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atoms to be coplanar, and the iron is 0.110 A out of this plane.
The two phenyl substituents are on opposite sides of this plane
with the C,,—C,¢ ring on the same side as the iron atom. The
negative charge and the double bonds do not appear to be
localized as in III; there is instead extensive delocalization of
the ligand = system. This delocalization is not typical of
iron(I11)-imine complexes as there are usually®™!? distinct
carbon-nitrogen single bonds and carbon-nitrogen double
bonds. This type of delocalization is postulated for the in-
termediate in transamination and other reactions of metal
complexes of the imines of pyridoxal and «-amino acids.’* The
delocalization in the iron compound may be enhanced by the
phenyl substituents since the phenyl rings are aligned with the
chelate rings.

The phenyl groups have the expected parameters. The
carbon-carbon bond distances vary from 1.33 to 1.42 A with
an average of 1.38 (3) A; the angles vary from 118 to 123°
with an average of 120 (1)°.

The mechanism of formation of the tridentate ligand is of
considerable interest. The dependence on metal ion and
molecular oxygen suggests an oxidative deamination process,
as observed with vitamin By complexes'* followed by con-
densation with a second molecule of a-aminoacetophenone.

In the absence of a metal ion, the a-aminoacetophenone
hydrochloride seems stable in solution. However upon neu-
tralization of the hydrochloride salt self-condensation takes
place to yield a cyclic dimer, C,¢H4N,. With iron(II) chloride
in the absence of oxygen, the a-aminoacetophenone hydro-
chloride reacts to form a salt, (CgH,(NO),FeCl,. An orange
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solution of this salt in ethanol upon exposure to air gives a red
solution from which green crystals of the iron(I1I) compound
separate. With an excess of a-aminoacetophenone hydro-
chloride in the absence of molecular oxygen, the color of the
solution changes to yellow and the iron is apparently reduced.
Addition of oxygen restores the red color of the iron(III)
compound.

Registry No. FeLCl,(EtOH), 68070-71-3; I-HCI, 5468-37-1;
(C4H,(NO),FeCl,, 68036-76-0.

Supplementary Material Available: Table of observed and calculated
structure factors for FeLCl,(EtOH) (9 pages). Ordering information
is given on any current masthead page.
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The crystal and molecular structures of (hydrosulfido)(ox0)(1,5,9,13- tetrathiacyclohexadecane)molybdenum(IV) tri-
fluoromethanesulfonate are reported. The complex crystallizes in the monoclinic space group P2,/c¢ with four molecules
per unit cell of dimensions a = 7.494 (3) A, b = 20.500 (6) A, ¢ = 14.902 (5) A, 8 = 101.09 (3)°, and V' = 2248 (1) A*,
Full-matrix least-squares refinement gave final discrepancy factors of R, = 0.035 and R, = 0.047 for 2509 data for which
F2> 2.5¢(F%). The macrocyclic ring is coordinated to molybdenum in the conventional planar tetradentate manner, with
oxo and hydrosulfido groups occupying trans positions along the symmetry axis of the monomeric cation. A comparison
of bonding parameters in the title complex with those in the sulfur-bridged dimeric precursor complex is given.

Introduction

In our investigation of molybdenum complexes of cyclic
polythia ethers, we have studied in detail the reaction of the
binuclear quadruply bonded dimolybdenum trifluoro-
methanesulfonate [Mo',(H,0),(CF;S03),](CF,;S0;), with
the 16-membered macrocyclic polythia ether 1,5,9,13-tetra-
thiacyclohexadecane.! The reaction yields several products,
three of which have been structurally characterized. This is
the last of three reports on those complexes.!?

