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The solid-state structure of dioxodichlorobis(N,N-dimethylforiiiaiiiido)molybdenum(~~) has been determined from single- 
crystal X-ray diffraction data collected by standard film techniques. The structure has been refined isotropically by least- 
squares methods to a conventional R factor of 9.9% for 1438 nonzero reflettions. M ~ [ ( C H S ) ~ N C H O ] ~ ~ ~ C ~ ~  crystallizes in 
the monoclinic space group C2/c with a = 20.90 A ,  b = 7.717 8, c = 11.99 A, and p = 139’ 52’. An experimental density 
of 1.81 g/cc agrees well with the calculated density of 1.78 g/cc based on four molecules per unit cell (Z  = 4). The discrete 
monomeric molecules possess crystallographically required CI symmetry. The molybdenum to terminal oxygen bond length 
(Mo-Ot) is 1.68 (1) 4 while the molybdenum to dimethylformamido oxygen bond length (Mo-01) is 2.20 (1) A;  the Mo-Cl 
distance is 2.341 (7) A. Both the oxo ligands and the dimethylformamido ligands are c is  to one another; the chloro ligands 
are trans to one another. Distortions are observed in the idealized octahedral coordination of the molybdenum atom: 
Ot-Mo-Ot, 102.2 (’7)”; 01-Ado-01, 76.2 (5)’;  and Cl-Ado-Cl, 161.3 (2) ’ .  

Introduction 
The solid-state structures of only a few mixed- 

ligand molybdenum(V1) structures have been reported. 
NaNH4 [31003(C204)] .2Hz0 has an infinite chain struc- 
ture with approximate octahedral coordination of 
molybdenum atoms unsymmetrically bridged by oxo 
ligands;3 KZ [MoO~(Cz04) (H20)]20 has a dinuclear 
structure with a symmetrically bridging oxo ligand;* 
MoO3(H2NCHzCH2NHCH2CH2NH2) is a discrete mo- 
lecular complex with the tridentate amine occupying 
three coordination sites on the distorted octahedrally 
coordinated molybdenum A variety of mixed- 
ligand rnolybdenum(V1) and tungsten (VI) complexes 
that contain unidentate ligands only have been pre- 
pared and This study reports the 
first solid-state structure determination of the latter 
class of molybdenum(V1) coordination compounds. 

Experimental Section 
Crystals of Mo[( CHS)ZNCHO]ZO~C~~ were supplied by Dr. 

Ti l l  J .  N. Peters of Dr. Mark Chamberlain’s laboratory a t  
Western Reserve University. 

Single-Crystal Data.-Multiple-film equiinclination Weissen- 
berg data were collected a t  room temperature for the reciprocal 
levels h,OZ through h81 with Zr-filtered M o  Ka radiation ( X  
0.7107 A ) .  The intensities of 1438 independent reflections were 
estimated visually and were corrected for Lorentz-polarization 
effects. The crystal chosen for data collection was 1.7 mxn in 
length and 0.40 X 0.52 mm in width and was mounted with the 
long dimension coincident with the rotation axis. The linear 
absorption coefficient for Mo K a  radiation is 15.4 cm-’; ,uR 
varies from 0.32 to 0.40. KO corrections were made for absorp- 
tion errors. The maximum variation in intensity over the range 
of observed reflections is 15% for any reciprocal level of data. 
Separate scale factors for each reciprocal level of data mere used 
in the refinement in order to minimize errors due to absorption. 
Mo Kcu radiation was used to determine lattice constants from 
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0kZ and hkO precession photographs which were calibrated by 
yperposition of a sodium chloride diffraction pattern (a = 5.627 
A ) .  The angle p was determined from the h0Z Weissenberg 
photograph. The accuracy in measurement of spot positions on 
the photographs was used to estimate lattice constant errors. 

