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ABSTRACT. The most recent information about the methods for
constructing a pyrrole ring from functional aliphatic compounds has
been classified and correlated.

The bibliography includes 196 references.

Contents

1. Introduction 163
II. C; + C, reactions 163
III. C; + C; reactions 171
IV. C4 + N (C4—N) reactions 173

1. Introduction

The pyrrole ring forms part of the molecular structure of many
natural and biologically active compounds. Hence the constant
interest in the chemistry of pyrroles is understandable. Since the last
monographs'~ and reviews*™ appeared, covering different questions
concerning the structure, reactivity, and synthesis of pyrroles, a large
number of new studies in this field which require classification and
correlation have been published in the literature.

The many methods for synthesising pyrroles can be divided into
three main groups: cyclisation of functional aliphatic compounds,
conversion of five-membered heterocyclic compounds containing one
nitrogen atom in the ring, and conversions of other heterocycles.

The methods for synthesising pyrroles by cyclisation of aliphatic
compounds are usually classified”? according to the number of
carbon atoms provided to the pyrrole ring by the initial reagents:

C2 + Cz, Cy + Cl, and Cy + N (C4“—-N).

The methods for synthesising pyrroles from aliphatic compounds
have undergone considerable development in recent years. They are
the subject of the present review, which covers publications from
1980 to 1987 that have, as a rule, not yet appeared in monographs
or reviews.

II. C; + C; reactions

1. Pyrroles from ketoximes and acetylene

In recent years there has been the most rapid development of a
new general method for constructing a pyrrole ring which is based
on the reaction, which was discovered at the beginning of the 1970s,
between ketoximes and acetylenes in the system alkali metal

hydroxide — DMSO *# (it was suggested®® that this synthesis should
be called the Trofimov reaction)

RO o

I + HC =CR?
N~ OH

MOH/DMSO
60—120°

-

R R
1o+ 0
Rl/kN/\RS Rl/\N)\‘{J
H
\

R!, R? = Alk, Ar,etc.: R¥=H, Ph; M=K, Na, Li.

The yields of pyrroles and N-vinylpyrroles (the latter are readily
formed with excess acetylene) depend on the structure of the initial
compounds and, as a rule, amount to 50-70%, while in favourable
cases they reach 90%. A necessary condition for this reaction to
take place is the presence of an o-CH; group in the ketoxime.
Aldoximes do not form pyrroles but are converted to nitriles,
amides, or salts of carboxylic acids. >

This simple and effective synthesis has made it possible to
convert ketones in two stages to pyrroles with the widest range
of substituents—alkyl,? alkenyl,'! aryl, %13 hetaryl >*—as well as
to annelated pyrrole systems.>® For the first time the simplest alkyl-
and aryl-substituted pyrroles not containing functional groups
became accessible, the majority of known methods for obtaining
them being not very suitable. It is not surprising that the discovery
of this reaction acted as a powerful stimulus for the development of
pyrrole chemistry. Within a short time more than 120 studies were
published in this field. The majority of them have already been
covered in a review® and monograph.> We have therefore restricted
ourselves here to examining the most recent information that has not
appeared in these review publications.

In one study'® the synthesis of the previously unknown
2-arylpyrroles and their 1-vinyl derivatives is reported.

R!
N——
e
/DMSO

—R!
Ar——<
NOH Ar / \N /

i
Ri

Ar = Ph, 4-RCgH, (R = Me, Et, MeO, Cl, Br, iso-Pr, t-Bu), Bz:
Rl —_—H, Me, CﬁHm, C7H15, CaHu, ph; R2= H. CH = CH;;

MOH = LiOH, KOH.
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Pyrroles that are not substituted on the nitrogen atom are
obtained in LiOH —DMSO (100 °C, 3 h) and their 1-vinyl
derivatives are obtained in KOH —DMSO. By using an equimolar
quantity of KOH relative to ketoxime and a tenfold excess of
DMSO (from the total weight of the reagents) it is possible to reduce
the reaction temperature considerably (to 50-60 °C) and obtain
3-alkyl-2-arylpyrroles and their 1-vinyl derivatives with total yields
of up to 90%.'¢

Oximes of a thiophene series and acetylene underwent the
Trofimov reaction to give thienylpyrroles and the previously
unknown 1-vinylthienylpyrroles in 50-70% yield.!?

Rl.
— N—
o | 11 ]

MOH/DMSO \S/__\N/
Re
R! = H, Me, Et, Pr, Bu, CgHy3; R*=H, CH = CH,.

t L ®
s’ \NoH

The reaction takes place smoothly at 100-130 °C and can be
effected both at elevated pressure (1.0-1.6 MPa) and atmospheric
pressure of acetylene. The ratio of pyrroles to their 1-vinyl
derivatives formed in this synthesis is governed by the reaction
conditions—its duration, the temperature system, concentration of
acetylene, addition of water, and change in cation from the
hydroxide.

The heterocyclisation (50~100 °C, 4-5 h) of acetylene with
piperidine oximes,'®-! their N-hydroxy derivatives, and nitroxyl
radicals'®!® has been carried out.

X

] RK R! R?
RSN KX S
R I\Rz HC=CH _ ” “ N “ WX

KOH/DMSO

_ps
NN IL ® H NN\ /ll—Ra
NOH ) \ R
(I
X =H, Me, OH, O;; R! =R®=H, Me, Ph;
R?2=R!=Rs=H, Me.

Tetrahydro-5-azaindoles (I) and (II), including those with a free
valency (X = O) have been obtained in this way. A special feature
of the reaction when X = OH is that it mainly gives tetrahydroaza-
indoles with a nitroxyl free-radical centre (compounds with a
vinyloxy group at the 5-position are formed in very small quantities
in the process).'®1?

Reaction between acetylene and oximes of 2- and 3-acylindoles
(III) gives 2- and 3-(pyrrolyl)indoles with yields of 30-45%.?>% The
optimum conditions for synthesis are: temperature 100-105 °C

(30 min to 2 h), ratio of ketoxime to KOH = 1:1.2.
RZ
B2
C<\— HC=CH 7\
l NOH‘ KOH/DMSO Ilqi IIV '
Rr! (111) rR" R (IV)
R'=H, Me: RZH,Me,Pr,Ph; REH,CH=CH,,

A variant of the reaction under discussion is the interaction
between ketoximes and haloethanes, which gives pyrroles and their

1-vinyl derivatives with a total yield of 50-60%.%*%2
R? R?
R! —R? X MOH/DMSO N
DAV I o
NOH 25—6h RI/\\N/ Rl//\N/
H |

N
X =Cl, Br )

Trofimov and Mikhaleva® achieved 94-95% selectivity with
respect to the main product—a pyrrole—at the cost of a reduction in
yield to 30%. As in the reaction with acetylene,>® this was mainly
achieved by adding small quantities of water (10-20%) to the
reaction mixture.

The reaction between ketoximes and vinyl halides occurs in a

similar manner.26?
Rl o, R2 R?
N/ R MOH/DMSO m \”_
! + =N 80—130° + "
\ X 2.5—6h VNN rN\NS
OH H |

AN

By varying the ratio of reagents and the conditions it is possible
to carry out the reaction with a sufficient degree of selectivity to
obtain either mainly pyrroles in about 40% yield or their 1-vinyl
derivatives (yields up to 35%).

These variants of the Trofimov reaction, despite the lower yields
of pyrroles, can in some cases prove to be more suitable for
laboratory experiments, since they exclude the use of free acetylene.

One of the possible methods for forming pyrroles from ketoximes
and acetylene in the superbasic catalytic system KOH~DMSO is a
heteroatomic variant of the Claisen rearrangement of the intermediate
O-vinyloxime (V), which undergoes isomerisation by proton transfer
to give the O, N-divinylhydroxylamine (VI).2

NN\ N/

J - L NKol
Ph/ NN/ pn/ “\NH
V) (VI

Ph/ \NH
RZ
R‘\/R” S -
o Ph/ NN

- —_— "'Hzo I l 1--H
ph/ ) OH h/\N) A h

(VD) (VIII)
R! = Me; R? = H, R! =

Me; Rl = H, R2 = iso-Pr.