Previous structural work on complexes of cyclic polythia
ethers has revealed interesting features, dictated in part by
the constraints imposed by the macrocycle. These have in-
cluded the exo or “inside out” conformation found in the
complex (NbCls),(14-ane[S,])*>* and the unique bridging
nature of tetradentate 16-ane[S,] in the complex [Mo,-
(SH),(16-ane[S,])](CF;S04),2H,0 from which the title
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compound is derived.! This is the first mononuclear mo-
lybdenum complex of a cyclic polythia ether for which the
structure has been determined. The most notable feature is
the terminal SH group in the lower axial coordination site.
Bridging SH graups or SR groups are not uncommon in Mo
chemistry, but terminal sulfur ligands are usually the doubly
bonded sulfide.

- Experimental Section

The synthesis of the title compound has been reported previously.!
Crystals were isolated from the reaction vessel with only a wash of
warm hexane to remove surface organic contaminants. The crystals
were found to be air stable but were nonetheless sealed in thin-walled
capillaries as a precaution.

A suitable crystal measuring approximately 0.38 X 0.19 X 0.11
mm?® was mounted on a Syntex P2, four-circle diffractometer.
Oscillation photographs, together with a small set of counter data,
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Figure 2. Unit cell contents in stereoscopic projection.

established that the crystal was monoclinic. Fifteen reflections with
20 between 25 and 32° were centered using a programmed centering
routine. Lattice constants and errors were determined by least-squares
refinement of the angles defining these 15 reflections, yielding the
following values: a = 23.116 (11) A, b = 20.508 (7) A, ¢ = 7.497
(3) A, 8 = 140.78 (2)°, V = 22.47 (11) A%, Intensity data were
collected in the %h,k,/ quadrants to a value of 26 = 45° using Mo
Ka radiation (A 0.71069 A). The monochromator consisted of a highly
oriented graphite crystal in the parallel mode. The 628 scan technique
was used with a scan rate of 2.02° /min and a scan range of 1° below
Mo Ka; to 1° above Mo Ka, in 26. Backgrounds were measured
at each end of the scan for a total time equal to half of the scan time.
During data collection, the intensities of three standard reflections
were measured every 50 reflections 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

o) = [(Geoumer(D)? + (0.0417)112

where ooumer = (I + K*B)'/2, I = net intensity, B = background counts,
and K = ratio of scan time to background time. Corrections were
made for Lorentz and polarization effects but not for extinction or
absorption, The linear absorption coefficient for Mo Ke radiation
is 10.6 cm™. Data with F? > 2.5¢(F?%) were separated from the entire
data set of 3354 reflections yielding a total of 2509 observed reflections.
The systematic absences indicated the space group was P2,/a.

In light of the nonstandard setting and the large value of §, which
would lead to extensive correlation of variables, the data were
transformed to a cell with symmetry P2;/c. The required direct cell
transformation is

0 -1 O)t»b =
1 0 2 C Jold

o o\

new

and the new parameters are a = 7.494 (3) A, b = 20.500 (6) A, ¢
=14.902 (5) A, 8 =101.09 (3)°, and ¥ = 2248 (1) A’. The solution
and refinement were carried out in the latter cell. The calculated
density based on 4 molecules/unit cell is 1.745 g/cm?; the experimental
density is 1.755 g/cm>,

The structure was solved by Patterson—Fourier techniques. The
position of the molybdenum atom was clearly revealed by the Patterson
synthesis, and a structure factor calculation based on this atom
produced a standard unweighted residual R, = (X ||1F,| — |Fdl)/ 2 |F.|
of 0.503 and a weighted residual R, = [(Zw(|F,| - |F.))?) /S wF !/
of 0.568. The six sulfur atoms were clearly revealed in a Fourier map
phased by the single Mo atom. A structure factor calculation in-
corporating these seven atoms gave R; = 0.309 and R, = 0.384,
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Addition of all of the remaining nonhydrogen atoms resulted in R,
= (.181 and R, = 0.230. Refinement of positional and isotropic
thermal parameters produced R; = 0.108 and R, =0.137. The use
of anisotropic thermal parameters for Mo and S gave R; = 0.062 and
R, = 0.088. At this point hydrogen atom positions for the 24
macrocycle hydrogens were calculated and their contribution in-
corporated in a fixed manner into the least-squares refinement yielding
R, =0.058 and R, = 0.079. Final refinement with anisotropic thermal
parameters on all nonhydrogen atoms (244 variables) gave final values
of R; = 0.035 and R, = 0.047. A final difference Fourier map showed
that the five largest residual peaks (0.67-0.95 ¢) reside within the
anion. The highest residual peak in the cation is 0.61 e at a point
~0.55 A from S(5), the terminal sulfur atom.

