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transition we observed, at 3650 A. or 27,400 cm.—,
can be assigned to this transition. Since this band is
the only one not having a counterpart in the WCls*~
compounds, the remaining bands are probably charge-
transfer bands, which should be quite similar for the
WCls— and WCl2~ compounds.

Two d-d bands should have been observed for the
WCle?— compounds, corresponding to the transitions
#Ty, — 3Ty, and 3Ty (F) — 3T, (P). The value of ap-
proximately 19,000 cm.—! which we observed for our
WClg2- compounds'is not unreasonable for the former
transition, and the latter probably should be located
at somewhat higher energies than the 27,400 cm.—!
band observed in WClg~. It is possible that the band
at 3200 A. reported by Peacock?® corresponds to-the

3T1g(F) = ¥T1,(P) transition, or that the d—d traasition -
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is hidden under a charge-transfer band in the same
region of the spectrum.

The band in the visible region in our M,WCl; com-
pounds appeared at 5200-5250 A., as opposed to the
position reported by Peacock? of 5500 A. Also, he
refers to the fact that WCI;(OH)2— salts exhibit a
band at 5100-5200.A.%°  However, we feel confident
that the M,WCls compounds prepared from MWCl,
are not partially hydrolyzed, on the basis of analysis,
of no O-H bands in the infrared, and of the identity of
our’ powder  patterns with those of . Peacock’s com-
pounds.
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The crystal and molecular structures of the compound Ka{ [MoO;(C;0:)(H:0)]:0} have been determined by a three-dimen-
sional, single crystal X-ray diffraction study. - This compound had previously been formulated as a molybdenum(V) com-

pound, having one less oxygen atom per dimeric anion.

An explanation for the discrepancy in stoichiometry is suggested.

The centrosymmetric complex anion contains two (distorted) octahedrally coordinated Mo(VI) atoms with a rigorously

linear and symmetrical Mo—O-Mo bridge.

The various Mo—O bond lengths and O-Mo-O bond angles vary considerably,

but all of the variations appear to correlate very well with simple considerations of interatomic repulsions and Mo~O bond .

orders.

The tendency of ligands coordinated trans to multiple Mo-O bonds to have abnormally long. bonds to the metal

is again observed. The Mo—-O (terminal) bonds are 1.69 =% 0,02 A. and the Mo-O (bridge) bonds are 1.876 =+ 0.002 A.

Introduction

Molybdenum in the V and VI oxidation states forms
a considerable number of oxo complexes. Few of them
have been unequivocally characterized structurally,
but it is important to do so in many cases. It is es-
pecially important where it appears that the com-
pound is a diamagnetic one containing Mo(V), for this
necessarily means that the trie molecular formula is
some even multiple of the simplest one containing only
one molybdenum atom. The point of particular in-
terest in such compounds is the structural arrangement
whereby the Mo(V) atoms succeed in pairing their
electron spins so as to produce a diamagnetic com-
pound.

The only X-ray structural investigation of a diamag-
netic Mo(V) complex which appears to have been re-
ported? deals with the diethyl xanthate compound,
[(C,Hs0CS,)sM001,0, which is found to contain a
linear Mo-O-Mo bridge; it was further shown that,

(1) Supported by a grant from the National Institutes of Health.

(2) A. B. Blake, F. A. Cotton, and J. 8. Wood, J. Am. Chem. Soc., 86,
3024 (1964).

by a simple molecular orbital treatment, pairing of the
electron spins through this bridge should take place.
Each Mo atom is surrounded by a distorted octahedron
of ligand atoms:.

The structures of two oxo-Mo(VI) complexes have
also been reported. The compound. diethylenetri-
aminetrioxomolybdenum(VI) has been shown to have
a mononuclear, distorted c¢zs-octahedral structure,3
while the oxalato complex, NaNH,[MoQOs(C:0s)]-
2H,0, has been reported* to:consist of infinite Mo-O~
Mo-O~ chains with a distorted octahedron about each
Mo atom provided by two oxo oxygen atoms and two .
oxygen atoms of a chelate oxalate ion. The Mo-O-Mo
bridges are bent and unsymmetrical (Mo-0, 2.23,.1.87
A.) while the two terminal Mo-O bonds are rather long
(1.815, 1.850 A.), in comparison with those in the other
two compounds, viz., 1.64 A. in the xanthate compound .
and 1.73 A. in the diethylenetriamine complex.

