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Si-N stretching vibration and those near 1135 cm™ to the
N-H deformation vibration. The strong intensity of the latter
bands may be the result of mixing of the Si-N stretching
motion with the N-H deformation vibration as has been found
in the IR spectrum of (Me;Si),NH.?

The IR spectrum of [Me(C1)GaN(H)SiMe;], contains six
intense bands which are primarily associated with the
stretching vibrations of the skeletal structure [C(Cl)GaN-
(H)Si],. If the skeletal structure has a symmetry of C, then
the selection rules predict 15 IR-active vibrations of which six
are principally stretching motions. For the symmetries of C;
and C,,, a significantly larger number of IR-active vibrations
would be expected. Thus, the IR spectrum of [Me(Cl)GaN-
(H)SiMe;], supports the presence of the trans—trans structure
as the predominate isomer in the solid state. Confirmation
of this structure by Raman spectroscopy was prevented by the
rather substantial fluorescence which the solid dimer exhibited.

In conclusion, the IR, melting point, and crystallographic
data indicate that the trans—trans isomer of [Me(Cl)GaN-
(H)SiMe, ], crystallized from a methylene chloride solution
of the reaction mixture. The major signals in the 'H NMR
spectrum of a benzene solution of [Me(Cl)GaN(H)SiMe,),

are consistent with the trans—trans isomer although other
isomers may be present in low concentrations. The trans-
[Me,GaN(Me)Ph], has also been found to be the predominate
isomer in benzene and thermodynamically more stable than
the cis isomer.!” A comparison of the major features in the
IR spectra of both alkyl((trimethylsilyl)amino)gallium chlo-
rides suggests that [#n-Bu(Cl)GaN(H)SiMe;], probably has
a trans—trans structure in the solid state.
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The preparation and structural characterization of two trinuclear molybdenum(IV) cluster compounds with capping oxygen
atoms are reported. Reaction of Mo(CO)4 with acetic acid under O, allows the isolation, after suitable workup by
cation-exchange resin chromatography of 1, [M0;0,(OAc)s(H,0);]Br»H,0. This forms rhombohedral crystals in space
group R3m with unit cell dimensions @ = 11.784 (5) &, & = 106.34 (5)°, V = 1386.6 (1) A3, and Z = 2. The structure
consists of [M0;0,(0,CCH;)¢(H,0),]** ions having effectively Dy, symmetry residing on crystallographic positions of
Cy, symmetry. The metal atoms form an equilateral triangle capped above and below by oxygen atoms. The edges of
the triangle are each bridged by two acetate ions, and there is a water molecule coordinated to each metal atom with the
Mo-OH, bond direction intersecting the center of the opposite Mo—Mo bond. The bromide ions and the additional H,O
are disordered over several positions in the rhombohedral cell. Reaction of Mo,(0,CCHj;), with a mixture of propionic
acid and propionic anhydride followed by cation column chromatography using CF;SOH to elute gives [Mo0,0,(0,C-
C,H;)6(H,0),)(CF;S0;),(CF,SO;H)(H,0),. This forms triclinic crystals in space group P1 with @ = 15.760 (5) A, &
= 14.848 (5) A, ¢ = 13.632 (4) A, & = 70.4 (2)°, 8 = 118.5 (2)°, v = 123.1 (2)°, ¥ = 2336.6 (1) A3, and Z = 2. The
trinuclear cation resides on a general position but is very similar to the one in the acetate and has essentially D, symmetry.
The important dimensions within the [Mo0;0,(0,CR)¢(H,0);]?* ions are virtually identical in the two cases, with Mo—Mo
=2.766 (2) A in the acetate and averaging 2.752 (3) 3. in the propionate. This type of trinuclear cation can be formulated
electronically as having six electrons for Mo—Mo bonding and bond orders of 1. They are very similar to the analogous

[W30,(0,CR)¢(H,0),1** cations described earlier.

Introduction

The past five years have witnessed the discovery of a re-
markable new area in the chemistry of molybdenum and
tungsten.2* that of compounds containing discrete triangular
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or close to, +4. There are two, structurally different, principal
types of compounds as represented by the general structures
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Triangular Trinuclear Mo(IV) Cluster Compounds

Figure 1. Two principal types of trinuclear Mo; and W, cluster
structures presently known: (a) the monocapped structure, M;-
(u3-X)(1-Y)3Zs; (b) the bicapped structure, M3(u3-X),Y2Z,.

(a and b) of Figure 1. In structure a there is one capping
atom (a p;-X atom) and three u,-Y atoms; we shall call this
the monocapped structure. In structure b there are two
capping atoms; we shall call this the bicapped structure.

Compounds crystallized from aqueous solutions of Mo!Y
have been found to contain a structure of type a, in which both
us-X and p,-Y are oxygen atoms, and it is therefore a rea-
sonable hypothesis that such a structure is present in solutions
of the molybdenum(IV) aquo ion. There are also several
tungsten compounds that have been shown to have a structure
of type 2.5

The type b structure, with two u;-O groups, has thus far
been demonstrated for several tungsten compounds, all of
which are obtained by reaction of W(CO), with acetic acid,
usually followed by workup employing aqueous media and
cation exchange columns.” There are the following four
compounds: [W;0,(0,CCH;)¢(H;0);](CF;S03),, [W;0,-
(0,CC,Hy)6(H,0);]1(BF,),:5.5H,0, [W30,(0,CCMe;)q-
(Me3;CCO,),(H,0)](Me;CCO,H), and Cs[W,0,(0,CC-
H,)¢(CH;CO,);]-3H,0.

