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Preface

Volume 90 of Advances in Heterocyclic Chemistry contains four chapters and the
indexes. The book commences with Part II of “Applications of Microwave Irradi-
ation for Accelerating Reactions in Heterocycles.”” This continues Part I, which was
published in Volume 88 of Advances in Heterocyclic Chemistry in 2005. Whereas
Part I dealt with 3-, 4- and 5-membered heterocycles, the present Part 1T deals with 6-
and 7-membered and spiro and fused heterocycles. Parts I and II have both been
contributed by E. S. H. El Ashry, A. A. Kassem and E. Ramadan of Alexandria
University, Egypt, and make available the large amount of recent work in this
expanding area.

The chemistry of thienothiophenes, discussed by V. P. Litinov of the Zelinsky
Institute of Organic Chemistry, Moscow, Russia, in the second chapter reflects a
large number of recent publications in this important field.

Phenothiazines have been increasingly applied in recent years for the synthesis of
new materials with desirable electrical and structural properties. Syntheses of
phenothiazines have been covered comprehensively by loan Silberg (University of
Cluj), Gabriela Cormos (University of Sibiu, Romania) and Daniela Oniciu (Uni-
versity of Florida, USA).

The final chapter comprises Part IV of the series on fluorine-containing hetero-
cycles written by Georgii Furin of Novosibirsk, Russia. Part IV complements Parts I,
IT and III, respectively, published in Volumes 86, 87 and 88 of Advances in He-
terocyclic Chemistry.

Volume 90 of Advances in Heterocyclic Chemistry is an “index volume” and
closes with the following indexes: Cumulative Index of Authors, Volumes 1-90,
Cumulative Index of Titles, Volumes 1-90 and the Volume 90 Subject Index.

Alan R. Katritzky
Department of Chemistry
University of Florida
Gainesville, Florida
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1. Introduction

The use of microwave irradiation (MWI) as a nonconventional source of energy, a

consequence of converting electromagnetic energy, had become very attractive for its
applications to chemistry and material processing. In organic synthesis, the potential

1
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2 E.S.H. EL ASHRY ET AL. [Sec. II.A

of microwave (MW) as a tool for heating attracted much interest soon after the work
of Gedye (86TL279) and Giguere (86TL4945) in 1986. The terminology for the
introduction of MW for organic reaction enhancement (MORE) and/or MW-as-
sisted organic synthesis (MAOS) enabled access or parallel synthesis of various
classes of compounds in organic chemistry. Although in the beginning some obsta-
cles were faced by chemists using this technology, their desire led to the development
of methods for the concurrent use of MW. One of these achievements involves the
performance of organic reactions under solvent-free conditions: dry media in open
vessels. Moreover, equipment and reactors have been developed and have become
commercially available.

Nowadays, MW activations are widely used in organic chemistry as shown by the
increased number of publications. Available reviews include (910PP683,
95AJC1665, 95T10403, 97CSR233, 97MII1, 98CSR213, 98CJC525, 98S1213,
99AJC83, 99JHC1565, 99MI1, 99MI2, 99MI3, 99T10851, 00CSR239, 00MII,
01MI1, 01MI2, 01T4365, 01T9199, 0179225, 02ACR717, 02MI1, 02MI12, 02MI3,
02T1235, 03MI1, 03MI2, 04H903, 0SAHCI).

The rapid expansion and popularity of assisting a wide range of organic reactions
by exposure to MW have been accompanied by achieving reactions under solvent-
free conditions, reducing reaction times, and increasing the yield of products and
even selectivity. Moreover, in addition to the economic impact, there are additional
advantages such as the use of noncorrosive, inexpensive, and environment-friendly
catalysts, thus leading to eco-friendly approaches known as ““green chemistry”. All
these have attracted our attention to review the available literature on the role of
MW in the field of heterocyclic chemistry, but owing to the increased number of
publications led us first to publish “Microwave Irradiation for Accelerating Organic
Reactions. Part I: Three, Four and Five Membered Heterocycles” in a former vol-
ume (05AHC1). This new chapter will be the second part including six-, seven-
membered, spiro, and fused heterocyclic ring systems. Our survey of the literature on
the synthesis and reactions of these heterocycles has been divided according to the
number of heteroatoms in the heterocycles. The fused heterocycles are located ac-
cording to the heterocycle that was built under MWI or as a reaction of these
heterocycles acting as precursors. Each type is reviewed by first presenting their
methods of preparation of the desired ring followed by its reactions. Heterocycles
having either fused benzene or other heterocyclic rings have been located under a
separate title when enough literature has been reported.

II. Heterocycles with One Heteroatom

A. PYRANS

A large acceleration of some difficult Diels—Alder reactions was promoted under
MWI on a graphite support (91TL1723, 961LA743). Thus, hetero Diels—Alder re-
actions of glyoxal monoacetal and methyl glyoxylate with 2-methyl-1,3-pentadiene 1
(R = H; R' = Me) have been carried out under pressure in an MW oven to give a
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mixture of cis- and trans-isomers 2-5 in 54-96% yields after irradiation for 5-15 min.
Compared to the conventional methods, reaction times were dramatically reduced
and degradation as well as polymerization was avoided (91TL1723). 2,3-Dimethyl-
1,3-butadiene 1 (R = Me; R' = H) reacted with ethyl mesoxalate without a catalyst
under MWI for 20 min to give the expected adduct 6 in 75% yield; conventional
heating at 150 °C in a sealed tube required 4 h. The ethyl glyoxylate gave adduct 7 in
87% yield after MWI for 10min in the presence of a catalyst (ZnCl,). Similarly,
glyoxylic acid as dienophile afforded adduct 8 in 54% yield (Scheme 1), but it has not
been examined by conventional heating (96LA743).

Reaction of several homoallyl alcohols 9 with aldehydes in the presence of bis-
muth trichloride under MWI for 1.5-2.5min generated the respective 4-
chlorotetrahydropyrans 12 in high yields (70-98%). Longer reaction times (4-7 h)
were required at room temperature to achieve comparable yields. The reaction may
proceed by the formation of hemi-acetal 10 whose cyclization gave 11 that could be
attacked by the halide ion to give 12 (Scheme 2) (02SC1803).

Protection and deprotection of hydroxy groups with 3,4-dihydro-2 H-pyran (DHP)
are useful methods in synthesis. The tetrahydropyranylation has been conducted by
mixing sulfuric acid adsorbed on finely ground silica gel with neat alcohols 13 and
DHP. In most cases, the reactions were complete by simple mixing; however, gentle
warming (1-2min) by MW accelerated the reactions to give high yields (80-92%)
and purities of 15 (99SC1013).

MW has also accelerated the tetrahydropyranylation of alcohols, phenols 13, and
thiols 14 in the presence of hydrated zirconia to give 15 in 80-98% yields within
3—15min. This method has distinct advantages over the other existing methods,
characterized by mild reaction conditions, absence of solvent, shorter reaction time,
and easy as well as quick isolation of the products in excellent yields. The hydrated

I

HCOCH(OMe), ‘ o N /CO\
MW, 5-15 min -, OMe
Me /( Me _OMe

!
OMe OMe

2
R |
ﬁ HCOCO,Me )Q W\O
Me MW, 5-15 min “IGO0OMe MeA/l\COOMe

1 5
CO(CO,EY),
MW, 20 min
Me 0 HCOCO,R?
Qcooa L e n
Me COOEt MW, 10 min CO,R?
6 7 R2 = Et
8R*=H

Scheme 1



4 E.S.H. EL ASHRY ET AL. [Sec. II.A

~\\BiC:|3
J\A\ . 9 MW, 1.5-2.5 min ﬁ OBiCl,
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H™ O R! R
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H,SO,, Silica gel
MW, 1-2 min
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O R MW, 10-15 min Rl
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13X=0 MW, 3-15 min 15
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Hydrated Zirconia, MeOH
MW, 7-10 min -N
£<NJ Cry07”
Ph 2

Rl CH2C|2
-1 MW, 3-4 min
Rz)\OH

13
Scheme 3

zirconia did not exhibit strong acidic sites, whereby the acid-sensitive groups were
found intact under these conditions. Allylic and acetylenic alcohols could be pro-
tected without isomerization of double or triple bonds (02SC1549). An equally ef-
ficient reversal of tetrahydropyranylation, deprotection, took place under similar
conditions, but in the presence of methanol, whereby the corresponding alcohols,
phenols, and thiols were generated in 75-90% yields after irradiation for 7-10 min in
a household MW oven (Scheme 3) (02SC1549). Similarly, deprotection was also
completed in case of silica gel in the presence of methanol after irradiation for
10-15 min (99SC1013).

Selective cleavage of the tetrahydropyranyl group in 15 (X = O) was performed
using 4-aza-1-benzyl azoniabicyclo[2.2.2]octane dichromate in dichloromethane to
give the corresponding alcohols 13 in 84-96% yields by irradiation with MW for
3—4 min; no by-products were observed (Scheme 3). The method was claimed to be
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very simple and efficient for the selective removal of the THP group without any
change of the other functional groups in polyfunctional molecules (02SC611).

Selective monotetrahydropyranylation of symmetrical 1,n-diols 16 with DHP was
achieved under MWI for 3min in the presence of iodine as a catalyst to give the
monoprotected diol 17 in 75% yield. The same reaction by conventional heating
under reflux led to very poor selectivity whereby 43% yield of mono-THP-ether 17
and 51% vyield of di-THP-ether 18 were obtained (Scheme 4) (01JOC1947).

Ferrier rearrangement of triacetyl glucal (19), upon reaction with phenols to give
2,3-unsaturated O-arylglucosides 20, required a reflux in chlorobenzene for several
hours. The MORE enabled a rapid access to 20 in 72-83% yields within 1-8 min, in
the absence of a solvent (Scheme 5). The stercoselectivity and yields are fairly com-
parable with that under thermal conditions, but the reaction time was reduced by
several fold (94SC2097).

Unsaturated glycosides, versatile intermediates in the synthesis of a great number
of natural products and in Diels—Alder reactions, were prepared by reacting vicinal
di-O-sulfonates with sodium iodide and zinc dust in dimethylformamide (DMF)
under MWI. The conversion was successful with different glycosides in the gluco and
galacto series. Thus, glucosides 21 required 8—14 min to give high yields (88-89%) of
22, while lower yields (35-53%) were obtained by conventional heating for 2—4h

(Scheme 5) (93TL8407).
5, THF O\
MW, 3 min o

17
@ +  HO-(CHyp),-OH

O-(CHy),-OH

(6]
16 heat
20 m 17  +
min
O “o.(CH,y), 0~ ©
18
Scheme 4
OAc
o
AcO—x—-O AcO O_.0
AcO % MW, 1-8 min — N
—
19 20 R
Ph”\."O
E 9] Nal, Zn dust, DMF ph/vo o
RO MW, 8-14 min O \
OR OMe —/ OMe
21 R=Tsor Ms 22

Scheme 5
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o
)k j‘v MW, 8 min X NHCOPh
Ph” “NH + Et Z “NMe, > |
k Et O o
COOH
23 24
Scheme 6
O
COOH
C :
COOH
/\ o
25 ! 26
MW, 3-4 min 0
COOH
9 — 2
COOH
(@]
27 28

Scheme 7

Pyranone 24 was prepared in 98% yield by the reaction of hippuric acid with
enaminone 23 under MWI for 8 min (Scheme 6) (04JCR(S)174). The reaction re-
quired 4h heating under reflux in acetic anhydride to give a 70% yield.

MWI of dicarboxylic acids 25 and 27 with isopropenyl acetate in the presence of
KSF for 3-4 min gave the anhydrides 26 and 28 in 48% and 80% yields, respectively
(Scheme 7) (93SC419).

Oxidation of the cyclic sulfide 4-oxothiophene to the respective sulfoxide 4-ox-
othiophenesulfoxide was achieved by heating with iron(IIT)nitrate impregnated on
montmorillonite K¢ clay in methylene chloride for 12h to give a 79% yield. Much
faster reaction took place using ‘“‘clayfen” under MWI to give 83% yield within
60 min (98SC4087).

B. BENZOPYRANS

Subjecting 4-hydroxybenzaldehyde 29 (R = H) to 3-methyl-2-butenal (30) in the
presence of pyridine in a sealed glass tube to MWI for 25 min yielded chromene 31 in
68% yield. Under similar conditions, the condensation of 2,4-dihydroxybenzalde-
hyde 29 (R = OH) with 30 gave chromenes 32 and 33 in 49% and 12% yields,
respectively (99BCJ259).

Similarly, 2,2-dimethyl-7-chromanols 34 (R = H, OH) reacted with 30 to give the
isomeric chromenes 35 (21-45%) and 36 (23-28%) but chroman 34 (R = OMe) gave
only the respective chromene 35 (R = OMe) in 73% yield (Scheme 8), whose for-
mation took nearly 48h under conventional thermal conditions at 140°C
(99BCJ259).



Sec. 11.B] MICROWAVE IRRADIATION 7

_ Pyridine = | 0o . Hom
MW 25 min
OHC™ N F OHC™ X F
R

29 30 31 R = H 33
Pyndme
MW 25 min
34R = H OMe, OH 3BR= H, OMe, OH 36 R H, OH
Scheme 8

Irradiation of propargyl naphthyl ethers in N-methylformamide (NMF) either
alone or in the presence of sodium methoxide in an MW oven gave naphthopyrans
or naphthofurans, respectively, in good to excellent yields. Thus, conversion of 1,1-
dimethylpropargyl naphthyl ethers 37 and 38 proceeded smoothly to produce 2,2-
dimethylnaphtho[1,2-b]pyrans 39 (92%) and 40 (96%), respectively, by MWI for
I min. Under conventional heating, ether 38 produced 40 in lower yield (80%) and
longer reaction time (2h) (Scheme 9) (96JCR(S)338).

In the case of bis-propargyl naphthyl ethers 41 and 44, propargyloxynaphthopy-
rans 42 and 45 have been isolated, which could then be transformed by NaOEt to
furonaphthopyrans 43 (81%) and 46 (85%), respectively (96JCR(S)338). Under
MWI in DMF, compounds 47 were transformed into chromenes 48 and 49 in low
yields (22-32%) within 25-30 min. However, thermal cyclization of 47 in dry xylene
at 170 °C for 48 h gave only the angular chromenes 48 in 76-83% yields (Scheme 9)
(97T12621). The later example is a case of greater selectivity by conventional heating
than by MWI.

A one-pot synthesis of isoflav-3-enes 52 was achieved by the reaction of substi-
tuted salicylaldehydes 50 with enamines 51 in the presence of a catalytic amount of
ammonium acetate under MWI for 2-6 min in 71-88% yields. The reaction of 50
with 51 in benzene under an inert atmosphere produced 52 in 45-55% yields
(Scheme 10) (98JOC8038).

Intramolecular Diels—Alder cycloaddition in triene 53 was achieved by heating
with toluene in a sealed glass tube in an MW oven for 2.5h to afford
(1S)2R)(5R)(6R) (8R)(9S)(12R)-1,7,7-trimethyl-6-methoxy-4-oxatetracyclo[7.3.1.0]-
10-tridecen-3-one (54) in 97% yield (93JOC2186). Compound 54 is a precursor in the
synthesis of the sesquiterpene (+ )-longifolene.

The pentacyclic compound 55, supported on Florisil (activated magnesium sili-
cate), was rearranged into 57 in 93% yield under MWI for 10 min. Conventional
heating of 55, up to 100°C for 4h, did not cause any change, but when it was
supported on Florisil and heated for 5h, it gave compounds 56 and 57 in 60% and
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37R=H 39R=H
38 R = OMe 40 R = OMe
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_ DMF } } O
‘ ‘ MW 25-30 min

R
47 R = H, OMe 48 49
Scheme 9
1 1
R® o '\@X NH,OAC R® © '@z(
+ J/ n 4 :
R CHO Ph MW, 2-6min - Zph
4 4
50 51 52
Scheme 10

40% yields, respectively. Compound 56 had been suggested as an intermediate in the
transformation of compound 55 to 57, as proved by the transformation of 56, sup-
ported on Florisil, to 57 by heating for 3h (Scheme 11) (99T3209).

When a mixture of 5,5-dimethyl-1,3-cyclohexanedione (58) and arylidenemalono-
nitrile 59 was subjected to MWI for 1.5-4.0 min under solvent-free condition, it gave
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53 54

Florisil
MW, 10 min
55 56 57
Scheme 11
Me Me
o Ar MW, 1.5-4.0 min O -NH,
Me + g/CN Me \
CN
o) NC 0O Ar
58 59 60
Scheme 12

2-amino-4-aryl-7,7-dimethyl-2,6,7,8-tetrahydro-5-oxo0-4 H-benzopyran-3-carbonitrile
60 in 89-96% yields (Scheme 12) (02SC2137).

C. Fusep HETEROCYCLES INCORPORATING PYRAN RINGS

Intramolecular cyclization of 61 to give hydantoins 62 in 78-96% yields, in the
presence of Ba(OH), - 8H,O as catalyst required 9-24 h, while under MWI (30 W) in
DMF, compounds 62 were obtained in 81-91% yields within 7.5 min. Under lower
power (20 W) and shorter reaction time (3 min), a mixture of the kinetic product 62
and the thermodynamic product 63 was obtained in 43-48% and 52-57% yields,
respectively (Scheme 13). Moreover, epimerization of 62 took place in the presence
of N,N-diisopropylethylamine in DMF under thermal conditions within 3 h to give
85-86% yields of 63, while the epimerization required 3 min under MWI in the
presence of Ba(OH), - 8H,O in DMF to give a comparable yield (98TL3379).

A diastereoselective synthesis of pyranothiazoles 66 was achieved in a one-pot
reaction of the three components glycine, acetic anhydride, and 5-arylidenerhoda-
nines 64 by employing MWI under solvent-free conditions. The yields of 66 were
73-86%, compared to 35-43% obtained from conventional heating. The formation
of pyranothiazoles 66 occurred through the cyclization of Michael adducts 65
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(Scheme 14). This ring closure was found to be highly diastereoselective in favor of
the cis-isomers where the diastereomeric ratio of the cis/trans was 96:4 by using MWI
whereas by conventional heating it was 57:43, as determined by "H-NMR spectros-
copy. The higher diastercoselectivity toward the cis-isomers under MWI was ex-
plained by the formation of a more dipolar activated complex intermediate leading
to the formation of cis- rather than trans-isomers, because MWI favors the reactions
occurring via the more dipolar activated complex (0352395).

Microwave assisted a simple and efficient route for the synthesis of pyranopy-
rimidines in excellent yields. Thus, cyclocondensation of 1,3-diarylthiobarbituric
acids 67 with hippuric acid and triethyl orthoacetate on basic alumina was carried
out under MWI to give pyranopyrimidines 68 in 92-95% yields within 55-65s. More
than 5h were required under conventional heating at 110120 °C to afford 60-70%
yields (Scheme 15) (00JCR(S)586).

Cycloaddition of barbituric acids 69, tricthyl orthoformate, and malononitrile or
alkylnitriles in the presence of acetic anhydride under MWI for Smin afforded
pyrano[2,3-d|pyrimidines 70 in excellent yields (75-85%) (04SL283).

Arylidenemalononitriles 59 reacted with barbituric acid 71 in water under MWI,
without catalyst, for 3-5min to give pyranopyrimidines 72 in good yields (86-94%)
(Scheme 15) (04SC1295).

The pyrano[2,3-d]pyrimidine derivative 74 was obtained in 90% yield by reacting
N,N-dimethyl-5-formyl barbituric acid 73 with N-phenyl maleimide in the solid state
under MWI (04TL2405).



Sec. 11.C] MICROWAVE IRRADIATION 11

O O Me

N  MeCOE pasioaumina Ry NHEOP!
S)\N o (;HZCOOH MW, 55-65 s S%\N o
‘ NHCOPh
R R
67 58
0 o
1 3
R% RL R
\Nﬁ . HC(OEn, Ac,0 j\)ﬂ
O%\N OH R3CH,CN MW, 5min o N 07 S
e Y,
69 70
Q (6] Ar
CN
HN)i A C{CN "0 H)/N\ I
+ r—C— _ >
OJ\N 0 oy MW.ESmIn T A N g
H H
71 59 72
o)
9 o)
Me. CHO O
MW, 5 min N X
A + [ NP | N—Ph
@) N OH 5 N o
Me b L
& 74
Scheme 15

The angular 77 and linear pyranoquinolinone 78 (R = H) derivatives were pre-
pared via an intramolecular domino Knoevenagel hetero Diels—Alder pathway by
the reaction of 4-hydroxy-1,2-dihydro-2-quinolinone (75) with 2-(3-methyl-2-bute-
nyloxy)benzaldehyde (76) in the presence of ethylene diammonium diacetate
(EDDA) in refluxing ethanol for 10h. Both the keto and lactam carbonyls were
involved in the cycloaddition to give a 53:47 ratio of 77 to 78 in 60% overall yield.
The use of triethylamine or piperidine in place of EDDA afforded 50% and 67%
yields, respectively, with no significant change in chemoselectivity. A better chemo-
selectivity and improved yields were achieved by performing the reaction using MWI
and EDDA or triethylamine that gave 78% and 70% yields with a ratio 97:21 and
82:18, respectively, while using piperidine afforded a 79% yield with higer chemo-
selectivity (88:12) (Scheme 16) (02T8957). Similarly, 75 (R = Me) with 76 under
MWI employing piperidine as base afforded the corresponding mixture of 77 and 78
in 66% yield with high selectivity (86:14) (02T8957).

Under MWI, intramolecular hetero Diels—Alder reactions of pyrazinones 79 in the
presence of 1-butyl-3-methylimidazolium hexafluorophosphate (bmimPFg) in 1,2-
dichloroethane (DCE) gave imidolyl chloride 80 within 8—15 min. The cycloaddition
products 80 were moisture sensitive and rapidly hydrolyzed to the more stable
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bislactams 81 in 57-77% yields by the addition of water and under MWI for 5 min
(02JOC7904). Conventional thermal conditions required 1-2 days of reflux in
chlorobenzene to give 80, which required 18h stirring in chloroform in an open
atmosphere to give 81 in comparable yields (Scheme 17) (02TL447).

MWI of a mixture of the pyrazolin-5-one 82, aromatic aldehydes, and malono-
nitrile in the presence of piperidine as a catalyst for 2—-8 min gave 83 in 61-91% yields
(Scheme 17) (02SC3363).

D. CouMARINS

A mixture of 3-hydroxy phenolic derivatives 84 (R = OH) and N-cinnamoylazoles
85 in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was subjected to
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MWI without a solvent to give a mixture of aryl cinnamoates 86 and chromanones
87. The ratio of the products depended on the irradiation time; a longer time led
mainly to the chromanones. When the irradiation time was 1.5 min, the ratio of 87:86
was 0.15, but increasing the time to 3—4 min changed the ratio to 2.1-11.8 (Scheme
18) (01JCR(S)78).

3,4-Dihydro-4-arylcoumarins 89 can be obtained in a single step and good yields
(65-85%) by irradiating a mixture of phenols 84 and cinnamic acids 88 impregnated
on activated montmorillonite K, clay for 810 min. Similarly, 4-arylcoumarins 91
were prepared in moderate yields (55-69%) from phenols 84 and 3-arylpropynoic
acids 90 (Scheme 18) (98JCR(S)280).

The synthesis of methyl 7-aminocoumarin-4-carboxylate (93) was reported by
heating m-aminophenol (84) (R = H, R' = NH,) with dimethyloxalacetate (92) at
130°C for 2h (84CPB3926). The yield of coumarin under such conditions was
variable, sometimes low and accompanied by colored impurties that were very dif-
ficult to eliminate, even by column chromatography and recrystallization. This pro-
cedure in a focused MW reactor gave 93 in a similar yield (39%), but in less time
(85min). Moreover, a better yield (44%) and a shorter time (50 min) were achieved
by irradiation of a mixture of 84 and 92, adsorbed on graphite (Scheme 18)
(01TL2791).

Condensation of salicylaldehyde with malonic acid in the presence of mont-
morillonite KSF clay as a catalyst gave, under MWI for 12min (Scheme 19),
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3-carboxycoumarin 94 in 60% yield instead of 89% after 24 h of heating under reflux
(02S1578).

The condensation of salicylaldehyde or its derivatives with various derivatives of
ethyl acetate in the presence of piperidine led to the synthesis of coumarins 95 in
55-94% yields under solvent-free conditions using MWI. Similarly, the benzo ana-
logs 96 were prepared in 75-82% yields from 2-hydroxy-1-naphthaldehyde within
3—10 min (Scheme 19) (98JCR(S)468). However, naphtho[2,1-b]pyran-3-ones 96 were
prepared in 58-67% yields from the same aldehyde and substituted acetic acids
under MWI for 6-8 min but in the presence of DCC and using DMSO as a solvent
(Scheme 19) (97JCR(S)178).

Condensation of o-hydroxyarylaldehydes with hydrazides in ethanol was carried
out under MWI for 1.5-2.0 min to give the corresponding hydrazones 97 in 86-95%
yields, the cyclization of which was achieved using polyphosphoric acid (PPA) under
MWI for 3-4min to afford coumarins 98 in 55-68% yields (Scheme 19)
(971JC(B)175).

Knoevenagel condensation under focused MWI for 1-7min of 2-hydroxy or 2-
methoxy-substituted benzaldehydes or acetophenones 99 and Meldrum’s acid (100)
using a solid catalyst combination of natural kaolinitic clay or Envirocats (EPZG,
EPZ10) gave 3-carboxycoumarins 101 in 55-97% yields (Scheme 20) (99MI4).

Also, the condensation of o-hydroxy-ketones 99 with 100 can be achieved in the
presence of a catalytic amount of LiClO4 or LiBr under MWI to give 101 in 75-90%
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yields within 50-120s (Scheme 20); this condensation did not take place in the
absence of MW or catalyst even after stirring for 3 h (02JCR(S)40).

Phosphoranes failed even in refluxing toluene to undergo Wittig olefination of
lactones, unlike other carbonyl compounds. However, under MWI for 90 s, lactone
102 reacted with ethoxycarbonyl methylidene triphenyl phosphorane on mixing a
1:1.2 ratio to give 104 and 105. Similarly, 103 gave 106 and 107 after MWI for 110s,
each as a mixture of isomers in 80-82% yields. The E/Z product ratio was 20/80 for
104 and 105 and 15/85 for 106 and 107 (Scheme 21) (99TL165).

Bromination of coumarins 108 to give bromocoumarins 109 has been carried out
by using bromine in acetic acid, N-bromosuccinimide, or copper(Il) bromide ad-
sorbed on alumina, but the drawbacks were the low yields of the products and the
use of drastic conditions. However, MWI accelerated this bromination with either
bromine adsorbed on neutral Al,O3 in a dry medium or iodine monobromide in
acetic acid. Bromination took place selectively at the double bond in coumarins to
give 109 in 63-92% yields (Scheme 22) (96SC887).

Aminomethylation of 7-hydroxycoumarin (110) with a secondary amine, formal-
dehyde, and acidic alumina gave 111 in 62-100% yields within 1.5min upon irra-
diation by MW (Scheme 22) (00SC69).

Chemoselectivity has been achieved when MWI was used for the synthesis of
pyrano[3,2-clcoumarins through intramolecular domino Knoevenagel hetero Die-
Is—Alder reactions of 4-hydroxycoumarin (103). Thus, when the reaction of 103
with butenyloxyaldehyde 76 was carried out under MWI for 10-15s, cycloadducts
112 and 113 were produced in 93:7 ratio, respectively, with 82% overall yield,;
and the cycloadducts 115 and 116 were obtained in a ratio 95:5, respectively, in 92%
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overall yield. On the other hand, the same reaction was carried out in refluxing
ethanol for 4h to afford pyrano[3,2-clcoumarin 112 and pyrano[2,3-b]chromone
113 in a ratio 68:32, respectively, in 57% overall yield; and the benzo analog 114
gave the cycloadducts 115 and 116 in a ratio 80:32, respectively, in 75% overall yield.
The chemoselectivity and reduced reaction times were apparent (Scheme 23)
(02T997).

Propargyl ethers of 7-hydroxy-, 4-methyl-7-hydroxy-, and 4-hydroxycoumarins
117 and 119 have been efficiently rearranged to furocoumarins 118 and 120 in
62-70% yields under MWI in NMF as a solvent. Under similar conditions,
propargyl coumarin ethers 121 gave pyranocoumarins 122 in 71-82% yields
(Scheme 24). The rearrangements required 16-18 min of MWI, while at boiling
temperature (195-220 °C) in various solvents, such as N,N-diethylaniline or N-ethyl-
formamide, they took place with lower yields (8-70%) and longer time (6—14h)
(98JCR(S)800).
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E. FLAVONES

When the cinnamoyl esters 123 (R = Me or OMe), 126, and 128 were supported
with a AlCl;—ZnCl, mixture on silica gel and exposed to MWI for 7 min, the re-
sulting ortho-hydroxy rearranged products were spontaneously cyclized by intra-
molecular conjugate addition of the phenolic hydroxyl group to the «,f-unsaturated
system to afford the flavanones 124, 125, 127, and 129, respectively, in excellent
yields (73-87%) (Scheme 25) (99JCR(S)574).

o-Hydroxydibenzoylmethanes 130 were adsorbed on montmorillonite K and the
mixture was irradiated for 1-1.5min in an MW oven to give flavones 131 in 72-80%
yields (98JCR(S)348). The MWI also caused the cyclization of 130 in the presence of
conc. H,SO, in acetic acid within 3min to give flavones 131 in 60-81% yields
(Scheme 26) (03H2775).

Diels—Alder reaction of (E)- and (Z£)-3-styryl-chromones with N-methyl and
N-phenyl maleimide as dienophiles under solvent-free conditions using MWI gave
the corresponding cycloadducts in a stereoselective manner. Thus, the (Z)-isomer
132 gave stereoselectively endo-cycloadduct 133 in good yield (>70%), when it was
reacted with N-methyl maleimide. However, the reaction with N-phenyl maleimide
gave the endo-cycloadduct 134 in 50-55% yields accompanied by a small amount of
the exo-cycloadduct 135 (15-20%). This may be due to the low reactivity of
N-phenyl maleimide and the isomerization of the (Z£)-3-styryl-chromones 132 into
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the corresponding (E)-isomer under MWI, the reaction of which gave the exo-
cycloadduct 135 (Scheme 27) (03SL1415).

The naturally occurring plant phenolics, flavones, and isoflavones 136 that have
an array of biological activities were transformed into their thio analogs 137 in
92-96% yields by using Lawesson’s reagent [2,4-bis(p-methoxyphenyl)-1,3-di-
thiaphosphetane 2,4-disulfide] under solvent-free conditions and irradiation by
MW for 3min (Scheme 28) (990L697). Under conventional heating in dry benzene
or xylene for 2-25h, compounds 137 were obtained in moderate yields (38-84%) by
using phosphorous pentasulfide (82T993).

There are several reagents developed for the transformation of thioketones to
ketones, but they have limitations such as the use of stoichiometric amounts of the
oxidants, which often are inherently toxic, required long reaction time, or involved
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tedious procedure. The use of supporting reagents as either clayfen or clayan under
MWI for 1-2min converted thioketones 137 rapidly into their parent ketones 136;
yields (88-95%) were comparatively higher in the case of clayfen (99SC1333). Sim-
ilarly, the deprotection of the dithio ketal 138 was readily carried out on clayfen
under MWI within 20s to give 139 in 90% yield (Scheme 28) (97TL2623).

Various dialkyl-1-(chromon-3-yl)-1-hydroxymethylphosphonates 141 have been
synthesized by the condensation of substituted 4-oxo-(4H)-1-benzopyran-3-carbox-
aldehydes 140 with trialkylphosphites mediated by TMSCI that acts as a trapping
agent and prevents the intramolecular dealkylation, under solvent-free conditions
using MWI. Compounds 141 were obtained in 70-95% yields within 5-10 min
(025C2633).

Condensation of 140 with 3-methyl-1-phenyl-pyrazolin-5-(4H)-one was carried
out on alumina support and under solvent-free conditions using MWI to give
3-methyl-4-[(chromon-3-yl)methylene]-1-phenyl-pyrazolin-5-(4 H)-ones 142 in 59-87%
yields within 24 min (Scheme 28). The same reaction in refluxing dioxane using a
catalytic amount of triethylamine required 45 min to give lower yields (02SC497).

F. PYRIDINES

The f-formyl enamides 143 were condensed with cyanomethylenes under MWI in
the presence of basic alumina in dry media to give excellent yields (81-88%) of the
pyridine derivatives 146 within 810 min. The reaction has been envisaged to occur
via Knoevenagel condensation of cyanomethylenes with 143 to give intermediate
144, followed by intramolecular cyclization into 145, which then underwent a hyd-
ride shift from the N-acetyl group to the imino group followed by the loss of ketene
to give 146 (Scheme 29) (00TL3493).

The base-catalyzed solid-phase condensation through a Henry reaction of
p-formyl enamides 143 with nitromethane in the presence of pyrrolidine produced
pyridine derivatives 148 in 80-90% yields under MWI for 8-10 min. The conven-
tional heating in toluene for 8—10h gave lower yields (62-74%). The mechanism
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involved a reaction of nitromethane with the formyl group of 143 to give the in-
termediate 147, which underwent dehydration, followed by base-catalyzed cyclizat-
ion and aromatization with loss of water to afford 148 (Scheme 30) (04SL1309).

Ring opening of 1,3-dioxin-4-one derivatives 149 by benzyl alcohol under MWI in
a Synthewave system gave the expected benzyl esters 150 in quantitative yields,
which upon reaction with dimethylformamide-dimethylacetal (DMF-DMA) gave
the dimethylaminomethylene derivatives 151 in 40-80% yields. Treatment of 151
with amines under MWI gave compounds 152, which upon MWI in DMF cyclized
to give 1,6-disubstituted-4-oxo-1,4,5,6-tetrahydro-pyridine-3-carboxylic acid benzyl
esters 153 in 54-86% yields (Scheme 31) (04SC345). The sequence from the adduct
149 to 153 was also performed with classical heating, but the reaction times were
longer, yields were lower, and solvents were necessary (04SC345).

Derivatives of 2-amino-3-cyanopyridines 154 have been synthesized from the re-
action of arylidenemalononitriles 59 with a-methylene ketones in the presence of
ammonium acetate and traces of solvent under both classical heating for 5-6h in
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refluxing benzene to give 46-69% yields, and in o-dichlorobenzene under MWI for
3-3.5min to give 69—78% yields (Scheme 32) (98JCR(S)330).

A one-pot synthetic method for pyridines on a multigram scale was achieved from
a condensation between 2 moles of a f-keto ester and 1 mole of aldehyde under MWI
using bentonite clay as a support and ammonium nitrate as the source of ammonia
and oxidant. However, good yields of C-4 substituted pyridines 155 could only be
obtained when the aldehydes were aliphatic, but only 5% yield of 155 (R = Ph) and
75% yield of 156 were obtained when benzaldehyde was used. A number of 1,3-
dicarbonyl compounds including f-keto esters were used as building blocks for the
multicomponent Hantzsch synthesis (95T6511) whereby symmetrical 155 and 157
and nonsymmetrical pyridines 158 were synthesized (Scheme 32) (98TL1117).

Since the discovery of the pharmacological effects of the 1,4-dihydropyridines as
calcium channel blockers, a great deal of work has been directed toward the
synthesis of novel 1,4-dihydropyridines acting as calcium antagonists. The original
Hantzsch dihydropyridine synthesis under conventional conditions has been carried
out by heating aliphatic or aromatic aldehydes, a ff-keto ester 159, and ammonia for
prolonged reaction times, 10 h or more, to afford 161 in moderate yields (58JA992,
49JA4003, 91TL3839). Moreover, the same reaction using ammonia in boiling acetic
acid or alcohol gave moderate yields (47-77%) after long reaction times (824 h)
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(Scheme 32) (64M11, 01SC425). MWI has assisted the condensation of aldehydes
with 159 (R' = Et) and ammonia to give 1,4-dihydropyridines 161 in higher yields
(51-92%) and less reaction time (10-15min) (Scheme 32) (01SL1296). The same
reactants but in the presence of ammonium acetate under MWI gave the substituted
1,4-dihydropyridines 161 in 66-96% yields within 0.75-3 min (02SC659), and in
another report the vyields were 85-90% after 2.0-5.5min (Scheme 32)
(02JCS(P1)1845).

The 1,4-dihydropyridines 161 were also obtained in 60-77% yields when MWI
was used to induce the condensation of ethyl 3-aminocrotonate (160) with methyl
acetoacetate (159, R' = Me) and aldehydes without a solvent for 4-10min. The
substituents attached to the benzene ring of benzaldehyde may facilitate or retard the
condensation through their electronic effects (Scheme 32) (95SC857).

The reactions between enaminocarbonyl compounds and 4-ylidene-2-phenyl-
oxazol-5-(4H)-ones 162 yielded pyridine derivatives, but the experimental conditions
were restricted and required prolonged heating in chlorobenzene (85BSB849,
76MI1). When a mixture of 162 and ethyl 3-amino-2-butenoate 163 (R' = OEt)
was irradiated in a domestic MW oven for Smin, a quantitative yield of 164 was
obtained. The reaction was monitored by recording IR spectra so that optimization
of the power and time settings enabled the production of a quantitative yield of 164.
No solvent was employed and it was unnecessary to support the reagents on a
porous solid. When 4-ethoxymethylene-2-phenyloxazol-5(4H)-one 162 (R = OEt)
was used, the dihydropyridinone derivatives 165 bearing an ethoxy group in the
4-position lost ethanol and yielded pyridinones 166 (Scheme 33) (97SC3683).

Oxidation of 4-substituted 1,4-dihydropyridines 167 into the corresponding pyri-
dine derivatives 155 has been carried out using nitric acid supported on bentonite
without a solvent, under MWI. When the substituents (R) were hydrogen, methyl,
ethyl, n-propyl, and aryl groups, only dehydrogenated products 155 were obtained
within 1min, in 51.3-98.6% yields. Nitration of the aryl group did not occur as
under conventional thermal conditions, which required longer time and gave lower
yields. On the other hand, when the substituents (R) were isopropyl and benzyl
groups, aromatization occurred, accompanied by dealkylation to produce 156 in
87.4-91.4% yields (Scheme 34) (93TL623).

The oxidation of 167 with MnO,/bentonite was performed without a solvent to
give a mixture of 155 and 156, depending on the alkyl substituent in 9-100% yields
after irradiation for 2-10 min (Scheme 34). The ease of oxidation of the 4-substituted
dihydropyridines was found to be in the order R = H > alkyl>aryl (91SC2137).

A solid-phase oxidative method for the conversion of 1,4-dihydropyridines to
pyridines in good yields (76-90%) was carried out by employing phenyliodine(III)
bis(trifluoroacetate) (PIFA) at room temperature. The dealkylation at the 4-position
in the case of ethyl-, isopropyl-, and benzyl-substituted dihydropyridine derivatives
with PIFA was circumvented by using elemental sulfur in solvent-free conditions
under MWI for 5-7min, compared to 35min for the traditional heating to yield
products 155 and 156 in 68% and 85% yields, respectively (Scheme 34)
(99JCS(P1)1755).

When 2-iodopyridine 168 was treated with sulfur, oxygen, and carbon nu-
cleophiles (PhSNa, MeSNa, PhONa, PhCH,OH, and PhCH,CN) in an appropriate
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solvent under irradiation in a monomode MW reactor, the corresponding 2-sub-
stituted pyridines 169 were obtained in 36-99% vyields (Scheme 35). Nucleophilic-
displacement reactions of 2-bromo-, 2-chloro-, and 2-fluoropyridines were similarly
carried out. In order to compare the efficacy of MWI with conventional heating, an
HMPA solution of 2-bromopyridine and PhSNa was heated at 110 °C in an oil bath
for 40 s, whereby no traces of 2-phenylthiopyridine was found (02T4931). It is well
known that 3-halopyridines are less reactive than 2-halopyridines in nucleophilic
reactions; however, high yields (97-99%) of 3-phenylthiopyridine were attainable by
MWI of 3-iodopyridine or 3-bromopyridine with PhSNa in HMPA for 1-2.5min.
Moreover, the reaction of 3-fluoropyridine with PhCH,OH afforded 3-ben-
zyloxypyridine in 65-88% yields. Under MWI, 4-iodopyridine also reacted with
nucleophiles to give the corresponding 4-substituted pyridines in varied yields
(28-99%) (02T4931).

An efficient method for an aromatic nucleophilic-substitution reaction using a
solid-liquid transfer catalysis coupled with MWI was applied to the reaction of
halogenopyridine 168 with alkoxides or phenoxides in the presence of 18-crown-6 as
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a phase transfer agent (PTA) to give the corresponding alkoxy- or phenoxy-sub-
stituted pyridines 170 in 34-95% yields within 10-60 min (Scheme 35) (04H297).
Under classical heating, the substitution needed 4 h to give 10-70% yields (91H1947,
88TL773).

Suzuki coupling of halopyridines 168 with the nontoxic sodium tetraphenylborate
as phenylating agent and palladium acetate as catalyst in water or NMF as solvent
was performed in a Teflon closed vessel under MWI for 12 min to give 73-85% yields
of the respective 2- or 3-phenylpyridines 171 (Scheme 35). Better yields were ob-
tained in NMF, perhaps because the temperature gradient and the ionization of the
solvent are higher. Lower yields (42-53%) were obtained on heating in an oil bath
(01TL63Y).

N-(4-Pyridinyl)proline (173) was synthesized from a-methyl-L-proline (172) and
4-chloropyridine hydrochloride (168) in the presence of 2,4,6-collidine under MWI;
the yield was 40% within 15 min (Scheme 35). Conventional heating up to 180 °C for
prolonged periods in the presence or absence of a base gave no more than a 7% yield
(02TL6001).

Palladium-catalyzed aminations of aryl chlorides required reaction times ranging
from hours to 1 day; however, it can proceed in few minutes to give higher yield of
products by MWI. Rapid palladium-catalyzed aminations of azaheteroaryl chlorides
168 with arylamines have been achieved using temperature-controlled MW heating,
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to give 174 in good yields (75-89%) within 10min. 2-(Dicyclohexylphosph-
anyl)biphenyl (DCPB) was used as a ligand for the palladium catalyst and Pd(OAc),
was selected as the Pd(0) source (Scheme 35) (03SL1822).

The 4- and 6-substituted bis-pyridylamides 176 were prepared by direct nu-
cleophilic substitution of the 4- and 6-halo bis-pyridyl derivatives 175 by heating
with an appropriate nucleophile under MWI. Thus, a solution of the 4-chloro de-
rivative was heated with pyrrolidine in an MW cavity at 160 °C for 10 min to give the
respective 4-pyrrolidyl derivative in quantitative yield. Similarly, a suspension of the
6-bromo derivative was heated with MeONa in MeOH in the MW cavity at 140 °C
for 15min to give 6-methoxy bis-pyridylamide derivative in a quantitative yield
(Scheme 36) (02S1601).

Pyridylthioglycosides 179 were prepared in 40-88% yields by MWI of 2-
chloropyridines 178 with isothiouronium salts 177 in the presence of triethylamine
(Scheme 37). The reaction required 2-3 min instead of 68 h under classical heating
(05UP1).

The effect of MWI on aromatic nucleophilic substitutions of activated haloben-
zenes 181 with piperidine 180 (R = H) at atmospheric pressure and in a homoge-
neous medium was studied. The reactions were carried out in DMSO solvent and the
products 182 were obtained in 9-93% yields within 6 min—15h (Scheme 38). The
reaction rates were 3.8-5.0 times faster than conventional heating with comparable
yields (98TL2471).

A number of piperidine derivatives 180 have been rapidly methylated under MWI
using formic acid—formaldehyde mixtures in DMSO to give the N-methyl derivatives
183. Methylation was extremely rapid and was complete within 1-3 min, while it
required 24 h at 80 °C under conventional thermal conditions. The method was used
for the preparation of the corresponding deuterated compounds (Scheme 38)
(02TL9487).

Nucleophile
160 °C(MW), 10 min

or 140 °C(MW), 15 min

175 176
Scheme 36
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c 2
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AcO - = o)
AcO S. _NH, + [ BN MECR o N2 s~
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Nucleophilic substitution of the hydroxyl group in 4-hydroxy-6-methyl-2(1H)-
pyridones 184 using an excess of aralkyl amine without any solvent under MWI for
14-20 min gave the 4-aralkylamino-2(1H)-pyridones 185 in 60-91% yields. However,
under the same conditions, aliphatic and aromatic amines gave no reaction (Scheme
39) (99SL1747).

Regiospecific N- or C-benzylations of 2-pyridone (186) in solvent-free conditions
and in the absence of base were found to be controlled by the emitted power of the
MWTI and the halide group in benzyl halide. With benzyl chloride, N-alkylation was
the only reaction occurring after irradiation for 5min at 780 W. Using benzyl bromide,
a drastic change in selectivity occurred whereby C-benzylation took place at 450 W to
give 188, 189, and 190 (Scheme 39), whereas the N-benzylation to give 187 took place
on reducing the power to 150 W or by conventional heating. With benzyl iodide, MWI
led to exclusive C-benzylation with increased amounts of C-3 versus C-5 but no
reaction occurred under the same conditions using conventional heating (96CL333).
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Imidazo[1,2-a]pyridine derivatives are potent antirhinoviral agents, and the
N-alkylation reaction of 2-halopyridines has been considered as a route for the
preparation of 2-amino-imidazo[l,2-a]pyridine derivatives via 2-chloropyridinium
salts. When N-alkylation of 2-chloropyridines 191 occurred using chloromethyl al-
kylating agents in the presence of sodium iodide by irradiation in a focused MW
reactor for 35-40min, the corresponding pyridinium salts 192 were obtained in
48-91% yields (Scheme 39). The same reaction required heating at 165-170 °C for
20-100 h to give the corresponding pyridinium salts in 10-48% yields (99T2317).

Michael-type addition of 2(1H)-pyridones 193 to dimethyl acetylenedicarboxylate
(DMAD) was achieved by MWI for 4-5min to afford the corresponding E- and Z-
isomers of N-adducts 194 in 28-37% and 9-15% yields, respectively (Scheme 40)
(02JFC133).

The proposed mechanism suggested that the N-acyl group in 193 migrated to the
oxygen, and then a reaction in situ with DMAD took place at the nitrogen, followed
by a loss of ketene to give 194 (Scheme 40) (92T9111).

Pyridine 2- and 3-carboxaldehydes 195 with barium hydroxide and paraformal-
dehyde under MWI for 1-2 min gave the respective alcohols 196 as the major prod-
ucts (97%), in addition to the carboxylic acids 197 as minor ones (3%) (Scheme 41)
(98TL8437).

The important industrial pyridine nitriles 198 were prepared in 77-90% yields
under MWI of the corresponding carboxylic acids 197 in the presence of urea and
sulfamic acid, adsorbed on alumina support in dry media (Scheme 41) (96SC4545).

Thionation of 2- or 3-cyanopyridines 198 to the corresponding thioamides 199 was
carried out under MWI at 80 or 130 °C by using either NaSH or (NHy)»S in meth-
anol within 15-30 min.Ammonium sulfide provided thioamides in essentially quan-
titative yield rather than sodium hydrogen sulfide, which gave 30-46% yields,
although its reactions have a less unpleasant smell (Scheme 41) (04SL2615). At room
temperature, these transformations were achieved by stirring for 18 h.
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A heterogeneous mixture of primary amide 200 and a catalytic amount of dibutyltin
oxide in dry toluene was subjected to MWI for 10-15min to give nitrile 201 in 95%
yield (Scheme 42). Under conventional heating, the reaction required a reflux overnight
in toluene. In contrast to the thermal conditions, dehydration under MWI did not need
strong dehydrating or expensive reagents and the reaction could be easily performed in
a large scale under neutral conditions. The reaction occurred with the production of
n-Bu,SnO as by-product, again introduced in a catalytic cycle (99JOC1713).

Dehydration of aldoximes to nitriles is an important transformation in organic
synthesis. Most of the classical methods of dehydration required an excess of sol-
vents and the catalyst remains as a waste (785702, 80S659). However, zeolites or clay
are reported as reusable catalysts but they required harsh reaction conditions and
longer reaction time (925943). Recently, nitrile 201 was isolated in 60% yield when a
mixture of the aldoxime 202 and tetrachloropyridine (TCP) adsorbed on alumina in
a Pyrex test tube was subjected to MWI for 4.5 min (Scheme 42). TCP represented a
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new catalyst for the dehydration of aldoximes to nitriles and it can be recovered and
reused (02SC2391).

Reaction of 2,6-diacetylpyridine (203) with two equivalents of N,N-dimethyl-
formamide dimethyl acetal (204), under MWI for 6 min, gave 2,6-bis(3-dimethyl-
amino-1-oxoprop-2-enyl)pyridine 205 in >95% yield (Scheme 43). This reaction was
usually performed by refluxing the reactants for several hours (01S55).

Hydrosilylation of 2-vinylpyridine 206 with methyldichlorosilane and CuCl in the
presence of TMEDA (18 h at 180 °C) with or without Et;N gave a low yield (5%) of
207, whereas the reaction with MWI for 3 min afforded the product, isolated as the
diethoxysilane derivative 208 in a good yield (75%). Similarly, 4-vinylpyridine 206
gave product 208 in 71% yield after 10 min as opposed to 50% yield after 16h of
conventional heating (Scheme 43) (91TL5251).

A facile synthesis of tris(2,2’-bipyridine)ruthenium(II) perchlorate trihydrate 209
in 86% yield has been developed by a reaction of 2,2'-bipyridine with ruthenium(III)
chloride trihydrate in ethylene glycol within 20 min under MWI, followed by a
reaction with NaClO, (Scheme 44) (94CL2443); conventional heating required 4 h.
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A MWe-assisted condensation of heterocyclic amines 210 and salicylaldehyde un-
der solvent-free conditions afforded the corresponding salicylaldimines 211 within
0.5-4 min in 65-95% yields (Scheme 44) (02SC2395).

Pyridyl substituents linked to benzimidazoles were prepared by the condensation
of hetero arylcarboxylic acids 212 with 1,2-phenylenediamine in the presence of
PPA. When the reaction mixtures were subjected to MWI for 2-4 min, imidazoles
213-215 were obtained in 61-97% yields (Scheme 45). Conventional heating gave
comparable yields, but after a longer time (4-16h) and with twice the amount of
PPA (03H1457).

G. Fusep HETEROCYCLES INCORPORATING PYRIDINE RINGS

[3 +2]-Cycloaddition of 4,4’-bipyridinium ylides 218, generated in situ from 4,4'-
bipyridine and substituted phenacyl bromides 216 via 4,4'-bipyridinium diquaternary
salts 217, with activated alkynes has been achieved under solvent-free conditions and
in the presence of basic catalyst KF on alumina within 7-10 min by MWI to give
7,7'-bis-indolizines 220 in 81-93% yields via intermediate 219 (Scheme 46). On
heating in benzene (or in benzene and N-methylpyrrolidone (NMP)), the reaction
times were longer (3—6 h) and the yields were lower (50-59%) (00SL1013).

Intramolecular Diels—Alder reaction of the 2-cyano-substituted N-alkyl azadiene
221 to indolizidine 222 (70%) was carried out under MWI within 14 min (Scheme
47). This conversion took place on heating in benzene overnight in a sealed tube to
give a 90% yield (97JOC2098).

The reaction of pyridinium N-dicyanomethylide 223 with ethyl phenylpropiolate
224 (R = CO,Et), under solvent-free conditions using MWI afforded a mixture of
the two possible regioisomers 225 and 227. Reaction was performed in a monomode
reactor in order to have an accurate control of temperature to prevent the decom-
position of 223. The best results (84-87%) were obtained using a molar ratio of
ylide:dipolarophile 1:1.5 or 1.5:1 and irradiation at 120 W over 25min at 150 °C
(Scheme 48). Yields were increased from 61% to 87% when compared with con-
ventional heating. Reactions in the presence of different supports were performed
under MWI; the best selectivity was obtained using neutral bentonite or silica gel.
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The reaction with phenylacetylene 224 (R = H) under similar conditions gave a
mixture of regioisomers 226 and 228 in 24% yield (Scheme 48), which increased up
to 46% with increasing irradiation time to 60 min (94H785).

A one-pot y-carboline synthesis was carried out by MWI of 4-chloroazines 229
with benzotriazoles 230 in the absence of a solvent to give 231 within 7-10 min.
Subsequent irradiation for 4—6min in the presence of pyrophosphoric acid gave
v-carboline 232 in 30-81% vyields (Scheme 49). Under conventional heating at



Sec. 11.G] MICROWAVE IRRADIATION 33

Ph
X MW, 120 W Za— = N=
| + Ph—R —Ph + R
N/ 150 °C, 25 min XN N
N CN CN
NC” = CN
223 224 225 R = CO,Et 227 R = CO,Et
226 R=H 228R=H
Scheme 48
Cl
=
= ‘ R

N” R 1 h
229 R N R SN
" MW, 7-10 min °N HoP,0; ]
R L LG N Tararr
Rl . R2 N  MW,3-7min R2 NN
bow : “
R? N ‘

\S
H N R
230 231 232
N
NQ H X
N. O HCO,H ‘ |
Q/ H MW, 2 min N NH
X H o
233 234
Scheme 49

150-210 °C, the formation of 231 and 232 took 15-30 min and 1.5-2 h, respectively,
to give comparable yields (93TL2673).

Dry media conditions were found to be unsuitable for effecting Fischer cyclizat-
ions of preformed arylhydrazones 233 in an MW oven. Thus, when 233 (X = H) was
heated in an MW oven with montmorillonite KSF or silica gel, either in a sealed
glass vessel or in an open vessel, only the starting material was isolated. However, the
reaction can be achieved by heating 233 with formic acid in the Teflon cup of a Parr
MW bomb in an MW oven for 2min to give 234 in 73-88% yields (Scheme 49)
(92SL.795).

A solventless one-pot reaction to generate imidazo[l,2-a]pyridines was done by
MWTI of a mixture of aldehyde, alkyl isocyanide, and 2-aminopyridine 235 (R = H)
in the presence of montmorillonite K;q clay. The products 236 (R = H) were ob-
tained within 3-3.5 min in 82-88% yields (Scheme 50). However, under conventional
conditions by stirring in acetic acid overnight, some unreacted starting materials
were obtained and also in a traditional oil bath no products were obtained owing to
the volatile nature of the reactants, especially isocyanides (99TL7665).
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A variety of fused 3-aminoimidazoles were synthesized under MWI by an Ugi
three-component coupling reaction. Thus, the reaction of 2-amino-5-methyl or
2-amino-5-bromopyridine 235 (R = Me, Br) with 2-naphthaldehyde or pyridine-2-
aldehyde and isocyanide using scandium triflate as catalyst was carried out in meth-
anol solvent under MWI for 10 min to afford the respective imidazo[1,2-a]pyridine
236 in 50-93% yields (03TL4369).

Oxazolopyridines 239 have been prepared by intramolecular cyclization of hy-
droxyamidines 237 in dimethylacetamide (DMAC) via intermediate 238; 55-88%
yields were obtained by classical heating (5-15h) or MWI (0.5-7h) (Scheme 51)
(0352033).

A mixture of 240, alkyl halide, and triethylamine was exposed to MWI in dry
DMF to afford 241 in 70-89% vyields within 3—7 min (Scheme 51). Conventional
heating at 140 °C gave 241 in 15-29% yields within 40-48 h (02H1881).

[4+2]-Cycloaddition between electron-rich 6-[(dimethylamino)methylene]lamino-
1,3-dimethyl uracil 242 and various electron-deficient substrates such as quinones
243 and coumarins 244 was considered to take place by elimination of dimethyla-
mine from the respective cycloadducts, followed by oxidative aromatization in a
highly regiospecific manner to give pyrido[2,3-d]pyrimidines 245 and 246, respec-
tively (Scheme 52). Heating in DMF/nitrobenzene required 4-5.5 h, but under MWI
and solvent-free conditions, the times were reduced to 6—7 min and the yields were
increased from 70-80% to 85-94% (04SL1179).

The 6-aminouracils 247 or 6-hydroxyaminouracils 248 reacted with tricthyl or-
thoformate and R*CH,CN in the presence of acetic anhydride to give pyrido[2,3-
dpyrimidines 249 or pyrido[2,3-d]pyrimidines N-oxides 250, respectively, in 55-90%
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yields within 2-8 min (Scheme 53), while it required 3—-6 h under thermal conditions
to give 35-50% yields (04SL283).

The 5-deaza-5,8-dihydropterins 253 were synthesized by the cyclocondensation of
2,6-diaminopyrimidin-4-one (251) with carbonyl compounds 252 and different al-
dehydes in the presence (for aromatic aldehydes) or absence (for aliphatic aldehydes)
of ZnBr,. Under MWI, compounds 253 were obtained in 43-91% yields within
20 min at 160 °C, but under conventional heating at 110 °C, 253 were obtained after 3
days in 14-86% yields (Scheme 54) (02SL1718).

The pyrazolo[3,4-b]pyridines 257, 258, and 259 were constructed by Diels—Alder
cycloaddition of the 2-azadienes, alkylidene derivatives of 5-aminopyrazole 254 or
255, with nitroalkenes 256 as electron-poor dienophiles under MWI and solvent-free
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conditions at atmospheric pressure in a focused MW reactor. They were obtained in
good yields within 5-20 min, avoiding the polymerization or decomposition of the
diene pyrazole, which occurred on classical heating. Cycloaddition of 255 with 256
took place preferentially by loss of H, to afford 258 as a major product whereas
adduct 259, obtained from the loss of HNO,, was a minor product (Scheme 54).
Changing the irradiation time to favor the elimination of HNO, was unsuccessful
and a similar product ratio was obtained in all attempts. The method was extended
to other derivatives (98SL1069, 00T1569).

Equimolar amounts of compounds 260, 261, and aryl aldehydes were irradiated in
an MW oven for 15-20 min to give dihydropyrido[2,3-d]pyrimidin-4(3 H)-ones 262 in
70-75% yields. Under reflux in absolute ethanol for 40—48h, products 262 were
produced in 21-25% yields. Formation of 262 was assumed to take place through a
Michael-type addition of 260 to the activated double bond of the ben-
zylidenebenzoylacetonitrile 263, produced in situ by a Knoevenagel condensation
between 261 and aryl aldehydes to give adduct 264, which upon cyclization gave 265;
dehydration produced 262. Compound 265 was isolated as a stable hydrated inter-
mediate when aminopyrimidines 260, benzoylacetonitrile 261, and aryl aldehyde
were irradiated under MW for 8—12 min, but further irradiation for 6-10 min gave
compound 262 (Scheme 55) (01TL5625).

The reaction of 6-amino-1,3-dimethyl-5-formyluracil 266 with N-phenylmaleimide
under MWI for 6 min gave pyrido[2,3-d]pyrimidine 267 in 85% yield (Scheme 56)
(04TL2405).
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H. QUINOLINES, ISOQUINOLINES, AND THEIR FUSED RINGS

The condensation between acetophenones 269 and 2-aminoacetophenones or
benzophenones 268 under MWI in the presence of diphenylphosphate (DPP) as
acidic catalyst gave the corresponding quinolines 270 in 50-85% yields within 4 min.
When the reaction of 269 (Ar = Ph) with 268 (R = R' = H) was carried out in a
preheated oil bath for the same time (4 min) (Scheme 57), it proceeded slowly at
108 °C to give 15-24% yields, whereas a 70% yield was obtained after 330 min at
136 °C (03TL255).

Michael addition of the aromatic amines to the vinyl ketones followed by sub-
sequent cyclization and aromatization under catalysis by silica gel impregnated with
indium(IIT)chloride has been successfully achieved under MWI to give the corre-
sponding quinolines. Conventional heating produced polymerization of the vinyl
ketones that drastically reduced the yield (00TL531). Thus, quinolines 273 were
prepared in 55-87% yields by reacting anilines 271 with alkyl vinyl ketones 272 by
irradiation in an MW oven for 5-12min (Scheme 57).
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The cyclization of a variety of substituted anilines 271 with ketones 274 in the
presence of scandium trifluoromethane sulfonate under MWI at 150 oC produced
2,2,4-substituted 1,2-dihydroquinolines 275 within 50 min in 30-79% yields. Under
conventional conditions at room temperature for about 2-6h, the yields were
59-98% (Scheme 57) (02TL3907).

The conversion of 2-azidobenzophenones 276 into the corresponding 2-amino-
quinolines 279 in 57-100% yields was achieved by irradiating a mixture of 276,
aldehydes 277, and secondary amines 278 in DCE under MW for 10 min (Scheme
57). Thermal heating in p-xylene or toluene for 4-24h produced the products in
10-52% yields (02TL581).

The functionalized amine 282 was prepared in 96% yield under MWI from
3-chloro-4-fluoroaniline (281) and diethyl ethoxymethylenemalonate within 40s;
conventional heating required 6—7 h. It was cyclized to quinolone 284 using acidic
alumina within 1-1.5min (00M1207). On the other hand, the cyclization of 282 in
PPA under MWI for 3min yielded the respective ester 283, which upon alkaline
hydrolysis under MWI for 4-5 min afforded 284 in 78% yield (Scheme 58) (98M961).
Nucleophilic substitution of the chlorine in 284 with mercapto-substituted 1,3.,4-
thiadiazoles and oxadiazoles 285 on a solid phase using basic alumina under MWI
gave the substituted-carboxylic acids 286 within 60-90s in 90-96% yields (Scheme
58). This nucleophilic reaction needed longer time (3—5min) and gave lower yields
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(70-78%) in solution (00M1207). The reaction in the presence of K,CO; and DMF
under MWI required 4-5min to give 50-72% yields (98M961). Under conventional
conditions, it took 9-15h to give 59-65% yields (80TL5011).

Intramolecular cyclization of 4-(3-chloro-4-fluoroanilino)pent-3-en-2-one (287),
adsorbed on acidic alumina, under MWI for 210s gave 7-chloro-6-fluoro-2,4-dime-
thylquinoline (288) in 94% yield. Displacement of chlorine in 288 with mercapto-
thiadiazolyl or oxadiazolyl group to give quinolines 289 in 94-98% yields was
carried out by irradiation under MW for 135-180s in the presence of basic alumina
(Scheme 59) (00MI2).

Classical heating failed to cyclize methyl 2-(3-oxo-3-phenylpropenylamino)ben-
zoate (290) into 3-benzoyl-1H-quinolin-4-one 291. However, the cyclization was
successfully achieved by heating 290 for 5min in an MW oven to give 291 in a 70%
yield (Scheme 59) (04JHC1).

MW-assisted synthesis provided an efficient way to prepare a variety of 3-aryl-4-
hydroxyquinolin-2(1 H)-ones 294 by irradiating a mixture of aniline derivatives 292
and malonic ester 293 under solvent-free conditions in an MW oven. Optimal con-
ditions for the irradiation were found to be 15min at 500 W. The yields (13-94%)
were found to be strongly dependent on the relative amounts of the starting ma-
terials and on the presence of electron-donating or -withdrawing groups on the
aniline ring (Scheme 59) (01TL1367). This reaction required many hours at reflux in
a high boiling organic solvent (88JHC857).

MWTI has successfully accelerated the condensation of isatins 295 with a number of
ketones in alcoholic KOH, whereby quinoline-4-carboxylic acids 296 were obtained
in 50-96% yields within 12.5min. Esterification of 296 (R' = R? = H; R* = Ph) with
ethanol in the presence of a catalytic amount of conc. H,SO4 under MWI took
10 min to give ethyl 2-phenylcinchoninate 297 in 94% yield. Under MW activation,
the ester 297 was transformed into the hydrazide 298 in 80% yield after 6 min
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(Scheme 60). On the other hand, isatin 295 (R' = H) was acetylated with acetic
anhydride by irradiation for Smin to give N-acetylisatin 299 in 70% yield, which
then was irradiated by MW for 3 min with aqueous NaOH to give 2-hydroxyquino-
line-4-carboxylic acid (300) in 65% yield. When a mixture of 295 and malonic acid in
the presence of acetic acid was irradiated for 15 min, 300 was obtained in 68% yield.
Esterification of 300 to the ethyl ester 301 and its subsequent transformation to
hydrazide 302 were carried out under MWI within 6-10 min to give 99% and 92%
yields, respectively (Scheme 60) (05SC2243).
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Upon MWI of 2’-aminochalcones 303 adsorbed on montmorillonite K, clay for
1.5-2min, exclusive formation of 2-aryl-1,2,3,4-tetrahydro-4-quinolones 304 took
place in high yields (70-80%) (Scheme 61) (97SL857). Similarly, the car-
bazolylquinolone 306 was prepared in 75% yield by the cyclization of 305. Under
conventional conditions and in the presence of catalysts (InCl;, In(OTf);, KHSO4 or
PPh;- HCIOy), longer reaction times (1-2h) were required to give lower yields
(41-55%) (04S1269).

The 4-substituted 7,7-dimethyl-2,5-dioxo-1,2,3,4,5,6,7,8-octahydroquinolines 307
were obtained in 60-75% vyield by heating equivalent amounts of dimedone (58),
aromatic aldehyde, Meldrum’s acid 100, and ammonium acetate in acetic acid for
8 h. When the reactants without acetic acid were MW irradiated for 3—5 min, higher
yields of 307 (72-86%) were obtained (Scheme 62) (01SC2657).

On the other hand, decahydroacridine derivatives 308 were obtained under MWI
and solvent-free conditions by the reaction of 2 moles of dimedone (58) with 1 mole
of the aromatic aldehyde in the presence of ammonium acetate supported on neutral
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or basic alumina and a catalytic amount of DMF. The products were obtained in
good yields (50-90%) within 1-6 min (Scheme 62), whereas conventional heating
under reflux in ethanol required 1-2h to give comparable yields (99H21).

However, higher yields (85-92%) of 308 were obtained within 4-7 min under
MWTI in the presence of (NH4)HCO3 without solid supports and an energy transfer
medium (Scheme 62) (02SC2181).

When aldoximes 309 reacted with dimedone 58 in the presence of ammonium
acetate under MWI, they gave acridines 308 in 80-92% yields within 5-6 min. These
reactions may occur through a Michael addition of dimedone 58 to 309 to give the
intermediate 310, which on elimination of hydroxylamine gave 313. Then Michael
addition between 311 and 312, resulting from dimedone 58 and ammonium acetate,
produced 313, which isomerized and cyclodehydrated to give 308 (Scheme 63)
(04SC1289).

When a mixture of 2-aminobenzophenone (314) and 1,3-cyclohexanedione (315)
was adsorbed on montmorillonite KSF clay and irradiated in an MW oven for 5 min,
acridine derivative 316 was obtained in 62% yield (Scheme 64). The yield was re-
duced on prolonged irradiation owing to thermal decomposition (99SC4403).
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Diels—Alder cycloaddition of 4,6-dimethyl-1,2,3-triazine (317) with enamines 318
was performed under MWI at 140-150°C in a focused MW reactor to give the
corresponding heterocyclic products 319 within 20min and in 32-71% yields
(Scheme 65); the conventional method needed 1-2h. The relatively modest yields
were explained by the poor thermal stability of the 1,2,3-triazines and enamines
(01SL236).

Pyridine derivatives 155, 321, and 322 were obtained in one step by the reaction of
aldehydes, f-keto ester, and cyclic 1,3-diketones 320 under MWI by using bentonite
clay as a support and NH4(NO;) as the source of ammonia and as oxidant (Scheme
65) (98TL1117).

Cyclization of 2,6-diarylidenecyclohexanone 323 with malononitrile in the pres-
ence of sodium hydroxide in methanol was carried out under MWI for 5-10 min to
give quinoline derivatives 324 in 91-98% yields (Scheme 65). The reaction required
3 h under classical heating to afford 324 in 70-85% yields (01MI3).

