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ABSTRACT: Reported herein are new Fe bis-alkynyl complexes [FeIII(L)-
(C2R)2]BPh4 based on tetraimine macrocycle (L = HMTI = meso-5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene; 1a−1c; R = C6H5
(a), C10H9 (b), SiMe3 (c)) and tetraamine macrocycle (L = HMC = meso-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane; 2a−2c). These com-
plexes have been characterized using single-crystal X-ray diffraction, electronic
absorption spectroscopy, and cyclic and differential pulse voltammetry.
Spectroelectrochemical studies of 1a and 2a allowed for investigation of the FeII
oxidation state, which revealed a strong dependence on the nature of the
macrocycle for both the energies of the FeII to C2Ph metal-to-ligand charge
transfer (MLCT) and the ν(C�C). The ν(C�C) was further influenced by the oxidation state, though sensitivity to the formal
metal oxidation state was much higher in the case of 2a than in 1a. These findings are rationalized on the basis of the relative
energies of the formally metal-centered orbitals via density functional theory calculations.

■ INTRODUCTION
Metal alkynyls have long enjoyed considerable interest over a
wide range of topics.1−3 In particular, the structural rigidity of
C2n groups and their ability to engage in π interactions with
both metal dπ and aryl π-orbitals have resulted in the
widespread use of metal-alkynyl complexes for studies of
mixed valency,4−6 photovoltaic materials,7,8 nonlinear optical
materials,9,10 and molecular electronic devices.11,12 Overall, the
tunability of alkynyl complexes in achieving desired properties
has been demonstrated through the efforts of many
laboratories1,2,13−18 during the decades since the pioneering
work of Nast.19

Ru-alkynyl compounds have played key roles in both
synthetic method development of metal alkynyls and
demonstration of extensive conjugation along Ru-alkynyl
backbones.1,2,20,21 Facile electron delocalization both through
an oligoyn-diyl between two Ru centers22,23 and across a -C2-
Ru-C2- unit

24 has been demonstrated via the mixed valency
therein. The excellence of Ru alkynyls in mediating charge
transfer has been further validated using single-molecule
measurement.25−28 The demonstration of Ru−Ru long-
distance coupling through oligothienylethynyl bridges by
Patra and co-workers is an interesting recent development.29,30

The majority of the aforementioned Ru alkynyls are supported
with soft ligands such as phosphines and cyclopentadienyls
(Cp/Cp*). It is noteworthy that Che and co-workers
demonstrated significant conjugation in Ru alkynyls supported
with a saturated tetraaza macrocycle�a hard ligand.31

While many of the aforementioned applications have been
achieved with 4d and 5d metals, sustainability considerations
command the pursuit of complexes based on less toxic and/or

more readily available elements.32 The feasibility of realizing
extensive π conjugation with 3d metals was illustrated with
compounds of Fe, the group 8 congener of Ru, which consisted
of oligoyn-diyls capped with Cp*FeII(P-P) by Lapinte and co-
workers (type I in Chart 1)33 and subsequently with
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Chart 1. Illustration of Common Supporting Ligand Motifs
(I−V) for Iron-alkynyl Complexes
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Cp*Fe(CO)2 by Akita and co-workers.34 Since then, the
degree of π-conjugation between Cp*FeII(P-P) and hydro-
carbon ligands has been explored extensively by Lapinte and
co-workers.4,6,35 More recently, significant electronic con-
duction across Fe-C2n-Fe motifs has been demonstrated with
the FeII(P-P)2 type building blocks (Chart 1, II).

36,37 Similar to
the cases of Ru, all of the aforementioned Fe-alkynyl examples
involve soft auxiliary ligands such as Cp/Cp*, CO, and
phosphines.
There has been a continued interest in supporting 3d metal-

alkynyl complexes with polyaza macrocycles, including CrIII
species supported with Me3TACN (trimethyl-1,4,7-triazacy-
clononane) and cyclam (1,4,8,11-tetraazacyclotetradecane) by
Berben and Long,38,39 CrIII and CoIII species with cyclam by
Wagenknecht and co-workers,40,41 and CoIII(cyclam) species
by Shores and co-workers.42,43 Our laboratory has broadly
explored the chemistry of 3d metal alkynyls supported with
both cyclam and its C-substituted derivatives in recent
years.44,45 In particular, FeIII(cyclam) complexes bearing both
simple alkynyls (C2R; Chart 1, III) and gem-diethynylethene
were investigated.46−48 The π-conjugation in the Fe-alkynyl
backbone was unremarkable in these FeIII complexes, which is
likely attributed to the hard base nature of cyclam, a saturated
tetraaza macrocycle. Here, we report two series of related FeIII
bis-alkynyls based on HMTI (meso-5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradeca-1,3,8,10-tetraene; Chart 1, IV)
and HMC (meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraaza-
cyclotetradecane; Chart 1, V). In addition to characterizations
with X-ray diffraction and routine voltammetric techniques, the
Vis−NIR and IR spectroelectrochemical (SEC) responses in
both types IV and V complexes were carefully analyzed and
corroborated with TD-DFT analysis to gain insight into the
impact of ring unsaturation on the electronic structures,
especially the enhancement of π-conjugation in the former.

