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ABSTRACT: The bis-alkynyl complexes based on FeIII(TIM) (TIM =
2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene)
are reported herein. A modified synthesis of trans-[Fe(TIM)Cl2]PF6
([1]PF6) in a 90% yield was developed. The reaction between [1]PF6
and LiC2R (R = Ph, SiEt3, or SiiPr3) resulted in the bis-alkynyl
complexes, trans-[Fe(TIM)(C2R)2]PF6, in good yields, 43% for 2 (R =
Ph), 29% for 3 (R = SiEt3), and 18% for 4 (R = SiiPr3). X-ray diffraction
studies yielded molecular structures of complexes 1−3, which feature a
tightened Fe−N4 coordination in comparison with analogous Fe-
(cyclam) complexes. Electron paramagnetic resonance studies confirmed
that the complex ions [Fe(TIM)Cl2]+ and [Fe(TIM)(C2R)2]+ are low-
spin d5 species with S = 1/2 ground states. Electronic absorption spectra
of bis-alkynyl complexes 2−4 all feature intense LMCT (π(C≡C) →
dπ(Fe)) bands in the visible region, and the assignment was supported by the time-dependent density functional theory analysis.
These complexes undergo multiple one-electron redox processes, and the first one-electron reduction is reversible in all four
complexes and assigned as an Fe(+3/+2) couple. Spectroelectrochemical studies of 1 and 2 reveal that the first one-electron
reduction leads to the emergence of intense metal-to-ligand charge transfer (dπ(Fe) → π*(α-diimine)) bands and the concurrent
disappearance of the ligand-to-metal charge transfer bands.

■ INTRODUCTION
Recent studies of 3d metal complexes supported by tetra/tri-
imine macrocycles have offered a few surprises. Notably, the
Hess group has utilized CoIII(Mabiq)2+ (I in Scheme 1) to
promote electrochemical hydrogen production1 and
CoIII(Mabiq)Cl2 to catalyze C3 and N alkylation of indoles
and indazoles with styrene through a visible-light-induced
homolysis.2 Through a collaboration with the laboratory of
Vura-Weis, we disclosed a long-lived metal-to-ligand charge
transfer (MLCT) state (τ = 1.25 ns) in Fe(HMTI)(CN)2 (II

in Scheme 1, HMTI = 5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-1,3,8,10-tetraene).3 The potential for
ligand noninnocence through storing electrons in the α-
diimine units of the TIM macrocycle (TIM = 2,3,9,10-
tetramethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene)
was demonstrated in the study of Fe(TIM) complexes.4−6 In
turn, FeII(TIM) was used to probe the redox noninnocence of
nitrosoarene ligands.7 During the investigation of the reaction
between electron-rich alkynes, HC2Y (Y = 4-N,N-dimethylani-
line (DMAP), ferrocene (Fc)) and [Co(TIM)X2]+ (III), an
unusual aza-cobalt-cyclobutene was formed from the [2 + 2]
addition of the terminal alkyne to a Co−N bond, which was
aided by a formal two-electron donation through the
deprotonation of one of the TIM’s methyl groups.8,9 These
findings hint at the potential for new reactivity and novel
electronic properties to be elicited from the 3d metal
complexes of tetra/tri-imine macrocycles.
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Scheme 1. Unique Tetra/Tri-imine Complexes: (I)
CoIII(Mabiq)X2; (II) FeII(HMTI)(CN)2; and (III)
[CoIII(TIM)X2]+
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The studies of iron alkynyl compounds have significantly
enriched the chemistry of metal alkynyl compounds.10 It is
noteworthy that earlier contributions include σ-alkynyl
complexes of Fe2(CO)n (n = 5 and 6) and the coupling
reactivities therein by Carty and co-workers,11,12 the first
demonstration of [2 + 2] cycloaddition and subsequent
retroelectrocyclization of TCNE on the acetylide bond by the
laboratory of Bruce,13 and rigid rod iron-containing polyynes
by the laboratory of Lewis.14,15 Numerous examples of facile
electron delocalization across a polyyne or carbon-rich bridge
between two CpFeII termini have been disclosed by the
laboratory of Lapinte on the basis of FeII−FeIII mixed
valency.16,17 Low ohmic wire characteristic was demonstrated
with the break-junction STM measurement of a number of
Fe−C4−Fe-type molecules.18 Reflecting the heightened
interest in organometallic catalysis, recent years have witnessed
some interesting cases with Fe alkynyls as either a precatalyst
or a reaction intermediate.19−21

Our laboratory has studied a number of 3d metal alkynyl
complexes supported by both cyclam (1,4,8,11-tetraazacyclote-
tradecane) and its C-substituted derivatives during the past
decade.22,23 While interesting structural features were
observed, the conjugation along the metal−alkynyl backbone
was weak at best.24 The investigation of the [FeIII(HMTI)-
(C2R)2]+-type complexes revealed that the dπ(Fe) → π*(α-
diimine) interaction is substantial due to the enhanced π-
acidity of the unsaturated HMTI.25,26 Subsequent study of the
[Y−Y]+ mixed valency in the [FeIII(HMTI)(C2Y)2]+-type
complexes (Y = DMAP and Fc) revealed facile hole
delocalization across the −C2−FeIII−C2− backbone, further
proving the significance of the π-acidity of HMTI in enabling
metal−alkynyl conjugation.27 Nonetheless, further investiga-
tion of electronic and optical properties of Fe(HMTI) species
is hindered by their low-yielding syntheses, which are generally
based on aerobic dehydrogenation of the corresponding
Fe(HMC) complexes (HMC = 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane).28 It is noteworthy that
[FeII(TIM)(NCCH3)2](PF6)2 can be prepared on a multigram
scale in a single step4 and quantitatively converted to
[FeIII(TIM)Cl2]PF6, and the latter is a potential entry point
for FeIII(TIM) organometallic complexes. Described in this
contribution are the bis-alkynyl complexes based on
FeIII(TIM) (vide infra) and their molecular and electronic
structures.