It was shown®® that O-vinylarylketoximes (V), which can be
obtained in 50% yield from ketoximes and acetylene, on heating
(100 °C) in KOH —DMSO are completely converted to the
corresponding pyrroles even after 1.5 h. When isopropyl- and
isobutyl-phenylketoximes were reacted with acetylene in the
same system the reaction was stopped at the stage where
4H-2-hydroxy-2,3-dihydropyrroles (VII) were formed,? and on
heating (70 °C, 5 h) compound (VII) (R' = R? = Me) with
acetylene, the 3H-pyrrole (VIII) was isolated.*
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Confirmation of this mechanism was also obtained*! by The reducing agent most frequently used is zinc in acetic acid.
rearrangement of the isomeric O-(phenylvinyl) acetophenone oximes
(IX) and (X) in KOH—DMSO to give the corresponding pyrroles. / CO.Et Me Me 7/ CO:Et
o+ Y _ZwHOA: | u "
Ph. ,Me ,Ph Ph 90-100°
\“/ ( R “——/ 0/ e CO.Et” \NOH Et,C \I’}/\Me
N
No/ ph/ \NJ Although quite versatile, the Knorr synthesis does have some
H disadvantages. These are mainly the moderate yields of pyrroles
(IX) (40-60%). The reaction efficiency is substantially reduced in the
P h\ /Me case of asymmetric B-dicarbonyl compounds, which usually form
\ 1 - il u mixtures of different pyrroles.
N “ Ph” NN /\ph The higher yields of pyrrole-2-carboxylates (60-70% for the main
\o/ \ph H product synthesised from an asymmetric ketone and 75-90% from a
(X) symmetric ketone) in comparison with the method described by

0-(2-Todoethyl)ketoximes (XI), obtained in two stages from
ketones, on heating in the presence of t-BuOK and t-BuOH are
converted to pyrroles (vields 65-74%).%

_ _ R!

\( R! \/ R k ”/

aN

Norst o e
(XI) (XII)

It was possible to stop the reaction at the stage where the
O-vinyloxime (XII) was formed, R! = H, R? = Ph (yield 41%), by
lowering the concentration of t-BuOK and reducing the time of
reaction. The pyrrole was obtained in 89% yield by thermolysis of
oxime (XII).

2. Condensation of aminoketones with ketones

In recent years there has been further development of one of the
most widely used methods for synthesising pyrroles—the Knorr
synthesis, which in its original form is regarded as the condensation
of a-aminoketones with carbonyl compounds that have active
methylene groups adjacent to the carbonyl group such as in
B-ketoesters and P-diketones.

Rl ,0 CO,Rs R! CO,RS
\[/ + / ? CH,COOH \—/ :
—— | ]
b
(X111)

When phenylacylamines are reacted with methyl and ethyl
acetoacetates, pyrroles (XIII) are obtained: (R! = Ar; R? = H;
R = H, Ar; R* = Me; R® = H, Mg, Et),® (R! and R® = Me;

= 4-CIC¢H40; R* = CH,CO,Et; R® = Ef).*

The reaction of amino derivatives of sugars with dimethyl
diacetylenedicarboxylate (DMADC) may be regarded as a unique
version of the Knorr synthesis; this gives pyrroles with carbalkoxy
substituents (XIIT) (R! = H; R? = (CHOH),CH,OH, n = 2, 3;

= Alk, Ar; R* = Co,Me; R® = Me). 3¢

The aminoketone component of the reaction is most frequently
obtained by reduction in situ of the corresponding monooxime,
which in turn is formed by nitrosation of a ketone or B-dicarbonyl

compound >4

Kleinspen® (reduction in situ of diethyl oximinomalonate with

zinc) were achieved by reaction of 1,3-diketones with diethyl
aminomalonate (XIV), which was prepared in advance in boiling
glacial acetic acid.** Reduction of oximinomalonate is carried out in
ethanol solution in the presence of Pd/C.*

Il\ll—OH Il\IH.;
(0] o 0
(XIV)
R R? Me
Mei/l\/ j )/
(0] Me
O
R’ = Me, EtO; R2 = H, Me, Et, Pr.

I'he usual conditions for the Knorr synthesis are not very suitable
for the synthesis of B-trifluoromethylpyrroles (yield 5%). The yield
of these compounds can be increased by using a strong acid medium
during nitrosation. In neutral solution ethyl trifluoroacetoacetate is
enolised to a considerable extent. A strong acid medium shifts the
tautomeric equilibrium towards the keto tautomer, which results in a
greater yield of pyrroles (41-47%). A mixture of acetic and
trifluoroacetic acids saturated with HCI is used as the solvent.®

1) HNO,/H® COR CF
CFs._ 4O N N
Yo e ]
NN\
Me” N 2
\CO2 Bt e N CO.Et
R == Alk, AlkO.

3. 1,3-Dipolar cycloaddition

Dipolar cycloaddition*® has formed the basis for the development
of many methods for synthesising pyrrolesin recent years. 1,3-Dipolar
cycloaddition of nitrile or azomethine ylides to dipolarophiles gives
pyrroles either directly or via pyrroline derivatives. For this purpose
it is possible to use mesoionic compounds which formally contain a
system of azomethine ylide bonds. Thus, the azomethine ylide (XV),
which is generated by reaction of a-cyanoaminosilanes 4 or
a-(phenylthio)aminosilanes *7 with silver fluoride and also by
alkylation of imidates with trimethylsilylmethyltriflate (DMF, 25 °C,
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3 h) followed by desilylation of the resulting salts with caesium

fluoride,® reacts with methyl propiolate or DMADC to form
pyrroles,*6-%
© . 4 N
R’\ @/CHZ R \_/CO_1 e
=N + R — = —CO,Me - | |
2 [ -R?H /
Rl ‘ RS \N
m
(XV) (XVI)
R! = Me, PhCH,; R? = H, EtO, Me; R3 = H, Me, Ph;
R4 = H, CO,Me.

The reaction between compounds (XV) and (XVI) in the presence
of silver fluoride takes place when there is a small excess of the latter
in acetonitrile at 25 °C over a period of 10 h in the dark. The
residue (pyrroline) formed after removal of solvent is oxidised by
2,3-dichloro-5,6-dicyano-p-benzoquinone to give the corresponding
pyrroles in 62-65% yield.**7 The reaction takes place under similar
conditions in the presence of anhydrous CsF, with a yield of pyrroles
of up to 75%.%8

N-Protonated azomethine ylides (XV) (R! = H, R® = Et, Bu, Ph;
R? = NPh, NC¢H,S) readily add on to electron-deficient acetylene
compounds (dry acetonitrile, 20-25 °C, 16 h) forming the
corresponding pyrroles (yield 44-96%).4%%°

One of the most unusual examples of 1,3-cycloaddition of
hetero-1,3-dienes to alkynes has been reported in one study;’!
1,2-diaminopyrroles (XVIII) are obtained in 46~59% yield by
reaction of diazabutadienes (XVII) with 1-propynyldiethylamine.

R‘OzC\ /

) + Me — = —N (Et), -
Me \N

N\Rz
(XvIl)
R1O4 R’OgC\ /Me
> el Jowen— wel Lnen.
\N 2~ M\ :
o| ® l
N—R? NHR?
(XVIII)
Rl Me; Et R2 = TS, COzCMegcclg.

Acyclic analogues (XIX) of Reissert compounds have been used
for the synthesis of pyrroles under both acidic and alkaline
conditions.’? Thus, the mesoionic compounds (XXI), which are
formed by dissociation of hydrophobic salts of Reissert compounds
(XX), undergo 1,3-dipolar cycloaddition to alkynes to give the
corresponding pyrroles.

HBF,

Ph/k )kph AcoR

(XIX)

NH, H
~ Ph@_ph . BF=—= Ph—@ &—Ph + HBF,

/ A= N

| I

R! R!