Another way in which two Mo(V) atoms might be

(3). F. A. Cotton and R. C. Elder, Inorg. Chem,, 8, 397 (1964).
(4) L. O. Atomovniyan and G. B. Bokii, Zk. Strukt, Khim., 4, 576 (1963).
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connected in an oxo complex so as to provide the op-
portunity for pairing of spins is through a double oxygen
bridge, that is, by having two octahedra sharing an
edge. Our interest in the structure of the compound
described in this paper was aroused because a pre-
liminary X-ray study,® combined with the reported
composition,® strongly suggested that such an arrange-
ment would occur. Thus, a substance with the as-
sumed empirical formula KMoO,(C;04)H:O which is
diamagnetic’” would probably contain dimers, and the
unit cell and space group measurements required two
dimers per cell, each lying at a center of symmetry.
A seemingly obvious structure, consistent with these
facts, would be I, or an isomer thereof. At any rate,
a satisfactory structure with a single bridge, Mo-O-Mo,
would be 1mp0551ble to devise.

0 H,0 =

/\\/ U/\/
/\/H o \/\
(0] (o] O OHz (o] (o]

I

Dr. B. Lucas was kind enough to supply us with the
same batch of crystals he used to determine the unit
cell and space group. We immediately confirmed his
findings, »iz., space group P2;/c and unit cell dimensions
in agreement, and proceeded to a full structure deter-
mination. The unit cell dimensions of Lucas and
Sandor, @ = 7.508, b = 14.235, ¢ = 6.602 A, and 8 =
94°33" were used.

Determination of Structure

From the sample of the crystalline material made
available to us by Dr. Lucas, a small equidimensional
crystal of maximum dimension ca. 0.3 mm. was selected
for intensity measurements. Intensities were recorded
photographically, using the equi-inclination Weissen-
berg method and Mo K« radiation, levels 0k through
7kl being obtained by the multiple film technique. All
intensities were estimated visually, using a calibration
wedge prepared from the same crystal, and measure-
ments were confined to those reflections with 0 < sin
6 < 0.4. This region of reciprocal space gave about 800
independent reflections, of which about 100 were too
weak to be measured and were assigned a value one-
quarter of the minimum observable value in subsequent
calculations. Allreflections were corrected for Lorentz-
polarization factors in the usual way. No corrections
were made for absorption, the linear absorption co-
efficient being only 24.2 cm. %

A three-dimensional Patterson synthesis was first
computed using the Fourier program® ERFR-2. From
this synthesis, the location of the double weight Harker
peaks, 2x, /5, /s + 2z and 0, }/; — 2y, /s, and the
single weight inversion peak, 2x, 2y, 2z, gave the co-

(5) B. Lucas and E. Sandor, Acia Cryst., 16, 854 (1963).

(6) H. M. Spittle and W, Wardlaw, J. Chem. Soc., 2742 (1928).

(7) C. M. French and J. H. Garside, 7bid., 2006 (1962).

(8) W, G, Sly, D. P. Shoemaker, and J. H. Van den Hende, “A Two and
Three Dimensional Fourier Program for the IBM 709/7090,” 1962,
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ordinates of the molybdenum atom which immediately
indicated that the anion must be a dimer of some type,
the molybdenum being much too close to the origin
for the anion to be monomeric. Unambiguous assign-
ment of the coordinates of the potassium ion did not ap-
pear possible on the basis of the Patterson map alone,
and so the molybdenum atom position was used to de-
rive signs for an initial electron density summation.
Analysis of this Fourier synthesis yielded positions for
the potassium ion and for all atoms of the oxalate
group, and revealed the presence of several peaks
around the molybdenum atom at varying distances,
three of which were much higher in peak density than
the remainder. However, there was no evidence of the
expected bridging oxygen atoms (i.e., according to a
posttilated structure, such as I, discussed in the Intro-
duction) and none of the above three peaks could be as-
signed to such an atom.

In view of the uncertainty of the location of the
various oxygen atoms and the water molecule at this
stage, it was thought that one or more of the above-
mentioned peaks might be due only to large series ter-
mination errors from the molybdenum atom (two of the
peaks were ca. 1.7-1.8 A. from the molybdenum) and
therefore spurious. Signs for a second three-dimen-
sional electron density map were thus based on the
two heavy atoms and the six atoms of the oxalate group.

