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I. Introduction

Over the last decade, nitrenium ion chemistry has actively been

developed and attracted the attention of many researchers.

Nitrenium ions are R1R2N+ species containing a positively

charged divalent nitrogen atom.1 ± 14 Constant interest in

nitrenium ions stems from their intermediacy in various

important organic reactions, including electrophilic amination

of aromatic and heterocyclic compounds,1, 10, 14 ± 57 intra-

molecular cyclisations into N-heterocyclic com-

pounds,1, 3, 9, 10, 58 ± 80 various rearrangements,6, 10, 81 ± 87 and

photolysis and thermolysis of aminopyridinium and amino-

sulfonium salts and their analogs.7, 12, 27, 29, 32, 88 ± 97 Nitrenium

ions are also involved in solvolysis of nitrogen-centred systems,

reactions of nitrogen-containing compounds with nucleo-

philes, 3, 9, 10, 98 ± 118 and polymerisation.2, 119 ± 121 Recently,

there has been further growth of interest in these ions because

they were found to play an important role in carcinogenesis

andmutagenesis processes and in themechanism of the activity

of antitumour drugs.3, 7, 12, 99, 102, 103, 109 ± 111, 122 ± 147 It is

believed that reactions involving the formation of nitrenium

ions can be realised in outer space, and investigation into their

mechanism is vital for the understanding of the C7N bond

formation in biorelated molecules.148

This review analyses data on the structure and reactivity of

nitrenium ions published over the last 10 to 15 years. Earlier

works are mentioned if required for clarifying the problem

under discussion and revealing new tendencies in the field of

nitrenium ion chemistry.

II. Electronic structure of nitrenium ions

The nitrenium ions are isoelectronic with carbenes and char-

acterised by the presence of a sextet of electrons and a vacant

p-orbital on the nitrogen atom. Like carbenes, they exist in the

singlet (S) or triplet (T) state.1 ± 3, 7, 10, 12, 14 In the singlet state,

the electrons have antiparallel spins and can occupy both thes-
and p-orbitals filling them completely or partially [the S(s2),

S(p2), and S(sp) states, respectively].2, 149 Because thes-orbital
is more s-like, it generally lies lower in energy, the S(s2) state

being energetically preferable. In the triplet state, the electron

spins are parallel and distributed between the partially filled s-
and p-orbitals [T(sp)].
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In the first approximation, the energy difference between the

singlet and triplet states (DEST) depends on the energy differ-

ence between two nonbonding orbitals (p and s). The electron
repulsion and exchange interaction (the Hund rule) favour the

s,p-configuration. It is important to reveal whether the singlet

or triplet state is preferable in order to determine the reaction

routes with various organic molecules. The nitrenium ions in

the singlet state are ambident; their vacant p-orbital can be

involved in interactions with the occupied orbitals of Lewis

bases; the lone electron pair, in interactions with the vacant

AOs of acids. In the triplet state, the ions have odd electrons

and participate in radical processes. Direct measurements of

DEST are generally performed using photoionisation spectro-

scopy; however, the use of this technique for nitrenium ions

with bulky n or p type substituents is hampered because of a

large number of vibrational bands that mask the electronic

states.7 Therefore, data about DEST were mainly obtained by

quantum chemical methods.

Quantum chemical calculations were carried out for differ-

ent types of nitrenium ions:

Ions Ref.

H2N+ 150 ± 171

MeHN+ 150, 153, 154, 160,

169, 172

Me2N+ 150, 153, 154, 160,

172

173

HNCN+, 174

cyclo-(CH2)2N+ 175

cyclo-(CH2)nN+ (n=4, 5) 150, 153, 154

(CHX=CH)MeN+ (X=H, Cl) 154

cyclo-C6H6N+, 176 ± 179

2-MeO-R-C6H4N+ (R=H, 5-But)

ArHN+: Ar=4-RC6H4 (R=H, Me, 97, 106, 150, 152,

Ph, OMe, NMe2 , NH2 , OH, F, Cl, Ac, 154, 172, 180 ± 200

CHO, CO2H, CN, CF3 , CO2Me, AcNH,

PhCH=CH, 30-MeC6H4 , 4
0-MeC6H4 ,

30-MeOC6H4 , 4
0-MeOC6H4), 2-MeC6H4 ,

2,6-Me2C6H3 , 4-Biph, 2-Biph, 1-Naph,

2-Naph, 2-Flu, 4-RC6F4 (R=C6F5 ,

C(O)NHPrn), 2-Py, 3-Py, 4-Py, 2-Pyr,

4-Pyr, 5-Pyr, Triaz, etc.

ArMeN+: Ar=4-RC6H4 (R=H, Me, 93, 106, 172, 180,

Ph, Cl, OMe), 1-Naph, 2-Naph, 4-Biph, 201, 202

2-Flu

ArButN+: Ar=RC6H4 (R=H, 154

4-Br, 2-Ac), 2-Ac-4-BrC6H3

Ar2N+: Ar=4-RC6H4 (R=H, Cl, Br), 95, 97, 183

Mes, 2,6-But2C6H3

(CHO)XN+ (X=H, NH2 , PH2 , OMe, SH, Ph) 152, 203

Ions Ref.

MeAcN+ 150, 172

ArAcN+: Ar=4-RC6H4 (R=H, Me, OMe, 97, 106, 150, 172,

OEt, Ph, PhCH=CH), 1-Naph, 2-Naph, 180, 187, 201

4-Biph, 2-Phen, 2-Flu, 3-Py, 4-Pyr

HXN+ (X=NH2 , PH2 , OH, OMe, 152, 156, 157, 159,

SH, F, Cl, Br, I, CN, NC2) 163, 169, 171, 204,

205

F2N+ 156, 157, 171,

206 ± 215

X2N+ (X=Cl, Br, I) 156, 157, 159, 171

X2N+ (X=NH2 , PH2) 216

(N2)2N+ 217 ± 223

(N3)2N+ 224, 225

(N4)2N+ 226

(CO)2N+ 219

(OH)FN+ 208, 227

FClN+ 171

N3X+ (X=O, S, Se, Te) 228

Note. Hereinafter, the notations are as follows: Naph is naphthyl, Biph

is biphenylyl, Flu is fluorenyl, Phen is phenanthrenyl, Py is pyridyl, Pyr

is pyrimidinyl, Triaz is triazinyl.

III. Unsubstituted nitrenium cation

For the unsubstituted nitrenium ion, H2N+ (1), triplet state
3B1 is the ground state.2 Quantum chemical calculations give a

wide scatter of the values of DEST and DDHf (S7T)

(89 ± 152 kJ mol71), which depends on the approximation

chosen (see Appendix, Tables 1 and 2). The best agreement

with the experimental value (DEST=125.9 kJ mol71) 229 is

given by ab initio calculations CASSCF-MRCI+ZPE 151, 161

and MRCISD(Q)/TZP 158 (Table 2). The MP4(SDTQ)/

6-311+G(3d2f,2p)//MP2/6-311+G(3d,2p) ab initio calcula-

tions showed that both the singlet and triplet forms of the

cation H2N+ were angular, and the angle HNH was much

larger in the triplet state.153

According to quantum chemical calculations for the X 3B1

and b1B1 states of the H2N+ cation, the activation energy of

the transition of the angular structure to the linear one is very

small [1.9 (Ref. 167) and 0.7 kJ mol71 (Ref. 170), respec-

tively]. Because these barriers are lower than the zero level

energy of the deformation vibrations, the cation H2N+ can be

regarded as quasilinear.162, 230 In a pulse field ionisation photo-

electron spectroscopy study, the dissociation energy of the

N7H bond in the cation H3N+ was determined, and an exact

value of the heat of formation of the nitrenium cation was

obtained (DHf=1266.1� 0.3 kJ mol71),231 which was close

to the value found by the ab initiomethod for the triplet state of

the H2N+ cation, DHf=1269.4 [MP4SDTQ(fc)/

6-311++G(2df,p)//MP2(full)/6-311++G(d,p)],159 1267.8 kJ mol71

[R/UCCSD(T)].168 The adiabatic and vertical ionisation

potentials were determined by the ab initio [CCSD(T)/

TZ3P(2f,2d)+2diff] method for the X 3B1 ground state of the

NH2 molecule (11.09 and 12.01 eV) and proved very close to

the experimental values (11.14 and 12.00 eV, respectively).166

Similarly, for the aÄ11A1 state of this molecule, the adiabatic and

vertical ionisation potentials (12.39 and 12.46 eV, respectively)
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also agree well with the experimental values (12.445 and

12.45 eV).166 The relatively large values of these potentials

are evidently determined by the high electronegativity of the

nitrogen atom. An infrared photodissociative spectroscopy

study showed that the nitrenium cation formed intermolecular

hydrogen bonds with inert gases such as Ar (Ref. 162) and He

(Ref. 165) (Ebnd=21.2 and 3.3 kJ mol71) and that the barrier

to the transition of the angular to linear form during complex-

ation decreased (0.8 and 1.3 kJ mol71, respectively) compared

with that for the free nitrenium ion. The B3LYP/6-31G(d)

calculations predict that the 1(H2N+) cation has a high Lewis

acidity relative to that of Hal-, O-, S-, N- , and P-bases, DHf

(298.15 K)=175.3 (HF), 335.6 (HCl), 352.7 (H2O), 540.6

(H2S), 567.4 (NH3), and 699.6 kJ mol71 (PH3).171 These

values are close to the experimental values of the enthalpies of

formation of the complexes NH27L+ [L=H2O

(365.7 kJ mol71), NH3 (573.6 kJ mol71)].171

Under the `long life' conditions, the cation H2N+ was not

generated in solution. It was shown 31 by 1H and 15N NMR

spectroscopy that protonation of hydrazoic acid in superacidic

media (HSO3F7SbF5 , HF7SbF5 , HF7BF3) formed the

aminodiazonium ion (2) rather than the iminodiazonium

ion (3).

It may be assumed that elimination of the nitrogen mole-

cule from the aminodiazonium ion leads to the formation of

the nitrenium ion. However, this is a very unstable species the

lifetime of which is very small. Therefore, the formation of the

nitrenium ion as a discrete species is often not considered as

part of the reaction mechanism. Thus for amination of arenes

with hydrazoic acid in a CF3SO3H7CF3CO2H mixture a

concerted mechanism was suggested, which included an attack

of the protonated form of hydrazoic acid, H2N
�
3 , on the arene

with simultaneous elimination of the nitrogen molecule.44

The yield of arylamines depends on the structure of the

starting arene and decreases upon introduction of acceptor

substituents in the benzene ring. In the absence of CF3SO3H,

the reaction did not occur, indicating that the generation of the

nitrenium ion required a highly acidic medium.

In several cases, indirect evidence was obtained on par-

ticipation of the nitrenium ion in electrophilic amination of

aromatic compounds. Thus in amination with

NaN37AlCl37HCl,1, 31 the highest yields of amines were

obtained for arenes with electron-donating substituents; in

these reactions, the ortho- and para-isomers were dominant

products, which pointed to the electrophilic character of the

active intermediate species.

In the case of amination of mesitylene with the

NaN37AlCl37HCl system, it was shown 19, 20 that a very

low yield ofmesidine was obtained in solvents with a high (>2)

Gutman's donor number (THF, sulfolane, MeNO2 and

PhNO2); the most suitable solvents were CH2Cl2 , Cl(CH2)2Cl

and a mixture of the ionic liquid 1-butyl-3-methylimidazolium

(bmim) chloride with AlCl3 in a molar ratio of 3 : 4.24 In the

presence of HCl, the latter system behaves as a superacid.232 It

was found that the activity sequence of Lewis acids in mesity-

lene amination in Cl(CH2)2Cl (GaCl3&ZrCl4&AlCl3>

AlBr3>FeCl3>SbCl544 SnCl4 , TiCl4>SbCl3 , GeCl4)

was slightly different from the same series for the Friedel ±

Crafts catalysts (Al2Br6>Al2Cl6>Ga2Cl6>Fe2Cl6>

SbCl5>ZrCl4 , SnCl4>SbCl3).23 Strong Lewis acids are

most active in amination (GaCl3 , ZrCl4 , AlCl3 , AlBr3)

because the latter demands highly acidic media. The

most probable mechanisms of arene amination with

NaN37MHaln7HCl are presented in Scheme 1.19, 20, 23, 31

Scheme 1

In the second stage, the protonation of azide MHaln71N3

affordss the aminodiazonium ion 2, which gives the nitrenium

cation 1 after elimination of the nitrogen molecule. Interaction

of arenes with the cationH2NN�2 can lead tos-complexes such

as 4 or 5. According to AM1 quantum chemical calculations of

these s-complexes, in the case of methyl-substituted benzenes

(o-xylene, mesitylene, durene and pentamethylbenzene),

s-complexes 4 are less stable than the corresponding com-

plexes 5 and hence a mechanism that involves these complexes

is very unlikely.20 A very long H2N7N bond (*3 �A) is
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of the nitrenium ion arising from the decomposition of 2 with

elimination of the nitrogen molecule.20 As mentioned above,

the ground state of the cation H2N+ is the triplet state
3(H2N+). Since the formation of 6 demands that the nitrenium

ion should be in the singlet state, the conversion of arene

should depend on the probability of a singlet ± triplet transition

for this cation. As is known, this probability increases with

the number of heavy atoms and their atomic numbers in

the solvent molecule. Indeed, in the amination with

NaN37AlCl37HCl, the conversion of mesitylene and

o-xylene in different solvents decreases in the series

CH2Cl2>CHCl3>CCl4 , Cl(CH2)2Cl>ClCH2CCl3, and

CH2Cl2>CH2Br2 , which is consistent with the participation

of the cation H2N+ as an active intermediate in the reaction.20

The limiting stage of the amination is obviously the formation

of s-complex 6. If we take into account the above consider-

ations, the degree of conversion (Z) of methylbenzenes should

depend not only on the number of heavy atoms (N ) in the

solvent molecule, but also on the dielectric constant (e) of the
latter. This is confirmed by the two-parameter correla-

tions 19, 20 for reactions of mesitylene (MsH) and o-xylene

(o-XyH),

Z (MsH)= (0.29� 0.08)+ (0.067� 0.010)e7(0.107� 0.023)NCl ,

r=0.97, s=0.08, n=9;

Z (o-XyH)=(0.40� 0.10)+(0.059� 0.012)e7(0.143� 0.027)NCl ,

r=0.96, s=0.1, n=7.