■ RESULTS AND DISCUSSION
Synthesis. The new compound FeIII(HMC)(SO4)(HSO4)

was obtained from the mixing of hot methanolic solutions of
HMC and Fe(SO4)2·7H2O, followed by the addition of excess
sulfuric acid in the presence of oxygen. The product
precipitated from the crude solution and was isolated by
filtration in moderate yields (ca. 50%).
Similar to the recently reported [Fe(HMTI)(C2SiEt3)2]-

ClO4 (1d),49 complexes 1a−1c were synthesized by the
addition of the lithiated alkyne (excess) to Fe(HMC)(SO4)-
(HSO4) at low temperature, as shown in Scheme 1. The
reaction mixture was then exposed to air with the addition of a
few drops of methanol, followed by briefly bubbling oxygen
through the solution. Sodium tetraphenylborate (NaBPh4) was
added in excess, and the mixture was crudely purified over
Celite and/or silica. The oxidizing conditions result in the in
situ oxidative dehydrogenation of the supporting macrocycle
HMC to result in the corresponding tetraimine complex.50

Following careful purification over silica, [Fe(HMTI)-
(C2Ph)2](BPh4) (1a), [Fe(HMTI)(C2Np)2](BPh4) (Np =
1-naphthyl, 1b), and [Fe(HMTI)(C2SiMe3)2](BPh4) (1c) are
obtained in poor to moderate yields (13−26%).
Complexes 2a−2c were similarly synthesized by the addition

of an excess of lithiated alkyne to Fe(HMC)(SO4)(HSO4) at
low temperature, as shown in Scheme 1. However, moisture
and oxygen were excluded prior to the addition of NaBPh4,
which was followed by rapid filtration through Celite and/or
silica. This process generates the symmetrical alkynyl

derivatives [Fe(HMC)(C2Ph)2](BPh4) (2a), [Fe(HMC)-
(C2Np)2](BPh4) (2b), and [Fe(HMC)(C2SiMe3)2](BPh4)
(2c), again in low to moderate yields (11−33%).
Both series of complexes appear to be stable as solids and

may be readily handled in the presence of oxygen once
isolated. No conversion of 2a−2c into their respective
dehydrogenated counterparts has been observed once isolated,
suggesting that the combination of oxygen and a strong base
(i.e., CH3O− generated by quenching the excess lithium-alkyl/
alkynyl reagents) is necessary to promote oxidative dehydro-
genation. Despite the stability of both series toward ambient
conditions, the generally low yields (≤33%) are currently not
well understood. Spectroelectrochemistry on 2a (vide inf ra)
suggests that the stability of FeII(HMC)(C2Ph)2 is modest;
therefore, the low yields may be due to the partial
decomposition of the FeII(HMC)(C2R)2 intermediates.
The compositions of all new complexes have been confirmed

with both ESI-MS and elemental analysis. Room temperature
effective magnetic moments (Supporting Information [SI],
Table S1) of both series 1 and 2 by Evans method51 range
between 3.0 and 4.3 Bohr magneton (μB), higher than the
expected value for an S = 1/2 species (1.73 μB).

Structural Characterization. Single crystals suitable for
X-ray diffraction were obtained for all complexes except 1b.
Crystals of 1a were quite small, resulting in rather low-
resolution structural data. However, the CF3SO3

− salt of 1a
(hereafter 1a-OTf) yielded better diffracting crystals and much

Scheme 1. Synthesis of 1a−1c and 2a−2c. (i) Excess LiC2R,
−78 to 0 °C under N2; (ii) O2, Methanol, NaBPh4; (iii)
Purification through Silica (1a, 1c) or Celite (1b); (iv)
Excess LiC2R, −78 to 0 °C (−78 °C to r.t. for 2a) under N2;
NaBPh4; and (v) Filtration through Silica (2a, 2c) or Celite
(2b) under Ambient Conditions
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higher precision data. The structures of 1a and Fe(HMC)-
(SO4)2(H5O2) are shown in Figures S1 and S2, while the
cationic portions of the remaining structures are shown in
Figure 1. All structures exhibit a pseudo-octahedral geometry

around the Fe center, with the macrocyclic nitrogens
occupying the equatorial plane and the axial alkynyls being
trans to each other. The linear coordination of the alkynyls is
confirmed by examining the Fe-C�C angles, all of which are
>169°. Moreover, the C�C bond lengths are consistent with
carbon−carbon triple bonds, ranging from 1.207(2) to
1.220(2) Å.16,17 These parameters agree very well with those
reported for other bis-alkynyl species.47,49,52

Importantly, the structural parameters highlight the
conversion of HMC to HMTI through oxidative dehydrogen-
ation. Within the N�C-C�N moiety, the nitrogen−carbon
bonds of 1a-OTf and 1c are consistent with a double-bond
assignment (1.280(3)-1.286(3) Å), while the carbon−-carbon
bonds are longer (1.432(3)−1.442(3) Å; Table 1). This
portion of the chelate ring is planar, with dihedral angles under
2° in all cases. In contrast, the related N-C (1.421(4)−
1.485(3) Å) and C-C (1.493(4)−1.511(4) Å) bond lengths of
2a−2c are indicative of single bonds. The saturated HMC is
much more flexible, with the analogous N-C-C-N dihedral
angles between 50 and 59°. Together, these bond metrics

support the α-diimine assignment for 1a−1c, although the ca.
0.06 Å contraction of the C-C bond in 1a-OTf/1c versus 2a/
2c points to some π delocalization within the α-diimine unit.
As expected from the previous analysis of 1d,49 the Fe-N

