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ABSTRACT: Complexes [(NHC)MCl] (M = coinage metal) have been evaluated as catalyst for the olefin aziridination reaction 
using PhI=NTs as nitrene source, with moderate to high activity being found depending of the metal and the olefin. At variance 
with frequently employed copper catalysts with bi-, tri- or tetradentate, N-donor ligands, these monodentante, C-donor ligand 
infer a remarkable effect in the reaction mechanism. Experimental evidences support the proposal of a concerted mechanism 
and the absence of radical intermediates, which are the commonly proposed species involved in these nitrene transfer reac-
tions.            

INTRODUCTION  
Since the seminal work by Kwart and Khan for a nitrogen 
atom transfer process using powdered copper and 
phenylsulfonyl azide, 1 the nitrene transfer reaction has be-
come a fundamental tool for the construction of molecules 
with new C-N bonds.2 A considerable number of catalytic 
systems based on transition metals from groups 7 to 11 
have been described for the transfer of nitrenes to saturated 
and unsaturated substrates using azides or iminoiodon-
anes, as nitrene sources. The most studied reaction is the 
olefin aziridination,3 and N-donor ligands are very fre-
quently the ligand of choice. Groves described the first ex-
ample with such N-containing ligands (Scheme 1), a porphy-
rin bound to manganese (TPP-MnV).4 Shortly after, Mansuy 
expanded such finding to Mn(III) and Fe(III),5 and later 
Zhang adapted the porphyrine ligand to cobalt.6 

At the beginning of the 90s of the last century Evans in-
troduced bisoxazoline-type ligands for the asymmetric 
aziridination of olefins (Scheme 1), thus opening the use of 
bidentate, N donor-based ligands in this chemistry. 7 Other 
systems employing N-N ligands have been reported by Che,8 
Jiao,9 Jacobsen,10 Warren,11 Scott12 or He.13 

In 1993, Brookhart and Templeton introduced the use of 
hydrotrispyrazolylborate ligands (Tpx), bonded to copper, 
as catalyst (Scheme 1) for the olefin aziridination reaction. 
14 After that finding, our group has developed several cata-
lytic systems employing these N-donor tridentate ligands 
for nitrene transfer reactions.15 Other catalytic systems 
based on tridentate, N-based ligands have been described 
by Jensen,16 Pérez,17 Halfen,18 Verdenikov19, He,20 Che21 or 
Bolm. 22 

At variance with the above polydentate, N-based lig-
ands, the use of catalysts containing N-heterocyclic carbene 
ligands for the nitrene transfer reaction is quite limited 
(Scheme 2). Trost described the use of IPrCuCl for a step in 

the total synthesis of agelastatin A. 23 Later, Apella re-
ported24 the catalytic activity of the tridentate complex 
IPrCu(DMB) for the aziridination of aliphatic olefins using 

Scheme 1. N-based Ligands Employed in catalysts for the 
Olefin Aziridination Reaction 

 

Scheme 2. Catalytic Systems for the Nitrene Transfer 
Reaction containing N-Heterocyclic Carbene Ligands  

 



 

 

2 

PhIO as oxidant. Douthwaite described the preparation of 
unstable copper complexes with NHC–phenoxyimine / 
amine ligands.25 One last example has been reported by Jen-
kins with a macrocyclic tetracarbene iron complex 
[(TC)Fe(NCMe)2](PF6) using aryl azides as a nitrene source. 
26 In view of this yet reduced knowledge about the use of 
[(NHC)M] cores for nitrene transfer and our previous ex-
perience with such catalysts for carbene transfer reac-
tions,27 we decided to study the catalytic behavior of a se-
ries of coinage metal (NHC)MCl complexes toward that end. 
We have not only found that the copper-containing complex 
displays a good catalytic activity for this transformation; in 
addition, we have collected evidence which allows propos-
ing that this transformation takes place in a concerted man-
ner, without the participation of relevant radical intermedi-
ates, at variance with many examples in the literature which 
are based on such intermediates. 
 