We have recently reported the existence of a number of
molybdenum compounds of type b, including species with two
CCH; capping groups,'®!? species with one u;-O and one
u3-CCH,,'%1! and a species with two u;-O groups,'® viz,,
[Mo030,(0,CCH,)¢(H,0);]%*, but no detailed report on mo-
lybdenum compounds with two u3-O groups has previously
been published. In this paper we describe two compounds in
detail, one containing the cation just mentioned and the other
containing the [Mo;0,(0,CC,H;)¢(H,0);]** cation.
Experimental Section

Preparation of [Mo,0,(0,CCH,)s(H,0);]Br,;H,0 (1). The dark
brown solution obtained from the reaction of Mo(CQ)¢ with acetic
acid as described previously!®12 was left to stand in the air for several
weeks and then passed through a Dowex 50W-X2 cation-exchange
column. Elution of the adsorbed material showed the presence of only
two ions. The first, which was eluted with 0.1 M HBr, was shown
to be the [Mo3(CCH;),(0,CCH,)s(H,0)3]* ion.1%!? The second ion,
which was red, eluted with 2 M HBr. Slow evaporation of the red
solution gave good quality red crystals whose elemental analysis agrees
well with the assigned formula. Anal. Calcd for C,;H,Br,Mo;0,4:
C, 15.58; H, 3.03; Br, 17.29. Found: C, 15.62; H, 3.13; Br, 17.02.
This complex can also be obtained in high yield if air is bubbled
through the solution throughout the refluxing of Mo(CQ), with acetic
acid. The cation column chromatography may then be carried out
immediately.

Preparation of [M0302(02CC2H5)6(H20)3](CF3S03)2’CF3S03H'
H,0 (2). A mixture of Mo,(O,CCHj),4 (1.0 g), propionic acid (50
mL), and propionic anhydride (50 mL) was refluxed for 12 h under
nitrogen. The reaction mixture was cooled, diluted with 100 mL of
water, and poured through a column of Dowex 50 W-X2 cation-ex-
change resin. The column was washed with 1 M hydrochloric acid,
and the red adsorbed material was eluted with 2 M trifluoro-
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Figure 2. Electronic absorption spectrum of a ca. 10~ M aqueous
solution of [M0302(02CCH3)6(H20)3]Brz'Hzo.

Table 1. Pertinent Information about Data Collection
and Structure Refinement

1 2

space group R3m (No. 166, P1
rhombohedral axes)

a, A 11.784 (5) 15.760 (5)
b, A 14.848 (5)
¢, A 13.632 (4)
o, deg 106.34 (5) 70.4 (2)
8, deg 118.5(2)
v, deg 123.1(2)
v, A® 1386.58 2336.6
molecular formula Mo,C,H,,0,,Br, Mo,C H,0,,F,S;
formula wt 905.8 1331
z 2 2
p(measd),? g cm™3 2.18
p(caled), g em™? 2.17 1.89

radiation used Mo Ka (A=0.71069 A)

for data collctn

scanning range for 26, 4 < 29 <48 5<20<42
deg
stds for intens control  [011, T01, 110] [122, 432, 110]
scan mode w/20 w
scan speed, deg/min 3 1.5
scan width, deg 1.3 (in w) 1.2
no. of unique reflctns 895 4921
used in the last cycle
of least squares
no. of variables 82 471
final R(F)® 0.066 0.083

@ Measured by flotation in toluene-~1,1,2,2-tetrabromoethane.
b RF)= (ZIIFgl— IFGID/Z IFgyt.

methylsulfonic acid. Good quality crystals were obtained by slow
evaporation of the eluate under vacuum.

Electronic Absorption Spectrum. The UV-visible spectra of aqueous
solutions of the two compounds are identical within experimental error.
That of an approximately 1073 M solution of 1 is presented in Figure
2. The two maxima are described numerically as follows: (1) A =
509 nm, 7 = 19.6 X 10° cm™), € 450; (2) A = 428 nm, » = 23.4 X 103
cm™l, € 460.

X-ray Measurements. In each case the red crystals were unstable
on the diffractometer over long periods of time in the air and it was
necessary to place them in Lindemann glass capillaries. Crystals were
approximately 0.2 X 0.2 X 0.3 mm in each case, and all data were
collected on a Phillips PW-1100 four-circle automated diffractometer.
Pertinent details are given in Table I. Unit cell dimensions were
determined by centering 25 strong high-angle reflections and are given
in Table I. Lorentz and polarization corrections were made; absorption
corrections were omitted.

Structure of 1. The rhombohedral crystals showed no systematic
absences, thus making R3 and R3m the possible space groups. The
statistics of the intensity distribution strongly suggested the centric
group, R3m. Solution of the structure was expedited by the direct
methods program MULTAN (1977 version of Main, Woolfson, Les-
singer, Germain, and DeClerq). All further crystallographic calcu-
lations were carried out with Sheldrick’s SHELX-76 program package.

The trinuclear cation was found and refined routinely, but the four
Br~ ions in the cell were found to be disordered. Two of them were
assigned to a general (12-fold) position and the other two to a special
(sixfold) position. With appropriate occupancy factors (i.e., !/¢ and



1914 Inorganic Chemistry, Vol. 21, No. 5, 1982

Table II. Positional Parameters for Compound 1 (X 10* for
Nonhydrogen Atoms; X 10 for the Hydrogen Atoms)

x ¥y z
Mo 2943 (1) 2943 (1) 1477 (1)
o) 1564 (10) 1564 (10) 1564 (10)
0(2) 3358 (10) 3358 (10) 3358 (10)
ow 3579 (9) 3579 (9) 0200 (10)
0A1 4916 (6) 3372 (5) 2188 (5)
0A2 1302(6) 2873 (6) 0124 (6)
CAl 0289 (9) 2848 (11) 0289 (9)
Cca2 -0797 (11) 2823 (14)  —0797 (11)
CA3 5485 (12) 2942 (9) 2942 (9)
CA4 6903 (12) 3346 (11) 3346 (11)
Bx(1) 3698 (3) 6302 (3) i
Bx(2) 7849 (12) 4851 (12) 0946 (11)
0(3) 5948 (36) 4052 (36) i
H(1) 418 (10) 369 (11) 028 (11)
H(2)® ~-170 233 -077
H(3)? -078 359 -078
H(4)® 713 349 256
H(5)b 748 408 408

% Atoms Br(1) and O(3) are located on a twofold axis.
Theoretically calculated positions; not refined.

