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ABSTRACT: A new template condensation reaction has been 5E-6
discovered in a mixture of Pt(II), thiobenzamide, and base. Four
complexes of the general form [Pt(ctaPh®),], R = CH; (1a), H
(1b), F (1c), CI (1d), cta = condensed thioamide, have been
prepared under similar conditions and thoroughly characterized by
'"H NMR and UV-vis-NIR spectroscopy, (spectro)-
electrochemistry, elemental analysis, and single-crystal X-ray
diffraction. The ligand is redox active and can be reduced from -1E6 1
the initial monoanion to a dianionic and then trianionic state.
Chemical reduction of la with [Cp,Co] yielded [Cp,Col,[Pt-  -3e6 " " " " :
(ctaPh®™3),], [Cp,Col,[1a], which has been similarly charac- o 03 E-EV vs-lj\élAg*iz 25

terized with the addition of EPR spectroscopy and SQUID

magnetization. The singly reduced form containing [1a]'~, (nBu,N) [Pt(ctaPh®™3),], has been generated in situ and characterized
by UV—vis and EPR spectroscopies. DFT studies of 1b, [1b]'~, and [1b]*~ confirm the location of additional electrons in exclusively
ligand-based orbitals. A detailed analysis of this redox-active ligand, with emphasis on the characteristics that favor noninnocent
behavior in six-membered chelate rings, is included.
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B INTRODUCTION which, analogous to quinones, can exist in three different redox
24,25 . 26
states. Salen- and salan-type ligands, example (c),** can be
redox active through the iminophenolate moiety. In the center
row, (d) is S = 1 [Ni(NacNac),] whose singly oxidized form,
[Ni(NacNac),]*, shows loss of a fractional 0.80 spin from the
ligand and only 0.20 from the metal center.”” A Zn analog can
be electrochemically oxidized by two electrons, and calcu-
lations for that product suggest a triplet state.”” One reduced
Fe complex contains a redox innocent NacNac and two nitrile
ligands. In general, such f-diketiminate ligands can be redox
< ) . . noninnocent if there are reducible groups in the 2- and 4-
chelate rings. The use of noninnocent ligands in many areas of 29 . .
. 4 positions™ whose orbitals extend the 7 system and lower its
research continues to grow, and numerous reviews are The dipvrri . h . 30 Jike the 1
available 2~ 1° energy. The dipyrrin moiety, shown in (e),”” like the larger

Ligands that form six-membered chelate rings can also be pf)rp'hyrir_ls, is 1‘redox %azc%tive, as are the pyrrole rings in Fhe
redox active, although they are less numerous than five- nindigo ligand in (£).""" Example (g) shows the more N-rich

. . 34 e .
membered ones. A concise overview of noninnocent ligands ﬁlg};)rflczlrggor;?lgyrxls hf%iiizarfa}}c)e hﬁ;:ﬁgsblgfemigizlglkie;ortlﬁz
with three-, four-, six-, and seven-membered rings has recentl r .7 36 .

appeared.”” Shown in Scheme 1 is a survey c%f redox—activz homoleptic Zn complex in (i)™ The unusual compound (j)
ligands with six-membered chelate rings, to give an overview of
the chemical diversity in this area, which is not comprehensive
or chronological. As with five-membered chelate rings, a
variety of p-block elements as donor atoms are known. With
O-donors, (a) [Cr(hfac),(pyz),] contains Cr(III), a dianionic
radical hexafluoroacetylacetonate (hfac) and pyrazine li-
gands*"** whereas (b) has two 9-oxidophenalenone ligands™®

Chelating redox-active ligands were first investigated intensely
in the 1960s when the redox activity of dithiolene ligands was
demonstrated and explained."” Isoelectronic catecholate’ and
closely related benzene dimine* and aminophenolate™ ligands
were also studied extensively. A second profusion of research
in redox-active ligands occurred after 2000, when the redox
chemistry of 2,6-diiminopyridine ligands, recognized by
Weighardt,” came to be widely appreciated.” All three of
these large groups of redox-active ligands have five-membered
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Scheme 1. Examples of Redox-Active Ligands That Form Six-Membered Chelate Rings, with References in the Main Text”
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“(a) hfac, (b) 9-oxidophenalenone, (c) salan, (d) nacnac, (e) dipyrrin, (f) nindigo, (g) dihydrazonopyrrole, (h) bi(imidazolylketone), (i)
formazanate, (j) bis(diphenylphosphino)naphthalene, (k), SacSac. The p-block elements that form the chelate ring are highlighted in blue.

with a redox-active P-donor ligand is a precatalyst for H*
reduction, whose DFT studies support significant radical
character for the reduced form of the dppn (bis-
(diphenylphosphino)naphthalene) Iigand.37 Early work with
SAS donor systems included complexes of SacSac ligands,
example (k),” which exhibited redox activity, but have scarcely
been developed to date, perhaps for reasons to be discussed
below.*”~*!