Unit Cell and Space Group.-Crystals of Mo [( CH3)2NCHO] 202- 
C1a are monoclinic with lattice parameters a = 14.05 rt 0.02 A ,  
b = 7.717 i- 0.02 -k, c = 11.99 i- 0.02 8, and p = 106” 29’ 
i- 15’. Systematic absences of hkl reflections for h + k + I 
odd and h0Z reflections with h odd indicate the probable space 
groups Ia  or I2/a. Before solution of the structure, indices were 
transformed to conform with the standard choice of space group 
Cc (CS4) or C2/c (C2hR).g Lattice parameters for the new unit 
cellarea = 20.90 f O.O4A, b = 7.717 i- O . O Z A ,  c = 11.99 i 
0.02 A,  and /3 = 139” 52’ =I= 20’. The volume of the unit cell 
is 1247 A3. An experimental density of 1.81 i 0.06 g/cc dc- 
termined by the flotation method agrees well with the calculated 
density of 1.78 g/cc based on four molecules per unit cell. The 
space group C2/c was confirmed by solution of the structure. 
The molybdenum atoms are located on twofold axes correspond- 
ing to sets of fourfold positions (4e), and the remaining atoms 
occupy general eightfold positions (8f). The positions are: 
4e (0, 0, 0; l / 2 ,  I / z ,  0) + (0, y, l / 4 )  and 8f (0,  0, 0; 
[x, y, z; x ,  -y, ’/z - 2 ) .  The total number of electrons per 
unit cell, F(000), is 688. 

Determination of the Structure .--A three-diInensiotia1 I’attcr- 
son functionlo provided a trial coordinate for the molybdenum 
atom. The intensity coefficieiits in the Patterson calculation were 
scaled approximately on the basis of exposure times for the 
different reciprocal levels of data. A structure factor calculation 
with only the molybdenum atom placed resulted in an unweighted 
discrepancy factor, RI = [BIIF,l - ~ F , ~ I / ~ ~ F , / ]  X 100, of 29q5,. 
The phases from this structure factor calculation were used to 
calculate a three-dimensional electron density map .I1 XI1 
atoms (except hydrogens) were located from the pcaks in this 
synthesis. jlddition of these atoms to the structure factor calcula- 
tion lowered the discrepancy index, RI,  to 22.574. Six cycles of 
full-matrix isotropic least-squares refinementI2 of the eight non- 
hydrogen atoms in the asymmetric unit minimizing Zw( Fo - F c ) 2  

l/2, 0) = 
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TABLE I 
ATOMIC PARAMETERS WIT- STANDARD DEVIATIONS" 

Atom X Y E B,  82 
MO 0.5000(-) 0.4586(2) 0.2500(-) 1 .43 (3 )  

01 0.4395 (6) 0.5951 (13) 0.0843 (11) 2.7 (1) 
0 2  0.4361 (5) 0.2341 (11) 0.0773 (9) 2 .0  (1) 
Ci 0.4275(7) 0.2193(14) -0.0409 (13) 2 .0 (2 )  
Cz 0.3730 (10) 0.0853 (21) -0.2808 (18) 3 .4 (2 )  
Ca 0.3172 (11) -0.0210 (23) -0.1671 (20) 3 .9  (3) 
N 0.3760 (6) 0.1004 (12) -0.1559 (11) 2 .0  (1) 

C1 0.3678 (2) 0.4094 (4) 0.1963 (4) 2.69 (5) 

a Numbers in parentheses here and in succeeding tables are 
standard deviations in the least significant digits; (- ) indicates 
a fixed parameter. 

huis, et ~ 1 . ~ ~  No corrections were applied for anomalous disper- 
sion. Final positional and thermal parameters with estimated 
standard deviations are listed in Table I. Structure factors from 
the final least-squares cycle were used to calculate a three-dimen- 
sional electron density difference map. The maximum peak 
height in the difference map corresponded to 25y0 of the height 
of a carbon atom. Hydrogen atoms could not be located. Table 
I1 lists the observed and calculated structure factors scaled to 
F(000). Unobserved data were not included in the refinement. 
Extinction errors in the data were unimportant. 

