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Pyrrole and the simple alkyl - pyrroles are colourless liquids, with relatively
weak odours rather like that of aniline, which, also like the anilines, darken
by autoxidation. Pyrrole itself is readily available commercially, and is
manufactured by alumina - catalysed gas - phase interaction of furan and
ammonia. Pyrrole was fi rst isolated from coal tar in 1834 and then in 1857
from the pyrolysate of bone, the chemistry of which is similar to an early
laboratory method for the preparation of pyrrole — the pyrolysis of the
ammonium salt of the sugar acid, mucic acid. The word pyrrole is derived
from the Greek for red, which refers to the bright red colour which pyrrole
Imparts to a pinewood shaving moistened with concentrated hydrochloric
acid.



Reactions with Electrophilic Reagents

Protonation

In solution, reversible proton addition occurs at all positions, being by far
the fastest at the nitrogen, and about twice as fast at C-2 as at C-3. In the
gas phase, mild acids like C4H9+ and NH 4+ protonate pyrrole only on
carbon and with a larger proton affinity at C-2 than at C-3.
Thermodynamically, the stablest cation is the 2H-pyrrolium ion, formed by
protonation at C-2 and observed pK ., values for pyrroles are for these 2-
protonated species. The weak N -basicity of pyrroles is the consequence of
the absence of mesomeric delocalisation of charge in the 1 H - pyrrolium
cation.
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Reactions with Electrophilic Reagents

Reactions of Protonated Pyrroles

The 2H- and 3H-pyrrolium cations are essentially iminium ions and as such are electrophilic: they play the
key role in polymerisation (see 16.1.8) and reduction (16.7) of pyrroles in acid. In the reaction of pyrroles
with hydroxylamine hydrochloride, which produces ring-opened 1.,4-dioximes, it is probably the more
reactive 3H-pyrrolium cation that is the starter.'” Primary amines, RNH,, can be protected, by conversion
into 1-R-2,5-dimethylpyrroles (16.16.1.1), recovery of the amine being by way of this reaction with
hydroxylamine.'""
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10.1.1.2  Nitration

Nitrating mixtures suitable for benzenoid compounds cause complete decomposition of pyrrole, but reaction
occurs smoothly with acetyl nitrate at low temperature, giving mainly 2-nitropyrrole. This nitrating agent
is formed by mixing fuming nitric acid with acetic anhydride to form acetyl nitrate and acetic acid, thus
removing the strong mineral acid. In the nitration of pyrrole with this reagent, it has been shown that C-2
is 1.3 x 10° and C-3 is 3 x 10* times more reactive than benzene."” A combination of PPh;, AgNO; and

Br, also produces a comparable mixture of nitro-pyrroles.*
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For preparation of 3-NO2:

N-Substitution of pyrroles gives rise to increased proportions of -nitration, even an N-methyl producing
a B:o ratio of 1:3, and the much larger -butyl actually reverses the relative positional reactivities, with a
B:ot ratio of 4:1."° The intrinsic a-reactivity can be effectively completely blocked with a very large sub-
stituent such as a triisopropylsilyl (TIPS) group, especially useful since it can be subsequently easily
removed.'®

NO, NO,
Cu(NOy), n-BuyNF
/N Aot )\ THF, 1t / \
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16.1.1.3  Sulfonation and Reactions with Other Sulfur Electrophiles

For sulfonation, a mild reagent of low acidity must be used: the pyridine—sulfur trioxide compound
smoothly converts pyrrole into a sulfonate initially believed to be the 2-isomer,"” but subsequently shown
to be pyrrole-3-sulfonic acid.' It seems likely that this isomer results from reversibility of the sulfonation,
and the eventual formation of the more stable acid. Chlorosulfonation of I-phenylsulfonylpyrrole is clean
and an efficient route to pyrrole 3-sulfonic-acid derivatives."
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10.1.1.4 Halogenation
Pyrrole reacts with halogens so readily that unless controlled conditions are used, tetrahalo-pyrroles are the

only isolable products, and these are stable.” Attempts to mono-halogenate simple alkyl-pyrroles fail,
probably because of side-chain halogenation and the generation of extremely reactive pyrryl-alkyl halides

(16.11).

KI, AcOH
{/ \5 ag. EtOH, H,0, {/ \}

H H

Although unstable compounds, 2-bromo - and 2-chloropyrrole (also using
SO,CI, ) can be prepared by direct halogenation of pyrrole with the N -
halo — succinimides.