1/4) they refined satisfactorily. However, because of correlation
between temperature factors and occupancy factors, this exact 2:2
partitioning of the Br™ ions on the two sites may not be exactly correct.
There appear to be hydrogen bonds from the cluster water molecules
to the Br~ ions with distances of 3.250 (9) and 3.156 (9) A.

A difference Fourier map was now calculated, and a residual peak
having electron density of about 2 e/A® was observed on a special
(sixfold) position. This density was assigned to two disordered water
molecules per unit cell. This assignment is supported by the fact that
the distance between this peak and the water molecules directly
coordinated to the molybdenum atoms, 2.780 (12) A, is consistent
with the existence of a hydrogen bond between them. Moreover, with
the presence of two water molecules per unit cell the calculated density
of 2.17 g cm™ agrees well with the measured density of 2.18 g cm™,
These water molecules also relate in a sterically reasonable way to
the Br~ ions.

The oxygen atom of the lattice water molecules was refined only
isotropically. Hydrogen atoms were also introduced at calculated
positions except for those on the water molecules directly coordinated
to the molybdenum atoms which were found in a difference Fourier
map. The calculated hydrogen atoms were not refined. With all these
atoms included the unit-weighted residual was lowered to a final value
of 0.066. The observed and calculated structure factors as well as
the anisotropic thermal parameters are available as supplementary
material. The atomic positional parameters are presented in Table
I1.

Structure of 2. This structure was solved straightforwardly from
a Patterson function, which yielded the positions of the molybdenum
atoms, followed by an alternation of difference Fourier maps and cycles
of refinement. In this way all nonhydrogen atoms were located and
refined; hydrogen atoms were omitted. There was evidence for minor
disorder in the CF;SO; units, especially of the fluorine atoms. In
the final cycles of refinement, therefore, only the sulfur atoms in these
units were refined anisotropically, as were all nonhydrogen atoms in
the cations. This gave a data to parameter ratio of 10.5 and the final
unit-weighted R value was 0.083.

The structure factors and thermal parameters are available as
supplementary material. The atomic positional parameters are listed
in Table II1.

Results and Discussion

The work reported here establishes the existence and the
structural parameters of trinuclear cations of the type
[Mo0;0,(0,CR)(H;0);]** with R = CH; and C,H,. These
cluster species are of type (b) in Figure 1 and are analogous
to those of tungsten previously reported.” The oxidation state
of the molybdenum atoms is +4 which means that there are
six electrons available for Mo—Mo bonding and a set of three
single bonds may be assumed to exist. Before comparing these
oxo-capped trimolybdenum cations with other bicapped tri-
molybdenum cluster species and with their tungsten analogues,

Ardon et al.

Figure 3. View of the [Mo0;0,(0,CCH;)¢(H,0),]** cation in com-
pound 1. The thermal ellipsoids are of 50% probability.

Figure 4, Packing diagram of compound 1 in the equivalent hexagonal
system (viewed down the unique axis). The disordered water molecules
(O(3)) were omitted for clarity.

we shall first examine each of the new compounds and its
structure in detail.

[M0302(02CCH3)6(H20)3]B|'2'H20 (l). The disordered
arrangement of the Br~ ions and the H,O of solvation have
been adequately discussed in the Experimental Section. We
turn attention now to the trinuclear cation. The structure and
the atom labeling scheme are shown in Figure 3. A stereoview
of the packing arrangement using the equivalent hexagonal
unit cell is presented in Figure 4. A list of important inter-
atomic distances and angles is given in Table IV,

The cation has rigorous crystallographic 3m (C,,) symmetry
and approximates closely to the D;. symmetry that would
result if a mirror plane coinciding with the Mo, plane were
added. Thus, the two sets of Mo—(u4-O) distances differ by
0.012 (12) A, a difference that is statistically negligible by
the 30 criterion. Similarly, the two sets of nonequivalent
Mo-O distances to the acetate ions differ by only 0.006 (8)
A, which, statistically speaking, means they are equal.

[Mo,0,(0,CC,H;)((H,0),(CF,S0,),-CF,S0,H-4H,0 (2).
This compound crystallizes in the space group P1 and has the
trinuclear cation on a general position, with no imposed sym-
metry. The cation and the atom labeling scheme are shown
in Figure 5. Bond lengths for both the cation and the anions
are listed in Table V, and the bond angles are given in Table
\28

As noted in the Experimental Section, the F and O atoms
of the F,CSO, groups, especially the former, showed evidence
of disorder and/or very large amplitudes of thermal motion.
As a consequence, the distances and angles in these anions
cannot be accurately determined and tend to vary over wide
ranges. However, the mean values!s of C-F = 1.30 [10] A,