Results and Discussion

Our understanding of the reactions of cyclic polythia ethers
with dimolybdenum trifluoromethanesulfonate suggests that
the title compound (I1) is formed in the sequence of reactions

EtOH

[Mo,(H,0),(CF,80,), (CF;S0,), + 16-ane[S,] —>

rapid
[Mo,(SH),(16-ane[S,]), J(CF,80,),-2H,0 + secondary products
I

1EtOH
t—» [MoO(SH)(16-ane[S, ) JCF,S0,

slow i1

from the cleavage product of the sulfur-bridged dimer via slow
oxidative addition of solvent and/or free water. As such the
coordination about the Mo in II differs from that in I only
by the addition of the oxo ligand. The structure of the cation
is shown in Figure 1. Table I lists atomic coordinates and
thermal parameters with standard deviations for nonhydrogen
atoms in the asymmetric unit. Figure 2 shows the unit cell
contents in stereoscopic projection, and Table II lists bond
lengths and angles. As an aid to visualizing ring conformation,
a schematic drawing of the cation is presented in Figure 3.
A tabulation of dihedral angles and displacements from the
plane of the four sulfur atoms of the macrocycle is available
along with a listing of calculated and observed structure
factors.

The metal coordination sphere features an endodentate
tetradentate macrocyclic ring with four coplanar sulfur atoms
at distances from the molybdenum atom of 2.476-2.484 A,
Out of the plane of the ring, the Mo atom is bonded to an
oxygen at 1.667 A and to the terminal SH at 2.486 A. The
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Table . Atomic Coordinates and Thermal Parameters®?
atom X y z atom x y z
Mo 0.43811 (6) -0.23398 (3) 0.01810 (3) C(1) 0.3405 (9) —0.0685 (3) -0.0563 (4)
S(1) 0.5248 (2) -0.1276 (1) -0.0411 (1) C(2) 0.2701 (10) -0.0555 (3) 0.0315 (5)
S(2) 0.6263 (2) ~0.2897 (1) ~-0.0774 (1) C(3) 0.1333(9) ~0.1049 (3) 0.0516 (5)
S(3) 0.3353(2) -0.3402 (1) 0.0699 (1) Cc4) 0.0221 (8) -0.2210(3) 0.1061 (4)
S(4) 0.2336 (2) ~0.1781 (1) 0.1058 (1) C(5) 0.0447 (8) —-0.2909 (4) 0.1391 (4)
S(5) 0.1788 (2) -0.2394 (1) -0.1137 (1) C(6) 0.0945 (8) —0.3391 (3) 0.0712 (4)
S(6) -0.1128 (3) ~0.4856 (1) 0.2357 (1) C(7) 0.3275 (10) -0.4047 (3) -0.0141 (4)
F(1) —0.1748 (8) -0.0587 (3) 0.2163 (4) C(8) 0.5062 (11) -0.3664 (3) ~0.1224 (4)
F(2) 0.2217(7) -0.4762 (3) 0.2154 (4) C(9) 0.5300(9) ~0.2496 (3) ~0.1862 (4)
