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A compound which we believe to be identical with one reported by others as (NH4)iMojCllu.HgO has been obtained in 
crystalline form. An X-ray structure determination has allowed an exact stoichiometric and structural characterization. 
consistent with analytical data which are in themselves inconclusive. The correct formula is (NH4)jMoeCls. H20. The 
structure consists of NH4+ ions, C1- ions, Hi0 molecules, and Mo,Cla4- ions in the ratio 5:  1 : 1 : 1. The M o ? C ~ ~ ~ -  ion has the 
same structure as that previously observed in K4MoZC18.2HzO and (enHij2MorCl8. 2H20. Crystallographic data are: 
space group, Cmc21; a = 10.528 (4) A, b = 13.219 (5) b, c = 13.129 (5) A; 2 = 8; d(ca1cd) = 2.25 g ~ m - ~ ,  d(measd) = 

2.22 5 0.04 g cmT3. The structure mas solved and refined using 534 reflections within a sphere bounded by 0 = 50" for Cu 
1-h radiation. 

Introduction 
Several years ago investigations of the reactions of 

Mo2(02CCH3)4 with mineral acids, particularly aqueous 
hydrochloric and hydrobromic acids, were begun in 
this laboratory and by J. C. Sheldon and his coworkers. 
With HCl various red to purple solids were obtained 
depending upon reaction conditions and the cations 
used. Anderson and Sheldon were the first to describe 
several of these substances in the l i t e r a t ~ r e . ~  Com- 
parable and, in several cases what appeared to be 
identical, materials had been obtained here but all were 
relatively insoluble and noncrystalline. Hence, un- 
ambiguous chemical and structural characterization 
was at that time impossible. In  view of the structural 
nature4 of Mo2(02CCH3)4 with its strong, quadruple 
Mo-Mo bond5 and the known interconvertibilityGr7 of 
the rhenium species Rep(OpCR)4X2 and Re2Yg2-, we 
considered it highly probable that the substances 
obtained directly and under mild conditions from 
Mo2(02CCH& would be essentially the products of 
metathesis, i .e . ,  compounds containing the binuclear 
cluster, Mop, which is present in the starting material. 
On the other hand, Sheldon, et aZ.,33 proposed only 
trinuclear structures for the Mo(I1) compounds and 
tetranuclear structures for those which appeared to 
contain molybdenum in the oxidation state + 2 . 5 .  

Regardless of one's opinion as to the probabilities of 
the situation, at this point there were no facts available 
pertaining to structure, nor did there appear to be any 
likelihood of resolving the uncertainties on a basis of 
fact except by obtaining crystalline substances and 
carrying out X-ray structure analyses on them. Such a 
program was initiated several years ago in this labora- 
tory. 

(1) Supported by the  U. S. Atomic Energy Commission. 
( 2 )  Fellow of the Samuel Rubin Foundation, on leave from the Univer- 

(3) I. R. Anderson and  J. C. Sheldon, Az~s t rn l in?~  J .  Chem., 18, 271 (1965). 
(4) D. Lawton and R. Mason, J .  A m .  Chem. Soc., 87, 921 (1965). 
(5 )  F. A. Cot tonand W. K. Bratton, ibid., 87, 921 (1965). 
(6) F. A. Cotton, N. F. Curtis, B. F. G. Johnson, and \V, R .  Robinson, 

(7)  F. A. Cotton, C. Oldham, and W. 12. Robinson, ibid., 5 ,  1788 (1966). 
(8) G. B. Allison, I. 12. Anderson, and J. C. Sheldon, Aztslialian J .  Chem.,  

sity of Ljubljana, Ljubljana, Yugoslavia, 1967-1969. 

I m r g .  Chem., 4, 326 (1965). 

20, 869 (1967). 

We have already reported results showing that the 
compound K4Mo2Cl8.2HpO (which does not seem to be 
identical with any specific substance described by 
Sheldon, et aZ.) contains the Mo2ClS4- ion (I) with D4h 
symmetry and an exceedingly short (2.14 A) Mo-Mo 

I 
quadruple bond.9 It has further been found that a 
substance with the formula (enHz)2M02ClS~ 2H20, 
which appears certain to be identical with one described 
as (enH2)&1o36113(H30) (Hz0)2 by Allison, Anderson, 
and Sheldon,a also contains the MozC184- ion and no 
trinuclear species.'O Also, one of the compounds for 
which a tetranuclear structure had been advocated, 
Rb&lo&ls, has been shown to contain only the bi- 
nuclear complex anion Mo2Clg3- which is, however, 
structurally distinct from the Mo2C184- ion, consisting 
essentially of a confacial bioctahedron with one vacant 
bridge position. l1 

