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SYNTHESIS OF HALOGENOPYRIDINES (REVIEW)

M.-G. A. Shvekhgeimer

Published data on the synthesis of derivatives of pyridines containing halogen atoms directly at the carbon
atoms of the pyridine ring are reviewed.

INTRODUCTION

Halogen-substituted pyridines are of great interest as starting materials for the synthesis of compounds having a wide
range of biological activity. Among these compounds, the investigators have paid greatest attention to pyridine bases, which
exhibit high herbicidal, insecticidal, acaricidal, fungicidal, biocidal, and growth-regulating activity. For example, it is possible
1o mention various auxin-type herbicides, including lanthrel, tordone, gardone, and the esters of o-substituted carboxylic acids
with the general formula [1]:

R

=
X, Y
P |
N o—-@——omcoorz‘

X = halogen; Y = halogenoalkyl

In the fast 20-30 years numerous publications have appeared on various methods for the synthesis of derivatives of
pyridine containing halogen atoms at the carbon atoms of the pyridine ring and their transformations. In 1961 there was a
monograph {2], followed in 1974 by a supplement [3], on methods for the synthesis of halogen-substituted pyridines and their
transformations. In 1990 two articles summarizing the principal published data on this subject up to 1987 were published
{1, 4].

For this reason the present review as a rule covers data on the synthesis of the chlorine derivatives of pyridine that
appeared in the literature after 1985. Data on the synthesis of the fluorine, bromine, and icdine derivatives of pyridine that
appeared in the literature after 1973 are included in the review.

1. SYNTHESIS OF HALOGENOPYRIDINES BY THE SUBSTITUTION OF
ATOMS OR GROUPS IN THE PYRIDINE RING BY HALOGEN ATOMS

1.1. Substitution of Hydrogen by Halogen

The substitution of hydrogen atoms in the pyridine ring by halogen atoms takes place by a radical or electrophilic

mechanism, depending on the reaction conditions (the employed pyridine base, the nature of the halogenating reagent, the
temperature, and the catalyst).
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During the action of a gaseous mixture of fluorine and nitrogen on derivatives of pyridine (I) the hydrogen atom at
position 2 is substituted by a fluorine atom {5, 6].

R R

l R F,/N,, CE,CICCLF ' A
2 -25.0°C, 3.4 h =
N

1
R=4-Et (32%) [5. 6]; 4-Me (31%); 4-MeaCH (47%); 4-PhCHz (25%); 3-Me (43%); 3,5-Me2
(37%); 2,5-Clz2 (46%); 4-Ac (26%); 4-COOMe (61 %): 3-COOMe (36%) (6]
2-Fluoropyridine is formed with a 22% yield from pyridine in acetonitrile in the presence of Me;NF-2HF during
electrolysis (2.5 V) with a platinum electrode [7].

The fluorination of pyridine [8] and picolines [9] was achieved by treatment with cesium tetrafluorocobaltate. The
reaction with pyridine was conducted under various conditions: a) at 395-405°C for 25-30 min (the products contained 14.9%
of pentafluoropyridine and other fluorine derivatives); b) at 310°C for 3.5 h (the products contained 6.8% of
pentafluoropyridine, 1.5% of 2,3 4-trifluoropyridine, 2% of 2,3,6-triflucropyridine, 1.6% of 2,5-difluoropyridine, 1.6% of

2,3-difluoropyridine, and 1.2% of 2,6-difluoropyridine) [8]. The reaction of picolines with CsCoF, for 2.5 h gave a mixture
of fluorinatior products [9]:

l = CsCor
y e
N Me

R = CF,, CHF,, CH SF

Me CHF, CHF
‘ = _ GsCoRy :
N7 “30.30°C

R = Me, CH,F, CHFz

Me CHzF CHF,
= _CsCoF,
=/ 330..340 °C

N

R = CHF,, CF,

A large number of 2-fluoro derivatives (II) were obtained by treating the salts (III) with bases at 20°C for 5 min [10];
the best results were obtained with ten equivalents of the base [10]:

2 X base

NS 20 °C

J by
|
F 1

For X =BF« R, base | yield of 11 (%): H, EnN, 79: H, CsHsN, 58; H, KF, 26; H, Bus " F, 80;
4-Me, EiN, 80; 3,5-Mea, EnN, 87, 3,5-Mea, CsHsN, 30; 4-MesC, EtN, 91; 4-Me3C, CsHsN, 24;
2-MeO, EGN, 75; 2-MeO, CsHsN, 10; 4-Ph, EuN, 40; 4-COOMe, EtN, 69; 4-COOMe, CsHsN, 49;
3-COOEL EtsN, 48; 2-Cl, EuN, 72; 3,5-Ch, EuN, 62: 3,5-Cla, CsHsN, 70; 3,5-Cla, E2NH, 73; 3,5-
(CF3)2, EnN, 99; 3-CN, EnsN, 51; 3-CN, CsH;sN, 49; 2-CN, CsHsN, 79; 4-NO3, EutN, 21; 4-CN,
CsHsN, 31. If the base was EuN: R, X, yield of 11 (%): H, SbFe, 78; H. PFs, 74; 6-Cl, 0S0:CF3, 19;
H, 080:CF3, 21.

for R=3,5-(CF3)2, X =~ 0S02CF3, base CsHsN, yield of 11 — 319

In the opinion of the authors [10] the reaction takes place by a carbene mechanism:
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= base
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As a rule the direct action of chlorine on pyrldlne leads to 2-chloropyridine (yields 20-61%) and 2,6-dichloropyridine
(yields 29-41%) [11-16], although there are reports of the exclusive production of 2-chloropyridine (yields 31-41%) [17-19].
The chlorination of pyridine is conducted at 75-170°C in the presence of water with UV irradiation.

Various conditions have been proposed for the photochlorination of 2-chloropyridine to 2,6-dichloropyridine {20, 21].
Realization of the reaction for 60-75 min at 75-76°C with 59.6-94.4% yields of 2,6-dichloropyridine was reported. Other
authors have conducted the reaction at 140-150°C in the presence of benzophenone for 93 min (yield 84.2%) [22] and in the
presence of succinimide [23] or N-chlorosuccinimide [24] for 93 min (yields 92.8% or 90.1% respectively). The yield of 2,6-
dichloropyridine under these conditions without the succinimide amounted to 46.2% [23).

2-Chloropyridine was also obtained with a yield of 72.8% by the action of chlorine on pyridine hydrochloride at
400°C [25].

The transformation of pyridine into 2,6-dichloropyridine with 78% selectivity and 100% conversion was described [26]:

m—%

’ N oy 0,50, ca, 1o l S
P 250y © =
N 250 °C, S sec al N al

As a result of the chlorination of 2-chloropyridine, Japanese workers obtained mixtures of products with various
degrees of chlorination (1V-VII) {27, 28]:

Cl C Ct
(,l7 FeCly
180 °C, 50 h

| N wm%) V(M% Vl(lé% vu(z3%
N a a, a SR -
uooc‘zh,;zooc, 12h V6% + vi(10%) + l P
a”” N a
VI (22%)

The composition of the products from the chlorination of 2,6-dichloropyridine depends on the process temperature:
At 410°C 3.9% of 2,3,6-trichloropyridine, 5.1% of 2,4,6-trichloropyridine, and 0.5% of 2,3,5,6-tetrachloropyridine are
obtained [29]; at 520°C pentachloropyridine is mainly formed (yield 83%). The latter was also produced by the chlorination
of 2,3,6-trichloropyridine or 2,3,5,6-tetrachloropyridine {30}.

The chlorination of 3,5-trichloropyridine at 140°C for 15 h under the influence of UV light leads to a mixture of 2,3,4-
trichloropyridine (yield 69.4%) and 2,3,5,6-tetrachloropyridine (yield 4.8%) [31].

2,3,6-Trichloropyridine is transformed into 2,3,5,6-tetrachloropyridine with a yield of 15.7% by the action of chlorine
at 410°C for 0.49 sec [29].

The reaction of chlorine with 2-chloro-5-trichloromethylpyridine [32] or with 3-cyanopyridine [33] in each case results
in the formation of two compounds:

CCl cCl
S 3 G :
I P o5 °C
Cl N
N Gy K€y, cCly
® — e
N

80% (85 : 15)
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The chiorination of 2-hydroxy-5-trifluoropyridine (50°C in chloroform) leads to the formation of 3-chloro-Z-hydroxy-5-
trifluoropyridine [34], while the reaction of 3-amino-4-alkyl(C,-C,)pyridines with chlorine (5-30°C, 0.5-2 h, pH 0.01-2) gives
2-chloro-3-amino-4-alkylpyridines [35].

During the action of chlorine on 2,3-dimethylpyridine in the vapor phase, chlorination takes place not only in the ring
but also at the methyl group, and 2-chloro-5,6-di(chloromethyl)pyridine is formed [36].

In reaction with concentrated hydrochloric acid and hydrogen peroxide under mild conditions the amine is converted
into compound (I1X) with a yield of 50% [37]:

cl
H,N H,N
? AN HCI (conc.), 30% H,0, ? R
| OAc 2 oH
P 45°C, 20 min =
N7 CHENHCMe, € N7 S CHONHCMe,
0 0
Vil X

In the reaction of 3-hydroxynicotinic acid with concentrated hydrochloric acid and hydrogen peroxide at 20-35°C for
15 h, only one hydrogen atom is substituted, and S-chloro-2-hydroxynicotinic acid is formed with a yield of 30% ([38].

By the action of hydrochloric acid or hydrobromic acid and hydrogen peroxide it is possible to introduce one or two
halogen atoms into the molecule of 2,6-diaminopyridine [39]:

X X
1 mole H,0, ] =
(e
=
N Ex HNT ONT N,
I — > 60%

: X
HN N NH, 0.5 mole H,0, l =
e .
P

X = Cl, Br H,N N NH,

2,6-Diamino-3-chloropyridine was converted by the action of hydrobromic acid and hydrogen peroxide into 2,6-
diamino-5-bromo-3-chloropyridine. The latter was also obtained during the treatment of 2,6-diamino-3-bromopyridine (X =
Br) with hydrochloric acid and hydrogen peroxide [39].

2-Hydroxy-5-nitropyridine was converted into 3-chloro- and 3-bromo-2-hydroxy-5-nitropyridine with yields of 93%
and 91% respectively by the action of hydrochloric acid or hydrobromic acid and potassium chlorate in water at 50-60°C for
15 min [40].

A method was patented for the introduction of two chlorine atoms into the molecule of 4-hydroxy-2,6-dimethylpyridine
by the action of chiorine and hydrochioric acid at 0-5°C and pH 3; the yield of the reaction product (X) was 70% [41]:

OH

OH
= Cl,, HCL Hy0 “ S\
——— .
¥ 0.5°C
Me”” N “Me 7

The production of bromine derivatives of pyridine bases by the direct action of bromine has been studied in a fair
amount of detail. The reaction of pyridine with bromine in the presence of various Lewis acids MCL, (M = B, Al, Fe, Co,
Ni, Cu, Zn, Zr, In, Sn, Sb, Te, Hg, or Bi and also BiBr,) at 100°C with a reaction time of 5 h was investigated systematically.

B B

l \ MX,, Br, | N ! | Sy
B +

N 100°C, 5 h 7 _

The bromination products were not obtained when boron trifluoride, ferric chloride, zinc chloride, and bismuth
tribromide were used. Only 3,5-dibromopyridine is formed with a small yield in the reaction with bromine in the presence of
2C5sHsN-SnCly, and mixtures of 3-bromopyridine and 3,5-dibromopyridine are formed in other cases with yields of 3.8-28.2%
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and 0.7-43.1% respectively. The highest yield of 3-bromopyridine was obtaineJ when the 2CsHN-CuCl, complex was used,
and the highest yield of 3,5-dibromopyridine was obtained when the 2CsHsN-InCly complex was used {42]. This process *vas
also studied with catalytic amounts of Lewis acids at 100, 150, and 200°C with the pyridine and bromine in ratios of 1:1 and
1:2. It was found that the yields of 3,5-dibromopyridine become significantly higher with increase in temperature, while the
yields of 3-bromopyridine vary in a disordered manner {42].

The reaction of 3-fluoropyridine with bromine at 590°C for 30 sec leads to the formation of mixmres of 2-bromo-3-
fluoropyridine with 2-bromo-5-fluoropyridine (yield 15%, ratio 1:1) and of 2,4,6-tribromo-3-fluoropyridine with 2.5,6-
tribromo-3-fluoropyridine (yield 25%, ratio 1:2) and also to the formation of 2,6-dibromo-3-fluoropyridine (yield 40%) [43].

