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ABSTRACT: Catalytic diazene metathesis is a fundamental
inorganic transformation that remains unrealized despite its
potential value, given the photochemical properties of the diazene
functional group. Diazenes and polymers comprising them have a
multitude of functions ranging from molecular motors to dyes and
actuators, and catalytic diazene metathesis would be an enabling
tool for their synthesis. However, current approaches to diazene
metathesis founded on the [2+2] cycloaddition/elimination
mechanism have not been able to achieve catalyst turnover.
Alternative mechanisms for this metathesis based on insertion/
elimination could circumvent this challenge. As a crucial step
toward realizing this mechanism, we have synthesized several
complexes that resemble potential intermediates in a proposed
insertion/elimination mechanism for diazene metathesis: specifically, these complexes feature six-membered metallocycles
comprising one iridium and five contiguous nitrogen atoms. These complexes can be prepared in a straightforward manner through
the reaction of N-alkyl triazoline diones with an iridium imido complex within minutes at room temperature. Furthermore, redox
reactivity of these complexes is explored leading to the formation of novel azo imides. This work provides an alternative starting
point for mechanism and catalyst design toward catalytic diazene metathesis.

Catalytic diazene metathesis (CDM) is a potentially
powerful fundamental inorganic transformation that has

not been realized to date. CDM could facilitate the synthesis of
innumerable high-value products: azo-dyes,1,2 photoswitches
and actuating polymers,3 molecular motors,4 and radical
initiators.5 Because diazenes represent a stimulus-responsive
handle desirable for many applications, CDM promises far-
reaching benefits across many disciplines. Currently, diazene
homometathesis has only been observed under extreme
pressures (20−40 GPa) within an engineered crystalline
lattice, as reported by Zheng, Kang, and co-workers.6 Catalysis
may enable this metathesis to occur under more accessible
conditions. En route to this goal, several examples of
stoichiometric metathesis of diazenes with carbenes have
been reported. The laboratories of Hegedus7,8 and McElwee-
White9−11 demonstrated this reactivity with chromium and
tungsten alkylidenes. More recently, experimental and
computational investigations into the reactivity of the
second-generation Grubbs catalyst toward diazenes were also
published by the groups of Nicholas and of Jawiczuk and
Trzaskowski.12,13 Each of the aforementioned systems are
thought to operate via a [2+2] cycloaddition/elimination
mechanism analogous to that proposed by Chauvin for olefin
metathesis,14 but none have achieved catalyst turnover. We
therefore hypothesized that the energy barrier for a Chauvin-
type CDM mechanism is too high to be viable.

Cleavage of nitrogen−nitrogen double bonds, central to
diazene metathesis, has also been explored in other contexts.
Bimetallic tantalum and niobium complexes have been shown
to stoichiometrically cleave diazenes to form di-imido
complexes, as reported by Cotton and co-workers;15,16

Mashima, Tsurugi, and co-workers have described similar
reactivity with ditungsten complexes.17 Fürstner and co-
workers have explored metathesis-like reactivity of diazonium
salts with transition metal alkylidynes and diazenes with
metallocarbenes generated from diazocarbonyl com-
pounds.18,19 Meanwhile Tonks and co-workers demonstrated
catalytic diazene cleavage with titanium, vanadium, and
tungsten complexes toward the synthesis of imines, pyrroles,
and pyrazoles.20−35 Yet, although these precedents teach us
valuable lessons about diazene reactivity, they cannot be
readily adapted to homometathesis of diazenes. These
observations compelled us to explore alternative mechanisms
toward CDM. Building on our recent insights in the realm of
carbodiimide ring-opening metathesis polymerization (CDI
ROMP),36,37 we set out to explore the possibility of an
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alternative�insertion/elimination�mechanism to accomplish
the analogous diazene ROMP (Figure 1A)36 with extensions to

other forms of CDM. For such a mechanism to be possible,
unprecedented six-membered rings composed of a transition
metal and five nitrogen atoms must be accessible. Hence, we
set out to address the viability of such intermediates.