A simple and efficient synthesis of 2-amino-3-cyanopyridines 326 was carried out
through the reaction of arylidenemalononitriles 59 with cyclic ketones 325. The
reaction under MWI in the presence of AcONH,, without or with a trace of solvent,
gave 326 in 42-78% yields within 3.5—4.5min (Scheme 66), while the synthesis re-
quired 5.5-6 h, in refluxing benzene, to give lower yields (46—55%) (98JCR(S)330).
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A general method of producing 9-alkyl and 9-arylacridines involved the Bernthsen
reaction by heating diphenylamine, an aliphatic or aromatic carboxylic acid, and
ZnCl, at 200-220°C over a long period; the yields were rather low, up to 30%
(1884M11). Graef modified this method by using esters or chlorides of dicarboxylic
acids (46JOC257). MWI has successfully assisted the synthesis of 9-substituted ac-
ridine derivatives 328 from diphenylamine and the appropriate dicarboxylic acids or
arylacetic acids, catalyzed by zinc chloride, in a much shorter reaction time, from
20—40h to 3.5-6 min, to afford good yields (50-80%) (Scheme 66) (02SC729).

Meantime, similar results were achieved in another publication by reacting di-
phenylamine with a series of alkylcarboxylic acids in the presence of zinc chloride
under MWI for 5-6 min to give the corresponding 9-alkylacridines 328 in 63-87%
yields (02H1299). Long-chain octadecanoic acid has a longer reactivity that upon
irradiation for 22 min resulted in only a 37% yield of 328. Moreover, arylcarboxylic
acids are less reactive than alkylcarboxylic acids. In particular, the reaction of
2,6-dimethoxybenzoic acid with diphenylamine did not produce the corresponding
acridine. The possible mechanism may involve the formation of the amide 327,
followed by the rearrangement of its acyl group to the o-position of the phenyl ring
and subsequent dehydrative cyclization to afford 328 as a final product (Scheme 66)
(02H1299). For comparison, the reaction of diphenylamine with acetic acid in the
presence of zinc chloride under conventional heating at 200 °C gave 328 (R = Me) in
82% yield after 8 h, while under MWTI it required only 5 min (Scheme 66) (02H1299).

A one-pot synthesis of pyrimido[4,5-b]quinolines 330 under MWI involved
the reaction of 1,3-diaryl-2-thiobarbituric acids 329, the appropriate aldehyde, and
N-methylaniline to give 72-88% yields after 2min, compared to 1.5-2h under
conventional thermal conditions. However, compounds 330 were prepared by
cyclizing the arylidene derivatives 331 with N-methylaniline under MWI for 2-5 min
(Scheme 67) (97JCR(S)266).

Rearrangement of pyrrolo[2,1-¢][1,4]benzodiazepine-5,11-diones 332 (n = 1) and
pyrido[2,1-¢][1,4]benzodiazepine-6,12-diones 333 (n = 2) into 5-chloro-1,2,3,4-tetrahy-
dro-benzo[/][1,6]naphthyridine 334 and 6-chloro-2,3,4,5-tetrahydro-1H-azepino
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[3,2-c]quinoline 335 in 43-53% and 28-45% yields, respectively, occurred in the pres-
ence of POCI; and a catalytic amount of pyridine under MW heating for 105 min
(Scheme 68). The rearrangement occurred also under conventional heating conditions,
but with a significantly lower rate (5h) (00T1361). Based on analytical data, the
structures cyclopentabenzodiazepine 336 and dibenzodiazepine 337 were initially pro-
posed for the rearranged products (95TL6673). However, X-ray diffraction analysis
revealed that the structures have a quinoline and not a benzodiazepine skeleton
and demonstrated benzonaphthyridine and azepinoquinoline structures 334 and 335,
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respectively. Treatment of 334 and 335 (R = R' = H) with N-methylpiperazine in
DMEF at 240 °C in a sealed tube under MWI for 60 min gave amidines 338 and 339 in
68% and 40% yields, respectively (00T1361).

The MW-enhanced Goldberg reaction of 3,4-dihydro-1H-quinolin-2-one (340)
with bromobenzene produced 1-phenyl-3,4-dihydro-1H-quinolin-2-one 341 within
30min at 200 °C, followed by 1h at 190 °C (Scheme 69) (02TL1101); 4h were re-
quired under conventional heating.

The substitution reaction of 2-chloroquinoline 342 with 1.2-4.0 equivalents of
PhSNa, MeSNa, EtONa, MeONa, and PhNH, in NMP or HMPA solvent was
carried out by heating in a monomode MW reactor at 70120 °C for 30-360 s to give
the corresponding 2-substituted quinolines 343 in 66-99% yields (Scheme 69). Sim-
ilar reactions were performed on 3-bromoquinoline 342 by MWI at 90-120 °C for
35-240s to give 3-substituted quinolines in 30-98% yields (02T1125); the substitu-
tion reaction of 3-bromoquinoline with PhSNa by conventional heating at 165 °C for
7.5h gave a low yield (18%) of 3-phenylthioquinoline (83JOC4214).

Basic alumina catalyzed C—C bond formation between 2-hydroxy-1,4-naphthoqui-
none 345 and 2-chloroquinoline derivative 344 in CH,Cl, under MWI for 120-165s
to give 346 in 94-98% yields (Scheme 69) (00MI2). Conventional heating required
4-6h to give 70-82% yields (80TL5011).

Ethers are generally prepared by the Williamson reaction. Although the phase
transfer catalysis technique has been successfully used, it required a long reaction
time. However, when MWI was applied to the reaction of 8-hydroxyquinolines 347
with organic halides, it proved to be very simple and afforded fair to good yields
(54-91%) of the respective ethers 348 (Scheme 70) (98SC2407).
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A one-pot method for the synthesis of azo dyes in high yields by using MWI for a
very short time in the absence of solvent was developed. Thus, an equimolar mixture
of the aniline derivatives 349, sodium nitrite, potassium hydrogen sulfate, and
8-hydroxyquinoline 347 (R = H) was irradiated for 30-60s in an MW oven,
followed by addition of a drop of water to give about 80-85% yields of the azo dyes
350 and 351 (Scheme 70) (00SC829).

The Mannich reaction involving the aminomethylation of electron-rich com-
pounds without any solvent in the presence of acidic alumina under MWI gave good
to excellent yields (00SC69). Thus, a mixture of 6-hydroxyquinoline (352) with a
secondary amine, formaldehyde, and acidic alumina was irradiated 3 times, each
time for 30s and with 5min intervals to give the aminomethylated products 353 in
46-98% yields (Scheme 71).
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Silica gel catalyzed the reaction of 2-methylquinolines 354 with acyl chlorides
under solvent-free conditions using MWI to give 2-ketomethylquinolines 355 in
53-91% yields within 4min (Scheme 71). The reaction of 2-methylquinoline 354
(R' = H) with benzoyl chloride without irradiation was unsuccessful at room tem-
perature and at 200 °C (01TL4363).

The chlorination of a side-chain methyl group of substituted quinolines 356 by
using sodium hypochlorite under MWI gave the corresponding chloromethyl deriv-
ative 357 in 90-96% yields (Scheme 71) (98JCR(S)586).

The reaction of the acylhydrazones 358 with chloroacetyl chloride in the presence
of triethylamine under MWI gave the corresponding f-lactams 359 in 70-78% yields
within 5.5-7.5 min (Scheme 72). Under conventional heating, it required longer times
(5-8h) to give lower yields (55-62%) (00MS5).

Acceleration of the N-alkylation of acridine derivatives 360 and 361 with 1,3-
propane sultone (362) took place on irradiation for 15-60s in an MW oven to give
the N-(3-sulfonatopropyl)acridinium inner salts 363 and 364, respectively. The yields
(68-81%) were good to excellent with minimal side reactions (Scheme 73), while the
conventional conditions required heating at > 100 °C for 1-4h (98TL9587).

The MW-assisted Heck reaction of 365 and 366 in MeCN and in the presence of
Pd(OAc),, PPh;, and Et;N at 125°C for 2h gave the spirocyclic products 367 and
368, respectively, in excellent yields (91-98%), with high diastereoselectivity (Scheme
74) (04TL417). Under conventional conditions, analogs of such spirocyclic systems
have been prepared with longer times (18h) and lower yields (73-76%)
(87JOC4130).

The Bischler—Napieralski reaction (1893CB1903) of the amides of B-phenethy-
lamides 369 gave 3,4-dihydroisoquinolines 371 in high yields on heating in toluene or
xylene for several hours in the presence of POCI; or P,Os. When a toluene solution
of amide 369 and POCI; was irradiated in an MW oven for several minutes, acy-
lamidine 372 (R = Ph) and only traces of the desired 3,4-dihydroisoquinoline 371
were obtained (Scheme 75). On the other hand, when a chlorobenzene solution was
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irradiated for 2-4 min at 110-120 °C, the product was a mixture of 371 and 372 in a
ratio 40:60. That ratio was reversed to 90:10 by using o-dichlorobenzene solvent to
give 371 in 72% yield (91JOC6968).

Selective formation of 3,4-dihydroisoquinolines or isoquinolines from N-sulfonyl
tetrahydroisoquinolines 373 supported on KF/alumina was achieved under solvent-
free conditions using MWI depending on the irradiation time. When the irradiation
time was 10-20s, dihydroisoquinolines 374 were obtained in 60-92% yields while
increasing irradiation time to 20-120s, isoquinolines 375 were obtained in 49-86%
yields (Scheme 75). Conventional heating of 373 with KF/Al1,03 in toluene afforded
the corresponding 3,4-dihydroquinoline after 48 h reflux (02SL907).

o-Bromobenzaldehyde (376) reacted with allylamine under solvent-free conditions
in the presence of montmorillonite KSF with MWTI to give the corresponding Schiff
base 377 in a quantitative yield within 5 min. It was then reacted with homophthalic
anhydride in chlorobenzene/anisole under MWI to afford 379 after 6.5min. The
carboxylic group was esterified with Etl under MWTI to give 380 in 61% yield within
Smin. De-esterification under MWI using LiCl in DMF/DMSO was accompanied
by decarboxylation to give 381 in 68% yield within 7min (Scheme 76) (02S1578).
Under conventional heating at 115 °C, the process required an hour (98H639).
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Nucleophilic-substitution reactions of 4-bromoisoquinoline (382) with thiolate
and alkoxy ions were completed within 35-600s under MWI to give the corre-
sponding 4-substituted isoquinoline 383 in 53-98% yields (Scheme 77) (02T1125).

The reaction of 1,2,3,4-tetrahydroisoquinoline-1,3-dione (384) with aromatic al-
dehydes on the basic catalyst KF on alumina without a solvent, under focused MWI
gave 4-(arylmethylene)-1,2,3,4-tetrahydroisoquinoline-1,3-dione 385 as the only
Z-isomer within 6min in 72-94% yields (Scheme 77). This stereochemistry
corresponded to the thermodynamically more stable isomer according to AM1 cal-
culations. However, the reaction was slow with hindered aldehydes such as
2,6-dichlorobenzaldehyde whereas prolonged MWI caused degradation of the prod-
uct (98SC3195). The reaction took place slowly at room temperature, but it was
generally incomplete after 24 h.

An intramolecular aza-Wittig reaction in 3-(o-azidophenyl)-1-methyl-1H-quino-
lin-2-one (386) by using trimethylphosphine in refluxing nitrobenzene for 24 h gave
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the alkaloid cryptotackieine 388 in 24% yield. A better yield (40%) and shorter
reaction time (30 min) were achieved under MWI (Scheme 78) (99TL7275, 01T6197).

MW promoted methylation of 6 H-indolo[2,3-b]quinoline (387) with dimethyl sul-
fate in DMF at 140°C to provide 388 in 75% yield within 5min (Scheme 78)
(99S326).

Intramolecular cyclization of hydroxyamidines 389 by heating or MWI gave the
oxazoloquinolines 391 in 85-96% yields (Scheme 79). The reaction time was reduced
under MWI from 5 to 1h without significantly affecting the yields (03S2033).
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Cyclocondensations of 1-cyanomethylene tetrahydroisoquinoline (392) with
o,f-unsaturated aldehydes were assisted by MWI to afford 6,7-dihydro-4 H-ben-
zo[a]quinolizines 393 in 72-85% yields within 4min (Scheme 79). But under
conventional conditions, compounds 393 were produced in 65-70% yields after
2-5h heating. On the other hand, base-catalyzed cyclization of 392 with o,f-un-
saturated aldehydes was carried out at room temperature to give 394, which
underwent acid-catalyzed dehydration to 395 on treatment with AcOH/AcOEt. The
marked difference between the two reactions may be due to the different nucleophilic
character of the nitrogen and the C-1’ carbon atoms in 392, whereby in the absence
of the base, the nucleophilic addition of the carbon atom to the carbonyl group was
favored and the ring closure gave 393 (03SL250).

Tetrahydroindolizinediones 397 reacted with 2-aminobenzaldehydes 396 on heat-
ing under reflux in acetic acid for 8h to give indolizino[1,2-b]quinolines 398 in
31-51% yields. Under MWI, the yields were improved (57-91%) perhaps owing to
the shortened reaction times (15min) that limited any degradation of unstable re-
actants (Scheme 80) (02SL2077).

1,2,3,4-Tetrahydro-B-carbolines, important structural elements of many try-
ptophan-derived natural alkaloids, showed a broad spectrum of pharmacological
activities. One-pot cyclocondensation of polymer-bound tryptophan 399 with differ-
ent aldehydes and ketones in CHCIj; in the presence of p-toluenesulfonic acid (PTSA)
as catalyst were carried out under MWI to give polymer-bound 1,2,3,4-tetrahydro-f-
carboline derivatives within 15min. Subsequent reaction with KCN in MeOH at
room temperature gave 400 in 87-96% yields (Scheme 80). When cyclization
was carried out under reflux in CHCI; for 15min using identical stoichiometry, no
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product was formed, but the cyclized products were produced in a quantitative yield
after 6 h reflux (02SL1709).

A common method for the synthesis of condensed pyrazoles involves the reaction
of f-chlorovinylaldehydes with hydrazine hydrate or phenylhydrazine. Thus,
pyrazolo[3,4-b]quinolines 402 were prepared in 44-82% yields from 2-chloro-3-
formylquinolines 401 and hydrazine hydrate or phenylhydrazine in refluxing ethanol
within 5-7h (940PP383). The reaction in the presence of PTSA and MWI gave
higher yields (78-97%) within shorter times (1.5-2.5min) (Scheme 81). When solid
supports, including silica gel, alumina, montmorillonite K3, or HCOOH/SiO, were
used, lower yields (10-43%) were obtained (01TL3827).

Condensation of 403 with aromatic aldehydes in the presence of ZnCl, produced
the corresponding 4-arylidenepyrazole derivatives 404 in 50-75% yield after 5-8h
heating at 140-150°C. However, when the reaction was done under MWI for
5-7min, the products were identified as 1H-pyrazolo[3,4-b]quinolines 405 and not
404 albeit in lower yields (40-71%) (Scheme 81) (00MI4). Reaction of 407 with
pyrazolones 406 gave 408 (99SC4403).

Condensation of 2-hydrazino-4-methylquinoline (409) with aromatic aldehydes
under MWTI led to 2-arylidenehydrazino-4-methylquinolines 410 in 95-98% yields;
cyclization to 1,2,4-triazolo[4,3-a]quinoline derivatives 411 (85-92%) was also
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achieved under MWI for 5-6 min (Scheme 82). Similarly, 409 with aromatic ketones
under MWI gave hydrazones 412 in 94-98% yields. Reaction of which with POCI; in
DMF under MW heating for 34 min gave 2-pyrazolyl-quinoline derivatives 413 in
70-77% yields. MWI of 409 with ethyl bromoacetate gave 414 in 84% yield (Scheme
82) (981JC(B)174).

A naturally occurring pyrrolo[3,4-b]quinoline alkaloid 415, named camptothecin,
has a promising antineoplastic activity in animal tumor models. When 415 was
irradiated with MW under solvent-free conditions, it gave mappicine ketone 416 in
96% yield within 7min (Scheme 83); 416 was found to be an antiviral lead com-
pound. Under conventional conditions, 415 reacted with borontrifluoride etherate in
THF at room temperature for 1.5h to give 416 in 65% yield (98TL431).

Polycyclic quinoline derivatives can be prepared in good yields by the Friedldnder
synthesis: an acid- or base-catalyzed condensation, between 2-aminobenzaldehyde or
2-aminoarylketones 407 and ketones possessing an active methylene group followed
by cyclodehydration. Thus, the condensation of 407 with N-carbethoxy-3-pyrroli-
done (417) or 4-chromanone 418 catalyzed by montmorillonite KSF under MWI and
solvent-free conditions gave quinolines 419 and 420, respectively (Scheme 83)
(995C4403).

One-pot synthesis of helical aromatics 423 was achieved under MWI by the re-
action of N,N’-diphenyl-p-phenylenediamine (421) and dicarboxylic acids 422 under
solvent-free conditions in the presence of a Lewis acid. Compounds 423 were ob-
tained within 5 min in 34-84% yields (Scheme 83), but conventional heating required
9h to give 18-80% yields (04JOC7794).

2-Amino-3-(p-chlorophenyl)-1,8-naphthyridine (424) reacted with HNO, to give
1,2-dihydro-3-(p-chlorophenyl)-1,8-naphthyridin-2-one (425), whose reaction with
POCI; under MWI for 3min gave 2-chloro-3-(p-chlorophenyl)-1,8-naphthyridine
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(246) in 88% yield (Scheme 84). Reaction of 246 with z-aminoacids in glacial acetic
acid under MWI gave 2-carboxyalkylamino-3-(p-chlorophenyl)-1,8-naphthyridines
427 in 86-94% yields within 4 min. Treatment of 427 with POCIl; under MWI af-
forded imidazo[1,2-a][1,8]naphthyridin-1(2H)-ones (428) in 93-90% yields within
5min (Scheme 84), instead of 6—7 h under conventional heating (02SC857).

1. AZEPINES

Formation of lactams 431 was achieved in good yields (60-86%) by allowing a
mixture of alicyclic-ketones 429 and hydroxylamine-O-sulfonic acid adsorbed on
SiO, to be irradiated in a focused MW oven for 10-20 min (Scheme 85). The reaction
proceeded by forming the oxime 430 and sulfuric acid, which promoted a Beckmann
rearrangement of 430 to give lactams 431 (95JCS(CC)1101).



56 E.S.H. EL ASHRY ET AL. [Sec. II.I

cl cl cl
EIIO HNO, 7 7 S PoCl; (7
SNTSNTONH, SN0 MW, 3min S\~ Sy e
H
424 425 426
cl cl
H,N-CH(R)-COOH
= ‘ X POCl; & M‘v\ﬁ'mm
- -~
NTONTYY MW, & min SN~ NH-CH-COOH
R
0 R
428 427
Scheme 84
/OH
o)
o NH,OSOsH )
e (e —
MW, 10-20 min
429n=0-3,6,7
n
O (CH,0), HCOOH \/ Hcoon _ O
), ALV
N MW, 4 min MW 4 min N
|
Me IL|
433 432 n
RCHO, HCOOH _
jMW, 4'5.5 min 435n=1,23
Q
CH,R
434
Scheme 85

Reductive amination, a suitable method for N-alkylation of amines, can be carried
out using methanolic pyridine-borane under conventional conditions at room tem-
perature for 3-16h (95JOC5995). Under MWI, alkylation of hexahydroazepine 432
with paraformaldehyde and formic acid gave 70% of N-methylhexahydroazepine
433 after 4min of irradiation (Scheme 85) (01JCR(S)292). Similarly, N-alkyl and
N-cycloalkylhydroazepines 434 and 435 were obtained in 28-81% yields.
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ITI. Heterocycles with Two Heteroatoms

A. OXA(THIA)ZINES AND THEIR FUSED RINGS

An efficient method for the synthesis of 2-substituted benzoxazin-4-ones was per-
formed by the condensation of anthranilic acid (436) with various orthoesters by
classical heating for 1-2 h to give 75-91% yields. But under MWI in an open vessel, a
rapid formation of benzoxazin-4-ones 439 in high yields (76-94%) took place within
1-5min (Scheme 86). The reaction may proceed through the imidic ester interme-
diate 437, which upon nucleophilic attack by the carboxyl oxygen produced the
cyclized intermediate 438 that then eliminated a molecule of alcohol to give 439
(97JCR(S)280).

Various potentially useful benzoxazin-2-ones were prepared by the reaction of
hydrazones 440 with aryl-/alkyl-ureas (route A) and by salicylaldehyde or 2-hydro-
xyacetophenones 441 with 4-aryl-/alkyl-semicarbazides (route B), in the presence of
montmorillonite K9, under MWI for 6-10min to give 4-hydrazinobenzoxazin-2-
ones 442 in 78-89% yields (Scheme 87). On heating in an oil bath, compounds 442
were obtained in lower yields (40-53%) and required more time (3—6 h). When 442
were irradiated by MW for 3—-5 min on alumina-supported copper(II) sulfate without
a solvent, the corresponding benzoxazin-2-ones 443 were obtained in 68-80% yields
(Scheme 87); this reductive dehydrazination required 2—4 h to give 443 in 34-39%
yields by conventional heating (04JOC8118).

Dehydrazinative cyclization of salicylaldehyde semicarbazones 444 was affected
under solvent-free conditions on montmorillonite K;o using MWI to give 2H-
benz[e]-1,3-oxazin-2-ones 445 in 83-94% yields within 1.5-3 min (Scheme 87). Em-
ploying conventional heating in an oil bath, this cyclization could not be completed
(only 60% conversion) after 20h (02TL8551).

Thiaisatoic anhydrides have been considered as precursors for the synthesis of
tricyclic compounds containing thiophene ring. Syntheses of these anhydrides have a
major problem owing to the instability of their precursors thiophene o-aminoacids,
which easily decarboxylate at room temperature. Under MWI, alkaline hydrolysis of
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o-aminoesters 446 and 447 gave the corresponding potassium carboxylates on a large
scale within 15-30 min; further, on treatment with phosgene in toluene gave 85%
and 67% yields of 2- and 3-thiaisatoic anhydrides 448 and 449, respectively (Scheme
88) (98T10789).

Reaction of 450 with phenyl isocyanate under MWI for 5 min in the absence of a
solvent gave the corresponding oxazino[4,5-d|pyrimidine 451 in 87% yield. Under
similar conditions, 450 reacted with phenyl isothiocyanate to afford the correspond-
ing thio-oxazino[4,5-d]pyrimidine analog 452 in 85% yield (Scheme 89) (04TL2405).

Fused oxazine with bridge-head nitrogen 455 can be prepared in 60% yield from
the reaction of aminoalcohol 453 adsorbed onto montmorillonite Ky, with ethyl
levulinate (454) under MWI for 20 min (Scheme 89) (92SL219).

Imidazolo[2,3-b]thiazine 458 and triazolo[3,4-b]thiazine 460 were prepared in
80-85% vyields by base-catalyzed reaction of imidazole 456 or triazole 459 with
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epichlorohydrin 457 in DMF or MeOH solvent after 2-3 min of MWI (Scheme 90)
(05UP2, 05UP3).

Condensation of benzoin (461) with ethylene glycol or 2-mercaptoethanol 462 in
the presence of PTSA as a catalyst under MWI for 1 min gave 5,6-dihydro-2,3-
diphenyl-1,4-dioxene 463 and 5,6-dihydro-2,3-diphenyl-1,4-oxathiin 464 in 95% and
65% vyields, respectively (Scheme 91) (01M14).

Reaction of 465 with 2-aminobenzenethiol in absolute ethanol in the presence of
pyridine, under both MWI and classical conditions, gave the benzothiazines 466 in
63-77% vyields (Scheme 91). The reaction was 180 times faster using MWI
(97JCR(S)16).

The 2,3-dihydrobenzoxazine 468 was obtained in 75% yield by heating 467 with
1,2-dibromoethane in refluxing acetone in the presence of excess K,CO;5 for 18 h.
This reaction was performed under MWI for 1 h in pentan-3-one to give 76% yield
(Scheme 91) (00T605).

Several methyl aryl ketones reacted with sulfur and morpholine (469) under sol-
vent-free conditions in a domestic MW oven for 3.5-6 min to give thiomorpholides
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470 in good yields (55-81%) (Scheme 92). This, the Willgerodt—Kindler reaction,
needed high temperature and long reaction time (several hours) to give low to
moderate yields (99TL7549).

The Michael addition of secondary amines to o,f-unsaturated carbonyl com-
pounds under MWTI essentially required the presence of water to drive the amine
addition to completion and the presence of at least 10 mole equivalents of the amine.
Besides increasing the polarity and possibly some micellar effect, water facilitates
protonation of the resulted enolate from amine addition. In a typical procedure,
benzalacetophenone was mixed with morpholine (469) and water in a teflon flask
and subjected to MWI for 2 min to yield 93% of the 1,4-adduct 471 (Scheme 92). The
method was also extended to other morpholine derivatives 472 and 473 in 30% and
100% yields, respectively (00SC643).

The synthesis of N-arylamines 474 by amination of aryl halides with morpholine
(469) was carried out in the presence of basic alumina under MWI. This required
4-5min of irradiation to give 88-89% yields (Scheme 92). Conventional heating at
120 °C required 8 h for completion to give 65-69% yields (00MI3).

Although some solution-phase Ugi reactions were known to proceed rapidly, re-
action times from 24 h to several days have been usually required for the solid
phase. However, MWI-assisted solid-phase Ugi condensations of 2-morpholinoethyl
isocyanide 475, aldehydes, and carboxylic acids in a mixture of dichloromethane
and methanol (2:1) on amino-functionalized TentaGel S Ram as support gave
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a-acylamino amide derivatives 476. Subsequent cleavage from the resin gave 477 in
high purity and in 24-95% yields after Smin (Scheme 93) (99TL3941).

Wittig olefination of 478 with the two carbon stable ylide ethoxycarbonylmeth-
ylene (triphenyl)phosphorane under MWI gave 479 and 480 in a total yield of 76%
within 95s (Scheme 97). The E/Z ratio was 15/85 (99TL165).

The oxidative cleavage of f,-disubstituted enamines 481 in a homogeneous me-
dium with K>,Cr,0O5, CrO3;, MnO,, or NalO,4 over montmorillonite K, under MWI
led to the hydrolysis of the enamine. Also, with MnO, over bentonite, hydrolysis was
the main reaction, but small yields of ketones were formed. However, oxidative
cleavage over KMnO, supported on alumina without a solvent, under MW heating
for 15min, led to ketones and formamide 482 (Scheme 94). Homogeneous irradi-
ation in a focused MW oven gave better yields of ketones than heterogeneous ir-
radiation in a domestic oven, but the yicld of 482 was not reported (98TL541).

A general method for preparing phenothiazines 484 by ring closure of the cor-
responding diphenylamines 483 using sulfur as a reagent and iodine as a catalyst was
sometimes tedious and often accompanied by degradation reactions. Adsorbing the
reagents on an inorganic solid support, namely, alumina and using MWI for
7—-10 min, phenothiazines 484 were obtained in 58-80% yield. On the other hand, the
thionation of diphenylamines with sulfur was faster (0.8—3min) and the yields
were better (69—90%), without the support (alumina), since on alumina irreversible
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adsorption of the product after MW treatment probably took place (Scheme 95).
Similarly, on the solid support (alumina), compounds 486 and 488 were obtained
from 485 and 487, respectively, within 20 and 10 min in 5% and 70% yield, respec-
tively, while without alumina support they were formed in 50% and 89% yield
within 8 and 1min, respectively (Scheme 95) (98SC337). Conventional conditions
required longer times (30-285 min) to produce comparable yields.

B. PYRIDAZINES

Reaction of hydrazide 489 with chloroacetic acid, dichloroacetic acid, and
chloroacetyl chloride in the presence of aqueous NaOH afforded the pyridazinedi-
ones 490, 491, and 492 in 81%, 77%, and 84% yields, respectively (Scheme 96). The
reactions required MWI for 1-2 min (97G263).
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The conditions for the condensation of cyclic anhydrides 493 with hydrazines in
acetic acid to give the substituted pyridazinediones 494 were varied, depending on
both the reactants, from 1 h by stirring at room temperature to 24 h at solvent reflux.
The yields were 45-85% and in some cases no products were obtained. However,
under MWI the reaction times can be reduced to 2—6 min leading to the expected
derivatives in good to excellent yields (72-88%) (Scheme 96) (96TL4145).

Olefination of hydrazone 495 with ethoxycarbonylmethylene (triphenyl)phos-
phorane in DMF gave product 496 in 88% yield after MWI for 3 min; conventional
conditions required 4h to give a 76% yield. Further, MWI of compound 496 af-
forded the pyridazinone 497 while 4 h were needed under heating in DMF to give a
62% yield (Scheme 96) (05UP4).

Glyoxal monophenylhydrazone 498 reacted with methyl acetoacetate under MWI
at 70 °C in the presence of piperidine to give the corresponding pyridazinone 499 in
78% yield within 3 min (Scheme 97) (96T5819).

Reaction of 500 and 501 with 2-amino-1-propene-1,1,3-tricarbonitrile (502) under
reflux for 3 h in the presence of a few drops of piperidine gave compounds 503 and
504, respectively. When the same reactants were irradiated by MW for 5-10 min, 503
and 504 were obtained in 30% and 40% yields, respectively (Scheme 97) (03MI3).

MW played an important role in producing regioselective isomers from Suzuki
coupling of 4,5-dichloropyridazinone (505) with phenylboronic acid in the presence
of Pd catalyst. An extensive MW-assisted screen led to the identification of
Pd(PEt;)Cl; as an ideal catalyst with superior rate and selectivity. Thus, a mixture of
505 and phenylboronic acid in aqueous acetonitrile was heated under MW for 10 min
in the presence of Na,CO; and Pd(PEt3)Cl,. The catalyst offered excellent selectivity
for 505, whereby 100% conversion occurred to give pyridazinones 506, 507, and 508
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in 7.7:1.4:1 ratio, respectively. The reaction required 5-8 h at room temperature or
1-6 h at 90 °C to get 100% conversion to 506, 507, and 508. The ratio shows that 506
was the major isomer and 507 or 508 was the minor one (Scheme 98) (04HS851).

Benzylation of 1(2H)-phthalazinone (509) with benzyl halides 510 in the presence
of K,CO; in dry DMF took place by MWI to afford 2-benzyl-1(2H)-phthalazinones
511 in moderate yields (33-69%) within 7-9 min (Scheme 98) (99JHC1095).
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C. PYRIMIDINES

Various biodynamic heterocycles such as pyrimidines have been prepared by MWI
methodology. Thus, alkynones were reacted with either benzamidine, acetamidine,



66 E.S.H. EL ASHRY ET AL. [Sec. III.C

NH.HCI
MeCN, Na,COj R

= . L
R—— + 2 N
Rl R NH; MW, 40 min \ _
N
512 PN J\ ,
OH NH . R™ N R
. Oxidant, MeCN
= . N e 513
Rl

R*” “NH, MW, 40 min
Scheme 99
Rl
i 1
Neutral Al,O4 NH
N 2+ e
RlA)kR HNTNH, o mn L L
R N X

H
514 X=0
515X=S

@ 0T,

Fe- C=CH-CHO +* H,NCONH,

| MW, 2 min
i @

516 517
Scheme 100

or guanidine hydrochloride 512 in acetonitrile and in the presence of Na,CO; by
irradiation for 40 min to give pyrimidines 513 in nearly quantitative yields (Scheme
99), often without further purification. Under traditional heating, the reaction took
place within 2h to give lower yields (60-98%) that usually required further puri-
fication (03SL259).

In a one-pot oxidation-heteroannulation process, pyrimidines 513 were synthe-
sized from propargylic alcohols and benzamidine or acetamidines in the presence of
o-iodoxybenzoic acid (IBX) or MnO, under MWI conditions within 40 min (Scheme
99). The yields (61-84%) were higher than those (30—69%) after heating under reflux
(03SL.1443).

Chalcones are good precursors for the synthesis of various heterocycles such as
pyrimidines. Thus, their treatment with urea supported on neutral alumina under
dry conditions and MWI produced 4,6-diaryl-3,4-dihydropyrimidin-2(1 H)-ones 514,
while on treatment with thiourea produced the corresponding 4,6-diaryl-3,4-dihyd-
ropyrimidine-2(1H)-thiones 515 (Scheme 100). Shorter times (2-6 min instead of
4-5h) and better yields (69-85% instead of 59-72%) of products were achieved
compared to conventional heating (99SC3237).

Reaction of 3-chloro-3-ferrocenylacrylaldehyde (516) with urea gave 49% of 2-
hydroxy-4-ferrocenylpyrimidine (517) after 2min of irradiation in an MW oven
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(Scheme 100). However, the same reaction with thiourea afforded a polar green-blue
solid that could not be characterized (94CCC175).

Under conventional conditions, a mixture of polyphosphate ester (PPE) in THF
served as a better reaction mediator in the three-component Biginelli reaction than
the traditional protic solvent/mineral acid media (e.g., EtOH/HCI) (98SL718). Un-
der MWI, a neat mixture of f-keto ester, aryl aldehyde, (thio)urea derivatives, and
PPE gave Biginelli products 518 in 65-95% yields within 1.5 min (Scheme 101). The
method eliminated the use of solvent and reflux conditions (24 h) and produced
higher yields compared to the conventional heating (15-79%) (99S1799).

Biginelli products 518 were obtained by irradiation of thiourea, ethyl acetoacetate,
and aldehydes over acidic alumina under MWI to give appreciable yields (80-85%)
within 8.5-10.5min (02JCS(P1)1845). When the reaction was carried out without
using a solid support, solvent, or acid, the equimolar amounts of neat reactants gave
518 in better yields (82-90%) within a shorter reaction time (1.5-6.5min)
(02JCS(P1)1845) (Scheme 101).

Racemic monastrol 518 (R = Me, R! = Et, R> = m-OHCgH,4, R = H) was pre-
pared in 60% yield by MW-promoted condensation of ethyl acetoacetate, 3-hydro-
xybenzaldehyde, and thiourea in a solvent-free variation of the classical Biginelli
synthesis using PPE (00T1859). The racemic mixture was resolved by enantioselec-
tive HPLC and the absolute configuration of the (S)-(+) enantiomer was established
by CD spectroscopy.

Some dihydropyrimidines 518 were prepared in high yields (82-97%) under MWI
within 2-5 min by a one-pot cyclocondensation of aldehydes, ethyl acetoacetate, and
urea using dry acetic acid. Although the same cyclocondensation gave good yields
under conventional conditions, it required much more time (6—15h) (00JCR(S)345).
When the same reaction mixture was catalyzed by ferric chloride hexahydrate under
MWI, the synthesis of ethyl 4-aryl-6-methyl-1,2,3,4-tetrahydropyrimidin-2-one-5-
carboxylates 518 in 87-95% yields was completed in 4-6min (Scheme 101)
(02SC147).

The reaction was also catalyzed by CuCl, - 2H,O or CuSQOy - 5H,0 in the absence
of a solvent to yield 518 in 80-99% yields within 1-2min (Scheme 101) (04SL235).
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The reaction took place in much longer times (60—112 min) by conventional heating
with lower yields (20-50%) (98JOC3454).

A wide variety of dihydropyrimidinones 518 was prepared by MWI using NBS as
a mild, efficient, and almost neutral catalyst, whereby aromatic aldehydes containing
either electron-withdrawing or electron-donating groups were reacted with urea or
thiourea and ethyl acetoacetate in ethanol or DMAC to afford dihydropyrimidines
518 in high yields (80-92%) within 3—6 min (Scheme 101). The role of NBS was said
to be a source of “Br ™ ions, which activate aldehydes for further reaction with ethyl
acetoacetate (04S51239).

When a polyethylene glycol (PEG) 4000-linked acetoacetate, urea, and aldehyde
were subjected to MWI and then the product was cleaved from PEG, pyrimidin-
2(1 H)-one-5-carboxylate derivatives 518 were obtained within very short reaction
times (1.5-2.5min) and in comparable yields (71-85%) to that from a PEG-sup-
ported liquid-phase reaction using HCI/NeCN, which required 18 h under reflux
(Scheme 101) (03S262).

Nucleophilic substitutions of pyrimidyl halides 519 with MeSNa, PhSNa, PhONa,
MeONa, or EtONa as nucleophiles under irradiation in a monomode MW reactor in
the presence of NMP, HMPA, or DMSO gave 69-97% yields of 520 within
0.5-10 min (Scheme 102). On conventional heating in the presence of NMP, 5-bro-
mopyrimidine reacted with PhSNa to give only a 7% yield of 5-phenylthiopyrimi-
dine when compared to 96% yield under MWI (02T887).

A series of aminopyrimidines 521 were prepared by nucleophilic substitution of
519 with amines under MWI in 2-propanol as solvent and in the presence of dii-
sopropylethyl amine (DIEA) to give 29-97% yields of 521 within 5-160 min (Scheme
102); conventional heating required 2 h. Arylation of compounds 519 by a Suzuki
coupling gave under MWI and in the presence of phenyl boronic acid C-arylpy-
rimidines 522 in 79-92% yields within 10-15min, but under conventional heating it
took many hours to days (02TL5739).
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2 R a, ) R
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rR: N N N
521 519 520
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PhMe, Pd(PPhs),, K,CO3
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N
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520 Rt= Ph” N” 'ph—N  N—
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Scheme 102
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Iodination under MWI of pyrimidinones and their nucleosides 523 with
N-iodosuccinimide (NIS) gave the 5-iodo derivatives 524 in 65-98% yields after
3min, useful intermediates in the formation of new carbon—carbon or carbon—
heteroatom bonds via replacement of the iodine atom with electrophiles. The
reaction required 1-6h to give 50-60% yields (Scheme 103) (03S1039).

A rapid and efficient palladium-catalyzed phenylation of 5-iodouracil 525 with
sodium tetraphenylborate in NMF under focused MWI within 8 min gave 5-phe-
nyluracil 526 in 70% yield (Scheme 103) (01TL635).

An efficient method for the hydroxymethylation of 527 and 529 was carried out
using paraformaldehyde in 0.5 N KOH under MWI, followed by acidification to give
5-hydroxymethyl derivatives 528 and 630 in 93-99% yields (Scheme 104)
(02SL2043). The reaction required 1-3 days under conventional conditions
(59JA2521, 66CB3884, 79JCR(S)226, 67T2315).

Pyridinyl-pyrimidines can be synthesized through the Negishi cross-coupling re-
action under either classical or MW-assisted conditions. The coupling of 2.,4-di-
chloropyrimidine (531) with organozinc reagent 532 in dry THF and Pd(PPhs),
catalyst gave pyridinyl-pyrimidine 533 in excellent yield (90%) within 4 h and traces
(5%) of the dipyridine derivative 534. Switching to MW as an energy source, com-
pound 533 was obtained as a major product (54-90%) accompanied by minor
quantities of homocoupling product 534 (3-36%) in addition to the bis-coupled
product 535 (4-15%) within 5 min at 100 °C (Scheme 105). Formation of 535 was not
observed under thermal conditions. However, compound 535 was isolated as the
major product (84%) when the reaction was conducted under MWI at 130 °C for
5min (03SL1862).

The reaction of aromatic aldehydes with thiobarbituric acid 67 (X =S, R = H)
was carried out in water by heating at 95-100 °C for 45 min to give 5-arylidenethio-
barbituric acids 536 in 50-95% yields. When this reaction was carried out under
MWTI in the absence of water, it gave better yields (76-96%) within shorter reaction
times (2-12 min) (Scheme 106) (04H583).
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MWI also allowed fast and efficient dry condensation of barbituric acid 67
(X = O, R = H) with aldehydes in the presence of acidic montmorillonite KSF to
give S-(arylmethylene)-2,4,6-(1H,3H,5H)pyrimidinetriones 537 in 68-98% yields
within 4-5min (Scheme 106), instead of the slow reaction at room temperature
(90SC3333).

Organomercury compounds 538 have been synthesized by the reaction of barbit-
uric acid or thiobarbituric acid derivatives 67 (X = O, R = H; X = S, R = Ph) with
aryl mercuric chloride under MWI using basic alumina as a solid support; less time
(1.5-2 min) and better yields (90-96%) (Scheme 106) were found as compared to the
conventional method (99POL2641).

Michael addition of chalcone to thiobarbituric acid (R = H, aryl) 67 supported on
basic alumina under MWI for 1.5-2.3 min gave the adduct 539 in 83-87% yields.
Cyclization of 539 on montmorillonite or acidic alumina under MWI gave
pyrano|[2,3-d]pyrimidines 540 in 80-89% yields within 2.3-2.5min (Scheme 106). A
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longer irradiation of 67 with the chalcone gave 540 directly in 90-93% yields within
3.2-3.5min. They were obtained in about 50% yield after 5-6h of conventional
heating in the presence of montmorillonite, and in 60-70% yields after heating for
4 h with basic alumina (02SC2161).

Alkylation of thymine with haloalkyl acetates in DMF, in the presence of NaH,
for 4min in an MW oven afforded the N-1 monoalkylthymines 541 and dialkyl-
thymine 542 in 17-38% yields (Scheme 107); conventional heating required 48 h to
give 21-55% yields. Saponification of compounds 541 and 542 was achieved under
MWTI in dry media in the presence of excess KOH adsorbed onto alumina to give
deacetylated products 543 and 544 within 2 min in nearly quantitative yield (96%)
(04M11).

The ¢-butyldimethylsilyl (TBDMS) group, a widely used protecting group, can be
cleaved simply from their TBDMS ethers 545 and 547 under MWI. This occurred on
an alumina surface under mild and solvent-free conditions for 8 and 11 min to give
546 and 548 in 68% and 75% yields, respectively (Scheme 108) (93TL3029).

Alkylation of 6-amino-2thiouracil 549 with alkyl halides in DMF under MWI
gave selectively the corresponding alkylated aminothiouracil derivatives 550 in good
yields (83—-84%) within 9—11 min. When the alkylation of 549 was carried out in the
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presence of a base using MWI under PTC conditions, it led to N-1-alkylthiouracil
derivatives 551 in excellent yields (87-95%) (Scheme 109). The selective alkylation at
the 6-amino group of the neutral 6-amino-2-thiouracil and at position-1 of its anion
was justified by considering a theoretical approach taking into account the orbital
coefficients on the nitrogen atoms (01H291).
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2-Chloromethyl-1-methyl-6-nitro-1 H-benzimidazole (553) reacted with the so-
dium salt of 1,3,6-trimethyl-5-nitro-1H-pyrimidine-2,4-dione (552) under MWI to
give the C-alkylated product 554 in 83% yield (Scheme 109) (02H1423).

Solid-supported reagents were used to assist the synthesis of 4-O-acylated
pyrimidines 558; they are useful reagents for the selective acylation of amines.
Thus, nucleophilic substitution of 555 with 6-methyl-2-thiouracil 556 in DMF and in
the presence of K,CO; was carried out under MWI within 5min to give 557. When
557 reacted with acyl halides under MWI, it gave polymer-bound 4-acyloxypyrimi-
dines 558 within 5min rather than a few days under standard conditions. Pyrimi-
dines 558 were used for the selective acylation of benzylamine to give amides
559 under MWI for 5min in 40-100% yields (Scheme 110). The most effective were
those with R = p-BrC¢H,4 or p-CIC¢Hy4, to give the corresponding amides 559 in
100% and 85% yields, respectively, while that with R = 0-BrCqHy4 (yield 40%) was
the least effective, owing to steric hindrance exerted by the o-bromo substituent
(04JOC7880).
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D. QUINAZOLINES

Quinazolin-4(3 H)-ones 561 were efficiently prepared in 68-87% yields by irradi-
ating a mixture of anthranilic acid 436, formic acid, and an amine in an MW oven
for 6-9min in the absence of solvent and any dehydrating agents. Alternatively,
MWI of a mixture of 2-formamidobenzoic acid (560) and aniline gave 561 (R' = Ph)
in 71% yield (Scheme 111). Using orthoesters with a catalytic amount of PTSA
instead of formic acid led to the formation of 2,3-disubstituted quinazolin-4(3H)-
ones 562 in 79-89% yields (98JCR(S)702).

The synthesis of quinazoline 563 in 59% yield by heating 436 with formamide at
150 °C for 6h (1895JPR564) was improved by applying MWI to give a 90% yield
within 20 min. The method was used to prepare a series of quinazolines in 70-87%
yields after MWI for 15-40 min (Scheme 111) (02TL3911).

Condensation of isatoic anhydride 564, amines, and orthoesters under MWI in the
presence of catalytic amounts of PTSA gave quinazolines 565 in 74-96% yields
within 6 min (Scheme 112). The condensation required Sh in refluxing ethanol to
give 65-82% yields (04H1417).

Anthranilonitrile (566) reacted with aromatic nitriles in the presence of -BuOK in
an MW oven to afford the corresponding 4-aminoquinazolines 567 in 73-93% yields
after irradiation for 1-3 min (Scheme 112) (00TL2215).

Conversion of 1,3-diketones 315 into 2-substituted 7,8-dihydroquinazolin-5(6 H)-
ones 569 by a reaction with substituted amidine hydrochloride and dimethylform-
amide dimethyl acetal (DMF-DMA) was achieved under MWI and in aqueous
media. The aqueous conditions led to an environmentally friendly work-up. Com-
pounds 569 were obtained in 21-68% yields within 2 min (Scheme 112). The reaction
is a tandem addition—elimination/cyclodehydration that took place via a Michael
addition of the terminal amino group of the substituted amidine to form interme-
diate 568, followed by an intramolecular cyclodehydration to give dihydroquinazoli-
none derivatives 569 (02S1669).
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E. FuseDp HETEROCYCLES INCORPORATING PYRIMIDINE AND QUINAZOLINE
RiNGs

Thionation of quinazolinones 570 was performed under MWI using Lawesson’s
reagent in the presence of pyridine to give 4(3 H)-quinazolinethiones 571 in 84-93%
yields within 15-20 min instead of 18 h using classical heating. S-Methylation of 571
gave 4-(methylthio)quinazoline 273, whose reaction with anthranilic acids 574 ad-
sorbed on graphite under MWI gave 8 H-quinazolino[4,3-b]quinazolin-8-ones 575 in
21-79% vyields and in a shorter time (30 min) (Scheme 113) than the thermal pro-
cedures; the yields were in accordance with the reactivity of anthranilic acids.

Short exposure (10min) of a mixture of quinazolinones 570 with phosphoryl
chloride to MW led to 4-chloroquinazolines 572 in good yields (70-90%); several
hours were needed by conventional heating. Irradiation of 572 with 574 in acetic acid
gave 575 within 20 min instead of 1h of classical heating (Scheme 113). When the
reaction was carried out at atmospheric pressure under solvent-free conditions with
graphite as solid support, decomposition of the starting material occurred
(03T1413).

The reaction of N-arylimino-1,2,3-dithiazoles 576 with alcohols gave the corre-
sponding 4-alkoxyquinazoline-2-carbonitriles 577 in 0-60% yields after heating for 5
days; the time was reduced to 40 h and the yields were improved to 12-82% in the
presence of sodium hydride or potassium fluoride (96JCS(P1)2857). Further reduc-
tion of time to 35-120 min and an increase in yields (31-80%) were achieved when
the reactants were subjected to MWI (Scheme 114) (96JCS(P1)2857, 98T6475). Ad-
dition of the alkoxide ion to the cyano group in 576 promoted the cyclization, and
loss of sulfur and HCI to give 577 was the proposed mechanism. Similarly, the first
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step in the synthesis of thiazolo[5,4-f]lquinazoline 578 from 577 (R = 6-NO,,
R! = Et) was performed under focused MWI (Scheme 114), followed by the se-
quence shown in the scheme to give the desired compounds in comparable and
sometimes better yields than those obtained by conventional heating (00TL1027).

A regioselective ring opening of isatoic anhydride 564 with isatin-3-imines 579, in
the presence of a catalytic amount of KF-Al,O; under MWI gave 6-arylimino-6 H-
indolo[2,1-b]quinazolin-12-ones 580 in 70-83% within 4 min. A small amount of
N,N-dimethylacetamide (DMAC) increased the energy input in a shorter time and
provided uniform heating since it is an excellent energy-transfer solvent with a high
dielectric constant. When this condensation was promoted with K,CO3; under MWI
products, 580 were obtained in lower yields (24-50%) within Smin (Scheme 115)
(04H791).

The self-polymerization reaction of isatoic anhydride 564 doped over montmo-
rillonite under MWI yielded dibenzo[3,4:7,8][1,5]diazocinodiquinazolin-10,21-
dione (582) in 46% yield but in a very short time (7 min) (Scheme 115) (02S2168).
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Conventionally, 582 was obtained in 62% and 60% yields from 564 with quinazoli-
none derivative 581 or methyl anthranilate, respectively (54JCS3429, 02S2168).

The benzimidazo[1,2-c]quinazolines and indolo[1,2-c]quinazolines are considered
as synthetic analogs of the natural alkaloid hinckdentine A and have a close struc-
tural analogy with other cytotoxic agents with potential pharmaceutical value. Het-
erocyclization of N-[2-(1 H-benzimidazol-2-yl)phenyl]benzamides 583 under MWI
and solvent-free conditions using a solid inorganic support (a 95:5 mixture of silica
gel/MnO,) gave 6-phenylbenzimidazo[l,2-c]quinazolines 584 in moderate yields
(37-56%) within 30-45min (Scheme 116). Thermal conditions (reflux in dry m-
xylene over 15h) afforded a mixture of starting materials and products (04S436).

Syntheses of indolo[1,2-c]quinazolines and benzimidazo[1,2-c]quinazolines 587
have been achieved in 53-77% yields by the condensation of the 2-cyanobenzothia-
zoles or benzoxazoles 585 with 2-(2-aminophenyl)benzimidazole or 2-(2-aminophe-
nyl)indole 586 under MWTI in the presence of graphite for 10-240 min (Scheme 116).
Conventional heating required lengthy and tedious conditions to give very low yields
(<35%) and various impurities were detected in the final mixture (03T773).

MWI promoted the synthesis of fused quinazolines with bridge-head nitrogen by
cyclocondensation of 2-(2-aminophenyl)benzimidazole (586) with orthoesters to give
6-substituted benzimidazo[1,2-c]quinazolines 588 in 85-94% yields after irradiation
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for 2-6 min in the presence of DMAC solvent and MW energy transfer; no products
were obtained in the absence of DMAC (Scheme 116) (99SC2617).

Similarly, the synthesis of 6-mercaptobenzimidazo[l,2-c]quinazoline (589) was
accomplished (95%) under MWI in 55min by the reaction of 586 with carbon
disulfide in the presence of methanolic potassium hydroxide. Methylation of 589
with an excess of Mel in DMF in the presence of NaH gave 6-methyl-
mercaptobenzimidazo[1,2-c]quinazoline (590) in 95% yield. Thermal heating of
590 with anthranilic acid derivatives at 120 °C or in boiling butanol for 48 h did not
give more than 50% of 591, but under MWI conditions the time was reduced to 6 h
with no improvement in yield (Scheme 116). However, irradiation of the reactants
adsorbed on graphite led to 591 in 75-95% yields and in a shorter time (1.5-2h).

The reaction of 589 with dibromomethane and dibromoethane in the presence of
K>CO; and TBAB needed long heating (12h) to provide the dimers 592 in good
yields. But, under MWI, the reaction times were reduced to 15 min, and similar yields
of 592 (86-81%) were obtained (Scheme 116) (00TL5857).

A mixture of indoloquinazoline 593 and excess of anthranilic acids adsorbed on
graphite led to the cyclized compound 594 in 80-90% yields within 30 min. Under
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MWI no by-products were detected and reactions were cleaner than those from
conventional heating after 24 h (Scheme 117) (01TL6671).

Transformation of imino-ether 595 into 1,4-disubstituted pyrazino[2,1-b]quinazo-
line-3,6-dione 596 in 48% yield resulted by reaction with anthranilic acid under
MWI for 3 min, compared to a 16% yield produced by conventional heating for 2 h.
Also, the double condensation of the bis-lactim ether 597 required 6 min to give 598
in 89% yield (Scheme 117) (04SL803), compared to a 54% yield by classical heating
for 1h (83AGE717).

Irradiation of anthranilic acid with imino-ethers 599 for 3—5min in an MW oven
gave 600 in 56-63% yields, instead of 2h at 120-140°C to give lower yields
(30—46%) (Scheme 117) (04SL803).

Regioselective C-electrophilic addition of isocyanates and isothiocyanates to 2-sub-
stituted 1H-perimidines 601 were carried out by refluxing in anhydrous acetonitrile for
a long time (15-163 h) to afford 602 in 66-94% yields. When the addition was carried
out under solvent-free conditions using either MWI or an oil bath, the yields were
increased to 99% and the times were reduced to 10-25 min (Scheme 118) (96BSF587).

Reaction of 6-chloropurine and 2,6-dichloropurine 603 with 1,2,3,5-tetra-O-ace-
tyl-f-p-ribofuranose or 1-O-acetyl-2,3,5-tri-O-benzoyl-f-p-ribofuranose (604) under
MWI gave purine nucleosides 605 (Scheme 119) (02M14).
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The synthesis of 2,6,9-trisubstituted purines 607 through nucleophilic displace-
ment of iodine at C-2 of resin-bound purine 606 by amines was carried out under
MWI. The displacement was accomplished in 30 min with either diethanolamine or
propanolamine; subsequent cleavage of the polymer gave 30-80% yields (Scheme
119), conventional heating required 8 h (02TL6169).

A one-pot reaction of aldehydes, 2-aminopyrimidine 608, and alkyl isocyanide
afforded, without a solvent, under MWI in the presence of montmorillonite K,
imidazo[1,2-a]pyrimidines 609 in 56-58% yields within 3.5min (Scheme 120)
(99JHC1565).
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A route to 2,3-dihydro imidazo[1,2-c]pyrimidines was described by a reaction of
N-acyl imidates 610 with imidazolidine ketene aminals 611 in a focused MW oven
without a solvent to give 612 in good yields (60-92%) after 15 min. When X = CN,
R' = Me, and R? = Et, two attacks were observed and the reaction gave a mixture
of two regioisomers 612 (R] = Me, R> = Et, and R' = Et, R’ = Me) in a ratio 3:1,
respectively (Scheme 120). The attack on the carbonyl group was favored with re-
spect to the attack on the imino group (96SC453).

The pyrimidine ring was fused to a number of heterocycles with a bridge-head
nitrogen when mixtures of enaminones 613 and heterocyclic amines 614, 615, or 616
were subjected to MWI for 10-20min. Thus, pyrazolo[l,5-a]pyrimidines 617,
triazolo[1,5-a]pyrimidines 618, or pyrimido[l,2-a]benzimidazole 619 were obtained
in 88-95% yields (Scheme 121). Those products required 0.5-6 h heating at reflux in
absolute ethanol to give 70-80% yields (04JCR(S)174).

The ring closure of 2-benzimidazoles 620 with N-acyl imidates 621 as f-die-
lectrophiles without a solvent in open vessels under MWI for 15-30 min led to
pyrimido[1,6-a]benzimidazoles 622 in 38-86% yields (Scheme 121). In contrast, no
ring closure occurred when compounds 620 (X = COOMe) and 621 (R' = R*> = Me)
were heated in toluene with continuous azeotropic elimination of water for 48 h;
95% of 620 was recovered unchanged (94TL4563).

Reaction between arylmethylene acetoacetate 623 and aminoheterocycles 624 or
625 in DMF at 65 °C for 24-48 h led to the imidazo[1,5-a]pyrimidine derivatives 626
and benzo[4,5]imidazo[1,2-a]pyrimidine derivatives 627 in 74-80% and 68-78%
yields, respectively. These compounds showed promising activity as calcium channel
blockers (Scheme 122) (94M11). When the reactions were exposed to MWI, the times
were reduced to 1 min with comparable yields (95S389).

Condensation of 3-amino-4,6-disubstituted-1H-pyrazolo[3,4-b]pyridines 628 with
1,1,1-trifluoro-3-isobutoxymethylene-2-propenones 629 in xylene under MWI took
12—24 min to afford pyrido[2’,3":3,4]pyrazolo[1,5-a]pyrimidines 630 in 62—-82% yields
(Scheme 123), higher than that obtained (~20%) under conventional heating
(97JFC127).
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1,3-Propylenediamine (631) adsorbed over alumina or montmorillonite K, re-
acted with ethyl levulinate under MWI for 6 min to give pyrrolo[1,2-a]pyrimidine 632
in 86% yield (Scheme 123) (92SL219).

Alkylation of adenine 633 with several alkylating agents using MW assistance was
performed in the presence of small amounts of DMF to give the dialkylated salt 634,
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which was subsequently extracted with ethanol and treated with NaOH to obtain the
3,7-disubstituted adenine 635 in 72-82% yields. The N-alkylation of guanine 636
occurred on the C-2-amino group leading to 637 in moderate yields (21-70%)
(Scheme 124). The regioselectivity of alkylation of adenine occurring on N-3 and N-7
atoms and on the exocyclic nitrogen atom of guanine were consistent with a con-
sideration of atomic charges on the relevant atoms as deduced from ab initio cal-
culations (01H291).

Cyclization of imidazolones 638 with thiourea under dry conditions using MWI
for 89 min, gave the cis- and frans-isomers of thioxopyrimido[4,5-d]imidazolines
639 and 640 in 76-80% and 10-18% yields, respectively. Also, the cyclization with
cyanoguanidine under MWI for 7-8 min produced the isomeric cis 641 (75-80%)
and trans 642 (13-15%) of iminoxypyrimido[4,5-d]imidazolines (Scheme 125). The
cyclization under conventional heating required 3-5h to give the cis- and trans-
isomers in 50-58% and 11-22% yields, respectively (01S1509).

Thio and dithioxanthines, biologically active compounds, were prepared by the
usual approach involving transformation of oxo-group into a thio-analog with P,Ss/
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pyridine or Lawesson’s reagent. These conventional approaches took place with
excess reagent, long reaction times, drastic conditions, and the use of dry solvents,
affording unwanted by-products in modest yields. Under MWTI in solvent-free con-
ditions, the xanthine bases caffeine 643a, theophyline 644a, methyltheophyline 645a,
and theobromine 646a were converted into their corresponding 6-thio 643b—646b
and 2,6-dithio derivatives 643¢c—646¢ by using 0.5 and 1.1 equivalents of Lawesson’s
reagent. The 6-thio and 2,6-dithioxanthines were obtained in 90-99% yields within
5-10 min (Scheme 126) (00H2275).

Cyclization of 647 with phosphorous oxychloride adsorbed on silica gel into
imidazo[1,2-c]thieno[3,2-e]pyrimidines 648 in 81-89% yields was carried out under
MWI within 1 min (Scheme 126) (01S2119).

When compound 649 was irradiated with MW for 7-20 min in the presence of a
few drops of acetic acid, it gave the fused pyrimidine 650 in 30% yield. Similarly,
boiling 649 in acetic acid for 2h gave a 25% yield (Scheme 126) (03MI3).

Azole Schiff bases 652 were reacted with glycine and acetic anhydride under sol-
vent-free conditions and MWI for 5-7 min to produce 6-acetamido-6,7-dihydro-5H-
1,3,4-oxa(thia)diazolo[3,2-a]pyrimidin-5-ones 654 and 655 in 79-88% yields (Scheme
127). Mechanistically, conjugate addition of oxazolone 651, generated in situ, to
Schiff bases 652 gave adducts 653, which underwent intramolecular nucleophilic
attack of the N-3 of the 1,3,4-oxa(thia)diazole ring at C-5 carbonyl of the oxazolone
nucleus to yield 654 (655). This one-pot annulation of a pyrimidine ring into azoles
was not complete (45%) even after 14 h of conventional heating (03S63).

The tautomeric form of 4-hydroxycoumarin (103), acting as a cyclic ff-keto ester,
was condensed with aldehydes and urea or thiourea in the presence of basic alumina
by heating for 4-6h at 110-120 °C to give benzopyrano[4,3-d]pyrimidines 656 and
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657 in 39-60% yields. Under MWI using silica gel montmorillonite or acidic alu-
mina, it required 1-2 min to give 75-95% yields (Scheme 128) (02SC1639).

Under MWI, pyrimidine derivatives 658 and 3-formylchromone (659) were re-
acted to give pyrimido[1,2-a]pyrimidines 660 in >95% yields within 20 min. Under
conventional heating in ethanol for 4h, compounds 660 were obtained in 60-80%
yields. Similarly, 658 were reacted with diethyl ethoxymethylenemalonate under
MWTI within 10min to give 661 in yields exceeding 95%, compared to 40-60%
produced after 8 h reflux in ethanol (Scheme 128) (01T1785).

Treatment of 6-[(dimethylamino)]methylene]amino-1,3-dimethyluracil 242 with
662 under MWI for 5-45 min in an MW reactor gave pyrimido[4,5-d]pyrimidines 663
in 90-98% yields (Scheme 129). Thermal heating in dry DMF required 3.5-4h to
give 70-75% yields (04SL1179).

Reaction of the functionalized pyrimidine 266 with phenyl iso(thio)cyanate af-
forded pyrimido[4,5-d|pyrimidines 664 and 665 in 84% and 80% yields, respectively
(Scheme 129) (04TL2405).

MW -assisted reaction of 4-aminothieno[2,3-d]pyrimidines 666 with diethyl (et-
hoxymethylene)malonate without a solvent provided 8,9-disubstituted thieno[3,2-
elpyrimido[1,2-c]pyrimidines 668 in 80—83% yields in a single step within 7-10 min
(99H1819) (Scheme 130). The reaction required 3.5-4h at 130-140 °C to give 667,
which upon thermal cyclization in boiling diphenyl oxide (DPO) at 250 °C for 1.5-2h
provided 668 in 42—61% yields (99H1819).



88 E.S.H. EL ASHRY ET AL. [Sec. IILF
Arl
N
Q N

) O Arl
Me.. SO M SO,Ar2
j'\)i 662 e\NJHA/BN” 2
=
02\1‘\1 N
Me

0" "N N~ “NMe, MW, 4.5-5 min
Me
242 663
o) (@]
Me . CHO Me. _
€ N)t PhNCX j‘\ = Lph
_ PhNGX | -~
O)\'\\I NH, MW, 6-7 min 0 '\\I N~ X
Me Me
266 664 X = O
665X =S
Scheme 129
COOEt
NH, HN™ ™S
RY RY COOE
SN EtO.__H SN t
. I 130-140°C e
RZ 87N EtOOC~ “COOEt R* ST ON
666 667

MW, 7-10 min DPO, rer
N COOEt
R ‘

N~ O

W

R>7 Ss7 N
668
Scheme 130

F. PYRAZINES

1-Arylpiperazine derivatives 672 have wide applications as pharmaceuticals. Their
conventional syntheses were achieved by heating the hydrochlorides of diethanola-
mine 669 and aniline derivatives 671 at about 240 °C for 8h. The reaction was
considered a good candidate for MW assistance as the reactants could couple ef-
fectively with MWI owing to their polarity. Sublimation and polymerization were
controlled by adjusting the time for MWI. The time was reduced drastically to
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821 min and the yields of products 672 (18-50%) were comparable with those
obtained by the conventional method (Scheme 131) (98SC1175). Alternatively,
l-arylpiperazines 672 were synthesized in 53-73% yields from bis(2-chloro-
ethyl)amine hydrochloride 670 and substituted anilines under MWI without a sol-
vent within 1-3 min (97TL6875).

Deuteromethylation of 1-substituted piperazine 673 represented the first applica-
tion of the MW-enhanced reaction in the labeling area. It was achieved by selecting
the reagents, HCHO/DCOOD, DCDO/HCOOH, or DCDO/DCOOD to give 676
under MWI (Scheme 131). The reaction was usually complete within 1-3 min instead
of 24 h under thermal conditions (02TL9487).

The synthesis of 1-substituted arylpiperazines 677 in 72-99% yields from
arylpiperazines 674 or 675 was done with benzyl, benzoyl, and arylsulfonyl chlo-
rides adsorbed onto the silica gel under MWI for 5min (Scheme 131) (00MIS5). An
efficient method for the cleavage of sulfonamides 677 has been achieved under MWI
using KF-AI,O;3 to give 673 or 674 in 76-80% yields within 5-6 min (99SL1745).

1,4-Dithiocarbonyl piperazine (678) was synthesized in 85% yield within 5min
under MWTI in the presence of DMF solvent by a reaction of benzaldehyde with
piperazine and sulfur. On thermal heating in xylene, the reaction also required 5 min,
and the yield was lower (48%) (Scheme 132) (01SC53).

Mannich condensation was enhanced under MWI on Cul-doped alumina
under solvent-free conditions where 1-phenylpiperazine (680) reacted with terminal
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alkynes 679 and paraformaldehyde to afford Mannich adduct 681. The conden-
sation required 4min to produce the adduct in high yield (81%) (Scheme 132)
(01SL676).

When equivalent amounts of 1,4-diacetylpiperazine-2,5-dione (682) and aldehydes
were adsorbed on KF/alumina and irradiated by MW, the Z-isomer of the mon-
oarylidene products 683 were obtained in 83—-100% yield (Scheme 132). The reaction
also took place at room temperature in DMF, but the yield was poorer. Further
condensation with another aldehyde gave the mixed double condensation products
684 in 70-91% yield (90SC3325).

4-Benzylpiperazine-2,5-dione (685) reacted with bromobenzene under MWI to
give 4-benzyl-1-phenylpiperazine-2,5-dione (686) in 51% yield within 20 min
(Scheme 132); the reaction proceeded slowly (20h) under thermal conditions at
200°C (02TL1101).

Diels—Alder cycloaddition of pyrazinone 687 with ethene in the presence of 1,2-
dichlorobenzene (DCB) under MWI gave the bicyclic cycloadducts 688 in 86-89%
yields within 40—140 min (Scheme 132). Under conventional heating, these reactions
were carried out in an autoclave for 12h (02JOC7904).
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G. QUINOXALINES

Quinoxalines are an important class of nitrogen heterocyclic compounds, existing
in pharmaceuticals and natural products. MW-assisted condensation of o-phenyl-
enediamine with methylglyoxal or aldohexoses without addition of sodium bisulfite
or hydrazine hydrate gave 689 in 95% yield within 120s and sugar derivatives 690
and 691 in 60% yield within 270 s (Scheme 133) (02TL8371).

A convenient synthetic method for 2,3-disubstituted quinoxalines 692 was de-
scribed by heating aryl or alkyl acyloins with o-phenylenediamine in dry media under
MWI for 3-6min; the products were obtained in 20-94% vyields (Scheme 133)
(98SC193). The condensation of the a-dicarbonyl compounds with o-phenylenedia-
mine was catalyzed by PTSA without a solvent under focused MWI. Thus, cam-
phorquinone, 1,2,3-triketo-hydrindane hydrate, o-quinones, phenanthrenequinone,
and acenaphthenequinone gave easily the corresponding quinoxalines within 15s to
4min (95SC2319).

Indoloquinoxaline 693 was obtained in 83-90% yield by irradiating a mixture of
isatin with o-phenylenediamine in acetic acid in an MW oven in either an open flask
or closed Teflon vessel for 1-2min. Carbethoxymethylation of isatin with ethyl
chloroacetate in the presence of K,CO; and Nal was carried out under MWI to give
compound 694 in 70% yield within 4 min. It could be converted into 695 by reaction
with o-phenylenediamine in acetic acid in either an open flask (2min) or closed
Teflon vessel (1 min) (Scheme 134). Alternatively, carbethoxymethylation of 693
under MWI for 6 min afforded a 53% yield of 695. Reaction of 695 with hydrazine
hydrate in ethanol under MWI gave the hydrazide 696 in 84% yield. MWI has been
also used to condense 696 with aromatic aldehydes and monosaccharides to yield the
hydrazone derivatives 697 in 58-99% yields (Scheme 134) (05JCR(S)299).

Pyrazine derivatives have also served as precursors for quinoxalines in accept-
able yields under MWI in solvent-free conditions through the reaction of pyrazine
o-quinodimethane intermediates with electron-rich dienophiles. Thus, 2,3-bis
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(dibromomethyl)pyrazine (698) was irradiated in the presence of Nal and small
amount of DMF to dissolve the formed salt under MWI for 10-15min to give
pyrazine o-quinodimethane intermediate 699. Subsequent Diels—Alder reaction with
dienophiles such as alkynes or enamines in solvent-free conditions gave the corre-
sponding cycloadducts 700 and 701 in 33-43% yields within 10-15min (Scheme
135). Classical heating using an oil bath afforded traces of cycloadducts (3%)
(02SL.2037).