(15) We use [x] to specify the estimated uncertainty of an average of n
independent values, defined as [x}* = (X A2)/n(n - 1).
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Table III. Positional Parameters for Compound 2 (X 10%) Table IV. Bond Lengths (A) and Angles (Deg) in Compound 1
atom x y z Mo-Mo 2.766 (2) OA2-CA1l 1.256 (8)
Mo=0(1) 1.998 (8) CA1-CA2  1.521(17)
Mo(1) 2977 (1) 1088 (1) 2355 (1) Mo-0(2) 2.010 (9) CA3-CA4  1.491(17)
Mo(2)  3861(1) 3026 (1) 3128 (1) Mo-OW 2.083(10)  OW-Br(1)  3.250(9)
Mo(3) 3924 (1) 3000(1) 1153 (1) Mo-OA1 2.090 (6) OW-BK2)  3.156 (9)
oD 4449 (7) 2365 (7) 2714(7) Mo-0A2 2.096 (6) OW-0(3) 2780 (12)
0(2) 2735(D 2368 (7) 1710 (7 0A1-CA3 1.267(8)
0(3) 3816 (8) 654 (7) 1936 (8)
o(4) 3779 (8) 682 (7) 4031 (8) 0O(1)-Mo-0(2) 74.3(4) 0O(1)-Mo-0A2 79.1 (3)
o(5) 1775(7 663 (7 769 (7) 0(1)-Mo-OW 143.0(4) 0O(2)-Mo-0A2 127.2(2)
0(6) 1745 () 673 (7) 2867 (8) 0(2)-Mo-OW  142.7(4) OW-Mo-OAl 75.3 (3)
o7 2164 (8) —-637(7 2534 (8) 0(1)-Mo-OA1 127.4(2) OW-Mo-OA2 75.0(3)
0(8) 3439 (7 4263 (D 2186 (7 0(2)-Mo-0A1 78.2(3) OA1-Mo-0A2 150.2(2)
0(9) 4202 (7) 3907 (D 4344 (7) Mo-OA1-CA3 125.5(6) ©OA2-CA1-CA2 117.8(5)
8210; ; 2‘116 Eg ;ggg g; gig g Eg Mo-OA2-CA1 125.3(6) OA1-CA3-CA4 118.2(6)
11 1 , ,
0(12) 4496 (8) 2249 (7) 4658 (7) Mo-O(1)-Mo 87.6 (4) Mo-0(2)-Mo 87.0 (4
0(13)  5520(7) 4245(7) 1821 (7) _
0(14) 3452(7 4208 (7N 578(7) Table V. Bond Lengths (A) in Compound 2
0O(15) 4375(D 3858(M -287(7 Mo(1)-Mo(2) 2.755 (1) o1 N-C(7 1.26 (2)
0(16) 2560 (7) 2217(7) -190(7) Mo(1)-Mo(3) 2,748 (1) C(1)-C(2) 1.53(2)
o7 4588 (7 2212(8) 956 (8) Mo(1)-0(1) 1.987 (6) C(2)-C(3) 1.49 (2)
C(1) 4410 (13) 1339 (14) 4764 (12) Mo(1)-0(2) 1.97(1) C(#H-C(5) 1.55(3)
g(z) 5140 (15) 969 (12) 5854 (14) Mo(1)-0(3) 209 (1) C(9)-C(6) 150 (4)
C(4) 1720 (ﬁ) 1393 ( 4; §§§§ 8 6) Mo(1)-0(5) 2089(7)  C(8)-C(9) 1.51 (3)
C(S) g7é ( s) ;9 (19) 411 20) Mo(1)-0(6) 2.08 (1) C(10-C(11)  1.52(1)
o ands  Deras 1354 213; Mo(D-O(7) ~ 2133(8)  CUD-C(1D)  1.54(2)
cﬁsi o Eus; . 515) 63 (18 Mo(2)-Mo(3)  2754(2) C(13)-C(14)  1.49(2)
) 2803 (19) 1539 (19) 870 (2D Mo(2)-0(1) 2.00 (1) C(14)-C(15)  1.54 (2)
c(ug 730 (12) 911(13)  -1158(12) Mo(2-0(8)  210()  C1N-CAY  1.56(2
(12 Listy #1109 2163 (15) Mo(2-0(9) ' 214(D)  S(D-O018) 144 (D)
C( 3) 3254( 0) 1 ;(10 Ehe Mo(2-0(10)  2118(8)  S(1)-0(19)  1.42(D
c84) 2804 (13; 5321 (12; §54 83 Mo(2-0(11)  2.09 (1) S(1)-0(20) 1.43 (1)
C(1sg T ((15) 5490516) e an Mo(2-0(12)  2.084(8)  S(2)-0(21) 1.45(2)
C(16 6015 (1 4519 (10) 2810 (11) Mo(3)-0(1) 1982(7)  3(2-0(22) 1.41 (2)
C( ) (11 ( ( Mo(3)-0(2) 1.98 (1) $(2)-0(23) 1.40 (2)
2(1) 400; (:) 2722 (:) 7209 ( 4) Mo(3)-0(15)  216(1)  S(3)-0(26)  1.44(2)
5(2) 412(4) ~2501(4) ~4(4) Mo(3)-0(16)  2.067(7)  C(19)~F(1) 1.33(4)
(3) 2089 (6) 7478(5) 3379.(6) Mo(3-0(17)  209()  CO9-F(2)  1.22(4)
0(18) 3504 (11) 3035(11) 6041 (11) 0(3)-C(7) 1272 C(19)-F(3) 124 6)
0(19) 3855(13) 3059 (13) 7949 (13) 0(4)-C(1) 1.26 (1) C(20)-F(4) 1.30 (6)
0(20) 5088(11) 2894 (11) 7533 (11) 0(5)-C(10) 1.27(1) C(20)-F(5) 1.28 (5)
o2 98 (18 ~3647(18) 211(18) 0(6)-C(4) 1.29(2) C(20)-F(6) 1.24 (6)
0(22) 780 (15) -2061(15) 980 (16) 0(8)-C(13) 1.28 (1) C(21)-F(7) 1.26 (4)
0(23)  -387(18  -2378(18)  -1024 (1) 0(10-C(16) ~ 1.28(2)  CQI-F(8  1.28(4)
04 1317020 6324(2)  3408(21) O1D-C4)  126(1)  CQD-FO)  1.56(4)
0(25)  3262(22) 7907 (22) 6169 (23) 0(12-C(1) 124 (2) S(1-C(19) 193 (3)
0N - 3636 (9) 5473 (9) 3755(3) 0(14-C(13)  127()  SB)-C2D 165
0(28) 1367 (12) 4172(12) 2495(12) 0(16)-C(10) 1.26 (1)
0(29) 111 (16) 4603 (16) 6628 (17)
0(30) 344 (19) 5132(19) 2049 (20)
C(19)  3195(27) 1163 (26) 7302 (30)
C(20) 1637349  -1916 (37) -329 (38)
o(21) 1519(23) 7910 (23) 5740 (24)
F(1) 2188 (14) 956 (13) 7063 (14)
F(2) 3589 (20) 849 (20) 8278 (23)
F(3) 3240 (19) 886 (19) 6572 (21)
F(4) 1392(18)  -2291(18)  —1212(19)
F(5) 2337(19)  -2193(18) 488 (20)
F(6) 1959 (25) ~931(27 —479 (25)
F(7) 532(22) 7688 (20) 5158 (21)
F(8) 2033 (16) 8472 (16) 6563 (17)
F(9) 2038 (25) 9155 (27) 5385 (27)