Herein, we report a serendipitous discovery of a new, redox-
active six-membered chelate ring with two S-donor atoms. In
recent years, numerous heterobimetallic lantern (paddlewheel)
complexes with thiocarboxylate ligands were prepared.*”~*
These compounds are of interest as building blocks for quasi-
1D structures including dimers and extended chains with
unusual magnetic’” ™" properties. Thiocarboxylate ligands
have ensured clean preparation in good yields of these
complexes because the soft S donor binds well to soft metals
such as Pt and Pd,***' while the harder O donor binds to a
variety of 3d and s block metals. To develop a greater variety of
building blocks, we decided to change the hard donor from O
to NH. Bimetallic lantern complexes with S*N donor ligands
are known with monothiosuccinimide,” " thioxopiperidi-
none,”* mercaptopyridine,” ™ and thiocaprolactam®**® but
not with thioamides that we are aware.

When previously successful synthetic methods were applied
to SAN donor thiobenzamide, no lantern complexes resulted,
but rather a new Pt-containing compound with new S*S donor
ligands formed by template condensation was obtained.
Control experiments without the 3d metal indicated that it is
not required to form the new Pt(II) compound. This family of
compounds is important because it contains an entirely new

13377

group of redox-active ligands, condensed thioamides (cta),
formed by template condensation, and because the redox-
active ligands form six-membered chelate rings. Herein, we
report the detailed experimental and computational studies of
[Pt(ctaPh®),] (R = CH,, H, F, and Cl), which provide the first
structural characterization of a reduced SAS donor six-
membered chelate ring, and put these results in the context
of other redox-active ligands.

B RESULTS

An analogous synthesis to the thiocarboxylate lantern
complexes was attempted with thiobenzamide, in which 1
equiv each of Pt and a 3d transition metal were added to 4
equiv each of PhC(S)NH and NaHCO;. A deep green color
developed rapidly, and a precipitate formed, which was
recrystallized and shown by single-crystal X-ray diffraction to
be a mononuclear Pt(II) compound with {S,} coordination
from two new bidentate ligands forming six-membered chelate
rings, as shown in Scheme 2. This condensation occurs
reproducibly for four para-substituted starting thiobenzamides
(R = CH, (1a), H (1b), F (1c), Cl (1d)), but only intractable
mixtures were obtained with alkyl substituted thioamides
including thioacetamide ((H,NC(S)CH;);) and 2-phenyl-
thioacetamide (H,NC(S)CH,Ph). Some stabilization of the
central imine N may occur through intramolecular C—H---N
hydrogen-bonding interactions with the ortho H atoms of the
slightly rotated phenyl rings (see structural discussion below).

Based on its composition, we have named this new family of
ligands condensed thioamides, (ctaPh®), with a Ph substituent
on the sp* carbon and a para substituent R on these phenyl
rings. The proposed mechanism of {cta}~ formation is shown

https://doi.org/10.1021/acs.inorgchem.1c01693
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Scheme 2. Synthesis and Unexpected Structure of la—1d

[Pt(ctaPhR),]
R = CHj (1a), H (1b), F (1¢), CI (1d)

KoPtCly
4 9 + 4KHCO;

