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ABSTRACT: The ‘normal’ three-coordinate iron—NHC
complex [(IPr)Fe(N"'),] (N” = N(SiMe,),) rearranges to
its abnormal NHC analogue [(aIPr)Fe(N”),] (6) on
heating, providing a rare abnormal iron—aNHC complex,
and the first such three-coordinate complex. The tert-butyl-
substituted complex [(I'Bu)Fe(N”),] (4) undergoes a
thermal decomposition that has not previously been
observed in iron—NHC chemistry, resulting in the
bis(imidazole) complex [(‘Bulm),Fe(N"),] (7). A mech-
anism that involves consecutive C—H and C—N activation
is proposed to account for the formation of 7.

Iron complexes of N-heterocyclic carbene (NHC) ligands are
currently attracting much attention,’ yet their chemistry is
still surprisingly under-developed compared to late transition-
metal NHC chemistry.” Notwithstanding the considerable
fundamental interest in iron—NHC chemistry, recent studies
have dealt with applications in biomimetic chemistry and, in
particular, catalysis.3_5 In many instances, progress in iron
chemistry has been enabled specifically through the use of
NHC ligands, whereas analogous phosphine systems have
produced different outcomes.

Three-coordinate iron(II)~NHC complexes have been the
focus of recent studies, partly because of the intrinsic interest in
low-coordinate iron and also because of their potential
applications in catalysis, however stable complexes of the type
[(NHC)FeX,] are still rare. Bulky substituents are typically
required to stabilize the three-coordinate iron, with notable
examples including a cyclic bent allene iron(II) complex
reported by Stephan et al,,® and NHC-ligated complexes of the
type [(NHC)FeX,] (X = aryl, benzyl, CH,SiMe;).”® We
recently reported the three-coordinate iron NHC complexes
[(IPr)Fe(N”),] (1) and [(IMes)Fe(N"),] (2), where N” =
N(SiMe;),, IPr = 1,3-bis(diisopropylphenyl)imidazolylidene),
and IMes =1,3-bis(mesityl)imidazolylidene.” Although 1 and 2
are stable as solids, density functional theory (DFT) revealed
that the Fe—C bond energy decreases dramatically as the steric
bulk of the NHC substituents increases. The influence of ligand
sterics in these systems was underscored by a study of the
model complex [(H,Im)Fe(N”),] (3), containing an unsub-
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stituted imidazolylidene ligand, which produced more sub-
stantial Fe—C bond dissociation energies.

We now report on the reactivity and thermal stability of 1
and the new three-coordinate complex [(I'Bu)Fe(N”),] (4)
(I'Bu = 1,3-bis(tert-butyl)imidazol-2-ylidene). In the case of 1, a
remarkably facile rearrangement to give the first three-
coordinate abnormal iron carbene complex [(alPr)Fe(N”),]
(6) occurs in refluxing toluene. Applying the same conditions
to 4 results in a thermal decomposition to give the tetrahedral
bis(tert-butylimidazole) complex [(‘Bulm),Fe(N”),] (7). Our
study provides the first evidence that the NHC ligands in three-
coordinate iron—NHC complexes are capable of substituent-
dependent ‘non-innocent’ reactivity.

In light of the weak Fe—C bond in 1, our initial hypothesis
was that the Fe—C bond could be strengthened by modifying
the amido ligand framework, while retaining a three-coordinate
iron environment. Thus, we targeted complexes in which the
iron center is part of a moderately bulky, strained, four-
membered chelate ring, i.e,, $ in Scheme 1. However, whereas
transamination reactions of Fe(N”), are well-known,'® 1 does
not react with N,N’-dimesityl-1,1-dimethylsilanediamine."!
When conducted at room temperature, only starting materials
are recovered, but refluxing 1 in toluene for three hours
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produces a rearrangement from the C2-bonded, normal NHC
(nNHC) complex to the corresponding CS-bonded abnormal
NHC (aNHC) complex 6 (Scheme 1). The possible influence
of Me,Si(NHMes), in the rearrangement was excluded by
refluxing 1 alone in toluene and again observing the formation
of 6.

Complex 6 forms as green crystals, and X-ray crystallography
revealed a planar three-coordinate iron(II) center, with an Fe—
C bond length of 2.117(2) A and Fe—N(3) and Fe—N(4) bond
lengths of 1.949(2) and 1.974(2) A, respectively (Figure 1).

Figure 1. Molecular structure of 6 (50% thermal ellipsoids).