RESULTS AND DISCUSSION 
Study of the catalytic activity of the (NHC)MCl system. In 
2005, our group discovered the catalytic potential of the 
IPrAuCl complex for the transfer of carbene groups to un-
saturated substrates using ethyl diazoacetate as the car-
bene source. The catalytically active species is a cationic me-
tallocarbene [IPrAu=C(H)CO2Et]+. 28 Given the lack of 

nitrene transfer reactions using [(NHC)Au] cores as cata-
lysts, we decided to start our study using the IPrAuCl com-
plex in the presence of NaBArF4 as halide scavenger. We se-
lected styrene as the model substrate and PhI=NTs as a 
nitrene source for this reaction (eq 1). Following standard 
procedures (see Experimental), aziridine 1 was detected in 
21% yield at the end of the reaction. We then moved onto 
the copper analog, IPrCuCl, previously employed by Trost23 
albeit under large excess of oxidant. Under the same condi-
tions shown in eq 1, quantitative yield (based on PhI=NTs) 
into 1 was measured. To complete the triad, the experiment 
carried out employing the silver IPrAgCl led to 13% yield of 
the aziridine, showing the better performance of copper for 
this transformation. 
The role of the counterion derived from the halide scaven-
ger was found relevant in our previous studies29 with car-
bene transfer reactions, as the result of the effect of the ionic 
pair in the electrophilicity of the intermediates. Therefore, 
we run a series of experiments employing AgOTf, AgBF4, 
AgSbF6 and the already checked NaBArF4. Yields varied from 
80 to >98% (Figure 1). Interestingly, the experiment carried 
out in the absence of halide scavenger led to 90% yield into 
1, evidencing chloride decoordination equilibrium in solu-
tion.27  

To investigate further in this regard, we run several ex-
periments with and without added halide scavenger with 
the more reactive copper-based catalyst. Figure 2 shows the 
results obtained, which are significantly different for both 
situations. In the absence of NaBArF4, moving from 20 to 50 
and 100 equiv of styrene led to yield values of aziridine 1 of 
49, 68 and 84%. On the other hand, experiments carried out 
with one equiv of NaBArF4 relative to copper and 20 or 100 
equiv of styrene gave very similar outcomes (78 and 82%).  

Scheme 3 shows a mechanistic view accounting for 
these observations. With no halide scavenger added, a chlo-
ride decoordination / olefin coordination equilibrium takes 
place. The nitrene precursor may interact either with the 
olefin adduct I or with a coordinatively unsaturated species 
II generating copper-nitrenes intermediates III and/or IV, 
from which aziridine is formed via inner or outer sphere 
steps. It is worth mentioning that PhI=NTs decomposes 
with time giving TsNH2, and therefore the lower the amount 
of active copper in solution, the higher the amount of TsNH2. 

 

 

Figure 1. Halide scavenger screening for the nitrene trans-
fer reaction to styrene using IPrCuCl as precatalyst. 

 

 

Table 1. Effect of the NHC Ligand in the Olefin Aziridina-
tion in the Presence of (NHC)CuCl + HS.a 

 

 

aCatalyst loading: 5mol%; 6 mL DCM; at room temperature. Yields de-

termined by NMR using 1,3,5-trimethoxybenzene as internal standard. 

TsNH2 accounted for 100% of initial PhI=NTs not converted in aziridines. 

 

 

Figure 2. Effect of olefin concentration in styrene aziridi-
nation catalyzed by IPrCuCl in the absence of halide scav-
enger (bars) and in the presence (cross). 
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The NHC ligand coordinated to the metal center is an-
other variable that may affect the catalytic process. Table 1 

shows the results employing IMesCuCl and IPrCuCl, using 
NaBArF4 and AgOTf as halide scavenger, and with a set of 
representative olefins. The IPrCuCl/NaBArF4 couple dis-
plays the best results with the four olefins with yields rang-
ing from quantitative to the moderate 60% observed with 
n-hexane as the substrate. It is noteworthy that copper-
based catalyst provides very high yields of aziridines 1 and 
2 employing stoichiometric mixture of the olefin and 
PhI=NTs avoiding the need of excess of the former. The use 
of the silver- and gold-based catalysts with these olefins 
provided very low yield in all cases (5-22%). 
Scope of the aziridination reaction with IPrCuCl as pre-
catalyst. Given the high activity of the copper-based system 
with the representative olefins shown above, we decided to 
extend the scope of the reaction to wider set of olefins. The 
results are shown in Scheme 4, with yields being from mod-
erate to high. In a first group bearing an aryl group bonded 
directly to the double bond, the yields are very high regard-
less of the nature of the substituent on the ring, or the posi-
tion on it (5-12). In the case of 1,1-disubstituted olefins, the 
activity is also very high (13, 14). With allylbenzene as the 
substrate, yield reached 42% (15). No allylic C-H function-
alization was observed, 30 TsNH2 accounting for 100% of in-
itial PhI=NTs not converted into aziridine. 

