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ABSTRACT: The sa l t e l iminat ion reac t ions o f
(IPr2Me2)2FeCl2 (IPr2Me2 = 1,3-diisopropyl-4,5-dimethylimi-
dazol-2-ylidene) with the corresponding aryl Grignard reagents
afford [(IPr2Me2)2FeAr2] (Ar = Ph, 3; C6H4-p-Me, 4; C6H4-
p-tBu, 5; C6H3-3,5-(CF3)2, 6) in good yields. X-ray crystallo-
graphic studies revealed the presence of both tetrahedral and
trans square planar isomers for 3 and 6 and the tetrahedral
structures for 4 and 5. Magnetic susceptibility and 57Fe
Mössbauer spectrum measurements on the solid samples
indicated the high-spin (S = 2) and intermediate-spin (S = 1)
nature of the tetrahedral and square planar structures,
respectively. Solution property studies, including solution
magnetic susceptibility measurement, variable-temperature 1H
and 19F NMR, and absorption spectroscopy, on 3−6, as well as an 57Fe Mössbauer spectrum study on a frozen tetrahydrofuran
solution of tetrahedral [(IPr2Me2)2

57FePh2] suggest the coexistence of tetrahedral and trans square planar structures in solution
phase. Density functional theory calculations on (IPr2Me2)2FePh2 disclosed that the tetrahedral and trans square planar isomers
are close in energy and that the geometry isomerization can occur by spin-change-coupled geometric transformation on four-
coordinate iron(II) center.

■ INTRODUCTION

Coordinatively unsaturated iron aryl species are commonly
proposed intermediates in iron-catalyzed organic transforma-
tions1−4 and have intrigued explorations on their exact nature.
Studies have shown that this type of complex is usually highly
reactive partially due to their open-shell nature5 and can
undergo reductive decomposition. For these reasons, the
reactions of iron salts with PhLi and PhMgBr readily produce
iron nanoparticles;6 [Fe(Mes)2]2 is unstable at room temper-
ature,7 and the ferrate complex [Li(Et2O)2][Li(1,4-dioxane)]-
[FePh4] is prone to reductive decomposition at ambient
conditions.8 In contrast to these unstable binary iron(II) aryl
complexes, plenty of four-, three-, and even two-coordinate iron
aryl compounds with electron-withdrawing groups,9 bulky
substituents,9b,10,11 or chelating donors12 on the ortho positions
of the aryl anions (A−F in Chart 1) are thermally robust. A
handful of monophenyl iron(II) species with very bulky
ancillary ligands are also scattering in literature (G−J in
Chart 1).13 While the studies on these “stabilized” iron aryl

compounds have enriched our knowledge on the chemistry of
open-shell organoiron species, the substituted aryl anions and
the bulky ancillary ligands are not typical in iron catalysis,
rendering the corresponding iron aryl compounds less
catalytically relevant.
Noting the widely applied N-heterocyclic carbenes (NHCs)

and phenyl metal reagents in iron-catalyzed organometallic
transformations and their unravelled mechanism,14 we initiated
a project to pursue NHC-stabilized iron phenyl species. Our
study showed that the use of a biphenyl-linked bis-
(benzimidazol-2-ylidene) ligand enables the preparation of
high-spin tetrahedral iron(II) diaryl complexes [(bisNHC)-
FeAr2] (Ar = Ph, 1; C6H3-3,5-(CF3)2, 2 in Scheme 1a).15 On
the other hand, our attempts to prepare monodentate NHC-
supported iron(II) phenyl complex (NHC)2FePh2 show that
the selection of NHC ligand with appropriate steric bulkiness is

Received: January 21, 2015
Published: March 30, 2015

Article

pubs.acs.org/IC

© 2015 American Chemical Society 4752 DOI: 10.1021/acs.inorgchem.5b00138
Inorg. Chem. 2015, 54, 4752−4760

pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b00138


the key to achieve the stabilization of the desired iron(II)
diphenyl compounds. We found that the reaction of [(IPr)-
FeCl2]2

16 (IPr = 1,3-di(2′,6′-diisopropylphenyl)imidazol-2-
ylidene) with 2 equiv of PhMgBr produced iron black; the
interaction of (IEt2Me2)2FeCl2 with 2 equiv of PhLi gave
[Ph(IEt2Me2)Fe(IEtMe2)2Fe(IEt2Me2)Ph] (IEt2Me2 = 1,3-
diethyl-4,5-dimethylimidazol-2-ylidene, IEtMe2 = 3-ethyl-4,5-
dimethylimidazolyl anion; Scheme 1b);17 the reaction of
(IPr2Me2)2FeCl2 with PhMgBr, however, yielded a stable
iron(II) diphenyl complex, tetrahedral [(IPr2Me2)2FePh2] (3t
in Scheme 1c).18 Upon examining the reactions of the iron(II)
diphenyl complex with alkyl halides, cyclooctatetraene, and
ferrocenium cation, we further disclosed its reactivity of
C(sp3)−C(sp2) bond-formation cross-coupling, olefin coordi-

nation-induced biphenyl-reductive elimination, and one-elec-
tron oxidation-induced biphenyl-reductive elimination.18