On the basis of the accumulating structural data it 
would thus appear increasingly improbable that species 
more complex than binuclear ones do in fact arise 
directly from Mo2(02CCHa)4. However, one further 
study of an alleged trinuclear compound appeared 
worthwhile. Anderson and Sheldon3 described a 
substance to which they assigned the stoichiometry 
(NH4)7~~~03Clla.H20. The same substance had been 
obtained here, also in noncrystalline (or, a t  best 
microcrystalline) form, and the analytical data then a t  

(9) J .  V. Brencic and F. 9. Cotton, I?zo~n .  Chew. ,  8, 7 (1969). 
(10) J. V. Brencic and F. A. Cottan.  ibid., 8, 2698 ( lY69 j  
(11) M. J. Bennett, J .  V. Brencic, and F. A.  Cotton, zbzd . ,  8,  loti0 (IY6i)) 
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hand could have been considered consistent with this 
formula, making realistic estimates of error in the 
analyses. All in all, this substance seemed to us to be 
perhaps the likliest example of a compound with a 
trinuclear cluster of molybdenum atoms, ;ft indeed, there 
are a n y  such clusters yet known.  Therefore, when a 
suitably crystalline sample of this substance was 
finally obtained, it was immediately subjected to an 
X-ray structure analysis and to careful chemical 
analysis. The results of these studies are reported 
here. 

Experimental Section 
Preparation.-One gram of freshly prepared dimolybdenum 

tetraacetate12 was dissolved in 50 ml of concentrated hydrochloric 
acid saturated with HC1 gas a t  0". To this solution 1 g of solid 
I\;HICl was added. The mixture was stirred for about 1 hr as i t  
warmed to room temperature. The violet precipitate was col- 
lected on a glass frit a t  room temperature in the air and was 
washed with two portions, 20 ml each, of absolute ethanol. The 
solid was dried under vacuum at  room temperature for several 
hours. The yield, assuming the correct formula t o  be (NH4)j- 
MoZCl1.HzO, was 857,. 

The compound was recrystallized by dissolving 500 mg of the 
crude product in 20 ml of constant-boiling HCl a t  20" to which 
20 ml of the same acid saturated with ammonium chloride was 
then added. The solution was left in an ice bath for about 1 hr. 
The precipitate was then filtered, washed with two 20-ml por- 
tions of absolute ether, and dried under vacuum at  room tem- 
perature for 3 hr. The overall yield, including the recrystalliza- 
tion, was about 807,. Anal. Found: Mo, 31.6; C1, 51.4; N, 
10.6; H, 3.62. 

Crystals suitable for single-crystal X-ray work were prepared 
in the following way. Recrystallized violet compound (120 mg) 
was dissolved in 20 mi of constant-boiling hydrochloric acid 
(-108" (760 Torr)). To this was added a solution of 800 mg of 
NHaCl in 20 ml of constant-boiling HC1. The mixture was 
placed in an ice bath for 20 hr. The crystals were then separated 
by rapid filtration through a chilled funnel, so that the solution 
would not warm appreciably during filtration. The crystals were 
immediately placed in a vacuum desiccator. In the desiccator 
they seem to be stable indefinitely a t  25" but they are slowly 
attacked when exposed t o  laboratory air. 

Infrared spectra of the solid compound from 600 to 5000 cm-' 
were measured employing hexachlorobutadiene mills. In addi- 
tion to bands attributable to the NH4+ ions, there was one sharp 
band a t  3459 cm-I which presumably arises from 0-H stretching. 
However, no band was observed in the 1600-1630-~m-~ region 
as would be expected for the bending mode of HzO. 

The density, measured by flotation in a mixture of l-iodo- 
naphthalene and CHzBrP, was 2.22 =!= 0.04 g 

For the structure analysis a prismatic single crystal bounded 
by 001, 110, 710, and the centrically related faces was chosen. 
This and similar crystals exhibited birefringence in polarized light. 
The crystal used had dimensions 0.02 X 0.02 X 0.06 mm. The 
long dimension was in the direction of the G axis; the other two 
dimensions are the lengths of diagonals across the square basal 
plane of the prism. The crystal was mounted so the long axis 
coincided with the 4 axis of the eucentric goniometer later used to 
collect intensities. 