Acylation

Direct acetylation of pyrrole with acetic anhydride at 200 ° C

leads to 2 - acetylpyrrole as main product, together with some
3 - acetylpyrrole, but no N — acetylpyrrole.

@ AcO Y o,

N 200°C N 3-Isomer

major minor



Acylation

The more reactive trifluoroacetic anhydride and trichloro-
acetyl chloride react with pyrrole efficiently, even at room
temperature, to give 2 - substituted products, alcoholysis
or hydrolysis of which provides a clean route to pyrrole -
2-esters or -acids.

Cl;CCOCI

90% HNOq NaOMe
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Vilsmeier acylation of pyrroles
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The Vilsmeier reaction
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Alkylation
Mono -C-alkylation of pyrroles cannot be achieved by direct

reaction with simple alkyl halides, either alone

or with a Lewis - acid catalyst, for example pyrrole does not
react with methyl iodide below 100 ° C; above about 150 ° C, a
series of reactions occurs leading to a complex mixture made
up mostly of polymeric material together with some poly -
methylated pyrroles. The more reactive allyl bromide reacts
with pyrrole at room temperature, but mixtures of mono - to
tetra - allyl - pyrroles together with oligomers and polymers
are obtained.



10.1.1.7 Condensation with Aldehvdes and Ketones

Condensations of pyrroles with aldehydes and ketones occur easily by acid catalysis. but the resulting
pyrrolyl-carbinols cannot usually be isolated. for under the reaction conditions proton-catalysed loss of
water produces 2-alkylidene-pyrrolium cations that are themselves reactive electrophiles. Thus, in the case
of pyrrole itself, reaction with aliphatic aldehydes in acid inevitably leads to resins, probably linear poly-
mers. Reductive trapping of these cationic intermediates, producing alkylated pyrroles, can be synthetically
useful, however all free positions react; acyl and alkoxycarbonyl-substituents are unaffected.™

(9 ~ 0 7 0
Me Me Me Me Me Me
O.. _Me HaPO,, AcOH, rt o Me | reduction Me
Me / N Y Y 3 2?9% T MeTYy T Me [ N \ “(
H n-Pr i H  ppPr | H  nPr

a 2-alkylidene-pyrrolium cation



The simplest dipyrromethane, bis(pyrrol-2-yl)methane, can be obtained
directly from pyrrole with agueous formalin in acetic acid; reaction in the
presence of potassium carbonate allows 2,5-bis-hydroxymethylpyrrole to be
Isolated. This diol reacts with pyrrole in dilute acid to give tripyrrane and from
this, reaction with 2,5-bis(hydroxymethyl)pyrrole gives porphyrinogen, which
can be oxidised with chloranil (2,3,5,6 —tetrachloro-p-benzoquinone) to

porphine, the simplest porphyrin.

2xHCHO pyrrole
{/ \> ag. K,CO3,5°C {/ \> 0.15N HCI, <5 °C
N 84% - N 61%
H H

. /N / \

tripyrrane

!N\
H chloranil
BF5, MeOH CHCl,, reflux_;
CHCl3, 1t H 31%
» N (2 steps)

porphyrinogen v

porphine



Other examples:

roty ([ M s
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Reactions with Oxidising Agents

Simple pyrroles are generally easily attacked by strong oxidising
agents, frequently with complete breakdown. Hydrogen peroxide
IS @ more selective reagent and can convert pyrrole itself into a
tautomeric mixture of pyrrolin-2-ones in good yield.

aq. H202
{/ \§ BaCO3, 100 °C_ f—\ N @\ @
N 250/, — N OH — N O
H H H

3-pyrrolin-2-one 2-hydroxypyrrole 4-pyrrolin-2-one



Pyrm]_e-s which have a ketone or ester substituent are more resistant to ring degradation and high-yielding
side-chain oxidation can be achieved using cerium(IV) ammonium nitrate, with selectivity for an
o-alkyl.”

Me Et Me Et

CAN
/ \\  2q.THF, AcOH.rt_ I\
EtO,C N\~ Me 85% EtO,C N\~ ~CHO
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Reactions with Nucleophilic Reagents

Pyrrole and its derivatives do not react with nucleophilic reagents by
addition or by substitution, except in the same type of situation that
allows nucleophilic substitution in benzene chemistry, i.e. where the
leaving group is ortho or para to an electron - withdrawing group: the
two examples below are illustrative.