MWI of dehydro-L-ascorbic acid or -p-isoascorbic acid generated by oxidation of
702 or 703 with iodine, o-phenylenediamine, and phenylhydrazine in ethanol and in
the presence of acetic acid for 3.5min gave quinoxalinones 704 in 80-86% yields.
Similarly, thiosemicarbazones 705 were obtained within 5Smin in 69-79% yields by
using thiosemicarbazide instead of phenylhydrazine (Scheme 136). Cyclization of 704
to the pyrazolyl-quinoxalinone 706 (88-95%) was also achieved by MWI for 7 min
by using acetic anhydride, and bentonite as a support MWI of 705 with acetic
anhydride in pyridine for 4-5min afforded the L-threo and p-erythro thiadiazolyl-
quinoxalinones 707 and 708 in 80% and 79% yields from the two epimers of 705,
respectively. Periodate oxidation of 704 under MWI gave 709 in 90-92% yields
(Scheme 136) (05UP4).

The combination of soluble polymer-supported synthesis with MW technology
provided a highly versatile platform for the generation of chiral quinoxalin-2-one
libraries. A simple work-up and cleaner products were achieved compared with



Sec. I11.G] MICROWAVE IRRADIATION 93

N CHBr, CHBr N Ar
[ I _Nal,DMF [ I — R B
~ ~
N~ >CHBr, MW, MW,10-15 min_ CHBr N R
700
O R =H, Me; Ar = Ph, naphthyl
N
(GoT
N
N
(o
~
N
701ln=1,2
Scheme 135
OH 1.1, H,0
R—-Rl 2. 0-PDA, PhNHNH, @: _A0 @:
——7-O 0oro-PDA, NH,CSNHNH, NNHR? "\ 7 min _N N oh
EtOH, AcOH -
HO  OH MW, 3.5.5 min OH
R R OAC
. OH
702R=0H,R'=H 704 R? = Ph 706
703 R=H, R'=OH 705 R? = CSNH,
N_o
NalO,, H,0 || Ac,0, Py ©:
& NNHPR MW, 2 min MW, 4-5 min
NHAc
CHO OAc
OAc
709 707 R=0Ac, Rt =
708 R=H,R!= OAc
Scheme 136

conventional thermal heating. Moreover, the polymer-supported intermediates and
the polymer support itself remained stable under MW exposure. Polymer-immobi-
lized o-nitrophenylamino ester 710 was reduced with Zn/NH4Cl in methanol for
6min in an MW cavity to give 711, followed by synchronous intramolecular
cyclization to give 1,2,3,4-tetrahydroquinoxalinones 712, which then were cleaved to
713 in 73-97% yields (Scheme 137). The use of Zn/NH4Cl was more convenient than
tin(IT) chloride dihydrate, which has been extensively used to reduce nitro groups
(04TL1159).

The advantages of MW technology combined with liquid-phase combinatorial
chemistry were also successfully applied to a rapid synthesis of quinoxalin-2-ones.
PEG bound o-fluoronitrobenzene 716 was synthesized by coupling of 4-fluoro-3-
nitrobenzoic acid (715) with PEG 714, in the presence of DCC and a catalytic
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amount of DMAP in dichloromethane under MWI for 5 min. The fluorine atom was
displaced by various amines and the nitro group was then reduced to give diamines
717, whose reaction with chloroacetyl chloride under MWI for 6 min gave the pol-
ymer bound 1,2,3,4-tetrahdroquinoxalin-2-one 718 and subsequent cleavage under
MWI for 10min gave 719 in 76-99% yields (Scheme 138). Compared to conven-
tional thermal heating, MWI decreased the reaction time from several days to several
minutes and improved the yields (03SL1688).

A monomodal MW heating (94M12) technique under solvent-free conditions in
the presence of acidic media was used to accelerate the cyclocondensation of diethyl
oxalate with o-phenylenediamine to give quinoxaline-2,3-dione 720 in good to high



Sec. I11.G] MICROWAVE IRRADIATION 95

H
NH, 0 " N__O
O relpom | )
NH, o MW, 2-6 min N~ 0
R= H, Et 720

OAc wom
N__Cl ° NS OAc
@ I . A S EtsN, MeCN @: I AcY
7 AcO S MW,3 min 7

N~ R YAG NH, N” R
HN.HX
721 177 Y =0, NH 722
H,N /NH HCl
N_ SR
@ I 1 OH @: I 'NaOH, Me,CO. I
EtOH RBr, DMF N~ SR
MW, 4 min MW, 4 min
H,N \NH HCI
723 724 OAc 725
o
A
AcO
YAC
Y=0,NH
Scheme 139

yields after 2-6 min. When the reactions were attempted using solid supports with
solvents that couple well with MW (H,O, MeCN, and DMSO), only trace amounts
of 720 were obtained (<2%) (Scheme 139). However, in the absence of solvents,
comparable yields were obtained by using Dowex 50 x 8 and KSF. Moreover, the
use of PTSA nearly doubled the yields over those obtained with the solid supports
(01H109). Typically the cyclization proceeded slowly in refluxing solvents in the
presence of mineral acids (62JCS1170).

Cyclocondensation of oxalic acid with o-phenylenediamine in an acidic medium
gave 720 in 93% yield after MWI for 2 min (Scheme 139), while a lower yield (75%)
was obtained under conventional heating for 10 min (05UP4).

Under MWI isothiouronium salts 177 were coupled with 2-chloroquinoxalines 721
in acetonitrile containing Et;N to give thioglycosides 722 in 60-66% yields within
3min (Scheme 139). Under conventional conditions, 722 were obtained in 40-48%
yields after 10h (0SUP1).

2,3-Dichloroquinoxaline (721, R = Cl) was prepared in 90% yield from quinox-
aline-2,3-dione (720) with POCl; under MWI for 3 min. Reaction of 721 (R = Cl)
with thiourea under MWI for 4 min gave 86% yield of a 723, which upon treatment
with alkali followed by neutralization afforded quinoxaline-2,3-dithione 724. Reac-
tion of 724 with acetobromoglucose or 2-amino-2-deoxy-2,3,4,6-tetra-O-acetyl o-D-
glucopyranosyl bromide in DMF under MWI for 4 min gave 725 in 71% compared
with a 69% yield after 3h of conventional heating (Scheme 139) (05UP4).
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Oxidation of L-ascorbic (702) or p-isoascorbic acid (703) with p-benzoquinone
followed by MWI with two equivalents of o-phenylenediamine for 1min gave
87-94% yields of quinoxaline 726. Acid hydrolysis of 726 was also achieved under
MWI for 3min to give the corresponding quinoxaline lactone 727 in 48-53% yields
(Scheme 140) (05UP4). The yields were higher with a shorter reaction time than
conventional methods (92AHC233, 00MI6).

A regioselective synthesis of 6-substituted pterins 729, 730, and 731 was achieved
using an MW-assisted direct Isay-type condensation of triamine 728 with methyl-
glyoxal or aldohexoses to give under MWI, without addition of sodium bisulfate or
hydrazine hydrate, 729 in 70% yield within 62s and the sugar derivatives 730 and
731 in 40% and 38% yields, respectively, within 270 s (Scheme 141) (02TL8371).
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Condensation of alloxan monohydrate 732 with 1,2-diaminobenzene or 1,2-di-
amino-4,5-dimethylbenzene was catalyzed by PTSA without a solvent under MWI to
give isoalloxazine 733 (R = H) and lumichrome 733 (R = Me), respectively, the
heterocyclic part of riboflavine (vitamine B,) (Scheme 141) (95SC2319).

Dehydrative cyclization of the L-threo and p-erythro quinoxalines 704 with aque-
ous NaOH under MWI for 2 min gave flavazoles 734 in 95% yield. Further cleavage
to 3-formyl-1-phenylpyrazolo[3,4-b]quinoxaline (735) (60-76%) was also carried out
under MWI within 4 min (Scheme 142) (05UP4).

Irradiating a mixture of aldehydes and 2-aminopyrazine 736 in the presence of
montmorillonite Ky with MW generated iminium ion, then further irradiated with
isocyanide to afford imidazolo[l,2-a]pyrazines 737 in 64-83% yields within
3-3.5min (Scheme 143) (99JHC1565).

Cyclization of pyrido[3,4-bJindoles 738 under MWI in solvent-free conditions af-
forded (S)-3-substituted 2,3,6,7,12,12a-hexahydropyrazino[1’,2":1,6]pyrido[3,4-b]in-
dole-1,4-diones 739 in high yields (88-95%) within 5min instead of 59-63% yields
from a conventional method using trifluoroacetic acid in CH,Cl, for 1-2h (Scheme
143). The reaction occurred through the removal of Boc group in situ with intra-
molecular cyclization by the loss of one mole of methanol (01T4437).
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H. DIOXEPINES

Ketene O,0-acetals 741 and 743 were prepared in 97% and 82% yields, respec-
tively, from the corresponding bromo derivatives 740 and 742 and strong base
(¢-BuOK) or milder base (KOH) and TBAB, respectively, under MWI and solvent-
free conditions (Scheme 144). The phase-transfer agent TBAB was not necessary
with ~-BuOK, owing to the strength of this base, which promoted a f-elimination
and gave an almost quantitative yield of product. The yields under MWI were better
than those obtained by ultrasound or classical heating (96TL1695).

I. BENZOTHIAZEPINES

A diastercoselective one-pot synthesis of the trans- and cis-3-hydroxy-2-(4-met-
hoxyphenyl)-2,3-dihydro-1,5-benzothiazepin-4(5 H)-one (745) was carried out under
MWI. The variation of solvent and power output was found to direct the stereo-
chemistry of ring opening of the oxirane ring in trans-3-(4-methoxyphenyl)glycidate
ester 744 (96TL6413). Reaction of 2-aminothiophenol with 744 in toluene under
MWTI at 390 W gave benzothiazepinone 745 in 75% vyield (cis/trans 9:1) within
20 min. Varying the polarity of the solvent by using acetic acid instead of toluene and
changing the irradiation power from 390 to 490 W gave an 84% yield of 745 (cis/
trans 1:9) after 10 min (Scheme 145) (96TL6413).

Condensation of substituted aminothiophenols 746 and 2-arylidene-1-tetralone
747 under MWI at 102—129 °C using montmorillonite KSF as a solid support in dry
media gave substituted 1,4thiazepines 748 in high yields (69-81%) with high purity
within a very short time 15-21 min (Scheme 145). Under conventional heating at
reflux in ethanol in the presence of conc. HCI products, 748 were obtained in lower
yields (58-67%) and longer times (280-480 min) (03H563).

J. DIAZEPINES AND THEIR FUSED RINGS

The N-detosylation of 6,6-difluorohomopiperazine 749 by heating with 30% an-
hydrous hydrogen bromide in acetic acid and phenol gave traces of 750. However,
when this reaction was performed under MWI, compounds 750 were produced in
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high yields (70-90%) within 200s (Scheme 146) (02S223). Most of the publications
on that ring system utilizing MW deal with their benzoanalogs.

An efficient synthesis of 1,5-benzodiazepin-2-ones 752 and 753 was carried out by
the condensation of o-phenylenediamines with f-keto esters in xylene under MWI.
The condensation occurred within 10 min and the products were obtained in 80-98%
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yields, while under classical heating by-products were formed in considerable yield
(94TL8373). When the condensation was done in DMAC under MWI, it gave 4-
phenyl-1,3-dihydro-2H-1,5-benzodiazepin-2-ones 752 (R? = Ph) in 73-84% yields
(Scheme 146) (96JCR(S)92).

Condensation of o-phenylenediamines with 1,1,1-trifluoromethyl-3-(isobutoxy-
methylene)-2-propanones 629 in xylene under MWI produced single products 754 or
755 in 73-93% yields (Scheme 146) (97T5847, 96TL2845).

The synthesis of 2,3-dihydro-1H-1,5-benzodiazepines included the condensation
of o-phenylenediamines with o,f-unsaturated carbonyl compounds, f-haloketones,
or ketones in the presence of BFj-etherate, NaBHy, PPA, SiO,, MgO, POCI;, and
Yb(OTf); (74JCS(P1)2657, 86H135, 99SC1941, 01TL1127, 01TL3193). Many of
these processes suffer from major or minor limitations, such as drastic reaction
conditions, expensive reagents, low yields, tedious work-up procedures, and the oc-
currence of several side reactions. MW enhanced this synthetic route on irradiating a
mixture of o-phenylenediamine with ketones under solvent-free conditions on acidic
alumina/P,0s5 to give 756 in 73-85% yields within 1 min (Scheme 146) (01H1443).

The synthesis of 756 can also be carried out by mixing o-phenylenediamines with
ketones in the presence of a catalytic amount of acetic acid and then by irradiation in
an MW oven for 2-7 min. The benzodiazepine derivatives were obtained in 90-99%
yields (Scheme 146) (02TL1755).

When pyrrolo[2,1-c][1,4]benzodiazepine-2,5,11-trione (757) was heated with
POCI; and a catalytic amount of pyridine for 1.5h, compound 758 was obtained.
When the reaction was subjected to MWI for 50 min, compound 757 rearranged and
subsequently aromatized to 2,5-dichlorocyclopenta[b][1,4]benzodiazepine (759) as a
major product and its lactam 760 in a ratio 85:15 in 47% yield (97TL2271). Treat-
ment of 758 with POCl;/pyridine under MWI also gave 759 and 760 (Scheme 147).

Reaction of 5-substituted isatoic anhydride 761 with allylamines 762 in DMF
under MWI for 5-50min gave 2-amino-5-substituted-N-alkyl-N-(2-propenyl)
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o Z >l
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benzamides 763 in 50-97% yields; 20-69% yields were obtained under conventional
heating for 3h. The intermediates 763 were subjected to diazotization to give 764,
whose subsequent nucleophilic substitution by sodium azide gave 765, which were
cyclized by a second exposure to MWI to give 2-methyl-1,4-benzodiazepin-5-ones
766 in better yields (55-69%) than those (27-45%) obtained by conventional heating
in DMF for 1h (Scheme 148) (01TL2397).

The noncovalent DNA-binding agents pyrrolo[2,1-c][1,4]benzodiazepine-5,11-di-
ones 769 have been successfully synthesized in 80-92% yields from isatoic anhydride
767 with L-proline 768 under MWI for 2-3 min (Scheme 148) (99SL1251).

IV. Heterocycles with Three Heteroatoms

A. OXA(THIA)DIAZINES

Condensation of dimethyl urea with paraformaldehyde supported on montmo-
rillonite Ky using MWI in dry media gave 4-oxo-oxadiazinone 770 in 67% yield
(Scheme 149). Formation of 770 may occur by the attack of the nucleophilic ni-
trogens of urea on formaldehyde (99JCR(S)392).

2-Hydrazinothiadiazines 771 were prepared in 86-95% yields from phenacyl bro-
mides with thiocarbohydrazide in the presence of K,CO; using MW heating for
2-3 min (Scheme 149) (02JHC1045).
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1,2,4-Triazolo[3,4-b][1,3,4]thiadiazoles 773 were obtained in 70-94% yields by the
condensation of 4-amino-5-substituted-4H-1,2,4-triazole-3thiols 772 with one-car-
bon cyclizing agents such as formic acid, acid chlorides, phenyl isothiocynate, and
aromatic acids under MWI for 2-12min. The classical approach required 2-20h
(96JCR(S)254, 971JC(B)782). Similarly, triazolothiadiazines 774, 775, 776, and 777
were prepared in 50-85% yields by MWI of 772 with benzoin, chloroacetic acid,
phenacyl bromide, and dimedone, respectively (Scheme 149) (971JC(B)782).

B. TRIAZINES

Condensation of substituted aromatic or heterocyclic amines with formaldehyde
and urea or phenylthioureas under MWI in an aqueous medium gave 2-(oxo)thioxo-
hexahydro-1,3,5-triazines 778 in 92-98% yields within 45-120s, but conventional
heating gave 50-58% yields within 10-12h. Triazines 778 further reacted with
chloroacetic acid or hydrazine hydrate to give 779 and 780, respectively. Compounds
780 were obtained in 86-90% yields within 1.5-2.0 min under MWI, but classically
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the reaction times were 7-10h and the yields were 52-58%. Similarly, 779 were
produced in 84-85% compared to 60—-62% yields under classical heating for a long
time. Further, triazolo[4,3-a]triazines 781 were obtained in 86-92% yields by a one-
pot reaction of triazinyl hydrazine 780 with CS, under MWI for 3—4 min (Scheme
150). Conventional conditions required a 4h reflux in the presence of anhydrous
pyridine to give lower yields (52-60%) (04SC1141).

Condensation of dimethyl urea, paraformaldehyde, and primary amines sup-
ported on montmorillonite K;qg under MWI in dry media gave triazinones 778
(R =R'=Me, Z = 0) in 71-84% yields within 6 min (Scheme 150) (99JCR(S)392).

2,4,6-Triaryloxy-1,3,5-triazines 783 are important chemicals used in various fields
such as polymers, dyes, and pharmaceuticals. In view of their potential applications,
a rapid synthesis of 783 in excellent yields (85-90%) was reported by heating cyan-
uric chloride (782) with the sodium salt of phenolic compounds in water by using
focused MW. Moreover, it was considered to be an environmental friendly proce-
dure (Scheme 150) (00SC1719).

A one-pot condensation reaction of acid hydrazide, ammonium acetate, and
a-dicarbonyl compounds on the surface of silica gel in the presence of triethylamine
under MWI gave 1,2,4-triazines 784 in 61-93% yields within 5-12 min (Scheme 151)
(02SC1899).

The traditional thermal conditions were applied to the reaction of heterocyclic
acyl hydrazide with heterocycles containing a 1,2-diketone in a 1:1 ratio by using an
excess of ammonium acetate in refluxing acetic acid for 10-24h to give 3-het-
erocyclo-1,2,4-triazines 784 in less than 30% yield. On the other hand, when the
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reaction was conducted using MWTI the yields increased to 62-92% within 5min
(Scheme 151) (03TL1123).

The synthesis of azlactones 785 has been carried out by irradiating in an MW oven
for 3.5min a mixture of the aromatic aldehyde, acyl glycine, acetic anhydride, and
sodium acetate. The yield of 785 ranged between 78% and 90%, instead of 59-76%
under classical heating. Irradiating a mixture of 785 and KOH in H,O for 15 min
followed by adding thiosemicarbazide or 4-phenyl-3thiosemicarbazide in AcOH—
H,O and further irradiation for 15min led to triazinones 786 in 59-76% yields.
Hydrolysis of 785 (R = Me, Ar = Ph) with aqueous acetone was carried out under
MWI for 4 min to give 2-acetamidocinnamic acid (787) in 74% yield. MWI of 787 in
1M HCl in a closed Teflon vessel for 7min gave phenylpyruvic acid (788) in 78%
yield. Under MWI, the condensation of 788 with thiosemicarbazide gave
thiosemicarbazone 789 (97%), which was cyclized with aqueous K,COj3 under
MWI to give 786 (R' = H, Ar = Ph) in 56% yield (Scheme 151) (05MI1).

Organomercurials 791 have been synthesized in 68—73% yields from 790 with aryl
mercuric chloride under MWI. The reaction time was reduced to 2.5-4.0 min instead
of 7-9 h under conventional heating (Scheme 151) (97M1291).

Regioselective cyclization and isomerization of propargylthio-1,2,4-triazinones
792, 793, and 794 were achieved rapidly under MWI by the catalytic action of
sulfuric acid adsorbed on silica gel in 5-8 min to give the corresponding fused he-
terocycles 795, 796, and 797 in 75-80% yields. The cyclization did not occur in the
absence of a catalyst on exposure to MWI (Scheme 152) (00JCR(S)464).
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Acyclic C-nucleosides 799 incorporating the thiadiazolo-1,3,5-triazine structure
were synthesized through three-component one-pot reactions of thiazole Schiff’s
bases 798, ammonium acetate, and an aldose under solvent-free MWI conditions to
give thiazolotriazines 799 (cis/trans) in 76-88% overall yield within 9-15min
(Scheme 152). The formation of 799 was highly diastercoselective in favor of the cis-
isomers; the diastereomeric ratio was >96:4 under MWI, while under conventional
heating in an oil bath the (cis/trans) ratio was >56:<44 in a lower overall yield
(20-31%) within the same time. The higher diastereoselectivity in favor of cis-iso-
mers under MWI could be due to the higher polar character of the activated complex
leading to the formation of cis- over the trans-isomer because MWI favors reactions
occurring via more polar intermediates (03TL8951).

Conversion of isatins 295 to the their respective isatin 3thiosemicarbazones 800
has been carried out by a reaction with thiosemicarbazide in ethanol under MWI for
2.5min. The cyclization of 800 in aqueous K,CO; using MWI gave the correspond-
ing 1,2,4-triazino[5,6-blindole-3thiols 801 within 15-30 min in 83-87% yields. Al-
kylation of 801 with benzyl chloride or ethyl chloroacetate in K,CO3; under MWI for
2.5min gave the S-alkylated derivatives 802 in 82-89% yields. Further alkylation of
802 with an alkyl halide in the presence of NaH and Nal in DMF under MWI
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afforded 803 within 6 min in 70-85% yields (Scheme 153). Also, N-benzylation of
295 could be achieved under MWI within 7min in 72% yield by using benzyl chlo-
ride and K,COs in the presence of Nal. The product was then converted into 804,
further benzylated under MWI within 2.5 min to give 803 in 85% yield (Scheme 153)
(04SL.723).

Several 3-benzyl-1,2,3-benzotriazin-4(3H)-ones 806 were prepared in moderate
yields (52-75%) by alkylating 1,2,3-benzotriazin-4(3 H)-one (805) with benzyl halides
in the presence of K,CO; and DMF under MWI within 5min (Scheme 153)
(97JHC1391, 99JHC1095).

C. 1, 2, 4-TRIAZEPINES

The imidazotriazepines 808 were obtained on heating hydrazide 807 and an or-
thoester. Although the yield of 808 was 74% on reacting 807 with trimethyl ortho-
benzoate in ethanol for 22h (84JHC1817), the replacement of the phenyl group of
the orthoester by a methyl or an n-propyl group led to a low yield of 12% and 8%,
respectively. However, MWI improved the reaction leading to imidazotriazepines
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808 in a shorter time (3h) and higher yields (38-47%) (Scheme 154). These poor
yields were explained by the lower reactivity of alkyl orthoesters and the poor nu-
cleophilicity of the NH, group that is delocalized with the imidazole ring (02SL519).

V. Heterocycles with Four Heteroatoms
A. TETRAZINES

Hetero Diels—Alder reactions of chiral 1-aryl-1,2-diaza-1,3-butadienes 809, de-
rived from acyclic carbohydrates, with diethyl azodicarboxylate 810 in dry benzene
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at room temperature gave the corresponding functionalized 1,2,3,6-tetrahydro-
1,2,3,4-tetrazines 811 after ~30 days (99JOC6297). When the reactions were carried
out without solvents under MWI in a focused MW reactor, the adducts were ob-
tained within 6 h in excellent yields (80-96%) (Scheme 154) (99JOC6297).

Hydrazide 489 when treated with substituted benzaldehydes or acetophenones
furnished the corresponding hydrazones 812 in a very short time (1.5-2.0 min) under
MWI as compared with conventional heating (3—4h). Condensation of 812 with
2-hydrazino-4-methyl quinoline under MWI using DMF as an energy-transfer agent
afforded the tetrazine derivatives 813 in 51-64% yields in only 5-8 min (Scheme
154), but heating in ethanol under reflux gave 32-41% yields within 24-31h
(97G263).

VI. Spiroheterocycles

A solvent-free one-pot reaction of a mixture of Meldrum’s acid or barbituric acid
derivatives 814, urea, and aldehyde under MWI in the presence of acetic acid gave,
stereoselectively, heterobicyclic compounds 815 within 4min in good yields
(70-83%) (Scheme 155). The procedure also avoided problems connected with sol-
vent use; times were reduced from several hours to few minutes (04TL2575).

Condensation of 2-methylene indoline derivatives 816 with 1-nitroso-2-naphthol
(817) under MWI gave spiro indolinonaphth[2,1-b][1,4Joxazines 818 in 27-67%
yields within 12min. When the same reaction was carried out in the presence of
morpholine, 819 were also formed in 19-34% yields (Scheme 155) (04SC315).

Reaction of 1,3-dihydro-3-(2-phenyl-2-oxoethylidene)indol-2(1 H)-one (820) with
2-aminobenzenethiols (746) to give 8-substituted-2,5-dihydro-1,5-benzothiazepin-2-
spiro-3’-3' H-indol-2'-(1' H)-ones 821 in 49-65% yields was induced under MWI
conditions. Ethylene glycol was used as the energy-transfer medium and the reaction
required 7-15min (Scheme 155). However, conventional heating of 820 and 746 in
ethanol saturated with hydrogen chloride for 4-6h gave 51-52% yields
(98JCR(S)752).

Isatin-3-imines 822 are versatile precursors for the synthesis of spiroheterocycles.
They were prepared by grinding together an equimolar mixture of isatin and ar-
omatic or heterocyclic amine. Subsequent treatment with mercaptoacetic acid using
inorganic supports such as montmorillonite KSF, alumina, or silica gel in an open
vessel upon MWI gave spiro compounds 823 within 5-7 min. The montmorillonite
KSF is the best solid support, giving the best yields (92-97%) in the shortest time
and ecasiest work-up (Scheme 156) (030PP401).

Compounds 824 have also been prepared under MWI by condensing isatin, an
aromatic amine, and mercaptoacetic acid in dry ethanol or DMAC without isolating
the isatin-3-imines. Both thermal and MW methods gave good to excellent yields,
but reaction times were reduced from several hours to few minutes on using MWI
(Scheme 156) (00SC537). A one-step synthesis of spiro[indoline-3,2’-[1,3]thiazinane]-
2,4’-diones 823 took place also under MWI in absolute ethanol within 11-18 min to
give 62-84% yields, whereas conventional heating needed 14-20h to give 14-74%
yields (98JCR(S)360).
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Spiro[3 H-indole-3,5 (4’ H)-[1,2,4]triazoline]-2-ones 825 were obtained under MWI
from imines 822 with nitrilimines, generated in situ from the hydrazonyl chlorides
(Scheme 156). Yields were 85-95% and the reaction was completed in 5min, com-
pared to 20-30% yields under conventional heating for 6-10 h. On the other hand,
when the reaction was carried out at ambient temperature, the products were ob-
tained in excellent yields but after a very long time (30 h) (01SC1069).

Spiro compounds 826 or their acetyl derivatives 827 were synthesized under MWI
by the condensation of 822 with thiosemicarbazide in the absence or presence of
acetic acid, respectively (Scheme 156). Montmorillonite efficiently catalyzed the re-
action giving the maximium yield (94-98%) within a shorter period and easier work-
up (00JCR(S)272).

Cyclocondensation of mercaptoacetic acid with diimines 828, prepared from two
equivalents of isatin or N-methylisatin with one equivalent p-phenylenediamine, was
carried out under MWI to yield 829 in 74-78% yields (Scheme 156) (00SC537).
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829

1,3-Dihydrodicyanomethylene-2 H-indol-2-one (830) (X = H) was synthesized in

70-94% yields under MWI from indole-2,3-dione and malononitrile in the presence
of piperidine and a support such as acidic, basic, or neutral alumina and montmo-
rillonite Ky or KSF. Neutral alumina gave the maximum yield. MWI accelerated
the Michael condensation of 830 with 2-pyrrolidones 831 adsorbed on neutral
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alumina in dry media or using absolute ethanol as energy-transfer medium to afford
spiro 832 in 30-78% yields (Scheme 157) (99SC2323).

The 1,3-dipolar addition of diphenylnitrilimine 833 to some 5-arylidenerhodanines
64 on solid inorganic supports in dry media under MWI gave the spiro-rhodanine-
pyrazolines 834 in 75-90% yields (Scheme 157) (98MI1).
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1. Introduction

In the last 30 years, annulated heterocyclic systems have attracted considerable
attention both from a theoretical standpoint and in view of their various practical
applications. This interest is evidenced by a sharply increasing number of
publications devoted to various aspects of the chemistry of fused thiophenes. About
300 papers were published over 90 years since the discovery of thienothiophenes in
1886 (1886CB2444). However, since publication of the most recent reviews
(76AHC123, 75M11, 75M12, 78MI11, 2003M11, 2004M11, 2005USC235), the number
of such papers has considerably increased, especially in the last 10-15 years. The
character of publications has also changed. In recent years procedures for the
synthesis of annulated derivatives and their physicochemical properties and
reactivity as well as the potentially useful properties of isomeric thienothiophenes
and their analogues have attracted growing interest. In particular, the percentage
of studies on practical applications of such systems exceeded 30% of the total
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number of publications. Here we emphasize investigations performed in the last
decade.

II. Methods of Synthesis

Data presented in this section are classified according to the nature of the starting
compounds involved in the synthesis of isomeric thienothiophenes.

Compounds characterized by three modes of fusion of the thiophene rings, viz.,
[2,3-b] (structure A), [3,2-b] (B) and [3,4-b] (C), have attracted the most attention.
These isomers are refered to as conventional or classical thienothiophenes because
structures of the type D ([3,4-c]-fusion) are much less accessible.

S
A B C D

For isomeric thienothiophenes, both general methods of synthesis and original
procedures applicable only to the preparation of particular types of compounds have
been developed. In recent years, along with conventional methods based on
thiophene derivatives as substrates, other approaches using, in particular,
cyclopropenethiones, dithiynes and dithiolium salts have been successfully designed.
A special section in this review deals with high-temperature synthesis of annulated
thienothiophenes and procedures used for the preparation of particular representa-
tives of this class of heterocycles.

A. THIOPHENE DERIVATIVES IN THE SYNTHESIS OF THIENOTHIOPHENES

Bromine derivatives of thiophene are the most widely used for the preparation of
isomeric thienothiophenes and related systems. A classical example is illustrated by
the following transformation sequence: formylation of 3,4-dibromothiophene (1)
through lithium derivatives, repeated metallation and treatment with elemental
sulfur and methyl bromoacetate. Ring closure of the second heterocycle occurs in the
present of sodium alkoxide. Decarboxylation of the resulting 4-bromothieno[2,3-
b]thiophene-2-carboxylic acid (2a) affords 3-bromothieno[2,3-b]thiophene (3a)
(741ZV1570). The reaction with selenium instead of sulfur produced 4-bromosele-
nolo[2,3-b]thiophene-2-carboxylic acid (2b) and 4-bromoselenolo[2,3-b]thiophene
(3b).

Br Br Br Br CHO

Z—g e Z—gZ\YCHZCOZMe — Z—§\YCHzCOz’\"e

X X X
la,b
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Br Br

AlkONa
— mcw =~ {1
X Y X Y
2a,b 3a,b

X=Y=S(a); X=Se, Y =S (b); Z=-CH(OLi)NMe,.
a:leq. Bun Li, DMF; 2 eq. Bun Li; - 70°C
b: -70°c; -20°C
¢ BrCH,CO,Me, -20°C.
d: v¥, o°c

More recently, this approach was applied (89TL3315) to the synthesis of
3-bromothieno[3,2-b]thiohene (4). It should be noted that bromothienothiophenes
have considerable synthetic potential for both transformations into various
functional derivatives and synthesis of polyannulated thiophenes. For example,
treatment of bromide 4 with Bu"Li and then with di(3-thienyl) disulfide affords
sulfide 5. Oxidative cyclization of the latter gives tetrathienoacene 6. Pentathienoa-
cene 7 was prepared according to an analogous scheme.

Br Br 18U Li Br SCH,CO,Me Br SCH,CO,Me
i 2. Sg i MPA Z_ﬁ\ EtONa
e — —_— T
/ \ 3.CICH,CO_H / \ POCI, / \ CHO
S 4.MeOH,H * S S
la
1. Bu L|
L FQ Qs -
qumolme EtO _80°C
1. Bu Li
2. CucCl,
- 5
Et,0, 0°C / \ ! \ /
S S
6
1. Bu Li 1. Bu Li
2. (Ph502)2 m 2. CuCI / \ / \ / \

Three approaches to the synthesis of dithieno[2,3-5:3,2'-d]thiophene (10) and
dithieno[3,4-b:3',4'-d]thiophene (11) starting from di(bromothienyl) sulfides 8 and 9
were developed (97TL4581, 2000H761). One procedure (condensation a) involves
cyclization of sulfides 8 and 9 with hexamethyldistannane catalysed by a palladium
complex. Two other procedures involve lithiation, the formation of organocopper
(conditions b, ¢, e) or organozinc (conditions b, d, ) derivatives and their oxidation
by molecular oxygen.
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8 10
lb Te
dii Li ¢ o d X~ /'Z_;er
/S\ S/Z:\) — @S /S\
X = CuCN or ZnCl
9 11

a - Pd(PPh,), (20 mol.%), (Me;Sn), (0.9 equiv.), dioxane, 110-116°C;
b - Bu"Li, THF, - 78°C; € - CucN; d - ZnCl,, - 50°C;
e - 1) O,; 2) CuCl,, - 70°C.

Conditions Yield (%)
10 11

a 75 78
b,c, e 37 40
b,d, e 70 70

Bromine-substituted thiophenecarbaldehydes were used as the starting com-
pounds in the synthesis of isomeric thienothiophenes (94JCS(P1)2735). The second
sulfur-containing ring can be constructed using ethyl thioglycolate (12). The
reactions of 3-bromine-substituted thiophene-2-carbaldehydes 13-15 with ester 12
are most often carried out in DMF in the presence of K,COj; (92JCS(P1)973,
94JCS(P1)2735, 97JCS(P1)3465, 92MM?2294, 2000M11, 20011ZV107). These reac-
tions produce thieno[3,2-b|thiophene-2-carboxylates 16-18, whose yields vary
substantially depending on the structure of the starting aldehyde. The reaction of
3.,4,5-tribromo derivative 15 with ethyl thioglycolate 12 was studied under different
conditions. The reaction in boiling anhydrous ethanol in the presence of EtONa
afforded ethyl 2,3-dibromothieno[3,2-b]thiophene-2-carboxylate (18), whereas the
reaction in the presence of even traces of water in situ was accompanied by
hydrolysis of ester 18 to the corresponding carboxylic acid. In liquid ammonia, the
reaction proceeds apparently through the replacement of the bromine atom by an
Srn1 mechanism.
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2 2

R Br HSCH,CO,Et R S\_CO,Et
R™ ™g7 "CHO  DMF K,CO, R™ g

13ab, 14,15 16ab, 17, 18
Substrat R" R® Reaction conditions Yield (%)  Ref.
(product)
13a (16a) H H DMF, K,CO;s 20°C 95 [92JCS(P1)973; 92MM2294;

97JCS(P1)3465

13b (16b) MeBr DMF, K,COs, 20°C 73 [20011zVv107]
14 (17) Br H DMF, K,CO;s, 20°C 8 [94JCS(P1)2735]
15 (18) Br Br DMF, K,COs, 20°C 61 [94JCS(P1)2735]
15 (18) Br Br FEtONa, EtOH (anhydr.), 78°C 72 [94JCS(P1)2735]
15 (18) Br Br  NHs(liquid. 66 [94JCS(P1)2735]

Analogously, thienothiophene systems 21 and 22 were derived from thiophene-3-
carbaldehydes 19 and 20, respectively (94JCS(P1)2735) (cf. Ref. (681ZV1828)).
Compounds 18, 21 and 22 provide examples of isomeric thienothiophenes, which
were prepared according to the same procedure but are characterized by different
modes of fusion of the five-membered sulfur-containing rings.

Br CHO

& 12 T
s K,CO,, DMF EtO,C s
19 21 (21%)
Br
Br CHO 1

/ \ B — Br / | \ CO,Et
Br S Br Kl, CuO, EtOH S S

20 22 (58%)

3-Bromothiophene-2-carbaldehyde 13a served also as the starting compound in
the synthesis of thieno[3,2-b]thiophene 23 containing the mercaptopropyl substituent
(93TL5653).

SLl

Br Bu, ,SnH S (CH,),SH
U\CHO S - W/j W

S

0,
13a 23 (74%)
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6-Bromo-5-methyl-3-fluoromethylthieno[2,3-b]thiophene-2-carboxylic acid (24)
was synthesized by the reaction of dibromo-substituted thienyl ketone 25 with ethyl
thioglicolate 12 in ethanolic sodium ethoxide.

Br. S

HSCH,CO,Et (12) ) CO,H
Br Br Me s
EtONa, EtOH CFs4
7\ _ @TN 24 (56%)
Me COCF | N
S 3 S)\CHZSH Br. S |‘/©
25
A\
Me™ g CF,
26 (15%)

Under analogous conditions, the reaction with 2-mercaptomethylbenzo-thiazole
afforded the corresponding 2-(benzothiazol-2-yl)thieno[3,2-b]thiophene derivative 26
(2000M11, 20011ZV107).

Treatment of 3,3’-dibromo-5,5-dimethyl-2,2'-bithiophene (27) with Bu"Li and
then with elemental sulfur produced 3-bromo-3’-mercapto-5,5-dimethyl-2,2’-bithio-
phene (28). In the presence of Cu,O and alkali, the latter undergoes cyclization to
2,6-dimethyldithieno[3,2-5:2’,3'-d]thiophene (29) (2000MI1, 20021ZV1942). Com-
pounds 26 and 29 were used to design new photochromic substances (20011ZV107,
2000MI1, 20021ZV1942).

s
Br Br . BrHS
u L3'5 Z:OC Cu;0,KOH, DMIF 7\ \
8
BNE o e LA e
Me s Me 29

S
27

An analogous method was used (76K GS1039) to introduce the thiol group into
3-bromothiophene 30 in the synthesis of 3-hydroxythieno[3,2-b]thiophene (31).

Br SCH,CO,H S
a-c d
14 \i — / \S — 7\
S s s OoH
30 31 (14%)

a—Bu'Li, -70°C; b — Ss, 20% NH4CI; ¢ — CICH,CO,H, 40-45°C; d — H,SO4, 95-100°C.

Procedures were developed (81USSR767108, 83KGS37, 2001KGS850) for
the preparation of isomeric thienothiophenes 32-34 by cyclization of methyl
v-thienylthioacetoacetates 35a, b derived from substituted 3-bromothiophenes.
Cyclization occurs in chlorobenzene in the presence of polyphosphoric acid
(PPA).
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2
. CH,COR
PPA, PhCl 1
R s~ ~~SCH,COCH,COR g
30 32
s
R1=Me R3=H T\ J
——
M s 2
3 CH,COR
SCH,COCH,COR a3
PPA, PhCI
AN, —_—
R™Ng” R
35b
RI=R3=Et

1
R™ = Me, Et; R 2= Me, OMe; R3 = H, Et.

Acylation of thienothiophene derivatives 32 and 33 in an aliphatic acid anhydride
— 70% perchloric acid system gives the corresponding pyrylium salts 36 (for
compounds 32, R! = Me).

Me
N\ 4 _
o clo
1 4
R | N\ /
S s Alk
36
R! = Me, Et.

The synthesis of isomeric thienothiophenes and benzothienothiophenes was
successfully carried out starting from thiophenecarbaldehydes and their derivatives.
Treatment of 2-mercapto-3-(3-thienyl)acrylic acid (37), prepared in quantitative
yield from thiophene-3-carbaldehyde (38) and 2-thioxothiazolidin-4-one (39)
through intermediate 40, gave with two equivalents of iodine in dioxane
thieno[2,3-b]thiophene-2-carboxylic acid (41) (74SC29).

OH
N
B e TE— o -
S \[( S
S

38 39 40
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I, dioxane

S

41 (70%)

Condensation of thiophene-3-carbaldehyde 38 with malonic acid (Doebner
reaction) in a mixture of pyridine (Py) and piperidine (Pip) with heating affords
(E)-3-(3-thienyl)acrylic acid (42), whose treatment with thionyl chloride in Py produces
3-chlorothieno[2,3-b]thiophene-2-carboxylic  acid chloride (43) (72ACS2982,
88JHC1363). Analogously, 3,5-dichlorothieno[3,2-b]-2-carboxylic acid chloride was
prepared from thiophene-2-carbaldehyde (72ACS2982, 72JHC879, 88JHC1363).

CHO COM cl
Py, Pip socl,
I\ + cHcoM), —— [\ O 7 T D—cocl
s s s~ s
38 42 43 (51%)

The same methodology was employed in the synthesis of the more complex
3-chloro-6-methoxycarbonylnaphtho[2’,1':2,3-b]thieno[4,5-d]thiophene-2-carboxylic
acid chloride (44). Annulated thiophenecarbaldehyde 45 reacts with malonic acid in
boiling Py containing two drops of Pip to give unsaturated acid 46, which undergoes
cyclization to acid chloride 44 upon mixing with thionyl chloride in chlorobenzene
with a small admixture of Py (91H2323).

J O _CHA(COpH), _SOCh, Py_cloc \5 '
HC Py, Pip. & HO,C-HC=HC “pncl / CO,Me
S CO,Me CO,Me cl S
44

45 46

3-Chloro-5-dichloromethylthieno[3,2-b]thiophene-2-carboxylic acid chloride (47)
was synthesized by the reaction of thionyl chloride in Py with 5-formylthiophen-2-
ylacrylic acid 48 (75BSF2575). 3-Chloro-5-dichlorometylthieno[2,3-b]thiophene-2-
carboxylic acid chloride (50) was prepared analogously starting from isomer 49.

S\, _-cocl
— > | M
Y Cl,HC s
!
/U\ SOCIZ’ il 47 (52%)C
OHC™ Ng” ~x 4 ,60h cl
48, 49 cmlmcoa

S S

50 (60%)

X = CH=CHCO,H, Y = H (48); X = H, Y =CH=CHCO,H(49).
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This method was applied to the synthesis of dithienothiophenes 51-53 from
isomeric thiophenediacrylic acids (20-40% yields).

cl o cl
S S S
cloc cocl cloc— 7 cocl cloc—~ X,—COCl
cl S cl S cl s
51 52 53

The synthesis of thieno[3,2-b]thiophenes and their benzo- and naphthoannulated
analogues was carried out starting from 4-chloro-5-formylthiophene-3-carboxylic
esters. For example, the reaction of 2-substituted ethyl 4-chloro-5-formylthiophene-
3-carboxylates 54a, b with ethyl thioglycolate 12 afforded the corresponding
thieno[3,2-b]thiophene derivatives 55a, b in rather high vyields (72KGS427,
81JCS(P1)1078).

EtO,C, Cl HSCH,CO,Et EtO,C, s O.E
D U YA
R s CHO R s

54a,b 55a,b

R = Me (a), PhNH (b).

An analogous approach was employed in the synthesis of benzo[b]thieno[3,2-
b]thiophene-2-carboxylic acid (56) and naphtho[2,3-b]thieno[3,2-b]thiophene-2-car-
boxylic acid (59) from substituted benzo[b]thiophene-2-carbaldehyde 57 (77MI1)
(through thioglycolic acid derivative 58) and naphtha[2,3-b]thiophene-2-carbalde-
hyde 60, respectively (71G774).

SCH,CO,H

cl R b S/ COH
O, Odee — OFT
s CHO S S
57 58 56
O al ab COZH
\
60 59

a- HSCH,CO,H ;b - ag. KOH, 80-90°C, 30 min.

Substituted thiophenecarbaldehydes were also used in the synthesis of thienothio-
phene-related systems. For example, cyclization of thiophene-containing methyl
selanylacetate 61 in the presence of EtONa in ethanol afforded selenolo[3,2-
b]thiophene-5-carboxylic acid (62) (681Z2V1419, 741ZV1575).
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SeCH,CO,Me Se

277277 1.EtONa, EtOH CO,H
s~ ~CHO s
61 62 (76%)

Furo-, pyrrolo-, selenolo- and thieno[2,3-b]thiophene-2-carboxylic acids 64 were
synthesized from various heterocyclic 2-chalcogenoacetic acids 63 (76ZOR1574).

CHO

™ el )con
Ph™ >y~ ~YCH,CO,H XY
63 64

X=NMe, O, S; Y =S, Se.

Substituted selenolo[2,3-b]thiophenes can be easily synthesized in two steps from
ketene dithioacetal (MeS),C=C(COMe), (2004S451).

Cyclization of isomeric thiophenes 65 and 66 containing the aldehyde function and
the SCH,CO,Me group in positions 2 and 3 by reaction with 1,5-diazabicyclo[4.3.0]-
non-5-ene (DBN) affords methyl thieno[2,3-b]- (67) and -[3,2-b]thiophene-2-
carboxylates (68), respectively (91JMC1805).

— |\ CO,Me

Y S S
U\ DBN 67
MeOH
X X
s
65,66 co,Me
= ]\ 7/
s
X = SCH,CO,Me, Y = CHO(65); 68

X = CHO, Y = SCH,CO,Me (66)-

Intramolecular condensations were also used in the synthesis of derivatives of
more complex substances, including thienothiophenes containing various functional
groups. The ester and nitrile functions can serve as the ‘“‘carbonyl component”
(76T3055, 90P895). Among examples of the synthesis of the thienothiophene system,
worth of mentioning is the transformation of thiophene-4-carbonitrile 69 in a
reaction with KOH giving rise to 3,4-diamino-2,5-di[amino(cyanoimine)methyl]thie-
no[2,3-b]thiophene (70), which then is cyclized to symmetrical tetracycle 71
(95Z0R127, 96T1011).

NC NH,
ﬂ\fNC KOH | \ NCN HC| N \ /
NCN
Q(\s s MeOH MeOH H,
NH, 69 NH,
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Thiophene derivatives were also used in the synthesis of derivatives of the fourth,
the so-called non-classical, isomer of thienothiophene, viz., thieno[3,4-c|thiophene
(85TL1983, 91JOC78). For example, the reaction of a sodium salt of dithenoyl-
methane (72) and bromodithenoylmethane (73) in acetone produced 1,1,2,2-tetra-2-
thenoylethane (74). Sulfonation of the latter with Lawesson’s reagent (RL) in boiling
xylene afforded a mixture of two stereoisomeric 1,3-dihydrothieno[3,4-c]thiophenes
(75). This mixture was oxidized without purification and then chromatographed on
silica gel (CCly as the eluent) to isolate individual cis- and trans-sulfoxides 76.
Dehydration of an unseparated mixture of isomers 76 in boiling acetic anhydride
under nitrogen produced 1,3,4,6-tetra-2-thienylthieno[3,4-c]thiophene (77) in 84%
yield, whereas the yield of the product in an analogous transformation of the cis-
isomer of 76 decreased to 68% (91JOCTS).

O O
0] ONa o] 0O Me,CO Th Th
)J\/k + —_— —
Th Th Th Th Th Th
Br O O
72

73 74 (85%)
Ho S 4H H., S H
NaClO Th
RL___Th Th N9 Th +
xylene, 2 /\ PhH, H,0 / \
Th s Th Th S Th
75 (60%) Cis-76
H,, S ~Th Theo 5, Th
. Th H Ac,0
I\ A I\
Th g~ Th Th g~ Th
trans- 76 77

S, _C¢H,0OMe-
S TN p
p-MeOCH;” g~ °S

Unsubstituted thieno[3,4-c|thiophene was synthesized for first time by Pummerer
dehydration of 1H,3H-thieno[3,4-c]thiophene-2-oxide (78) (85TL1983). This
compound was characterized using chemical traps, for example, as adduct 79 with
N-phenylmaleimide (88CC959).

78 79 (84%)
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The reaction of thienyldinitrile 80 with thionyl chloride in the presence of
triethylamine gives thieno[3,4-c]thiophene 81 containing only electron-withdrawing
substituents (2000TL8843, 2002JOC2453). This compound is very stable in the solid
state. The use of selenium oxychloride furnished the corresponding cyano-
substituted selenolo[3,4-c]thiophene (2002JOC2453).

s
NC CN
NCH,C_  CH,.CN &
e
MeO,C™ g~ ~COMe  EtN MeO,C™ g~ ~CO,Me

0,
80 81 (70%)

The multistep synthesis involving aldol condensation of thiophene-3-carbaldehyde
38 with malonic acid or the Heck reaction using 3-bromothiophene 30 or 4-
bromothiophene-2-carboxylate produced thieno[3’,2":4,5]thieno[2,3-c]quinolones 82,
which exhibit high antitumour activity (2002CPB656).

S S o
82

R1= H, MeO,C, PhHCO, Me,N(CH,),NH, Me,N(CH,),NPh;

R2=H, Me,N(CH,),.

Benzothiophenes 83 containing a tertiary alcoholic group undergo cyclization in
the presence of thionyl chloride (91JHC109) to afford benzo[b]thieno[3,2-b]thio-

phenes 84.

R= Pr', Bu'.

Isomeric thienothiophenes can also be synthesized from other thiophene
derivatives. In the study of the 3,3-sigmatropic rearrangement of allyl 2-thienyl
sulfide (85), 2-methylthieno[2,3-b]thiophene (86) and 3-chloro-3,4-dihydro-2H-
thieno[2,3-b|thiopyran (87) were isolated in a total yield of up to 60%
(77Z0R2624, 79KGS1062, 82DOK97).

Cl

= 1700

Q\Sj qumolme [&\ (/SD*Me + @
85 8 87
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Refluxing sulfur-containing tricyclic dinitrile 88 in xylene was found to give 3a,5-
dimethyl-3aH-6,7,8,9-tetrahydrobenzo[c]thieno[3,2-b]thiophene (89) (82JOC977).

CN S
xylene CN
e/ — > 7\
4 h refluxing Me s
S CN Me CN
Me 89

88

Analysis of the above methods for the synthesis of thienothiophenes and their
analogues based on thiophene derivatives demonstrates that mono- and dibromo-
substituted thiophenes are most often successfully used as the starting compounds. It
should be noted that intramolecular cyclization of compounds derived from the
above-mentioned thiophenes serves as the key step. In this step, vicinal carbonyl
functions (generally, formyl or acyl) interact with fragments containing an activated
methylene group.

B. CYCLOPROPENETHIONES IN THE SYNTHESIS OF THIENOTHIOPHENES

Cyclopropenethiones are transformed into thienothiophenes both under irradia-
tion and on heating. However, this method has not received wide acceptance because
the starting compounds are difficult to prepare and also because of the low yields.

Photodimerization of 2,3-diphenylcyclopropenethione (90) in benzene (71TL4993)
occurs regioselectively to give the expected 2,3,5,6-tetraphenylthieno[3,2-b]thiophene
(91). This reaction in methanol afforded methyl 1-methoxy-2-phenylthiocinnamate
(92) as the major product; in addition, thienothiophene 91 and 3,4-diphenyl-2-
methoxythiethane (93) were isolated as by-products (82JOC3550, 85JOC3732).

Vs
PhH Ph <
Ph
Ph 91 (30%)
s hv
Ph =
90 Ph Ph
OMe ]:S
& | + 91 + |
MeO” “Ph (15%) H
0% Ph OMe
92 (50%) 93 (10%)

Refluxing cyclopropenethione 90 with 4,5-disubstituted 1,2-dithiol-3-thiones 94 in
anhydrous benzene in the dark is accompanied by the elimination of two sulfur
atoms to form thieno[3,2-b]thiophenes 95 (82LLA315).
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Ph Ph

S rl
S—S PhH
s . LYY
RTS8 A 20h Ph7 g 5
Ph 2 R
90 R 95
94

R1=R2= Me, Ph; R:-R%= (CH,),, (CH=CH),.

Refluxing 1,2-dithyol-3-thione 94 (R'= R?=Ph) with powdered copper in
chlorobenzene (6.5h) led to its cyclization to thienothiophene 91 in 39% yield
(81LA1729, 81LA1928).

In the presence of triphenyl- or tributylphosphine, 2,3-di(alkylthio)cycloprope-
nethiones 96 are dimerized (refluxing in benzene under nitrogen, 4h) to 1,3,4,6-
tetra(alkylthio)thieno[3,4-c|thiophenes (97) in moderate yields (85JA5801,
88JHC559). The authors also demonstrated that thienothiophene 97 (R! = R* = Pr)
is involved in a cycloaddition with dimethyl acetylenedicarboxylate (98) to form 5,6-
dimethoxycarbonylbenzo[c]thiophene (99).

; i
Pr'S SPr

SR
PBu3 (PPh) < MeO,C- C C CO,Me — COH
S
— . —
) PhH, A 2_pyi i COH

Pr's  gprl
99

R1=pri But;R2=Me, Et, Prl, But.

More recently (96CL421, 98JOC163), 1,4-bis(tert-butylthio)-3,6-diarylthieno[3,4-
c|thiophenes 101 were prepared by treatment of cyclopropenethiones 100 with
triphenylphosphine.

Buts Bu's Ar

PPh,
~\
L/
PhH, 50°C, 20 h

Ar

100 Ar SBu't
Ar = Ph, thien-2-yl. 101 (21-46%)
An analogous procedure involving the reaction of cyclopropenethiones with

tributylphosphine was employed in the synthesis of substituted thieno[3,2-
b]thiophenes (88AG597).

C. DITHIYNES IN THE SYNTHESIS OF THIENOTHIOPHENES

The use of dithiynes for the preparation of thienothiophenes is exemplified by four
types of reactions. For example, 3-methylthio-1,2-dithiolium ions 102 react with
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malonic acid derivatives 103 to give y-dithiolydene nitriles 104 and 6-cyanothie-
no[3,2-b]thiopyranothiones 105. Oxidation of the latter with H>O, in acetic acid
or successive treatment of 104 and 105 with NaOH and BrCH,CN affords
2-cyanothieno[3,2-b]thiophenes 106 (82BSF342 This method was applied to the
synthesis of a rather broad range of nitrile-containing thienothiophenes promising in
view of further modifications.

R Et,N

2
S—s CN
3 ©) + >_< 104 (62-78%)
SMe Me X CH2C|2
RZ | 103
102

RS i RS R3
R2 S . Rz s CN

106 (37-45%)

105 (14-56%)

RY=H, Bu, SMe, Ph, 4-MeOCH, ; R, R® = Ph, 4-MeOCH,;

X =CN, CO,Et;a-H,0, AcOH; b - 1) NaOH, 2) BrCH,CN.

Heating dithienoannulated 1,2-dithiynes 107a—c with powdered copper (200 °C,
45min) afforded dithieno[3,2-b:2",3'-d]thiophenes 108a—c (94AG(E)739, 97T7509).
An analogous transformation of benzoannulated dithiyne 107d (R-R=(CH=CH),)
produced bis(benzo[4,5]thieno)[3,2-b:2",3'-d]thiophene (108d) (94CB401).

R S—S R R s R
Cu
R /S\ /S\ R 200°C, 45 min R /S \ /S\ R

107a-c 108a-c (50-70%)
R =H (a), Me (b), Ph (c).

o
S S

108d (53%)

Unsubstituted dithienothiophene 108a was synthesized earlier by treating 2,2'-
dilithium 3,3’-dithienyl sulfide with copper dichloride in diethyl ether (65Z0OR1282).
This method was also successfully applied to oxidative cyclization of the
corresponding dilithium dithienyl sulfide 109, giving rise to dithieno[2,3-b:3',4'-
d]thiophene (110) (29% yield) (71JOC1645). The above dithieno[2,3-b:3",2'-
d]thiophene (10) (32%) and dithieno[3,4-b:3',4'-d]thiophene (11) (31%) were
synthesized analogously (see Section 11.A) (71JOC1645).
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Li Li cucl,, Et,0
4 z
a2 ~ s E—— \ / iy
ST Ng” s
109 110 (29%)

Heating a suspension of 4,5-ethylidenedithio-1,2-dithiol-3-one (111) in trimethyl-
phosphite under nitrogen (110 °C, 2 h) afforded 2,3:5,6-bis(ethylidenethio)thieno[3,2-
b]thiophene (112) (95BCJ1193).

S—s
s g (L)
s 110°C, 2 h N2
(0]
112 (20%)

Almost all the above reactions gave products in low yields. Hence, this approach is
of theoretical rather than preparative interest.

D. CARBON DISULFIDE IN THE SYNTHESIS OF THIENOTHIOPHENES

Methods based on the reactions of carbon disulfide with compounds containing
conjugated triple-bonded systems or an active methylene group are successfully
employed in the synthesis of thienothiophenes. Generally, these procedures involve
many steps, which require a thorough preparation and purification of the reagents
and solvents.

Unsubstituted thieno[2,3-b]thiophene was synthesized in satisfactory yield from
trimethylsilylpenta-1,3-diyne (113) under very mild conditions. In this procedure, the
reagents should be added in a reverse order: n-butyllithium is initially added to a
suspension of Bu‘OK in dry THF at —100 °C followed by the addition of alkyne at
—80°C, CS, at —100°C and a solution of Bu‘OH in dry HMPA at —30°C
(93BCJ2033).

1) Bu'ok, Bu"Li, Cs,,

) _ THF, - 100°C
Me,Si-C = c-C=C-Me m
2) Bul OH, HMPA, - 30°C S

113 S
(47%)

A one-pot procedure was developed for the synthesis of thieno[2,3-b]thiophenes
114 using diynes 115 and CS, as the building blocks (in 44-48% yields) (81MI1,
83CC1056, 91SC145). Allene derivative 116 was detected as an intermediate.
Rl-CE C-C==C-Me i> RIC—CC C=CH, —b> rRl.c=c-c=c= CH, ]i

115
K S7 sk
116
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1 c
—> R.C =CCC=CH — le
T L
114

KS SK

RY= Me,Si (H for 114), Alk, N(AK),, SAIK ;

a -Bu"Li, Bu'oK, THF, CH,,ib-CS,, - 100°C; ¢ -Bu'OH;

HMPT is hexamethylphosphorous trianide.

A technologically convenient one-pot synthesis of 2,5-functionalized thieno[2,3-
blthiophenes 117 starting from 1,3-diketones uses carbon disulfide and alkylating
agents containing electron-withdrawing groups. The reaction proceeds either in dry
DMF in the presence of anhydrous KF as a promoter for condensation (36-67%
yields) (9952030) or under phase-transfer catalysis conditions (78-93% yields)
(93BCJ2011) (see also Ref. (92PS15)).

R R
R R
aorb 7N D—ewe
OM * 2 HaCHEWG 4+ ¢S, — > Ewem
o
117

R = Me, Ph, 4-MeCH,.
Hal = Br, Cl; EWG = CN, COMe, CO,Et, CONHPh, CONH-thiazol-2-yl.

a - KF, DMF; b- K,CO,, Bu,NBr, PhH, H,0.

More recently (2001JHC1167), this approach was extended to the synthesis of
oxo- and amino-substituted thieno[2,3-b]thiophenes. Compounds containing an
active methylene group (3-keto esters, malononitrile, ethyl cyanoacetate or
3-ketonitrile) were used as the starting reagents, and ethyl bromoacetate or
bromoacetonitrile served as the alkylating agent. The yields of thienothiophenes

were 61-87%.
X~ > co.et _)a,b 4
2 EtO,C | CO,Et
s

X =Ac, CN; Y =Me, NH,;

Y NH,

e ab Fo,C mcozEt
s

s
X = Piv, CN; Y = Bu', NH,;
H,N NH,
PN _>a’c
NC CN NC / | \ CN
S S

a - Cs,, K,CO,, DMF; b -BrCH,CO,Et (2 equiv.); ¢ - BrCH,CN (2 equiv.); Piv = Bu C(0).
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The reactions of carbon disulfide with malononitrile in the presence of sodium
methoxide in methanol followed by treatment of the resulting dicyanodithioacetate
118 with y-bromocrotonic acid derivatives can also be assigned to this reaction type
(90LA115). These reactions give diamino-substituted thienothiophenes 119 as the
final products.

. HN NH,
cs, NC S™ Nat BrCH,CH=CHX(2 equiv.)
CH,(CN E—— —
AN — >_< . a xrc=He—C | H—cr=crx
NC S Na S s
118 119

X =CN, CO,Me; a - MeONa, MeOH.

Dinitrile 118 was also used in the synthesis of other thieno[2,3-b]thiophene
derivatives (86MI11). Various tri- and tetra-substituted thieno[2,3-b]thiophenes were
prepared according to modifications (74T93, 802C96, 921LA387, 95CCC1578).

Tetracondensed thienothiophenepyrimidines, -triazines and -imidazolotriazines
were prepared from 3,4-diaminothieno[2,3-b]thiophene-2,5-dicarboxamide and CS,,
carbonyl compounds, ethyl chloroformate, dithioacetal, oxalyl chloride, etc.
(2003PS1211).

The synthesis of peri-substituted 3,4-diaryl-thienothiophene 120 from (4-
MeC¢H4CH»),CO through the corresponding ketene dithioacetal, Dieckmann
cyclization, hydrolysis and decarboxylation was described (2000SC1695).

Me Me

S

E. HiGH-TEMPERATURE SYNTHESIS

High-temperature synthesis of sulfur-containing heteroaromatic systems has
attracted attention of researchers (predominantly Russian) in the last 30 years. This
method uses both a broad range of starting substrates (aliphatic, aromatic and
heteroaromatic compounds) and various sulfur donors (elemental sulfur, hydrogen
sulfide and dialkyl sulfides).
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Friedmann was the first to describe the formation of thienothiophenes under
pyrolytic conditions in 1916 (16CB277, 16CB1344, 16CB1352, 16CB1551). The
reaction of aliphatic or aromatic hydrocarbons with sulfur proceeds at 270-320 °C
and high pressure. More recently, this method was applied to the synthesis of
benzo[b]thieno[3,2-b]benzo[b]thiophene (121) in yields up to 50% starting from
benzyl bromide and its derivatives (66KGS529, 89Z0R2382), 1,2,3-trichloro-1,2-
diphenylethane (70KGS457) or o-halo-toluenes (74ZOR811) at 200-280 °C.
Compound 121 was also prepared in 36% vyield by tandem radical cyclization of
2-methylthiophenyl-substituted phosphorus yield 122 under conditions of flash
vacuum pyrolysis at 850 °C (95SL53, 98JCS(P1)3973).

SMe
O PPh
3 850°C O S
\
o -Ph,PO, - C,H, O
S
SMe 121

In addition, thienothiophene 121 was synthesized by gas-phase pyrolysis of
benzotrichloride at 400°C in a hydrogen sulfide atmosphere (67% yield)
(83ZOR1079).

1,2-Dichloroethylene reacts with hydrogen sulfide in the gas phase at 420-520 °C
in a quartz tubeto produce a complex mixture in which thieno[2,3-b]thiophene and
thieno[3,2-b]thiophene were detected (in a total yield of 4.5%) (80ZOR399,
81ZOR1103). Thieno[2,3-b]thiophene was prepared by the gas-phase reaction of
2-chlorothiophene with hydrogen sulfide and acetylene at 600 °C (93ZOR2246). The
reaction with dimethyl seclenide instead of acetylene afforded a mixture of
dithienothiophene 108a and dithieno[3,2-b;2,3-d]thiophene (123) (3% yield)
(86Z0B2087). The formation of dithienothiophene 10 along with other products
was observed upon thermolysis (500-600 °C) of 2,2’-dithienyl sulfide under an
atmosphere of nitrogen and hydrogen sulfide (85K GS1134), whereas dithienothio-
phenes 10 and 108a were generated in a hydrogen sulfide atmosphere (86K GS1614).

ala Q:@ Q:Q
S S
123 10

108a

Thieno[2,3-b]thiophene was also prepared by the high-temperature reaction of
2-chlorothiophene with acetylene and hydrogen sulfide (92SL137, 95MI1) or
dimethyl sulfide (95MI1) and by the reaction of thiophene-2-thiol with acetylene
(89K GS1565). An analogous reaction of 2-chlorothiophene with a mixture of diethyl
di- and trisulfides produces a mixture of thieno[2,3-b]thiophene and thieno[3,2-
blthiophene in 10-32% vyields (88KGS1041). This reaction in the presence of
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acetylene affords a mixture of thienothiophenes in somewhat higher yield (36%)
(95Z0R925).

A mixture of thiophene and isomeric thienothiophenes (total yield of 85%) was
prepared by the gas-phase reaction of dimethyl sulfide, diethyl disulfide, diethyl
trisulfide and diethyl tetrasulfide with acetylene (89Z0OR2588). It was also found that
gaseous allyl 2-thienyl sulfide is transformed into a mixture of thiophene-2-thiol,
bis(2-thienyl) sulfide and 2-methylthieno[2,3-b]thiophene at 350-410°C; in the
presence of acetylene, the reaction gives these products along with thieno[2,3-
blthiophene (91K GS1312). Thermolysis (at 540 °C) of a mixture of di(prop-l-enyl)
sulfide and 2-chloro(or bromo)thiophene affords a mixture of thieno[2,3-b]thiophene
and thieno[3,2-b]thiophene (91ZOR354).

The advantage of this method is that the starting compounds are readily available.
Among the drawbacks are the use of special apparatus, the formation of a large
number of by-products in almost all reactions and low yields of the desired
compounds.

F. OTHER METHODS FOR THE SYNTHESIS OF THIENOTHIOPHENES AND
THEIR ANALOGUES

There are a few original procedures that were used to prepare particular
representatives of this class of compounds and their selenium- and tellurium-
containing analogues. The most interesting procedures are considered below.

Among other approaches to the synthesis of thienothiophenes, the following are
worth of mentioning: the Pummerer rearrangement of disulfoxide 124 giving a
mixture of 2-acetylthieno[3,2-b]thiophenes 125a, b (71T5055) and the reaction of
2,4,5,7-tetrabromo-2,7-dimethyl-3,6-octanedione (126) with sodium sulfide hydrate
yielding 2,2,5,5-tetramethyl-2,3,5,6-tetrahydrothieno[3,2-b]thiophene-3,6-dione
(127) (77CB1421).

3
H
" S . Ac,0 S\ OAc
H H _— / \ /
H TOAc 110°C, 20 h R
AcO § 0°C, 20 S
o 125a: R = H (51%)
124 125b: R = AcO (27%)
Me (@]
Me Br Na,S. 9H,0, MeCN o} s Me

Br Br o MME
Me
Br 20°C, 1 h M

126 © Me Me o
127 (17.5%)

Substituted tetrahydrothieno[3,4-c]thiophene (128a) and its selenium analogue
(128b) were synthesized by the reactions of lithium methoxide with y,y-dimethy-
lallenyl thio(or seleno)cyanates 129a, b (80TL3617, 90T5759, 2002TL9615). The
multistep mechanism involves the formation of bis(dimethylallenyl) chalcogenides



Sec. 11.F] THE CHEMISTRY OF THIENOTHIOPHENES 145

130a, b as the key intermediates, which undergo successive [3,3]-sigmatropic
rearrangement and double Michael addition of a chalcogen-containing group.

Me XCN - veoi W ]
/‘EC;/ E— C C
Me H THF, 25°C
129a,b
a Me Me Me
128a: X = S (70%)
X =85, Se. 130a,b

128b: X = Se (65%)

A new procedure was developed for the synthesis of benzoannulated thienothio-
phene based on reduction of stilbene-2,2'-disulfochloride (131) with concentrated
hydroiodic acid in acetic acid (80ZOR425, 80ZOR430, 81MI2, 81USSR755785).
This approach is applicable also to the synthesis of 2,7-disubstituted derivatives of
thienothiophenes 121 starting from the corresponding 4,4’-disubstituted disulfo-

nylchlorides.
CH=CH s
S O D
SO,Cl CIO,S S
121

131
R =H (79%),NH,; a - 55% ag. HI, 100°C, 8 h.

Diethyl 2,2’-dinitro-(E)-stilbene-4,4’-dicarboxylate 132 proved to be a convenient
starting compound in the synthesis of diethyl benzo[b]thieno[3,2-b]benzo[b]thio-
phene-2,7-dicarboxylate (133) and its selenium analogue 134 (93JOC5209).

NO,
/—QCOZB Fe, HCI, EtOH COEHNO,
EtO,C T T EtOC
O,N
132

N
NZ
. cos
G
Ny
SC(S)OEt s
KSC(S)OEt O co,et Bry AcOH g c )y O
> EtOC O - CO,Et
EtO(S)CS S
133(38%)
SeCN
KSeCN CO,Et Br ACOH Eto,C O
> E0C CO,Et
NCSe

134 (36%)
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Sulfur-, selenium- and tellurium-containing heteroaromatic systems 121, 135 and
136 were prepared by successive treatment of 2,2'-dibromodiphenylacetylene (137)
with tert-butyllithium and chalcogens in anhydrous THF at —80 °C under argon
(98JHC725).

Br

137 Br 121, 135, 136

X =S (121, 49%), Se (135, 52%), Te (136 ,55%);

a_pyt Li, THF, - 80°C, Ar; b - chalcogen (S, Se or Te).

