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ABSTRACT: This work examines the impact of axially coordinat-
ing additives on the electronic structure of a bioinspired octahedral
low-spin iron(II) N-heterocyclic carbene (Fe-NHC) complex.
Bearing two labile trans-acetonitrile ligands, the Fe-NHC complex,
which is also an excellent oxidation catalyst, is prone to axial ligand
exchange. Phosphine- and pyridine-based additives are used for
substitution of the acetonitrile ligands. On the basis of the resulting
defined complexes, predictability of the oxidation potentials is
demonstrated, based on a correlation between cyclic voltammetry
experiments and density functional theory calculated molecular
orbital energies. Fundamental insights into changes of the
electronic properties upon axial ligand exchange and the impact
on related attributes will finally lead to target-oriented manipu-
lation of the electronic properties and consequently to the effective
tuning of the reactivity of bioinspired systems.

B INTRODUCTION

Remarkable reactivity has been achieved with biologically
inspired molecular systems in recent years.'”” Enzymes
containing iron or copper active sites are used as blueprints
for accessing these bioinspired and biomimetic systems.”'*'!
Adapting design principles of metalloenzymes to synthetic
catalysts may help to establish environmentally friendly
processes, based on abundant and nontoxic metals and
reagents.” A plethora of bioinspired catalytic applications is
known, ranging from C—H bond oxidation to olefin
epoxidation and asymmetric hydrogenation."”"*”*!  Apart
from steric encumbrance, biological ligand spheres alter the
electronic properties of the metal cofactor significantly.
Therefore, artificial ligand systems that are easily accessible
and tunable in terms of sterics and electronics allow for the
adaption of biologically derived tools to synthetic catalysts.
Consequently, a variety of artificial high-valent iron inter-
mediates of bioinspired catalytic processes were isolated and
studied thoroughly, stabilized by multidentate amine-,
pyridine-, or N-heterocyclic carbene (NHC)-based li-
gands.®'***72° In cytochrome P450 (cyt-P450), the most
extensively studied enzyme capable of dioxygen activation, the
reactivity of the iron center is influenced to a considerable
extent by coordination of an axial ligand. A push—pull effect
induced by the apical thiolate enables O—O bond cleavage,
which is widely accepted as the crucial step in the reactivitz of
dioxygen- and peroxide-based iron oxidation chemistry."*”>*
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This effect inspired target-oriented manipulations in order to
tune oxidation potentials and activation barriers for synthetic
systems with specific applications.*”*°

Recently, we expanded the field of Fe-NHC-catalyzed
transformations by reporting the Fe'-NCCN-ligated [NCCN
= bis(pyridylimidazol-2-ylidene)methane] complex 1 (Figure
1) as an efficient epoxidation and hydroxylation catalyst.>"*>

Complex 1 exhibits two labile trans-acetonitrile ligands and is
therefore an excellent candidate for bioinspired axial ligand
modification analogous to cyt-P450. Various axially coordinat-
ing neutral ligands are subject to detailed investigations. For
several applications of transition-metal complexes, it is well

NCMe 1%

Figure 1. Structure of the Fe-NHC complex 1 bearing a tetradentate
NCCN ligand and two trans-acetonitrile ligands.31
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Table 1. Crystallographic Data for Fe-NHC Complexes 2 and 4—6 with Different Axial Ligands L,,

2 (L, = PMe;) 4 (L, = DMAP) S (L = py) 6 (L, = Me'nico)
formula C,3Ha,F,FeNgP, CssH,oF ,FeN,,P, C,7H,,F,FeNgP, Cs3H,,F,FeN,O,P,
fw 800.27 974.58 806.34 963.46
color/habit yellow/fragment red/block red/fragment red/plate
cryst dimens [mm?] 0.17 X 0.31 X 0.36 0.08 X 0.17 X 0.38 0.08 X 0.13 X 0.27 0.14 X 0.17 X 0.30
cryst syst triclinic orthorhombic orthorhombic monoclinic
space group PT (No. 2) Pben (No. 60) Pben (No. 60) P2,/c (No. 14)

a [A] 10.175(2) 7.9824(5) 8.3093(2) 8.4369(3)

b [A] 18.176(4) 21.9479(8) 21.6677(7) 22.6147(8)

¢ [A] 18.604(5) 23.6689(11) 16.8372(6) 20.3046(8)

a [deg] 88.663(10) 90 90 90

f [deg] 75.247(10) 90 90 90.900(2)

v [deg] 75.812(10) 90 90 90

V [A%] 3222.9(13) 4146.7(4) 3031.43(16) 3873.6(2)

V4 4 4 4 4

T [K] 123 123 123 123

D e [g em™] 1.649 1.561 1.767 1.652

4 [mm™"] 0.763 0.539 0.714 0.582

F(000) 1624 1992 1624 1952

0 range [deg] 1.13—-25.41 1.72-25.41 1.88—25.38 2.75-25.35
index ranges (h, k, 1) +12, +21, +22 +9, —24 to —25, +28 +10, +26, +20 +10, +27, +24
no. of reflns collected 57865 40081 93186 76048

no. of indep reflns/R;, 11744 3794 2783 7077

no. of obsd reflns [I > 26(I)] 10430 3480 2445 5265

no. of data/restraint/param 11744/70/878 3794/48/321 2783/0/227 7077/0/553
R1/wR2 [I > 26(I)] 0.0321/0.0742 0.0591/0.1365 0.0365/0.1376 0.0510/0.1193
R1/wR2 (all data) 0.0379/0.0775 0.0642/0.1390 0.0432/0.1466 0.0775/0.1317
GOF (on F?) 1.038 1.187 1.274 1.031

largest diff peak/hole [e A™%] 0.512/-0.497 1.571/-0.535 0.836/—0.574 1.081/-0.414

established that the use of coordinating additives greatly
increases the reactivity, with the most prominent examples
being the second-generation ruthenium alkylidene metathesis
catalysis and methyltrioxorhenium oxidation catalysts.>*~*
Insights into the electronic impact of axially coordinated
ligands in bioinspired iron complexes together with predictable
oxidation potentials can lead to target-oriented modifications of
their reactivity.