S-O = 1.44 [3] A, and C-S = 1.81 [14] A are all in agree-
ment with the typical values!® for these linkages.

Purely for convenience, we have written the formula of
compound 2 with two CF,SO;" ions, one CF;SO;H molecule cs
of crystallization and four H,O of crystallization, but we have

(16) “Interatomic Distances Supplement”, Spec. Publ.—Chem. Soc. 19685, Figur; ; View of the [M0302(02CC2H5)6(H203]2+ cation in com-
No. 18. pound 2.
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Table VI. Bond Angles (Deg) in Compound 2

Ardon et al.

Mo(2)~-Mo(1)-Mo(3) 60.05(5) Mo(3)-Mo(2)-0(9) 150.1(3)
Mo(2)-Mo(1)-0(1) 46.5(2) Mo(3)-Mo(2)-0(10)  83.8(2)
Mo(2)~-Mo(1)-0(2) 46.1 (4) Mo(3)-Mo(2)-0(11) 124.8 (4)
Mo(2-Mo(1)-0(3) 124.5(4) Mo(3)-Mo(2)-0(12) 123.7(2)
Mo(2)-Mo(1)-0(4) 82.5(3) O(1)-Mo(2)-0(2) 73.2(4)
Mo(2)-Mo(1)-0(5) 123.7(3) O(1)-Mo(2)-0(8) 126.9 (4)
Mo(2)-Mo(1)-0(6) 82.5(4) 0(1)-Mo(2)-0(9) 144.2 (5)
Mo(2)-Mo(1)~-O(7)  150.6 (3) O(1)-Mo(2)-0(10) 77.0 (4)
Mo(3)-Mo(1)-0(1) 46.1 (3) O(1)-Mo(2)-0(11)  127.8(5)
Mo(3)-Mo(1)-0(2) 46.1 (3) 0O(1)-Mo(2)-0(12) 77.8(4)
Mo(3)~Mo(1)-0(3) 820(3) 0(2)~Mo(2)-0(8) 78.6 (5)
Mo(3)-Mo(1)-0(4) 123.6 (4) 0(2)-Mo(2)-0(9) 142.5(4)
Mo(3)-Mo(1)-0(5) 82.8 (4) 0(2)-Mo(2)-0(10)  128.9(4)
Mo(3)-Mo(1)-0(6) 125.0(3) 0O(2)-Mo(2)-0(11) 78.9 (5)
Mo(3)-Mo(1)-0(7)  149.3 (3) O(2-Mo(2)-0(12) 127.4 (5
0O(1)-Mo(1)-0(2) 73.8(5) 0(8)-Mo(2)-0(9) 75.0 (4)
0O(1)-Mo(1)-0(3) 78.0 (5) O(8)-Mo(2)-0(10) 87.6 (5)
0O(1)-Mo(1)-0(4) 77.5(5) O(8)-Mo(2)-0(11) 88.0 (5)
O(1)-Mo(1)-0(5) 127.6 (5) O(8)-Mo(2)-0(12) 151.2(4)
O(1)-Mo(1)-0(6) 127.4 (4) 0(9)-Mo(2)-0(10) 76.1 (4)
O(1)-Mo(1)-0(7) 142.7(5) 0(9)-Mo(2)~-0(11) 74.2 (5)
0(2)-Mo(1)-0(3) 126.6 (4) 0(9)-Mo(2)-0(12) 76.3 (4)
0(2)-Mo(1)-0(4) 127.4 (4) 0(10)-Mo(2)-0(11) 150.1 (®
0O(2)~-Mo(1)-0(5) 717.6 (5) 0(10)-Mo(2)-0(12) 83.9(5)
0O(2)-Mo(1)-0(6) 78.9 (4) O(11>-Mo(2)-0(12)  85.9(5)
0O(2)-Mo(1)-0(7) 143.4 (6) Mo(1)-Mo(3)-Mo(2) 60.10(5)
0(3)-Mo(1)-0(4) 87.9(4) Mo(1)-Mo(3)-0(1) 46.3 (4)
0(3)-Mo(1)-0(5) 85.3(5) Mo(1)-Mo(3)-0(2) 45.8(3)
0O(3)-Mo(1)-0(6) 150.9 (5) Mo(1)-Mo(3)-0(13) 124.4 (3)
0O(3)-Mo(1)-0(7) 75.1(5) Mo(1)-Mo(3)-0(14) 124.0 (3)
0(4)-Mo(1)-0(5) 151.5(5) Mo(1)-Mo(3)-0(15) 150.1 (3)
0(4)-Mo(1)-0(6) 85.0 (5 Mo(1)-Mo(3)-0(16) 82.8 (3)
O(4)-Mo(1)-0(7) 76.2(6) Mo(1)~-Mo(3)-0O(17) 84.0 (4)
0O(5)-Mo(1)-0(6) 87.6 (5) Mo(2)-Mo(3)-0(1) 46.6 (2)
O(5-Mo(1)-0(7) 75.3(5) Mo(2)-Mo(3)-0(2) 46.1 (4)
O(6)-Mo(1)-0(7) 75.8 (4) Mo(2)-Mo(3)-0(13) 81.9(2)
Mo(1)-Mo(2)-Mo(3) 59.85(5) Mo(2)-Mo(3)-0(14) 83.3(2)
Mo(1)-Mo(2)-0(1) 46.1 (4) Mo(2)-Mo(3)-0(15) 149.8 (3)
Mo(1)»-Mo(2)-0(2) 45.7(3) Mo(2)-Mo(3)-0(16) 123.9(3)
Mo(1)-Mo(2)-0(8) 124.2(4) Mo(2)-Mo(3)-0(17) 125.9(3)
Mo(1)-Mo(2)-0(9)  150.1 (3) 0(1)-Mo(3)-0(2) 73.7(5)
Mo(1)-Mo(2)-0(10) 123.1(2) 0O(1)-Mo(3)-0(13) 78.2(5)
Mo(1)-Mo(2)-0O(11)  83.2(3) O(1»Mo(3)-0(14) 128.6 (3)
Mo(1)-Mo(2)-0(12) 82.9(3) O(1)-Mo(3)-0(15) 143.1(5)
Mo(3)-Mo(2)-0(1) 46.0(3) 0(1)-Mo(3)-0(16)  127.7(5)
Mo(3)-Mo(2)-0(2) 46.0 (3) O(1)-Mo(3)-0(17) 79.4 (4)
Mo(3)-Mo(2)-0(8) 824 (2) 0(2)-Mo(3)-0(13) 126.6 (4)
Table VII. Nonbonded Contacts (&) Shorter than

