Tris(N-methylthiobenzohydroxamato)metal Complexes

described by Sternglanz et al.?! occurring in barium adenosine 5’-phosphate
heptahydrate where a completely hydrated barium ion is attached to the
adenosine 5’-phosphate moiety only through hydrogen bonds from
coordinated water molecules is not analogous to the above situations.
In fact, such indirect metal-water—anion interactions, where there is not
other direct ligand metal binding, are not uncommon and occur usually
whenever the anion contains suitable hydrogen bonding sites. For example,
in [Mg(H,0)s]H,EDTA"? and [Mg(H,0)6]Cr,07-2(CH,)sN,!* the
Mg(H,0)¢** ion is hydrogen bonded to dihydrogen ethylenediamine-
tetraacetate and hexamethylenetetramine, respectively, although no direct
Mg(II) interactions with HyEDTA or (CH;)¢N, exist.
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The preparation and isolation of tris(N-methylthiobenzohydroxamato)cobalt(III), -chromium(III), -iron(III), and
-manganese(III) are reported. The structures of these four compounds have been determined by single-crystal X-ray diffraction
using automated-counter methods. The complexes are isostructural in the cis configuration, with the metal environment
being a trigonally distorted octahedron, though the manganese complex displays considerable tetragonal distortion. The
twist angle (the projection of the top trigonal face on the bottom one) averages 54.9° for the Co complex, 48.7° for the
Cr, 42.9° for the Fe, and 46.0° for the Mn; these are 60° and 0° for octahedral and trigonal-prismatic structures, respectively.
The M-S bond lengths average 2.203 (3) A for Co, 2.367 (8) A for Cr, and 2.445 (14) A for Fe, while the M—-O bond
lengths average 1.935 (5), 1.976 (6), and 1.990 (5) A, respectively. The axial (tetragonal axis) and equatorial bond lengths
for the Mn—S bonds are 2.584 (1) and 2.339 (15) A and for Mn—O are 2.132(2) and 1.950 (9) A, respectively. The average
S-M-O chelate angles are 87.3 (3), 82.6 (1), 80.1 (2), and 80.6 (11)° for M = Co, Cr, Fe, and Mn. The changes in M-S
bond lengths and trigonal twist angles of the complexes are ascribed to ligand field effects. The structure of Cr(MTB);
(MTB = N-methylthiobenzohydroxamate anion) was solved by direct phasing methods followed by full-matrix least-squares
and Fourier techniques, while the other structures were refined by using atomic coordinates from the Cr complex. Green
crystals of Co(MTB); conform to the space group P2,/n with a = 11.805 (2), b = 12.182 (2), ¢ = 18.230 (4) A, and 8
=92.12(2)% V =12620 (2) A% Z = 4; pyieq = 1.41.and pye = 1.41 (1) g cm™>. Refinement using the 3862 reflections
with F2 > 3¢(F?), with all nonhydrogen atoms given anisotropic temperature factors, gave R = 3.4% and R,, = 4.2%. Green
crystals of Cr(MTB); have a = 11.698 (4), b = 12.080 (3), c = 18.851 (6) A, and 8 = 93.81 (3)°; V' = 2658 (3) A% peaicd
= 1.38 and pyyg = 1.36 (1) g em™. The 3207 reflections with F2 > 3a(F?) gave R = 3.2 and R,, = 4.2%. Violet crystals
of Fe(MTB); have a = 11.668 (2), b = 12.037 (2), ¢ = 19.013 (4) A, and 8 = 94.94 (2)°; ¥V = 2661 (2) A%, pegieq = 1.38
and pgpeq = 1.36 (1) g cm™. The 3070 reflections with F2 > 3¢(F?) gave R = 3.3% and R,, = 3.8%. Green crystals of
Mn(MTB), have a = 11.604 (3), b = 12.044 (3), c = 18.990 (6) A, and 8 = 94.87 (2)°; V = 2644 (3) A% pyiea = 1.39

and pgg = 1.38 (1) g em™. The 3452 reflections with F?2 > 34(F?) gave R = 3.5% and R, = 3.8%.

Introduction

The siderophores are low-molecular-weight compounds
which are manufactured by microbes in order to facilitate the
uptake of ferric iron.3* The insolubility of ferric hydroxide
at physiological pH [(Fe**) ~ 107!® M at pH 7 on the basis
of K, &~ 107%]° and the essential nature of iron for microbial
growth apparently engendered the production of a wide range
of powerful sequestering agents—the siderophores. The
common functional groups in these siderophores are hy-
droxamate, as in ferrichromes® and ferrioxamines,” and ca-
techolate, as in enterobactin.® A potentially new type of chelate
moiety belonging to the siderophore class of compounds came
with the discovery that cupric and ferric complexes of N-
methylthioformhydroxamic acid could be isolated from culture
broths of Pseudomonas fluorescens grown on n-paraffin or
sucrose as the only source of carbon.>!® The three siderophore
chelate groups are shown in Figure 1.

We have reported the preparation and resolution of the
thiobenzohydroxamato complexes of Cr(III), Fe(III), and
Co(I1I),'"! where we predicted the compounds to have a cis
geometry on the basis of their circular dichroism spectra and
physical properties. Subsequently, Murray et al. have reported
electrochemical and magnetic studies of tris(thiobenzo-
hydroxamato)iron(III)'? and the crystal structure of tris-
(N-methylthioformhydroxamato)iron(III),'* which was found

to have the cis geometry. Leong and Bell'* have reported the
synthesis and separation of the geometrical isomers of N-
methylthioformhydroxamate complexes of Cr(III), Rh(III),
and Pt(II). In a contradiction of Murray’s report,'? we have
found that tris(thiobenzohydroxamato)iron(III) is high spin
from 5 K to room temperature and, under suitable conditions,
undergoes reversible electrochemical reduction.!s

High-spin ferric iron and manganic ion are identical in ionic
radius, while chromic and low-spin cobaltic ions are somewhat
smaller.!® The geometries of the metal(III) complexes are of
interest both to characterize the coordination sites of the
siderophore complexes and to determine the fundamentals of
the coordination chemistry of the thiohydroxamate—transi-
tion-metal complexes, including the degree to which other
complexes mimic the naturaly occurring ferric siderophores.
The influence of the d-electron configuration on the coordi-
nation geometry within this isostructural series is a strong
secondary interest. We. report here the preparation and
single-crystal structural analyses of tris(/N-methylthio-
benzohydroxamato)cobalt(III), -chromium(III), -iron(III), and
-manganese(III).

