722 L. RoxaNE FLorIAN anND EuceNE R. Corey Inorganic Chemisiry
CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
UNIVERSITY OF CINCINNATI, CIncINNATI, OuIio 45221

The Solid State Structure of
Dioxodichlorobis(N,N-dimethylformamido)molybdenum(VI)

By L. ROXANE FLORIAN! anp EUGENE R. COREY?

Recetved August 18, 1967

The solid-state structure of dioxodichlorobis(N,N-dimethylformamido)molybdenum(VI) 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 9.99, for 1438 nonzero reflections. Mo[(CH;):NCHO1,0,Cl; crystallizes in
the monoclinic space group C2/c witha = 2090 4,5 = 7.717 &, ¢ = 11.99 &, and @ = 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 C; symmetry. The molybdenum to terminal oxygen bond length
(Mo—0y) 1s 1.68 (1) A while the molybdenum to dimethylformamido oxygen bond length (Mo—~O1) is 2.20 (1) A; the Mo-Cl
distance is 2.341 (7) A. Both the oxo ligands and the dimethylformamido ligands are cis to one another; the chloro ligands

are frans to one another,

Distortions are observed in the idealized octahedral coordination of the molybdenum aton:

OMo-05, 102.2 (7)°; O1~Mo-0y, 76.2 (3)°; and Cl-Mo-Cl, 161.3 (2)°.

Introduction

The solid-state structures of only a few mixed-
ligand molybdenum(VI) structures have been reported.
NaNH,[MoO;(C;0.)]-2H;0 has an infinite chain struc-
ture with approximate octahedral coordination of
molybdenum atoms unsymmetrically bridged by oxo
ligands;? XK3[Mo0s(Cy04)(Hi0)]:0 has a dinuclear
structure with a symmetrically bridging oxo ligand;*
MoO3(H.NCH,CH,NHCH,CH,NH;) is a discrete mio-
lecular complex with the tridentate amine occupying
three coordination sites on the distorted octahedrally
coordinated molybdenum atom.® A variety of mixed-
ligand molybdenum(VI) and tungsten(VI) complexes
that contain unidentate ligands only have been pre-
pared and characterized.®~® This study reports the
first solid-state structure determination of the latter
class of molybdenum(VTI) coordination compounds.

Experimental Section

Crystals of Mo[(CH;).NCHO];0,Cl; were supplied by Dr.
Till J. N. Peters of Dr. Mark Chamberlain’s laboratory at
Western Reserve Unijversity.

Single-Crystal Data.—Multiple-filin equiinclination Weissen-
berg data were collected at room temperature for the reciprocal
levels A0l through A8l with Zr-filtered Mo Kea 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 mm 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 Ka radiation is 154 cm™; uR
varies from 0.32 to 0.40. No corrections were made for absorp-
tion errors. ‘The maximum variation in intensity over the range
of observed reflections is 159, for any reciprocal level of data.
Separate scale factors for each reciprocal level of data were used
in the refinement in order to minimize errors due to absorption.
Mo Ke radiation was used to determine lattice constants from
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0kl and kO precession photographs which were calibrated by
superposition of a sodium chloride diffraction pattern (¢ = 5.627
A)‘ The angle 8 was determined from the 40! 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 [(CH;): NCHO],0,-
Clz are monoclinic with lattice parameters ¢ = 14.05 £ 0.02 A,
b = 7717 £ 0.02 A, ¢ = 11.99 £ 0.02 &, and 8 = 106° 29’
4 15’. Systematic absences of kkl reflections for # + & + !
odd and #0! reflections with % odd indicate the probable space
groups Ja or I2/a. Before solution of the structure, indices werc
transformed to conform with the standard choice of space group
Ce (Cs*) or C2/c (Cyp®).? Lattice parameters for the new unit
cellare @ = 20.90 = 0.04 A, b = 7.717 = 0.02 4, ¢ = 11.99 &
0.02 A, and 8 = 139° 52’ == 20’. The volume of the unit cell
is 1247 As. An experimental density of 1.81 = 0.06 g/cc de-
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; /5, 1/, 0) = (0, v, 1/4) and 8 (0, 0, 0; /s, 1/5, 0) =
{#, v, 2z x, —y, /2 — z). The total number of clectrons per
unit cell, F(000), is 688.

