107 (20) C(1) 6596 (19) 2041 (22) 2669 (32) 50 (10)
C(2) -1986 (10) 1658 (17) -1626 (30) 169 (32) C(2) 6274 (21) 2500 3677 (37) 107 (14)
C(3) -2352 (6) -90 (10) -2264 (13) 69 (13) C(3) 6676 (18) 3531 (22) 1435 (31) 43 (9)
C(4) -2465 (7) -693 (9) -1730 (18) 78 (14) C(4) 7551 (29) 3622 (34) 1712 (47) 105 (19)
C(5) ~2534 (6) 519 (8) -188 (12) 52 (10) C(5) 6938 (23) 1991 (27) 481 (39) 74 (13)
C(6) -3210 (6) 559 (9) -496 (17) 70 (13) C(6) 6943 (20) 2500 —-692 (36) 100 (13)
C(7) -43 (8) 2229 (8) 2554 (195) 62 (11) C( 133 (14) 2500 425 (24) 54 (8)
C(8) -490 (9) 2520 (9) 1723 (18) 90 (15) C(8) ~820 (18) 2500 170 (30) 81 (11)
C(9) 205 (7) 1357 (9) 4112 (14) 60 (12) C(9) 358 (10) 3377 (13) -1623 (17) 61 (5)
C(10) 80 (9) 791 (9) 4806 (15) 81 (15) C(10) 377 (13) 4209 (16) -1003 (21) 89 (8)
C(1) ~1034 (7) 1495 (9) 3313 (16) 70 (13) C(in 3316 (11) 4259 (13) 4461 (18) 63 (6)
C(12) ~-1147 (8) 1898 (12) 4344 (20) 117 (20) C(12) 4148 (12) 3942 (15) 4789 (21) 82 (7)
C(13) 1679 (8) 2577 (10) 4298 (21) 93(17) C(13) 2171 (11) 5051 (14) 3012 (19) 70 (6)
Cus) (0 sanan  m00n S
1 i

Table I11. Positional Parameters and Equivalent Isotropic Thermal C(16) 3792 (12) 6184 (14) 3710 (20) 77 (7)
Parameters for trans-{TagClifP(C,Hs)sl] [BF,]-CHCl, B(1) 1472 (11) 7475 (21) 4007 (17) 127 (20)
atom 10%x/a 10%y/b 10%z/c U,/107% A2 F(1) 1713 (19) 7551 (37) 2243 (13) 2%3 (1)
Ta() 73712 <1652 (3) 13999 (4) 244 (2) Eg; e 2'28; o gi; A 823 Y EH;
Ta(2) -470.0 (2) -919.9 (3) -1211.0 (4) 23.3(2) F(4) 2053 (16) 7087 (30) 4666 (30) 224 (11)
Ta(3) 5823 (2)  -9471(3)  9460(4) 233 (2) CI(9) 1664 (30)  2325(50) 5700 (31) 148 (9)
Cl(ly  -1410 (1) -1253 (2) 169 (3) 3.(D CI(10)  982(25) 2888 (38) 3567 (16) 157 (10)
Cl(2) -160 (1)  -1285 (2) 2740 (3) 3() c(7) 856 (16) 2857 (28) 5013 (15) 117 (23)
i) -284(1) 876 (2) 3046 (3) 36 (1) CI(11) 1318 (36) 4809 (31) 6018 (61) 313 (12)
gf((s“)) "ff‘l‘ E:; 2?;; g; ;;(‘) 8; g; Ei; Ci(12)  277(15) 6072 (34) 6796 (77) 574 (22)
Ci(6) S1232 (1) 32 (2) 22526 (3) 34 (1) C(18) 1274 (12) 5734 (22) 6799 (40) 519 (63)
Cl(7) -1618 (1) -378 (2) 3040 (3) 46 (2) 2All Ta and P atoms, and CI(1)-CI(8) were refined anisotropically.
CI(8) 1312 (4) 4652 (4) 6142 (6) 163 (5) ®The refined occupancy was 0.46 (2) for the first CH,Cl, molecule
Cl(9) 1229 (2) 3099 (3) 7587 (5) 86 (3) (CI(9), CI(10), and C(17)) and 0.96 (4) for the second CH,Cl, (Cl-
Cl(10) 2018 (2) 4487 (3) 8669 (5) 95 (3) (11), Cl(12), and C(18)).