(XX) (XX1)
R R®
(XXD+ R*¥—= — R’ ’ﬁ Phl;;,t-ml 4+ | o=cC=Nir]

]
R1

R=Ph Bz ; R=REH, COyMe.

Similar pyrroles are formed by reaction between methyl acrylate 52
or vinyltriphenylphosphonium cation®*** and anions which are
products of the reactions of superbases (BuLi/THF, NaH/DMSO or
DMF/NaH) with Reissert compounds. In the first case the reaction
occurs at room temperature, in the second case heating is required
(110 °C) for 24 h.
Ar.
) _ Pbh, BrO >9—~CN
At/ NN/ NPh RN —o

| ph””
R
/CO:I“C
_.,CO:Me "——"“
— Ar—

NN Npy

l
R

R = Ph, 3-MeOC¢H,, 4-CICgH,, Cylys. cyclo-C¢Hyy;
Ar = Ph, 4-CICgH,, 3, 4-Me,CeHs.

A 1,3-dipolar cycloaddition route is followed in the reaction of
aliphatic nitro compounds, 1,3-diketones, and acetyl chloride
(MeONa/MeOH, N, N-dimethylacetamide, 0-20 °C, 12 h), which
gives diacylpyrrole derivatives in 35-85% yield.>*

MeCOCIl, MeONa

Rl\
NO,”

[CIC]
— R1—C=NO -

(R2CO).CH 2 "
Sxt RIOC R

R1, R? = Ph, 4-MeCgH,;, 4-CICiH,.

It is suggested®® that the first stage of the reaction is formation of
nitrile oxide, which as a result of 1,3-dipolar cycloaddition to
1,3-diketone (XXII) forms a pyrrole.

1,3-Dipolar cycloaddition of nitrones (XXIII), which are
formed from methylhydroxylamine and methyl propiolate or
phenylacetylene (80 °C, 12 h) gives the pyrrole (XXV).’® When the
reaction is carried out at 25 °C (24 h) it is possible to stop it at the
stage involving formation of the intermediate isoxazoline (XXIV),
which at 80 °C over a period of 12 h rearranges to pyrrole (XXV).
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i H Me
L N
MeNHOH + HC=CR - R/\|/ od |~
L H _
I;A; HC=CR R\—;“_] H,0 —————./ R
—’RCH‘\/ No® - _' 0 adi
H R/ \N// R/\N/
l
Al/le Me
(XXIIT) (XXIV) (XXV)
R = CO,;Me, Ph.

With alkyl-substituted acetylenes this reaction does not occur even
with prolonged heating.>

4, Pyrroles from isonitriles

An effective method of obtaining pyrrole derivatives which are
unsubstituted at the 1- and S-positions is the base-catalysed addition
of tosylmethylisocyanide (XXVI) to activated alkenes.’”*®

R3
TsCHR'NC —Smei =R, ” H/
(XXVI) N
H
R! = Me, CH;=CH—CH,, Bz; R? = Me, Ph;
R3 = CO.Me, Bz, C=N.

The reaction can be carried out in superbasic systems—NaH in a
DMSO —Et,0 mixture or in dimethoxyethane. The yields of
pyrroles are 70-90%.

When 1,3-diene esters (XXVII) are used as the Michael acceptor,
the addition to them of two molecules of isonitrile (XXVI) to give a
bipyrrolyl is to be expected. However, under the given conditions
only the 3,4-substituted pyrrole (XXVIII) is obtained in 80%
yield.®-8! The addition of the second isonitrile molecule does not
occur apparently because of the reduction in electrophilicity of the
a,B-unsaturated ester (XXVIII). A 3,3-bipyrrolyl can only be
obtained after addition of a PhSO; group to the nitrogen atom.

RL (XXVI) § \_/\/R
\/\\/\\Rz N(:?H/DMSO/E:,O ” “\ “
20°,3h N
H
(XXVII) (XXVIID)
R! R? R2—
\“ l/ ~ XXVD) /NI-I
i @
SO,Ph \N Y%
do,n

R! = Me, Et; R? = CO;Me, CO,EL.

If the reaction of isonitrile (XXVI) and the 1,3-diene ester is
carried out in the presence of BuLi in THF (-70° to 0 °C, 2 h), the
other isomer of pyrrole (XXVIII) (R! = CO,Me, R?> = Me) is
obtained in 34% yield.5!

Pyrroles (XXX), which have an alkenyl group at the a-position,
are synthesised in high yield (83-96%) by the base-catalysed addition
of 1-tosylalk-1-enylisocyanides (XXIX), readily formed by reaction
of tosylmethylisocyanide with carbonyl compounds, to Michael
acceptors.62

0

Ri—__/T8

If
Rl/ N\Ne=C Ra/——/\R4

(XXIX)

t-BuOK/THF | /

_w___._ “_“ R~i

(XXX)

R! = Me, Ph; R? = H; RIR? = (CH,)3, (CHa)4, (CHa.)s;
R3 = H, Me, Ph; 2- furyl, 2 -thienyl, MeCH = CH, PhCH = CH;
R*= Me, MeO, EtO, Ph, 2-furyl, 2-thienyl

Methyl isocyanoacetates (RO,CCH,NC) are quite frequently used
for the synthesis of pyrrole-2-carboxylates.5*° The reaction takes
place under the same conditions as for isonitriles (XXVI).
N-(Tosylmethyl)imino derivatives®® react in a similar manner with
Michael acceptors.

R Ph
~c/ Ne—_ -
TsCH,N_c\X + N

Y
B Ph /Y
DMSO/DME "—' 4 TsH + HX,
W
H
B = NaH, t-BuOK

R = Me, Ph, SMe, OMe; X = SMe, OMe; Y = COPh, CO,Me, CN.

It appears that in this case the first stage involves removal of a
proton from the activated methylene group, generating a 2-azaallyl
anion TsC —N=CRX, which subsequently reacts with the
unsaturated substrate either according to a 1,3-dipolar addition
mechanism (after elimination of Ts™ or X7) or according to a
1,3-anionic cycloaddition mechanism.

5. Reactions involving hydrazones and azoalkenes

Carbonyl compounds containing an active methylene group when
reacted with glyoxal monohydrazones form hydrazones (XXXI),¢"
which5 8on treatment with sodium dithionite give pyrroles in 21-48%
yield.
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R3
. N\ R?
0] R O] “Me ——
Rl\=0 + / ]TS Me _EQS \( N Na:San_) “ I(
R/ k N - T N e
(XXXI)

R! = H, Alk, AlkO, Ar; R?=

Compounds (XXXI) when treated with sodium borohydride are
converted to alcohols, which on heating or in the presence of acids
eliminate water to form N-aminopyrroles, and subsequently on
hydrogenation give pyrroles unsubstituted on the nitrogen atom.

Reductive condensation of phenylhydrazones with cyclic ketones
in the presence of zinc and sodium acetate in acetic acid gives

R

pyrrolocycloalkanes in 19-25% yield.%
Q, — Q 1
H N N HPh

1
R%=CO,Me, COEt; X=(CHy)y; (CHo); .

67

R'=Me, Et;

The reaction of enolisable ketones (XXXII) with their hydrazones
(XXXIV) in the presence of two equivalents of PCl; (CH,Cl,, 20 °C
or CgHg, 80 °C) results in the formation of a mixture of

H; Alk, AlkO, CN, CO.Alk;

R3® = Alk, Ar.

The reaction occurs via intermediate 1,4-adducts (XXXVII), which
subsequently cyclise to a pyrrole by elimination of water. Ina
number of cases these intermediates have been isolated. The
synthesis proceeds smoothly at room temperature and is complete
after several hours. The process can be speeded up by heating the
reaction mixture or by using a catalyst (CuCl,, "% Na,CO0, .
Aminocarbonyl-,”>"* aryl-,”*77 aroyl-,” arylsulphonyl-,”®"
alkoxycarbonyl-,”%° and B-chloro-azoalkenes * have been used
as the first reaction component. 1,Z’)-Diketones,"’73’75’77’79’81
B-ketoesters,”"7>7>777%81 and 3-oxoalkanamides
been used as the second components.