■ RESULTS AND DISCUSSION
Specifically, we hypothesized that treatment of iridium(III)
imido species 138 with triazoline diones (TADs)39,40 would
furnish four-membered metallocycles (e.g., 2, Figure 1B),
which would be good starting points to explore the target
diazene insertion/elimination reactivity. Our investigation
began with 4-methyl-1,2,4-triazoline-3,5-dione (MTAD, Figure
2A). When stoichiometric MTAD was added to a solution of 1
at 23 °C in benzene, complete conversion of MTAD and 50%
conversion of 1 occurred within 5 min, as observed by 1H
nuclear magnetic resonance (1H NMR) spectroscopy. These
changes corresponded to the appearance of three new
resonances in the 1H NMR spectrum, indicative of a single
symmetric product. Addition of another equivalent of MTAD
under the same conditions led to the complete consumption of
1 and MTAD and virtually quantitative formation of the same
product, which suggested a 2:1 MTAD/1 stoichiometry in this
product (Figure 2B). X-ray crystallography of the crystals
grown from the concentrated reaction mixture (at 23 °C, 24 h)
revealed the product to be 3 (Figures 2C, S1, and S2);
remarkably, 3 features a six-membered iridacycle with five
nitrogen atoms, which maps onto the target intermediate of
CDM. The X-ray crystal structure of 3 was consistent with 1H,
13C, and two-dimensional (2D) NMR analysis (Figures S3−

Figure 1. A. A proposed route for catalytic diazene ROMP. “M” refers
to a transition metal fragment, with additional ligands omitted for
clarity. B. The synthesis of an initiator for diazene ROMP that is
structurally analogous to the initiator used for CDI ROMP.

Figure 2. A. Proposed reaction and possible intermediate 2 in the synthesis of 3−5 from the corresponding TAD and 1. B. 1H NMR spectra (C6D6,
23 °C, 500 MHz) showing the conversion of 1 to 3. std = 1,3,5-tri-tert-butylbenzene. C. X-ray crystal structures of 3 and 4 (50% ORTEP, R = 0.097
for 3, R = 0.118 for 4), with hydrogen atoms and solvent molecules omitted for clarity. Bond lengths and angles of interest are displayed in table
format. Data for 4 are reported as the average bond lengths and angles of the three molecules present in the asymmetric unit (Figure S11).

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.4c00163
Organometallics 2024, 43, 1593−1599

1594

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00163/suppl_file/om4c00163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00163/suppl_file/om4c00163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.4c00163/suppl_file/om4c00163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.4c00163?fig=fig2&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.4c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


S7), as well as high-resolution mass spectrometry (HRMS,
Figure S8).
We hypothesized that 3 formed via a two-step process

(Figure 2A): a [2+2] cycloaddition between 1 and one
equivalent of MTAD to yield 2, followed by insertion of a
second equivalent of MTAD into the Ir−N(t-Bu) bond of 2.
Similar reactivity had been reported by Bergman and co-
workers for 1 with dimethyl acetylene dicarboxylate instead of
MTAD, although in that case, reductive elimination followed
the insertion step to form an iridium pyrrole complex.38

Upon further investigation, we found this reactivity to be
generalizable to other alkyl TADs such as 4-benzyl and 4-ethyl-
1,2,4-triazoline-3,5-dione (BnTAD and ETAD), forming 4 and
5, respectively. Single crystals of 4�formed at 23 °C from
vapor diffusion of hexanes into a concentrated solution of 4 in
benzene�proved structurally analogous to 3 (Figures 2C, S9−
S17). Recrystallization of 5 proved challenging due to
decomposition; however, HRMS and 1H/13C/2D NMR
spectroscopy data (Figures S18−S23) for this compound are
analogous to those of 3 and 4, supporting its structural
assignment.
The crystal structures of 3 and 4 (Figure 2C, S1, S2, S9−