The cation H2N+ is a rather reactive intermediate species

in arene amination, which results in its low selectivity.1, 20 This

follows from the calculated values of the logarithm of the

partial rate factor of hydrogen substitution into the para-

position of toluene (log fp) and the selectivity factor

[Sf= log( fp/fm), where fm is the rate factor for the substitution

into the meta-position] for toluene amination with

NaN37AlCl37HCl (0.97 and 0.75, respectively).20

The nitrenium ion can be generated by photolysis of

N-aminopyridinium and S-aminosulfonium salts and their

analogues. A wide range of these salts (7 ± 14) were examined

to investigate the effects of the structure of the cation and the

nature of the counterion on the activity of the corresponding

salts in the reaction with arenes.1, 40, 42, 43, 45

Com- R1 R2 R3 Y Com- R1 R2 R3 Y

pound 7 pound 7

a H H H Br k H COMe H MesSO3

b H H H I l H CO2Me H MesSO3

c H H H ClO4 m H CN H Br

d H H H MesSO3 n H CN H ClO4

e Me H H I o H CN H MesSO3

f MeO H H MesSO3 p H NO2 H MesSO3

g MeO H H ClO4 q Me Me H MesSO3

h H MeO H MesSO3 r Me Ph Ph BF4

i H Me H MesSO3 s Ph Ph Ph ClO4

j H Ph H MesSO3

Photolysis of 1-aminopyridinium salts 7a ± d,r in benzene

or toluene in the presence of CF3CO2H gives aniline and

toluidines, respectively. This can be regarded as evidence for

the involvement of the nitrenium ion in the singlet state

(Scheme 2).42
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In addition to the electrophilic substitution products

(methylanilines), the reaction affords biphenyl and phenyl-

tolylmethanes, obviously formed via the nitrenium cation in

the triplet state. The low regioselectivity of the reactions of

toluene and naphthalene with the nitrenium cation formed

upon photolysis of 7 and 8 in the presence of CF3CO2H is

consistent with the above data on the high activity of the cation

H2N+. This also follows from the low absolute value of the

sensitivity constant (r+) in the Hammett equation for reac-

tions of alkylbenzenes with the nitrenium cation generated

upon photolysis of 1-aminoquinolinium perchlorate

(r+=71.9).42

The activity of N-aminopyridinium salts 7 and 8 in reac-

tions with arenes in the presence of CF3CO2H is considerably

affected by the substituents in the pyridine ring and the nature

of the counterion.43, 45 The selectivity factor (Sf) increases with

the electron-withdrawing character of the substituents in the

ring in the amination of toluene. The relative fraction of 1- and

2-aminonaphthalenes formed in the photolysis of 7 and 8 in the

naphthalene ±CF3CO2H system also depends on the structure

of the pyridinium fragment and the nature of the counterion.45

A similar tendency can be traced for photolysis of quinolinium

salts 11 in toluene ± CF3CO2H.43 The selectivity factor

decreases in the series of the anions Cl7>Br7>

MsSOÿ3 >ClOÿ4 , which was attributed 43 to the degree of

delocalisation of the negative charge on the anion. The same

order Br7>MsSOÿ3 > ClOÿ4 > I7 is observed in the photo-

lysis of 1-aminopyridinium salts 7a ± d (Ref. 43).

In the photolysis of 1-aminopyridinium and 1-aminoqui-

nolinium mesitylenesulfonates, the addition of small amounts

of 18-crown-6 to the benzene ±CF3CO2H mixture leads to a

monotonic increase in the yield of aniline; this is explained by

stabilisation of the cation H2N+ in the singlet state by its

interaction with the crown ether.43 In the case of perchlorates

of these cations, the yield of aniline initially increases and then

decreases abruptly, which is attributed to the formation of a

sandwich-type complex between the cation H2N+ and two

crown-ether molecules. This complex is believed to have a

decreased reactivity because of steric hindrances as regards the

approach of the benzene molecule to the complexed cation

H2N+.

As a result of photolysis of 7d and 9 in the benzene ±

CF3CO2H or PhMe7CF3CO2H system, the yields of aniline

and toluidines decrease if photolysis is carried out in solvents

containing heavy atoms (CH2Cl2 , CH2Br2 , CH3I) and in the

presence of atmospheric oxygen; this is evidently caused by an

increase in the S7T conversion rate of the nitrenium cation.45

Because of the lower nucleophilicity of sulfides, the nitrenium

cation interacts more weakly with the lone electron pair of the

sulfur atom in sulfides than with the pair of the nitrogen atom

in pyridines. Therefore, for sulfonium salts, S7T conversion

must occur at a higher rate. This accounts for the low yield of

the amination products in the photolysis of 14a,b in the

benzene ±CF3CO2H and toluene ±CF3CO2H systems.45

Note that heating of a DMSO solution of 13 at 150 8C in

the presence of active arenes (mesitylene, anthracene) does not

lead to amination products,233 which is obviously caused by

the difficulty of heterolysis of theN7NH2 bond because of the

low stability of the cation H2N+. Similarly, reactions of 7b

with strong bases such as Et3N do not result in a transfer of the

cation H2N+ to the amine, but afford the corresponding

ylide.234

IV. Alkyl- and cycloalkylnitrenium ions

According to quantum chemical calculations (see Appendix,

Tables 1 and 2), the ground state of the cation MeHN+ is the

triplet state (15a) with the angle CNH of 151.18 [HF/6-31G(d)

ab initio calculations]. As in the case of H2N+, structure 15a,

characterised by low activation energy, is transformed into the

linear form 15b (Ea=4.1 kJ mol71).153 The energy difference

DEST decreases fromH2N+ toMeHN+, which is attributed to

the stabilising effect of hyperconjugation between the methyl

group and the vacant p-orbital of the cation MeHN+ in the

singlet state.

None of the configurations of the singlet form of MeHN+

corresponds to a minimum on the potential energy surface; the

minimum is due to the immonium ion 16.153 The methylnitre-

nium ion 15 was generated from the anion MeHN7 in the gas

phase and investigated by mass spectrometry.235

As in the case of MeHN+, the singlet state of dimethylni-

trenium ion 1(17) is not a minimum on the potential energy

surface [MP2(full)/6-31G(d) calculation] and is readily trans-

formed into the immonium ion 18 [Ea=18.8 kJ mol71,

HF/6-31G(d)].153

Ab initio and MNDO calculations of the cation Me2N+

predicted higher stability of the triplet state 3(17) relative to the

singlet state 1(17), while the AM1 method showed that the

singlet state was preferable (see Appendix, Tables 1 and 2).

Photoelectron spectroscopy studies of ionisation of the radical

Me2N
.
revealed that the ground state ofMe2N+was the singlet

state.236 The first band (9.01 eV) in the spectrum was assigned

to the formation of the cation Me2N+ in the 1A1 state, while

the transition at 9.65 eV, to the formation of the cation in the
3B1 triplet state, which agreed with DFT calculations. The

dimethylnitrenium ion 17 was also generated from the anion

Me2N7 in the gas phase.235Using the known formation heat of

cation 18 and the calculated values of DDHf of this ion and

Me2N+, Ford andHerman 153 obtained the heats of formation

of the latter cation in the singlet and triplet states (1021 and

1013 kJ mol71, respectively).

According to ab initio quantum chemical calculations for

the cyclic nitrenium ions cyclo-(CH2)2N+ (19) and cyclo-

(CH2)5N+ (20), the triplet state is energetically preferable to

the singlet state, whereas for the cation cyclo-(CH2)4N+ (21),

the situation is equivocal (see Appendix, Table 2). For the

bicyclic ion 22, the singlet state is more stable according to the

MNDO data.153
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For 20 and 21, the MNDO and AM1 semiempirical

methods predicted higher stability of the singlet state.

Alkyl- and cycloalkylnitrenium ions were not generated in

solution under the `long-life' conditions. 1H, 13C, and
15N NMR studies 31 showed that protonation of azides RN3

(R=Me, Et) in superacidic systems (HSO3F7SbF5 ,

HF7SbF5 , HF7BF3) afforded aminodiazonium ions 23

rather than iminodiazonium ions 24.

It is believed that alkylnitrenium ions are involved in a

number of arene amination reactions, both inter- and intra-

molecular. For example, the reaction of n-butyl azide with

benzene or mesitylene in a CF3SO3H7CF3CO2H mixture

affords the corresponding arylbutyl amines.44 The action of

CF3CO2H on the meta-methoxy derivative 25 results in cycli-

sation and formation of tetrahydroquinolines 26 and 27.237

The direction of the reaction depends on the position of the

MeO substituent in the ring and changes substantially for the

para-methoxy derivative 28.237 In this case, the products are

6-methoxy-2-methyl-1,2,3,4-tetrahydroquinoline (26) and the

demethylation product, 6-hydroxy-2-methyl-1,2,3,4-tetrahy-

droquinoline (29); this was explained by the participation of

the s-complex in the reaction (the 7-methoxy derivative was

not detected).

Photolysis of N-methylamino- and N,N-dimethylamino-2-

methyl-4,6-diphenylpyridinium tetrafluoroborates in the

PhMe7CF3CO2H system occurs in the same way as photol-

ysis of 7a ± d,r in this system, but the yield of the corresponding

amines is markedly lower, while the fraction of the radical

reaction products is higher.42 The authors explained this by the

higher rate of S7T conversion of the methyl-substituted

nitrenium ions MeHN+ and Me2N+ compared with the rate

of the same process for H2N+.

It was shown that arylepoxyalkyl azides treated with Lewis

acids can undergo a number of transformations probably with

the formation of dialkyl-substituted nitrenium ions

(Scheme 3).64

V. Enylnitrenium ions

According to MNDO and AM1 quantum chemical calcula-

tions for enylnitrenium ions 30a,b, the singlet state is energeti-

cally more favourable (see Appendix, Table 1), while the

ab initio method predicts that the ground state for cation 30a

will be triplet (see Appendix, Table 2). For the tropylium

cation analogue, viz, azepinenitrenium ion 31, the ab initio

method predicts that the singlet state will be energetically

preferable (see Appendix, Table 2).
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The interaction of the cation N+(3P) with benzene was

studied 148 by the B3LYP/6-31G* method. The cation N+

initially attacks the carbon ± carbon bond of the benzene ring

to form the nitrenium ion bridge 32 in the triplet state, which

rearranges into the triplet azepinenitrenium ion 31. These (and

also CAS//RHF/3-21G) calculations showed that the ground

state of 31was the singlet state and the angle CNC in the singlet

state was smaller than in the triplet state (1278 and 1448,
respectively).

The first `direct' observation of enylnitrenium ions in the

solid state by 15N and 13C NMR spectroscopy has shown 238

that polyazine doped with iodine

was transformed into a polycation in which the positive charge

was localised on the nitrogen (structure B) rather than on the

carbon (structure A) atoms. However, later this treatment was

criticised 239 based on the data of AM1, RHF/6-31G*, and

MP2/6-31G* calculations.

The action of TiCl4 on 2-methoxy-4-R1-7-R2-2H-azepines

(R1=R2=But; R1=But, R2=MeO) and 2-isopropoxy-

7-methoxy-2H-azepine afforded azepinium ions 33a ± c

(Refs 177 ± 179). Their structures were confirmed by 1H and
13C NMR.

In the reactions of cation 33b with water, propylamine,

arenes PhX (X=H, OH, MeO), furan, thiophene or pyrrole,

the corresponding substituent occupies the position 3 or 7 in

the azepine ring.177, 178

According to B3LYP/6-31G(d) calculations, the azepinium

ion is 69.9 kJ mol71 less stable than the tropylium cation.177

Attempts to generate di- and tribenzoazepinium ions 34

and 35 by treatment of 8H-furo[3,4-d ]dibenzo[b, f ]azepine and

9H-tribenzo[b,d, f ]azepine with CF3CO2Ag failed.240

Solvolysis of 1,2-bis(difluoroamino)ethylenes 36 inMeOH,

EtOH or AcOH is assumed to occur via nitrenium ions 37.241

VI. Aryl-substituted nitrenium ions

Arylnitrenium ions are currently investigated most intensely

because they are considered as active intermediates in

electrophilic amination reactions,1 carcinogene-

sis,3, 7, 102, 122, 126 ± 128, 134, 140 ± 143, 147 action of several

drugs,146, 242 synthesis of electroconducting polymers 119, 120

and as the potential precursors of organic magnetic materi-

als.149 For arylnitrenium ions 38 ± 43, the ground state is singlet

(see Appendix, Tables 1 and 2) because of the stabilising

interaction of the occupied p-orbitals of the aromatic ring

with the vacant p-AO of the ion in the singlet state.

According to the data of quantum chemical calculations of

cations 44 ± 46, the singlet state is destabilised relative to the

triplet state when the withdrawing character of the substituent

X in the aromatic ring increases (see Appendix, Tables 1

and 2).
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For arylnitrenium ions 47 ± 49 with substituents in the

meta-position, the situation is equivocal.149 Surprisingly, the

introduction of strong donating (NH2 , NMe2 , PMe2) and

withdrawing (CN, NO) substituents in the aromatic ring

stabilises the triplet state relative to the singlet state (see

Appendix, Table 2). In the case of 38a and 44a ± n, a linear

correlation was found between the DEST and the s+ constants

(ors�R) of the substituents, which points to the similarity of the

arylnitrenium ions to the benzyl cations with considerable

resonance interactions between the ring substituents and the

carbocation centre.185

Ab initio and AM1 calculations of nitrenium ions 38a and

50 ± 54 showed that the stability of ArHN+ type cations

increases with the length of the aromatic p-system, and that

the relative stability series of these ions is parallel to that for the

isoconjugated arylmethyl cations.181, 186 According to the data

from HF-6-31G(d) ab initio calculations, the barriers to the

interconversion of the syn- and anti-isomers for 50 ± 54 are

rather high and depend slightly on the nature of the aryl group

(DE==116� 8 kJ mol71).186

B3LYP/6-31G* calculations of the energies of the singlet

and triplet states of the fluorinated arylnitrenium ion 55

indicate that the ground state is singlet, and the value of S7T

splitting is rather high (*84 kJ mol71).192 In contrast,

HF/6-31G* calculations predict that the ground state will be

triplet and the energy difference will be smaller

(DEST=20.9 kJ mol71).192

According to AM1 data, the singlet state of the arylnitre-

nium ions PhRN+ is destabilised relative to the triplet state

when the steric effect of the substituent R increases (But>H)

(seeAppendix, Table 1).154 Similarly, the loss of conjugation in

Ar2N+ (56 ± 58) as a result of the introduction of bulky

substituents in the ortho-positions of the benzene rings also

leads to destabilisation of the singlet state; according to AM1

calculations, the ground state of 58 is triplet, but singlet for 56

and 57 (see Appendix, Table 1).183

Spectral data for arylnitrenium ions are rather scarce

compared with the data for their isoelectron analogues, carbo-

cations ArC+RH.2, 3, 12, 90, 92, 130 An attempt to generate aryl-

hydroxynitrenium ions by protonation of nitrosoarenes 59a,b

or benzoquinone monoximes 60a ± g in superacidic media

(HSO3F7SbF57SO2) failed.243 Protonation led to benzimi-

nium dications 61a ± i.

