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Abstract: High-valent terminal copper—nitrene species have
been postulated as key intermediates in copper-catalyzed
aziridination and amination reactions. The high reactivity of
these intermediates has prevented their characterization for
decades, thereby making the mechanisms ambiguous. Very
recently, the Lewis acid adduct of a copper—nitrene intermedi-
ate was trapped at —90°C and shown to be active in various
oxidation reactions. Herein, we describe for the first time the
synthesis and spectroscopic characterization of a terminal
copper(ll)-nitrene radical species that is stable at room
temperature in the absence of any Lewis acid. The azide
derivative of a triazamacrocyclic ligand that had previously
been utilized in the stabilization of aryl-Cu'"
employed as an ancillary ligand in the study. The terminal
copper(ll)-nitrene radical species is able to transfer a nitrene
moiety to phosphines and abstract a hydrogen atom from weak
C—H bonds, leading to the formation of oxidized products in
modest yields.

intermediates was

Terminal high-valent copper—nitrene intermediates have
long been proposed as key intermediates in aziridination
and amination reactions.'” Obtaining mechanistic insight
into these transformations and developing selective catalytic
reagents and processes are only possible if the structure and
properties of these key species are fully understood. Whereas
metal-nitrene species based on iron, cobalt, and nickel have
been isolated,” terminal copper-nitrene intermediates have
eluded detection for decades. Warren and co-workers indi-
rectly proposed the involvement of terminal copper—nitrene
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intermediates derived from dicopper—nitrene species by
NMR exchange experiments and kinetic measurements of
C—H functionalization reactions.>') More recently, the
involvement of such species in copper-mediated oxidation
reactions was corroborated by the spectroscopic trapping of
Lewis acid adducts of a copper—nitrene intermediate at
—90°C."12 Fyrthermore, Bertrand and co-workers recently
reported isolated examples of copper(Il)-bis(nitrene) and
dicopper(Il)-nitrene species that were obtained by reacting
a bulky phosphinonitrene ligand with 0.5 and 2 equiv of
copper(I) triflate, respectively. However, terminal copper—
nitrene intermediates could not be isolated in these reactions
although their formation was suggested based on *'P NMR
studies."” Herein, we report the unprecedented spectroscopic
and theoretical characterization of terminal copper—nitrene
species (1 and 3) in the absence of any Lewis acid by
employing azide derivatives of triazamacrocyclic ligands (*L-
N; and M°L-N,). Such ligand architectures have previously
been utilized in the successful stabilization of aryl-Cu™
intermediates by enforcing a square-planar geometry at the
copper center.'*”l Moreover, copper-nitrene species 3,
which is stable at room temperature, participates in
a number of nitrene transfer and C—H activation reactions,
thus providing a key precedent for the possible involvement
of such species in oxidation catalysis.

While some of us studied the relevance of aryl-Cu
species in model copper-catalyzed C,i—Cyp,'” Cypy=Cpl"”
and C,,—heteroatom!*">'®*! bond-formation reactions, we
envisaged that compound "L-N; (Scheme 1) could be a good
candidate as a starting material for the preparation of elusive
copper—nitrene complexes (see the Supporting Information
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Scheme 1. Schematic representations of 1 and 2. X-ray structure of 2.
Thermal ellipsoids set at 50% probability. Hydrogen atoms (except for
those belonging to the OH groups) and triflate anions omitted for
clarity.
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for its synthesis). Accordingly, the reaction of "L-N; with
1.5 equiv [Cu'(CH;CN),]J(CF;SO;) in acetonitrile at room
temperature under argon atmosphere was monitored by UV/
Vis spectroscopy (see the Supporting Information, Figure S3).
The formation of a green transient species (1, A,,,, =380 and
790 nm) was observed during the first stages of the reaction.
However, this compound quickly evolved into a purple
species (2, Apa=550nm, £=1000M 'cm™'), which proved
to be stable for several hours at room temperature. Violet
crystals (isolated in 56 % yield) were obtained by slow diethyl
ether diffusion into an acetonitrile solution of 2 at —30°C.

The X-ray structure of 2 reveals a dimeric core with
significant modification of the initial "L-N; structure
(Scheme 1). Loss of a N, molecule from the azide unit is
accompanied by N—N bond formation, giving rise to the
formation of an indazole ring. Each Cu center adopts
a distorted square-pyramidal geometry (z=0.1)?" and binds
to the N—~CH;, NH, and N,,,, groups of the resulting indazole-
based ligand (L") as well as to two additional hydroxo ligands,
thereby forming a bis(u-hydroxo)dicopper(Il) core in 2
(Scheme 1). The hydroxo groups in 2 presumably originate
from adventitious water present in the anhydrous solvents
used in the glovebox;?! they also enforce a strong antiferro-
magnetic coupling between the two copper centers, which
results in an S =0 ground state.”” The integrity of this dimeric
structure in solution was confirmed by 'H NMR studies,
which showed a diamagnetic spectrum in which the indazole
protons could be clearly observed at 8.2,7.7,7.2, and 7.1 ppm
(Figure S4). Although unknown in copper chemistry, the N—N
bond-formation reaction associated with the formation of 2 is
typically exhibited by high-valent terminal metal-imido or
—nitrido complexes.”>*! A similar terminal copper—nitrene
intermediate could also play a key role during the copper-
mediated N—N bond-formation reaction that leads to the
formation of 2.

