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The violet compound [enH212[MotClsl.2HtO (enHz = H ~ N C H ~ C H Z N H ~ ~ ’ )  was prepared by treatment of Mo2(02CCH3)4 with 
a solution of [enHn]C12 in 6 X aqueous HC1 a t  0”.  P21/c; Z = 2;  a = 8.21.4 =I= 0.003 A, b = 
15.976 i 0.005 A; c = 8.486 =I= 0.003 b; f l  = 118.08 i 0.03”; d(ca1cd) = 2.15 g cm-3; d(obsd) = 2.12 i 0.04 g cm-3. 
The 1225 independent reflections within the sphere bounded by 6 = 55’ were collected on a counter diffractometer, using Cu 
K a  radiation. Full-matrix, anisotropic least- 
squares refinement, including corrections (to 32 reflections) for secondary extinction and including H atoms, led to final un- 
weighted and weighted residuals of 0.040 and 0.055, respectjvely. The MozCIS~- ion, of crystallographic symmetry ci, is a 
nearly cubic square parallelepiped (square base edges, 3.35 A; vertical edges, 3.41 Ai). The pair of hlo atonis lie along the 
approximate fourfold axis, separated by 2.134 (1) b. The Mo-C1 distances are all in the range 2.45 =t 0.01 b and the most 
acute C1-Ma-CI angles are all in the range 85.5-8i.0°. The 
infrared spectrum suggests that the 0-H bonds of the water molecule are only weakly involved in hydrogen bonding and this 
is confirmed by the structural parameters (shortest 0-H 9 .C1 distances in the range 3.27-3.38 A). 

Crystallographic data are: 

The structure was solved by symbolic addition and difference synthesis. 

The dimensions of the HaKCHnCHzNH32+ ion are all normal. 

Introduction 
Investigations carried out in this laboratory3+ and 

by Sheldon and his coworkers6J had shown that by 
treatment of dimolybdenum tetraacetate with aqueous 
hydrohalic acids, various products could be obtained, 
some of which were reasonably suspected of having 
Mo-Mo bonds. 

In  two cases, X-ray study of crystalline compounds 
has led to identification of dinuclear chloro anions and 
detailed structural characterization of them. We first 
isolated3 the red crystalline compound KdMo&ls + 

2H20, which does not seem to be exactly the same as 
any substance described by Sheldon, although in color 
it resembles Anderson and Sheldon’s “K6NI03C112.” 
X-Ray study of K&IoaCls. 2Hz0 demonstrated the 
existence of the Pvl0~Cl8~- ion, with structure I, which 

I 

has the same geometry (idealized symmetry D4h) as the 
RezCls2- ion with which it is isoelectronic. 
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In a second paper4 n-e have shown that the golden 
yellow compound Cs&h2Cl8, described by Anderson 
and Sheldon as Cs6&f04C116, and its rubidium analog are 
isomorphous. A single-crystal study of Rb&fo& 
showed that this is indeed the true molecular formula 
and that the Mo2Cls3- ion has the structure of a con- 
facial bioctahedron with one empty bridge position, 11. 

In the present report we describe the preparation and 
structural characterization of the violet compound 
[enHz]z[Mo2C18].2H20. On the basis of color and 
method of preparation, this seems virtually certain to be 
the same substance as the one to which Allison, Ander- 
son, and Sheldon’ assigned the formula [enHz]3BlodCl13- 
(Hs0) (H20)z and proposed that it contains a trinuclear, 
triangular cluster of Mo atoms. We have established 
conclusively that the microcrystalline powder which is 
the first reaction product when h/Io2(02CCH3)4 is 
treated with an approximately A Jf HCl solution of  
[enHz]C12 is identical with the substance making up the 
larger crystals which were obtained by recrystallization 
and used in a single-crystal X-ray study of the structure. 
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The X-ray work proves that the correct formula is 
[enHz2++lz [MozCls4-] .2Hz0 and shows that the molyb- 
denum-containing complex anion is the same Mo2Cls4- 
ion, I, previously de~cr ibed .~  Thus, we have now 
determined the structures of red, violet, and yellow 
compounds obtained by treatment of M O ~ ( O ~ C C H ~ ) ~  
with aqueous HC1 under various con-litions and in each 
of the three cases, only dinuclear complex anions have 
been found. 