F(3) —0.0756 (8) —-0.4523(3) -0.1352 (4) C(10) 0.6231 (9) ~0.2496 (3) -0.1862 (4)
o(1) 0.2261 (8) —-0.0414 (3) 0.2624 (4) C(11) 0.6850(9) —0.1796 (3) -0.1790 (4)
0(2) -0.1713 (8) —0.4462 (3) 0.1610 (4) C(12) 0.5467 (9) -0.1315(3) -0.1607 (4)
0(3) —-0.0618 (8) -0.0415 (3) -0.1747 4) C(13) -0.0918 (11) -0.4776 (4) ~0.2168 (6)
04) 0.6116 (5) -0.2299 (2) 0.1067 (2)
atom 811 Baz Bas Bz Bia B3
Mo 0.00963 (9) 0.00224 (2) 0.00225 (2) -0.00013(3) 0.00098 (3) —0.00003 (1)
S(1) 0.0156 (3) 0.0027 (0) 0.0041 (1) —0.0012 (1) 0.0021 (1) —0.0000 (0)
S(2) 0.0134 (3) 0.0033 (1) 0.0031 (1) —0.0010 (1) 0.0018 (1) -0.0001 (0)
S(3) 0.0165 (3) 0.0028 (0) 0.0036 (1) 0.0004 (1) 0.0017 (1) 0.0008 (0)
S(4) 0.0126 (3) 0.0032 (1) 0.0037 (1) —0.0006 (1) 0.0026 (1) ~0.0009 (0)
S(8) 0.0119(3) 0.0028 (0) 0.0026 (1) —0.0009 (1) —0.0004 (1) 0.0002 (0)
S(6) 0.0260 (4) 0.0031 (1) 0.0061 (1) —0.0005 (1) 0.0037 (1) —0.0003 (1)
F(1) 0.0470 (16) 0.0067 (2) 0.0165 (5) —0.0086 (5) 0.0073 (8) -0.0029 (3)
F(2) 0.0296 (12) 0.0108 (3) 0.0123(4) —0.0040 (6) 0.0046 (6) 0.0010 (3)
F(3) 0.0417 (17) 0.0125 (3) 0.0141 (4) 0.0012 (6) 0.0063 (7) ~0.0084 (3)
o) 0.0408 (16) 0.0063 (2) 0.0104 (4) 0.0078 (5) 0.0068 (7) 0.0001 (2)
0(2) 0.0344 (16) 0.0071 (3) 0.0118 (4) 0.0020 (5) 0.0035 (7) 0.0048 (3)
0(3) 0.0321 (15) 0.0061 (2) 0.0102 (4) -0.0009 (5) 0.0030 (6) 0.0039 (3)
(e1C)) 0.0115 (D 0.0041 (1) 0.0029 (2) -0.0001 (3) 0.0011 (3) 0.0001 (1)
C(D 0.0224 (15) 0.0026 (2) 0.0066 (4) 0.0065 (5) 0.0037 (7) 0.0003 (2)
C(2) 0.0276 (18) 0.0025 (2) 0.0089 (5) —0.0006 (5) 0.0059 (8) -0.0010(2)
C(3) 0.0203 (1% 0.0031 (2) 0.0075 (4) 0.0031 (5) 0.0054 (7) -0.0011(2)
C4) 0.0130(11) 0.0035 (2) 0.0065 (4) —0.0008 (4) 0.0046 (6) —-0.0007 (2)
C(%5) 0.0168 (13) 0.0042 (2) 0.0048 (3) —0.0011 (5) 0.0039 (6) 0.0006 (2)
C(6) 0.0177 (13) 0.0028 (2) 0.0053 (3) -0.0013 (4) 0.0020 (6) —-0.0006 (2)
C(7) 0.0288 (18) 0.0023(2) 0.0076 (5) —0.0007 (5) 0.0049 (8) -0.0002 (2)
C(8) 0.0354 (21) 0.0026 (2) 0.0067 (4) 0.0029 (5) 0.0048 (8) 0.0001 (2)
C(9) 0.0272(17) 0.0029 (2) 0.0055 (4) 0.0015 (5) 0.0031 (7) -0.0006 (2)
C(10) 0.0255 (16) 0.0037 (2) 0.0031 (3) 0.0006 (5) 0.0040 (6) 0.0001 (2)
c(11) 0.0207 (15) 0.0042 (2) 0.0042 (3) —0.0013 (5) 0.0045 (6) 0.0003 (2)
C(12) 0.0220(195) 0.0041 (2) 0.0039 (3) —0.0004 (5) 0.0035 (6) 0.0009 (2)
C(13) 0.0292 (19) 0.0042 (3) 0.0082 (6) 0.0007 (6) 0.0044 (9) —0.0015 (3)

