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Abstract

Considerable effort has been devoted to the development of first-row transition-metal catalysts
containing redox-active imino-pyridine ligands that are capable of storing multiple reducing
equivalents. This property allows abundant and inexpensive first-row transition metals, which
favor sequential one-electron redox processes, to function as competent catalysts in the concerted
two-electron reduction of substrates. Herein we report the syntheses and characterization of a
series of iron complexes that contain both r-donating thiolate and r-accepting (a-imino)- /-
heterocycle redox-active ligands, with progressively larger A-heterocycle rings (imidazole,
pyridine, and quinoline). A cooperative interaction between these complementary redox-active
ligands is shown to dictate the properties of these complexes. Unusually intense charge-transfer
(CT) bands, and intraligand metrical parameters, reminiscent of a reduced (a-imino)-A-
heterocycle ligand (L"), initially suggested that the electron-donating thiolate had reduced the A-
heterocycle. Sulfur K-edge X-ray absorption spectroscopic (XAS) data, however, provides
evidence for direct communication, via backbonding, between the thiolate sulfur and the formally
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orthogonal (a-imino)-A-heterocycle ligand =*-orbitals. DFT calculations provide evidence for
extensive delocalization of bonds over the sulfur, iron, and (a-imino)-A-heterocycle, and TD-DFT
shows that the intense optical CT bands involve transitions between a mixed Fe/S donor, and (a-
imino)-Atheterocycle *-acceptor orbital. The energies and intensities of the optical and S K-edge
pre-edge XAS transitions are shown to correlate with A~heterocycle ring size, as do the redox
potentials. When the thiolate is replaced with a thioether, or when the low-spin S=0 Fe(ll) is
replaced with a high-spin S=3/2 Co(ll), the N-heterocycle ligand metrical parameters and
electronic structure do not change relative to the neutral L0 ligand. With respect to the
development of future catalysts containing redox-active ligands, the energy cost of storing
reducing equivalents is shown to be lowest when a quinoline, as opposed to imidazole or pyridine,
is incorporated into the ligand backbone of the corresponding Fe complex.
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INTRODUCTION

Base-metal catalysis is an important area of research aimed at the design of abundant and
inexpensive first-row transition-metal catalysts that are capable of operating under mild
conditions.1= One limitation of first-row transition metals, however, is that they favor
sequential one-electron, as opposed to two-electron (2e7), redox changes. Many important
chemical transformations involve concerted 2e~ chemistry, and Nature has developed
methods of circumventing this limitation, by using redox-active ligands,1:8-13 such as
porphyrins or thiolates, or cooperative interactions between metal ions incorporated into
clusters or bimetallic systems.14-18 This is illustrated by the numerous examples of first-row
transition metal-containing enzymes that promote complex, multielectron processes.
14,1517-22 For example, soluble methane monooxygenase (sMMO) and cytochrome P450
(Cmpd I) both generate high-valent iron oxidants through a concerted 2e™ O—O hond-
cleaving step, involving O, as the terminal oxidant.17-23 With P450, proton-induced
heterolytic cleavage of the Fe(l11)-OOH (Cmpd 0) O—O bond,24 generates a highly reactive
Fe(IV)=0 (P450-1).25-28 The two electrons required for this step originate from two
different sources: one from the Fe and the other from the conjugated porphyrin and axial
cysteinate.2? Density functional theory (DFT) calculations indicate that a significant amount
of unpaired spin density resides on the cysteinate sulfur,2? indicating that P450-1 is best
described as a (por/®¥sS)**Fe(IV)=0 moiety.11:30 The role of the axial cysteinate is not
limited to its redox capabilities, however, as the sulfur has also been shown to increase the
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basicity of the oxo moiety.23 In addition, the cysteinate is proposed to facilitate protonation
of the peroxo, and heterolytic, as opposed to homolytic, cleavage of the O—O bond, via
what is referred to as the “push-effect” (Figure 1).2431-33 The low-energy vo_o stretch (at
799 cm~1)34.35 of Cmpd 0 has been attributed to the influence of the axial cysteinate and low
S = 1/2 spin-state of the Fe(l11). The thiolate also influences the redox-active frontier orbitals
via a highly covalent interaction with the appropriate symmetry metal d-orbitals. This
cooperativity between cysteinate, Fe, and porphyrin r-orbitals is essential both for the 2e™ O
—O bond-cleaving step, and for the organic redox reservoir to delocalize the radical cation
of Cmpd 1.13.23.36

The involvement of a redox-active organic cofactor in promoting P450 chemistry has
inspired considerable efforts toward the development of first-row transition-metal catalysts
containing redox-active ligands.1:56:10.37-39 One such ligand moiety is the iminopyridine,
which is capable of storing multiple reducing equivalents,12:6.8-10.37-40 thereby allowing
complexes of first-row transition metals to function as competent catalysts in reactions
involving two electrons. For example, using iminopyridine ligands, Chirik and Ritter have
shown that base-metal catalyzed transformations involving alkene hydrogenation, C—C
bond activation, and diene hydrosilylation proceed through concerted 2e~ oxidative-addition,
and reductive-elimination steps,#41-43 reactivity that is typically associated with more costly
second- and third-row transition metal catalysts.! Distributing charge over one or more
ligands has been shown to alleviate the electronic demands at the metal, and avoid high- and
low-valent oxidation states, thus increasing catalytic turnover numbers, by minimizing
catalyst degradation.43-46

Appreciable overlap between metal and ligand orbitals establishes the communication that is
necessary for cooperative redox events.>:36:47:48 Determining how one can optimize orbital
overlap in synthetic systems is imperative to achieving catalytic function attainable by
Nature. To that end, we describe herein the synthesis and detailed spectroscopic,
crystallographic, and electrochemical characterization of a family of novel (a-imino)-/A-
heterocycle complexes containing a thiolate in the coordination sphere. A synergistic
interaction between the w-donating thiolate, the metal ion, and the r-accepting (a-imino)- -
heterocycle is shown to govern the properties of these complexes, and activate the (a-
imino)-A-heterocycle ligand s*-framework via a c/s-type push-effect, reminiscent of
P450.31-33

In order to determine how to optimize orbital overlap in synthetic transition-metal
complexes containing synergistic rz-donor and rz-acceptor redox-active ligands, and favor
cooperative redox events, we have synthesized, and spectroscopically, crystallographically,
and electrochemically characterized, a family of novel (a-imino)-A-heterocycle-containing
transition-metal complexes (Figure 2) containing a thiolate in the coordination sphere,
[Fe'l(tame-N2S(py)2)]2%* (1), [Fe'!(tame-N2S(quino))]o* (2), [Fe'! (tame-NoS(MeIm))]2+
(3), [Co'l(tame-N5S(MeIm),)],2* (4), as well as [Fe'l(tame-N,SBZ(MeIm),(MeCN))]2* (5),
which contains a thioether in the coordination sphere.
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Synthesis and Characterization of [Fe'/(tame-N,S-(py),)]22* (1).