In addition to the aforementioned findings, we also isolated a
small amount of trans-[(IPr2Me2)2FePh2] (3s in Scheme 1)
from the reaction of (IPr2Me2)2FeCl2 with PhMgBr.18 The
attainment of the two isomers 3t and 3s raised a question as to
whether they can form equilibrium in solution phase or not.
This question could be important since the two isomers could
have distinct ground spin states that might induce different
reactivity.5 Aiming to shed light on this problem, we report
herein a systematic preparation and characterization study on
the NHC−iron(II)−aryl complexes [(IPr2Me2)2FeAr2] (Ar =
Ph, C6H4-p-Me, C6H4-p-

tBu, C6H3-3,5-(CF3)2). X-ray crystal
structure determination, 57Fe Mössbauer spectra, and magnetic
susceptibility measurements on these iron(II) diphenyl species
revealed that the iron(II) aryl complexes can exist as high-spin
(S = 2) tetrahedral and/or intermediate-spin (S = 1) trans
square planar isomers in solid states. Variable-temperature
NMR, absorption spectra, solution magnetic moment measure-
ments, solution 57Fe Mössbauer spectrum, and theoretical
studies collectively suggest that in solution phase a spin-change
coupled geometry isomerization between tetrahedral and trans
square planar structures can occur.

■ RESULTS AND DISCUSSION
Syntheses. The preparation of the monodentate NHC-

coordinated iron(II) diaryl complexes employs the salt
elimination reaction of (IPr2Me2)2FeCl2 with 2 equiv of the
corresponding aryl Grignard reagents (Scheme 1c). After
recrystallization, tetrahedral [(IPr2Me2)2FeAr2] (Ar = C6H4-p-
Me, 4t; C6H4-p-

tBu, 5t) were obtained as yellow crystals in 50%
and 53% isolated yields, respectively. Orange crystals of trans-
[(IPr2Me2)2Fe(C6H3-3,5-(CF3)2)2]·2dioxane (6s·2C4H8O2)
were isolated as the major product in 52% yield along with a
trace amount of tetrahedral [(IPr2Me2)2Fe(C6H3-3,5-(CF
3)2)2] (6t). The attempts to obtain 6t in large quantity by
recrystallization in different solvent and temperature were
unsuccessful.

Solid-State Properties. The molecular structures of the
diaryl compounds were established by single-crystal X-ray
diffraction studies (Figure 1). Both tetrahedral and square
planar structures were observed for 3 and 6, and only the
tetrahedral isomers were observed for 4 and 5 (Figure 1). 57Fe
Mössbauer and SQUID measurements corroborate a high-spin
state (S = 2) for the tetrahedral isomers (3t and 5t) and an
intermediate-spin state (S = 1) for the trans square planar
structure 6s.
Table 1 compiles the key distances and angles around the

FeC4 cores for 4t−6s, in addition with those of 1−3 for
comparison. In the series of monodentate NHC-supported
tetrahedral molecules (3t−6t), the Fe−C(aryl) distances being
typical of the Fe−C(aryl) distances in high-spin iron(II)
complexes (2.090(2), 2.119(2), 2.090(3), and 2.107(2) Å in
average for 3t−6t, respectively) are found to be independent of
the electronic property of the substituents on the phenyl rings.
The Fe−C(carbene) separations in 3t−6t also span the narrow
range from 2.137(2) to 2.162(2) Å and are close to those of the
reported four-coordinate high-spin iron(II) NHC com-
plexes.17,19 Besides the similar bond distances, the range of
the C−Fe−C angles and the relative orientation of the aryl and
imidazole planes in 3t−6t are different. These distinctions
might be caused by crystal-packing force and the different steric
properties of the aryl ligands. On the other hand, the

Chart 1. Examples of Iron Aryl Complexes with
Coordination Unsaturation

Scheme 1. Preparation of NHC−Iron(II)−Aryl Complexes
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distinctions reflect the structural fluxionality of the FeC4
tetrahedron. Two trans square planar structures (3s and 6s)
were observed in this series of diaryl complexes. The FeC4 core
in 6s is essentially square planar, whereas that in 3s shows a
slight tetrahedral distortion (Table 1). The Fe−C(aryl)
distances of the trans square planar compounds (2.032(4)
and 2.003(4) Å in average for 3s and 6s, respectively) are close
to those observed in trans-[(PEt2Ph)2Fe(Mes)2] (2.03 Å) and
trans-[(PEt2Ph)2Fe(C6Cl5)2] (2.00 Å).

9b Their Fe−C(carbene)
distances (1.977(4) and 2.001(4) Å in average for 3s and 6s,
respectively) are comparable to that in trans-[(IMes)2FeMe2]
(1.96 Å).19e The similarity points out their common
intermediate-spin electronic configuration (S = 1). Consistent
with this, the Fe−C(aryl) and Fe−C(carbene) distances in 3s
and 6s are 0.06 and 0.19 Å, 0.10 and 0.14 Å shorter than those
in their tetrahedral counterparts. Notably, in spite of the
distinct geometries of the tetrahedral and square planar species,
the metric data of their phenyl moieties are close to each other
and typical of the aromatic rings.
Among the NHC-supported complexes, we measured the