S 'NH, H,O/Acetone

in Scheme 3. Initial binding of thiobenzamide, deprotonated or
not, to Pt is reasonable. One deprotonated thiobenzamide can
attack the thiocarbonyl carbon atom of an adjacent
thiobenzamide to form a new C—N bond. Subsequent loss
of NH; leads to the six-membered chelate ring and a
monoanionic, bidentate ligand. Complex la was found to
undergo a two-electron reduction with the addition of Cp,Co
in THF to yield [Cp,Col,[1a], [Cp,Col,[Pt(ctaPh®*),].
Both reagents and products are highly soluble in THF, but
careful concentration of the filtrate under reduced pressure and
cooling for several hours at —30 °C results in the selective
crystallization of [Cp,Co],[1a], as dark purple crystalline
plates in 70—80% crystalline yield. Repeated attempts to
prepare and isolate a salt containing the monoanion [Pt-
(ctaPh),]'", [1a]'”, in Scheme 4, were unsuccessful. The
dianion and neutral form do not comproportionate, from
which mixture only the neutral form is successfully isolated.
Both stoichiometric reduction from [Pt(ctaPh®™),] with 1
equiv of [Cp,Co] or [Cp*,Fe] and one-electron oxidation
attempts of [Pt(ctaPh“™?),]*~ with Ag" or [Cp,Fe]* were
unsuccessful. Other experimental data (spectroelectrochemis-
try, EPR spectroscopy), however, indicate stability of this
radical form in situ, as discussed below.

B STRUCTURAL CHARACTERIZATION

The parent compound 1a is 2-fold symmetric with an inversion
center at the square-planar Pt atom. As shown on the left-hand
side of Figure 1, the four Pt—S distances (Table S1) are nearly
equivalent and average 2.2843(7) A and are slightly shorter
than the average Pt—S distance of 2. 40(3) A from ~450
structurally characterized {PtS,} centers.”” The chelating S—
Pt—S angle subtended by the cta ligand is 97.40(2)°, while the
open S—Pt—S angle between two different ligands is 82.60(2)°.
The Pt atom is displaced only 0.007 A from the best {S,} plane
with a 7, value®" of 0, while the torsion angle between the best
{PtS,} plane and its respective chelate {S,C,} is only 4.40°.
Altogether, these parameters indicate a typical planar four-
coordinate environment at Pt.

The metrical parameters within the ligand of la are also
broadly consistent with the Lewis structures shown in Schemes
2, 3 and 5, where there is significant partial multiple bond

character delocalized in the chelate ring. Although the ligand is
drawn with an asymmetric thione-thiolate structure in Scheme
2, all data to date suggest that the ligands are 2-fold symmetric
about their central N atom with all five p-block atoms in the
chelate ring being sp* hybridized. Compound 1a displays four
virtually identical S—C (average: 1.705(2) A) and C-N
(1.324(3) A) bonds, which are clearly intermediate between
that of typical S—C and C—N single (1.82 and 1.47 A) and
double bonds (1.60 and 1.28 A).”

Single-crystal X-ray diffraction (SCXRD) data for compound
1b were of sufficient quality to determine only the connectivity
(Figure S2). SCXRD data for compounds 1c and 1d, shown in
Figures S3 and S4, respectively, allow comparison to the parent
compound 1la, and the core metrical parameters are given in
Table S1. There are no substantial differences in the molecular
cores relating to either the Pt coordination by S or the
structures of the chelate rings. As in 1a, the Pt center and two
chelate rings in 1c and 1d form a delocalized 7 system. The
average torsion angles (deg) between the phenyl rings and the
chelate rings are sufficient such that the phenyl groups are not
strongly conjugated with the chelate rings but are rotated out
of the {PtS,} plane by 19.0 (1a), 32.8 (1c), and 26.7 (1d).
These rotations hinder intermolecular 77—z stacking and
increase the Pt---Pt distances. The shortest intermolecular
Pt--Pt contact in la is 8.9 A, too long for a potential
metallophilic interaction (generally accepted as possible at less
than the sum of two van der Waals radii, 3.44 A for Pt).”> The
shortest Pt---Pt contacts in 1c and 1d are 3.849 and 3.802 A,
respectively, which are less than half the Pt—Pt distance in 1a,
but still not metallophilic.

The doubly reduced compound [Cp,Co],[1a] has slightly
longer Pt—S bonds than its neutral counterpart, with an
average of 2.295(2) A, consistent with a constant Pt(II)
oxidation state and two additional electrons being located in
the chelate ring z-systems and increased occupation of a Pt—S
antibonding orbital. The biggest difference between the neutral
and doubly reduced compounds is the significant bend
between the {PtS,} core and the chelate ring in the latter.
This feature is discussed in more detail below (see Scheme 6)
in the context of the magnetic properties. The S—C and C—N
bonds also increased on average to 1.753(9) A and 1.33(1) A,
respectively. A graphical comparison of the differences in the
intraligand distances for la and [Cp,Co],[1a] is given in
Figure S6. The intraligand S—Pt—S angles decrease from
97.40(2)° in the neutral parent to an average of 94.52(7)°,
while the interligand angles increase to 85.48(7)° from
82.60(2)°.