This second Fourier synthesis confirmed the above
atoms and again showed the three peaks around the
molybdenum, this time with much greater peak height,
almost certainly indicating that they were not spurious.
As in the first Fourier map, this electron density map
was notable for the absence of the expected bridging
oxygen atoms. At this point, least-squares refinement
was commenced, using the full matrix least-squares
program of Prewitt.® In the first cycle, only the posi-
tional parameters of the two heavy atoms and the over-
all scale factor were varied. In subsequent cycles, the
atoms of the oxalate group and the two oxygen atoms
nearest the molybdenum were included and their posi-
tional parameters and eventually their isotropic ther-
mal parameters permitted to vary, along with the posi-
tional and thermal parameters of the heavy atoms.
From their behavior on refinement, it appeared virtually
certain that the two oxygen atoms were genuine. At
this stage, a three-dimensional difference Fourier syn-
thesis was calculated, omitting all atoms now con-
sidered to be satisfactorily fixed, in order to ascertain
the manner in which the two halves of the dimer were
linked together. By far the two most prominent fea-
tures of this map were (1) a high peak lying on the cen-
ter of symmetry at the origin and (2) the third peak,
mentioned earlier, which is more distant from the
molybdenum atom than the two already accepted as
oxygen atoms. These, together with the other four
atoms, completed a distorted octahedron around the
metal atom.

It thus seemed clear that the more distant of the

(9) C.T. Prewitt, “A Full Matrix Least Squates Refinement Program for
the IBM 709/7090 Computer,”” 1962,
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TaBLE I
FinaL AToM PARAMETERS AND THEIR STANDARD DEVIATIONS
Atom x y 3 B, Az oz oy oy OB
Mo 0.1011 0.1077 0.1254 0. 0.0003 0.0001 0.0003 0.08
C, 0.4603 0.1800 0.2637 0.5 0.0036 0.0016 0.0034 0.4
Ce 0.4842 0.0673 0.2546 0.7 0.0041 0.0017 0.0037 0.5
O, 0.3053 0.2051 0.1993 1.1 0.0026 0.0011 0.0024 0.3
O, 0.3478 0.0269 0.1784 0.8 0.0026 0.0011 0.0023 0.3
O; 0.5812 0.2271 0.3225 1.7 0.0028 0.0012 0.0026 0.4
Oy 0.6260 0.0353 0.3179 1.9 0.0031 0.0013 0.0028 0.4
Os 0.0360 0.1959 0.0369 2.3 0.0030 0.0013 0.0028 0.4
Os 0.0573 0.0893 0.3697 2.0 0.0030 0.0013 0.0028 0.4
(o 0.2228 0.1172 —0.1878 1.6 0.0028 0.0012 0.0026 0.4
Oy 0.0 0.0 0.0 1.9 0.5
K 0.8061 0.3260 0.1392 0.92 0.0008 0.0004 0.0008 0.13

three peaks was the oxygen atom of the water molecule
and that the dimer contained one bridging and four
terminal oxygen atoms and was thus incorrectly de-
scribed by the formula assumed by Lucas and Sandor.
The low peak height, and thus apparent absence of the
bridging oxygen atom in the three-dimensional electron
density summations, can be ascribed to series termina-
tion errors in the electron density distributions of the
molybdenum atoms. Refinement was thus continued
using the full matrix least-squares method and permit-
ting all positional parameters (except those of the bridg-
ing oxygen) and an isotropic thermal parameter per
atom to vary. Separate scale factors for each equi-
inclination level were also used, two for each upper
level, since these were divided according to whether
spots were extended or compacted on the corresponding
Weissenberg photograph. The number of variables re-
fined was sixty.

Three cyles of refinement in this way lowered the
residual (defined as Z|[F.| — [F|/Z|F.)) from 0.18
to 0.11, at which point the shifts in the majority of
parameters were less than their corresponding standard
errors. One further cycle of refinement was carried
out, using the weighting scheme recommended by
Cruickshank!® and giving greater weight to the inter-
mediate reflections, for which the errors were adjudged
to be smaller. This final cycle produced a few minor
changes and it was obvious that convergence of all
parameters to their final values had now been reached,
the final residual, R, being 0.105. The final positional
and thermal parameters of all atoms, together with
their standard deviations, are listed in Table I, the B,
being the isotropic temperature factors in the expres-
sion exp — (B, sin? §/A2). Table II lists the observed
and the calculated structure factors based on these
parameters. The standard deviations are obtained
from the usual least-squares formula o2(j) = a,(Z
wA?)/(m — n), where a;; is the appropriate element of
the matrix inverse to the normal equation matrix.
Because the Weissenberg data were collected about only
one axis and separate scale factors were used for each
layer, the B, values lack direct physical significance.