variable-temperature magnetic susceptibilities of 5t and 6s as
the representative of tetrahedral and trans square planar
structures. As shown in Figure 2, the magnetic susceptibilities
of the solid sample of 5t have μeff values ranging from 4.60 to
4.80 μB at 30−300 K. The data are comparable to the spin-only
value of 4.90 μB for an S = 2 state. In the same temperature
range, the measured magnetic moments of 6s vary from 3.28 to
3.80 μB, which are larger than the spin-only value for an S = 1

state (2.83 μB) but still within the range of the reported
intermediate-spin square planar iron(II) compounds. For
examples, trans-[(IMes)2FeMe2] has the magnetic moments
of 2.7−3.2 μB (30−300 K);19e cis-[(dppe)Fe(Mes)2] has the
data of 3.3−3.9 μB (50−300 K).9b The large magnetic
moments of 6s might be due to the presence of trace amounts
of its high-spin tetrahedral isomer in the solid sample and/or
the contributions of spin−orbit coupling in the planar structure
as observed in Chirik’s square planar cobalt complexes.20

The zero-field 57Fe Mössbauer spectra of 3t, 5t, and 6s
further support the high-spin and intermediate-spin nature of
tetrahedral and square planar structures, respectively. Support-
ing Information, Figures S1 and S2 show the spectra of 5t and
6s, respectively. Table 2 lists the fitting isomer shifts (δ) and
quadrupole splittings (ΔEQ). The data of 3t (δ = 0.47 mm/s,
ΔEQ = 2.38 mm/s)18 and 5t (δ = 0.45 mm/s, ΔEQ = 2.40 mm/
s) are close to those of the tetrahedral iron(II) dialkyl complex
[(IEt2Me2)2Fe(CH2SiMe3)2] (δ = 0.49 mm/s, ΔEQ = 2.53
mm/s, Supporting Information, Figure S3). The Mössbauer
data of the trans square planar complex 6s (δ = 0.17 mm/s,
ΔEQ = 4.09 mm/s) are comparable to those of the reported
intermediate-spin square planar iron(II) species, for example,
[((i‑PrC)2Ph)2Fe]I2 (δ = 0.18 mm/s, ΔEQ = 4.16 mm/s)
((i‑PrC)2Ph = o-bis(3-isopropyl-imidazol-2-ylidene)benzene),19a

trans-[(PEt3)2Fe(C6Cl5)2] (δ = 0.27 mm/s, ΔEQ = 4.16 mm/
s),21 cis-[(Sciopp)Fe(Mes)2] (δ = 0.29 mm/s, ΔEQ = 3.58 mm/
s) (Sciopp = 1,2-bis(di(3′,5′-di(t-butyl)phenyl)phosphino)-
benzene),10j and trans-[(PEt2Ph)2Fe(Mes)2] (δ = 0.31 mm/s,
ΔEQ = 4.63 mm/s).9b The lower isomer shift of 6s as compared
to those of the phosphine-coordinated complexes reflects the
stronger σ-donating nature of the NHC ligand over the
phosphines.22

Figure 1. Molecular structures of 4t, 5t, 6t, and 6s showing 30%
probability ellipsoids.

Table 1. Selected Interatomic Distances (Å) and Angles (deg) of 1−6 from Crystal Structures

1 2 3t 3s 4t 5t 6t 6s

Fe−C(aryl) 2.077(2) 2.073(3) 2.090(2) 2.014(4) 2.121(2) 2.080(3) 2.114(2) 2.003(4)
2.070(2) 2.074(3) 2.091(2) 2.049(4) 2.117(2) 2.099(3) 2.101(2) 2.003(4)

Fe−C(carbene) 2.076(2) 2.110(2) 2.157(2) 1.973(4) 2.151(2) 2.146(3) 2.137(2) 2.001(4)
2.095(2) 2.116(2) 2.162(2) 1.980(4) 2.152(2) 2.158(3) 2.149(2) 2.001(4)

αa 108.4(1) 121.3(1) 114.0(1) 175.9(2) 99.5(1) 112.2(1) 100.1(1) 180
βb 110.0(1) 116.6(1) 113.3(1) 176.6(2) 109.7(1) 115.1(1) 109.4(1) 180
γc 73.8 85.2 87.8 85.1 84.2 79.5

aα = ∠C(aryl)−Fe−C(aryl). bβ = ∠C(carbene)−Fe−C(carbene). cDihedral angles between the planes C(carbene)−Fe−C(carbene) and C(aryl)−
Fe−C(aryl).

Figure 2. Temperature-dependent magnetic susceptibilities of 5t (red)
and 6s (blue) in solid state.
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Solution Properties. Compounds 3t, 4t, 5t, and 6s are
quite soluble in common organic solvent, such as benzene,
diethyl ether, and tetrahydrofuran (THF). In C6D6, the