■ RESULTS AND DISCUSSION
Synthesis. Previously, complex trans-[Fe(TIM)Cl2]PF6

([1]PF6) was prepared from treating [FeII(TIM)(NCCH3)2]-
(PF6)2 with HCl in a reported yield of 91%.29 Because of the
difficulty in reproducing the above-mentioned procedure,
[1]PF6 is generated in comparable yield (90%) via a slow
addition of FeCl3 to a solution of [Fe(TIM)(NCCH3)2]-
(PF6)2. As shown in Scheme 2, the reaction between [1]PF6
and LiC2R (R = Ph, SiEt3, or SiiPr3), conducted at either −78
or 21 °C, produces the respective bis-alkynyl complexes, trans-
[Fe(TIM)(C2Ph)2]PF6 ([2]PF6), trans-[Fe(TIM)(C2SiEt3)2]-
PF6 ([3]PF6), and trans-[Fe(TIM)(C2SiiPr3)2]PF6 ([4]PF6) in
high in situ yields. The existence of monoalkynyl and other
unidentified byproducts necessitates purification over silica
using CH2Cl2/acetone, affording the desired complexes in
moderate yields (18−43%). Efforts to achieve [2]PF6−[4]PF6
directly from the reaction between [Fe(TIM)(NCCH3)2]-

(PF6)2 and the appropriate LiC2R reagent were hampered by
the presence of many byproducts and difficulty in purification.
Although the yields are not impressive, the synthesis of

[Fe(TIM)(C2R)2]+ is based on a one-step reaction of [1]PF6
with the appropriate LiC2R, a significant improvement over
that of Fe(HMTI) alkynyl species.25−27 For the latter, the
oxidative dehydrogenation of the saturated macrocycle in the
Fe(HMC) precursor complex is required and is achieved in
situ by the addition of excess n-butyllithium/HC2R followed
by the subsequent exposure of the reaction mixture to air.
However, the tetra-imine nature of the TIM ligand in [1]PF6
eliminates the need for both the oxidative dehydrogenation
step and the ensuing purification to remove the byproducts.
For instance, while trans-[Fe(HMTI)(C2SiEt3)2]ClO4 was
isolated in a yield of 9%,25 [3]PF6 was prepared in a yield of
29%.

Molecular Structures. The molecular structures of
[1]PF6, [2]PF6, and [3]NTf2 were determined via single-
crystal X-ray diffraction (Figure 1). Selected bond lengths are
listed in Table 1, and the details of data collection and
structure refinement are provided in Table S1 of the
Supporting Information.
A pseudo-octahedral geometry is adopted for the Fe3+ center

in all complexes, wherein the TIM macrocycle occupies the
equatorial sites and chloro or alkynyl ligands occupy the trans-
axial sites. The N�C bond lengths in [1]+−[3]+ are within a
narrow range of 1.286(4)−1.298(6) Å similar to those in
[Fe(TIM)(NCCH3)2]2+ (1.287−1.297 Å), confirming the
retention of α-diimine units in TIM upon the complexation.
Further supporting a neutral α-diimine backbone, the lengths
of bridging C−C bonds of the α-diimines for [1]+ (C1−C2),
[2]+ (C10−C11), and [3]+ (C10−C11) range from 1.457(7)−
1.475(5) Å, similar to those in the comparable CoIII(TIM) and
FeIII(HMTI) complexes.
A comparison of the structures of analogous Fe(TIM) and

Fe(HMTI) species reveals only subtle variations in the
geometry of the α-diimine units. Specifically, [2]+ and [3]+
have bond lengths of 1.457(7) and 1.468(2) Å, respectively,
whereas the corresponding bond length in [Fe(HMTI)-
(C2Ph)2]+ is 1.442(3) Å for the bridging C−C bond of the
α-diimines. A similar comparison can be made between [1]+
and [Fe(HMTI)Cl2]+ (see Table S2). This provides evidence
that the methyl substituents on TIM have a minimal influence
on the Fe−N4 coordination sphere, resulting in a high degree
of structural similarity between Fe(TIM) and Fe(HMTI)
analogues. Furthermore, the metal ion has a minimal effect on
the size of the TIM macrocycle, as corroborated by the analysis
of the corresponding bond lengths in [Co(TIM)(C2Ph)2]+.

30

For [Co(TIM)(C2Ph)2]+, the C−C bond length ranges from
1.385(4) to 1.503(5) Å and the C�N bond lengths range

Scheme 2. Syntheses of Complexes [2]+−[4]+a

aConditions: LiC2R; THF; −78 °C, R = Ph (2), SiEt3 (3), or
LiC2SiiPr3 (4); THF; 0 °C.
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from 1.273(4) to 1.322(4) Å, both of which are similar to
those of [2]+. However, a shorter Co−N bond length (1.924−
1.928 Å) is observed for [Co(TIM)(C2Ph)2]+, likely due to the
smaller radius of CoIII.31

Also, there is no discernible influence of the methyl
substituents on the Fe−N bond lengths. The average Fe−N
bond length in [1]+ is 1.942[4] and is experimentally identical
to the Fe−Nav distance in [Fe(HMTI)Cl2]+ (1.942[3]) (Å).
However, as discussed below, the introduction of electron-
donating methyl substituents to the α-diimine units does have
a significant influence on the relative π-acidity of the TIM
macrocycle when compared to HMTI, where all six methyl
substituents are C-bound and away from the α-diimine units.

UV−Vis Spectroscopic Analysis. UV−vis absorption
spectra for complexes [1]PF6−[4]PF6 are shown in Figure 2

and relevant parameters are listed in Table 2. The spectrum of
[FeIII(HMTI)(C2SiEt3)2]ClO4 ([5]ClO4) is also included for
comparison. Complex [1]PF6 displays several weak absorption
bands centered around 494 nm with an extinction coefficient
of 1600 M−1 cm−1, followed by a sharp peak at 413 nm (2200

Figure 1. ORTEP plot of [1]+ (top), [2]+ (middle), and [3]+
(bottom) at the 30% probability level. Hydrogen atoms and the
counterions are omitted for clarity. A crystallographic center of
inversion is situated at the Fe center in all three cases (space group:
P1 for [1]+, and P21/n for [2]+ and [3]+).