Hence, we describe coordination exchange reactions of
phosphines and pyridine derivatives with 1 and evaluate their
influence on the system. Derived from Koopmans’ theorem,
density functional theory (DFT)-calculated molecular orbital
(MO) energies are directly correlated to the oxidation
potentials, as determined by cyclic voltammetry (CV) for five
new complexes. We show that the bioinspired electronic
modification of oxidation potentials of a defined Fe-NHC
complex is predictable. A fundamental understanding of these
implications is of utmost interest for target-oriented electronic
tuning of iron(II) complexes and therefore for manipulating
their reactivity toward future applications in catalysis or for fine-
tuning of the existing catalytic systems.

B EXPERIMENTAL SECTION

General Procedures. All chemicals were purchased from
commercial suppliers and used without further purification. Anhydrous
and oxygen-free acetonitrile was obtained from an MBraun solvent
purification system, and analytical-grade acetone (99.9%) was degassed
by the freeze—pump—thaw technique prior to its use as a solvent.
Complex 1 was synthesized according to literature-known proce-
dures.>"* Liquid NMR spectra were recorded on a Bruker Avance
DPX 400, a Bruker Ultrashield S00 Plus with a cryo unit, and a Bruker
Ultrashield $00. Chemical shifts are given in parts per million (ppm),

and the spectra were referenced using the residual solvent shifts as
internal standards (acetone-dg; "H NMR, & 2.05; *C NMR, § 206.26).
Electrospray ionization mass spectrometry (ESI-MS) analyses were
performed on a Thermo Scientific LCQ/Fleet spectrometer by
Thermo Fisher Scientific. A Jasco V-550 UV—vis spectrometer was
used for collection of the UV—vis absorption spectra, and for every
sample, 2 mg of the respective compound was dissolved in 8 mL of
acetone. Elemental analysis was obtained from the microanalytical
laboratory of TUM. Experimental procedures for reactions of the
starting complex 1 with trimethylphosphine (PMe;) to form
disubstituted complex 2 and monosubstituted complex 2a, as well as
with triphenylphosphine (PPh;), 4-(dimethylamino)pyridine
(DMAP), pyridine (py), and methyl isonicotinate (Me'nico) to form
complexes 3—6, respectively, can be found in the Supporting
Information (SI).

CV. A GAMRY Reference 600 potentiostat was used, together with
eDAQ_electrochemical reaction vessels (3.0 mL), for CV measure-
ments. Platinum electrodes from eDAQ were chosen as the working
and counter electrodes and Ag/AgCl (3.4 M in KCl) from eDAQ as
the reference electrode. For all measurements, 3.0 mg of the respective
compound was dissolved in 1.0 mL of degassed acetone, containing
0.1 mmol of tetrabutylammonium hexafluorophosphate. The potential
was scanned with 100 mV s™! from 0.0 to 1.5 V versus the Ag/AgCl
redox couple, and the obtained values were referenced versus the Fc/
Fc* redox couple as the internal standard (0.48 V vs SCE).*°

Single-Crystal X-ray Diffraction. For crystallization of com-
pounds 2, 4, and 6, diethyl ether was allowed to diffuse slowly into an
acetonitrile solution of 1 and excess of PMe;, DMAP, or Me'ico,
respectively. In the case of §, a saturated solution of the starting
complex 1 in py was prepared, and again slow diffusion of diethyl ether
into the solution resulted in the formation of a single crystalline
material of S. Details on the collection of crystallographic data can be
found in Table 1 as well as in the SI.

DFT Calculations. All calculations were performed with Gaussian
09! using the DFT/Hartree—Fock hybrid model Becke3LYP.5® For
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geometry optimizations, the split-valence double-{ (DZ) basis set 6-
31G(d)**%° was used for all atoms except iron, which was described
with the SDD basis set as implemented in Gaussian 09, applying an
effective core potential with a DZ description of the valence
electrons.”” This basis set combination is denoted as Bl in this
Article. Solvation effects were taken into account by using the
conductor-like golarizable continuum solvation model with acetonitrile
as the solvent.”®* No symmetry or internal coordinate constraints
were applied during optimization. All reported ground states were
verified as being true minima by the absence of negative eigenvalues in
vibrational frequency analysis. XYZ coordinates for all calculated
compounds can be found in the SI Single-point calculations on all
optimized structures were performed to ensure energy convergence by
Esziréag}ie triple-¢ basis set 6-311++G(d,p) on all atoms, denoted as

B RESULTS AND DISCUSSION

Synthesis and Characterization. The starting complex 1,
bearing a rigid tetradentate NCCN ligand and two axial
acetonitrile ligands, was synthesized according to previously
reported procedures.>"* Both acetonitrile ligands are prone to
ligand-exchange reactions, and PMe; and PPh;, featuring
different Tolman cone angles of 118° and 145°, respectively,
were introduced as ligands in the axial positions.®® The addition
of excess PMe; to a solution of 1 in acetonitrile at room
temperature gave complex 2 in 66% yield, while the reaction of
PPh; and 1 in acetone at low temperature allowed isolation of
complex 3 in 74% yield (Scheme 1).

