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Sulfur-rich metal environments are prevalent in metalloen-
zymes! including hydrogenases and CO dehydrogenase and in
hydrodesulfurization catalysis.2 Consequently, the coordination
chemistry of macrocyclic polythioethers has been well defined.?
The most extensively studied of these, 1,4,7-trithiacyclononane,
is a powerful chelating ligand capable of facially capping metal
ions.4 This neutral ligand when complexed to metal ions yields
cationic species. Alternatively, we have prepared monoanionic,
acyclic borates of the form B(CH;SR),~, which are potentially
Cs,-symmetric face-capping ligands. These represent sulfur
analogs of the versatile poly(pyrazolyl)borates first prepared by
Trofimenko.> The thioether ligand will provide a softer coor-
dination sphere for metalions and, consequently, a different metal-
atom environment. Herein we describe the preparation, char-
acterization, and molecular structure of two transition metal
derivatives of the parent ligand RTt,6 fac-(RTt)Mo(CO);-and
(RTt),Fe, and place this new ligand in context with macrocyclic
polythioethers and poly(pyrazolyl)borates.

B(CH,SCHj;),, RTt-, is readily prepared in good yield from
the in situ reaction of an excess of LiCH,SCHj; with BF;Et,O
in THF at —78 °C. The anion is precipitated from aqueous
solutions as its BuyN* salt. [BusN][RTt] is soluble in THF,
CH,Cl;, and CHCI; and has been characterized by 'H, 13C, and
IB NMR spectroscopies.” The !!B spectrum displays a single
resonance at —16.3 ppm relative to BF;:Et;0. This chemical
shift is in the expected region for tetrahedral B bound to aliphatic
substituents, for example, BMe4-, 6 —21.0.8

Addition of 1 equiv of [BusN][RTt] to a THF solution of
(C7Hg)Mo(CO); under Ar results in a color change from orange
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Figure 1. Molecular structure of (RTt)Mo(CO)3~. Thermal ellipsoids
are drawn at the 35% probability level. Selected bond lengths (A) and
angles (deg): Mo(1)-S(1), 2.571(3); Mo(1)-S(2), 2.564(3); Mo(1)-
S(3), 2.577(3); Mo(1)-C(1), 1.926(10); Mo(1)-C(2), 1.944(10); Mo-
(1)-C(3), 1.925(10); S(1)-Mo(1)-S(2), 83.8(1); S(1)-Mo(1)-S(3),
84.0(1); S(2)-Mo(1)-S(3),82.6(1); S(1)-Mo(1)-C(1), 174.2(3); S(2)-
Mo(1)-C(2), 174.7(3); S(3)-Mo(1)-C(3), 172.7(3).