Although no new molybdenum cluster species was 
found in [enHzIz [MozCls] .2Hz0, the thorough refine- 
ment of this structure was considered worthwhile in 
order to determine the constancy of the dimensions of 
the Mo2Cls4- ion and to improve the accuracy with 
which these dimensions, especially the Mo-Mo bond 
length, are known. In  K&fo2Cl8.2H20, there was a 
disordering of Mo2 units within the C18 cages to the 
extent of about 7%. This introduced a degree of 
uncertainty which was not easy to estimate with 
precision into the dimensions of the Mo2Cb4- group. 
In the present compound no such problems were 
encountered and the dimensions now available have 
only small and well-established uncertainty intervals. 

Experimental Section 
Preparation.-Constant-boiling hydrochloric acid (200 ml) 

a t  O " ,  dimolybdenum tetraacetate (4.0 g),  and ethylenediamine 
dihydrochloride (2.9 g) were mixed and stirred under prepurified 
nitrogen a t  0' for 1 hr. The violet, microcrystalline precipitate 
was collected on a filter and washed with two portions (20 ml 
each) of absolute ethanol and two portions (20 ml each) of ether. 
The substance was then dried under vacuum a t  25" for 2 hr; 
yield, 4.0 g (70% based on M02(02CCHah). Anal. Calcd for 

30.19. Found: C, 7.60; H,3.69; N,8.55; C1,44.6; Mo, 29.7. 
Chlorine was determined by the Volhard method and molyb- 
denum as lead molybdate. C, H, and N were determined by 
standard microanalytic procedures. 

Larger crystals, suitable for single-crystal X-ray work, were 
obtained in the following way. A solution of 1.09 g of the niicro- 
crystalline product in 50 ml of constant-boiling hydrochloric 
acid a t  room temperature was prepared. A solution of 2.0 g of 
ethylenediamine dihydrochloride, [enHz]Cln, in 60 ml of the same 
solvent was added to i t  and the combined solution was kept a t  
0" for 24 hr. In this way well-formed crystals having dimen- 
sions of about 0.5 mm were produced. 

The identity of the microcrystalline substance and the larger 
crystals was substantiated in two ways. First a sample made up 
entirely of larger crystals was shown to have the same chemical 
analysis as the microcrystalline powder. Second, the powder 
diffraction pattern of the microcrystalline substance was found 
to be completely consistent with the unit cell dimensions and 
space group of the larger single crystals. 

The density of the larger crystals was determined by flotation 
in a niixture of iodomethane and carbon tetrachloride, giving a 
value of 2.12 f 0.04 g cm-a. That calculated from the dimen- 
sions and content of the unit cell (oide infra) is 2.15 g c ~ I - ~ .  

The infrared spectrum was recorded on a Beckman 337 spec- 
trometer from 2.5 to 16 M, using a mineral oil mull between rock 
salt plates. Besides bands due to the H8NCH2CH2NHa2+ groups, 
there are strong and fairly sharp bands at  3540 and 3480 cm-', 
assignable to 0-H stretching, and a sharp band of medium inten- 
sity a t  1600 cm-' which we would assign to the bending mode of 
the HzO molecule. The sharpness and high energy of the 0-H 
stretching bands indicates that there is only weak 0-H . .C1 
hydrogen bonding,*-1° and this is confirmed by the structure 
determination. 

C ~ H Z ~ N ~ O Z C ~ ~ M O ~ :  C, 7.55; H, 3.81; N, 8.81; C1, 44.61; Mo, 

The compound appeared to be stable in air throughout all of 
the measurements just described and during other lengthy 
periods of exposure, up t o  several months. 

A magnificently formed, rhomboidal crystal was selected for 
the X-ray study. Examination in polarized light showed that it 
was birefringent. The six faces of this crystal (as later identi- 
fied) were 117, 1x1, lTT, 111, 001, and 007. The diagonals of 
the 001 and 00T faces were 0.08 and 0.16 mm while t: e thickness 
of the crystal perpendicular to these faces was 0.06 mm. 

Weissenberg and precession photographs taken with unfiltered 
Cu Kcu radiation showed that the lattice is monoclinic. Sys- 
tematic absences ( I  # 2n for h01, k + 2% for OkO) showed that the 
likely space group is P2l/c, a result confirmed by the successful 
structure analysis. Accurate values of the unit cell dimensions 
were obtained by measuring, a t  24 i l o ,  the positions of 30 re- 
flections in the hOO, OkO, 001, and h0Z sets on a General Electric 
XRD-5 counter diffractometer equipped with a quarter-circle 
eucentric goniometer. These data were treated by least squares, 
with standard deviations being obtained from diagonal elements 
of the inverse matrix. The results are: a = 8.114 i 0.003 A;  
b = 15.976 =!= 0.005 A; p = 118.08 i 
0.03'. 

