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Foreword

The present Supplement F includes material on nitrogen-containing functional groups
such as amino, nitroso and nitro groups. In the main volumes of the Chemistry of the
Functional Groups Series. thesc groups have been treated in the following books:

The Chemistry of the Amino Group (1968);
The Chemistry of the Nitro and Nitroso Groups, Part 1 (1969) and Part 2 (1970).

In addition, several functional groups which have not becn trcated in the main
volumes have also been included, such as nitrones, nitronic acids. nitroxides, nitro-
samines, nitrosoimines, cnamines and ynamines.

With the exception of a chapter on ‘Ipso-attacks involving NO, groups’, all chapters
planned for this Supplementary Volume actually matenalized.

The editor will be very gratcful to readers who would communicate to him omissions
or mistakes relating to this volume as well as to other volumes in the series.

Jerusalem. July 1981 SAUL PATAI
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The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups' is planned to cover in each volume
all aspects of thc chemistry of one of the important functional groups in organic
chemistry. The empbhasis is laid on the functional group treated and on the effects
which it exerts on the chemical and physical properties, primarily in the immediate
vicinity of thc group in qucstion. and secondarily on the behaviour of the whole
molecule. For instance. the volume The Chemistry of the Ether Linkage deals with
reactions in which the C—O—C group is involved, as well as with the effects of the
C—O—C group on the rcactions of alkyl or aryl groups connected to the ether oxygen.
It is the purpose of the volume to give a completc coverage of all properties and
reactions of cthers in as far as these depend on the prescnce of thc ether group but
the primary subject mattcr is not the whole molecule, but the T—O—C functional
group.

A further restriction in the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or tertiary
sources, such as Chemical Reviews, Quarterly Reviews, Organic Rcactions, various
‘Advances’ and ‘Progress’ series as well as textbooks (i.c. in books which are usually
found in the chemical librarics of universities and rescarch institutcs) should not, as a
rule, be rcpeated in detail. unless it is necessary for the balanced treatment of the
subject. Therefore each of the authors is asked nor to give an encyclopacdic coverage
of his subject, but to concentrate on thc most important recent developments and
mainly on material that has not becn adequately covered by rcviews or other
secondary sourccs by the time of writing of the chapter, and to address himself to a
reader who is assumed to be at a fairlv advanced post-graduate level.

With these restrictions, it is realized that no plan can bc devised for a volume that
would give a complete coverage of the subject with no overlap between chapters,
whilc at the same time preserving the readability of the text. The Editor set himself the
goal of attaining reasonable coverage with moderate overlap, with a minimum of cross-
references between the chapters of cach volume. In this manner, sufficient freedom is
given 1o each author to produce rcadable quasi-monographic chapters.

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

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

(b) One or more chapters dealing with the formation of the functional group in
question, either from groups present in the molecule. or by introducing the new group
dircctly or indircctly.

(c) Chapters describing the charactcrization and characteristics of the functional
groups, i.c. a chapter dealing with qualitative and quantitative methods of deter-

ix



X Preface to the series

mination including chemical and physical methods, ultraviolet, infrared, nuclear
magnetic resonancc and mass spectra: a chapter dealing with activating and direc-
tive effects exerted by the group and/or a chapter on the basicity, acidity or complex-
forming ability of the group (if applicable).

(d) Chapters on the reactions, transformations and rearrangements which the
functional group can undergo, either alone or in conjunction with other reagents.

(e) Special topics which do not fit any of the above scctions, such as photo-
chemistry, radiation chemistry, biochemical formations and reactions. Depending on
the naturc of each functional group treated. thesc special topics may include short
monographs on related functional groups on which no separate volume is planned
(e.g. a chapter on ‘Thiokctones’ is included in the volume The Chemistry of the
Carbony! Group, and a chapter on ‘Ketenes’ is included in the volume The Chemistry
of Alkenes). In other cases certain compounds, though containing only the func-
tional group of the title, may have special features so as to be best treatcd in a separate
chaptcer, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, or ‘Tetraamino-
ethylenes' in The Chemistry of the Amino Group.

This plan entails that the breadth, depth and thought-provoking naturc of each
chapter will differ with the vicws and inclinations of the author and the presentation
will necessarily be somecwhat 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, it was dccided to publish certain volumes in several
parts, without giving consideration to the originally planned logical order of the
chapters. If after the appearance of the originally planned parts of a volume it is found
that either owing to non-delivery of chapters, or to new developments in the subject,
sufficient material has accumulated for publication of a supplementary volume,
containing material on rclated functional groups, this will be done as soon as possible.

The overall plan of the volumes in the series ‘The Chemistry of Functional Groups’
includes the titles listed below:

The Chemistry of Alkenes (two volumes)

The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
The Chemistry
Supplement A:

of the Carbonyl Group (1wo volumes)

of the Ether Linkage

of the Amino Group

of the Nitro and Nitroso Groups (hvo parts)

of Carboxylic Acids and Esters

of the Carbon-Nitrogen Double Bond

of the Cvano Group

of Amides

of the Hydroxyl Group (two parts)

of the Azido Group

of Acyl Halides

of the Carbon-Halogen Bond (two parts)

of Quinonoid Compounds (wo parts)

of the Thiol Group (two parts)

of Amidines and Imidates

of the Hydrazo, Azo and Azoxy Groups (two parts)
of Cvanates and their Thio Derivatives (1wo parts)
of Diazonium and Diazo Groups (hwvo parts)

of the Carbon—-Carbon Triple Bond (1wo parts)

The Chemistry of Double-bonded Functional Groups (o parts)



Preface to the secries Xi

Supplement B: The Chemistry of Acid Derivatives (two parts)

The Chemistry of Ketenes, Allenes and Related Compounds (two parts)

Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their
Sulphur Analogues (two parts)

The Chemisiry of the Sulphonium Group (1wo parts)

Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups and their
Derivatives (rwo parts)

Titles in press:

The Chemistry of Peroxides

The Chemistry of Organometallic Compounds

Supplement C: The Chemistry of Triple-bonded Functional Groups
Supplement D: The Chemistry of Halides and Pseudo-halides

Advice or criticism regarding the plan and cxecution of this series will be welcomed
by the Editor.

The publication of this series would never have started, let alone continued, without
the support of many pcrsons. First and foremost among these is Dr Arnold
Weissberger, whose reassurance and trust encouraged me to tackle this task, and who
continues to help and advise mc. The efficient and patient cooperation of several staff-
members of the Publisher also rendered me invaluable aid (but unfortunately their
code of cthics does not allow me to thank them by name). Many of my friends and
colleagues in Israel and overseas helped me in the solution of various major and minor
matters, and my thanks are due to all of them, especially to Professor Z. Rappoport.
Carrying out such a long-range project would be quite impossible without the non-
professional but none the less essential participation and partnership of my wife.

The Hebrew University
Jerusalem, ISRAEL SAUL PATAI
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CHAPTER 16

Nitro-activated carbon acids

EDWARD S. LEWIS
Department of Chemistry, Rice University, Houston, Texas 77001, U.S.A.

I. INTRODUCTION . . . . . . . . . 715
I1. EQUILIBRIUM ACIDITY . . . . . . . . 715
A. Brgnsted Acids . . . . . . . . 115

1. Nitromethane denvatxves . . . . . . 716

2. Vinylogous substituted nnromelhanes . . . . . 718

3. Inductively strengthened carbon acids. . . . 719

B. Tautomerism and Dissociation Constant Measurements in Nltroalkanes . 720

1. Nitronic acids as tautomers of nitroalkanes . . . 720

2. Acid dissociation constants of nitronic acids and nitro compounds . .o721

C. Lewis Acidity of Nitro Compounds . . . . 722

III. RATES OF PROTON TRANSFER FROM NITROALKANES . . . 723
A. Contrast between Nitroalkanes and other Carbon Acids . . . . 723

B. Rates and Equilibria of Ionization of Nitro Compounds . . . . 723

1. Effcct of changing substituents . . . . . . 723

2. Role of the solvent . . . . . . . 726

3. Effect of the nature of the base . . . . . . 127

4. Isotopc effect studics . . . . . . . . 727

IV. CONCLUSIONS . . . . . . . . . 728
V. REFERENCES . . . . . . . . . 728

I. INTRODUCTION

One of the notable properties of nitroalkanes is their perceptible acidity. This
chapter will be devoted to the various aspects and manifestations, both equilibrium
and kinetic, of this acidity.

A discussion of acidity requires a definition of acidity. Most of this chapter will
be concerned with the Brgnsted definition, that is, substances from which a proton
can be removed. There will be a briefer mention of the Lewis acidity of some nitro
compounds.

il. EQUILIBRIUM ACIDITY
A. Brgnsted Acids

The nitro-activated carbon acids can be classified into three groups: firstly,
nitromethane and its mono- and di-substituted derivatives, R,CHNO,; secondly the

715



716 Edward S. Lewis

vinylegous substituted nitromethanes (in both of these classes there is an important
resonance stabilization of the conjugate base), and thirdly carbon acids stabilized
only by an inductive effect of the nitro group, of which there are few examples.

1. Nitromethane derivatives

A consideration of the structure of a nitroalkane (1) and its conjugate base (2)
clarifies the source of both the resonancc and the inductive effects.

_ + //O _* /O_
RECH—NZ _ ~—— RNy
(1)
— +/O — + - ] _+/o_
RZC—N<O_ — RN RoC=N_
(a) (b) (©
(2)

All the structures show the inductive effect derived from the formal positive
charge on nitrogen. The major resonance stabilization of the anion arises from the
additional structure 2¢, which is important because the negative charge resides
wholly on oxygen. The effect of the nitro group is very large, as shown in Table 1,
which shows some approximate pK, values for a variety of substituted methanes.
(These values are taken from Cram!7; they are rather uncertain at the high pK,
end.)

The nitro group clearly has an enormous effect, of about 30 powers of ten on the
equilibrium constant, although further nitro substitution is far less effective. This
rather limited effect of the extra nitro group is probably attributable to a steric

TABLE 1. pK, values for various substituted

methanes

Methane substituent pK.
H >40
Ph 35
CN 25
MeSO, 23
MeCO 20
(MCSOz)z 14
(CN), 11.5
NO, 10.2
(MeCO), 9
(MeCO), 6
(NO,), 3.6
(MCSOz)3 ~0
(NO3)s ~0

(CN)3~ <0




16. Nitro-activated carbon acids 717

effect which prevents coplanarity in the anion. A striking example of this steric
inhibition of resonance is found in the comparison of trinitromethane, pK, about 0,
with dinitrocyanomethane, pK, about —6; even though one nitro is more
strengthening than one cyano, the third nitro group is much less effective than the
linear cyano group. This argument and the crystallographic data on the two anions
has been presented by Kaplan33,

The large steric requirements of the nitro group are in part responsible for the
poor correlation of K, for substituted nitromethanes with ordinary substituent
constants, such as ¢,°. In cases where resonance interactions are eliminated, and
the substitution is limited to relatively distant substitution on 1-nitroalkanes, a Taft
treatment is modestly successful but 1-substitution is not simply treated. An
interesting reversal of o, correlation is found when alkyl substituents are introduced
into nitromethane. The pK,s of nitromethane, nitroethane and 2-nitropropane are
10.2, 8.5 and 7.7 respectively in water at 25°C, showing that the alkyl groups are
acid-strengthening rather than -weakening as would be predicted from the negative
o, values. This peculiarity has long been recognized and is attributed to the
stabilization by alkyl groups of the double bond (in structure 2¢) of the nitronate
anion. This stabilization is often attributed to hyperconjugation. We shall return to
this peculiar effect of alkyl groups in the discussion of rates of ionization. The
predominant contribution of the double-bonded structure is also relevant to the
acidities of nitrocycloalkanes, which have been extensively studied recently by
Bordwell and coworkersS. The general problem of whether a methyl group is
acid-strengthening or -wcakening has also been discussed by this group, with
consideration of medium changes, including the gas phase, DMSO, aqueous
methanol and water’.

An idea of the range of acidities of various substituted nitromethanes can be
obtained from Table 2, which contains data mostly from the older literature. Table
2 shows several of the effects already mentioned. Beyond that onec can note that
alkyl groups, except on the l-carbon of l-nitroalkanes, are acid-weakening, and
fluorine is strongly acid-weakening at the 1-position.

TABLE 2. pK, values for various
nitroalkanes®

Nitroalkanc

)
e

CH13NO»
CH,CH,NO,
CH,CH,CH,NO,
(CHs),CHNO,
PhCH,NO,
CH,(NO3y);
CH(NO);
NCCH(NO,),
CH,CINO,
CHCI,NO,
CHF,;NO,
CFCH,NO,
CH,COCH,NO,

_
® O
[V 8]

\O
[

— |
VMNNANOO WO N,

AR ONN~O®N

4Values are selected and rounded to
0.1 pK units from Neilson?”.



718 Edward S. Lewis
2. Vinylogous substituted nitromethanes

There are in principle numerous examples of vinylogously activated carbon acids.
for example 1-nitropropene (3) which might be thought to be acidic according to
equation (1). The ionization however, also equilibrates 3 with 3-nitropropene by

0
+ —_ et —-+/ -—
H* + CHp—CH=CH—Ng

CH3CH=CH—NO,
(3)

. M
+ 07
CH,==CH—CH=N____
virtue of the possible protonation of the anion at the other carbon of the allylic
system. The equilibrium (and kinetic) behaviour of 3-nitropropene and a number of
its methylated derivatives have been studied by Bordwell and Hautala'?, but will
not be further discussed here.

The most familiar of thesec vinylogous nitromethanes are the various derivatives
of 0- or p-nitrotoluene. The nitrotoluenes themselves have not been the subject of
much study although p-nitrotoluene has been reported to exchange with ethanol-d
and sodium hydroxide at elevated temperatures3s, but rather extensive studies
have been made of 2,4,6-trinitrotoluene on the one hand and di- or
tri-nitrophenylmethanes on the other. The latter system is the simplest to describe.
The 4,4’,4"-trinitrotriphenylmethane has been known to be significantly acidic for
some time. However, the evaluation of the equilibrium constant could not be
undertaken before a general understanding of this problem for all weak acids. The
acidities of a number of these derivatives were measured by an acidity function
method by Bowden and Stewart!?, as shown in Table 3, and the behaviour was so
good that the compounds were recommended as indicators for an H_ scale in
solvents containing ethanol, dimethyl sulphoxide and sodium ethoxide.

The problem of 2,4,6-trinitrotoluene is more difficult, for there are several
competing reactions when this is mixed with strong base. One is the proton transfer
and the others are the formation of two addition products, as shown in cquation
(2).

The complexities introduced by these and other reactions have been studied
intensively, especially in connection with the relation to the nitro-activated
substitution reactions passing through Meisenheimer complexes®!>1825. The pK,
of trinitrotoluene is not reported, and indeed the identity of the trinitrobenzyl
anion and a purple species produced rather rapidly is open to some question.
Nevertheless it appears from these results that trinitrotoluene is slightly stronger
than methanol in methanol, and considerably stronger than ethanol in ethanol. A
report of K, =1 x 10712 by Cuta and Beranek!®, is almost consistent with the
earlier observations, but difficultics due to irreversible reactions have been

TABLE 3. pK, values for nitrophcnylmcthanes

Compound PKa

4.4’ 4"-Trinitrotriphenylmethane 14.32
4,4’-Dinitrodiphenylmethane 15.85
2.4'-Dinitrodiphenylmethane 17.38

3,4'-Dinitrodiphenylmecthanc 17.62
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CHs CH, CHy Q7
02N N02 02N N02 02N +N\o_
B~ + prum—— -—
NO32 NO2 NO32
@
H:G B CH3
OoN NO, O2N NO;
B8
H
N N?
_o/ \O_ _o/ \O_

reported. Apparently the polynitrophenyl systems encourage the formation of the
addition complexes, thus confusing the simple ionization.

3. Inductively strengthened carbon acids

The nitro group, presumably because of the formal positive charge on nitrogen,
can strengthen acids by virtue of an inductive effect alone. However, the resonance
effect is normally so large that the inductive effect cannot easily be separated and
evaluated. There are cases in which the inductive effect of a nitro group can be
identified in the acid-strengthening of another type of carbon acid. As an example,
in the ionization of substituted 1-phenyl-2-nitropropane the strongest acid is that
with the p-nitrophenyl group!2. The nitro group in the ring is not conjugated with
the carbanion centre, so its action must be inductive. Similarly, «,w-dinitroalkanes
are (even after statistical correction) perceptibly stronger than the 1-nitroalkanes.
The magnitude of this inductive effect can be estimated using the ¢; values, which
are large. Thus ¢, for nitro is +0.63, and the trinitromethyl group has ¢, =
+2.04 (based on ¢, = ¢*/2.22) as determined by Hine and Bailey®. Nevertheless,
there are few known aliphatic acids strengthened to a measurable level by nitro or
even trinitromethyl groups.

One almost straightforward example of an inductively strengthened carbon acid is
trinitrobenzene. The first hint that the 2,4,6-trinitrophenyl anion was perceptibly
stable arose from the observation of facile decarboxylation of the
2,4,6-trinitrobenzoate ion (4). This decarboxylation appears to be a unimolecular

COy~
02N NO, 0,N_ = _NO3
—_— 002 +

NO, NO»

4



720 Edward S. Lewis

loss of carbon dioxide which is favoured when the product carbanion is stable, as in
B-ketocarboxylates, nitroacetates, etc. An early report of catalysed deuterium
exchange of 1,3,5-trinitrobenzene3® was initially not reproduced?® under milder
conditions, but the problem has more recently been simply resolved.
Trinitrobenzene reacts with hydroxide or alkoxide to give a rather stable
Meisenheimer complex (5) which is of course not significantly acidic. Thus
exchange can only occur on the rather small fraction of the free trinitrobenzene.

NO;
e H
>N
o) OR
NO2

(5)

The competition between ionization and Meisenheimer complex formation is
solvent-sensitive and the exchange can be made facile at room temperature's. A
more complete and up-to-date account is found in the review by Leffek*C.

Because of a different balance between base addition and proton abstraction, the
presumably less acidic 1,3-dinitrobenzene exchanges faster at the 2-position than
does trinitrobenzene, as has been explored by several workers, again described in
the review by Leffek*C. The explanation confirms the identification of this acidity as
being inductively enhanced; a third more remote nitro group enhances the acidity
of 1,3-dinitrobenzene very little, but it adds substantial resonance stabilization to
the Meisenheimer complex.

The acid dissociation constant of 1,3,5-trinitrobenzene is not given by these
various data, and an equilibrium amount of the anion has not been seen. We may
conclude that the pK, is probably substantially greater than 14.

B. Tautomerism and Dissociation Constant Measurements in
Nitroalkanes

1. Nitronic acids as tautomers of nitroalkanes

A feature of the chemistry of nitroalkanes is the existence of tautomers, as shown
in equation (3). The tautomers are now generally called nitronic acids; earlier they
were called aci-nitro compounds. These tautomers are usually unstable with respect
to the nitroalkanes, but are known because the interconversion is often slow.

o o~
RHC—NZ Ro.C=NT 3)
(ol OH

The nitronic acids and the nitro compounds share the common anion, the
nitronate ion, R,CNO,~ and like enols, are prepared by rapid acidification of
solutions of this common anion.

The conversion of the nitro compound to the nitronic acid via the nitronate ion is
well established. By analogy with the keto—enol tautomerism, an acid-catalysed
equilibration via a common cation (6) can be envisioned.

There is, however, no convincing evidence for this route although it has been
claimed. Junell®’ studied bromination of nitroalkanes in aqueous HBr. This
reaction, zero order in bromine, presumably has a nitronic acid intermediate, but
does not increase in ratec with added acid. Pedersen®’, who studied the
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+/0

RgHC—N<

OH

(6)

base-catalysed reactions of nitroalkanes, estimated that Junell’s rates were
essentially the same as his own for base catalysis by the solvent water.
Furthermore, nitromethane is not perceptibly protonated, as measured by
freezing-point depression even in 100% sulphuric acid?’. The slow ‘acid-catalysed’
Nef reaction?! also presumably passes through the nitronic acid as do normal Nef

reactions; it may also not have the rate accelerated by acid, although the acid is
clearly necessary to suppress side-reactions.

2. Acid dissociation constants of nitronic acids and nitro compounds

The existence of tautomers has an important effect on the measurement of the
acidity of nitro compounds. Consider the ionization constants of the nitro
compounds, with carbon-bound proton, K¢ and those of the nitronic acids, with
oxygen-bound proton, Kq:

_ [R,CNO,"]J[H*]
[R,HCNO,]
_ [R:CNO;][H"]
[R,CNG,H]

[of

Ko

These readily give equation (4).

Kc _ [R:CNOH] _ @)
Ko [R,HCNO,] aut

K is the equilibrium constant for the tautomerization of equation (3). The
statement that the equilibrium usually favours the nitro compound is equivalent to
saying that the nitronic acid is a stronger acid than the nitro compound.

The ‘contamination’ of a sample of a nitro compound by a stronger acid can
clearly cause an error in the measurement of K¢, but corrections now to be
described can be made.

Most methods of measurement of ionization constants of neutral acids measure
the concentration of the ions, and if there are two neutral species in equilibrium
with the same ions, an apparent equilibrium constant will be measured, K.y,
defined by equation (5). This leads directly to equation (6), and then to the
correction of equation (7). Thus Kapp is very close to K¢ when Ky, is small, but if

[R,CNO,"])[H"]

Kapp = (5)
PP [R,HCNO,] + [R,CNO,H]

Kap Kc Ko

Kap . __1 ™)
KC 1 + Klaul

K. is much larger than unity, K.y, is closer to Ko than to Kc. As we shall see,
K o is usually <1072, and the error in assuming K¢ = Kapp 1s less than 1%.
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TABLE 4. Acid strengths of nitronic acids and nitro compounds

Parent nitro compound pKo pKc log Kaut
CH;3;NO, 33 10.2 -6.9
C>HsNO» 4.4 8.5 -4.1
CH1CH,CH;NO, 4.6 9.0 -4.4
(CH3),CHNO, 5.1 7.7 -2.6
C-C6H“N02 6.4 8.3 -1.9
PhCH,;NO; 3.9 6.8 -2.9
CH,(NO»), 1.9 3.6 -1.7
CH3;CH(NO,)» 4.0 5.1 -1.1
CH»CH,CH(NO;), 4.1 5.6 -1.5

In spite of the unimportance of nitronic acids at equilibrium, it is possible to
establish both Ko and K¢ in the same solution. If a solution of the nitronate ion is
rapidly acidified with a half equivalent of strong acid, the solution initially contains
equal amounts of nitronic acid and nitronate ion. Thus (with the usual corrections)
pH = pKo. In the coursc of time, which may be seconds or hours, the nitro
compound is gradually formed and finally equilibrium is established between all
species, and pH = pK,,,. Of course data can be obtained similarly with other ratios
of acid and nitronate. Conductivity and pH methods starting with the nitro
compound rather than the nitronate ion reach equilibrium slowly and can give only
Kapp

f\p number of compounds with their K¢ and Ko (and K,,,) values are presented
in Table 4. It can be seen, not surprisingly, that Ko is far less sensitive to
substituent than K¢, hence K¢ and K, are somewhat correlated. The values
presented in the table are taken from a table compiled from a number of different
sources by Neilson*” and are of uncertain accuracy. For this reason the acidities will
not be pursued in further detail.

A further problem associated with these acidity measurements is that nitronic
acids undergo irreversible decomposition to give ketones (the Nef reaction), oximes
and other products. These reactions, usually slow, limit the accuracy of both Ko
and K¢ values, in some cases possibly seriously. Discussion of these problems is
outside the scope of this chapter.

C. Lewis Acidity of Nitro Compounds

There are numerous examples of interaction of electron-rich compounds with
nitro compounds. Some of these arc not structurally clear, such as the use of
tetranitromethane as a colour test for unsaturation. Some are clearly one-electron
transfer reactions; both aliphatic and, especially, aromatic nitro compounds form
significantly stable radical anions. Some are the ‘complexes’ formed by many
aromatic hydrocarbons with trinitrobenzene, picric acid and the like. Those that are
the clearest examples of single bond formation with bases, and hence Lewis acid
reactions in the most rigorous sense, are the reactions of polynitroaromatics to form
Meisenheimer complexes. Several examples have been mentioned in connection
with the discussion of the proton activity of trinitrotoluene and trinitrobenzene. The
additions to polynitroaromatics have been reviewed in this series by Hall and
Poranski?®. In view of the fact that Lewis acidity has eluded an absolute
quantitative treatment, no effort will be made in this direction here. However,
equilibrium constants in a number of additions have been measured and are
summarized in the above review.
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lll. RATES OF PROTON TRANSFER FROM NITROALKANES

A. Contrast between Nitroalkanes and other Carbon Acids

The acidity of many carbon acids has been estimated by their ‘kinetic acidities’.
There is presumed a form of correlation between the rates of proton transfer from
the acid (as measured by isotopic exchange, stereochemical change or a more
drastic change attributable to the carbanion only) and the equilibrium constant for
the reversible proton loss. A linear correlation between log k and pK, is the
Brensted relation, and Pcarson and Dillon*® have made such a plot for a series of
carbon acids ionizing in watcr. A group of carbonyl compounds defines roughly a
straight line with Brgnsted « = 0.6, but there arc major deviations, the worst of
which are the nitroalkanes. Thus in this reaction with water, nitroethane, which is a
slightly stronger acid (pK, = 8.7) than acetylacetone (pK, = 9.0), has a reaction
rate about two million times slower.

It is this unexpectedly slow reaction of nitroalkanes with bases-that has become a
central item of interest in nitroalkane chemistry. The observation of a very slow
reaction rate was noted by Hantzsch?® who coined the term pseudo acid. Nitro
compounds represent the extreme of these slowly reacting acids, but the behaviour
is not unique. Thus (with the data of Pearson and Dillon) from the rate constant
(3.7 x10~%s~") for the reaction of nitroethane with water and its acid strength
(K, = 2.5 x 107°), the reverse reaction rate of the nitronate ion with H;O* has a
rate constant of 15 mol~'s~!, which is far below the diffusion-controlled rate.
Acetylacetone anion reacts similarly with H;O* with & = 1.7 x 107, still well below
diffusion control. Dicyanomethane anion reacts with H;O* with a rate constant of
2.3 x 109 mol~'s~!, close to the diffusion limit. In general, carbon acids activated
by cyano or sulphonyl groups appear to react in the favoured direction at virtually
the diffusional limit, carbonyl-activated compounds are slower, and the nitro
compounds are by far the slowest, and do not come close to the diffusional limit in
either direction. We may note, however, that nitronate ions are O-protonated very
rapidly, probably at the diffusion-controlled rate and this great contrast between
the rates of C-protonation and O-protonation accounts for the isolability of the
nitronic acids.

B. Rates and Equilibria of lonization of Nitro Compounds

1. Effect of changing substituents

Nitroalkanes deviate strongly from the rate—equilibrium relation defined by a
group of carbonyl activated acids as described above, but even among themselves
there is little semblance of a rate—equilibrium correlation. The first conspicuous
example of this unexpected situation appeared in the rcactions of nitromethane,
nitroethane and 2-nitropropane with relative rates of 1, 0.16 and 0.009
respectively, although the acid dissociation constants increase in the same order:
6 x 10711, 3 x 107 2 x 1078 These values are quoted by Hammett?8, who
comments: ‘This is a most important case of failure of the usual rate-equilibrium
parallelism’. An alternative expression of this unusual situation is to express the
rate—equilibrium relation in terms of a three-point Brgnsted plot, which leads to the
Brgnsted « = —0.5. The reverse C-protonation correspondingly has f8 =.+1.5. These
Brgnsted exponents, outside the expected limits of 0 to +1, were pointed out by
Bordwell and coworkers!! and by Kresge®’. A partial explanation offered earlier is
that the rates show the normal inductive effect of the methyl groups, but the
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equilibrium constants show the unusual acid-strengthening effect attributed to
hyperconjugation in the nitronate anion, as described earlier in this chapter.

Our recent knowledge of both rate and equilibria in nitro compound ionization is
greatly enhanced by the important and careful quantitative measurements of
Bordwell and his coworkers. These are extensively but not comprehensively
referred to in this chapter. The next unusual rate—equilibrium relation is in a series
of more closely related compounds, the substituted 1-phenylnitroethanes in the
reaction with hydroxide in aqueous methanol (equation 8)!223. Both rates and

MeOH—-HZ0 —~

ArCHNO,CH3 + OR~ —————  ArCNO,CH; + HOR (8)
equilibrium constants (expressed as K,) fit the Hammett equation with the
Prae = +1.44, p.q = +1.07. Thus the log k vs. log K, plot is linear with a slope
1.44/1.07 = +1.35, and this is the Brgnsted a. Correspondingly, for the reverse
C-protonation, g = —0.35. These are again outside the expected zero to one
range. Similarly for substituted 1-phenyl-2-nitropropanes, where there is now no
resonance interaction between the anionic centre and the benzene ring,
Prac = +0.665, p. = +0.395, « = +1.68, B (for the reverse) = —0.68. These
unusual values of « have become known as the ‘nitro anomaly’.

These results are clearly even more convincing than the methyl-ethyl-isopropyl
series, in that there are more points and the substitutions are essentially free from
special resonance and steric effects. The initial reaction is that the aliphatic series,
with @ < 0 cannot possibly be explained in the same way, yet a single explanation
in fact serves for both.

If we compare p.q for the 1l-aryl-2-nitropropanes with that for the
1-arylnitroethanes, we find the former is smaller by a factor of 2.7. This is an
example of the attenuation of substituent effects by moving the created charge
farther from the benzene bearing substituents by the CH, groups. Parenthetically,
we may note that the rather large attenuation factor probably reflects a little
resonance delocalization into the ring in the 1-arylnitroethane anion case. Thus the
p values are relatively normal in this respect. The p., value for the arylnitroethanes is,
however, quite small. In this aqueous methanol medium the value is less than
.would be expected for benzoic acid ionization (ca. +1.3), and applying the same

“ argument as above, the negative charge is on the average farther from the benzene
ring than it is in the benzoate ion. Thus the contribution of 7a must be much greater
than that of 7b, which if predominant would lead to p > 2. (The extra formal

CH _ CH
e %0
C=N__ -— Cc—NZ
o (on
X X
(7a) (7b)

charges, positive on N, negative on one O, are present also in the neutral nitro
compound and therefore do not contribute to p.

It remains only to say that the larger p for the rate must mean that in the
transition state for the proton transfer it must have either more than one net
negative charge distributed like the nitronate ion, which is quite absurd, or the net
negative charge must be closer to the ring. This leads to a transition state 8, with 8b
contributing more than 8a. This description of the transition state is probably
correct but leaves a number of questions open, such as what is the value of the
partial negative charge &, what are the relative contributions of 8a and 8b, and why
do they differ so drastically from the relative contributions of 7a and 7b?
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CH, CH
e A3, 0
ArC=NI (1 + 8- +—— AP C—NTT
i YNo ;. No
H H
(' -5-8B (" - 5-8
(8a) (8b)

The same explanation applies to the aliphatic case. The methyl groups substituted
on nitromethane exert their usual destabilizing effect on the carbanionic transition
state, which is greater than that on the product nitronate; in fact the product as
described earlier is actually stabilized by the methyl groups, with the charge mostly
located on oxygen. The negative « is only a reflection of the unusual
acid-strengthening effect of the methyl groups.

This argument is original in wording only. Thus twenty-six years ago Ingold3!
wrote with reference to the aliphatic case: ‘. . . it is the inductive effect of the alkyl
groups which is controlling the rate of proton transfer from the nitro
compounds . . . it is chiefly the hyperconjugative effect of the alkyl groups which
controls the equilibrium ... in the transition state of the proton transfer there is
not yet sufficient growth of the CN double bond to furnish the degree of
unsaturation needed to excite a dominating hyperconjugative effect in alkyl
substituents’. Bordwell'? concluded that ‘an appreciable negative charge must,
therefore, have been developed on carbon, but this charge has not been delocalized
to any marked degree to the nitro group’.

This ionization of nitroalkanes was quoted by Fuchs and Lewis??, as an example
of a reaction in which various measures of the position of the transition state do
not coincide; the charge development on carbon and on oxygen do not keep in
phase.

A nice presentation of the difference in the course of development of negative
charge on carbon and on oxygen and the development of CN double-bond
character has been presented by Davies?, in connection with a study of secondary
isotope effects in the ionization of 2-nitropropane.

There have been several applications of Marcus’ theory** to the nitroalkane
ionization problem. This theory, with the assumption, common to most other
applications, that there is a constant intrinsic barrier, requires that « lies between
zero and one. The problem of accommodating Marcus’ theory to the normal a values
has been summarized by Kresge3® in a review in which eight examples of « outside
the normal range are listed, of which seven are nitro compounds. The observations
then require one of three conclusions: firstly, Marcus’ theory is not applicable;
secondly, the intrinsic barriers are highly variable; and thirdly, the work terms, in
contrast to the usual situations, are structure-dependent. The second conclusion is
advocated by Marcus®. The reason for variable intrinsic barriers in this reaction is
made plausible, and it is suggested that p values for a nitro compound reacting with
a variety of different oxygen or nitrogen bases should not have the problem, in
agreement with experiment.

Kresge3? originally concluded that the unusual « values implied a special
transition-state interaction between the base and the nitro compound, not present
in reagent or product. A later extension by Kresge® identified two interactions as
the nitronate hyperconjugation, present in the product but only to a small extent in
the transition state, and an clectrostatic interaction between the negative charge on
carbon and the substituents, which is important in the transition state but not the
product. The treatment was made plausible by considering that the delocalization of
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charge onto oxygen could well not be important until the system had become highly
product-like. A quantitative treatment was able to reproduce both the a for the
alkylated nitromethanes and for the arylated systems. It improves on the Ingold
treatment in that the development of the delocalization is quantitatively expressed.

Albery and coworkers! have made a sophisticated application of Marcus’ theory
to diazo compound protonation and to C-protonation of nitronates in which the
work terms are structure-sensitive. They divided the work terms into two parts, the
usual structure-insensitive part and a part devoted to solvation and conformational
changes on each side of the actual proton-transfer part. These distinct steps might
also be to some extent merged, but not to the extent of allowing the reagents and
products of the proton-transfer step to resemble very closely the separated reagents
and products.

A possible, although by no means necessary, interpretation of the Albery work is
that there is an extra real intermediate in the ionization process, namely a distinct,
undelocalized carbanion as shown in equation (9), which then flattens out to the
planar nitronate in reaction (10). This makes it clear that the transition state lies

\R N\
NO3; NO»
— :C\\:\\d R R (o
| —— >c=N_ (10)
* R o~

O// \O_

near the undelocalized carbanion and thus allows an immediate understanding of
the anomalous « values. However, it is unacceptable from several aspects. An
estimate of the acidity of nitromethane with only the inductive contribution can be
made, and thus an estimate of the very small equilibrium constant for equation (9).
To reproduce the observed rate an unacceptably high rate for reaction (10) must be
assigned, an argument communicated to me by Professor H. C. Gilbert. Secondly,
the pyramidal carbanion would not appear to represent an energy minimum at all,
whether the delocalization is prevented by the tetrahedral bond angles as shown, or
by an unfavourable angle between the CRR plane and the O,NC plane.
Nevertheless, this two-step mechanism is a way of thinking about the single
transition state, and Bordwell® has used the description of the undelocalized
carbanion as a ‘virtual’ intermediate, to emphasize the excess charge on carbon in
the transition state.

2. Role of the solvent

The role of the solvent in this proton transfer cannot be ignored, and is difficult
to describe. One possible specific role may be hydrogen bonding to the nitronate
ion as in 9, which might be the source of the predominance of the charge on
oxygen rather than on carbon. Against a major contribution from this effeci is the

O-+HOR
R~ “0O--HOR
(9)
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observation that nitromethane and phenol are comparably acidic in a number of
different media from water to the gas phase. Furthermore, nitronic acids are fairly
strong, thus the nitronates are not very basic on oxygen and might not form very
strong hydrogen bonds. However, in dimethyl sulphoxide the rates and equilibria
for the proton transfer from arylnitromethanes to benzoate ion have been
measured®® and the Brgnsted « is 0.92, compared to the value of 1.54 in water.
The « value is no longer conspicuously anomalous, although still quite large, and
Keefe?* believes that the ‘nitro compound anomaly’ is a consequence of the use of
protic solvents. The high rate in DMSO also suggests reduction in the amount of
solvent reorganization.

Slater and Chan®® have studied the effect of adding DMSO to water on the rate
of the phenylnitromethane-hydride ion reaction. The rates increased with DMSO
added to a concentration of about 67%, but only to the extent expected from the
increasing basicity of the hydroxide ion, and they therefore concluded that solvent
reorganization was not greatly altercd. The question of extent and importance of
hydrogen bonding in the nitronate ion cannot be regarded as entirely resolved.

3. Effect of the nature of the base

Two other approaches to the nature of the transition state for nitroalkane
ionization have been extensively studied, and have been less informative than one
might have hoped. The first is the measurement of the rates of a single nitro
compound with a series of bases to yield a Brgnsted #; many values of g have been
measured. The range is rather small, and they always have fallen within the normal
range of 0-1. The B values have not correlated well with the expected behaviour:
small values associated with exothermic, fast, rcagent-like transition states and
values nearly unity for those that are product-like. Several of these p values have
been listed to show the unsatisfactory nature of the problem?.

4. Isotope effect studies

There has been a considerable cffort to use the hydrogen isotope effect to further
define the transition state for the proton transfer from nitro compounds. The
existence of a substantial isotope effect was one of the very first deuterium isotope
effects measured, and the field has been reviewed by Leffek?'.

The effort has been to deduce the symmetry of the transition state based on the
Westheimer argument3! that transition states, with nearly equal force constants
(symmetrical transition states) to the transferring proton, should give nearly
maximum isotope effects, and thosc with greatly unbalanced force constants in
either direction should give almost no isotope effect. The method in principle
relates, without much rigour, the symmetrical transition state to the transition state
halfway between reagent and product, and therefore (by another nonrigorous
argument) to the case of unit equilibrium constant. Isotope effects less than the
maximum then correspond to reactions of equilibrium constants far removed from
unity. This has led to the plot, presented by Bell and Goodall?, of hydrogen isotope
effect vs. ApK, (the pK for each equilibrium of the series of proton transfers). Such
plots do often show maxima in the neighbourhood of ApK, = 0, but they are often
broad, sometimes with much larger isotope effects than are allowed by the
Westheimer treatment, and suffer from the fact that the measured isotope effect
leads to an ambiguity in the sign of ApK,. The situation with respect to the nitro
compounds is to some extent summarized by the following quotation: ‘The hope,
which at one time seemed bright, for a simple general correlation of Brgnsted
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coefficients, kinetic isotope effects, and solvent isotope effects with the extent of
proton transfer in the transition state has proved vain’!'®. The difficulty is that the
term ‘extent of proton transfer’ is vague. It is either an unmeasurable philosophical
concept, or is the result of some kind of measurement, and as pointed out earlier,
different methods of measurement do give different answers with these nitro
compounds.

The further problem is that models have suggested that the Westheimer highly
unsymmetrical situation is almost unattainable®32, and that observed maxima may
result from a variable tunnel correction. The tunnel correction is certainly present
and variable, as demonstrated both by very high isotope effects and their
temperature dependences?24.3542.43.53 Thys the variable tunnel contribution cannot
be neglected as a factor in the magnitude of the isotope effect, and Bordwell and
Boyle’s discouraging statement!? is at least partly justified.

IV. CONCLUSIONS

There are no longer major questions about the equilibrium acidities of substituted
nitromethanes. The problem of rates has been attacked from many aspects, and the
slowness is certainly related to the extensive geometrical, orbital, and possibly,
solvation changes that go on. In spite of many obstacles, the transition states arc
probably understood far better than the transition states for most reactions. The
slowness of C-protonation of nitronate anions does not seem to be a peculiarity of
the proton, it is shared by other electrophiles, since alkylation of nitronate anions
occurs almost only on oxygen. Perhaps thec major challenge is to understand why
the nitro compounds are so exccptionally slow, and to find examples of anomalous
Brgnsted behaviour outside the nitroalkanes.
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. INTRODUCTION

The last decade has witnessed a most important development in physical organic
chemistry: laboratory techniques (finally) became available which allowed direct
measurements of the kinetics and equilibria for the protonation and deprotonation
of organic molecules in the gas phase. A substantial fraction of the mcasurements
which have been reported to date have dealt with the amines and these are the
subject of this chapter. They have provided the first quantitative indication of the
gas-phase basicity and acidity of these compounds and, as such, have furnished
important insights into the fundamental tendency of isolated amine molecules to
gain or lose a proton.

A considerable variety of techniques have proven to be suitable for gas-phase
studies of proton-transfer reactions involving amines. These include techniques of
ion cyclotron resonance (ICR) spectroscopy!?, high-pressure mass spectrometry
(HPMS)3#, trapped-ion mass spectrometry (TIMS)%, the selected-ion flow tube
(SIFT)® and the flowing afterglow (FA) technique’$. These make use of a variety
of modes of ion production, containment and detection, and encompass a wide
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range of operating conditions such as total pressure, ion and neutral concentrations,
temperature, reaction time, and ambient electric fields. No attempt is made here to
provide details of construction, operation and data analysis, or to address concerns
which have been expressed regarding the nature of the reaction and equilibrium
conditions which are actually achieved with the various techniques. These have
been discussed elsewhere in considerable detail!-8. This article will concentrate on
the presentation of experimental results which have been reported on various
physicochemical aspects of proton-transfer reactions involving amines. Some
consideration will be given to the interpretations which have been proposed to
account for the gas-phiase results in terms of various intrinsic effects arising from
the molecular structures of the amines. These can be said to have had important
consequences for structural theories of organic chemistry in general. No attempt
will be made here to discuss the bearing of the gas-phase measurements on the
interpretation of the behaviour of corresponding acid-base reactions proceeding in
solution. This aspect has been discussed thoroughly in the more general context of
acid—base chemistry in four excellent review articles which have recently been
authored by Taft?® and by Arnett!0-11,

li. KINETICS OF PROTONATION AND DEPROTONATION

A. Protonation of Ammonia

Laboratory measurcments of the gas-phase kinetics for the protonation of
ammonia have been restricted largely to proton-transfer reacticns involving
inorganic acids, primarily because of their usefulness in the assessment of various
classical theories of ion-molecule collisions. The measured rate constants are
included in the compilation presented in Table 1 from which it is apparent that the
protonation of ammonia by inorganic acids generally proceeds rapidly at room
temperature, k > 1 x 10~? cm? molecule~! s™!, without complications from other
reaction channels!2. The information presently available on the dependence of
these rate constants on translational and internal energy is insufficient to allow any
gencralizations to be made in this regard. However, attention should be drawn to a
few specnic observations.

(/) For the proton-transfer reactions (equation 1) where X = H,, CO, CH,, O;

XH* +NHy; —  NH * + X (1)

and HO,, the rate constants have been observed to be quite insensitive to the mean
relative kinetic energy from thermal to about 1 eV20-2L,

(ii) For the deuteron-transfer reaction of D;* with NHj, internal excitation of
th(; ion has been shown to actually decrease the rate constant as is shown in Figure
12324,

(iti) In one study of the overall temperature dependence of the rate constant for
the proton transfer to NH; from N,H*, a small negative temperature dependence
was observed between 320 and 640 K25,

The large values of the rate constants indicated in Table 1 clearly suggest high
probabilities of protonation at room temperature. Indeed, a comparison of these
values with gas-kinetic collision rate constants predicted from a consideration of the
classical electrostatic (ion-induced dipole and ion-permanent dipole) interaction
between the ions and NHj indicates that proton transfer proceeds at essentially
every collision. Such a comparison is shown in Figure 2 for which capture collision
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TABLE 1. Some ratc constants (in units of 10~° cm? molecule ~! s71) for the protonation of
ammonia at room tempcrature

Reactant ion

Mode of reaction®

Kol Technique® Reference
Hs* 42 PT FA 12
D3* 3.1 PT FA 24
H;0* 24,22 PT FA, ICR 12, 15
HCO* 24,1.9,2.6 PT FA, SIFT, ICR 12, 13, 15
O,H* 2.0 PT FDT 20
H,0,* 1.8 PT FDT 21
N,H* 2.3 PT FA 12
N,OH* 21 PT FA 12
H,COH™* 1.7,2.0,2.3 PT FA, SIFT, ICR 17, 13, 15
CHs* 2.5,2.33,2.31 PT FA, ICR, TIMS 12, 16, 22
CDs* 2.06 PT TIMS 22
C,Hs* 2.1, 2.00 PT FA, ICR 12, 16
C,H,* 2.0 PT FA 12
C3H,* 1.9.1.95 PT FA, ICR 12,16
CH* 2.7 HCNH™* (0.68) SIFT 14
CT (0.17)
PT (0.15)
CH,* 2.8 CH;NH,* (0.55)  SIFT 14
PT (0.45)
CH;* 2.2 H,CN*  (0.70)  SIFT 14
CH,*-NH, (0.20)
PT (0.10)
CH,* 2.8 CT (0.59) SIFT 14
PT (0.41)
cCL,D* 0.78 PT (057)  ICR 18, 19
CCIDNH,* (0.24)
CCIHNH;" (0.19)
CF,H* 1.00 PT (>0.99) ICR 18

CFHNH,* (trace)

9Total rate constant for the disappearance of the reactant ion.

bThe obscrved product distribution is given in parentheses. Proton-transfer and charge-transfer
products arc indicated as PT and CT, respectively. Otherwise just the observed ion is
indicated.

‘FA = flowing afterglow. SIFT = selected-ion flow tube, ICR = ion cyclotron resonance,
FDT = flow-drift tube, TIMS = trappcd-ion mass spectrometry.

rate constants arc calculated using the average-dipole-orientation (ADO) theory”*
modified to include conscrvation of angular momentum approximately (the AADO
theory)?®. Figure 2 includes the predictions of the locked-dipole and the pure
polarization (Langevin) theories which are known tc overestimate and
underestimate, respectively, the capture collision rate constants but nevertheless

*The ADO theory takes into account ion-pcrmancnt dipole interaction which strongly affects
the rate constant. In this thcory the average orientation of the dipole has a value intermediate
betwceen that achieved if the dipole simply locks into the direction of the approaching ion (the
locked-dipole limit) and that corresponding to a perpendicular orientation with respect to the
line of centres of collision in which the dipole has essentially no effect on the rate constant.
The purc polarization limit in which the presence of the dipole is completely ignored is given
by what has become known as the Langevin theory.
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FIGURE 1. The influence of internal excitation on the ratc
of protonation of ammonia by D3*. In the Tandem-lon
Cyclotron Rcsonance (ICR) experiments deexcitation
proceeds by collisions with D, molecules while in the flowing
afterglow (FA) cxperiments collisions with He atoms prevail.
Reproduced  with  permission from D. K. Bohme in
Interactions between Ilons and Molecules (Ed. P. Ausloos),
Plenum Press, New York, 1975, p. 489.

provide useful limiting values?*. Furthermore, since these proton-transfer reactions
cover a wide range in exothermicity (standard enthalpy change, AH?) or exoergicity
(standard free energy change, AG?), it follows that the probability of protonation at
room temperature is virtually independent of the relative gas-phase proton affinity
or basicity of X and NHj. The reactions in Figure 2 span a range in exothermity
from approximately 35 to 110 kcal mol~1L

CHs* and the related alkanonium ions have also been found to react with NH; at
room temperature exclusively by proton transfer, again with essentially unit
probability. However, with the less hydrogenated CH,* (x = 1-4) and the
halogenated CCl,D* and CF,H* species, proton transfer has been observed to
proceed in competition with a variety of other reaction channels. These are also
delineated in Table 1. In the case of CH*, for example, proton iransfer competes
with both a charge-transfer and a condensation channel according to equation (2)'4.

0.68

CH*+ NH; ——— HCNH' H, (2a)
0.17 NH3+ + CH (2b)
0.15 NH4+ iC (20)

In fact, the major route of reaction results in C—N bond formation by
condensation to form protonated HCN. The analocgous route also predominates
with CH," in which case the methyleneimmonium ion [H,C==NH,]* is presumed
to be formed. The reaction of the methylcarbonium ion with NH; has been
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FIGURE 2. A comparison of experimental rate constants for the
protonation of ammonia (the solid bars represent the estimated accuracy)
with collision rate constants predicted by various classical theories.
Reproduced with permission from D. K. Bohme in Interactions between

Ions and Molecules (Ed. P. Ausloos), Plenum Press, New York, 1975,
p. 489.

observed to exhibit still another channel. The product ion spectrum recorded in an
inert helium buffer at total pressures between 0.2 and 0.7 Torr is shown in
equation (3)'%. Under these conditions 20% of the reactive collisions result in the

.70
CHy* + NHy — =  HCN* + H, (3a)
0.20 +
—  CH3z".NH, (3b)
0.10 NH +
-_— 4 CHZ (SC)

formation of an adduct stabilized by collision with helium atoms and/or by radiative
deexcitation. Condensation is again the major reaction channel. Experiments
performed at low pressure with mixtures of deuterated methane and ammonia have
shown that the condensation proceeds in two distinct ways, one resulting in the



TABLE 2. Some rate constants (in units of 1072 cm3 molecule ™! s™!) for the protonation of

amines at room temperature

Reactants kioat® Mode of reaction® Technique® Reference
CHs* + CH3NH; 2.25,2.51 PT ICR, TIMS 16, 22
CDs* + CH3NH; 2.21 PT TIMS 22
C,Hs* + CH3NH, 1.87 PT ICR 16
CsH;* + CH3NH,; 1.65 PT ICR 16
CHs* + (CH3);NH 2.15,225 PT ICR, TIMS 16, 22
CDs* + (CH3),NH 2.05 PT TIMS 22
C,Hs* + (CH3),NH 1.88 PT ICR 16
C3H,;* + (CH3),NH 1.64 PT ICR 16
NH3;D* + NH; 0.77 PT TIMS 22
CH3NH;D* + CH3NH; 0.64 PT TIMS 22
(CH;3),NHD* + (CH3);NH 0.31 PT TIMS 22
CH"* + CH3NH, 2.2 H~ (0.50)  SIFT 28
PT (0.40)
CT (0.10)
CH,* + CH3NH; 2.1 H~ (0.55) SIFT 28
CT (0.35)
PT (0.10)
CH;3* + CH;NH, 2.2 CcT (0.55) SIFT 28
H~ (0.45)
CH3*.CH3;NH¢
CH,* + CH3NH, 2.2 CT (0.60)  SIFT 28
H~ (0.40)
CC1,D* + CH3NH, e PT (0.63) ICR 18
H~ (0.25)
CH3;NHCCID™* (0.12)
CF,H* + Cii{3NH, e PT (>0.98) ICR 18
H~ (<0.02)
CC1,D* + C;HsNH, ~1.5 PT (0.73) ICR 18
H™ (0.27)
CF,H* + C;HsNH, e PT (>0.98) ICR 18
H~ (<0.02)
CCl,D* + (CH3),NH e PT (0.59) ICR 18
H- (0.25)
CT (0.16)
CF,H* + (CH;3),NH e PT (0.80) ICR 18
H~ (0.10)
CT (0.10)
CC1,D* + (CH3)3N 1.37 PT (0.08) ICR 18
H- (0.22)
CT (0.70)
CF,H* + (CH;3)3N ¢ PT (0.76) ICR 18
H~ (0.12)
CT (0.12)
CC13,D* + C¢HsNH; 1.0 PT (0.01) ICR 19
CT (0.99)

“Total rate constant for the disappearance of the reactant ion.
PThe observed product distribution is given in parentheses. Proton-transfer, hydride-transfer
(sce text) and charge-transfer products are indicated as PT. H™ and CT, respectively. Other-
wise just the observed product ion is indicated.
“ICR = ion cyclotron resonance, TIMS = trapped-ion mass spectrometry, SIFT = selection-

ion flow tube.

4Observed ternary association product. The quoted rate constant refers to the binary product

channels only.
“Not determined.
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formation of CH,NH,* by loss of a hydrogen molecule across the C—N bond, and
the other in the formation of CH3NH* by loss of H, from the nitrogen end of the
intermediate complex, approximately in the ratio 3.3 to 127,

B. Protonation of Amines

The available experimental data for the kinetics of protonation of amines
indicates a pattern of reactivity which closely resembles that observed with
ammonia. This is evident from the information provided in Table 2. In the absence
of competing channels, the room-temperature protonation of the amines again
proceeds at essentially every gas-kinetic capture collision except, it appears, at very
low reaction exothermicities. For example, the R! R2NHD* ion produced in the
special case of deuteron transfer from CDs* or C,;Ds* to R! R2NH has been shown
to react further with R! RZNH at a reduced rate by the ‘symmetric’ proton-transfer
reaction shown in equation (4) where R! and R? may be CH,; or H?2. The

R'RZNHD* + R'RZNH —— R'R2NH,* + R'RZND (4)

measurements are illustrated in Figure 3 for R! = CH; and R? = H. They were
carried out with a trapped-ion mass spectrometer which discriminates against
deuteron transfer in the sensc that the latter is counted as a nonreaction. However,
when the raw rate constants are multiplied by the statistical factor n/(n — 1) to
account for the fact that R! R2NHD* contains n — 1 labile H and one labile D, the
resulting values still turn out to be approximately equal to only one-half of the
collision rate constant. Such a probability would be predicted if the reaction
proceeds through a symmetrical disolvated proton complex of the type 1. If the

R'l R'l

| !
Rz_T... H* ...|\|1_R2

H H

M

complex is sufficiently long-lived the proton can be expected to have an equal
chance of remaining with the amine to which it was bound originally (no reaction)
or being transferred to the second amine (reaction) when the complex dissociates.
The limiting rate for such symmetric proton transfer should therefore be one-half
the collision rate (neglecting isotope effects)?2.

As was the case with NH,, the reactions of CH,*(x = 1-4) with CH;NH; are
again less straightforward in that several other channels are observed to compete
with proton transfer. The low ionization potential of CH;NH; makes direct charge
transfer energetically possible in all cases and, indeed, it is always observed to
occur. Proton transfer to produce CH3NH,* is a minor channel and is observed to
occur only with CH* and CH,*. The formation of CH,NH;" represents a major
channel for the reactions of all the CH,* ions. Formally it corresponds to the
transfer of hydride ion to CH,* according to equation (5) which is exothermic for

CH,* + CHaNH, ——=  CH NH," + CHy4 1 (5)

all values of x. However, the actual reaction mechanism may also involve the
dissociative charge-transfer reaction (6) or the dissociative proton-transfer re:action
(7), both of which are exothermic with CH*, CH,* and CH,*. The production of
CH,NH,* in the case of the reaction with CH;* appears to be restricted on
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FIGURE 3. Jon intensities in a mixture of CD4 and CH3NH,
measured as a function of time with a trapped-ion mass
spectrometer. Reproduced by permission of Elsevier Scientific
Publishing Company, Amsterdam from A. G. Harrison, P.-H. Liu
and C. W. Tsang, Intern. J. Mass Spectromn. lon Phys., 19, 23
(1976).

CH,* + CH3NH, ———=  [CH3NH,"]* + CH,

CH," + CHaNH, ——  [CH3NH3']* + CH, _1

(6a)

(6Db)

(7a)

(7v)
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energetic grounds to proceed by H~ transfer. It is interesting to note that, in this
case only, a ternary association channel is also observed to compete, resulting in
the adduct CH;3* . CH3NH; which conceivably may rearrange into, for example,
protonated ethylamine. We have noted earlier the analogous channel in the
reaction of CH;* with NH,.

The three options represented by equations (5)—(7) have been investigated by
Huntress and Bowers?? in their studies of the reaction of Hy* with CH,NH,. These
indicated that the product distribution and mechanism depends critically on the
amount of excess internal energy of H3*. For highly excited H;* ions the reaction
proceeds mainly by the direct processes: by charge transfer and a process
equivalent to H~ abstraction. For partially or totally deactivated Hj* ions at
hydrogen pressures above ~2 x 10=¢ Torr in their ICR apparatus, the reaction
appeared to proceed mainly via proton transfer to form a long-lived intermediate
complex which decomposes by vicinal H, elimination to form CH,NH,* and by
C—N bond scission to produce CH;* according to equation (8).