A selenium modification of the Claisen rearrangement of propargylselenochalco-
genophenes was employed in the synthesis of fused bicyclic systems, viz., thieno
[2,3-b]-2 H-selenopyran, thieno[3,2-b]-2H-selenopyran, 5-methylselenolo[2,3-b]tellur-
ophene and S5-methylselenolo[3,2-b]thiophene (2000S1215).

The reactions of sulfur with dimethylformamide dimethylacetal (96JPR403) and
2,5-dimethylhex-3-yne-2,5-diol (94H143) give substituted thieno[3,2-b]thiophenes.

Sulfonamide 138 with two equivalents of aluminium chloride produces 3-chloro-2-
methylthieno[3,2-b]thiophene (139) in satisfactory yield (94S521).

O Me Cl cl

S
— AICI, (2 equiv.)
N—S = W /m
s /) Me s
o 138 139

Methyl 3-hydroxythieno[2,3-b)thiophene-2-carboxylates were also synthesized by
cyclization of substituted methyl 3-hydroxythiophene-2-carboxylates (91MI1).

Therefore, the above data demonstrate the diversity of synthetic approaches to
thienothiophene derivatives.

ITI. Reactivity and Chemical Transformations

Heteroatoms in five-membered m-excessive heteroaromatic compounds are
responsible for the chemical behaviour of the molecules as a whole. The hetero-
atoms not only give electrons to form an aromatic m-electron system but also
determine the direction of the attack of electrophilic or nucleophilic agents. In fused
m-excessive heterocycles containing two or more heteroatoms, the reactivity of
compounds and their physical properties are substantially affected by both the
mutual arrangement of the heteroatoms and the electronic effects associated with
their nature.
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A. REAcCTIVITY

The first studies of the reactivity of thienothiophenes and their analogues by
quantum-chemical methods were carried out in the mid-1970s (74CS49, 76AHC123,
78MI1). More recently (80KGS199, 82MI1), the reactivity of thiophene, seleno-
phene, various isomeric thienothiophenes, selenolothiophenes, selenoloselenophenes
and their various C-protonated forms (o complexes) in electrophilic substitution
reactions was estimated by the semiempirical LCAO SCF MO method for all
valence electrons (CNDO/2). The charges on the carbon atoms Q. (static index) and
the localization energy A" (dynamic index; in the CNDO/2 approximation) were
used as the reactivity indices. This index is determined as A" = EuM —
EouMH ™", where EouM and E,MH " are the total energies of the aromatic
molecule and its ¢ complex with a proton, respectively. The method of reactivity
indices supplemented by a “‘pseudoatom” approach (pseudoatoms simulate an
electrophilic agent) provides a correct interpretation of experimental data on
electrophilic substitution in fused heteroaromatic systems containing various
heteroatoms. In addition, the values of Q. and A" (relative to position 3 in
thiophene) indicate that the direction of electrophilic attack depends on the nature
and size of the attacking species. This effect is mainly responsible for the difference in
the reactivity of substrates.

Y >y
2 NN e
Q <(t\|/Y> X X
140,141 142-144 145-147 148-151

140: X =S;141: X=Se;142: X=Y =S5;143: X=S,Y =Se; 144 X =Y = Se;
145: X =Y =S;146: X=S,Y =Se;147: X =Y =Se;148 X =Y =S;
149: X=Se, Y =S;150: X=S,Y =Se;151: X=Y = Se.

The results of calculations made it possible to arrange the relative reactivities of
different positions in compounds 140-151 in electrophilic substitution reactions in
the following theoretical series: C(4) (150) > C(4) (148)> C(4) (151)> C(4) (149)> >
C(6) (150)>C(6) (148)>C(6) (151) C(6) (149)>C(2) (146)> >C(2) (145)>C(5)
(146)>C(2) (147)>C(2) (143)>C(2) (149)>(142)>C(2) (148)>C(2)(144)>C(2)
(151)> C(5) (143)>C(2) (150)>C(2) (140)>C(2) (141)>C(3) (149)>C(3)(143)>
C(3) (148)>C(3) (144)>C(3) (151)>C(3) (142)>C(3) (150)> C(4) (143)>C(3)
(146) > C(3) (145)>C(3) (147)>C(6) (146)>C(3) (147)>C(3) (140) (78MI1).

This series was confirmed experimentally. For example, the following series of
reactivities of different positions in these compounds was obtained in studies of
acetylation, formylation and chlorination of thiophene (140), thieno[2,3-b]thiophene
(142) and thieno[3,2-b]thiophene (145): C(2) (145)>C(2) (142)>C(2) (140)>C(3)
(142) > C(3) (145)> C(3) (140) (72CS137). In formylation, position 4 in thieno[3,4-
b]thiophene (148) was found (70RTC77) to be more readily subjected to the attack of
an electrophilic species compared to position 6.
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The detritiation rate was studied for thieno[2,3-b]thiophene (142), thieno[3,2-
b]thiophene (145), dithieno[2,3-b:3',2’-d]thiophene (10), dithieno[3,2-5:2',3'-d]thio-
phene (108a) and dithieno[2,3-d:2',3'-d|thiophene (123), which are specially labelled
with the *H isotope at each position, in trifluoroacetic acid or its mixture with acetic
acid (82JCS(P2)295, 82JCS(P2)301). All thiophene systems were demonstrated to be
rather active in electrophilic substitution reactions. The reactivity of the
corresponding o« and f positions slightly increases on going from thiophene to
thienothiophenes and increases to an even larger extent on going from thienothio-
phenes to dithienothiophenes.

The comparative reactivities in electrophilic substitution of selenolo[3,2-b]thio-
phene (143) and -selenophene (144) with respect to thieno[3,2-b]thiophene (142) were
studied by the method of competitive reactions (80CS206). The reactivity was found
to change in the following order: 144>143>142. This series agrees well with a
higher substitution rate in selenophene compared to thiophene in acetylation,
formylation and chlorination reactions.

Competitive metallation of two-component systems, viz., thieno[3,2-b]thiophene
(142) and selenolo[3,2-b]thiophene (143), selenolothiophene 143 and thiophene (140),
selenolothiophene 143 and selenophene (141), thiophene (140) and sclenophene
(141), was investigated (741ZV1575). The reactions were carried out with a deficient
amount of Bu"Li in anhydrous diethyl ether at 25+ 1 °C followed by hydrolysis with
heavy water. Mass-spectrometric analysis of the products demonstrated that the
relative reactivities of the compounds increase in the following order:
143> 142> 141> 140 (741ZV1575).

The reactivities of thieno[2,3-b]thiophene (142) and selenolo[2,3-b]thiophene (143)
were also compared using competitive acetylation of their mixture with thiophene
(140) or selenophene (141) by acetyl chloride in the presence of tin chloride (CHCl;,
25°C) (76Z0R1574). The selenophene rings were found to be more reactive than the
thiophene ring.

The above examples demonstrate that the theoretical estimates of the reactivities
of the compounds in electrophilic substitution reactions most typical of aromatic
systems agree well with the experimental data.

B. CHeEMicAL TRANSFORMATIONS

In the last 20 years, studies of chemical transformation of isomeric thienothio-
phenes have been aimed primarily at examining the possibilities of using these
substrates in the synthesis of new polyannulated heteroaromatic systems and
compounds possessing practically useful properties. These compounds can exhibit
both electron-withdrawing and -donating properties and they were used in the
synthesis of numerous charge-transfer complexes. Thienothiophene derivatives have
found application as medicines, pesticides, conducting polymers, liquid and clathrate
crystals, organic conductors or superconductors, photosensitive receptors, materials
for optoelectronics (nonlinear optical chromophores), dyes, etc. The most typical
reactions of this class of compounds (metallation, condensation and photochemical
cyclizations) clearly illustrate their high synthetic potential.
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1. Metallation

Lithiation (generally, with n-butyllithium) is most often and successfully used in
the synthesis of various functionalized thienothiophenes. The lithium intermediates
thus formed can react with various electrophiles.

For example, thieno[3,2-b]thiophene (142) (68ACS63, 69ACS2704, 71ACS27,
73CS190, 94JHC(P1)2603, 94MI1, 96H1927, 96JCS(P2)1377) and its alkyl
derivatives (67Z20B2220, 94MI1, 96JCS(P2)1377, 96T471) are readily metallated
with n-butyllithium at the o position, which can be used for the preparation of
a-substituted thienothiophenes. This method was employed to introduce such
substituents as Br (69ACS2704), 1 (96H1927), MgBr (96T471), ZnCl, SnBus,
B(OH),) (94JHC(P1)2603), SeMe, TeMe (96JCS(P2)1377), SR (R = Me, n-C;3H37)
(94M11), SMe (73CS190), SEt (6720B2220), SO,Me, SO,NH, (94MI1), CHO
(71ACS27) and CO,Me (94M11).

Lithium derivatives of thieno[3,2-b]thiophene (145) were used in the synthesis of
2-arylthieno[3,2-b]thiophenes 152 through various organometallic (or -boron)
intermediates (94JCS(P1)2603).

S .
Bu"Li s Li method a, b or ¢ S\ X 4-CH,Hal
(M T (T e (M ez
s s s P
145
R
S
— 7\
S
152
R =H, NO,, CN, CO_Me, SO Me;Hal = Br, I.
2 2 2
Method X Reaction conditions Yields (%)
Step 1 Step 2
a ZnCl ZnCl,, THF Pd(dba),, DMF 10-85
b Bu(OH), B(OBun)3, THF  Pd(PPh,),, Ba(OH),, DME 40 -55
c snBul! Bulsncl, THF  Pd(PPhy),, dioxane <60

dba is dibenzylideneacetone, DME is 1,2-dimethoxyethane.

Metallation of thieno[3,2-b]thiophene 145 with two equivalents of Bu”Li affords
the 2,5-dilithium derivative, whose treatment with various reagents (CO,, DMF,
(MeS),, (PhS),, (MesSi); and (Bu'Me,Si),) gives the corresponding disubstituted
thienothiophene (68ACS63, 85ZN1199, 20011ZV107).

Halogen-lithium exchange reactions provide an approach to thienothiophene
sulfides 142 and 145, which were used in the synthesis of tetrathienocene 6 and
pentathienocene 7 (see Section I1.A) (89TL3315, 92JCS(P2)765).
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Lithium intermediates served as the starting compounds in the synthesis of the
corresponding 2(o)- or 3(P)-substituted derivatives of thienyl sulfides 153 and 154,

thieno[2,3-b]thienyl sulfides 155 and 156 and thieno[2,3-b]thienylthieno[2,3-b]thio-
phenes 157 and 158 (79BSB325).

oy uum@ A2 0

S(PhSO,), J | N\ Vi | N\
S S

S S 156

o = o gy Qﬁ s

X =Br, I.

Lithiation of thieno[3,2-b]thiophenes 145a, b gives 2-lithium derivatives, whose
treatment with chalcogens and iodomethane affords chalcogenides 159
(96JCS(P2)1377). Vilsmeier—-Haack formylation of the latter produces aldehydes
160, whereas the reaction with tetracyanoethylene (TCNE) in DMF affords
S-tricyanovinyl derivatives 161.

4

.
R s 2x R s oGl DME R S\, -CHO
oy R () e ST
MeX e S
s R s R 160 R
1453, 159 (70-90%)
NC_ CN
rew| )X
R\ on
NC_ o
s
i \ CN
MeX
161

R =H (a), Me (b); X =S, Se, Te.

Organolithium derivatives served as intermediates in the synthesis of 5-amino-
substituted thieno[2,3-b]- and -[3,2-b]thiophene-2-sulfonamides possessing biological
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activities. These compounds are carbonic anhydrase inhibitors (CAls) (91JMC1805,
99JHC249) and non-peptide fibrinogen receptor antagonists (99JMC2409). For
example, the introduction of the sulfamoyl group into the dioxolane derivative of
thieno[2,3-b]thiophene 162 can be efficiently performed by metallation with n-
butyllithium at position 5 followed by treatment of the reaction mixture with SO,,
N-chlorosuccinimide (NCS) and ammonia. The acetal protection in the resulting 5-
[1,3]dioxolan-2-ylthieno[2,3-b]thiophene-2-sulfonamide 163 was removed (91JMC1805)
by transacetalation giving rise to aldehyde 164 in high yield. The latter reacts with
various primary and secondary amines to form imines 165 or immonium salts 166,
respectively, whose reduction with sodium borohydride affords tertiary amines 167.
Transformations of the amines into hydrochlorides 168 produced water-soluble salts,
which were tested for biological activities. The same synthetic approach was applied to
the synthesis of the corresponding thieno[3,2-b]thiophene analogues.

1). Bu "Li, 2). SO,

o) 2 o] 1
3). NCS, 4). NH3 TsOH R™R“NH,
m—< :I ——FF > H,NO,S 4 | A\ —_— HzNOszCHO E—
S S o S S o Me,CO
162 163 164

NR1
2
R°=H / N\__7
———>  H,NO,S |

Rl
NaBH,, MeOH, \N—RZ HCI
i 1 HZNozsm_/ =
R\N+ RZ S S
f 167
R4H  mnos— || N7 c
s s

166

R
\ 2
—> nnos— [\ N;CFT
S S
RL=R? = H, Alk. 168
The reaction of thieno[2,3-b]thiophene (142) with Bu”Li affords a lithium
intermediate, whose treatment with elemental sulfur and bromopentane produces
sulfide 169. Regioselective N-sulfonation of the latter was successfully carried out by
successive reactions with Bu”Li, SO, and hydroxylamino-O-sulfonic acid. Selective
oxidation of sulfide 170 with potassium peroxymonosulfate afforded sulfone 171
(99JHC249).

4 7 b

Y _a | D—sch,n 2= mnos— T N sch o

s—s s—>s NO, Hu
142 169 170 ST S

—>  unos— SO,CeH,,-n
S S
17
n n
a -1)Buli, 2) Sg;n-C,H,;Br; b -1)BuLi, 2)S0,,3) hydroxylamino-o -sulfonic acid;
¢ - K,SO,.
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An analogous approach was employed in the synthesis of sulfonamide 172, which
is a potential non-peptide fibrinogen receptor antagonist (99JMC2409).

7\
an L con =N
A S

H
172

Metallation was involved also as the first step in the synthesis of di-, tri- and
tetramers of 3,6-disubstituted thieno[3,2-b]thiophene (145) and selenolo[3,2-b]sele-
nophene (147) (96T471). These compounds are of practical interest. Many thiophene
oligomers exhibit biological activity, which is enhanced upon exposure to visible
light (88MI1).

Metallation of thieno[2,3-b]thiophene (142) followed by the reactions of the
resulting mono- and dilithium derivatives with dimethylformamide afforded
aldehydes 173 and 174, which served as the starting compounds in the synthesis of
heterohelicenes 175a, b and 176a, b (73JA3692).

n,: B n Li(1 iv.
OHCmCHO Bu " Li (excess) s u" Li (1 equiv.) 74 |\ cHO
S

s~ s S
174 173
+ - MeOK hv
RICH,PPhBr~ + 173 ——— > 7T d—crec? — >
MeOH S I, CgHg
177ab

178a,b (57-95%)

S\F N
— WA
S
175a
(69%)
'S ()
e
S

S
175b (60%)

1
¢ D @ QT o
: -
+ - hv
2RTH,PPhCI + 174 _MeOK RZCH:CHmCH:CHRz — >
MeOH S I, CeHg

176a,b S
180a,b (50-69%)
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A s

for a

176a (51%)

o Q
o G

n

9 176b (50%)
K = 2-Th (a), Ph (b).

The Wittig reaction of aldehyde 173 with phosphonium salts 177a, b gives alkenes
178a, b, and the double Wittig reaction of dialdehyde 174 with phosphonium salts
179a, b affords alkenes 180a, b. Irradiation of suspensions of alkenes 178a, b and
180a, b in benzene in the presence of iodine produces heterohelicenes 175a, b and
176a, b.

With the aim of synthesizing new photochromic dihetarylethenes, viz., 5-
substituted 1,2-bis(thieno[3,2-b]thiophen-3-yl)perfluorocyclopentenes 181a—c, 2-(ben-
zothiazol-2-yl)-6-bromo-5-methylthieno[3,2-b]thiophene (182) was subjected to
metallation. A mixture of lithium derivatives produced by this reaction was treated
with octafluorocyclopentene (CsFg) (2000MI1, 20011ZV107).

S Me S H
j@ Bu " m\(N ) m\z
Dt S Py

1 4 2 3 1 3 2 4 2 3 1 _4
R =R =Z R =R =Me(a);R=R=Z R =R =Me(p);R=R =Z, R =R =Me(c).
Z = 2-benzothiazol-2-yl
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The thieno[2,3-b]thiophene analogue of compound 181, viz., 1,2-bis{2-ethyl-5-
(benzothiazol-2-yl)thieno[2,3-b]thiophen-3-yl}hexafluorocyclopentene (183), was

synthesized according to an analogous procedure starting from (5-benzothiazol-2-
yl)-3-bromo-2-ethylthieno[2,3-b]thiophene (184) (2005KGS360).

F F
O .
Br \ 1) Bu N Li, CgHy4THF,-78°C S F S
2 c.F
Et 74 | N 4 :@ 578
s S S

Dithieno[3,2-b:2',3-d]thiophene (108a) served as a building block in the design
of photochromic materials for optical memory. Photochromic compounds 185
and 186 were prepared in satisfactory yields by successive transformations in-
volving initial metallation of dithienothiophene 108a with Bu"Li at —78°C
(95AG(E)1119).

S S S
FAJY 2=\ Y AY AN
/s /s\ MB(OH)Z S S

108a (83%)

S
—_— /\/\ ~ ——>
Br™ Mg s

(90%)

186 (81%)

a -1)Bu " Li, -78°C; 2) B(OBui )y D = 4-bromopyridine, Pd(PPh;),, Na,CO,, THF ; C =NBS, CHCI,-AcOH ;
d - 1,2-bis[2-hexyl-5-(dihydroxyboryl)thiophen-3-yllhexafluorocyclopentene, Pd(Ph,),, Na,CO,, H,0-THF;
€ - CF;SO;Me, CH,CL, ; R = n -hexyl; NBS isN -bromosuccinimide.
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Photochromic 1,2-bis(2,6-dimethylthieno[3,2-b:2’,3’-d|thiophen-3-yl)hexafluorocy-
clopentene (188) was synthesized [18] starting from 3-bromo-2,6-dimethylthieno[3,2-
b:2',3'-d|thiophene (187) according to a procedure described in the studies (2000M11,
20011ZV107).

B 1) BU"Li, - 78°C, C,H,, - THF

7 \S/ { 2) C.F,
Me S IS M

e

187

An analogous methodology was employed in the synthesis of new quadrupole
photophores 189 and 190, which have high two-photon excited fluorescence.
Conjugated dithienothiophene 108a was used as the starting compound. The
reactions of dialdehyde 191 (see Ref. (99MI1)) with phosphonium salt 192 (2.1
equiv.) or phosphonate 193 (2.2 equiv.) in the presence of phase-transfer catalysts
(99CP51) afforded compounds 189 and 190, respectively, in 80-90% yields
(99CC(C)2055). After crystallization, these compounds were isolated as pure
E-isomers.

s s e or s

108a 191 189 : R = BU,N;
190 :R=CF,

a -BUNLi, THF, - 78°C; b - DMF, - 78°C; © - 4-Bu,NC,H,CH,P "Ph,” (192), BulOK, CH,Cl,, 20°C, 5 h;

d - 4-F,CCH,CH,P(O)(OEY), (193), NaH, THF, 20°C, 24 h.

Polyfunctional thiophenes and enediynes were synthesized through the cleavage
of the heterocycle in 3-lithiated thieno[2,3-b]- and -[3,2-b]thiophenes, 3,4-dilithi-
ated  thieno[2,3-b]thiophenes  and  3,6-dilithiated  thieno[3,2-b]thiophenes
(97CC(C)2355, 99JCS(P1)1273, 20011ZV107). For example, tetrabromothieno
[3,2-b]thiophene (194) (89BCJ1547) was successively treated with 2 equiv. of
n-butyllithium (THF, 20°C) and 2 equiv. of Bu'Me,SiCl to prepare dibromide
195, which was treated with 1 equiv. of n-butyllithium. The corresponding
bromothiophene 196 was isolated by flash chromatography on silica gel. Treatment
of 196 with Bu"Li (1 equiv.) and excess iodomethane afforded enediyne 197. Both
steps of ring opening can be carried out without isolation of intermediates
(99JCS(P1)1273).
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Br s Br S

Br SiMe,But
a b
BY S Y oy
Br Bu Me,Si
S Br ’ S Br
194 195
t .
SBun Bu 'Me,Si S
B
' A SBun
Bu"Me,Si s =
SiMe,But MeS™ N
9 SiMe,But
196 (70%) 197 (80%)

n

a - 1) Bu Li (2 equiv.), THF, 20°C, 2) ButMeZSiCI (2 equiv.);
n n

b _Bu Li(1equiv.), - 78°C; ¢ -Bu Li (1 equiv.), 0°C, Mel.

The above reactions exemplify the wide range of applications of metallation of
thienothiophenes, which allows one to prepare new derivatives of this class of
heterocycles, including those having useful properties.

2. Photocyclization

In the last decade, photocyclization (84MI1) of thienothiophenes and their
derivatives (primarily amides) has attracted considerable attention as a convenient
method for the synthesis of sulfur-containing polyannulated heterocyclic systems
(88JHC1363, 91H2323, 91JHC737, 95H1659, 95JHC317, 95JHC659, 96JHCI119,
96JHC185, 98JHC144). Two examples of the synthesis of such compounds are given
below. The reaction of aniline with 3-chlorothieno[2,3-b]thiophene-2-carboxylic acid
chloride 43 produced N-phenylthieno[2,3-b]thiophene-2-carboxamide 198 (72ACS2982,
88JHC1363). Photocyclization of the latter in benzene containing a small amount of
triethylamine gave thieno[3’,2':4,5]thieno[2,3-c]quinolin-2-one (199), whose chlorination
with POCl; afforded 6-chlorothieno[3’,2':4,5]thieno[2,3-c]quinoline (200). The reaction
of compound 200 with sodium methoxide produced the corresponding methoxy
derivative 201. All steps of this transformation sequence gave products in good yields.

Cl_PhNH, NHPh  hv, in air \H
o (T e
PhH 20°c ELN,PhH g

198 (87%) 199 (75%)

—_—

200 99%) 201 (76%)
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6,9-Dichlorothieno[2’,3":4,5]thieno[2,3-c]quinoline (203) was synthesized from 3,5-
dichlorothieno[3,2-b]thiophene-2-carboxylic acid chloride (202). Catalytic dechlor-
ination of 203 afforded unsubstituted thieno[2’,3':4,5]thieno[2,3-c]quinoline (204)
(88JHC1363).

1) PhNH,, PhH,

O 200.(: .
s 2) hy, in air, S o]
Et,N, PhH
7\ cl ® i I\ J “wwu POCI,
C™ >g cl
cl S
202

s. [ s
—_— A\ J 5% Pd/C J\ J “n
cNg KOH, MeOH, PhH s
203 204

This procedure was employed to prepare various polyannulated thienothiophene-
and benzo[b]thiophene-containing systems starting from thieno[2,3-b]- and -[3,2-
blthiophene-2-carboxylic acid chlorides (95H2691, 95JHC317, 96JHCI119,
96JHC185, 98JHC1441). The structures of these compounds are given below.

Dithieno[3,2-b:2',3'-d)thienyl[2”,3"-¢:2",3"-']-5,10-N,N”-dimethylquinoline-6,9-
dione (205) was synthesized by double photochemical dehydrohalogenation of the
corresponding thieno[3,2-b:2',3'-d|thiophene-2,6-dicarboxanilide (95H2691).
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Conjugated thiophene polymers are of interest because of their electrical and
optical properties. In this connection, photochemical polymerization of dithieno[3,2-
b:2',3'-d|thiophene 108a and dithieno[3,4-b:3",4'-d]thiophene 11 was studied.
Irradiation of solutions containing dithienothiophene and an electron acceptor
(e.g., p-dinitrobenzene, CCly) gives rise to polythienothiophenes with molecular mass
of ~10* The radical cation of the starting thienothiophene is efficiently generated by
photo-induced electron transfer from the excited state of the monomer to an electron
acceptor. The subsequent coupling reaction affords polymers (95SM309, 96CL285).

3. Fused Thienothiophenes and their Reactions

To construct additional heterocycles fused to the thienothiophene system, a
number of approaches other than the above-mentioned photocyclizations were used.
For example, heating 2-acetylamino-3-hydroxythieno[3,2-b]thiophene (206) in the
presence of P,Ss; afforded 2-methylthieno[3,2-b]thieno[3,2-d]thiazole (207)
(76K GS1039). Isomeric 2-methylthieno[2,3-b]thieno[3,2-d|thiazole was prepared by
oxidation of 2-thioacetylaminothieno[2,3-b]thiophene with K5Fe(CN)g in aqueous
alkali (65KGS619).

s OH S S Me
s~ “NHCOMe s
206 207

Acylation of 3-acetonyl-5-alkylthieno[2,3-b]thiophenes 208 and 3-acetonyl-5-
methylthieno[3,2-b]thiophenes (209) in a mixture of aliphatic acid anhydride and
perchloric acid (actually, acylium perchlorate) was demonstrated (79KGS1424) to
occur at the free a position followed by cyclization and formation of perchlorates of
tricyclic pyrylium salts 210 and 211 (yields >80%). The latter are transformed into
thieno[2',3":5,4]- (212) and -[2/,3":4,5]thieno[2,3-c]pyridines 213 in yields higher than
90% by passing ammonia through their suspensions.

Ve Me
CH,COMe = N
O cio] /
L7 TN\ + Rcotior —=r— ] P Co g g > 2
R | 4 s s 2 EtOH s s R
S 08 ° 210

|
212
208
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s
m + RCOCIO, — >
Ve Me

s
09 CHoCOMe

Rl= Me, Et; R2= Me, Et, Bu",

Functionalized thieno[2,3-b]thiophenes 214 were transformed according to
conventional procedures into the following tri- and tetracyclic systems: thienopyr-
imidines, thieno-1,3-oxazines, bis(thieno-1,2,3-triazines), dithieno-1,4-oxazepines
(90P895) (presented in Schemes) and fused thieno[2,3-b]thiophenes containing Py,
pyrimidine, thiazine, thiazole, oxadiazole, isoxazole, pyrazole, pyridazine, piper-
azine, pyrrolopiperazine and other heterocyclic fragments (92PS73, 2000PS259,
2000PS45, 2000PS57).
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s~ s SIS o
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1. NaOH Q O
| LNaOH,
2.AcP / | \
o s~ s o
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{ H
HNO, HN / | \
—_—
0 s s o
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1. MeONa, HN (0]
PhCOCH,Br,
TR
RL= NH,,OH; R2= NH,,OMe, Ph; 2. HCONH, A meo.c— || H—co,me
R”=NH,, OMe, Ph. S S

The reactions of thienothiophenes 215-217 containing the amino- and carbox-
amide groups in adjacent positions with triethyl orthoformate in boiling acetic
anhydride produce thieno[2',3:4,5]- (218), thieno[3/,2":4,5]- (219) and thieno
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[3,4:4,5]thieno[3,2-d]pyrimidin-7(6 H)-ones (220), respectively (94JCS(P1)2735). The
reaction of thienopyrimidine 219 with POCI; affords 7-chloro derivative 221.

Br NH, Br N=\
NH
|3r¥/t|f\g—com-|2 a \
s~ s
2 S °

Br
15 S
MCONHZ CH(OEY);, Ac,0, S poCl, \S N
s &,15h TN J v —— JN
216 M2 s = s” 221 NT
H,N 219

7 s S o}

[ L~
HNCO™ g

7

N
217 220 N=/

\ /

H

Treatment of diethyl 3,4-diaminothieno[2,3-b]thiophene-2,5-dicarboxylate (222)
with acetic anhydride afforded symmetrical tetracyclic derivative 223, whose
reactions with ammonium acetate, hydrazine hydrate or aniline produced its
nitrogen analogues 224 (92PS73).

Me Me
Me Me >\
H,N NH, >:N N:—‘< N =N N=<
Ac,0 g \ P MeCONH, Yy N R
—_— —_——
eo,c— || D—cos Y | |
2 S S o or (NH,),.H,0, o s S o
292 (e} S - S or PhNH, 204

R=H, NI-E, Ph.

2,3,6,7-Tetrathiabenzo[l,3-cd:4,6-¢' d'|dipentalene (225) and its derivatives 226 are
new fused polynuclear heteroarenes isoelectronic with perylene. Dipentalene 225 was
prepared for the first time by dimerization of thieno[2,3-b]thiophene (142) (92PS73).
More recently, it was found that catalytic reduction of 3,4-dibromothieno[2,3-
blthiophene (227) with an excess of activated zinc in the presence of bis(triphenyl-
phosphine)nickel(II) chloride and tetracthylammonium iodide afforded only
4,4'-dibromo-3,3-bis(thieno[2,3-b]thiophene) (228) (in a maximum yield of
28%) (89AG1254). However, the reaction in the presence of a larger amount of
the nickel catalyst afforded also dipenatlene 225. Optimization of the reaction
conditions made it possible to increase the yield of the latter to only 14%. An
alternative procedure was employed to transform thienothiophene 227 into
trimethylstannyl derivative 229. The reaction of thienothiophene 227 with organotin
intermediate 229 in the presence of the palladium triphenylphosphine complex
afforded dipentalene 225 (13% yield). Derivatives 226 were prepared by lithiation of
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dipentalene 225 followed by the reaction with the corresponding alkyl iodide or
dialkyl disulfide (86MI1).

Br Br no ' Me,Sn SnMe,
Bu Li(2eq.), Me,SnCl (2 equiv.)
m Et,O- TMEDA, -80°C m
s s 2" r - S S
297 229
(Ph,4P),NiCl,, Et,Ni, Zn (Ph,P),Pd
CeHe A toluene. 70°C

S s s
\
/ Z \ Y
Br Br +
an 7 T
S S S S
228 225
LDA, RX
THF, -10°C
s
R \ | / R
r— | N—r
s s
226

R = Me, Et, SMe, SEt.

The oxidation potential of heteroarene 225 is equal to that of perylene, and
compound 225 forms an analogous complex with iodine having rather high
conductivity (0.11Scm™"). However, it appeared that complexes of all derivatives
226 with iodine have low conductivity. In addition, compounds 225 and 226 form
charge-transfer complexes with strong electron acceptors, such as 7,7,8,8-tetra-
cyanoquinodimethane  (TCNQ),  2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (TCNQF,), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and
L1,2,3,4,4-hexacyano-1,3-butadiene (HCBD) (86MI1, 89AG1254). However, the
majority of these m complexes are low-conducting powdered polymers, whereas
complexes of tetrakis(methylthio) derivatives 226 (R = SMe) form crystalline
radical-cation salts with a conductivity of about 107> Sem™".
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Friedel-Crafts condensation of benzo[b]thieno[3,2-b]thiophene-2-carboxylic acid
chloride with m- and p-xylene affords ketones, which undergo Elbs pyrolysis (420 °C,
15min) to form pentacyclic derivative 230 (2000JA1082). Analogous products were
prepared from benzo[b]thieno[3,2-b]thiophene and (di)methyl homologues of
benzoyl chloride.

R = R%= R3= H: R1= Me, R2= R = H: R2= Me, R' = R3= H: B = Me, Rl= R2= H.

Cyclization of benzo[b]thieno[3,2-b]thiophene-2-butyric acid in the presence
of P,Os gives benzo[b]thieno[3,2-b]benzo[b]thiophene (121) in 80% yield
(92BCJ1855).

4. Other Transformations

This section deals with the most interesting reactions of thienothiophenes giving
rise to various sulfur-containing heterocyclic systems.

The reaction of diethyl 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylate (117,
R = Me, EWG = CO,Et) with hydrazine hydrate afforded dihydrazide 231, which
was subjected to various transformations. For example, the reactions with
acetylacetone, ethyl acetoacetate or malononitrile (93BCJ2011) are accompanied
by the closure of the exocyclic pyrazole ring to form the corresponding derivatives
232-234. The reaction of dihydrazide 231 with carbon disulfide in the presence of
KOH followed by decomposition with dilute HC1 or concentrated H,SO,4 produces
di(oxadiazole) (235) or di(thiadiazole) derivative (236). Condensation of di(oxadia-
zolyl)thienothiophene 235 with hydrazine hydrate affords di(triazolyl)thienothio-
phene 237.

Me Me Me Me

NH,NH,.H,O
Et02c4%\|/[\g*¢02Et — s HZNHN(O)CmC(O)NHNHz E—
S S S S
117 231
Me Me Me, Me N_H
~N \ /\N
. Het— T D Het NH,NH,.H,0 "'/E\\ 77 ) N/gs
> s
s~ s for 235 N !
S 237 HN

232-236 NH, 2
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Compound Het Reaction conditions Yield (%)
/C(O)-
N—N CH,Ac,, fusion 88
232 /
Me Z ™ Me
C(0)-
- NN ACCH,OEt, 79
MQMO EtOH, AcOH
L)
234 N—r\\J CH,(CN),, EtOH, Pip 73
HNTX NH,
N-N
- 1) CS,, KOH, 2) HCI 82
235 2 ,
N-N
- 1) CS,, KOH, 2) H,SO 85
236 2 U,
S%\S»\

Dihydrazide 231 was also used in the synthesis of thienothiophenes containing
triazole substituents. For example, the reaction with phenyl isothiocyanate in
ethanol produces di(N-phenylthiocarbamoyl)carbohydrazide 238, whose treatment
with KOH followed by acidification affords compound 239. Diazotization of
dihydrazide 231 with 10% sodium nitrite in acetic acid gives diazide 240. The
reactions of the latter with compounds containing the active methylene group, viz.,
ethyl cyanoacetate, malononitrile or diethyl malonate, in the presence of sodium

ethoxide, yield the corresponding ditriazole derivatives 241-243.
Me Me

Me Me N N
HN™ ~
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In the presence of zero-valent palladium complexes as the catalyst, 2,4-di-tert-
butoxypyrimidine-5-boronic acid (244) reacts with the bromine derivatives of
thieno[2,3-b]- (142) and thieno[3,2-b]thiophene (145) (90JHC2165, 91JHC1623). This
reaction was used to introduce fragments of isomeric thienothiophenes at position 5
of 2,4-di-tert-butoxypyrimidine. The resulting compounds 245 were transformed
into uracils 246 in quantitative yields.

oBu! oBut o)
HO),B R
o | SN + RB PAPPN). | =N HCl NH
PR " “NaHCO,, DME, H,0 . == PY
N oBut N oBut N o
H

246

244 245
S
- T o O

After the reaction of thieno[3,2-b]thiophen-2(3H)-one (247) with diazoethane in
diethyl ether, thieno[3,2-b]thiophene-2,3-dione 3-ethylhydrazone (248), 2-cthoxythie-
no[3,2-b]thiophene (249) and 3,3-dicthylthieno[3,2-b]thiophen-2-one (250) were
isolated from the reaction mixture (75JOC3392). The reaction of hydrazone 248
with diazoethane yielded 2-ethoxy-3-ethylazothieno[3,2-b]thiophene (251).

S =0 MeCHN S\ S+ Oet S 0
s Et,0, 20°C, 2 h S N-NHEt S s Et
247 248 249 250

S
OEt
MeCHN, (exess)
248 e m/

FL0, 20°C S N=N-Et

251

Dehydrogenation of dione 252, which was prepared by treatment of 2,5-di(zert-
butoxy)thieno[3,2-b]thiophene (253) with p-toluenesulfonic acid, with DDQ in
dioxane gave 2,5-dioxothieno[3,2-b]thiophene (254) (91CL1117). 2,6-Dioxo-thie-
no[3,2-b]thieno[2’,3'-d]thiophene (255) was prepared according to an analogous
procedure.

S._-oBut S._o _ 0
) - b, —
Buto g 07 g 07 s

253 252 254 (87%)
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s s s
a b - -
FE. - T e D
Buto™ g s~ ~OBu 07 g s~ -0 07 s S
255 (95%)

a: TSOH, CgHg, A, 2 h;b: DDQ, dioxane, A, 5 h,

Dicyanodiimide 256 and its various derivatives were synthesized starting from
dione 254. These compounds form high-conducting charge-transfer complexes

(90AG(E)204).
Me,SiN=C=NSiMe, N-CN
254 —— >
TiCl, m?—
NC-N

256

Fluorenylidene derivative 257 was synthesized from diol 258 according to three
procedures: by heating without a solvent (35% yield) and by irradiation for 5-10h in
the solid state (~10%) or in a solution in CH,Cl, (86%). Irradiation was carried out
using a high-pressure mercury lamp through a Pyrex filter (91TL4367).

a ->200°C; b-hv; ¢ - CHLCI,

Recently, the first example of Pd-catalysed coupling of bromothienothiophene 259
with the chromium tricarbonyl complex of phenylacetylene (260) giving rise to
complex 261 has been published (2000TL3607).

s S _-CN
ay CN pgcl,(PPh,),, Cul, N\ )
—H + —_—
B g EGLN, THF, A =g
Cr(CO), 256 261
260 Cr(CO),

Catalytic liquid-phase oxidation of 3-methylthieno[2,3-b]- and -[3,2-b]thiophenes
in the presence of cobalt acetate and NaBr in acetic acid (90-110°C) gave rise to
thieno[2,3-b]thiophene-2-carboxylic acid (41) and the 3-formyl derivative, respec-
tively (75K GS492). The kinetic data provide evidence that electron transfer from the
peroxy radical to Co?”" is the rate-determining step.

Tonic hydrogenation of 2-methyl-2,3-dihydrothieno[2,3-b]-thiophene (262) affords
cis-2,8-dithiabicyclo[3.3.0]octane (263) (79MI1).
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J Et,SiH, TFA, BF,.OEt,Me,SiN=C=NSiMe, )
| Me Me

S S S S
H

262 263 (25%)

Et,SiH, TFA - is trifluoroacetic acid.

Desulfurization of methyl 5,6-dibromo-3-chlorothieno[3,2-b]thiophene-2-carbox-
ylate with a Ni-Al melt in a 10% NaOD-D,O solution produced methyl heptanoate
containing 96% of deuterium (94M12).

As mentioned above, thieno[3,4-c]thiophene is most difficult to synthesize
compared to all other isomeric thienothiophenes. A few of its derivatives are known:
tetraphenyl- (67JA3639, 73JA2558, 73JA2561), tetrakis(alkylthio)- (85JA5801),
tetra(2-thienyl)- [42], tetrabromo-, 1,3-dibromo-4,6-dicyano-, 1,3-dibromo-4,5-bis
(methoxycarbonyl)- (94JOC2223), 1,4-bis(tert-butylthio)-3,6-diphenyl- and 3,6-di
(2-thienyl)thieno[3,4-c]thiophenes (98JOC163).

The synthesis of 1,3-dibromo-4,6-dicyanothieno[3,4-c]thiophene (264) by the
reaction of tetrabromide 265 with Nal in acetone is the first example of the
synthesis of a stable thieno[3,4-c|thiophene derivative (§89CC223).

NC Br NC Br

Br
Br Me,CO =
NC Br NC Br
265 264

Mono- (266) and diformyl derivatives 267, which were prepared by formylation of
1,3,4,6-tetrakis(isopropylthio)thieno[3,4-c]thiophene (268) with the Vilsmeier re-
agent, also proved to be rather stable (76TL2581).

pr's sprl Pris CHO OHC CHO
<\ DMF + POCI, X\ 7\
—_— S
S, AN
Pris Spri Pris sprl Pris SPri
268 266 (33%) 267 (14%)

The reactions of thienothiophenes 101a, b with trifluoroacetic acid are
accompanied by protonation of the thienothiophene system, resulting in Bu’-S
bond cleavage to form the corresponding thieno[3,4-c]thiophene-1(3 H)-thione (269a,
b) (96CL421, 98JOC163). Treatment of thienothiophene 269a with sodium hydride
and isopropyl iodide leads to regeneration of the thieno[3,4-c]thiophene system to
give l-(tert-butylthio)-3,6-diphenyl-4-(isopropylthio)thieno[3,4-c]thiophene (270a).
The reaction of thienothiophene 101a with trifluoroacetic acid in the presence of
10 equiv. of water is accompanied by elimination of one sulfur-containing group to
form 4-(tert-butylthio)-3,6-diphenylthieno[3,4-c]thiophen-1(3 H)-one (271).
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Buls Ar
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H,0 ~
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—
Ar = Ph Ph
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271a (88%)

Cycloaddition of thienothiophenes 101a, b to N-phenylmaleimide and dimethyl
acetylenedicarboxylate was described (98JOC163).

1,3,4,6-Tetraphenylthieno[3,4-c|thiophene (272) was derived from a mixture of cis-
and trans-sulfoxides 273 by dehydration with bases (Ba(OH),, MeMgBr, EtMgBr,
MeLi and LDA). Product 272 was isolated either directly or as adduct 274 with
TCNE (76TL2581).

Ph
Ph Ph Ph Ph Ph cN
CN
base 7\ ~
s s=0 — 5 s e _TCNE s
— PhH — — CN
CN
Ph Ph Ph Ph Ph Ph
273 272(9-77%) 274(76%)

The reactions of thienothiophene derivatives in the absence of a solvent were also
described. For example, the solid-state thermally induced rearrangement of 9,10-
dihydroxy-9,10-bis(thieno[3,2-b]thiophen-2-y1)-9,10-dihydroanthracene (275) occurs
at  240°C and gives 10,10-bis(thieno[3,2-b]thiophen-2-yl)anthrone  (276)
(2000JA1082).

276 (100%)
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(Thienothienyl)anthracenes 277 were subjected to analogous transformations to
prepare the corresponding anthrones.

Het. OH

HO Het

277

(Hydroxyfluorenyl)thieno[3,2-b]thiophenes 278a—¢ and their diphenyl analogue
279 were subjected to methanolysis (2001JOC803). Substitution of the hydroxy
function with the methoxy group requires specific reactions conditions for each

substrate.
® o
s
s ’ Ph
Ph
Wavan® W
s 278 OH 279

R = Me (a), Cl (b), 9-hydroxyfluoren-9-yl (c ).

For example, 2-(9-methoxyfluoren-9-yl)thieno[3,2-b]thiophene (280) was prepared
by careful by grinding an equimolar mixture of 5-(9-hydroxyfluoren-9-yl)-2-
methylthieno[3,2-b]thiophene (278a) with DDQ followed by storage of the resulting
dark-green powder in methanol at a temperature below 5 °C for 6 h.

/ \s/ O gfeone® . /s\/Meo
s

278a 280 (42%)

Me

The reaction of I-methyl- or 1,6-di-tert-butylazulenes (281a, b) with 2,5-
diformylthieno[3,2-b]thiophene (282) in acetic acid afforded diazulenylmethylthie-
no[3,2-b]thiophenes 283a, b along with products 284a, b resulting from the
reaction at one aldehyde group (2001JOC2470). The reaction of thienothiophenes
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283a, b with 2 equiv. of DDQ produced dications, which were isolated as
stable hexafluorophosphates 285a, b by treating the reaction mixture with a 60%
HPF4 aqueous solution. Treatment of salts 285a, b with zinc powder in aceto-
nitrile afforded 2,5-bis[di(azulenyl)methylene]-2,5-dihydrothieno[3,2-b]thiophenes
(2864, b).

28la,b 283a (79%) 284a (35%)
283b (71%) 284b (9.7%)

1) DDQ
2) HPFg
Ar

Ar —) — A
S r
2 PF6 MeCN

Ar
285a,b 286a (47%)
286b (71%)

gl
_ o1 2 1
Ar = RZ i R =Me,R=H(a);R =R% Bu' (b).

Electrophilic substitution reactions were studied for thienothiophenes annu-
lated with one or two benzene rings. For example, benzo[b]thieno[2,3-b]- and
-[3,2-b]thiophenes and their 3-methyl derivatives undergo bromination, Vilsmeier—
Haack formylation and Friedel-Crafts acylation at position 2. These results agree
well with their calculated electron densities (71G774, 70JCS243, 71JCS463,
71JCS1308). When these compounds contain a methyl group at position 2,
bromination occurs at position 3, whereas the direction of acylation of
2-methylbenzo[b]thieno[2,3-b|thiophene depends on the reaction conditions and
the reaction produces either a 3- or 6-acetyl derivative. Bromination of 3-formyl-
substituted benzo[b]thienothiophenes affords 2-bromo derivatives, whereas the
reactions with 2-formyl-substituted derivatives are accompanied by a loss of the
formyl group to give, respectively, 2,3-dibromobenzo[b]thieno-[2,3-b]- or 2,6-
dibromobenzo[b]thieno[3,2-b]thiophenes. Nitration of 2-formyl derivatives also
leads to the replacement of the formyl group and the formation of 2-nitro
derivatives as the major product (71JCS1308).

Nitration of benzo[b]thieno[3,2-b]benzo[b]thiophene 121 containing two fused
benzene rings with concentrated nitric acid (d = 1.51 gem ™) in acetic acid produced
2- (287) and 4-nitro derivatives (288), which were reduced to the corresponding
amines (80ZOR438).



170 V.P. LITVINOV [Sec. II1.B

S S S
121 287

288 O,N

¢ [H] l [H]

Earlier (69USP3433874), it has been reported that nitration of benzo-thienoben-
zothiophene 121 with a mixture of nitric and acetic acids led to substitution at the
carbon atoms in both rings to give 2,7-dinitrodibenzo[b]thieno[3.2-b]thiophene 289
in low yield. The latter was transformed according to conventional synthetic
procedures into derivatives 290 containing various electron-donating and electron-
withdrawing substituents (80ZOR430).

ON O \S NO, o RZ \S a

289 290

R'=R*=NHz; R'=NH,, R*=NO,; R'=R?=Cl; R"*=R’=Br; R =OH, R*= Cl; R' = NH,, R®*=CI; R*
—NO,, R*= OH; R' = OMeg, R? = NOj;, R' - NH,, R*= OMe; R' - R* = NHAC; R' = R* = NHCOCF3; R' =
NO,, R? = NHCOCF;; R = NHAc, R? = Cl; R* - NHAc, R* = OMe.

Nitration of 2-benzoyl- and 4-acetylaminobenzo[b]thieno[3,2-b]thiophenes with
nitric acid occurs predominantly at the o-position with respect to the substituent to
give the nitro derivative, whose deacylation and reduction afford 1,2- and 3.4-
diaminobenzo[b]thieno[3,2-b]benzo[b]thiophenes in high yields (§9MI1).

Thermal decomposition of azidoacrylates, which were prepared by condensation
of ethyl azidoacetate with heteroaromatic aldehydes, produced a series of the
previously unknown fused heteroaromatic analogues of isoellipticine 291
(98HEC227).

Y
\ /N —COjEt
X =N
201
X, Y =S5, Se.

The above-considered transformation convincingly demonstrates a high synthetic
potential of thienothiophene derivatives.
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IV. Molecular Structures and Physical Properties

Theoretical aspects of the structures, reactivities and physicochemical properties
of isomeric thienothiophenes have attracted considerable attention. Early reviews are
available (76AHC123, 76MI1) and other publications (see, for example, Refs
(67CCA119, 67TL2889, 67TL5257, 67ZN1475, 68JMS181, 68TCA247, 69TL239)).

A. STRUCTURES

In the last 25 years, X-ray diffraction analysis has been particularly widely used
(along with other methods) to determine the structures of thienothiophenes. For
example, the crystal structures of the following compounds were established by X-
ray diffraction: 3,4-dibromothieno[2,3-b]thiophene (86MI1), 2,2,5,5-tetramethyl-
2,3,5,6-tetrahydrothieno[3,2-b]thiophene-2,6-dione (127) (the main chromophoric
system of the thioindigo-like dye having the trans-(S)-trans-(S)-trans-configuration)
(77CB1421, 78CB3233), (5-benzoyloxymethyl)thieno[2,3-b]thiophene-5-sulfamide
6,6-dioxide (99JHC249), nitronyl nitroxide and imino nitroxide free radicals bound
to isomeric thieno[2,3-b]- and -[3,2-b]thiophenes (95JOC2092), 2,3:5,6-bis(ethylene-
dithio)thieno[3,2-b]thiophene (95BCJ1193), 1,2-bis{2-methyl-5-(2-benzothiazolyl)-6-
trifluoromethylthieno[3,2-b]thiophen-3-yl}hexafluorocyclopentane (93TL5653),
2,5-bis(dicyanomethylene)-2,5-dihydrothieno[3,2-b]thiophene (84MI1) and the 3,6-
dimethylselenolo[3,2-b]thiophene dimer (96T471).

Recently, it has been demonstrated that 2,5-bis(9-hydroxyfluoren-9-yl)thieno[2,3-
b]- and -[3,2-b]thiophenes form crystalline inclusion guest-host complexes with
EtOH, Pr"OH, Pr'OH, DMSO, Me,SO and benzene, and the structures of these
clathrates were established by X-ray diffraction (92CC1381, 92MCL75, 94AM654,
94CC2351, 94MCLS81, 94TL5883, 98CC(C)1965, 95J0C6342, 99CSI1395).

The structures of 1,3,4,6-tetraphenylthieno[3,4-b]thiophene (272) (83JA1705), 1,4-
bis(tert-butylthio)-3,6-diphenylthieno[3,4-c]thiophene, 4-(tert-butylthio)-3,6-diphe-
nylthieno[3,4-c|thiophene-1(3H)-thione,  4-(tert-butylthio)-3,6-diphenylthieno[3,4-
c]thiophen-1(3 H)-one (98JOC163), and Pt and Au complexes of polyyne polymers
on the base of 2,5-bis(trimethylsylilethenyl)thieno[3,2-b]thiophene were also
characterized by X-ray diffraction (2004AX(C)01202).

Study of the crystal structure of sulfur-containing heterocyclic compound 292,
prepared by the reaction of diethyl dihydroxythieno[2,3-b]thiophene-2,5-dicarbox-
ylate with Lawesson’s reagent in the presence of sulfur, revealed the presence of a
three-dimensional S—S interaction (93ZN1621).

292

The m-electron structure of thiophene, isomeric thienothiophenes and other fused
sulfur-containing compounds (58 compounds, including those annulated with the
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benzene and naphthalene rings) was detected by correlating the degree of sulfur
participation with the ability to propose resonance structures involving the whole
hydrocarbon part of the molecule (80T2711).

Bicyclic conjugated systems consisting only of five-membered heterocycles were
studied theoretically. The authors used the topological resonance energy (TRE) as a
new aromaticity index (77CCA107), which correctly predicts the aromatic behaviour
of all groups of isomeric heteroaromatic systems, including thienothiophenes. These
isomers are referred to as positional isomers, because they formally differ only in the
position of o-bivalent heteroatoms and can be considered as a special group in
accordance with the mode of their annotation. The calculated TREs agree well with
the experimental values (77CCA107, 77JA1692).

The geometries, electronic structures and electronic spectra of stilbene derivatives
and chromophores based on dithienothiophenes are systematically studied by AM1
and INDO/CI method. On the basis of correct UV-Vis spectra, the position and
strength of the two-photon absorption can be predicted (2001MI1).

To study the effect of the nature of the heteroatom on the aromatic system, the
photoelectron spectra of thieno[2,3-b]thiophene (142), thieno[3,2-b]thiophene (145)
(73T3085), thieno[2,3-b]selenophene (143), selenolo[3,2-b]selenophene (147), thie-
no[2,3-b]pyrrole, selenolo[2,3-b]pyrrole, pyrrolo[2,3-b]pyrrole and selenolo[3,2-b]pyr-
role (77JOC2230) were measured and analysed. The replacement of the sulfur atom
with selenium causes slight changes in all characteristics in accordance with the
simple excitation theory. The replacement of the sulfur or selenium atom with the
NH group influences the n-electron system. In this case, an increase in the resonance
integral of the bonds including the heteroatom is compensated by a strong
destabilizing inductive effect due to N-H bond polarity. The efficient electro-
negativity of the NH group was found to differ only slightly from that of the sulfur
atom (77JOC2230).

Thieno[3,2-b]thiophene  (145), thieno[3,2-b]thieno[2’,3'-d|thiophene  (108a),
thieno[2”,3”:4,5|thieno[2’,3'-d]-thieno[3,2-b]thiophene (6) and dithieno[2,3-d:2",3'-
d'[thieno[3,2-b:4,5-b'|thiophene (7) were studied by gas-phase and solid-state
photoelectron spectroscopy (99CP51). For tetrathienocene 6, the ionization energy
for the gas phase (7.22 eV) differs substantially from that for the solid state (4.86¢eV),
resulting in an increase in the polarization energy by 2.36 eV, which is larger than the
calculated value (1.83eV). This phenomenon was interpreted in terms of
intramolecular orbital interactions for the solid state of polythienothiophene 6.
This interaction is not observed for lower homologues (thienothiophenes 145 and
108a).

Recently, among isomeric thienothiophenes, thieno[3.,4-c]thiophenes have at-
tracted the most attention from both the theoretical and spectroscopic points of view
as 10 m-electron heterocycles having a non-classical structure (68T2567, 70JA 1453,
72AX(B)1336, 74JA1817, 76JAT187, 78JA3893, 83JA1705, 83JA1979, 86JA4303,
88JA1793, 98JOC163). Examination of the photoelectron and UV-Vis absorption
spectra of 1,3,4,6-tetraphenylthieno[3,4-c]thiophene (240) (78JA3893) confirmed the
singlet aromatic ground state of the molecule predicted by quantum-chemical
calculations (83JA1705) (by the MINDO/3 method without allowance for d-orbital
interactions).
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In the m-electron approximation of the MO LCAO SCF method, a procedure was
developed on the basis of the Longuet—Higgins model to account for the d-orbitals
of the sulfur atoms. The chemical shifts in the '"H and '?*C NMR spectra, the lowest
singlet-singlet and singlet—triplet transitions and the dipole moments of a series of
sulfur-containing heterocyclic systems, including thieno[2,3-b]thiophene (142),
thieno[3,2-b]thiophene (145) and thieno[3,4-c[thiophene, were calculated (81MI3).
These results are in agreement with experimental data.

The multiplicity of the ground state, p-stability (‘‘aromaticity’), the order and
energy of the electron-excited and ionic states of thieno[3,4-c]thiophene were studied
(93ZN1621). In particular, this compound was demonstrated to have “aromaticity”
analogous to that of thiophene, but it is much less stable due to a specific structure of
its highest occupied molecular orbital.

B. NMR SprECTRA

NMR spectroscopy along with and combined with other physicochemical
methods is widely used to study the chemical structures of thienothiophenes and
their hetero-analogues. In the study (82CS75), CNDO/2 calculations were carried
out for selenophene and [2,3-b]-, [3,2-b]- and [3,4-b]-annulated selenolothiophenes
143, 144, 146 and 149-151. Correlations between the calculated electron density and
experimental "’Se NMR chemical shifts in the spectra of these compounds were
revealed. The chemical shifts were demonstrated to depend substantially on both the
total and m-electron density on the selenium atom.

The 'H, °C and ""Se NMR spectra of selenolo[2,3-c]thiophene (149) (811ZV1285),
selenolo[2,3-b]selenophene  (144) (76CS159), selenolo[3,2-b]selenophene (146)
(74CS236), selenolo[3,4-b]selenophene (151) (80T3317) and a series of 2-substituted
selenolo[2,3-b]selenophenes (83CS22) and -[3,2-bJselenophenes (84JMS345) were
measured and analysed.

The "H NMR spectra of isomeric thienothiophenes, selenolothiophenes and their
derivatives (70ACS105, 70RTC77, 73JPR850) revealed long-range spin—spin
coupling through five and six bonds located in a “‘direct zigzag” system. This
phenomenon is analogous to that observed in a series of other bicyclic systems
including sulfur, nitrogen and oxygen atoms (see, for example, Ref. (65TL2393)).

X X
X =S85, Se.

It was also concluded that the signals for the o- and f-protons of isomeric thieno-
and selenolothiophenes are characteristic of different modes of fusion of heterocyclic
rings (76MI1). The chemical shifts of annulated thiophenes with X = S are given
below (the values for X = Se are given in parentheses).
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The spectra of isomeric selenolothiophenes are characterized also by spin—spin
coupling between the "’Se atom (spin 1/2) and protons of the selenophene fragment
(73JPR850) analogous to that observed in selenides of the thiophene series
(71Z0OR1257).

Tautomerism of 2-hydroxythieno[2,3-b]- and -[3,2-b]thiophenes, 2,5-dihydrox-
ythieno[3,2-b]thiophene and their alkyl- and aryl-substituted derivatives was also
examined by NMR spectroscopy (75JOC3384, 78JOC2197). These compounds were
demonstrated to occur predominantly as thiolactones rather than in the hydroxy
form. For the thieno[2,3-b]thiophene system, this equilibrium is completely shifted to
thieno[2,3-b]thiophen-2(3 H)-ones, whereas the forms B and D were found for [3,2-b]-
fused systems. The effect of the nature and positions of the substituents on the
tautomeric equilibrium was discussed.

/\/_whwhﬁgo
UJ ff_f<—f§_fo

S

Alkyl- and aryl-substituted 2,5-dihydroxythieno[3,2-b]thiophenes appeared to
occur exclusively as dithiolactones. In no case was the hydroxy form of these
compounds detected (78JOC2197). NMR spectroscopy demonstrated that 2,3-
dihydrothieno[3,2-b|thiophene-2,5-dione (E) is a favourable structure. Tautomer F
was detected only for the unsubstituted compound. However, this tautomer is
readily transformed into tautomer E. For 6-substituted compounds, two stereo-
isomers of the form G are observed; these stereoisomers have opposite configura-
tions at the C(6) atom.

1 1
R H R
S\, OH NS0 __S\o0
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R'=H, Me, Bu!, Ph; R%= H, Me, Ph.
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The effects of the nature and positions of the substituents on stability of
tautomeric forms were discussed.

C. ESR SpPECTRA

The reactions of the diphenylphosphoryl (OP-Ph,) and diethoxyphosphoryl
[OP - (OEt),] radicals with 3,6-dimethylthieno[3,2-b]thiophene-2,5-dione (293) were
studied by ESR spectroscopy (85CJC917). Both reactions produce the oxygen-
containing (294) and cyclic (295) adducts. The hyper-fine coupling constants of the
former adducts are close to those of analogous oxygen-containing adducts of Group
IVB organometallic radicals (80JOM 145). The attack can occur on the carbon atoms
at positions 3, 6 or 4, 5 of the ring. In the former case, the structure of the adduct is
similar to that of the substituted allylic system, and the ESR spectra would be
expected to show methyl splitting with a constant of ~10 Hz. The reactions of dione
293 with the SP- Et, and P-Ph, radicals afforded predominantly derivatives 294,
although the ESR signals of cyclic adduct 295, which was generated simultaneously
with 294, were recorded.

Me Me Me
S S S
— O XP'R, N OﬁRZ — o
- —_— - + .
o o X 0= g PR,
S Me S Me e [
295 X
293 294
X =0:R=Ph, PEt; X=S: R = Et; Xis absenr, R = Ph.

The hyperfme coupling constants for paramagnetic adducts of the M - R3 (M = Si,
Ge, Sn) radicals with dithienyl and bis(thieno[2,3-b]- and -[3,2-b]thienyl) ketones
were measured and compared with those of the diarylhydroxymethyl radicals. These
results were confirmed by INDO calculations and indicate that the 2p. orbital is
involved in the O-M bond in dithienyl derivatives (79JCS(P2)1568).

Complexation of dibenzo-18-crown-6 ether with 3,6-dimethylthieno[3,2-b]
thiophene-2,5-dione 293 (77JCS(P2)1327), homolytic aromatic silylation of
2-cyanothieno[2,3-b]- and -[3,2-b]thiophenes (79G395), addition of silyl radicals to
3,6-dimethylthieno[3,2-b]thiophene-2,5-dione and 5-benzylidene-3,6-dimethylthie-
no[3,2-b]thiophen-2-one (86JA4993) and the conformational behaviour of the
dithieno[3,2-b:2',3’-d]-thiophene-2,6-dicarbaldehyde radical anions (78JCS(P2)212)
were studied by ESR spectroscopy.

Diradical species 296299, in which two nitronyl nitroxide (ONC = NO) or imino
nitroxide (NCNO) radical centres are bound to the thieno[2,3-b]thiophene and
thieno[2,3-b]thieno[3’,2'-d|thiophene chromophores, were investigated. Their intra-
molecular exchange coupling in frozen solutions and the magnetic sensitivity at low
temperatures were examined by ESR spectroscopy (95TL5543, 96T6893).
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The ESR spectra of mononitronyl nitroxide and imino nitroxide free radicals
bound to isomeric thieno[3,2-b]- (145) and -[2,3-b]thiophenes (142) were measured in
toluene at room temperature (69TL239).

D. UV SpecTRA

The nature and properties of the ground and first low-lying excited states of the
thieno[3,2-b]thiophene (145) molecule were investigated in a series of spectroscopic
studies (56MI1, 70MI1, 71MI1, 73CR365, 75MI3, 76CP297).

The first UV spectrum of thienothiophene 145 in the gas phase was recorded in
1956 (56M11). However, some details of the spectrum have remained uninterpreted
because of the complicated spectral pattern. Only 20 years later, a complete
spectroscopic study, including IR and UV—Vis spectroscopy, of this compound was
carried out both in the gas phase and in the crystalline state (77JCP51). Two systems
of intense absorption bands at 36 000-40000cm ™' were assigned to two electron
transitions in the excited state, whereas a very weak band observed in the spectrum
of the crystal at 34394cm™"' was assigned to a singlet—triplet transition caused by
spin-orbital coupling. Calculations by the LCAO method with the STO/3G basis set
(69JCP2657) confirmed the assignment of the electron transitions.

The possibility of using the liquid-crystal linear dichroism (LCLD) technique for
the assignment of electron transitions was exemplified by two models of
chromophores with high (phenylthiol) and low (thienothiophene 145) symmetry
(82JCS(P2)447). The LCLD spectrum of the thienothiophene chromophore revealed
a new band, not been observed earlier, and confirmed the theoretical results
(69JCP2657).

The thieno[3,2-b]thiophene (145), selenolo[3,2-b]thiophene (146) and selenolo[3,2-
b]selenophene (151) charge-transfer complexes based on TCNE were studied by UV
and IR spectroscopy. The absorption spectra recorded in CCly and CH,Cl, show
numerous charge-transfer bands (82CS214). A comparison with photoelectron
spectra of other donors demonstrated that these bands appear due to transitions
from two different occupied orbitals of the donor to unoccupied orbitals of the
acceptor. The calculated ionization potentials of the donors are consistent with the
photoelectron spectroscopic data.
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The quinoid compounds A, B and E have similar UV spectra, although the
absorption maximum is shifted to longer wavelengths by approximately 50 nm with
increasing number of thiophene rings (91CL1117). The observed absorption maxima
agree with the values calculated by the Pariser—Parr—Pople (PPP) method with
allowance for restricted configuration interactions. For the B-C-D series, the long-
wavelength band is shifted to higher frequencies on going from the first to the last
compound, in spite of an increase in m-conjugation in this series. This may be a
consequence of steric interactions between the phenyl fragment and the quinoid
thienothiophene system, resulting in a deviation of the seven-membered ring from
the plane. The discrepancy between the observed and calculated electron transitions
for the long-wavelength band in compounds C and D also confirms a non-planar
structure of the total m-system of these molecules.

The UV spectra of 3,6-dimethylthieno[3,2-b]thiophene, 3,6-dimethylselenolo
[3,2-b]selenophene, their dimers, trimers and tetramers (96T471), 2,2,5,5-tetra-
methylthieno[3,2-b]thiophene-3,6-dione (68TCA247, 77CB1421), and derivatives of
benzo[b]thieno[3,2-b]benzo[b]thiophene 121 (80ZOR425) and compounds 300-305
(93JOC5209) were measured and analysed.

Y
Et0,C O \ O CO,Et
X

300-305

X =Y =NMe(300);X =Y = S(301);X - Y = Se(302);X - NMe, Y =S (303); X - NMe, Y = Se (304); X =
S, Y = Se (305).

The strongest absorption maximum in the UV-Vis spectra of compounds 300-305
is observed between 331 nm (for 301) and 354 nm (for 300); the longest-wavelength
absorption is most intense, and the maximum is observed between 367 nm (for 301)
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and 426 nm (for 300). All compounds, except for 302, show fluorescence. Compound
300 shows strong fluorescence, whereas compounds 301 and 305 exhibit relatively
weak fluorescence due, apparently, to the effect of the heavy atom.

The UV spectra of a homologous thienocene series show a shift of the long-
wavelength band to the red region characterized by a good linear correlation with
the number of thiophene rings. A comparison of the UV spectra of heterohelicenes
175a, b and 176a, b (56JA4765, 66JCP1126, 71JA2968) with the spectra of
benzohelicenes (56JA4765, 66JCP1126) demonstrated that the longest-wavelength
band (o band) is shifted to higher frequencies (by approximately 30 nm), whereas the
positions of the second and third bands (p and f§ bands, respectively) are only slightly
different.

The twist angles of the phenyl ring relative to the plane of the bicyclic fragment in
2-phenylthieno(or selenolo)[2,3-b]thiophenes, -furans and analogous N-methylpyr-
roles were determined from absorption spectra and data on molecular refraction
(7720B1623).

V. Fields of Application

Earlier, the practical use of thienothiophenes has been limited primarily to the
preparation of polymethine dyes, transition metal complexes (76AHC123), as well as
the synthesis of N-(aminoalkyl)thieno[3,2-b]thiophene-2-carboxamide derivatives,
which were proposed as antidepressants and antitumour agents (73USP3733322),
and the synthesis of benzo[b]thienobenzo[b]|thiophenes, which are used as pesticides
(67USP3278552, 71JCS1308). In recent years, the applications of these compounds
have been substantially extended due to the synthesis of numerous derivatives. The
introduction of pharmacophoric substituents into thienothiophene molecules and
the use of these compounds in the synthesis of annulated systems gave rise to new
types of biological activities. The discovery of unusual optical, electrical and
complexation properties made it possible to prepare new materials for modern
technology.

A. BioLoGIicAL ACTIVITY

Since many thiophene-containing compounds, including annulated compounds,
exhibit biological activities (80JMC878, 81JHC1277, 84P4, 89M12), the structure—
activity relationships for this series of heterocycles have attracted considerable
attention. Studies are aimed both at using thienothiophenes as building blocks and
searching for new types of biological activity of fused systems containing various
central fragments (90P895, 80ZC96).

For example, S-substituted thieno[2,3-b]- and -[3,2-b]thiophene-2-sulfonamides
306-312 were synthesized and proposed as glaucoma medicines (89USP4806592,
90USP4894390, 90USP4929549, 91JHC13, 91JMC1805, 92EUP480692, 92EUP480745,
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99JHC249). In the cited studies, the substituents at position 5 were varied to increase
solubility in water and achieve pK, minimizing binding of the iris pigment. The
best results were obtained in tests of compound 306 [R' = (CH,),O(CH,),OMe,
R? = (CH,),OMe] (91JMC1805).
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The results of pharmacological studies of the potential non-peptide fibrinogen
receptor antagonist, viz., thieno[2,3-b]thiophene-based compound 172, were
reported (71JCS1308, 95PCT9504531).

A series of thieno[2,3-b]thiophene-based HIV protease inhibitors were synthesized
and tested (94BMC2769, 9SBMCI185). At low concentrations, these inhibitors are
efficient against HIV, and some of them provide satisfactory plasma level in animals
upon peroral administration. Among compounds of this series, compound 313
proved to be the most promising (ICso=0.12nM and ICyg= 6-121nM)
(94BMC2769).

313

Pyrimidine nucleosides 314 containing the thieno[3,2-b]thiophene substituent hold
promise against HIV and hepatitis B and were patented (90PCT8912061).
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2-(Thienothienylglycyl)cephalosporin (85JMC1896, 86USP4581352) and 2-(thie-
nothienylphenyl)carbapenam derivatives (93USP5143914) possess antibacterial
properties.

