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Foreword

This is the second volume in ‘The Chemistry of Functional Groups’ series that deals with
an aromatic functional group, following on from The Chemistry of Phenols published in
1993.

In the modern world there is no chemical functional group that has a longer and
more varied history than the aromatic amino group. The organized scientific study of
aromatic amines advanced greatly from the mid-1840s when August Wilhelm Hofmann
began to develop his ammonia type theory. In this the simplest member, aniline, and
its derivatives were expressed, by analogy, as compounds in which hydrogen atoms of
ammonia were successively replaced by other atoms or groups of atoms. The study of
these compounds, now conveniently labeled as anilines, received a tremendous stimulus
after 1856, when the teenaged chemical inventor William Henry Perkin discovered the
first aniline dye, later known as mauve. During the second half of the 19" century the
anilines revolutionized the study of chemistry, led to the inauguration of industrial research
laboratories and helped forge academic-industrial collaborations. As agents of modernity,
anilines and their derivatives forced changes in patent law, fostered technology transfer
and stimulated the emergence of the modern chemical industry. They contributed to the
discovery of pharmaceutical products and new agrochemicals. Hence, there is reason
enough for a historical review of the role of the anilines in the development of what was
undoubtedly the first high-tech science-based industry, especially since 2006 marks the
150" anniversary of the beginning of the chemical industry based on anilines, following
Perkin’s discovery.

The two parts of the present volume consist of 17 chapters written by experts from 10
countries. They start with historical background, followed by chapters on the theory, struc-
ture, thermochemistry, photophysics and photochemistry and electrochemistry of anilines,
on their mass spectrometry, NMR spectra and analysis and on their modern syntheses by
transition metal catalysed processes. Other chapters deal with their rearrangements, their
reactivity as nucleophiles, their use as solvatochromic probes, their hydrogen bonded
complexes, and their versatile uses in the chemical industry, and the relevant topic of
toxicity and environmental aspects. A chapter on a special group of anilines—the proton
sponges—ends the book.

A few promised chapters on the acidity of anilines, on polyanilines and on radical
cations of triarylamine and phenylenediamine were not delivered. We hope to include
these chapters in a future supplementary volume.

The literature coverage of most chapters is up to 2005.

Xi



xii Foreword

I would be grateful to readers who draw my attention to mistakes or to missing topics
in the present volume.

Jerusalem Zvi Rappoport
October, 2006



The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject, but
to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address himself to a reader who is assumed to be at a fairly
advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES—as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labeled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

xiii



Xiv Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred. The
first of these is the publication of supplementary volumes which contain material relating
to several kindred functional groups (Supplements A, B, C, D, E, F and S). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. Unfortunately, the publication of the ‘Updates’ has been discontinued
for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the Publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI
Jerusalem, Israel ZV1 RAPPOPORT

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceeding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZV1 RAPPOPORT
Jerusalem, Israel
May 2000
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2 Anthony S. Travis
. INTRODUCTION

One-hundred-and-fifty years ago, in March 1856, a teenaged chemical inventor in London,
England, discovered in his makeshift home laboratory a process that converted aniline,
made in two steps from coal-tar benzene, into a purple dyestuff, or colorant. The young
man was William Henry Perkin, assistant to the German chemist August Wilhelm Hof-
mann, then head of the Royal College of Chemistry. From Perkin’s single serendipitous
discovery the anilines went on to become a generic class of organic chemicals that would
make tremendous contributions to material well-being. Quite apart from providing routes
to synthetic dyestuffs—that were also called ‘anilines’—pharmaceuticals, products for
the processing of rubber, and new polymers, the anilines revolutionized the study of
chemistry, led to the inauguration of industrial research laboratories, and helped forge aca-
demic—industrial collaborations. It is difficult to convey now the day-to-day excitement
that infused the academic and industrial laboratories that pursued the anilines during the
half century following Perkin’s discovery. The endeavor made reputations and attracted
the greatest stars of organic chemistry, including August Wilhem Hofmann, Adolf Baeyer
and Emil Fischer. No less profound were the economic and political consequences. The
anilines and their derived colorants, as agents of modernity, forced changes in patent law,
fostered technology transfer, stimulated the emergence of the modern chemical indus-
try and decimated cultivation of dye-yielding plants. Aniline products contributed to the
growth of Germany as a major economic power, to the extent that successors to the early
coal-tar dye companies enabled Germany to wage world war twice in the 20th century.
After the aniline dye industry was adopted by the US, from 1915, its mode of applied
research led to the discovery of synthetic polymers and new agrochemicals. Apart from
the intrinsic chemical interest in the early story of aniline and its products, these few facts
make a compelling reason for the inclusion of a historical introduction to the anilines.

In this chapter, with its emphasis on historical events and chemists engaged in both
academic and industrial investigations, first names of participants are given wherever
possible. Also, many trivial and common names of products are retained, in order to
aid understanding of the historical literature and earlier textbooks. Several are still in
common usage, particularly for the aminonaphthalenesulfonic acids that are known by
special names rather than by their structural designations. In accord with common usage,
lower case letters are used for what have become both generic and trademark names, such
as Bismarck brown, chrysoidine, mauve, mauveine and rosaniline. However, capitals are
used for arcane names, to avoid confusion, for example, between Benzidin and benzidine,
as well as for more recent trade names, mainly for products introduced from around 1940.

This chapter also revisits some of the major chemical firms of former times that were
completely transformed at the end of the 20" century. Reflecting the former importance
of, and prestige associated with, aromatic amines, a number included the word Aniline in
their corporate titles, notably, in Germany, Badische Anilin- & Soda Fabrik (BASF) and
Aktiengesellschaft fiir Anilinfabrikation (AGFA), in the US, General Aniline and Film
(GAF) and National Aniline & Chemical Co. (NACCO), and in the UK, CIBA’s Clayton
Aniline Company Limited. Extensive and ongoing historical studies into the aniline dye
industry are today stimulated by the fact that it was the first high-technology industry, and
became the exemplar of all science-based industries. Moreover, and despite the decline
in its use for colorants, the manufacture of aniline is still carried out on a vast scale for
the production of polyurethanes.

Il. IDENTIFYING ANILINE

The feebly basic oil that we now call aniline (1) was perhaps first handled, though not
identified, during the 18™ century by the French chemists and dye experts Jean Hellot
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(in 1740) and Lepileur d’Apligny. The raw material for their experiments was the leaf
of the indigo plant that afforded a blue dye. What is certain is that in 1826, by destruc-
tive distillation of indigo (2), the German chemist Otto Unverdorben isolated a substance
that he called Krystallin. During the next 15 years the same base would be indepen-
dently obtained by several investigators. Friedrich Ferdinand Runge in 1834 extracted
what he called Cyanol, or Kyanol, from coal tar. The indigo connection remained impor-
tant. In 1841, Jean Baptiste André Dumas established a formula for the indigo colorant
(CgHsNO), and Auguste Laurent and Otto Linné Erdmann independently isolated the
oxidation products isatin (3) and isatic acid' (Scheme 1).

NH, o
I
COOH C
\
- _ - C=0
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Zinin's method for preparing aniline

SCHEME 1

Laurent and Erdmann oxidized isatin, from which they obtained anthranilic acid (4).
Carl Julius Fritzsche (also known as Iulii Federovich Fritsshe) in 1840 subjected anthranilic
acid to alkaline distillation and obtained ‘a powerful base, devoid of oxygen’, that he
called Anilin, from anil, the Portuguese word for indigo, which in turn had been derived
from Arabic and Sanskrit. In 1842, the Russian chemist Nikolai N. Zinin reduced, with
hydrogen sulfide, Nitrobenzid (nitrobenzene) to what was called Benzid (also Benzidam,
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and later Benzidin) (Scheme 1). Fritsche drew attention to the identities of Anilin and
Benzid. From nitronaphthalene, Zinin obtained Naphthalid (an aminonaphthalene). During
1844—1846 he reported reduction of dinitrobenzene to diaminobenzene with ammonium
sulfide, reduction of dinitronaphthalene and the synthesis of the diaminobiphenyl (benzi-
dine) from nitrobenzene. Zinin also reported azoxybenzene?.

Zinin was a former student at Giessen of Justus Liebig, who investigated the chemical
constitution of indigo, as well as other natural products. Liebig also undertook studies into
novel raw materials from which useful products might be derived. Of particular interest
around 1840 was the vast amount of coal-tar waste available from coal-gas works and
distilleries. Ernst Sell, a former student of Liebig, owned a coal distillery and sent samples
of the tar to Giessen for further study. It was Liebig’s practice to assign research projects
to his students, including, around 1837, August Wilhelm Hofmann (Figure 1). Hofmann
extracted several nitrogen-containing oils from coal tar by trituration with acid. He showed
that of these bases the one present in greatest abundance was identical with the product
earlier obtained from isatin and Zinin’s Benzidin. Hofmann preferred the name Krystallin,
but the chemical community chose aniline (though aminobenzene, phenylamine, as well
as the more modern benzeneamine have been used). Hofmann’s results were published in
1843 and became the foundation for his life’s work and international reputation®.

Among many other experiments that Hofmann undertook with aniline was treatment
of the indigo-derived base with chlorine. He identified the products. They were used
to demonstrate that the two main rival theories of chemical combination were entirely
compatible. These were the electrochemical theory of attraction of Jons Jacob Berzelius
and the substitution theory of Jean Baptiste André Dumas. This work was published in
1845 when Hofmann was at Bonn*. Hofmann then moved on to synthesis of aniline in

FIGURE 1. The Giessen laboratory of Justus Liebig, ca 1840. August Wilhelm Hofmann at extreme
right (with top hat). Edelstein Collection
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two steps from coal-tar benzene, first nitration, second reduction. He also collaborated
with Liebig and others in an attempt to produce a quinine substitute.

In 1845 also, at Liebig’s instigation, Hofmann moved to London to head the new
Royal College of Chemistry. There he continued his studies into aniline and its reactions.
Through this work he made major contributions to constitutional formulae. At that time,
thirteen years before quadrivalent carbon was drawn, there were no modern structural
formulae, only so-called type formulae. These indicated chemical constitutions and were
used as a system of classification. Type formulae were based on simple compounds,
such as water and methane. Significantly, Adolphe Wurtz had indicated that methyl and
ethyl amines might be considered derivatives of ammonia. Hofmann extended this to
organic bases in general, by comparing aniline with ammonia, and also with a compound
discovered in 1834 by Liebig and called melamine. Hofmann demonstrated that the three
hydrogens of ammonia, and those of the ammonium radical, could be replaced to give
primary, secondary and tertiary amines, and quarternary ammonium derivatives. From
these results he developed what in 1850 he would call the ammonia type theory. With
this, it was now possible to classify organic bases using a formula that, as with the other
type formulas, separated one atom, in this case nitrogen, with a bracket from other atoms
and groups of atoms. Thus aniline was an ammonia derivative in which one hydrogen
was replaced by what we now call an aryl group. This is in keeping with the modern
definition of aromatic amines, in which the remaining two hydrogens are replaceable by
aryl or alkyl groups’.

lll. THE ANILINE DYES

Despite the availability of methods for extracting aniline from coal tar, this source hardly
provided an abundant supply of the aromatic amine. Some chemists worked on the
development of the two-step synthesis from coal-tar benzene. They included Hofmann’s
assistant Charles Blachford Mansfield, who pioneered the separation by distillation of
coal-tar hydrocarbons, undertook nitration of benzene, and reduction of the nitrobenzene,
probably by the method of Zinin. Mansfield’s experiments came to an abrupt end early in
1855 when, while preparing samples for the Paris International Exhibition, a still in his
laboratory caught fire. He was badly burned and died in hospital a few days later.

Hofmann introduced to the college a new method for reducing nitrobenzene, based
on the use of iron and glacial acetic acid as the source of reducing hydrogen, as first
described by André Béchamp in 1854. It was put to good use by several of Hofmann’s
students, including William Henry Perkin, who had entered the college in 1853, at the age
of fifteen (Figure 2). Perkin showed a remarkable industriousness. In 1856, he created the
first synthetic dye made from aniline. It is worth considering how he got there.

In the mid-1850s, there was great interest in quinine, much needed to control malaria
among the British colonists. Hofmann reasoned that it might be synthesized from coal-tar
naphthalene. Perkin decided, instead, to start with allyltoluidine, through oxidative con-
densation. The reaction, undertaken at home in his primitive laboratory during the 1856
Easter vacation, failed. However, he wisely decided to repeat the experiment using the
simplest aromatic amine, aniline, that was known to be sensitive to the action of oxidants.
The result of treating it with dichromate was a mixture from which an alcoholic extract
colored a piece of silk a brilliant, and persistent, purple. It spread like an uncontrollable
stain, coloring everything that it touched. This triggered an immediate response. Perkin
recognized the potential as a dyestuff, particularly since the color was not fugitive, as was
the case for other important purple dyes, namely the semi-synthetic murexide (Roman
purple) and lichen-derived products. The teenaged inventor filed a patent for his pro-
cess, resigned from the college and, with the backing of his brother and father, set up a



FIGURE 2. August Wilhelm Hofmann and students at the Royal College of Chemistry, London, ca 1855. William Henry Perkin is in the back row, fifth

from right. Edelstein Collection
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FIGURE 3. The works of Perkin & Sons, Greenford Green, northwest London, 1858. From a sketch
by William Henry Perkin. Edelstein Collection

small factory at Greenford Green, northwest of London, to manufacture his novel prod-
uct (Figure 3). There from 1858, coal tar was distilled to provide a mixture of aromatic
hydrocarbons, mainly, if not exclusively, it was believed, benzene. By successive nitration
of benzene to nitrobenzene, with mixed sulfuric and nitric acids, reduction of the nitro
compound to aniline, with iron and acid, and oxidation, the colorant was obtained. The
working conditions in the small buildings were far from salubrious. Originally the nitra-
tion and reduction apparatus was made of glass, but soon hand-cranked horizontal iron
reactors were introduced. The aniline purple was a success with silk dyers, and once a
number of fixing agents, or mordants, for cotton, were developed, the highly fashionable
synthetic colorant, originally marketed as Tyrian purple, was quickly adopted by calico
printers. By 1859, the aniline-derived colorant was the main color of fashion among the
ladies of Britain and France. The English gave the aniline purple a new name, mauve, from
the French word for the mallow flower. Perkin prepared crystalline salts of the principal
component of his colorant, which in 1863 he called mauveine®. The correct structure,
5, was established only in 19947, showing how mauveine arose from the presence of
toluidines in the impure aniline.

Commercial success made a fortune for Perkin (Figure 4). It also stimulated further
investigations into reactions of aniline that might yield other colorants. At the end of
1859, an aniline red (6), made by treating what was believed to be aniline alone with
stannic chloride, was discovered in Lyon by Francois Emmanuel Verguin. A more suc-
cessful process was discovered by two of Hofmann’s former students in London, Henry
Medlock and Edward Chambers Nicholson (Figure 5), who independently treated aniline
with arsenic acid. The red colorant was known as fuchsine in France and magenta in Eng-
land. Nicholson, a partner in the London chemical manufacturing firm of Simpson, Maule
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FIGURE 4. William Henry Perkin (1838—1907), in 1860. Edelstein Collection
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FIGURE 5. Edward Chambers Nicholson (1827-1890). Edelstein Collection

& Nicholson, developed processes for the successful bulk production of nitrobenzene and
aniline in batteries of closed iron reactors fitted with power-driven stirrers (Figure 6). For
aniline, Nicholson adopted the Béchamp reduction process and introduced steam into the
reaction mixture by employing a hollow stirrer tube. The product aniline was obtained by
distilling with steam after the addition of lime. Within a few years the standard reduction
mixture became iron filings and hydrochloric acid. Production improvements and better
quality benzene enabled aniline to be obtained in 90-95% yield.

Hofmann’s great interest in aniline dyes began in 1860, when one of his 1858 publica-
tions was used as evidence in a French patent dispute concerning alleged infringement of
monopoly rights related to aniline red®. The publication stated that a red color appeared
when aniline was treated with carbon tetrachloride, and therefore, it was claimed, Hofmann
was the scientific discoveror of aniline red. Soon after, he was called in as a consultant
to aid Simpson, Maule & Nicholson. In 1861, Hofmann began to investigate this firm’s
aniline red, from which he obtained a number of salts. Analysis indicated that it was a
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FIGURE 6. Early reactors for conversion of benzene to nitrobenzene (left) and reduction of nitroben-
zene to aniline (right). (Charles Girard and Georges de Laire, Traité des dérivés de la houille, Paris:
G. Masson, 1873, plate II)

condensation product of three anilines. Hofmann called the free base rosaniline (1862)°.
Intriguingly there were two more carbon atoms than condensation of three anilines would
allow (6). Their presence could not then be explained.

The new aniline dye companies in Europe displayed their wares at the 1862 London
International Exhibition, where Hofmann, as juror, acquired a number of samples. They
included a blue (7) discovered, almost by chance, by two French chemists working near
London in 1861. It had first appeared when excess aniline was erroneously added to
the aniline red reaction mixture. E. C. Nicholson in 1862 treated the aniline blue with
sulfuric acid to yield a more valuable product, the soluble alkali blue, later better known
as CI [Colour Index] Pigment Blue 61. In May 1863, Hofmann found that the aniline
blue was a substitution product of aniline red in which three phenyl groups had replaced
three hydrogens (Scheme 2). This immediately suggested that other substituted derivatives
might be made and perhaps even provide new aniline dyes. Alkylation with ethyl iodide
showed that this was indeed correct. Hofmann achieved stepwise replacement of three
hydrogens to afford colorants that were, successively, reddish violet, violet blue and then
violet, what were soon known as the Hofmann’s violets (8). Hofmann next turned to
the aniline red process, and found that the colorant was formed not from aniline alone

C20H19N3 «HCI1 + 3C6H5NH2 = C20H16(C6H5)3N3 *HCl + 3NH3

rosaniline salt + aniline = salt of aniline blue
aniline red ™
(magenta, fuchsin)
(6)

SCHEME 2. Formation of salt of aniline blue, constitutional formulas, 1860s (7)
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FIGURE 7. Manufacture of aniline blue by phenylation (arylation) of amino groups in aniline red
(magenta, fuchsine), 1860s. Edelstein Collection

C6H4 C6H4
N3, H,O { (C7Hg) N3,H,0 < (C7Hg),
Hj (CgHs)3

aniline red aniline blue
(Verguin, 1859) (Girard and de Laire, 1861)
(6) 7)

CeHy
N3.H,0 § (C7Hg)
(CoHs)s

aniline violet(s)
(Hofmann, 1863)

®

SCHEME 3. Modified ammonia type constitutional formulas for aniline dyes

but from a mixture of aniline and toluidine (its isomers were identified only later). This
explained the presence of the two additional carbon atoms in the formula of aniline
red. Hofmann then returned to the various derivatives of the red. He was intrigued by
the fact that while it had not been possible to prepare phenyl-substituted anilines in
the laboratory, industrialists were producing phenyl derivatives of aniline red (Figure 7).
Degradative distillation of Hofmann’s violets gave ethylated aniline, confirming that the
violets were made by replacing hydrogens. More significant was the fact that basic oils
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from aniline blue under the same degradative conditions gave diphenylamine, the simplest
diaryl amine 9. Therefore, Hofmann reasoned, the aniline red, blues and violets were
all members of a family based on his modified ammonia type (Scheme 3). Given the
circumstances, particularly the lack of understanding of the constitutions of aromatic
substances, the drawing up of partial constitutional formulas based on the ammonia type
was a major breakthrough. In the published formulas, superscript primes indicated the
number of replaceable hydrogens. This form of notation had been introduced in the 1850s
and contributed to ideas about valency, a term introduced in 1865, as was Kekulé’s
benzene ring theory. Hofmann’s formulas became essential guides for further research and
stimulated the early emergence of theory-based chemical invention'®. Even at this stage,
Hofmann realized that the introduction of aryl and alkyl groups involved replacement of
amino group hydrogens.

Though the synthetic dye industry was based in England and France, the new discov-
eries were quickly copied in Germany and Switzerland. The outcomes of patent litigation
in Paris and London led to the decline of the British and French industries and, because of
the absence of a comprehensive patent system in the German states, assisted the growth
of the German dye industry, including forerunners of AGFA, BASF, Bayer and Hoechst.

FIGURE 8. Plant for distillation of N,N-dimethylaniline, 1860s. Edelstein Collection
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Swiss entrepreneurs, including those whose enterprises would later be known as CIBA
and Geigy, also benefited from the absence of a patent system. The patent suits in Eng-
land and France and environmental difficulties created by the waste of dye-making did,
however, encourage new ways of making aniline dyes. Thus from 1866, the hydrogens
of the amino group in aniline were replaced in industrial processes by alkylation and
phenylation to provide intermediates, the N-alkylated and N-phenylated anilines, respec-
tively, that were to become important in dye manufacture (Figure 8). These intermediates
enabled the circumvention of patent monopolies, since they could be converted directly
into violets and blues, respectively. The processes also avoided the use of arsenic acid,
the main oxidant used to prepare aniline red, the original intermediate from which the
blues and violets were obtained. Severe environmental problems arising from the use
of arsenic acid brought about its replacement by nitrobenzene, based on Jean Théodore
Coupier’s process (1867). This led to the discovery of the black colorant called nigrosine.
From 1865, the year in which Hofmann left London to take up a post as professor at the
University of Berlin, the synthetic dye industry, based on aniline, that had originated in
England and flourished for a time in France, moved increasingly to Germany, aided, as
we shall see, by the benzene ring theory, the creation of a modern industrial infrastucture
and a novel patent system'!,

IV. TECHNOLOGY TRANSFER

The one individual most responsible for the transfer of aryl amine science and tech-
nology to Germany was Heinrich Caro (Figure 9). This German textile colorist and
chemical inventor, while working in Manchester at the firm of Roberts, Dale & Co.
during 1859-1866, adopted mechanized equipment for manufacture of nitrobenzene and
aniline and developed an alternative oxidation process for mauve. Caro’s training as a
colorist in the calico (cotton) printing industry enabled him to fully appreciate the tech-
nical challenges of dye application, and through this he facilitated the smooth transition
from natural to artificial colorants. Among his many achievements in Manchester, which
included a reputation among English and Scottish dye users that would be put to good use
in Germany, was the development of an aniline black, extracted from the residue of his
mauve process'?. Elsewhere in Lancashire aniline black processes were invented, one by
John Lightfoot that involved direct application of aniline during the cotton printing pro-
cess, and another by Frederick Crace Calvert'3:!4, The latter was less successful, though
the product, known as emeraldine, would come to prominence with the development of
polyanilines in the 1990s.

At the end of the 1850s, Roberts, Dale & Co. had set out to capture some of the syn-
thetic dye market. This was achieved with varying degrees of success between 1860 and
1866 by exploiting colorant-producing reactions of aniline, toluidines (methylanilines),
naphthylamine and phenol. By 1864, through Caro’s network of contacts, the firm had
accumulated a remarkable selection of German chemists and colorists, including Hof-
mann’s former assistant in London, Carl A. Martius. The main effort was presided over
by the John Bull-like figure of John Dale senior who, on arriving at the works laboratory
each day, would reputedly ask: “Well Dr. Martius, well Caro, have you got anything fresh
to show me?’ !>, The investigations and inventions based on aniline and its congeners car-
ried all the hallmarks of a new high-technology industry in the making. By the mid-1860s,
through these and other endeavors, mauve had been displaced by the newer aniline dyes.
However, mauve saw extensive use in wallpaper and paper printing and, through Caro’s
efforts, in the printing of postage stamps, probably its last commercial application'S.

Manufacture of the aniline red with arsenic acid underwent extensive improvement at
Roberts, Dale & Co. in the hands of the German chemist and colorist August Leonhardt,
who developed a process for recovery and reuse of the arsenic acid. This overcame the
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FIGURE 9. Heinrich Caro (1834—-1910). Edelstein Collection
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sort of environmental problems that had created difficulties in France and Switzerland.
Leonhardt’s process was so successful that he continued to promote its introduction after
returning to Germany, first with Meister, Lucius & Co. (later Hoechst), then in partnership
with Leo Gans, making aniline dyes for Cassella and, finally, for his own company estab-
lished at the end of the 1870s. Leonhardt claimed advantages over Coupier’s nitrobenzene
oxidation process that had found great favor after 1870. In particular, Leonhardt noted
that the acidic conditions under which Coupier’s process was conducted caused rapid
destruction of the expensive wrought iron reactors, which was not the case when the less
corrosive arsenic acid was used!”.

Following the protracted patent litigation in London, the production of aniline red,
blues and violets was controlled by Simpson, Maule & Nicholson. This stimulated Caro
to investigate alternative processes and different reactions of aniline and other amino com-
pounds, as well as coal-tar phenol (carbolic acid), then recently available in Manchester
as a pure product, following the work of Crace Calvert. During 1862, Caro showed great
interest in the reactions of phenol that afforded colorants, particularly the red known as
rosolic acid, made from phenol, oxalic acid and sulfuric acid. Caro’s collaborator was
the chemist James Alfred Wanklyn. The studies of Caro and Wanklyn on both phenol-
and aniline-based colorants and their formulas would turn out to be critically important
contributions to the eventual structural elucidation of the aniline dyes. This happened after
Caro, through his close familiarity with rosolic acid, aniline dyes and the diazo reaction,
was enabled to make a singularly major contribution to the chemical understanding of the
constitutions of both aniline and phenol dyes. The results showed unequivocally that the
constitutions of rosaniline (the base of aniline red) and rosolic acid were similar. Wanklyn
speculated that both rosaniline and rosolic acid (and their derivatives) belonged to what
he called the ‘ethylene type’.

In 1864, ethylene was first expressed graphically in its modern form with a double bond
connecting the two carbon atoms (CH,=CH,). This was adopted by Wanklyn to represent
the constitutional formula of rosaniline (6), and made public in September of that year at
the annual meeting of the British Association for the Advancement of Science, held in
Bath. Wanklyn’s ethylene-type formula showed two carbon atoms separated from the four
hydrogen atoms by a bracket'®. The ethylene type, unlike other type formulas, was used
only to express the constitutions of coal-tar dyes. Wanklyn argued that the constitutions
of the members of the rosaniline series could be expressed by his ethylene type by virtue
of known reduction and replacement reactions. Thus he compared the conversion of 6
into colorless leucaniline (10) with the ready reduction of ethylene (ethene) (11) to ethane
(12), both of which involved the addition of two hydrogen atoms (Scheme 4)!9-2!.

Wanklyn stated, as would Hofmann a few weeks later, that the replaceable hydrogens in
rosaniline were attached to nitrogen. In other words, both chemists confirmed the presence
of free amino-group hydrogens that were replaceable by alkylation or arylation. Wanklyn
suggested how his ethylene type could also be used to express the constitution of rosolic
acid (13), such that three molecules of phenol condensed through the uptake of two carbon
atoms from oxalic acid. Wanklyn’s main contribution was in suggesting, in two separate
presentations at Bath, the rosolic acid—rosaniline relationship. The link was through the
decomposition of diazo compounds with water which, as Caro found, took place if the
temperature was allowed to rise above 10°C. Instead of the usual nitrogen-containing
colored precipitates, nitrogen-free compounds were obtained?? (Scheme 4).

Soon after, Caro played the leading technical and scientific role, mainly based on aryl
amines, in the growth of Badische Anilin- & Soda-Fabrik, better known as BASF. This
firm was founded in 1865 in Mannheim to manufacture aniline red and its derivatives, as
well as other coal-tar dyes. Caro returned to Germany at the end of 1866 and acted as a
consultant to BASF, prior to joining that firm in 1868, by which time it had relocated to
nearby Ludwigshafen, on the west bank of the River Rhine. Early in 1869, Caro became
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involved in industrialization of a process for synthetic alizarin, the commercially important
colorant previously obtained from the root of the madder plant. The starting point was
coal-tar anthracene, which was converted into anthraquinone, followed by sulfonation,
then fusion with alkali under pressure to afford alizarin as well as various co-products,
some that also became commercial dyes. The importance of the alizarin process was that
its inventors, Carl Graebe and Carl Liebermann, and its investigators, Caro and Adolf
Baeyer, through their extensive studies, gave tremendous support to the benzene-ring
theory. This led to the modern structural formulas for naphthalene and anthracene. The
very early adoption of the benzene-ring theory by German chemists, particularly those
involved in industrial problem solving, initiated the long period of massive competitive
advantage held by the German dye and chemical industry?3~2°,

Apart from Hofmann and Caro, several German chemists and colorists who had worked
in the English aniline dye industry returned to their homeland from the mid-1860s. Some,
however, did not. Among the latter was Ivan Levinstein (Figure 10), who emigrated from
Berlin to Salford, near Manchester, in 1864, and set up in business to manufacture aniline,
its salts, and aniline red and derivatives. Soon he moved to Blackley, Manchester, to found
what in 1926 would become a major facility of Imperial Chemical Industries (ICI).
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FIGURE 10. Ivan Levinstein (1845-1916). Edelstein Collection
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V. AZO DYES AND THEIR INTERMEDIATES

The next major phase in dye invention involved the development of anilines into azo dyes.
Two members of this class (though not known as such), one made from m-phenylenedi-
amine (14) (from 1972 referred to by Chemical Abstracts as m-benzenediamine), that
yielded a brown (15), later corrected to 15a, and another from aniline, that yielded a
yellow (16), were discovered by C. A. Martius while working as assistant to Hofmann
in 1863 (Scheme 5). After Martius joined Caro at Roberts Dale & Co. later in the year,

nitrous acid
HCl1
HoN HoN HoN

m-phenylenediamine Manchester brown, phenylene brown,
Bismarck brown

a4 (Martius and Caro, 1863/64)
as)
nitrous acid
2 NH, Hal N=N NH,.HCI1
1) aniline yellow
(Martius and Caro, 1863/64)
(16)
nitrous acid +
HCI
aniline benzene diazonium
chloride
a7
H,N
m-phenylenediamine . @ NH,

@ N=N NH,-HCl

H,N

chrysoidine
(Witt, Caro, 1875/76)

(18)

N=N NH,*Cl

(15a)

SCHEME 5. The first azo dyes, and modern formula for Bismark brown (15a)
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15 was marketed as Manchester, or phenylene, brown (from the 1870s it was known
as Bismarck brown). Caro also extended this reaction to develop a process for induline.
Very little was known about the constitutions of these products, although patents for the
processes had been filed in London.

Azo compounds are formed by the coupling of an amino or phenolic compound with
a diazonium intermediate (or nowadays ion), for example benzene diazonium chloride
(17), that contains the diazonium group, —N, . The diazonium intermediates are formed
by the diazo reaction, namely the action of nitrous acid on aromatic amino compounds,
known since 1858 through the work of (Johann) Peter Griess. Because many aromatic
amino and phenolic compounds were known by the 1870s, it was possible to synthesize
a myriad of combinations, which explains in part the diversity of azo dye chemistry. This
was enhanced by the coupling of more than two components to generate large molecules
containing two or more azo groups. However, this could not be achieved until the nature
of the reaction was fully understood.

The phenylene brown and aniline yellow developed by Caro and Martius in the 1860s
were manufactured by the reaction involving single amines, m-phenylenediamine (14),
to afford the brown (15), or aniline to afford the yellow (aminoazobenzene) (16). That
the coupling components could be different aryl amines from the starting amines was
not apparent. Kekulé, however, understood that this change was an intermolecular one
involving coupling of two components, aniline and its diazo intermediate?’+23.

Though Kekulé also established the correct structural formula for the azo grouping,
Griess and others did not immediately accept this. There was also the practical problem
of the explosive nature of diazo compounds. In 1875, Otto N. Witt, working at the
aniline dye factory of Williams, Thomas & Dower, near London, speculated, on the
basis of the yellow 16 having one free amino group and the brown 15 having three
amino groups, that a similar colorant with two amino groups would exist. This was
probably in connection with his development of a theory of color and constitution, based
on what were to be called chromophores, that determined the character of the dye. The
molecular arrangement, or nucleus, containing the chromophore, he called the chromogen.
The chromogen required an auxochrome, a salt-forming group, that conferred the property
of a dye?*=3!. His hunch was correct, and he made the new dye from two different aromatic
amines, aniline, converted into diazobenzene, and m-phenylenediamine (14) (Scheme 5).
The orange precipitate offered potential as a dye®?. Witt, however, did not patent his
discovery. Instead he shared its secrets with Caro at BASF, who had been working on a
similar product.

In April 1876, Caro met Witt and Griess in London, where they discussed the new
results. A few weeks later, on 13 May, Queen Victoria and the Empress of Germany
opened the ‘Special Loan Exhibition at the South Kensington Museum’, in London.
Williams, Thomas & Dower was one of the exhibitors, and placed on display a sample of
Witt’s new orange dye. Caro analyzed the product and identified it as 2,4-diaminoazoben-
zene (18), which was almost identical to one of his own products that Griess had
investigated. The new BASF product, based on Caro’s process, was chrysoidine, an instant
success, and because of that a considerable scientific and commercial curiosity. Like Witt,
Caro also did not file a patent or apply for monopoly rights in any of the German states.

Martius, by now a partner in the AGFA firm of Berlin, obtained a sample of chrysoi-
dine (18) and handed it over to his consultant, A.W. Hofmann (Figure 11), for scientific
investigation. In January 1877, Hofmann published details of the constitutions, as well
as the methods of preparation, for 18, phenylene brown (15) and the related aniline yel-
low (16), much to the chagrin of Caro and his colleagues®~3°. Soon it was shown that
phenylene, or Bismarck brown (15), was in fact a bisazo compound 15a (Scheme 6).

Hofmann had thus demonstrated to chemists the existence of another family of synthetic
dyestuffs, though this time the constitutional formulas used in his publications came
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FIGURE 11. August Wilhelm Hofmann (1818-1892). Edelstein Collection

N=N* NH,
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SCHEME 6. Revised synthesis of Bismarck brown (15a)
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very close to the structural formulas. Next came what was described as a technological
sensation, the soluble sulfonic acid derivatives of azo dyes. The pioneer was Frangois
Zacharie Roussin, who prepared azo compounds based on sulfanilic acid, naphthol and
N,N-dimethylaniline, to yield yellow colorants. Again, no patents were filed for these
‘Roussin oranges’ that were an immediate success when sold in France during 1876—1877
by the Poirrier firm, of Paris. Caro opined that the products of Roussin were acid dyestuffs
of pathbreaking new technical effect. They rapidly displaced certain natural dyestuffs.

From this time dye research in the German aniline dye industry flourished. Caro later
described azo dye research and development as scientific mass production. The most
important activity was the invention of key aryl amine intermediate compounds for use
in the coupling reaction, and for this endeavor structural studies were essential. Caro
extended the range of the new azo dyes into the reds with his invention of fast red AV
(19) in July 1877. This was based on his reasoning that two naphthalene-based components
in the azo compound would give a red. To achieve this he used diazotized 1-naphthionic
acid (4-amino-1-naphthalenesulfonic acid) (20)¥.

At the turn of the 1870s Heinrich Baum at Hoechst separated the various isomers of sul-
fonated naphthol compounds. Isolation of - or 2-naphthol (21), its conversion to R acid
(22) and G acid (23) and the separate use of them as intermediates for azo dyestuffs gave
much clearer shades (Scheme 7). As had been the case with the alizarin dyes, the impor-
tance of understanding isomerism in technical work became critical to further progress.

OH OH
H,S04
HO5S

B-naphthol " Schaeffer's acid
@ |

SOz;H
HO5S SO;H HO;5S
R-acid G-acid
(22) (23)

SCHEME 7. Conversion of B-naphthol to G and R acids via Schaeffer’s acid

By 1884, seven years after the inauguration of the first German patent law, 9,000 azo
dyestuffs were covered by German patents. Diversity, ease of manufacture and profitabil-
ity stimulated research for new azo dyestuffs. A major endeavor involved the synthesis
of other suitable naphthalene intermediates (Scheme 8). Caro made important contribu-
tions to this field, partially in collaboration with his friend Peter Griess in England. At
BASF, research led to several important innovations in the field of intermediates and,
unexpectedly, even to aniline dyes. Caro invented acid magenta and converted naphthols
into naphthylamines. During 1879, with his assistant Robert Holdmann, Caro made avail-
able B- or 2-naphthylamine (24), previously a laboratory curiosity reported in 1875 by
Liebermann and Scheiding®®*°. Despite the great inventiveness of Heinrich Caro and his
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colleagues at BASF, other companies, most notably Hoechst, Bayer and AGFA, invented
better colorants and generated greater profits from the azo dye business*’.

Azo dyes based on the aromatic intermediate benzidine were invented in 1884. These
were the first synthetic dyes that adhered to cotton fabrics without the need for a fixing
agent (mordant). For this reason they were known as direct or substantive dyes. The first
member was discovered by Paul Bottiger, at Bayer. From benzidine (25) and naphthionic
acid (20) he obtained a red bisazo dyestuff (26)*'; see Scheme 9.

Bottiger, however, kept the details to himself. He left Bayer and filed a patent for his
new process. Leading companies, including Hoechst and BASF, lost the opportunity to

HNO +
H2N O O NH2 : N2 O Q N2

(25)
benzidine intermediate

coupling with
1-naphthionic acid

SO3H SOsH
1- naphthlomc acid Congo red

(26)
SOsH SOsH

O H3C i i CH3
N /
NH, NH,

from o-tolidine

Bronner's acid benzopurpurine 1 B
27
H,
SOgH SOz;H
1- naphthlomc acid benzopurpurine 4 B
(28)

SCHEME 9. Synthesis of benzidine and tolidine azo dyes
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exploit the new range from the start because of the poor acid fastness of this first dye.
Direct dyeing with benzidine-derived dyes, however, made the fortunes of Bayer and
AGFA. The first product, named Congo red (26), transformed modern azo dye chemistry.
Structural studies required elegant procedures that enabled unambiguous assignment
of substituents in the aromatic rings of important intermediates, particularly those based
on naphthalene. The technical development of the reactions used for the synthesis of
intermediates was often complex. It was these aspects of industrial azo dye chemistry
that would contribute most to the establishment of industrial research laboratories in
the German chemical industry. However, there were notable contributions from English
chemists, such as Henry E. Armstrong, who aided Caro in the study of naphthylamines,
particularly over questions concerning isomerism, that impacted on patent litigation.

VL. PATENT LAW IN GERMANY

The Germans succeeded in the discovery, invention and marketing of synthetic dyes
because of their mastery of the use of formal knowledge, the introduction in 1877 of
a comprehensive patent system and, as a result, the inauguration of dedicated industrial
research laboratories. They also relied on novel business strategies based increasingly
upon the power of ‘conventions’, or cartels, and ‘communities of interests’ (which were
officially endorsed in 1888). In other words, they created the infrastructure that they
needed. The process included the fostering of higher education, since the search for new
dyestuffs and intermediates required qualified research chemists*?>. This provided career
opportunities for the students and assistants of Baeyer and Hofmann, as well as enhancing
the status of chemistry to hitherto unprecedented levels. In this section we explore how
the influence of dye discovery on the patent system of Germany impacted on the dynamics
of business cooperation and technical collaboration. The events described here comprise
the pre-history of an important area of modern European patent law, one in which the
aryl amine colorants played a decisive role.

In 1874, Hofmann and Martius, of AGFA, joined the Vorstand of the Deutscher
Patentschutz-Verein, chaired by Werner Siemens, and, soon after, Hofmann through publi-
cation disclosed the constitution of Caro’s fluorescein derivative, known as eosin®?. This,
as with Hofmann’s publication of the constitution of chrysoidine, meant that he claimed
to be the scientific discoverer of the dye. Witt, in angry response, claimed priority for
inventing the process for azo dyes and the new orange by citing the brief description
of his product in the London exhibition catalog. Hofmann, however, declared that the
days of protection of scientific inventions through secrecy were numbered: ‘The time
of the Arcanists is over. Whosoever, in the last quarter of the nineteenth century, pro-
vides his colleagues with a chemical puzzle must be prepared to see it solved, sooner or
later’**. [‘Die Zeit der Arcanisten ist voriiber. Wer in dem letzen Viertel des neunzehnten
Jahrhunderts seinen Fachgenossen ein chemisches Rithsel aufgeben will, der muss sich
schon darauf gefasst machen, dass diesses Réthsel friither oder spiter gerathen wird’.]

Significantly, the Reichstag was then in the process of approving the new patent law
that covered chemical processes, rejecting an earlier proposal for product protection alone.
The comprehensive patent law was passed in 1877 to serve the needs of the new German
Empire. Now chemical manufacturers were obliged to protect discoveries and encourage
inventiveness. This was achieved through the establishment of industrial research labora-
tories, focusing on intermediates and dyes, a new feature of industrial society, organized
and managed on a large scale, and soon institutionalized. Discoveries protected by strong
patent law generated profits; profits supported new and expensive research programs. The
German firms filed patents in all countries where patent systems existed*.

However, many problems remained, including the need to deal with speculative patents.
In 1884, AGFA filed a patent for the substantive dye Congo red (26). It was soon followed
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by the Bayer company’s version called benzopurpurine (27). This group of aryl amine
colorants, soon collectively known as benzopurpurines, including 27 and 28, were to
become the main topic of industrial research and of patent litigation for over a decade
(Scheme 9)*. The reason was, quite simply, the economic significance, since cotton dye-
ing and printing were the most important applications of dyes. The benzopurpurines were
investigated by inventors in Germany and, to a lesser extent, in England and the US, who
filed blanket patents for processes that specified a variety of intermediates, some that had
not even been prepared. In any case, mixed products resulted from many of the processes
specified, which created considerable confusion. This left the patent system open to abuse
or, at best, uncertainty‘”.

By 1886 the situation had become so unclear in Germany that an Imperial Commission
was charged with revising the patent law. Heinrich Caro’s wide experience in patent
litigation during the 1880s enabled him to play a not inconsiderable role in the formulation
of the new ruling as it applied to organic chemicals. He also contributed to the more fluid
legal concept of an inventive idea, rather than a chemical process or product. In the case of
the benzopurpurines, the inventive idea was the new technical effect of direct attachment
to cotton. The revised patent law came into effect on 1 October 1891, and cleared up
much confusion with an unambiguous ruling that extended a patent for a chemical process
to the products of that process*.

After 1880, most of the British synthetic dye industry was lost to Germany. From
the end of the decade the Manchester dye-maker Ivan Levinstein lobbied for patent law
reform and commercial protectionism in Britain* . Following the introduction of German-
made synthetic indigo in 1897, he implored dyers and printers of his adoptive country to
support the colonial trade in the natural dyestuff. He is given much credit for the steps
leading to the British Patent Act of 1907°°,

As for Switzerland, leading representatives of its dye industry, forerunners of CIBA and
Geigy, managed to overturn attempts to introduce a patent system, particularly in 1882
and 1886. It was only after German firms, who supplied the Swiss with intermediates
and were angered by the extent of unlicensed copying of their inventions, threatened to
withhold supplies of intermediates early in the 20" century, that the Swiss introduced a
patent law.

VIi. ANILINE RED AND THE STRUCTURES OF ANILINE DYES

Despite the economic importance of rosaniline (aniline red, magenta) (6) and its deriva-
tives during the 1860s and after, there was no clear structural information about aniline-
derived colorants, at least until 1878. Then, through the joint work of the cousins Emil
and Otto Fischer, the search for the parent compound of 6 was successfully concluded
with publication of the modern structures for aniline dyes. The Fischers’ starting point
had been Caro and Wanklyn’s work on 6 and rosolic acid (13).

The research began in 1876, when Emil Fischer (Figure 12) discovered phenylhy-
drazine, later employed in the structural elucidation of sugar molecules, and, with Otto,
synthesized the hydrazine derivative of rosaniline. Then, via the diazo intermediate,
they introduced hydroxyl groups. These groups were removed to yield the hydrocar-
bon ‘mother substance’. The Fischers reacted pure aniline with p-toluidine (29) to yield
pararosaniline (30), which was degraded with nitrous acid and alcohol to afford the mother
substance, triphenylmethane (31). From this they determined that rosaniline was a homo-
logue of triaminotriphenylmethane (pararosaniline) (30). Two years later, in 1878, the
Fischers produced 30 from triphenylmethane, proving the correctness of their structural
formula (Scheme 10). This enabled new pathways from anilines to dyestuffs, through
condensations with novel reagents, particularly phosgene (COCl,), benzaldehyde and
formaldehye’!.
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FIGURE 12. Emil Fischer (1859-1919). Edelstein Collection

The N-substituted anilines, available since the mid-1860s, became important inter-
mediates in the manufacture of both the new triarylmethane and the azo colorants.
N,N-Dimethylaniline (32) was used by Caro to synthesize the thiazine dye methylene
blue (33), the first colorant for which a patent was granted under the new German patent
law (Scheme 11). In 1877, Otto Fischer achieved the synthesis from benzaldehyde and 32
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SCHEME 13. Meldola’s blue, oxazine dye

of malachite green (34) (Scheme 12). In London, Raphael Meldola (Figure 13), at Brooke,
Simpson & Spiller (successor to Simpson, Maule & Nicholson), discovered a number of
novel products, including, in 1879, the first oxazine dye, Meldola’s blue (35) (Scheme 13).
In 1883, Alfred Kern, of the CIBA-forerunner Bindschedler & Busch, employed phosgene
in the synthesis of a new aniline dye, crystal violet, which is hexamethylpararosaniline
(36). The process was complicated and not fully mastered. During 1883-1884, Caro
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FIGURE 13. Raphael Meldola (1849-1915). Edelstein Collection
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improved the reaction. Combination of one molecule of phosgene with two molecules of
32 yielded the intermediate Michler’s ketone (37) which, with phosphorus oxychloride
(POCIl3) and 32, gave 36 (Scheme 14)°>33,

N(CHz3),
COCl, + 2 @N(CH3)2 0=C + @N(CH3)2
carbonyl N Nodimethvlanili
i ,N-dimethylaniline
chlcfnde N(CHy),
(phosgene) 32)
Michler's ketone
37
+
(CH3),N C= N(CH3),Cl~ HCl
POCl;

—H,0

N(CH3),
(36)

SCHEME 14. Caro’s process for crystal violet, 1884

In 1880, Otto Fischer synthesized rosaniline (aniline red) from para-nitrobenzaldehyde.
However, the process was not of commercial value due to the difficulty in converting
the colorless, reduced, leuco intermediate into the dyestuff. This was a problem with
all novel syntheses of aniline red before 1900. Pararosaniline continued to be made by
nitrobenzene oxidation of anilines, at least until around 1940, when condensation of aniline
with formaldehyde came into more general use.

Traugott Sandmeyer’s 1896 discovery of acid glaucine red (38) led to the colorant
better known as peacock blue, later employed extensively in multicolor printing. It came
to prominence in the 1930s, with the introduction of flushed color production that enables
retention of the required degree of fineness of pigment particles and provides uniform
dispersion (Scheme 15)>*-%3.

Viil. CONTRIBUTIONS TO ACADEMIC CHEMISTRY

During the five decades commencing 1840, chemists established a comprehensive chem-
istry of aromatic amines. Aniline was characterized by its feeble basicity and sensitivity to
oxidants, the latter explaining why the colorless, odorless pure liquid darkens on exposure
to air and light. It also takes on a characteristic odor. Methods of laboratory preparation
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SCHEME 15. Synthesis of peacock blue

of aryl amines from nitro precursors, including selective reductions, were established.
The early methods based on reduction of the corresponding nitro compounds, generally
nitrobenzene and nitrotoluenes, involved a variety of reducing agents, including zinc and
hydrochloric acid, tin or stannous chloride and acid, iron and hydrochloric acid, and alco-
holic ammonium sulfide. The influence of chemists who were in some way connected with
the development of anilines and their conversion into dyes is seen in the many reactions
that bear their names, or through which they have strong associations, including Arm-
strong, Béchamp, Baeyer, Caro, Meldola, Witt and Zinin. They appeared in practically
all organic chemistry textbooks published until the 1950s°°-7,

The test for aniline, involving treatment with bleaching powder, affording a deep violet
that soon changed to red, was named after Runge. The method of Griess gave diazonium
intermediates, which was the main difference in behavior as compared to aliphatic amines.
The coupling reaction with aromatic amines and phenols was well developed, mainly due
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to industrial interest. The anilines underwent ring-substitution or addition, according to
the conditions. They were readily halogenated, nitrated and acetylated (to anilides). The
tertiary amine N,N-dimethylaniline (32) with nitrous acid gave p-nitrosodimethylaniline,
which on reduction yielded p-amino-N,N-dimethylaniline, an intermediate used in the
synthesis of methylene blue and Meldola’s blue.

Hofmann established a route to higher homologues of aromatic amines by intramolec-
ular rearrangement of N-alkylated anilines, a reaction that was of great theoretical and
technical importance. In 1870, he reported the conversion of an acid amide into an amine,
with loss of one carbon. In 1881, he discovered that when the degradation was carried
out with sodium hypochlorite or hypobromite, the yields of primary amines were excel-
lent. This is the Hofmann degradation, or reaction, that takes place via formation of
isocyanate®.

Sandmeyer in 1884 found that replacement of the diazonium group by halogen was
catalyzed by cuprous chloride or bromide. It is a good route to o- and p-chlorotoluenes
and m-nitrochlorobenzene. Gattermann in 1890 used copper powder to permit milder
conditions. Methods were available for synthesis of benzidine and its congeners, a variety
of aminoanthraquinones and acyl derivatives of aryl amines.

Later methods for synthesis of aniline, some developed in the 20" century, involved
heating phenol with the double compound of zinc chloride and ammonia, treating an aro-
matic carboxylic acid with hydrazoic acid or sodium azide, and reduction of nitrobenzene
by either electrochemical methods or with hydrogen and Raney nickel catalysts. These
routes were generalized to the synthesis of other aryl amines. Secondary amines included
diphenylamine (8), from heating aniline with aniline hydrochloride, and N-methylaniline
(39), the outcomes of dye-making processes. Likewise tertiary amines were made by
adapting processes developed in the search for synthetic dyes: The diamines were impor-
tant in dye manufacture. In 1894, the inexpensive sulfide, or sulfur, dyes, made by the
action of sulfur and sodium sulfide on aniline and phenols, were introduced.