Table 1. Selected Bond Lengths (Å) for [1]+, [2]+, [3]+, [Fe(HMTI)(C2Ph)2]+,
26 and [Co(TIM)(C2Ph)2]+

30

[1]+ [2]+ [3]+ [Fe(HMTI)(C2Ph)2]+ [Co(TIM)(C2Ph)2]+

M−N 1.936(3)−1.947(3) 1.927(4)−1.933(4) 1.9296(13)−1.9330(13) 1.926(1)−1.938(1) 1.899(7)−1.933(7)
C−Ca 1.475(5) 1.457(7) 1.468(2) 1.442(3) 1.385(4)−1.503(5)
N�C 1.286(4)−1.294(4) 1.293(6)−1.298(6) 1.295(2)−1.296(2) 1.282(2)−1.286(2) 1.273(4)−1.322(4)
C≡C 1.204(6) 1.221(8) 1.207(2)−1.208(2) 1.192(18)−1.217(18)
M−C/Cl 2.2518(7) 1.969(5) 1.9534(16) 1.945(2)−1.949(2) 1.918(14)−1.929(14)

aInternal C−C bonds of the α-diimines.

Figure 2. Absorption spectra of [1]PF6, [2]PF6, [3]PF6, [4]PF6, and
[5]ClO4 in CH2Cl2.

Table 2. Characteristics of Absorption Spectra of
Complexes [1]PF6−[4]PF6 and [5]ClO4 in CH2Cl2

[1]PF6 [2]PF6 [3]PF6 [4]PF6 [5]ClO4

λmax 494, 413 670, 564,
514

551
(513,
sh)

559
(517,
sh)

584
(531,
sh)

ν (cm−1) 20 200,
24 200

14 900,
4100,
3900

18 100 17 900 17 100

ε (M−1 cm−1) 1600,
2200

4300 5400 6500 6700
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M−1 cm−1). These weak, overlapping charge transfer bands are
attributed to a combination of excitations from FeIII/Cl− to the
empty π* of the α-diimines and from the lone pair orbitals of
the axial chloro ligands to the half-filled FeIII dπ orbital based
on the density functional theory (DFT) analysis (see below).
In contrast to [1]PF6, the bis-alkynyl Fe(TIM) complexes,

[2]PF6−[4]PF6, display intense visible peaks. The spectrum of
complex [2]PF6 features three pronounced peaks centered at
514, 564, and 670 nm, a feature that is common among bis-
phenylacetylide FeIII complexes of cyclam32 and HMTI.26

Similar to [5]ClO4, complexes [3]PF6 and [4]PF6 display both
intense bands at 551 and 559 nm, respectively, and discernible
shoulders at higher energies (513 nm for [3]PF6 and 517 nm
for [4]PF6). These intense bands are assigned as ligand-to-
metal charge transfer (LMCT) transitions from π(C≡C) to
dπ(Fe) based on literature precedent, which is corroborated
here computationally (vide infra). The irregularly spaced
charge transfer bands for [2]PF6 are likely due to vibronic
couplings, ascribed to either aromatic ν(C�C) stretching
modes or potential deformation of the phenyl ring.
Interestingly, the LMCT peak in [3]PF6 has been blue-shifted
from that in [5]ClO4 by ca. 1000 cm−1 or 0.13 eV. Likewise, a
blue shift of similar magnitude in the LMCT peaks of [2]PF6
from those of [FeIII(HMTI)(C2Ph)2]+ is noted as well (see
Figure S2).
Electrochemistry. Voltammetric properties of complexes

[1]PF6−[4]PF6 were examined and their cyclic voltammo-
grams and differential pulse voltammograms are shown in
Figure 3. The electrode potential data are listed in Table 3

along with those of [5]+. Because of the difference in solubility,
the voltammograms of [1]+ were recorded in CH2Cl2 while
those of [2]+−[4]+ are reported in THF. In the anodic region,
the three bis-alkynyl complexes exhibit an irreversible
oxidation that is assigned to an Fe(+4/+3) couple based on
analogous Fe(HMC) alkynyl complexes (Figure S1).26 In the
cathodic region, complexes [1]+−[4]+ undergo two reduction
events. The initial reduction is reversible and assigned as an
Fe(+3/+2) couple. The Fe(+3/+2) couples of the bis-alkynyl

complexes are shifted by ca. −0.40 V from that of [1]+, as the
result of the alkynyls being much stronger donors than the
chloro ligand. The second reduction is attributed to the
reduction of TIM based on the analysis of [Fe(TIM)-
(NCCH3)2](PF6)2 by Wieghardt and co-workers.6 While the
TIM-based reduction in [1]+ at −0.96 V is reversible, the same
reductions in [2]+−[4]+ are significantly cathodic-shifted (ca.
−2.5 V) and irreversible. A smaller wave appears at a more
anodic potential than for Ep,c (B) on the return sweep in [2]+−
[4]+, which is indicative of the disintegration of the complex
upon second reduction, plausibly via dissociation of an alkynyl
ligand.
When comparing [2]+ and [3]+ to their respective HMTI-

based analogues, [Fe(HMTI)(C2Ph)2]+ and [5]+ (Table S3), a
cathodic shift of ca. 0.2 V is seen for the Fe(+3/+2) couple.
This trend holds for the second reduction of the complexes as
well, where the ligand reduction for the Fe(TIM) species
occurs at a more cathodic potential (ca. −0.2 V) than for the
Fe(HMTI) analogue. The contrast highlights that while both
TIM and HMTI macrocycles stabilize Fe dπ orbitals through
their π*(α-diimine) orbitals, the methyl groups on the α-
diimines of TIM render TIM more electron-rich than HMTI.

Spectroelectrochemistry. Spectroelectrochemical (SEC)
analysis is a powerful tool for the in-depth understanding of the
electronic structures of Fe-tetraimine complexes. Access to the
spectrum of [Fe(HMTI)(CN)2]−1 helped to ascertain the
MLCT absorption in the transient spectra of Fe(HMTI)-
(CN)2.

