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Abstract. Data on the structures and reactivities of nitrosonium
complexes of organic compounds are systematised and general-
ised. The characteristic features of the electronic structure of the
NO™ cation are responsible for a wide structural variety of
nitrosonium complexes. Reactions of nitrosonium complexes are
described. The bibliography includes 172 references.

1. Introduction

Nitrosonium complexes of organic compounds have been exten-
sively studied over many years. The continuing interest in these
complexes stems from the fact that they are intermediates in a
series of reactions, including nitrosation of aromatic compounds,’
nitrosohalogenation of alkenes,> 4 etc.> Recently, interest in these
complexes has increased due to the discovery of the unique role of
the NO molecule in biochemical processes.® 13 It is assumed that
the nitrosonium cation and some molecules generating the nitro-
sonium ion are involved in processes of neurotoxic and neuro-
protective actions of nitric oxide 17 (¢f. Refs 18—-20)T and
participate in cross-linking of DNA.21-22

Investigations of the structures and reactivities of nitrosonium
complexes are essential to the understanding of the role of the
NO ™ cation in various chemical processes (from ionospheric 2324
to biochemical ®-10-19) giving rise to different classes of organic
compounds.

In the present review, the data on the structures and reactiv-
ities of nitrosonium complexes published over the last 10—15
years are analysed and systematised. The results of earlier studies
are cited if they are necessary for an understanding of the problem
and for elucidation of new trends in this area of exploration.

T Hereinafter, the reader is referred to studies, which are either indirectly
associated with the problem under consideration or even contradictory.
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I1. Complexes of the nitrosonium ion with alkanes

Electrophilic substitution in the aliphatic series of compounds lies
at the basis of one of the procedures for the functionalisation of
alkanes.>>~27 Weak electrophiles, in particular NO ", can be
involved in electrophilic aliphatic substitution reactions along
with strong electrophiles, such as H* and Alk ™. Nitrosonium
salts react with adamantane in the presence of HF, oxygen or
nitriles to form 1-fluoroadamantane,?® 1-nitroadamantane 2 or
N-(1-adamantyl)amides,® respectively. Generally, it is assumed
that the attack of the electrophile E* in electrophilic aliphatic
substitution reactions occurs at the C—H bond to give intermedi-
ates of the type 1 characterised by the two-electron three-centre
mode of bonding of the E, H and C atoms (3X-2e-intermedi-
ates) 227 (¢f. Ref. 31).
E+

HCR; + E* — / % —> CRsE+ H"
CRs H---CR; CRs

1

According to high-level ab initio calculations for the reactions
of the NO ™ cation with methane and ethane,3?-33 the mechanism
of the reactions of the nitrosonium cation with alkanes might
differ from that described above. Thus, the NO* cation attacks
the methane molecule at the carbon atom to form complex 2
whose precursor is unstable complex 3 [AHy = —15.5 kJ mol—1,
where AH, is the relative energy of the complex taking into
account the zero-point energy; the results of calculations by the
MP4SDTQ/6-31 + G(dp)/MP2/6-31 + G(dp) + ZPVE//MP2/6-31
+ G(dp) method]. An alternative path involving the attack of the
NO™ cation at the C—H bond is less favourable (by 60.2 kJ mol ).
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Analogously, unstable complex 4 {AH;, = —16.7 kJ mol—;
calculations by the CISD+Q/TZP+//MP2/6-31G(dp)+
ZPVE[MP2/6-31G(d)] method} is initially formed in the reaction
with ethane. In the latter complex, the NO ™ cation is bound to the
ethane molecules via polarisation and Coulomb interactions.?3
Subsequent conversions of this complex are shown in Scheme 1.

Scheme 1
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(a) AHy = —17.2kJ mol—!; (b) insertion of E* at the C—C bond;

AHy = —118.8 kJ mol—'; (¢) insertion of E™ at the C—H bond,

AHy = —84.5 kJ mol~!; (d) elimination of H—, addition of EH,

AHy = —84.5 kJ mol—!; (e) elimination of Hy, AHy = 119.2 kJ mol—1;
(/) elimination of CHy4, AHo = 39.7 kJ mol—!.

Although the attack of the NO* cation at the C—C bond is
thermodynamically favourable (see Scheme 1), Schreiner et al.33
believed that the attack on the C (to form a complex of the type 2)
and H atoms is kinetically more favourable. Elimination of the H»
molecule is also unlikely because this path is thermodynamically
unfavourable (AHo = 119.2 kJ mol—!). Attempts to isolate the
transition states in these reactions failed. The activation barriers
to elimination of methane and the hydride ion giving rise to
nirosomethane and nirosoethane, respectively, have similar values
(140.2 and 130.1 kJ mol~!, respectively).

III. Complexes of the nitrosonium ion with alkenes

In a series of investigations, alkene—NO™ complexes were pro-
posed as intermediates of reactions of alkenes with nitrosyl
halides 2~#and [NO] " X~ salts (see Refs 34 —37). These reactions
are of importance in the synthesis of halonitroso- and haloni-
troorganic,! 438 N,O-heterocyclic3*-3¢-3% and some other
organic compounds.37-40-42

The energy profiles of fluoronitrosation of ethylenes were
calculated by the MINDO/3 and UMINDO/3 quantum-chemical
methods.*? The facts that the NO™ cation approaches the ethyl-
ene molecule at an angle to the symmetry plane of the latter and
attacks the carbon atom to form c-complex 5 are attributed to a
strong m;— Mg interaction between the unoccupied e(n*)-MO of
the NO ™ cation and HOMO of ethylene.

Vi I
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According to the results of MINDO/3 calculations, the
isomeric form 5 is less favourable than the structure 5
(AAH; = 22.2 k] mol~!, where AHj is the enthalpy of complex
formation). The open cation 5 is rearranged into isomeric cyclic
structures 6 and 7, the activation energies (£,) of these rearrange-
ments being low (E, = 5.0 and 14.2 kJ mol~!, respectively).
Among the structures 5—7, the mt-complex 6 is the most stable.

Ab initio calculations (the STO-3G basis set) predicted that the
structure 7 should be the most stable.*> Higher-level ab initio

Table 1. Relative energies (Ew /kJ mol~') of the structures 7-10
obtained by ab initio quantum-chemical calculations.**

Struc- Basisset  Eye? calculated by the method
ture
HF MP2 MP3 MP4 CCD+ST(4)

7 STO-3G  —335.6 — — — —
6-31G —714 76.6  —36.8 43.1 —
6-31G+D —753 —163 =757 —33.1 —

8 STO-3G  —223.8 — — — —
6-31G —89.1 31,0 —795 17.6 5.0
6-31G+D —351 —159 —60.7 —11.7 —138

9 STO-3G  —132.6 — — — —
6-31G —65.7 —10.5 —76.1 —31.8 —38.1
6-31G+D —30.1 —414 —619 —494 —-50.2

10 STO-3G  —139.7 - - - -
6-31G —494 594 —272 22.2 13.4

6-31G+D 5.4 33.1 =29 7.9 6.7

4 The total energy of the C;H4 molecule and the NO™ cation was taken
equal to zero.

quantum-chemical calculations (MP4/6-31G + D) also provided
evidence for higher stability of the structure 7 (Table 1).** In
addition to the m-complex 6 in which the NO group is located in
proximity to the ethylene fragment [the distance from the N atom
to the C—C bond (d) is 0.1272 nm], more favourable (within the
framework of the MP4 method) ‘loose’ t-complex 9 was found. In
the latter, the distance dis substantially larger (0.1978 nm) and the
NO group is located at an angle to the plane passing through the
C, C and N atoms (Fig. 1, see Table 1).

The c-complex 10 is substantially less stable than the n-com-
plexes 8 and 9 (see Table 1, Fig. 1). The C—N bond in the cation
10 is unusually long, which indicates that the C and N atoms are
weakly bound together #* (¢f. Refs 37 and 43).

The structural and energy characteristics of the nitrosonium
complexes with cyclobutadiene were calculated by the MINDO/3
and ab initio methods (the STO-3G basis set).*> Qualitative
analysis of orbital interactions revealed five structures with
attractive interactions of the ns—no(ps—7s) type between the
NO ™ cation and the ring. In the complexes 11 and 12, the nitroso
group is located parallel to the plane of the carbon ring above its
centre and above one of the double bonds, respectively.

In the structures 13—15, the NO group is perpendicular to the
plane of the ring. Interactions between the orbitals of the nitroso
group and the 7 orbitals of one of the double bonds occur in the
isomers 13 and 15, whereas interactions between the orbitals of the
nitroso group and all © orbitals of the ring take place in the
pyramidal structure 14. The energy characteristics of the cations
11-13, 15, 17 and 18 are given in Table 2. According to
calculations by the MINDO/3 method, the azapyrylium cation
18 is the most stable one in the above-mentioned series.
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Figure 1. Geometric parameters of the m-complexes 8 and 9 and the
o-complex 10 obtained by ab initio calculations (the STO-3G basis set).**
The bond lengths are expressed in nm; the symmetry is given in
parentheses.
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Table 2. Enthalpies of formation (AHy), total energies (Eio) and relative energies (Eyel) of the structures 11-13, 15, 17 and 18.4

Parameter 11 12 13 15 17 18
MINDO/3 STO-3G MINDO/3 STO-3G MINDO/3 STO-3G MINDO/3

AH; /kJ mol—! 1036.0 — 1016.3 — 1044.7 — 885.8 931.4 681.6

Eiot Ja.u.? - —279.1292 - —279.1439 — —279.0593 - — —

Ere /kJ mol—! 354.4 38.6 334.7 0 363.1 222.1 204.2 249.8 0

21 a.u. = 2625.5 kJ mol—".
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Ab initio calculations (the STO-3G basis set) for the structures
1113 predicted the higher stability of the cation 12. In the case of
the pyramidal structure 14, no minimum was found on the
potential energy surface (PES).* The conversion of this structure
into the structure 13 is barrierless, the latter being the only n”
structure (n = 1—4) corresponding to a local minimum. There is
also no minimum on the potential energy surface corresponding to
the o-complex 16. Minkin es al.*> believe that attempts to
generate the nitrosocyclobutenyl cation in the gas phase or in a
weakly solvating solvent will fail.

Calculations by the MINDO/3 method for the structure 12
predicted that the nitroso group can either migrate parallel to the
plane of the cyclobutadiene ring (Scheme 2, path a) or rotate
about the C—O bond (Scheme 2, path 5).4
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For the m?-isomer 13, the rotational-type rearrangement

13213’ = 13" with the low energy barrier (E, = 46.9 kJ mol—!)
involving cation 16 as the transition state was revealed.*’

Scheme 2
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1 Ab initio calculations taking into account the electron correlation
(MP2/6-31G* +ZPE) also demonstrated that the structure 14 does not
correspond to the minimum on the PES.4¢

It should be noted that the above-considered topomerisation
reactions of the structures 12 (see Scheme 2) and 13 are, appa-
rently, of only theoretical interest because these complexes are
kinetically unstable and are converted into the structures 18 and
17, respectively, with low energy barriers (E, = 14.2 and
16.7 kJ mol~1, respectively).*?

