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ABSTRACT: A CuI catalyst (1), supported by a framework of
strongly basic guanidinato moieties, mediates nitrene-transfer
from PhINR sources to a wide variety of aliphatic
hydrocarbons (C−H amination or amidination in the presence
of nitriles) and oleﬁns (aziridination). Product proﬁles are
consistent with a stepwise rather than concerted C−N bond
formation. Mechanistic investigations with the aid of Hammett
plots, kinetic isotope eﬀects, labeled stereochemical probes,
and radical traps and clocks allow us to conclude that carboradical intermediates play a major role and are generated by
hydrogen-atom abstraction from substrate C−H bonds or initial nitrene-addition to one of the oleﬁnic carbons. Subsequent
processes include solvent-caged radical recombination to aﬀord the major amination and aziridination products but also oneelectron oxidation of diﬀusively free carboradicals to generate amidination products due to carbocation participation. Analyses of
metal- and ligand-centered events by variable temperature electrospray mass spectrometry, cyclic voltammetry, and electron
paramagnetic resonance spectroscopy, coupled with computational studies, indicate that an active, but still elusive, copper-nitrene
(S = 1) intermediate initially abstracts a hydrogen atom from, or adds nitrene to, C−H and CC bonds, respectively, followed
by a spin ﬂip and radical rebound to aﬀord intra- and intermolecular C−N containing products.

I. INTRODUCTION
Atom/group transfer chemistry1 mediated by transition-metal
reagents is a powerful methodology for the engagement of
transferrable atoms (hydrogen,2 nitrogen,3 oxygen,4 sulfur,5
halogen6) or groups (boryl,7 carbene,8 nitrene9) in the
activation of C−H and CC bonds to construct new C−X
functionalities. Among diﬀerent C−N bond installation
approaches,10 metal-catalyzed nitrene insertions into C−H/
CC bonds to aﬀord amination/aziridination products9 reign
supreme in the synthetic chemist’s arsenal and have even
provided examples of biological signiﬁcance.11 Although many
metal reagents (especially of the coinage metals12 and Rh,13 but
also of Fe,14 Co/Ir,15 Ni,16 and Mn/Ru17) have been devised to
facilitate nitrene-transfer chemistry, signiﬁcant challenges
remain in assembling atom-economical and environmentally
friendly catalytic processes that enjoy high turnover numbers
and selectivity. In particular, C−H amination reactions have
© 2014 American Chemical Society

only recently evidenced the development of practical reagents
that supersede the historical porphyrinoid paradigms18 and
make use of Earth-abundant ﬁrst-row transition elements.
Moreover, mechanistic arguments,19 even for the better
established oleﬁn aziridination reactions,20 are far from settled,
especially in relation to (i) the mode of nitrene transfer from
suitable precursors (usually ArINR, RN3, RNNaX) to the
metal moiety, (ii) the electronic description of the catalytically
active, albeit elusive, metal nitrene species (MNR),12a,21 and
(iii) the manner by which the insertion/addition of nitrene to
the acceptor substrate takes place (concerted, stepwise).
In this report, a novel tripodal CuI reagent is presented that is
capable of mediating a wide range of alkane amination and
alkene aziridination reactions, as well as a rarely observed threeReceived: April 17, 2014
Published: July 15, 2014
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Scheme 1

and Table S1, Supporting Information (SI)]. 1H NMR data in
CD3CN solutions show that all four methyl groups [C(8)−
C(11)] coalesce to a broad signal (2.587 ppm) at 70 °C,
indicating simultaneous exchange due to rotation around all
three N(2,3,4)−C(7) bonds. It is worthwhile noting that the
N(2)−C(7) bond [1.320(2) Å] is elongated vs typical CN
bonds in guanidines26 and the corresponding bond in
[CuI(TMG3tren)]Cl,27 presumably due to metalation and
proximity to the aromatic group. The rotation is progressively
restricted with decreasing temperature (Figures S3 and S4, SI),
and eventually all four methyl groups resolve to four distinct
peaks [δ (ppm, CD3CN, −30 °C) = 3.078 (H(10)), 2.743
(H(11/9)), 2.683 (H(9/11)), 1.489 (H(8))].28 Peak assignments were assisted by theoretical calculations [B3LYP/6311+G(2d,p) single point NMR property determination at the
B3LYP/6-31G(d)-optimized geometry of 1]. The highest ﬁeld
peak is most likely due to the H(8) protons, which reside in the
shielded region of the aromatic groups. The lowest-ﬁeld peak is
best accommodated by the H(10) protons, pointing inward
with respect to the vacant cavity. The outward oriented protons
H(9) and H(11) are most likely responsible for the closely
spaced peaks in the intermediate ﬁeld, with the ﬁrst assignment
noted in the brackets above providing the best computational
ﬁt. The mononuclear structure is retained in solution according
to ESI-MS data (m/z = 647.35, [CuI(TMG3trphen)]+).
b. Catalytic Aminations. Amination with catalyst 1 of a wide
variety of C−H-containing substrates has proven to be most
productive with an excess of PhINTs (2 equiv) over
substrate and 10 mol % catalyst in a variety of solvents
[acetonitrile, acetonitrile/chlorobenzene (1:10 v/v), nitromethane] at room temperature (12 h reaction). Table 1
summarizes representative examples. Amination products for
which crystallographic data are available are noted in Table S2
(SI).
The most challenging cycloalkanes (entries 1−3) undergo
aminations in nitromethane, featuring yields that are competitive to those reported with Rh13a,d and coinage-metal
reagents, frequently employing excess substrate (≥5 equiv over
nitrene).12e,f,l Tertiary C−H positions (entries 4 and 5, Table
1) are regioselectively aminated in good yields, especially for
the sterically encumbered tertiary C−H bonds of adamantane.
Yields for the tert-C−H sites are comparable to those reported
for Rh,13a,d Mn/Ru,17b−e and Ag12f nitrene-transfer catalysts.
Benzylic substrates (entries 6−14, Table 1) can readily
undergo nitrene insertion in various solvents, with the best
yields obtained largely in acetonitrile. As anticipated, primary
benzylic positions (entry 6; for toluene derivatives see below)
are most challenging to aminate. The yields obtained are
analogous to those reported with other Cu reagents12b,d,e and
superior to those associated with Rh13d and Co15g nitrenetransfer chemistry. Secondary benzylic positions (entries 7−10)
are readily and regioselectively aminated, with yields crudely
increasing with decreasing C−H bond-strength values.

component addition to nitriles to provide amidinates.
Furthermore, the present catalyst enables the mechanistic
distinction of the two components of the stepwise nitrenoid
insertion operation, i.e., hydrogen abstraction/C−N recombination in aminations and nitrene addition/ring closure in
aziridinations. Moreover, this work highlights the importance of
carboradicals and carbocations in determining the product
proﬁle and pinpoints complexities arising from solvent-cage
eﬀects. Finally, while the majority of copper aziridination
reagents (including seminal chiral examples22) feature C2symmetric ligands,23 the current work investigates a catalyst
with the less explored C3-symmetric coordination geometry,12e−g,o,p supported by a highly basic, guanidinate-rich
framework that has recently found wide use in metal−oxo and
metal−dioxygen chemistry.24

II. RESULTS AND DISCUSSION
1. Synthesis and Catalysis. a. Synthesis and Characterization of the Cu(I) Reagent. The tris[(tetramethylguanidino)phenyl]amine ligand (TMG3trphen) used is readily prepared
from the previously reported 2,2′,2″-triaminotriphenylamine25
and the preformed chlorotetramethylformamidinium chloride
(Scheme 1). Metalation by [CuI(CH3CN)4][PF6] in THF,
followed by recrystallization from DMF, aﬀords
[CuI(TMG3trphen)][PF6] (1).
Compound 1 possessed a rigorous C3-symmetric coordination environment in the solid state, which features four distinct
sets of methyl groups on the TMG arms, one of them [C(10)]
pointing endo with respect to the metalated cavity [Figure 1

Figure 1. ORTEP diagram of 1 (cation only), drawn with 40% thermal
ellipsoids. Selective interatomic distances (Å) and angles (deg):
Cu(1)−N(1) = 2.355(2), Cu(1)−N(2) = 2.0129(15), N(2)−C(7) =
1.320(2), N(3)−C(7) = 1.366(2), N(4)−C(7) = 1.360(2); N(1)−
Cu(1)−N(2) = 78.54(4), N(2)−Cu(1)−N(2A) = 116.15(3).
11363
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Table 1. Amination (NHTs) of Hydrocarbons by 1a

attribute is noticeable with tert-benzylic sites (entries 11−13),
with yields frequently exceeding reported values, especially for
the sterically sensitive rhodium catalysts.13a,d Heteroatoms
readily direct NTs insertions into the vulnerable α-C−H
positions (entries 15 and 16). The initial product of
diphenylmethylamine amination is highly sensitive to
TsNCH2− loss upon workup, leading to substrate demethylation.31 Finally, it is noteworthy that no aromatic functionalization is observed, which can frequently betray the intervention
of diﬀusively free nitrene radicals, in sharp contrast to the TpxM
(M = Cu, Ag)-catalyzed aromatic aminations.12e,f
c. Catalytic Amidinations. In pure MeCN, a limited number
of substrates, largely those featuring tert-C−H sites, aﬀord
products of MeCN insertion (amidines), with concomitant
suppression of the yields of the usual amination products.
Tables 2 and S3 (SI) illustrate the products of amidination for
Table 2. Amidination of Substrate tert-C−H Bonds by 1a

a
Reaction conditions: 1, 0.025 mmol; substrate, 0.25 mmol; PhI
NTs, 0.50 mmol; solvent, 0.15 mL; molecular sieves (5 Å), 20 mg; t =
12 h. bIn acetonitrile. cIn benzonitrile.

a

Reaction conditions: 1, 0.025 mmol; substrate, 0.25 mmol; PhI
NTs, 0.50 mmol; solvent, 0.15 mL; molecular sieves (5 Å), 20 mg; t =
12 h. bIn nitromethane. cIn acetonitrile/chlorobenzene (1:10 v/v). dIn
acetonitrile.