Patents covered procedures for the preparation of 4(5)-(3-indolyl)imidazoles 315,
which are used as medicines for the treatment of central nervous system disorders,
cerebrovascular dementia, senility and memory disturbance or for improvement of
learning ability (99JAP11199582), the synthesis of thieno[2,3-b]thienyl-containing
carboxylic acids 316 and their derivatives used as analgetics, inflammation and
thrombosis inhibitors (77GEP2703624, 79FRP2378783) and the synthesis of
thieno[3,2-b]thiophene-2-carboxamides used as cyclooxygenase and lipoxygenase
inhibitors (88USP4720503).
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315
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Thieno[3,2-b]thiophene-2-carboxamides 317, which were prepared as mixtures of
diastereomers and separated by high-performance liquid chromatography, were
patented as cysteine protease inhibitors (98PCT9822494, 2001PCT0134153,
2001PCT0134154, 2001PCT0134159, 2001PCT0134565).
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Amidines of the thieno[3,2-b]thiophene series 318 were patented as urokinase
inhibitors (94EUP568289).
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Thieno[2,3-b]- and -[3,2-b]thiophene-2-carboxylic acids and their benzo[h]lannu-
lated analogues were synthesized and their lipid-reducing properties were
investigated (78APS368). A number of hydrazides and sulfonamides of the
thienothiophene series were patented as pesticides (§8SEUP146263, 92EUP483647).

It was found that the smell of heated food includes odours of compounds formed
by the reaction of thienothiophene-containing 4-hydroxy-5-methyl-3(2H)-furanones
with cysteine or H,S (2001M13). Thieno[3,2-b]thiophene derivatives were used in
combinatorial synthesis to compile chemical libraries with the aim of examining the
biological action of these compounds (96TL1003).

B. OTHER AREAS OF PRACTICAL APPLICATIONS

Sulfur-containing heteroaromatic compounds, particularly, fused compounds
having an extensive conjugated system can be used as building blocks for preparing
organic conductors (87MI1, 89PS187, 91JA7064, 91SM403), magnetic (91SM3287)
and photosensitive receptors (93JAP04338761), materials for optoelectronics
(91IMI1, 91MI2), etc. These compounds most often belong to charge-transfer
complexes (82M12, 88CRV201, 93CC345). A rational combination of conducting
polymers (86 M12) and magnetic materials (91JA2764, 91MI3) requires the presence
of precursors containing functional groups, which can enhance n-conjugation in the
system as a results of condensation.

1. Complexation Properties of Isomeric Thienothiophenes

Isomeric thienothiophenes and their derivatives are of considerable interest as
electron donors or acceptors for the design of new types of charge-transfer
complexes and as ligands coordinating metal ions. As mentioned above (see Section
IV.D), charge-transfer complexes of some five-membered fused heteroaromatic
systems with TCNE were studied by UV and IR spectroscopy and their relative
stabilities were discussed using the association constants and enthalpies of formation
(82CS214).

Thieno[2,3-b]thiophene and -[3,2-b]thiophene containing two 9-hydroxyfluoren-9-
yl groups as substituents form charge-transfer complexes with 1,2,4,5-tetracyano-
benzene (TCNB), which show fluorescence in the solid state (96MCL159,
98CC(C)1965). Benzo[b]thieno[3,2-b]thiophene forms charge-transfer complexes
with various organic acceptors (90MI2).
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In recent years, dithienothiophenes have attracted considerable attention because
these compounds have three various types of m-conjugation, which play a decisive
role in their donor ability (89TL3315, 91CC1268, 92CC1381, 93PAC127, 94CC1765,
94TL5883, 97TL4581, 94TL7589, 97SM1851, 99JCS(P1)1273, 99PCT9912989,
2000H761). Two higher homologues of fused polythiophenes, viz., thienocenes 6
and 7, which are isoelectronic with chrysene and picene, respectively, but contain
much less peripheral hydrogen atoms, were also used as precursors of organic
conductors (89PS187, 89TL3315, 92JCS(P2)765).

As mentioned above (see Section III.B.3, and Ref. (91JAP03038588)), 2,3,6,7-
tetrathiabenzol[l,3-cd:4,6-c'd |dipentalene (225) and its derivatives 226 form charge-
transfer complexes with strong electron acceptors (TCNQ, TCNQF,4, DDQ and
HCBD), most of which have a low conductivity.

A new fused thienothiophene, 2,3:5,6-bis(ethylenedithio)thieno[3,2-b]thiophene
(112), was used to prepare conducting organic salts (95BCJ1193).

Examples of the use of 2,5-bis(dicyanomethylene)-2,5-dihydrothieno[3,2-b]thio-
phenes (319) and -2,6-dihydrothieno[3,2-b:2",3'-d]thiophenes 320 as electron accep-
tors were reported, and the resulting charge-transfer complexes have a very high (up
to metallic) conductivity (99JCS(P1)1273).

CN
R s.__ R X R
NC T\ CN NC T \/ \._cN
=g R ~ s s
NG NC CN
319 320
R=H, Br. X=S (R=H,BN); X=S0,50, (R =H).

2,5-Bis(3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-2-ylidene)-2,5-dihydro-1,4-
dithiapentalene (321) is also a promising electron acceptor for the formation of
complexes (90CC1196).

Bu 321

Synthesis of a new class of cofacially oriented neutral of donor—acceptor
thienothiophenes was described to probe the presence of through-space charge-
transfer interaction (2004JMS107). Dinuclear complexes of Group VIB (Cr, Mo and
W) (20011C(E)233, 2002M11) and Group VIII (Pt) (2002JOM 56, 2003JOM 39) metal
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ions with 3,6-dimethylthieno[3,2-b]- and dithieno[3,2-b:2’,3/|thiophene as ligands
were synthesized and studied.

2. Thienothiophenes as Liquid and Clathrate Crystals

In the last 15 years, the liquid-crystalline properties of azomethines, azines,
vinylenes and hexatrienes containing the thiophene or thieno[3,2-b]thiophene
fragment were examined. Their thermal and optical properties were compared with
those of analogous compounds of the benzene series (85ZN1199, 89M13). Taking
into account particular characteristics, these compounds were proposed as materials
for various purposes of modern technology.

Certain thieno[2,3-b]- and -[3,2-b]thiophene derivatives can be used in liquid-
crystalline mixtures for electro-optical switches and evaluation devices
(85GEP3342631, 96GEP4422488, 98NJC771).

Benzo[b]thieno[3,2-b]benzo[b]thiophene-2,7-dicarboxylate  derivatives  exhibit
properties of smectic liquid crystals, whose stability depends on the length and
nature of terminal chains. Samples of these liquid crystals show pronounced
photoconducting behaviour (2000LC321).

LCLD of the thieno[3,2-b]thiophene molecule was examined (82JCS(P2)447).

Recently  (89TL3315, 91CLI1117, 92CC1381, 92CCl1661, 92CL1689,
92JCS(P1)761, 92JCS(P2)765, 92MCL75, 94AMO654, 94CC2351, 94MCLSI,
94TL5883, 95J0C6342, 98CC(C)1965, 98MCLI185, 99CSJ1395), a series of new
compounds possessing host-type complexation properties, for example, 2,5-bis(9-
hydroxyfluoren-9-yl)thieno[3,2-b]thiophene (278c), were introduced into crystals of
complexes. Such compounds are referred to as “‘clathrate crystals™ [348].

3. Materials for Nonlinear Optics

The recently discovered physical and chemical properties of thieno- and
dithienothiophenes make it possible to use these fused heteroaromatic compounds
for the design of new nonlinear optical materials. For example, the following two
conjugated  chromophoric  charge-transfer  systems  were  synthesized
(96JCS(P2)1377): thieno[3,2-b]thiophenes 322, which contain simultaneously elec-
tron-donating and electron-withdrawing substituents, and trinitriles 323, which are
heteroaromatic chromophores due to formation of charge-transfer complexes. The
first hyperpolarizability (f) of these compounds was determined by electric-field-
induced second-harmonic (EFISH) generation; the replacement of the oxygen atom
with sulfur leads to a substantial increase in f8, which remains unchanged on going to
other chalcogens (Se or Te).

R S NC._CN
/ \ / Y S |
MeX™ g . 7\ CN
322 MeX™ ~g
323
X=0,S, Se;
Y = CHO, NeOZ; X=0,S, Se, Te.
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2-(1,3-Dithian-2-ylidenemethyl)-5-(tricyanovinyl)thieno[3,2-b]thiophene (324) was
used to prepare nonlinear optical polymers (95CAP2104038).

Substituted thioethers of thieno[3,2-b]thiophenes 325 possess analogous
optical properties. The procedure for their preparation was patented (94GEP4
234230).

NC CN
| 2

s

S 7\ ) N 7\
<:s>= g s R's g R
324 325

R' = C; —Ca-Alk, CH = C(CN)z; R?, R®, R* = H, Me; R?= H, R®= NO,, R* = CN, NO,.

Thienothiophene-containing chromophores bearing the TCNQ group as an
acceptor are as thermally stable as analogous chromophores containing the strong
tricyanovinyl substituent but they are characterized by a substantially larger second-
order optical nonlinearity (96CC(C)793).

Many thieno[3,2-b]thiophene derivatives are important synthons for the design of
new functional materials possessing chromophoric, conducting or nonlinear optical
properties (90AG(E)204, 91CL1117, 94CM2210, 94GEP4234230, 95GEP4339712,
95M12, 96H1927).

Materials containing hexathiaoctahelicene derivatives 326, which show high third-
harmonic generation and are resistant to thermal and optical laser action, were
constructed (94JAP05273613).

R', R* = H, C;-Cg-Alk, C1-Cs-OAlk, OH, NO,, CN, CHO, Hal.

Photochromic compounds 181 were synthesized on the basis of benzothiazole
derivatives of thieno[3,2-b]thiophene (see Section III.2). Their open (colourless,
181a) and cyclic (coloured, 181b) forms have high thermal stability, which makes
it possible to perform repeated direct and reverse photo-induced transi-
tions 18la=181b with retention of the structure (2000MI1, 20011ZV107,
2005KGS360).
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18la

-0

Analogous cyclobutenedione derivatives of thieno[3,2-b]thiophene 327 were
synthesized in continuing studies of the use of thienothiophenes for the design of
new photo-chromic materials (20021ZV 1396, 2002MC141). Under UV irradiation
(2 = 313nm), compound 327 forms thermally stable (in the dark) cyclic form 327b,
which is again transformed into open form 327a under irradiation with visible light
(4 = 578 nm).

o] ]
S S
MeO,C CO,Me
SV N
s° wme S
327a

The photochromic characteristics of 1,2-bis(2,6-dimethyldithieno[3,2-5:2,3'-d]thio-
phen-3-yl)hexafluorocyclopent-1-ene (188) were studied in an acetonitrile solution
(20021ZV1942). The photocyclization 188a — 188b was carried out under UV
irradiation at 313 nm, and the reverse reaction was performed under irradiation at
578 nm. The long-wavelength absorption maxima for open form 188a and cyclic
form 188b are 290 and 612nm, respectively, which are comparable with the
corresponding characteristics of benzothiazole derivatives (2000MI1, 20011ZV107).

Compounds 328a, b, which have an extensive conjugation between two fused
dithienothiophene fragments, were synthesized in the study (94CM2210). High
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thermal stability, fatigue strength, sensitivity to the diode laser wavelength, nearly
quantitatively reversible interconversion and, particularly, ability to perform
nondestructive data reading make it possible to use these compounds as
photoswitching elements in practice.

hv (330-365 nm)
—
-
hv (600 hm)

R = n-CgH,,; X = N or MeN™ (CF,SO,) .

New quadrupolar photophores 189 and 190 containing fragments exhibiting very
high two-photon absorption and simultaneously have high quantum yield were
synthesized (99CC(C)2055). Other dithienothiophene-containing nonlinear-optical
chromophores were also prepared and have found use as optical relays of a new type
(99MI1).

Benzo[b]annulated thieno[3,2-b]thiophenes were patented as organic photocon-
ductors (85JAP58145950) and fluorescent bleaching agents (84GEP3311092).

4. Conjugated Polymers

In recent years, the number of publications on photochemical and electrochemical
polymerization of thienothiophenes and their polyannulated analogues has increased
sharply. These compounds form conjugated polymers possessing unique properties.
Since this field of thienothiophene chemistry is beyond the scope of the present
review, only the references to such studies are given (82MAC2747, 82MAC2771,
8289TL3315, 83JCP5656, 85SMCL241, 86CC1663, 86SM53, 86SM45, 86SM325,
87SM185, 88CC215, 88CC246, 89PS781, 89SMS507, 89SMS515, 90MI3,
93EUP535490, 93SM217, 94CCI1911, 95AM48, 95H2691, 96CL285, 96T471,
97JEC23, 98MCLI185, 99MI12, 99SM987).

Studies of copolymerization of a new class of highly efficient optical chromo-
phores with thieno- and dithienothiophenes as linking units led to the design of
conducting polymers (94MI3, 95EUP602654, 95GEP4339712, 95M13, 96CL285,
96SM 169, 97GEP19525304, 98MI1, 98MI12, 98MI3, 2000M(EP)555, 2002PM C40,
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2002PMC195, 2002PP568, 2002PP584, 2002PP904, 2003PP398, 2004CM5644,
2004PP289). Poly(thieno[3,4-b]thiophenes), which are stable conducting polymers,
have attracted particular attention. These compounds were prepared by electro-
chemical polymerization of thieno[3,4-b]thiophene and its derivatives. They hold
promise, in particular, as new materials for electrochromic devices (2000MI2,
2001MI15, 2001MM1817, 2001MM 5746, 2001M12, 2001MI4, 2002M12, 2002M13,
2002M1I4, 2002MM7281, 2002PMC40, 2002PMCI195, 2002PP568, 2002PP584,
2002PP904, 2003PMC268, 2003PMC292, 2003PM C300).

A new class of silicon-containing copolymers was synthesized by the Heck reaction
of distyrylsilane monomers with thiophene and thieno[3,2-b]thiophene derivatives,
their luminescence properties were studied, and these polymers were demonstrated to
be promising electroluminescent materials (2001SM 1743, 2002MI5).

A series of alkyl-substituted poly(thieno[3,2-b]thiophenes) was synthesized by
cross-coupling and oxidative coupling reactions (2004MM6306). Their electronic
properties were studied by UV—Vis absorption and fluorescence spectroscopies.

A new method was developed for the preparation of poly(thienothiophenes) with
amide bridges involving the formation of thiophene fragments by transformations
analogous to those which are applied in the course of polymer synthesis
(2004VMS1674).

Poly(thienothiophenes), low band-gap conjugated polymers with a polythiophene-
like chain where an aromatic thienothiophene moiety is fused to each thiophene ring,
were studied using Raman spectroscopy and photoinduced IR adsorbtion
(2002JPC(B)3583).

The electropolymerization kinetics of 3,6-dimethylthieno[3,2-b]thiophene was
studied by cyclic voltammetry, chronoamperometry and chronopotentiometry on
glassy carbon in the presence of a 0.1 M LiClOy4 solution (2001JAES839).

C. DvyEs

A few publications were devoted to the use of thienothiophene derivatives for the
design of new dying materials. For example, diazotization of aminothienothiophene
derivatives afforded disperse azo dyes for colouring synthetic or polyester fibres
(78SWP603750, 88GEP3622136, 2000M13, 2001M16). Thieno[3,2-b]thienylidenebis-
(benzoquinones) were patented as dyes for optical recording devices
(91JAP03048686).

New electro- and photoactive multifunctional dyes were designed on the basis of
dithienothiophenes (2000M14, 2000PP795, 2000PP800). The pigment properties of
2,2,5,5-tetramethyl-2,3,5,6-tetrahydrothieno[3,2-b]thiophene (127) were compared
with those of analogous compounds containing the thioindigoid fragment, and
thienothiophene 127 was demonstrated to belong to indigoid dyes (78CB3233,
90T5759).

Compounds of the thieno[2,3-b]thiophene (142), thieno[3,2-b]thiophene (145),
dithieno[3,2-b:2",3'-d]thiophene (108a) and thieno[2’,3": 4,5]thieno[2’,3’-d]thieno[3,2-
b]thiophene (6) series were also patented as components (in amounts of 0.01-0.8%)
for the preparation of nonaqueous electrolyte solutions (2002JAP2002124298).
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VI. Conclusion

Analysis of the data published in the literature in the last 25 years demonstrates
that the theoretical, synthetic, physicochemical and, particularly, practical aspects of
the chemistry of thienothiophenes and their analogues attract growing attention of
researchers working in different fields.

The range of practical applications of isomeric thienothiophene derivatives and
their O-, N-, S-, Se-, Te-containing and fused analogues is very wide, from real
prospects for the design of new medicines (due to a wide spectrum of
pharmacological activities) to the design of the previously unknown liquid and
clathrate crystals, charge-transfer complexes (organic conductors, magnetic and
photosensitive receptors), electroconducting polymers, new nonlinear optical
materials necessary for informational technologies, dyes, etc. (2003M12).

The further development of the chemistry of fused chalcogen-containing
heterocycles will be associated with the introduction of various pharmacophoric
groups at different positions of the molecules with the aim of preparing new efficient
medicines and also with the use of these heterocycles as building blocks for the
design of new highly conjugated heterocyclic systems as promising technological
materials of the 21st century.
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1. Introduction

The first compound containing a phenothiazine ring, 3,7-diamino-
phenazathionium chloride, was obtained in 1876 by Lauth (1876CB1035). Bernth-
sen synthesized the parent phenothiazine in 1883, by heating diphenylamine with
sulfur (1883CB2896).

The chemistry of phenothiazine has evolved in several directions since his discov-
ery in the nineteenth century. Initially, the interest in this heterocycle was due to its
quinonoid derivatives, widespread as intermediates in sulfur dye chemistry
(1876CB1035, 12CB2012). Then followed the discovery of the antihelmintic action
of unsubstituted (50MI(1)124) and of some C-substituted (56AJC397) phenothia-
zines, which made these compounds important adjuvants in the meat industry
that increased the availability of animal products. The brightest period started in the
1950s with the introduction of phenothiazine derivatives in medicine. The antihista-
minic (46M1363, 48MI197) and neuroleptic (52MI206) action of some N,C-
substituted phenothiazines has made them essential chemotherapeutic tools
even nowadays. Lately, the research in this class has been focused on the synthesis
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and investigation of the properties of new phenothiazines in the quest for advanced
materials with potential use in modern applied physics.

The literature on phenothiazine derivatives was reviewed exhaustively in an earlier
monograph edited by R. R. Gupta (88MI1).

In the synthesis of phenothiazines, ring closure successfully rivals with other
reactions involving functional group insertion, removal or modification, and the
scope of this review is to summarize the cyclization reactions known to produce
the phenothiazine ring based on a retrosynthetic analysis scheme. Although we
tried to ensure the coverage of all known synthetic pathways, the literature ref-
erences are, however, limited to the most significant examples (the same pro-
cedure, e.g. thionation, has been used without relevant modifications by a spate of
authors).

The purpose of the retrosynthetic analysis consists in identifying and disconnect-
ing the strategic chemical bonds in the target molecule, bonds that can be easily re-
connected synthetically. Such successive disconnections yield syntons and starting
molecules with simple structures (eventually commercial compounds).

According to the accepted rules, in such retrosynthetic analyses, we indicate the
bond that will be disconnected in the target molecule and used an arrow = to show
the resultant precursors. Under this arrow, we mention the reactions that allow the
reconnection of the respective bond. The disconnection possibilities for the
phenothiazine molecule are depicted in Scheme 1.

/ /
o 10 0
+ +
S Y S— Y

a' ab
aminothiols+halonitroderiv. condensation of aminothiols
aminothiols+dihalogenobenzenes with quinones or 1,3-diones

Cyclization of 2-substituted

@t J© ©\/ :[ j %ﬂmes
cyclization of Uliman
a diphenylsulfides {~smiles ¢ substltutlon ©: j@

Cadogan
thionation of H
SRS
S

a"
halogenothiols+halonitroderiv. “
d*

dithiocarbonates

|
O

Scheme 1

diphenylamines
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1799

I1. Syntheses via “a, a’, a

A first retrosynthetic approach disconnects the C—N bond yielding a diphenyl
sulfide that can remake the initial phenothiazine via cyclization (Scheme 2). Sulfides
that could produce phenothiazines by cyclization can be prepared as described in
Section II.B. This is a relatively general pathway that allows for the synthesis of a
large number of phenothiazine derivatives.

A. CYCLIZATION OF SULFIDES
The preparation of phenothiazines by the “a” pathway of the retrosynthetic
analysis (Schemes 1 and 2) encompasses the cychzatlon of suitably substituted di-
phenyl sulfides.

In the left ring of the diphenyl sulfide molecule, there are two reaction centers
that may undergo nucleophilic attack by the nitrogen atom of the amino group:
the carbon atom to which the sulfur bridge is attached (and in this case the
reaction occurs via a Smiles rearrangement or a Cadogan mechanism), or the carbon
atom carrying the X group (when the reaction occurs via an Ullmann cyclization)

(Scheme 3).
/
SN e
+
S Y
a
aminothiols+halonitroderiv.
H a
0 @ D
S cyclization of Ullman
1 diphenylsulfides Smiles a
Cadogan “ halogenothiols+halonitroderiv.
dithiocarbonates
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o 0
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X —S
Scheme 2
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H
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The reaction pathway is determined by the nature and the position of the subs-
tituents on the two rings and by the reaction conditions. Usually, when —N < is an
amino group and X is a halogen, the reaction occurs vie an Ullmann cyclization, and
when X = NO,, a Smiles rearrangement is preferred.

1. Cyclization of Diphenyl Sulfides

a. Syntheses via Ullmann-Type Cyclization. Hrutford and Bunnett (58JA2021) ob-
tained phenothiazine (35% yield) by the treatment of o-amino-o’-bromodiphenyl
sulfide 2 with KNH, in liquid ammonia. The reaction occurs with a benzyne as
intermediate (Scheme 4).

In the same way, 2-bromo-2’-hydrazino-diphenyl sulfide cyclizes to N-amino-
phenothiazine (also through a benzyne intermediate) (78JHC1137). Other syntheses
of phenothiazine derivatives by an Ullmann-type cyclization were reported earlier
(50JA888, 81JHC759, 57USP2769002).

b. Syntheses of Phenothiazines via Smiles Rearrangement. The cyclization via the
Smiles rearrangement comprises two steps: the actual Smiles rearrangement, fol-
lowed by a cyclization involving the loss of nitrous acid (Scheme 5).

i. The Smiles Rearrangement. The Smiles rearrangement is an intramolecular
nucleophilic aromatic substitution resulting in the migration of an aromatic ring
from one heteroatom to another (31JCS3264, 39ARI191, 53JCS4198 58QRI,
51CRV362, 35]CS181) (Scheme 6).

S
KNHp ©/ S
NH; I|q = N
Br NH, - NH; H
2 1

Scheme 4

H

Sy @@ [@( 7@] E 000

1

Scheme 5

CLE = CLB

Scheme 6
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There are two steps in this rearrangement that are governed by similar parameters:

(i) The first step is of the generation of the nucleophilic attacking group, which is
usually base catalyzed, and involves the conversion of the —YH moiety to — Y~ by
proton removal using sodium or potassium hydroxide, or by other strong base. This
first step is affected by some factors:

The alkalinity of the medium: in alcoholic solvents, the rate of the rearrangement
increases in the order NaOH <NaOMe < NaOEt< NaOPr-i that appears to be the
order of proton acceptance by the corresponding base (88M11);

The acidity of the YH function: when YH = NH, substituents such as NHCHO,
NHCOCH3, NHCOC6H4N02-2, NHCOC6H2(N02)3-2,4,6, NH802C6H5 enhance
the acidity of this group. Diphenyl sulfides with NHCH5 do not rearrange because of
the non-acidifying character of the CH; group (88MI1).

(i1) The second step of the rearrangement encompasses the nucleophilic attack of
the Y~ moiety at the carbon atom (*) of the B ring to produce structure 4. This step
is influenced by similar factors:

The nucleophilic character of the Y moiety: although the substituents men-
tioned enhance the acidity of YH function (YH = NH,), they decrease the nu-
cleophilicity of the anion Y, therefore the rearrangement appears to be the result of
two counterbalancing effects. Diphenyl sulfides with —NHCHO, —NHCOCH3;,
—NHCOCgH4NO,-2 as the YH moiety undergo a Smiles rearrangement whereas
diphenyl sulfides with NHCOCH,(NO,)5-2,4,6 or NHSO,C¢Hs fail to undergo this
transformation. Although they are sufficiently acidic to ionize, they are too weakly
nucleophilic to perform the second step of the rearrangement (88MI1).

Sometimes acetamides fail to rearrange (56JOC28, 57JA4375, 59J0C968) while
formamides undergo rearrangement and cyclization, i.e. 2-acetamido-4-chloro-4'-
methoxy-2'-nitrodiphenyl sulfide 5 failed to undergo rearrangement to 2-chloro-7-
methoxyphenothiazine 6 whereas the corresponding formyl derivative 7 provided the
desired compound 6 (64JOC2453) (Scheme 7).

The electrophilic character of the carbon atom (*) of ring B: This factor is strongly
affected by the substituents of the B ring. Usually an ortho- or para-nitro function is
used as an activating group. It is interesting that a single ortho group is a stronger
activator than a solitary para-nitro group (32JCS1488, 35JCS1234).

The actions of the substituents and the interactions between them may be illus-
trated by the following example: 2-amino-4-halo-4’-alkoxy-2'-nitrodiphenyl sulfides
such as 8a do not undergo a Smiles rearrangement (56JOC28) because although
the 4-halo-substituent acidifies the NH, group, the electron donating effect of an
alkoxy group at 4’ position decreases too strongly the electrophilicity of carbon (*)
(Scheme 8).

COCH; CHO

H
cl NH OCH; cl N cal NH OCHg
S S OCHj3 S
5 6 7

Scheme 7
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As an essential steric requirement for this step, the substituents must be in po-
sitions that enable transient intermediate formation with a five- or a six-membered
ring (32JCS1488).

As shown in Scheme 6, the attack of the Y~ anion on the carbon atom (¥) is
followed by the displacement of the —X ™ moiety (31JCS3264, 39AR191, 53JCS4198,
58QR1, 5SICRV362, 35JCS181). The propensity of X to be displaced is governed by
the relative electronegativity of Y compared to X. This can be illustrated by the
rearrangement of the compounds containing —YH as —NHAc and X =S, SO or
SO, (35JCS181). When YH = OH (phenolic) the change takes place only if X = SO,
or SO and not S.

Hydrogen bridges may affect the rearrangement, as for example in derivative 9
(88MI1, 57JPJ485, 66JMC116). In N-acylated and N-alkylated derivatives hydrogen
bonding is not possible, and this is one of the important reasons why the N-acylation
is necessary (Scheme 9).

ii. The Cyclization. The next synthetic step in this preparation of phenothiazines
is an aromatic nucleophilic substitution by the sulfur anion to the carbon atom
carrying the nitro group. The electrophilic character of the carbon atom, which is
affected by the neighboring substituents, influences this step. Thus, a halogen atom
in the ortho or para position to the nitro group interferes with the ring closure,
probably through a resonance effect rather than an inductive one. For example, the
carbon atom in structure 10a bears a partially negative charge (10b) and the nu-
cleophilic attack does not take place (58JOC1804) (Scheme 10).

There are many examples in the literature for the preparation of pheno-
thiazine derivatives by cyclization via a Smiles rearrangement: halogenated
phenothiazines (92JHC1703, 84JHC893, 94PHA453, 93PHAG620) substituted 1,2-
dichloro- (92JHC1703), 1,3-dichloro- (93PHAG620), 1.,4-dichlorophenothiazines
(94PHAA453), substituted monofluoro-phenothiazines (9SHEC277, 99JFC153)
(3-F-1-Me-, 7-F-9-Me-, 1-Cl-3-F-, 3-CI-5-F), trifluoro-phenothiazines (93JFC191,
97MI(1)672, 9SHEC445, 95SHEC315, 95SHEC203), nitro-phenothiazines (98HEC277,
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97MI(1)672, 95HEC445, 9SHEC315, 95SHEC203, 95HEC95, 80H(14)6831,
99PS(152)77, 84JHC893, 80JHC1325, 81H(16)1527 (1-nitro, substituted-1-nitro-,
1,7-disubstituted-, 3-alkoxy-7-substituted-, 3-Me-)), substituted, alkylated and al-
koxylated derivatives (93JFC191, 97MI1(1)672, 9SHEC445, 9SHEC315, 9SHEC203,
9SHEC95, 80H(14)6831, 99PS(152)77, 84H(22)1169 84JHC893 (1,3-dimethyl-,
1,4(6,9)-dimethyl, 1-methyl-3-chloro-, 7-phenoxy-)) and other compounds with com-
binations of substituents (93JFC191, 98HEC277, 95HEC445, 95HEC315,
95HEC203, 95HEC95, 80H(14)6831, 99PS(152)77, 84H(22)1169, 92JHC1703,
84JHC893, 99JFCI153, 80JHC1325, 81H(16)1527, 94PHA689, 86PHAS30,
94PHAA453, 93PHA620, 92PHA945). The intramolecular cyclization (via the Smiles
rearrangement) of 2-nitro-2’-(f-acetyl)-hydrazino-diphenyl sulfide yields 10-ace-
tylaminophenothiazine (§84PHA22).

Similarly, 10-f-dialkylaminophenothiazines were prepared from 2-nitro-2'-(f3-
dialkylaminoacetyl)hydrazino-diphenyl sulfides (cyclization followed by reduction
with LiAlHy) (78JHC969). Some of these products were screened for their biological
activity and pharmaceutical properties.

Warburton et al. (57AJC502) have tried the synthesis of 1,4-benzothiazinol[2,
3-blphenothiazine from 4,6-bis[(2-acetamido-4-chlorophenyl)thio]-1,3-dinitroben-
zene 11 by a double Smiles rearrangement. Unfortunately, the reaction stops after
the first rearrangement to yield phenothiazine derivative 12 (Scheme 11).

Other syntheses of phenothiazines via Smiles rearrangements fall into the next
sections.

¢. Reductive Cyclization of Nitrodiphenyl Sulfides (Cadogan Mechanism). Cad-
ogan et al. (66JCS(CC)491) performed a reductive cyclization of o-nitrodiphenyl
sulfide to phenothiazines using triethyl phosphite. This method allowed for the
preparation of dialkyl-1,4-benzothiazino[2,3-b]phenothiazine  derivative 15
(94JOC2743) obtained from 4-(1,1-dimethylpentyl)thiophenol 13 via dinitrene in-
termediate 14, according to the Cadogan mechanism (Scheme 12) (69S11).
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Unsubstituted phenothiazine was also obtained by a nitrene mechanism from
phenyl 2-azidophenyl sulfide 16 (53JA6335) (Scheme 13).

2. Syntheses of Azaphenothiazine Derivatives

a. Syntheses from Dipyridyl Sulfides. Diazaphenothiazines such as 18 (64JOC2652)
have been prepared by an intramolecular Smiles rearrangement and subsequent
cyclization of dipyridyl sulfides such as 17 (Scheme 14).

The synthesis of compound 18 takes place in boiling alcohol/acetone with potas-
sium hydroxide as dehydrating agent, but in such systems a thermally induced re-
arrangement 19—20 (57YZ485) has also been observed (Scheme 15) depending on
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the electronic nature of the substituents and their position. The n-deficient nature of
the pyridine ring plays a role as well.

b. Syntheses from Pyrimidyl Phenyl Sulfides. Pyrimidyl phenyl sulfide 21 under-
goes cyclization via a Smiles rearrangement to produce pyrimidyl benzothiazin 22
under acid catalysis (63JOC2652) (Scheme 16). An explanation of the Smiles rear-
rangement in acid catalysis will be given in Section I1.B.1.b.1.

B. SYNTHESES OF SULFIDES

As shown in Schemes 1 and 2, sulfide precursors of phenothiazines may be dis-
connected in two ways: a’ and a”.

1. Syntheses via “‘a’”

2-Aminobenzenethiols and their sodium or zinc salts such as 23 react with
o-halonitrobenzenes 24 under alkaline conditions yielding 2-amino-2’-nitrophenyl
sulfides (Scheme 17). The method is also used for the preparation of fused cycle
derivatives: benzophenothiazines and azaanalogs.

a. Syntheses from Aminobenzenethiols and Halogeno-nitrobenzenes. Gupta et al.
(93JFC191, 98HEC277, 97MI1672, 95HEC445, 95HEC95, 80H(14)6831, 84H
(22)1167, 92JHCI1703, 84JHC893, 99JFC153, 81H(16)1527, 80JHC1325,
94PHAG689, 86PHAS30, 94PHA453, 93PHA620, 92PHA945, 7911C(18B)274, 81JHC
1527, 58YZ417, 8TPHAS30, 84H(22)1169) and other authors (9SHEC315, 9SHEC
203, 99PS(152)77, 79CIL349) have prepared a large variety of substituted diphenyl
sulfides from aminobenzenethiols 26 and halogeno-nitrobenzenes 27 under alkaline
conditions (Scheme 18). The acyl or formyl 28 derivatives of these sulfides rearrange
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via a Smiles rearrangement and the formyl intermediate 29 cyclizes readily to
phenothiazine 30 through the loss of nitrous acid (see Section I1.A.1.b).

The reaction of 2-aminobenzenethiols 31 with halonitrobenzenes such as 32 (con-
taining two nitro groups or one nitro group and one halogen atom at both ortho
positions to the reactive atom) provides directly phenothiazines 33 instead of the
expected diphenyl sulfides 34. Gupta et al. have investigated this pathway and de-
veloped a one-pot method for the synthesis of substituted phenothiazines
(98HEC277, 97TMI1672, 9SHEC445, 9SHEC95, 92JHC1703, 84JHC893, 99JFC153,
80JHC1325, 7911C(17B)626, 79CIL349, 79SC457, 87SC229) (Scheme 19).

The increased resonance effect due to the presence of two nitro groups at both
ortho positions and combined resonance and inductive effects enforced by one nitro
and one halogen atom activate the Smiles rearrangement as well as the ring closure
to such an extent that both processes take place instantancously. However, the
resonance effect in 2,4-dinitrochlorobenzene is not so pronounced and its reaction
with 2-aminobenzenethiol does not go in one step (88MI1).

b. Syntheses of Sulfide Derivatives

i. Syntheses from Aminobenzenethiols and Halonitropyridines. 2-Amino-
benzenethiol 35 reacts with 2-chloro-3-nitropyridine 36 in acidic and basic condi-
tions to provide thiophenylnitropyridylamine 37 and aminophenylnitropyridyl
sulfide 38 (88MI1) (Scheme 20), followed by reduction to give the corresponding
aminoderivatives 39a and 39b.

The acid catalyzed Smiles rearrangement of phenyl pyridyl sulfide 38 is probably
due to the protonation of the ring-nitrogen atom in pyridine that increases the ease
of nucleophilic substitution (56JCS1563, 62JA2770) (Scheme 21).
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2-Mercaptophenyl-3'-nitro-2’-pyridylamine 37a does not undergo cyclization with
ethanolic KOH even after 10 h reflux. The failure of cyclization has been attributed
to the strong hydrogen bonding between the amino hydrogen atom and the o-nitro
group (57JPJ485, 66JMCI116). The reaction in the presence of DMSO provides
l-azaphenothiazine by cyclization. In systems such as DMSO + protic solvents, the
mechanisms of DMSO-induced nucleophilic catalysis apparently depends upon the
relative concentration of the solvent components (64JOC3262).

Attempts have been made to synthesize azaphenothiazines by a Smiles rearrange-
ment of 2-formamidophenyl 3'-nitro-2-pyridyl sulfide and 2-formamidophenyl-3’-
nitro-4'-pyridyl sulfide (88M11, 58JOC1906).
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However, 1-azaphenothiazines have been prepared (58JA1651) by hydrolysis of
1-acetyl-1-azaphenothiazine, obtained by Smiles rearrangement of 2-acetamidophe-
nyl 3’-nitro-2’-pyridyl sulfides (in acetone-ethanol and KOH).

ii. Syntheses of Benzophenothiazine from Aminonaphthalenethiols and Chloronitro-
benzenes. 2-Aminonaphthalenethiol 40 reacts with 2,4-dinitrochlorobenzene 41
(62JOC1659) yielding the 2,4-dinitrophenyl naphthyl sulfide 42. The reaction is fol-
lowed by a Smiles rearrangement and cyclization finally providing 7H-ben-
zo[c]phenothiazine 43 (Scheme 22).

Nitrohalobenzenes containing two nitro groups at both ortho positions to the
halogen atom react with 2-aminonaphthalenethiol yielding directly 8-nitro-7H-ben-
zo[c]phenothiazines (71M760, 76BCJ2026). The explanation of this behavior is the
same as in the case of 2-aminobenzenethiols and polynitrohalobenzenes containing
two nitro groups at ortho position to the halogen atom.

Based on the reaction displayed in Scheme 22, one could expect that the
phenothiazine ring could be prepared from aminobenzenethiols and 1,2-dihalogeno-
benzenes. However, the low reactivity of halogen atoms attached to the benzene ring
makes this method difficult.
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Nevertheless, some substituted phenothiazines 46 (R = H, alkyl, alkoxy, hal-
ogen; X = halogen) were synthesized by the reaction of tetrahalophthalonitriles
45 (X = halogen) with 2-aminothiophenol metal salts 44 (99JAP(K)171878)
(Scheme 23).

If nitrogen-containing heterocyclic systems are used, the halogen atom becomes
more reactive, and this is an elegant preparation method for azaphenothiazine de-
rivatives.

iii. Syntheses from 3-Aminopyridine-2-thiols. Triazaphenothiazine derivatives
such as 49-51 (711JS237, 73JOC4386, 77M1249, 78PS(4)79, 80JHC149) were syn-
thesized by basic catalyzed condensation of 3-aminopyridine-2-thiol with quinox-
alines and pyrazines via Smiles rearrangement (Schemes 24 and 25).

iii.a. Reactions with Quinoxalines. 2,3-Dichloroquinoxaline 48 (prepared from
appropriately substituted o-phenylenediamines) reacts with 3-amino-6-methoxy-2-
pyridine-thiol 47a (by refluxing in alkaline DMF solution) yielding 7-methoxy-1,4,6-
benzo[b]triazaphenothiazine 49 (25HCAI16, 43JCS322, 48JCS777, 31JA245,
46JA1035, 53JCS2816, 73JOC4386) (Scheme 24).

Other derivatives containing substituents in positions 7 and 12 have been anal-
ogously prepared (45JCS591). Using trichloroquinoxaline, the reaction produced a
compound for which two structures are possible (50 and 51, Scheme 25).

X X
NH, M X CN N CN
n
X 45 X
44 46

R=H, alkyl, alkoxy, halo, X=halo(F), M=metal, n=1-2

Scheme 23
H
\NH2+CI/N NN
| “T)—— [ I ]
CH30 N S Cl N CH30 N S N
H
47a 48 49
Scheme 24

H H

CH30 N/ S \N CH30 N/ S \N Cl

50 51
Scheme 25
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The fact that the resulting products correspond to structure 50 demonstrates
(45JCS591) that the condensation takes place via the Smiles rearrangement (Scheme
26).

iii.h. Reactions with Dichloropyrazines. 1,4,6-Triazaphenothiazine 53 was pre-
pared (82JOC592) by condensation of 2,3-dichloropyrazine 52 with 3-aminopyri-
dine-2-thione 47a (Scheme 27).

There are several methodologies for the preparation of 3-aminopyridine-2-thione
47a (64JOC2652, 54JCS4516) (Scheme 28), among them the reduction of the cor-
responding chloro-derivative 54 with sodium hydrosulfite or Fe/CaCl,.

iv. Syntheses from Pyrimidinethiols and Quinoxalines. Tetraazaphenothiazines
were prepared by condensation of 4-aminopyrimidine-5-thiols with quinoxalines in
polar solvents (80JHC1587). The reaction produced a compound with two structural
possibilities (see a similar example in Section II.B.1.b.iii.a), but again the final
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Scheme 30

product indicated that the formation of tetraazaphenothiazine proceeded via a
sulfide, which underwent a Smiles rearrangement (88MI1).

4-Aminopyrimidinethiols 57 required for this synthesis have been prepared from
4-amino-5-thiocyanatopyrimidine derivatives 55, which are obtained by two meth-
ods: bromination of the corresponding 4-aminopyrimidine to give derivative 56, and
its subsequent treatment with potassium thiocyanate or by direct treatment of
4-aminopyrimidines with NaSCN and AcOH/Br;, solution (63JOC1488, 73JOC4386,
69JCS(C)603, 67JCS2562) (Scheme 29).

6 119

2. Syntheses via “a

This disconnection step leading to the synthesis of phenothiazines from fragments
58 and 59 is shown in Scheme 30. The preparation methods based on this scheme can
be found in the chemical literature as preparations of phenothiazines by diphenyl
sulfide intermediates from 2-bromo- or 2-iodo-benzenethiols and chloronitroben-
zenes and as a special synthesis involving dithiocarbonates.

a. Syntheses from Halogenobenzenethiols and Chloronitrobenzenes. 2-Bromobenze-
nethiols 60 react with chloronitrobenzenes 61 yielding 2-nitro-2’-bromodiphenyl
sulfides 62 that undergo an Ullmann-type cyclization with subsequent reduction,
yielding phenothiazines 63 (88MI1) (Scheme 31). Similarly, N-formylated diphenyl
sulfides react via a Smiles rearrangement yielding isomeric phenothiazines
(64JOC2453).
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2-lodo-4-chlorobenzencthiol 64 reacts with o-halonitrobenzenes 65 to give diphe-
nyl sulfides 66 that produce phenothiazines 67 on catalytic reduction followed by
ring closure when heated with a copper—bronze catalyst (66JOC625, 77JHC107)
(Scheme 32).

b. Syntheses from Dithiocarbonates. 4-Chloro-3,5-dinitrotrifluoromethylbenzene
69 reacts with potassium isopropyldithiocarbonate 68 leading to the corresponding
trifluoromethylphenothiazine 70 (79PS(7)143, 77JOC2896, 78PS(4)267, 76JOC3564)
(Scheme 33).

The reaction mechanism involves the formation of a sulfide intermediate 71 as
depicted in Scheme 34.

A route to the preparation of trifluoromethylphenothiazine 70 involves the reac-
tion of 4-chloro-3,5-dinitrotrifluoromethylbenzene 69 with sodium hydrosulfite in
DMF via diaryl sulfide 71 (Scheme 35).
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III. Syntheses via “a—b”

The simultaneous a—b disconnection of a phenothiazine nucleus provides frag-
ments 72 and 73 (Scheme 36). The following synthetic schemes corresponding to this
fragment analysis have been described in the chemical literature:

(i) 2-Aminoarylthiols and halonitrobenzenes (see Section I);

(i1) 2-Aminoarylthiols and 1,4-quinones — where the aryl groups are benzene or
naphthalene rings, and 1,4-quinones are substituted benzoquinones, nap-
hthoquinones and anthraquinones (see Section III.A) and

(iii) 2-Aminobenzenethiols and cyclohexane-1,3-dione (see Section III.B).

A. SYNTHESES FROM 2-AMINOARYLTHIOLS AND 1,4-QUINONES
1. Syntheses from 2-Aminobenzenethiols and Benzoquinones

2-Aminobenzenethiols and their zinc salts 74 react with 1,4-benzoquinones such as
75 yielding phenothiazines 76 as depicted in Scheme 37.

Both rings may carry different substituents. The mechanism of the reaction was
investigated by Terdic (71LA(746)200, 78LA1285). Examples of derivatives synthe-
sized by this approach are 7/8-chloro-1-methoxyphenothiazin-3-ones (from 2-met-
hoxy-6-chloro-1,4-benzoquinones), 7-substituted 1-methoxyphenothiazin-3-ones,
1-methoxy-8-trifluoromethylphenothiazin-3-ones. Similarly were obtained 2-trifluor-
omethylphenothiazin-3-one, 2-methoxy-7/8-trifluoromethylphenothiazin-3-ones and
7-fluoro-2-methoxyphenothiazin-3-ones (88 MI1). Trihalo-substituted phenothiazin-
3-ones were prepared from chloranil or bromanil (88M11) (Scheme 38).

The reaction has also been extended to 2,3-dimethyl- and 2,3,5-trimethyl-1,4-ben-
zoquinones that afforded dimethyl- and trimethylphenothiazin-3-ones (84PHA355,
70JA1651).

The condensation of 2,5-dithioalkyl-1,4-benzoquinones 81 with 2-amino-
benzenethiol 80 yielded 1,4-dithioalkylphenothiazin-3-ones 82 (84K G334) (Scheme 39).
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Analogously, 4-acyl-1,2-dimethylphenothiazin-3-ones have been synthesized by
the reaction of 2-aminobenzene-thiol and 2-acyl-5,6-dimethyl-1,4-benzoquinones
(81JHC645). This method was also used to prepare hydroxyphenothiazines, hard to
obtain in other ways. Thus, hydroxyphenothiazines such as 85 have been prepared
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by condensation of zinc salts of 2-aminobenzenethiols 74 and chlorohydroquinones
83 followed by reduction of the intermediate phenothiazones 84 (66JOC625)

(Scheme 40).

2-Amino-5-fluorobenzenethiol reacts with chlorohydroquinones yielding in a sim-
ilar way a phenothiazine carrying a fluorine atom on the nucleus (§8§MI1).

Oprean and Schaefer (72LA(765)1) have used protected 2-aminobenzenethiols 86
and 3-acetyl or 3-methoxy-carbonyl-2,5-dimethoxy-1,4-benzoquinones 87 to synthe-
size 2-hydroxy-3H-phenothiazin-3-ones 89 (Scheme 41). The reaction intermediate is
3-amino-1,4-benzoquinone 88A whose tautomer 88B undergoes dehydration under
acid catalysis to provide the final compound 89.
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2. Reactions with Naphthoquinones

2-Aminobenzenethiols and their zinc salts 74 react with 1,4-naphthoquinones 90 in
a manner similar to 1,4-benzoquinones providing benzophenothiazones 91. The
general reaction is depicted in Scheme 42.

The nature of the products when using zinc thiolates depends on the solvent
polarity. For instance, the condensation of zinc salts of substituted 2-amino-
benzenethiols 92 with 2,3-dichloro-1,4-naphthoquinones 90 in alcohol, toluene or
trichloropropane leads to substituted 6-chloro-5H-benzo[a]phenothiazin-5-ones 93
(88MI1, 93PS(80)23) (Scheme 43).

On the other hand, when dichloronaphthoquinone 90 is condensed with zinc
thiolates such as 92 in pyridine, substituted benzo[a][1,4]benzothiazino[3,2-c]phe-
nothiazines 94 are obtained (88MI1, 93PS(80)23). The reaction occurs via a Michael

1
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condensation in which the mercaptide ion is added twice to the quinone system
(Scheme 44).

It appears that the zinc chloride generated in the reaction inhibits further con-
densation with the product (Scheme 43) but the presence of pyridine may neutralize
the effect caused by it (Scheme 44). This reaction was extended to a number of
substituted 2-aminobenzenethiols in order to prepare substituted 6-chlorobenzophe-
nothiazin-5-ones (88MI1, 93PS(80)23). Some of the resulting compounds were sub-
jected to reduction, methylation and acetylation and a number of these products
were screened for their antimicrobial activity.

Ueno et al. (§2JHC167) have used 2-alkylthio-3-chloro- or 2-alkylthio/2-arylthio-
1,4-naphthoquinones instead of dichloronaphthoquinones. The results were
comparable to the compounds obtained by the photochemical reaction of 5H-
benzo[a]phenothiazin-5-one with alkylthiols and thiophenol.

Analogously, 3-acetamido-2-chloro-1,4-naphthoquinone reacts with 2-amino-
benzenethiol yielding 6-acetamido-benzophenothiazin-5-one (88MI1).

Substituted 6-anilino-5SH-benzo[a]phenothiazin-5-one have been prepared by the
condensation of substituted p-anilino-3-chloro-1,4-naphthoquinones (R = Br,
OCH;, OC,Hs, CH3) with 2-aminobenzenethiols (88MI1, 95PS(102)39, 82IJC(B)
584, 83JHC1741).

This reaction allowed the preparation of substituted trifluoromethyl-5H-ben-
zo[a]phenothiazin-5-one (88MI1).

3. Reactions with Anthraquinones

2-Aminobenzenethiols and their salts react with anthraquinones yielding nap-
hthophenothiazines. A number of substituted endo-12,17-0-phenylene-12,17-dihy-
dro-naphtho[2,3-a]-1,4-benzothiazino[3,2’-c]phenothiazines and substituted endo-8,
13-0-phenylene-8,13-dihydro-6-chloro-7H-naphtho[2,3-a]phenothiazin-7-ones have
been synthesized (83PS(17)85, 821JC(B)695) by the condensation of endo-9,10-o0-
phenylene-2,3-dichloro-9,10-dihydro-1,4-anthraquinone with substituted 2-amino-
thiophenol and their zinc mercaptides, respectively.

Substituted zinc 2-aminobenzenethiolates 92 form two different condensation
products in different reaction media: in 95% ethanol, they yield compound 96 and in
pyridine compound 97 (see a similar case in Section III.A.2) (Scheme 45). However,
when reacting as the free substituted 2-aminobenzenethiols in pyridine only com-
pound 96 forms. The formation of different products in alcohol and pyridine may be
due to an increased reactivity of zinc salts in pyridine as compared to alcohol (§8§MI1).

4. Syntheses from Aminonaphthalenethiols and Benzoquinones

A similar reaction, in which functional groups and rings trade places, is
depicted in Scheme 46. 2-Aminonaphthalenethiols 98 or their zinc salts react with
halogeno-p-benzoquinones (chloranil or bromanil) 99 (12JA702) in alcoholic solu-
tion to give 8,9,11-trihalogeno-7H-benzo[c]phenothiazin-10-ones 100.
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B. SYNTHESES FROM 2-AMINOBENZENETHIOLS AND CYCLOHEXANE-1,
3-DIONES

2-Aminobenzenethiol 80 undergoes a condensation reaction with cyclohexane-1,
3-diones 101 in DMSO yielding 2,3-dihydro-1H-phenothiazin-4(10H)-ones 103
(75JCS(CC)760) (Scheme 47), via intermediate 102 produced by the oxidation of 2-
aminobenzenethiol to bis(o-aminophenyl) disulfide under the reaction conditions,
followed by condensation with diones 101 to afford 2,3-dihydro-1H-phenothiazin-
4(10H)-ones.

Jain et al. (93PHAS546) have obtained a number of 2,3-dihydro-2,2-dimethyl-1H-
phenothiazin-4(10H)-ones in a similar one-step synthesis.

IV. Syntheses via “c-b” from Diphenylamines

A simple retrosynthetic analysis consists in the disconnection of a phenothiazine
ring according to the Scheme 48, involving the insertion of a sulfur atom into the
diphenylamine molecule, a reaction known as “‘thionation”, which was used in the
first synthesis of phenothiazine, accomplished in 1883 by Bernthsen (1883CB2896).
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The very simple and, probably, the most efficient thionating agent, is sulfur in the
presence of diiodine (84K G334, 81JHC645, 1883CB2896, 13JPR1, 11GEP2443483),
Lewis acids (11GEP222879, 44USP2360295) or an SO, atmosphere (54CRV797,
90FRP2635523) that lowers the temperature and time requirements and increases the
yields. The solvents are also very important and their influence was discussed
(59J0C623, 56JOC347).

Andreani et al. (91JHC295, 89SM477) synthesized ladder oligophenothiazines
(104 and 105), by direct catalyzed insertion of elemental sulfur in anilino-substituted
phenothiazines and p-oligoanilines (Scheme 49).

Silberg and Cristea (96HEC117) reported the synthesis of 1,4-benzothiazino[2,
3-blphenothiazine (106) and of its dibenzoanalogue: dibenzo[c,l]-16H, 18H-trip-
henodithiazine (107) by thionation of the corresponding amines (Scheme 49).
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Nodiff et al. (70JHC203) have synthesized 7,8-dimethoxychlorpromazine hydro-
chloride by the Goldberg reaction, involving the condensation of 3-chloro-acetani-
lide with 4-bromoveratrol, thus obtaining a diphenylamine, which, upon thionation,
yielded two isomeric phenothiazines. Similar syntheses produced 3,7-di-
octylphenothiazine (99M196), pyrazolo(3,4-b)- and pyrazolo(4,3-c¢)-phenothiazine
(95H487), 1-arylamido-2-ox0-4-methylpyrido[b]-phenothiazine (971JC(B)70), 11,12-
bis(aryl-amido/imidoalkyl)-12H-benzo(b)-phenothiazine (871JC(B)1) and 1-(p-aryli-
denophenyl)-2-oxo0-4-methylpyrido(b)-phenothiazine (991JC(B)1111). Some of these
compounds show interesting biological properties.

A new and particularly efficient method is based on microwave irradiation. Ville-
min and Vlieghe (98SUL191) have reported the synthesis of phenothiazine from
diphenylamine and sulfur, using diiodine as catalyst in a very short time and with
very good yields: an equimolar mixture of diphenylamine (20 mmol), octasulfur
(5 mmol), and diiodine (2 mmol) was irradiated in an open quartz tube with focused
microwaves. Phenothiazine was obtained in a yield of 87% with a release of hy-
drogen sulfide after only 2 min of irradiation. They have also investigated the effects
of different Lewis acids as catalysts instead of diiodine in the electrophilic thionation
of diphenylamine: aluminum chloride, zinc chloride and bismuth chloride (Table 1).
Although reported conversions are high, the presence of phenothiazine—metal com-
plexes makes the purification of phenothiazine more difficult than in the presence of
diiodine.

The same authors obtained phenothiazine by direct irradiation (200 W, Smin) of a
mixture of aniline, anilinium iodide and octasulfur. After extraction, phenothiazine
was obtained in a 70% yield. In this reaction, the catalyst seems to be iodine formed
by decomposition in situ of anilinium iodide. By such an activation of the reaction
mixture, Silberg et al. (98SC337) carried out the preparation of the crowded 2,4,6,8-
tetra-tert-butyl-10-H-phenothiazine, the first 2,4,6,8-homogeneously tetrasubstituted
derivative of this heterocycle, practically inaccessible by other thionation procedures
(Scheme 50).

Table 1. Synthesis of phenothiazine under microwave irradiation (200 W, 5min)

Catalyst Yield (%)
AlCl; 72
ZnC12 65
BiCl, 46

H

(CH3)3C N C(CH3)3
S
C(CH3)3 C(CHa)3
108

Scheme 50
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The preparation of N-substituted phenothiazines from the corresponding diphe-
nylamines is also possible by using SOCI, in benzene as a thionating agent
(63BRP890912). There is no mention of chlorination as a side reaction
(1885LA(230)77, 1888CB2056), although with S,Cl,, which is less reactive in this
respect, chlorination seems to accompany the thionation (6SAHC325).

Kané and Fujimoto (57M1393) obtained polychlorophenothiazines using thionyl
chloride as a thionating agent. Unsubstituted diphenylamine 109 yielded 1,3,7,9-
tetrachlorophenothiazine 110 (Scheme 51).

3-Substituted diphenylamines react in the same way, and the formation of small
amounts of 4-substituted phenothiazines is observed, not unusual for thionation
reactions (57M1393, 59BCJ294).

Nitrodiphenylamines and, surprisingly, N-phenyltoluidines, did not react in this
way to yield phenothiazines (57M1393). Also surprising is the failure of thionation in
the case of 2-chlorodiphenylamine, compared to the normal behavior of 4-chloro-
diphenylamine (59BCJ294).

Other C-substituted diphenylamines bearing electron—donor substituents (OH,
OCHj3;, NH,, etc.) underwent cyclization to chlorinated phenothiazines by SOCl,, the
chlorine atom generally entering ortho to the preexistent substituents
(33GEP562268).

N-substituted diphenylamines also yielded phenothiazines on treatment with
SOCI, (33GEP562268). In this way, N-acetyldiphenylamine was quantitatively con-
verted into tetrachlorophenothiazine, while N-phenyldiphenylamine (triphenyla-
mine) gave 3,7-dichloro-10-(4'-chlorophenyl)-phenothiazine in 91% yield. In the first
case, the chlorine atoms in positions 1 and 9 promote the removal of the acyl group
from position 10; in the second case, the bulky N-substituent prevents the replace-
ments of hydrogen from positions 1 and 9 by chlorine. The behavior of N-methyl-
diphenylamine is intermediate in this respect: 3,7-dichloro-10-methylphenothiazine
was isolated in 7% yield, along with tetrachlorophenothiazine (68AHC325).

The conversion of diphenylamines into chlorophenothiazines by SOCI, obviously
involves two principal processes, namely the cyclization and the chlorination. The
question arises as to which is the first step (59BCJ294). Phenothiazine, 2-chloro-, and
4-chlorophenothiazine are chlorinated by thionyl chloride yielding products identical
to those obtained from the corresponding diphenylamines, whereas 2,4,2' 4'-tetra-
chlorodiphenylamine cannot be cyclized on treating with SOCl,, suggesting that ring
closure takes place prior to chlorination (68 AHC325).

The reaction of diphenylamines with SOBr, and SO,Cl, leads only to halogenated
diphenylamines (57M1393).
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Two patents claim the preparation of phenothiazine-sulfones from substituted
diphenylamines (with at least one free position ortho to the amino group) using
oleum with 60-70% SOj3 at 80-125°C (33GEP562268, 34BRP420444).

Phenothiazines can be prepared on an industrial scale by using sulfur as the
thionating agent and iodide or aluminum chloride as catalysts. There are also some
references on the wuse of zeolite (97MI(2)1849) or phosphotungstic acid
(95JAP(K)138243) as catalysts.

V. Syntheses via “d—e” Scheme

Retrosynthetic analysis does not recommend the C—C bonds disconnection be-
cause these are more difficult to reconnect synthetically (Scheme 52).

The unsubstituted phenothiazine ring has not been prepared in this way, but there
are some azaphenothiazines that have been obtained by thermal cyclization, fol-
lowing this general scheme.

Azaphenothiazines 117 (80TL421, 83JM(C845) have been synthesized via thermal
cyclization from 2H-1,4-benzothiazine-3(4H)-thione 111 (69JMC290). The interme-
diate was a cyanoacetamide adduct 113 that has been converted into dimethylami-
noethylene 115 and then in the monoaminoethylene amide 116 (Scheme 53).
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VI. Syntheses via “b’> Scheme

This sequence represents a step in the synthesis by cyclization via a Smiles re-
arrangement (Section II.A.1.b) and in the condensation reactions of amino-
benzenethiols with quinones (Scheme 54).

Practically, the phenothiazine ring must be easily obtained by cyclization from
compounds like 118 (Scheme 55), therefore the limiting step is only the preparation
of starting material 118.

Krishna and Jain have synthesized 3-nitrophenothiazine 120 from 4-nitrodiphenyl-
amino-2-sulfinic acid 119 and H,SO,. Similarly, Evans and Smiles (35JCS1263)
have obtained the same compound by using hydroiodic acid as a catalyst
(Scheme 56).

VII. Synthesis by Substitution

Spasov and Zhechev (53M167) obtained phenothiazine derivative 122 from 10-
chloro-5,10-dihydro-phenarsazine 121 by substitution of its arsenic atom with sulfur
(Scheme 57).
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VIII. Final Remarks

The authors hope that this review of known routes to the phenothiazine ring by
this retrosynthetic approach will provide a straightforward guide to those interested
in preparing a given derivative of this class. Other new preparations could fill in the
gaps in the retrosynthetic schemes presented in Section I.

Scheme 58 shows two possible approaches to the phenothiazine ring that, to the
authors’ knowledge, have not been explored yet.

The “a” route would imply the attack of a nitrene onto a diaryl sulfide, thus being
the “nitrogen equivalent” of the thionation reaction. As to the “f” route, this would
be a ring interconversion reaction, making use of the diene character of less aromatic
five-membered rings, like furan, oxazole, etc. The reader is encouraged to come with
his own ideas and the field of this interesting heterocycle will be the great beneficiary
of such efforts.
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1. Introduction

In recent years, fluorinated heterocyclic compounds have found wide use as phar-
maceuticals and agrochemicals due to their high and specific physiological activity
(94AHCI1, 95M1, 82M8, 91M 10, 94M3, 87JCP1119). This gave impetus to research
aimed at syntheses of heterocyclic systems with various fluorine-containing frag-
ments and especially those with perfluoroalkyl groups. These compounds serve to
create new drugs and agricultural agents, as well as intermediates for syntheses of
various materials.

Recent growth of research into fluoroorganic chemistry has led to the discovery of
fluorinated compounds with unique structures, many of which possess specific bi-
ological and pesticidal activities. Growth in production is expected in the near future
in the pesticide sector.

Today the primary goal is seeking unique approaches to studies of the effects of
the perfluorinated organic moiety on the physical and chemical properties of com-
pounds. At any level of modern development, fundamental research is stimulated by
the demand for advanced materials based on new substances possessing improved
properties to satisfy consumer requirements and capable of operating in relatively
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stringent conditions. In this context, fluorinated materials not occurring in nature
but imparting new properties to molecules play an extremely important role.

Heterocyclic compounds are also employed for syntheses of advanced technolog-
ical materials. Their major applications are:

(1) as liquid dielectrics (perfluorinated compounds having no biological activity);

(2) effective new generation fluorinating reagents possessing mild fluorinating ac-
tivity and high regioselectivity (heterocyclic compounds and especially nitrogen-
containing compounds with N—F bonds);

(3) new types of solvents — so-called ionic liquids;

(4) metal- and alloy-protecting agents used to prevent atmospheric and salt corrosion;

(5) special substances for sustained fluorescence and laser radiation sources.

Many new applications have appeared in recent years because of the increased
understanding of the unique properties of fluorine compounds. Introduction of flu-
orine atoms into organic compounds is, therefore, of great scientific and practical
interest in our effort to create new highly effective, biologically active substances and
materials with interesting properties (§2M8, 92M9, 91M10, 91M11, 99M12). Re-
search into this field of organic chemistry has substantially promoted the develop-
ment of synthetic fluorine chemistry. Novel reagents and synthetic procedures have
appeared in great numbers (01M13, 96M 14, 00M15, 91M16).

Illustrative are a few examples of technological applications. Perfluorinated tet-
rahydrofurans (perfluorobutyltetrahydrofuran, perfluorotetrahydrofuran, and per-
fluoroisopentyltetrahydrofuran) are excellent dielectric materials possessing low
toxicity. For example, for perfluorotetrahydrofuran its toxicity or LDsy = 5-10 g/kg.

Perfluoroalkyl cumarins (80JOC2283, 78JOC1975), pyridonaphthyridines (77JHC1109),
and pyrrolonequinolines (77USP4026898) are employed as substances generat-
ing laser radiation and sustained fluorescence. 1,8-Naphthyridines and 1,2-dihyd-
ropyrido[2,3-b][1,8]-naphthyridines exhibit stable fluorescence in ethanol in the range
393-482 nm (80JOC2283). 2-Keto-4-trifluoromethyl-1,6,6,7,8-pentamethyl-6,7-dihy-
dro-1 H,2 H,8 H-pyrido[3,2-flindole is a source of indigo-blue laser radiation
(77USP4026898).

7-Amino-4-trifluorocumarin and its amino acid and peptide salts are used for
fluorescent labeling of amino acids and peptides in biological studies (80JOC2283).
Fluorine-containing triazoles are used to protect metals and alloys from atmospheric
and salt corrosion (Scheme 1).

Owing to the presence of a perfluorinated alkyl substituent, surface energy de-
creases, increasing metal hydrophobicity. However, the heterocyclic ring of triazole
inhibits this process and keeps molecules from the adsorbed layer on the metal due to
covalent and ionic interactions. These processes increase the corrosion resistance of

/(NiNH

RF N)\X

Rg = F(CF2)n, n = 6, 8; F[CF(CF3)CF20]mCF(CF3)- , m = 1-3, 8-10
X = NHz, SH, OH

Scheme 1
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aluminum, copper, steel, and their alloys. Several compounds from this class are
anticorrosion agents, more effective than perfluorocarboxylic acid derivatives with
similar perfluorinated fragments.

2-Pentafluoroethyl-2-fluoro-3,3-bis(trifluoromethyl)-5-methyloxalane is used as a
diluent for rare metal extractants and as a solvent for extractants; 2-pentafluoro-
2(2,2,2-trifluoro-1-trifluoromethylethyl)-1,3-dioxolane is known for its dielectric oil
applications (86JAP(K)183281).

The synthesis of fluorine-containing physiologically active compounds is closely
related to drug design (84JSOC786). Effects of fluorine introduction in organic (par-
ticularly, physiologically active) compounds fall into a number of categories. The
fluorine atom occupies nearly the same volume, as does the hydrogen atom. When
fluorine is substituted for hydrogen, enzymes (acceptors) in a living body do not
discriminate between the unsubstituted substance and the related substance with flu-
orine substituted for hydrogen (similarity effect). Metabolism of unsubstituted and
fluorine-substituted compounds takes place in much the same way. The C—F bonds are
more stable than the C-H bonds. They are not broken, and further metabolism,
therefore, occurs abnormally, which leads to various consequences. As fluorine is the
most electronegative element, its incorporation into molecules changes the dipole mo-
ment and pK, of the compound, altering its reactivity and giving rise to physiological
effects. When fluorine is substituted for hydrogen, the compound becomes more hy-
drophobic, the effect being maximal when the CF3 group is introduced. These differ-
ences are utilized in drug design. Fluorine compounds began to attract the attention of
researchers after analgesic activity had been found in fluorine-containing steroids.

Fluorinated derivatives have been synthesized for all known substances possessing
biological activity, and the mechanisms of their physiological action (‘‘masking
effect,” “blocking fluorination,” etc.) have been studied. Among these substances are
heterocyclic compounds with perfluoroalkyl groups. Perfluorinated heterocyclic
compounds are mostly liquids with low surface tension; these are good solvents for
gases (in particular, for oxygen), satisfying the requirements to oxygen carriers. They
are easily exhaled and easily emulsified, giving stable emulsions, which are useful
properties for blood substitutes. Emulsions of this type are expected to be used for
on-table transfusion and lavage during surgical operations (§2M1).

Apart from blood transfusion, an important application of artificial blood is as a
perfusate for tentative conservation of organs during surgery, because the stability of
its emulsion over long periods of time is very helpful in this case. For this, one often
employs perfluorinated morpholins and perfluoroalkyltetrahydrofurans.

Perfluorinated compounds are generally nontoxic substances; they do not undergo
structural changes during metabolism provided that these are ultrapure substances.
However, despite its low toxicity, artificial blood is a foreign body to the organism
when it is introduced in large amounts. Therefore, it is highly desirable that these
substances leave the organism within a certain period of time.

The synthesis of highly pure perfluorinated heterocyclic compounds is important
not only for medicine, but also for several industrial sectors (liquid dielectrics and
electrolytes, materials for medicine, etc.) (95M1, 92M9).

Direct selective fluorination of organic molecules is an extremely important tech-
nique used in various fields of medical and materials chemistry (96M14). It affords
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numerous substances with desired properties, additionally possessing high biological
activity. Partially fluorinated heterocyclic compounds have been the focus of atten-
tion for researchers because of their high biological activity. They are used as in-
termediates for the synthesis of pharmaceuticals and agrochemicals. However, their
synthesis is often nonselective and limited. Therefore, work is being pursued to find
selective fluorinating agents for introducing fluorine atoms and perfluoroalkyl
groups into organic molecules (91M26, 86JFC(31)231). The electrochemical method
seems to be an ideal procedure for direct fluorination, especially because this is a
one-step process performed under mild conditions (91M27). The high yield, as well
as selectivity, makes it very attractive, but few examples of direct fluorination are
now available (91T705, 96YOKK7, 02YOKK42, 82JFC(19)427, 8SEA1075,
99TL7819, 00T8877, 03JAP(K)073874, 00PES2000).

For syntheses of fluoroorganic products, hydrogen fluoride and fluorine are very
important reagents. Their reactions with heterocyclic compounds are the most direct
and economical ways to obtain fluorinated derivatives. Electrochemical fluorination
(ECF) on nickel electrodes in HF leads to perfluorinated compounds with complex
structures, which are not readily accessible by known procedures. Growth of interest
in this method of fluorine introduction has stimulated new investigations (96M 14,
00M15). This is an industrial procedure, also employed for syntheses of perfluor-
inated compounds (64M17). Over the past three decades, anhydrous hydrogen flu-
oride has become an industrial product of top priority because of its utility for ECFs.
Its high miscilirity makes it a good solvent for organic compounds.