The synthesis of a ligand framework that incorporates both a thiolate and an (a-imino)-
pyridine moiety was carried out according to the method outlined in Scheme 1. The tripodal
thiolate/amine ligand precursor, tame-N,S, was synthesized via a previously reported
method,*° with slight modifications involving the use of mesylate, as opposed to tosylate,
leaving groups, and Boc-protection of the amines prior to deprotection of the benzyl-
protected thiolate (Scheme S1). A Schiff-base condensation between the tripodal thiolate/
amine (tame-N5S) and 2 equiv of 2-pyridine carboxaldehyde in the presence of FeCl, was
found to afford [Fe!'(tame-N,S-(py),)],2" (1) containing intact (a-imino)-pyridine moieties
(Scheme 1). As shown in the ORTEP diagram of Figure 3, the expected five-coordinate
thiolate [Fe!'(tame-N,S(py),)]* complex was found to form a dimeric structure, with overall
G, symmetry, and an Fe(4~SR),Fe core. The thiolates are symmetrically bridging, and
derived from the chelating pentadentate ligand, as well as from that of the adjacent chelated
metal ion. Two imine and two pyridine nitrogens complete the pseudo-octahedral
coordination sphere. The planar bidentate (a-imino)-pyridine moieties of 1 are roughly
orthogonal to one another, with a dihedral angle of 70.0° between N(2)C(12)C(13)N(3) and
N(1)C(6)C(5)N(4) planes. The Fe—N bond lengths (Table 1) are in the range typically
observed with low-spin (S = 0) ferrous complexes,>%:51 and the Fe—S bond lengths are
significantly shorter than that of a high-spin (S = 2) Fe(l1) ion,52:53 but comparable to that of
a low-spin (S=1/2) Fe(l11) ion.>4-57

It is well-established that redox-active (a-imino)-pyridine ligands have characteristic
intraligand bond lengths depending on their formal oxidation state.1? Three redox states are
accessible, L9, L*=, and L2~ (Scheme 2). Comparison of the intraligand bond lengths of 1
with those previously established for the neutral and reduced ligands indicates that the two
(a-imino)-pyridine arms of 1 (Py(® and Py(? of Scheme 2) have CIM—CiPs° distances close
to that of a monoreduced open-shell L*~ oxidation state (Table 2), and are thus decidedly

“activated”.2:10 Strong reducing agents are typically required to access the L*~ oxidation
state.6:9.10,45,58

However, r-backbonding has also been shown to induce, albeit only slight (vide infra),
activation of the (a-imino)-pyridine moiety in low-spin Fe(ll) complexes, previous examples
of which have bond lengths much closer to that of a closed-shell L9.87 In the absence of an
exogenous reductant, ligand activation of 1 (Table 2) could be due to an unusually large
degree of m-backbonding. Given the redox-active nature of (a-imino)-pyridines, it is also
possible that electronic rearrangement to an Fe(111)-(L)(L*") configuration has occurred in 1
as a consequence of having a thiolate in the coordination sphere. Both the metal—
ligand®3:54.57.59-63 and intraligand metrical parameters would be consistent with this. In this
scenario, the radical could be either localized, or delocalized, across both (a-imino)-pyridine
moieties as previously described by Lu and Wieghardt.10 The 1H NMR spectrum of 1
(Figure 4) shows sharp peaks in the diamagnetic region, appearing to rule out the presence
of a paramagnetic species in solution, and favor a closed-shell low-spin Fe(11)L? electronic
description. Ligand radicals can, however, be strongly coupled (/= -330 cm™ to 1370 cm
~1) antiferromagnetically to a paramagnetic metal ion,%1% meaning that the observed
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diamagnetic properties of 1 do not necessarily preclude an Fe(l11)—(L)(L"") electronic
description.

Synthesis and Characterization of [Fe'l(tame-N,S-(quino)»)],%* (2) and [Fe'(tame-

N2S(MeIm)2)12%* (3).
In order to determine how the relative energies of the redox-active ligand =*- and Fe d-
orbitals influence the properties of the r-donor/z-acceptor complexes, we systematically
varied the A-heterocycle ring size, from a pyridine ring in 1, to a quinoline in 2, and an
imidazole in 3 (Figure 2). The corresponding iron complexes, [Fe!!(tame-N,S(quino),)],%*
(2) and [Fe!'(tame-N,S(MeIm),)]»2* (3), were synthesized in the same manner as the
pyridine derivative (Scheme 1), using 2-quinolinecarboxaldehyde and 1-methyl-2-
imidazolecarboxaldehyde in place of 2-pyridinecarboxaldehyde, respectively. These two
derivatives form bimetallic iron complexes in the solid state containing two bridging
thiolates, analogous to the pyridine derivative (Figures 3 and 5). The Fe—L bond lengths of
1-3 are similar (Table 1), with some minor differences, suggesting that all three complexes
contain Fe in the same oxidation state and spin state. The bridging Fe—S distances are more
inequivalent in the imidazole structure 3, relative to 1, suggesting that the bridge would more
readily cleave (vide infra). In addition, all three complexes have similar intraligand imine
C=N and Cjmine—Cipso Metrical parameters (Table 2 and Figures S1-S2), which are
indicative of partially populated redox-active orbitals, as discussed previously. The tripodal
tame-N,S backbone of C,;, symmetric 2 has a unique bridging mode, where it spans two
metal centers, as opposed to binding to a single metal ion as seen in structures 1 and 3.
Reflecting these differences, the Fe—S bonds of 2 are noticeably shorter than those in the
pyridine and imidazole complexes 1 and 3. The distinct bridging motif of the quinoline
complex 2 persists in solution as indicated by the 1H NMR spectrum of Figure 4. While Coy,
symmetric [Fe'l(tame-N,S(quino),)],2* (2) displays a singlet corresponding to equivalent
CHo,, protons (H,) adjacent to the sulfur, and a singlet corresponding to the imine proton
(Hy), the less symmetric C, [Fe!'(tame-N,S(py),)]22* (1) displays two H, doublets, and two
Hg singlets indicating that the imine and methylene protons adjacent to the sulfur are
inequivalent, the latter of which are diastereotopic.

Dissociation of Dicationic 3 into Monocationic Monomers in Solution.