tert-C−H bonds, with the assistance of three representative
substrates and two nitriles (MeCN, PhCN) employed as
solvent. In one instance, insertion of MeCN in the amination of
ethylbenzene was observed in minute yields (Figure S10, SI).
The amidination products in entries 1−3 (Tables 2 and S3,
SI) have been crystallographically characterized. For the
mechanistically diagnostic substrate cis-1,4-Me2-cyclohexane
(entries 3 and 4), only one product of RCN insertion is
obtained, indicating loss of stereochemical integrity (Figure 2).
The diequatorial conﬁguration (trans) of the two methyl
groups, along with the axial positioning of the amidine moiety
in the MeCN-inserted product, is also established by
computational work as the lowest-energy conformation (Figure
S5, SI). The same conformation is deduced from NMR analysis
(Figures S6−S9, SI) for the PhCN-inserted product (Table 2,
entry 4). At least three amination products can also be observed
in conjunction with the amidination product of cis-1,4-Me2cyclohexane in both MeCN and PhCN, but so far we have not

Speciﬁcally for ethylbenzene (entry 7), tetralin (entry 9),
cumene (entry 12), and 9,10-dihydroanthracene (entry 14),
products of desaturation (oleﬁnation/aziridination, aromatization) are also observed, along with traces of the precursor
oleﬁns. These products may arise from leakage of benzylic
carbocations and subsequent E1-type proton elimination,29 or
via double H atom abstraction by metal-centered moieties30
(see below for more details). In addition, the amination
product of 9,10-dihydroanthracene decomposes slowly to
anthracene and TsNH2 (approximately 60% deamination over
12 h). Yields for ethylbenzene (entry 7) are somewhat lower
than those obtained by Rh13a,d and Cu12d catalysts. On the
other hand, the present copper reagent is, on average, more
eﬃcient than Rh13 and Cu12 catalysts, as well as porphyrinoid
Mn/Ru17c−e and Co15a−d reagents, for the amination of
sterically encumbered sec-benzylic substrates. The same
11364
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Table 3. Aziridination (NTs) of Oleﬁns by 1a

Figure 2. ORTEP diagram of the product obtained from the
amidination of cis-1,4-Me2-cyclohexane in MeCN (Table 2, entry 3),
drawn with 40% thermal ellipsoids. Selective interatomic distances (Å)
and angles (deg): N(1)−C(8) = 1.309(8), N(2)−C(8) = 1.340(8),
N(2)−C(10) = 1.493(8), C(8)−C(9) = 1.498(8); N(1)−C(8)−N(2)
= 118.8(5), N(2)−C(8)−C(9) = 114.7(6).

been able to separate and unambiguously characterize these
products.32 The case of 2-methylbutane (entries 5 and 6) is
particularly informative, because in addition to the expected
amidination product, two isomeric aziridines were obtained in
low yields, presumably via aziridination of the precursor
oleﬁns,12p while the amination product is notably present in
suppressed amounts.
Acetonitrile-insertion byproducts have been mentioned in
passing by Evans in allylic aminations (NTs) of cyclohexene
mediated by M(TPP)+ and M(OTf)2 reagents (M = Mn, Fe;
TPP = tetraphenylporphyrin).12q They have been attributed to
nonradical [2 + 2] addition of the MNTs and NCR
moieties, followed by rearrangement to generate the nitrenoid
MN−C(NTs)R. However, the present CuI-residing cavity
is unlikely to accommodate a [2 + 2] rearrangement, and there
is no indication that activation of nitriles takes place by the 1/
PhINTs system in the absence of any other substrate.
Furthermore, the presumed nitrenoid would have been
expected to conduct amidinations, and potentially aziridinations, on a more extensive list of substrates.
A more straightforward explanation to account for the nitrileinserted products shown in Table 2 is provided by the Rittertype addition of carbocations to the nitriles via the N atom
terminus (R+ + R′CN → R′C+N−R, further illustrated in
Scheme 6 below).33 This mechanistically diagnostic reaction
distinguishes between carboradicals and carbocations,34 since
the former largely add to the carbon atom of the nitrile to
generate iminyl radicals [R• + R′CN → (R′)(R)CN•]
among other reactions.35 The interference of carbocations is
also evident in the formation of the oleﬁn precursors of the
aziridination products (entries 5 and 6), as expected for
carbocations participating in E1-type proton eliminations.
Further elaboration on the involvement of carbocations in
predominantly carboradical-based chemistry is provided in the
concluding section.
d. Catalytic Aziridinations. Aziridination of a panel of
oleﬁns (2.0 mmol) by the imidoiodinane PhINTs (0.25
mmol) was conducted in various solvents (MeCN, chlorobenzene, DMF, CH2Cl2) in the presence of catalytic amounts
of 1 (0.0125 mmol). Reactions in MeCN (0.15 mL) usually
aﬀord the highest yields, and those are collected in Tables 3 and
S4 (SI). Entries 1−9 feature a series of electron-diverse, paraand/or ortho-substituted styrenes, which undergo facile
aziridination with excellent yields and speed (some reactions
are complete in less than 30 min). More moderate results are

a

Reaction conditions: 1, 0.0125 mmol; substrate, 2.0 mmol; PhI
NTs, 0.25 mmol; acetonitrile, 0.15 mL; molecular sieves (5 Å), 20 mg;
t = 2 h.

observed only in the aziridination of the bulky, orthosubstituted 2,4,6-trimethylstyrene (entry 9). Equally good
yields, albeit at slower speeds, are observed in the aziridination
of α-substituted styrenes (entries 10 and 11), with the caveat
that the oleﬁn amination product is isolated for α-Ph, due to
11365

dx.doi.org/10.1021/ja503869j | J. Am. Chem. Soc. 2014, 136, 11362−11381

Journal of the American Chemical Society

Article

similar results previously reported.12q The ligandless system has
reportedly provided signiﬁcant loss of stereocontrol in the
aziridination of styrenes; hence, a dichotomy has been
proposed12q and since propagated in the literature20 between
alkyl-substituted oleﬁns that undergo concerted aziridinations
and styrenes that are candidates for stepwise nitrene-transfer.
However, the results of Table 4 with cis-2-hexene suggest that
scrambling of stereochemistry is experienced in all cases
examined, albeit to a variable degree. The AgI congener37 of
1 (entry 9) does not provide any products of aziridination, in
contrast to Pérez’s CuI and AgI C3-symmetric reagents, which
are both active catalysts.12e,f Finally, it has been reported that
the corresponding [CuI(TMG3tren)]+ does not react when
mixed with PhINTs.38
Notably, the system 1/PhIO/TsNH2 is equally eﬀective in
aziridinations, but 1/PhI(O2CtBu)2/TsNH2 is unproductive,
due to ligand stripping and formation of [Cu2(O2CtBu)4].
2. Mechanistic Studies. a. Hammett Plots. i. Aziridinations. Competitive aziridination reactions of a panel of parasubstituted styrenes (1.0 mmol) vs styrene (1.0 mmol) by
PhINTs (0.25 mmol) or PhINNs (Ns = −SO2C6H4-pNO2) in the presence of 1 (0.0125 mmol) in MeCN have
permitted the construction of Hammett plots (Figure 3, top,
and Tables S5 and S6, SI) with the assistance of 1H NMR
spectroscopy. Most intriguing, and counterintuitive for an
electrophilic reaction, is the observation that styrenes with
electron-withdrawing substituents are more reactive than
styrene itself in aziridinations by NTs (with the exception of
CF3), albeit not by NNs (with the exception of Cl). Pérez and
Templeton have previously noted12g the “slightly accelerating”
eﬀect of electron-withdrawing substituents in the aziridination
(NTs) of para-substituted styrenes by CuI hydrotrispyrazolyl
borate catalysts, and several copper-mediated aziridinations
(NTs) by Evans12q point to the same eﬀect. As a consequence,
for NTs aziridinations, typical polar substituent constant
parameters (σp, σ+, σmb) provide poor correlations. In contrast,
application of Jiang’s dual-parameter correlation for radical
reactions [log(kX/kH) = ρmbσmb + ρJJ•σJJ• + C],39 which
combines both polar substituent (σmb) and spin-delocalization
constant (σJJ•) parameters, has the advantage of being
developed with the assistance of radical additions to styrenes40
and aﬀords a reasonable, albeit not fully satisfying, correlation
(ρmb = −0.22, ρJJ• = 0.44, R2 = 0.84), establishing the
importance of both polar (modest positive charge developing)
and spin-delocalizing eﬀects (|ρmb/ρJJ•| = 0.5). Competitive
NNs aziridination data [log(kX/kH)] can be crudely correlated
with the general σp scale, and the ﬁt can be improved by
employing the resonance-responsive σ+ parameters (R2 = 0.93
for σ+, 0.86 for σp), as expected. Marginal improvement is
achieved by employing Jiang’s dual-parameter approach (ρmb =
−0.42, ρJJ• = 0.43, R2 = 0.94). The modest negative ρmb value
(−0.42) is more pronounced than that obtained for NTs
aziridinations, suggesting a more prominent positive charge
developing en route to the transition state for the more
electrophilic NNs moiety, whereas the much larger |ρmb/ρJJ•|
ratio (0.98) conﬁrms the predominance of polar over spin
eﬀects, more likely due to an early transition state.
Similar or higher polar over spin-delocalization eﬀect values
have been obtained in aziridination (NR) of p-substituted
styrenes by Pérez’s TpxM (M = Cu, Ag) systems20 [|ρ+/ρ•| =
0.925−1.625 (NTs); ρ• is associated with the Jackson41 spindelocalization scale] and Che’s [Ru(Por)(NSO2R)2] compounds17b,d [|ρmb/ρJJ•| = 0.55, 2.02 (NTs), 1.46 (NNs)], while