Using a manually operated GE XRD-5 counter diffractometer 
equipped with a quarter-circle eucentric goniometer, 1225 in- 
dependent reflections within a sphere in reciprocal space bounded 
by 0 = 55' were collected. Copper K a  radiation filtered through 
nickel foil in thc incident beam was used and the crystal was 
mounted along the b axis. Each peak was scanned from 20 
(calcd) - 1.33' to 20 (calcd) + 1.33" a t  a scan rate of 4'/1nin, 
giving P counts. Background was counted for 20 sec each a t  
the beginning ( B I )  and end ( B z )  of each scan. The intensity, 
I ,  was then taken as I = P - B ,  - Bz.  When the value of I 
was 20 for a given reflection, it was measured a t  least four times 
and averages for peak and background were used. When I was 
still measured as 5 0 ,  it was estimated as I/2(P + BI + B2)'I2. 
Structure factors on a relative scale were obtained by applying 
Lorentz, polarization, and absorption corrections to the measured 
intensities, viz. ,  IF,/ = [ I / A L p ] 1 / 2 .  The standard deviation, 
u, of an I value was taken as (P + Bi + B2)'I2. The standard 
deviation, v(  F), applicable to each observed structure amplitude 
was determined from the expression: u ( F )  = [uz + p12]1 / ' /  
2ALpIF,I, with p = 0.002. During the process of intensity 
measurement six standard reflections were checked twice a day. 
No significant changes or trends were observed. Reflections 
(13) with peak count >20,000 were remeasured a t  alower current. 
The lowering in the peak count was proportional to the change 
in the current value to the same extent for all reflections. 

Reflections in the 0kO series showed variations from 100 to 55 
in the peak count on a relative scale during rotation about the 6 
axis a t  x = 90". After application of an absorption correction 
(M = 208.2 cni-') this variation was reduced to the range from 
100 to 86. Transmission factors, A ,  for the whole set of data 
varied from 0.251 to 0.490 

c = 8.486 zk 0.003 A ;  

Solution and Refinement" 
The structure was solved using the symbolic addition 

procedure to apply the Karle-Hauptman Sigma-2 
relationship.12 The programs FAME and MAGIC by R. 
Dewar and A. Stone of the University of Chicago were 
employed in a local version suitable for the IBM 360 

(8) A comparison may he made with the case of Na?[Fe(CPIr)sSO].2H*0 
where the infrared spectrum (sharp, strong hands a t  3640, 3560, and 1615 
cm-1) was interpreted to  show that the water molecules in this substance 
form no strong hydrogen bonds.0 An X-ray study10 subsequently con- 
firmed this. 

(9) F .  A. Cotton, R. R. Monchamp, K .  J. 14. Hemy, and R. C. Young, 
J. Inorg. Nzicl. Chem., 10, 28 (1959). 

(10) P. T. Manoharan and W. C. Hamilton, Inoig. Chem.,  2, 1043 (1963). 
(11) For a listing of the computer programs used in processing da ta ,  

solving and refining the  structure, and computing molecular dimensions, 
see F. A. Cotton and B. M. Foxman, i b i d . ,  7, 1784 (1968). 

(12) J. Karle and I. L. Karle, Acta Crysl.,  21, 849 (1966). 
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TABLE I 
OBSERVED AND FINAL CALCULATED STRUCTURE FACTORS IS UNITS OF 0 .1  ELECTRON 

computer provided by P. F. Stokely. Reflections were 
placed on an absolute scale by a Wilson plot and 
normalized structure factors (E's)  were computed. 
The 400 largest E's were employed in the MAGIC 

program, and 386 signs were determined using the 
criterion that the ratio of consistencies to incon- 
sistencies for the sign must exceed 5 .  