bond lengths of 1a-OTf and 1c (1.926(1)−1.938(1) Å) are
short compared to those of 2a−2c (2.012(2)−2.046(4) Å).
The latter are only slightly elongated compared to the Fe-N
bonds of analogous FeIII(cyclam) species (1.999(4)−
2.013(2)Å), consistent with the steric contribution of the
macrocyclic methyl groups.47 The contraction of Fe-N bond
lengths, ca. 0.1 Å, is consistent with the presence of Fe-π(α-
diimine) interactions in addition to Fe-N σ bonding, signifying
a departure from the σ-only Fe-N interactions in Fe(HMC)
species. For 1a, 1c, and 1d,49 the Fe center is constrained to be
coplanar with the nitrogen atoms by crystallographic
symmetry. Though lacking an exact center of inversion, the
Fe center in 1a-OTf deviates from the mean plane of the four
nitrogens by only 0.009 Å, similar to the previously published
[FeII(HMTI)(NCCH3)(C2SiEt3)]+.

49

The flattening of the macrocycle imposed by the α-diimine
moieties appears to shorten the Fe-C bonds in tetraimine
complexes 1a-OTf (1.945(2), 1.949(2) Å) and 1c (1.941(2),
1.951(2) Å) from those of HMC complexes 2a (1.961(3),
1.962(3) Å) and 2c (1.955(2), 1.959(2) Å). The difference,
though small, is reproduced in the optimized geometries for
each pair of complexes (ca. 0.02 Å calculated contraction, see
Table S5). This may signal a slight increase in the metal-
alkynyl bond strength for complexes of HMTI�a tentative
interpretation that gains support from trends in the ν(C�C)
for 1−2 (see Figure S4) and spectroelectrochemical data (vide
inf ra).

Electrochemistry. To interrogate the electronic influence
of the supporting macrocycles, cyclic (CV) and differential
pulse voltammograms (DPV) were measured for all complexes
(Figure 2). All species exhibit irreversible oxidation (B) that is
attributed to the oxidation of the tetraphenylborate counter-
anion,53 which is absent in the CV of 1a-OTf. Complexes of
HMC (2a−2c) exhibit pseudo-reversible one-electron oxida-
tions (A) assigned as an FeIV/III event (confirmed via
spectroelectrochemistry, vide inf ra). In comparison, the FeIV/III
couple was observed for Fe(dmpe)2(C2Ph)2 (dmpe = 1,2-
bis(dimethylphosphino)ethane) at 0.5 V vs ferrocene (Fc) in
acetonitrile.54 The reversible event C in each case is assigned
to the FeIII/II reduction. An irreversible reduction (D), which
only appears in 1a−1c, is assigned to the reduction of the
HMTI ligand.49,55,56 Potentials for these events are given in
Table 2.
Several significant contrasts between the voltammograms of

series 1 and 2 are clear from Figure 2. The oxidation couple A
appears only in the latter and is well-behaved in 2a and 2b with

Figure 1. ORTEP plots of [1a-OTf]+, [1c]+, and [2a]+−[2c]+ at the
30% probability level. Hydrogen atoms, solvate, disorder, counter-
anions, and additional independent cations are omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg)a for [1a-OTf]+, [1c]+, and [2a]+−[2c]+b

[1a-OTf]+ [1c]+ [2a]+ [2b]+ [2c]+

Fe-C 1.945(2)−1.949(2) 1.941(2)−1.951(2) 1.961(3)−1.962(3) 1.984(4)−1.989(5) 1.955(2)−1.959(2)
Fe-N 1.926(1)−1.938(1) 1.932(2)−1.937(2) 2.012(2)−2.032(2) 2.014(2)−2.046(4) 2.020(2)−2.046(3)
N-Cc 1.282(2)−1.286(2) 1.280(3)−1.286(3) 1.421(4)−1.470(4) 1.470(6)−1.485(3) 1.481(5)−1.485(3)
C-Cc 1.442(3) 1.432(3)−1.434(3) 1.493(4)−1.497(4) 1.502(6)−1.511(4) 1.503(6)−1.504(4)
|N-C-C-N| 0.3(2)−0.6(2) 1.2(3)−1.9(3) 50.4(4)−53.3(3) 56.9(6)−57.8(3) 58.8(7)−57.1(3)

aRanges are given to show the level of variation due merely to packing effects or experimental errors versus that which is inherent to the molecular
structures. bFor parameters affected by disorder, only the major disordered moiety was considered. cThe C-C and N-C bonds refer to those within
the N-C-C-N portion of the macrocycle.
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ΔEp values of 65 and 71 mV, respectively,57 while that of 2c is
less than ideal and occurs at an unexpectedly high potential
(0.77 V). The strong donating nature of alkynyls clearly
renders the FeIV state accessible, in contrast to the
voltammetric behavior of the bis-acetonitrile complex [Fe-
(HMC)(NCCH3)2]2+.

58 The lack of an FeIV/III oxidation in
1a−1c is attributed to the electron deficiency at the Fe center
due to the strong electron-withdrawing nature of the dual α-
diimine units in the HMTI macrocycle. The enhanced electron
deficiency further manifests as a ca. 600 mV anodic shift in the
iron-centered reductions (C) in series 1 from those in series 2.
The FeIII/II couple was observed at −0.59 V in acetonitrile for
Fe(dmpe)2(C2Ph)2,

54 indicating that HMTI stabilizes the
neutral FeII complex slightly more than does the pair of
bidentate phosphine chelators. These considerations are
further corroborated by the SEC studies below. The
irreversible reduction (D) in 1a−1c is assigned to the redox-
active HMTI ligand itself, as 2a−2c lack any cathodic events
past reduction C. Both [Fe(HMTI)(NCCH3)2]2+ and [Fe-
(HMTI)(NCCH3)(C2SiEt3)]+ exhibit reversible macrocyclic
reductions in acetonitrile solution, likely enabled by the fast
exchange of coordinated acetonitrile.49,58 The irreversibility of

D in 1a−1c may be due to the loss of one of the two alkynyl
ligands.

