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Abstract

Terminal copper-nitrenoid complexes have inspired interest in their fundamental bonding 
structures as well as their putative intermediacy in catalytic nitrene-transfer reactions. Here, we 
report that aryl azides react with a copper(I) dinitrogen complex bearing a sterically encumbered 
dipyrrin ligand to produce terminal copper nitrene complexes with near-linear, short copper–
nitrenoid bonds [1.745(2) to 1.759(2) angstroms]. X-ray absorption spectroscopy and quantum 
chemistry calculations reveal a predominantly triplet nitrene adduct bound to copper(I), as 
opposed to copper(II) or copper(III) assignments, indicating the absence of a copper−nitrogen 
multiple-bond character. Employing electron-deficient aryl azides renders the copper nitrene 
species competent for alkane amination and alkene aziridination, lending further credence to the 
intermediacy of this species in proposed nitrene-transfer mechanisms.

Copper-catalyzed nitrene delivery is a powerful methodology for the construction of C–N 
bonds (1–3). Advances since the seminal work of Kwart and Kahn (4) on copper-catalyzed 
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C–N bond formation in the past five decades include alkane (5–8) and arene (9, 10) 
amination, asymmetric alkene aziridination (11, 12), and natural product syntheses (13–16). 
In the foregoing transformations, terminal copper-nitrenoid complexes have been invoked as 
critical intermediates; nonetheless, the spectroscopic detection and direct isolation of an 
authentic terminal copper-nitrenoid complex as proposed (6–10, 17–22) remains elusive (23, 
24). The presence of Cu(NR) functionalities can be inferred from kinetic analysis of stereo-
selective azirdination (18, 25) and from C−H bond amination reactivity (5–8, 19). Warren 
and co-workers (6) reported that thermal fragmentation of stable dicopper(II) imido 
complexes affords a terminal nitrene intermediate through which aliphatic C−H amination 
occurs. Company and co-workers (22) reported the x-ray absorption near-edge structure 
(XANES) and extended x-ray absorption structure study of an organic azide reaction with a 
cuprous precursor, suggesting a Cu(I)/Cu(II) formulation for the reactive intermediate 
featuring Cu−N bond metrics exceeding those reported by Warren for the dicopper imido 
complexes. Isolation and solid-state characterization of the nitrenoid adduct is critical to 
permit a rigorous examination of its molecular structure and disambiguate its electronic 
configuration. The terminal [Cu(NR)] fragment could exist in a number of electronic 
formulations, including a high-valent copper imido [Cu(III)(NR)] (Fig. 1A), an iminyl 
adduct in which Cu is not fully oxidized and N is suboctet [Cu(II)(2NR)] (Fig. 1B), or a 
nitrene adduct of copper in which the Cu functions as a simple Lewis acid to which the 
subvalent N moiety is bound [Cu(I)(1NR/3NR)] (Fig. 1C) (26). Whereas metal-ligated imido 
and iminyl complexes have been isolated and spectroscopically characterized, examples of 
metal-supported nitrene adducts have thus far eluded full characterization. The electronic 
structure of the putative [Cu(NR)] fragment is of fundamental interest not only to assess the 
valence states of the Cu−N pair but also to understand how the [Cu(NR)] electronic structure 
facilitates nitrene-transfer reaction chemistry. Furthermore, understanding the electronic 
structure of these critical intermediates is paramount to designing robust catalysts for 
heteroatom incorporation into unactivated C–H bonds. Here, we report the isolation and 
characterization of a terminal copper nitrene adduct, assess its electronic structure and Cu/N 
oxidation states, and describe its attendant amination reaction chemistry.