Electrolytic fluorination on platinum electrodes in electrolytes containing con-
ducting complexes of hydrogen fluoride with tertiary amines is a variety of ECF that
leads to monofluorinated derivatives (93JOC4200, 95JFC(73)121). Owing to the mild
conditions and regioselectivity, as well as safe and easy work with the fluorinating
system, this is a promising process, especially for syntheses of compounds difficult to
prepare with one or two fluorine compounds (94M18, 94RHCI155, 97JSOC301,
98JFC(87)215, 98EA(43)2503, 97PES74, 04JFC(125)7, 98JFC(92)177, 01M19,
94JSOC1063, 99M20, 98PJ1118, 99RHCI, 97JFC(83)31, 83M22). This method is
reviewed in (99RHCI, 97JFC(83)31, 83M22, 98RHC67, 98F1118, 93JES858,
91AA31, 97JES626, 97M23, 01M23, 89T4431). Analysis of the published data tes-
tifies the appearance of a new powerful method of selective fluorination, whose
capabilities cannot be overestimated (03FN, 88JFC(39)435, 01M25, 94T1.9237,
92JOC6074, 93J0C4200, 93JES858, 95SBMCL1293).

In contrast to a standard redox system, an electrochemical (anode—electrolyte—cath-
ode) system has spatially separated oxidative (anode) and reductive (cathode) compo-
nents of the redox reaction. The oxidative anode and reductive cathode potentials can
be smoothly adjusted and maintained with a high degree of precision within the limits of
stability of the given electrolytic medium provided that an external DC source is used.

The two fluorination techniques are complementary; they create real opportunities
for syntheses of perfluorinated organic compounds, as well as mono- and difluoro-
organic molecules. In both cases, hydrogen fluoride acts as a solvent and a fluor-
inating agent, and the fluoride ion plays an extremely important role. Anhydrous
hydrogen fluoride is widely used together with organic bases in anode fluorinations.
This procedure proved very useful for fluorine introduction into organic molecules.
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Section IV analyzes methods of fluorine introduction in organic molecules by
discussing the ECF method in order to overview and rationalize the available ma-
terial on syntheses and applications of fluorinated heterocyclic compounds based on
modern knowledge in this field. Is it possible for modified electrochemical techniques
to produce a pronounced effect when applied on a large-scale basis? Is there any
opportunity to reject the old expensive and unsafe procedures for the production of
fluorinated materials based on heterocyclic frameworks and to replace them by more
economical, safe, and ecologically clean procedures? These issues are examined in
Section IV.

II. Electrochemical Properties of Electrolytes Containing Anhydrous
Hydrogen Fluoride

The group of new electrolytes containing anhydrous hydrogen fluoride includes
the complexes Et;N - 3HF (93EA619, 95TL6511, 96JPC99), RyNF - nHF (96YOKK?7,
95M27, 93EA1123), and Py - nHF (88JFC(39)435, 96JFC(77)65), which are not vis-
cous at room temperature and possess high electrical conductivity and electrochem-
ical stability. Table 1 illustrates the electrical conductivity of their MeCN solutions.

The anode potential depends on the system used, which restricts the use of par-
ticular organic compounds for fluorination (Table 2) (701ZV1207).

Table 1. Electrical conductivity of MeCN solutions of RyNF -nHF and Et;N - 3HF (1 mol/
dm®) (93EA619)

Electrolyte Conductivity (107" S/cm)
MeyNF - 2HF 56.9
Et,NF - 2HF 72.9
n-PryNF - 2.2HF 65.8
n-BuyNF - 2.2HF 48.1
Et;N-3HF 36.3
Me,NF - 2.8HF 59.2
n-PryNF - 3HF 67.2
n-ByyNF - 3HF 50.8
MeyNF - 4HF 116.4
Et,NF - 4HF 89.8

Table 2. Anode potentials for selected electrolytes (Pt electrodes) (701ZV1207)

Electrolyte system Anode potential (2mA /cm?)
M TBAP/MeCN 2.82
Et;N - 3HF 2.62
M Et;N-3HF/MeCN 2.52
Et;N - 3HF/sulfolane 1.90
Et;N-3HF/THF 1.46

1.0M Et;N-3HF/DME 1.22
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Using hydrogen fluoride complexes with bases as electrolytes leads to selective
introduction of one fluorine atom (95JCS(PI)1327, 76UK1222, 71DAK369,
761ZV1418, 70DAK1322, 84JOC2803, 711ZV1369, 93CJC122, 83JIC6, 87M28,
83JES2170, 79USP4146443). Platinum remains the most popular material for elec-
trodes, but good results are also obtained with anodes of other materials (e.g.,
graphite, or rhenium). The best solvent for electrolytic fluorination is acetonitrile.
However, other solvents, for example, dimethoxyethane (DME), are also useful. In
the standard procedure, conditions are as follows: platinum electrodes, potential
1.76-2.55V, current equivalent is 2—-10 F/mol (for the preparation of monofluori-
nated derivatives); Et;N/nHF, EtyNF/nHF, Py/HF (30:70) employed as electrolytes.

Conductivity measurements (56JA5183) gave the refined values of specific con-
ductivity of anhydrous hydrogen fluoride and characteristics of proton and fluoride
ion mobility in HF (56JA5187). The specific conductivity of anhydrous hydrogen
fluoride is 1.6 x 107°Q/cm at 0 °C.

The diversity of radical processes during ECFs indicates that the latter do not
differ much from reactions of organic compounds with metal fluorides of variable
valence. However, this is not always so. Therefore, the nature of the electrodes used
in ECFs was treated in detail (00JAP(K)160382, 00JAP(K)204492).

Owing to its high selectivity and good yields, ECF is promising not only as the
general procedure for syntheses of fluoroorganic compounds, but also as a method
for the preparation of fluorine-containing heterocyclic compounds. The method is
effective for obtaining partially fluorinated compounds; however, the general low
selectivity and difficulties in isolating products make this process unprofitable.

Fluorination of organic compounds, including fluorine addition at the multiple
bond and substitution of fluorine for hydrogen in the hydrocarbon chain, is a redox
process because fluorine has the maximal possible electron affinity (4.15eV) and the
maximal standard redox potential (2.87V).

II1. Electrolytic Fluorination of Heterocyclic Compounds in
Trialkylamine Complexes with Anhydrous Hydrogen Fluoride

A. ELECTROLYTIC FLUORINATION OF HETEROCYCLIC COMPOUNDS WHOSE
SUBSTITUENTS CONTAIN NO HETEROATOMS

Direct (electrochemical) fluorination of heterocyclic compounds has developed
substantially in recent years (8SEA1075, 88JFC(39)435, 99J0C3346, 98JFC(87)137).
However, the yields of fluorination products varied from low to unsatisfactory. This
was demonstrated for pyrroles, thiophenes, and furans (02JOC9379, 03H15), which
gave less than 6% yields of product in Et4yNF -4HF and Et;N - 3HF electrolytes. 4-
Methylthiazole (02JOC9379) and 3-benzoyl-4-carbomethoxy-1,1-dioxothiazoline
(02TL4805) are not fluorinated by this method at all. Anode fluorination of
(4- R-arylthiazol-2-yl)acetonitrile forms a monofluorinated product — (4-R-aryl-5-
fluoro-5H-thiazol-2-ylidene)acetonitrile (R = H, Cl, CN, NO,, MeO) — as the
major reaction product (03HI15). Other reaction products are (4-R-aryl-5-fluor-
othiazol-2-yl)acetonitrile and (4-R-arylthiazol-2-yl)fluoro-acetonitrile. A mixture of
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products of fluorine exchange for hydrogen and 2,5,5-trifluorothiazoline sulfides is
obtained during anodic ECFs of 2-thiazolyl sulfides with Me, MeCOCH,, and
HC=CCH, substituents at the sulfur atom. 2-Thiazolyl monosulfides led to 5-flu-
orothiazoline sulfide and (cyanofluoromethylthio)thiazole (02JOC9379) (Scheme 2).

Owing to the presence of electron-accepting substituents in an heterocyclic com-
pound, fluorination is drastically accelerated, giving high yields of fluorination
product  (02JOC9379, 03HI15, 02TL4805, 94TL9237, 91JCS(CC)1027,
94JOC5937168, 01PES33, 01JOC7020, 00JOC3920, 90GC1749). N-methylpyrazoles
with a carbonyl group in the o position relative to the nitrogen atom are electro-
lytically fluorinated in Py-9HF at 20°C to form fluoropyridizinones (90GC1749,
86BSCF955). The Et;N - 3HF system may be used as an electrolyte (§89JPP09-29364).

In the case of 4-thiazolidinone 1, the Et;N - 3HF/MeCN system proved rather effec-
tive and convenient for anodic fluorination, which is a highly regioselective reaction
giving monofluorinated derivative 2. These are the first examples of effective anodic
fluorination of sulfur-containing heterocyclic compounds (92JOC3755, 90JOC6074).
Subsequent oxidation with peracids affects the sulfur atom to form 3 (Scheme 3).

Anodic fluorinations of N-benzoyl-, N-acetyl-, and N-formylthiazolidines in DME
occur with high regioselectivity and give 5-mono-fluorinated thiazolines
(01JOC7020, 00JOC3920, 90JOC6074) (Scheme 4).

For 2-substituted 1,3-dithiolan-4-ones, anodic fluorinations in Et;NF -4HF and
Et;N-3HF give monofluoro derivatives with a high regioselectivity (Table 3)
(02T9273). Anodic difluorinations of 2-alkylthio-4-methyloxazoles using
Et4NF -nHF (n =4, 5) lead to 2-alkylthio-4,5-difluoro-4-methyl-2-oxazolines, the
o position relative to the sulfur atom remaining intact in these reactions (02H623).

An approach to the synthesis of fluorinated amino acids was developed based on
successful fluorination of five-membered heterocycles (02TL4805). 1,3-Oxazolidines
were easily synthesized from L-serine and L-thionine and were further subjected to
anodic fluorination in the presence of Et;NF - 4HF and Et;N - 4HF electrolytes. The
o carbon atom relative to the carboxyl group was involved in a regioselective re-
action, which gave an o monofluoro product (Scheme 5).

Anodic fluorination of 4-R-2H-1,4-pyrido[3,2-b]-1,4-0xazin-3-ones (R = Me, Et,
CH,COOEt, CH,Ph) is performed in 1,2- DME; this highly regioselective reaction

Ph Ph

N N

> S)\ T F S)( F
SR
Ph F F SR
Z*N € | R = Me, MeCOCH,, HC==CCH,

B NN & W,

- L

F 5)\\ SR S—éCN

H

R = CH,CN

Scheme 2
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S Rl \ / R1
_ e MY \;;Y _MCPBA \5;
} N\Rz EtyN-3HF/MeCN L3 day Jd w
1 3
R? R? Yield2, % cistrans  Yield3,%  cistrans
1-naphthyl Me 79 29:71
Ph H 14 35:65
Ph Me 42 35:65
Ph CMe; 59 45:55
Ph Ph 84 43:57
PhCH, Ph 65 46:54
Scheme 3
COOMe E COOMe
/_( o _Z&Hr W o
XN\( EtsN-4HF / DME XN\(
R Pt -anode -
R F/mole Yield, % de (%)
Ph 50 78 (50 %) %4
Me 55 (53%) 80
H 55 52 (40 %) 59
To 50 91 (60 *) 95

*Yield of the isolated product

Scheme 4

forms 2-fluorinated derivatives (yields 45%, 60%, 40%, and 51%, respectively)
(02T9273).

Mono- and difluoro derivatives of s-triazole[3,4-b][1,3,4]-thiadiazine are regiose-
lectively formed when the latter reacts with Et,NF -4HF, Et;N - 3HF, Et,NF - SHF
and Et;N-5HF in DME (Table 4) (00TL273).

Other heterocyclic compounds behave similarly (Scheme 6).

Anodic fluorination of 3-benzyl-1-thiochromones and thiochroman-4-ones, in par-
ticular, of (Z£)-3-benzylidene-2,3-dihydrothiochroman-4-one, yields two monofluoro de-
rivatives due to substitution of hydrogen at the o position relative to the sulfur atom of
the heterocyclic ring and fluorine addition at the double bond (01JOC7030) (Scheme 7).

3(4-Chlorobenzyl)thiochromone behaves in much the same way (01JOC7030)
(Scheme 8).
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Table 3. Fluorination of 2-substituted 1,3-dithiolan-4-ones (Pt anode, 0.1 mol/de, NaClOy/
MeCN, 100mV/s) (02T9273)

S 2e -H*

: EUNF- 4HF R
/\l/s NF- 4HF ; )
o

MeCN

R E* (V) (vs. SSCE) F/mol Yield (%) cis:trans ratio
n-Pr 2.20 3.1 72 48:52
11.5 26 44:56
i-Pr 2.23 3.4 62 44:56
7.3 20 48:52
Ph 2.16 3.3 63 60:60
7.2 55 48:52
o-Tol 2.15 2.8 54 33:67
7.7 49 40:60
Mesityl 2.03 2.8 57 20:80
7.1 50 27:73
2
COR? MeooC R
MeOOC e F\[N><
—_—
........ >< Et,F-4HF/MeCN &0
R -22°C RY

R! = H, R? = Ph (66 %)
Rl = Me, R2 = Ph (73 %)

Scheme 5

This reaction fails to form 2-fluoro-1-thiohomoisoflavone, while anodic fluorina-
tion of 2-arylthiochromone affords 3-fluorothioflavone and 2,3,3-trifluorothioflav-
one (01JOC7030, 01SL1938) (Scheme 9).

Anodic fluorination of (+)-(1R,2R,4R)-7,7-dimethyl-N,N-bis(1-ethyl-methyl)-5-
oxo-spiro[bicyclo[2,2,1]Theptane-2,3'-[1,3]oxathiolane]-1-metha-nesulfonamide leads
to  (+)-(1R2R4R 4 S)-4-fluoro-7,7-dimethyl-N,N-bis(1-ethylmethyl)-5-oxo-spiro
[bicyclo[2,2,1]-heptane-2,2'-[1,3]oxathiola-ne]-1-methanesulfonamide (03JFC(121)93).

Anodic fluorination of 2-substituted 1,3-dithiolan-4-ones (87M28) and 1,3-0x-
athiolan-5-ones 9 give monofluoro derivatives 10 (Scheme 10, Table 5)
(03JFC(121)93, 99J0C133) (Scheme 10).

In Et,NF - 4HF 2-substituted 1,3-dithiolan-4-ones are converted into mono-fluoro
derivatives (98EA(43)1985). Table 5 presents data on anodic fluorination of 2-sub-
stituted 1,3-oxathiolan-5-ones, forming monofluoro derivatives 10 (03JFC(121)93,
99JOC133). The fluoride ion plays a very important role in this process. As can be
seen from Table 5, the Et;N - 3HF system is unsuitable for anodic fluorination of the
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Table 4. Anodic fluorination of substituted s-triazole[3,4-b][1,3,4]-thiadiazines (00TL273)

N—N N—N N—N
Ph//AN)\S 2e HT Ph//LN\)\\S + Ph//AN)\S
\ - \

= F
N F
N N E
R R R
4 5
R EJ* (V) (vs. SSCE) Electrolyte F/mol 4 5
CH; 2.24 Et;N - 3HF 3 42 0
EtNF - 4HF 3 8 1.0
Ph 1.79 Et,NF -4HF 2 67 —
4-NO,C¢H, 1.89 EtyNF - 4HF 2.5 68 —
4-CH;C¢Hy4 1.71 EtNF - 4HF 4 40 —
O
R -e, -H+ R
_—
COOMe ¢ N-3HF/MeCN COOMe
S IS F
R Yield, % Stereosel ectivity, %
Me 7 100
CH,Ph 27 76
Scheme 6

given heterocycle. When subjected to anode fluorination in the Et4NF -4HF elec-
trolyte, 4-arylthio-1,3-dioxolan-2-one (E;x = 1.9¢eV) gives two products, whose ratio
depends significantly on the solvent used (00JCS(CC)1617, 01T9067). In CH,Cl,,
fluorodesulfonation takes place to form 4-fluoro-1,3-dioxolan-2-one; however, in
DME the reaction gives a mixture of products among which 4-fluoro-4-phenylthio-
1,3-dioxolan-2-one is the major product (ESX =2.2¢eV) (Scheme 11).

A difluoro product is formed when the anode fluorination potential is higher than
2.2eV (Scheme 12).

When fluorination is carried out in a cell with a single cathode and anode in the
presence of Et;N - SHF or EtyNF - 4HF electrolytes and in CH,Cl, as a solvent, the
product is 4-fluoro-1,3-dioxolan-2-one; in dimethoxyethane, the anodic fluorination
product is the o fluorinated derivative (01TL4861, 87CP1119). Anodic fluorination
of 4-phenylthiomethyl-1,3-dioxolan-2-one in Et;N-3HF, Et;N - SHF, Et,NF - 4HF
systems (MeCN and DME as solvents) forms a mixture of mono- and difluoro
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Table 5. Anode monofluorination of 2-substituted 1,3-oxathiolan-5-ones™(99JOC133)

R EX Electrolyte Oxidation F/mol Yield of cis/trans
V) potential (V) 10 (%) ratio

Et 2.34 Et;N-3HF 23 3.4 0

Et4NF - 4HF 2.1 2.6 86 47/53
n-Pr 2.32 Et;N-3HF 22+23 3.6 5.4 d

EtyNF - 4HF 2.1 2.2 67 45/55
i-Pr 2.44 Et;N-3HF 2.2 2.2 0

Et,NF - 4HF 2.1 2.4 78 43/57
Ph 1.88 Et;N-3HF 1.6 4.0 0

EtyNF - 4HF 2.0 2.3 70 45/55
4-CNCgHy4 2.17 Et;N-3HF 22 3.4 0

Et4yNF - 4HF 2.0 32 66 39/61

*Pt electrodes; 0.1 M NaClO4/MeCN.

F
SPh F
\/ </s
/_( -2e, HT Sph
Y

OTO electrolyte/ solvent OTO

o) (6]
Ph Electrolyte Solvent Yield, %
CgHs  EtyNF*3HF CH,Cl, 29 16
Et4NF- 3HF DME 5 40
Et4NF- 4HF CH,Cl, 53 trace
Et,NF* 4HF DME 28 54
Et,NF* 5HF CH,Cl, 67 trace
4-CICeHs  EtyNF- 4HF DME 20 80
Et,NF* 5HF CH,Cl, 96 0

Scheme 11

derivatives; fluorination occurs at the carbon atom in the « position relative to the
sulfur atom (01TL4861) (Scheme 13). The yield of the difluoro derivative increases
with the temperature and with the amount of current passed through the electrolyte.

This is probably the first example of solvent effect on the selectivity of anodic
fluorination.

Electrochemical oxidation of 2,2-diphenyl-1,3-dithiane in Et;N-4HF forms di-
fluorodiphenylmethane (92CL1995) (Scheme 14).

Monofluorinated f-lactams are of considerable interest as intermediates for
syntheses of fluorine-containing antibiotics and as building units for syntheses of
amino acids and sugars. Thus, regioselective anodic monofluorination of 3-phenyl-
thio-2-azetidinones and 4-phenylthio-2-azetidinones leads to 3- and 4-substituted
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é/S
Sph g /_P F
\’( F~/ CH,Cl,
o 4F~/mole O

29 % (Et,NF* 4HF)
23 % (Et,NF*5HF)
Scheme 12

EF
SPh SPh
O ﬁ?L
- > O TO

SPh
o) 0 O + O
T -0
(0]

o) O
Et3N-3HF/CH,Cly, 2 F/mole , 20°C 48 % 4%
Et3N-3HF/DME, 8 F/mole, 20°C 40 % 8 %
Et3zN-3HF/DME, 8 F/mole, 40°C 73 % trace
Et3N-3HF/DME, 48 F/mole, 40°C trace 68 %

Scheme 13

S -2e
——— > PhCF,Ph
S Ph EtzN-4HF / diglyme
Ph 49 %

Scheme 14

2-azetidinones (Table 6) (97JES841). The yield of the monofluorination product is
strongly dependent on the electrolyte used. It is interesting that the Py/(HF)n system
does not work in this case (93JOC4200).

In the general case, eclectrolytic fluorination of N-substituted lactams in
Et;N - 3HF/MeCN or Et;N - SHF electrolytes is a selective reaction that affects the
carbon atom in the o position relative to the nitrogen atom of the lactam to form a
monofluorination product in high yield (991JC151).

If the SR group lies at any position other than o to the C = O group of the
heterocycle, it is substituted by the fluorine atom during anodic fluorination
(01SL1269) (Scheme 15).

Fluorodesulfonation occurs irrespective of the presence of other substituents in
the heterocyclic ring (01SL1269) (Scheme 16).

The mechanism of this process was represented as follows (Scheme 17) (01SL1269,
80NJC453).

If azetidin-2-one has an SiMes group in position 4, the reaction is accompanied by
fluorodesilylation into a fluoro derivative (Table 7) (95JCS(PI)1327).
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Table 6. Anode fluorination of azetidinones (99ACS887)
PhS PhS
-2e,-H* F
_—
N
. N
/Ny EtaN'3HFMeCN SN
3 R
R Electrolyte V (vs. SSCE) F/mol Yield (%)
Et 1.8 2.5 65
Pr' Et;N - 3HF 1.8 2.3 77
Et4NF - 3HF 1.5 2.0 64
Py/(HF),, 1.9 2.2 Traces
Et;N - 2HF 1.7 13.2 33
Bu” 1.8 2.4 92
Bu’ 1.9 2.5 67
C-C(,H]] 1.8 2.5 84
PhCH, 2.0 4.0 68
SPh E
-2e, - PhS™
N X electrolyte N X
o (2,4-Brp,CgHs)3N (0.1 equiv.) o
Electrolyte EtzN-3HF/ MeCN Et,NF-3HF
X H Me Br H
Yield, % 83 71 quantitative 43
Scheme 15
tBUMezsiO H ‘BuMeZSiO
-e,-PhS”

(2,4-BrCgHz)3N (0.1 equiv.)
EtzN* 3HF/MeCN

2.9 F/mole

Scheme 16

)jﬁf
N
Ph
o N—

Smooth reactions take place if anodic fluorination is performed with 1-naphtha-
lenes in Et;N-3HF or with oxyindole and 3-o0xo0-1,2,3,4-tetrahydro-isoquinoline in
Et4;N-3HF when the substrates contain CN, COOEt, or SPh groups (97SL655,
97JOC8773, 03GC512) (Scheme 18).

The nature of the electrodes is important to the product yield, as shown below for
oxoindole. Higher yields of the fluorinated product are obtained when increased
amounts of hydrogen fluoride are used (97SL655, 97JOC8773) (Scheme 19).
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AHOA
R SPh
ArgN );N(
e .
+
ArgN +
R SPh
N
>;<

o} R’
ArsN
> ?
e . F~ +
+ R S—ph
ArzN
N\
o R’
l F_
R F
PhSF +
>;N<
o) R’

Scheme 17

High regioselectivity in Me4NF - 4HF was also reported for 1-(4-tolyl)-5-methyl-
3(phenylthio)- and 1-phenyl-3(phenylthio)-2-indolones (yield of the monofluoro de-
rivatives are 64% and 50%, respectively) (97SL655, 97JOC8773). A similar reaction
of 2-benzyl-4(phenylthio)-1,2,3,4-tetrahydro-3-isoquinolinone gave a 4-fluorosubsti-
tuted product (71%) (97SL655). In the course of anode fluorination of oxoindole in
Et,N-3HF/MeCN in the absence of an SPh group, the benzene ring is fluorinated,
while the heterocyclic system remains intact (97JOC8773) (Scheme 20).

Regioselective monofluorinations of 1-aryl-3(phenylthio)oxyindole and 2-substi-
tuted 3-oxo-4(phenylthio)-1,2,3,4-tetrahydroisoquinoline in MeyNF-4HF and in
Et;NF - 3HF form 3-fluorinated oxyindole and 4-fluorinated isoquinoline with good
yields (97JOC8773). In the MeyNF -4HF system, the carbon anode proved to be
more effective than the Pt anode. However, anodic fluorination of phthalides in the
presence of EtsN-nHF (n = 3-5) gives 3-fluoro derivatives with the benzene ring
remaining unaffected (03GC512). Using MeCN, CH,Cl,, or DME as solvents leads
to very low yields of the desired product, but the latter increase drastically in the
presence of 1-ethyl-3-methylimidazolium triflate [emim][OTf] (Scheme 21).

Phthalides have an extremely high oxidative potential (2.86 V) (03GC512). Selec-
tive fluorination also takes place in the case of carbonyl-containing heterocyclic
compounds. Thus mono- and difluoro derivatives of 4-(metho-xyphenyl)acetone and
ethyl 4-(methoxyphenyl)acetate (87TL2359, 98JFC(87)215) and fluoroindanes
(90TL3137) are produced by anodic fluorination of hydrocarbon substrates in the
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Table 7. Electrochemical synthesis of 4-fluoroazetidin-2-ones (95JCS(PI)1327)
Compound Electrolyte F/mole Product Yield, %
X F
N N
R R
X R
SiMe3 Ph EtsN - 3HF 8.0 80
SiMes Ph EtsN-2HF 20.0 49
SiMe3 Ph Py -nHF 4.0 66
SiMe; | Ph BuyN- BF, 4.0 pitch
SiMes | Pr EtsN- 3HF 18.0 78
Et3N-3HF 14 cis/trans = 1/1 88
OCH,0OCH; OCH,OCH5
SiMes F
N N\/R
o N—R o
trans- EtzN -3HF 10 trans- 75
SPh FE  SPh
R O e+ R _°
—
N F~/MeCN N
n \Rl n \Rl
n R R? Electrolyte F/mole Yield, %
0 H Ph MesNF "4HF 35 64
0 Me 4-MeCgH, MegNF "4HF 3 50
1 H Ph Et4NF "3HF 2.6 71
1 H PhCH, Et4NF "3HF 2 70

Scheme 18
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SPh
F sph
-2e, -H*
=0 — > =0
N F~/MeCN N
\
Ph Ph
Yield, %
Anode Et,NF '3HF MeyNF "4HF
Pt 58 64
Carbon 28 60
C-steel 36 59
C-felt 21 42
Scheme 19
+
Et,NF-3HF / MeCN N o)
p
Fn
Scheme 20
F
-2e -H+
0]
electrolyte
2
10 mA/cm o
Medium  Electrolyte Yield, %
MeCN EtsN-5HF 16
CH,Cl, EtsN-5HF 23
DME EtsN-4HF 0
EtsN-3HF 17
Et;N-5HF 16
[emim][OTf] Et3N-3HF 78
EtsN-4HF 70
EtsN-5HF 90
Scheme 21

Et;N - 3HF electrolyte. Smooth reactions take place when anodic fluorinations are
performed with 1-naphthalenes in Et;N-3HF and with oxyindole and 3-oxo-1,2,3,
4-tetrahydro-isoquinoline in Et;NF - 3HF when the substrates contain CN, COOEt,
or SPh groups (97SL655, 97JOC8773, 03GC512).
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The examples below serve to illustrate the important role of the SPh group in
anode fluorination of substrates containing this group. Fluorination of 3-phenylthio-
2-benzofuran on a Pt anode in EtyNF.3HF/DME gives a monofluoro product
(99JFC(99)189) (Scheme 22). The reaction occurs at the heterocyclic carbon atom
bonded to the SPh substituent.

In the case of a-phenylthiobenzothiazolylacetonitrile, there are two monofluor-
inated products, one of which is derived by replacing the SPh group by the fluorine
atom. The product yield depends on the voltage (99JFC(99)189) (Scheme 23).

Ethyl isonicotinate (83JES2170), pyrazole (Table 5) (99JFC(99)189,
89JAP(K)0129364), pyridine (85EA1075), and 1,10-phenanthroline (99JOC3346) are
fluorinated at the heterocyclic ring and the methyl group. However, the yields are low.

Ethyl 1-methyl-5-fluoropyrazole-4-carboxylate 12 and ethyl 1-fluoromethyl-5-flu-
oropyrazole-4-carboxylate 13 are the products of electrochemical fluorination of
ethyl 1-methylpyrazole-4-carboxylic acid 11 on a platinum anode in 70% HF/Py/
Et;N (99TL7819) (Scheme 24). The maximum yield is 40% (selectivity of fluorine
attack at position 5 is 83%) (Table 8).

Anodic fluorination of pyridine in Et;N - 3HF gives 2-fluoropyridine in 22% yield
(85EA1075). Because the heterocyclic ring contains electron-accepting substituents,

SPh
X
2e -Ht
(0]
(6] Et4NF- 3HF/D|\/|E

Pt, 5 mA-cm-2
E”p (1.85; 1.98 B, X = H), X = H (76 %), Cl (49 %)
E™p (1.88;2.72 B, X = Cl)
Scheme 22
CN
N
ges@i—T1esScla g
s spp  EtaNF:3HF / DME
Pt, 5 mA-cm-2
53 % 5%
E%=0.95; 2.8V
Scheme 23
COOEt COOEt COOEt
i/ -
s ST G
’l\l F-H* N~ F \ll\l F
I
CHs 40% CH; CH,F
11 12 13

Scheme 24
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Table 8. Anodic fluorination of ethyl 1-methylpyrazole-4-carboxylate (99TL7819)

Anode System Solvent  Voltage (V)  Product ratio (12:13)  Yield (%)
Pt HF/Py MeCN 2.5 25:75 16
HF/Py/Et;N(0.3) MeCN 2.5 57:43 23
HF/Py/Et;N(0.6) MeCN 2.5 83:17 40
HF/Py/Et;N(1.0) MeCN 3 100:0 18
HF/Py/Et;N(0.6) THF 2.7 100:0 2
HF/Py/Et,NPh MeCN 2.5 92:8 39
C HF/Py/Et;N MeCN 2/1 97:3 31
COOEt COOEt
-e, -H + =
—_—
X | Pt, 3.2 A S |
N EtsN'3HF/MeCN N~ F

S -2e, -Ht
Ny
Y N EtzN'3HF

Scheme 25

direct fluorination of the ring is hindered, and the 2-fluoro derivative is formed in
low yield (98JFC(87)137). For example, ethyl 2-fluoroisonicotinate is obtained by
electrolysis of ethyl isonicotinate in Et;N - 3HF/MeCN (yield 30%, conversion 76%)
(98JFC(87)137) (Scheme 25).

Nitrogen-containing heterocyclic compounds are fluorinated at the o position relative
to the nitrogen atom of the heterocycle. ECF of N-ethylthiopyridone using a Ni-NiO
anode and a Ni cathode with RyNF - #HF or R3;N - nHF (n = 1-6) (in the presence of
LiClO,4) employed as electrolytes in an acetonitrile—DME solvent system gives 2-fluoro-
4-ethyl-4thiopyridine (yield 66.9%) (83JPP6429366). Another example is anodic fluor-
ination of pyridazin-3-ones 14 in 70% HF/Py/MeCN on Pt electrodes at room
temperature, which leads to monofluoro derivatives 15 (03JAP(K)3137867) (Scheme 26).

Anodic fluorination of 2H-1,4-benzothiazin-3(4H)-ones 16 in acetonitrile in the pres-
ence of Et;N - 3HF forms monofluoro derivatives 17; in this reaction, fluorine is substi-
tuted for hydrogen in the o position relative to the sulfur atom (92TL7017) (Scheme 27).

N-substituted 1,4-benzoxazinones are electrochemically fluorinated on Pt elec-
trodes in 1,2-DME containing the Et,NF - 4HF electrolyte to form the correspond-
ing 2-monofluorinated products with high yields, the reactions being highly
regioselective (01SL1644) (Scheme 28).

For biologically active flavones, for which the first E}%is 2.36-2.52V (Scheme 29),
anodic fluorination leads to di- and trifluoro derivatives (99JOC3346).

Anodic fluorination of flavone and 6-chloroflavone in Et;N-3HF and
Et;NF -4HF yields the 3-monofluoro derivative 19 as the major product and a
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cl cl
cl
NG 70 %HF/Py AN
— 7
N MeCN ~. N
SNTNR Pt FONTOR
14 15

R = 3-CF3CgHy4, t-Bu

Scheme 26
O
X 0 X
O: j/ ze' -H+ O: f
B
S EtzN'3HF/MeCN s F
X F/mole Yield of 17, %
NH 3.0 15 0
NHCOPh 2.0 2.2 77
N-Pri 15 25 88
n-Me 1.6 2.1 68
Scheme 27
T
(0]
Et4,NF 4HF/DME o F
R E”p(B)  F/mole Yield, %
Me 1.60 2 66
CH,COOEt 1.64 2 48
CH,Ph 1.63 2 51
H 1.63 7 60
Scheme 28

small amount of the 2,3-difluoro derivative (the reaction is conducted at 30 °C)
(01SL1938, 98S1.973). The ratio of compounds in the mixture depends on the eclec-
trolyte used (99JOC3346) (Scheme 30).

Moderate yields of monofluoro derivatives are obtained when caffeine, guanosine
tetraacetate, and uridine triacetate are electrochemically oxidized in Et;N-3HF
(Table 9) (94TL9237).
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R H Me | Cl
E,”,V vSSSCE |250 | 236 |252

Scheme 29

| [ - ;
o Ph F~/MeCN o h 0 h
18 19 20 21
Electrolyte Yield, %
19 20 (cis:trans) 21
EtsN3HF 43 0 6
Et;N'5HF 9 28(3/1) 4
Et,;NF3HF 3 54(2/1) 6
Et,;NF4HF 7 68(2/1) 9

The temperature plays akey rolein this process:

Temperature, 'C - 10 0 10 20 30
Yield of 19, % 9 27 31 43 58
Yield of 21, %; traces 3 4 6 19

Scheme 30

Anode fluorination of (E)-3-benzylidene-2,3-dihydrochromagn-4-one is a highly
regioselective reaction forming a monofluorinated product; it occurs at the car-
bon atom in the o position relative to the ring oxygen (01TL2513, 01JOC7691)
(Scheme 31).

High regioselectivity is observed during anodic fluorination of a-phenyl-sulfenyl-
substituted lactams 22 in Et;N-3HF/MeCN on Pt electrodes. Hydrogen in the «
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Table 9. Electrochemical oxidation of caffeine and related compounds (MeCN,
Et3N - 3HF) (94TL9237)

Potential ) ol
Compound oxidation | Time Product Y:; d
(V) (vs.SSCE)| D o
r CHa o /CH3
sy N 5 17 oy N 40.3
) P Waiin
i oy
I
CHs CHs
0 0
H N H\N N
N \> 3 10 \_f|l 63
)\ ~
AcNH N~ N AcNA o N
AcO o C o
H H
AcO OAc AcO OAc
o) o)
H He F
N C.CE. 55 N 46
/\N 100 mA (/\N
AcO
C o AcO 0
H H
AcO OAc AcO OAc
O H o H
- -H +
Ar 2e, -H Ar
F/DME o
o 5-8 F /mole F
17-68 %

Ar = Ph, 4-CICgH,, 4-BrCgHa
Electrolyte : E4NF " 4HF, Et,NF" 3HF, EtgN " 4HF

Scheme 31

position relative to the SPh group is substituted for fluorine irrespective of the size of
the cycle of 23 (99ACS887, 92TL7017) (Scheme 32).

In the case of f-phenylsulfenyl-f$-lactam, f-fluorinated f-lactam is formed in good
yield (01SL1269).
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R 0 R o
N\ /
N -2e, -H+ \N /
/ sPh ————> SPh
(CHz)n
EtsN'3HF/MeCN  (CHg)n
—

22 23

n R Anode potential, F/mole Yield of 23, %

V, vs SSCE
1 Me 18 25 85
1 cyclohexyl 18 25 84
2 Me 20 22 69
3 Me 19 4.0 mixture of compounds
Scheme 32
F
-2e, -H* N N
Oy 22— (1) - )
Et,;NF-3HF/DME [ o] o
E%ed 2.32 total yield 7 %
Scheme 33

Two monofluorinated products with very low yields result from anodic fluorina-
tion of benzoxazole (99JFC(93)159) (Scheme 33).

The same tendency persists for benzothiazole (97JOC9173) and oxyindole
(03GC512).

Highly selective anodic fluorination is feasible for a number of nitrogen-containing
heterocycles: thiolane, oxathiolane, dithiolane, thiazolinone, 2H-1,4-benzothiazin-
3(4H)-one, 3H-1,4-benzooxathian-2-one, oxindole, and tetrahydroisoquinoline.
These reactions are performed in Et;N - 3HF/MeCN or EtyNF - mHF (m = 3, 4) as
electrolytes (97PES65). ECF of 2-benzothiazolyl and 5-chloro-2-benzothiazole
sulfides in EtyNF-3HF leads to a-monofluorinated sulfides with good yields
(97JOC9173).

High selectivity of anodic fluorination is observed for 1-methyl-1H-pyrrole-2-
carbonitrile; this reaction is conducted in Et;N - 2HF and leads to the corresponding
S5-fluoropyrrole and 2,5,5-trifluoro-1-methyl-3-pyrroline-2-carbonitrile (97JOC9173,
97PES65, 0252597, 01TL4857). Subsequent hydrolysis of the reaction product gives
5,5-difluoro-1-methyl-3-pyrrolin-2-one (01TL4857) (Scheme 34).

The effect of electrolyte on the fluorination products was demonstrated for
1-methylpyrrole having electron-accepting substituents (e.g., CN) in the 2-position
(01EC467). Thus a trifluoro product is preferably formed in Et;N-3HF, while the
reaction in Et;N - 2HF leads to monofluoro derivatives as the sole products.
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EtsN 2HF/DME ( \ N
F /N

| F
(MeCN) Me Ve
20 % (20%) 12 % (32%)
&CN 2, -H+ | EtsN 4HF/CH,Cl, 7\/_><CN
N o
I G
Me
25 %
EtsN 3HF/CH,Cl, >®<
Scheme 34
- 7
—>
N R ELNF3HF N\
4 Me,S, DVME
X Pt-anode

1.70 V, X = PhS, R = COOEt (55 %)
2.00V, X = PhS, R = CN (56 %)

Scheme 35

B. Anobic FLUuORINATION OF COMPOUNDS HAVING A CH FRAGMENT AND
ELECTRON-ACCEPTING GROUPS

Acceptable yields of fluoro derivatives are achieved in anodic fluorinations of
substituted aromatic and heterocyclic compounds with mobile protons in the o po-
sition relative to the major ring. Platinum is generally used for electrodes, Et;N - 3HF
being the most effective system for these processes (88JFC(87)203) (Scheme 35).

Anodic fluorination of (R)-4[(phenylthio)methyl]-2-spirocyclohexyl-1,3-dioxolane
in Et3N-3HF/MeCN as electrolyte forms a monofluorinated product, the reaction
being highly diastereoselective (04JOC1276) (Scheme 36). This is a general reaction;
it is performed with sulfides containing both heterocycles and substituents with
oxygen atoms (Table 10).

Konno and Fuchigami (97JOC8579) made the major contribution to the under-
standing of the mechanisms of anode fluorination processes (88FRP2604189). The
effect of sulfur-containing substituents on anodic fluorination is inherent in both
aromatic and heterocyclic compounds (01T8817, 02T9273, 02T9278) (Scheme 37).

Thus during anodic fluorination in Et4NF-3HF or Et;N-3HF electrolytes
in DME, nitrogen-containing sulfides, for example, heterocyclic propargyl sulfides
undergo smooth fluorination involving the carbon atom in the o position relative to
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Scheme 36

the sulfur atom, the acetylenic group and heterocycle remaining intact (Table 11)
(01T8817, 0279273, 02T9278).

Some of the widely accepted fluorinating agents such as N-fluoropyridinium salts
proved to be absolutely inert in these reactions (Scheme 38) (97JOSC301,
86BCJ3625, 95J0C6563). Therefore, electrochemical oxidation can be understood
as an alternative to known fluorination procedures, and one can expect that this
method will be further developed and applied to other organic substrates.

Anodic fluorination of 2-thiazolyl methyl sulfide, 2-thiazolyl propargyl sulfide,
and 2-thiazolyl acetonyl sulfide leads to the products of exchange and addition at the
heterocyclic ring but not to the product of substitution of the hydrogen atom of the
CH, fragment lying in the o position (Table 12) (02JOC9379).

The hydrogen atom of the CH, fragment undergoes a-substitution only in the case
of the CN substituent (Scheme 39).

Electrolytic fluorination of 2-benzothiazolyl, and S5-chloro-2-benzothiazolyl
sulfides gives the corresponding o-monofluorinated sulfides (99JFC(93)159,
97JOC9173, 97PES6S, 0252597, 01TL4857, 00SL999) (Scheme 40).

Anodic monofluorination of five-membered nitrogen-containing heterocyclic
(1,3,4-thiadiazolyl, 1,3,4-oxadiazolyl, 1,3,4-thiazolyl) sulfides is highly regioselective
when performed in electrolytes EtyNF -4HF, Et,NF - SHF, Et;N - 3HF, Et;N - SHF
in the presence of dipolar aprotic solvents (MeCN, DME) (95JOC7654, 01PES25).
The yield of the monofluorinated product depends strongly on the structure of the
heterocycle (Table 13).

It should be noted, however, that flurodesulfurization can occasionally take place.
For example, anodic fluorination of 3-phenylthiophthalide in the presence of
Et;N - 3HF leads to a fluorodesulfurization product and to the product of hydrogen
substitution in the a position relative to the SPh group (03GC512) (Scheme 41). The
product ratio depends on the character of the medium.

Fujigami et al. (90JOC6074, 92TL7017, 97JOC8579) obtained a-monofluoro
sulfides in selective anodic fluorination of nitrogen-containing heterocyclic sulfides
whose methylene group contained an electron-accepting substituent. Pulse electrolysis
of pyridines and pyrimidines in Et;N - 3HF/MeCN with Pt electrodes at 25 °C formed
monofluorinated derivatives (91T3969, 94TL7245) (Scheme 42). The yield of the
fluorinated product increases when the o position contains electron-accepting groups.

High regioselectivity was also observed during anodic fluorination of 2-pyrimidyl
and 2-pyridyl sulfides containing electron-accepting substituents using Et,NF - ntHF
(n =3, 4) and Et;N - 3HF in DME (Tables 14 and 15) (91T3969).
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Table 10. Anodic fluorination of sulfides having oxygen-containing hetero-
cyclic and oxygen substituents (04JOC1276)

Compound Product Yield (%) | ee (%)

R=H 54 80
O\>_\s— o 4NO2 S—ph 67 58
o~ o~ 0

10

)\/S\Ph )Y\Ph
o~ o
/O\/k/s\Ph /o\/k{s\ Ph 30 60
28 60
S\Ph S\Ph
F
/0

O/\\)O\/ e} 51 68
Sph \)\/S\Ph

;
?\L)O\/S\Ph @YS\% © 70
:

o)
X\ R = 4-NO, 49 13
Q H 9 22 13
CsH4R CgH4R

22 55

(0] (0]
O\)\/S\ Ph O\)YS\Ph
E

Anodic fluorination of 4-oxo0-2-quinazolinol sulfides and 2-benzoxazolyl sulfides
(Table 16) (91T3969) involves the a-carbon atom of the substituent at the sulfur
atom (99JOC138) (Scheme 43). The sulfur-containing fragment is eliminated from
the heterocyclic system, and the heterocycle is fluorinated.

The role of the solvent (DME) is merely solvation of the Et,N " cation, which
facilitates the generation of an unsolvated fluoride ion in the system. Therefore, the
Et4;NF - 4HF/DME system is more effective for anodic fluorination than Et4NF - 4HF.

Anodic monofluorination of 5-methyl- and 6-methyl-4-oxo0-2-pyrimidyl sulfides
using Et4NF - 4HF is a highly regioselective process (Table 16) (91T3969). DME is
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Rt = - +
_ Xs/— 2e, -H >—
S j’ EtsN- 3HF/ DME
N

R2

Rl =R2=H, X = CH;
RI=RZ=H,X =N;
RL,R? = (CH=CH),, X = CH

Scheme 37

Table 11. Anodic fluorination of sulfides in dimethoxyethane

Substrate Eg" V) Electrolyte Yield of References
(vs. monofluorinated
SSCE) product (%)*
2-Pyridyl 1.92  EtuNF-.-4HF 15 97JOSC301
EtyNF - 4HF 35
Et,NF-HF 40
Et;N - 3HF 55
4-Pyridyl 1.90  Et;N-3HF 58 97JOSC301
2-Pyrimidyl 2.2 Et;N-3HF 60 14897JOSC301
Et,NF - 4HF 63 99EC445,
99JOC7935
2-Quinolyl 1.92  EtN-3HF 35 97JOSC301
Et,NF - nHF 99JOC138
n=23,4)
2-Benzothiazolyl 1.95 Et,NF - 4HF 7 97JOSC301
Et;N - 3HF 15
EtyNF - 3HF 22
2-Oxo0-2-pyrimidyl Et;NF -4HF 00JOC8685
2-(5- 2.04  EuNF.3HF 35 97JOSC301
Chlorobenzothiazolyl)- 1.74 Et,;NF -4HF 99JOC138
methyl 2-pyridyl sulfide
Thiadiazolyl Et4yNF - 4HF 01JOC5633
Oxadiazolyl Et,;NF -4HF 00JOC8685

*In 0.1 M BuyN - BF4/MeCN.
"In acetonitrile.

employed as a solvent, while acetonitrile proved to be absolutely unacceptable. Good
yields of a-fluorinated products were observed in both cases.

Pyridines with an SCH;R group in the o position also undergo anodic fluorina-
tion, forming monofluoro derivatives (94TL7245) (Scheme 44).

Owing to the presence of a CN group in the f position (2-pyridyl sulfide 28),
anodic fluorination in the presence of a base yields a bicyclic heterocycle (2-fluor-
othieno[2,3-b]pyridine 30). Perhaps, the first step of the reaction is anodic mono-
fluorination of 2-pyridyl sulfide to o« fluoromethyl-pyridyl sulfide. In basic media, the
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Scheme 38

Table 12. Anodic fluorination of sulfides with a thiazolyl substituent (02JOC9379)

Ph

Ph
N -2e, -H* Ph F
A 2t ™ Ny
EtsN* SHF/DME . 5)\\S/\R F S)\\ R
F
24 25
R ES¥ (V) (vs. SSCE) F/mol Yield (%) 24 25
H 1.5 3 25 28
H 1.5 6 10 55
COCH; 1.65 3 20 23
COCH; 1.65 6 8 50
C=CH 1.57 3 — 60

product is thienopyridineimine. In the presence of ethanol, it forms intermediate 29,
whose diethylcarbonate-eliminating aromatization leads to product 30 (Scheme 45).

Note that fluorination of these heterocyclic compounds by N-fluoropyridinium and
N-fluoro-3,5-dichloropyridinium triflates is unsuccessful (01TL4861). Electrochemi-
cal anodic fluorination was carried out for 4-(7-trifluoromethyl)-quinolyl sulfides 31
in Eg4NF - nHF (n = 3, 4) and Et;N - 3HF in DME. The corresponding o monofluoro
derivatives 32 of these sulfides are formed in good yields (Table 17) (98JFC(91)153).
When X = COMe, compound 33 is also formed (yield 7%) (Scheme 46).

For 2-quinolyl sulfides 34, the reaction gives three products 35-37 (Table 18)
(Scheme 47).

Anodic fluorination of ethyl a-2 (pyrimidylthio)acetate in EtyNF - 4HF electrolyte
and in acetonitrile or 1,2-DME as solvent gives an a-monofluorinated product in
quantitative yield (82M29). DME proved to be the most effective solvent; aceto-
nitrile was less effective, but its mixture with DME gave good results (01TL4861).

When the heterocyclic ring contains an SMe group, a methyl hydrogen is replaced
by a fluorine, giving a moderate yield of the substitution product (Scheme 48).
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Ph

-2e,-H+ Ph i

S)\\ TN > N * \

EtsN- SHF/DME S)\\S/\CN S)\ CN
6 F/mole

E®, =172V 15 % 58 %

Scheme 39

X N 2e -H+ X N H
\G[ >—SCH,Z ’ \©[ \>—S—§F
S . S 7

Et,NF-3HF/DME

Efed ,V 202182 182 204 195 190

X H H H cl c Cl

z CN CO,MeCOMeCN CO,MeCOMe
Yield, % 48 62 46 51 82 58

Scheme 40

Table 13. Anodic monofluorination of heterocylic sulfides (95JOC7654)

N—N 2e, -H+ N—N )\
R//4X>\\5/\EWGe—’ M A ewe

EtyNF-4HF/DME R X

Sulfide Eg" (V) (vs. SSCE) Product yield (%)
R X EWG
Me S COOMe 2.16 88
COMe 2.06 70
CN 2.31 52
H 2.00 58
Ph (0] COOMe 2.11 40
COMe 2.08 38
H 2.02 26
CN 2.26 10
H NH COOEt 1.68 2
H NMe H 1.54 5
Ph NPh COOEt 1.76 18

Thus a new approach to inaccessible sulfur and selenium derivatives with S-CHF,
SCF,, and Se-CHF fragments has been developed. Some of these compounds pos-
sess high biological activity (01TL4861). Although there is some ambiguity con-
cerning the commercial applications, electrolytic fluorination is still an area of active
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SPh F F  sph
_ne_y -H+
(e} - > O + 0
EtsN- 3HF
medium
0 o o
Medium Yield, %
MeCN 44 N
CH,Cl, 86 -
THF 6 22
DME 9 72
[emim][OTf] 83 trance
EtzN* 5HF
Scheme 41
X//j\ _eHt -H* /j\
kN SCH,R  FtsN3HF e S SCHF-R
1,6-2V, Pt
X R Potential, V F/mole Yield, %
vs SSCE
CH CN 1.6 5 76
CH COOEt 1.6 5 76
CH H 1.6 5 traces
CH CH,>CN 16 6 traces
CH PO(OEY), 1.6 6 traces
CH SMe 16 5 traces
Scheme 42

interest. The possibility of shifting the fluorination center from the aromatic ring to
the functional groups, for example, to fragments with an active methylene group
creates real prospects for working out convenient procedures for the synthesis of
inaccessible monofluoro derivatives. Synthesis of polyfluorinated hydrocarbons by
electrolytic fluorination also seems to be quite feasible.

Anodic fluorination of cyclic ethers occurs with ring cleavage, giving difluoro
derivatives with fluorine atoms flanking the carbon chain (00T8877) (Scheme 49).

Five- and six-membered cyclic ethers, lactones, and cyclic carbonates do not un-
dergo cleavage during anodic fluorination in methylene chloride in the presence of
Et3N - SHF or Et4NF - nHF (rn = 4, 5). The reaction leads to monofluorinated cyclic
products (02TL1503).
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2M Et4NF 4HF, 2 F/ mole, Pt electrodes

E

O

/ \ 45 %

O,

5
S| A

F

Fe

Anodic oxidation of dithioketals with para-iodoanisole in acetonitrile in the pres-
ence of Et;N - 3HF as an electrolyte forms gem-difluoro derivatives of diarylmethane
(94JOC7190) (Scheme 50). (Difluoroiodo)arenes possess a high fluorinating ability.
These substances need not be isolated pure; one can employ their solutions in ace-
tonitrile.

(Chlorofluoroiodo)arenes are formed when anodic oxidation is carried out in the
presence of chloride ion (Scheme 51).

The resulting arenes are good fluorinating agents. Again isolation of pure products
is not needed and it suffices to use solutions. When the solution is allowed to react
with dithioacetals, gem-difluorodiarylmethanes are obtained (Scheme 52).

Thus monofluorination using trialkylamine complexes with anhydrous hydrogen
fluoride as electrolytes is an important procedure leading to monofluorinated
organic compounds; the potential of this method is steadily increasing as further

Table 14. Anodic fluorination of 2-pyrimidyl sulfides (91T3969)

(\N -2e, -H* (\N 3
| - XN I )\
\N)\S/\EWG F N)\S EWG

EYy (V) EWG Electrolyte F/mol Yield (%)
2.14 COCH; EtyNF - 4HF 8 81
COMe Et4NF - 3HF 9 65
COMe Et;N-3HF 8 92
2.23 COOEt EtyNF - 4HF 7 98
COOEt Et4NF - 3HF 7 87
COOEt Et;N-3HF 9 84
2.45 CN Et,NF - 4HF 12 39
CN Et4,NF - 3HF 12 38
H Et,NF - 4HF 10 63
H Et,NF -3HF 10 52
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Table 15. Anodic fluorination of 4-oxopyrimidyl sulfides in Et4NF - 4HF/DME (91T3969)

E [e) ¢
Compound R X (yyesscg) F/mol  Product Yield (%)
o o)
COPh COOEt  2.09 9 75
CHs CHs N T
COPh COMe  2.00 5.5 )]\ )\ 70
N)I\S/\X CoPh H 1.82 6 'l\‘ SOoX 5
| R
R
o) o)
COPh COOEt 2.30 10 75
R /R F
j\ COPh COMe 2.01 5 /I',\I\ J\ 74
CH3 NS coph H 1.80 65  CHs N™ s X 78
Table 16. Anodic fluorination of 2-benzoxazolyl sulfides (91T3969)
F
S + F S
©[o>_ F /DME >_ o>_
27
EWG Eg" (V) (vs. SSCE) Electrolyte Yield (%)
26 27
COCH; 2.08 Et,NF -4HF 39 8
COOEt 1.96 Et,NF -4HF 35 13
Et;N - 3HF 29 8
CN 2.22 EtyNF -4HF 17 6
Et;N - 3HF 12 8
H 1.90 Et4NF - 4HF 2.2 2

o
o
Ph
-
/l\/\ Et4NF4HF )\ N~
s SEwe

E°red = 2.01 EWG = COOEt 20 8
COMe 30 2

Scheme 43
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Me Me
CN
- -, -H* % CN
- |
EtgN-3HF

X X
Me N SCH3R Pt, 2.0V Me N SCHFR

R = CN (55 %), COOEt (45 %)

Scheme 44
1 R!
i RU
CN
~ CN -2e,-HT 7 F K>CO3
| - | MeCN ~ F
F N €
N
R N S/\COZEt R N™ s CO,Et Ny s’ CO,Et
28
60%
R"  Oft 1
R
NH, NH,
EtOH 7 F > 7
[ CO E] EtOCO,Et | \
N t - Et
R N S 2 2 R SN s
29 30 90%
Scheme 45

Table 17. Anodic fluorination of 4(7-trifluoromethyl)quinolyl sulfides (DME)
(98JFC(91)153)

X E* (V) (vs. SSCE) Electrolyte F/mol Yield of 32 (%)
Pt electrode
0.1 M BuyNBF,

COMe 1.92 Et,NF - 3HF 4 96
Et4NF - 4HF 2.5 62
COOEt 2.04 Et,NF - 3HF 4.5 83
Et;N-3HF 6 67
CN 2.14 Et4NF - 4HF 4 86
Et,NF-3HF 4 87
Et;N-3HF 6 77
SCHyX SCHFX SCF,X
—_—7
+
P

CFs N CH30CH,CH,OCH3 CF3 N CF4 N

31 32 33

Scheme 46
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Table 18. Anodic fluorination of 2-quinolyl sulfides (98JFC(91)153)

X Eg" Pt anode Electrolyte F/mol Yield (%)
35 36 37
0.1 M BuyNBF,

COMe 1.70 Et,NF -4HF 4 54 8 5
EtyNF -3HF 6 50 8 5
Et;N - 3HF 7 55 8
Et;N-3HF 6 64
Et;N-3HF 4 28

COOEt 1.76 Et4,NF - 4HF 4 62 5
EtyNF - 3HF 4 54 5
Et;N-3HF 6 69 7

CN 1.91 Et4,NF - 4HF 8 61 12
EtyNF -3HF 8 52 12
Et;N-3HF 8 62 12

X -2e, -Ht X
> +
— electrolyte 7
N N SCHFX

SCH2X CH30CH,CH,OCH5

34 35
AN F \
+ P + P
N SCF,X N SCHFX
36 37
Scheme 47

improvements are made. The reaction has been extended to various classes of com-
pounds, which led to considerable progress in syntheses of monofluorinated aro-
matic and heterocyclic compounds. The synthesized monofluorinated materials have
found important practical applications. Further improvements in production proc-
esses remain challenging to satisfy the growing technological demands. Subsequent
research will seek to elaborate the existing procedures and to find new approaches
and solutions. To reveal the specific features of fluorinations due to the presence of
fluorine atoms and to gain new insights into the mechanisms of fluorination seems no
less important than to describe the behavior of organic substances during fluori-
nation.

IV. Electrochemical Fluorination of Organic Compounds in Anhydrous
Hydrogen Fluoride

The impressive advances in commercial production of perfluorinated organic
compounds are due to Simons’ ECF procedure developed in 1949 (86JFC(33)337,
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SCH,F
2e -H+
Et4NF 3HF
DME
63 %
= Et NF 3HF
N SMe 4DME SCH2F
31 %
Scheme 48

oA et o~y O
Et3N° 5HF/MeCN r W
10 F/ mole F F

n=2,6 F/mole 94 %
n =3, 6 F/mole 90 %
n=4,8F/mole 74 %

Scheme 49

50USP2519983, 50USP2500388, 86M337, 00M7, 86M4, 84M32). By this method a
wide range of organic substrates can be perfluorinated in a single step. For nearly 60
years ECF has been used as a versatile method for the production of perfluorinated
compounds bearing different functional groups. Results in this field are reported in a
great number of papers, patents and reviews (96M14, O00JFC(105)181,
02JFC(115)21, 01JFC(1 1 1)21, 97M34, 94M35, 04JFC(125)139).

This method was put into production at 3M plants, which had a monopoly on
manufacturing products by the ECF method. According to this technique, an or-
ganic substance dissolved in anhydrous hydrogen fluoride is electrolyzed on nickel
electrodes at temperatures below the boiling point of the electrolyte and at electrode
voltages ruling out the liberation of elemental fluorine (86CIT31, 90BE471,
96JFC(79)71). When the anode potential exceeds 3.5V, the organic substrate is
fluorinated, while potentials higher than 5.0V (cell potential 7.5-8 V) lead to de-
composition of the carbon chain and hence to many by-products (79JAE685). El-
emental fluorine starts to separate at electrode voltages above 7 or 8 V, which leads
to complete decomposition of the organic substrate accompanied by explosions in
the electrolyzer. Nevertheless, it is postulated that the process occurs by anodic
discharge of fluoride ion and secondary interactions with the organic substance. This
method has quickly gained acceptance as a procedure for the synthesis of functional
fluorocarbons, in particular, perfluorocarboxylic acids and their derivatives, per-
fluoroalkane sulfoacids, perfluorotrialkylamines, etc.
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MeO—< >—|
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EtsN- 3HF, MeCN A7 A

AF CAr anodic oxidation
87-96 %

Ar=p-CegHy (R=F, CI)

X X
R R1 X Baxon, %
-(CHp)s- cl 89
H 69
Me 79
MeO 78
-(CHy)- H 79
Ph Ph H 62
Scheme 50
Et3N- 3HF/CH,Cl,
R I —— 5 [R ict]”
Et4NC|
Pt-anode
_ F
F / ]
— [ R I\
C
Scheme 51

Major advantages of this process are as follows:

e a direct process using commercial hydrogen fluoride as a fluorinating agent;

® a one-step process leading to perfluorocarbon compounds from hydrocarbon
materials;

e synthesis of polyfluorinated compounds with functional groups;

e formation of perfluorinated heterocyclic compounds by cyclization of the inter-
mediate radicals;

e using relatively simple equipment applicable to both continuous and batch proc-
esses;
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-
e
>
Y
X

Cl X X
R X Anodic F/mole Yield, %
potential
V vs SSCE
MeO Cl 1.8 5.0 51
Me H 1.9 5.3 75
H Cl 2.0 6.1 59
Scheme 52

e synthesis of compounds unobtainable by other procedures or obtainable with
lower yields.

Equipment for ECF, including a bipolar electrolyzer, a gas trap, an apparatus for
condensation of hydrogen fluoride from electrolysis gases, and an electrolyte cooling
system, are described elsewhere (94USP5322597, 9SRUP2026889).

ECF is generally not a selective process. It is accompanied by

decomposition of the carbon skeleton of the starting compound;

cleavage of carbon—heteroatom bonds;

cyclization;

ring contraction in a number of heterocyclic compounds;

ring cleavage at the C—C bond;

isomerization of the starting skeleton, forming branched or linear structures.

As ECF of organic compounds occurs in anhydrous hydrogen fluoride, its out-
come depends strongly on the nature of the ions or ionic complexes of substrates
generated in solution.

When the process is conducted in anhydrous hydrogen fluoride, heterocyclic
compounds are protonated to give electron-conducting solutions. In this respect,
hydrogen fluoride proved to be a convenient medium for ECF. Since elemental
fluorine is not liberated in the course of fluorination, the process can take place
directly in a binary electric layer. Consequently, in order to take part in the process,
the preliminarily deprotonated organic molecule must be specifically adsorbed on the
anode.

A safe procedure and preservation of the functional groups of the substrate are
important advantages of ECF over other fluorination techniques.
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Low yields of the desired product, high-energy consumption, and difficulties in
creating a rational technology are major disadvantages of ECF. The ECF process
is accompanied by decomposition of the carbon skeleton of the substrate mole-
cule, although this side effect is less pronounced than in fluorinations with ele-
mental fluorine (53USP2631151, 86JFC(32)77, 90USP4929317, 88EUP271272,
87JFC(35)557). Therefore, optimum reaction conditions must be chosen for each
individual ECF process. For example, the need for product purification of follow-up
fluorination with CoF3 or elemental fluorine catalysts is a serious problem encoun-
tered by the synthesis of perfluorocarbons as artificial blood components, dictated by
the need to eliminate toxic impurities.

The diversity of radical processes accompanying ECF suggests there is little dis-
crepancy, if any, with interactions of organic compounds with fluorides of metals
with variable valences. However, this is not always so.

A. OxXYGEN-CONTAINING PERFLUORINATED HETEROCYCLIC COMPOUNDS

Artificial blood design occupies an important place in areas of medical research
dealing with cardiovascular diseases. Perfluorinated dialkyl ethers and cyclic ethers
are compounds that hold great promise for these applications. Therefore, syntheses
of oxygen-containing perfluorinated heterocyclic compounds of high purity are of
great interest. These compounds are expected to provide good solubility of oxygen
and to stabilize the emulsion.

Cyclic ethers such as tetrahydrofurans, 1,4-dioxane, and oxalanes subjected to
ECF in anhydrous HF are converted into perfluorinated derivatives (Tables 19 and
20) (85JES2424, 67Z0B1229, 74ZPK590) (Scheme 53).

However, ECF of these compounds gives tary products, as well as by-products
such as perfluoroacyl fluorides, perfluorodialkyloxyethane, etc. The undesirable
effects can be partially eliminated and satisfactory yields of perfluorinated deriva-
tives (Table 19) can be obtained by using oxolanes and oxanes for ECF
(74AGER2313862, 74Z0R2031, 80ZPK858). Furthermore, cyclic ethers are obtained
in better yields when alkyl carboxylic acids are employed as substrates. For example,
in the case of methyl 3-methoxypropionic ether, the yield of perfluorotetrahydrofu-
ran reaches 46% (91USP4983747) (Scheme 54).

Perfluorinated oxanes can be synthesized by ECF of oxanes. Perfluorinated ep-
oxides and oxetanes, however, are obtained with difficulty because of cationoid
polymerization of the initial three- and four-membered heterocycles in anhydrous
HF. Perfluorinated oxolanes are obtained with good yields from oxolanes (Table 20)
(94M30, 75ZPK2206).

ECF of 2,5-dimethyloxolane was carried out in an electrolyzer under the following
conditions: anode current density 3.5 A/dm?, voltage 5.2-5.4 V, temperature 56 °C,
amount of electricity 214— A/h (78JFC(12)359).

Even for primary alcohols, ECF forms cyclic ethers along with perfluoroacyl
fluorides as by-products (Table 19) (91JFC(51)53, 76BCS1888) (Scheme 55).

Trifluoroacetic acid anhydride is obtained in 36-45% yield (current efficiency
32-50%) from acetic anhydride (87JFC(35)557, 53USP2644823, 71M31). Carboxylic
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Table 19. Electrochemical fluorination of cyclic ethers (90JFC(49)409,
88CL1887) and alcohols (91JFC(51)53)

Substrate Fluorination product Yield (%)
{ ) (A
o) CF,CHFCF; o CFR,CF,CF3 50
o) o)
SO
0" SCR,CHFCF; 0" “CRCRCFR
FKBCHFCF3 GKBCBC% 45
o CF,CHFCF, o CRCRCR3
CF,CHFCF; CRCRCR
36
@CBCHFC& g CRCRCR
0
o o
( H;CFZCHFCF3 EFH;CFZCFZCE .
0" SCR.CHFCF; O “CRCFRCFRy
[CF3CHFCR,CH(CH3)],0 [CFsCRCR,CF(CF3)],0 8
0

CH2=CHCH,CH,OH

n-CsH1,0OH

n-CngsoH

(CH3)3CCH,CH,0H

[F) aa,

O
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Table 20. Electrochemical fluorination of oxalanes (91USP5049670, 74JFC(4)387)
and 2-alkyl derivatives (80JFC(15)353)

Substrate Fluorinated Product (Yield, %)

E
Q\RF RF=F (42), n-C4F9 (41), C-CGF]_]_ (54)
O

CF,0CnF2n+1

{
Q\CHZOCnHzml
n=2(42), 3 (39), 4 (42), 5 (19), 6 (9), 7 (3)
(O L) 10
o CH,N(CoHs), CFzN(Cst)z

CR
Ej\ 09 F o+ @/ @
(6] CH; O (0]
3 (10)
ﬂ oW,

O

Ej\ e L@
C,Hs CsF7 CR 6) CsF7

C4F0CsF;  (5)

Ej\ Ej\ e L o
ST e CFo CFT o7 TGy

C4FOCsFy (2)

Cy4Hg (:4|:9 C5F11 CR3 o} C4Fo

C4FoOCsFy; (4)

acid chlorides (e.g., caproic, enantyl, capryl, and capric acid chlorides) also form
perfluoroacyl chlorides with low yields (11-15%), while the major products of these
reactions are perfluorinated cyclic ethers (24-35%) (87JPP62-22756) (Scheme 56). In
the ECF dicarboxylic acids, both six- and five-membered heterocycles may be
formed (86JPP61-260047).
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Carboxylic esters subjected to ECF in anhydrous hydrogen fluoride are generally
saponified to give the corresponding acyl fluorides as primary products, which un-
dergo further fluorination. However, again perfluorinated heterocyclic compounds
are formed (55USP2717871). Detailed study of this process indicated that substrates
containing cycloalkyl groups as substituents give satisfactory yields of bicyclic esters
and perfluorospiroesters (Table 21) (71M31, 65BRP1007288). Cyclic esters of this
kind have two five-membered rings or one five- and one six-membered rings. The
product yield is moderate. The reaction also gives small amounts of perfluorinated
esters formed from acids and their transformation products (perfluoroparaffins and
perfluorinated acyclic derivatives) (69USP3471484, 67DRP1077301).

A new cyclization process, involving the multiple bond and leading to heterocyclic
derivatives, was found during the ECF of methyl 2-cyclohexylacetic ether and some
other derivatives of carboxylic acids (58JA1889, 00USP6110976, 84JFC(25)419,
80JPP80-18539) (Tables 21-23). This is a general process for carbonyl compounds
with multiple bonds in the f position, which is currently successfully used for the
synthesis of perfluorobicyclic and perfluoromonospiro ethers (Scheme 57).

Perfluoro(alkoxycycloalkane)carbonyl fluorides where R is perfluoroalkyl C—Cy
(n = 2-5), are synthesized by ECF of the corresponding acyl chlorides (e.g., 3,4,5-
(MeO);C¢H,COCI) in the presence of 10% dimethyl disulfide in boiling anhydrous
hydrogen fluoride at a pressure of 2000 Torr and a temperature of 50 °C (nickel
anode). The product was 3,4,5-(CF30);C4FsCOF (yield 30%) (96JPC99). These
compounds are surfactants, also used as film-forming foams (Scheme 58).

If the carboxylic acid has an N,N-dialkylamino substituent, the direction of the
fluorination does not change, and the reaction forms both perfluoroacyl fluorides
and heterocyclic compounds (870C133, 88JPP63-208572, 88CE191, 90JFC(50)173,
75ZPK709).

