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The compounds [(n°-CsHs)Co{SC(H)CRS}] [R = phenyl (1),
pyridin-3-yl (2) or pyrazin-2-yl (3)] have been synthesized
and characterized by elemental analysis, 'H NMR, mass
spectrometry and X-ray crystallography. The variation in the
UV/Vis and redox properties of these compounds alone and
upon acidification has been investigated. In CH,Cl, solution
each compound undergoes a reversible one-electron re-
duction, and the EPR spectrum of each monoanion has been
recorded. In the presence of a 5:1 excess of trifluoroacetic
acid the one-electron reduction of both 2 and 3 occurs at a
less negative potential. The information obtained has been

interpreted with the aid of DFT calculations for [1], [2]Y and
[3]Y (y = 0 or -1) and the monoprotonated forms [2H]”* and
[BH]* (z = +1 or 0), and this has provided insight into the
nature of the redox-active orbitals in these complexes. The
HOMOs and LUMOs of these species are delocalized and
each involves contributions from cobalt, ene-1,2-dithiolate
and R orbitals. The information from the experimental and
theoretical investigations is used to suggest that, for the
pyran ring-opened form of the molybdenum cofactor of
oxygen-atom-transfer enzymes, the pterin may participate in
the redox reactions involved in the catalytic cycle.

Introduction

Molybdenum and tungsten are the only 4d and 5d transi-
tion metals with known roles in biology. With the excep-
tions of the nitrogenases!!! and acetylene hydratase,/?! vir-
tually all of the Mo- and W-containing enzymes may be
viewed as catalyzing a two-electron redox reaction that in-
volves the transfer of an oxygen atom to or from a substrate
X or XO, see Equation (1).

XO + 2H* + 26 == X + H,0 1)
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Biochemical investigationst®! and X-ray crystallographic
studies*! have established that, in the active sites of these
enzymes, the metal is coordinated by one or two molybdo-
pterin (MPT) ligands (Scheme 1).
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Scheme 1. Ring-closed and ring-opened forms of molybdopterin
(MPT).

MPT, which is uniquely found in these enzymes, has a
tricyclic structure consisting of a bicyclic pterin ring fused
to a pyran ring that incorporates a CH,OPOs>~ or CH,O-
PO,(OR) group (R = nucleotide) and an ene-1,2-dithiolate
(dithiolene) unit, which coordinates the metal.32-]

The Mo-containing enzymes have been classified into
three families on the basis of the nature of the Mo coordi-
nation sphere at the active site in the oxidized (MoV?") form
of the enzyme.[¥) Members of the xanthine oxidase family
each possess one MPT ligand coordinated to a fac-
MoVYIOX(H,0) (X = O or S) centre, members of the sulfite
oxidase family each possess MPT coordinated to a cis-
MoVY'0, centre, which is also bound to a cysteinyl residue
and H,O, and members of the DMSO reductase family
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each possess a Mo centre coordinated by two MPTs, a Mo
=X (X = O or S) group plus the donor atom of an amino
acid residue. Spectroscopic studies® have shown that the
two-electron oxygen-atom-transfer (OAT) reaction [Equa-
tion (1)] catalyzed by these enzymes involves the cycling of
the metal centre between the Mo'Y and MoY! oxidation
states. In addition, the MoV state can be readily generated
in many Mo-containing enzymes; studies of, for example,
xanthine oxidase!”l and sulfite oxidasel®! have probed the
relevance of this state in the catalytic cycles of these
enzymes. The interpretation of the structural and spectro-
scopic studies of the catalytic centres in Mo- and W-con-
taining enzymes has been greatly assisted by complemen-
tary investigations on a wide range of synthetic Mo and W
ene-1,2-dithiolate complexes, and studies of the properties
and reactions of chemical analogues of the catalytic centres
of these enzymes have provided significant insights into the
role of the metal centre in the catalysis of OAT by Mo- and
W-containing enzymes.!!

Although the roles of the Mo or W centres of Mo- and
W-containing enzymes in the catalysis of OAT are well
understood, the role of MPT remains to be defined. In the
majority of the crystallographic characterizations of these
enzymes, MPT exhibits extensive hydrogen bonding within
the protein matrix, which might influence the geometry of
the coordination sphere of the metal centre at the active
site. Pterins are redox-active and may be obtained in the
fully oxidized, dihydro or tetrahydro forms. The form of
MPT that is found most frequently in the active sites of
Mo- and W-containing enzymes characterized by X-ray
crystallography involves a closed pyran ring, and the con-
formation resembles that of a tetrahydropterin. However, a
form of MPT in which the pyran ring is open (Scheme 1)
has been identified in the crystal structures of the nitrate
reductase A from Escherichia coli'® and ethylbenzene de-
hydrogenase from Aromatoleum aromaticum.''l In the
pyran ring-opened form of MPT the pyrazine ring of the
pterin is conjugated to the ene-1,2-dithiolate unit;!'?! this,
together with the redox non-innocence of the ene-1,2-di-
thiolate group,3! could imply that electron transfer to or
from the substrate might involve the metal centre, the ene-
1,2-thiolate unit and components of the pterin ring.!'* In
support of this view, an examination of the conformations
of the pyranopterin units in 102 MPT-containing X-ray
crystal structures has suggested that the redox chemistry
associated with this unit could support the catalytic func-
tion of the active sites of the Mo- and W-containing en-
zymes.'3] However, the instability of MPT outside of the
protein matrix has, so far, prevented any direct study of the
properties and redox chemistry of this moiety.l'®! Further-
more, the synthesis of MPT represents a major chemical
challenge and, although significant advances have been re-
ported,['4e17 further work is still required. In their synthetic
studies,'72171 Joule, Garner et al. used [(n°>-CsHs)Co]** as
the metal centre, with the organic framework being bound
to this through its ene-1,2-thiolate group.!'4e-172.17h Thjg
strategy avoided complications associated with the chemis-
try of [Mo™OJ**, [MoYOP** and [MoY'O,]** centres, in-

Eur. J. Inorg. Chem. 2015, 3550-3561

3551

cluding unwanted dimerization reactions. [(n°-CsHs)Co]**
has the added advantage that it is a redox-active metal cen-
tre and undergoes a reversible one-electron reduction.!'8]
Thus, the properties of [(n°-CsHs)Co(dithiolene)] com-
plexes facilitate investigations of how variations in the na-
ture of the dithiolene ligand modulate the inherent redox
characteristics of the metal centre and, thereby, determine
the redox properties of the complex, information of rele-
vance to the potential role of MPT in the catalytic function
of Mo- and W-containing enzymes.

In this paper we describe the synthesis, structural charac-
terization, electrochemical and spectroscopic investigations
of [(n°-CsHs)Co{SC(H)CRS}] [R = phenyl (1), pyridin-3-
yl (2) or pyrazin-2-yl (3)] compounds and present DFT cal-
culations to provide a qualitative interpretation of the infor-
mation obtained. Particular attention is paid to the varia-
tion in the redox and UV/Vis and EPR spectroscopic prop-
erties of 1, 2 and 3 in solution and of 2 and 3 in the presence
of an excess of trifluoroacetic acid (TFA). The changes in
the spectroscopic and redox properties of these compounds,
which each possess a simplified asymmetric ene-1,2-dithio-
late ligand that replicates aspects of a ring-opened MPT
ene-1,2-dithiolate ligand system, are assessed as the R sub-
stituent is varied and upon acidification, with the aim of
providing insights into the nature of the redox-active orbit-
als in these complexes.

