
 

Functional-Group-Tolerant, Silver-Catalyzed N-N Bond For-
mation by Nitrene Transfer to Amines 

Lourdes Maestre,a Ruth Dorel,b Óscar Pablo,b Imma Escofet,b W. M. C. Sameera,b,c Eleuterio Ál-
varez,d Feliu Maseras,b,e,* M. Mar Díaz-Requejo,a,* Antonio M. Echavarren,b,f,* Pedro J. Péreza,* 

aLaboratorio de Catálisis Homogénea, Unidad Asociada al CSIC, CIQSO-Centro de Investigación en Química Soste-
nible and Departamento de Química, Universidad de Huelva, 21007 Huelva, Spain 
bInstitute of Chemical Research of Catalonia, ICIQ, Av. Països Catalans, 16, Barcelona Institut of Science and Tech-
nology, 43007 Tarragona, Spain 
cDepartment of Chemistry, Faculty of Science, Hokkaido University, North-10 West-8, Kita-ku, Sapporo, Hokkaido 
060-0810, Japan 
dInstituto de Investigaciones Químicas, Centro de Investigaciones Científicas Isla de la Cartuja, CSIC, Av. Américo 
Vespucio 49, 41092 Sevilla, Spain 
eDepartament de Química, Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain 

fDepartament de Química Orgànica i Analítica, Universitat Rovira i Virgili, C/ Marcel·lí Domingo s/n, 43007 Tarra-
gona, Spain 

KEYWORDS : N-N bond formation, aminimides, nitrene transfer, silver catalysis, triplet silver nitrene  

ABSTRACT: Silver(I) promotes the highly chemoselective N-amidation of tertiary amines under catalytic con-
ditions to form aminimides by nitrene transfer from PhI=NTs. Remarkably, this transformation proceeds in a 
selective manner in the presence of olefins and other functional groups without formation of the commonly 
observed aziridines or C-H insertion products. The methodology can be applied not only to rather simple ter-
tiary amines but also to complex natural molecules such as brucine or quinine, where the products derived from 
N-N formation were exclusively formed. Theoretical mechanistic studies have shown that this selective N-
amidation reaction proceeds through triplet silver-nitrenes. 

INTRODUCTION 

Transition metal-catalyzed nitrene transfer reactions 
constitute well-established methods for the synthesis of 

aziridines by functionalization of unsaturated C=C bonds1 

and for the preparation of protected amines by the inser-

tion into saturated C-H bonds.1a-c,2 Most of these methods 

rely on the generation of an active metal-nitrene species 
from isolated or in situ generated hypervalent iodine 

reagents3 or azides4 (Scheme 1).  

Scheme 1. General Metal-Catalyzed Nitrene Transfer 
to Unsaturated or Saturated bonds 

 

The nitrene transfer to amines, pyridines and other aro-
matic N-heterocycles results in the formation of amini-

mides of general formula R3N+-N-R,5,6 which display dis-

tinctive physicochemical properties due to their zwitteri-
onic nature7 and consequently have found a wide range of 
applications6 including their use as polymer additives in 
adhesives8 and surfactants.9 Aminimides have also been 
studied as potential CNS-acting agents,10 antifungals,11 
anti-cancer,12 anti-peroxidation agents,13 HIV-1 protease 
inhibitors,14 as well as peptidomimetics.15 Furthermore, 
amidines have also been used as precursors for the gener-
ation of isocyanates16 and as intermediates for the synthe-
sis of biologically active imidazolidinones.17 

Aminimides can be obtained by the thermal reaction of 

sulfonyl azides with pyridines and amines (Scheme 2a),18 

by sulfonylation of N-amino pyridium salts (Scheme 2b),19 

as well as by quaternization of hydrazine derivatives 

(Scheme 2c).20 However, many of these synthetic proto-

cols exhibit low selectivity and therefore show a narrow 
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substrate scope or give aminimides in low yields with the 
concomitant formation of side products from competing 

reactions.21 

We have developed group 11 metal-based catalysts for the 
nitrene transfer reactions to saturated and unsaturated 

substrates.22,23,24 Furthermore, a general mechanistic 

profile for the aziridination of olefins catalyzed by TpxM 
systems (M = Cu, Ag) based on experimental data and 

theoretical calculations25 has been reported from our 

laboratories. Stavropoulos and co-workers have also pro-
vided related mechanistic studies on copper-based 

nitrene transfer reactions.26 From those contributions, 

the importance of the electronic states of the metal-
nitrene intermediates in the mechanism of these trans-
formations has been demonstrated.  