Until recently, experimental data on m-complexes of alkenes
with the nitrosonium cation were lacking in the literature.
Attempts to synthesise complexes of this type by reactions of
[NO]*[BF4]~ with ethylene or 2,3-dimethylbut-2-ene failed. In
the former case, the reaction did not proceed, whereas the latter
reaction afforded exclusively polymeric products.’ Olah et al.’
believed that the reaction of [NO]*[BF4]~ with adamantylide-
neadamantane gave rise to either a dynamical c-complex or a
n-complex. However, the authors failed to choose between these
complexes. The first reliable data on the synthesis of an alke-
ne—NO™* complex were obtained in a study by Borodkin and co-
workers.*® According to the results of 'H, '*C and Al NMR
spectroscopy using the isotope perturbation method, the complex
of 1,2,3,3.4,5,6,6-octamethylcyclohexa-1,4-diene with the NO™*
cation is a n?-type m-complex (structure 19).4%-4° It appeared that
this complex underwent degenerate m,n-rearrangement 19=19’
(in the SO2,—SO,CIF—-CD;Cl; system), rapid within the NMR
time scale even at low temperature (—80 to —90 °C), the rate of
intramolecular transfer of the NO™* group being higher than the
rate of intermolecular transfer.

--*NO* === *ON---
19 \‘ ’/7 19’
+ NO*

The rate of the intermolecular rearrangement increases on
going from the SO,—SO,CIF-CD,Cl, system to the SO,>—
CD;Cl; system.*8-42

The results of quantum-chemical calculations for the nitro-
sonium complexes with cyclohexa-1,4-diene and 1,2,3,3,4,5,6,6-
octamethylcyclohexa-1,4-diene by the MINDO/3 and MNDO/
PM3 methods indicate that n2-type n-complexes (20 and 21) are
more stable than the corresponding c-complexes (22 and 23) and
n*-type n-complexes (24 and 25)4%-4° through which intramolec-
ular transfer of the nitroso group apparently proceeds.

R R NO Rr
R R R
-NO+ R R
R R R R
R R R R
20, 21 22,23

R = H (20, 22, 24), Me (21, 23, 25).
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As mentioned above, ab initio calculations provided evidence
for the existence of two types of ethylene complexes with the NO*
cation (8 and 9). These complexes differ in geometry and,
primarily, in the distance between the nitrogen atom and the
C=C bond (d=0.1272 and 0.1978 nm, respectively).** The
structure of the nitrosonium complex with 2,3-dimethylbut-2-ene
was analysed in detail by 'H and '*C NMR spectroscopy using the
isotope perturbation method and by ab initio quantum-chemical
(6-31G* basis set) and IGLO calculations.’® As in the case of the
ethylene—NO™ isomers, the calculations predicted the existence
of two types of complexes characterised by the symmetry C», (26)
and the approximate symmetry C; (27). In these complexes, the
distances from the N atom to the C=C bond are 0.1225 and
0.2183 nm, respectively.

o 0
0.1152 nm § 0.1084 nm
+ ]il‘*
/ N\ /\
\ \
L5 0.1451 nm 0.2266 nm <__» 0.2315 nm
"64.8°\ /350N
// \ Me/, / \ \\\Me

//,,, a
MW7 0.1555 nm \“/Me / 01381 nm \

Me Me Me Me
26 (CZU) 27 (N Cs)

In the complexes 26 and 27, the energies of binding of the
nitrosonium cation with 2,3-dimethylbut-2-ene are 93.7 and
117.6 kJ mol~1, respectively, which is indicative of higher stabil-
ity of the complex 27. The experimental chemical shifts of the C(2)
and C(3) atoms (190.2 ppm) are substantially closer to those
calculated by the IGLO(DZ) method for the complex 27
(0c 183.4 and 189.8, respectively) than to those for the complex
26 (6¢c 67.2). The equivalence of the C(2) and C(3) atoms and the
equivalence of the carbon atoms of the methyl groups observed in
the 13C NMR spectrum of the complex 27 were attributed either
to the inversion of the nitrogen atom or to the rotation of the NO
group about the axis passing through the nitrogen atom perpen-
dicular to the C(2)—C(3) bond as well as to the high rate of
migration of this group.>®

Complexes of different alkenes with the [NO]*[BF4]~ and
[NO] " [PF¢]~ salts and with other sources of the nitrosonium
cation (RONO - CF3;CO;H, NOCI - CF3CO,H and N>O4—SbF5)
were investigated.®! At low temperature, the electronic spectra of
2,3-dimethylbut-2-ene, 2,3,4-trimethylpent-2-ene and adaman-
tylideneadamantane have charge-transfer bands. The reactions
of other alkenes, such as 2,5-dimethylhex-2-ene, 2,4,4-trimethyl-
pent-2-ene, 1-methylcyclohexene, cyclohexene, 2,3,3-trimethyl-
but-1-ene, norbornene, 3,3-dimethylbut-1-ene and hex-1-ene,
with the above-mentioned salts either afforded slightly coloured
solutions or did not give coloured solutions corresponding to the
formation of charge-transfer complexes at all. These differences in
the behaviour of alkenes containing the completely substituted
C=C bond and those with the partially substituted C=C bond
were attributed to the difference in the oxidation potentials (Eox)
of these alkenes.>! Thus the oxidation potentials of 2,3-dimethyl-
but-2-ene and 2,3,4-trimethylpent-2-ene (Eox = 1.6 V) are sub-
stantially smaller than those of 2-methylbut-2-ene and but-2-ene
(Eox =~ 2.0 and 2.4 V, respectively). The thermal and photochem-
ical behaviour of the alkene—NO™* complexes is explained by the
formation of charge-transfer complexes.

The photochemical activation of these complexes leads to
generation of the corresponding radical cations. Thus irradiation
of 2,3-dimethylbut-2-ene and N>Oy4 in a matrix at the frequency
corresponding to the charge-transfer band (ver) at 75 K afforded
a pair of the type 28.

== o]

28

The subsequent reaction of the radical cation of 2,3-dimethyl-
but-2-ene with nitric oxide gave rise to the 1-nitroso-2,3-di-
methylbut-2-yl cation, which reacted with the NO3 anion to
form nitrosonitrate.>!->2

The reaction of 1,2-bis(pentamethylphenyl)bicyclo[2.2.2]oct-
2-ene (29) with the nitrosonium cation in CH>Cl, at 25 °C
afforded m-complex 30. The characteristic feature of the latter
complex is the fact that the NO group in this complex can interact
with both the double bond and the aromatic rings (Scheme 3).33

Scheme 3
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Electrochemical oxidation of the alkene 29 gave rise to the
corresponding radical cation 31 whose reaction with gaseous
nitric oxide afforded the same m-complex 303 (cf. Ref. 54).
X-Ray diffraction analysis of the n-complex 30 (with the SbClg
counterion) revealed the presence of noncovalent bonding of the
NO™ cation with the aromatic rings (the average distance to the
plane of the rings is ~0.25 nm) and with the double bond, the
positive charge being primarily localised at the aromatic and
alkene carbon atoms, respectively.>* The C(1)=C(2) bond length
in the complex 30 (0.137 nm) is larger than that in the precursor 29
(0.133 nm) and is virtually identical to the above-mentioned C=C
bond lengths in the complexes 9 and 27 determined by ab initio
calculations. The strong bond between the NO™* group and the
unsaturated system in the complex 30 is consistent with its high
formation constant (>3 x 10° litre mol—1).33

IV. Nitrosonium complexes of aromatic
compounds

Nitrosonium complexes of monocyclic aromatic compounds have
been investigated in sufficient detail.*»>5-°0 These complexes
attract the attention of organic chemists primarily because they
are analogues of intermediates of such important reactions as
diazotisation, C-nitrosation and nitration proceeding through
nitrosation of aromatic compounds 9095 (¢f. Ref. 96). In addi-
tion, it is known that the NO™* cation catalyses bromination of
aniline derivatives °7 and proton exchange in the N,N-dimethyl-
anilinium ion,”® which was assigned to the formation of the
corresponding arene—NO ™ complexes.

The nitrosation of benzene was investigated by quantum-
chemical methods.” Thus, the pathway of electrophilic replace-
ment of the hydrogen atom in the benzene ring by the NO* cation
was calculated by the MINDO/3 method. Initially, the electron is
transferred from the frontier orbital of the benzene molecule to the
n* orbital of the nitrosonium cation to form n-complexes 32 and
33. The enthalpies of their formation are 1017.1 and
959.0 kJ mol !, respectively.
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According to the rule of electron counting for pyramidal
structures,” 19! the m-complex 34 with the symmetry Cg, is
unstable (AHr = 1031.8 kJ mol—') and corresponds to a peak
top on the potential energy surface. A shallow minimum on the
PES (8.4 kJ mol—1!) corresponds to the structure of c-complex 35
(AH; = 928.8 kI mol—!), which indicates that it is not detectable
experimentally.

Calculations for the m-complexes 32 and 33 provided evidence
for the occurrence of a sixfold-degenerate rearrangement with a
low energy barrier (E, < 12.6 kJ mol~!) caused by ‘switching’ of
the C—N bond in the complex 32 and migration of the nitroso
group over the plane of the ring in the structure 33:

o

N i I
N N*
— A
32 32 32"
N
N—O™" N\O+ O/N
@ éﬂ A
I 33”

The AAH¢value (relative to the CéHg—NO * system) found by
higher-level quantum-chemical calculations (ab initio, MP2/6-
31G+D)# for the centrosymmetrical structure 34 is
—189.1 kJ mol~!, which is close to the experimental value for
the gas phase (—172421 kJ mol—1).44%* The corresponding
c-complex is substantially less stable (AAHy = —23.4 kJ mol—1).

Ab initio B3LYP/6-31G(d) calculations revealed stable n-com-
plex 36 with the symmetry C;. The energy of its formation from
benzene and the NO* cation is —220.5 kJ mol—"!.8% In addition,
the calculations gave local minima for the m-complexes 32 and 33
whose relative energies are 163 and 201 kJ mol~!, respectively,
smaller than that in the case of the nt-complex 36.