Electronic Absorption Spectra. Further insight into the
electronic structures of 1 and 2 may be gleaned from their
electronic absorption spectra, which are dominated by intense,
ligand-to-metal charge transfer (LMCT) bands in the Vis−
NIR window (Figure 3). LMCT from alkynyl ligands to an

FeIII, d5 metal center has been previously established47−49 and
is here confirmed via TD-DFT analysis (Figures S7−S12 and
Tables S6−S11). The λmax(LMCT) increases with the degree
of conjugation in alkynyls (Np > Ph > SiMe3) within each
series (see Table 3), consistent with a transition from the
highest-occupied π(C2R) orbital. The energy of the LMCT
band is also remarkably reduced by the introduction of the α-
diimines (Table 3). Specifically, the LMCT bands in 1a−1c
are red-shifted by ≥0.33 eV from their counterparts in 2a−2c.
This is consistent with the electrochemical data, which
indicates that the α-diimines should lower the energy of the

Figure 2. CV (0.1 V/s scan rate) and DPV traces of 1 mM solutions
of 1a−1c and 2a−2c in acetonitrile (0.1 M NBu4PF6).

Table 2. Electrochemical Potentials (V vs Fc/Fc+) of
Selected Events for Complexes 1 and 2

E1/2(A) E1/2(C) Epc(D)

1a -0.52 −2.12
2a 0.67 −1.15
1b −0.49 −2.09
2b 0.69 −1.07
1c −0.52 −2.17
2c 0.77 −1.12

Figure 3. Electronic absorption spectra of 1/2a (top), 1/2b (middle),
and 1/2c (bottom) in acetonitrile; molar absorptivity versus
wavelength (nm, bottom axes) and wavenumbers (cm−1, top axis).
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Fe dπ orbitals, thus reducing E(LMCT). TD-DFT reproduces
the experimentally observed order of E(LMCT), although the
absolute energy is somewhat underestimated in each case.
Computational Analysis. To better understand the

contrasting physical properties between series 1 and 2, spin-
polarized (unrestricted) DFT and TD-DFT calculations on the
[Fe(HMTI/HMC)(C2R)2]+ moieties were performed using
the Gaussian16 suite.59 The geometries of model complexes
1a′, 1c′, and 2a′−2c′ were optimized from X-ray structures.
The input geometry for 1b′ was created by removing the
appropriate eight hydrogen atoms from the structure of 2b,
and the optimized structure for 1b′ exhibits Fe-N, N�C, and
C-Cimine bond lengths in agreement with those of 1a′ and 1c′
(see Table S5). As noted above, the room temperature
magnetic moments for all complexes are too high to be pure
low-spin FeIII. Nevertheless, the magnetic moments are
consistent with a general dominance of the low-spin state at
room temperature (Table S1); therefore, a doublet spin state
was used for 1a′−1c′ and 2a′−2c′.

Based on the DFT results, a generalized comparison of
orbital interactions around the Fe center with the HMC and
HMTI ligands is presented in Scheme 2, with an effective
symmetry of D2h for both cases. The right side of the scheme
illustrates the Fe valence orbitals in series 2, which consists of
(1) four π-orbitals (Fe-(C2R)2) from the bonding and
antibonding combinations between dπ(xz,yz) and π(C�C)
(with the highest b3g half-filled), (2) the nonbonding dx2‑y2
(ag), and (3) the empty high-lying dσ (z2 and xy). The
exchange of dxy for the more conventional dx2‑y2 label as the σ/
σ* orbitals results from the choice of coordinates, enabling π-
type overlap under D2h symmetry. The left side of Scheme 2
features the three relevant π-type orbitals originating from the
two α-diimine units in HMTI. The lower two are of b3g and b2g
symmetry and capable of interacting with Fe dyz and dxz,
respectively, while the highest of the three, b1u, is nonbonding
to Fe dπ due to symmetry mismatching. The combination of
the Fe valence orbitals from the right side with the π(α-
diimine) from the left side results in the valence MOs for series
1, where the relative energetic order is consistent with the DFT

Table 3. LMCT Characteristics of 1 and 2 in Acetonitrile

1a 2a 1b 2b 1c 2c

λmax (nm) 681 567 783 648 553 470
ν (cm−1) 14 684 17 637 12 771 15 432 18 083 21 277
ε (M−1 cm−1) 5300 3400 6000 2600 5600 4300
Δν (2-1)a 2953 cm−1 (0.37 eV) 2661 cm−1 (0.33 eV) 3194 cm−1 (0.39 eV)

aΔν refers to the difference in energy between the maxima of each 1/2 pair.