It has also been shown that certain functional groups can 
exert a significant effect in the catalytic process. Thus, the 
silver-catalyzed aziridination of dienes bearing a terminal 
hydroxyl group at the allylic position proceeds in a regio- 
and stereospecific manner to form vinylaziridines through 
nitrene transfer to the double bond neighboring to the 
hydroxyl group (Scheme 3),23 which was applied for the 
synthesis of sphingosine. The high regioselectivity was 
explained in terms of the directing effect of the hydroxyl 
group through hydrogen bond with one of the oxygen 
atoms of the tosyl group of the silver-nitrene intermedi-
ate.  

With the aim of expanding this methodology, we em-
barked on the use of allylic amines as the substrates for 
the metal-catalyzed nitrene transfer reaction. Following 
this strategy, we have discovered that the NTs moiety is 
selectively transferred to the amine functionality to form 
aminimides, even in the presence of a C=C bond. This 
unprecedented observation has been expanded to a num-
ber of examples showing a high degree of tolerance with 
other functional groups. We also provide a mechanistic 

rationale for this highly chemoselective N-N bond for-
mation with the aid of theoretical calculations. 

RESULTS AND DISCUSSION 

Development of the N-Amidation Reaction and Sub-
strate Scope. We first tried the reaction of allyl amine 
with PhI=NTs in the presence of TpBr3Cu(NCMe) or 
[Tp*,BrAg]2 as catalysts,27 although complex mixtures of 
products were observed. However the use of N,N-
dimethylallylamine (1) as the substrate led to the isolation 
of the aminimide product 2  in 65-76 % yield using both 
catalysts as the result of the formation of a N-N bond by 
transfer of the NTs group from the metal center to the 
amine (Scheme 4a). A minor product, which was also 
formed in the non-catalyzed reaction of PhI=NTs and 1 
under identical conditions, was detected from the crude 
reaction mixtures. This product was not stable enough to 
be isolated, but in any case its formation was circumvent-
ed by performing the silver-catalyzed reaction at 50 ºC, 
which led to the isolation of aminimide 2 in almost quan-
titative yields. It is remarkable that the corresponding 
aziridine could not be detected in spite of the well-known 
capabilities of the catalysts employed to promote such 
C=C functionalization. In fact, when a competition exper-
iment with equimolar mixtures of 1 and styrene was car-
ried out under those optimized conditions, a mixture of 2 
and the aziridine derived from styrene was obtained in ca. 
9:1 ratio (Scheme 4b). Given the well-known tendency of 
styrene to be aziridinated by this methodology, this result 
assesses the outstanding selectivity of our catalytic system 
toward the formation of the N-N bond.  

The structure of 2 was unambiguously assigned by X-ray 

diffraction (Scheme 4),28 thus confirming the presence of 

the aminimide moiety with a N-N bond length of 1.467(1) 
Å, which is within the expected range for the dipolar 

R3N+-N-SO2R’ nitrogen ylide function.29 

 

Scheme 2. Methods for the Synthesis of Amini-
mides 

 

 

Scheme 3. Silver-Catalyzed Regio- and Stereose-
lective Aziridination of Dienols 

 

 



 

 