% Standard deviations from the full variance-covariance matrix are given in parentheses for the least significant digits. b The form of the
anisotropic temperature factor is exp{—(4°8,, + k2B8,, + [*B35 + 2hkB,5 + 24I8,, + 2kIB,,)].

I

[©

Figure 3. Schematic drawing of the cation, showing ring conformation
and location of metal ion relative to the ring: @, S; A, Mo; O, O.

Mo==0 distance is very typical of Mo!Y==0 distances but is
about 0.1 A shorter than found in the oxo-bridged Mo'¥ dimer
which we have recently characterized as a third product of
this same reaction.? A survey of several oxomolybdenum
complexes in several oxidation states indicates that within a
range of ~0.1 A, Mo!Y=0 bond lengths depend somewhat
on the trans ligand. The stronger the trans ligand, the longer
the Mo™Y=0 bond length seems to be. All of the Mo—S bond
lengths are very similar to those found in the dimeric precursor
molecule T which is a Mo" species, i.e., 2.46-2.48 A. This may

at first appear somewhat surprising, but the cavity of the
macrocycle limits the variability in bond length considerably.
Since both Mo! and MoV evidently fit into roughly the same
sized cavity (allowing for slight differences in ring confor-
mation and out-of-plane location of the metal), one could
reasonably conclude that MoV fits the cavity with room to
spare, although it is unlikely that the cavity is so large as to
allow the ion to “rattle around”. Were it not for the strongly
bonded oxo ligand trans to the SH, this ligand would be
expected to exhibit a shorter Mo—S bond length than is ob-
served. As it is, the Mo!Y-SH distance is 0.015 A Jonger than
the Mo!'-SH distance. All of this points up the difficulty in
assigning “typical” bond lengths without consideration of the
overall bonding picture,

We have not unambiguously found the hydrogen on the
terminal sulfur. As with the precursor complex I however,
we find a small amount of electron density ~0.6 A from the
sulfur atom which may be the best we can expect to do in the
way of finding this hydrogen atom. There is no doubt,
however, that we are not dealing with a doubly bonded sulfide
as a sixth ligand. Recent structural studies on completely
sulfur-coordinated Mo" complexes find the Mo¥==S distances
to be as short as 1.93 A7 but more typically in the range
2.08-2.13 A8°

Apparently because of the ample cavity size, the Mo ion
sits close to the plane defined by the four sulfur atoms of the
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Table IL.¢ lnferatomic Distances (A) and Angles (deg)