Experimental Results

Syntheses

Each of the [(n°-CsHs)Co{SC(H)CRS}] compounds [R
= phenyl (1), pyridin-3-yl (2) and pyrazin-2-yl (3)] was
prepared by treating [(n°-CsHs)Co(CO)I,] with the appro-
priate ene-1,2-dithiolate generated by base hydrolysis of the
corresponding thione-protected 1,3-dithiolate (Scheme 2).
Compound 3 was prepared from 4-pyrazin-2-yl-[1,3]di-
thiolene-2-one, which was itself synthesized from acetylpyr-
azine in three steps: (a) bromination of acetylpyrazine with
2-pyrrolidinone hydrotribromide in THF, (b) treatment of
2-pyrrolidinone hydrotribromide with potassium O-iso-
propyl carbonodithioate to yield O-isopropyl-S-[2-0x0-2-
(pyrazin-2-yl)ethyl] carbonodithioate, and (c) cyclization of
O-isopropyl-S-[2-ox0-2-(pyrazin-2-yl)ethyl] carbonodithio-
ate in perchloric acid.

The structural, spectroscopic and electrochemical data
for 1, 2 and 3 reported here are consistent with the formula-
tion of each compound as [(n°-CsHs)Co{SC(H)C(R)S}]. In
the '"H NMR spectra the relative chemical shifts of the H®
resonance — 9.01 ppm for 1, 9.00 ppm for 2 and 9.55 ppm
for 3 — are consistent with the nature of the ligands in re-
spect of: (i) inductive effects, and (ii) the relative ability of
the aromatic substituent to stabilize a resonance form in
which a positive charge is localized at the C atom carrying
the dithiolene proton. A similar order in the chemical shift
of the H® resonances has been recognized previously for
[MO(ene-1,2-dithiolate),]> (M = Mo, W) complexes.[°]
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Scheme 2. Route used for the syntheses of [(1°-CsHs)Co{SC(H)-
CRS}] [SC(H)C(R)S, R = phenyl (1), pyridin-3-yl (2), pyrazin-2-yl
(3)]- The numbering schemes for the various ligand substituents
have been used in the assignment of the 'H and *C NMR spectra
of these compounds.

Structural Characterization

The structures of 1, 2 and 3 have been determined by X-
ray crystallography (see Table 1); in each case, the results
obtained (Figure 1) are consistent with the corresponding
molecular details shown in Scheme 2.

The {(n3-CsHs)Co(SCCS)} centres of 1, 2 and 3 are sim-
ilar in nature and exhibit Co-S, C-S and dithiolene C-C
interatomic distances in the ranges of 2.1025(12)-
2.1224(11), 1.709(4)-1.729(4) and 1.363(3)-1.367(7) A,
respectively. Each {Co(SCCS)} unit is essentially planar,
with the maximum displacement from the mean plane being
=0.013(1) A and the fold angle between the planes defined
by Co(1)S(1)S(2) and S(1)C(1)C(2)S(2) being =1.79(14)°
(Table 1). These metrical parameters, together with the
interbond angles (Table 1), correspond to those of other
compounds  containing the  {(n°-CsHs)Co(SCCS)}
unit.[18¢201 The essential equivalence in the lengths of the
Co-S and C-S bonds in 1, 2 and 3 suggests that the
asymmetric nature of the ene-1,2-dithiolate ligand does not
significantly affect the nature of the metal-ligand interac-
tions. The pendant phenyl and pyridin-3-yl rings in 1 and 2
are each twisted out of the plane defined by the C(1), C(2),
S(1) and S(2) atoms [¢ = 41.3(2) and 34.00(9)° for 1 and 2,
respectively], whereas in 3 the pyrazin-2-yl ring is essentially
coplanar with the SCCS unit [¢ = 1.9(2)°].

N(1)

Figure 1. The molecular structures of (a) 1, (b) 2, and (c) 3, with
the H atoms omitted for clarity. Thermal ellipsoids are plotted at
the 50% probability level.

An important aspect to the nature of a dithiolene com-
plex is the “non-innocence” of this ligand, the two extreme
forms being the ene-1,2-dithiolate (‘S-C=C-S") and the di-
thioketone (S=C-C=S).2!] Thus, the lengths of the C-C
and C-S bonds can be used to comment on the nature of a
dithiolene ligand in a complex. For sp*-hybridized carbon
atoms, typical bond lengths are: C-C 1.43-1.48, C=C 1.30-
1.36, C-S 1.71-1.75, and C=S 1.67-1.68 A.122 Thus, the
lengths of the C-C [1.363(3)-1.367(6) A] and the C-S
[1.705(2)-1.729(4) A] bonds of the ligands in 1, 2 and 3 are

Table 1. Selected bond lengths and interbond, metalladithiolene fold (6) and ene-1,2-dithiolate/aromatic ring plane (¢) angles for 1, 2 and

3.

) 1 2 3
Bond lengths [A] Exp. Calcd. Exp. Calcd. Exp. Calcd.
Co(1)-S(1) 2.1174(12) 2.129 2.1110(6) 2.131 2.1025(12) 2.132
Co(1)-S(2) 2.1224(11) 2.137 2.1195(6) 2.136 2.1092(12) 2.219
S(1)-C(1) 1.711(4) 1.715 1.705(2) 1.716 1.709(4) 1.707
S(2)-C(2) 1.729(4) 1.742 1.7280(19) 1.743 1.724(4) 1.738
C(1)-C(2) 1.367(6) 1.368 1.363(3) 1.367 1.366(6) 1.365
Bond angles [°]
S(1)-Co(1)-S(2) 91.09(4) 91.0 91.53(2) 91.0 91.26(4) 91.1
Co(1)-S(1)-C(1) 105.16(15) 105.1 105.02(7) 105.1 105.83(14) 104.9
Co(1)-S(2)-C(2) 106.04(14) 105.9 105.30(7) 105.9 105.64(14) 105.8
S(1)-C(1)-C(2) 120.6(3) 121.1 120.47(15) 121.0 119.2(3) 121.1
S(2)-C(2)-C(1) 117.1(3) 116.9 117.68(15) 117.0 118.1(3) 117.2
01°] 0.82(13) 0.15 0.69(6) 0.06 1.79(14) 0.21
o [°] 41.3(2) 34.95 34.00(9) 33.71 1.9(2) 4.93
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consistent with the ene-1,2-dithiolate form of the dithiolene
in these complexes. Therefore, to a first approximation, 1,
2 and 3 may be formulated as [(n3-CsHs)Co"(ene-1,2-di-
thiolate)] complexes.

UVI/Vis Spectroscopic Properties of 1, 2 and 3 in CH,Cl,
and of 2 and 3 in the Presence of an Excess of
Trifluoroacetic Acid

The UV/Vis spectra of 1, 2 and 3 in CH,Cl, solution
are shown in Figure 2. Each spectrum is dominated by two
absorptions at ca. 17000-17100cm™' (¢ = 6600—
9100 M 'cm™) and 34000-34400cm™' (¢ = 23000-
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Figure 2. Observed (bottom panels) and calculated (DFT, upper
panels) UV/Vis spectra of (a) 1, (b) 2, and (c) 3 in CH,Cl,, together
with the corresponding information for (b) 2, and (c) 3 in CH,Cl,
in the presence of a 5:1 excess of TFA. All spectra were recorded
at 298 K.

Eur. J. Inorg. Chem. 2015, 3550-3561

3553

30000 M 'cm™!) with other absorptions between 24300 and
29400 cm™! (¢ = 1500-7800 M 'cm™") appearing as shoul-
ders on the higher-energy band.