facile ring-opening under the reaction and/or workup
conditions (conﬁrmed with the authentic aziridine). Two
mechanistically instructive β-substituted (Me, Ph) styrenes
aﬀorded excellent yields in their cis conﬁguration (entries 13
and 14), but with scrambling of stereochemistry, accentuated
by bulk. The corresponding trans β-substituted styrenes
(entries 12 and 15) provide trans-aziridines in more moderate
yields. Entry 16 provides an example in which both
aziridination and benzylic amination occur, albeit the former
dominates the product proﬁle. A series of cycloalkenes (entries
17−19) provide good to excellent conversions to the
corresponding aziridines, the yield improving with increasing
electron-rich character, but also decreasing due to the
concomitant generation of allylic amination products. exoEnes such as methylenecyclohexane (entry 21) are very
eﬃciently aziridinated, as are electron-deﬁcient alkyl acrylates
(entries 22 and 23) and electron-rich, alkyl-substituted oleﬁns
(entries 24−27). The aziridinations of the electron-rich cisalkenes (entries 26 and 27) provide signiﬁcantly better
retention of stereochemistry than that obtained for cis-βmethylstyrene (entry 13), but the cis/trans selectivities do not
necessarily indicate any mechanistic shift toward concerted
addition of the nitrene moiety for the alkyl-substituted oleﬁns
(see below).
For comparative purposes, the stereospeciﬁcity of the
aziridination (PhINTs, 0.25 mmol)) of cis-2-hexene (2.0
mmol) was examined with the aid of several common copper
sources (0.0125 mmol) and two iconic chiral auxiliary ligands
(0.0137 mmol), Evans’ 2,2′-isopropylidenebis[(4S)-4-phenyl-2oxazoline] (E) 22b,36 and Jacobsen’s (1R,2R)-bis((2,6dichlorobenzylide)diamino)cyclohexane (J),22a in MeCN or
CH2Cl2. Isomer ratios (cis/trans) are collected in Table 4. The
Table 4. Aziridination (NTs) of cis-2-Hexene by Cu/Ag
Reagentsa

entry

Cu/Ag reagent

ligand

solvent

aziridine
(cis/trans)

1
2
3
4
5
6
7
8
9

Cu(OTf)2·toluene
Cu(OTf)2·toluene
[Cu(NCMe)4]PF6
[Cu(NCMe)4]PF6
Cu(OTf)2
[Cu(NCMe)4]PF6
[Cu(NCMe)4]PF6
[Cu(NCMe)4]PF6
[AgI(TMG3trphen)]PF6

E
E
E
E
E
J
J

MeCN
CH2Cl2
MeCN
CH2Cl2
MeCN
MeCN
CH2Cl2
MeCN
MeCN

67/33
62/38
72/28
74/26
69/31
94/6
95/5
92/8
no products

a

Reaction conditions: 1, 0.0125 mmol; ligand, 0.0137 mmol; substrate,
2.0 mmol; PhINTs, 0.25 mmol; solvent, 0.15 mL; molecular sieves
(5 Å), 20 mg; t = 2 h; room temperature.

Evans auxiliary seems to be associated with signiﬁcant loss of
stereochemistry (entries 1−5), the best result (entry 4) being
essentially equivalent to that observed with the system 1/PhI
NTs (entry 26, Table 3). In contrast, Jacobsen’s ligand
furnishes superior stereocontrol (entries 6 and 7). In the
absence of any speciﬁc ligand, [Cu(NCMe)4][PF6] alone
provided high stereospeciﬁcity (entry 8), in agreement with
11366
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Figure 3. Top: Linear free energy correlation of log(kX/kH) vs (σmb, σJJ•) for aziridination of para-substituted styrenes catalyzed by (a) 1/PhINTs
and (b) 1/PhINNs. Bottom: Linear free energy correlation of log(kX/kH) vs σ+ for amination of para-substituted toluenes by (c) 1/PhINTs and
(d) 1/PhINNs.

Betley’s FeII−dipyrrinato complexes42 provide an unusually low
|ρmb/ρJJ•| ratio of 0.04 (for NAd).
Incidentally, competitive aziridination of each para-substituted styrene (Table S7, SI) by equimolar amounts of PhI
NTs and PhINNs indicates that aziridinations by NNs are
2−7 times faster than those with NTs, in agreement with the
anticipated electrophilic nature of the reactive oxidant.
ii. Aminations. Hammett plots resulting from competitive
amination reactions (followed by 1H NMR) of a panel of nine
para-substituted toluenes (4.0 mmol) vs toluene (4.0 mmol) by
PhINTs or PhINNs (0.50 mmol) in the presence of 1
(0.050 mmol) in MeCN (Tables S8 and S9, SI) are shown in
Figure 3 (bottom). Both NTs- and NNs-based aminations
correlate reasonably well with σp and even better with σ+
parameters [R2 = 0.92 (NTs), 0.95 (NNs)], demonstrating
signiﬁcant development of positive charges [ρ+ = −1.16 (NTs),
−0.91 (NNs)], being slightly less pronounced for NNs,
probably due to an earlier transition state. Application of the
dual parameter approach leads to insigniﬁcant improvements
(NTs, ρmb = −1.19, ρJJ• = 0.81, R2 = 0.94; NNs, ρmb = −0.92,
ρJJ• = 0.30, R2= 0.95), which, however, depict the large
dominance of polar eﬀects (|ρmb/ρJJ•| > 1), as expected for a
C−H bond scission reaction. The prototypical H atom
abstraction from toluenes by the bromine atom, which is
known to give rise to polar transition states,43 provides
Hammett correlations with similar ρ+ values [−1.26 (40 °C),
−1.17 (10 °C)].
More modest ρ+ values (−0.47,13g −0.55,13c −0.66,44
−0.73,13a −0.9013f) are obtained in Rh-based, apparently
concerted, benzylic aminations, whereas more sizable values,
similar to those obtained with 1, are provided by the

structurally analogous [Ru2(hp)4Cl] (ρ+ = −0.90) and
[Ru2(esp)2SbF6] (ρ+ = −1.49),17a reportedly operating via a
stepwise mechanism. Surprisingly, data provided by FeII−
dipyrrinato42 and Co(Por)15g amination catalysts can only be
correlated with the use of both polar and spin-delocalization
parameters, featuring very low |ρmb/ρJJ•| values [0.358 (Fe),
0.008 (Co)].
b. KIE Measurements. i. Tertiary and Benzylic C−H
Aminations. A primary deuterium kinetic isotope eﬀect
(KIE) for the tertiary C−H position was evaluated with the
assistance of 1,3-d2-adamantane (96.7 ± 0.2% D2), which was
allowed to react in excess (1.3 equiv) with PhINTs or PhI
NNs (1.0 equiv) in the presence of 1 (0.1 equiv) in a mixture of
MeCN/chlorobenzene (1:10 v/v) (Scheme 2). The KIE value
Scheme 2

was assessed most consistently via ESI-MS, by extracting the
ratio of sodiated [d2-t-AdN(H)X + Na]+ (X = Ts, Ns) vs [d1-tAdN(H)X + Na]+, as well as the ratio of adamantyl fragments
[d2-t-Ad]+ vs [d1-t-Ad]+ after cleavage of the amine moiety.
After applying the necessary corrections45 for (i) the isotopic
natural abundance contribution of the d1- to the d2-containing
ion and (ii) the fact that the substrate contains 3.3% of 1-d1adamantane, we arrive at a KIE of 4.9 ± 0.2 for NTs-based and
3.3 ± 0.2 for NNs-based adamantane aminations.
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anticipated, the KIE values are sensitive to the electronic nature
of the nitrene moiety, with the more electrophilic NNs
exhibiting signiﬁcantly lower values, most likely due to an
earlier transition state. Consequently, arguments attempting
comparisons between literature-reported KIE values for
aminations should take the electronic constitution of the NR
group into account. Interestingly, Rh-catalyzed tert-C−H
aminations aﬀord similarly high KIE values (3.5−5.0).13f,g
Hence, a distinction between concerted (for Rh) and two-step
pathways (for all other elements, with some possible
exceptions17g) cannot be readily made on this evidence alone
for tert-C−H sites.
ii. Aziridinations. Secondary KIE data (k H /k D ) for
aziridination reactions were collected with the assistance of
suitably deuterated styrenes (Scheme 4). First, the β-styrene

Nicholas has reported comparable KIE values for the metalfree, iodine-catalyzed amination of 1,3-d2-adamantane by PhI
NTs (KIE = 5.12) and PhINNs (KIE = 2.68).46 Müller has
also reported a similar KIE value (3.5 ± 0.2) for the
[Rh2(OAc)4]-catalyzed amination (PhINNs) of the same
substrate.13f Very limited KIE data are available for unactivated
C−H bond amination by nitrene-transfer chemistry, the most
prominent being those for the amination of cyclohexane/d12cyclohexane by Warren and co-workers’ copper β-diketiminates/AdN3 [KIE = 6.6(1)],12b Huard and Lebel’s [Rh2(tpa)4]/
TrocNHOTs (KIE = 5),13g and Che and co-workers’
[RuIV(F20-TPP)Cl2]/N3P(O)(OCH2CCl3)2 (KIE = 5.1)17e
and [Fe(qpy)(MeCN)2](ClO4)2/PhINTs (KIE = 4.8, 25
°C).14f
The KIE for benzylic positions was assessed by virtue of the
amination of 1-d-ethylbenzene (D1 = 97.4 ± 0.2%), under the
conditions noted for adamantane, albeit in nitromethane
(Scheme 3). The KIE values [4.1 ± 0.2 (NTs) and 3.2 ± 0.2

