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Abstract - Using nucleophilic substitution reactions
in hetercaromaties (N-oxides) it was=s shown, that
binding of substrate in donor-acceptor complex with
appropriate acceptor decreases strongly the electron
density in the nucleus of the starting compound, thus
substantially facllitating the reactions with nucle-
ophilic reagents. At the same time, the elect-
rophilicity of heterocaromatic substrate increases ow-
ing to the partial electron density tranafer to the
m-acceptor molecule, which remains covalently unbound

with donor in the course of the reaction.

Introduction

It is well knownl! that the nucleophilic substitution reactions in the
aromatic series proceed easily if substrate contains electron-acceptor
substituents. Its classical examplel may be the hydrolysis of picryl
chloride, which takes place under wvery mild conditions in contrast with

chlorobenzene hydrolysis. One can assume that electron density reduction
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in aromatic or heterocaromatic nucleus may be caused as well by means of
"external" acceptor, which is not directly bound with starting compound.
These effects are formally analegous to those of “internal” and
"external” heavy atoms, asgsisting in singlet-triplet transfers and in-
creasing long-living triplet states concentration. The analogy between n-
acceptor action on starting aromatic substrate and metal-complex cataly-

sis can be proposed too.

Nucleophilic substitution in the hetercaromatic N-oxides series
Electron-deficlient aromatic heterocycles can undergo nucleophilic attack,
and this process is facilitated in compounds with a positive charge on
the hetercatom (in quaternary WN-alkyl or N-acyl derivatives, pyrylium
salts etc.). However, the aromatic Moxides are the most appropriste com-
pounds for studying such processes owing to their unigue msctivity towards
various reasgents. At present the problem of the nucleophilic (and elect-
rophilic) substitution in pyridine AN-oxide and quinoline AN-oxide deriva-
tives is satodied well encough.Z.2 This is one of the important parts of
the mszines chemistry.

In the series of heteroaromatics the bimolecular mechanism of nucleophlic
substitution involving the first rate-determining step seems to be the

most likely for the following nucleophilic substitutions:
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The following facts confirm this mechanism:
1. Ability of the functional groups (X) towards nucleophilic substitution

increases with their electron-acceptor properties:
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NOz > F » C1 » Br > OAr > OAlk.
In this connection the N-oxides of 4-nitropyridine and 4-nitroguinoline
are of most wvalue as the starting materials for the synthesis of 4-
substituted N-oxides.4
2. The kinetic and thermodynamic data were obtained for the reaction of

4-methoxypyridine-N-oxide with sodium methoxide:5s

QCHs CH40. _OCH;
N
| + eocﬂﬂ prom— m
-~
h )
; 0®

3. In continuation of our research in this field we obtained evidence for
the formation of a o-anionic Jackson-Meisenheimer complex in the system
of 4-methoxyguinoline N-oxide and sodium methoxide. This complex was iso-

lated by us in the form of silver salt:6

OCH,
CH30_ _QCHg4
= ~3 AgNOg o
[ | + NaOCH, =— —_— [ |
S NZ ~NaNQO, N N
{
0 ONa OAg

Probably, appearance of dark brown color in the interaction of aromatic
N-oxides with metal alkoxides or aliphatic amines can be explained by the
formation of such intermediates. One can assume that any change in the
structure of heterccycles, which caused depletion of the electron density
from the t-system, should enhance its reactivity towards nucleophiles.

In this connection we studied for a few years the possibility of
"outside" mn-acceptors application, which can activate an aromatic ring by
the charge tranafer complex (CTC) formation. These acceptors remain

covalently unbound to arcmatic system in the course of the reaction. It
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is possible to use this method to enlarge greatly the synthetic potential
of nucleophilic substitution reactions in the chemistry of aromatic hete-
rocycles. These CTCs of N-oxides have been found to be more suitable ob-
jects for the investigation of the reactions with n-acceptors than those
of nonoxygenated heterocycles. Donor activity of N-oxides iz signifi-
cantly increased by means of p,n-~conjugation of oxygen atom and aromatic

ring:"7

O B\—

Many strong m-acceptors are also active as dipolarophiles. On the other
hand, MN-oxides may be represented as 1,3-dipoles with dipolar function
included in aromatic ring.® We have established that CTC formation iz
more probable proecess than 1,3-dipolar cyeloaddition reaction. The later
process is only observed with dipolarophiles which are not active as n-
acceptors.? Moreover, it was reported that even MN-oxides of triazenes

