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Abstract: The crystal and molecular structures of the compound Mo2(OSiMe3)6-2NHMe2 are reported. The molecule has a 
nonbridged structure, (Me3SiO)3(Me2HN)MoMo(Me2HN)(OSiMe3)3, with an Mo-Mo distance of 2.242 (1) A, a mean 
Mo-O distance (average of six) of 1.95 ± 0.02 A, and a mean Mo-N distance (average of two) of 2.282 ± 0.004 A. The rota
tional conformation is intermediate between eclipsed and staggered, but closer to the latter. The compound crystallizes in the 
space group C2/c with unit cell dimensions of a = 40.016 (5), 6 = 11.497 (1), c = 18.829 (2) A, /3 = 98.65 (I)0 , and V = 8564 
(2) A3. The structure was solved and refined to R\ = 0.056 and R2 = 0.085 using 3529 independent reflections having / > 
3<T(7). This compound is thus shown to provide the first proven example of a molecule containing two four-coordinate metal 
atoms triply bonded to each other, without any bridging groups, that is obtained by the reversible addition of two ligands to a 
triply bonded M2X6 molecule. The Mo-Mo distance is only slightly longer than that in the alkoxide Mo2(OCH2CMe3)6, 2.222 
A, but considerably longer than typical Mo-Mo quadruple bonds, 2.09-2.15 A. 

Introduction 

In the now well-established chemistry of transition metal 
compounds containing multiple bonds between metal atoms,2 

especially triple and quadruple bonds, the most common 
structural pattern3 is such that with quadruple bonds each 
metal atom is four coordinated while with triple bonds, the 
metal atoms are three coordinated. Thus, in the former case, 
the most typical sorts of species have been X 4 M - M X 4 " - , 
M2(O2CR)4 , M 2 ( S 0 4 ) 4 " - , or M2(O2CR)4L2 , while in the 
case of triple bonds the predominant structure type has been 
L3M-ML3. There are, of course, exceptions to the above 
generalizations. Those pertinent to this discussion are cases 
in which a triple bond exists between metal atoms each bonded 
to four ligand atoms. 

The first such case, Re2Cl5(MeSCH2CH2SMe)2 (I), was 
reported as long ago as 19664 (and actually constitutes the first 
reported example of any triple bond between transition metal 
atoms). The rotational configuration here is staggered, as ex
pected when there is no 8 bond to favor the eclipsed configu
ration. Very recently the situation represented schematically 
in II has been found to occur5 in the compound La4(Re2)OiO; 
in this case the configuration is eclipsed (overall symmetry 
D\h) because this arrangement is imposed by the crystal 
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/ \ 
.S S s 
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structure in its entirety. In both of these cases, the Re-Re 
bonds are triple bonds in the simplest sense of that term, 
namely, in having three pairs of electrons involved primarily 
in metal-metal interaction and an electron configuration we 
can represent as <r2x4. 

For tetrakis(2,6-dimethoxyphenyl)divanadium6 a structure 
in which each of the two vanadium atoms, which are triply 
bonded to each other, is coordinated by two carbon atoms and 
two oxygen atoms has been suggested.6 However, it has been 
found that this structure, though plausible, is incorrect. In fact, 
there is a V-V triple bond (t/y-v = 2.198 A) but the arrange
ment of the ligands is more complicated.7 

There are also the molecules of the type Re2X4(PR3)4
8 ,9 for 

which an SCF-Xa-SW calculation10 indicates a a2ir4b2b*2 
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Table I. Positional and Thermal Parameters and Their Estimated Standard Deviations0 

Atom 

MoI 
Mo2 
SiI 
Si2 
Si3 
Si4 
Si5 
Si6 
Ol 
02 
03 
04 
05 
06 
Nl 
N2 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
ClO 
CIl 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 