The bromination of pyridine bases was carried out in the presence of oleum. During the bromination of 2-
methylpyridine in the presence of 65% oleum in ampuls at 90°C for 7 h, a mixture of 3-bromo-2-methylpyridine and 5-bromo-
2-methylpyridine was formed with a total yield of 40-57% [44].

The reaction of alkylpyridines (XI) with bromine in 65% oleum (55°C, 5 h, ampul) gave mixtures of compounds (XII,
XIII, XIV) in various ratios, depending on the position of the alkyl substituents in the pyridine ring [45]:

X

Formcd with R = H: x11 (60.. 65%)and X111 (2...3%) . with R = Br — XIV (.. "/;) and XI1II
(10...15%). Formed with R = Me X (10...15%), XIII ¢30...35% ) and XIV (25 30%);
with R = CMe3 — XII (15.. -20%), X1 (30...35%) and X1V (10%).

The authors in [45] consider that compound (XIV) is formed as a result of a rearrangement involving the terr-butyl

radical:
Br,
X n —_.. MCA‘CU II

X[Il XIV =

Various mixtures of products were obtained as a result of the reactions of ethyl-substituted pyridines with bromine in
the presence of 65% oleum. 3-Bromo-2-ethylpyridine (20%) and 4-bromo-2-ethylpyridine (52%) were obtained from 2-
ethylpyridine; 4-bromo-3-ethylpyridine and 2-bromo-3-ethylpyridine were obtained from 3-ethylpyridine; 3-bromo-2,5-
diethylpyridine (26%) and 2,5-dibromo-3,6-diethylpyridine (21%) were obtained from 2,5-diethylpyridine [46].

Other authors brominated derivatives of pyridine (XV) in 20% oleum at 185-190°C for 18 h in the presence of
mercuric sulfate [47] or at 155-175°C for 20-24 h [48]:

R R
= S
l R! l R!
- P
N N
}'e% Br

R, R!, position of Br, yield (%): H, 4-Me, 3,59 [47]; 2-Me, 6-Me (1.9 + 3,5-Brz. 61): 2-Me.
4-Me (3,11 +3,17+4, 63); 2-Me, 5-Me (3,63 + 6,4 + 3,6 25); 2-Me, 3-Me (5,37 + 5,6-Br2, 33);
3-Me, 4-Me (3,44 + 5,0-Brz, 47); 3-Me, 5-Me (2,34 + 2.6-Bra, 49) [48]

During treatment with bromine in the presence of 48% hydrobromic acid, 2,4-dihydroxypyridine is converted into 3-
bromo-2,4-dihydropyridine {49].
The 2-acetyl derivative (XVI) is converted with good yields into the brominaiion products (XVII) when treated with

HBr, (HBr + Br,) in the presence of Na,HPO, or AcONa; the authors [50] consider that the active particles are BrtNaHPO, ~
or Br*CH,COO™:
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R

Br
= Br,, tiBr (48%) Br, A
R — = XVl HBry ————— ||
= *  Na,HPO, =
N

N NHCOMe NHCOMe

XVI XVL XVIIR = H, 3-,4-,5-, 6-Me O 4,6-Me, Xvii

5-Bromo-2-aminopyridine was obtained with a yield of 86% when 2-aminopyridine was treated with bromine in glacial
acetic acid at 20°C for 1.5 h [51].

Bromine was introduced into the pyridine ring by the action of bromine in acetic acid {52, 53] or in acetic anhydride

in the presence of sodium acetate:
R
| A Br,. AcOH, AcONa \@\
P 40..100°C,6..20 h
N R Z

1 [ .
R, R®, position of Br, yield (%): OMe, H, 5, 41; OMe, CHO, 3, — {52]; OMe, C1, 3, 74;
OMe, Cl, 3,5-Bra, 71 [53]

The bromination of pyridine N-oxide has also been described:

[ = Br,, AcyO, AcONa, HCCl4 = Br (541
/ 60....70 °C l >
N N
i Y n%
0 0

The action of iodine on 2-amino-6-ethylpyridine in an alkaline medium gives 2-amino-5-iodo-6-ethylpyridine [55]:

I
| AN I, KOH, H,0 | RN
= 20 °C P
E” N ONH, Et

NT NH,

During the action of iodine on 3-hydroxypyridine in the presence of sodium carbonate in water at 20°C for 0.5 h, the
nature of the iodination products depends on the ratio of the halogenating agent and the base; with 1,:Na,CO4 = 1:2, 2-iodo-3-
hydroxypyridine is mainly formed (yield 85%); with I,:Na,CO; = 2:3 the main product is 2,6-diiodo-3-hydroxypyridine (yield
94%); in a second reaction, 2,4,6-triiodo-3-hydroxypyridine was obtained (yield 4%) [56].

Numerous examples of the introduction of halogen atoms into the pyridine ring by the action of various halogen-
containing reagents have been described. The transformation of 2-hydroxypyridine into 3,5-dichloro-2-hydroxypyridine by
heating the former with HC] in DMFA for 1 h has been patented {57].

When treated with bromine in 10% aqueous sodium hydroxide, 3-hydroxypyridine and its N-oxide form the

monobromination products (XVIII, XIX) or the dibromo derivatives (XX, XXI) with yields of 60% [58] and 30-35% [59] or
44% [58]:

B, o OH
— | 58, 59
N
T
| = NaOH, H,0 | XVl
/
3 Br, = OH
st S (58]
e
Br N Br
XX
S OH g, N OH ~OH
e ——————
7 neom o I * |
I;I Br Br 5; Br
0 0 0
XI1X XX1
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More recently it was shown that 2,4-dibromo-3-hydroxypyridine (XXII) is also formed from 3-hyd}oxypyridine under
analogous conditions in addition to compounds (XVIII, XX) {56]:

Br
~OH \OH
| —  XVII + XX o+ ]
o 5
N N Br
XXII

Moles of Bry, time (h), yield (%) of (XVII, XX, XII:: 1, 3, 87, 5, 3; 2, 0.5, 43, 39, 18).

5-Chloro-3-hydroxypyridine also forms three compounds (XXUI, XXIV, XXV) after | h with NaOCl in aqueous

sodium hydroxide [40]:
ol OH
x a xn-OH a nO0H O o -OH
L J W <
s
N a” N N7 al a” SN

XXHI (3%) XXIV (84%) XXV (10%)

Nicotinic acid derivatives (XXVI) are converted with good yields (61-84%) into compounds (XXVII), containing
chlorine or bromine atoms at position 5, by the action of sodium hypochlorite or hypobromite for 16-48 h at 20°C [38, 60-62].

S COOH X X COOH
l — |
P Pz
N OR N OR
XXVI XXvil

X =ClI, Br; R = H, Me, Et

Together with substitution of the hydrogen atoms in the ring by chlorine atoms, the action of heat on nicotinic acid
derivatives in the presence of thionyl chloride converts the —COOH group into a —COCI group [63, 64]:

O ¢}
don :
| X soci, SN
St—————————
_ boiling, 3 h | P (63] -
N o Cl N o
don &
Cl CCl
= RS
c1,, DMFA
o | _Soc, DMFA [ (4]
L 0,
HOC™ N so°c ac N7
1
f o

In addition to chlorination in the heterocyclic ring, deoxidation of the initial compounds takes place during the action
of phosphorus oxychloride on derivatives of pyridine N-oxide [65, 66]:

R R
= POCI, =
‘ B Cl
P 110°C.2 h Pz
N N

{

0 Xxvil
R, total yield (%), position of Cl, yield on total (%): H, 82, 2, 70, 4, 30; CN, 83, 2. 88, 6.
10, 4, —: COOH, 75, 2, 86, 6, 14, CONH2, 69, 2, 86, 6, 12, 4, 2 CONE, 93, 2, 80, §. 20; COOEL,
93.2.80.6.20: NO2,68,2,73,6.27:Cl, 74. 2, 47, 6, 38, 4, 15. Br, 77, 2, 64, 6, 46, 4, 8: Me, 77,
2,30, 6,27, 4, 43; Ph, 84, 2, 32, 6, 46, 4, 22; Me3, 80, 2, 34, 6, 47, 4, 19 [65]; Me, 2, 15, 6, 81
(in CH,CH, at —10°C, 2.5 h in the presence of i-Pr,NH) [66]
2-Amino-3-cyano-5-(4-pyridyl)pyridine N-oxide was converted by the action of phosphorus oxychloride in DMFA into
6-chloro-2-amino-3-cyano-5-(4-pyridyl)pyridine [67].
The introduction of a chlorine atom and the removal of an oxygen atom are observed during the treatment of 3-
methylpyridine N-oxide with the acid chloride CF3SO,Cl in the presence of triethylamine in methylene chloride, when 5-chloro-

3-methylpyridine is formed with a yield of 48% [68].
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Several methods have been described for the transformation of 3-methylpyridine N-oxide into a mixture of 2-chloro-5-
methylpyridine and 2-chloro-3-methylpyridine, i.e., by the action of Et;NP(O)Cl, (total yield 83%, ratio of isomers 85:15)

[69]. by reaction with (CLL,CH),NMe,*Cl~ (total yield 80%, ratio of isomers 77:23) [70], and by treatment with phthaloyl
chloride (total yield 85%, ratio of isomers 84:16) [71}:

Et,NP(0)Cl,, (i-Pr);NH

20 °C, S h, CH,Cl,
Me Me Me
! = (CL,CH);NMe*C1™, EiN l = l =
N/ 1 h, CH,C1, a N/ ¥ N/ a
| coc
EUN, CH,Cl,, @[
o ’ cocl

2-Bromopyridine was obtained with a 10% yield by the reaction of pyridine with F;CBr in the presence of iodine at
600°C [72].

An unusual method for the introduction of chlorine or bromine atoms is the treatment of N-fluoropyridinium triflate

(I11) with bases in the respective dihalogenomethane at 20°C for 5-10 min, as a result of which 2-halogenopyridines (XXIX)
were obtained {73]:

CH,X,, base s

11 e e e [

=
X N

XXIX

Base, X, yield (%): EuN, Cl, 62, E2NH, Cl, 63; MeONa, Cl, 25; Me3COK, Cl, 35;
PhCH:N *Me3OH (3h), Cl, 34; EtN, Br, 60

In another original method for the transformation of pyridine derivatives containing substituents at position 3 (XXX)

into the 2-halogeno-substituted compounds (XXXI), acetyl hypofluorite (formed in situ from F, and sodium acetate) and alkyl
halides are used as reagents [74, 75]:

R
RS R AcOF Ry R R'X =
l o |l l
P 20 °C + - HF P
N I;I QAc N X
XXX F XXXI

R, R!X, yield (%): H, CHaCl, 70; 4-Me, CH2Cl, 70; 3-Me, CH2Cla, 15 (+15% 6-CD);
3-Cl, CHzCly, 80: 3-PhO, CH:Cls, 80, 3-COOMe, CH2Clz, 60, 3-F, CHaCl, 40; H, CH2Br3, 60;
3-Cl, CHz2Br3, 80, 4-MeO, CHaBr2, 60 [74]; H, CH2Cly, 70; MeaCCl, 20, H, CHBr2 (or CHaiBr),
50...60; 4-Me, CH2Clz, 60; 3-CI, CH2Br2, 80 [75]

The course of these reactions is affected by the basicity of the pyridine derivatives, the solvent (alkyl halide), and by
steric effects. The halogenated products were not obtained when chloroform, carbon tetrachloride, and butyl chloride were used
as alkyl halides. The reaction does not occur with compounds (XXX) where R = 2-CN, 2-Cl, or 3,5-Cl,. It is not possible
to use methyl iodide or methylene iodide in this process — oxidation processes with the release of iodine occur [75].

The reaction of pyridine with AcOF in a mixture of methylene chloride and methylene bromide gave a 1:1 mixture
of 3-chloropyridine and 3-bromopyridine. (There are two competing factors, i.e., the small size of CH,Cl, and the strength
of the bonds: C—Cl > C—Br.) The reaction of pyridine with AcOF in chlorobromomethane leads to a 2:3 mixture of 3-

chloropyridine and 3-bromopyridine. In this case a major role is played by the fact that the C—Cl bond is stronger than the
C—Br bond [75].