Metal-ligand multiple bonds (MLMBs) can be highly reactive intermediates through which 
heteroatom functionality is transferred to unreactive substrates (e.g., C−H bond 
functionalization). The reactivity of the MLMBs of the 3d elements can be divided into 
early, mid-, and late 3d transition metal complex behavior. Early 3d transition metal MLMBs 
are highly polarized, leading to nucleophilic, dianionic imido ligands and electrophilic metal 
centers. Early transition metal MLMB can exhibit 1,2 addition across the multiple bond as a 
result of this polarization (27). Progressing across the 3d period, the transition metal valence 
orbital energies more closely approximate the main group element energies, giving rise to 
more covalent MLMB interactions (Fig. 1B). The reactivity profiles of MLMBs on mid-3d 
transition metals are highly sensitive to electronic structure. Whereas low-spin electronic 
configurations enforce stability (23), open-shell configurations substantially enhance 
reactivity for group transfer catalysis (28–31). Indeed, biological hydroxylation mediated by 
cytochrome P450 relies on iron-oxo units partially destabilized by the electron population of 
Fe−O π* orbitals (32). Although late-3d transition metal MLMBs have been invoked in a 
variety of group transfer catalytic processes, MLMBs beyond iron are exceedingly rare, 
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although demonstrated, for Co (24, 29, 33–35) and Ni (36, 37). Late-3d transition metals 
feature high d electron counts while simultaneously displaying poor spatial and energetic 
overlap, wherein inversion of the transition metal and ligand valence orbital energies is 
possible (Fig. 1C). In an inverted ligand field configuration, the frontier molecular orbitals 
(MOs) are dominated by ligand character, leaving the metal in a more reduced state (38, 39). 
Thus, although the bond order will not be altered, the true oxidation levels of the Cu-ligand 
pair (i.e., Cu(I) d10 versus Cu(III) d8) are impacted and can only be resolved by full x-ray 
absorption analysis. The subvalent nitrene may correlate with higher electrophilicity and 
give rise to greater reactivity.

In targeting a terminal copper-nitrenoid complex, we sought to incorporate abundant steric 
protection as a means of preventing dimerization (6, 9, 17, 19) or nitrene expulsion (40). 
Accordingly, we selected a dipyrrin scaffold with sterically encumbered peralkylated 
hydridacene EMind substituents (EMind: 1,1,7,7-tetraethyl-1,2,3,5,6,7-hexahydro-3,3,5,5-
tetramethyl-s-indacene) (41, 42). The 2-EMind-1H-pyrrole was prepared on multi-gram 
scales (68% isolated yield) by a modified Negishi protocol (available in the supplementary 
materials), constituting an unusual example of C(sp2)–C(sp2) bond formation with ortho/
ortho′ quaternary carbons. Acid-catalyzed condensation with 3,5-
bis(trifluoromethyl)aldehyde (1,2-dichloroethane; 110°C; 72 hours) provided the 
corresponding dipyrromethane, which was subjected to oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone to afford the resulting dipyrrin (EMindL)H in 75% isolated yield 
after bulk recrystallization from isopropanol/hexanes on multi-gram scales.

Under an atmosphere of nitrogen, treatment of (EMindL)H in benzene with mesitylcopper 
(1.2 equivalents) for 72 hours at 95°C led to the formation of a single diamagnetic species, 
as ascertained by 1H and 19F nuclear magnetic resonance (NMR) spectroscopy. Single-
crystal x-ray diffraction revealed the corresponding product to be (EMindL)Cu(N2) (1) (Fig. 
2B). The geometry around the metal center is rigorously planar, with the EMind substituents 
positioned almost orthogonal to the dipyrrin plane [88.1(3)°, 85.7(3)°]. The short N–N bond 
length [1.085(4) Å] and N–N stretching frequency (v14 N2 = 2242 cm−1, v14 N2 = 2167 cm
−1) indicated minimal activation through back π−electron donation from Cu (fig. S59). 

Indeed, the stretching frequency obtained for 1 represents the least activated molecular 
dinitrogen adduct thus reported (43, 44) and is comparable to those observed in the 
impregnated zeolite Cu-ZSM-5 (2295, 2007 cm−1; ZSM: Zeolite Socony Mobil) (45). 