Compounds 60, R1 R2 R3 R4

61a ± g

a H H H H

b Me H H H

c H Me H H

d Me Me H H

e Me H H Me

f H Me Me H

g Me H Me H

The reason for the failure evidently lies in the ambident

character of the nitrenium cations; along with the electrophilic

properties they can exhibit nucleophilic properties by adding a

proton at the lone electron pair.

Previously, it has been shown 244, 245 that electrochemical

oxidation of 4-amino-3,5-di(tert-butyl)-40-dimethylaminobi-

phenyl in MeCN gave arylnitrenium ion 62. The structure of

the ion was confirmed by the 1H NMR and electronic absorp-

tion spectra (EAS).244
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ortho- and para-Methoxy-substituted arylnitrenium ions

63a ± c 246, 247 were generated electrochemically. The 1H, 13C

and 15N NMR spectroscopic data were analysed, and strong

arguments were given in favour of the fact that cyanodiphe-

nylmethyl cations 64a ± e, which are analogues of diarylnitre-

nium ions according to the principle of vinilogy, are essentially

nitrenium ions in character.248 ± 250

One of the methods for the direct generation of arylnitre-

nium ions in a condensed phase is nuclear chemical synthesis

based on b-decay of tritium atoms.14, 194, 251 ± 253

When generated by this procedure, arylnitrenium ions

appear without a counterion, due to which they can be studied

as species in the `free state'. Investigation of the electrophilic

substitution of the hydrogen atom in benzene and its mono-

substituted derivatives (toluene and nitrobenzene) under the

action of the phenylnitrenium ion PhTN+ showed that the

reaction occurred both at the N and C atoms and formed

diphenylamines and aminobiphenyls, respectively; in the case

of toluene, 4-methyldiphenylamine was the sole product, while

for nitrobenzene, o-, m-, and p-aminobiphenyls were obtained

along with nitrodiphenylamines.251 ± 253 An analysis of the

experimental data and the results of AM1 calculations showed

that in the reaction of benzene with the phenylnitrenium ion,

the reaction products depended on the comparable contribu-

tions of the equilibrium constants of the formation of the

s-complexes and their deprotonation rate constants.194

Data on `direct' observation and reactivity of arylnitre-

nium ions were mostly obtained by photolysis (Refs 2, 3, 7, 12,

29, 32, 80, 88 ± 97, 129 ± 131, 135 ± 137, 139, 141, 147, 200,

254 ± 270). Salts of N-(tert-butyl)-3-methylanthranilium ions

65a ± h were used 147, 254 ± 258 for generating the nitrenium

cations, which were identified by electron spectroscopy

(Scheme 4). The higher stability of the singlet state of the

nitrenium ions 1(66a ± f) followed from the absence of the effect

of O2 on their lifetimes.147, 255, 256 The interaction of 1(66b ± d)

with water and alcohols obeys the pseudofirst order kinetic

equation (k is 106 ± 109 litre mol71 s71) and forms the ortho-

(67b ± d) and ipso-substitution products (68d, 69b,c). For the

nucleophiles ROH, the reactivity decreases in the series

MeOH>EtOH>PriOH&H2O>ButOH, which is similar

to the series for diarylmethyl cations.256

It was assumed that the nucleophiles ROH attack the para-

position relative to the nitrenium centre of 1(66a) and that 69a

is formed as a result of 1,5-migration of the hydrogen atom.256

In the absence of nucleophiles, the 1(66b ± d) ions in MeCN

have lifetimes from 119 to 440 ns, while for 1(66e,f) the

lifetimes are higher (30 and 600 ms, respectively).147 The life-

time of 1(66a), formed upon photolysis of 65a in CH2Cl2 , is

quite sufficient for this ion to be almost entirely rearranged into

iminium ion 70a by 1,2-migration of the methyl group.254 A

similar rearrangement was used to explain the formation of

aniline upon the photochemical transformation of N-(methyl-

phenylamino)-2,4,6-trimethylpyridinium tetrafluoroborate.91

The yield of protonated amines 71b,c, evidently formed

upon reaction of the triplet nitrenium ions 3(66b,c) with SH,

decreases when tetramethyldiazetine dioxide is added to

quench the triplet state.255 Photolysis of 65h in MeCN7H2O

orMeCN7MeOHmixtures affords cations 70h and 71h, while

the nucleophilic substitution products are absent, which points

to the formation of cation 3(66h) in the triplet state.257 In the

presence of O2, the relative fraction of cation 71h decreases,

and the addition of Ph3CH leads to an increase in the 71h : 70h

ratio and to isolation of the 4-Ph3C-4-H-C6H4=CPh2 dimeric

product, which confirms the formation of the radical Ph3C
.
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An analysis of the kinetic data showed that the lifetime of the

triplet N-tert-butyl(2-acetyl-4-nitrophenyl)nitrenium cation

was*2 ms.257

Acetonitrile is a weak nucleophile that reacts only with

sufficiently reactive arylnitrenium ions such as 72 to form the

substitution product 73.258

Time-resolved IR studies showed that the diphenylnitre-

nium ion has an iminocyclodienyl structure.92 This structure is

characteristic of 4-acetamido-, 4-methoxy-, 4-ethoxy-, 4-(N-

methylacetamido)phenylnitrenium, 4-biphenylylnitrenium,

and 2-fluorenylnitrenium ions, which is confirmed by the

Raman spectra.188, 189, 191, 196 The contribution of the imino-

hexadienyl structure depends on the nature of substituents in

the benzene ring (increasing with their donating character), on

the orientation of the phenyl rings relative to the nitrenium

centre, and on the nature of the substituents directly bound to

this centre.196 Picosecond Raman spectroscopy was used to

study the nitrenium cations generated by photolysis of 2-fluo-

renyl- and 4-methoxyphenyl azides in an MeCN7H2O mix-

ture.262 In the first stage, azides are transformed into nitrenes,

which react with water to give 2-fluorenyl- and 4-methoxyphe-

nylnitrenium ions in the singlet state, respectively. The reaction

of 4-methoxyphenylnitrene with H2O is a considerably faster

process than of 2-fluorenylnitrene, which follows from the

appearance of bands at 1632 and 1630 cm71 in the Raman

spectrum of the 4-methoxyphenyl- and 2-fluorenylnitrenium

ions.262

Laser flash photolysis of N-aminopyridinium tetrafluoro-

borates 74a ± d inMeCNafforded 4-R-phenylmethylnitrenium

ions.94 It appeared that the position of the longwave absorp-

tion band in the electronic spectrum depended on the nature of

the substituent R (lmax=480, 450, and*470 nm for R=Ph,

MeO, and Me, respectively).

It was assumed that the phenylsulfopropylnitrenium ion

with an absorption maximum at 453 nm, was an intermediate

in electrochemical polymerisation of N-(3-sulfopropyl)ani-

line.120 Irradiation of 4-EtO- and 4-MeOC6H4N3 in water

yielded the corresponding nitrenium ions, for which the EAS

showed absorption at 300 nm. This was explained by a

significant contribution of an iminium type limiting structure

to the resonance hybrid.136 For the 1,3,5-tribromophenylni-

trenium ion generated by protonation of the corresponding

nitrene in the MeCN7H2O system, there is a considerable

bathochromic shift of the absorption bands in the EAS

(lmax=420 and 600 nm).261

In more extended aromatic systems, substituents also

produce a substantial effect on the position of the longwave

absorption band. Thus in the flash photolysis of 4-azidobi-

phenyl 264 and 2-azidofluorene 129 in MeCN7H2O or of

40-amino-4-biphenylyl azide 138 in H2O, the EAS exhibited the

bands at 460, *450, and 470 nm, which were assigned to the

4-biphenylylnitrenium, 2-fluorenylnitrenium and 4-aminobi-

phenylylnitrenium cations, respectively. The situation is sim-

ilar for the (4-XC6H4)2N+ cations (X=H: 420, 640 nm;

X=Cl: 440, 680 nm; X=Br: 450, 690 nm).95 The RB3LYP/

6-31G calculations of the transitions corresponding to the

longwave absorption band for these cations agree with the

experiment (lcalc=645, 637, and 647 nm, respectively).95

Likewise, good agreement between the calculated (CASPT2)

and experimental EAS was obtained for biphenyl-4-yl-,

biphenyl-2-yl-, and 1-naphthylnitrenium ions generated by

irradiation of the corresponding azides in the presence of HCl

using the matrix isolation method.200 If the nitrenium centre

(Ph2N+)32, 90 or the extended p-system [4-(4-X-styryl)phenyl-

nitrenium ions (X=H, 4-Br, 3-Me, 4-Me, 4-NAcMe,

4-MeO),267 1-naphthyl-N-methylnitrenium ion,96 and cation

75 (Ref. 268)] has two phenyl substituents, the EAS shows a

longwave absorption maximum (lmax =660, 500 ± 600, 500,

and 500 ± 520 nm, respectively).

For polyfluorinated arylnitrenium ions 4-XC6F4HN+

generated by flash photolysis of the appropriate azides in

MeCN or MeOH in the presence of H2SO4 , the band position

in the EAS is almost independent of the nature of the

substituent (the highest value of l was observed in MeCN,

and the lowest, in MeOH):260

X F CO2Me CH2Br CN CH2OH CH2NMe2
l /nm 375 375 380 365 380 370

365 370 365 365 375 370

The lifetimes of these cations are extraordinarily large

(>1073 s) as compared with the lifetimes of their nonfluori-

nated analogues, which was attributed to the stabilising

interaction of the p-AOs of the F atoms with the vacant

p-orbital of the nitrenium centre.260 For the cations

4-XC6F4N+H (X=C6F5 , CONHPr) in MeCN7HCl, two

absorption bands were observed, their positions being almost

independent of the substituent X (330 and 530 nm).192

The iminohexadienyl character of the arylnitrenium ions

leads to a considerable difference between their properties and

the properties of the corresponding benzyl carbocations. Thus

the lifetime of the 4-(N-methylacetamido)phenylnitrenium ion

in water is 5000 times larger than of the 4-methoxy-substituted

cation, although the MeO group is a stronger electron-donat-

ing substituent than the NAcMe group [s+(MeO)=70.78,

s+(AcMeN)=70.60].139 The difference between the proper-

ties of the nitrenium ions and carbocations also lies in the

absence of linear correlation between the logarithms of the rate

constants of the reactions of the cations 4-XC6H4N+H

(X=H, Me, Ph, MeO, PhO, NH2 , NAcMe, Cl) with water
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and the s+-constants of the substituents X.139 A similar

pattern is observed for the reactions of the cations

4-XC6H4N+Ac (X=H, Me, Ph, EtO) 106 and X-biphenyl-4-

ylnitrenium ions (X=40-MeO, 30-MeO, 40-Me, 30-Me, H, 40-F,
40-Cl, 30-Cl, 40-CF3) with water.138, 265 A satisfactory correla-

tion was obtained 265 by processing the data in terms of the

Yukawa ±Tsuno equation; the high value of the parameter r+

(2.8) reflects the increased effect of the p-donating substituents
lying in the resonance position relative to the nitrenium centre

on the reaction rate. A linear correlation is observed between

the values of log k of the reaction of the 4-(4-X-styryl)phenyl-

nitrenium cations (X=H, Br, Me, MeO) with water in

MeCN7H2O and of the corresponding phenethyl cations in

ROH-type media; this suggests a relationship between the

strongly delocalised nitrenium ions and the carbocations.267

The pBP/DN*//HF/6-31G* calculations (including the

zero-point vibration energy) of isodesmic reaction (1) showed

that the cations 4-RC6H4N+H (R=H, Me, Ph) were 82.8,

80.3, and 51.5 kJ mol71 more stable than the corresponding

oxenium-type cations,190, 193 probably because of the higher

electronegativity of the oxygen atom.

This agrees with the experimental data, according to which

the lifetime of biphenyl-4-nitrenium ion in aqueous solutions at

30 8C is much larger than that of biphenyl-4-yloxenium ion

(300 and 12 ns, respectively).193 Note that the lifetimes of the

carbocations formed from 4-ethyl- and 4-isopropylbiphenyl

are still smaller (0.1 and 0.5 ns, respectively).190 It is also

interesting to note that the lifetimes of the biphenyl-4-ylnitre-

nium and 4-phenyl-1,1-dimethylbenzenium ions in aqueous

solutions at 20 ± 25 8C are comparable (300 and *150 ns),

which confirms the iminocyclohexadienyl character of arylni-

trenium ions.271 The introduction of the donating substituents

X in the cations of the type 4-(4-XC6H4)C6H4Y+ (X=MeO,

Me; Y=NH, O) decreases the reaction rates with water of the

nitrenium (X=MeO,Me; Y=NH) and, to an approximately

equal extent, oxenium (X=MeO,Me; Y=O) cations relative

to the reaction rates of the corresponding unsubstituted ions

(X=H) (*1500-fold for X=MeO and *10-fold for

X=Me).272 The lifetime (t) of the cation 4-XC6H4N+H in

aqueous solutions depends significantly on the substituent X,

X t /ns X t /ms

PhO 50 PriO 1.25

4-MeOC6H4O 70 ButO 1.56

MeO 370 4-MeO-1-Naph 1.35

EtO 550

Note that for the cation 4-MeOC6H4N+H, it is approximately

the same as for the biphenyl-4-ylnitrenium ion, although it

must be substantially larger based on the comparison of the

s+-constants of MeO and Ph groups.266 This is probably

explained by localisation of the positive charge on the MeO

oxygen atom adjacent to the reaction site at which the water

molecule attacks.266

The nitrenium ions react at high rates even with very weak

bases. Thus the cation Ph2N+, generated upon photolysis of

1-(N,N-diphenylamino)-2,4,6-trimethylpyridinium tetrafluo-

roborate in MeCN reacts with compounds RH [1-methyl-

cyclohexa-1,4-diene, tri(n-butyl)stannane, cyclopenta-1,3-

diene, cyclohexa-1,4-diene, cycloheptatriene, tris(trimethylsi-

lyl)silane and toluene] with hydride transfer; the reaction rate

depends significantly on the structure of the source of the

hydride ion (rate constants are 108, 1.66107, <1.76106,

6.56106, 1.46107, <106 and <106 litre mol71 s71, respec-

tively).88

Many reactions of arylnitrenium ions with N- and O-bases

are known. The reactions of the biphenyl-4-yl- and fluoren-2-

ylnitrenium ions with Nÿ3 in an MeCN7H2O mixture at

20 8C are similar to diffusion-controlled reactions

(kaz>109 litre mol71 s71), while the rate constants for reac-

tions with water are much lower (kw is 1.86106 and

3.46104 s71, respectively).264 This explains the decreased

kaz/kw ratio on passing from cation 76a to more reactive

nitrenium ions 76b ± d,112

Ion 76a 76b 76c 76d

kaz/kw 2900 10 300 79

The reactions of the ions 4-XC6H4(Me)N+ (X=Me, Ph,

Cl) with amines (BunNH2 , ButNH2 , Pr
i
2NH, Et3N, PhNH2)

and pyridine are similar to diffusion-controlled reactions

(k>109 litre mol71 s71).94 In the case of the less reactive

ion with X=MeO, the rate of the reactions with sterically

hindered amines slightly decreases,94

Amine ButNH2 Pri2NH Et3N

k61078 /litre mol71 s71 6.3 0.47 3.8

The reaction rate constants for the N-methyl-N-(1-naph-

thyl)nitrenium ion in MeCN with such nucleophiles as Cl7,

Et3N, BunNH2 , ButNH2 , MeOH, EtOH, and H2O, are higher

than for the N-(biphenyl-4-yl)-N-methylnitrenium cation;

for O-bases, the difference in the rate constants is over three

orders of magnitude.96 These data qualitatively agree with

the results of B3LYP/6-31G(d,p) quantum chemical

calculations for the isodesmic transfer of the OH group

(DE=743.1 kJ mol71).96

Flash photolysis of 5-azido-8-methoxypsoralene (77) in an

MeCN±H2O mixture leads to the formation of 5-imino-

5,8-dihydropsoralen-8-one (78) in a nearly quantitative

yield.268
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It was assumed that the reactions of arylnitrenium cations