1.2. Exchange of Halogens in Halogenopyridines

The substitution of halogens directly attached to the carbon atoms of the pyridine ring by other halogens has either a
radical mechanism (at high temperatures) or a nucleophilic mechanism (promoted by the use of polar solvents).
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Processes involving the substitution of chlorine atoms by fluorine atoms have been worked out in greatest detail. 2-
Chloropyridine was converted into 2-fluoropyridine with a 94% yield by heating with hydrogen fluoride in y-collidine at 150-
200°C while the released hydrogen chloride was removed {76]. The reaction of 2-chloropyridine with potassium fluoride in
benzonitrile in the presence of tetraphenylphosphonium bromide at 200°C in an autoclave for 10 h gave 2-fluoropyridine with
88% selectivity and 82% conversion [77].

The chlorine derivative (XXXII) was converted by the action of hydrogen fluoride over active carbon at 508°C for
12-15 sec into compound (XXXIII) with a yield of 15.3% [78]. At 525°C and with a considerably longer reaction time (5.5
h) the chlorine derivative (XXXII) reacts with hydrogen fluoride in the presence of active carbon to form a mixture of
compounds (XXXIII) (yield 20.7%) and (XXXIV) (yield 9.4%) [79].

F,C F FyC F
U HF/C 3 \(j ' BFI\I
P =
N F N F
XXXH XXX11 XXXIV

2-Chloro-5-(trichloromethyl)pyridine treated with hydrogen fluoride in the presence of aluminum trifluoride gives a
mixture of compounds (XXXV, XXXVI) in a ratio of 71.4:28.6 with an overall yield of 89.6% [80]:

cLe FiC F,C
} _HE AR, 3 | AN L | AN
350 °C = =
N NI
XXXV XXXVI

-If potassium fluoride is used instead of hydrogen fluoride in the reaction with 2-chloro-5-(trichloromethyl)pyridine,
only compound (XXXVI) is obtained with a yield of 77% (reaction temperature 142°C, time 8 h, in the presence of
Me;N*C (Hy3Br™) [81].

The transformation of 3-fluoro-2,5-dichloropyridine into 2,3-difluoro-5-chloropyridine takes place with a yield of 88%
in reaction with potassium fluoride in the presence of cesium fluoride in sulfolane at 140°C [82].

An unusual fluorinating agent was used by the authors in [83] for the production of S-nitro-2-fluoropyridine:

O,N ON

| = Bu,PMeF, THF : | =
et
= -70 °C = -
N7 a N F

The synthesis of 2,4,6-trifluoro-3,5-dichloropyridine was conducted under various conditions with the use of potassium
fluoride [84, 85] or hydrogen fluoride [86]:

F
a
[ N Cl Cl x Cl
——————.
o
a”” N al NN
XXXV XXXVII

Conditions, yield (%): (complex of acetonitrile with 18-crown-6, potassium fluoride,
boiling, 2 h in acetonitrile under nitrogen), 60 [84]; KF (FeCl;, 300°C, sh), 88.7 [85]; HF
(220°C in N-methyl-2-pyrrolidone, under pressure), [86].

A mixture containing 83% of compound (XXXVII) and 4% of 2,4,5,6-tetrafluoro-3-chloropyridine was obtained as
a result of the reaction of (XXXVIII) with potassium fluoride in the presence of ferric chloride at 300°C in an autoclave under
nitrogen for 16 h [87].

While studying the reaction of (XXXVIII) with potassium fluoride, cesium fluoride, potassium fluoride/graphite, or
cesium fluoride/graphite, the authors in [88] established that only compound (XXXIX) (yield 8%) is formed when potassium
fluoride is used: a mixture of compounds (XXXIX) and (XXXVII) (yields 32% and 5%) is formed with potassium
fluoride/graphite; compounds (XXXIX, XXXVII, XL) and pentafluoropyridine (yields 39%, 4%, 9%, and 2% respectively)
are formed with cesium fluoride/graphite:
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MF or MF/graphite
R e

XXXV

F F F
Cl C 1 3 J
N C N F N F

e + l - l .
P o e

Cli N Cl g N F F N F F

XXX1X XXXVl XL

M=K, Cs

The synthesis of pentafluoropyridine with a 75.8% yield by heating pentachloropyridine with potassium fluoride without
a solvent at 330°C for 5 h is described in the patent [89].

The substitution of the chlorine or bromine atoms by fluorine atoms [90] in the presence of potassium fluoride was
studied in detail. As a rule the product yields were high during the substitution of chlorine by fluorine (200°C); the yield of
the product from the substitution of a bromine atom by a fluorine atom (100°C) was significantly lower [90]:

X, R,R', reaction time (h), yield (%): C1,CI.Cl, 5, 77, CLL H, C1, 7. 72 CI, H,
Me, 328, 33; Cl, Ct, Me, 34, 69:Cl, H, CF3, 1,5, 83...94; Br, H, NO2, 24, 14

A case of the substitution of a fluorine atom in fluoropyridines by chlorine or bromine atoms by the action of calcium
chloride or calcium bromide in sulfolane at 210°C was described [91].

The substitution of chlorine atoms by bromine atoms in compounds (XLI) by the action of hydrogen bromide at 80-
120°C in acetic acid was investigated systematically, and the dibromo derivatives (XLII) were obtained (yields 70-93%) [91]:

Rl

Rl
R2 R R2 R
l = HBr(g), AcOH S
R
e
Cl N Cl Br N/ Br
XLI XLII

R, R'. R time (h) : H, H, H, 9 Cl H, H, 14, CL H, Cl, 12; NO, H, H, 4, NOz, H, Cl, 4; CHO, H,
H, 1,5: CHO, H, Cl, 6; COOH, H, H, 6; COOH. H, C1, 6, CF3, H, H, 4,5; NHz, H, CI, 12

In one case 3,5-dichloro-2,4,6-tribromopyridine was obtained from compound (XXXVIII) (110°C, 21 h) with a yield
of 72%. In the reaction of compounds (XLI) (R = CH,Cl, R! = R = H; R = CH,CI, R! = H, R? = CI; R = CH,CL, R!
= H, R? = NO,, 110°C, 6-11 h) compounds (XLII), where R = CH,Br, R! = R? = H, R = CH,Br, R! = H, R? = CI
and R = CH,Br, R! = H,R? = NO,, are formed with yields of 95%, 94%, and 98% respectively [91].

2,6-Dichloropyridine was converted into a mixture of 2-chloro-6-bromopyridine (yield 5.5%) and 2,6-dibromopyridine
(93.8%) by the action of hydrogen bromide in glacial acetic acid at 110°C for 7 k [92].

In pentachloropyridine heated with sodium bromide in DMAA at 120°C, one chlorine atom is substituted by a bromine
atom (yield 39.7%, selectivity 96.7%) [93]:

Br
Ci Ci
XXXVIII NaBr, AcNMe, ‘ N
120 °C =

Cl N Cl

The reaction of perhalogenopyridines (XLIII) with sodium iodide in DMFA gives a mixture of two compounds:

(XLI1V) (the fluorine atom is substituted by an iodine atom) and (XLV) (the fluorine atom is substituted by a hydrogen atom)
[94]:
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Nal, DMFA R [ R
—— - +
155...180°C, 18 h P> >
g N F N F
XL XLIV XLV

X, yields (%) of (XLIV) and (XLV): F, 63 and 6; CI, 65 and 4

The substitution of the chlorine atoms by fluorine atoms in chioronitropyridines (XLVI) heated with potassium fluoride
in dimethyl sulfone gives yields of 55-85% [95]:

NO,
. A : KF, Me,S0, N0
i, —_— ] E
- 150°C. 1 h > "
XLVI

Cln, Fn: 2,4-Clp, 2.4-F2; 2,6-Cl2, 2,6-F2; 4,6-Cl2, 4,6-F2, 2,4,6-Cl3, 2.4,6-F3

In the case of compound (XLVI) (Cl, = 2,5-Cl,) 2-fluoro-2-chloropyridine is formed with an 80% yield [95].
The chlorine or bromine atoms in the pyridine ring can be substituted by iodine atoms by the action of acetyl iodide
(formed in situ from acetyl chloride and sodium iodide) [96]:

X X 1 I
Ry Acd (AcCl + Nal! = = H,0 =
i R —
P MeCN, N, + + P
N N™ - N - N
rol P X
Ac Ac

X, position of iodine, reaction time (h), yield (%):  2-CI, 2, 24, 55, 2-Br, 2, 3, 64;
2.4-Clz, 2,412, 24, 35

This reaction could not be carried out with 2,6-dichloropyridine, 2-chloro-3-methoxypyridine, or 2-bromo-5-ethoxycar-
bonylpyridine [96}

In the pyridine derivatives (XLVII) the chlorine or bromine atoms at positions 2 and 6 are substituted by iodine atoms
when the compounds are boiled with a solution of sodium iodide in concentrated hydriodic acid [97]:

R! R!
R
l = Nal, HI, H,0 Nt
—_— e
7 y
X7 N7 X! I N Tex?

XLV
X, X!, R, RY X2, yield (%): Cl. Cl. COOH, H. 51; Cl, H, COOH, H, H, 45; Br, Br. H, H, 1, 55;
Cl, CF3y, H, H, CF3, 43, C1, CI, CF3, H, H. 3%; CI, CL, H, CF3, 1, 37

The chiorine atom at position 4 of compound (XLVIII) is substituted by an iodine atom when the compound is boiled
with hydriodic acid or with sodium iodide in MEK [98, 99]:

cl i
R R
= HI (57%) Or Nal, MeCOEt l =
P boiling, 12-20 h P
Me N Me Me N Me
XLVIII

R, yield (%): NO,, 83; COOEL, 62

As seen from the data in section 1.2, methods have been developed for the conversion of fluoropyridines into chloro-,
bromo-, and iodopyridines, of chloropyridines into fluoro-, bromo-, and iodopyridines, and of bromopyridines only into
iodopyridines.
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1.3. Substitution of Amino Groups by Halogen Atoms

The substitution of amino groups situated directly at a pyridine ring by halogen atoms is achieved by the action of
halogen-containing inorganic compounds on the diazonium salts formed as a result of the diazotization of the initial
aminopyridines. An amino group at any position of the pyridine ring can be substituted by a fluorine atom by the action of
sodium nitrite and fluoroboric acid. Thus, under these conditions 4-aminopyridine was converted into 4-fluoropyridine [100],
and 2-amino-6-methylpyridine was converted into 2-fluoro-6-methylpyridine [101].

Compound (XLIX), which is a potential effective herbicide, was obtained with a 67% yield by substitution of an amino
group by a fluorine atom [102]:

NH,
== u‘u
l o——< }
\ N/ OCHCOMe
I :
1. NaNO,, HBF, a - o—-@ z\l4e
2150 °C \_/ OCHCOMe
XLIX lﬁ

2-Bromio-3-fluoropyridine was obtained with a 15% yield by treating 2-bromo-3-aminopyridine with sodium nitrite,
concentrated hydrochloric acid, and HPF at —5-0°C [103].

3-Amino-2,5-dichloropyridine is converted into 3-fluoro-2,5-dichloropyridine with a higher yield (85%) by reaction
with sodium nitrite and hydrofluoric acid in water [82].

An unusual method for the substitution of an amino group by a fluorine atom was patented in 1986 [104]:
H,N Me

2 Me,NN=N
I X d;azouzanon j\/I HF Ij:
=
a N a MC,NH .

Compounds (LI) containing two or three chlorine atoms were obtained with yields of 45-53% by the action of sodium
nitrite and concentrated hydrochloric acid on the amino derivative (L) [95]:

R! R
RZ 2
= NaNQ,, HCI (conc.) R R
, 0.5°C,1h,20°C,20 h =
R? N R R? N R*
L L

R, R, R R?, R', R® NH2. CI. NO2. H, CI, CI; NH3, H, C1, H, CL, H; CL, NH2. H, C1, €1, CI

Under analogous conditions in the presence of metallic copper powder, 2-chloro-5-amino-3-methylpyridine was
converted into 2,5-dichloro-3-methylpyridine (yield 62%), and 2-bromo-5-amino-3-methylpyridine and 2-bromo-3-amino-5-
methylpyridine were converted into 2-bromo-5-chloro-3-methylpyridine or 2-bromo-3-chloro-5-methylpyridine with yields of
60% and 53% respectively [105, 106].

The treatment of 2-amino-5-methylpyridine with NOCI in water saturated with hydrogen chloride gives 5-methyl-2-
chloropyridine (yield 94%) [107]. The latter was obtained from the same aminopyridine with a yield of 87% by the action of
methyl nitrite or ethyl nitrite and hydrogen chloride in chlorobenzene [108] or with a yield of 86.1% by the action of methyl
nitrite and hydrogen chloride in methanol [109].