The changes in the UV/Vis spectra of 2 and 3 in CH,Cl,
in the presence of a 5:1 excess of TFA are also shown in
Figure 2. Upon protonation the absorptions at 17100 cm™!
(¢ = 88009100 M 'cm™!) and 34000-34400 cm™' (¢ =
3000026400 Mm'cm™!) in both 2 and 3 show modest shifts:
in 2 to 17400 (¢ = 1000 v 'cm™) and 34000 cm™! (¢ =
32000 M tem™), and in 3 to 17400 (¢ = 1000 M 'cm™!) and
34000 cm ! (¢ = 32000 M 'cm!). In addition, both spectra
develop a broad absorption between 26700 (¢ =
7800 M 'cm!) and 22300 cm™! (¢ = 7600 M 'cm ™).

Electrochemical and UV/Vis Spectroelectrochemical
Properties of 1, 2 and 3 and of 2 and 3 in the Presence of
an Excess of TFA

The cyclic voltammograms of 1, 2 and 3 in CH,Cl, solu-
tion containing [NnBuy][BF4] (0.4 M) as the background
electrolyte and of 2 and 3 in this medium plus a 5:1 excess
of TFA were each recorded at 298 K. As in the cases of
other [(n’-CsHs)Co(ene-1,2-dithiolate)] complexes,!?0h-23]
each compound exhibited a reversible, one-electron redox
couple in the range from —1.09 to —1.20 V versus Fc*/Fc
(Figure 3, Table 2).

20 pA]

-1.6

-1.2 -10 -08 -06 -04 -02
Potential / V vs [Fc]'/[Fc]

-1.8 -1.4

Figure 3. Cyclic voltammograms of (a) 1, (b) 2, and (c) 3 (1 mm,
solid lines) in CH,Cl, containing [NnBu4][BF,] (0.4 M) as the back-
ground electrolyte and of (b) 2, and (c) 3 (1 mM) in this medium
with a 5:1 excess of TFA (dotted lines). The information was re-
corded at 298 K with use of a glassy carbon working electrode,
a Pt wire secondary electrode and a saturated calomel reference
electrode; potentials are expressed versus the [Fc]*/[Fc] couple.

The generation of the monoanions of 1, 2 and 3 was
investigated by UV/Vis spectroelectrochemistry. In each
case the one-electron reduction was accompanied by the
observation of isosbestic points, consistent with reduction
proceeding with no long-lived intermediates or transition
states, to generate the monoanions [1], [2] and [3]. At
273 K this reduction was chemically reversible (Figure 4,
Table 3). The most significant spectroscopic changes in-
volved a decrease in the intensity of the absorptions at ca.
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Table 2. Potentials (vs. [Fc]*/[Fc]) observed for the reduction of 1,
2 and 3 (1 mm) in CH,Cl, containing [NnBuy][BF,] (0.4 m) as back-
ground electrolyte and of 2 and 3 (1 mm) in this medium with a 5:1
excess of trifluoroacetic acid (TFA) at room temperature.

E\» (AE) E.f° E? AE (Fc*/

Fc)

1 —-1.20 (0.08) 0.08

2 —-1.15 (0.09) 0.09

3 —-1.09 (0.08) 0.08

2 + excess -1.04 -0.94 0.09

TFA

3 + excess -0.63, -0.85 -0.56 0.08

TFA

17000-17400 and 34000-34400 cm ! and an increase in the
intensity of absorptions at 22900-25900 and 31100-
31300 cm L.

(C)

l
A

Abs. /Arb. Units

Abs. /Arb. Units
o
s N
" " L " L " 1

Abs. /Arb. Units

Energy /10°cm’™

Figure 4. UV/Vis spectroscopic changes that accompany the elec-
trochemical one-electron reduction of (a)1, (b)2, and (c)3 in
CH,Cl, containing [NnBuy][BF,] (0.4 m), recorded at an optically
transparent electrode at 273 K.

The redox behaviour of 2 and 3 is significantly different
in the presence of a 5:1 excess of TFA (Figure 3). Thus, the
one-electron reduction of both 2 and 3 occurs at a more
positive potential: 2 exhibits a reduction process at E,° =
—1.04 'V coupled to a reoxidation at E,* = -0.94 V (vs. Fc*/
Fc), and 3 exhibits successive reduction processes at E,° =
-0.63 and -0.85V vs. Fc*/Fc coupled to a reoxidation at

o' = —0.56 V. Similar shifts in potentials have been ob-
served for [(n°-CsHs),Mo{S,C(H)C(R)}] (R = pyridin-2-yl,
pyridin-3-yl or pyridin-4-yl) in the presence of HBF,
etheratel®! and for [(n°-CsHs)Co{S,C,H(quinoxalin-2-yl)}]
in the presence of TFA.[> For the latter compound, two
redox processes clearly developed, at —0.33 and —0.56 V vs.
SCE, each being attributed to the one-electron redox couple
of an isomer of the parent molecule formed by protonation
of an N atom of the quinoxalin-2-yl ring. By analogy, the
processes observed for 3 in the presence of an excess of TFA
are assigned to a one-electron redox couple of one of the
two isomers of [3H]* that involve protonation of a pyrazin-
2-yl ring N atom.

Investigations of the redox properties of 1 in the presence
of an excess of TFA were not undertaken because 1 un-
dergoes coupling reactions under acidic conditions to gen-
erate dinuclear Co-containing products.[!84]

EPR Spectroscopic Studies of the Monoanions of 1, 2 and
3

X-band EPR spectra were recorded at 77 K for electro-
chemically generated [1], [2] and [3] in DMF solution
containing [NnBuy][BF4] (0.2 M). The nature of the EPR
spectra of these anions was essentially invariant (Figure 5)
and each possesses features that are characteristic of those
reported for other [(n°-CsHs)Co(ene-1,2-dithiolate)]
species.[?38:230-26] The EPR spectrum of [1]- was simulated
with rhombic spin Hamiltonian parameters (Figure 5)
based on the assumptions of the unpaired electron coupling
with the *°Co (I = 7/2, 100%) nucleus and a coincidence of
the principal g- and A-tensor axes. The latter assumption is
an approximation, given the low symmetry of the Co centre,
and a full interpretation of these EPR spectra, particularly
the high-field features, must await single-crystal and/or
multifrequency EPR experiments.”® Nevertheless, the
interpretation of the experimentally measured spectrum re-
quires a value for the 433 hyperfine coupling to the *Co
nucleus that is similar to those of other [(1n°-CsHs)Co(ene-
1,2-dithiolate)] anions, including that derived from a di-
thiolene-pendant to a 18-membered S;/N, macrocyclic ring
(g1 = 1.993, g5, = 2.043 and g33 = 2.246; 4,; = 30, A, =
15.5 and 433 = 89 G),*®! [Co(NO){S,Co(CN) )] (giso =
2,063, Aio = 31.9G), [Co(NO){S,Co(CFa)a}o]l™ (giso =
2.059, Ai, = 32.9G) and [Co(NO)(S,C,Phy),] (giso =
2.050, Ao = 29.4 G).21 These values of hyperfine cou-
plings are consistent with a SOMO that involves a relatively
small contribution from Co-based orbitals (vide ultra).

Table 3. UV/Vis spectroscopic changes that accompany the electrochemical reduction of 1, 2 and 3 in CH,Cl, containing [NnBuy][BF,]

(0.4 M), recorded at an optically transparent electrode at 273 K.

Neutral [X 10% cm™]

Reduced [X 10° cm™!]

Isosbestic points [X 10° cm™!]