Scheme 1. Reactions of Complex 1 with PMe;, PPh;, DMAP,
py, and Me'nico To Form Complexes 2—6, Respectively”

NCMe 1% T
/F|e'\— > 2PFy —— /Fe'\— > 2PFs
=N =N —N =N
wihe wihe
NCMe L
1 = =
2 PMe; 4 DMAP
3 PPh; 5 py
6 Mehico

“(a) Excess PMe;, MeCN, room temperature. (b) Excess PPh,,
acetone, —78 °C to room temperature. (c) Excess DMAP, MeCN,
room temperature. (d) Excess py, acetone, —78 °C to room
temperature. (e) Excess Me'nico, acetone, —78 °C to room
temperature.

PMe;, a strong o donor, showed significantly stronger
interaction with the iron center than acetonitrile; therefore, no
exchange with MeCN was observed once the phosphine is
coordinated to iron.%® Also, only the disubstituted complex was
formed, and a monosubstituted complex bearing one MeCN
and one PMe; was not observed as the byproduct. However,
the addition of PPhj; to a solution of 1 in MeCN led to different
results. Even in the presence of a large excess of PPhy (>30
equiv), a mixture of mono- and disubstituted products was
always indicated by NMR spectroscopy. In contrast to PMe;,
PPh; not only has higher steric demand but also exhibits poorer
o-donor strength and is therefore in continuous exchange with
acetonitrile solvent ligands.*®® Using acetone instead of
MeCN as the solvent allowed complex 3 to form exclusively
from 1 and excess PPh; (Scheme 1). Interestingly, in acetone
the reactivity of 1 is increased significantly as a result of the

poorer donor ability of acetone compared to acetonitrile.
Consequently, all reactions in acetone have to be performed at
low temperature (—78 °C) in order to avoid decomposition of
1, which occurs slowly at room temperature even under inert
conditions.

Comprehensive NMR spectroscopic data were collected, i.e.,
'H, 3C, and 3'P NMR as well as '"H—'H COSY and ‘H-2C
HSQC (see the SI for all data). In 'H NMR spectroscopy, a
signal was observed for these and all of the following complexes
that is shifted significantly downfield in the range of 9.50—10.50
ppmy; it was assigned to the signal of the ortho protons of the
pyridyl moieties of the symmetric tetradentate ligand. The
relative shift of this signal changes remarkably with
coordination of the axial substituents of different o-donor
strength, being 9.53 ppm in the case of PMe;-substituted
complex 2 and 10.17 ppm for PPh;-substituted complex 3.
Low-temperature NMR experiments were required in order to
obtain data of 1 for comparison because 1 decomposes in
acetone at room temperature over time as mentioned before.
"H NMR spectroscopy at —40 °C revealed a relative shift of
9.89 ppm for the ortho protons’ signal. For complex 2, single
crystals suitable for X-ray diffraction were obtained, and the
molecular structure is shown in Figure 2.

c20

c19

c18

2

Figure 2. ORTEP representation of the dicationic fragment of
complex 2. Thermal ellipsoids are shown at the 50% probability level.
Hydrogen atoms and PF¢~ anions are omitted for clarity. Selected
bond lengths [A] and angles [deg]: Fel—C1 1.820(3), Fel—C10
1.818(3), Fel—N3 2.068(2), Fel—N6 2.069(2), Fel—P1 2.269(2),
Fel—P2 2.263(2); P1—Fel—P2 177.42(3), N3—Fel—N6 114.15(9).

Analogous to previously published X-ray data of 1, complex 2
exhibits slightly distorted octahedral coordination geometry,
with the tetradentate NCCN ligand coordinated in a square-
planar fashion and the PMe; ligands coordinated trans to each
other in axial positions. A more detailed presentation of the
bond lengths in comparison to the other structures introduced
in this Article can be found below, together with geometry
parameters obtained from DFT calculations.
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Cl2a
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C31
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Figure 3. ORTEP representation of the dicationic fragments of complexes 4 (left), 5 (middle), and 6 (right) with thermal ellipsoids shown at the
50% probability level. Hydrogen atoms, PF,~ anions, and cocrystallized solvent molecules are omitted for clarity. Selected bond lengths [A] and
angles [deg]: (4) Fel—C1 1.819(3), Fel—N3 2.084(3), Fe1—N4 2.014(3); N4—Fel—N4a 174.35(15), N3—Fel—N3a 113.49(15). Symmetry code:
(a) —x, y, —z + /5. (5) Fel—C1 1.818(2), Fel—N3 2.089(2), Fel—N4 2.012(2); N4—Fel—N4a 175.45(11), N3—Fel—N3a 113.78(11). Symmetry
code: (a) —x + 2, y, —z + /. (6) Fel—Cl1 1.832(3), Fel—C10 1.835(3), Fel—N3 2.127(3), Fel-N7 2.098(3), Fel—N4 2.009(3), Fel—N8

1.994(3); N4—Fel—N8 171.46(11), N3—Fel—N7 115.50(11).

