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The compound K:Mo,Cls- 2H,0 has been prepared as a red, crystalline solid and definitively characterized by X-ray crystal-
lography as a compound containing the Mo,Cls*~ ion, isostructural with the ReyCls?~ and Tc;Cls®~ ions. The Mo,Clgt~
ion consists of an approximately cubic array of eight chlorine atoms, within which a pair of molybdenum atoms is centered
along one fourfold axis. The Mo-Mo distance is 2.138 (4) A while the mean Mo—Cl bond length is 2.45 A. The water
molecules are bound to the K* ions and not to the Mo;Cls!™ ions. The eclipsed configuration, the short Mo—-Mo bond (cf.
Moy (0,CCH;3)q, Mo—Mo = 2.11 A), and the fact that Mo,Clg? ™ is isoelectronic as well as isostructural with Re,Clg?~ leave no
doubt that it has the type of quadruple bond (e, 27, 8) previously discussed for ResX32~ compounds and their derivatives.
The principal crystallographic data are as follows: space group, Pbam; unit cell edges: « = 8.005 = 0.004 A, b = 13.267
=4 0.006 A, ¢ = 8.059 == 0.004 &; measured density, 2.54 == 0.05 g cm—3; density calculated for Z = 2, 2.60 g cm=% The
structure was solved and refined using 510 statistically significant nonzero reflections measured with a counter diffractometer.
Absorption corrections were applied and anisotropic refinement was carried out to final unweighted and weighted residuals

of 0.055 and 0.076, respectively.

Introduction

The existence of a quadruple bond was first recog-
nized® in 1965 with the preparation?® and structural
characterization®” of the Re;Cls?2~ ion. Since then,
other studies have revealed the existence of additional
compounds, for example, ResCls(PRj).,%? (NH,);Tes-
Clg‘2H20,10'11 MOg(OzCCH3)4,12'13 Reg(02CR)4X2,14—16
ReyBr2—,5 7 Rex(SCN)s2~,® which we believe to con-
tain quadruple metal-metal bonds, as well as related
compounds, such as Re,CL;(DTH),* and Rus(O,CR);s-
CL,2:2! which are relevant to an understanding of the
quadruple and other multiple metal-metal bonds.
The nature of the quadruple bond in Re;Cls?~ has also
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been considered in more detail from a theoretical point
of view.??

The ready interconvertibility of the Re,Xs%*~ and
Res(0:CR) X, species was established several years
ago.® By analogy, then, the possibility of converting
Mo,(0.CR), species into Mo,Xs*~ species was apparent
to us immediately when the structural nature of Mo,-
(0,CCHj3), was reported,’? and a study of the reactions
of Moy(O,CCHjs), with hydrohalic acids was under-
taken. A variety of products was obtained but none,
initially, in crystalline condition. All were relatively
insoluble and thus difficult to characterize. In the
meantime, Sheldon and his coworkers published several
reports upon such reactions and offered detailed though
quite unsubstantiated structural proposals.2? 24

During the past year, we have succeeded in pre-
paring in crystalline form a number of compounds by
the action of aqueous hydrochloric acid on Moz(O,-
CCHy),, all of them having a formula of the type M-
Mo,Cl,-w(H,0). The chemical properties and struc-
tural characterization of these compounds will be re-
ported in a series of papers of which this is the first.
In this first paper we describe the structural investiga-
tion of a compound, K:Mo,Cls-2H,0O, containing the
Mo,Cls*~ ion, which was the earliest goal in studying
the reactions of Mos(O,CCH;), with hydrohalic acids.

Experimental Procedure

Red crystals of KsMo:Cls:-2H20 were obtained from cold HCl
solution. The compound was identified initially by analysis,
infrared spectrum, unit cell volume, and density, and, ulti-
mately, by solving the crystal structure.

Anal. Caled for K4gMo.Cls-2H,O: Mo, 28.73;
Found: Mo, 28.50; Cl, 41.93.