Consensus on nomenclature had been reached by the 1890s. Aniline was the parent
of its derivatives, though sulfonic acids were considered derivatives of benzene, such as
aminobenzenesulfonic acid. The prefix amino- was added to naphthalene and its deriva-
tives. Many trivial names came into use, particularly for aminonaphthalenesulfonic acids,
found in both academic and industrial research laboratories. Though IUPAC convention
now numbers amino aryl compounds according to the parent hydrocarbon, the earlier
system of numbering has often been retained, since some names include the positions of
substituents at carbon atoms numbered according to the older systems.

IX. ANILINES FOR EXPLOSIVES

Dye intermediates were early on adapted to the production of explosives. While most mod-
ern explosives are aromatic nitro compounds, ancillary products incorporate amino groups.
Of interest here are two tetranitroanilines. Tetryl (2,4,6-trinitrophenyl- N -methylnitramine,
or N,2,4,6-tetranitro- N-methylaniline) (40) is employed as a booster for TNT. It can be
made from N-methylaniline (39), or the cheaper N,N-dimethylaniline (32), since the lat-
ter loses one methyl group on oxidation. An alternative route, introduced in World War
II, starts with conversion of dinitrochlorobenzene into dinitro-N-methylaniline, which is
then nitrated. The explosive tetrotyl is 70% tetryl and 30% TNT.

TNA, 2,3.4,6-tetranitroaniline (41), is a detonator in explosives. The product and
the process for its synthesis were invented by the German-British chemist Bernard J.
Fliirscheim, who from 1905 had investigated nitroanilines. In 1913, he sold rights to his
process to Verona Chemical Company, of Newark, New Jersey. Though the process was
not then adopted, the development work enabled Verona to commence the manufacture of
aryl amines. The original manufacturing process for TNA was similar to those employed
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in production of anilines. Benzene was nitrated to dinitrobenzene, which was selectively
reduced to meta-nitroaniline (MNA). This crystallized out from sulfuric acid as the sulfate
salt, and was then nitrated to afford TNA. Final operations, particularly drying, had to be
carried out with care®'.

Reduction of the 2-nitro in 2,4,6-trinitrophenol yields picramic acid, 2-amino-4,6-
dinitrophenol. It is highly explosive but safe to handle when wet. It was also an important
intermediate in dye manufacture. Centralite, a stabilizer in smokeless powders, is made
from monoethylaniline.

X. INDUSTRIAL RESEARCH

Another of Heinrich Caro’s achievements was the introduction of the industrial research
laboratory as a formal business unit at BASF. Eventually, each main operating depart-
ment had a laboratory that increasingly became the domain of highly qualified chemists
who engaged in research, analysis and process development. Academic consultants, par-
ticularly Adolf Baeyer, played important roles as inventors for BASF and other German
firms. It was through industrial collaboration that in 1883 Baeyer could first draw the
almost correct modern structural formula for indigo (42). At the end of the 1880s, Caro
oversaw the construction of a central research laboratory at Ludwigshafen (Figure 14). Its
purpose was to deal with research and development (R&D) and the protection of BASF
patents. Later, the departmental research laboratories became the more active sites of
discovery and invention, often because they were more closely connected to particular
types of products and end uses, and also because they were sometimes better able to
foster new directions and diversification. The latter included, at BASF, nitrogen prod-
ucts, high-pressure processes and synthetic rubber. This set a pattern that was closely
followed in all science-based chemical and pharmaceutical industries during most of the
20" century. Coal-tar anilines acted as the crucible of discovery for most synthetic organic
chemicals®-93
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A. Baeyer, 1883 modern structure, 1928
(42) (2)
While these developments were noted in Europe and the US, little action was taken

outside of Germany to improve industrial research and industrial—academic collabora-
tion. British chemist Raphael Meldola’s experience in the English synthetic dye industry
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FIGURE 14. Title page of BASF price list for aniline dyes, 1896. BASF Archives

enabled him to understand its several failings, particularly lack of investment and research,
which in turn were the outcomes of what he perceived to be inadequate education and
training. From 1886, he lobbied for improved scientific education, though without success.

It was the outbreak of war with Germany in August 1914, and the almost immediate
crisis caused by the shortage of dyestuffs—mostly made in Germany—in Britain that
brought the lobbying for a British science-based organic chemical industry to the fore.
Dyestuffs and their intermediates used in the manufacture of explosives were now clas-
sified as strategic materials. The British public was informed of proposals for a national
aniline dye industry under government control. In November 1914, Ivan Levinstein’s for-
mer patent lawyer, Lord John Fletcher Moulton, an accomplished scientist in his own right,
and Arthur G. Green, of Leeds University, began negotiations on behalf of the British
government with three main firms, including Levinstein Ltd, with the intention of outright
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purchase of one or more of them. Shortly afterwards, Moulton became involved in muni-
tions manufacture, which involved procuring supplies of TNT. However, he arranged for
the amino product TNA (41) to be manufactured in the US. Fliirscheim assisted the Aetna
company in this endeavor, until the factory blew up. TNA manufacture was then taken up,
and in(l’groved, at the newly-founded Calco Chemical Company, of Bound Brook, New
Jersey™®.

Meldola was appointed a member of the Board of Trade Committee on the Supply of
Chemical Products. In 1915 he became chairman of the advisory councils of the newly
formed British Dyes Ltd, and of the forerunner of the Department of Scientific and
Industrial Research. At that time, indigo was one of the many important synthetic dyes
suddenly no longer available from German factories.

XI. INDIGO

During the 1870s and 1880s, Adolf Baeyer and other academic chemists derived con-
siderable scientific benefits from collaborations with Caro and other leading industrial
chemists. Caro provided Baeyer with information about potentially interesting reactions
and novel products that became topics for academic research. Foremost among the prob-
lems of structural elucidation was, in both scientific and commercial terms, that of indigo.
This great scientific puzzle of the 19" century was taken up by Baeyer. With its solu-
tion, Baeyer also contributed to an understanding of the phenomenon of tautomerism, and
arrived at the modern formula for indigo. The technical problems, particularly a synthetic
route based on a low-cost starting material, however, eluded both Baeyer and Caro. Nev-
ertheless, the eventual success of artificial indigo was based on researches that Baeyer
had commenced at the Gewerbeinstitut in Berlin in 1865, on encouragement from and
collaboration with Caro in the mid-1870s, and on Baeyer’s agreements with both BASF
and Hoechst at the beginning of the 1880s%’.

Until the early 1880s, Caro was the principal industrial participant, even though the
process he scaled up on the basis of Baeyer’s research was a commercial failure. It was,
nevertheless, part of the tremendous science-based commitment towards the industrial
replication of important natural products. Baeyer was able to establish in 1883 that the
intermediate product of the indigo degradation was pseudo-indoxyl, not indoxyl. It was
this work that enabled him to draw the modern structure for indigo (42), in a letter to
Caro, dated 3 August 1883,

The industrial manufacture of indigo is based on two processes developed by Carl
Heumann in 1890 at Zurich Polytechnic. They make use of aryl amines derived from the
abundant hydrocarbons benzene and naphthalene. The former process involves aniline; the
latter proceeds via anthranilic acid (o-aminobenzoic acid) (4). In 1897, BASF and Hoechst
in Germany were the first firms to manufacture synthetic indigo. The BASF process, in
use until the late 1920s, converted phthalic anhydride into phthalimide with ammonia.
The phthalimide was then treated with alkali and chlorine to yield anthranilic acid by the
Hofmann reaction. Anthranilic acid was then condensed with chloroacetic acid to afford
phenylglycine-o-carboxylic acid, which on fusion with alkali gave indoxyl (43). Indoxyl
oxidizes in air to indigo (Scheme 16). The Hoechst process was based on reaction of ani-
line with chloroacetic acid to give N-phenylglycine, which on fusion with alkali afforded
indoxyl. The yield of the original Heumann process was about 10%. It was increased to
75% in 1901 when Johannes Pfleger of Deutsche Gold- und Silberscheidanstalt (Degussa)
added sodamide at the fusion step® (Scheme 17).

Certainly the successful manufacture of synthetic indigo would not have been so read-
ily realized but for the joint work of Baeyer and Caro, which also contributed towards
Baeyer’s Nobel Prize (1905). It brought about the end of the British monopoly on the
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SCHEME 17. Hoechst process for indigo, 1901

natural product, known as the ‘king of dyestuffs’ (Figure 15). Well before 1910, the cul-
tivation of the indigo plant in India and elsewhere had collapsed’®. Demand for synthetic
indigo remained strong, even after it was displaced by other, less fugitive, synthetic col-
orants. In 1936 alone, 18 million Ibs. were manufactured in the US. Modern versions of
the Heumann processes are still in use.

British-made synthetic indigo was produced by Levinstein Ltd in 1916 at the sequestered
Ellesmere port factory of Hoechst, where the antiseptic acriflavine (44) and novocaine (45)
were also produced. During World War I, Levinstein’s highly qualified technical team, led
by Arthur Green, developed close links with academic institutions. In November 1918,
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FIGURE 15. Gathering the indigo crop, India, around 1900. Aniline was first obtained from indigo,
prior to isolation of the aromatic amine from coal tar and synthesis from benzene. Cultivation of
the natural product declined following the introduction of synthetic indigo by BASF and Hoechst in
1897. Edelstein Collection

N COOCH,CH,N(C,Hs),
=
H,N N NH,

/N H,N
novocaine (procaine)
(44) 45)

Levinstein Ltd was merged, under government influence, with British Dyes Ltd to form
the British Dyestuff Corporation Ltd"!.

XIl. AMINOANTHRAQUINONE VAT DYES

In 1901, René Bohn, head of the BASF alizarin laboratory, applied the indigo reac-
tion conditions to 2-aminoanthraquinone (46) and discovered a blue colorant that he
named indanthrone, from ‘indigo’ and ‘anthraquinone’. He then obtained the same prod-
uct more directly from 46. Later known as indanthrene blue RS (47), it was the first
of the anthraquinone vat dyes, more correctly anthraquinonoid vat dyes, also known as
indanthrene dyes (Scheme 18). With this innovation, three types of anthraquinone dyes
became available: mordant (such as alizarin), acid (Robert E. Schmidt, at Bayer, 1894)
and vat.
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Chemists at the rival Bayer company established the structure: Indanthrone consists of
two anthraquinone units joined through a heterocyclic bridge containing two nitrogens.
This enabled industrial research laboratories to discover anthraquinone-based intermedi-
ates for other vat dyes. In 1904, an assistant of Bohn synthesized benzanthrone (48), later
an important intermediate in processes involving aminoanthraquinone-derived colorants’.

(6]
(48)

The novel vat dyes encouraged the development of processes for obtaining the important
intermediate 1-aminoanthraquinone (49). The reaction involves replacement of the sulfonic
acid group in anthraquinone-1-sulfonic acid by the amino group. It is achieved by heating
the sulfonate with aqueous ammonia in the presence of sodium arsenate, which oxidizes
the sulfite liberated to sulfate.

The research leading to this process was important since sulfonation at the 1-position
was difficult to achieve until Schmidt at Bayer and Iljinsky in Russia independently
discovered that the presence of mercury led to the formation of the 1-sulfonic acid, rather
than the expected 2-sulfonic acid. The former could then be readily converted into 49 by
amination in the presence of arsenic. Typical reactions, as discovered by W. Mieg at Bayer
in 1910, include condensation of 49 with 1-chloroanthraquinone (50) to yield dianthrimide
51, which is readily converted into cyclic carbazole C.I. Vat Green 9 (52) (Scheme 19).
Schmidt converted N-methyl 1-aminoanthraquinone (53) into a quinone analogue of 48,
to which was attached a heterocyclic ring. Bromination followed by reaction with 46 gave
Algol red B (54) (Scheme 20). Schmidt developed other Algol vat dyes by acetylation and
benzoylation of aminoanthraquinones, including Algol red 5 (55). During 1913, chemists
at AGFA reacted aniline with bromaminic acid, 1-amino-4-bromoanthraquinone-2-sulfonic
acid, to yield a dye that colored wool blue. After Hoechst took over further developments,
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SCHEME 19. Synthesis of C.I. Vat Green 9 (vat olive R)

a range of extremely successful wool dyes, fast to light and perspiration, was introduced,
including alizarin sapphirol A, alizarin direct blue A2G, anthralan blue FR and supranol
brilliant blue G. In 1924, W. Eckert and H. Greune at Hoechst found that condensation of
o-dianiline (o-phenylenediamine) (56) with 1,4,5,8-naphthalenetetracarboxylic acid (57)
yielded imidazole derivatives 58 and 59, members of a group of extremely bright and fast
vat dyes (Scheme 21). A. Wolfram converted acetylaminoanthraquinone into a derivative
of indanthrenazine, later used as a route to indanthrene blue RS (47)73.

The vat dyes, though expensive, in part because they required multistep syntheses,
quickly became popular because of their resistance to light and washing. They were
widely used in curtains, shirting fabrics, toweling and beachware. Throughout much of
the 20" century, dye manufacture was generally dominated by azo and vat dyes. The
market for the relatively expensive vat dyes, however, was far greater in the US than in
Europe.
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Greune worked on another interesting reaction. He condensed 3-amino- N-ethylcarba-
zole (60) with chloranil (61), and then heated the product in nitrobenzene to afford the
first dioxazine pigment 62 (Scheme 22). This led to other condensations with aromatic
amines, and a range of products that included sulfonated dyes for dyeing silk, wool,
cellulose and viscose a very fast blue. Finally, naphthol AS, 2-hydroxy-3-naphthanilide
(63) and similar products were developed mainly at Griesheim Elektron from 1909. These
were applied direct to the fiber, which was then treated with a diazonium compound to
afford fast bright colors that were resistant to light and cleaning. From 1930, research was
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undertaken into trifluoromethyl derivatives of naphtol AS colorants. Apart from a useful
shift towards yellow, brighter, faster colors were obtained with, for example, 1-amino-5-
trifluoromethyl-2-ethylsulfonylbenzene (64).

Xlll. THE UNITED STATES SYNTHETIC DYE INDUSTRY

The first decade of the 20" century marked the end of half a century of remarkable
inventiveness in aniline products and synthetic dyestuffs that had started with William
Perkin’s 1856 discovery of the aniline dye known as mauve. Through intensive research
and development, control of patents and aggressive marketing, the industry was dominated
by German manufacturers, such as BASF, of Ludwigshafen (Figure 16), and Bayer, of
Leverkusen. Before 1914, the US possessed around seven manufacturers of synthetic
dyes (one at Rennselaer owned by Bayer), none of great significance; the extensive textile
industry of the US relied on imports of foreign, mainly German, synthetic dyes. This latter
source was reduced to a trickle at the outbreak of World War I as a result of restrictions
on exports from Germany and the British blockade on transatlantic German merchant
shipping. The last German-made dyes arrived in the US through normal channels at the
end of April 19157, This led to expansion of the then tiny US synthetic dye industry,
from which emerged that nation’s modern organic chemicals industry.

American chemical and textile firms began the large-scale production of coal-tar inter-
mediates. E.I. du Pont de Nemours & Co., Inc., of Wilmington, Delaware, better known as

.)f = ‘
?(:"'

FIGURE 16. BASF, Ludwigshafen, showing interior of indigo building. BASF Archives.
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DuPont, shared information with the Levinstein firm in Manchester, England. The Calco
Chemical Company, founded in 1915 mainly to manufacture intermediates, resorted to
German textbooks, an American academic consultant and industrial chemists’>-7. Calco,
through trial and error—a great deal of both—and a government contract for TNA (41),
built up expertise in intermediates manufacture. The Grasselli Chemical Company com-
menced sulfur dye manufacture at Linden, New Jersey, in 1915, and purchased the Bayer
facility in 1919. This was the forerunner of the General Aniline & Film Corporation.

Dow Chemical Company embarked on the manufacture of synthetic indigo in 1916. In
October 1917, not long after the US entered World War I, Congress passed the Trading-
with-the-Enemy Act, and the Office of Alien Property was established. The act enabled
the Federal Trade Commission to issue licenses for the use of German patents, particularly
dyestuffs and pharmaceutical products based on coal-tar intermediates. The US was now
a major player in the business of making anilines and their products.

After the war, Calco (Figure 17) and other American start-ups were able to share the
spoils of German inventions when the sequestered German patents were made available
through an organization called the Chemical Foundation, Inc. This appropriation of intel-
lectual property rights was part of the war booty that America had sequestered after
Congress suspended the privilege of monopoly accorded to German patents. In the US
during 1920, some one-hundred factories produced 88 million Ibs. of dyes, which was
fifteen times the output in 1914. They were aided by extension of a 1916 tariff on German
dyes, and through passage of the temporary Dye and Chemical Control Act in 192177. A
further aid to the US dye industry was the surplus war gas phosgene, that before 1915
was mainly imported, and cost $1.50 a pound. It was now available in abundance at 10
to 15 cents a pound. Combined with N,N-dimethylaniline it yielded Michler’s ketone,
the silvery flake-like intermediate from which malachite green, auramine, crystal violet,
Victoria blue and other colorants were manufactured.

Capabilities were built up in the transformation of patent recipes and new knowledge
into useful products. During the 1920s, there were opportunities to gather ideas from
Europe, such as amino resin processes, and for Calco and DuPont to absorb Ameri-
can firms with the requisite proprietary knowhow. Meantime, in Germany, I.G. Farben
was formed in 1925 by the merger of Bayer, BASF and Hoechst (later incorporating
AGFA, Griesheim and Cassella), following a loose association created in 1916. The British
Dyestuffs Corporation became part of ICI, founded in 1926, in response to German events.

Since Calco’s activities encompassed practically every sector of chemical manufacture
involving anilines, commencing with intermediate, dye and explosive manufacture dur-
ing World War I, it will frequently be used here, through these products, to delineate
the rise of important sectors of the modern US organic chemicals industry. After Calco
was acquired by American Cyanamid in 1929, new products based on aryl amines were
invented (Figure 18).

During the 1930s the United States took second place, after Germany, as major manu-
facturer of coal-tar intermediates and dyes. Coal-tar chemistry advanced beyond dyestuffs
to the production of a vast range of intermediates, particularly aryl amines, for many
uses. The prominent standing of the US was such that it inspired a young schoolboy,
twelve-year-old Robert Burns Woodward, later to become the greatest synthetic organic
chemist of the 20" century, to write the following account for his school magazine:

‘Coal Tar Dyes

Nearly every girl in this school wears a dress that has many colors upon it. But how
many know where those dyes come from. They are coal tar derivatives.

When coal is distilled many products are formed. Among these is aniline, one of the
greatest dyestuff intermediates. This compound is the basis of many dyes such as aniline
black, Rosaniline, and nearly every color of the rainbow.
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16 CHEMICALS May 25, 1925

ff
Qyostuls “As Good as Calco”

Pharmaceuticals
q Any dyestuff or intermediate

so characterized makes you
realize that Calco Products—
Calco Tartrazine or Calco
Aniline Salt, for example—are
accepted as standard.

€ This is due to the fixed Calco
policy,adhered to from thestart,
of not placing a single Calco
product on the market until
facilities, both of plant and per-
sonnel, assure its manufacture
in sufficient quantities to meet
every demand without sacrific-
ing uniformly high quality.

( “As Good as Calco” is as high
a recommendation as can be
applied to a dyestuff or inter-
mediate.

Intermediates

Tue CaLco CHEMICAL (OMPANY
Bound Brook N.J.
Newdork Boston Philadelphia Chicago

FIGURE 17. Advertisement for Calco Chemical Company, Bound Brook, New Jersey, 1925. Edel-
stein Collection
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FIGURE 18. Calco Chemical Division, American Cyanamid Company, Bound Brook, New Jersey,
1938. This facility was a major manufacturer of aniline and other aromatic amines, and in the 1950s
pioneered the large-scale production of aniline by continuous fluid-bed, vapor-phase reduction of
nitrobenzene (Catan process). Edelstein Collection

Then aniline unites indirectly with other compounds, formed more complicated dyes
such as methylene blue, aniline green, aniline red, methyl orange, methyl violet, orange
II, and primul[i]ne. All of these are biological stains.

Then aniline unites with other substances which form brilliant orange and red dyes’”®.

There were other demonstrations of the importance of the anilines. In Germany Karl
Aloys Schenzinger’s novel Anilin, a somewhat skewed version of the emergence of the
aniline-dye industry, served the racial purposes of the Nazi regime. Over 3 million copies
would be printed, some after 19457,

DuPont was one of the leading American chemical corporations whose business had
been transformed by the entry into anilines and dye research. A major manufacturer of
aniline and other coal-tar products was the group of firms Schoelkopf, National Aniline,
Barrett and Benzol Products that in May 1917 had associated to form what was soon
known as National Aniline & Chemical Corporation (NACCO, from 1941 a constituent
of Allied Chemical & Dye Corporation). In 1924, Bayer entered into a partnership with
Grasselli, that had aquired Bayer’s former factory at Rensselaer. In 1928, the joint enter-
prise was taken over by I.G. Farben and renamed General Aniline Works, Inc. In 1939
it became known as General Aniline & Film Corporation, and supplied around 20% of
American-made dyes, some produced from imported German intermediates, particularly
anthraquinones. An important development in vat dye production, taken up on a large scale
in the US from the mid-1920s, was the building up of anthraquinone from naphthalene-
derived phthalic anhydride. This was pioneered industrially in the US during World War
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I and removed dependence on imported anthracene, the source of anthraquinone. It also
made available a new route to 1-aminoanthraquinone (49), based on condensing phthalic
anhydride with chlorobenzene, followed by amination®.

XIV. OTHER INNOVATIONS

In 1927, as a result of the move into the relative complexity of aromatic organic chemistry,
initiated by dyestuffs and intermediates, both Calco and DuPont enhanced their research
facilities. The creation of a formal Research Department at Calco was the single most
important innovation necessary to ensure the smooth integration of additional products and
processes. With this, Calco became one of the first American chemical firms to establish
dedicated research and development facilities®!. DuPont constructed a laboratory complex
known as ‘Purity Hall’, that inaugurated a fundamental research program®?,

In Britain during 1932-1933, a major discovery took place at what would soon be an
ICI acquisition, Scottish Dyes. By chance, a blue colorant was obtained during prepa-
ration of phthalimide from phthalic anhydride and ammonia. Though not an aromatic
amino compound, the stable product is important in the history of dye discovery. It was
a phthalocyanine compound, of the type first prepared in 1907. ICI manufactured the
copper analogue, known as Monastral fast blue. Introduced in 1934, it represented the
first member of the only new structural class of synthetic dye in the 20" century®3.

The Japanese synthetic dye industry emerged during World War I; by 1920 its exports
to China were competing with the products of European and US manufacturers. The
industry then went into decline, but was revived during the 1930s mainly by Japanese
Dyestuffs Manufacturing Co., the largest firm, Mitsui Bussan Kaisah Ltd, Mitsui Kozan
Kabushki and Mitsubishi Dye Co. The war also encouraged dye manufacture in Italy and
Spain. The Soviet Union relied on newly opened and former German and Swiss factories,
that produced 10,000 tons of dyes each year, and also on German imports.

During the 1890s hydroxyanilines were introduced as developers in photography.
Oxidation of aniline affords quinone (65), which on reduction gives the important photo-
graphic developer hydroquinone, or p-hydroxybenzene (66). Until 1915, the principal
source was Europe. After the price increased by 600% in the US, manufacture was
attempted by several firms. Though British and German processes involving oxidation
of phenol had been developed, DuPont commenced manufacture around 1920 by oxida-
tion of aniline with sodium dichromate, followed by reduction of the quinone with sulfur
dioxide. In 1924, Eastman Kodak adapted the same process, using manganese dioxide
and sulfuric acid as the source of oxidant (Scheme 23). In 1942, US production of pho-
tographic grade hydroquinone, by then of great strategic value, exceeded 3 million 1bs.3*.
Derivatives of aromatic amines were employed as the important color formers in the color
reversal transparency films first introduced by Kodak (1935) and AGFA (1936).

Triaminobenzene (67) became an important intermediate in production of phloroglu-
cinol, 1,3,5-trihydroxybenzene (1,3,5-benzenetriol) (68), first made by hydrolysis of 67
in the laboratory in 186733, Manufacture, commencing with reduction of trinitrobenzoic
acid with tin and hydrochloric acid, was adopted by I.G. Farben for use in the diazo
type reproduction processes. This gave a positive image of a line drawing using a light-
sensitive diazonium compound and a hydroxy compound, as invented in the mid-1920s.
The process was associated with ozalid light-sensitive papers. Phloroglucinol gave a sta-
ble jet black background. In 1935, it was first made in the US by Edwal Laboratories, in
Chicago, and from 1941 at Ringwood, Illinois. During World War II it was also used in
the development of black diazo dyes, particularly on acetate rayon. After 1945, surplus
TNT was consumed in the production of phloroglucinol (Scheme 24). For the reduction
step, Edwal replaced the expensive tin with iron. The triaminobenzene was also used in
the production of antipyretics®.
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SCHEME 24. Synthesis of phloroglucinol from TNT

XV. MEDICAL RESEARCH AND SULFA DRUGS

Towards the end of the 19™ century, the German dye industry embarked on diversification
based on its coal-tar intermediates. These became important medicinal products, including
Bayer’s aspirin, made from the intermediate salicylic acid (o-hydroxybenzoic acid). The
first local anesthetics were esters of aminobenzoic acid. In 1906, Hoechst introduced
the anesthetic novocaine (45), marketed as the hydrochloride of diethylaminoethyl p-
aminobenzoate, based on the research of Alfred Einhorn. Novocaine was the standard
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injectable local anesthetic until the late 1940s, when it was joined by lidocaine (69),
another aniline derivative. Some aniline colorants, the medicinal dyes, such as 33 and
44, and the 2,6-diaminopyridine derivative pyridium (70), were used extensively during
World War I and after as antiseptics.

Aniline dyes had been used as models for products that attacked sites of infection
within the body by the medical researcher Paul Ehrlich. He employed tissue staining with
synthetic dyes at the University of Strasbourg in the early 1870s to develop a new research
methodology in the biomedical sciences. Ehrlich followed biological oxidation—reduction
processes, using gain and loss of color of stains, and adapted Witt’s theory of color
and constitution, and aromatic structures, to suggest structural features of living cells.
This was then developed into his side chain theory of immunity. Antitoxin behavior was
pictorially represented by cartoon-like drawings that demonstrated the combining and
toxic components of antigenic toxin. These were named the haptophore and toxophore
groups, respectively®’.

Ehrlich sought out dyestuffs that might attack sites of infection within the body. His
first success, in 1891, was with the thiazine dye methylene blue (33), used against malaria,
though the side effects, including skin coloration, militated against practical application.
In 1905, Ehrlich began to employ the aniline derivative atoxyl (71), that had shown
action against trypanosome infections. Though the structure of atoxyl was then uncertain,
Ehrlich reduced its pentavalent arsenic to the trivalent state. In 1906 with Alfred Bertheim
he established that atoxyl was the sodium salt of p-aminophenylarsonic acid. Numerous
derivatives were synthesized, including compound 606, arsephenamine, 3,3’-diamino-4,4'-
dihydroxyarsenobenzene (72), containing trivalent arsenic, by Ehrlich’s Japanese coworker
Sahaschiro Hata in 1909. Hata found that it cured chicken spirillosis, relapsing fever and,
especially, syphilis. This amino-containing analogue of an azo dye, known as salvarsan,
was marketed by the Hoechst dyeworks in 1909. In 1912, an improved preparation,
neosalvarsan (73), with a blocked amino group, was marketed. It soon represented one
quarter of turnover at Hoechst. (The structures are more complex than as shown here.)

Ehrlich again used Witt’s color theory, this time to describe drug action. Ehrlich favored
a chemical model for drug action, and suggested that both drugs and poisons formed
chemical bonds with the cell. The drug, according to his description, ‘fits the biological
receptor’. He postulated that drug action was similar to that of antitoxins. His chemore-
ceptor theory was developed after observations on strains that showed acquired resistance
to dyestuffs and their analogues. He defined an ideal drug as one that would contain a
haptophore group to enable it to attach specifically to the receptor on the parasite, but that
would be harmless to the host. Just as antibodies ‘in the manner of magic bullets, seek out
the enemy’, it was hoped that drugs might be accurately targeted to score a ‘bullseye’ in
a similar way. This became a major tool in medical and agrochemical research. Ehrlich’s
terminology, like that of Witt, is still in use33-%.

When in 1925 the main German firms merged their interests to create the behemoth
I.G. Farben, the name reflected historical roots rather than the main range of activity.
Nevertheless, aromatic amino compounds were at the forefront of research into novel
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medical products, particularly those required for specific bactericidal use. In the mid-1930s

the curative action of a bright red azo dye led to the discovery of the first antibacterial
sulfonamide, or sulfa, drug at the Bayer division of I.G. Farben. The trade name was

prontosil (74)°!.
HzN@N=N SO,NH,

H,N
(74)
It was a sulfonamide, or sulfamido, derivative of the azo dye chrysoidine (18). French

workers at the Pasteur Institute discovered during a screening campaign that p-aminoben-
zenesulfanilamide (75), commonly called sulfanilamide, was an equally effective curative



50 Anthony S. Travis

agent. They quickly established that this compound was in fact a breakdown product
of prontosil, formed by cleavage of the azo link in the organism. The preparation of
sulfanilamide had been described in 1908 and therefore could not be patented. This enabled
several companies to undertake its manufacture and engage in research into what became
known as sulfa drugs. American Cyanamid’s Calco Chemical Company was the first
manufacturer of sulfa drugs in the US.

@SozNHz sulfanilamide (1935)
(75)
sulfapyridine (1938)
(M&B 693)
(76)
w1l
@ C CH sulfathiazole (1938)
W4
N
()]
NH
sulfaguanidine (1940)
(sulfanilylguanidine)
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(78)
sulfadiazine (1940)
@ —N 4<©> (sulfapyrimidine)
79

The next major discovery was made in 1938 at May & Baker, of Dagenham, Essex,
England. Starting with 2-amination of pyridine, chemists prepared what soon became
known as M&B 693, or sulfapyridine (76). Sulfapyridine reduced the death rate from
pneumonia from 83.1 per 100,000 in the 1930s to 44.1 in 1946. This was followed by
sulfathiazole (77). The poorly absorbed sulfaguanidine (78), discovered in 1940, was
introduced in 1941°2. Sulfadiazine (sulfapyrimidine) (79) was also discovered in 1940.
Sulfaguanadine was followed by succinylsulfathiazole. Sulfa drugs were important even
after the introduction of penicillin, especially for veterinary use. Further research at Bayer
stimulated by the success of sulfonamides included the thiosemicarbazone conteben (80),
introduced at the end of the 1940s for the first chemical therapy against TB.

Acetanilide (81) has long been known to be a useful painkiller, though widespread
adoption was restricted by its toxic properties in moderate doses. It was introduced in
1886 by Kalle & Co. as antifebrin, and followed in 1887 by Bayer’s p-acetophenetidine,



1. Anilines: Historical background 51

NHCOCH3
HC=N-— ITIH
/C \
S NH,
conteben
(para-acetamidobenzaldehyde thiosemicarbazone)
(80)
o o
I Il
N C N
HN CHj; NHCOCH; HN CHj;
OC,Hs5 OH
(81) (82) (83)

or phenacetin (82) (Scheme 25), that had fewer side effects. Unlike quinine, they were
antipyretic and analgesic. In 1893, N-acetyl-p-aminophenol (83) was found to possess
similar properties and, shortly after, was found to be a metabolite of 81. After 1948, 83
was developed into the drug Paracetamol, introduced in Britain during 1956. Paracetamol
is preferred to acetanilide, since metabolism of the latter affords aniline.

NHCOCH;
@ CHSCl @ _reduction_ @ (CHC0)0. @
OC2H5 OC2H5 OC2H5
(82)

SCHEME 25

XVI. ANTIMALARIALS
The quest to tackle malaria with a synthetic drug was the challenge that led William Perkin
to the discovery of his aniline purple, or mauve (5), in 1856. Research into antimalarials
continued to attract attention, at first to aid colonial expansion, and later because of
shortages in time of war. Research was guided by the fact that quinine was found to be
an oxygenated quinoline, a 6-methoxyquinoline derivative (84), as established by Zdenko
H. Skraup. The structure became available in 1908, through the research of Paul Rabe®.
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Synthetic antimalarials, derivatives of quinolines and acridines, were investigated in
the 1920s at Bayer (and later at I.G. Farben), particularly by the chemotherapist Wilhelm
Roehl, and this led to a few successes. Thus 4-methoxyaniline (85) was the starting point
for the 8-aminoquinoline 86, synthesized in 1924 by Fritz Schonhofer and August Winkler,
and tested by the pharmacologist Werner Schulemann. The [.G. Farben workers reported
its antimalarial activity in 1926, and it was introduced in 1927 as Plasmoquine (known
as plasmochin in the US, and pamaquine in the UK) (Scheme 26). However, it turned
out to be quite toxic to humans. It was followed in 1930 by the less toxic substituted
9-aminoacridine 87 synthesized by Fritz Mietzsch and Hans Mauss, and introduced in
1932 as Quinaquin (atabrine in the US, mepacrine in the UK). This had the disadvantage
that the skin and eyes of patients turned yellow. Further research at Bayer led to the
synthesis in 1934 by Hans Andersag and colleagues of the 4-aminoquinoline derivative
88. Its antimalarial activity was established by Walter Kikuth (Roehl’s successor) and the
product was patented in 1937, and known as Resochin®. However, according to a test
procedure devised by Roehl it was quite toxic.

CH;0
CH;0 CH;0 50,
\©\ \©\ = \©\ NHAc
NH, NHAc

(85) NO,
HO™
CH30 CH;0 CH30
/ H, Skraup reaction
NH,
NO,
- \i;(j

HN — CH(CH2)3N(C2H5)2

CH3
(86)

SCHEME 26. Synthesis of Plasmoquine (plasmochin, pamaquine)
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H;  (CH2)3—N(CyHs), CH; (CHp)3—N(CoHs),
/ \/
?H ?H
NH
N OCHj3; N
= =
Cl N Cl N
2-methoxy-6-chloro-9-(N-diethylamino
isopentylamino)-acridine 4-(N-diethylamino isopentylamino)-
6-chloro quinoline (Resochin, chloroquine)
87) (88)

In 1942, Japan invaded Java, and controlled much of the world supply of quinine. In
the US, under the aegis of the Office for Scientific Research and Development, a massive
program of research into antimalarials was inaugurated. This was partly aided by tablets of
Sontochin, a product found in the possession of German prisoners, and the assistance of the
Winthrop Chemical Company, former outlet for I.G. Farben pharmaceuticals, including
for atebrine (87) (then called Quinacrine in the US). Sontochin, similar to 88, was 3-
methyl-4-(4-diethylamino- 1-methylbutylamino)-7-chloroquinoline. In the US, 88, supplied
by Winthrop, was found to be more effective. This was the drug Resochin that had earlier
been tested by German workers but was rejected for widespread use, due to its toxicity.
The outcome of American research was a multistep process, starting with m-chloroaniline,
to yield 88, soon known as chloroquine (Scheme 27). It remained the drug of choice for
treatment of malaria for several decades (see Chapter 14)°-%. The formal total synthesis
of qu9i7nine was achieved by Robert Burns Woodward and William von Egers Doering in
1944°.

C,Hs00C  COOC,Hs

HC(OC2H5)3
CZHSOH /©\
NH, CH,(COOC,Hs),

250°

(0)

OH |
Cl
—CO, | A Cl
AN (,:H3
POCl, H,NCH(CH,)3N(C,Hs)s o8
=

N

TZ

SCHEME 27. Synthesis of chloroquine
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During World War II, chemists at ICI, then a newcomer in pharmaceutical research,
discovered antimalarials based on biguanidines, including proguanil (89) (Paludrine,
1944), prepared from 3-chloroaniline (Scheme 28), and its metabolite dihydrodiazine (90).
In 1950, George Hitchings developed the diaminotriazine into what became known as

pyrimethamine (Diaprim) (91) (Scheme 29)%.
Cl Cl
N = CCH,CN NH
H)N H,C N
2 2| N
NC
(CH3),CHNH,
Cl
cl NH
NH2 )k
H,C N
7 ﬁ — | H
C CH(CH3),
~ - CH(CHy), un? On7
H,N N H
proguanil
(89)
Cl
NH,
2\
X CH;
H,N N
CH;
dihydrodiazine
90)

SCHEME 28. Synthesis of proguanil and metabolism to dihydrodiazine

CN CN
0
NaOC,Hs C
+ CH3;CH,COOC,Hy — 2 |
Cl Cl CoHs
CH,N,
H,N NH,

N
@ L
N § OCHj3;
HN = C(NH),
C,H.
Cl 2 Cl CoHs
91)

SCHEME 29. Synthesis of pyrimethamine
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Research into other antiparasitic drugs included antitrypanosomiasis agents. This work
had started with Ehrlich’s investigations of benzidine derivatives, including trypan blue
(92a), trypan red, nagana red (92b) and Afridol violet (92¢). While these products were
effective they had the major disadvantages of coloring body fluids and tissues. This led
chemists at Bayer in 1920 to remove the chromophore and prepare the aminonaphthale-
nesulfonic acid derivative suranim (93), and then develop the diamidines dimidium (94)
(Scheme 30) and quinapyramine (95).

H;C CH;
NH, OH : : OH NH,
NaO;S SO3Na

SO3Na NaO3S
trypan blue
(92a)
NaOsS N= NHN N SO;Na
SO3Na SOsNa
nagana red
(92b)
0}
NH, OH )k OH NH,
L OOy
NaO3S SO3Na NaO3S SO3Na
Afridol violet
(92¢)
O
HN NH
NaO3S SO;Na
SOs;Na SO3Na
suranim

93)
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NH,
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NH, CH;,
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NH, O

CgHsNO,

HNO; Nx O

POCI;

reduction

-

CH;3Br

SCHEME 30. Synthesis of 94

XVIIl. RUBBER PRODUCTS AND POLYMERS

The growth of the automobile industry and its demand for long-lasting, chemically-
resistant rubber products provided an important large-scale use for the coal-tar interme-
diates, mainly aniline and B- or 2-naphthol. This followed George Oenslager’s discovery
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HN
C=S

N\ /

HN

(96)

in 1906 at Diamond Rubber in the US that aniline, its less toxic derivative thiocar-
banilide (diphenylthiourea) (96), and related organic chemicals containing sulfur accel-
erated the vulcanization of rubber. Vulcanization enhances cross-linking in rubber that
enables restoration of elasticity following deformation. Around 1910, Fritz Hofmann and
Kurt Gottlob at Bayer found that ammonium dithiocarbonates made from both aromatic
and aliphatic amines were also good accelerators. The patents were licensed to Gras-
selli for manufacture in the US**. William F. Russell and David Spence introduced
p-aminodimethylaniline as a rubber accelerator. By 1914 several firms were manufac-
turing the products invented by Oenslager, for which patents had not been filed. When
shortages of imported aniline at the outbreak of World War I affected the production of
accelerators as much as it did the manufacture of synthetic dyes, both B. F. Goodrich and
United States Rubber erected large in-house aniline production facilities®.

In 1921, C. W. Bedford, at Rubber Services Laboratories Co., L. B. Sebrell, for
Goodyear Tyre & Rubber, both in the US, and Bruni and Romani at Pirelli, in Italy,
developed mercaptobenzothiazole (MBT) (97) as an organic accelerator. In 1931, Bayer
converted mercaptobenzothiazole into sulfenamides, that contain the grouping =CSNR;.
These later became the most important class of accelerators.

In 1933, the Calco Chemical Company began the manufacture of 97 by reacting aniline,
carbon disulfide and sulfur together at elevated pressure (Scheme 31), and late in 1936
introduced mercaptobenzothiazyl disulfide (MBTS) (98). Goodyear was the major cus-
tomer. Zenite ‘ultra-accelerators’, incorporating zinc (99), that brought about vulcanization

in a few minutes, were introduced by Calco in the late 1930s'%,

N

A\

C—SH + HyS
S

MBT
o7

SCHEME 31. Manufacture of mercaptobenzothiazole (MBT)

NH,

+ CS, + S

Dyestuff research based mainly on aromatic amines had brought about large-scale
sophisticated research in the US chemical industry. Around 1930, this enabled the rapid
move into polymers, resulting at DuPont in the discovery of a successful synthetic rub-
ber process (1930) and nylon (1935). The discovery of polythene at ICI in 1935 arose
from research into synthetic dyestuffs and reactions carried out under high pressures,
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and academic research at the University of Amsterdam. These and other polymers stimu-
lated new investigations into colorants and, in the case of synthetic rubber, following its
massive development in the US during World War II, into accelerators and antioxidants
based on aromatic amines. Phenyl B-naphthylamine (phenyl-2-naphthylamine) (100) was
the principal antioxidant used in the manufacture of GR-S (Government Rubber-Styrene)
rubber.

XVIIl. MELAMINE

The Calco Chemical Division of American Cyanamid, formed in 1939, was synonymous
with the industrial production of the triaminotriazine melamine (101), and of the polymeric
thermosetting resins that also bear its name. Polymeric melamine is converted by the action
of heat or catalysts, or both, into insoluble infusible solids, which are odorless, tasteless
and generally inert chemically.

The triazine compound melamine (2,4,6-triamino-1,3,5-triazine) was first isolated, and
named, in 1834 by Justus Liebig, who obtained it by reacting alkali with melam. A.
Claus in 1875 improved on Liebig’s method. S. Cloéz and S. Cannizzaro in 1851, and
E. Dreschel in 1875 and 1876, demonstrated that melamine was formed when cyanamide
or dicyandiamide were heated at elevated temperatures (Scheme 32). In 1885, A. W.
Hofmann made melamine from thiocyanuric esters by heating them in sealed tubes with
concentrated aqueous ammonia'%'.

The triazine formula was adopted in 1902, following the work of Otto Diels, and
Frederick D. Chattaway and John M. Wadmore. Though various industrial reactions for
preparing melamine were patented by Henkel and 1.G. Farben of Germany, and CIBA,
the industrial process was perfected in 1939 by American Cyanamid which, significantly,
employed its calcium cyanamide. The polymeric melamine resins prepared via trimethy-
lol derivatives 102 and 103 (Scheme 33) became important in the strengthening of paper,
originally for military requirements. While the melamine resins were similar in many
respects to earlier urea-formaldehyde condensates introduced in the late 1920s, they dis-
played greater resistance to moisture and heat. The melamine molding product sold under
the trade name Melmac represented a tremendous advance in the discovery of aminoplas-
tics; it displayed superior molding and mixing properties'?>~1%. The addition of fillers
results in resins much less sensitive to moisture, but the transparency is lost.

From 1945, Melmac was adapted for use in plastic tableware and became associated
with the names of leading industrial designers. Melamine was used in the highly suc-
cessful laminates applied to tabletops etc., produced by the Formica Insulation Company,
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SCHEME 32. Manufacture of melamine
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SCHEME 33. Manufacture of melamine resin
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that had previously turned from Bakelite to urea resins. Melamine offered fast curing
times, great durability and the use of light colors for hard-wearing kitchen counter tops,
bars and dinettes. The Formica decorative laminates for tables and counters eventually
displaced linoleum. Melamine also became important in the coatings and textile finishing
industries'%.

XIX. ANILINES AND INSTRUMENTATION

Aromatic amines, and particularly their colored derivatives, were early candidates for
industrial instrumental analysis. By the early 20" century the characteristic absorption
spectra of synthetic dyes, including those containing amino groups, were available. Spec-
trophotometers were used in cases where colorimeters and tintometers were of little or no
use, such as for examination of solutions containing two or more colorants'?.

Instrumental studies were promoted by Edwin I. Stearns, who joined Calco in 1933. His
contributions commenced in 1934, when he adapted instrumental colorimetry to check-
ing the solution-controlled blending of intermediates, particularly picramic acid, which
explodes when dry. The safety of the process relied on reliable and rapid monitoring,
and was aided by the instrument-based observations of Stearns. The developments at
Calco greatly encouraged the wider use of instruments in chemical analysis, color control
and research, particularly following the investigations of George L. Royer and Stearns.
The first commercial recording spectrophotometer had been introduced in May 1935 by
General Electric and was based on the work of MIT professor Arthur C. Hardy. The
spectrophotometer, later more generally known as the spectrometer, measured relative
amounts of radiant energy as a function of wavelength, and differed from the photome-
ter used in colorimetry since it employed continuously variable monochromatic bands
of energy. Standardization of intermediates and colorants moved from instrumental col-
orimetry to spectrophotometry in the 1940s after Stearns demonstrated the overwhelming
superiority of the latter. By this time spectra of anilines, and many azo dyes, were avail-
able, and it was possible to discuss the influence of the position of substitution of amino
and other groups!'%%:10%,

Stearn’s work represented the most successful use in industry of spectrophotomet-
ric curves for routine, reliable identification of aromatic molecules, and placed Amer-
ican Cyanamid at the forefront of spectrophotometry. R. Bowling Barnes at American
Cyanamid’s Stamford laboratories, in Connecticut, also made notable advances in instru-
mental analysis. Significantly, the first factory of Perkin-Elmer, founded by Richard S.
Perkin and Charles W. Elmer in 1938 to manufacture advanced optical systems, was
almost adjacent to the Cyanamid Stamford laboratories. The outcome was that the practi-
cal application of spectrophotometry was advanced more than in any academic laboratory
by American Cyanamid scientists Stearns''°~!'2 and Barnes.

In 1944, Stearns and Eugene M. Allan achieved the first ever color match using
instrumental data. In 1945, Barnes and colleagues, jointly with Richard F. Kinnaird of
Perkin-Elmer, for the first time described the latter firm’s model 12 infrared spectropho-
tometer. The outcomes of collaborations involving instrument and chemical manufacturers
were widely adopted routine methods for qualitative and quantitative chemicals analysis.
Stearns’s The Practice of Absorption Spectrophotometry remains recommended reading
for students'!3.

The publications of American Cyanamid investigators included instrumental analysis of
chemicals in the industrial environment, including two-component mixtures of nitroben-
zene and aniline that were of value in industrial hygiene investigations. Details of this
absorbance-ratio method were presented at the 4th Pittsburgh Conference on Analytical
Chemistry and Applied Spectroscopy held in March 1953'1%,
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Aromatic amines are excellent examples of the application of infrared spectra to nitro-
gen compounds. Primary and secondary amines show moderately weak absorption at
3500 cm™! to 3300 cm ™!, corresponding to N—H stretching, with two bands for primary
amines and, usually, one for secondary amines. Bands that correspond to N—H bend-
ing are seen around 1600 cm™!; they are weak with secondary amines. C—N stretching is
observed at 1360 to 1250 cm™! (strong absorption). Tertiary amines are difficult to detect.
Though amino groups are transparent in the near-ultraviolet, they and other substituents
influence absorption maxima. In fused rings, the absorption maxima make it possible to
distinguish between 1- and 2-naphthylamines.

XX. STRATEGIC ANILINES

By the late 1930s, coal-tar intermediates were high on the list of strategic materials in
both Europe and the US. In the US, production for 1939 was 605,757,000 lbs., some
50% more than in 1938. Of this figure, 41,775,000 lbs. was represented by aniline oil, 56
percent more than in 1938. This reflected its new uses, particularly in rubber processing.
During 1940—1941, the output of aniline as part of the Lend-Lease program to aid Britain
and Canada grew to an annual rate of around 12 to 15 million lbs.

The activities of the Calco Chemical Division of American Cyanamid following the
entry of the US into World War II in December 1941 included tremendous growth in
demand for aromatic amino compounds used in products other than dyes. Calco, unlike
many other American firms, offered a diverse range of anilines and their products, cov-
ering intermediates for rubber-processing chemicals, synthetic resins and sulfa drugs.
Production of aniline at Calco grew to 48 million Ibs. at the behest of both the Chemical
Advisory Committee of the Army and Navy Munitions Board and the Chemical Warfare
Service. The capacity of the N,N-dimethylaniline plant was increased almost 10-fold,
and later converted to the production of N-ethylaniline required for the manufacture of
Centralite, the stabilizer in smokeless powder. Picatinny Arsenal at Dover, New Jersey,
required dinitro- N -methylaniline for tetryl (40), the booster for TNT. Melamine found use
in coatings and laminates, plastics and glues, including military map and chart papers,
invasion currency, naval electrical panels, aircraft ignition parts of great arc resistance,
tableware for the armed forces, and adhesives for plywood planes and boat hulls.

Anthraquinone vat dyes, particularly the amino derivatives, and other colorants were
required for coloring uniforms and for camouflage purposes. During 1942, total US dye
production reached 152 million lbs., and coal-tar intermediates 1,230 million Ibs., as a
result of tremendous growth in demand for aromatic compounds used in products other
than dyes, including rubber-processing chemicals and synthetic resins. When the Office
of Strategic Services required a shark chaser, or repellent, it turned to Calco’s nigrosine
(aniline black) range and induline. A special nigrosine colorant named Calco WBSR was
tested during 1943. In 1944, the Naval Research Laboratory asked Calco to undertake
further investigations, resulting in the development of a soluble nigrosine-based polyp
‘ink’ similar to the protective liquid emitted by sharks. The shark repellent and a Calco
fluorescein dye used as a sea marker became part of the standard equipment in lifeboat,
life-raft and life-jacket survival kits.

In 1943, Calco produced around 97% of the US consumption of sulfadiazine (79),
and was the sole American producer of sulfaguanidine (78), both supplied to the Army
and Navy Munitions Board. The armed forces also demanded sulfathiazole (77), which
cured several common diseases caused by streptococcus, staphylococcus, pneumonococ-
cus and gonococcus, as well as preventing and curing wounds and burns!!'3. In Britain,
ICI stepped up manufacture of aniline and N,N-dimethylaniline for explosives, as well
as for antimalarials and other pharmaceutical products''®-!!7,
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Wartime conditions encouraged the use of waste products and investigations into
continuous manufacturing processes. Thus, for example, .G. Farben manufactured N,N-
dimethylaniline from aniline and dimethyl ether, a waste from the synthetic methanol
process, by a continuous autoclave process. Mercaptobenzothiazole (97) was also made
by a continuous autoclave process. Allied investigators after 1945 were impressed by the
great extent to which a number of traditional batch processes for aryl amines and their
products had been successfully adapted to automated, continuous operation'!8,

CH;CONH CH—CH NH—N 6]
/

SO;H SO;H
(104)
NHPh NHPh
O O
(\N)\N)\NHAQ—CH=CH4©7NH/LN*N/\
o SO;Na SO;Na o
(105)

Novel fluorescent dyes, used as whitening agents (optical brighteners), invented at
I.G. Farben, were exploited to great commercial advantage by American and European
companies soon after the war. The brighteners, such as 104 and 105, represented a trend
in research away from dyes towards other energy-absorbing compounds, including IR
absorbers and plastics additives.