72,74,76,78,80 have

6. Reactions involving haloketones

A series of studies have recently appeared which are devoted to
extending the Hantzsch method,®2-%° which is based on the reaction
of a-haloketones or a-haloaldehydes with B-ketoesters and amines.

1 "O.R3
symmetrically substituted pyrroles (XXXV) and (XXXVI).”® The R\ /° —COR? /COR
yield (28-46%) and ratio of products depend on the structure of the | + 0“\_ - ~+ ReNH,; — ! CO.R?
reagents and the reaction conditions. Nx O:R \N/ NSTTF

RS
PhCI-12>C=o ++ NH,—NH—R? PhCH2>C=N——NH——R2 R RE=H, Alk; R, R®=Alk, Ar; X =Cl, Br.
R! R! The reaction is carried out in the same water-dioxan or water-
(XXXII) (XXXIID) (XXXIV) alcohol solution, in a two-phase system, or without any solvent at
room temperature (prolonged standing of the mixture) as well as
PClAHXXXID) with heating for several hours. In some cases®® the reaction is
Ph /Ph Ph Ph |PCL--(XXXIT) catalysed by carboxylic acids.
‘ “ " 4 “_"“‘n The probable reaction route’ assumes the formation of
- inocrotonate (XXXVIII) at the first stage.
RN NRt R/ NN N\R1 amt ¢ ) . ge
| | 3
R? H /_C02R3 - v COR
XXX XXXVI = + R‘NH, —
: 1;/1{ R? = Me, PhCH.(z. v \_‘CoeRz ! RONH /”\ Y CO.R?
A mixture of pyrroles (XXXV) and (XXXVI) (1:1) is also (XXXVII)

obtained by direct reaction of the initial ketones (2 equivalents),
hydrazine (XXXIII) (1 equivalent) and PCl; (3 equivalents).
Azoalkenes react with 1,3-dicarbonyl compounds.”!~58

In fact, such aminocrotonates have successfully been used as
initial compounds for the synthesis of pyrroles.’®

R RO LN R\ 0>_R*
SR G I A
N 0 o
R/ NN \R? \‘/ N\[ /\R3 Re/ \IT/ \Rs
RE R NHR!

(XXXVII)
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COR
N
I
2 Me” N/ N\CO.Et
COR Oy, CO.EL Ph

H \( ) (XXXIX)
\Br

/\
phNH Me COR Co.lEt

I l|

= Me” NN
Ph
(X1)

R = Me, OEt.

An unexpected result of this study was that instead of pyrrole
(XXXIX) its isomer (XL) was formed in 72% yield. The reaction
took place when the reagents were refluxed in ethanol for 30 min.

7. Reactions involving amino and nitrile groups

N-Acetyl-a-aminoketones, obtained from L- or DL-amino acids,
when condensed with nitriles form substituted 2-amino-3-cyano-
4-methylpyrroles (120 °C, 3-4 h).%’

(|:O'~’H Ac,O/CHN Me\l/O RE/NCN
KOH/McOH
Rl/ \‘NH.:
R \NHCOMe
Me\ R? Me «R2
D D T H
Rl./ N/\NHg Rl/\N/\NH.I
| I
Me/ \O H
R! = Me, Pr, iso-Pr, Ph, Bz; R? = CN, SO.R.

The pH of the medium must be kept within the range 9-10 and
the temperature at 55-60 °C when decarbonylation takes place.

Condensation of 3-hydroxy-2-butanone with primary aryl- and
alkyl-amines in boiling cyclohexane gives aminoketones, which
react with cyanoacetates to give various 2-amino-3-carbalkoxy-
4,5-dimethylpyrroles in 36-87% yield.*®

Me 0] Me 0
\|/ -~ RINH, — \‘/ -

Me” NOH Me”” \NHR!

Me COg_RZ
e

Me” N/ \NH,

|
R!

Rl = Alk, Ar; R® = Me, t-Bu.

The reaction of hydroxyketones with amines and malononitrile,
giving 2-amino-3-cyanopyrroles in yields up to 96%, also takes place
via the intermediate formation of an aminoketone. The reaction is
carried out in ethanol in the presence of sodium ethoxide.*

R3

HO_ _R?
/ ~
| -+ HNR! Eto ;)

H. N/ \N) t\R.

R} = (CHy)s Me, cyclo-CeHyy,  (CHy)sNMes, CII.,CI-I:O}{,

| J -
CHg——\O , CHQ—\S g
R!=R% = Me, Ph; RZ2R?==(CHy),;, (NH.);.

The reaction of malononitrile with 1-carbethoxyaziridines in the
presence of sodium hydride (THF, 100 °C, 4 h) gives 2-amino-
3-cyano-1-carbethoxy-4,5-dihydropyrroles (yield 45-50%), which are
aromatised (chloranil, benzene, 80 °C, 3 h) to the corresponding
pyrroles (XLI) in 30-90% yield.!®

?1 1}2 Rl\ CN Rl CN
e A T U O
Y RSN/ NNH, RO/ \NH,
CO,Et | |
CO,Et CO.Et
(XLI)

R! = H, Ph; R?=H, Me.

Pyrroles (XLI) (R' = Me, Ph; R? = H) were also obtained by
counter-synthesis from malononitrile and N-phenacyl- or N-acetonyl-
carbamates R!COCH,NHCO,Et on boiling the reagents in benzene
in the presence of acetic acid and ammonium acetate or piperidine.

When trimethylsilylcyanide (XLIII) is reacted with alkynes (XLII)
(N3, 20 h) in the presence of palladium or nickel catalysts,
S-aminopyrrole-2-carbonitriles are obtained in high yield.!*!

Rl Rz
RIC=CR? 4- Me;SiCN — “ "

NG/ N \N(SiMey),
H

(XLII) (XLIII)

= H, Ph, 4-MeOC¢H,, 4-CIC4H,, 2-thienyl, 2-MeOCH,;
R? = Ph, 4-MeOC4H,, 4-CIC4H,, 2-thienyl.

There has been a study of the reaction of nitrile (XLIII) with
silylacetylenes (XLII) (R! = Me;SiC=C, CH3(CH,)s, Ph, MesSi;
= SiMes),'%? (120-160 °C, 9-12 h) in the presence of palladium
catalysts to give 2-amino-5-cyanosilylpyrroles (vield 49-84%).

8. Reactions involving enamines and imines

The Chichibabin reaction—the catalytic interaction of acetylene
with ammonia—remains one of the most promising methods for
obtaining unsubstituted pyrrole.? In recent years definite progress
has been made in this direction. By varying the catalysts and
reaction conditions it has been possible to increase the yield of
pyrrole to 10.4% (cadmium calcium phosphate catalyst).’%® The
same catalyst has been used for the condensation of acetylene with
aniline (410-430 °C),'* with a 15-17% yield of 2-phenylpyrrole.

It has been proposed!®® that at the first stage of the reaction
between acetylene and ammonia, vinylamine is generated, which then
reacts with acetylene to give divinylamine, which cyclises to pyrrole.
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CoH, -+ NHy—
B g5~ [CH,=CH—NH,) ~
HOCH,CH,;NH,—
CH2=CH
Gy, \NHJ Y.
CHy=CH” NN

Such a scheme is consistent with the synthesis of pyrrole from
mono- and di-ethanolamines, which presumably involves the
intermediate formation of mono- and di-vinylamines.!%% The
reaction takes place at a high temperature on a complex catalyst:
AlLO3 (95%), ZnO (2%), Cr,03 (3%). The yield of pyrrole is 10%
from monoethanolamine and 18.5% from diethanolamine.

Enamines react under mild conditions (CH,Cl,, 20 °C, 2 h) with
certain bis-iminium salts, forming aminopyrroles in good yield.'%?

L=+

R NHR?
+ Br| J e N X |8
r| X N ==CH—HC==) 4
N
1
X
2 | A
RhN X + E]
gg n_/ N
H

R&CO, Bt CO,C Meg, Ph

The formation of pyrroles in this reaction is due to double
electrophilic attack by the dication on the nitrogen atom and
B-carbon atom of the enamine. The 2,3-dihydropyrroles thus
obtained eliminate an amine during the synthesis and are converted
to a-aminopyrroles. When R!=H, pyrroles are not formed. This
supports the conclusion'?’ that a-aminopyrroles containing a
hydrogen at C(4) are unstable compounds.