The infrared spectrum, recorded (Beckman 337 spectrometer)
from 2.5 to 20.0 u using a Nujol mull between KBr plates, con-
tained only three bands, at 3500, 3440, and 1635 cm ™1, due to

Cl, 42.46.
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the water of hydration. Their positions and their sharpness
indicate that there are no hydrogen bonds of strongly direc-
tional character.

The compound appears to be indefinitely stable in air at 25°.

A single, well-formed crystal was selected and used for the ern-
tire crystallographic study. This crystal, which differed from a
number of others only in being more regular, had six well-de-
veloped faces. Two (001, 001) were the rhombic bases and four
(110, 110, 170, T10) were the rectangular sides of a rhombic
parallelepiped. Examination under the polarizing microscope
showed pronounced birefringence and revealed a set of three
mutually perpendicular twofold axes. Thus all morphological
and optical evidence indicated mmm point symmetry. The
approximate dimensions of the crystal were 0.0556 X 0.033 X
0.056 mm.

With the crystal mounted on the ¢ axis, Weissenberg photo-
graphs of the kR0, %k1, and kk2 levels were taken with Cu Ke
radiation. The suspected mmm symmetry was confirmed and
the following systematic absences were observed: O0&l for & =
2n; hO! for b #= 2n. These observations require that the space
group? be either Pbam (no. 35) which is centric or Pba2 (no. 32)
which is not centric.

Accurate values of the unit cell dimensions were determined by
measuring the positions of the %00, 0k0, and 00! series of reflec-
tions using a manually operated General Electric XRD-5 counter
diffractometer equipped with a quarter-circle eucentric gonioni-
eter and extrapolating these to § = 90° by a method previously
described.® Cu Ka radiation (MKa;) 1.5405 A, MKae) 1.5443
A) was used. The uncertainties ate based on the results of cali-
brations with NaCl crystals and represent estimated accuracy
rather than merely precision. The dimensions at 24.0 &= 0.5°
are ¢ = 8.005 £ 0.004 A, b = 13.267 = 0.006 A, and ¢ =
8.059 4= 0.004 A,

The density, measured by flotation, is 2.54 &= 0.05 g ecm 3.
The density calculated using the unit cell dimensions and as-
suming Z = 2 for the formula K4;Mo,Cls:2H,0 is 2.60 g crn ™3,

The intensities were measured on the XRD-5 diffractometer
using nickel-filtered Cu Kea radiation. The crystal was mounted
with its ¢ axis coincident with the ¢ axis of the goniometer.
Within the range 6 < 60°, 709 independent reflections were
measured. Each peak was scanned from 2¢(caled) —1.33°
to 26(caled) +1.33° at a scan rate of 4°/min, giving P counts.
Background was counted for 20 sec each at the beginning (Bi)
and end (B:) of each scan. The intensity, 7, was then taken as
I =P — B, — B,

The standard deviation, D, of an I value was taken as D? =
P 4+ B; 4+ B;. Reflections (199) for which I < 3D (including 7
< Q) were omitted in solving and refining the structure.

The 00! reflections showed approximately a 309, variation in
intensity during rotation about the ¢ axis with x = 90°., The
crystal dimensions were therefore measured and absorption cor-
rections (u = 316.2 cm™1) were applied. The accuracy of these
absorption corrections was confirmed by calculating absorption
as a function of ¢ for some 00/ reflections and correcting the ¢-scan

curves. The variations with ¢ were reduced to about =29 in
the worst case. The transmission factors, 4, were in the range
0.35-0.53.

Structure amplitudes were obtained by applying absorption
and Lp corrections to the I’s, viz.

|Fo| = [I/4(Lp)]”

The standard deviation, ¢(F), applicable to each observed struc-
ture amplitude was taken as

o(F) = [D* 4+ pI*]7"*/24 (Lp)| Fy|
where p = 0,002.
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Inorganic Chemistry

Choice of Space Group.—For Pbam (centric) we have
Fori® = Figi? = F?
whereas, for Pba2 we have
Fuat = Fari® #£ Fipi?