1 17.0, 29.4, 34.4 25.9, 31.3, 34.8, 39.0 32.3, 36.7
2 17.1, 24.9, 29.2, 34.4 25.1, 31.1, 34.6, 40.0 32.1, 36.7
3 17.4, 26.7, 34.0 229,258, 31.1, 379 19.3, 26.3, 28.6, 32.1, 36.5
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Figure 5. X-band EPR spectra of (a) [1], (b) [2] , and (c) [3] elec-
trochemically generated from 1, 2 and 3, respectively, in DMF solu-
tion containing [NnBuy][BF,] (0.2 M) at 77 K. The simulation of
the EPR spectrum of [1] was achieved with the spin Hamiltonian
parameters g1, = 1993, g, = 2.039 and gz3 = 2.230, |4,;| = 27, |45,
=3 and |433] = 97X 10*cm™!, with linewidths W, = 39, W», =
28 and W33 = 30 MHz. Fluid solution spectra are shown in Fig-
ure S1 in the Supporting Information and were simulated with g,
=2.092 and |4;s| = 37X 104 cm L.

DFT Calculations and Discussion

We have undertaken DFT calculations for [1}*, [2]” and
[BF (» = 0 or —1) and the monoprotonated forms [2H]* and
[B3HF (z = +1 or 0) to provide a qualitative description of
the structure and bonding within these complexes and to
provide a framework for interpretation of the spectroscopic
and electrochemical properties of 1, 2 and 3 in the absence
and in the presence of TFA (vide ultra). For [3H]* we exam-
ined one protonated form, which involves protonation at
the N(1) position (see Figure 1). Models of [1}, [2]" and
[P (v = 0 or —1) and of [2H]* and [3H]* (z = +1 or 0) were
constructed from the experimentally determined crystallo-
graphic co-ordinates for 1, 2 and 3 before being geometry-
optimized in the gas phase. Selected bond lengths and in-
terbond angles obtained from the DFT calculations for 1,
2 and 3 are shown in Table 1, and those for [1}, [2]” and
[ (v = 0 or —1) and for [2H]* and [3HJ* (z = +1 or 0) are
listed in Table S1 in the Supporting Information.

The DFT calculations reproduce the magnitude of the
crystallographically determined bond lengths, the interbond
angles within the {MSCCS} metallacycle and the metallad-
ithiolene fold angles () in the structures of 1, 2 and 3. Thus,
the CoS, and S,C, planes are essentially coplanar both in
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the gas-phase theoretical and in the crystallographically de-
termined solid-state structures. The principal difference be-
tween the calculated and the experimentally determined
structures involves the dihedral angle (¢) between the
metalladithiolene and phenyl, pyridin-3-yl or pyrazin-2-yl
ring planes, the difference being ca. 6.4, 0.3 and 3.0° for 1,
2 and 3, respectively (Table 1).

The calculated geometrical parameters for the metalla-
dithiolene ring for [2H]* and [3H]" (Table S1 in the Sup-
porting Information) are similar to those of 2 and 3, respec-
tively (Table 1), thus suggesting that protonation does not
significantly change the geometry of the metalladithiolene
unit. As indicated by a comparison of the data presented
in Table I and in Table S1 in the Supporting Information,
reduction of 1, 2 and 3 to the corresponding monoanion is
accompanied by a minor lengthening of the Co-S and C-S
bonds within the metalladithiolene ring, by ca. 0.05 and
0.03 A, respectively. Also, the C—C bond increases in length
by ca. 0.10 A for the one-electron reduction of 1 and 2 but
remains essentially unchanged for the reduction of 3. Re-
duction of [2H]* to [2H] and of [3H]* to [3H] (Table S1 in
the Supporting Information) leads to small increases in the
lengths of both the Co-S and the C-S bonds.

The compositions and energies of the frontier orbitals of
1, 2, 3, [2H]" and [3H]* calculated for the gas-phase geome-
try-optimized structures in CH,Cl, solution are summa-
rized in Table 4 and illustrated in Figure S2 in the Support-
ing Information. Corresponding details for the frontier or-
bitals of [1], [2], [3], [2H] and [3H] are provided in
Table S2 in the Supporting Information.

Each dithiolene ligand possesses four n-symmetry molec-
ular orbitals (m,—m,) that resemble the butadienoid orbitals
proposed for ethene-1,2-dithiolate (S,C,H,> )%l and filled
in-plane symmetric and antisymmetric sulfur orbital combi-
nations (o; and ©,) that may participate in c-bonding to
the metal centre.*”) The Co-dithiolene interactions within
the frontier orbital manifolds of [1}, [2] and [3] (y = 0 or
—1) and [2HJ and [3H] (z = +1 or 0) involve principally
the -1, and o, combinations (Table 4 and Table S2 in the
Supporting Information, Figure S2 in the Supporting Infor-
mation) and mirror those of the electronic structures calcu-
lated previously for other [(n°-CsHs)Co(ene-1,2-dithiolate)]
compounds.?#°-3% Thus, the HOMO in each of 1, 2 and 3
is delocalized across the metalladithiolene unit and involves
essentially Co d,., dithiolene ;3 and R group m combina-
tions that combine in a HOMO with dithiolene (54.3—
57.1%), R group (16.7-20.1%) and Co (17.4-18.0%) char-
acter. The HOMO in each of [2H]" and [3H]* has a similar
composition to that of the parent compound, with di-
thiolene (60.9-61.5%), R group (13.4-14.8%) and Co
(16.1-16.7%) character. Each of these HOMOs involves a
small amount (8.2-8.6%) of Cp character. The LUMOs of
1, 2 and 3 are essentially identical and are derived princi-
pally from Co d,., dithiolene n; and Cp orbital combina-
tions. The LUMOs involve contributions from Co (44.5-
45.3%) and dithiolene orbitals (27.7-29.8%), a significant
contribution from Cp orbitals (23.5-23.8%) plus a minor
(1.7-3.2%) contribution from the R group orbitals. The
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Table 4. The nature, energy and composition of the frontier orbitals obtained from the DFT calculations for 1, 2, 3, [2H]* and [3H]* in

CH,Cl, solution.

Orbital Energy % Contribution
designation Nature [eV] Co S,C,H R Cp
1 78a L+3 Ph -0.43 1.3 1.5 97.2 0.1
77a L+2 Ph + S,C, my -0.97 1.3 38.6 59.3 0.9
76a L+1 Cod,. + S,C, 0, + Cp -1.73 459 29.0 2.3 22.8
75a LUMO Cod,. + S,C, m3 + Cp -2.89 45.0 29.8 1.7 235
T4a HOMO Cod,. + S,C, m3 -5.74 17.5 54.3 20.1 8.2
73a H-1 Cod,, + S;C; -6.25 45.1 49.5 23 32
2 78a L+3 Py -0.87 1.1 8.3 90.3 0.3
77a L+2 Py + S,C, my -1.22 2.5 28.8 67.3 14
76a L+1 Cod,. + S,C, 0, + Cp -1.79 44.4 28.1 5.3 222
75a LUMO Cod,. + S,C, m3 + Cp -2.93 453 29.1 1.8 23.8
T4a HOMO Cod,. + S,C, m3 -5.84 18.0 57.1 16.7 8.6
73a H-1 Cod,, + S;C; -6.30 45.7 49.1 2.1 3.0
3 78a L+3 Pz -1.10 0.7 17.8 81.1 0.4
77a L+2 Cod,. +S,Cy0, + Pz -1.82 31.8 26.7 25.6 15.8
76a L+1 Cod,. +Pz+S,C,my -1.87 15.6 22.8 53.9 7.7
75a LUMO Cod,. + S,C, n; + Cp -3.01 44.5 27.7 32 237
74a HOMO Cod,. + S,C, ms -5.91 17.4 56.8 17.6 8.2
73a H-1 Cod,, + S;C, my -6.37 45.6 48.9 2.3 3.2
[2H]* 78a L+3 Py + S,C, my -2.00 2.1 24.2 72.6 1.1
77a L+2 Cod,. + S,C, 0, + Cp -2.17 449 28.9 3.0 233
76a L+1 Py -2.77 1.2 6.9 91.3 0.5
75a LUMO Cod,. + S,C, n; + Cp -3.35 45.7 24.7 4.6 249
74a HOMO Cod,. +S,C, ms -6.33 16.7 61.5 13.4 8.4
73a H-1 Cod,, + S;C, my -6.74 46.8 48.7 1.4 3.1
[3H]* 78a L+3 Pz + S,C, my -2.20 1.8 26.4 70.7 1.2
77a L+2 Cod,. + S,C, 0, + Cp -2.25 46.4 28.2 0.85 24.6
76a L+1 Pz -3.31 8.0 12.4 75.2 44
75a LUMO Cod,. + S,C, n; + Cp -3.46 38.0 18.6 22.8 20.6
74a HOMO Cod,. + S,C, 3 -6.41 16.1 60.9 14.8 8.2
73a H-1 Cod,, + S;C, my -6.83 47.4 47.4 1.9 3.3