An E map was prepared using the 386 signed reflec- 
tions of the most probable set. One M o  atom on a 
fourfold (general) position and four C1 atoms, also in 
general positions, were clearly revealed. No lighter 
atoms were distinct. Two cycles of least-squares 
refinement of the positional and isotropic thermal 
parameters of these five atoms as well as the over-all 
scale factor were carried out, where the value of XI = 
(ZIIF,, - ' F c ) ~ ~ ) / ~ F o ~  was 0.175. I difference Fourier 
synthesis now indicated the positions of the lighter 
atoms (two C's, two N's, and one 0) all in general 
positions. Three more cycles of isotropic refinement of 
all atoms brought XI to 0.096. The absorption cor- 
rections were now applied, and after three more cycles 
of isotropic refinement of unit-weighted data, con- 
vergence was reached with RI = 0.075. 

In  these and subsequent stages of refinement, 
structure factors for neutral N o ,  C1, C, N, and 0 atoms 
were taken from Cromer and Waber.l3 Scattering 

(13) U. T. Cromer and 5. T. Waber, Ada C r y ~ t . ,  18, 104 (1965) .  

factors for hydrogen atoms were those of Mason and 
Robertson.14 For & l o  and C1 the structure factors 
mere corrected for the real and imaginary components 
of anomalous scattering.lj 

Refinement was continued using weighted data and 
anisotropic temperature parameters. The weighting 
factor, w> for a reflection was taken as [a(F)]-2 where 
a ( F )  is the standard deviation cf the observed structure 
factor, as defined in the Experimental Section. The 
weighted residual, R2, is given by the expression 
[Zw(lF,I - IFG1)2/Zw~F,12]1'2. Anisotropic tempera- 
ture factors were expressed in the form: exp[-((p,,h2 + P2zk2 + P33L2  + 2P12hk + 2P13hL + 2P23kl) 1. TWO 
cycles of anisotropic refinement led to the residuals XI 
= 0.050 and R2 = 0.071. 

It was observed that for 32 reflections which orig- 
inally had peak counts exceeding 10,000 extinction 
effects were apparently appreciable. Therefore cor- 
rections of the form recommended by Zachariasen16 
TTere applied. In the equation F ,  rr KF,(I + B2,CP), 
where P represents the peak count and C and K are 
scale factors, U2* was also treated as a constant in- 
dependent of 20. Two cycles of refinement including 

(1.1) R. Mason and G. R. Robertson i n  "Advances i n  Structnral Research 
by Diffraction Methods," Vol. 2,  I<. Brill and li. Mason, Ed,, Interscience 
Ilivision, John Wiley &Sons, lnc., N e w  York, h-, Y.,  1966, p 57. 

(15) D. T. Cromer, Acto Cisst., 18, 17 (1965). 
(16) W. H. Zachariasen, i b d ,  16, 1139 (1963). 
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the secondary extinction corrections resulted in R1 = 
0.047 and R2 = 0.069. 

A difference electron density map now showed the 
positions of 12 hydrogen atoms, which were included in 
two further cycles of least-squares refinement, which led 
to the residuals K I  = 0.040 and Rz = 0.055. The H 
atom positions are undoubtedly rather inaccurate 
because of the dominance of the heavy-atom scattering, 
errors in the absorption corrections, and neglect of 
multiple scattering effects. Agreement between F, 
and F ,  for the 402 reflection is singularly poor, pre- 
sumably due to some large error in F,. The standard 
deviation of an observation of unit weight is 1.04 and in 
the final cycle of refinement no positional parameter 
changed by more than half of its standard deviation. 
A final difference electron density map had no peak 
larger than about 0.5 e- k3. A list of the observed 
and final calculated structure factors is given in Table I. 

Results 
The positional coordinates of all atoms are listed in 

Table 11, along with their isotropic thermal vibration 
parameters, or equivalent values derived from the 
tensors of anisotropic vibration. The components of 
the anisotropic temperature parameter tensors for 
Mo, C1, N, C, and 0 atoms are given in Table 111. 
Rms amplitudes of vibration and their direction 
cosines are listed in Table IV. 