79a,bwith purine nucleosides occurred with an initial attack at

the N(7) nitrogen atom and further proton elimination and

1,2-migration of theNYAr group; the reaction rate constant of

the nitrenium ion with the nucleoside was close to the diffusion

limit (*26109 litre mol71 s71).111

A similar viewpoint concerning themechanism of reactions

of arylnitrenium ions with guanine derivatives was

reported.102, 123 Later, for the reaction of the fluoren-2-ylni-

trenium ion generated upon photolysis of 2-azidofluorene with

N-methyl- and N,N-dimethylguanosine it was found that the

most probable mechanism was the direct attack of the nitre-

nium ion at the C(8) atom of the base.125 A similar mechanism

was also suggested for the reaction of this cation with 2-deoxy-

guanosine.129 Time-resolved Raman spectroscopic studies

provided data about the formation of an adduct at the C(8)

atom in the reaction of the fluoren-2-ylnitrenium ion with

guanosine.263However, themechanismwith an initial attack of

the nitrenium ion on the N(7) atom of deoxyguanine and

further quick transformation of the resulting intermediate into

the C(8)-adduct is not ruled out.

Presumably, arylnitrenium cations 80a,b are formed upon

photolysis of 1-acyl-7-nitroindolines 81a,b in an H2O7MeCN

mixture as a result of the migration of the MeOCH2CO group

with further elimination of the MeOCH2CO
ÿ
2 anion.270

Arylnitrenium ions are regarded as intermediates in elec-

trophilic amination of arenes and intramolecular cyclisation.

These reactions are discussed in detail in a recent review.1

VII. Formyl- and acetyl-substituted nitrenium ions

According to theMNDOdata, the singlet state is preferable for

formyl-substituted nitrenium ions R(HCO)N+ with substitu-

ents exhibiting the positive mesomeric effect (+M) (R=Ph,

OH, SH, NH2 , PH2), and the triplet state, for R=H, Me (see

Appendix, Table 1). This is the case for acetyl-substituted

nitrenium ions (see Appendix, Tables 1 and 2). The singlet

state is destabilised relative to the triplet state where the

withdrawing character of the aryl group in the ions ArAcN+

increases (Ar is biphenyl-4-yl-, 3-pyridyl, and pyrimidin-4-yl)

(see Appendix, Table 2).

Flash photolysis has shown that the acetylnitrenium ion 82,

which is believed to be generated during the carcinogenic

action of benzidine, is quite stable; at pH* 7 it is in equili-

brium with the neutral conjugated base 83 and with

40-(acetylamino)biphenyl-4-ylnitrenium ion 84, the relative

fraction of the latter being small.137

Replacement of the acetyl group for the hydrogen atom in

the NH fragment of arylnitrenium ions 85a and 86a increases

the rate of their reactions with water and the azide ion,264

which is probably determined by the destabilising effect of this

group. Similarly, replacement of the hydrogen atom by the

OO
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acetyl group in 87a decreases the lifetime of the nitrenium ion

in MeCN7H2O (160 and 40 ns, respectively);267 the water

molecule and the azide ion attack predominantly the b-posi-
tion of the vinyl group.113 The N-acetyl-N-(1-naphthyl-) and

N-acetyl-N-(2-naphthyl) nitrenium ions have considerably

smaller lifetimes in aqueous solutions (*10710 s).114

The absence of correlation between log(kaz/kw) in the

competitive reaction of the ions 4-XC6H4(Ac)N+ with the

azide anion and water and the s+ constants of substituents

confirms the iminocyclohexadienyl character of these nitre-

nium ions.106

The replacement of the NH fragment by NAc generally

results in a decrease in the rate constant for the N7O bond

heterolysis by approximately five orders of magnitude.107

Similar retardation is also observed for hydrolysis of the

heteroaromatic compound 88 in an MeCN7H2O mixture.107

In the MeCN7H2O system at neutral pH, 89a undergoes

heterolysis at the C7O bond, while 89b and 90a,b experience

heterolysis at the N7O bond.115, 133 Solvolysis of N-acetyl-N-

sulfonatooxyaminoarenes 91a ± e also occurs with the N7O

bond cleavage and formation of the correspondingN-acetylni-

trenium ions.105, 106, 109, 110, 132

The N-acetyl-N-(fluoren-2-yl)nitrenium ion reacts with

20-deoxyguanosine (dG) in aqueous media predominantly at

the N atom, while the reaction with water occurs at the C atom

and at a considerably lower rate (kdG/ks& 103 litre mol71).132

It is believed that the acetylnitrenium ions are intermedi-

ates in electrophilic amination of arenes and intramolecular

cyclisation 1 and can also be involved in addition reactions to

alkenes.273

VIII. Nitrenium ions with NR1R2 and PR1R2

substituents

According to the MNDO and ab initio data, the singlet state is

preferable for the nitrenium ions of the type RN+NH2 and

RN+PH2 (R=H, CHO, NH2) because of the strong electron-

donating effect of the NH2 and PH2 groups (see Appendix,

Tables 1 and 2). The nitrenium ion (NH2)2N+ has an angular

configuration with an angle N7N7N of 1208, while

(PH2)2N+ is linear; distortion of the latter to the angle

P7N7P of 1508 leads to a very minor change in the energy

(3.1 kJ mol71).216

Azaallyl cations of the type R1R2N+=N7NR3R4 were

isolated as stable salts (tetrafluoroborates, perchlorates or

iodides).274

Amine-substituted nitrenium ions are postulated as inter-

mediates of the amination of aromatic compounds with

diazenes.1 Recently, it has been found 275 that in the electro-

philic amination of 4-fluorophenol with diazenes in the pres-
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ence of ZrCl4 the fluorine atom is replaced by the NR1(NHR2)

groups.

Heating of 1-(4-bromophenyl)-3-(4-chlorophenyl)[1,2,3]-

triazolo[1,5-b]isoquinolinium tetrafluoroborate results in the

cation valence isomerisation into an open nitrenium ion 92,

which subsequently forms new heterocyclic compounds.86

IX. Nitrenium ions with OR and SR substituents

According to MNDO and ab initio/6-31G** calculations, the

singlet state is more favourable for the nitrenium ions

R(OH)N+ and R(SH)N+ (R=H, CHO) because of the

strong electron-donating effect of the OH and SH groups (see

Appendix, Tables 1 and 2).

N,N-Dimethyl-p-nitrosoaniline and 1-methyl-3-nitroso-2-

phenylindole react with benzoyl chloride to give nitrenium ions

93 and 94.276 In contrast to 93, cation 94 is iminium in character;

in particular, according to X-ray diffraction data, it has an

N=C double bond (1.298 �A).

Cation 93 reacts with indoles and indolizines to yield new

heterocyclic compounds, in which the C=N bond is formed

due to the nitrenium form of the ion.277

The reactions of substituted nitrosobenzenes with indoles

in the presence of ClCH2CO2H occur in a similar way.28, 278, 279

Presumably, the electrophile-catalysed N7O bond cleav-

age in dimethoxyamine results in the methoxynitrenium ion;

the latter is ambident in reactions with nucleophiles; namely, it

methylates hard nucleophiles and is involved in the addition

reactions with soft bases (Scheme 5).101, 280

Scheme 5

N-Methoxy-substituted nitrenium ions are involved in

oxidative cyclisation reactions.1 The reactions of hypervalent

iodine compounds with amides lead to the formation of

N-heterocyclic compounds.1, 70, 71, 75, 77, 78, 281 ± 283
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X. Halogen-substituted nitrenium ions

According to ab initio calculations, the singlet state is pre-

ferable for nitrenium ions of the type RHN+ and R2N+ with

R=F, Cl, Br, and I; the stabilising effect of the replacement of

two hydrogen atoms by halogen atoms is much higher than for

the replacement of one atom (see Appendix, Table 2). Calcu-

lations at a high level of theory showed that the nitrenium ions

RHN+ (R=H, Me, Cl, F, CN) reacted with water almost

without the activation energy and formed the complexes

(HNROH2)+ the relative stabilisation energy of which

increased in the series Me<Cl<CN< F<H.169

The interaction of the cation F2N
+with HN3 andNH2CN

was investigated by mass spectrometry and ion cyclotron

resonance.212, 284

Thermochemical calculations (DH 8=782.8 and

7117 kJ mol71, respectively) indicate that the reactions are

highly exothermic probably due to the high oxidative ability of

F2N+. The reactions of this cation with H2O, HF and N2O in

the gas phase are also exothermic.207, 213, 214 The G2MS calcu-

lated affinity (A) of F2N+ to various ligands correlates with the

proton affinity.207

Ligand A /kJ mol71 Ligand A /kJ mol71

HF 42.3 CO 104.6

CO2 44.8 H2O 138.5

NF3 71.1 H2S 241.0

N2O 73.2 NH3 326.4

HCl 86.6 PH3 354.4

The cation F2N+ forms two types of complexes with the NF3

molecule, F2N+7FNF2 and F2N+7NF3 , the dissociation

energies of which are rather small (735.6 and

774.1 kJ mol71, respectively). At high temperatures, the

complex F2N+7FNF2 is readily transformed into

F2N+7NF3 .211 The mechanism of the spin-forbidden trans-

fer of F+ from the cation 1(F2N+) to the CO molecule was

studied by mass spectrometry, and an intermediate complex

NF�2 _CO was obtained.215 Calculations at the G3 level give

good agreement of the enthalpy of formation of F2N+with the

experimental value (DH �f =1160.2 and 1156.9 kJ mol71,

respectively).209

Isomerisation of the cation HONF+ was studied by the

MP2(FULL)/6-31G* method.208 Calculations at the G2MS

level showed that the chlorine atom decreased the Lewis acidity

of nitrenium ions of the type XHN+ and X2N+ more

significantly than the fluorine atom; it was found that the

acidity decreased in the series H2N
+>FHN+>F2N

+&
ClHN+>FClN+>Cl2N

+ (Ref. 171).

Data about halogen-substituted nitrenium ions in the

condensed phase are limited to one example. The ion F2N
+

was generated by the matrix isolation method, which was

confirmed by the similarity between the calculated (CASSCF)

and the experimental IR spectra.285

XI. Heterocyclic nitrenium ions

Replacement of the CH fragment in the aromatic ring of the

arylnitrenium ion by the nitrogen atom destabilises the singlet

state relative to the triplet one; this effect increases from ortho-

tometa- and para-substituted derivatives and with the number

of nitrogen atoms introduced in the ring (ions 95 ± 101) (see

Appendix, Table 2).187
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The large differences in the relative free energies of the syn-

and anti-isomers of 95a,b and 98a,b (Table 2) in the singlet

state are obviously due to the anomeric effect and the favour-

able electrostatic interaction between the hydrogen atoms of

the NH groups and the nitrogen atom in the 2 position of the

heterocycle.187 The same explains the higher stability of syn-

isomer 102a relative to anti-isomer 102b (DDHf=

31.8 kJ mol71).186

For the cyclic nitrenium ions of triazolium (103 ± 106)

and triazolinium (107 ± 109) types, the ground states are

singlets.259, 286 ± 301 According to (BPW91/cc-pVDZ) ab initio

calculations for 1,3-dimethylbenzotriazolium ion 106c,

DEST is 7270.7 kJ mol71, which agrees well with the

experimental value obtained by laser flash photolysis

(7276� 13 kJ mol71).259

Cation 104 R1 R2 R3

a Et 2,4,6-Cl3C6H2 2,4,6-Cl3C6H2

b Et 4-ClC6H4 4-ClC6H4

c Et Me 4-MeC6H4

d Ph Me 4-MeC6H4

e Ph 2,4,6-Cl3C6H2 2,4,6-Cl3C6H2

f CH2Cl 2,4,6-Cl3C6H2 2,4,6-Cl3C6H2

g CO2Me 2,4,6-Cl3C6H2 2,4,6-Cl3C6H2

The high absolute value of DEST for 106c can be explained

by the presence of two nitrogen atoms adjacent to the nitre-

nium centre with the lone electron pairs involved in conjuga-

tion, and also by the aromatic character of the triazolium type

system. The presence of conjugation is proved by X-ray

diffraction data for 103b, 104a,f, 106b,c, 107c ± f, and

109.286, 289 ± 293, 295, 297 ± 301 The corresponding bond lengths

between the nitrogen atoms in these cations (1.26 ± 1.37 �A)

are intermediate between the lengths of the N7N single bond

(1.425�A) and N=N double bond (1.240 �A).302

Ab initio calculations showed that the ground state of the

4-(1,2,4-triazolium) cation was the 1(A1) singlet state, but the
3B1 triplet state was only 4.2 kJ mol71 higher in energy.303