Experimental Section

Sodium N-methylthiobenzohydroxamate was prepared by a method
analogous to that used to prepare the N-unsubstituted acid salt.'” The
tetrahydrofuran adduct of chromic chloride, CrCl,-3THF, was

0020-1669/79/1318-3037$01.00/0 © 1979 American Chemical Society



3038 Inorganic Chemistry, Vol. 18, No. 11, 1979

Table I. Summary of Crystal Data for M(PhC(=S)N(O)CH,),¢

Freyberg, Abu-Dari, and Raymond

M=Co M=Cr M=Fe M =Mn

mol wt 557.60 550.67 554.52 553.61
cell const?

a, A 11.805(2) 11.698 (4) 11.668 (2) 11.604 (3)

b, A 12.182 (2) 12.080 (3) 12.037 (2) 12.044 (3)

¢, A 18.230 (4) 18.851 (6) 19.013 (4) 18.990 (6)

g8, deg 92.12 (2) 93.81 (3) 94.94 (2) 94.87 (2)
cell vol, A3 2620 (2) 2658 (3) 2661 (2) 2644 (3)
dealed, g cm™? 1.41 1.38 1.38 1.39
dobsd & oM™ 1.41 (1) 1.36 (1) 1.36 (1) 1.38 (1)
cryst dimens, mm 0.20 X 0.35 x 0.50 0.15 X 0.35 X 0.60 0.15 X 0.30 X 0.35 0.15 X 0.30 x 0.30
abs coeff y, cm™ 9.1 6.7 8.2 7.4

¢ For all compounds: space group P2,/n; Z = 4 formula units/cell. b Ambient temperature of 23 °C; Mo Kq, radiation (A 0.709 30 A).
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Figure 1. Reaction with ferric ion of the three siderophore chelating
groups: (A) hydroxamate; (B) thiochydroxamate; (C) catecholate.
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prepared by a literature method!® and protected from moisture.
Co-, Cr-, Fe-, and Mn(MTB); (MTB = N-methylthiobenzo-
hydroxamate anion) were prepared by methods analogous to those
used for the N-unsubstituted complexes.!!"'%2! The materials were
recrystallized from chloroform/ethanol solution by slow evaporation.
Crystals suitable for data collection were mounted in glass capillaries.
Densities were determined by flotation in iodoethane/heptane mixtures.

Unit Cell and Diffraction Data

For each crystal, preliminary cell dimensions were obtained by using
the program SEARCH? to obtain the positions of 25 reflections. Laue
symmetry of 2/m was observed for each complex, with A0/, A + [ =
2n, and 0kO, k = 2n, defining the space group as P2,/n (an alternate
setting of P2;/c, No. 14). Crystal data, obtained by a least-squares
fit to the setting angles of 22 accurately centered, high-angle reflections,
are given in Table I.

Intensity data were collected on an Enraf-Nonius CAD-4 automated
diffractometer controlled by a PDP-8/E computer and using
monochromatic Mo Ka radiation. The intensities of a unique sét of
reflections (+A,+k,&/) with 2° < 26 < 50° were measured by using
the -26 scan technique. The duplicates 0,k,~/ were also measured
for Co-, Fe-, and Mn(MTB),, as a check. The 8 scan angle was
calculated as (0.60 + 0.347 tan §)° for Co, Fe, and Mn and (0.70
+ 0.347 tan 6)° for Cr; and an aperture with a height of 4 mm and
a variable width [width (mm) = 2.0 + 1.0 tan @ for Co, Fe, and Mn;
2.5+ 0.5 tan 6 for Cr] was located 173 mm from the crystal. The
scan time was variable, with a maximum of 80 s for Co, Cr, and Mn
and 60 s for Fe. The intensities of three standard reflections were
monitored regularly and showed no significant fluctuations. Three
orientation standard reflections were also monitored and showed no
change in setting angles greater than 0.1° in any axis. An attenuator,
decreasing the intensity of the diffracted beam by a factor of 18.17,
was inserted into the beam when the prescan indicated an intensity
too high for accurate counting (7 > 50000 counts/s).

The data (4722 for Co, 3458 for Cr, 3726 for Fe, and 4410 for
Mn) were reduced to F2 and o(F?) as described previously?>?* and
averaged, giving 4526 independent reflections for Co (R factor for

averaging 196 reflections: 1.4%), 3207 for Cr, 3545 for Fe (R = 1.8%
for 181 reflections), and 4226 for Mn (R = 1,4% for 184 reflections).
The parameter p, introduced to prevent overweighting of the strong
reflections,” was set to 0.03 for Co, Fe, and Mn and 0.04 for Cr.
Lorentz and polarization corrections were made (including a correction
for the polarization of the graphite monochromator), but neither
decomposition nor absorption corrections were considered necessary.

Solution and Refinement of the Structures

Chromium. The positions of the Cr and three S atoms were obtained
by use of the MULTAN® program series, using 300 E values, and these
led to location of all nonhydrogen atoms by standard difference Fourier
and least-squares techniques.?*?” At this point, all hydrogens were
visible in a difference Fourier. After anisotropic refinement of the
nonhydrogen atoms, the phenyl hydrogens were introduced as fixed
atoms (C-H distance 0.97 A, bisecting the C-C-C angle) with B =
5.0 A% and the methyl hydrogens were introduced as rigid groups
(C-H distance 0.97 A, bond angle 109.5°) centered on the methyl
carbons, with B = 7.0 A2, and only the rotation angle about the
nitrogen—~(methyl carbon) vector was allowed to vary. Full-matrix
least-squares refinement with 310 variables, using the 3207 reflections
with F? > 3¢(F?), led to convergence with R = 3.2%, R, = 4.2%,
and E, the error in an observation of unit weight, of 1.48. A final
difference Fourier was featureless.

Cobalt, The positions of the nonhydrogen atoms were obtained
from the isostructural Cr complex, and solution and refinement
proceeded in the same way. Full-matrix least-squares refinement with
310 variables, using the 3862 reflections with £2 > 3¢(F2), led to
convergence with R = 3.4%, R, = 4.2%, and E = 1.58. A final
difference Fourier was featureless.

Iron. Refinement was as for the cobalt complex, using the 3070
reflections with F2 > 30(F?) led to convergence with R = 3.3%, R,
= 3.8%, and £ = 1.36,

Manganese. Refinement was as for the cobalt complex, using the
3452 reflections with F2 > 30(F?) led to convergence with R = 3.5%,
R, = 38%, and E = 1.34.

Tables II-V give the positional and anisotropic thermal parameters
for the nonhydrogen atoms for Co, Cr, Fe, and Mn, respectively, while
the positional and isotropic thermal parameters for the hydrogen atoms
are given in Tables X-XII1.2® Root-mean-square amplitudes of
vibration for the nonhydrogen atoms are given in Tables XIV-XVII,%®
while Tables XVIII-XXI? have listings of the observed and calculated
structure factors.