1H
NMR spectra of these diphenyl compounds generally show two
or three heavily broadened signals (+62 and −7 ppm for 3t;
+66, +63, and −1 ppm for 4t; +62, +17, and −6 ppm for 5t; −8
and −11 ppm for 6s). The 1H NMR spectra measured in THF-
d8 (for 3t, 5t, and 6s) are close to those obtained in C6D6.
Their measured solution magnetic moments in benzene are
4.2(2), 4.4(1), 4.1(2), and 4.4(2) μB for 3t−6s, respectively.23
These values are smaller than the spin-only value for a high-
spin iron(II) species (4.90 μB) but larger than that of
intermediate-spin iron(II) compounds (2.83 μB). Moreover,
the value of 5t is slightly lower than those of the SQUID data
for the solid sample, whereas the solution data of 6s is larger
than that of its solid sample.
Dissolution of the diaryl complexes in benzene produces

deep yellow solutions. Their absorption spectra recorded in
benzene at room temperature all feature two near-infrared
bands at ca. 1350 and 1500 nm for 3t−5t and at 1320 and 1420
nm for 6s (Figure 3). The numbers of the observed near-
infrared absorption bands of 3−6 are different from those of
reported tetrahedral and square planar iron(II) complexes. For

example, the absorption spectra of the tetrahedral bis(NHC)−
Fe(II)−diaryl complexes 1 and 2 exhibit one broad near-
infrared band at 1330 and 1410 nm, respectively;15 the
spectrum of the square planar compound trans-[(IM-
es)2FeMe2]

19e shows three near-infrared bands at 900, 980,
and 1415 nm (Figure 3); and cis-[(Sciopp)Fe(Mes)2] has its
three ligand-field transition bands centered at 1075, 1328, and
1575 nm.10j Moreover, the absorption coefficiencies of 3−6 are
located between those of the strict tetrahedral complexes (1
and 2) that have relaxed LaPorte selection rule for ligand-field
transitions and the strict planar complex (trans-[(IM-
es)2FeMe2]) that has the LaPorte-forbidden transition These
differences, in addition with the unusual solution magnetic
moments, hint that the monodentate NHC-coordinated
iron(II) diaryl complexes may not exist solely as a tetrahedral
or a trans square planar form in solution phase.
We further performed variable-temperature NMR (VT-

NMR) studies on the THF-d8 solutions of these iron(II) diaryl
complexes. As shown in Figure 4 and Supporting Information,

Figures S5 and S6, the 1H NMR spectra of 3t, 5t, and 6s exhibit
peak-decoalescing phenomena along with temperature-depend-
ence of the isotropic shifts when lowering the temperature from
303 to 203 K. For example, at 243 K, the spectrum of 3t
displays three well-separated intense peaks at −24.4, −19.5, and
+18.1 ppm. Decreasing the temperature to 203 K results in the
splitting of the lower-field peak (the one at +18.1 ppm) into
two (Figure 4). In addition to the VT-1H NMR studies, the
VT-19F NMR spectra of the solution of 6s also exhibit the
decoalescing of one 19F NMR singal at −52 ppm at 303 K into
two peaks (−24 and −57 ppm) at 233 K (Figure 4). These
peak-decoalescing phenomena could be due to restricted
rotation of the aryl and NHC ligands at low temperature or
the fluxional process of tetrahedral-to-square planar isomer-
ization. The former speculation seems less likely as the VT-19F
NMR spectra of tetrahedral [(bisNHC)Fe(C6H3-3,5-(CF3)2)2]
(2) only show one 19F NMR signal in the temperature range
from 303 to 233 K (Supporting Information, Figure S7).
The convincing evidence for the tetrahedral-to-square planar

isomerization of the iron(II) diaryl complexes was obtained
from the 57Fe Mössbauer spectrum of a frozen THF solution of

Table 2. 57Fe Mössbauer Parameters for Iron(II) Aryl and
NHC Complexes Recorded at 80 K

δ (mm/s) ΔEQ (mm/s) %

3t 0.47 2.38 100
5t 0.45 2.40 100
6s 0.17 4.09 100
[(IEt2Me2)2Fe(CH2SiMe3)2] 0.49 2.53 100
[((i‑PrC)2Ph)2Fe]I2

a 0.18 4.16 100
trans-[(PEt3)2Fe(C6Cl5)2]

b 0.27 4.16 100
trans-[(PEt2Ph)2Fe(Mes)2]

c 0.31 4.63 100
cis-[(Sciopp)Fe(Mes)2]

d 0.29 3.58 100
3t-57Fee 0.43 2.39 93
3t-57Fe in frozen THFf 0.48 2.45 21

0.22 4.15 71
aReference 19a. bReference 21; 79 K. cReference 9b. dReference 10j.
eIn addition to the major component corresponding to tetrahedral
[(IPr2Me2)2

57FePh2] (3t-57Fe), a minor doublet (7% area) with δ =
0.59 mm/s, ΔEQ = 2.85 mm/s, which might correspond to
[(IPr2Me2)2

57FePhBr],18 was noticed. fThe minor doublet correspond-
ing to [(IPr2Me2)2Fe

57PhBr]18 was also noticed.

Figure 3. Absorption spectra of 1−6 and trans-[(IMes)2FeMe2] in the
near-infrared region measured in benzene at room temperature.