In 1948, with the German chemical industry in disarray, the production of synthetic
dyes in the US reached 220 million Ibs., the highest figure ever, exceeding production
anywhere. The US was now the largest manufacturer and exporter of coal-tar dyes, and
would remain so until 1970"°. The reemergence of the German chemical industry fol-
lowed the separation of I.G. Farben into its pre-1925 constituent units. During December
1951—January 1952, the new successors were once more known as BASF, Bayer, and
Hoechst. AGFA, whose Wolfen plant was in the Soviet zone, was reestablished at Lev-
erkusen, merged with Bayer.

XXI. POLYURETHANES

During the 1950s, a new use for aniline was in the production of the thermoplastic
polyurethanes. These relied on derivatives made from either aniline or nitrotoluenes, the
latter reduced to toluidines such as 106, to yield diisocyanates, typically 107 (Schemes 34
and 35). Otto Bayer at I.G. Farben had worked on polyurethane foams during World War
IT and details of the processes were obtained by the Allied commissions'?°.

Drawing on the Allied technical reports, ICI in England began the manufacture of diiso-
cyanates. Production of polyurethanes in the US started in 1954, and by the following year
they were available on a commercial scale as adhesives, coatings, foams and elastomers.
The main American manufacturers of the intermediate isocyanates were DuPont, Mobay
(a joint venture of Mobil and Bayer) and National Aniline.

With the lifting of Allied restrictions on research in German industry, polyurethane
applications were advanced by Bayer. This included the important foaming technology,
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CHj CHj; CH;
NO, NH,
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N=C=0
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N=C=0
TDI
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SCHEME 34. Synthesis of toluene diisocyanate (TDI)

discovered, but neglected mainly due to the lack of intermediates, at I.G. Farben during
the war. Bayer displayed a lightweight soft foam suitable for upholstery at the 1952
International Plastics Fair, held in Diisseldorf. Allied reports into German science and
technology encouraged General Aniline and American Cyanamid to investigate triazenes,
such as 108, as blowing agents for rubber and other polymers in the mid-1950s. These were
made from the coupling of sulfonamides to diazotized aniline. The reaction is analogous
to the diazonium ion attack on the nitrogen of an aryl amine, rather than on a ring
carbon, when conducted under near-neutral conditions. The simplest triazene, containing
the grouping —N=N—-N—, is benzenediazoaminobenzene.

CH;

3-methyl-3-phenyl-1-p-toluenesulfonyl triazene
(108)

Spandex stretch fiber, based on polyurethanes, was developed by DuPont and appeared
in 1962. From this time, polyurethanes would account for the greater part of demand for
anilines. Aniline production alone had more than doubled, to over 100 million Ibs. per
year, between 1939 and 1957, in part to satisfy demand in products other than dyes. Half
the US output was consumed in the production of rubber additives, mainly diphenylamine
and cyclohexylamine, the latter used as a chain stopper in manufacture of polyurethanes
(also as a boiler water additive and, in the US until banned in 1970, in the manufac-
ture of cyclamate sweeteners). Other polymers, such as epoxy resins, relied on the bulk
availability of various aromatic amines (Chapter 14).
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XXIl. FIBER-REACTIVE DYES AND AFTER

The first fiber-reactive dyes, those that attached to fibers by covalent bonds rather than by
weak intermolecular forces, were announced by ICI in 1956, on the occasion of the 100th
anniversary of Perkin’s discovery of mauve. This followed from research into wool dyes
at the ICI general dyestuffs research laboratory, at Blackley, Manchester. Ian D. Rattee
and William E. Stephen were the main contributors at ICI. Stephen modified azo dyes
containing free amino groups by incorporation into them of reactive moieties, particularly
cyanuric chloride (trichlorotriazine). Dyeing with cotton was successful. The Swiss CIBA
had already used the triazine grouping in dye synthesis, and the two firms came to an
agreement over its application to the reactive dyes. Introduced commercially as the ICI
Procion range, the first fiber-reactive colorants 109, 110 and 111 exhibited unprecedented
fastness. In 1959, Bayer introduced its Permafix reactive dyes, renamed Levafix in 1961.
ACNA in Italy made available Reacna dyes in 1965. In 1975, Hoechst introduced a
reactive dye with three reactive functional groups, followed in 1979 by Sumito of Japan,
which introduced a range of multifunctional colorants. Reactive dyes displaced a number
of vat dyes, and reduced the incentive for research into new members of the latter class!?!.
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Semisynthetic and synthetic fibers introduced from the 1920s made new demands on
the ingenuity of dye-makers. The commercial value of new polymers relied entirely on
the ease of coloration. Normal dyeing is accomplished in aqueous solution, often in the
presence of a fixing agent, or mordant. This is ideal for cotton, silk and wool, but not
for synthetic fibers such as nylon and polyester, that are plastic in nature. They require



66 Anthony S. Travis

disperse dyes. The fiber is heated in an aqueous dispersion of a water-insoluble dye. Basic
dyes are employed in the dyeing of polyacrylonitrile fibers.

The blue indigo color, often displaced by other synthetic dyes after around 1920,
became popular again from the late 1960s with the swing towards fashionable denim
and the faded look. Dyes are mainly used in textile printing and dyeing, but find other
uses, including as food colors, for example the black azo colorant 112 in liquorice, and,
modified, as pigments, for coloring plastics and synthetic fibers, and for printing on
paper. At the end of the 20" century they found new and growing uses in the electronics
industries, such as in ink jet printers.

SO;H

2\
N l l NH,

HO5S SO;H

food black 2
(112)

From the 1970s dye-making in the US and Europe went into decline, in part due to
tariff reductions in the US (commencing in 1968) and environmental concerns (since many
intermediates were toxic). New centers of manufacturers were in Asia, including Japan,
Korea, India and China, and Eastern Europe. However, there was considerable expansion
in manufacture of anilines in Europe and North America for isocyanates.

XXIll. ORGANIC REACTION MECHANISMS

Just as the anilines had contributed to the development of classical organic chemistry in
the second half of the 19% century, they would contribute to cutting edge studies in the
first half of the 20" century. This time, however, it was not novel methods and products,
but novel theory. The starting point was color and constitution. Witt’s theory of color
and constitution had been greatly refined by the early 1900s, and was taken up by (Jean)
Felix Picard at Laussane and Edwin R. Watson in the province of Bengal, India, among
others. Watson believed that tautomeric quinonoid forms were responsible for color. It
was in his 1918 monograph, Colour in Relation to Chemical Constitution, that he broke
new ground'?2.

The reason was the first ever use of curly or curved arrows, in this case to represent
tautomerism in N,N-dimethylamino derivatives. While the arrows were not then meant to
indicate movement of electrons (as was later universal in the electronic theory of organic
reactions), it is most probable that the symbols were adopted by Robert Robinson who,
with Watson, worked at British Dyes during World War I'?3, Arthur Lapworth and Alfred
Werner had already used arrows in mechanistic studies, the former perhaps influenced
by the inventor of the TNA process, Bernard J. Fliirscheim, who explained benzene

substitution patterns in terms of ‘affinity demand’, indicated by arrowed bonds'?*.
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In the 1920s, the debate turned to ortho—para and meta substitution, at first based
on the nitroso group. Christopher K. Ingold, who then favored the Fliirscheim approach,
predicted, incorrectly as it turned out, ortho—para nitration of tertiary benzylamine salt,
and meta nitration in the free amine. This was based on experimental evidence that
was refuted by Robinson. The polemics during the mid-1920s were unpleasant, even
acrimonious, but did force both men to review, correct and refine their approaches, with the
result that Ingold was enabled to draw up a theory of organic chemistry that has withstood
the test of time. Ingold paid attention to competing inductive and electromeric effects
in N,N-dimethylaniline. Dipole measurements made during 1927 and 1928 established
that tautomeric effects were at play. In 1928, Ingold introduced the terms nucleophilic,
for an electron pair donor, and electrophilic, for an electron pair acceptor. In 1933, he
gave the tautomeric effect a new name, mesomerism, and, with Edward D. Hughes,
an expert in mechanism, introduced the four terms for reaction types: Sy1, Sy2, for
substitution reactions, and E1 and E2, for elimination reactions. A good example of the
Sn?2 reaction is nucleophilic attack of sodamide on pyridine to yield 2-aminopyridine,
required for sulfapyridine (Tschitschibabin reaction). In 1946, Michael Dewar explained
the rearrangement of hydrazine into benzidine in terms of a 7 electron mechanism.

One of the greatest successes of mechanistic organic chemistry concerned explana-
tions of strengths of acids and bases, particularly of aryl amines. As Peter Sykes in
1961 so clearly delineated for undergraduates, this accounted for the feeble basicity of
aniline, the weakening when N-phenyl groups are introduced, the small effects of N-
methyl groups, the enhanced base-weakening by the inductive effect when nitro groups
are introduced, the mixed effects of electron-donating groups, either base-strengthening
in the o- and p-positions (mesomeric effects) or weakening in the m-position, and the
massive base strengthening effect in 2,4,6-trinitrodimethylaniline and the small effect in
2,4,6-trinitroaniline'?.

Hofmann’s conversion of amides into amines is explained in terms of an electron-
deficient nitrogen atom, as is the formation of both o- and m-toluidines from o-chloro-
toluene!?%. The Sandmeyer reaction is explained by electron transfer, with loss of nitrogen,
to afford aryl radical, as the rate-determining step. Diazo coupling is the result of elec-
trophilic substitution, involving arenediazonium ions that are weak electrophiles acting on
primary amines at the nitrogen, though coupling takes place at both carbon and nitrogen
in secondary amines, and only at carbon in tertiary amines. The diazonium ions react with
phenols that are also activated aromatic compounds.

The amino group is a strong electron-donating group, favoring electrophilic aromatic
substitution. While aniline is normally ortho/para-directing, in strongly acidic solution
protonation of the amino group prevents interaction of the unshared electron pair with
delocalized 7 orbitals of the nucleus, favoring meta-substitution, as a result of elec-
trons being drained away from the nucleus by the positively charged nitrogen'?’~13°, The
outcome of these theoretical advances was that, during the 1960s, the mechanistic classi-
fication of reactions displaced classical descriptions of the type long familiar to students.
It also displaced traditional aniline chemistry, at least as it applied to synthetic dyes, from
textbooks.

XXIV. CELEBRATION AND HISTORY

The manufacture of anilines, the aniline dye industry, and subsequent diversification based
on aromatic amines, brought about the emergence of the modern chemical industry. It
transformed the world of fashion, the high street and the medical laboratory, facilitated
the development of academic chemistry, stimulated the development of industrial research
laboratories, made academic and industrial careers, and created enormous prestige and
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FIGURE 19. A banquet to celebrate the anilines. This “large and distinguished company” of aca-
demic and industrial chemists and others is celebrating the jubilee of the discovery of mauve by
William Henry Perkin at the Hotel Metropole, London, on 26 July 1906. William Perkin, Heinrich
Caro, Raphael Meldola, Emil Fischer, and Paul Friedlander are among those at the top table. By
this time, the dye industry had developed all the major processes for production of aniline and its
congeners, and naphthylamines, and aminoanthraquinones. Edelstein Collection

wealth. Little wonder then that its foundation through William Perkin’s 1856 discov-
ery of mauve was celebrated on international scales in London and New York in 1906
(Figure 19) and 1956, as well as in London during 1938 and 1988, the anniversaries
of Perkin’s birth. On those occasions, chemical industry and the chemical community
were the major sponsors. These and other anniversaries, particularly of the foundation of
modern corporations, were sources of great pride, as reflected in the popular press and at
media events, and in lavish publications?®-72-131-143,

In 2006, the 150" anniversary of mauve and the aniline dye industry was also cele-
brated, mainly by the Royal Society of Chemistry in London. This time, however, the
industrial community played a minor role. The aniline and aniline dyes, in particular,
are perceived to be mature technologies, associated more with Asia than western Europe
and North America, and certainly with little prestige except among the users. Industry
has moved on, mainly to pharmaceuticals and agrochemicals, and is less interested in its
aniline heritage, even though many of the new products are based on aromatic amines.
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The anilines continue to contribute in other ways, particularly to the historical under-
standings of science and technology, to their impacts on patent law, and to their modern
interdependence, to our understanding of how scientific knowledge is constructed within
a discipline, to technology transfer, and to how new knowledge is applied in related
fields of scientific enquiry®?-64-63-144-130_ The anilines also contribute to emerging agendas
in environmental, business and economic history*?-!1>1=15* The history, and historiogra-
phy, of the anilines and their applications attract considerable attention among academic
historians, biographers and popular science writers®12:20:66:135-158 "Tn the 1980s, at a
time when the German aniline dye industry was about to celebrate its 125" anniver-
sary, and some were revisiting the Nazi-era history of I.G. Farben, the industrial ani-
lines even inspired the German television multipart drama documentary Fathers and
Sons.

XXV. CONCLUSION

The anilines have played a critical role in the origins of modern chemistry and chemical
industry. During the last four decades of the 19™ century it was mainly interest in the
aryl amine-derived colorants and their intermediates that directed the course of academic
research and fostered expansion in education through employment opportunities available
in the first theory-based industry. Germany was the greatest beneficiary of the massive
expansion in dye manufacture, based mainly on aryl amine intermediates, the growth of
classical organic chemistry and the subsequent diversification into biomedical products.
Research programs resulted in successes such as the synthesis of indigo, also involving
anilines. After 1914, other nations were forced to catch up, particularly Britain and the US,
whose industries turned to dye, pharmaceutical and rubber products based on the same
coal-tar anilines. During the 1930s, aryl amines found new uses as sulfa drugs and novel
polymers for the first colored molded plastic goods and ubiquitous melamine laminates.
These were later joined by agrochemical products and colorants for synthetic fibers (see
Chapter 14 in this book).
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. INTRODUCTION

A. General Considerations

Aniline, shown in Figure 1, is a member of the amines family in which the amino group
is bound directly to a benzene ring. This simplest primary aromatic amine (C¢HsNH;)
thus belongs to the isoelectronic series of monosubstituted benzenes including toluene
(C¢HsCH3), phenol (C¢HsOH) and fluorobenzene (CgHsF).

Aniline is a colorless oily liquid, heavier than water, boiling at 184 °C, melting at
—6°C, little soluble in water (0.32 g1~ at 20°C). It is stable under ordinary conditions
but can be slowly oxidized and resinified in air. Being a weak base (pK, = 4.63 as
compared with that of 9.25 of ammonia), it reacts with strong acids'. As an aromatic
derivative, it is highly reactive with respect to electrophilic substitution reactions. It can
be prepared from chlorobenzene upon heating with ammonia in the presence of a copper
catalyst. Commercially, aniline is produced upon reduction of nitrobenzene by a variety of
reducing agents such as iron and hydrogen chloride, followed by a steam-distillation of the
product. Nitrobenzene is obtained from coal tar which is a by-product of the production
of coke from soft coal. Therefore, the purity of aniline is strongly dependent on that of
the starting nitrobenzene. In the market, ‘aniline oil for blue’ stands for pure aniline.

FIGURE 1. Chemical formulae of aniline: C¢HsNH,. CAS registry number: 62-53-3. Other current
names: aminobenzene, phenylamine. The hydrogen atoms, not shown, are bonded as follows: N;Hg,
N7Hy, CoHyo, C3Hy1, C4Hpz, CsHjs and CoHiy
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Despite a pleasant vinous odor and an aromatic taste, this amine is actually an acrid
poison. Without taking necessary precautions, aniline oil could become a dangerous poison
for people working with it. The poisoning affects the victim first by an extreme languor,
which is followed by dizziness and then by unconsciousness. The poison may be acquired
either through the mucous membranes of the lungs and nose, or directly through the skin?.
Aniline ignites easily and burns with a large smoky flame. Its contamination of the general
environment has long been reported.

Aromatic amines form a class of chemical carcinogens for which human exposure has
been evidenced®. Among the profusion of chemical constituents of tobacco smoke, only
aromatic amines have been implicated as human bladder carcinogens®, and are regarded
as determinant etiological factors for the induction of bladder cancer in smokers>. In this
context, aniline was, for a long time, suspected to be a carcinogen. However, it is actually
not classifiable as to its carcinogenicity to humans®.

The largest use of aniline and its derivatives is in dye production. They are thus impor-
tant ingredients in color commerce. Every year, thousands of new colors and shades are
generated and tested in factories. Polyaniline (PANI) is one of the oldest artificial conduct-
ing polymers’ and its high electrical conductivity among organic compounds has attracted
continuing attention®. Aromatic amines are also involved in the search for potentially

interesting new compounds in materials science’.

B. A Brief History

The most fascinating episodes of the long history of aniline concern its discovery, and
the accidental discovery of its industrial use as a precursor to dyes.

Unverdorben, O. (1806—1873) first discovered aniline in 1826, following a dry and
destructive distillation of indigo plant and called it crystalline, due to the fact that his
new compound easily produced crystals with acids'®.

Runge, F. F., (1795-1867) rediscovered aniline in coal tar oil in 1834, but named it
kyanol, because a bright blue color appeared whenever it was mixed with a bleaching
powder (chloride of lime)'!. Note that in his pioneer work, Runge also discovered, for
the first time, phenol (called then ‘carbolic acid’), pyrrole, quinoline, naphthalene, rosolic
acid and some other bases'2.

A few years later, Fritzsche, C. J., (1808—1871) isolated in 1840 the same oil when
distilling indigo in the presence of a potassium base, and called it aniline. The latter was
named after an indigo-yielding plant Indigofera anil, but also after the Arabic term al-nil,
which means indigo'?, and the Sanskrit terms nila (dark-blue) and nild (indigo plant).

About the same time, Zinin, N. (1812—1880) was able, in 1842, to carry out an original
synthesis of aniline, that he named benzidam, and of some other aromatic amines by
reduction reaction of nitrobenzenes. As for a reducing agent, Zinin utilized a solution of
ammonium sulfide to generate molecular hydrogen'* 13,

At that period, there was a severe lack of a chemical theory which could provide a
coherent interpretation of the properties of a seemingly novel class of compounds. For this
purpose, Laurent, A. (1808—1853) endeavored to develop further the ‘substitution hypoth-
esis’, which was originally formulated by his mentor Jean-Baptiste Dumas'®. Laurent
proposed that a substitution reaction did not change the basic formulae of the reactant and
the product. Applying this hypothesis, he interpreted the structure of phenol that he was the
first chemist to crystallize'”. He appeared to understand the structural similarity between
phenol and aniline, and went on to establish the constitution of aniline'®. According to
Laurent, phenol was a ‘hydrate of phenyl radical’, whereas aniline was a ‘phenamide’.
However, the substitution hypothesis was vehemently attacked by Berzélius!®, and the
vigorous debate between Laurent, Dumas?® and Berzélius on a new approach to the
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molecular structure of organic compounds went on for some years (cf. Reference 12 for
a brief history of this discussion).

In 1843, von Hofmann, A. W., (1818—-1892), a student of Justus von Liebig (1803—
1873), published a long report on the studies of Laurent, Dumas and Erdmann on the
indigo chemistry?'. He investigated the variously prepared compounds and proved them
to be identical. Since then the name aniline was definitively adopted. Thanks to this
review, he also realized that phenol and aniline were two closely related substances, and
thereby supported Laurent’s viewpoint. It was in Giessen (Germany) that Hofmann and
Laurent were, together, successful in converting a small amount of phenol to aniline??.

In the middle of the 19" century, the British Empire severely faced malaria in its
numerous colonies. The best treatment for malaria was quinine, which at that time was
extracted from the bark of the cinchona tree growing wild in the Andes, South America.
Obviously, the demand for the antimalarial drug was great, but its supply was limited
and the final product was expensive. In a search for a cure for malaria by promoting
chemical innovation, the Royal College of Chemistry was founded in London (now the
Imperial College), Hofmann was appointed as its first director (1845—1864) and he hired
Perkin, W. H., (1838-1907) as an assistant to work on the synthesis of quinine.

In 1856, in an attempt to prepare quinine from coal tar, Perkin oxidized aniline using a
strong oxidizing agent as potassium dichromate. He did not obtain quinine at all, but the
resulting product made a beautiful purple solution in alcohol. It was a brilliant fuchsia type
color which faded easily, and Perkin named it ‘mauveine’®. In order to manufacture his
new synthetic dye, he built a factory and thenceforth the aniline dye industry in England
was begun?*. It was rapidly expanded and flourished in Europe. Variations of the original
synthesis produced dozens of dyes from aniline and most were named after it: aniline
reds, aniline violets, greens, yellows, browns, blues etc. Use of phenol and naphthalene
(also from coal tar) led to two additional families of colors. Mauve was a huge popular
success and it generated much business as in England the purple color had primarily
been associated with royalty because of its expense, and it became inexpensive and, more
importantly, fashionable. Indeed, Paris fashion houses readily embraced Perkin’s colors!
It was reported that Queen Victoria appeared at the Royal Exhibition 1862 in wearing a
silk gown dyed with mauveine.

In a way, such development profoundly affected the (intrinsically complicated) relation-
ship between people doing pure science and applied sciences, who (eternally) distrusted
each other. A change in the chemists’ mentality was apparently initiated and univer-
sity—industry cooperation was timidly put forward. Companies attempted to forge close
links with research laboratories, and fundamental science became irrevocably bound up
with concrete applications. Such a historical context led to the emergence of industrial
research laboratories?. In a recent Perkin biography?®, it is written that: ‘For the first
time, people realized that the study of chemistry could make them rich!’

From an early date, the competition for manufacturing aniline dyes was already stiff.
Hofmann’s leadership at the Royal College had given the British an edge in synthetic dyes,
but after his return to Berlin in 1865%2, British dyestuffs did not remain at the forefront
for long. In France, production of synthetic dyes was not competitive and demand there
readily shifted to natural and imported products. In Germany, the situation was ideal
for dye development. Indeed, in the following decades, the dye industry was mainly
developed in Germany thanks to concerted efforts of the government, universities and
industries to promote chemical industries in general, and the dye industry in particular.
Several companies based on aniline were set up including Badische Anilin und Soda
Fabrik (BASF) in 1861, Farbwerke Hoechst in 1862, followed by Freidrich Bayer in
1863 , Kalle&Co in 1864, and Aktien Gesellschafr fiir Anilin Fabrikation (AGFA) was
organized in 1873.
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In 1869, BASF filed a patent producing alizarin, a red dye, at the London patent office
just one day before that of Perkin arrived. Both parties finally agreed that Perkin would
sell alizarin to Britain, and BASF to the rest of the world. Perkin’s company did well
selling the red dye for a few years, but could not compete with BASF. In 1874, Perkin sold
his dyeworks and went back to the laboratory®®. One of the speakers at a 1914 meeting
of the Council of the Leeds Chamber of Commerce (England) stated the situation as
follows: ‘Some form of protection would be necessary for probably the next fifteen years.
In Germany, the capital sunk in this industry amounts to something like $125.000.000;
and their concerns have been built-up gradually during the past 25 or 30 years. They have
made a scientific study of all branches of the industry, the raw materials for which had
come very largely from England. By means of chemical research, they have arrived at the
cheapest way of making the intermediate products as well. Thus, the present crisis has
found British manufactures unprepared. Practically 90% of the aniline colors consumed
in England were imported from Germany, and the same applies more or less to the whole
world. . .’?7. At the end of 1925, the entire German dye industry was consolidated into
one firm, I. G. Farbenindustrie (known as IG Farben). The dominance in the dye industry,
in turn, carried Germany into world leadership in industrial chemistry, and it is really
remarkable that these companies remain at the top of the profession throughout a period
of 150 years of wars, depressions, revolutions and mergers!

In the United States of America, it was August Partz, a German chemist, who endeav-
ored in the 1860s to promote the first aniline plant erected on the banks of Gowanus Creek
at Green Point, Long Island. Victor G. Bloede, one of the earlier producers of aniline prod-
ucts in the USA, recalled this early attempt in the following terms: ‘In those days every
thing connected with the manufacture of aniline dyes was held profoundly secret, and I
believe Dr. Partz’s capital consisted largely in his supposed practical knowledge of the
secret processes which had been intrusted to him by the German principals’?%8. Although
they had access to cheaper raw materials and a larger home market, USA dye companies
were relatively small before 1914 and could not compete with European imports. This
arose from various difficulties leading to the unreliability of their products?®,

When World War I (WWI) broke out, German supplies of dyes stopped. The ‘dye
famine’, as it was called, was described as follows: ‘The possibility of a complete cessation
in shipments was, however, constantly present as a menace, hanging like a sword of
Damocles over the head of every consumer of synthetic dyes...’?’. Concerning aniline
dyes, the American initiatives were looking up by the mid-1920s when companies such
as DuPont, the National Aniline & Chemical Company, Monsanto, Goodyear, Sherwin-
Williams etc. were ready to spend a substantial amount of money to begin the production
of synthetic dyes, an effort based on German patents regarded by the USA government as
the spoils of WWT’. DuPont invested heavily in R&D and was in particular aggressively
luring German scientists to Delaware with high salary incentives’!! As a result, when the
start of WWII again disrupted the US market, the shortage of imported dyes was less of a
problem. With the onset of WWII, Germany lost its position as the world’s main producer
of dyes. Aided by post-war acquisition of German knowledge, the US dye industry has
become a major supplier.

The birth and adolescence of the synthetic dye industry in the late 19" and early 20"
centuries prior to WWI has been a case study in international business and economics.
Fundamental lessons about building competitive advantages and industry dynamics that
led to German companies’ ascendance over British, French, European and American rivals
have been analyzed meticulously*?.

Nowadays, aniline remains one of the basic starting materials, not only in the dye
industry but also in the chemical industry (for polyaniline, polyurethane) and pharmaceu-
tical industry (for the manufacture of drugs such as antipyrine, antifebrin etc.)’*. World
demand for aniline is expected to grow at an impressive rate of several percents per year



80 Minh Tho Nguyen

and, as a consequence, the short supply of aniline is likely to continue. In the 21% cen-
tury, a time of globalization of the world economy and market, fierce competition in this
pivotal industry is hardly avoidable!

Il. MOLECULAR STRUCTURE AND BONDING
A. Equilibrium Structure

Until the mid-1960s, it was assumed that aniline (denoted hereafter as ANI) had a planar
geometry in its ground electronic state. The first evidence for its nonplanarity came from
an analysis of the electronic (UV) band system near 2940 A3*. The first microwave (MW)
spectroscopic study® clearly demonstrated its nonplanarity. In the MW spectrum, each
ground-state rotational transition is accompanied by a vibrational satellite of comparable
intensity, showing that the observed rotational transitions are due to structures in both
0" and 0~ inversion states, separated from each other by an energy gap smaller than
100 cm™!. Detailed vibrational analysis of the first ultraviolet band system of ANI*® and
subsequent MW37-38 studies firmly established a pyramidal amino configuration, even
though they differed from each other somewhat in the degree of pyramidality around
nitrogen. X-ray diffraction analysis also pointed out a nonplanar conformation in the
crystal state’®®. Among a subsequent gas-phase electron diffraction study*’ and several
rotational studies*'~**, the most recent MW study**, in which a much larger number of
transition lines were recorded (296 for the 0* state, 286 for the 0~ state and 190 for the
1" state), strongly confirmed the previous gas phase results. Ab initio quantum chemical
computations® % using different levels of theory also concurred with this finding.

In the singlet ground state, the pyramidal ANI is a nonrigid molecule exhibiting a Cs
symmetry point group in which the plane element is perpendicular to the ring plane. The
other Cj structures in which the ring plane bisects the pyramidal amino group are the
transition structures for internal rotation of NH, around the C—N bond. The planar C,,
structure is the transition structure for nitrogen inversion.

Table 1 lists the calculated geometrical parameters of ANI, that are in quantitative
agreement with the available gas-phase ry structure’’. The latter was derived from rota-
tional spectra recorded for 13 isotopic variants. In general, the ring geometry is rather
insensitive to the level of calculation. The nitrogen atom is distorted by 2—3° out of the
ring plane, whereas the angle between the plane defined by the amino group and the ring
plane amounts to around 40°, irrespective of the method employed>. The experimental
estimates for the latter bond angle varied according to the techniques employed, namely
37.54+2° (MW)¥7,42.4 £ 0.3° (MW)*14, 38 & 3° (X-ray)®, 44.4 4+ 42° (ED)*, 41.7° and
42.2° by vibration—inversion analysis of the far-IR spectra or 46° from analysis of the
first UV band®, and 42° by resonance fluorescence measurements®’. Because geometrical
parameters are not observables, a more direct, and perhaps more rigorous, comparison
between experimental and calculated geometries involves rotational constants. As shown
in Table 2, the rotational constants of the Sy state are reproduced to within 0.2% of
experiment by the density functional B3LYP method. While the molecular orbital MP2
method and other density functionals provide reasonable data (deviation of 0.4-0.8%),
the HF and BLYP result in larger deviations from experiment (1.3%). A similar trend
for the performance of the theoretical methods has been observed for the geometry of
phenol'?38,

Results obtained from an X-ray analysis of ANI in a crystalline state®® pointed out a
certain distortion of the ring, and an asymmetry of the amino hydrogen atoms (without C;
symmetry), which is no doubt due to the crystal effect. Otherwise, the C—N distance and
amino group bond angles in the crystal structure are quite close to the MW and calculated
results.
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TABLE 2. Calculated and experimental rotational constants of aniline (MHz)

Method A, B, C,
HF 5712.717(1.7) 2621.807(1.1) 1800.026(1.3)
MP2 5592.166(0.5) 2578.432(0.6) 1768.252(0.5)
B3LYP 5631.892(0.3) 2592.463(0.1) 1777.771(0.0)
BLYP 5548.616(1.2) 2555.608(1.5) 1752.302(1.4)
BPW91 5577.092(0.7) 2571.248(0.9) 1762.535(0.8)
B3PWI1 5646.883(0.5) 2602.821(0.3) 1784.164(0.4)
B3P86 5657.854(0.7) 2609.470(0.6) 1788.389(0.6)
HCTH 5636.085(0.3) 2596.715(0.1) 1780.228(0.2)
MPW1PW91 5665.222(0.9) 2610.140(0.6) 1789.458(0.7)
MW 5617.470 2593.868 1777.034

MW ¢ 5617.456 2593.867 1777.032

MW ¢ 5617.478 2593.859 1777.038

¢ Calculations were using the 6-3114+G(d,p) basis set. In parentheses are the ratio (%)
of the deviation of the calculated value with respect to the experimental counterpart.
b.e.d Rotational constants Ag, By, Co were determined from MW spectra (References 37,
43 and 44).

The ANI amino group nonplanarity has been investigated in detail*®~3%. There are
no significant differences between ring geometries of planar and pyramidal forms. A
measure of the degree of nonplanarity, which originates mainly from a balance between
the sp>—sp® hybridization of the amino group, is the C—NH, bond distance. The value
of 1.39-1.40 A determined for this bond, by either experiment or calculation, is shorter
than that of 1.47 A in methylamine, but rather long as compared with 1.34—1.35 A in
similar 6-membered rings such as cytosine and aminotriazine. This indicates a small but
real degree of electron delocalization between the nitrogen lone pair and the ring.

The degree of nonrigidity can usually be quantified by the energy barrier to nitrogen
inversion. Although the available experimental estimates for the ANI inversion barrier
range from 5 to 18 kI mol~!, the value of 67 kJmol~! appeared to be the best estimate
receiving a large consensus®~°'. Molecular orbital methods predict a barrier to nitro-
gen inversion of 7 kJmol~! by second-order perturbation theory (MP2) and 8 kJ mol~!
by coupled-cluster theory (CCSD(T), using in both cases the 6-3114++G(d,p) basis set
and with ZPE corrections). Compared to ammonia, where the nitrogen inversion bar-
rier amounts to 25 kJ mol~!, the phenyl group thus strongly reduces this parameter. It is
worth noting that all current DFT methods predict a too small inversion barrier for aniline
(<1 kJmol™h).

The barrier to internal rotation of the amino group around the C—N bond is more
energy-demanding, amounting to 20—25 kJ mol~! %3361,

B. Molecular Orbital Pattern

In the simplest wavefunction describing the closed-shell singlet ground state (Sp) of
ANI, its 50 electrons are distributed in twenty-five molecular orbitals (MOs), comprising
seven core orbitals and eighteen valence MOs. Due to the Cg symmetry point group,
the occupied MOs are divided into two subgroups, namely 16 symmetrical a’ and 9
antisymmetrical a” orbitals. The a’ subset approximately includes five core (1s), one
N—H, three C—H, five C—C, one C—N and one N lone pair orbitals. The a” subset
contains two core (1s), one N—H, two C—H and four C—C orbitals. Figure 2 displays the
three-dimensional pattern of 17 occupied valence orbitals and the LUMO. The HOMO
and LUMO are of particular interest. To further illustrate these frontier orbitals, Figure 3
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displays another view of their components. The HOMO (25 a’) is basically a -orbital
whose p-lobes are centered on the Cl, C4 and N7 atoms and lie within the symmetry
plane; the meta-carbons do not have contributions. The LUMO (26 a”) is a m*-ring
orbital in which the p-components on the symmetry plane at the ipso- and para-carbon
positions vanish and only the p-lobes of the C2, C5 (ortho), C4 and C6 (meta) ring atoms
remain.

N 4
10a” 11a’
g =—-1.13 eV e =-1.01eV & =-0.99 eV

18a” 19a” 20a’
& =-0.59 eV g =-0.58 eV e =-0.53 eV

FIGURE 2. Shape of valence molecular orbitals of aniline. Due to its Cy symmetry, the MOs are
characterized by a’ and a” irreducible representations, but they are continuously numbered without
dividing them into two subsets. ¢ denotes the orbital energy computed using the HF/6-311++G(d,p)
wavefunction
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FIGURE 2. (continued)
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e =-029 eV g =0.14 eV

FIGURE 3 (PLATE 1). Another view of the HOMO and LUMO frontier orbitals of aniline

C. Electronic Distribution

Figure 4 lists some selected basic molecular properties related to the electronic reparti-
tion in ANI. The charge densities show a substantial 7-charge donation from the nitrogen
into the ring, namely to the antibonding acceptor 7* (CC) ring orbitals. The nitrogen lone
pair n(N) has 91% p-character and is occupied by 1.85 electrons. A strong n(N) — 7*
(CC) interaction, combined with o-withdrawal, decreases the pyramidal character and
flattens the amino group. In the planar form, this stabilizing interaction is maximized and
thereby reduces its inversion barrier.

The m-overlap populations between both phenyl and amino moieties are in line with a
shorter C—N bond distance. Figure 5 gives a summary of the atomic natural charges and
bond indices, computed using the natural bond orbital (NBO) approach. The following
bond indices, C1—-N7: 1.11, C1-C2: 1.35, C2—C3: 1.45 and C3—C4: 1.42, indicate
that the CN bond is slightly more than a single bond and the CC bonds are less than
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Dipole moment (D or Debye):
mx=0963 uy=1271 pg,=1.59%

Quadrupole moment (D.A):

Qxx =—47.395 Qyy =-35.517
Qz,=-37.017 Qxz=-3.1845
Octapole moment (D. A2

Qxxx =—0.646 Qyyy =15.891
QXYY =-9.489 QXXY =2.619
Qxzz =-0.5660 Qyyz =5.5468
Hexadecapole moment (D- A3):

Quxxxx = —58.838 Qxxxy =—1.052
Qyyyy =-510.140 Q7777 =-287.837
Qyyyx =—27.426 Qxxyy =—121.149
Qxxzz=-68.870 Qyyzz =-124.887
Qzzxy =-1.909

Polarizability (a.u.):

a,, =48.08

oy, =102.02

a,,=84.98

FIGURE 4. Some properties of aniline obtained from B3LYP/6-311++G(3df,2p) calculations

double bond. This is manifested in the high barrier to internal rotation of the amino group
around the CN bond (>20 kI mol~! mentioned above). In the perpendicular conformation
of the rotational transition structure, the n(N) — 7* (CC) interaction no longer exists.
Overall, the nitrogen is the most negatively charged center. Within the ring, the ortho-
and para-carbons bear the largest negative charges whereas the meta-carbon atoms have
smaller negative charges; the ipso-carbon is positively charged. This is in agreement with
those expected on the basis of contributions from the usual valence structures for aniline
(Scheme 1) and with the experimentally well known ortho- and para-directing power of
the amino group for electrophilic substitution reactions.

The ANI permanent dipole moment has not yet been well established. Earlier dielectric
constant measurements (at a temperature of 459 K in the gas phase) provided a value
of u = 1.53 D (in units of Debye, 1D = 3.33564 x 1073° Cm). An earlier study using
the Stark effect determination from the rotational spectroscopy reported a smaller value,
p=1.15%0.02 D for CsHsNH, and = 1.13 +0.02 D for C¢HsND,*. However, an
independent MW study evaluated the w1, component at 1.07 D and did not detect any b-
and c-type transitions in the MW spectra®’. More recent MW studies*’ using also Stark
effects in gas-phase electronic spectra pointed out that the values determined from MW
spectra are actually the a-axis projection of the dipole moment. Therefore, the in-plane
component of the dipole moment can be established as u,(Sy) = 1.13 D.

Calculated results of p, vary: 0.97 (MP2), 1.26 (B3LYP) and 1.20 D (CCSD(T)). The
calculated total dipole moment w(Sp) amounts to 1.59 (B3LYP), 1.54 (CCSD) and 1.55 D
(CCSD(T), using large basis sets). These results tend to support the experimental value of
1.53 D. The dipole moment vector is actually oriented out of the ring plane at an angle
of about 45°. The in-plane component is directed with its negative end away from the
nitrogen atom toward the aromatic ring (Figure 4). Compared with methylamine, there is
a reversal of the dipole moment direction. In CH3—NH, the corresponding component
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FIGURE 5. Summary of electronic distribution in aniline. (a) Bond distances (A), NBO charges
[bracket, in au] and Wiberg indices (parentheses, in au). (b) Topology of the electron density deter-
mined from atom-in-molecule calculations: p(r) = electron density, L = Laplacian of the density
defined as L(r) = —V?p(r) and ¢ = ellipticity of the bond critical point. (c) Laplacian map of
the density. (d) Iso-surfaces of the electron localization function, ELF = 0.87; the values are the
populations of the valence basins
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+ +
NH, NH, NH, NH,

SCHEME 1

along the C—N axis has the negative end toward the nitrogen atom. Using u = 1.53 D,
the out-of-plane component of the ANI dipole moment is evaluated to be u. = 1.09 DY,

The '“N quadrupole hyperfine structure was analyzed from the MW spectrum and the
nitrogen nuclear quadrupole coupling constants (NQCC) for aniline-H; are determined as
follows: xaa = 2.34, xop = 1.86 and x.. = —4.20 MHZz3%.

Figure 5 illustrates the Laplacian map of the electron density of ANI ground state on
the ring plane and its topology. We would refer to References 12 and 63 for detailed
definitions of the terms and their significance. The topology is defined by the (3, —3)
attractors (nuclei), bond critical points (3, —1) (BCP), and ring critical points (RCP) max-
imum electron density (MED) lines and (3, +1) RCP of the one-electron density p(r).
In the Laplacian map, red regions correspond to those having local charge concentration
whereas blue regions indicate those having electron depletion. All the bonds are classi-
cally characterized by BCPs having comparable electron density p(r) and Laplacian L(r)
values. The only noticeable difference concerns the small ellipticity ¢ of the C—N bond,
as compared with those of the CC bonds. As expected, there is a RCP associated with
the ring bearing a small density and a negative L value.

Figure 5 equally displays the localization domains of aniline determined using the
electron localization function technique (ELF)'>%, which defines the electronic basins
within a molecular system. The basins correspond to the domains where electrons are
localized either in paired bonds or in nonbonding lone pairs. In such a way, the number
and nature of bonds between atoms could be determined. The ELF 7(r) value varies from
0to1(0 < n(r) < 1), which is chosen to determine the isosurfaces of the domains. Basins
can be classified according to their synaptic order, that is, monosynaptic basins belong to
the cores (denoted by C) whereas disynaptic basins describe the valence regions (denoted
by V).

As in the case of phenol or monosubstituted benzenes'?, ANI exhibits six C(C) and one
C(N) core basins, six V(C,C), five V(C,H), one V(C,N), two V(N,H) and one V(N, lone
pair) localization domains. Integration of the density over each domain allows the amount
of electrons present there to be determined. Thus the C—C bonds are nearly equivalent
and each V(C,C) basin classically contains about 2.7-2.9 electrons (close to 3.0), whereas
the V(N) and V(C,N) basins have 1.8 and 1.9 electrons, respectively (Figure 5). Relative
to benzene, an increase in the population of the V(C,o —Cerq ) basin is noticeable (0.1 e)
whereas the populations of other domains remain almost unchanged. Overall, the above
analysis is in line with the classical picture that chemists always have about the electron
distribution in aniline.

In spite of the lack of a unique and precise definition, aromaticity is one of the most
frequently used concepts in (organic) chemistry. This phenomenon, which is classically
associated with a cyclic w-electron delocalization, results in a stabilization of the molecu-
lar system considered. Benzene is the archetype of the phenomenon of aromaticity. Thus,
a question of interest is to what extent the amino substituent influences the electron delo-
calization in the ring. There are several criteria to evaluate the aromaticity, including
the geometry-based (HOMA), energy-based (ASE), magnetism-based (NICS) and elec-
tronic delocalization (PDI) models. Recent theoretical evaluations® of these parameters
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in a series of monosubstituted benzenes pointed out that only very weak influence is
noticeable, as shown by the very small variations of the indices. Thus, the nucleus inde-
pendent chemical shift (NICS) of ANI amounts to —9.8 whereas it is —9.7 in benzene,
—9.7 in toluene but —10.8 in phenol. The aromatic stabilization energies (ASE) amount to
135, 136, 139 and 144 kJ mol~! in benzene, toluene, aniline and phenol, respectively. The
para-delocalization indices (PDI) derived from the atom-in-molecule (AIM) model show
that the Ph—X systems are only marginally less aromatic than benzene, and these indices
correlate better with more classical substituent constants. Thus, aromatic systems tend
to retain their initial electron distribution upon electrophilic substitution. The substituent
effect stabilization energy is, however, strongly affected by complexation and solvation®.

D. Vibrational Modes

The aniline molecule has 14 atoms and therefore contains 36 normal modes of vibration.
Their overtone and combination modes are infrared active. Only one complete experimen-
tal vibrational study®® of ANI was carried in the early 1960s with an assignment of the
IR spectra in the gas and liquid phases, as well as the Raman spectra in solution. The
solid state IR and Raman spectra®’, vapor phase IR%8, far-IR>*%° low temperature argon
matrix”® and IR-double resonance’!"7? were later reported. Theoretical analyses of the
vibrational motions of aniline have also been carried out abundantly*®-3+36.73-80  The
most striking observation was that the characterization depends strongly on the various
quantum chemical methods. Thus, the nature of several modes was found to be drasti-
cally changed in going from one to another method. Theoretical methods did not predict
well absolute vibrational intensities, but the relative intensities are comparable in different
methods. Overall, density functional methods with the popular hybrid B3-based functional
provide reliable prediction for the calculated wavenumbers.

Table 3 summarizes the experimental and calculated vibrational frequencies along with
the calculated IR intensities and potential energy distribution (PED). To simplify the pre-
sentation of vibrational modes, mainly for the benefit of the general readers who are
not familiar with the labeling according to either the Wilson or Varsanyi convention for
substituted benzenes, the normal modes illustrated in Figure 6 are simply numbered from
Q1 to Q36. Compared with the modes reported in Reference 56, they are identical except
for modes Q25 and Q26 that are permuted. We refer to Reference 72 for a full Varsanyi
labeling of the modes. The experimental values are taken from different vibrational spec-
troscopic studies. The theoretical values given in Table 3 are calculated using the DFT
method and scaled down by different scaling factors. In most cases, the scaled values are
quite close to the experimental frequencies recorded either in the gas phase or in the Ar
matrix. They are presented as support for the assignments that were not clear-cut on the
sole basis of observed data, or were the subject of some discussion in the literature. In
the following discussion, only the tabulated experimental values are quoted. After careful
analysis, we have adopted the assignment of the important modes as follows:

1. NH Vibrations. The modes related to the NH, group have been extensively inves-
tigated and analyzed’®>~®. The antisymmetrical (Q36) and symmetrical (Q35) stretching
modes are positioned at 3508 and 3422 cm™!, respectively, with nearly equal IR intensi-
ties. According to the calculated PED (Table 3), the NH, scissoring vibration contributes
to two modes, Q28 and in particular with a dominant contribution to Q29. These modes
have been assigned to the bands at 1608 and 1618 cm™', respectively, in the Ar matrix
IR spectrum® 7?. The amino deformation (rocking) is also involved in modes Q18 and
Q19 with contributions of 43% and 27%, respectively.
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TABLE 3. Fundamental vibrational frequencies (cm~!) and associated potential energy distribu-
tions of aniline in its ground electronic (singlet) state. Calculated values were obtained from scaled
B3LYP/6-3114++G(3df,2p) harmonic frequencies

No. Calc. Scale Expt.“ Sym. Int. Assignment, PED (% > 10%)?

Q1 219 215 217 A 5.2 829 (63.) + 8115 (14.)

Q2 300 295 277 A" 17.0 T(NH,1(94.)

Q3 383 376 390 A" 0.1 BC2Cs(77.) — B3z (8.) — BHgH 4(6.)

Q4 418 411 415 A" 0.2 334(84.)

Q5 502 493 501 A 103.8 82 (35.) — yCN7(29.) — yHgH14(13.)

Q6 535 526 526 A 14.3 Barg(60.) —9(13.) + yHgH4(7.)

Q7 570 560 541 A 189.1 yHgH14(58.)

Q8 634 623 619 A" 0.3 B3 (86.)

Q9 692 680 688 A’ 17.2 81 (66.) + yC3H(11.) + yCsH(11.) —
yCiN7(10.)

Q10 761 748 755 A 71.6 yC4HQ31.) — 84(21.) + yCN7(18.)

Ql1 825 811 812 A 3.9 Birg(23.) — vCN7(20.) — Borg (18.) —
vCCe(14.) —vCCy(14.)

QI12 832 818 822 A" 0.0 yCgH(35.) — yC,H(35.) — yC3H(15.) +
BHgH(15.)

Q13 890 875 875 A 7.4 yCyH(28.) + yCcH(28.) — yC4H(20.)

Ql4 974 957 957 A" 0.0 yCsH(@31.) — yC3H@31.) + yC,H(14.) —
yCeH(14.)

Q15 982 965 968 A 0.1 yC4H(26.) — yC3H(25.) — yCsH(25.) —
vC,C5(10.)

Ql6 984 967 996 A 0.4 Birg (60.) + vC;Cs(10.) + vC;C,(10.)

Q17 1047 1029 1028 A’ 4.3 vCyCs(32.) + vC3C4(32.)

Q18 1062 1044 1054 A" 2.7 BHgH4(42.) — vC;Ce(10.) 4+ vC;C,(10.)

Q19 1134 1115 1115 A" 39 BHgH4(30.) + BCH(14.) + BC,H(14.)

Q20 1180 1160 1152 A" 2.0 BC4H(34.) — BCsH(20.) — BC3H(20.)

Q21 1201 1181 1176 A 10.8 BCH(21.) — BCcH(21.) — BC3H(19.) +
BCsH(19.)

Q22 1293 1271 1282 A 72.4 VCN7(54.) + Birg(10.) — vC5Cs(6.) —
VC2C3 (6)

Q23 1344 1321 1324 A" 6.7 vCyCs(14.) — vC3Cy(14.) +

vCCe(14.) —vC,Cy(14.) —
vCsCes(13.) +vCyC3(13.)

Q24 1370 1347 1340 A" 0.0  BCH(22.) + BCeH(22.) + BCsH(16.) +
BCsH(16.) + BC4H(12.)

Q25 1501 1475 1470 A" 13 BC4H(25.) — vC2C5(15.) + vCsCe(15.)

Q26 1531 1505 1503 A 61.1  BC3H(16.) — BCsH(16.) + BC,H(12.) —
BCeH(12.)

Q27 1624 1596 1594 A" 48  vC4Cs(17.) — vC3C4(17.) +
vC1Cy(17.) — vC1Ce(17.)

Q28 1642 1614 1608 A 313 By (19.) — vC,C3(18.) — vCsCo(18.)

Q29 1659 1631 1618 A 1350 Bim,(70.)

Q30 3147 3015 3025 A 164  vCH(32.) + vCgH(32.) — vC3H(15.) —
vCsH(15.)

Q31 3150 3018 A” 35  wCgH(1.) — vC,H(41.)

Q32 3166 3033 3037 A 36  vCsH(27.) — vCsH(20.) — vC3H(20.) —
vCeH(16.) — vC,H(16.)

Q33 3171 3038 3050 A” 313 vC3HAL.) — vCsH(41.)

Q34 3189 3055 3072 A 116 vC4H(69.) + vCsH(14.) 4+ vC3H(14.)

Q35 3568 3418 3422 A 18.1  uwN;7H(50.) + vN;H(50.)

Q36 3665 3511 3508 A 16.6  vN7H(50.) — vN;H(50.)

¢ Experimental fundamental vibrational frequencies of aniline taken from Reference 56.
by: stretching, B: bending, y out-of-plane, Birg, Barg, Barg: bending of 6-membered ring, 8irg, darg, 83ry: deformation
of 6-membered ring, TyNm2): torsion of NH,.
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FIGURE 6. Normal displacements of vibrational modes of aniline. The assignment of the normal
vibrations and their frequencies is presented in Table 3. The numbers given within the ring correspond
to the normal modes numbered from Q1 to Q36 in Table 3 and described in the text
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FIGURE 6. (continued)

The NH, wagging, which corresponds to the nitrogen inversion, turns out to be strongly
anharmonic in such a way that it is not possible to reproduce its frequency within the
harmonic approximation. Use of an asymmetric double minimum potential was necessary
to analyze the inversion—rotation coupling of the amino group®*%’. The Q7 mode was
evaluated to be centered at 541 cm™! (Reference 74). The torsional mode Q2 is associated
with a frequency of 277 cm™! (Reference 59). The modes involving a coupling between
the phenyl ring and amino group are sensitive to isotopic substitution of NH, by ND,.