Hy" + CH3NH, ——— [CH3NH3']* + H, (8a)
= CH,NH," + H, (8b)
——— CH3" + NH3 (8c)

The relative importance of competing channels for the reactions of CCl,H* and
CF,H* with ammonia and amines has been investigated and discussed by Lias and
Ausloos'81%. In these systems, the competing reactions which occur if they are
exothermic are proton transfer, hydride transfer and charge transfer. When proton
transfer and hydride transfer are the only two exothermic channels, proton transfer
appears to prodominate cven though the corresponding hydride-transfer reactions
are more exothermic.

C. Deprotonation of Ammonia and Amines

Data available for the kinetics of deprotonation of amines are extremely sparse,
in part because of the very low acidity of these compounds in the gas phase. Table
3 presents all of the rate constants which are presently available. They were
measured with the flowing afterglow technique30-3!: the amine was added into a
flowing NHi-He plasma in which H~ and NH,~ were established as the major

TABLE 3. Rate constants (1079 cm3 molecule ™! s™!) for the deprotonation of
NH3 and several aliphatic amines at room temperature3%-3!

Reaction k

H- + NH;— NH,~ + H, 0.00090 = 0.00018
H- + CH3NH, — CH3NH™ + H, 0.017 * 0.009

H~ + C;HNH,; — C,HsNH™ + Ha 1.1%0.3

H™ + (CHJ)zNH g (CHJ)zN_ + H, 43x+09

NH,~ + CH3NH, — CH3NH™~ + NHj >0.1

NHZ_ + C2H5NH2 g CzHSNH_ + NH3 2.6=0.8

NH->™ + (CH3),NH — (CH3)>N~ + NHj3 =3

NH,~ + (CH3)3N — products <0.001
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FIGURE 4. The variation of the H”, NH;™ and NH,; . NHj;
signals recorded upon the addition of NHj into a flowing He-NHj3
plasma in which H™ is initially a major ion (T = 297 K, P = 0.301
Torr). Reproduced by permission of the American Institute of

Physics from D. K. Bohme, R. S. Hemsworth, H. W. Rundle and
H. I. Schiff, J. Chem. Phys., 59, 77 (1973).

negative ions. Figure 4 presents the observations recorded for the deprotonation of
NH; by H-. This reaction proceeds slowly with k& =9.0x 1.8 x 10713 cm?
molecule~! s~! as does the deprotonation of CH3;NH, by H~ for which
k=17%09 x 10" cm® molecule~!s~1. and the deprotonation of (CH3);N by
NH,~ for which & <1 x 107'2cm?® molecule~!s~!. Otherwise the deprotonation
reactions which have been observed occur with high efficiency at specific rates close

to gas-kinetic. In all cases deprotonation proceeded exclusive of any other
competing reaction channels.
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ill. PROTON-TRANSFER EQUILIBRIA

A. The Preferred Direction of Proton Transfer

Quantitative measurements of the gas-phase kinetics of the protonation and
deprotonation of amines have become possible only fairly recently with
developments in experimental techniques and associated kinetic analyses. The
earlier experimental studies of these processes were able to provide only a
qualitative indication of the preferred direction of proton transfer, i.e. the direction
for which the equilibrium constant was greater than one or the standard free-energy
change was less than zero. Nevertheless, these early studies provided the first direct
indication of relative gas-phase basicity and acidity. The preferred direction was
established either from an investigation of both directions of proton transfer or
simply from its actual observation with the assumption that this was tantamount to
a manifestation of its exoergicity (AGY < 0).

In the first such study involving amines, Munson3? was able to observe the
proton-transfer reactions shown in equations (9)-(11). The protonated amines were

NH,* + CH3NH, —— CH3NH;" + NHy 9
CH3NH3* + (CH3),NH  ——  (CH4),NH,Y + CH;NH, (10)
(CH3)NH,* + (CHa3)3N  ———  (CH3)aNH* + (CH3),NH (11)

established in the ion source of a mass spectrometer containing mixtures of two
amines at total pressures of several tenths of a Torr. The reactions were identified
from the pressure dependence of the protonated amines at constant composition.
The following order of basicity was suggested:

(CH3)3N > (CHa),NH > CHyNH, > NHa

This order was confirmed a few years later by Brauman and coworkers in a more
comprehensive study of aliphatic amines33-3¢, These authors employed the
low-pressure ICR technique with which the occurrence and nonoccurrence of
proton transfer was determined from the observation of double-resonance signals.
The influence of the degree of methyl substitution on basicity reported by Munson
was reproduced exactly and a similar order was obtained for ethyl substitution:

(C,Hg)3N > (C,Hg),NH > C,HgNH, > NH,

Furthermore, other orders of basicity involving a change in the size of the alkyl
substituent(s) were also reported:

Primary amines: t-C4HgNH, > (CH3)3CCH,NHy > i-C3HyNH, > n-CqH;NH, >
CoHgNH, > CH3NH, > NH,

Secondary amines: (C,Hg),NH > (CH5),NH

Tertiary amines: (CoHg)aN > (CHa)3N

Miscellaneous: (CH3)3N > 1-C4HgNH,
{CH3),NH = j-C3H,NH,
(CH3)3N = (C,Hg),NH
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These two sets of observations provided the first direct manifestation of molecular
effects on the gas-phase basicity of amines and set the stage for the quantitative
measurements of relative basicity which were to follow.

ICR and pulsed double-resonance spectroscopy also provided the first
manifestation of the relative gas-phase acidity of amines from an analysis of the
behaviour of various amide ions in the presence of a mixture of their conjugate
acids3%36, Reactions of the type shown in equation (12) were observed to often

R'IRZN~ + R3R®NH ———= R'R2NH + R3R*N" (12)
proceed essentially in one direction only. Tlese investigations provided the
following orders of acidity:

(C,Hg),NH > H,0 > -C4HgNH,

Experiments carried out with C;DsNH, demonstrated that N—H protons were
removed exclusively. Other experiments with saturated alkanes established that
NH; > CH,4. Support for the relative gas-phase acidity of NH; was provided by a
series of flowing afterglow experiments®’-3 which established the following order of
acidity:

H,0 > H, > NHy > CHy, CyH,, (CHy)y, CeHiy

B. Positive-ion Equilibria

Equilibrium constants for proton-transfer reactions of the type shown in equation
(13) involving amines B! and B?, began to be reported some six years after the

B'H* + B2 —— B2H'+ 8 (13)
pioneering studies of Munson3?. They provided the first quantitative differences in
gas-phase basicities of amines in terms of the change in standard free energy, AGY,
for reaction (13) which is related to the equilibrium constant according to the
well-known equation (14). The equilibrium constants were determined from a

AGY= —RT InK (14)

mcasurement of the apparent equilibrium concentrations established in mixtures of
the protonated amines and their conjugate bases according to the relationship in

equation (15).
([B"H*] [B‘])
Y (P — (15)
“ [BIH+] [82] equilibrium

The measurements reported to date have been carried out either at low pressures
(from 10-% to 10~ Torr) using techniques of ion cyclotron resonance or at
moderatcly high pressures (from 1 to S Torr) with a pulsed ion source mass
spectrometric mcthod. Most of the measurements have becn donc at a single
temperature, 300 K and 600 K respectively, but the latter technique has also
allowed measurements of the equilibrium constant as a function of temperature
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which have provided values for the standard enthalpy change, AHY, and the
standard entropy change, AS? for reaction (13).

In the early application of the ICR technique®®!, the relative intensities of the
protonated amines were monitored as a function of pressure (from 2 to 8 x 10~4
Torr) at a number of neutral concentration ratios (<4:1). Equilibrium appeared to
be achieved for proton-transfer reactions with equilibrium constants <50 and rate
constants > 2 X 107'°cm3® molecule~!s~!. Dimerization reactions began to
interfere with the attainment of proton-transfer equilibrium outside of these limits
at total pressures down to 1 x 104 Torr. However, these could be avoided by
performing experiments on the same mixtures using a pulsed ICR spectrometer
fitted with a trapped ion-analyser cell*2. This new technique allowed the trapping of
protonated amines at pressures <1 x 107> Torr for up to 100 ms after their initial
formation. The approach to equilibrium could then be followed as a function of
storage time. Figure 5 shows the attainment of equilibrium in a mixture of azetidine
and pyrrolidine for the proton-transfer reaction (16). The general experience has

+ +
l:‘]‘”z + NH  — ETH + < NH, (16)

been that the high-pressure ICR measurements provide results which agree
reasonably well with those obtained with the low-pressure trapped-ion technique
and the high-pressure mass spectrometric technique. Figure 6 summarizes the
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FIGURE 5. Pulsed ICR data for the (CH;);NH,* and (CH2)4NH;* peaks in a 6.4:1.0
mixture of (CH,)sNH and (CH,)4NH at approximately 1 x 10~3 Torr. The protonated
species (m/e 58, 72) are formed by the reaction of parent ions (m/e 57, 71) with the two
ncutral molecules. Reprinted with permission from M. T. Bowers, D. H. Aue, H. M.

Webb and R. T. Mclver, J. Amer. Chem. Soc., 93, 4314 (1971). Copyright by the
Anmerican Chemical Society.



744 D. K. Bohme
n—BuN
3 I l
1.4 24
n—PrsN
t-Bu—7—amyl 1.4 55
ﬂ—PrNEfz . i o
Et.N—— 0.8 } : 0.2 Quinuclidine
3 07
s—BuzNH [
16 19
MeNEt
! v 9.5 Lo /—PrNH
/—BUZNH—L- -0. 2
n—BuNH
g v T ;
MezNEt—\n i ’0.1 n=-Pr,NH
1.2
2.0 3,5~diMe—pyridine
Piperidine 013 Tl o7 Oye_T e
Me,N t I o8 04 ~72
= 1 Il ! Pyrrolidine
R I 15 y
MeNHE! ﬁ03 - fe—.pyn ine
11—y Azetidine
f—omyINH2 J'
16 1.1 1.3 Cyclohexylamine
Y e [ X T/_.,:—Py‘ neéxy
033 Y —1 yridine
MezNHJ' 1—¥__i—‘ : -i——"o.z S—BuNHz
1% 15 12
/~BulH, S - L01 /-PrNH
0.3 R I T 2
0.5 09 ﬂ—BuNHz
ﬂ—PrNH2
1i4
EtNH
2
Allylaming  —1'1 {8'6
Aziridine i ko)
1.9
CONH, gl
CH3NH2 ot

FIGURE 6. Summary of values of AG? (kcal mol™!) between alkylamines
derived using high-pressure ICR techniques. Reprinted with permission from
D. H. Aue, H. M. Webb and M. T. Bowers, J. Amer. Chem. Soc., 98, 311
(1976). Copyright by the American Chemical Society.



17. Gas-phase basicity and acidity of amines 745

(Pyridines) Anilines Alkylomines Pyridines Misc.
4r 4-F _ O3 ~—CFHCHNH —,
04
- 21
6t o0&~ ~CFRCHNHCH =
2—F 025 . " <
- 0 CFCH,CHNH,;
a
8 A ™, CFH,CH,NH,;
3‘0'*
Sorpe MW
10 F 'CF,CHICHZCHINHZ
CHa
CF.CHNT &
F 3 Hz \CHs
EtN
12 Fo
14
< - n—PrNH
_CE_> 2
= 14r F—PrNH;
o
Q | 20
OQ) L MezNH
g 16 #—BuNH,
o
@KD
] -
18 I MeEtNH
L 21| [23
20} MO 4=CH,
N
L N t0.2
2.3
221 025
Me EtN—L— .
2 TR 4—0CH,
2.2 "2
24
MeEL,N——

FIGURE 7. Summary of values of AGY (kcal mol~!) derived using low-pressure ICR
techniques. Reproduced with permission from R. W. Taft in Proton-transfer Reactions
(Eds. E. Caldwin and V. Gold), Chapman and Hall Ltd., London, 1975, p. 31.



746 D. K. Bohme

results obtained from pressure plots using the high-pressure ICR technique in an
extensive investigation of a large number of coupled proton-transfer reactions of
type (13) involving a variety of alkylamines.

Additional low-pressure ICR measurements have been reported by McMahon
and Beauchamp*? who used a trapped ICR drift cell method and by Taft and
coworkers who performed pulsed ICR measurements?. Typical experiments were
done at 10-¢ Torr and the protonated amines were monitored over cell residence
times of 200 to 1000 ms. The results obtained for amines are summarized in a
recent review article by Taft?> and are presented here in Figure 7. In this article
Taft also describes the various tests which have been made to establish that true
equilibrium conditions can be achieved with low-pressure ICR techniques.

In the mass spectrometric method developed by Kebarle and his associates®*5,
the approach to equilibrium was monitored as a function of time for up to 1000 ms
after the ion-formation pulse at the much higher total pressures of 1-5 Torr and at
neutral ratios as large as 1000. Figure 8 shows the attainment of equilibrium for
reaction (17). Equilibrium constants as large as 105 could be measured over the

CHyNH5' + (CH3))NH  T=—= (CH3),NH,* + CH3NH, (17)

100

(&)
@]

lonization, %

0 s " 1 1 1 L L L 1

1
o} 500 1000
Time, T

1 1

FIGURE 8. The iime dependence of normalized intensities of (CHj3),NH,* (mfe 46)
and CHaNH,* (m/e 32) recorded with a high-pressure mass specirometer a1 600 K.
®: CH, at 4 Torr, methylamine at 31 mTorr, dimethylamine at 0.8 mTorr; @: CH, at 4
Torr, methylamine a1 340 mTorr, dimcihylamine at 1.6 mTorr. Reprinied with
permission from J. P. Briggs, R. Yamdagni and P. Kebarle, J. Amer. Chem. Soc., 95,
3504 (1973). Copyright by the American Chemical Socicty.
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FIGURE 9. Temperature dependence of AGY' = —RT In K for

proton-transfer equilibria of the type B'H* + B2= B?H* + B! with
B!/B2 = CH3NH,/(CH3)sN (A); NH3/CH3NH, (B); CH3;NHy/
(CH3)2NH (C); CH3NH2/C(J‘{5NHCH3 (D), and C6}15NH2/
CH3NH; (E). Reprinted with permission from J. P. Briggs, R.
Yamdagni and P. Kebarle, J. Amer. Chem. Soc., 94, 5128 (1972).
Copyright by the American Chemical Society.

temperaturc range from ~550 to 750 K. At these high temperatures dimer
formation was suppressed sufficiently to avoid their interference. Figure 9 shows
the van’t Hoff plots generated for several reactions of type (13) involving NHj,
methylamines, aniline and pyridine. For these systems AGY showed very little
change with temperature from which it may be inferred that the reactions are
essentially isentropic, AS® < 2.0 cal mol~!deg~!. A much stronger dependence on
temperature was indicated for reactions of type (13) involving monoamines and
a,0-diamines. This is cvident from the van’t Hoff plots shown in Figure 10 which
lead to entropy changes of more than 12calmol-!deg~!. The changes in
thermodynamic state properties derived from these plots are given in Table 4.
Table 5 presents the results reported for the systems studied only at the single
temperature of 600 K. A separate study was made of the formation of
proton-bound dimers corresponding to reactions of the type shown in equation
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FIGURE 10. Van't Hoff plots for proton-transfer cquilibria of
the type B'H* + B2= B?H* + B! with B!/B? = dimcthyl-
amine/l,2-diaminoethane  (O), trimethylamine/1,3-diamino-
propanc (@), trimethylamine/1,5-diaminopentane (&), and
trimethylamine/1,7-diaminoheptane  (H). Reprinted with
permission from R. Yamdagni and P. Kebarle, J. Amer. Chem.
Soc., 95, 3504 (1973). Copyright by the American Chemical
Society.

(18), with B = NHj3, CH3NH,;, (CH;3),NH and (CH,);N, and reactions of the type
shown in equation (19), with B!/B2 = CH3;NH,/NH3;, (CH;),NH/CH3NH, and
(CH3)3N/(CH;3),NH. The results of this study are summarized in Table 6 and
presented as van’t Hoff plots in Figure 11. The observed trends in AG{y and AH§g
are consistent with the notion of a partial acid—base reaction in which the

TABLE 4. Summary of the thermodynamics® derived from a temperature study of equilibria

of the type B'H* + B2= B?H* + B! involving o, w-diamines using high-pressure mass

spectrometry?

B! B? —AGgg —-AH® —-aS?
Dimethylamine 1,2-Diaminoethane 5.8 9.6 12.7
Trimethylamine 1,3-Diaminopropane 6.8 13.0 20.6
Trimethylamine 1,5-Diaminopentane 7.1 13.0 20.0
Trimethylamine 1,7-Diaminche ptane 6.9 129 20.0

9AH9 and ASY are approximately temperature-independent over the temperature range
indicated in Figure 10, AH? and AG? are in kcal mol~! and AS? is in cal mol~! deg~!.

bReprinted with permission from R. Yamdagni and P. Kcbarle, J. Amer. Chem. Soc.. 95, 3504
(1973). Copyright by the American Chemical Socicty.
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TABLE 5. Summary of standard free encrgy changes (kcal mol™!) for equilibria of the
typc B'H* + B2= B2H* + B! derived at 600 K using high-pressure mass spectro-

metry?

B! B? -aG°
NH; CH;3NH, 10.8
CH3NH, C¢HsNHCH; 4.3
CH3NH, o-Anisidine 4.3
CH3NH, (CH3),NH 7.5
CH3NH; Pyridine 7.8
CH;3NH; (CH3)3N 12.5
CeHsNH, CHs3NH, 1.9
CeHsNH, C¢HsNHCH; 6.2
C¢HsNH, o-Anisidine 6.5
CgHsNHCH;, (CH3),NH 3.5
Ce¢HsNHCH; CeHNHC,Hs 34
C¢HsNHCH, C¢HsN(CH3), 6.6
(CH3),NH Cyclohexylamine 1.2
CcHsNHC,H; Cyclohexylamine 1.3
CeHsN(CH3), (CH3)sN 1.6
CeHsN(CH3), CsHsN(CH;3)(C,Hs) 2.5
CsHsN(CH ), Piperidinc 2.8
Ce¢HsN(CHj), CeHsN(CzHs), 5.2
Cyclohexylamine Piperidine 4.8
Pyrrole Ce¢HsNH, 1.75

9Reprinted with permission from R. Yamdagni and P. Kebatle, J. Amer. Chem. Soc., 95,
3504 (1973). Copyright by the American Chemical Society.

BH*+ B —= (BHB)* (18)

BH* + B2 —— (B'HB?* (19)

formation of the proton-bound dimer is viewed as a partial proton-transfer reaction
from the proton donor B'H* to the proton acceptor B245,

C. Negative-ion Equilibria

Only a few equilibrium constant measurements have been reported for
proton-transfer reactions of the type shown in equation (20) involving amines A’H

(A‘)_ + AZH e —— (Az)— + AH (20)
and A'H. They have been performed solely with the flowing afterglow technique at
a total pressure of ~0.4 Torr and room temperature3®3!. The ions (A')~ were
generated by electron impact in a flowing helium buffer gas containing a fixed
amount of the amine A'H. Equilibrium was approached by adding increasing
amounts of A?H into the reaction region at a fixed reaction time of a few
milliseconds. Equilibrium constants were derived both from a measurement of
equilibrium concentrations and an analysis of the decay of (A!)~ for the forward
and reverse rate constants. Figures 12 and 13 show representative data obtained for
the equilibrium (21). A fit to the decay of CH3;NH"™ in Figure 12 provides a value

CH3NH™ + NH; === NH,~ + CH3NH, (21)
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TABLE 6. Summary of standard free energy and enthalpy changes (kcal mol~!) derived®
from a temperature study of equilibria of the type B'TH* + B2= (B'HB?)* using high-pressure
mass spectrometry

BIH* B2 —AGOSSO _AHO
NH,* NH; 10.6 24.8
CH;NH; 17.9 ~32.0
(CH3),NH (23.3) (38.9)
(CH3)3N (27.3) (43.3)
CH;3NH;3* NH; 7.1 21.4
CH;3NH, 8.7 21.7
(CH3),NH 13.8 27.5
(CH3)3N (17.0) (32.5)
(CH3),NH,* NH; 5 20.6
CH;NH, 6.3 27.4
(CH3),NH 6.65 20.8
(CH3)3N 9.4 23.3
(CH3)3;NH" NH;j (4) (20)
CH;NH, (4.5) (20)
(CH3),NH 4.8 205
(CH3)sN 49 22.5

“Numbers in parentheses are predicted values.
bReprinted with permission from R. Yamdagni and P. Kebarle, J. Amer. Chem. Soc., 95, 3504
(1973). Copyright by the American Chemical Society.

for K = k¢k, while the ion ratio plot in Figure 13 provides a measure of K in terms
of cquilibrium concentrations. Table 7 gives a summary of the equilibrium
constants derived from the flowing afterglow measurements and the resulting
changes in standard free encrgy.

IV. GAS-PHASE BASICITIES OF AMINES

The standard frce energy change for reaction (13) provides a measure of the
difference in the gas-phase basicity, GB, of amines B! and B? viz. AG® = AGB
(B!, B?) with the gas-phase basicity defined as the standard free energy change for
process (22). It follows that continuous ladders of differcnces in gas-phase basicity

BH* ——— B+ H" (22)

as shown in Figures 6 and 7 can yield absolute values for GB once the ladders are
calibrated with an appropriate choice of an absolute reference valuec. In practice
this choice is severely limited. Absolute values of gas-phasc basicity may, in
principle, be derived from (nonequilibrium) appearance potential measurements of
the protonated amines but these have been very few and the protonated amine may
not appear as a fragment ion. In recent years the basicity of NHa, itself referenced
to the absolute basicity of isobutene, has been most commonly adopted as a
reference value for the basicities of the amines*®. This practice is retained here but
the basicity of NHj; is decrived from very recent appearance potential
measurements*’ for the NH;* fragment produced by the photoionization of the
ncutral dimer NH; . NHj3 according to equation (23). These measurements have led
to a standard enthalpy change for process (24) of 203.6 = 1.3 kcal mol~! at 298 K.
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FIGURE 11. Van't Hoff plots for cquilibia of the type
B'H* + B2= (B'HB?)* with B!/B? = NH;/NH; (a), CH3NH,/
CH3NH, (b) (CH;3);NH/(CH3);NH (c), (CH3)sN/(CH3)3N (d),
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(CH;);N/(CH;)ZNH (©). (O) B! = B?, total pressure due to amine
only; (@) = B2, major gas is CH4 Reprinted with permission

from R. Yamdagm and P. Kebarle, J. Amer. Chem. Soc., 95, 3504
(1972). Copyright by the American Chemical Society.

NH3.NH3 + Ay —— NHg' + NH, + e

NH, T=—— NH; +H'

751

(23)

(24)
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FIGURE 12. The variation of thc major negative ion signals
recorded upon the addition of NH; into a flowing CH3NH,—He
plasma in which CH3NH™ is initially a dominant negativc ion. The
curve drawn through the observed CH3iNH™ decay represents a
computed fit which yields a value for the ratio of rate constants,
k¢/k,, for the proton-transfer reaction CH3;NH~™ + NH; =
NH,~ + CH3NH,. The ion observed at m/fe 44 is presumed to
arise from the (CH3),NH impunty in CHiNH, (7 = 298K,
P = 0.295 Torr). Reproduced by permission of the National
Research Council of Canada from G. I. Mackay, R. S. Hemsworth
and D. K. Bohme, Can. J. Chem., 54, 1624 (1976).

This value is intermediate between the extreme values of 202.3 and
207.0 kcal mol~! which have been adopted previously*®4¢. The conversion of AH %,
to AGYy for reaction (24) may be accomplished by estimating the change
in entropy to be equal to S%H*)+ R In (12/3), where 12 and 3 are the
rotational symmetry numbers for NH;* and NHj, respectively®”. Thus the absolute
gas-phase basicity of NH;, GB(NH3), is 195.0 kcal mol~! with an uncertainty that
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FIGURE 13. The observed variation of the ion concentration ratio with NH; addition.
The linearity of this plot indicates attainment of equilibrium at all measured flows of
NH; (T = 297 K, P = 0.287 Torr). Reproduced by permission of the National Research
Council of Canada from G. 1. Mackay, R. S. Hemsworth and D. K. Bohme, Can. J.
Chem ., 54, 1624 (1976).

should be less than 2 kcal mol~!'. This value is preferred as a reference in the
compilation of absolute gas-phase basicities presented in Table 8. The compilation
is based largely on the differences in gas-phase basicity reported in the extensive
review by Taft?.

The basicity GB(B) can provide a measure of the gas-phase proton affinity of B,
PA(B), which is defined as the standard enthalpy change for the deprotonation
reaction (22). The standard entropy change required to make the connection, when
not available from experiment, can often be estimated with reasonable accuracy

TABLE 7. Summary of equilibrium constants and standard free energy changes (kcal mol~})
derived from a flowing afterglow study of equilibria of the type (A!)” + A?H= (A?)" + A'H
at 296 = 2 K3!

AH A'H K -AGY
CH;NH, NH,4 24+04 0.51 = 0.10
H, NH; 26+ 8 1.9+0.2
H, CH3NH, 12=3 1.5+ 0.2
C,HsNH, NH; (1.3 + 0.4) x 10° 42=+0.2
C,HsNH, H, 77+ 14 2.6*0.2
(CH,),NH H, (52=1.1) x 10° 5.0=0.1
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TABLE 8. Absolute and relative gas-phase basicities of amines in kcal mol~! at 298 K.
The preferred direction of proton transfer is towards the top of the table243

B GB(B)® AGB(NH;,B)!
Primary aliphatic amines

I-CSH“NHZ 212.4 17.4
C-C6H“NH2 2113 16.3
t-BuNH, 211.1 16.1
s-BuNH; 210.2 15.2
i-PrNH; 209.1 14.1
i-BuNH; 209.0 14.0
n-BuNH; 208.5 135
n-PrNH, 208.0 13.0
EtNH, 206.8 11.8
H,;C=CH—CH;NH; 206.3 11.3
MeNH; 204.1 9.1
HC=C—CH,;NH, 201.7 6.7

Secondary aliphatic amines

(n-Pr),NH 217.2 222
{( M 216.2 21.2
Et,NH 215.2 20.2
NH

215.1 20.1

(H,C=CHCH,),NH 214.3 19.3
CNH 213.0 18.0
MeE{NH 212.9 17.9
Me,NH 210.5 15.5
(NC=CCH,),NH 206.7 11.7
[ONH 206.2 11.2

Tertiary aliphatic amines

(n-Pr);N 223.7 28.7
Et;N 221.7 26.7
MCcEt,N 219.6 24.6
Me,EtN 217.4 22.4
(CD4)3N 215.3 203
(CH3)3N 215.0 20.0
(HC=CCHj;);N 210.0 15.0

Cyclic tertiary aliphatic amines

Quinuclidine 222.1 27.1
Benzoquinuclidine 221.0 26.0
N-Methylpyrrolidine 2193 24.3
Diazabicyclooctane 218.5 23.5
N-Phenylpiperidine 216.8 218

N-Phenylpyrrolidine 214.3 19.3
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TABLE 8. continued

B GB(B)° AGB(NH,,B)®
Anilines

CeHsNMe, 214.5 19.5
CcHsNHMe 207.9 12.9
p-MeCgH,/NH, 204.2 9.2
m-MeC¢H4NH- 203.9 8.9
Ce¢HsNH- 201.7 6.7
Diamines

(Me,NCH3), 225.3 30.3
1,5-Diaminopentane 217.6 22.6
1,7-Diaminoheptane 217.4 22.4
1,3-Diaminopropane 217.3 22.3
1,2-Diaminoethane 216.3 213
Me,NNH,; 210.2 15.2
Pyridines

2,6-di--BuCsH;N 221.4 26.4
4-McCsH4N 215.0 20.0
2-McCsH4N 214.4 19.4
3-MeCsH4N 213.5 18.5
CsHsN 211.0 16.0

“Bascd on GB(NH3) = 195.0 kcal mol™! (see text).
bThe standard free energy change for the process BH* + NH3; = NH4* + B as

reported by Taft in Reference 2 and as derived from the results in Table 4 for the
a,o-diamines.

from a consideration of rotational symmetry numbers®”. However, this will not be
the case when protonation is accompanied by intramolecular rearrangement such as
cyclization*3. Values for the proton affinities of amines have been tabulated in a
recent review article by Kebarle®. These have a more direct relevance in
discussions of ion thermochemistry and the experimental assessment of
quantum-mechanical calculations of such properties.

Changes in the proton affinities of amines may be analysed in terms of changes
in ionization potentials (/P) and hydrogen-atom affinities (HA). The proton affinity
is a measure of the ionic heterolytic bond dissociation energy while the
hydrogen-atom affinity is homolytic. Their relationship is demonstrated in the
following thermochemical cycle and in equation (25):

BHY —— 0 B+ M

HA(M Aa:) ~ IPH)

Bt +H

PA(B:) = HA(B?) — IP(B2) + IP(H') (25)

A consistent set of vertical and adiabatic ionization potentials has now been
measured for a series of alkylamines and related alicyclic and saturated heterocyclic
amines using photoelectron spectroscopy, and it has been combined with
experimental proton affinities to provide values of HA for the corresponding amine
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TABLE 9. A comparison between experimental and calculated proton affinities (kcal mol™!)
of alkylamines

Calculated?
B Measured? STO-3G 4-31G
CH;NH, 212.6 269.0 232.6
C,HsNH, 215.3 272.4 234.9
i-C3H;NH, 217.8 275.0 236.5
t-CsHoNH, 220.1 2775 —

apA(B) = AH g for the reaction BH* = B + H™* bascd on PA(NH3) = 203.6 kcal mol™!
(sce text and Reference 46).
bP4(B) = AE as calculated by Radom?7,

radical cations*!-393! Changes in PA for an homologous series of aliphatic amines
have been found to correlate linearly with changes in /P, which dominate HA
changes in determining the PA changes*'. Substituents which decrease the
ionization potential increase the gas-phase proton affinity. Furthermore, it has been
shown that there exists a linear correlation between values of PA and the
inner-shell nitrogen 1 s binding energies within a series of homologous amines32-5¢,
This is attributed to a similarity in the relaxation effects initiated by the addition of
a proton or ionization of a core electron. The correlations have been interpreted in
terms of substituent effects and also promise to be useful for the prediction of
proton affinities not available from experiment.

Experimental proton affinities of amines have found an important application in
the testing of quantum-mechanical calculations of these properties. Indeed, it may
be said that their availability has stimulated a renewed interest in such calculations.
A number of semiempirical (CNDQ/2)*55 and ab initio*%57 quantum-mechanical
calculations have now been reported for the simpler alkyl amines. Although they
have predicted absolute proton addition energies considerably larger than the
experimental values, the calculations have all been successful in reproducing the
gas-phase order of PA. Moreover, the energy changes, AE, calculated for proton
transfer between two amines are quite close to the experimental enthalpy changes
(APA). This is evident from the comparison between experiment and the ab initio
calculations reported by Radom®’ which is presented in Table 9. The experimental
values for APA lic intermediate between the STO-3G and 4-31G values. Perhaps
more significantly, the results of these calculations have provided useful insights
into clectron distributions in the alkylammonium ions, their equilibrium structures
and sites of protonation*'37. Such information is not available from the gas-phase
measurements described, except perhaps through inference. Clearly cxperiment and
theory should procecd in concert for maximum mutual benefit. Such has been the
case, for example. in a reccnt determination of the proton affinities of aniline and a
variety of meta- and para-substituted anilines and their preferred sites of
protonation“%-6¢,

V. GAS-PHASE ACIDITIES OF AMINES

The standard free energy change for reaction (20) provides a measure of the
difference in the gas-phase acidity. GA, of amines A’H and A'H, viz. AG" = AGA
(A’H. A'H), with the gas-phase acidity defined as the standard free energy change
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AH —— A +H* (26)
for the process in reaction (26). Again it follows that a continuous ladder of AGAs
can yield absolute values for GA when the ladder is calibrated with an appropriate
choice of absolute reference value. For the AGAs provided by the flowing afterglow
studies of the aliphatic amines, GA(H,) is an obvious choice?!. Its value can be
established with high accuracy from values for D°(H—H), the electron affinity
(EA) of H, IP(H) and the entropies (S of H,, H- and H* (equation 27), all of

298
GAlH) = DYH—H) + IP(H) — EAA) + [ AG,dT

(27)
+ SOHY + S%HT) — SOH,)

which are available from the JANAF thermochemical tables5®. The value of
GA(H,) at 298 K derived in this manner is 394.2 = 0.5 kcal mol~! 3!, It leads to the
absolute gas-phase acidities shown in Table 10.

The acidity GA(AH) can provide a measure of the gas-phase proton affinity of
A~, PA(A7), which is defined as the standard enthalpy change for the
deprotonation of the amine. Again this involves an estimation of the corresponding
standard entropy change. In this case the proton affinities are related to electron
affinities (EA) and bond dissociation energies (D) as shown by the following
thermochemical cycle and equation (28):

PALAT)

AH A +H
DIA—H) AH') - EAIA)
A+ H
PA(AT) = D(A—H) + IP(H") — EA(A’) (28)

Consequently the experimental determination of gas-phase acidities can be useful
either for the determination of A—H bond dissociation energies for amine molecules

TABLE 10. Absolute gas-phase acidities of amines
in kcal mol~! at 298 K9

AH GA(AH)

(CH3);N >396°

NH;, 396.1 = 0.7

CH;NH, 3957+ 0.7
2 394.2 = 0.5°

C2H5NH2 391.7 = 0.7

(CH;),NH 389.2+ 0.6

2Reproduced by permission of the National Research
Council of Canada from G. I. Mackay, R. S.
Hemsworth and D. K. Bohme, Can. J. Chem., 54,
1624 (1976). )
bIn this instance the acidity refers to the heterolytic
dissociation of a C—H rather than an N—H bond.
“Reference value (sce text).
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TABLE 11. A comparison between experimental and calculated proton affinities (kcal mol™")
of anions?

Calculated®
A~ Measured? Ref. 61 Ref. 57 Ref. 56
H- 400.4 = 0.5 400.5¢ — —
NH,~ 403.6 = 0.9 421.9¢ — 553.3
CH3;NH ™ 403.2 = 1.0 — 442.8, 537.5 539.0
C,;HsNH ™ 399.4 = 1.0 — 439.3, 536.2 —
(CH3),N~ 396.4 = 0.9 — —_ 523.8

?Reproduced by permission of the National Research Council of Canada from G. I. Mackay,
R. S. Hemsworth and D. K. Bohme, Can. J. Chem., 54, 1624 (1976).

bpA(A~) = AH ;94 for the reaction AH= A~ + H*.

‘PA(A”) = AE.

4AE corrected for zero-point vibration.

or for the determination of electron affinities for amine radicals, providing the
appropriate support data are available. This approach has been clearly
demonstrated by the flowing afterglow studies of the amines which have yielded
DY (NH,—H) = 107.4 = 1 kcal mol™! and electron affinities for CH,NH-,
C,HNH- and (CH;);N- of 13.1=3.5, 17=4 and 14.3 = 3.4 kcal mol™},
respectively?-31, Such thermochemical quantities are not easily obtained using
more conventional experimental techniques.

A number of quantum-mechanical calculations of proton removal energics have
recently been reported for amines. Table 11 includes results of ab initio molecular
orbital studies reported by Hopkinson and coworkers®!, Hehre and Pople®® and
Radom?3’. Although the calculations differ appreciably in quality according to the
choice of the basis sets, they all correctly reproduce the observed order of proton
affinity of the amide ions in the gas phase. However, the calculated absolute
energies for proton removal are consistently higher than the experimental values by
as much as ~35%. Better agreement is obtained with more cxtensive basis sets.
Diffcrences in proton affinity are also reproduced more exactly with the extensive
sets. For example, the measured APA of 3.8*20kcalmol™! for PA
(CH3NH™) — PA(C,HsNH ™) compares more favourably (in fact, remarkably well)
with the value of 3.5 kcal mol~! obtained by Radom>” with the extended 4-31G set
than the value of 1.3 kcal mol~! obtained with the minimal STO-3G set.

VI. INTRINSIC EFFECTS OF MOLECULAR STRUCTURE

The preferred direction of proton transfer as well as the actual position of
equilibrium (the absolute magnitude of K) for the gas-phase acid—base rcactions
involving amines discussed in the previous sections represent a response solely to
intrinsic structural effects. As such they can provide valuable insight into the nature
of thesc effects. This has becen thoroughly demonstrated for the protonation of
amines in two excellent review articles by Taft to which the reader is referred for a
detailed and comprehensive discussion??. With one important exception, the
substituent effects which operate have been previously identified through acid—base
measurcments in solution, albeit their influence is more distinct in the gas phase.
The gas-phase measurements were the first to identify the so-called polarizability
effect according to which proton transfer will be preferred in the direction which
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places the most polarizable substituent with the charge type (positive or negative),
i.;. |f. X is the most po}anzable substituent, proton transfer is preferred in the
direction shown in equations (29) and (30). This was first recognized in the early

Y—BH* + X—B

X—BH* + y—B (29)

Y—A~ + X—AH X—A™ + Y—AH (30)
measurements of the orders of basicity and acidity for the primary, secondary and
tertiary amines, all of which could be accounted for by this effect3336 The
polarizability effect arises from a charge induced dipole interaction, the energy of
which in the point charge approximation is given by equation (31), where ¢ is the
ag?
2¢er?

E= (31
charge, a is the substituent polarizability, r is the distance of separation, and ¢ is the
effective dielectric constant. The charge stabilization calculated from equation (31)
has been shown to be roughly of the right magnitude to account for the observed
differences in the proton affinities of alkylamines and their remarkable regularity*!.
Further support of the polarizability effect has been forthcoming from
quantum-mechanical calculations of charge distributions!-*?. Trends in IPs of
amines, the inner-shell nitrogen 1s binding energies of amines, and the electron
affinities of amide ions have also been found to mimic the behaviour expected from
polarization cffects.

The contribution of other substituent effects may be best appreciated from a
consideration of equilibria judiciously chosen to maximize the effect of interest. For
example, Taft has shown that for proton-transfer equilibria involving contributions
due to a polarizability effect P, an inductive-field effect I, and a resonance or
n-electron delocalization effect R, it is instructive to dissect the standard free
energy change in the following manner®:

—RTINK = AG° =P +/+R (32)

The I effect is made predominant by choosing structures which minimize both P
and R effects as is the case in the equilibria (33) and (34) involving distant —CF;
and HC=C— substituents. In this case proton transfer is preferred in the direction

C,HgNMe, + CF3CH,N(Me),H' —= C,HN(Me),H" + CF,CH,NMe,  (33)

n-C3H,NH, + HC=CCH,NH;* ——= n-C4H,NH3* + HC=CCH,NH, (34)

which minimizes the electrostatic charge—dipole destabilization (the large dipole
moment localized in X is orientated with its positive end towards the cationic
centre and contributes a favourable negative term to AG® (i.e. I is negative). The
equilibrium constants for reactions (33) and (34) are 10%% and 1048,
respectively?62,  For alkyl substituents the inductive effects are stabilizing
(electron-releasing) but considerably smaller than the predominating polarizability
effects. Resonance effects are often found to be secondary to a predominant
combination of I and P effects. Consequently, to obtain measures cf the R effect
the standards of comparison should have the same number of carbon atoms, as well
as similar substituents and structures. This is the case in equilibrium (35) which is
shifted towards the formation of the A-methylimidazolium ion which is strongly
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@w I\_) — I\_) O (35)

Me

resonance-stabilized. The equilibrium constant for this reaction® is 10'!8, Examples
have also been reported of proton transfer driven by preferential resonance
stabilization of a neutral component’®.

Finally, attention should be drawn to stabilization (energy releasc) resulting from
intramolecular cyclization which has been proposed to account for the high base
strenths of diamines relative to monoamines of comparable structures?>%3. (Indeed,
it has been proposed that gas-phase measurements of basicity may provide a
general method for the detection of ring formation%3.) The large negative entropy
changes associated with the protonation of diamines may be attributed almost
entirely to the loss of freedom associated with the formation of proton-bound cyclic
diamines according to equations (36) and (37). Step (36) should involve very little

BH* + NH,(CH,),NH,

NH3' (CH ) NH, —— C—(CHz) j (37)

entropy change while step (37) involves entropy loss due to cyclization. The
enthalpy change associated with the cyclization step, AH ., has been estimated
assuming that AH9s is equal to AH" for the proton transfer to the monoamine
CH3(CH2),,NH2, so that

B + NH3*(CH,),NH, (36)

AHY, ., = AHS; = PAINH,(CH,) NH,) — PA(NH,(CH,),CHj) (38)

cycl

The values for 'H?yd obtained by equation (38) are shown in Table 12.
Furthermore, the strain energies associated with cyclic protonated diamines
have been estimated from a comparison of AHc,d with AH? associated with the
formation of proton-bound dimers involving two alkylamines (equation 39) where

CiHay + INH3" + CHpy pINHy == (CyHp; 4 {NH)H" (39)

TABLE 12. Thermodynamic aspects of the cyclization of protonated «,w-diamines®

-as%’ —AHY, Strain®
1,2-Diaminoethane 12.7 12.6 10.4
1,3-Diaminapropane 20.6 20.5 2.5
1,5-Diaminopentane 20.0 20.1 29
1,7-Diaminoheptane 20.0 20.0 3.0

9Reprinted with permission from R. Yamdagni and R. Kebarle, J. Amer. Chem. Soc., 95,
3504 (1973) Copynght by the American Chemical Society.

bIn cal mol~ dcg .
¢In kcal mol~
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strain energy = AHc o) — AH3g = AH . + ~23kcal mol™ (40)

k =n/2. The results are obtained from the approximation in equation (40) and are
included in Table 12. It has been suggested that the strain energy for the
proton-bound diaminoethane, which is much higher than that for the other
diamines, and the entropy decrease associated with its formation, which is
significantly smaller than those for the higher diamines, is consistent with a
four-membered ring structure in which the N—H*—N hydrogen bond tends to be
linear®>. A consideration of Dreiding models has indicated that a linear hydrogen
bond may be accommodated only in a ring of somewhat large size
(1,4-diaminobutane)$3. Also, comparisons have been reported with thermodynamic
data for the corresponding n-alkanes and cycloalkanes?5:83,

It should be mentioned in closing that intrinsic effects of molecular structure (the
position of equilibrium) will be modulated by solvation to a greater or lesser degree
depending on the nature of the intrinsic effects and the nature of the competing
interaction with solvent molecules.- Indeed this can result in striking anomalies
between the gas phase and solution. The influence of solvation was considered to
fall outside the scope of this article. The reader is referred to the review articles by
Taft>® and Arnett!0!! for detailed treatments of this subject.
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. INTRODUCTION

This chapter emphasizes those aspects of the chemistry of di- and poly-amines®

*To avoid ugly repetition, we shall frcquently use the term diamine to include polyamines
throughout this chapter; in practice diamines provide most of the examples with the exception
of metal ion chelation.
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which depend on the presence of more than one lone pairf of electrons. The
interaction of lone pairs in diamines is always repulsive (antibonding), but this can
be changed to a bonding interaction by oxidation, protonation or metal ion

chelation (reaction 1).
4

H :N

N—.
W /| 1\
/ /

(1) . —e
NeeN «+——— N::N 1)
AN /1 W

MQ
\ m
N: M :N
/| \N

We may therefore expect diamines to be more easily oxidised than monoamines,
and to be stronger bases and more effective ligands towards metals. In practice
some important distinctions and qualifications must be made. Diamines adopt
structures and conformations which minimize lone-pair interactions unless
molecular constraints prevent this. Vertical ionization potentials, as measured, for
example, in photoelectron spectra, may therefore only be unusual in structurally
constrained diamines.

Adiabatic ionization (oxidation), such as occurs in solution, might occur with
formation of a stabilized three-electron bonded radical cation by structural change.
In practice, however, an alternative pathway — proton transfer — often takes place
(reaction 2) so that the formation of long-lived radical ions is limited to certain

H
) . . . . [
/r/q.f.p\;\ -—D— >N"\,N< _— >N—-CH’\,N+< —» products (2)

special situations. In protonation, there is no comparable competitive
intramolecular reaction. However, in solution, stabilization of the monoprotonated
ion by intramolecular hydrogen bonding has to compete with hydrogen bonding to
the solvent. As a result, while in the gas phase diamines which can form
hydrogen-bonded protonated ions are markedly more basic than monoamines, these
effects are generally small for solution basicities except in special circumstances.

Lone pairs may not only interact directly (through space) by o- or n-like orbital
overlap but also via other o- and n-bonding systems, and we shall first briefly
review simple theories of thesc interactions. We shall then describe some structural
consequences of the avoidance of lone-pair interactions in real diamines. We shall
then discuss diamine oxidation and the structure of some of the radical cations
formed. This is followed by a section on basicity and hydrogen bonding. Finally we
shall consider metal ion chelation by di- and poly-amines with particular emphasis
on nitrogen cryptands.

tWe usc the noncommital term ‘lone pair’ deliberately. Lone pairs are never nonbonding in
amincs.
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ll. A SIMPLE THEORETICAL PICTURE OF INTERACTIONS AMONGST
LONE PAIRS'

Molecular orbital theory provides an almost too convenient framework for the
discussion of lone-pair interactions. Direct, through-space interaction can occur in ¢
(1), = (2) or any intermediate geometry (3). and will, in detail, depend on the
hybridization of the basis set lone-pair orbitals. Quite generally, however, there will
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(c)
FIGURE 1. (a) Mixing of lone-pair orbitals to generate n, and n_. (b) Orbital energies;
without overlap n, is stabilized to the same extent than n_ is destabilized (dashed lines).
Inclusion of overlap leads to greater destabilization of n_. {(c) Lonc-pair interactions are
always repulsive for diamines. The radical cation may have a weak three-clectron bond,
provided overlap is not too great (s < 1)2. (d) The orbitals of a hydrogen bond, derived by
mixing the hydrogen 1s orbital with n,. Note that for the N—H--N system, $1(1}) $2(1D.

the positive charge lowers all orbital energies.
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be one (bonding) orbital with two nodal surfaces and one (antibonding) orbital with
three. As Figure 1 shows, the interaction is always overall antibonding for a
diamine (four electrons), but can become weakly bonding with three electrons
(radical cation of the diamine), and is strongly bonding for the dication. On the
other hand introduction of a proton between the nitrogens (four electrons) leads to
the familiar orbitals of the hydrogen bond.

Lone-pair orbitals may not only interact directly through space, but also via other
orbitals in the molecule. Interaction via n-orbitals has been recognized for many
years, but Hoffmann3 pointed out that interaction could also occur via c-orbitals.
As Figure 2 shows, there is no difference in principle. The degree of orbital mixing,
according to perturbation theory, is inversely proportional to the cnergy difference
between the unperturbed orbitals. Since n-orbitals are normally higher lying than
o-orbitals, their mixing with nonbonding orbitals will normally be larger.
Nevertheless, through-bond mixing via o-orbitals is now well established. Like
classical conjugation, it is subject to strict geometrical limitations. In the example
shown in Figure 2(b), the symmetric orbital, {3, related to n, for through-space
coupling, lies higher in energy. Thus through-space and through-bond interaction
may be in conflict over the relative orbital energies, although both are destabilizing

Q
—g\ - A @rx\::) @210

o5&

?
"‘f(\l)\ /8— v CN@ eND

o Kq_
o> “0

CNo CND
" ]
o5 Kag
—N N— @&NO CN@
O\ /O l‘/1 } 7
m-Qrbital interaction o -Qrbital interaction

(a) (b)

FIGURE 2. Through-bond mixing of lone-pair orbitals (a) via n-bonds,
(b) via o-bonds. Note that, especially for the o-casc (b). ¥, and W3 arc
largely lone-pair orbitals, while W, is largely a C—C bonding orbital.
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FIGURE 3. Limiting cases for different typcs of lone-pair interaction.
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for diamines as far as overall cnergy is concerned. Hoffmann' has illustrated the
orbital energy orderings for a number of common situations. In practice o-type
through-bond interaction is only dominant in the N—C—C—N situation shown in
Figure 2(b) or in related cases which are rotameric about the C—C bond (but
preserve the important overlaps).

Other theoretical analyses of through-bond coupling have been described*. Wadt
and Goddard’ have discussed the case of pyrazine in valence-bond terms. Their
paper provides a useful antidote to the seductive interplay of molecular orbital
theory with photoelectron spectroscopy via Koopmans’ theorem, which almost
persuades one of the reality of orbitals.

It is perhaps useful to see lone-pair interactions in terms of four limiting cases:—
n through-space, o through-space, n through-bond and o through-bond. These are
shown as four classic examples in Figure 3.

ll. STRUCTURAL CONSEQUENCES OF THE AVOIDANCE OF
LONE-PAIR REPULSION

In general terms, di- and poly-amines adopt structures which minimize interactions
between lone pairs, unless strong molecular constraints dictate otherwise. As far as
we are aware, no quantitative treatment of lone-pair repulsions as a function of
geometry and hybridization has been reported and force-field calculations for
amines are at present in a fairly primitive stateb. In this section therefore we shall
simply describc some structures which show the effects of avoidance of lone-pair
interactions.

While outside the strict scope of this chapter, hydrazines are really the simplest
example. Where possible they adopt conformations in which the dihedral angle
between the .lone pairs is close to 90°. When this is impossible, a dihedral angle of
180° is adopted, but other changes occur (e.g. lengthening of the N—N bond) to
minimize lone-pair overlap. Two recent structures’® illustrate these effects very
nicely (Figurc 4), and there is much evidence of a more indirect character which
supports these trends®!'!.

In 1,1-diamines, conformations with parallel lone pairs (4) are avoided

O
—N

240>
P

(4)
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c(15)

(a)

(b)

FIGURE 4. (a) Structure of 2,3-dimethyl-2,3-diazatricyclo[8.4.0.0%°] tetradec-
9-ene. The N—N bond length is 1.45 A, and the dihedral angle between the
lone pairs about 70°. Reprinted with permission from S. F. Nelsen, W. C.
Hollinsed and J. C. Calabrese, J. Amer. Chem. Soc., 99, 4461 (1977). Copyright
1977 American Chemical Society. (b) Structure of 9,9'-bis-9-azabicyclo[3.3.1]-
nonane. The N—N bond length is 1.50 A and the lone-pair dihedral angle is
180°. Reprinted with pcrmission from S. F. Nelser, W. C. Hollinsed, C. R. Kessel
and J. C. Calabresc, J. Amer. Chem. Soc., 100, 7876 (1978). Copyright 1978
American Chemical Society.
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(christened the ‘rabbit ear’ effect by Eliel'2). This is really one case of the anomeric
effect!3. Discussions of the causes of this effect still continue, but it appears that, in
an orbital description, mixing of lone-pair orbitals with the ¢*-orbitals of the polar
C—X(C—N) bonds is important, as well as simple through-space lone-pair
repulsion’®. The best experimental evidence comes from NMR studies of
hexahydropyrimidines, and related heterocycles. Thus for (§), R = H, the ee
conformation is only preferred by 0.4 kcal mol~!, while for (5), R = Me, the ac
conformation is preferred by 0.85 kcal mol~! !5,

I\Ille
Me—N N
R\L/m — R\L/m
Me Me

(S)(ee) (S)lae)

In 1,2-diamines, structures which lead to through-space (6) and through-bond (7)
interactions are avoided but this often occurs for other reasons than the lone-pair

z)
N QOO

1

“\\\\N
O 0> S\
(6) @

interactions themselves. Thus in hexahydropyrazines, conformations with both
nitrogen substituents equatorial are preferred!:!7 and the triple constraint provided
by the 1,4-diazabicyclof2.2.2]octane is required to enforce the structure favourable
to through-bond interaction. No diamine has been devised which is forced to adopt
the through-space interactive structure.

The through-space interactive structure can only be enforced with severe con-
straints in 1,3-diamines. Partially alkylated 1,8-diaminonaphthalenes adopt confor-
mations with N—H : N hydrogen bonds, but 1,8-bis (dimethylamino)naphthalene
is forced to adopt a structure with some lone-pair interaction (Figure 5a)!8. In this
and similar cases the situation is complicated by (favourable) n—n overlap. In the
radical anion’® (odd electron in a n*-orbital), n—n overlap is probably repulsive,
accounting for the increase in the dihedral angle between n-and n-orbitals from ca.
30° to 60-70°. In the protonated ion?% thc lone pairs become coplanar, although
the N—H :N bond is almost certainly not linear and has a symmetrical double-
minimum potential (see Section VII); it is noteworthy that the nitrogens are still
splayed apart (2.62 A) relative to the naphthalene nucleus. The variable-
temperature NMR behaviour of 1,8-bis(dimethylamino)naphthalene?! shows that it
costs about 7.5 kcal mol~! to achieve the C,, structure with directly opposed lone
pairs. 2,7-Disubstitution as in 2,7-dimethoxy-1,8-bis(dimethylamino)naphthalene??
comes close to enforcing direct opposition of the lonc pairs (Figure Sb), and this
leads to extreme basicity for this diamine (see Section IX). Finally, directly opposed
lone pairs are achieved in the naptho-1,5-diazabicyclo[3.3.3]undecane (Figure 5c)23.
Here the only avenue open for the relief of lone-pair interactions is outward
pyramidalization of the nitrogens. This is strongly opposed by the rest of the struc-
ture, but nevertheless occurs to a limited extent.

There is no dctailed structural information yet available on 1,5-
diazabicyclo[3.3.3]Jundecane?* or 1,6-diazabicyclo[4.4.4]tetradecane?’ but it seems
certain that some degree of lone-pair interaction is enforced in these systems, and
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FIGURE 5. (a) Structure of 1,8-bis(dimethylamino)naphthalene; the
N—N distance is 2.79A. Reproduced by permission of the International
Union of Crystallography from H. Einspahr, J.-B. Robert, R. E. Marsh and
J. D. Roberts, Acta Cryst., B29, 1611 (1973). (b) Structure of
1,8-bis(dimethylamino)-2,7-dimethoxynaphthalene??, the N—N distance
is 276 A. Structure of 1,8-naphtho[bc]1,5-diazabicyclo[3.3.3]-
undecane23, the N—N distance is 2.89 A and C—N—C bond angles
average 118.5°.
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the [4.4.4]system may have inwardly pyramidalized nitrogens. In macrobicyclic
diamines?® and cryptands?’ direct N—N interaction becomes unimportant, but
in,in, in,out and out,out geomctries are all found in the amines or their derivatives
(Figure 6)?%. In one large cryptand a planar,planar geometry has been reported
(Figure 6d)?°. This is rather remarkable since it requires the simultaneous
destabilization of both in and our geometries, and must always represent a finely
balanced situation.

IV. PHOTOELECTRON SPECTRA OF DIAMINES

Di- and poly-amines are electron-rich specics which are amongst the most easily
oxidized of organic molecules. We are fortunatc to be able to study electron
detachment by both UV photoclectron spectroscopy in the gas phase and, in sol-
ution, by electrochemical techniques, particularly cyclic voltammetry, for these give
quite distinct and complementary information. Photoionization is subject to the
usual Franck—Condon restrictions, so that the most acccssible information is the
vertical ionization energy, the energy required to form the radical cation in the
geometry of the starting diamine. The very fact that the photoelectron bands
associated with ionization of lonc-pair clectrons are normally broad and featureless
shows that (a) these lonc-pair clectrons are rarcly, if ever, ‘nonbonding’ and (b)
that radical cation equilibrium geometries arc usually substantially different from
those of their parent diamines.

Saturated diamines show two low-energy photoelectron bands (Table 1), which,
using Koopmans’ theorem and the orbital picture, can be associated with the
removal of clectrons from lone-pair orbitals. The A/ between these bands is very
sensitive to the geometry and mode of interaction of the lone pairs. Hydrazines are
the simplest case and have been particularly thoroughly studied, especially by
Nelsen®! and Rademacher'!. When the dihedral angle between the lone pairs is
about 90° as in 8, A/ is small, but it becomes large when the dihedral angle is near
180° (as in 9) or 0°. Enough confidence has now developed in this area to permit
the use of photoclectron spectra for conformational analysis. With certain hexahyd-
ropyridazines, the photoelectron spectrum is the superposition of spectra due to dif-
ferent conformers.