S11) revealed several notable characteristics. In both
complexes, the Ir−N1−N2, N1−N2−N3, N3−N4−N5, and
N4−N5−Ir bond angles were between 120° and 126°, while
the N2−N3−N4 bond angles were ∼110°. The former are
consistent with sp2 hybridization of the nitrogen atoms N1,
N2, N4, and N5, while the latter is more consistent with sp3
hybridization of N3. There is also inherent curvature in both
complexes, with the tert-butyl substituent projected out from
the convex face (Figures S2, S10). This asymmetry explains the
chemical inequivalence of the benzyl and methylene protons of
4 and 5 observed in 1H NMR spectra (Figures S12, S18).
Another feature of these complexes is that the N−N bonds

associated with the triazoline dione fragments in 3 and 4 are
somewhat elongated compared to those in the hydrogenated
form of MTAD (MTAD-H2): the latter has an N−N bond
length of 1.419 Å,41 while the corresponding N−N bond
lengths are 1.44(2) Å and 1.43(2) Å in 3 and 1.46(3) Å and
1.43(3) Å in 4 (Figure 2C). Such bond lengthening suggests
overlap of the corresponding N1−N2 and N4−N5 σ* orbitals
with the nonbonding orbital localized on the tert-butylamido
nitrogen (N3). This hypothesis is supported by the
approximated dihedral angles of the N3 lone pair electrons
and the N1−N2 and N4−N5 bonds of 3 (176.1° and 152.5°)
and 4 (160.8° and 178.0°) (see discussion in SI), as well as the
fact that N2−N3 and N3−N4 bonds of 3 (1.40(2) Å and
1.36(2) Å) and 4 (1.38(3) Å and 1.39(3) Å) are shorter than
N1−N2 and N4−N5 bonds. This pattern of bond lengths is
particularly notable as a structural foreshadowing that ring-
opening may be feasible in such systems, though we do not
observe it here. The frontier orbitals of 3 were investigated
with density functional theory (DFT, see “Computational
methodology” in SI), which found the highest occupied
molecular orbital (HOMO, Figure S24) encompassed the IrN5
portion of the complex, while the lowest unoccupied molecular
orbital (LUMO, Figure S24) was centered mainly on the
IrCp* system. The corresponding HOMO−LUMO gap was
found to be ∼1.5 eV.
It is important to note that the insertion step of our

proposed mechanism for this reaction occurs only into the Ir−
N(t-Bu) bond of 2 (a, Figure 3), rather than the Ir−N(C�O)
bond (b). Presumably, the reason for this regioselectivity of

insertion is due to the kinetic�and potentially thermody-
namic�preference of the electrophilic diazene moiety in
MTAD for insertion at the more nucleophilic N(t-Bu) rather
than N(C�O) site. To explore this hypothesis, the ground
states of 3 and 3′ were investigated with DFT. These
computations revealed 3 to be ∼17 kcal/mol lower in energy
than 3′, supporting our reasoning. Unfortunately, ring-opening
metathesis cannot occur from the resulting complex 3 as it
would from 3′ (Figure 3).
Though complexes 3−5 do not effect metathesis, they hold

significance as a series of isolable 6-membered rings containing
five nitrogen atoms, which map onto possible intermediates of
CDM. Furthermore, such structures, with or without metals,
are exceedingly rare in the literature.42 As such, these
complexes provide new opportunities to study the bonding
characteristics and chemical reactivity of compounds that
feature nitrogen atom chains and rings, which are, with some
exceptions,43−48 thermally unstable outside of extreme
conditions.49−52 Complexes 3 and 4 persist in the solid state
when stored at −35 °C in a glovebox and could be handled
and analyzed without apparent degradation under an inert
atmosphere at 23 °C for at least 3 h. In solution at 23 °C,
degradation of 3 and 4 begins after ∼36 h. Interestingly, 5
showed ∼10% degradation in the solid state after 2 days at
−35 °C (Figure S25).
Given the well-known explosion hazard of some nitrogen-

rich species, we sought to determine if our complexes shared
such characteristics.46,53 We began our investigation of this
question in the context of 3 with thermogravimetric analysis
(TGA, Figure S26) and differential scanning calorimetry
(DSC, Figure S27). TGA revealed that at 160 °C, 3 rapidly
lost ∼15% mass, which was followed by a gradual loss of an
additional 45% mass over the next 440 °C. At 600 °C, mass
loss had reached a plateau, leaving ∼40% of its mass in the
form of char, likely containing iridium. In accord with the first
mass loss in TGA, DSC (Figure S27) exhibited an exotherm
with an onset of 120 °C and an associated decomposition
enthalpy of 299 J/g. Notably, this value is below the 500 J/g
threshold over which a substance must be screened for
explosivity, according to United Nations shipping standards,54

and well below that of other azodicarbonyl species.55 No other
major exotherms were observed within the 25−400 °C
temperature range tested. We also conducted a qualitative
hammer test using 10 mg of the complex. No explosion was
noted in this experiment (Supplementary Videos 1 and 2).