The lack of a bulky substituent on C(3) results in a relatively
wide C(2)—Fe—N(3) angle of 129.83(7)°, whereas the C(2)—
Fe—N(4) angle is much more acute at 104.01(7)°. The N(3)—
Fe—N(4) angle is 125.77(7)°, hence the sum of the angles
around iron is 359.6°. The carbene carbon C(2) also resides in
a low-symmetry environment, with the C(3)—C(2)—Fe,
N(1)-C(2)—Fe, and C(3)—C(2)—N(1) angles being
116.4(1)°, 140.8(1)° and 102.4(1)° respectively. The 'H
NMR spectrum of 6 in toluene at 298 K shows resonances due
to C(1)H and C(3)H at 40.09 and —50.76 ppm, respectively
(Figure S1). Resonances for the aromatic protons occur at
13.02, 10.18, 9.62, and 8.92 ppm, with the magnetically
inequivalent isopropyl protons occurring at 4.73, 0.04, —2.57,
—8.73, and —10.20 ppm and the SiMe; group at —2.03 ppm.

The *"Fe Mossbauer spectra of 1 and 6 were collected at 80
K (Figures S2 and S3). The isomer shifts (i.s.) of 1 and 6 are, at
0.60(1) and 0.51(1) mm/s, respectively, typical of three-
coordinate iron(II), with S = 2 conﬁgurations.12 Notably, the
is. of the INHC complexes 1 and 4 (see below) are essentially
identical, whereas that of the aNHC complex 6 is significantly
lower, by ~0.10 mm/s. The lower is. for 6 can be interpreted
as an increase in the population of the iron s-orbitals, which
occurs through an increase in o-donation by the aNHC ligand
in 6 relative to the nNHC ligand in 1. This explanation is
consistent with the generally accepted picture proposed by
Bertrand et al. that aNHC ligands are much stronger Lewis
bases than their nNHC isomers.””> To the best of our
knowledge, this property has not previously been demonstrated
by Mossbauer spectroscopy.

Complex 6 is the first three-coordinate abnormal iron NHC
complex. It is noteworthy that the ‘normal’ C2 carbene carbon
in 6 (labeled C(1) in Figure 1) is unprotected, ie., the carbon
substituent is a hydrogen atom. Although many stable, C2-
unprotected aNHC complexes of late transition metals are
known, protection of C2 is often an important consideration
for the rational synthesis of such complexes.'* Indeed,
conversion of the aNHC into the nNHC is thermodynamically
favored based on relative pK, values of the respective C—H

bonds."> We have found no evidence for the conversion of 6
back into 1, either in the solid state or in toluene. The
development of abnormal NHCs (aNHCs), or so-called
mesionic carbenes (MICs), has introduced fascinating new
possibilities for organometallic synthesis and catalysis.'* Metal
complexes of aNHC ligands, and in particular of late 4d and 5d
transition metals, have been known since 2001, however their
use is still much less widespread than that of nNHC ligands,
possibly due to the lack of general synthetic routes to isolable
aNHCs. Only two iron—aNHC complexes have been
structurally characterized.'®'” Of particular note is Grubbs’
di-iron cyclo-octatetraenyl (COT) complex [(aNHC)Fe(u-
COT)Fe(COT)]: the unique properties of the aNHC ligand
are thought to enable isolation of an intermediate complex in
the NHC-catalyzed transformation of [Fe(COT),] into a range
of unusual iron—COT complexes.16

The rearrangement of 1 to 6 occurs despite the higher energy
of abnormal IPr relative to its normal isomer. This process is
most likely driven by the relief of steric congestion, whereby the
aNHC complex 6 features a carbene carbon that is bonded to
only one bulky {N(Dipp)} group, as opposed to two such
groups in 1. Furthermore, the Fe—C bond in 6 is shorter than
that in 1 by 0.065 A, hence it should be stronger and therefore
help to drive the rearrangement. To gain insight into the
energetics of this process, relativistic DFT computations at the
ZORA-BLYP/TZ2P level were carried out, using COSMO to
simulate the toluene solvation."® Complex 6 is computed to be
more stable than 1, with an exothermic rearrangement energy
of AE,,,, = —7.6 kcal/mol. We also find that the ‘free’ abnormal
carbene alPr, with an energy E(alPr), is 12.5 kcal/mol less
stable than nIPr, with energy E(nIPr). Through eq 1,
generalized for any NHC, these results imply that the Fe—C
bond dissociation energy in 6 (BDEf,) is 20.1 kcal/mol higher
than that in 1 (BDEf.c).