Compound 1 was also treated with py and its donor- and
acceptor-substituted derivatives DMAP and Me'nico, leading to
complexes 4—6, which were obtained in yields of 70%, 79%,
and 78%, respectively (Scheme 1). Analogous to the synthesis
of 3, it was also possible to isolate 4 when acetone was used as
the solvent instead of acetonitrile. When the ligand was
changed from the electron-rich DMAP to an unsubstituted py,
only partial conversion was observed in MeCN and a mixture of
mono- and disubstituted complexes can be obtained. As
described for the synthesis of 3, using acetone as the solvent
for the ligand-exchange reaction with py led to clean conversion
of 1 to §, giving the desired target compound as an orange
powder in 79% yield. When the same methodology was applied
to the synthesis of 6, the disubstituted complex with Me'nico as
axial ligands was obtained as a red powder in 78% yield from
the reaction of 1 with excess Me'nico in acetone at low
temperature.

Compounds 4—6 were characterized by NMR spectroscopy
as well as by mass spectrometry and elemental analysis. In the
"H NMR spectra, the signal of the ortho protons of the pyridyl
moieties of the NCCN ligand appears as a doublet at 10.26
ppm for the DMAP-substituted complex 4, at 10.34 ppm for
the py-substituted complex 5, and at 10.31 ppm for the
Me'nico-substituted complex 6. Compounds 4—6 were further
characterized by means of single-crystal X-ray structural
analysis, and as in the case of 2, the iron centers in 4—6
exhibit distorted octahedral geometry. A graphical representa-
tion of the molecular structures of 4—6 is given in Figure 3,
together with selected bond lengths and angles; e.g,, the bond
length from the iron center to the axially coordinated nitrogen

11576

Fel—N4 (and Fel—N4a) is 2.014(3) A in the case of 4. For the
py-substituted complex S, the Fel—N4 (and Fel—N4a) bond is
2.012(2) A, whereas the molecular structure of 6 reveals a
shorter Fel1—N4 bond length of 2.009(3) A and a trans Fel—
N8 bond length of 1.994(3) A. The molecular structure of 6
exhibits lower symmetry; therefore, two different bond lengths
were observed for coordination of the axial ligands to the iron
center.

For 4—6, the trend toward slightly shorter Fe—N,, bond
lengths from DMAP via py to Me'nico can be associated with
the z-acceptor ability of the axial ligands, which is lowest for
DMAP and highest for Me'nico. A facilitated overlap of the d
orbitals of the iron center with the 7z orbitals of the
coordinating py’s with better m-acceptor ability is feasible,
resulting in a higher bond order in the case of better 7-acceptor
ligands. At the same time, the bond lengths from the equatorial
pyridyl moieties to the iron center (Fe—N,,) are elongated
from 4 to 6, indicating that the Fe—N,, bond in the equatorial
plane is weakened upon coordination of better 7 acceptors in
the axial positions. The Fe—Cyyc bond was found to be
remarkably short in all cases, ranging from 1.837(2) to 1.818(2)
A, while for other reported Fe'-NHC complexes, the Fe—Cyyc
bonds are typically longer, e.g, 1.979—2.052 A for octahedral
complexes with macrocyclic tetracarbene ligands or 2.177 A for
three-coordinate monocarbene-ligated iron complexes, albeit in
a high-spin state.”>”*® For 1—6, coordination of the pyridyl
moieties of the tetradentate NCCN ligand causes the Fe—Cyyc
bonds to shorten as a result of the rigid ligand structure. In the
case of macrocyclic tetradentate ligands, no comparable rigidity

dx.doi.org/10.1021/ic501613a | Inorg. Chem. 2014, 53, 11573-11583
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Table 2. Selected Bond Lengths [A] and Angles [deg] of the First Coordination Sphere of 1, 2, and 4—6 As Determined by
Single-Crystal X-ray Diffraction and Obtained from DFT Calculations on a B3LYP/B1 Level of Theory for 1—6“

exchanged axial ligands

1 (MeCN) 2 (PMe,)
Fe—X,, [A] X-ray 1.915(2) 2.269(2), 2.263(2)
DFT 1.947 2.347
Fe—Cypc [A] X-ray 1.837(2) 1.820(3), 1.818(3)
DFT 1.867 1.851
Fe—N, [A] X-ray 2.096(2) 2.068(2), 2.069(2)
DFT 2.162 2.156
X,—Fe—X,, [deg] X-ray 172.23(7) 177.42(3)
DFT 172.84 172.71

“Xx corresponds to the coordinated donor atoms in axial positions, Cyyc represents the coordinated carbon atoms of the NHC units, and N
represents the nitrogen atoms of the pyridyl functionalities in the tetradentate NCCN ligand. X-ray data of 1 have been reported previously.>'

3 (PPh;) 4 (DMAP) S (py) 6 (Me'nico)
2.014(3) 2.012(2) 2.009(3), 1.994(3)
2.494 2.067 2.071 2.063
1.819(3) 1.818(2) 1.832(3), 1.835(3)
1.870 1.858 1.864 1.868
2.084(3) 2.089(2) 2.127(3), 2.098(3)
2221 2205 2207 2217
174.35(15) 175.45(11) 171.46(11)
175.06 171.14 171.23 171.11

eq

is induced by the ligand scaffold, and therefore the Fe—Cyyc
bonds are longer.

For all complexes, geometry optimizations based on the
molecular structures as determined by X-ray diffraction were
conducted on a B3LYP/B1 level of theory (see the
Experimental Section) except for 3, where no single crystals
could be obtained. In general, DFT-obtained geometries were
in good accordance with X-ray molecular structures. Also, the
above-mentioned short Fe—Cyyc bond lengths are reflected by
the DFT calculations, however to a smaller extent. An overview
of the most relevant bond lengths and angles determined by X-
ray diffraction as well as values obtained from DFT calculations
is given in Table 2.