NO,
piperidine NaOMe
/@\ DMSO, rt_ D \ MeOH, 45°C_ // \
O,N N N02 100%  OoN 93% N
Me e Me

A key step in a synthesis of ketorolac, an analgesic and anti-infl ammatory
agent, involves an intramolecular nucleophilic displacement of a
methanesulfonyl group activated by a 5-ketone.

NaH aq. KOH
Ph / \ DMF, 85°C_ Ph / \ CO,Me MeOH, reflux Phy@ CO,H
N 83% NT K % NT T

O O COMe O
K/CH(Cone)z ketorolac




Reactions with Bases

Deprotonation of N - Hydrogen and Reactions of Pyrryl Anions

Pyrrole N-hydrogen is much more acidic (pKa 17.5) than that of a
comparable saturated amine, say pyrrolidine (pKa ~ 44), or aniline (pKa
30.7), and of the same order as that of 2,4 - dinitroaniline. Any very strong
base will effect complete conversion of an N-unsubstituted pyrrole into the
correspon-ding pyrryl anion, perhaps the most convenient being
commercial n-butyllithium solution. The pyrryl anion is nucleophilic at
nitrogen and thus provides the means for the introduction of groups onto
pyrrole nitrogen, for example using alkyl halides.

(t-BuOC0),0 n-BuLi i-Pr,SiCl
{/ \} _.DMAP, MeCN, rt {/ \5 THF, -78 °C_ {/ \} ~78°C > 1t_ {/ \}
N 81% N quantitative N 92% N
Boc H Li Sii-Prg



Direct Ring C — H Metallation

The C-lithiation of pyrroles requires the absence of the acidic
N-hydrogen, i.e. the presence of an N-substituent.

n-CgHy3 n-CgHqz n-CeHya
LiTMP Me,;SnCl NBS
/ N\ THF,~-70°C_THF,-70°C_ 7\ THF,-70°C 7\
H N 61% Me;Sn N o7 Br N
Boc Boc Boc

LDA i 7 B(OMe);
(/ \5 THF, -78 °C_ [/ \5 then aq. HCI_ (/ \5
N - , 80% N
SO,Ph L SO,Ph




Metal — Halogen Exchange

Metal-halogen exchange on N-protected-pyrroles can provide access to either 2- or 3-lithio-pyrroles. Thus,
for example, 2-bromo-1-r-butoxycarbonylpyrrole and its 2,5-dibromo-counterpart give monolithiated
reagents and from the latter, even a dilithiated species can be generated.”

Br Snle; =neantl EBO =757°C W THE. —70°C,_ €02 10 6 CO,H

N 0 N
Boc 1% Boc 70% Boc




Reactions with Reducing Agents

Simple pyrroles are not reduced by hydride reducing agents or diborane, but
are reduced in acidic media, in which the species under attack is the
protonated pyrrole. The products are 2,5 - dihydropyrroles, accompanied

by some of the pyrrolidine as by - product.

N N H
H H H

H,, Pt, AcOH —\ H —

[\ -t // \\ Zn, ag. ACOH, rt_ - - [ )
N 63% 25% via S N
H



Electrocyclic Reactions (Ground State)

Simple pyrroles do not react as 4 © components in Diels — Alder
cycloadditions: exposure of pyrrole to benzyne, for example,
leads only to 2-phenylpyrrole, in low yield. However N -
substitution, particularly with an electron - withdrawing group,
does allow such reactions to occur,

NBoc
Br

e CO-Me X
Z/ \> 90 °C » Br
N 60% / /
Boc

CO,Me




Synthesis of Pyrroles and Indoles

Carbonyl condensations (c.f. chapt. 3) - Pyrroles a [\

X
=
b
,Z(?f — /X)
Strategy a; Paal-Knorr synth.
‘aﬁ%g‘ LY () e N ) RIR=H: o/ \=g Unstable
R R'

N R N~ R
R" -2Hy0 R" Synthons: HO. OH °
NH,R" /Z_)\ |-|o2c:\?_<(co2 @
R"=H, alkyl, aryl MeO™" o OMe Ho o  PuNMs
e =5 Ho [ )\ AN [
HO,C co, ——» 07/_\=O —> H OH - \ > \
-2H,0 HO.C -2 H,0 CO,H -2CO;
HO OHg ~ °  HO,C  COM 2- N, COMH "o HOL N, ~-2 N
RNH;

Not useful for indoles

(5

0 = Q@F would reauire

N Nu.Ar subst.
H,oN-R



Strategy b; Knorr synth. /3—\\

(ot

Can be removed:;

/PN

Neccesary for hydrol., decarbox.
easy enolization

f — L

H OH " any
RO,C Rs @) Base RO,C V—\Rsfy RO,C o R, RO, R3
l IR NN R, R Ri "m0 R [ R
(@) R2 Hll\l 4 O R2 HN 4 HO N H 2 2 N 4
R5 R5 RS f R5
R,, Ry °H ) May be H
If R,=CO,R

Can be removed;
hydrol., decarbox.