3-Aminopyridine was converted into 3-chloropyridine (82-87%) or 3-bromopyridine (73-84%) with high yields by
diazotization followed by treatment in the presence of copper salts [110]:
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R
NaNO,. HCI (conc.), Cu,Cl, |
NH, #
' R 2 10°C. th100°C. 1 h N
P 7 Br
N KNO, HBr (48%). CusBr, o~
10°C, 1 h,100°C, 1h NZ

2,3,5,6-Tetrahalogenopyridines (LII) were obtained by the treatment of 2,6-diamino-3,5-dihalogenopyridines (LIII) with
sodium nitrite and the respective hydrohalic acids [39]:

X x! X X!
| = NaNO,, HX, H,0 ' =
e rrem—f
P -

H,NT N7 NH, bl N &

LI LII
X, x5 X2, yield (%): Cl, Cl, Ci, 45, C1, CI, Br, —; Cl, Br, Br, —; Br, Br, Br, 65; Br, Br, Cl, —;
Br, CI, Cl, —, H, CI, CI, —

The amino group in 3-aminopyridines (LIV) was substituted by bromine by the action of sodium nitrite and
hydrobromic acid in the presence of Cu,Br, [99, 111} '

R!

RI
NH, Br
X2 NaNO,, HBr, H,0, Cu,Br, ﬁ
P 0,
R 80..100 °C RS

LIV
R.RY, yield (%): COOH, H, 82 [111]; Me, Me, 56 [99]

During the diazotization of aminopyridines with sodium nitrite and hydrobromic acid in the presence of bromine, only
substitution of the amino group by a bromine atom is observed {111, 112]:

R

R -
R‘ Rl
\ NaNO,, HBr, H,0, Br, 1 =
= P
R? N NH, R N TBr

R,R' R, yield (%); H,NO2, H, 67 (111]; Me, H, Me, — (112]

2-Amino-3-methylpyridine was converted into 2,5-dibromo-3-methylpyridine in two stages, i.e., by the action of
bromine in alcohol followed by treatment of the bromination product with sodium nitrite and hydrobromic acid [113]:

e 1) Br,, EtOH Br o Me
‘ P 2) NaNO,, HBr, H,0 | P
N”" TNH, N~ TBr
Japanese investigators developed an original method for the substitution of an amino group by halogen atoms by the
action of Me3CSNO or Me;CSNO, in acetonitrile in the presence of copper salts in an atmosphere of argon [114]:

= Me,CSY, MeCN, CuX, =

l

= 25°C, 15 h =
N NH, N7 N

l

Y, X, yield (%):NO, Cl, 35; NO, Br, 7; NOz, Cl, 64; NO2, Br, 13

Other authors [115] used Me;CONO instead of Me;CSNO; the yield of the reaction product (LV) here was 91%:
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H,N COOE1

Br COOE!
: l = Me ,CONO, Cu,Bry, MeCN | =
Z 20°C 15h o z
F,HCT N7 TCF,

FHCT N CF,
LV

A series of derivatives of 3-aminopyridine (LVI) were converted into the corresponding 3-iodo derivatives (LVII) with
yields of 62-92% by reaction with sodium nitrite and potassium iodide in the presence of hydrochloric acid {98, 105, 106, 111]:

R‘ R R3 Rz
| = NaNO,, KI, HC1, H,0 ] S
Z 60..100 °C, 5..30 min P
X! N X X! N X
LVI Lvi

X, X!, R, R} R%, R%: CIL H, NHa, H, 1, H [98]; CI, H, Me, NHa, Me, I; H, C1, Me, NH2, Me, I [105];
Br, H, Me, NHz, Me, I; H, Br, Me, NH2, Me, 1 [106]; COOH, H, H, NH2, H, 1 [1 1)

The amino group in the amino derivatives of picolines (LVIII) is substituted by an iodine atom during diazotization
with sodium nitrite and sulfuric acid followed by treatment of the obtained diazonium salts with potassium iodide in the
presence of copper (yields 16-45%) {116]:

NH
N = * 1 NaNO,, H,SO, S\
= TkLCe o R
N N
L R = 2-Me, 5-Me, 6-Me

Derivatives of bipyridy! (LIX, LX) were obtained in a ratio of 3:2 with an overall yield of 74% by the successive
treatment of 5-amino-2,3-dichloropyridine first with sodium nitrite in water and sulfuric acid under argon, and then by the
action of sulfuric acid (water) and copper sulfate [40}:

OH
c
\(I Lsecih N OH N] =

+ .
2.100°C. 05 h P p a

Ny e X

P Cl -

N

LIX N7 a Lx ¢l

]
1.4. Substitution of Oxygen-Containing Functional Groups by Halogen Atoms

A fairly widely used method for the production of halogenopyridines is substitution of hydroxyl or alkoxy! groups at
a pyridine ring by the action of the halogen derivatives of sulfur or phosphorus.

Substitution of a hydroxyl group by a chlorine atom in the pyridine ring can be achieved by the action of thionyl
chloride in DMFA. Thus, the hydroxyl group in 5-chloro(bromo)-2-hydroxynicotinic acid [38] or in 2-hydroxy-3-cyano-4-
methoxymethyl-5-nitro-6-methylpyridine {117] is easily substituted by a chlorine atom by the action of thiony! chloride in
DMFA.

2-Hydroxy-5-nitro-3-methylpyridine is converted by the action of phosphorus tribromide at 130°C into 2-bromo-4-nitro-
3-methylpyridine with a yield of 37.9% in 2 h [63].

The most widely used method for the substitution of oxygen-containing functional groups by a chlorine atom in the
pyridine ring is by the action of phosphorus oxychloride [57, 65, 118-123]. This transformation can be achieved by boiling
with phosphorus oxychloride [65, 120] or by heating with phosphorus oxychloride at 190°C in sealed tubes for 4 h; the yields
are 70-91% {121-123].

2.3,5-Trichloropyridine was obtained with a yield of 89.9% by heating 3 ,4-dichloro-2-hydroxypyridine with phosphorus
oxychloride in DMFA at 150°C for 1 h {57].
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R N OH R N Cl

R, R',R?, R* H, COOH, H, H (65]: H, Ph, Ph, H [120]; H, CI, H, CI [121]; Me, CL, H, Cl;
Et, Cl, H, CI; Pr, CI, H, C1 {122 H, Cl, H, Me; Me, H, H, Me [123]

Phosphorus oxybromide has been used as well as phosphorus oxychloride for the substitution of a hydroxyl group by
halogen [40]:

ON Y

Y L
] = POX,, quinoline, argon R

= 120°C, 2 h I

P
N OH

N X
X, Y, yield (%): Cl, Cl, 98; Br, CI, 90; Cl, Br, 94

2-Hydroxy-5-nitro-3,4-dimethylpyridine is converted into 2-chloro-5-nitro-3,4-dimethylpyridine with a yield of 81.5%
in the reaction with phosphorus oxychloride and phosphorus pentachloride at 110-120°C for 8 h [63].

It is possible to substitute two or three hydroxyl groups by halogen atoms by the action of POX, (X = Cl, Br) [35,
49, 124]:

OH Br
Br Br
A X
POBr,, ampul (9]
P P
N OH N Br
R1 R3
R Rl 4
S POCI, R S R
o
o P
HO N OH Cl N Cl

R, R}, R?, R?, R*, conditions: H, Cl, 4 alkyl, CONH,, C, 4 alkyl, CN, 110-180°C, 6-24
h [35}; F, OH, COORS, H, COCI, in the presence of lithium phosphate [124]

The action of POX; (X = Cl, Br) on compounds (LXI) with heat leads to aromatization at the same time as substitution
of the oxygen atoms by halogen atoms; as a rule, the yields of the reaction products LXII are good [125-128]:

Y
CH,R CH,R
: POX, | = )
————————————————n——
100..175°C, 2.7 h . -
07 N7 o XTOONT X
Ho LXH

R, X, Y: CI, CI, Ci [125]; Br, Br, Br [126]; Ph, CI, Cl [127, 128}, 4-MeCsHa4, Cl, CI; 4-MeOCsHs4,
Cl, C1; 4-CICaHa, Cl, CI; 4-FCgHa, CI, Cl; 3-CF3CeHa, Cl, Cl; 4-02NCeHy, CI, CI; 2-Me0OOC, CI,
CI; 2,5-C1aCsHa, Cl, Cl,; 3,4-ClaCsH3, CI, CI; 2-Me, 4-NO2CsH4, CI, CI; 2-CF3, 5-NO2CeH4, CI, CI;
3-02N, 4-CICsHa, C1, CI; 3-pyridyl:, Cl, CI; 2-Cl- 3-pyridyl , Cl, Cl; 2,6-Cl2- 3-pyridyl | CI, C1;
2-Me0OC-3- 2-thieny! Ct, CI [128]

The transformation of y-pyridones (LXIII) into chloropyridines (LXIV) was achieved by heating with a mixture of
phosphorus oxychloride and phosphorus pentachloride; the yields were 85-90% [129]:

O

Cl

R R

7 POCI,, PCI AN

— el
120°C, 3 h

Ph”” N ph ph” N Npy

H

LXII R = Et, Pr LXV
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The possibility of substituting alkoxyl radicals in the pyridine ring by chlorine atoms by the action of either phosgene
[130, 131] or a mixture of phosphorus oxychloride and phosphors pentachloride [132] with the formation of compounds (LXV)
was reported.

coCl |
x R 2 N R
I — — |
Z POCI,, PCL =
McO N — a N
boiling, 3 h LXV
R, R!, yield (%): CH0H, CHyCl, — {130]; CHO, CHCla, 80 {131]:

CH20Me, CH2Cl, 45 (132}

5,6-Dichloronicotinic acid is decarboxylated in reaction with bromine in the presence of mercuric oxide, and the
reaction product is 3-bromo-5,6-dichloropyridine [133].

When heated with bromine or iodine, the mercury salts of pyridinecarboxylic acids undergo decarboxylation with the
formation of the corresponding bromopyridines or 3-iodopyridines [134]:

S - X
GCOO th -—-—Z—-D- I > X
P 2.3 h P
2 N

N
LXvI X =Br I

The reaction of a salt of nicotinic acid with bromine at 180-185°C gave a 27% yield of 3-bromopyridine, while reaction
for 17 h gave a yield of 48%. A salt of nicotinic acid and bromine at 150-160°C gave 2-bromopyridine with a yield of 3%.

In the reaction of nicotinic acid with bromine or iodine in the presence of mercuric oxide in nitrobenzene (180-185°C,
15 h) the yields of 3-bromopyridine and 3-iodopyridine were 21% and 50% respectively. With the thallium salts of nicotinic
acid, the yield of 3-bromopyridine amounted to 8% (165°C, 2 h), and the yield of 3-iodopyridine amounted to 9% (180-185°C,
2 h). The reaction does not occur with isonicotinic acid [134].

1.5. Substitution of Other Groups by Halogen

The reaction of 2,5-dichloro-3-nitroaminopyridine with boron trifluoride in acetic acid or with boron trifluoride etherate
results in the formation of 2,5-dichloro-3-fluoropyridine [135].

A nitro group in the pyridine ring can be substituted by a chlorine atom by the action of thionyi chloride [63] or acetyl
chloride {65, 136]:

R R! R? R’
| = 1.50C1, ‘ =
e ————
- 2. =
O,N” TN CH,0H a N

R, R R% RS, yield (%): Me, COOH, Me, COOMe, 26.7;
COOH, Me, COOMe, Me 13,8 [63]

ql
» R R!
NO, PCl,, boiling, 3h =
: . | [65]
R R L
R AcCl N R
| a
P 2 1
R R
N~ R N
{ S l {136]
O -10...20 °C g
r;z R
0
R.R'. R yield (%):H, CONEtw, H, 94 [65]; Me, Me, Me, — [136]

When the salt (LXVII) is heated the pyridinium radical is substituted by an iodine atom, and the iodine derivative
(LXVII) is formed [137]:
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Ph
N R
- | R vacuum l ~
e
TN ST - 200°C,05 h P
. NT N
h
LXVII LXvIll
R, yield (%): H, 75; 3-Me, 71; 4-Me, 62

An original method for the synthesis of pentabromopyridine, patented in 1975, involves heating the pentahydrate of
the pentasulfopyridine sodium salt with phosphorus pentabromide at 210-220°C for 4 h [138].