The atomic scattering factors used in this analysis

(10) D. W. J. Cruickshank and D. E. Pilling, ¢! al., in “Computing Meth-
ods and the Phase Problem in X-Ray Crystal Analysis,” R. Pepinsky, J. M,

Robertson, and J, C. Speakman, Ed., Pergamon Press, New York, N. V.,
1961,

were: for molybdenum, that tabulated by Thomas and
Umeda'! corrected for the real part, Af’, of anomalous
dispersion'?; for potassium, that tabulated by Berg-
huis, et al.'*; for carbon and oxygen, those tabulated by
Hoerni and Ibers.!*

Discussion

Formula of the Compound.—The structute determi-
nation demonstrates unequivocally that the stoichio-
metric formula initially assumed for the compound,
K3 [Mo0304(C204)2(H:0),}, is wrong, and that the correct
stoichiometric formula is K, [MOQOa(CQO4)2(H20)2].
The presence of an additional oxygen atom is compati-
ble with the observed® crystal density, 2.59 g. cm.—3;
the density now calculated is 2.63 g. cm.—2. It also
makes very little change in the C and H analyses used
by Lucas and Sandor as a criterion of identity. With-
out the additional oxygen atom the calculated analytical
figures are: C, 8.86; H, 0.37. With the additional
oxygen atom the corresponding figures are: C, 8.61;
H, 0.36.

The compound whose structure has been determined
is thus a binuclear complex of Mo(VI) and not of Mo-
(V). The question naturally arises: Where did the
error in assigning the formula and hence the incorrect
assignment of oxidation state to the molybdenum first
occur? According to Spittle and Wardlaw,® there are
four related oxalato complexes of Mo(V), viz., KMoOQ;-
(C04)'vH.0, with n = 3.5, 2.5, 1.5, and 1.0, and the
substance measured by French and Garside’ is sup-
posed to have been the last one. This compound is de-
scribed®” as being red, and we have found that when the
directions of Spittle and Wardlaw® for obtaining KMoO,-
(C204)H,0 are followed a red compound is indeed ob-
tained.’® Now, the crystals we received from Dr.
Lucas have only a pale reddish tan color, quite unlike
the deep red color of the compound which, according to
Spittle and Wardlaw, is KMoO,(C:04)-H,0, and we
therefore suggest the following tentative! explanation

(11) L. F, Thomas and K. Umeda, J. Ckem. Phys., 26, 239 (1957).

(12) C. H. Dauben and D. H. Templeton, Acta Cryst., 8, 841 (1955).

(13) J. Berghuis, IJ. M. Haanappel, M. Potters, B. O. Loopstra, C. H.
MacGillavry, and A. L. Veenendaal, ibid., 8, 478 (1955).

(14) J. A. Hoerni and J. A. Ibers, ¢bid., T, 744 (1954). .

(15) Variations in color among the four compounds are rather remark-
able if due solely to variation in content of presumably uncoordinated (to
Mo) water molecules. It seems possible that not all of the compounds of
Spittle and Wardlaw are Mo(V) compounds, Amnalytically, replacement of
0.5H20 by 0.50 would be very difficult to detect, We are reinvestigating
the entire series of compounds,
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TaBLE II