The substrate scope of this transformation was next ex-
amined for a series of tertiary amines with a variety of 
structural motifs and functional groups (Scheme 5). The 
reactions were carried out in the presence of the silver- 
[Tp*,BrAg]2 catalyst using an excess of the amine with re-
spect to the nitrene source at room temperature or at 50 
ºC. In general, good to excellent isolated yields (44-95%) 
were obtained for the diverse array of substrates exam-
ined. The high tendency of this catalytic system to selec-
tively form N-N bonds in the presence of C=C bonds is 
highlighted in the reaction of mono-, di-, and tri-allyl 
amines that were cleanly converted into their correspond-
ing aminimides 3-7, which were characterized spectro-
scopically as well as by X-ray diffraction.28 It is worth 
noting that aminimides 6 and 7 derive from di- and tri-
substituted olefins, respectively, which are more reactive 
than terminal olefins towards electrophilic reagents. A 
second series of aminimides 8-15 lacking of olefin groups 
were also prepared. Significantly, no competing Csp

3-H 
functionalization was observed even in cases with availa-
ble benzylic positions or reactive C-H bonds adjacent to 
ethers or acylamino groups. Nitrogen groups protected as 
carboxamide (15) or carbamate (11 and 12) do not react. In 
addition, protecting groups such as t-butyloxycarbonyl 
(Boc) in 11 and 12 and benzyloxycarbonyl (Cbz) in 15 were 
perfectly tolerated. It is important to remark that this 
silver complex has been shown to be competent for the 

catalytic amidation of alkanes,30 which have Csp
3-H bonds 

much less reactive than those present in these substrates.  

 

With the aim of exploring more complex molecules that 
could challenge the selectivity of the formation of N-N 
bonds with this catalytic system, we targeted brucine (16) 
and quinine (19a) as the substrates (Scheme 6). Indeed, 
brucine (16) and cinchonidine (19b), a closer relative of 
19a, had been studied before as substrates in a rhodium-

Scheme 5. Scope of the Tp*,BrAg-Catalyzed Synthe-
sis of Aminimidesa  

 

a Reaction conditions: [catalyst]/[PhI=NTs]/[amine] = 
1:20:100 with respect to 0.015 mmol of catalyst (per Ag 
unit), 6 mL of CH2Cl2, reaction temperature = 25 ºC. 
Isolated yields in parentheses. TsNH2 accounted for 
100% initial PhINTs not converted into aminimides. b 

Reaction carried out at 50 ºC. ORTEP plots (50% ther-
mal ellipsoids) of the X-ray crystal structures of 3, 5-7 
are shown. Oxygen atoms are shown in red, sulfur 
atoms yellow, hydrogen atoms white, and carbon at-
oms gray.28 
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Scheme 4. Silver-Catalyzed Selective Formation of 
Aminimides  

 

a Reaction conditions: [catalyst]/[PhI=NTs]/[amine] = 
1:20:100 with respect to 0.015 mmol of catalyst. NMR 
yields. TsNH2 accounted for 100% initial PhINTs not 
converted into aminimide 2. b Isolated yields in paren-
theses. The competition reaction was evaluated by 
NMR. 

 



 

catalyzed nitrene transfer reaction.21b In that study from 
other laboratories, 16 gave aminimide 17a in low yield, 
together with lactam 18 as a result of a competing C-C 
bond cleavage, whereas in the case of 19b, the N-
amidation occurred unselectively at the quinoclidine and 
quinoline nitrogen atoms to give a mixture of three prod-
ucts 20a-c. In sharp contrast, our silver-catalyzed nitrene 
transfer reaction proceeded very cleanly at the tertiary 
amines of both brucine (16) and quinine (19a) to give 
aminimides 17b and 21 in 83 and 73% yield, respectively, 

whose structures were confirmed by X-ray diffraction 
analysis.28 These two examples underscore the exquisite 
chemoselectivity of this silver-catalyzed transformation 
which leads selectively to the formation of a N-N bond in 
molecules containing C=C bonds, pyridine-type rings, 
carboxamides, electron-rich aromatic systems, as well as 
activated Csp

3-H bonds (tertiary, benzylic or vicinal to 
heteroatoms). It is worth mentioning that the reaction of 

the allylic amine 2 with PhINTs in the presence of 
Rh2(OAc)4 did not induce the formation of aminimides, 
decomposition of the nitrene source into unidentified 
products being observed.  