With 1,1-diamines, such as hexahydropyrimidines, A/ is quite small when the
lone pairs are aa or ae as in 10 and 11 but is larger when they are ee as in 12 and
13. In the latter case it is the antisymmetric n_-orbital which is of higher energy. As
has been pointed out earlier (Section II), the orbital interactions in 1,1-diamines
are complicated by n/c* overlap involving polar C— N bonds.

Diamine 12 contains an N—C—C—N unit fairly well aligned for through-bond
coupling; in this particular case it is believed that through-space coupling
dominates, putting n_ above n,. With two and three N—C—C—N coupling
pathways, through-bond coupling dominates, according to calculations®. The classic
example is DABCO 14. Analysis of the vibrational fine structure in the DABCO
spectrum cnabled Heilbronner and Muszkat3' to assign the 7.52eV band to
formation of the A, (1)A,"(]]) state of the radical cation with some assurance, and
thus to prove the dominance of through-bond coupling.

The finding of really significant through-space interactions uncontaminated by
through-bond effects had to wait for the synthesis?>-?* of medium-ring bicyclic
diamines such as 16, 17, 18 and 19. These compounds show exceptionally low
ionization cnergies, and, in general terms, this is probably due to molecular strain
which (a) enforces flattened geometry at nitrogen (aminium cation radicals prefer
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TABLE 1. Vertical ionization energies, I,, of sclected di- and poly-amines

Amine I, Reference

Me,NNMe, (8) 8.27, 8.82 9

% (9) 7.61, 9.92 9

N
Me™ ) N/ (10) 8.11, 8.51 30

|
N
Me— /N—/ (1) 8.03, 8.41 10
/

'!Bj (12) 8.89, 9.64 30
/_0 (13) 7.75, 8.78 30

N N (14) 7.52, 9.65 31

(15) 7.43, 8.65 30

(16) 7.56, 8.8 23

N N a7 6.85, 7.90 24, 32
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TABLE 1. (continued)
Amine I, Reference
™
N N
(18) 6.90,7.76 23
@ (19) 6.75, 7.87 32
Me
NJ__N (20) 8.08, 9.00 30
LN\/
/"N
N, > (21) 8.53 30
AN ~N—N
~N
/——N
N 7.39, 8.66, 9.54 33
N
_ 7.5, 8.2, 10.3, 34
H,C=C(NMe,), (23) 12.5
5.95, 7.5, 7.85, 35
6.84, 8.36, 8.74, 36
Me,N NMe, (25) 10.0, 11.16
Me,N NMe,
7.03, 7.47, 8.50, 37,38
(26) 9.01, 9.78
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TABLE 1. (continued)

Amine I, Reference

Me Me
\N/\N/

6.84, 7.76, 8.47, 38

9.37, 10.14
O

Me / \ Me
~§ N

QO

Me\ q/Me

N
6.85, 8.1, 8.5, 38

@ @ (29) 8.8, 9.83

planar geometry394° so this favours ionization, raising both n, and n_), and (b) also
enforces through-space mixing, raising n_ and lowering n,.

Very few polyamines have been examined by photoelectronspectroscopy. Accord-
ing to calculations, the most weakly bound electrons are in a degenerate E orbital
for 20%, in an orbital of T, symmetry for 21°° and in a B, orbital for 223. The
lowering of the ionization energies for 22 vs. 21 and 15 vs. 14 is probably again due
to flattening at nitrogen.

In unsaturated and aromatic amines n/r mixing complicates band assignment but
leads to compounds with very low first ionization energies. The most weakly bound
electrons in 24 and 25 lie in n-orbitals of the form shown below:

6.72, 7.78, 8.38, 38
(28) 8.87, 9.90

With the 1,8-naphthalenediamines 26—29 there is only limited n—n* overlap. As
we have seen (Section III), 26 has C, symmetry with the lone pairs overlapping
with opposite faces of the twisted naphthalenc n-system. Diamine 27 is probably
almost planar while 28 and 29 have Cg symmetry. Using simple symmetry
arguments, it is possible to construct a correlation diagram for both conrotatory and
disrotatory change from coplanar to perpendicular geometry for a simple model
1,8-naphthalenediamine (Figure 7). The observed photoelectron bands for 26—-29 fit
on this diagram at very reasonable geometries. Unfortunately neither 16 nor 18
provide suitable models for the perpendicular geometry, the former because of
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FIGURE 7. Correlation diagram for 1,8-diaminonaphthalcnes.

through-bond coupling and the latter because of the effects of molecular strain (the
model is taken to have sp?hybridized nitrogen, whereas in practice only 18
approaches this). It should be noted that this correlation diagram leads to an
assignment of the spectrum of 26 which is different from that of Maier®’, who
assumed perpendicular geometry.

Finally, those factors which raise orbital cnergies and lead to low ionization ener-
gies will also influence clectronic spectra. Thus 18 is yellow, possibly due to an
n — n* transition, and saturated diamines like 17 and 19 show absorption at excep-
tionally long wavelengths2#25, There is thorough discussion by Halpern of the elec-

tronic spectra of amines, including some diamines, elsewhere in this volume (Chap-
ter S).

V. ELECTROCHEMISTRY OF DI- AND POLY-AMINES

While the anodic oxidation of amines has been extensively studied*!, our concern in
this section is with the electrochemistry of those di- and poly-amines whose
oxidation is electrochemically reversible (i.e. where radical cations with lifetimes
greater than about 0.1 s are formed). Cyclic voltammetry has been the most fre-
quently used technique although d.c. and a.c. polarography have also been emp-
loyed. Most studies use acetonitrile or dichloromethane as solvent (butyronitrile is a
superior low-temperature solvent), and gold or platinum electrodes’ and E° values
are referred to either the standard calomel electrode or to a Ag/AgCl electrode.
The data in Table 2 have all been referred to the standard calomel electrode. Cor-
rections for different solvents have not been applied, but the use of any solvent
other than acetonitrile is noted in the references.

In general terms compounds with low vertical ionization potentials (/,) show low
(more negative) values for E}. The relationship between these quantities and the
adiabatic ionization potential (/,) is shown in Figure 8. The relaxation energy
I. — I, will be large if there are substantial differences between the structure of the
diamine and its radical cation. The relaxation energy will be smallest for diamines
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TABLE 2. E? values for di- and poly-amines showing reversible electrochemical oxidation

Amine E(l), Eg vs. SCE Reference
Me,NNMe, (8) +0.28 9
3\54\‘“% (30) ~0.01, +1.18 42
N
\ +0.70 43
O =
N N (14) +0.57 43, 44
m an -0.17, +0.1 24
N N . .
(18) +0.11, +0.72 45
@ (19) -0.1, +0.2 25
/—N
N\/ \> 22 +0.56 43
~N
(Me;N),C=CMe, (32) +0.05 46
(Me,N),C=C(NMe,), (24) -0.77, —0.65 46
[(Me,N),C=CH], (33) -0.36, -0.18 46
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TABLE 2. (continued)

779

Amine

E, E9vs. SCE

Reference

MezN@NMez (25)

_NMe,
QL
NMe,
l\'lle
N
Q)
!
Me

MeN NMe (36)

@)

M N Ve (37)

©

Tetraphenylporphin  (40)

—0.01, +0.60

+0.60, +0.84

+0.36, +0.98

—0.87, —0.45

+0.61, +1.30

+0.61, +0.95

-0.11, +0.23

+1.05, +1.30

47

48

48

49

S0

51

52

53
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FIGURE 8. Relationships between I,, the vertical
ionization encrgy I,, thc adiabatic ionization encrgy,
and E1°, the oxidation potential for the amine in
solution.

containing large n-systems. Solvation energies are undoubtedly large, but dif-
ferences in solvation energies between related systems may well be quite small;
there is only one case where it is believed®? that the radical ion observed in sol-
ution is in a different electronic state from that in the gas phase (see Section VI).

The first oxidation potentials cover a wide range. In assessing the effects of dif-
ferent structural features it is helpful to have as a reference the oxidation potential
for a simple tertiary amine. The only simple amine whose oxidation is elec-
trochemically reversible is 41 which has E® +0.74 V34,

NG
CMe,

(41)

Many unsaturated and aromatic diamines in which there is extensive conjugation
have very low oxidation potentials. Tetraaminoethylenes® are oxidized in two
stages with exceptional ease, as are systems like 36, the reduced form of paraquat,
which becomes aromatic in its oxidized ions. Deuchert and Hiinig’® have reviewed
these systems recently. They call any system which is a version or elaboration of
system (3) a violene. It would now seem possible to design a violene system to
have almost any values of £ and E9 within a wide range. Of the three oxidation
levels in a violene system, SEM makes the greatest demands on delocalization for
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. o -e . . —
X—(CH=CH)—Y <———= X—(CH=CH)—Y — )+<=(CH—CH),,=¢ 3)

RED SEM (0)4

its stability, so that K, the disproportionation constant for the radical cation
[= exp (23.Q6 x 10%)/(1.987T) x (EY — EY)] is low for systems like 33 and 34
where there is steric inhibition of resonance (compare 34 and 35)46-#8,

1% is perhaps mcre surprising to find diamines withour extensive conjugated sys-
tems which are oxidized with exceptional ease. Three cases can be distinguished
(see Figure 3). Hydrazines form three-electron n-bonded radical cations; only one
example, 30, has been found which reversibly forms a dication. Medium-ring sys-
tems like 17-19 form three-electron o-bonded radical cations, which are readily
oxidized further to dications that are hexaalkylated hydrazinium ions. There is no
doubt that relief of strain in these medium-ring systems is responsible for the low
values of EY and E9. It is noteworthy that 42 is only irreversibly oxidized at
+1.1 V. The startling contrast with 18 is presumably because the nitrogens in 42

QL9

(42)

cannot pyramidalize inward and form a three-clectron o-bond. However this does
seem to happen in the more flexible 22. Finally, the DABCO radical cation is
stabilized by through-bond effects as already discussed. Nelsen and Hintz*
examined a number of related bridgehead diamines (1,5-diazabicyclo[3.2.1]octane,
1,5-diazabicyclo[3.3.1]nonane, etc.) and apart from 31 found no other similar
diamine which is reversibly oxidized. Through-bond coupling implies easy
fragmentation in the radical cation as shown in reaction (4). This is the

”: Hl H :” H H H H
N NY — \n+/ + \N( (4)
N N N

decomposition pathway for the DABCO radical cation®’, and it probably occurs
more rapidly in other cases where delocalization is not spread over three bridges.

Horner and Hiinig®® have devised a most intriguing system (43) in which both
through-space and rn-electron delocalization effects are present.

H Ph H Ph
s
(43)
H Ph
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It is amusing that in 43 ring strain destabilizes the (electronically-favoured)
dication, whereas in 17-19, ring strain destabilizes the diaminc. Obviously many
more interesting redox systems could be devised along these lines.

Nelsen®® has recently reviewed ionization energy/oxidation potential comparisons
for compounds containing amino nitrogen.

VI. DIAMINE RADICAL CATIONS AND DICATIONS

Many unsaturated and aromatic amines give long-lived radical cations and dications
on oxidation, the classic example being tetramethyl-p-phenylenediamine which
yiclds the blue Wurster’s cation on oxidation. Much of the recent work in this field
has been due to Hunig, who has studied thc ESR and electronic spectra of the
radical ions. Since this area has bcen recently reviewed3®, we shall not discuss it
further, but will concentrate on those long-lived radical ions and dications which
are derived from simple nonconjugated diamines.

Table 3 lists the approximate lifetime, nitrogen hyperfine coupling constants and
absorption spectral data for some typical diamine radical ions. The radical ion 44 is
by far the most stable of a large number of hydrazine radical cations which have
been studied. This is undoubtedly because of the impossibility of a-deprotonation in
this case. A crystal structure of 44 as the PFs salt has becn reported; the N—N
distance is remarkably short (1.27 A) and the C;N—NCGC, system is completely flat.
The odd electron must lie in an orbital which is largely N—N antibonding in
character and it is surprising that the N—N distance is very little longer than in
many azo compounds (—N=N—), Nclsen has cxamined the ESR spectra of many
hydrazine radical cations. The nitrogen hyperfine splitting varies between 10 and
20 gauss and while somc correlation with geometrical distortions have been dis-
cerned, some variations are not understood®>.

In the DABCO radical cation 45, the nitrogens remain equivalent down to
77 K%, and it is presumed that the cation is symmectrical. The rather small nitrogen
hyperfine coupling has caused comment*?, since in simple aminium ions low values
of ay are expected for planar nitrogen, around 20 gauss, equivalent to 10 gauss per
N in 45, while much higher values are expected for pyramidal ions*’. The cation 45
is unlikely to be nearly planar at nitrogen and indeed, if the ion is through-bond-
coupled, this might induce a more pyramidal structure?'. The suggestion was made
that in solution the through-space coupled ion was preferred?®?, but this was later
withdrawn3**, However Symons apparently believes that 45 is through-space-
coupled, i.e. in a n, (]]) n_ (1) state®’. One factor which needs consideration is
that for these more complex systcms maximum p character in the spin-bearing
orbital (and thus minimum ay), need not, and indced will not, correspond with
planarity at nitrogen. Thesc considerations also apply to the ions 4648, although it
docs seem that the nitrogens in 48 must be much more pyramidal than those of 46
and 47. It seems very likely that 48 is strongly inwardly pyramidalized; this
minimizes strain in the hydrocarbon bridges. Finally, it has recently been argued?®
that, while 49 exists in a symmetrical state in the gas phase, in solution it exists in a
geometry of lower symmetry with the odd electron in a ¢*-orbital involving only
one pair of nitrogens, thc whole system undergoing rapid elctron transfer/
isomerization to an equivalent system to account for the simplicity of the ESR
spectrum.

All the ions in Table 3 are coloured, and at least for 44—48, show one broad and
quite intense absorption. It seems likely that this corresponds to the simple trans-
ition n.(1)n_(1) — n.(])n_(]}) for 44 and 46-48, and n,(1)n_(1]) —
n.(1]) n_(1) for 45. The absorption bands for 46—48 cover thc cntire visible region;
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thejr exceptional width corresponds with a large change in structure on excitation,
which, in turn, accords with transfer of an electron from an N—N o- to ¢*-orbital.

It would be most interesting to know the strength of the through-bond
delocalization in 45 and of the ‘three-electron o-bond’ in 46-48, and also to know
the length of the bond in 46-48. No information is available on the latter point, but
Staley and Beauchamp®?® have pointed out that the difference in homolytic bond
dissociation energies D (N*—H) for protonated quinuclidine and DABCO provide
a measure of the stabilization of the DABCO radical cation. D(N*—H) values in
the gas phase are derivable from knowledge of proton affinities and adiabatic
ionization energies. Staley and Beauchamp have estimated that the stabilization
energy of 45, due to delocalization, was 13 kcal mol~! (more recent data3? suggest a
lower figure, around 9 kcal mol~!). If a similar argument is applied to 46 and 48,
the three-electron o-bond seems to be worth®? about 11 kcal mol~!. An indepen-
dent study®! of the generation (by pulse radiolysis) of 50 showed that this ion has a
half-life of 5 ms in water at 25°C, and decays by a pH-independent, first-order pro-
cess, corresponding to AG' 14.5 kcal mol~!. It seems likely that this process is fis-
sion of the three-electron o-bond, followed by rapid decay of the unstabilized
aminjum radical ion. Thus this measurement suggests that the three-electron
c-bond in 50 is worth about 10-15 kcal mol~!.

Me >m< Me @
U '\/

(50) (51) (52)

Radical ions 44 and 46-48 can be oxidized to dications. The dication from 44 is a
dialkylated azocompound, while those from 46-48 are hexaalkylhydrazinium
dications and undoubtedly contain a normal two-electron N—N o-bond. Dications
51 and 52 are isolable as stable, colourless, water-soluble salts and indeed the cor-
responding medium-ring diamines are made by their reduction®25,

D

2
+

Z
T

{

Vil. INTRAMOLECULAR HYDROGEN BONDING IN DIAMINES AND
THEIR MONOPROTONATED IONS

Amines are poor hydrogen bond donors so that amine-to-amine hydrogen bonding
is weak. Thus the dissociation energy%* of the H,N—H ... NH; dimer in the gas
phase is 4.5 kcal mol~!. Intramolecular hydrogen bonding in diamines themsclves is
therefore only observed in favourable situations. For example the N—H stretch for
53 is at 3280 cm™".

H
Me,N" “NMe
+ +
@@ HSN—H ........ NH3 MesN-—H ........ NMe3
(83) (54) (55)

The ammonium ion-to-amine hydrogen bond is much stronger. Yamdagni and
KebarlcSS haye shown by high-pressure mass spectrometry that AH for dissociation
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of 54 is 24.8 and of 55 20.2 kcal mol~'. This can have important consequences for
the basicity of diamines as we shall see (Sections VIII and IX). Protons involved in
N*—H ... N hydrogen bonds occur at very low fields in 'H NMR spectra. Thus
the N—H proton in 56 appears at § 19.5 in CF;COOH solution®, while that in 57

Me H.. _Me

Me*N/ “NZMe m
QO =)

(56) (57)

appears at ¢ 17.4%, N*—H ... N hydrogen bonds both inter- and intra-molecular,
give rise to very broad infrared absorption in the 2000-1000 cm™! region. Inter-
molccular examples have been extensively examined by Wood%’. These
N+*—H...N bonds are approaching the strenth of the F—H...F~ and
H,O*—H ... OH,; cases and the interesting question arises for symmetrical
situations like 56 and 57 as to whether the proton sits in a single- or double-
minimum potential energy well. An ESCA study%® on 56 showed two nitrogen 1s
pcaks at 400.1 and 401.5 eV, consistent with a double-minimum potential, the pro-
ton being instantancously unsymmetrically located. Even so, the small difference
betwecn the nitrogen 1s peaks, compared with the 2.6 eV difference between the
nitrogen 1s ionization cnergies for piperidine and the piperidinium cation, implies
partial proton transfer in 56. Recently several ingenious NMR techniques have
been devised to distinguish double- and single-minimum potential energy surfaces.
These do not seek (as ESCA does) an ‘instantancous’ picture of the N*—H ... N
system, but they make use of differences between the properties of time-averaged
double-minimum and a genuine single-minimum situation®-79. Thus, because of
zero-point energy differences, the average lengths of N*—H, N*—D and N*—T
bonds will differ in the case of a double minimum, but will be the same if there is a
smgle energy minimum. This leads to substantial isotope effects on chemical shifts
in the double minimum case, and, in the case of 56 this was observed®. in
agreement with the ESCA result.

Viil. GAS-PHASE PROTON AFFINITIES OF DIAMINES

The proton affinities (PA) of some diamines and, for comparison, related mono-
amines are shown in Table 4 (see footnote for the scaling of these numbers).
Diamines, such as H,N(CH,),NH,, which can form unstrained intramolecularly
hydrogen-bonded cations have proton affinities 20 kcal mol~' higher than com-
parable monoamines in good agreement with the expected strength of the N*—H
. N bond (see Section VII). The hydrogen-bonded cyclic ions from

2N(CH2)2NH2 and H,N(CH,);NH, are somcwhat strained, so the PA increases
are less dramatic in thesc cases. Because of the loss of entropy on cyclization, the
gas-phase basicities (AG® for B + H* — BH*; the proton affinity is AH®) are only
~12 kcal mol~! higher than for comparable monoamines. This is nevertheless a
very significant factor, which if translated into solution would cause dramatic shifts
in pK, values; in fact, as we shall see in Section IX, these shifts are rarely observed.

1-Aminonaphthalene is C-protonated in the gas phase; the PA for N-protonation
is therefore <221. 1,8-Diaminonaphthalene is N-protonated and a considerably
stronger  base. Methylation  increases the  basicity so  that 1,8-
bis(dimethylamino)naphthalene has the highest recorded PA of a neutral com-
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pound. The pattern of increases in PA with methylation is as expected by com-
parison with simple amines, except that addition of the last methyl causes a much
larger effect than might be anticipated. Since on methylation of 58 (which will be

+ H. H
Me N~ NZvte

Q0

(58)

protonated on the tertiary amino group) the added methyl only replaces the hydro-
gen on the hydrogen-bonding nitrogen and does not directly affect the protonated

TABLE 4. Proton affinities (PA) of some diamines and comparable monoamincs

Amine PA? Reference
H,N(CH,),NH, 232.0 71
CH,(CH,),NH, 222.3 71
H,NI(CH,)3NH, 238.3 71
CH3(CH,)3NH, 222.8 7
H,NICH,)4NH, 243.3 71
CH5(CH,)4NH, 223.1 71
H,NICH,)sNH,® 241.3 U
CH4(CH,)gNH, 223.2 71
HoNICH,)gNH, 242.1 71
HN(CH,)gNH, 223.2 71
NMe,
@I 238.8 72
NMe,
NMe2
©/ 227.9 72
NH,
221.0 72
H,N  NH,



TABLE 4. (continued)

Amine PA¢ Reference

MeHN NHMe

2349 72
Me,N NHMe

@ 239.2 72
Me,N NMe,

“:: 246.2 72
N N (14) 230.9 32
—

H—Ct N 233.6 32

—

@ (17 234.1 32
H—(@l 2334 32
@ (19) 228.3 32

H—C/—/? 217 32
\\{/\7

7All PA values are in kcal mol~! and are referred to a value of 205.5 kcal mol™! for
NH3. This latter value is still uncertain'!®. Relative PA values determined by
different groups using ion cyclotron resonance and high-pressure mass spectro-
metry do not always agree within quoted error limits. In particular Reference 72
takes the PA of H,N(CH,)sNH; to be only 233.2; thus the numbers in the table for
the naphthalenediamines should be increased by 8.1 if the higher number is correct.
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nitrogen itself, a rather small (< 2 kcal mol~!) increase in PA might be expected.
The large increase in PA is due to relief of steric strains (see Section III) in 1,8-bis-
(dimethylamino)naphthalene and a corresponding increase in pK, is observed in
solution (Section IX).

The bicyclic diamines in Table 4 cannot form intramolecular hydrogen-bonded
cations (inside protonation of 19 apparently cannot occur in the gas phase; if it did,
19 might have a very high PA). In this series we also see the operation of strain
effects. In the absence of these we would expect PA to increase along the series 14,
17, 19, due to a decreasing inductive effect from the second nitrogen and because
of increased polarizability. The lower PA of 19 is due to the strain induced in out-
ward pyramidalization of a bridgehead atom in the [4.4.4] ring system. This is
actually less of a problem for 19, which can adopt an in,out conformation, with the
unprotonated nitrogen inwardly pyramidalized, than for the corresponding mono-
amine, where both bridgeheads must be out in the protonated ion.

IX. BASICITY OF DIAMINES IN AQUEOUS SOLUTION

The basicity of diamines, and the inductive (field) effect of —NH;* as a substituent
in reducing pK,,, have been discussed in an earlier volume in this series’3. We shall
only discuss here the effects of N*—H ... N bonding on aqueous pK, values. Con-
sidering the diamine in isolation, this bonding should increase pK, and reduce
pK.,. This is substantially modified by solvation (see Figure 9)’475. The non-

Gas phase Aqueaus solutian
HaNM"N H3
HN~~~N"H
3
? G,
H2N H-N H2
JaYCN
A6, J‘L
H5NJ-~N H3
T TTTTAG 17§ HN~~NH
A~ NH DG, 3
RN~~~ EZN H-N'H,
H?_NWNHZ

FIGURE 9. Solvation effects on the energetics of diaminc
protonation; AG, = free energy of solvation.
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intramolecularly hydrogen-bonded cation has the higher solvation energy (more
sites for hydrogen bonding to water), and so the energetic advantage of the
intramolecularly hydrogen-bonded cation is lost. Simple diamines do not show
enhanced pK,, values’ and Hine and Li’® have shown that the fraction of cyclic
ion present in aqueous solution is ~0 for Me,N(CH,);NH,, 0.24 for
Me,NCH,CHMeCH,NH; and 0.71 for Me,NCH,CMe,CH,;NH,. The pK, values
for formation of Me,NHCH,CMe,CH,NH,;, Me,NCH,CMe,CH,NH,;* and the
cyclic hydrogen-bonded ion were estimated as 9.29, 9.08 and 9.88. Thus, in this
case, the solvation energy differences almost exactly cancel the energetic advantage
of the isolated cyclic ion. Again, although 1,2-bis(dimethylaminomcthyl)benzene
was protonated to give an ion which was almost completely cyclized (98.6%), the
cffects on pK, values were small (pK,, 10.58, pK,;4.97).

When protonation can relieve lone-pair interactions and/or other nonbonded
interactions and strain effects (these effects are not attenuated in solution),
dramatic effects on pK, values can be obscrved. This is illustrated by a series of
1,8-diaminonaphthalenes as shown with the formulae below. The basicities of 59, 60
and 56 are cssentially normal®; the basicity shoots up only when the last methyl
group is added. The free base is then strained (see Section III) and this strain is
relieved by protonation. It is interesting that the solvation energy of protonated 26
is comparable to that of delocalized carbonium ions; protonated 26 has no sites for
hydrogen bonding to water”?. The second pK, of 26 is very low, protonation being
half-complete in 86% H,SO,. Diprotonation breaks the hydrogen bond and

HoN MeHN NHMe Me,N NHMe Me,N NMe,
4.61 5.61 6.43 12.34
(59) (60) (53) (26)
Me\N /Me m/Me Me\N Nj —Me
4.61 10.30 13.6
(28) (29) (61)
Me\N N/Me Me,N NMe, Et,N NEt,
MeO OMe MeO ©© OMe
13.0 16.3 16.6

(62) (63) (64)
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reintroduces strain. Alkylation of 26 is also very difficult compared with amines of
similar pK;,“f'". The compounds 28, 2978, 61 and 62787 nicely illustrate the effects
of varying ring-size. Protonation of these compounds converts a medium ring into
bicyclic system, relieving transannular interactions. Surprisingly, the pK, values of
simple alicyclic medium-ring diamines have not been reported. We have observed
that the addition of 65 to a protonated salt of 63 in CDCl; causes partial proton
transfer, so 65 is comparable in base strength to 63. The diamines 63 and 64 arc the
strongest known neutral bases. The butressing effects of the methoxy groups induce
more strain in these compounds than in 26 (see Section III for the structure of 63),
and this strain is clearly relieved on protonation. When, as in 63, the nitrogen lone
pairs are not in conjugation with the aromatic ring, an increase in basicity from this
cause is expected®. Clearly detailed dissection of thc effects in 63 would be a
formidable task.

Strain can also be increased by protonation. This arises not so much from
differences in size of the proton and the lone pair, but in cases of unfavourable
gecometric and hybridization changes at the nitrogen. Thus the pK, values for
outside protonation of 1,6-diazabicyclo[4.4.4]tetradecane (19) are ~6.5 and
—3.258, The exceptionally low pK,, reflects the strain induced by outward
pyramidalization of both nitrogens (see also Section VIII). An inside protonated
ion can also be made from 19, but not by conventional methods and the pK, for
inside protonation is unknown; it could be very high. Further outside protonation
of this inside protonated ion to give 66 occurs in HSO,F/SbFs but not in HSO,F
alone; 66 must count as the most acidic ammonium ion known.

Me—m—Me N(+—H¥\N+—H (\o/ﬁ
NVAASS s

(65) (66) (67)

When the ring-sizes in a bicyclic diamine increase beyond the medium-ring stage
(8- to 11-membered), these steric strains should moderate. Indeed the pK, values
for outside protonation of 67 are +7.1 and ~ +1%2. However, the major interest in
these molecules is in the rates of proton transfer inside and outside the cage and
this is discussed in the next section.

X. PROTON-TRANSFER RATES INVOLVING DIAMINES

The protonation of an amine is usually a diffusion-controlled process when it is
thermodynamically favourable. It has been shown, however, that proton-transfer
rates for certain diamines can be very much slower.

Hibbert and his coworkers have shown that the rates of protonation of some
1,8-diaminonapthalenes are well below diffusion controt?>#384. For 2,7-dimethoxy-
1,8-bis(diethylamino)naphthalene (reaction 5) the rates were slow enough to be fol-
lowed in a conventional spectrometer?Z.

s M
Et,N NE?, Et,N  NEL,

MeO OMe Ky 0= 00357 MeO OMe
QO - 0@® ®
koH- = 33 tmol™! s~

{in 50% v/v MeaS0/Hy0)
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By studying buffer catalysis of the proton transfers involving 2,7-dimethoxy-1,8-
bis(dimethylamino)naphthalene (reaction 6), Hibbert and Robbins?® have provided
evidence that protonation and deprotonation are two-step processes where an
ammonium ion in which the hydrogen bond has broken plays the role of an inter-
mediate. On the assumption of diffusion-controlled proton transfer in the latter
step, one could derive the activation cnergy for breaking the hydrogen bond; how-
ever, it scems likely that thc actual proton transfer to OH~ is sterically hindered
and slower than diffusion-controlled.

H
M + H. Iy
eaN”  ‘NMe, Me N NMe, Me,N  NMe,
MeO OMe MeO OMe MeO OMe
—_— OH™

(6)

Simmons and Park?® have studied the rates of inside—outside isomerism of macro-
bicyclic diamines, and the rate of proton exchange of the inside protonated ions.
For the i*i*[8.8.8] ion the rate of exchange of inside protons is ~104 times slower
than for Et3NH*. Proton transfer to an inside lone pair seems to require (a) dif-
fusion of a water molecule into the hydrophobic cavity (10° below normal
bimolecular diffusion rates) and (b) protonation of the H,O by H;O* from outside,
with simultaneous proton transfer onto nitrogen.

When the cavity inside the moleculc becomes smaller, the barriers to inside pro-
tonation and deprotonation become even higher. Thus the doubly inside-protonated
[1.1.1]Jcryptand (reaction 7) was only partially converted to the monoprotonated
jon after 80 hours at 60°C in SN KOH; further deprotonation did not seem to

Oy L O
o e

The inside-diprotonated cryptand is formed when the cryptand-BH; complex is
refluxed in boiling 6N HCI for two hours, and an inside H*, inside D* species is
formed by refluxing thc monoprotonated ion in concentrated D,0O/DCI for about
90 min. Therc is therefore no question but that the inside protons do originate
from the solvent.

With 1,6-diazabicyclo[4.4.4]tetradecane 19, an inside-protonated ion is obtained
on leaving the amine in 50% H,SO4/H,0O for several days®'. However labelling
experiments show that the inside proton does not come from the solvent but from
an «-CH; group! The reaction is catalysed by one-electron oxidizing agents and is
not a proton transfer at all. In fact no way has been found of inserting the proton
in a conventional fashion, nor of removing it once inside.

Besides their intrinsic intcrest, these observations of slow proton transfers have
an important practical implication. Compounds such as 1,8-bis(dimethylamino)-
naphthalene are potentially useful as strong bases without significant nucleophilic
properties. If, however, their proton-transfer rates involving OH protons are slow,
those involving CH protons will probably be very slow indeed. We have found®
that while good yields of olefins may be obtained by heating alkyl tosylates etc.
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with 1,8-bis(dimethylamino)naphthalene in DMF, the diamine is never the
kinetically active base even with Me;N*CH,CH,CN. The trade name ‘proton

sponge’ is indeed apt — sponges are not kinctically active in seeking water, they
merely mop it up when it is presented to them!

Xl. METAL COMPLEXATION BY DI- AND POLY-AMINES

The extensive complexation chemistry of amines with transition metals forms an
important section of inorganic chemistry and clearly cannot be comprehensively
treated here. Rather, this section will highlight some of the effects which
specifically arise as a result of increased structural organization in the ligand,
particularly the macrocyclic and macrobicyclic effects.

A. Chelation

The complex of Ni2* with ethylenediamine is about 10'0 times as stable towards
hydrolysis as that with ammonia. This is an example of the well-known chelate
effect and is quite general for bi- and poly- dentate ligands. The effect is largely
entropic in origin and is dependent upon the size of the chelate ring formed.
Five-membered rings are usually most favourable.

Linear polyamines can form ‘wrap-around’ complexes which may exist as several
configurational and conformational isomers. Strain energy calculations have been
successfully employed®” to determine the most stable isomers of
[Co(H,N(CH,CH;NH)sH)]**. Branched polyamines have been used to stabilize
certain coordination geometries around the metal ion. For example the tripodal ligand
tren enforces trigonal bipyramidal-type geometry in five-coordinate Ni'! complexes (68).

P
N7
HoN—=Ni=—NH,
Cl
(68)

B. Macrocycles

1. Synthesis

Nitrogen-containing macrocycles have been prepared by three principal methods:

(a) Condensation of a diamine with a diacid chloride under conditions of high
dilution, followed by reduction of the macrocyclic diamide88.

(b) Template reaction of a diamine with a dialdehyde (or diketone) in the
presence of a suitable metal ion. This gives a macrocyclic imine encircling
the template metal. Typically the imine functions can be reduced to amines
with sodium borohydride and the metal decomplexed or exchanged®.

(c) Reaction of a ditosylamide dianion with a ditosyloxyalkane in
dimethylformamide without high dilution®.
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2. Macrocyclic effect

In general the metal complexes of macrocyclic polyamine ligands show an
enhanced stability relative to their acyclic counterparts which is too large to be
accounted for solely by the formation of one extra chelate ring. {12—-16]ane N,
macrocycles 69-72 have received considerable attention recently, both as interesting

[NH HNj ENH HNj
NH HN NH HN
\_/ \__/

(12Jane N4 [13)ane N,
(69) (70)

[NH HNj CNH HN}
L L

(14]are N, [16]ane N4
(71) (72)

compounds in their own right and as models for porphyrin and corrin systems.
Investigations have shown that the origin of the macrocyclic effect in these ligands
can lie either in the enthalpy or entropy of complexation. Thus the enhanced
stability of the Ni!' ([14]ane N;) complex is enthalpic, and this has been explained
in terms of poorer ligand solvation for the macrocycle than the corresponding linear
tetramine?’. On the other hand the Zn" ([13]ane N;) complex owes its stability
largely to a favourable entropy of complexation®?, which is simply explained in
terms of a favourable orientation of nitrogen atoms in the free ligand, and the
displaccment of four inner-sphere water molecules upon complexation.

Metal ions which prefer six-coordinate octahedral geometry form cis and/or trans
complexes with the [12-16]ane Ny ligands depcnding upon the ring-size. In the
case of the trans complexes the size of the ring affects the metal-nitrogen
interaction, and this shows up in the size of the ligand ficld splitting, Dg**. It turns
out that [4]ane N, is the best size for Co** and the value of Dg*' is about that of
the complexes with acyclic tetramines. [13]ane Ny exerts a constrictive effect,
enhancing Dg*, whereas [15]- and [16]-ane N, exert a dilative effect, reducing
the value of Dg* 93, Busch has developed additivity rules to predict changes in Dg*

X
Nan o~ NH " For Co3*: ‘

( \M/ ) \\M -~ [12]ane N4 cis only
HNZ" | ™SNA VAR [13—14]ane N4 cis and trans
~— HN \r X [15—-16]ane Ng4 trans only

)l( N"NH

trans cis
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with various structural changes in these systems¥*. Reactivity in the axial positions
is also influenced by the macrocycle. For the series trans-Co([13-16]ane N4)Cl,*
the rate of the first aquation reaction corrclates with the calculated strain energies
of the starting complexes, which is in accord with the formation of a five-coordinate
transition state®.

The rates of complexation of the unprotonated {12-16]Jane N4 macrocycles are
comparable to those of the acyclic analogues”. Thus the enhanced stability is
manifested in slow rates of decomplexation. The protonated macrocycles react
10°~10% times morc slowly than the open-chain ligands, and this appears to be a
simple electrostatic effect in the case of the diprotonated ligands?’, but this
correlation is not found for the monoprotonated compounds. By contrast, the
unprotonated {9~12]ane N3 macrocycles show accelerated rates of complexation
and normal rates of decomplexation in acid solution®®.

3. Binuclear macrocyclic complexes

Larger macrocycles can often complex more than onc metal atom. Such binuclear
complexes have attracted much current interest, particularly with regard to the
question of metal/metal exchange interaction and as models for some copper
metalloproteins®’, Addition of a bidentate ligand to the binuclear complex may
result in bridging of the metals and thereby provide a pathway for spin coupling.
Macrocycles exhibiting these properties are typically in the 20-30-membered ring
range and contain other heteroatoms such as oxygen and sulphur. Thus the
azide-bridged (bis)Cu" complex of the [24]N,S, macrocycle 73 is diamagnetic.
The azide bridges enable strong antiferromagnctic coupling between the copper
atoms'%, Imidazolate-bridged binuclcar copper complexes are proposed to exist in
certain metalloproteins and a macrocyclic model for this system has been prepared,
and characterized by X-ray diffraction (74)!°.

/_T/\/\/\T T/—\OhT a*

HN——Cu“/ NZ&ZN\CQH gquu~NmN—&:N>H

NS 2 A
NN im NI Nim
(73) (74)

C. The Macrobicyclic or Cryptate Effect

Although the alkali and alkaline earth metal cations play an important role in
chemistry and biology the complexation chemistry of these ions was little studied
before 1965 as a conscquence of the weakness of their complexation with simple
ligands. The discovery by Pedersen'®? that macrocyclic polyethers form stable
complexes (K, between 10> and 10% with thesc mctal ions marks the real
beginning of this field. The crown ether forms a ring of oxygen atoms which can
encircle and efficiently ‘solvatc’ a suitable-sized mctal ion. A surprisingly large
proportion of the complexation behaviour can be qualitatively explained in terms of
the fit between cation and hole. Lehn and coworkers claborated these crown ethers
by synthesizing macrobicyclic polyethers with nitrogen atom bridgeheads'?®. By
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(75)[111lm=n=0
(\o’( 07 (76)[21.1]m =0,n =1
(77 [221lm=1n=0

N/\/Of/\oj’\/\w (78) [222]m =n = 1
K/ m (79)[3.22lm=1,n=2
0( 0 (80) [332]m=2.n=1
A 81 [333lm=2,n=2

varying the length of the bridges a series, 75-81, of these cryptands were prepared
having polar three-dimensional cavities capable of encapsulating metal ions. The
cryptands form extremely stable complexes with alkali and alkaline earth metal
cations, the most stable being that of [2.2.2] with Ba?* (log K, = 9.5 in water). Just
as the crown ethers can show a macrocyclic effect of some 104 the extra bridge of
the cryptand can lend a macrobicyclic effect of another 10*-10° to the stability
constant. The nitrogen lone pairs in the free cryptands may be pointing more or
less inside or outside thc cavity, depending on the compound and its situation,
however, in the metal complexes (cryptates) the lonc pairs invariably point inside
towards the cation. In acidic solution the cryptate nitrogen atoms become
protonated and the metal ion is lost.

As well as forming very stable complexes the cryptands show a remarkable
degree of selectivity!". Again the most stable complcxes are formed between
cations and cavities of similar size. The smaller cryptands show peak selectivity in
the alkali metal series, disfavouring both cations too small and too large. [2.1.1],
[2.2.1] and [2.2.2] form most stable complexes with Li*, Na* and K" respectively.
The larger cryptands show plateau selectivity, binding large- and medium-sized
cations equally well, but disfavouring the smaller cations. The alkaline earth metal
cations are complexed with a selectivity which is typically the reverse of that shown
by acyclic polyanionic ligands, hence (with the exception of [2.1.1]) Sr** and Ba?*
are preferred over Mg?* and Ca’*. Selection betweecn M* and M?** can also be
unusual, thus [2.1.1] favours Li* over Mg2?* and Na* over Ca?* although the larger
cryptands prefer M2* over M* of similar size.

The free energies of complexation have been dissected into enthalpies and
entropics by calorimetric studies'™. The entropy of complexation for the small
cations is large and favourable but decreases monotanically with increasing cation
size, until it becomes disfavourable. This is accounted for in terms of two major
cffects: a favourable loss of the metal ion hydration sphere, which becomes lcss
important as the size of the cation increases, and secondly an essentially constant
disfavourable water structuring caused by the large hydrophobic cryptate cation.
Favourable enthalpies of complexation are thought to arise principally from poor
ligand solvation and a lack of interbinding sitc repulsions in the cryptate (as a
conscquence of the binding sites being built into the molecule). The enthalpies of
complexation show grossly the same trends as the free energies; thus although the
frce encrgy of complexation may be largely entropic or cnthalpic, the sclectivity is
enthalpic in origin. providing a basis for the empirical ‘best fit’ rule. The alkaline
carth cations show similar behaviour. The prefercnce of the larger cryptands for
M?2" over M* is almost entirely for reasons of entropy.

The rate of cryptate formation is several orders of magnitude slower than the
complexation of alkali metal cations by simple ligands, which may be due to steric
crowding during insertion of the metal. For the complexation of a series of
cryptands with one metal K, is usually reflected in the rate of dissociation, but in
general the rates of formation vary substantially'%. Activation parameters indicate
that the transition state for cryptation lies nearer the reactants than the cryptate.
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Cryptands [2.2.1] and [2.2.2] have also been found to be effective ligands for the
encapsulation of the lanthanide metal cations'®’. The Eu* and Gd>* cryptates are
the first kinetically inert lanthanide complexes and find some use as T, (shiftless)
relaxation reagents in NMR. Cryptation by [2.2.1] renders the Eu?*/Eu?* couple
electrochemically reversible and 190 mV more positive than Eu?*(aq)/Eu?*(aq).
Thus Eu?*C[2.2.1]* is about 10* times more stable than Eu3+C[2.2.1] which is
explained in terms of a better fit for the larger Eu?* ion in the cavity and a lower
free energy of solvation for free Eu?* than Eu®*. Eu3*C[2.2.1] exhibits another

intriguing property, namely complexation of small anions such as fluoride and
hydroxide.

D. Applications of the Cryptands'®®
1. Transport

Whereas the cryptands 75-81 show sufficiently strong and selective complexation
behaviour to be considered as specific cation receptors, somewhat different
properties are required of a specific cation carrier. A successful carrier must exhibit
a high selectivity for the substrate in question but the stability of the complex must
not be so high that the carrier becomes saturated or that the rates of exchange
become prohibitively slow. Simple modification of [2.2.2] by replacement of the
two oxygen atoms in one bridge by methylene groups gave a cryptand, [2.2.Cg]l,
which retained a high selectivity for potassium but with a much reduced stability

constant. [2.2.Cg] proved to be an efficient specific carrier for potassium picrate
across a chloroform ‘membrane’!?%,

2. Detoxification

The high selectivity of the cryptands and the stability of their complexes makes
them potantially useful agents for the removal of radioactive or heavy metals from
living tissue. Indeed, [2.2.2] has been found to be effective in eliminating #5Sr2*
and ?**Ra?* from rats.

3. Solubilization

Cryptation may greatly increase the solubility of salts in polar and nonpolar
media. Dramatic examples are the 10° times increase in solubility of BaSO, in
water caused by [2.2.2] and the solubilization of KMnO, in benzene by the same
cryptand.

4. Anion activation

Anion activation by cryptation is even more effective than that shown by crown
ethers because the complete encapsulation of the cation further reduces the
tendency towards ion pairing. For example the hydrolysis of methyl mesitylate by
KOH in dimethyl sulphoxide is greatly accelerated by [2.2.2].

*Lehn?” has introduced the mathematical symbol for inclusion, C, to indicate cryptate
formation.
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5. Stabilization

Unusual species may be stabilized by a cryptate counterion. The most spectacular
example is the isolation of alkali metal anions by Dye!!?. Thus cooling a solution of
sodium and [2.2.2] in ethylamine caused the growth of gold coloured crystals of
Na*C[2.2.2] C Na~

6. Modification of binding sites

Substitution of the oxygen atoms in the cryptands by sulphur or nitrogen reduces
their ability to complex alkali and alkaline carth metal cations and increases their
affinity for the transition metal ions. Ligand (82) can be thought of as a derivative
of [3.3.3] and consists of two tren units linked by ether bridges. This compound'!!
forms binuclear metal complexes with Co>*, Cu?* and Zn?*. Addition of increasing
amounts of Zn?* to a solution of 82 results in the stepwise formation of an
unsymmetrical mononuclear complex followed by the binuclear complex. The ESR
spectrum of the binuclear Cu' complex of 82 shows a weak Am, * 2 transition at
g = 4.7, indicating metal/metal interaction.

n/_\o/_\q
N ~ o Ny NH H—N"
(CH)m
uuo\_/g K.1.m =26 -10
(82) (83)

In its protonated form 82 can act as a complexing agent for anions. Inclusion
complexes of anions were first observed by Simmons and Park with
diprotonated macrobicyclic diamines 83%. These compounds form stable and
selective complexes with the halide ions. The observed selectivities correlate with
cavity/anion size. 82- 6 H* is expected to be protonated on the secondary nitrogen
atoms and the cavity defined by this ligand is large enough to accept small
molecular anions. The observed selectivity sequence of 82-6H* is Cl-,
I- < CH,CO,™, Br- < HCO,™ < NO3~ <€ N3~ which is neither the lyotropic series
nor the scquence of hydration energics, indicating the topological discrimination of
the ligand arising from the defined cavity size and shape. Molecular models suggest
that linear triatomic molccules would fit best in the cavity and indeed azide ion
shows the highest stability constant in this series, with log K, = 4.6.

E. Macrotricyclic Cryptands

Increasing the cyclic order of the cryptands results in ligands with more highly
defined cavity geometries. Macrotricyclic cryptands have been synthesized with
spherical and cylindrical topologics.

1. Spherical

Ligand 84 has high (Td) symmctry and possesses a spherical cavity''2, This
cryptand is an intriguing molecule. It forms stable complexes with the larger alkali
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metals, with an affinity for Cs* greater than any other known ligand. It also forms
a molecular inclusion complex with ammonium ion, the tetrahedral array of
nitrogen atoms providing an ideal receptor site. Diprotonated 84 complexes a water
molecule, and the tetraprotonated species forms a very stable complex with

chloride ion (log K> 4.0 = 0.5) with all four N*—H sites pointing inside the
cavity towards the amon“3

P! e
(o (La_p )

o Y 5 ()

oo

(85)

(84)

2. Cylindrical

These ligands consist of two macrocycles linked face to face by two bridges, e.g.
85. A variety of these compounds have been synthesized containing different sized
macrocycles and bridges. Compounds like 85 have the ability to form mononuclear
and binuclear complexes with alkali metal cations''*. Substitution of the oxygen
atoms by sulphur leads to ligands which can form binuclear complexes with the
transition metals!!s,

The binding of ammonium ions to crown ethers and azacrown ethers has been
the subject of much research in recent years!!%-192_ Ligands 86''7 and 87'!8 can form
1:1 molecular complexes with simple diprotonated diamines (88), and these
compounds show a selectivity which depends upon the length of the alkyl chain
between the nitrogen atoms. Thus NMR measurements show that 87 complexes 88
(n = 5 and 6) in preference to 88 (n = 4 and 7) which are respectively too short
and too long to fit well inside the cavity.

x/ K/(O\Ay\x (87) y=1.x-= —CHZHCHz—
\N/\(O/ﬂr;/ @ @

+ +
K/EO\JV H3N_(CH2)n—"NH3

(88)
In conclusion it has been shown that a large variety of interesting ligands can be
synthesized using the basic structural unit of a tertiary amine acting both as a
binding site and a vertex in a three-dimensional structure. These macropolycyclic

ligands show diverse properties including the ability to complex atomic and
molecular cations and anions.
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806 Henry Feuer
. INTRODUCTION

The alkyl nitrate nitration is defined as the reaction of a nitrate ester in the presence
of a base with active methylene compounds and with amines. With active methylene
compounds the reaction enables the introduction of nitro groups at carbon atoms a
to the activating group. In the case of amines the reaction leads to nitramines.
Historically, the reaction goes back to the 19th century. Angeli prepared the
disodium salt of nitrohydroxylamine by the action of ethyl nitrate on hydroxylamine
hydrochloride in the presence of excess sodium ethoxide! (equation 1).

NsOE? - +
H,NOH-HCI + EtONO, o [O,NNO]~ 2Na (1
t

A similar introduction of a nitro group into a carbon compound was first
demonstrated by Thiele?, who converted cyclopentadiene into the sodium salt of
nitrocyclopentadiene on treatment with ethyl nitrate and sodium ethoxide (equation

NaOE?
0+ eono, 2 | L) e @

Wislicenus and coworkers? reported the nitration of various phenylacetic esters,
phenylacetonitriles and naphthylacetonitriles. The results with ethyl phenylacetate
and p-bromophenylacetate were particularly significant. The expected a-nitrophenyl
esters were not obtained. The products which were isolated after acidification of the
crude reaction mixtures were phenylnitromethanes and diethyl carbonate.

The importance of base strength on the yield of product was indicated by the fact
that the yield of phenylnitromethanc was increased from 50% to 80% in the nitration
of ethyl phenylacetate when sodium ethoxide was substituted by potassium ethoxide?
(equation 3). A similar improvement in yield from 30G% with sodium ethoxide to

0,” K*
EtOK H* .
PhCH,CO,Et Tno: Ph—C—CO.Et —— PhCH,NO, + (Et0),CO (3)

80%

70% with potassium ethoxide was recognized in the nitration of
o-bromophenylacetonitrile>. On the other hand a 90% yield of the salt of
p-bromophenylnitroacetonitrile was obtained with either baseS. The reaction of
phenylacetonitrile with sodium ethoxide and methyl nitrate and the subsequent
hydrolysis of the sodium salt of phenylnitroacetonitrile has bcen adopted for the
preparation’ of phenylnitromethanc in an overall yield of 55% (equation 4).

CH.C OFEt . _ . 1 NaOH
PhCH,CN MoON, Ph(IZ—NOZ Na e PhCH,NO, (4)
CN 55%

Attempts by Wislicenus* to extend the nitration to aliphatic esters by using
potassium ethoxide as the base were unsuccessful; but he was able to convert
fluorene to the potassium salt of 9-nitrofluorene in 70% yield. Nitration was,
however, unsuccessful when sodium ethoxide was employed as the base®. Much later,
the potassium salts of 2-bromo-9-nitrofluorecne (62% yield)®, 2-benzoyl-
9-nitrofluorene (84% yield) and 2,7-dibcnzoyl-9-nitrofluorene (65% yield)'®
were prepared.
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On nitrating p-mercaptotolylacetophenone in ethanolic sodium ethoxide with ethyl
nitrate at reflux temperature, Arndt and Rose!! reported that the benzoyl group had
cleaved off during the reaction. The compound which was isolated after oxidation of
the reaction mixture directly with hydrogen peroxide was p-tolyl nitromethyl
sulphone (1). Similar results were obtained with p-mercaptotolylacetone. It is very
likely that the cleavage was partially caused by the reaction conditions. For, in
addition to 1, nitroketone 2 was obtained when a lower reaction temperature was
employed during the nitration (equation 5).

(1)

H20;

NsOEt

p-MeCgHa—S—CH,COPh  ——C

[p-MeCgH,—S—CH=NO,” Na'] +
(5)
p-MeCgH,—S—C=NO,  Na*
(I:OPh

p-MeCgH,—S—CHNO,COPh
(2)

The nitration of a cyclic ketone was first achieved by Straus and Ekhard'2.
a-Tetralone was converted in 70% yield to the potassium salt of 2-nitrotetralone.
Acidification of the salt with hydrochloric acid led to ring-opening with the formation
of 2-(3-nitropropyl) benzoic acid (equation 6). About three years later, Wieland and

_KOEt; E1ONO, o @cozH
EtON Et,0
g (CH,),CH,NO,

(6)

coworkers!? reported that the nitration of cyclopentanone and cyclohexanone with
two molar equivalents of nitrate ester and base afforded, respectively, the
dipotassium salts of 2,5-dinitrocyclopentanone (3) and 2,6-dinitrocyclohexanone
(3a). The yields of these salts were reported as quantitative and their purity was
based only on potassium analyses. On uitrating cyclopentanone by Wieland’s
procedure, Klager'* found that the yield of 3 did not exceed 10%. The yield was
ascertained by conversion of 3 to 1,1,4,4-tetrabromo-1,4-dinitrobutane on treatment
with bromine in aqueous base (equation 7). This ring-opening reaction, essentially a
haloform reaction, was established to proceed in a yield of about 88% with
analytically pure 3a!3,

A short account of the importance of the alkyl nitration for the preparation of
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0O
KOEt—EtONO, OZNWOZ 2 K* Br
_ > -
EtOH—Et,0 2q. KOH

3)

OZNCBrz(CH2)2CBr2N02 + KzCOa (7)

primary nitramines has been presented by Wright!'®. A more detailed discussion is
presented in Section IV.

I. THE ALKYL NITRATE NITRATION OF ACTIVE METHYLENE
COMPOUNDS

The developments of the last 25 years have been cursorily presented in various
publications!?,

Prior to 1955 the reaction was limited to the nitration of aryl-substituted esters
and nitriles, and to a few cyclic ketones. The results of a systematic study'® which
appeared in 1956 set the stage for a much broader application of the reaction to
other classes of compounds.

On considering the accepted mechanism of the alkyl nitrate reaction (equations

8-11), it is clear that for a successful reaction, important requirements have to be
fulfilled, such as:

(1) Generation of high concentrations of anion 4 by the choice of a strong base
and a suitable aprotic solvent (equation 8).

(2) Choice of a nitrate ester which would not be readily destroyed by the strong
base and readily form intermediate § (equation 9), and which would then
irreversibly collapse into the nitro compound and alkoxide ion (equation 10).

(3) Choice of reaction conditions .which would minimize the well-established
interactions between base and nitrate ester!® and also side-reactions of the
substrate, such as self-condensation of ketones and esters.

R'—CH,—X + B~ [R'—CH—X]~ + HB (8)
rlaz R2
(4)

X = activating group, B = base

H
3 - +‘Df"
4 + R30NO, R —<|:—rl4—on3 (9)
RZ—X O
(5)
!
5§ —— R'-—C—NO, + “OR3 (10)
I

RZ2—x
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H
I .
cI—No2 + "OR3or B© — R'—C=NO,” + HOR® or HB  (11)
X—R? X—R2

It should be emphasized that the formation of the nitronate salt in the final step
(equation 11) is important in that it largely eliminates side-reactions.

A. Importance of Elase and Solvent

1. Potassium t-butoxide

In considering suitable alkoxide bases to produce high concentrations of anion
(equation 8), it is apparent that to fulfill this requirement such bases should be free
of alcohol. Moreover, any reaction with the nitrating agent should be negligible.

Sublimed potassium r-butoxide, free from excess t-butyl alcohol, and dissolved in
tetrahydrofuran (THF) has been found to be a suitable base—solvent combination for
the nitration of ketones!® and nitriles?®. Primary alkyl nitrates are suitable nitrating
agents since they are not affected by the base r-butoxide below —10°C. A tertiary
nitrate such as r-butyl nitrate is unsuitable because it is converted to isobutylene by
the base, even at —30°C.

The importance of solvent on the yield in the nitration of cyclopentanone is shown
in Table 1. Reactions arc performed at —30°C since it has been established that
side-reactions, such as the self-condensation of the ketone are minimized at this
temperature. Except for THF, the yields of dipotassium 2,5-dinitrocyclopentanone
(6) cannot be correlated with either the dielectric constant of the solvent or the
solubility of the base in the solvent?!-22,

The advantage of sublimed potassium r-butoxide lies not only in its being a
stronger base than potassium ethoxide but also in its ability to complex strongly with
t-buty! alcohol which is formed during the reaction?? (equation 8). The removal of
the alcohol ensures a favourable equilibrium for carbanion formation. The adverse
effect of added t-butyl alcohol on the yield of 6 is shown in Table 2. The amount of
added alcohol is only 1.5 times larger than the amount formed in the overall

TABLE 1. Solvent effects in the alkyl nitrate nitration of cyclopentanone?

Dielectric constant

Solvent Solubility? at 20°C Yicld (%)
Toluene 2.27 2.3821 21°¢

Hexane 0.27 1.89 38°

Ether 4.34 4.34 48¢, 557/
THF 25.00 7.58%2 62/

9Reprinted with permission from H. Feuer, J. W. Shepherd and Ch. Savides, J. Amer. Chem.
Soc., 78, 4364 (1956). Copyright 1956 American Chemical Society.

b Solubility of t-BuOK in g/100 g solvent at 25-26°C.