H NMR AND UV-VIS SPECTROSCOPIES

The 'H NMR spectra for all four compounds show the
expected resonances for the phenyl ring and are consistent
with free rotation of the phenyl rings about the C—C bonds.
The RT electronic absorption spectra of 1a—1d are overlaid in
Figure S7 and show absorbances at the expected energies,

Scheme 3. Proposed Mechanism of Formation of a Single (cta™) Ligand
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Scheme 4. Chemical and Electrochemical Reduction Reactions of 1
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Figure 1. ORTEPs of 1a (left) and the anion of [Cp,Co],[1a] (right). Ellipsoids at 50% level. Hydrogen atoms and [Cp,Co]* cations removed for

clarity.

Scheme 5. Three Redox States of the {cta®} Ligand
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including intense ILCT features between 230—450 nm and
strong MLCT/LMCT ~ 600 nm.®* Because a MLCT process
is a transient version of a chemically induced reduction of the
ligand, the strong MLCT suggests that the ligand could be
chemically reduced by one or more electrons, to form
correspondingly one or more new compounds. Such behavior
was conclusively demonstrated in the synthesis of
[Cp,Co],[1a] and with further spectroelectrochemical char-
acterization below. The RT '"H NMR data for [Cp,Co],[1a]
indicate paramagnetism, which property is described in detail
next.

B MAGNETISM

The magnetic susceptibility of [Cp,Col,[Pt(ctaPh®™),],
[Cp,Co],[1a], was measured at a constant field of 5000 Oe
over the temperature range of 4 to 300 K (Figure 2). The yT

Scheme 6. Orbital Overlaps in Generic 1 (Top and Middle,
LUMO) and [1]*~ (Bottom, HOMO) That Explain AF
Coupling in [1a]*”

+ty
+z
+X
[Pt(cta),]°
LUMO
R R
[Pt(cta),]’ N N
LUMO sideways R R

[Pt(cta),]> %
HOMO %

versus T data, after diamagnetic corrections with Pascal’s
constants, are shown in green, along with the fit (black)
determined with PHL®® Field-dependent magnetization
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Figure 2. Variable-temperature magnetic susceptibility of [Cp,Co],[1a] at S000 Oe.

Table 1. E,;, Values Obtained from Cyclic Voltammetry Experiments of la—1c (2.5 mM) Performed in THF”

complex E,,(17°)°
[Pt(ctaPh“™),] (1a) -0.77
[Pt(ctaPh™),] (1b) —0.74
[Pt(ctaPhf),] (1c) —0.66

Eyp(1P77)" Eyp(13777)" Eyp(14737)"
~118 -193 -229
- 113 -1.87 ~226
~1.10 -191 ~240

“Measured using a 3 mm glassy carbon electrode; v = 100 mV/s; [NBu,][PF¢] = 250 mM E, ), = (E,, + E,)/2. bVolts vs Ag/Ag".
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Figure 3. Cyclic voltammogram of 1a collected in THF using a 3 mm diameter glass carbon working electrode; v = 10 mV/s; [1a] = 1 mM;

[NBu,][PF,] = 200 mM.

measurements performed on microcrystalline [Cp,Co],[1a] at
100 K confirmed the absence of ferromagnetic impurities
(Figure S8). The 4T value is effectively zero below 50 K but
steadily increases to ~0.7 cm®/mol at 300 K. This curve is
indicative of a low-lying triplet state above a singlet ground
state that is dominant at lower temperatures, confirming that
[Cp,Co],[1a] is a diradical at room temperature. The
isotropic exchange coupling extracted from the fit is —76
cm™". Broken symmetry DFT calculations (vide infra) that

predict ] = —102 cm™! are consistent with these data.