Although bridging dinitrogen adducts of higher nuclearity on Cu are known (46, 47), 1 
represents a rare terminal dinitrogen adduct for Cu or any coinage metal. Displacement of 
N2 was apparent by effervescence on exposure to Lewis bases such as pyridine or azides 
(see below).

Structural characterization of isolated copper nitrenes

With gram quantities of crystalline 1 accessible, nitrene installation from aryl azides was 
targeted (Fig. 2A). The addition of a C6D6 solution of 3,5-bis(methoxy)phenyl azide to solid 

1 (0.1 mmol) in silanized glassware led to immediate effervescence along with a color 
change of the reaction solution from translucent orange to deep orange-red. Monitoring the 
reaction progress by 19F NMR spectroscopy revealed rapid consumption of starting material 

Carsch et al. Page 3

Science. Author manuscript; available in PMC 2020 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and formation of a major diamagnetic intermediate, a presumed azide adduct [i.e., 
(EMindL)Cu(N3Ar)], and a minor, broad paramagnetically shifted resonance, which became 
the sole resonance over several hours, accompanying a color change to dark red. Single-
crystal x-ray diffraction on crystals grown from slow evaporation of pentane solution of the 
reaction product revealed the bimolecular C–C coupled species [(EMindL)Cu]2{N[3,5-

(MeO)2C6H3]2}2 (2) (Fig. 2C). Exceptionally short Cu–NAr bond lengths [1.769(4), 
1.758(4) Å] and dearomatization of the nitrene aryl moieties [benzene C−Cavg: ~1.39 Å; 2: 
Cipso–Cortho: 1.454(5), 1.450(6), 1.479(6), 1.468(6) Å] are indicative of diketimide 
formation in 2, similar to previously reported analogous species arising from aryl C−C 
radical coupling (7). The perpendicular-mode electron paramagnetic resonance (EPR) 
spectrum of 2 in 2-methyltetrahydrofuran at 10 K is consistent with two uncoupled radicals 
(fig. S13). The formation of the bridging C–C bond [1.594(6) Å] is reversible by treatment 

of isolated 2 with trimethylphosphine in C6D6 to produce (EMindL)Cu(PMe3) and the 
corresponding iminophosphine Me3PNAr in equal quantities, as ascertained by 31P NMR 
spectroscopy.

To prevent the radical coupling reaction re sponsible for 2, we canvassed the reactivity of 1 
with para-substituted aryl azides. For example, the addition of a C6D6 solution of 4−(tBuO) 

C6H4N3 or 4−(tBu)C6H4N3 to solid 1 resulted in immediate effervescence along with the 
emergence of two 19F NMR resonances with perturbed aryl azide stretching frequencies by 

infrared spectroscopy, supporting intermittency of an aryl azide adduct (syntheses of 3 and 4 
are provided in the supplementary materials). The diamagnetic (EMindL)Cu(N3Ar) species 
was consumed over several hours, as ascertained by 1H and 19F NMR spectroscopy (figs. 
S62 and S63), leaving only the paramagnetically shifted 1H NMR resonances and a single 
19F NMR resonance (Fig. 3E and fig. S17). Near-identical paramagnetic 1H NMR 
resonances were observed for a library of para-substituted aryl azides, suggesting similar 
molecular connectivity in different crude reaction mixtures (fig. S64). The paramagnetically 
shifted resonances were assigned as dipyrrin and arene substituent signals on the basis of 
azide deuteration experiments and a comparison of aryl azide added to the related 
dipyrrin(copper) synthon (ArL)Cu [ArL: 5-mesityl-1,9-(2,4,6-Ph3C6H2)dipyrrin] (48) (figs. 
S66 and S67). 1H NMR resonances of the reaction products derived from electron-rich aryl 
azides persisted in perdeuterated benzene for several days at room temperature. Single 
crystals obtained from the respective addition of 4−(tBuO)C6H4N3 or 4−(tBu)C6H4N3 to 1 