Synthesis of Hydrazines by Thermal Rearrangement 
of Allylaminimides. Certain allylic and benzylic amini-
mides are known to undergo thermally induced rear-
rangements to afford the thermodynamically more stable 

neutral hydrazide derivatives.31 On the basis of these 

precedents, and in order to evaluate the thermal stability 
of the aminimides prepared through our method, the 
rearrangement of 2 was initially examined (Scheme 7). 
Interestingly, we obtained hydrazone 22 in an excellent 
95% yield instead of product 23 of allylic migration 

(Wawzonek rearrangement).31a Presumably, under the 

reaction conditions, the initial sulfonyl hydrazine 23 elim-
inates p-toluenesulphinic acid to form acrolein N,N-
dimethyl hydrazone (24), which then undergoes a Mi-

chael addition with p-toluenesulphinic acid31b to afford 

22. Aminimide 5 underwent an analogous rearrangement 
to afford crystalline 25, whose structure was confirmed by 
X-ray diffraction.28 In contrast, under the same reaction 
conditions aminimide 10 gave a complex mixture of prod-
ucts, whereas heating of other aminimides such as 9 or 14 
only led to the recovery of unreacted starting materials. 

Computational Study on the Origin of the Chemose-
lectivity. As mentioned above, the reaction described in 
this contribution is remarkable both because the amini-
mide is formed and because potential alternative prod-
ucts, namely aziridines or C-H functionalization deriva-
tives, are not. To shed light on the origin of such ob-
servance, we first carried out DFT calculations for the 

Scheme 6. Silver-Catalyzed vs. Reported Rhodium-
catalyzed21b N-N Bond Formation on Complex Natu-
ral Products 

 

 

Scheme 7. Thermal Rearrangement of Amini-
mides 2 and 5. 

 



 

reaction between the parent dimethylallylamine (Sub, 1), 
Tp*,BrAg complex, and PhI=NTs (the nitrene source). 
Scheme 8 summarizes the calculated free energy profiles 
for the N-amidation. Starting from the [Tp*,BrAg]2 system, 
the Tp*,BrAg species can be generated with a free energy 
cost of 12.6 kcal mol-1, in good agreement with previous 
experimental results.27 Then, coordination of PhI=NTs 
gives rise to an intermediate, Tp*,BrAg(PhINTs), which is 
further 10.8 kcal mol-1 higher in free energy. This 
Tp*,BrAg(PhINTs) intermediate is the highest point in the 
whole free energy profile, 23.4 kcal mol-1 above the start-
ing species, confirming that once the metal-nitrene com-
plex is formed the reaction proceeds smoothly. After dis-
sociation of PhI, the closed-shell singlet state of the met-
al-nitrene (1R) can be formed, which is 18.5 kcal mol-l 
above the entry point of the free energy profile.  

We will first describe the reaction in the above singlet 
electronic state. Starting from the singlet metal-nitrene 
intermediate (1R), we located the transition state (TS) for 
the N-N bond formation, which has an overall relative 
free energy of 20.8 kcal mol-1 (1TSN-N), and leads to the 
species Tp*,BrAg(PN-N) (-22.4 kcal mol-1), where the N-N 
bond is already formed. Dissociation of the PN-N product 
from the catalyst leads to electronic reorganization and a 
substantial lowering of the free energy down to -70.8 kcal 
mol-1. The catalyst (Tp*,BrAg) can be recovered at this 
point for the next catalytic cycle. The highest free energy 
point for this singlet path from the nitrene species is 1TSN-