Scheme 4

Scheme 3

(NNs)] were extracted from the H/D content of the benzylic
position in the resulting amines (evaluated most consistently by
1
H NMR) and further corrected for the presence of 2.6%
ethylbenzene. The observed KIE values encompass both
primary and secondary eﬀects [(kH/kD)obs = (kH/kD)prim(kD/
kH)sec]; hence, the true primary KIE value for the amination of
benzylic C−H bonds may be somewhat higher. Under the
reaction conditions of this KIE experiment, the desaturation
and doubly tosylated byproducts (Table 1, entry 7) were not
detected.
These KIE values are more modest than those reported for
the amination of ethylbenzene/d10-ethylbenzene by copper or
nickel β-diketiminates/AdN3 [KIE = 5.3(2),12b 4.6(4)16a], and
stoichiometric [Ru VI (Por)(NTs) 2 ] (KIE = 11) 17d or
[RuVI(Por)(NNs)2]/pyrazole (2% w/w) (KIE = 4.8).17b A
similarly high KIE value is obtained in Du Bois’ [Ru2(hp)4Cl]catalyzed intramolecular benzylic amination of PhCH(D)CH2OSO2NH2 combined with PhI(O2CtBu)2 (KIE = 4.9 ±
0.2),17a although the corresponding [Rh2(OAc)4]-catalyzed
reaction provides a moderate KIE value (2.6 ± 0.2),13c,17a
consistent with a stepwise versus a concerted mechanism,
respectively. Very large KIE values have also been reported for
the amination of toluene/d8-toluene by [CoII(Por)]/NsN3
(KIE = 14) 15g or Fe−dipyrromethene/AdN 3 [KIE =
12.8(5)].14a The copper-diimine catalyzed competitive amination of PhCMe2H/PhCMe2D by TsNNaCl gives a more
modest KIE value (4.6),12c whereas a Sc3+-stabilized CuNTs
intermediate aﬀorded a value of 5.1 with d4-dihydroanthracene.21a
The sizable KIE values reported here for aminations of tertC−H and benzylic positions by 1 are consistent with C−H
bond cleavage in the reaction mechanism. If we assume, as
computational work suggests (see below), that C−H cleavage is
also the turnover-limiting step, then concerted C−H bond
activation is inconsistent with these high KIE values, and a twostep process, involving substrate-centered carboradical and/or
carbocationic intermediates, may be a more likely scenario. As

position was examined by virtue of the competitive
aziridination (PhINTs, 0.25 mmol) of PhCHCH2/
PhCHCD2 (1.0 mmol of each oleﬁn), mediated by 1
(0.0125 mmol) in CH3CN. An inverse KIE value (kH/kD = 0.91
± 0.02) was evaluated by 1H NMR, suggesting N−C
association between the electrophilic nitrenoid moiety and
the β-styrene site in the transition state. The α-styrene position
was then studied in a similar experiment involving PhCH
CH2/PhCDCH2. A normal, albeit minute, KIE value of kH/
kD = 1.03 ± 0.02 was obtained, indicating that the α-oleﬁnic site
is unlikely to be engaged in the electrophilic phase of the
nitrene addition to the oleﬁn in tandem with the β-site
(concerted, asynchronous NTs addition). The competitive
addition of NTs to p-MeO-PhCHCH2/p-MeO-PhCD
CH2 also furnishes a similar KIE value (kH/kD = 1.02 ± 0.02)
for an oleﬁn that exhibits better retention of stereochemistry
upon aziridination (see below). If anything, these miniscule
KIE values might denote a slight α-D eﬀect47 with respect to
the incipient Cα-centered radical or carbocation.
c. Stereocontrol in Oleﬁn Aziridinations. The stereospeciﬁcity in the aziridination of oleﬁns was further studied
with the aid of three trans-deuterated para-substituted styrenes
[(E)-p-X-C6H4CHCHD; X = MeO, H, CF3; 2 mmol]
subjected to aziridination by PhINTs (0.25 mmol) in the
presence of 1 (0.0125 mmol) in CH3CN. The resulting
aziridines were analyzed in situ by 2H NMR (and 1H NMR) to
provide the relative cis/trans deuterium content at the β-CHD
position. The results (Scheme 5) show a small but discernible
increase in stereospeciﬁcity with increasing electron-donor
character of the para-substituent.
Incidentally, no isomerization of the remaining styrene is
detected; hence, the aziridination step does not show signs of
reversibility. In addition, no incorporation of deuterium in the
α-C position is observed, suggesting that 1,2-H/D exchange is
not operative. Assuming that the barriers for Cα−Cβ bond
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is observed thereafter. A plateau at (1-AdBr + 1-AdCl)/(1AdNHTs) = 1.2 is quickly reached in the low CBrCl3
concentration region (0.03−0.1 M). A gradual increase of the
product ratio (approaching 1.5 at [CBrCl3] = 1.6 M) is
observed at higher concentrations of CBrCl3. Interestingly, 1AdCl supersedes 1-AdBr at very low CBrCl3 concentration
(<7.0 mM), but 1-AdBr rises rapidly at the expense of 1-AdCl
at higher CBrCl3 concentration (1-AdBr/1-AdCl = 10;
[CBrCl3] = 0.034 M). The reported 1-AdBr/1-AdCl ratio of
1750 for capturing authentic adamantyl radicals is only reached
at [CBrCl3] = 0.5 M. Chloroform was not detected; hence,
interference due to H atom abstraction by •CCl3 and initiation
of a radical chain reaction is not anticipated.51
A dual plateau theory has been anticipated and partially
observed in relation to cage eﬀects associated with Co−C bond
homolysis of adocobalamin and subsequent trapping of
adenosyl radicals by TEMPO.49a The use of TEMPO in our
case produces a complicated product proﬁle that points toward
a multitude of side reactions. The plateau around 1.2 in Figure
4 can be reasonably interpreted as a reﬂection of an
approximately 55:45 balance between diﬀusively free and
caged-trapped 1-adamantyl radicals. As the concentration of
CBrCl3 increases above 0.1 M, the trap is anticipated to start
inserting into the solvent-cage walls and thus initiate trapping
of caged radicals in competition with radical rebound. Hence,
the ratio of (1-AdBr + 1-AdCl)/(1-AdNHTs) is expected to
rise, but as the overall product yield eventually starts curving
downward at [CBrCl3] ≥ 2.0 M, no further insights can be
gleaned from the high CBrCl3 concentration region. It is
conceivable that metal/trap halogen-atom transfer chemistry
(CuI + CX4 → CuII−X + •CX3; X = Br, Cl) may interfere at
high CBrCl3 concentration.
These results are also qualitatively consistent with observations in concentrated acetonitrile solutions, in a series of
aminations of adamantane (0.25 mmol, 1.0 M) by 1 (0.025
mmol)/PhINTs (0.5 mmol) in acetonitrile (0.25 mL), to
which variable concentrations of CBrCl3 (≤1.0 M) were added.
In the absence of CBrCl3 the ratio of products of amidination
over amination is 1.3. Addition of CBrCl3 leads to progressive
reduction of the amidination product in favor of 1-AdBr/1AdCl, while the amination product remains largely unaﬀected.
These results are consistent with the release of diﬀusively free
1-adamantyl radicals, which are subject to oxidation to the
carbocation (precursor of the amidination product), most likely
by CuII sites, in competition with trapping by CBrCl3 (Scheme
6).34
The ratio of in-cage/out-of-cage radical trapping will most
likely depend on the substrate. Indeed, a preliminary series of
experiments involving the amination of ethylbenzene in the
presence of variable concentrations of CBrCl3 aﬀords a high
ratio of PhCH(NHTs)CH3/PhCHBrCH3 (≥5.0). This may

Scheme 5

rotation will not be much aﬀected by the nature of the parasubstituent, the observed trend is better accommodated by the
presence of a dominant benzylic carboradical rather than a
carbocation. The latter should be expected to suppress the rate
of addition of the NTs moiety to the α-oleﬁnic site with
increasing electron-donor character of the para-substituent in
the nucleophilic phase of a two-step mechanism. In contrast,
recent work48 has indicated that the barriers for the
recombination of carboradicals with metal attached moieties
are reduced for more-electron-rich radicals, since the barrier for
the 3e− bond formation (N−Cα in our case) is essentially
dictated by the ease of oxidation of the carboradical.
d. Radical Trap and Clock Studies. i. CBrCl3. In order to
evaluate the evolution of the putative solvent-caged {[LCu−
NHTs]+/R•} intermediate with respect to “in-cage” recombination vs radical diﬀusion in the solvent at large, the eﬃcient
carboradical trap CBrCl3 (R• + CBrCl3 → RBr + •CCl3) was
used in the amination of adamantane (0.25 mmol, 0.1 M) by 1
(0.025 mmol)/PhINTs (0.5 mmol) in chlorobenzene (2.5
mL). The concentration of CBrCl3 was varied from 0.0 to 2.0
M, and the product proﬁle (1-adamantyl-NHTs, 1-bromoadamantane, 1-chloroadamantane), along with the remaining
adamantane, was quantiﬁed in situ by 1H NMR spectroscopy.
In these dilute solutions the yield of amination in the absence
of CBrCl3 is low (20%), but such solutions are necessary to
assess the trapping of diﬀusively free radicals, since at high
concentrations of CBrCl3 (>0.1 M) the trap is expected to
become an integral part of the solvent cage.49
Figure 4 depicts the ratio of halogenated products (1-AdBr +
1-AdCl) over the amination product 1-AdNHTs, as a function
of increasing concentration of CBrCl3. The overall yield of the
reaction with respect to adamantane remains within a narrow
range (20 ± 2%) up to [CBrCl3] = 1.6 M; lowering of the yield

Scheme 6

Figure 4. Ratio of halogenated (1-AdBr + 1-AdCl) over amination (1AdNHTs) products vs the concentration of CBrCl3.
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explain why potentially carbocation-derived products (aziridine,
amidine) in the amination of ethylbenzene (Table 1, entry 7)
are obtained in low yields. In contrast, 2-methylbutane provides
very little amination product (Table 2, entries 5 and 6), which
suggests that the tert-radical precursor may largely be diﬀusively
free.
ii. Radical Clock. Ingold’s fast radical clock 1-benzyl-trans-2phenylcyclopropane52 (1 equiv) was used in catalytic
aminations (PhINTs, 2 equiv) mediated by 1 (0.1 equiv)
in CH3CN. The product proﬁle obtained (Scheme 7) includes
both ring-opened and ring-closed products in low yields.
Figure 5. B3LYP/6-311+G(2d,p)-optimized structures of SSR/RRS
(left) and SSS/RRR (right) isomers.