Figure 4. Variable-temperature 1H NMR spectra of 3t (left) and 19F
NMR spectra of 6s (right) measured in THF-d8. For simplicity, only
the selected regions are shown. Signals marked (*) correspond to
THF-d8 and solvent residue, and the ones marked (#) correspond to
1,3-(CF3)2-C6H4.
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tetrahedral [(IPr2Me2)2
57FePh2] (3t-57Fe). The 57Fe-enriched

crystalline sample has its 57Fe Mössbauer spectrum identical to
that of 3t (Figure 5a and Table 2). The Mössbauer spectrum of

its frozen THF solution prepared by dissolving the crystalline
sample into THF, however, shows two quadrupole doublets
(Figure 5b) with the area ratio of 7:2 and the fitting parameters
of δ = 0.22 mm/s, ΔEQ = 4.15 mm/s for the major component
and δ = 0.48 mm/s, ΔEQ = 2.45 mm/s for the minor one. The
parameters of the two components are apparently similar to
those of the solid samples of 6s and 5t, respectively (Table 2),
which suggest the frozen solution contains a mixture of
intermediate-spin trans-[(IPr2Me2)2

57FePh2] and high-spin
tetrahedral [(IPr2Me2)2

57FePh2], with the trans square planar
isomer dominating. Noting the resemblance of the aforemen-
tioned solution properties of 3t with those of 4t−6s, we reason
that in solution phase all these monodentate NHC-supported
iron(II) diaryl species should present as mixtures of tetrahedral
and trans square planar isomers.
Isomerization Mechanism. As the characterization data

suggest the presence of tetrahedral−square planar isomerization
process in solution phase, we further performed density
functional theory (DFT) calculations24,25 to probe the possible
mechanism. Geometry optimizations on (IPr2Me2)2FePh2 at S

= 2 and S = 1 states proved that the energy minima at the two
spin states have distorted tetrahedral and trans square planar
geometries (3t-opt and 3s-opt), respectively. Both the
optimized structures nicely reproduced the key interatomic
distances and angles (Table 3) observed in the crystal
structures.
Molecular orbital analyses indicate that, in the case of 3t-opt,

its five highest occupied molecular orbitals (four singly
occupied molecular orbitals and one doubly occupied molecular
orbital, as shown in Figure 6) are mainly iron-based (atomic

Figure 5. Zero-field 57Fe Mössbauer spectra measured on (a) a
polycrystalline solid of [(IPr2Me2)2

57FePh2] (3t-
57Fe) and (b) a frozen

THF solution of 3t-57Fe at 80 K. The color lines are the fitting curves.
Fitting parameters are listed in Table 2. A minor doublet with the area
percentage of ca. 7% was noticed in both spectra, which might
correspond to trace amount of [(IPr2Me2)2

57FePhBr].

Table 3. Selected Bond Distances (Å) and Angles (deg) of 3t, 3t-opt, 3s, 3s-opt, and MECP2a

3t 3t-opt MECP2 3s-opt 3s

Fe−C(aryl) 2.090(2) 2.117 2.075 2.080 2.014(4)
2.091(2) 2.123 2.064 2.081 2.049(4)

Fe−C(carbene) 2.157(2) 2.223 2.064 1.998 1.973(4)
2.162(2) 2.228 2.192 1.998 1.980(4)

αb 114.0(1) 116.79 133.94 179.8 175.9(2)
βc 113.3(1) 112.96 140.33 179.5 176.6(2)

aMECP2 denoted for the structure of the minimum energy crossing point of the S = 1 and S = 2 energy surfaces of (IPr2Me2)2FePh2.
bα =

∠C(aryl)−Fe−C(aryl). cβ = ∠C(carbene)−Fe−C(carbene).

Figure 6. Schematic MO diagrams for UKS solutions (B3LYP/TZVP)
of 3t-opt (upper, S = 2) and 3s-opt (lower, S = 1).
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orbital contribution varying from 53.6% to 84.8%). Small
orbital contribution from the NHC ligands having π*-character
is also noticeable, but the 3dFe → π*NHC backdonation is
insignificant because of the ineffective orbital overlapping.
Thus, 3t-opt is a typical high-spin iron(II) species. The Wiberg
bond indexes of its Fe−C(aryl) and Fe−C(carbene) bonds are
0.53 and 0.50, respectively. The Mulliken spin-density analysis
further suggests that the four spins reside primarily on the iron
center (Supporting Information, Figure S8). In 3s-opt, the Fe−
C(aryl) and Fe−C(carbene) bonds have larger Wiberg bond
indexes (0.62 and 0.67) and shorter bond distances (2.08 and
2.00 Å) in comparison with those in 3t-opt (WBIs of 0.53 and
0.50, and distances of 2.12 and 2.22 Å), suggesting a stronger
Fe−C bonding in 3s-opt. The shorter Fe−C(carbene)
distances, however, do not mean enhanced 3dFe → π*NHC
backdonation in 3s-opt as weak π-type metal-to-ligand
backdonation in 3s-opt occurs on the phenyl fragments, rather
than the NHCs (Figure 6). The orbital compositions of the
four highest occupied frontier orbitals in combination with the
spin-density distribution (Supporting Information, Figure S9)
are suggestive of the intermediate-spin ferrous nature of 3s-opt.
In spite of their distinct structures, it is worth mentioning

that the single point energies of 3t-opt and 3s-opt are close to
each other. In gas phase, 3t-opt is 1.5 kcal/mol lower in
enthalpy than 3s-opt. When taking solvation into account, the
difference in enthalpy in THF is 2.1 kcal/mol. The close energy
of the two species suggests that the coexistence of tetrahedral
and trans-[(IPr2Me2)2FePh2] in solution is thermodynamically
permitted, which is consistent with the experimental observa-
tion of both tetrahedral and trans-[(IPr2Me2)2

57FePh2] in
solution phase. Notably, the subtle energy preference of 3t-opt
and 3s-opt is inconsistent with the observation of trans-
[(IPr2Me2)2