Description and Discussion of the Structures

A perspective view of Cr(MTB); with the numbering
scheme used (the same scheme is used also for the other
complexes) is shown in Figure 2. Each molecule contains
three five-membered rings consisting of the metal atom and
a thiohydroxamate group. The rings are arranged in the cis
geometry, with the metal atom in approximate octahedral
coordination. The coordination is most nearly octahedral for
Co (a low-spin d® configuration), as expected from ligand field
theory, with Cr and Fe showing an increased trigonal distortion
and Mn (d*) showing a substantial tetragonal distortion. Bond
lengths and angles for the complexes are given in Tables VI
and VII, respectively. Figure 3 is a stereoscopic view of the
molecular packing, again for Cr(MTB);. The molecules are
neutral and well separated, with the nearest nonhydrogen
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Table II. Positional and Anisotropic Thermal Parameters (X10%) for the Nonhydrogen Atoms of Co(MTB),

atom X y z ﬁ“a Bn Baa ﬁu. Bls ﬁza
Co 0.24409 (3) 0.15401(3) 0.43482 (2) 38.8(3) 43.6(3) 18.0(1) -2.0(2) -1.9() 0.4 (2)
S, 0.21746 (7) 0.31226 (6)  0.49067 (4) 56.3 (6) 443 (6) 19.7(2) -10.9(5) 2803 -1.1(3)
S, 0.38855 (6) 0.21639 (7)  0.37447 (4) 46.1 (6) 60.7(6) 18.4(2) 0.1 (5 0.1(3) 7.9-(3)
S, 0.12470 (6) 0.19989 (7)  0.34443 (4) 47.8 (6) 50.0(6) 22.6(2) 11.8 (5) ~7.5(3) —-4.7 (3)
0, 0.1301 (2) 0.0918 (2) 0.4963 (1) 52(2) 48 (2) 257 ~12() 6.8 (9) -5.2(9)
0, 0.3529 (2) 0.1068 (2) 0.5095(1) . 44 (2) 54 (2) 204 (6) ~10(1) ~2.7(8) 8.3(8)
0, 0.2531(2) 0.0106 (2) 0.3887 (1) 56 (2) 50(2) 20.6 (6) 8() ~-8.5 (8) ~1.9 (8)
N, 0.0924 (2) 0.1603 (2) 0.5481 (1) 49 (2) 54 (2) 23.48) -13(2) 5Q) -1(1)
N, 0.4605 (2) 0.1436 (2) 0.5022 (1) 42(2) 37 (2) 20.7 (8) -3 (1) ~4.6 (9) 3D
N, 0.2051 (2) 0.0043 (2) 0.3201 (1) 47 (2) 46 (2) 20.6 (8) 2(2) -2(1) ~3()
C., 0.0144 (3) 0.1050 (3) 0.5972 (2) 89 (3) 85 (3) 41 (1) -39 (3) 27(2) -4 (2)
C., 0.1249 (2) 0.2619 (3) 0.5528 (2) 46 (2) 53(2) 23 (D) -6 (2) 1(1) 0(1)
Cis 0.0869 (3) 0.3350 (3) 0.6117 (2) 66 (3) 57(3) 25 (1) -14 (2) 11 (1) -5()
C, 0.0107 (3) 0.4186 (3) 0.5951 (2) 72(3) 65 (3) 41 (1) ~4 (2) 14 (2) -3(2)
C, —0.02014) 0.4910 (3) 0.6502 (3) 94 (4) 68 (3) 67 (2) ~9 (3) 36 (3) -12 (2)
Cis 0.0238 (5) 0.4817 (49) 0.7184 (3) 138(5) 109 (5) 51(2) -21(4) 40 (3) -3103)
C, 0.0981 (5) 0.3988 (5) 0.7362 (2) 165 (6) 151 (6) 25 (1) —42 (5) 21 (2) ~14 (2)
Cs 0.1308 (4) 0.3240 (3) 0.0825 (2) 117 (4) 91 (4) 27 (1) -4 (3) 8(2) ~1(2)
C., 0.5292 (3) 0.1266 (3) 0.5699 (2) 62(3) 60 (3) 23 (D ~-1(2) ~12 (1) 6 (1)
C,, 0.4908 (2) 0.1909 (2) 0.4420 (2) 44 (2) 35(2) 21.1(9) 2(2) 0(1) 1(1)
C,s 0.6100 (2) 0.2220 (2) 0.4289 (2) 43 (2) 43 (2) 28 (1) -1(2) 4 (1) ~1(1)
C. 0.6312 (3) 0.3227 (3) 0.3965 (2) 54 (3) 50(3) 45 (1) 52 12 2) 10 (2)
C,s 0.7415 (3) 0.3526 (3) 0.3818 (3) 72 (3) 59(3) 75 (2) -4 (3) 29 (2) 21 (2)
Cu 0.8292 (3) 0.2828 (4) 0.3984 (3) 50(3) 86 (4) 82 (4) ~5(3) 26 (2) 13 (2)
C,, 0.8093 (3) 0.1819 (3) 0.4292 (3) 48 (3) 74 (3) - 66(2) 14 (2) 12 (2) 12 (2)
Cis 0.6993 (3) 0.1511(3) 0.4445 (2) 51(2) 51 (2) 43 (1) 1(2) 3(D) 8(2)
C,, 0.2270(3) -0.1014 (3) 0.2852 (2) 82 (3) 48 (2) 31 (Y 13 (2) -3(2) -11(D
C,. 0.1449 (2) 0.0848 (3) 0.2922 (2) 39(2) 57(2) 20.2(9) 3(2) -3(1) -2 (1)
Cys 0.0956 (3) 0.0823 (3) 0.2167 (2) 58 (2) 50(2) 21 (1) 5(2) -6 (1) -2(1)
C,, —0.0197(3) 0.1013 (3) 0.2044 (2) 59(3) 69 (3) 25 (1) -3(2) -9(1) 0
C,, —0.0644 (3) 0.1067 (3) 0.1332 (2) 77 (3) 65 (3) 34(1) -1(2) -23(2) 4(2)
Cie 0.0039 (4) 0.0936 (3) 0.0751 (2) 120 (4) 52 (3) 25 (1) 7(3) -20(2) -2(1)
C,, 0.1164 (4) 0.0749 (3) 0.0862 (2) 119 (4) 92 (4) 20Q1) 23(3) 5(2) ~-2(2)
Cis 0.1633 (3) 0.0697 (3) 0.1571 (2) 72 (3) 95 4) 24 (1) 22(3) ~-1(D) 0(2)