OBSERVED AND CALCULATED STRUCTURE FACTORS

H L] L FD8Y x i L] X L FLAL
0 4 ¢ le2.07 13 2 s 2 6.55
[ & < 53,54 133 3 2 & 2 87486
o 8 [ F4.04 < “ H 1 2 16.93
0 16 ¢ 96.59 [ 2 8 2 -26474
0 1z ¢ 68,35 2 2 9 2 24471
0 1sa € slii9 3 4 2 10 2 -67,26
0 3 1 29,57 “« & 2 12 =27.77
0 4 1 b2.84 5 3 2 12 z “l4.68
0 5 1 3875 6 2 13 2 -27.15
0 & 1 72,72 T4 2 1 3 ~72.76
0 7 1 1836 [ 2z 1 45063
6 8 1 83.94 9 . 2 3 3 85.67
o 9 1 Bl.64 1c 4 2 4 3 12,24
6 10 1 8.29 A 2 5 3 118,68
0 1l 1 58,00 15 2 6 2 -B1.42
0 12 13 80.94 2 5 2 7 3 =42.30
0 13 1 ss.2l 35 2 8 3 -25.89
0 1a 1 10,13 “ s 2 9 3 ~58.10
0 ¢ 2 98.22 5 5 2 10 3 =312
0 1 2 99.55 6 5 213 -l.84
0 2 2 Sz 1 s 2 12 3 22.15
0 3 2 108.80 8 5 7 ¢« ~36.62
6 4 2 8.60 5 s 2 1« 30.78
o s 2 sz o & 2 2 4 -15.95
o 6 2z 1536 [ 2 3 4 83,03
6 1 2 Te.3s 2 ¢ 2 4 o« -3.96
0 8 z Tn E 2 5 . =3.59
0 5z 8.6 “ 2 6 4 37,89
o 10 2 8.6 5+ 2 7 4 -92.30
¢ 11 7 888 FR 2 8 ~17.86
0 12 2 9.50 “ 1 2 9 “ =37.51
0 13 2 9.94 5 1 2 10 4 =26.92
o 1 2 3327 6 1 FEE 39,67
0 2 3 59.34 T 2 2 s 1ut.27
0 3 3 6.78 a ] 2 k) & =22.71
0 ) 1 46.40 s 1 2 & 5 27463
o 5 3 T6.16 L0 1 2?2 5 5 ~41.07
6 6 3 ée.28 o 2 6 5 -69.72
o T 3 13.38 12 1 2 7 5 5.20
o 8 1 T2.1 13 2 8 5 -36,97
0 9 1 69,18 o1 2 9 b 28044
0 10 3 26.51 [ ! 2 0 e «9.07
o 11 3 a7.83 12 2 1 ¢ ~0.95
0 1z 2 e2.91 2 2 2 2 6 15457
o 6 4 tle.7s 32 2 3 e 6.4
o 1 4 le.es “ o2 2 & e -26.60
0 2z & 31,10 5 2 ~2 31 -19.53
o 3 “ 7.78 & 2 -2 4 1 10415
S 4 4 109,94 72 2 s -106.06
0 5 4 8.1 82 2 6 1 -49.07
6 6 & 6l.9 s 2 2 1 1 4127
0 T 4 6.7 w2 -2 8 1 -23.99
o 8 & 94,33 o2 -2 9 85,49
o 3 & 9,37 122 -2 10 1 18,76
o 16 4 5L.37 132 ~2 4L 1 -1.75
o 11 4 10,07 1 3 12 1 37.01
0 1 5 228 2 3 PR -36.78
0 2 5 2339 303 2 42.85
0 3 5 138 a3 H 18.05
6 4 5 su7 5 3 2 14,22
0 s 5 55,51 6 3 2 EEIR
0 & 5 32,63 -
0 7T 5 9.5 I H e
o 8 5 5193 83 2 -49.23
0§ 5 32.50 9 H 36432
o 0 & 46.02 10 I3
11 3 2 60,24
0 1 & 60.36 H 22,66
0 2 & 5.6% L 2 102413
o 3 & 7163 F 2 -27,70
1 N
0 & € 9,88 H lrise
o 5 & 40.1% z H Z28039
o 6 & 10.20 b 3 B4.21
3 -116439
Z : 2 =34.77
T4 3 <0465
5 < 2 -29.80
§ 4 1 129.42
_ o & 3 ~25.50
s € 3R ~157.09 T 3 56,78
15 ¢ 19,99 -16.26 1os H 59.90
1 6 € 59,83 -51.04 2 5 3 —40.01
17 C Tha9 65,71 305 3 35451
1 8 ¢ 8197 .13 “ 5 3 n4s.T?
18 € e2.36 56,07 5 & 4 64,06
110 ¢ 92,80 86.71 6 5 4 ~88.61
1 1L ¢ ak.23 -73.37 1T “ 2033
112 ¢ 1739 -12.81 Y 4 <59:34
1 13 ¢ sl.8 -53.37 5 5 4 24.71
1 16 € 49,32 -45.38 0 & “ Sue20
L3 L 31,34 28.18 1t 4 adall
1« 1 60,87 ~56.44 z ¢ - 64.72
1 5 1 21,03 13,32 FRY 4 2.93
L8 1 135,04 162,92 4 ¢ 4 47,93
17T 1 3361 -217.31 5 & 4 <40ubd
18 1 az.09 79,80 6 ¢ “ -68.67
19 1 2894 26.87 5 -92.2¢
110 1 5315 -53.71 5 ~6.55
1o L2300 22.62 s 8l.3e
o121 79,88 ~75.50 2 4 ¢ s -13.04
1131 1402 -20.39 z s ¢ o 76.97
114 1 10.38 6.36 26« s -20.51
1 0 2 Se.20 42,81 2 1 ¢ s Sl
11 2 e8.79 -69.25 2 8 ¢ 5 22.93
12 2 38.68 -3l.21 2 9 ¢ s -68.93
L3 2 85,93 —64.66 2 10 ¢ M citas
L& 2 8.8 14,78 2 11 ¢ € -o1.27
15 2 36.86 30.97 2 12 ¢ ¢ 2.35
16 2 Ti97 62,67 PRI ¢ S1%.56
17 2 8572 41,55 2 14 ¢ ¢ [2.08
T8 "2 26,67 -25.50 2 3 1 ¢ 59.07
L9z 257 ~18.16 2 4 ¢ 2.2
110 2 se.91 -56,16 2 5 1
1 1L 2 «b.es ~ahall 2 8 1
112 2 967 6448 2 1
Lo13 2 a3 -18.16 2 8 L 3 4 C o107.sc 119,57
1ot 3 7625 -79.80 2 9 1 308 © o esaz 56014
L2 3 3420 23.43 2 10 1 io6 O 3548 25,764
1 E) 3 63.60 53.01 2 1 3 1 < 97,45 9R.72
L& 3 aT.es -19.38 212 1 3008 € 6054 -46.57
15 3 l1s.e 128,05 2 131 309 ¢ eas 11.65
1 L) 1 o22.78 ~19.45 2 0 2 3 10 i 9.75 10,53
[ B T T -13.20 2 12 3L U 5465 -%0.53
1 % 3 718 “0.89 2 H 2 3 12 ¢ 1C.87 Teah
1 3 3 8l.38 ~85,00 2 3 2 3 2 L 59,82 -67.02
toic 3 5b.4b 5ls43 2 & 2 3 3 1 15.82 12.91