Determination of the Structure.—A three-dimensional Patter-
son function!® provided a trial coordinate for the molybdenum
atom. The intensity coeflicients 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, Ry = [Z||F| — |7|]/2|F.]] X 100, of 299%.
The phases from this structure factor calculation were used to
calculate a three-dimensional electron density map.tt All
atoms (except hydrogens) were located from the peaks in this
synthesis. Addition of these atoms to the structure factor calcula-
tion lowered the discrepancy index, Ri, to 22.59%. Six cycles of
full-matrix isotropic least-squares refinement!? of the eight non-
hydrogen atoms in the asymmetric unit minimizing Zw( 7, — F.)?
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TasLe 1
ATtoMic PARAMETERS WITH STANDARD DEVIATIONS®
¥ B, A:

0.4586 (2) 1.43 (3)
0.4094 (4) 2.69 (5)
0.5951 (13) 2.7(1)
0.2341 (11) 2.0(1)
0.2193 (14) 2.0(2)
0.0853 (21) 3.4(2)

Cs 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)

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

Atom
Mo
Cl1
O
Oq
G
C

X

0.5000 (=)
0.3678 (2)
0.4395 (6)
0.4361 (5)
0.4275(7)
0.8730 (10)

z
0.2500 (—)
0.1963 (4)
0.0843 (11)
0.0773 (9)

—0.0409 (13)
—0.2808 (18)

DrioxopicHLOROBIS(N,N-DIMETHYLFORMAMIDO )MOLYBDENUM(VI) 723

huis, et al.® 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 tmap corresponded to 259, of the height
of a carbon atom. Hydrogen atoms could not be located. Table
IT 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-dimethylformamido)molybde-
num(VI) exists as discrete monomers (Figure 1) with
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vielded an unweighted discrepancy index, R;, of 9.9% and a
weighted discrepancy index, Ry = [ZwHFOI — |FcH2/Z'w|F0|2]1/2 %
100, of 13.2%. Variable weights were assigned as follows:
Viw = 20/F if Io > /20Imia; Vw = I/ Foluin? if I, <
V20 Imia. The standard deviation of an observation of unit
weight was 2.4. Scattering factors for molybdenum were from
Thomas and Umeda,!® for chlorine from Dawson,!* for nitrogen
from Hoerni and Ibers,' and for carbon and oxygen from Berg-

crystallographically required point group symmetry
2(Cs). The molybdenum atom exhibits distorted
octahedral coordination. Both the oxo ligands and

(13) L. H. Thomas and K. Umeda, J. Chem. Phys., 26, 293 (1957).

(14) B. Dawson, Acta Cryst., 13, 403 (1960).

(15) J. A. Hoerni and J. A. Ibers, tbid., T, 744 (1954).

(16) J. Berghuis, TJ. M, Haanappel, M. Potters, B. O. Loopstra,
MacGillavry, and A. L. Veenendaal, ¢bid., 8, 478 (1955).

C. H.
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The O-Mo-O angles associated with similar types
of oxygen ligands show the greatest distortions from
90° (O1-Mo-0y = 102.2°; Oy-Mo-0y = 76.2°).
The wider angle involves the oxygen atoms with
the shorter metal-oxygen distances and probably re-
sults from oxygen—oxygen repulsion. The nonbonding
O+ - -0y distance is 2.61 A, which is less than 2.8 A,
twice the van der Waals radius of oxygen.?* The
Oz - -0y’ nonbonding distance, which involves the
longer bond, is 2.72 A. The O-Mo-0, 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 (Cl---Oy,
3.034; Cl-+-0,3004; Cl---0/,3.004; Cl---0y,
3.00 A). The dihedral angle between the planar
dimethylformamido ligand and the plane defined by

P

‘ O
gt

4

Figure 2.—[010] projection of the unit cell.

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

Bond distances and angles with estimated standard
deviations! including lattice constant errors are listed
in Table TIT. The Mo-O; distance of 1.68 A agrees
within 2.5 standard deviations with the Mo-O dis-
tances in K} [MoOy(Co0:) (H:0) 1,0} (1.69 At and
Ba{ [MoO(Cx04) (H;0) :0:}-3H0 (1.70 A).**  This
bond distance is consistent with a Mo-O; bond order
of 2.5'% which is expected for a c¢7s configuration of
w-donor ligands.* The Mo-O, bond length of 2.20 A
is comparable to Mo-O in oxalate distances in pre-
viously studied complexes*!® and corresponds to a bond
order of 1.1 The Mo—Cl distance of 2.341 (7) A is
longer than the Mo'™~Cl distance of 2.28 (3) A
found in the tetrahedrally coordinated MoO.Cl; gas-
phase structure.”

(17) W. R. Busing, K. O. Martin, and H. A, Levy, ‘‘ORFFE, a Fortran
Crystallographic Function and Error Program,” Oak Ridge National Labo-
ratory, Oak Ridge, Tenn,, 1964, Report No. ORNL-TM-306.

(18) F. A, Cotton and S, M, Morehouse, Inorg. Chem., 4, 1377 (1965).

(19) F. A. Cotton and R. M. Wing, ¢bid., 4, 872 (1985).