9 The form of the anisotropic thermal ellipsoid is exp[—(8, A% + B;,k% + Bay 1% + 28,8k + 28,01 + 28,,kD].

Figure 2. ORTEP drawing of Cr(MTB),, viewed down the approximate
molecular threefold axis, with the numbering scheme of the non-
hydrogen atoms. The nonhydrogen atoms are drawn at 50%
probability contours of the thermal motion, while the hydrogen atoms
have an arbitrary size.

intermolecular contacts being approximately 3.2 A for each
complex. Figure 4 shows the metal atom coordination
polyhedron, with some of the features tabulated for each
complex. : :

Other features of the molecular geometry of these complexes
such as the dihedral angles between the chelate planes and the
phenyl rings seem essentially independent of the metal co-
ordination and are determined by packing considerations.
Though the thiohydroxamate chelates are close to planar
- (Table VIII®), the distance of the metal atom from the chelate

Ro; A

Figure 3. Sterebscopic packing diagram of Cr(MTB),, with the unit
cell edges shown; b is horizontal, ¢ is vertical, and 4 is into the paper.

plane varies from less than 0.2 to greater than 0.6 A. This
variation is also believed to be due to molecular packing, as
the less hindered tris(/V-methylthioformhydroxamato)iron(III)
complex'? has crystallographic C; symmetry with the Fe atom
0.34 A from the chelate plane.

We have previously reported the structures of tris(cate-
cholato)chromate(IIT) and -ferrate(I11)? and that of tris-
(benzohydroxamato)chromium(III)? and have examined the
structural differences between the chromic and ferric com-
plexes of these two ligands. In the present work we report the
structures of four complexes with the N-methylthiobenzo-
hydroxamate anion and extend a similar comparison. These
MTB complexes exist, both in solution and in the solid state,
in the cis geometry with approximately trigonal symmetry; and
their isostructural nature facilitates comparisons of the
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Table I1I,. Positional and Anisotropic Thermal Parameters (X 10*) for the Nonhydrogen Atoms of Cr(MTB),

