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STRUCTURAL CHEMISTRY OF MOLYBDENUM COMPLEXES
OF CYCLIC POLYTHIAETHERS: THE CRYSTAL AND
MOLECULAR STRUCTURE OF ETHOXIDO-0XO0-BIS(1,5,9,13-
TETRATHIACYCLOHEXADECANE)-u-OXODIMOLYB-
DENUMV) TRIFLUOROMETHANESULFONATE HYDRATE

R. E. DESIMONE 1 J. CRAGEL, JR., W, H. ILSLEY and M. D. GLICK
Contribution from the Department of Chemistry, Wayne State University, Detroit, Michigan 48202

(Received June 28, 1978}

The crystal and molecular structures of ethoxido-oxo-bis(1,5,9,13-tetrathiacyclohexadecane)-u-oxodimolybdenum-
(IV) trifluoromethanesulfonate hydrate are reported. The complex crystallizes in the orthohombic space group
Pn2, a with four molecules per unit cell of dimensions a = 16.149(2)A, b =20.477(4)A, ¢ = 15.217(2)A and

V =5381(2)A3. Full matrix least squares refinement gave final discrepancy factors of R, =.076 and R, =.094 for
3147 data having F? > 2.50 (F?). The molecular structure is highlighted by a linear 0—Mo=0-Mo=0 unit. The two
macrocycles coordinate each Mo atom in a “‘planar™ tetradentate mode, and are staggered ~43° relative to one

another,

INTRODUCTION

In our investigation of molybdenum complexes of
cyclic polythiaethers we have studied in detail the
reaction of the binuclear quadruply bonded ‘dimoly-
bdenum trifluoromethanesultonate’, [Mogl(Hz 0),-
(CF380,), ] (CF;S03), with the 16-membered
macrocyclic polythiaether 1,5,9,13-tetrathiacyclo-
hexadecane. The reaction yields several products,
three of which have been structurally characterized.'*

‘MOZ (CF3 SO3 )4 T+ 16'ane [S4 ] —};()—}-T

[Mo}!(SH), (16-ane[S4]); |(CF3505), -2H,0 (i)
+[Mo3"¥ 0, (16-ane([Sq 1), OC, Hs [(CF3503)3-H, 0

(i)
+[Mo!Y O(SH)(16-ane [S4 ])JCF3 S04 (iii)
This report deals with (ii), the second of these
complexes.

Previous structural work on complexes of cyclic
polythiaethers has revealed several interesting and
unique features, dictated in part by the constraints
imposed by the macrocycle. This has been especially
true of complexes with metals of the second transi-
tion series which have been studied in this
laboratory.>* In the title compound we find the
macrocycle behaving typically,® as a tetradentate

ligand, in planar coordination about the metal ions.

The most significant feature of the molecule appears
to be the linear —O—Mo=0---M0=0 unit holding the
two halves of the molecule together.

EXPERIMENTAL

The synthesis of the title compound was carried out
as previously described.! Crystals isolated from the
reaction mixture were washed with cold ethanol to
remove traces of surface contaminants, and used
directly. Although the compound in the solid state
proved to be relatively air stable, the crystals were
none-the-less sealed in thin walled capillaries as a
precaution against deterioration.

Collection of Data

A suitable crystal measuring approximately .5 mm x
4 mm x .6 mm was mounted on a Syntex P2, four-
circle diffractometer. Oscillation photographs,
together with a small set of counter data, established
that the crystal was orthorhombic. Fifteen
reflections with 26 between 23° and 30° were
centered using a programmed centering routine.
Lattice constants and errors were determined by
least squares refinement of the angles defining these
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FIGURE 2

FIGURE 1

Unit cell contents in

stereoscopic projection.

R. E. DESIMONE et al.

Stereoscopic view of the cation [MoIVO, (16-ane(S, 1), OC,H,1*.