57FePh2] as the major species in frozen THF by
57Fe Mössbauer study. This discrepancy could be due to the
intrinsic uncertainty tolerances of DFT calculations on open-
shell transition-metal complexes and/or the temperature-
dependence of the equilibrium between tetrahedral and trans-
[(IPr2Me2)2FePh2] in solution.
The conversion between 3t-opt and 3s-opt involves the

change of both molecular geometry and spin states, which
could be achieved via either the stepwise pathway featuring
sequential dissociation of one NHC ligand, spin-change on the
three coordinate species, and association of one NHC ligand
(path a in Scheme 2), or spin-change-coupled geometry
isomerization on four-coordinate iron(II) center (path b in
Scheme 2). Calculations on the stepwise pathway (path a)
indicated the enthalpy of 6.9 kcal/mol required for dissociation
of IPr2Me2 from 3t-opt to form high-spin (IPr2Me2)FePh2 (7-
H) in THF solution. The spin-change barrier for the
conversion of 7-H to intermediate-spin (IPr2Me2)FePh2 (7-I)
evaluated by the minimum energy crossing point calculation26

is 20.6 kcal/mol. The further coordination of IPr2Me2 with 7-I
to produce trans-(IPr2Me2)2FePh2 (3s-opt) has the reaction
enthalpy of −21.7 kcal/mol.
Compared to path a, the pathway involving the spin-change-

coupled geometry isomerization on four-coordinate iron(II)
center (path b) has a lower energy barrier. The minimum
energy crossing point26 of the S = 1 and S = 2 energy surfaces
(MECP2) of (IPr2Me2)2FePh2 is 10.8 and 8.7 kcal/mol higher
in energy over 3t-opt and 3s-opt, respectively, in THF.
Moreover, the energy gap (10.8 kcal/mol) between MECP2
and 3t-opt is ca. 10 kcal/mol smaller than that (20.6 kcal/mol)
between MECP1 and 7-H, indicating that the spin-change is

more readily to happen for the four-coordinate species.
Supporting Information, Figure S10 shows the structure of
MECP2 and Table 3 lists its key structure parameters. Its
tetrahedral FeC4 core show apparent square planar distortion
with the C(aryl)−Fe−C(aryl) and C(carbene)−Fe−C-
(carbene) angles reaching 133.94 and 140.33°, respectively.
The Fe−C(aryl) distances in MECP2 are close to those in 3s-
opt, whereas the Fe−C(carbene) separations are closer to those
in 3t-opt.
The existence of tetrahedral−square planar isomerization is a

well-recognized phenomenon for copper(II), nickel(II), and
cobalt(II)27,28 but has remained unknown for iron. In the
absence of chelating enforcement, four-coordinate iron(II)
complexes generally hold a tetrahedral coordination geometry.
Square planar iron(II) complexes supported by monodentate
ligands are rare and restricted to the bulky aryl complexes
L2FeAr2 (L = phosphines, phosphites; Ar = C6Cl5, Mes),9b and
the dimethyl complex trans-[(IMes)2FeMe2].

19e The iron(II)
diaryl complexes (IPr2Me2)2FeAr2 reported herein, however,
could exist as a mixture of tetrahedral and square planar isomers
in solution phase. The geometrical preference should be the
result of the intricate balance of the electronic and steric effects
of the ligands. Previous studies have shown that the four-
coordinate iron(II) complexes (IPr2Me2)2FeCl2,

17 (IPr2Me2)2-
FePhBr,18 and [Li(Et2O)2][Li(1,4-dioxane)][FePh4]

8 are high-
spin tetrahedral complexes. Thus, the unique structural feature
of these monodentate NHC-supported iron(II) diaryl com-
plexes should result from the joint effect of the relative strong
ligand field exerted by the four carbon-based ligands and the
steric-demanding nature of NHC ligands.

■ CONCLUSION
In this study we have shown an NHC ligand, IPr2Me2, is able to
stabilize a series of four-coordinate iron(II) diaryl compounds
in the form of [(IPr2Me2)2FeAr2] (Ar = Ph, C6H4-p-Me, C6H4-
p-tBu, C6H3-3,5-(CF3)2) irrespective of the electron-donating
or -withdrawing nature of the substituents on the aryl groups.
These iron(II) diaryl compounds can be isolated as either high-
spin tetrahedral structures or intermediate-spin trans square
planar structures in crystalline form. Solution property studies,
including solution magnetic susceptibility, absorption spectra,

Scheme 2. Possible Pathways for the Tetrahedral-Square
Planar Isomerizationa,b

aΔHsol(ΔHgas) is the relative enthalpy in THF solution and gas-phase,
respectively. bNHC = IPr2Me2
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VT-NMR, and solution 57Fe Mössbauer spectrum measure-
ments, collectively suggest that spin-change-coupled tetrahe-
dral−square planar equilibriums exist in the solutions of these
iron(II) diaryl complexes. DFT calculations revealed the energy
closeness of high-spin tetrahedral [(IPr2Me2)2FePh2] and
intermediate-spin trans-[(IPr2Me2)2FePh2] and that the two
species can convert to each other via spin-change coupled
tetrahedral−square planar isomerization. Persistent with our
goal of probing the effect of the spin-state on the reactivity of
organoiron complexes, we are now designing new iron(II)
diaryl complexes with fixed coordination geometry for reactivity
study.