[0.1 mmol scale; isolated yields: 89% (3) and 92% (4)] confirmed the formation of the 
terminal copper-nitrenoid adducts (EMindL)Cu[N(C6H4OtBu)] (3) (Fig. 2D) and 

(EMindL)Cu[N(C6H4
tBu)] (4) (Fig. 3A). A spacefilling model of 4 (Fig. 3C) illustrates how 

the rigid EMind methyl motifs flank the Cu–N bond, shielding the (Cu−NAr) unit from 
deleterious reactivity. Whereas azide addition to the sterically more accessible (ArL)Cu leads 
to similar 1H NMR spectroscopic resonances (Fig. 3D), incomplete consumption of (ArL)Cu 
was observed before complete thermal degradation of the copper-nitrenoid complexes in 

hours. The solution-phase magnetic moments [3: 2.8(1) μB; 4: 2.9(1) μB], featureless 
perpendicular-mode EPR spectra, and paramagnetically shifted 1H NMR resonances 

corroborate triplet spin states (expected 2.83 μB for S = 1).
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The crystal structures for 3 and 4 exhibit exceptionally short Cu−NAr bonds [3: 1.745(2) Å; 

4: 1.759(2) Å] and near-linear Cu–NAr–Cipso angles [3: 175.8(2)°; 4: 174.1(2)°]. Closer 

inspection of the bond lengths of nitrenoid adducts 3 and 4 revealed the nitrenoid 

functionalities to be redox non-innocent ligands (49). Both 3 and 4 manifest disruption of 

the NAr aromaticity: each feature contracted NAr–Cipso bonds [3: 1.321(3) Å; 4: 1.310(3) Å], 

elongated Cipso–Cortho bonds [3: 1.428 (4), 1.419(4) Å; 4: 1.431(3), 1.437(3) Å], contracted 

Cortho–Cmeta bonds [3: 1.378(4), 1.373(4) Å; 4: 1.377 (3), 1.369(3) Å], and elongated Cmeta–
Cpara bonds [3: 1.404(4), 1.393(4) Å; 4: 1.411(3), 1.402(3) Å] in accord with persistent 
radical delocalization (Fig. 3B). Similar structural distortions were observed in previously 

reported iron aryl iminyl complexes (31, 50). The Cu–Ndipyrrin bond lengths [3: 1.944 (2), 

1.942(2) Å; 4: 1.944(2), 1.940(2) Å] are comparable to those of the unambiguous cuprous 1 
[1.942(2), 1.937(2) Å] and substantially longer than the corresponding Cu–Ndipyrrin bond in 

related dipyrrin cupric complexes [e.g., (EMindL)CuCl (8), 1.901(3), 1.894(3) Å], potentially 
signifying a cuprous state rather than a higher Cu oxidation state.

Evidence for a Cu(I) configuration

On the basis of the paramagnetically shifted 1H NMR spectra, the Cu−N linkages in 3 and 4 
could represent nitrene adducts of copper [i.e., Cu(I)(3NR)], iminyl adducts [i.e., Cu(II)
(2NR)], or high-valent copper imido complexes [i.e., Cu(III) (NR)]. To more precisely 
ascertain the oxidation states of the copper and nitrogen centers in these complexes, we 
performed multinuclear x-ray absorption spectroscopy (XAS), interrogating the Cu K-edge, 

Cu L2,3-edge, and N K-edge features of 4. To assist in the analysis, three-coordinate cuprous 
and cupric reference complexes featuring only nitrogen-based ligands in the primary 
coordination sphere were synthesized. An unambiguous Cu(I) complex 

(EMindL)Cu[H2N(C6H4
tBu)] (5) was prepared by addition of the corresponding aniline to 1 

[Cu–Naniline: 2.018(6) Å; Cu–Ndipyrrin: 2.010(6), 2.034(5) Å; Cu–Naniline–Cipso: 125.2(5)°]. 