Despite their analogous bridging modes, in solution, the pyridine and imidazole complexes 1
and 3 display subtle spectroscopic differences. For example, in contrast to the diamagnetic
1H NMR spectrum of 1, that of 3 consists of mainly paramagnetic signals (Figure S3),
suggesting that more than one species is present in solution. Given the more asymmetric
Fe,S, core (Table 1), and longer, weaker Fe(1)—S(2) bond in 3, it is likely that the thiolate
bridge is readily cleaved in solution, leading to an equilibrium mixture of monomeric and
dimeric species. Such a change in speciation could induce a change in spin-state, leading to
the observed paramagnetic features in the 1TH NMR. In order to distinguish between a
paramagnetic monomer = diamagnetic dimer equilibrium, and the possibility that that 3
possesses a thermally accessible higher-spin-state, we collected high-resolution LTQ ion trap
mass spectral data for 3 in MeCN solution. This data shows isotopomers differing by single,
as opposed to half, mass units (Figure S4), consistent with a monocationic monomer. In
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contrast, using identical mass spectrometer settings, the LTQ ion trap mass spectroscopy
data of 2 only contains isotopomers differing by half-mass units (Figure S5), consistent with
a dicationic dimer. Complex 1 displays a mixture of single and half mass unit isotopomers
(Figures S6 and S7), consistent with a mixture of monocationic and dicationic species. In
order to determine the spin-state of the monocationic species, we measured the solution-state
Lefs fOr 3 over the temperature range 238-335 K in MeCN-@5 using the Evans method
(Figure S8). The magnetic moment was shown to increase as a function of temperature
(from L = 2.9 g at 298 K, to e = 3.7 g at 330 K). A magnetic moment of 3.7 1g
suggests that the monomer is high-spin S= 2, as opposed to intermediate-spin S=1, since
the latter would have a maximum spin-only ¢ of 2.83 ug, and 3.7 ug exceeds that number.
Since a monomeric species would be entropically favored at higher temperatures, this 7-
dependent magnetic data supports the possibility that, in solution, a paramagnetic
monomeric species exists in equilibrium with the crystallographically characterized
diamagnetic dimer 3. Athough one cannot rule out the possibility that dimeric 3 possesses a
thermally accessible higher-spin-state, the observation of both a dimer and monomer in
high-resolution mass spectral data provides evidence for an equilibrium. Since a monomeric
species would be entropically favored at higher temperatures, the increase in magnetic
moment as the temperature is increased from 298 to 330 K would be consistent with a
paramagnetic monomer. One can calculate the fraction of paramagnetic monomer species at
298 K under the conditions used for the Evans method measurements (5.02 zmol of Fe in
550 L of MeCN-d) using the ratio /2 (expt)/ tef(theoretical). If 100% of the solution
consisted of an S= 2 monomer, then ¢ (theoretical) would be 4.9 /. A magnetic moment
of 2.9 g at 298 K would thus indicate that 35% of the iron is a paramagnetic monomer
(1.76 zmol) in solution, and 65% a diamagnetic dimer (3.26 xmol of Fe, or 1.63 zmol of
dimer). The effective magnetic moment squared (4f2) was used for this calculation because
the measurable macroscopic quantity y, is dependent on Lesf2. One can then use this
information to calculate the dimer/monomer equilibrium constant at 298 K, Kg?% K = (3.20
x 1073)2/(2.96 x 1073) = 3.46 x 1073 M, as described in the Supporting Information.
Assuming that both dimeric 3 and its monomeric derivative contribute to the absorbance at
Amax = 619 nm, we can use Beer’s law (path length /=1 cm) and the equilibrium
concentrations of dimer and monomer at 298 K to determine the extinction coefficients for
these two species. Using electronic absorption spectroscopy, equilibrium monomer and
dimer concentrations, [M]eq and [D]eq, were determined at 298 K at two different initial
[Felinit concentrations, using two simultaneous equations as described in the Supporting
Information. The absorbance response to concentration changes was nonlinear, providing
evidence that more than one species contributes to the absorbance, the relative ratios of
which are concentration-dependent, at the wavelength (A1nax = 619 nm) monitored. The
nonlinear Beer’s law behavior would be consistent with a dimer/monomer equilibrium, and
is inconsistent with population of a higher-spin-state being responsible for the increase in
magnetic moment (Figure S8). Using this method, we determined that solutions of 3 ([3]init
=0.120 and 0.240 mM) consist mainly of monomers at 298 K ([M]eq = 0.113 and 0.213
mM, respectively).

Finally, in order to probe the possibility of an open coordination site in the monomeric form
of 3, preliminary reactivity studies were conducted with small molecules. In contrast to 1
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and 2, which show no signs of reaction with BusNN3, the paramagnetic peaks shift in the 1H
NMR spectrum of 3 upon the addition of BusNN3 (Figure S3). Complexes 1 and 2 take
hours, or months, respectively, to react with O, whereas 3 reacts with O, within ~2 min
(kops = 4.9 x 1073 s71), as determined using electronic absorption spectroscopy (Figure S9)
and IH NMR. In addition, preliminary results indicate that 3 reacts with CO. The increased
reactivity of 3 would be consistent with the presence of a coordinatively unsaturated, or
solvent-bound, monomeric Fe(ll) species in solution. A detailed investigation of the
reactivity of 3 with a variety of small molecules will be the subject of a subsequent paper.

Electronic Absorption Spectroscopy.

The electronic absorption spectra of 1-3 are richly featured, with multiple transitions in the
visible region. Solutions of 1 and 2 are intensely turquoise in color, while 3 is an intense
royal blue. Complexes 1 and 2 have three charge-transfer (CT) bands in the range 400-720
nm (Figure 6), whereas 3 has only a single resolved absorption band at Az (6, M~ cm™)
=619 (11 050) nm (Figure 7). The fact that solutions of 3 consist mainly of a paramagnetic
(§=2) monomeric species, whereas those of 1 and 2 consist mainly, or solely, of the
crystallographically characterized dimer, explains why the solution spectrum of 3 is
distinctly different from that of 1 or 2. The energy of the lowest-energy band correlates with
the A-heterocycle ring size, shifting to lower energies as the ring size increases. This implies
that transitions associated with these bands involve A-heterocycle r*-acceptor orbitals (vide
infra). Intense (&= 10* M~1 cm™1), low-energy 7z-to-7* CT transitions (Amax < 700 nm) are
a hallmark of iron complexes bearing reduced, L°~, (a-imino)-pyridine ligands.
10,40,64,65,10,40,64.65 | contrast, closed-shell LO (a-imino)-pyridine Fe complexes have Fe —
7 MLCT bands with extinction coefficients in the range 700-6000 M~ cm=! and A pax-
values in the range 408-600 nm.6:66.67 This suggests that the A-heterocycle ligands of 1-3
are reduced. Thiolate ligands have been shown to significantly influence the intensity of M
— * MLCT bands,58:69 however, making it possible that the rather large extinction
coefficients of 1-3 (Figure 6) reflect enhancement of the putative Fe — 7* MLCT
transitions via thiolate sz-donation (vide infra).