■ EXPERIMENTAL SECTION
General Procedures. All experiments were performed under an

atmosphere of dry dinitrogen with the rigid exclusion of air and
moisture using standard Schlenk or cannula techniques, or in a
glovebox. All organic solvents were freshly distilled from sodium
benzophenone ketyl immediately prior to use. [(IPr2Me2)2FeCl2],

17

[(IEt2Me2)2Fe(CH2TMS)2],
17 trans-[(IMes)2FeMe2],

19e and
ArMgBr29 were prepared according to literature methods. All
chemicals were purchased from either Strem or J&K Chemical Co.
and used as received unless otherwise noted. 1H and 19F NMR spectra
were recorded on an Agilent or Varian Mercury 300, 400, or 600 MHz
spectrometer. All chemical shifts were reported in δ units with
references to the residual protons of the deuterated solvents for proton
chemical shifts and to 19F of CF3COOH for fluorine chemical shifts.
Elemental analysis was performed by the Analytical Laboratory of
Shanghai Institute of Organic Chemistry (CAS). Magnetic moments
were measured at 29 °C by the method originally described by Evans
with stock and experimental solutions containing a known amount of a
(CH3)3SiOSi(CH3)3 standard.23 Absorption spectra were recorded
with a Shimadzu UV-3600 UV−vis−near-IR spectrophotometer.
Magnetic measurements on crystalline samples of 5t and 6s·2dioxane
were performed at an applied field of 2 kOe on a Quantum Design
MPMP-XL7 superconducting quantum interference device (SQUID)
magnetometer working in the temperature range of 300−1.8 K. The
molar magnetic susceptibilities were corrected for the diamagnetism
estimated from Pascal’s tables and for sample holder by previous
calibration. The 57Fe Mössbauer spectra were measured with a
constant acceleration spectrometer at 80 K. Low temperature was
maintained by a CCS-850 Mössbauer Cryostat system (Janis Research
Company). Data were analyzed with MossWinn 4.0Pre (Provider:
Beijing Shengtianjiayuan Keji Company). Isomer shifts are relative to
iron metal at room temperature.
Preparation of Tetrahedral [(IPr2Me2)2

57FePh2] (3t-57Fe). To a
suspension of 57FeCl2 (0.10 g, 0.78 mmol) in THF (10 mL) was
added IPr2Me2 (0.28 g, 1.57 mmol) at room temperature. After this
mixture was stirred for 10 h, dioxane (2 mL) was added to the white
suspension. The resulting mixture was then cooled to −78 °C, and a
THF solution of PhMgBr (1.0 M, 1.72 mL, 1.72 mmol) was added,
after which the mixture warmed to room temperature. There was a
color change observed gradually from light brown to yellow. After the
mixture stirred for 8 h, the solvent was removed, and the residue was
extracted with diethyl ether (5 mL × 3) and filtered. The filtrate was
concentrated to ∼10 mL. Slow evaporation of diethyl ether afforded
the diphenyl complex as a yellow crystalline solid (0.17 g, 38% yield).
Dissolution of this paramagnetic complex gave a yellow solution with
same 1H NMR spectrum as 1 (mp 135 °C (decomp)) observed in
C6D6.

1H NMR (300 MHz, C6D6, 302 K): δ 60.74, −7.41.
Preparation of Tetrahedral [(IPr2Me2)2Fe(C6H4-p-Me)2] (4t). To a

suspension of [(IPr2Me2)2FeCl2] (0.30 g, 0.65 mmol) in THF/
dioxane (10 mL/2 mL) was added a THF solution of p-Me-
C6H4MgBr, prepared from the interaction of p-Me-C6H4Br (0.28 g,
1.63 mmol) with magnesium (0.078 g, 3.26 mmol) in THF, at −78
°C. The resulting mixture was warmed to room temperature. There
was a gradual color change observed from light brown to yellow. After
the mixture stirred for 8 h, the solvent was removed, and the residue

was extracted with diethyl ether (5 mL × 3) and filtered. The filtrate
was concentrated to ∼10 mL. Slow evaporation of diethyl ether
afforded the product as a yellow crystalline solid (0.20 g, 50% yield).
Anal. Calcd for C36H54FeN4: C, 72.22; H, 9.09; N, 9.36. Found: C,
71.88; H, 8.95; N, 9.51%. UV−vis−NIR absorption: λmax(benzene)/
nm 340 (ε/dm3 mol−1 cm−1 2950), 1352 (120) and 1500 (170). The
1H NMR spectrum of 4t displayed three characteristic peaks in the
range from +150 to −150 ppm in C6D6.

1H NMR (300 MHz, C6D6,
302 K): δ 65.81, 62.91, −1.19. Magnetic susceptibility (C6D6, 302 K):
μeff = 4.4(1) μB.