Weissenberg and precession photographs taken with unfiltered 
Cu K a  radiation showed that the lattice was orthorhombic with 
the following systematic extinctions: hkl for h + k # 2% hO1 
for 1 # 2n. The three space groups satisfying these observations 
are Cmc2i (no. 36), C2cm (no. 40), and Cmcm (no. 63).13 Unit 
cell dimensions were determined by least squares from the mea- 

(12) T. A. Stephenson, E. Bannister, and G. Wilkinson, J. Chern. SOL., 

(13) "Internatiunal Tables for X-Ray Crystallography," Vol. I, The 
2538 (1964). 

Kynoch Press, Birmingham, England, lY65. 

sured diffraction angles of about 20 reflections in each of the series 
hOO, OkO, and 001, using a manually operated General Electric 
XRD-5 counter diffractometer equipped with a quarter-circle 
eucentric goniometer. The dimensions, a t  28 =t 2' are: a = 
10.528 f O.O04L, b = 13.219 X 0 .005a ,c  = 13.129 =t 0.005a .  
Using these cell dimensions and assuming 2 = 4, a density of 
2.25 g is calculated, in good agreement with the measured 
value. 

Using the counter diffractometer, the intensities of 534 inde- 
pendent reflections bounded by a sphere in reciprocal space with 
8 = 50" were collected with Cu K a  radiation, filtered by nickel 
foil in the reflected beam. Each peak was scanned from 28 
(calcd) - 1.33" to 28(calcd) + 1.33" a t  a scan rate of Co/min, 
giving P counts. Background was counted for 20 sec a t  the 
beginning ( B I )  and end (Bz) of each scan. The intensity, I ,  
was-then equal to P - BI - B2. For four reflections I was calcu- 
lated as 50. An estimated value of the intensity, equal to l/z(P + B I  + Bz)"', was used for these reflections in solving and re- 
fining the structure. 

Absorption corrections were neglected since p = 234.14 cm-1. 
At x = 90" the intensities of several 001 reflections as a function 
of @ were found to vary by a maximum of 5%. Structure factors 
were obtained on a relative basis using the expression IF,] = 
( I /Lp) ' / ' ,  where Lp represents the product of the reciprocal 
Lorentz and polarization corrections. The standard deviation 
of each reflection, u ( F ) ,  was taken as (u2 + p Z 2 ) ' / z / ( 2 L p ~ F o I ) ,  
where u is the esd based on counting statistics and p was assigned 
thevalue 0.002. 

Solution and Refinement 
A three-dimensional map of the Patterson function 

was ~omputed . '~  The interpretation of this map was 
not entirely straightforward. The many Mo-C1 vec- 
tors tended to mask the Mo-Mo vector, but a solution 
in the space group C m ~ 2 ~  was obtained by selecting a 
relatively strong peak -2.2 from the origin as the 
probable Mo-Mo vector and then assigning plausible 
coordinates by trial and error to chlorine atoms so as to 
build up MozClp4- ions with the known structure. 
This trial structure was supported by a structure factor 
calc~lat ion '~ and five cycles of isotropic least-squares 
refinement were run on the two independent Mo and 
six independent C1 atoms leading to a discrepancy factor 
E1 = (,Z//Fol - ~ ~ c / ~ ) / , Z ~ F o /  of0.18, with equal weights 
assigned to  all structure factors. 

A difference Fourier synthesis was then computed and 
positional parameters were assigned to  the remaining 
atoms. Isotropic refinement was resumed on all atoms 
and the scale factor with a weight of [u(F)]-Z 
assigned to each reflection. After five cycles the 
residuals were A1 = 0.092 and R2 = [,Zw(lFol - / F C / ) 2 /  

Z W ~ F ~ ~ ~ ] " ~  = 0.113. Three cycles of anisotropic 
refinement, using temperature factors of the form 
exp[-(B11h2 + 822k2 + 8332' + 2P1zhk + 2B13hl + 
2&kl)] for all (nonhydrogen) atoms led to residuals of 
R1 = 0.065 and R2 = 0.092. The standard deviation of 
an observation of unit weight was 2.7,  indicating a slight 
underestimation of error in the data. An empirical 
(14) The computer programs used for this and  other phases of the work 

have been cited in many recent publications from this laboratory: e.g., 
F. A. Cotton and  B. H. C .  Winquist, Inorg. Chem., 8 ,  1304 (1969). 