The Cu(II) anilido (EMindL)Cu[HN(3,5-(CF3)2C6H3)] [7; Cu–Nanilido: 1.825(2) Å; Cu–

Ndipyrrin: 1.932(2), 1.929(2) Å; Cu–Naniline–Cipso: 135.2(2)°] was prepared by oxidation of 1 
with excess di-tert-butyl peroxide (3.0 equivalent; 60°C; 14 hours) to afford 

(EMindL)Cu(OtBu) (6), followed by proto-metalation with 3,5-bis(trifluoromethyl)aniline 
with concomitant release of tert-butanol.

The Cu K-edge spectrum featuresa rising edge energy for 4 (8995.7 eV) at higher energy 

relative to Cu(I) (5, 8992.1 eV) and Cu(II) (7, 8995.0 eV) (Fig. 4A and fig. S75). A small 

pre-edge absorption is observed in the experimental spectra of both 4 (8980.0 eV) and 7 
(8979.0 eV) (Fig. 3A, inset). A pre-edge shoulder is also partially resolved in the spectrum 

of 5 at 8980.6 eV. To facilitate assignment of the Cu K pre-edge features, time-dependent 

density functional theory (TDDFT) calculations were performed for species 4, 5, and 7. 
Small pre-edge features were predicted for species 5 (8980.4 eV) and 7 (8978.7 eV) and 
assigned as excitations to ligand-dominated MOs (figs. S71 to S75) (51). Agreement 

between experimental and TDDFT-calculated Cu K-edge XANES for 4 is weaker than for 
the other species, but this is attributable to the multiconfigurational nature of the ground 

state of 4 (see below). Cu K-edge XANES is problematic to rely on for unambiguous 
assignments of Cu physical oxidation states in formally high-valent systems (39, 52). 
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Turning to Cu L2,3-edge XAS (Fig. 4B), the L3 mainline features (formally Cu 2p3/2 → 3d 

transitions) occur at 931 eV (4) with an intensity that is severely diminished compared with 

7 (930.5 eV). The L3 intensity of 4 more closely resembles that of 5 (931.2 eV). 

Experimental estimations of the Cu 3d character in the acceptor orbitals of 4 (14 ± 1.1%) 

and 7 (53 ± 3.2%) by using methods previously described by Cramer, Solomon, and co-

workers (53) are in accord with calculations (4: 13.7%; 7: 52.8%) (table S1). The substantial 

attenuation of Cu 3d character in 4 juxtaposed with 7 supports a low-valent cuprous 
assignment with the majority of hole character contained in N-localized orbitals. Our 
assignment is further supported by N K-edge XAS data and TDDFT calculations that reveal 

two low-energy pre-edge features at 395.25 eV and 395.85 eV for 4 with substantially more 

intensity than that observed for 7 at 396.55 eV (Fig. 4C) (54). This splitting and intensity are 
well reproduced by TDDFT calculations (carried out by using crystallographic coordinates 
and the B3LYP hybrid density functional) of the N K-edge (fig. S77) (55, 56). A 
spectroscopy-oriented configuration interaction (SORCI) (57) calculation based on a 
complete active space (CAS) (12,8) reference was carried out by using a truncated model of 

4 with H-atom positions optimized by using the BP86 density functional (58, 59). This 
calculation indicates that the ground-state triplet is multiconfigurational (fig. S93). The 
Cu(I)-triplet nitrene configuration (CFG) dominates (58%, CFG 1; Fig. 5) wherein the 
nitrene coordinates to Cu by means of a dative donation of a lone pair, and the unpaired 
electrons reside in the N 2px (MO 139) conjugated to the nitrene aryl and the N 2py (MO 
140). The next most substantial configuration contribution [ferromagnetic coupling of 
Cu(II)–2NR, CFG 2; Fig. 5], which accounts for only 25% of the ground state, involves 
charge transfer from Cu to N, leaving the Cu 3dxy (MO 135) and N 2px (MO 139) partially 
occupied. The remaining configurations in the ground state have very low weights. The 
largest two of these are Cu(III)–imido (2.7%) and a distinct ferromagnetic Cu(II)–iminyl 
(1.3%) configurations; the remaining configurations each account for less than 1% of the 
ground state.