Q

FIGURE 3  Schematic drawing of the cation, showing
ring conformation and location of metal ions relative to the
rings. @ =S, 4 =Mo, = =0,
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15 reflections, yielding the following values: a =
16.149 + .002R,b=20.477 £ .004A, c=16.271 £
0024, with a unit cell volume of 5381.0 + 1.5A.
Using this calculated volume, with 4 molecules per
unit cell, the calculated density is 1.64 gm/cm?®; the
experimental density is 1.67 g/cm®. Data collection
proceeded with these cell parameters. Intensity data
were collected to a value of 26 = 45° in the (+h, +k,
+)) octant using MoK, radiation, A=.71069A. The
monochromator consisted of a highly oriented
graphite crystal in the parallel mode. The w-scan
technique was used with a scan rate of 2.02°/min.
Backgrounds were measured at each end of the scan
for a total time equal to one-half the scan time.
During data collection, the intensities of three
standard reflections were measured every 50 reflec-
tions with no indication of decomposition or crystal
movement. The data were reduced to F? and o(F?)
by procedures previously described.® Standard
deviations were assigned as follows:

o(1) = [Ocounter (1> +(0.41)*]'/

where 0counter = (1 + K2B)!?, 1= net intensity,

B = total background counts and K = ratio of scan
time to background time. Data were corrected for
Lorentz and polarization effects, but extinction and
absorption corrections were not applied. The linear
absorption coefficient for MoK, radiation is 4 =
9.4 cm™'. Of the 5229 data examined, 3147 data
for which F? > 2.50 (F?) were used throughout the
solution and refinement process. Systematic absences
indicated that the space group was either Pnma or
Pn2,a.

Solution of the structure via Patterson-Fourier
techniques proceeded initially in the group Pnma.
The molybdenum atoms were readily located from
the Patterson map, at which point it became clear
that the quadruple bond in the starting material was
no longer present, A structure-factor calculation with
two Mo atoms led to a conventional unweighted
residual,

_ ZliFol—Fcl]
! 2|Fol
of 42 and a weighted
_[Zw(IFol-IFc)*1,
: _{ TwFo? ]

of .50. The phasing of the molybdenum atoms was
sufficient to reveal the oxygen atoms along the
Mo-Mo axis and two sets of coordinated sulfurs from
the macrocycle. After breaking the pseudo-symmetry,

it became clear that the apparent mirror aty = %
was not real, and that the correct space group is
Pn2, a. Subsequent cycles of least squares refinement
and Fourier synthesis in the group Pn2, a revealed
the coordinated ethoxide, the carbon atoms of the
macrocycles, and the rather poorly defined anions.
Refinement of positional and isotropic thermal para-
meters reduced R, to .136 and R, to .177. At this
point, a difference map revealed a small isolated
peak which was interpreted as an oxygen atom of a
lattice water molecule. Residual peaks about the
molybdenum atoms and several small peaks within
the anions remained at this point. Anisotropic
refinement of thermal parameters of Mo and S
reduced R; to .088 and R, to .115. Hydrogen atom
positions were then calculated, and their structure
factors incorporated in a fixed manner into the
refinement, Two further cycles of least squares
refinement with 321 variables reduced R, to .076
and R, to .094, their final values. Inclusion of ani-
sotropic thermal parameters on the remaining
non-anion atoms reduced R, to .072 and R, to .090,
but this was not considered significant in view of
the large number (145) of additional parameters
introduced.

RESULTS AND DISCUSSION

The structure of the cation is shown in Figure 1, where
it can be seen that the quadruple bond present in the
starting material has been replaced by a weakly oxo-
bridged structure. This is the apparent result of an
oxidative addition process involving solvent ethanol
and/or water bound to the trifluoromethanesulfonate
salt. The coordination at the sixth site of the two
molybdenum atoms differs--this site contains a weak
bridging oxo bond in the case of Mo (1) and a strong
bond to ethoxide in the case of Mo (2). This makes
precise assignment of oxidation states a non-trivial
problem as is discussed below. Table I lists atomic
coordinates and thermal parameters with standard
deviations for non-hydrogen atoms. Figure 2 shows
the unit cell contents in stereoscopic projection, and
Tables 11 and 111 list significant bond lengths and
angles. As an aid to visualizing ring conformations, a
schematic drawing of the cation is presented in Figure
3. Dihedral angles and displacements from the plane
of the four sulfur atoms of the macrocycle are
indicated on the schematic drawing of Figure 4.