In all experimenis ine ketone is added to 2 10% excess of basc followed by a 10% excess of
amyl nitrate at —30°C.

4dDetermined by conversion of dipotassium 2,5-dinitrocyclopentanone to 1,1,4,4-tetrabromo-
1,4-dinitrobutane.

¢The reaction time is 17 h.

fThe reaction time is 1 h.
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TABLE 2. Effect of added ¢-butyl alcohol on the alkyl nitrate nitration
of cyclopentanone?

-BuOK? t-BuOH Yield (%)°
0.110 — 39.0
0.110 0.11 15.5
0.165 — 55.0
0.165 0.15 17.0

9Reprinted with permission from H. Feuer, J. W. Shepherd and Ch.
Savides, J. Amer. Chem. Soc., 78, 4364 (1956). Copyright 1956
American Chemical Society.

b0.05 mole of ketone and a 10% excess of amyl nitrate are used in all
experiments.

‘Determined by conversion of the dinitro salt 6 to 1,1,4,4-tetrabromo-
1,4-dinitrobutanc.

reaction. The data also indicate that an excess of base gives higher yields of 6; a 65%
excess over the ketone is optimum!3,

(6)

The adverse effect of added alcohol is also observed in the nitration of adipo-
nitrile?’; the yield of dipotassium 2,5-dinitroadiponitrile (7) decreases from 93% to
NC—C—(CH,),—C—CN |~
\ Il 2K*
NO, NO,

™

11%. Schaub and coworkers?® report that nitration of 17-methyltestosterone and of
20-ethylenedioxy-21-hydroxypregn-4-en-3-onc gives 2a-nitro-17-methyltestosterone
(8) and 20-ethylenedioxy-21-hydroxy-2a-nitropregn-4-en-3-one (9) in yields of 9%
and 18%, respectively. It is very likely that the free hydroxyl groups interfere with
the reaction, for conversion of the hydroxyl group in testosterone to the tetrahydro-
pyranyl ether affords 2«-nitro-17B-(tetrahydropyran-2-yloxy)androst-4-en-3-one
(10) in 42% yield.

The importance of temperature and mode of addition in the nitration of
cyclopentanone is indicated in Table 3. The highest yield of 6 is attained if the
reaction temperature is maintained at —30°C and the ketone is added to the base
followed by the nitrate. The temperature effect is further illustrated by the fact that
in the nitration of acctophenone, the yield of potassium w-nitroacetophenone
increases from 6.7% to 40.5% when the reaction temperature is decreased from
—10°C to —40°C.
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0] (o]
OH ~ <
CH,OH
\\\\\\Me
02N///,,, N,
O o]
(8) 9
OR
O,N,,
O

The effect of reaction time, especially in the nitration of ketones is of interest.
Nitration of 2-tetralone at —78°C, as monitored spectrophotometrically, shows that
the concentration of the formed potassium salt of 2-nitrotetralone decreases with
time2®, This is very likely due to a reaction between the product and the starting
material. Indeed it is found that at ambient temperatures the amount of
2-nitrotetralone in a mixture with 2-tetralone decreases steadily and is virtually zero
after six hours. Immediate work-up of the reaction mixture also increases the yield of
6 as shown in Table 4.

a. Experimental procedure. The reaction conditions which lead to high yields in
the nitration of ketones and nitriles are as follows: a 65% excess of 100% potassium
t-butoxide is added to purified THF and the mixture is cooled to about —50°C. The
compound, dissolved in THF, is added followed by the rapid addition of a primary
alkyl nitrate (10% excess) at —40°C to —S0°C. Then the nitro salt is removed as
soon as ambient temperatures are attained.

TABLE 3. Effect of temperature and mode of addition on the yield of 6°

Temp. (°C) -20 -30 —-40 -30 -30
Yield (%)? 28° 38¢ 36° 344 44¢

9Reprinted with permission from H. Feuer, J. W. Shepherd and Ch. Savides, J. Amer. Chem.
Soc., 78, 4364 (1956). Copyright 1956 American Chemical Society.

bDetermined by conversion of 6 to 1,1,4,4-tetrabromo-1,4-dinitrobutane.

¢Ketone and nitrate are added to the base.

4Kectone is added to a mixture of base and nitrate.

¢Nitrate is added to a mixture of base and ketone.
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TABLE 4. Effect of reaction time on the yicld of 67

Reaction time (h)"< Excess t-BuOK (%) Yield (%)¢
0 65 62.0
4 65 60.0

16 65 57.0

2Reprinted with permission from H. Feuer, J. W. Shepherd and Ch. Savides, J. Amer. Chem.
Soc., 718, 4364 (1956). Copyright 1956 American Chemical Society.

bReaction temperature is —36°C.

¢An additional one-hour period required to attain ambient temperature is not included.
4Determined by conversion of 6 to 1,1,4,4-tetrabromo-1,4-dinitrobutane.

High yields (Table 5) of pure 6 and dipotassium 2,6-dinitrocyclohexanone (11) are

0 =

)

obtained by dissolving the crude salts in a minimum amount of equal parts water and
methanol followed by precipitation with acetone2®. An alternate method involves
converting disalts 6 and 11 to the monosalts directly in the reaction mixture with
acetic acid, dissolving the dried salts in aqueous potassium hydroxide, and
precipitating the disalts with methanol?6. These procedures, however, do not give
pure dipotassium salts of 2,7-dinitrocycloheptanone and 2,8-dinitrocyclo-
octanone.

b. Scope of the alkyl nitrate nitration in the potassium t-butoxide—THF system. In
general, the nitration in the potassium ¢-butoxide—-THF system gives good results
with activated methylene compounds in the approximate acidity range of 18 to
25 pK, units. Thus, a-nitration, induced by this base, is also successful with
N, N-disubstituted amides?’, N,N-disubstituted sulphonamides?® and sulphones?®
(Table S). In the nitration of amides it is frequently advantageous to use diethyl
ether as the solvent because the salts of the «-nitroamides precipitate during the
rcaction and can be easily removed. The high solubility in THF makes the isolation
of the salts more difficult. The potassium salts of a-nitro-N,N-dialky! substituted
amides are highly hygroscopic. They tend to decompose with charring upon exposure
to the atmosphere.

The nitration is unsuccessful with primary and secondary amides. Apparently the
amido hydrogens interfere with the anion formation at the a-carbon atom which is
essential for successful nitration to occur (equation 8). For instance, butyramide is
recovered quantitatively when subjected to the alkyl nitration?’.

¢. Acetone cyanohydrin nitrate. The failure of compounds of high acidity to
undergo the alkyl nitration with primary nitrates in potassium ¢-butoxide can be
cxplained by considering the second step in the reaction (equation 9). The reaction
between the carbanion and alkyl nitrate leading to intermediate 5 is reversible. The
position of the equilibrium lies far to the left with carbanions of highly acidic
compounds. A more favourable position of this equilibrium is achieved with a
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TABLE 5. Synthesis of nitro compounds by the alkyl nitration employing 100% ¢-BuOK?

Yield
Reactant Product (%) Reference
Dinitration
o 0
é 'K _OzNﬁ;No; K* 98 18, 30
O 0
ij:‘ YK TO,N, ﬁ _NO,” K* 74 18, 30
0 0
*K TO,N NO,” K*
@ | U | i )
0 *K TO,N 0
— et
0 o)
*K TO,N | NO; K*
78 31
N N
| |
CH,4 CH,4
= *K “O,N=CH—C—CH=NO, K@
(CH3).C=0 0, C 2 " ”
(o)
o) ﬂ CH,
- 57 20
H3C—E—CH2CH3 *K "O,N=CH—C—C=NO,~ K"
(CH,CH,CH,),C=0 CH-CH,C—C—C—CH,CH;
e £ o L (T 504 20
*K "O,N O NO; K
(CH,),(CH,CN) NC—C—(CH,),—C—CN
FeeR | g 93 20

NO,” K* NO,~ K*
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TABLE 5. (continued)

Henry Feuer

Yield
Reactant Product (%) Reference
(H,C)4(CH,CN), NC—C—(CH,)y—C—CN
o, . ast 20
NO,” K* NO,” K
| | S, 67 20
NO,” K* NO,” K
[ | . ag 20
NO,” K* NO,” K
i i
(H,C),[CH,CONICH,), ], (CH3)2N—C—ﬁ~—(CH2)2~—C—C—N(CH3)2 27
NO,~ K*  NO,~ K*
Mononitrations
0 0
NO
2 59 32
i i
— C—CH=NO,” K*
CH,(CH,),CN CHyCH—(—CN s 20
NO,~ K*
NO,~ K*
CHyCON(CHg),/ HO—CONICH3), 2% 27
NO,~ K*
CH,(CH,),CONCH),/  CHaCHz— G—CON(CH), 65! 27

NO,~ K*
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TABLE 5. (continued)
Yield
Reactant Product (%) Reference
NO,™ K*
CH, CH,
O  N—SO,CH,Ph N—SO,CHNO,Ph
—oULH, o0 2 66 28
_J N
PhCH,SO,Ph PhCHNO,SO,Ph 81 29
p-CH3CeHASO,CHPh  p-CH,CH ,SO,CHNO,Ph 79 29
(PhCH,),S0, PhCHNO,SO,CH,Ph 82 29
PhCH,S0O,Ph PhCHNO,SO,Ph 42 29
n-PrSO,Ph CH3CH,CHNO,SO0,Ph 8 29
(n-C4Hg)SO, CH3(CH,),CHNO,S0,C Hg™n 33m 29

2Unless stated otherwise, the solvent is purified THF.
bDetermined by conversion to NO,;Br,C—(CHj),—CBr;NO,.
€2-Nitrocyclooctanone (47% yield) is also formed.

o

|
4Determined by conversion to CHyCH,;—CBrNO,;— C—CBrNO,—CH;—CHa.

¢Determined by conversion to NC—CBrNO,—(CH;),—CBrNO,—CN.

/Determined by conversion to (CH1);N— ﬁ——CBrNOz—(CHZ)z—CBrNOZ—— ﬁ—N(CH:;)z.

o

80ne equivalent of RONO; is used.

o

'_‘Determined by conversion to CH3CH;CBrNO,CN.

‘Determined by conversion to CH3(CH;);—CBrNO,CN.

’The solvent is absolute ether.

kDetermined by conversion to CBr,NO,—CON(CHa),.

'Determined by conversion to CH3CH,CBrNO,—CON(CHj),.

™The yield is 79% when nitration is performed in the potassium amide-liquid ammonia system.

nitrating agent such as acetone cyanohydrin nitrate33 (12). The supcessful nitration of
several ethyl esters of substituted malonic and acetoacetic acids with 12 and an excess
of sodium hydride in THF is reported®. This reaction, which is performed at
ambient temperatures, constitutes a general method for preparing eEhyl esters of
a-nitro acids in yields ranging between 42 and 70% (equation 12). It is suggested?3
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NO,
RCHCO,Et + Me,CO + NaCN

RCH(COZEt)z + (Me)z(I:—ONOZ

or CN

12

RCHCO,Et (12) (12)
cIOMe R = alkyl, PhCH, CICH2CH,CH, or CHy = CHCH;

that intermcdiate 5 (equation 9) is not involved in nitrations with 12 but that instead
a direct displacement reaction takes place (equation 13).

5

(I) - Me
A+ 12 Aa_....rl\i....ogc....CNﬁ— - .
0%~ Me

ANO, + (Me),CO + CN™ (13)

A = Carbanion

Less acidic compounds such as t-butyl acetate, acetophenone and diethy! succinate
fail to undergo nitration with 1233, Also, the choice of base in nitrations with 12
seems to be restricted to sodium hydride and potassium hydride3¢. Alkoxide bases
cannot be used because they react rapidly with 12.

Nitration of N,N-dimethylbenzylsulphonamide with potassium hydride and 12
gives the o-nitrosulphonamide in 25% yield, while the yield is 75% with ethyl
nitrate3*.

2. Alkali amide—liquid ammonia systems

Stronger bases than potassium ¢-butoxide are required for the successful extension
of the alkyl nitrate nitration to active methylene compounds of low acidity. The use
of amide bases such as potassium or sodium amide in liquid ammonia enablecs
successful nitrations to compounds of pK,~ 35%. With very few exceptions
nitrations in the potassium amide-liquid ammonia system give higher yields than
those in the sodium amide system3°-38, Nitrations in lithium amide, the weakest base
in the series, give nitro compounds in very low yield3"-38,

Major advantages of the potassium amide-liquid ammonia system are:

(1) Increase of the scope of the alkyl nitrate nitration.

(2) Elimination of the time-consuming sublimation procedurc to prepare 100%
potassium ¢-butoxide. (This base has also been prepared in situ from r-butyl
alcohol and potassium amide in refluxing THF?' )

(3) Elimination of operations mandatory in the handling and storage of dry THF
to prevent pcroxide formation?'.

Disadvantages of the potassium amide system are:

(1) Reaction with the nitrating agent*’. the alkyl nitrate, even at —40°C (equation
14).

(2) Determination of the optimum ratio of the reactants for every class of
compounds.
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(3) Careful control of the exothermal stage which occurs during the addition of

nitrate to the reaction mixture; although it usually subsidcs after a few drops
of the alkyl nitrate are added.

K NH—NH, NHCI
RONO, RO™ e ROH (14)
R = alkyl

a. Experimental conditions. The required time for anion formation, optimum ratio
of reactants, and work-up procedures vary with different classes of compounds.
Otherwise experimental operations are rather simple. The substrate is added at
—33°C to the alkali amide which is prepared in situ in liquid ammonia. Then, the
nitrate ester is added as fast as is feasible by maintaining the reaction temperature at
about —40°C. Replacement of ammonia by diethyl ether causes precipitation of the
salt, which on acidification with glacial acetic acid is converted to the nitro
compound. An alternate procedure for obtaining the nitro compound involves direct
acidification of the reaction mixture with ammonium chloride.

b. Scope of the alkyl nitrate nitration in the alkali amide-liquid ammonia system
(i) Ketones. Dinitrations3® of Cs—C, cycloalkanones using potassium amide give the
corresponding dinitro salts in yields which are comparable with or better than those
using potassium (-butoxide as the base (Table 6). Essentially, equivalent amounts of
base and alkyl nitrate are employed to obtain optimum yields and in the case of
cyclopentanone and cyclohexanone, two cquivalents of base suffice for generating
high anion concentrations. With the less acidic cycloheptanone an excess of base (3.5
equiv.) is needed. A mixture of dinitro and mononitro salts is obtained when less
base is used. In the case of cyclooctanone, nitration with an excess of base (3.5
equiv.) still gives a mixture of dinitro and mononitro salts*®.

The formation of mononitro compounds is a good indication that dinitration
proceeds stepwise. This conclusion seems to be supported by the conversion of
2-nitrocyclooctane to dipotassium 2,7-dinitrocyclooctanone (28% yield) on further
nitration.

The yicld of dinitrated products reflects the acidity of the corresponding salt of the
mononitrocyclanone which is converted into a dianion 13 by proton removal
(equation 15).

TABLE 6. Comparison of dinitration of cyclanones in --BuOK-THF and KNH-NH3%0

1-BuOK-THF KNH,-NH,

bromination bromination

product?, Disaltc, product?, Disalt<,
Ketone* yield (%) yield (%) yield (%) yield (%)
Cyclopentanone 72 98 89 94
Cyclohexanone 544 74 52¢ 95
Cycloheptanone 554 — 80.5 85¢
Cyclooctanone 354 — 254 —

"Unlcss otherwisc stated 2.0 equiv. of KNH; and 2.2 cquiv. of amyl nitrate are used.
bBromination product is O;NCBr;—(CH3),—CBr;NO,.

¢ Disalt is 2-o0xo0-1,3-cycloalkancdinitronate.

40btained on bromination of the crude disalt.

“KNH> (3.5 equiv.) and amyl nitrate (3.5 equiv.) are used.
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0
NO,”~  xw NO,™
Ik H/\J\/é 2 (15)
(CH,) (CH,),
(13)

The alkyl nitrate nitration leads to mononitroketones if equimolar amounts of
ketone and base are used3032. At this ratio of reactants, however, the nitration is
accompanied by a fragmentation reaction.

A comparison of the data compiled in Table 7 shows that in potassium amide less
cleavage and more overall nitration occur than in potassium r-butoxide. Three
products are obtained from the nitration of aliphatic ketones. Nitration of
4-heptanone, for instance, with ethyl nitrate gives 3-nitro-4-heptanone (14) (55%),
1-nitropropane (8%) and ethyl butanoate (8%) (equation 16).

Mononitration of cyclanones leads to a-nitrocyclanones and esters of
w-nitrocarboxylic acids (equation 17).

TABLE 7. Mononitration of ketones in the potassium ¢-butoxide~THF and potassium amide—
ammonia systems30: 2.6

a-Nitroketone w-Nitrocarboxylic ester

-BuOK-THF, KNH,-NH3, -BuOK-THF, KNH,-NHj,

Ketone yield (%) yield (%) yield (%) yield (%)
Cyclopentanone® 0 1] 10 11
2,2,4-Trimethylcyclopentanoned 82 — trace —
2,2,5-Trimethylcyclopentanone® 0 — 53 —
2,5-Dimethylcyclopentanone/ 10 — 58 —
Cyclohexanone 208 59 10 2
Cycloheptanone 65 79 4 1
Cyclooctanone 35 60 37 21
Cyclononanone 14 26 60 46
Cyclodecanone 14 17 58 50
Cyclododecanone 54 64 23 17
Propiophenpnc" 16 30 0f —
a-Tetralone/ 59 71 — —
4-Heptanone 39 55 0* o/
2,4-Dimethyl-3-pentanone™ 1] — o" —

9-BuOK (1.65 equiv.) and alkyl nitrate (1.1 equiv.) in THF at —40°C are used.
bKNH, (1.0 equiv.) and alkyl nitrate (2.0 equiv.) in NH; at —33°C are employed.
“Compound 6 (19%) is obtained in -BuOK and 29% in KNH,.

9Recovered 40% of ketone.

“Recovered 20% of ketone.

fRecovered 16% of ketone.

8Potassium 2-oxo-3-nitrocyclohexanenitronate (18%) is also formed.

"Recovered 59% of ketone.

‘Ethyl benzoate (8%) and benzoic acid (7%) are formed (nitrating agent is EIONO,).
/Recovered 34% of ketonc.

kAmyl butyrate (25%) and 1-nitropropanc (20%) are isolated (nitrating agent is AmMONO,).
/Ethyl butyrate (7%) and 1-nitropropane are formed (nitrating agent is EtONO).
™Recovered 16% of kctone.

"Amyl isobutyrate (84%) and 2-nitropropanc (66%) are obtained.
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1. KNH;—NH, or ¢-BuOK—THF

(CH3CH,CH,),CO CH3(CH,),CO,Et +

2. E1ONO,
8%
i
L3 ’ H'
NO,
55% 8%
(14)
(0]
1 KNH,—NH, or +-BuOK—THF NO
2 RONO, %/ 2 + OgNCH,(CH,), + \COR  (17)
(CH,), 3w (CH,),
n=2-7and 9
R = alky!

The following observations confirm that the fragmentation occurs during the
nitration and not during the acidification step:

(1) One of the reaction products, the carboxylic ester, can be isolated from the
basic reaction mixture prior to acidification (equation 16).

(2) Fragmentation is not a consequence of direct attack on the nitroketone by
alkoxide derived from the alkyl nitrate. No cleavage products are formed
when THF solutions of 2-nitrocyclooctanonc or of 14 are added at —40°C (the
temperature maintained during the nitration) to varying ratios of a potassium
t-butoxide—potassium cthoxide mixture or to potassium ethoxide alone,
followed by acidification.

(3) Cleavage is not caused by direct attack of alkoxide on the nitroketone which
might be present in equilibrium with its salt3. When in a nitration of
cyclooctanone absolute ethanol is added immediately after the amyl nitrate,
the only ester present after acidificatioan is amyl 8-nitrooctanoate.

The foregoing results indicate clearly that the salt of a nitroketone, once formed
during the nitration, does not participate in the cleavage reaction. A mechanism
consistent with the experimental observations involves alkoxide attack at the
carbonyl group of the intermediate S (equation 9 X = CO) which may have some
stability at the temperature (—40°C) at which nitrations are performed. Intermediate
S also leads to the nitroketone after removal of the acidic «-hydrogen by base
(equation 18).

These two competing reactions should be influenced by the availability of
«-hydrogens and by any steric inhibition to alkoxide attack on the carbonyl group of
S. As shown in Table 7 and in equations (19)-(21), nitrations of
2,2,5-trimethylcyclopentanone and of 2,5-dimethylcyclopentanone in which no
a-hydrogens are available, lead mostly to the nitrocarboxylic esters 1S and 16,
respectively. Nitration of 2,2,4-trimethylcyclopentanone, in which one of the
a-positions is blocked, gives the nikroketone 17 in high yicld and only a trace of
cleavage product.

Also consistent with the role of intermediate §, it is reported that more of the
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I ? |
Rz—c—c—rf—on3 —— R2—C—OR?® + R'CH=NO,” + "OR® (18)
o]

0
2 I — —0OR3
R‘—C—C=NO, + "OR’ + HB

o NO,
1 ¢-BuOK—THF O C H 19
CH _CHy ———————+ CHaCHI(CH,),C(CH5),—C

(CHa), IS—— 3CH(CH;),C(CH3), 2CsHyr  (19)

3N (15)

53%

0 NO, 0
o CH, 227 e cI:H(CH ),—CH(CHa)—CO,CcHyy  CH CHs
H _— — —
3 3 2 C4H,;ONO, 3 272 3 2%5' 3 NOZ
3 H* (16)
58% 10%
(20)
0
(CH,;), v ¢BuOK-THF  (CH4), NO, 1)
2 C4H,,0NO,
3 H*
CH, CH,
a7
82%

nitroketone forms in nitrations in potassium amide than in potassium ¢-butoxide; in
the stronger basic medium removal of the acidic hydrogen in § occurs at a faster rate
than the attack of alkoxide at the carbonyl group3’.

(ii) Aliphatic carboxylic and phenylacetic esters. Nitration of aliphatic carboxylic
and phenylacetic csters affords a-nitro esters and the products of fragmentation
(decarboxylation). namely nitroalkanes and dialkyl carbonates*®. Moreover, two
a-nitro esters might form via transesterification if the alkoxy groups in the carboxylic
and nitrate csters differ from each other (equation 22).

In nitrations of ethyl esters only a 10% excess of aniide can be used without
causing ammonolysis. Apparently this excess is insufficient for optimum anion
formation because the total amount of nitration is not very high. It is, however,
substantially increased when nitrations are carried out on f-butyl esters where amide
formation is negligible even when a 100% excess of amide is employed®!. Moreover,
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0
|

UKNH-NHy '
nitro salts’ + R20—C—OR3

R'CH,CO,R?
2. RIONO,

H* (22)

R'CHNO,CO,R? + R'CHNO,CO,R3 + R'CH,NO,

the nitration results for several r-butyl esters and ethyl esters show that less
fragmentation occurs in the nitration of r-butyl esters except in the case of -butyl
phenylacetate where tlie major product is phenylnitromethane.

The nitration of p-nitrophenyl acetate is unsuccessful*® and 75% of the ester is
recovered unchanged. Apparently as in the case of diethyl malonate, which also fails
to undergo nitration, the equilibrium indicated in equation (9) lies far to the left of
intermediate § (X = CO,).

Based on several control experiments®® it has been determined that the
decarboxylation of the a-nitro esters does not occur in the acidification step. Also, it
has been ascertained that at the conditions of the nitration reaction, the a-nitro ester
salt, once formed, is not involved in the decarboxylation and transesterification
reacticns. A reasonable mechanism of these reactions is presented in Scheme 1.
Nucleophilic attack of alkoxide (from the nitrating agent) at the carboxyl group of

(R3)R20,C—CR'=NO,~ + (R%)R20H or BH

> ™S

R'¢ O~ R!
L™ - | P
(R3)R2020—(|:—T—0R2(R3) e (R)R ozc—c|—Noz + T"OR(R3)
H O
(5)
R%0" “-m’ l
S Tn g
R20—C—C—N—OR?(R3) Rzo—?—\%—Noz
ROR3H O R3O H
(Y)

—ORN

SCHEME 1

Rzo—ﬁ—on3 + R'CH=NO,™ CH
0
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TABLE 8. Nitration of -butyl and ethyl esters, RICH,CO,R? 40-4

NO; - NO;
Total amount Total

RCHCOZEt RéHCOzBU-l of a-nitro csters, RNO, nitration,
R! R? yield (%) yield (%) yield (%) yield (%) yield (%)
Me Et 24 —_ 24 19 43%
Me Bu+r 22 26 48 14 62°
Et Et 41 — 41 14 55%
Et But 31 22 53 26 79¢
n-Bu Et 42 —_ 42 14 seb
n-Bu Bu-t 33 22 55 33 RE&°
s-Bu But O 0 0 72 72¢
H But 22 18 40 33 73¢
i-Pr Bu+s 18 33 51 26 77°
Ph Et 23 — 23 49 72
Ph But 3 36 39 49 88¢
p-MeOC¢H, Et 724 — 724 22 94

?Ratio of cthyl esters to KNH; to EtONO; is I to 1.1 to 1.5; in the case of t-butyl esters the
ratiois 1 to 2 to 1.5.
bAbout 20-30% of starting cster is recovered.
“About 1-8% of starting ester is recovered.
Isolated as the potassium salt.

intermediate § (equation 9, X = CO,) leads to intermediate Y which on
fragmentation is converted to the nitroalkane salt and dialkyl carbonate. Removal of
the «-hydrogen in 5§ by a base, such as amide, alkoxide or ammonia, would lead to
the a-nitro ester salt. As predicted by the mechanism, the fragmentation would
predominate if there is no a-hydrogen available in intermediate 5. This has been
confirmed in the nitration of r-butyl 2-methylbutanoate. Only 2-nitrobutane is
obtained and none of the nitro ester (Table 8).

The transesterification reaction might involve the collapse of intermediate Y,
containing different alkoxy groups, via intermediate 5. There is some support of this
from the results of an experiment in which potassium ethoxide is added prior to
n-butyl nitrate in the nitration of ¢-butyl hexanoate (18)*°. Three different «-nitro
esters are obtained, r-butyl 2-nitrohexanoate, n-butyl 2-nitrohexanoate (19) and cthyl
2-nitrohexanoate (20) (cquation 23). It is uncertain whether ethoxide per se is

CH,4(CH,),C0,B LW, Wi 2 KOF:
3( 2)4 2 u-t 3 n~8u0N02; 4. H CH3(CH2)3CHNOzCOzBU't +

(18) 3%

CH4(CH,)3CHNO,CO,Bu-n + CH,(CH,);CHNO,CO,Et  (23)
(19) (20)
23% 22%

actually involved in the formation of 20, for it has been reported that
transesterification takes place between ethoxide and n-butyl nitrate at —33°C in
potassium amide—ammonia (equation 24). Thus it is possible that the formation of

KNH,—NH,
n-BuONO, + "OEt =——— n-BuO0™ + EtONO, (24)
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esters 19 and 20 in the nitration of 18 is due to the presence of both n-butyl and ethyl
nitrates. The equilibrium of the transesterification lies far to the right (equation 24);
only a small amount of n-butyl nitrate forms when potassium n-butoxide is added to
ethyl nitrate. This is explained by the low solubility of n-butoxide in liquid ammonia.
The low solubility might account for the observation that only a small amount of 19
is formed if n-butoxide is added before the ethyl nitrate in the nitration of 18. It is
also possiblc that some of nitro ester 20 originates from ethyl hexanoate (21) itself.
This is indicated by the observation that 21 forms in ~23% yield from the -butyl
ester 18 and ethoxide under the conditions of the nitration reaction.

(iif) Alkylsulphonate esters. In contrast to carboxylic esters, alkylsulphonate esters
are not subjected to desulphonation or transesterification in the alkyl nitrate
nitration*2. The choice of the ester group, however, is important to avoid the
formation of a-nitroalkylsulphonic acids. Nitration of ethyl 1-butanesulphonate (22),
using potassium amide as the base. gives two compounds, namely 55% of ethyl
1-nitro-1-butanesulphonate (23) and 11% of potassium 1-nitro-1-butanesulphonate
(24) (equation 25). With sodium amide, the yield of 23 is only 36%. Similarly,

1. KNH,; —NH
CH3(CH)3SO4Et T;Noz—’— CH3(CH,),CHNO,SO3Et + CH4(CH,),CHNO,SO.K  (25)
(22) 3 el (23) (29)

nitration of n-octyl 1-butanesulphonate gives n-octyl 1-nitro-1-butanesulphonate (24)
and 1-octene (25) (equation 26). The presence of 25 in the reaction mixture indicates
that the loss of the ester group proceeds via a B-elimination reaction.

1. KNHg—~NH,y
. 2
3. NHCI
CH3{CH,)sCH=CH, (26)
(25)

The choice of an cster group, such as ncopentyl, in which p-elimination cannot
occur during the nitration of alkylsulphonates, affords only neopentyl
a-nitroalkylsulphonates (Table 9). In order to obtain high yields of a-nitrosulphonate
esters containing 8—12 carbons in the acid part, more concentratcd reaction mixtures
have to be cmployed. For instance, the yield of neopentyl
1-nitro-1-dodecanesulphonate (26) incrcases from 3% to 33% when the
concentration of potassium amide is increased from 0.3 M to ~0.7 M. Apparently,
this is due to a slower rate of anion formation (equation 8), for the yield of 26 is
further increased to 47% when the anion of neopentyl 1-dodecanesulphonate (27) is
generated with potassium amide in THF at 65°C and then subjected to nitration at
—33°C. Similar treatment of neopentyl 1-hexadecanesulphonate (28) gives no
nitrated product, and 95% of 28 is recovered. The failure of 28 to undergo nitration
is accounted for by a lack of anion formation, as confirmed by a deuterium-exchange
experiment. No deutcrium is incorporated into 28 after treatment with potassium
amide in liquid ammonia and subsequent acidification with deuterium oxide in
anhydrous ether. Under similar reaction conditions, 75% of deuterium is
incorporated into ester 27.

Since desulphonation does not take place in the nitration of alkylsulphonates it is
possible to obtain tertiary a-nitroalkylsulphonates. Nitration of neopentyl
2-butanesulphonate affords neopentyl 2-nitro-2-butanesulphonate (equation 27). In
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TABLE 9. Alkyl nitrate nitration of ncopentyl alkylsulphonates, RSO3;CH,C(CH3)3,
in potassium amide-liquid ammonia®?

Neopentyl 1l-nitrosulphonates

R yield (%)° yield (%)¢
CH;CH, 74 (22) —

n-C4Hy 76 (22) —

II'C6H13 56 (37) 75 (21)e
n-CSH” 33 (62) 76 (22)
n-C10H21 17 (78) 56 (40)
n-CjoHss 3 (93) 40 (63), 471
CH;CH ,CH(CH,) — 35 (60)
(CH3);CCH,03S(CH>)s 69 —

“Reprinted with permission from H. Feuer and M. Auerbach, J. Org. Chem._, 3§, 2552
(1970). Copyright 1970 American Chemical Society.

5The ratio of ester to base to nitrate is 1:2:3.

“Reactions are performed at —33°C in ca. 0.3 M solution of potassium amide. The
nitration time is 5 min.

“The concentration of potassium amide is ca. 0.7 M. The nitration time is one hour.
°The numbers in parcnthesis represent recovered starting matcrial,

fAnion formation is carried out in THF at 65°C, and the nitration at —33°C.

NO
Y KNH,—NH, z
CH4CH,CH(CH3)SO;CH,C(CH3) 4 o CH3CH2?——SO3CHZC(CH3)3 (27)
3. NH,CI CH3
35%

contrast, nitration of t-butyl 2-methylbutanoate leads entirely with decarboxylation
to 2-nitrobutane (Table 8).

Regarding the p-elimination reaction which takes place in the ester part of
alkylsulphonates, it has been confirmed that it occurs during the nitration step and
not during anion formation or acidification. The important findings are: (a) ester 22
is recovercd in 92% yield after treatment in the potassium amide-liquid ammonia
system and acidification with ammonium chloride; (b) the potassium salt of 23 is
converted in 97% yicld to 23 on trcatment with potassium amide in liquid ammonia
and subsequent acidification with ammonium chloride; (¢) on similar treatment,
however, nitro ester 23 undergoes p-climination to the potassium salt of 24 to the
extent of 26%. A mechanism consistent with these observations is presented in
Scheme 2. It shows in the first step the collapsc of intermediate § (equation 9,
X = S0O;) into nitrosulphonate 23 and alkoxide. Then, as suggested by the results of
experiment (c) (see above), a competitive reaction takes place in which the base can
attack the a-hydrogen (H,) as shown in step (2), or alternately can abstract the
B-hydrogen (Hy) in the ester part to give salt 24 and ethylene in step (3).

(iv) Activated toluenes. The alky! nitrate nitration of toluenes3’ substituted in the
ortho or para position with an electron-withdrawing group gives the corresponding
a-nitrotoluencs in yields of about 40-55% (Table 10). The yield varies greatly with
the particular activating group. With two substituted toluenes, higher yields are
obtained in the weaker sodium amide-liquid ammonia system than in the stronger
potassium amide-liquid ammonia system. This is encountered in the nitrations of
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'iia H,
COR
(5) (23)
Ha
B-
NO, Hy NO,™
B~
H3C(CH,),CHNO,—S0;~ + CH,=CH, (3)
(24)

SCHEME 2

N, N-dimethyl-p-toluenesulphonamide (29) and phenyl p-tolyl sulphone (30). The
lower yields obtained in potassium amide are not due to side-reactions because the
material balances are about 70-80%. The results have been explained by the
ambident nature of the anions of 29 and 30. In one of the contributing structures of
these anions, the negative charge resides on the oxygen. It is conceivable that the
electrophilic attack of the nitrate would occur on oxygen rather than on cartion. The
product of such nitration would very likely be unstable and revert to starting material
(equation 28). According to the well-known cation effect®?, O-nitration
predominates in potassium amide and as a consequence the yields in the nitration of
29 and 30 are lower than in sodium amide.

Toluene (pK, ~37)** fails to undergo nitration in potassium amide;
diphenylmethane (pK. ~35)*, however, is converted to diphenylnitromethane (31)

o -
, ! _ I
R —? CH,” =—— R‘-—-? CH,
o] o]
1 R20NO,
2 (28)
g ?
R‘—?—QCHzNoz + R‘-—-?:<_>:CH2
0 o
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TABLE 10. Alkyl nitrate nitration of activated toluenes334

X X X
@—CHS @CHZNozb @CHZNO{

X yield (%) yield (%)
p-CN 47 (36)? 42 (41)4
o0-CN 38 (35) —
p-PhCO 16 (64) 0 (100)
p-Me;NSO, 15 (55) 40 (29)
p-PhSO, 4 (84) 55 (39)

“The molar ratio of substrate to base to alkyl nitrate is 1:1.5:2.
bThe base is potassium amide.

¢The base is sodium amide.

4The number in brackets refers to recovered starting material.

(40%7 Spectroscopically pure 31 decomposes to benzophenone*® when stored at
0°C; ciphenylbromonitromethane, however, is stable when kept at 0°C.

Attempts to nitrate p-nitrotoluene have been unsuccessful. Under the basic
conditions of the nitration it is converted to p,p’-dinitrobibenzyl?’.

The para-substituted a-nitrotoluenes (Table 10) are readily converted in good
yield into the corresponding stilbenes on treatment with a catalytic amount of
potassium acetate in refluxing ethanol®® (equation 29). Under similar reaction
conditions. 0-cyanophenylnitromethane is converted to 3-oximinophthalimide (92%)
(equation 30).

__CHiCOK l:
X HNOp ———— CH (29)

X = CN (76%), MeoNSO; (67%), PhSO; (55%), PhCO (100%)

NOH
CH,NO
272 CH3CO.K H (30)
95% EtOH
CN
O

(v) Amides and lactams. There is only one example in the literature in which the
nitration of an N-substituted amide in potassium amide is described*s.
N-Acetylpiperidine (32) is converted into N-nitroacetylpiperidine in about 8% yield
and a considerable amount of starting material is recovered. It is possible that the
low yield in the nitration of 32 is due to transamidation. For instance, when
N.NV-diphenylacetamide (33) is placed in potassium amide-liquid ammonia only 80%
is Tecovered and 20% diphenylaminc is isolated. However, nitration of 33 affords
N, N-diphenylnitroacctamide (34) in 30% yield*’ (cquation 31).

1 KNH,—NH
Ph,NCOCH; ———— N;’—» Ph,NCOCH,NO, (31)
r 2
{35) 3 W (34)

30%
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Attempts to nitrate o-N,N-dimethyltoluamide and its para isomer are unsuccessful
because they are converted to o- and p-toluamides, respectively3s.

The conversion of several N-methyl-2-azetidinones to the N-methyl-
3-nitroacetidinones has been reported*8. It is of interest that the rrans
isomers are formed exclusively (equation 32). Also nitrations of
N-methylcaprolactam and N-methylpyrrolidone afford N-methyl-3-nitrocaprolactam
(37%) and N-methyl-3-nitropyrrolidone (34%).

R! R!
RZ—1—N—Me 1KNH N4,  RZ—1—N—Me
—g 2 j-PrONO, Q (32)
o 3 NN NO3 0o

R! = Me, R? = H (34%); R', R? = Me (70%); R' = H, RZ = Ph (10%); R' = H,
R2 = MeO (30%); R' = H, R2 = MeS (32%)

(vi) Heterocyclic compounds. The alkyl nitrate nitration of n-deficient
heterocyclic compounds such as 4-methylpyridine (35) and 4-methylpyrimidine and
of mn-excessive heterocyclic compounds such as 2-methylbenzoxazole and
2-methylbenzothiazole leads to a-nitroalkyl heterocyclics®6. Both sodium amide and
potassium amide have been found effective as bases in the nitration, but they are not
equally effective 1 providing optimuin yields (Table 11). For instance, in sodium
amide, 35 is converted into 4-nitromethylpyridine (36) in 66% yield while in

TABLE 11. Alkjyl nitrate nitration of alkyl-substituted heterocyclic compounds?

NaNH,-NH¢, KNH,-NHy¢,
Starting material Product? yield (%) yicld (%)
Q.. “ .

N

Oroe Drowe w

CH, CH,
/E@\ /(Oj\ 68 65
CHy N™ "CHy CHy N7 "CHNO,

@caa (O\/[CHa , B
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TABLE 11. (continued)

Henry Feuer

NaNH,-N¢, KNH,-NH4?,
Starting material Product? yield (%) yield (%)
Et Et
O O 08 42/1
N™ “CH, N~ TCH,NO,
0. O o
CHy N CHy CH, N CH4
02
N@—(CH2)3Ph N@—CH(CHZ)zPh 20 74
o) o) | |
71 54/
O*N@C% o«@—cwuoz 58t 58k
a0, QO
N7~ CH4 N~ “CH,NO,
CHy CH,NO,
@ Q ”
N N
NW Nﬁ
@N ON — 71
|
CH4 CH,NO,
ON ON 54 50
CH3 CH,NO,
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TABLE 11. (continued)

NaNH,-NH;, KNH,-NH 4,
Starting material Product® yield (%) yicld (%)

o
©:C>~CH3 @: )—CHNO, 62 _
N N
s s
Olyo Ol « -
N N
N._ _CH, N.__CH,NO,
coplie cuull I
N N

CH, CHLND,
— 88
O OO
CH, CH,NO,
s N s SN 43 -
-/ \J/

?Reprinted with permission from H. Feuer and J. P. Lawrence, J. Org. Chem., 37, 3663
(1972). Copyright 1972 American Chemical Society.

Reactions are performed in ca. 0.5 M amide concentration. The products are obtained from
their salts without prior purification upon acidification with aqueous acetic acid.
“The ratio of substrate to NaNH; to RONQO; is 1:2.5:3.
4The ratio of substrate to KNH, to RONO, is 1:2.0:2.5.

“Obtainced after acidification with acetic acid of the aqueous solution of pure salt.
fisolated as the picrate salt.

887% of starting material is recovered.

'fA 1.19 M concentration of KNHj; is used.

'Isolated as 2-(dibromonitromethyl)pyridine-N-oxide.
/Impure compound.

kIsolated as 4-(dibromonitromethyl)pyridine-N-oxide.
!Only 1-(2-quinolyl)2-butanol is obtained (26%).

potassium amide the yield ts only 33% and 42% of 35 is recovered. The sodium salt
of 36 which can be readily purified is obtained in 92% yield (equation 33). This is not
the case with the potassium salt of 36 which is highly hygroscopic.

On the other hand, in the nitration of 4-methylquinoline, potassium amide
provides a higher yield of 4-nitromethylquinoline (37) (92%) than sodium amide
(58%) (equation 34).

The nitration of 2-mcthylquinoline (38) is rather interesting. It is only successful in
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CH=NO,~ CH,NO, CH=NO,"~
(‘j 1 Nlmz NH3 (|j _H._. Q ——— O (33)
2. n-PrONOz N T+
H
(35) (36)
92% 66%
H,NO, CH=NO,"
1 KNH, NH,
2 n- FrONOz (34)
N+
92%

potassium amide, and the concentration of the reaction mixture is rather important
to obtain the potassium salt of 2-nitromethylquinoline in good yield (Table 12).
When sodium amide is used in the nitration of 38, the only compound isolated
(26%) is 1-(2-quinolyl)-2-butanol (39). The formation of 39 is probably due to a
base-catalyscd reaction of 38 and propanal (equation 35). The aldehyde originates

cuacnzcuo
(395)
CH,CHOHCH,CH,

(39)

from the attack of base (NH,") on n-propyl nitrate via a-hydrogen abstraction. A
similar reaction of the nitrate ester has becn observed in the nitration of aldimines
(see beclow, equation 52).

Nitration of heterocycles having more than one methyl group affords only
mononitration products (Table 11) even if an excess of base and nitrate ester is used.
As in oximation®" and side-chain alkylation®!, the reactivity of the methyl group in
pyridine is in the order of 4 > 2> 3. Thus 2.4.6-trimethylpyridine and
2.3-dimethylpyridine are converted respectively to  2,6-dimethyl-4-nitro-
methylpyridine and 2-nitromethyl-3-methylpyridine.

TABLE 12. Effects of potassium amide concentration on the nitration of 2-mcthylquinoline?

Potassium salt of Recovered
Concentration 2-nitromcthylquinoline, 2-methylquinoline (38),
of KNH, (m)? yield (%) yield (%)
0.35 0 88
0.59 42 42
1.58 43 43
2.84 50 37

“Reprinted with permission from H. Fcuer and J. P. Lawrence, J. Org. Chem., 37, 3663
(1972). Copyright 1972 American Chemical Society.
bRatio of 38 to KNH; to n-PrONO; is 1.0:2.0:2.5.
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The nitration of 4-ethylpyridine leads to a mixture consisting of
1-(4-pyridyl)nitroecthane (40) and 4-acetylpyridine (41) (equation 36). Since

- CHyCH4 CH,C=NO,~ Na* CHNO,CH, COCH4
NaNH,~ NH, H*
O n-PrONO, Q Q * Q (36)
N N N N
(40) (41)

according to the spectral data the material isolated from the basic nitration mixture
does not indicate the presence of 41, it must be formed during the acidification step
in a Nef-type reaction from 40. This is also confirmed by the observation that
analytically pure 40 transforms slowly into 41. Pure 40 is obtained by reduction of
1-bromo-1-nitro-1-(4-pyridyl)ethane (42) with sodium borohydride. Compound 42 is
prepared by bromination of the crude sodium salt of 40 (equation 37).

CH,C=NO; Na* CH,CNO,Br CH,;CHNO,
Q KOBr NeBH,
— J = O
N N N
42) (40)

Attempts to nitrate 3-methylpyridine (43) have met with failure. This cannot be
due to the lack of anion formation because 43 undergoes alkylation reactions in both
sodium amide and potassium amide2. It is possible that the anion of 43, being more
basic than those of the 4- and 2-isomers reacts with the nitrating agent in an E,-type
rather than in a Sn2-type fashion. The consequence of this is destruction of the alkyl
nitrate.

3-Nitromethylpyridine (44) has, however, been prepared by the nitration of ethyl
3-pyridylacetate. A mixture is obtained consisting of 44 (65%) and ethyl
a-nitro-3-pyridylacetate (45) (33%). The mixture is completely converted to 44 on
heating in base followed by acidification (equation 38).

CHLOEL | i e CHNO,CO,Et CH,NO,
+ 3
Q 2. EtONO, Q CN> (38)

N 33. H* N
(45)

(44)

1. NaOH
2. H*

44

Nitrations*? of 4-isopropylpyridine (46) and 2-isopropylpyridine (47) do not give
the expected tertiary isopropylnitropyridines but instead lead to the dimers,
2,3-bis(4-pyridyl)-2,3-dimethylbutane (48) and 2,3-bis(2-pyridyl)-2,3-dimethylbutane
(49) (equation 39). On the other hand, 3-isopropylpyridine is recovered unchanged.

Convincing evidence is presented that the nitro compounds, 2-nitro-2-
(4-pyridyl)propane (50) and 2-nitro-2-(2-pyridyl)propane (51) are intermediates in
the formation of dimers 48 and 49. For instance, in the absence of the nitrating agent,
46 and 47 are recovered unchanged. Also, both compounds 48 and 50 are isolated
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N CH
1. NaNH, —NH
CHICH,) vy X 3 (39)
372 2. n-PrONO, \ CH. CH
G4

N 3. NHCI
(46) 4-pyridy!
(47) 2-pyridyl

(48) 4-pyridyl, 88%
(49) 2-pyridyl, 91%

when in an inverse addition the potassium salt of 46 is added to the nitrating agent in
liquid ammonia (equation 40). Moreover, nitro compounds 50, 51 and

(CH,),C K* (CH;),C—NO,
NH4
neono, + () —— a8+ () (40)
N 32% N
(50)
60%

2-nitro-2-(3-pyridyl)propane (52), which have been prepared by direct nitration with
90% nitric acid®3, are converted in high yields to the respective dimers 48, 49 and
2,3-bis(3-pyridyl)-2,3-dimethylbutane (53). The dimerizations occur in potassium
amide-liquid ammonia or in the presence of the respective isopyropylpyridine anions
generated in the potassium or sodium amide—ammonia systems (equation 41).

1. @—E(m,),
(I:HS 2. NHCI ?Ha ?Ha
@C— NO, or @— C——C (41)
\ = L.

N CHS N

1. NHy" =Ny CHy CHy
(50—52) 2. MOl (48), (49) and (53)

Regarding the formation of dimers 48, 49 and 53, a direct displacement of the
tertiary nitro group in compounds 50-52 by the tertiary carbanion of 46, 47 and
3-isopropylpyridine would seem unlikely because of steric considerations. it has been
proposed®® that these dimerizations occur by electron-transfer processes related to
reactions in which the tertiary nitro group of a,p-dinitrocumene is replaced by a
variety of anions** (see Chapter 10 in this volume).

Evidence that isopropylpyridines can participate in electron-transfer reactions in
the amide—ammonia system is offered from two observations. In potassium
amide-liquid ammonia, 46 is converted in the presence of oxygen to
2-(4)pyridyl)-2-propanol (54) (equation 42). Oxygenation of carbanions are
considered to involve a radical-radical anion mechanism35. Moreover, the reaction
of 46 and nitrobenzene in potassium amide—liquid ammonia affords dimer 48 (53%),
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(CH4),C—OH
46 1. KNHz —NH, O
' 3.2 ‘N??:Cl N 2
(54)
73%

2-(4-nitrophenyl)-2-(4-pyridyl)propane (55) (10%) and potassium nitrobenzenide
(56) (equation 43). The reddish-brown 56 decomposes to benzene on addition of
water36->7,

(CH4),C—CgH4NOyp NO,= K*
1. KNHa—NH, l
46 + CgHgNO; —— s 48 + @ + Q (43)
53% N N
(55) (56)
10%

The essential steps which lead to the formation of dimers 48, 49 and 53 are shown
in Scheme 3 by using the formation of 49 as an example. The reaction is initiated by
an electron transfer of the anion 47a of 47 to the nitro compound 51 to give the
radical anion A of 51 and radical B of 47. In step (2), A collapses into nitrite ion and
B, which then couples with the anion 47a to produce the radical anion C of dimer
49 (step 3). Propagation of the radical chain by an electron transfer from C to 51
leads then to dimer 49 and regeneration of radical anion A (step 4).

v @ ! @C(CHg)zNoz T

ClCH,) 5~
(472) (51)
L - L
N~ CI(CH;),NO, N~ ~CI(CH,)
('A) ('B')
(2) A NO;s + 'B’
(3) B + &7Ta —~ @
N~ CICH,),
('c’) 2

(4) ¢ +8561 — 49 + A

SCHEME 3
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The combination of radicals B can also lead to dimer 49, but this process is
considered less favourable in the highly diluted solution in which the experiments are
performed.

In the direct formation of dimers 48, 49 and S3 from the nitro compounds §0, 51
and 52 on treatment with amide in liquid ammonia, it is suggested that the
isopropylpyridine anion (the electron donor in step 1 of Scheme 3) is generated by
displacement of the nitro group by amide ion (equation 44).

CH,

{
@—c(cus)zr«o2 b Ny — @»?— + [NH,NO,]  (44)
N

N™  CH,

The base—solvent system is rather critical for the dimerization to occur. Compound
50 is recovered unchanged after treatment with potassium methoxide in methanol at
reflux. A reaction, however, does occur in DMSO at 75°C as well as at ambient
temperatures with potassium ¢-butoxide in DMSO or HMPA. However, the product
of these reactions is not the dimer 48 but the olefin 4-isopropenylpyridine (57)
arising from the loss of nitrous acid (equation 45).

CH,C=CH,

2-BuOK
@ s
DMSO or HMPA N

(57)
99%

(vii) Arylmethylene, alkylidene and hetarylmethylene phenylhydrazines. The alkyl
nitrate nitration of arylmethylene, alkylidene and hetarylmethylene phenylhydrazines
constitutes a general method for the introduction of the nitro group into the
a-position of these classes of compounds®’ (equation 46). Nitration in several

1. KNH;—NH;
RCH=N—NHPh ——— RC=N—NHPh (46)
2. RUNO, |
R = aryl, alkyl, hetaryl

base—solvent systems with benzylidene phenylhydrazine (58) shows that highest
ytelds (91%) of a-nitrobenzylidene phenylhydrazine (59) are realized in potassium
amide (Table 13). A high yield (80%) of 59 is obtaincd in potassium r-butoxide—THF
but the reaction is accompanied by the formation (20%) of 1,3,4,6-tetraphenyl-1,4-
dihydro-1,2,4,5- tetrazine (60) (equation 47). It is known that 59 is converted to 60
on heating in methanolic sodium hydroxide3?, so it is possible that §9 is the precursor
in the formation of 60 during the alkyl nitrate nitration. The mechanism of this
conversion is not known. It is possible that §9 is converted to diphenyliminonitrile
(61) which then undergoes a 1,3-dipolar head-to-tail coupling to give 60 (equation
48). 61 has bcen postulated as an intermediate in the conversion of
a-chlorobenzylidinc phenylhydrazine to 60 on treatment with triethylamine in
benzene®’. It is of interest that 59 is recovered unchanged on similar treatment.
However, on heating with sodium hydroxide in acetonitrile 59 is apparently

(23885041
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TABLE 13. Effect of base-solvent systems on the nitration of benzylidene phenylhydrazine
(58)°

Recovered
Base—solvent® PhC(NO;)=N-NHPh (59), PhCH=—N-NHPh (58),
system yield (%) yield (%)
KNH>-NH; 91 3
NaNH,-NH;, 4sb 45
LiNH,-NH; 2 90
-BuOK-THF 80 d

‘ZReprimcd with permission from H. Feuer and L. F. Spinicelli, J. Org. Chem., 41, 2982
1976).

bRatio of 50 to base to nitrate is maintained at 1:1:2.

“The yield is unchanged when the ratio of 50 to NaNH; to nitrate is 1:2:2.

4A 20% yield of 1,3,4,6-tetraphenyl-1,4-dihydro-1,2,4,5-tetrazine is also obtained.

rh
1. #BuOK r‘ll02 N/N\'/Ph
PACH=N—NHPh —————— PRC=N—NHPh + || NI Y
(58) Cawe (59) A
Ph
80%
(60)
20%
5§89 —— [Ph—C=N—N—Ph] —— 60 (48)
(61)

converted to 61, for 59 reacts with methyl acrylate to give the 1,3-dipolar adduct,
5-carboxymethyl-4,5-dihydro-1,3-diphenyl-2-pyrazoline (62)° (equation 49).

_Ph
NaOH N—N
59 + CH,—CHCO,Me —— / (49)
MeCN  Ph CO,Me
(62)
75%

The data shown in Table 14 indicate the generality of the nitration in potassium
amide with a variety of phenylhydrazines. As discussed (see above) in the nitration
of alkylsulphonate esters*? and alkyl-substituted hcterocyclic compounds?®, the yields
of some of the nitro compounds are substantially higher when reactions are carried
out in a more concentrated medium. For instance, the yield of «-nitroethylidene
phenylhydrazine is increased by 53% when the concentration of potassium amide is
increased from 0.3 M to 0.7 M. On the other hand, the yield of «-nitrobutylidene
phenylhydrazine has been found to decrease in the more concentrated reaction
medium.

The data in Table 14 show that only C-nitro compounds are obtained in these
nitrations. According to the accepted mechanism (equations 8-11), the initial
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TABLE 14. Alkyl nitrate nitration of arylmethylene alkylidene and hetarylmethylene
phenylhydrazines, R—CH—N—NHPh’

R—C(NO;)=N—NHPh

In 0.3 M KNH>, In 0.7 m KNH,,
R? yield (%) yield (%)
Ph 91 —
2-MeOC¢H, 28 65
4-MeOCgi, 74 —
2-MeCgH,4 94 —
2-CIC¢H,4 21 45
4-CIC¢H,4 73 —
4-BrCg¢H, 16 58
4-(i-Pr)CgH,4 94 —
4-CF;3Cg¢Hg4 83 —
1-Naphthyl 14 14
2-Naphthyi 46 —
2-Furyl 19 47
2-Thienyl 83 —
3-Pyridyl 38 —
H 30 —
Me 30 83
n-Pr 30 15

?Reprinted with permission from H. Feuer and L. F. Spinicelli, J. Org. Chem., 41,
2982 (1976). Copyright 1976 American Chemical Society.

bThe ratio of substrate to amide to nitrate is 1:1:2. The nitro compounds are obtained
from their crude salts upon aqueous acidification with aceiic acid.

reaction in the case of the substituted phenylhydrazines involves proton abstraction
with the formation of resonance-stabilized ambident anion 63. The exclusive

[R—CH=N—N—Ph <——+ R—CH—N=N—Ph]
(63)

formation of C-nitro compounds might be a consequence of the greater
nucleophilicity of the carbanion over the anilide ion towards the nitrate ester
(equation 9). One might also expect that a nitroamino compound resulting from an
electrophilic attack of nitrate ester on nitrogen would revert to starting material
because it cannot be stabilized by salt formation.

In contrast to the results in the alkyl nitrate nitration, alkylation reactions in
alkaline media lead to exclusive substitution on nitrogen®!. Apparently alkylation
reactions are less influenced by the nucleophilicity of the anion. This fact is
substantiated by experiments in which certain arylmethylene phenylhydrazines which
fail to undergo nitration are readily alkylated. For example, 3-nitrobenzylidene
phenylhydrazine (64) and 4-cyanobenzylidene phenylhydrazine (65) which are
recovered unchanged from alkyl nitration experiments, are converted quantitatively
to the respective N-methylated phenylhydrazines 66 and 67 when methyl iodide is
added to the reaction mixture (equation 50).