P(1) -1052 (2) -2176 (2) -2773 (3) 35 (2)

P(2) 1329 (1) -2227 (2) 2155 (3) 32 (1)

C(1) -1739 (7) 1835 (9) -3952 (14) 61 (9) We could not obtain the cis isomer of the niobium cluster
gg; —%38? 28 _;333 8?) _?;gg E{g; Zz E;())) complex. The 3'P NMR spectra ‘of t.he niobium complexes always
C(8) -1722 (7 3793 (8) 2595 (15) 67 (9) showed only one signal, which indicated they were trans. The
C(5) -508 (7) -2703 (8) ~3931 (13) 53 (8) X-ray structural determination confirmed the trans geometry of
C(6) 92 (7) ~3210 (9) -3350 (16) 71 (10) the tributylphosphine complex. During the chromatographic
oy 1974 (6) -2734 (7) 1165 (13) 45 (7) purification of the reaction products, we sometimes observed a
C(8) 1699 (7) -3217 (8) -78 (14 60 (9) small fraction, which was possibly the cis isomer.

C(%9) 808 (6) -3114 (7) 2672 (13) 47 (7) Isomerization. To examine whether any trans—cis isomerization
EE}(]); 1;33 28 —?ggg Egg ggg} E: ?; g? Ezg reaction would take place, we stirred a solution of 1 or 2 in ethanol,
CU) 14506 101 (8 46112 49D e indide: ooy e maniom hlorga. S Phdsphre:
cas 1299 (7) 4212 (10) 7706 (14) 83 () tivated charcoal for morg than 4 h at room tem,peraturi or under
E(l) 2?2(5) (13) 83? (11 —218 (25) ;‘]1 E}i; reflux, and the products were examined with TLC (silica gel).
F(2) 5398 (17) -509 (16) -632 (34) 154 (25) Neither isomer was converted to the other under these conditions
F(3) 4325 (11) ~148 (23) -390 (25) 132 (20) though partial decomposition occurred in some of the experiments.
F(4) 5076 (12) -123 (18) 1406 (25) 123 (19) No isomerization took place also during the oxidation of the

distinguished by their 3P NMR spectra. While the trans isomer
has only one kind of phosphine ligand, the cis isomer has two kinds
of phosphine ligands: two phosphines are trans to each other, and
the other two are trans to the chloro ligands. For example, the
observed 3'P NMR spectrum of cis-[TagClifP(C,Hs)3l] had two
signals at & —4.74 and —5.07 with equal intensities while the trans
isomer had one signal at § —4.70.

neutral complexes because the reduction of the oxidized species
by tin dichloride yielded only the same isomer that had been used
to make the oxidized species.

Structure. The results of X-ray structure determination are
shown in Tables I-VII. The structures of the cluster units were
drawn in Figures 1-4.

Like other hexanuclear cluster complexes of niobium and
tantalum, all four complexes for which structures were determined
in this study had octahedral metal clusters with 12 bridging chloro



Octahedral Ta and Nb Clusters

Table V. Positional Parameters and (Equivalent) Isotropic Thermal
Parameters® for trans-[NbgClo{P(CHg)sla]?
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Table VI. Selected Bond Distances (A) and Angles (deg) for
trans-[M6Cll4(PR3)4]"+"