The treatment of compound (LXIX) with N-bromosuccinimide followed by aromatization of the obtained product (LXX)
with o-chloranil gave an 87% yield of 3-bromo-6-phenylpyridine [139]:

nBr; Br B
' = NBS = o-chloranil S r
— — |
. =

Ph7 N PR N Ph” SN
COOPh COOPh
LXIX LXX

A series of monoiodo derivatives (LXXI) (yields 75-78 %) or diiodo derivatives (LXXII) (yields 80-91%) were obtained
by the action of iodine on mono(trimethylstannyl)-substituted (LXXIII) or bis(trimethylstannyl)-substituted (LXXIV) pyridine

bases [140].
R = 1, HCCl RS
SnMe, -—3———3-’- R 1
= 20°C, 1S min _

N N
LXXI LXXI
R, position of SnMe3(D): H, 2; H, 3; H, 4; 2-Me, 4; 2,6-Me3,

|
= 21, HCCly or THE x
l SnMe, = I I
= 20°C. 054 o

N N
LXXIV LXXII

Me,;Sn

Positions of SnMes(D): 2,3; 2,4; 2.5; 2.6; 3.4: 3.5

"

The CCly group situated at position 3 of the pyridine ring can be substituted by a chlorine atom by the action of
chlorine in the presence of ferric chioride with the formation of trichloropyridine (LXXYV), tetrachloropyridine (LXXVI), and
pentachloropyridine (XXXVIII) [141-143]:

R! cal a a a
\ P QL FeQly R AN
| —_—— | + | + XXXV
= 200 °C Z P
R N7 R a” N Sa o N a
LXXV LXXVI

R,RL, R%, yield (%) LXXV, LXXVI and XXXVIIL: Cl, H, Cl, —, 40,5 [141]; Cl, C!, H, mixture of Cl, Cl,
H+H, H, Cl + Cl, Cl, CI, 38,1, 40,1, 4,7 [142], H, H, H, —, —, — [143]
A CCl, group at position 4 of the pyridine ring can be substituted by the action of chlorine in the presence of ferric
chloride under analogous conditions. Thus, 2,5-dichioro-4-trichloromethylpyridine and 3,5-dichloro-4-trichloromethyipyridine
are converted into compounds (LXXVII) and (XXXVIII) respectively [144]:

cal, a
c c
= Cl,, FeCly =
——
P 220°C, 14 h =
a”” N N N
cay, LXXVI  76%
a a .
Cl,, FeCl
= —_—r XXXVII 12%
—
_ 150..210°C, 71 h
N

1003



2. SYNTHESIS OF HALOGENOPYRIDINES BY CYCLIZATION REACTIONS

One of the classical methods for the synthesis of compounds of the pyridine series is the cyclization of bifunctional
compounds containing these functions at specific mutual positions — dicarbonyl compounds, ketonitriles, dinitriles, and certain
other compounds.

Derivatives of pyridine containing a chlorine atom at position 3 are obtained with high yields (80-92%) by heating
compound (LXXVIII) with ammonium acetate in acetic acid [145]:

RI
o R 0O a
w1l ACONH,, AcOH x
RC?HCH?HCR BT | P
a a R™ 'N" R
LXXVIII

R, R Ph, H; 4-CICsHs, H (45h); Ph, Me; Ph, Ph

The aldehyde (LXXIX) undergocs cyclization to 2-chloro-S-chloromethylpyridine when treated with phosphorus
pentachloride in DMFA [146]:

@]

[ o CIH,C
NCCH,CH,cc% PCl;, DMFA ! =

[ ——

CH,CI #

N Cl
LXXIX

The functionally substituted dienes (LXXX), which are the products from the reaction of 3-(dimethylamino)acrolein
with NCCH,COOE:! [147] or NCCH,CONMe, [148], were converted by the action of hydrogen chloride into the pyridine
derivatives (LXXXI) with yields of 88% or 72%; compound (LXXX]) (R = COOEt) was also obtained from NCCH,COOEt
and CH,==CHOR! in a single stage with a yield of 69% [148]:

ICN
HCI (g), EtOH
Me,NCH==CHCH==CCOR g~ COR
LXXX |
ot

CO(OCCly), or COCI. N

NCCH,COOE! + CH;=CHOR' : * a
LXXXI

R = COOEt (147, CONMe, [148]; R = Et. Me,CHCH, {148}

The oxonitriles (LXXXII) undergo cyclization to the pyridine derivatives (LXXXIII) (yields 76-88%) when treated with
hydrogen chioride and phosphorus oxychloride in DMFA at 125°C [123]:

?1 N Me
HCI (g), POCL,, DMF
NC(‘:CHZCHZCOR © hl |
125 °C, 45 min z
Me ¢ R N
LXXXII LXXXIII

R = H, Me, FEt, Pr

The reaction of the acetal (LXXXIV) with malononitrile in the presence of concentrated hydrochloric acid results in
the formation of compound (LXXXV) with a yield of 94% [149]:

e e CH,(CN)
MeNC(OEN), + CHyCN), —= Me,NC=C(CN), ———— o
LXXXIV

?\IAc ?T!e Me
I

NC G . CN  LXXXIV  NC_ _C. _CN

R A g

CF N N

—t e - C\CN — NC/C _ (,\CN Me N# “"NMey e

+
Me,NH,
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NC CN
HCl (conc.y =
e ucnd
P
H,N N Cl
LXXXV

The corresponding derivatives of pyridine were obtained with 15-23 % yields when the dinitriles (LXXXVI) were heated
with phosphorus oxychloride in DMFA [150]:

R! ] R
Rl 2 2
o PoCI, DMFA R CN R N
RICH,C=C(CN); ——————a— + -
80..90°C, 5 h MeN=c ¢ O© Z
LXXXVI Ly NToa

RY R? = H, Me: H. Et; Me, Me; Et, Me

The cyclization of the tetranitriles (LXXXVII) takes place readily and smoothly with the formation of compound
(LXXXVIII) (yields 61-81%) when they are boiled with concentrated hydrochloric acid in alcohot {151].
SMe
R SMe :
HCl (conc.), EtOH, R N CN

(NOL=CHL=CCN), — T

N/
LXXXVIL c

LXXXVIN
R: Ph, 4-ClICsH4, 4-MeCsHq

The chlorine-substituted pyridines (LXXXIX) were synthesized by the cyclization of the ketonitriles (XC) with gaseous
hydrogen chloride [123, 152-154]:

R Cl R!
F T HCI (2) N
N E st e
cccnch:COR 145...160 °C | #
R! R? “ ) :
1 52 p3 i e e
R,R,R%, R, yield (%): H, H, CI, Me, 50 [152]; H, H, Cl, Me, — [153]; Cl, COOMe, H. H, 42;
Cl, COOMe, H, Me, 50; Ci, COOE1, H, H, 35: Ci, COOE, H, Me, 58 [154]: CI, Me, H, H, 83 CI., -

Me, H, Me, 90, Cl, Me, H, Et, 79; CI, Me, H, Pr, 82 [123]

The cyclization can be conducted in alcohol [151] and DMFA [123]; the highest yields of the cyclization products were
obtained in the presence of phosphorus oxychloride [123].

During distillation the adduct (XCI) (R = H), obtained from (NC),CCl, and acrolein, is converted into 2,5-dichloro-3-
cyanopyridine (XCII) (R = H) with a yield of 37%; the adduct (XCI) (R = Me) undergoes cyclization to 2,5-dichloro-3-cyano-
6-methylpyridine with a yield of 58% when gaseous hydrogen chloride is passed into it in the presence of phosphorus
oxychloride in DMFA at 115°C for 15 min. The same pyridine derivatives are formed with yields of 31% and 51% when
mixtures of (NC),CCl, and acrolein or methyl viny! ketone are heated at 100°C in acetonitrile in the presence of Cu,Cl, {155]:

([:I (l:l
(NC),CCH,CHCR a CN
1 |
Xcl —— _
e L RT N
( )3CC13 + CHZ—-CHCR p— XCli

(¢] R = H, Me

A convenient method for the synthesis of 2,3,5-trichloro-6R-pyridines (XCIII) (yields 79-95%) is the cyclization of
the adducts (XCIV), formed from the trichloro derivatives (XCV) and the unsaturated compounds (XCVI) [121, 122, 156, 157]:
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a oo cl c
| o
RCCly + CHF==CHR'! R(]ICHICHR’ — ]
, P
a R” N Cl

Xcv XCvl
XCv XCm

R. R', R% CN, Ac, Me; CN, EICO. Et; CN, PrCO, Pr [122); CN, CHO, H [121]; Ac, CN, Me;
C1CO, CN, CCls, [90]; PhCO, CN. Ph; 4-HOCsH4CO, CN, 4-HOCsHs [156];
ArOCO, CN, ArO (157)

The cyclization of the adducts (XCIV) was conducted by the action of gaseous hydrogen chloride in organic solvents
at 0-130°C for 45-60 min [156, 157] and, in some cases, in the presence of phosphorus oxychloride [121, 122] or phosphorus

pentoxide [122].
The synthesis of the pyridines (XCVII) (yields 62.5-95%) was realized directly from the trichloro derivatives (XCV)

(R = CN, COCI) and acrylonitrile under the conditions indicated below [121, 158, 159]:

Cu,Cly, POCH, C,H,, 90..180°C. 7 h

O Q
R = CN, autoclave =
RCCl, + CHFE=CHCN — - ‘
1. CuyCly, PANO,, boiling NN
2. KOH, H,0 R = COCI Xcvi

R.R': CN, H [121}; COCI, OH [158]; COCI, OH [159]

The reaction of the heterodienes (XCVIII) with thiophosgene in THF at normal temperature gave 57-62% yields of
the derivatives of 4-chloropyridine (XCIX) [129]:

. ﬁ' e o
RICH=CN=CCH,R! cca, THE f//]( —
z 25°C, 48 h -
R N R
a

XCVIII
R Cl Cl R . .
R
R R
— l -

P -~ H{ P
R N R R N R

XCIX

R.R': Ph, Me: Ph, E; 4-MeCg¢H4, Me; Ph, CHa~CH(CH2)3; Ph, Ph

Various compounds (C, CI) are formed from the alkylidene derivatives of cyanoacetic ester (CI1) and DMFA dimethy!
acetal using compounds (C) with various R and R! groups [160, 161]:

Me
CN
HBr, AcOH l = [160]
e BL AT -
COOFE! = Rl=
KRt MeNCH(OMe), | &= B =Me NN
CH (o] Me
boiling, 6 h i !
Ll 2 e EOCC=CHC==CHNMe, — ™
R=F,R'=H )
CN
M Lok
([ t
HBr, AcOH l o
et
55 °C, 45 min =
N Br
35% [161]

The reaction of the nitrile (CII) with malonaldehyde gives two unsaturated compounds (CIV, CV), which are converted
by the action of HBr into one and the same product (CVI) with a yield of 16% {162}:
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CFSCH,CN  +  CH,[CH(OMe),], ~em

cm CF,

CN
| HBr
— CF35?=CHCH2CH(OMc)2 + CF,SC=CHCH==CHOMe —* I

CN N Br
CIv (S CVI

In some papers, gem-dinitriles were used as starting compounds in the synthesis of monobromo derivatives of the
pyridine series.