Scheme 2. Qualitative Illustration of the Frontier Molecular Orbital Interactions in 1′ (Center) from the Interaction of the
Tetraimine (Left) with the Molecular Orbitals of σ-Donor Supported Bis-alkynyls 2′ (right) under D2h

a

aOrbitals shown/labeled in black (ag, b1u, and b1g) are formally nonbonding with regard to metal dπ orbitals, while those in blue correspond to b3g
orbitals and those in red to b2g orbitals.
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analysis. The main impact is the stabilization of the filled Fe
orbitals through the mixing of the dxz with the empty
b2g(HMTI). The Fe dyz remains the SOMO in 1 and is
slightly stabilized compared to the Fe dyz in 2 in spite of the
antibonding interaction with the occupied b3g(HMTI). The
slight stabilization of dyz, though counter-intuitive, is due to the
strong electron-withdrawing effect of HMTI, which is best
illustrated by the ca. −0.27 eV shift of the nonbonding dx2‑y2
orbital from series 2 to series 1. Finally, the ring contraction
from HMC to HMTI also results in increased σ-donation from
the nitrogen centers, which raises the energy of the empty dxy
by ca. 0.24 eV. It must be noted that the relative ordering of
the Fe dπ(xz,yz) orbitals depends on the conjugation of the
alkynyl substituent and is thus not rigorously enforced for 1c′
and 2c′, where the two orthogonal π(C�C) orbitals are
formally degenerate.
Spectroelectrochemical Analysis of 1a and 2a. The

changes in the electronic structures of 1a and 2a upon
reduction or oxidation were probed using UV−Vis and IR
spectroelectrochemistry (SEC). Analysis of 1a was conducted
in THF, while SEC of 2a was conducted in DCM due to
solubility constraints. The oxidation states of the bis-alkynyl
species will be explicitly denoted by a superscripted charge
(e.g., +1 for the initial species, +2 for the one-electron oxidized
product and 0 for the one-electron reduced product).
Oxidation of [2a]+1 to [2a]+2 (couple A in Figure 2) is

accompanied by a decrease in the intensity of the LMCT band
and a bathochromic shift of λmax from 587 to 620 nm (Figure
S13). A shift in ν(C�C) from 2070 to 1976 cm−1 (Figure
S15) is observed in the IR SEC, suggesting a weakening of the
alkynyl C�C bonds due to enhanced π-donation to the
electropositive metal center. These changes are consistent with
the previous FeIV/III assignment and are supported by DFT
analysis.
Although the reduction of [2a]+1 to [2a]0 (couple C in

Figure 2) appears reversible in CV, [2a]0 was found to be
unstable on the SEC time scale (20−30 minutes). Thus, the
spectroscopic features associated with [2a]0 reach a maximum
before reduction is complete (gray trace, Figure 4). Never-
theless, the peak profile for [2a]0 can be extracted as the partial
decomposition does not introduce interfering spectral features
(Figure S17). It is clear from Figure 4 that an intense band at
455 nm emerges upon reduction, while the LMCT band of

[2a]+1 at 587 nm is completely bleached. The new band is
clearly metal-to-ligand charge transfer (MLCT) in nature, as
the feature is reproduced in the TD-DFT analysis of [2a]0,
with dominant transitions being HOMO−LUMO at 486.07
nm and HOMO-1−LUMO at 477.77 nm. The HOMO and
HOMO-1 are calculated to be 80.4% dyz and 74.2% dxz,
respectively, and the LUMO is a π* orbital of the C2Ph.
Previously, MLCT bands around 370 nm were observed for
FeII(P-P)2(C2Ph)2-type compounds.60 The lower MLCT
energy in [2a]0 reflects insufficient stabilization of dπ orbitals
by HMC, a hard base ligand, compared to softer phosphines.
The increase in the dπ electrons (5 to 6) in [2a]0 results in a
significant shift of ν(C�C) from 2070 cm−1 in [2a]+1 to 2009
cm−1 (see Figure S18), which indicates substantial
dπ−π*(C�C) backdonation. This is an interesting finding
as the predominant M-alkynyl π interaction has been attributed
to dπ−π(C�C), filled−filled type, while backdonation was
considered negligible.61 An alternative explanation is that the
destabilized metal orbitals result in poorer metal-ligand energy
matching, giving rise to higher C anionic character, which
would also weaken the C�C bond.61 This latter view is better
supported both by trends in the ν(C�C) of 1a−1c versus
2a−2c (see the SI) and by DFT analysis and is further
elaborated below.
The Vis−NIR SEC for the reduction of [1a]+1 is shown in

Figure 5, where two unique, intense transitions at 336 and 762

nm grow in as the structured LMCT band of [1a]+1 is
bleached. The low energy (762 nm) band is readily assigned as
an MLCT to the tetraimine moiety based on FeII(HMTI)
precedents,62 which is corroborated by TD-DFT analysis that
predicts a pair of Fe-to-HMTI transitions at 588.95 and 632.06
nm giving rise to a single MLCT band (Table S14). The band
at 336 nm is attributed to an Fe to C2Ph MLCT band on the
basis of comparison to [2a]0, and it is hypsochromically shifted
by 0.97 eV. The TD-DFT analysis agrees with this assignment
with the calculated CT transition at 373.16 nm (Table S14).
Since the energy of π*(C2Ph) is relatively constant, the drastic
shift of the second MLCT is clearly the result of the
stabilization of Fe dπ in [1a]0 versus [2a]0. The stabilization
of Fe dπ in [1a]0 is also reflected in a small shift of the ν(C�
C): 2082 cm−1 in [1a]+1 versus 2075 cm−1 in [1a]0 (Figure

Figure 4. UV−Vis SEC of [2a]+1 (blue, 5 mM) upon reduction to
[2a]0 (red) in DCM (0.1 M NBu4PF6).