LUMO in [2H]* possesses a similar composition to that of
2 and primarily involves the Co (45.7%), dithiolene (24.7 %)
and Cp (24.9%) orbitals with a small (4.6%) contribution
from the pyridin-3-yl orbitals. However, the LUMO in
[B3H]* possesses a greater pyrazin-2-yl character (22.8%)
than that in the parent compound (17.6%), in addition to
contributions from Co (38.0%), dithiolene (24.7%) and Cp
(20.6%) orbitals.

The composition of the LUMO+1 orbital varies within
the parent compounds. Thus, in 1 and 2 the LUMO+1
possesses Co (44.4-45.9 %), dithiolene (29.0-28.1%) and Cp
(22.2-22.8%) character; however, for 3 this orbital has con-
siderable (53.9%) pyrazin-2-yl character with modest con-
tributions from Co (15.6%), dithiolene (22.8%) and Cp
(3.2%) orbitals. The LUMO+1 orbital in [2H]* and [3H]*
is essentially localized on the R group and has pyridin-3-yl
(91.3%) and pyrazin-2-yl (75.2%) character with only
minor contributions from Co (1.2 and 8.0%, respectively)
and dithiolene (6.9 and 12.4, respectively) orbitals. The
LUMO+2 orbital in 1 and 2 is ligand-based with major
contributions from the R group (59.3-67.3%) and the di-
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thiolene (28.8-38.6%) orbitals. However, in 3 the LUMO+2
orbital is delocalized and involves significant contributions
from the Co (31.8%) and the dithiolene (26.7%) orbitals
plus contributions from orbitals on the R (25.6%) and Cp
(15.8%) groups. The LUMO+2 orbital in [2H]" and [3H]*
involves contributions from the Co (44.9 and 46.4%), di-
thiolene (28.9 and 28.2%) and Cp (23.3 and 24.6%) orbit-
als. The LUMO+3 in 1, 2, 3, [2H]* and [3H]* possesses
significant contributions from the phenyl, pyridin-3-yl or
pyrazin-2-yl rings (70.7-97.2%) and also shows a similar
variation in energy (ca. 1.10 eV) relative to the HOMO as
observed for the energies of the LUMO+1.

The relative energies of the LUMOs of these complexes
(Table 4) vary with the substituents in a manner that corre-
sponds to the variation of the potential of the one-electron
reduction (Tables 2 and 4): that is, the variation with the
nature of the substituent is 1 < 2 < 3 and, also, protonation
of 2 and 3 leads to an increase in the reduction potential of
each compound (i.e., a shift to more positive potential).

A comparison of the experimentally measured (Figure 2)
and calculated theoretical UV/Vis absorption spectra of 1,
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Table 5. Spin Hamiltonian parameters calculated by DFT for [1], [2] and [3] and those obtained by simulation of the X-band EPR
spectrum of [1]” recorded in DMF solution containing [NnBuy][BF,4] (0.2 M) at 77 K.

Complex g1 22 £33 [Aq] |Ax] |Ass]
[X10*cm™ [X10%cm™] [X10*cm™

1 (DFT calculated) 2.004 2.026 2.137 32 15 77

2 (DFT calculated) 2.005 2.025 2.137 32 15 77

3~ (DFT calculated) 2.007 2.027 2.138 32 15 76

1~ (experimental) 1.993 2.039 2.230 27 3 97

2, 3, [2H]* and [3H]" in CH,Cl, (Table S3 in the Supporting
Information) provides support for the proposed view of the
electronic structure of these complexes. The UV/Vis spectra
of 1, 2 and 3 are similar to those of other [(n°-CsHs)Co-
(ene-1,2-dithiolate)] compounds for which the low-energy
band at ca. 17000 cm™! has been assigned to a HOMO to
LUMO transition that involves orbitals with both ligand
and metal character on the basis that the band exhibits little
solvatochromism, in contrast to a transition with significant
charge transfer character.?”) The LUMO — HOMO energy
difference shows a relatively small variation (ca. 0.1 eV) ac-
ross the series 1, 2, 3, [2H]" and [3H]", and the low-energy
band between 17000 and 17400 cm™! in 1, 2, 3, [2H]* and
[3H]*, which does not vary greatly in energy or intensity, is
assigned to the HOMO—LUMO transition in each com-
plex.

The calculated theoretical UV/Vis absorption spectra of
1, 2 and 3 possess a number of transitions above ca.
27400 cm ™! (Figure 2 and Table S3 in the Supporting Infor-
mation). Using these calculated transitions as a guide sug-
gests that the transitions between 33900-34400 cm™!, and
for 1, 2 and 3 the shoulders between 24300 to 29400 cm !,
in the experimentally measured spectra (Figure 2) may be
broadly assigned to intraligand charge transfer (ILCT) pro-
cesses involving transitions from ene-1,2-dithiolate-based
orbitals to orbitals with phenyl, pyridin-3-yl or pyrazin-2-
yl © character. The absorptions around 26700 (¢ =
7800 M 'ecm™!) and 22300 cm™! (¢ = 7600 M 'cm™!) in 2 and
3, respectively, in the presence of excess TFA are attributed
to transitions between the HOMO and LUMO+I, the
HOMO-1 and LUMO+1 and the HOMO and LUMO+3
of [2H]* and the HOMO-1 and LUMO+1 and the HOMO
and LUMO+3 of [3H]*. The lower energy of these transi-
tions reflects the lower energy of the LUMO+1 and
LUMO+3 orbitals when 2 and 3 are protonated.

The calculated theoretical UV/Vis absorption spectra of
[11, [2] and [3] in CH,ClI, solution show correspondences
with the experimentally measured spectra recorded spectro-
electrochemically for [2H]" and [3H]* in CH,Cl, containing
[NnBuy][BF,] (0.4 m) at 273 K, including the depletion of
the relatively intense low-energy band at 17000-17100 cm ™!
(¢ = 6600-9100 M 'cm™") for 1, 2 and 3 (Figure S3 and
Table S4 in the Supporting Information).