The electronic structure presented from XAS and multireference computations corroborates 
a cuprous triplet aryl nitrene formulation [i.e., Cu(I)(3NAr)]. One nitrene radical (N 2px) is 
stabilized by delocalization into the nitrene aromatic ring, whereas the second N 2py radical 
is primarily confined to N. There are nonzero (12.3 and 19.0%) contributions of Cu 3d into 
both of the redox-active orbitals (Fig. 5), which may give rise to the linear Cu−NAr geometry 
observed. Orienting the N 2py with the Cu 3dxy orbital (highest in energy from Cu−Ndipyrrin 

σ*) provides some stabilization of the N 2py radical, leaving the N 2px radical to delocalize 
in the nitrene aryl moiety. The calculated Löwdin (60) bond order (1.21) for the [Cu(NAr)] 
unit and enhanced N−Cipso bond order (1.50) are consistent with a formulation indicative of 
minimal metal-ligand multiple bonding. The asymmetry in the N K-edge pre-edge features 
is reflected in the SORCI degree of N contribution to each state in which the N 2px 

contribution is diminished because of delocalization into the arene π system. Free aryl 
nitrenes display triplet configurations yet typically act as one-or two-electron oxidants when 

bound to a transition metal center (61). Yet, the electrophilic copper centers in 3 and 4 
stabilize the nitrene adducts, preserving their triplet configurations. Remarkably, the Cu 

center in 4, and by extension 3, is best described as Cu(I) as opposed to higher-valent 
alternatives [i.e., Cu(II) and Cu(III)]. The higher-valent alternatives would require 
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substantive Cu−N π bonding, which is minimal in nitrene adducts 3 and 4 despite the short 
Cu−NAr bond distances observed. The lack of Cu−N π bonding is consistent with the 

minimal activation of molecular nitrogen in the N2 adduct 1. The inverted ligand field 

observed for nitrene adducts 3 and 4 indicates that the Cu valence orbitals are lower in 
energy than the corresponding nitrene N 2p valence orbitals, leaving the redox-active MOs 
as primarily N based (Fig. 1C).

Nitrene reactivity

To establish the kinetic competency of nitrene adducts in Cu-mediated amination and 

aziridination, we canvassed the reactivity profile of 4 for nitrene transfer, activation/atom 
abstraction, and C−H amination. Complete nitrene-transfer reactivity was observed on 

treatment of 4 with trimethylphosphine to yield phosphinimide and the corresponding 

copper-ligated phosphine adduct (EMindL)Cu(PMe3) (fig. S52). Treatment of 4 with the 
strong nucleophile tert-butyl isocyanide (CNtBu) affordeda rapid color change on mixing 
from red-orange to orange, generating (EMindL)Cu(CNtBu) and the corresponding azoarene, 
as validated by 1H and 19F NMR spectroscopy as well as independent synthesis (fig. S55). 
Although nitrene expulsion after intermittent CNtBu ligation to afford azoarene is favored on 
the basis of the steric profile, an intermolecular coupling pathway cannot be excluded (fig. 

S56). Complex 4 was competent for aromatization of 1,4-cyclohexadiene to afford the 

aniline adduct 5, demo strating viability for C–H activation. Dissolution of 4 in toluene 
afforded no changes in 1H NMR resonances, indicating incapacity to activate benzylic C–H 
bonds at room temperature. Background decomposition of 4 under mild heating (40°C) was 
prevalent, suggesting that a more electron-deficient nitrene motif might be required to 
activate strong C–Hbonds undermild conditions.