(viii) Aldimines and alicyclic ketimines. The alkyl nitrate nitration of aldimines
affords 1-alkylamino-2-nitro-1-alkenes®.  N-Propylidene-r-butylamine (68) is
converted to 1-(¢-butylamino)-2-nitro-1-propene (69) in 53% yield if potassium
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Me
1 KNH;—NH3 or 1-BuOK—THF

_ I
RCH =N —NHPh —— s o RCH=N—N—Ph  (50)

(64) R = 3-nitrophenyl (66)
(65) R = 4-cyanophenyl (67)
NO,
t-BUN=CHCH ik
-Bs = - =C—
J) 2CH4 z mPron, t-BUNHCH=C—CH;,4 (51)
(68) 3 NHCI (69)
53%

amide is employed as the base (equation 51). In sodium amide the yield of 69 is 44%,
while in lithium amide only tar-like material is obtained. In a control test only 18%
of 68 is recovered when subjected to potassium amide in liquid ammonia. Thus it is
rather remarkable that the nitration of 68 in this medium gives 53% of 69. The
results of the nitration of various aldimines derived from primary aldehydes are
shown in Table 15. Variations in the alkylamino part have some effect on the yield.
The low yield (40%) of 1-(isopropylamino)-2-nitro-1-propene is due to its instability.

An interesting aldehyde interchange reaction is observed during the nitration if the
alkyl group of the nitrate ester differs from that of the aldehyde moiety in the
aldimine. In the nitration of N-ethylidene-z-butylamine (70) with n-propyl nitrate, in
addition to 1-(t-butylamino)-2-nitroethene (71) there is also formed 10% of 69
(equation 52).

In a control test it has been established that aldehyde interchange can occur in the
amide-liquid ammonia system. For instance aldimine 68 is formed in addition
to considerable amounts of aldol-condensation products when N-butylidene-z-

TABLE 15. Alkyl nitrate nitration of R'IN=CHCH,R? to
R!NHCH=C(NO,)R?*

R1® R? Yield (%)
-Bu H 2104
n-Pr Me 54

i-Pr Mc 40

i-Bu Me 70

{-Bu Me 51

C6H11 Me 50

t-Bu Et 51

n-Hex Et 67

t-Bu n-Pe 46

“Reprintcd with permission from A. I. Fetell and H. Feucr,

J. Org. Chem., 43, 497 (1978). Copyright 1978 American
Chemical Society.

®The ratio of substrate to KNH, to n-PrONO, is 1:2:1.5.
NH,Cl is the acidifying agent.
“There is also formed 10% of 1-(-butylamino)-2-nitro-1-propene
69).
The yield of 71 is 14% when ethyl nitrate is the nitrating agent.
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1 KNH;—NHy
£BUN=CHCH; —— t-BUNHCH=CHNO, + 69 (52)
2. n
(70) 3. NH,CI (71)
21% 10%
t-BUN=CH(CH,),CH; + CH,CH,CHO — "'::_"" 68 + 72 (53)
2. NHCI

butylamine (72) is treated with propanal (equation 53). The well-established!?
a-hydrogen elimination reaction which primary alkyl nitrates undergo in basic
media accounts for the formation of propanal from n-propy! nitrate.

Nitrations of aldimines derived from «-branched aldehydes do not lcad to
r-a-nitroaldimines. Instead, products are obtained which arise both from dimerization
of the aldimine and aldehyde interchange. For example, nitration of
cyclohexylmethylene-r-butylamine (73) with n-propyl nitrate gives 1,1'-bis(cyclo-
hexylmethylene-z-butylamine) (74) (18%), compound 69 (4%), cyclohexane-
carboxaldehyde (75) (2%) and unreacted 73 (23%) (equation 54). The mechanism

CH=NBu-¢ CH=NBu-t

RSN + 69 + CgHiCHO  (54)
2 n-PrONO,

3 NHC!
CH=NBu-t

(73) (74) (75)

of the formation of dimer 74 has not been established. The dimerization is remi-
niscent of the formation of dimers 48, 49 and 53 from the respective isomeric nitroiso-
propylpyridines on treatment with potassium amide in liquid ammonia (equations
39-41). It is possible that a tertiary nitro compound such as N-(1l-nitrocyclo-
hexylmethylene)-r-butylamine (76) is the precursor and is converted to 74 in an
electron-transfer process.

NO,

OLCHzNBu-I

(76)

Only mononitrated products are obtained in the alkyl nitrate nitration of cyclo-
alkyl-r-butylamines®%. This is in contrast to the results with cyclanones where under
appropriatc conditions both mononitro and dinitro compounds arc obtained'#-20-30.32,
Nitrations of N-cyclopentylidcne-t-butylamine (77), N-cyclohexylidene-t-butylamine
(78). and N-cyclohcptylidenc-t-butylamine (79) givc 1-nitro-2-(¢-butylamino)cyclo-
pentene (80). 1-nitro-2-(r-butylamino)cyclohexene (81) and 1-nitro-2-(¢-butylamino)-
cycloheptenc (82) in vields of 35%, 44% and 50%, respectively (equation 55). The
molar ratio of imine to base to nitrating agent cmploycd is 1:2:1.5, and ammonium
chloride is used in the acidification step.

The formation of compound 80 is of interest in view of the fact that attempts to
prepare the ketone analogue 2-nitrocyclopentanone (83) by the alkyl nitrate nitration
led to ring-opening and gave the ester of w-nitrop-entanoic acid3?. However, 83 has
been recently prepared and characterized as a yellow solid which decomposes at room

tempcrature®®,
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+
NBu-t HNBu-t HNBu-t
1 KNH;—~NH, NO,~
- - 2 -— AN Noz {55)
2 n-PrONO,
(CHy), 3 NHCI (CH3), (CH,),
(T n =2 (80) n = 2, 35%
(78) n =3 (81) n = 3, 44%
(79 n =4 (82) n = 4, 50%

The structures of the 1-alkylamino-2-nitro-1-alkenes are indicated by their spectral
data3®, NMR spectra confirm that in solution both Z and E isomers are present. The
Z isomer predominates in nonpolar solvents because of its increased stability through
intramolecular hydrogen bonding. The presence of the dipolar structure is also
apparent in the solid-state infrared spectra.

1 1 1 i)™
R H O§ R _H ) R _H"0_ .
N—+O N R +N _N—=O
Sc=c{ Sc=c] Sc—c?
H”  R2 H” TNO, H”  R2
Z isomer E isomer Dipolar structure

R! = alkyl; R? = H, alkyl

The spectra of compounds 80-82 confirm that the dipolar structure is a very
important contributor (equation 55). The NMR spectra in deuterated chloroform or
deuterated dimethyl sulphoxide, (CDj3),SO, show the presence of the iminium
proton of compounds 80-82 at 10.17, 12.00, and 12.30 ppm, respectively. The IR
and UV spectra of these compounds also confirm the presence of the dipolar
structure$22,

Bromination of the alkylaminonitroalkene 69 in the presence of pyridine gives the
a-bromo-x-nitroaldimine 84. It is suggested® that the intermediate in the formation
of 84 is a dibromo compound which eliminates hydrogen bromide (equation 56).

t-Bu—N—-CH=C—CHy + Br, ——2C, |1 BUN—CH—C—CHy| ——s
o pyndine |
(69) Br
1
£BU—N=CH—C—CH;  (56)
Br
(84)
77%

In contrast, bromination of the dipolar aminonitrocycloalkene 81, in the presence
of pyridine. docs not occur as expected at the carbonitronate group. Instead it occurs
at C-6 of 81 to give 1-nitro-2-(s-butylamino)-3-bromocyclohexane (85) which exists
mostly in the dipolar structurc. The position of the bromine atom is clearly defined in
the NMR spectrum of 85 by a multiplet at 5.30 ppm due to the methine hydrogen.
This peak is absent in the NMR spectrum of 81.
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It is proposed®?2 that the enamine 86, which is generated from 81 on treatment with
pyridine is involved in the formation of 85 (equation 57). Compound 85 also results

NBu-t HNBuU- HNBuU-
NO,~ NO,~ NO,~
q Drdre P— —
8 or NaH
(86) (57)
+
HNBu-¢
Br N02_
2
86 CHClg
(85)
80%

from the bromination of the sodium salt of 81 whose spectral data indicate that it
exists in the enamine structure 86. The NMR spectrum of the salt taken in

(CD;),SO, shows a triplet at 4.34 ppm and a singlet at 8.10 ppm for the vinyl and
amino protons, respectively.

TABL1238 16. Alkyl nitrate nitration of aliphatic sulphonamides in the butyllithium-THF
system

Sulphonamide a-Nitrosulphonamide Yield (%)
CH3S0,—N 0 O,NCH,SO,—N o] 31
_/
CH3CH,S0,—N o] CH3CHNO,SO—N o] 36
/S /
(CH3),CHSO,—N o] {CH4),CNO,SO,—N o] 46
/ /
(CH3),CHCH,S0,— 0 (CH3),CHCHNO,S0,—N o] 39
__/ A\
CH4CH,CH(CH;)SO,—N O CH;CH,CNO,(CH3)SO,—N 0 35
s/ _/
CH3SO,N[CH(CH3), ], NO,CH,SO,N[CH(CH3), ], 25

9Reactants are used in equimolar amounts. The nitrating agent is CH;CH,;ONO,.
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3. n-Butyllithium

n-Butyllithium (87) has been used with varying success in the alkyl nitrate nitration
of active methylene compounds.

While potassium t-butoxide is found adequate for nitrating benzylic sulphonamides
(Table 5), it is necessary to use the stronger base 87 in THF for aliphatic
sulphonamides (Table 16). Its greater effectiveness might be due to the formation of
the anion in larger amounts and this is actually demonstrated in deuterium exchange
experiments?®. When morpholine methanesulphonamide (88) is treated with an
equimolar amount of 87 followed by deuterium oxide, 77% of 87 is a-deuterated.
Similar treatment of 88 in potassium r-butoxide gives only 18% deuteration.

In contrast, nitrations of certain sulphones, such as benzyl phenyl sulphone and
dibenzyl sulphone give much lower yields of the corresponding a-nitrosulphones with
87 than with potassium t-butoxide?’.

The nitration of the phenylhydrazine 58 (Table 13) in the 87—ether system gives
1-phenylazo-1-phenylpentane (89) as the major product (40%) and 59 as the minor
product (30%); about 21% of 58 is recovered. The formation of 89 arises from a

nucleophilic attack of 87 on the azomethine carbon of 58, followed by air oxidation%*
(equation 58).

Bu-n
1 n-Buli—Et,0
58 ——— > 59 + PhCH—NH—NHPh
2. n-PrONO,
3 H 30%
[0]
Bu-n
PhCH—N=NPh (58)
(89)
40%

A similar addition on the azomethine carbon takes place when 87 in n-hexane is
used as the base in the nitration of aldimine 72. The product of the reaction (40%) is
(N-t-butyl)-4-aminooctane (90) (equation 59).

NHBu-t
1 nBuli—n-CgH g
_ CH(CH,),CH 59
72 7 nrrono, CH3(CH,),CH(CH,);CH3 (59)
T (80)
40%

4. Lithium diisopropylamide

There are a few reports which describe the use of lithium diisopropylamide (91) as
the base in nitration reactions. Dideprotonation of carboxylic acids with 91 in THF
and hexamethylphosphoramide (HMPA) as cosolvents leads to dilithium salts of
carboxylic acids which on subsequent treatment with n-propyl nitrate and acid are
converted into nitroalkanes%® (equation 60).

The nitroaldimine 92 is obiained=% in 29% yield when 72 is nitrated with n-propyl
nitrate in lithium diisopropylamide—THF (equation 61). In potassium amide the yield
is 51% (Table 15).

Nitration® of alkylphosphonate dibutyl esters (93) with 91 as the base leads
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RCH,—CO,H —natli 770 CO,I° 2Lt —%%, RCH,NO
2 2 THF —HMPA [RCHCO, ] : H* NO; (80

R = C7Hq5 (68%), CioH2¢ (53%). C12H2s (50%).
¢is-CH3(CH2);CH = CH(CHj)g (45%)

1 (i-Pr)yNLi—THF

72 W t-Bu—NH-—CH=CNO,CH,CH4 (61)
3 W (92)
28%

directly to l-nitroakylphosphonates (94). As in the case of carboxylic esters the
nitration reaction of 93 gives, in addition to 94, cleavage products, namely,
nitroalkanes and trialkyl phosphates (equation 62). It is very likely that the cleavage

NO,
1. {i-Pr)NLi— THF

RCH,—P{0})(OBu), T2 arono, RCH—PIO)(Bu), +

(93) N (94) (62)
R=Pr (41%)
R = Bu (47%)

23%

reaction occurs by the mechanism shown in Scheme 1 except for the steps leading to
transesterification, which is not observed in the nitration of 93. Scheme 1 is
supported by the observations that onc of the fragmentation products, the trialkyl
phosphate. is isolated prior to acidification, and that 94 is quantitatively regenerated
from its sodium or lithium salts on acidification with acetic acid.

In contrast to carboxylic esters, potassium amide has been found to be unsuitable
as the base in the preparation of 94 because it causes transamidation. Diethyl
ethylphosphonate, for example, is converted to ethyl P-ethylphosphoramidate (95) in
60% vyield (equation 63).

NH,
1 KNH,—NH, ]
EtP(O)NOER), 2o~ EtPIOJOE? (63)
(95)
60%

B. Intramolecular Alky! Nitrate Nitration

The occurrence of an intramolecular nitration has becn demonstrated’ with
10-nitro-2-nitratocamphane (96). Treatment of 96 with potassium hydroxide followed
by acidification gives 10,10-dinitro-2-camphanol (97) (equation 64).

1-0H
(64)

2 W

ONO, OH
CH,NO, CHINO,),
(98) (97)
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. RELATED REACTIONS

A. Tetranitromethane

In alkaline media, tetranitromcthane (98) is effective as a nitrating agent for
aliphatic nitro compounds and for aromatic systems. Primary nitroalkanes and
gem-dinitroalkanes are converted into dinitroalkanes and trinitroalkanes,
respectively%s,

The reaction of p-cresol with 98 in a pyridine-cthanol mixture gives m-nitrocresol
(60%) and pyridinium trinitromethide. Under similar reaction conditions in
pyridine—acetone, isosafrole has been converted into B-nitroisosafrole (72%)
(equation 65) and ancthole into B-nitroanethole (64%)%°. The reaction seems to be

CH=CHCH,4 CINO,),(98) CH=C—CH,4
P— NO, (65)
]
H,c—O H,c—O
72%

specific for conjugated arylalkenes. Nitration does not occur if the unsaturation in
the arylalkene is in the allylic position??. Without additional base, 98 reacts with
N,N-dialkyl-p-toluidines to give salts of trinitromethane and m-nitro-
N, N-dialkyl-p-toluidines, which on treatment with base are converted into
m-nitro-N, N-dialkyl-p-toluidines®.

A recent study of the kinetics and mechanism concerning the reaction of 98 with
phenols in water and in 95% ethanol gives good indication of an electron-transfer
process’!,

The nitration of tyrosine with 98 affords 3-nitrotyrosine quantitatively at pH 8-9.
At higher pH, 98 undergoes decomposition and below pH 7 no significant nitration
occurs. The reaction seems to be highly specific’>. Tryptophan and tryptophanyl
peptides are unaffected by 98.

Azulene (99) and its derivatives are readily nitrated with 98 in the presence of
pyridine. 99 is converted to 1-nitroazulene (81%)73, 2,4,8-trimcthylazulene to
1-nitro-2,4,8-trimethylazulene (85%)7¢, and 1,3-di-+-butylazulene into 5-nitro-1,3-di-
-butylazulene (39%)7. A mixture of 5-nitro- and 7-nitrocyclopenta[b]thiapyran is
obtained on treatment of the cyclopenta[b]thiapyran-1,3,5-trinitrobenzene addition
compound with 98 and pyridine’®.

B. Fluorotrinitromethane

Fluorotrinitromethane (108) in alkaline medium can function as a nitrating agent.
2,4,6-Trinitrotoluenc on treatment with 100 and potassium hydroxide is converted in
89% to «,2,4,6-tetranitrotoluene (equation 66). The reaction is unsuccessful with 98
or alkyl nitrates”.

CH;4 CH,NO,
O,N NO, . O,N NO,
2 + FCINOp), —2Om°% + FCINO,),™  (66)
THF-MeOH
(100)
NO, NO,

89%
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C. Methyldinitramine

Salts of primary nitroalkanes are converted into gem-dinitroalkanes on treatment
with methyldinitramine (101)’® (equation 67). On similar treatment, secondary
nitroalkanes undergo oxidative dimerization.

RCH,NO, + MeN(NO,), RC(NO,),~ K* + MeNNO,” K*

0-20°C
(101) (67)
R = H (34%), Me (47%). Et (55%). CH,OH (45%)

D. Intramolecular Alkyl Nitrations

The transformation of 1,1,1,3-tetranitroalkanes to 1,1,3,3-tetranitroalkanes on
treatment with weak bases may be considered as an intramolecular alkyl nitration?.
1,1,1,3-Tetranitropropane (102, R = H) and the two higher homologues, for
example, have been isomerized to the corresponding 1,1,3,3-tetranitro
compounds®-8! in yields of ~35% (equation 68). The isomerization of 102 is
accompanied by an elimination reaction giving rise to the potassium salt of
1,1,3-trinitro-2-propene .

NHj3 /CH

(NO,),C— CH,— CHNO,R NO LG EHR| —C.
273 2 2 EtOH (NO;)2Cxy _”
(102) o~ N=0°
_ (©8)
NO, NO, |

R = H (33%), Me (35%), Et (35%)

1,1,1,3-Tetranitro-2-alkylpropanes do not undergo the isomerization89 reaction on
treatment with base. Instead they undergo a retrograde Michael reaction with the
formation of trinitromethide ion and the nitroalkene?? (equation 69).

R
|

(NO,),C~ + RCH=CHNO, (69)

R = Me, Et, n-Pr
8 = "OH, —OCH3. “OCOCHj3, CgHsN

IV. ALKYL NITRATE NITRATION OF AMINES

A. Introduction

The first successful preparation of an aromatic nitramine by the alkyl nitrate
nitration is due to Angeli®? who converted aniline to phenylnitramine with ethyl
nitrate in the presence of sodium. Bamberger improved the procedure by replacing
sodium with sodium ethoxide®. This method of preparing aromatic nitramines
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avoids the rearrangement to o- and p-nitroarylamines which occurs on nitration
under the usual acidic conditions83.

A disadvantage of the nitration of aromatic as well as aliphatic amines with alkyl
nitrates lies in their ability to function also as alkylating agents; that is, nucleophilic
attack of the amine occurs on carbon instead of on the nitrogen of the ester8. In
recent years, however, these disadvantages have been somewhat overcome by the
use of a unique nitrating agent®” such as 12 (Section II.A.1.c). and also by employing
lithium bases in the conversion of the amine to its conjugate base®s.

B. Nitration with Cyanohydrin Nitrates

Primary and secondary amines are converted in good yields to the corresponding
nitramines using 12. During the nitration reaction, the hydrogen cyanide and acetone

produced react with the excess amine to form the corresponding aminonitrile
(equation 70).

RIRZNH + 12— R'RINNO, + [HCN + Me,CO]

(70)
R’RzN-—(I:Mez

CN

R' = R? = Me (76%). Et (60%), CH3CH(CH3)CHoCH, (64%)
R' = H, R2 = n-Pr (50%) R' = H. R? = n-Bu (52%)

In the reaction with secondary amines, the amine is used in a fivefold excess,
functioning as its own solvent. The reactivity of the primary amines is, however,
affected by the solvent. In solvents with low dielectric constant yields do not exceed
20-25%. The yields are doubled in refluxing THF or acetonitrile.

It must be emphasized that nitrations with 12 are unsuccessful with aromatic
amines and aliphatic amines with branching on the a-carbon atom. The failure of the
latter to undergo reactions might be steric in nature. However, even nitrate esters
such as cyclopentanone cyanohydrin nitrate and the next higher homologue, for
which interference would be decreased, fail to react with diisopropylamine or
cyclohexylamine®’,

C. Nitratlon with Alkyl Nitrates in the Presence of Lithilum Bases

Aromatic nitramines have been prepared® using phenyllithium as the base and
amyl nitrate as the nitrating agent. The yields do not exceed 40%. The procedure is
difficult to evaluate because the nitramines are not isolated as such but converted
directly to the corresponding N-methyl-N-nitroanilines. p-Toluidine is converted to
N-nitro-N-methyl-p-toluidine in 44% yield, the latter is also obtained from nitrating
the secondary amine, N-methyl-p-toluidine (35%) directly.

By a similar procedure, but using butyllithium (87) and ethyl nitrate,
N-methyl-l-naphthylamine and 1-naphthylamine have been converted into the
corresponding nitramines in yields of 60% and 65%. The yield of the
N-nitro-1-naphthylamine is based on its barium salt. The free nitramine which is
highly unstable has been obtained on acidifying the salt with carbon dioxide®.
Employing 87 or phenyllithium and ethyl nitrate has made it feasible to prepare
nitramines from aliphatic amines and also from amines with branching on the
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1 R

RINH, ——— R'NHNO, 71
2

3 H*

R!' = Me (35%). i-Pr (58%), n-Bu (49%), s-Bu (45%), t-Bu (37%)
RZ = n-Bu or Ph

a-carbon atom® (equation 71). Isopropylamine is converted to isopropylnitramine in
58% when the ratio of amine to base to nitrate is 2:2:1 in an cther—hexane mixture
(2:1 by volume). Essentially, the procedure is a onc-step process. The nitramine is
obtained directly upon acidification.

The main disadvantage of the method is that amines bearing functional groups
which might react with the base 87 do not form nitramines.

D. Nitration with Methyldinitramine (101)

Compound 101 is reported’ to convert primary and secondary amines to the
corresponding nitramines (equation 72).

1 THF
R'R?NH + 101 —— R'R2NNO (72)
0—20°C 2

R' = H, R? = Pr (54%), R! = RZ = Et (74%), R', RZ = (CH,)4O (70%)
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I. INTRODUCTION

The term aminal?” was introduced in 1956 to designate the aminated equivalents of
acetals and mercaptals. Aminals are gem-diamines, i.e. the aminal function is
characterized by the presence of two di- or mono-substituted amino groups on the
same carbon atom. Although their existence has been known for some time, the
properties of aminals have been explored only for about the past two decades.

<0R <SR <N R,
OR SR NR»
Acetal Mercaptal Aminal

The term ‘cyclic’ is used when the aminal function is part of a heterocycle. The
term ‘open-chain’ is used in all other cases even if one amino group is a
heterocyclic amine such as piperidine. Because they can be considered as
derivatives of carbonyl groups, they are called aldoaminals or ketoaminals
according to their structures.

R
. |
R! ><NR2 R XND
R2” "NR, R? |\|1
Open-chain aminal R

Cyclic aminal

R' or/fand R2 = H: aldoaminal
R',R? # H; ketoaminal

Aminals occur in natural products. Among the most thoroughly investigated
compounds, members of the indole and quinoline alkaloid families may be cited as
examples. Thus, physostigmine (1), found in Calabar bean, and chimonanthine (2a)
folicanthine (2b) and calycanthine (2c¢), which occur in various species of
calycanthus and chimonanthys, contain the aminal function3.

Capreomycidine (3) is a component of the antitubercular polypeptide antibiotics
capreomycin, tuberactinomycin N and tuberactinomycin O'%7.

The aminal function also occurs in derivatives of 5,6,7,8-tetrahydrofolic acid,
responsible for transporting single carbon units in biosynthesis. In many organisms
serine is the major precursor of single carbon units. The B-carbon of serine is
removed as formaldehyde via direct transfer to tetrahydrofolate with formation of
aminal 4 (equation 1)'98:220a,

Literature references on aminals are presented in some review articles$6-240,
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R? R?

I

N
. [

Rl

|
R H

1) (2¢c)
(2a) R = R3 = Me, R'=R2=H
(2b) R = R' = R2 = R¥=Me
H
|
™
NH
OH
H,N
o}
(3)
R
H\N/R l
O H 0
| A I L
H—)N\ l — > H—N | (1)
"
HANT NN HzN)\\N N
H

(4)

Q  Co,y
/K/\ -
R= ©/lkfr co, or polyglutamates
H

Il. PREPARATION

Open-chain aminals with at least one a-hydrogen atom are casily decomposed into
enaminc and aminc by heating!?® (equation 2), therefore drastic methods must be
avoided in thz course of their preparationi. Conversely, aminals in which e-hydrogen
atoms arc absent can be isolated without difficulty.
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A
—_— — (2

Most aminals are solid compounds. Morpholine is the most preferred secondary
amine because of its aptitude to form crystallized derivatives. Aminals are relatively
stable compounds, but in aqueous acid solution, they are immediately decomposed
into carbonyl compounds and amines.

A. Condensation of Carbonyl Compounds with Amines

This method is the most widely used.

1. Open-chain aminals

(a) Aldoaminals. The condensation of secondary amines with aldehydes
proceeds rapidly on mixing of the the reagents'® in the absence or in the presence
of a solvent such as ethanol'?® or pyridine®® (equation 3). The yields become nearly

NR,

0
R'I/U\H + 2 HNRZ e . R]/k

quantitative by using a dehydrating agent such as anhydrous potassium
carbonate 88195 boric anhydride?®, drierite'®? or molecular sieves, or by removal of
water by azeotropic distillation with benzene?*’. This last technique was originally
employcd for the preparation of steroidal enamines!38.

NR, + H,0 A3)

-~

Aldoaminals have also been prepared by reaction with As(NR,); (NR; = N ,

N . N >\)‘39~275 or with Sb(NMe,);!"3. They have been obtained more readily by

action of secondary amines togcther with TiCls, SbCl;, AsCls in an inert solvent,
employing a technique initially used in the preparation of sterically hindered
enamines?’ (equation 4). These methods are attempted when the simpler ones fail.

R! NR,

+ —_—
>:o + 2 AsClz + 12 HNR; —— R! NR, + As,0; + 6 HNR, CI™  (4)
H

Aminals (5) are gencrally obtained by mixing an aqueous solution of
formaldehyde and sccondary amines!32. Many structural variations are
known?23.132.138.280  The intermediary carbinolamine (6) can be isolated by using

NR, NR,

NR, :
HNR; HNR, HNR}
< excoss h>: 1 eq. (5)
NR, OH NR]

(S) (6) 7
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equimolecular quantities of reagents!33.134.148,175.280.281 The wtilization of a different
secondary amine permits the formation of an unsymmetric aminal (7)280.281.283.284_
Aminals 5§ of the weakly basic aziridine are also easily obtained!”. Those of
2-methylaziridine are formed with a very low yield?8¢. With 2,2-dimethylaziridine,
only the carbinolamine 6 can be isolated!7s.
Aminal 8 is obtained via rcaction of B-chloroethylamine with_paraformaldehyde,
in the presence of triton B, and aminals 9 from aqueous solutions of

formaldehyde and N-alkylhydroxylamines?$2. Compounds with B-chloroethylamino
groups were used in the treatment of cancer3?-152,

Cl
R
/—/ cl
<N/\/ <r|q—0H
(o]
P
N N—OH
—LCI l
R
(8 9)

Aminals of benzaldehyde and dimethylamine!39.188.275  pyrrolidine28,
piperidine!80-243.247 ' morpholine!** and hexahydroazepine?s* are readily obtained.
However, under the same conditions, the more sterically hindered diethylamine and
diisopropylamine appear to be inactive®¥:238

Numerous aminals derived from substituted benzaldehydes and heterocyclic
aldehydes such as 10 and 11 are known9672.7992.135.137  The reactivity of the
carbonyl group is largely dependent on the substitution. Thus, in the reaction of
p-chlorobenzaldehyde, or p-dimethylaminobenzaldehyde, or mesitylcarbaldehyde
with morpholine, in benzene with azeotropic water elimination, the reflux times and
the yields are respectively 1 h(92%), 72 h(96%), 120 h(51%)%2. The nitrogen of

2-pyrrolcarbaldehyde is involved in the reaction of this aldehyde with secondary
amines leading to the aminal 12136137,

|

NR

Y NR 2
<" Wom XX
X N

NR; NR, RN

(10) (11) (12)

<>ﬁ
NR, = N , N O

Y = Me,Cl, OH, OMe, SMe, NMe,, NO,
X 0, S, NMe

(Bis)aminals 13, 1447 and 15''2172 and functional aminals 16'8 and 17“‘9‘ have
been prepared from the corresponding nonenolizable aldehyd§§, and piperidine or
morpholine. The reaction of aqueous glyoxal with N-methylaniline does not lead7to
an aminal, as in the case of piperidine or morpholine, but to the aminoindole 18'"2.

For aminals with an a-hydrogen atom, the general method of Mannich'% (reaction
of an aldehyde with at least two secondary amine €quivalents, in presence of
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EtO
R,

(16)
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NR
or oy
NR, NR,
NR, R N
NR,
NR,

(14) (15)
0 ,L\
R1/U\rNR2 @r]/ Ph
NR, T
(17) (18)
R'= Me, Ph

K>CQOj) is still the most commonly used, with occasional modifications of details.
Some examples have been also prepared by the As(NR;); and TiCls or
AsCl3-HNR; methods?’3-28, These techriques are particularly useful in the case of
volatile secondary amines.

Many aminals of structure 19 and 20 have been insolated from simple aldehydes
or from a-alkyl- or a-aryl-substituted aldehydes?6-70-86.195,

1.83.87.
228 83.8 169’

R2
R'I/\(NRZ R‘I)\‘/NRZ
NR, NR,
(19) (20)

«-Haloaminals 21 are available from «-halo aldehydes: one a-fluoroaminal was
obtained by direct amination'®® and «-chloro and «-bromfo compounds by the
AsCl;-HNR; method?*9°. For very reactive a-chloro and a-bromo aldehydes, direct
amination leads to halogen substitution with formation of a dialkylaminoaminal

which can also be prepared from the corresponding «-amino

aldehydes8! 82189 (equation 6). Aminals 23-26 have been obtained from the
corresponding heterocyclic amino aldehydes89.90.91.208.269.270,

NR2

(21)

= CgHyy; X = F

Et; X = Ci
t-Bu; X = CI, Br

0]
R! AsCl, HNR, gl HYIA,
NR, H
X X

NR, o)

NR, NR,
(22)

R'=Ph; X = ClI

R'= H, Et; X = Br

R'I - R'I
NR, H

(6)
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I
(CHz),, N
( N /L‘/an EN NR, N NR, N NR,
I I I
(23) (24) (25) (26)

n=0.1.234

Some aminals of primary aromatic amines are known. The condensation of

aqueous formaldehyde and aniline leads to aminal 27 or to hexahydrotriazine (28,
R = Ph)!5:2200260.265 (equation 7).

)
NHR o
HNR (10 eq.) /U\ HNR (2 eq.) Nﬁ
H H N )
NHR R/N\/ ~R
(27) (28)

The aminal 29 is obtaincd when very pure reagents and strictly defined
experimental conditions avoiding acidic contaminations are used!9:!%%. With
2-aminopyridine, aminals 30 (R = Ph, alkyl) are described!!*168.244.249.255 \hereas
with 3-aminopyridine, only the Schiff base is obtained. Primary aliphatic amines do
not lead to stable aminals, but to hexahydrotriazines?!®. However, primary aliphatic
amines allow the preparation of aminals 31 from carbinolamines 6250,

_<NHPh - I\Il—© <NHR
L0

(29) (30) (31

(b) Ketoaminals. Only a few aminals have been prepared from Icetones which
are directly converted into enamines when treated with §econ(§ary amines.

Cyclopropanone is exceptionally reactive. The reactivity of its carbonyl group can
be compared with that of the highly reactive formaldehyde. Cyc‘lopr‘opanone reacts
readily with secondary amines such as dimcthylamine and plpe‘ndlne providing
aminals 32261, When treated with an cquivalent of secondary amine, the primary
reaction product 33 can sometimes be isolated. It leads to”r,mxed aminal 34,
accompanied by small quantities of the two symmgtncal aminals?’? (equation 8). .

Upon adding methylamine to an etheral solution of cyclop{op'clnonzeé,l the cyclic
aminal 35 (48%) and the hexahydrotriazine 36 (3%) have been isolated”®.

Aminals 32 have been also prepared by reaction of amines with c‘yclopropanone
ethylhemiketal (NR, = NHPh?7!) or with cyclopropanone hydrate in presence of
molecular sieves (NR, = NMe,?*!).
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HNR, OH  HNB, NR
(0] —_— E— 2
B C :an [><an
(32)

\ HNR} D<N R,

an
NR,=N O, NR,=N

W WX
Tl Py

(35) (36)

The cyclopropanone aminals 37 and 38 are very well known, because they were
the first Favorski intermediates isolated in the reaction of nucleophiles with
haloketones. These aminals were obtained by rcaction of piperidine or pyrrolidine
with a-chlorocycloheptanone or oz-chlorocyclohexanonezso-251 (equation 9).

(8)

0 NR, R2N -
N 2
X [—— 7l X (9)
T (CHy), T w
CHal, CH,),
(39) (7) n=3
(38) n= 4

Indeed, the haloenamines 39, suggested as likely intermediates, lead effectively to
aminals 37 or 38 when treated with secondary amines!$®! or with a

dimethylamine—-AgBF, complex. In the last case, the yield is nearly
quantitiative 134,

Aminal 38 (NRZ =N O is also obtained by rcaction of morpholine with a

derivative of a-dimethylsulphonium cycloheptanone (40) by reflux in acetonitrile263,

Ketoaminals 41'© and 42!'7® have been synthcsized by amination of the
corresponding ketones, in the presence of TiCl,. Aminals 42, characterized among
other open-ring products, are generated with moderate yields (11-43%). Treatment
of cyclopentanone with aziridine without TiCl, affords no aminal, but rather the
imine 43,178

The condensation of difluoroamine with ketones and aldehydes on reflux in the
presence of sulphuric acid yiclds the corresponding aminals®-!!7.
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N
o, 1 3 > e
R o

FSO3™ k/o CH,),

(40) (41) (42) (43)
n=4,5 6

2. Cyclic aminals

The condensation of N,N’-disubstituted 1,2- or 1,3-diamines with aldehydes is
simple and leads to 1,2,3-trisubstituted imidazolidines (44) or hexahydropyrimidines
(45). The reaction is easier with 1,2-diamines, but does not occur with ketones.

R R
N \
R'—( ] R— )
N N
| /
R R

(44) (45)

(a) Imidazolidines. Since the solid derivatives are generally facile to purify and
have sharp melting points, many 1.2-diamines have been proposed in the past for
the rapid determination of aldehydes. Particularly useful are the
1,2-dianilinoethanes 46 (X = H!480203.266° OMe!!, OEt!¥, CI!?, Br?%?). Other
1,2-diamines such as 47 (R = alkyl®", benzyl!'!-1%0), 48149150 and the optically active
4929%-207 have also been tested.

NH@X NHR Ph NHPh
NH X NHR Ph NHPh |
H HNPh

(46) (47) (meso-48) (49)

1,2-Dianilinoethane (the Wanzlick reagent?%%) is the most widely used. In methanol,

the crystalline imidazolidine generally precipitates immediately after addition of a few
drops of acetic acid.

Many cyclic aminals have been prepared with functional aldehydes26%-267,

Imidazolidines 50 are obtained from a-substituted aldehydes (X = Cl, Br, OMe,

\

/ \
N >, N 0)103-239. However, for the hindered compound 51, the utilization of
N

TiCl, is necessary?.
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[
X R NGO R

(50) (51)

Aminals 52 have been prepared, from formaldehyde and the corresponding
diamines, as model substances to study the mechanism of methylene transfer from

tetrahydrofolic acid. The intermediary of an iminium cation in the formation of
aminal 52 has been demonstrated’® (equation 10).

H . [ H ]
N w AN ;IN
C ;“l T
H HN _ HN\J&
C\x

X = Me, Cl, CO,Et

H
N
Q.

(52)
Simple ketones do not react with 1,2-diamines (although an imidazolidine
derived from acetone has been described!!) but a-halo- and «-hydroxy-ketones are

directly transformed into tetrahydropyrazines'®>!2!19¢ such as 53 (equation 11),

whereas a-dialkylaminoketones provide imidazolidines 54 (R! = Me, Ph), only in
the presence of TiCl,!0%.

n=234,5

(53)
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R1
\j><f/N\\\NR§

R—N~ "N—R
S

(54)

(b) Hexahydropyrimidines. The condensation with N,N’-disubstituted 1,3-
diamines is somewhat slower, yet many hexahydropyridimidines 45 have been
prepared from aliphatic?2234.27% and functional?3® aldehydes. The 'H-NMR spectrum
of cyclic aminal 45a shows a Ad..,= 1.70 ppm between the equatorial and axial
protons H, and H,. It is well established that a lone electron pair deshields an
a-proton in a gauche rclationship with it relatively more than one in an anri
position. In compound 45a, an important effect is observed because two lone pairs
are antiperiplanar to H, and gauche to H.!''8. The Tréger base 55 was obtained
from formaldehyde and p-toluidine#?; it has been resolved chromatographically, by
use of lactose, into the optically active isomers>2%,

N

(45a) (55)

(c) 1,3,4-Triazines. Hexahydro-1,3,5-triazines are obtained by trimerization of
very reactive imines. Compounds 56 are prepared with cyclic imines, proceeding
from N-chloropiperidine?3¢ or from pyrrolidine2!? (equation 12).

(7Ehgn
(CG;ZJ Y 75/ (12)
N

p NN \
n = 2, 3 T(Ci“z)”

(56)

We have already mentioned triazine 28 in the condensation of formaldehyde with
primary amincs.

Reactions of aliphatic aldchydes with aqueous ammoniaZ?!? at —10°C leads
instantly to very unstable low-mclting 1-amino-1-alkanol hydrates 57 which upon
standing in the same medium at 0-5°C are converted to hexahydrotriazines 58,
usually isolated as hydrates?'® (equation 13). The triazine hydrate of
isovaleraldehyde contains 24 water molecules (mass of water equal to nearly twice
that of triazinc); some of these triazine hydrates are thc ‘aldehyde ammonias’
described by early workers. The first example, acctaldehyde ammonia, was
discovered by Liebig in 1835'8%. Delepine”-7" was the first to suggest the correct
structure 58 (R = Me) later confirmed by X-ray crystallographic studies!96:211,
NMR studies of the anhydrous product indicate only one cpimer having all alkyl
groups equatorial>!0,
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R
R OH _ —
)OJ\ _ M0 N W _.”)N\ /"L”,szo (13)
R H NH, R N-R
H
(57) : (58)

(d) Polyazaadamantanes. When formaldehyde reacts with ammonia, the initially

formed hexahydrotriazine reacts producing hexamethylenetetramine (59) (equation
74).

0]

H)J\H + NHy —— H—NK/N\)N_H )l\ (\l

N (14)

H
(59)

1,3,5-Triazaadamantane 61 is obtained by condensation of the triamines 60
(equation 15) and formaldehyde (R = Me?%5, NO,!43). 1,3-Diazaadamantane 63 is
the product of diamine 62 and formaldehyde?*¢ (equation 16).

R
7 A
HoN NH,  NH, ﬁ\N \\//N
(60) (61)
0 N
A M .
\/NH \/N ae
(62) (63)

B. Substitution of Dihalo Compounds by Amines

This important method (equation 17) has been used to prepare opcn-chain
aminals containing no a-hydrogen atoms. The amino groups are tertiary — generally
morphilino or piperidino groups!6167,

R X R! NR, +

+ 4 HNR, — + 2 H,NRy X~ (17
X 2 < 2NR2
R27 X R27 O NR,

When an a-hydrogen atom is present in the dihalo compound climination occurs
(equation 18). Likewise, the reaction of seccndary amines with gem-dihalo-
cyclopropanes leads to B-bromoallylamines by a ring-opening reaction!79-23!
(equation 19).
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X HNR,
H
X
X
(CH,), —— (CH,), (19)
NR,

When the amine is in excess, formation of aminals takes place according to the
Sn2 mechanism, and the reactivity of halogens is as expected Cl < Br < I'¢7,

1. Aldoaminals

Many aldoaminals 10 and 17 (R = Ar, r-Bu, 2-thienyl) have been prepared
with excellent yields from substituted dihalomethylbenzenes!S?16% or «,a-dihalo-
ketones?9-124.159.160.182.262,

Numerous aminals are obtained from dichloracetic acid derivatives: ester 16 from
ethyl dibromoacetate, acid 64 from dichloroacetic acid, nitrile 65 from
dibromoacetonitrile!60.162.163.186 - amide 66 from methyl dichloroacetate, by
condensation of secondary amine on the ester function arising simultaneously with
substitution of the halogens, (NR’, = NR,!27!2¥) or from dichloroacetyl chloride83-%.

Reduction by LiAlH; of the amide function of aminal 66 leads to an

a-aminoaminal 67839 which can also be readily prepared from N,N-dialkyl-
trichloroacetamides (68)!2° (equation 20).

NR, NR,

HO

\H)\NRZ NC)\ NR,
0
(64) (65)

c! ‘ cl NR,
HNR HNR
Ci — e RIN 2 !
\g)\u 2 c RN NR,
0

l 20)
Ci Cl
RIN Cl LialH, , LiNR, . NR;
—— RIN —— R N\/k
2 cl 2 cl 2 NR,

0]
(68) (67)
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Di- and tri-aminals 69-72 have been prepared from polymethylbenzenes via the
corresponding dibromomethyl compounds!62:187 (equation 21).

RN NR, R,N NR, RN NR,
NR, NR,
NR, NR,
RN NR,

RN NR,
(69) (70) (71)
R,N~_ _-NR,
——2'_':—:2— R,N NR, (21)
RN NR,
(72)

Compounds with two ortho aminal functions are readily partially hydrolysed.
Thus aminal 70 can only be prepared under strictly anhydrous conditions.
Otherwise, compound 73 is obtained!$*. Similarly, the compound 74 is isolated on
amination of octabromodurene'66.

NR, NR, NR,
NR, NR, NR,
(73) (79)

2. Ketoaminals

Amination of dihalo compounds allows the preparation of many ketoaminals,
such as 75'19:162 76 and 77!5%162.167 which cannot be directly obtained from the
corresponding ketones.

Transformation of B-dicarbonyl compounds into aminals 77 can be carried out
without isolation of the dihalo compounds. When bromine is added to a solution of
an active methylene compound in excess of an amine the dibromo compound is
aminated as soon as it is formed?% (equation 22).

Ph NR,

Ph NR, o)
(75) (76)
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0 R' = R2 = OMe, OEt, Me, Et
R! NR2  R'= Me, Ph; R2 = OEt, Me
R? NR,
o RY, RZ = Q
(77) NH—
/o 0
1_ 1
R Brz R Br HNR,
— — (22)
R2 R2 Br
o) o}

C. Addition of Amines to Iminium Salts

Reactions of secondary amines with iminium salts allows the preparation of
mixed aminals such as 78 (X = H!7!8, Me, CI? (equation 23)). The condensation
of 2,4,6-trichloro- (or trimethyl-)N-methylaniline with formaldehyde or with
dichloromethane has been unsuccessful.

\N/\O
X
. / X X
{ N= B +X N — (23)
\
H
X X

(78)

: ( {0 :
Aminals 15 |NR, = N , N O | have been prepared by reaction of secondary
\ _/

ary amines with diiminium salts obtained by oxidation of 1,2-diaminoethylenes85-88
(equation 24).

NR,
+
R,N HNR R>N
RzN\//\an L IR XfR, 2B —= 7 \(‘\Nﬁz (24)
NR?
(15)

With a-haloiminium salts, secondary amines lead to «-haloaminals 21 (R! = ¢-Bu,
X = CI)?*1%, or to a-aminoaminals 22 when the halogen is more reactive and the
R! group is less crowded (X = Br, R! = Ph)?7 (equation 25).

o,a-Dihaloaminals 79 have also been prepared from a«,a-dihaloiminium salts
obtained by halogenation of B-haloenamines or of the corresponding enamines

(X = H), in the presence of two halogen equivalents and a tertiary amine?2?
(equation 26).
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NR,

| NR,
R! HNR R1\K\NR HNR R!
+ _ 2 5 2
\|/\NR2 T —— — NR,

X NR

2

(21) (22)
1 X  NRZ
R\(/\NR =, X1H/\NR X~ L S ’

2 R 2

X X X “NR,

(79

R' = Et, X = CI, NR,= NR% = NEt,
R'= ¢-Bu, X = Cl, NR, = NMe,, NRZ = NEt,

(25)

(26)

Presumably, iminium ion intermediates are also involved in reactions (27) and

28) yielding cyclic aminals 80'3? and spiroaminals 8178
y gcy

RIN

N

1
RIN-X"NZ & RNH HNR —— R—N  N—R

(80)
2 [ Q2 )
R R R2
R1 N Rz _H;O_’, R1 R1
| |
o} N R! R o NHR
I i OH ]
R R\ R!
2 N
N
R R2
\n
(81

D. Synthetic Methods

(27)

(28)

Aminals have also been prepared by formation of a new C—C bond, when the
amidinium salt 82, tris(dialkylamino)methane or tetra(dialkylamino)ethylene react
with compounds containing nucleophilic carbon atoms (equation 29). Mechanistic
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NR, NR, RyN NR,

<'+ X~ ér‘m2 H
NR, NR, RoN NR,
(82)

(29)

R1\|/NR2
NR,
considerations suggest that the reactions of all three compounds proceed via the
same amidinium salt 82. i
Thus the aminal 83 has been prepared by rcaction of phenyllithium with the

formamidinium chloride isolated from the rcaction of an acid halide with a
triaminomethane9s.

Ph
S en
/Ph R Cl N Ph _ PhLi
N, ——— <+ cr — Ph—< (30)
N\—Ph h[J—Ph rIJ—Ph
(83)

Tris(dimethylamino)methane or bis(dimethylamino)--butoxymethane react with
acetylenic carbon acids such as phenylacetylenc or hydrogen cyanide leading to
aminals 84 (equation 31) or 65 (NR, = NMe,;)33277,

/ -
QN\ + R—C=C—H —= R—C=C—~ _ (31)
X N
(84)

-
X = N\, t-BuO; R = Ph, n-Bu

The condensation of tris(dimethylamino)methane with weaker carbon acids such

as fluorene (pK, 25) or xanthene (pK, 29), although slower, yiclds the expected
aminals 85 and 8627¢.

o
/N /N

(86)
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Electron-rich olefins such as 87 or tetramorpholinoethylene react with proton
sources with cleavage of the central C=C double bond!40-142267, Protonation of the
double bond is probably the initial step, followed by decomposition into a cation
and a carbene. The cation reacts with the nucleophile and the carbene can dimerize
to give the starting olefin!4? (equation 32).

AR RR /R i

N N N H N N N
(R = I — [ [ =

N \ N N \

"/ ‘s R A R

(87)

Aminals 88-92 have been prepared from olefin 87 and nitromethane?57-267,

sulphones?%8,  cyclopentanone?’, 2,6-disubstituted phenols and 2-methyl-
indOICMO'MZ‘ZZOb.
R R
B TN
1
SO dNee
NO, R 50, R R
(88) (89) (90)
R
R'l R\ \N
N
HO :] N
\ G
/ N R
R? R |
H
(91) (92)

Olefin 87 also reacts with aldehydes to give compounds 9327 formally regarded
as ‘C—H insertion products’ (equation 33). Since the aldehydic hydrogen possesses
practically no acidity, the initial step is probably electrophilic attack on the double
bond by the carbonyl carbon atom'4°.

0]

87 + R1/U\H _—

/
\
R

R
/
N
R R -
\ [N>l R\
N X N \a /X
g G
N /N
R

A

o R
(93)
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Ketoaminal 75 has been noted in the reaction of phenylmagnesium bromide with
1,3-benzodioxole derivatives®0 (cquation 34).

OH
NR, _PhMgBr Ph_ NRy
+ X (34)
@: ><NR2 Ph” 'NR,

OH
(75)

E. Reduction of Amidines and Amidinium Salits

The reduction of amidines to aminals is effected by Na-EtOH-NH,, and
provides a route to aldehydes. Unsubstituted amidines give the highest yields*
(equation 35).

NH NH, 0

R_</ — R~ — /”\ (35)
R H

NH, NH,

Amidinium salts react readily with sodium hydride to give aminals (equation 36).

This reaction is onc of the few known cases in which NaH smoothly reduces an
organic compound®.

Ar Ar
/ /
N— - -
<+ g~ NeH/MeO  OMe {\‘ 36)
N— —
\ \
Ar Ar

Reduction of amidinium salts by NADPH also occurs in the reversible enzymatic
formation of aminal 4 from a N-formyl derivative'®® (equation 37). This reaction

has also becn studied with model compounds?2%°,
NADPH N
e (37
NAD |
N
|
H

Ill. FORMATION OF AMMONIUM AND IMINIUM SALTS

The presence of the two amino groups of an aminal such as 5 allows, with a
suitable X—Y reagent, the formation of a monoammonium salt 94 or a
biammonium salt 95 (equation 38). The presence of an electron acceptor group
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1 |
|
NRz . . “NR, *NR,
< + X—Y —— X~ X < 2X~ (38)
NR, NR; +NRy
Y
(5) (94) (95) %

*NR,Y and an electron donor group NR, on the same carbon of the
monoammonium salt 94 facilitates the cleavage of one C—N bond, with formation
of an amino compound 96 and either an ionic derivative 97 or a covalent derivative
98. These compounds can also dircctly result from electrophilic attack of X~Y on
aminal § (equation 39). We have used the iminium salt structure for the ionic

+
Y—NR; + R;N=CH, X~ (or RZN/\X)

(96) (97) (98)
M (39)

| —

*an N;k

</ X~ < + vx
Car, Lo

(94) (5)

compound 97, although in fact the positive charge is displaced between the carbon
and nitrogen atoms. Formation of the ionic structure 97 in preference to the
covalent structure 98 is directly proportional to the basicity of NR;, and indirectly
proportional to the basicity of X. Ionic and covalent compounds 97 and 98 are both
very reactive.

Iminium salts participate in many reactions. Even before their preparation had
been achieved?®*, they were postulated as intermediates.

A. Mono- and Bi-ammonium Salts

Monoammonium salts 94a, b and ¢ are obtained by reaction of aminal §

(NR2 =N ), NMez)with one equivalent of HC1'%¢, HBr!?, methyl bromide!”-!8 or

H CH, cl

*rxlmz *NR, "NR,

< X~ < X~ < cI-
NR, NR, NR,

(94a) (94b) (94c¢)
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halogen (Cl,)?"2! in a non-polar aprotic solvent such as ether in which they
precipitate.

Biammonium salts inentioned in the literature prior to 1953 were erroneously
identified!?. However, in polar solvents such as dimethylformamide or acetonitrile
where monoammonium salts 94 are soluble, biammonium salts 95a and b can be
prepared?! (equation 40).

H
*rlmz NR, Mel/MoCN *rLRz
(20 e ( e 2 x
+r‘|m2 NR, =0"8F,", NO,Me *NR,
H (40)
(95a) (5) (95b)

Similarly, mono- and bi-ammonium salts of imidazolidine (44)*% and
hexahydropyrimidine (99)* have been described (equation 41).

H H H
SNSNE SN
¥ ¥ 2 CI— rocr

HCI HCI
CH,Cl, E120
L}

\N/\N/

M Mel
_ MeCN (99)
T 2 NSl

Triammonium salts have been isolated when hexahydrotriazines 28 are treated
with three equivalents of hydrogen chloride??? (equation 42).

e

R
| R_ M
fNﬁ _HO RO, (N 3cr- (42)
R " R R H

(28)

Cyclic ammonium salts 101 are directly formed from aminals 100 possessing a
halogen in a suitable position3? (equation 43).

Monoammonium salts are likewise obtainable by reaction of iminium salts
97a with tertiary amines®®. In the case of N-alkylaziridines or of - or
v-chlorodialkylamines, the initially isolated monoammonium salts 102 or 104 can
rearrange into cyclic mono- or bi-ammonium salts 103 or 1053642 (equation 44).

(41)
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[ R cl
H ‘H HCIO,
i < o | Tme RTNTON=R 207 (43
|
R
| (100) _ (101)
R = Me, PhCH,, CI”~ "
R'l
A RN N2 NRS P TY)
R,N r;4<] - ———+ RNZ c~ —>— RN NR3Z cI-
(102) (97a) (94b)
l 13N(CH,),—CI (44)
'?'l
RN NR! o- RZN/\J\IJ-—(CHZ),,——CI cr —— RN RNRL 2cI1”
R! (CH,),
(103)
(108) n = 2,3 (105)

Ammonium salts are hygroscopic and unstable. Generally, they have been
isolated by working in the cold to avoid their transformation into iminium salts.

Formation of an ammonium salt by reaction of hexamethylenetetramine with
primary halides is the first step of the Delepine synthesis of primary amines and the
Sommelet synthesis of aldehydes!-236 (cquation 45).

N
AcOH, H,0 + HCI, EtOH N
Ar H ~——m—— N< —\ ——— Ar NHz
N\/ Ar
X~

B. Iminium Salts

1. Open-chain aminals

The monoammonium salt 94¢ obtained by chlorination of the aminal § at -50°C,
undergoes decomposition at room temperature into the iminium chloride 97a and
N-chlorodialkylamine??-2! (equation 46). The cleavage of aminals has been achieved
by means of a large variety of compounds (Table 1).

Van’t Hoff i factors near 4 have been reported in cryoscopic studies on aminals §
at 0.02 M concentrations in concentrated sulphuric acid!!?, The results agree with
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Cl
|
*NR,
CIm —— R,;NZ CI” ¥ CI—NR, (46)
NR,
(S4c) (97a)
TABLE 1. Compounds YX used for the formation of iminium salts
Y—X References
H—X Hydrogen halides 23,24, 26
Ci—Cl Halogens 20, 21
NC—Br Cyanogen bromide 21, 54
RCO—X Acyl halides 27,29, 44
ROCO—Cl Alkyl chlorocarbonates 27
CICO—Cl1 Phosgene 30, 31, 260
RSO,—CI Sulphony! chlorides 51
CISO,—Cl Sulphuryl chloride 31
CISO—Cl1 Thionyl chloride 31
CIS—Cl Dichlorosulphane 51
R,NS—C] Aminosulphur chiorides 51
NO—X Nitrosyl halides 31
PX,—X Phosphorus trihalides 31
Cl,p—Cl Phosphorus pentachloride 115,116
NO—ClO4 Nitrosyl perchlorate 51
CC1,CO0—0COClI, Trichloracetic anhydride 50
RS§O,—O0SO2R Sulphonic acid anhydrides 35
(RO)ZP_OP(OR)lz Tetraalkyl pyrophosphate 35
RCO—O0SO;R Mixed anhydrides 35
RCO—OSOR!
RSO—OSO,R!
(EtO),PO—OSO,R!
RCO—OPO(OE1);
R—X Alkyl halides 17,18
Me—OSO,F Methyl fluorosulphonate 153, 154
XCH,—X Dihalomethanes 47b
ROCH,—X a-Halo ethers 45
RSCH,—X a-Halo thioethers 45
NO, F
1-Fluoro-2 4-dinitrobenzene 44
NO,
F F
Perfluorocyclobutene 230
F F
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+
< + 2H,804, —— R2N7 + Hzrtlnz 2HSO, (47)

the dissociation shown in equation (47). Diamines R,N-(CH,),-NR, with n > 1
exhibit Van’t Hoff i factors of about 3 under the same conditions.

With hydrogen chloride in excess in Et,O, aminals are cleaved into iminium
chlorides 97a and dialkylammonium chlorides 106 which can occasionally be
separated by their different solubilities in polar solvents (DMF or MeCN)23.24
(equation 48).

NP2 nve0
+ +
< 2+ R,NZ CI™ + HNR, CI (48)
NR,
(5) (97a) (106)

The most convenient method for the preparation of iminium salts utilizes
cleavage of aminals by acyl halides in ether (equation 49). The iminium salt 97
precipitates, whereas the dialkylamide 96a remains in solution. The yields are
quantitative?7.29,

NR, o) o)

+ |
+ —_ = x-
R]/U\x RzN X + R]/J\an (49)

(5) (97) (96a)
X = Cl, Br, |

Iminium chlorides, bromides and iodides 97 have been prepared by this
mecthod?’. With acyl fluorides the cleavage product 98 possesses a covalent
structure, but in the presence of BF; an iminium tetrafluoroborate is obtained?7:4¢
(equation 50).