B CYCLIC VOLTAMMETRY AND
SPECTROELECTROCHEMISTRY

The cyclic voltammograms of la—lc collected in THF
scanning from 0 V to —3 V featured four independent,
quasi-reversible single-electron redox events (Table 1; Figure 3
and Figure $9). Unfortunately, the limited solubility of 1d
precluded its analogous study. The Randles-Sevcik plots of
la—1c (Figures S11—S13) display linearity and confirm that
the redox events are diffusion-controlled.”® Scans swept in the
anodic direction first were essentially identical and confirmed
the independence of the observed redox events.
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Based on the energy and reversibility of these redox events,
we believe all four to be ligand-based.” The first two quasi-
reversible redox events (E;,,(17°): —0.596 V; E,,(1*7/7):
—1.111 V) correspond to the sequential single electron
addition to each ligand fragment, converting the monoanionic
ligand to a dianionic radical (Scheme S and Figure S10).
Similar processes were proposed for closely related group 10 f-
dithioketonate derivatives M"(S,C,RHR’), (M = Ni, Pd, Pt;
R/R’ = alkyl, aryl).”” As supported by the solid-state structures
of 1a and [Cp,Co],[1a], we propose that addition of the first
electron generates significant changes in the geometry of the
chelate, which increases the energy required to reduce the
second ligand. This barrier leads to two sequential single-
electron reductions rather than a single two-electron reduction.
Similarly, the third and fourth redox events correspond to one-
electron processes to generate trianionic and tetranionic
complexes, respectively (red in Figure S10). These four
redox events were observed for 1a, 1b, and 1c (Table 1, Figure
S9), where the potential at which the first two reduction events
was found to be sensitive to the identity of the ligand para-
substituents (F, H, CHj; see Figure S9). As the electron-
donating ability of the para-substituent increases (e.g, F < H <
CH,), the reduction potentials decrease (~—100 mV shift
from F to CH;).

Encouraged by the quasi-reversibility of the reduced species
on the CV time scale (seconds to minutes), we pursued bulk
electrolysis experiments to characterize the reduced products
of 1a. Spectroelectrochemical studies were conducted on 1a in
THF (0.5 mM) with [NBu,][PFs;] (100 mM) as the
supporting electrolyte using a standard H-cell (Figure S14).
At an applied potential of —1.07 V vs Ag/Ag’, solutions of 1a
gradually changed color from green to purple. During this time,
0.367 C were passed, consistent with quantitative conversion
to a singly reduced product, 1a™. The doubly reduced product,
1a>~ (dark brown), could be accessed from 1la at an applied
potential of —1.49 V vs Ag/Ag* (0.552 C, Figure S15). Spectra
of all three species are shown in Figure 4. Despite the quasi-
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Figure 4. UV—vis spectra of 1a (black), 1a~ (blue), and 1a®>~ (red)
isolated from bulk electrolysis.

reversibility of the third and fourth reductions in the CV
experiments, accessing these using bulk electrolysis proved
challenging due to sample decomposition and instability of the
solvent in the anodic compartment. To date, attempts to
isolate samples of electrochemically generated la~ and la®~
free of working electrolyte have been unsuccessful due to the
similar solubility properties of these species.
Electrochemically generated solutions of 1a~ and 1a*~ were
further characterized by UV—vis and EPR spectroscopies.
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While solutions of 1a~ and 1a>~ both appeared dark purple by
eye, their electronic absorption spectra display features
significantly shifted compared to 1la. This difference was
most evident in the visible region of the absorption spectra
(400—800 nm), where a clear red-shift was observed in the
charge-transfer bands moving from 1a to 1a~ and 1a*>". Similar
red-shifting was observed for a series of homoleptic Pt(II) azo-
iminate complexes.”® In addition to the mentioned charge
transfer bands, absorptions below 400 nm (e.g., intraligand 7
— 7 transitions) were also sensitive to the oxidation state of
1a; however, no clear trend in peak energies for 1a, 1a~, and
1a>~ was found.

No reversible oxidation features were observed in the
oxidative direction up to ~1.0 V. An irreversible feature was
seen in each case at ~0.5 V, which is currently under
investigation. The sulfur-rich character of the HOMO (vide
infra and Figure S) and lack of reversibility may indicate
intermolecular reactivity at S.