of the discrepancy. Lucas and Sandor prepared the
crystals® !¢ by slowly cooling an aqueous solution, open
to the air through a 0.2-mm. capillary tube, of the
putative KMoQ,(CoO4) - Hz0 for a period of 12 days.
We believe that air oxidation to the Mo(VI) compound
could easily have occurred. Thus the compound
KMo0,(Cy0y4) - HyO may well be genuine and correctly
formulated as a Mo(V) compound, but it is not the one
which ultimately crystallized from the solution. A
comparison of the infrared spectra of the two com-
pounds in the region of the metal-oxygen stretch con-
firms this. We have actually observed that on heating
a solution of the presumed red monohydrate in air, the
red color fades almost completely over a period of 24

(18) B. Lucas, private communication.
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5 09 1 <3516 s 4
5 10 30.50 T 6 0
5 0 2 33.69 T2 1
51 2 63.19 T3
4 © 47,70 46,29 5 2 2 19,32 7 8
5 © w22 211 A3 2 bhe23 T s 1
& € 54.57 5050 s 4z 11,13 T¢ 2
7 c 7160 59,27 5 5 2 5.18 7 1 z
8 C 58473 ~51.04 5 3 2 0,31 7 2 2
LR TS 1Y -24,03 5 1 @ b9, 41 R
134 4 53.30 —45.93 5 8 2 -22.10 -7 5 13
11 ¢ 56439 -43, 10 5 9 2 -46,00 -7 c 2
1z ¢ 3c.08 21418 5 1 2 75,86 -7 3
Z 1 58,90 12073 5 2 1 5208 o4 s
31 3124 24,30 5 3 3 56,31 0o

hr. We have not, however, succeeded in
crystals from such a solution.

Discussion of the Structure.—Figure 1 shows the
contents of the unit cell viewed down the z axis. Figure
2 shows a perspective view of the binuclear anion
[MoO2(Cy04) (H,0) 1:0, with the atoms numbered as
in Tables I, III, and IV. The bond lengths and inter-
bond angles for all bonds to molybdenum are given,
with their standard deviations, in Table III. Since
the bridging oxygen atom lies at a crystallographic
center of symmetry, the Mo—O-Mo bridge is rigorously
linear and symmetrical.?” The array of six oxygen

(17) A referee has suggested that the Mo—O-Mo group might be hent
with the O atom disordered. This cannot be positively ruled out, but the
difference Fourier map showed only a strong, sharp, symmetrical peak, and
the idea seems to us far-fetched.

obtaining
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TaBLE III
BonND LENGTHS AND ANGLES AROUND THE MOLYBDENUM ATOM