Scheme 7

a single compound56) were isolated. More recently, Warren and
co-workers have also applied the same radical clock in a
dicopper−nitrene [Cu2(μ-NtBu)]-mediated amination, yielding
only the ring-opened oleﬁnic amination product.12a
Given that the benzylic radical, generated by H atom
abstraction, has been calibrated by Ingold and co-workers52 to
ring-open with a rate constant of kr = (3.6 ± 0.5) × 108 s−1 at
40 °C (or approximately 2.0 × 108 s−1 at room temperature)
and that the ratio of ring-opened to ring-closed products in the
present experiments is 1.07:1, we estimate that the apparent
rate constant for the incipient radical/carbocation recombination (kR) with the putative [LCu−N(H)Ts]+ moiety would be
of similar magnitude (kR ≈ 1.9 × 108 s−1, at room temperature).
The apparent radical/carbocation lifetime (τ = 1/kR) would
thus be in the vicinity of 5 ns. It is unlikely that the ring-opened
and ring-closed products represent parallel stepwise and
concerted amination mechanisms, respectively, since there is
no other evidence supporting a concerted NTs-insertion
pathway.
The radical clock kinetics is predicated on the assumption
that the competition between radical-pair recombination (kR)
and rearrangement (kr) is taking place in the absence of other
interfering factors (Scheme 9, top line). However, following an

The ring-opened products are known E-oleﬁns53 and were
identiﬁed by 1H NMR with the assistance of authentic samples.
The alcohol presumably results from capturing of the ringopened radical or carbocation by residual water. Scrupulous
exclusion of water reduces the alcohol to trace amounts and
increases the amount of the amine, indicating competition for
capturing the ring-opened electron deﬁcient site, most likely a
carbocation. The radical clock does not distinguish between an
initially generated ring-closed benzylic radical or carbocation;
hence, a ring-opened carbocation can either result from the
rearrangement of a ring-closed carbocation, or, more likely, via
oxidation of a diﬀusively free ring-opened radical.
The ring-closed products of benzylic amination are isolated
as diastereomers (3.7:1) that can be separated and puriﬁed as
oils by TLC. They have been identiﬁed with the assistance of
authentic samples, prepared by cyclopropanation of the known
precursor allylic amine54 with the Wittig−Furukawa reagent
Zn(CH2I)2.55 Interestingly, the zinc reagent provides the
diastereomers in the inverse ratio of 1:6 (Scheme 8).
COSY, HMQC, and HMBC NMR data have been collected
to assist in assigning all proton and carbon atoms (Figures
S12−S15 and S17−S21, SI), and NOESY spectra (Figures S16
and S22, SI) have been obtained to facilitate the stereochemical
assignment of the two isomers (Figure S11 and Table S10, SI)
in conjunction with calculated structures (Figure 5). The best
ﬁt aﬀords SSR/RRS (major) and SSS/RRR (minor) assignments for the three stereocenters (from left to right in Scheme
7) of the diastereomers produced by the Cu-mediated
amination.
The same radical clock has been used by Barman et al.12c in a
similar CuI-mediated NTs-insertion reaction. Both ring-opened
E/Z-oleﬁnic amines and the closed-ring amination product (as

Scheme 9

argument made by Groves and co-workers,57 if the solventcaged radical pair is also susceptible to cage escape via solventseparated radical-pair dissociation (kd1) and eventually out-of-

Scheme 8
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cage diﬀusion (kd2), as the aforementioned experiments with
CBrCl3 suggest (although to a limited extent for ethylbenzene),
then the experimentally deduced radical recombination rate
constant (kR) may be underestimated. Indeed, in a hypothetical
scenario in which the rate constants for radical-pair
recombination (kR) and cage escape (kd) are about equal and
at least an order of magnitude above the rate constant for
radical rearrangement (kr), then the experimentally derived
ratio of ring-opened vs ring-closed products will largely reﬂect
the competition between radical-pair recombination vs cage
escape.
e. Metal- and Ligand-Centered Events. i. Variable-Temperature ESI-MS (VT-MS) Data. Variable-temperature, cryosprayESI-MS (VT-MS)58 spectra have been obtained from
acetonitrile solutions of 1 and PhINTs (variable ratios;
Figures 6 and S23−S25, SI), initially mixed at low temperature

Scheme 10

Figure 6. Top: VT-MS spectra from reaction of 1 and PhINTs
(1:0.75) in MeCN at −50 °C and diﬀerent time intervals, (a) 1.5−2.0
min, (b) 2.0−2.5 min, (c) 2.5−3.0 min, (d) 3.0−3.5 min, (e) 3.5−4.0
min, and from reaction of 1-d36 and PhINTs (1:0.5) in MeCN at
−50 °C for (f) 1.5−2.0 min. Bottom: (Left) Decay of m/z 816.4 and
buildup of m/z 815.4 as a function of temperature (1/PhINTs,
1:0.75). (Right) Decay of m/z 851.6 and buildup of m/z 850.6 as a
function of temperature (1-d36/PhINTs, ≤1 equiv vs 1-d36) in
MeCN.

(−50 °C) and sampled after 30−60 s of stirring. Although the
cation of 1 (m/z = 647.4) dominates, small discernible features
of other cations become apparent. Key among them is the
cluster of peaks starting at m/z = 815.4, which contains at least
two species (m/z = 815.4 and 816.4; Figure 6a). The 816.4 ion
can be better detected with substoichiometric amounts of
PhINTs vs 1 (ratios ranging from 0.5:1 to 1:1). Most
importantly, a series of spectra obtained as a function of time at
constant temperature (Figure 6a−e) indicate gradual loss of the
816.4 cation with concomitant buildup of the 815.4 cation. In
addition, the same trend is observed as a function of raising the
temperature from −50 to 30 °C, correlating reasonably well
with a direct conversion of cation m/z 816.4 to 815.4 (Figures
6 (bottom) and S26, SI). The m/z 815.4 cation is stable at
room temperature and has been isolated from large-scale
reactions of 1 and PhINTs (3 equiv) in CH3CN as CuII

Figure 7. ORTEP diagram of 2 (cation only) drawn with 40%
ellipsoids. Selective interatomic distances (Å) and angles (deg):
Cu(1)−N(1) = 2.073(7), Cu(1)−N(2) = 2.092(7), Cu(1)−N(5) =
2.119(7), Cu(1)−N(8) = 2.027(7), Cu(1)−N(11) = 1.960(7);
N(11)−Cu(1)−N(1) = 169.9(3), N(11)−Cu(1)−N(2) = 105.7(3).

species 2 (Scheme 10, Figure 7, Table S1, SI), featuring
insertion of NTs into the C−H bond of a ligand Me group.
Similar ligand-centered insertions have been observed in
metal−oxo24b,59 and metal−nitrene chemistry.14i,15i,60 Notably,
species 2 is one oxidizing equivalent above the 1/PhINTs
level. A similar compound (Figure S2, Table S1, SI) has been
obtained from 1/PhINSO2Ph-p-MeO.
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The identity of the cation with m/z 816.4 is more challenging
and could include (i) the elusive [LCuNTs]+ oxidant 3; (ii)
the CuI species 4, i.e., the initial product of NTs ligandinsertion at the same oxidation level as 1/PhINTs; and (iii) a
combination of 3 and 4 (Scheme 10). To distinguish among
these possibilities, the perdeuterated-methyl analog [CuI(d36TMG3trphen)][PF6] (1-d36) was synthesized and examined by
variable-temperature (VT) cryospray-ESI-MS in combination
with PhINTs (≤1 equiv vs 1-d36; Figures 6f and S27, SI).
The cluster of peaks starting at m/z 850.6 is the deuterium
analog of the all-protio m/z 815.4 cluster noted above and
reveals again the presence of at least two ions (m/z 850.6 and
851.6). The m/z 850.6 ion conﬁrms the identity of the
corresponding all-protio 815.4 ion as the NTs ligand-inserted
compound 2-d35. However, the m/z 851.6 ion, which decays in
exactly the same time- and temperature-dependent manner as
the all-protio 816.4 ion (Figure 6, bottom), is not consistent
with the deuterated version of 3 (m/z = 852.6, 3-d36) but rather
with 4 (m/z = 851.6, 4-d35), featuring an N−H bond, probably
due to quick H/D exchange. However, the isotopic pattern
cannot exclude the presence of 3-d36 as a minor component.
These results suggest that the reaction pathway observed in the
1/PhINTs system is the generation of 4 via ligand-centered
NTs insertion (Scheme 10) and its conversion to 2 via a formal
one-electron oxidation, coupled to deprotonation (or an
equivalent hydrogen-atom abstraction).
Which species serves as the one-electron oxidant? By analogy
to similar ligand-based oxo insertions studied by Que and coworkers,24b we ﬁrst entertained the possibility that the elusive
[LCuNTs]+ (3) might be responsible for the oxidation of 4
to 2 via H atom transfer (comproportionation reaction;
Scheme 11A), giving rise to [CuII−N(H)Ts]+ amide (5).
However, formation and/or decay of 5 (m/z 817.4) has not
been observed by means of VT-MS; hence, the operation of
this reaction scheme is questionable, unless 5 is highly reactive.
An alternative hypothesis is that [CuII(TMG3trphen)]2+ (6)
might serve as the oxidant (Scheme 11B). This CuII ion is
detected in 1/PhINTs solutions by ESI-MS [as the 2+ ion
(m/z = 323.7) and as [CuII(TMG3trphen)(Cl)]+ (m/z =
682.3) in combination with incident chloride in the MS cavity],
as well as by means of electrochemical and EPR data (see
below). The CuII compound 6 has been prepared independently by one-electron oxidation of 1 by AgPF6 in MeCN and
has been crystallographically characterized (Figure S1 and
Table S1, SI) as the ﬁve-coordinate [CuII(TMG3trphen)(MeCN)][PF6]2. Although the exact provenance of 6 in the
reaction chemistry of 1/PhINTs is not yet known, it is
reasonable and thermodynamically feasible (see electrochemical
data below) to suggest that the oxidation of 4 may be due to
[CuII(TMG3trphen)]2+ (6), generating the NTs-inserted
product 2 and [CuI(TMG3trphen)]+ (1) (Scheme 11B).
A few other ESI-MS-derived observations are potentially
relevant to the operation of the 1/PhINTs system.
Assignments were made with the assistance of parallel 1-d36/
PhINTs experiments. First, not only is the single NTs
insertion product 2 observed but also very small amounts of the
double (m/z = 984.4) and even a trace of the triple (m/z =
1153.4) NTs-insertion product, presumably involving successive insertions into the other two guanidinyl arms. These
multiple insertions suggest that the precursor CuI species 4 may
be capable of sustaining further nitrene-transfer chemistry.
Second, ESI-MS analyzed solutions of 1/PhINTs mixtures
show that the Cu species that have undergone NTs insertion(s)

