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A chiral tetra-NHC iron(II) complex and its disparate reactivity with

multiple organic azides is reported. Both aryl and alkyl azides react

with the iron(II) complex yielding three distinct products: an iron(IV)

imide, an iron(IV) tetrazene, and a surprising and unprecedented

double imide insertion complex.

Organic azides are key nitrene sources for many catalytic nitro-
gen transfer reactions, from amination to aziridination.1,2

During these catalytic cycles, organic azides undergo the
release of dinitrogen to form a key intermediate, an imide
complex.3,4 First row transition metals are often targeted for
these catalytic reactions due to their high earth abundance
(Fig. 1A),5 and of these metals, iron has been targeted specifi-
cally for catalysis of pharmaceutical intermediates due to its
high biocompatibility.6

Since the formation of a metal imide from an organic azide
is a redox process, the auxiliary ligands on iron are critical
since they should not be able to be oxidized. For this reason,
many researchers have often selected nitrogenous ligands for
iron catalysis.7,8 Recently, N-heterocyclic carbenes (NHCs) have
also been effective for these catalytic reactions,9,10 since they
are highly effective at stabilizing high oxidation states on iron,
notably, as high as iron(VII).11–13

Despite the ease of high valent iron imide formation with
organic azides (example from Smith, Fig. 1B),11,14,15 off cata-
lytic cycle reactions have been documented with iron NHC
complexes (Fig. 1A). If a second equivalent of organic azide
reacts with a metal imide in a 2 + 3 cycloaddition reaction,
then a metallotetrazene is formed (Fig. 1B).16–18 Jenkins
reported a rare example of an iron(IV) tetrazene which hinders
catalytic aziridination.10 More remarkably, there is one report
of an insertion of a nitrene into the metal–carbon bond on

iron of an NHC, presumably that occurs via a metal imide
intermediate (Fig. 1B).19 Yet, to date, all of these processes
have not been documented on a single system.

In this manuscript, we describe the disparate reactivity of
organic azides with a single chiral tetra NHC iron(II) complex.
We isolated three unique species including an iron(IV) imide,
an iron(IV) tetrazene, and a structurally novel bis-nitrene inser-
tion product. All iron complexes were evaluated by multinuc-
lear NMR, single crystal X-ray diffraction, and computational
methods. The variance in reactivity can be justified by the
energetics of the competing reactions to form a tetrazene or
insertion product.

Aryl and alkyl azides with disparate steric bulk were reacted
with the previously reported chiral iron(II) complex,
((S,S)-1,2-Cy,BMe

2TC
H)Fe (1) (Scheme 1).20 These organic azides

were chosen because we have previously noted considerable
differences in reactivity between aryl (more reactive) and alkyl

Fig. 1 (A) Possible reactivities of (NHC)xFe complexes with organic
azides. Notably, additional off-cycle reactions can occur from a metal
imide. (B) Examples of the first imide, tetrazene, and imide insertion sup-
ported by NHC auxiliary ligands that were formed from organic azides.
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(less reactive) azides on similar tetracarbene iron and chro-
mium complexes for catalytic aziridination.9,21–23

Complex 1 was reacted with five equivalents of mesityl
azide in benzene at room temperature which gave an immedi-
ate blue solution (Scheme 1). After removal of excess azide, a
blue powder corresponding to ((S,S)-1,2-Cy,BMe

2TC
H)Fe(NMes) (2)

was isolated in 52% yield. The 1H NMR spectrum of 2 revealed
nineteen paramagnetically shifted resonances that are consist-
ent with C2 symmetry in solution (Fig. S1†).20 Evans’ method
data gave a measurement of 2.82 μB that is consistent with a S
= 1 system (see ESI†) and similar to an isostructural iron(IV)
imide that we reported previously.11

Single crystal X-ray diffraction for 2 confirmed a square pyr-
amidal geometry with an iron imide bond (Fig. 2). Complex 2
features a highly elongated Fe–N bond distance of 1.758(4) Å.
High spin iron(IV) imides typically have longer iron–imide
bonds (1.70 Å or greater) whereas low-spin (S = 0) iron-imide
complexes typically have bond lengths between
1.60–1.68 Å.11,24 For example, our previously reported five coor-
dinate Fe(IV) imide with an S = 1 spin state had an iron–nitro-
gen bond distance of 1.730(1) Å.11 Likewise, Werncke, Munz,
and coworkers synthesized an iron imidyl (NMes) complex
with an iron–nitrogen bond length of 1.774(2) Å.24 The imide
moiety on 2 is somewhat bent with a Fe–N1–C20 bond angle of
162.7(3)°, consistent with previous reports.11,25