atom X y z ﬁ“a B2z B3y Bi, B3 Bas
Cr 0.23815 (4) 0.15663 (4)  0.43438 (2) 44.6 (4) 488 (4) 181 (1) ~-1.2 (3) -1.3(2) -0.5(2)
S, 0.19828 (7) 0.32657 (7)  0.49214 (4) 69.1 (7) 50.1(6) 20.5(2) -10.7(5 3.1(3) -1.7(3)
S, 0.39693 (6) 0.22381 (7)  0.37652 (4) 55.4 (6) 74.0(7) 19.3(2) 0.4 (5) 1.4 (3) 10.3 (3)
S, 0.11321 (7) 0.20371(7)  0.33564 (4) 62.0 (6) 57.5(6) 22.9(2) 17.1 (5) ~7.9(3) -6.2 (3)
0, 0.1252(2) 0.0981 (2) 0.4975 (1) 59 (2) 53(2) 26.0(7)y -15Q1) 8.8 (8) -7.1 9)
0, 0.3579 (2) 0.1120 (2) 0.5068 (1) 47 (2) 58 (2) 21.3(6) -8 (1) -1.4 (7) 8.8 (8)
0O, 0.2391 (2) 0.0118 (2) 0.3857 (1) 66 (2) 51 (2) 21.3 (6) 8(1) ~7.9 (8) -1.6 (8)
N, 0.0953 (2) 0.1619 (2) 0.5518 (1) 55(2) 60 (2) 27.2(9) -15(2) 9(1) -3
N, 0.4672 (2) 0.1461 (2) 0.5011 (1) 42 (2) 43 (2) 217 (D) 0(1) -3.4(9) 2(1)
N, 0.1970 (2) 0.0057 (2) 0.3174 (1) 54 (2) 54 (2) 20.4 (7) 4(2) -1.0(9) -4 (1)
C,, 0.0294 (3) 0.0996 (3) 0.6020 (2) 117 (4) 90 (4) 41 (1) —~44 (3) 36 (2) -6(2)
C,, 0.1224 (2) 0.2659 (3) 0.5564 (2) 50(2) 60 (3) 25 (1) -6 (2) 4(1) =3()
C,s 0.0915 (3) 0.3331 (3) 0.6180 (2) 79 (3) 73 (3) 29 (1) -24 (2) 18 (1) -8(2)
C. 0.0150 (3) 0.4208 (3) 0.6075 (2) 96 (4) 76 (3) 50(2) -9(3) 32(2) -11(2)
C,, —0.0087 (5 0.4870 (4) 0.6645 (4) 154 (6) 84 (4) 81 (3) -22 (4) 72 (3) -28(3)
C 0.0396 (7) 0.4687 (6) 0.7296 (4) 258 (10) 138 (7) 61 (3) -60 (6) 82 (4) ~48 (4)
C,, 0.1166 (6) 0.3819 (6) 0.7408 (3) 246 (9) 174 (7) 28 (2) -61 (6) 32(3) -19(3)
Cis 0.1420 (4) 0.3126 (4) 0.6843 (2) 158 (5) 111 (4 29 (1) -174) 18 (2) -6 (2)
C,. 0.5371 (3) 0.1264 (3) 0.5677 (2) 69 (3) 65 (3) 23 (1) 1(2) -11(1) 6(1)
C,, 0.4983 (2) 0.1938 (2) 0.4435 (2) 47(2) 36 (2) 22.7(9) 2(2) 1(1) 1(1)
C,, 0.6201 (2) 0.2241 (2) 0.4349 (2) 49 (2) 46 (2) 27 (1) -2(2) 5(1) 0
Ca 0.6433 (3) 0.3271 (3) 0.4071 (2) 61 (3) 52(3) 42 (1) 3(2) 15 (1) 7))
C,s 0.7553 (3) 0.3588 (B 0.3987 (2) 78 (3) 64 (3) 64 (2) -10(3) 26 (2) 12 (2)
Cie 0.8437 (3) 0.2862 (4) 0.4158 (3) 53(3) 92 (4) 69 (2) -7(3) 20(2) 9(2)
C,, 0.8210 (3) 0.1830 (3) 0.4407 (2) 53(3) 83 (4) 59 (2) 13(2) 6(2) 5Q)
C,e 0.7097 (3) 0.1508 (3) 0.4504 (2) 59(3) 57 (3) 42 (1) 4(2) 6 (1) 7(2)
C,, 0.2206 (3) —0.1016 (3) 0.2855 (2) 101 (3) 57 (3) 29 (1) 20 (2) ~2(2) -12(1)
C,, 0.1388 (2) 0.0878 (3) 0.2876 (2) 45(2) 58 (2) 23.1 (9 2(2) o ~2(1)
Cy, 0.0945 (3) 0.0834 (3) 0.2123 (2) 71 (3) 52(2) 20.8 (9) 7(2) -2(1) -4 (1)
C,, —0.0209 (3) 0.1017 (3) 0.1958 (2) 76 (3) 81 (3) 26 (1) -2(2) -10 (1) ~3(1)
C,, —0.0629 (3) 0.1065 (3) 0.1253 (2) 110 (4) 70 (3) 36 (1) -12(3) -29(2) 4(2)
36 0.0097 (4) 0.0932 (3) 0.0720 (2) 154 (5) 61 (3) 23 (1) 1(3) -14 (2) -1 (1)
37 0.1231 (4) 0.0741 (4) 0.0875 (2) 162 (5) 89 4) 23 (1) 29 (3) 15(2) -3(2)
38 0.1661 (3) 0.0706 (3) 0.1580(2) 100 (3) 99 (4) 28 (1) 32(3) 3(2) 1(2)
@ The form of the anisotropic thermal ellipsoid is exp[—(8,,h? + 8,,k* + Byal® + 28,0k + 28, 11 + 28,,kD].
Table IV. Positional and Anisotropic Thermal Parameters (X10*) for the Nonhydrogen Atoms of Fe(MTB),
atom x Y z 8..° B2 Bas Bz By Baa
Fe 0.23549 4) 0.15460(4)  0.43564 (2) 42.3 (4) 485 (4) 17.0(D -0.4 (3) -0.9(2) -0.1(2)
S, 0.18115(7) 0.33013 (7  0.49161 (4) 66.9 (7) 47.5(7) 197 (3) —-5.0 (6) 3.3(3) -1.2(3)
S, 0.39943 (7) 0.22562 (8)  0.37918 (4) 50.2(7) 81.0(8) 18.3(3) 0.2 (6) 0.8 (3) 12.7 (4)
S, 0.11408 (7) 0.20895 (8)  0.33080 (4) 65.1(8) 55.1 (7  20.5(3) 17.7 (6) -8.2(4) -4.9 (4)
0O, 0.1288 (2) 0.0961 (2) 0.5022 (1) 59(2) 51(2) 25.1(8) —10(2) 10.4 (9) -7Q)
o, 0.3629 (2) 0.1139(2) 0.5077 (1) 4] (2) 56 (2) 20.6 (7) -6 (1) -0.2 (8) 7.709)
0, 0.2246 (2) 0.0093 (2) 0.3847 (1) 69 (2) 49 (2) 19.8 (7) 9(Q) -8.2(9) -3.0(9)
N, 0.1039 (2) 0.1581 (2) 0.5579 (1) 55(2) 61(2) 24.1(9) -8(2) 9 (1) -1(D
N, 0.4733(2) 0.1456 (2) 0.5022 (1) 42 (2) 44 (2) 18.7 (8) 0Q) -3() 4(D
N, 0.1860 (2) 0.0050 (2) 0.3162 (1) 53(2) 56 (2) 18.6 (8) 3(2) -4 (1) -4 (1)
C,, 0.0482 (4) 0.0912 (4) 0.6100 (2) 132 () 93 (4) 33 (1) —44 (4) 38 (2) -3(2
C, 0.1229 (3) 0.2654 (3) 0.5595 (2) 48 (3) 57 (3) 23 (1) -4 (2) 4(1) -4(1)
C, 0.0966 (3) 0.3306 (3) 0.6227 (2) 84 (3) 63 (3) 30 (D -23(3) 21(2) -10(2)
C. 0.0197 (4) 0.4178 (4) 0.6152 (2) 95 (4) 79 4) 50(2) ~10 (3) 37 (2) -16 (2)
C,. —0.0010 (5) 0.4827 (4) 0.6724 (4) 168 (7) 77 (4 82 (3) -214) 78 (4) —-26 (3)
Cis 0.0551 (8) 0.4611 (6) 0.7366 (4) 291 (12) 141 (8) 60 (3) -81(8) 94 (5) -53(4)
C,, 0.1328 (7) 0.3758 (6) 0.7451 (3) 272 (10) 162 (7) 26 (2) =71(7) 34 (3) -23(3)
Cy 0.1540 (4) 0.3097 (4) 0.6874 (2) 158 (6) 103 (4) 26 (1) —18(4) 16 (2) -8(2)
C,, 0.5440 (3) 0.1250 (3) 0.5686 (2) 64 (3) 59 (3) 19 (1) 0(2) -11(1) 6 (1)
C,, 0.5030 (3) 0.1943 (3) 0.4452 (2) 51(3) 35(2) 20 (1) 1(2) o 3(1)
C,s 0.6246 (3) 0.2246 (3) 0.4370 (2) 47 (3) 46 (3) 22 (1) -1(2) S(1) 1(1)
C,, 0.6476 (3) 0.3279 (3) 0.4086 (2) 59(3) 50 (3) 34 (1) 3(2) 9(2) 6(2)
C,s 0.7588 (3) 0.3603 (3) 0.4007 (2) 80 (4) 59 (3) 49 (2) -12(3) 19 (2) 9(2)
Cy 0.8488 (3) 0.2888 (4) 0.4193 (2) 49 (3) 82 (4) 50(2) -9(3) 14 (2) 0(2)
C,, 0.8268 (3) 0.1851 (3) 0.4452 (2) 48 (3) 79 (4) 46 (2) 15 (3) 5(2) 1(2)
C,q 0.7156 (3) 0.1520 (3) 0.4539 (2) 53(3) 53(3) 35 (1) 2(2) 4 (1 4(2)
C,, 0.2062 (3) ~0.1035 (3) 0.2846 (2) 115 (4) 61 (3) 27 (1) 24 (3) -1(2) -12(2)
C,, 0.1357 (3) 0.0907 (3) 0.2848 (3) 43(2) 55(3) 20 (1) 3(2) -1(1) -4 (1)
Cis 0.0938 (3) 0.0863 (3) 0.2091 (2) 79 (3) 49 (3) 19 (1) 6(2) 0 (1) -3 (1)
C,, -0.0213 (3) 0.1049 (3) 0.1898 (2) 77(3) 74 (3) 25 (1) -5(3) -9 (2) 2(2)
C,s —-0.0612 (4) 0.1096 (3) 0.1188 (2) 119 (5) 72 (4) 32D -15(3) -25(2) 3(2)
C,, 0.0124 (5) 0.0946 (3) 0.0687 (2) 183 (6) 52(3) 22 (1) -7 (4) -14(2) 1(2)
C,, 0.1266 (5) 0.0761 (4) 0.0862 (2) 195(7) 90 (4) 20(1) 40 (4) 21 (2) 1(2)
C,, 0.1681 (4) 0.0725 (4) 0.1572 (2) 105 (4) 101 (4) 26 (1) 33(3) 6(2) 1(2)

% The form of the anisotropic thermal ellipsoid is exp[—(8,, /% + B,,k% + B5,0* + 28,0k + 28,3kl + 28,,kD)].