For a number of ikl, 71}2, and 7kl sets, essential equality of F¥'s
was observed. Anomalous dispersion effects would have pro-
duced detectable differences for Pba2. The space group Pham
was therefore assumed. Success in solving the structure and
refining it without anomalies to a low discrepancy factor con-
firms this choice.

Solution and Refinement of the Structure?

Solution.—A three-dimensional map of the Patterson
function suggested placing the molybdenum atoms on
the 4e positions (0, 0, 0.132). By image seeking about
the Mo-Mo vector it was possible to identify two sets of
chlorine atoms each occupying the general (8i) position.
The positions of the four Mo and sixteen Cl atoms,
together with their temperature factors and an over-all
scale factor, were then refined by least squares for
three cycles, giving a residual Ry = EHFO[ — !FCH,/iFo}
of 0.28. A difference electron density map was then
calculated and potassium atoms were found on 4g and
4h positions. Refinement of the potassium atom
coordinates led to Ry = 0.114. From a new difference
Fourier map a set of 4h positions was found for the
oxygen atoms.

Refinement.—The atomic scattering factors of Cro-
mer and Waber? for the neutral atoms Mo, K, Cl, and
O were used. Calculated structure factors included
corrections for the real and imaginary parts of anoma-
lous scattering?? by the Mo, K, and Cl atoms. Weight-
ing factors w were equal to [¢(F)]?, ¢(F) being defined
earlier. The weighted residual, Ry, is defined as [Zw-
[,‘FO{ - |Fcf]2/2wiFo§2]1/“. Anisotropic temperature
factors are expressed as exp[— (Buh? + Bazk? + Bul? +
2Bhk + 2815k 4 28xk1) .

Using the coordinates available from the previously
mentioned Patterson and difference Fourier maps two
cycles of isotropic and then two cycles of anisotropic
refinement were run, giving the residuals R; = 0.074
and R, = 0.092. A difference Fourier map was then
computed and peaks of approximate density 7 e/A3
were found on a 4g equipoint with coordinates (0.072,
0.064, 0). We believe that these peaks are due to a
form of disorder, in which about 7%, of the Mo-Mo
pairs lie along a fourfold axis of their own Cls cube
which is perpendicular to the crystallographic z axis,
while the majority (93%,) lie parallel to the z axis.

The figure of 79, was selected by trial and error to
give the second set of Mo atoms (the Mo™s) isotropic
temperature factors equal to those of the main set of
Mo’s. Later, the occupancy number was held fixed
and the two B values diverged somewhat.

Since some of the Cls groups are occupied by Mo-Mo

(27) Tor a listing of computer programs used in processing data, solving
and refining the structure, and computing molecular dimensions see other
recent papers from this laboratory, ¢.g.; F. A. Cotton and B. M. Foxman,
Inorg. Chem., T, 1784 (1968).
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TABLE 1
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (X 10, IN ELECTRONS) FOR K Mo0,Cls-2H,0
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pairs lying in a different direction from the majority,
additional uncertainty, beyond that assessed by the
calculated esd’s, is introduced into the Cl positional
parameters; this is because the Cl; groups are not perfect
cubes independent of the orientation of the Mo-Mo
pairs within them. One is looking at nearly but not
exactly overlapping distorted Cl; cubes.

Anisotropic refinement was resumed with 939, of
the Mo atoms assigned to the 4e positions and 7%, to
the 4g positions. All atoms except O and the Mo
atoms on 4g positions were refined anisotropically.
After three cycles the residuals fell to Ry = 0.055 and
Ry = 0.076. In the final cycle the standard deviation
of an observation of unit weight was 1.27 and no
positional parameter changed by more than one-tenth
of its esd. A final difference Fourier function had no
peak higher than 1.3 e=/A% and there were few in this
range.

A list of observed and final calculated structure
amplitudes is given in Table 1.

Results

The final fractional coordinates of the atoms are
given in Table II. The anisotropic temperature
factors are listed in Table III. The Mo,Cls~ ion is
depicted in Figure 1, and the numbering scheme shown
here is used in Table IV which lists the dimensions of
the Mo,Clg¢~ ion.