Figure 5. UV−Vis−NIR SEC of [1a]+1 (blue, 5 mM) upon reduction
to [1a]0 (red) in THF (0.1 M NBu4PF6).
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S22). Distinct from the behavior of 2a, the spectrum of [1a]+1
is fully recovered upon oxidation of [1a]0 (Figure S23),
indicating the robustness of the latter.
Further reduction of [1a]0 to [1a]−1 (couple D in Figure 2),

presumably localized at the HMTI ring, was also probed via
SEC. While the irreversibility of couple D prevents meaningful
quantification of spectral data, there are some clear and
noteworthy changes: the MLCT band at 762 nm in [1a]0
being shifted to 624 nm, the MLCT band at 336 nm being
replaced by a pair of new bands at 428 and 369 nm (Figure
S25), and the ν(C�C) at 2075 cm−1 being shifted to 2024
cm−1 (Figure S27). These features are consistent with the
significantly reduced π-accepting character of the HMTI ring
upon the second reduction (D).
To further analyze the SEC results, a comparison of the

calculated orbital energies for optimized models [1a′]z and
[2a′]z is depicted in Scheme 3. Orbitals with metal characters
are denoted by the d-orbital labels under D2h. Orbitals of
entirely ligand character are denoted by their appropriate
symmetry labels (b2u refers to the lowest-energy π*
combination of the phenylacetylide ligands; b1u refers to the
lowest-energy π* of the tetraimine ring). A heavy solid line
denotes the boundary between the occupied/partially occupied
and the unoccupied orbitals. It was assumed that both [1a′]0
and [2a′]0 are low-spin (diamagnetic) since the ferrous
complexes Fe(HMC)(CN)2 and Fe(HMTI)(CN)2 are both
low-spin.63,64

Reduction of [2a′]+1 results in a substantial increase in the
energy of all metal-centered orbitals, ranging from +1.34 to
+2.90 eV, with the magnitude of the increase correlating with
the degree of metal character in the orbital of [2a′]0. This is
consistent with a true metal-centered reduction. Furthermore,
Fe contributes 74.2 and 80.4% in the HOMO (dyz) and
HOMO-1 (dxz) of [2a′]0, respectively, reflecting an energetic
mismatch between the FeII dπ and filled alkynyl π-orbitals in
[2a′]0.
The changes upon reducing [1a′]+1 to [1a′]0 are

comparatively less dramatic. The HOMO of [1a′]0 lies 1.57
eV above the SOMO (α) of [1a′]+1, while the same shift is
2.14 eV for 2a′. Concurrently, the Fe contributions to the

frontier orbitals in [1a′]0, 61.2% (HOMO dyz) and 50.1%
(HOMO-1 dxz), are significantly lower than those in [2a′]0,
with the remaining density lying on the C2Ph and α-diimine
moieties. Interestingly, the iron-alkynyl σ-bond is also affected:
the total Fe (s + d) character of the Fe-C σ* is 94.6% in [2a′]0
(LUMO + 5) but only 75.8% in [1a′]0 (LUMO + 7). Thus,
the π acceptor nature of HMTI helps to disperse the electron
density localized on the Fe center and hence diminish the
energetic cost of reduction.
The changes in the composition of frontier orbitals also help

to explain the shifts of ν(C�C) upon reduction. As
mentioned above, the weakening of the C�C bond could
reflect either increased backdonation into the C2Ph π* and/or
an enlarged energy gap between the filled Fe and C2Ph
orbitals. The latter would impart a higher ionic character to the
Fe-C bond, which would weaken the C�C bond by virtue of
the C-C σ-antibonding nature of the alkynyl anion. In the case
of 2a, a −61 cm−1 (calc. −76.79 cm−1) shift is observed upon
the first reduction�consistent with Fe dπ to π(C2Ph)
backbonding, increased ionic Fe-C bond character, or
both�as the energies of the metal-centered orbitals increase.
In contrast, the same shift in 1a is merely −7 cm−1 (calc. −0.70
cm−1), reflecting delocalization of the added electron. The
decreased π accepting capacity of the α-diimines in [1a]−1

restores the Fe dπ-π(C2) energetic mismatch, and thus a more
dramatic shift in ν(C�C) of −51 cm−1 versus [1a]0 (calc.
−28.33 cm−1). The growth of metal character in the dπ/dσ−
C2R antibonding orbitals suggests a more ionic Fe-C bond as
the energy of the metal-centered orbitals is increased with
reduction: an effect that is mitigated by the electron-
withdrawing nature of HMTI.

Further Discussion. As noted in the Introduction,
previous work on iron-alkynyl complexes has largely been
based on complexes supported by “soft” supporting ligand
frameworks (L), which preferentially stabilize the FeII state
(Chart 1, I and II), though some work has been performed on
FeIII complexes of the hard base cyclam (Chart 1, III). Here,
the use of (spectro)electrochemistry affords a rare opportunity
to compare FeIII alkynyls with different types of supporting
macrocyles across oxidation states. In particular, FeII complexes