Electrochemical Investigations. In order to elucidate the
electronic situation of disubstituted complexes 2—6, all
complexes were subjected to electrochemical oxidation utilizing
CV. For 1, the respective data have been reported earlier with a
half-cell potential of E,,, = 423 mV for one-electron oxidation
of Fe'' to Fe'', and the process showed total reversibility.*!
With ligands of different donor ability replacing the axial
acetonitrile ligands of 1, a change of E,;, is expected for
complexes 2—6, and the experimentally gained cyclic
voltammograms are shown in Figure 4.

In all five cases, one-electron oxidation in the range of 79—
440 mV was found and assigned to the Fel'/Fe! oxidation,
which is fully reversible for 2 and 4 and quasi-reversible for 3, 5,
and 6. Within each additive class (phosphines and py
derivatives), a relationship between the 7-back-bonding ability
of the axial ligands and the oxidation potential is evident, with
PPh; being a better 7 acceptor than PMe;, and for the py
derivatives, the z-acceptor ability increases from DMAP via py
to Me'ico.”” The half-cell potential of 2 (PMey-ligated) was
determined as E, ;, = 283 mV, whereas 3 (PPh;-ligated) exhibits
a significantly higher half-cell potential of E,;, = 440 mV. In the
case of py and its derivatives, E, ,, was found to be 79 mV in the
case of 4 (DMAP-ligated) and 333 mV in the case of 5 (py-
ligated), and the CV of 6 (Me'nico-ligated) revealed a half-cell
potential of E,;, = 388 mV. Hence, the higher the z-back-
bonding ability of the axial ligands, the higher the required
potential for oxidation of the respective complexes. The CV
results confirmed the expected change of the electrochemical
behavior upon the introduction of ligands of different bonding
abilities when compounds with the same class of axial ligands
are compared. However, in order to understand the impact of
coordinated axial ligands without being limited to one class of
ligands for a detailed comparison, more information on
energies on a MO level are required.

11577
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Figure 4. Cyclic voltammograms obtained for complexes 2—6. For
each experiment, 3 mg of the respective complex was dissolved in 1
mL of a 0.1 M solution of tetrabutylammonium hexafluorophosphate
in acetone. The potential was scanned at 100 mV s™" from 0.0 to 1.5V
versus Ag/AgCl, and the presented potential values were referenced to
the Fc/Fc* redox couple as the internal standard (0.48 V vs SCE).>
Half-cell potentials E, ;, were identified as follows (vs Fc/Fc*): 283 mV
(2), 440 mV (3), 79 mV (4), 333 mV (5), and 388 mV (6).

Theoretical Considerations. Derived from Koopmans’
theorem, which states that, in closed-shell Hartree—Fock
theory, the ionization potential is equal to the negative highest
occupied molecular orbital (HOMO) energy,70 a DFT-based
approach was used to investigate correlations between the
HOMO energies of 2—6 and the experimentally determined
oxidation potentials, as has been reported for other cases.”! For
all complexes, single-point calculations on the B3LYP/B2 level
of theory (see the Experimental Section) were carried out on
the previously described geometries obtained from geometry
optimizations on the B3LYP/BI level, and the resulting
energies for HOMOs and lowest unoccupied molecular orbitals
(LUMOs) are listed in Table 3 together with the CV oxidation
potentials.

Compared to the starting complex 1, Eyoypo is lowered and
therefore better stabilized for 3 and 6, both bearing axial ligands
with the highest 7-acceptor ability within their class of ligands
used in this work. A higher Eyoy0 compared to that of 1 was

dx.doi.org/10.1021/ic501613a | Inorg. Chem. 2014, 53, 11573—11583
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Table 3. MO Energies of Complexes 1—6 As Calculated by
DFT on the B3LYP/B2 Level of Theory Listed for the
HOMO-1 (Eyomo-1), HOMO (Egomo), and LUMO
(ELumo) as Well as for the Gap between the HOMO and
LUMO (AEg,,)"

Egnomo-1 [eV]  Enowmo [eV]  Erumo [eV] AEGap [eV] Eip [mV]

1 —6.46 —6.30 —2.17 413 423°
2 —6.30 —6.11 —2.17 3.94 283
3 —6.47 —-633 —2.24 4.09 440
4 —6.00 —5.76 213 3.64 79
5 624 -622 —222 4.00 333
6 —634 —634 —2.84 3.50 388

“Also, the half-cell potentials g,El /») determined experimentally by CV
are given for all compounds. “Measured in MeCN.

calculated for 2, 4, and §, being the highest in the case of 4 with
DMAP ligands in axial positions that are capable of 7 donation;
hence, the HOMO is destabilized significantly. In the case of 6
and, to a smaller extent, also in the case of §, the two HOMOs
are understood as degenerate orbitals, which stands in clear
contrast to 1—4. Notably, the energies of the respective
LUMO:s are not affected as significantly as the HOMOs, and
yet the same trends were observed with the exception of
complex 6, which shows a LUMO with extensively lower
energy. As a consequence of destabilization of the HOMO of 4
and stabilization of the LUMO of 6, both complexes feature the
lowest HOMO—LUMO gap (AEg,,; compare Table 3). Still,
with AEg,, > 3.50 eV for all complexes, the low-spin state of
1-6 is clearly illustrated.

