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ABSTRACT: Electronic structure theory predicts that,
depending on the strength of the ligand field, either the
quintet (°T,) or triplet (*T) term states can be stabilized
as the lowest-energy ligand-field excited state of low-spin
octahedral d° transition-metal complexes. The T} state is
anticipated for second- and third-row metal complexes and
has been established for certain first-row compounds such
as [Co(CN)4]*", but in the case of the widely studied Fe
ion, only the °T, state has ever been documented. Herein
we report that 2,6-bis(2-carboxypyridyl)pyridine (dcpp),
when bound to Fe', presents a sufficiently strong ligand
field to Fe"" such that the ST,/>T, crossing point of the d°
configuration is approached if not exceeded. The electro-
chemical and photophysical properties of [Fe(dcpp),]*, in
addition to being of fundamental interest, may also have
important implications for solar energy conversion
strategies that seek to utilize earth-abundant components.

L igand-field theory represents one of the conceptual pillars of
inorganic chemistry. Indeed, the metal-based, so-called “d—
d” electronic states of such compounds were predicted nearly 60
years ago."” In the case of a six-coordinate d° species, ligands
presenting a weak-field potential lead to an adherence to Hund’s
rule and a °T, term as the compound’s ground state; as the
ligand-field strength is increased, the low-spin 'A; term is
stabilized, eventually becoming the ground state once the t,/e
orbital splitting exceeds the spin-pairing energy (the “spin-
crossover” point).>* With the notable exception of the recent
report by Wirnmark and co-workers,” these ligand-field states
effectively define the photophysics of iron(II) complexes.5
Given a sufficiently strong ligand field, the lowest-energy
triplet excited state (°T ) eventually drops below the *T, term to
become the lowest-energy ligand-field excited state of the system.
This is uniformly the case in the second and third transition
series; with the exception of [Co(CN)¢]*~, whose emission near
800 nm has been assigned as a >T; — 'A; transition,'® no
corresponding example of this phenomenon has been definitively
established for a first-row d® metal complex.'’ With this
Communication, we describe the first example of a new class
of iron(Il) polypyridyl chromophores for which this crossing
point is within reach. Specifically, we report that the previously
known ligand 2,6-bis(2-carboxypyridyl)pyridine'* (which we
abbreviate as dcpp) forms a bisadduct with Fe''. The resulting
compound, [Fe(dcpp),](PF),, has been characterized by single-
crystal X-ray crystallography to reveal a near-perfect octahedral
primary coordination sphere. This geometry, coupled with the
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low-energy nature of the ligand’s #* orbitals, results in a
significant stabilization of the t, orbitals of the Fe" center and
photoinduced dynamics consistent with a significant perturba-
tion of the compound’s low-lying excited electronic structure.

Inspired by the work of Schramm and co-workers, who
prepared the corresponding ruthenium(II) complex of the depp
ligand,"* we attempted unsuccessfully to prepare the iron(II)
analogue by a similar route. The formation of Fe'-containing
products in the reaction mixture suggested that, in contrast to the
Schramm reaction with Ru', oxidation of Fe! occurs more
readily than oxidation of the ligated, reduced precursor of dcpp,
2,6-bis(2-methylene-pyridyl)pyridine (dmpp). The dcpp ligand
was therefore prepared directly according to literature
methods."> [Fe(dcpp),](PFs), was then synthesized by trans-
ferring a MeOH/H, O solution of FeCl,-2H,0 to that of dcpp
using Schlenk techniques. The reaction mixture was stirred for 19
h at room temperature under nitrogen, after which the product
was obtained in 54% yield by precipitation with NH,PF, and
subsequent purification.

[Fe(dcpp),](PFy), crystallizes in the orthorhombic space
group Pbcn and is situated on the crystallographic inversion
center, making only half of the molecule unique. Each Fe' ion is
coordinated by two tridentate ligands, forming a six-coordinate
complex (Figure 1). Similar to the reported structure of
[Ru(dcpp)2]2+,13 the coordination geometry of the Fe' center
in [Fe(dcpp),]*" corresponds to a nearly perfect octahedron
with cis and trans bond angles deviating only slightly from the
ideal values of 90° and 180° (90.35 + 0.55° and 178.3 + 0.7°,
respectively). This is in stark contrast to the closely related
[Fe(terpy),]** complex (where terpy is 2,2":6',2"-terpyridine),
whose bond angles vary in the ranges of 79.8—100.5° and 161.0—
178.7° for cis and trans, respectively."® Even the tris-bidentate
complex [Fe(bpy);]** (where bpy is 2,2'-bipyridine) exhibits a
more significant deviation from octahedral geometry (81.8—
94.3° and 174.6°) than that seen for [Fe(dcpp),]**.'® These
differences are most likely associated with the relative rigidity of
the bpy and terpy ligands coupled with the five-membered ring
nature of the chelate, whereas the dcpp ligand can adopt a less
sterically constrained configuration around the metal center
because of the presence of the carbonyl groups that bridge
between the pyridyl rings."> The Fe—N bond distances in
[Fe(dcpp),]*" are unremarkable for low-spin nitrogen-coordi-
nated Fe" at 1.98 + 0.02 A; this is comparable to both
[Fe(bpy);)** (1.97 A) and [Fe(terpy),]*" (1.89—2.00 A).
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Figure 1. ORTEP drawing of the cation of [Fe(dcpp),](PFy), obtained
from single-crystal X-ray structure determination. Atoms are repre-
sented as 50% probability thermal ellipsoids. Hydrogen atoms and
anions are omitted for clarity. Selected bond lengths (A) and angles
(deg): Fel—NI, 1.985(2); Fel—N2, 1.974(2); Fel—N3, 1.989(2);
02—-C12,1.211(2); 01-C6, 1.213(2); N2—Fel—NI1A, 90.48(7); N2—
Fel—N1, 88.79(6); N2—Fel—N3, 88.87(6); N2—Fel—N3A, 91.86(6);
N1-Fel—NIA, 90.61(9); N1—Fel—N3A, 89.07(7); N3—Fel—N3A,
91.35(9); N1—Fel—N3, 177.63(6); N2—Fel—N2A, 178.96(8).
Symmetry code A: —x, y, —z + /5"