Scheme 11

into ligand NCH3 moieties are also accompanied by coppercontaining fragments (m/z = 633.4, 801.4, 970.4) that indicate
loss of TsNCH2− groups, eﬀectively resulting in ligand
demethylation (−N−CH3 + “NTs” → −N−CH2NHTs →
−N−H + “TsNCH2”). It is possible that these species represent
gas-phase fragmentation chemistry under the ESI-MS voltage,
since even pure 2 is attended by the demethylated congener.
Nevertheless, by analogy to the observations in entry 16 (Table
1), R2N−CH2−NHTs are inherently unstable toward products
of N-demethylation. Indeed, the TsNCH2 fragment can be
captured during chromatographic puriﬁcation of catalytic
reaction mixtures of 1/PhINTs as the isolable product
TsN(H)−CH2−NHTs (Figure S28, SI). The corresponding
TsN(H)−CD2−NHTs has been obtained from 1-d36/PhI
NTs in CH3CN, conﬁrming that the source of methylene is
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ligand-derived. However, we have not been able to observe this
product in situ; hence, it is unclear whether N-demethylation, a
well-known occurrence in catalytic oxygenation chemistry,31 is
actually taking place in solution or is the result of postreaction
analysis (ESI-MS voltage, chromatography column).
ii. Cyclic Voltammetry. Cyclic voltammetry of 1/PhINTs
mixtures in MeCN at room temperature as a function of time
(Figure 8) indicate a decrease of CuI (1) (E1/2 = −0.267 V vs

Figure 9. Left: Experimental X-band EPR spectrum from a sample
retrieved at 8 min from the reaction of 1/PhINTs (1:1) at −50 °C
in DMF (black). The numbers indicate the position of nonoverlapping
signals attributed to complexes 2 and 6. Individual contributions of
signals due to 2 (red) and 6 (green), respectively. Right: Experimental
(black) and theoretical (red) spectra from frozen DMF solutions of 2
and 6. EPR conditions: T, 20 K (left) or 23 K (right); microwave
power, 2 mW; modulation amplitude, 10 (left) or 5 (right) Gpp;
microwave frequency, 9.41 GHz.

DMF solution of authentic complex 6 (Figure 9, right). The
signal due to 6 is characterized by axial properties with g∥ > g⊥
and A∥ > A⊥ with the following parameters: g∥, g⊥,1, g⊥,2 = 2.292,
2.083, 2.053; |A∥| = 420 MHz, |A⊥,1|, A⊥,2 ∼ 50 MHz. Eﬀorts to
identify any S = 1 species, potentially due to the elusive [LCu
NTs]+ intermediate 3, have not been successful. Notably, a
recent study on detectable CuII−•NTs intermediates assigns
diamagnetic character to these species.21a
In summary, ESI-MS, electrochemical, and EPR data lead to
the conclusion that the major observable species in solutions of
1/PhINTs are predominantly 1, accompanied by small
amounts of its redox partner [CuII(TMG3trphen)]2+ (6) and
modest amounts of the NTs-inserted redox couple 2/4.
3. Computational Studies. a. Calculated Ground-State
CuI Reagents. Three variations of CuI catalysts were calculated
with X = Me (1), H (1-H), and CH2−NHTs (1-CH2-NHTs)
(Figure 10, top). The former represents the intact catalyst 1,
and the other two denote potential in situ modiﬁcations of 1 as
noted in the ESI-MS section. Similar CuI−Nequatorial (N2, N3,
N4 in Figure 10) bond distances were calculated for the singlet
ground states, with all being between 2.00 and 2.04 Å. The
Cu−Naxial (N1) distance was calculated to be 2.21 Å in each of
the three catalyst variations, somewhat shorter than in the solidstate crystal. Copper had Mulliken atomic charges of 0.51, 0.47,
and 0.49 e−, respectively, for 1, 1-H, and 1-CH2-NHTs.
b. Computed Nitrene Intermediates. Upon 3NTs ligation
(Figure 10, bottom), the B3LYP/6-31G(d)-calculated copper
Mulliken atomic charges increased to 0.75, 0.76, and 0.75 e−,
respectively, for 1, 1-H, and 1-CH2-NHTs. The unrestricted
Kohn−Sham formalism was used, and the computed spin
density places ∼1 unpaired e− on the nitrene nitrogen and ∼2/3
unpaired e− on Cu, with the remainder spread over other atoms
(Figure S32, SI). Interestingly, upon ligation of 3NTs, one of
the Cu−Nequatorial bonds in each structure is lengthened to
distances ranging from 2.81 to 3.03 Å. Concomitantly, the Cu−
Naxial distance is shortened upon formation of the nitrene
intermediate, ranging from 2.08 to 2.11 Å. As expected, the
Cu−NTs distance was calculated to be the shortest among all
other Cu−N bonds [1.84 Å (1), 1.91 Å (1-H), 1.83 Å (1CH2NHTs)], albeit somewhat longer than that reported for
terminal copper−nitrene moieties.21b Optimized [Cu]−N−Ts
bond angles were calculated to be 135° (1), 127° (1-H), and
142° (1-CH2NHTs).

Figure 8. Cyclic voltammograms of 1/PhINTs (1:1 mixture) in
MeCN/(nBu4N)PF6, with a Au disk electrode (1.6 mm in diameter);
scan rate 0.1 V/s. Black line, before addition of PhINTs; red line, 1
min; blue line, 5 min after the addition. The black arrow indicates the
direction of the scan. Vertical arrows indicate the waves assigned to 2.

Fc+/Fc, evaluated with authentic 1; Figure S29, SI) within the
ﬁrst few minutes into the reaction, potentially in favor of CuII
(6, evaluated with authentic 6; Figure S30, SI), with progressive
development of the characteristic semireversible wave due to 2
(E1/2 = −0.903 V vs Fc+/Fc, evaluated with authentic 2; Figure
S31, SI). Most notably, the potentials of the 1/6 and 2/4 redox
couples indicate that the aforementioned oxidation reaction is
thermodynamically feasible by a signiﬁcant margin.
iii. EPR Spectroscopy. As expected for CuI complexes, frozen
solutions of 1 in DMF or MeCN are EPR silent (not shown).
EPR data were collected at temperatures in the vicinity of 20 K
(as speciﬁed in Figure 9) on samples retrieved periodically (1−
20 min) from the reaction of 1/PhINTs (1:1), conducted at
−50 °C in DMF (as well as at −30 °C in MeCN). Close
examination of spectra indicated that they consist of two
overlapping signals, representing two diﬀerent monomeric CuII
species at no more than 10% of total Cu, in agreement with
ESI-MS data that observe CuI species 1 as the dominant ion.
A representative spectrum recorded from a sample collected
at 8 min is shown in Figure 9 (left, black), along with the
contributing EPR signals for the two CuII species (Figure 9, left,
red and green). These have been extracted with the assistance
of spectra recorded on samples retrieved at diﬀerent time
intervals, showing variable contributions of the two signals. The
CuII signal shown in red corresponds reasonably well with the
EPR signal obtained from a frozen DMF solution of authentic
complex 2 (Figure 9, right). Simulation parameters for complex
2 (g1, g2, g3 = 1.995, 2.153, 2.243; |A1|, |A2|, |A3| = 229, 238, 248
MHz) conform to a dz2 ground state, as expected for a trigonal
bipyramidal geometry with g∥ = g1 (∼2.00) < g⊥. The signal
shown in green is consistent with that obtained from a frozen
11373
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Figure 10. Compound 1 (top), with X denoting the location in which
variations were modeled, and triplet nitrene 3[Cu]NTs (bottom), with
selected bond distances (Å) and angles (deg), for X = Me. Hydrogens
are omitted from the ﬁgure for ease of viewing.
Figure 11. Important frontier α-SOMOs for triplet [Cu]NTs.
Contour value = 0.045. Hydrogens are omitted from the ﬁgure for ease
of viewing. Yellow = carbon, magenta = nitrogen.

Upon nitrene binding, the singlet state of the [Cu] catalyst
models changes to a triplet ground state for [Cu(NTs)]. Note
that attempted isolation of the PhINTs adduct of complex 1
resulted in PhI dissociation upon geometry optimization.
Attempts to ﬁnd a κ2-N,O-nitrene-bound NTs resulted in
rearrangement to the κ1 linkage isomer shown in Figure 10
(bottom). The computed ΔG’s indicated that NTs ligation is
exergonic by 23 kcal/mol (1), 27 kcal/mol (1-H), and 19 kcal/
mol (1-CH 2 NHTs). The ΔG diﬀerence between the
corresponding singlet 1[Cu]NTs and triplet 3[Cu]NTs was
16 kcal/mol (1), 14 kcal/mol (1-H), and 20 kcal/mol (1CH2NHTs); hence, the singlet copper−nitrene is substantially
destabilized vs the triplet ground state. Bond lengths and
diﬀerence of lengths of singlet and triplet nitrene [Cu]NTs (X
= Me) are given in Table S11 (SI).
Shown in Figure 11 are two of the more revealing frontier
molecular orbitals (SOMOs) for 3[Cu]NTs. Other frontier

orbitals with signiﬁcant copper−nitrene character are collected
in the Supporting Information along with the computed spin
densities (Figures S33−S35, SI). What is of interest is the
delocalization of the density from the copper−nitrene active
site to the sulfonyl, p-tolyl, and TMG3trphen moieties. Given
the present results, in conjunction with previous studies of the
bonding of heterosubstituted nitrenes61 and aryl nitrenes,62 it is
reasonable to conclude that delocalization stabilizes the putative
nitrene intermediate enough to make it energetically accessible,
but not so much as to quench its reactivity for group transfer.
Furthermore, the greater activity of CuN−alkyl or CuN−
SO2R vs CuN−aryl complexes highlights the importance of
11374
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Table 5. B3LYP/6-31G(d)-Computed ΔG and ΔG⧧ Values
(kcal/mol) for the Steps Shown in Scheme 12
X
H
CH3
CH2−NHTs