2.8 A in Compound 2

O(7)~-0(26) 261 (2) O(21)-0(30) (66602) 2.55(3)
O(7N-0(22) (65602)¢ 270(2) 0O(28)-0(30) 245 (4)
0(9)-0(18) 266 (2) 0(29)-0(30) (56602) 2.44 (4)
Q(9)-0(27) 2.68(2) F(3)-F(9) 2.71 (5

0(15)-0(19) (55401) 2.61(2)

% The reference atoms (those whose coordinates are given in
Table M) aré denoted as 555, translations along the axes are
specified by adding or subtracting integers from the reference
code. The sequence of the symmetry elements is that given in
the “International Tables for X-ray Crystallography’”; Kynoch
Press: Birmingham, England, 1952.

no evidence that this is preferable to (CF,SO;7),;-H;0*-3H,0,
or still other arrangements. From the structure and spectro-
scopic properties of the compound we know that the cation
has a charge of 2+, and hence that a net charge of 2— must

0(2)-Mo(3)-0(14) 78.2 (4) 0(16)-C(10)-C(11) 119 (1)
O(2-Mo(3)-0(15) 143.2(5) C(10)-CA1D-C(12) 113(2)
0(2)-Mo(3)-0(16) 77.8(5) 0(8)-C(13)~-0(14) 121Q1)
0O(2)-Mo(3)-0(17) 1283 (5) 0O(8)-C(13)-C(14) 119 (1)
0(13)-Mo(3)-0(14) 85.5(5)  O(14)-C(13)-C(14) 118(1)
0(13)-Mo(3)-0(15) 75.9(5) C(13)-C(14)-C(15) 113(1)
0(13)-Mo(3)-0(16) 151.3 (4) O0(10-C(16)-0(13) 122 (2)
0(13)-Mo(3)-0(17)  88.4 (5) 0(10)~-C(16)-C(17) 120(1)
0(14)-Mo(3)-0(15) 74.9(3) 0O(13)-C(16)-C(17) 116 (1)
0(14)-Mo(3)-0(16)  85.5(5) C(16)-C(17)-C(18) 114 (1)
0(14)-Mo(3)-0(17) 148.9 (4) 0(18)-8(1)-0(19) 113 (1)
O(15)-Mo(3)-0(16)  75.4(5)  O(18)-S(1)-0(20) 114 (1)
0(15)-Mo(3)-0(17) 74.1(4) 0(18)-S(1)-C(19) 102 (1)
0(16)-Mo(3)-0(17)  85.3(5) 0(19)-S(1N-0(20) 115 (1)
Mo(1)-O(1)-Mo(2)  87.4 (4 0(19-8(-C(19» 107 (1)
Mo(1)-O(1)-Mo(3)  87.6 (5) 0(20)-8(1)-C(19) 101 (D
Mo(2)-0O(1)~-Mo(3) 87.5(4) 0O(21)-8(2)~0(22) 111 (D
Mo(1)-0(2)-Mo(2) 88.3 (5) 0(21)-8(2)-0(23) 105(2)
Mo(1)-0(2)-Mo(3) 88.1(3) 0(21)-8(2)~C(20) 102(2)
Mo(2)-0(2)-Mo(3) 87.9 (6) 0(22)-8(2)-0(23) 124 (1)
Mo(1)-0(3)-C(7) 125(D 0(22)-8(2)-C(20) 105(2)
Mo(1)-0(4)-C(1) 123 (1) 0(23)-8(2)-C(20) 104 (2)
Mo(1)-0(5)-C(10) 124 (1) 0(24)-8(3)-0(25)  122(2
Mo(1)-0(6)~C(4) 126 (1) O(24)-8(3)-0(26) 106 (2)
Mo(2)-0(8)-C(13) 126.0(7) 0(24)-8(3)-C(21) 98 (2)
Mo(2)-0(10)-C(16) 124 (1) 0(25)-8(3)-0(26) 116 (2)
Mo(2)-0(11)-C(4) 125.4(8) 0(25)-S(3)-C(21) 106 (2)
Mo(2)-0(12)-C(1) 123 (1) 0(26)-8(3)-C(21) 104 (1)
Mo(3)-0(13)-C(16) 126 (1) S(D-C(19)-F(1) 103 (2)
Mo(3)-0(14)-C(13) 125(Q1) S(1)-C(19)-F(2) 105 (4)
Mo(3)-0(16)-C(10) 125(D) S(1)-C(19)-F(3) 106 (3)
Mo(3)-O(17)-C(7) 123 (1) F(1)-C(19)-F(2) 110(3)
0(4)-C(1)-0(12) 125(2) F(1)-C(19)-F(3) 111 (5)
O(4H-C(1)-C(2) 115 (1) F(2)-C(19)-F(3) 117 (3)
0(12-C(1)-C(2) 119 (2) S(2)-C(20)-F(4) 110 (5)
C(D)-C(2)-C(3) 116 (2) 8(2)-C(20)-F(5) 109 (4)
0(6)-C(4)-0(11) 122(1) S(2)-C(20)-F(6) 104 (3)
0(6)-C(4)-C(5) 116 (2) F(4)~C(20)-F(5) 107 (3)
0(11)-C(4)-C(5) 120(1) F(4)-C(20)-F(6) 112(5)
C(4)-C(5)-C(6) 114 (2) F(5)-C(20)-F(6) 113 (6)
0(3)-C(N-0(1 7 124 (D S(3)-C(21)-F(7) 117 (3)
0(3)-C(N-C(8) 115 (1) S(3)-C(21)-F(8) 123 (3)
O(17)-C(7-C(8) 120 (D) S(3)-C(21)-F(9) 104 (2)
C(7)-C(8)-C(9) 113(2) F(7)-C(21)-F(8) 118 (2)