In the case of dibasic thio alcohols and monoethanolamines, ECF leads not only
to a heterocyclic compound with hexavalent sulfur (77BCJ2809, 83SERDU204,
86NKGSH202), but also to a linear perfluoroinated compound RgSF;
(86NKGSH202) (Scheme 59).

B. NITROGEN-CONTAINING HETEROCYCLIC COMPOUNDS

Many perfluorocylic amines are excellent blood substitutes that can serve as ox-
ygen carriers for transfusion solutions and as media for conservation of organs.
These compounds have naturally generated interest among researchers. Cyclic
amines are highly soluble in hydrogen fluoride and give conducting solutions. When
compounds of this type (e.g., RR'NR, where NRR! is an unsubstituted or per-
fluoroalkyl-substituted five-, six-, or seven-membered heterocyclic radicals such as
pyrrolidyl, cyclohexyl, cyclopentyl, or piperidyl) are subjected to ECF, perfluori-
nated nitrogen-containing heterocycles with an intact carbon skeleton are formed
with high yields (Tables 24 and 25) (92JFC(58)187). However, ring cleavage takes
place, leading to compounds in which the ring acquires or loses one carbon atom.
The six-membered ring is thermodynamically most stable among the ring types
(Scheme 60).
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ECF of morpholines and piperidines yields the corresponding perfluorinated
compounds. However, isomerization and fragmentation of the intermediate radical
species can slightly decrease the efficiency of this process.

The nitrogen-containing functional group, present in the linear part of the alkane
sulfoacid, does not markedly affect the ECF process (86JFC(32)89, 88M33,
69USP3476753, 92JFC(58)269) (Scheme 61).

Perfluorinated ethers containing a perfluorocycloalkyl fragment
R(CF>),,C(CF3),0(CF,),R"' (R and R' are perfluoroalkyls) (91GEP294514,
74JFC(4)383, 86USP4605786) or a dialkylamine fragment R'R*N(AO),ANR’R*
gave a mixture of products among which were perfluorinated derivatives and par-
tially fluorinated compounds R’(CHa,),,C(CF;),OC(CH,),R”or RLRFN(AO)-

Table 21. Electrochemical fluorination of carboxylic acid derivatives (78JFC(12)1,
83JFC(23)123)

Compound Reaction product (yield, %)

C

3
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c
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n-CsHy 1 cocl 5 14% (10)
H @R 70 o 0 COF
2Fs
2’8 (10 F (5) n-CsF; %F (10)
n.CSH74€COCI CFs o o
H COF

(@)
w

CsF
H7 /[__f . CF3 C3F7
oo el e LT een o

COF

CF,COF (3) E>7 CR,.CF,COF (2)

I

—
>

CH,CcOcCl

CH,COOCH;

s
s

G

(10)

084

¥
T

CF,CF,COOF (1) CF,COF (2)




282 G.G. FURIN [Sec. IV.B

Table 21. Continued

Compound Reaction product (yield, %)
Q—CHZCOOCHg @_F) 1) @—> @ CF,COF (5)
®7COF (13)

COOCH3

5o

F\ o) @—QCOF ®)

O
CoFs
CoFs
(15) @—écw (13)

(12) %\ @)
(¢} CF3

CFR,COF (3)

C2H5

v

m

5 &

I:>7CH ,COOCH;

5

E>—(:H20HZCOO(:H3

12
(12) ock, @

E:>7050F200F
<:>7CH2CH2COOCH3 a7 @—CFZCFZCOFQ)

JAENR? (RE (current density 0.2-3 A/dmz, temperature 3—10 °C, substrate concen-
tration 0.1-0.3 mol, voltage 57V, anhydrous HF) (Scheme 62).

If the molecule has two nitrogen atoms in the heterocycle, ECF affords perfluor-
inated derivatives of these heterocycles retaining the carbon skeleton of the molecule,
but the yields are low (Tables 24-26).

Bicyclic amines give both perfluorinated derivatives with a preserved carbon
skeleton and products of ring cleavage (one of the rings is opened, while the six-
membered nitrogen-containing ring becomes five-membered). The five-membered
ring is the main ring in these reactions; smaller rings were not obtained. The piperi-
dine ring can be expanded into the seven-membered ring. For example, 1,2
-dimorpholinoethane gives perfluoro-1,2-dimorpholinoethane (yield 30%); 1,2-di-
piperidinoethane affords perfluoro-1,2-dipiperidinoethane (yield 34%) and perflu-
oro-1-piperidino-1,2-(3-methylpyrrolidyl)ethane (yield 6%).

%8%
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Piperazine-N,N'-di-a-propionic acid is converted into perfluorinated piperazine-
N,N'-di-a-propionic acid fluoride (86JCS(JC)1249), and 1-ethyl-4-methoxycarbonyl-
methyl-1,4-diazepine gives perfluoro-1-ethyl-4-fluoro-carbonylmethyl-1,4-diazetine
(03JAP(K)2003277367) (Scheme 63).

Analysis of the data in Table 26 indicates that the effect of the substituent at the
nitrogen atom on the yield of the perfluorinated substance increases in the series

Table 22. Results of electrochemical fluorination of methyl carboxylic ethers
containing cycloamino substituents (83JFC(23)123)

Substrate Composition and yield (%) of fluorination products

CN—CHZCOOCH3 E>N—C|:3 (21), @N—CBCOF (11),C4F10 (19)

O  N—CH,COOCH; O F N—CR(14), 0 F N—CRCOF (2)
2 3 , )

(C2Fs5)20 (8)

{ N— CH,COOCH; { F N—CF;(10), { F N—CF,COF (3),

CsF12 (12)
CN—CH(CHg)COOCH3 E:N— CoFs (17), E=>N—CI=(CI=3)COOCF3 @.

E)N— CF(CF3)COF (20), C4F10 (7)

/ N\ / N\
Q  N—CH(CH3)COOCH3 O F N—C,F5(24), O F N—CF(CF3)COF (14),

) G

O F N—CF(CR)COOCKH; (1), (C3Fs5)20 (8)

¢ N—CH(CH3)COOCH3 { F N—CF(CR)COF (14),{ F N—CF(CF3)COOCF; (1),
@N— CF; (6). @N_Cz% (3),
C CF3

F3
F N— CF(CF3)COOCF; (2),

Ch
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Table 22. Continued

Substrate Composition and yield (%) of fluorination products

GN—CH(CH3)COOCH3 @N—CZFS (12), @N—CF(CFs)COF (21),
{ F N—CFs5(9), { F N—CF(CF;)COF (12),
ChR CFs

CeF14 (6)

GN—CHZCHZCOOCHg @N——-CFZCFzCOF 8), {( F N—CRCRCOF (13),

: CFs
F N—C,Fs5 (13), F N—C,Fs (12), CgF14 (6)

Chs

CHz—N N—CH(CH3)COOCH; CRs—N F  N—CF(CF3)COF(3), (C,Fs),NCF3 (2),
_/ __/

CFs—N F N—CF(CF3)COOCF;(0.1), C,FsCOF (1),

) )

CR—N F N—CoFs(3), (C2Fs)sN (5)

piperidine > morpholine > pyrrolidine > Et,N>Me,N (Table 26) (88JFC(38)303,
00JAP(K)86643). The synthesized perfluorinated compounds possess improved di-
electric properties and high thermal stability. They are useful as solvents, indicator
liquids (for the production of integrated circuits), heat carriers, and artificial blood
components. These compounds possess high chemical inertness and physiological
compatibility. They can form stable emulsions and absorb large amounts of oxygen.
Due to these properties they are used for the production of oxygen carriers in
biology and medicine and for some technical purposes such as air enrichment with
oxygen in blast-furnace production. Therefore, interest in such compounds has been
steadily increasing, which is demonstrated by the increased number of publications
in this field. These compounds also have excellent electrophysical characteristics
exceeding those of mineral oils. They are used as impregnating liquids for textile,
paper, and leather to make these materials incombustible and enhance their con-
sumer utility. The synthesis of N-substituted perfluoropyridines (yield 31-53%) by
ECF was reported in (65Z0B485, 75ZPK706) (current density 0.05-7 A/dm?, volt-
age 4.5-9V, temperature from —20 to 40°C, substrate concentration in HF
0.5-40%, nickel electrodes) (Scheme 64).
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Table 23. Results of electrochemical fluorination of methyl carboxylic ethers
in anhydrous HF (current density 3.0 A/dm2, voltage 5.9-6.1 V, temperature
7-8 °C, 200-220 A/h) (98JFC(87)193)

CH 3

CH3>_/ Yield

R crude products,%

J

Products of reaction (yield, %)

CH,C00CH, 423 CoFsOC,Fs (3.9), CoFsOCF, (3.3), C3F0CsF (11.8),

Y

N—CF,COF + OKF\\N—CFZCOF (47.4),

O
n

h

Chs

(@]
)

O
n

N—CF; (2.3),

CFs

T

CH,CH,COOCH3  56.9

O
N

N—CRCRCOF (29.3), O F N—C,F5(20.7),

R

CF3

Y

O
T

N—CFR; (6.9), CoFs0CsF (1.3), C3FOCsF (2.8)

RN

N—CR,CFCOF (34.4), O F N—C4F;(6.5),

cr3>_/

N—CF; (2.9), CaFsOC3F7 (3.3), CaF,OC3F (6.6)

OO0
g

T X

OOCH;3

C
CHZAQCHg 47.1
H

O 0O
oo &4 o
ﬂjjﬂ

00
'

T X

Chy

CH3
%CHZCOOCH337.1

R
—EFCFZCOF(ZZ.S), O F N—CyF(6.4),

o}
m

N

@]
o]

Y

Chy
Chs

O
N

N—CF; (0.1), C3F70C3F7 (0.8) O F N—C3F;(6.4),

R

Chy
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-e
CoHsCHoCO0CHs ——> % + %\ . @—(CFZ)MCOF
o o~ OCF,
coocH3
He :z f : 7\_ ) ~OCF,

9 -
R = H, CHa, CHs, n-C3Hy 17-23 % 6-10 %
Scheme 57
ol 1 ~OCF,
OCF;
Scheme 58

HO(CHchz)nXH —> [ j

X =0, S, NH, NCH3, NHC,Hs
Y = CF, O, SF4, NF, NCF3, NCyFs

Scheme 59

Perfluorinated alkylmorpholine, piperidine, piperazine, and N-butylhexamethyl-
eneimine were obtained in yields from 37% to 58% (00JAP(K)86643).

ECF of N-cycloalkylpyrrolidines and -piperidines gives a mixture of products
(current density 5.4-6.2A/dm? voltage 7-12V, concentration 0.5-40%, time
0.2-2.1h) in 79-87% yields (89JFC(43)67). The reactions take place with ring
cleavage at the tertiary carbon atom. The six-membered carbo- and heterocycles are
ring-contracted. These compounds are characterized by high chemical inertness and
physiological compatibility; they form stable water emulsions and dissolve various
gases and may be used as oxygen carriers.

ECF of N-morpholinines and N-piperidines forms perfluorinated compounds
where the carbon skeleton remains intact, or cleavage of the heterocyclic ring takes
place as a result of fragmentation in the course of electrolysis. For the synthesis of
these perfluorinated compounds by ECF, appropriate bicyclic heterocycles with a
tertiary nitrogen atom are the most promising substrates (Table 27) (69ZOB2716,
91JFC(51)53, 73BSJ2524, 83JFC(23)371, 77JFC(9)279). Analysis of Table 27
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Table 24. Electrochemical fluorination of amino ethers (82JFC(19)427)

Amino ether Composition and yield (%) of fluorination products

0 N— CH,CH,0OC¢Fs OCRCFR,—N F O (76),

)

OCF3 (3.5), OC,Fs(3.5)

QO
7

O N—CHCH0CeHs ¢ ¢ N—CFZCFZO@ i
{  N—CH,CH,0OCsFs (F N—cacao—@ (78),

CFs
OCRCF,—N_"F| (15),

@)

OCR; (1), OC,Fs (1)

Y
7

O
n

o] N— CH,CH,OC3Hs N— CF,CF,0C,F5 (35)

C

indicates that the ratio of products with an intact carbon skeleton to those with an
opened heterocyclic ring is 1:1 (yield 55%).

ECF of N-methyl- and N-ethylcarbazole (current density 2.5-9.2 mA/dm?, voltage
5.0-6.2V, temperature from —2 to 5°C, substrate concentration in anhydrous HF
5%) afforded perfluorinated derivatives with 10% and 17% yields, respectively
(89DDRP2943133, 89JFC(45)93). The process occurs with cleavage of the benzene
rings to form perfluorinated derivatives of tetrahydropyrrole (Scheme 65).

Many studies were devoted to ECF of cyclic amines, in particular, N-alkylpip-
eridines and N-alkylmorpholines (91JFC(54)216, 92JFC(59)351, 831ZV2561,
66Z0B1613, 66Z0B1619, 82JFC(19)427, 65JCS2720). ECF of cyclic amines are ac-
companied by ring expansion or contraction (83JFC(23)371, 65JCS2720,
85JFC(22)417) (Scheme 66).

The carbon atom in the carbon chain may be preserved, or it may be replaced by
fluorine. Also, products with rings extended or contracted by one carbon atom are
formed in 7.6-14.8% yields. This behavior is common to all N-alkyl-substituted
cyclic amines (85JFC(22)417) (Scheme 67).

The fluorination possibly follows Scheme 68.

Ring cleavage and contraction also take place with heterocycles having two ni-
trogen atoms in the ring. Thus ECF of N-methylpiperazine gives perfluoro-1,
3-dimethyl-1,3-diazolidine and ring contraction products, as well as perfluorinated
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Table 25. Electrochemical fluorination of dialkyl ethers containing a di-
alkylamino group (80JFC(15)353)

Substrate Yield of perfluorinated
analog, %
e} N—(CH2)40(CH2)4—N 0 23
/ -/

(Csz)zNCHZCHz\O/N(CzH 5)2 18
Csz—NC>7 040 — C,H5s 5
(0] N—(CH,)20(CH2),—N o] 44
< N—(CH,),0O(CH),—N > 45
CN_ (CHZ)ZO(CHZ)Z_NO 40
€ N—(CHy),0(CH,)2N(CHa); 6

Q N—(CH,)20(CH2)2N(C2H5s)2 39
__/
Q N—(CH_)20(CH2)2N(C3H7) 42
__/
O N—(CH,),0CH,CH(CHs—N O 35
__/ __/
O  N—CH,CH(CHs)OCH,CHoN(CsHy), 38
__/

N— CH,CH,OCH(CH3)CH,N(C 3H7), 19

D00

N—(CHy)20(CH3)20(CH2)>—N O 15
—(CHy); 5)2 2)—
\_/

< N— (CH2)20(CH2)2—N > 10
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-e
N_C4Hg —_—> F N— CyFo
C HF

Scheme 60
-e
( N—CH,CH,CH,SOCl ?< F N—CF,CF,CF,SO,F
R R
-e
N—SO,X —> N— SO,F
R? HF R%F

R',R? = Me, Et, -C,H,0C,H,4
X=Cl, F

Scheme 61

-e
{ N— CH,CH,OCH,CH,OCH,CHy—
HF

{ F N—CF,CF,0CF,CF,0CF,CF,—N F )

/ \ / \ -e
O N_CH2CH20CH2CH2_N o —
/ / HF

/ N\ /N
O F N—CF,CF0CF,CF,—N F O
Scheme 62

trialkylamines (85JFC(22)417, 86JCSJIC1249, 87JAP(K)62-22756, 86NKK1249)
(Scheme 69).

It was shown (88DDRP254219) that perfluorinated compounds can be obtained
by ECF of 1,4-dimethyl-1,4-homo-piperazine, methyl-4-ethylhomopiperazin-1-yl
acetate, and 1,4-bis-(methoxycarbonylmethyl)-1,4-homopiperazine. However, the
yields of perfluorinated products are very low.

Perfluorinated cycloaliphatic amino ethers are stable compounds. They were pre-
pared by ECF of their hydrocarbon analogs using anhydrous HF at temperatures
from —10 to 40 °C (86JCSJC1249, 87JAP(K)62-22756, 86NKK 1249) (Scheme 70).

Bicyclic nitrogen-containing heterocyclic compounds were also fluorinated
by ECF. ECF of N-methyl-decahydroquinoline forms a mixture of cis- and
trans-isomeric perfluorinated derivatives. Ring contraction and formation of per-
fluorocyclohexanes are side processes. Trans-quinolizidine gives perfluoro-trans-
quinolizidine (yield 16-23%) and a large amount of other compounds with unknown
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Me CF4

H\~/COX F\‘/ COF
N _ N
) = )
HF
N N
H/\\COX p/\\COF
Me CF3
X = R,N, AO
Et CF2CF3

Scheme 63

structures  (87JAP(K)62-22756, 88JFC(38)303, 84JFC(26)485). Trans,trans-4-
methylquinolizidine and its stereoisomers (trams,cis:cis,trans and cis,cis) lead to
mixtures of trans- and cis-4-(trifluoromethyl)-perfluoroquinolizidine, 1-azabicyclo-
[5,4,0]perfluoroundecane, and many unidentified compounds (conditions of elec-
trolysis: voltage 5.2-6.0 V, temperature 7-19 °C, electrolysis time 58—87 h, amount of
electricity passed 947-1091 A/h) (Scheme 71).

Alkyloctahydroquinolizidines behave in a similar way (87JPP62-54093,
83BEP895757, 87JPP62-54093, 84EP121614) (Scheme 72). Their perfluorinated de-
rivatives are oxygen carriers; they also give stable emulsions and possess interesting
pharmacodynamic properties.

When subjected to ECF, heterocyclic bicyclic compounds with rings of varying
composition lead to perfluorinated cyclic compounds, which are useful as compo-
nents of blood substitutes and as liquids for conservation of organs (85USP4526969,
81/82JAP(K)59204192, 85USP4534978) (Scheme 73).

However, the yield of the target materials is rather low, and the individual samples
are not readily purified (83/84EUPI121614, 84JPP59-27889, 84JPP57-115966,
84JPP57-137664, 84JPP57-137665, 59GEP1052369, 66DLRFBP66-65, 71ZAACI156,
81DK511, 70DK376, 59MC371, 69ZAAC62, 85USP453085, 901ZV1685). For
example, ECF of 1-azatricyclo[6.2.1.0.2-7Jundecane in anhydrous HF in a helium
flow on a nickel anode gives only 9% of the perfluorinated derivative, while
perfluoro-2-azatricyclo[5.3.1.0>jundecane  was obtained from 2-azatricyclo
[5.3.1.0*“Jundecane in 7% yield (83/84EUP121614) (Scheme 74).

If the substrate has fluorine atoms, then higher yields of perfluorinated products
are obtained. Thus for partially fluorinated pyrrolizidines synthesized by the
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Table 26. Electrochemical fluorination of bicyclic amines (69ZOB2716,
91JFC(51)53)

Substrate Composition and content (%)
of fluorinated products

/N /~\ /\ /N
O N—@EHon—N O O FN—N F O (04),
n=1 /~ \ /~\
O F N—Cr—N F O (0.1),
O F N—CF,CF(CF3)OCF;3 (0.5),
\__/
(@] N
F N—c .
Fz\‘ (0.4)
O F N—CR
\__/
/\ /7 \
2 O F N—CR:2—N F O (280
3 O F N—CR)z3—N F O (25.0
4 O F N—CR)sa—N F O (30.0)
5 O F N—CR)s —N F O (26.0)
6 O F N—CR)s —N F O (20.0)
( N—CHn—N ) FN-NF) 0D {F N—cFs (3,

n=1
—CR—N F (0.1),

—Ch— N@* CR (0.1)
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Substrate Composition and content (%)
of fluorinated products
2 { F N—CFR)2—N F ) (25.0),
{F N—(CB)z—Na\ L.0)
CRs
3 ( F N—(CR)s—N F ) (25.0),
{ F N—(CF2)3—N®\(15.0)’
ChR
EN—(C%—N@\ 2.0)
CR CF3
4 { F N—(CR)s—N F ) (20.0),
( F N—(CF2)4—N<E|\ (2.0)
ChRs
5 ( F N—CR)s—N F ) (240
( F N—(CFz)s—Na\ (14.0)
ChRs
/EN—(CFz)s—Na\ (4.0)
CR CRs
6 /E;N—(CFZ)G—N@\ 20)
CRs CR;
—(CFz)s—Na\ (6.0)
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CR3
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Table 26. Continued

Substrate Composition and content (%)
of fluorinated products

CHg CH3 CF3

2 N—(CH2);—N ; ; F N—(CR)s—N (19.0),
; F N—(CFR):;— N F (0.5),

CE
F N—(CFz)s—N F (59.0)
CH34<3N—(CH2)3—NC>70H3 C%—N@*(Cﬁ)a —N€>7CF3 (10.1)

N—(CFR)3 —N F @.3)

/@N — (CR)s— ca 2.9)

CoF8

CFRs —(CFz)3—NQ (7.3)
C F N—(CF2)3—N® (6.2)

CN—Alk —& > [ FN—AK
HF

¢ N—Ak —%—> { F N—Ake
HF

Alk = Me,CH, MesC, Me,CHCH,, EtCHMe
Alkg = (CF3),CF, (CF3)sC, (CF3),CFCF,, CFsCR,CF(CFs)

S

Scheme 64

interaction between the hexafluoropropylene trimer and dimethylamine or cyclic
amines (pyridine, morpholine, pyrrolizine) in the presence of triethylamine, per-
fluorinated bicyclic compounds are formed with very high yields (Table 28)
(901ZV1685, 91JFC(52)305). This approach is illustrated in Scheme 75.
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Table 27. Electrochemical fluorination of bicyclic amines (69Z0B2716,
91JFC(51)53)

Substrate Yield Composition and content (%)
(crude product), % of fluorinated products

CN@ 76(55) @N‘@ (52-5),E>N—(CF2)4CF3(46_4)

QO 76(53) @N—(c F2)4CF3(6.9), @N— (CR)sCF3(9.6)
@@ (56-5). @N_CB (L.5),
EN@\ (24.7)
CN@ 78(51) @N@ (45.3)@N—(0F2)4CF3 19.1),
@N\@ 21.3), @N—(CFZ)4CF3 6.0)
CN@ 76(52) @N@ 40.4), { F N—(CR)CF; (15.7),
@N— (CF,)4CF3 (15.7), @N@ (10.9)
@ —CF2_<E| (4.5),<E>—N®\ (15.0)

‘C‘@C@@C@

E

]CF;; CFg(CFz);; 2F5

CzFs

P

—

Re F

mw x—Z2 T

C2F5

(CR)3CF3
CyFs N ; :

Scheme 65
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The process is characterized by the following:

e no tar formation is observed at substrate concentrations up to 15-17% in an-
hydrous HF;

@ no tar is formed at current densities up to 2.8 A/dm? and voltages of 6-7 V;

e the yields of perfluorinated heterocycles are very high for ECF processes.
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Table 28. Electrochemical fluorination of nitrogen-containing bicyclic
compounds (current density 2.8 A/dm2, temperature 20 °C, voltage 4-7V,
concentration 15-17% in HF) (91JFC(52)305)

Heterocycle Perfluorinated Yield, %
Compound

CF(CF3)2 CF(CF3)2
/?j< F3/N "

F(CR)2 F(CFs)z

X X=CF, 58

n

A new method for the production of perfluoroperhydro-7,10-diaza-phenanthrene
by ECF of the appropriate salt is presented in (961ZV783) (Scheme 76).

Perfluoro-1,3-oxazolidines were prepared by ECF of N-substituted caprolactam
(90DDRP282715) (Scheme 77).
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ECF of azabicycloalkanes in anhydrous HF forms perfluorinated derivatives,
which are also potential components of blood substitutes. Thus perfluoro-N-me-
thylazatricyclodecane was obtained in 8.6% yield (69ZAAC62) (Scheme 78).

Perfluorinated cyclic amines are formed from 2-azatricyclo-[4.2.2.1*Jundecane
(current density 0.4-2A/dm? 7-12°C) with yields of 8% (90DDRP282715,
91JFC(54)221) and 9% (84JPP84-01484), respectively. 4-Azatricyclo[5.2.1.0%]de-
cane was converted by ECF into perfluoromethylazacyclodecane in 8.6% yield
(87USP4654337, 84JPP59-27889). In general, 24 perfluorinated amines of this class
were synthesized by ECF of 24 homologs of 2-azatricyclo[5.3.1.0>*Jundecane and 44
perfluorinated amine homologs of l-azatricyclo[6.3.0.0%°]-undecane. However, the
yields of the target perfluorinated derivatives were low, and their practical appli-
cations are yet unknown.
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Japanese chemists reported on syntheses of perfluorinated cyclic amines by ECF
of the hydrocarbon analogs. They synthesized perfluoro-N-alkylperhydroindole,
perfluorooctahydroindole, perfluoro- N-methyleneperfluoroquinoline, and perfluoro-
N-cycloalkyl-pyrrolidine (83JPP83-144370, 82M33).

ECF of morpholines and piperidines affords the corresponding perfluorinated
compounds. However, the intermediate radical species undergo isomerization and
fragmentation, which slightly decreases the efficiency of fluorination (94M30,
747Z0R1215). Nevertheless, these compounds are useful as liquid dielectrics and
impregnating liquids for fabric, paper, and leather, their electrophysical character-
istics being even better than those of mineral oils.

Perfluoro[1-ethyl-4-fluorocarbonylmethyl-1,4-diazepine] was synthesized by ECF
of 1-ethyl-4-(methoxycarbonylmethyl)hydro-1,4-diazepine in anhydrous hydrogen
fluoride in good yield (03JAP(K)2003277367).

Thus ECF is an important method for the synthesis of perfluorinated organic
compounds, whose potential has been steadily increasing. This led to considerable
success in the synthesis of nitrogen- and oxygen-containing heterocyclic compounds.
The synthesized materials have found wide use as hydraulic liquids, actuating fluids
for turbines, heat carriers, and cooling components. In view of their important
practical applications, elaborating production technologies has become a crucial
problem stimulated by the technological demands. Further research will seek to
elaborate various aspects of the electrochemical process and to innovative solutions
and approaches. It seems important not only to define the behavior of organic
substances during ECF in general, but also to try to reveal the specific features of the
process and to define the behavior of perfluorinated compounds due to the presence
of fluorine atoms. Another challenge is searching for new substrates, which would
give high yields of target products and facilitate the ECF process. Here the task is to
pass to partially fluorinated derivatives obtainable from basic perfluorinated com-
pounds such as perfluoroolefins, polyfluorinated telomer alcohols, and polyfluoro-
aromatic compounds. These substrates are much more stable under the conditions of
the ECF process and give much higher yields, facilitating the isolation of target
products. Of great importance are studies aimed at changing the design or material
or other characteristics of electrodes. The experimental conditions also need further
perfection.

Conclusions

The material presented in this chapter indicates that the synthesis of fluorinated
heterocyclic compounds has attracted considerable attention from the viewpoint
of new methods and approaches; the specific features of perfluorinated organic
compounds are extensively used to create new fluorinated materials with wide ap-
plications. Recent growth of fluoroorganic chemistry has led to the discovery of new
fluorine-containing heterocyclic compounds with unique structures; many of these
compounds exhibited specific biological activity and proved to be effective drugs and
pesticides. It is hoped that more original methods for the synthesis of heterocyclic
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structures will be developed, which will certainly enrich synthetic organic chemistry
with new methodologies to synthesize the required structures and models.

Realization of the above ideas and one-electron transfer processes is of interest not
only for fluoroorganic chemists, but also for specialists engaged in organic synthesis
and technological design. Perfluorinated heterocyclic compounds are convenient and
sometimes unique models for the design of new effective reagents and for solving
some fundamental problems of theoretical organic chemistry. Therefore, they are
expected to be of increasingly greater importance, although few compounds are
currently known to be useful on an industrial scale.

Recent progress in studies of the potential of fluorinated heterocycles, therefore, is
merely the starting point for the development of this extremely rich field of fluoro-
organic chemistry. In view of the unique properties of fluorinated compounds, which
cannot be achieved by incorporating other elements, fluorine applications in this
direction are expected to be growing with attendant decrease in production costs.
Thus effective methods for the transformation of organic compounds into valuable
fluorine-containing products will lead to progress in organic syntheses in general.

It was not our aim to give a complete review of data available on fluorinated
heterocyclic chemistry; however, the section highlights major directions in studies of
fluorinated heterocyclic compounds and methods for direct representation of per-
fluorinated organic fragments. It is hoped that the review will prove useful not only
for specialists in fluoroorganic chemistry, but also for other chemists engaged in
synthetic organic chemistry in general.
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of barbituric acid, recent progress in, 38, 229
of benzo[h]furan, Part I, occurrence and
synthesis, 18, 337
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of benzo[b]thiophenes, 11, 177; 29,
171

of chrom-3-enes, 18, 159

of C-nucleosides of hetero monocyclic bases
and their analogs, 68, 225

of C-nucleosides of condensed heterocyclic
bases and their analogs, 70, 163

of diazabicycloundecene (DBU) and other
pyrimidoazepines, 42, 83

of diazepines, 8, 21

of dibenzothiophenes, 16, 181

of dihydroazines, 38, 1

of 1,2-dioxetanes, 21, 437

of dithiiranes, 1,2-dithietanes, and 1,2-dithietes,
77, 221

of 2(5H)-furanones, 81, 107

of furans, 7, 377

of hydantoins, 38, 177

of isatin, 18, 1

of isoindoles, 29, 341

of isoxazolidines, 21, 207

of lactim ethers, 12, 185

of mononuclear isothiazoles, 14, 1

of N-(1-haloalkyl)heteroarylium salts, 77, 183

of nitronaphthyridines, 77, 285

of 4-oxy-and 4-keto-1,2,3,4-tetra-
hydroisoquinolines, 15, 99

of phenanthridines, 13, 315

of phenothiazines, 9, 321

of polycyclic isothiazoles, 38, 1

of pyrazoles condensed to heteroaromatic five-
and six-membered rings, 48, 223

of pyrazolopyridines, 36, 343

of pyrazolopyrimidines, 41, 319

of pyrido-oxazines, pyrido-thiazines, pyrido-
diazines and their benzologs, 84, 221; 85,
175

of pyrido[1,2-b][1,2]oxazines, 69, 89

of pyrido[1,2-¢c][1,3]oxazines, 70, 1

of pyrido[l,2-b]pyridazines, 69, 89

of pyrido[1,2-a]pyrimidines, 33, 241

of pyrido[l,2-c]pyrimidines, 70, 1

of pyrido[1,2-h][1,2]thiazines, 69, 89

of pyrido[1,2-¢|[1,3]thiazines, 70, 1

of 1-pyrindines, 15, 197

of pyrrolizines, 37, 1

of tetrazoles, 21, 323

of 1,3,4-thiadiazoles, 9,165

of thienothiophenes, 19, 123; 90, 125

of thiophenes, 1, 1

of thiophenium salts and thiophenium ylids,
45, 151

of triazolopyridines, 34, 79; 83, 1.

of 1,2,4-triazolopyrimidines I1I:
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1,2,4-triazolo [1,5-c] pyrimidines, 77, 345
of unsaturated nitrogen heterocyclic
compounds containing carbonyl groups,
58, 171
Chichibabin reaction, advances in, 44, 1
Chiral induction using heterocycles, 45, 1
Chrom-3-ene chemistry, advances in,
18, 159
Claisen rearrangements
in heteroaromatic systems, 42, 203
in nitrogen heterocyclic systems, 8, 143
Complex metal hydrides, reduction of nitrogen
heterocycles with, 6, 45; 39, 1
Concept of aromaticity in heterocyclic chemistry,
56, 303
Condensed heterocyclo[n,m-a, b, or
c]quinazolines, 52, 1
Condensed 4-thiazolidinones, 49, 1
Condensed thiophene systems, tetra- and
pentacyclic, 32, 127
Condensed 1,2,4-triazines: 1. Fused to
heterocycles with three-, four-, and five-
membered rings, 59, 39
Condensed 1,2,4-triazolo[3,4-z] heterocycles,
synthesis, 49, 277
Conformational equilibria in nitrogen-containing
saturated six-membered rings, 36, 1
Conformational analysis of saturated heterocyclic
six-membered rings, 86, 41
Conformations of acyl groups in heterocyclic
compounds, 41, 75
Coordinated ligands, reactions of, 58, 123
Covalent hydration
in heteroaromatic compounds, 4, 1, 43
in nitrogen heterocycles, 20, 117
Current views on some physicochemical aspects
of purines, 24, 215
Cyclazines and related N-bridged annulenes, 22,
321
Cyclic enamines and imines, 6, 147
Cyclic hydroxamic acids, 10, 199
Cyclic peroxides, 8, 165
Cyclizations
and ring transformations on reaction of azines
with bifunctional nucleophiles, 43, 301
of nitrogen radicals in pyrrolidine synthesis, 58,
1
under Vilsmeier conditions, 31, 207
Cycloaddition
reactions cationic polar, 16, 289 (19, xi)
of nitrile oxides with alkenes, 60, 261
(2+2)-Cycloaddition and (2+2)-
cycloreversion reactions of heterocyclic
compounds, 21, 253
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D

Dehydroacetic acid, triacetic acid lactone, and
related pyrones, 53, 1

Developments in the chemistry of furans
(1952-1963), 7, 377

of Reissert compounds (1968—1978), 24, 187
of thiopyrans, selenopyrans, and telluropyrans,
59, 179

Dewar heterocycles and related compounds, 31,
169

Diacetylene and its derivatives in
heterocyclization reactions, 82, 157

2,4-Dialkoxypyrimidines, Hilbert-Johnson
reaction of, 8, 115

Diazabicycloundecene (DBU) and other
pyrimidoazepines, chemistry of, 42, 83

Diazaquinones, 61, 59

Diazepines, chemistry of, 8, 21

1.4-Diazepines, 2,3-dihydro-, 17, 1; 56, 1

Diazines, functionalization by directed
metalation, 52, 187

Diazirines, diaziridines, 2, 83; 24, 63

Diazoazoles, 48, 65

1,2-Diazocines, 1,3-diazocines, triazocines, and
tetrazocines, 50, 1

1,4-Diazocines, 45, 185

1,5-Diazocines, 46, 1

Diazo compounds, heterocyclic, 8, 1

Diazomethane, reactions with heterocyclic
compounds, 2, 245

Dibenzofurans, 35, 1

Dibenzothiophenes, chemistry of, 16, 181

Dihydroazines, recent advances in chemistry of,
38,1

Dihydro-1,4-benzothiazines, and related
compounds, 38, 135

2,3-Dihydro-1,4-diazepines, 17, 1

2,3-Dihydro-1,4-diazepines and 2,3-dihydro-1,4-
diazepinium salts, 56, 1

1,2-Dihydroisoquinolines and related
compounds, 14, 279; 40, 105

5,6-Dihydroxyindoles and indole-5,6-diones, 89, 1

1,3,2-Dioxathiolane oxides, epoxide equivalents
and versatile synthons, 68, 89

1,2-Dioxetanes, chemistry of, 21, 437

Diquinolylmethane and its analogs, 7,153

Directed metalation of n-deficient azaaromatics:
strategies of functionalization of pyridines,
quinolines, and diazines, 52, 187

gem-Dithienylalkanes and their derivatives, 32, 83

1,2-Dithiole-3-thiones and 1,2-dithiol-3-ones, 31,
63

1,2- and 1,3-Dithiolium ions, 7, 39; 27, 151

Dithiadiazolylium, 62, 139
Dithiadiazolyl rings, 62, 139

E

Electrochemical fluorination of heterocyclic
compounds, 90, 239
Electrochemical synthesis of pyridines, 37, 167
1,7-Electrocyclizations of o, f3;y,0-unsaturated 1,3-
dipoles, 73, 97
Electrolysis of N-heterocyclic compounds
Part 1, 12, 213
Part 11, 36, 235
Electronic aspects of purine tautomerism, 13, 77
Electronic effects of heteroaromatic and
substituted heteroaromatic groups, 42, 1
Electronic structure of biological pyrimidines,
tautomerism and, 18, 199
of heterocyclic sulfur compounds, 5, 1
Electrophiles, reactions of annular nitrogens of
azines with, 43, 127
Electrophilic substitution of heterocycles:
quantitative aspects, 47
Electrophilic substitutions of five-membered
rings, 13, 235
Enamines and imines, cyclic, 6, 147
Enamines as synthons in the synthesis of
heterocycles, 72, 283
f-Enamino esters, heterocyclic, as heterocyclic
synthons, 38, 299
n-Excessive heteroannulenes, medium-large and
large, 23, 55

F

Ferrocenes, heterocyclic, 13, 1
Five-membered heteroaromatic anions, ring-
opening of, 41, 41
Five-membered heterocycles, ring
transformations of, 56, 49
synthesis of amino derivatives of, by Thrope-
Ziegler cyclization, 72, 79
Five-membered ring fluoro-heterocycles, 60, 1
Five-membered rings, electrophilic substitutions
of, 13, 235
fragmentations of 72, 361
Five- and six-membered rings with two or more
heteroatoms, 81, 1
Fluorine-containing heterocycles, Part I, 86, 129;
Part 11, 87, 273; Part I11, 88, 231; Part IV, 90,
239
Fluoro heterocycles with five-membered rings,
60, 1
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Fluoroheterocyclic chemistry, recent advances in,
59, 1

Formation of anionic o-adducts from
heteroaromatic compounds, 34, 305

Four-membered rings containing one sulfur
atom, 35, 199

Free radical substitutions of heteroaromatic
compounds, 2, 131

Furan chemistry, recent advances in, Part I, 30,
167; Part 11, 31, 237

Furans, developments of the chemistry of
(1952-1963), 7, 377

Furans, dibenzo-, 35, 1

2,3.4-Furantriones, 53, 233

2(3H)-Furanones, reactions of, 73, 275

2(5H)-Furanones, 81, 107

Furoxans, 29, 251

Fused heterocyclo-quinolines containing one
nitrogen atom at ring junction, 84, 71

Fused five-membered heterocyclo-purinediones,
-purinones, and -purineimines, 87, 85

Fused six- and more-membered

heterocyclo-purinediones, -purinones, and
-purineimines, 88, 175

G

Gas phase reactivity of heteroaromatic
compounds, 40, 25
Generation
of nitrogen radicals and their cyclizations for
the construction of the pyrrolidine
nucleus, 58, 1
and reactions of sp>-carbanionic centers in the
vicinity of heterocyclic nitrogen atoms, 56,
155
Grignard reagents, indole, 10, 43

H

Halogenation
of heterocycles
five-membered rings, 57, 291
fused to other aromatic and heteroaromatic
rings, 59, 245
six- and seven-membered rings, 58, 271
of heterocyclic compounds, 7, 1
Hammett equation, applications to heterocyclic
compounds, 3, 209; 20, 1
Hetarynes, 4, 121
Heteroadamantanes, 30, 79
Heteroannulenes, medium-large and large n-
excessive, 23, 55
Heteroaromatic N-aminoazonium salts, 29,71

Heteroaromatic compounds
five- and six-membered, as ¢ and = ligands, 72,1
free-radical substitutions of, 2, 131
homolytic substitution of, 16, 123
nitrogen, covalent hydration in, 4, 1, 43
prototropic tautomerism of, 1, 311, 339; 2, 1,
27; Sl
quaternization of, 22, 71
reactivity of, in gas phase, 40, 25
Heteroaromatic N-imines, 17, 213; 29, 71
Heteroaromatic nitro compounds, ring synthesis
of, 25, 113
Heteroaromatic radicals, Part I, general
properties; radicals with Group V ring
heteroatoms, 25, 205; Part II, radicals with
Group VI and Groups V and VI ring
heteroatoms, 27, 31
Heteroaromatic and substituted heteroaromatic
groups, electronic effects, 42, 1
Heteroaromatic substitution, nucleophilic, 3, 283
Heteroaromatic sulfoxides and sulfones: ligand
exchange and coupling in sulfuranes and
ipso-substitutions, 49, 1
Heteroaromatic systems, Claisen rearrangements
in, 42, 203
Heteroaromatics, quantitative analysis of steric
effects in, 43, 173
Heterocalixarenes, synthesis, structures, and
interactions of, 89, 65
Heterocycles
aromaticity of, 17, 255
chiral induction using, 45, 1
containing the sulfamide moiety, 44, 81
contraction of, by sulfur extrusion, 65, 39
halogenation of, 7, 1; 57, 291; 58, 271; 59, 245
microwave irradiation for accelerating
reactions of, 88, 1; 90, 1
nomenclature of, 20, 175
phosphorus, from
o-hydroxyalkylphosphines and vinylphophines,
61, 59
photochemistry of, 11, 1
quantitative aspects of electrophilic
substitution of, 47
synthesis from azadienes, 57, 1
by ring closure of ortho-substituted z-anilines,
14, 211, 65, 1
Heterocycles, phenyl-substituted, nitration of, 58,
215
Heterocyclic betaine derivatives of alternant
hydrocarbons, 26, 1
Heterocyclic acyl and formyl anion equivalents,
79, 89
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Heterocyclic betaines: pyridinium (imidazolium)
azolate inner salts with several interannular
linkages, 60, 197

Heterocyclic chemistry

applications of phase-transfer catalysis in 36,
175

literature of, 7, 225; 25, 303; 44, 269; 55, 31; 71,
291; 73, 295; 87, 1

Heterocyclic compounds

application of Hammett equation to, 3, 209; 20,
1

(2+2)-cycloaddition and (2 + 2)-cycloreversion
reactions of, 21, 253

degenerate ring transformations of, 74

halogenation of, 7, 1

isotopic hydrogen labeling of, 15, 137

mass spectrometry of, 7, 301

quaternization of, 3, 1; 22, 71

reactions of, with carbenes, 3, 57

reactions of diazomethane with, 2, 245

reactions with benzyne, 28, 183

N-Heterocyclic compounds (see also Nitrogen

heterocycles)
containing carbonyl groups, chemistry of, 58,
171
electrolysis of, 12, 213
photochemistry of, 30, 239
reaction of acetylenecarboxylic acids and esters
with, 1, 125; 23, 263

Heterocyclic diazo compounds, 8, 1

Heterocyclic ferrocenes, 13, 1

Heterocyclic hydrazonoyl halides, chemistry of,
63, 277

Heterocyclic iminium salts, oxidative
transformation, 41, 275

Heterocyclic mesomeric betaines and analogs in
natural product chemistry, 85, 67

Heterocyclic oligomers, 15, 1

Heterocyclic products, natural, synthesis of by
hetero Diels-Alder cycloaddition reactions,
42, 245

Heterocyclic pseudobases, 1, 167; 25, 1

Heterocyclic quinones, 45, 37

Heterocyclic sulphur compounds, electronic
structure of, 5, 1

Heterocyclic synthesis, see also Synthesis
azodicarbonyl compounds and, 30, 1

carbines and carbenoids in, 65, 93

enaminones in, 67, 209

heterocyclic ffi-enamino esters and, 38, 299

iminophosphoranes, 64, 159

involving nitrilium salts and nitriles under
acidic conditions, 6, 95

through nucleophilic additions to acetylenic
ester, 19, 279
sulfur transfer reagents in, 30, 47
thioureas in, 18, 99
uses of isatoic anhydrides in, 28, 73
using aminomethylenemalonates, 54
using new heterodienophiles, 55, 1
using organohypervalent iodine reagents, 69, 1
uracils in, 55, 129
Heterocyclo-quinoline, four and five membered,
84, 71
Hetero Diels-Alder cycloaddition reactions,
synthesis of natural heterocyclic products by,
42, 245
Heterodienophiles, new, heterocyclic synthesis
using, 55, 1
Heteropentalenes, 69, 271
Hilbert-Johnson reaction of 2.4-
dialkoxypyrimidines with halogenoses, 8, 115
Homolytic substitution of heteroaromatic
compounds, 16, 123
Hydantoins, chemistry of, 38, 177
Hydrogen cyanide derivatives, synthesis of
heterocycles from, 41, 1
Hydrogen exchange
base-catalyzed, 16, 1
one-step (labeling) methods, 15, 137
Hydrogenated porphyrin derivatives:
hydroporphyrins, 43, 73
Hydroxamic acids, cyclic, 10, 199
I-Hydroxyindoles, 1-hydroxytryptophans, and 1-
hydroxytryptamines, 82, 101
1-Hydroxypyrroles, 1-hydroxyindoles, and 9-
hydroxycarbazoles, 51, 105

I

Imidazole chemistry, advances in, 12, 103; 27, 241
Imidazopyridines: 1- and 3-deazapurines, 89, 159
2H-Imidazoles, 35, 375
4H-Imidazoles, 35, 413
Imidazolium azolate inner salts, 60, 197
N-Imines, heteroaromatic, 17, 213; 29, 71
Iminium salts, oxidative transformation of
heterocyclic, 41, 275

Indole Grignard reagents, 10, 43
Indole(s)

acid-catalyzed polymerization, 2, 287

and derivatives, application of NMR

spectroscopy to, 15, 277

I-hydroxy-, 51, 119
Indolizine chemistry, advances in, 23, 103
Indolones, isatogens and, 22, 123
Indolocarbazoles, 80, 1
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Indoxazenes, 8, 277; 29, 1
Isatin, chemistry of, 18, 1
Isatogens and indolones, 22, 123
Isatoic anhydrides, uses in heterocyclic synthesis,
28, 127
Isoindoles, 10, 113; 29, 341
Isoquinolines
1,2-dihydro-, 14, 279
4-oxy- and 4-keto-1,2,3,4-tetrahydro-, 15, 99
3(2H)-Isoquinolinones and their saturated
derivatives, 52, 155
Isothiazoles, 4, 107
recent advances in the chemistry of monocyclic,
14, 1
polycyclic, recent advances in chemistry of, 38,
105
Isotopic hydrogen labeling of heterocyclic
compounds, one-step methods, 15, 137
Isoxazole chemistry, recent developments in, 2,
365; since 1963; 25, 147
Isoxazolidines, chemistry of, 21, 207

L

Lactim ethers, chemistry of, 12, 185

Ligand exchange and coupling in sulfuranes and
ipso-substitutions, 48, 1

Ligands, coordinated, reactions of, 58, 123

Literature of heterocyclic chemistry, 7, 225; 25,
303; 44, 269; 55, 31; Part VII: 1997-1999, 79,
201; Part VIII: 1999-2001, 87, 1

M

Mass spectral techniques in heterocyclic
chemistry: applications and stereochemical
considerations in carbohydrates and other
oxygen heterocycles, 42, 335

Mass spectrometry

of heterocyclic compounds, 7, 301
of nucleic acids, 39, 79

Medium-large and large m-excessive
heteroannulenes, 23, 55

Meso-ionic compounds, 19, 1

Metal catalysts, action on pyridines, 2, 179

Metalation, directed, of pyridines, quinolines,
and diazines, 52, 187

Metallacycloalkanes and -alkenes, 39, 237

Methylazines, 68, 181

Methylpyridines, 68, 181

Microwave irradiation for accelerating organic
reactions, Part I, 88, 1; Part II, 90, 1

Monoazaindoles, 9, 27

Monocyclic pyrroles, oxidation of, 15, 67

Monocyclic sulfur-containing pyrones, 8, 219

Monocyclic furazans and furoxens, 78, 65

Mononuclear heterocyclic rearrangements, 29,
141

Mononuclear isothiazoles, recent advances in
chemistry of, 14, 1

Monoquinones, 61, 59

N

Naphthalen-1,4-imines, 16, 87
Naphthyridines, 11, 124
reactivity of, toward nitrogen nucleophiles, 33,
95
recent developments in chemistry of, 33, 147
Natural heterocyclic products by hetero Diels-
Alder cycloaddition reactions, synthesis of,
42, 245
Natural products, synthesis via aziridine
intermediates, 39, 181
New developments in the chemistry of
oxazolones, 21, 175
N-Fluoropyridinium salts, 62, 1
Nitration of phenyl-substituted heterocycles, 58,
215
Nitrenes, carbenes and, intramolecular reactions
of, 28, 231
Nitrile oxides, cycloadditions with alkenes, 60,
261
Nitriles and nitrilium salts, heterocyclic synthesis
involving, 6, 95
Nitro-compounds, heteroaromatic, ring synthesis
of, 25, 113
Nitrogen-bridged six-membered ring systems, 16,
87
Nitrogen heterocycles (see also N-Heterocyclic
compounds)
advances in amination of, 49, 117
aromatic six-membered, regioselective
substitution in, 44, 199
conformational equilibria in saturated six-
membered rings, 36, 1
covalent hydration in, 20, 117
photochemistry of, 30, 239
reactions of acetylenecarboxylic esters with, 23,
263
reduction of, with complex metal hydrides, 6,
45; 39, 1
Nitrogen heterocyclic systems, Claisen
rearrangements in, 8, 143
Nitrogen radicals, generation and cyclization,
58, 1
Nomenclature of heterocycles, 20, 175
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Nuclear magnetic resonance spectroscopy,
application to indoles, 15, 277
Nucleic acids, mass spectrometry of, 39,79
Nucleophiles,
bifunctional, cyclisations and ring
transformations on reactions of azines
with, 43, 301
cycloadditions and reactions of oxa-aromatics
with, 65, 283
reactivity of azine derivatives with, 4, 145
Nucleophilic additions to acetylenic esters,
synthesis of heterocycles through, 19, 299
Nucleophilic aromatic heterocycles, ambident
palladium (0)-catalyzed allylation, 66, 73
Nucleophilic heteroaromatic substitution, 3, 285

(0]

Olefin synthesis with anils, 23, 171
Oligomers, heterocyclic, 15, 1
Organocobalt-catalyzed synthesis of pyridines,
48, 177
Organometallic compounds, transition metal, use
in heterocyclic synthesis, 30, 321
coupling reactions in n-deficient
azaheterocycles, 62, 305
of furan, thiophene, and their benzannulated
derivitives, 78, 1
of pyrrole, indole, carbazole, phospholes,
siloles, and boroles, 79, 115
Organometallic complexes
of B-, Si- (Ge-), and P- (As-, Sb-) analogues of
pyridine, 89, 125
of boron, silicon and phosphorus analogues of
azoles, 85, 1
of polyheteroatom azoles (other than
pyrazole), 83, 117
of pyrazoles, 80, 157
of pyrazolyborates and related ligands, 81, 167
of pyridines and benzannulated pyridines, 86,
293
of the *(N,C)-coordinated derivatives of
pyridine, 88, 112
Oxa-aromatics, cycloadditions and reactions with
nucleophiles, 65, 283
1,3,4-Oxadiazole chemistry, recent advances in, 7,
183
1,2,4-Oxadiazoles, 20, 65
1,2,5-Oxadiazoles, 29, 251
1,3-Oxazine derivatives, 2, 311; 23, 1
synthesis and stereochemistry of, 69, 349
Oxaziridines, 2, 83; 24, 63
Oxazole chemistry, advances in, 17, 99
Oxazolone chemistry

new developments in, 21, 175
recent advances in, 4, 75
Oxidation of monocyclic pyrroles, 15, 67
Oxidative amino-dehydrogenation of azines, 86, 1
Oxidative transformations of heteroaromatic
iminium salts, 41, 275
3-Oxo0-2,3-dihydrobenz[d]isothiazole 1,1-dioxide
(saccharin) and derivatives, 15, 233
Oxygen heterocycles, applications of mass
spectral techniques and stereochemical
considerations in carbohydrates and others,
42, 335
4-Oxy- and 4-keto-1,2,3,4-
tetrahydroisoquinolines, chemistry of, 15, 99

P

Palladium in quinoline synthesis, 84, 1
Pentazoles, 3, 373
Peri-annellated heterocyclic systems, synthesis,
51, 1
Peroxides, cyclic, 8, 165 (see also 1,2-Dioxetanes)
Phase transfer catalysis, applications in
heterocyclic chemistry, 36, 175
Phenanthridine chemistry, recent developments
in, 13, 315
Phenanthrolines, 22, 1
Phenothiazines, chemistry of, 9, 321
Phenoxazines, 8, 83
Photochemistry
of heterocycles, 11, 1
of nitrogen-containing heterocycles, 30, 239
of oxygen- and sulfur-containing heterocycles, 33,
1
Photochemical isomerization of pentaatomic
heterocycles, 79, 41
Physicochemical aspects of purines, 6, 1; 24, 215
Physicochemical properties
of azines, 5, 69
of pyrroles, 11, 383
Piperazine-2,5-diones and related lactim ethers,
57, 187
3-Piperideines, 12, 43
Polycyclic aromatic nitrogen cations, 55, 261
Polyfluoroheteroaromatic compounds, 28, 1
Polymerization of pyrroles and indoles, acid-
catalyzed, 2, 1
Porphyrin derivatives, hydrogenated:
hydroporphyrins, 43, 73
Preparation of pyrroles from ketoximes and
acetylenes, 51, 177
Present state of selenazole chemistry, 2, 343
Progress in pyrazole chemistry, 6, 347
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Prototropic tautomerism of heteroaromatic
compounds, 1, 311, 339; 2, 1, 27; S1
heteroaromatic tautomerism—general
overview and methodology, 76, 1
Pseudoazulenes, 33, 185
Pseudobases, heterocyclic, 1, 167; 25, 1
Purine bases, aza analogs of, 1, 189
Purines
physicochemical aspects of, 6, 1; 24, 215
tautomerism, electronic aspects of, 13, 77
Pyrans, new developments, 62, 19
thiopyrans, and selenopyrans, 34, 145
Pyrazine chemistry, recent advances in, 14, 99;
see also Piperazinediones
Pyrazole chemistry, progress in, 6, 347
3H-Pyrazoles, 34, 1
4H-Pyrazoles, 34, 53
Pyrazol-3-ones, reactions of the ring atoms, 87,
141
Pyrazol-3-ones, synthesis and applications, 80,73
Pyrazoles condensed to heteroaromatic five- and
six-membered rings, 48, 223
Pyrazoles, synthesis and properties of acetylenic
derivatives of, 82, 1
Pyrazolopyridines, 36, 343
Pyrazolopyrimidines, chemistry of, 41, 319
Pyridazine chemistry, advances in, 49, 385
Pyridazines, 9, 211; 24, 363; 49, 385
Pyridine(s)
action of metal catalysts on, 2, 179
effect of substituents on substitution in, 6, 229
functionalization by directed metalation, 52,
187
organocobalt-catalyzed synthesis, 48, 177
synthesis by electrochemical methods, 37, 167
1,2,3,6-tetrahydro-, 12, 43
Pyridinium azolate inner salts, 60, 197
Pyridoindoles (the carbolines), 3, 79
Pyrido-diazines, recent developments in the
chemistry of, 84, 221; 85, 175
Pyridopyrimidines, 10, 149
Pyrido[1,2-a]pyrimidines, chemistry of, 33, 241;
73, 177
recent developments, 63, 103
Pyrido-oxazines, recent developments in the
chemistry of, 84, 221; 85, 175
Pyrido[2,1-¢] [1,4]oxazines, pyrido[2,1-c]
[1,4]thiazines, Pyrido[1,2-a]pyrazines and
their benzologues, chemistry of, 71, 145
Pyrido[2,1-b][1,3]oxazines, Pyrido[2,1-b]
[1,3]thiazines, and their benzologs, chemistry
of, 72, 225
Pyrido-thiazines, recent developments in the
chemistry of, 84, 221; 85, 175

Pyrimidine bases, aza analogs of, 1, 189
Pyrimidine-pyridine ring interconversion, 84, 31
Pyrimidine ring annelation to an existing ring, 32,
1
Pyrimidine ring, tricyclic compounds with a
central, 39, 281
Pyrimidines
2,4-dialkoxy-, Hilbert-Johnson reaction of, 8,
115
fused tricyclic, 39, 281
synthesis and stereochemistry of, 69, 349
tautomerism and electronic structure of
biological, 18, 199
Pyrimidoazepines, chemistry of
diazabicycloundecene (DBU) and other, 42,
83
1-Pyrindines, chemistry of, 15, 197
Pyrones, inonocyclic sulfur-containing, 8, 219
2-Pyrones, 4-oxy-substituted, dehydroacetic acid
and related systems, 53, 1
Pyrroles
acid-catalyzed polymerization of, 2, 287
I-hydroxy-, 51, 105
from ketoximes and acetylenes, preparations,
51, 177
oxidation of monocyclic, 15, 67
physicochemical properties of, 11, 383
2H- and 3H-Pyrroles, 32, 233
Pyrrolidines, generation by radical cyclizations,
58, 1
Pyrrolizidine chemistry, 5, 315; 24, 247
Pyrrolizines, chemistry of, 37, 1
Pyrrolodiazines with a bridgehead nitrogen,
21, 1
Pyrrolopyridines, 9, 27
Pyrylium salts
syntheses, 10, 241
syntheses, reactions, and physical properties,
S2

Q

Quantitative analysis of steric effects in
heteroaromatics, 43, 173
Quaternization
of heteroaromatic compounds, 22, 71
of heterocyclic compounds, 3, 1
Quinazolines, 1, 253; 24, 1
Quinazolines, fused, 52, 1
Quinoline synthesis, palladium in, 84, 1
Quinolines, functionalization by directed
metalation, 52, 187
Quinolizines, aromatic, 5, 291; 31, 1
Quinones, heterocyclic, 45, 37
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Quinoxaline chemistry
developments 1963-1975, 22, 367
recent advances in, 2, 203

Quinuclidine chemistry, 11, 473

R

Radicals, see also Substitution, free-radical and
homolytic
heteroaromatic, 25, 205; 27, 31
nitrogen, cyclization of, 58, 1
Reactions
of annular nitrogens of azines with
electrophiles, 43, 127
of azines with bifunctional nucleophiles:
cyclizations and ring transformations, 43,
301
of sp>-carbanionic centers in the vicinity of
heterocyclic nitrogen atoms, 56, 155
of coordinated ligands, 58, 123
Reactivity
of heteroaromatic compounds in the gas phase,
40, 25
of naphthyridines toward nitrogen
nucleophiles, 33, 95
Rearrangements, mononuclear heterocyclic, 29,
141
Recent advances
azomethine ylide chemistry, 45, 231
in benzo[b]thiophene chemistry,
11, 177
in computing heteroatom-rich five- and six-
membered ring systems, 81, 1
in fluoroheterocyclic chemistry, 59, 1
in furan chemistry, 30, 168; 31, 237
in 1,3,4-oxadiazole chemistry, 7, 183
in oxazolone chemistry, 4, 75
in pyrazine chemistry, 14, 99
in pyridazine chemistry, 24, 363
in quinoxaline chemistry, 2, 203
in tetrazole chemistry, 21, 323
in the chemistry
of benzisothiazoles and other polycyclic
isothiazoles, 38, 105
of benzo[b]furans, occurrence and synthesis, 18,
337
of benzo[b]thiophenes, 29, 171
of 9H-carbazoles, 35, 83
of dibenzothiophenes, 16, 181
of dihydroazines, 38, 1
of 1-hydroxyindoles, 1-hydroxytryptophans,
and 1-hydroxytryptamines, 82, 101
of mononuclear isothiazoles, 14, 1
of phenothiazines, 9, 321

of 1,3,4-thiadiazoles, 9, 165
of thiophenes, 1, 1
Recent developments
in naphthyridine chemistry, 33, 147
in isoxazole chemistry, 2, 365
in phenanthridine chemistry, 13, 315
Recent progress in barbituric acid chemistry, 38,
229
Reduction of nitrogen heterocycles with complex
metal hydrides, 6, 45; 39, 1
Regioselective substitution in aromatic six-
membered nitrogen heterocycles, 44, 199
Reissert compounds, 9, 1; 24, 187
Retrosynthetic approach to the synthesis of
phenothiazines, 90, 205
Ring closure of ortho-substituted t-anilines,
heterocycles by, 14, 211, 65, 1
Ring-opening of five-membered heteroaromatic
anions, 41, 41
Ring synthesis of heteroaromatic nitro
compounds, 25, 113
Ring transformations
and cyclizations on reaction of azines with
bifunctional nucleophiles, 43, 301
of five-membered heterocycles, 56, 49

S

Saccharin and derivatives, 15, 233
Salts
1,3-Oxazinium and 3-Azapyrylium, 64, 341
S-, Se-, and
Te(perflouroalkyl)dibenzothiophenium,
-selenophenium, and -tellurophenium, 64,
323
Saturated bicyclic 6/5 ring-fused systems with
bridgehead nitrogen and a single additional
heteroatom, 49, 193
Selenazole chemistry, present state of, 2, 343
Selenium-nitrogen heterocycles, 24, 109
Selenophene chemistry, advances in, 12, 1
Selenophenes, 30, 127
Selenopyrans, 34, 145; 59, 179
Selenopyrylium salts, 60, 65
Six-membered oxygen-containing rings,
saturated, analysis of, 69, 217
Six-membered ring systems, nitrogen bridged, 16,
87
Stereocontrolled additions to dihydropyridines
and tetrahydropyridines: access to N-
heterocyclic compounds related to natural
products, 78, 269
Steric effects in heteroaromatics, quantitative
analysis of, 43, 173
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Substitution(s)

electrophilic, of five-membered rings, 13, 235

free radical, of heteroaromatic compounds, 2,
131

homolytic, of heteroaromatic compounds, 16,
123

nucleophilic heteroaromatic, 3, 285

in pyridines, effect of substituents, 6, 229

regioselective, in aromatic six-membered
nitrogen heterocycles, 44, 199

Sulfamide moiety, heterocycles containing the,

44, 81

Sulfoxides and sulfones: heteroaromatic, 48, 1

Sulfur compounds

electronic structure of heterocyclic, 5, 1

four-membered rings, 35, 199

Sulfur transfer reagents in heterocyclic synthesis,

30, 47

Sulfuranes, ligand exchange in, 48, 1

Synthesis, see also Heterocyclic synthesis and

biological activities of condensed

heterocyclo[n,m-a, b, or c]quinazolines, 52, 1

by intramolecular cyclization of fluorine-
containing heterocycles, 86, 129

of condensed 1,2,4-triazolo[3.,4-z1 heterocycles,
49, 277

from hydrogen cyanide derivatives, 41, 1

of heterocycles from azadienes, 57, 1

of heterocalixarenes, 89, 65

of heterocyclic compounds with hypervalent
organoiodine reagents, 86, 225

of perfluoroalkyl heterocycles from carbonyl
compounds, 87, 273

of perfluoroalkyl heterocycles using
perfluoroolefins containing a reactive
group at the double bond, 88, 231

from nitrilium salts and nitriles under acidic
conditions, 6, 95

of natural heterocyclic products by hetero
Diels-Alder cycloaddition reactions, 42,
245

of peri-annellated heterocyclic systems, 51, 1

and properties of acetylenic derivatives of
pyrazoles, 82, 1

and properties of azafulvalenes, 77, 115

of pyridines by electrochemical methods, 37,
167

of pyrrolidines by nitrogen radical cyclization,
58, 1

of quaternary benzo[c]phenanthridine
alkaloids, 67, 345

and reaction of l-azirines, 13, 45

by ring-closure of o-substituted z-anilines, 14,
211

of tetracyclic and pentacyclic condensed
thiophene systems, 32, 127

thienopyrimidines, 65, 235

thioureas in, 18, 99

through nucleophilic additions to acetylenic
esters, 19, 279

T

Tautomeric
intramolecular reversible addition reaction to,
C = O group, 64, 251
C = N group, 66, 1
C=N group, 66, 1
C = C group, 66, 1
C=C group, 66, 1
Tautomerism
electronic aspects of purine, 13, 77
and electronic structure of biological
pyrimidines, 18, 99
heteroaromatic tautomerism—general
overview and methodology, 76, 1
of heterocycles: five-membered rings with one
heteroatom, 76, 85
of heterocycles: five-membered rings with two
or more heteroatoms, 76, 159
involving other than five and six-membered
rings, 77, 1
of heterocycles: condensed five-six, five-five,
and six-six ring systems with heteroatoms
in both rings, 77, 51
of heterocycles: six-membered heterocycles,
annular tautomerism, 81, 253
prototropic, of heteroaromatic compounds, 1,
311, 339; 2, 1, 27; S1
Tellurium atom, 6-membered heterocycles with a,
63, 1
Tellurium-containing heterocycles with two
heteroatoms, 58, 47
Tellurium-nitrogen-containing heterocycles, 79, 1
Tellurophene and related compounds, 21, 119
Telluropyrans, 59, 179
Telluropyrylium salts, 60, 65
1,2,3,4-Tetrahydroisoquinolines, 4-oxy- and 4-
keto-, 15, 99
1,2,3,6-Tetrahydropyridines, 12, 43
Tetramic acid chemistry, advances in, 57, 139
Tetrathia- and tetraselenafulvalenes, reactivity,
62, 249
Tetrazocines, 50, 1
Tetrazolechemistry, recent advances in, 21, 323
Theoretical studies of physicochemical properties
and reactivity of azines, 5, 69
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Thiadiazines with adjacent sulfur and nitrogen
ring atoms, 50, 255
1,2,4-Thiadiazoles, 5, 119; 32, 285
1,2,5-Thiadiazoles, chemistry of, 9, 107
1,3,4-Thiadiazoles, recent advances in the
chemistry of, 9, 165
Thianthrenes, 48, 301
Thiathiophthenes (1,6,6aS"-trithiapentalenes),
13, 161
1,2,3,4-Thiatriazoles, 3, 263; 20, 145
1,3-Thiazin-4-ones, chemistry of, and their
derivatives, 66, 131
1,3-Thiazines, 50, 85
synthesis and stereochemistry of, 69, 349
1,4-Thiazines and their dihydro derivatives, 24,
293
Thiazole and thiadiazole S-oxides, 83, 71
4-Thiazolidinones, 25, 83
4-Thiazolidinones, condensed, 49, 1
Thienopyridines, 21, 65
Thienopyrimidines,
synthesis, chemistry, and biological properties,
66, 193
synthesis, reactions, biological activity, 65, 235
Thienothiophenes and related systems, chemistry
of, 19, 123; 90, 125
Thiochromanones and related compounds, 18, 59
Thiocoumarins, 26, 115
Thiophenes, recent advances in the chemistry of,
1,1
Thiophenium salts and thiophenium ylids,
chemistry of, 45, 151
Thiopyrans, 34, 145; 59, 179
Thiopyrones (monocyclic sulfur-containing
pyrones), 8, 219
Thiopyrylium, selenopyrylium, and
telluropyrylium salts, 60, 65
Thioureas in synthesis of heterocycles, 18, 99
Three-membered rings with two heteroatoms, 2,
83; 24, 63
Transition organometallic compounds in
heterocyclic synthesis, use of, 30, 321
Triacetic acid lactone and related pyrones, 53, 1
1,3,5-,1,3,6-, 1,3,7-, and 1,3,8-
Triazanaphthalenes, 10, 149
1,2,3-Triazines, 19, 215
1,2,4-Triazine N-oxides, 82, 261
1,2,4-Triazines,
fused to two heterocyclic rings, 61, 209
fused to heterocycles with 6-and 7-membered
rings, 61, 209

reactions with C-, N-, O-, and S-nucleophiles,
46, 73
Triazocines, 50, 1
1,2,3-Triazoles, 16, 33
1,2,3-Triazoles, 4-amino-, 40, 129
A?-1,2,3-Triazolines, 37, 217
A3-and A*-1,2,3-Triazolines, 37, 351
1,2,4-Triazolines, 46, 169
1,2,4-Triazolines-3,5-diones, 67, 119
1,2,4-Triazolo[3,4-z]heterocycles, synthesis, 49,
271
Triazolopyridines, 34, 79; 83, 1
1,2,3-Triazolo[4,5-d]|pyrimidines (8-azapurines),
chemistry of, 39, 117
1,2,3-Triazolo[x,y,-z]pyrimidines, 71, 57
1,2,4-Triazolo[1,5-a]pyrimidines, 57, 81
1,2,4-Triazolo- and tetrazolo[x,y,-z] pyrimidines,
72, 127
1,2,4-Triazolopyrimidines I: 1,2,4-triazolo[4,3.-
alpyrimidines, chemistry of, 73, 131
Tricyclic compounds with a central pyrimidine
ring and one bridgehead nitrogen, 39, 281
1,6,6aSIV—Trithiapentalenes, 13, 161
Tricyclic azoloquinolines, 78, 189
Tropones with fused heterocyclic rings, synthesis,
64, 81
structure, reactivity, and application, 66,
285
Tropolones with fused heterocyclic rings,
synthesis, 64, 81
structure, reactivity, and application, 66, 285
Tropylium salts with fused heterocyclic rings
synthesis, 64, 81
structure, reactivity, and application, 66, 285