X 

0.153 35(2) 
0.096 73 (2) 
0.168 42(8) 
0.195 46(8) 
0.176 92(9) 
0.068 80 (8) 
0.057 25 (8) 
0.073 99 (8) 
0.1676(2) 
0.1617(2) 
0.1616(2) 
0.0822(2) 
0.0893 (2) 
0.0870 (2) 
0.1614(2) 
0.0902 (2) 
0.1387(3) 
0.2124(3) 
0.1570(3) 
0.2348(3) 
0.1935(3) 
0.1967(4) 
0.1425(4) 
0.1988(4) 
0.2064 (4) 
0.0345 (4) 
0.1045 (4) 
0.0500 (4) 
0.0551 (3) 
0.0167(4) 
0.0600 (3) 
0.0412(3) 
0.1083(3) 
0.0563 (4) 
0.1452(3) 
0.1992(3) 
0.1065(3) 
0.0533(3) 

Y Z 0n 
0.157 36 (8) 0.035 37 (4)0.000 40 (1) 
0.159 70 (8) 0.011 46 (4)0.000 41 (1) 
0.4137(3) 
0.2824(3) 

-0.1212(3) 
0.3731 (3) 
0.2976 (3) 

-0.1064(3) 
0.2836 (6) 
0.2374 (6) 

-0.0013(6) 
0.2729 (6) 
0.2554(6) 
0.0100 (6) 
0.0544 (7) 
0.0377(7) 
0.505(1) 
0.471 (1) 
0.414(1) 
0.224(1) 
0.231 (1) 
0.446(1) 

-0.217(1) 
-0.210(1) 
-0.089(1) 

0.317(1) 
0.425(1) 
0.493 (2) 
0.462(1) 
0.242(1) 
0.241 (1) 

-0.068(1) 
-0.183(1) 
-0.210(1) 

0.098(1) 
0.046(1) 
0.068(1) 
0.014(1) 

-0.0514(2) 
0.1788(2) 
0.1099 (2) 
0.1240(2) 

-0.1304(2) 
-0.0808 (2) 
-0.0202 (3) 

0.1276(3) 
0.0744 (3) 
0.0757 (3) 

-0.0743 (3) 
-0.0395 (3) 
-0.0644 (4) 

0.1037(4) 
-0.0090 (7) 
-0.0287 (7) 
-0.1535(7) 

0.1485(7) 
0.2745 (7) 
0.1808(7) 
0.1352(8) 
0.0466 (7) 
0.1945(8) 
0.1711 (8) 
0.1939(8) 
0.680 (8) 

-0.1360(7) 
-0.1015(7) 
-0.2222 (7) 
-0.1616(7) 
-0.1177(7) 
-0.0232 (7) 
-0.1398(6) 
-0.0644 (6) 

0.1803(6) 
0.1023(6) 

0.000 69 (2) 
0.000 63 (2) 
0.000 77 (3) 
0.000 70 (2) 
0.000 58 (2) 
0.000 73 (3) 
3.6(1) 
3.8(1) 
3.7(1) 
3,7 (1) 
3.5(1) 
3.8(1) 
3.4(2) 
3.3(2) 
7.0(3) 
6.4(3) 
6.6(3) 
7.0(3) 
7.3 (4) 
7.0(3) 
9.0 (4) 
7.9 (4) 
9.2 (4) 
7.8 (4) 
8.6 (4) 
9.8(5) 
6.8(3) 
7.2(4) 
6.7 (3) 
7.3 (4) 
6.5 (3) 
8.0 (4) 
4.8 (3) 
5.3(3) 
4.4)2) 
5.4(3) 

022 /333 

0.004 75(7) 0.001 89(2) 
0.004 77 (7) 0.001 76 (2) 
0.0064 (3) 
0.0096 (3) 
0.0059 (3) 
0.0074 (3) 
0.0101 (3) 
0.0063 (3) 

0.0036(1) 
0.0025(1) 
0.0041 (1) 
0.0030(1) 
0.0026(1) 
0.0034(1) 

012 

-0.000 08 (4) 
-0.000 04 (4) 
-0 .0008(1) 
-0 .0006(2) • 

0.0010(1) 
0.0008(1) 
0.0007(2) • 

-0 .0013(1) 

/3,3 

0.000 17(2) 
0.000 19(2) 
0.00070 (9) 

-0.000 01 (8) 
0.000 06(10) 
0.000 83(8) 

-0.000 08 (8) 
0.000 44 (9) 

023 

-0 .000 03 (8) 
-0.000 06 (8) 