0]

NR, /U\
BF, /
Q

96a + RNZ X~ + R — R,N7 F + 96a (50)
(97) NR, (98)
X = BF,
Iminium salts 97 (NR; = N<) can alsc be prepared by fragmentation of
ammonium salts 107 (X = CI*7, Br*!, 1?37) readily obtained from trimethylamine
and dihalomethane (X = CI?2, Br and 123?) (equation 51).

~ S ~
7N+X x——>7

+ +
N7 X X~ —2—+ SNZ X~ + CHaX  (51)

(107) s (97)
Cleavage of unsymmetric aminals 7 by acyl halides always leads to iminium salts
97 corresponding to the more basic amino group38.200.281.283.284
These results suggest an equilibrium between the monoammcnium salts 108 and
109. Monoammonium salt 109, although less abundant than 108 is decomposed into
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Y
NR, NR; *rxlmz
< X == < = < X~ (52)
»Imé NR} NR}
Y
(109) g (108)
1 NP 102 w—
RINY + R,NZ X R,NY + RINZ X
(97) (110)

NR, more basic than NR}

the iminium salt more rapidly than 108. Yet the cleavage rcaction (53) is observed
for the unsymmetric acyl aminal 111 with acetyl chloride32, It is likely that in this

case, the NR} group (phthalimido) is not sufficiently basic to allow formation of
ammonium salt 109.

o o)
Q™0 -
+ —_—
(0]

(111)
;L
N
Nj + O {53)
Cl
(0]

Cleavage of aminals by carboxylic anhydrides leads to covalent esters 1122833.50
(equation 54). However, in the case of trichloracetic anhydride, iminium
trichloracetates are obtained®°,

(CC|,))2O R! NR, mz)),o R‘)\O)J\Rz
R _fR, —— Y & ——— (54)
~F NR, (112)
0 R' = H, Ph, i-Pr
/u\ R2 = Me, Ph
ccly To”
-

R H
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Reaction of aminals 5 with w,0’-dihalides allows the preparation of cyclic
quaternary ammonium salts?!® (equation 55).

N R P - e
2 ( 3
+
NR, N, (cH,
(5) (CH,)—Br

= 4,5,6

Mono- and bis-aminals 10-12, 13-17, 19-20 and 66 have been transformed into
mono- or bis-iminium salts by cleavage with thionyl chloride (16, 66)'27128 or acyl
halide (1027.29.40,46.‘)2.101’ 1146.92, 1347:1,10!’ 14’ 15473, 1749’ 1992, 2030.86.92, 6692).

The cyclopropanone aminals 34 and 38 react with an excess of methyl
fluorosulphonate at —78°C forming cyclopropyliminium fluorosulphonates such as
113. These salts are relatively stable and can be stored many hours at 35°C,
without change in NMR!3313% (equation 56).

+

_Me0sOF
D< ~0—SO0,F + MeNR, (56)

(113)

The isolation of cyclopropyliminium salts and the substitutions observed without
ring-opening are consistent with ab initio STO-3G orbital calculations. For
X = NH,, the cyclopropyl cation 114 is more stable than either the planar allylic
cation 115 or the perpendicular allylic cation 116 (equation 57); the calculated relative
energies of cations 114, 115 and 116 are respectively: —33.5, 0 and +41.6 kcal mol~".
For X = H, 116 is more stable than 114227,

Hx + H X X H
. H \ H P
H H H H H

(114) (115) (116)

Aminals 27 when treated with excess phosgen are cleaved into phenyl isocyanate
and carbamoyl chloride 1172%° (equation 58).

NHR
coci,
— R—N=C=0 + cn/\ria/u\cu (58)
NHR R
(27) (117)
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2. Cyclic aminals

With cyclic aminals, the same types of cleavage occur.
Imidazolidines 44 are transformed by acyl chlorides into iminium salts 11848
(equation 59).

A i !
[‘ ] Rl 2 _
R/NYN\R - R\er\/\ﬁ)\al ct (59)
|
R! o) R
(44) (118)
R'= H, Pr
R = alkyl

Cleavage of hexahydrotriazine 28 by hydrogen halides leads via the ammonium
salt 99 to the corresponding unisolated iminium salt 119, characterized by its
reaction products with nucleophiles??® [for a similar reaction with hexahydrotriazine
56 (n = 3) see Reference 26]. Reactions with phosphorus pentachloride!!¢ yield
bis(chloromethyl)alkylamine 120 and cleavage with excess phosgen affords
compounds 121-1232% (equation 60).

R
N
—cl
R—N—\ P Nr j, " . 99 %7 o
Cl R ~ R ’L

(120) cocy, (26) (119)
(60)

o) 0 o) 0 o)
cu/Lkrsl:/\r‘Il/\rr/U\a + C|/U\rs|1/\rr/u\01 + cu/u\rr/\a
R R R R R R

(121) R=Ph (122) (123)
15% 24% 56%

Cleavage reactions of hexamethylenctetramine 59 have been achieved with acyl
halides’? and phosphorus pentachloride!!>!!6 yielding carboxamide 124 or
tri(chloromethyl)amine 125 (equation 61).

N o
/;'Q pCl JT ﬁ R)ka (0]
(Eas VML SN I Dy N (61)
\ ~ ~ C!
cl LN/ R N_\CI

(125) (59) (124)
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V. FORMATION OF ENAMINES

A. The Aminal-Enamine Equilibrium

Equilibrium (62) has long been known for acetaldehyde aminals 19 (R! = H)70:195,
On distillation, 1,1-dimorpholinoethane dissociates into morpholinoethylene (126)

R'\/]\ —— Bl _~_.. + HNR (62)
NR, NR, 2
(19) (126)

R! = H, NR, = morpholino) and morpholine (both having similar boiling points)
which immediately recombine exothermically to the starting aminal. The
equilibrium has been confirmed by spectroscopic and reactivity studies’?-!!1,

The next higher aminal homologue (19; R!= Me; NR, = morpholino) partly
dissociates into enamine and amine on dissolution in CDCl;. The same composition
19/126 = 1 at 37°C is obtained from an equimolecular mixture of the enamine 126
and morpholine2%.

The ketoaminal 41 exists as such only in the solid state. In solution or when
melted, it is in equilibrium with the corresponding enamine. The ketoaminal 127
could not be isolated from the amination of methyl ethyl ketone, but it was
identified as the product of equilibrium (63) between the corresponding enamine
and morpholine!.

NR, - T + HNR, (63)
(127)
/ N\
NR, =N O
\_/

Except for these few cases (see also Section IV.E), the dissociation equilibrium is
almost always completely shifted toward the corresponding enamine.

B. Kinetics of the Dissociation into Enamine

The dissociation of aminal 20 into enamines 128-Z and 128-E has been studied.
The dissociation rate (v) is very sensitive to the nature of the solvent:
v(CDCl3) > v(CqDg) = v(NEt3). In DMSO, dissociation is accelerated by traces of
hydrogen chloride and strongly retarded by addition of potassium r-butylate. In
CDCl;, the dissociation is first order with respect to aminal. The rate constant
increases with the size of Y (Y =Me, k=43 x10"3%s"'; Y =CeHyy,
k=16.7 x10=4s~!, in CDCl; at 37°C).

These results correspond with the formation of an iminium ion 129 as the
rate-determining step, followed by a rapid deprotonation to yield enamines 12886239
(equation 64).
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NR,

NR,
H* —H*
Ph —wna> | Ph E— +Ph :
\/‘\an HNR, Y\ﬁRz Ph\/\NRz ~ (64)
Y Y Y Y
(20) (129} (128-£) (128-2)
> / E
Y = Me, Et, I"PI', CGH”; NRz =N
n_/

C. Stereochemistry of Amine Elimination

The ratio of enamines 128-Z and 128-E obtained immediately after heating
aminals 20 or on their dissociation in solvents, is very different from the

thermodynamic composition. For enamines 128 (Y = Me), the following data have
been given.b6

z E
Equilibrium at 37°C 16 84
Aminal heating and distillation 64 36
Aminal dissociation in CDCl;, CCl, or NEt; at 37°C 80 20

As expccted from the proposed transition states 130-E and 130-Z, the 128-Z
isomer (Ph and NR; in the cis position) is favoured when the size of Y increases
(Y = C¢H) ), 128-Z = 100%; Y = Me, 128-Z = 80%)86 (equation 65).

+

NR,

Ph P H
"\
H““BJ -— 129 —» H----B
Y Y
H rlmz
(130-2) (130-£)
l (65)
NR, H
Ph Ph~_~
Y Y
(128-2) (128-£)

B8 = any bast such as aminal. enamine. morpholine, always present in the medium

In agreement with the proposed mechanisin, the iminium chloride 129
(Y = Me) when treated with triethylamine rapidly affords the enamines 128 in a
ZJ/E ratio of 80/20, corresponding to the kinctic ratio observed from the
decomposition of the aminal 20 (Y = Me) in this solvent®.
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D. Enamines from Functional and Cyclic Aminals

«-Haloaminals 21 are transformed by heating into B-haloenamines 131949 of
exclusive or predominant Z configuration!25.222,

Aminals 15 and 22 (R! = H) yield by distillation triaminoethylenes 132!12.172 and
E-1,2-diaminoethylencs 13383.96.129,

R1
\1/\Nn2 R2N\(\NR2 RN~ R,
X NR,

(131) (132) (133)

Dissociation (66) of a-aminoaminals 134 with different NR{ groups has been studied
in CDCl,. In the kinetic product, the enamine 135-Z (Ph and NR; in the trans
position) is predominant and its ratio varies only slightly with the size of NRJ [61%
(MMe,;) to 70% (NEty)]. For these compounds, transition states such as 130
(Y2; NR}) are insufficient, because they take in consideration only the size of
Y239,

NR, NR,
Ph
\'/kNRZ - Ph\(\Nﬁz * Ph\% (68)
1
NR2 NR) NR}
(134) (135-2) (135-£)

NR} = NMe,, NEt,, N ). N O;NR, =N O

«-Aminoaminals 136 containing a B-H atom could lead to enamines 137 or 138,
thus presenting in addition to the configurational isomerism a double-bond
positional isomerism. The ratio 137/138 is 3 when R! is a methyl group and 4 when
R! is hydrogen. Enamines 137 and 138 are in equilibrium'™ (equation 67).

NR,
R;/Y\an — R‘/Y§§R2 R'/\‘/\NRZ
NR, NR,

NR,
(136) (138)

T S

NR, NR,
(137)
This type of isomerization can also be observed in enamines 139-144 derived
from a-aminoaminals 23-26. Enamines 139, 140 and 142 with an exocyclic double

bond?®!19 and enamines 143 and 144 with an endocyclic double bond?® have been
characterized. Both types of double bonds are present in enamine 141



20. Aminals 879

(NR;N 0),the endocyclic isomer 141b representing 80% of the mixture!®,

The structuzal qifferences between five- and six-membered ring aminoenamines
140 and 141 are in agreement with the Brown Rule¢ and with other studics on five-
and six-membered heterocyclic enaminesf2.662.193 An equilibrium between endo-

cyclic and exocyclic structures is always detected by deuteration even if only one
structure is apparent208.239,

|
NR, NR,
(139) (140) (142)
|
N
O\ | (] |
I TR T T
2 NR, NR, NR,
(141a) (141b) (143) (144)

The particular behaviour of aminal 145 underlines the unstability of the
four-membered heterocycie. Heating affords imine 146 isolated with 28% yield®®
(equation 68). The same product was characterized by decomposition of animal 145

in CDCl,.
Mmz —— >
68
N NR, N \N—|—— o
+ +

(145) (146)

Imidazolidines 44 and hcxahydropyrimidines 45 can be distilled without
decomposition. Imidazolidines 50a and 54 are transformed by heating into
1,2,4-trisubstituted tetrahydropyrazines 147. An internal transamination via
open-chain iminium compouids is a plausible scheme®? (equation 69).

Tetrahydropiperazinc 148 has been preparcd either from imidazolidine 1492%° or
from hexahydropiperazine 80'3° (equation 70).

Aminals 150 can be used as starting material for the synthesis of medium-ring
diazaheterocycles such as 152. This is achieved via selective alkylation of the more
basic nitrogen (formation of ammonium salt 151), followed by substraction of a
proton leading to imine 152 in equilibrium with the corresponding enamine’
(equation 71).
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R\N R! H
>:< R! 2
Rl\(‘\/x R—N  N—R =——r S ONRS

T R—N N—R
NR3 QR
(50a) (147) (54)
(69)
i I—Han
! \,t,/R R! N,R
NR32 +NRZ
RHN RHN—=
R RIN
—— R— N—R -——— R—N N—R (70)
pf : :’ \_/ _/
R
(149) (148) (80)
NaOH
@@ @UD @(KD
(150) (151) (152)
(71)

E. Aminals Non-transformable into Enamines

Cyclopropanone aminals 32, cyclopropylcarbaminals®3:67.143-147.228 and azacyclo-
propylcarbaminals 15326270 are not transformed by distillation or by prolonged
heating into the expected enamines (equations 72 and 73).

[><NRZ —#— [>—nR, (72)

(32)

NR,
<\ = 73)
2
(153)

X = CHRZ2, NR2
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endo-Cyclopropylaminals such as 154, 155 and 156 (NRZ =N Dundergo an

NR, — NR, NR, NR,
—NR, NR, 5\NR2 gNRz
(154) (155) (156) (157)

easy isomerization into the exoisomers. This isomerization sometimes
occurs during the isolation of the aminal. It is catalysed by benzoic acid and is
complete on distillation. It is considered to occur via a cyclopropylidene amine such
as 158 with which the endo and exo aminals are in equilibrium46.228 (equation 74). The
isomerization of aminal 154 in C,Dg at 20°C is first order, with a rate coefficient of
1.9 x 1073 min~".

NR, »NR, NR2
NR, -HNR, HNR,  RoN
— _ (74)
(154) (158)

For the aminal 156 an alternative mechanism (75) via the allylic cation 159 has been
excluded, because the aminal 157 which can give such an allyl cation but cannot give an
enamine such as 158, does not undergo the endo = exo isomerization'4>.

[ NR
NR, ~ Rz § 2 1
NR, ~ RNR, Z
—_ . —_— . —_—
(156) (159)
NR,
(75)
(160)

Under more drastic thermal conditions, cyclopropylcarbaminals with a vinylic
double bond, such as 160-163, arc decomposed with elimination of amine and
formation of rearranged products 164-166'4>-147:228  Cyclopropylidene amines are
considered to be plausible reactive intermediates (equation 76).

Aziridinoaminals 167 are recovered unchanged after heating at 200°C?%, whereas
aminal 168 is transformed into a pyrrole?’® (equation 77).
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NR,
RN

(160)

Lucette Duhamel

NR, NR, NR,
R,N R,N R,N
Ph— Ph
(161) {162) (163)
NR, [ NR, |
(76)
e Ph
oY O
Ph
(165) (166)
NR,
NR,
R'N
(167)
TRz 160°C
ﬂ NR, —o——r U (77)
i-PrN T
(168) i-Pr
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F. Stability of Aminals in Strongly Basic Media

Aminals 169 and aminoimidazolidine 50 (X = NEt,, R! = Et, R = Me) are stable
in DMSO in the presence of potassium r-butylate, even after two hours at 170°C,
while they are totally transformed into enamines in the absence of this base
(equation 78).

NR,
DMSO, -BuOK, 170°C

|
NR, 7 R NNe (8

RI

Y
(169)
R'=Me Ph Ph Ph

Y
Y =H H Me N O NR,=N O

Similarly aminoaminal 169 (R‘ =Ph, Y =NR,=N O) is unchanged after

some hours of reflux in DMF containing potassium ¢-butylate, or in ether,
tetrahydrofurane or dioxane containing lithium aluminium hydride?3.239,

This result suggests that decomposition of aminals into enamines does not occur
when the formation of iminium ions is impossible. Therefore, an E, thermal
mechanism with a four-clectron transfer transition state is highly improbable, even
at 170°C.

The haloimidazolidine 170 undergoes hydrogen halide elimination when trcated
with potassium ¢-butylate. The tetrahydropyrazine 171 is obtained in a protic
medium such as ¢-butarol in which the formation of iminium ions is allowed.
However, in DMSO, the imidazolidine function is preserved, and the ethylenic
compound 172 is formed exclusively93239 (equation 79).

m N
t-BuOK t-BuOK 7~
MT — /ﬁ/j\ril LBok /\‘/\j (79)
ol ~N
(172) (170) 1mn)

V. REACTIONS

Aminals react with electrophilic reagents yielding iminium ions (Section III.B) and
do not react with nuclcophilic reagents. Therefore. reaction of aminals with
nucleophilic reagents occurs only in conditions in which the iminium formation is
possible.

Reaction of aminals with polarized double bonds leads to an addition compound
173 which formally corresponds to insertion of the double bond into the aminal
C—N bond (equation 80).

A. Reactions with Heteroatom Nucleophilic Reagents

Mono- and di-substitution compounds 174 and 175 can be isolated by reaction of
heteroatom nucleophilic reagents with aminals (equation 81).
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NR NR, R,N
2 5~ & NR, NR,
+ X=Y —— ) | —_— |
ey (80)
NRZ — X—Y
(173)
NR; H*, ~HNR, + 8H,—H* B
CH,=NR,
NR, NR,
(174)

(81)

B
BH,—H* +
< = CH2:B
B
(175)

1. Water

Generally, hydrolysis of aminals in acidic conditions is immediate. Hydrolysis of
ketoaminals 75 and 77 seems somewhat more difficult.

Polyformylbenzenes (176) and para-substituted phenylglyoxals (177) have been
advantageously prepared from polymethylbenzenes!39-161.164.166.167.241 (equation 82)
and para-substituted acetophcnones'®9-262 (equation 83) via aminals. In some cases,
isolation of thc aminal is not necessary, as the amination and hydrolysis steps may
occur in the same pot.

Regencration of the free aldehyde function from 1,2-diphenylimidazolidine
derivatives has been achieved in mild conditions by treatment with 2.5-3 molar

1. Br, (o) 0
20N O
N/ H H
3 Hy0* H H
o] o]

(176)
1. Bry

0]
2. H WH
O~ L -
0 3. Hy0 o)
(1

X = Me, CN, COzH, F, Ci, Br

)

)
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equivalents of p-toluenesulphonic acid monohydrate in acetone and methylene
chloride. The diamine salt is removed by filtration and the aldehyde by aqueous
extraction?.

Hydrolysis of aminals with H,'80 represents a useful method for the preparation
of '¥0-carbonyl compounds?48,

Monosubstitution products 179 have been obtained by partial hydrolysis of
a-ketoaminals 17849-127.128.217.218 (equation 84).

NR, OH
Y.
Y\[\)\an — j(‘\an (84)
0 0
(178) (179)

Y = NR,, Ph; NR, = N O, N

The cyclopropanone aminal 38 (NR,; = (N >) on treatment with hydrochloric

acid affords the hemiaminal 180 which permits a convenient synthesis of endonor-

caranol 181 (equation 85). Under similar conditions, 37 (NR2=N >) gives

2-chlorocyclohexanone?’%-25!, The unexpected formation of the exo-amine 180 from
38 is probably the result of a thcrmodynamically controlled isomerization?63. The
isomcric endo-amine 182 can be prepared from the fluorosulphonate 40 in basic
medium (equation 86). In the presence of traces of acid, it undergces rapid

o R,;N___NR,
cl HCI, K0 HCl, H,0
n=3 (CHZ)” n=4
37 n =3
(38) n =4
HO.__NR, HO_H
NaBH
— (85)
(180) (181)

RN . R,;N.__OH
SMe,
o . " . 180 (86)
FSO5~

(40) (182)
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isomerization to 180. The endo—exo assignment of the bridge substituents is facile
when a morpholino group is present. An exo morpholino group exhibits in
'H-NMR an AA’'XX’ signal while an endo morpholino group shows an ABXY
system?263,

The specific hydrolysis of tetramorpholinoethane (15; NR, = N O) into the
aminoamide 183, according to equation (87), must be noted'!3.

NR, NR,

RoN H0 HO HO -
2 \’/kNRz W)\NRz %\an
NR, NR, R,N
(15) 0
RzN/U\ (87)
/\ NR2
NR,=N O
N (183)
2. Alcohols

Monosubstitution products 184-186 have been obtaincd by successively adding
acetyl chloride, triethylaminc and methanol to aminal 5%, by heating

. 7N . .
tetramorpholinoethane {15; NR; =N O} in alcohols!'? or by reaction of

methanol or ethanol with cyclopropanone aminal 38263.273,

R10__NR,
1
NR, OR
NR,
OMe 0R1
(184) (185) (186)

R' = Me, Et, Pr

Many acetals have been prepared by reaction of aminals with alcohols in the
presence of hydrogen chloride (equation 88). The reaction occurs at room
temperature or at reflux, depending upon the structures!'63.217.218,

Solvolysis by methanol of «¢-ketoaminals such as 17a is complex. Kctals 188 and
189 have been detccted. Nevertheless, it has been possible to determine
experimental conditions yielding exclusively acetal 187 (equation 89). Direct
acetalization of phenylglyoxal by methanol has given, in the best case, an equal
mixture of the ketal 188 and the starting material?!8,

3. Thiols

Mono- and di-substituiion products 190 and 191 have been obtained by reaction
of thiols with aminals in the presence of acetyl chloride, hydrogen chloride or
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Rl NR; i, nom R{__OR?

(88)
NR, OR?

: - I
R'"=X y X , R3o—C—
RZ = Me, Et, n-Pr, i-Pr

/~ N\
n__/
NR, OR!
o] o]
(17a) (187)
: Q OR' OR!
R'O ‘ <
R‘o>')J\ : " R' OR!
Ph o
(188) (189)

sulphuric acid34.181-182.184 (equation 90). The reaction is rapid and the yields are
often in excess of 80%. The method is useful for the preparation of
a-ketothioacetals which are difficult to obtain.

R'__NR, . R._NR R'.__SR?
HSR 2 HSR?
L = L T L 0
2
(190) (191)

- e
R Ar, Ar—CO, S co’ t-BuCO

R2 = Ph, PhCH,, Et, Pr...

4. Amines

Reaction of a«-aminoaminals 22 with primary and secondary amines leads to
«-amino imines 192 and enediamines 193 (equation 91). The amine exchange occurs
on the aminal carbon involving an a-aminoaldiminium cation 19495102,

5. Amides

A variety of monosubstitution compounds 195 and amidals (N,N-diacylaminals)
196 have been prepared by reaction of aminals with amides'83-185-238 (equation 92).
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NR,
R!
NR,
NR,

(22)

|

(91)

1 1 1
A SNR2 e RYQKJRZ g RY"“NR%
NR, NR, NR,
(192) (194) (193)
H i A i
| z)l\ RZ7 NH, |
Rl _N Rz R "NH; gl NR R _N R2
\r \n/ AcOH \l/ z CgHg—H2 S0, \r \n/ 92)
r.t. reflux (
NR, O NR, H—N 0]
RZ
0
(195) (196)

o)
1l
>
>
|
=0
E

R? = H, Me, Ph, PhCH,, CHCI,

Reaction with succinimide results in rupture of the succinimide ring with
formation of amide 197238 (equation 93).

(0] 0 T
—_— N -NR; 93
0] Ph

(197)

N—H + Ph~_-NR,

_§ NR;

@)

B. Reactions with Carbon Nucleophilic Reagents

These reactions lead to formation of a new C—C bond.

1. Grignard reagents

Grignard reagents react very slowly with aminals lcading to a tertiary amine such
as 198 isolated in low yield'?? (equation 94).

2. Diazoalkanes

Reaction of aminals 5 with diazofluorene in the presence of carboxylic
anhydrides yields O-acylethanolamines 199235 (equation 95).
An amino ester, e.g. 200, may be an intermediate (equation 96).
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Ph NRZ Ph/\M Ph
gCl
T e 00

NRZ Et,0, refiux, 4 h NR2

(198)

NR,

N2

NR,

geae

NR,

(5)

R,N“N0Ac + R'—C—R=N =2,
Ly
(200)
OAc

"ZNRT><R1 (96)

3. Isonitriles

The nucleophilic divalent carbon of isonitriles reacts with iminium cation
intermediate giving a nitrilium_jon, which in turn can react with a nucleophile
Y~ 28 (equation 97).

NR
R‘—-N:(:‘/;\‘\?rfmz ——  RI—N=C— Yy (97)
’ NR2 NR;
NR,
NR,

Reaction of aminal 5 with an isonitrile yields an aminoacetamidine 2017%°. In the
presence of hydrazoic acid, a tetrazole derivative 202 is obtained?3® (cquation 98).
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NR!

1 NR |
R\ NjH 2 A RzN/k/an (98)

N NR,
(202) (5) (201)

1 .
R = CGH"nNRz:N » N o)

4. Trihaloacetic acids

Trichloro- and tribromo-acetic acids react with aminals at high temperature with
evolution of carbon dioxide and formation of an a-(trihalo)methylamine 203!92
(equation 99).

o] +
h NR
Ph\,/an X3C)LQ4 PhYan P \/_S 2
NR, ~c 0 xsc\n/(\o-
‘ o
CXs

Ph\|/rm2
99
CX (99)

3
(203)

5. C—H acidic compounds

The acid-catalysed Mannich reaction is believed to involve an iminium cation
intermediate® which is formed from the condensation of the amine and the
carbonyl compound (usually formaldehyde). The active hydrogen compound reacts as
the enol with the iminium cations®S. The condensation product can be transformed
into an «a-ethylenic carbonyl compound by amine elimination (equation 100).

R‘\‘// + _NR;, —— R‘\n/\/NRZ —_— R‘Y\ (100)
0) fo)

Instead of aldehydes and amines, this reaction may be carried out with the
corresponding aminals which give iminium cations easily under acidic conditions!87,

Thus, treatment of compound 204 or ketone 206 with formaldchyde and
dimethylamine hydrochloride under the wusual Mannich conditions affords
unsaturated compounds 205 and 207, with only fair yields, while excellent yields are
obtained by using bis(dimethylamino)methane and acetic anhydride’®252 (equations
101 and 102).

Reaction of phenylacetone with aminal 10 yields a labile intermediate 208 which
upon elimination provides the ethylenic ketone 2097! (equation 103).
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MeO ©© MeO ©©

(204) (205)
0 NN 0
N7 , Ac0
Ar R~ =, Ar/u\”/ R (102)
(206) (207)
R = Ar, Et
Ar NRZ Ar
Ar NR2 N Ph/\n/ | (103)
NRZ Ph Ph
o] o]
(10) (208) (209)

NR, = ‘

The aminal 10 (Ar = Ph) reacts with malonic acid affording cinnamic acid in a

rapid reaction and good yield (equation 104). The intermecdiate has been
isolated!®s.

R Ph
Ph\]/N 2 . OH \H\COZH a,-co,
NR, OH NR, —HNR,
o)
Ph\é\COZH
(104)

Aminals aminoalkylate the aromatic ring of phenols3*, yielding substituted
phenols such as 2102%° (equation 105). In basic solutions (pH ~ 9), kinetic studies
with varied concentrations of amine and formaldehyde scem to demonstrate the

OH Ph

an Ph an
(105)

(210)
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intermediary role of an aminal, thus ruling out an iminium cation®. The different
behaviour of phenols and alcohols must be underlined.

With acetophenones such as 211, aminoalkylation can occur either on the
aromatic ring or on the methyl group (equation 106). When the two hydroxyl

R'“_NR,
R'__NR R! R
NR, NR,
R1
R O RR O

R O NR,

(211) (214)
RZ=RI=H
(106)
R1
RZ0_ OR? 0 0 R20 OR?
~ _R! ~ _OH
R O R O
(212) (213) (215)
1
R —FPn R! = H, Ph
RZ = CH,Ph RZ = R3=H
R3 = OH

groups are protected, the reaction takes place exclusively on the methyl group
giving the chalcone 212. When the two hydroxy groups are free, a regiospecific
aminoalkylation of the nucleus occurs, due to the tautomeric structure 213. Since
the benzylic amino group of compound 214 can be recmoved by reduction, this
method offers a selective route to C-methyl- or C-benzyl-acetophcnone 21§155-157,

Reaction of chrysin (216) with aminals leads to mono- or di-aminoalkylation
which, via removal of the amino group should allow the preparation of natural
substituted flavanones!3%-157 (equation 107).

RL_NR,
1
HO 0 TR HO 0 HO 0
NR,
I — I — a | o7
OH O NR, OH O NR, OH O
(216)

The condensation of imidazolidines 44a with dihydropyrane proceeds similarly,
yielding an perhydrodiazepine 217 and a secondary amine 218!26 (equation 108).



20. Aminals 893

R 1
N
° N CF,CO,H ° 0 R
|+ (| oo L (108)
) N " NHR
R R

(44a) (217) (218)

The cyclopropanone aminal 38 readily undergoes reaction with ketones (acetone,
methyl ethyl ketone, cyclopentanone) in the presence of an aqueous buffer of pH
5.5, to form addition products such as 219. 38 also reacts with nitromethane or
nitrocthane!¥® in the presence of methyl iodide (used to generate a
cyclopropyliminium intermediate) leading to the nitro compound 220273274
(equation 109).

0 0
N M A" No, NR,
38 NO, (109)

R'l

(219) (220)

C. Reactions with Heterocumulenes .

Aminals § react with heterocumulenes X=C=Y with formation of a 1:1 adduct
(equation 110).

X=C=Y TX—C=v X=C—Y7 j\
+ -— -y o —_— s
(5) (110)

Addition products of this type (222-226) have been obtained with isocyanates
(equation 111), isothiocyanates (equation 112)%3259 carbon disulphide80.177.259
(equation 113), kectene (equation 114)19524 and ketene imines (equation 115)%3.
Generally, reaction occurs even at room temperature in the absence of a catalyst.

0
O=C=N—R'+5 — RzN)J\lTJ/\Nﬁz (111)
R'l
(222)
0
S=C=N—R' + 5§ — sz)J\rr/\an (112)
R1
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I
S=C=$ + 5 —— RN~ 87 AR, (113)
(224)
0 0

, — RN (114)
(225) (227

E10,C.__CO,Et

EtO,C_ . |
C=C=N—R'+5 — A~ (115)
Et0,C~ R,;NT N7 TNR,
e
(221) (226)

Compounds 222-224 are thermolabile and are cleaved into the starting materials on

heating to 100°C?%, The B-aminoamide 225 eliminates amine forming an
a-unsaturated amide 227!%.

Cyclic aminals undergo analogous reactions yielding ring-enlargement products.
Hexahydrodiazepinone 228 is formed from imidazolidines 44a and ketene (equation

116), and hexahydrotriazepine derivatives 229 are formed from 44a and isocyanate,
isothiocyanate or ketene imine 221. These compounds are stable?®?,

R
\
N
N_ N_ + 0=C=CH, — ) (116)
R " R N
~N
R
0]

(44a) (228)
R = n-Bu, PhCH,

(NN
|
R1
(229) _CO,Et
X =0,s,c
CO,Et
R' = Ar
R = n-Bu, PhCH,
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D. Reduction

Aminals are cleaved and reduced into both tertiary and secondary amines by
catalytic hydrogenation, formic acid, or metal hydrides (equation 117).

1
RL__NR,

R'I
YO Y+ e, (117)
NR, NR,

Reduction of open-chain and cyclic aminals occurs by hydrogenation in the
presence of platinium, palladium or Raney nickel!74-286, Splitting of the C—N bond of
the spiroaminal 81a is easy, whereas more drastic conditions are required for the
cleavage of the pyrrolidino ring!”® (equation 118).

|
N Hy/Pt Hy/ Pt
N .., 1 atm. [r 50°C, 100 atm.
| R
! (118)
(81a)

Cis- and trans-3(y-aminopropyl)piperidines 231 are formed by reduction of
decahydronaphthyridines 230. The cis isomer is largely predominant. The
stereoselectivity is influenced by the catalyst used (Pt or Pd)?8 (equation 119).

H, /\NH
PA/C or P1/C (119)
) N

I
H

(230) (231)

Reduction of aminals by formic acid was initially investigated in order to study
the Leuckart—Wallach reaction (reductive amination of aldehydes and ketones) and
the Eschweiler—Clarke reaction (reductive methylation of amines). Generally,
animals react spontaneously with formic acid®-1%1-243. An ionic mechanism involving
the direct transfer of a hydride ion to the iminium cation is generally accepted
(equation 120). A free-radical mechanism involving the transfer of an electron from

1 R' (‘ rfm,_

RL_NR

YO o, H) — RY"ONR, CO, (120)
NR,

O

the formate anion to the iminium cation, and decomposition of the formyloxyl
radical has also been proposed: (equation 121). The thermal decomposition of an
intermediate ester 232 has also been suggested!®! (equation 122).

RI_NR, M —— m, I _NRy + H + €O, — RL__NR, (121)
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1 1A - Rl__O-_H
NR, o] NR, O
(232)
232 —— R __NR, +H + CO, (i22b)
R{_NR; + 232 —— R‘\/an + R{_NR, + CO, (122c)

The reduction of cyclopropylcarbaminal 162 by formic acid-d, vyields a
monodeuterioamine 233 and a bideuterioamine 234 (equation 123) suggesting an
equilibrium between the iminium cation and the not nonisolated cyclopropylidene
amine (Section IV.E)!47.

.
NR,

NR, | y
HI-NR; b H b—co, ’HZ:QSJRZ
Ph Ph
Ph Ph Ph Ph
(162) (233)
45%
(123)
—H*
NR
NR, | 2 H
o* D D—CO,” D ng
Ph Ph Ph
Ph Ph Ph
(234)
55%

1,3-Disubstituted and 1,2,3-trisubstituted imidazolidines 44 are cleaved and
reduced to the corresponding diamine 235 upon exposure to sodium borohydride in
boiling ethanol or lithium aluminium hydride in dioxane at reflux'93279 (equation
124). The chloroimidazolidine 50 is transformed into piperazine 236 by these
reagents'Y? (equation 125). The proposed mechanism is shown in equation (126).

1,2,3-Trisubstituted hexahydropyrimidines 45 (R! = Me) are similarly cleaved by
these two reducing agents. However, 1,3-disubstituted hexahydropyrimidines 45
(R! = H) are not affected under the same conditions?’. Spiroaminoaminals 81a!”*
(R! = R?* = H) and g-aminoaminals 22 (R' = H, Ph)®3%3 are recovered unchanged
following treatment by lithium aluminium hydride, while cyclopropylcarbaminals are
reduced®’.

Imidazolidines 44 are also cleaved to the diamines 235 by reduction with
borane—tetrahydrofurane?!3.
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R
)
1 LIAIH‘/dloxane 1
R —< ] "or NaBH,/ETOH RN~ ~NHR (124)
R
(44) (235)
R'=H, Me, Et—CHIN 0}
_/
R
R
SN LiAIH,/dioxane 1
R o nesngeon . VN N—R (125)
I
X R
(50) (236)
R'= Et, X = CI
NN
AT R,NH
RoN NR + H 2
-/ R;N—CH,
H—l-|\|—H
H-—/l\I—H + Lit+ H™ LiAlH4 H

H

The reduction of aminals 27 with zinc in the presence of sodium hydroxide has
been reported!20.

E. Oxidation

1. Without modification of the oxidation number of the aminal carbon atom

Aminals 27 formed in siru from formaldehyde and primary amines are
transformed into diaziridines 237 by reaction with hypochlorite in a basic
medium?!5-221b (equation 127). This reaction also occurs with the hexahydrotriazine

C\I ]
0 NHR N—R N
)]\ ANH, < oci < < l (127)
H™ NHR N—R N<R
l. (27) H
(237)

R = n-Bu
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58210 (equation 128). The hexahydrotriazine 58 reacts with nitrous acid to provide a
fair yield of the trinitroso derivative 2382!¢ (equation 128).

R R R
N/_l:N :8u0Ct N)\ _HNO; ON\N/I\N/NO (128)
L == O = L
y NO
(58) (238)
R = Me

The nitration of hexamethylenetetramine 59 leads to thce high-explosive
cyclotrimethylenetrinitroamine 239°. N-Oxide aminals such as 240 have only been
isolated from rigid systems such as polyazaadamantanes. Mono-, di- or tri-N-oxides
are obtained by reaction of hexamethylenetetramine 59 with 3-chloroperbenzoic
acid, depending on structural type and molar ratio between the reactants!’0
{equation 129).

Cl

2 CO3H
[ rm O

No2 AN

(239) (59) [TN\‘

In other cases, the N-oxides are unstable and rearrange into oxazines such as 241
and 243 obtained from the aminals 1'4#:223 and 242'7! (equations 130 and 131).

H20,

(130)

(241)

Triazines 28 are transformed into oxaziranes 244 by action of peracetic acid, via
oxidation of formaldehyde iminc!?? (equation 132).

2. With modification of the oxidation number of the aminal carbon atom

1,3-Diarylimidazolidines are dehydrogenated by carbon tetrachloride to yield the
corresponding imidazolidinium salt 245. Both frec-radical (equation 133) and ionic
(equation 134) mechanisms have been suggested??*,

Dehydrogenation also occurs with potassium permanganate, peracetic acid in
aqueous solutions!'*1, quinones, ethyl azodicarboxylate 22, mercuric
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Ar [of] A
O |4 o
CO4H N R
e — O
N N* N/O
\ AV I
R | R O R
(242) Ar
| 1
NYR
[ o (131)
N/
|
R
(243)
AN N
N CHyCO,H N= A
|\ ) — / — R—N\] (132)
I\|J R
R
(28) (244)
cc, —'CCly + Cr (133a)
‘CCl, +. _N_ _N T N N
3 'ph~ 7( Ph Ph”” \.<N\Ph —cal,
HH H
Nz T.oN I~ (133b
PR YT PR e (1330)
H
(245)
1
Ph—N__N—Ph CI  —— 245 + HCCly (134)
T
H H ccl,

ethylenediaminetetracetate?%292, and dimethyl sulphoxide in the presence of zinc
chloridc'?%. In some cases N-monoformyldiamine 246 is isolated, which can yield
the imidazolidinium salt 245 after acidic treatment!3!-226 (equation 135).

Dehydrogenation of 2-substituted 1,3-diphenylimidazolidines 44 is more difficult,
but is effected with 2,3-dichloro-5,6-dicyano-p-benzoquinone??® and with mercuric
ethylenediaminetetracetate?01202,
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/Ph [ pn H
: o, | PN L
|:+>—H x- =, [rX —— PhOINCNNCH O (135)
N N H
\ph Ph

(245) (246)

HCI

3. With cleavage of the carbon chain

Isobutanal aminal 247 is clcaved in acetone and diphenylformamidine when
stirred in the presence of pure oxygen or air (equation 136). The fragmentation of
an intermediary hydroperoxide has been proposed. The presence of two a-alkyl
groups in the aminal seems indispensable, because analogous ethanal and n-butanal
aminals arc stablc under the same conditions?33.

~OH
NHPh o, } _NHPh 0 T
— - /U\ TN N (136)
NHPh CNHPh Ph Ph

(247)

VI. AMINALS AS POTENTIAL AND PROTECTED CARBONYL
COMPOUNDS

It has already been noted that aminals can be used as potential aldchydes for the
easy synthesis of acetals and thioacetals (Section V.A.2.3).

Reaction of aminals with aromatic compounds in very concentrated aqueous
solutions of sulphuric acid occurs via the hydrolysis products?®42!Y (equations 137
and 138).

Pha_NR; 1 s0,-1,0 Ph_ _H Ph\./Ar
Y —an — (137)
NR, A \g/ Ar
NR, 0 Ar Ar
Ph S0~ H0 | ph . Ph Ph,
jH\rsm2 ArH \”)J\H Ar + Ar
0] 0] 0] Ar

(138)

In even more strongly acidic media such as anhydrous sulphuric acid, the aminal
function does not react with aromatic compounds. This lack of reactivity 1s
probably due to the protonation of both amino groups. This property permits the
preparation of triarylacetaldehydes 248 from the a-ketoaminal 17a2!? with good
yields (equation 139).
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NR, 0
Ph 1 H,80,, ArH Arﬁ)k
NR — (139)
jH\ 2 2 Ky0 Ph H
0 Ar
(17a) (248)

Ar = Meo—@

In strongly basic media, the rcactions of aminals are very sluggish, due to the
difficulty of forming iminium cations (Section IV.F). Aminals can be used as
aldehyde protecting groups in the presence of organometallic compounds. Thus,
2-chloro-3,5-diformylthiophenc has been prcpared from 2-chloro-3-formylthiophene
via intermediate protection of the aldehydegroup® (equation 140).

0 NR, 0
1 Buli
H HNR NR 2 OMF H
| — |l | 2 T || (140)
3 H
S Cl S Cl S Cl
0

a-Hydroxy aldehydes 251 have been prepared in high optical yields by the
reaction of a-ketoaminals 250 with Grignard rcagents and hydrolysis of the resulting
hydroxyaminal. a-Ketoaminals 250 have been obtained by treatment of the
methoxycarbonylaminal 249 with Grignard reagents in the presence of magnesium
chloride?96-207 (equation 141).

H (0]
N RMgX N 1 R'MgXx 1
MeO MgCi, R 2 H,0 \ R'I ( 41)
| 'r %
O ph O ph
(249) (250) (251)

Protection of aldehydes in reducing media was realized by their transformation
into imidazolidines. Reduction of nitriles or thio acid salts with Raney nickel was
carried out in the presence of N,N’-diphenylethylenediamine, to trap the nascent
aldehyde and thus, circumvent further reduction to the corresponding

alcohol?:123.131 (equation 142). Penicillin aldehydes have been synthesized under
these conditions!?3.

H
1 Raney Nu R [L s
2 PhNH__NHPh NHPh \ﬂ/ (142)
3 HZO 0 N H
(0]

Reduction of p-isopropylbenzaldehyde into the 2,5-dihydro derivative has been

effected by metal ammonia after conversion into the 1,3-dimethylimidazolidine
derivative!'3.
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Aminals have also been used to trap labile aldehydes. Thus, «-amino aldehydes
have been isolated from reaction mixtures as crystallized aminals 22, in order to

avoid their transformation into the more stable isomeric w-aminoketone

W N -

%]
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I. INTRODUCTION

This chapter deals with detection and determination methods of nitro, C-nitroso and
N-nitroso compounds. Reviews dealing with the analytical chemistry!-'! and
spectroscopy!2!3 of nitro and nitroso derivatives have appeared. The aim of this
chapter is therefore to give a brief account of known methods without repeating
details and procedures readily available in these sources. Recent developments
(literature covered till the end of 1978) are emphasized, but as a rule we do not
reproduce detailed procedures. The interested reader is referred to the specialized
review literature and to the original works.

The analytical chemistry of explosives, most of them nitro derivatives, has been
thoroughly covered by a recent review'* and will not be repeated here. Mass spectra
of nitro and nitroso derivatives are treated in a separate chapter of this volume.

Il. DETECTION AND IDENTIFICATION
A. Chemical Methods

This topic has been treated by several books?=> and a recent review!, so only a
brief and selective summary is given here. For detailed procedures the reader is
referred to the reviews and original works.

1. Nitro compounds

The most characteristic reaction of the nitro group, the reduction to amines
(equation 1), is conveniently accomplished by using tin or zinc in hydrochloric

RNO, + 6H" + 6e RNHy + 2 Ho0 (1

acid®3. The resulting primary amine can then be detected*®. Nitroso, azoxy or azo
compounds give the same results.

With a neutral reducing agent® or with zinc dust and acctic acid in alcohol* nitro
compounds arc reduced to hydroxylamines (equation 2), which can be detected by

RNO, + 4H'" + 4e —— RNHOH + H0 (2)

Tollen’s reagent or by the ferric hydroxamate test*. Under the same conditions azoxy
and azo compounds are reduced to hydrazo and hydrazine derivatives respectively,
which also respond positively to Tollen’s test. However, only hydroxylamines give
the ferric hydroxamate test®. The application of both tests to the reduction products
enables one to differentiatc between nitro or nitroso derivatives, and azoxy or azo
compounds. The original compound should be tested with Tollen’s reagent before
the reduction step, to make sure that it does not affect the reagent.

Compounds containing one or more nitro groups give a positive ferrous hydroxide
test3-% (equation 3). Not all nitroparaffins give a positive response. whereas a
positive test is given also by other oxidizing compounds.
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RNOj3 + 6 Fe(OH)2 + 4 H20 RNH;, + 6 Fe(OH)3 3)
(green) (brown)

Distinction between primary, secondary and tertiary aliphatic nitro compounds can
be accomplished by reacting the nitro derivative with nitrous acid!-5. Primary
nitroalkanes give a red colour, resulting from the formation of the salt of nitrolic
acid; secondary nitroalkanes give a blue colouration resulting from the pseudonitrole
formed in the reaction; tertiary nitroalkanes do not react with this acid. Primary and
secondary nitroparaffins give a positive ferric chloride test*. Secondary and some
tertiary nitroparaffins liberate nitrous acid upon heating with sulphuric acid. The
nitrous acid forms an intense purple product with resorcinol!. Primary nitroparaffins
couple in alkaline media with diazonium salts to yield coloured condensation
products?.

Aromatic mononitro derivatives can be detected without interference from
nitroparaffins by reaction with sodium hydride!. Dinitro and trinitro derivatives of
benzene and its homologues can be classified by the acetone—sodium hydroxide
test>4. Dinitro derivatives produce a purplish-bluc colour and trinitro compounds
show red colour. Mononitro compounds do not lead to colour development.

A sensitive spot test for aromatic nitro compounds is their reduction to nitroso
derivatives by warming with calcium chloride and zinc, and the detection of the
nitroso compound by a reaction with Na;[Fe(CN)sNH3]} (purple, blue or green
colour)?.

Dinitro aromatic compounds give bluc to green colour with tetracthylammonium
hydroxide and fluorenone or butanone in dimethylformamide solution. Trinitro
aromatics form red colours in this test’. m-Dinitro aromatic compounds give a
specific test with KCN?2, while o- and p-dinitrobenzenes can be identified through
reduction with phenylhydrazine or other reducing organic compounds in alkaline
media'2.

2. Nitroso compounds

C-Nitroso compounds (like their nitro analogues) can be reduced to amines and
hydroxylamines, depending on reaction conditions*-> (equations 4 and 5). N-Nitroso
compounds are reduced to hydrazines (equation 6). N-Nitroso and C-nitroso

Sn, HCI

AINO + 4H* + b e ArNH; + H0 (4)
. CaC

AINO + 2H* +2e ——22,  A'NHOH (5)

R,NNO + 4H* + 4e  ——=  RoNNH, + Hp0 (6)

compounds can be distinguished by hydrazoic acid’. The N-nitroso derivatives are
easily denitrosated by the acid at room temperature (equation 7). C-Nitroso
compounds are not altered by this reagent.

RoN—NO + HNg — R2NH + N + NoO @

Aliphatic C-nitroso compounds can be detected by a rearrangement to the oximes
and the identification of the latter with chlorourea'. Aliphatic N-nitroso compounds
liberate nitrous acid upon hydrolysis in an acid medium (equation 8). The nitrous
acid can be detected with Griess reagent'-.

RoNNO + H0 RoNH + HNO2 (8)
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Nitroso compounds can be distinguished from nitro compounds by their reaction
with [Fe(CN)sNH3] 3 or [Fe(CN)sH,0] 3. A colour develops upon the exchange of
NH; or H,O for the nitroso compound!? (equation 9). Aromatic amines or
hydrazines will also give a positive test.

Nas[Fe(CN)sNHz] + RNO

NH3 + Naj[Fe(CN)sRNO] (9)

Nitroso compounds give a positive Liebermann test (red colouration upon heating
in conc. H,SO,4 with phenol)!-2, A very sensitive test for nitroso compounds includes
the reaction with diphenylbenzidine!. Oxidizing materials or compounds containing
active halogens, interfere with this test since they give positive results. Aromatic
nitroso compounds give a coloured product with resorcinol!.

Finally, some physical and chemical constants that can assist in the identification of
the compounds, like melting and boiling points, refractive indeces and densities, as
well as properties of derivatives, can be found in Reference 15.

B. Infrared and Raman Spectroscopy

The infrared and Raman spectroscopy of nitro!? and nitroso'? compounds has
been extensively reviewed.

1. Nitro compounds!'?

The infrared and Raman fundamental frequencies of nitromethane are
summarized in Table 1. Two characteristic bands of high intensity appear in the
infrared spectra of alkyl nitro compounds; the symmetric stretching (v,) in the region
of 1300-1700 cm™!, and the asymmetric stretching (v,) in the region of
1500-1600 cm™!. Generally primary and secondary nitro derivatives absorb at
slightly higher frequencies than the tertiary derivatives, as seen in Table 2. «-Halogen
substituents increase the nitro group frequencies, whercas conjugation of the nitro
group to an ethylenic double bond lowers the strctching frequencies.

Conjugation in aromatic compounds causes a shift in the NO, vibrations toward
lower frequencies'’. Coplanar aromatic nitro groups generally have their v, vibration
in the region of 1520-1550 cm™!. Strongly electron-withdrawing groups in the para
position or bulky groups in the ortho position cause an increase in the v, frequency.
Electron-releasing groups lowcr the v, frequency.

The nitro group frequencies can be shifted under the influence of a solvent.
Usually the shift is negligiblc in the absencc of hydrogen bonding!8, though a

TABLE 1. The fundamental infrared and Raman frequencies of nitromethane!?

Infrared Raman®
Description (cm™! (cm™1)
NO, asym. stretching (vy,) 1586 1562
NO; sym. stretching (vq) 1377 1377.3
C—N stretching 918 918.8
NO; sym. bending 658 656.5
NO, rocking 605 608
477 481

“Vapour.
bLiquid.



21. Detection and determination of nitro and nitroso compounds 913

TABLE 2. Infrarcd frequencies of aliphatic nitro compounds!¢

Nitro derivative vas (em™1) vg (em™1)
Primary 15502 1379+ 3
Secondary 1550+ 2 1357

Tertiary 15362 1348+ 3

decrease in frequency in polar solvents has been recorded for para-substituted
nitrobenzenes!”.
The infrared spectra of nitro derivatives have been recently reviewed??. Several

papers dealing with various aspects of the infrared?’-2* and Raman?*26 spectra of
nitro compounds have appeared recently.

2. Nitroso compounds!?

Owing to possibilities of dimerization and geometrical isomerism in nitroso
compounds, their characteristic frequencies vary with temperature and
concentration.

The most important group frequency in these derivatives is due to the N=O
stretching vibration. In the nitrosomethane monomer the N—O stretching vibration
is found at 1564 cm~!, whereas in the nitrosobenzene monomer it appears at
1506 cm~!. Generally aliphatic C-nitroso compounds show the free N=O stretching
vibration in the region of 1538-1621 cm~!, while in aromatic C-nitroso compounds
it appears at 1485-1515 cm~!. In aliphatic nitroso compounds substitution of an
a-hydrogen by an acetyl group causes lowering in the N=O frequency, whereas
substitution by a Cl, CN or NO, group increases this frequency.

Tie C—N stretching vibration appears in these compounds around 1100 cm™!,
and thce C—N=O bending in the region of 400-460cm~!. The absorption
frequencies of the cis and trans dimers of C-nitroso compounds are given in Table 3.

R\ /O R\ — /R
/N:N\ ‘/N—N\
o) R o) o)
Trans dimer Cis dimer

The trans dimers generally show high-intensity bands in the region 1180-1300 cm~!,
while cis dimers do not have any remarkable bands in this region. Band intensities
may thus serve for the assignment of cis and trans structures to unknown dimers.
para-Substituted nitrosobenzenes show increased dimer band intensities with the
electron-withdrawing ability of the substituent.

TABLE 3. Infrared characteristic frequencies of cis and trans dimers of C-nitroso com-
pounds!3

R Trans dimer Cis dimer

Aliphatic Single band in the region Two bands in the regions
1176-1290 cm ™! 1323-1344 and 1330-1420 cm™!

Aromatic Single band in the region Two bands in the regions

1253-1299 cm™! 1389-1397 and 1409 cm™!
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The infrared spectra of some nitroso derivatives are indicative of oxime formation.
According to infrared spectroscopic evidence, p-nitrosophenol (1) is present in the
quinoid oxime structure 2.

OH o)

NO NOH
(1) (2)

N-Nitrosamines in the monomeric state show the N—O stretching frequency in the
region 1430-1530 cm~!, whercas dimers absorb around 1300 cm~!. The N=O
stretching vibration of aliphatic nitrosamines appears around 1425-1460 cm~!, while
that of aromatic nitrosamines around 1450-1500 cm~'. The intensity of this
absorption and its frequency decrease on going to more polar solvents.

The N—N stretching vibration of aliphatic nitrosamines appears around
1030-1150 cm™!, whereas in aromatic nitrosamines it appears around 925-
1025 cm~!. The C—N stretching of these compounds. is assigned to a band in
the region 1160-1200 cm~!, and the N—N=O deformation mode to a band around
660 cm™!.

The infrared spectra of nitroso derivatives have been reviewed recently?’.

C. Electronic Spectroscopy

The clectronic spectra of nitro and nitroso compounds have been extensively
reviewed'2!3. A brief summary is presented here.

1. Nitro compounds!?

Both n — n* and n — n* transitions are responsible for the observed absorption
bands of nitro derivatives. In nitromethane the absorption band due to the n — n*
transition appears at 270 nm (loge = 1.3), while the band due to the n — n*
transition appears at 210 nm (log ¢ = 4.2). In nitroaromatics the absorption bands
due to the nitro groups are usually masked by the intense bands due to the n — n*
transitions of the aromatic moiety.

The nitro group is highly electron-withdrawing, and causes bathochromic shifts of
the aromatic absorption bands, and also considerable variation in the intensities.
Nitrobenzene in inert solvents exhibits two absorption bands; at 260 nm (¢ = 8500)
(probably corresponds to the 203 nm band of benzene), and at 290 nm (¢ = 1500)
(corresponding to the forbidden n— n* transition of benzene, around 260 nm).
para-Substituted nitrobenzenes exhibit a bathochromic shift relative to nitrobenzene
when substituted with an electron-donating substituent. The absorption spectra of
ortho-substituted benzenes are governed by electronic and steric effects of the
substituents. Substituents in the mera position have small effects on the spectra,
relative to the parent compounds.

The electronic absorption spectra of 2,4-dinitrophenylhydrazones are utilized in
the analysis of carbonyl compounds. 2,4-Dinitrophenylhydrazones of saturated
carbonyl compounds absorb at 360 nm (¢ ~ 20,000) while those of «,-unsaturated
derivatives absorb at 380 nm (¢ ~ 25,000).

Several papers dealing with the interpretation of electronic spectra of
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nitrogni.lines.zs-”, N-phenylmaleimide derivatives* and health-related compounds
containing nitro groups®! have appeared recently.

2. Nitroso compounds'®

Monomeric aliphatic nitroso compounds are blue, while the aromatic derivatives
have a green colour. Aliphatic nitroso monomers absorb at 220 nm with ¢ ~ 5000
(r — n” transition), at 270-290 nm with ¢ ~ 80 (n — n* oxygen lone-pair transition)
and at 630~790 nm with ¢ ~ 1-20 (n — =* nitrogen lone-pair transition).

The visible absorption disappears upon oxidation of the nitroso group to the nitro
group. The 700 nin band is affected markedly upon dimerization of the nitroso
derivative.

In aromatic nitroso derivatives only the long-wavelength n — n* transition is seen
distinctly. The lower wavelength n— n* transition is masked by the aromatic
absorption bands. The nitrosobenzene monomer absorbs at 194 nm (¢ ~ 11,890),
280 nm (¢ ~ 10,330), 301-350 nm (¢ ~ 5200) and at 680-760 nm (¢ ~ 40-70).
When a dimer is formed the n— n* band disappears and a new n — n* band
emerges in the region of 270 nm (¢ ~ 1000). The change in absorption is expressed
by the change in colour from blue to yellow. The wavelength of absorption is lower
in the cis dimer than in its trans isomer.

N-Nitrosamines arc characterized by bands at 235 nm (x — n* transition) and at
360 nm (n — n* transition with fine structure). The 360 nm band is affected
markedly by dimerization of the nitrosamine.