Whereas UV/Vis studies clearly confirmed the presence
of a transient intermediate (1) along the reaction of "L-N,
with Cu' at 25°C to form 2, spectroscopic assignment of the
electronic structure of 1 proved to be difficult because of its
instability at 25°C. However, the stability of 1 could be
significantly increased by generating it in acetone at —50°C
(Amax [&; M tem ]=380 [>1300], 650 [>150], and 790 nm
[>200]; Figure S7). Notably, cold spray ionization mass
spectrometry (CSI-MS) of 1 (Figure S8) gave rise to a major
peak centered at m/z 323.1284 with a mass and isotope
distribution pattern consistent with a terminal copper—nitrene
species [Cu("L-N)]", where "L-N is the ligand formed after
N, release from "L-N;. The low temperatures required to
prevent the decomposition of 1 into 2, however, prevented us
from investigating the oxidizing capability of 1.

To increase the thermal stability of the putative copper—
nitrene intermediate, efforts were made to block the facile
decomposition of 1 into 2 by introducing methyl groups in the
secondary amine units of the 'L-N, ligand (see the Supporting
Information for synthetic procedures). UV/Vis monitoring of
the stoichiometric reaction between the methylated version of
the azide-derived ligand (ML-N;, Scheme?2) and [Cu'-
(CH;CN),](CF;S0O5) in acetonitrile at 25°C showed the
formation of a stable green species (3; f,,~45h) with
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Scheme 2. Schematic representation of 3 together with its DFT opti-
mized structure.

a distinct absorption spectrum (A, [&, M ‘cm']=360
[>1200], 710 nm [>200], and 980 nm [>150]; Figure 1a)
relative to 1.*°) CSI-MS analysis revealed a dominant peak at
m/z 351.1597 with a mass and isotope pattern fully consistent
with  [Cu(™L-N)]*, which was partially shifted to
m/z 352.1601 when 50% *N-labeled 3%" was used (Fig-
ure 1b). Moreover, the EPR spectrum of 3 only exhibited
a small signal of Cu", which accounted for less than 5% of the
sample; the majority of the species present in solution were
not detectable by X-band EPR spectroscopy. Importantly,
FTIR analysis of a concentrated solution of 3 did not exhibit
any azide vibration at about 2200 cm ', further confirming N,
release in line with the MS experiments. Furthermore, a low-
intensity band at 426 cm™' could be observed in the IR
spectrum, which was attributed to a Cu—N vibration based on
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Figure 1. a) UV/Vis spectrum of 3 in acetonitrile at 25°C. Inset: FTIR
spectrum of 3 (gray) and its 50% '°N-labeled analogue (black). b) ESI-
MS spectrum of 3 in acetonitrile at 25°C under N, atmosphere.
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the N/"N downshift of 8 cm ! upon N labeling (Figure 1a,
inset). Finally, an effective magnetic moment (u.g) of 2.14 g,
as determined by the Evans’ method,”*?” confirmed the S =1
ground state of 3. Note that the u. of 3 is significantly lower
than expected for the spin-only value of a typical § =1 system
(Ue;=2.83 pg); this can be attributed to the presence of
unreacted copper(I) or copper(Il) impurities in solutions of 3.

We then turned to X-ray absorption spectroscopy (XAS)
to directly probe the oxidation state of copper in 3. Notably, 3
exhibited X-ray absorption near-edge structure (XANES)
features nearly identical to those of the dinuclear Cu"
complex 2. This finding strongly suggests that 3 also contains
a Cu" center (Figure S9); together with the experimentally
determined p g value of 2.14 pg, this may indicate an [Cu"-
(ML-N)]* electronic structure for 3. Extended X-ray
absorption fine structure (EXAFS) analysis revealed further
structural details. For 3, the first coordination sphere could be
satisfactorily fitted by four nitrogen scatterers at a distance of
2.04 A (Table S3, Figure S10). The outer-shell features could
be accounted for by single scattering paths arising from two
carbon atoms at 2.44 A and twelve carbon atoms at 3.23 A.
EXAFS analysis of 2 was also performed to determine
whether the solid-state dimeric structure is retained in
a frozen acetonitrile solution. The best fit (Table S4) of the
Cu EXAFS data of 2 consists of two subshells of four short
N/O scatterers at 1.99 A and one long N/O scatterer at 2.13 A,
supporting a five-coordinate Cu center in 2, which is in
agreement with the XRD studies (see above). Fits to a single
shell of 5-6 nitrogen scatterers produced a significant
decrease in fit quality. Cu EXAFS analysis of 2 also showed
ashell at 2.93 A corresponding to the Cu scatterer, which is in
reasonable agreement with the Cu-Cu distance of 3.03 A
determined by XRD.