0.0016(3) 
-0.0022 (3) 

0.0022(3) 
-0 .0016(3) 

0.0025 (3) 
-0.0027 (3) 

' The form of the anisotropic thermal parameter is exp[—(8\\h2 + fe^2 + fe'2 + 8\ihk + 8\iM + &2jkl)]. 

electronic configuration. In these cases, though five electron 
pairs are concerned in the M-M interaction, the bond is ef
fectively a triple one because the 5 contribution is nullified by 
the presence of a pair of electrons in the 5* orbital. The rota
tional configuration remains eclipsed for steric reasons.9 

To this short list of examples of the L4M-ML4 triple bond 
type of compound, we now add another. We think that this one 
may be of special significance because of the simple and po
tentially general manner in which it can be prepared. We have 
previously reported1' that for R = Me3Si and Me3CCH2 and 
L = NH3 , MeNH2 , Me2NH, Me3N, and Me2PhP the fol
lowing equilibrium lies well to the right: 

Mo2(OR)6 + 2L = Mo2(OR)6L2 (D 
In each of the two cases where L = Me 2NH and R is one of 
those mentioned, the adducts were isolated as red or purple 
crystalline solids, and their H and 13C NMR spectra were re
corded at both high and low temperatures. However, it was not 
possible to infer the molecular structures from such data, nor 
even to make the critical choice between bridged or nonbridged 
types of structure. We have therefore conducted an x-ray 
crystallographic study of the purple compound Mo2(OSi-
Me3)6(Me2NH)2 , the results of which are reported here. The 
tungsten analogue of this compound is also known.12 As im
plied by the introductory discussion, this compound has been 
found to have an (RO) 3 LM-ML(OR) 3 triple bond type of 
structure. 

Experimental Section 

The compound was prepared as previously described.'' a crystal 
that appeared bluish-black in color and measured about 0.2 X 0.3 X 
0.6 mm was used to collect data. Since the compound is very sensitive 
to air and moisture, and its decomposition, once begun, appears to be 
autocatalytic, all crystals examined were promptly wedged into 
thin-walled glass capillaries and sealed under nitrogen. Several of these 
underwent decomposition before the one used was reached. This one 
was shown to be of good quality by u scans of several intense low-angle 
reflections which had peak widths at half heights of ca. 0.2°. 

Lattice constants and the orientation matrix used for data collection 
were obtained from the least-squares refinement of diffractometer 
settings for 15 intense reflections having 24° < 29(Mo Ka) < 35°. 
The unit cell dimensions are a = 40.016 (5), b = 11.497 (1), c = 
18.829 (2) A, 8 = 98.65 (1)°, and V = 8564 (2) A3. From the lattice 
constants and axial photographs it was concluded that the crystal 
belongs to the monoclinic system. 

Data were collected at 22 ± 2 0 C using a Syntex Pl autodiffrac-
tometer, with graphite monochromatized Mo Ka radiation and the 
0-20 scan technique. Variable scan rates of 6-24°/min were used to 
collect a shell of data having 0° < 20(Mo Ka) < 25°. The crystal 
diffracted quite well and since we were concerned lest the crystal de
compose during data collection, higher angle data, 25° < 20(Mo Ka) 
< 45°, were collected at a constant scan speed of 8°/min. The scan 
ranges were from Mo Kai -1 .0° to Mo Ka 2 + 1.0°. The systematic 
absences, namely, hkl {h + k=2nJr\) and hOl (I = In + 1), indi
cated the space group to be either Cc (no. 9) or C2/c (no. 15). 