Discussion

The chemical significance of this compound lies in
the existence and structure of the Mo,Clg*~ ion. The
crystallographic symmetry of the ion as it resides in
crystals of this compound is Css, but for all practical
purposes it has D, symmetry, It consists of two
MoCl; groups bound together through a very short
Mo-Mo bond so as to give an eclipsed configuration.
The Mo-Cl bonds have an average length of 2.45 A.
Although no direct comparison with any other Mo(II)
to nonbridging halogen bond can be made, on com-
parison with the Re-Cl distances in Re,Clg?— and
Re;Cle[P(CyHs)s)e (~2.30 A), the Tc—Cl distances in
TeyCls3~ (~2.35 A), the Mo?¥+-Cl distances in Moy-
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TaBLE II
FracTioNAL AToM COORDINATES®
Posi-
Atom  tion® x ¥ 2 B3 A2
(]
Mo 4e 0 0 0.13269 (25) 0.98 (5)
C b
Mo*®  4g 0.0763 (35) 0.0680 (20) 0 1.50 (5)
o :
Cli 8i —0.0659 (5) 0.1741 (3) 0.2157 (6) 1.92 (8)
. .
Cly 8i 0.2883 (4)  0.0397 (3) 0.2084 (6) 1.94 (8)
X1 4g 0.0895 (7)  0.3472 (4) 0 2.57 (12)
K> 4h 0.2456 (8)  0.1944 (4) 1/ 2.27 (11)
o} 4h 0.0851 (24) 0.3764 (14) i/ 3.1(4)

@ Standard deviations occurring in the last quoted figure of
each coordinate are given in parentheses. ° See ref 25, p 143.
¢ Mo refers to the 939, of the Mo atoms at the 4e sites; Mo*
refers to the 7%, of Mo atoms at the 4g sites. ¢ For all but Mo*
and O these are derived from the anisotropic temperature factors
given in Table III. ¢ Owing to disordering (see refinement sec-
tion), Cl positional parameters must be less reliable than indi-
cated by the calculated esd’s. All molecular parameters (Table
IV) were calculated using esd’s three times larger than those
above.

TaBLE 111
ANISOTROPIC TEMPERATURE PARAMETERs® (X 105)

Atom B B2 B3 B2 B3 B3
Mo 353 (26) 138 (10) 405 (28) 25 (16) b o
Chi  911(59) 191(22) 809 (71) 17 (32) 132 (85)  ~-98 (35)
Cl: 502 (55) 308 (24) 913 (71) —28(20) —137 (56) —105 (37)
Ki 855 (94) 368 (35) 1126 (105) - 123 (48)

K. 1015(89) 280(32) 880 (94) —2 (46)

¢ Standard deviations occurring in the last quoted figure are
given in parentheses. ? Required by symmetry to be zero.

Cl®~ (~2.50 A),® and the Mo'V-Cl distances in
MoClg?~ (~2.31 A),3 this bond length seems reason-
able though perhaps slightly longer than such com-
parisons might have suggested. However, it is im-
portant to realize that this structure is a very sterically
crowded one, where nonbonded repulsions may have
significant effects on bond lengths.

The structure can, in fact, be alternatively described
by stating that the chlorine atoms lie at the vertices of
a nearly perfect cube. The eight edges of the type
Cli-Cl; and Cl,’-Cl; have an average length (3.35 A)
which is only slightly less than that of the other four

(30) M. J. Bennett, J. V. Brencic, and F. A. Cotton, submitted for pub-
lication.

(31} A, G. Edwards, R. D. Peacock, and A. Said, J. Chem. Soc., 4643
(1962).
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Figure 1.—A perspective view of the Mo.,Cls*~ ion showing the
atom-numbering scheme., Mean values of the principal dimen-
sions are shown.