step 1

step 2

−27
−23
−19

25
29
26

RR

step 3

step 4

2

−9
−6
−8

−17
−25
−27

2

Bz, is 7 kcal/mol exergonic. The reaction coordinate is
summarized in Scheme 13. These calculations thus imply a twostep amination sequence, H atom abstraction followed by
radical rebound, as opposed to a single-step insertion.
The transformation 3[Cu]NTs + toluene → 1[Cu]N(H)Ts(Bz) was exergonic by 6 kcal/mol (1), 9 kcal/mol (1-H), and 8
kcal/mol (1-CH2NHTs) to form the singlet CuI−amine
adduct, [Cu]N(H)Ts(Bz). The last step in Scheme 13 is the
amine dissociation, which was computed to be exergonic by 25
kcal/mol (1), 17 kcal/mol (1-H), and 27 kcal/mol (1CH2NHTs), reﬂecting the extreme steric crowding in the
amine adduct and the favorable entropic contribution of ligand
loss. The overall thermodynamics for nitrene insertion,
3
[Cu]NTs + H−Bz → 1[CuI] + N(H)Ts(Bz), was thus
computed to be exergonic by 31 kcal/mol (1), 26 kcal/mol (1H), and 35 kcal/mol (1-CH2NHTs). Hence, the computations
imply that, after the initial H atom abstraction to form a radical
pair, namely, CuII−amide and benzyl radical, a radical rebound
step occurs to give separated catalyst and amine product.
For the radical clock reaction shown in Scheme 7, from the
separated reactants to a triplet TS for H atom abstraction, the
B3LYP/6-31G(d) computed ΔG⧧ = 28 kcal/mol. This barrier
resembles that computed for H atom abstraction of toluene
(Scheme 13). Thus, the cyclopropyl substrate must presumably
go through a similar two-step process (H atom abstraction
followed by radical rebound), which is consistent with the
experimentally observed ring-opening of this radical-clock
substrate.
d. Catalytic Aziridination Calculations. The aziridination of
styrene was investigated with the model catalyst 1. The
optimized triplet TS is depicted in Figure 13A. What is
particularly noticeable is the asymmetry of the C···N bonds
between the nitrene nitrogen and the vinyl carbon atoms; Cβ···
NTs = 2.31 Å, Cα···NTs = 3.10 Å. Hence, the aziridination
transition state geometry appears decidedly asynchronous with
respect to the formation of the two carbon−nitrogen bonds.
The geometry of the TS, in conjunction with the experimental
data in Table 3, thus raises the question of whether the
azirdination is concerted or not, as does the inference from the
toluene amination computations, which suggest a two-step (H
atom abstraction followed by RR) rather than one-step (direct
insertion, albeit asynchronous) pathway.
The computed barrier from separated reactants to the triplet
aziridination TS (3azir-TS) is ΔGaz⧧ = 24 kcal/mol (Scheme
14). The 3Azir-TS has spin density of 0.63 e− on Cu, 0.78 e− on
N (NTs), 0.33 e− on Cα, and −0.10 e− on Cβ. The
corresponding singlet TS is 12 kcal/mol higher in free energy.
This barrier was also calculated with the BP86 functional
(reactants and TS geometries fully reoptimized), producing
ΔGaz⧧ = 25 kcal/mol with that functional.
Going from the aziridination TS to an “open” triplet
intermediate (Figure 13B) was exergonic by 22 kcal/mol (18
kcal/mol by virtue of BP86 modeling of this step). The “open”
triplet intermediate has an electron spin density of 0.68 e− on
Cu, 0.17 e− on the NTs nitrogen, and 0.76 e− on Cα. Thus, the
spin density on the benzylic carbon atom has increased
signiﬁcantly vs that of the triplet aziridination TS.
Going from the “open” triplet intermediate (13B) to κ1aziridine product (Figure 13D) is computed to be mildly
endergonic, by +8 kcal/mol. Cβ−Cα bond rotation was
considered for the open triplet intermediate given the
stereochemical scrambling seen experimentally (Scheme 5).
Constrained optimizations (the H−Cβ−Cα−C1 dihedral was

Scheme 12

nitrene substituents in modulating the group transfer reactivity
of the active species.12b
c. Amination-Related Calculations. The amination of
toluene by 3[Cu]NTs was calculated (Table 5 and Scheme
12) to have activation barriers for benzylic C−H bond
activation of ΔG⧧ = 29 kcal/mol (1), 25 kcal/mol (1-H),
and 26 kcal/mol (1-CH2NHTs) relative to separated triplet
copper−nitrene complex and toluene reactant; the transition
states for toluene C−H activation (H atom abstraction) were
calculated to be a triplet. The majority of the spin density
resides on Cu (0.7 e−), the nitrene N (0.6 e−), and the benzylic
C of toluene (0.4 e−). The barrier was also computed using the
BP86 functional, yielding ΔG⧧ = 35 kcal/mol (1), 29 kcal/mol
(1-H), and 31 kcal/mol (1-CH2NHTs). Hence, BP86 values
are commensurate with those obtained with B3LYP in terms of
catalyst ordering, being consistently higher by ∼5 kcal/mol. A
comparison of BP86 and B3LYP for the 3 [Cu]NTs
intermediate for 1, 1-H, and 1-CH2NHTs is shown in Table
S12 (SI); the H atom abstraction transition state (TS)
geometries are likewise similar.
Notably, the 3TS for benzylic H atom abstraction from
toluene was lower in energy by ∼12 kcal/mol than the
corresponding 1TS for all three catalyst variants modeled.
Following the intrinsic reaction coordinate (triplet surface)
from 3[Cu]NTs (for 1) in the reactant direction showed its
immediate precursor to be a weakly bound adduct of toluene
and 3[Cu]NTs. The computed ΔG for the formation of this
adduct from toluene and 3[Cu]NTs is 8 kcal/mol. Computing
the intrinsic reaction coordinate in the product direction
(triplet surface) indicated formation of a 3{[Cu]−NHTs···
CH2Ph} caged adduct intermediate (ΔGrel = +4 kcal/mol;
Scheme 13 and Figure 12).
A constrained optimization (singlet) for the radical rebound
(RR) step showed ΔG⧧ = 2 kcal/mol relative to the caged
adduct. The constrained triplet was calculated to be 26 kcal/mol
higher than that of the constrained singlet, suggesting that the
spin-ﬂip occurs before the TS for radical rebound. A kinetic
penalty must presumably be paid for the singlet−triplet spinﬂip. Finally, we note that 3{[Cu]−NHTs···CH2Ph} →
1
[CuI]N(H)Ts(Bz) is 10 kcal/mol exergonic. Dissociation of
the radical pair, 3{[Cu]−NHTs···CH2Ph} → 2[CuI]N(H)Ts +
11375
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Scheme 13

Figure 12. B3LYP/6-31G(d)-computed 3{[Cu]−NHTs···CH2Ph} caged adduct (A). Singlet radical rebound TS(Constrained) for the amination of
toluene (B) by 1. Radical rebound product (C). Dissociated product (D). Tripodal ligand was removed from A−C for ease of viewing.

Figure 13. B3LYP/6-31G(d)-computed triplet TS for the aziridination of styrene (A) by 1. “Open” triplet intermediate (B). Radical rebound TS
(C). Singlet aziridine complex (D). Hydrogens are omitted from the ﬁgure for ease of viewing.

Scheme 14

ﬁxed to ±90°) yielded a free energy for rotation around the
Cα−Cβ bond of 4 kcal/mol. A radical rebound TS (Figure 13, B
→ C) has ΔG⧧ = 12 kcal/mol. These data thus imply potential

rotation about the C α −C β bond of the open triplet
intermediate, which is consistent with experimental observations.
11376

dx.doi.org/10.1021/ja503869j | J. Am. Chem. Soc. 2014, 136, 11362−11381

Journal of the American Chemical Society

Article

The overall formation of aziridine, 3[Cu]NTs + styrene →
aziridine + 1[CuI], is exergonic, with ΔG = −20 kcal/mol. As
with the results for toluene amination, this suggests that
dissociation of the nitrene-inserted product is facile. Interestingly, the C−N bond lengths in the κ1-aziridine product (Figure
13D) are inequivalent, Cβ−NTs = 1.49 Å, Cα−NTs = 1.56 Å.
The computed C−N bond lengths in the isolated aziridine
product (Figure S36, SI) are Cβ−NTs = 1.47 Å, Cα−NTs = 1.50
Å, and the experimental values (from single-crystal X-ray
analysis) are 1.474(4) and 1.492(4) Å, respectively.
For comparative purposes, aziridination transition state
geometries (catalyst model 1) were obtained from the parent
styrene TS by introducing an electron-donating (MeO) and an
electron-withdrawing (CF3) para-substituent and then initiating
a new TS search. As for the unsubstituted oleﬁn substrate
discussed above, singlet TS’s are higher in energy than triplets
for the p-CF3 and p-OMe derivatives. The barriers for the initial
C−N bond formation (3[Cu]NTs + p-Y-C6H4CHCH2 →
3 ⧧
Az ) were calculated to be ΔG⧧ = 24, 22, and 28 kcal/mol for
Y = H, OMe, and CF3, respectively, in accordance with the
electrophilic nature of the reaction. The overall formation of
the aziridine product had ΔG = −20 kcal/mol for all three
substituents modeled (3[Cu]NTs + p-Y-C6H4CHCH2 →
1
[Cu] + aziridine).
Aziridination TS geometries (initial C−N bond formation)
for p-Y-C6H4CHCH2 (Y = H, MeO, CF3) by catalyst model
1 are shown in Table 6. Electron-donating p-OCH3, associated