B EPR SPECTROSCOPY

The EPR spectra of radicals found in group 10 complexes
coordinated by bis-dithiolato/thiyl and similar ligands have
been extensively documented over the past several deca-
des.”?799775 In particular, Wieghardt, Yellowees, and co-
workers have provided numerous examples of [M(L),]*",
[M(L),]'~ and [M(L),]Jspecies.””>~"® [Pt(L),]" radicals with
significant metal-character often display rhombic (near axial)
spectra with g-values significantly different than that of g, (e.g.,
[Pt(L®),]'": g = 221, 2.06, 1.80; L® = 35-di-tert-
bu‘cylbenzene—1,2—dithiol).7’75_78 In contrast, ligand-centered
radicals display g-values close to g, (2.0023) and often show
hyperfine coupling to heteroatoms. EPR data collected of
electrochemically generated 1a~ (Figures 6 and S16) support a
doublet ground state with rhombic symmetry (g, = 2.007, g, =
2.019, g; = 2.043). Qualitatively, a small amount of hyperfine
coupling was evident in the EPR spectrum of 1a”; however,
spectral resolution was insufficient to quantitatively resolve the
low hyperfine coupling constants. The small g-shifting and
minimal hyperfine coupling are consistent with a carbon- or
sulfur-centered radical, while the anisotropic g-values point to
partial radical delocalization to metal-based orbitals. These
assignments are supported by the results of our DFT
calculations on 1b~, which indicate small, but significant,
contributions of Pt (2.7%) and N (1.0%) to the SOMO. As
anticipated by the magnetometry data in Figure 2, the diradical
species, [Cp,Col,[1a], is EPR silent at 77 K.

B DFT CALCULATIONS

Computational studies with hybrid functionals (details in the
Supporting Information) of 1b revealed that the « HOMO is
located largely on the {PtS,} core, and consistent with our
experimental observations, the @ LUMO is based on the
ligands with little metal contribution (Figure SA,B). The
{PtS,} core comprises 72% of the HOMO, while the
thiocarbonyl groups contribute 69% to the LUMO, where
orbital compositions are based on the CSPA partition (C-
squared Population Analysis).””

Upon reduction of 1b to form 1b~, the resulting electronic
structure contains a SOMO (Figure SC) largely localized on
one of the bidentate ligands. Ligand backbone atoms account
for 90% of the SOMO, while the Pt center contributes only
3%. The contribution of this chelate ring can be further
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Figure 5. (A) HOMO of 1b; (B) LUMO of 1b; (C) SOMO of 1b~; (D) spin density of 1b~; (E) spin density for triplet state of 1b>~; (F) spin

density for broken symmetry solution of 1b*".
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Figure 6. X-band EPR spectrum of (nBu,N)[1a] (0.25 mM, blue
line) in 1:1 THF/MeTHEF collected at 77 K and simulated spectrum
(black line; see the Supporting Information for further details).

decomposed into a composition of 0.8% from the nitrogen,
26% from sulfur, 30% from the thiocarbonyl carbons, and 35%
from the phenyl rings.

Inspection of the spin density (Figure SD) for 1b~ and the
SOMO composition listed above suggest that the thiocarbonyl

groups contain the bulk of the spin density. These thiocarbonyl
groups polarize adjacent atoms, with the remaining atoms
communicating via a spin polarization mechanism. Consistent
with the EPR data of 1a~ (Figure 6), there is little to no spin
density found on N. Unfortunately, all attempts to isolate
crystalline la~ preparatively by chemical or electrochemical
methods have proven unsuccessful.

Moving to 1b*", the computations confirm the magnet-
ization behavior shown in Figure 2, namely, an open-shell
singlet ground state with an excited triplet state that is
accessible at room temperature. The DFT-BS computed
exchange coupling using Yamaguchi’s formalism®”*' is —102
cm™!, which is in fair agreement with the experimental value of
—76 cm™".

The distinct bend seen between the {PtS,} plane and each
chelate ring upon reduction of 1b to [1b]'~ and to [1b]*” in
both the SCXRD and computational results is explained by the
changes in the overlap of the chelate ring molecular orbitals
with Pt, as shown in Scheme 6. As the ligand-based LUMOs
each accept an additional electron, the S—C double bond

Scheme 7. Organic Compounds Related to the {cta"} Ligands

1, HctaPht

D
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I, (ctaPh™),

S—

=0 O

H
N
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oMo 3B

Ill; N-(pyridin-2-yl)benzothioamide

oo

IV, 3,5-diphenyl-1,2,4-dithiazolium
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V, 2,4,6-triphenyl-1,3,5-dithiazine

o

VI, Et(ctaPhH)
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Scheme 8. Approximate Orbital Diagrams (Energy and Orbital Coefficients Not to Scale) for Chelating Ligands with Three,

Four, and Five z-Type Orbitals”

four-membered chelate

3 ligand r-orbitals

“HOMOs are shown in blue, and LUMOs are shown in red.