3 The extraction of the [Fe(HMTI)(C2Y)2]+2 spectrum
allowed the establishment of an IVCT band associated with the
[Y−Y]+ pair that is consistent with a highly delocalized class II
mixed valency.27

As described in the Experimental Section, the SEC
measurement of [1]+ was carried out in CH2Cl2 due to
solubility consideration, while that of [2]+ was performed in
THF. Upon the reduction from [1]+ to [1]0 (Figure 4 and
Table 4), two new MLCT bands grow at ca. 491 nm and ca.
569 nm, and a broad band grows at ca. 753 nm. The broad
band is assigned as an MLCT and attributed to a transition
from the now filled dπ orbital of the FeII to the π*(diimine).
The higher energy bands at ca. 569 and 491 nm are attributed
predominantly to the ligand-to-ligand charge transfer (LLCT),
from the filled π orbital(s) of the chloro ligands to the
π*(diimine), though a contribution from a higher energy
MLCT cannot be excluded. These assignments are discussed
further in the Computational Analysis section.
The reasonably reversible second reduction observed in the

cyclic voltammetry (CV) of 1 suggested the feasibility of
analyzing [1]1− through SEC. Indeed, a further reduction from
[1]0 to [1]1− results in the emergence of an intense band at ca.
527 nm as well as a broad peak at ca. 668 nm, presumably due
to the formal population of the lowest π*(diimine). As
discussed in more detail in the Computational Analysis section,
these bands are probably best attributed to excitations from

Figure 3. CV (solid black) and DPV (red dash) traces of [1]+ (top),
[2]+ (middle top), [3]+ (middle bottom), and [4]+ (bottom)
recorded in 0.1 M solutions of n-Bu4NPF6 in CH2Cl2 ([1]+) or
THF ([2]+−[4]+) at a scan rate of 0.10 V/s. At cathodic potentials,
reduction of the FeIII center (A) and the TIM (B) is observed.

Table 3. Electrode Potentials (V, vs Fc+1/0)

complex E1/2 (Fe3+/2+) Ep,c (TIM0/−1)

[1]+(CH2Cl2) −0.36 −0.96
[2]+(THF) −0.80 −2.5
[3]+(THF) −0.75 −2.6
[4]+(THF) −0.76 −2.7
[5]+(THF) −0.56 −2.4a

aReduction of HMTI.
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this newly populated orbital to higher energy π* orbitals,
although the lower energy band appears to have appreciable
LMCT character as well.
Upon the reduction from [2]+ to [2]0, the structured LMCT

bands between 450 and 650 nm are replaced by two more
intense peaks at 357 and 735 nm (Figure 5). The band at 735
nm is attributed to the MLCT from the filled t2g to the

π*(diimine) and verified by time-dependent DFT (TD-DFT)
analysis (vide infra). The high-energy charge transfer at ca. 357
nm is attributed to the MLCT transition as well, predom-
inantly from the highest filled dπ orbital of the FeII to a high
lying π*(C2Ph) orbital. A qualitative comparison with the
Fe(HMTI) analogue (Figure S3) shows a striking similarity in
the charge transfer bands of the two reduced species. TD-DFT
analysis confirms the charge transfer bands that appear for [2]0
and the analogous Fe(HMTI) complex are MLCT bands and
have similar excitation trends, highlighting the role the α-
diimine units played in conjunction with the electron-deficient
Fe center. Further reduction of [2]0 to [2]1− (Figure S4) is
irreversible and did not yield any reasonable quantitative
return. In contrast, oxidation of [2]0 back to [2]+ regenerates
the original spectrum (Figure S5).

Electron Paramagnetic Resonance Characterization.
To experimentally determine the ground state of the bis-
alkynyl [Fe(TIM)(C2R)2]+ complexes, continuous-wave (CW)
X-band electron paramagnetic resonance (EPR) was con-
ducted at 8 K using a 2 mM solution of [Fe(TIM)(C2R)2]+ in
a 1:1 mixture of acetonitrile and toluene. The resulting spectra
were analyzed and simulated utilizing EasySpin (Figure 6),
with the fitting parameters listed in Table 5.33

Figure 4. Top window: UV−vis−NIR SEC of [1]+ (blue, 5 mM) to
[1]0 (red) upon reduction. Bottom window: further reduction from
[1]+ (blue) to [1]1− (red) in CH2Cl2 (0.1 M n-Bu4NPF6).

Table 4. Characteristics of Absorption Spectra of
Complexes [1]+ and [2]+ Following Their Respective
Reductions

[1]0 [2]0 [1]1−

λmax 491, 569, 753 357, 735 527, 668
ν (cm−1) 20 300, 17 500, 13 300 28 000, 13 600 18 900, 14 900
ε (M−1 cm−1) 1400, 1300, 600 13 300, 9000 7900, 3700

Figure 5. UV−vis SEC of [2]+ (blue) accessing the first reduction to
form [2]0 (red) in THF (0.1 M n-Bu4NPF6).

Figure 6. CW X-band EPR spectra of [2]+−[4]+ in a 1:1 acetonitrile/
toluene solution. EasySpin simulations are presented below their
respective spectra (black) with g values indicated. Conditions:
temperature of 8 K, modulation amplitude of 2 G, microwave
power of 10.0 mW, and microwave frequency of ∼9.50 GHz.

Table 5. EPR Parameters and Spin Analysis for [1]+−[4]+

complex g values Σg2

[1]+ 2.4097 14.87
2.3106
1.9299

[2]+ 2.3162 14.46
2.2934
1.9595

[3]+ 2.3204 14.40
2.2848
1.9487

[4]+ 2.3181 14.40
2.2872
1.9484
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EPR simulation of [1]+−[4]+ shows that all complexes are
axial low-spin S = 1/2 FeIII species (Figure 6), with the
exception of complex [1]+ displaying a slightly more rhombic
signal (Figure S9).34 According to the Griffith theory, first
developed for low-spin ferric porphyrin complexes, a large gmax
(g ≈ 3) and a Σg2 = 16 are typical for a (dxy)2(dxz,dyz)3 ground
state, whereas a (dxz,dyz)4(dxy)1 ground state usually has an
axial EPR spectrum with a gmax < 2.6 and Σg2 < 16.35−39 The g
values for the alkynyl complexes [2]+−[4]+ were found to be in
the same range as seen for the previously reported Fe(HMTI)
complexes,27 with a slightly higher Σg2 values ranging from
14.40 to 14.46 (Table 5). This suggests that the alkynyl
complexes [2]+−[4]+ have a (dxz,dyz)4(dxy)1 ground state. This
assignment is consistent with the short Fe−N bond distances
observed in the crystal structures (Table 1). The α-diimines on
the TIM macrocycle are effective π acceptors, allowing
sufficiently stabilized dπ orbitals of the Fe(III) center and
resulting in the lower energies of the dxz and dyz orbitals.
Computational Analysis. To gain an in-depth under-