As indicated above, the essential features of the
metal coordination sphere are the oxo-bridged
dimeric structure and the normal tetradentate
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planar coordination of the macrocycle. The single
nearly linear (O—Mo-0 angles are 177—179°) oxo-
bridge may be viewed as a somewhat unusual
structural feature for oxo-molybdenum complexes.
Double bridging, associated with a cis arrangement

of oxo-ligands and which presumably leads to a
“tighter”, more stable complex is found far more
often. From our knowledge of the conformational
versatility* of these macrocvelic ligands it is doubtful
that such a bridging mode is dictated by the
macrocycle, Most likely the ethoxide-containing
fragment (Mo(2)), being already six coordinate, is the
controlling factor. Alternate bridging modes to

other oxomolybdenum fragments than that found,
would require less than tetradentate macrocyclic
coordination. Energetics would seem to favor the
tetradentate over a tridentate macrocycle. This does
not explain however, why we do not find monomeric
ethoxido-oxo species and dimeric ¢is oxo species. We
have indeed found no evidence for either,

The relative weakness of the single oxo bridge is
reflected in both structural and chemical
observations. The Mo(1)--O(2) distance of 2.14A is
rather long, especially when compared to the Mo(2)—
O(3) bond of 1.86A to the ethoxide. This long bond
length is reflected in the relative instability of the
complex. Although crystals are stable indefinitely in
a well-stoppered vial, aqueous solutions decompose
rapidly to a pale, almost colorless solution. Bright
blue acetonitrile solutions are stable for 2 or 3 days,
before turning a pale violet. When subjected to
electrochemical reduction, the complex is irreversibly
reduced.! All of these observations are consistent
with a relatively weak bridge which is readily cleaved
by solvent or a decrease in the acidity of the metal
centers upon reduction.

The two Mo=0 bond lengths are almost identical
at 1.764A and 1.761A. While one might expect a
significantly longer distance in the bridging oxo bond,
the situation is complicated by an inability to
precisely define the oxidation states of the two
metal centers. The presence of two oxo groups, an
ethoxide ion and three CF3SO, ™ anions require a
total positive charge of +8. The compound is dia-
magnetic in the solid state, We can arbitrarily assign
the +4 oxidation state to each Mo. Alternatively the
complex can be viewed as a strongly coupled
Mo!TT-MoV system. (Evidence for a fairly strongly
coupled unit exists in the IR spectra,’ but this does
not imply coupling of electronic origin.) In weighing
these alternatives it is unlikely that two such strongly
coupled metal atoms would differ by 2 in formal
charge: the strong coupling would effectively equalize

the charges. Good evidence for this comes from
examination of the Mo—S bond distances which
average to 2.461A on Mo(1) and 2.476A on Mo(2).
A significant difference in charge on the Mo atoms
would certainly lead to a greater difference in these
values,

One final point concerning the bridging structure
deserving of mention, is why the structure does not
extend beyond a dimer, Without knowing the
precise mechanism by which the complex is formed,
one can probably infer from the absence of other
species that one-half of the Mo species contain
coordinated ethoxide. The combinatorial possibilities
are thus severely limited, as extended chains may
only be formed of 5-coordinate moieties, which as
we have already pointed out could just as well
dimerize to a bridging cis dioxo structure. Since
neither of these apparently occur, the structure
found here must be a significantly more stable
species than might appear at first glance, relative to
the other possibilities,

The tetradentate macrocylic coordination in this
complex is quite normal. No significant distortion
or strain appears in either ring. The two rings are
puckered away from each other and, interestingly,
the two Mo atoms are also displaced away from each
other. (See Figure 3.) Mo(1) is .33A above the plane
of the 4 sulfur atoms of its ring while Mo(2) is .10A
below a similar plane defined for the other ring. The
near planarity of Mo(2) reflects strong axial ligands
in both axial sites, whereas the greater displacement
of Mo(1) reflects one strong and one weak axial
ligand. Cavity size appears adequate for a Mo(IV)
ion, consistent with our previous observation that
Mo(IT) will nearly fit the same cavity.! The two
macrocycles are staggered relative to one another,
one being rotated 42.7° from the orientation of the
other. The rings are almost parallel, the two planes
defined by the sets of 4 sulfur atoms are canted 3.3°
to one another,