0 0
*N/O.UlSnm +N/O.lllgnm
: $0.2436 nm :\\‘042406 nm
\ \
36 37

According to the results of quantum-chemical calculations,
the n-complex of toluene with the NO* cation (37) is more stable
than the n-complex 36 (AE: = 17.6 kJ mol—!). The stretching
vibration frequency of the NO group calculated for the complex
37 (2087 cm~') is smaller than that for the complex 36
(2110 cm 1), which is indicative of a higher degree of electron
density transfer from the aromatic ring to the NO group in the
cation of the complex 37.%°

The first experimental data on the formation of ArH-NO™*
n-complexes were obtained by electronic spectroscopy of nitro-
sonium complexes of benzene and its derivatives.>®3 Shortly
thereafter, m-complexes of the NO™ cation with benzene deriva-
tives were investigated by Allan et al.®%-%! More recently, NMR
spectroscopy along with electronic and IR spectroscopy were
employed for studying cationic n-complexes. The available spec-
tral data for the nitrosonium m-complexes of benzene and its
derivatives are summarised in Tables 3—5. The formation of
n-complexes leads to characteristic changes, in particular, to
downfield shifts of the signals in the 'H and '3C NMR spectra
(see Tables 3 and 4, respectively), to the appearance of charge-
transfer bands in the electronic spectra and to a decrease in the
stretching vibration frequency of the NO group in the complexes
compared to those in [NO] "X~ salts (see Table 5). Apparently,
all the above-mentioned changes are caused by the electron
density transfer from the aromatic moiety of the complex to the
nitroso group.

Table 3. '"H NMR spectral data for the n-complexes of benzene and its derivatives with the nitrosonium cation (the molar ratio ArH : [NO]* X~ = 1:1).
Compound Salt Solvent Chemical shifts (0p) 2 Ref.
CH3 Harom

Benzene NOAICly SO, 8.03 (0.62) 72
NOGaCly SO, 7.75(0.34) 72
NOHSO4 H>SO04 7.89 64
see® see® 7.49 (0.11) 78
NOPF¢ SO, >17.34 73
NOSbCls SO, 7.81 73
NOTiICls SO» 7.60 (0.19) 72

Toluene NOAICly SO, 2.67(0.37) 7.92(0.72) 72
see® see 2.52(0.14) 7.57(0.31) 78
NOPF¢ SO, 2.42(0.12) 7.38,7.45 73
NOSbCle SO» 2.78 (0.48) 8.05(0.85) 73
NOSbClg (see %) SO, 2.47(0.17) 7.46 (0.26) 73
(NO)2SnCl4F> SO, 2.56 (0.26) 7.65,7.74 72
NOTaClg SO» 2.57 7.70-7.82 74

p-Xylene NOAICly SO» 2.63(0.35) 7.81(0.70) 72
NONDBClg SO, 2.57 7.67 74
NONbDbF, SO» 245 7.43 74
NOPF¢ SO, 2.55(0.27) 7.63 (0.52) 73
NOSbCle SO» 2.58 (0.30) 7.67 (0.56) 73
(NO)>SnCl4F> SO, 2.67(0.39) 7.83(0.72) 72
NOTaCls SO» 2.44 7.40 74
NOTiClg SO, 2.38(0.10) 7.30(0.19) 72
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Table 3 (continued).

Compound Salt Solvent Chemical shifts (0g) @ Ref.
CH3 Harum
Mesitylene NOAICl, SO, 2.58(0.35) 7.58 (0.77) 72
see® see © 2.52(0.24) 7.49 (0.66) 78
NONbDBClg SO, 2.52 7.44 74
NONDF¢ SO» 2.41 7.18 74
NOPF¢ SO, 2.52(0.29) 7.45 (0.64) 73
NOPF¢ CD;3NO> 2.51 7.50 76
(N0),SnCle SO, 2.42(0.19) 7.21 (0.40) 72
(NO)2SnCl4F> SO» 2.60 (0.37) 7.57(0.76) 72
NOTaClg SO, 2.58 7.57 74
NOTaFq SO» 2.51 7.40 74
Durene see® see® 2.48 (0.30) 7.67 (0.78) 78
NOPF¢ CD3NO; (see®©) 2.37(0.19) 7.42 (0.54) 62
NOPF¢ CD3NO> 2.43 7.56 76
tert-Butylbenzene NOSbls SO» 1.47(0.17) 7.89, 7.96, 8.05 73
Pentamethylbenzene see see® 2.44 (0.28), 2.46 (0.26) 7.66 (0.87) 78
NOPF¢ CD3NO; (see©) 2.38(0.20), 2.44 (0.23) 7.52(0.71) 62
NOPF (see %) CD3NO:; (see ©) 2.27(0.09), 2.31 (0.10) 7.1(0.29) 62
NOPF¢ CD3NO> 2.44,2.51 7.66 76
Hexamethylbenzene NOAICly SO, 2.48 (0.33) 72
NOAsFg SO» 2.39(0.24) 73
NOBF4 SO, 2.42(0.27) 72
(NO)>GeCl,F4 SO» 2.45(0.30) 72
(NO)>GeFg SO, 2.32(0.17) 72
NOMoClg SO» 221 74
NOMoF SO, 2.40 74
NOM0202F9 SOZ 2.46 74
NONbClg SO, 2.49 74
NONbDF¢ SO, 2.46 74
NOPF¢ SO, 2.47(0.32) 73
NOPF¢ CD;CN 2.48 (0.30) 78
NOPF¢ CD;CN 2.48 76
NOSbClg SO» 2.47(0.32) 73
NOSbFe SO, 2.48 (0.33) 73
(NO),SiFs SO, 2.42(0.27) 72
(NO)2SnClg SO» 2.49 (0.34) 72
(NO)>SnClyF, SO, 2.50 (0.35) 72
NOTaClg SO» 2.48 74
NOTaFs SO, 2.47 74
(NO),TiCls SO» 2.50 (0.35) 72
(NO),TiFs SO, 2.48 (0.33) 72
NOUF¢ SO» 2.34 74
NOUF, SO, 2.47 74
NOWCl, SO» 2.46 74
NOW,0,Fy SO, 2.42 74
Chlorobenzene NOGaCly SO» 7.38 72

4 The differences between the chemical shifts of the signals for the protons in the spectra of the nt-complex and its precursor are given in parentheses.
b Either NOBF4 or NOPF¢ was used as the salt. ¢ Either CD3;CN or CD3NO; was used as the solvent. 4 The ArH : [NO]* X~ molar ratio was 2: 1. ¢ The
reaction temperature was 35 °C; in all other cases, the temperature was not reported.

Table 4. '3C NMR spectral data for the n-complexes of benzene and its derivatives with the nitrosonium cation (the molar ratio ArH : [NO] "X~ = 1:1).
Compound Salt Solvent Chemical shifts (6¢)? Ref.
CH3 Car(»m

Benzene NOAICly SO, 137.1(7.9) 72
see P see® 131.0 (1.2) 78
NOGacCly SO, 134.8 (5.6) 72
NOPF¢ SO, >129.1 73
NOTiCls SO, 132.2 (3.0) 72

NOSbClg SO, 136.7 (7.5) 73
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Table 4 (continued).

Compound Salt Solvent Chemical shifts (0¢) # Ref.
CH3 Curom
Toluene see® see® 21.7 (0) 132.5(4.8), 135.1 (5.1), 136.1 (5.7), 147.6 (8.0) 78
NOPF¢ SO, 20.9(0.1) 128.4, 131.3, 132.1, 142.0 73
NOSbClg (see ) SO, 20.8 129.8, 132.6, 133.2, 144.3 73
(NO)2SnCl4F> SO, 21.3(0.5) 132.6, 135.1, 136.0 72
NOTaClg SO, 21.4 133.7,136.1, 137.0, 149.3 74
p-Xylene NOPF¢ SO, 20.7 137.6, 147.6 73
NONbF¢ SO, 20.6 135.0¢ 74
NOSbCle SO, 20.8 137.8, 148.0 73
(NO)>SnCl4F» SO, 21.1 139.9, 151.1 72
NOTaFq SO, 20.6 134.3, 142.5 74
Mesitylene NOAICl, SO, seefl 139.1¢ 72
see® see© 21.6(0.1) 137.8 (9.6), 151.8 (12.5) 78
NOPF¢ SO, 20.9 137.1, 151.1 73
NONbDbF, SO, 20.7 132.9, 145.5 74
NOTaClg SO, 21.2 138.9, 153.4 74
NOTaF, SO, 20.9 136.1, 149.8 74
(NO),TiCls SO, 20.9 135.2(4.7)¢ 72
Durene NOAICl, CH,Cl; (see &) 19.8 142.0, 150.3 71
see b see© 19.7 (0.4) 142.9 (10.6), 151.3 (16.2), 78
NOAICl, see&h 20.1 148.3, 154.5 71
tert-Butylbenzene NOSbCle SO, 30.5, 36.5 134.3,134.8, 136.9, 163.5 73
Pentamethylbenzene see® see® 21.1(0.3), 141.5 (11.3), 151.0 (17.4), 78
17.3(0.9), 151.5(17.0), 152.8 (16.7)
16.9 (0.8)
Hexamethylbenzene NOAICl4 CH)Cl; (see ®) 17.5 147.7 71
NOAICl, SO, 17.3(1.6) 149.9 (18.9) 72
NOAICly see&h 18.6 142.1 71
NOASsFs SO, 17.1(1.4) 149.1 (18.1) 73
(NO)>GeF SO, 16.7 (1.0) 142.1 (11.1) 72
NOMoClg SO, 16.5 131.7 74
NOMoF SO, 17.1(1.4) 147.9 (16.9) 74
NOMo,0,F, SO, 17.1(1.4) 148.6 (17.6) 74
NONDF¢ SO, 17.1(1.4) 148.1 (17.1) 74
NOPF¢ SO, 17.1(1.4) 149.8 (18.8) 73
NOPF¢ CD3NO> 17.9(0.9) 150.8 (17.6) 78
NOSbCls SO, 18.2(2.5) 150.2 (19.2) 73
NOSbCle seeh 20.5 151.9 78
NOSbF¢ SO, 17.1(1.4) 150.1 (19.1) 73
(NO)2SiFg SO, 16.9(1.2) 144.6 (13.6) 72
(NO)>SnCl4F> SO, 17.3(1.6) 150.2 (19.2) 72
NOTacCls SO, 17.5(1.8) 150.3 (19.3) 74
NOTaFs SO, 17.2(1.5) 149.8 (18.8) 74
(NO),TiCls SO, 17.3(1.6) 150.2 (19.2) 72
(NO),TiF¢ SO, 17.1(1.4) 148.8 (17.8) 72
NOUF¢ SO, 17.2(1.5) 143.7 (12.7) 74
NOUF, SO, 17.3(1.6) 149.5 (18.5) 74
NOWCl, SO, 17.7 (2.0) 150.5 (19.5) 74
NOW,0,Fy SO, 17.4(1.7) 146.9 (15.9) 74

4 The differences between the chemical shifts of the signals for the carbon atoms in the spectra of the n-complex and its precursor are given in parentheses.
b Either NOBF4 or NOPF¢ was used as the salt. © Either CD3;CN or CD3;NO; was used as the solvent. 4 The ArH : [NO] "X~ molar ratio was 2: 1. ¢ The
chemical shift is given only for the CH fragment. "The chemical shift was not reported. £ The reaction temperature was 20 °C; in all other cases, the
temperature was not reported. P For the crystalline form.