DFT calculations at the B3SLYP/TZVP level of theory in
acetonitrile at 298 K predicted a triplet (S=1;/=+3.2cm™")
ground state for 3. The excited open- and closed-shell singlet
electronic states were determined to be 3 and 18 kcalmol
higher in energy, respectively. The copper center in the
calculated structure of 3 (Scheme 2) adopts a strongly dis-
torted tetrahedral geometry involving coordination of the
four nitrogen atoms of M°L-N. Notably, the calculated metrical
parameters are in reasonable agreement with the experimen-
tally determined values (Table S3). Furthermore, the theo-
retically predicted Cu—N,,, vibration at 427 cm™' with
a —6 cm ' shift upon N labeling is fully congruent with the
experimental IR spectrum (see above). Interestingly, a spin
density of 1.20 was obtained for the N,,,; atom, indicating that
the excess unpaired electron density on nitrogen is larger than
expected for a classical metal-nitrene radical system (Figur-
es S18 and S19). Such a non-classical electronic structure has
been reported previously for a cobalt-oxo species®™ and may
be understood by considering the contribution of the Cu'-
nitrene biradical resonance form, where two electrons from
the N,,,; atom moiety are transferred to the Cu center. The
calculated spin density of 0.4 on the copper atom, which is
significantly lower than the expected value of 1 for a Cu"
center, further confirms the contribution of both [Cu"(™L-
N)]" and [Cu'(M*L-N")]* resonance forms to the electronic
structure of 3.
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The reactivity of 3 in various oxidation reactions was also
investigated. For example, transfer of the ™L-N unit of the
copper—nitrene species 3 to phosphines was evaluated. The
green color of a solution of 3 in acetonitrile disappeared upon
addition of triphenylphosphine (PPh;). ESI-MS analysis of
the final reaction mixture gave rise to a peak at m/z 551.35,
which is consistent with nitrogen insertion to the phosphorus
atom to form ML-N=PPh,; this peak was shifted by one mass
unit when 50% "N-labeled 3 (Figure S13) was used in the
reaction. *'P NMR analysis showed the presence of a reso-
nance at 25.6 ppm, which falls in the region typical for N=P
bonds,”! that accounted for a yield of 41 % with respect to 3
(NMR quantification using OPPh; as an internal standard).
Interestingly, *'P NMR analysis of a sample prepared by
reacting 50% '“N-labeled 3 with PPh, afforded the peak at
25.6 ppm together with a doublet at 25.3 ppm, corresponding
to ML-N=PPh,, where coupling of *'P with "N (S=1/2)
occurs (Figure S14). The measured coupling constant of Jyp =
38.2 Hz is in accordance with those typically measured for
N—P bonds, further supporting the formation of the nitrene
transfer product.*? UV/Vis monitoring of this reaction using
excess substrate showed that the decay of the bands at 710 and
980 nm, which are associated with 3, followed a pseudo-first-
order behavior, so that the kinetic traces could be fitted with
single exponentials (Figure S12). The observed reaction rate
(kops) Was in turn found to be linearly dependent on the
substrate concentration, affording a second order constant
(ky) of 7.5m 's™! for the reaction with PPh,. Interestingly, the
k, values were highly dependent on the substituents at the
phosphorus atom. Thus the reaction of 3 with sterically
bulkier tri(o-tolyl)phosphine was two orders of magnitude
slower (0.052m~'s™") than that with PPh; whereas the reaction
with tri(n-butyl)phosphine was too fast, and the reaction rate
could not be determined. Finally, the reaction rates were
found to be dependent on the substituent at the para position
of the aryl groups attached to the phosphine. The logarithm of
the second-order rate constants of a series of para-X-
triarylphosphine (X=Me, H, and Cl) derivatives gave
a negative correlation with the Hammett parameter (o,)
with a reaction constant (p) of —1.9, which is indicative of the
electrophilic character of 3 (Figure S15).

Reactions of 3 with hydrocarbons bearing C—H bonds
with low dissociation energies (BDEs) were also evaluated,
and xanthene was used as a model substrate. Strikingly, the k,
value measured for this reaction (k,=0.009m 's™!, BDE =
75.5 kcalmol™!) was lower than that determined for the
reaction with 1,4-cyclohexadiene (k,=0.020m 's™!, BDE =
78 kcalmol '), which does not correlate with the C—H bond
strength. Again, steric hindrance could be a reason for this
result so that the smaller 1,4-cyclohexadiene substrate reacts
faster despite its increased C—H bond strength (Table S5).
Furthermore, a kinetic isotope effect of 5.2 was measured
when [D,]xanthene was used as the substrate at 25°C
(Figure S16).

In summary, we have reported the synthesis and spectro-
scopic characterization of a terminal copper—nitrene species
(3) without the need of using redox-innocent cations such as
Sc*". The apparently simple methylation of the secondary
amines in "L-N; was crucial to slow down the N—N bond-
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formation event, thus retarding the main decomposition
pathway for the copper-nitrene species in this system.
Interestingly, this species could be trapped at room temper-
ature, and it can undergo nitrogen-transfer reactions to
organic substrates such as phosphines and abstract hydrogen
atoms from weak C—H bonds.
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