The electronic structures of nitrosomethane, nitrosoethylene and nitrosobenzene
have been studied by the PPP and CNDO/2 methods32,

D. Nuclear Magnetic Resonance

1. Proton NMR

The 'H-NMR spectra of nitro and nitroso compounds have been reviewed'?!3,
The nitro group exerts an inductive effect on the alkane moiety, and causes a
deshielding effect on the protons of the carbon adjacent to it. The chemical shift of
the methyl protons of nitromethone is 6 = 4.28 ppm. The effect of the nitro group
on the 'H chemical shifts of benzene is a combination of inductive, resonance and
magnetic anisotropy effects. The chemical shifts of the protons of nitrobenzene with
respect to benzene (6 = 7.27 ppm) are as follows: 8o, = 0.92, 6,0 = 0.25 and
Spara = 0.38 ppm33.

N-Nitrosamines have been studied by 'H-NMR spectroscopy with respect to
hindered rotation about the N—N bond. Generally, protons within two bonds
removed from the nitroso group and cis to it are shielded, and protons trans to the
nitroso group are deshielded in N-nitrosodialkylamines. The resonance structure 3
accounts for these findings. C-Nitroso compounds exist as cis and trans dimers having
distinguishable '"H-NMR spectra. ) o

Several papers dealing with the structure and barriers to hindered rotation in
N-nitrosamines have appeared recently*-3%,

trans. deshielded ch\ﬁ/CHa cis. shielded HS'C\N/CHS
I — rL
Nvo- o

(3)
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2. Carbon-13 NMR

The nitro group exhibits the largest effect of any substituent examined on the
carbon of an aliphatic chain. The effect of the NO, group on the '3C chemical shifts
of the aliphatic chain, relative to the parent alkane is as following:

O2N—C(1)—C (2)
s = 64.5 4.7 ppm

The '’C chemical shifts of the carbons of nitrosobenzene are3: 4, = 148.3,
6(2) = 1234, 6(3) = 129.5 and 6(4) = 134.7 ppm.

N-Nitrosamines and MN-nitrosoanilines have been studied by !'3C-NMR
spectroscopy with respect to their structure, cis—trans isomerism and the effect of the
N—NO group on '3C chemical shifts?940. It has been suggested that apart from the
magnetic anisotropic effect of the N—NO group, it also exerts an electronic field
effect. Both cffects contribute to the '3C chemical shifts of the carbons close to the
nitroso group. These effects were taken into account in deriving the empirical
substituent parameter for the N—NO group*°.

3. Nitrogen-14 NMR

The *N-NMR spectra of nitroalkanes, nitroaromatic compounds as well as various
nitroso compounds have been extensively reviewed!241-43,

Nitromethane serves as a standard for '"N-NMR chemical shifts. Generally the
1“N-NMR resonances of nitro compounds appear at higher fields with increasing
electronegativity of the group R in R—NO,. !*N resonance signals of nitroaromatic
compounds occur at higher fields than those of nitroalkanes. The '*N chemical shift
of nitrobenzene is 8 ppm (from CH3;NO;)*!. Studies of aromatic nitro compounds
have indicated little effect on the chemical shifts due to the rn-electron conjugation
between the substituents®’.

A double bond exerts a general shielding effect on the "N resonance of the nitro
group. A double bond at the carbon atom B to the nitro group results in a shielding
of about 4 ppm relative to the corresponding nitroalkane or nitrocycloalkane;
whereas a double bond at the carbon « to the nitro group causes a high-field shift of
about 15 ppm*. High-ficld '*N chemical shifts observed for anions derived from
nitroalkancs have been attributed to an appreciable double-bond character of the
carbon-nitrogen bond in the nitro group®. The !*N chemical shifts of several
nitroalkanes have been calculated according to the Pople MO theory and compared
with experimental values?,

The mutually isomeric structures of oximes (4), nitrones (5) and nitroso
compounds (6) inay be differentiated on the basis of their '*N chemical shifts*’: for

1

Rl R3 R! 3 I 20
So=n" So=RC R2—C—N~
R? ol ka
@ (5 (6)

oximes 0 to 50 ppm, for nitrones 70 to 110 ppm and for nitroso compounds —400 to
~550 ppm (referred to CH3NO, or NO;~ on the screening constant scale). The
tautomeric equilibria present in oxime-nitroso systems may thus be easily observed
by means of '"N-NMR spectroscopy.
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The '*N chemical shifts of some nitroso compounds have been correlated for the
nuclear quadrupole coupling constants?8,

E. Nuclear Quadrupole Resonance

Nitrogen-14 nuclear quadrupole effects have been extensively reviewed*®. The
“N-NQR spectra of a group of substituted nitrobenzenes and of nitromethane have
been reported and analysed in the framework of the Townes and Dailey theory. It
has been suggested, that the z direction of the principal axis system, for the electric
field gradient tensor at the nitrogen of the nitro group, is in the plane of the molecule
and perpendicular to the C—N bond, whereas the x direction is along the C—N
bond. The variations of the calculated n-electron density at the nitrogen of the NO,
group, with changing the substituents on the benzene ring, have been found to be in
good agreement with the theories of resonance and inductive effects of the

substituents. Satisfactory correlations of the NQR data with the Hammett ¢ and og
constants have been found.

ll. QUANTITATIVE DETERMINATION

The quantitative determination of nitro and nitroso compounds has been extensively
reviewed!-6-11:51.52_ We shall mention only briefly the well-established methods. The
reader is rcferred to the cited literature for details and procedures, as well as for
other known methods. Recent developments will be emphasized here.

A. Titrimetric Methods

1. Nitro compounds

Reductive techniques!79-!!1 are the most popular for the determination of nitro
compounds. The overall reduction to the amine can be accomplished in various ways,
depending on the type of compound. The analysis may be based on the
determination of the excess of reductant, or the amine, or water formed in the
reaction.

The most popular reducing agents employed are: Sn*2, Ti*3, Cr*2 and V*2
Usually a standard ferric ammonium sulphate solution is used for the back-titration
of the excess reducing titrants. The whole procedure has to be carried out in the
absence of oxygen. Detailed procedures using titanous chloride (most popular) and
chromous chloride are given by Siggia’ and by Gawargious’. The reductive methods
arc applicable to aliphatic and aromatic nitro compounds, on micro and macro scales.
If solubility problems in aqueous solutions arise in some cases, alcoholic or
alcohol-water media may be used.

Primary and secondary nitroalkanes can be accurately determineq by the
chlorination reaction with excess sodium hypochlorite, and subsequent estimation of
the unconsumed reagent by titrimetry'. ‘ .

Aliphatic nitro compounds with the nitro function attached to a primary or
secondary carbon atom, can enolize to the aci form 7. The aci form is tritable as acid

0 OH
R—CH-N_ === R'—C=N__
| o ' 0
R2 Rz

@
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in nonaqueous basic medium, thus enabling the direct determination of the nitro
derivative!9-!1.

Procedures for the determination of aromatic nitro compounds by measurement of
water produced in their reduction or condensation reactions have been described!!.

2. Nitroso compounds

C-Nitroso compounds can be reduced to the corresponding amine. N-Nitroso
compounds are usually reduced to the corresponding substituted hydrazines; but a
few undergo cleavage at the N—N bond under reducing conditions, yielding the
corresponding amine.

Reductive titrimetric methods for the determination of nitroso compounds. similar
in principle to the methods applicable to nitro compounds, are well
established!¢7.9-!11, An iodometric method for the determination of C-nitroso
compounds has also been described by several authors!-6-9:11,

3. Recent developments

Fe*? in acidic or alkaline medium is a suitable reducing agent for the quantitative
titrimetric microdetermination of aromatic nitro groups according to equations (10)
and (11)33. The same method is also suitable for the microdctermination of aromatic

Ph—NO, + 6Fe*? + 6H* Ph—NHy + 6Fe*3 + 2H,0 (10)
Ph—NO, + 6 Fe(OH); + 4 H0 Ph—NHz + 6 Fe(OH)3 (1
Ph—NO + 4Fe*? + 4H* ——— Ph—NH, + 4Fe*3 + H,0 (12)
Ph—NO + 4 Fe(OH); + 3 H,0 Ph—NH, + 4 Fe(OH)3 (13)

C-nitroso compounds according to equations (12) and (13). The acidic medium is
found suitable for the reduction of mononitro aromatic compounds substituted with
clectron-attracting groups, and for di- and poly-nitro aromatic compounds. Nitro
hydrocarbons and aromatic nitro compounds substituted with clectron-relcasing
groups are not reduced quantitatively. The alkaline medium is found to be suitable
for the reduction of nitro hydrocarbons and mononitro aromatic compounds
substituted with electron-attracting or -releasing groups. Di- and poly-nitro aromatic
compounds are not reduced quantitatively. The nitroso compounds are satisfactorily
reduced in both acidic and alkaline media. After the reduction step thiocyanate is
added and the Fc'? formed by thc reduction is titrated with Ti*? solution to the
disappearance of the red colour of the Fe*3-SCN~ complex?*.

A method similar to that given above, based on the reduction of nitro and nitroso
compounds with Fc(OH), has been described by Bartha®. The reduction is
performed in a boiling alkaline solution of FeSO, [to avoid the oxidation of Fe(OH),
by atmospheric oxygen] and the resulting Fe*? is dctermined by titration with
Hg(NO3)a.

Dctermination of aromatic mono-, di-, and tri-nitro compounds on the microscalc
by direct 'reduction with Fe*? using potentiometric or amperometric end-point
detection has been described by Velikov and coworkers®®. The direct titration of the
nitro group with Fe*? to vield amino derivatives is possible by using alkaline
solutions of sorbitol as the titration medium. In this medium the Fe*? formed is
bound in a strong complex. and the formal redox potential of the Fe*3/Fe*? system is



21. Detection and deiermination of nitro and nitroso compounds 919

decreased enough to permit the reduction. This method eliminates the need for
unstable reductants for the titration, or an indirect determination.

A quantitative and specific microdetermination of /m-dinitro aromatics by reaction
with KCN has been developed by Hassan®¢. m-Dinitro aromatics react with cyanide
in a 1:1 molar ratio, whereas sym-trinitro aromatics consume 2 moles of KCN per
mole. The excess cyanide is determined by a potentiometric titration with AgNO;
using a silver sulphide or silver cyanide selective electrode.

Nitro and nitroso compounds have been determined by reduction with a known
cxcess of Ti*3 solution and thermometric titration of the excess with Fe*? solution®’.
The thermometric detection of the end-point has some advantages over a visual
indication, ecspecially for some industrial materials and for highly coloured samples.

1,2,4,6-Tetraphenylpyridinium acetate has been evaluated recently for the
potentiometric precipitation titration of semimicro amounts of organic anions®8. The
method allows determination of nitrophenols, some dinitro- and trinitro-phenols and
various halogenated nitrophenols.

A microdetermination of nitro compounds based on reduction with TiCl; in
dimethylformamide solution and subsequent titration of the water formed in the
reaction has becen described®. The TiCl; is generated from TiCly in
dimethylformamide by electrolysis with an Hg cathode. The water is determined by
Karl Fischer titration.

B. The Modified Kjeldahl Method‘*'!

Nitro and nitroso compounds can be determined by reduction and decomposition
to ammonia, and determination of the latter by the Kjeldahl32%® method (equation
14). The method is completcly nonsclective and can be specific only when other
nitrogenous species are absent.

[H} HpS04 NaOH

RNO> RNH; ——— (NH4),S04 — NHj3 (14)

C. Gasometric Methods'**"!

Nitro and nitroso functions attached to an amino Iliberate NO on
treatment with Hg in H,80,5%!'. Aliphatic and aromatic nitro compounds can be
decomposed to nitrite or nitrate which liberate NO on treatment with the same
reagent!. The volume of the evolved NO gas is measured in a nitrometer, thus
enabling the determination of the nitro function.

A gasometric micro method applicable to aromatic nitro and nitroso compounds
has recently been described by Hassan and coworkers®'. The method is based on the
reduction of the compounds with zinc in HCl to the corresponding amino
compounds, and the subsequent deamination reaction with HNO;-HCI. The N,O
gas evolved upon the deamination reaction is collected in a nitrometer. Samples of
3-5 mg have been detcrmined by this method within 0.2% absolute of the theoretical
nitrogen content.

D. Electroanaiytical Methods'¢’"

Polarographic and coulometric reductions can serve for sensitive determination of
aliphatic and aromatic nitro compounds, as well as for nitroso derivatives, in aqueous
or organic solvents. For details and procedures of well-established methods the
reader is referred to References 1 and 9.

A selective coulometric titration of mixtures of nitro and nitroso aromatic
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compounds has been described by Bourg and coworkers2, The nitroso aromatic
derivatives were determined in the presence of their parent nitro analogues by
titration with Ti*3, which was generated coulometrically from Ti** in an aqueous
EDTA solution. A subsequent coulometric titration with Cr*? enabled the
determination of total nitro and nitroso content, and the estimation of the nitro
derivatives by difference.

A coulometric determination of individual nitro and nitroso compounds, and their
mixtures, with externally generated Ti*? has been described by Mitev and
coworkers$3. Both the nitro and the nitroso groups werc found to react quantitatively
with Ti*? in a citrate buffer solution, whereas only the nitroso group reacted in 6M
HCl. The method thus enables a selective determination of nitro and nitroso
compounds.

The analysis of organic water pollutants including nitroso and nitro derivatives®,
the polarographic determination of some aromatic nitro derivatives in corresponding
amines® and the simultaneous polarographic determination of N-unsubstituted and
N-substituted nitroazoles®% are well described in the literature.

Walters and coworkers have described a procedure for the separation of volatile
and nonvolatile N-nitrosamines, and their determination at low levels by differential
polarography in acidic media%’,

E. Spectroscopic Methods'¢*"

1. Nitro compounds

Most procedures for the spectrophotometric determination of aliphatic nitro
compounds are based on their conversion to nitrite, followed by determination of
the latter by the Griess reaction'®. m-Dinitro aromatics can be determined
colorimetrically via their reaction with diethylamine in dimethyl sulphoxide!.
Aromatic nitro compounds can also be determined colorimetrically after their
conversion to the corresponding amines'.

2. Nitroso compounds

C-Nitroso compounds form coloured solutions in somc organic solvents and can
thus be measured directly!. One colorimetric method for determining these
compounds is based on their conversion to the coloured azoxy derivative!. Another
reaction that yields a coloured product is condensation of an aromatic nitroso
derivative with a primary aromatic aminc to yield a coloured azo compound, which
can be determined spectrophotometrically.

3. Recent developments

Aliphatic and aromatic nitro compounds have been determined photometrically at
470 nm in pg amounts®. The sample was uscd to oxidize Fe *2 in alkaline solution to
Fe*3, and the latter was determined photometrically after reaction with KSCN.

LiAIH, in tetrahydrofuran has been used to reduce aromatic nitro compounds to
yield coloured azo compounds, which were determined spectrophotometrically®®,
The method enables analysis in ug quantities within 2.5%. NaBH, in ethanol has
been used for a specific spectrophotometric determination of meta di- and tri-nitro
aromatic compounds’™. The coloured products of the reaction were measured at
520-530 nm. The method enables the determination of pg amounts within 2%.
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Zinc in Fhe presence of NH,Cl has been used as the reducing agent to convert
aromatic nitro compounds to arylhydroxylamines, which form violet complexes with
Fe*3 and acetyl chloride’!. Spectrophotometric determination of the complexes
enables the determination of the aromatic nitro derivatives in ug amounts within
1.2%. Aromatic nitro compounds have been determined by reduction with
formamdine—sulphinic acid, and subsequent spectrophotometric determination of the
Schiff bases formed was by condensation of the resulting amines with
p-dimethylaminobenzaldehyde?2.

A separate spectrophotometric determination of the three isomeric nitrophenols”?
and simultaneous determination of nitropyrazoles’® have been described.

An automatic colorimetric analysis of N-nitroso compounds, based on their
cleavage by UV irradiation followed by determination of the released nitrite has
been described’. The nitrite was determined using its diazotization reaction with
sulphanilic acid. The coupling of the product with N-1-naphthylethylenediamine
yielded the azo dye which was determined colorimetrically.

Aromatic nitro compounds on the pg scale have been determined by a fluorimetric

method coqsisting of the steps shown in equation (15). The fluorescent enediol (8)
was determined fluorimetrically?s,

0
o)
@@ 0
o
+2 OgNea
ANO, —= ArNH, KB
NHAr

OH

OH
o

NHAr

F. Gravimetric Determination'**"!

The gravimetric method of analysis is suitable for the determination of aromatic
nitro and nitroso compounds. It is based on the reduction of these groups by metals
(usually tin or copper) in acidic solutions. The weight of the consumed metal (by the
reduction process) is directly related to the amount of nitro or nitroso compounds
present. The method is simple and generally applicable on the macro scale. For
procedures the reader is referred to the literature! %',

G. Other Methods of Determination

Aromatic nitro compounds can be determined indirectly by reduction to the amine
stage and subsequent determination of the latter!. Primary and secondary aliphatic
nitroso compounds rearrange readily to the corresponding oximes and are most
conveniently determined as such’.
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IV. DETECTION AND DETERMINATION BY CHROMATOGRAPHIC
METHODS

Nitro and nitroso compounds rearrange and decompose relatively easily on heating
or by contact with chromatographic supports’. The most suitable method for the
separation of nitro or nitroso compounds from other compounds, or from each other,
is thus dependent on the characteristics of the sample, and no general procedure can
be given. Some representative examples of the use of chromatographic methods for
the detection and quantitative determination of nitro and nitroso compounds will be
mentioned here. Practical information concerning the application of various
chromatographic methods to the analysis of these compounds can be found in the
Handbook of Chromatography’’.

A. Gas Chromatography (GC)

As many nitro compounds have low volatility or decompose to some extent on
heating, direct GC determination is sometimes impossible. Siggia and coworkers
have’® described a method for the determination of nonvolatile nitro compounds that
uses carbohydrazide reduction of the nitro group to the amino group, and GC
analysis of the products. The analysis is specific and enables resolution of mixtures of
nitro and azo compounds.

The ortho, meta and para isomers of chloronitrobenzenes and nitroanilines are
separated on columns packed with 3% cyclohexanedimethanol succinate on
Gas-Chrom Q7. A quantitative method for collection of air pollutants, including
nitrobenzene, on a porous polymer (Tenax GC) trap, and their analysis by GC has
been described by Parsons and Mitzner®®, Fusion reaction GC including its
application to nitro compounds has been reviewed by Whitlock and Siggia®'. The
effect of the dipole moment of nitroaromatic hydrocarbons on their rctention in
gas-liquid chromatography, has been the subject of a recent work?82.

B. Liquid Chromatography (LC)**%*

LC has the advantage of being applicable to thermally unstable compounds and to
the separation of nonvolatile compounds. Due to the high performances achieved
using the HPLC (High Performance LC) technique, it is a promising method for fast
detection and quantitative determination of nitro and nitroso compounds, in the
presence of other organic compounds.

The HPLC technqiue has been used for the separation and qualitative analysis of
various nitroaromatics and other constituents of explosive formulations®. Toluene,
p-nitrotoluene, 2,4-dinitrotoluene and 2,4,6-trinitrotoluene were separated on
Corasil II within 15 minutes, using 60% hexane/40% CH,Cl, as the mobile phase,
with a refractive index detector.

Ortho, meta and para nitroanilines have been separated on a chemically bonded
Corasil I stationary phase using HPLC®. The mobile phase was 0.5% isopropanol in
heptane, and a UV monitor was used for detection. HPLC has been used for the
separation and quantitative determination of 2-nitrodiphenylamine (a stabilizer used
in explosives) and its nitro derivatives, on Corasil Il with a mobile phase of 20%
CH,Cl,/80% cyclohexane, by one group®’, and on Microbondapack C18 with a
mobile phase of 67.5 mcthanol in water by another group®.

B-Nitroso-a-naphthol and its isomer a-nitroso-p-naphthol have been separated by
ligand exchange chromatography®, using a strong acid-type resin in the Fe*3 form as
the stationary phase. 50% cthanolic ammonia solutions (pH 9.5 and 12.0) have been
uscd for the stepwise elution of the isomeric nitroso compounds.
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C. Paper and Thin-layer Chromatography*’

These methods enable qualitative identification and quantitative determination.
Their main advantage is their simplicity and sensitivity; however they are very
dependent on the experimental conditions, so it is compulsory to run standards
together with the unknown. For a given mixture of compounds it is usually difficult
to achieve a separation of all the components in one run, and sometimes several runs
using different conditions are needed. The quantitation of the methods is also quite
difficult.

A mechanistic model of liquid—solid chromatography has been proposed?!92 and
given experimental verification. The moldel assumes that adsorption complexes are
formed between the surface of the thin layer, and an electron-donor function on the
solute. The chromatographic behaviour of aromatic nitro compounds on thin layers
of silica®®, alumina?¢, Florisil and magnesium silicate®>, has been examined and
interpreted. The mobile phase was a mixture of a polar solvent and a nonpolar
diluent. The adsorption was analysed in terms of the mole fraction of the polar
solvent and the number and positions of nitro groups. Typically, polynitro
compounds are retained longer and the selectivity of separation is generally higher
with dilution of the polar component in the developing solvent.

Jdger®” has used TLC on silica and cellulose plates for the detection and
characterization of nitro derivatives of some polycyclic aromatic hydrocarbons from
airborne particulates (application to air pollution analysis). The nitro derivatives
were reduced to their fluorescent amino analogues on the plate, and their subsequent
treatment with the quenching reagents aniline and phenylhydrazine served as a basis
for their characterization.

Schutz and Schindler?® have developed a method for the detection and separation
of sixteen nitropesticides. The compounds were separated on silica TLC plates, and
then converted with TiCl; to primary aromatic amines, which were detected by
diazotization and subsequent coupling with Bratton—Marshall reagent. The resulting
dyes were eluted with dimethylformamide and determined quantitatively by
photometry.

A method for the quantitative determination of a nitro-group containing drug in
blood and plasma by TLC has been developed by Haefelfinger®. The method is
generally applicable to aromatic nitro compounds. The determination is based on
TLC separation, subsequent reduction of the nitro group with SnCl,, and reaction of
the resulting primary aromatic amine with fluorescamine. A direct fluorimetric
scanning of the resulting fluorescent spots enables the determination of the drug with
high sensitivity.

Klemm and coworkers!Y” have measured the Ry values of 43 nitro-substituted
arenes on alumina and on silica gel TLC plates in an atmosphere of constant relative
humidity. They have found that adsorbability increases with substitution of a second
nitro group on the benzene ring, and that R¢ values on alumina plates are more
sensitive to the substitution pattern than on silica gel plates. It was concluded from
the experimental data that nitro-substituted arenes are adsorbed on alumina and on
silica gel preferentially in a flat manner, with the nitro group in a coplanar
arrangement with the aromatic ring. The twisting of the nitro group from coplanarity
with the ring resulted in a lower retention. Separability was found to be better on
alumina plates than on silica gel plates under the same conditions. The spots of
nitroarenes were detected by spraying the developed plates with Rhodamine B and
observation in UV light.

An examination of 60 nitro derivatives and the products of their incomplete
reduction, by chromatography on thin layers of gypsum-bound silica gel, and
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detection by reaction on the plates, has led to the conclusion that detection by
reaction is superior to examination in UV light!®!. The reaction sequence used was
reduction of the nitro group, diazotization of the resulting amino derivative and azo
coupling to yield a dye. It has been found that Sn*? in conc. HCI is a superior
reducing agent to zinc, and that N-(1-naphthyl)ethylenediamine is superior to
B-naphthol for the azo coupling reaction. The detection sensitivity was 0.05 pg.
Nitroso derivatives were not reduced under the above conditions, and do not
interfere with the determination.

Other methods for the detection of nitro compounds on TLC plates are spraying
with 30% 3,3’-iminobispropylamine in pyridine!%?, or with an acetone solution of
tetraethylammonium hydroxide (10% aqueous solution), 1:1 by volume!3,

D. Paper Electrophoresis

The number of nitro groups in nitrophenols, nitrobenzoic acids and
nitronaphthalenes can be detected by reduction of the nitro derivatives with zinc in
acetic acid, and comparison of the mobilities of the reduced compounds with those of
the starting materials in paper electrophoresis!%4.

V. RECENT DEVELOPMENTS IN THE DETECTION AND
DETERMINATION OF N-NITROSO COMPOUNDS

The investigations concerned with the role of N-nitroso compounds in human cancer
have prompted the development of selective methods for the trace analysis of both
volatile and nonvolatile N-nitroso compounds in foods and other biological mixtures,
and in the environment. The subject has been covered extensively by books, reviews
and articles'%3-119 thus only a brief introduction will be given here.

The most recent methods for detection and determination of N-nitroso compounds
are based on the thermal energy analyser (TEA), a selective detector for the
N-nitroso group, developed by Fine and coworkers!!'-113. The detection is based on
the decomposition of the N-nitroso compound into a nitrosyl radical (-NO), and its
reaction with ozone to yield electronically excited NO,. The emitted light, in the near
infrared region of the spectrum, by the decay process of the excited NO; to its
ground state, is detected and measured by means of an S-20 photomultiplier tube.
The intensity of the emission is proportional to the -NO concentration, and hence to
the N-nitroso compound concentration. The method enables the detection of
N-nitroso compounds below 1 pg/kg in foodstuffs and other biological materials.

The TEA technique has been combined with GC!'*'16 and with HPLC!!7:!!8 and
has so enabled the analysis of a wide variety of N-nitroso compounds. Problems of
artifactlsmin the analysis of N-nitroso compounds have been discussed in a recent
review'!0.
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I. INTRODUCTION

The organic chemist, like the biochemical cell, frequently encounters the problem
of carbon-nitrogen bond cleavage. Thus, academic and industrial organic chemists
deal with deaminations during synthescs, degradations, and analyses; and also as
mechanistic problems. Biochemists likewise frequently encounter a wide variety of
biological deaminations. More recently. dcaminations, especially those involving
nitrosations and nitrosamines, have been the centre of much study with respect to
environmental chemistry, toxicology and related areas.

In some ways the problems of carbon—nitrogen bond cleavage are similar to the
problems involved in carbon-oxygen bond breakage, but unlike the inventory of
dehydroxylations, the inventory of deaminations which arc both simple in execution
and high-yielding in products is relatively small. In fact until the 1950s there werc
few if any nonaromatic deamination methods which were comparable in facility
and efficiency to dehydroxylation methods. Nonetheless many deamination
procedures such as the nitrous acid reaction?! and the Hoffmann elimination'8¢ date
from the early years of organic chemistry. Thesc historical and still useful reactions
were almost certainly discovered via cmpirical techniques, since mechanistic
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predictions as we use them today were all but totally unknown in the 19th century.
However, mechanistic logic is thc best and most interesting way to analyse
deamination reactions both with respect to a review of known methods and to
predicting future deamination techniques. Thus, by using mechanistic reasoning, the
large number of deamination reaction procedures, most of which at first glance
appear to be unrelated, neatly sort themselves into only a few reaction types, many
of which have analogous procedures in dehydroxylation chemistry.

A. The Principle of Activation

Amines must first be activated before dcamination can occur under laboratory
conditions. This activation principle is best observed by analogy to the alcohol and
ether series. In particular, alcohols, ethers and amines do not normally undergo
simple substitutions at the carbon to heteroatom bond without some form of
activation, since Sy reactions on the unactivated compounds give rise to strongly
basic, and consequently very poor, leaving groups (equation 1)3!.

ROH + X~ +—=— RX + OH~™
ROR' + X~ <+—=— RX + OR'~ M
RNH, + X~ <= RX + NH,”

With the above-type functional groups, however, thc carbon-oxygen or the

carbon-nitrogen bonds can be thermodynamically and/or kinetically weakened by
using at least one of the following activating principles.

(1) The heteroatom may be altered in some fashion, as for example, by
forming an isolable sulphonate (1) or disulphonimide (2) derivative (equations 2
and 3) (see Sections II.A-C and I1.G)3!.109,

I
ROH + R'SO,CI — nolsin‘ + HCI (2)
L)
1 (base) /802R1
RNH, + 2 R'SO,C1 —— R—N_ + 2 HCI M)
SO,R!

(2)

(2) The carbon bonded to the heteroatom and the heteroatom may

simultanecously be altered in some way, as for example, by oxidation (equations
4-6) (see Section IV).

R'NH
R,C—OH O, R,c=0 == R,C=NR' (4
H
(o]
RoC—NH, . pe=ni 2. R,c=0 + NH, (5)

H
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H H

. I /
R,CHNH, —© RZ(I:N=CR‘ 2. RC=N—C—R' —2+ R,Cc=0 + R'CH,NH,

H H
(6)
It is interesting to note that in thesc oxidation reactions, the carbon to heteroatom

bond is activated from a kinctic viewpoint, while being strengthened from a
thermodynamic standpoint.

(3) The procedures wherein only the organic portions of the molecules are
altered to labilize the molecule for carbon-nitrogen bond cleavage have rarely
been exploited in deamination chemistry. However, new general procedures for
deamination may be found by reasoning along these lines. Thus, for example, the
activation of the alkyl moictics of amines might occur at the a-, B, or y-positions.

(a) Activation ai the a-position: Most of the dchydroxylation and deaminations
in the literature, which at first glance appcar to be occurring on nonactivated
alcohols or amines, are in fact occurring on activated alcohols or activated amines
wherein the activation is on the organic moiety of the molecules. Thus, the
catalytic hydrogesolysis of benzyl alcohols and the catalytic hydrogenolysis of
tertiary amines having at least onc N-benzyl group are in actuality examples of
labilization to dehydroxylation or deamination via some activating substituent at
the position a to the heteroatom, with the activating group being the phenyl
group (e.g. see Section II1.D).

Another cxample of a-activation with respect to dchydroxylation of alcohols
involves one of the oldest and most common synthetic procedures in organic
chemistry — namely the conversion of a primary alcohol into some activated
carboxylic acid dcrivative (equation 7). Thus, for example, alcohols may be

0
o ll soc Il : [l
RCH,0H — 2w RCoH 2% p—c—c1 —Y+ Re—y —Le Rony @)

converted to a variety of amines by this procedure, without the complications of
eliminations, rearrangements, ctc.

Similarly, oxidizing reagents which might convert amines to amides would lead
to kinetic weakening of the carbon-nitrogen bond with analogous synthetic utility
(equation 8). No reagents, however, are currently known which accomplish this

He R :0:
[l Hy0, H* Il [H]

(o]
o1, genH, 22", gre—on —Lo ReH,0H 8)

RCH,NH,

conversion in good yield, although oxidations of primary carbinamincs to
carboxylic acids with basic potassium permanganate and other reagents, arc
known, and may very well proceed via amides as intermediates (sce Section
IV.E).

Yet another activation for deamination via the a-position would involve the
conversion of a saturated amine to an enamine (equation 9), since the enaminc is
readily hydrolysed to the corresponding carbonyl compound. Such procedures arc
modifications of the procedures summarized in equation (6), and would appcar

to be a very promising approach for innovations in the ficld (sec also Sections
IV.F and IV.C).
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RCH,CH,NR} R(llHCHzNRé and/or RCHz(IZHNR‘z

X X
(9

o]
” 1+ H,0, H* 1
RCH,C—H + RINH, <—— RCH=CHNR}

(b) Activation at the B-position: The rcaction scheme described in ecquation (9)
might also be considcred as an example of initial activation at the B-position.

Yet another type of p-activation might bec considered, howecver, since
Mannich-type amines arc more susceptible to eliminations (via reverse
1,4-additions) than are most other amines (equation 10) (see Scction 11.J.3).

RCH,CH,NR}

—— RCHCH,NR)

t (10)

RC=CH, + R,NH
c=0
12
(¢c) Activations at the y-position: Similarly Mannich-type bases may be
produced via the sequence in equation (11), wherein R represents an unsaturated
functionality such as phenyl.
RCH,CH,CH,NR) —— R(|:HCH2CH2NR§ — R(‘:H-—CHZCHzNR;
X OH
(11)

RINH + Rﬁ—CHzCH2 “—— RC—CH,CH,NR}
|

0]

B. Oxidation States in Deamination

Deaminations may bc organized according to changes in oxidation state which
occur in the alkyl group during the deamination process. Thus, deaminations
rcsulting in every oxidation state change have been observed.

(1) Deaminations without any change in oxidation state at the alkyl carbon

The most common dcamination techniqucs, such as the Hofmann elimination,
the nitrous acid reaction, the nitrosoamide and triazene decompositions, and the
disulphonimide and triphenylpyridine substitutions, involve either substitution or
elimination without changes in oxidation state of the alkyl products, although of
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course the leaving activated nitrogen moiety is frequently oxidized during these
procedures (sce Section II).

(2) Reductive deamination

Scveral processes have been decveloped for converting amines into alkanes
(Section III).

(3) Oxidative deamination

(a) Conversions 1o aldehydes or ketones. A variety of procedurcs are known
wherein primary or secondary amines are first oxidized to imines, which are then
hydrolysed to the corresponding carbonyl compound (Scctions IV.A, B, C and
F).

(b) Conversions to carboxylic acids. Many oxidizing agents have bcen found
which convert primary carbinamines to cither carboxylic acids, nitriles or their
oxidation state equivalents (Sections IV.A, D and E).

C. Deaminations of Arylamines

Aromatic amine dcaminations most commonly involve a different set of problems
and mechanisms than do the aliphatic amine deaminations. Almost all deaminations
of arylamines centre around the gaseous nitrogen leaving group, but thc few
cxceptions will also be briefly discussed.

D. The Scope and Organization of this Chapter

A number of excellent reviews on various aspects of dcamination have appearcd
within the last few years including one by White and Woodcock?®, emphasizing
nitrogen gas leaving groups, in the earlier volume in this series and one by
Wulfman“?4, covering aspects of aromatic deaminations, in a recent volume in this
series. Other reviews have discussed yet other aspects of gaseous nitrogen leaving
groups88.231.264.297.298.429  Thys, while this chapter will be comprehensive in scope,
it will be selective in emphasis. Thosc topics which have becn previously reviewed
will only be bricfly summarized here, with appropriatc references to the relevant
reviews.

The main topic organization of the chapter is according to change in oxidation
states. Subhcadings in Sections Il and III and to a lesser extent in Section 1V are
based on leaving groups. Furthermore, the aliphatic and aromatic cases are usually
divided into scparate subheadings where applicable. A final topic (Section V) is
devoted to biochemical, bioorganic, and environmental tie-ins.

We wish to thank Dr. Phillip J. DeChristopher for reading an early draft of
Sections I and II of the manuscript and for making some helpful suggestions as well
as forwarding some useful references (especially those pertaining to industrial
aromatic deaminations). We also wish to thank Professor Alan R. Katritzky for a
preprint copy of his excellent review for Tewrahedron on his deaminations via
pyrillium cations??’. Since this highly versatile procedure is rcviewed by its
developer, somewhat less space is being devoted to it here than would otherwise
have been the case. We also wish to thank all those others, too numerous to
mention individually, who sent us reprints of their articles.

. DEAMINATIONS OF AMINES, WHICH INVOLVE NO CHANGE IN
OXIDATION STATE IN THE ALKYL OR ARYL MOIETIES

Most of the well-known and practical deaminations fall under this topic. A variety
of leaving groups ranging from one of the worst (the NH;™ anion) to one of the
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best leaving groups (nitrogen), have been observed during carbon-nitrogen bond
cleavages. The oldest deamination techniques centre around nitrogen gas (via
nitrous acid)?*! and trialkylamine!8 leaving groups. In fact until the mid 1960s
these were still the only commonly observed leaving groups during deamination
procedures, although a number of more sophisticated modifications were devised in
the 1950s and 1960s towards activating amino groups with the end goal of forming
the paseous nitrogen leaving group?3!88231.263.297.298.394  In 1966, however, a
prediction was made that a whole new category of nitrogenous leaving groups
should be possible by forming activated derivatives of amines, which would be
analogous to the well-known sulphonate ester activating groups in the alcohol series
(equations 2 and 3). These predictions were based upon a consideration of the K;s
of a variety of potential leaving groups. From this type of an analysis, such leaving
groups as the anions derived from disulphonimides, carboximides, saccharin,
sulphonamides, barbituric acid and uracil should be fair-to-good leaving
groups31-32.34 - Al these anions, with the exception of the last two, have since been

TABLE 1. pK,s of the conjugate acids of several observed or potential leaving groups in
deamination

pK, of the conjugate

Leaving group acid of leaving group Reference
NH,~ >35 316
RNH™ >35 316
:NH-; RNH; ~9-11 316
R;NH; R3N ~9-11 316
Aziridinc 8.0 316
R—C—NR"™ ~16 316, 87

I

O
Acctamide ~-1 316
Amdine ~12 316
Urea 1.0 316
N-Phenylurea -2.0 316
Succinimide anion ~10.5 421
Phtnalimide anion ~7 421
Saccharin anion ~2 384
N-Phenylbenzenesulphonamide anion 8.65 104
p-Aminobenzenesulphonamide anion 10.6 207
N,N-Di(p-toluene)sulphonimide anion 1.70 104
N,N-Di(benzene)sulphonimide anion 1.45 104
N,N-Di(p-nitrobenzene)sulphonimide anion 0.30 104
N,N-Disulphonimides <1 -
Uracil anion 9.45 261
Barbituric acid anion ~4 421
Purine 2.6 316
Pyrimidine 1.3 316
Pyrrole 0.4 316
Pyridine 5.3 316
2-Chloropyridine 0.7 316
ArNH, ~4 316
Diphenylamine 0.9 316
o-Nitroaniline 0.3 316
2,4-Dinitroaniline —-4.5 316
2,4,6-Trinitroaniline -9.4 316
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observed at least once in a variety of new deamination procedures. And while
heterocyclics, such as barbituric acid and uracil, have not yet been incorporated in
any deamination scheme, Katritzky and coworkers have recently developed an
analogous scheme wherein pyridine derivatives become leaving groups?’210.224,
Table 1 lists the pK,s of the conjugate acids of several amines and amine
derivatives which have already been observed as leaving groups, or which may
possibly be used as leaving groups in the futurc. Of the several new nitrogenous
leaving groups, the various disulphonimide types and the pyridine types have
demonstrated the most synthctic promise. This section of the chapter is organized
with respect to leaving groups.

A. N,N-Diarylsulphonimide Anion (3) Leaving Groups

As predicted from the pK,s in Table 1, several disulphonimides (2) have been
treated with a variety of nucleophiles under a wide diversity of conditions to give
the corresponding substitution and/or elimination products (equation 12). Since the
overall deamination process which involves activation of the primary amine by
forming the disulphonimide (2) followed by treatment of 2 with nucleophiles has
proved to be simple in execution, versatile in scope, and often high-yielding, this
deamination technique will be discussed in some detail!09.110.112.113,

R—NI(SO,R), + Y~ — RY + :N(SO,R'), (+ alkenes) (12)
(2) 3)

1. Synthesis and properties of N-alkyl-N,N-disulphonimides

A variety of crystalline, stable disulphonimides (2) may be prepared by a simple
two-step procedure (equation (13). The yields arc generally excellent for most

1 DMF—H,0 1
R@-SOZCI + HNR! —— —F— R SO,NHR' + HCI

1 DMF, NaH (1 3)

2 R—@—so,m

[n—@»soz —N—R!
2
(2

primary and secondary carbinamines!!%!112.113, More recently, Bartsch? has reported
a one-step variation on this procedure. Diarylsulphonimides (2) derived from
such sterically hindered amines as tertiary carbinamines, adamantyl amine,
exo-2-aminonorbornane and aminodiphenylmethane, however, cannot be prepared,
even though there are no problems in obtaining the corresponding aryl-
sulphonamides!10:113.199.200  1n ap effort to obtain these difficult cases. Hutchins
and his research group?"W introduced a variety of modifications, including one
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originally deviscd by Pan and Fletcher3?? employing thallium salts, without any
success. A few other procedures for disulphonimidc synthesis have been
reported?174234.3470.370 Einally a  technique for synthesizing  polymeric
diarylsulphonimides has been described?®®, as has one for o-benzenedi-
sulphonimides!82-198,

Some chemical and physical properties of a large number of disulphonimides
have been reported, including IR and PMR properties!10-112.113,

Besides deamination, the most characteristic chemical properties of
disulphonimides are their resistance to acid-catalysed hydrolysis, and their partial
saponification when thcy are treated with basic nucleophiles such as hydroxide,
cyanide, hydrides or mercaptide!00-101.110.113.156.199.200,

2. Scope of the reaction with respect to R, R' and Y

The yields of substitution products are highest when the R groups are unhindered
primary alkyls. Unhindered secondary alkyls also give fair-to-good yields of
substitution products. Both the primary and secondary cascs react with little or no
skeletal rearrangement. As might be predicted, cyclohexyl derivatives give
high yields of alkene, but poor yields of substitution products, regardless
of the nucleophile. Since diarylsulphonimides of tertiary carbinamines and other
hindered amines could not be prepared, these deaminations are not
applicable to bulky carbinamines’-1¢:109-112-114.199.200

The nucleophiles, Y™, which have given the best yields in these substitution
reactions, are iodide, bromide, chloride, thiophenoxide and phenylselenide
jons’-109-112-114.436  Fajir.to-good yields of 3,5-dinitrobenzoates have also been
obtained'0!192 Qther substitutions have bcen observed with the homocysteine
thiolate  anion, azide. mercaptide, tosylate, triphenylphosphine  and
aniline!2:102.109.111-113.278.436.439 [ addition, hydrides and certain solvents have been
observed to act as nucleophiles; these will be discussed in conncction with other
leaving groups, and also with reductive and oxidative deaminations.

In the presence of basic nucleophiles such as hydroxide anions, cyanide, malonic
ester anions and mercaptides, sulphur—nitrogen bond partial hydrolyses have been
observed rather than carbon-nitrogen bond deaminations. However, alternate
procedures have been developed for converting amino groups to all these
functionalities. One such example is the conversion of carbon—nitrogen bonds to
carbon-oxygen bonds via 3,5-dinitrobenzoate anion rather than via hydroxide
anion. Other examples will be discussed under other topics!01-102.111-113.439

Finally it is worth noting that various N-2-butyl-N ,N-disulphonimides only give
unspecified amounts of 1-butene when trcated with a variety of alkoxides at 50°C,
which indicates that sulphur—nitrogen bond cleavage is not always the exclusive
pathway with strongly basic nucleophiles?0,

Some representative cases are summarized in Table 2.

3. The effect of strongly acidic conditions on these deaminations —
carbon—nitrogen to carbon—oxygen conversions

Under strongly acidic conditions, it would be expected that N-alkyldisulphon-
imides (2) would exist to a small, but significant, degree as the protonated cations
2a. Reactions of the latter with nucleophiles should lead to the neutral disulphon-
imide (3a) leaving groups (equation 14). 3a are much weaker bases than their
conjugate anions (3), and, thus, should be better leaving groups!!!-!13.
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H

. |
RN(SO,AN, + HX === R—N(SO,Ar, X

(2) (2a)

(14)
H

_ |
X~ + R—NI(SO,Ar),

= R—X + HNISO,Ar),
(3a)

Results obtained when a variety of alkyldiarylsulphonimides (2) were treated
with aqueous HI in DMF, confirm these predictions. Under these conditions, yields
of up to 97.6% of deaminations to alcohols and/or esters have been obtained
without any skeletal recarrangement. For example, N-(ri-hexyl)-N,N-di(p-toluene)
sulphonimide gives with HI in DMF, 60.3% of 1-hexanol and 37.6% of 1-hexyl
formate. A likely scheme to rationalize these results is given in equation (15). This

scheme may represent the first example of the ‘Aal2’ amide hydrolysis
mechanism!11-113.204,

H
R—N(SO,Ar), + HI === R—rlusozAr)z n
%)) (2a)
I"+ 2a === RI + H—N(SO,Ar), (15)
(3a)

base

Rl + H,0 = ([ROH,*] I” =—— ROH

ROH + HCOOH =——= ROOCH + H,0

(from DMF
hydrolysis)

4. Alkene formation

The degree of alkene formation in these reactions is dependent largely upon the
nature of the alkyl group. Thus, under most conditions, primary and unhindered
secondary alkylamine derivatives give either no, or minor amounts of,
alkenes’:109.111-113 . On the other hand, hindered secondary amine derivatives such as
cyclohexyl and cyclododecyl give cycloalkenes as the major rroducts. In fact, the
best yield of Sy product with such cycloalkylamine derivativ :s was 35%, obtained
from the reaction of N-(cyclohexyl)-N,N-di(p-nitrobenzene)sulphonimide with
aniline'®®. Most runs with these cycloalkyl derivatives give 0-12% vyields of
substitution products’-36:109.112.113,

While no tertiary derived diarylsulphonimides have been successfully isolated,
there is some indication that isobutylene may be forming during the attempted
preparation of N-r-butyldiarylsulphonimides (see also the discussion under
‘triflimide’ leaving groups in Section I1.B.2)!13,

Although strong bases under most conditions give sulphur—nitrogen bond
cleavage, alkene formation has also been observed, including a highly stereospecific
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B-elimination of unspecified yicld [sce also the discussions involving the
stereochemistry (Section II.A.S) and the mechanisms (Sections I1.C.3) of these
reactions]30:113,

Disulphonimides (2) derived from secondary carbinamincs give good to excellent
yields of alkcnes when pyrolysed neat at 160—-200°C. These conditions are muci
milder than the 400-500°C temperatures required for the pyrolyses of most
esters and carboxamides. This rcaction is stereoselective. For example,
N-cyclooctyl-N,N-di(p-nitrobenzene)sulphonimide gives aqver 91% cis-cylooctene
when pyrolysed at 175°C, and the corresponding 1,2-diphenylethyl derivative gives
99% trans-stilbene at 200°C. The analogous primary carbinamine derivatives do not
give this reaction!0103 N.Cyclohexyl-N,N-di(p-nitrobenzene)sulphonimide gives
cyclohexene in 70% yield when refluxed in pure DMF!!1.113,

Small amounts of mostly Saytzeff alkenes are obtained with some nucleophiles!'3.
Finally, alkenes are obtained in 22-88% yields as unwanted by-products during
oxidations with DMSO-NaHCO; (see Section 1V.J)!00.101,

5. Stereochemical considerations

Only limited stereochemical data arc currently available for these deaminations.
The available stereochemical data indicate that the substitutions occur with pre-
dominant inversion of configuration. Thus, runs done with LiCl in dry DMF on
N-(1)-(2-octyl)-N,N-di(p-nitrcbenzene)sulphonimide, indicate that the deamination
to 2-chlorooctane occurs with at least ~80-90% inversion of configuration'12.!13,
More rccently it has been shown that chiral methyl transfer from N-
methyl-N, N-di(p-toluene)sulphonimide to homocysteine thiolate in HMPA proceeds
with clean inversion!>278 and Townsend and Theis3*® have proposed and obtained
some data extending this conccpt towards the syntheses of a variety of complex
substances bearing labelled methyl groups by using mixed tosyltrifluoromethyldisul-
phonimides (see also Section V.B.3).

With respect to the B-elimination pathway in these deaminations, Bartsch
and coworkers®® have made the remarkable observation that the reaction of
N-(2-butyl)-N,N-di)p-toluene)sulphonimide with -BuOK-DMSO and other
base—solvent systems at 30°C, yields entirely 1-butene, although Bartsch did not
specify the alkene yields as opposed to Sy or other products. To date no other leav-
ing group has demonstrated such exclusive Hofmann orientation in eliminations.
The N,N-dimethylsulphonimide lcaving group also gave exclusive Hofmann orienta-
tion under identical conditions, while the di(m-nitrobenzene)sulphonimide leaving
group gave 98.8% 1-butene and 1.2% 2-butene. This latter result was expected,
since more reactive leaving groups tend to give smaller proportions of terminal
alkenes. Bartsch attributes the overwhelming Hofmann orientation to the steric
effect of the —N(SO,—), portion of the leaving group. The steric bulk of the
—N(SO,—), group is also suggested by the difficulties encountered in all attemp-
ted preparations of disulphonimides derived from hindered alkylamines!!0.113:200,
Nonetheless, the small amounts of alkene obtained with less bulky and less basic
nucleophiles were the Saytzeff oriented alkencs!!3.

B. N-Alkyl-N N-di(trifluoromethane)sulphonimide Anion Leaving
Groups (‘Triflimides’) (2b)

The development of the trifluoromethanesulphonyl group as an activating group
in deaminations has arisen concurrently with the development of the diarylsul-
phonyl activating groups!!2:113.156.157.180.181 " Wwhile in a general sense the two types
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of activating groups behave similarly, there are several important differences
between them.

1. Synthesis of triflimides (2b)

Thf: Friﬂimides 2b may be prepared via the same procedure as other disul-
phonimides!!®!!3. However, trifluoromethanesulphony! chloride is handled with
considcrable difficulty and the trifluoromethanesulphonic anhydride is used instead

(equatiop 16). In many cases yiclds are not as good as the yields obtained in the
preparations of diarylsulphonimides (2)59-110.112.113.156.157.163.180

2RNH, + (CF,S0,),0

RNHSO,CF3 + RNH,0,SCF,

(16)
1. NeH

a
2. (CF4380,),0 RN(SOZ(_:F:!)Z + CF3S0;™ Na®
(2b)

While most diarylsulphonimides (2) are crystalline solids, most triflimides (2b) are

liquids!!0.113.156.180  Finally, crystalline mixed aryl-‘trifyl’-sulphonimides (2¢) have
been prepared!38:388,

RNHSO,CF,

{_SO.CF,
R—NZ
SO,Ar

(2¢)

2. Carbon—nitrogen bond cleavages

As a gencral rule, triflimides 2b arc more reactive in deaminations than are any
of the other disulphonimides so far studied. The first triflimide prepared and
studied, N-(n-hexyl)-N,N-di(trifluoromethyl)sulphonimide, gives carbon-nitrogen
bond cleavage by merely treating the compound with sodium iodide in acetonitrile
at 23°C for two hours; l-iodohexane is produced in 76% yield. By contrast,
N-(n-hexyl)-N ,N-di(p-nitrobenzene )sulphonimide requires heating to 100°C in
DMF with KI to give 85-90% yields of 1-iodohexane over a period of two hours,
and N-(n-hexyl)-N,N-di(methyl)sulphonimide gives only trace amounts of
1-iodohexane and 1-hexenc after 44 h with KI at 100°C in DMF'2:113, Since these
initial studies, it has been observed that triflimides may give deaminations under
conditions in which other disulphonimides either give no reaction or react with sul-
phur-nitrogen rather than carbon-—nitrogen bond clecavage. Synthetically most use-
ful of triflimide deaminations are alkylations and nitrilc formations. Thus, Glass
and Swedo have alkylated malonic ester anions in poor-to-good yields using alkyl

HMPA

RN(SO,CF5), + NaCH(CO,Et), RCHICO,Et), + Na® N (SO,CF3); (17)

11—-61%

triflimides in HMPA (equation 17)!5¢157. Miiller and Phuong have obtaincd some-
what better alkylation yields using lithium dimethyl cuprate and lithium diphenyl-
cuprate (equation 18)307436 Most recently, Townsend and Theis have alkylated
potassium salts of various malonic esters with the mixed disulphonimides 2¢ in 19
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R—N(SO,CF3), + RCuli ——— R—R' + :N(SO,CF,), (18)
12—73%

to 60% yields®88. Another type of carbon—carbon bond formation, nitrile formation,
has been achieved by reacting these triflimides with cyanide in HMPA 136,

Other types of deamination utilizing triflimides have been reported. Thus, Hend-
rickson and his group'8® have obtained indirect evidence for the synthesis of the
r-amine derivative, N-(t-butyl)-N,N-di(trifluoromethane)sulphonimide, by observing
quantitative isobutylene formation during its attempted preparation at —78°C.
Since gas cvolution is noted during thc attempted preparation of other disul-
phonimides derived from tertiary carbinamines, this one reported case may not be
unique'!3. Hendrickson and coworkers have reported the only example of a suc-
cessful substitution of disulphonimides with alkoxides!8°,

Many of the results involving triflimides in HMPA may involve intermediate salt
formation due to the reaction of the triflimide with the HMPA. This will be con-
sidered further under the discussion of mechanisms.

Glass and coworkers!'3%!%® and Hendrickson and coworkers!®U-!13! have investi-
gated other areas of triflimide and triflamide chemistry, and certain aspects of trif-
limide and triflamide chemistry have been briefly discussed as parts of general
reviews on trifluoromethylsulphonyl chemistry!78.179.192,

C. Mechanisms of the Deaminations Utilizing Various
Disulphonimide Leaving Groups

1. Probable S,2 character

Limited data involving nucleophile substitution with disulphonimides suggest that
these reactions proceed via mechanisms of essentially Sy2 character. Thus, skeletal
rearrangements occur minimally if at all, and the reactions procced best with the
disulphonimides derived from unhindered primary carbinamines. Similarly, the
stereochemical results show that the reactions proceed with predominant inversion
of configuration (see Section II.A.5). In addition kinctic studies involving the
reactions at different temperatures of various N-(n-hexyl)-N,N-di(bcnzene)-
sulphonimides with KI in DMF indicate that the reaction rate is dependent on both
reactants. Related results have also been cbtained which demonstrate that the
reactions are Hammett-correlated for the various diarylsulphonimides investigated,
which implies that the mechanism is invariant throughout the series. Furthermore a
positive p value in these runs shows, as expected, that the reactions are facilitated by
electron-withdrawing groups. Arrhenius plots of runs at three different temperatures
have also been obtained. The resulting activation parameters also expectedly parallel
those seen for the reactions of the corresponding alkyl sulphonates!!2-114,

2. Solvent participation

The choice of solvent is often crucial for these runs. Thus, most nucleophilic sub-
stitutions occur faster in HMPA than in other solvents'$¢-3!8 In particular some of
the deaminations involving basic nucleophiles only give good results in this solvent.
This has becn espccially true for the carbon-carbon bond formations of Glass!36-157
and the NaBH, reductions of Hutchins'%?2%_ Id fact in some cases the HMPA may
itself act as a nucleophile to form intermediate salts (4) with the HMPA!36,
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+ —_
ROP( NM82)3 N(SOcha)z

4

Anselmi'® and Glass'*® caution that other reported substitutions in HMPA may
involve similar solvent participation. However, the work of Arigoni!2 and Town-
send and Theis*®® indicates clean inversion in HMPA in respect to their chiral
methyl transfers. Apparently no salts form here, and perhaps this only can happen
with specially reactive sulphonimides such as the triflimides (see also Section
ILA.S).

In most cases, DMF gives excellent results and is the solvent of choice based on
its relatively low cost and low toxicity!!%. Unlike tosylates and most other good leaving
groups mast sulphonimides are not solvolysed by nucleophilic solvents, and they may

even be recrystallized from them!!%!13, DMSO, however, may act as a nucleophile in
oxidative deaminations (see Section [V.I)!00.101.138

3. Alkene formation

Under most of the obscrved deamination conditions, the small amounts of alkene
products probably arise via E2-type eliminations. As discussed previously, Bartsch
and coworkers have noted an extrcme regioselectivity in respect to the elimination
of the diarylsulphonimide leaving group upon treatment with r-butoxides so that
only the Hofmann alkenc is produced. Apparently the —N(SOz); portion of the
leaving group equals or surpasses thc trimethylammonium ion in its steric require-

ments (see Section I1.A.5)3029 When less bulky and less basic nucleophiles initiate
the eliminations, however, Saytzeff orientation predominates!?3,

4. Carbon—nitrogen vs. sulphur—nitrogen bond cleavage

Under most conditions, strongly basic nucleophiles react with disulphonimides to
give primarily sulphur—nitrogen bond cleavages!00:101.110.113.199 " Eyceptions to this
rule include the NaBH, reductions in HMPA9.20  alkylations in HMPA!36:157,
alkylations with organocuprates®?, nitrile formations in HMPA'%, sulphide and
selenide formations in DMF*3¢ and one case of alkoxide formation'®.

The different selectivities of phenyl sulphide and selenide as compared with cer-
tain other bases with respect to competing attack rates on carbon versus sulphur
atoms, have been rationalized by Miiller and Nguyen Thi on the grounds of
Pearson’s hard and soft acid-base theories®*¢43’. All or most of the other
examples mentioned in this section involving competing carbon-nitrogen versus
nitrogen—sulphur bond cleavages with nucleophiles may be similarly rationalized
according to hard and soft acids and bases.