Oxidation of enaminoesters (XLIV) with an equivalent quantity of
lead tetra-acetate (CH,Cly, 20 °C, 3-7 h) results in the formation of
symmetrically substituted pyrroles (XLV).1%8-110

H CO,R3 CO,R3 CO,R3
\W/ Pb(Ac), \|___| /
R’/\NHRz Rl/\N'/\Rl
R2
(XLIV) (XLV)
R! = CO,Me, Me, Ph; R2 = Me, Pr, Bu, PhCH,, 4-CICgH,,
R3 = Me, Et.

In the opinion of Vernon and co-workers, % the new C~C bond
is formed by two-electron oxidation of enamine (XLIV).

The yields of the pyrroles synthesised from f-aminocrotonates
amount to 20-40%. The oxidation of B-aminocinnamates is less
effective (yields of pyrroles 10-20%) and only takes place in an
atmosphere of nitrogen.

R: Me, Ph; REH,Alk; X=0,NMe.

The reaction of 2-(N-methylanilino)-2-alkenonitriles (XLVI) with
ketimine anions followed by alkylation or protonation of the
intermediate carbanion (XLVII) and culminating in the pyrolysis of
adduct (XLVIII) gives pyrroles.!!!

Asymmetrically substituted ketimines (R?2 = n-Pr, R> = H) form
a mixture of pyrroles (XLIXa, b) in the ratio 85:15. It is possible to
obtain pyrroles (XLIXa) selectively by deprotonation at -78 °C.

R! CN
| R‘-—CH=C/ iso-Pr,NLi
Iﬁl + \II\J_Ph "THF
3
AR Me
(XLVI)
Rl
N e
I |
. .
R /C\CH PN N
]
e rzq_ph
(XLVII) Me
R1—N R¢
2 pe o Si. R A
5 — End
N/ Nen” \c< ' PrRHMe
[ N \N—Me
R® |
(XLVIII)

Rz/_ )}\Rs R/ kN/\RE

(XLIXa) (XLIXp)

R! = Me, cyclo-C¢H,;, iso-Pr, PhCH,;
R¥=H, Me, Pr; R®=H, Me, Pr; R3R®= (CH.);, (CH.);
R¢=H, Et; Rs= H, Me, Et, Pr; X == OHl, I, Br.

9. Reactions involving nitro-olefins

The synthesis of pyrroles by the Grob-Camenisch reaction
(Michael addition of different enamines to nitro-olefins) is well-
known!”? and is still being developed. When reagents (L) and (LI)
are boiled in ethanol for 2-4 h, pyrroles (LII) are obtained in yields
up to 90%. 112113

R B /X <
“ + k / _Ra d )
Rz/ \NOZ R‘HN/ RS 0, N NHR‘ R2” \N \Rs
L) Ly (LH)

X-~acceptor: COMe, COzMe, COgEt Rl = Me, Ph; R® = H, Me;
RS = H, Me, Ph; R¢ = Me, Bu, Ph, PhCH,, 4-AIkOC¢H,.
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1,3-Dicarbonyl compounds are being used for the reaction with
nitro-olefins with increasing frequency.!!*!!> Thus, the reaction of
ethyl acetoacetate and pentane-2,4-dione with B-nitrostyrene in a
solution of MeONa/MeOH gives the bis-dihydrofuran intermediate
(LIII). Treatment of the latter with ammonia or amines in methanol
gives 3-acylpyrroles in high yield.

COR? I/Dh
——

- e
Me” No”
(LIII)

—NOH -+ HNO. -+ H.0,

2

RICO Ph
N/
(LD 4 RINH, —mnmwo > | |
Me” NN
4 R?
R! = Me, OEt; R?=:H, Alk, Ar.

Acylpyrroles (LVII) are obtained by two methods—by hydrolysis
of polyfunctional dihydrofurans (LVI) formed by reaction of nitro-
olefins (LIV) with twice the amount of acetoacetates (LV) 16

R2\" ) /COMe R3\C02 /Rz
NcoR® %
R \N02 R Me/\o/\N=C<COMe
CO;R?
(LIV) (LV) (LVI)
+H;o_’ Rz\“___ﬂ /COst
RV NN \Me
H
(LVII)

and by reduction of the nitronic acid (LVIII), which is an adduct of
compounds (LIV) and (LV), with different reducing agents (Zn/HClI,
Zn/ZnCl,/HCI, 2-phenylethanethiol/benzene).!16

Rz\/\"/Me
/N O
R NNO,H

(LVIII)
R, R® = Alk; R?:=Ar

(LIV) 4 (LV) — - (LV1I)

The 3-nitropyrrole (LXII) was obtained in 58% yield by reaction
of aminoacetaldehyde acetal (LIX) with 1,1-di(methylthio)-2-nitro-
ethene (LX).!' In this case the acyclic intermediate (LXI) is first

formed and in the presence of HCl it cyclises to the pyrrole.
MeS, (SMe
o:N/ NH

(LIX)

EtO\/OEt/Nog

- l " _ne \” J
\g/ \sMe Mes” \g
(LXT) (LXII)

The base-catalysed reaction between a-isocyanoacetates (LXIV)
and nitroalkenes or their precursors—-acetoxynitro compounds
(LXIII)—gives pyrroles (LXV) in 55-95% yield.!'®

NO,
: |
ACU\/\R3 t-BuN = C(NMe,), H\:/Noz
- R2/ \Rs -
R2
(LX)
3 2
CN\ R ~__/ R
RICOZ /H\ /H
H” N/ N\COR!
(LXIV) B
(LXV)

R!=EtO, +BuO, Me;N; R = H, Me, Et,
4-MeOC,H,, 4-PhCH,OCsH,; R® = Me, CH,CH,CO.Me

III. C; + C; reactions

1. Pyrroles from f,y-dihaloethanes and amines

In a refinement of the Kost-Ibragimov-Mamedov method,!!*-
the intermediate products (LXVII) from the electrophilic addition of
carboxylic acid chlorides (LXVI) to allyl and methallyl chlorides
(AICl3, dichloroethane, -20° to 25 °C) when treated with diamines
(aqueous NaOH, 70-80 °C, 6 h) form bis-pyrrole compounds.!?

122

R! R? R ,O
\=O + :/ — \/ Cl
c’ _cl | 7~
(LXVI) N/

R2/\Cl
(LXVI])
HzN\__ R2 R2

NNH, =

|
)
R‘\N) }\N/_RI

N/

R!= cyclo-C¢H,;, cyclo-C¢H (NH;; R?=H, Me
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2, Reactions involving a cyano group

B-Aminopyrroles that have a CN group at the B’-position are
obtained by reaction of o,B-unsaturated dinitriles with secondary
amines containing functional groups; the intermediates are either
isolated or not isolated.!?*

CN R\ - NC\_ /CN NC NH._.
“ AR O i e
Rl/\x R3 Rl/\ / 1/\ /\ 3

| R N R
R? 1’22
X= , AlkO; R! = H, Alk, Ar; R®=H, Alk, Ar;

R = CN, CO,H, CO.Alk.

A convenient and simple method for the synthesis of pyrroles that
contain amino and cyano groups is based on the reaction between
tetracyanoethane (LXVIII) and azomethines or azines.'?*~'*” The
reaction occurs in water-alcohol and alcohol media or in DMSO,
giving 3-cyanodihydropyrroles, which on gentle heating in DMF
eliminate a molecule of hydrocyanic acid and are converted to the
corresponding pyrroles in high yield.

\ 2

NC.__CN ;‘z B

Ne/ NN N e

(LXVIIT)
CN ,
N T . NG\ CN
|| | SHCN N “
HoN/ NN/ \R2 HNZ NN \R2
i R! R

R! = Ph, 4-HOC4H,; R? = Ph, 2-furyl, 2-HOC4H,.