Table 5. Data from IR (vno) and electronic absorption spectroscopy (Zmax) of the T-complexes of benzene and its derivatives with the nitrosonium cation
(the molar ratio ArH:[NO]* X~ =1:1).

Compound Reagent Solvent vNo /em ! Amax /nm (&) Ref.

Benzene NOAICly CH,Cl, — 335 72
NOHSO4 H>SO4 - 332 (18 000) 64
NOBF,4 MeCN — 346 (780), 460 (60) 76, 78

NOGaCly CH-Cl, - 335 72
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Table 5 (continued).

Compound Reagent Solvent vNo /em ! Amax /nm (&) Ref.
Benzene NOPFg¢ MeNO> 2075 — 78
NOSbCle — — 344 73
Toluene NOAICl4 CH-Cl, — 338 (11 000) 72
NOBF4 MeCN — 342 (400) 76,78
NOPF¢ MeNO> 2037 — 78
NOSbCle MeNO> 2030 — 78
Toluene NOSbCls - - 340 (10 600) 73
NOSbCle — — 340 (5300) 73
0-Xylene NOBF4 MeCN — 338 (2200), 500 (180) 78
NOPF¢ MeNO> 2000 - 78
p-Xylene NOAICl4 CH-Cl, — 340 72
NOBF4 MeCN — 336 (1300), 520 (81) 78
NOBF4 CHCl, - 496° 83
N2Og4 CH-Cl, 1964 ¢ — 83
N>04(SbCle) CH,Cl, — 506 83
NOPF¢ MeNO> 1998 - 78
NONbBF¢ see d 1810 — 74
NOTaFg seed 1810 — 74
NOTaF¢ CHCl, — 274, 446 74
NOSbCle CH-Cl, — 340 (10 000) 73
Mesitylene NOAICl4 CH-Cl, — 343 72
NOBF4 MeCN - 345 (2080) 76
NOBF4 MeCN — 345 (2100) 78
NOBF4 MeNO; 20001950 - 62
NOBF4 CH:Cl — 486° 83
N2Og4 CH-Cl, 1948¢ — 83
NzO4(SbC16) see®© 1954 — 83
N204(SbCle) CH-Cl, - 493b 83
NONDbF¢ CH-Cl, — 386 74
NOPF¢ CH,Cl, 1967 335 76
NOPF¢ MeNO> 1975 — 78
NOPF, seel 2016 — 76
NOSbCls MeNO; 1964 - 78
(NO),SiFs CH-Cl, — 390 72
(No)zanI4F2 CH2C12 — 391 72
NOTaF¢ CH:Cl — 388 74
(NO),TiClg CH-Cl, - 285 72
tert-Butylbenzene NOBF4 MeCN — 340 (270), 460 (52) 78
NOSbCls — — 339 (5000) 73
(NO),S1ls CH-Cl, — 360 72
1,3,5-Tri-tert-butylbenzene NOBF4 MeCN — 349 (1730) 76
NOBF4 MeCN - 349 (1700) 78
NOPF¢ MeNO> 1964 — 78
Durene NOBF4 MeCN — 336 (1100), 520 (40) 78
NOBF4 CHCl, - 486° 83
N>04 CH-Cl, 1948¢ - 83
N204(SbC16) see 1880 — 83
N204(SbCle) CH-Cl, - 489° 83
NOPF¢ MeNO> 1933 — 62,78
NOPF¢ CH-Cl, 1929 335, ~500 76
NOPF¢ MeCN 1930 - 62
NOPF¢ MeNO> 1930 — 62
NOPF¢ MeCN or MeNO; — 335 62
NOPF, seef 1986 - 76
Pentamethylbenzene NOBF4 MeCN — 337 (2400) 76, 78
NOBF4 CH-Cl, — 491° 83
N>O4 CHCl, 1896°¢ - 83
N204(SbCle) CH-Cl, — 490° 83
NOPF¢ MeCN or MeNO; — 340 62
NOPF¢ CHCl, 1904 - 76
NOPF¢ MeCN 1900 — 62
NOPF¢ MeNO> 1900 — 62
NOPF¢ MeNO> 1907 - 78
NOPFg¢ seel 1927 — 76
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Table 5 (continued).
Compound Reagent Solvent vNo /em ! Amax /nm (&) Ref.
Hexamethylbenzene NOAICly seed 1853 - 71
NOAICl4 CH-Cl, — 334 (10 000) 72
NOASsFq - — 334 (47000) 73
NOBF4 MeCN — 337 (3000) 76
NOBF4 MeCN — 337(3100) 78
NOBF,4 CH-Cl, - 325(7300), 499 ® 72,83
(NO)>GeF¢ CHCl, - 338 (7100) 72
NOFeCly CH-Cl, — 325, 360 74
NOM0202F9 CH2C12 — 323 74
NOMo0,0,Fy see d 1870 — 74
NOMoF see d 1780 — 74
N204 CH,Cl, 1862¢ 495°b 83
N>204(SbCls) see ® 1850 — 83
N204(SbCle) CH-Cl, — 4990 83
NOPF¢ CH,Cl, 1880 337, ~ 500 76
NOPF¢ — — 275¢ 73
NOPF,¢ MeNO> 1885 — 78
NOPFs seel 1899 — 76
NONbDF¢ see d 1850 — 74
NONbF¢ CH-Cl, — 330 74
NOSbClg seed 1849 — 73
NOSbCls — — 334 (8100) 73
NOSbCle MeNO> 1885 — 78
NOSbF¢ seed 1850 — 73
NOSbFe CH-Cl, - 330 55
NOSbF¢ — — 272 73
(NO),SiFs CH:Cl — 338 72
(NO)2SnCls CH-Cl, - 336 72
(NO)2SnCl4F> CH-Cl, — 336 72
NOTaClg CH,Cl, — 332 74
NOTaFg see d 1800 — 74
NOTaF CH-Cl, — 334 74
NOTiClg CH-Cl, — 310 72
(NO),TiCl4F» CH-Cl, - 340 72
(NO),TiFs CH-Cl, — 326 72
NOUF seed 1880 — 74
NOUF CH-Cl, - 320 74
NOUF, see d 1870 — 74
NOUF, CH,Cl, — 325 74
NOWCl, CH-Cl, - 358 74
NOWzOng see d 1878 — 74
Hexaethylbenzene NOBF,4 CH-Cl, — 511° 83
NOPF¢ MeNO> 1900 — 78
N2Og4 CH-Cl, — 516° 83
1,3-Dineopentyl-2.4,5,6-tetramethylbenzene NOPFg¢ MeNO; 1884 — 78
1,4-Dineopentyl-2,3,5,6-tetramethylbenzene NOPF¢ MeNO; 1884 — 78
Anisole NOBF4 MeCN — 344 (1000), 480 (635) " 84
Chlorobenzene NOBF4 MeCN — 343 (110), 500 (6.4) 78
NOGacCls CH-Cl, - 290¢ 72
2-Methylanisole NOBF,4 MeCN — 346,477h 84
4-Methylanisole NOBF4 MeCN — 346 (980), 506 (370) P 84
NOBF4 CH-Cl, — 334 78
3,5-Dimethylanisole NOBF4 MeCN — 355, 488N 84
2-Bromoanisole NOBF,4 MeCN — 353, 4630 84
4-Bromoanisole NOBF,4 MeCN — 340 (470), 500 (100) » 84
1,4-Dimethoxybenzene NOBF4 CH-Cl» — 366¢ 85

aThe ArH :[NO]* X~ molar ratio was 2: 1. » The Amax value is given only for the long-wavelength band (at —78 °C). °At —78 °C. 9In KBr pellets.
¢ Mineral oil mull. f Spectra of the crystalline form. & Shoulder. " At —40 °C.

The degree of electron density transfer can be estimated from

13C NMR spectral data. It is known that the chemical shifts of the
sp>-hybridised carbon atoms in charged n-electron systems corre-
late linearly with the m-charges on these atoms.!0% 193 Assuming
that the degree of electron density transfer to the nitroso group in
the n-complex depends on the ionisation potential of the aromatic
substrate (/p), one would expect a relationship between the

positive m-charges (¢i) and the ionisation potentials of the
aromatic donor.”® Actually, a linear correlation between these
characteristics takes place in the case of the nitrosonium n-com-
plexes of benzene and alkylbenzenes 78 (Fig. 2) from which it can
be seen that an increase in the donating ability of the aromatic
substrate leads to an increase in the degree of charge transfer.
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Figure 2. Correlation between the positive n-charges (¢;7) on the aro-
matic fragments in the nitrosonium complexes with benzene and alkyl-
benzenes and the ionisation potentials (/) of the aromatic donors:”®
(1) hexamethylbenzene, (2) pentamethylbenzene, (3) durene, (4) mesityl-
ene, (5) toluene, (6) benzene (r = —0.998). The ¢, values were calculated
using the differences between the chemical shifts of the complexes and
their precursors determined in the study;’® the value of 160 ppm was taken
per unit n-charge.

It was demonstrated 7® that the degree of charge transfer in
n-complexes can be estimated by IR spectroscopy. Thus a linear
correlation between the ionisation potentials of the aromatic
substrate and the degree of charge transfer (Z) was found for
benzene and its derivatives. The degree of charge transfer was
determined from the following formula:

_ 2 2y /02 2
Z = (ot — Vi) / (VNo+r — VNO)»

where v o+, vV and vyo are stretching vibration frequencies of
the NO group in the NO™* cation, the n-complex and nitric oxide,
respectively (Fig. 3).78

X-Ray diffraction studies provide the most reliable informa-
tion on the structures of cationic complexes. The first data on the
structures of nitrosonium complexes of aromatic compounds
obtained 98- for the complex of hexamethylbenzene with the
NO™ cation disclosed that the conventional view (¢f. Refs 61 and
64) that m-complexes of aromatic compounds with electrophilic
agents are highly symmetrical systems should be revised.!04
According to the X-ray diffraction data,®-7! the normal (which
passes through the nitrogen atom of the NO group) to the plane of
the core of this complex is displaced from the centre of the
aromatic ring and the nitroso group is located at an angle of
~50° (the structure 38), the nitrogen atom being rather far
removed from the ring (by 0.21 nm).