For the cyclic olefins aziridine yields were moderate, ex-
cept in the case of cis-cycloctene where the aziridine 2 is ob-
tained quantitatively. In the case of two C6 cyclic olefin (16 
and 17), the yields were quite similar (46-48%) and higher 

than those found with cyclopentene (19). An activated cy-
clopentene led to higher yield (18).  

Next, we chose linear dienes leading to yields around 
70% (20, 21). The use of excess of olefin precludes the dou-
ble aziridination, in order to compare the results with the 
other olefins. In the case of the 3,3-dimethylbut-1-ene, only 
16% of aziridine 22 was obtained. Although steric factors 
could be argued to explain for that, we cannot provide evi-
dences toward that end. 

Olefins with carboxylate substituents have also been 
evaluated. Despite the deactivated nature of these olefins, 
yields between 53%-81% were obtained depending on the 
substituent on the carboxylate group (4, 23-25), as evi-
dence of the high activity of this catalytic system. 

 

Scheme 4. Scope of the aziridination reaction using [IPrCuCl/NaBArF4] as catalyst.a 

 

aReaction conditions: [Cat]/[PhI=NTs]/[olefin] = 1:20:200, r.t., DCM, 3h. Yields determined by NMR using 1,3,5-trimethoxybenzene as inter-

nal standard. TsNH2 accounted for 100% of initial PhI=NTs not converted in aziridine.  

Scheme 3. Formation of the Active Catalytic Species in 
the (NHC)Cu-catalyzed Olefin Aziridination Reaction 
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Mechanistic Considerations. Recently, our group has car-
ried out an extensive study on the mechanism that governs 
the aziridination reaction of olefins catalyzed by TpxM com-
plexes (M = Cu, Ag), based on experimental data and theo-
retical calculations.31 For the copper catalysts, the metallo-
nitrene intermediates formed upon reaction with PhI=NTs 
(in the triplet state) reacts with the olefin leading to a radi-
cal intermediate 3RI (Scheme 5) before ring closing takes 
place, in a step-wise mechanism. The proposal was sus-
tained by several experimental evidence: (a) data from 
competition experiments with p-substituted styrenes re-
quired a dual Hammett equation possessing both polar and 
radical factors; (b) the aziridination reaction of olefins with 
a defined stereochemistry (Z or E) took place in a non-ste-
reospecific manner; and (c) the addition of radical traps 
such as BHT led to inhibition of the catalytic reaction, due to 
the interception of the radical intermediates. On these ba-
ses, we have now performed a series of experiments with 
the IPrCuCl/NaBArF4 system to collect information toward 
a mechanistic explanation. 
Competition Experiments with p-Substituted Styrenes. The 
relative rates of catalytic aziridination of a series of p-sub-
stituted styrenes using IPrCuCl/NaBArF4 with PhINTs were 
determined through competition experiments. As shown in 
Scheme 6, the relative reactivity values can be adjusted with 
the general Hammett equation, with a ρ = -0.45 value. Two 
comments arise this finding. First, the negative value sug-
gests an electrophilic intermediate accessed through a tran-
sition state which develops a certain positive charge, as in 
the olefin cyclopropanation reaction.14b Second, the lack of 
radical contribution to the Hammett equation, which was 

observed for copper with polydentate ligands,31,32 consti-
tutes a significant difference for this catalyst containing a C-
donor, monodentate ligand. 
 
 
 
Use of olefins with well-defined stereochemistry. We have car-
ried out experiments employing Z-2-pentene and E-β-me-
thylstyrene, leading to the corresponding aziridines 26 and 
27, with complete retention of the initial stereochemistry. 
Albeit this result cannot rule out the formation of interme-
diate 3RI in Scheme 5, it is also in agreement with a plausible 

concerted mechanism (see below). 
Effect of the Presence of BHT as the Radical Inhibitor. To con-
clude, two experiments have been carried out for the 
aziridination of styrene catalyzed by IPrCuCl/NaBArF4 that 
only differ in the presence or absence of t-butylhydroxytol-
uene (BHT) as a radical inhibitor. As seen in Scheme 8 the 
yields are almost identical with or without BHT. This is at 
variance with all previous work with Cu- or Ag-based cata-
lysts bearing polydentate ligands, for which the addition of 
BHT substantially inhibited the reaction yields. This finding 
unambiguously indicates that no carboradical intermedi-
ates exist, at least with a life-time relevant to consider a 
stepwise mechanism. 