Tris(N-methylthiobenzohydroxamato)metal Complexes

Inorganic Chemistry, Vol. 18, No. 11, 1979 3041

Table V. Positional and Anisotropic Thermal Parameters (X 104) for the Nonh'ydrogen Atoms of Mn(MTB),

atom x y z B.,° B2z B33 B12 B3 B3
Mn 0.23989(3) 0.15546 (4) 0.43557 (2) 36.7 (3) 49.2 (4) 16.6 (1) ~-14 (3) -0.1(1) 1.2 (2)
S, 0.18051(7) 0.34057 (7) 0.49100 (4) 66.0 (7) 52.0(6) 20.5Q) -6.8 (6) 4.8 (3) 0.2 (3)
S, 0.39686 (6) 0.21650 (7) 0.37785 (9 44.3 (6) 75.1 (8) 17.8 (2) -0.7 (5) 0.8(3) 10.3 (3)
S, 0.11896 (7) 0.20081 (7)  0.33383 (4) 57.7 (6) 549(7) 2122 14.2 (5) -6.4 (3) -4.8 (3)
0, 0.1244 (2) 0.1030 (2) 0.4973 (1) 53(2) 53(2) 241(7)y -13(1) 10.9 8) -7.7(9)
0o, 0.3596 (2) 0.1160 (2) 0.5089 (1) 38 (1) 61 (2) 19.3 (6) -7Q) 0.3(M) 8.3(8)
0O, 0.2280 (2) -0.0023 (2) 0.3845 (1) 62 (2) 57(2) 19.1 (6) 5(1) ~7.8 (8) -1.3(9)
N, 0.1002 (2) 0.1650 (2) 0.5536 (1) 50(2) 59 (2) 23.1(8) -10(2) 9 (1) -2(D)
N, 04711 (2) 0.1473 (2) 0.5035 (1) 36 (2) 42 (2) 19.4 (7) 02 -2.309) 3()
N, 0.1887.(2) —0.0036 (2) 0.3164 (1) 50(2) 52(2) 19.4(7) 5Q) -1(1) -5(1)
C, 0.0438 (3) 0.0975 (3) 0.6052 (2) 119 (4) 78 (4) 35(1) -43(3) 34 (2) -3Q2)
C,, 0.1211 (2) 0.2721 (3) 0.5569 (2) 42 (2) 62 (3) 23(1) ~2(2) 4(1) ~3()
Cis 0.0957 (3) 0.3349 (3) 0.6217 (2) 74 (3) 64 (3) 27(1) -19(3) 18 (1) -7
Cis 0.0189 (3) 0.4229 (3) 0.6160 (2) 87 (3) 73 (4) 47 (2) -10(3) 31(2) -12(2)
Cis 0.0007 (4) 0.4854 (4) 0.6754 (3) 148 (6) 84 (4) 75 (2) —15(4) 72 (3) -22(3)
Cie 0.0581 (7 0.4609 (6) 0.7386 (3) 267 (10) - 127 (6) 52(2) -57(6) 84 (4) -38(3)
Ciy 0.1349 (6) 0.3743 (5) 0.7449 (2) 256 (9) 146 (6) 24 (1) ~53(6) 31(3) -15(2)
Cis 0.1538 (4) 0.3103 4) 0.6861 (2) 150 () 92 4) 28 (1) ~10(4) 17 (2) -6(2)
C, 0.5416 (3) 0.1278 (3) 0.5703 (2) 57(3) 62 (3) 20.0 (9) 3(2) ~10 (1) 7 (1)
C,, 0.5014 (2) 0.1910(2) 0.4452 (1) 43(2) 36 (2) 20.7(9) -1(Q) 1(1) 2(1)
C,s 0.6231 (2) 0.2223(2) 0.4360 (2) 39(2) 42 (2) 22909 -1(2) 4 (1) 0(1)
C,, 0.6441 (3) 0.3244 (3) 0.4068 (2) 48 (2) 53(3) 37(1) 3(2) 12 (1) 7(1)
Cys 0.7565 (3) 0.3577 (3) 0.3979 (2) 68 (3) 62 (3) 53(2) -9(2) 22(2) 11 (2)
Cie 0.8467 (3) 0.2870 () 0.4167 (2) 46 (3) 85 4) 55(2) -9(3) 17(2) 0(2)
Car 0.8266 (3) 0.1838 (3) . 0.4436 (2) 44 (3) 84 (4) 46 (2) 8(2) 2(2) 32
Cus 0.7152 (3) 0.1501 (3) 0.4529 (2) 48 (2) 52 (3) 34 (1) 2(2) 2(1) 5()
Ci 0.2065 (3) -0.1112 (3) 0.2819 (2) 110(4) 64 (3) 29 (1) 25 (3) -3(2) -12(2)
C,, 0.1384 (2) 0.0828 (3) 0.2860 (2) 42 (2) 55(3) 20.1 (9) 9(2) 0(1) -4 (1)
Cys 0.0953 (3) 0.0829 (3) 0.2104 (2) 69 (3) 51(3) 19.9(9) 7(2) -3 -3
Cia —0.0214 (3) 0.1014 (3) 0.1918 (2) 66 (3) 79 (3) 25 (1) -5 (3) -8 (1) 2(2)
Css —0.0624 (3) 0.1068 (3) 0.1215 (2) 98 (4) 71 (3) 33(1) -7(3) -25(2) 4(2)
Cis 0.0110(4) 0.0934 (3) 0.0700 (2) 161 (5) 50(3) 21 (1) -303) ~14 (2) 0 ()
Cs, 0.1262 (4) 0.0756 (4) 0.0868 (2) 164 (5) 91 4) 20 (1) 30(4) 17 (2) 0(2)
Cis 0.1684 (3) 0.0706 (3) 0.1575 (2) 94 (3) 104 (4) 26 (1) 30(3) 7(2) 1(2)
@ The form of the anisotropic thermal ellipsoid is exp[=(8,,h* + 8,k + B5,0% + 28,,hk + 28,501 + 28,,KD].
Table VI. Bond Distances (A) for M(MTB),
M=Co M=Cr M =Fe M =Mn
M-S, 2.2080(9) 2.3843(10) 2.4728 (10) 2.5838(11)
M-S, 2.1989 (9) 2.3595 (11) 2.4280(10) 2.3236 (10) 8
M-S, 2.2007 (9) 2.3586 (11) 2.4335(10) 2.3536(11)
mean? 2,203 (3) 2.367(8) 2.445(14) 2.420(82)
M-O, 1.937(2) 1.986(2) 1.979 (2) 1.958 (2)
M-0, 1.926 (2) 1.965(2) 1.994(2) 1.941 (2)
M-0O, 1.943(2) 1.976 (2) 1.998 (2) 2.132(2)
mean 1.935(5) 1.976 (6) 1.990 (6) 2.011 (61) Metal to cr Fe Mn
meanS-C, 1.718(2) 1.710(3) 1.703(3) 1707 (6) — e v
mean O-N  1.354 (3) 1350(3) 1.348(4) 1.349(8) LR R 0565 0.615  0.645 0.645
mean N-C, 1.467(2) 1.468(2) 1.468 (2) 1.471(2) oh
mean N-C, 1.301(2) 1.303(3) 1.307(2) 1.306(4) M-Sreqr A~ 1.658 1.752  1.800 1.939 1.694
mean C,-C, 1.479(3) 1.484(3) 1485(2) 1487(4) M0, ogs B 1,390 .31 1.3¢5 1.487 1.305
mg“_’éphenyl L3794 13774 . 1.378 3) 1.378 3 8, &S 0.268 0.391 0.445 0.452 0.389
o, deg? 549 487 2.9 4.0