topale yellow over 30 min.? Thevcoresonancesin the IR spectrum
concomitantly move to lower energy, 1899 (vs), 1784 (vs) cm!.
The vco patternis consistent with face-capping tridentate ligation
by RTt~. This bonding mode is confirmed by the 'H NMR
spectrum. There are twodistinct resonances for the CHj protons
which integrate 9:3. The CH, protons also exhibit two signals
of intensity 6:2. Both CH, resonances arequartets resulting from
2Jgy = 4.0 Hz. The spectrum is consistent with a C; symmetry
about Mo with three equivalent thioethers. Clearly, onthe NMR
time scale, the complex is not fluxional so as to equilibrate all
four thioether arms through a ligand exchange mechanism. Such
dynamic equilibration has been observed for the pyrazole groups
in poly(pyrazolyl)borates including [Bpz;],Zn.!® The !B NMR
singlet at & ~17.5 is shifted only 1 ppm upfield from that of the
free ligand. Such a minor shift suggests that the charge
distribution at B does not change appreciably upon complexation
to the Mo(CO); fragment. That the negative charge remains
localized on B is supported by the position of the »co resonances.
(ttcn)Mo(CO);, the neutral thioether analog of (RTtYMo(CO),-,
has vco 1925 (vs), 1815 (vs) cm-!. The 25-30 cm-! shifts to
lower energy observed with the additional charge on (RTt)-
Mo(CO); are only about one-fourth that expected for complexes
which place the charge at the metal.!! The molecular structure
of [BuyN][(RTt)Mo(CO);] as determined by X-ray diffraction
confirms the tridentate, face-capping nature of the ligand, Figure
1.12 Bond angles around the Mo atom define a pseudooctahedral
coordination sphere. The average Mo-S distance of 2.571 A is
significantly longer than that in (ttcn)Mo(CQ); (2.520 A).13 The
average ZMo—S—CHj; of 111° and Z/Mo-S-CHj of 112° support
pyramidalization at S. Additionally, the trigonal faces defined
by the three sulfur atoms and the carbonyl carbons are twisted
with respect to one another by ca. 6.1°.
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Protonation of [BusN][(RTt)Mo(CO);] with HBF4Et,0 in
THF results in immediate formation of the air-sensitive Mo
hydride, eq 1. This reaction is characterized by the diagnostic
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shift to higher energy of »co 2000 (vs), 1910 (vs) cm-!. Shifts
of similar magnitude are observed upon protonation of CpMo-
(CO);-, which yields CpMo(CO);H.!4 The 'H NMR spectrum
confirms the Mo atom as site of protonation (& —4.47).
Reaction of 2 equiv of [BusN][RTt] with [Fe(H,0)s][BF.]2
over several hours in THF results in clean formation of (RTt),Fe
as a microcrystalline, emerald green solid.!> The compound is
soluble in chlorinated hydrocarbons. It is stable to both oxygen
and moisture. The electronic spectrum displays two d—d bands
at 627 (e = 46 M~! cm!) and 441 nm (79). These are assigned
to the transitions '4;, — T, and 'A;; — 1T, respectively.
These data yield calculated values of Dy = 1763 cm! and B =
420 cm1.16 Using Fe!'L, complexes as a benchmark, the ligand
field strength of RTt- is somewhat less than those of both ttcn
(Dq = 2067 cm™!) and tacn (1894 ¢m™'), which form low-spin
complexes. The temprature-dependent 'H NMR spectrum
contains a total of four broad lines for two inequivalent CH; and
CH, environments. The intensities are consistent with three
magnetically equivalent thioether arms per borate bound to Fe.
At 27 °C, the chemical shifts of the unbound thioether protons
are close to those for the free ligand, while those bound to the
Feexhibit contact shifts of 6-7 ppm to lower field. The magnetic
moment of (RTt),Fe was measured in CDCl; using Evans’ NMR
method.!” ' The solution magnetic moment is temperature de-
pendent, witha value of 1.8 ugat27 °C. Thissignificant deviation
from zero (for a fully low-spin electronic state) is responsible for
theappearance of the 'H NMR spectrum. The magnetic behavior
is indicative of a spin—crossover equilibrium between the 14,,
and 5T, electronic states.!® Such equilibria have been observed
for [RBpz;],Fe complexes, for which the room temperature
magnetic moments are dependent upon the identity of the B
substituents.!® For example, [Bpz,];Fe is diamagnetic at room
temperature, while [HB(Me,pz);],Fe is high spin (5.22 ug).
The molecular structure of (RTt),Fe has been confirmed by
X-ray diffraction, Figure 2.20 The molecule contains two
tridentate borate ligands resulting in a Sg-coordination environ-
ment of virtual O, symmetry. The Fe atom occupies a crystal-
lographic inversion center which renders trans thioether arms
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Figure 2. Molecularstructure of (RTt);Fe. Thermalellipsoids aredrawn
at the 35% probability level. Selected bond lengths (A) and angles (deg):
Fe(1)-S(1), 2.295(1); Fe(1)-S(2),2.311(1); Fe(1)-S(3), 2.303(1); S(1)-
Fe(1)-S(2), 87.2(1); S(1)-Fe(1)-S(3), 88.2(1); S(2)-Fe(1)-S(3), 87.7-
(1.

metrically equivalent. The bond angles about Fe are all very
close to those in an idealized octahedron. The average Fe-S
distance of 2.303(2) A is significantly longer than that in the
corresponding cationic (ttcn),Fe?* prepared by Wieghardt (2.250
A).21 Again, all the thioethers are pyramidalized, with the angle
between the CH,—S—CHj plane and the Fe—S vector (Zav) equal
to 121.0°. The disposition of the thioethers is such that each
SCH; vector is canted in the same direction. Presumably, this
minimizes steric interactions between cis ligands: the opposite
orientation would result in overcrowding between CHj groups of
adjacent thioethers. Each methyl group “caps” a single cis sulfur
(S~CHj;, 3.29 A), with a dihedral angle, CH;—S—Fe~S,,,, of less
than 2°, This orientation of the methyl groups may protect the
ligand kinetically from reactions at the coordinated S.

Cyclicvoltammetry performed on CH,Cl, solutions of (RTt),-
Fe shows a reversible one electron couple at +535 mV (vs SCE).
Weassign thisto the metal-centered oxidation, Fe?* /Fe?*. (ttcn),-
Fe* displays a reversible couple at a much higher potential,
+1.39 V, which Wieghardt has attributed to ligand-based
oxidation.2! Theless positive potential of our complex is consistent
with its overall electroneutrality. For example, E,, for Fe*/Fc
is only 55 mV lower than that for (RTt),Fe*/(RTt),Fe.

In summary, we have prepared a new poly(thioether)borate
analogous to the ubiquitous poly(pyrazolyl)borates. RTt~ may
be conveniently synthesized and, therefore, contrasts the poly-
(thioether) macrocycles which are more arduous to prepare. RTt-
serves as a powerful monoanionic ligand capable of forming 1:1
and 2:1 adducts with Mo(CO); and Fe?*, respectively, in which
three thioether arms facially complex the metal, leaving one arm
unbound. The chelate provides a ligand field which is somewhat
weaker than ttcn, as evidenced by the electronic spectrum and
spin state of Tt,Fe. We are currently preparing derivatives of
RTt-, for example B(CH,SPh),~ (R’TtP*-), and MeTt- to vary
systematically the electronic and steric parameters of the
thioethers.
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