Unrestricted DFT calculations of [1], [2], [3], [2H] and
[3H] indicate that the SOMOs of all these complexes are
very similar and have Co d,. + dithiolene n3 + Cp character
with small (6-11%) contributions from the phenyl, pyridin-
3-yl or pyrazin-2-yl orbitals (Figure 6, Table S2 in the Sup-
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porting Information). The similarity in the composition of
the SOMO in [1], [2] and [3] is reflected in their very
similar EPR spectra (Figure 5) and the almost identical spin
Hamiltonian parameters calculated for these complexes (see
Table 5). The values of these parameters closely correspond
to those of [1]" determined by simulation of the X-band
EPR spectrum of this anion recorded in DMF solution
containing [NnBuy][BF,] (0.2 M) at 77 K. The small °Co (I
=772, 100%) hyperfine couplings reflect the relatively mod-
est Co contribution to the SOMOs of these anions (14.5-
15.7% Table S2 in the Supporting Information).

ff y
Co (14.5), S,C,H (60.2), X
Ph (6.3), Cp (19.1)

ey ﬁu:ué

Co (15.1), S,C,H (59.2), Co (16.6), S,C,H (52.0),
Pyrid-3-yl (5.6), Cp (20.) Pyrid-3-yl (8.3), Cp (23.0)

3 3H
L

Co (15.7), S,C,H (56.8), Co (17.5), S,C,H (46.8),
Pyrazin-2-yl (6.7), Cp (20.9) Pyrazin-2-yl (11.4), Cp (24.3)

Figure 6. 0-Spin Kohn-Sham frontier orbitals of [1], [2]', [3], [2H]
and [3H] at the 0.05eA™3 isosurface level and their percentage
characters.

Conclusions

The information obtained from the structural characteri-
zation of [(M>-CsHs)Co{SC(H)CRS}] [SC(H)CRS, R =
phenyl (1), pyridin-3-yl (2) or pyrazin-2-yl (3)], their electro-
chemical properties alone and in the presence of a 5:1 excess
of TFA, the UV/Vis spectroscopic characteristics of [1],
[2) and [3]” (y = 0 or —1) and of [2H]" and [3H]", plus the
EPR spectra of [1], [2]" and [3], have been successfully
interpreted with the aid of information provided by DFT
calculations. These calculations were concerned with the
electronic structure of [1], [2]” and [3} (y = 0 or —1) and of
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the monoprotonated forms [2H]* and [3H]* (z = +1 or 0)
and indicated that, in all of the species investigated, the
HOMO is delocalized and involves contributions from the
Co and = orbitals of the ene-1,2-dithiolate and the R sub-
stituent. The significant shift to a more positive potential
for the one-electron reduction of 2 and 3 in the presence of
5 equiv. of TFA indicates that m conjugation involving an
ene-1,2-thiolate unit and the R substituent (i.e., a pendant
N-containing heterocyclic ring) can influence the redox
properties of the metal centre without a significant change
in electronic structure and bonding of the moiety.

These studies suggest that, should a form of MPT in
which the pyran ring is open (Scheme 1) be integral to the
catalytic cycle of the Mo- and W-enzymes, this could facili-
tate the participation of the pterin in the redox activity of
the catalytic centres of these enzymes. In addition, given the
effect of protonation on the redox behaviour of 2 and 3, the
protonation of a pyran ring-opened form of MPT could
provide a mechanism for linking the proton and electron
transfer that is essential for the catalytic action of the Mo-
and W-oxotransferase enzymes, see Equation (1).

Experimental Section

General: All reagents were obtained from commercial sources
(Aldrich Chemical Company Ltd, Lancaster Synthesis Ltd., and
Fischer Scientific) and were used without further purification, un-
less otherwise stated. All reactions were carried out at room tem-
perature, unless otherwise stated. All reactions that involved a
metal derivative were accomplished by use of standard Schlenk line
techniques under argon and with anhydrous solvents. 4-Phenyl-1,3-
dithiol-2-one and 4-(pyridin-3-yl)-1,3-dithiol-2-one were prepared
by literature methods.[?!

Elemental analyses were performed in the Microanalytical
Laboratories of either the University of Nottingham or Ernst-
Moritz-Arndt-Universitat (Greifswald, Germany). IR spectra were
recorded with a Nicolet Avatar 360 FTIR spectrometer. 'H and '3C
NMR spectra were recorded with a JEOL EX270, Bruker
DPX 300, Bruker DPX 400 or Bruker AV 400 spectrometer, with
the chemical shifts (d) reported in ppm. Mass spectrometry was
performed with a Micromass 70E Spectrometer (EI*). HRMS
analyses were carried out with a Water-Micromass Q-ToF (quadru-
pole — Time of Flight) hybrid mass spectrometer equipped with an
orthogonal electrospray source (z-spray) or by use of a MALDI-
Q-ToF Premier system. All ToF measurements were performed at
high resolution settings (5000 FWHM at mass 1500). EPR spectra
were recorded with a Bruker EMX spectrometer, and spectra were
simulated by use of the MATLAB toolbox EasySpin.>?!

Electrochemical measurements were performed with an Autolab
PGSTAT20 potentiostat with a three-electrode configuration con-
sisting of a saturated calomel electrode (SCE) reference electrode,
a Pt wire secondary electrode and a glassy carbon working elec-
trode. All voltammograms were recorded at ambient temperatures
in CH,Cl, solutions (I mm) containing 0.4 M [NnBuy][BF,] as the
supporting electrolyte and maintained under argon. All electro-
chemical potentials were measured relative to SCE and were cor-
rected for liquid-junction potentials by use of the [(n*-CsHs),Fe]*/
[(M°-CsHs),Fe] (Fc*/Fc) couple as an internal redox standard.
Compensation for internal resistance was not applied.
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The UV/Vis spectroelectrochemical experiments were performed
with an optically transparent electrochemical (OTE) cell (in a
modified quartz cuvette, optical path length: 0.5 mm). A three-elec-
trode configuration was employed; this consisted of a Pt/Rh gauze
working electrode, a Pt wire secondary electrode (in a fritted PTFE
sleeve), and a saturated calomel electrode (SCE) that was chemi-
cally isolated from the test solution by a bridge tube containing
electrolyte solution and terminated in a porous frit. The potential
at the working electrode was controlled by a Sycopel Scientific
DDI10M potentiostat. UV/Vis spectra were recorded on a Perkin—
Elmer Lamda 16 spectrophotometer; the cavity was purged with
dinitrogen, and the temperature of the sample (273 K) was con-
trolled by flowing cooled dinitrogen across the cell surface. Sample
solutions were prepared under argon by use of Schlenk line
techniques; each contained [NnBuy][BF,4] (0.2 M in CH,Cl,) as the
supporting electrolyte and the compound (ca. 103 M) under investi-
gation. The test compound was electrolysed at a constant potential,
typically >100 mV more negative than E,° for a reduction experi-
ment. The redox process was considered complete when consecu-
tive spectra were identical. The chemical reversibility of the process
was investigated by applying a potential at the working electrode
sufficient to re-oxidize the electrogenerated product. These poten-
tials were typically >100 mV more positive than E.?, to reverse a
reduction process. The process was considered to be reversible if,
under the conditions of the experiment, the UV/Vis profile of the
starting material was reproduced at the end of the redox cycle.

Bulk electrolysis experiments, at a controlled potential, were carried
out with a two-compartment cell. A Pt/Rh gauze basket working
electrode was separated from a wound Pt/Rh gauze secondary elec-
trode by a glass frit. A SCE was bridged to the test solution
through a Vycor frit that was orientated at the centre of the work-
ing electrode. The working electrode compartment was fitted with a
magnetic stirrer bar and the test solution was stirred rapidly during
electrolysis. An ice-water bath was used to maintain a temperature
of 0°C. Each solution contained [NnBuy][BF,4] (0.2 or 0.4 M) as
the supporting electrolyte and the compound under investigation
(1073 M) and was prepared by use of Schlenk line techniques.