U

Unsaturated nitrogen heterocyclic compounds
containing carbonyl groups, chemistry of,
58, 171

Uracils: versatile starting materials in heterocyclic
synthesis, 55, 129

Use of transition organometallic compounds in
heterocyclic synthesis, 30, 321

\%

Vinyl heterocycles, cycloaddition reactions with,
63, 339
Vilsmeier conditions, cyclization under, 31, 207
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6-Acetamido-benzophenothiazin-5-one,
formation, 226
2-Acetamido-4-chloro-4’-methoxy-2'-
nitrodiphenyl sulfide, failure to undergo
rearrangement, 209
3-Acetamido-2-chloro-1,4-naphthoquinone,
reaction with 2-aminobenzenethiol, 226
2-Acetamidocinnamic acid, formation, 104
6-Acetamido-6,7-dihydro-5H-1,3,4-
oxa(thia)diazolo[3,2-a]pyrimidin-5-ones,
formation, 85
2-Acetamidophenyl-3'-nitro-2’-pyridyl sulfides,
cyclization, 216
3-Acetonyl-5-alkylthieno[2,3-h]thiophenes,
acylation, 158
3-Acetonyl-5-methylthieno[3,2-b]thiophenes,
acylation, 158
Acetophenones, reaction with
2-aminoacetophenones, 37
4-Acetylaminobenzo[b]thieno[3,2-b]thiophene,
nitration, 170
2-Acetylamino-3-hydroxythieno[3,2-b]thiophene,
reaction with phosphorus pentasulfide, 158
10-Acetylaminophenothiazine, formation, 211
1-Acetyl-1-azaphenothiazine, hydrolysis, 216
N-Acetyldiphenylamine, reaction with thionyl
chloride, 230
N-Acetylthiazolidines, anodic fluorinations, 245
2-Acetylthieno[3,2-b]thiophenes, formation, 144
Acridines, N-alkylation with 1,3-propane sultone,
48
2-Acyl-5,6-dimethyl-1,4-benzoquinones, reaction
with 2-aminobenzene-thiol, 223
4-Acyl-1,2-dimethylphenothiazin-3-ones,
formation, 223
Adenine, alkylation, 83
9-Alkyl(aryl)acridines, formation, 44
Alkyl- and aryl-substituted 2,5-
dihydroxythieno[3,2-b]thiophenes,
tautomerism, 174
Alkyloctahydroquinolizidines, fluorination, 290
2-Alkylthio(2-arylthio)-1,4-naphthoquinones, 226
2-Alkylthio-3-chloro-1,4-naphthoquinones, 226
2-Alkylthio-4,5-difluoro-4-methyl-2-oxazolines,
formation, 245
2-Alkylthio-4-methyloxazoles, anodic
difluorinations,
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Alloxan monohydrate, condensation with 1,2-
diaminobenzene or 1,2-diamino-4,5-
dimethylbenzene, 97

Allyl 2-thienyl sulfide, 3,3-sigmatropic
rearrangement, 136

gaseous transformation, 144

2-Amino-4-aryl-7,7-dimethyl-2,6,7,8-tetrahydro-
5-ox0-4 H-benzopyran-3-carbonitrile,
formation, 9

2-Aminobenzenethiol, reaction with

o-halonitrobenzenes, 213
reaction with 2-chloro-3-nitropyridine, 214
reaction with 1,4-benzoquinones, 221
reaction with 2-acyl-5,6-dimethyl-1,4-
benzoquinones, 223
reaction with 1,4-naphthoquinones, 225

reaction with cyclohexane-1,3-diones, 227
2-Aminobenzophenone, reaction with 1,3-
cyclohexanedione, 42
reaction with N-carbethoxy-3-pyrrolidone, 54
0-Amino-o’-bromodiphenyl sulfide, cyclization,
208
2-Amino-5-bromopyridine, reaction with 2-
naphthaldehyde or pyridine-2-aldehyde and
isocyanide using scandium triflate as
catalyst, 34
2’-Aminochalcones, cyclisation, 41
2-Amino-3-(p-chlorophenyl)-1,8-naphthyridine,
reaction with HNO,, 54
2-Amino-3-cyanopyridines, formation, 21, 43
6-Amino-1,3-dimethyl-5-formyluracil, reaction
with N-phenylmaleimide, 36
3-Amino-4,6-disubstituted-1 H-pyrazolo[3,4-
blpyridines, condensation with 1,1,1-
trifluoro-3-isobutoxymethylene-2-
propenones, 82
2-Amino-5-fluorobenzenethiol, reaction with
chlorohydroquinones, 224
2-Amino-4-halo-4'-alkoxy-2-nitrodiphenyl
sulfides, failure to undergo Smiles
rearrangement, 209
3-Amino-6-methoxy-2-pyridinethiol, 217
Aminomethylation of 7-hydroxycoumarins, 15
2-Amino-5-methylpyridine, reaction with 2-
naphthaldehyde or pyridine-2-aldehyde and
isocyanide using scandium triflate as
catalyst, 34
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2-Amino-2'-nitrophenylsulfides, formation, 213
2-Aminonaphthalenethiol, reaction with 2,4-
dinitrochlorobenzene, 216
reaction with chloranil or bromanil, 226
m-Aminophenol, reaction with
dimethyloxalacetate, 13
N-Aminophenothiazine, 208
2-(2-Aminophenyl)benzimidazole,
cyclocondensation with orthoesters, 77
2-Aminopyridines, synthesis, 20
3-Aminopyridine-2-thiol, 217
reaction with 2,3-dichloropyrazine, 218
Aminopyrimidines, formation, 68
4-Aminopyrimidine-5-thiols, reaction with
quinoxalines, 218
4-Aminoquinazolines, formation, 74
2-Aminoquinolines, formation, 38
2-Amino-5-substituted N-alkyl N-(2-
propenyl)benzamide, formation, 100
S-Aminosubstituted-thieno[2,3-b]thiophene-2-
sulfonamides, 150
5-Aminosubstituted-thieno[3,2-b]thiophene-2-
sulfonamides, 150
4-Amino-5-substituted-4 H-1,2,4-triazole-3-thiols,
reaction with one-carbon cyclizing agents,
102
4-Aminothieno[2,3-d]pyrimidines, reaction with
diethyl (ethoxymethylene) malonate, 87
Aminothiophenols, reaction with 2-arylidene-1-
tetralone, 98
6-Amino-2-thiouracil, alkylation, 72
Aniline, reaction with anilinium iodide and
octasulfur in microwave irradiation to give
phenothiazines, 229
6-Anilino-5H-benzo[a]phenothiazin-5-one,
formation, 226
Anthranilonitrile, reaction with aromatic nitriles,
74
4-Aralkylamino-2(1 H)-pyridones, formation, 27
1-Arylamido-2-oxo0-4-methylpyrido[b]-
phenothiazine, formation, 229
(4-R-Aryl-5-fluorothiazol-2-yl)acetonitrile,
formation, 244
(4-R-Aryl-5-fluoro-5 H-thiazol-2-
ylidene)acetonitrile, formation, 244
3-Aryl-4-hydroxyquinolin-2(1 H)-ones,
formation, 39
2-Arylidenehydrazino-4-methylquinolines,
formation, 53
Arylidenemalononitrile, 8
reaction with barbituric acids, 10
reaction with a-methylene ketones, 21
5-Arylidenerhodanines, reaction with glycine and
acetic anhydride, 9

S-Arylidenethiobarbituric acids, formation, 69
1-(p-Arylidenophenyl)-2-oxo-4-methylpyrido(b)-
phenothiazine, formation, 229
N-Arylimino-1,2,3-dithiazoles, 75
6-Arylimino-6 H-indolo[2,1-b]quinazolin-12-ones,
formation, 76
5-(Arylmethylene)-2.,4,6-
(1H,3H,5H)pyrimidinetriones, 70
4-(Arylmethylene)-1,2,3,4-
tetrahydroisoquinoline-1,3-dione, formation,
50
1-Aryl-3-(phenylthio)oxyindole , fluorination, 253
1-Arylpiperazines, formation, 88
C-Arylpyrimidines by Suzuki coupling in the
presence of phenyl boronic acid, 68
2-Arylquinolines, formation, 37
2-Aryl-1,2,3,4-tetrahydro-4-quinolones,
formation, 41
(4-R-Arylthiazol-2-yl)fluoro-acetonitrile,
formation, 244
2-Arylthieno[3,2-b]thiophenes, formation, 149
2-Arylthiochromone, fluorination, 247
4-Aza-1-benzyl azoniabicyclo[2.2.2]octane
dichromate, in cleavage of tetrahydropyranyl
substituted alcohols, 4
1-Azaphenothiazines, formation, 216
4-Azatricyclo[5.2.1.02.6]decane, fluorination, 298
2-Azatricyclo-[4.2.2.12.5]undecane, fluorination,
298
2-Azatricyclo[5.3.1 .Oz'ﬁ]undecane, fluorination,
290
1-Azatricyclo[6.2.1.0.2-7]Jundecane, fluorination,
290
2-Azidobenzophenones, conversion to
2-aminoquinolines, 38
3-(0-Azidophenyl)-1-methyl-1 H-quinolin-2-one,
in intramolecular aza-Wittig reactions, 50
Azlactones, formation, 104

Barbituric acids, reaction with triethyl
orthoformate, and malononitrile or
alkylnitriles, 10

Beckmann rearrangement of cyclic oximes to
lactams, 55

2-Benzimidazoles, ring closure with N-acyl
imidates, 82

Benzimidazo[1,2-c]quinazolines, formation, 77

Benzo[b]annulated thieno[3,2-b]thiophenes, as
organic photoconductors, 186

Benzo[a][1,4]benzothiazino[3,2-c]phenothiazines,
formation, 225

1,5-Benzodiazepin-2-ones, formation, 99

3H-1,4-Benzooxathian-2-one, fluorination, 261

7H-Benzo[c]phenothiazine, formation, 216
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Benzopyrano[4,3-d]pyrimidines, formation, 85
2H-1,4-Benzothiazin-3(4H)-ones, anodic
fluorination, 257
fluorination, 261
2H-1,4-Benzothiazine-3(4 H)-thione, thermal
cyclisation, 231
1,4-Benzothiazino[2,3-b]phenothiazine,
formation, 228
(5-Benzothiazol-2-yl)-3-bromo-2-ethylthieno[2,3-
blthiophene, reactions, 154
2-Benzothiazolyl sulfides, fluorination, 261
anodic fluorination, 263
2-(Benzothiazol-2-yl)thieno[3,2-b]thiophene, 130
Benzo[b]thieno[3,2-b]benzo[b]thiophene,
formation, 136, 143, 169
UV spectra, 177
charge-transfer complexes with various organic
acceptors, 181
Benzo[b]thieno[3,2-b]benzo[b]thiophene-2,7-
dicarboxylate, as smectic liquid crystals, 183
Benzo[b]thieno[3,2-b]thiophene-2-carboxylic acid,
formation, 133
Benzo[b]thieno[3,2-b]thiophene-2-carboxylic acid
chloride, Friedel-Crafts condensation with
m- and p-xylene, 162
Benzoxazin-2-ones, formation, 57
2-Benzoxazolyl sulfides, anodic fluorination, 264
3-Benzoylamino-5-ethylpyran-2-one, 6
2-Benzoyl-benzo[b]thieno[3,2-b]thiophenes,
nitration, 170
(5-Benzoyloxymethyl)thieno[2,3-b]thiophene-5-
sulfamide-6,6-dioxide, structure by X-ray
crystallography, 171
3-Benzoyl-1H-quinolin-4-one, formation, 39
N-Benzoylthiazolidines, anodic fluorinations, 245
3-Benzyl-1,2,3-benzotriazin-4(3 H)-ones,
formation, 106
(E)-3-Benzylidene-2,3-dihydrochroman-4-one,
monofluorination, 259
(Z)-3-Benzylidene-2,3-dihydrothiochroman-4-
one, fluorination, 246
4-Benzyl-1-phenylpiperazine-2,5-dione,
formation, 90
2-Benzyl-4(phenylthio)-1,2,3,4-tetrahydro-3-
isoquinolinone, fluorination, 253
2-Benzyl-1(2H)-phthalazinones, formation, 64
4-Benzylpiperazine-2,5-dione, reaction with
bromobenzene, 90
3-Benzyl-1-thiochromones, fluorination, 246
4,6-Bis[(2-acetamido-4-chlorophenyl)thio]-1,
3-dinitrobenzene, cyclization, 211
11,12-Bis(aryl-amido/imidoalkyl)-12 H-benzo(b)-
phenothiazine, formation, 229

Bis(benzo[4,5]thieno)[3,2-b:2',3'-d]thiophene,
formation, 139
1,4-Bis(tert-butylthio)-3,6-diarylthieno[3,4-¢]
thiophenes, formation, 138,
1,4-Bis(zert-butylthio)-3,6-diphenyl thieno[3,4-c]
thiophene, 166
Bischler—Napieralski reaction of the amides of
B-phenethylamides, 48
2,5-Bis[di(azulenyl)methylene]-2,5-
dihydrothieno[3,2-b]thiophenes, formation,
169
2,3-Bis(dibromomethyl)pyrazine, 92
2,5-Bis(3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-
2-ylidene)-2,5-dihydro-1,4-dithiapentalene, as
an electron acceptor, 182
2,5-Bis(dicyanomethylene)-2,5-dihydrothieno[3,2-
blthiophene, structure by X-ray
crystallography, 171
as electron acceptors, 182
2,6-Bis-(3-dimethylamino-1-oxoprop-2-
enyl)pyridine, 30
1,2-Bis(2,6-dimethyldithieno[3,2-b:2',3'-
d]thiophen-3-yl)hexafluorocyclopent-1-ene,
photochromic characteristics, 185
1,2-Bis{2-ethyl-5-(benzothiazol-2-yl)thieno[2,3-
blthiophen-3-yl}hexafluorocyclopentene,
formation, 154
2,3:5,6-Bis(ethylenedithio)thieno[3,2-b]thiophene,
formation, 140
structure by X-ray crystallography, 171
in preparation of conducting organic salts, 182
7,7'-Bis-indolizines, formation, 31
1,4-Bis(methoxycarbonylmethyl)-1,4-
homopiperazine, fluorination, 289
1,2-Bis{2-methyl-5-(2-benzothiazolyl)-6-
trifluoromethylthieno[3,2-b]thiophen-3-
yl}hexafluorocyclopentane, structure by
X-ray crystallography, 171
1,5-Bis -propargyl naphthyl ethers, cyclisation, 7
10,10-Bis(thieno[3,2-b]thiophen-2-yl)anthrone,
formation, 167
Bis(thieno-1,2,3-triazines), 159
2-Bromobenzenethiols, reaction with
chloronitrobenzenes, 219
2-Bromo-2'-hydrazino-diphenyl sulfide,
cyclization, 208
4-Bromoisoquinoline, reaction with thiols and
alcohols, 50
6-Bromo-5-methyl-3-fluoromethylthieno[2,3-b]
thiophene-2-carboxylic acid, formation,
130
2-Bromopyridines, reaction with sulfur, oxygen
and carbon nucleophiles, 24
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3-Bromopyridines, reaction with sodium
thiophenolate, 24
3-Bromoquinoline, reaction with oxygen, sulfur
and nitrogen nucleophiles, 46
4-Bromoselenolo[2,3-b]thiophene, formation, 126
4-Bromoselenolo[2,3-b]thiophene-2-carboxylic
acid, decarboxylation, 126
3-Bromothieno[2,3-b]thiophene, formation, 126
3-Bromothieno[3,2-b]thiophene, formation, 127
4-Bromothieno[2,3-b]thiophene-2-carboxylic
acid, decarboxylation, 126
3-Bromothiophene-2-carbaldehyde, 129
4-Bromothiophene-3-carbaldehydes, 129
1-(tert-Butylthio)-3,6-diphenyl-4-
(isopropylthio)thieno[3,4-c]thiophene,
formation, 166
4-(tert-Butylthio)-3,6-diphenylthieno[3,4-¢]
thiophen-1(3H)-one, formation, 166

Caffeine, monofluorination, 258
Camptothecin, irradiation, 54
N-Carbethoxy-3-pyrrolidone, reaction with
2-aminobenzophenone, 54
3-Carboxycoumarins, 14
Chiral l-aryl-1,2-diaza-1,3-butadienes, hetero
Diels—Alder reactions with diethyl
azodicarboxylate, 107
Chiral quinoxalin-2-one libraries, generation, 92
6-Chlorobenzophenothiazin-5-ones, formation,
225, 226
5-Chloro-2-benzothiazole sulfides, fluorination,
261
anodic fluorination, 263
3(4-Chlorobenzyl)thiochromone, fluorination,
246
2-Chloro-3-(p-chlorophenyl)-1,8-naphthyridine,
formation, 54
3-Chloro-5-dichloromethylthieno[2,3-5]
thiophene-2-carboxylic acid chloride, 132
3-Chloro-5-dichloromethylthieno[3,2-b]
thiophene-2-carboxylic acid chloride,
formation, 132
10-Chloro-5,10-dihydro-phenarsazine,
conversion to tetrachlorophenothiazine, 232
3-Chloro-3,4-dihydro-2 H-thieno[2,3-b]thiopyran,
formation, 136
4-Chloro-3,5-dinitrotrifluoromethylbenzene,
reaction with sodium hydrosulfite, 220
reaction with potassium
isopropyldithiocarbonate, 220
6-Chloroflavone, anodic fluorination, 257
3-Chloro-4-fluoroaniline, reaction with diethyl
ethoxymethylenemalonate, 38

4-(3-Chloro-4-fluoroanilino)pent-3-en-2-one,
cyclisation, 38

7-Chloro-6-fluoro-2,4-dimethylquinoline,
formation, 39

(Chlorofluoroiodo)arenes, formation, 268

2-Chloro-3-formylquinolines, reaction with
hydrazine hydrate or phenylhydrazine, 53

4-Chloro-5-formylthiophene-3-carboxylic esters,
133

3-Chloro-6-methoxycarbonylnaphtho[2’,1":2,3-
bthieno[4,5-d|thiophene-2-carboxylic acid
chloride, formation, 132

7(8)-Chloro-1-methoxyphenothiazin-3-ones,
formation, 221

2-Chloromethyl-1-methyl-6-nitro-1H-
benzimidazole, displacement by C-anions, 73

4-Chloromethylquinolines, formation from
4-methylquinolines, 48

2-Chloro-3-nitropyridine, reaction with
2-aminobenzenethiol, 214

6-Chloropurine, reaction with 1,2,3,5-tetra-O-
acetyl-B-D-ribofuranose or 1-O-acetyl-2,3,5-
tri-O-benzoyl-B-D-ribofuranose, 80

2-Chloropyridines, reaction with sulfur, oxygen
and carbon nucleophiles, 24

N- alkylation, 28

4-Chloropyridine, reaction with benzotriazoles,
32

2-Chloroquinoline, reaction with oxygen, sulfur
and nitrogen nucleophiles, 46

2-Chloroquinoxalines, reaction with
isothiouronium salts, 95

4-Chlorotetrahydropyrans, 3

6-Chlorothieno[3’,2":4,5]thieno[2,3-c]quinoline,
formation, 156

3-Chlorothieno|[2,3-b]thiophene-2-carboxylic acid
chloride, formation, 132

reaction with aniline, 156

N-Cinnamoylazoles, reaction with 3-hydroxy
phenols, 12

Coumarins, formation, 14

Cryptotackieine, formation, 51

1-Cyanomethylene tetrahydroisoquinoline,
reaction with o,B-unsaturated aldehydes, 52

2(3)-Cyanopyridines, conversion to thioamides,
28

6-Cyanothieno[3,2-b]thiopyranothiones,
formation, 139

5-Deaza-5,8-dihydropterins, formation, 35

1,4-Diacetylpiperazine-2,5-dione, condensation
with aldehydes, 90

2,6-Diacetylpyridine, reaction with N, N-
dimethylformamide dimethyl acetal, 30
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10-B-Dialkylaminophenothiazines, 211
Dialkyl-1,4-benzothiazino[2,3-b]phenothiazine,
formation, 211
Dialkyl-1-(chromon-3-yl)-1-
hydroxymethylphosphonates, formation, 20
2,3-Di(alkylthio)cyclopropenethiones,
dimerization, 138
Dialkylthymine, formation, 71
1,2(3,4)-Diaminobenzo[b]thieno[3,2-
b]benzo[b]thiophenes, formation, 170
3,4-Diamino-2,5-
di[amino(cyanoimine)methyl]thieno[2,3-
blthiophene, formation, 134
3,4-Diaminothieno[2,3-b]thiophene-2,5-
dicarboxamide, 142
4,6-Diaryl-3,4-dihydropyrimidin-2(1 H)-ones, 66
4,6-Diaryl-3,4-dihydropyrimidin-2(1 H)-thiones,
66
2,6-Diarylidenecyclohexanone, cyclisation
reactions with malononitrile, 43
1,3-Diarylthiobarbituric acids, reaction with
hippuric acid and triethyl orthoacetate, 10
reaction with aldehyde, and N-methylaniline,
44
Diazulenylmethylthieno[3,2-b]thiophenes,
formation, 168
Dibenzo[3.4:7,8][1,5]diazocinodiquinazolin-
10,21-dione, formation, 76
Dibenzol[c,l]-16 H, 18 H-triphenodithiazine,
formation, 228
2,3-Dibromobenzo[b]thieno-[2,3-b]thiophenes,
169
2,6-Dibromobenzo[b]thieno[3,2-b]thiophenes, 169
1,3-Dibromo-4,5-bis(methoxycarbonyl)
thieno[3,4-c]thiophene, 166
4,4 -Dibromo-3,3-bis(thieno[2,3-b]thiophene,
formation, 160
1,3-Dibromo-4,6-dicyano thieno[3,4-c]thiophene,
166
3,3’-Dibromo-5,5'-dimethyl-2,2'-bithiophene, 130
2,2'-Dibromodiphenylacetylene, reaction with
tert-butyllithium and chalcogens, 146
3,4-Dibromothieno[2,3-b]thiophene, 160
structure by X-ray crystallography, 171
3,4-Dibromothiophene, formylation, 126
1,6-Di- tert -butylazulenes, reaction with 2,5-
diformylthieno[3,2-b]thiophene, 168
2,6-Dicarbomethoxy-3,5-dicyanoseleno(3,4-
c]thiophene, formation, 136
2,6-Dicarbomethoxy-3,5-dicyanothieno(3,4-
c]thiophene, formation, 136
3,7-Dichloro-10-(4'-chlorophenyl)-phenothiazine,
formation, 230

2,5-Dichlorocyclopenta[b][1,4]benzodiazepine,
formation, 100
1,2(3)(4)-Dichlorophenothiazines, 210
2,6-Dichloropurine, reaction with 1,2,3,5-tetra-O-
acetyl-B-D-ribofuranose or 1-O-acetyl-2,3,5-
tri-O-benzoyl-B-D-ribofuranose, 80
2,3-Dichloropyrazine, reaction with 3-
aminopyridine-2-thione, 218
4,5-Dichloropyridazinone, Suzuki coupling with
phenylboronic acid, 63
2,4-Dichloropyrimidine, reaction with
organozincs and Pd(PPh;),, 69
2,3-Dichloroquinoxaline, formation and
reactions, 95, 217
3.5-Dichlorothieno[3,2-b]-2-carboxylic acid
chloride, formation, 132
6,9-Dichlorothieno[2’,3":4,5]thieno[2,3-
c]quinoline, formation, 157
3,5-Dichlorothieno[3,2-b]thiophene-2-carboxylic
acid chloride, 157
Diethyl benzo[b]thieno[3,2-b]benzo[b]thiophene-
2,7-dicarboxylate, 145
Diethyl 3.4-diaminothieno[2,3-b]thiophene-2,5-
dicarboxylate, reaction with acetic
anhydride, 160
Diethyl dihydroxythieno[2,3-b]thiophene-2,5-
dicarboxylate, reaction with Lawesson’s
reagent and structure of product, 171
Diethyl 3.4-dimethylthieno[2,3-b]thiophene-2,5-
dicarboxylate, reaction with hydrazine
hydrate, 162
Diethyl 2,2-dinitro-(E)-stilbene-4,4’-
dicarboxylate, 145
3,3-Diethylthieno[3,2-b]thiophen-2-one,
formation, 164
Difluorodiphenylmethane, formation, 250
5,5-Difluoro-1-methyl-3-pyrrolin-2-one,
formation, 261
3,4-Dihydro-4-arylcoumarins, formation, 13
2,3-Dihydro-1H-1,5-benzodiazepines, formation,
100
6,7-Dihydro-4 H -benzo[a]quinolizines, 52
1,2-Dihydro-3-(p-chlorophenyl)-1,8-
naphthyridin-2-one, formation, 54
1,3-Dihydrodicyanomethylene-2H -indol-2-one,
formation, 110
2,3-Dihydro-2,2-dimethyl-1 H phenothiazin-
4(10H)-ones, formation, 227
5,6-Dihydro-2,3-diphenyl-1,4-dioxene, 59
5,6-Dihydro-2,3-diphenyl-1,4-oxathiin, 59
3,4-Dihydroisoquinolines, formation by
Bischler—Napieralski reaction, 48
2,3-Dihydro-1H-phenothiazin-4(10H)-ones,
formation, 227
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1,3-Dihydro-3-(2-phenyl-2-oxoethylidene)indol-
2(1H)-one, reaction with 2-
aminobenzenethiols, 108
1,4-Dihydropyridines, formation from ethyl
3-aminocrotonate and methyl acetoacetate
and aldehydes, 23
Dihydropyrido[2,3-d]pyrimidin-4(3 H)-ones,
formation, 36
3,4-Dihydro-1H -quinolin-2-one, reaction with
bromobenzene, 46
2,6-Dihydrothieno[3,2-b:2',3'-d]thiophenes, as
electron acceptors, 182
1,3-Dihydrothieno[3,4-c]thiophenes, formation,
135
2,3-Dihydrothieno[3,2-b]thiophene-2,5-dione,
tautomerism, 174
2,4-Dihydroxybenzaldehyde, reaction with
4-hydroxybenzaldehyde, 6
9,10-Dihydroxy-9,10-bis(thieno[3,2-b]thiophen-2-
y1)-9,10-dihydroanthracene, 167
2,5-Dihydroxythieno[3,2-b]thiophene,
tautomerism, 174
2,5-Dilithiothieno[3,2-b]thiophene, formation and
reactions, 149
2,2'-Dilithium 3,3’-dithienyl sulfide, reaction with
copper dichloride, 139
5,6-Dimethoxycarbonylbenzo[c]thiophene,
formation, 138
7,8-Dimethoxychlorpromazine hydrochloride,
formation, 229
6-[(Dimethylamino)methyleneJamino-1,3-
dimethyl uracil, [4 + 2]cycloaddition
reactions, 34
reaction with N-arylsulfonylbenzalimine, 87
1-Dimethylaminopent-1-ene-3-one, 6
(+)-(1R,2R,4R)-7,7-Dimethyl-N, N-bis(1-ethyl-
methyl)-5-oxo-spiro[bicyclo[2,2,1]heptane-
2,3'-[1,3]oxathiolane]-1-metha-
nesulfonamide, anodic fluorination, 247
2,3-Dimethyl-1,3-butadiene, reaction with ethyl
mesoxalate, 3
2,2-Dimethyl-7-chromanols, reaction with
3-methyl-2-butenal, 6
5,5-Dimethyl-1,3-cyclohexanedione, reaction with
arylidenemalononitrile, 8
2,6-Dimethyldithieno[3,2-5:2",3'-d|thiophene,
formation, 130
N, N-Dimethyl-5-formyl barbituric acid, reaction
with N-phenyl maleimide, 10
2,2-Dimethyl-6-formylchromene, 6
2,5-Dimethylhex-3-yne-2,5-diol, reaction with
sulfur and dimethylformamide
dimethylacetal, 146

1,4-Dimethyl-1,4-homo-piperazine, fluorination,
289
2,2-Dimethyl-5(7)-hydroxy-6-formylchromene, 6
2,2-Dimethylnaphtho[1,2-b]pyrans, 7
2,5-Dimethyloxolane, fluorination, 276
1,3-Dimethyl-phenothiazines, 210
1,4(6,9)-Dimethylphenothiazines, 211
Dimethylphenothiazin-3-ones, formation, 221
1,1-Dimethylpropargyl naphthyl ethers,
cyclisation, 7
3,6-Dimethylselenolo[3,2-b]selenophene, UV
spectra, 177
3,6-Dimethylselenolo[3,2-b]thiophene dimer,
structure by X-ray crystallography, 171
3a,5-Dimethyl-3aH -6,7,8,9-
tetrahydrobenzo[c]thieno[3,2-b]thiophene,
formation, 137
3,6-Dimethylthieno[3,2-b]thiophene, UV spectra,
177
electropolymerization kinetics, 187
3,6-Dimethylthieno[3,2-b]thiophene-2,5-dione,
reaction with the diphenylphosphoryl and
diethoxyphosphoryl radicals, 175
4,6-Dimethyl-1,2,3-triazine, reaction with
enamines, 43
1,2-Dimorpholinoethane, fluorination, 282
2,7-Dinitrodibenzo[b]thieno[3.2-b]thiophene,
formation, 170
2,4-Dinitrophenyl naphthyl sulfide, formation
and cyclization, 216
3,7-Dioctylphenothiazine, formation, 229
Di(oxadiazolyl)thienothiophene, reaction with
hydrazine hydrate, 162
1,4-Dioxane, fluorination, 276
5-[1,3]Dioxolan-2-ylthieno[2,3-b]thiophene-2-
sulfonamide, formation, 151
2,6-Dioxothieno[3,2-b]thieno[2’,3'-d]thiophene,
164
2,5-Dioxothieno[3,2-b]thiophene, 164
Diphenylamine, reaction with octasulfur, and
diiodine in microwave irradiation to give
phenothiazines, 229
2,3-Diphenylcyclopropenethione,
photodimerization, 137
reaction with 4,5-disubstituted 1,2-dithiol-3-
thiones, 137
2,2-Diphenyl-1,3-dithiane, electrochemical
oxidation, 250
3,4-Diphenyl-2-methoxythiethane, formation,
137
N, N'-Diphenyl-p-phenylenediamine in formation
of helical aromatics, 54
Di(N-phenylthiocarbamoyl)carbohydrazide,
formation, 163
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1,2-Dipiperidino- ethane, fluorination, 282
Di(prop-l-enyl) sulfide and 2-chloro(or
bromo)thiophene, thermolysis, 144
3,7-Disubstituted adenines, formation, 84
4,5-Disubstituted 1,2-dithiol-3-thiones, reaction
with diphenylcyclopropenethione, 137
1,6-Disubstituted-4-oxo-1,4,5,6-tetrahydro-
pyridine-3-carboxylic acid benzyl esters,
formation, 21
1,4-Disubstituted pyrazino[2,1-b]quinazoline-3,6-
dione, formation, 80
2,3-Disubstituted quinazolin-4(3 H)-ones,
formation, 74
2,3-Disubstituted quinoxalines, formation, 91
8,9-Disubstituted thieno[3,2-e]pyrimido[1,2-
c]pyrimidines, formation, 87
cis-2,8-Dithiabicyclo[3.3.0]octane, formation, 165
2-(1,3-Dithian-2-ylidenemethyl)-5-
(tricyanovinyl)thieno[3,2-b]thiophene, in
preparation of nonlinear optical polymers, 184
Dithienoannulated 1,2-dithiynes, reaction with
powdered copper, 139
Dithieno-1,4-oxazepines, 159
Dithieno[3,2-b:2/,3'-d)thienyl[2",3"-¢:2"",3"-']-
5,10-N, N”-dimethylquinoline-6,9-dione,
formation, 157
Dithienothiophene, formation, 143
Dithieno[2,3-b:3',2'-d]thiophene , formation, 127
Dithieno[2,3-b:3',4 -d]thiophene, formation, 139
Dithieno[3,2-b:2",3'-d|thiophenes, formation, 139,
143, 154
photochemical polymerization, 158
Dithieno([3,4-b:3',4 -d]thiophene, formation, 127
photochemical polymerization, 158
3,6-Di(2-thienyl)thieno[3,4-c]thiophenes, 166
2,5-Dithioalkyl-1,4-benzoquinones, reaction with
2-aminobenzenethiol, 221
1,4-Dithioalkylphenothiazin-3-ones, formation, 221
1,4-Dithiocarbonyl piperazine, formation, 89
Dithiolane, fluorination, 261
2,6-Dithioxanthines, formation, 84
Di(triazolyl)thienothiophene, formation, 162
2,8-Di(trifluoromethyl)-4,6-dinitro-
phenothiazine, formation, 220

2-Ethoxy-3-ethylazothieno[3,2-b]thiophene,
formation, 164

Ethoxycarbonyl methylidene triphenyl
phosphorane, reaction with lactones, 15

2-Ethoxythieno[3,2-b]thiophene, formation, 164

Ethyl 3-amino-2-butenoate, reaction with
4-ylidene-2-phenyloxazol-5-(4 H)-ones, 23

Ethyl 3-aminocrotonate, in formation of 1,4-
dihydropyridines, 23

Ethyl 4-aryl-6-methyl-1,2,3.4-
tetrahydropyrimidin-2-one-5-carboxylates,
formation, 67

N-Ethylcarbazole, fluorination, 287

Ethyl 2,3-dibromothieno(3,2-b]thiophene-2-
carboxylate, formation, 128

Ethyl 2-fluoroisonicotinate, formation, 257

Ethyl 1-fluoromethyl-5-fluoropyrazole-4-
carboxylate, formation, 256

4,5-Ethylidenedithio-1,2-dithiol-3-one, 140

Ethyl mesoxalate, reaction with 2,3-dimethyl-1,
3-butadiene, 3

1-Ethyl-4-methoxycarbonyl- methyl-1,4-
diazepine, fluorination, 283

1-Ethyl-4-(methoxycarbonylmethyl)hydro-1,
4-diazepine, fluorination, 299

Ethyl 4-(methoxyphenyl)acetate, anodic
fluorination, 253

Ethyl 1-methyl-5-fluoropyrazole-4-carboxylate,
formation, 256

Ethyl 1-methylpyrazole-4-carboxylic acid,
electrochemical fluorination, 256

Ethyl 2-phenylcinchoninate, formation, 39

Ethyl phenylpropiolate, reaction with pyridinium
N-dicyanomethylide, 31

Ethyl o-2 (pyrimidylthio)acetate, anodic
fluorination, 266

2-Ethylpyridine-4-carboxamide, dehydration, 29

2-Ethylpyridine-4-nitrile, formation from
carboxylic acid, 29

formation from aldoximine, 30

Ferrier rearrangement of triacetyl glucal, 5
Flavones, conversion to thioflavones, 18
anodic fluorination, 257
4-Fluorinated isoquinoline, formation, 253
3-Fluorinated oxyindole, formation, 253
2-Fluoro-(E)-3-benzylidene-2,3-dihydrochroman-
4-one, formation, 259
2-(a-Fluorocyanomethyl)thiopyridine, formation,
263
(+)-(IR2R,4R 4 S)-4'-Fluoro-7,7-dimethyl-N, N
-bis(1-ethylmethyl)-5-oxo-spirol[-
bicyclo[2,2,1]-heptane-2,2-[1,3]oxathiolane]-
1-methanesulfonamide, formation, 247
4-Fluoro-1,3-dioxolan-2-one, formation, 248
4-Fluoro-4-phenylthio-1,3-dioxolan-2-one,
formation, 248
3-Fluro-3-phenylthiophthalide, formation, 263
3-Fluorophthalide, formation, 263
2-Fluoropyridines, reaction with sulfur, oxygen
and carbon nucleophiles, 24
formation, 256
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3-Fluoropyridine, reaction with benzyl alcohol,
24

Fluoropyridizinones, formation, 245

4-Fluorosubstituted-2-benzyl-4(phenylthio)-
1,2,3,4-tetrahydro-3-isoquinolinone, 253

5-Fluorothiazoline sulfide, formation, 245

2-Fluorothieno[2,3-b]pyridine, formation, 265

3-Fluorothioflavone, formation, 247

2-Formamido-4-chloro-4'-methoxy-2'-
nitrodiphenyl sulfide, cyclization, 209

2-Formyl-enamides, reaction with nitromethane
and with cyanomethylenes, 20

3-Formyl-1-phenylpyrazolo[3,4-b]quinoxaline,
formation, 97

3-Formyl-substituted benzo[b]thienothiophenes,
bromination, 169

N-Formylthiazolidines, anodic fluorinations, 245

5-Formylthiophen-2-ylacrylic acid, 132

2,5-Functionalized thieno[2,3-b]thiophenes,
formation, 141

Furonaphthopyrans, formation, 7

Furo [2,3-b]thiophene-2-carboxylic acids, 134

Fused thieno[2,3-b]thiophenes, 159

Glutaric acid, conversion to anhydride, 6

Glycine, reaction with acetic anhydride, and
5-arylidenerhodanines, 9

Glyoxal monoacetal reaction with 2-methyl-1,3-
pentadiene, 2

Green chemistry, 2

Guanosine tetraacetate, monofluorination, 258

Halogenated phenothiazines, 210

Halopyridines, Suzuki coupling with sodium
tetraphenylborate and palladium
acetate, 25

Hantzsch pyridine synthesis using microwave
radiation, 23

3-Heterocyclo-1,2,4-triazines, 103

Hippuric acid, reaction with
1-dimethylaminopent-1-ene-3-one, 6

Hydrated zirconia, in tetrahydropyranylation of
alcohols, 3

2-Hydrazino-4-methylquinoline, reaction with
aromatic aldehydes, 53

2-Hydrazinothiadiazines, preparation from
phenacyl bromides and thiocarbohydrazide,
101

o-Hydroxyarylaldehydes, reaction with
hydrazides, 14

4-Hydroxybenzaldehyde, reaction with 3-methyl-
2-butenal, 6

7-Hydroxycoumarins, aminomethylation, 15

o-Hydroxydibenzoylmethanes, conversion to
flavones, 17

4-Hydroxy-1,2-dihydro-2-quinolinone, reaction
with 2-(3-methyl-2-
butenyloxy)benzaldehyde, 11

2-Hydroxy-4-ferrocenylpyrimidine, 66

5-(9-Hydroxyfluoren-9-yl)-2-methylthieno[3,2-
b]thiophene, 168

(Hydroxyfluorenyl)thieno[3,2-b]thiophenes, 168

trans- and cis-3-Hydroxy-2-(4-methoxyphenyl)-
2,3-dihydro-1,5-benzothiazepin-4(5 H)-one,
diasteroselective synthesis, 98

4-Hydroxy-6-methyl-2(1 H)-pyridones, reaction
with an excess of aralkyl amine, 27

2-Hydroxy-1-naphthaldehyde, reaction with ethyl
acetate, 14

2-Hydroxy-1,4-naphthoquinone, reaction with
2-chloroquinoline, 46

3-Hydroxy phenols, reaction with
N-cinnamoylazoles, 12

2-Hydroxy-3 H-phenothiazin-3-ones, formation,
224

6-Hydroxyquinoline, Mannich reactions, 47

8-Hydroxyquinolines, reaction with alkyl halides,
47

2-Hydroxyquinoline-4-carboxylic acid,
formation, 40

2-Hydroxy-substituted benzaldehydes, reaction
with acetophenones and Meldrum’s acid, 14

2-Hydroxythieno[2,3-b]thiophenes, tautomerism,
174

2-Hydroxythieno[3,2-b]thiophenes, tautomerism,
174

3-Hydroxythieno[3,2-b]thiophene, formation, 130

Imidazolo[1,2-a]pyrazines, formation, 97
Imidazolo[2,3-b]thiazine, 58
Imidazo[1,2-¢][1,8]naphthyridin-1(2H)-ones,
formation, 55
Imidazo[1,2-a]pyridine, formation, 33, 34
Imidazo[1,2-a]pyrimidines, formation, 81
Imidazo[l,5-a]pyrimidines, formation, 82
Imidazo[1,2-c]thieno[3,2-¢]pyrimidines,
formation, 85
Imidazotriazepines, formation, 106
Iminoxypyrimido[4,5-d]imidazolines, formation,
84
Indole-2,3-dione, reaction with malononitrile, 110
Indolizino[1,2-b]quinolines, formation, 52
Indolo[1,2-c]quinazolines, formation, 77
6H-Indolo[2,3-b]quinoline, alkylation, 51
2-Todo-4-chlorobenzenethiol, reaction with
o-halonitrobenzenes, 220
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2-lodopyridine, reaction with sulfur, oxygen and
carbon nucleophiles, 23

3-lodopyridines, reaction with sodium
thiophenolate, 24

4-lIodopyridines, reaction with sulfur, oxygen and
carbon nucleophiles, 24

S-lodouracil, phenylation, 69

Isatin, reactions with ketones, 39

reaction with o-phenylenediamine, 91

Isatin-3-imines, 108

Isatin 3-thiosemicarbazones, formation, 105

Isoflav-3-enes, 7

Ketene O,0-acetals, formation, 98

2-Ketomethylquinolines, formation, 48

2-Keto-4-trifluoromethyl-1,6,6,7,8-pentamethyl-
6,7-dihydro-1H,2H 8 H-pyrido[3,2-f lindole,
a source of indigo-blue laser radiation, 240

B-Lactams, formation, 48

Lactones, reaction with ethoxycarbonyl
methylidene triphenyl phosphorane, 15

2-Lithiothieno[3,2-b]thiophenes, formation and
reactions, 150

Lithium derivatives of thieno[3,2-b]thiophene,
reactions, 149

(+)-Longifolene, 7

Mappicine ketone, formation, 54

6-Mercaptobenzimidazo[1,2-c]quinazoline,
formation, 78

2-Mercaptomethylbenzo-thiazole, 130

2-Mercapto-3-(3-thienyl)acrylic acid, 131

TMethoxy-1,4,6-benzo[b]triazaphenothiazine,
formation, 217

2-(9-Methoxyfluoren-9-yl)thieno[3,2-b]thiophene,
168

4-(Methoxyphenyl)acetone anodic fluorination,
253

2-Methoxy-substituted benzaldehydes, reaction
with acetophenones and Meldrum’s acid, 14

1-Methoxy-8-trifluoromethylphenothiazin-3-
ones, formation, 221

2-Methoxy-7(8)-trifluoromethylphenothiazin-3-
ones, formation, 221

Methyl 7-aminocoumarin-4-carboxylate,
formation, 13

2-Methyl-1,4-benzodiazepin-5-ones, formation,
101

2-Methylbenzo[b]thieno[2,3-b]thiophene,
acylation, 169

3-Methyl-2-butenal, reaction with
4-hydroxybenzaldehyde, 6

2-(3-Methyl-2-butenyloxy) benzaldehyde,
reaction with 4-hydroxy-1,2-dihydro-2-
quinolinone, 11

1-Methylbutylazulenes, reaction with 2,5-
diformylthieno[3,2-b]thiophene, 168

N-Methylcarbazole, fluorination, 287

1-Methyl-3-chloro-phenothiazines, 211

3-Methyl-4-[(chromon-3-yl)methylene]-1-phenyl-
pyrazolin-5-(4H)-ones, formation, 20

1-Methyl-2-cyanopyrrole, fluorination, 261

Methyl 5,6-dibromo-3-chlorothieno[3,2-
b]thiophene-2-carboxylate, desulfurization,
166

2-Methyl-2,3-dihydrothieno[2,3-b]-thiophene,
hydrogenation, 165

2-Methylene indoline, condensation with
1-nitroso-2-naphthol, 108

Methyl-4-ethylhomopiperazin-1-yl acetate,
fluorination, 289

Methyl glyoxylate, reaction with 2-methyl-1,3-
pentadiene, 2

Methyl 3-hydroxythieno[2,3-b]thiophene-2-
carboxylates, formation, 146

Methyl 3-hydroxythiophene-2-carboxylates,
cyclisation, 146

Methyl 1-methoxy-2-phenylthiocinnamate,
formation, 137

Methyl 2-(3-oxo0-3-
phenylpropenylamino)benzoate, conversion
to 3-benzoyl-1H -quinolin-4-one, 39

5(6)-Methyl-4-ox0-2-pyrimidyl sulfides, anodic
fluorination, 264

2-Methyl-1,3-pentadiene, reaction with glyoxal
monoacetal and with methyl glyoxylate, 2

3-Methyl-1-phenyl-pyrazolin-5-(4H)-one,
reaction with 4-oxo-(4H)-1-benzopyran-3-
carboxaldehydes, 20

4-Methyl-1-phenylpyrazolin-5-one, reaction with
aromatic aldehydes, and malononitrile, 12

N-Methylpiperazine, fluorination, 287

1-Methyl-1H -pyrrole-2-carbonitrile;
fluorination, 261

2-Methylquinolines, reaction with acyl chlorides,
48

trans, trans-4-Methylquinolizidine, fluorination,
290

5-Methylselenolo[2,3-b]tellurophene, 146

5-Methylselenolo[3,2-b]thiophene, 146

2-Methylthienol[2,3-b]thieno[3,2-d]thiazole,
formation, 158

2-Methylthieno[3,2-b]thieno[3,2-d]thiazole,
formation, 158

2-Methylthieno[2,3-b]thiophene, formation, 136

3-Methylthieno[3,2-b]thiophenes, formation, 165
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3-Methylthieno[2,3-b]thiophenes, formation, 165
Methyl thieno[2,3-b]thiophene-2-carboxylates,
134
Methyl thieno[3,2-b]thiophene-2-carboxylates,
134
Methyl y-thienylthioacetoacetates, cyclisation,
130
3-Methylthio-1,2-dithiolium ions, 138
4-(Methylthio)quinazoline, 75
6-Methyl-2-thiouracil, S-alkylation, 73
Monastrol, synthesis and resolution, 67
N-1-Monoalkylthymines, formation, 71
3-Monofluoroflavone, formation, 257
Monotetrahydropyranylation of symmetrical 1,
n-diols, 5
Morpholine, Michael reactions, 60
reactions with aryl halides, 60

Naphtho[2,1-b]pyran-3-ones, formation, 14
Naphtho[2,3-b]thieno[3,2-b]thiophene-2-
carboxylic acid, formation, 133
Naphtho[2,3-b]thiophene-2-carbaldehyde, 133
2-Nitro-2'-(8-acetyl)-hydrazino-diphenyl sulfide,
cyclization, 211
8-Nitro-7H-benzo[c]phenothiazines, formation,
216
2-Nitro-2'-bromodiphenylsulfides, formation and
Ullmann-type cyclization, 219
2-Nitro-2'-(8-dialkylaminoacetyl)hydrazino-
diphenyl sulfides, cyclization, 211
4-Nitrodiphenylamino-2-sulfinic acid, 232
Nitrophenothiazines, 210
3-Nitrophenothiazine, formation, 232

1,3,4-Oxadiazolylsulfides, anodic
monofluorination, 263

Oxalanes, fluorination, 276

Oxathiolane, fluorination, 261

Oxazino[4,5-d|pyrimidine, 58

Oxazolopyridines, formation, 34

Oxazoloquinolines, formation, 51

Oxindole, fluorination, 261

4-Oxo0-(4H)-1-benzopyran-3-carboxaldehydes,
reaction with 3-methyl-1-phenyl-pyrazolin-5-
(4H)-one, 20

4-Ox0-2-quinazolinol sulfides, anodic
fluorination, 264

4-Oxothiophenesulfoxide, oxidation, 6

2-(Oxo)thioxohexahydro-1,3,5-triazines,
formation, 102

2-Pentafluoroethyl-2-fluoro-3,3-
bis(trifluoromethyl)-5-methyloxalane,
diluent for rare metal extractants, 241

2-Pentafluoro-2(2,2,2-trifluoro-1-
trifluoromethylethyl)-1,3-dioxolane,
dielectric oil, 241

Pentathienoacene, formation, 127

2-n-Pentylthiothieno[2,3-b]thiophene, formation,
151

Perfluorinated alkylmorpholine, formation, 286

Perfluorinated N-butylhexamethyleneimine,
formation, 286

Perfluorinated cycloaliphatic amino ethers, 289

Perfluorinated dialkyl cyclic ethers, as blood
substitutes, 276

Perfluorinated dialkyl ethers and cyclic ethers, as
blood substitutes, 276

Perfluorinated ethers, formation, 281

Perfluorinated nitrogen-containing heterocycles,
formation, 280

Perfluorinated oxanes, formation, 276

Perfluorinated oxolanes, formation, 276

Perfluorinated piperazine, formation, 286

Perfluorinated piperazine-N, N'-di-o. -propionic
acid fluoride, formation, 283

Perfluorinated piperidine, formation, 286

Perfluoroacyl chlorides, formation, 278

Perfluoro(alkoxycycloalkane)carbonyl fluorides,
formation, 280

Perfluoro-N-alkylperhydroindole, formation, 299

Perfluoro-2-azatricyclo[5.3.1.0**Jundecane,
formation, 290

Perfluorocylic amines, as blood substitutes, 280

Perfluoro-N-cycloalkyl-pyrrolidine, formation,
299

Perfluoro-1,3-dimethyl-1,3-diazolidine,
formation, 287

Perfluoro-1,2-dimorpholinoethane, formation,
282

Perfluoro-1,2-dipiperidinoethane, formation, 282

Perfluoro[1-ethyl-4-fluorocarbonylmethyl-1,4-
diazepine], formation, 299

Perfluoro-1-ethyl-4-fluoro-carbonylmethyl-1,4-
diazetine, formation, 283

Perfluoro-N-methylazatricyclodecane, formation,
298

Perfluoro- N-methyleneperfluoroquinoline,
formation, 299

Perfluorooctahydroindole, formation, 299

Perfluoro-1,3-oxazolidines, formation, 297

Perfluoroperhydro-7,10-diaza-phenanthrene,
formation, 297

Perfluoro-1-piperidino-1,2-(3-
methylpyrrolidyl)ethane, formation, 282

Perfluoro-trans-quinolizidine, formation, 289

Peri -substituted 3,4-diaryl-thienothiophene,
formation, 142
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Phenothiazines, formation, 61
7-Phenoxyphenothiazines, 211
1-Phenyl-3-acetylpyridazin-6-ones, 61
Phenyl 2-azidophenyl sulfide, cyclisation to
phenothiazine, 212
6-Phenylbenzimidazo[1,2-c]quinazolines,
formation, 77
4-Phenyl-1,3-dihydro-2H-1,5-benzodiazepin-2-
ones, formation, 100
1-Phenyl-3,4-dihydro-1H-quinolin-2-one,
formation, 46
N-Phenyldiphenylamine, reaction with thionyl
chloride, 230
o-Phenylenediamines, reaction with 1,1,1-
trifluoromethyl-3-isobutoxymethylene)-2-
propanones, 100
endo-9,10-0-Phenylene-2,3-dichloro-9,10-
dihydro-1,4-anthraquinone, reaction with
substituted 2-aminothiophenols, 226
endo-8,13-0-Phenylene-8,13-dihydro-6-chloro-
7H-naphtho[2,3-a]phenothiazin-7-ones,
formation, 226
endo-12,17-0-Phenylene-12,17-dihydro-
naphtho(2,3-a]-1,4-benzothiazino[3,2'-
c]phenothiazines, formation, 226
Phenyliodine(IIT)bis(trifluoroacetate, in oxidation
of dihydropyridines to pyridines, 23
N-Phenyl maleimide, reaction with N, N-dimethyl-
S-formyl barbituric acid, 10
1-Phenyl-3(phenylthio)-2-indolones, fluorination,
253
1-Phenylpiperazine, Mannich reaction, 89
2(3)-Phenylpyridines, formation, 25
Phenyl pyridyl sulfides, Smiles rearrangement,
214
1-Phenyl-4-substitutedpyridazin-6-ones, 61
B-Phenylsulfenyl-B-lactam, fluorination, 260
N-Phenylthieno([2,3-b]thiophene-2-carboxamide,
formation, 156
3-Phenylthio-2-azetidinones, anodic
monofluorination, 250
4-Phenylthio-2-azetidinones, anodic
monofluorination, 250
3-Phenylthio-2-benzofuran, fluorination, 256
a-Phenylthiobenzothiazolylacetonitrile,
fluorination, 256
(R)-4[(Phenylthio)methyl]-2-spirocyclohexyl-1,3-
dioxolane, anodic fluorination, 262
3-Phenylthiophthalide, anodic fluorination, 263
5-Phenylthiopyrimidine, formation, 68
3-Phenylthioquinoline, formation, 46
5-Phenyluracil, formation, 69
Piperazine-N, N'-di-o -propionic acid,
fluorination, 283

Polychlorophenothiazines, formation, 230
Propargyl ethers of 7-hydroxy-, 4-methyl-7-
hydroxy-, and 4-hydroxycoumarins,
rearrangements, 16
Propargyloxynaphthopyrans, formation, 7
Propargylthio-1,2,4-triazinones, regioselective
cyclization and isomerization, 104
Pyranopyrimidines, 10
Pyrano(2,3-d]pyrimidines, 10, 70
Pyranothiazoles, formation, 9
Pyrazolo[3,4-b]phenothiazine, formation, 229
Pyrazolo[4,3-c]-phenothiazine, formation, 229
Pyrazolo[1,5-a]pyrimidines, formation, 81
1H-Pyrazolo[3,4-b]quinolines, formation, 53
2-Pyrazolyl-quinoline derivatives, 54
Pyridazin-3-ones, anodic fluorination, 257
Pyridine, anodic fluorination, 256
Pyridine nitriles, formation from pyridine
carboxylic acids, 28
Pyridinium N-dicyanomethylide, reaction with
ethyl phenylpropiolate, 31
N-(4-Pyridinyl)proline, formation, 25
Pyridinyl-pyrimidines, 69
Pyrido[2,1-c][1,4]benzodiazepine-6,12-diones,
conversion to 6-chloro-2,3,4,5-tetrahydro-
1 H-azepino[3,2-c]quinoline in presence of
phosphorus oxychloride, 44
Pyrido[3.,4-blindoles, reactions, 97
2-Pyridone, N and C- alkylation, 27
reaction with dimethyl acetylenedicarboxylate,
28
4-R-2H-1,4-Pyrido[3,2-b]-1,4-0xazin-3-ones,
fluorination, 245
Pyrido[2',3":3,4]pyrazolo[1,5-a]pyrimidines, 82
Pyrido[2,3-d]pyrimidines, formation, 34
Pyridylthioglycosides, formation, 26
Pyrimidin-2(1 H)-one-5-carboxylates, formation,
68
Pyrimido[1,2-a]benzimidazoles, formation, 82
Pyrimido[1,6-a]benzimidazoles, formation, 82
Pyrimido[4,5-b]quinolines, formation, 44
Pyrimidyl halides, reaction with sulfur, oxygen
and nitrogen nucleophiles, 68
Pyrimidyl phenyl sulfide, cyclization, 213
Pyrrolo[2,1-¢][1,4]benzodiazepine-5,11-diones,
conversion to 5-chloro-1,2,3,4-tetrahydro-
benzo[/][1,6]naphthyridine in presence of
phosphorus oxychloride, 44
formation, 101
Pyrrolo[2,1-c][1,4]benzodiazepine-2,5,11-trione,
reaction with phosphorous oxychloride, 100
Pyrrolo[1,2-a]pyrimidines, formation, 83
Pyrrolo[2,3-b]pyrrole, photoelectron spectra, 172
Pyrrolo [2,3-b]thiophene-2-carboxylic acids, 134
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4(3H)-Quinazolinethiones, formation and
S-methylation, 75
Quinazolin-4(3H)-ones, formation, 74
8 H-Quinazolino[4,3-b]quinazolin-8-ones, 75
trans-Quinolizidine, fluorination, 289
2-Quinolyl sulfides, fluorination, 266
Quinoxalines, synthesis from
orthophenylenediamine, 91
Quinoxaline-2,3-dione, formation, 94
Quinoxaline-2,3-dithione, formation, 95

Reductive amination of cyclic amines, 56

Salicylaldehyde, reaction with ethyl acetate, 13
Selenolo[2,3-b]pyrrole, photoelectron spectra, 172
Selenolo[3,2-b]pyrrole, photoelectron spectra, 172
Selenolo[2,3-b]selenophene, 'H, '*C and "Se
NMR spectra, 173
Selenolo[3,2-b]selenophene, photoelectron
spectra, 172
'H, 3C and 7’Se NMR spectra, 173
Selenolo[3,4-b]selenophene, 'H, '*C and "’Se
NMR spectra, 173
Selenolo[2,3-c]thiophene, 'H, *C and 7’Se NMR
spectra, 173
Selenolo [2,3-b]thiophene-2-carboxylic acids, 134
Selenolo[3,2-b]thiophene-5-carboxylic acid, 133
Smiles rearrangement, 208
Sodium salt of dithenoylmethane, reaction with
bromodithenoylmethane, 135
Spiro[3H-indole-3,5' (4H)-[1,2,4]triazoline]-2-
ones, formation, 109
Spiro[indoline-3,2'-[1,3]thiazinane]-2,4'-diones,
formation, 108
Spiro indolinonaphth[2,1-b][1,4]oxazines, 108
Spiro-rhodaninepyrazolines, formation, 111
Stilbene-2,2’-disulfochloride, reduction, 145
(E)-and (Z)-3-Styryl-chromones, reaction with
N-methyl and N-phenylmaleimide, 17
1-Substituted arylpiperazines, formation, 89
3-and 4-Substituted 2-azetidinones, formation,
250
6-Substituted benzimidazo[l,2-c]quinazolines, 77
2-Substituted benzoxazin-4-ones, formation, 57
N-Substituted 1,4-benzoxazinones, anodic
fluorination, 257
4(6)-Substituted bis -pyridylamides, formation, 26
5-Substituted-1,2-bis(thieno[3,2-b]thiophen-3-
yl)perfluorocyclopentenes, formation, 153
8-Substituted-2,5-dihydro-1,5-benzothiazepin-2-
spiro-3'-3’ H-indol-2'-(1' H)-ones, 108
4-Substituted 1,4-dihydropyridines, oxidation, 23
2-Substituted 7,8-dihydroquinazolin-5(6 H)-ones,
formation, 74

2,2,4-Substituted 1,2-dihydroquinolines,
formation, 38

4-Substituted 7,7-dimethyl-2,5-dioxo-
1,2,3,4,5,6,7,8-octahydroquinolines,
formation, 41

2-Substituted 1,3-dithiolan-4-ones, fluorination,
245, 247

2-Substituted ethyl 4-chloro-5-formylthiophene-
3-carboxylates, reaction with ethyl
thioglycolate, 133

(S)-3-Substituted 2,3,6,7,12,12a-
hexahydropyrazino[1’,2":1,6]pyrido[3,4-
blindole-1,4-diones, cyclisation, 97

7-Substituted 1-methoxyphenothiazin-3-ones,
formation, 221

Substituted monofluorophenothiazines, 210

2-Substituted 1,3-oxathiolan-5-ones, fluorination,
247

2-Substituted-3-oxo-4(phenylthio)-1,2,3,4-
tetrahydroisoquinoline, fluorination, 253

N-Substituted perfluoropyridines, formation, 284

2-Substituted 1 H-perimidines, formation, 80

1-Substituted piperazines, deuteromethylation, 89

6-Substituted pterins, regioselective synthesis, 96

2-Substituted selenolo[2,3-b]selenophenes, 'H,
13C and 77Se NMR spectra, 173

2-Substituted selenolo[3,2-b]selenophenes, 'H,
13C and 7’Se NMR spectra, 173

5-Substituted thieno[2,3-b]- and -[3,2-
b]thiophene-2-sulfonamides, as glaucoma
medicines, 178

1,3,4,6-Tetra(alkylthio)thieno[3,4-c]thiophenes,
formation, 138
Tetraazaphenothiazines, formation, 218
2,4,5,7-Tetrabromo-2,7-dimethyl-3,6-
octanedione, reaction with sodium sulfide
hydrate, 144
Tetrabromothieno[3,4-c]thiophene, 166
Tetrabromothieno[3,2-b]thiophene, reaction with
2 equivalents of n-butyllithium, 155
2,4,6,8-Tetra-tert-butyl-10-H-phenothiazine,
formation, 229
Tetrachlorophenothiazine, formation, 230
1,2,3,4-Tetrahydro-B-carbolines, formation, 52
Tetrahydrofurans, fluorination, 276
Tetrahydroindolizinediones, reaction with
2-aminobenzaldehydes, 52
Tetrahydroisoquinoline, fluorination, 261
1,2,3,4-Tetrahydroisoquinoline-1,3-dione,
reaction with aromatic aldehydes, 50
1,2,3,4-Tetrahydroquinoxalinones, formation, 93
1,2,3,6-Tetrahydro-1,2,3,4-tetrazines, formation,
108
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Tetrakis(alkylthio) thieno[3,4-c]thiophene, 166
1,3,4,6-Tetrakis(isopropylthio)thieno[3,4-
c]thiophene, formylation, 166
2,2,5,5-Tetramethyl-2,3,5,6-tetrahydrothieno[3,2-
b]thiophene, pigment properties, 187
2,2,5,5-Tetramethyl-2,3,5,6-tetrahydrothieno([3,2-
b]thiophene-2,6-dione, structure by X-ray
crystallography, 171
2,2,5,5-Tetramethyl-2,3,5,6-tetrahydrothieno([3,2-
b]thiophene-3,6-dione, formation, 144
2,2,5,5-Tetramethylthieno[3,2-b]thiophene-3,6-
dione, UV spectra, 177
Tetraphenylthieno[3,4-c]thiophene, 166
Tetraphenylthieno[3,2-b]thiophenes, formation,
137
2,3,5,6-Tetraphenylthieno[3,2-b]thiophene,
formation, 137
1,3,4,6-Tetraphenylthieno[3,4-c]thiophene,
formation, 167

photoelectron and UV-Vis absorption spectra,

172
2,3,6,7-Tetrathiabenzo[l,3-cd:4,6-¢' d'|dipentalene,
160
form charge transfer complexes with strong
electron acceptors, 182
Tetrathienoacene, formation, 127
1,1,2,2-Tetra-2-thienoylethane, formation, 135
1,3,4,6-Tetra-2-thienylthieno[3,4-c]thiophene,
formation, 135, 166
1,3,4-Thiadiazolylsulfides, anodic
monofluorination, 263
2(3)-Thiaisatoic anhydrides, formation, 58
Thiazino[4,5-d]pyrimidine, 58
4-Thiazolidinone, fluorination, 245
Thiazolinone, fluorination, 261
2-Thiazolyl acetonyl sulfide, anodic fluorination,
263
2-Thiazolyl methyl sulfide, anodic fluorination,
263
2-Thiazolyl propargyl sulfide, anodic
fluorination, 263
1,3,4-Thiazolyl sulfides, anodic
monofluorination, 263
Thieno-1,3-oxazines, 159
Thienopyrimidines, formation, 159
Thieno[2,3-b]pyrrole, photoelectron spectra, 172

Thieno[2,3-b]selenophene, photoelectron spectra,

172
Thieno[2,3-b]-2 H-selenopyran, 146
Thieno[3,2-b]-2 H-selenopyran, 146
Thieno[2',3":4,5]thieno[2,3-c]pyridines, 158
Thieno[2',3":5,4]thieno[2,3-c]pyridines, 158
Thieno[3',2":4,5] thieno[3,2-d]pyrimidin-7(6 H)-
ones, 159, 160

Thieno[3',4":4,5]thieno[3,2-d]pyrimidin-7(6 H)-
ones, 159
Thieno[2',3":4,5]thieno[2,3-c]quinoline,
formation, 157
Thieno[3',2":4,5]thieno|2,3-c]quinolin-2-one,
formation, 156
Thieno[3',2":4,5]thieno[2,3-c]quinolones,
formation, 136
2-(Thienothienylglycyl)cephalosporin, antibiotic
activity, 180
Thieno[3,2-b]thienylidenebis-(benzoquinones), as
dyes, 187
2-(Thienothienylphenyl)carbapenam derivatives,
antibiotic activity, 180
Thieno[2,3-b]thienylthieno[2,3-b]thiophenes,
formation, 150
Thieno[2,3-b]thiophene, formation, 140
photoelectron spectra, 172
Thieno[3,2-b]thiophene, metallation with
n-butyllithium, 149
photoelectron spectra, 172
UV spectra, 176
Thieno[3.4-c]thiophene, formation, 135
Thieno[2,3-b]thiophene-2-carboxaldehyde,
formation, 152
Thieno[3,2-b]thiophene-2-carboxamides, as
cyclooxygenase and lipoxygenase inhibitors,
180
as cysteine protease inhibitors, 180
Thieno[3,2-b]thiophene-2-carboxylates,
formation, 128
Thieno[2,3-b]thiophene-2-carboxylic acid,
formation, 131, 134, 165
Thieno[2,3-b]thiophene-2,5-dicarboxaldehyde,
formation, 152
Thieno[3,2-b:2’,3'-d]thiophene-2,6-
dicarboxanilide, 157
Thieno[3,2-b]thiophene-2,3-dione 3-
ethylhydrazone, formation, 164
Thieno[3,2-b]thiophen-2(3 H)-one, reaction with
diazoethane, 164
1 H,3H-Thieno[3,4-c]thiophene-2-oxide,
Pummerer dehydration, 135
Thieno[3,4-c]thiophene-1(3 H)-thione, formation,
166
(E)-3-(3-Thienyl)acrylic acid, 132
2-Thioacetylaminothieno[2,3-b]thiophene,
oxidation, 158
Thiochroman-4-ones, fluorination, 246
Thiolane, fluorination, 261
Thiophene-3-carbaldehyde, reaction with
2-thioxothiazolidin-4-one, 131
6-Thioxanthines, formation, 84
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Thioxopyrimido[4,5-d]imidazolines, formation,
84
2-Thioxothiazolidin-4-one reaction with
thiophene-3-carbaldehyde, 131
Thymine, reaction with haloalkyl acetates, 71
1-(4-Tolyl)-5-methyl-3(phenylthio)-2-indolines,
fluorination, 253
2,4,6-Triaryloxy-1,3,5-triazines, formation, 103
1,4,6-Triazaphenothiazine, formation, 218
1,2,4-Triazines, formation, 103
1,2,4-Triazino[5,6-b]indole-3-thiols, formation,
105
Triazolo[1,5-a]pyrimidines, formation, 82
1,2,4-Triazolo[4,3-a]quinolines, formation, 53
1,2,4-Triazolo[3,4-b][1,3.,4]thiadiazoles,
formation, 102
Triazolo[3,4-b]thiazine, 58
Triazolo[4,3-a]triazines, formation, 103
2,4,5-Tribromo-thiophene-3-carbaldehydes, 128
Trifluoroacetic acid anhydride, formation, 276
2-Trifluoromethylphenothiazin-3-one, formation,
221
2,5,5-Trifluoro-1-methyl-3-pyrroline-2-
carbonitrile, formation, 261
4-(7-Trifluoromethyl)-quinolyl sulfides,
formation, 266
Trifluorophenothiazines, 210
2,3,3-Trifluorothioflavone, formation, 247

8.,9,11-Trihalogeno-7 H-benzo[c]phenothiazin-10-
ones, formation, 226

Trihalo-substituted phenothiazin-3-ones,
formation, 221

(LS)(2R)(SR)(6R) (8R)(9S)(12R)-1,7,7-Trimethyl-
6-methoxy-4-oxatetracyclo[7.3.1.0]-10-
tridecen-3-one, formation, 7

Trimethyllphenothiazin-3-ones, formation, 221

Trimethylsilylpenta-1,3-diyne, bicyclisation,
140

Tris-(2,2'-bipyridine)ruthenium(II) perchlorate
trihydrate, formation, 30

2,6,9-Trisubstituted purines, formation, 81

2,4,6-Trisubstituted pyridine-3,5-dicarboxylates,
formation, 22

2,4,6-Trisubstituted pyrimidines, formation, 66

2,3-Unsaturated O-arylglucosides, formation, 5
Unsaturated glycosides, formation, 5

Uridine triacetate, monofluorination, 258

2(4)-Vinylpyridine, reaction with
methyldichlorosilane, 30

Willgerodt-—Kindler reaction of morpholine, 60

4-Ylidene-2-phenyloxazol-5-(4 H)-ones,
formation of pyridine derivatives, 23
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