standing of both ground-state electronic structures and the
major vis−NIR absorption characteristics, spin-polarized
(unrestricted) DFT and TD-DFT calculations were performed
for 1, 2, and their reduced derivatives using the Gaussian 16
suite.40 The X-ray structures of [1]+ and [2]+ served as the
starting geometries for the optimized model complexes [1′]+
and [2′]+, respectively, which are chemically identical to the
crystallographically determined structures of these cations
(counteranions were omitted). As noted in the EPR study
above, both [1]+ and [2]+ are best described as the low-spin d5
species. Hence, a doublet spin state was used for both [1′]+
and [2′]+. The structures of [1′]0 and [2′]0 were optimized
from the converged coordinates of [1′]+ and [2′]+, following
the addition of a single electron to yield the neutral species.
The S = 0 spin state was assumed, consistent with other
FeII(TIM) complexes.4,6,29 The geometry of [1′]−1 was
likewise optimized from that of [1′]0 (after the appropriate
modification of charge) with an assumed spin state of S = 1/2.
DFT and TD-DFT for [2′]−1 were not attempted due to the
irreversible nature of this reduction.
The unrestricted nature of the calculation leads to some spin

contamination, and thus the α and β orbitals of [1′]+ and [2′]+
do not match perfectly. Nonetheless, a reasonable ground state
emerges in which these are best described as FeIII(TIM0)
complexes, in agreement with the EPR data presented above.
Thus, the unoccupied β orbital, which has no similarly
unoccupied α counterpart for [1′]+, is dominated by the iron
center (ca. 83% based on a population analysis). However, the
highest, singly occupied molecular orbital (α SOMO) of [1′]+
shows a high degree of Cl px character (ca. 76% total over both
chloro ligands) in addition to the expected Fe dxz character
(24%). Moreover, the next four orbitals (α HOMO − 1 to
HOMO − 4) are all dominated by the chloride p character
(>80%). In contrast, dx2−y2, which is formally nonbonding
under the approximate D2h symmetry of the molecule, is
represented by α HOMO − 6. It should be noted that because
the choice of XY is 45° rotated from the conventional setting
(used in the preceding EPR discussion) in DFT calculations,
the t2g set consists of dxz, dyz, and dx2−y2, while the eg set
consists of dz2 and dxy. The frontier filled molecular orbitals
thus contain a very high degree of the chloro character.
In contrast, the lowest unoccupied molecular orbitals

(LUMOs) are dominated by the α-diimine moieties and by
the metal center. The first of these (α LUMO) is π*(α-

diimine) in character and is nonbonding with respect to the
metal center. The α LUMO + 1 is also based on the α-diimines
but has the proper symmetry to mix with the Fe dxz. The
nature of these orbitals is consistent with that previously
reported for Fe(HMTI) complexes.26 The empty σ-antibond-
ing Fe dz2 (ag) and dxy (b1g) are observed as LUMO + 2 and
LUMO + 3, respectively.
The results obtained for [2′]+ mirror those of [1′]+ closely,

except that the chloride p-orbital character present in the
frontier occupied orbitals is replaced by the more diffused
π(C2Ph) orbitals. Additionally, evidence of the stronger donor
character of phenylacetylide over chloride may be observed.
First, the α SOMO−LUMO gap of [1′]+ (3.78 eV, see Figure
7) is noticeably larger than that of [2′]+ (2.62 eV, see Figure

8), presumably due to the strong π-donating character of C2Ph
in the latter, which elevates the energy of the filled Fe dπ
orbitals. The phenylacetylide is also a stronger σ donor than
chloride, elevating the unfilled Fe dz2 above the Fe dxy for
[2′]+.
The addition of a single electron to form [1′]0 and [2′]0

significantly increases the energy of the Fe d orbitals,
consistent with the metal-centered reduction to FeII. The
result is that the frontier occupied orbitals of [1′]0 and [2′]0
are now more Fe-based. Indeed, HOMO through HOMO − 2
of [1′]0 is predominantly Fe dyz, dxz, and dx2−y2. These occur in
the same order as the HOMO, HOMO − 1, and HOMO − 3
of [2′]0 (the HOMO − 2 is still of the π(C2Ph) character).
While the LUMO in each case remains localized on the α-
diimine, the LUMO + 1 gains appreciable Fe dxz character (ca.
21% in [1′]0 and 23% in [2′]0) through backbonding with the

Figure 7. Diagram of relative computed energies of related orbitals for
[1]z. The SOMO/HOMO is indicated in red and the LUMO is
indicated in blue. For doublet (z = +1 and −1) systems, the α-orbital
energies are used.
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reduced metal center. Selected orbitals for [2′]0 have been
represented in Figure 9. The reduction also elevates the empty
σ-antibonding d orbitals of [2′]0, such that the lowest of these
(dxy) is not observed until LUMO + 7 (not shown).
Further reduction of 1 should result in the formation of an

anionic TIM macrocycle.6 This is indeed the result obtained
for the optimized structure of [1′]−1, which shows the
population of the lowest π*(diimine) with a single electron
as the new SOMO. Otherwise, the frontier molecular orbitals
display the same general trends as observed for [1′]0, except
that their energies are increased by the addition of an electron.
It should be noted that a thorough computational analysis of
the [Fe(TIM)]z series (z = +2, +1, 0, and −1) was presented
by Hess and Wieghardt,6 and the general trend of the variation
in valence MOs upon reduction is similar to the observation
here. However, a more detailed comparison is untenable since
the computational models used by Hess and Wieghardt are
free of axial ligands.
TD-DFT was conducted to better interpret both the initial

absorption spectrum and those obtained via SEC (vide supra).
The results for [2′]+ match well with those already published
for the HMTI analogue.26 The calculated low-energy spectrum
(Figure S13) is dominated by a single transition at 636.99 nm
from an occupied β π(C2Ph) orbital to the unoccupied β
Fe(dyz). This compares well with the observed lowest energy
band (670 nm in CH2Cl2). Thus, the original LMCT
assignment is confirmed. Weaker transitions predicted at
<400 nm (see Table S9) likely contribute to shoulders
observable in this region in Figure 2. Notably, the triple-peak
nature of the low-energy LMCT manifold seen in Figure 2 is
not reproduced computationally. This was also true of the
HMTI analogue26 and suggests that the splitting originates not
from the ground state, but instead from vibronic couplings as
suggested above.