AE,, = [BDE;eC - BDE;eC] + [E(aNHC)
— E(nNHC)] (1)

Further insight into the role of steric factors in the normal-to-
abnormal rearrangement was obtained through computations
of the model complexes [(nIMe)Fe(N”),] and [(alMe)Fe-
(N"),] (IMe = 1,3(dimethyl)imidazolylidene), in which the
NHC nitrogen atoms carry nonbulky methyl substituents. In
the IMe complexes, the rearrangement is computed to be
overall endothermic, with AE_. = +8.1 kcal/mol. The origins
of the significant difference in stability relative to 1/6 can be
traced to the much smaller difference in the Fe—C bond
dissociation energies, [BDEf.c — BDEf.], which for the IMe
complexes is only —5.9 kcal/mol. In contrast, the difference in
the stability of the methyl-substituted abnormal and normal
NHCs, [E(alMe) — E(nIMe)], is 14.0 kcal/mol, i.e., similar to
the analogous energy difference for 1/6.

The computations provide further evidence that aNHC
ligands are not only intrinsically more basic, and better donors,
than their nNHC isomers but also that the preference for 6
over 1 requires an enhancement of 14 kcal/mol from steric
factors to drive the rearrangement. The role of sterics in the
formation of 6 is broadly consistent with a recent study on a
series of palladium complexes of chelating NHC-amidate
ligands, which can also form in normal and abnormal
modes."” Additional support for the role of sterics comes
from an analysis of the computed molecular structures of 1, 6,
[(nIMe)Fe(N"),], and [(aIMe)Fe(N"),]. The Fe—C bond in 6
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(2.120 A) is much shorter than that in 1 (2.200 A) by 0.080 A,
which agrees well with the experimental difference of 0.065 A.
The Fe—C distances in [(nIMe)Fe(N”),] (2.148 A) and
[(aIMe)Fe(N”),] (2.115 A) are significantly shorter than the
analogous distances in the Dipp-substituted complexes because
of the reduced steric bulk, and the difference between them is
now only 0.033 A, hence the difference in their bond
dissociation energies is much smaller.

To investigate the possibility that bulky NHC ligands in
three-coordinate iron—NHC complexes might be generally
amenable to the normal-to-abnormal rearrangements, we
synthesized the ‘Bu-substituted complex 4 (Scheme 1). The
structure of 4 is similar to that of 1 and features a planar, three-
coordinate iron center, a long Fe(1)—C(1) bond of 2.151(2) A
(CSD average = 1.994 A),* and Fe(1)—N(1) and Fe(1)-N(2)
bond lengths of 1.9611(19) and 1.9713(18) A. The C—Fe—N
angles are 115.47(8)° and 113.19(8)°, and the N—Fe—N angle
is 131.02(8)°. The 'H NMR spectrum (Figure S4) of 4 in
toluene at 298 K features resonances at 32.75 and 2.94 ppm,
corresponding to the imidazolylidene and SiMe; protons,
respectively. The ‘Bu methyl groups are inequivalent on the
NMR time scale at 298 K and occur as two overlapping
resonances at —11.21 and —13.94 ppm. Thus, the solid-state
structure is retained in solution. The *"Fe Mossbauer spectrum
of 4 (Figure SS) features an isomer shift of 0.59(1) mm/s,
which confirms that the iron(II) center is three-coordinate with
S=2.

Heating 4 in toluene to 80 °C in a sealed NMR tube for 3 h
produces additional resonances in the 'H NMR spectrum
relative to that of 4, implying the formation of a second species,
however the NMR spectrum is still dominated by resonances
due to 4. In contrast, heating solutions of 4 for 24 h resulted in
the 'H NMR resonances characteristic of 4 being replaced by
the new set of resonances (Figure S6). A scale-up of the
reaction produced a light-brown solution, and storing the
concentrated toluene solution at —30 °C overnight produced
colorless crystals of [(‘Bulm),Fe(N"),] (7) (‘Bulm = tert-
butylimidazole) (Scheme 1, Figure 2). Molecules of 7 contain

Figure 2. Molecular structures of 4 (left) and 7 (right) (50% thermal
ellipsoids).