N, with a free energy of 20.8 kcal mol-1. There is however a 
lower energy path through the triplet spin state. The 
metal-nitrene complex is more stable as a triplet (3R, 11.9 
kcal mol-1, <S2> = 2.01), and this state can be reached 
through the minimum energy crossing point MECP1 (17.9 
kcal mol-1). Spin crossovers in transition metal catalysis 
are well-known.32 The spin density distribution of 3R 
[ρ(N) = 1.34 an ρ(Ag) = 0.28 ] implies that two unpaired 
electrons are localized on the metal-nitrene unit. The 
approach of the substrate to 3R leads to intermediate (3I, 
<S2> = 2.02), which is 4.0 kcal mol-1 higher in free energy. 
In 3I, the N-N bond distance is longer (2.45 Å), and the 
calculated spin density distribution in 3I [ρ(N) = 1.30, 
ρ(Ag) = 0.04, and ρ(N, Sub) = 0.45] implies some spin 
density transfer from the metal-nitrene unit to the sub-
strate. Despite several attempts, we were unable to locate 
a TS connecting from 3R to 3I. We confirmed the absence 
of a transition state in the potential energy surface by a 
scan of the approach between the two fragments (Figure 
S1). We explored the eventual existence of an open-shell 
singlet state in geometries similar to 3I, all attempts lead-
ing to the closed-shell species Tp*,BrAg(PN-N). Beyond the 
3I intermediate, the triplet potential energy surface is 
highly repulsive (see Figure S1, Supporting Information). 
The key to the triplet reactivity is the existence of a min-
imum energy crossing point (MECP2, 15.8 kcal mol-1), 
which is very close in geometry to 3I, returning to the 
singlet state. By crossing to the triplet state, the product 
can be reached through a highest free energy point of 17.9 
kcal mol-1 (MECP1) when starting from 1R, or through an 
even lower free energy point of 15.8 kcal mol-1 (MECP2) 

when starting from 3R. These free energies are clearly 
affordable under the experimental conditions. 

Scheme 8. Calculated Free Energy Profiles (kcal·mol-

1) for the N-amidation of 1. 

 

We next explored the free energy profiles for the compet-
ing aziridination process (Scheme 9). There are number 
of reports in the literature on the mechanisms of transi-
tion metal catalyzed aziridination, showing concerted or 
radical reaction paths.33 The concerted two-electron 
transfer from 1R to C=C of the substrate can occur 
through the closed-shell singlet TS (1TSN-C, 25.3 kcal mol-

1), giving rise to the Tp*,BrAg(PC-N) complex (-45.2 kcal 
mol-1). Despite several attempts, location of the corre-
sponding open-shell form of the TS was not successful, 
where calculations ultimately converged to the product 
complex, Tp*,BrAg(PC-N). The stepwise two-electron trans-
fer from the thermodynamically stable 3R can occur 
through the triplet TS (3TSN-C, 21.2 kcal mol-1), where the 
first electron transfer leading to N-C1 bond formation, 
and a triplet radical intermediate 3RI is formed (1.3 kcal 
mol-1). We have also located the barrier for the N-C2 bond 
formation, which is however 3.4 kcal mol-1 higher than 
3TSN-C (not shown in Scheme 9). Before the 3RI, there is a 
MECP between the triplet and singlet surfaces complex 
(MECP3, 0.3 kcal mol-1, leading to the Tp*,BrAg(PC-N). 
Then, the aziridine product, PC-N (-95.5 kcal mol-1), disso-
ciates from the metal center. The overall picture of the 
free energy profiles for the aziridination is consistent with 
our previous reports.23b,25 

The N-N bond formation could start from the triplet met-
al-nitrene intermediate (3R), since this step only requires 
3.9 kcal mol-1 barrier (MECP2). The alternative aziridina-
tion pathway from 3R is less likely to occur, since the 
barrier (3TSN-C) for this process is significantly higher (9.3 
kcal mol-1). This is in agreement with our experimental 



 

results. Additionally, NMR studies have shown that there 
is no direct interaction between the silver complex and 
the amine substrate. The aziridination is certainly favored 
thermodynamically, but kinetically disfavored. Similar 

conclusions can be made from MO6L and B97XD free 
energy profiles (Figure S2 and S3), where energy separa-
tion between MECP2 and 3TSN-C are 6.0 kcal mol-1 and 5.0 
kcal mol-1, respectively. According to these results, we 
conclude that the N-N bond formation is favored over the 
aziridination.  