Assignments in the case of [1′]+ are more difficult due to the
complexity of the absorption manifold. Indeed, close
inspection of Figure 2 suggests the presence of at least four
bands between about 400 and 550 nm, each with weak to
moderate intensity. It is thus not surprising that six weak-to-
moderate transitions are predicted from about 330 to 500 nm
(see Table S6). Inspection of the two lowest energies of these
(504.87 and 441.02 nm) reveals that they both consist of
transitions from filled orbitals of the mixed iron and chloro
character to the lowest unoccupied π*(α-diimine). These may
thus be classified as MLCT for simplicity, but with substantial
LLCT. The next transition at 363.57 nm is almost entirely
dichloro-to-iron charge transfer (LMCT). The remaining
transitions have various mixed characters and consist largely
of higher energy LMCT and MLCT/LLCT transitions. Due to
both limitations of spin-polarized DFT and the above-
mentioned complexity, exact assignments of all bands are not
attempted. However, two qualitative observations can be made.
First, the overlapping, lower-energy bands may be classified as
MLCT in character, with perhaps some admixture of LLCT.

Figure 8. Diagram of relative computed energies of related orbitals for
[2]z. The SOMO/HOMO is indicated in red and the LUMO is
indicated in blue. For the doublet (z = +1) system, the α-orbital
energies are used.

Figure 9. Selected molecular orbital diagrams for [2]0 obtained from
DFT calculations, represented at |isovalue| = 0.03.
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This mixed nature is consistent with the observed split into
several resolved bands, mostly at longer wavelengths, which
appear upon reduction (Figure 4). Second, the sharp peak
observed at just above 400 nm in Figures 2 and 4 is probably
best described as LMCT from the chloro ligands to the low-
lying, partially filled SOMO based on FeIII. This agrees well
with the observation that the band is entirely bleached upon
filling this orbital by reduction to FeII (Figure 4).
As noted above, reduction results in the replacement of the

triple-peaked LMCT absorption of [2]+ with two intense
bands at 735 and 357 nm in [2]0. The TD-DFT analysis of
[2′]0 (Figure S14) revealed a transition at 644.40 nm
consisting of MLCT from the HOMO − 1 (roughly 42% Fe
dxz) to the LUMO (π*(α-diimine)), which corresponds to the
experimental 735 nm peak. The higher energy band calculated
at 327.32 nm is dominated by the MLCT from the HOMO
(50% Fe dyz) to the LUMO + 2 (π*(C2Ph)), which
corresponds to the experimental 357 nm peak. Both of these
agree well with the previous analysis of [Fe(HMTI)(C2Ph)2]+
under similar conditions (0.1 M n-Bu4NPF6 in THF), except
that the MLCT bands in that case appeared at 762 and 336
nm.26 The differences in transition energies are consistent with
the more electron-rich nature of TIM compared to HMTI, as
discussed in the Electrochemical Section. HMTI is expected to
be slightly more electron-withdrawing, which lowers the
energies of the filled Fe d orbitals. While the energies of the
C2Ph-based orbitals remain relatively constant, the gap
between the filled dπ and π*(C2Ph) will increase, resulting
in the small blue shift from 357 nm in [2]0 to 336 nm in
[Fe(HMTI)(C2Ph)2]0.

26 In contrast, the π*(α-diimines)s of
HMTI are lower in energy than those of TIM due to the lack
of substituents upon the carbon backbone of the former. This
difference causes the bathochromic shift of the lower energy
MLCT, as is experimentally observed.
The calculated spectra of [1′]0 correctly predict the growth

of a low-energy band at 677.82 nm (Table S7), which matches
reasonably well with the observed band at ca. 750 nm (vide
supra). This is described as an MLCT transition from the
HOMO − 1 (58% Fe dxz) to the LUMO (π*(α-diimine)). It
is, therefore, analogous in composition to the lowest-energy
MLCT transition of [2′]0 as discussed above. The remaining
experimental bands observed at 569 and 491 nm are not well
replicated. These are tentatively assigned to a pair of
transitions predicted at 407.57 and 379.56 nm, which consist
of excitation from the HOMO − 5 and HOMO − 6,
respectively, to the LUMO. Both are essentially LLCT
transitions from predominantly chloro p orbitals (with minor
admixtures of Fe d character) to the π*(α-diimine). This
would match qualitatively with the discussion of the calculated
spectra of [1′]+ presented above. However, the calculated
intensity of the excitation at 407.57 nm is very low,
inconsistent with the experimental observation of two relatively
intense bands. The calculated transitions are also noticeably
higher in energy than the experimental bands. However, no
other even moderately intense peaks are predicted above 300
nm (see Figure S11), and thus the experimental peaks at 491
and 569 nm are tentatively assigned to LLCT transitions. The
apparent reduction of these distinct experimental bands into a
single computed manifold may be a byproduct of the well-
known tendency of DFT methods to overdelocalize electron
density, artificially convoluting what would be better described
as distinct orbitals (and hence distinct electronic transitions).

The TD-DFT analysis of [1′]−1 is somewhat complex. Two
dominant bands are observed in the calculated spectrum
(Figure S12). The first of these, at 724.77 nm, consists of an
excitation from the newly populated α SOMO (π*(diimine))
to the α LUMO. The latter is composed of the π*(diimine) of
the appropriate symmetry to participate in backbonding with
the Fe dxz. Since the α LUMO bears substantial Fe d character
(65%), the excitation is of mixed π*−π* and LMCT character.
This transition may be assigned to the experimental band
centered at 668 nm in Figure 4. The remaining calculated band
is quite intense and reasonably narrow, providing an attractive
assignment for the experimental band at 527 nm. However, the
four predicted excitations ranging from roughly 300 to 330 nm
are inconsistent with the experiment. The lowest energy of
these (326.42) is best described as a π*−π* from the α SOMO
to the α LUMO + 2. While this assignment would logically fit
with the observed intense peak at 527 nm, the energetic
mismatch suggests that the model of [1′]−1 used here is
inadequate for the full explanation of the properties of [1]−1.
This deficiency may perhaps be traced to the inherent
limitations of the calculation as noted above (e.g., the
unphysical spin unrestricted assumption and the tendencies
of DFT to overestimate delocalization); however, the spin state
of [1]−1 is also assumed and may therefore be incorrect.
Lacking any further experimental characterization of [1]−1

beyond SEC, further computational assessment has not been
attempted.