an iron(II) center in a distorted tetrahedral environment, with a
C,-axis bisecting the N(1)—Fe—N(1A) angle and with N—Fe—
N angles in the range 91.33(8)—127.76(8)° (average 107.8°).
The N(3)—Fe—N(3A) angle of 127.76(8)° between the amido
ligands is relatively wide, whereas the N(1)—Fe—N(1A) angle
of 91.33(8)° involving the imidazole ligands is much narrower
due to the bulk of the SiMe, substituents. The Fe—N(1/1A)
bonds to the imidazole ligands are, at 2.149(2) A, markedly
longer than the Fe—N(3/3A) bonds to the amido ligands,
which are 2.009(2) A. With a relatively large quadrupole
splitting (q.s.) of 1.74 mm/s and an is. 0.85(1) mm/s, the

Mbossbauer spectrum of 7 is diagnostic of four-coordinate
iron(II) with S = 2. The byproducts that accompany the
formation of 7 were identified in the "H NMR spectrum as
isobutene (6 = 4.72 ppm and 1.60 ppm)21 and Fe(N"), (6 =
61.16 ppm).>* To assist with assigning the ‘Bulm hydrogens,
complex 7 was also synthesized by the direct addition of ‘Bulm
to Fe(N”),: The '"H NMR spectrum of an analytically pure
sample of 7 formed from this reaction (Figures S7, S8) is
different to that of 7 acquired after the thermal rearrangement
of 4. In the '"H NMR spectrum of 7 formed in the direct
addition reaction, the tert-butyl group occurs at 6 = 1.61 ppm,
the SiMe; groups occur as a broad resonance at 6 = 5.98 ppm,
and the imidazole hydrogen atoms occur as weak, broad
resonances at 34.89, 33.50, and 41.90 ppm. The NMR
spectrum of 7 obtained after heating 4 features the tert-butyl
group at 6 = 0.59 ppm and the SiMe; groups as a broad
resonance centered on 6 = 1.95 ppm; the imidazole hydrogen
atoms occur as weak resonances at 40.61, 48.10, and 51.33
ppm. The different NMR spectra indicate that the ‘Bulm
ligands in toluene solutions of Fe(N”), and 7 are exchanging
between iron(Il) centers.

A mechanism for the transformation of 4 into 7 is proposed
in Scheme 2. Intramolecular deprotonation of a methyl group

Scheme 2
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[(Me;Si),N]~ ligand occurs first, which produces
(Me;Si),NH and eliminates isobutene. The resulting inter-
mediate iron complex can then form a dimer, and finally, the
NHC is protonated by (Me;Si),NH, producing 7 and Fe(N”),.

The C—H/C—N activation shown by the tert-butyl
substituents in 4 has not previously been observed in an
iron—NHC complex. Rhodium(I), iridium(I), and nickel(0)
activate an I'Bu C—H bond via oxidative addition, producing
metal hydrido-alkyl complexes,”>** but such a pathway is
improbable in 4. In a study of the reaction of [Ni(COD),] with
I'Bu, Cloke et al. also observed C—N activation upon addition
of excess carbene, after exposure of the complex to sunlight.**
Whittlesey et al. have reported on the C—H/C—N activation of
an isopropyl-substituted NHC ligand by octahedral ruthenium-
(1), followed by tautomerism to give an N-bound imidazole
complex, where the isopropyl activation involves cyclo-
metalated species and requires addition of imidazolium chloride
to give the C—N activated product.”® The precise mechanism
of the conversion of 4 into 7 and of the conversion of 1 into 6
will be the subject of a detailed computational study and
reported in a future article.

In summary, the NHC ligands in the three-coordinate
complexes [(NHC)Fe(N"),] show non-innocent reactivity. In
the diisopropylphenyl-substituted normal NHC complex 1, the
steric pressure in the complex is, on heating, relieved via a
rearrangement to the abnormal NHC complex 6. Complex 6 is
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a rare example of an iron—aNHC complex and the first such
three-coordinate complex. The tert-butyl-substituted complex 4
is prone to a thermal decomposition reaction that has not
previously been observed in iron—NHC chemistry, resulting in
the bis(imidazole)iron complex 7. A mechanism involving
consecutive C—H and C—N activation, which is distinct from
the mechanisms proposed for I'Bu activation by late transition
metals, may account for this transformation.

The NHC activation reactions reported herein are unlikely to
be unique to our three-coordinate iron systems. This chemistry
probably also occurs in catalytic reactions of iron—NHC
complexes, especially at elevated temperatures, and this
presumably has implications for the ‘well-defined’ nature of
the active iron—NHC species.
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