Scheme 9. Calculated Free Energy Profiles (kcal·mol-

1) for the Aziridination of 1. 

 

 

The calculations reported above involve a number of 
approximations due to the size and complexity of the 
system. We comment here two of them that we consider 
may affect specific numbers but would not alter the gen-
eral trends. The free energy profiles could be refined to 
take into account the presence of diffusion barriers in the 
barrierless steps (or those with very low barrier) in the 
potential energy surface (for instance from 3R to 3I), a 
procedure that has been applied in other  cases.34  How-
ever, this would have a similar effect on both competing 
pathways, resulting in the same balance. Another issue is 
the assumption that the spin flip between different spin 
states will take place easily once the MECP is reached. We 
suspect this is the case, although we have not proved it 
through computationally demanding spin-orbit coupling 
calculations. We would like in any case to mention that 
the trend would be the same if the systems stayed in the 
singlet state throughout the process, as the singlet/triplet 
difference is similar for both pathways. 

The efficiency of the formation of the aminimide can be 
explained by the combination of two factors: (i) the nitro-

gen lone pair is more nucleophilic than the -electrons of 
the C-C double bond and (ii) the aminimide formation 
from the high energy metal-nitrene complex is sufficient-
ly exergonic to make the reaction irreversible. The com-
bination of the two factors leads to the exceptional selec-
tivity of this system. 

CONCLUSIONS 

The chemoselective N-amidation of tertiary amines cata-
lyzed by a Ag(I) complex has been developed using 
PhI=NTs as the nitrene source, thus opening a new entry 
to the synthesis of functionalized aminimides. This trans-
formation tolerates a range of functionalities including 
aromatic N-heterocycles and olefins, which remain unre-
acted under the reaction conditions. Complex natural 
products such as brucine and quinine have been selective-
ly functionalized at the tertiary amine site, in spite of the 
presence of other functional groups, including olefins or 
allylic C-H bonds. The selectivity of the process has been 
rationalized by DFT calculations. 

EXPERIMENTAL SECTION 

General Methods. Reactions under inert (argon or ni-
trogen) atmosphere were carried out in solvents dried by 
passing through an activated alumina column on a Pure-
SolvTM solvent purification system (Innovative Technolo-
gies, Inc., MA). Analytical thin layer chromatography was 
carried out using TLC-aluminum sheets with 0.2 mm of 
silica gel (Merck GF234) using UV light as the visualizing 
agent and an acidic solution of vanillin in ethanol as the 
developing agent. Chromatographic purifications were 
carried out using flash grade silica gel (SDS Chromatogel 
60 ACC, 40-63 μm). Organic solutions were concentrated 
under reduced pressure on a Büchi rotary evaporator. All 
reagents were used as purchased and used with no further 
purification. PhI=NTs35 and TpxM (M = Cu, Ag)30,36 com-
plexes were prepared according to the procedures de-
scribed in the literature. 
NMR spectra were recorded at 25 ºC on a Fourier 300, 
Bruker Avance 400 Ultrashield or Bruker Avance 500 
Ultrashield apparatus. The signals are given as δ (ppm) 
downfield from tetramethylsilane, with calibration on the 
residual protio-solvent used (δH = 7.26 ppm and δC = 
77.00 ppm for CDCl3, δH = 3.31 ppm and δC = 49.00 ppm 
for CD3OD, and δH = 7.16 ppm and δC = 128.06 ppm for 
C6D6). Mass spectra were recorded on a Waters LCT 
Premier Spectrometer (ESI and APCI) or on an Autoflex 
Bruker Daltonics (MALDI and LDI). Melting points were 
determined using a Büchi melting point apparatus. 
Crystal structure determinations were carried out using a 
Bruker-Nonius diffractometer equipped with an APPEX 2 
4K CCD area detector, a FR591 rotating anode with MoKa 
radiation, Montel mirrors as monochromator and a 
Kryoflex low temperature device (T = –173 ºC). Full-sphere 
data collection was used with w and j scans. Programs 
used: Data collection APEX-2, data reduction Bruker Saint 