atom 10*x/a 10%/b 10%z/c Ug/1070 A2
Nb(1)  869.2 (5) 4576 (4)  -7423(7) 459 (4)
Nb(2) 780.8 (5) 287.6 (4) 1597.4 (6) 454 (4)
Nb(3) 699.4 (5) -837.2 (4) 66.2 (6) 44.6 (4)
Nb(Ib) 58333 (5) 4450.6 (4) =773.5 (6) 394 (4)
Nb(2b) 56535 (5)  4645.1(4)  1547.8(6)  40.1 (4)
Nb(3b) 58559 (5) 5780.5 (4) 324.7 (6) 40.6 (4)
c) 1921 (1) 867 (1) 1028 (2) 58'(1)
CI(2) 1833 (2) -458 (1) -756 (2) 60 (1)
CI(3) 81 (2) 181 (1) -2739 (2) 57 (1)
Cl4) 168 (2) 1510 (1) 944 (2) 55 (1)
CI(5) 1752 (1) -641 (1) 1953 (2) 57 (1)
Cl(6) 99 (2) 1327 (1) 1803 (2) 56 (1)
CI(T7) 1890 (2) 1023 (1) -1632 (2) 68 (1)
Cl(1b) 6729 (1) 3991 (1) 937 (2) 51(1)
Cl(2b) 6973 (1) 5331 (1) -497 (2) 51(1)
Cl(3b) 5198 (1) 4841 (1) -2715 (2) 53 (1)
Cl(db) 4952 (1) 3502 (1)  -1280 (2) 55 (1)
Cl(5b) 6773 (1) 5501 (1) 2213 (2) 54:-(1)
Cl(6b) 4772 (1) 3656 (1) 1429 (2) S3(1)
CI(7b) 6806 (2) 3869 (1) -1719 (2) 59 (1)
P(1) 1820 (2) 643 (1) 3740 (2) 64 (2)
P(2) 1565 (2)  -1979 (1) 117 (2) 66 (2)
P(1b) 6515 (2) 4214 (1) 3631 (2) 60 (1)
P(2b) 7020 (2) 6804 (1) 775 (3) 76 (2)
c(l) 1444 (7) 1313 (5) 4486 (8) 79 (3)
C(2) 607 (7) 1173 (5) 4796 (9) 85 (3)
C@3) 269 (11) 1809 (8) 5218 (13) 154 (6)
C(4) -547 (15) 1699 (10) 5373 (17) 228 (9)
c(s) 2013 (6) 5(5) 4764 (8) 69 (3)
C(6) 2645 (7) 179 (5) 5941 (9) 82 (3)
C(M 2790 (8) -386 (6) 6697 (10) 93 (4)
C(8) 3498 (8) ~206 (6) 7820 (10) 108 (4)
C(9) 2930 (7) 945 (5) 1838 (9) 82 (3)
C(10) 3542 (9) 434 (6) 3539 (10) 108 (4)
C(i1) 4566 (16) 702 (12) 3772 (21) 218 (10)
C(12) 4482 (28) 1001 (20) 3103 (33) 446 (27)
C(13) 790 (6) -2662 (5) -322 (8) 68 (3)
C(14)  1183(7)  -3334 (5) -299 (8) 76 (3)
C(15) 465 (7) -3842 (6) -662 (9) 89 (3)
C(16) 849 (8) -4516 (6) -659 (9) 98 (4)
C(17) 2356 (8) -2167 (6) 1409 (11) 110 (4)
C(18) 1974 (10) -2303 (7) 2256 (13) 138 (5)
C(19) 2630 (16) -2367 (11) 3532 (21) 235 (10)
C(20) 3154 (17)  -1883 (13) 3983 (21) 272 (12)
C(21) 2157 (11) -2084 (8) -1096 (13) 142 (6)
C(22) 2905 (19)  -1960 (14)  ~-781(25) 310 (15)
C(23)  3212(15) -2123(10)  -2106 (18) 213 (9)
C(24) 4133 (24) -1991 (17) -1536 (30) 416 (20)
C(1b) 5971 (7) 3598 (5) 4214 (8) 72 (3)
C(2b) 5138 (7) 3784 (5) 4510 (8) 80 (3)
C(3b) 4792 (10) 3183 (7) 4946 (12) 129 (5)
C(4b) 4063 (14) 3306 (10) 5236 (17) 226 (9)
C(5b) 6785 (6) 4859 (5) 4746 (8) 68 (3)
C(éb) 7363 (7) 4670 (5) 5908 (9) 81 (3)
C(7b) 7637 (8) 5266 (6) 6682 (10) 99 (4)
C(8b) 8372 (10) 5140 (7) 7712 (12) 137 (5)
C(ob) 7566 (7) 3818 (5) 3742 (8) 75 (3)
C(10b) 8311 (8) 4248 (6) 3659 (9) 92 (4)
C(11b) 9157 (11) 3785 (8) 3818 (12) 141 (6)
C(12b) 9898 (15) 4216 (11) 3965 (18) 241 (10)
C(I13b) 8145 (9) 6532 (7) 1589 (11) 119 (5)
C(14b) 8823 (16) 6959 (11) 1800 (19) 227 (10)
C(15b) 9763 (22) 6687 (15) 2630 (26) 277 (15)
C(16b) 9961 (21) 6231 (15) 2613 (27) 299 (17)
C(176) 7194 (9) 7258 (7) 347 (12) 128 (5)
C(180) 7550 (10)  6935(7) 1106 (12) 133 (5)
C(19b) 7830 (10)  7412(8)  -1979 (13) 146 (6)
C(20b) 8216 (11) 7085 (8) -2741 (14) 160 (6)
C(21b) 6806 (11) 7473 (8) 1804 (14) 158 (6)
C(22b) 6146 (13) 7883 (10) 1259 (17) 204 (8)
C(23b) 5840 (16) 8243 (12) 2491 (20) 254 (11)
C(24b) 5194 (21) 8611 (16) 1695 (28) 381 (19)

2 All carbon atoms were refined isotropically, and other atoms were
refined anisotropically. #The atoms with the number followed by b are
from cluster B and the others are from cluster A.