■ CONCLUSIONS
The successful preparation of FeIII(TIM) bis-alkynyl com-
plexes in good yields provides an alternative to Fe(HMTI)
analogues for further study of the electronic properties of Fe-
tetraimine organometallics. Electronic absorption spectra and
voltammetric data indicate that TIM is a more electron-rich
macrocycle than HMTI, which results in higher energy dπ
orbitals in Fe(TIM) than those in Fe(HMTI). Similar to the
previously reported [Fe(HMTI)(C2Y)2]+,

27 both [Fe(TIM)-
Cl2]+ and [Fe(TIM)(C2R)2]+ are low spin d5 species based on
their EPR characteristics. Among many interesting features
revealed by SEC analysis is the emergence of the low-energy
MLCT band(s) with the concurrent disappearance of the
LMCT band(s) upon the first one-electron reduction of both
[1]+ and [2]+. The key features noted in both electronic
absorption spectra and the SEC study are reconciled with TD-
DFT analysis. Earlier studies by Reichgott and Rose revealed
that Fe(TIM) promotes photoassisted oxidation of meth-
anol.41 Both potential and underpinning mechanisms of this
intriguing finding remain underexplored. Our detailed studies
of the optoelectronic properties of [Fe(TIM)(C2R)2]+ species
provide a foundation for further investigation of the photo-
activities of Fe(TIM) organometallics, an ongoing research
theme in our laboratory.

■ EXPERIMENTAL SECTION
Materials. Dry THF was distilled over Na/benzophenone prior to

use. n-Butyllithium was purchased from Sigma-Aldrich and used as
received. Triisopropylsilylacetylene (HC2SiiPr3) and phenylacetylene
(HC2Ph) were purchased from Oakwood Chemical. Triethylsilylace-
tylene (HC2SiEt3) was purchased from GFS Chemicals. [Fe(TIM)-
(NCCH3)2](PF6)2 was prepared according to literature procedures.41

Physical Measurements. UV−vis spectra were obtained with a
JASCO V-780 UV−vis−NIR spectrophotometer. Fourier transform
infrared (FT-IR) spectra were measured as neat samples using a
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JASCO FT/IR-6700 spectrometer equipped with a ZnSe ATR
accessory. ESI-MS was analyzed on an Advion LC/MS spectrometer.
Elemental analyses were performed by Atlantic Microlab, Inc., in
Norcross, GA. 1H NMR spectra were recorded on a Varian INOVA
300 NMR spectrometer operating at 300 MHz. Electrochemical
analysis was done on a CHI620A voltammetric analyzer with a glassy
carbon working electrode (diameter = 2 mm), a Pt-wire auxiliary
electrode, and a Ag/AgCl reference electrode. Spectroelectrochemical
measurements were performed on a JASCO V-780 UV−vis−NIR
spectrophotometer using an optically transparent thin-layer electro-
chemical (OTTLE) liquid-sample cell with a 0.2 mm optical path
length, 0.3 mL sample volume, and a CaF2 window.

42 The cell was
equipped with a mesh Pt working electrode, a mesh Pt auxiliary
electrode, and a Ag ([2]+) or Pt ([1]+) pseudoreference electrode.
The analyte concentration was 5.0 mM for both [1]+ and [2]+ in dry
CH2Cl2 and dry THF, respectively, and at 0.1 M n-Bu4NPF6
electrolyte concentration.
Computational Methods. Geometry optimizations of structures

[1′]+ and [2′]+ are based on their respective crystal structures,
performed using unrestricted open-shell DFT.40 The basis set 6-
31G** was used for all atoms.43 All calculations were carried out with
the Gaussian 16 suite using GaussView, version 6.0.40,44

Synthesis of [1]PF6. [Fe(TIM)(NCCH3)2](PF6)2 (1.00 g, 1.48
mmol) was dissolved in 250 mL of acetone. A solution of FeCl3 (527
mg, 3.25 mmol) in acetone (300 mL) was prepared and added
dropwise to the starting material over a period of 2 h. The resulting
orange solution volume was reduced in vacuo and the addition of
diethyl ether produced a yellow solid. The recovered solid was washed
with CH2Cl2 and hexanes to yield 721 mg of a yellow powder (1.38
mmol, 92% based on [FeII(TIM)(NCCH3)2](PF6)2). ESI-MS(m/z):
[1]+, 374.3; visible spectrum, λmax (nm, ε (M−1 cm−1)): 520 (1200).
IR (cm−1): C−H: 2938 (w). CV [E1/2/V, ΔEp/V (vs Fc/Fc+), ip,a/
ip,c]: FeIII/II, −0.36, 0.021, 0.85; TIM0/−1, −0.96, 0.11, 0.44.
Synthesis of [2]PF6. Neat [1]PF6 (154 mg, 0.296 mmol) was

dissolved in 5 mL of dry THF and cooled to −78 °C in a dry ice/
acetone bath. 0.13 mL of LiC2Ph cooled to −78 °C (1.2 mmol,
prepared from HC2Ph and excess n-butyllithium in 5 mL of THF)
was transferred to a [1]PF6 flask under N2. The resulting green
solution was held at −78 °C for 2 h prior to exposing it to air. The
crude solid was precipitated with hexanes and the recovered solid was
washed with CH2Cl2 and hexanes. Following recrystallization from
acetone and hexanes, complex [2] PF6 was isolated as a blue powder
in a yield of 85 mg (0.130 mmol, 43% based on [1]PF6). Elem. anal.
found (calcd) for C31H36N4FePF6Cl2 ([2]PF6·1CH2Cl2): C, 50.21
(50.56); H, 4.98 (4.93); N, 7.44 (7.61). ESI-MS(m/z): [M]+, 506.7;
visible spectrum, λmax (nm, ε (M−1 cm−1)): 671 (4300), 563 (4100),
514 (3900). IR (cm−1): C≡C: 2083 (w). CV [E1/2/V, ΔEp/V (vs Fc/
Fc+), ip,a/ip,c]: FeIII/II, −0.72, 0.066, 0.97.
Synthesis of [3]PF6. Neat [1]PF6 (165 mg, 0.317 mmol) was