0.8

0.7

0.6

0.5

7.5 8.0 8.5 9.0 Iy/eV

Figure 3. Correlation between the degree of electron transfer (Z) in
nitrosonium complexes with benzene and alkylbenzenes and the ionisation
potentials (/) of the aromatic donors: (/) benzene, (2) toluene, (3) 1,2-
dimethylbenzene, (4) 1,4-dimethylbenzene, (5) 1,3,5-trimethylbenzene,
(6) 1,3,5-tri(tert-butyl)benzene, (7) 1,2,4,5-tetramethylbenzene, (8) pen-
tamethylbenzene, (9) hexamethylbenzene, (/0) hexaethylbenzene, (//) 1,4-
di(neopentyl)-2.4,5,6-tetramethylbenzene, (12) 1,3-di(neopentyl)-2,3,5,6-
tetramethylbenzene (r = —0.987).78

38

The nitrosonium complexes of toluene,”® mesitylene,”®
durene,”! hexaethylbenzene,®®  2,3-dimethyl-2,3-diphenyl-
butane,’! 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-1,4;5,8;9,12-
triethanotriphenylene %% and octamethyl-9,10-dihydro-9,10-etha-
noanthracene '°° have analogous structures. A comparison of the
structures and geometric parameters of nitrosonium complexes of
arenes and alkenes disclosed that these complexes are somewhat
similar, viz., the NO group is located at an angle to the plane of the
core and the distances from the nitrogen atom to this plane have
close values.

According to the results of CNDO)/2 calculations with the use
of the real geometry of the hexamethylbenzene complex with the
nitrosonium cation, the positive charges on the aromatic carbon
atoms of the same type differ substantially from those on the
carbon atoms of the methyl groups.”! Nevertheless, two rather
narrow singlets are observed in the '3C NMR spectra recorded
both for solutions (in the HSO3F —SO,CIF mixture, — 130 °C) 7>
and for the solid phase,”! which is attributable to the =,m-
rearrangement, rapid within the NMR time scale.

No |

.
No |
38 38

The mechanism of this rearrangement involves either the
migration of the NO group over the plane of the ring or the
rotation of this ring about its ‘normal’ followed by ‘switching’ of
the Carom — N bonds, the latter situation being more probable for
the complex in the crystalline state.”"-75 The results of studies of
the isotope effects of deuterium manifested in the '*C NMR
spectra of nitrosonium m-complexes with Cg(CD3),,,(CH3)6—m
compounds do not contradict the conclusion that these complexes
undergo rapid m,m-rearrangement in solutions.’® The kinetic
parameters of this rearrangement (FE, = 42.742.5 kJ mol—!,
log4 = 13.94£0.3) for the crystalline complex were determined by
relaxation NMR spectroscopy.””

According to the 'H and '3C NMR spectral data, analogous
m,m-rearrangements occur, apparently, in the nitrosonium com-
plexes of benzene,’>7378 alkylbenzenes,®72-747%.78 chloro-

+
NO
/

38//

benzene,”>  anisole,’”  2,3,5,6,8,9-hexahydro-1,2;3,4;5,6-tris-
(cyclopenta)benzene,'%¢  [2.2]paracyclophane 07 and tripty-
cene.!07

To reveal the contributions of the intermolecular and intra-
molecular mechanisms of rearrangements of nitrosonium com-
plexes, it is important to elucidate the influence of the structure of
the aromatic substrate on the formation constants of these
complexes (K):

K
ArH + NO" —== ArH—-NO".

The quantitative data on the constants K for the n-complexes
of benzene and its derivatives were obtained 76 78.81.84.88 hLy
processing electronic absorption spectra using the Benesi — Hilde-
brand method. A linear correlation between the logarithms of the
formation constants of the t-complexes and the ionisation poten-
tials of the corresponding aromatic hydrocarbons was found 7°
(Fig. 4). The point corresponding to 1,3,5-tri(zert-butyl)benzene
deviates from the dependence presented in Fig. 47¢ due, appa-
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Figure 4. Dependence of the logarithms of the formation constants
(log K) of the ArH-NO™* complexes (BF; as the anion) in MeCN at
25 °C on the ionisation potentials (/,) of the aromatic donors: (/) hexa-
methylbenzene (2) pentamethylbenzene (3) mesitylene (4) toluene (5) ben-
zene (r = —0.995).7¢

rently, to steric inhibition of the donor-acceptor interaction
between the aromatic substrate and the nitrosonium cation (cf.
Ref. 88).

The high degree of charge transfer in the ground state of
nitrosonium complexes of aromatic compounds containing donor
substituents agrees well with the chemical behaviour of these
complexes. The key stage of these reactions involves the transfer of
one electron from the aromatic donor to the NO™* group giving
rise to a radical cation, which undergoes further transformations:

ArH + NO+ == [ArH, NO*],

[ArH, NO*] === [ArH*",

NOT,

[ArH*",NO] — products.

This general scheme can be exemplified by the conversions of
aromatic compounds 39—43 into products 44—50 (Scheme 4). In
these processes, ArH —NO™ m-complexes are, apparently, gen-
erated at the initial stage (see Refs 78 and 81).

All the above-considered calculated and experimental data
provide evidence that the reactions of the nitrosonium cation with
monocyclic aromatic compounds generally afford m-complexes
rather than o-complexes. In this connection, it is of interest that
investigation of the kinetics of nitrosodeiodination of 4-iodoani-
sole by electronic absorption spectroscopy ¢ provided evidence
for the formation of the o-complex, viz., the 1-iodo-4-methoxy-1-
nitrosobenzenonium ion (¢f. Ref. 91). Recently, the nitrosonium
o-complexes with benzene, mesitylene, hexamethylbenzene and
other aromatic compounds have been detected by this method
using the femtosecond laser technique at low temperature.®®
However, it is known that information on the structures of
cationic complexes of aromatic compounds obtained by electronic
absorption spectroscopy is less reliable than that provided by
NMR spectroscopy.'® The more reliable NMR spectral data
demonstrated that the reactions of anisole 87 and hexamethylben-
zene 80 with [NO] " [AICly]~ in the SO,—CD,Cl, system at low
temperature afforded n-complexes (¢f. Refs 68 and 71 —76).

The nitrosonium cation is a strong oxidising agent 108109 (¢f.
Refs 55 and 56). Generally, its reactions with bi- and polycyclic
arenes possessing, as a rule, low ionisation potentials 10 give rise
to the corresponding radical cations or their reaction prod-
ucts.>3-78:109 Thuys, the reactions of naphthalene with nitrosonium
salts in trifluoroacetic acid at ~20 °C afforded initially a mono-
meric radical cation, followed by the formation of a dimeric
radical cation and, finally, of a mixture of hydrocarbons
Ci1oH7—(C1oHg)m— C1oH7.19%- 111112 Most likely, the transfer of
one electron from the aromatic substrate to the NO™* cation is
preceded by the formation of the ArH—NO™* n-complex. In spite
of the importance of the data on the structures and reactivities of
nitrosonium complexes with polycyclic aromatic compounds,

Scheme 4
NHAc

Me CHz
Me Me Me Me
MeCN, ~20 °C
+ [NO]*[BF4]” ———>
H-,O
Me Me z Me Me

Me Me
39 44

A MeCN.25°C /(\
+ [NOJ*[BF4]~

Ph” o HzO NaHCOs

Me Me
CH)Cl,, 25 °C
+ [NO]*[BF4]— T
2

OMe MeO OMe
41 46

Me Me
MeMle MeNO, 20 °C
Ph"—'fPh + [NO]"[BF;]- ——— >
Me Me
Me Ph

42

Me

MeO OMe
Ph Ph
Me Me
43

MeCN, 25 °C
+ [NOJ"[BFy]~ —————>

O, Me
+ Ph,CO +
49 Me
Y Ph 50
48a.b
48a: X = OMe, Y = Mg;
48b: X = Y = OMe.

Ph
Ph

attempts to generate these complexes have long been unsuccess-
ful 61.76. 113117

The first data on the formation of nitrosonium n-complexes
with fused arenes were obtained for derivatives of naphtha-
lene,'13- 114 fluorene '3 and acenaphthylene ''* (¢f. Refs 55 and
76). The reactions of [NO]*[AICl4]~ with methylnaphthalenes
51a—iin SO, at low temperatures (from — 70 to —80 °C) afforded
cationic n-complexes 52a—i, respectively.!1> 116

R! R! NO*
R2
R3
R> R4
Sla—i

Compounds 51,52  R! R2 R3 R# RS
a H H H H H
b Me H H H H
[ H Me H H H
d Me Me H H H
e Me H Me H H
f Me H H Me H
g Me H H H Me
h H H H Me Me
i H Me Me H H



222

G I Borodkin, V G Shubin

Table 6. Parameters of the '*C NMR spectra (3¢ ) of the complexes 57a,c—f!!7-11% and the charges ¢; on the C(3) — C(8b) atoms.

Complex System or solvent Temperature /°C dc(ry, Oc(2) (see?) A>"0c@)—csb) (see ) g5 (see®)

57a HSO;F —-SO, —70 170.8 33.9 0.21
—40 171.3 354 0.22

57¢ SO,-SO,CIF —95 153.6, 168.0 — —

57d SO, —80 150.6, 166.4 41.6 0.26

57e CD:Cl» —80 80.8 10.1 0.06

57 HSO;F-SO,CIF —50 98.3 17.4 0.11

2 The chemical shifts are given relative to Me,Si; CD,Cl, was used as the internal standard (5 52.9). ® The difference between the total chemical shifts of the
signals for the C(3) — C(8b) atoms in the spectra of the n-complex and its precursor. ¢ In calculations, the value of 160 ppm was taken per unit n-charge.'0?

The structures of these complexes were confirmed by the
results of 'H, '3C and >N NMR spectroscopy using the isotope
perturbation method.!'® The equivalence of the methyl groups in
the m-complexes 52f—i observed in the 'H NMR spectra was
attributed !¢ to the rapid (within the NMR time scale) intra-
and(or) intermolecular migration of the NO group from one
aromatic ring to another.

Apparently, analogous rearrangements occur in the nitro-
sonium complexes of fluorene (53),!'3 [2.2]paracyclophane
(54),'97 triptycene (55) 197 and corannulene (56) ''® (Scheme 5).

Unlike the complexes of the nitrosonium ion 52-56, the
nitrosonium complexes with 1-R-2-methylacenaphthylene

(R = Me, CH,D, CHCl or Br) 57a—d do not exhibit dynamical
E+

properties.!!”

Compound 57 E R

a NO Me

b NO CH-D
c NO CH-(Cl
d NO Br

e MeS Me

f PhS Me

This is evidenced by the 'H, 3C and '’N NMR spectral data
and by the results obtained by the isotope perturbation method.!!”
The fact that the signals for the C(1) and C(2) atoms in the
n-complexes 57a—d are shifted downfield compared to those of
their analogues, viz., the episulfonium ions 57e,f '° (Table 6), was
taken !'7 as convinicng evidence for the preferential localisation of
the NO group at the C(1) — C(2) bond assuming that the C(1) and
C(2) atoms have nearly sp>-hybridisation.

