SERIES | ARTICLE

Jeans and Means
3. The Story of Indigo
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The mechanism of formation of indigo from 2-
nitrobenzaldehyde and acetone is discussed in this article.
Some new methods of making indigo are also described.

The organic chemist is a creator. It is this fact that contributed a
great deal to the early development of organic chemistry. The
early realisation that many useful compounds could be made
more economically in the laboratory than from natural sources
and the pursuit of such prospects in the dye industry were
responsible for the development of organic chemical industries.
Discoveries became the logical outcome of prolific and intuitive
experimentation as exemplified by Perkin’s synthesis of mauve
in 1856 and Baeyer’s synthesis of indigo in 1878. The
remarkably simple synthesis of indigo (1) from 2-nitrobenzal-
dehyde and acetone in the presence of aqueous alkali (eq. 1)
must have come as a most pleasant surprise.

0
@CH Acetone
NO, aq. Alkah

2 1

Today we can explain the reaction; yet, by any standards it is
still fascinating. In this article, we will try to analyse the steps
involved in the synthesis of indigo. The mechanistic approach
will be further simplified through a short discussion on
oxidation numbers of organic compounds.

Even to this day, the mechanism of the alkali-mediated
chemical transformation shown in equation 1 is some food for
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Analysls of the Omdatlon Number of Orgamc Compounds

o For a bond that connects the same atoms
S [regardless of the nature of hgands
‘at’cached to it] the oxidation number countis

(zero For example, the contribution from
~ 'each carbon below is ’0’ '
; Exampfes

 HgCCHa, HaC = CHz, HG-CH20H, HsC-CHa-CHg
‘The oxidation number contribution of bond
e -A«B wxll be related to the e?ectronegatmties', :
i or dlpo!e maments Thatas the posxtlve end

.aontnbutes +1 and the negatlve end -1,

 Exampl es:

e "Hac~cH3, HaC»OHzOH HBC—CH—O HaC-COOH
33 341 34 3+3

This example shows how the progressive ;
two-electron- -oXidation of ethane to acettc

‘acid, ohanges the ox&datran number ofthe
' oxrdlsed carbon by two units at a time.
. Over and above the computed number, for-

every posmve charge +1 should be added}
and for every negat:ve charge -1 shouid be

Cadded. | ,
- Examples: H3C", H3C., H3C*, HaN, HaN*

g 2 3 3

An analysis similar to the one abave wouid

~ show that for the progressive two electron -

-~ reduction of a nitro compound to an amine, :
the oxidation number of the mtrogen atom |
decreases by two units at a time.

thought! We will try to understand the details of this
transformation in two stages, through the analysis of the
changes in oxidation numbers.

The concept of oxidation numbers has greatly simplified the
analysis of transformations in the inorganic area, such as

_balancing equations. A similar concept, although too
simplistic, is equally useful in organic chemistry. The rules
for determining the oxidation numbers of atoms in organic
molecules are summarised in the box,

From this perspective, eq. 1 can be rewritten with the
oxidation numbers of the important atoms as follows:

Z\H be
+ + H;,C CO—CH; i + HOOCCH,
o) +3
nf

cHe (2)
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There is a remarkable change in the oxidation number of the
nitrogen atom during the reaction. Of the six electrons
needed for the NO; — NHR (+3 to -3) change, five have
come from acetone and one from the aldehyde group. Here
the transfer of electrons has been ‘done’ in a clever manner

through a series of transformations shown in Schemes I and 2.

The presence of alkali is important in deprotonating acidic
hydrogens to produce‘ nucleophilic species, which undergo
reactions characteristic of them. The acid-base equilibria also
promote hydrogen transfers. With these general ideas in
mind, we can divide the overall transformation of 2 to 1 into
two segments. The first cascade of reactions is triggered by
the addition of CH3 COCHj_(formed by an acid-base reaction
of acetone with OH™ ) to the aldehyde group of 2. This
ultimately leads to the formation of compound 3 via nucleo-
philic addition, hydrogen transfer and dehydration steps. The

sequence is shown in Scheme 1. The changes in the oxidation

number of nitrogen at crucial stages are also indicated.

Scheme 1 A: nucleophilic
addition; B: hydrogen
shift; C: aromatization and
protonation; D: dehydra-
tion; E: deprotonation and
F: intramolecular nucleo-
philic addition.
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Scheme 2 A & B: nucleo-
philic addition; C: retro-
aldol reaction; D: frag-
mentation and E: taufo-

The second sequence of reactions begins with the coupling of
two species, both generated from 3. Through a series of
nucleophilic addition, fragmentation and tautomerisation
steps (Scheme 2) indigo is ‘magically’ formed!

merisation.

The structure of indigo as 1 was established only in 1883, five
years after Baeyer’s synthesis. Later, routes to indigo were
discovered rapidly and many of these were commercially
exploited. These endeavours were facilitated by the
understanding of the formation of indigo in nature. Indigo
does not occur in the free form. In plants it is present as -
indican (4), which can readily be hydrolysed to indoxyl (5)
and which can be oxidised to indigo.

D-glu 0

m :g—mﬁff— @NS % Indigo ... 3)
H H 1
4 5

Indoxyl has been reached by many commercially viable
routes, two of which are given below; |

Q)

:/\{)(OH Maog .
N-phenyiglycine
- @:;\ ......... )
oS 5
Naphthalene
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The quantitative transformation of 4-hydroxycarbostyril (6) to
indigo (eq. 5) is a process of recent origin. It demonstrates that
the quest for ndigo by exotic pathways is by no means over.

OH
SR
e mtige e ®)
o 3 HO
N 4. aq. NaOH i

6

It would be challenging to work out how the 6 — 1 change
takes place.

Although it may not strike us as elegant, many compounds
currently prepared by organic synthesis can be made by
genetically manipulated organisms. This trend will not only cut
down costs but would also obviate environmental hazards,
invariably associated with synthetic procedures. The case of
indigo provides an excellent example. This route may prove to
be the preferred procedure for large scale preparation of indigo.

CHpCH(NH,)COOH o

@ E. coli bacteria @

......... 6
N incorperated with N ©
H naphthalene dioxy-— 5 H

genase gene

Modern chemistry is also emerging from molecules derived
from the modification of 1. In 1995 indigo was converted into
sheet materials by thermolysis. The thioindigo [NH=S]

skeleton has been used as a photochemical switch.

A problem, once solved, usually loses its charm. Occasionally,
the same problem resurfaces in a different context and
generates renewed interest. The story of indigo belongs to this
category. The need for making indigo has changed. So have
the parameters that have to be taken into account during the
synthesis. But, the challenge to one’s creative ability remains

the primary motivation for the organic chemist.
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