Electrochemistry.

All three of the complexes described herein (1, 2, and 3) display multiple redox events
within the MeCN solvent window. This includes at least two oxidation waves (Figure 8 and
Figure S10), the lowest of which is reversible (or quasireversible) (Table 3). The potentials
of these oxidation events are in the range typically observed for metal-centered oxidation of
RS—Fe(I1) complexes,®>:70.71 put also directly correlate with Atheterocycle ring size
(E1/2(2) > E1/2(1) > E1/2(3)). The latter reflects the metal orbital stabilization that occurs as a
result of overlap with rr-acceptor N-heterocycle orbitals, the extent of which increases as the
energy match optimizes with increasing A-heterocycle ring size. The observation of two
oxidation waves (tentatively assigned as Fe(I1)Fe(I1) — Fe(Il)Fe(111) — Fe(l1)Fe(111)) with
a more than 500 mV separation would be consistent with the close proximity of two metal
ions in these bimetallic structures, and the expectation that electrochemical events would not
be independent of one another. The irreversibility of the more anodic wave suggests that the
bimetallic species dissociate upon oxidation. Reduction waves (Figure S11) are also
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observed for all three complexes in the range —1.39 V to —1.89 V (vs Fc%*, Table 3), with
potentials that correlate with A-heterocycle ring size (£pc(2) < Epc(1) < Epc(3))- Although
these potentials are ~700 mV more negative than most Fe(ll) complexes bearing redox-
active iminopyridine ligands, these redox events can be attributed to A-heterocycle ligand-
centered reduction (vide infra), 10 and likely reflect the influence of the electron-donating
thiolate. The relative energies of these reduction potentials would be consistent with the
expected drop in energy of the lowest unoccupied molecular orbital (LUMO) as the extent of
conjugation within the rz-system increases. Consistent with the 1H NMR, magnetic, and
electronic absorption data, the imidazole complex 3 reproducibly displays an additional
oxidation wave (£,,®) at +152 mV versus Fc%* (Table 3 and Figure S10), attributable to
the monomer that is proposed to exist in equilibrium with the crystallized dimer.

Sulfur K-Edge X-ray Absorption Spectroscopy.

Sulfur K-edge X-ray absorption spectroscopy (XAS) is well-established as a sensitive
measure of metal—sulfur covalency, as well as ligand radical character.”2-78 Excitation of a
sulfur 1s electron to low-lying unoccupied orbitals probes both the energy of the acceptor
orbital, and the extent of mixing between this orbital and the thiolate sulfur, as reflected in
peak intensity. The acceptor orbital may be either a metal 3d (in the case of first-row
transition metals), or an unoccupied ligand-based orbital with S 3p character. The S K-edge
XAS spectra of solid-state samples of 1-3 are shown in Figure 9 (top), and Figure S12 (full
range). These spectra exhibit two intense pre-edge peaks: a prominent lower-energy pre-
edge feature at ~2471 eV, and a higher-energy feature at ~2473 eV (Table S1). The lowest-
energy peak systematically shifts in energy and intensity in a manner that correlates with the
N-heterocycle ring size (vide infra), analogous to the experimentally-determined reduction
potentials (Table 3).

The relative energies of the higher-energy pre-edge feature (Figure 9, top right) do not
display the same trends seen with the lower-energy pre-edge peak. For example, the peak for
the quinoline complex 2 is highest, as opposed to lowest, in energy (Table S1). With a low-
spin d® Fe(11) complex, the metal-centered bq d-orbitals are completely filled, and thus,
transitions would have to involve the unoccupied Fe eg* d-orbitals as the acceptor orbitals.
The highest-energy pre-edge feature of 2 (Table S1) reflects the shorter Fe—S bond lengths
relative to 1 and 3 (Table 1), which should serve to increase both the covalency of this bond,
and the ionization potential of the S 1s electrons. We note that there should also be S(1s) —
C—S o™ and S(1s) — S 4p transitions to higher energies, possibly near, or mixed in with,
the higher-energy pre-edge feature of Figure 9. These interpretations are explored in more
detail using the density functional theory (DFT) calculations described below.

Density Functional Theory Calculations.

Density functional theory (DFT) calculations were performed in order to generate a
molecular orbital picture of complexes 1-3, and provide a clear understanding of the
electronic structure of each. Geometry optimizations were initiated from crystallographic
coordinates, using both closed-shell and broken-symmetry singlet configurations. In all
cases the lowest-energy closed-shell solution, with neutral ligands and low-spin S= 0 Fe(ll)
ions, provided the closest reproduction of metrical parameters. In particular, the unusual
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intraligand distances associated with the coordinated (a-imino)-A-heterocycles are
calculated to within 0.005 A (Table S2), suggesting that the electronic effects responsible for
these structural features are successfully captured by the calculations. A qualitative MO
diagram for the crystallized dimeric form of 3 is shown in Figure 10, and for 1 in Figure
S16; a quantitative comparison is included in the Discussion section. Consistent with the
diamagnetic 1H NMR of 1 (Figure 4), all of the tog-type orbitals in the DFT-optimized
structures are doubly occupied (Figure 10 and Figure S16). The sulfur character of both the
dyy, and dy; (or dy,) orbitals (Table S3) and d-orbital character in the bonding S p-orbital
(Figure 10) indicate that the Fe d-orbitals have substantial covalent mixing with the bridging
thiolate sulfur orbitals, as is typical for Fe-thiolate complexes.>* Consistent with the
conjugated portion of the ligand scaffold being r-acidic in nature, the LUMO orbitals are
found to be the (a-imino)-\-heterocycle r*, with the Fe eg* orbitals at higher energy
(Figure 10). Analogous electronic structures were determined for 1 (Figure S16) and 2
(Table S3). Inspection of the calculated orbital compositions in Table S3 reveals that the
quinoline complex 2 has the most substantial covalent mixing between the ligand =* and
thiolate orbitals, and the most Fe character in the ligand =*-orbitals. The extent of covalent
S(3p)/L* mixing, and % Fe character in Lsz*, is less with 1, relative to 2, and smallest with
3 (Table S3). Interestingly, while the sulfur contribution to the tog orbitals is largest for 2,
sulfur character in the eg* orbitals is largest for 3. This highlights the rz-donating nature of
the thiolate ligands, which dominates when M/r-acceptor interactions are attenuated with
the smaller ring system.