0O(5)-C(10)-0(16) 123 (2) F(7)-C(21)-F(9) 97 (3)
0(5)-C(10)-C(11) 116 (2) F(8)-C(21)-F(9) 66 (3)

be accommodated over the remaining constituents of the
compound. Unfortunately, the accuracy of this part of the
structure is insufficient to afford an unequivocal indication
of where to place the ninth hydrogen atom beyond the eight
that belong to the four water molecules.

Table VII gives a list of the O-+O distances below 2.80 A,
which we assume to be conclusively indicative of hydrogen
bonds; there could, of course, be additional hydrogen bonds
at greater O-O distances. We also mention in this table one
fairly short F--F distance of 2.71 (5) A. However, this is not
less than twice the van der Waals radius of fluorine (2.70 A)
and we do not think it implies anything more than a firm
non-bonded contact.

The data in Table VII provide some basis for believing that
an H,0" ion, containing O(30) may be present. This oxygen
atom has two very close hydrogen bonds to other lattice water
molecules, O(28) at 2.45 A and O(29) at 2.44 A, and another
short one to O(21), which belongs to one of the CF,SO; ions.

Table VIII. Comparison of Some Key Dimensions (&) for Several [M,0,(0,CR),(H,0),]Z Compounds?®

M R z M-M M-(u,-0) M-0,CR M-OH, tef
Mo CH, Br,'H,0 2766 (2) 2.004 (6] 2093 [3] 2083 (10) b
Mo C,H, (CF,S0,),-CF, SO, H-4H,0 2752 (2] 1.984 (4] 2.090 [4] 2.144 [4] b
w CH, (CF,S0,), 2.746 (1) 2.011 (5) 2.085[7] 2.132(6) 9
w C,H, (BF,),-5.5H,0 2.745 (2] 2.000 [4] 2.09 [1] 2.09[2] 9

% Numbers in parentheses are esd’s of individual values; numbers in brackets are defined in ref 15. b This work.



Inorg. Chem. 1982, 21, 1917-1920 ‘ 1917

The other five O--O distances listed in Table VII involve water
molecules belonging to the cation. Atom O(9) is H bonded
to one CF;SO;™ ion and to the remaining lattice water mol-
ecule, O(27). Atom O(15) is H bonded to a CF,;SO; ion, and
atom O(7) is H bonded to two CF;SO;” oxygen atoms from
different anions.

Comparison of Structures. Table VIII summarizes the
principal dimensions of the trinuclear cations of the type
[M30,(0,CR)¢(H;0);]?* that have been characterized X-ray
crystallographically. The variations range from minor to in-
significant. There is no statistically significant variation of
the M—(u;-O) bond lengths or the M—O,CR bond lengths over
the four structures. There are statistically significant variations
in the M—OH, bond lengths, but the largest ones are between
the pairs of compounds containing the same metal atoms; very
probably, these variations are a consequence of hydrogen
bonding of these water molecules to their surroundings being
different from one compound to another. Finally, among the
M-M distances, only the Mo—Mo distance in the bromide is
significantly (in a statistical sense) different from the others,

one Mo—-Mo and two W-W, which do not differ significantly
from one another. Even this statistically significant difference
is at the very threshold of the 3o criterion and does not appear
to have any chemical significance.