N T NS

Nne/ NeN R _\Rz
(LXVIII)
NC c
CN CN
CH.N “ L—w it ﬂ ”
’ R HQI\/ \]N/ \Rl
N~<R2 N=CHR!

R! = Pr, iso-Pr, Ph, 2-furyl, 3-pyridyl, R?=H

3. Reactions of amino acids and their derivatives with
1,3-dicarbonyl compounds

Hydroxypyrroles (LXX) 128-130 416 gynthesised by Dieckmann
cyclisation (NaOEt/EtOH, boiling for 3 h) of enaminodicarboxylates
(LXIX), which are formed by reaction of amino acid amides and
esters with B-ketoesters '2® or with diethyl ethoxymethylene-
malonate.!2>-130

RL_ 0 COEt
N/ —R3 —

+ RN RS —
|\ ! R \Nr
COEt H

(LXIX)

Etona R ,OH

I )\
\N \R8
R2
LXX)

Ri=H, Ph, CO.Et; R®=H,Me,Ph,Bz; R3=CONH,, CONHMe,
CO.Et, CO,CMej, CH,CO.Et

A number of pyrroles have been obtained from amino acids and
1,3-diketones *'13 and also from &-(aminomethylene)cyclo-
hexanone.'®® Cyclisation of the intermediates often occurs simply by
heating.'*?

4. Reactions of azabutadienes

Azabutadienes (LXXI) react with glycine ethyl ester hydrochloride
(80 °C, 4 h) or ethyl chloroacetate (100 °C, 6 h) in pyridine, giving in
both cases pyrrole-2-carboxylates (LXXIII).!>* The regiospecificity
of the reaction suggests that only one of the tautomeric diimine
forms, namely (LXXII), participates in it.

R? R?
R3 I R3 I
\/\NRI = \i/\NHRl -+
R‘/ \NHg R4/ \NH
LXXD) (LXXII)
NH.CH,CO,Et.HCI Rs\__'/ R?
+ —R'NH, — “ “
CICHCOE Ri- N/ NCO,E
—HCI H -
(LXXIII)
R? = Ph, 4-CICgH,; R® = H, Me;

R* = Pr, Ph, 4-MeCyH,, cyclo-CiH,,.

In the first case heterocyclisation probably takes place by
transamination of diimine (LXXII) with the amino group of glycine.
1,4-Diazabutadienes form the pyrrole (LXXIV) as a by-product
(5-17%) by reaction with 2,3-diphenylcyclopropen-1-one. The main

route in this case is formation of pyrroline-4-ones.'*

Ph  Ph
Ne—"
\" 7+ 4RCGHNy _ /NCHR4 — i (o)
o)
— .
N2 Nph PR SN/ NCH=NR
| [
CoHyR-4 CotlR-4
(LXXIV)
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5. Reactions involving cyclopropanes — " "
Condensation of #ris-(t-butylthio)cyclopropenyl salts (LXXV) —CgHgCHaNHg N Ar
with secondary amines in the presence of the superbasic system 'CH CeH
t-BuOK —DMSO at 20-25 °C gives pyrroles (LXXVI) in 40-80% 2655
yield.'36-138 (LXXXVIII)
SRt ‘
: Ar=Ph’ 4~ NO,CgHy -4 — (Me) ,NCgHz | 2,4,6 — (Me) 3CgHy;
5 R 2-pyridyl.
® ClO/ + HN —_——
. et g \__ps "HSR né sSR! The benzylidenammonium ions (LXXXVII) formed at the first
RS SR R“ stage of the reaction are converted to pyrrolinium ions, which are
(LXXV) (LXX V1) aromatised with elimination of benzylamine.
R'=(-Bu; R2=Me Et; R°=Me,CN,Ph,CO,Mo |

R“R® =(CHy)3, (CH,),.

Anions of acyclic imides (LXXVII) (NaH, xylene, 20 °C) and
cyclopropylphosphonium salts (LXXVIII) give AZ-pyrrolines, which
are dehydrogenated with 2,3-dichloro-5,6-p-benzoquinone to the

corresponding pyrroles (LXXX).'¥

4 ,Et
NN [ o ll _ cogt

SNH + CO Et | BFy —; )
R—c{ LS )\R. W \ge

! |
. COR! COR?
(LXXVID (LXXVIID) (LXXIX) (LXXX)
R* = H, Me, Ph; R*=H, Me, Ph

The [3 + 2}-cycloaddition of methylenecyclopropanes (LXXXII)
and (LXXXIV) to the ketenimine (LXXXIII) (125 °C, 22-30 h),
catalysed by (PhP),Pd, gives pyrroles (LXXXI) and (LXXXV) in
77-96% yield.!*

I "*—R‘ AN 7

(A1 N ‘ /ph

Ph\J (me‘cm LXXXID by C=NPh (LXXX[V)__) A
h/ \\I llah

(LXXXI) (LXXXIID) (LXXXV)

Rt=H, Me; R?=Me

Reaction of hydrobromide salts of 1,2-cyclopropanediamine
(LXXXVI) with a twofold excess of aromatic aldehydes (MeOH or
EtOH, NaOAc, 20-25 °C, 15 h) goes to completion with the
formation of 2-arylpyrroles (LXXXVIII).*!

2HBr- é—NH—CHZCGHE, + 2Ar—CH=Q0 —>
—CHCgHs

(LXXXVI)

NH.CH, Gy Hs HCHoCH,
6

NHC}
@ @ }—Ar -
NZ\ Ar Q-

[ i
CH.CgH; CHaCgHs
— (LXXXVII) —

—_—

IV. C4 + N(C4—N) reactions

1. Reactions of 1,4-dicarbonyl compounds

The formation of pyrroles from 1,4-dicarbonyl compounds by
treatment with ammonia or amines (the Paal-Knorr synthesis) is
one of the most common methods for obtaining substituted
pyrroles. Interest in it continues unabated. In recent years it has
been developed further in several studies.'*~'¢! In particular,

a large number of pyrroles have been obtained from hexane-
2,5-dione. 143146148, 149,136,161 - A nart from simple alkyl- and
aryl-amines, aminoalcohols,1“4’1“5’]47 aminoacetals,!** amino

acids and their derivatives,*6!#7156:157 sulphamoylbenzoic acid
derivatives,'*? and amides'>*"'*? have been used in the condensation.

Reaction of 1,4-diketones with hydroxylamine and hydrazines
gives 1-hydroxy- and 1-amino-pyrroles respectively.’

As a rule, cyclisation is carried out by boiling the reagents in an
acidic medium. Acetic acid is used the most frequently for this
purpose. 141 142145,149,150-152 The method has virtually no limitations.
In a number of cases it is possible to obtain (dioxan, 100 °C, 3 h)
pyrroles with bulky substituents'*>*® which are difficult to prepare
by another method because of steric hindrance.

In some cases the Paal-Knorr reaction can be stopped at
intermediate stages. Thus, the reaction of diketone (LXXXIX)

(R® = R? = Me) with liquid ammonia results in the formation of a
mixture of 2-hydroxy-3,4-dihydro-2 H-pyrroles (XC) and (XCI),
which are readily dehydrated (boiling in methylene chloride, basic
Al,O3, 8 h) to the 3H-pyrrole (XCII). Less substituted diketones
(LXXXIX) (R? = Me, R® = H) give the analogous hydroxy-
pyrrolines (XC) and (XCI) (R2 = Me, R? = H), which are
dehyc}gted to the 1H-pyrrole (XCIII) on standing for several

days.