According to B3LYP/6-311+G* calculations, the local

minima on the potential energy surface correspond only to

structures with X=S, Te among quasiplanar rhombic struc-

tures 110 (X=O, S, Se, Te); the global minima correspond to

structures 111 (X=O, S, Se, Te). However, the latter species

are kinetically unstable and readily undergo elimination of the

nitrogen molecule [at the CCSD(T)/6-311+G* level of theory,

the activation barriers are 55.6, 34.3, 33.1, and 33.5 kJ mol71,

respectively].228

An electron absorption spectroscopic study showed that

the basicity of X-substituted 1,2,3-triazoles in aqueous H2SO4

was substantially affected by the structural factors,

pK �BH =70.16 (X=H), 76.80 (X=4-NO2), 70.11

(X=1-Ph),75.21 (X=2-Ph),75.36 (X=4-Ph).304

Irradiation of 2-azido-1-methylimidazole in aqueous so-

lutions generated the 2-imidazolyl-1-methylnitrenium ion with

the lifetime in water of 100 ms.305

Like aryl-substituted nitrenium ions, heteroaromatic nitre-

nium cations react with nucleophiles to form C7N (N-route)

and C7C (C-route) bonds. Thus solvolysis of 2-amino-2-N-

(pivaloyloxy)-a-carboline in aqueous MeCN forms nitrenium

ion 112, which reacts with the amine produced in the reaction

by N- and C-routes (Scheme 6).35

Photochemical amination of benzene and its derivatives

with tetrazolo[1,5-a]pyrimidine in the presence of CF3CO2H

affords substituted anilinopyrimidines and 2-aminopyrimi-

dine, biphenyl, and diarylmethanes (Scheme 7).46

When analysing the effect of the heavy atom of the solvent,

the authors assumed that substituted anilinopyrimidines were

formed with participation of nitrenium ion 113 in the singlet
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state, while aminopyrimidine and diarylmethanes were formed

with participation of this ion in the triplet state. Note that

according to quantum chemical calculations for the gas phase,

the ground state of this ion is the triplet state, although the

energy difference between the triplet and singlet states is

small.187 The formation of nitrenium ion 113 is suggested by

the linear correlation between the values of log k of the

formation of substituted anilinopyrimidines and the s+-con-

stants of the substituents X; the relatively low absolute value of

the reaction sensitivity constant [r+(25 8C)=72.9] points to

the higher electrophilicity of the singlet pyrimidinylnitrenium

ion compared with the phenylnitrenium cation.46

XII. Conclusion

An analysis of the publications reviewed in the present paper

allows us to draw the following conclusions. The diversity of

the reaction routes of nitrenium ions with nucleophilic reagents

is primarily determined by the properties of the ions them-

selves, but not by the reaction conditions or the nature of the

nucleophile; the ions can be involved in reactions in the singlet

or triplet states and exhibit an electrophilic or radical charac-

ter, respectively. The +M type substituents in the cations

HRN+ and R2N+ (R=Ar, NR2 , OR, SR, Hal) stabilise the

singlet state of the nitrenium ions due to the p ± p and n ± p

resonance interactions that dominate their electron acceptor

inductive effect. The increased acceptor character of the

substituent generally stabilises the triplet state, initiating the

radical route of transformations. According to the data from

quantum chemical calculations, the singlet state of the ions

PhRN+ and Ar2N+ is destabilised relative to the triplet state

when the steric effect of the substituents R and Ar increases.

The barriers to the interconversion of the syn- and anti-isomers

of the ions ArHN+ are rather high and almost independent of

the nature of the aryl group. The relative stability of arylni-

trenium ions is parallel to that of the isoconjugated arylmethyl

cations. To control the singlet ± triplet conversion of nitrenium

ions in electrophilic aminations of arenes, one can effectively

use the heavy atom effect of the solvent and complexation with

crown ethers.

In discussing prospects for theoretical studies, it is impor-

tant to note that data on the properties of nitrenium ions were

largely obtained from quantum chemical calculations, but the

calculated parameters of these species often cannot be com-

pared with experimental data because of the limited number of

`direct' experimental observations. The data on the properties

of nitrenium ions were mostly obtained by mass spectrometry

and ion cyclotron resonance. However, the possibilities of

these methods are restricted by the observation of charged

species in a rarefied gas atmosphere. In recent years, flash

photolysis has become a popular technique for investigating

the properties of nitrenium ions in the condensed phase.

Recently, a new method for generating nitrenium ions was

suggested; it is based on fragmentation of N-nitrosoamines by

exposure to X-ray radiation in an argon matrix.306 These

methods, however, use detection of nitrenium ions from the

electronic absorption, IR or Raman spectra, often providing

limited information about the structure and properties of these

species, which often cannot be reliably interpreted. For exam-

ple, ultrafast photolysis of phenyl azide in HCO2H forms

phenylnitrene, which is probably protonated into the phenyl-

nitrenium cation with a broad absorption band (in the range

400 ± 600 nm).307 However, other species generated in the

reaction mixture might also absorb in this range. Therefore,

challenges for the nearest future are the development of

methods for generating various long-lived nitrenium ions in
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the condensed phase and their investigation using more infor-

mative physical methods such as multinuclear magnetic reso-

nance.

The high chemical and biochemical activity of the nitre-

nium ions also stimulates further systematic studies of the

kinetics and mechanisms of reactions involving these species,

including in vivo studies of reactions with biomolecules and

model compounds.

This work was financially supported by the Russian
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and the Division of Chemistry and Materials Science of the
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XIII. Appendix

Table 1. Stabilisation energies (DE ) relative to the ion H2N+ and the differences between the heats of formation (DDHf) of the singlet and triplet states of
the nitrenium ions obtained by semiempirical methods (in kJ mol71).

Ion MNDO Ref. AM1 Ref.

DE(S) a DE(T) a DDHf(S ±T) b DDHf(S ±T) b

H2N+ (1) 0 0 88.7 150 104.2 154

7 7 69.9 154 7 7
MeHN+ (15) 7154.8 792.0 25.9 150 7.9 154

7 7 6.7 154 7 7
Me2N+ (17) 7238.5 7184.1 33.5 150 719.7 154

7 7 5.0 154 7 7
cyclo-(CH2)4N+ (20) 7292.9 7159.0 743.9 150 791.2 154

7 7 744.4 154 7 7
cyclo-(CH2)5N+ (21) 7301.2 7192.5 718.8 150 7 7

7 7 719.2 154 759.4 154

22 7 7 760.7 153 7 7
(CH2=CH)MeN+ (30a) 7 7 76.7 154 731.0 154

(CH2=CCl)MeN+ (30b) 7 7 722.2 154 729.3 154

PhHN+ 7443.5 7246.9 7109.2 150 7117.2 154

7 7 7105.9 152 7 7
7 7 7140.2 154 784.9 183

(1-Naph)HN+ (39a) 7502.1 7292.9 7120.9 150 7 7
(1-Naph)AcN+ (39b) *7602 *7393 7121.3 150 7 7
(2-Naph)HN+ (40a) 7493.7 7309.6 794.6 150 7 7
(2-Naph)AcN+ (40b) 7589.9 *7410 791.6 150 7 7
(2-Flu)HN+ (41a) 7510.4 7284.5 7139.3 150 7 7
(2-Flu)AcN+ (41b) *7611 *7343 7178.7 150 7 7
(2-Phen)HN+ (42a) 7502.1 7334.7 779.1 150 7 7
(2-Phen)AcN+ (42b) *7602 *7439 775.7 150 7 7
4-(PhCH=CH)C6H4HN+ (43a) 7510.4 7313.8 7109.6 150 7 7
4-(PhCH=CH)C6H4AcN+ (43b) *7594 *7414 7108.8 150 7 7
(CHO)HN+ 7 7 82.6 152 7 7
(CHO)NH2N+ 7 7 7162.4 152 7 7
(CHO)PH2N+ 7 7 7118.7 152 7 7
(CHO)OHN+ 7 7 750.3 152 7 7
(CHO)SHN+ 7 7 763.0 152 7 7
(CHO)PhN+ 7 7 793.3 152 7 7
MeAcN+ *7268 *7209 29.3 150 7 7
PhAcN+ *7544 *7351 7105.9 150 7 7
HNH2N+ 7 7 7135.4 152 7 7
HPH2N+ 7 7 756.9 152 7 7
HOHN+ 7 7 791.2 152 7 7
HSHN+ 7 7 777.7 152 7 7
Ph(But)N+ 7 7 7120.1 154 786.6 154

(4-BrC6H4)ButN+ 7 7 782.0 154 791.2 154

(2-AcC6H4)ButN+ 7 7 760.7 154 764.0 154

(2-Ac-4-BrC6H3)ButN+ 7 7 757.3 154 761.5 154

Ph2N+ (56) 7 7 7 7 746.9 183

Mes2N+ (57) 7 7 7 7 724.3 183

(2,6-But2C6H3)2N+ (58) 7 7 7 7 30.5 183

a The relative stabilisation energies were calculated using isodesmic reactions. b The negative value points to the higher stability of the singlet state

as compared with the triplet state.
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Table 2. Energy difference (DEST) between the singlet and triplet states of the nitrenium ions as calculated by the ab initio and DFT (in kJ mol71)
methods.

Ion DEST (see a) Calculation procedure, basis set Ref.

H2N+ (1) 133.1 MP4/6-311G+G(3d,2f,2p)//MP2(full)/6-311+G(3d,2p) 153

151.9 UCISD/6-311G*//UHF/6-31G* 154

140.2 MP4/6-311G(2df)+ZPVE 156, 157

127.6 MRCISD(Q) 158

125.9 MRCISD(Q)/TZP 158

126.4 MP4SDTQ(fc)/6-311++G(2df,p)//MP2(full)/6-311++G(d,p) 159

125.6 TZ2P(f,d)CASSCF-SOCI+ZPE 161

125.8 CASSCF-MRCI+ZPE 161

140.5 B3LYP/6-311++G** 163

141.6 QCISD/6-311++G** 163

123.0 TZ3P(2f,2d)+2diffCASSCF-SOCI 164

MeHN+ (15) 59.0 MP4/6-311G(d,p)//HF/6-31G(d) 153

87.0 UCISD/6-311G*//UHF/6-31G* 154

H(CN)N+ 92.0 QCISD(T) 163

Me2N+ (17) 92.9 UCISD/6-311G*//UHF/6-31G* 154

26.4 MP4/6-31G(d,p)//HF/6-31G(d) 153

cyclo-(CH2)2N+ 45.2 CCSD(T)/B1//MP2/B1 175

46.4 BVWN5/B3//MCSCF/B1 175

45.2 BLYP/B3//MCSCF/B1 175

cyclo-(CH2)4N+ (20) 723.8 MP2/6-31G(d)//HF/6-31G(d) 153

18.0 UCISD/6-31G*//UHF/6-31G* 154

cyclo-(CH2)5N+ (21) 21.8 MP2/6-31G(d)//HF/6-31G(d) 153

40.2 UCISD/6-31G*//UHF/6-31G* 154

(CH2=CH)MeN+ (30a) 41.8 UCISD/6-311G*//UHF/6-31G* 154

(CH2=CCl)MeN+ (30b) 77.1 UCISD/6-31G*//UHF/6-31G* 154

cyclo-(CH)6N+ (31) 7279.9 MP2//HF/3-21G 176

7486.6 CAS//RHF/3-21G 176

7178.5 B3LYP/6-31G* 148

PhHN+ 7147.3 MP4/SDTQ/6-31G**//HF/6-31G* 195

785.8 UCISD/6-31G*//UHF/6-31G* 154

788.7 BVWN5/cc7pVTZ//BVWN5/cc-pVDZ 182

778.7 BPW91/cc-pVDZ+ZPVE 185

787.0 BPW91/cc-pVDZ 183

780.3 UB3LYP/6-31G(d,p) 149

779.5 pBP/DN*+ZPE 199

PhMeN+ 759.0 BPW91/cc-pVDZ+ZPVE 202

(4-NMe2C6H4)HN+ 7115.9 BPW91/cc-pVDZ+ZPVE 185

(4-NH2C6H4)HN+ 7116.3 BPW91/cc-pVDZ+ZPVE 185

(4-HOC6H4)HN+ 7106.3 BPW91/cc-pVDZ+ZPVE 185

(4-MeOC6H4)HN+ 7111.7 BPW91/cc-pVDZ+ZPVE 185

7117.2 (U)BPW91/cc-PVDZ 196

7146.9 (U)MP2/cc-PVDZ 196

(4-EtOC6H4)HN+ 7117.6 (U)BPW91/cc-PVDZ 196

7148.5 (U)MP2/cc-PVDZ 196

(4-MeC6H4)HN+ 791.6 BPW91/cc-pVDZ+ZPVE 185

794.6 pBP/DN*+ZPE 199

(4-CHOC6H4)HN+ 751.0 BPW91/cc-pVDZ+ZPVE 185

(4-ClC6H4)HN+ 789.1 BPW91/cc-pVDZ+ZPVE 185

7102.9 pBP/DN*+ZPE 199

(4-FC6H4)HN+ 792.9 BPW91/cc-pVDZ+ZPVE 185

(4-HO2CC6H4)HN+ 767.8 BPW91/cc-pVDZ+ZPVE 185

(4-AcOC6H4)HN+ 769.0 BPW91/cc-pVDZ+ZPVE 185

(4-AcC6H4)HN+ 756.5 BPW91/cc-pVDZ+ZPVE 185

(4-CF3C6H4)HN+ 774.9 BPW91/cc-pVDZ+ZPVE 185

(4-CNC6H4)HN+ 773.2 BPW91/cc-pVDZ+ZPVE 185

(4-NO2C6H4)HN+ 770.3 BPW91/cc-pVDZ+ZPVE 185

(4-MeC6H4)MeN+ 771.1 BPW91/cc-pVDZ+ZPVE 93

(4-ClC6H4)MeN+ 774.1 BPW91/cc-pVDZ+ZPVE 93

(4-PhC6H4)MeN+ 776.1 BPW91/cc-pVDZ+ZPVE 93

794.1 pBP/DN*//HF/6-31G 199

(4-MeOC6H4)MeN+ 789.1 BPW91/cc-pVDZ+ZPVE 93
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Table 2 (continued).

Ion DEST (see a) Calculation procedure, basi set Ref.