A distinct correlation between the calculated Epgpo and
measured E, /, is evident because for both dimensions the same
trends were observed regarding the m-acceptor ability of the
axial ligands. Further data analysis revealed a linear relationship
between Eyoy0 and E, /, without limitations to the ligand class,
and the linear fit with R = 0.995 is shown in Figure S.

The correlation between the HOMO energy and oxidation
potential emphasizes the impact of electronic modification by
the coordination of additives. As shown in Figure S, the
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Figure S. Linear relationship of the experimental half-cell potential
E, ), versus Fc/Fc" as determined by CV and DFT-calculated energies
of the HOMOs (Eyomo) on the B3LYP/B2 level of theory for
complexes 2—6. The values of 3 were not included in the linear fit
because 3 did not exhibit full reversibility for at least 10 cycles in the
CV experiment. Linear equation: E,, = —538Eyopo — 3016.

addition of DMAP to 1 results in a compound that is more
prone to oxidation compared to the addition of PPh; or
Me'nico with up to 361 mV difference in the half-cell potential.
By using the linear relationship between E, ;, and Eyomo (Ei/
= —538Ey0mo — 3016; see Figure S), the oxidation potential of
a hypothetical derivative of 1 with two axial PCy; ligands could
be predicted. DFT calculations resulted in a value of Eyopo =
—6.10 eV in the case of two axial PCy; ligands; on the basis of
the linear fit, the oxidation potential is predicted as E,;, = 268
mV. These results are similar to the ones obtained for PMe,
(2). Geometry data of the DFT-optimized structure of the
PCys-ligated complex are given in the SL

On the basis of the experimentally validated DFT data, a
more thorough investigation of orbital geometries and energies
was pursued in order to understand the differences between
phosphine- and py-based ligands on a more fundamental level.
Therefore, the HOMOs and LUMOs of 1—6 were visualized
and the considered energies extended to all MOs from
HOMO—4 to LUMO+4 (Figure 6).

Visualization of a HOMO often helps to evaluate the orbitals
affected upon removal of an electron, and in the case of redox-
active ligand systems, DFT-based approaches are employed for
distinction between ligand- and metal-centered oxidation.”*~"*
Also, the character of a d orbital that contributes to the
respective MO can be described. It is evident from Figure 6 that
for all complexes the iron center contributes to the
corresponding HOMO, and with the exception of 4, the
same d orbital of iron is involved. Additionally, only minor
differences between the HOMOs of 1-3, S, and 6 were
observed because for 1 and 3 only minor 7-back-bonding to the
axial ligand was revealed in the HOMOs and the majority of the
respective HOMOs is located at the iron center and the
coordinated NHC units. A different situation is given in the
case of 4, with contribution of the resonance structure of the
axial DMAP ligands to the HOMO at the expense of inclusion
of the NHC units. These findings are in accordance with the
results described before because 4 is easier oxidized and exhibits
a significantly destabilized HOMO compared to the other
complexes. Notably, compounds $ and 6 possess quasi-
degenerate HOMOs with an energy difference of less than
0.02 eV, and in both cases, the contribution of the resonance
structures of the axial ligands was found in their HOMO—1 (for
visualization, see the SI). In contrast to the HOMOs, ligand-
centered LUMOs were observed for all complexes, with major
contribution of the equatorial pyridyl moieties of the
tetradentate NCCN ligand with the exception of 6, where the
LUMO is located exclusively on the aromatic system of the
axial Me'nico ligands. Taking the energies of the LUMOs
(ELumo) into account, a clear correlation between E o and
the localization of the respective LUMO was found because 6
exhibits a LUMO with considerably lower energy compared to
1-5. Therefore, the influence on the MOs by py-based axial
ligands is reversed for the donor-substituted DMAP and the
acceptor-substituted Me'nico.

Apart from the dimensions of HOMOs and LUMOs, Figure
6 also depicts the energies of the five HOMOs (HOMO—4 to
HOMO) and five LUMOs (LUMO to LUMO+4). Interest-
ingly, exchange of MeCN ligands (1) to the strongly o-
donating PMe; ligands (2) did not result in a significant change
of the MO splitting pattern, with only the energies being
influenced. However, for 3, a clear change of the splitting
pattern was observed, and HOMO—4 and HOMO-3 were
strongly destabilized, whereas especially LUMO+4 shows
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Figure 6. MO energies of HOMO—4 to LUMO+4 as predicted by DFT on the B3LYP/B2 level of theory and visualization of HOMOs (bottom)
and LUMOs (top) for complexes 1—6 including exact values of Ey, for all HOMOs and LUMOs. Orbitals with a difference in energy of 0.02 eV or
less are treated as quasi-degenerate. Exact energies obtained from DFT calculations for all orbitals depicted here are listed in the SI together with

enlarged pictures of the visualized HOMOs and LUMOs.

remarkably better stabilization. As mentioned before, DMAP
strongly increases the energies of the occupied MOs, even
resulting in the disappearance of the gap between the three
HOMOs that are derived from the Fe d orbitals and HOMO-3
and HOMO—4 in complex 4. Nevertheless, the virtual,
unoccupied MOs of 4 are almost unaffected, and only minor
changes compared to 1 were seen. The occupied MOs of § and
6 are similar in their splitting pattern, and only minor energy
differences were found. However, the aforementioned remark-
able stabilization of the virtual orbitals of 6 also results in a
different splitting pattern of these MOs.

Although only the HOMO and LUMO energies are of
interest for prediction of the impact of coordinating additives
on the redox behavior of transition-metal complexes, a more
comprehensive insight into the energies of MOs as introduced
above can help in the understanding of other electronic
properties, e.g., excitation of molecules by absorption of light.
Hence, UV—vis absorption spectra of 1—6 were recorded (see
Figure 7).