Substantial electron density transfer from the aromatic frag-
ment to the NO™* group is observed in the complexes of acenaph-
thylene and naphthalene derivatives (Table 7, see Table 6), as in
nitrosonium complexes of monocyclic aromatic compounds con-
taining donor substituents.”® The greater the number of methyl
groups in the rings of the complexes 52a—1i, the higher the degree
of transfer.!'% 117 In addition, judging from the difference between
the total chemical shifts of the signals for the C(1)—C(4) and
C(5)—C(8) atoms in the '*C NMR spectra of the n-complex and
its precursor, the positive charge is localised predominantly at the
methylated aromatic ring. Interestingly, an approximate linear
correlation between the total positive m-charges on the core (¢7)
and the oxidation potentials of the precursors (£1,2) is observed
for the nitrosonium complexes of naphthalene and its derivatives
(Fig. 5, see Table 7). As expected, a decrease in the oxidation
potential of the aromatic hydrocarbon leads to an increase in the
positive m-charge on the aromatic fragment of the m-complex 52.

Scheme 5

55
+ON NO +
56 56' 56"

As mentioned above, naphthalene is oxidised by the nitro-
sonium cation at room temperature to form the corresponding

Table 7. Parameters of the '3C NMR spectra of the complexes 52a—i
(SO,, —70 °C) 16 and the oxidation potentials of their precursors S1la—e¢,
e—i.

Compounds A dc()-cey /A dcs)-c® 4z [C(1)-CBa)]®  Eip

51 and 52 Ve
a 25.2/252 0.34 1.54
b 44.9/16.2 0.40 1.43
¢ 40.6/18.6 0.39 1.45
d 60.9/19.7 0.54 —

e 56.2/16.9 0.47 1.38
f 60.8/15.6 0.49 1.32
g 36.2/36.24 0.49 1.43
h 32.7/32.7¢ 0.42 1.30
i 47.2/16.8 0.42 1.44

2 The ratio of the differences between the total chemical shifts of the signals
for the C(1)—C(4) and C(5)—C(8) atoms in the spectra of the complexes
52a—i and their precursors. ®In calculations, the value of 160 ppm was
taken per unit m-charge.'92 °The data were reported in Ref. 120. 9 At
—75°C.©At —80 °C.
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Figure 5. Correlation between the ¢ values for the m-complexes
52a—c.ef,i and the oxidation potentials (Ej») of their precursors
51a—c,e,f,i:'?° (1) 1,4-dimethylnaphthalene, (2) 1,3-dimethylnaphthalene,
(3) I-methylnaphthalene, (4) 2,3-dimethylnaphthalene, (5) 2-methylnaph-
thalene, (6) naphthalene (r = —0.970). The data for the n-complexes 52g.h
were not taken into consideration because the ¢, values for the latter
complexes were determined from '3C NMR spectra measured at different
temperatures.

radical cation.!9%-111.112 In the case of methylnaphthalenes, an
analogous process takes place at low temperature. As the temper-
ature increases from —60 or —70 °C to —30 or —50 °C, the
signals in the "H NMR spectra of the complexes 52a—i become
broader (up to their ‘disappearance’), which was explained ' by
the one-clectron transfer between the aromatic core of the com-
plex and the NO group.

Dimerisation of the resulting radical cations is one of the
possible conversions of these compounds.!'® Actually, storage of
solutions of the complexes 52b,d,e,h at —20to —30 °Cfor1-2 h
followed by their treatment with water afforded 4,4’ -dimethylbi-
naphthyl, 3,3’,4,4'-tetramethylbinaphthyl, 2,2',4,4'-tetramethyl-
binaphthyl and 4,4’,5,5-tetramethylbinaphthyl, respectively, in
~20% yields. Analogous reactions proceeded with the participa-
tion of 2-methyl-, 1-ethyl-, 2-ethyl-, 1,6-dimethyl-, 2,3-dimethyl-,
2,6-dimethyl-, 2,7-dimethyl-, 1-methoxy-, 2-methoxy-, 1-bromo-
and 2-hydroxynaphthalenes (the yields of the dimeric products
were 25% —95%).121. 122

IINO M _\ + .

Me,, Me, Me,, Me,
Mem Men Mem Me)l
Me,, Me, Me;, Me,

m=0,1;n=0-2.

V. Complexes of the nitrosonium ion with nitrogen-
containing organic compounds

In a number of studies it has been suggested that nitrosonium
complexes of amines and N-heterocyclic compounds are inter-
mediates in diazotisation,! nitrosation of amides ! and N-hetero-
cyclic compounds,'?3- 124 the formation !> 123 and denitrosation 26
of nitrosoamines and other reactions involving the nitrosonium
cation.!- 127-130

According to the results of quantum-chemical calcula-
tions 131133 and experimental data for the gas phase 6134
N-bases possess high affinities for the NO™* cation. Thus accord-

Table 8. Energies of binding (Ep) of the NO* cation with N-bases.!34

Compound Ep /kJ mol—! Compound Ep /kJ mol—!
CH»(CN), 82.0 PhCN 121.3
MeCN 110.5 0-MeC¢H4CN 123.4
EtCN 115.5 3-FCsH4N 156.1
Pr"CN 117.2 4-CICsH4N 162.3
PriCN 118.8 CsHsN 167.8
Bu!CN 121.3 3-MeCsH4N 172.0

ing to the results of ab initio calculations [HF/6-31 + G(d)], the
energy of binding of the NO™* cation with the methylamine
moleculeis 127.7 kJ mol~! (¢f. Ref. 133). The data on the binding
energies (Eb) of the NO™ cation with nitriles, pyridine and the
derivatives of the latter 13* were obtained by ion-cyclotron reso-
nance and in studies of the fragmentation of L'(NO*)L? dimers
by kinetic methods (Table 8). A linear correlation between the Ej,
values for alkylnitriles RCN and Taft’s o*-constants of the
substituents 133 was revealed (Fig. 6). Consequently, the inductive
effect of the substituents R is the major factor responsible for the
stability of the RCN —NO™ complexes (¢f. Ref. 66).

Ey /kJ mol—!

120

100

80

-0.5 0 0.5 1.0 OR

Figure 6. Correlation between the energies of binding (Ep) of the NO*
cation with nitriles RCN '3* and the o*-constants of the substituents R
(oR), '3 where R = But (1), Pr' (2), Pr" (3), Et (4) or Me (5) and
RCN = CHa(CN); (6) (r = —0.995).

A linear correlation between the Ej, values 13* and the g-con-
stants of the substituents X 3 observed for pyridine and its
derivatives XCsH4N (Fig. 7) indicates that both the inductive
and resonance effects are of considerable importance.

The reaction of the [NO]"[BF4]~ salt with pyridine in polar
solvents (MeCN, MeNO,, SO, or sulfolane) was examined by
'H NMR and IR spectroscopy.'?® The results obtained in the

Ep /kJ mol !

174 1
9
170
20
166

162

158
4 ©

154 1 1 1 1 1
—0.1 0 0.1 0.2 03 ox

Figure 7. Correlation between the energies of binding (Ep) of the NO*
cation with the XCsH4N compounds '3 and the o-constants of the
substituents X (ox), !*> where X = 3-Me (1), H (2), 4-Cl (3) or 3-F (4)
(r = —0.984).
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cited study provided evidence for the formation of the
CsHsN—NO* n-complex (cf. Refs 76, 82 and 137). It should be
noted that the transfer of the NO group from the nitrogen atom to
the carbon atom of the ring was not observed even under the
conditions of thermal decomposition of the
[CsHsN —NO] " [BF4]~ salt.!3¢

The reactions of pyridine, its derivatives, quinoline and 1,10-
phenanthroline with [NO]* [BF 4]~ in (CD3),SO at 20 °C or with
[NO]*[AICl4]~ in SO, at —60 °C afforded complexes 58a—d, 59
and 60 whose structures were confirmed by 'H and '*C NMR
spectroscopy.!38-139

R3
2 4
R AR N
) b
R! ITI RS N
NO NO NO
58a—d 59 60
Compound 58 R! R2 R3 R4 RS>
a H H H H H
b H Me H H H
c H H CHO H H
d Me H Me H Me

The 'H and '3C NMR spectra of the complex 60 are indicative
of a degenerate rearrangement rapid within the NMR time scale,
which proceeds through the intra- and(or) intermolecular transfer
of the NO group.

NO 60 60 NO

Nitrosonium complexes of pyrimidine derivatives (61 and 62)
undergo analogous rearrangements persisting even at — 70 °C.140

R2 R2
/f\\N e /f\\i/No
R3 1?/)\R1 R3 N/)\Rl

NO
61, 62

61: R! = Me, R> = R3 = Ph; 62: R! = PhO, R? = R3 = Me.

According to the experimental data for the gas phase, pyridine
derivatives and alkylbenzenes possess similar affinities for the
NO™ cation.!3* The formation constant of the 2,6-dimethylpyr-
idine complex with the nitrosonium cation in MeCN was deter-
mined by the competitive method.®? On gradual addition of 2,6-
dimethylpyridine to a solution of the durene complex with
[NO]*[BF4]~ in acetonitrile, the intensity of the charge-transfer
band for the durene—NO* complex decreases monotonically,
while the intensity of the corresponding band for the nitrosonium
complex with 2,6-dimethylpyridine increases due to the following

reactions:
K
+ NO* — --NO™,
X K> X
P
N

+NO* = ||
L2

1
NO 63

The equilibrium constant, K>, of the reaction of NO* with
2,6-dimethylpyridine [K> = (3£2) x 103 litre mol—!] was deter-
mined # from the equilibrium constant of the reaction of durene
with the NO™ cation (K; = 450 litre mol —!) estimated previously.
A somewhat different value was obtained for electrochemical
reduction of complex 63, (K> ~ 500 litre mol—'). This difference
in the constant determined by different methods is due partially to
salt effects.®?

Intensely coloured solutions of complexes of aromatic com-
pounds with CsHsN* —NO (PyNO™) in acetonitrile are decol-
ourised in the presence of alkyl derivatives of benzene or
naphthalene at room temperature in the dark, the rate of this
process being decreased in the series 1,4-dimethylnaphthalene >
hexamethylbenzene > durene >> p-xylene > toluene.®? The
chemical conversions responsible for decolouration of the com-
plexes under the action of 1,4-dimethylnaphthalene, durene and
hexamethylbenzene are shown in Scheme 6.82

Scheme 6
MeCN, 25 °C
OO + 2[PyNO] *[SbClg] - ——— >
—NO
Py*
. O‘ (SOl
Py* o4
Py*
MeCN, 25 °C
+2PyNO+ ————> - .
—NO —PyH*
+Py

65

4
66
Py*
MeCN, 25 °C
+ 2PyNO* e
—NO . —PyH*
Py
4
, Py
67

The structures of complexes 64—67 were established by
'H NMR spectroscopy. The structure of the complex 65 (with
the SbClg anion) was additionally confirmed by X-ray diffraction
analysis. Interestingly, the reaction of durene with the
[PyNO] *[SbClg] ~ salt afforded exclusively the trans-adduct 65,
while the reaction with the [PyNO]"[BF4]~ salt gave rise to an
equimolar mixture of the trans- and cis-adducts.3?

N-Nitrosation reactions of secondary amines with complexes
synthesised by the reactions of N>O4 with pyridine or triethyl-
amine have been examined.!?’