TaBLE III

Boxp DISTANCES AND ANGLES 1N Mo[{CH;),NCHO],0,Cl,
WITH ESTIMATED STANDARD DEvIiaTIONS®

Bond Distance, A Bond Distance, A
Mo-Cl 2.341 (7) 0r-Cy 1.29 (1)
Mo—-0O; 1.68(1) Ci-N 1.28(1)
Mo-O, 2.20 (1) N-Cq 1.46 (2)

N-Gq 1.47 (2)
Atoms Angle, deg Atoms Angle, deg
0-Mo-0,  102.2(7)  Cl-Mo-CV’ 161.3 (2)
0,—Mo-0y’ 76.2(5) Mo-0—-C; 125.3(7)
0;—Mo-0s 90.8(5) 0,~-Ci-N 123.0 (10)
Cl-Mo-0, 96.5(5)  Co-N-C 120.4 (10)
Cl-Mo-0, 82.8(3) C—N-G; 120.9 (10)
0—Mo~0y’ 167.1(9) Co-N-G; 118.7 (11)

¢ Primed atoms indicate twofold related atoms.

the molybdenum and four oxygen atoms is approxi-
mately 54°.
Figure 2 shows the [010] projection of the unit cell.

(20) H. A. Skinner, Thesis, Oxford, 1941; ¢f. A, F. Wells, “Structural
Inorganic Chemistry,” 3rd ed, Clarendon Press, London, 1962, p 387,

(21) L. Pauling, ““The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. V., 1860, p 260.
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The minimum intermolecular packing distance (ex-
cluding hydrogen atoms) is 3.54 A between O; and C;
in the molecule directly above the asymmetric portion
of the unit cell.
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Decaammine-u-peroxo-dicobalt disulfate tetrahydrate, (NHj;);CoO:Co(NH;)5(S04):-4H:0, a red-brown, diamagnetic salt,
crystallizes in the monoclinic space group P2i/n witha = 7.62, b = 20.72, ¢ = 9.60 A, and 8 = 96.97°; there are four for-
mula units in the cell. The measured density is 1.74 g/cm3, the calculated density is 1.80 g/cm8.  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 A and Co-O distances of 1.88 A. The bridging O-O group is a
peroxide ion, with an O-O distance of 1.47 A and a torsion angle of 146° about the O-O bond. The Co~0-O angles are 113°,
The dimensions of the bridging group and the configuration of the cation are markedly different from those found for the

paramagnetic, oxidized form of this compound.

Introduction

The structures of the peroxo-bridged dicobalt com-
pounds have been speculated upon since their discovery
and characterization by Werner® 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 ioms,
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;* at 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 1.5 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

Os

(NH3)4CO CO(NHs)/’"’

NH,

{1) Contribution No. 3548 from the Gates and Crellin Laboratories of
Chemistry, California Institute of Technology. This work was supported
in part by NSF Grant GP-5768,

(2) University of California, Davis, Calif. Work done at Davis.

(3) A. Werner, Ann., 875, 1 (1810).

(4) G. L. Goodman, H. G. Hecht, and J. A. Weil in “Free Radicals in
Inorganic Chemistry,” Advances in Chemistry Series, No. 36, American
Chemical Society, Washington, D. C., 1882.

(6) W.P.Schaefer and R. E. Marsh, Acta Cryst., 21, 735 (1966).

(6) J. D. Dunitz and L. E. Orgel, J. Chem. Soc., 2584 (1953).

Because the single bond plus the three-electron bond
joining the two oxygen atoms require the use of two
orbitals, the entire

Co/ \Co
N
grouping is expected to be planar. Recently, the struc-
ture of this ion has been determined,” and the five
central atoms are in fact nearly coplanar. As in the
case of the singly bridged compound, the O-O bond
distance, 1.31 A, is typical of a superoxide group.

If the paramagnetic ions are considered to be deriva-
tives of the superoxo ion,® 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 O-0O distance found in H,O,
is 1.47 A,® and in BaO, it is 1.49 A.*® Furthermore,
the Co-O-0-Co grouping should now not be planar;
the torsion angle about the O-0O bond in H,0O, is about
90°," and a torsion angle is to be expected in the cobalt
compound as well. This paper reports the structure
of the compound decaammine-u-peroxo-dicobalt disul-
fate tetrahydrate; the basic structure of the cation is

as we have predicted. Our structure differs from the
one reported by Vannerberg!? for the u-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 ‘“‘u-
superoxo,”’ but the original designation of ‘‘peroxo’” for both kinds of ions
seems likely to remain.

(9) P. A. Giguére and V. Schomaker, J. Am. Chem. Soc., 68, 2025 (1943).

(10) S. C. Abrahams and J. Kalnajs, Acta Cryst., T, 838 (1954).

(11) W. R. Busing and H. A. Levy, J. Chem. Phys., 42, 3054 (1965).
These authors comment that the torsion angle is very sensitive to the en-
vironment of the molecule.

(12) N.-G. Vannerberg, Acta Cryst., 18, 449 (1985).