While the relative energies of the molecular orbitals [M(tpg) < L(7*) < M(eg™)] are not
surprising in light of the abundant literature precedent,34:6:41.51 the apparent mixing of the
thiolate sulfur orbitals into the redox-active (a-imino)-A-heterocycle ligand orbitals (Table
S3) is highly unusual. The intensities of the optical (Figures 6 and 7) and S K-edge pre-edge
XAS (Figure 9) transitions further suggest that there is substantial communication between
the thiolate sulfur 3p and (a-imino)-A-heterocycle ligand rz*-orbitals. On the basis of the
orbital compositions in Table S3, there is extensive delocalization of the d,2_,? over both the
sulfur (17.8-21.1%) and L > (12.4-22.7%) orbitals, and this appears to be the most
involved of the Fe 3d orbitals in facilitating the orbital mixing that engenders this spectral
intensity. The nature of the underlying electronic transitions involved in both types of
absorption spectroscopy was investigated using time-dependent DFT (TD-DFT)
calculations.

The putative charge-transfer nature of the transitions involved in the electronic absorption
spectra prompted the use of the range-separated hybrid density functional CAM-B3LYP for
these calculations. As shown in Figure 11, the TD-DFT-calculated electronic absorption
spectra for 1 and 2 both have intense transitions in the visible region. The relative energies
and intensities are in good agreement, although the absolute transition energies are
overestimated by approximately 200 nm when compared to the experimental data (Figure 6).
This is a well-known shortcoming of TD-DFT.’® The nature of these transitions can be
examined with reasonable fidelity, however, via the transition difference densities (Figure
11). For both complexes, the donors and acceptors associated with the intense visible region
CT transitions are shown to be mixed Fe—S, and (a-imino)-A-heterocycle =* in nature,
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respectively (Figure 11). The iron 3d-orbitals thus appear to mediate charge transfer from
the thiolate 3p to the formally orthogonal (a-imino)-A-heterocycle =* LUMO.

As discussed previously, S K-edge XAS provides3.73 a direct probe of the thiolate bonding
in these complexes. The TD-DFT-calculated pre-edge features of the S K-edge XAS spectra
of 1-3 are shown at the bottom of Figure 9, and employed the CAM-B3LYP functional.
Comparison with the experimental S K-edge pre-edge XAS spectra (Figure 9, top) indicates
that the energetic trends observed for both features are accurately reproduced in the
calculated spectra. Examination of the transition difference densities (Figures S13-S15)
establishes that the lower-energy S K-edge pre-edge XAS feature indeed corresponds to a
sulfur 1s — (a-imino)-A-heterocycle =* LUMO transition, as proposed above. Inspection
of the transition difference densities for the transitions underlying the higher-energy pre-
edge feature, however, reveals a combination of Fe eg*-type and C—S o*-acceptor orbitals,
with significant sulfur /p character (Figure 9, bottom, Figures S11-S13). The experimental
intensities of the first pre-edge feature (Figure 9, top) provide evidence for an increase in
sulfur 3p/ligand 7* LUMO mixing as the A-heterocycle ring size increases: imidazole (3) <
pyridine (1) < quinoline (2). Thiolate r-donation into the (a-imino)-A-heterocycle =*
LUMO is likely mediated via backbonding from the filled Fe to4-type orbitals. It is noted
that the TD-DFT-calculated intensities of the S K-edge XAS pre-edge feature do not capture
the experimental trend, although this shortcoming can be rationalized by the difficulty
associated with calculating both CT transitions and the onset of a continuum, using TD-
DFT.”? Both of these factors could alter the relative intensities of the lower- and higher-
energy pre-edge features. The agreement between the TD-DFT-calculated electronic
absorption intensities and the experimental intensities, as well as the trend in energies as a
function of ring size, however, suggests that the electronic effects influencing the CT
intensity may in fact be successfully captured by the calculations, and that the discrepancies
in the S K-edge XAS spectra could simply be due to problems modeling the onset of the
continuum.

5’Fe Mdssbauer Spectroscopy.

The electronic environment of the iron center of 1-3 was also investigated using 5’Fe
M@éssbauer spectroscopy. The zero-field >’Fe Méssbauer spectra of 2 and 3 are shown in
Figure 12, and that of 1 is shown in Figure S15. The compounds exhibit well-resolved
quadrupole doublets with isomer shift parameters, &, in the range 0.36-0.41 mm/s, and
relatively small quadrupole splitting parameters, A£q, in the range 0.38-0.87 mm/s (Table
4). The isomer shift parameter, &, depends on the charge density at the Mdssbauer nucleus,
reflects the oxidation state and spin-state, and is well below the range established for five-
and six-coordinate high-spin Fe(l) sites (>1 mm/s).80 Unfortunately, these values are
consistent not only with low-spin Fe(ll), but also with Fe(l11), low-spin or high-spin.
Fortunately, the latter cases, i.e., the presence of oxidized Fe(lll), can be ruled out for the
following reasons: (i) The compounds exhibit a diamagnetic ground state which could not be
explained by any kind of antiferromagnetic spin coupling between high-spin S=5/2 Fe(lll)
and a ligand radical with S" = 1/2. (ii) Low-spin Fe(lI1) can be excluded because the
corresponding 3d t295 configuration would exhibit substantial charge asymmetry in the 3d
shell, which would give rise to substantial valence contribution to the electric field gradient
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(efg), and a corresponding large quadrupole splitting parameter, [AEg| > 1-3 mm/s,80 which
is not experimentally observed for compounds 1-3. Hence, the Mdssbauer spectra
corroborate the presence of low-spin Fe(ll) for compounds 1-3. This is also supported by
the reasonable match between experimental and calculated Mdssbauer parameters obtained
from the orbital analysis of the DFT results given above.