Within the phosphine-ligated complexes 2 (g,,5 = 10470 M™!
ecm™) and 3 (&40 = 7220 M~ cm™"), the PMe, derivative 2 has
a higher extinction coefficient. Within the observed range, 3

11579

revealed three absorption maxima (517, 410, and 355 nm),
whereas two absorption bands were observed in the case of 2
(413 and 348 nm). Typically, intense colors with extinction
coefficients on this order of magnitude are caused by charge-
transfer processes rather than the alternative Laporte-forbidden
d—d transitions.”> Hence, the observed absorption bands in the
region of visual light are understood as charge-transfer bands.
For the phosphines, only minor influence on charge-transfer
processes is indicated by UV—vis absorption spectroscopy with
the exception of the additional absorption band of 3. These
findings are reflected in the splitting patterns of the MOs of 1—
3. Only minor energy differences of the occupied MOs are
observed, and for 3, also the energies of some of the virtual,
unoccupied orbitals are lowered. A very different situation was
observed in the case of the py-based ligands and the
corresponding complexes 4 (35 = 13134 M~ cm™), § (&35
= 6326 M™' cm™), and 6 (e = 6059 M™' cm™'). Two
absorption maxima were revealed for all three complexes, at
wavelengths of 482 and 350 nm for 4, 445 and 395 nm for §,
and 446 and 345 nm for 6. For DMAP-coordinated complex 4,
the absorption band at 482 nm shows a red-shifted shoulder
and also 6 exhibits a red-shifted shoulder at the 446 nm

dx.doi.org/10.1021/ic501613a | Inorg. Chem. 2014, 53, 11573-11583
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Figure 7. UV—vis absorption spectra of complexes 1—6. Top: Starting
complex 1 (dashed line) compared to phosphine derivatives 2 (red
line) and 3 (blue line). Bottom: Absorption spectra of iron complexes
bearing DMAP (4, red line), py (5, blue line), or Me'ico (6, green
line) ligands shown next to 1 (dashed line).

absorption band. Apparently, introducing differently substituted
py ligands into the axial positions strongly influences the nature
of electronic excitations and related charge-transfer bands. This
observation could be correlated to the MO splitting patterns of
4—6 (Figure 6) because the energies of either the HOMOs (in
the case of 4) or LUMOs (in the case of 6) differ significantly.
For a full assignment of electronic transitions to the UV—vis
data, time-dependent DFT (TD-DFT) is required;”® however,
a full TD-DFT study exceeds the scope of this work and is
currently of interest in our group.

Outlook on the Reactivity in Solution. As mentioned
above, all complexes apart from 2 did undergo ligand exchange
with MeCN upon dissolution of the compounds in acetonitrile,
resulting in a mixture of disubstituted complexes 3—6, starting
complex 1, and monosubstituted derivatives 3a—6a, bearing
one acetonitrile ligand and one remaining coordinated additive
in their axial positions (Figure 8).

Identification of the mixtures is possible by tracing the
relative shift of the '"H NMR signal of the ortho proton of the
pyridyl moieties in the NCCN ligand, which is influenced
significantly by the type of axial ligand. In the respective
acetonitrile solutions of 2—6, the ratio of disubstituted,
monosubstituted, and bis(acetonitrile)-ligated complex 1 differs

NCMe ~ 1% L=
@—IN@ 2a PMe,
g N> _ 3a PPh,
v r\—N 2PF 42 DMAP
2
N N\/ .
‘ 6a Me'nico
Lax

Figure 8. Structure of monosubstituted complexes 2a—6a, bearing one
acetonitrile and one coordinated additive L,, in the axial positions.

significantly, depending on the axial ligand (see the SI for NMR
data). As mentioned above, 2 did not undergo ligand exchange.
In contrast, 3 releases exactly 1 equiv of PPh;, which leads
solely to 3a (supported by *'P NMR). The DMAP-substituted
complex 4 results in a mixture of 65% 4 and 35% 4a in an
acetonitrile solution, whereas § gives a mixture of 6% S, 51%
5a, and 43% 1, and dissolving 6 in acetonitrile results in a
mixture of 23% 6a and 77% 1. The presence of such
monosubstituted complexes with one labile solvent ligand is
of great interest because dissociation of such a placeholder
ligand would lead to a five-coordinate, square-pyramidal iron
center, exhibiting a free coordination site. On the basis of the
theoretical investigations described above, the DFT approaches
were transferred to the monosubstituted compounds 2a—6a.
Calculations of MO energies were performed, and the results
for the five highest occupied and five lowest virtual MOs are
shown in Figure 9 next to the data for 1, together with
visualizations of the HOMOs and LUMOs of all complexes.

Most interestingly, it is evident that only marginal differences
between disubstituted complexes 2—6 and monosubstituted
compounds 2a—6a exist, concerning splitting patterns of the
MOs as well as orbital energies. For most cases, the impact of
additive coordination on MO energies was decreased, with only
one additive coordinated to iron, and for PPh;, no significant
difference of the HOMO and LUMO energies between mono-
and disubstituted complexes was calculated. Accordingly, the
half-cell potentials of 2a—6a could be predicted based on DFT-
calculated Eyyop o from the linear relationship introduced before
(Eij» = —S538Eyopmo — 3016; see Figure S), and with the
exception of DMAP-substituted compounds 4 and 4a, the
differences in the half-cell potentials between mono- and
disubstituted complexes were small with S0 mV or less (Table
4).