TABLE I1 
FRACTIONAL ATOMIC COORDINATES AND 

ISOTROPIC TEMPERATURE FACTORY 
Atom X Y 2 B,b A2 

M O  0.54678 (8) 0.44965 (4) 0.09356 (8) 1.34 
Cl(1) 0.88168(26) 0.44193(13) 0.20193(28) 2.49 
Cl(2) 0.53013 (28) 0.32450 (13) 0.91913(28) 2.49 
Cl(3) 0.26838 (26) 0,39710 (13) 0.09745 (27) 2.36 
Cl(4) 0.62606 (27) 0.51537 (14) 0,38046 (25) 2.39 
0 0.2002 (9) 0,2937 (4) 0.4083 (10) 2.90 
N(1) 0.9229 (12) 0.6408 (8) 0.3570 (13) 2.68 
K(2)  0.1998(13) 0.5791 (6) 0.2280(13) 3 .27 
C ( l )  0.1076(13) 0.6737(6) 0.4074(13) 2 .46 
C(2) 0.1643 (14) 0.6654 (6) 0.2630(13) 2.50 
H(10) 0.267(17) 0.312(8) 0.353(16) 6 . 5 i 3 . 2 )  
H(20) 0.306(13) 0 .275(6)  0.486(12) 2 . 6 ( 1 . 9 )  
H(lN1) 0.878(10) 0.648(5) 0.465(11) Z . g ( l . 5 )  
H(2N1) 0.847(13) 0.652(6) 0.248(13) 7 . 5 ( 1 . 9 )  
H(3N1) 0.891 (14) 0.602 (7) 0.313 (14) 6 . 7 ( 2 . 4 )  
H(lN2) 0.181 (12) 0.649 ( 5 )  0.497(13) 2 . 4  (1.8) 
H(2N2) 0.052 (12) 0.696 (6) 0.143 (12) 3 . 9  (1.8) 
H(3N2) 0.260 (11) 0.704 (5) 0.288 (10) 2 . 6  (1.5) 
H(lC1) 0.098(16) 0.558(7) 0 , l81(14)  4 . 5 ( 2 . 4 )  
H(2C1) 0.111(12) 0 .735(6)  0.447(12) 4 . 6 ( 1 . 9 )  
H(lC2) 0.252(16) 0.591(8) 0.174(16) 4 . 8 ( 2 . 9 )  
H(2C2) 0.202 (15) 0.543 (7) 0.291 (15)  4 . 3  (2.6) 

a Standard deviations occurring in the last significant figure 
are given in parentheses. b B’s without standard deviations 
are those calculated from the anisotropic tensors of Table 1 1 1 .  

The MozCls4- ion is depicted in Figure 1, which also 
shows the numbering scheme. Atoms denoted with 
primes are related to unprimed atoms with the same 
number by the crystallographic center of symmetry 

Figure 1.-Sketch of the Mo2Cl~~- and NH&H2CH~SH32f ions 
showing the numbering scheme used in the tables. 

TABLE I11 
ANISOTROPIC TEMPERATURE PARAMETERS* 

(MO, ~ 1 0 6 ;  OTHERS, ~ 1 0 4 )  
Atom 811 P 2 2  l33a 812 @la  Pia 
Mo 529(16) lSS(15) 598(15) 22(4) 324(11) 46(4)  
Cl(1) 70(4) 32(1) lZO(4) 6 (2) 44 (3) S ( 2 )  
Cl(2) 132(4) 19 (1) 145(4) -5(2)  87(4)  5 ( 2 )  
Cl(3) 107(4) 26 (1) 120 (4) -12 (2) 77 (3) -2  (2) 
Cl(4) 117(4) 32(1) 73(4) 4 ( 4 )  53 (3) 3 ( 2 )  
0 144(15) 24(3) 159 (14) 9 ( 6 )  87(14) l ( 5 )  
N(1) 130(18) 44(5) l lS(18)  i ( 8 )  61 (15) i ( 8 )  

C ( l )  138(21) 24 (5) 100 (19) 7 ( 8 )  64 (17) 8 (8) 
C(2) 167(21) 16(4)  146(20) 8 ( 8 )  109 (17) 2 ( 7 )  

a Standard deviations occurring in the last quoted figure are 
given in parentheses. 

K(2) 126 (20) 29 (4) 148(18) 5(8) 98(16) - 3  (8) 

which lies between the two Mo atoms. Table V gives 
the interatomic distances and bond angles of the 
Mo2Cls4- ion. The important interatomic distances 
and bond angles of the ethylenediammonium ion and 
the H20  molecule are collected in Table VI. Inter- 
molecular contacts less than 4 A are listed in Table 1 7 1 1 .  

Discussion 
The substance studied here has the formula (Ha- 

N C H Z C H ~ N H ~ ) ~ M O ~ C ~ ~  + 2Hz0 according to elemental 
analyses and the complete solution of the crystal 
structure by X-ray diffraction. Comparison of both 
analytical data and X-ray data shows that the micro- 
scopically crystalline material initially obtained from 
the preparative reaction and the larger crystals ob- 
tained by recrystallization are chemically identical. 