(15) Atomic scattering factors, omitting anomalous dispersion correc- 
tions, for neutral Mo, C1, N, and  0 atoms were obtained from D. T. Cromer 
and J. T. Waber, Acta Cyyst.,  18, 104 (1965). The  neglect of anomalous dis- 
persion introduces error in the atomic coordinates, bu t  since the dimensions 
of the hIozCls4- ion have been obtained very precisely in previous studies, 
and the purpose of this work was only to show qualitatively-but conclu- 
sively-that i t  was present here, this aspect has, justifiably, been neglected. 
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TABLE I 
OBSERVED AND FINAL CALCULATED STRUCTURE AMPLITUDES IN UXITS OF 0 .1  ELECTRON 

TABLE I1 
FRACTIOXAL ~ ~ T O M I C  COORDINATES AND 

ISOTROPIC TEMPERATURE FACTORS~ 

tionb x Y e 
Posi- 

4a 0 0.07976 (25) 0 
4a 0 0.18298 (21) 0.12652 (35) 
4a 0 0.9055 (6) 0.0712 (9) 
8b 0.2270 ( 7 )  0.0496 (5) 0.9687 (8 )  
4a 0 0.1894 ( 8 )  0.8529 (10) 
4a 0 0.3862 (6) 0.0521 (10) 
8b 0.2292(6) 0,2099 ( 5 )  0.1636 (8 )  
4a 0 0.0762 (8) 0.2821 (13) 
4a 0 0.3448 (11) 0.3414 (12) 
4a 0 0.5518 (28) 0.3032 (33) 
4a 0 0.6309 ( 2 5 )  0.1081 (23)  
8b 0.2514(23) 0.4508 (17) 0.2181 ( 2 3 )  
8b 0.2274 (22) 0.1957 (18) 0.4222 (26 )  

B,C 
1.50  
1 .20  
2 .25  
2 . 4 8  
2 .46  
1.05 
2 . 2 5  
2.75  
4 . 7 3  
4 .44  
2 . 3 9  
2 .73  
2 .95  

a Standard deviations occurring in the last quoted figure of 
each coordinate are given in parentheses. These 
are isotropic temperature parameters equivalent to and calcu- 
lated from the tensor components in Table 111. 

b See ref 13. 

TABLE I11 
ANISOTROPIC TEMPERATURE PARA?rIETERS" ( x 1 04) 

I 3 3 3  P I 2  I313  pns 
. . .  - 8  (2 )  

Atom pii P 2 2  

RIo(1) 29 (4) 11 (2) 39 (3) . . .  
Mo(2) 13 (3) 9 ( 2 )  35 (2 )  . . .  . . .  6 (2) 
Cl(1) 51  (9) 10 (5) 49 ( 8 )  . I .  . . .  14 ( 6 )  

Cl(3) 78  (13) 37 (7) 20 (7) . . .  . . .  5 ( 5 )  
Cl(4) 40 (8) 12 (5) 45 (7) . . .  . . .  -1 (6) 
Cl(5) 46 (6) 29 (4) 38 (6) -7  (4) 6 (4) 2 (5) 
Cl(6) 33 (12) 22 (7) 75  (11) . . . . . .  -8 (7) 

Cl(2) 32 (6) 32 (4) 55 (8) - 2  (4) 6 (6) -13 (5) 

Cl(7) 110 (14) 68 (10) 65 (11) . . . . . .  - 16 (9) 
O(1) 77 (37) 85  (26) 58 (30) . . . . . .  -27 (28) 
K(1) -69 (18) 98 (29) 48 (26) . , . . . .  75 (27) 
N(2) 76 (27) 41 (14) 27 (10) -31 (16) -20 (17) 19 (15) 
N(3) 38 (23 )  35 (16) 60 (29) 5 (15) 13 (19) 43 (19) 

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

expression of the form u ( F ) '  = u ( F ) [ a  - b(c - F,)] 
with a = 8.0, b = -0.08, and c = 60 was then used for 
lFol 5 60 and the expression u(F) '  = a u ( F )  was used 
for F, > 60. With this scheme the esd of an observa- 
tion of unit weight dropped to 1.15) the esd's of the 
positional and thermal parameters became significantly 
smaller, and there was essentially no violation of 

Cruickshank's criterionIB that wAz be independent of 
the magnitude of IF,, up to !F,I = SO, which includes 
619 of the 534 reflections. 