Bond lengths, A

Mo-O; 2.087 £ 0.018 Mo-0Os 1.680 £ 0.019
Mo-O. 2.186 £ 0.018 Mo-0r 2.330 £0.018
Mo-0Os 1.700 &£ 0.020 Mo—-0Og 1.876 £ 0.002
Interbond angles, deg.
O-Mo-0, 73.77 £0.62 0Oy~Mo—-0s 87.00 = 0.45
0-Mo-0; 89.93 £0.77 O5~-Mo-0s 106.51 £ 1.03
O-Mo-Qs 94.29 £0.91 05-Mo-07 85.50 £ 0.81
O1-Mo-0; 80.74 £ 0.62 O5-Mo-0Os 103.95 £ 0.68
0:~Mo-0Q; 89.56 £ 0,77 O-Mo-0s 100.95£0.75
0,-Mo-0; 77.62 £ 0.66 0~-Mo—-0s 80.18 &= 0.49
TaBLE IV

MOLECULAR DIMENSIONS OF THE OXALATE GRoOUP®
Bond lengths, A—

—

~——Bond angles, deg.

Ci-0y 1.27 +0.03 0,-C-0; 129 &£ 2
Ci-05 1.17 £=0.03 0,-C—-C; 112 £ 2
Co-O, 1.25+0.03 0-C—-C, 120 £ 2
Cr-0y 1.20£0.04 0~Co—0y 130 £ 2
C-C, 1.61 £0.03 Op~-Co-Cy 113 &= 2
0~Cr-C, 117 =2

Mo-0-C; 122 = 2

MO—Oz—Cz 119 *= 2

? Equation of the best plane® through atoms Oy, O, O; O,
Cy, and C;: —0.3840X — 0.0814Y + 0.9197Z = 0.1107. Dis~
tances of atoms from the above plane (A.): 0O, 0.023; Oy,
—0.029; 0O; —0.033; 0, 0.032; C, 0.002; C, 0.008; Mo,
0.257. * X = ax + c{cos B)z; Y = by, Z = ¢(sin B)z.

atoms about each molybdenum atom forms a distorted
octahedron.

All of the main dimensions of the structure seem to
be in good accord with reasonable expectations. Let
us consider first the twelve bond angles about the metal
atom. These vary from 74 to 106°, in good accord with

Fig. 2.— A perspective view of the {[Mooz(C204)(HzO)]2O}2‘
anion, with the atoms numbered to correspond with Tables I,
IIT1, and IV,

the expected effects of repulsion forces and constraint
in the chelate ring. The angle between the two Mo-O
bonds in the chelate ring is quite small because the oxy-
gen atoms are held relatively close together within the
oxalateion. The largest O—-Mo-O angle is between the
two terminal Mo—O bonds, which are the shortest ones.
Because of the shortness of these cis Mo—O bonds,
O - =+ O repulsion tends to be large and is at least par-
tially mitigated by expansion of the interbond angle.
The same effect was noted in the dien'MoO; structure.?
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The next largest angles are those between each of the
Mo-O terminal bonds and the Mo—O bridge bond, the
latter being also rather short, though not so much as
the terminal ones. Finally, the smallest bond angles,
except for those in the chelate ring, are those between
the very long Mo—OH, bond and its four cis neighbors.
These range from 78 to 86°. The remaining four bonds
are in the range 87-94°,

The six Mo-O bond lengths cover a large range,
2.33-1.68 A., but the differences are understandable in
terms of the different types and orders of the bonds.
The Mo—-OH, bond, at 2.33 A., is the longest, and seems
to be representative for this type of dative bond. Thus,
in dien'MoO;, the Mo-N bonds were also 2.33 A.
The next shortest bonds are those to the oxalate oxygen
atoms, 2.09 and 2.19 A, with the longer one being
trans to one of the terminal Mo-O bonds. This result
can be compared with those previously discussed for the
xanthate complex,? where it was found that Mo—S bond
lengths varied from 2.46 to 2.51 A. for Mo-S trans to
Mo-S, through 2.53 A. for Mo-S trans to Mo—O (bridge)
to 2.69 A. for Mo-S trans to the multiple Mo-O ter-
minal bond. It was therefore suggested that there
may be a general tendency for bonds frans to Mo-O
multiple bonds to be weakened and hence lengthened.
The present results seem to confirm this suggestion very
strongly.