Scheme 3. Diagram of the Relative Computed Energies of Related Orbitals for [1a′]z (z = +1, 0, −1) and [2a′]z (z = +1, 0)a

aFor doublet (z = +1, −1) systems, the α orbital energies are used.
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[1a]0 and [2a]0 are comparable to FeII(dmpe)2(C2Ph)2 and
FeII(depe)2(C2Ph)2 (depe=1,2-bis(diethylphosphino)ethane).
As noted above, [2a]0 exhibits a much lower energy FeII to
C2Ph MLCT band (455 nm) than FeII(dmpe)2(C2Ph)2 (364
nm) and FeII(depe)2(C2Ph)2 (375 nm),60 implying that the
Fe-centered molecular orbitals lie higher in energy for the
former. Likewise, the ν(C�C) of [2a]0 (2009 cm−1) is lower
in energy than those of FeII(dmpe/depe)2(C2Ph)2 (2035−
2037 cm−1).60 In contrast, [1a]0 exhibits higher energy FeII to
C2Ph (336 nm) and ν(C�C) (2075 cm−1) bands, suggesting
a slightly lower energy set of FeII dπ orbitals than those of the
phosphine-supported species. However, the relative C2Ph to
FeIII LMCT energies of [1a]+1 versus Fe(dmpe)2(C2Ph)2+
(820 nm in dichloromethane)31 suggest that the SOMO of the
latter is slightly lower in energy. This seemingly contradictory
result can be rationalized by considering the dual nature of
HMTI as both π-donor and π-acceptor: in the more electron-
rich FeII state, the π-acceptor nature is dominant, whereas the
donor properties of HMTI become more competitive in the
FeIII oxidation state as backbonding is diminished. The
phosphine-based ligands of Fe(dmpe)2(C2Ph)2+ lack π-donor
character, and so the frontier FeIII dπ only experiences the net
stabilization due to weak backbonding.

■ CONCLUSIONS
Availability of novel tetraimine complexes 1a−1c and their
tetraamine counterparts 2a−2c allows for a close inspection of
the impact of ring unsaturation on the electronic structures
through X-ray diffraction, voltammetry, spectroelectrochemis-
try, and DFT analysis. All evidences point to the depression of
the formally Fe-centered occupied orbitals and the concom-
itant reduction of the gap between these and the π-donating
orbitals of the axial alkynyl ligands. The overall result appears
to be a more balanced (covalent) Fe-alkynyl π-bonding, which
implies greater conjugation across the RC2-Fe-C2R π orbital
system. Work is underway to examine both the photophysical
properties of the LMCT/MLCT states in these compounds
and possible new reactivity owing to the enhanced Fe-C
covalency.

■ EXPERIMENTAL SECTION
General Information. The isomers of HMC (5,5,7,12,12,14-

hexamethyl-1,4,8,11-tetraazacyclotetradecane) were prepared, and
meso-HMC was isolated according to literature procedures.65

Trimethylsilylacetylene (HC2TMS) and phenylacetylene (HC2Ph)
we r e pu r cha s ed f r om Oakwood Chemi c a l , a nd 1 -
(trimethylsilylethynyl)naphthalene (TMSC2Np) was also prepared
according to the literature procedure.66 Dry acetonitrile was
purchased from Acros Organics and stored under an inert
atmosphere. Dry THF was distilled over Na/benzophenone under a
nitrogen atmosphere. All air-sensitive reactions were performed under
an N2 atmosphere using standard Schlenk line techniques.
Spectroscopic Measurements. ESI-MS was performed with an

Advion Mass Spectrometer. A JASCO FT-IR 6300 was used for all
infrared spectra (solid-state data collected via ATR on ZnSe�see the
SI). For general UV−Vis spectra, a JASCO V-670 UV−Vis−NIR
spectrophotometer was used. Magnetic moments for 1a−1c and 2a−
2c were determined using the Evans Method51 with a ferrocene
internal standard and insert on a Varian INOVA300 NMR. The solid-
state magnetic moment of Fe(HMC)(SO4)(HSO4) (which is
sparingly soluble in common organic solvents) was determined on a
Johnson-Matthey magnetic susceptibility balance. Electrochemical
measurements were obtained using a CHI620A voltammetric analyzer
using a glassy carbon working electrode, a platinum counter electrode,
and an Ag/AgCl pseudo-reference electrode. Elemental analyses were

conducted by Atlantic Microlab, Inc. (Norcross, Georgia). Spec-
troelectrochemical data were collected in an OTTLE (optically
transparent thin-layer electrochemistry)67 liquid-sample cell with a
CaF2 window (ca. 0.2 mm path length), Pt mesh working and
auxiliary electrodes, and an Ag pseudo-reference electrode on a
JASCO V-780 UV−Vis−NIR spectrophotometer and a JASCO FT-IR
6300.

Computational Methods. All computations were performed
using Gaussian1659 with the MN12-L functional,68 Def2-TZVP basis
set for Fe and Si and Def2-SVP for all other atoms.69 Solvent effects
were included for all calculations using a polarizable continuum model
(CPCM)70 with the appropriate solvent. Frequency checks produced
no negative frequencies, indicating that the structures were indeed at a
minimum. The major atomic contributions to molecular orbitals of
interest on the optimized structures were assessed as needed using the
Pop=Orbitals=n keywords. Additional details, including input and
optimized coordinates, are given in the SI.

The functionals MN1571 and B3LYP72 (with dispersion)73 were
also tested. MN15 performed comparably to MN12-L for geometry
optimizations but dramatically overestimated the energy of the
LMCT band. B3LYP performed just as well as MN12-L on excitation
energies, but convergence of the geometries proved more difficult and
resource intensive. MN12-L was therefore used to achieve reasonable
results at an acceptable computational cost.