M = Nb, R = CH,

M=Ta,R=C2H5 n=0

n=0 n=1 cluster A cluster B
M(1)-M(2) 2908 (1) 2946 (1) 2960 (1) 2956 (1)
M(1)-M(2) 2907 (1) 2951 (1) 2947 (1) 2945 (1)
M(1)-M(3) 2909 (1) 2952 (1) 2960(1) 2.955(1)
M(1)-M(3) 2907 (1) 2.952(1) 2949 (1) 2953(1)
M(2)-M(3) 2887 (1) 2915(1) 2.925(1) 2929 (1)
M(2)-M(3) 2.889 (1) 2933 (1) 2925(1) 2922(1)
M(1)-M(1) 4.140 (1) 4.208 (1) 4.218 (1) 4.213 (1)
M(2)-M(2) 4,083 (1) 4.130(1) 4.136(1) 4.132(1)
M(3)-M@3)’ 4.085 (1) 4.141 (1) 4137 (1) 4.142(1)
M(1)-CI(1) 2466 (4) 2447 (3) 2458(2) 2462(2)
M(1)-CI(2) 2464 (4) 2446 (3) 2.460(2) 2462(2)
M(1)-CI(3) 2.457 (3) 2.447 (3) 2464 (2) 2462 (2)
M(1)-Cl(4) 2459 (4) 2448 (3) 2458 (2) 2447 (2)
M(2)-CI(1) 2457 (4) 2447 (3) 2456 (2) 2455(2)
M(2)-Ci(3)’ 2468 (3) 2.442(3) 2453(2) 2457(2)
M(2)-Cl(5) 2466 (4) 2.439(3) 2461 (2) 2462(2)
M(2)-CI(6) 2.468 (3) 2.448 (3) 2.464 (2) 2.468 (2)
M(3)-Cl(2) 2.460 (4) 2450 (3) 2.451(2) 2453(2)
M(3)-Cl(4)’ 2454 (4) 2443 (3) 2452(2) 2450(2)
M(3)-CI(5) 2.465 (4) 2.440(3) 2.464 (2) 2466 (2)
M(3)-Cl(6)’ 2.463 (3) 2.442(3) 2.465(2) 2461 (2)
M()-CI(7) 2531 (4) 2494 (3) 2519(3) 2518(2)
M(2)-P(1) 2740 (4) 2721 (3) 2.755(3) 2737 (3)
M(3)-P(2) 2736 (4) 2727 (3) 2.753(3) 2756 (3)
M(D-CI(1)-M(2) 72.40 (10) 74.02 (8) 74.09(7) 73.90(7)
M(1)-CiI(2)-M(3) 7243 (10) 74.17(7) 74.12(7) 73.92(7)
M(D)-CI(3)-M(2)" 72.36 (10) 74.27 (8) 73.66 (7) 73.58 (7)
M(1)-Cl(4)-M(3)" 72.55(10) 7424 (8) 7381 (7) 74.17(7)
M(2)-CI(5)-M(3) 71.68 (10) 73.38 (8) 7286 (7) 72.92(7)
M(2)-Cl(6)-M(3) 7171 (9) 7371 (7) 7279(7) 7273 (7)

?The atoms marked with a prime are related to those at x, y, z by
the inversion center at the center of the cluster.

Table VII. Selected Bond Distances (A) and Angles (deg) for
cis-[TagCl P(CyHs)34] [BF4)-3CH,Cl,

Ta(1)-Ta(1y  2.962 (1) Ta(2)-Cl2)  2.440 (5)
Ta(1)-Ta(2)  2.941 (1) Ta(2)-ClI(5)  2.438 (4)
Ta(1)-Ta(3)  2.941 (1) Ta(3)-Cl(3)  2.433 (5)
Ta(1)-Ta(4)  2.950 (1) Ta(3)-Cl(6)  2.454 (5)
Ta(2)-Ta(4)  2.927 (1) Ta(4)-Cl(4)  2.430 (5)
Ta(3)-Ta(4)  2.933 (1) Ta(4)-Cl(S)  2.436 (4)
Ta(4)-Ta(4)  2.930 (1) Ta(4)-Cl(6)  2.441 (5)
Ta(1)-Ta(4)  4.169 (1) Ta(4)-Cl(7)  2.441 (5)
Ta(2)-Ta(3)  4.132 (1) Ta(1)-CI(8)  2.482 (6)
Ta(1)-Ci(1)  2.438 (6) Ta(2)-P(1)  2.707 (6)
Ta(1)-Ci2)  2.441 (5) Ta(3)-P(2)  2.709 (7)
Ta(1)-CI(3)  2.444 (5) Ta(4)-P(3)  2.718 (5)
Ta(1)-Cl(4)  2.456 (5)

Ta(1)-CI(1)-Ta(1)’ 74.81 (18)
Ta(1)-Cl(2)-Ta(2) 74.09 (14)
Ta(1)-CI(3)-Ta(3) 74.17 (14)
Ta(1)-Cl(4)-Ta(4) 74.29 (14)