Distances
Mo-S(1) 2.484 (2) C(1)-C(2) 1.526 (9)
Mo-S(2) 2.469 (1) C(2)-C(3) 1.511 (%)
Mo-S(3) 2.483 (2) C(4)-C(5) 1.514 (9)
Mo-S(4) 2.476 (1) C(5)-C(6) 1.512 (9)
Mo-8(5) 2.486 (1) C(N-C(8) 1.536 (9)
Mo-0(4) 1.667 (3) C(8)-C(9) 1.517 (9)
S(1)-C(1) 1.818 (7) C(10)-C(11) 1.504 (9)
S(1H-C(12) 1,822 (6) C(1DH-C(12) 1.494 (9)
S(2)-C(3) 1.800 (7) S(6)-C(13) 1.778 (8)
S(2)-C4) 1.813 (6) S(6)-0(1) 1.429 (5)
S(3)-C(6) 1.814 (7) S(6)-0(2) 1.376 (5)
S(3)-C(7) 1.809 (6) S(6)-0(3) 1.429 (5)
S(4)-C(9) 1.804 (7) C(13)-F(1) 1.302(9)
S(4)-C(10) 1.813 (6) C(13)~F(2) 1.361(9)
C(13)-F(3) 1.306 (8)
Angles
S(5)-Mo-5(1) 88.69(5) S(2)-C4)-C(5) 114.6 (4)
S(5)-Mo-S(2) 88.26 (6) C(4)-C(5)-C(6) 115.2 ()
S(5)~Mo~S(3) 87.91 (6) C(5)-C(6)-S(3) 113.0 (4)
S(5)-Mo-S(4) 88.21 (6) S(3)-C(N-C(8) 114.3 (5)
O(4)-Mo-S(1) 91.31(5) C(NH-C(8)-LC(9) 112.9(6)
0O(4)~-Mo-S(2) 91.74 (5) C(8)C(9)-S4) 113.1(5)
0(4)-Mo-S(3) 92.09 (5) S(4)-C(10)-C(11) 114.7 (4)
0(4)-Mo-S(4) 91.79 (5) C(10)-C(1DH-C(12) 115.3(5)
S(1)-Mo-S(2) 89.10(5) C(11)-C(12)~-S(1) 113.9 4)
S(1)-Mo-S(3) 176.59 (5)  O(1)=S(6)-0(2) 112.8 (4)
S(2)-Mo-S(3) 91.05(5) 0O(1)-S(6)-0(3) 110.2 (4)
S(2)~-Mo-S(4) 176.47 (9)  0(2)-8(6)-0(3) 121.0 (4)
S(3)-Mo-S(4) 88.87 (5) O(1)-S(6)-C(13) 101.3 (4)
S(4)-Mo-S(1) 90.77 (5) . O(2)-S(6)-C(13) 105.7 (4)
C(12)-S(1)-C(1) 96.7 (3) 0O(3)-S(6)-C(13) 103.2 (4)
C(3)-S(2)-C(4) 97.3(3) F(1)-C(13)-F(2) 99.8 (7)
C(6)-8(3)-C(7) 96.7 (3) F(1)~C(13)-F(3) 115.5(7)
C(9)~S(4)-C(10) 96.7 (3) F(2)~C(13)-F(3) 101.6 (7)
S(1H)-C(1)-C(2) 112.9 (5) F(1)-C(13)-S(6) 114.9 (6)
C(H-C(2)LC(3) 114.3(5) F(2)-C(13)-S(6) 110.4 (6)
C(2)-C(3)-S(2) 114.0 (5) F(3)~C(13)-S(6) 112.8 (6)
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in cyclic hydrocarbons do not seem particularly applicable
here,!

As with other structures in this series, the CF;SO;™ anion
is the least satisfactory aspect. S—O distances average 1.411
A (range of 0.053A), and C-F distances average 1.323 A
(range of 0.059 A). O-S-O angles average 114.7° (range of
10.8°), and F~C~F angles average 105.6° (range of 15.7°).
Thermal parameters on F and O atoms are substantially higher
than for other atoms in the molecule, indicating high thermal
and/or rotational motion.”

There are no intermolecular contacts or evidence of extended
structure. )

In summary, this structure substantiates our notion that the
molecule is derived from its precursor I by cleavage of the
sulfur bridge and reaction with solvent. It provides another
example of a Mo'¥ complex containing a terminal Mo—S bond
and serves as a prototype for a planar-coordinated monomeric
Mo!V complex of a cyclic polythia ether.
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factors for Mo, S, F, O, C and H were taken from “The International
Tables for X-Ray Crystallography”, Vol. IV, J. A. Ibers and W. C.
Hamilton, Eds., Kynoch Press, Blrmmgham, England 1974,
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