A final difference Fourier map had as its largest 
feature one peak about one-third the height of the 
average peak due to a nitrogen atom on the previous 
electron density map. No attempt was made to 
locate hydrogen atoms. The observed and final 
calculated structure amplitudes are listed in Table I .  
For two reflections, 774 and 390, the measured values 
are evidently grossly incorrect. Unfortunately, this 
escaped notice until refinement had been completed as 
described. 

Results 
The atomic positional parameters and temperature 

parameters are listed in Tables I1 and 111. Bond 
lengths, intramolecular angles, and nonbonded contacts 
for the Mo2Cle4- ion are given in Table IV. The atom- 
numbering scheme is specified in Figure 1. Table V 
lists all intermolecular nonbonded contacts less than 
4.00 A. 

Discussion 
The crystal structure is built from the four entities 

NH4+, C1-, HzO, and M0zCl8~-. The planes at 0, y ,  z 
and 1/2, y) z, which are crystallographic mirror planes, 
contain the Mo atoms and four of the eight C1 atoms of 
each IVl02Cl8~- ion as well as the oxygen atoms of the 
water molecules, the nitrogen atoms of one-fifth of the 
ammonium ions, and all of the C1- ions which are not 
part of MozCls4- groups. The arrangement within 
each of the two sets of planes is identical; the relation- 
ship of the contents of the 0, y, z planes to that of the 
1/2, y,  z planes is specified by the C-centering transla- 
tion. Figure 2a shows the arrangement in the 0,  3') z 
plane. Interleaving the mirror planes, there are 
crinkled sheets made up of the rest of the ammonium 

(16) I). W. J. Cruickshank in "Computing Methods in Cr>-stallography," 
J .  S. Rollett, Ed., Pergamon Press, Inc., New York, N. Y . ,  1965, p 113. 
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TABLE I V  
DIMENSIONS~ OF THE MozCls4- ION 

A. Bond Lengths, A 
Mo(l)-M0(2) 2.150 (5) 
Mo(l)-Cl(l) 2.486 (9) 
Mo( 1)-C1(2) 2.467 (7) 
Mo(l)-C1(3) 2.415 (13) 
M0(2)-C1(4) 2.490 (10) 
M0(2)-C1(5) 2.487 (7) 
M0(2)-C1(6) 2.483 (16) 
Mean 2.47 f 0.02 

B. Bond Angles, Deg 
Cl(l)-M0(l)-Cl(2) 85.0 (2) 
C1(2)-Mo( l)-C1(3) 87.9 (3) 
CI (4)-M0(2)-C1(5) 86.8 (2) 
C1(5)-M0(2)-C1(6) 85.4 (3) 
Mean 86.3 f 1.1 
C1( l)-Mo( 1)-C1(3) 149.0 (4) 
C1(2)-Mo( l)-Cl(Z)' 153.2 (4) 
C1(4)-M0(2)-C1(6) 147.7 (5) 
C1(5)-M0(2)-C1(5)' 151.9 (3) 
Mean 1 5 0 . 5 f 2 . 1  
Mo( l)-M0(2)-C1(4) 106.3 (3) 
Mo( l)-M0(2)-Cl( 5 )  104.0 (2) 
Mo( 1)-M0(2)-C1(6) 106.0 (4) 
Mo(B)-Mo(l)-Cl(l) 107.3 ( 2 )  
Mo(~)-Mo(  1)-C1(2) 103.4 ( 2 )  
MO (~) -Mo(  1 )-Cl(3) 103.7 (3) 
Mean 104.8f :  1 . 3  

C. ~ 1 .  . .CI Contacts, A 
C1( 1 )-Cl (2) 3.35 (1) 

C1(4)-C1(5) 3.42 (1) 
C1(5)-C1(6) 3.37 (1) 
Mean 3.38 i 0.02 

C1(2)-C1(5) 3.32 ( 2 )  
C1(3)-C1(4) 3.42 (2) 
Mean 3.43 f 0.09 

C1 (2)-C1(3 ) 3.39 (I) 

C1( 1)-C1(6) 3.57 (2) 

D. C1. .C1 Angles 
The 24 such angles range from 87.2 to 93.2', 

with a mean value of 90.0" 
a Numbers in parentheses are estimated standard deviations 

Numbers following the occurring in the last significant figure. 
f sign are mean deviations from the mean. 

ions. The nitrogen atoms of these NH4+ ions lie near 
but not in the planes a t  l /4 ,  y, z and 3/4, y, z. They are 
relatively far from one another (N. . N  distances in the 
range 3.84-4.32 A) and so placed as to have optimal 
Coulombic interaction with the Mo2Cls4- and C1- ions. 
Figure 2b shows the arrangement of the N atoms. 
The crystal structure is a neat and compact one in 
which the NH4+, C1-, and HzO entities beyond those 
required in the formula ( N H ~ ) ~ M o ~ C &  evidently play an 
effective role. 