Scheme 6. Competition Experiments with p-substi-
tuted Styrenes  

 

 

 

Scheme 7. Stereospecificity of the Olefin Aziridina-
tion Reaction 
 

 

Scheme 9. Simplified mechanistic picture for the 
IPrCu-catalyzed nitrene transfer reaction. 

 

Scheme 5. Previous Mechanistic Pathways Proposed 
for Copper Catalysts with Polydentate N-donor Ligands 
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Mechanistic picture. Based on the above evidences, it seems 
clear that this NHC-based copper catalytic system consider-
ably differs from other copper-based systems with polyden-
tate N-donor ligands.31,32 As shown in Scheme 9 the reaction 
of the IPrCu+ core with PhI=NTs would lead to a copper 
nitrene intermediate (very likely in its singlet state) which 
further reacts with the olefin similarly to an olefin cyclopro-
panation reaction, in a concerted but asynchronic manner, 
following early examples from Brookhart lab with iron car-
benes.33 This is consistent with the use of the general Ham-
mett equation, and with the lack of changes in stereochem-
istry or effect of radical inhibitor in the reaction outcome. 
 
CONCLUSIONS 
We have explored the catalytic capabilities of (NHC)MCl 
complexes toward the olefin aziridination reaction using 
PhI=NTs as nitrene source. The catalytic activity is notewor-
thy for the copper derivative, and less efficient for silver and 
gold counterparts. Styrenes are efficiently converted into 
aziridines whereas alkyl-olefins or olefins with electron-
withdrawing substituents led to moderate conversions. A 
mechanistic relevant conclusion is that this transformation 
occurs in a different manner to catalyst containing polyden-
tate N-donor substituents. Instead of the radical-involving, 
stepwise mechanism, a concerted route, similar to that pro-
posed for olefin cyclopropanation reactions is proposed 
based on experimental evidences. This significant change 
obtained when C-donor monodentate NHC ligand is em-
ployed opens a window in the field of the nitrene transfer 
reaction which will be expanded in the incoming years.  
 
EXPERIMENTAL SECTION 

General Methods. All air -and moisture- sensitive manipu-
lations were carried out with standard Schlenk techniques 
under nitrogen atmosphere. Solvents were purchased from 
commercial sources, dried by distillation under nitrogen at-
mosphere using the suitable drying agent and deoxygen-
ated immediately before their use. Reagents and the halide 
scavengers (except NaBArF4) were acquired from commer-
cial sources. The complexes (NHC)MCl (M= Cu, Ag, Au),34 
NaBArF4

35and the nitrene precursor (PhI=NTs)36 were pre-
pared according to literature methods.  

NMR spectra were recorded on the Agilent 400MR spec-
trometer as solutions at 298 K and Bruker Avance III HD 
400 MHz spectrometer at ambient temperature. Chemical 

shifts (δ) were referenced to internal solvent resonances 
and reported relative to TMS (tetramethylsilane) for 1H and 
13C NMR. 
General catalytic experiment. In a Schlenk tube, under in-
ert atmosphere, the complex (NHC)MCl (0.01 mmol) and 
the halide scavenger (0.01 mmol) were dissolved in deoxy-
genated DCM (6 mL) before the olefin was added (2 mmol). 
Then PhI=NTs (0.2 mmol) was added in one portion, and the 
mixture was stirred at room temperature for 3 h. The sol-
vent was removed under reduced pressure and the reaction 
crude was filtered using celite. The residue was analyzed by 
NMR spectroscopy, and products were identified by com-
parison with the values reported in the literature.37 Yields 
were determined by NMR using 1,3,5-trimethoxybenzene 
as internal standard. TsNH2 accounted for 100% of initial 
PhI=NTs not converted in aziridine. 
Aziridination Competition Experiments. These experi-
ments were carried out by following the above procedure, 
using an equimolar mixture of styrene and the correspond-
ing para-substituted styrene. The relative ratio of aziridines 
was obtained by 1H NMR spectroscopy of the reaction crude 
in CDCl3. 
Effect of radical inhibitor. This catalytic reaction was car-
ried out in an identical manner to that described above, with 
the addition of 20 equiv. (with respect to the catalyst) of t-
butylhydroxytoluene (BHT) to the reaction mixture, and us-
ing IPrCuCl/NaBArF4 as the precatalyst. 
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