(3-MeC6H4)HN+ (47a) 779.1 UB3LYP/6-31G(d,p) 149

(3-Me3SiC6H4)HN+ (47b) 780.3 UB3LYP/6-31G(d,p) 149

(3-FC6H4)HN+ (47c) 771.5 UB3LYP/6-31G(d,p) 149

(3-CNC6H4)HN+ (47d) 772.8 UB3LYP/6-31G(d,p) 149

(3-HOC6H4)HN+ (47e) 756.9 UB3LYP/6-31G(d,p) 149

[3-(CH2=CH)C6H4]HN+ (47f) 744.8 UB3LYP/6-31G(d,p) 149

(3-PH2C6H4)HN+ (47g) 741.0 UB3LYP/6-31G(d,p) 149

(3-HSC6H4)HN+ (47m) 726.8 UB3LYP/6-31G(d,p) 149

(3-MeOC6H4)HN+ (47j) 728.9 UB3LYP/6-31G(d,p) 149

(3-NH2C6H4)HN+ (47k) 1.7 UB3LYP/6-31G(d,p) 149

(3-NOC6H4)HN+ (47l) 9.6 UB3LYP/6-31G(d,p) 149

(3-PMe2C6H4)HN+ (47h) 23.8 UB3LYP/6-31G(d,p) 149

(3-C4H3C6H4)HN+ (47i) (see b) 88.7 UB3LYP/6-31G(d,p) 149

3-(1-NCHCH)C6H4(H)N+ (47n) (see c) 46.0 UB3LYP/6-31G(d,p) 149

3,5-(NH2)2C6H4(H)N+ (47o) 32.2 UB3LYP/6-31G(d,p) 149

3,5-(NMe2)2C6H4(H)N+ (47p) 49.4 UB3LYP/6-31G(d,p) 149

4-(NHAc)C6H4(H)N+ 7115.5 (U)BPW91/cc-PVDZ 191

4-(NMeAc)C6H4(H)N+ 7116.3 (U)BPW91/cc-PVDZ 191

3,5-(NH2)2C6H3(Me)N+ (48) 12.6 UB3LYP/6-31G(d,p) 149

3,5-(NH2)2C6H3(But)N+ (49) 719.7 UB3LYP/6-31G(d,p) 149

4-PrnNHC(O)C6F4(H)N+ (55) *784 B3LYP/6-31G* 192

20.9 HF/6-31G* 192

Ph2N+ (56) 748.5 BPW91/cc-pVDZ 183

794.1 pBP/DN*//HF/6-31G 199

PhAcN+ 728.5(749.0) BPW91/cc-pVDZ 187

(4-Biph)AcN+ (85b) 741.8(766.5) BPW91/cc-pVDZ 187

(3-Py)AcN+ 74.2(720.5) BPW91/cc-pVDZ 187

(4-Pyr)AcN+ 25.1(11.7) BPW91/cc-pVDZ 187

(2-Flu)HN+ (86a) 742.3(767.4) BPW91/cc-pVDZ 187

syn-(2-Py)HN+ (95a) 760.7(773.2) BPW91/cc-pVDZ 187

anti-(2-Py)HN+ (95b) 723.4(738.9) BPW91/cc-pVDZ 187

syn-(3-Py)HN+ (96a) 725.1(732.2) BPW91/cc-pVDZ 187

anti-(3-Py)HN+ (96b) 738.5(748.1) BPW91/cc-pVDZ 187

(4-Py)HN+ (97) 715.1(720.5) BPW91/cc-pVDZ 187

syn-(4-Pyr)HN+ (98a) 22.6(16.7) BPW91/cc-pVDZ 187

anti-(4-Pyr)HN+ (98b) 37.7(30.1) BPW91/cc-pVDZ 187

(2-Pyr)HN+ (99) 29.3(23.0) BPW91/cc-pVDZ 187

(5-Pyr)HN+ (100) 3.3(0) BPW91/cc-pVDZ 187

(Triaz)HN+ (101) 45.6(43.9) BPW91/cc-pVDZ 187

HNH2N+ 7248.1 6-31G** 152

(NH2)2N+ 7444.9 ACPF 216

HPH2N+ 7134.2 6-31G** 152

(PH2)2N+ 7136.6 ACPF 216

HOHN+ 7129.5 6-31G** 152

HSHN+ 7106.2 6-31G** 152

HFN+ 733.9 MP4/6-311G(2df)+ZPE 156, 157, 205

719.6 QCISD(T) 163

HClN+ 717.2 MP4/6-311G(2df))+ZPE 156, 157, 205

726.4 MP4SDTQ(fc)/6-311++G(2df,p)// 159

MP2(full)/6-311++G(d,p)

717.6 QCISD(T)(full)/6-311++G(2df,p)// 159

MP2(full)/6-311++G(d,p)

717.2 MP4/6-311G(2df)+ZPE 157

75.1 QCISD(T) 163

HBrN+ 726.8 MP4/6-311G(2df)+ZPE 156, 157

HIN+ 731.4 MP4/6-311G(2df)+ZPE 156, 157

F2N+ 7231.6 G2 215

7239.7 MP4/6-311G(2df)+ZPE 156, 157

414 G I Borodkin, V G Shubin



References

1. G I Borodkin, V G Shubin Zh. Org. Khim. 41 487 (2005) a

2. D E Falvey, in Reactive Intermediate Chemistry (Eds R A Moss,

M S Platz, M Jones) (Hoboken: Wiley-Interscience, 2004) p. 593

3. M Novak, S Rajagopal Adv. Phys. Org. Chem. 36 167 (2001)

4. M M Toteva, A C O'DonoghueAnnu. Rep. Prog. Chem., B 97 229

(2001)

5. M M Toteva, A C O'DonoghueAnnu. Rep. Prog. Chem., B 96 291

(2000)

6. E J Kantorowski, M J Kurth Tetrahedron 56 4317 (2000)

7. D E Falvey J. Phys. Org. Chem. 12 589 (1999)

8. P Dembech, A Ricci, G Seconi, in Current Trends in Organic

Synthesis (Eds C Scolastico, F Nicotra) (New York: Kluwer

Academic, Plenum, 1999) p. 97

9. V F Rudchenko, R G Kostyanovsky Usp. Khim. 67 203 (1998)

[Russ. Chem. Rev. 67 179 (1998)]

10. C J A Mota Quim. Nova 21 453 (1998)

11. R A Cox, in Organic Reaction Mechanisms (Eds A C Knipe,

W E Watts) (New York: Wiley, 1997) p. 273

12. R A McClelland Tetrahedron 52 6823 (1996)

13. K K Laali Coord. Chem. Rev. 210 47 (2000)

14. T P Simonova, V D Nefedov, M A Toropova, N F Kirillov

Usp. Khim. 61 1061 (1992) [Russ. Chem. Rev. 61 584 (1992)]

15. S Polanc J. Heterocycl. Chem. 42 401 (2005)

16. R S Belen'kaya, S P Verevkin, A V Zimichev, A M Rozhnov

Zh. Org. Khim. 29 570 (1993) a

17. G I Borodkin, S A Popov, V G Shubin, in International

Conference `Reaction Mechanisms and Organic Intermediates'

(Book of Abstracts), St Petersburg, 2001 p. 87

18. G I Borodkin, S A Popov, V G Shubin, inTrudyMezhdunarodnoi

Konferentsii `Sovremennye ProblemyOrganicheskoi Khimii' (Tezisy

Dokladov), Novosibirsk, 2001 [Proceedings of the International

Conference `Modern Problems of Organic Chemistry' (Abstracts

of Reports), Novosibirsk, 2001] p. 71

19. G I Borodkin, S A Popov, L M Pokrovskii, V G ShubinZh. Org.

Khim. 39 793 (2003) a

20. G I Borodkin, I R Elanov, S A Popov, L M Pokrovskii,

V G Shubin Zh. Org. Khim. 39 718 (2003) a

21. G I Borodkin, A A Bessonov, S A Popov, V G Shubin,

inMaterialy Vserossiiskoi Nauchnoi Molodezhnoi Konferentsii

`Pod Znakom Sigma', Omsk, 2003 (Proceedings of All-Russian

Scientific Conference for Young Scientists `Under the Sigma',

Omsk, 2003) p. 55

22. G I Borodkin, A A Bessonov, V G Shubin, in Sovremennye

Problemy Teoreticheskoi i Eksperimental'noi Khimii (Tezisy

Dokladov IV Vserossiiskoi Konferentsii Molodykh Uchenykh),

Saratov, 2003 [State-of-the-Art Problems of Theoretical and

Experimental Chemistry (Abstracts of Reports of the IVth All-

Union Conference of Young Scientists), Saratov, 2003] p. 59

23. G I Borodkin, A A Bessonov, R V Andreev, V G Shubin

Zh. Org. Khim. 40 789 (2004) a

24. G I Borodkin, I R Elanov, V G Shubin Zh. Org. Khim. 40 1589

(2004) a

25. A A Bessonov, G I Borodkin, R V Andreev, V G Shubin,

in Tezisy Dokladov VII Nauchnoi Shkoly-Konferentsii po

Organicheskoi Khimii, Ekaterinburg, 2004 [Abstracts of Reports

of the VIIth Scientific School-Conference on Organic Chemistry,

Ekaterinburg, 2004] p. 124

26. G I Borodkin, I R Elanov, V G Shubin, in Tezisy Dokladov

Mezhdunarodnoi Konferentsii po Organicheskoi Khimii

`Organicheskaya Khimiya ot Butlerova i Bel'shteina do Sovremen-

nosti', Sankt-Peterburg, 2006 [Abstracts of Reports of the

International Conference on Organic Chemistry `Organic

Chemistry since Butlerov and Beilstein until the Present',

St Petersburg, 2006] p. 665

27. D Bogdal Heterocycles 53 2679 (2000)

28. P Carloni, L Greci, M Iacussi, M Rossetti, P Stipa, C Rizzoli,

P Sgarabotto J. Chem. Res. (S) 350 (1996)

29. D Chiapperino, S McIlroy, D E Falvey J. Am. Chem. Soc. 124

3567 (2002)

30. C Meier, G Boche Tetrahedron Lett. 31 1693 (1990)

31. A Mertens, K Lammertsma, M Arvanaghi, G A Olah J. Am.

Chem. Soc. 105 5657 (1983)

32. S McIlroy, D E Falvey J. Am. Chem. Soc. 123 11329 (2001)

33. K P Naicker, K Pitchumani, R S Varma Catal. Lett. 54 165

(1998)

34. M Novak, K S Rangappa J. Org. Chem. 57 1285 (1992)

35. M Novak, S Kazerani J. Am. Chem. Soc. 122 3606 (2000)

36. M Novak, K S Rangappa, R K Manitsas J. Org. Chem. 58 7813

(1993)

37. G A Olah, T D Ernst J. Org. Chem. 54 1203 (1989)

38. M F G Stevens, D-F Shi, A Castro J. Chem. Soc., Perkin Trans.

1 83 (1996)

39. J D Spence, A E Raymond, D E Norton Tetrahedron Lett. 44

849 (2003)

40. S Srivastava, M Kercher, D E Falvey J. Org. Chem. 64 5853

(1999)

41. A Ohwada, S Nara, T Sakamoto, Y Kikugawa J. Chem. Soc.,

Perkin Trans. 1 3064 (2001)

42. H Takeuchi, S Hayakawa, T Tanahashi, AKobayashi, T Adachi,

D Higuchi J. Chem. Soc., Perkin Trans. 2 847 (1991)

43. H Takeuchi, D Higuchi, T Adachi J. Chem. Soc., Perkin Trans. 1

1525 (1991)

44. H Takeuchi, T Adachi, H Nishiguchi, K Itou, K Koyama

J. Chem. Soc., Perkin Trans. 1 867 (1993)

45. H Takeuchi, S Hayakawa, H Murai J. Chem. Soc., Chem.

Commun. 1287 (1988)

46. H Takeuchi, K Watanabe J. Phys. Org. Chem. 11 478 (1998)

47. H Takeuchi, T Taniguchi, T Ueda J. Chem. Soc., Perkin

Trans. 2 295 (2000)

48. H Takeuchi, J-i Tateiwa, S Hata, K Tsutsumi, Y Osaki

Eur. J. Org. Chem. 3920 (2003)

N

Table 2 (continued).

Ion DEST (see a) Calculation procedure, basis set Ref.

Cl2N+ 782.8 MP4/6-311G(2df)+ZPE 156, 157

7188.7 MP4SDTQ(fc)/6-311++G(2Df,p)// 159

MP2(full)/6-311++G(d,p)

7180.3 QCISD(T)(full)/6-311++G(2df,p)// 159

MP2(full)/6-311++G(d,p)

Br2N+ 768.2 MP4/6-311G(2df)+ZPE 156, 157

I2N+ 747.3 MP4/6-311G(2df)+ZPE 156, 157

(N2)2N+ 737 B3LYP/6-311+G(3df) 217

726 CCSD(T)/6-311+G(3df) 217

a The negative value points to the higher stability of the singlet state compared with the triplet state. The values in parentheses are G�SÿT including

solvation by water molecules within the framework of the SM5.42R/BPW91/DZVP model;

b C4H3= ; c 1-NCHCH= .

Nitrenium ions: structure and reactivity 415



49. J S Yadav, B V S Reddy, G Veerendhar, R S Rao, K Nagaiah

Chem. Lett. 31 318 (2002)

50. I Zaltsgendler, Y Leblanc, M A Bernstein Tetrahedron Lett. 34

2441 (1993)

51. H Mitchell, Y Leblanc J. Org. Chem. 59 682 (1994)

52. Y Leblanc, N Boudreault J. Org. Chem. 60 4268 (1995)

53. C Dufresne, Y Leblanc, C Berthelette, C McCooeye Synth.

Commun. 27 3613 (1997)

54. S Bombek, R LenarsÏ icÏ , M KocÏ evar, L Saint-Jalmes,

J-R Desmurs, S Polanc Chem. Commun. 1494 (2002)

55. R LenarsÏ icÏ , M KocÏ evar, S Polanc J. Org. Chem. 64 2558 (1999)

56. A Ohwada, H Li, T Sakamoto, Y Kikugawa Heterocycles 46 225

(1997)

57. J S Yadav, B V S Reddy, G M Kumar, C Madan Synlett 1781

(2001)

58. R A Abramovitch, X Ye J. Org. Chem. 64 5904 (1999)

59. R A Abramovitch, Q Shi Heterocycles 38 2147 (1994)

60. R A Abramovitch, X Ye, W T Pennington, G Schimek,

D Bogdal J. Org. Chem. 65 343 (2000)

61. R A Abramovitch, J Miller, A J C de Souza Tetrahedron Lett. 44

6965 (2003)

62. J A R Rodrigues, R A Abramovitch, J D F de Sousa, G C Leiva

J. Org. Chem. 69 2920 (2004)

63. S A Glover, C A Rowbottom, A P Scott, J L Schoonraad

Tetrahedron 46 7247 (1990)

64. S Lang, A R Kennedy, J A Murphy, A H PayneOrg. Lett. 5 3655

(2003)

65. T Dohi, A Maruyama, Y Minamitsuji, N Takenaga, Y Kita

Chem. Commun. 1224 (2007)

66. Y Amano, S Nishiyama Tetrahedron Lett. 47 6505 (2006)

67. Y Kikugawa, M Kawase J. Chem. Soc., Chem. Commun. 1354

(1991)

68. Y Kikugawa, M Shimada, K Matsumoto Heterocycles 37 293

(1994)

69. E Miyazawa, T Sakamoto, Y Kikugawa J. Org. Chem. 68 5429

(2003)