2. C—N Vibrations. The C—N stretching contributes predominantly to mode Q22
(51%) whose frequency at 1282 cm™! (Ar matrix) was obtained. Mode Q12, which
contains a significant portion of the CN stretching, was identified at 822 cm~! (Ar
matrix). The C—N out-of-plane distortion motion participates in modes Q1 (217 cm™"),
Q5 (501 cm™!) and Q10 (755 cm™!).

3. Ring Vibrations. The modes associated with the phenyl ring vibrations are well
assigned as they are relatively less sensitive to the nature of the substituent. The following
vibrations are noteworthy:

— mode Q9 vibrating at 68 cm™! is an almost pure ring puckering;

— mode Q16 corresponds to a trigonal ring breathing vibration derived from the benzene
mode 12 and vibrates at 996 cm™! (Ar matrix);

— mode Q17, absorbed at 1028 cm™!, combines both the CC stretching with the CH
in-plane bending vibrations; both modes Q16 and Q17 are weak in IR but strong in
Raman spectrum;

— mode Q23 originates from a Kekule-type vibration coupling the ring C—C stretching
motions and is located at 1324 cm™';

— mode Q28, which is Raman active, is characterized by the frequency of 1608 cm™ !

— the five modes Q30-Q34, dominated by the C—H stretching combinations, vibrate at
frequencies of 3072 cm™! (Q34), 3050 cm~! (Q33), 3037 cm™! (Q32) and 3025 cm™!
(Q30). Mode Q31 was not observed experimentally but its frequency can be expected
at 3022-3024 cm™'.
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1ll. ENERGETICS OF SOME FUNDAMENTAL PROCESSES
A. Unimolecular Rearrangements

Experimental studies of reactions of aniline derivatives®! suggested that in some cases,
it was not the aniline but rather one of its imine isomers that acts as the reactive species.
Among the four possible isomers of ANI obtained by placing one H-atom of the NH;
group on the four ring carbon positions, only the 1,2- and 1,4-tautomers are energetically
lower-lying (Figure 7). In the gas phase, the 1,2-tautomer is calculated to be slightly less
stable (10 kJ mol~!) than the 1,4 isomer, which is placed at 108 kJ mol~! above ANL. The
interconversions between these tautomers are, however, difficult processes, associated with
large energy barriers, given in Figure 7, for 1,3-hydrogen shifts. It is well known that in
aqueous solution, a chain of solvent water molecules usually acts as catalyst favoring the
hydrogen transfer via a concerted relay mechanism3% 83, The relative energies between the
tautomers are substantially modified upon solvation by hydrogen bonds. It is of interest to
note that there is a direct conversion pathway connecting the 1,2-tautomer to itself via a
transition structure for 1,5-hydrogen shift. The energy barrier of this H-shift is calculated
to be around 200 kJ mol~'.

Photochemistry of aromatic compounds usually leads to a rich variety of rearrange-
ment and dissociation processes. Upon (UV) fluorescence excitation to the S; state, the
benzene ring undergoes a number of photoisomerizations with formation of the deriva-
tives of fulvene, benzvalene and prismane, etc. Once formed, the latter isomers further
undergo re-aromatization. The isomerization processes are usually described in terms of
ring permutation®. In a molecular beam, aniline was photodissociated experimentally by
a 193-nm laser pulse® and photofragments were monitored using translational energy
distributions. This photon absorption mainly induces a (7* < ) excitation of the phenyl
ring. Interconversion of the ring excited state at such a high energy level is usually very
fast. As a consequence, the dissociation is expected to occur to a great deal in the ground
state, and the channels associated with low energy barriers are the dominant processes.
Breaking of the N—H and C—H bonds were found to be favored over other processes.
Indeed, the four major dissociation channels, characterized by m/z = 92, 91, 77 and 76,
correspond to H, H,, NH, and NH; channels:

(a) C¢HsNH, — C¢HsNH + H
(b) C¢HsNH, — C¢H3NH, + H,
(C) C6H5NH2 — C6H5 + NH2
(d) C¢HsNH, — CgH4 + NH;

H
H ~ H AN H AN

N
| |

1.3-H S 13H

(200) (200)

ANI ANI-12 ANI-14
(0) (118) (108)

FIGURE 7. Relative energies of aniline and its energetically lower-lying isomers. Values given in
parentheses in kJ mol~! were obtained from B3LYP/6-3114+G(d,p) + ZPE calculations
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The CHj3 elimination represents a minor channel:
(e) C¢HsNH, — CsNH4 + CH;

A remarkable feature is the elimination of closed-shell molecules. Because the elimination
of an H atom has an exit barrier in the triplet state, dissociation from the 7 state is also
significant (formation of excited states will be discussed in a subsequent paragraph).
Figure 8 illustrates the potential energy surface, constructed at the G3 level of theory®,
schematically showing the different rearrangement and dissociation pathways of ANI in
the ground state. Involvement of a lower-energy seven-membered ring isomer constitutes
an important feature. Isotope labeling (H/D) experiments showed that 23% of aniline in
the Sy state rearranges to a seven-membered ring®. The connection between aniline and
4-methylpyridine is of interest. The barrier for an interconversion connecting both six-
and seven-membered rings (around 428 kJ mol~!) is higher than the dissociation limit of
the N—H bond cleavage (365 kI mol™"), but comparable to the barriers of 435 kJ mol™"
for Hy- and 415 kJ mol~! for NH,-loss. The NH3-loss is characterized by a smaller energy
barrier of 301 kJmol~! (Figure 8). This process starts by a 1,3-H shift from an ortho-C
atom to N, followed by forming a benzyne—NH; complex, and then undergoes further
a NHj-elimination. There are many possible pathways yielding H,. The photofragment
translational energy distribution indicated two different dissociation mechanisms®’.

B. Protonation

Proton transfer is an ubiquitous and fundamental chemical event. The propensity of a
molecule to accept (or to donate) a proton is an important descriptor of its reactivity. In
the gas phase, protonation of a substrate A is often quantified by its proton affinity (PA),
which is conventionally defined as the negative standard enthalpy (A H®) of the reaction
A +H*' — AHT. The PA is not solvent-dependent and thus constitutes a measure of the
intrinsic basicity of a molecule. This thermochemical parameter can thus be instructive for
separating the true electronic effect from the solvation effect. Protonation of aniline has
been thoroughly studied both experimentally and theoretically. The main reason for such
interest was related to the high dependence of results on experimental conditions® %4,
such as chemical ionization, fast atom bombardment, electrospray etc. On the other hand,
inconsistency of quantum chemical methods persists in predicting its most favored proto-
nation site?~1%, In this section, the protonation of aniline and a series of its halogenated
and alkylated derivatives will be examined in some detail.

1. Protonation of aniline: nitrogen versus carbon

This process occurs at either the amine nitrogen or the ring carbon atoms. In solution,
the nitrogen atom is the preferred ANI protonation site, due to a higher stabilization by
solvent of the N-protonated form?®®.

In the gas phase, the situation is less clear-cut. Early correlations of PAs with o,
constants for para-substituted anilines led to a conclusion®” that ANI is protonated on the
aromatic ring, yielding either the ortho or the para protonated isomers, such as in the case
of phenol®®. On the contrary, correlations between PAs of a series of anilines with N(1s)
ionization energies suggested that the ANT protonation occurs at the nitrogen®. Since
then, numerous subsequent mass spectrometric studies”*~°® as well as quantum chemical
calculations® 198 carried out in the past three decades, were unable to decide between
both sites.
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It is of interest to mention some detailed mass spectrometric results that were obtained
by performing distinct experiments: (a) ion—molecule reactions in mixtures of haloben-
zenes and ammonia under chemical ionization conditions; (b) ion—molecule reactions
of mass-selected ionized halobenzenes toward ammonia in a quadrupole collision cell
of a hybrid tandem mass spectrometer; (c) ion—molecule reactions of phenyl diazonium
cations with ammonia in the same quadrupole collision cell and, finally, (d) electrospray
ionization of anilines in a hybrid quadrupole—time of flight mass spectrometer (QTof).
Characterization of the product ions relies on collisional activation experiments in the low
or high kinetic energy regime®®.

a. Electron ionization of mixtures of halobenzenes and ammonia under chemical ion-
ization conditions. The ammonia collisional-induced (CI) reaction of chlorobenzene has
allowed the characterization of nitrogen-protonated aniline (m/z 94). Based on thermo-
chemical data, the process shown in Scheme 2, namely a direct substitution of a chlorine
atom by ammonia, is possible as it is exothermic by about —20 kJmol~! (values in
Scheme 2 are the standard heats of formation)

ot +
cl NH;

+ NH; + CI
929 —46 742 121 kJ mol™

SCHEME 2

The chemistry of mass-selected ionized halobenzenes toward ammonia in a quadrupole
collision cell pointed out that the CA spectra of the m/z 94 ions, i.e. protonated aniline,
prepared in each of these conditions are qualitatively similar, since all the fragmentations
are common. The major observed differences concern the relative intensities of the peaks
associated with charge stripping and ammonia loss. In this context, substituted benzenes
protonated on a ring carbon atom are more prone to undergo double ionization than
substituted benzenes protonated on a substituent.

Applied to experimental data presented in Table 4, these conclusions seem to indicate
that (i) mixtures of isomers are produced in all cases, and (ii) ANI itself is mainly pro-
tonated on the ring atom under CI conditions, whereas the interaction between ionized
iodobenzene and ammonia mainly affords pure nitrogen-protonated aniline. Starting with

TABLE 4. Relative intensities of some significant peaks in the high energy
CA spectra of m/z 94 ions generated by ionization of mixtures of ammonia
and aniline, chlorobenzene, bromobenzene or iodobenzene in a CI source.
The most significant differences are indicated in bold

m/z (%) 93 76 66 51 474 39
Samples
Ph-NH, 100 58 62 86 31 47
Ph-Cl 100 83 50 79 21 45
Ph-Br 100 84 51 74 21 43
Ph-1 86 100 58 67 11 37

¢ Charge stripping peaks.
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chloro- and bromobenzenes, similar mixtures are generated but the ratios between N- and
C-protonated anilines are intermediate as compared with the two former cases.

b. lon—molecule reactions of ionized halobenzenes with pressurized ammonia in the
quadrupole collision cell of the hybrid mass spectrometer have been performed in order
to increase the selectivity in the measurements. The beams of mass-selected ions were
prepared by electron ionization (EI) conditions of chloro-, bromo- and iodobenzenes.
All the ionized halobenzenes (PhCl, PhBr, Phl) react with ammonia in the quadrupole
collision cell by substitution of the halogen atom by ammonia (m/z 94, see Figure 9a in
the chlorobenzene case). The spectrum depicted in Figure 9a also features an intense peak
at m/z 77 for phenyl cation that originates from unimolecular and/or collision-induced
dissociations of the mass-selected m/z 112 ions. As the phenyl cation is known to react
efficiently with nucleophiles such as ammonia, its behavior under the same particular

112
77
94
93
1
TTTTTTTTTTTT T I T T T T T T T T T T TTTTTTTTT
(a)
77
93
50 65
39
28 -,
(b)

FIGURE 9. Reactions of chlorobenzene radical cations with ammonia: (a) mass spectrum of the
ions produced within the quadrupole collision cell (the intensity of the m/z 112 peak is reduced by
a factor of 25), and (b) high energy (8 keV, nitrogen collision gas) of the so-produced m/z 94 ions.
Spectrum (c) corresponds to the reactions of the m/z 77 phenyl cation, formed in the ion source,
with ammonia (the intensity of the m/z 77 peak is reduced by a factor of 40)
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FIGURE 9. (continued)

conditions was analyzed. [C¢Hs* + NH3] ion is indeed observed, but considering the
m/z 77 : m/z 94 branching ratios in Figure 9a and 9c, it is clear that more than 99% of
the m/z 94 ions are generated by ion—molecule reactions of the chlorobenzene radical
cations with ammonia.

Also noteworthy is the strong intensity of the m/z 93 peak in Figure 9c. These ions
were identified as aniline radical cation by a subsequent collisional activation experi-
ence (not shown). The production of ionized aniline is not unexpected since the reaction
of the phenyl cation with ammonia is strongly exothermic. The heat of the reaction
C¢Hs™ + NH; — C¢HsNH;' amounts to —332 kImol~!. Under these conditions, the
kinetic rate constant for collisional stabilization is likely to be too low and most of the
adduct C¢HsNH;3 ™ ions dissociate via the two energetically favorable processes, including
the loss of H* (m/z 93) and the loss of NH3 (m/z 77, a hidden reaction in the present
case). The presence of m/z 67 ion (the CsH; composition being deduced from the recorded
CA spectrum), which is believed to arise from ring-protonated aniline, indicates that the
exothermicity of the reaction could be high enough to convert the initial ammonium ion
into an amino carbenium ion (Scheme 3). The energy required for such a [1,3] hydrogen
shift is estimated theoretically to be equal to the energy of the nitrogen-protonated aniline
(237 kImol~!, see Scheme 3 and Figure 10), and once the proton is attached on the ring,
its migration onto the other positions becomes significantly more favorable.

H gy
Hoy H M o
N =+ N NHZ
mlz 77 mlz 94 m/z 93

SCHEME 3
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Compared with the CA spectra collected in Table 4, the high kinetic energy CA spec-
trum of the m/z 94 ions, prepared by reacting ionized chlorobenzene with ammonia, is
largely dominated by the loss of ammonia (m/z 77) and the loss of a hydrogen atom
(m/z 93), the remaining fragments representing less than 20% of the base peak intensities
(Figure 9b). The same behavior is noted starting with the bromo and iodo compounds.
It can thus be concluded that these ion—molecule reactions produce quasi-specifically
beams of N-protonated aniline. The occurrence of C-protonated aniline is thus marginally
detected (if at all) and may also result from post-collisional isomerization.

The evolution of the mass spectra of the ion—molecule reaction products of m/z 77 ions
with ammonia as a function of the nature of the precursor halobenzene is also of interest.
The m/z 94: m/z 93 branching ratio measured as 22:78 for the chlorinated precursor
becomes 30:70 for the brominated precursor and 49:51 for the iodinated precursor. More-
over, this ratio is still significantly modified (60:40) if ionized iodobenzene is prepared by
charge exchange with methylene chloride in the CI source. The degree of fragmentation
of the m/z 94 ions thus appears extremely dependent on the distribution energies of the
precursor m/z 77 ions, but the occurrence of isomeric species of the phenyl cation cannot
also be ruled out completely.

c. lon—molecule reactions of phenyl diazonium cations with ammonia in a quadrupole
collision cell of a hybrid mass spectrometer. Phenyl diazonium ion was generated by
electron ionization of azobenzene. The m/z 105 ions constitute indeed the base peak
of the EI mass spectrum. Appearance energy measurement of these ions (AE = 9.8 eV)
together with tabulated heats of formation of phenyl radical and neutral azobenzene allow
the heat of formation of phenyl diazonium ions to be estimated at about 1020 kJ mol~'.
Along with the known heats of formation of ammonia and anilinium ion, the substitution
reaction PhN, ™ + NH; — PhNH3;" + N; is calculated to be —232 kI mol~! exothermic
and is thus expected to be observed in the gas phase. Decelerated phenyl diazonium ions
were allowed to react with ammonia in the quadrupole cell and all the ions generated in the
quadrupole are reaccelerated at 8 keV and separated by scanning the field of the second
magnet (see Figure 11a). The expected NH3/N, substitution product is clearly detected
at m/z 94 in agreement with theoretical estimates. The high energy CA spectrum of
the m/z 94 ions (Figure 11b) is found to be quite similar to the spectrum shown in

| <6 | 105

71
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(a)

FIGURE 11. Reactions of phenyl diazonium cation with ammonia: (a) mass spectrum of the ions
produced within the quadrupole collision cell and (b) high energy (8 keV, nitrogen collision gas) of
the so-produced m/z 94 ions. Spectrum (c) corresponds to the reactions of the m/z 77 phenyl cation
formed in the ion source with ammonia
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FIGURE 11. (continued)

Figure 9b indicating the main formation of ammonium ions in the process. The m/z 77
ions generated from azobenzene also react with ammonia, but when compared to the
results depicted in Figure 11c, the branching ratio m/z 94:m/z 93 is now completely
inversed.

d. Electrospray ionization of aniline in a quadrupole—time of flight (Qtof) mass spec-
trometer. The ESI-MS experiments on aniline lead to the spectra depicted in Figure 12 for
different cone voltages starting with an acidified (formic acid) solution of aniline in ace-
tonitrile/water (ca 5 x 10~* M). A protonated ANI is clearly detected at m/z 94 together
with very small peaks at m/z 105, 93 and 77. The peak at m/z 95 is also somewhat
too intense (13%) to be only ascribed to the '3C -isotopic contribution of the m/z 94
ions. Moreover, stepwise increase of the cone voltage to 60 volts (Figure 12b) and to 70
volts (Figure 12c) significantly modifies the relative intensities of these peculiar peaks
and the m/z 77, 93, 95 and 105 signals become more and more intense when compared
to the m/z 94 signal. If m/z 77 and 93 ions can be readily attributed to collision-induced
fragmentations (H* and NHj losses, respectively) from protonated anilines, the observation
of the m/z 95 and 105 was completely unexpected.
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FIGURE 12. ESI mass spectra of aniline at three different cone voltages: (a) 40 volts, (b) 60 volts
and (c) 70 volts
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The collision-induced dissociation (CID) spectrum of the m/z 94 ions, recorded at
20 eV kinetic energy, features only three peaks associated with the losses of H® (m/z
93, 12%), NH3 (m/z 77, 86%) and [NHs + C,H,] (m/z 51, 1.5%); see Figure 13a.
The very efficient ammonia loss confirms that we are dealing with the N-protonated
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51
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FIGURE 13. (a) CID spectrum of protonated aniline (m/z 94) generated in ESI conditions (20 eV
collision energy) and (b) low energy CID spectrum of protonated aniline generated in a chemical

ionization source
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ANI, and consequently that the condensed-phase ANI protonation mainly occurs at the
nitrogen atom, at variance with the gas-phase process (which occurs in the chemical ion-
ization source, vide supra). Moreover, use of the tabulated heats of formation of NH; (—
46 kJmol ™), C¢Hs™ (1127 kImol~"), H* (218 kJ mol~!) and C¢HsNH,** (829 kImol~")
allows one to estimate that the H* loss requires about 34 kI mol~! less energy than the
NHj; loss. This demonstrates that the relative abundances of the m/z 93 and 77 peaks
also depend on the corresponding frequency factors.

High-energy collisional activation experiments showed the formation of a mixture of N-
and C-protonated molecules under chemical ionization conditions, with a higher popula-
tion of ring-protonated species. It was therefore of interest to investigate the behavior of a
beam of protonated ANI (methane-CI) in low translational energy conditions (quadrupole
collision cell, ca 20 eV). The result of such an experiment is depicted in Figure 13b.
The ammonia loss represents the dominating process; m/z 93 (loss of H®) is also present
with a m/z 77:m/z 93 not too different from the ratio measured on Figure 13a (9 vs 7).
The most significant difference between both spectra is seen at m/z 67 (loss of CHN
from the protonated molecules), not observed in the ESI conditions. The ammonia loss
is apparently structure-specific of N-protonated aniline, while CHN loss is due to ring-
protonated aniline. Although the latter species is probably predominant in the mixture,
the lower intensity of the CHN loss is perhaps related to a lower fragmentation cross
section.

Tonized aniline possesses an isomeric stable species, the 4- (or 3-) dehydroanilinium
distonic ions (m/z 93). It is thus expected that their identification could afford some addi-
tional pieces of information related to the localization of the initial site of protonation.
The distonic ions can readily be prepared by protonation of iodoanilines followed by col-
lisional deiodination. Such a protonation—deiodination sequence is also readily performed
in the quadrupole—time of flight instrument and the CID spectra of all the m/z 93 ions are
collected in Table 5. As a reference for aniline radical cations, N-methylaniline was used
and was observed to intensively expel a methyl radical after protonation and excitation
(high cone voltage).

It is clear from the recorded CID data that aniline radical cations are produced in the
protonation of aniline, followed by loss of a hydrogen atom. The distonic species are
differentiated by a significant signal at m/z 76 for benzyne ions.

e. Quantum chemical calculations of proton affinities of aniline. As far as calculated
results are concerned, let us briefly mention that the energy difference between both N-
and C(para)-protonated forms turns out to be strongly dependent on the method and
basis functions employed. Density functional theory (DFT) and MO-perturbation theory
(MP4) methods point to a favored C4(para)-protonation, whereas coupled-cluster theory
(CCSD(T)) and composite G2 and G3 techniques lend a preference for a N-protonation.
Nevertheless, the energy difference between both protonated forms, in one case or the
other, amounts to only a few kJ mol~!.

TABLE 5. Relative abundance of fragment ions in the CID spectra of m/z
93 ion (70 volts cone voltage, argon collision gas, 25 eV collision energy)

m/z
Aniline 93 92 78 77 76 66 65
Aniline 100 74 4 1 <1 4 1
N-Me 100 70 5 2 1 [§ 3
4-Todo 100 61 4 3 17 5 3
3-Iodo 100 60 4 2 26 4 2
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The calculations'®® carried out at the CCSD(T) level with the large aug-cc-pVTZ basis
set provide the following results, with a probable error of 44 kJ mol~':

— at 0 K: PA(N) = 880 kIJmol~!, PA(para-C4) = 876 kImol~! and PA(ortho-C2) =
856 kJmol—';

— at 298 K: PA(N) = 887 kI mol~!, PA(para-C4) = 884 kImol~! and PA(ortho-C2) =
863 kJmol~!.

The current experimental value for PA(aniline) amounts to 877 kJmol~! at 0 K and
883 kImol~! at 298.15 K!®. High-level molecular orbital methods tend to indicate a
slight but consistent preference for N-protonation. Such a qualitative change in gas-phase
basicities is of fundamental importance in view of the fact that the PA of ammonia is
about 85 kImol~! larger than that of benzene. The energy gap between both processes,
A(PA) = PA(N) - PA(para-C4), has been found to be reduced following the extension
of one-electron basis functions. At a high level such as CCSD(T)/aug-cc-pVTZ, this
gap amounts to, at most, 3—4 kI mol~!, which actually lies within the error bars of the
calculated results. Note again that the CCSD(T), G2 and G3 values are derived from
single-point electronic energies. Thus, a small change in the geometrical parameters or
the zero-point energies used could easily tip the balance in favor of one or another
form. This result reinforces the conclusion that both nitrogen- and para-carbon-protonated
isomers are most likely generated upon protonation of aniline. This is also in line with
abundant experimental results discussed above demonstrating the existence of both species
under different gas-phase conditions. The PA(ANI) at nitrogen is slightly larger than
that of ammonia, PA(NH3) = 853 kI mol~!, but smaller than that of methylamine! !,
PA(CH;NH,) = 891 kJ mol~.

In the first 7* < 7 excited state (S)), the PA(ANI) is reduced by 38 kI mol~! relative
to the ground state PA'!!. The vertical excitation energies in both neutral and protonated
forms are comparable, but the adiabatic S; < Sy transition energy is sharply increased
upon protonation, in going from 4.2 to 6.2 eV. The protonated ANI has been found to
undergo adiabatic proton-dissociation reactions in aqueous solution, in its excited S; state,
to produce excited ammonia''!. The corresponding rate coefficient kgiss = 1.4 x 1010 57!
at 298 K was obtained and is the fastest of those reported for protonated aromatic amines.
The energy barrier for this process was measured!'!® to be 11 kJ mol~'. Excitation to the
S state does not influence the planarity of the aromatic ring, but induces a distortion of
13° of the amino group from the latter. The excited protonated ANI has a fluorescence time
of 1530 ps, as compared with that of 930 ps measured for the excited neutral aniline'''®.

2. Proton affinities of halogenated anilines

The PAs of a systematic series of mono-halogenated derivatives XC¢H4NH, (X = F,
ClL, Br and I) and N-haloanilines have been computed using DFT methods. Note that
N-haloamines are rather highly unstable species. The effects of two and four substituents
on the ring have also been probed. In examining Table 6, a few interesting points could
be noted regarding the trends of PAs:

(i) A halogen atom effect results in an overall reduction of the PAs. The largest
PA reduction is due to fluorine, followed by chlorine and bromine. The effect is
most pronounced in N-halo derivatives. When a halogen atom is substituted at
nitrogen, N-protonation is found to be the preferred electrophilic process but still
with a small gap A(PA) =6 kImol~!. For the series of mono-halo derivatives,
N-fluoroaniline presents the smallest PA, with PA(N) = 835 kJmol~!, whereas 3-
bromoaniline exhibits the largest value of PA(C4) = 872 kI mol~'.
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TABLE 6. Calculated proton affinities (PA, kI mol~! at 0 K) of halogenated

anilines

Substituted PA“ A(PA)®
aniline

N para-C4 ortho-C2

H (ANI) 874 882 863 -8
2-Fluoro 857 857 811 0
3-Fluoro 852 869 849 —17
4-Fluoro 862 818 840 44
N-Fluoro 835 829 815 6
2-Chloro 861 858 817 3
3-Chloro 854 871 853 —17
4-Chloro 858 836 840 22
N-Chloro 850 846 840 4
2-Bromo 865 861 814 4
3-Bromo 856 872 854 —16
4-Bromo 858 851 842 7
N-Bromo 864 858 843 6
2,6-Difluoro 839 831 — 8
3,5-Difluoro 830 855 — -25
2.,3,5,6-Tetrafluoro 798 809 — —11
2,6-Dichloro 847 834 — 13
3,5-Dichloro 835 861 — -26
2.,3,5,6-Tetrachloro 823 833 — —10
2,6-Dibromo 854 840 — 14
3,5-Dibromo 838 856 — 18
2.,3,5,6-Tetrabromo 834 841 — 7

¢ Using B3LYP/6-3114+-4+G(d, p) + ZPE calculations.
b APA = PA(N) — PA(C4) in kJ mol~".

In all cases, the meta (C3 and C5) positions lead to the smallest PAs (values not
shown in Table 6). In contrast, the ortho (C2 and C6) positions become in some
cases competitive with respect to the para (C4) positions. Additional substitutions of
halogens either on the ring or at nitrogen tend to further reduce the PAs. The effect
of multiple halogen atoms on PAs is more or less additive: for example, the PA(N)
amounts to 874 kImol~! in aniline, 857 kImol~! in 2-F-aniline, 839 kImol~! in
2.6-difluoroaniline and 798 kI mol~! in 2,3,5,6-tetrafluoroaniline; the increment thus
amounts to 17—-18 kI mol~' per F atom. The reduction becomes smaller for heavier
atoms, being 14 kI mol~! per Cl atom and 11 kJmol~! per Br atom. In this case, N
remains the preferred protonation site.

A similar operation at the meta position, yielding a 3,5-dihaloaniline, results in a
slightly larger reduction of the PA(N), namely by 22 kImol~! for F, 19 kJmol~! for
Cl and 18 kI mol~! for Br, but a smaller reduction of the PA(C4), whose values are
decreased by 14 kImol~! for F, 10 kImol~! for Cl and 17 kImol~! for Br. As a
consequence, for 3,5-dihaloanilines, PA(C4) is still larger by about 18-25 kJ mol~!
than PA(N).

The preference for C4-protonation is transferred to the 2,3,5,6-tetrahaloanilines but
with a smaller A(PA) energy gap. Overall, PA(C4) = 809 kJ mol~! for 2,3,5,6-
tetrafluoroaniline represents the smallest PA of the whole series considered. Relative
to the parent ANI, this value corresponds to a reduction of 73 kJmol~! of the ring
carbon basicity. A comparable amount of 76 kJmol~! can also be derived for the
nitrogen basicity, as measured by PA(N) values, following a tetrafluorination.
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3. Proton affinities of alkylanilines

Earlier studies'® indicated that N-alkylanilines are protonated at nitrogen under
conditions of thermodynamic equilibrium. More recently, gas-phase protonation of
N-alkylanilines with Brgnsted acid reagents such as CH4, CH3;0H and (CH3),CO has
been demonstrated to lead to significant, if not exclusive, formation of the ring-protonated
isomer'!°. By contrast, N-protonation has been found by fast atom bombardment (FAB)
ionization techniques''. It has been concluded that protonation of N-alkylanilines under
gas-phase chemical ionization conditions is kinetically controlled, and that the added
proton samples all ring positions prior to fragmentation of M-H™ cations.

Relatively little is known about the protonation pattern of C-alkyl derivatives. Earlier
reports®’ pointed out that a number of meta-alkylanilines (m-anisidine and m-toludine)
are preferentially ring protonated in the gas phase at equilibrium.

The effects of the methyl groups, in particular those of two and four substituents on
the ring, have also been probed (Table 7).

(i) The methyl group increases the PAs irrespective of its position. When substituted on
the ring, the largest methyl effect occurs upon its attachment to the C3(meta) position
inducing an increase of 21 kI mol~!, relative to that of the parent aniline, giving
PA(C4) =903 kImol~!, and an extension of the A(PA) gap up to —20 kJmol~'.
In this case, a preference for C4-protonation is thus clearly indicated. The resulting
carbocation at C3 position upon a C4-protonation is largely stabilized by a direct
methyl donating effect.

(ii) The situation is less clear-cut for 2-methylaniline where a gap A(PA) = —10 kJ
mol~! does not allow a definitive conclusion to be made, in view of the accuracy of
the B3LYP method. As in the case of the parent aniline, both N- and ring-protonations
are expected to occur.

(iii) In contrast, N-protonation becomes favored for both 4-methyl and N-methyl anilines.
Due to the presence of methyl at C4 position, protonation at this site is somewhat dis-
favored. As expected, the N-protonation results in the largest PA(N) = 905 kJ mol~!
for N-methylaniline. The corresponding C4-protonation also substantially profits
from N-methyl electron-donating effects yielding PA(C4) = 901 kI mol~!, which is
even 10 kImol~! larger than the value of PA(C4) = 891 kJmol~! in the 2-methyl
derivative. This is no doubt the consequence of a strong delocalization of the N-lone
pair electrons into the ring.

TABLE 7. Calculated proton affinities (PA, kI mol~! at 0 K) of alkylanilines

Substituted aniline PA“ A(PA)?
N Cc4 C3 Cc2
Aniline 874 882 787 863 -8
2-Methyl 881 891 840 856 -10
3-Methyl 883 903 779 884 -20
4-Methyl 886 877 813 877 9
N-Methyl 905 901 798 887 4
2,6-Dimethyl 889 901 — — —12
3,5-Dimethyl 891 924 — — -33
2,3,4,6-Tetramethyl 904 937 — — —34

¢ Using B3LYP/6-3114++G(d, p) + ZPE calculations.
b APA = PA(N) — PA(C4).
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(iv) Additional substitutions of methyl, either on the ring or at nitrogen, consistently

increase the PAs. Another methyl group at the second ortho position in 2,6-
dimethylaniline provides a preferred C4-protonation with PA(C4) = 901 kI mol~',
implying a positive contribution of 10 kJ mol~! from the second methyl group. The
effect is more or less additive, by 10 kJmol~! per methyl group, in going from
aniline (882 kJmol~!) to 2-methylaniline (891 kI mol~') and to 2,6-dimethylaniline
(901 kImol™").
The effect becomes substantial when attaching another methyl group at the second
meta position giving 3,5-dimethylaniline, which results in PA(C4) = 924 kJ mol .
Thus the methyl effect at this position is again additive by 21 kI mol~' per methyl
group (882 kImol™! in aniline, 903 kI mol~! in 3-methylaniline and 924 kJ mol~!
in 3,5-dimethylaniline). Such an additivity is in a great deal found in 2,3,5,6-
tetramethylaniline where a value PA(C4) = 937 kJmol~! has been computed,
corresponding to an increase of 55 kJ mol~! relative to aniline, instead of 61 kJ mol~!
from pure additivity of four methyl groups. In both 3,5-dimethyl- and 2,3,5,6-
tetramethylanilines, the gap A(PA) amounts to —33 or —34 kImol~!, indicating
that the ring sites benefit much more from methyl donation than the nitrogen upon
ring substitutions.

(v) In N,N-dimethylaniline, N-protonation is favored and the relevant PA(N) = 936 kJ
mol~! turns out to be the largest PA value for the three dimethyl derivatives con-
sidered. However, the C4-protonation is also reinforced by m-electron delocalization
resulting in a small gap of A(PA) =5 kJmol™'.

In summary, it is confirmed that while the nitrogen protonation in the unsubstituted ANI
is favored marginally, by about 4 kI mol~!, over the para-C4-protonation, the protonation
sites in substituted anilines are essentially determined by the nature and position of the
substituents. The halogen atoms consistently reduce the basicity whereas the alkyl groups
enhance it. Substitution at meta positions induces a larger increment than that at ortho
positions. The overall effects of substituents on PAs are essentially additive.

The proton-dissociation reaction of alkylated ANIs in the excited S§; state tends
to decrease significantly in N-monoalkylanilines but to increase in the N-dialkylated
derivatives, with much larger activation energies'!!. The differences in the observed kg
rate coefficient between protonated aniline and protonated alkylated derivatives has been
explained on the basis of the charge density on the N-atom in the excited S; state, the
water structure in the vicinity of the amino group which acts as a proton acceptor and
steric hindrance of the alkyl groups. As a consequence, the acidity (pK, values) and
fluorescence lifetime of protonated anilines in aqueous solution are remarkably dependent
on the substituent position in the ring.

C. Basicities

In solution, the proton transfer of amines is not characterized by the PAs but often by
their dissociation constants pKy. The latter constant refers to the conjugate acid, but in
acidic solution, an amine is usually protonated producing an ammonium cation. Therefore,
the pK, dissociation constant measured under this condition for the protonated/neutral
RNH;*/RNH, (acid/base) couple corresponds to the acidity of the ammonium cation
(acid), and conversely to the basicity of the amine molecule (base): pK, + pKy = pKw,
where pK, is the ionization constant of water. The experimental pK, value of the anilin-
ium Ph-NH;3" cation amounts to 4.9 in water, 3.6 in DMSO but 10.6 in MeCN. For
ammonia and methylamine, pK, = 9.2 and 10.7 in water, 10.5 and 11.0 in DMSO, but
16.6 and 18.4 in MeCN, respectively'!2. Thus there is a larger change of the two val-
ues in acetonitrile solution. The experimental dissociation constants of a large series of
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mono- and disubstituted anilines in aqueous solution have been tabulated in different
recent papers!!3-121,

At the present time, direct computation of the absolute pK, value of an unknown
compound remains a difficult task. However, within a series of homologous compounds,
it is possible to evaluate theoretically the relative dissociation constants using a uniform
and reliable level of theory. Along with accurate experimental data, there is a correlation
between experimental and theoretical constants; the best regression often fits a linear
equation: pK,(expt) = A x pK,(calc) 4+ B. It is of course most desirable to find a method
yielding a linear regression having a correlation coefficient r close to unity, a slope A
close to unity and an intercept B close to zero, since that corresponds to a maximum
predictive power. However, due to the inherent uncertainties in the evaluation of the
proton and ion solvation energies, it appears difficult to attain results having such quality
for aqueous solutions!'* !>, The results determined for nonaqueous solvents (DSMO,
acetonitrile etc.) with regression slope in the vicinity of unity are more encouraging.''*.
This enhances the predictive capacity for evaluating the dissociation constant for a new
member of the series, and the associated substituent and functional group effects.

For substituted anilines, quantum chemical methods using semiempirical methods
or ab initio calculations from a rather modest level such as HF/6-31+G(d), B3LYP/6-
31G(d,p) to a higher level such as B3LYP/aug-cc-pVTZ or MP2/6-311+4G(2df,2p), could
provide internally consistent relative pK, values'!’~!2!, In other words, it is now possible
to predict the pK, value of a new aniline derivative within experimental accuracy.

In general, in a series of substituted anilines, electron-donating ring substituents increase
the pK, of protonated anilines and electron-withdrawing substituents decrease it. It is
known that the latter tend to diminish the pyramidal degree, shorten the C—N bond,
increase the dipole moment and lower the HOMO energy. As for an interpretation of the
significance of basicity, attempts to correlate dissociation constants (pK,) of protonated
anilines with various thermochemical and quantum chemical parameters have been carried
out'6-122_ T et us briefly mention the main correlations found.

116
P

(i) Because PA is the main measure of gas-phase basicity, there is obviously a linear
relationship!'® with its counterparts in solution: pK, = —0.186PA + 4.47. Specific
solvent effects often cause deviations between these two parameters. Similarly, there
is an obvious correlation between pK, and gas-phase Gibbs energies of dissociation
equilibria.

(ii) There is a linear relationship between pK, values and the traditional Hammett o
constants that describe the electronic influence of substituents on equilibria and
reactions'!”, namely pK, = —3.030 + 4.46.

(iii) As the basicity is commonly associated with the nitrogen atom, its net charge QOn is
also a good indicator: pK, = a QN + b, in which the charge Oy could be evaluated
by different theoretical methods. The Qn values are strongly dependent on the
theoretical methods employed, so both coefficients a and b also depend on the
method employed. Currently, there are a variety of methods for calculating atomic
net charges. The charges derived from the Mulliken, natural orbital (Lowdin, NPA)
or atom-in-molecule (AIM) approaches appear to perform better than the others in
correlating with the dissociation constants!!.

The change of the dipole moment upon protonation also appears as an additional
term in the correlation.

(iv) Another theoretical property related to the charge distribution is the molecular elec-
trostatic potential. Thus the overall potential minimum Vi, of the molecule is
also an index for the dissociation constant: pK, = ¢Vpin + d. Again, the Vi, elec-
trostatic potential and the regression coefficients vary with the quantum chemical
method employed.
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Electronic indices derived from the atom-in-molecule model (AIM) can also be
used to evaluate the basicity. The electron density p(r), or its Laplacian V2p(r),
at the bond critical point (BCP) of the C—N bond is a measure of the degree of
delocalization between both phenyl and amino groups. If the electron density is
more segregated, the conjugation is getting smaller, the electron density becomes
lower, the BCP(C—N) Laplacian is more positive, the bond becomes more covalent,
the lone pair becomes more accessible to accept the proton and, as a consequence,
the basicity increases'?! 122, Any other delocalization index could lead to a similar
relationship.

The nitrogen lone pair corresponds to a local charge concentration characterized
by a (3, —3) critical point where the Laplacian is at a maximum. In fact, there
is certain correlation between a higher charge concentration and a larger basicity.
However, the nitrogen lone pair alone is not a good indicator of the basicity due
to the large subsequent loss of delocalization energy in the protonated form'!8. A
localization of the nitrogen electron in terms of a localized reactive hybrid orbital
leads to a better correlation with PAs'?3.

The ionization energy of a molecule is defined by its chemical potential and polar-
izability, and therefore it is relevant to the overall reactivity. Because ionization
energies can be approximated by HOMO energies by means of the Koopmans the-
orem, the existence of a linear relationship between pK, and ¢(HOMO) of the
neutral substrates is logical'?’. During an aniline protonation, the dominant energy
change is caused by the destruction of the frontier orbital whose dominant compo-
nent is the nitrogen lone pair by an electrophilic (proton) attack. Such a process is
controlled by an electron transfer from the HOMO(ANI) to the LUMO(H™). In such
a case, the smaller the aniline ionization energy, the higher its HOMO, the easier
the electron transfer, the more basic the aniline and the less acidic its conjugate
acid (protonated form)!%0.

It is possible to define a ‘local ionization energy’ centered at a point in space
I(r)'?*, The minimum local ionization energy (s min) correlates strongly with the
experimental pK, in a linear manner.

The reactivity indices derived from density functional theory (DFT) including the
softness (S), local softness (s) and Fukui functions (f) have also been utilized to
rationalize the protonation sites® 103-105.125 Because the Fukui functions contain
information on the frontier orbitals (expressed via the vertical ionization energy and
electron affinity in the global softness) and the local net charges, it could be expected
that they behave as good protonation indices. In general, the atomic centers with the
maximal values of Fukui functions and related indices were found to be the preferred
sites for electrophilic or nucleophilic attack. Nevertheless, the obtained results do
not always follow the local hard—soft acid base (HSAB) approach. Relative Fukui
function values for atomic centers of different types (for example, Fukui functions of
carbon and nitrogen centers) cannot be compared with each other. This shortcoming
arises from difficulties in evaluating the energies and net charges, in particular for
describing the anions, which usually have an expanded charge distribution®.
Overall, the molecular indices derived solely from quantum chemical calculations
of the isolated neutral substrates can now make useful contributions, not only to
qualitative understanding of the underlying factors of the basicity, but also to quan-
titative prediction of the pK, values of new members. Within the framework of the
molecular similarity concept, they offer a multitude of working parameters that are
more amenable than the classical and empirical parameters, such as the Hammett
constants.
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D. Interactions with Metal lons

Interactions between the Cr*, Fe* and Co™ metal cations and ANI have been inves-
tigated experimentally'?% 127, The binding energies in the resulting M(ANI)* complexes
have been evaluated to be 187, 226 and 271 kJmol~!, respectively. Relative to benzene,
ANI also binds more strongly to these ions by 17, 18 and 16 kI mol~!.

As in the protonation, DFT calculations suggested that the binding energies of the Cr
cation at both nitrogen and ring sites are comparable to each other, amounting to about
177-181 kI'mol~" (B3LYP results) or 178—188 kI mol~! (MPW1PW91 results). Within
computational uncertainty, the two sites are not resolvable; this was also found to be true
for the Crt (ANI), isomers.

Results obtained from infrared multiple photon dissociation spectroscopy (IRMPD
allowed the difference in energy between both isomers to be determined. The most diag-
nostic features from calculations are two distinct peaks in the IR spectra: (i) the peak near
1070 cm™! for the N-bound structure due to a frustrated inversion motion of the amino
group, which is destroyed by the presence of Cr, and (ii) the peak near 1310 cm~! for
the ring-bound isomer, which is a mixed mode incorporating the C—N stretching and
in-plane CH bending motions. This mode is mildly blue-shifted from a vibration centered
at 1266 cm™! of bare aniline. The experimental IRMPD spectrum of the complex shows
a strong feature at 1300 cm™!, but nothing near 1070 cm™!, thus pointing toward a metal
ion—ring interaction. Similarly, interaction in the Cr(ANI)," complexes also leads to a
preferred structure with two ring-bound ligands.

Binding energies of alkali cation complexes with one and two ANI molecules
have also been determined by threshold collision-induced dissociation and theoretical
studies!?8-13% For each alkali cation, both N-bound and ring-bound adducts have been
located (Figure 14). In a N-complex, the cation lies above the C—N bond and interacts
with the m-electrons as well, indicating that it is also a m-cation complex. The M™-N
distance increases at the B3LYP/6-31G(d,) level in the sequence Li* (1.98 A), Nat
(236 A), Kt (2.86 A), Rbt (3.10 A) and Cs* (3.38 A). Similarly, the distance between
the metal ion and the ring centroid also varies in the same sequence: Li* (1.87 A), Na*
(2.35 A), K* (2.83 A), Rb* (3.13 A) and Cs* (3.39 A)!30. At the MP2/6-311++G(2d,2p)
level of theory, the N-bound complexes are found to be 8.6, 1.6, 2.8, 1.0 and 1.4 kJ mol ™!
less stable than the -complexes for Lit, Na™, K*, Rb™ and Cs*, respectively. Such small
energy differences suggest that all conformers should have sufficient internal energy at
room temperature to freely interconvert. Interaction of the metal ion with nitrogen within
the molecular plane turns out to be less favored (by 50 kJ mol™!).

Table 8 lists the experimental bond dissociation energies (BDE) of the alkali
M+ —(ANI), complexes (n = 1, 2)'*°. In general, MO methods (MP2, CCSD(T)) and DFT
approaches (B3LYP, BLYP) reproduce the trend and the absolute values with an average
deviation of 6 kImol~! with respect to the corresponding experimental values'*% 13!, The
lithium cation represents the most troublesome case, where the deviation remains large!3!.
A few additional points are worth noting:

)128

(i) The BDEs of alkali cations with aniline are consistently smaller than those of the
transition metal ions mentioned above.

(ii) Similar to the analogous benzene and monosubstituted benzenes, the BDEs of ANI
decrease monotonically as the metal ion size increases from Li* to Cs™. This is due to
the fact that the interaction is essentially electrostatic in nature, involving ion—dipole,
ion—quadrupole and ion-induced dipole forces, in which the ion—quadrupole interac-
tion is dominant'32. The binding difference also becomes smaller for adjacent metals
as the metal size increases. This is due, on the one hand, to the relative change
in the ionic radii of the alkali ions (0.68, 0.97, 1.33, 1.47 and 1.67 for Li*, Na™,
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FIGURE 14. Complexes formed by interaction of aniline with alkali metal cations: w-complexes
and N-complexes. Bond lengths given in angstroms and bond angles in degrees were obtained
from B3LYP/6-311++G(d,p) optimizations. Values given in parentheses are the corresponding
complexation energies

K™, Rb" and Cs™, respectively) and, on the other hand, to the nonlinear distance
dependencies of electrostatic interactions. The latter fall off sharply in proportion
to R~2? for ion—dipole, R~3 for ion—quadrupole and R~ for ion-induced dipole
interactions.
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TABLE 8. BDEs in kJ mol~! of the alkali—
aniline cation (X = NH») and alkali—benzene
cation (X = H) complexes

Complex Experimental ¢

X = NH, X=H
Lit (CsHsX) 191.5 161.1
Na™ (C¢Hs5X) 119.9 92.6
K* (CeHsX) 82.5 73.3
Rb* (CeHsX) 76.3 68.5
Cs™ (C¢HsX) 69.3 64.6
Lit (CeHsX), 127.9 104.2
Na't (C¢Hs5X), 98.8 80.0
K* (CsHs5X), 75.9 67.5
Rb* (CeHs5X), 71.8 62.7
Cs™ (C¢Hs5X), 66.1 58.8

“ Results obtained using threshold collision-induced
dissociation, taken from Reference 130.

(iii) The BDEs of the bis-complexes are systematically smaller. The decrease in the
BDEs in going from one to two ANI complexes is largest for Li* (64.6 kJmol~!)
and becomes substantially smaller for Cs* (3.2 kJ mol™!).

(iv) Compared with benzene whose interaction energies with alkali ions are also listed
in Table 8, the ANI’s amino group induces an overall increase in the strength of the
m-cation interaction. This is similar to the methyl effect in toluene, but in contrast
to that of fluorine in fluorobenzene!33. As discussed in a preceding section, the ANI
dipole moment is oriented about 45° out of the molecular plane. As a consequence,
the metal ion—ANI attraction should be enhanced by the ion—dipole interaction, with
respect to that of benzene. On the other hand, the polarizability of ANI (11.53 A3) is
close to that of toluene (12.26 A3), but larger than that of benzene (9.99 A3) and fluo-
robenzene (9.86 A%). Hence, the ion-induced dipole interaction is invariably stronger
in aniline and toluene. In the same vein, the ANI quadrupole moment is also larger
than those of the latter monosubstituted benzenes, and thereby induces the largest
ion—quadrupole interaction. Note again that the latter is the primary component of

the electrostatic stabilization in this type of ion—molecule interaction'32.

E. Deprotonation

According to the Brgnsted definition, the acidity of a molecule is associated with
its capacity to give up a proton: Ph—NH, — Ph—NH~ + H*. The change of standard
enthalpy or free energy of this deprotonation reaction is a measure of the intrinsic acidity.
As discussed above, in solution, the propensity of an aniline derivative is to accept a
proton. The measured dissociation constant (pK,) is related to the basicity of the neutral
molecule (or the acidity of the anilinium cations). As a consequence, relatively little is
known about their acidity and/or the anilinide anions. However, the NH acidities have
been well established in hydroxamic acids even though the latter usually behave as O-
acids'3*. Tt is therefore of interest to get some insight into the deprotonation of aniline in
the gas phase.

Figure 15 gives a summary of the calculated deprotonation energies (DPE) at four
different sites, and the relative energies of the corresponding anions. It is clear that the
amine nitrogen is by far the most preferred deprotonation site. The DPE(N—H) amounts to
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FIGURE 15. Deprotonation energies (DPE) of aniline at different sites and relative energies (AE) of
the anions. Values given in kJ mol~! were obtained from B3LYP/6-3114++G(d,p) + ZPE calculations

about 1534 kJmol~!, with a probable error of + 8 kJ mol~!. This value is much larger than
that of 1419 kJmol~! measured for the gas-phase DPE(N—H) of hydroxamic acid'**, in
line with the known fact that aniline is actually a weak acid. Among the ring-deprotonated
forms, the ortho-C2 position is slightly favored over the meta-C3 and para-C4 positions.
A stabilizing interaction between H(N) atom and the negative charge is likely the factor
favoring the ortho deprotonation.

Figure 16 displays selected geometrical parameters of both N- and C2(ortho)-
deprotonated aniline isomers. The fully planar N-anion is isoelectronic with the ben-
zyl (PhCH, ™) and phenolate (PhO™) anions, and their geometries show many similarities.
Analysis of Mulliken populations indicates that in the N-anion, ipso-C1 bears the most
negative charge (—0.88 e), followed by nitrogen (—0.43 e), meta-C3 (—0.34 e) and para-
C4 (—0.18 e). The ortho-carbons are positively charged (0.56 e). The p-m delocalization
causes a CN bond shortening and a small bond alternation within the ring. These changes
lead to the dominance of a quinoidal form in the electronic and geometrical structure.
Thus, the C—N distance of 1.33 A of the N-anion lies between that of 1.40 A in ANI
and 1.25 A in its isomers (cf. Section IL.A). The delocalization of the negative charge
from nitrogen to the ring is expected to strongly affect the magnetic properties such as
NMR chemical shifts, magnetic susceptibilities etc. A comparable situation has been found
in the toluene/benzyl anion and phenol/phenolate anion pairs'3, in which the phenolate
anion has a reduced aromaticity, about 60% relative to the neutral phenol. For its part,
the C2-anion is not planar but shows a distorted ring and a pyramidal amino group.

The adiabatic ionization energy of the anilinide anion is evaluated to be IE,(PhNH™) =
1.7 £ 0.1 eV, which is smaller than that of 2.25 eV measured for phenolate anion'3. TD-
DFT computations suggest that the lowest vertical 7* <— 7 excitations of the N-anion are
centered at 1.9 eV (1'A”) and 2.1 eV (1'A”). Thus, its excited valence states are expected
to be auto-ionizing. Substitution of the H(N) atom by fluorine increases the anion IE by
0.3 eV, whereas substitution by a methyl group slightly reduces it (0.05 eV).