Syntheses. The syntheses for Fe(HMC)(SO4)(HSO4), 1a, and 2a
are given below as representative synthetic methods. The syntheses
for 1/2b and 1/2c are given in the Supporting Information. For 1a−
1c, the lithium acetylide (LiC2R) was uniformly prepared using a high
excess of n-BuLi, as this later serves as the source of strong base for
the oxidative dehydrogenation of HMC to HMTI (see Synthesis
section of Results and Discussion).

Synthesis of Fe(meso-HMC)(HSO4)(SO4). Briefly, 1.00 g (3.52
mmol) of meso-HMC was dissolved in 120 mL of methanol. The
resulting solution was purged with nitrogen prior to the addition of
1.2 equiv of Fe(SO4)2·7H2O (1.56 g, 4.17 mmol). The resulting
mixture was heated for 2.5 h to approximately 50 °C while the N2
atmosphere was maintained. Oxygen was then bubbled through the
solution for 15 min prior to the addition of 4 mL H2SO4 (95 w/w%,
excess), resulting in the formation of a deep orange solution. Oxygen
was vigorously bubbled through the solution over the next 2.75 h,
during which time a pale green precipitate formed. The mixture was
filtered, and the recovered solid was washed with acetone and diethyl
ether to yield 1.00 g of the desired complex (1.87 mmol, 53% based
on HMC). ESI-MS(m/z): [Fe(HMC)(HSO4)2]+, 534.4, [Fe(HMC)-
(SO4)2]‑, 532.3; Elem. Anal. Found (calcd.) for FeN4C16H38.5S2O8.75
(Fe(HMC)(SO4)(HSO4)·0.75H2O): C 35.35 (35.13); H 7.03
(7.09); N 10.11 (10.24). IR (cm−1): N-H: 3125 (m), O-H: 3165
(m). μeff = 5.91 BM.

Synthesis of [Fe(meso-HMTI)(C2Ph)2]BPh4 (1a). Fe(HMC)(SO4)-
(HSO4) (0.101 g, 0.190 mmol) was dissolved in 7 mL of dry THF
and cooled to −78 °C, to which was added LiC2Ph (0.73 mmol,
prepared from HC2Ph and excess n-BuLi in 6 mL THF). The
resulting solution was held at −78 °C for 30 min, then transferred to
an ice bath for an additional 1 h. Oxygen was bubbled through the
deep green solution for less than 2 min with the simultaneous
addition of a few drops of methanol. Sodium tetraphenylborate (221
mg, 0.65 mmol) was then added, and the solution was filtered through
Celite, which was rinsed with DCM until the filtrate ran clear. Excess
hexanes and diethyl ether were added to the filtrate to precipitate the
crude solid. Final purification was accomplished over silica (eluting
with DCM), followed by recrystallization from DCM/hexanes to yield
42.2 mg of the indigo product (0.049 mmol, 26% based on
Fe(HMC)(SO4)(HSO4)). ESI-MS (m/z): [M]+, 534.7. Elem. Anal.
Found (calcd.) for FeN4C56.15H58.3BCl0.3 (1a·0.15CH2Cl2): C 77.94
(77.83); H 6.91 (6.78); N 6.64 (6.47). Visible spectrum, λmax (nm, ε
(M−1 cm−1)): 681 (5300), 585 (4600), 525 (3800). IR (cm−1): C�
C: 2082 (w), C�N: 1536 (w), C�CPh: 1593 (w). Cyclic
voltammetry [E1/2/V, ΔEp/V (vs Fc/Fc+), ip,c/ip,a]: FeIII/II, −0.523,
0.058, 1.02. μeff = 3.0 BM.
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Synthesis of [Fe(meso-HMC)(C2Ph)2]BPh4 (2a). Dry Fe(HMC)-
(SO4)(HSO4) (0.100 g, 0.187 mmol) was suspended in THF (5 mL)
and cooled in a dry ice/acetone bath. A solution of LiC2Ph (0.08 mL,
0.7 mmol; in 5 mL THF) was transferred to a flask with
Fe(HMC)(SO4)(HSO4) under nitrogen. The resulting mixture was
held at −78 °C for 1.25 h before warming to room temperature for
over 50 min. Subsequently, the solution was transferred to a flask
containing 204 mg (0.6 mmol) NaBPh4 under nitrogen. The resultant
blue-green solution was exposed to air and immediately filtered
through silica, eluting the pink product with DCM. The crude solid
was precipitated with hexanes and isolated by filtration prior to
washing with diethyl ether and hexanes. Purification over silica with
6:1 DCM:hexanes yielded the pure product, which was obtained as
53.2 mg of maroon powder following recrystallization from DCM/
hexanes (0.062 mmol, 33% yield based on Fe(HMC)(SO4)(HSO4)).
ESI-MS (m/z): [M]+, 542.0. Elem. Anal. Found (calcd.) for
FeN4C56.75H67.5BCl1.5 (2a·0.75CH2Cl2): C 74.07 (73.65); H 7.48
(7.35); N 6.17 (6.05). Visible spectrum, λmax (nm, ε (M−1 cm−1)):
567 (3400), 512 (2400), 453 (1600), 368 (2700). IR (cm−1): N-H:
3220 (m), C�C: 2070 (w), C�CPh: 1592 (m). Cyclic voltammetry
[E1/2/V, ΔEp/V (vs Fc/Fc+), ip,c/ip,a]: FeIII/II, −1.150, 0.070, 1.04. μeff
= 3.6 BM.
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