70. E Miyazawa, T Sakamoto, Y KikugawaHeterocycles 59 149

(2003)

71. S Serna, I Tellitu, E Dominguez, I Moreno, R SanMartin

Org. Lett. 7 3073 (2005)

72. Y Kikugawa, Y Aoki, T Sakamoto J. Org. Chem. 66 8612 (2001)

73. Y Kikugawa, A Nagashima, T Sakamoto, E Miyazawa,M Shiiya

J. Org. Chem. 68 6739 (2003)

74. D J Wardrop, M S Burge, W Zhang, J A Ortiz' Tetrahedron Lett.

44 2587 (2003)

75. D J Wardrop, A Basak Org. Lett. 3 1053 (2001)

76. D J Wardrop, C L Landrie, J A Ortiz Synlett 1352 (2003)

77. D J Wardrop, W Zhang, C L Landrie Tetrahedron Lett. 45 4229

(2004)

78. D J Wardrop, M S Burge Chem. Commun. 1230 (2004)

79. M de Carvalho, A E P M Sorrilha, J A R Rodrigues J. Braz.

Chem. Soc. 10 415 (1999)

80. A C Kung, S P McIlroy, D E Falvey J. Org. Chem. 70 5283 (2005)

81. H Takeuchi, T Taniguchi, M Masuzawa, K Isoda J. Chem. Soc.,

Perkin Trans. 2 1743 (1998)

82. D L H Williams, in The Chemistry of Amino, Nitroso, Nitro and

Related Groups (Ed. S Patai) (New York: Wiley, 1996) p. 857

83. A Liard, T-H Nguyen, A I D Smir, M Vaultier, A Derdour,

J Mortier Chem. ±Eur. J. 9 1000 (2003)

84. E Miyazawa, T Sakamoto, Y Kikugawa J. Chem. Soc., Perkin

Trans. 2 7 (1998)

85. R A Abramovitch, J M Beckert, W T Pennington J. Chem. Soc.,

Perkin Trans. 1 1761 (1991)

86. M BeÂ res, G HajoÂ s, Z Riedl, T SooÂ s, G TimaÂ ri, A Messmer

J. Org. Chem. 64 5499 (1999)

87. J C Fishbein, R A McClelland Can. J. Chem. 74 1321 (1996)

88. S McIlroy, R J Moran, D E Falvey J. Phys. Chem. A 104 11154

(2000)

89. A W Murray, inOrganic ReactionMechanisms (NewYork:Wiley,

1994) p. 427

90. R J Moran, D E Falvey J. Am. Chem. Soc. 118 8965 (1996)

91. D Chiapperino, D E Falvey J. Phys. Org. Chem. 10 917 (1997)

92. S Srivastava, J P Toscano, R J Moran, D E Falvey J. Am.

Chem. Soc. 119 11552 (1997)

93. S Srivastava, P H Ruane, J P Toscano, M B Sullivan,

C J Cramer, D Chiapperino, E C Reed, D E Falvey J. Am.

Chem. Soc. 122 8271 (2000)

94. A C Kung, D Chiapperino, D E Falvey Photochem. Photobiol.

Sci. 2 1205 (2003)

95. A H Winter, S I Thomas, A C Kung, D E Falvey Org. Lett. 6

4671 (2004)

96. A C Kung, D E Falvey J. Org. Chem. 70 3127 (2005)

97. R J Moran, C Cramer, D E Falvey J. Org. Chem. 62 2742 (1997)

98. C Meier, G Boche Tetrahedron Lett. 31 1685 (1990)

99. R Ulbrich, M Famulok, F Bosold, G Boche Tetrahedron Lett.

31 1689 (1990)

100. F Bosold, G Boche Angew. Chem., Int. Ed. Engl. 29 63 (1990)

101. V F Rudchenko, S M Ignatov, I I Chervin, A E Aliev,

R G Kostyanovskii Izv. Akad. Nauk, Ser. Khim. 1384 (1990) b

102. W G Humphreys, F F Kadlubar, F P Guengerich Proc. Natl.

Acad. Sci. USA 89 8278 (1992)

103. J S Helmick, K A Martin, J L Heinrich, M Novak J. Am.

Chem. Soc. 113 3459 (1991)

104. J S Helmick, M Novak J. Org. Chem. 56 2925 (1991)

105. M Novak, M J Kahley, E Eiger, J S Helmick, H E Peters

J. Am. Chem. Soc. 115 9453 (1993)

106. M Novak, M J Kahley, J Lin, S A Kennedy, L A Swanegan

J. Am. Chem. Soc. 116 11626 (1994)

107. M Novak, T-M Nguyen J. Org. Chem. 68 9875 (2003)

108. M Novak, S A Kennedy J. Am. Chem. Soc. 117 574 (1995)

109. M Novak, M J Kahley, J Lin, S A Kennedy, T G James J. Org.

Chem. 60 8294 (1995)

110. M Novak, J Lin J. Am. Chem. Soc. 118 1302 (1996)

111. S A Kennedy, M Novak, B A Kolb J. Am. Chem. Soc. 119 7654

(1997)

112. M Novak, L Xu, R A Wolf J. Am. Chem. Soc. 120 1643 (1998)

113. M Novak, K J Kayser, M E Brooks J. Org. Chem. 63 5489

(1998)

114. M Novak, A J VandeWater, A J Brown, S A Sanzenbacher,

L A Hunt, B A Kolb, M E Brooks J. Org. Chem. 64 6023 (1999)

115. S Rajagopal, M E Brooks, T-M Nguyen, M Novak

Tetrahedron 59 8003 (2003)

116. J Xue, Z Guo, P Y Chan, L M Chu, T Y S But, D L Phillips

J. Phys. Chem. A 111 1441 (2007)

117. W Wang, G-Z Wu, P G Goekjian Eur. J. Org. Chem. 1517

(2000)

118. J C Fishbein, R A McClelland J. Chem. Soc., Perkin Trans. 2

663 (1995)

119. S M Ahmed Polym. Degrad. Stab. 85 605 (2004)

120. A Malinauskas, R Holze Electrochim. Acta 43 2413 (1998)

121. D J Maia, S das Neves, O L Alves, M-A De Paoli Electrochim.

Acta 44 1945 (1999)

122. C Glende, H Schmitt, L Erdinger, G Engelhardt, G Boche

Mutat. Res. 498 19 (2001)

123. F P Guengerich, R G Mundkowski, M Voehler, F F Kadlubar

Chem. Res. Toxicol. 12 906 (1999)

124. C P Saris, W J van Dijk, J G Westra, M R J Hamzink,

G van de Werken, G Zomer, J F C Stavenuiter Chem.-Biol.

Interact. 95 29 (1995)

125. B Cheng, R A McClelland Can. J. Chem. 79 1881 (2001)

126. B Ludolph, M Klein, L Erdinger, G BocheMutat. Res. 491 195

(2001)

127. A M Bonin, T M Banks, J J Campbell, S A Glover,

G P Hammond, A S Prakash, C A RowbottomMutat. Res. 494

115 (2001)

128. R Benigni, A Giuliani, R Franke, A Gruska Chem. Rev. 100

3697 (2000)

129. R A McClelland, A Ahmad, A P Dicks, V E Licence J. Am.

Chem. Soc 121 3303 (1999)

130. R A McClelland, M J Kahley, P A Davidse, G Hadzialic

J. Am. Chem. Soc. 118 4794 (1996)

131. R A McClelland, T A Gadosy, D Ren Can. J. Chem. 76 1327

(1998)

132. M Novak, S A Kennedy J. Phys. Org. Chem. 11 71 (1998)

416 G I Borodkin, V G Shubin



133. M Novak, K Toth, S Rajagopal, M Brooks, L L Hott,

M Moslener J. Am. Chem. Soc. 124 7972 (2002)

134. G R Hoffmann, R P P Fuchs Chem. Res. Toxicol. 10 347 (1997)

135. R A McClelland,M J Kahley, P A Davidse J. Phys. Org. Chem.

9 355 (1996)

136. P Sukhai, R A McClelland J. Chem. Soc., Perkin Trans. 2 1529

(1996)

137. A P Dicks, A R Ahmed, R D'Sa, R A McClelland J. Chem.

Soc., Perkin Trans 2 1 (1999)

138. R A McClelland, D Ren, R D'Sa, A R AhmedCan. J. Chem. 78

1178 (2000)

139. P H Ruane, R A McClelland Can. J. Chem. 79 1875 (2001)

140. R J Turesky, J Markovic Chem. Res. Toxicol. 7 752 (1994)

141. P A Davidse, M J Kahley, R A McClelland, M Novak J. Am.

Chem. Soc. 116 4513 (1994)

142. M Novak, S Rajagopal, L Xu, S Kazerani, K Toth, M Brooks,

T-M Nguyen J. Phys. Org. Chem. 17 615 (2004)

143. C Ioannides, inEnzyme Systems thatMetabolise Drugs and Other

Xenobiotics (Ed. C Ioannides) (Chichester: Wiley, 2002) p. 1

144. Z Gu, A Gorin, B E Hingerty, S Broyde, D J Patel

Biochemistry 38 10855 (1999)

145. A Kohara, T Suzuki, M Homma, T Ohwada, M Hayashi

Mutat. Res. 515 63 (2002)

146. S E O'Brien, H L Browne, T D Bradshaw, A D Westwell,

M F G Stevens, C A LaughtonOrg. Biomol. Chem. 1 493 (2003)

147. R J Robbins, D M Laman, D E Falvey J. Am. Chem. Soc. 118

8127 (1996)

148. M Di Stefano, M Rosi, A Sgamellotti, F Negri Chem. Phys. 302

295 (2004)

149. A H Winter, D E Falvey, C J Cramer J. Am. Chem. Soc. 126

9661 (2004)

150. G P Ford, J D Scribner J. Am. Chem. Soc. 103 4281 (1981)

151. G Osmann, P R Bunker, P Jensen, W P Kraemer J. Mol.

Spectrosc. 186 319 (1997)

152. S A Glover, A P Scott Tetrahedron 45 1763 (1989)

153. G P Ford, P S Herman J. Am. Chem. Soc. 111 3987 (1989)

154. D E Falvey, C J Cramer Tetrahedron Lett. 33 1705 (1992)

155. V J Barclay, I P Hamilton, P Jensen J. Chem. Phys. 99 9709

(1993)

156. A Gobbi, G Frenking J. Chem. Soc., Chem. Commun. 1162

(1993)

157. A Gobbi, G Frenking Bull. Chem. Soc. Jpn. 66 3153 (1993)

158. C J Cramer, F J Dulles, J W Storer, S E Worthington Chem.

Phys. Lett. 218 387 (1994)

159. R K Milburn, C F Rodriquez, A C Hopkinson J. Phys. Chem.

B 101 1837 (1997)

160. T G Wright, T A Miller J. Phys. Chem. 100 4408 (1996)

161. T J Van Huis, M L Leininger, C D Sherrill, H F Schaefer

Collect. Czech. Chem. Commun. 63 1107 (1998)

162. O Dopfer, S A Nizkorodov, R V Olkhov, J P Maier, K Harada

J. Phys. Chem. A 102 10017 (1998)

163. C Gonzalez, A Restrepo-Cossio, M MaÂ rquez, K B Wiberg,

M De Rosa J. Phys. Chem. A 102 2732 (1998)

164. J C Stephens, Y Yamaguchi, C D Sherrill, H F Schaefer

J. Phys. Chem. A 102 3999 (1998)

165. O Dopfer, D Roth, J P Maier Chem. Phys. Lett. 310 201 (1999)

166. J C Stephens, Y Yamaguchi, H F Schaefer J. Mol. Struct.

(THEOCHEM) 461 ± 462 41 (1999)

167. G Osmann, P R Bunker, W P Kraemer, P Jensen Chem. Phys.

Lett. 318 597 (2000)

168. D A Dixon, D Feller, K A Peterson J. Chem. Phys. 115 2576

(2001)

169. M MaÂ rquez, F MarõÂ , C A Gonzalez J. Phys. Chem. A 103 6191

(1999)

170. G Chambaud, W Gabriel, T Schmelz, P Rosmus, A Spielfiedel,

N Feautrier Theor. Chim. Acta 87 5 (1993)

171. N Bronzolino, F Gzandinetti J. Mol. Struct. (THEOCHEM)

635 221 (2003)

172. G P Ford, P S Herman J. Mol. Struct. (THEOCHEM) 204 121

(1990)

173. P Campomanes, M I MeneÂ ndez, T L Sordo J. Org. Chem. 68

6685 (2003)

174. K Krogh-Jespersen Tetrahedron Lett. 21 4553 (1980)

175. C J Cramer, S E Worthington J. Phys. Chem. 99 1462 (1995)

176. D A Smith, J Bitar J. Org. Chem. 58 6 (1993)

177. K Satake, Y Kubota, C E J Cordonier, H Okamoto, M Kimura

Angew. Chem., Int. Ed. 43 736 (2004)

178. Y Kubota, K Satake, H Okamoto, M Kimura Org. Lett. 7 5215

(2005)

179. C E J Cordonier, K Satake, H Okamoto, M Kimura Eur. J.

Org. Chem. 3803 (2006)

180. M Novak, J Lin J. Org. Chem. 64 6032 (1999)

181. G P Ford, P S Herman J. Mol. Struct. (THEOCHEM) 236 269

(1991)

182. C J Cramer, F J Dulles, D E Falvey J. Am. Chem. Soc. 116 9787

(1994)

183. C J Cramer, D E Falvey Tetrahedron Lett. 38 1515 (1997)

184. M B Shcherbinin, G B Erusalimskii, A E Bal'tser, A G Bazanov,

V A Ostrovskii Zh. Org. Khim. 31 1829 (1995) a

185. M B Sullivan, K Brown, C J Cramer, D G Truhlar J. Am.

Chem. Soc. 120 11778 (1998)

186. G P Ford, P S Herman, J W Thompson J. Comput. Chem. 20

231 (1999)

187. M B Sullivan, C J Cramer J. Am. Chem. Soc. 122 5588 (2000)

188. P Zhu, S Y Ong, P Y Chan, K H Leung, D L Phillips J. Am.

Chem. Soc. 123 2645 (2001)

189. P Zhu, S Y Ong, P Y Chan, Y F Poon, K H Leung, D L Phillips

Chem. ±Eur. J. 7 4928 (2001)

190. M Novak, S A Glover J. Am. Chem. Soc. 126 7748 (2004)

191. P Y Chan, S Y Ong, P Zhu, K H Leung, D L Phillips J. Org.

Chem. 68 5265 (2003)