The triplet state of the N-anilinide anion also exhibits a planar structure whose geometri-
cal parameters are quite close to that of the singlet counterpart. The C—N distance amounts
to 1.338 A in the high-spin state. The adiabatic singlet—triplet energy gap amounts to
2.34 eV (B3LYP). Again this is slightly larger than the anion’s IE, indicating that it
readily undergoes an auto-detachment upon excitation.

As in the case of phenolate anions, it is possible to stabilize anilinide anions by alkali
metal cations. Figure 17 displays the selected optimized geometrical parameters of the
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FIGURE 16. Geometries of the N- and ortho-C-deprotonated anilines (anions). Bond lengths given
in angstroms and bond angles in degrees were obtained from B3LYP/6-311+4+G(d,p) optimizations

Ph—NHM molecules with M = Li, Na and K, that can be regarded as the products of
interaction between Ph—NH™ anion and metal cations. While Ph—NHLi and Ph—NHNa
are planar, the NHK group in Ph—NHK is slightly pyramidal. The C—N distances are
shorter than that in free anion, and the C—N stretching frequencies become larger in going
from free anion to Li, Na and K derivatives.

The positive charge is better delocalized in Ph—NHLi (where g(Li) = 0.44 e) than in
other metallated species [¢(Na) = 0.66 e in Ph—NHNa, and ¢ (K) = 0.83 e in Ph—NHK].
Although charge localization increases the electrostatic energy, it reduces the overall
stabilization energy of anilinide anion. The interaction energy between Ph—NH™ and M*
is calculated to be 640, 538 and 469 kI mol~' for Li*, Na® and K™, respectively (values
at the B3LYP/6-3114++G(d,p) + ZPE level).
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FIGURE 17. Geometries of the Ph—NHM molecules (M = Li, Na and K, denoted by M;4). Bond
lengths given in angstroms and bond angles in degrees were obtained from B3LYP/6-311++G(d,p)
optimizations

Recently, using a soft ionization mass spectrometric technique, known as the atmo-
spheric pressure chemical ionization (APCI), when working in the negative mode, a
deprotonation of 2,4-dinitroaniline giving (M—H)~ anion has been observed'*®. Sub-
sequent collisional-induced (CI) decomposition of the (M—H)™ anion gives rise to an
elimination of NO radical having an odd number of electrons. A process going from an
even to an uneven number of electrons is rather unusual:

2,4-(0;N),C¢H3;—NH™ —— (O,N)—O°C¢H;—NH~ + NO*

Using the simpler 2-nitroaniline as a model, the N-deprotonation is again found to
be favored by 138 kImol~! (B3LYP/6-311++4G(d,p)) over the proton removal at the
ortho-C2 site. In an attempt to understand the decomposition mechanism of the resulting
N-anion, a portion of the relevant potential energy surface has been constructed and
displayed in Figure 18. It appeared that the rate-determining step of the entire process
boils down to a nitro—nitrite rearrangement of the N-anion. It is also remarkable that,
in the presence of the negative charge, the N—O bond cleavage of the nitrite moiety is
characterized by a small but real energy barrier. Such a barrier is a likely reason for the
violation of the electron parity!'3.

F. Electronic Excitations

The environmental sensitivity of the fluorescence and phosphorescence of phenylala-
nine, tryptophan and tyrosine, and their side chains, is often examined when considering
the macromolecular luminescence of natural peptides and proteins. Therefore, lower-lying
singlet and triplet states of toluene, aniline and phenol have been extensively studied as
the simplest models of the proteins mentioned above, respectively. Knowledge of the
various aspects of electronic spectra of the corresponding aromatic amino acids is often
exploited to probe those of the proteins!®’. In other words, accurate information on both
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FIGURE 18. Schematic potential energy profiles showing a NO elimination from the 2-nitro-N-
anilinide anion. Relative energies were obtained from B3LYP/6-311++G(d,p) + ZPE calculations

lower-lying excited states of these benzene derivatives is pivotal for, among other things,
the interpretation of photophysical and photochemical properties of proteins. While sev-
eral studies on the singlet states of ANI have been reported, relatively less is known about

its triplet states.
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1. Triplet states

The lowest-lying triplet state (77) of ANI has been probed using different spectroscopic
methods. The values for 7} < Sy electronic transition energy of aniline measured in
phosphorescence in different media are quite consistent with each other, varying from 3.41
to 3.45 eV'38. For the purpose of comparison, let us mention that ab initio calculations
for both the ground S, and lowest-lying triplet 7; states of phenol (Ph—OH) produced a
phosphorescent energy of 3.50 eV!®, which was in good agreement with the experimental
value of 3.53 eV!40. The T} < S, transition energies of toluene (Ph—CHj;) measured by
electron-energy-loss spectroscopy and phosphorescence methods were more scattered,
ranging from 3.59 to 3.95 eV!#. Original experiments on toluene'*? revealed distortions
in the 7 state that were neither anti-quinoidal (two long and four short C—C bonds) nor
quinoidal (two short and four long C—C bonds).

The triplet states of ANI and a few derivatives have been investigated in experimen-
tal'43-152 and theoretical'’> 13* studies. As seen in a previous section, the dominant
configuration for the So(ANI) state is

XA (15a)*(9a")2(16a")? (17a)°(10a™)°

All the three HOMOs are of w-character. Multiconfigurational (CASSCF) and multistate
perturbation theory (MS-CASPT2) calculations'>® using the optimized S, geometry have
predicted the following vertical energies for the three lowest-lying singlet states (excluding
the Rydberg states): S;(1'A”: 4.6 eV), S>(2'A’: 6.1 eV) and S3(3'A’: 7.2 eV), and the
four lowest-lying triplet states: T1(13A’: 3.8 eV), To(13A": 4.4 eV), T3(2%A’: 4.6 eV) and
T4(2°A”: 5.5 eV). The dominant configurations for the excited states can be described as
single-electron excitations from the latter. Accordingly, the 1'A”, 2' A’ and 3'A’ can be
considered to arise from excitations from (16a’ to 10a”), (16a’ to 17a’) and (164’ to 18a’),
respectively, and the 13A’, 13A”, 23 A’ and 23 A” states from excitation from (164’ to 18a’),
(164’ to 10a”), (9a” to 10a”) and (9a” to 18a’), respectively. All of the states correspond
to (;m* < ) transitions. Under Cy symmetry, transitions from an excited singlet ' A’ state
to the ground state So(X'A’) are allowed. Thus, the S,(2'A’) state of aniline is most
likely responsible for its dual fluorescence observed by experiments!4+ 143,

The calculated value of 4.6 eV for the vertical S; < Sy transition is close to the exper-
imental result of 4.40 eV'*>. Within the expected accuracy of the calculations, namely
+ 0.2 eV, it is confirmed that the triplet 77 (3.8 eV) and 7, (4.4 eV) states are lower in
energy than the singlet S; (4.6 eV). The calculated energy gap of 0.8 eV between both
S and T) compares well with the available experimental value of 0.756 eV (6104 cm™!
in Ar matrix)'*.

The ANI triplet state 7; is generated by a formal HOMO (16a’) — LUMO + 1 (18a’)
electronic transition and corresponds to a >A’ state. Figure 19 displays the geometry of
the T; 3 A’) state of aniline, which becomes more bent. The molecular skeleton keeps the
C; point group, but the amino group is strongly distorted. Although the ring is slightly
perturbed (from 1.1 to 4.9°), it possesses a quinoidal form. Relative to the S, state,
the C—N distance of 1.403 A is marginally compressed. The NH, group is obviously
distorted from the phenyl ring undergoing a substantial out-of-plane motion (52°). The
dihedral angles of HNH;C, and HHN,C, in T; are 124.3 and 142.0°, respectively, and
the angle between CN and the HNH group amounts to 35°. Note that, except for one
bond, the bond distances obtained by a CASSCF(10,10) method differ by 0.002 A from
the corresponding B3LYP values. The barrier to nitrogen inversion in the 7) state is
evaluated to be 8 kJ mol~!, which is marginally larger than that of 6 kI mol~' for the S,
counterpart (cf. Section II).
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FIGURE 19. Geometry of the lowest-lying triplet aniline (*A’). Bond lengths given in angstroms
and bond angles in degrees were obtained from B3LYP/6-311+4 G(d,p) optimizations'>*

The vertical singlet—triplet energy gap (A Est_vert) is calculated as the energy difference
between total energies of the ground singlet and triplet state at the optimized singlet
geometry. Combining both the CASPT2 and B3LYP results, this gap could be predicted
as AEgst_yer(ANI) = 4.0 £0.1 eV.

The adiabatic energy gap (A Est_agia), Which is evaluated as the difference between the
energies of both singlet and triplet states at their respective relaxed geometries, has been
calculated to be AEgr_aqia = 3.5 eV'>*. For the T} < S, energy gap of ANI, calculated
values are thus consistent with the experimental value of 3.41-3.45 eV determined by
phosphorescence measurements in different media'#® 48 (27500 cm™! in cyclohexane at
77 K and 27851 cm™! in argon matrices). In general, singlet—triplet energy separations
of aromatic compounds can be accurately predicted by DFT computations'.

Table 9 records the calculated vibrational frequencies of the triplet aniline and scaled
with appropriate factors. The v(C—N) stretch frequency is predicted at 1252 cm ™!, which
is marginally smaller than that of 1293 cm™! of ANI ground state. However, the corre-
sponding IR intensity is much reduced in the high spin state. The vibronic structure of
phosphorescence bands was analyzed, but they are puzzling, very different from those
obtained under other experimental conditions. However, the presence of b; modes is
always observed'*°.

The lifetime of the 77(ANI) state was evaluated at 2 s in Ar matrix, but only 1.2 us
in benzene and 4.3 ps in dioxane. N-Alkyl anilines have shorter lifetimes for their
T, states, but N-phenyl anilines have longer lifetimes, up to 416 ps in benzene for
triphenylamine!*®~ 148, Tonization of ANI from its 7 state was also carried out using

two-color photoelectron spectroscopy'.
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TABLE 9. Fundamental vibrational frequencies (cm~!) and associated potential energy distri-
butions of aniline in its lowest-lying triplet state. Calculated values were obtained from scaled
B3LYP/6-311+4G(3df,2p) harmonic frequencies

No. Freq. Sym. Int. Assignment, PED (%, > 10%)“

Ql 109 A’ 7.6 8315 (46.) + 8215(26.) — yC1N7(12.)

Q2 220 A" 19.3 815 (55.) + 8415 (22.)

Q3 311 A" 0.4 84 (41.) + BC1N7(39.)

Q4 320 A’ 9.5 yCiN7(47.) + 835(33.)

Q5 428 A" 2.1 84 (53.) — BC1N7(19.)

Q6 502 A’ 7.7 Borg(71.)

Q7 563 A 112.8 52rg(37.) - ]/HgH14(24)

Q8 578 A" 0.7 B3re(70.)

Q9 589 A’ 167.6 yHgH4(56.) + 85,5 (16.)

Q10 680 A’ 26.9 8org(41.) — yC4H(38.)

Ql1 714 A" 3.8 yCe¢H(36.) — yC,H(36.)

QI2 771 A’ 7.5 vC1C,(26.) + vC;Ce(26.) — yC4H(11.) +
vCiN7(11.)

Q13 787 A’ 15.2 yCeH(26.) + yC,H(26.) — yC4H(17.)

Q14 905 A" 0.2 yCsH(23.) — yC3H(23.)

Ql5 941 A 9.8 vCyCs(24.) +vC3C4(24.) — Birp (14.) —
yC3H(12.) — 34(12.)

Q16 957 A’ 0.2 Big(71.)

Q17 972 A’ 0.4 yC3H(26.) + yCsH(26.) — yC,H(10.) —
yCeH(10.)

QI8 1001 A" 0.0 Bonm,1(23.) — yCsH(13.) + yC3H(13.) —
vCC,(13.) 4+ vCCe(13.)

Q19 1068 A" 0.5 vCyCs(32.) — vC3C4(32.) — BC4H(18.)

Q20 1147 A" 0.6 BN, (26.) — BCoH(16.) — BCsH(16.) +
BCs3H(12.) + BCsH(12.)

Q21 1188 A’ 1.3 BCcH(25.) — BC,H(25.) — BCsH(14.) +
BC3H(14.)

Q22 1252 A’ 44 vCN7(68.)

Q23 1285 A" 0.4 BC4H(26.) + Bonm, (17.)

Q24 1354 A" 1.7 vCyCs(13.) — vC;3C4(13.) — BCsH(11.) —
BC3H(11.)

Q25 1378 A" 3.5 BC4H(17.) 4+ BC3H(16.) + BCsH(16.) —
vC;Cy(12.) + vCCe(12.)

Q26 1440 A’ 53 BC3H(22.) — BCsH(22.) — BCgH(17.) +
BCH(17.)

Q27 1538 A" 0.7 vC,C5(26.) — vCs5Cq(26.) — BC4H(19.)

Q28 1595 A 5.5 vC5C4(29.) + vC,C5(29.)

Q29 1618 A’ 322 BiNm,1(92.)

Q30 3137 A’ 5.8 vC,H(30.) + vCgH(30.) — vC3H(19.) — vCsH(19.)

Q31 3138 A" 0.3 vC¢H(36.) — vC,H(36.) — vCsH(14.) + vC3;H(14.)

Q32 3155 A’ 7.5 vC3H(27.) + vCsH(27.) + vC,H(19.) 4+ vCeH(19.)

Q33 3157 A" 48.0 vCsH(36.) — vC3H(36.) + vCgH(14.) — vC,H(14.)

Q34 3193 A 13.3 vC4H(92.)

Q35 3449 A’ 329 vN7H(50.) + vN7H(50.)

Q36 3583 A" 34 vN;H(50.) — vN;H(50.)

@ v: stretching, B: bending, y out of plane, Biyg, Borg, Barg: bending of six-membered ring, S1rg, Sargs S3rgs Sarg:
deformation of six-membered ring, Tjnm2): torsion of NH,
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Differential Density Ap(r)

(@) (b)

FIGURE 20. Aspects of the electronic distribution in the vertical triplet aniline (triplet state at the
singlet ground-state geometry): (a) Differential density; Pink represents the Ap(r) = 0.005 au, and
blue represents the Ap(r) = —0.005 au isosurface of the differential density. (b) ELF = 0.87 iso-
surfaces of the electron localization function. Values correspond to basin populations and integrated
spin densities (s values)

Figure 20 illustrates some aspects of the electronic distribution of the vertical triplet,
which is a triplet state of the ANI molecule initially generated at the singlet geometry.
Figure 21 summarizes the electronic distribution of the adiabatic triplet aniline, 77(ANI).
The differential density map (Figure 20a) defined by

Ap(r) = Pyertical triplet (r) — psinglet(r)

shows how electrons are moving during vertical excitations. Blue contours show the
regions where electron depletion occurs (pyiplet(r) < Psinglet(r)); pink contours indicate
where electron concentration takes place (Ouiplet(r) > Osinglet(r)) during vertical excitation.
Natural charges concur with the picture suggested by the differential density, as they
amount to 0.31, —0.70 and —0.03 e for nitrogen, ipso-C1 and para-C4, respectively,
whereas they are —0.35 and —0.37 e in the case of ortho-C2 and meta-C3 atoms.

As suggested by the shape of the HOMO and LUMO of the singlet state, the popu-
lations of the V(Cl,,50,C20110) and V(C3,e14,C4para) basins are increased during vertical
excitation, whereas that of V(C2,,4,,,C3,,.14) decreases, which gives a reversed bond order
distribution as compared to the ground state. The integrated spin density shows that the
unpaired electrons are mainly located in V(Cl;p,C24r0) and V(C3,e10,C4parq) basins.
The electron localization function of the vertical triplet state emphasizes that during exci-
tation, the lone pair of nitrogen donates electrons to the ring, the sum of the V(C,C) basin
populations is now 17.1 e, but it is 16.8 e in the singlet state.

Following geometry relaxation of the triplet state, the nitrogen atom is moving out of
the ring plane (Figure 19), and a new lone-pair-type valence basin (with 1.02 e population)
on ipso-C1 takes place from the excess electron of the ring. As seen on the Laplacian
map (Figure 21c), there is a remarkable electron concentration on this basin. According
to the integrated spin density values (Figure 21b), the V(Cl,,,) basin has the largest
radical character, whereas the remaining radical electrons are nearly equally distributed
on V(N), V(C,N) and V(C,C) basins (Figure 21d). This is reflected in the spin density
in the symmetry plane perpendicular to the ring plan (Figure 21e). The population of
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the V(Clip,Cormo) basin decreases dramatically, in agreement with the Wiberg indices.
Both p(r) and ¢ correspond to the values of a single bond, therefore the ipso-C can be
regarded as a sp*-carbon with a radical on it. On the contrary, the bond order of the
ortho-C2—meta-C3 bond actually increases. It is interesting, however, that according to
the calculated NICS value, the triplet ANI remains aromatic, although its aromaticity is
actually decreased as compared to the singlet ground state.

p: 0.279,

L:0.180 | p: 0.260
e 0.243)
L] -
©
©
|
©
°
C
Geometry, NBO charges and
Wiberg indices
(a) (b)

Laplacian ELF
(c) ()

FIGURE 21. Summary of electronic distribution in triplet aniline: (a) Bond distances (A), NBO
charges [bracket, in au] and Wiberg indices (parentheses, in au). (b) Topology of the electron den-
sity determined from atom-in-molecule calculations: p(r) = electron density, L = Laplacian of the
density defined as L(r) = —V?p(r) and & = ellipticity of the bond critical point. (c) Laplacian map
of the density. (d) Isosurfaces of the electron localization function, ELF = 0.87; the values are the
populations of the valence basins. (e) Spin densities in the molecular (CCN) plane
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Spin density
©

FIGURE 21. (continued)

In summary, relative to the Sy state, the C—C bonds become weaker and the C—N bond
is getting stronger. The charge distribution is reorganized to benefit the ortho and meta
ring carbons. The ipso- and para-carbon and nitrogen atoms experience electron depletion.
The ipso-carbon enjoys an excess of «-spin electrons. For their part, the topology and the
electron localization function (ELF) of 7} are not basically different from those of the
singlet Sp.

In benzene solution, the dipole moment has been measured to be u [T (ANI)] = 2.1 £
0.2 D. As discussed in a previous section, the dipole moment lies in the C—N axis.
In the triplet 7; state, the molecule has a more biradical nature, which may cause less
contribution of the charge transfer in the C—N direction. Upon excitation, the electron
density on the N atom is transferred mostly to the ring carbon atoms; therefore, the dipole
moment change in the triplet state is primarily determined by this actual transfer!.

It has been suggested that ANI higher-lying triplet states are essentially planar!**. Sim-
ilarly, the lowest-lying triplet state of N,N-dialkyl-4-cyanoaniline (4-dialkylaminoben-
zonitrile) was determined to be nearly planar and has a biradical character!!. This is
reflected by a high negative charge delocalization on the cyano group, a quinoidal dis-
tortion and conjugation of the ring. Photoexcitation of p-nitroanilines and its N-alkyl
derivatives resulted in the formation of triplet states with dipole moments considerably
larger than that of the ground state. The lifetime of these triplet species ranges from 54
to 14000 ns'*.

Photophysical and flash photolysis experiments in various solvents showed that the
resulting reactions of haloanilines proceed from the triplet state. The latter is involved in
the photochemical processes resulting in C—X bond cleavages in which both homolytic
and heterolytic pathways are rather competitive with each other'>2. There is also a certain
correlation between the BDE(C—N) and activation energy for the C—N bond cleavage in
the 77 state with the BDE(C—N) of the ground S state.

Protonation of triplet aniline has been found to occur preferentially at the meta-C3
site’>*. The corresponding PA(C3) = 1017 kImol~! is now significantly larger than the
PAs of 866, 905, 927 and 995 kI mol~! at N, ipso-C1, para-C4 and ortho-C2, respectively
(UB3LYP/6-3114++G(d,p) + ZPE values). Thus the nitrogen becomes the least basic site

in the triplet state!>*.

2. Singlet states

The ANI singlet excited states have been investigated extensively using different spec-
troscopic and theoretical methods®® 4% 43:61,72,150.136-173 'Electronic spectra due to singlet
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excitations have been observed in the gas phase!*?, aqueous solution!”?, perfluorohexane !4’

and in the crystal'’*. The molecular beam, fluorescence excitation spectrum of four rovi-
bronic bands of the S; «<— Sy electronic transition has been recorded, and thereby the
rotational parameters obtained and its structure resolved'®’. Accordingly, the rotational
constants are determined as follows (MHz):

A =5285.102, B = 2633.538 and C = 1759.162

Alternative results are A = 5276.9, B = 2633.8 and C = 1759.4 MHz'%2. Compared
with the Sy constants, the A constant is decreased by 332 MHz whereas the B constant is
increased by 38 MHz. This indicates that the overall length along the main axis is reduced
upon excitation.

Figure 22 displays the selected geometrical parameters of the lowest-lying singlet state
'B,193. Although the latter were determined using a simple quantum chemical method
(CIS), they confirmed the planarity of the molecule in the S| state!>. The molecular
skeleton is contracting along the in-plane axis, giving rise to a quinoid-like resonance
structure. The C—N bond distance of 1.31 A is much shorter than that of 1.40 A in the
ground state. The planar structure confers a Cy, point group and a ' B, electronic state on
the S; state.

The calculated net charges indicate that the ipso-C1 atom becomes positively charged,
whereas all other ring carbon and nitrogen atoms bear negative charge. The net charges
on N and C4 are increased upon excitation. As a result, the nitrogen is the most negatively
charged center, followed by the para-C4 and meta-C3 atoms. Overall, the main component
of the dipole moment is increased from 11,(Sp) = 1.128 D to 11,(S;) = 2.801 D*361.165,
The first band has a charge-resonance character with a slight charge-transfer nature. The
charge transfer may become more important if the amino group is twisted in an excited
state'é!. The pK, value for S;(ANI), determined using fluorescence intensity titration,
amounts to pK, = —0.50, which is far different from that of 4.5 measured for the ground
state (see above)! 0.

The vertical S; < Sy transition energy is identified at 34027-34029 cm™' (4.219
eV)3* 139160 The observation of an unfractionated ANI spectrum is in agreement with
the high oscillator strength (f = 0.028) and the very large fluorescence quantum yield
(® > 0.28, depending on the vibronic level). This arises from the fact that a direct
coupling between the S; state and the highly vibrationally excited states of Sy is of a

FIGURE 22. Geometry of aniline in its lowest-lying singlet excited ! B, state. Bond lengths are
given in angstroms and bond angles in degrees's3
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higher order process of low efficiency. In addition, because of the relatively large energy
gap between the S; and T states (about 7200 cm~!, 0.89 eV), the allowed first-order
spin—orbit coupling between them is equally inefficient'*>. The fluorescence lifetime of
ANI excited by the vibrationless S, state was reported as 7.8 ns'%®. Intersystem crossing
is the main nonradiative process in the S; relaxation. The rate of intersystem crossing is
as large as 8.2 x 107 s~!. The decay of the resulting triplet state is very fast; however,
no phosphorescence was observed in the gas phase due to the rapid decay from 7 to Sp.

Rydberg excited states of ANI and its derivatives have been located’® 43, A novel band
located between the first and second m* < 7 transitions, and centered at 37104 cm™!
(4.62 eV above the Sy and 0.38 eV above the S; state), has been observed’?. This singlet
B, state has been assigned to a 3s-Rydberg state!®!.

Electron redistribution due to a stronger interaction between the ring and amino group,
in a planar shape, induces many important changes in the vibrational modes. However,
fundamental frequencies of the S;(ANI) state have been identified only for the modes 6a,
1 and 12 (associated with the symmetric vibrations of the ring) and »; (nonsymmetric
inversion vibration). These frequencies of the S;(ANI) are 492 (mode 6a), 761 (mode
1%), 798 (mode 1), 953 (mode 12), 985 (mode 6a) and 1289 (mode 6a) cm~! %0, Note
that the latter labeling of the modes was made according to Varsanyi’s notation used for
a large variety of benzene derivatives!?.

Due to the fact that vibrational frequencies of excited singlet states were not calculated
accurately, a detailed comparison is rather difficult. However, using the CIS/6-31+G(d)
vibrational frequencies', let us note that the C—H stretch frequencies tend to be increased
up to 40—-56 cm~! upon excitation. The C—N stretching mode (v;4) exhibits a frequency
increase of 123 cm~! in the S| state, whereas the two NH, stretch frequencies are lowered
by 176 and 201 cm™!, as a result of a reduction in their force constants. Other modes
associated with the amino groups tend to have higher frequencies (up to 50 cm™!). As the
excitation involves a transfer of an electron from a 7 orbital to a 7* orbital, a reduction of
the force constants of the out-of-plane vibrations is expected to be larger than those of in-
plane modes. Thus the ring puckering (v3;) is characterized by a large frequency decrease
(291 cm™!). The most sensitive out-of-plane mode is related to the C—N distortion (v3¢),
which now has the lowest frequency in the S; (' B,) state.

G. Dissociation
1. N—H bond dissociation energies

The N—H bond cleavage constitutes the most common photochemical process in NH-
containing aromatic compounds. Despite such practical importance!’*~17, their accurate
thermochemical properties are still scarce. This is in part due to their low stability, low
purity and harmful character. Only a limited number of experimental heats of formation
of anilines have been reported!’”- 178, In the same vein, until the early 1980s, there was a
paucity of data concerning homolytic bond dissociation energies (BDEs) of N—H bonds
in the literature. The BDEs provide direct information about the intrinsic strength of
chemical bonds.

For decades, the only BDE(N—H) value known was that of the ANI radical cation
in aqueous solution'”®. In a 1982 review, only seven values were reported including
the values of 368 and 366 kJmol~' for PhANH—H and PhMeN—H, respectively'®. In
1991, two more BDE values were determined'®', namely 386 kJmol~! for PhNH—H
and 366 kJmol~! for PhyN—H. Since then, both experimental and theoretical results for
BDE(N—H) of several series of aniline derivatives have been available!82-198,

In the 1990s, the main electrochemical approach to estimate the BDEs was a combi-
nation of the equilibrium acidities (pKpa) and the oxidation potentials of their conjugate
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anions (Eqx(A7)). For p-substituted anilinide anions, both quantities determined in DMSO
were found to be linearly correlated. In addition, both quantities were also linearly cor-
related with Hammett o~ /o™ constants, indicating that the E,(A~) values are mainly
dictated by their basicities, and are perturbed to only a minor extent by the radical desta-
bilizing and stabilizing effects of substituents!8! =183,

Another electrochemical technique involved combining the reduction potentials of
anilinyl radical cations with their pK, values. The radical cations were generated
in water by pulse radiolysis!®. A value of BDE(PhNH—H) =373 kJmol~' was
obtained from this electrochemical measurement. Subsequent investigations used the
photoacoustic calorimetry (PAC) technique'3® 87, which allows measurements to be
performed under conditions relevant to most chemical and biochemical processes. A value
of BDE(PhNH—H) = 375 kImol~! was obtained from the PAC experiments'®. Because
the latter techniques provided fairly reliable BDEs, there has been a certain consistency
in the reported BDE(N—H) values for ANI in solution.

High-level ab initio quantum chemical computations'®-199-198 appeared to converge to
a value ranging from 383 to 386 kI mol~! for the gas-phase BDE(N—H) of aniline. Thus
the actual difference of 10 kJmol~' between measured and calculated results could be
accounted for as a medium effect. Significant solvent effects were indeed found among
different BDE(N—H) values computed in the gas phase and in heptane, DMSO or aque-
ous solutions!”’. In this context, it seems reasonable to suggest the following value,
BDE(N—H) = 383 & 4 kI mol~!, for aniline in the gaseous phase.

For the gaseous-phase N-protonated aniline, a recent quantum chemical study
has evaluated the corresponding quantity as BDE(N*—H) = 519 4+ 8 kImol~! for the
Ph—NH;" cation. This strength is comparable to that of 523 kI mol~! for NH4*, but far
larger than that of 460 kJ mol~! for CH;—NH;3". The theoretical value of 519 kI mol~! is
also substantially larger than an earlier experimental value of 375 kJ mol~! obtained using
a linear correlation between BDE(B—HT) and the parameters pK (HB™) and E.(B), where
B are neutral anilines'®’. In view of the relative accuracy of current quantum chemical
methods, such a large discrepancy suggests a reevaluation of the experimental result for
the BDE of protonated aniline.

For the ANI radical cation, an acidity constant pK, = 6.4 was obtained'®?; however,
no experimental BDE of this ion has been reported. A linear correlation of the oxi-
dation potentials of anilines versus the acidities of the corresponding radical cations
was observed. Recent ab initio calculations'®® derived a value of BDE(NT—H) = 418 &
10 kI mol~! for the aniline radical cation, relative to the Ph—N—H™ cation in its singlet
ground state. Removal of an electron reinforces the strength of the N—H bond, due to the
electron delocalization.

For the ANI radical anion, an experimental estimate of about 125—180 kI mol~! has
been put forward for the BDE(N—H™) quantity'®?. Thus, addition of an excess electron
weakens the N—H bond to a large extent.

For substituted anilines, there has been an apparent variance in the reported results
obtained in various solutions (DSMO, water). Such variance likely came from different
use of the correlation equation of the type

194

BDEna = ¢1 pKua + 2 Eox (A7) +¢3

where the coefficient c¢3 varies from one study to the other'¥”. In some cases, such
as meta- and para-trifluoromethyl- and methoxyanilines, differences might reach up to
28-40 kJmol~!.

In general, the substituent effects on the BDEs of anilines follow the usual trends
observed for aromatic compounds, in line with the Brown—Okamoto o constants'?% 17,
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BDEs computed for both meta- and para-substituted anilines are linearly correlated with
ont and o,* parameters. In a series of p-YC¢H4NX-H compounds, it is noted that
the strengthening effect on BDE(N—H) of electron-withdrawing (EW) Ys is larger than the
weakening effect of electron-donating (ED) Ys. The ED Y groups tend to destabilize the
neutral molecule and stabilize the corresponding radical, and thereby lower the BDE as
compared with that of ANI. In contrast to phenols, the effects of substituents on the stabil-
ity of aniline molecules and radicals are of roughly comparable magnitudes. The opposite
effect holds true for EW Ys. The effect is much smaller for meta-substituted derivatives.
For ortho-derivatives, similar results to those of the para-anilines were obtained (except
for a few—OR groups). In these cases, differences between BDE(N—H) values for ortho
and para derivatives are found to be larger than 8 kImol~!, and may be attributed to a
stabilization effect of the neutral molecules.

A particularly low value, BDE(N—H) = 350 kJmol~!, has been computed for o-
hydroxyaniline, which is due to a peculiar stabilization by the hydrogen bond of the
resulting radical'®’.

The X substituents also contribute relatively large contributions to BDE(N—H) arising
from interactions in the molecules. For X = H, CH3, OH and F, the calculated BDE(N—X)
values turn out to have good correlatation with o, constants'?, Effects of remote sub-
stituents are also quite significant but rather divergent!%S.

In the protonated anilines, electron demand on the system again dictates the substituent
effects on BDEs. Accordingly, in a Y—CgH;—NH3™" series, an EW Y-group destabilizes
the YCgH4NH,"* radical more than the protonated form, whereas an ED Y-group induces
a reserve effect. Attempts to correlate the BDEs with the local hard and soft acid base
parameters'°> 18 have been made; although less good correlations have been found, this
approach certainly deserves to be pursued in future studies.

2. The anilino radical (Ph—N—H")

In the nonpolar solvent hexane, aniline undergoes a N—H bond cleavage following
a 248-nm laser flash photolysis'®*~2%5, The resulting anilino, or phenylaminyl radical
PhNH", is a well established species having UV absorption maximum at A, = 308 nm
(¢ = 3500 M~'em™!) and Amax = 401 nm (¢ = 1250 M~ cm~1)?% in different solvents
(water, hexane, cyclohexane, heptane, benzene values are slightly changed with solvent).
The electron affinity’°® has been determined experimentally using electron photodetach-
ment spectroscopy: EA(PhNH®) = 164.4 4+ 1.2 kImol~! (39.3 £ 0.3 kcalmol™!). The
radical has also been investigated theoretically using quantum chemical methods?’7-2!",
The PhNH" radical can also be generated by hydrogen abstraction from aniline by radicals
such as alkoxy radicals®*.

Figure 23 displays selected optimized geometrical parameters of the anilino radical in
both lowest-lying doublet (*A”) and quartet (*A”) states. In both electronic states, the
C—N bond distances are almost identical. The doublet state exhibits a quinoidal structure,
whereas the quartet state geometry is characterized by long C2—C3 and C5-C6 distances
(1.51 A). This basically corresponds to a triradical electronic structure in which two
electrons are centered on two allyl-type moieties.

The low-spin 2A” state is the ground electronic state, lying well below the quartet
4A” counterpart, with a doublet—quartet energy gap of AEpg(PhNH®) = 3.72 eV. In the
low-spin state, the N-radical is calculated to be 75 kI mol~! more stable than its ring
C-radical isomer. The adiabatic ionization energy and electron affinity are calculated as
EA,(PhNH") = 164 £+ 4 kI mol~! (see above) and IE,(PhNH®) = 8.1 0.1 eV. The cal-
culated EA agrees quite well with the experimental value?®. The proton affinity amounts
to PA(PhNH") = 965 + 4 kJ mol ™"
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FIGURE 23. Geometry of the anilino radical in both lowest-lying doublet >A” and quartet * A” states.
Bond lengths given in angstroms and bond angles in degrees were obtained from UB3LYP/6-311++4
G(d,p) optimizations

The phenylnitrenium cation (PhNH™), formally generated upon ionization of the anilino
radical, exhibits a singlet ground state ('A’), followed by a triplet state (PA”), with a
singlet—triplet energy gap of AEsr(PANHT) = 0.84 £ 0.1 eV (81 kJ mol~!)210:211,

Table 10 records the calculated vibrational frequencies of the anilino radical, and
Figure 24 illustrates vividly the associated normal vibrational modes. Note that the modes
are again presented without using Varsanyi’s labeling. A particular feature concerns the
C—N stretching frequency. In an earlier experimental report?®, the band at 1505 cm™"
was assigned to this mode. However, in a subsequent theoretical study??, the band at
1326 cm~! has been assigned to the C—N stretch vibration rather than to the C—C stretch,
whereas the band at 1505 cm™! corresponds to the NH bending, combined with a CN
stretch. Recent calculations?!!, summarized in Table 10 and Figure 24, concur with the
latter assignment.

Figure 25 displays various results probing the charge distribution of the anilino radical.
Although this molecule has only one N—H bond, the properties of the atoms and bonds
in both sides are almost identical (for example, the basin population for V(C1,,5,C24410)
is 2.51 e, while it is 2.50 e for V(Cl;p,C64/m0)). The order of the C1—C2 and C3—-C4
bond is reduced due to the resonance structures similar to those of Scheme 1, indicated
by the 2.50 and 2.64 e populations of V(C2,C2) and V(C3,C4), respectively, compared
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TABLE 10. Vibrational frequencies (cm™!), infrared intensities, normal modes and potential energy
distribution of the anilino radical (C¢HsN®H). Values obtained from scaled UB3LYP/6-311++

G(3df,2p) calculations

No. Freq. Sym. Int. Modes and potential energy distribution (%, > 10%)*

Q1 196 A" 0.3 821 (56.) + 811, (16.) — yC N7 (10.)

Q2 388 A" 4.1 8314(80.)

Q3 420 A 9.0 BCIN7(77.) + B3y (13.)

Q4 485 A" 53 82rg(37.) + yCsH(29.) — 8115 (18.)

Q5 535 A 0.1 Bore(80.)

Q6 617 A 0.2 B3 (80.)

Q7 662 A" 41.1 811(56.) + yCsH(17.) + yC3H(16.)

Q8 684 A" 38.1 TN;H(86.)

Q9 776 A" 56.8 S1g(31.) — yC4H(28.) + yC N5 (16.)

Q10 824 A’ 1.6 vCCy(26.) + vCCe(26.) — B, (23.)

Q11 831 A" 22 yCyH(33.) — yCqH(27.) — yCsH(19.) + yC3H(15.)

Q12 919 A" 5.0 yC4H30.) — yCeH(28.) — yC,H(26.)

Q13 961 A’ 0.2 Birg(64.) +vCCg(13.) + vC;Cy(11.)

Q14 984 A" 0.0 yC3H(57.) — yC,H(19.) — yC4H(12.)

Q15 993 A" 0.1 yCsH(53.) — yCgH(26.)

Q16 1026 A’ 1.6 vC4Cs(36.) + vC3C4(33.)

Q17 1088 A 17.6 vC3C4(11.) — vCyC5(10.) + vCsCe(10.) —
BCsH(10.) — BCIN;(10.)

QI8 1165 A 10.9 BCeH(22.) — vC;N7(20.) 4+ vC;Ce(16.) —
vCsCq(10.)

Q19 1171 A’ 4.9 BC4H(34.) — BCsH(23.) — vCyCs(12.)

Q20 1180 A 24.2 BC,H(30.) — BC3H(24.) — vC,C5(15.) —
vCCy(12.)

Q21 1312 A 0.4 vCN7(63.)

Q22 1339 A 4.0 vCyC3(17.) + vC4Cs(14.) — vCs5Ce(14.) —
vC3C4(13.) 4+ BC4H(12.)

Q23 1365 A’ 16.7 BCsH(21.) + BCcH(21.) + BC,(18.) + BC3H(11.)

Q24 1474 A 6.2 BCsH(25.) — BCqH(16.) — vC,C,(15.) +
vC;Cy(12.) + BC,H(11.)

Q25 1490 A’ 4.8 BCsH(22.) + vC;Ce(16.) — BC,H(15.) —
vC,Cs(11.)

Q26 1565 A’ 1.3 vC4C5(19.) + BC4H(19.) — vC3Cy(12.) +
vCCy(10.) — vC;Ce(10.)

Q27 1586 A 19.2 vCs5Ce(27.) + vCC3(22.) — BC3H(11.)

Q28 3155 A 35 vC,H(61.) — vC3H(29.)

Q29 3166 A’ 0.3 vCsH(48.) — vC4H(25.) + vC,H(18.)

Q30 3175 A 14.6 vC3H(45.) — vCsH(24.) + vC,H(17.)

Q31 3187 A’ 12.5 vC4H(48.) — vCeH(27.) + vC3H(20.)

Q32 3195 A’ 5.6 vCeH(61.) + vCsH(22.) + vC4H(13.)

Q33 3430 A 2.0 vN7H(100.)

@ v: stretching, B: bending, y: out of plane, T: torsion, By, Porg, Barg: bending of six-membered ring, 8irg, Sorg,
83g: deformation of six-membered ring.
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FIGURE 24. Normal displacements of vibrational modes of the anilino radical (*A”). The assign-
ment of the normal vibrations and associated frequencies are presented in Table 10. The numbers
given within the ring correspond to the modes Q1-Q33 described in Table 10
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FIGURE 24. (continued)
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with 2.74 and 2.77 e in the neutral state. The order of the C2—C3 and C1—N bond is
enlarged, in accord with the bond indices and bond lengths.

We can find a V(N) lone-pair-like basin in the ELF space which, according to the 2.84 e
population, involves the nitrogen lone pair and a large part of the unpaired electron. This
latter agrees, by a difference of 0.17 e, with that of the integrated spin density; however,
all other valence basins contain a small amount of the radical population. The Laplacian
map of the electron density shows that this monosynaptic valence basin is very compact.

In general, the electronic partition in the anilino radical is not much different from
that of the isoelectronic benzyl and phenoxy radicals'?. Figure 25¢ demonstrates that the
ortho- and para-carbon atoms have positive spin populations (excess of «-spin electrons),
whereas the ipso- and meta-carbons have negative spin populations (excess of B-spin

Ce_
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(a) Geometry, NBO charges and (b) Topology of p(r)
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FIGURE 25 (PLATE 2). Summary of electronic distribution in the anilino radical (*A”): (a) Bond
distances (A), NBO charges [bracket, in au] and Wiberg indices (parentheses, in au). (b) Topol-
ogy of the electron density determined from atom-in-molecule calculations: p(r) = electron density,
L = Laplacian of the density defined as L(r) = —V?p(r) and & = ellipticity of the bond criti-
cal point. (c) Laplacian map of the density. (d) Isosurfaces of the electron localization function,
ELF = 0.87; the values are the populations of the valence basins. (e) Spin density in the molecular
plane
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FIGURE 25 (PLATE 2). (continued)

electrons). However, the excess spin is mainly located on the nitrogen center. The spin
distribution has a direct relationship with the magnetic properties of the radical?®® 210,
Effects of the substituents on both the ring and nitrogen sites on the radical stabilities have
been analyzed'®®. Accordingly, the p-XC¢H4sNH—Y radicals are stabilized by electron-
withdrawing groups but destabilized by electron-donating groups, a phenomenon just
opposite to the observed O-type behavior in other aromatic heteroatomic radicals. The
influence of X groups on BDE values originates from polar effects, whereas that on
radical stability arises from both spin delocalization and polar effects. The former is
important in accounting for the change in radical stabilization of anilino radicals. Overall,
the captodative effects are fully operative in these N-centered radicals!'%.

H. lonization
1. Aniline radical cation

The radical cation formed upon ionization of ANI has been studied by dif-
ferent spectrometric techniques, including photoelectron, two-color photoionization,
ZEKE"0:80.199.212-226 and mass!%7:227-232 gpectrometries. In most cases, the technique
used has been coupled with infrared spectroscopy, which allowed the fine vibrational
spectrum of the ion to be determined, in both line position and intensity. For example, the
ZEKE photoelectron spectrum?!® was recorded by exciting to the neutral S; (' B,) excited
state, and well-resolved vibrational bands of the cation were observed. In conjunction with
quantum chemical calculations of fundamental frequencies, an assignment of the observed
vibrational bands can thus be made. A few theoretical studies>® 107:218.:233.234 have also
been devoted to the radical cation.

The vertical ionization energy of aniline amounts to IE;(ANI) = 8.00 eV!. The adia-
batic ionization energy has been determined experimentally to vary: 62265 4 18 cm™! 214,
62268 + 4 cm~!216 62271 £2 cm~!'?!8 and 62281 &2 cm™!?!7. Accordingly, the value
of IE,(ANI) = 7.720 £ 0.005 eV is now well accepted.
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There is thus a gain of 0.28 eV for the ion energy following geometry relaxation
from its vertical position to its equilibrium structure. Figure 26 displays some selected
geometrical parameters of the radical cation ANI**. In its ground state, the ion has a
planar geometry, and belongs to the Cs, point group and a %B; electronic state. This ion
is formed upon removal of one (m)-electron of the nitrogen lone pair. The loss of this
electron leads to significant changes in the structure and bonding. The remaining electron
is coupled with one m-electron forming a C=N double bond (1.33 A) and causing the
ion to be planar. Bonding in the ring is affected. The C2—C3 and C5—C6 bonds now
become double bonds, whereas the other CC bonds are stretched. The ANI** ion has thus
a quinoidal form, corresponding to a distonic radical cation in which both charge and
radical centers are well separated from each other.

Figure 27 displays the differential electron density map in the vertical position of
ANI**. From the shape of the density differences, vertical ionization takes electrons

FIGURE 26. Selected geometrical parameters of the aniline radical cation (>B;). Bond lengths in
angstroms and bond angles in degrees were obtained from UB3LYP/6-3114+G(d,p) optimization

&

Ap(r)

FIGURE 27 (PLATE 3). Differential density Ap(r) of the vertical aniline radical cation, calculated
using UB3LYP/6-311++G(d,p) as the difference between electron densities of both ion and neutral
forms at the neutral geometry
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mainly from nitrogen, ortho-C2, para-C4 and, to a lesser extent, ipso-C1 and hydrogen
atoms. In contrast to the triplet state discussed above, the main difference with respect
to the neutral singlet geometry is the planarity of the cation amino group. The nitrogen
donation to the C—N bond and the ring is manifested by the lack of the V(N) basin and
the enlarged V(C,N) population in the ELF space indicated in Figure 28. This means that
the weight of the resonance structures b and ¢ will be larger than that of @ (Scheme 4).
In agreement with the geometry, both b and ¢ resonance structures show a double bond
between ortho-C and meta-C, and only b has projection on meta-C—para-C bonds. It
follows from the previous discussion that the bond order, bond population and electron
density in BCP (Figure 28) increase in the case of ortho-C2—meta-C3 bonds, as compared
to the neutral state, whereas they decrease in the case of meta-C3—para-C4.

® ®

+eo
NH, NH, NH,
a b c
SCHEME 4

The map of spin density illustrated in Figure 29 clearly demonstrates that the excess
electron is mainly located on the para-C4, ortho-C2 and nitrogen centers. It is in line
with the image given in Scheme 4, even though the unpaired electron is rather partitioned
on different sites than concentrated at one place. It has been shown that the electron pair
coupling/decoupling of the oxidized amino NH,** group is responsible for effects on
the phenyl ring?**. Tt removes the quasi-uniform correlation for the neutral ANI, induces
regions of high and low spin or charge correlations and also produces a differential
localization of electron pairs. In agreement with the argument mentioned above, this
invariably gives rise to a quinoidal geometry and distonic character for the ANI radical
cation.

It has been noted that alkyl substitution at the C4-position reduces the IE of aniline
by 0.25-0.30 eV?? as the length of the alkyl chain increases, even though the effects on
other geometrical properties are not important.

Formation of the radical cation has also been detected in cryogenic 5 K argon matrix
and characterized by the IR spectrum’’. Redox and acidity properties of the ion in sol-
vents have also been carried out??*:22!, The value pK, = 7.05 was obtained for ANI*" in
water'??. Its one-electron reduction potential (E°) amounts to 0.83, 1.13 and 1.29 V vs.
NHE in water, MeCN and DMSO, respectively??’. The pK, and E° values of the cation
are connected with the N—H bond dissociation energy of the neutral molecule. The one-
electron oxidation/reduction potentials in solution could be approached using theoretical
methods?3*. Correlation between one-electron oxidation of anilines and HOMO energies
of neutrals in aqueous solution have been established.

The ANI** ion exhibits an electronically excited state whose adiabatic IE was found
to be 8.94 eV?'2 from He I PES. Two-color laser photoelectron spectroscopy?!® via both
the Sy and S; states of ANI revealed that there is an optical transition from the S;(' B,)
state to the 2A, state of ANI*T. The IE of the latter state was found at 9.031 eV, which
is slightly higher than the PES value. This implies that the >A, (>%) state constitutes the
lowest-lying excited state of ANI**, and the A, < 2B, energy gap of ANI** amounts
to 1.22 eV.



136 Minh Tho Nguyen

k\? &
p:0.328

L:0.189 l p:0.287
:0.041 | L:0.173
) £:0.132 s
C e o ) "“‘t\ ©
? | p:0.317
¢ > ] L:0.198
. p:0.019 | 0232
© L:-0039
ol e o~ e
E .
¢ o “p:0.297
| L:0.180
e:0.134
Geometry, natural charges Topology of p(r)
and Wiberg indices
@ (b)
3.29

3.00
5:0.02

ELF
©

FIGURE 28 (PLATE 4). Summary of electronic distribution in aniline radical cation: (a) Bond
distances (A), NBO charges [bracket, in au] and Wiberg indices (parentheses, in au). (b) Topology
of the electron density determined from AIM: p(r) = electron density, L = Laplacian of the density
defined as L(r) = —V?p(r) and ¢ = ellipticity of the bond critical point. (c) Isosurfaces of the
electron localization function, ELF = 0.87; the values s are the populations of the valence basins

Two-photon ionization spectra of ANI measured in several hydrocarbon solvents
revealed two thresholds, one at 6.4—6.6 eV and the other at 5.6—-6.1 eV. The former was
assigned to a direct ANI ionization, whereas the latter was assigned to an unidentified

ion-pair formation process between aniline and solvent molecules.
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FIGURE 29. Electron spin density of the aniline radical cation in the molecular plane (UB3LYP/6-
3114++G(d,p))

Table 11 lists the fundamental frequencies of ANI*" and Figure 30 illustrates the main
motions of the corresponding normal modes. With respect to the ANI frequencies, the
most important changes in the IR and Raman spectra are shown in Figures 31 and 32.
The Raman spectrum of the radical cation is characterized by significant changes in
the relative intensity pattern of the corresponding bands as compared with the neutral
spectrum, particularly in the frequency range of 0—2000 cm™".