 

V/.60A and absorption correction SADABS. Structure 
Solution and Refinement: Crystal structure solutions were 
achieved using direct methods as implemented in 
SHELXTL and visualized using the program XP. Missing 
atoms were subsequently located from difference Fourier 
synthesis and added to the atom list. Least-squares re-
finement on F2 using all measured intensities was carried 
out using the program SHELXTL. All non-hydrogen at-
oms were refined including anisotropic displacement 
parameters. 
General Procedure for the Synthesis of Aminimides. 
A previously flame-dried Schlenk covered with aluminum 
foil was charged with [Tp*BrAg]2 (0.0075 mmol) and a 
magnetic stirring bar inside a glovebox before being 
equipped with a septum. Dry and degassed CH2Cl2 (6 mL) 
was added followed by the corresponding amine (1.5 
mmol). After stirring for 5 minutes, PhI=NTs (0.3 mmol) 
was added in one portion to the reaction and the mixture 
was stirred for 16 h at the desired temperature. Then vola-
tiles were removed under reduced pressure and the re-
sulting crude was purified by silica gel column chroma-
tography unless otherwise stated. See Supporting Infor-
mation for details and full spectroscopic data. 
Rearrangement of Allylaminimides. A microwave vial 
was charged with the corresponding aminimide (0.1 
mmol) and a magnetic stirring bar. The tube was 
equipped with a septum and evacuated and backfilled 
with Ar (3 times). Then C6D6 (2 mL) was added and the 
reaction was heated up to 80 ºC during 4 h (monitored by 
1H-NMR) and after cooling down to room temperature, 
the volatiles were removed under reduced pressure to 
obtain crude hydrazine. See Supporting Information for 
purification details and full spectroscopic data. 
Computational Details. Solvent phase structure optimi-
zations were performed with the M06 density function-
al,37 as implemented in Gaussian09 program.38 The SMD 
implicit solvation model was used with dichloromethane 
(ε = 8.93). The SDD basis sets were used for silver, copper, 
bromine and iodine.39 The 6-31G(d) basis sets were used 
for the remaining atoms.40 Final energies were obtained 
by doing single-point energy calculations on the opti-
mized structures, where silver, bromine, and iodine were 
still described with SDD, while the remaining atoms were 
treated with the 6-311++G(d,p) basis sets. All geometry 
optimizations were full with no restrictions, and vibra-
tional frequency calculations were performed to establish 
the nature of the stationary points (i.e. minima or transi-
tion states). Connectivity of the transition states was con-
firmed by IRC calculations. Free-energy corrections at 
298.15 K and 1 atm pressure were used, including zero-
point energy corrections. Minimum energy crossing 
points were calculated by using the MECP program of J. 
N. Harvey and co-workers.41 Thermal corrections to the 
MECP structures were obtained by performing frequency 
calculations for the two states, and taking the average 
values of the corrections. The MO6 functional applied 
here was found in previous works on aziridination by 
related systems to perform better than BP86.23b,25 We have 
further benchmarked its performance by repeating select-

ing calculations with the MO6L37 and B97XD42 function-
als and found very similar results (see Supporting Infor-
mation). The eventual existence of open-shell singlet 
electronic states was evaluated through stability calcula-
tions43 on the selected species 1R, 1TSN-N, 1TSN-C. In all 
cases it was found that the closed-shell singlet was pre-
ferred. 

 
Supporting Information. All procedures and characteri-
zation data for new compounds, computed free energy 
scan beyond intermediate 3I and Cartesian coordinates of 
the optimized structures. The Supporting Information is 
available free of charge on the ACS Publications website.  
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