rich oleﬁns are eﬃciently executed by the CuI reagent and are
primarily of mechanistic value in our investigations, since
several celebrated copper sites are known to mediate the
reaction.
The product proﬁles obtained oﬀer initial mechanistic hints
that diﬀerentiate copper-mediated nitrene-transfer chemistry
from that of rhodium. For instance, products of desaturation
are observed with several benzylic and tert-C−H substrates,
albeit in low yields. Loss of stereochemistry is obtained in C−H
nitrene insertions and aziridinations of cis-substituted substrates, aziridinations are preferred over C−H allylic insertions,
and on average, reactivity is higher with copper at the expense
of selectivity. These initial observations point toward the
involvement of carboradicals and/or carbocations as distinct
intermediates in the insertion/addition of copper−nitrenoids
into C−H and CC bonds.
The presence of carboradicals as the predominant species
generated by H atom abstraction in aminations/amidinations
and nitrene-addition (initial N−C bond formation) in
aziridinations is further substantiated by a series of mechanistic
devices. Hammett plots produce linear free energy correlations
that require the inclusion of spin-delocalization substituent
constants to obtain reasonable ﬁts when both spin and polar
eﬀects are signiﬁcant (aziridination of styrene). When polar
eﬀects dominate, as in the case of C−H bond cleavage in
toluene aminations, the extracted ρ parameters are very similar
to those reported for the well-established radical C−H
activation in photolytic toluene brominations. It is also unlikely
that hydride-transfer is a dominant path in toluene amination
(Bz−H + E+ → Bz+ + H−E), since the substituent eﬀect on the
amination rates for para-substituted toluenes versus toluene is
expected to be signiﬁcantly larger than that observed (for
instance, ρ+ = −5 in a well-documented case of hydride-transfer
from toluene63). The sizable KIE values are consistent with
hydrogen-atom transfer (HAT) involvement, leading to
carboradical formation, and are less suited for proton-coupled
electron-transfer (PCET)64 contributions.65 However, PCET
paths cannot be excluded, especially for alkyl aromatic and
heteroatom-substituted substrates in Table 1 with modest
ionization potentials. With respect to aziridination reactions,
stepwise addition of nitrene to styrenes is substantiated by
secondary KIE values, giving rise to an electron-deﬁcient
benzylic site that is better accommodated by a carboradical
rather than a carbocation, as suggested by the competitive
stereocontrol experiments (Scheme 5) of para-substituted
styrenes vs styrene. There is no evidence to suggest that
alkyl-substituted oleﬁns switch to a concerted mechanism, since
scrambling of stereochemistry is observed, even to a small
extent, in all cases examined (Tables 3 and 4). Rather, a gradual
increase of the electron-rich character of the substrate radical
results in a progressive decrease of the radical recombination
barrier, hypothetically approaching a barrierless limit (concerted mechanism) for only exceptionally electron-rich radicals.
Finally, radical trap (CBrCl3) experiments conﬁrm that
carboradicals, both solvent-caged and diﬀusively free, are
primary intermediates in C−H aminations, while radical clock
studies suggest that solvent-caged radical lifetimes lie in the
nanosecond regime, thus providing a suﬃcient window for
competitive rearrangement, stereochemical scrambling, and/or
out-of-cage diﬀusion. Notably, cage eﬀects may play a role in
the interpretation of competition kinetics that involve fast,
albeit not superfast, radical clocks.

Table 6. Transition State (triplet) N−C and C−C (oleﬁn)
Bond Lengths for the Aziridination (NTs) of ParaSubstituted Styrenes
p-Y

N−Cβ

N−Cα

Cα−Cβ

H
OCH3
CF3

2.312
2.351
2.268

3.101
3.163
3.029

1.371
1.370
1.373

with the lowest C−N bond formation barrier, lengthened the
N−Cβ and N−Cα bond distances by ∼0.05 Å vs unsubstituted
styrene. For the p-CF3 substituent, N−Cα and N−Cβ were
similarly shortened. The modest changes in the aziridination
TS geometry with the introduction of para-substituents, along
with the reasonable computed barriers for torsion about the
Cα−Cβ bond (see above), are consistent with the experimental
observation of the loss of stereochemistry in the aziridination of
trans-p-Y-C6H4CHCHD (Scheme 5) that does not change
much with the para-substituent.

III. CONCLUDING REMARKS
A new C3-symmetric CuI reagent was studied as a mediator of
nitrene-transfer chemistry between donor imidoiodinanes and
acceptor C−H- and CC-containing substrates. Amination of
unfunctionalized hydrocarbons is observed at tertiary and
secondary, but not primary, C−H sites. Benzylic and αheteroatom functionalized C−H bonds are also aminated with
ease. The substrate range employed and the product yields
obtained are competitive with those reported for Rh and Ru
reagents or via ﬁrst-row transition-metal reagents, frequently
supported by porphyrinoid ligands. Notably, in addition to the
usual amination products, several tert-C−H sites are undergoing insertion of nitrile in reactions conducted in MeCN or
PhCN, to aﬀord the synthetically useful amidinate framework.
Moreover, aziridinations of both electron-poor and electron11377
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Scheme 15

potentials of substrate radicals according to path A. In the
absence of more diagnostic kinetic data that can also evaluate
cage eﬀects, the exact provenance of the desaturation products
remains uncertain at the present time.
The elusive metal−nitrene moiety ([CuNTs]+) has not
been unequivocally established in the present work but presents
a reasonably active entity that seems to be captured in action
during insertion of NTs into a ligand-centered NCH3 moiety.
Furthermore, the reactivity proﬁle of the corresponding amido
species [Cu−N(H)Ts]+ has not yet been elucidated. The
ligand vulnerability does not seem to have any eﬀect on
catalytic aziridinations, for which the ease of reaction and the
excess of oleﬁn used may dictate the product outcome.
However, it might interfere with the more challenging
amination reactions, although it may also represent a minor
component leading to a dead-end path. Nevertheless,
experimental and/or computational evidence suggests that the
Cu I reagent that possesses one NTs-inserted arm
(−NCH2NHTs in lieu of −NMe) and even a demethylated
congener (−NH in lieu of −NMe) have the potential to be
active precatalysts. Other ligand-centered, redox-related events
cannot be excluded at the present time, but transformations
such as those encountered with the much more electron-rich
triphenylamido-amine ligands (one-electron oxidation followed
by ligand rearrangement)25b,74 have not been observed.
Resolving these challenges with respect to the reactivity and
selectivity of individual metal−nitrene moieties, along with an
expansion toward more diﬃcult to aminate primary C−H
bonds, will be the focus of future investigations.

The participation of carbocationic sites is evident in the
product proﬁle of catalytic aminations and can be explained as
the outcome of oxidation of diﬀusively free carboradicals, most
likely by CuII sites. Illustrious precedents of one-electron
oxidation of radicals by metal ions abound in the work of
Kharasch and Fono66 and Kochi and co-workers.34,67 Direct
evidence of carbocationic involvement is noted in the formation
of amidines (Scheme 6) when the catalytic reactions operate in
nitriles (MeCN, PhCN). The range of substrates engaged in
this reaction is however limited to largely tert-C−H sites, due,
among other reasons, to the low ionization potentials for
tertiary carboradicals. For instance, IPa values for adamantyl
(Table 2, entries 1 and 2) and 2-methyl-2-butyl radicals (entries
5, 6) are only 6.21 ± 0.03 and 6.65 ± 0.04 eV, respectively,68 vs
7.36 ± 0.02, 7.15 ± 0.04, and 7.20 ± 0.02 eV for isopropyl,
cyclohexyl, and benzyl radicals, respectively.69 Nevertheless,
several carboradicals of alkyl aromatic and α-heteroatomsubstituted substrates used in this study may also possess low
enough oxidation potentials [E1/2ox = 0.73 V (PhC•H2), 0.37 V
(PhC•HCH3), 0.16 V (PhC•(CH3)2), 0.35 V (Ph2C•H), 0.27 V
(Ph3C•), 0.23 V (Ph2C•CH3), 0.10 V (9,10-dihydroanthracenyl), and −0.35 V (α-THF) vs SCE in MeCN]70 to warrant
consideration as possible precursors of carbocations. For cutoﬀ
purposes, the most oxidizing CuII species detected (6) has a
redox potential of 0.13 V vs SCE. However, the corresponding
amidinates were hardly observed, since very low amounts were
apparent only in the case of ethylbenzene. A competing
reaction for several carbocations is proton abstraction from an
adjacent carbon atom, leading to desaturation products
(Scheme 15, path A).30,71 The reaction is particularly favored
for alkyl aromatics, since it furnishes products stabilized by
conjugation. Indeed, these products are observed for several
substrates in low yields (Table 1, entries 7, 9, 12, and 14) and
point toward a precursor carbocationic species, resulting from
oxidation of diﬀusively free carboradicals. However, products of
desaturation can also be generated in competition with radical
rebound (amination product), via double H atom abstraction
by metal-centered moieties72 (Scheme 15, path B). The second
H atom abstraction can be viewed as a radical disproportionation reaction, competing with radical recombination
(aﬀording the amination product). Interestingly, α-arylalkyl
radicals tend to favor self-recombination versus disproportionation (kr/kd = 10.2 for 1-ethylbenzyl radicals in MeCN, as
opposed to 0.38 for tert-butyl radicals),73 which may explain the
low levels of desaturation products for alkyl aromatics
according to path B. Alternatively, the low yields may be due
to limited out-of-cage diﬀusion and/or unfavorable oxidation
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Oddou, J.-L.; Pécaut, J.; Chardon-Noblat, S.; Deronzier, A.; Latour, J.M. Angew. Chem., Int. Ed. 2008, 47, 715−717. (b) King, E. R.; Betley,
T. A. Inorg. Chem. 2009, 48, 2361−2363.
(61) Cundari, T. R.; Morello, G. R. J. Org. Chem. 2009, 74, 5711−
5714.
(62) Cundari, T. R.; Russo, M. J. Chem. Inf. Comput. Sci. 2001, 41,
281−287.
(63) Larsen, A. S.; Wang, K.; Lockwood, M. A.; Rice, G. L.; Won, T.J.; Lovell, S.; Sadílek, M.; Tureček, F.; Mayer, J. M. J. Am. Chem. Soc.
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