@ The standard deviations in the means are computed from the
larger of the variance, o*(x) = Z(x —x)?*/[n(n — 1)], or the average
standard deviation, 1/0%(x) = =(1/0%(x;)). Where means only are
quoted, all observations (ather than of phenyl C~C bonds) were
within 20 of the mean.

metal-ligand bonding geometry.

Leaving aside Mn(MTB), for the moment (a special case
because of the tetragonal Jahn-Teller distortion) and ex-
amining Co-, Cr-, and Fe(MTB)3, we should first note that
all three complexes have symmetrical d-electron distributions
in the octahedral approximation (Co has the t,,¢, Cr the t,;?,
and Fe the ty,’e,? configuration). Despite this, however, the
trigonal twist angle decreases from 54.9° for Co through 48.7°
for Cr to 42.9° for Fe; this angle is 60 and 0° for octahedral
and trigonal-prismatic structures, respectively (see Figure 4).
Concurrent with this decrease in twist angle, there is an in-
crease in the mean M-S and M-O bond lengths (Table VI)
and a decrease in the mean S-M-0O angle (Table VII). As

Figure 4. Comparison of the metal-ligand coordination geometries
of the MTB complex. The tetragonal axis for the distortion Mn
complex passes through atoms S, and Os: (a) ref 16; (b) metal-ligand
bond length minus the metal ionid radius; (c) difference between M-S
and M-O bond lengths; (d) trigonal twist angle defined in the text
and the above figure. : '

the thichydroxamate chelate internal distances and angles
change very little, except for the mean S-C, distance which
decreases by 0.015 A in going from Co(MTB); to Fe(MTB),,
the decrease in S-M-O angle and trigonal twist angle may,
at least partially, be attributed to the increase in M-S and
M-0O bond lengths.

Two completely geometrical models which are similar in
their predictions have been presented®3! for the detailed
analysis of tris(bidentate ligand) structures. In each the ligand
bite, b (the ratio of the internal ligand chelate distance to the
metal-ligand distance), and the trigonal twist angle, 6, are used
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Table VII. Bond and Dihedral Angles (deg) for M(MTB),

M =Co M=Cr M =Fe M =Mn
$,-M-0, 87.77(7) 82.74(7) 80.23(7) 179.35(7)
S,-M-0, 87.00(6) 82.44(6) 79.72(6) 82.78 (6)
S,-M-0, 87.02(6) 82.49(6) 80.21(6) 79.76 (6)
mean internal 87.3(3) 82.6(1) 80.0(2) 80.6(11)
§-M-0¢
S,-M-0, 174.45 (7) 169.04 (6) 161.53(7) 160.90 (6)
S,-M-0, 173.16 (7) 169.77(7) 166.09 (7) 171.14 (6)
S,-M-0, 176.15 (7) 171.90(6) 167.39 (7) 170.55(6)
S,-M-0, 92.13(7) 94.08(7) 96.77(7) 96.80(7)
S,-M-0; 92.20(7) 93.48(7) 96.54(7) 95.16 (6)
S,-M-0, 95.34(7)  99.10(7) 105.38(7) 100.11 (7
S,-M-S, 93.17(3) 95.67(4) 97.49(4) 99.56 (4)
S,-M-S, 91.45(3) 91.32(4) 88.28(3) 88.46(3)
S,-M-S, 91.42(4) 91.02(4) 88.19(4) 88.62(4)
0,-M-0, 86.19(8) 87.58(8) 86.90(9) 88.61(8)
0,-M-0, 87.09 (9) 89.30(9) 88.90(9) 87.91(8)
0,-M-0, 89.54(9) 93.09(8) 97.50(9) 97.07(8)
mean M-S-C, 96.2(3)  95.6(6)  95.7(l0) 95.6 (22)
mean M-O-N  115.1(3) 117.7(7 120.8(8) 119.1 (10)
mean O-N-C, 111.7(3) 111.6(3) 111.5(5) 111.5(7)
mean O-N-C, 121.5(3) 121.4(3) 120.6(3) 121.3(5)
mean C,-N-C, 126.7(5) 127.0(5) 127.5(5) 127.1(10)
mean S-C,-N 118.9 (3) 119.8(3) 120.2(5) 120.3(9)
mean $-C,-C, 118.7(1) 118.9(2) 119.2(3) 118.5(4)
mean N-C,-C, 122.3(3) 121.3(2) 120.7(6) 121.2(1Q)
dihedral
angle 12 1 6.0 13.4 18.3 22.2
2 8.5 6.6 4.3 6.0
3 11.3 13.7 14.6 15.9
dihedral
angle I1? 1 73.8 67.1 61.8 62.3
2 438 45.0 43.4 45.8
3 567 56.8 60.0 60.8

@ The standard deviations in the means are computed from the
variances, 62(X) = =(x — x)?/[n(n — 1)]. ¥ Dihedral angle I is the
dihedral angle between the M-S-O plane and the S-C,-N-O plane,
for chelates 1-3. Dihedral angle II is the angle between the S-C,-
N-O plane and the phenyl plane, i.e., the torsion angle about the
C,-C, bond, for chelates 1-3.

in describing the variation from octahedral to trigonal-pris-
matic geometry. For catechol complexes an empirical relation
between these two has been presented:® 4 = (-73.9 +
94,105)°. Although this ligand bite model cannot be used
directly for these thiohydroxamate complexes because of the
different M-S and M-O distances, the value of the twist angle
may be seen to be dependent on the ligand bite, since this varies
inversely with the M—L bond lengths. As was seen in the
catecholate structures and is again seen here, a purely geo-
metrical model fails to explain the large change in twist angle
between the Fe and Cr structures accompanied by relatively
small change in ligand bite. Wentworth3? has calculated the
energy loss due to crystal field stabilization for various d-
electron configurations as the octahedral geometry is sys-
tematically distorted toward trigonal prismatic. We ascribe
a large part of the change in twist angle (from 55° for Co to
43° for Fe) to the ligand field effects of the df, d3, and
high-spin d° electronic configurations, whose energy differences
are in the range expected for the distortions observed.?