Results and Discussion 
Dioxodichlorobis (N,N-dimethy1formamido)molybde- 

num(V1) exists as discrete monomers (Figure 1) with 
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weight was 2.4. Scattering factors for molybdenum were from (14) B. Acta 403 (lgGo). 
Thomas and Umedaj13 'Or 

from Hoerni and Ibers,16 and for carbon and oxygen from Berg- 

The standard deviation of an observation of unit 

from Dawson,lP for nitrogen 
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The 0-PIIo-0 angles associated with similar types 
of oxygen ligands show the greatest distortions from 

The wider angle involves the oxygen atoms with 
the shorter metal-oxygen distances and probably re- 
sults from oxygen-oxygen repulsion. The nonbonding 
01. *01' distance is 2.61 8, which is less than 2.8 A, 
twice the van der Waals radius of oxygen.21 The 
02. . . 02' nonbonding distance, which involves the 
longer bond, is 2.72 A. The 01-Mo-02 angle is 90" 
within the errors assigned. Distortions of angles 
that involve the chlorine atom may be explained by the 
observation that the chlorine atom is positioned 
equidistant from all four oxygen atoms (C1. . .01, 

3.03-k; C1***02,  3 .00A; C1*.+01',3.00A; C1***02' ,  
3.00 A). The dihedral angle between the planar 
dimethylformamido ligand and the plane defined by 

90" (01-&IO-01' = 102.2' ; 0 2 - 5 ' 1 0 - 0 2 '  = 76.2"). 

C 

Figure 1.-The molecular Configuration of M o  [(CH2)2NCH0]2- 
02c12. 

Figure 2 -[010] projection of the unit cell 

the dimethylformamido ligands are cis to one another 
while the chloro ligands are trans to one another. 

Bond distances and angles with estimated standard 
deviationsl7 including lattice constant errors are listed 
in Table 111. The h40-0~ distance of 1.68 A agrees 
within 2.5 standard deviations with the Mo-0 dis- 
tances in K2{ [MOO~(C~O~)(H~O)]~O) (1.69 A)4 and 
Ba( [MoO(C~O~)(H~O)]~O~).~H~O (1.70 A).18 This 
bond distance is consistent with a Mo-01 bond order 
of 2.519 which is expected for a cis configuration of 
rr-donor ligands4 The Mo-02 bond length of 2.20 A 
is comparable to  Mo-0 in oxalate distances in pre- 
viously studied cornplexe~~, '~  and corresponds to a bond 
order of l . I 9  The hIo-Cl distance of 2.341 ( 7 )  is 
longer than the MoT-'-C1 distance of 2.28 (3) A 
found in the tetrahedrally coordinated MoO2Cl2 gas- 
phase structure.20 
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TABLE I11 

TVITH ESTIMATED STASDARD DEVIATIONS" 

Mo-C1 2.341 (7) 02-c* 1.29 (1) 
Mo-01 1.68 (1) C,-N 1.28 (1) 
Mo-02 2.20 (1) G C *  1 , 4 6  (2) 

N-Ca 1.47 (2) 

BOSD DISTANCES AND -4XGLES I S  M O [ ( C H ~ ) ~ N C H ~ ] ? O ~ C I Z  

Bond Distance, h, Bond Distance, A 

Atoms Angle, deg Atoms Angle, deg 

01-Mo-01' 102.2 (7) C1-Mo-Cl' 161.3 (2) 
03-Mo-02' 76.2 ( 5 )  iiIo-Og-C~ 125.3 (7) 
Oi-Mo-02 90 .8  ( 5 )  On-Ci-S 123.0 (10) 
Cl-Mo-OI 96.5 (5) C2-N-G 120.4(10) 
C1-Mo-02 82 .8  (3) CI-N-CB 120.9 (10) 
02-MU-01' 167.1 (9) c2-N-c~ 118.7 ( 3 1 )  

a Primed atoms indicate twofold related atoms. 

the molybdenum and four oxygen atoms is approxi- 
mately 54". 