Details of the unit cell dimensions and of data collection and re-
finement for the crystal structure determinations of 1, 2 and 3 are
given in Table 6. Data for the structures of 1, 2 and 3 were collected
with a Bruker SMART APEX detector diffractometer, a Bruker
SMART 1000 CCD area detector diffractometer and a Rigaku Sa-
turn-724 diffractometer, respectively. Both Bruker systems were
equipped with an Oxford Cryosystems open flow cryostat. The
structures were solved by direct methods (SHELXS-97)P*3 and re-
fined against all data by full-matrix least-squares methods on F?
(SHELXL-97).331 All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The hydrogen atoms were refined
isotropically on calculated positions by use of a riding model with
their Ui, values constrained to 1.2 U, of their pivotal atoms.

Restricted and unrestricted DFT calculations were performed by
use of the Amsterdam Density Functional (ADF) suite version
2014.01.34 The DFT calculations employed a Slater-type orbital
(STO) all-electron triple-C-plus-one polarization function basis set
from the ZORA/TZP database of the ADF suite for all atoms.
The scalar relativistic (SR) approach was used within the ZORA
Hamiltonian for the inclusion of relativistic effects, and the B3LYP
hybrid functional®! was used for the gas-phase geometry optimiza-
tions. The TDDFT calculations employed the B3LYP functional,
and the conductor-like screening model (COSMO)P*! was used to
estimate the effect of CH,Cl, as a solvent on the electronic struc-
ture of the complexes in their gas-phase optimized geometries. Cal-
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Table 6. Unit cell dimensions and data collection and refinement
for the crystal structures of 1, 2 and 3.

1 2 3
C13H1 1C0$2 C12H10CONSZ Cl 1H9CON252

Empirical formula

M 290.27 291.26 292.25
Crystal system monoclinic monoclinic monoclinic
Space group C2le P2/c P 2i/n
a[A] 26.372(4) 7.3456(8) 11.912(2)
b [A] 5.7902(8) 18.783(2) 6.150(12)
c[A] 16.324(2) 8.6882(9) 15.995(3)
a ] 90 90 90

S 107.455(2) 106.245(2) 104.84(3)
7 [°] 90 90 90

VAP 2377.9(6) 1150.9(2) 1132.8(4)
zZ 8 4 4

u [mm1 1.760 1.820 1.852
Reflections collected 6897 2734 13030
Ipdependent reflec- 2958 2644 3382
tions

Rint 0.030 0.042 0. 0364
Final R, [I>20(])], 0.0303, 0.0592,
WR, 0.0455, 0.1290 0.0726 0.1925

culations of the spin Hamiltonian parameters of [1]-, [2] and [3]"
used the gas-phase geometry-optimized structures and the local
density approximation (LDA) with the correlation potential by Vo-
sko et al.’7l and gradient corrections by Beckel**! and Perdew!*"]
(BP86). Coordinates for the initial models of [1]P, [2}" and [3}
(» = 0 or —1) and the monoprotonated forms [2H]* and [3HJ
(z = +1 or 0) used in the gas-phase geometry optimizations were
derived from the X-ray crystal structures of 1, 2 and 3. Within the
co-ordinate frame employed in the calculations, the z-axis bisects
the S-M-S angle and the x-axis lies in the CoS, plane. Pictorial
representations of the MOs were generated with molEKEL,“% and
the orbital compositions were calculated with AOMIX.#1

2-Bromo-1-(pyrazin-2-yl)ethanone: A solution of 2-pyrrolidinone
hydrotribromide (21.8 g, 44.0 mmol) in tetrahydrofuran (80 cm?)
was added dropwise to a solution of acetylpyrazine (4.88 g,
40.0 mmol) in tetrahydrofuran (20 cm?®) over a period of 10 min.
The reaction mixture was stirred for 48 h at room temperature,
which resulted in a discolouration of the solution. Then the reac-
tion mixture was cooled in an ice-bath, and cold water (30 cm?)
was added until the formed precipitates had redissolved. The aque-
ous layer was extracted with toluene (3 X 20 cm?). The combined
organic extracts were washed with brine (50 cm?®), dried with
MgSO,, filtered, and the solvents were evaporated. The obtained
compound 1 was very unstable once isolated and consequently was
used immediately in situ for the next step (with toluene as a solvent)
without any further characterization.

O-Isopropyl-S-[2-o0x0-2-(pyrazin-2-yl)ethyl] Carbonodithioate: Po-
tassium O-isopropyl carbonodithioate (7.40 g, 43.0 mmol) was
added in small portions to a solution of 2-bromo-1-(pyrazin-2-yl)-
ethanone (7.00 g, 35.0 mmol) in toluene (60 cm?) over a period of
30 min. The mixture was heated under reflux for 3 h and the pre-
cipitated KBr was removed by filtration. The remaining solvent
was evaporated from the reaction mixture, and then the solid resi-
due was treated with hydrochloric acid (2.5 M, 10 cm?) and stirred
for 30 min. The aqueous layer was extracted with diethyl ether (3 X
20 cm?). The combined organic extracts were washed with brine
(50 cm?), dried with MgSO,, filtered, and the solvent was evapo-
rated. The residue was washed with diethyl ether (2X 10 cm?) and
dried to yield a yellowish brown solid, yield 79%, 7.10 g. Molecular
formula: C;,H;>2N,0,S, (256.34 gmol!), m.p. 98-99 °C. '"H NMR
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(CDCl, 400 MHz, 298 K): 6y = 8.91 (s, 1 H), 8.78 (d, J = 7.8 Hz,
1 H), 8.52 (d, J = 7.1 Hz, 1 H), 5.71 (sept, J = 6.3 Hz, 1 H), 4.79
(s, 2 H), 1.38 (d, J = 6.0 Hz, 6 H) ppm. *C{'H} NMR (CDCl,
75 MHz, 298 K): 6c = 215.3, 188.1, 154.8, 144.1, 143.2, 141.3, 66.3,
40.1, 23.8 ppm. TR (KBr): ¥max = 1543 (C=N), 1735 (C=0) cm".
HRMS (EI): caled. for CioH;,N,0,8, [M + HJ* 257.0418; found
257.0335.

4-Pyrazin-2-yl-[1,3]dithiolene-2-one (pzdt): A solution of O-iso-
propyl-S-[2-ox0-2-(pyrazin-2-yl)ethyl] carbonodithioate (6.98 g,
27.3 mmol) in a mixture of diethyl ether and dichloromethane (1:1,
vlv, 30 cm?) was added slowly to a perchloric acid (70 cm?) solution
in an ice bath. The solution turned black and was allowed to warm
to room temperature. After 24 h stirring, the product was precipi-
tated by pouring into ice-cold water. The brown solid was collected
by filtration and washed with distilled water (3 X 20 cm?). The ob-
tained brown solid was recrystallized from chloroform and dried
in air for 2 h and then in an oven at 70 °C overnight, yield 47 %,
2.53 g. Molecular formula: C;H,N,OS, (196.24 gmol '), m.p. 140
141 °C. '"H NMR (CDCls, 400 MHz, 298 K): dy = 8.85 (s, 1 H),
857 (d, J =73Hz, 1 H), 8.54 (d, J = 7.0Hz, 1 H), 7.54 (s, 1
H) ppm. C{'H} NMR (CDCl;, 75 MHz, 298 K): dc = 191.1,
145.9, 143.6, 143.2, 140.1, 132.4, 117.2 ppm. IR (KBr): ¥y = 1759
(C=0), 1544 (C=N)cm . HRMS (ESI): caled. for C;H4N,OS,
[M + HJ* 196.9843; found 196.9860.