A total of 6036 reflections having 20(Mo Ka) < 45.00° were col
lected. The intensities of three standard reflections were monitored 
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Table II. Bond Distances (A)0 in Mo2(OSiMe3)6(HNMe2)2 

Atoms 

Mo(l)-Mo(2) 
-0(1) 
-0(2) 
-0(3) 
-N(I) 

Mo(2)-0(4) 
-0(5) 
-0(6) 
-N(2) 

Si(D-O(I) 
-C(I) 
-C(2) 
-C(3) 

Si(2)-0(2) 
-C(4) 
-C(5) 
-C(6) 

Si(3)-0(3) 

Distance 

2.242(1) 
1.925(5) 
1.949(5) 
1.976(5) 
2.285 (6) 
1.926(5) 
1.940(5) 
1.981 (5) 
2.278 (6) 
1.610(5) 
1.86(1) 
1.87(1) 
1.91(1) 
1.623(5) 
1.88(1) 
1.91(1) 
1.88(1) 
1.612(5) 

Atoms 

Si(3)-C(7) 
-C(8) 
-C(9) 

Si(4)-0(4) 
-C(IO) 
-C(Il) 
-C(12) 

Si(5)-0(5) 
-C(13) 
-C(14) 
-C(15) 

Si(6)-0(6) 
-C(16) 
-C(17) 
-C(18) 

N(l)-C(19) 
-C(20) 

N(2)-C(21) 
-C(22) 

Distance 

1.88(1) 
1.88(1) 
1.87(1) 
1.608(5) 
1.86(1) 
1.89(1) 
1.83(1) 
1.609(5) 
1.90(1) 
1.90(1) 
1.86(1) 
1.595(5) 
1.91(1) 
1.85(1) 
1.82(1) 
1.55(1) 
1.52(1) 
1.53(1) 
1.50(1) 

a Figures in parentheses are the estimated standard deviations in 
the least significant digits. Atoms are labeled as in Figure 1. 

frequently and showed an essentially linear decrease. The extent of 
decomposition at the end of data collection was 25%. The data were 
reduced13 to a set of relative |F | 2 values. After corrections were made 
for crystal decay, weak and systematically absent reflections and 
non-unique data were rejected. The 3529 reflections having / > 3<r(7) 
were used in subsequent structure solution and least-squares refine
ment. 

Structure Solution and Refinement.13 The three-dimensional Pat
terson function was consistent with the space group C2/c and yielded 
the positions of the two crystallographically distinct molybdenum 
atoms. The successful solution and refinement of the entire structure 
verifies the above choice of space group. The remaining 36 nonhy-
drogen atoms were located by the usual succession of least-squares 
refinement and difference Fourier maps. Least-squares refinement 
of the positional and isotropic thermal parameters yielded discrepancy 
indices of 

/J1 = S I l F 0 I - I F c I I Z S I f 0 I =0.072 

R2 = [Sw(|F0| - |FC | )2/SH>|F0 |2]>/2 = 0.106 

The function minimized during least-squares refinement was Stv(|F0| 
— I Fc | )2 where w was the weighting factor. A value of 0.07 was used 
for the p in the calculation of the weights.'3 

The structure was then refined to convergence using anisotropic 
thermal parameters for the tungsten and silicon atoms while retaining 
isotropic thermal parameters for the remaining atoms. The final 
discrepancy indices were R1 = 0.056 and R2 = 0.085 and the esti
mated standard deviation of an observation of unit weight was 1.830. 
During the final refinement cycle no parameter shifted by more than 
0.05cr. A final difference Fourier map yielded no peaks of chemical 
significance. 

A listing of the observed and the final calculated structure factors 
is available as supplementary material. 

Results 

The final positional and thermal parameters are listed in 
Table I. The entire structure is depicted in Figure 1, where the 
atom numbering scheme is defined. Figure 2 is a view of only 
the more central atoms looking straight down the Mo-Mo axis. 
The bond distances and bond angles are listed in Tables II and 
III, respectively. 

The dimensions of ligands are all reasonable and require 
little comment. For example, the mean Si-C distance is 1.88 
± 0.02 A and the mean Si-O distance is 1.61 ± 0.01 A, both 
of which are entirely typical values.14 There is an interesting 
pattern in the Mo-O-Si bond angles, although its significance 
is not evident. For the two siloxy ligands that are trans to 

Figure 1. An ORTEP projection of the entire Mo2(OSiMe3)6(HNMe2)2 
structure. Each atom is represented by its ellipsoid of thermal vibration, 
and the atom numbering scheme is defined. 

Figure 2. An ORTEP view of the Mo2(OSi)6<NC2)2 portion of M02-
(OSiMe3)6(HMe2)2 looking directly down the Mo-Mo bond with Mo( 1) 
eclipsed by Mo(2). Atoms labeled in smaller print are bonded to Mo(I). 
All atoms are represented by 50% probability ellipsoids. 