During the condensation of the dinitrile (CVII) with the ortho ester HC(OEt), in the presence of HBr in acetic acid,
the bicyclic compound (CVII) is formed with a yield of 15% [163]:

NC
AN
O:C(CN)Z + HC(OEy), -—1PrAOH
o

cvil Br N
vl

Derivatives of o-bromo-2-(2-thienyl)pyridine (CIX) were synthesized (with yields of 69-86%) by heating the dinitrile
(CX) with bromine in acetic acid. The authors [163] propose the following scheme for this process:

O Ar Br;, AcOH o A
SNW — (NG T
57" “CCH,CHCH(CN), 65..80 °C “HBr

S 5 CCHZCH{C(CN)Z
cx Br
o Ar HBr 0 Ar
— X SN
S CCH,C==C(CN), s CCHZC“-:(‘ZC(B
T
CN
Ar
N CN
— [/ Br ThS 7\l
S OH SNH ! 3 N7 Br
crx -

Ar: Ph, 4-FC¢Has, 4-CICsHa, 4-BrCsHa, 4-02NCsHy4

A series of chlorine and bromine derivatives (CXI, CXII) were obtained by the cyclization of dienes containing two
geminal cyano groups (CXIII, CXIV) under the influence of bromine [164, 165] or hydrogen bromide [166]. The authors [164,
165] describe the process by the following scheme:

0
NBr
Ar Ar X
= o) Lo Br
(NC),C=CCH=C(SMe); e (NO)7==C—C=C(SMe); —l o
of SOCI, . ~ MeSBr
CXIi ; CXIvV
Ar
NC X
HCc, X 2 Bry, HCCl,
— ( - X
20°C, 18 h = 20°C, 18 h

Br N SMe
CXI(R = C1), CXI1 (R = Br)

Ar, X, yield (%)from CXIII and CXIV: Ph, CI, 44 and 69; Ph, Br, 73 and 51 4-CiCsHa, 70 and 79: 4-
MeOCsHq, Br, 39 and — {164]; Ph, Br, — and 73; 4-CICsH4, Br, — and — [165]

Gaseous hydrogen bromide was used for the cyclization of the dienes (CXIII). As a result compounds (CXV), differing
from (CXI) and (CXII), were obtained with yields of 85-96% [166]:
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Ar

NC
HBr (g}, HCCl, =

10 min P
MeS N Br

CXv

CXir -

Ar: Ph, 4-CIC{H,, 4-BrC¢H,, 4-McOCH,

The formation of two types of compounds (CXVII) or (CXVIII) could be expected in the reaction of the
tetracyanodienes (CXVI) with bromine or HBr. By using 13C NMR spectroscopy, the authors [151] established that only
compound (CXVIII) was formed:

N
=
Br” N7 sMe
cxvi ‘\/‘}\
Ar  SMe Br SMe

o Br,. AcOH, 20°C. 18 h | |
(NC),C=CCH,C=C(CN), ! (NC),CC=CHC=((CN),

or HBr, EtOH, 80°C, 2 h
cxvI SMe
SMe |

(NC),C=CCH==CC(CN),
CN 2
X |
/ Br
=
Ar N Br
CXVI

R, yield (%), with Br; and HBr: Ph, 64 and 39, 4-CICsHs, 85 and —; 4-MeCoHa, — and 26

The reaction of the dienes (CXVI) in boiling concentrated hydrochloric acid for 15 min leads to the corresponding 2-
chlorine derivatives with yields of 61-81% [151].

Steam distillation of the sodium salts (CXIX) in the presence of diammonium hydrogen phosphate gave 3-chloropyridine
(yield 31%) or 3-bromopyridine (yield 17%) [167]:

x _
Na* (NH,),HPO, =
Oy O — |
CXIX X =Cl Br

Published data on the synthesis of chloropyridines based on trichloroacetonitrile were summarized in the review [168].

3. SYNTHESIS OF HALOGENOPYRIDINES BY RECYCLIZATION REACTIONS

In reaction with SOCl, or (COC1), under the conditions of phase-transfer catalysis, the cyclobutane derivatives (CXX)
are converted into 2-chloro-3,4-dicyanopyridine (yield 40%), while under the influence of phosphorus tribromide and
concentrated hydrobromic acid they give 2-bromo-3,4-dicyanopyridine (yield 45%) [169, 170}:

CN
o - CN
CN ' $OCI, Bu,N*CI™, N,, boiling, 2 h =
OSiMe, ht
NC— - *" P
j _| T (coth BN N N a
NC— CN
N PBr,, HBr (48%), N, | X
CXX CICH,CH,C1, 20°C, 5 h p
N Br

For the case of the reaction with phosphorus tribromide, the following scheme was proposed for the transformation
of compound (CXX) into pyridine derivatives [169]:
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XX PBr, OSiMe, e L H
NC CN--+PBr, Ne——2L o T
NC CN BrierNC) N
OSiMe, .
" " H»\ SiMe, CN o
N H X
— J& — j@k o (j:
N NC Br ’ N Br
CN \ CN
PBr,CN + Br-

During the slow addition of hydrohalic acids and halogens to 2-aminomethylfuran at low temperature 3-halogeno-5-
hydroxypyridines (CXXI) are formed with yields of 70-80% [171]:

BN e e
R
~-15...=5°C, 5..10 h
0”7 “CH,NH, 10 NZ
X =l Br CXX1

As a result of the diene synthesis of cyclic heterodienes (CXXII) with the alkynes (CXXIII), the adducts (CXXIV) or
(CXXV) are formed. Under the reaction conditions they dissociate and give compounds of the pyridine series (CXXVI) or
(CXXVII) and the pyridone series (CXXVIII) or (CXXIX) [172]:

[ R
3 bRt e CXXVIII
RE N o - RICN
- \\% ] -
R
: R RN R e o
O 1 -
C argon CXX1v
‘ P * '(‘! 140 °C
R’ N R! i [ R
R? RE LR ———= CXXIX -
XX CXXIH f ;Eo - RICN
. -
RY \N R! b CXXVII
L ZRNCO
CXXV
R4 R3 RJ R?
R3 R! R4 4 1 3
) N N R R R
o
N o RN R! N o RSN i
R R
CXXVIiI CXXVI CXXIX CXXVI

R, R', R% R? RY, total yield (%), ratio of ((CXXVI+CXXVID : (CXXVUI+CXXIX):
Ph,CN, Cl, H, Ph,99,2,5: 1; Ph, CI, Cl, H, Ph, 75, 1,6 : |; Ph, OMe, Cl, H, Ph, 36, 0.55 : |; Ph,
CN, Cl, H, COOEt, 95, 3,7 : I; Ph, OMe, Cl, H, COOEH, 69, 0,5 : |; Ph, CN, CI, COOMe, COOMe,
75,30 : 1, Ph, CI, CI, COOMe, COOMe, 83, 5: 1; Ph, OMe, Cl, COOMe, COOMe, 92, 5,5 : 1; Me,
CN, CiI, COOMe, COOMe, 59,0.8 : |

In [173] the same authors continued their research in this region and brought the heterodienes (CXXI") (where R =
Me, Ph, 4-MeC¢H,, R! = Cl, CN, OMe, R? = Cl) into reaction with dimethyl acetylenedicarboxylate, ethyl propiolate, and
phenylacetylene. Compounds (CXXVI-CXXIX) were obtained with total yields of 27-91%.

In reaction with acetylene with or without a solvent, the derivatives of 1,4-oxazin-2-one (CXXX) undergo recyclization
and are converted into the dichloro derivatives (CXXXI, CXXXII). The authors [174, 175] used two methods: 1) heating a
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mixture of equivalent amounts of the initial compounds in toluene at 80°C for 2.5-72 h (yields 85-98%); 2) heating compounds
(CXXX) with an excess of RIC=CH at 80°C for 1.5-16 h (yie'ds 89-95%).

Rl
R O (0] 1 R
R R §
I P + RIC=CH —— l +
~ P
o N G ol N Cl cl N a

CXXX CXXXI CXXXH

R. R!, method, (CXXXD:(CXXXI) ratio, reaction time (h): H.CH3Br. 1),>20: 1, 3; Me.
CHzBr. 1),20:1, 6; Et, CH2Br, 1),>20: 1, 7; MeaCH, CH2Br, 1),>20: 1, 9; PhCH3, CH2Br, 1),
. 6: CHClz, CH2Br, 1),20: 1, 2,5; CH2Cl, CH2Br, 1), 7:2, 3; Me, Me, 1),20: 1, 14; Me,
PhCHzCHz 13,201, 15, Me, MeaC, 13, >20: 1, 72; Me, COOE¢, 1), 1 : 1, 24; Me, COOEL, 2),
4:1,3, Me, OE1, 1D, 2:1,16;Me,Ph, 1), 4:1,18; Me, Ph,2),6:1, 2, Me, 3,4,5- (MeQ)1CesHa, 1),
10:1,4.H,Ph,2),20:1,1,5, PhCHz, Ph, 2),>20:7; CHaCl, Ph, 2), 10 : 1, 7. CHCl2, Ph, 2),
>20:1, 1.7, H, COOE, 2,3 : 1, 1,5, CHCl, COOEL, 2), 4 : 1, 3,
COOMe, COOEL 2),4:1,6[175)

2,6-Dibromo-3-methyl-5-phenylpyridine was obtained with a 65% yield by the reaction of 3,5-dibromo-2-methyl-1,4-
oxadiazine with phenylacetylene at 80°C for 20 h [174].

Japanese researchers [120] have described the production of 2-chloro-4,5-diphenylpyridine starting from the 1.4-
thiazepine derivative (CXXXIII):

OCMe Ph
N=Il Ph
j\ ) 0 AcONa, Ac,0 Y KOH, EtOH, H,0
B B ———
boiling , 1 h ol 20 °C
PR ST ph & N7 0CMe 20°C3h
CXXXII Ph Ph
Ph
AN POCH, NN
boiling, 5 h —
N0 NT T

H
When the 4,7-dichloro derivatives of 1,2-diazocine are heated, they undergo thermal recyclization, resulting in the
formation of 2,5-dichloropyridine [176-178].
When boiled in dry toluene or heated at 160-165°C without a solvent the symmetrically substituted 1,2-diazocines
(CXXXIV) are converted into 2,5-dichloro-6-arylpyridines (CXXXV) {176]:

Cl 1 Cl
I/_\I PhMe | >
r——————————
boiling, 34 h
Ar \N—N/ Ar & N/

Ar C1

CXXXIV CXXXV
Ar, yield (%): Ph, 70 (without PhMe, 82%); 4-MeCgHa, 41,5; 4-CICsHa, 70
If the diazocine (CXXXIV) (Ar = Ph) is boiled in moist toluene, 3-chloro-2-phenyl-6-benzoylpyridine (yield 25%)
is formed together with 2,6-dichloro-S-phenylpyridine (vield 16%).
A mixture of three compounds (CXXXVII, CXXXVIII, CXXXIX) in various ratios was obtained as a result of boiling

the 1,2-diazocine derivatives (CXXXVI) in toluene for 5 h [177]:
CXXXVI CXXXVII CXXXVIHI O CXXXIX 0

SO,Ar Ph CPh Ph

Ar, yield (%) CXXXVH, CXXX VI and CXXXIX: Ph, 16,27 and {§; 4-MeCeHs, 19,12 and 22;
4-CiCsH4, 16,34 and 30

Likewise, three compounds each (CXL, CXLI, CXLII) are formed when solutions of the 1,2-diazocine derivatives
(CXLIHI) in xylene are boiled for 5 h [173]:
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Cl X
ﬁ - XD:X xm xm
—_— + +
= P P
Ph \N—N/ Ph Ph N Ph Ph N Ci Ph N

CXLI CXL CXLI CXLI

1 CPh
"
(o}

X, yield of (CXL< CXLI, CXLID) (%): l-succinimidyl, 35, 15, 8; [-phthalimidyl,—, 42,
30; 1,2-80,NCOCH,, 29, 9, 11 (+17% of 2,5-dichloro-6-phenylpyridine
and 5% of 3-chloro-2-phenyl-6-benzoylpyridine)
The authors [177] suggest that the formation of all the compounds can be represented in the following way:

Cl
Ci Y Ph Y
L= O 0
r————
N X N—N - P
Ph N—N Ph Y ;'q/ PhCN Ph N a
Ph A
\ Y
Ph
7 RN
l — |
a 2 NN - PhCN =
Ph N Y

Ph g
Ph Y
AN o NS
A —_—— e
—~~ 2w N—N Z P I A
Y - PR N Ph CPh
Ph NCI
Cl
x Cl N
B — l 0
P Ph A
Ph N Ph N CPh
NY

Y = Ph, SO,Ar, X

After analysis of the presented material and also of the data in the reviews [1-4] it is possible to come to the
unequivocal conclusion that the introduction of halogen atoms into the pyridine ring by substitution of the hydrogen atoms with
various halogenating agents is the most widely used method for the synthesis of halogenopyridines. However, it should be noted
that such reactions are often not regioselective and in most cases lead to mixtures of products. On the other hand, the method
for the synthesis of halogenopyridines by the cyclization of bifunctional compounds is regioselective. By this method it is
possible to synthesize compounds with the halogen atoms and other substituents at strictly specific positions in the pyridine ring.
In contrast to other methods for the synthesis of halogenopyridines, acyclic compounds can be used in these reactions. An
interesting and promising method for the synthesis of halogenopyridines is the recyclization of alicyclic and heterocyclic
compounds with various ring sizes.

REFERENCES

1. V. K. Promonenkov, K. I. Kobrakov, G. A. Shvekhgeimer, V. A. Rudenko, M. V. Shimanskaya, and L. Ya. Leitis,
"Means for the Protection of Plants Based on Halogenopyridines," Itogi Nauk. Tekh. Organich. Khim., 16, 314-352
(1990).