The cation and all distances and angles associated
with it are satisfactorily defined. This is not the case
with the anions, however. The CF; and SO; groups
seem to be undergoing a considerable amount of
thermal motion, possibly rotational in nature, and
many of their structural parameters are clearly
unsatisfactory, In spite of a variety of attempts, no
reasonable model has been found to accomodate the
observed behavior, The thermal parameters on some
of the fluorine atoms lead one to suspect partial
occupancy, but this is not borne out by the thermal
parameters of the sulfur. In the case of the one
molecule of lattice water, partial occupancy remains
a distinct possibility.
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TABLE 112

Interatomic distances

Atom Distances (A) Atoms Distances (A)
Mo(1)-S(1) 2.442(6) C(1N-C(20) 1.48(5)
Mo(1)-S(2) 2.479(6) C(20)-C(2D 1.42(4)
Mo(1)-S(3) 2.464(6) C(22)-C(23) 1.43(3)
Mo(1)~-S(4) 2.457(7) C(23)-C(24) 1.52(4)
Mo(2)-S(5) 2.479(6) C(25)-0(3) 1.51(3)
Mo(2)-S(6) 2.501(7) C(25)-C(26) 1.45(4)
Mo(2)-5(7) 2.475(6) Cc2N)-S 1.81(5)
Mo(2)-S(8) 2.449(8) C28)-8(10) 1.72(5)
Mo(1)-0(1) 1.764(14) C(29)-S(11) 1.80(5)
Mo(1)-0(2) 2.142(12) C2N-F) 1.22(5)
Mo(1)-0(3) 1.866(14) C(27N-F(2) 1.25(5)
Mo(2)-0(2) 1.761(12) C2N-F@3) 1.41(5)
S(H-C(1) 1.78(3) C(28)-F4) 1.20(5)
S(1-C(12) 1.84(3) C(28)-F(5) 1.43(5)
S(2)-C(3) 1.75(3) C(28)-F(6) 1.45(5)
$(2)-C(4) 1.77(3) C(29)-F(N 1.31(5)
S(3)-C(6) 1.77(3) C(29)-F(8) 1.37(5)
S(3)-C(T) 1.81(2) CQ2N-F 1.51(5)
S(4)-C©9) 1.83(3) S(9)-0(4) 1.45(2)
S(4)-C(10) 1.86(2) 5(9)-0() 1.39(3)
S(5)-C(13) 1.76(2) S$(9)-0(6) 1.28(3)
S(5)-C(24) 1.87(3) S(10)-0(7) 1.38(3)
S(6)-C(15) 1.73(4) $(10)--0(8) 1.31(3)
S(6)-C(16) 1.76(3) S(10)-0(9) 1.36(3)
S(7)-C(18) 1.90(3) S(11H-0(10) 1.20(3)
S(1)-C(19) 1.91(3) San-oQmn 1.18(3)
S(8)-C(21) 1.81(3) S(11)-0(12) 1.37(3)
S(8)-C(22) 1.87(3)

C(1)-C2) 1.53(4

C(2)-C(3) 1.59(4)

C(4)-C(5) 1.70(4)

C(5)-C(6) 1.43(4)

C(7)-C(8) 1.53(4)

C(8)-C(9) 1.49(4)

cao-can) 1.42(4)

Ca1n-C(2) 1.53(4)

C(13)-C(14) 1.45(4)

C(14)-C(13%) 1.76(5)

C(16)-C(17) 1.54(5)

C(17)-C(18) 1.57(5)

4Standard deviations from the full variance-covariance matrix are given in parentheses for

the least significant digit(s).
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TABLE 1112
Interatomic angles

al.

Atoms

Angle (°)

Atoms

Angle (°)