Ta(2)~-CI(5)-Ta(4) 73.80(13)
Ta(3)-Cl(6)-Ta(4) 73.62 (13)
Ta(4)-CI(7)-Ta(4)’ 73.78 (15)

9The atoms marked with a prime are related to those at x, y, z by
the mirror plane at x, '/,, z.

ligands on the edges. The six terminal positions on the apices were
occupied by four trialkylphosphines and two chloro ligands. The
average Ta-Ta distance was elongated on oxidation (2.901 A in
la vs 2.942 A in 10a and 2.940 A in 11a). The average Ta-
Cl(bridging) distance in the oxidized cluster (2.445 A in 10a and
2.441 A'in 11a) was a little shorter than that in the neutral cluster
(2.462 A) while the Ta-Cl(terminal) distance showed a larger
contraction on oxidation (2.531 A in 1a vs 2.494 A in 10a and
2.482 A in 11a). The average Ta~P distance was also shorter in
the oxidized cluster (2.724 A in 10a and 2.710 A in 11a) than
in the neutral cluster (2.738 A). The average metal-metal dis-
tances of the neutral niobium cluster (2.944 A) were longer than
that of the corresponding tantalum cluster by 0.04 A. However,
the differences of the average metal-Cl and metal-P distances
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Figure 1. ORTEP drawing of trans-[Ta4Cl,{P(C,Hs)ls]. All hydrogen
atoms are omitted for clarity. The complex has a crystallographic in-
version center at the center of the tantalum octahedron.

Figure 2. ORTEP drawing of the trans-[TagCl 4{P(C,Hs)sla]* ion. The
complex has a crystallographic inversion center at the center of the
tantalum octahedron.

Figure 3. ORTEP drawing of the cis-[TagCl){P(C,H;)34]* ion. The
complex has a crystallographic mirror plane that passes through C(6),
C(2), P(1), Ta(2), CI(1), CI(7), Ta(3), P(2), C(7), C(8), and the center
of the tantalum octahedron. Only one of the disorder positions of C(1)
and C(3)-C(5) were shown for clarity.

between the niobium and tantalum complexes were trivial (M-
Cl(bridging) = 2.459 A (Nb) vs 2.445 A (Ta); M—Cl(terminal)
=2.519 A (Nb) vs 2.531 A (Ta); M—P = 2.750 A (Nb) vs 2.738
A (Ta)). The B-F distance of the tetrahedral tetrafluoroborate
anion in 10a was 1.37 A on average.

Discussion

Isomerization. As described under Results, no isomerization
reaction between cis and trans isomers has been observed. In
mononuclear complexes, addition of a ligand or elimination of a
coordinating ligand easily leads to the trans—cis isomerization.
However, in the case of the cluster complexes, the elimination of
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Figure 4. ORTEP drawing of trans-[NbgCl P(C,Hg)sla]*. Of the two
independent molecules in the structure, cluster A is shown here. The
complex has a crystallographic inversion center at the center of the
niobium octahedron.

104 (a)

104 ()

290 295 300
d(M-M)/pom
Figure 5. Histograms showing the distribution of metal-metal bond
distances in the octahedral metal clusters. The ordinate m refers to the
number of bonds in each range of 0.005 A width, like 2.90-2.905 A. The
white rectangles correspond to the metal-metal bonds with phosphine
ligands at both ends, the black rectangles to the bonds with chloro ligands
at both ends, and the hatched rectangles to the bonds with a phosphine
ligand and a chloro ligand. Key: (a) trans- and cis-[TagCl ,{P-
(CyHy)sll s (b) trans-[TagClJP(C,H;)3h); (c) [NbCl{P(C4Ho)3la].

a terminal ligand does not directly lead to the isomerization
because the neighboring terminal ligand cannot move to the
evacuated site due to the occupation of the bridging position by
the bridging chloro ligands. Binding of a second ligand at one
of the terminal position does not cause isomerization for the same
reason.

Because no isomerization was observed under various conditions,
it is very improbable that conversion of the geometry occurs in
the reaction of the starting hydrate complex, [TazCl;4(H,0),]-
4H,0, with the trialkylphosphine. Therefore, the starting hydrate
complex in ethanol solution should contain both cis and trans
isomers. The reported structural determination of the hydrate
cluster indicated the trans geometry though the result did not look
conclusive due to the disorder of the structure.!> Our attempts
to separate the isomers of the hydrate cluster complexes by
chromatography were not successful.