form CTCs with tetracyancethylene (TCE), giving no cycloaddition pro-

X NC CN
O T
0 NC CN

Aromatic N-oxides were studied as the ambident (n- or mn-) donors in the

ducts. 10

reaction with m-acids starting from 80th years. The complexes of alkyl-
substituted pyridine N-oxides with phenyl isocyanatell and TCE12 will be
described later. The complexes of aromatic N-oxides with w-acceptors ex-
ist only in solution in equilibrium with the original compeonents. It was
shown that the reactivity of the N-oxides correlates with the electronic

properties of the substituents. For example, v-acceptors and o-acceptors
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(BFa, AlCls, Iz) react with the oxygen atom of N-oxides exclusively form-
ing stable n,v- or n,oc-complexes, The question about donor center and
complex nature in complexation with n-acceptors is not so evident. Forma-
tion cf both n,rn-(coordination through oxygen atom) complex and w,m-
{coordination through aromatic ring) complex are apparently observed in
these reactions. It should be noted that the former as a rule precedes
the latter. Furthermore, N-oxides are capable to react with mw-acceptors
yvielding the CTCs with various stoichiometric compositions. It is of in-
terest that the 4-nitroquinoline N-oxide containing a strong electron-
withdrawing greoup can also form CTCs with m-donors. The reaction of this
N-oxide with phenols can be considered as a tyvpical example. 12

We have chosen some pyridine MN-oxides (1 a-e) and gquinoline N-oxides (2
a-e¢) for the detailed investigation of their CTCs with typical wm-accep-
tors such as TCE {3) and p-benzoguincnes (4 a,b). These complexes can be

used in the nucleophilic substitution reactions:

= | | s b) X=CI
\N N/ c) X=H
(g J d) X=CHy
1 a—e 2 a-—g e) X=0CH,4
QO
NC:H:CN Y Y a) Y=H
NC” “CN Y Y b} Y=Br
0
3 4 ab

It is well known®.14 that electrochemical oxidation potentials (Egox) of
aromatic substances can be used for evaluation of their domnor ability.
These characteristics for some of pyridine N-oxides were determined ear-

lier.1% We have determined them for WN-oxides of quinoline series (2
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b,c,e) using polarographic method (Table 1). These data show that Eng
values decrease from monocyclic N-oxldes to polycyelic N-oxides. There-

fore the investigation was carried out mainly with guinoline N-oxides.

Table 1. Oxidaticn potentials of some N-oxides as the function of sub-

stituent effect

‘Substitgegt Pgridine N- Qginoline N- oy 1e
in 4-position oxides, E&DX,V oxides, Egox.v
NOz 2.130 - + 0.790
c1l 1.795 1.830 + 0.114
H 1.802 1.837 0
CHz 1.606 - - 0.311
OCHs 1.382 1,110 - 0,778

Cn the other hand, the m-acceptor activity is characterized by the values
of the electrochemical reduction potentials.® For benzoquincne (4a},
bromanile {(4b) and TCE (3) these wvalues are -0.51v, 0.00v and 0.15v,
respectively.

The process of molecular cemplexes formation of the meost active N-oxides
{2 b-e) with p-benzogquinone can be followed by electron spectroscopy
method. The uv spectra show batochromic shifts of n-n* absorption bands
of N-oxides and n-n* bands of p-benzoquinone. The value of the shifts
correlate with the properties of the substituents in N-oxides. These com-
plexes can exist only in solution in equilibrium with their components
and can not be prepared in solid state. We managed to prepare the solid
CTCs with a streonger mw-acceptor, bromanile (4b). These complexes can bhe
precipitated from the saturated solutions of N-oxides and bromanile mix-

ture in dicxane:
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2 b,o,e + n 4b ——

8 bce

b) X=Cl; ¢) X=H; e} X=0CH,

The compounds {5 b,c,e) are colored solid substances (Table 2). Uv spec-
tra of these CTCs show that batochromic shift of N-oxides m-w* absorption
bands of N-oxides and n-n* bands of bromanile are much greater than those
in the spectra of CTCs with p-benzoquinone. The vibrations of N-O bond in
the ir spectra of CTCs correspond to the vibrations of the same bonds in
the N-oxides spectra. These facts show that the N-oxides are n-donors

with respect to bromanile, affording n,n-complexes with the latter.

Table 2. So0lid CTCs of some N-oxides with bromanile.