The Mo-O (bridge) bonds are 1.876 = 0.002 A. in
length, which may be compared with the two bridge
bond lengths, 1.85 = 0.03 and 1.87 = 0.03 A, found
in the xanthate complex. Within the combined un-
certainties, 1.88 A. does not differ significantly from the
average of the distances in the xanthate complex, 1.86
A, 1n each case, the Mo-O-Mo bridge bonding can be
considered in terms of a three-center molecular orbital
treatment. In the xanthate complex, a combination
of the d,, orbitals of the two metal atoms and the p,
orbital of the oxygen atom produces one bonding, one
nonbonding, and one antibonding MO, with four elec-
trons occupying the lower two. In the present case,
using the same set of orbitals, only the bonding orbital
will be occupied. Thus, in this rough approximation,
the difference between the two cases lies solely in the
presence or absence of a pair of approximately non-
bonding electrons. This would not be expected to have
much effect on the strength and, hence, the length, of
the Mo—O (bridge) bonds.

The two erystallographically nonequivalent Mo—-O
(terminal) bonds have lengths of 1.68 and 1.70 A.; the
magnitude of the standard deviations is such that the
difference is without significance, so that they may be
said to be equal, with a length of 1.69 = 0.02 A. This
is greater than the mean length of the Mo-O (terminal)
bonds in the xanthate complex, 1.65 = 0.03 A. (by an
amount which is, however, not necessarily significant),
and less than the mean length of the Mo-O bonds in
dien'MoO3, 1.74 = 0.01 A., by an amount which is
probably significant. This progression of lengths with
increasing number of terminal oxygen atoms bound to

Inorganic Chemistry

one metal atom is readily explained in terms of the
spatial relationship of the oxygen atoms to the metal
dw orbitals required for m-bonding. When only a single
terminal oxygen atom is present, it has access to two
dr orbitals, one for each of its pr electron pairs, and
thus the greatest possible amount of pr — d= bonding
should occur. When two terminal oxygen atoms are
cts, each has separate access to one dr orbital, but the
third dr orbital must be shared. When three terminal
oxygen atoms occur cis to one another, each dr orbital
is shared by some two of them. Thus the number of
d= orbitals available to each oxygen atom goes from
2.0 to 1.5 to 1.0 in the sequence MoO, c¢is-MoO,, cis-
MoO;, and the extent of =bonding may be expected to
decrease accordingly. Augmenting this trend is the
further effect of the tendency to build up charge on the
metal atom through pr — dx bonding, so that the pres-
ence of one w-bonded oxygen atom militates against pr
— dr bonding by a second oxygen atom and vice versa.
The dimensions of the oxalate ion are summarized in
Table IV. They are generally in good accord with
those previously found in various oxalate compounds.®®
The only oxalate complex for which reliable dimensions
of the oxalate ion have been given is the tetraoxalato-
zirconate(IV) ion.'* Here the C-O (coordinated) dis-
tance is 1.28 A., the C-O (uncoordinated) distance is
1.22 A, the C-C distance is 1.55 A, and the oxalate ion
is planar within experimental error. In the present
compound, the ion is also found to be flat, within the
uncertainties of the atomic coordinates, although the
Mo atom lies about 0.26 A. out of the mean plane of

the ion. The two C-O (uncoordinated) distances are
TABLE V
PoTASSICM-OXYGEN PACKING DISTANCES, A.
O, 2.76 £0.04 Os 2.67 = 0.04
O 3.08 =0.04 Oy’ 3.25 = 0.04
Oy’ 2.88 = 0.04 Os 3.2240.04
Oq 2.95 4 0.04 Os 3.24 £ 0.04

1.17 and 1.20 A., each with a standard deviation of
~0.035 A. Thus, they are equal, within the limits of
significance, as are the C-O (coordinated) lengths of
1.27 and 1.25 A., each with a standard deviation of
~0.035 A, The apparent differences in the lengths of
the two bonds of each type, while strictly speaking
without significance, are in the expected directions,
the longer Mo—O bond going with the shorter C—O
bond and the longer C=0 bond, and wice versa. The
C—C bond is surprisingly long, 1.62 A, but the standard
deviation of 0.034 A. leaves open a reasonable possibility
that it is really 0.04-0.06 A less than this, 7.e., 1.56-
1.58 A,

Finally, Table V lists the eight potassium ion-oxygen
closest approaches. Taking the radius of the potas-
sium ion as 1.33 A. and the van der Waal’s radius of an
oxygen atom as ca. 1.4 A, all of these distances appear
to be reasonable, within the experimental uncertainties.

(18) G. L. Glen, J. V. Silverton, and J. L., Hoard, Inorg. Chem., 2, 250
(1963); see Table III for a summary of structural data,