five-membered chelate

4 ligand n-orbitals

six-membered chelate

5 ligand n-orbitals

character is lost, as shown in the middle of Scheme 4, and the
increased S—C bond lengths (Figure S6). Therefore the S
atoms are, formally, more sp® than sp® hybridized and lose 7
overlap with Pt d,./d,,. The chelate ring LUMO in neutral 1 is
orthogonal to the empty Pt do_, as shown in the top of
Scheme 6, but gains o overlap upon reduction and bending, as
shown at the bottom. Furthermore, this increased interaction
of the two singly occupied 7 systems on the two chelate rings
with the d,2_» orbital provides a direct exchange pathway for
the AF coupling described above. The calculated energies for
the antiferromagnetic coupling as a function of a bend angle
are shown in Figure S23 and clearly indicate increased
coupling with increased bending.

B DISCUSSION

It is striking that the thiobenzamide moiety has received little
mention in the literature. There are only a handful of related
organic moieties derived from thiobenzamide, as shown in
Scheme 7. A 1979 patent describes a series of thioaroylarylth-
iocarboxylic acid amides and their disulfides, IL%* but only one
subsequent publication mentions these compounds.” Thio-
amides with 2-pyridyl substituents, III, have been investigated
for lubricating oils.** The most abundant and closely related
organic compounds to HctaPh are the 1,2,4-dithiazolium salts,
IV, of which several symmetric and asymmetric 3,5-diaryl
species are known.” Compounds with a six-membered 1,3,5-
dithiazine ring, V, are also known.*® In our study, we have
demonstrated that this organic moiety is easily formed under
mild conditions using simple and widely available precursors
(e.g., bicarbonate, thiobenzamide, and metal salts). To the best
of our knowledge, the synthesis of la—1d marks the first

examples of metal complexes containing the condensed
thioamide, HctaPhY, L.

A survey of the organic literature strongly suggests that the
free HctaPh® ligands would be highly susceptible to oxidation
to form an intra- or intermolecular disulfide bond. Consistent
with these expectations, attempts to isolate free H(cta™) via
protonation of 1a—1d, even with strong mineral acids, failed to
generate stable H(cta™). The inability to access free H(cta™)
is comparable to HSacSac, the unstable sulfur analogue of the
ubiquitous and commercially available acetylacetone ligand,
Hacac. Few derivatives have been reported, but a Pd dithio-f-
diketonate complex with tert-butyl substitution, [Pd(S,S-
tmhd),] (tmhd = tetramethyl-3,5-heptanedithione), has been
structurally characterized,” and the ligand-centered electro-
chemistry of these com7plexes has been predicted” and
subsequently reported.””*” Alkylated versions, the thioethers
R(cta™), VI, have been prepared and characterized.*”

One early proposal for the initial lack of redox-active six-
membered chelate rings came from Schrauzer® who suggested
that an odd number of 7-type ligand orbitals favored only a
singly reduced redox state. This argument was qualitative and
was based on the perceived relative energetic differences
between HOMO and LUMO for each of the three common
chelate ligand ring sizes. Three common chelate ring sizes of
potential redox-active ligands are shown in Scheme 8 along
with representations of their ligand 7-type molecular orbitals,
with the 7 electrons filled in accord with closed shell ligand
configurations. Another way to classify chelating redox-active
ligands is not only in terms of the number of atoms in the
chelate ring but alternatively in the number of p-block atoms
whose 7- and #*-type orbitals are the basis of the redox
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activity. From this point of view, a six-membered chelate ring
contains five p-block elements that participate in a 7-bonding
system. Schrauzer argued that the HOMO—LUMO gap in the
“odd” systems, four- and six-membered chelate rings that had
three and five 7-type orbitals, respectively, was too great to
allow ligand reduction for monoanionic ligands such as
acetylacetonate.*’

As became evident in the 1960s, adding one or more
electrons to a neutral dithiolene, ortho-quinone, or diazadiene
five-membered chelate ring (four z-type orbitals in XCCX
ligand, X = donor heteroatom, Scheme 8) caused lengthening
of the X—C bonds (X = p-block donor atom) and shortening
of the central C—C bond as the former increased in single-
bond character and the latter in double-bond character. Both
changes are consistent with increasing occupation of the red
LUMO in the center of Scheme 8. Thus, changes in intraligand
bond distances are a strong indicator of ligand redox changes.
The lack of distance changes, however, does not guarantee a
lack of reactivity.