Structure. From Figure 5, we can see the effect of the oxidation
state of the cluster on the metal-metal bond distance. The trans
and cis cationic complexes of tantalum (15 electrons) have longer
average metal-metal bond distances than the neutral (16 electrons)
by 0.039 A. The tendency of the longer metal-metal bond distance

(13) Burbank, R. D. /norg. Cher. 1966, 5, 1491,
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Figure 6. Electronic absorption spectra of (a) [TagCl,{P(CyHs)sls] in
CH,Cly, (b) [TagCliP(CoH,)ai][BF,] in CHyCly, and (c) [TagCly{P-
(C3Hyg)3}a}[BF 4], in CHyCN. The spectra of the trans isomers are drawn
with solid lines, and those of the cis isomer are drawn with broken lines.
The spectra of trans- and cis-[TagCl,P(C,Hs),ls] [BF,], were measured
in the presence of NOBF, to prevent the reduction of the cluster. The
small vertical lines indicate the position of absorption maxima of
[TagCly,}** in DMSO (a), [TacCl,,}** in ethanol (b), and [TagCly5]>
in acetone (c¢) with the notations for the bands by Fleming and
McCarley.* The small gaps of the spectra at 11.7 X 10° ¢cm™! are due
to the switch of the detector.
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in the higher oxidation state has already been observed and
discussed in a series of niobium complexes, [(NbgCl,,)Clg]™ (n
= 4, 3, 2).I4-18

Figure 5 shows also the effect of the terminal ligand on the
metal-metal bond distance; i.¢., the bond distance between the
metals depends on the kinds of ligands that are connected to these
metals. The terminal chloro ligand makes the metal-metal bond
longer than the phosphine ligand. Here, we will call this effect
as “terminal ligand effect”. One possible cause of this terminal
ligand effect is the uneven distribution of the electronic charge
among the metal atoms. It is probable that the metal atom
connected with an anionic ligand has slightly more positive charge
due to the neighboring negative charge than that connected with
a neutral ligand. The electrostatic repulsion between neighboring
metal atoms, each with partial positive charge, may lead to the
longer metal-metal bonds of the metal bonded with an anionic
ligand. Burbank attributed the large tetragonal distortion of the
hydrate complex [(Ta4Cl;,)Cl,(H,0),] to the oxidation states of
four tantalum atoms close to +2, with the other two close to +3.13
However, in the phosphine complexes studied here, the observed
distortions are much smaller, and the difference of the charges
on the metals cannot be so large as insisted for the hydrate
complex. The ESR spectrum of [NbgCl,,{P(C;H;)},] reported
by Klendworth and Walton shows that the unpaired electron
locates on each metal with the same probability.?

Another possible cause of the terminal ligand effect is the “local
matrix effect”. The matrix effect in the cluster compounds has
been discussed in detail by Corbett.!® The existence of the matrix

(14) Field, R. A; Kepert, D. L.; Robinson, B. W.; White, A. H. J. Chem.
Soc., Dalton Trans. 1973, 1858.

(15) Thmaine, S; Perrin, C.; Sergent, M. Acta Crystallogr., Sect. C 1987,
43,813,

(16) Koknat, F. W.; McCarley, R. E. Inorg. Chem. 1974, |3, 295.

(17) Penicaud, A.; Batail, P.; Perrin, C.; Coulon, C.; Parkin, S. S. P.; Tor-
rance, J. B. J. Chem. Soc., Chem. Commun. 1987, 330.

(18) Thaxton, C. B.; Jacobson, R. A. Inorg. Chem. 1971, 0, 1460.

(19) Corbett, J. D. J. Solid State Chem. 1981, 39.
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cffect in the niobium and tantalum cluster complexes is evident
when the average metal-metal bond distance of the chloro complex
K4[NbeClig] (2915 A)® is compared with that of the isomorphous
bromo complex (2.971 A).2* The terminal ligands cannot ap-
proach the metal octahedron freely due to the van der Waals
contact with the bridging ligands. If the most stable bond distance
between the terminal ligand and the metal is shorter than the
distance allowed by this van der Waals contact, the terminal ligand
will draw the metal atom outward, and the metal-metal bond will
be elongated. While the van der Waals radii of chlorine and of
the phosphorus are approximately equal,?? the metal—chloro bond
distance is shorter than the metal-phosphine bond distance. As
a result, chloro terminal ligands exert a larger “matrix effect” and
elongate the metai-metal distances more than phosphine ligands.