2. H. E. Mertel, The Chemistry of Heterocyclic Compounds. Pyridine and its Derivatives. Part I, E. Klingsberg (ed.),
Interscience, New York, London (1961), pp. 229-344,

3. M. M. Boudakian, The Chemistry of Heterocyclic Compounds. Pyridine and Its Derivatives. Supplement Part II, R.
A. Abramovich (ed.), John Wiley & Sons, New York —London—Sydney — Toronto (1974), pp. 407-428.

4. O. I. Zhikhareva, K. I. Kobrakov, G. A. Shvekhgeimer, and V. K. Promonenkov, "Methods for the Production of
Chloropyridines,” Itogi Nauk. Tekh. Organich. Khim., 16, 144-186 (1990).

1011



13.
14.
15.
16.

17.

18.
19.
20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.
38.

39.
40.
41.
42.
43,

45.
46.
47.
48.

1012

M. Van der Puy and R. E. Eibeck, US Patent No. 4,786,773; Chem. Abstr., 110, 212617 (1989).

M. Van der Puy, Tetrahedron Lett., 28, 255 (1987).

J. R. Ballinger, F. W. Teare, B. M. Bowden, and E. S. Garnett, Electrochim. Acta, 30, 1075 (1985).

R. G. Plevey, R. W. Rendell, and J. C. Tatlow, J. Fluor. Chem., 21, 159 (1982).

R. G. Plevey, R. W. Rendell, and J. C. Tatlow, J. Fluor. Chem., 21, 265 (1982).

T. Umemoto and G. Tomizawa, J. Org. Chem., 54, 1726 (1989).

M. Kamei and H. Tajika, Japanese Patent No. 01,132,564; Chem. Abstr., 111, 173966 (1989).

Sh. Okada, H. Hata, Ju. Sakamoto, and R. Tokura, Japanese Patent No. 03,284,667; Chem. Abstr., 116, 174012
(1992).

M. Kamei and F. Nishiwaki, Japanese Patent No. 01,308,254; Chem. Abstr., 112, 178699 (1990).

M. Kamei and F. Nishiwaki, Japanese Patent No. 01,308,255, Chem. Abstr., 112, 178700 (1990).

M. Kamei and F. Nishiwaki, Japanese Patent No. 01,308,256; Chem. Abstr., 112, 178701 (1990).

Sh. Okada, H. Hata, J. Sakamoto, and R. Tokura, Japanese Patent No. 03,236,374; Chem. Abstr., 116, 106116
(1992).

B. Xu, S. Li, and J. Zhao, Chen. Ming Zhongguo Yiyao Gongue Zazhi, 21, 317 (1990); Chem. Abstr., 114, 101652
(1991).

H. Tenma, Yu. Awano, and K. Tsuzuki, Japanese Patent No. 63,156,744, Chem. Abstr., 109, 170,248 (1988).

T. Morooka, K. Kagawa, and K. Tsuzuki, Japanese Patent No. 01,213,262, Chem. Abstr., 112, 76953 (1990).

T. Morooka, T. Kagawa, and K. Tsuzuki, Japanese Patent No. 01,226,874, Chem. Abstr., 113, 55626 (1990).

T. Morooka, T. Kagawa, H. Tenma, and K. Tsuzuki, Japanese Patent No. 0,175,469; Chem. Abstr., 111, 97103
(1989).

T. Morooka, T. Kagawa, and K. Tsuzuki, Japanese Patent No. 0,236,172; Chem. Abstr., 113, 6172 (1990).

T. Morooka, T. Kagawa, and K. Tsuzuki, Japanese Patent No. 028,568; Chem. Abstr., 113, 171888 (1990).

T. Morooka, T. Kagawa, and K. Tsuzuki, Japanese Patent No. 1,236,173; Chem. Abstr., 113, 6173 (1990).

K. Mochizuki and A. Suzuki, Japanese Patent No. 02,134,365; Chem. Abstr., 113, 171897 (1990).

J. Fraklin and F. Janssens, French Patent No. 2,634,201; Chem. Abstr., 113, 171899 (1990).

M. Kamei and H. Tajika, Japanese Patent No. 01,121,267, Chem. Abstr., 111, 173944 (1989).

M. Kamei and H. Tajika, Japanese Patent No. 01,100,158; Chem. Abstr., 111, 153646 (1989).

M. A. Desjardin and T. E. Kindorf, US Patent No. 4,785,112; Chem. Abstr., 110, 173016 (1989).

J. Sharvit, A. A. Lubetzky, and A. A. Perefekowitz, Israel Patent No. 75,344; Chem. Abstr., 113, 78176 (1990).
S. C. Kilpatrick and B. J. Watson, US Patent No. 4,891,108; Chem. Abstr., 112, 235190 (1990).

P. L. Humphries, T. Y. Ditsche, and I. L. Bixby, Inventor’s Certificate No. 1,787,156, Chem. Abstr., 119, 225839
(1993).

T. Ishikawa and M. Soeda, Japanese Patent No. 0,543,549, Chem. Abstr., 119, 95352 (1993).

Beecham Group PLC, Japanese Patent No. 6,239,566, Chem. Abstr., 107, 96593 (1987).

K. G. Grozinger, K. D. Hargrave, and J. Adams, PCT Int. Appl. WO 9,222,532; Chem. Abstr., 118, 191556 (1993).
M. A. Desjardin, Th. J. Dietsche, and J. A. Orvik, US Patent No. 4,713,460; Chem. Abstr., 109, 230809 (1988).
W. Hallenbach and H. Lindel, BDR Patent No. 3,707,361; Chem. Abstr., 110, 389900 (1989).

Th. W. Gero, L. W. Jaques, R. P. Mays, D. H. Reid, D. A. Shambler, and Yo. S. Lo, Synth. Commun., 19, 553
(1989).

T. K. Chen and W. T. Flowers, J. Chem. Soc. Chem. Commun., No. 23, 1139 (1980).

V. Koch and S. Schnatterer, Synthesis, No. 6, 499 (1990).

L. Cheng, J. Sha, and H. Fu, CN Patent No. 1,044 462; Chem. Abstr., 116, 20949 (1992).

R. E. Lokhov, S. S. Lokhova, N. M. Gaidarova, and L. I. Belen’kii, Khim. Geterotsikl. Soedin., No. 9, 1236 (1981).
R. D. Bowder and Th. Seaton, BDR Patent No. 2,241,562; Chem. Abstr., 78, 159438 (1973).

A. D. Shestakov, Yu. L. Kaminskii, I. M. Nurova, V. N. Nikitina, V. I. Zaionits, O. V. Maksimova, and G. A.
Mikhailova, Khim. Farm. Zh., 19, 400 (1985).

L. Does, A. Veldhuisen, and H. J. Hertog, Rec. Trav. Chim., 93, 61 (1974).

A. D. Dunn and 8. Brown, J. Prakt. Chem., 344, 176 (1992).

J. V. Dejardan and Ch. L. Lapiere, Bull. Chim. Soc. France, II, No. 3-4, 530 (1976).

A. D. Dunn and S. Guillermic, Z. Chem., 28, 59 (1988).



49.
50.

51
52.
53.

54.
55.

68.
69.
70.

71.
72.
73.
74.
75.
76.
7.
78.
79.
80.
81.
82.
33.
84.
85.
86.
87.
88.

89.

91.
92.

K. J. Gibson, M. d'Alarcao, and N. J. Leonard, J. Org. Chem., 50, 2462 (1985).

Yo. Igarashi, M. Simoyamada, M. Takashima, T. Suzuki, and Zh. Watanabe, Nippon Kagaku Kaxshl No. 2, 586
(1992); Chem. Abstr., 117, 48293 (1992).

F. M. Saidova, N. A. Blagoveshchenskaya, and . Sh. Kadyrov, Dep. v VINITI 25.06.75, No. 1912.

J. Kompis, W. Mueller, E. Boehni, R. Then, and M. Montavon, Eur. J. Med. Chem. Chem. Ther., 12, 531 (1977).
Th. M. Bargar, J. K. Dulworth, M. T. Kenny, R. Massad, J. K. Daniel, and Th. J. Wilson, J. Med. Chem., 29, 1590
(1986). V h
F. M. Saidova, O. V. Mikhailova, and I. Sh. Kadyrov, Dep. v VINITI 04.07.75 (1994), 75Dep.

J. Shigehara, T. Komiyoji, K. Nakajima, K. Ito, and Sh. Mitani, Japanese Patent No. 03,184,960; Chem. Abstr., 115,
256012 (1991).

V. Koch and S. Schnatterer, Synthesis, No. 6, 497 (1990).

M. Umeno and S. Takita, Japanese Patent No. 0175468: Chem. Abstr., 111, 134004 (1989).

G. J. Clark and M. Deady, Aust. §. Chem., 34, 927 (1981).

M. Tiecco, M. Tingoli, L. Testaferri, D. Chianelli, and E. Wenkert, Tetrahedron, 42, 1475 (1986).

Y. S. Lo, EPV 225172; Chem. Abstr., 108, 37652 (1988).

Y. 8. Lo, US Patent No. 4,960,896; Chem. Abstr., 114, 164023 (1991).

M. L. Elliot and C. J. Goddard, Synth. Commun., 19, 1505 (1989).

Ya. Morisawa, M. Kataoka, T. Sakamoto, H. Nagahori, and N. Kitano, J. Med. Chem., 21, 194 (1978).

D. Quarroz, CH Patent No. 657,124; Chem. Abstr., 106, 32852 (1987).

H. Yamanaka, T. Araki, and T. Sakamoto, Chem. Pharm. Bull., 36, 2244 (1988).

B. Galenkamp and H. J. Knops, BDR Patent No. 3,800,179; Chem. Abstr., 112, 35691 (1990).

V. Hagen, B. Gentsch, G. Fanst, D. Lohmann, and A. Hagen, DDR Patent No. 279.017; Chem. Abstr., 114, 207041

(1991).

D. Kaufmann and K. Jelich, EPV 463,464; Chem. Abstr., 116, 106114 (1992).

D. Kaufmann and B. Galenkamp, BDR Patent No. 3,839,332; Chem. Abstr., 113, 115103 (1990).

K. Jelich, D. Kaufmann, B. Galenkamp, and R. Latzsch, BDR Patent No. 4,020,053; Chem. Abstr., 115, 183122
(1991).

D. Kaufmann, K. Jelich, R. Braden, and W. Rozen, BDR Patent No. 4,020,055; Chem. Abstr., 115, 183120 (1991).
J. H. Tobin, US Patent No. 4,101,554; Chem. Abstr., 90, 228831 (1979).

T. Umemoto and G. Tomizawa, Tetrahedron Lett., 28, 2705 (1987).

D. Hebel and Sh. Rozen, J. Org. Chem., 53, 1123 (1988).

D. Hebel and Sh. Rozen, J. Org. Chem., 56, 6298 (1991).

T. Fukuhara, N. Yoneda, and K. Oomori, Japanese Patent No. 04,124,176; Chem. Abstr., 117, 171240 (1992).

S. Kumai, T. Seki, and A. Wada, Japanese Patent No. 04,164,068; Chem. Abstr., 117, 233865 (1992).

M. A. Desjardin and C. B. Murchison, US Patent No. 4,782,161; Chem. Abstr., 110, 38908 (1989).

G. S. Fujoka and J. C. Litle, US Patent No. 4,563,550; Chem. Abstr., 105, 24191 (1986).

Yo. Aisaka and H. Sonoyama, Japanese Patent No. 6,212,758; Chem. Abstr., 106, 176182 (1987).

E. G. Scovell and D. J. Watson, EPV 63872; Chem. Abstr., 98, 160589 (1983).

R. Schuster, U. Siegrist, H. Rempfler, and P. Baumeister, EPV 178260; Chem. Abstr., 105, 97327 (1986).

J. Bensoam, J. Lerroy, F. Mathey, and C. Wakselman, Tetrahedron Lett., No. 4, 353 (1979).

N. E. Akhmetova, V. M. Vlasov, and T. T. Yakobson, Izv. Akad. Nauk SSSR. Ser. Khim., No. 4, 949 (1978).
E. M. Jones, US Patent No. 4,542,221; Chem. Abstr., 104, 148752 (1986).

D. D. Friese and J. M. Elledge, European Patent No. 415,498; Chem. Abstr., 114, 207048 (1991).

E. M. Jones, British Patent No. 203,943; Ref. Zh. Khim., 7, 394 (1981).

V. V. Aksenov, V. M. Vlasov, V. L. Danilkin, O. Yu. Naumova, P. P. Rodionov, V. S. Chertok, G. N. Shnitko,
and G. G. Yakobson, Izv. Akad. Nauk SSSR. Ser. Khim., No. 9, 2158 (1984).