A different approach of describing the variation from oc-
tahedral to trigonal-prismatic geometries is by using the di-
hedral angles between trigonal faces sharing common edges
of the polyhedron.** The ideal and observed dihedral angles
for M(MTB); complexes are given in Table IX, and these
correspond to Figure 5. It is clear from the data presented
that both the twist angle and dihedral angle treatments are
in good agreement in the positions of the Co, Cr, and Fe
complexes along the D;;—Dj, reaction path, with the Co
complex closest to the perfect octahedral geometry. The
irregularity in the Cr complex is reflected by the ~5° dif-
ference between the dihedral angle at the S;-O, edge and the

Freyberg, Abu-Dari, and Raymond

Table IX. Ideal and Observed Dihedral Angles
(deg) for M(MTB),¢

complex 5ath, 5ath, remaining §
ideal octahedron  70.5,70.5, 70.5,70.5, 70.5,70.5,70.5
70.5 70.5 70.5,70.5,70.5
ideal trigonal 0,0,0 120, 120, 90, 90, 90, 90,
prism 120 90, 90
Co(MTB), 64.1,66.3, 74.1,74.5, 63.8,66.3,67.0,
67.1 74.5 68.1,73.8,75.1
Cr(MTB), 57.7,62.8, 784,79.6, 61.3,63.3,66.2,
63.3 80.1 67.6,72.6,76.5
Fe(MTB), 47.8,59.6, 82.6,83.0, 58.1,59.6,68.1,
60.0 85.5 69.6,72.2,78.5
Mn(MTB), 46.2,64.4, 80.5,82.5, 61.6,62.7,64.5,
64.5 83.2 71.3,72.8,73.6

@ Cf. Figure 5 in this paper and ref 34.

Oy, (Dyg) Dsn

Figure 5. Six-atom family shape characteristics (see text).

other two b, edges. This difference is ~12° in the Fe
complex—which shows a further distortion. In the Mn
complex, which clearly shows a tetragonal distortion along the
S,—0; axis, the above difference is ~18°, In addition, the
dihedral angles at the S;-O, and S,-O; edges are close to the
corresponding dihedral angles in the Cr and Co complexes.

The virtual constancy of the S—C, C-N, and N-O bond
lengths of the rings for each of the metal complexes shows that
no substantial change in internal ligand bonding occurs in the
series Co, Cr, Fe, and Mn. However, there is a dramatic shift
in the difference of the M-S and M—-O bond lengths, as noted
in Figure 4. This difference is only 0.268 A for Co, increases
to 0.391 A for Cr, and is 0.445 A for Fe. Yet the M-O
distances correspond well to ionic radius sums. Thus the
anomaly is primarily in the very short Co—S bond length. All
of the M—S bond lengths are essentially the same as those in
other octahedral complexes containing sulfur ligating at-
oms.>**3 The only possible explanation for the unusually short
M-S bond lengths for low-spin dé, low-spin d°, and (to a lesser
extent).d? metal ion complexes is metal-to-ligand back-bonding
involving 7* orbitals of the sulfur atoms, This results in a
substantial increase of, for example, the Co—S bond order in
the Co(MTB); complex.

The Mn(MTB); complex displays a substantial Jahn—Teller
distortion due to the high-spin d* state. Thus the mean M-S
and M-O bond lengths are not useful for comparison due to
the very large ranges (Table VI, Figure 4). If we calculate
the tetragonal distortion as the ratio of the range of bond
lengths to the mean bond length, Mn has a tetragonal dis-
tortion of 10.2% while Fe has 1.4%, Cr has 1.1%, and Co has
only 0.7%. With the tetragonal distortion, the M—L distances
can be divided into axial [M-S = 2.584 (1), M-O = 2,132
(2), A = 0.452 A] and equatorial distances [M-S = 2.339
(15), M~O = 1.950 (9), A = 0.389 A]. In the axial direction,
where there is direct interaction of the ligand with the an-
tibonding e, electron of the Mn** ion just as there is in the
Fe** complex, the differences in M—S and M-O bond lengths
are nearly the same (0.452 and 0.445 A for Mn and Fe,
respectively). In contrast, in the equatorial directions the
ligands see little interaction with the single (d,2) ¢, electron



Tris(N-methylthiobenzohydroxamato)metal Complexes

but instead a metal electronic configuration substantially the
same as the d> Cr®* ion, and the differences in M-S and M-O
bond lengths are again similar (0.389 and 0.391 A for Mn and
Cr, respectively) In addition to this large tetragonal distortion,
there is a smaller, but significant, distortion that increases in
the series Co, Cr, and Fe. This can perhaps best be seen (Table
VII) as an opening of the S;—~M-S, bond angles (from 93.2
t0 99.6° for Co and Fe, respectively, vs. an average for the
other two S-M-S angles of 91.4 and 88.5°) and the adjacent
0,-M-0, angles (which are 89.5 and 97.1° for Co and Fe,
respectively, vs, an average for the other two O-M-O angles
of 86.6 and 88.2°),

In summary, the structural systematics of the tris(thio-
hydroxamato)metal complexes reported here show (1) met-
al-oxygen bond lengths that correlate well with ionic radii
changes, (2) pronounced decreases in M~S bond lengths due
to back-bonding from t,, filled metal orbitals to =* sulfur
orbitals, (3) an effect of the ligand field stabilization energy
upon the trigonal twist angle of the complex, (4) a pronounced
Jahn-Teller distortion in the Mn complex, which in the axial
directjon is similar to that for the d* Fe complex and in the
equatorial is similar to that for the d3 Cr complex, and (5)
a general similarity of the structures which gradually change
from the highly regular Co complex to the less regular Fe.
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