Attenuating the steric profile of the supporting dipyrrin ligand and employing electron-
deficient aryl azides afforded productive C−H bond amination reactivity. Treatment of 
thawing solutions of (ArL)Cu with a stoichiometric electron-poor aryl azide [i.e., 3,5-
(CF3)2C6H3N3, 4-(CF3)C6F4N3, or C6F5N3] furnished the corresponding C–H amination 
products for cyclohexene (77%, 43%, 24%), toluene (71%, 58%, 45%), and cyclohexane 
(14%, 30%, 36%) in neat substrate, respectively (Fig. 6). Treatment of (ArL)Cu with 3,5-
(CF3)2C6H3N3 in neat thawing C6D6 afforded transient paramagnetic resonances akin to 

those of 3 and 4 as well as the product of 1 reacting with 3,5-(CF3)2C6H3N3, suggesting 
formation of an analogous intermediate copper-nitrenoid species (fig. S67). The reaction of 
(ArL)Cu with 3,5-(CF3)2C6H3N3 in cyclohexene could be rendered catalytic [10 mol % 
(Cu), 53% yield]. Stark differences in reaction kinetics were observed: Whereas complete 
consumption of 3,5-(CF3)2C6H3N3 occurred over extended time frames (~12 hours), 
consumption of 4-(CF3)C6F4N3 was substantially faster (~4 hours), with C6F5N3 requiring 
the shortest time (~0.5 hours). Aziridination of styrene (5 equivalents in C6D6) from 
(ArL)Cu was similarly observed (28%, 71%, 86%), albeit over longer time scales (~12 
hours) and with mild heating (40°C) for 3,5-(CF3)2C6H3N3 because of competing 
coordination of styrene versus aryl azides to (ArL)Cu. Although only the C–N functionalized 
product was observed by 19F NMR for toluene amination or styrene azirdination with 4-
(CF3)C6F4N3 or C6F5N3, EPR analysis on crude reaction mixture confirmed the formation 
of the corresponding Cu(II) anilido as the major byproduct (figs. S68 and S69). The Cu(II) 
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anilides (ArL)Cu[HN(3,5-(CF3)2C6H3)] (9) and (ArL)Cu [HN(C6F5)] (10) were 
independently prepared by treatment of (ArL)CuCl with the corresponding lithium anilide in 

thawing benzene. Complex 9 and 10 were competent for aromatization of 1,4-
cyclohexadiene and radical recombination with either Ph3C(C6H5)CPh2 or alkyl radicals 
generated in situ with di-tert-butyl peroxide, illustrating bona fide radical character on the 

nitrogen motif, fully consistent with the N K-edge spectrum of 7. Nonetheless, dissolution of 

9 or 10 in toluene afforded no consumption of starting material, suggesting neither 9 nor 10 
is not competent for the activation of stronger C–H bonds. These results demonstrate the 
capacity of copper nitrene species for C–H amination and C–H aziridination.

Outlook

The foregoing data demonstrate the role of a sterically encumbered ligand scaffold to 
support a thermally robust copper-ligated triplet aryl nitrene. The isolation, structural 
determination, and spectroscopic interrogation of the nitrene adducts allow us to clearly 
determine both the Cu and N valence states. A priori, redox formalisms would suggest that 
the Cu centers should exhibit higher oxidation states [e.g., Cu(II)(2NR) or Cu(III)(NR)], 
achieving a filled octet at the more electronegative N center. The short Cu−N bond distances 
observed by crystallography for the nitrene adducts suggest Cu−N π bonding consistent 
with that formulation. However, the x-ray absorption data reveal a more nuanced picture 
wherein the Cu site maintains a mono-valent state and the nitrene resides in a subvalent 
state, dominating the redox-active frontier MOs. The electronic configuration is in accord 
with the increasing body of literature that nominally high-valent copper ions are subject to 
an inverted ligand field with minimal physical oxidation on the copper center (38, 39, 62, 
63). The conclusions presented herein should facilitate a refined consideration of how the 
presence or absence of MLMBs in late–transition metal complexes influence group transfer 
catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Oxidation-state formalisms for M(NR) functionality.
(A) Metal imido featuring dianionic, closed-shell (NR2−) functional group bound to a 