TABLE 1V
DiMeENSIONS OF THE MoyClg* ™ Ion®

———Bond lengths, A——— Bond angles, deg————
Mo-Mo’ 2.139 (4) Cli-Mo-Cl, 86.1 (6)
Mo*-Mo*' 2.18(8) Cl'-Mo~Cl, 86.1 (3)
Mo-Cl, 2.46 (1) Mo’~Mo-Cl;  105.8 (6)
Mo-Cl, 2.44 (1) Mo'-Mo-Cl; 104.5 (6)
—Nonbonded contacts, A— ~—Nonbonded angles, deg—
C1,-Cl; 3.35(2) C1,-Cl-Cl’ 89.9 (6)
Cl—Cl’ 3.35(2) Cl-C1,-Cly/ 90.1(6)
Cl-Cly’"’ 3.47 (3)
C1,-CL’"’ 3.36(3)

o Standard deviations occurring in the last quoted figure are
given in parentheses. See footnote e of Table II regarding mag-
nitude of esd’s where Cl atoms are involved.

edges of the types CL,-Cl/’"" and CL-CL'"" (3.41 A).
Clearly CI-Cl repulsions play a prominant role and
the dimensions of the cube are mainly determined by
the van der Waals radii of the chlorine atoms. The
24 CI-CI-Cl angles are all very close to 90°. Within
this Cls ciube an Mo-Mo pair lies centered on a four-
fold axis.

The Mo.Cl¢~ structure is comparable in all es-

Inorganic Chemistry

sentials to the Re,Clg?~ and Te,Cls®~ structures.®:7.11
The ion is isoelectronic with ReyCls?—, and, in view of
its eclipsed structure and the exceedingly short Mo-—
Mo distance (2.139 A), the presence of a quadruple
bond (s, 7, 7, § components) between the metal atoms
is postulated, exactly as for Re;Clg?—.

It is particularly appropriate to compare the Mo-
Mo distances in Mo,Clg*~ and Mo.(0,CCHy)y, these
being, respectively, 2.139 and 2.11 A. While the dif-
ference, ~0.03 A, is certainly real at a better than
99.59% confidence level according to the reported
standard deviations, it is a relatively small difference
and the assumption that there is essentially similar
Mo-Mo bonding in the two compounds seems plausible.
In all likelihood, the combined requirements of min-
imizing Cl--.Cl repulsions and preserving Cl-Mo~Cl
bond angles near 90° may provide an explanation for
the slight lengthening of the Mo-Mo bond in Mo,Clg*~
as compared to that in Mo.(0;CCHj).. A similar
comparison exists between the Re-Re bond lengths
in Rey(0.CCeH;):Cly and Re;Cly?, although here the
two metal-metal distances are even more nearly equal.
If, then, the essential similarity of the bonds in the
two compounds is accepted, we may consider that
further strong support has been given for the postulate
of a quadruple bond in Mo,(O;CCHy)y, for, although
the eclipsed structure in Mog(O.CCHsy)s could be at-
tributed solely to the rigidity of the bridging carboxylate
structure, the only reasonable explanation which we
can suggest in the Mo,Clg*~ case is, as for Re,Clg?™,
the presence of the quadruple bond with its § component.

Finally, we may note that packing of the potassium
ions and water molecules together with the Mo,Clg*—
ions gives rise to reasonable coordination numbers
and distances. The K; ions (on 4g positions) are sur-
rounded by eight Cl atoms in a very distorted cubic
array. Four Cl’s lie on the vertical face of one Mo,-
Cl*~ ion, two are on the edge of another, and two
more are on the edge of still a third. The K-CI dis-
tances (each twice) are 3.137 (6), 3.210 (7), 3.272 (6),
and 3.299 (6) A. The K, ions (on 4h positions) are
surrounded by six Cl atoms and two O atoms in the
form of a distorted bicapped trigonal prism. The
prism is defined by the six Cl atoms, with K-CI dis-
tances (each twice) of 3.138 (6), 3.250 (6), and 3.397
(6) A. The K-O distances are 2.74 (2) and 2.88 (2)
A. The K, and O atoms form zigzag chains running
parallel to the ¢ axis at g = 1/,.