The compound contains the MozCls4- ion which we 
previously discovered3 in K4MoZC1s. 2Hz0. The di- 
mensions found here for M O ~ C & ~ -  do not differ sig- 
nificantly from those observed in KdMoZC18. 2Hz0 but 
they are more accurate. The Mo-Mo distance here is 
2.134 (1) A while that  obtained from the study of 
K4MozCl8.2HzO was nominally 2.139 (4) A with the 
actual uncertainty being presumably larger than 0.004 
A because of a disordering of the pairs of Mo atoms in 
the Cl8 cubes. As stated and discussed b e f ~ r e , ~  this 
Mo-Mo distance is indicative of very strong Mo IcIo 



2’702 J. V. BRENCIC AND F. A.  COTTON Inorganic Chemibtry 

TABLE T V  
I ~ ~ ~ . ~ . - M E A ~ - S ~ ~ U A R E  AMPLITUDES OF VIBRATION AND THEIR DIRECTION  COSINES^ 

Atom Minor axis Medium axis Major axis 

M 0 (O.LIG8,0.074, -0 ,240)  (0.249, -0.419,0.873) (0.036,O. 905,O. 424) 
0.109 0.126 0.152 

0.133 0.182 0.209 

0.142 0.177 0.208 

0.129 0,181 0.200 

0.134 0.175 0.205 

0 .  164 0.192 0.215 

0.181 0.195 0.212 

0.137 0.184 0.240 

0.154 0.174 0.198 

0.135 0.163 0.224 

Cl(1) (0.948, -0.105, 0.301) (-0.314, -0.461,0.830) (-0.052,0.881,0.469) 

Cl(2) 10.593, 0.765, -0.2,52) (0.753, -0.638, -0.161) (0.284,O. 095,O. 954) 

Cl(3) (0.902,0.339. -0.267) (-0.021,0.652,0.758) (-0.431,0.678, -0.595) 

CI(4) ( - 0.446, - 0 036,O. 894) ( 0 . 8 i 6 ,  -0.221,0.428) (0.182,O. 975,O. 130) 

0 (-0.667,0.741,0.077)  (0.691,0.655, -0.304) (0.276,0.150,0.949) 

S ( 1 )  ( -0 ,420 ,  -0.133,0.898) (0.227,0.971, -0.078) (0.335, -0.003,0.942) 

Sin)  10,914, -0 ,240 ,  -0.32G) (0.903, -0.155,0.400) (0.086,0.979,0.185) 

C(1) (-0.282, -0  492 ,0 .824)  (-0.655,0.726,0.209) (0.701,0.481,0.527) 

C(20) 1-0.455,0.869,0.194) (0.674,0.479, -0.562) (0.582,O. 125,O. 804) 
‘I Direction cosines are referred to the orthogonal coordinate system a ,  b ,  c*. 

T . 4 7 3 ~ ~  1. 
DIMESSIONS OF THE MolC18‘- ION 

A.  Bond Lengths, 
Mo-Mo’ 2 1.74 (1) 
Mo-Cl( 1) 2.46‘) (2) 
Mo-Cl(2) 2 1;13 12) 
Mo-Cl(3) 2 451 (2) 
Mo-Cl(4) 2 412 ( 2 )  
Mo-Cl (mean) 2 351 i 0.005 

B. Bond Augles, De:,. 
C1( l)-Mo-C1!2) 8.3.4J. 17) 
C1(2)-Mo-C1(3) 86 58 ( 7 )  
C1( 3)-Mo-C1(4) s7.01 (7) 
C1(4)-Mo-C1( 1 ) 85.49 ( 7 )  

C1(2)-M0-C1(4) 149. 90 ( 7 )  
C1( l)-Mo-C1(3) 149.82 (7) 

Cl-Mo-C1 (mean) 86.1 It 0 . 7  

Mof-Mo-C1(l) 105.32 (6) 
Mo’-Mo-C1(2) 105,48 (6) 

Mof-hfo-C1(4) 104,58 (6) 

1 4 9 . 8 6 f  0.0G 

MO ’-Mo-C1(3) 104.87 (6) 

Mo-Mo-C1 (mean) 105.1 f 0 . 4  
C. ~ 1 . .  .CI  Contacts, A 

Cl(1). . .C1(2) 3.332 (3) 
Cl(2). . . Cl(3) 3.364 (3) 
Cl(3). . . Cl(4) 3 ,367 (3) 
Cl(4). . .C1(1) 3.327 (3) 
C1. . .C1 (mean) 3.35* 0.02 