Mo-N bonds the angles are 135 ± 1° whereas for the other 
four the angles are much greater, ranging from 157° to 176°. 
There is, however, no corresponding pattern in the Mo-O 
distances. 

Although the molecular structure does not possess any 
crystallographically imposed symmetry, the two halves of the 
molecule are very similar and are approximately related by a 
twofold rotation axis perpendicularly bisecting the Mo-Mo 
bond. This is particularly evident in Figure 2, where the axis 
would bisect the angle between the projection of the Mo-N 
bonds. It is also clear that the orientations of the NC2 groups, 
which are essentially equivalent, make C(20) and C(22) dis
tinctly distal and C(19) and C(21) proximal with respect to 
the Mo-Mo bond. 

It may also be seen in Figure 2 that the rotational confor
mation is far from eclipsed as in quadruply bonded species 
(e.g., M02CI84"" or Mo2Meg4_) but at the same time not fully 
staggered. Doubtless there is a complex interplay of many 
nonbonded repulsions (and perhaps attractions) and, of course, 
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Table III. Bond Angles (deg)" in Mo2(OSiMe3)6(HNMe2)2 

Atoms Angle Atoms Angle 

Mo(2)-Mo(l)-O(l) 
-0(2) 
-0(3) 
-N(I) 

Mo(l)-Mo(2)-0(4) 
-0(5) 
-0(6) 
-N(2) 

O(l)-Mo(l)-0(2) 
-0(3) 
-N(I) 

0(2)-Mo(l)-0(3) 
-N(I) 

0(3)-Mo(l)-N(l) 
0(4)-Mo(2)-0(5) 

-0(6) 
-N(2) 

0(5)-Mo(2)-0(6) 
-N(2) 

0(6)-Mo(2)-N(2) 
Mo(I)-O(I)-Si(I) 
Mo(l)-0(2)-Si(2) 

MO(l)-0(3)-Si(3) 
Mo(2)-0(4)-Si(4) 
Mo(2)-0(5)-Si(5) 
Mo(2)-0(6)-Si(6) 
Mo(l)-N(l)-C(19) 

-C(20) 
C(19)-N(l)-C(20) 
Mo(2)-N(2)-C(21) 

-C(22) 
C(21)-N(2)-C(22) 
Od)-Si(I)-C(I) 

-C(2) 

104.8 (2) 
101.9(2) 
101.1 (1) 
96.0 (2) 

105.9(2) 
101.4(2) 
101.9(2) 
93.9(2) 
95.9(2) 

148.4(2) 
81.6(2) 
96.2 (2) 

162.0(2) 
78.0 (2) 
96.7 (2) 

146.7 (2) 
81.8(2) 
95.5(2) 

164.4(2) 
78.3 (2) 

157.4(3) 
134.1 (3) 
167.3(3) 
175.6(3) 
136.4(3) 
172.5(3) 
119.7(5) 
107.4(5) 
107.5 (6) 
119.9(5) 
108.9(5) 
109.7 (6) 
108.6 (4) 
108.3(4) 

0(1)-Si(l)-C(3) 
C(l)-Si(l)-C(2) 

-C(3) 
C(2)-Si(l)-C(3) 
0(2)-Si(2)-C(4) 

-C(5) 
-C(6) 

C(4)-Si(2)-C(5) 
-C(6) 

C(5)-Si(2)-C(6) 
0(3)-Si(3)-C(7) 

-C(8) 
-C(9) 

C(7)-Si(3)-C(8) 
-C(9) 

C(8)-Si(3)-C(9) 
O(4)-Si(4)-C(10) 

-C(Il) 
-C(12) 

C(10)-Si(4)-C(ll) 
-C(12) 

C(ll)-Si(4)-C(12) 
0(5)-Si(5)-C(13) 

-C(U) 
-C(15) 

C(13)-Si(5)-C(14) 
-C(15) 

C(14)-Si(5)-C(15) 
0(6)-Si(6)-C(16) 

-C(17) 
-C(18) 