CTC The precipitation Yield,% mp °C Stoichiometry
time, h N-oxide:bromanile

5 b 48 30 170-172 1 : 0.5

5 ¢ 24 33 133-135 1 :0.78

5 e 2 34 162-164 1 : 0.78

It was established, that the interaction of N-oxides with TCE leads ini-
tially to the formation of intensely colored “"weak"” complexes, that exist
only in solution in the equilibrium with the starting components. Uv
spectra of thease complexes show new "charge transfer” bands, but the po-
sitions of the absorption bands of the original substances remain un-

changed. We found the equilibrium constants (KxL) for the formation of
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these complexes, the satoichiometry 1:1 being observed. The equilibriam
constants of "weak” complexes formation show a linear correlation with
q;—constants of the substituents (Table 3):
lg Kx. = lg Ko + q;f

(Ko -~ equilibrium constant of the complex formation of quinoline N-oxide
{2c) and TCE).

Table 3 lists the wavelengths of the "charge transfer" bands and equiji-
librium constants for the complexation reaction between the N-oxide (2¢e)
and TCE in different solvents. CTC of MN-oxide (2a) with TCE can be ob-
served only in dioxane, no complexation being observed in methanol. These

results indicate that the stability of the C¥TCs of N-oxides decreases

with increasing of the solvent polarity.

Table 3. p,n-Complexes of aromatic N-oxides with TCE.

N-oxide Solvent Charge transfer band, nm K;L, mol-1 ngiL
le CHC1s 425 - -
2b CHCls 480 2.38 0.377
2c CHCla 498 2.84 0.453
2d CHCls 504 3.35 0.453
2e CHCls 522 6.1% 0.788
Z2e Et=20 477 4.47 -
2c CHaCN 471, 517 low -

{
The absence of the n-w* absorption shifts of the aromatic system of N-ox-

ides on the stage of initial interaction with TCE and the results ob-
tained earlier for simplest N-oxides,17 point to formation of the n,n-
type complexes. This means that the oxygen atoms of the N-oxides are the

donors of electron pair in these CTCs:
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2bode + 3 — l
NC. _CN

X

| NC” CN

X
~
-
N
{
C

n,n-Complexes should be evidently less stable than N-oxides in polar sol-
vents due to reduction of negative charge on oxygen atom. The initial
formation of n,n-complexes can apparently be explained by the open state
of oxygen atom and by higher (as compared with aromatic nw-system) degree
of the negative charge localization.

Crystallization of =2o0lid nonstoichiometric CTCs in dioxane led to com-
plete or partial decoclorization. The uv spectra of these CTCs differ from
those of the corresponding N-oxides. The mw-n* absorption band maxima are
shifted towards shorter wavelengths. The “charge transfer” bands, which
are characteristic of the n,n-complexes, are not displayed by the corre-
sponding solid CTC.

On the other hand, the CTCs of N-oxides (le and 2e) are yellow, and their
uv spectra display an additional bands in the 390-430 nm region. The po-
sitions of most of the absorption bands in the ir spectra of the CTCs are
practically the same as those in the rorresponding WN-oxides, but the
bands of the C=N bond in the CTCs spectra are shifted by an average value
of 30-40 ecm-1 towards longer wavelengths as compared with the spectrum of
TCE (Table 4). This kind of relationship is observed when TCE is bound
into a CTC.18

It is known that pyridine initially gives n,n-CTC with TCE.12 This com-
plex further transforms into the pyridine-TCE addition preoduct, which was
isolated in the solid state.2? This adduct can alsoc liberate one of the

cyanogroups and add to one or two more molecules of TCE.
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Table 4. So0lid n,w ~complexes of aromatic N-oxides with TCE.

N-oxide Crystalliza- mp N-oxide:TCE C=N, N-O, Yield,
tion time, h eC ratio cm—1 cm-3 %

le 24 128 1:0.58 2207 13086 53-b5

2 b 48 123 1:0.38 2230 1287 21-25

2 ¢ 24 133-134 1:0.35 2220 1305 44-52

2 d 21 142-144 1:0.34 2218 1310 55-57

2 e 1 180-181 1:0.686 2210 1320 61-66

There is a guestion concerning the possibility of such covalent addition
of TCE to an oxygen atom of N-oxide in the solid CTCs. We think that the

adduct (6) of this type can hardly be obtained under these conditions.

o/

(IJN (ll'N
_m?ﬂ_?e
CN CN

O—2Z

As it was discussed earlier, the ir spectra of CTCs of N-oxides and TCE

show no shifts of the absorption band of N-O bond compared with the cor-
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responding N-oxides. Uv spectra indicate the presence of p,mn-conjugation
of the oxygen atom of N-oxide group with aromatic ring in the CTCs. More-
over, the starting N-oxidez can be regenerated from their CTCs with TCE

by various methods, e.g. dissolution in polar solvents:Z20
w,n-CTC == n,n-complex == N-oxide + TCE

Thus, these facts show that the sclid CTCs of aromatic N-oxides and TCE
are n,m-complexes, their aromatic system being the donor center in this
case.