2. Isomers of aniline radical cation

Fourier Transform Ion Cyclotron Resonance (FT-ICR) experiments convincingly
demonstrated the formation of dehydroanilinium ion, a distonic isomer of conventional
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Fundamental vibrational frequencies (cm™') and associated potential energy

distributions of the aniline radical cation in its lowest-lying doublet state. Calculated values were
obtained from scaled UB3LYP/6-311+4+G(3df,2p) harmonic frequencies

No Freq. Sym. Int. Assignment, PED (% > 10%) ¢
Q1 185 BI 6.7 821 (63.) + 811 (13.)
Q2 367 A2 0.0 331 (80.)
Q3 389 B2 2.6 BHsH14(76.) + 83, (12.)
Q4 450 BI 9.4 Sirg(34.) — 8yg(31.) — yCiN7(22.)
Q5 532 Al 1.0 Borg (84.)
Q6 573 A2 0.0 8414 (86.)
Q7 593 B2 0.5 Barg (74.)
Q8 629 BI 156.2 01¢(40.) + yHgH14(27.) + yCsH(11.) + yC3H(11.)
Q9 638 Bl 22.7 yH3H14(42) — VC1N7(17) — 61rg(16)
Q10 793 BI 532 81(29.) — yC4H(21.) + yC N7 (18.) —
yCeH(12.) — yCoH(12.)
Ql1 815 A2 0.0 yCH(34.) — yCeH(34.) + yC3H(13.) — yCsH(13.)
Q12 819 Al 0.2 vCC(23.) +vC1Cy(23.) — B115(23.) +
yC1N7(11) + ,Bng(ll‘)
Q13 942 BI 5.1 yC4H(38.) — yCqH(26.) — yC,Hy(26.)
Ql4 970 Al 0.0 Birg(70.) +vC; Ca(11.) 4+ vC,Ce(11.)
Q15 1007 A2 0.0 yC3H(33.) — yCsH(33.) — yC,H(14.) + yCeH(14.)
Q16 1008 Al 8.8 vC3C4(37.) + vCyCs(37.)
Q17 1012 Bl 0.8 yCsH(29.) 4+ yC3H(29.) — yCaH(19.) + 815 (11.)
Q18 1027 B2 0.0 ﬂZ[NHz](SS-) + VC1C6(14) - UC1C2(14)
Q19 1132 B2 10.5 BC4H(20.) — vC4C5(16.) 4+ vC3C4(16.) —
BC,H(12.) — BCEH(12.)
Q20 1188 B2 0.3 BCsH(20.) + BC3H(20.) — BC4H(18.)
Q21 1211 Al 0.1 BCLH(22.) — BCeH(22.) — BC3H(16.) + BCsH(16.)
Q22 1372 B2 22 BC4H(24.) + BCLH(19.) 4+ BCeH(19.)
Q23 1382 B2 9.2 VC3C4(13.) — vC4Cs(13.) + vCCa(12.) —
vC;Ce(12.) +vCs5Ce(11.) — vCyC3(11.)
Q24 1397 Al 0.7 vCiN;(44.)
Q25 1472 B2 5.1 vC;Ce(15.) —vC;Cy(15.) 4+ BCsH(14.) +
BC3H(14.)
Q26 1516 Al 77.7 vCiN;(23.) + BC3H(14.) — BCsH(14.)
Q27 1549 B2 12.7 BC4H(Q27.) +vCs5Ce(14.) — vCyC3(14.)
Q28 1629 Al 23.8 vC,yC3(24.) 4+ vCs5Ce(24.)
Q29 1676 Al 110.8 Bint,1(82.) + vCiN;(15.)
Q30 3182 Al 0.1 vC,H(38.) + vCsH(38.)
Q31 3183 B2 1.5 vC¢H(45.) — vC,H(45.)
Q32 3194 Al 0.0 vC,H(62.) — vC3H(10.) — vCsH(10.)
Q33 3204 B2 3.7 vC3H;p(45.) — vCsCi2(45.)
Q34 3209 Al 2.4 vC4;H(32.) + vCsH(31.) + vC3H(31.)
Q35 3537 Al 253.2 vN7H(50.) + vN;H(50.)
Q36 3648 B2 922 vN7H(50.) — vN7H(50.)

@ v: stretching, B: bending, y out of plane, Biyg, B, Barg: bending of six-membered ring, S1rg, Sargs S3rgs Sarg:
deformation of six-membered ring, tinp2): torsion of NHy, Binn2), Bonez): bending of NH,.
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FIGURE 30. Normal displacements of vibrational modes of aniline radical cation (*B;). The
assignment of the normal vibrations and associated frequencies are presented in Table 12. The
numbers given within the ring correspond to the normal modes numbered from Q1 to Q36 in
Table 11
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FIGURE 30. (continued)

ANI**. Structure identification was based on ion—molecule reactions with dimethyl
disulfide: the attachment of a methylthio radical, which usually characterized distonic
cations, was detected?32.

The relative stabilities of a series of isomers of aniline radical cation were investigated
theoretically'”’ and the results are summarized in Figure 33. The distonic isomers b,
c and d are 185, 185 and 182 kImol~! less stable than the conventional aniline radical
cation a (= ANI'"). The energy of transition structure converting the radical cation d into
a by a 1,3-hydrogen shift is relatively high, being 162 kI mol~! above d. Unimolecular
interconversions between b, ¢ and d via 1,2-hydrogen shifts within the ring require higher
activation energies. Energy barriers for the b — ¢ and ¢ — d isomerizations amount to
266 and 252 kJmol~!, respectively. There is no dramatic change in the structure of
the distonic isomers b, ¢ and d; the C—N bond length increases from 1.32 A in the
conventional ion a to 1.49 A in the distonic structures. A NH; loss should easily be
involved in the dissociation of the distonic ions.
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FIGURE 31. Changes of infrared spectrum in going from (a) neutral ANI to (b) radical cation
ANI®T, calculated at the (U)B3LYP/6-311++G(3df,2p) level of theory

Other isomeric structures of aniline ion, such as ions e(1-3), f(1-3) and g(1-3) (see
Figure 33), have also been considered. The relative energies of these ions are likely to be
dependent on the position of the sp*>-carbon within the ring. The largest relative energies
(228-275 kI mol~") correspond to the isomers fl, f2 and f3, while the smallest ones
involve g2 and g3 (173-177 kI mol™!) structures.

In N-protonated 4-haloanilines, the C—X bond energies rapidly decrease in going from
X = F to X = 1. With a bonding energy of just around 224 kJ mol~!, cleavage of a C—I
bond in N-protonated iodoanilines readily takes place upon collisional activation giving
the distonic isomers b, ¢ or d.
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FIGURE 32. Changes of the Raman spectrum in going from (a) neutral ANI to (b) radical cation
ANI**, in the range of frequencies 0—2000 cm™!, calculated using the UB3LYP/6-311++G(3df,2p)
method

3. MS experiments showing formation of distonic radical cation

Protonated 4-iodoaniline (m/z 220) was readily generated upon chemical ionization
using methane as the reagent gas®®. The collisional activation spectrum of I-ANI-H*
recorded with argon in the quadrupole collision cell and shown in Figure 34 features,
beside the major loss of an iodine atom (m/z 93), structure-significant peaks at m/z 203
for the loss of ammonia and m/z 76 for consecutive eliminations of NH; and I°. It is
noteworthy that the extremely efficient iodine loss is also a prominent reaction in the
high-energy CA spectrum of the I-ANI-H™ ions (Figure 34b).

Following isolation of the m/z 220 ions by using the first three sectors and deceleration
from 8 keV to some 20-30 eV, collisional deiodination was performed in the Qcell and
the product ions reaccelerated up to 8 keV. Mass-selected m/z 93 products were there-
after collisionally activated with nitrogen collision gas and the resulting CA spectrum is
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FIGURE 33. Relative energies in kJ] mol~! of some isomers of the radical cation ANI** calculated
at the UB3LYP/6-3114++G(d,p) + ZPE level. Values in parentheses were derived from UCCSD(T)
calculations. The positions of radical and charge sites are given arbitrarily

compared in Figure 35 to the spectrum of ‘conventional’ aniline molecular ions ANI**
(ions a).

Although both spectra were found to be similar, some structurally significant differences
can readily be noted: (a) a different distribution of the peak intensities in the m/z 73-78
region, m/z 76 (loss of NH3) being favored for ions b and m/z 77 (loss of NH,) for
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FIGURE 34. Collisional activation spectra of protonated 4-iodoaniline I-ANI-H™ in (a) a low kinetic
energy regime (Ar, ca 20-30 eV) and (b) a high kinetic energy regime (oxygen, 8 keV)

ions a and an intensification of the peak at m/z 50 (consecutive loss of ethyne from m/z
76 ions) for ions b. These differences are interpreted as resulting from the production, at
least partly, of a nonclassical dehydroanilinium structure b in the dehalogenation process
of protonated 4-iodoaniline I-ANI-H™.

Similar results were obtained with protonated 3-iodoaniline 3 and 2-iodoaniline 4
(Scheme 5). Deiodination is again the most intense process upon collisional activation
with argon in the Qcell. The CA spectra of the so-produced ions (m/z 93) (Figure 36)
are similar but not superimposable on the spectrum of the distonic ions b, suggesting
that isomeric species such as ¢ and d are formed in the protonation—deiodination reaction
sequence (Scheme 5). The most striking features of the CA spectra are again the increased
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FIGURE 35. Collisional activation spectra (nitrogen collision gas) of the m/z 93 ions produced by
electron ionization of aniline (a), and collisional deiodination of protonated 2-, 3- and 4-iodoaniline
cations within the quadrupole collision cell (argon collision gas, Figures b—d). CS refers to charge
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SCHEME 5

intensity of the peaks at m/z 76 and 50 and, albeit of very low intensity, a peak at m/z
17, not detected for aniline molecular ions a. The higher intensity of the peak at m/z 74
is also worthy of note.

Neutralization—reionization mass spectrometric (NRMS) experiments demonstrated that
the N-protonation of aniline is dominant under fast atom bombardment (FAB) conditions.
That was indicated by the presence of a very weak recovery signal at m/z 94 in the
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FIGURE 36. Collisional activation spectrum (nitrogen collision gas) of the m/z 93 ions produced by
collisional deiodination of (a) protonated 4-iodoaniline and (b) protonated 3-iodoaniline, produced
under LSIMS conditions

NR spectrum together with a significant peak at m/z 17 for reionized ammonia. The
protonation—deiodination sequence to the 4-iodoaniline and 3-iodoaniline has been applied
using the LSIMS ion source. The high-energy CA spectra (Figure 36) of the protonated
para-iodoaniline (4-I-ANI-H*") and meta-iodoaniline (3-I-ANI-H') forms obtained in
these conditions are indeed completely different from the spectra shown in Figure 35,
and feature very intense peaks at m/z 76, 74 and 50. These peaks, associated with the
dehydroanilinium structure b—d in the CI experiments, are expected for such a distonic
ion structure.

In summary, tandem mass spectrometric methodologies demonstrated that the distonic
isomers of ionized aniline are stable species in the gas phase and can be generated by
a protonation—deiodination sequence on iodoanilines, thanks to the rather weak C—I
bonds. Quantum chemical calculations also indicated that, although the distonic isomers
are about 160—180 kJ mol~' less stable than ionized aniline, they are protected against
unimolecular hydrogen shifts by large energy barriers and are therefore stable under
gas-phase conditions.
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4. Decomposition of aniline radical cation: HNC versus HCN elimination

The dissociation limit for decomposition of aniline radical cation was first determined
from a PEPICO experiment??’. The main products generated within the microsecond time
frame were suggested to be a CsHg** radical cation plus a (HCN) neutral molecule, both
formed via a loose transition structure. Energetic considerations established that the cation
should have a cyclic rather than an open-chain structure. However, the identity of the
(HCN) molecule was not established. Subsequent mass spectrometric experiments?28-23
provided information on the identity of the neutral molecule. Hydrogen isocyanide HNC,
not hydrogen cyanide HCN, was eliminated in the fragmentation of the aniline cation??$,
The identification in emission of NH and CN from products constituted the main proof.
Metastable aniline ions were accelerated to several kilovolts. When they dissociate in the
drift region of the mass spectrometer, both the ionic and neutral fragments are travelling
with high velocities. After deflection of the ions, the neutral fragments are collided with
He, and they are reionized and fragmented further. No CH™ peak was observed in the
resulting mass spectrum, clearly indicating a HNC formation®?’.

A portion of the calculated potential energy surface related to the decomposition of
ANI** is illustrated in Figure 37. Another reaction pathway leading to the formation of
pyrrole radical cation + acetylene as products is not shown. Results recorded in Figure 37
basically indicate two distinct reaction pathways, one giving rise to HCN and the other
connecting to HNC formation. In both channels, a five-membered cyclic cation is the key
intermediate. It is clear that the HNC formation pathway 1, with the rate-determining step
at 340 kJ mol~!, is energetically less demanding than the HCN production via pathway 3,
which characterized by the highest energy point at 446 kJmol~!. Figure 38 summarizes
the proposed molecular mechanism describing the HNC elimination®*>,

ot ot
NH, N NH
H
H +
H
H

HN
H D
_|.+ C H
H
+ HN=C H
H
H

FIGURE 38. The mechanism proposed for the decomposition of aniline radical cation leading to a
HNC formation
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IV. SOME SPECIAL FEATURES
A. Polyaniline

In 1862, Letheby? reported the electrochemical oxidation product of aniline and its
color changes upon pH changes. Indeed, in acidic aqueous solution, ANI undergoes oxida-
tive polymerization producing polyaniline (PANT)?*”. More than one century later, in 1968,
PANI has been shown to have, among other polymeric properties, a high electrical con-
ductivity and that its electronic character also depends on the acidity, redox level and
hydration?3®. A PANI-PANI secondary battery system has been built on the basis of the
reversible electrochemical doping and undoping (oxidation and reduction) processes of
PANI in acidic media®®®. As a member of the m-conjugated polymers, PANI could be
implemented in electronic conductors, light-emitting diodes and chemical sensors?3-240,
When exploited as active sensing element, the coupling of ligands to its backbone results in
physical distortions, or changes in electronic structure, and thereby modifies conductivity.

Nowadays, PANI still receives considerable attention owing to its proton coupled redox
chemistry and its resulting pH-dependent properties?®’. As such, it has been used as a pH
electrode®!, and coupled to reactions that produce or consume protons to create sensors.
In particular, as a dye, PANI also possesses electrochromic effects??’, changing color from
pale yellow to green, blue-violet etc. and has been implemented in display devices?*. It
has been utilized in rechargeable lithium—PANI batteries’*. Interesting electrical and opti-
cal properties, in conjunction with the low cost of fabrication and excellent environmental
stability, make PANI potential materials in several modern technological applications.

PANI can be synthesized chemically giving a precipitate, or electrochemically in the
form of thin films, from aqueous solution. The main problem of PANI is that it is poorly
soluble in most common solvents, hampering experimental studies and limiting its indus-
trial exploitation. A new form, o,p-PANI copolymer, has been prepared in attempts to
introduce solubilizing and function-enhancing substituents on the conducting polymer
backbone without concomitant loss of conductivity?**. Halogen-capped aniline oligomers
have been proposed that are away from the PANI paradigm by isosteric replacement of the
amino group?®. There has been recent interest in chiral PANI nanofibers for applications
in chiral separations>*.

PANI is composed of ANI repeat units connected to form a backbone. The existence
of a nitrogen atom lying between phenyl rings allows the formation of different oxidation
states (doping) that can affect its physical properties. In general, three distinct forms are
available, depending on the degree of oxidation of the nitrogens (Figure 39):

(a) A leucoemeraldine base (LB) is a fully reduced form which contains only benzene
rings in the polymer chain.

(b) An emeraldine base (EB) is a half oxidized form, where both benzene and quinoidal
rings are present.

(c) A pernigraniline (PNB) is a fully oxidized form.

The conducting emeraldine salt (ES) form can be obtained by oxidative doping of LB
or by protonation of EB (Figure 40).

The LB forms are basically insulators characterized by large band gaps and the lack of
charge carrier, whereas the PNB forms are considered to be semiconducting. The 7* < 7
maximum absorption band in the LB form is about 3.6—3.8 eV, which is smaller than that
of ANI (4.2 eV, see above), but remains large due to an inhibited connection between the
ring and the saturated nitrogen linkage?*’. Thanks to a better conjugation between the ring
and imine linkage, the 7* <— 7 maximum absorption of the PNB form becomes lower,
being 1.7-2.3 eV?*%. In the doped ES form, electrical conductivity is greatly increased
by the formation of low-energy hole levels**®. The low band gap of 1.5 eV in ES is
interpreted as arising from excitations to the polaron band>*°,
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The Ny, core-level spectra of both amine LB and imine PNB forms show a difference
in electronic structure>! 232, While the core ionization of an imine nitrogen results in a
high probability for the ionized system to be in an excited state (strong shake-up), the core
hole on an amine nitrogen results in very weak coupling to excited states. The difference
arises from the shape of the lowest-lying orbital (LUMO), which is mainly localized on
the imine nitrogen and on neighboring quinoidal phenyl rings. This results in a strong
relaxation of this orbital following creation of a core hole on the imine site, and thereby
a substantial coupling between the states of the ionized system. In the amine form, the
LUMO has nodes between nitrogen and does not respond to the creation of a core hole
on the amine nitrogen.

To theoretically evaluate the band gaps in PANI, geometries and band gaps in small
oligomers have been calculated using various levels of theory>33~23¢, Excitation energies of
the oligomers up to decamer were computed and extrapolated to the band gap value of the
infinite chain. The latter were also approximated from the frontier energy HOMO-LUMO
gaps of the oligomers. The experimental values mentioned above can be reproduced by
these approaches. In particular, DFT methods reproduced well the transitions at 4 eV of
LBs and the Peierls gap transition of PNB. The valence band structure and the energy
separation of 1.2 eV of nitrogen core levels of LB were also correctly predicted. Helical
structures are favored for LB oligomers larger than heptamer, whereas linear structures
are preferred for all PNB and ES oligomers. The band gap is smaller in the coplanar form
than in the coperpendicular form thanks to greater conjugation between phenyl rings, and
it is also lowered by favorable interchain interactions.

The effects of substituents on the band gaps were also investigated®®. When an
electron-acceptor group is attached to the LB benzenoid ring, strong effects over its elec-
tronic properties occur. The methoxy and nitro groups induce an interaction between the
oxygen of the substituent and the nitrogen of the oligomer through a hydrogen bond. The
latter largely modifies the oligomer structure due to strong H-O electrostatic attraction.
The cyano and nitro groups (o-7 acceptor) result in an increase of ionization energies.
In general, electron-acceptor groups tend to lower the energy of the LUMO more than
that of the HOMO, and thus reduce the energy gap. Overall, oligoanilines bearing strong
electron-withdrawing groups (such as nitro groups) possess the lowest band gaps and
constitute the more promising semiconducting materials.

Protonation of PANI results in a delocalization of protonic charge over a few aromatic
rings and tends to stabilize the polaronic hole state?’. Electron transfer in the oligomer
radical cations and interaction between the latter with a water molecule were examined®3s.
The charge transfer appears to be dependent on the rotation and position of the water
molecule. Hyperpolarizabilities § and y and magnetic susceptibility of ANI oligomers
were also calculated using theoretical methods?®2%, Meta—para ANI oligomers could be
considered to generate high-spin polymers. The corresponding radical cations generated
following ionization are in a high-spin state and could be used as building blocks for
polaronic ferromagnets?!.

B. Hydrogen Bonding

ANI contains two distinct chromophores, a phenyl ring and an amino group, and is
therefore able to form different types of weakly bound aggregates with small molecules
at different sites. The van der Waals complexes of ANI with a single, or a cluster of,
rare gas atom (Ne, Ar) have attracted much attention?®?, The small binding energies and
the usually large amplitude anharmonic motions make the coupling between intramolec-
ular and intermolecular vibrational states possible. These can conveniently be used in the
study of the dynamics of photochemical and photophysical processes such as vibrational
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predissociation and intramolecular vibrational redistribution (IVR). Extremely sensitive
and accurate laser spectroscopy tools, such as the laser induced fluorescence (LIF), reso-
nance enhanced multiphoton ionization (one-color, two-color two-photon, REMPI) mass
spectrometry, electron impact (EI) mass spectrometry or zero kinetic energy (ZEKE)
photoelectron spectroscopy, usually combined with infrared (IR) spectroscopy, have been
developed to observe the cluster properties in a molecular beam?®3. Overall, basic informa-
tion including the equilibrium structure, intramolecular vibrational frequencies, binding,
excitation and ionization energies can be determined for the neutral form in the lower-lying
electronic (Sp and S;) and ionized states.

Weak complexes of ANI with water molecules were investigated using various IR
experiments?*~267 Infrared depletion spectroscopy induced by the IR multiphoton decom-
position (IRMPD) processes allowed the difference between the structure of the neutral
and ionized complexes to be differentiated.

The rotational spectra of the ANI-H,0 complex and its 80 isotopomer were recorded
in the microwave region and their rotational constants were determined”®®. No indica-
tions for large amplitude motions, such as tunneling splittings, were found. Two possible
complexes could be formed when ANI interacts with water. While in the first complex
ANI is involved as a hydrogen acceptor by the amino group (water as hydrogen donor), it
behaves in the second complex as a hydrogen donor yielding a N—H—O hydrogen bond
(water as hydrogen acceptor).

According to ab initio quantum chemical calculations whose results are summarized
in Figure 41, the first possibility actually corresponds to the most stable aniline—water
complex, in either the neutral or the ionized form. It is similar to the geometry of the
H;N-HOH complex. Only one equilibrium structure of each complex has been located
following geometry optimization. In addition, the identity of the observed complex is con-
firmed by the good agreement between experimental?®® and calculated rotational constants.
The intermolecular distance r(N—O) and the bond angle «(CNO) of the neutral complex
are somewhat overestimated by calculations. The hydrogen bond formation energy was
evaluated as A Eyg(ANI-H,0) = —21 kJmol~!.

Upon ionization, the second type of complex in which ANI plays the role of hydro-
gen donor, becomes more stable and in fact the only complex found (Figure 42). Due to
the difference between the ionization energies of water and ANI, the complex is formed
from interaction of neutral water with ionized aniline. The resulting complexation energy
amounts to A Eyg(ANI-H,0") = —72 kI mol~!, which represents a substantial stabiliza-
tion of about 50 kJ mol~!, with respect to the neutral complex formation.

A few fundamental vibrations of the complex radical cation have been detected and
assigned?6*266:267  These include the frequencies at 3715 cm™' (OH antisymmetrical
stretch), 3630 cm™! (OH symmetrical stretch) and 3440 cm™! (NH stretch)’**. The NH
stretch involved in the H-bond vibrates at a lower frequency of 3105 cm~! 2%, which cor-
responds to a significant red shift due to a N—H—O type of hydrogen bond. A relationship
can be established between the red shifts of the NH antisymmetrical stretching vibration
of aniline—X* complexes and the PAs of the partner X molecule®®*. The geometry of the
ANI-H,0** complex can be understood in considering the difference in PAs of water
(697 kJmol~') and aniline radical (950 kJ mol~!). In view of such a large magnitude of
the difference, the proton is tightly attracted by the N-radical.

The complex formation between ANI and ammonia clusters has been investigated by
using mass resolved excitation spectroscopy (MRES), hole burning spectroscopy (HB)?%®
and IR spectroscopy coupled to different ionization spectroscopies”®®~27!, Rotational spec-
tra of these complexes are not reported yet. Some ab initio calculations on both neutral and
ionized complexes are available?®®272=274_In this case, the most stable form of the neutral
ANI-NHj3 complex is a consequence of a hydrogen bond between a NH bond of aniline
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FIGURE 41. Selected geometrical parameters of two aniline—water complexes: upper: aniline as
hydrogen bond donor; lower: aniline as hydrogen bond acceptor. Bond lengths given in angstroms
and bond angles in degrees were determined from B3LYP/6-311+4-G(d,p) optimizations

and the nitrogen lone pair of ammonia (Figure 43). The corresponding hydrogen bond
formation energy amounts to A Eyg(ANI-H3N) = —19 kJmol~!, which is of compara-
ble magnitude with that of the neutral water complex mentioned above. Other complexes,
resulting from interactions between the ring with NH bonds or between CH bonds with
the ammonia nitrogen, are less stable having complexation energies of only 4—5 kI mol~'.
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FIGURE 42. Selected geometrical parameters of the radical cation of the aniline—water complex.
Bond lengths given in angstroms and bond angles in degrees were obtained from UB3LYP/6-311+4+
G(d,p) optimizations. Only one complex having aniline as hydrogen bond donor was located

(1) 119.5
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FIGURE 43. Selected geometrical parameters of the neutral and radical cation forms of the ani-
line—ammonia complex. Bond lengths given in angstroms and bond angles in degrees were obtained
from UB3LYP/6-311+4G(d,p) optimizations. The H16 atom is bonded to the ammonia nitrogen
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FIGURE 43. (continued)

For the ANI-H3N complex, vibrational bands relevant to the NH stretching modes
have been identified and assigned®’°, including two strong bands at 3479 and 3354 cm™!.
Both correspond to the amino NH stretch, characterized by red frequency shifts of 29
and 68 cm™! following complexation. Accordingly, the vibrational frequency centered
at 3354 cm™' is associated with the NH bond involved in the hydrogen bonding with
ammonia.

Following ionization, the complex retains its shape in which ammonia acts as the
hydrogen bond acceptor, and the main interaction is the hydrogen bond through the
ANI-NH bond to the ammonia nitrogen lone pair (Figure 43). The intermolecular N—-H
distance is, however, compressed in going from 2.1 A in the neutral form to 1.8 A in the
ionized counterpart.

While the frequencies of 3340 and 3425 cm™! recorded for the ANI-H3N** cation
complex can be assigned to the free NH stretching modes of ammonia and ANI, respec-
tively, the vibrational frequency at around 2600 cm™! arises from the H-bonded NH bond
of aniline. The frequency shift upon ionization is thus substantial. The interaction in the
cluster cation is much stronger than that in the neutral cluster. Indeed, quantum chemical
calculations provide a hydrogen bonding energy of A Eyg (ANI-H3N*+) = —80 kJmol~!,
about four times as large as the energy gained from a neutral association.

In both water and ammonia complexes, the clusters formed by interaction with the
ANI molecule become invariably stronger following ionization. Thus, the hydrogen bond
pattern involving amine could be modified by controlling its charge.

It is worth noting that in the 1:1 complex of hydroxyaniline (or aminophenol) with
a water molecule, the most stable cluster formed arises from an O—H—O interaction,
in which water plays the role of hydrogen bond acceptor?”. It is also remarkable that
association of ANI with the CFzH molecule yields a weak C—H-N complex, but it induces
a blue-shift of the CH stretch frequency?’6. The latter is blue-shifted by 30 cm™!, and the
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relevant C—H bond distance is shortened by 0.003 A. In fact, blue-shifted complexes are

often detected when monomers interact with halomethane derivatives?’”.
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I. INTRODUCTION

Crystal and molecular structures of aniline derivatives have been a frequent objective
of research and analysis during the last several years. Especially nitroanilines, model
compounds for optically nonlinear materials and their derivatives have been widely studied
in order to better understand the mechanism of high molecular hyperpolarizability, as
well as the conditions for noncentrosymmetric arrangement of molecules in the crystal,
resulting in optically nonlinear materials. For the sake of clarity the problems analyzed
may be classified into three groups: the intramolecular charge transfer, the degree of
pyramidalization of the amino group and the molecular packing through intermolecular
interactions, including hydrogen bonds.
In the external electric field a molecular dipole moment p is described by the power
series in equation 1,
p=po+aoE+BEE +--- €))

where « and B denote molecular polarizability and hyperpolarizability and E denotes
electric force. The high value of 8 and the noncentrosymmetric space group enable a
nonzero second-order susceptibility of a crystal, which may thus exhibit a nonlinear optical
effect, e.g. second harmonic generation (SHG), provided that other exigencies, such as
phase-matching angle, are fulfilled’.

The high molecular hyperpolarizability of p-nitroaniline derivatives is thought to orig-
inate from intramolecular charge-transfer between the electron-donating amino group and
the electron-withdrawing nitro group. The 7 electrons of the aromatic ring enhance the
charge-transfer as a result of the so-called ‘through-conjugation effect’'. However, charge
distribution within a molecule depends also on other substituents on the aromatic ring and
on intermolecular interactions. This distribution has been studied using various methods
including quantum-chemical calculations and X-ray and neutron diffraction®~°,

X-ray diffraction and theoretical study of the charge density in 2-methyl-4-nitroaniline
crystal, a nonlinear optical material, showed that the crystal electric field enhances the
molecular dipole moment from 9 to 20 D. This enhancement is due to long-range interac-
tions, the intermolecular hydrogen bonds being the strongest’. The precise localization of
hydrogen atoms is possible from single-crystal neutron diffraction experiment. The results
for 2-methyl-5-nitroaniline and m-nitroaniline enabled one to examine such an aggrega-
tion of the molecules that optimize the macroscopic nonlinear properties of the materials.
Another conclusion from the experiment considered nonplanarity of the amino groups. It
facilitates the proton-accepting ability of the amino nitrogen and impacts the molecular
aggregation’~°,

The increasing interest in obtaining efficient organic optically nonlinear materials re-
sulted in a combinational chemistry approach to their synthesis. The structures of several
nitroaniline derivatives (including five Schiff bases), the compounds which belong to
a chemical class having potential application as nonlinear optical materials, have been
reported*>.

A detailed X-ray diffraction experiment and quantum-chemical calculations of N,N-
dimethyl-4-nitroaniline derivatives, also model compounds for optically nonlinear organic
materials, revealed that the introduction of a substituent into the ortho- or meta-position
with respect to the dimethylamino group resulted in decreasing the contribution of the
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quinoid form as compared with para-isomers and, consequently, decreased the molecu-
lar hyperpolarizability?®. Also, a trigonal—pyramidal configuration of the dimethylamino
groups was reported®. They are twisted with respect to the ring plane in all the molecules
substituted in the ortho-position. On the contrary, the dimethylamino group is in the ring
plane in the meta-substituted molecules®. In the case of nonsubstituted amino groups the
neutron diffraction experiment was necessary to examine their geometries. Experimental
evidence for the amino group nonplanarity in 2-methyl-5-nitroaniline and m-nitroaniline
has been reported recently’~°. The results for the first compound indicate a consider-
able degree of pyramidalization of the amino group. Its electron configuration seems to
be between the planar sp? hybridization and regular tetrahedral sp® hybridization of the
nitrogen atom. This also holds for m-nitroaniline. The neutron diffraction studies just men-
tioned enabled also a detailed analysis of the hydrogen bond network in the crystals. Since
the appearance of the papers from Etter’s group it is known that molecular recognition
between amino and nitro groups in the crystal of para- and meta-nitroanilines results in a
hydrogen bond pattern involving a three-center interaction. One amino proton is located
between two ‘inside’ electron lone pairs of oxygen atoms. This directionality is observed
even when the NH---O contacts exceed van der Waals distances'?. Recent combined
database studies and ab initio calculations have revealed a preference for the asymmet-
ric bifurcated model in which only one O---HN distance corresponds to a hydrogen
bond!!. The preferred intermolecular geometry that controls the orientation of adjacent
molecules may be drawn schematically as in Figure 1. In the crystals of para- and meta-
nitroanilines and their analogues, infinite molecular chains of hydrogen-bonded molecules
are the most significant design element. In the case of ortho-isomers a competition between
intramolecular and intermolecular hydrogen bonds takes place and sometimes, instead of
infinite molecular chains, centric or pseudocentric dimers are formed in the crystals!”.

The problem explored recently in numerous papers concerned conditions under which
the molecular chains pack in a parallel or antiparallel way, resulting, respectively, in non-
centrosymmetric crystals, indispensable for obtaining nonlinear materials, or centrosym-
metric crystals, in which molecular hyperpolarizabilities compensate and the crystals do
not exhibit optical nonlinearity. Quantum-chemical semiempirical methods were used
to calculate possible aggregates of para- and meta-nitroaniline molecules which form,
respectively, centrosymmetric and noncentrosymmetric networks'2. The results revealed
the importance of second-order interactions, namely the interactions between stacking two-
dimensional molecular layers and very weak CH - - - O hydrogen bonds'?. A new branch
of crystal structure chemistry, i.e. crystal engineering, involves various experimental and
theoretical methods, such as synthesis, statistical analysis of structural data, theoretical
calculations and others, in order to understand how a subtle balance between a multitude
of noncovalent forces, including hydrogen bonds, results in infinite crystal architecture
built of molecular aggregates'?.

The neutron diffraction study of 2-methyl-5-nitroaniline enlightened the complex hydro-
gen bond network. It involves not only molecular chains formed by NH- - - O synthons
and assembled in a head-to-head way, but also very weak C(aryl)H-- -7 interactions
between the chains and C(methyD)H - - - O and C(aryl)H - - - O very weak hydrogen bonds’.
In the case of meta-nitroaniline, polar chains induced by NH - - - O synthons and stabilized

FIGURE 1. Intermolecular contacts between amino and nitro groups in meta- and para-nitroanilines
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by C(aryDH---O interactions are present. The chains are interlinked by very weak
NH - --N(O) hydrogen bonds, thus forming strands, which are localized crosswise on
the bc plane® 4.

The relevant role of hydrogen bonds in the second-order response of the three opti-
cally nonlinear nitroaniline analogues, 4-nitro-4'-methylbenzylidene aniline, 5-nitro-2-{[1-
phenylethylJamino}pyridine and 3,5-dinitro-2-{[1-phenylethylJamino}pyridine, has been
reported by Cole and coworkers'>!®. In the first crystal, very weak hydrogen bonds
between the CH groups as proton donors and the N and O atoms and the 7 electrons
of the aromatic ring as the proton acceptors promote the second harmonic generation
signal. The other significant influence on the second-order response seems to result from
the stacking arrangement of almost planar molecules with a very short (about 2.6 A)
interplane spacing. In the latter crystal the intramolecular hydrogen bonds influence the
molecular packing in such a way that it reduces the macroscopic nonlinear effect as
compared with the former crystal'®.

The interplay of intermolecular hydrogen bonds, iodo - - - nitro interactions and aromatic
7 - - -7 stacking interactions in three iodonitroanilines has been discussed by Garden and
coworkers'”. Hydrogen exchange along NH - - - O hydrogen bonds within the base pairs
in DNA has been calculated in terms of proton conduction repairing bonding defects and
stabilizing DNA'3,

Many other phenomena occurring in aniline derivatives have been reported recently.
Worth mentioning are, e.g., thermochromism involving proton exchange within
intramolecular hydrogen bonds'?, hysteresis-like behavior in meta-nitroaniline crystals?
and relaxation processes corresponding to molecular dynamics in the vicinity of phase
transitions'#21-22,

Besides nitroanilines, another group of aniline derivatives, namely aminophenols, has
recently drawn attention. Hydroxyl and amino groups are complementary as regards hydro-
gen bond donors and acceptors, because an amino group has two donors (hydrogen atoms)
and one acceptor (a free electron pair). In a hydroxyl group there are one donor and two
acceptors. This enables a multitude of possible molecular arrangements through hydrogen
bonds and provides an opportunity to study crystal architecture. Molecular recognition
between alcohols and amines, leading to supramolecular structures, has been reported by
Ermer and Eling?. The crystal structure prediction method was used to explore possible
modes of molecular assembly in 2-amino-4-nitrophenol that result in three polymorphic
structures?*. The crystal structures and packing features of 13 aminophenols were ana-
lyzed and correlated. Three major synthons have been distinguished: molecular sheets,
infinite chains and square motifs, which result from a fine balance between several factors,
including molecular structure and hydrogen bonds?.

Il. METHODOLOGY

Anilines are organic compounds with an amino group attached to a benzene ring. The
Cambridge Structural Database (CSD, July 2004)*° was used to retrieve and analyze
molecular geometries and crystal structures of substituted anilines. Almost, 300,000 entries
resulted in many crystal structures retrieved with QUEST?®, analyzed statistically with
VISTA?® and visualized with PLUTO?®. The objective of the studies has been the statistical
analysis of bond lengths and angles in aromatic rings and their correlation with the position
of substituents in the ring. The geometry of amino groups and substituted amino groups
has been also studied and correlated with the position of the substituents. The occurrence
of intramolecular hydrogen bonds has been examined as well. Intermolecular interactions,
especially intermolecular hydrogen bonds, have been studied and characterized as 2-, 3-
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or 4-center interactions. The mode of molecular packing, the frequency of some motives
of molecular aggregation and the preference for crystallization in some space groups will
be discussed.

An amino group has strong electron donor and acceptor properties. Due to them ani-
lines easily form various molecular co-crystals in the form of molecular salts (often with
halogen anions), metal coordination compounds, charge-transfer and hydrogen-bonded
complexes, neutral mixed crystals and hydrates. These crystals have not been considered
here because their structure and molecular geometry originate strongly from the proper-
ties of other moieties and the interactions between moieties forming a compound. These
compounds are beyond the scope of this chapter. The retrieval from the CSD was limited
to ‘only-organic’, ‘nonpolymer’ crystal structures with reliability factors R < 10%.

Molecules are characterized through bond lengths and angles. The bond and angle
numbering in 3-substituted aniline as an example for ring-substituted anilines is shown
in Figure 2. The corresponding values for two aniline molecules in the asymmetric unit
cell?” are shown in Figure 3.

The values are presented below in the form of frequency histograms and through scatter
plots visualizing correlation between two values of bonds or/and angles. Frequency his-
tograms show a relationship between the number of occurrences (Y-axis) and a parameter
value (X-axis). The characteristics of each histogram, among others the mean and median
value of a parameter and the skewness of the histogram, are given in the figure caption.

The mean value is the value calculated as the sum of the variable values divided by the
number of variables. The median value is the value observed in the center of the variable
distribution, i.e. there are as many observed variables above and below the median. The
skewness coefficient is defined in equation 2,

nY (i = Xmean)” | /(1 = D(n = 2)s° )

i=1

B3
B2 B1
B7 B4
B6 B5

FIGURE 2. Bond and angle numbering in the aniline molecule

114
1.403 1.385 1.388 1.405

1.367 1.378 1.389

1.387 1.392 1.383 1.365

FIGURE 3. Bond and angle values in two aniline molecules in an asymmetric unit cell*’
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where s is a sample standard deviation which is given in equation 3,

n 0.5
[Z(x — Xmean)*/(n — 1)} 3)

i=1

A negative value of the skewness coefficient indicates a left-hand shift of the distribution
while a positive skewness indicates a right-hand shift. A skewness value >|2.0| indicates
a significant deviation from the normal distribution. A large discrepancy between the
mean and median values corresponds to such a strong deviation. The nonnormality of a
distribution may be manifested through multimodality, i.e. the presence of two or more
peaks, or through the presence of outliers in the distribution. The outliers in the frequency
histograms in this chapter correspond in general to the bond and angle values in the
sterically overcrowded and/or charge perturbed molecules.

The relation between two structural parameters is measured through the correlation
coefficient r, defined by equation 4,

D 1 = DG = )]
i=1

r= “

[Ze=][Ee

Its value varies between —1 and 1, corresponding to perfect negative and positive corre-
lations, respectively. A zero value indicates no correlation.

General information and useful definitions concerning statistical and numerical methods
of data analysis may by found in the monograph of Biirgi and Dunitz?® and in earlier
monographs of this series? 3.

lll. STATISTICAL ANALYSIS OF STRUCTURAL DATA RETRIEVED
FROM THE CSD

A. ortho-Substituted Anilines

A total of 109 structures have been retrieved from the CSD. The frequency histograms
of the B1 to B7 bond lengths, the A1, A4 to A8 benzene ring angles and the A9 to All
amino group angles are shown in Figure 4. An analysis of these histograms leads to the
following conclusions:

(1) The B1 bond (between ortho-substituents) is longer than other bonds in the benzene
ring.

(2) The Al angle (at the amino group) is smaller than other angles in the ring.

(3) The A9, A10 and A1l angles, which depict the hydrogen positions in the amino
groups, have mean and median values about 116° and 117°, respectively. They
indicate some degree of amino group pyramidalization. This effect is undoubtedly
influenced by the interactions between the substituents in the ortho-position. The pos-
itive value of skewness in the A9 frequency histogram and the negative skewness in
the A10 and A11 histograms corroborate this interpretation.
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(4) The outliers in the histograms correspond to the parameter values in the zwitte-
rionic molecules (e.g. in the low-temperature, triboluminescent polymorph of 2-
aminobenzoic acid3!'3?) or to values in the molecules with bulky ortho-substituents.
Also, the multimodality of some histograms results from the unusual parameter values
in such molecules.

(5) Correlation coefficients of |0.6] to |0.8| have been found between the Al and A4
values (negative value), the A4 and AS values (negative value), the A5 and A6

24 H
01 H H }

1.370 1380  1.390  1.400 1.410 1420 1430  1.44C
Bond lengths for B1, Angstroms

(a)

FIGURE 4. Histograms of number of occurrences (N) for bond (B) and angle (A) values in ortho-
substituted anilines. For each histogram the number of observations, minimum, maximum, mean
and median bond lengths (angles), skewness, mean SE and sample SD are given in the follow-
ing order. (a) For B1 (97, 1.373, 1.437, 1.403, 1.404, 0.036, 0.001, 0.011). (b) For B2 (97, 1.350,
1.433, 1.397, 1.397, —0.073, 0.001, 0.012). (c) For B3 (92, 1.337, 1.422, 1.380, 1.379, 0.086, 0.002,
0.017). (d) For B4 (91, 1.343, 1.416, 1.392, 1.394, —1.261, 0.001, 0.012). (e) For B5 (91, 1.348,
1.418, 1.379, 1.380, 0.149, 0.001, 0.012). (f) For B6 (91, 1.304, 1.409, 1.380, 1.381, —2.059, 0.001,
0.014). (g) For B7 (90, 1.329, 1.398, 1.372, 1.373, —0.835, 0.001, 0.013). (h) For A1 (90, 115.382,
120.809, 118.301, 118.271, —0.076, 0.102, 0.967). (i) For A4 (90, 116.747, 122.396, 119.614,
119.547, 0.193, 0.130, 1.233). (j) For AS (90, 116.685, 123.194, 121.120, 121.161, —0.941, 0.111,
1.053). (k) For A6 (90, 115.504, 122.132, 119.113, 119.054, —0.209, 0.084, 0.796). (1) For A7
(90, 118.445, 123.891, 120.857, 120.753, 0.594, 0.093, 0.887). (m) For A8 (90, 116.000, 122.807,
120.955, 121.057, —2.072, 0.096, 0.909). (n) For A9 (90, 102.085, 135.143, 115.786, 116.303, 0.132,
0.519, 4.924). (o) For A10 (90, 95.893, 138.375, 116.093, 116.545, —0.071, 0.589, 5.592). (p) For
A1l (90, 80.722, 141.970, 116.070, 117.468, —1.226, 0.966, 9.168)
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A 1R
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(b)
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Bond lengths for B3, Angstroms
(c)

FIGURE 4. (continued)
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(e)
FIGURE 4. (continued)
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(g)
FIGURE 4. (continued)
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FIGURE 4. (continued)
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FIGURE 4. (continued)
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FIGURE 4. (continued)

values (negative value) and the A8 and B6 values (positive value). The corresponding
scatter plots are shown Figure. 5. These correlation coefficients reflect deformation
of aromatic rings in ortho-substituted anilines.

B. meta-Substituted Anilines

The retrieval from the CSD resulted in 17 crystal structures out of 295,000 entries. The
frequency histograms of the molecular bonds and angles are shown in Figure 6. Their
analysis leads to the following conclusions:

(1) The A1l angle is distinctly smaller than 120° (the classic value for a regular hexagon).

(2) The values of the AS angle (at the substituent in the meta-position) are often larger
than 120° (the median value is 121.2°).

(3) The A6 angle values are smaller than 120°.

(4) The degree of pyramidalization of the amino group is variable, depending on the
compound.

Strong correlations with correlation coefficients >|0.8| have been found between B6
and B1 values, A5 and A4 values and A6 and A5 values. The corresponding scatter plots
are shown in Figure 7.
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FIGURE 5. Scatter plots of the correlations between values of (a) Al vs A4; (b) AS vs A4; (c) A6
vs AS; (d) B6 vs A8 values in ortho-substituted anilines. The r values range from [0.6] to |0.8|
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0 H H H H H |
1.365 1.370 1.375 1.380 1.385 1.390 1.395 1.400 1.405 1.410 1.415 1.420

Bond lengths for B1, Angstroms
(a)

FIGURE 6. Histograms of number of occurrences (N) for bond (B) and angle (A) values in meta-
substituted anilines. For each histogram the number of observations, minimum, maximum, mean
and median bond lengths (angles), skewness, mean SE and sample SD are given in the following
order. (a) For B1 (17, 1.366, 1.416, 1.393, 1.395, —0.447, 0.003, 0.011). (b) For B2 (17, 1.370, 1.419,
1.394, 1.395, —0.160, 0.003, 0.011). (¢) For B3 (17, 1.365, 1.452, 1.400, 1.395, 0.726, 0.005, 0.022).
(d) For B4 (17, 1.367, 1.428, 1.387, 1.384, 1.268, 0.004, 0.015). (e) For B5 (17, 1.368, 1.408, 1.385,
1.387, 0.286, 0.003, 0.011). (f) For B6 (17, 1.348, 1.412, 1.383, 1.385, —0.309, 0.003, 0.014). (g) For
B7 (17, 1.366, 1.410, 1.383, 1.383, 1.155, 0.002, 0.009). (h) For A1 (17, 117.819, 120.891, 118.981,
118.917, 0.466, 0.198, 0.817). (i) For A4 (17, 117.987, 122.394, 119.706, 119.341, 0.388, 0.340,
1.402). (j) For A5 (17, 118.233, 124.417, 121.613, 121.189, —0.042, 0.493, 2.032). (k) For A6 (17,
116.739, 121.076, 118.132, 118.021, 0.559, 0321, 1.324). (1) For A7 (17, 119.722, 123.432, 121.365,
121.240, 0.561, 0.187, 0.773). (m) For A8 (17, 118.517, 121.199, 120.164, 120.112, —0.576, 0.184,
0.757). (n) For A9 (17, 106.323, 123.939, 116.619, 119.711, —0.664, 1.334, 5.500). (o) For A10
(17, 103.015, 123.222, 115.648, 116.816, —0.638, 1.362, 5.615). (p) For Al11 (17, 91.287, 128.034,
114.475, 117.178, —0.933, 2.181, 8.994)



3. Structural chemistry of anilines 185

N

2 T ;
0 i : ; :

1.370 1.375 1.380 1.385 1.390 1.395 1.400 1.405 1.410 1.415 1.420
Bond lengths for B2, Angstroms

(b)

N

0+ H i H :

1.360 1.370 1.380 1.390 1.400 1.410 1.420 1.430 1.440 1.450 1.4860
Bond lengths for B3, Angstroms

(c)
FIGURE 6. (continued)
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FIGURE 7. Scatter plots of the correlations between values of (a) B1 vs B6, (b) A4 vs A5, (c) AS
vs A6 values in meta-substituted anilines. The r values are >|0.8]
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Significant correlations with correlation coefficients ranging between |0.6] and |0.8|
have been found between A6 and A9, Al and B3, B4 and B6, B4 and A9 and A4 and
A6 values.

C. para-Substituted Anilines
The retrieval from the CSD resulted in 154 crystal structures out of 295,000 entries.

The frequency histograms of the molecular bonds and angles are shown in Figure 8. The
detailed analysis of the histograms may be summarized as follows:
181
P (SN
14 1
121

107

1.350 1.360 1.370 1.380 1.390 1.400 1.410 1420 1.430
Bond lengths for B1, Angstroms

(a)

FIGURE 8. Histograms of number of occurrences (N) for bond (B) and angle (A) values in para-
substituted anilines. For each histogram the number of observations, minimum, maximum, mean
and median bond lengths (angles), skewness, mean SE and sample SD are given in the following
order. (a) For B1 (154, 1.358, 1.429, 1.393, 1.394, 0.200, 0.001, 0.011). (b) For B2 (154, 1.345,
1.429, 1.393, 1.395, —1.046, 0.001, 0.013). (c) For B3 (151, 1.344, 1.441, 1.381, 1.379, 0.581,
0.001, 0.018). (d) For B4 (151, 1.341, 1.407, 1.377, 1.378, —0.277, 0.001, 0.011). (e) For B5 (150,
1.335, 1.409, 1.387, 1.388, —1.147, 0.001, 0.011). (f) For B6 (147, 1.364, 1.416, 1.390, 1.391,
—0.189, 0.001, 0.009). (g) For B7 (147, 1.350, 1.407, 1.376, 1.377, —0.064, 0.001, 0.011). (h) For A1l
(147, 115.937, 121.177, 118.418, 118.424, 0.368, 0.063, 0.766). (i) For A4 (146, 119.002, 122.326,
120.735, 120.768, —0.170, 0.050, 0.610). (j) For AS (146, 118.774, 122.875, 120.579, 120.478,
0.287, 0.077, 0.925). (k) For A6 (146, 115.890, 122.107, 118.954, 119.382, —0.215, 0.115, 1.386).
() For A7 (146, 117.546, 122.759, 120.540, 120.576, —0.197, 0.079, 0.950). (m) For A8 (146,
118.350, 122.892, 120.753, 120.716, —0.316, 0.060, 0.730). (n) For A9 (146, 89.300, 149.367,
116.559, 117.195, 0.116, 0.593, 7.169). (o) For A10 (146, 78.675, 145.237, 117.480, 118.049,
—0.376, 0.649, 7.841). (p) For A11 (146, 46.025, 149.794, 115.252, 116.131, —1.606, 0.999, 12.072)
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FIGURE 8. (continued)

(1) The B4 and B7 bonds are distinctly shorter than other bonds in the ring. Their median
values amount to 1.377 A and 1.378 A and may be compared with the median val-
ues of 1.388 A, 1.391 A, 1.395 A and 1.394 A of the other bonds. This indicates a
significant contribution of quinoid structure in para-substituted anilines.

(2) The Al angle in the ring is distinctly smaller than the other angles in the ring. The
median value is 118.42° and the distribution exhibits a small positive skewness. The
A6 angle (opposite the Al angle) has a median value of 119.4° and a mean value of
118.9°. These values are slightly smaller than the values of the A4, A5, A6 and A7
angles and indicate a quinoid charge distribution in the benzene ring.

(3) The A9, A10 and A11 angles reflecting the amino group geometry have median values
of 117.2°, 118° and 116.1°, respectively. The degree of pyramidalization is therefore
comparable to that in the ortho-substituted anilines and is less pronounced than in
the meta-substituted anilines, with the reservation that the number of retrieved meta-
anilines is distinctly smaller than the number of ortho- and, especially, para-anilines.

The outliers and multimodality in the histograms correspond to the parameter values
in the molecules with bulky para-substituents or zwitterions with NH3" groups in the
molecule.

High correlation coefficients of —0.877 and —0.824 for the A5 vs A6 angles and the
A6 vs A7 angles, respectively, reflect the high level of correlation. The corresponding
scatter plots are shown in Figure 9.
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FIGURE 9. Scatter plots of the correlations between values of (a) AS vs A6 (r = —0.877) and
(b) A6 vs A7 (r = —0.824) in para-substituted anilines
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D. Disubstituted Anilines
1. 2,4-Disubstituted anilines

A total of 29 crystal structures of 2,4-disubstituted anilines have been retrieved from
the CSD. The informative frequency histograms refer to the A9, A10 and All angles,
which depict the amino group geometry. They are shown in Figure 10.

Most of the angles are equal to 120°, thus indicating the preferred planar configuration
of the amino groups. The smallest and largest values of the angles correspond to the
molecules with bulky substituents in the 2 and 4 positions with respect to the amino
group. They evidently influence the amino hydrogen positions through intramolecular and
intermolecular interactions.

Strong correlations with correlation coefficients < — 0.8 are observed between the Al
and A8, A6 and A7 and A5 and A6 values. Figure 11 presents the A7 vs A6 scatter plot
with a correlation coefficient of —0.914.