C1(1)*. .C1(3)’ 3.412 (3) 
Cl(2). . .C1(4)’ 3.404 (3) 
C1. . C1’ (mean) 3 .41  zk 0.01  

E. C1-C1-C1 Angles, Deg 
C1( 1)-c1(2)-c1(3) 90.08(7)  
C1(2)-C1(3)-C1(4) 89.41 (7) 
C1(3)-Ci (4 )-C1( 1 ) 90.06 (7) 

C1-Cl-C1 (mean) 90.0 =t 0 . 3  
F. C1-Cl-Cl’ Angles, Deg 

Cl( l)-c1(4)-Cl( 2)’ 91.26 (7) 
C1(2)-C1( 1)-C1(3)‘ 90.03 (7) 
C1(3)-Ci (4)-c1(2) ’ 89.59 (7) 
C1(4)-Cl( 1 )-c1(3) ’ 89.36 (7) 
Cl-Cl-C1’ (mean) 9 0 . 1  i 0 . 8  

D. ~ 1 .  ’ ~ 1 ’  contacts, A 

c1(4)-c1( 1 )-C1(2) 90.44 (7) 

TABLE VI  
DIMENSIOSS OF THE ETHYLENEDIAMMONIUM ION 

ASD THE WATER MOLECCLE~ 

N(l)-C(l)  1.466 (14) K(l)-C(l)-C(2) 113.9 (9) 
N(2)-C(2) 1.469 (14) N(2)-C(2)-C(l) 114.4 (8) 

Distance Value, A Bond angle Value, deg 

C(l)-C(2) 1.507 (14) C(1)-S(1)-H(lK1) 114 (4) 
N(l)-H(lXl)  1.14 (8) C(l)-X(l)-H(2Nl) 112 (6) 
IY(l)-H(2Nl) 0.86 (10) C(l)-N(l)-H(3Nl) 123 (8) 
X(l)-H(3Nl) 0 .71 (11) C(2)-N(2)-H(lX2) 96 (9) 
C(l)-H(lCl)  1.03 (10) C(2)-N(2)-H(2N2) 120 (8) 
C(l)-H(BCl) 0.82 (10) C(2)-N(2)-H(3N2) 103 (7) 
C(2)-H(lC2) 1.11 (9) H(lCl)-C(l)-H(BCl) 105 (8) 
C(2)-H(2C2) 0.94 (8) H(lC2)-C(2)-H(2C2) 100 (7) 
Xi2)-H(lN2) 0.79 (12) H(10)-0-H(20) 83 (10) 
N(2)-H(2N2) 0.78 (11) 
X(2)-H(3N2) 0.81 (12) 
0-H(10) 0.92 (12) 
0-H(20) 0.86 (9) 

of ea& dimension are given in parentheses. 
Standard deviations occurring in the least significant figure 

TABLE VI1 
NONBOSDED INTERMOLECULAR COXTACTS 

to: 

to : 

t o  : 

to:  

to : 

to: 

3.348 
3.394 
3.337 
3.402 

3.914 
3.269 
3,382 
3 I 385 
3.375 
3,367 
3,465 
3,254 
3.544 

3.485 
3.234 
3,272 
3,298 

2.825 
3.149 

3.112 
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bonding. When compared with distances of -2.6 and 
-2.5 A for single and double bonds, i t  suggests the 
presence of a triple or quadruple bond. 

The rotational configuration of the MozCls4- ion is 
again found to be eclipsed (crystallographic symmetry 
Ci; virtual symmetry Ddh), which requires the presence 
of a significant 6 component in the Mo-Mo bond and 
thus shows that this bond is quadruple. 

In this compound the Mo2Cls4- ion has a very regular 
square parallelepiped structure, which comes very close 
to containing a cubic array of eight C1 atoms. The 
bases of the parallelepiped formed by the sets of C1 
atoms bound to  each of the Mo atoms are square within 
the chemical significance of the data. The edges all lie 
within the range 3.332-3.367 if and the Cl-Cl-Cl 
angles run from 89.4 to  90.4'. The vertical edges of the 
parallelepipid are 3.41 f 0.01 if. These vertical 

edges are longer than the eight basal edges by 0.06 if. 
an amount which is highly significant statistically and 
undoubtedly this difference is real. Still, the difference 
is small both relatively (<2%) and in relation to the 
probable amplitudes of vibration for the C1 atoms, and 
thus the array of eight C1 atoms is scarcely different 
from cubic. 