The Mo2ClS4- ion itself, I, has symmetry and di- 
mensions essentially identical with those previously 
observed, as shown in Table VI. The crystallographic 
mirror plane passing through it assures that the rota- 
tional configuration about the Mo-Mo axis is rigorously 
eclipsed. The virtual symmetry, as in previous cases, 

In this crystal structure the Mo2Cls4- ion has neigh- 
boring C1 atoms along both extensions of the Mo-Mo 

is D4h. 

TABLE V 
NONBONDED INTERMOLECULAR CONTACTS (A) LESS THAN 4 A 
Mo(1) to: Cl(6) (0, -y, -'/z + Z )  3 . 5 2  

Cl(1) to: Cl(3) (0, 1 - y, -1/z + Z )  3.90 
C1(6) (0, -Y, - ' /z + 2) 3.80 
N U )  (0, Y, z )  3.66 
K(3) ( - x ,  1 - y ,  - l / z  + Z )  3.36 

Cl(2) to: Cl(6) (0, -y, - ' /z + Z )  3.81 
N(3) ( x ,  -Y, - ' / z  + Z )  3.29 

Cl(3) to: Cl(1) (0, 1 - y, ' / z  + Z )  3.90 
C1(6) (0, -Y, - ' / z  + Z )  3.63 
O(1) (0, 1 - Y, ' /z + z )  3.48 

3.99 
Cl(4) to: Cl(7) f0, y, z )  3.80 

O(1) (0, 1 - Y, '/z + z )  3.48  
N U )  (0, Y, z )  3.70 
N(2) (x, Y, z) 3.64 

Cl(5) to: Cl(7) (0, y, z )  3.80 
N(2) ( x ,  Y, z )  3.27 

Cl(6) to: Cl(7) (0, y ,  z )  3.63 
N(3) ( x ,  Y, z )  3.40 

Cl(7) to: 0 (1 )  (0, y, z )  2.78 
N(1) (0, 1 - Y, '/z + Z )  3.51 
N(2) ( x ,  Y, z )  3.40 
h'(3) (x, Y, z )  3.27 

O(1) to: N(1) (0, y, z )  2.76 
N(2) ( x ,  Y, z )  3.16 

N(1) to: N(2) ( x ,  Y, z )  3.84 

Mo(2) to: Cl(7) (0, y ,  z )  3.54 

(0 ,  1 - y, '/z + z )  

N(3) ( x ,  Y, z )  3.40 

C I 1  FCI4 'b 
M o l  

c12 
C13 

Figure 1.-A projection of the Mod&4- ion on the (100) plane, 
showing the atom-numbering scheme. All atoms lie in the 
symmetry plane except atoms Cl(2) and Cl(5). 

axis. One of these is the extra C1- ion, which lies 3.54 
A from one Mo atom: the other is a chlorine atom of 
another Mo2Cls4- ion, which lies 3.53 A from the other 
Mo atom. In each case the chlorine atom which 
approaches a molybdenum atom makes normal contacts 
with the four chlorine atoms which are bound to that 
molybdenum atom. Considering the Mo C1 dis- 
tances and the other interatomic contacts involved, it is 
clear that no significant axial Mo-CI bonds are formed 
and the Mo2Cls4- ion has a well-defined identity in this 
substance. 