The average Ta-Ta bond distance in [(TaCl,,) (H,0)¢]** is
reported to be 2.906 A2 which is much smaller than those in the
isomers of [TagCl {P(C,Hs)4),}* (2.942 A for trans and 2.940
A for cis). The shorter metal-metal bond lengths in the hydrate
complex may be reasonable because the small aqua ligands exert
a smaller matrix effect than the chloro and the phosphine ligands.
On the other hand, the matrix effect does not explain why the
average Nb—Nb bond distance in [NbgCl,{P(C,Hs),l,] (2.944
R) is longer than that in the [NbgCl,5]4~ complexes (2.915 A in
the K, salt® and 2.918 A in the KGd salt'%). The reason may
be as follows. Because the anionic ligands donate more electron
density to the metal cluster than the neutral ligands, the metal
cluster with six terminal chloro ligands may contain more electron
density for the metal-metal bonding? and have stronger met-
al-metal bonds than the cluster with two terminal chloro ligands.

Electronic Spectra. There has been no agreement yet about
the assignments of the electronic absorption bands of the niobium
and tantalum clusters though the subject has been discussed for
a long time.>® The first step in making the assignments is to
correlate each absorption band of the oxidized clusters (15 and
14 electrons) with that of the 16-electron species. However, the
correlations so far proposed have some ambiguity, for the intensity
of the absorption band of these clusters changes so sensitively on
oxidation or substitution of metal atoms that it is not very useful
as a guide for such a correlation.*

The magnetic studies have established that the HOMO (highest
occupied molecular orbital) in the 16-electron species is a non-
degenerate state.”>%* The molecular orbital calculations have
shown that the HOMO is either a;, or 2% We will call this
orbital HOMO{16] though it becomes the lowest unoccupied
orbital in the 14-electron clusters.

Fleming and McCarley have correlated the absorption bands
of many niobium and tantalum clusters mainly on the ground of
their widths, and named them “A” to “M” bands.? According
to their assignments, the “D” band, which is observed around 13.6
X 103 cm™! in [TagCly4(C;HsOH)g]3* (15 electrons) and 11.85
X 10% cm™ in [TagClig]% (14 electrons), does not appear in the
16-electron cluster and is due to the transition to the HOMO[16].
On the other hand, Robbins and Thomson argued that the “B”
band in the 16-electron cluster splits into the “B” and “D” band
in the [S-electron cluster due to the spin—orbit coupling.

The spectra of trans- and cis-[TagCl 4{P(CyHs)3}]* (15 elec-
trons) have distinct differences in the region around 13 X 10 cm™

(20) Simon, A.; von Schnering, H.-G.; Schifer, H. Z. Anorg. Allg. Chem.
1968, 361, 235.

(21) Ueno, F.; Simon, F. Acta. Crystallogr., Sect. C 1985, 4/, 308.

(22) Huheey, J. E. Inorganic Chemistry: Principles of Structure and Re-
activity, 3rd ed.; Harper and Row: New York, 1983.

(23) BrinCevig, N.; Ruzi¢-Toros, Z.; Koji¢-Prodig, B. J. Chem. Soc., Dalton
Trans. 1988, 455.

(24) This does not mean that the metal atoms connected to the anionic
ligands have more electron density than those bonded to the neutral
ligands in the same cluster. What we discuss here is the total amount
of the electron density donated to the metal cluster and not the distri-
bution of the electronic density in the cluster, which may be related to
the distortion of the cluster.

(25) Mackay, R. A.; Schneider, R. F. Inorg. Chem. 1968, 7, 455.

(26) Converse, J. G.; McCarley, R. E. Inorg. Chem. 1970, 9, 1361.

(27) Cotton, F. A.; Haas, T. E. Inorg. Chem. 1964, 3, 10.

(28) Johnston, R. L.; Mingos, D. M, P. Inorg. Chem. 1986, 25, 1661.
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(Figure 6B). The comparison of the spectrum of the trans
complex with that of [Ta¢Cl,,(C,HsOH)¢]** having the complete
O, symmetry reveals that the “D” band of the trans isomer splits
into two bands. The comparison of the spectrum of the dicationic
trans complex (14 electrons) with that of [Ta,Cl,5]? also leads
to the same conclusion (Figure 6¢). The splittings observed in
the “D” bands of the oxidized trans isomers means that the “D”
band corresponds to a transition from or to the degenerate state
that splits into two levels in the trans isomer. If any band in the
trans isomer with 16 electrons corresponds to this transition, it
would also split into two as observed in the oxidized trans clusters.
However, the spectra of the 16-¢lectron clusters trans-[TagCl,,-
(PR;)4] are almost identical with the spectrum of [TaCl,,-
(DMSO),]** (Figure 6a). Therefore, the electronic spectra of
the 16-electron clusters lack the “D” band as discussed by Fleming
and McCarley, and this band must be assigned as a transition to
the HOMO[16], tp, —> a,, or t;, — a,,.3 Present results are not
consistent with Ro%bins and Thomson's assignment.®

We will now discuss the difference in the “D” band between
the trans and the cis oxidized clusters. Though the “D” band in
the cis dicationic complex does not have distinct two peaks, the
width of the band is larger than the width of each peak of the
“D” band of the trans isomer (Figure 6¢), and the “D” band of
the cis isomer seems to have two overlapping peaks. In the
spectrum of the cis monocationic complex (Figure 6b), the “D”
band is overlapped with the “B” band, and we cannot see whether
the band is made of only one component. Therefore, the difference
in the “D” band between the trans and the cis isomers may be
due to the degree of the splitting; i.e., the splitting of the trans
isomer is much larger than that of the cis isomer.