With the successful isolation of the iron imide, we
attempted a nitrene transfer reaction with an alkene to
form an aziridine (Scheme 1). Three equivalents of 1-decene
was added to 2 in C6D6 at 80 °C for 72 hours, but no transfer
was observed (see ESI†), which is consistent with the vast
majority of isolated iron imides excluding a key example by
Betley.26

In contrast to the reaction with mesityl azide, five equiva-
lents of octyl azide reacted with 1 producing a dark red solu-
tion (Scheme 1). After work up, ((S,S)-1,2-Cy,BMe

2TC
H)Fe((n-octyl)

N4(n-octyl)) (3) was isolated as a burgundy-coloured powder in
76% yield. The 1H NMR spectrum of 3 showed a diamagnetic
species with apparent C2 symmetry (Fig. S8†). The C2 sym-
metry was confirmed when analysing the 13C NMR carbon
resonances at 171.26 and 161.10 ppm which correspond to two
distinct carbene peaks (Fig. S9†).20 However, the 2 : 1 ratio by
integration of the octyl protons relative to the macrocycle
protons in the 1H NMR suggested a tetrazene moiety.17 Single
crystal X-ray diffraction for 3 verified the formation of an iron
(IV) tetrazene (Fig. 2). Complex 3 has a rare trigonal prismatic
geometry, which we have noted is consistent with our previous
reported tetrazene complexes.17,27 The formation of a tetrazene
from octyl azide can easily be rationalized by differences in
steric bulk between the organic azides, where the mesityl azide
is too large for an attack on the imide bond the octyl is small
enough for a second equivalent to react easily.

Scheme 1 Reactions of 1 with both aryl and alkyl azides.

Fig. 2 X-ray crystal structures of ((S,S)-1,2-Cy,BMe
2TC

H)Fe(NMes) (2), ((S,S)-1,2-Cy,BMe
2TC

H)Fe((n-octyl)N4(n-octyl)) (3), and ((S,S)-1,2-Cy,BMe
2TC

H)**Fe
(NtButyl)2 (4). Green, blue, grey, olive, and white ellipsoids (50% probability) represent Fe, N, C, B, and H atoms, respectively. Solvent molecules and
H-atoms on non-stereogenic carbons are omitted for clarity.
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While the previous two reactions with 1 can be justified
based on the size of the organic azide, the reaction of 1 with
tert-butyl azide was unexpected. A reaction of five equivalents
of tert-butyl azide with 1 yielded an amber solution that was
similar in colour to 3. ((S,S)-1,2-Cy,BMe

2TC
H)**Fe(NtButyl)2 (4) was

isolated in 63% yield after work up. The 1H NMR spectrum of
4 showed a paramagnetic species with 38 unique resonances
(Fig. S13†), suggesting that the complex is asymmetric (C1).

Single crystal X-ray diffraction for 4 revealed a double inser-
tion of two nitrene moieties into two NHCs (Fig. 2). The nitro-
gens bound to the iron are canted out of the plane of the tetra-
NHCs leading to a square planar complex. The Fe–N1 and Fe–
N2 bond distances are 2.029(3) Å and 1.995(3) Å, respectively.
Evans’ method measurements on 4 gave a value of 3.14 µB,
consistent with a square planar S = 1 iron(II) complex. Notably,
reaction of 1 with p-tolyl azide also resulted in a double inser-
tion product, but we could not isolate more than a few crystals
(see ESI†).

Nitrene insertion into metal–NHC bonds from an organic
azide source is a very rare phenomenon that has only been
described in two cases. First, on a tripodal NHC cobalt
complex by Meyer and, second, with its isostructural iron
complex.19,28 For the iron complex, the insertion has resulted
in a two electron reduction at the metal centre, with a reported
iron nitrogen bond distance of 2.017(3) Å.