Similar to the situation in 2—6, the 7-acceptor ability within
each class of axial ligands was reflected by a clear trend in
Epomo and Ejj,, respectively. Interestingly, the differences
(AE,),) between E,j; ., and the half-cell potentials of
disubstituted compounds 2—6 almost diminished for systems
with better 7-acceptor ligands in axial positions. For the
phosphines, 2a exhibits a half-cell potential of 47 mV higher
compared to that of 2, whereas E, /5 ,on, Of 3a is SO mV lower
than that of 3. This observation was even clearer for the py-
based axial ligands in the cases of 4a—6a. DMAP-substituted 4a
required a 154 mV higher potential for oxidation; for py-
substituted Sa, the difference is only 19 mV, and similar to 3a,
with Me'nico as a good 7-acceptor ligand, the half-cell potential
of 6a was lowered by 9 mV compared to that of 6. The
consequences of partial axial ligand exchange in an acetonitrile
solution could be estimated based on these results. In order to
verify the theoretical predictions of half-cell potentials of the
monosubstituted derivatives, attempts were undertaken to
directly synthesize and isolate 2a—6a. This was successful for
2a with one PMe; ligand in the axial position (Scheme 2; see
the SI for experimental details).

CV experiments with 2a revealed a half-cell potential of 325
mV, which is in excellent accordance with the calculated value
of 330 mV (Table 4; see the SI for the cyclic voltammogram of
2a). This therefore validates the theoretical model that is used
for prediction of the electrochemical properties. In addition to
2 and 2a, it is evident from Table 4 that, with the exception of
DMAP-substituted 4, all compounds are interesting candidates
for further investigations on the reactivity and applications in an
acetonitrile solution. Their partial dissociation of one axial
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Table 4. MO Energies of Monosubstituted Complexes 2a—6a Scheme 2. Direct Synthesis of Monosubstituted Complex 2a

As Calculated by DFT on the B3LYP/B2 Level of Theory with PMe; as the Axial Ligand
Shown for the HOMO (Egyopmo) and LUMO (Ep o) as Well o o
as for the Gap between the HOMO and LUMO (AEg,,)” NCMe 1 NCMe |
G — . —
. oIS e o
Enomo Erumo AEg,, E} /2.mopo AE, ), - > PF. s Fe > 2 PR
[eV] [eV] [eV] (mV] [mV] Vs 6 Vi 6
=gha) (MeCN) N7 [ }=N
2a —-6.22 -2.18 4.04 330 47 Q/)—'N & rt. Q/)—‘N -~
3a —6.33 -2.23 4.10 389 -50 NCMe PMe;,
4a —6.04 -2.16 3.88 233 154 1 2a
Sa —6.26 -2.21 4.05 352 19
6a —6.31 —2.78 3.53 381 -9
“Also, the calculated half-cell potentials based on Eygye are shown It could be shown that coordination of phosphines and py’s in
(Eyjamone = —538Enomo — 3016), and the differences between axial positions of the Fe-NHC complex results in defined
E}/2,mono and the experimentally determined half-cell potentials of 2—6 complexes, which were characterized thoroughly prior to
are listed in the very right column (AE, ). electronic investigations. From CV experiments, direct

influences of coordinating additives on the potentials for
Fe'/Fe oxidation have been revealed and related to MO

ligand had almost no impact on the overall electronic situation energies as determined by DFT calculations. Within the range
based on MO energies. of investigated axial ligands, DMAP features the highest impact

on the half-cell potential, which is found to be 79 mV compared
B CONCLUSIONS to 423 mV for the starting complex 1. PPhy and Me'nico, both
The impact of a variety of axial ligands on the electronic being capable of m-back-bonding, influence the oxidation
properties of an octahedral Fe-NHC complex was investigated. potential in the opposite direction, inducing a half-cell potential
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of 440 and 388 mV, respectively. When Koopmans’ theorem is
adapted, a distinct linear correlation between the calculated
Enomo and measured E, /, could be illustrated and, furthermore,
a methodology for the quantitative prediction of the electronic
properties induced by axial ligand exchange was established. A
clear relation to the z-acceptor ability of the axially coordinated
ligands has been revealed in terms of MO energies and splitting
patterns. For instance, within the coordinating py derivatives,
the energy of the HOMO of the iron complex is lowered from
—5.76 eV for DMAP to —6.22 €V for py and to —6.34 eV for
Me'nico, which is the best 7 acceptor of all three ligands. The
predictability of the electronic properties based on correlation
of the experimental and theoretical approaches has been used
for an outlook on the reactivity in solution, describing
bioinspired systems with an apical ligand trans to an accessible
coordination site in analogy to cyt-P450. It has been shown that
the differences of predicted E;,, between monosubstituted
complexes with one labile trans-coordinated solvent ligand and
disubstituted complexes are lowered for z-acceptor ligands in
the axial positions.

Overall, it is possible to provide fundamental insights into the
effects of coordinating additives and to predict the resulting
changes in the electronic properties. The described method-
ology will be useful for bioinspired electronic manipulation and
thus for tuning the reactivity of artificial systems. Currently, the
impact of these electronic changes of the Fe-NHC complex,
induced by additive coordination, on the catalytic activity for a
variety of transformations is under examination in our
laboratories.
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Experimental procedures for the syntheses of 2—6, listings of
NMR data, details on DFT calculations (optimized structures,
additional DFT-derived MO energies, and MO visualizations),
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