Figure 2 shows the [OlO] projection of the unit cell. 
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Decaammine-r-peroxo-dicobalt disulfate tetrahydrate, (NHs)sCo02Co(NH3)j(S04)2. 4H20, a red-brown, diamagnetic salt, 
crystallizes in the monoclinic space group P2& with a = 7.62, b = 29.72, c = 9.60 A, and p = 96.97”; there are four for- 
mula units in the cell. The structure was solved 
by Patterson and Fourier techniques and refined by three-dimensional least-squares calculations, based on 2760 reflections 
collected on a Picker automatic diffractometer, to a final R index of 0.065. The coordinating ligands about the cobalt atoms 
form nearly regular octahedra with Co-N distances of 1.96 .k and Co-0 distances of 1.88 A. The bridging 0-0 group is a 
peroxide ion, with an 0-0 distance of 1.47 h and a torsion angle of 146” about the 0-0 bond. The Co-0-0 angles are 113’. 
The dimensions of the bridging group and the configuratioii of the cation are markedly different from those found for the 
paramagnetic, oxidized form of this compound. 

The measured density is 1.74 g/cm*, the calculated density is 1.80 g/cm3. 

Introduction 
The structures of the peroxo-bridged dicobalt com- 

pounds have been speculated upon since their discovery 
and characterization by Werner3 and others. Two 
series of these compounds are known, the one consisting 
of green, paramagnetic compounds and the other of red- 
brown diamagnetic compounds. The cobalt atoms 
may be joined by one, two, or three bridges, the bridging 
groups including, besides peroxo and superoxo ions, 
hydroxo, amido, nitrito, and sulfato groups. The 
questions of the molecular and electronic structures of 
these ions have been most recently reviewed by Good- 
man, Hecht, and Weil;4 a t  the time of that review no 
reliable X-ray structure for any of these compounds 
was available. Since then, we have determined the 
structure of the paramagnetic peroxo-bridged ion shown 
in Figure l .5 We have made the point that the struc- 
tural details of the cation can be well explained by 
Pauling’s valence-bond theory, with the bridging group 
being considered a superoxide ion. This formulation 
was not original with  US,^ but it leads to some interest- 
ing predictions as to the structures of other compounds 
of this sort. For example, consider the paramagnetic 
ion 

/ O K  
(NH3)rCo C0(NH3)d4* 

\ /  
“2 
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Because the single bond plus the three-electron bond 
joining the two oxygen atoms require the use of two 
orbitals, the entire 
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grouping is expected to be planar. Recently, the struc- 
ture of this ion has been determined,7 and the five 
central atoms are in fact nearly coplanar. As in the 
case of the singly bridged compound, the 0-0 bond 
distance, 1.31 8, is typical of a superoxide group. 

If the paramagnetic ions are considered to be deriva- 
tives of the superoxo ion,8 then the addition of an elec- 
tron to give the diamagnetic species should lead to a 
peroxo derivative. The two oxygen atoms are now 
joined by only a single bond, and this bond length 
should be near 1.48 A ;  the 0-0 distance found in HzOz 
is 1.47 and in BaOz it is 1.49 A.l0 Furthermore, 
the Co-0-0-Co grouping should now not be planar; 
the torsion angle about the 0-0 bond in HzOz is about 
9O0,l1 and a torsion angle is to be expected in the cobalt 
compound as well. This paper reports the structure 
of the compound decaammine-p-peroxo-dicobalt disul- 
fate tetrahydrate; the basic structure of the cation is 
as we have predicted. Our structure differs from the 
one reported by Vannerberg12 for the M-peroxo-dicobalt 

(7) G. G. Christoph, R. E. Marsh, and W. P. Schaefer, to be published. 
(8) Members of the paramagnetic series should properly by named “ p -  
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