doubly oxidized metal. (B) Metal-iminyl featuring a monoanionic, open-shell (2NR−) moiety 

bound to a singly oxidized metal. (C) Singlet or triplet nitrene coordinating a neutral metal.
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Fig. 2. Copper nitrene preparation and solid-state analysis.
(A) Reaction scheme to access terminal (3 and 4) and dimeric (2) copper-nitrenoid motifs 

from treatment of (EMindL)Cu(N2) (1) with aryl azides. (B) Truncated solid-state structure of 

1 at 50% displacement ellipsoid probability. (C) Solid-state structure of 2 at 35% 

displacement ellipsoid probability. (D) Solid-state structure of 3 at 50% displacement 
ellipsoid probability. Color scheme: Cu (cobalt blue), F (yellow-green), N (blue), and O 
(red).
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Fig. 3. Copper nitrene isolation and structural analysis.
(A) Solid-state structure of (EMindL)Cu[N(C6H4

tBu)] (4) at 50% displacement ellipsoid 

probability. (B) Core bond metrics of {Cu[N(C6H4
tBu)])} (4). (C) Space-filling model of 4 

depicting steric shielding of the Cu–N bond vector. (D) 1H NMR spectrum overlay of 

(EMindL)Cu[N(C6H4OtBu)] (3, red), (ArL)Cu[N(C6H4OtBu)] (green), 

(EMindL)Cu[N(C6H4
tBu)] (4, cyan), (ArL)Cu[N(C6H4

tBu)] (purple). (E) 19F NMR spectrum 

of (EMindL)Cu[N(C6H4
tBu)] (4).
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Fig. 4. XAS.
(A) Cu K-edge, (B) Cu L2,3-edge, and (C) N K-edge absorption spectra of 

(EMindL)Cu[N(C6H4
tBu)] (4, red), (EMindL)Cu[H2N(C6H4

tBu)] (5, black), 

(EMindL)Cu{HN[3,5-(CF3)2C6H3]} (7, gray). Light-gray lines in (C) represent experimental 
data, with colored lines representing smoothed data.
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Fig. 5. SORCI calculations.
The 6-electron, 4-orbital subspace of a 12-electron, 8-orbital CAS (12,8) is used to depict 
leading configurations generated through a SORCI calculation of the triplet ground state of a 

truncated model of 4. The dominant configuration (58%) is that of a triplet nitrene bound to 
a Cu(I) center. The only other significant contribution (25%) has the configuration of a 
doublet iminyl bound to Cu(II) with the electrons ferromagnetically coupled because of 
orthogonality of the singly occupied MOs. The remaining configurations in the ground state 
have very low weights. The largest two of these are Cu(III)–imido (2.7%) and ferromagnetic 
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Cu(II)–iminyl (1.3%) configurations; the remaining configurations each account for less 
than 1% of the ground state. Calculations were initiated by using a starting set of orbitals 
generated through a hybrid density functional theory calculation (B3LYP, ZORA-def2-
TZVP(-f) on Cu, N; ZORA-def2-SVP on all other atoms).
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Fig. 6. Nitrene-transfer reactivity.
Treatment of (ArL)Cu with electron-deficient aryl azides in the presence of substrates affords 
C–H amination (toluene, cyclohexene, cyclohexane) and azirdination (styrene) products. 
Yields are reported in triplicate with respect to a 19F NMR internal standard of 
fluorobenzene.
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