This set of M—M bond lengths, 2.745-2.766 A includes the
Mo—-Mo bond length, 2.753 (1) A, in [Mo,0(CCH;)(0,CC-
H;)4(H,0),]BF+9H,0, which also contains a cation in which
there are M—M bonds of order 1. This suggests that the M—-M
distance is essentially a function of the bond order and not
appreciably dependent on a change of the capping groups from
O to CH,C.
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Upon addition of K,SO, to the red-brown solution produced by the electrochemical reduction of Nb(V) in 70% H,SO,,
a red-brown, crystalline product is precipitated. X-ray crystallographic study has defined this substance as K,(H;0,)-
Nb;0,(S0,)s(H;0);]-5H,0. It crystallizes in the monoclinic space group P2, with the cell dimensions a = 9.961 (2)

b=18.088 (3)

¢=10036 (2) A, 8= 11884 (2)°, V= 1584 (1) A%, and Z = 2. The structure was refined by full-matrtix

least-squares methods to residuals of R, = 0.037 and R, = 0.044. It consists of a discrete trinuclear, triangular niobium
cluster of the type M,X,; that has been found in metal clusters of group 6 elements. The three niobium atoms in the
[Nb;0,(SO,)s(H,0)3]* ion are triply bridged by two u;-O atoms, above and below the triangle plane, and each pair of
Nb atoms is bridged by two u-SO,* groups. The trimer possesses a near D,; symmetry. The mean Nb-Nb distance is
2.885 (7) A, and the average oxidation state of the Nb atom is +32/;. Four electrons occupy M-M bonding orbitals, resulting

in a bond order of /5.

Introduction

It has been known for a long time that the electrochemical
reduction of pentavalent niobium in sulfuric acid solutions
produces a red-brown species.! Several attempts have been
made to identify the complex responsible for this color by
isolating well-defined compounds from the reduced solution.!-
Ott prepared a red compound to which he assigned the formula
sz(SO4)3'(NH4)2S04'H2SO4'6H20.1 K.iehl, Fox, and Hardt
reported the preparation of a red crystalline compound to
which they gave the tentative formula 4K,0-N,O.
2Nb0,0:12H,S0,12H,0.% Golibersuch and Young favored
a hexanuclear structure and proposed the formula KgNbg(O-
H)«(SO,),»18H,0 for this salt.> They assigned an average
oxidation state of +32/ to the niobium atoms in the complex.
Later, the hexanuclear structure was adopted by others who

(1) Ott, F. Elektrochem. Z. 1912, 18, 349.

(2) (a) Kiehl, S. J.; Hardt, H. B. J. Am. Chem. Soc. 1928, 50, 1608. (b)
Ibid. 1928, 50, 2337. (c) Kiehl, S. J.; Fox, R. L.; Hardt, H. B. Ibid
1937, 59, 2395.

(3) Golibersuch, E. W.; Young, R. C. J. Am. Chem. Soc. 1949, 71, 2402.

(4) Krylov, E. I; Kalugina, N. N. Russ. J. Inorg. Chem. (Engl. Transl.)
1959, 4, 1138.

(5) Goroshchenko, Y. G.; Andreeva, M. L. Russ. J. Inorg. Chem. (Engl.
Transl.) 1966, 11, 1197.

formulated its ammonium salt as (NH,)3[NbsO;(SO,)5]+x-
H,0.4% Krylov and Kalugina measured the magnetic sus-
ceptibility of what they believed to be Kz[NbsO:(SO,);,]-
21H,0 and found that the molecule contains “two types of
niobium atoms, two are paramagnetic with u; = 1.4 up per
Nb atom and four are diamagnetic”.* Goroshchenko and
Andreeva formulated the complex as NbsO;(SO,)g12H,0 and
stated that all the salts containing potassium or ammonium
can be regarded as double salts of this complex.’

In the past few years, work on molybdenum and tungsten
revealed the existence of trinuclear, triangular metal clusters
in oxidation states between +3 and +5 with M—M bonds of
order <1.5% From a structural point of view there are two
different types of clusters. The first is the well-known M,X;,

(6) (a) Mennemann, K.; Mattes, R. 4ngew. Chem. 1976, 88, 92. (b) Bino,
A.; Cotton, F. A.; Dori, Z. J. Am. Chem. Soc. 1978, 100, 5252. (c) Ibid.
1979, 101, 3842, (d) Bino, A.; Cotton, F. A.; Dori, Z. Inorg. Chim. Acta
1979, 33, L133. (e) Miller, A.; Sarkar, S.; Bhattacharyya, R. G.; Pohl,
S.; Dartmann, M. Angew. Chem. 1978, 90, 564.

(7) (a) Bino, A.; Cotton, F. A,; Dori, Z.; Koch, S.; Kppers, H.; Millar, M.;
Sekutowski, J. C. Inorg. Chem. 1978, 17, 3245. (b) Bino, A.; Hesse,
K.-F.; Kuppers, H. Acta Crystallogr., Sect. B 1980, B36, 723.

(8) (2) Bino, A.; Cotton, F. A; Dori, Z. J. Am. Chem. Soc. 1981, 103, 243.
(b) Ardon, M.; Bino, A.; Cotton, F. A.; Dori, Z.; Kolthammer, B. W.
S.; Kapon, M. Inorg. Chem. 1981, 20, 4083.
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