Rl
AN CHxCh, 60 °C "Xy R'R™NH \
| + N0y — || N—NO
= + 2
N R R?
NO
Rl
CHCla, —60 °C R'R2NH \

EtsN + N;Oy, — > EtzN—NO"NO; —> N—NO

RZ
Analogous N-nitrosation reactions of amino acids containing
secondary amine groups under the action of a mixture of nitro-
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sonium tetrafluoroborate and pyridine have been described '4!
(cf. Ref. 127). Apparently, the [PyNO] " [BF4]~ complex served as
an active nitrosating agent in these reactions.'#!

VI. Complexes of the nitrosonium ion with organic
compounds containing Group VI elements

Complexes of the nitrosonium ion with compounds of the R'ER?
and R'R?C =E types (E is the Group VI element) were considered
as intermediates in many liquid-phase reactions of O-bases
(alcohols,!- 142143 ketones, 144146 ¢rc.1-92-94) and S-bases (desul-
fofluorination of thioesters,!4” conversions of thioketones and
thioamides giving rise to ketones and amides of acids, respec-
tively, 148 o7c. 149 151),

According to the results of quantum-chemical calcula-
tions 133:152-154 and experimental data for the gas phase obtained
by the ion-cyclotron resonance %¢-13# and kinetic methods,'3* O-
bases possess rather high affinities for the NO™* cation.

Calculations based on thermochemical data demonstrated
that the energy of the nitrosonium complex with ethylene oxide
(68) is 112.5 kJ mol—! lower than those of the initial reagents.!>?

0.1062 nm _O

0.1125 nm
O\

Z.

|
i 0.1969 nm
O+

0.1495 nm
“‘\\\\\H

Ab initio calculations (SCF/MP2) demonstrated that the
planar analogue of this complex (69) is somewhat energetically
less favourable (AE; = 15.1 kJ mol—"), the latter being a transi-
tional structure between two equivalent forms 68. According to
the results of ab initio calculations (MP2/6-31 + G*), the energy of
the nitrosonium complex with acetaldehyde (70), which is iso-
meric with structure 68, is 115.5 kJ mol ! lower than those of the
initial reagents, whereas the nitrosonium complex with the enol
form of acetaldehyde (71) is energetically less favourable than the
complex 70 (AE;e; = 105.0 kJ mol—1).152

0 0
|| 0.1124 nm || 0.1111 nm
N H
~ N
0.2001 nm Q" 02148 nm>0"
0.1250 nm 0.1412 nm
H H
H C/ H C/
0.1477 nm [, 0.1331 nm
| “m |
70 H 71 H

Analogously, ab initio calculations [HF/6-31+G(d) !3* and
G2 3] gave rather high affinities of the NO™ cation for methanol
(97.3 and 105.9 kJ mol~!, respectively).

The ab initio energies of binding of the NO™ cation with
acetaldehyde and methanol are very close to the experimental
values determined for the gas phase (Table 9).134

The energies of binding of the NO™* cation with O-bases were
analysed within the framework of Taft’s equation.®® Linear
correlations were revealed for each class of compounds
(MeCOR, where R = H, Me or Et; ROAc or RCHO, where
R = Me, Et or Pri; and ROH, where R = Me, Et or Pr).
Analogous relationships are true for the compounds of the
RONO; and RNO; types (Fig. 8).

As mentioned above, nitrosonium complexes with O-bases
were postulated for many liquid-phase reactions. However, the
data on generation of these complexes in solutions are
scarce,?7- 155159

Table 9. Energies of binding (Ep) of the NO ™ cation with O-bases.!3*

Compound Ep /kJ mol—! Compound Ep /kJ mol—!
H,O 77.4 MeCHO 115.5
MeOH 97.5 Me>CO 130.1
CH,O 112.5 MeCO-Et 131.4
MeONO> 86.6 MeCOEt 134.3
EtONO;> 95.0 Et,CO 136.8
PriONO, 101.7 PriCOMe 138.1
MeNO; 104.2 Bu'COMe 140.2
EtNO» 112.5 BL_1I2CO 141.0
Pr"NO, 115.9 Pr,CO 142.3
PriNO, 118.0 PhCOMe 146.9
Bu®NO; 116.7 (C3H5).CO 152.7
BuNO, 123.4 Ph,CO 160.2
MeCOC(OMe),Me 154.8 (PhCH,»)>CO 165.3
MeCO;But 141.0

Eyp /kJ mol !

o
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Figure 8. Correlation between the energies of binding (Ep) of the NO*
cation with the RNO; (I —6) and RONO; compounds '3* (7—9) and the
o*-constants of the substituents R (¢}),'3> where R = Bu! (1), Pr' (2, 7),
Bu® (3), Pr® (4), Et (5, 8) or Me (6, 9) (r=—0.955 and —0.999,
respectively).

Thus, the reactions of the [NO]*[BF4]~ and [NO] " [PF¢]~
salts with 18-crown-6, 15-crown-5 and 12-crown-4 in dichloro-
methane, acetonitrile and nitromethane were studied by '"H NMR
and IR spectroscopy and conductometry.!'>> The reactions of
18-crown-6 and 12-crown-4 with [NO]* X~ afforded the 1:1
and 2:1 complexes, respectively. In the case of 15-crown-5, the
1:1 stoichiometry was observed if the reaction was performed in
MeCN or MeNOs, whereas the 2 : 1 stoichiometry was achieved in
CH,Cl,. The addition of the [NO]* X~ salt to a solution of a
complex always leads to a downfield shift of the signal of the
crown ether in the 'TH NMR spectrum, one narrow singlet being
observed due to the rapid (within the NMR time scale) exchange
between the free crown molecule and the molecule involved in the
complex. New absorption bands at 18501852 and 1876 cm !
appeared in the IR spectra of solutions of 18-crown-6, 15-crown-5
and 12-crown-4 in CH>Cl> and MeCN, respectively, upon the
addition of the [NO] "X~ salts, which indicates that the NO™*
cation is covalently bonded to the crown molecule.!'3 It should be
noted that the positions of the bands in the IR spectra are virtually
independent of the nature of the counterion.!33

The reaction of 18-crown-6 with the NO ™" cation (BF; as the
counterion) was examined by 'H and '3C NMR, IR and Raman
spectroscopy.!>® The 'H and '3C NMR spectra of the 1:1 com-
plex have singlets at § 3.67 and 70.327, respectively. The 3C
chemical shift changes only slightly (by 0.428 ppm) on going from
free 18-crown-6 to the ether involved in the complex. The IR
spectrum of the [18-crown-6—NO]*[BF4]~ salt (in hexachloro-
butadiene) has an absorption band of the NO group at 2274 cm !
the position of which differs substantially from those observed in
the spectra of this complex in CH>Cl, or MeCN (see above).
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Analogous results were obtained in another study.'>’” It was
suggested that the band at 2250 cm~! in the IR spectrum of a
solution of the [18-crown-6—-NO]*[BF4]~ complex in CH,Cl,
and the charge-transfer band of this complex (Zmax = 300 nm) be
used for the detection of an impurity of the [NO] " [BF4]~ salt in
the [NO,] " [BF4]~ specimen.”” A polycrystalline specimen pre-
pared by the reaction of N>O4 with 18-crown-6 was studied by
Raman spectroscopy.!”® The Raman spectrum of the salt
[18-crown-6—-NO]*H*[NO3], has an intense band at
2270 cm—! belonging to the stretching vibration of the NO™
group bound to the crown ether. No explanation was provided for
the above-mentioned differences in the stretching vibration fre-
quency of the NO group.!36~158 Apparently, these differences are
associated with a change in the mode of bonding of the NO™*
cation with 18-crown-6.

The complex of 18-crown-6 with [NO] " [BF4]~ in MeCN was
examined by cyclic voltammetry.”” The complexation constant
(K > 10* litre mol—!) was estimated based on the oxidation and
reduction potentials. Reduction of the complex 72 gave rise to the
compound 73. On oxidation of the latter, NO molecules were only
partially converted into NO™ cations and its complex with the
crown ether.

72 73

The reversible reduction potential of the complex 72 in MeCN
(Ered ~ 0.9 B) is smaller than the E;eq values determined for the
hexamethylbenzene complex with the NO* cation (Ered =
1.02 V) and for NO " (Eeq = 1.28 V).7

The reactivity of the nitrosonium cation changes substantially
on the involvement of the [NO] " [BF4]~ salt in the complex with
18-crown-6.13¢ Thus the [18-crown-6—NO] *[BF4]~ complex did
not react with benzamide in MeCN at low temperature, whereas
the amide was rapidly converted into acid under the action of
[NO] "[BF4]~ in the absence of the crown ether.!>¢

The nitrosonium cation vigorously reacts with ketones in the
gas phase®13* to give the [R'IR2C=O0NO]" complexes (see
Table 9). Analogous complexes were obtained in the reactions of
the NO™* cation with compounds of the ArN=0 and R,S=0
types in the liquid phase.?3 4. 159

Kinetic studies of the mechanism of nitrosation of aromatic
compounds provided evidence for the formation of
[ArNO—-NO]* complexes in which the nitrosonium cation is
bound to the oxygen atom of the NO group in the ArNO
molecule.®?~%* The formation constants of the complex of the
NO™* cation with 4-nitrosotoluene and 1,3-dimethyl-4-nitroso-
benzene in trifluoroacetic acid are 58 000 and 38 000 litre mol—1!,
respectively.”?