The weak n,n-complexes of aromatic MN-oxides initially formed with TCE,

apparently, have to transform to stable sclid n,n-complexes:

i} % ) .
l\ ‘., NC._CN
P —_— | — }
If NC_ _CN ’3’ NC™ CN
by |
NG~ CN

Electrom-withdrawing substituents decrease the donor ability of arcmatic
system of N-oxides. As a result the life time of n,m-complexes increases
and its transformation to w,nw-complexes proceeds slowly.
Electron-donating substituents exert a different influence: they increase
the donor ability of N-oxides and accelerate the conversion of n,m-com-
plexes to n,n-complexes.

The spectral characteristics of such CTCs indicate significant transfer
of charge and, consegquently, & high degree of electron deficiemncy in the
aromatic n-system. It is of importance to determine to what extent the
bonding of the heterocycles into molecular complexes facilitates nucleo-
philic substitution.

4-Nitrogquinoline N-oxide (2a) 18 most reactive towards nucleophiles among

all N-oxides chosen. It reacts smoothly with alkoxides, phenols, mercap-
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tanes, amines and hydrazines (in high yields). However, the substitution
of nitro group with weak nucleophiles such as chloride-ion and nitrophe-
nols requires more drastic conditions. Thus, the conversion of 4-nitro-
guinoline N-oxide (2a) into 4-chloroquincline N-oxide (2b) is carried out
usually by treatment with excess acetyl chloride.4 This process proceed

via the intermediate formation of the N-acetoxy derivative:

2b
—- — +
[ CH3CONO, |

ococﬂa OCOCHg

CHzCOC]

On the contrary we have established that N-oxide (2a) in the presence of

TCE reacts with benzyltriethylammonium chloride in dioxane-acetonitrile

mixture at room temperature:

NOg 2b
2a _z N c1® +
+ = | " TCE  —— [TCE}
N P
3 TN +
! [NOg"]

The reaction occurs through the formation of CTC of the N-oxide with TCE,
which is detected by the uv spectroscopy, tc yield N-oxide (2b).
Similarly, the reactlon of N-oxide (2a) with 2,4-dinitrophenylhydrazine

in the presence of TCE can be carried out:

2a NH-—NH NOg
+
T
7\ — ] 0N +  [HNO]
HzN-NH NOs N
/A i
05N 0
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These data show that the use of CTC of 2a increases synthetic utility
of 2a

It is necessary to note that there are some obstacles for the wide use of
CTCs for promotion of nucleophilic (and other types, probably)} reactions.
The main obstacle, in our opinion, is high lability of CTCs. The compliex
formation is a reversible process, and the starting constituents of these
complex are presented in the solution as a result of their dissociation.
Thus, the possibility of the side reactions between nucleophilic agent
and acceptor should be taken into account. To avoid such interaction the
introduction of less reactive acceptor or the use of the solid CTCs pre-
pared in advance can be proposed. For example, the solid CTC (5h) of N-

oxide (2b) and bromanile reacts with acylhydrazines:

NH-NH- C X

5b + 2 HpN-NH- c—@—x — +
+ HaN —NH- c@-

X=H, N0z, Cl, OCHg

This reaction reguires only 30 min at rcom temperature (or lower) giving
good yield (about €60%). On the other hand, the N-oxide (2b) itself reacts
with the p-substituted benzoylhydrazines only at 100°C for 3 h in 30%
vieid.

If the CTC of the N-oxide (2b) and bromanile is prepared in sclution "in
situ” the reaction of bromanile with acylhydrazines occurs in contrast

with solid CTC (5b}:
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o) OH
Br Br B Br

+ HEN—NH~9—©-X — + [HN=NC~CqH,~X]
Br Br 0 B Br 0

r

Moreover, substitution reaction can not be realized if the solid CTC of
the N-oxide (2b) with TCE is used instead of CTC with bromanile, because

TCE reacts also with nucleophiles and N-oxide (2b) is not changed:

NG eN
3 + HgN—NH*C@X =
0 ~HEN e NH—NH—C@—X
]

0

Such processes can occur between TCE reacts and the most of reactive nu-
cleophiles. 21 The reaction with the participation of CTC is evidently
posgible when nucleophile is chemically inactive <towards acceptor or
gives less stable CTC with the latter.