A mechanistic study based on density functional theory
(DFT) calculations can assist in explaining the divergent reac-
tivity between the three azides with 1. Each azide reacts with 1
to form an iron imide species with relatively low energy reac-
tion barriers (TS1) which is consistent with their reactivities at

room temperature (Fig. 3). Notably, the alkyl azides give calcu-
lated diamagnetic (S = 0) iron(IV) imide complexes at
−35.6 kcal mol−1 (tBu) and −38.3 kcal mol−1 (octyl), which is
consistent with our previous results (Fig. 3A, blue and red
lines).11 Mesityl azide leads to a paramagnetic (S = 1) iron(IV)
imide complex that is much lower in energy at −55.2 kcal
mol−1 (Fig. 3A, black line).

Three scenarios are possible upon formation of the imide
complex: the imide complex reacts with additional azide to
form a tetrazene, the imide inserts into the NHC, or the imide
complex is thermodynamically stable. For the mesityl azide
case, the imide complex is the most stable thermodynamic
product (Fig. 3A and B, black lines). Both reactions are uphill
in energy and, likewise, the kinetic barrier to further reaction
is so high (ΔΔG‡ = 41.5 for tetrazene formation and 29.6 kcal
mol−1 for imide insertion) as to be dubious at room
temperature.

The octyl azide case demonstrates a key divergence between
the two forward reaction pathways from an imide intermedi-
ate. The addition of a second equivalent of octyl azide must
undergo only a 3.1 kcal mol−1 barrier (TS2) to form a diamag-
netic tetrazene that is −73.9 kcal mol−1 lower in energy than
the starting iron complex (Fig. 3A, blue line). While the com-
petitive insertion reaction is slightly thermodynamically
favourable, the kinetic barrier for the transition state TS3 is
+29.1 kcal mol−1, which precludes this reaction at room temp-
erature. This large reaction barrier is primarily a consequence
of the steric repulsion between the long alkyl chains and the
cyclohexane groups of the ligand. Finally, like the mesityl
imide case, the calculated tetrazene product is in good agree-

Fig. 3 (A.) DFT-computed free-energy pathway for formation of iron imide from reaction between an organic azide and 1 followed by the further
reactivity with an additional equivalent of azide to form an iron tetrazene. All species are in S = 1 (triplet) spin state unless designated by italics in
which case they are in S = 0 (singlet) spin state. Structures shown at each interval represent the lowest energy spin state for each intermediate and
product. TS designates a transition state. (B.) Depicts DFT-computed free-energy pathway for formation of insertion products starting at iron imides.
Free energies (ΔG) are given in kcal mol−1.
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ment with the experimentally measured 3 and consistent with
our previously reported tetrazene complexes (see ESI† for
details).17

The calculated results for the tert-butyl azide reaction with
1 are more ambiguous. The formation of the imide complex is
thermodynamically favourable, but at a somewhat higher
energy barrier (+13.1 kcal mol−1 versus 1). Both the tetrazene
formation and insertion into the NHC are similar in energy
thermodynamically, although the formation of tetrazene has a
lower activation energy (Fig. 3, red lines), which suggests tetra-
zene formation should take precedence. However, since no
mechanism has been previously reported for an imide inser-
tion into an NHC, there could be alternative pathways that
have a lower kinetic barrier. A calculation of the thermo-
dynamic free energy of the double insertion product 4 is
−88.8 kcal mol−1 (see ESI†), suggesting that insertion product
is far more stable than the tetrazene product at −48.2 kcal
mol−1 (Fig. 3). Finally, the calculated structure for 4 reproduces
the experimental X-ray crystal structure and experimentally
determined spin state (S = 1).

In conclusion, a chiral iron(II) tetracarbene complex demon-
strates highly disparate reactivity with a variety of organic
azides, but exhibits no catalytic nitrene transfer activity.
Mesityl azide reacted to form a stable S = 1 iron(IV) imide
complex that was comparable to previous isostructural species.
Alternatively, a reaction with octyl azide produced an diamag-
netic iron(IV) tetrazene. Finally, we isolated the first bis-nitrene
insertion into an NHC complex. Single crystal X-ray diffraction
and magnetic data are consistent with a reduction to iron(II).
Computational results assist in explaining the divergent reac-
tivity between these azides.
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