Studies by 'H, 3C and "N NMR spectroscopy showed '>°
that the reaction of [NO]* [PF¢]~ with dimethyl sulfoxide in SO,
or the reaction of [NO;] " [PF¢]~ with dimethyl sulfide in SO, at
low temperature gave rise to nitrosonium complex 75 (existing in

equilibrium with complex 74).
NOsJ [PE)~ M.
Me,S ———> /S—NOZPFg

SO, Me

[NOJ " [PFe]~ \.
Me, SO ————>
SO, Me

Analogously, the reaction of [NO,] " [PF¢]~ with dimethyl
selenide in SOz at — 78 °C afforded nitrosonium complex 77 along
with complex 76.1>°

Me

[NO,] *[PFe] N+
MesSe —— == Se—NO:PF;
’ Me 76
NOJ*[PFg - Me_ —, NO
MesSeQ ——)XK——> /Se=0 PE-
M 6
502 € 77

However, all attempts to generate the complex 77 by the
reaction of [NO]* [PFs] ~ with dimethyl selenoxide failed because
the latter readily underwent Pummerer fragmentation.'>®

The ambident reactivity of the NO3 cation (the competitive O-
or N-reactions) is manifested in its reactions with triphenylphos-
phine. In this case, as in the case of the S- and Se-analogues, the
equilibrium 78=79 is shifted toward the nitritophosphonium
complex 79.1%°

X
Ph;P—NO, == Ph;P—=0—NO
78 79

Investigations of the interaction of the NO™* cation with O-
and S-anions using perturbation theory demonstrated that the
nitrosonium cation acts as a soft acid ' (¢f. Ref. 161). According
to the Pearson concept,'%? the complexes of the NO™ cation with
S-bases should be more stable than those with O-bases. This
statement can be exemplified by the fact that the reaction of
thioanisole with [NO]*[AICl4]~ in the SO,—CD;Cl, system at
—70 °C afforded an n-complex (80), whereas the reaction of
anisole under these conditions gave rise to m-complex 81, the
oxygen atom of the anisole remaining unbound.®’

.
Me NO NO
+/ ; Me |
O A
NO M Me
80 81 82

The structures of these complexes were confirmed by 'H, 13C
and PN NMR spectroscopy. In particular, the fact that the cation
80 belongs to an n-complex is witnessed by the close values of the
corresponding chemical shifts in the ’N NMR spectra of this
complex and Me>S*—NO (82) [HSO3F—-S0,, 6(—70 °C) 291.6
and 258.6, respectively].8” The results of quantum-chemical cal-
culations by the MINDO/3 method confirmed that of the n-, n-
and o-complexes, the n-complex of thioanisole and the m-complex
of ansiole are more stable.%’

N
N—O
(<
O
/ \
Me Me
AH; = 643.9 kJ mol—! AH; = 761.5 kJ mol~—!
N/O Ie)
/ Me
N /
5\ X o
Me H

AH; = 832.6 kJ mol—!
(0]
AN
N
(O
N\
Me

AH; = 788.3 kJ mol~! AH; =854.0 kJ mol~!



Nitrosonium complexes of organic compounds. Structure and reactivity

227

The preferential binding of the NO™* cation at the sulfur atom
rather than at the oxygen atom in the PhEMe compounds (E = O
or S) was attributed ®7 to the lower electronegativity of the S atom
and a greater p,m-conjugation of the aromatic fragment with the
MeO group compared to that with the MeS group. It was
suggested '03 that binding of the nitrosonium cation in the case
of thioanisole, occurs preferentially at the S atom due to the fact
that the HOMO of thioanisole has the highest coefficient at the
sulfur atom.

Ab initio (the 4-31G basis set), CNDO and INDO quantum-
chemical calculations were performed with the aim of studying the
reaction of 2-(methylthio)ethylamine with the NO™ cation.!%*
The structures of the complexes 83a,b and 84 optimised by the
CNDO and INDO methods are shown in Fig. 9. Analysis within
the framework of perturbation theory demonstrated that the
NO™ cation acts as a soft acid, i.e., it is bound primarily to the
sulfur atom rather than to the nitrogen atom, the energy of the
N-complex 84 being 50 kJ mol—! higher than the energy of the
stable syn-complex 83a.164

H H H
| 0 H//"' /
N 0142 H N 0.143 (H /N 0.145 (H
7 NeSw w” Nt 0SSN =S
0. 115' Ve
0.180 H\\\u\ H\\\\\“ \
\ / 0181// /0.178 H
H\\\‘ 0.177 8
.0 179 .0'179 0.178
" C \\""C
Hw Hwy H\\/ ~
H/ H / . H
83a 83b 84
Figure 9. Geometric parameters of the n-complexes 83a,b and 84 calcu-

lated by the CNDO and INDO methods.!®* The bond lengths are given
in nm.

The reaction of 1,3-dimethylthiobenzene with [NO] " [AICl4] —
in the SO,—CD;Cl; system at —70 °C produced n-complex 85,
which underwent degenerate rearrangement, rapid within the
NMR time scale (Scheme 7).165

Scheme 7
_~Me ON_+_-Me ON__+_-Me
S S S
NO*
—NO*
é/NO S g/NO
I I I
85 Me 85 Me 86 Me

The structure of the complex 85 was confirmed by 'H, '3C and
1SN NMR spectroscopy. As expected, the 'SN chemical shift for
the complex 85 (on 267.1 relative to MeNO,, — 70 °C) is similar to
that observed in the spectrum of the nitrosonium complex with
thioanisole (dn 291.6 relative to MeNO,, — 70 °C).87 The signals
for the protons of the aromatic ring and methyl groups and the
signals for the C(2), C(4), C(5) and C(6) atoms are shifted down-
field as the 1,3-dimethylthiobenzene:[NO]*[AICl]~ ratio
changes from 1:1 to 1:2 due, apparently, to the shift of the
equilibrium 85'=—=286 (see Scheme 7) to the dication 86. A
further increase in the amount of the salt (to 1:5) has no effect
on the positions of the above-mentioned signals.

The complexes of dialkyl, alkylaryl and diaryl sulfides with
[NO]*[BF4]~ or N»O4 in CH,Cl, were studied by electronic
spectroscopy.®® At low temperature, the spectra have charge-
transfer bands whose positions depend only slightly on the nature
of the counterion (NOj3 or BF;) (Table 10). It was demonstrated

Table 10. Parameters of electronic absorption spectra (Act /nm) of the
nitrosonium complexes with the R'R2E compounds (E =S or Se) in
CH,Cl, at —78 °C.86.166

R! R2 Act (E = S) Act (E = SC)
A B A B
Me Me 390 393 — —
Bu® Bu® 400 400 — —
Me PhCH» 406 406 426 424
Me Bu! 396 400 — -
(CHa)4 387 386 - -
Bu! MC(CH2)17 — 408 — —
Me Ph 502 500 494 498
Et Ph 500 500 - -
Pri Ph 494 494 500 496
Me p-CICsHy 510 512 - -
Me p-MeCgHy 514 514 - -
Me p-MeOCeHy 542 542 - -
Me p-Bu'CsHy 514 517 — —
PhCH, PhCH; — — 452 444
Ph PhCH,» 506 — 508 506
Ph Ph 558 563 - -

Note. A and B are the complexes with the [NO]*[BF4]~ salt and N>O,
respectively.

that low-temperature irradiation of the [R'R2SNO]T[NO;]~
complexes at the frequency corresponding to the charge-transfer
band afforded sulfoxides. The complexation constants for dialkyl
and alkylaryl sulfides (K; and K>, respectively) were estimated by

the competitive method.
K

J—
pr—

R,S + [NOJ*[BF4]~ [R,S, NOJ*+[BF4]~

K>

J—
pr—

R>S + [ArH, NOJ*[BF4]~ [R,S, NOJ*[BF4]~ + ArH

The complexation constant (K;) for BujS in CH,Cl, at
—78 °C is similar to that for hexamethylbenzene (K; =
3 x 10* litre mol —!), whereas ethylphenyl sulfide possesses a some-
what lower affinity for the NO ™ cation (K; < 3 x 103 litre mol—1).

Analogously, the reactions of dialkyl and alkylaryl selenides
with [NO] " [BF4]~ or N,O4 in CH,Cl, at —78 °C gave rise to the
nitrosonium complexes R'R2SeNO " (see Table 10).1%¢ As can be
seen from Table 10, the positions of charge-transfer bands in the
spectra of the nitrosonium complexes R'R2S and R'R?Se are
rather close. Low-temperature irradiation of the complex
[PhMeSeNO] *[NOs]~ at the frequency ver gave rise to the
corresponding selenoxide PhSe(O)Me.!9¢

The reactions of nitrosonium salts with diaryl tellurides,
unlike those with S- and Se-containing aromatic compounds, did
not produce nitrosonium complexes.!®” Thus treatment of
bis(4-methylphenyl) telluride (87) with the [NO]*[BF4]~ salt in
the CH,>Cl,—MeCN system at —40 °C under an atmosphere of
argon afforded dication 88.

87
—< >—Te—<: >—

2 BF,
Te
< > ¥ < >
88

It was found that the oxygen atom in the dication 88 was
derived from the nitrosonium salt.!¢”
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VII. Complexes of the nitrosonium ion with
halogen-containing organic compounds

The reactions of the nitrosonium cation with organic halogen
derivatives RX in the gas phase generate chemically active species,
which can dissociate to form carbocations, nitrosyl halides and
nitrosonium complexes of alkenes.!68

i .
0 0 )l(
\\N+ \\N+ !
\\ \\ :
\ \ +
X H X H X —AH NO
. W+ NO+ —> — ¥/ o\
o ' |||"' "'l|| ||I"' "'l||

—HXNO* l

—HXl

7XNOl
NO*

SN

The latter react with alkyl halides yielding halonitrosonium
complexes. Thus the reactions involving PriCl or PriF proceeded
as follows: 168

(MeCH=CH,)-NO* + PriX —> PriX-NO* + C3Hg

X =F,CL

X =F,CL

It is assumed that analogous ion-molecular reactions take
place upon interaction of the vibrationally excited NO™* cation
with different alkyl halides (see Ref. 169 and references cited
therein).

The data on the energies of binding of the NO™* cation with
alkyl chlorides RCl (R = Me, Et or Pri; E, = 77.4, 82.0 and
89.5 kJ mol—!, respectively) were determined by the ion-cyclo-
tron resonance and kinetic methods.!3* The following correlation
between the E}, values for aryl chlorides and Taft’s o*-constants
was deduced: 13°

Eyp = (76.8£1.3) — (63.4£10.7) o*,r = —0.986,s = 1.4.

To our knowledge, the data on generation of long-lived
nitrosonium complexes of halogen-containing organic com-
pounds in solutions are lacking. However, such complexes can
be generated in different reactions of alkyl and aryl halides with
salts of the nitrosonium cation.!7% 17! Thus, a new procedure was
developed '7° for the preparation of amides by the reactions of
alkyl or aryl halides with nitriles in the presence of the [NO]* X~
salts. The assumed mechanism involves the formation of a nitro-
sonium n-complex via the lone electron pairs of the halogen atom
followed by nucleophilic substitution (of the Sn1 or Sn2 type) of
nitrile for the XNO™ group.!7®

NOPFg +
R'X — [R'XNO] —>

RXCN  +_ . H0 /
—— RIN=CR2PF; ——> R'NH—C
—NOX )

1 (N2 RN . R
L—» [R)* —=(R¥) "] —— RIN=CR2PF;

—NOX H,O l

(Sn1) //O
R3NH—C
R2

R! = Alk, ArCR?R?; R? = Mg, Et, Pr, Ph, PhCH>;
(R3)* —isomer (R)*; X = F, Cl, Br.

Analogous results were obtained in another study. 172

* * *

To summarise, abundant data on the structures and reactiv-
ities of different classes of nitrosonium organic complexes have

been accumulated due to the extensive use of modern physical and
quantum-chemical methods. In the present review, we generalise
the results of recent studies in this area. The necessity of summa-
rising these data stems from the fact that investigations aimed at
refining the theoretical notion of the processes, which involve
nitrosonium complexes and include both classical organic and
biochemical reactions, are progressing rapidly.

This review has been written with the financial support of the
Russian Foundation for Basic Research (Project No.
99-03-32878).
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