The selection of the counterparts of this process can be made based on
such characteristics as the oxidation potentials of donors or reduction
potentials of acceptors.

In continuation of our previous work we have established that the CTC of
4-chlorpyridine M-oxide (1b) and TCE, which exists only in sclution, re-
acts with pyridine yielding the precipitate of meolecular complex of N-

(l-oxido-4-pyridyl)pyridinium chloride with TCE:22

b +
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The structure of reaction product (7) has been established from the data
of the elemental analysis, 1H and '3C nmr, uv and ir spectroscopies. The
equilibrium constant of the complexation (K=1.06, 19¢C) and stoichiometry
of the molecular complex {(1:1) were determined. In the CTC of 1b with
TCE the mobility of the chlorine atom is greatly increased. For this rea-
son it is smoothly substituted with nuclear nitrogen of pyridine. We
demonstrated that the N-oxide (1b) itself does not react with pyridine in
the absence of catalysts even after prolonged heating (12 h} in mxylene.
In terms of the bimoclecular nucleophilic substitution mechanism the role
of the TCE invelves increase of the electron deficiency in the initial m-
system, and this promotes the attack by pyridine. At the same time, it
cannot be considered as classical catalytic process, on account of the
fact that the TCE is not regenerated in the reaction process. All at-
tempts to obtain product salt without TCE have failed because of its de-
composition to the starting substances.

The reaction of the CTC of MN-oxide (2b) and TCE with quinoline takes
place similarly, leading to the molecular complex of the chloride of N-
quinolinioquinoline N-oxide with TCE.

The complex (7) contains the good leaving group. Thus, we can suggest
that this method is wversatile for the synthesis of 4-substituted nitro-
gen-containing heterocycles. For example, we have shown that treating
this complex with sodium alkoxides, hydroxide, phenoxide or morpholine
under mild conditions results in the formation of the corresponding 4-

substituted pyridine N-oxides:

OR

20°C " s
" + NaOR —— \'+\l+[TCEJ
N
)
0

N
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0
0 = O~
7 + 2 [Oj E,E ©,+ Q + [TCE] + [EJCIG
2
0

/4

On the other hand, the N-oxide (1b) itself reacts with morpholine in
usual manner4 only at 135°C during 3 h in a closed system. In this case
treatment of the mixture of N-oxides (1b, 2b) with TCE {(for their activa-
tion) with sodium alkoxides or aliphatic amines has failed to give the

nucleophilic substitution products. Only decomposition of CTCs was ob-

served and starting N-oxides were regenerated.

The donor-acceptor complexes in the 1.3-cvcloaddition reactions

It is known that cycloaddition reactions are very sensitive to electronic
factors in both components, therefore even a slight electronic density
redistribution in one of the remgent can have a great importance for the
successful process.® It is also the case for the 1,3-dipolar cycleaddi-
tion reactions.B.23

In the aromatic N-oxide series there are a few examples concerning the
role of CTCs in this process. Thus, pyridine N-oxides form CTCs with
phenyl isocyanate, which precede cycloaddition reaction, and give oxa-
zolo[4,5-b]pyridines. It should be pointed out that these CTCs exist only
in solution. Moreover, this complex determines the direction of the reac-
tion. 12

If only steric control is operative, the adduct (A) should be formed pre-
dominantly. However, the observed product ratios were not consistent with
this assumption. In a proposed explanaticon, ths secondary orbital inter-

action between the hydrogen atoms of the methyl group and phenyl ring of




HETEROCYCLES, Vol. 40, No. 2, 1995 1051

the isocyanate in the CTC can contribute to stabilization of the transi-

tion state of the direction (B):

HaCo
HBC. o . ' ~ ch / 0
| - T
S =0 (a)
1;1 N N-Ph SN~ N
|
3 o=y Ph
PhNCO
+ == CTC
~Ph
o PhNCO . o,
| N A S
N — o= (B)
-~ Ph-N" N P

<=0
OY
QO
o
fnp

The similar results were cobtained later for the reaction of methyl-sub-

stituted pyridine N-oxides with N-substituted maleimides, 24

Conclusions
Thus. both literature and our results show that charge transfer interac-
tion can effect on the reactions of heteroaromatic N-oxides and it proves

a significance of this investigation.
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