The dcpp ligand is twisted in a propeller-like arrangement that
facilitates the creation of the octahedral coordination geometry.
Interestingly, intramolecular interligand 7—7-stacking interac-
tions are found between each of the carbonyl groups of one dcpp
ligand and a nearby peripheral pyridine ring of another dcpp
ligand. The shortest interplanar atom--atom separations and
dihedral angles are 2.87 A (19.3°) and 2.84 A (18.8°) for the
stacked pairs, respectively, with center-to-center separations of
these stacked pairs of 3.26 and 3.40 A. Whether these 7—7z
interactions are the result of or contributing to the compressed
geometry is unclear.

The reason for the unusual blue color of [Fe(dcpp),] (PFy), is
evident from the compound’s electronic absorption spectrum
(Figure S1 in the SI), where the 'A; - 'MLCT absorption
feature exhibits a maximum at 610 nm. The charge-transfer
envelope for [Fe(dcpp),]** spans a broad range from 425 to 650
nm; the ca. 3500 cm ™" separation between the maxima suggests
that these features represent distinct electronic transitions as
opposed to a vibronic structure of a single feature. Although the
molar absorptivity of the MLCT maximum is smaller for
[Fe(dcpp),]** than either [Fe(bpy);]** or [Fe(terpy),]*,
integrating the spectra across the entire charge-transfer envelope
(14000—25000 cm™) indicates a slight increase in the visible
absorption cross section of [Fe(dcpp),]** relative to the other
two compounds. We anticipate that more details will emerge
from ongoing time-dependent DFT calculations.

Electrochemical data for [Fe(dcpp),]** are listed in Table 1; a
plot of the cyclic voltammagram is shown in Figure S2 in the SI.
The first oxidation wave is observed at E;,, = 1.29 V versus the
ferrocene/ferrocenium and is assigned to the Fell/Fell couple.
This is ca. 600 mV more positive than the corresponding
oxidations of [Fe(bpy);]** and [Fe(terpy),]** and indicates a
significant degree of stabilization of the formally z-bonding t,
orbitals in [Fe(dcpp),]** relative to these other compounds. We
believe this is partly due to the coordination geometry described
earlier, wherein the near-perfect octahedral symmetry of the
primary coordination sphere enhances the directionality of the
metal—ligand orbital overlap. A second, perhaps more significant,
contributing factor is likely the low energy of the z* orbital of
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Table 1. Electrochemical Data for [Fe(dcpp),](PF;),,
[Fe(bpy);](PFe),, and [Fe(terpy),](PFq),"

Ej, (V)
compound oxidation reduction
[Fe(depp),]* 1.29 -0.97
[Fe(bpy),]** 0.66 -1.78
[Fe(terpy),]** 0.71 —1.68
py.

“Electrochemical data were measured with a 0.1 M TBAPF,
electrolyte in MeCN using Ag/AgNO; as a reference. The tabulated
values represent the potentials externally referenced to Fc/Fc'.
Potentials are estimated to be accurate to +0.02 V. Further details
are available in the SIL

depp. The significant positive shift in the reduction potential of
ligated dcpp relative to bpy and terpy has been attributed to the
presence of the electron-withdrawing carbonyl groups in the
dcpp backbone.'® This will result in a better energetic match with
the filled d orbitals of the Fe!' center, which, in turn, will give rise
to increased mixing and stabilization of the bonding t, set.
Although we have no direct experimental information concern-
ing the energy of the e* (i.e.,, -antibonding) orbitals, the fairly
typical Fe—N bond distance coupled with the symmetry of the
primary coordination sphere suggests that the e* orbitals in
[Fe(dcpp),)** are either isoenergetic with or slightly more
destabilized than what is found for the bpy- and terpy-based
analogues. Our conclusion, therefore, is that [Fe(dcpp),]** is
characterized by an increase in the ligand-field strength of >600
mV relative to both [Fe(bpy);]** and [Fe(terpy),]*" due to the
unique ligating properties of dcpp.