Preparation of Tetrahedral [(IPr2Me2)2Fe(C6H4-p-
tBu)2] (5t). To a

suspension of [(IPr2Me2)2FeCl2] (0.30 g, 0.65 mmol) in THF/
dioxane (10 mL/2 mL) was added a THF solution of p-tBu-
C6H4MgBr, prepared from the interaction of p-tBu-C6H4Br (0.35 g,
1.63 mmol) with magnesium (0.078 g, 3.26 mmol) in THF, at −78
°C. The resulting mixture was warmed to room temperature. There
was a gradual color change observed from light brown to yellow. After
the mixture stirred for 8 h, the solvent was removed, and the residue
was extracted with diethyl ether (5 mL × 3) and filtered. The filtrate
was concentrated to ∼10 mL. Slow evaporation of diethyl ether
afforded the product as a yellow, crystalline solid (0.24 g, 53% yield).
Anal. Calcd for C42H66FeN4: C, 73.87; H, 9.74; N, 8.20. Found: C,
73.45; H, 9.77; N, 7.93%. UV−vis−NIR absorption: λmax(benzene)/
nm 340 (ε/dm3 mol−1 cm−1 2540), 1350 (140) and 1500 (160). The
1H NMR spectrum of 5t displayed three characteristic peaks in the
range from +150 to −150 ppm in C6D6.

1H NMR (300 MHz, C6D6,
302 K): δ 62.25, 17.32, −6.20. Magnetic susceptibility (C6D6, 302 K):
μeff = 4.1(2) μB. mp 126 °C (decomp).

Preparation of trans-[(IPr2Me2)2Fe(C6H3-3,5-(CF3)2)2] (6s). To a
suspension of [(IPr2Me2)2FeCl2] (0.30 g, 0.65 mmol) in THF/
dioxane (10 mL/2 mL) was added a THF solution of 3,5-(CF3)2-
C6H3MgBr, prepared from the interaction of 3,5-(CF3)2-C6H3Br (0.48
g, 1.63 mmol) with magnesium (0.078 g, 3.26 mmol) in THF, at −78
°C. When warmed to room temperature, the deep yellow suspension
had a color change to orange. After the mixture stirred for 8 h, the
solvent was removed, and the residue was extracted with diethyl ether
(5 mL × 3) and filtered. The filtrate was concentrated to ∼10 mL.
Slow evaporation of diethyl ether afforded the diaryl complex as a
mixture of yellow and orange crystalline solid with the former being
small amount. Single-crystal X-ray diffraction studies established the
yellow and orange crystals are tetrahedral [(IPr2Me2)2Fe(C6H3-3,5-
(CF3)2)2] (6t) and square planar trans-[(IPr2Me2)2Fe(C6H3-3,5-
(CF3)2)2]·2dioxane (6s·2C4H8O2), respectively. Combined yield:
0.28 g, 52%. Anal. Calcd for C38H46F12FeN4: C, 54.16; H, 5.50; N,
6.65. Found: C, 53.92; H, 5.38; N, 6.92%. UV−vis−NIR absorption:
λmax(benzene)/nm 330 (ε/dm3 mol−1 cm−1 3900), 400 (1900), 1320
(134) and 1420 (180). The 1H NMR spectra of the two isomers are
found identical in C6D6 with two very broad peaks in the range from
+150 to −150 ppm in C6D6.

1H NMR (400 MHz, C6D6, 304 K): δ
−8.33, −10.83. 19F NMR (376 MHz, C6D6, 304 K): δ 45.55. Magnetic
susceptibility (C6D6, 302 K): μeff = 4.4(1) μB. mp for 6s: 134 °C
(decomp).

X-ray Structure Determination. All single crystals were
immersed in Paraton-N oil and sealed under N2 in thin-walled glass
capillaries. Data were collected at 133 or 140 K on a Bruker AXSD8 X-
ray diffractometer using Mo Kα radiation. An empirical absorption
correction was applied using the SADABS program.30 All structures
were solved by direct methods, and subsequent Fourier difference
techniques and were refined anisotropically for all non-hydrogen
atoms by full-matrix least-squares calculations on F2 using the
SHELXTL program package.31 All hydrogen atoms were geometrically
fixed using the riding model. Crystal data and details of data collection
and structure refinements for 4t, 5t, 6t, and 6s·2 C4H8O2 are given in
Supporting Information, Table S1.

Computational Details. The calculations of electronic structures
and energy profile were performed with Gaussian 09 program.24 The
B3LYP density functional25 in combination with the double-ζ valence
basis set SVP32 was used for geometry optimizations and subsequent
analytic frequency calculation. Each optimized structure was
characterized as a minimum (NImag = 0) or a transition state (NImag
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= 1). To obtain more reliable relative energies, the effect of THF
solvation was considered by CPCM model with UFF atomic radii.33

The energies in THF solution were obtained from the SCRF single-
point calculations, and the gas-phase enthalpy and free energy
corrections were included, respectively. In such single-point
calculations, the B3LYP functional and larger basis set TZVP34 for
all atoms were utilized. The minimum energy crossing point
calculation was performed by MECP program.26 The open-shell
species were treated with unrestricted manner, and the stabilities of the
wave functions were tested. The symmetry of spatial orbitals was
allowed to be completely broken (broken-symmetry) in search for
ground state. Since the free energies were computationally over-
estimated due to entropy contribution when we deal with one-to-two
and two-to-one (bimolecular) transformations, the reaction enthalpies
were utilized to describe the energy profiles in the text. However, the
free energies of the optimized structures involved in Scheme 2 are also
given in Table S2 in Supporting Information for estimation of entropy
contributions in the current system.
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(28) For examples, see: (a) Gaažo, J.; Bersuker, I. B.; Garaj, J.;
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