More recently, the importance of where the nodes are in
redox-active orbitals was emphasized.”” The complex [Ni-
(nacnac),], mentioned above and in Scheme 1, can be
oxidized, and the electron comes from a XCCCX ligand-based
orbital, as shown in blue on the right-hand side of Scheme 8.
That ligand HOMO displays neither strongly bonding or
antibonding character and leads to minimal changes in any of
the intraligand bond distances in [Ni(nacnac),]*. For ligand
electronic structure changes to be detected by single-crystal X-
ray diffraction, there must be significant bonding character in
orbitals from which electrons are removed or significant
antibonding character for orbitals that are newly occupied.

Therefore, it is now clear that if the redox-active orbital is
neither significantly bonding nor significantly antibonding, a
change in its occupation will not be detectable by SCXRD. Such
is the case for oxidation of a six-membered chelate ring,
because the ligand HOMO (blue, at the right in Scheme 8)
displays neither strong bonding or antibonding character,
similar to that described for [Ni(nacnac),]*.”° In contrast,
reduction of such a six-membered ring, as in the case of
[Pt(ctaPh®),], does bring about structurally demonstrable
changes because occupation of the LUMO (red, at the right
in Scheme 8) decreases the S—C bond order, as observed in
the crystal structure changes upon reduction of la to
[Cp,Col,[1a].

Based on the foregoing work, we can see that both the
orbital energy and bonding character in potentially redox-
active ligands play a role in whether or not electron transfer
takes place. For a ligand to be redox active in a reductive sense,
it must have an empty ligand orbital lower than any metal-
based orbital. Likewise, for a ligand to be oxidized, its occupied
orbitals must be higher than any metal ones. It is not the size of
the chelate ring that determines hidden redox-active ligand
character but the electronic structure of the redox-active
orbital. Depending on the particular complex, oxidation or
reduction of the ligand might lead to a stable species. Even
when monoanionic ligands are oxidized to neutral ones, their
Lewis basic nature and chelating character can keep them
bound to a metal center.”’

The four single electron reduction events observed for la—
1d are entirely consistent with this picture. The electronic
structure of the dianionic radical shown on the right-hand side
in Scheme 5 places the unpaired electron density on the C
atoms of the ring, consistent with EPR data and DFT

calculations above. This dianion has less C=S double-bond
character than the monoanion, consistent with the C—S bond
lengthening seen between la and [Cp,Col,[la]. Other
resonance structures that place the radical character on the
central atom of the six-membered chelate ring, based on
possible allowed Lewis structures, have been proposed.”’

Redox-active six-membered chelate rings have been less
often seen to date because the 7* orbitals into which electrons
would go are not the LUMOs of the molecules bearing such
ligands. Two mechanisms to make the 7* orbitals the LUMOs
have been demonstrated in extant examples: (i) substituents
with extended 7 systems that can accommodate additional
electrons”>****3%3%33 or (ji) additional ligands that force a
change in coordination number and drive metal orbital
energies below those of ligand LUMOs and facilitate ligand
reduction.”””” Herein, we report a third and potentially more
general approach. When the donor atoms are S, and not O or
N, the 7* orbitals are lower in energy”" and sufficiently so as to
accept electrons, as we have now observed in the {Pt(cta),}
system.

B CONCLUSIONS

A new template condensation reaction has been discovered
leading to four Pt(II) complexes of the general form
[Pt(ctaPh?),], R = CH; (1a), H (1b), F (1c), ClI (1d), cta
= condensed thioamide. The ligand is redox active and can be
reduced from the initial monoanion to a dianionic and then
trianionic state. A singly reduced species, [1a]'”, containing
[Pt(ctaPh“™),]'~ has been generated in situ and characterized
by UV—vis and EPR spectroscopies. A doubly reduced species
[Cp,Col,[Pt(ctaPh®™),], [Cp,Col,[1a], was prepared, iso-
lated, and shown to have, in the solid state, a singlet ground
state and triplet excited state with ] = —76 cm ™. DFT studies
of 1b, [1b]'", and [1b]*~ confirm the location of additional
electrons in exclusively ligand-based orbitals. These studies and
prior work in the literature demonstrate that several different
molecular factors can favor redox-active ligands. Compared to
O- and N-donor ligands, the 7* orbitals of S-donor ones are
lower than empty metal-based orbitals and can favor redox-
active ligands, if alternative S-based redox chemistry does not
interfere.
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