C(16)-Si(6)-C(17) 
-C(18) 

C(17)-Si(6)-C(18) 

110.8(4) 
110.2(5) 
111.1(5) 
107.8 (4) 
111.6(4) 
108.3 (4) 
110.4(4) 
109.5(5) 
109.9(5) 
107.2(5) 
111.0(5) 
112.7(4) 
109.5 (4) 
105.9(5) 
107.0(6) 
110.6(5) 
110.7(4) 
109.8 (4) 
110.9(4) 
108.2(5) 
105.6(6) 
111.5(6) 
111.3(4) 
110.0(4) 
110.5(4) 
108.5(5) 
107.7 (5) 
108.7(5) 
109.3 (4) 
112.1 (4) 
112.5(4) 
105.7(5) 
110.1 (5) 
106.9(5) 

Figures in parentheses are estimated standard deviations in the least significant digits. Atoms are labeled as in Figure 1. 

in the crystalline substance intermolecular forces may also have 
an influence. The fact that the 0-Mo-O angles are larger 
(mean 96.1°) than the O-Mo-N angles (80.0°) means that 
no entirely objective definition of staggered is possible without 
some arbitrariness. The important point, however, is that the 
conformation is decidedly not eclipsed. 

There is another noteworthy, though again not easily in-
terpretable, pattern in the Mo-Mo-ligand angles. The Mo-
Mo-O angles are all relatively large, being in the range 
101-106° (comparable to the Mo-Mo-X angles in quadruply 
bonded Mo2Xg4- species), while the Mo-Mo-N angles here 
are 93.9 and 96.0°. 

Finally, we have here an Mo-Mo distance that is slightly 
longer than any previously observed for an M02X6 or 
M02X4Y2 type compound containing an Mo-Mo triple bond. 
The previously reported distances are 2.167 A in Mo2-
(CH2SiMe3)6,15 2.201 A in Mo2Cl2(NMe2)^16 2.214 A in 
Mo2(NMe2)6,17 and 2.222 A in Mo2(OCH2CMeS)6-

1' 

Discussion 
This x-ray study resolves completely the previous uncer

tainty concerning the structures of the adducts formed re-
versibly according to eq 1. Contrary to our speculative 
suggestion," they do not contain bridging groups. It is to be 
noted that the structure we find is entirely consistent with the 
NMR data.11 At -60 0C both the 1H and 13C spectra showed 
that there are two kinds of OSiMe3 groups. While this is in 
accord with a bridged structure, (Me2HN)(Me3SiO)2-
Mo(^-Me3SiO)2Mo(OSiMe3)2(NHMe2), as previously noted, 
it is also in accord with the structure we have found in the 
crystal. We consider it reasonable to believe that the molecular 

structure found in the crystal persists in solution, and that the 
two types OfOSiMe3 groups, present in a 2:1 ratio, are those 
cis and trans to the NHMe2 groups. It was also observed that 
at 38 0C all the OSiMe3 groups become equivalent. We do not 
know the mechanism for that process. 

In view of the fact that a bridged structure is not now tena
ble, we are again in search of a rationale for the fact that while 
Mo2(OSiMe3)6 readily adds amines such as NHMe2 the iso-
steric Mo2(CH2SiMe3)6 does not. It is, of course, a slight ex
aggeration to say that OSiMe3 and CH2SiMe3 are literally 
"isosteric" but they are sufficiently similar that one is reluctant 
to believe that the two compounds differ primarily for steric 
reasons. It seems much more likely that an electronic difference 
is the controlling factor. While we are not prepared to suggest 
a specific electronic argument, it is pertinent to note that there 
is a remarkably large difference in the Mo-Mo bond lengths 
for the two compounds. These distances, quoted above, differ 
by 0.055 A. We also recall that the Mo-Mo distance in the 
adduct reported here is still longer than that found in the alk-
oxide, Mo2(OCH2CMe3)6, by 0.020 A. Thus, if adduct for
mation requires some weakening of the Mo-Mo bond, then the 
shortest and presumably strongest of these bonds, in Mo2-
(CH2SiMe3)6, may offer enough resistance to this that adduct 
formation is precluded. 
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