127

10+

o4

TR

106.0 108.0 1100 1120 1140 116.0 1180 1200 122.0 1240
Angles for A9, degrees

(a)

FIGURE 10. Histograms of number of occurrences (N) for bond (B) and angle (A) values in 2,4-dis-
ubstituted anilines. For each histogram the number of observations, minimum, maximum, mean
and median bond lengths (angles), skewness, mean SE and sample SD are given in the following
order. (a) For A9 (29, 106.456, 122.762, 117.438, 119.674, —1.294, 0.794, 4.282). (b) For A10
(29, 114.695, 137.174, 120.417, 119.986, 2.061, 0.774, 4.170). (c) For A1l (29, 107.922, 135.379,
120.004, 120.019, 0.526, 0.976, 5.257)
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FIGURE 11. A scatter plot of the correlation between values of A7 vs A6 (r = —0.914) in 2,4-dis-
ubstituted anilines

2. 3,4-Disubstituted anilines

Only 24 crystal structures resulted from 298,097 entries in the CSD. The relevant
frequency histograms correspond to the BS5, A1, A9, A10 and A1l values and are shown
in Figure 12.

The median value of 1.396 A of BS is close to the classic bond length in a 3,4-
disubstituted aromatic ring (1.397 A)3. The dispersion of the values from 1.374 to
1.416 A is not very large, bearing in mind the position of the two substituents. The
shortest distance, 1.320 A, results probably from the intramolecular charge transfer and
some quinoid contribution in the charge-perturbed molecule of 5-amino-2-nitroaniline®.

The Al angle value (at the amino group) is distinctly smaller than the other angles
in the aromatic ring. The minimum value, 114.8°, refers to 5-amino-2-nitroaniline**. The
A9, A10 and A1l angle values indicate a preferred planar configuration of the amino
group.

Strong correlations with correlation coefficients >0.8 were found between B4 vs B7
and B3 vs B7 values. This may indicate some contribution of the quinoid structure of the
molecules. The corresponding scatter plots are shown in Figure 13.
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3. 3,5-Disubstituted anilines

Only 5 crystal structures have been retrieved from the CSD. These are the crystal
structures of 3,5-dinitroaniline®*, 3,5-diaminobenzoic acid® and 3,5-dichloroaniline3. The
small number of data makes any meaningful statistical analysis impossible. The A1l angles
are smaller than 120°. The values of the A9, A10 and All angles are close to 120°,
indicating a nearly planar configuration of the amino groups in the crystals.

4. 2,3-Disubstituted anilines

Only one crystal structure, that of 2,3-dichloroaniline®, has been retrieved from the
CSD. The Al angle is smaller than other angles in the aromatic ring. The amino group
exhibits strong pyramidalization, probably due to steric hindrance in the molecule.

:

1.320 1.330 1.340 1.350 1.360 1.370 1.380 1.390 1.400 1.410 1.420
Bond lengths for BS, Angstroms
(a)

FIGURE 12. Histograms of number of occurrences (N) for bond (B) and angle (A) values in 3,4-dis-
ubstituted anilines. For each histogram the number of observations, minimum, maximum, mean
and median bond lengths (angles), skewness, mean SE and sample SD are given in the following
order. (a) For B5 (24, 1.320, 1.418, 1.394, 1.396, —1.778, 0.004, 0.020). (b) For Al (24, 114.729,
121.397, 118.553, 118.473, —0.243, 0.275, 1.347). (c) For A9 (24, 108.780, 123.655, 117.074,
119.922, —0.457, 0.804, 3.940). (d) For A10 (24, 106.904, 120.102, 116.659, 117.659, —0.915,
0.809, 3.964). (e) For All (24, 102.967, 126.043, 117.591, 119.917, —1.130, 1.079, 5.285)
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FIGURE 12. (continued)
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FIGURE 13. Scatter plots of the correlations between values of (a) B7 vs B4 (r = 0.862) and (b) B7
vs B3 (r = 0.821) in 3,4-disubstituted anilines
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5. 2,5-Disubstituted anilines

The retrieval from the CSD resulted in 20 crystal structures. The relevant frequency
histograms correspond to the A9, A10 and A1l values and are shown in Figure 14. They
indicate a frequent pyramidalization of the amino groups. A relevant correlation with a
correlation coefficient of —0.812 was found between the B3 and A10 values occurring in
the amino groups.

6. 2,6-Disubstituted anilines

Four crystal structures of 2-amino-3-methylbenzoic acid®’, 2,6-dinitroaniline®®, 2,6-
dichloroaniline®® and 2,6-bis[2,4,6-triisopropylphenyl]aniline®® were found in the CSD. A
preference for a planar amino group configuration seems to occur in the crystals, probably
due to inter- and intramolecular hydrogen bonds.

E. Trisubstituted Anilines
1. 2,4,6-Trisubstituted anilines

A total of 17 crystal structures resulted from the CSD retrieval. The relevant frequency
histograms refer to the A9, A10 and A1l values and illustrate the preferred planarity of

I* | l I|I

110.0 112.0 114.0 116.0 118.0 120.0 122.0
Angles for A9, degrees
(a)

FIGURE 14. Histograms of number of occurrences (N) for angle (A) values in 2,5-disubstituted
anilines. For each histogram the number of observations, minimum, maximum, mean and median
angles, skewness, mean SE and sample SD are given in the following order. (a) For A9 (20, 110.668,
121.638, 116.240, 115.540, —0.083, 0.728, 3.254). (b) For A10 (20, 106.904, 123.650, 116.162,

116.631, —0.347, 1.073, 4.798). (c) For A1l (20, 102.967, 124.871, 115.916, 118.651, —0.811,
1.341, 5.996)
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FIGURE 14. (continued)
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the amino groups. The planarity evidently results from intramolecular hydrogen bonds
between amino groups and ortho-substituents. The relatively large dispersion of the A1l
values corresponds to steric hindrances from bulky substituents in the ortho-positions.
Figure 15 shows the three histograms.

Strong correlations, with correlation coefficients >|0.8| were found between (a) A7 and
A8 (r = —0.867), (b) A4 and A8 (r = 0.824), (c) Al and A8 (r = —0.915), (d) A6 and
A7 (r = —0.931), (e) A5 and A7 (r = 0.900), (f) AS and A6 (r = —0.936), (g) Al and
A4 (r = —0.907) and (h) B3 and B7 (r = 0.818). There seems to be some contribution
of quinoid structure of the aromatic ring. The B1 and B2 bonds are longer than the other
bonds in the rings.

2. 2,3,4-Trisubstituted anilines

Only one crystal structure, that of 2.4-diiodo-3-nitroaniline!”, has been retrieved from
the CSD. The molecular structure exhibits typical features: the diminished Al angle
(116.7°) and the elongated B1 bond (1.410 A).

100.0 104.0 108.0 1120 116.0 120.0 1240 128.0 1320 136.0
Angles for A9, degrees

(a)

FIGURE 15. Histograms of number of occurrences (N) for angle (A) values in 2,4,6-trisubstituted
anilines. For each histogram the number of observations, minimum, maximum, mean and median
angles, skewness, mean SE and sample SD are given in the following order. (a) For A9 (17,
103.142, 134.424, 118.555, 120.009, —0.234, 1.621, 6.683). (b) For A10 (17, 103.985, 141.202,
119.547, 119.962, 0.952, 1.719, 7.088). (c) For A11 (17, 109.705, 141.689, 118.892, 119.941, 1.313,
1.840, 7.587)
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FIGURE 15. (continued)
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3. 3,4,5-Trisubstituted anilines

No crystal structure has been retrieved from the CSD.

4. 2,4,5-Trisubstituted anilines

A total of 19 crystal structures resulted from 297,000 entries in the CSD. The frequency
histograms corresponding to the Al, A9, A10 and A1l values turned out to be relevant
and are shown in Figure 16.

The median value of the Al angle amounts to 117.65° and is comparable to the values
in other substituted anilines. The A9, A10 and A1l angles are close to 120°, indicating
a preferred planar amino group configuration. The highly asymmetric A9 distribution in
the frequency histogram (skewness equal to —1.266) results from interactions between
amino groups and bulky ortho-substituents.

N

||J||||| |

115.0 116.0 117.0 118.0 119.0 120.0 121.0 122.0
Angles for A1, degrees

(a)

FIGURE 16. Histograms of number of occurrences (N) for angle (A) values in 2,4,5-trisubstituted
anilines. For each histogram the number of observations, minimum, maximum, mean and median
angles, skewness, mean SE and sample SD are given in the following order. (a) For A1 (19, 115.352,
121.054, 117.694, 117.646, 0.551, 0.333, 1.451). (b) For A9 (19, 102.391, 120.051, 115.940, 116.882,
—1.266, 1.108, 4.831). (c) For A10 (19, 109.473, 124.102, 117.573, 119.225, —0.595, 0.880, 3.838).
(d) For A11 (19, 101.286, 133.375, 118.718, 119.988, —0.431, 1.780, 7.758)

i=]
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1000 1040 108.0 1120 116.0 1200 1240 1280 1320 136.0

Angles for A11, degrees
(d)

FIGURE 16. (continued)

Strong correlations were found between the values of (a) BS and B6 (r = —0.821) and
(b) B4 and B6 (r = 0.894). The scatter plot for the latter correlation is given in Figure 17.

5. 2,3,5-Trisubstituted anilines

Only two crystal structures were found. These are the structures of 2-hydroxy-3,5-di-
t-butylaniline*® and 2-hydroxy-3,5-dinitroaniline*!. Some degree of amino group pyrami-
dalization is observed in the crystals.

6. 2,3,6-Trisubstituted anilines

No crystal structure has been retrieved from the CSD.

F. Tetrasubstituted Anilines

A total of 12 crystal structures have been retrieved from the CSD. The general features
of the molecular structures are in line with those of other substituted anilines. The Al
angle values range between 113° and 118°. The bonds in the ring are slightly elongated,
especially between carbon atoms with bulky substituents. Numerous significant corre-
lations between the bonds and angles were found. Correlation coefficients >|0.9] were
found between values of A7 and A4 (r = 0.932), A4 and Al (r = —0.930) and A7 and
Al (r = —0.919). The scatter plots visualizing the correlations between (a) B4 and B7
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FIGURE 17. A scatter plot of the correlation of values of B6 vs B4 (r = 0.894) in 2.4,5-trisubstituted
anilines

values (r = 0.887) and (b) A7 and A8 values (r = 0.932) are shown in Figure 18. The
amino group preferably exhibits a planar configuration.

G. Pentasubstituted Anilines

Forty crystal structures have been retrieved from the CSD. In general, the distortion of
the aromatic ring is pronounced in the crystals and depends strongly on the substituents on
the ring. The same holds for the amino group configuration. Figure 19 shows the frequency
histograms of the A9, A10 and A1l values, which reveal wide dispersions of the values.
Strong correlations with correlation coefficients >|0.9] were found between the following
values of bonds and angles: (a) B6 vs B7 (r = 0.894), (b) B7 vs B3 (r = —0.894), (c) B1
vs B7 (r =0.820), (d) B2 vs B6 (r =0.822), (e) B2 vs B3 (r = —0.869), (f) B1 vs
B3 (r = —0.828). Exemplary scatter plots are shown in Figure 20. Both the frequency
histograms and the correlation scatter plots indicate that pentasubstituted anilines may be
regarded as sterically overcrowded molecules.
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FIGURE 18. Scatter plots of the correlations of values of (a) B4 vs B7 (r = 0.887) and (b) A4 vs
A7 (r = 0.932) in tetrasubstituted anilines
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H. Diaminobiphenyls

Twelve crystal structures of 4,4'-diaminobiphenyls have been retrieved from the CSD.
Figure 21 presents the bond and angle numbering in these molecules.

Strong correlations with correlation coefficient >|0.8| have been found between A4
and AS (r = —0.945), A6 and A13 (r = 0.828), A23 and A26 (r = 0.910), B4 and B14
(r =0.9), B2 and B4 (r = 0.937) and B1 and B9 (r = —0.905). Some contribution of
quinoid structure is seen by the slight shortening of the B4, B8, B11 and B15 bond
lengths. The degree of pyramidalization of the amino groups is pronounced. The A21
to A26 angles are between 115° and 117°. Other perturbations of the molecular struc-
tures result from other ring substituents, especially bulky or electron-withdrawing ones.
The substituents also influence the twist angle between two moieties of the molecules.
Intermolecular and, sometimes, intramolecular hydrogen bonds occur in the crystals. The

108.0 111.0 1140 1170 1200 123.0 126.0 129.0 1320
Angles for A9, degrees
(a)

FIGURE 19. Histograms of number of occurrences (N) for angle (A) values in pentasubstituted
anilines. For each histogram the number of observations, minimum, maximum, mean and median
angles, skewness, mean SE and sample SD are given in the following order. (a) For A9 (40,
109.970, 130.123, 117.359, 117.146, 0.912, 0.578, 3.654). (b) For A10 (40, 113.113, 122.760,
117.683, 118.010, 0.063, 0.379, 2.397). (c) For All (40, 107.052, 131.411, 121.414, 122.068,
—0.568, 1.086, 6.867)
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FIGURE 19. (continued)
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reliability factors R; of the structures are often relatively high (around 10%), probably due
to pronounced dynamics and some disorder of the positions of the two moieties. Neverthe-
less, some of the molecules are quite rigid, e.g. 3,3’-dipropyloxy-4,4’-diaminobiphenyl.
The intramolecular NH - - - O hydrogen bonds result in planar configuration of the two
phenyl rings*?. Octafluoro-4,4'-diaminobiphenyl is an example of a sterically overcrowded
molecule and exhibits a pronounced distortion of both aromatic rings. The values of the
ring bond lengths and angles are strongly dispersed (1.18 — 1.57 A and 109 — 131°). The
intramolecular NH - - - F and intermolecular NH - - - N hydrogen bonds occur®.

Three crystal structures of other diaminobiphenyls have been retrieved from the CSD.
The molecules are shown in Figure 22. All the three molecules are nearly planar and
exhibit a pronounced degree of the amino group pyramidalization*~4°.

I. Naphthylamines

Six crystal structures of 1-aminonaphthalenes have been retrieved from the CSD. Their
bond and angle numbering are given in Figure 23.

Strong correlations with correlation coefficients >|0.8| have been found between the
following values of the bonds and angles: B9 vs B7 (r = —0.897), B9 vs B3 (r = 0.801),
A16 vs B3 (r = —0.851), A6 vs A5 (r = —0.913) and A15 vs Al4 (r = —0.872). The
pyramidalization of the amino group is most pronounced in 1,8-diaminonaphthalene, prob-
ably due to intramolecular hydrogen bonds. On the other hand, intermolecular hydrogen
bonds are a common feature of the crystal structure of the naphthylamines architecture.

B7, Angstroms
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FIGURE 20. Scatter plots of the correlations of values of (a) B7 vs B6 (r = 0.894, (b) B7 vs B3
(r = —0.894), (c) B2 vs B3 (r = —0.869) in pentasubstituted anilines



3. Structural chemistry of anilines 223
B7. Angstroms

1.450 ;

@)

° &,

1,440 oot
1480 froeeseeeeest
1,420 oo
1,410 Fooeeee

1.400

1.390

.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44
B3, Angstroms

(b)
B2, Angstroms
o o
o%;” o i i i

| ¢ @

1.450

P98 NS S PSS S S SN S

1370 : ; i i i ;
130 132 134 136 138 140 142 144

B3, Angstroms

FIGURE 20. (continued)
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B8

B10
B15

B13

FIGURE 21. Bond and angle numbering in 4,4'-diaminobiphenyl

NO, NH,
H,N NH,
0,N NO, NH,  HiC NH,
O,N NO, NH, H,N CH;
H,N NH,

NO, NH,

FIGURE 22. Three aminobiphenyls retrieved from the CSD

FIGURE 23. Bond and angle numbering in 1-aminonaphthalene
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: NH, : NH,
: OH : OH

COOH

FIGURE 24. Molecules of two aminonaphthalene derivatives exhibiting a planar amino group
configuration

Six crystal structures of 2-aminonaphthalenes have been retrieved from the CSD. Gen-
erally, a high degree of amino group pyramidalization is observed, with the exception
of the two compounds shown in Figure 24. The intramolecular interactions result in the
planar amino group configuration in the crystals*’-43.

J. Anthrylamines

The only crystal structure retrieved from the CSD is that of 9-amino-10-(2',4',6'-
trinitrophenyl)anthracene, shown schematically in Figure 25.

Both moieties of the molecule are twisted with respect to one another and the cor-
responding torsional angle amounts to about 90°. The bond lengths and angles in the
9-aminoanthracene moiety exhibit a pronounced distribution of the values. A high degree
of the amino group pyramidalization is observed. The two nitro groups in ortho-positions
to the central bond are strongly twisted out of the phenyl ring plane by 58° and 44° while
the third nitro group is only slightly twisted by —6°. The torsional angles result from
intramolecular interactions in the sterically overcrowded molecule®.

NO,

0,N NO,

NH,

FIGURE 25. The 9-amino-10-(2',4’,6'-trinitrophenyl)anthracene molecule
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26. Bond and angle numbering in N-substituted anilines
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FIGURE 27. A histogram of number of occurrences (N) for angle (A9) value in N-substituted
anilines. The number of observations, minimum, maximum, mean and median angles, skewness,
mean SE and sample SD are given in the following order: 1135, 89.713, 139.437, 116.915, 116.860,
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K. N-Substituted Anilines

Several hundred structures of N-monosubstituted anilines have been retrieved from
the CSD. Figure 26 shows the schematic drawing with bond and angle numbering of the
molecule. The bond lengths exhibit a perfect distribution around the classical value in the
aromatic ring. The Al angle has a median value about 119.2°. The other angles in the
aromatic rings exhibit slightly wider dispersion than the bond lengths. Nevertheless, the
median values are about 120°. Evidently, the bond angles represent softer parameters than
the bond lengths. A rough analysis of the frequency histograms (see Figure 27) showed
that the A9 angle has a median value of 116.9°. A significant correlation has been found
between the Al angles and the B3 bond lengths and the corresponding scatter plot is
shown in Figure 28.

A more detailed analysis has been performed for ring-2,6-disubstituted N-substituted
anilines. In these molecules there are possibilities for interactions between a proton on
the amino group and a substituent in the ortho-position. A total of 106 crystal structures
have been retrieved from the CSD. Frequency histograms of bond and angle values are
shown in Figure 29.

Outliers and multimodalities in the histograms of the B1, B2 and B3 bonds result from
large R” and R substituents in the ortho-position with respect to the amino group or R’

B3, Angstroms
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1361

1.341

1.327

1.30 f f f ] f f f 1
108.0 110.0 112.0 1140 116.0 118.0 120.0 122.0 124.0 126.0 128.0
A1, degrees

FIGURE 28. A scatter plot of the correlation of values of B3 vs Al (r = 0.721) in N-substituted
anilines
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substituent on the amino group. The very short B2 values correspond to molecules with
intramolecular hydrogen bonds. The very short B6 bond lengths refer to molecules with
long aliphatic substituents on the ring. The Al angle has a median value of 120.93°. Its
asymmetric distribution with skewness amounting to —0.878 indicates the strong influence
of the R’, R” and R” substituents on the molecular geometry. The reverse influence is
observed on the A4 value distribution. The A9 angle exhibits a median value of 117.302°.
Much smaller values correspond to molecules with long-chain R” and R substituents.
Much larger values may be referred to bulky R’ substituents on the amino group. Conse-
quently, the substitution of one hydrogen atom on the amino group strongly disturbs the
molecular geometry of anilines.

1II l
0

1.370 1.380 1.390 1.400 1.410 1.420 1.430
Bond lengths for B1, Angstroms

(a)

FIGURE 29. Histograms of number of occurrences (N) for bond (B) and angle (A) values in 2,6-sub-
stituted N-substituted anilines. For each histogram the number of observations, minimum, maximum,
mean and median bond lengths (angles), skewness, mean SE and sample SD are given in the
following order. (a) For B1 (87, 1.370, 1.421, 1.397, 1.399, —0.122, 0.001, 0.011). (b) For B2
(87, 1.351, 1.422, 1.394, 1.395, —0.806, 0.001, 0.012). (c¢) For B3 (87, 1.368, 1.523, 1.421, 1.423,
0.555, 0.002, 0.022). (d) For B4 (87, 1.359, 1.416, 1.389, 1.389, —0.110, 0.001, 0.010). (e) For BS
(87, 1.332, 1.398, 1.372, 1.373, —0.836, 0.001, 0.013). (f) For B6 (87, 1.334, 1.399, 1.373, 1.372,
—0.494, 0.001, 0.013). (g) For B7 (87, 1.361, 1.408, 1.388, 1.389, —0.355, 0.001, 0.011). (h) For A1l
(87, 113.126, 123.383, 119.878, 120.932, —0.878, 0.289, 2.699). (i) For A4 (87, 115.473, 124.057,
119.164, 118.166, 0.685, 0.242, 2.256). (j) For A5 (87, 117.256, 123.790, 120.768, 121.140, —0.395,
0.128, 1.194). (k) For A6 (87, 118.027, 123.280, 120.096, 120.151, 0.281, 0.086, 0.801). (1) For A7
(87, 117.989, 122.307, 120.655, 120.851, —0.449, 0.121, 1.125). (m) For A8 (87, 113.344, 124.496,
119.380, 118.327, 0.442, 0.246, 2.294). (n) For A9 (87, 106.909, 126.541, 116.644, 117.302, —0.174,
0.420, 3.922)
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L. Proton Sponges

Proton sponges are 1,8-diaminonaphthalene derivatives in which the amino hydro-
gens are substituted by methyl groups. The compounds exhibit many interesting prop-
erties. The molecule is able to capture a proton which is located between the electron
pairs of the two nitrogen atoms, forming a protonated proton sponge. The N---H---N
hydrogen bridges are very short®®. The retrieval from the CSD resulted in 20 crystal
structures. Figure 30 shows the bond and angle numbering in an exemplary molecule of
1,8-bis(dimethylamino)naphthalene’’.

The frequency histograms of the bond and angle values are shown in Figure 31. The
two aromatic rings are strongly distorted. The B3, BS, B6, B7 and B8 bond lengths are

Me Me Me Me

A3 |A4  Al4|Al5

FIGURE 30. Bond and angle numbering in 1,8-bis(dimethylamino)naphthalene
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FIGURE 31. Histograms of number of occurrences (N) for bond (B) and angle (A) values in proton
sponges. For each histogram the number of observations, minimum, maximum, mean and median
bond lengths (angles), skewness, mean SE and sample SD are given in the following order. (a) For
B1 (20, 1.355, 1.425, 1.382, 1.385, 0.154, 0.004, 0.019). (b) For B2 (20, 1.366, 1.417, 1.397,
1.398, —0.366, 0.003, 0.015). (c) For B4 (20, 1.360, 1.427, 1.399, 1.401, —0.487, 0.004, 0.016).
(d) For BS5 (20, 1.403, 1.452, 1.432, 1.437, —0.734, 0.003, 0.014). (e) For B6 (20, 1.425, 1.474,
1.447, 1.447, 0.413, 0.002, 0.009). (f) For B7 (20, 1.403, 1.447, 1.422, 1.423, 0.484, 0.003, 0.013).
(g) For B8 (20, 1.383, 1.442, 1.419, 1.421, —0.307, 0.003, 0.015). (h) For B9 (20, 1.332, 1.392,
1.357, 1.359, 0.295, 0.004, 0.017). (i) For B10 (20, 1.363, 1.414, 1.383, 1.384, 0.344, 0.003, 0.015).
() For B11 (20, 1.362, 1.435, 1.399, 1.402, —0.395, 0.004, 0.016). (k) B12 (20, 1.372, 1.416,
1.394, 1.391, 0.117, 0.003, 0.013). (1) For B13 (20, 1.333, 1.386, 1.359, 1.363, —0.167, 0.004,
0.017). (m) For A1 (20, 119.306, 124.567, 121.923, 121.883, —0.069, 0.299, 1.336). (n) For A2
(20, 116.830, 120.563, 118.467, 118.472, 0.244, 0.198, 0.886). (0) For A3 (20, 118.580, 121.777,
120.448, 120.542, —0.967, 0.177, 0.793). (p) For A4 (20, 120.006, 123.373, 121.065, 120.820, 1.035,
0.194, 0.869). (r) For A5 (20, 113.977, 119.591, 117.492, 117.764, —1.080, 0.295. 1.321). (s) For
A6 (20, 123.446, 130.471, 125.211, 124.663, 1.556, 0.435, 1.945). (t) For A7 (20, 115.472, 118.333,
117.285, 117.505, —0.815, 0.202, 0.904). (u) For A8 (20, 116.546, 125.512, 119.880, 119.488, 1.111,
0.505, 2.258). (v) For A9 (20, 117.723, 125.178, 120.076, 120.104, 0.873, 0.448, 2.001). (w) For
A10 (20, 109.648, 124.901, 120.018, 120.273, —1.101, 0.922, 4.122). (x) For A1l (20, 117.557,
121.374, 119.920, 120.022, —0.673, 0.236, 1.054). (y) For A12 (20, 118.941, 122.441, 120.631,
120.434, 0.181, 0.228, 1.021). (z) For A13 (20, 116.714, 120.563, 118.541, 118.594, 0.066, 0.189,
0.843). (aa) For A14 (20, 118.960, 121.892, 120.696, 120.755, —0.401, 0.163, 0.728). (bb) For A15
(20, 118.580, 122.112, 120.752, 120.743, —1.086, 0.171, 0.766). (cc) For A16 (20, 119.306, 124.801,
121.890, 121.949, 0.334, 0.292, 1.305). (dd) For A17 (20, 118.671, 122.705, 120.740, 120.695, 0.142,
0.262, 1.173). (ee) For A18 (20, 117.518, 122.435, 119.875, 120.069, 0.059, 0.279, 1.250)
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significantly elongated (the median values are 1.448, 1.437, 1.447, 1.423 and 1.421 A,
respectively). The B1, B9, B10 and B13 bond lengths are shortened. Their median values
amount to 1.385, 1.359, 1.384 and 1.363 A, respectively. The median angle values are
between 117° and 125°. The A2 and A13 angles (at the amino group) are significantly
reduced to ca 118°. The A5 and A7 angles are also diminished to ca 117.7°. The mean
values are very close to the median ones.

Strong correlations, with correlation coefficients >|0.8|, have been found between the
following values of the angles: A9 vs A10 (r = —0.966), A8 vs A10 (r = —0.972), A6 vs
A10 (r = —0.866), A8 vs A9 (r = 0.878), A7 vs A9 (r = —0.822), A6 vs A8 (r = 0.884),
A5 vs A8 (r = —0.836), A6 vs A7 (r = —0.807) and A5 vs A6 (r = —0.916). Significant
correlations, with correlation coefficients between |0.6| and |0.8|, have been found between
A2 vs A13, A1l vs A18, A12 vs Al17, Al vs A16, A7 vs A10, A6 vs A9 and B9 vs B13
(all positive) and A16 vs A17, A9 vs Al17, Al vs A12 and A7 vs A8 (all negative).

IV. MOLECULAR PACKING AND HYDROGEN BONDS IN THE CRYSTALS
OF ANILINE DERIVATIVES

Intermolecular hydrogen bonds seem to be a ubiquitous feature in the crystal structures
of anilines. The amino groups are the main but not the only proton donor in the crystals.
The C(aryl)H groups and (if present) C(aliphatic)H groups are often also involved in very
weak hydrogen bondings. Their role as proton donors have been discussed recently in
the monograph of Desiraju and Steiner®2. If other proton donors (e.g. hydroxyl or amino
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FIGURE 32. Molecular packing with short intermolecular contacts in the meta-nitroaniline crystal
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groups) are also substituting the benzene ring, they are also involved in the hydrogen
bond network. The following substituents on the benzene ring may be proton acceptors:
NO,, F, CN, =0 and C=O0. If no electron-withdrawing groups substitute the ring, their
role may be fulfilled by the free electron pair of the nitrogen atom in the amino group,
as it occurs in aniline?’ and para-aminoaniline®3.

Chains of hydrogen-bonded molecules are the most common feature of the crystal archi-
tecture of anilines. Often, the chains are interlinked by weaker hydrogen bonds, thus form-
ing ribbons or planes or other second-order hydrogen-bonding networks. Figures 32 and 33
present schematically molecules with short intermolecular contacts in meta-nitroaniline'*
and in para-aminoaniline>® crystals.

When carboxyl groups substitute a benzene ring, generally centrosymmetric molecular
dimers result through COH - - - OC hydrogen bonds. These dimers are then involved in
infinite chains through NH - - - O intermolecular hydrogen bonds. Such a molecular packing
in the para-aminobenzoic acid crystal®* is shown in Figure 34.

Sometimes, the lack of proton acceptors in a molecule (e.g. in chloroanilines) results
in such a molecular arrangement, in which protons of the amino group point toward the
ClI atoms and form some kind of molecular chains through very weak ‘pseudo’ hydrogen
bonds, recently called halogen bonds. Figure 35 shows the molecular packing in the
para-chloroaniline crystal®.

The substitution on the ring in the ortho-positions with respect to the amino group by
groups capable of forming hydrogen bonds results in the intramolecular hydrogen bonds.
They do not inhibit the formation of intermolecular hydrogen bonds. Thus, the hydrogen
bond network in ortho-substituted anilines is often more complex and dense in comparison
Withz?ther isomers. Figure 36 shows the hydrogen bonds in the crystal of 2-aminobenzoic
acid’’.

Only very large and bulky substituents make the formation of intermolecular hydrogen
bonds impossible. This is not a frequent case and the crystal structure of 4,4'-diamino-
3,3'-dipropyloxybiphenyl*? can be taken as an example. Only intramolecular NH-- - O
hydrogen bonds occur in the crystal.

Sometimes, the existence of a few possibilities of different hydrogen bond networks
results in polymorph structures. It occurs, for example, in ortho-aminobenzoic acid where
three crystal structures corresponding to the P2;cn, Pbca and P2;/a space groups are
formed3132.56-358
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FIGURE 33. Three para-aminoaniline molecules in the asymmetric unit cell with short intermolec-
ular contacts
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TABLE 1. Number of occurrences of space groups in the crystals of aniline derivatives

Space group number Space group symbol Crystal system Number of occurrences
1 Pl Triclinic 1
2 P-1 Triclinic 73
4 P2, Monoclinic 19
9 la Monoclinic 13
11 P2;/m Monoclinic 1
13 P2/c Monoclinic 3
14 P2, /c Monoclinic 197
15 C2/c Monoclinic 30
19 P2,2,2, Orthorhombic 58
29 Pca2,, Pbc2,, P2,ab Orthorhombic 20
33 Pna2,, P2icn Orthorhombic 38
43 Fdd?2, Iba?2 Orthorhombic 2
60 Pbcn Orthorhombic 4
61 Pbca Orthorhombic 38
62 Pnma Orthorhombic 9
76 P4, Tetragonal 1
88 14,/a Tetragonal 2
96 P452,2 Tetragonal 1
144 P3, Trigonal 2
148 R-3, P-3 Trigonal 3
205 Pa3 Regular 1

The molecular arrangement in the crystals often occurs around the 2-fold screw axes.
Thus, monoclinic and orthorhombic systems are common in the crystals. Additionally, the
P-1 space group of a triclinic system often occurs. Symmetry of molecules, especially
the large ones, sometimes results in higher crystal symmetries, as in 9-amino-10-(2',4',6'-
trinitrophenyl)anthracene (space group P-3)* and in hexa-aminobenzene (space group
Pa3)>. The frequency of occurrences of space groups in first-order anilines is shown in
Figure 37. The most popular is a P2,/c(P2,/n, P2;/a) space group (no. 14) occurring
in 197 crystal structures. The second most popular space group is P-1 with 73 crystal
structures retrieved from the CSD. The third place is occupied by the P2;2;2; space
group (58 occurrences). Table 1 gives a full report of the space group occurrences in the
crystals of aniline derivatives. The report is based on 517 crystal structures retrieved from
the CSD.

V. CONCLUSIONS

Aniline molecules are relatively rigid. Any flexibility refers to substituents on the aromatic
rings and on the amino groups. The configuration of the amino groups exhibits a vari-
able degree of pyramidalization. In general, the molecular structure of aniline derivatives
depends strongly on substituents on the aromatic ring and, even more, on substituents
on the amino group. Nevertheless, some common structural features have been observed.
They may be summarized as follows:

(1) The ring angle at the unsubstituted amino group is distinctly smaller than other angles
due to an intramolecular charge transfer.

(2) Anilines substituted at the para-position exhibit some contribution from a quinoid
structure depending on the other substituents

(3) In general, every second ring bond length and every second angle value in the ring
exhibit some positive correlation. The adjacent ring bond lengths and adjacent angles
in the ring exhibit a negative correlation.
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(4) Unsubstituted amino groups exhibit a tendency toward a pyramidal configuration.

However, the degree of pyramidalization is also a consequence of intramolecular and
intermolecular hydrogen bonds.

(5) Hydrogen bonds are a ubiquitous feature in the crystals of anilines.
(6) Penta- and hexasubstituted anilines as well as N-substituted anilines with large sub-

W

stituents on the amino group may exhibit strong disturbances of their molecular
structures due to steric overcrowding and, sometimes, to charge perturbation.
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I. INTRODUCTION: SCOPE AND DEFINITIONS
A. Thermochemistry

As has been the approach for most of the authors’ other reviews on organic thermo-
chemistry (see References 1-3 and others that permeate the current text), the current
chapter is primarily devoted to the relatively restricted property, the ‘molar standard
enthalpy of formation” and symbolically written as AfH,°. It is also often called the
‘heat of formation” and symbolically written as A Hy or A H¢°. This chapter foregoes dis-
cussion of other thermochemical properties such as Gibbs energy, entropy, heat capacity
and excess enthalpy. We also avoid discussion of bond dissociation energies (e.g. of the
anilino ArNH—H bond) and gas-phase clustering energies (e.g. with halide or metal ions).
Likewise, we ignore questions of base or acid strength (in either solution or gas phase) or
of any intermolecular complexation energies except for occasional mention of hydrogen
bonding in the pure condensed phase. The temperature and pressure are assumed to be
25°C (‘298 K’) and 1 atmosphere or 1 bar (101,325 or 100,000 Pa), respectively. The
energy units are kI mol~' where 4.184 kJ is defined as 1 kcal.

Unreferenced, evaluated enthalpies of formation are taken from the now ‘classic’ ther-
mochemical archive by Pedley and his coworkers*. Other, generally early, data are taken
from the archives by Stull, Westrum and Sinke®. These archival thermochemical num-
bers are usually for comparatively simple and well-understood species where we benefit
from the data evaluation performed by these authors. Recent data are presented with
the original source for more complete attribution although in some cases the data are
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readily accessible only from the NIST WebBook®. We also include in our discussion old
numbers ignored by the archivists when they are the only data for a given species, as
well as new numbers that appeared past the archive’s cutoff date. Yet other data were
ignored by these latter authors for no apparent reason. In most cases, where there are
conflicting data, the various values are presented, compared and appraised by the current
chapter authors. Those enthalpies of formation that are deemed trustworthy are listed in
Tables 1-8. Those that are suspected to be inaccurate are discussed in the text but not
included in the tables.

Enthalpies of fusion are taken from Reference 7 and enthalpies of sublimation from
Reference 8. Where data for vaporization enthalpies are lacking, we will use the CHLP
protocol® to estimate them. The derived values assume that the enthalpy of vaporization
depends only on the number of carbons in the molecule and the identity of the substituent
affixed to the hydrocarbon parent.

B. Definition of Anilines
We restrict our attention to those compounds of the type ArNR'R? wherein Ar is a

carbocyclic aromatic ring (substituted or not) and R! and R? are H, some saturated alkyl

TABLE 1. Enthalpies of formation of alkyl-substituted anilines (kJ mol~')

Compound Solid Liquid Gas Reference
Aniline 214 313+ 1.0 87.1£1.0 4,7
2-Methylaniline (o-toluidine) —47+1.0 53.6 £ 1.0¢ 17
3-Methylaniline (m-toluidine) —1.3 57.0 5,17, 20
4-Methylaniline (p-toluidine) —192+13 570+1.3 17
N-Methylaniline 32.3 85.4 19, 20
334175 83.9+6.3 21
36.1 18
2,4-Dimethylaniline —-39.24+09 232+ 1.1 24
2,5-Dimethylaniline —38.9+0.5 239+£0.9 24
2,6-Dimethylaniline —41.0+1.5 18.6 1.5 25
N,N-Dimethylaniline 47.7+£32 100.5 £ 4.7 4
46.0 £ 0.9 100.0 £ 1.0 24
3,N,N-Trimethylaniline 14.4+25 726 7.5 28
4,N,N-Trimethylaniline 144+25 689+ 74 28
2-Ethylaniline —24.8+1.8 35.8+2.0 24
N-Ethylaniline 4.0+42 56.3+59 4
82409 66.5+ 1.1 24
N-Ethyl-3-methylaniline —295+23 30.5+£3.8 28
2,6-Diethylaniline —84.7+1.8 —18.8+1.9 25
N,N-Diethylaniline —-53 50.7 26
1.8+£3.2 62.1£7.6 28
2-Isopropylaniline —-53.6+2.1 82+£23 21
2,6-Diisopropylaniline —139.7+24 —-702+2.4 25
2-t-Butylaniline —64.2+2.1 —1.5+2.1 25
2,4,6-Tri-t-butylaniline —268.8 +4.2 —194.3+43 25
2-Methyl-6-z-butylaniline —108.6 £2.5 —448+3.5 34
N-Phenylpiperidine 6.0+1.3 703+14 35
2,3-Dihydro-1H-indole (indoline) 56.1 £3.1 121.5+3.3 36
1,2,3,4-Tetrahydroquinoline 16.7 £ 0.8 82.8+0.8 37

¢ The enthalpy of vaporization of 2-methylaniline is taken from W. V. Steele, R. D. Chirico, A. Nguyen and
S. E. Knipmeyer, J. Chem. Thermodyn., 26, 515 (1994).
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TABLE 2. Enthalpies of formation of arylated anilines (kJmol~!)

Compound Solid Liquid Gas Reference
1-Naphthylamine 67.7+54 157.7 £ 6.8¢ 4,45
64.6 £5.3 154.6 £ 6.8¢ 47
2-Naphthylamine 59.7£5.0 133.8£5.1 4
2-Aminobiphenyl 112.0£6.3 4
938+ 1.1 52
4-Aminobiphenyl 81.0£6.3 4
2.4'-Diaminobiphenyl 103 5
4,4'-Diaminobiphenyl 70.7 £ 1.7 4
Diphenylamine 130.2 £ 1.7 2193 +£3.0 4
Triphenylamine 235+3 327+4.2 55
N-Phenyl-2-naphthylamine 1599+£1.9 275.7 4,58
Bis(p-aminophenyl)methane 84 +£20 67
N,N’-Diphenylmethanediamine 1454+ 0.6 68
N,N’,N"-Triphenylhexahydro-1,3,5-triazine ~ 352.7 + 0.6 68
“ The enthalpy of sublimation is taken from E. W. Balson, Trans. Faraday Soc., 43, 54 (1947).
TABLE 3. Enthalpies of formation of polyaminobenzenes (kJ mol~')
Compound Solid Liquid Gas Reference
o-Phenylenediamine —03+£42 4
65+13 251+£14 920+1.3 73
m-Phenylenediamine —7.8+42 4
—64+14 184+14 84.0x14 73
p-Phenylenediamine 3.1+0.7 4
—-35+14 166+14 88714 73
N,N,N’,N’'-Tetramethyl- p-phenylenediamine ~ 39.6 + 3.9 75

TABLE 4. Enthalpies of formation of anilines with oxygen-bonded functional groups (kJmol~")

Compound Solid Gas Reference
2-Aminophenol —-191.0+£0.9 —87.1+1.3 76
—201.3+1.5 —1044+1.7 77
3-Aminophenol —-1941+19 —89.4+1.6 76
—-200.2+1.2 —98.6 1.6 77
4-Aminophenol —190.6 0.9 —81.5+1.7 76
—194.1+£0.9 -90.5+1.2 77
4,6-Dinitro-2-aminophenol —243.6 78
(picramic acid)
—246.6 79
cis-5a,6,11a, —180.9+6.3 —519+64 96

12-Tetrahydro[ 1,4]benzoxazino
[3,2-b][1,4]benzoxazine

O _NH

X

NH O
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TABLE 5. Enthalpies of formation of anilines with sulfur-containing functional groups (kJ mol~!)
Compound Solid Gas Reference
o-Aminobenzenesulfonic acid —559.6 = 1.1 93
m-Aminobenzenesulfonic acid —606.2 + 1.8 93
p-Aminobenzenesulfonic acid —612.3+1.0 93
cis-5a,6,11a, 123.3+£1.2 288.5+6.4 96

12-Tetrahydro[1,4]benzothiazino

[3,2-b][1,4]benzothiazine
U1

NH S

TABLE 6. Enthalpies of formation of anilines with halogen substituents (kJ mol~!)
Compound Solid Liquid Gas Reference
0-Chloroaniline —-3.0£1.6 53.4+3.1 100
m-Chloroaniline —-8.1+£1.7 53.0+2.8 100
p-Chloroaniline —185+1.7 59.7+23 100
2-Chloro-4-nitroaniline —-740+ 14 28.6 £2.1 105
2-Chloro-5-nitroaniline —71.0%£ 1.5 30.0£22 105
2,4,6-Trichloroaniline —80.3+1.8 50+£2.6 106
2,4,5-Trichloroaniline —614+14 28.1 £2.9 106
2,3,4-Trichloroaniline —643+24 28.1+£29 106
3,4,5-Trichloroaniline —67.8+2.0 25.1+£3.9 106
2,4,6-Tribromoaniline 579+24 159.0 £ 2.6 109

TABLE 7. Enthalpies of formation of anilines with 7 -electron-withdrawing substituents (kJ mol~!)

Compound Solid Liquid Gas Reference
o-Aminobenzoic acid —400.9+0.9 —296.0+ 1.3 4
m-Aminobenzoic acid —411.6+2.3 —293.6 3.9 4
p-Aminobenzoic acid —412.8+ 1.0 —296.7 +3.8 4
Ethyl p-aminobenzoate —417.9+0.9 4
3-(N-Anilino)-2-naphthoic acid —263.6 £2.2 4
4-N,N-Dimethylaminobenzaldehyde —137.6 +0.9 4
3-Aminoacetophenone —173.3+0.5 —-161.2+0.7 4
4-Aminoacetophenone —182.1+05 —166.2+0.7 4
o-Nitroaniline —26.1+0.5 -94+1.0 63.8£4.2 4
m-Nitroaniline —282+6.3 59.2+4.2 119
—383+0.5 —1444+1.0 584+14 1124
—342+12 625+1.8 121
p-Nitroaniline —42.0+0.8 —-20.7+1.2 58.8£1.5 4
N,N-Dimethyl-m-nitroaniline —20.1+1.8 726 +1.8 124
N,N-Dimethyl- p-nitroaniline —354+14 673+ 1.7 124
—385+1.6 62.8£2.6 125
2,4,6-Trinitroaniline —72.8 79
2,4,6-Trinitrobenzene-1,3,5-triamine ~ —154 127
—140.0 128
N,N-Dimethyl- p-nitrosoaniline 103.0 £ 1.6 185.0+£2.3 125
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TABLE 8. Enthalpies of formation of biochemical/medicinal relevant anilines (kJ mol~')

Compound Solid Gas Reference
N-Phenylglycine —396.7 £ 0.6 —268.7 £ 2.1 137
Phenoxazine —2.1+28 94.0£2.8 144
Phenothiazine 166.7 £ 1.9 2782+ 1.9 144
1,3,7,9-Tetranitrophenothiazine-S-oxide —498.0 145

group or another such carbocyclic aromatic ring. The restriction to carbocyclic rings means
we have excluded discussion of such species as the isomeric pyridinamines and three of
the nucleotide bases cytosine, adenine and guanine. By this definition we also exclude
species that are logically considered perhaps more to be enamines than anilines, whether
they be indole, 1,5-imino[10]annulene or indigo. We avoid discussion of enamines because
they are the subject of generally interesting, complicated but quite extraneous studies.
We have also excluded amides such as acetanilide, isatin, benzimidazolone and isatoic
anhydride, as well as N-nitrated species such as tetryl. And finally, excepting a brief
mention of N-phenylhydroxylamines, no mention is made of any derivative where either
of the nitrogen-affixed groups is a heteroatom (i.e. non-H and/or C) and so hydrazines
will not be discussed. Therefore, indazolinone and its acetyl derivatives are omitted for
multiple reasons. Many of these classes of compounds have been earlier reviewed by the
current authors and few new data exist to discuss now. In particular, there are reviews on
enamines'®, N- and C-nitrated compounds!!, hydrazines'? and amides'3.

C. The Enthalpy of Formation of Aniline and Amino/Hydrogen Exchange
Reactions

Many of the thermochemical comparisons we make in this chapter are between an
aniline and its corresponding denitrogenated counterpart, that is, we consider the effect of
replacing a hydrogen atom with the amino group on the aromatic ring, shown as formal
reaction 1.

Ar—H + 15 Ns + 15 H ——> Ar—NH, 1

The enthalpy for reaction 1 is the difference between the enthalpies of formation of
the two aromatic substances where both species are in the same phase (s, 1q or g). The
enthalpy of formation of the elements is precisely 0 kJ mol~! by definition. The difference
quantity for aniline and benzene is an important benchmark in this review. The enthalpy of
formation of aniline* is 31.3 % 1.0 for the liquid and 87.1 % 1.0 kI mol~! for the gas. The
enthalpy of formation of benzene* is 49.0 £ 0.6 and 82.6 £ 0.7 kImol~' for the liquid
and gas, respectively. The recommended enthalpies of fusion’ of aniline and benzene
are very nearly the same, 10.5 and 9.9 kJmol~!, resulting in solid-phase enthalpies of
formation for the two species of 21.4 and 38.5 kI mol~!, respectively. Accordingly, the
amino/hydrogen difference quantity, or enthalpy of reaction 1, is +4.5 kJmol~! for the
gas. The corresponding liquid- and solid-phase difference quantities are the nearly identical
—17.7 and —17.1 kJmol~!. It is noteworthy that the difference enthalpy is decidedly
exothermic in the condensed phases, but slightly endothermic in the gas phase.
Assuming that these are general difference quantities for all aniline derivatives and cor-
responding ‘hydrocarbons’, we can use them as simple additive constants to estimate and
thereby appraise literature values for the enthalpies of formation of substituted anilines.
Alternatively, the enthalpy of reaction 2 is mathematically equivalent to generating the
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deviation between the difference quantities for other aromatic rings and those calculated
above for benzene and aniline themselves.

Ar—H + Ph—NH, —> Ar—NH, + Ph—H 2)

D. Resonance Stabilization and Aniline

Because of the interaction between the aromatic ring electrons and the m-electron-
donating nitrogen of the affixed amino group, there are additional ionic resonance struc-
tures for aniline beyond those of simple (aliphatic or alicyclic) amines and benzene itself.
That these contributors sacrifice the aromatic sextet of the benzene certainly minimizes
their contribution. One probe of the thermochemical consequences of these resonance
structures is to compare the hydrogenation enthalpy of benzene to form cyclohexane with
that of aniline to form cyclohexylamine. More generally, we can compare the stabilizing
effect of any substituent group X on the aromatic ring by considering the enthalpy of
exchange reaction 3. This is equivalent to comparing the hydrogenation enthalpies of the
two differently substituted aromatic compounds. The gas-phase enthalpies of reaction for
various atoms or groups X are: CHs, —0.9; OH, —16.2; NH,, —14.0; SH, 2.5; and Cl,
11.2 kImol~!. (The enthalpy of formation of chlorocyclohexane is the average of two
values from References 14 and 15.) Aniline ‘enjoys’ nearly as much resonance-derived
enhanced stability over benzene as does phenol.

5004 °

Il. ALKYLATED ANILINES AND RELATED SPECIES

Aniline has four different (nonequivalent) sites for possible substitution: the two equivalent
sites on nitrogen, the two equivalent ortho positions, the two equivalent meta positions
and the unique para position. An alkylated aniline results from the replacement of one
or more of these either N—H and/or C—H atoms with a group attached by a saturated
carbon.

A. Methylated Anilines

Let us start with the three isomeric C-monomethylated species (the toluidines or methyl-
benzenamines) and accept the recent experimental measurements and analysis'’. This
source points out the contradictory and incomplete measurements for these species and
uses the expression ‘in disarray’ to describe the literature. From thermoneutral equation 2,
we would predict enthalpies of formation of —12, —5 and 55 kI mol~! for all three solid,
liquid and gaseous toluidines, in reasonable agreement with the experimental values. We
note that the o-isomer is slightly more stable than its m- and p-isomers. In comparison,
the spread of enthalpy of formation values for the isoelectronic and isosteric xylenes
is but 1 kImol~' and for the so-related methylphenols® (cresols) is but 7 kImol~'. As
an additional check for thermochemical accuracy, consider the formal methylation reac-
tion 4. For Ar = Ph, the enthalpies of reaction are —36.6 (Iq) and —32.2 (g) kJmol~!.
For Ar = C¢H4NH,, the ortho, meta and para gas-phase enthalpies of reaction are the
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compatible —33.5, —30.1 and —30.1 kI mol~". The liquid-phase ortho and meta reaction
enthalpies are —36.0 and —32.6 kJ mol~!.

Ar—H —— Ar—Me 4)

N-methylation is not expected to result in a nearly identical enthalpy of formation
value to that of the C-methylated species. Why should it? Indeed, from a consensus of
combustion calorimetry measurements, the liquid'®-2! enthalpy of formation for
N-methylaniline is 34 & 2 kJmol~! and for the gas'®?! is 84 £ 2 kI mol~!. Results from
reaction calorimetry?? are compatible with these values. While methylation of the aro-
matic ring is quite exothermic, formal methylation of the aniline nitrogen is essentially
thermoneutral.

Dimethylation of aniline solely on carbon allows for six isomers of the classically
so-called xylidines. For the 2,4-isomer, a 1907 study? reports a liquid-phase enthalpy of
formation of —88.7 kImol~! and a contemporary measurement?* 90 years later reports
values of —39.2 4 0.9 for the liquid and 23.2 4 1.1 kITmol~! for the gaseous species.
While we ‘naturally’ prefer the latter because of greater trust in the reliability of recent
values, can we decide on any other grounds? The hydrocarbon counterpart of the dimethy-
laniline is m-xylene, for which the archival enthalpy of formation values are —25.4 + 0.8
(Iq) and 17.3 0.8 (g) kITmol~!. From equation 2, the derived enthalpies of formation
for the 2,4-dimethylaniline are ca —43 (Iq) and 22 (g) kI mol~!. The good agreement
with the more recent values vindicates our predilection as to choice of values as well as
confidence in the applicability of the amino/hydrogen difference quantity.