Photoexcitation of low-spin iron(II) polypyridyl complexes
results in the rapid formation of the lowest-energy excited state of
the system, whereupon the compound relaxes back to its ground
state."® The time constant for *T, — 'A, relaxation in
[Fe(bpy),]** is 0.96 + 0.02 ns in a CH;CN solution (Figure 2,
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Figure 2. Time-resolved electronic absorption data for [Fe-
(bpy);[(PFs), (red, inset), [Fe(terpy),](PFe), (black, inset), and
[Fe(dcpp),](PFg), (blue) in room temperature CH,CN solutions
following excitation near the maximum of each compound’s 'A; —
'MLCT visible absorption feature. The solid lines correspond to fits of
the data to single-exponential kinetic models with time constants of 0.96
+ 0.02, 5.35 + 0.15, and 0.28 =+ 0.01 ns, respectively.

inset). Energetic considerations'” as well as variable-temperature
time-resolved absorption measurements'® place the ground-state
recovery dynamics of [Fe(bpy);]>* at or near the barrierless
region; [Fe(terpy),]*" possesses a smaller 'A,/°T, energy gap
than [Fe(bpy),]** and gives rise to a longer excited-state lifetime
(Figure 2, inset). The significantly larger ligand-field splitting
associated with [Fe(dcpp),]** should push the zero-point energy
of its ST, state past [Fe(bpy);]*" into the inverted region,
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resulting in an excited-state lifetime for [Fe(dcpp),]*" more
comparable to that of [Fe(terpy),]**. However, the dynamics
associated with ground-state recovery for [Fe(dcpp),]*" are
more than a factor of 3 faster than what is observed for
[Fe(bpy),]** under identical experimental conditions (Figure 2).
We also prepared and characterized Fe(bpy),(CN),, in which
one of the bipyridyl ligands has been replaced by two cyano
groups. This compound exhibits an excited-state lifetime in a
room temperature CH;CN solution of 630 =+ 10 ps, shorter than
that of [Fe(bpy);]*" but still more than a factor of 2 longer than
what we measure for [Fe(dcpp),]*".

Two possible explanations immediately come to mind that
could explain these observations: (1) the reorganization energy
associated with ST, — 'A, relaxation is significantly different for
[Fe(dcpp),]** than what is being inferred for these other
compounds or (2) different excited electronic states are involved
in the relaxation dynamics. Variable-temperature time-resolved
absorption measurements recently carried out in our laboratory
have shown that the reorganization energy associated with °T, —
'A; relaxation in the [Fe(tren(py);_,(6-Me-py),)]** class of
spin-crossover complexes is on the order of 1.0 eV.'®
Considering the degree of stabilization of the t,-type orbitals in
[Fe(dcpp),]*", the value of 4 for ground-state recovery would
have to be significantly larger for [Fe(dcpp),]*" in order to
produce the kinetics shown in Figure 2. A second, more
intriguing possibility is that the enhanced ligand-field strength of
the depp ligand has pushed this system past the *T, /T, crossing
point, thereby changing the nature of the lowest-energy excited
state being sampled in the photophysical measurement. In this
scenario, we would expect a smaller value for 4, given the
difference in the electronic configuration [i.e., (t,)*(e*)" for *T,
versus (t,)*(e*)? for °T, ], as well as an increase in the electronic
coupling between the ground and excited states due to the
reduction in the net spin change associated with the relaxation
process.

The above discussion assumes that the relative positions of the
excited-state potential energy surfaces are the main determining
factors dictating the kinetics, which is clearly an over-
simplification of the problem. A more extensive series of studies,
including variable-temperature ultrafast time-resolved electronic
absorption measurements, time-resolved X-ray absorption, and
computational studies on this and related synthetic analogues
that we have recently prepared,'® are currently underway in order
to understand the dynamics of this system in greater detail.

Apart from the fundamental interest in this compound from
the perspective of electronic structure theory, the physical and
photophysical properties of what we view as the first member of a
novel class of iron(II) complexes could pave the way for their use
in certain applications. For example, the Fe form of
[Fe(dcpp),]*" is a reasonably strong oxidant, which if transiently
generated could form the basis of a potent photoredox agent. In
addition, the close energetic proximity of the lowest-energy
charge-transfer and ligand-field excited states coupled with the
compound’s broad electronic absorption profile presents
interesting opportunities for applications in various solar energy
conversion schemes. Work along these lines is ongoing.
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General synthetic procedures, syntheses, and characterization of
depp and [Fe(dcpp),](PF),, details concerning steady-state and
time-resolved measurements, and X-ray crystallography in CIF
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format. This material is available free of charge via the Internet at
http://pubs.acs.org.
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