Figure 3. Possible regiochemistries of MTAD insertion into the Ir−N
bonds of 2 and the theoretical further reactivity of the resulting
complexes.
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Overall, the experiments above indicate that 3 does not pose
an explosion hazard despite the high nitrogen content in the
iridacycle portion of this molecule.
Given the unusual IrN5 iridacycle present in 3−5, we

wondered if redox chemistry of these complexes could produce
novel nitrogen-rich heterocycles. Specifically, we hypothesized
that the oxidation of the Ir(III) metal center to Ir(IV) would
induce an N−N bond forming reductive elimination. To
evaluate the relevant redox potentials, 3 was subjected to cyclic
voltammetry (CV) in acetonitrile (Figure 4A). An irreversible
oxidation event was observed at a potential of 0.41 V (relative
to Fc+/0), which also led to a new reduction event at −1.24 V.
We attempted to accomplish a similar oxidative event using a
convenient chemical oxidant�nitrosonium hexafluorophos-
phate (NOPF6)�with a sufficiently high redox potential of
0.87 V in acetonitrile (Figure 4B).56 By 1H NMR spectroscopy,
full conversion of 3 was observed over 1 h when treated with
stoichiometric NOPF6 at 23 °C. This reaction yielded two
major products, which were separable based on their relative
solubility but proved challenging to identify based on mass
spectrometry and NMR spectroscopy; crystallization of these
products was similarly unsuccessful. We hypothesized that the
analogous products derived from 4 would be more amenable
to crystallization. Thus, 4 was oxidized in the same manner,
which produced a similar distribution of products based on
NMR analysis (Figure S28) and, indeed, enabled the
recrystallization of 6 (Figures 4B, S29, and S30) from a −35
°C solution in methyl tert-butyl ether (MTBE). The crystal
structure shown in Figure 4B shows atom connectivity in
agreement with 1H/13C/2D NMR (Figures S31−S33), and the

N−N and N−C bond lengths are suggestive of electron
delocalization between these atoms, as expected of 6. From
these results, we believe 6 is an azo imide/azimine. Azo imides
are a class of compounds that serve as 1,3-dipole building
blocks for the synthesis of heterocycles containing three
contiguous nitrogen atoms,57−60 as precursors to triazir-
idines,61,62 and as dyes.63 We hypothesize that this product
arises through a reductive elimination occurring from the
oxidized form of 4, potentially through one of the mechanisms
shown in Figure 4C. This reactivity opens a new pathway to
these compounds, which could widen the scope of accessible
azo imides.

■ CONCLUSIONS
In this report, we have demonstrated novel reactivity of TAD
derivatives with iridium imido species that produces metallo-
cycles with five nitrogen atoms in the ring. This reaction
proceeds rapidly and cleanly at room temperature and is
generalizable to alkyl TADs. The similarities between these
complexes and the intermediates proposed for the insertion/
elimination mechanism for diazene metathesis provide a
starting point for catalyst design to enable productive
metathesis. Furthermore, the redox behavior of these
complexes provides a new pathway to azo imide 1,3-dipoles.
Lastly, because 3−5 contain unique six-membered rings with
five nitrogen atoms, these complexes offer valuable insights
into bonding in nitrogen-rich molecules.

Figure 4. A. CV of 3: [3] = 0.5 mM in MeCN, 0.25 M NBu4PF6, 200 mV/s, Ag wire pseudoelectrode, 3 mm glassy carbon electrodes. B. Chemical
oxidation of 4, which produces azo imide 6. Adjacent is its X-ray structure (50% ORTEPs, R = 0.0614), with hydrogen atoms and disorder omitted
for clarity. Relevant bond lengths are indicated with arrows. C. Two possible mechanisms postulated for the formation of 6 induced by oxidization
of 4.
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