Strategy a and b combined; Hantzsch synth.

a/b CO,R

q4 = / \ . cl CO,R; 273
l -\\ X R, Ry alkut, aryl —_— ﬂ\ AN May be removed;
He RiH, alikyl anfl R"°N” R hydrol, decarbox
0 E'HZ o) R4 R’ 4 y ) .

— >R HN™ R
R, HN @ -H,0 g. 4 e 4 _HC O N, O HN_,
R' imin enamin imin enamin

CO,R; j{Ost
\
R

Ry -H,O HO N R4
Rl

?
>
R
CO,R; CO,R3 CO,R;5 O‘\ CO,R; COzR3 CO,R;
/\ J: faut. AJ[ R R, taut. R R,
A R4 — - | 4-\
2 0



=
Strategy c ,Z (){ b_ /)
X

R, R,: H, alkyl, aryl

R2 RZ R2 R’2\ RZ RZ
{/—KOH
R(«O —> R[(O —>» R / O Base> R / O —> H —> [\
(? HO N—\ -H,0 N— N—X RON"cor, -H0 RN CORs
HN" CO,R; R' CO;R3 R' CO,R3 R' CO,R; R’ R’
R |
glycine der. ! taut.
( Rz R2 Rz 20H R2 R2
Rﬁo —» R O _Baseg R‘/_ég’\ — g — s H ABase, H
N N CO,R; - H,0 N~"Co,R, R7N"TCO,R,

HNCOR, TS CORs Ts CO,R4 (TS
Ts



Cycloadditions with 1,3-dipoles (c.f. chapt. 3)

— — alkene /alkyne
3 =

X X~ 1,3-dipole

Reaction with isocyanide

EWG
= R EWG  R=Ts(TSMIC)
®_© Base R  HA—LH R=Benzotriazolyl (BetMIC)
R NC g " HAJe  RCOR
isocyanate o ® © R
—N=C EWG= NO,, COR

R
Alt. I; van Leusen synth.

R: Ts or Bet (Good leaving groups)
EWG: -COR

ut. 'R COR

' COR ' S H R' COR ta
HH P g, - Hl_| Z Z\ \; -~ 2/ \;
: rN AN N N
H

Ar

Alt. II; Barton Zard synth.

R:-CO2R
EWG: -NO,

R NO,

N

RO,C

MIC: methyl isocyanate

L

IR ! l
:la taut
RocH-zﬁH > ROCH =
P
2C- 2 —z@ § ROZC



Reaction with mesoionic oxido-oxazoliums

R—=——R, R R»
R R,
' H * R3 4 )
N® — — > \ R
R3 /I 0 'COZ R3 H 4
O
3 0
H
)
O?/N R4 NR H@ . Mesoionic: . AN AN
Rs /Z/ H O' Ry~ R4 R3\(// R, Zwitter ion - l®_ o = |
o O 2 O o) no uncharged Na O N" O
o) 0©  res.form H H

N-acylaminoacid Not mesoionic

Reaction with nitrenes

©
RN%IDI?<—> = O sorhy N H
-N=N=N: R-N—N=N: R-N . NG
o -~ (4 N, H\_"’/N-R — > @N\

azid Nitren R
(1,3-dipol)
cHo MeNO, ~NO, ~NO,
Base A A\
S ¢ e O
N N N: N



Synthesis from aminoalkynes

JOC 2003, 7853

- cat. Pd(ll) |\I/|7et“+ _
— ) orcud) R\/ﬂ R—== Met, L@ X H>/[=><H taut R\/Z/_\)
» \ — = ——
HN N ) > N H T R NH N
R R 'S’N H R - Met R' R'
R: alkyl, alkenyi
oy DPBry _
__ 2) R'NH R—= Spont.
- o [ m=y ] s e (3
/ HN N
IR R
R: H, Ph, THP
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