R \ \/R RZ\/R3 2\/R3
R II CLUNG [ SR R l ZHO,
R No RV SN NoH o SN NRi
(LXXXIX) (XC) (Xcn
RQ\ /Me Rz\___
- ] e |
RSN N RV NRe
H
(XCIn (XCII)
R! = Me, Et, Ph; R? = H, MeO, MeCO, Ph; R = H, Me;

R* = Me, Ph.
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N, N'-bis(enyl)hydrazines (XCVIII) (by reaction with benzoyl
chloride and pyridine in benzene), which on boiling in xylene gave
N-benzoylpyrroles. Hydrazinolysis of the latter in isopropyl alcohol
(80 °C, 1-3 days) yielded N-unsubstituted pyrroles.'s*

1
R e BN ROR R
R—" =  Sr—Z O-R |
wovm R \11\141\1/ R/ NN
3
PhCO COPh R
(XCVII)

R! = H, Me, Et; R* = Me, Et; R'R? = (CH,)s;; R* = COPh, H

Reaction of propanal with diethyl phosphorohydrizidate (XCIX)
gives the hydrazone (C).

Me N
\/\\O + Nl'{‘&'*NHIII) (OEY. T CH,COOH, CT1; 13,200, 100 min
¢
(XCIX)
H O
N/NNTNP (OEY,
(0]

The sodium salt of (C) reacts with butanal to form the
asymmetric azine (CI), which after reaction with benzoyl chioride
eyclises to a pyrrole.!®

1) NaH
2) PrCHO, ether, 25°

(©) Me o Aanw/ o Me =

(CDH

The hydroxypyrroline intermediates (XCV) have also been isolated Me\ /-Me
in the reaction of cyclic 2-(acylmethyl)1,3-diketones (XCIV) with _Pheoct_ “ “
liquid ammonia.'s® \N V%

) 0 R? H
Il R R3 Il RZ
L N \“/ NH,, N\ —'—\_R3 L NG e N Azines (CII) of carbonyl compounds that contain a readily
R \’ (0] Rl— e N/ R N R® enolisable benzyl group can undergo thermolysis by catalysis with
R N"No R OH No sodium hydride to give pyrroles.!61%
(XCIV) (XCv) (XCVI)
Ph\ /Ph Ph\ ,/Ph

On heating in acetic acid in the presence of ammonium acetate or I l Natil u "/ -
without a solvent up to the melting point, hydroxypyrrolines (XCV) 3 T
rearrange to pyrroles (XCVI) in high yield. This rearrangement may R/\\N_N/\R R/\NH—HN/\R
occur either by dehydration to a 3H-pyrrole with two successive (CII)
1,5-acyl shifts or by transannular interaction between the amide Ph Ph Ph Pt
nitrogen atom and the carbonyl group. (3.9] N/ N_ /S !

=>R— >R =R= DR
. N/ N S

2. Pyrroles from azines HN RH HN KH.

There is a continuous development of methods for the synthesis of 2
pyrroles based on the Piloty reaction. When this reaction is used in
its original form, the yields of pyrroles are usually low since strong Ph\ /Ph Ph\ /Ph
acid media are used, and it is not possible to convert aldazines to l " —T | ||
pyrroles. Therefore, in one study164 azines (XCVII) of enolisable - H2I§17\N /\R : R /\N /\R
aldehydes and ketones were first converted to N, N'-dibenzoyl- H H

R = Me, Et, Pr, iso-Pr, Ph

At the first stage of the cyclisation azine (CII) is converted to a
dienehydrazine. An alkaline catalyst, not displacing the equilibrium
itself, considerably increases the rate of the tautomeric conversion.
At the next stage a [3,3]-sigmatropic shift occurs and after that (via
several stages accompanied by elimination of ammonia) the pyrrole
is formed. The probability that the stage involving C—C bond
formation occurs as a [3,3]-sigmatropic shift is borne out by the fact
that pyrrole formation takes place by thermolysis without a catalyst.

The thermal (150-170 °C) uncatalysed rearrangement of
methylarylketazines to 2,5-diarylpyrroles '¢7 has also been

reported.'5’
S
—£ —R —» R— —R

H
R = Ph, 4-MeC4H,, 4-MeOCyH,, o-naphthyl

3. Reactions involving a nitrile group

Succinonitriles (CIII) when treated with diisobutylaluminium
hydride followed by hydrolysis (NaH,PO,, 100 °C, 0.5 h) are
converted to pyrroles (CIV) in 34-57% yield.m8

R CN R
\l/ (iso-Bu),AIH “ ”
\CN \Il\_ll/
(cln (CIV)

R = iso-Pr, Bu, Ph, 2-CIC;H,
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Alkylpyrroles (CVI) are obtained by gas-phase reductive
cyclisation of ketonitriles (CV) in the presence of Group VIII metals
(Rh, Pd, Pt, Ni).'s°

Rl\ /O H,__) R’\____— R2
2/k/CN - W“MNJ
R
R H
(cV) (CVI)

R! = Alk; R?*=H, Alk

Cyclisation of a-acylketene S, S-acetals (CVII) with amines
(EtOH, 75 °C, 1-1.5 h) gives pyrroles (CVIII) in 41-61% yield.!”°

R\/° i
SMe _RNH;_
N Mes— LN,
NC SMe 4 R®
(CvID) (v

1= Ph, 4-CICgH,, 4-HO,CCgHy; R® = Me, Et, Bz

Cyclisation of 1,3-dicyanoenamines (CIX), obtained from
a,a-dichloroaldimines by treatment with KCN—DMSO (120 °C, 2 h)
gives 2-amino-5-cyanopyrroles (CXI) (43-71% yie]d).171 Pyrrole
formation occurs as a result of intramolecular attack by the amine
nitrogen on the CN group and prototropic rearrangement of the
intermediate 2-iminopyrroline (CX).

N—R?
/\/H\ KCN/DMSO (':N lTIHR’
R1C|/\C1H Rl/\/\CN -
(CIX)
/Rl R
T )L
- NC-—-\N/——NH NC \N2 NH.
R? R
(CX) (CXI)

R! == Me, Et; R? = iso-Pr, t-Bu

4. Reactions of halogen-containing compounds

Some primary amides are converted to N-acylpyrroles (yield
55-85%) by reaction with 1,4-dichloro-1,4-dimethoxybutane (CXII)
in the presence of an ion-exchange resin (MeCN, 45-60 °C, 12 h).!”

CI)Me
R. ,NH —
YT e _)”\/“
0 c1\\ IIJ
oMe R7No
(CXII)

R = Me, Pr, C;;Hg;, Ph.

The condensation of chloroaldehydes (CXIV) and (CXV) with

ammonia in diglyme gives pyrroles (CXIII).!73-173
R! Cl R cl
N/ AN /
&S e ]
Cl O \N
H
(CX1V) (CX11p
R!'=H, Cl
! 1 1 2
R N Z Cz NH, R R
<D W
1o N
H
(CXV) (CX1)

R! = HCI; R? = Ar

If 1,8-diazabicyclof5.4.0Jundec-7-ene (DBU) is used as the catalyst
it is possible to carry out the reaction at room temperature.'”®

2,4 -Substituted pyrroles (CXVII) are obtained by reaction of
chloropropenyl ketones (CXVI) with primary amines.!”’

P R,
—R? -} MeNH, —
!
(CXVI) (CXVID)

‘When secondary amines are used, only replacement of the
chlorine atom by an amino group occurs.!”’

5. Pyrroles from azides

Irradiation of the triazoline (CXIX), which was derived by
intramolecular conversion of azide (CXVIII), in methanol solution
gave the pyrrole (CXX) in 75% yield.'”®

N N
AV /7 "\
Et s -
PN NN\ CoHlese \l/ X -
|
CO,Me PN NV N g
éOZMe
(CXVIII) (CXIX)
N}:evOH" '=>N—-—/ T N—Et
= CO,Me
PhN
(l:O;Me
(CXX)

Reaction of the vinylazide (CXXI) with molybdenum hexacarbonyl
in protic and aprotic solvents occurs with the formation of
2,5-diarylpyrrole.!”