Finally, we may remark on the stoichiometry of the 
compound. This, of course, can be derived directly 
and solely from the crystal structure, and i t  is, in- 
dubitably, (NH4)6Mo~Cle - HzO. The previously re- 
ported formula, (NHI) 1Mo3C113 * HzO, when converted 
to a basis of two molybdenum atoms, becomes 
(NH4)4r/,Mo2C&Z/8- 2 / ~ H ~ 0 .  The differences, obviously, 
are small. In fact, the actual differences in analytical 
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Figure ?.-(a) The 0, y ,  z plane; selected iionbonded contacts are iiidicated. (b)  The C1 and N atoms near the VA, y, z plane; decimal 

numbers indicate distances al>ove and below the plane as fractional y values. 
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TABLE VI 
SYMMETRY AND DIMENSIONS OF THE Mo2Cls4- ION IN THREE DIFFERENT CRYSTALS~ 

I n  KpbIozCls. 2HzOb I n  (enHz)zMoxCls.2HzO I n  (NHa)sMozClo, HnO 

Crystallographic symmetry 2/m-c2h i-ci ni-C, 

Mo-Mo dist, A 2.139 (4) 2.134 (1) 2.150 (5) 
Virtual s y m y t r y  D4h D4h D4h 

Mo-Cl dist (range): A 2.44-2.46 2.442-2.460 2.415-2.490 

Mo-Mo-C1 angles (range), deg 104.5-105.8 104.58-105.48 103.4-107.3 
Mean Mo-C1 dist, A 2.45 (2) 2.451 (5) 2 . 4 7 f .  0.02 

Mean Mo-Mo-C1 angle, deg 105.1 ( 7 )  105.1 rfr 0 . 4  1 0 4 . 8 3 ~  1 . 3  
Mean C1. . . (Mo) * . . C1 dist, A 3.35 =t 0 . 0 2  3.38zk 0.02 3.35 (2) 
Mean C1. . C1 dist, A 3 .41  f 0.05 3.41 f 0.01 3.43 i 0.09 

Numbers in parentheses are estimated standard deviations (esd’s) of either individual or mean values; uncertainty intervals (rfr ) 
are mean deviations from the average, where these are large enough to make the esd meaningless. Owing to disorder in this case, the 
quoted esd’s are triple those actually calculated in the hope of not seriously underestimating the true uncertainties. 

percentages are so small as to make the two formulas 
indistinguishable in practice. Table VI1 gives the 
theoretical figures for the two formulas and the per- 
centages actually found. 

TABLE VI1 
ANALYTICAL FIGURES 

Calcd for Calcd for 
(NH4)1WIo8Clia. (NHdsMozCls. 

Element HzO, % Hz0, % Found, % 
A- 10.99 11.31 10. 6a 
H 3.39 3 58 3 .  62a 
MO 32.23 31.00 31, Bb 
c1 51.61 51.54 51. 4c 
0 1.79 2.58 . . .  

a Microanalytical determinations by Galbraith Microanalytical 
Laboratories, Knoxville, Tenn. I, Gravimetric as PbMoO4; 
average of four determinations. Gravimetric as AgCl; average 
of four determinations. 

It is evident that the differences in calculated analyses 
for N and H are a t  best marginal, while for C1 there is no 
significant difference. There is a substantial difference 
for oxygen, but lack of convenient and generally 
satisfactory methods of analysis coupled with the 
possibility of variation in water content depending on 
drying conditions, humidity, and temperature nullifies 
the usefulness of this. For molybdenum, there is a 
difference of 1.23%, which is in principle, perhaps, 
exploitable. In our hands, however, no distinction 
could be drawn. Four analyses all give results lying 
between the two calculated values and averaging to a 
figure which is precisely their mean. Thus, the decisive 
means of establishing the identity of this compound as 
well as revealing its structure turns out to be the X-ray 
crystallographic study. 
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Synthetic procedures for preparing various low-valent molybdenum compounds containing Mo-Mo bonds from Mo2(02C- 
CH& are discussed. Explicit experimental details are given for the compounds K1MopCls.2Hz0, K4M02C18, K3M02C17. 
2H20, and RbaMo~CI7.2H20. The last three have not yet been structurally characterized, and the last two are new com- 
pounds. All compounds are obtained by treatment of Mo2(0?CCH3)4 with aqueous hydrochloric acid. The particular 
compound obtained depends on the exact conditions of temperature, acid concentration, and the cation used. All compounds 
were obtained in crystalline form, and in most though, unfortunately, not all cases crystals were large enough and otherwise 
suitable for single-crystal X-ray structure studies. 

Introduction 
The compound dimolybdenum tetraacetate3z pro- 

vides an excellent starting material for the preparation 
of halo complexes of molybdenum in oxidation states I1 
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and higher. The isolation5 -lo and characteri~ation’-~~ 
of compounds containing molybdenum with the oxida- 
tion numbers $ 2  and $2.5 have been reported. 
Mo2(O2CCH3)4 also constitutes an excellent starting 
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