We will take a hypothetical cluster having six terminal phos-
phine ligands with the complete O, symmetry as the starting
complex. The replacement of a phosphine ligand with a chloro
ligand will perturb the molecular orbitals of the metal cluster.
We will consider the effect of this perturbation on the three basal
orbitals? of ty(d,,.d,,) in the zeroth-order approximation.’® If
one of the phosphine ligands is replaced by a chloro ligand, the
energies of the d,, and the d,, orbital on which the replacement
takes place will be changed by AE, which can be positive or
negative. If two phosphine ligands bonded to metals 3 and 6 (the
trans positions) are replaced by chloro ligands, the energies of ¢,
= k(-d,,(2) - d,,(3) + d,,(5) + d,;(6)) (Figure 7a) and ¢ =
k(—d,.(1) - d,,(3) + d,(4) + d,,(6)§ (Figure 7b) will be changed
approximately by 2A (A = k?AE) because two of the four metal
atoms constituting each basis orbital are bonded to the ligand to
be replaced (in Figure 7d).3! On the other hand, the energy of
the basal orbital ¢¢ = k(d,(1) -d,,(2) - d,,(4) + d,,(5)) (Figure
7¢) will not be affected because no metal atom is bonded to the
ligand to be replaced. Therefore, the splitting of the energy of
the ty(d,,d,,) level is estimated to be 24 in the trans isomer
(Figure 7¢). On the other hand, if two phosphine ligands bonded
to metals 3 and 1 (the cis positions) are replaced by chloro ligands,
the energy of the basis orbital ¢, and ¢g will be changed by A,
and ¢¢ by 24 as shown in Figure 7e. Therefore, the splitting of

(29) For the details and the notations of the molecular orbitals of niobium
and tantalum clusters, see refs 6 and 26.

(30) Eyring, H.; Walter, J.; Kimball, G. E. Quantum Chemistry; Wiley:
New York, 1944; Chapter VII.

(31) We assume that the terminal ligand interacts only with the atomic
orbitals of the metal atom with which it is bonded. Therefore, the cross
terms like (d,,(3)|H,|d,,(2)), where H, is the Hamiltonian of the per-
turbation, are always zero.
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(e)

Figure 7. (a—c) Basal orbitals of t;(d,;.d,,): (2) s = k(-d,,(2) - d,,(3)
+4,4(5) + 4,,(6)), (b) @ = K(=d,y(1) = do(3) + d,,(4) + d(6)), and
(€) pc = k(d,,(1) - d,,(2) - d,,(4) + d,,(5)). (d) Numbering scheme
of the metal atoms and the positions where the replacement takes place
in the trans and cis isomer. (e) Splitting of the t,(d,,.d,,) orbital in the
trans and cis isomers.

the t;,(d,,.d,,) orbital in the trans isomer must be twice as large
as that in the cis isomer. Similar discussion with the orbitals
tag(dspndy), ty(d,2), tz;(dxy)» and t,(d,,.d,,) leads to the same
conclusion, and the splitting of the “D” band in the trans isomer
should be twice as large as that in the cis isomer whether the
transition is ty, — ay, or t;, = a;,.

Conclusions

Both trans and cis isomers of the tantalum cluster complexes
[TasCl 4« PR3)4)™ (R = alkyl, n = 0-2) can be isolated, and they
are not easily converted to each other. The trans and cis geom-
etries of the terminal ligands influence not only the physical
properties like solubility in the organic solvents but also the
structure and the electronic states of the metal cluster. The
structural influence can be summarized as follows: the terminal
chioro ligand makes the metal-metal bond distances involving the
metal connected with it shorter than the phosphine ligand. This
effect is on the order of 0.02 A and is observed also in the niobium
complex. The influence of the geometry on the electronic states
of the metal cluster was obvious in the splitting of the absorption
band at around 13 X 10% cm™ of the oxidized species. The splitting
was much larger in the trans isomer than in the cis, which can
be explained by a simple zeroth-order approximation scheme.
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