Isomer shifts theoretically correlate with the average Fe—L bond length.8! Iron—ligand (Fe
—L) bond lengths in 1-3 are modulated by the r-acceptor (a-imino)-A-heterocycle
moieties, such that a decrease in Fe — L m-back-donation should lead to a more positive §
parameter. The isomer shift & parameters of Table 4 therefore indicate that Fe — L r-back-
donation is smallest with the imidazole complex 3 (6 = 0.41 mm/s), and comparable in the
pyridine and quinoline complexes 1 and 2 (both 6 = 0.36 mm/s). While the former
conclusion is in good agreement with the S K-edge XAS spectra and TD-DFT calculations
(Figure 9, Table S3), one might have anticipated that the Mdssbauer parameters of 2 would
be indicative of more r-backbonding than 1. However, just as r-accepting ligands can
depopulate 3d orbitals, rz-donating ligands such as thiolates can increase the effective 3d
orbital population. Comparison of the metrical parameters of 1 and 2 indeed reveals that the
Fe—S bonds in 2 are shorter by 0.01 A, indicative of increased S — Fe r-donation in 2.
Thus, the -donating thiolate ligands compensate for the increased r-backbonding with the
rr-acceptor imino-A-heterocycle s*-orbitals in 2 by forming more covalent Fe—SR bonds
with more generous S — Fe r-donation, in agreement with the DFT-calculated dy,-, dy,-,
and L s*-orbital compositions (Table S3). This coincidently results in identical isomer shift
parameters for 2 and 1. This phenomenon of offsetting perturbations to & has been
previously investigated theoretically in some detail for other complexes bearing covalent r-
bonding ligands.82:83

While & parameters are sensitive to electron density at the ’Fe nucleus, the quadrupole
splitting parameter, A£q, provides a measure of the asymmetry of the efg at the nucleus. In
the limit of crystal field theory, an O S= 0 d® Fe(ll) ion has a vanishing valence
contribution to the efg that should result in the coalescence of the two quadrupole doublet
peaks. However, the lowered symmetry, r-donating thiolate, and rz-accepting (a-imino)-\-
heterocycle of 1-3 should contribute finite covalence and a lattice contribution to the efg, in
agreement with the experimental data. As with the isomer shift parameter, the quadrupole
splitting parameter, A£p, of 3 is smaller than that of 1 and 2 (Table 4). This suggests that
there is less asymmetry in the covalent bonding of 3, and, being isostructural to 1, implies
that the bonding in 3 may be less covalent overall. Finally, the DFT-calculated Mdsshauer
parameters shown in Table 4 are in excellent agreement with the experimentally observed
trends, reinforcing the accuracy of the calculated electronic structures. In summary, the >’Fe
Madssbauer data and accompanying DFT-calculated Méssbauer parameters suggest that the
extent of rr-back-donation into the r-accepting ligands correlates with the size of the N-
heterocycle, as proposed above. These data also provide evidence for a compensatory
contraction of the Fe—S bonds in 2 to enable stronger covalent r-bonding to the (a-
imino)quinoline ligand.
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Examining the Influence of the Thiolate Ligand and Metal lon.

The electronic structures of 1-3 developed thus far highlight the importance of the thiolate
and Fe valence orbitals in tuning back-donation to the (a-imino)-A+heterocycle ligand =*
LUMO and activating the ligand. To systematically explore these effects, derivatives of
imidazole 3 were synthesized in which either the metal ion or the thiolate was varied. The
cobalt imidazole derivative, [Co!(tame-N,S(MeIm),)],%* (4), was synthesized using a
method analogous to that used to synthesize 3. As shown in Figure 13, 4 has a similar G,
symmetric structure in the solid state, with Co—L bond lengths consistent with high-spin
Co(ll) (Table 1). The solution-state magnetic moment of 4 (tef = 3.98 4g) is consistent with
an S= 3/2 spin-state.

A notable difference between structures 4 and 3 is that the Co,S, core of 4 is significantly
more puckered (Figure 13), with a separation between the M—M and S—S centroids of
0.72 A, compared to 0.34 A for the Fe,S, core of 3. This is likely a result of the change in d-
electron configuration (d” Co(l1) vs d® Fe(l1)). In addition, the M—S bond lengths in 4 are
significantly elongated compared to those of 3 (Table 1), by an average of 0.13 A. This
likely reflects the high- versus low-spin-states of 4 and 3, respectively. The more puckered
core and longer M—S bonds of 4 decrease RS — M(tyg) 7-donation, which should decrease
the extent of rz-back-donation into the r-acidic (a-imino)-A-heterocycle =* LUMO.
Distinct differences in intraligand metrical parameters for cobalt-4 versus iron-3 (Table 2)
provide evidence to support this. While the intra-ligand bond lengths of the Fe complex, 3,
resemble a reduced L*~ ligand (CIM—NIM = 1.297(3) A, Cim—CiPs0 = 1 427(3) A), intra-
ligand bond lengths in the Co complex 4 (CIM—NIM = 1.276(5) A, CIM—CiPs0 = 1 447(4) A)
more closely resemble those of a closed-shell LC ligand (Table 2). Consistent with this
picture, involving less effective RS/M/(a-imino)-imidazole LUMO r-orbital overlap, the
electronic absorption spectrum of 4 (Figure S18) notably lacks the intense low-energy CT
transitions observed in those of 1-3 (Figures 6 and 7).

The influence of the thiolate ligand in activating the r-acidic (a-imino-A-heterocycle)
ligand was also investigated, by synthesizing a thioether derivative of 3. In contrast to
thiolate structures 1 — 4, thioether [Fe!l(tame-N,SBZ(MeIm),(MeCN))]2* (5) is monomeric in
the solid state (Figure 14), with a pseudo-octahedral coordination sphere that is completed
by an axial MeCN frans to the thioether. Although the short Fe—N and Fe—S bond lengths
are most consistent with a low-spin S= 0 ferrous ion at 100 K (the temperature at which X-
ray crystallographic data was collected), the TH NMR spectrum of 5 at 298 K displays
paramagnetically shifted peaks (Figure S19), and the ambient temperature solution magnetic
moment of 5, e = 5.04 44, is consistent with an S= 2 spin-state, indicating that there is a
thermally accessible higher-spin-state. Although the Fe—N bond lengths of the thiolate
complex 3 and thioether complex 5 are comparable, the intraligand CIM—NiM and Cim—
CiPsO metrical parameters in 5 are closer to that of a closed-shell (a-imino)- A-heterocycle
(Table 2). Furthermore, although 5 retains an Fe — (a-imino)-pyridine 7z* CT transition in
the visible region of the electronic absorption spectrum (Figure 7), it is significantly lower in
intensity, and to higher energy (Amax (€, M™1 cm™1) = 512 (2850) nm), relative to that of the
thiolate complex 3 (Amax (6, M~1 cm™1) = 619 (11 500) nm). These differences in
intraligand metrical parameters, and electronic absorption spectral properties, suggest that
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the rz-donating thiolate ligand plays a key role in activating the r-accepting (a-imino)-/A-
heterocycle ligand.