The contemporarily measured values®* for liquid and gaseous 2,5-dimethylaniline are
—38.9 4 0.5 and 23.9 0.9 kI mol~!, respectively. The enthalpy of formation of p-xylene
is ca 1 £ 1 kImol~! higher than that of the m-isomer in both the liquid and gaseous
phases. From equation 2, the predicted enthalpies of formation of 2,5-dimethylaniline are
ca —42 (I9) and 23 (g) kI mol~', respectively, in good agreement with experiment.

What about the 2,6-isomer? In the absence of buttressing effects from adjacent ortho
substituents (see discussion below), we would think that the enthalpy of formation of this
isomer should be the same as that for the 2,4 since both are related by the difference
quantity to m-xylene. A contemporary Reference 25 gives the enthalpies of formation of
—41.0 & 1.5 for the liquid and 18.6 & 1.5 kJmol~! for the gaseous species. The liquid-
phase values for the aniline isomers are identical within the error bars, but it would appear
that the gas-phase 2,6-isomer is very slightly stabilized relative to its 2,4-isomer—this
difference is quite small—although we do not understand why it should be somewhat
more, rather than somewhat less, stable.

There are three N,C-substituted dimethylanilines, the N-methyltoluidines. Of these, only
the para isomer has been studied calorimetrically?® in the acid-catalyzed liquid-phase
disproportionation reaction 5, X = CHj. The reaction is exothermic by only 2 kI mol~!,
essentially thermoneutral, as was the case for the related reaction for N-methylaniline??.

NHMe NH, NMe,

|

&)

X X X

For N,N-dimethylaniline, the remaining isomer, the enthalpies of formation are 47.7 &
3.2 kI mol ™! for the liquid and 100.5 % 4.7 kI mol~! for the gaseous species*. Reference 24
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reports the values of 46.0 & 0.9 and 100.0 £ 1.0 kT mol~! in fine agreement, but with nar-
rower error bars. Disproportionation reaction 5, X = H, is calculated to be quite endother-
mic, ca 11 (Iq) and 20 (g) kJ mol~! when using the average values for the enthalpies of
formation of N-methylaniline, given earlier. However, in the aforementioned paragraph,
it was found from reaction thermochemistry that this reaction is nearly thermoneutral. We
suspect some error in one or more of the enthalpies of formation?’, although errors in
enthalpy of reaction measurements or interpretations (e.g. the co-formation of some ring
methylated product) cannot be precluded.

There are numerous isomers of the multiply methylated anilines, most of which have
been ignored by the thermochemical community. Of the six possible ring-only methylated
species, the sole species to be studied is the 2,4,5-trimethylaniline (the earlier-named
pseudocumidine) in the very old Reference 23. The solid-phase enthalpy of formation
is —110 kJmol~!. The enthalpy of formation of the corresponding hydrocarbon, 1,2,4-
trimethylbenzene (the earlier-named pseudocumene), is —25 kJ mol~! using a temperature-
uncorrected fusion enthalpy. The resulting amino/hydrogen difference is 85 kJmol~!, an
altogether unreasonable value.

The enthalpies of formation for the 3,N,N- and 4,N,N-trimethylanilines from contem-
porary measurements>® are quite similar. From the average methylation reaction enthalpies
of N-methylaniline in equation 4, and the enthalpies of formation of N,N-dimethylaniline,
the enthalpies of formation of the trimethylated species are predicted to be ca 14 (1q)
and 69 (g) kJmol™!, in encouraging agreement with the experimental measurements,
given the large error bars. No thermochemical data are available for the 2,N,N-isomer.
Will it be but ca 5 kIJmol™! less stable as is the case for the isoelectronic liquid-phase
isopropyltoluenes? Or, will the difference be more like the 20 kJmol~! found for the
t-butyltoluenes?® where there are two nearby abutting methyl groups as would be found

if the dimethylaniline substructure is forced to be planar®?

B. Ethylated Anilines

Of the three isomeric C-ethylated anilines, there are thermochemical data®* only for
the ortho isomer. Equation 2 predicts enthalpies of formation of —29.7 (Iq) and 34.4
(g) kI mol~!. Equation 2 also suggests that the difference between enthalpies of forma-
tion of 2-ethylaniline and any of the C,C-dimethylanilines would be the same as that
between ethylbenzene and any of the dimethylbenzenes, namely ca 11—13 kI'mol~'. Or
said differently, equation 6 is expected to be thermoneutral. The expectation is met for
2,4- and 2,5-dimethylaniline, and nearly so for 2,6-dimethylaniline.

PhEt + M62C6H3NH2 e 2-EtC6H4NH2 + M62C6H4 (6)

For the N-ethyl isomer there are archival® enthalpies of formation (derived from the
calculated results presented in Reference 26). There is a much more ancient?®, and very
disparate, value of —29 kJmol~! for the liquid, which is nearly identical to that exper-
imentally determined in Reference 20 and reported in Reference 19. A contemporary
measurement?* reports somewhat more endothermic enthalpies of formation. Our predilec-
tion would be to accept the latter measurement. From a recent measurement®® of the
enthalpy of formation of N-ethyl-3-methylaniline, we find values of —29.5 2.3 and
30.5 4 3.8 kImol~! for the liquid and gaseous species, respectively. We would expect
reaction 7 to be roughly thermoneutral.

PhMe + PhNHEt — PhH + 3-MeC4H,NHEt 7
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Indeed, within 4 kImol~!, and so within the error bars, this is true and so gives us
confidence in both the recent measurements of liquid and gaseous N-ethylaniline and its
3-methyl isomer.

Of the plethora of possible diethylanilines species, there are enthalpy of formation
data for only 2,6- and N,N-diethylaniline. The enthalpies of formation of the former
species are —84.7 & 1.8 (Iq) and —18.8 4 1.9 (g) kI mol~!?. From the archival value
for the liquid enthalpy of formation of the corresponding hydrocarbon, m-diethylbenzene
of —73.5 £ 1.5 kJmol~!, we would have predicted a liquid-phase enthalpy of formation
of the aniline of ca —91 kI mol~! from equation 2. The 6.5 kImol~! difference between
the experimental and predicted values is suggestive of a ‘few’ kImol~! of buttressing
(adjacent o-substitution) derived destabilization. There being no measured enthalpy of
formation of the gas-phase m-diethylbenzene species, we may estimate it in two ways.
First, using the CHLP protocol to derive the enthalpy of vaporization (50 kJmol™"),
the gas-phase enthalpy of formation is —24 kJmol~'. Or, assume thermoneutrality for
reaction 8 where R = Et, in which case the enthalpy of formation of m-diethylbenzene is
—23 kJ mol .

2PhR —— PhH + 1,3-C¢H4R, 8)

Thus, the predicted gas-phase enthalpy of formation of 2,6-diethylaniline from equation 2
is —19 kJmol~!, essentially indistinguishable from the experimental value. The above
analyses suggested 2,6-dimethylaniline had a small degree of stabilization while the liquid
2,6-diethyl species was likewise slightly destabilized. The latter is suggestive of buttress-
ing (adjacent o-substituents) interactions.

For N,N-diethylaniline, there are two sets of disparate enthalpy of formation values,
—5.3 and 1.8+ 3.2 kimol~! (from References 26 and 28, respectively) for the liquid,
and 50.7 and 62.1 £ 7.6 kJmol~! correspondingly for the gas. It appears plausible that
reaction 9 should be roughly thermoneutral.

PhNMe, + 2/3(Et;N) —— PhNEt, + 2/3(MesN) )

Trusting the enthalpy of formation values for N,N-dimethylaniline results in an enthalpy
of reaction of —7 kJmol™! for the liquid and 54.4 kI mol~! for the gas. The older mea-
surement seems better on this basis, but we also wonder if there is some strain energy in
N,N-diethylaniline that is unaccounted for.

C. Other Alkylated Anilines and Buttressing Interactions

The measured enthalpies of formation of o-isopropylaniline?! are —53.6 4 2.1 and
8.2+ 2.3 kImol~! for the liquid and gaseous species, respectively. From the enthalpies
of formation of isopropylbenzene of —41.1 4 1.0 (Iq) and 4.0 £ 1.0 (g) kImol~! and the
amino/hydrogen difference quantity, the predicted isopropylaniline enthalpies of formation
are —59 (Iq) and 9 (g) kJ mol~!. Slight destabilization is thus observed for the liquid, ca
5 kImol~!, and essentially none for the gas.

For liquid and gaseous 2,6-diisopropylaniline respectively, the measured enthalpies of
formation® are —139.7 2.4 (Iq) and —70.2 & 2.4 (g) kImol~!. There is a measured
disproportionation enthalpy of reaction 8 for R = i-Pr’! of 1.5 4 0.6 kJmol~!. The het-
erogeneously catalyzed reaction enthalpy is assumed to be the same for both the liquid and
gas phases, and so enthalpies of formation of liquid and gaseous m-diisopropylbenzene of
—129.7 and —73.1 kImol~"! are derived. The difference between these last two quantities,
56.6 kImol~!, is very nearly identical to the enthalpy of vaporization as predicted using
the CHLP protocol. Using these derived enthalpies of formation and the amino/hydrogen



4. Thermochemistry of anilines 269

difference quantity, the enthalpies of formation of 2,6-diisopropylaniline are predicted to
be —147.1 (Iq) and —68.6 (gas) kI mol~'. Again, we find a ‘few’ kJmol~! of destabi-
lization in the aniline, 7 kJmol~! for the liquid and again essentially none for the gas.
As before, the estimated destabilization is greater for the liquid than for the gas. This is
suggestive of weakening of liquid-phase intermolecular hydrogen bonding, a not unex-
pected result originating in the steric hindrance for any interaction that is blocked by the
two nearby alkyl groups.

The enthalpies of formation of 2-¢-butylaniline?> are —64.2 £2.1 and —1.5 4+ 2.1 kJ
mol~! for the liquid and gas, respectively. The enthalpies of formation of ¢-butylbenzene
are —70.7 4+ 1.2 and —22.6 £ 1.2 kJmol~! for the corresponding phases. The formal
reaction enthalpy of equation 2 is endothermic by 24 and 17 kImol~! in the liquid and
gas phases, respectively. Again we see that the destabilization of the alkyl-substituted
amine is larger for the liquid than the gas. That the bulkier #-butyl substituent is more
destabilizing than smaller alkyl groups is not unexpected, and the effect is paralleled with
various alkylated phenols and toluenes™ 32,

What about 2,6-di-¢-butylated aniline? While enthalpy of formation data are absent for
this species, Reference 25 gives us the solid- and gas-phase enthalpies of formation of
a surrogate species with the two buttressing 7-butyl groups, 2,4,6-tri-z-butylaniline. (If
we accept the enthalpy of fusion® of 19.4 0.2 kI mol~' at 426.4 K and do not make
temperature corrections, a liquid-phase enthalpy of formation is ca —249 4 5 kJmol~'.)
The enthalpy of formation of liquid tri-z-butylbenzene® is —306.8 & 2.3 kImol~'. The
enthalpy of reaction 2 is calculated as ca 75 kI mol~! and represents the destabilization of
the aniline due to the two buttressing z-butyl substituents. Following the same procedure,
after estimating the enthalpy of vaporization for the tri-z-butylbenzene (80.5 kI mol~),
the gas-phase aniline is ca 28 kJmol~! destabilized.

There is also one ‘mixed’ alkylated species, 2-methyl-6-¢-butylaniline, with liquid-
and gas-phase enthalpies of formation®* of —108.6 & 2.5 and —44.8 £ 3.5 kJ mol~'. For
the corresponding hydrocarbon, m-z-butyltoluene, the gas-phase enthalpy of formation?
is —54.42. kImol™!, a value corresponding to 5 kImol~' of aniline destabilization
arising from buttressing. The estimated enthalpy of vaporization of m-z-butyltoluene is
51.1 kI mol~! and the derived destabilization in the liquid phase is thus 14 kI mol~!. That
it is larger for the liquid than gaseous species is compatible with our earlier observation.
However, that it is less than for the monoalkylated species, 2-¢-butylaniline, is inexplicable
and suggestive of some error in the experimental measurements.

We conclude that buttressing destabilization of anilines applies most strongly to liquid
species and gains prominence only for 7-butylated species.

D. Carbocyclic Aniline Counterparts

The carbocyclic aniline counterparts are N,N-polymethyleneanilines, that is, cyclic
species of the general formula Ph-N(CH,), such as N-phenylated aziridine, azetidine,
pyrollidine and piperidine (n = 2-5). Disappointingly, there are thermochemical data
for only the last of these species. The liquid- and gas-phase enthalpies of formation
of N-phenylpiperidine have recently been reported®. From the same source come the
enthalpies of formation of the saturated N-cyclohexylpiperidine, —195.8 +0.7 and
—135.24+0.9 kImol~!, respectively. As was shown in an earlier section, equation 3
reveals the relative extent to which a substituent stabilizes the aromatic ring. The gas-
phase formal reaction enthalpy for X = N(CHy)s is —0.1 kJmol~! and so we deduce that
N-phenylpiperidine has essentially none of the resonance stabilization found in aniline
itself. This is surprising at first sight. However, for there to be maximum resonance sta-
bilization of an aniline, the nitrogen should be co-planar with the benzene ring. If the
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nitrogen were co-planar in N-phenylpiperidine, there would be steric repulsion between
the ortho hydrogens on the benzene ring and the alpha hydrogens on the piperidine ring.
This enforced arrangement is destabilizing, much as between the ortho hydrogens in
opposing rings in biphenyl, which is well-established to be nonplanar/twisted in the gas
phase despite loss of stabilizing resonance.

N,C-polymethyleneanilines are cyclic species of the general formula 1,2-CcH4sNH
(CH),, such as 2,3-dihydro-1H -indole3® (indoline, n = 2) and 1,2,3,4-tetrahydroquino-
line®” (n = 3). There are surprisingly few studies of cyclic anilines or their derivatives
of this type for which there are enthalpy of formation measurements. The differences
between the enthalpies of formation of the aniline and the corresponding hydrocarbon are
essentially the same for both n = 2 and 3: ca 45 (Iq) and 61 (g) kI mol~'.

Finally, we note the reversible solution-phase rearrangement of a collection of 1,3,3-
trialkylated derivatives of spiro[indoline-2,3'[3 H Jnaphth[2,1-b][1,4]oxazines and the cor-
responding 2-[2-ox0-1-naphthylidenoiminomethylene]indolines for which the enthalpy of
reaction is known’®, but these studies unfortunately fail to provide us any useful thermo-
chemical information, such as enthalpies of formation.

E. Anilines with Unsaturated Hydrocarbyl Substituents

Data on this class of compounds, that are also non-enamines, are surprisingly sparse.
The simplest thermochemically characterized species are N,N-dimethyl-p-(2-cyano-2-
phenyl)vinylaniline®® and N,N-dimethyl- p-(2-cyano-2- p-isopropylphenyl)vinylaniline*
with solid-phase enthalpies of formation of 104 and 68.6 kJ mol~!, respectively. From the
same sources we find the enthalpy of formation of 353 kI mol~! for (2Z)-2,3-diphenyl-
2-propenenitrile. One or both of these enthalpies of formation are quite likely incorrect.
As just one example, we fail to understand how transformation of dimethylamino into
hydrogen can result in an increase of enthalpy of formation of some 250 kJ mol~!, even
in the solid phase (only 20 kI mol~! is found for N,N-dimethylaniline transformed into
benzene).

N,N-dimethyl- p-[2-cyano-2-(5,6,7,8-tetrahydronaphthyl)vinyl]aniline and its des(di-
amino) derivative, a-benzylidene-5,6,7,8-tetrahydronaphthaleneacetonitrile, have reported
solid state enthalpies of formation*' of 59.0 and 259 kJmol~'. The corresponding
compounds with a 2-substituted benzimidazolyl group replacing the tetrahydronaphthyl,
now liquids, have enthalpies of formation*’ of 301.8 and 362 kImol~!. Relatedly,
N,N-dimethyl- p-(2,2-dicarboxyvinyl)aniline has a solid-phase enthalpy of formation*} of
—769.6 kJ mol~! while its des(diamino) analog, benzylidenemalonic acid, has an enthalpy
of formation of —715.0 kJmol~!. It is seen that loss of the dimethylamino group is
accompanied by enthalpy of formation differences of between 55 and 200 kJ mol~'. These
differences, and their lack of near constancy, are not readily understandable—the related
difference between the enthalpies of formation of liquid N,N-dimethylaniline and benzene
is ca 35 kI'mol™!.

Ill. ARYLATED ANILINES AND RELATED SPECIES
A. Amino Derivatives of Polynuclear Aromatic Hydrocarbons

Although not strictly an arylated aniline but rather a benzannelated species, the two
isomeric naphthylamines are the simplest polynuclear aromatic hydrocarbon counterparts
of aniline. Unfortunately, they are the only such examples with enthalpy of formation
data known to the authors. No less than five sets of measurements?>*4~47 with a range
of 29 kJmol~! have been reported for the enthalpy of combustion, and thus of forma-
tion, of 1-naphthylamine. Likewise, for the enthalpy of combustion of 2-naphthylamine
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23,44-46.48 with a range of 36 kJmol™'.

4,49

there are an analogous diverse set of values
Of the five enthalpy values for 1-naphthylamine, four were available to archivists
who chose only one value®’, corresponding to an enthalpy of formation for the solid of
67.7 5.4 kImol~!. A recent measurement*’ gives the compatible enthalpy of formation
of 64.6 5.3 kImol~!. The average value is 66.2 & 5.4 kImol~!. Of the five enthalpy
values for 2-naphthylamine, all were available to the archivists who selected two*>48, for
a weighted mean of 59.7 & 5.0 kJmol~' for the solid.

The difference between the enthalpies of formation of gas-phase 1- and 2-naphthylamine
of some 22 kJmol~! is troubling. It is quite inexplicable when the likewise related dif-
ferences between 1- and 2-methylnaphthalene, and of 1- and 2-naphthol, all but vanish.
The accuracy of the enthalpy of formation values can be assessed with equation 10, which
is related to equation 2, and is expected to be thermoneutral when all substances are in the
same phase. For the solid or liquid phase and for 1-naphthylamine, and for the solid-phase
2-naphthylamine, the enthalpy of reaction is in the range of —1.1 to 5.4 kI mol~'. For gas-
phase 2-naphthylamine, the enthalpy of reaction is the discrepant —21 kJmol~!. There
being no apparent reason why this reaction should not be approximately thermoneutral
also, a calculated enthalpy of formation of gaseous 2-naphthylamine is ca 155 kJ mol~' 3!
However, in clear conscience we cannot recommend remeasurement of either (or even
better, both) naphthylamines because the 2-isomer is such a powerful carcinogen. Perhaps
with appropriate substitution that is simultaneously sterically and electronically innocu-
ous and that also renders the amine toxicologically innocuous, relevant measurements can
(and thus should) be made.

NH, NH,
CO-O —Cg -

B. C-phenylated Anilines — Derivatives of Biphenyl

The simplest species with but one amino group are the C-phenylated anilines. From
Reference 4 there are enthalpies of formation of the isomeric 2- and 4-aminobiphenyl,
112.0 £ 6.3 and 81.0 + 6.3 kI mol~!. However, there is a newer measurement for the 2-
isomer of 93.8 & 1.1 kI mol~! 32, Still, the 13—-31 kJmol~! enthalpy difference between
these two isomers is rather large since the 2-isomer is not expected to be much more
strained. The enthalpy of formation difference is less, however, than that found for the
corresponding biphenyl carboxylic acids® of ca 40 kJmol~'. Equation 2 is essentially
thermoneutral for ArNH, = 4-aminobiphenyl while it is quite endothermic for ArNH, =
2-aminobiphenyl. There is no obvious reason why the 2-derivative should be so different
from its 4-isomer, especially since the two phenyl groups in the biphenyl species are not
coplanar.

There are numerous isomeric diaminobiphenyls, six with the two amino groups on the
same ring and another six with the two amino groups on different rings. However, the
only two for which there are enthalpy of formation data are the 4,4’ and 2,4’ derivatives.
The archivally recommended enthalpy of formation of the former is 70.7 & 1.7 kJ mol~!
for the solid: there is an earlier value®* which differs by some 36 kJmol~! from the value
we accept. The enthalpy of formation of the 2,4’-isomer’, a liquid, is 103 kI mol~'. The
difference of 33 kJmol~! is partially accounted for by the enthalpy of fusion, which for
the 4,4'-isomer has been estimated as ca 19 kJ mol~! at 400 K, which is similar to that for
2-aminobiphenyl of 14 kImol~! at 322 K®. The enthalpy of reaction 2 where ArH = 4-
aminobiphenyl and ArNH, = 4, 4'-diaminobiphenyl is 7 kJ mol~! for the solid, a reason-
able result given the uncertainty in the measurement of the 4-aminobiphenyl. Acceptable
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also is the liquid-phase enthalpy of reaction of 13 kJmol~! for ArH = 2-aminobiphenyl
and ArNH, = 2, 4'-diaminobiphenyl. This is good, because, once again, we cannot rec-
ommend remeasurements of the enthalpies of formation: at least the 4,4’-isomer, known
as benzidine, is also generally recognized to be a powerful carcinogen.

C. N-phenylated Anilines

For diphenylamine we find archival values of 130.2 4 1.7 and 219.3 % 3.0 kJ mol™!
for the solid and gaseous species while from Reference 55 we find the values of 235 + 3
and 327 +4.2 kImol~! for solid and gaseous triphenylamine. The N-phenylation of
gas-phase diphenylamine is less endothermic than the phenylation of aniline, 108 vs
132 kI mol~!, respectively. We would have thought that both steric crowding and satura-
tion of resonance would have destabilized triphenylamine compared to its less phenylated
derivatives. Interestingly, the gas-phase phenylation enthalpies of toluene (115 kI mol™"),
diphenylmethane®® (115 kJmol~') and triphenylmethane®’ (107 kJ mol~') have compa-
rable phenylation enthalpies to each other and to one of the above values. And yet the
phenylation enthalpy of gaseous phenol to diphenyl ether is 148 kI mol~'. The first pheny-
lation enthalpy increases in the order C < N < O.

There are also the N- and 4-methyl, and 4,4’-dimethyl derivatives of diphenylamine
with archival enthalpies of formation of 120.5 +7.1 (lq), 48.9 7.1 (s) and —11.6 &+
7.5 (s) kImol™!, respectively. However, these values are not plausible when compared
with the aforementioned value for diphenylamine, 130.2 1.7 kImol~!, and the earlier
enunciated methylation enthalpies.

In addition to the enthalpies of formation of the naphthylamines, there are also mea-
sured enthalpies of formation for their N-phenyl derivatives. Of the several measurements
reported for the two isomers during the first half of the last century, only one was chosen
to be included in the archival sources. From this value and that for solid 2-naphthylamine,
the N-phenylation enthalpy is calculated as 100 kJ mol~! for the solid. Using our previ-
ously calculated enthalpy of formation for gaseous 2-naphthylamine of ca 155 kJmol™!,
the N-phenylation enthalpy is ca 121 kJ mol~!, compatible with that for gaseous aniline.
Assuming the N-phenylation enthalpies are the same for both naphthylamine isomers,
the enthalpies of formation of N-phenyl-1-naphthylamine are calculated as 166 (s) and
277 (g) kImol~'. The derived enthalpy of sublimation of 111 kJmol~! at 333-363°C is
somewhat higher than the one reported to be 96.5 kI mol~! at 313-333°C.

9,10-Dihydroacridine, a benzannelated 1,2,3,4-tetrahydroquinoline, may be also regarded
as an N-phenyl-substituted aniline. The enthalpy of hydrogenation of acridine in a polyether
solvent was reported® as —75.3 kJmol~!. Should we assume that this hydrogenation in
a nonpolar solution has the same enthalpy as it would in the gas phase? The assump-
tion of comparability to the gas phase is justified by noting that the calculated enthalpy
of hydrogenation of gas-phase anthracene* to 9,10-dihydroanthracene is —71.2 kJ mol~'.
(Cf. Reference 60 for hydrocarbon hydrogenation.) If so, from the gas-phase enthalpy
of formation of acridine®! of 273.9 £ 2.3 kJmol~!, the enthalpy of formation for 9,10-
dihydroacridine is 198.6 kJ mol~'.

D. Polymeric Anilines

Polyanilines, ([(—NH—C¢Hs—NH—-CgH4),—(N=CsHs=N—-CgHs—)>_,],), like so
many other polymers, are stoichiometrically ill-defined. The three stable polyaniline forms
are leucoemeraldine (x = 2), emeraldine (x = 1) and pernigraniline (x = 0). Emeraldine
is the most important to the chemical and materials science communities because it is
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electrically conducting as its doubly protonated counterpart. This polymeric dication has
been formulated in various ways, but here we write it as simply Poly-{[—C6H4NH—]42+}.

Let us estimate the enthalpy of formation of the leucoemeraldine tetramer, which now
is written as Poly{[-C¢H4NH—]4}, by assuming thermoneutrality for the solid phase
reaction 11. The result is 367 kI mol~'.

4PhNHPh —— Poly{[—C¢H4NH—],} + 4CsHg (11)

Leucoemeraldine is the formal hydrogenation product of emeraldine. As shown in
reaction 12, each tetramer unit contains one reducible quinonediimine moiety.

Poly [—(CgH4yN=CsH;=N-)(—CsH;NHCsH,NH)—] + H;
—— Poly{[—CsH;NH—14} (12)

There are two related hydrogenation reactions for which there are requisite enthalpy of for-
mation data: p-benzoquinone to hydroquinone and p-xylylene to p-xylene. For the former
reaction, the enthalpies of hydrogenation are —179 kImol~! (s) and —142 kI mol~! (g).
For the latter%?, the gas-phase hydrogenation enthalpy is ca —192 kJmol~!. An interpo-
lated gas-phase hydrogenation enthalpy for p-quinonediimine is ca —167 kJ mol~'. Based
on the benzoquinone/hydroquinone example, the solid-phase value presumably would be
more negative. The enthalpy of formation of solid emeraldine thus would be at least
534 kJmol~!.

Estimation of the enthalpy of formation of emeraldine can be approached from a dif-
ferent direction. The standard synthetic reaction using aniline and ammonium perdisulfate
has been calorimetrically studied®® and shown to be exothermic by —439 &5 kJmol~!.
Reaction 13 is thus exothermic by —1756 4 20 kI mol~! per emeraldine tetramer.

4PhNH, + 5(NHy),S,05 4+ 2HCl —— Poly-{[—CsH;NH—1,>" 2C17} + 10NH4HSO,

13)
From the necessary inorganic® and organic thermochemical data (except for the small
enthalpy of solution of the aniline), we derive the enthalpy of formation of the emeral-
dine salt as 196 £ 25 kI mol~!. Reaction 14 interrelates the enthalpies of formation of
emeraldine and its salt.

Poly-{[—C¢HsNH—14*" 2C17}
—— Poly [—(C¢HyN=CgH;=N—)(—C¢H;NHCcH4;NH)—] + 2HCI (14)

Let us approximate the enthalpy of this reaction by assuming thermoneutrality for the
solid-phase reaction 15. Pyridine, with its trigonal nitrogen, is chosen to be the analog
for the imino nitrogen of emeraldine.

2Py + Poly-{[—C¢HsNH—1,>* 2C17}
—— 2PyHCI + Poly [—(C¢H4N=CsHs=N—-)(—CcHsNHCsHsNH)—] (15)
Using a consensus value of the enthalpy of formation of pyridinium chloride of —94 kJ
mol~! from References 65 and 66, the resulting enthalpy of formation of emeraldine is

predicted to be 568 kI mol~'. The enthalpies of formation from the two approaches are
comparable.

E. Other Anilino Derivatives

In this section we consider derivatives of aniline where the newly introduced aromatic
ring is not directly joined to either the phenyl carbon or nitrogen atom of aniline itself. The
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first such compound is bis(p-aminophenyl)methane. The enthalpy of combustion for the
liquid was reported®’ to be —7200 & 20 kJ mol~!, while a value of —8744 + 8 kJ mol~!
may be obtained for the solid from Reference 68. This corresponds to a negative enthalpy
of fusion and so at least one of these values must be incorrect. The former corresponds
to an enthalpy of 84 kJmol~'!, the latter some 1500 kJmol~! higher and so it can be
disregarded.

Accepting the former value, the ‘deamination’ enthalpy of liquid bis(p-aminophenyl)
methane is ca —7 kJ mol~! per NH, group compared to the —14 kJ mol~! for deamination
of p-toluidine®®. Reference 5 reports a study of the related tris(p-aminophenyl)methane,
where the triple p-derivative is assumed given the rich and colorful triphenylmethane/
carbinol dye chemistry of the era (e.g. rosaniline, malachite green). The enthalpy of
formation given is 200 kJmol~! for the solid. This value is hard to reconcile with the
171.1 £ 1.4 kJmol~! for solid triphenylmethane itself*>”: why should the tris-aniline
have a more positive enthalpy of formation than the parent hydrocarbon?

There are both an enthalpy of formation®® for solid N,N’-diphenylmethanediamine
(bis(phenylamino)methane)) and an enthalpy of rearrangement®® (aqueous phase) of —60.3
kImol~! to the aforementioned bis(p-aminophenyl)methane. Is this difference plausible?
We earlier suggested enthalpies of formation of —5 and 55 kJ mol~! for the C-methylated
aniline isomers as liquid and gas, and 34 and 84 for their N-methylated isomer. In other
words, C-alkylation is energetically preferred over N-alkylation by ca 30 kJmol~! for
a given substituent. Twice this preference is ca 60 kJmol~!, very nearly identical to
the rearrangement enthalpy above. This gives us confidence in the value of 352.7 &+
0.6 kJmol~! for N,N’,N”-triphenylhexahydro-1,3,5-triazine, also from Reference 68. This
is encouraging in that there are few other hexahydro-1,3,5-triazines for which thermo-
chemical measurements are available. One such example of hexahydro-1,3,5-triazine ther-
mochemistry is the archivally measured enthalpy of formation of hexamethylenetetramine
(1,3,5,7-tetraazaadamantane). Another example is the contemporary’® solution-phase mea-
surement of the enthalpy of hydrogenolysis (in acetic acid) of the piperidine trimer,
dodecahydro-1H,6 H,11 H-tripyrido[1,2-a:1,2-c:1,2-¢][1,3,5]triazine, a process that forms
the well-understood piperidine.

Of the highly functionalized 5,10,15,20-tetraphenylporphins, there is 5,10,15,20-tetrakis
(o-aminophenyl)porphin. Summing the enthalpy of formation of the solid of 474 £ 17 kJ
mol~! with the enthalpy of sublimation of 332 kJmol~! from Reference 71 results in a
gas phase enthalpy of formation of this species of 806 kJ mol~!. Should we assume the
applicability of equation 2 as for simpler, lower molecular weight, less hindered anilines,
these enthalpy values are incompatible with the values, likewise obtained from Refer-
ence 71, of 621.3 + 6.3 and 865 kJmol~! for the enthalpies of formation of solid and
gaseous 5,10,15,20-tetraphenylporphin. The enthalpy of formation of solid 5,10,15,20-
tetrakis(p-(N,N-dimethylamino)phenyl)porphin’® of —434.8 kJmol~! is also incompati-
ble with those of both porphyrins cited above.

IV. POLYAMINO BENZENES

While our earlier review on nitro compounds'' discussed numerous species with multiple
nitro groups, the same review on amino compounds discussed few species with multiple
amino groups. We don’t know of any thermochemical data for any simple benzenetriamine
or any species with even more amino groups. The only such species for which there is
apparently thermochemical data is 2,4,6-trinitrobenzene-1,3,5-triamine and consideration
of it is deferred until nitro-substituted anilines are discussed.

The isomeric diaminobenzenes are more commonly known as the phenylenediamines.
In the archive there are enthalpies of formation for the three isomers as solids. The range
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is ca 11 kJmol™! and the stability order is m- > o- > p-, although the enthalpies of the
ortho and para overlap within the error bars. There are new enthalpy of combustion, of
formation, and phase change measurements’? for all three phenylenediamines, again with a
range of ca 13 kI mol~!. The stability order in the solid and liquid phases is m > p > o
where the para is unequivocally more stable than the ortho. There is also a newer’*,
very discordant, value for the first quantity, 39.1 £ 5.7 kI mol~'. The expected enthalpy
of formation values of all three isomers are ca 4, 14 and 92 kJmol~! for the solid,
liquid and gaseous species, respectively, by assuming thermoneutrality for equation 2.
This is rather surprising as it suggests m- and p-phenylenediamine are stabilized in the
gas phase as well as in the solid, but not liquid, phases The discrepancy tells us that
these species are problematic for the thermochemist. In particular, we deduce possibilities
for autooxidation to form polymeric (both newly C,N and C,C bonded) and hence ill-
defined products. Intersubstituent steric and electronic repulsion should both destabilize
the o-isomer where, additionally, intermolecular hydrogen bonding is minimized. In the
gas phase, the three isomers are now closer in thermochemical stabilities, with enthalpies
of formation 92.0 & 1.3, 84.0 + 1.4 and 88.7 &+ 1.4 kJmol~!, respectively. This has been
explained by the original authors in terms of the absence of intermolecular hydrogen
bonding for all three gaseous species and some intramolecular stabilization for the o-
isomer alone.

Another interesting species is N,N,N’,N’-tetramethyl- p-phenylenediamine, the parent
neutral of the well-known radical cation, Wurster blue. Its enthalpy of formation as a
solid” is 39.6 3.9 kI mol~!. Equations 16 and 17 might be expected to be thermoneu-
tral. The calculated enthalpy of reaction of the former is 5.9 kImol~! and that of the
latter is —7.1 kJ mol~!, adequate indication that the enthalpies of formation are essentially
accurate.

NMe, NMe;
d-09 -
NMe,
NMe, NH, NMe, NH,
© + 2 @ — 2 © + <> a7
NMe, NH,

V. ANILINES WITH OXYGEN-BONDED FUNCTIONAL GROUPS
A. Hydroxyanilines (Aminophenols)

The enthalpy of formation of all three aminophenol isomers have been measured twice.
Two well-respected contemporary organic thermochemistry groups have studied these
species’®77. Although disparate, they are closer than some other pairs of competing values
cited in this text. Which set, if either, do we choose? We prefer those of Reference 76.
From the archival enthalpy of formation of gaseous phenol of —96.4 £ 0.9 kJ mol~! and
equation 2, the enthalpy of formation of any of the isomers is ca —92 kJmol™! in the
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absence of any stabilizing or destabilizing features of the molecule. This value is in
good agreement with their suggested value for the m-isomer, no stabilizing mechanism
being apparent to reconcile the more negative value in Reference 77. The value found in
Reference 76 for the o-isomer is essentially the same as for the m-isomer: we can invoke
opposing electronic destabilization from the two electron-donating groups and stabilization
by hydrogen bonding. The value in Reference 77 requires a much stronger hydrogen bond,
unlikely because of its nonlinearity and concurrent weakness. The value for the p-isomer
in Reference 76 reflects electronic destabilization in the absence of hydrogen bonding
while the result in Reference 77 implies neither effect is operative. Our conclusion is
clear. Nonetheless, we are cautious as we recall from our earlier phenol chapter® that part
of the above discrepancies may arise from problems with sample purity.

B. Other Hydroxyanilines

4,6-Dinitro-2-aminophenol, also known by the trivial name picramic acid, has two
nearly identical values reported for the solid’®7?. The agreement between them is encour-
aging. The enthalpy of reaction 2 is ca 5 kJmol~!, given the —232.7 4+ 3.1 kimol~!
reported for the corresponding deaminated species, 2,4-dinitrophenol.

The enthalpies of formation of N-hydroxyaniline (N-phenylhydroxylamine) and its
o-nitro derivative, as liquids, 7 and —13 kJ mol~!, are from Reference 5. That these
are almost the only hydroxylamines for which there are reported enthalpy of formation
values®® makes them hard to compare. Nonetheless, we find these data suspect. The o-nitro
group in phenylhydroxylamine decreases the enthalpy of formation by ca 20 kJ mol~!
while it decreases the enthalpy of formation of aniline by 45 kI mol~!.

C. Alkoxyanilines

There are surprisingly few alkoxyanilines for which thermochemical data seemingly
exist. The simplest compounds are 2- and 4-methoxyaniline, known also as o- and
p-anisidine. For the former compound, Reference 81 reports an enthalpy of formation
of —46 kJmol~! for the solid. For the latter, Reference 5 chronicles a value of —172 kJ
mol~!, also for the solid. These two values are incomprehensively incompatible with each
other. They are also incompatible with an enthalpy of formation derived from equation 2,
ca —132 kI mol~! (using —114.8 kJ mol~! for the enthalpy of formation of liquid anisole).

Reference 81 also reports the solid phase enthalpies of formation of the isomeric 4- and
5-nitro-2-methoxyanilines, —197 and —232 kJmol~'. These values are disconcertingly
disparate. The two isomers should have very nearly identical enthalpies of formation
because in both cases there are electron-donating groups para to the nitro group and so
there should be comparable stabilization. From equation 18, an estimated value of solid
anisole, and the average enthalpy of formation of m- and p-nitroaniline, a calculated
enthalpy of formation of the nitro-o-anisidines is ca —210 kJ mol~.

anisole + nitroaniline —— nitro-o-anisidine + benzene (18)

Another, but hardly simple, example is that of the solid 3-amino-4-methoxyacetanilide
and 3-(N- (2-cyanoethyl)amino)-4-methoxyacetanilide, with enthalpies of formation®? of
—554 46 and —265.9 & 1.7 kImol~', respectively. These look suspect in that we do
not expect the 2-cyanoethyl substituent in the latter species to decrease the enthalpy of
formation by nearly 300 kJ mol~!.

Relevant reaction calorimetric results are available, if not particularly helpful quan-
titatively. Solution-phase (in benzene) benzoylation of aniline results in exothermicities



4. Thermochemistry of anilines 277

some 10—20 kI mol~" less than that for p-methoxyaniline®?, the range of values arising
from whether benzoyl chloride, bromide or iodide was the acylating reagent. Our intuition
suggests that amino and alkoxy substituents that are para to one another should result in
destabilization. In that the 7 repulsion of the amino and methoxy lone pairs should be
ameliorated in the corresponding amide because of withdrawal of electron density from
the amino nitrogen by the carbonyl group of the amide, we conclude that this desta-
bilization in methoxyaniline is about the same as the difference in reaction enthalpies,
10-20 kJ mol .

Consider now, however, the solution-phase addition reaction®® of methanol to
p-nitrobenzalanilines substituted on the aniline ring; cf. reaction 19. Nearly equal exother-
micities of 114 1.3 and 10 & 13 kI mol~! are found for the parent and p’-methoxylated
species in this reaction that produces the correspondingly substituted («-methoxy-4-
nitrobenzyl)anilines. However, the experimental uncertainty of the latter reaction obscures
any effect to be documented for the methoxy substituent.

OZNOCH=NOX + MeOH
X =H, OMe
|
OMe

4

19

D. Alkoxyalkylanilines

By the term alkoxyalkylanilines, we mean those anilines in which the nitrogen is
mono or dialkylated and the ring or nitrogen-substituted alkyl group has an alkoxy sub-
stituent. For none of these compounds are there enthalpies of formation for compounds
that they could be compared to and so their enthalpies of formation and source are
simply recorded here. Following from our definition of anilines, their N-acyl deriva-
tives have been ignored. Nonetheless, we include the data for a corresponding ‘acetal’,
N-methyl-N-(dimethoxymethyl)aniline, for which reaction calorimetry® resulted in an
enthalpy of formation of —296.4 + 7.6 and —225.7 + 8.4 kJmol~! for the liquid and
gaseous species, respectively. N-(2-Hydroxy-3-phenoxypropyl)aniline has reported solid-
and gas-phase enthalpies of formation of —298 +£3 and —185 4 3 kImol~! 3. From
the same source there is the related N,N-bis(2-hydroxy-3-phenoxypropyl)aniline with its
solid- and gas-phase enthalpies of formation of —582.8 + 4.2 and —436.8 & 4.2 kI mol ™.
Finally, p-glycidyloxy-N,N-bis(glycidyl)aniline has a solid-phase enthalpy of forma-
tion of —110.5 £ 1.4 kJmol~'%7. We also note that the aforementioned substituted (c-
methoxy-4-nitrobenzyl)anilines belong in this subsection as well.

E. Aryloxyanilines

This class of compounds comprises anilines containing aryloxy groups whether or not
it is the ring or the nitrogen that is so substituted. The first two species are 4,4'-diamino
diphenyl ether and its 3,3’ ,4,4’-tetraamino analog with their solid-phase enthalpies of for-
mation of —17 and —116 kJ mol~! from References 88 and 89, respectively. For compar-
ison, the enthalpy of formation of the parent solid diphenyl ether is —32.1 & 1.5 kI mol~!.
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The enthalpies of reaction 2 for these compounds are 432 and —67 kJ mol~!, respectively,
indicating probably very inaccurate enthalpies of formation. The last compound is 2,2’-
bis(o-aminophenylbenzimidazol-5-yl) ether with its solid-phase enthalpy of formation®
of 102 £ 10 kJ mol .

VI. ANILINES WITH SULFUR-CONTAINING FUNCTIONAL GROUPS
A. Sulfonic and Sulfonyl Derivatives

There are many sulfur-containing functional groups and the thermochemistry is rich
and interesting?’"? even though there are considerable discrepancies in the early mea-
surements. However, as noted in those earlier reviews, studies concerning anilines and
sulfur-containing substituents were limited to p-aminobenzenesulfonyl derivatives and the
corresponding naphthalene derivatives. It is this medicinal activity of the bacteriostatic
‘sulfa’ drugs that motivated these investigations. However, there are some new values
that are presumably more trustworthy.

The first is the quite contemporary study®? for the isomeric o-, m- and p-aminobenzene-
sulfonic acids. The spread of enthalpies of formation, ca 53 kJ mol~!, is somewhat larger
than we might have expected. However, in that these species are probably the zwitterionic
NH;3"C¢H4SO3~, comparisons with other species such as the uncharged benzenesulfonic
acid are thwarted.

The second is a comparably contemporary study® on both the parent p-aminobenzene-
sulfonamide and p-amino-N-(3,4-dimethyl-5-isoxazolyl)benzenesulfonamide, known in
the medicinal community as sulfanilamide and sulfisoxazole, respectively. As solids, the
enthalpies of formation are —458.3 & 1.6 and —180.1 £ 3.8 kJ mol~!, respectively. The
former species may be compared with benzenesulfonamide, for which we cite only the
most recent enthalpy of formation®>, —320.1 & 1.6 kJmol~'. As has been so often the
case, we cannot reconcile the two sets of values. We are immediately thwarted in the
comparison of the latter species. We lack the desired data for the desamino species or for
any isoxazolamine-containing species.

B. Anilines with Aliphatic Divalent Sulfur Substituents

By this class of compounds we would include such species as p-aminothioanisole.
However, quite surprisingly, there are no thermochemical data for this or any
other simple aliphatic, divalent sulfur substituent containing aniline. Indeed, the only
species that qualifies as such a derivative of aniline, albeit hardly simple, is the
contemporary measured®® tetracyclic cis-5a,6,11a,12-tetrahydro[1,4]benzothiazino[3,2-
b][1,4]benzothiazine. For completeness, we note the enthalpies of formation from
the same source for the corresponding dioxygenated (desulfurated) heterocycle,
cis-5a,6,11a,12-tetrahydro[ 1,4]benzoxazino[3,2-b][1,4]benzoxazine, —180.9 £ 6.3 and
—51.94+ 6.4 kImol™! for the solid and gas, respectively. Is the gas-phase difference
of 320 £9 kImol~! plausible? If we ignore complications from the hemiaminal and
hemithioaminal groupings, then the difference should roughly equal twice that of
the monocyclic tetrahydrothiopyran and tetrahydropyran. From our archives, we find
enthalpies of formation of these species of —63.54 1.0 and —223.4 4 1.0 kI mol™!,
resulting in a difference of 159.9 + 1.4 kJ mol~!. Twice this value is 319.8 kImol~',
in stunning agreement with that of our tetracyclic species.

VII. ANILINES WITH HALOGEN SUBSTITUENTS

Here, we restrict attention to ring-halogenated compounds as opposed to any hydrogen
halide salts, dihalogen complexes, or even N-halogenated species.
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A. Fluorinated Anilines

From the nearly century old Reference 97 there are enthalpy of formation values for
the three isomeric o-, m- and p-fluoroanilines of —142, —146 and —125 kJmol~! as lig-
uids. These values initially appear plausible: disubstituted benzenes with two 7-donating
substituents prefer meta orientation and, indeed, m-fluoroaniline is the most stable of
the three. If intramolecular hydrogen bonding provides stabilization, then the o-isomer is
rationalized as more stable than the p-isomer. Although the measured stability order is
reasonable, an enthalpy of formation for any of the fluoroanilines derived from equation 2
is ca —168 kI mol~'. The reason for the large discrepancy evades us, other than to note the
general difficulty®® in measuring the enthalpy of formation of fluorinated species. There
are two totally disparate measurements for the enthalpy of formation of m-trifluoromethyl-
aniline by the same author®”%°, discouraging us from accepting either of these thermo-
chemical data for fluorinated anilines.

B. Chlorinated Anilines

A very recent set of calorimetric measurements on the isomeric o-, m- and p-chloro-
anilines has been reported!?’. Although the gas-phase values for the o- and m-isomers are
indistinguishable, they are both more stable than the p-isomer. In the liquid phase, the
m-isomer is somewhat more stable than the o-isomer. From equation 2, and the archival
values for the enthalpies of formation of liquid and gaseous chlorobenzene of 11.0 + 1.3
and 52.0 & 1.3 kJmol ™", the predicted enthalpy of formation for any liquid chloroaniline
is —7 kI mol~!, while that for any gaseous chloroaniline is 57 kI mol~!. The predictions
are in accord with the experimental results. Earlier measurements are discrepant 01102,

The enthalpy of formation of 3-chloro-4-methylaniline has been reported as 26.7 =7
and 75.3 +7.1 kImol~! for the liquid and gas, respectively'®3. The enthalpy of com-
bustion, but not the enthalpy of formation, of 2-chlorotoluene, needed for an analysis
by equation 2, has been reported'® as —3750 £ 10 kI mol~'. The difference between
the enthalpies of combustion of 3-chloro-4-methylaniline (—3607 kJ mol~!, from Refer-
ence 103) and 2-chlorotoluene is 143 4 12 kI mol~!, while from the archival enthalpies
of combustion of aniline and benzene, the difference is 126 kImol~!. The 269 kJ mol~"
discrepancy is disconcerting.

The enthalpies of formation of the isomeric 2-chloro-4- and 5-nitroanilines have been
recently reported!%. The corresponding de-anilated species, m- and p-chloronitrobenzene,
have reported!?? solid-phase enthalpies of formation of —49 &4 and —59 + 3 kJ mol~!.
Although the p-chloronitrobenzene is more stable than the meta isomer, for the anilated
compounds the more stable isomer is the one with the nitro and amino groups para to
one another and consequently the nitro and chloro groups are meta. Accordingly, the
enthalpy of reaction 2 for 2-chloro-4-nitroaniline is exothermic (ca —8 kJmol~!) and
that for 2-chloro-5-nitroaniline is endothermic (ca +5 kJmol™1).

Of the six possible dichloroaniline species, only the 3,4-compound has been reported by
calorimetrists'?'. From the archival enthalpy of formation of liquid o-dichlorobenzene of
—17.5+ 1.3 kI mol™', we would predict a value of ca —35 kJmol~! for the dichloroani-
line. The reported value of —89 kI mol~! for the solid aniline that is most implausible:
the enthalpy of fusion of ca 50 kJmol~! that is required for qualitative agreement is
inconceivably large.

Of the six possible trichloroaniline isomers, there are enthalpy of formation measure-
ments!% for four: 2,4,6-, 2,4,5-, 2,3,4- and 3,4,5-trichloroaniline. The 2,4,6-trichloroaniline
is very much more stable than any of the other three isomers, which are of comparable sta-
bility. To use equation 2, we must consider the enthalpies of formation of the correspond-
ing trichlorobenzenes. All of the enthalpy of formation data come from two sources'?7- 108,
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Although the gas-phase values from the two sources differ by 4—13 kI mol~!, the stability
order from each source is consistent: 1, 3,5- > 1,2, 4- > 1, 2, 3-trichlorobenzene. From
equation 2, the endothermicities of the reactions involving the 2.4,5-, 2,3,4- and 3,4,5-
trichloroaniline species are very large, ca 17-36 kImol~!, depending on the isomer
pair or the enthalpy values used. The calculated endothermicity is smaller for 2,4,6-
trichloroaniline, 3—14 kJ mol~'. Whether the endothermicities are a consequence of poor
calorimetric measurements for either or both sets of isomers or because of the plethora
of possible intra- and intermolecular hydrogen bonding sites and considerable molecular
polarity is not clear.

C. Brominated Anilines

The sole species for which there are thermochemical data is 2,4,6-tribromoaniline!®.
There are no measurements for the corresponding data for the corresponding tribro-
mobenzene. However, as derived in our corresponding review of the thermochemistry of
phenols?, there are values for the estimated enthalpies of formation of 1,3,5-tribromoben-
zene of 72 kJmol~! and 151 kJ mol~! for the solid and gas, respectively. From equation 2,
the enthalpies of formation for 2,4,6-tribromoaniline are 155 (s) and 54.9 (g) kJ mol~!,
in good agreement.

D. lodinated Anilines

There is a reported enthalpy of formation for an isomerically unspecified iodoaniline of
175 kImol~! for the solid’. The archival enthalpy of formation of liquid iodobenzene is
given as 117.2 & 4.2 kI mol~'. That of the solid value is necessarily smaller. Accordingly,
the enthalpy of reaction 2 cannot be any less than 75 kJ mol~!. This is so unreasonable
that we therefore ignore the iodoaniline enthalpy of formation value.

VIIl. AMIDOANILINES
A. C-bonded Amidoanilines

The only thermochemical examples we know of for aniline compounds where
the carbonyl is bonded to