O(1)-Mo(1)-5(1)
O(M-Mo(1)-5(2)
O(1)-Mo(1)-5(3)
O(1)-Mo(1)-5(4)
0(2)—Mo(2)-8(5)
0(2)-Mo(2)-5(6)
0(2)-Mo(D)-S(7)
0(2)-Mo(2)-S(8)
O(1)-Mo(1)}-0(2)
0(2)-Mo(2)-0(3)
Mo(1)-0(2)-Mo(2)
S(1)-Mo(1)-S5(2)
S(1)-Mo(1)-5(4)
S(1H)-Mo(1)-S(3)
S(2)-Mo(1)~-S(4)
S(2)-Mo(1)-S(3)
S(3)-Mo(1)-S(4)
S(5)-Mo(2)-S(6)
S(5)-Mo(2)-S(8)
S(5)-Mo(2)-S8(7)
S(6)-Mo(2)-S(8)
S(6)-Mo(2)-8(7)
S(7)-Mo(2)-S(8)
C(12)-S(H-C()
C(H-S(2)-C4)
C(6)-8(3)-C(N)
C(9)-S@)-C(10)
C(24)-S(5)-C(13)
C(15)-8(6)-C(16)
C(18)-S(N-C(19)
C(21)-5(8)-C(22)
S(H)-C(H-C()
C(1)-C(2)-C(3)
C(2)- C(3)-S(2)
S()-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C{6)-S(3)
S{3)-C(1-C(8)
C(NH-C(B-C(9)
C(8)-C(9)-5(4)
S(4)-C(10)-C(11)

C(10)-C(1H-C1y

C(11)-C(12)-S(1)
8(5)--C(13)-C(14)

C(13)-CH-C %

C(14)-C(15)-S(6)

96.9(5)
97.0(5)
99.0(5)
98.5(5)
87.8(4)
87.2(6)
87.6(4)
87.9(6)
178.6(8)
179.2(6)
177.3(7)
89.0()
89.2(2)
164.1(2)
164.4(2)
88.4(2)
89.1(2)
89.2(2)
91.0(3)
175.0(3)
175.0(3)
88.9(3)
90.4(3)
100(1)
96(1)
96(1)
9
38(H
92(2y
99(1)
97(1)
115(2)
114(2)
113(2)
110(2)
117(2)
11002)
112(
118(2)
109(2)
12
119(2)
112(2)
1O
114(3)
111(2)

S(6)-C(16)-C(17)
C(16)-C(17)-C(18)
CN-C18)-S(7)
S(NH-CAN-CQ0)
C(1N-C20)-C(21)
C(20)-C(21)-S(8)
S(8)-C(22)-C(23)
C(22)-C(23)-C(24)
C(23)-C(24)-S(5)
0(3)-C(25)-C(26)
O(4)-8(9)-0(5)
O(4)-S(9)-0(6)
O(5)-8(9-0(6)

O -S(NH-C(2N
O(5)-S(N-C27N
0(6)-S(N-C27)
O(7-5(10)-0(8)
O(N-S(10)-0(9)
0(8)-S(10)-0(9
O(7)-8(10)-C(28)
0O(8)-S(10)-C(28)
0O(9)-S(10)-C(28)
oM -S(1H-0011)
O(10)-S(11)-0(12)
o n-san-0Q2)
O(10)-S(11H-C(29
O DH-SAH-CA29)
O(1)-8(11)-C(29)
F(1)-CR2T-F(2)
F(-C(27)-F(3)
F(2)-C(2T)-F(3)
F(H-C27N-58(%)
F())-C(27)-S(9)
F(3)-C(27)-5(9)
F(4)-C(28)-F(5)
F(4)-C(28)-F(6)
F(5)-C28)-F(6)
F4)-Cc28)-S(10
F(5)-C(28)-S(10)
F(6)-C(28)-S(10)
F(-C(29-F(8)
F(NM-C2N-F9)
F(8)-C(29)-F(%)
F(7)-C(29)-5(11)
F(8)-C(29)-S(11)
F(9-C2N-S(11)

113(2)
123(3)
108(2)
111(2)
117(3)
107()
[RRYPA}
118(2)
114(2)
108(3)
120(1)
11s5(H
116(1)
100(2)

95(2)
106(2)
117(2)
103(2)
120(2)
102(2)
115(2)

97(2)
117(2)
103(2)
120(3)
102(2)

99(3)
114(3)

93(4)
110(5)
105(4)
118(5)
115(4)
11449
109(4)
111(4)

99(4)
126(4)
101(3)
106(3)
102(4)

90(3)
158(5)
102(3)

95(3)
100(3)

2Standard deviations from the full variance-covariance matrix are given in parentheses for the least

significant digit(s).
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FIGURE 4 Schematic drawing of the ring 16-ane[S, ] showing dihedral angles and displac§ment of atoms from
the plane of the 4 sulfur atoms. Upper set of figures refer to ring about Mo(1), lower set to ring about Mo(2).
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