DISCUSSION

The interplay between metal and ligand redox orbitals has been clearly established as an
integral component in the function of both metalloenzymes and synthetic transition-metal
catalysts containing redox-active ligands.6:11:23.25.26,84.85 As detailed herein, the synthesis
and characterization of complexes 1-5 provide insight into the cooperativity between the
frontier orbitals of a -donating thiolate, Fe, and r-accepting (a-imino)-A-heterocycle
ligands with extended r-systems. Cytochrome P450 is the classic biological example that
implements cooperativity between redox-active orbitals in order to efficiently promote
catalysis.11:2325.26,.84.85 \while many synthetic catalysts featuring redox-active
ligands!:6:41.86.87 derive inspiration from P450,31-33 only a limited number incorporate
thiolate ligands.383% Thiolate ligands have well-established functional roles in biology,
which include tuning redox potentials,3>:57:88 stabilizing low-spin-states,>4:56:57.63 or using a
compensatory effect to maintain a constant metal ion Lewis acidity.>® They can also
influence the properties of other ligands in the coordination sphere, by labilizing trans
ligands,89-91 or altering basicity and O—H bond strengths.11.84.92-96 \jith P450, the
cysteine thiolate directly participates in the redox chemistry, functioning as part of the
reservoir of oxidizing equivalents necessary to form Cmpd 1.11.84.97.98 Degpite this diverse
biological utility, an in-depth understanding of the impact that thiolate ligands have on the
electronic structure of synthetic complexes containing redox-active ligands has yet to be
fully elucidated.

The series of complexes, 1-5, described herein illustrates the ability of z-donating thiolate
ligands to tune intraligand metrical parameters and the valence electronic structure of -
acceptor ligands. For thiolate complexes Z-3, unusual activation of the (a-imino)-A\-
heterocycle ligand is observed (Table 2), wherein imine CM=N bond lengths are elongated,
and CIM—CIPso honds are shortened, relative to that predicted for a closed-shell ligand, L,
indicating that electron density has shifted into the LUMO orbital of the (a-imino)-A-
heterocycle ligand framework.19 Cobalt(I1)-containing 4 and the thioether complex 5 do not
exhibit the same ligand activation. As discussed above, the origin of ligand activation in 1-3
could either be attributed to a formal reduction of the ligand to L*~ (with strong
antiferromagnetic coupling to the resultant low-spin S= 1/2 Fe(l11) ion), or to
extraordinarily large amounts of rz-backbonding from low-spin Fe(ll) to the r-acidic ligand,
6 hoth of which would give rise to the observed diamagnetic H NMR spectra of 1 and 2.
The Mdssbauer parameters of 1-3 and the metal—ligand bond lengths of 1-3 and 5 are most
consistent with low-spin Fe(l1), however. The comparable Fe—N bond lengths in thioether-
containing 5, and thiolate-containing 3, as well as the absence of perturbed intraligand
metrical parameters in 5, support the latter description as well, in agreement with
spectroscopic data and DFT calculations (vide supra).

The extent of metal-to-ligand -backbonding largely depends on the population and energy
of the metal -symmetry orbitals, which can be modulated by metal oxidation state and
spin-state, as well as the nature of supporting ligands. Low-spin ferrous ions, such as those
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in 1-3 and 5, have a (tzg)6 configuration and are optimally suited for r-back-donation to a
n-acceptor ligand. In contrast, the high-spin Co(1l) ions in 4 have a (tzg)%(eg*)?
configuration, with one fewer electron in the -symmetry d-orbitals. Additionally,
population of the eg*-orbitals serves to elongate the metal—ligand bonds, which would
weaken rr-backbonding to Co(ll) (Table 1). Given that thiolates are known to be effective r-
donors, two of the three rz-symmetry toq-orbitals of 1-3 should be relatively electron-rich.
The metal-centered rz-symmetry tyg-orbitals are also of the appropriate symmetry to back-
bond into the (a-imino)-A-heterocycle w*-orbitals. However, effective communication
between all of these these orbitals requires efficient z-overlap, which, of course, is
dependent on metal—ligand bond lengths and bond angles. This is evident in the metrical
parameters of 4 compared to 3, where longer metal—ligand bonds and a more puckered
diamond core in the former result in negligible (a-imino)-A-heterocycle ligand activation.
The comparable Fe—N bond lengths, but contrasting intraligand distances in thioether 5
versus thiolate 3, illustrate the influence of the thiolate on r-backbonding to the (a-
imino)imidazole ligand, in the solid state. In the solution state, this is supported by the
significantly less intense CT bands for Co(I1)-4 (e = 654 M~ cm~1, Figure S18) and the
thioether complex 5 (e = 2850 M~ cm™1, Figure 7) versus the unusually intense Fe — (a-
imino)pyridine 7* CT bands (&> 10 000 M~1 cm™1) for the thiolate complexes 1-3 (Figures
6 and 7). The intensities of the latter are indicative of optimal orbital overlap.5* This is
supported by the TD-DFT-calculated transition difference densities (Figure 11), which
indicate that the charge-donating thiolate contributes to the intense transitions. Additionally,
the Fe — (a-imino)pyridine =* CT band associated with 5 is shifted to higher energy
relative to 1-3. The latter reflects the higher energy of the d-orbitals in 1-3 caused by -
donation from the thiolate, and the well-established ability of thiolate ligands to tune the
energies of redox-active metal orbitals.

Evidence for the direct involvement of the rz-donating thiolate ligands in activating the (a-
imino)- N-heterocycle ligand =*-orbitals is provided by the S K-edge XAS spectra, which
show electronic transitions from the thiolate sulfur 1s-orbital into the (a-imino)-A\-
heterocycle LUMO 7 (Figure 9). Assignment of this S K-edge XAS pre-edge feature is
supported by the strong correlation between its transition energy and intensity, and the A-
heterocycle ring size (Figure 15). The intensity of the S K-edge XAS pre-edge transitions
increases as the thiolate character of the LUMO r*-orbitals increases (Table S3). A
quantitative comparison of reduction potentials (Table 3), S K-edge XAS pre-edge energies
(Table S1), and the DFT-calculated LUMO (a-imino)-/-heterocycle *-orbital energies for
1-3 shows (Figure 15) that these properties are highly correlated.