It may be noted that there is still no firm evidence 
that the treatment of Mo2(02CCH3)4 with mineral 
acids produces other than dinuclear products. 

The dimensions of the H3NCHzCH2NH32+ ion are 
normal and require no particular comment. It is 
interesting to note that the H20  molecules are held by 
hydrogen bonding to the -NH3+ groups but do not 
engage their own H atoms in any strong hydrogen 
bonding. This is consistent with the inference from 
the infrared spectrum as discussed earlier. 
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The structural determination by single-crystal X-ray methods of p-carbonyl-bis-p-diphenylgermanium-bis( tricarbonyliron), 
[Ge(CsH~)z]zFez(CO)v, is described. The compound crystallizes in the triclinic space group P i  with a = 10.705 f 0.004 if, 
b = 10.916 f 0.004 8, c = 13.702 f 0.005 8, a = 103' 19' f 4', p = 96' 39' f 4', and y = 101' 53' f 3'. There are 
two molecules per unit cell, calculated density 1.68 g ~ m - ~ .  A 
total of 1860 independent observations above background were collected by counter methods using crystal-monochromatized 
Mo K a  radiation. Hydrogen 
atoms were included and the phenyl groups were refined using the rigid-body approximation, The molecule has two tri- 
carbonyliron groups linked by an iron-iron bond of 2.666 (3) A which is bridged by two diphenylgermanium groups and a 
carbonyl group. The Fe-Ge distances are in the range 2.402-2.440 if and the Fe-Fe bond subtends 66.8" at the germanium 
atoms. The germanium ligands are slightly closer to  
one iron atom and the carbonyl group is displaced slightly toward the other. 

The density measured by flotation is 1.70 f 0.02 g 

The structure was refined by least-squares methods to a conventional I? factor of 4.9%. 

There are small deviations in the symmetry of the bridge system. 

Introduction 
The crystal structure analysis of [ G ~ ( C H ~ ) Z ] ~ F ~ Z ( C O ) B  

has been described previously. The structure proved 
to be based upon that of iron enneacarbonyl, with the 
three bridging carbonyl groups replaced by bridging 
dimethylgermanium groups. The Fe-Fe distance in 
the germanium-bridged complex was considerably 
longer than in the carbonyl, though short enough to 
imply an Fe-Fe bond. The preparation of a compound 
with formula [Ge(CeH& J2Fe2(CO)7, postulated to con- 
tain an Fe-Fe bond bridged by two germanium atoms 
and a carbonyl group,a provided an interesting op- 
portunity to obtain more information about the struc- 
tural details of these germanium-bridged iron car- 
bonyls. In particular] it seemed of interest to determine 
the effect of the bridging carbonyl group upon the 

(1) M. Elder and D. Hall, Inorg. Chem., 8 ,  1424 (1969). 
(2) E. H.  Brooks and W. A. G. Graham, to be submitted for publication. 

Fe-Fe distance and the bridging angles of the ger- 
manium diphenyl ligands. 

Experimental Section 
Crystals of [Ge(CcHe)z]zFet(CO)i were obtained as small red- 

black prisms. Preliminary photographs, both Weissenberg 
with Cu Ka radiation (hk0-hk3) and precession with Mo K a  
radiation (h01 and O M ) ,  indicated a triclinic space group. Recip- 
rocal cell parameters were taken from the precession photographs 
of levels (h01) and (OkZ), except for the angle y* which came from 
measurements made with the diffractometer, with a crystal 
mounted about the c axis.3 Measurement of the precession 
photographs and the calculation of errors were performed accord- 
ing to Patterson and Love4 and a sodium chloride ( U N ~ C I  = 5.6402 
A)  photograph on the same type of film was measured in the 
same way in order to calibrate the camera and to correct for film 
shrinkage. Final bond length calculations indicate that the 
cell parameter errors contribute about 25% of the error in an Fe- 
Ge distance. Final values for the real lattice parampters (A 
0.71069 if, Mo Ka,  27') are: a = 10.705 f 0.004 A, b = 

(3) M. Elder and D. Hall, Inovg. Chem., 8, 1273 (1989). 
(4) A. L. Patterson and W. E. Love, Am. Minevalogist, 45, 325 (1960). 