ITI:;, c ,1-\r—|l J—Ar
Ar—C=CH, —Mo(C0s "Ny
H
(CXXI)
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6. Other reactions

The reaction of dienes with PdCl, and Cu(OAc), in acetic acid
gives stable palladium m-allyl complexes (CXXII), which on
treatment with primary amines in the presence of 1 equivalent of
AgBF, and 0.1 equivalent of triphenylphosphine form pyrroles in
13-54% yield.'®

J N\ _Pach RN H2
Ca(OAc)gACON /\N/\OA" AsBF . FhgP { N ]
PdCly R

(cxxin
R= Et ,Bz.
Cyclisation of the acetylenic aminoalcohols (CXXIII) to pyrroles
(CXXI1V) has been successfully carried out in the presence of

palladium [PdCl, or Pd(OAc),].'®! A Pd(Ph;P); complex is less
effective.

Rl

1 N
R\/oH Pyl l 83— 100%
HN— |
2 A\ NN \Re
(CXXID)  \ga
R H
(CXXIV)

RI = CsH]s, Ph; R"’ == I‘I, Et, iso-Pr

N-Substituted pyrroles (CXXYV) are obtained in good yield by
gas-phase cyclocondensation (250 °C) of 2-butene-1,4-diols with
primary amines, catalysed by transition metals, in particular, by
Cu.'®2 At the first stage of the reaction the butenediol is probably
dehydrated to a dialdehyde or diketone, which then reacts with the
amine.

S e | O
R! RE R! R}
R,

-H:O
VAN
Rz
(CXXV)

Rlv R2 = H, A‘k, Ar

The possibility of using a reduced fused iron catalyst for the
gas-phase synthesis of pyrrole and its derivatives from butanediol,
ammonia, and hydrogen has been investigated.’®® At 250-310 °C a
mixture consisting of pyrrolidine, N-butylpyrrolidine, n-butylamine,
n-butanol, 4-(1-pyrrolidyl)-butanol, 1,4-dipyrrolidinebutane,
di-n-butylamine, pyrrole, and N-butylpyrrole was formed with a total
yield of 10-15%. It has been suggested'®* that at lower values of the
partial pressure of hydrogen, pyrrole and its derivatives could
become the main reaction products.

a-Acetoxy-a-vinylalkanones (CXXVI) (products derived from the
reaction of a-dicarbonyl compounds with vinylmagnesium bromide
and acetic anhydride) react with benzylamine in the presence of

Pd(PPhs),
Rg ‘MgBr OAC,
1) _—../ R
2) A€o0 1 -
B N0 ! R0
(CXXVI)
H pn

R? N

PhCHoNHg RLJ\L_] + \6
A
1

N
New

R2 R
(CXXVII)

1 e n2= . 1p2
BR!=H,Me, Ph; R°=H Me,Ph, R'R*=(CHa);.

(xylene, THF) to give N-benzylpyrroles in 43~65% yield."®* In
addition to pyrroles, aminoketones (CXXVII) are also formed;
however, they are not a source of pyrrole.

From oximes of alkyl dibromocyclopropyl ketones (CXXIII) and
MeLi were isolated N-hydroxypyrroles and allenes (CXXIX),!®’
which Santelli considered to be intermediates.

—
NN Meld e —c=¢
SN 0 T i i N

Br Br N—OH NN e

I
OH
(CXXVHI (CXXIX)
186,187

It was shown subsequently using dibromocyclopropanimines
(CXXX) that pyrroles are formed in similar reactions as a result of a
carbene-carbene rearrangement. Imines with a labelled carbon atom
were used to demonstrate the mechanism.

R & W S,
*\/ \\“NRa 20°, 16.h - *" "
VN
Br Br N
(CXXX) R*

R! = H, Me; R2 == H, Me; R® = iso-Pr, t-Bu, Ph

On heating dicyclopropylketimines (CXXXI) in xylene in the
presence of a dimethyl ether—fluoroboric acid complex, pyrroles
(CXXXIII) are formed with yields of 32 and 42%.!%8

®

O e HBF,“Meg0 Q NHe R
N p MM = 1\
) N
H

(CXXXIII)

(CXX X1) (CXXXII)

R=H,SPh.

The reaction starts with formation of the carbocation (CXXXII).
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N-Arylpyrrole-2-carbaldehydes (CXXXVI) were obtained by acid
hydrolysis of salts (CXXXIV).'¥°

OH
) |
[ArNH=CH—CH=CH—C=CH—NH—Ar -
®
 Ar—NH—CH=CH—CH=C—CH= - __HCl
Ar—NH-—-CH=CH—CH (l: CH=NHAr] Ct —EOHES
OH

(CXXX1V)

Ar
(CXXXV) (CXXXVI)

Ar = ph, 3‘02NC3H4; 4'02NC3H4;

no_ | J
\y/ —CHO

4'Me'3'02NC6H3, 4'M8C3H4, 4‘BrC6H4, 4'C1C3H4

When an ethanol solution of the salts was heated without acid,
the intermediate anils (CXXXV) were isolated, readily hydrolysing to
aldehydes (CXXXVI) in the presence of acids.

A 1:1 mixture of the N-tosylpyrrole (CXXXVIII) and thiophenol

is obtained from S-butadienylsulphimines (CXXXVII) (130 °C, 0.5 h,

CDCl3)."% The reaction takes place with preparative yields in
different solvents, but the best results are obtained in phenyl-
isocyanate, which combines with thiophenol.

Rl\ /Rz Rl /RB
7y = | | +pusH
- N%

Ts Ph Ts

(CXXXVII) (CXXXVII)

Condensation of benzyl bromide with the diketoxime dimethyl
ether (CXXXIX) (HCI, H,0, CH,Cl,, 30 °C, 12 h) gives pyrroles
(CxXL).*!

%
Me Me R 1
h " -+ BzBr — Me——u "—/ R
\N-7
MeON NOMe OMe
(CXXXIX) (CXL)
R!=H, R®=Bz, R!=Bz, R®*=H

Pyrroles with various substituents are obtained by reaction of
N-allylamides (CXLI) with COCl, and then with t-BuOK.!9%1%3

Rl\/// O /R3 Rl

| COCl,__)
HN\)\Rz
(CXLI)

Cl' /Ra
N\)\RZ

Ra— %

- Rl_m

H

KOBu-t
~HCI

R! = Ph, 2-furyl, 2-thienyl, 2-HOC¢H,, t-Bu; R?= H, Me; R3®=H, Me.

The intramolecular cyclisation of iminoketones (CXLIII),
which are formed by reduction of nitroalkanones (CXLII) with
tributylphosphine and diphenyl sulphide (THF, 20 °C) gives pyrroles
(CXLIV) in high yield.}**1%%

Rg\ RZ

N

Ri—( D—Re- =il
N PhSSPh RI— _Rs
0N o/ < / NV
(CXLII) (CXLIIN) (CXLIV)

R! = Me, CO.Et; R? = Me, Ph; R®=Ph, Me

Thus, the methods for constructing a pyrrole ring from aliphatic
compounds continue to undergo rapid development. Along with an
improvement of the known synthetic methods based on the classical
reactions of Knorr, Paal-Knorr, Hantzsch, Chichibabin, and Piloty,
there is a constant search for new preparative reactions which can
form a pyrrole ring from the most accessible starting materials and
under the mildest possible conditions. A particularly rapid
development is taking place at present for the recently discovered
formation of pyrroles from ketoximes when treated with acetylene or
its equivalents (vinyl halides, dihaloethanes) in the presence of
superbasic systems of the type KOH—DMSO. This reaction has
opened up a simple route to groups of pyrroles that were previously
difficult to obtain, including N-vinylpyrroles, which are now being
synthesised rapidly and studied in detail.

In the present-day synthesis of pyrroles from aliphatic compounds
the following trends prevail: 1) there is a wider use of acetylenic
compounds or their equivalents (especially acetylenes with strong
acceptor substituents and conjugated diacetylenes) as starting
materials; 2) different ketone derivatives (oximes, imines,
hydrazones, B-nitro derivatives, etc.) are involved in synthesis;

3) there is a change to reagents and catalysts having superbasicity,
such as KOH —DMSO, t-BuOK — DMSO, dimsyl sodium,

NaH —THF, NaNH,— NHs, lithium diisopropylamide, etc.;

this achieves a substantial increase in the yield of pyrroles, an
acceleration of different base-catalysed processes, and in a number
of cases gives rise to new reactions.
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