15-Cyclopentadienyl(1-phenyl-1,2-dithiolato)cobalt(III) (1): Com-
pound 1 was synthesized by a modification of the procedure de-
scribed by Bradshaw et al.l'’sl CsOH-H,O (0.40 g, 2.4 mmol) was
dissolved in MeOH (25cm?®), and 4-phenyl-1,3-dithiol-2-one
(0.21g, 1.1mmol) was added. [(n*>-CsHs)Co(CO)I,] (0.44 g,
1.1 mmol) was added to the solution and a deep blue-coloured
solution was obtained and was stirred for 2 h at room temperature.
The solvent was then removed under vacuum, giving a black solid.
This solid was extracted into ethyl acetate (4 X 50 cm?) and the
fractions were combined, after which the blue solution was filtered.
The solvent was then removed from the filtrate under vacuum. The
resultant black solid was dissolved in CH,Cl, (30 cm?), and n-hex-
ane (20 cm®) was added. The solution was concentrated to ca.
2 cm? under vacuum, resulting in the precipitation of a dark solid.
The mother liquor was removed with a pipette, to leave a dark-
coloured solid that was dried under vacuum, yield 109 mg, (34%).
'H NMR (CDCl;, 300 MHz, 298 K): 6 = 9.01 (s, 1 H, 8-H), 7.78
(d, J = 7.7Hz, 2 H, 2-H, 6-H), 7.35 (m, 3 H, 3-H, 4-H, 5-H),
5.39 ppm (s, 5 H, H®P). 13C NMR (CDCls, 75 MHz, 298 K): 6 =
172.4 (C-7), 155.2 (C-8), 140.1 (C-1), 128.6 (C-3, C-5), 127.5 (C-4),
126.5 (C-2, C-6), 79.3 (C°P) ppm. MS (EI): m/z = 290 [M], 188
[CsH5S,Co], 124 [CsH;sCo]. C3H (S,Co (289.28): caled. C 53.8, H
3.8; found C 53.3, H 3.7.

15-Cyclopentadienyl(1-pyridin-3-yl-1,2-dithiolato)cobalt(I1I) 2):
This compound was synthesized by a modification of procedure
described by Bradshaw et al.l'’¢ CsOH-H,O (0.82 g, 4.9 mmol) was
dissolved in dry MeOH (20 cm?), 4-(pyridin-3-yl)-1,3-dithiol-2-one
(0.29 g, 1.5 mmol) was added, and the mixture was stirred for
5 min. [(n°-CsHs)Co(CO)IL,] (0.60 g, 1.5 mmol) was added, and the
deep blue coloured solution produced was stirred for 1.5 h. After
this time, the solvent was removed under vacuum and the resultant
black solid was subjected to flash column chromatography (sil-
ica 60, CH,Cl,/MeOH 95:5, v/v). A dark blue fraction was collected
as a single band, and the solvent was removed from this under
vacuum, to leave a black solid. This solid was dissolved in CH,Cl,
(50 cm?), and n-pentane was (50 cm?) added. The solution was con-
centrated to a volume of ca. 2 cm?® under vacuum, resulting in the
precipitation of a dark solid. The solid was separated by removing
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the mother liquor with a pipette, and dried under vacuum, yield
200 mg, (45%). '"H NMR (CDCl;, 300 MHz, 298 K): 6 = 9.13 (br.
s, 1 H, 2-H), 9.00 (s, 1 H, 8-H), 8.69 (br. s, 1 H, 6-H), 8.08 (d, J =
7.9 Hz, 1 H, 4-H), 7.28 (m, 1 H, 5-H), 5.41 ppm (s, 5 H, H?). 13C
NMR (CDCl;, 75 MHz, 298 K): 6 = 167.9 (C-7), 155.6 (C-8), 148.5
(C-6, C-3), 147.3 (C-2), 133.4 (C-4), 124.3 (C-5), 79.5 (C*?) ppm.
MS (EI: m/z = 291 [M], 188 [CsHsS,Co], 124 [CsHsCo].
C1,H (NS,Co (291.28): caled. C 49.5, H 3.4, N, 4.8; found C 49.3,
H 3.7, N 4.3.

13-Cyclopentadienyl(1-pyrazin-2-yl-1,2-dithiolato)cobalt(I1I) A3):
This compound was synthesized by a modification of the procedure
described by Bradshaw et al.['’¢l NaOH (0.21 g, 2.5 mmol) was dis-
solved in dry EtOH (10 cm?), and 4-(pyrazin-2-yl)-1,3-dithiol-2-one
(0.18 g, 0.90 mmol) was added. [(n’-CsHs)Co(CO)I,] (0.40 g,
1.00 mmol) in dry EtOH (5 cm?®) was added, and the deep blue
coloured solution produced was stirred overnight. After this time,
the solvent was removed under vacuum, and the resultant black
solid was subjected to flash column chromatography (silica 60,
CH,Cl,/MeOH 99:1, v/v). A dark blue fraction was collected as a
single band, and the solvent was removed from this under vacuum,
to leave a dark blue solid. The solid was washed with methanol
(2% 10 cm?) and dried. The product was crystallized from dichlo-
romethane/hexane (5:2) to give blue shiny crystals that were suit-
able for X-ray diffraction, yield 88 mg (33%). 'H NMR (CDCl;,
400 MHz, 298 K): 0 = 9.54 (s, | H, 8-H), 9.34 (s, | H, 3-H), 8.52
(br. s, 1 H, 5-H), 8.49 (br. s, 1 H, 6-H) 5.46 (s, 5 H, Cp) ppm. 13C
NMR (CDCl;, 75 MHz, 298 K): 6 = 165.45 (C-2), 160.18 (C-8),
151.71 (C-7), 143.96 (C-3), 142.28 (C-5), 141.33 (C-6), 79.73
(C°?) ppm. HRMS (MALDI-ToF): caled. for C;H;(CoN,S, [M
+ H]* 292.9617; found 292.9624. C;;H¢N,S,Co (292.26): caled. C
45.20, H 3.10, N, 9.58; found C 44.89, H 3.87, N 9.37.

Supporting Information (see footnote on the first page of this arti-
cle): Experimentally measured and TDDFT-calculated UV/Vis ab-
sorption bands for 1, 2, [2H]*, 3 and [3H]*, geometry-optimized
bond lengths, interbond, metalladithiolene fold and dithiolene —
aromatic ring plane angles for [1], [2], [3], [2HF and [3HF (z =
+1, 0), fluid X-band EPR spectra of [1], [2] and [3], energy level
diagram and pictorial representations of the Kohn-Sham frontier
orbitals of 1, 2, [2H]*, 3 and [3H]", the nature, energy and composi-
tion of the a-spin frontier orbitals of [1], [2], [3]", [2H] and [3H],
experimentally measured and DFT-calculated UV/Vis spectra of
[1P, 2P and [3] (» = 0 or —1), experimentally measured and
TDDFT-calculated UV/Vis absorption bands for [1], [2] and
[3], and gas-phase geometry-optimized coordinates for [1}, [2}’
and [3]” (y = 0 or 1) and [2H]* and [3HF (z = +1 or 0).

CCDC-1047105 (for 1), -1047106 (for 2) and -1047107 (for 3) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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