192. D A Pol'shakov, Yu P Tsentalovich, N P Gritsan Izv. Akad.

Nauk, Ser. Khim. 49 (2000) b

193. M Novak, S A Glover J. Am. Chem. Soc. 127 8090 (2005)

194. T P Simonova, S N Shurov, V D Nefedov, M A Toropova,

V V Avrorin Zh. Org. Khim. 34 87 (1998) a

195. Y Li, R A Abramovitch, K N Houk J. Org. Chem. 54 2911

(1989)

196. P Y Chan, S Y Ong, P Zhu, C Zhao, D L Phillips J. Phys.

Chem. A 107 8067 (2003)

197. G P Ford, J W Thompson Chem. Res. Toxicol. 12 53 (1999)

198. J M Parks, G P Ford, C J Cramer J. Org. Chem. 66 8997 (2001)

199. S A Glover, M Novak Can. J. Chem. 83 1372 (2005)

200. J Wang, G Burdzinski, Z Zhu, M S Platz, C Carra, T Bally

J. Am. Chem. Soc. 129 8380 (2007)

201. G P Ford, P S Herman J. Chem. Soc., Perkin Trans. 2 607 (1991)

202. C J Cramer, D G Truhlar, D E Falvey J. Am. Chem. Soc. 119

12338 (1997)

203. F Ijjaali, M Alcamt, O Md, M YvKhez J. Phys. Chem. A 104

11132 (2000)

204. Y-H Ding, Z-S Li, X-R Huang, C-C Sun J. Phys. Chem. A 105

7085 (2001)

205. P Facchini, F Grandinetti J. Comput. Chem. 24 547 (2003)

206. F Grandinetti, J HrusÏ aÂ k, D SchroÈ der, S Karrass, H Schwarz

J. Am. Chem. Soc. 114 2806 (1992)

207. F Grandinetti, V Vinciguerra Int. J. Mass. Spectrom. Ion

Processes. 216 285 (2002)

208. M Aschi, F Cacace, F Grandinetti, F Pepi J. Phys. Chem. 98

2713 (1994)

209. M Aschi, F Grandinetti J. Molec. Struct. (THEOCHEM) 497

205 (2000)

210. A Ricca Chem. Phys. Lett. 294 454 (1998)

211. K Hiraoka, M Nasu, S Fujimaki, S Yamabe J. Phys. Chem. 99

15822 (1995)

212. F Cacace, F Grandinetti, F Pepi Inorg. Chem. 34 1325 (1995)

213. F Cacace, F Pepi J. Phys. Chem. 98 8009 (1994)

214. M Aschi, F Grandinetti, F Pepi J. Mass Spectrom. Ion

Processes 130 117 (1994)

215. M Aschi, F Grandinetti, V Vinciguerra Chem. ±Eur. J. 4 2366

(1998)

216. W W Schoeller, T Busch Chem. Ber. 123 971 (1990)

217. M T Nguyen, T-K Ha Chem. Phys. Lett. 317 135 (2000)

218. A Vij,W W Wilson, V Vij, F S Tham, J A Sheehy, K O Christe

J. Am. Chem. Soc. 123 6308 (2001)

219. I S K Kerkines, A Papakondylis, A Mavridis J. Phys. Chem. A

106 4435 (2002)

Nitrenium ions: structure and reactivity 417



220. D A Dixon, D Feller, K O Christe, W W Wilson, A Vij, V Vij,

H D B Jenkins, R M Olson, M S Gordon J. Am. Chem. Soc.

126 834 (2004)

221. S Fau, R J Bartlett J. Phys. Chem. A 105 4096 (2001)

222. S Fau, K J Wilson, R J Bartlett J. Phys. Chem. A 106 4639

(2002)

223. K O Christe, W W Wilson, J A Sheehy, J A Boatz Angew.

Chem., Int. Ed. 38 2004 (1999)

224. Y D Liu, J F Zhao, Q S Li Theor. Chem. Acc. 107 140 (2002)

225. Q S Li, J F Zhao J. Phys. Chem. A 106 5928 (2002)

226. Q S Li, L J Wang, W G Xu Theor. Chem. Acc. 104 67 (2000)

227. F Cacace, F Grandinetti, F PepiAngew. Chem., Int. Ed. Engl. 33

123 (1994)

228. Q S Li, L P Cheng J. Phys. Chem. A 107 5561 (2003)

229. S T Gibson, J P Greene, J Berkowitz J. Chem. Phys. 83 4319

(1985)

230. Y Kabbadj, T R Huet, D Uy, T Oka J. Mol. Spectrosc. 175 277

(1996)

231. Y Song, X-M Qian, K-C Lau, C Y Ng J. Chem. Phys. 115 2582

(2001)

232. P Wasserscheid, W Keim Angew. Chem., Int. Ed. 39 3773 (2000)

233. R V Andreev, G I Borodkin, Yu V Gatilov, M M Shakirov,

V G Shubin Zh. Org. Khim. 40 595 (2004) a

234. S Cunha, M T Rodrigues Jr, C C da Silva, H B Napolitano,

I Vencato, C Lariucci Tetrahedron 61 10536 (2005)

235. M M Bursey, D J Harvan, C E Parker, T A Darden, J R Hass

Org. Mass Spectrom. 18 530 (1983)

236. Q Chunhua, H Gongyi, W Dianxun J. Phys. Chem. A 103 1972

(1999)

237. M Kawase, Y Kikugawa Chem. Pharm. Bull. 29 1615 (1981)

238. B Chaloner-Gill, W B Euler, P D Mumbauer, J E Roberts

J. Am. Chem. Soc. 113 6831 (1991)

239. D S Dudis, A T Yeates, D Kost, D A Smith, J Medrano J. Am.

Chem. Soc. 115 8770 (1993)

240. H C Axtell, K B McHugh, M C CannHeterocycles 41 431

(1995)

241. W H Graham J. Fluorine Chem. 48 319 (1990)

242. D P Williams, C J L O'Donnell, J L Maggs, J S Leeder,

J Uetrecht, M Pirmohamed, B K Park Chem. Res. Toxicol. 16

1359 (2003)

243. G A Olah, D J Donovan J. Org. Chem. 43 1743 (1978)

244. A Rieker, B Speiser Tetrahedron Lett. 31 5013 (1990)

245. A Rieker, B Speiser J. Org. Chem. 56 4664 (1991)

246. U Svanholm, V D Parker J. Am. Chem. Soc. 96 1234 (1974)

247. D Serve J. Am. Chem. Soc. 97 432 (1975)

248. G A Olah, G K S Prakash,M Arvanaghi J. Am. Chem. Soc. 102

6640 (1980)

249. G A Olah,M Arvanaghi, G K S Prakash J. Am. Chem. Soc. 104

1628 (1982)

250. V V Krishnamurthy, G K S Prakash, P S Iyer, G A Olah

J. Am. Chem. Soc. 108 1575 (1986)

251. V D Nefedov, M A Toropova, T P Simonova, V V Avrorin,

A M Vorontsov Zh. Org. Khim. 26 1133 (1990) a

252. V D Nefedov, M A Toropova, T P Simonova, V V Avrorin,

R Kaso Pen'ya Zh. Org. Khim. 28 2272 (1992) a

253. T P Simonova, V D Nefedov, M A Toropova, V V Avrorin,

V V Kirillov Zh. Org. Khim. 31 1671 (1995) a

254. G B Anderson, L L-N Yang, D E Falvey J. Am. Chem. Soc. 115

7254 (1993)

255. G B Anderson, D E Falvey J. Am. Chem. Soc. 115 9870 (1993)

256. R J Robbins, L L-N Yang, G B Anderson, D E Falvey J. Am.

Chem. Soc. 117 6544 (1995)

257. S Srivastava, D E Falvey J. Am. Chem. Soc. 117 10186 (1995)

258. D Chiapperino, G B Anderson, R J Rubbins, D E Falvey

J. Org. Chem. 61 3195 (1996)

259. S McIlroy, C J Cramer, D E Falvey Org. Lett. 2 2451 (2000)

260. J Michalak, H B Zhai, M S Platz J. Phys. Chem. 100 14028

(1996)

261. R Born, C Burda, P Senn, J Wirz J. Am. Chem. Soc. 119 5061

(1997)

262. W M Kwok, P Y Chan, D L Phillips J. Phys. Chem. B 108

19068 (2004)

263. P Y Chan, W M Kwok, S K Lam, P Chiu, D L Phillips J. Am.

Chem. Soc. 127 8246 (2005)

264. R A McClelland, P A Davidse, G Hadzialic J. Am. Chem. Soc.

117 4173 (1995)

265. D Ren, R A McClelland Can. J. Chem. 76 78 (1998)

266. P Ramlall, R A McClelland J. Chem. Soc., Perkin Trans. 2 225

(1999)

267. R Bose, A R Ahmad, A P Dicks, M Novak, K J Kayser,

R A McClelland J. Chem. Soc., Perkin Trans. 2 1591 (1999)

268. P Ramlall, Y Li, R A McClelland J. Chem. Soc., Perkin Trans. 2

1601 (1999)

269. R A McClelland, A Postigo Biophys. Chem. 119 213 (2006)

270. J Morrison, P Wan, J E T Corrie, G Papageorgiou Photochem.

Photobiol. Sci. 1 960 (2002)

271. R A McClelland, D Ren, D Ghobrial, T A Gadosy J. Chem.

Soc., Perkin Trans. 2 451 (1997)

272. M Novak, M J Poturalski, W L Johnson, M P Jones, Y Wang,

S A Glover J. Org. Chem. 71 3778 (2006)

273. P Dalidowicz, J S Swenton J. Org. Chem. 58 4802 (1993)

274. H Hansen, S HuÈ nig, K-I Kishi Chem. Ber. 112 445 (1979)

275. S Bombek, F PozÏ gan, M KocÏ evar, S Polanc J. Org. Chem. 69

2224 (2004)

276. L Greci, M Rossetti, R Galeazzi, P Stipa, P Sgarabotto,

P Cozzini J. Chem. Soc., Perkin Trans. 2 2683 (1998)

277. L Greci, R Castagna, P Carloni, P Stipa, C Rizzoli, L Righi,

P Sgarabotto Org. Biomol. Chem. 1 3768 (2003)

278. L Cardellini, P Carloni, E Damiani, L Greci, P Stipa, C Rizzoli,

P Sgarabotto J. Chem. Soc., Perkin Trans. 2 1589 (1994)

279. P Carloni, L Greci, M Iacussi, M Rossetti, P Cozzini,

P Sgarabotto J. Chem. Res. (S) 232 (1998)

280. V F Rudchenko, S M Ignatov, R G Kostyanovsky J. Chem.

Soc., Chem. Commun. 261 (1990)

281. D J Wardrop, M S Burge J. Org. Chem. 70 10271 (2005)

282. A G Romero, W H Darlington, M W McMillan J. Org. Chem.

62 6582 (1997)

283. D J Wardrop, W Zhang Org. Lett. 3 2353 (2001)

284. F Cacace, F Grandinetti, F Pepi J. Chem. Soc., Chem.

Commun. 2173 (1994)

285. M E Jacox, W E Thompson J. Chem. Phys. 102 6 (1995)

286. G Boche, P Andrews, K Harms, M Marsch, K S Rangappa,

M Schimeczek, C Willeke J. Am. Chem. Soc. 118 4925 (1996)

287. L Pause, M Robert, J Heinicke, O KuÈ hl J. Chem. Soc., Perkin

Trans. 2 1383 (2001)

288. R E Trifonov, I Alkorta, V A Ostrovskii, J Elguero

Heterocycles 52 291 (2000)

289. G Boche, K Rangappa, K Harms,M MarschZ. Kristallogr. 211

581 (1996)

290. G Boche, C Willeke, M Marsch, K Harms Z. Kristallogr. 211

583 (1996)

291. W Wirschun, J C Jochims Synthesis 233 (1997)

292. M A Sridhar, N K Lokanath, J S Prasad, D G B Gowda,

K S Rangappa Z. Kristallogr. ±New Cryst. Struct. 212 33 (1997)

293. W Wirschun, M Winkler, K Lutz, J C Jochims J. Chem. Soc.,

Perkin Trans. 1 1755 (1998)

294. Y A Al-Soud, P B Shrestha-Dawadi, M Winkler, W Wirschun,

J C Jochims J. Chem. Soc., Perkin Trans. 1 3759 (1998)

295. F Hoffmann, C Griehl J. Mol. Struct. 440 113 (1998)

296. A R Katritzky, G-F Zhang, J Pernak,W-Q FanHeterocycles 36

1253 (1993)

297. M Robert, A Neudeck, G Boche, C Willeke, K S Rangappa,

P Andrews New J. Chem. 1437 (1998)

298. K Mantelingu, S Rangappa, K Basappa, B H Doreswamy,

M Mahendra, M A Sridhar, J S Prasad J. Chem. Cryst. 34 141

(2004)

299. B H Doreswamy, M Mahendra, M A Sridhar, J S Prasad,

K Mantelingu, K Basappa, S RangappaMol. Cryst. Liq. Cryst.

403 67 (2003)

300. K Hassani, M Marsch, K Harms, G BocheZ. Kristallogr. ±New

Cryst. Struct. 216 425 (2001)

301. K S Rangappa, H Mallesha, N V A Kumar, N K Lokanath,

M A Sridhar, J S PrasadMol. Cryst. Liq. Cryst. 357 291 (2001)

302. F H Allen, O Kennard, D G Watson, L Brammer, A G Orpen,

R Taylor J. Chem. Soc., Perkin Trans. 2 S1 (1987)

418 G I Borodkin, V G Shubin



303. R A Abramovitch, H H Gibson, T Nguyen, S Olivella, A SoleÂ

Tetrahedron Lett. 35 2321 (1994)

304. R E Trifonov, V A Ostrovskii, L I Vereshchagin,

M B Shcherbinin, N P Shirokova, A O Koren' Zh. Org. Khim.

31 928 (1995) a

305. T A Gadosy, R A McClelland J. Am. Chem. Soc. 121 1459

(1999)

306. K Piech, T Bally, A Sikora, A Marcinek J. Am. Chem. Soc. 129

3211 (2007)

307. J Wang, J Kubicki, M S Platz Org. Lett. 9 3973 (2007)

a Ð Russ. J. Org. Chem. (Engl. Transl.)
b Ð Russ. Chem. Bull., Int. Ed. (Engl. Transl.)

Nitrenium ions: structure and reactivity 419


	Introduction
	Electronic structure of nitrenium ions
	Unsubstituted nitrenium cation
	Alkyl- and cycloalkylnitrenium ions
	Enylnitrenium ions
	Aryl-substituted nitrenium ions
	Formyl- and acetyl-substituted nitrenium ions
	Nitrenium ions with NR1R2 and PR1R2 substituents
	Nitrenium ions with OR and SR substituents
	Halogen-substituted nitrenium ions
	Heterocyclic nitrenium ions
	Conclusion
	Appendix
	References