suspended in THF (40 mL) and cooled to −78 °C in a dry ice/
acetone bath. A solution of LiC2SiEt3 (0.18 mL, 1.01 mmol; in 5 mL
THF), cooled to −78 °C, was transferred to the [1]PF6 flask under
N2. The green [Fe(TIM)(C2SiEt3)2]PF6 solution was held at −78 °C
for 1.5 h and then warmed to room temperature over a period of 30
min. The solvent volume was minimized under vacuum at room
temperature and degassed CH2Cl2 (ca. 5 mL) was added to the flask.
The crude solid was precipitated with hexanes and the recovered solid
was washed with CH2Cl2 and hexanes to yield 0.178 g of a crude red
solid. The crude solid was further purified over a silica plug by eluting
a red fraction with 4:1 DCM/acetone to yield 66 mg of an air-stable
red powder (0.090 mmol, 29% based on [1]PF6). Elem. anal. found
(calcd) for C30H54FeN4Si2PF6O0.5 ([3]PF6•0.5H2O): C, 48.9 (48.9);
H, 7.37 (7.40); N, 7.47 (7.61). ESI-MS(m/z): [M]+, 582.2; visible
spectrum, λmax (nm, ε (M−1 cm−1)): 551 (5400), 515 (4100), 514
(3900). IR (cm−1): C≡C: 2019 (w). CV [E1/2/V, ΔEp/V (vs Fc/Fc+),
ip,a/ip,c]: FeIII/II, −0.75, 0.061, 0.95.
Synthesis of [4]PF6. Neat [1]PF6 (167 mg, 0.321 mmol) was

suspended in THF (40 mL) and stirred at 40 °C for 2 h. A solution of
LiC2SiiPr3 (0.22 mL, 0.96 mmol; in 5 mL THF), warmed from 0 to
21 °C, was transferred to the [1]PF6 flask under N2. The resulting

green solution was held at 21 °C for 1.5 h. The solvent volume was
reduced under vacuum at room temperature and degassed CH2Cl2
(ca. 5 mL) was added. The crude solid (202 mg) was obtained by
precipitating with hexanes. A Celite plug was used to remove
insoluble materials (eluting the product with CH2Cl2). Subsequent
purification was performed using column chromatography. The red
band was eluted with 1:15 acetone/CH2Cl2 (v/v) from which a pink
solid was isolated to obtain a yield of 50 mg (0.061 mmol, 19% based
on [1]PF6). Elem. anal. found (calcd) for C36H68N4Si2FePF6O
([4]PF6·1H2O): C, 51.9 (52.1); H, 8.07 (8.15); N, 6.55 (6.76). ESI-
MS(m/z): [M]+, 666.4; visible spectrum, λmax (nm, ε (M−1 cm−1)):
558 (6400). IR (cm−1):C≡C: 2020 (m). CV [E1/2/V, ΔEp/V (vs Fc/
Fc+), ip,a/ip,c]: FeIII/II, −0.76, 0.133, 1.03.

X-Ray Crystallographic Analysis. Single crystals of [1]PF6 and
[2]PF6 were obtained through the slow diffusion of hexanes into a
concentrated acetone ([1]PF6) or chloroform ([2]PF6) solution.
Single crystals of complex [3]NTf2 were grown through slow diffusion
of hexanes into a concentrated acetone solution of [3]NTf2. A
counteranion exchange with potassium bistriflimide (KNTf2) was
performed with [3]PF6 due to difficulties encountered with
crystallization using PF6− as the counteranion. X-ray diffraction data
were obtained on a Bruker QUEST diffractometer with Mo Kα
radiation (λ = 0.71073 Å) at 150 K for [1]+ and [3]+ and with Cu Kα
radiation (λ = 1.54178 Å) at 150 K for [2]+. Data were collected,
reflections were indexed and processed using APEX4,45 and reduced
using SAINT.46 The space groups were assigned, and the structures
were solved by direct methods using XPREP within the SHELXTL
suite of programs,46,47 solved using SHELXT, and refined using
SHELXL and ShelXle.47,48

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00015.

Crystallographic details, experimental details, electro-
chemical data, absorption spectra, IR spectra, 1H NMR
spectra, EPR spectra, and selected DFT and TD-DFT
data (PDF)
Crystallographic data for [1]+, [1]0, [1]1−, [2]+, and [2]0
(TXT)

Accession Codes
CCDC 2324420−2324422 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Tong Ren − Department of Chemistry, Purdue University,
West Lafayette, Indiana 47907, United States; orcid.org/
0000-0002-1148-0746; Email: tren@purdue.edu

Authors
Prakhar Gautam − Department of Chemistry, Purdue
University, West Lafayette, Indiana 47907, United States

Reese A. Clendening − Department of Chemistry, Purdue
University, West Lafayette, Indiana 47907, United States;
Present Address: School of Science and Mathematics,
Cedarville University, Cedarville, Ohio, 45314, United
States

Andrew T. Poore − Department of Chemistry, Purdue
University, West Lafayette, Indiana 47907, United States

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.4c00015
Organometallics 2024, 43, 695−705

703

https://pubs.acs.org/doi/10.1021/acs.organomet.4c00015?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00015/suppl_file/om4c00015_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00015/suppl_file/om4c00015_si_002.txt
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2324420&id=doi:10.1021/acs.organomet.4c00015
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2324422&id=doi:10.1021/acs.organomet.4c00015
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1148-0746
https://orcid.org/0000-0002-1148-0746
mailto:tren@purdue.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prakhar+Gautam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reese+A.+Clendening"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+T.+Poore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shiliang+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Shiliang Tian − Department of Chemistry, Purdue University,
West Lafayette, Indiana 47907, United States; orcid.org/
0000-0002-9830-5480

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.organomet.4c00015

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This material was based upon work supported by the U.S.
National Science Foundation (CHE 2102049) and by the
donors of ACS Petroleum Research Fund under grant no. PRF
66514-ND3. The authors wish to thank Professor Neil
Tomson for the advice on the preparation of [Fe(TIM)
(NCCH3)2](PF6)2, Professor James H. Davis for providing
KNTf2, and Dr. Matthias Zeller for crystallographic con-
sultation.

■ REFERENCES
(1) Tok, G. C.; Reiter, S.; Freiberg, A. T. S.; Reinschlüssel, L.;
Gasteiger, H. A.; de Vivie-Riedle, R.; Hess, C. R. H2 Evolution from
Electrocatalysts with Redox-Active Ligands: Mechanistic Insights
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