CONCLUSIONS

Herein we have examined the geometric and electronic structure of a family of metal
complexes containing both a r-donating thiolate ligand, and r-acceptor (a-imino)- /-
heterocycle ligands. A combined analysis of X-ray crystal structures and spectroscopic
parameters, supported by theoretical calculations, indicates that the ground state electronic
structure of 1-3 is heavily delocalized over the thiolate ligand, the metal center, and the (a-
imino)- Atheterocycle. Each of these complexes is shown to contain low-lying LUMOs that
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are a-imino-/N-heterocycle ligand =* in character, and HOMOSs which consist of a highly
covalent mix of sulfur 3p and metal toq-type 3d-orbitals. This electronic structure results in
unusually intense RS—Fe — (a-imino)-A-heterocycle =* CT bands in the electronic
absorption spectra, the intensities of which are reminiscent of complexes containing reduced
L*~ ligands. Sulfur K-edge X-ray absorption spectroscopy (XAS) and TD-DFT provide
evidence for an interaction between the r-donating thiolate and r-accepting (a-imino)- -
heterocycle ligand s*-orbitals, via the metal ion d-orbitals. The energies and intensities of
the lowest-energy S K-edge XAS pre-edge feature are shown to correlate with reduction
potentials, DFT-calculated (a-imino)-A-heterocycle LUMO energies, and A-heterocycle
ring size (Figure 15). Communication between the z-donor and r-acceptor orbitals is shown
to generate an activated a-imino-A-heterocycle ligand with intraligand metrical parameters
close to those of a monoreduced L°". This is unprecedented, and distinctly different from
most complexes containing (a-imino)pyridine-ligands, where ligand activation is only
observed upon the addition of a strong reducing agent. Four components of the geometric
and electronic structures of 1-3 were shown to be responsible for the observed ligand
activation: (1) an approximate energy match between the metal ion and (a-imino)-A-
heterocycle ligand r*-orbitals, (2) effective orbital spatial overlap, (3) a low-spin-state, and
most importantly, (4) the inclusion of a z-donating thiolate in the coordination sphere. The
Fe 3d-orbitals were shown to mediate charge-transfer from the thiolate sulfur 3p-orbital to
the formally orthogonal (a-imino)-A-heterocycle = LUMO. We liken this interaction to the
proposed “push-effect” of the P450 ferric hydroperoxo Cmpd 0, wherein electron donation
from the cysteinate ligand into the Fe 3d-orbitals results in the population of the peroxo O—
O o*-orbital 3133

The study reported herein also highlights key properties likely to be beneficial for the
development of redox-active (a-imino)-/A-heterocycle base-metal catalysts capable of
promoting concerted 2e~ reactions.1=3 By incorporating redox-active ligands that are capable
of both donating and accepting electron density to and from the metal ion, charge
distribution could be modulated in a facile manner, thereby potentially improving catalyst
performance. We demonstrated that we can modulate the extent of metal—ligand redox-
active orbital coupling by altering the size of the ligand r-system. As the energies of the
ligand *-orbitals decrease in response to increasing ring size, the extent of orbital overlap
with the highly covalent Fe—SR moiety was shown, by the intensities of S K-edge XAS
pre-edge transitions, to systematically increase. In addition, the electron-donating thiolate
ligands were shown to raise the energy of the redox-active metal ion tpg-orbitals closer to the
(a-imino)-A-heterocycle ligand =*-orbitals, thereby optimizing the facile transfer of charge.
The energy cost of storing reducing equivalents was shown to be lowest when a quinoline is
incorporated into the ligand framework.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Thiolate-induced push mechanism of P450 O-O bond cleavage.
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Figure 2.
Complexes studied herein.

Inorg Chem. Author manuscript; available in PMC 2021 July 26.

SNk

N’l\

S
|

Feul“

—



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leipzig et al.

Figure 3.
ORTEP of dicationic [Fe'l(tame-N2S(py)2)]»2* (1) and [Fe'l(tame-NoS(MeIm),)]»2+ (3) with
counterions, solvents of crystallization, and hydrogen atoms omitted for clarity.
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Figure 4.

1H NMR of [Fe!l(tame-N,S(py)2)],%* (1, top) versus [Fe!l(tame-N,S(quino)s)]»2* (2,
bottom) in MeCN-dj at 298 K. Only one-half of each dimer is shown. The other half is
related by symmetry.
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Figure 5.
ORTEP of dicationic [Fe'(tame-N»S(quino)s)]»2* (2) with counterions, solvents of

crystallization, and hydrogen atoms omitted for clarity.
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Figure 6.
Electronic absorption spectra of 1 and 2 in MeCN at 298 K.
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Figure 7.
Comparison of the electronic absorption spectra of 3, which contains a thiolate in the

coordination sphere, versus 5, which contains a thioether in place of the thiolate, illustrating
the influence of the -donating thiolate on spectral intensity.
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Figure 8.
Cyclic voltamagram of 1 and 2 in MeCN at 298 K showing reversible and irreversible

oxidation waves. Potentials shown are in mV vs Fc0/+,
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Figure 9.
Experimental (top) and TD-DFT-calculated (bottom) S K-edge XAS pre-edge features

associated with 1-3. Representative transition difference densities for quinoline compound
peaks (denoted 2a and 2b) are shown at an isovalue of 0.00154,2, with regions of increased
electron density (acceptors) shown in purple. The calculated spectrum was shifted by 40.2

eV to align theory with experiment.
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Figure 10.
Qualitative molecular orbital diagram for imidazole-3. The the &4 orbitals are the highest

energy doubly-occupied orbitals, the ligand =*-orbitals are the LUMOs, and the eg* orbitals
lie to higher energy. Molecular orbitals are shown at an isovalue of 0.05 g,73/2.
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Figure 11.

TD-DFT-calculated electronic absorption spectra of 1 and 2. Transition difference densities
for the most intense transitions are shown at an isovalue of 0.0015 4,3, with areas of
decreased electron density (donors) shown in teal and increased electron density (acceptors)
shown in purple.
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Figure 12.
Zero-field °’Fe Mossbauer spectra of 2 and 3.
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Figure 13.
ORTEP of dicationic [Co'!(tame-N,S(MeIm),)],2* (4) with counterions, solvents of

crystallization, and hydrogen atoms omitted for clarity.
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Figure 14.
ORTEP of dicationic 5 with counterions, solvents of crystallization, and hydrogen atoms

omitted for clarity.
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Figure 15.
Correlation between reduction potentials, S K-edge XAS pre-edge energies, and DFT-

calculated LUMO energies (referenced to their respective HOMO energies), illustrating the
effect of variations in A-heterocycle ring size.
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Scheme 1.
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Scheme 2.
Comparison of the Metrical Parameters within the Structurally Distinct (a-1mino)-pyridine

Fragments of 1, with Those Reported for the Three Different Redox States of This Ligand
Fragment8
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Table 3.

Redox Potentials for 1-3 in MeCN versus Fc/Fct

1 2 3

E,p,M 0116V +0.112V  -0.489 V
E®  NIA N/A +0.152 V
Epa +0.466V  +0.826V  +0.722V
By -174V  -139V  -189V
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Table 4.

Comparison of the Experimental and Calculated Mossbauer Parameters for 1-3

N-heterocycle &(mm/s) |AEq| (mm/s)  BP86 calcd &§ (mm/s) BP86 calcd AEq (mm/s)

1 pyridine 0.36 0.87 0.22 1.07
2 quinoline 0.36 0.85 0.22 -1.09
3 imidazole 0.41 0.38 0.39 0.82
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