Y. Tsujii, T. Isogai, T. Awazu, H. Uenishi, and J. Tsukada, Japanese Patent No. 61,215,370; Chem. Abstr., 106,
67132 (1987).

F. Mutterer and C. D. Weis, Helv. Chem. Acta, 103, 229 (1976).

R. D. Bowden and R. Slater, British Patent No. 1,367,383; Ref. Zh. Khim., 18, 467 (1975).

M. M. Boudakian, US Patent No. 4,521,603; Chem. Abstr., 103, 141850 (1985).

1013



93.

95.

97.
98.

100.
101.

102.
103.

104.
105.
106.
107.
108.
109.
110.
It
112.
113.
114.
115.
116.

117.

118.
119.
120.
121.

122.

123.

124,
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.

1014

G. E. Vrieland and B. J. Bremmer, US Patent No. 4,321,389; Chem. Abstr., 96, 217713 (1982).
R. E. Banks, R. V. Haszeldine, and E. Phillips, J. Fluor. Chem., 9, 243 (1977).
C. Kroon, A. M. Brink, E. J. Vietstra, and C. A. Salemink, Rec. Trav. Chim., 95, 127 (1976).
R. C. Corcoran and S. H. Bang, Tetrahedron Lett., 31, 6757 (1990).
G. R. Newkome, Ch. N. Moorfield, and B. Sabbaghian, J. Org. Chem., 51, 953 (1986).
T. Sakamoto, Yo. Kondo, and H. Yamanaka, Chem. Pharm. Bull., 33, 4764 (1985).
T. Sakamoto, Yo. Kondo, and H. Yamanaka, Chem. Pharm. Bull., 33, 626 (1985).
P. B. Desai, J. Chem. Soc. Perkin Trans. I, No. 17, 1865 (1973).
P. Pratesi, L. Villa, V. Ferri, C. Micheli, R. De Grana, M. G. S. Barbone, C. Grieco, C. Silipo, and A. Vittoria,
Farmako. Ed. Sci., 35, 621 (1980).
R. Schuster and H. Rempfler, US Patent No. 4,935,051, Chem. Abstr., 114, 61940 (1991).
W. S. Saari, W. Halczenko, J. R. Huff, J. P. Guare, C. A. Hunt, W. C. Randell, V. J. Lotti, and G. G. Yarbrough,
J. Med. Chem., 27, 1282 (1984).
U. Petersen, K. Grohe, and H. J. Zeiler, BDR Patent No. 3,508,816; Chem. Abstr., 105, 191059 (1986).
F. L. Setliff and J. E. Lane, J. Chem. Eng. Data, 21, 246 (1976).
F. L. Setliff and J. S. Greene, J. Chem. Eng. Data, 23, 96 (1978).
G. Gramm, H. Lindel, and G. Steffan, DDR Patent No. 4,111,215; Chem. Abstr., 118, 38771 (1993).
U. Schegg, G. Steffan, and M. Herman, BDR Patent No. 4005115; Chem. Abstr., 115, 158984 (1991).
H. Lindel and G. Gramm, BDR Patent No. 4111214, Chem. Abstr., 117, 212342 (1992).
T. Talik, Z. Talik, and H. Ban-Oganowska, Synthesis, No. 4, 293 (1974).
J. Oehlke, E. Schrétter, S. Dave, H. Schick, and H. Neidrich, Pharmazie, 38, 591 (1983).
Spanish Patent No. 441,141; Chem. Abstr., 88, 190608 (1978).
S. V. Kessar, Y. P. Gupta, P. S. Pahwa, and P. Singh, Tetrahedron Lett., No. 36, 3207 (1976).
Sh. Qae, K. Shinhama, and Yo. H. Kim, Bull. Chem. Soc. Jpn., §3, 1065 (1980).
Monsanto Co., Japanese Patent No. 62,273,995; Chem. Abstr., 110, 57516 (1989).
H. Ciurla and Z. Talik, Pr. Nauk. Acad. Ekon. in Oskara Langego Wroclawui, 398, 111 (1987); Chem. Abstr., 109,
190203 (1988).
A. A. Mel'nikov, V. I. Gunar, M. V. Balyakina, U. §. Slivchenko, A. A. Rotermel’, and L. A. Prikhod’ko,
Inventor's Certificate No. 1,298,211; Chem. Abstr., 107, 154246 (1987).
M. H. Sherlock and H. Roebke, BDR Patent No. 2,653,138; Chem. Abstr., 87, 117787 (1977).
K. Jelich, BDR Patent No. 3,924,683; Chem. Abstr., 114, 143163 (1991).
K. Yamamoto, Sh. Yamazaki, J. Murata, and Yo. Fukazawa, J. Org. Chem., 52, 5239 (1987).
M. G. A. Shvekhgeimer, K. I. Kobrakov, S. S. Sychev, and V. K. Promonenkov, Khim. Geterotsikl. Soedin., No.
8, 1082 (1987).
M.-G. A. Shvekhgeimer, K. I. Kobrakov, S. S. Sychev, and V. K. Promonenkov, Dokl. Akad. Nauk, 294, 893
(1987).
M. G. A. Shvekhgeimer, K. I. Kobrakov, S. S. Sychev, and V. K. Promonenkov, Khim. Geterotsikl. Soedin., No.
4, 514 (1989).
R. A. Jennings, US Patent No. 5,204,478, Chem. Abstr., 119, 139119 (1993).
H. Horn, F. Mutterer, and C. D. Weis, BDR Patent No. 2,432,793, Chem. Abstr., 82, 156110 (1975).
H. Fritz, C. D. Weis, and T. Winkler, Helv. Chem. Acta, 59, 179 (1976).
C. D. Weis and P. Sutter, EPV 272221; Chem. Abstr., 110, 38894 (1989).
P. Sutter and C. D. Weis, J. Heterocycl. Chem., 24, 1093 (1987).
J. Barluenga, F. J. Gonzales, and R. P. Carlon, J. Org. Chem., 56, 6751 (1991).
K. Jelich, EPV 373,464; Chem. Abstr., 113, 211855 (1990).
K. Jelich, BDR Patent No. 3,924,682; Chem. Abstr., 114, 143164 (1991).
K. Jelich, EPV 393,453; Chem. Abstr., 114, 207034 (1991).
R. L. Bruson, EPV 136,593; Chem. Abstr., 103, 104856 (1985).
S. Eumura, S. Tanaka, and M. Okano, J. Org. Chem., 48, 3297 (1983).
K. Holgerle, BDR Patent No. 3,700,764; Chem. Abstr., 107, 217490 (1987).
. Amano and S. Yamashita, Japanese Patent No. 0,570,434, Chem. Abstr., 119, 160114 (1993).



137.  A. R. Karritzky, N. F. Eweiss, and P. L. Nie, J. Chem. Soc. Perkin Trans. I, No. 2, 433 (1979).

138.  S. D. Moshchitskii, G. A. Zalesskii, and V. P. Kukhar’, Inventor’s Certificate No. 520360; Chem. Abstr., 86, 16546
(1977).

139. D. L. Comins and N. B. Mantlo, Tetrahedron Lett., 28, 759 (1987).

140.  Yu. Yamamoto and A. Yanagi, Chem. Pharm. Bull., 30, 1731 (1982).

141.  P. L. Humphreys and Th. J. Dietsche, US Patent No. 4,681,945, Chem. Abstr., 107, 236525 (1987).

142.  R. H. Hoora and J. D. Toomasu, Japanese Patent No. 61,277,666; Chem. Abstr., 106, 176176 (1987).

143. P. L. Humphreys and Th. J. Dietsche, EPV 204,848; Chem. Abstr., 106, 213768 (1987).

144.  J. Kelly, US Patent No. 4,849,523; Chem. Abstr., 112, 20910 (1990).

145.  O. V. Litvinov, S. N. Chalaya, and V. G. Kharchenko, Khim. Geterotsikl. Soedin., No. 8, 1095 (1991).

146. T. Y. Zhang and E. F. V. Scriven, US Patent No. 5,229,519; Chem. Abstr., 119, 249851 (1993).

147. L. Schroeder, BDR Patent No. 3,840,954; Chem. Abstr., 113, 191170 (1990).

148. L. Schroeder, EPV 462,639; Chem. Abstr., 116, 128679 (1992).

149.  S. 1. Kaimanakova, N. P. Solov’eva, O. S. Anisimova, and V. G. Granik, Zh. Org. Khim., 19, 1105 (1983).

150. M. Sreenivasulu and G. S. K. Rao, Ind. J. Chem., 28B, 584 (1989).

151. K. Peseke, M. Michalik, and U. Schonhusen, J. Prakt. Chem., 329, 877 (1987).

152. M. E. Halpern, J. A. Orvik, Th. J. Dietsche, and J. B. Barron, EPV 306,547; Chem. Abstr., 111, 173989 (1989).

153. M. E. Halpern, J. A. Orvik, Th. J. Dietsche, and J. B. Barron, US Patent No. 5,084,576; Chem. Abstr., 116, 194166
(1992). :

154. M. G. A. Shvekhgeimer, K. 1. Kobrakov, A. G. Pavlov, and S. S. Sychev, Zh. Org. Khim., 28, 1334 (1992).

155. 8. S. Sychev, Thesis for Candidate of Chemical Sciences {in Russian], Moscow (1988).

156. . M. G. A. Kobrakov, S. S. Sychev, and N. A. Toshkhodzhaev, Inventor’s Certificate No. 1781215; Byull. Izobret.,
46, O7 (1992).

157. Y. Becker, EPV 341,585; Chem. Abstr., 112, 198132 (1990).

158. E. A. Martinuzzi and A. O. Colonna, Brazilian Patent No. 8703,983; Chem. Abstr., 111, 97100 (1989).

159.  Sh. Zhang, R. Cao, G. Li, and L. Liu, Hauxue Shiji, 15, 54 (1993); Chem. Abstr., 119, 95277 (1993).

160.  J. J. Baldwin and G. S. Ponticello, EPV 3,278; Chem. Abstr., 92, 76297 (1980).

161. J. J. Baldwin and G. S. Ponticello, US Patent No. 4,279,913 Chem. Abstr., 95, 169014 (1981).

162. J. 1. Baldwin and G. S. Ponticello, EPV 14,893; Chem. Abstr., 94, 103176 (1981).

163. J. J. Baldwin, A. W. Raab, and G. S. Ponticello, J. Org. Chem., 43, 2529 (1978).

164. Yu. A. Sharanin, V. K. Promonenkov, and A. M. Shestopalov, Zh. Org. Khim., 18, 630 (1982).

165. K. Peseke, M. Michalik, U. Schénhusen, and J. Streichardt, J. Prakt. Chem., 328, 856 (1986).

166. K. Peseke and U. Schonhusen, DDR Patent No. 156,806; Chem. Abstr., 98, 89190 (1983).

167. K. Peseke, M. Michalik, U. Schonhusen, and J. Streichardt, Z. Chem., 28, 328 (1988).

168.  J. Becher and M. Ch. Christensen, Tetrahedron, 35, 1523 (1979).

169.  G. A. Shvekhgeimer, Khim. Geterotsikl. Soedin., No. 11, 1443 (1993).

170.  J. Y. Lee and H. K. Hall, J. Heterocycl. Chem., 27, 1653 (1990).

171.  J. Y. Lee and H. K. Hall, Report 1990, Tr. 7. Order NAD-A219507; Chem. Abstr., 114, 163952 (1991).

172.  N. Clauson-Kaas, G. Mattern, and W. Traber, British Patent No. 2,025,953; Chem. Abstr., 93, 114330 (1580).

173. M. Tutonda, D. Vanderzande, J. Vekemans, S. Toppet, and G. Hoornaert, Tetrahedron Lett., 27, 2509 (1986).

174. M. Tutonda, D. Vanderzande, M. Hendrickx, and G. Hoornaert, Tetrahedron, 46, 5715 (1990).

175. L. Meerpoel and G. Hoornaert, Tetrahedron Lett., 30, 3183 (1989).

176. L. Meerpoel, G. Deroover, K. Van Aken, G. Lux, and G. Hoornaert, Synthesis, No. 9, 765 (1991).

177.  §. Yogi, K. Hokama, K. Ueno, and O. Tsige, Bull. Chem. Soc. Ipn., 59, 1087 (1986).

178. 8. Yogi, K. Hokama, and O. Tsige, Bull. Chem. Soc. Jpn., 60, 343 (1987).

179.  S. Yogi, K. Hokama, S. Tokayoshi, and O. Tsige, Bull. Chem. Soc. Jpn., 60, 731 (1987).

1015