D. Other Imides as Leaving Groups

The first imide investigated as an activating group for the deamination of amincs
was saccharin. Unfortunately, nonbasic nucleophiles did not react at all with
N-alkylsaccharins (8), while basic nucleophiles (i.e. hydroxide anion) react with

0]
Il

c\
NCR,CHR,
S0,

(5)
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most alkylsaccharins to give the sulphamic acid derivatives derived from attack at
the carbonyl group. However, when the N-alkylsaccharin § is properly activated in
respect to the alkyl moiety (e.g. via an sp? system B to the nitrogen, as with N-
2-phenylethylsaccharin), alkenes are formed upon hcating with potassium hydroxide
pellets32:34.339.340,

Shortly after the very limited activating effcct of saccharin was reported, the
o-benzenedisulphonimide (6) activating group was observed to have an even weaker

SO
Q)
ot
(6)
activating ability in respect to carbon-nitrogen bond cleavage. However, when Y is
Br or Cl, this sulphonimide does act as a good leaving group!82,

The carliest example in the literature of a cyclic sulphonimide leaving group was
the one associated with 1,3-propane disulphonimide. In this case, though, only the
leaving group was sought and identified!”*.

Carboximides such as phthalimide also do not ordinarily give alkyl carbon-—
nitrogen bond cleavage with nucleophiles. Yet, N-2-phenylethylphthalimide gives
styrene in ca. 50-70% yield when heated with potassium hydroxide pellets34. Simi-
larly arylaminomethylsuccinimides have been shown to give alkyl carbon-nitrogen
bond cleavage upon treatment with NaBH, in DMSO?" (see also Section III.B,
since this is a ‘reductive dcamination’).

E. Sulphonamides as Leaving Groups

As might be predicted from the poor activating ability of saccharin and related
compounds, most N-alkyl-N-sulphonamides rarely give carbon-nitrogen bond
cleavages with nucleophiles. Nonectheless, alkylsulphonamides which are suitably
activated in the alkyl moiety do occasionally give carbon-nitrogen bond cleavage.
Thus, N-2-(phenylethyl)-p-toluenesulphonamide gives 50-70% vyields of styrene,
and N-(1,2-diphenylethyl)-p-nitrobenzenesulphonamide gives 29% of trans-stilbene,
when pyrolyscd with KOH?34. Similarly, benzenesulphonamides derived from terti-
ary carbinamines and benzylic amines give Sn1 and E1-type products during acid-
catalysed hydrolysiss?.

The trifluoromethanesulphonyl group is a more potent activator than arylsul-
phonyl groups towards deaminations. Thus, N-acyltrifluoromethanesulphonamides
(7) have becn observed to act as excellent acylating agents (equation 19)!8!
Although this acylation process is not a truc deamination due to the formation of 7

ROH + R'CON(Ph)SO,CFj ROCOR' + N(Ph)SO,CF4 (19)

@
from acyl halides and triflamides'8!, we feel this scheme has the potential for
becoming a good deamination technique if some simple process can be found for
oxidizing RCH,N(R")SO,CF; to RCON(R')SO,CF;. Such potential schemes for
dcamination via activation at both the alkyl and amino portion of a molecule were
discussed in Section 1.A.3.a.

F. Carboxamides as Leaving Groups

Earlier reviews have discussed alkyl carbon-nitrogen bond cleavages whercin
carboxamides or carboxamide anions are thc leaving groups®!***. Thus
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N-alkylamides have been pyrolysed with and without acid catalysts to give
alkenes®®'1% In addition certain amides give nitrate esters on treatment with 100%
nitric acid or nitric acid-sulphuric acid mixtures. The nature of the leaving group has
not been identified for these nitrate ester formations, so that it may be the carbox-
amide group, N,O and acetic acid, or some other species3S:143.143.411

More recently it has been found that tertiary amines which have an alkyl group
capable of forming a stable carbonium ion (such as benzyl or tertiary) can be
cleaved with acetic anhydride. The leaving group is the carboxamide (equation
20a)!60-276.277 A related reaction involves the degradation of tertiary amines with
phenyl chloroformate and related reagents. (cquation 20b)!60.184.249.293

PhCH,NMe, + (MeCO),0

PhCH,0,CMe + Me,NCOMe (20a)

RyN + CICOOPh ——— RCI + R,NCOOPh (20b)

G. 2,4,6-Triphenylpyridine and Related Leaving Groups (8b)

1. Scope of the reaction

A relatively new deamination procedure features the 2,4,6-triphenylpyridine leav-
ing group (8b) (equation 21)37-210-215.217.220-222.381426.433_ Ajthough Ziegler and Fries*26

Ph Ph Ph
’ s -
RNH, + ﬁ — | —— RY + O
~4 >t
PR~ N0~ “Ph PR SN Ph PR N “Ph
BF,~ ' BF,~
8 8b)
(8a) ( (21)

were the first to report an example of this reaction, Susan and Balaban?3#' were the
first to realize the synthetic possibilities of the process. It remained, however, for
Katritzky and coworkers to develop the reaction into an cspecially useful synthetic
procedure. Somc examples are given in Table 3 which illustrate the vcrsatility of
the reaction. As with most other deamination procedures, this dcamination techni-
que is not applicable to tertiary carbinamines.

An extensive review by Katritzky of this highly useful and interesting reaction
through June, 1979, is in press as of this writing. In addition to the deaminations
listed in Table 3, this article gives preliminary results for deaminations via thiourea,
sulphinate anion, phthalimide anion, azide anion, malonate anions, oxidizing and
reducing agents, and others. Eliminations, oxidations and reductions arc discussed
as well as a variety of nondeaminative processes??’ (see also Sections III.C, IILF,
and 1V.K).

Katritzky and coworkers??9433 have also mentioned some preliminary results
which indicate that this method should be subtly selective in dcaminating
polyfunctional natural products which contain one or more amino groups under
conditions which may be mild enough to be termed ‘pscudophysiological conditions’
(see also Section V.B.5).



948

Ronald J. Baumgarten and Veronica A. Curtis

TABLE 3. Sclected cxamples of pyrolytic substitution rcactions of N-substituted 2,4,6-tri-
phenylpyridinium salts with various nucleophiles

N-Substituent Nucleophile Product Yield (%) Reference
Methyl Acetate Methyl acctate 65 212
n-Butyl Benzoate n-Butyl benzoate 85 212
2-Butyl I~ 2-Iodobutane 83 213, 220
Cyclohexyl I- Cyclohexene 66 213, 220
Cyclohexyl iodide 20
Phenyl I~ Iodobenzene 75 213, 220
3-Hydroxypropyl Br~ 3-Bromo-1-propanol 72 214
Benzyl Ct- Benzyl chloride 50 214, 220
Benzyl Piperidine Benzylpiperidine 85 27
n-Heptyl F~ 1-Fluoroheptane 82 216
n-Hexyl NO;~ n-Hexyl nitrate 68 220
Benzyl B-Napthoxide Benzyl B-naphthyl 71 220
ether
Methyl SCN~™ Methyl! thiocyanate 95 217, 220
Phenyl SCN~ Phenyl thiocyanate 98 220, 221
n-Butyl Xanthate n-Butyl xanthate 80 217, 220
n-Hexyl Succinimide n-Hexyl succinimide 65 220, 222
n-Butyl Anion of 2-nitro- C-alkylated product 73 220
propane
2-Phenylethy!l Base Styrene 220

2. Related leaving groups

Theoretically, the parent alkylpyridinium salts 9 should also be capable of pyroly-
tic deaminations, and rare examples of pyridine acting as a leaving group have

been observed (equation 22)201.246_ Katritzky has analysed several serious problems

@CHZ_NR / + CH3C02H —— @CHZOZCCH3 + @
N

9

47%

(22)

involved with utilizing unsubstituted pyridine as a leaving group for deamination?!®,
With such major obstacles, there is little doubt that the 2,4,6-triphenylpyridine (8b)
or rclated leaving groups are the choice ones for these deaminations. 2,3,4,5,6-
Pentaphenylpyridinium salts have also been preparcd and pyrolysed by Katritzky
but the deamination yields are poor in these cases?!?.

3. Arylamines to aryl iodides and ary! thiocyanates

An important synthetic fcaturc of this reaction is an apparently useful new pro-
cedure for converting arylamines into iodides and thiocyanates?!322!. None of the
other modern activating techniques such as the ones using disulphonimides have so
far been shown to be useful for the dcamination of arylamines.
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4. Mechanistic considerations

Susan and Balaban38! were the first to suggest an Sn2 mechanism for the deamina-
tions using halides as nucleophiles. Katritzky likewise suggests an Sy2 mechanism
for the reactions of the alkylpyridinium salts with halides. For those cases where
arylamines are converted to aryl halides, Katritzky?'? proposes a charge-transfer

complex promoted Sgn1 mechanism. Some kinctic mechanistic data are discussed in
the review by Katritzky?220,

H. Pyrrole Derivatives as Potential Leaving Groups

Since pyrrole is a much weaker base than pyridine (see Table 1), N-alkylpyrroles
(10) might very well undergo alkyl carbon-nitrogen bond cleavages, especially under
strongly acidic conditions (equation 23). A complicating factor arises in the evi-

dence for the greater base strength of the a-position than the nitrogen for many
pyrroles.

" ! l, | 1
RC(CH,),CR ——2. RSN SR —2X+ RTONTDR 2. g7 N7R
| AN |
R R H
(10) X +
R'X
(23)

Nonetheless, there is an example of the related azaindole (11) acting as a leaving
group (equation 24)!33, In this reaction, the authors were only concerned with the
azaindole leaving group, and, thus did not characterize the benzyl-derived product.

:NHZ : NH2
N N
(O e L)
\ \
CH H

2@ (11)

J. Amines and Ammonia as Leaving Groups

Under this category are two of the most famous and important types of deamina-
tion. In particular, when trialkylamines are leaving groups, we have the familiar
Hofmann elimination, and when dialkylhydroxylamines are the leaving groups, we
have the equally useful Cope elimination®!!8. Examples where other amines,
ammonia, and/or their conjugate anions are leaving groups are much less frequent

and commonly require special activating groups in the alkyl portion of the amines
and/or severe conditions.

1. Tertiary amines as leaving groups

The Hofmann trans (or anti or antarafacial) elimination is represented by equa-
tion (25a)!86187 This reaction and the competing substitution pathway have been
reviewed previously and will not be discussed further3!:91:1163% A variety of related
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heat

.
RoCHCRINMe; OH™ R,C=CR} + H,0 + NMe, (25a)

reactions such as thc Stevens rearrangements, the Sommelet—Hauser rearrange-
ment, the von Braun degradation, and the substitution reactions of quaternary
aminc salts and tertiary amines with a variety of nuclcophiles, have also been
reviewed previously3!:165-272.3%  More recent examples involve the pyrolyses of
quaternary ammonium halides to give alkyl halides (equation 25b)235:.2355:254  and
the pyrolyses of quaternary ammonium salts with acetate ions in aprotic solvents*!®.

RN* X~ —=%~ RjN + RX (25b)

2. Dialkylhydroxylamines (13) as leaving groups

Wernick and Wolffenstein3?3 first observed the formation of alkenes when terti-
ary amine oxides (12) were pyrolysed, but it remained for Cope and coworkers to
fully develop this reaction (equation 26)%-!. This cis (syn, suprafacial) elimination
has also been reviewed and will not be discussed further®3:116.394,

RZY?CHZCHZR’ ———+ R,NOH + CH,=CHR! (26)
&
(12) (13)

3. Ammonia, primary and secondary amines and/or their conjugate anions
as leaving groups

In the alcohol and cther series, water and alcohols arc facile leaving groups; in
the amine series, ammonia and amine leaving groups are not as common. Nonethe-
less, some examples exist in the literature wherein ammonia and primary and sec-
ondary amines, as wcll as possibly their conjugate anions, act as leaving groups.
Most of these examples occur with amines which have at least one activating group,
such as an unsaturated group B to the leaving ammonia or amine group (see Sec-
tion I). Thus, Mannich bdses (14) may undergo elimination and/or substitution at
the carbon—nitrogen bond wunder basic or acidic conditions (equations
27-29)34.58.74.75.96.190.258.387.394  Tramontini’s discussion?8” of Mannich base deamina-
tions is especially useful. Particularly noteworthy are the alkylations of the Mannich
bases. Deaminations of this type have received considerable use in respect to the

0
I I
RCCH,CHNR) ———> RCCH=CH, + RINH (27)
(14)
ﬁ I
RCCH,CH,NR) + Y ——= RCCH,CH,Y + R)NH (28)
(18)
|
RCCH,CH,NR] + RZNH === RCCH,CH,NRZ + RINH (29)

(14)
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syntheses and degradations of a variety of alkaloids
products#5:317:387.389

Activated amines, such as N-benzylic tertiary amines, readily undergo reductive
deaminations (see also Section IIT)31.168.394

Arylamines‘are much weaker bases and thus should be better leaving groups than
most alkylamines. Some examples have been reported (equations 30a—), although
occasionally the investigators are only interested in the arylamine leaving groups
and do not bother to characterize the alkyl moiety as in equation (30c). These
deaminations are related to ether cleavages in acidic media.

and other natural

ArNR, + HBr ———— RBr + ArNHR (30a)
ArNHR + HBr — RBr + ArNH, (30b)
N NO, N NO,
H S0,
QO = QOO0
N N
NHBu-n NH4
+

Even amines which are totally unactivated deaminate with the loss of ammonia
when conditions are severe enough (equations 31-33)139.241.269,270.385

500—-540°C
CHaCH,NH, + HBr ————-"+ CH,=CH, + NH; + HBr (31)

395—-460°C
(CH3);CNH, + HBr ———""s  CH,=C(CHg); + NH3 + HBr (32)

A1,0
CH3(CH,)3NH, + HBr — > CH,CH,CH=CH, + NH, (33)

heat

Photochemical dealkylations of amines have also been reported. Many of these
involve oxidations of the alkyl moiety and will, thus, be discussed in Section
IV_M78.83.84.87.105.106.355

It is also interesting to note that biochemical deaminations of phenylalanine,
tyrosine, histidinc and aspartic acid in certain organisms involve the apparent loss
of ammonia from only moderately activated amines to give alkenes (equation
34)17267.282 (gee also Sections V.A.2 and V.B).

RCH,CH(NH,)JCOOH ————+ RCH=CHCOOH + NH, (34)

Finally the ammonia leaving group has been proposed in connection with
theories pertaining to the origin of certain organic compounds on Prebiotic earth
(equation 35)'-'7. While most amino acids pyrolytically decompose with CO, evolu-
tion, aspartate decomposes with loss of ammonia (equation 35). The kinetics of this

~0,CCH,CH(NH)CO,™ ~0,CCH=CHCO,™ + NH; + H* (35)

reaction have been used to estimate the minimum concentration of ammonium ion
on prebiotic earth!-!7,

K. Nitrogen Gas as Leaving Group

Although yields are often poor, the most facile leaving group in deaminations is
nitrogen. This is also the oldest, the most extensively studied. the best known, and the
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most complex in respect to mechanisms of formation, of all the leaving groups in both
the aliphatic and aromatic series. A number of excellent reviews of deamination via
the nitrogen leaving group have appeared3!.88.147.194.228.231264.294.297.298.341.364,
379.394,427-429 and, thus, these types of deaminations will only be briefly discussed here.
Of special note is the earlier two-part volume in this series, The Chemistry of
Diazonium and Diazo Groups3?4.

Deaminations involving the nitrogen leaving group may be divided into the aliphatic
series and the aromatic series. Then the aliphatic series may be further subdivided in
respect to the numerous variations by which amines are oxidatively activated to the
many isolable and nonisolable intermediates which eventually lead to nitrogen gas
evolution, followed by product formation.

1. Nitrogen as the leaving group in the deamination of aliphatic amines

a. Nitrosations of primary amines. A somewhat simplified representation of the
direct nitrosation of primary amines is given in equation (36). The older investigations

NO
RANH NO,™ ‘ _
2 =~ \R—NH/ —— (R—N=NOH)

RX + ROH

+ RNO, + H,0
(36)
+ mixed alkenes

+ Ny

featured nitrosation in water. These almost always led to complex mixtures of pro-
ducts which usually included rearranged R groups as well as the promiscuous variety of
functionalities. More recently nonaqueous protic and aprotic conditions have been util-
ized along with a variety of modifications employed in the generation of nitrosating
agents231.297.298.341.390.394 These newer nonaqueous nitrosations often greatly simplify
the product mixtures. The investigations in aprotic solvents have proven to be espe-
cially promising with respect to generating respectable yields of unrearranged substitu-
tion products. Much of the pioneer work on aprotic conditions was done by Friedman
and group3%!47-14% and Bakke!®2°, More recently, Doyle and coworkers!?’ have
improved on these early techniques by developing a method for generating nitrosyl
chloride which minimizes typical side-reactions such as rearrangement, elimination and
oxidation. This technique utilizes alkyl -nitrites, titanium tetrachloride (or other
halides), and DMF for the generation of nitrosyl chloride. The yields of unrearranged
halide range from 48-80% (equation 37)!?°. Similarly, the research groups of

TiCl, + 4 RONO

Ti(OR), + 4 NOCI

(37)
NOCI

RNH, ———+ RCl + ROH + RO,CH + N,

Wudl22423, Barton?® and White?%* have greatly advanced the utility of dinitrogen
tetroxide as a synthetically useful nitrosating agent. For example, Barton and Narang?28
have converted cyclohexylamine to a cyclohexanol-cyclohexyl nitrate mixture in
81-89% yield. and 3B-aminocholestane to the corresponding alcohol-nitrate ester
mixture in 87% yield, by treating the amines with dinitrogen tetroxide in the prescnce
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of a tertiary amine of stronger base strength (amidine) than the reactant amine in ether
at —78°C (equation 38).

NHp OH ONO,
2V
—_— + + N, (38)

In another modification unrearranged carboxylate esters are produced in fair-to-
good yields. To achieve this conversion, Jacobson has treated a variety of amines with
a small excess of carboxylic acid and isoamyl nitrite in refluxing benzene (equation

39)205. Alkyl nitrites as nitrosating agents had earlier been reported by the groups of
Cadogan, Friedman and Curtin39.70.71.99.149,208

RNH, + R'COOH — T,

R'COOR + N, (39)

Yet another technique for exerting some control over the highly promiscuous ni-
trous acid deaminations involves the designing of micellar aqueous conditions. In this
approach, pioneered and largely developed by Moss and coworkers?97:301:303.304_gionifi_
cant stereochemical control may be exereted, even though no claims are made for
improved yields of products. For example, the stereochemistry of the 2-aminooctane
to 2-octanol conversion can be changed from 24% net inversion (nonmicellar condi-
tions) to 6% net retention (micellar conditions). To effect these stereochemical
changes, counterions such as perchlorate, p-tosylate, fluoroborate, or d-10-
camphorsulphonate are necessary. Micellar conditions also catalyse deamination
rates about 15-fold. Kirmse and coworkers?31-232 have also studied the effect of mi-
celles on nitrous 2md deaminations. Kirmse has observed that some micelles tend
to increase the ovcrall yields of alkenes and rearranged products. On the other
hand, Kirmse has found that alkyl shifts may be suppressed under certain micellar
conditions?3!-233,

b. Decompositions of diazoalkanes (15). Since one of the many procedures for
generating diazoalkanes (15) is by nitrosation of the parent amine, the chemistry of
diazoalkanes is relevant to any discussion of deaminations. In any event, diazoalkancs
and/or their corresponding diazonium ions (15a) are important intermediates in the
many procedures used to generate the nitrogen leaving group. The typical diazoalkanc
decomposition under acidic conditions is represented by equation (40). Carbonium
ions generated from diazoalkanes are among the hottest carbonium ions known3%,

various substitution and
[R,CHN,"] —X*_ . elimination products + N,  (40)

(15) (15a)

Diazoalkanes, and their possible participation in the various mechanisms involving
nitrogen leaving groups, have been much discussed, and, thus, will not be considered
further here!8-20.76.88.118.136.147.231.294.297.324.380.393.428 Readers of this section are espe-
cially referred to the chapter by Hegarty in the recent volume in this series The
Chemistry of the Diazonium lon and Diazo Groups'’'. Also, a section of Wulfman’s
chapter in the same volume deals with alkyldiazonium ions424.

¢. Decompositions of N-nitrosoamides (16). N-nitrosoamides (16) are easily pre-
pared from the corresponding amines in two steps (equation 41). While nitrosoamides
of most primary carbinamines are reasonably stable at room temperature. the nitro-
soamides of most secondary and tertiary carbinamincs decompose between ca. —40°
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i 10
RNH, —2%. RNHCR! — 2, g N—CR! (41)
(16)

and 30°C. The pyrolytic decomposition of nitroscamides results in deamination
involving nitrogen loss as bricfly formulated in equation (42). Pathway (a) predomi-
nates with nitrosoamides of primary amines, attaining yields of unrearranged ester

{a)

ROOCR' + N,
NO
I
R—N—CR' (42)
8 (b)
16) alkenes + R'COOH + N,

often approaching 80%. Ester yields from the pyrolyses of nitrosoamides of secondary
and tertiary carbinamines are much less satisfactory (20-65%), with alkenes being
important products. Nitrosamide pyrolyses were pioneered by Huisgen and co-
workers!?5:196 and White and coworkers??4.395.397-401 The many fascinating mechan-
istic subtleties have been mainly elucidated by White and his research
group?48.394.396.399.400.402.403.407-410

Nitrosocarbamates, nitrososulphonamides, nitrosohydrazones, nitrosohydroxyl-
amines and the corresponding N-nitro derivatives behave in an analogous
fashion?264.297.394.396.416 (see also Section II.M).

The very highly mutagenic and carcimogenic properties of nitrosoamides and
related compounds will be briefly discussed in Section V.C.

Nitrosoamide deaminations have bcen extensively reviewed3!.264.297.394

The photochemistry of nitrosoamides and other properties of nitrosoamides have
also been discussed’.

d. Decompositions of triazenes (17). Triazenes (17) arc easily prepared in one
step (equation 43). They readily deaminate under acidic conditions (equation 44),

RNH, + ArN,* ——— RNHN=NAr (43)
a7
RNHN=NAr + HX ———= RX + alkenes + ArNH, + N, (44)
(7

With carboxylic acids, esters are obtained in 35-95% yields. As in other deamina-
tion pathways, the highest yiclds are obtained from triazenes derived from primary
carbinamines, while the lowest yields are obtained from the tertiary carbinamine
derivatives.

White and coworkers have pionecred. and done many of the subsequent studics
on, the triazene dcamination technique. White and others have investigated the
mechanism of this reaction?!-33:227.250.297.394.412.413

e. Alkane diazotates (18). The most recent of the indirect methods for activating
amines for the purpose of breaking carbon-nitrogen beonds with the production of
nitrogen as leaving group. involves the treatment of alkane diazotates (18) with
acids (cquation 45)298-300,

Alkane diazotates are formed by treating N-nitrosocarbamates (19a2) with strong
basc (equation 46).!67-298.300.306
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AN=NO~ —

(18)

R—N=N—O substitution and o .
—N=N—0OH} — . . + RN, + N, +
[ ] elimination products 2 2t Hp (45)

NO
20— -
R—NCOOR' X, R N=N—0O K* (46)
(19a) (18)

Alkane diazotates (18) are the conjugate bases of the unstable R—N—=N—OH
intermediates in nitrous acid decaminations. However, while certain similarities exist
between nitrous acid deamination products and diazotate deaminations, the product
distributions are usually quite different. Thus, for example, diazoalkanes are rarely
isolated in nitrous acid deaminations, while they are important products in alkane
diazotate deaminations, especially when the R group is primary2%.

Another interesting aspect of alkane diazotates is that they apparently give
extensive amounts of SN2 substitutions under certain conditions. Thus. the reactions
of alkane diazotates with such nucleophiles as ammonia, hydrazine, azide anions
and Grignard reagents, give the corresponding substitution products with ca.
40-70% net inversion28?Y?. Complete inversion is not observed, due to the
competing internal return process. Perhaps the synthetically most promising of
these Sn2 displacements is the reaction of 1-phenylethyldiazotate (18a) with
Grignard reagents to give the corresponding 2-phenylbutane with 70% inversion
(equation 47)%82%%_ The overall yield, however, of 2-phenyibutane is oniy 25%-%°.

Ph Ph Ph
AN AN _ EtMgBr
\*\\\(‘I—NHz —_— \\\\\(‘I—NZN—O — Et——-(‘l,,”
H H\ I/H
Me Me Me
(S)-(—)'8 (18a) (S)-(+)'®
(47)
EE\ Et\ /Et
P 7
SNy —— —— | Jo—N=N—0~ e Ph—C,
Me Me Me
(S)-(+)%° (18b) (R)-(—)'°

White and coworkers have gencrated diazotate intermediates, from nitrosoamide
precursors, in their studies on enzyme active-site inhibition and labelling. The
diazotates gencrate carbonium ions which alkylate the enzyme (sec Section
V.B.2)%15,

Most of the work on diazotates has been reported by Moss and his group. Moss
has also extensively revicwed the subject?97:298,

f. Nitrosations of secondary amines. When secondary amines are nitrosated
under a variety of conditions, N,N-dialkyl-N-nitrosamines (19b) are produced
(equation 48)9-146.390,

netrosaton

R,NH

R,NNO (48)
(19b)
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Nitrosamines (19b) have elicited much recent interest due to the unhealthy com-
bination of their presence in our natural and unnatural environment, and their
extraordinarily high mutagenicity and carcinogenicity. These nitrosamines are
apparently precarcinogens which are oxidatively activated in vivo to compounds
which are nitrogen-emitting alkylating agents. Most nitrosamines (19b) do not
behave as alkylating agents under nonbiojogical conditions. Nonethcless a few very
special types of nitrosamines (19¢ and d) do deaminate and act as alkylating agents
or potential alkylating agents in vitro (equations 49 and 50)'46344_ Nitrosamine 19d
is believed tobe similar to oxidized nitrosaminc metabolites?2%.268,287.344.417

0

i a0
CH,;CCH,CI(CH3) « Il
FTETIIION-NO  —he " (CHy);C=CHCCH, + CH;=CH, + H,0 + N,
2
CH,CH,
(19¢) (49)
HO0
CHaN(NOJCH,00CCH; ——f—> CHyCOOH + HCHO + CHOH + N, (50)
(19d)

Stereochemical effects on N-nitrosamine chemistry have also been surveyed?268.

Bioorganic alkylations with nitrosamines 19b will be further discussed in Section
V.C.

The chemical and physical properties of nitrosamines have been reviewed by
Fridman'4%, and most recently in an ACS symposium report®.

Finaily, certain aspects of nitrosamine chemistry are discussed in the chapter by
Challis in this volume.

8. Alkylsulphinylamines (20). Alkylsulphinylamines (20) may be prepared from
primary amines and SOCI, (equation 51)31°.

Cly

S0
RNH, —— RNSO (51)
(20)
When sulphinylamines (20) have been treated with certain nitrosating agents,

they have been observed to alkylate aromatics via carbonium ion mechanisms in
25-45% yields (equation 52)3!°.

ArH + RNSO + NO*'SbFg~ —— ArR + N, + SO, + HSbFg (52)
(20)
h. Alkyl isocyanates (21). Alkyl isocyanates (21) may be formed from primary
amines by treatment with COCI, (equation 53)*'%.

coct,
—_——

RNH, RNCO (53)

(21)
Isocyanates (21) behave similarly to sulphinylamines (20) when treated with cer-
tain nitrosating rcagents (equation 54)3°.

ArH + RNCO + NO*SbFg~
(21)

AR + N, + CO, + HSbFg (54)
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2. Aromatic deaminations via dediazoniations

Virtually all the synthctically useful aromatic deaminations occur via the conver-
sion of aromatic amines to diazonium ions followed by homolytic or heterolytic

nitrogen loss with subsequent substitution by some nucleophile or free radical
(equation 55).

ArNH2

ArNy* =T+ ArX + N, (55)

The conditions and mechanisms by which nitrogen loss may be effected are
extraordinarily diverse. Thus. it is an oversimplifration to break thcse mecchanisms
down into the two textbook catcgories of ‘homolytic’ and ‘hetcrolytic’, since within
each of these categories may be found many subtle variations. Not only will the
mechanisms often change upon only slight changes in reaction conditions, but often
so will the products. Some of the many variations in conditions employed which
have been shown to greatly influence mechanisms and/or products include: the
nature of the solvents, the pH, oxygen concentrations, the absence or presence of
light, the absence or presence of mctallic ions, the nature of the reaction vessel, the
concentrations of reactants, ctc. And new mcchanistic surprises occur constantly.
For example. it has been found that aryl carbonium ions can reversibly combine
with nitrogen®*. The fascinating story of the mechanisms of aromatic dediazoniation
is worth whole review articles, and such articles have been excellently written by
Zollinger??’42%_ In addition Wulfman has extensively revicwed the replacements of
the aryl diazo group by a large number of substituents irn a recent volume in
this series*2?.

a. Scope of the reaction. Prcparative and industrial chemists are more concerned
with the synihetic aspects of aromatic deaminations. A numbcer of famous namc
reactions such as the Sandmeyer rcactions, the Gatterman reaction, the Schiemann
recaction, thc Meerwein reaction, the Gomberg reaction and the Pschorr ring-
closure are aromatic dediazoniations. Some of the substituents represented by these
name reactions as well as some others are: OH, RO, SH, RS, SCN, N;, Br, CI, I, F
(via BF;7), CN, NO,, Ar, alkene, H and metals. Polymerizations are also very
important, especially in industrial chemistry.

Textbooks often state that Sandmeyer-type dediazoniations which utilize Cu(1)
proceced via homolytic mechanisms, while dediazoniations in water proceed via
heterolytic mechanisms. However, Zollinger’s reports reveal these statements to be
oversimplifications#27:429,

Factors affecting yiclds in Sandmeyer reactions have been discussed!?3.

In addition to Wulfman’s recent chapter in this series and Zolliiiger’s reviews, a
number of other surveys of aromatic deaminations in general, and also of specific
cases, have appeared*!-95338.343.382 Fyrthermorc, the process of diazotization has
also been reviewed?6-352,

b. One-pot aromatic deaminations. Most aromatic deaminations involve two
separate synthetic steps. Recently, however, one-step procedures utilizing alkyl ni-
trites and copper (11) halides have been reported (equation 56)'23. Yields are gener-
ally excellent, ranging up to 99.5% halide production. Earlicr one-pot conversions
to halides have been published, but apparently are of only limited use333!3.

2 ArNH, + 2 RONO + CuX, 2 ArX + 2ROH + CuO + H,0 + N,

(56)
Another one-step dcamination resulting in mostly good to exccllent halide yields.
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involves the use of ¢-butyl thionitrite or ¢-butyl thionitrate as the diazotizing reagent
(equation 57).230

t-BuSNO  ——
or + ArNH, + CuX,
t-BuSNO, ——

CH3CN

s omcs ATX + Ny + (1-Bu)S3 + (1-Bu)yS,

(57

A one-pot Meerwein arylation of alkenes using alkyl nitrites and copper (i)
halides has similarly been developed (cquation 58)!2*.

ArNH, + H,C=CHY ATCHCHY + N, (58)

Cl

Analogous displacements of the aryl amino group with hydrogen have been

reported and will be briefly discussed under ‘reductive deaminations’ (Section
I11)7!-125.220223

RONO
—_—
CuCt,

¢. Photochemcical dediazoniation and the photorearrangements of diazo-
ketones. The photochemistry of diazonium ions has been reviewed by AndoS,
and by Dinaburg!'. Two representative examples of photodediazoniation are given
in equations (59a) and (59b)8-24.253.335.363.425 When the anions in these photochemi-
cal deaminations are derived from Lewis acids, as in equation (59a), the Lewis acid

@&2 BF,~ — F+ BR+N, (59a)

R R

AN, —220e ArH + ArCH,CH,OH + ArOCH; + ArCHOH + N; (59}

hy
CHj

is released as a by-product. This method of generating Lewis acids in situ has found
much application in industrial polymer chemistry (sece Section I1.K.2.e)?433%,

Aryl-1,2-diazooxides (‘o-quinone diazides’) (22), give Arndt-Eistert-type ring-
contractions on photolysis (equation 60)3¢3, This reaction has also been found to be
useful to industrial chemists (see Section I1.K.2.e).

hy 1
o | U +N (60)
N

o COOH
(22)

d. Arynes from certain aryldiazonium salts. Special diazonium salts, such as those
prepared from anthranilic acid or its derivatives, photochemically or thermally
decompose to give arynes (equation 61)148.161.266.374.375.424

e. Industrial applications of aromatic deaminations. The photochemical and
thermal decompositions of aromatic diazonium salts and diazoketones have found
extensive use in industrial chemistry. In particular, many polymerizations make use
of the photolysis of diazoketones or diazonium salts. The photographic and related
industries have made considerable use of these types of dediazoniations and related
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COOH c0o0~
HNO, hy
O = O, = [Q] «
NH, Nt

+ CO,
+ N,

processes?4-393, Many of the details of these procedures are trade secrets, but much
information can be found in several reviews as well as in the voluminous patent
literature24.72.119.155.239.245.335.351

A particularly interesting example of the applied chemistry of dediazoniation is
partly given in equation (59a). In this case the important product is thc boron tri-
fluoride, which is generated for use as a Lewis acid catalyst for cationic polymeriza-
tions such as the polymerizations of various epoxides**>.

L. Miscellaneous Leaving Groups in Aromatic Deaminations

1. Photochemical deaminations of aromatic amines

Whereas photochemical dealkylation of amines is commonly observed, photo-
chemical dearylation of arylamines is a rarely observed process3*>6%, An example
of the latter involves the photodegradation of certain quarternary amine salts with
easily oxidizable counterions such as iodide3%2.

2. 2,4,6-Triphenylpyridine and related leaving groups

It has already been mentioned that arylamines can be converted to aryl iodides
and thiocyanates by forming 2,4,6—triphen?ll[’);'ridinium salts and then pyrolysing
them (equation 62) (see also Section I1.G)2!3:221_ A variant on 8b has recently becn
found to give better yields2>!.

Ph Ph Ph
=
2 | ArNH, | heat Arl + Q (62)
— —
Ph” X0~ > Ph Ph \Kli Ph Ph” N~ Ph
Ar |~ {8b)

M. Dinitrogen Oxide (N, O) Gas as Leaving Group

1. Pyrolyses of N-nitroamides and related compounds (23)

N-Nitroamides (23) and N-nitrocarbamates pyrolyse similarly to N-nitrosoamides
with N,O being expelled instead of nitrogen (equation 63)%'141¢ (sec also Section
IL.K.1.0).

| heat

ROOCR' + alkenes + N0 (63)

(23)

White and Field3% have proposed for these reactions mechanisms involving
ion-pair intermediates which are analogous to those proposed for nitrosoamide
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decompositions. The product distributions for different R groups indicate a gradual
change in mechanism with carbonium ion stability, but there are no discontinuities
in the series as a function of substituents.

N-Nitroamides (23) and N-nitrocarbamates are readily prepared by nitrating the
parent amides (equation 64)3%.

e
RN-—ﬁR‘ (64)

N0,

RNHCOR!'

(23)

2. Reactions of tertiary amines with nitrosating agents

The reactions of most tertiary amines with nitrous acid produce complex mixtures
of products, the most important of which are N,N-dialkylnitrosamines (19) and car-

bonyl compounds. The leaving group is N,O (equation 65)'46:172.394 (see also Sec-
tions IV.M and V.C.4).

HONO

R,NCHR} N,O + R,N—NO + R}C=0 (65)

(19)

3. The reaction of aziridines (24) with certain nitrosating agents

Aziridines (24) react with nitrosating agents such as nitrosyl chloride or methyl
nitrite to give alkenes and N,O (equation 66). The reactions are completely
stereospecific with retention of configuration98.80.130.345.3472,394

R R R R

~ v NOC! N A7

ue SNy TRene, T AOTC T NO (66)
H
(24)

A related reaction involves treating certain aziridines (24a) with m-chloro-
perbenzoic acid. Alkenes with retention of stereochemistry are again produced,
but the leaving group in this case is the nitroso dimer (25) instead of N,O
(equation 67a)173.321,

R _R CICEH CO3H R< ~R 1
c——C —_— c=C + (R'NO) (67a)
- \N/ ~H H™ ~H 2
| (25)
R]
(24a)

N. Nitrile Leaving Group

The von Braun degradation which involves the heating of secondary or tertiary

amides with PCls or PBrs. cxpels nitrile leaving groups (cquations 67b and
67c)3150.54.55.327.391.303.
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PX
ArCONR, ———= RX + ArCX=NR ACN + RX  (67b)
PCi .
ArCONHR ArC=NR ArCN + RCI (67c)
ci

O. Some Potentially Good Leaving Groups

A number of other leaving groups derived from amines should be fair-to-good
leaving groups. Some of these activated amines may even have been
‘unintentionally’ observed to give carbon-nitrogen bond cleavage. Rigorous
literature searches, particularly of the older literature, thus, might prove fruitful in
suggesting ‘new’ deamination procedures. It has already been pointed out here that
heterocyclics such as pyrrole and the barbiturates might be good leaving groups.
Other candidates may be suggested by perusing pK, tables or by structural analysis.
One example of the latter approach would involve groups such as nitroamide
leaving groups (26) in SN2 reactions {equation 68) (hypothetical equation). Of
course, the pathway wherein such compounds rearrange and evolve N,O are well
known and have already been discussed.

ﬁ NO, (|)|
RC—N—R + Y~ ——— [R—C—N—NO,]” + RY (68)
(23) (26)

Not all groups which appear to be good leaving groups on paper, however, turn
out to be pgood leaving groups in fact. Thus, some trial runs with
N,N-di(2,4-nitrophenyl)alkylamines (27) with a varicty of nucleophiles gave no
evidence for carbon-nitrogen bond cleavage!!3:114,

NO,

(27)

P. N-Containing Leaving Groups Compared with Other Leaving
Groups

It has already been mentioned that aryl disulphonimides (2), unlike most
compounds with good leaving groups, can be readily recrystallized from a variety of
nucleophilic solvents without solvolysis!!!'3. Similarly Katritzky’s 2,4,6-triphenyl-
pyridinium salts are recrystallized from ethanol?'0,

Various nitrogen-containing groups have been compared with a variety of other
leaving groups in a review by Stirling®’%, and Beak, Adams and Barron*’ have
compared gaseous nitrogen with other especially facile leaving groups.
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lll. REDUCTIVE DEAMINATIONS

Most of the generally useful aliphatic reductive deamination procedures are of
recent vintage. Reductions reported before 1960, with few exceptions, were
observed to occur only with amines with special activating fcatures such as benzy}
or carbonyl. More recent reductive techniques are much more general in scope.

Reductive deaminations through around 1968 have been previously
reviewed?3!154.394,

As in the previous section, reductive deaminations are organized according to
leaving group.

A. Sulphonimide Anion (3) Leaving Groups

Hutchins and coworkers have recently reported that hydride (from BH,™) may
displace diarylsulphonimide anions and triflimides (3) (equation 69)!99200_ Yields in

RN(SO,R'), — o RH + "N(SO.R), (69)

2 3
these reductions are fair to excellent, with unhindered primary amine derivatives
giving the best results. As discussed in Section II.A, sulphonimides 2 derived from
hindered amines cannot be prepared or give poor yields of substitution products.
The mechanisms of these reductions have also been discussed'3%-2%%,

B. Succinimide Leaving Group (28b)

In the coursc of developing a new monomethylation procedurc for aromatic
amines, Kadin?®” has found that certain succinimides derived from Mannich bases
(28a) may be reductively deaminated with NaBH, (equation 70). Functionalities

0) 0]
NaBH,
ArNHCH,N — ArNHCH4 + :N (70)
0 0
(28a) (28b)

such as ester, nitrile, or amide do not interfere with the reaction. Circumstantial
evidence suggests the mechanism shown in equation (71) for this reduction?%,

o
base NaBH,
ArNHCH,N — 28b + AN=CH, ——— ArNHCH, (71)
o
(28a)

C. Pyridine-derived Leaving Groups (8b)

Katritzky and coworkers have reported a novel procedure for reducing benzyl-,
allyl- and heteroarylmethyl-amines via substituted dihydropyridines (29) (equation



22. Deaminations (carbon—nitrogen bond cleavages) 963

P|h Ph
= N NaBH,
+
Ph”" X0~ Ph Ph Kl( Ph
CH,R
(72)
Ph
29 RCH, + Q

Ph N Ph

72). Yields are generally very good32-2!5, (This method is related to the reaction
described in Section II.G; see also Scction IILF.)

Katritzky has proposed the mechanism shown in equation (73) for this
reaction32:213,

Ph y
| HaCoq
n— QL
Ph” SN Ph

@b (8b) T

H
| (73)
|

(29) CH3\©

D. Ammonia and Amines as Leaving Groups

Amines and ammonium salts which are appropriately activated in the R group(s)
bonded to the nitrogen may be reduced to the corresponding alkyl moicty by
catalytic hydrogenation, metals and various hydrides. These methods have been
reviewed?3!-154.273.387.394 By rthermore, certain enamines have been reduced via AlH,
or diborane to the corresponding alkene94:262.292

Electrolytic reductions are also known and have been briefly reviewed?*. A
more recent example involves the electrolytic reduction of a-acylamino acid esters
to the corresponding B-keto esters in good yields (equation 74)280,

RCOC(R/COOR? —— 27 Rcocl(n‘)coon2 + NHCI (74)

NH3 CI~ H

Hutchins and group have developed a synthesis of tertiary amines derived from

aniline (30), using NaBH, as the reducing agent. Yields are good (71-79%)
(equation 75)2%,
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-

cHy! i(c e BhNCH (+ CHy) (75
PANHR — o —co, Phri“ H3), NCHa al (79
2,6-Jutidine R R

(30)

E. Nitrogen Gas Leaving Groups

1. Aliphatic cases

With the exception of the reduction of special diazoalkanes, reported amine
reductions which emit nitrogen as the leaving group probably proceed via diimide
(31) intermediates.

a. The reaction of primary amines with difluoramine. The difluoramine
procedure for generating diimide(31)-type reductions looks very promising on
paper, but in actuality it is a very difficult and potentially dangerous procedure

(equation 76). This reaction and its mechanism have been previously
discussed3!:67.98.240.256.394_

RNH, + HNF, —— [R—N=NH] — RH + N, (76)
(31)

b. The reaction of hydroxylamine-O-sulphonic acid or chloramine with
arylsulphonamides. The first reported deamination procedure for reducing amines
to alkanes via the probable diimide (31) intermediate is summarized in equation
(77)98:314.315.3% Similar reductions are observed when alkylhydrazines are oxidized
to alkyldiimides®s.

ArSO,Cl

RNH, ——> RNHSO,Ar —g= RH + ArSOH + N, (77)

X = 0SO4H or CI

c. The reaction of primary amines with hydroxylamine-O-sulphonic acid. A
reaction similar to the previously described case has rccently been reported and is
summarized in equation (78)'22, This procedure is also believed to proceed via a
diimide intermediate.

NHZ0S0,H
OH™, 0°C

RNH, RH + S04~ + N, (78)
Seven amines were reported to be reduced in 26-72% yield. Carboxyl and amide
groups apparently do not seriously interfere with the reductions of 2-aminobenzoic
acid to benzoic acid and 2-amino-3-methylbenzoic acid to 3-methyl-benzoic acic!22,
Trace amounts of cupric ion give a reaction which appears to be a
disproportionation (equation 79).

NH0S0;H

PhCHNH, —5 =0

PhCHO + PhCH=NCH,Ph + PhCH,CH,Ph (79)

d. The reaction of diazoketones with HI. Diazoketones may be reduced to
methyl ketones by HI (cquation 80)%32. Since diazoketones may be obtained from
the parent ainines, this constitutes a possibly useful type of deamination.

RCOCHN, + 2HI —— RCOCH; + N, + I, (80)
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2. Aromatic cases

Recductive  dediazoniations are generally discussed with other aromatic
deaminations and most of the reviews cited in Section I1.K.2 discuss these.

Until recently, aromatic reductive deaminations were accomplished in two steps;
the first was formation of the diazonium ion and the second involved the reductive
dediazoniation. Hypophosphorous acid has been the most popular reducing agent,
although a number of others have been reported (equation 81a)4!.125.237.238.274

1 HNO,
2 HyPO,

ArNH, ArH + N, (81a)

In newer one-pot procedures, the arylamines are treated with alkyl nitrites in
solvents such as ethers or DMF’'125 In the modification by Doyle and
coworkers!2’, yields are generally good (equation 81b).

ArNH, + RONO

ArH + ROH + N, + H,0 (81b)

Doyle and coworkers!'?> have obtained evidence for a free-radical mechanism for
this reaction (equation 82).

ArNH, + RONO

ArN=NOR + H,0

ArN=NOR

ArN,” + RO-
(82)

Aer. Ar- + Nz

Solvent + Ar- —— ArH + Solvent-

The alkyl nitrite reductive dediazoniations have been applied to the conversion of
adenine derivatives to the corresponding purines by Nair and Richardson3%%

(equation 83a). This type of deamination had rcportedly failed under a variety of
previously tried conditions331428,

NH,, H
N N CHyiCH,I,ONO NQ N, N (83a)
]\ J THF ]\ J 2

N~ N NT N

|
Et Et
This procedure has been used to synthesize the antibiotic, nebularine and other

nucleosides3¥%s. Nair and Richardson havc also found that Cl, Br and I may replace
nitrogen using this procedure308°,

F. Aromatic Reductions via 2,4,6-Triarylpyridine Leaving Groups

The amazingly versatile procedure of Katritzky and coworkers utilizing
2,4,6-triarylpyridine leaving groups may be used to reducc arylamines (equation
83b)220223_ Yiclds of reduccd arylamine are 57—-62% (see also Sections III-C and
I.G).

G. Alkylations

When the amino group is replaced by an alkyl group; there is a reductive change
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Ph Ph

X + ArH
| 3.160°C Q (83b)
+.
|\|4 Ph © N~ Ph + HF
Ar F~

in the oxidation state of the molecule. These decaminations have becn discussed in
other scctions of this chapter (see Sections 11.B.2. I11.K.1.e and Table 3).

IV. OXIDATIVE DEAMINATIONS

Until recently there were essentially no practical laboratory mcthods for oxidatively
deaminating most amines. Howcver, over the last few years procedures have been
devcloped to convert many types of amincs into ketones. aldehydes, carboxylic
acids, etc, including simple photochemical oxidation which converts many amines
into aldchydes or ketones, in excellent yiclds.

Amincs may be oxidized by a large inventory of reagents to aldehydes, ketones
and carboxylic acids (or other functionalities of equivalent oxidation states). Most
of these oxidations proceed via intermediate imines, nitriles or amides, and in some
cases the unsaturated nitrogen compounds arc isolated. Virtually all the imine and
nitrile intcrmediates may be hydrolysed, and the conditions for the hydrolysis of
Schiff bases and related functionalities have been discussed®3-273. Thus, the ultimate
leaving group in Sections A—F below is ammonia or an amine.

In addition to oxidations via imine-type intermediatcs, a few newer procedures
effect oxidations via totally different mechanistic paths.

A number of reviews of oxidative deaminations and related topics have
appearcd?! 76.78.84.108.368.394.

Since a recent comprehcnsive review by Chow and coauthors’ on amine
oxidations which proceed via nonaromatic aminium radical intcrmediates has been
published, this type of oxidation will not be specifically discusscd here (however, see
Chapter 25 in this volume).

A. Oxidations of Amines by Direct Dehydrogenation

Dehydrogenations of amines are represented by equations (84)—(86). The leaving
group in these cases is ammonia or an amine.

-2 H- H0
RCH,NH, ——> RHC=NH ——> RHC=O0 + NH, (84)
_2 H-
RoCHNHR! —2"~ R,c=NR' —~ R,c=0 + R'NH, (85)
—4'H- H,0
RCH,NH, ——— RC=N “— RCOOH + NHj (86)

A representative list of inorganic oxidizing rcagents used in thesc types of
dehydrogenation includes: Ag(11)'*'¢, Ag,CO;'*!, KMnQ,3¥353353  MnQ,333,
NiO,2!, Pb(OAc)43%Y, chromic oxide?', copper chromite—nickcl-K3PO,42%, mercuric
oxide!”, Hg(OAc),?%, potassium peroxydisulphate'®!, IFs3”!, other peroxides!08:185,
NaNH,—NH;!'%, Ni, Pt. Cr'% Pd?23! '§342 §¢73 ruthenium and other transition
metals'!’. chromic acid'%3 FeCl;%, silver oxide!¥*, $,04-3/Ag*'>. Not all these
reagents work in all cases, and in those cases where they do work, yiclds are often
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poor’'1%8 Of the above, the Ag(ll) salts give the best yields (30-60%). The
mechanisms involving some of the above dehydrogenations most probably involve
more complex pathways than simple hydrogen abstractions (e.g. some oxidations
proceed via amminium radical intermediates’®) (also see Section IV.C).

In addition to the above large inventory of inorganic reagents which may
dehydrogenate amines, somc organic oxidizing agents convert amines to carbonyl
compounds via imines. These include hexamethylenetetramine!?¥, various
derivatives of formic acid®®!, derivatives of diaminomethanc?8! o'-bromo-
anisole2108:296 r.butyl peroxide?”?, quinones!’”, nitrosobenzene®3, and photo-
chemically with benzophenone (see next topic)?'-84196  QOxidation may also
occur via transamination (see Section IV.F). Furthermore a kcy step in the
Sommelet—Hauser rearrangement involves dehydrogenation (equation 87). This
and related rearrangements have been reviewed'!3%4,

ArCHyNH, + [CH,=NH)]

ArCH=NH + CH;NH, (87)

A procedure has also been developed for oxidizing enamines to a-acetoxyketones
with thallium triacetate243-292,

A number of oxidizing agents may oxidize primary amines and/or
hydroxylamines to oximes?!-10%,

The Strecker dcgradation of a-amino acids involves a simultaneous oxidation and
decarboxylation (equation 88). The various reagents which may be used in this
reaction have been discussed in reviews?!3%¢. Some of thecse reactions procecd via
transamination mechanisms which will be discussed iater (Section IV.F).

NH,
[0] _ H0
R—CH—COOH —— RCH=NH + CO, RCH=0 + NH,4 (88)

The dircct oxidation of amino acids and amines via enzymatic dehydrogenation in

biochemistry is a well-known process and will be briefly discussed under Section
V.A.

<

B. Photochemical Oxidations of Amines to Aldehydes and Ketones

A reaction well known to photochemists, but surprisingly ncglected by synthetic
chemists, involves the photodehydrogenation of amines by benzophenone and
related compounds (equation 89)8!-8284 By this technique, both aldehydes and
ketones may be obtained simply and in good yield.

2RRICHNH, + Ph,C=0 —2+ Ph,C(OH)C{OH)Ph, + RR'C==NCHRR'

(89)
RRIC=NCHRR! —2» R(lzln‘ + RRICHNH,

0

When thesc photooxidations are run under anhydrous conditions, the maximum
yield of aldehyde or ketonc is only 50% due to the stoichiometric rcquircment of a
2:1 molar ratio of amine to benzophenone. Fortuitously, however. this reaction
proceeds as efficiently in aqueous media, so that quantitative yiclds of acetone and
2-butanone have bcen obtained by irradiation in an aqueous media with
4-carboxybenzophenone (equation 90)83.84.85.106,

The products and mechanisms of these reactions are different in aqueous media
from those observed under anhydrous conditions. Many interesting aspects as wcll
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0
é‘,l THz
©/ \©\ + CHCH,CHCH, + H,0
COOH

lh, (90)

?H

ﬁ ' CH
CH4CH,CCH, + ©/ \©\ + NH,
COOH

100%

as the mechanisms of these and related reactions have been investigated by Cohen
and coworkers and reviewed by Cohen, Parola and Parsons®. Preparative organic
chemists should note the following advantages of this oxidative procedure:

(1) Yields are not only potentially quantitative, but work-ups are easy, and no
corrosive or sensitive reagents are involved. Toxicity levels are also probably on
the relatively low side.

(2) Most oxidations of amines give little or no aldehyde products. Here
aldehyde yields may be good.

(3) The procedure is excellent for the degradation of secondary amines.
Tertiary amines are also efficiently and selectively degraded (see Section IV.M).

(4) In these energy-conscious times it is interesting to note that these rcactions
may at least theoretically be performed using only direct solar cnergy.

Drawbacks are thc probable interference of many types of functional groups and
the sensitivity of aldehydes to the basic conditions employed in the aqueous runs.

A further interesting application of this rcaction is in essence a photochemical
variation of the Strecker degradation of a-amino acids, as Cohen and Ojanpera®
have reported that methionine can be oxidatively deaminated to the corresponding
aldehyde (equation 91).

hv, HO
4:-carboxybenzophenone

CH4SCH,CH,CH(NH,)CO,~

CH3SCH,CH,CHO + CO, + NHy
(91)

Other varieties of photochemical amine oxidations involving amminium ion
radical intermediates from N-haloamincs have been reviewed’®.

Yet another interesting photooxidation is apparently more limited in scope.
Hyatt?%3 has rcported that salts of certain amines arc converted to aldehydes or
ketones by a Norrish type II photolysis (equation 92).

R,CHNH,CH,COPh ——=— R,C=0 + PhCOCH, (92)

The photochemistry of nitrosoamides is rather complex; among the many
products isolated have been aldehydes, amides and N-arylimines’.
Nonoxidative photochemical dealkylations are also known*.
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C. Oxidations of Amines to Imines via the Generation of Good
Leaving Groups

In these reactions, one or two NH and/or CH bonds are replaced by some
functionality such as halogen, which can then be eliminated, for example, as HX
(equation 93) (see also Section I).

R R
| [x*] I base
Rz(l:—N—H _— Rz(I:—N—X —_— R2CINR (+ HX)
H H
H,0 (93)
RZCO + RNH,

1. Oxidations with halogens and related species — HX as leaving groups

In general most N-haloamines arc readily converted to imines by merely heating
or by treating with base108.164.206.265.372 Thys, any procedures which convert amines
to N-haloamines are potentially deamination procedures. Some of the halogen
species which have been used (0 oxidize amines are: Br,!!S,
N-bromosuccinimide!35:177 t-butyl hypochlorite!3:60:170.260  hynochlorous acid?? and
NaOCI! with phase-transfer catalysts25!,

Deaminations via N-haloamines are sometimes called the ‘Ruschig reaction’346b,
Labler and Sorm?44, and Bachmann, Cava and Dreiding'? have successfully applied
this reaction to a variety of systems.

Corey and coworkers®? have used this type of oxidative deamination as a key
step in their syntheses of prostaglandins of the E; and F, series (equation 94). The
overall yield of ketone in this process is 25%.

HaN* 0
{CH,),C00™

1. NBS
- ———————————————
C5Hn n 2. H30, base

THPO OTHP

Amino acids give a Strecker-type oxidative decarboxylation with hypohalites24”.
Examples of HX elimination from a-haloamines arec much harder to find in the
literature. One such rare case is given in equation (95)32°.

(CF,NH —a— CFN=CF, (+ HF) (95)

2. Sulphonic acids as leaving groups — oxidations with sulphony! peroxides
(32)

Sulphonyl peroxides (32) oxidize primary and secondary amines to the
corresponding aldehydes and ketones in 37-96% yield (equation 96). This reaction

RCH,NHR' + (p-NO,CgH,SO3), RCH=NR! + 2 p-NO,CcH,SO;H (96)
(32)

R = H or alkyl
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was reported by Hoffman'!®> who proposed the mechanistic sequence shown in
equation (97).

0302Ar
R'CH,NHR + (ArSO;), R'CH,NHR + ArSO;~
(32)
0SO,Ar
— RICH,NR + ArSOzH (97)
0S0,Ar
RICH,NR RICH=NR + ArSO3H

Ar = p-O,NCgH,~

3. Sulphonates as leaving groups — eliminations of sulphonates and
sulphinates from sulphonamides and sulphonimides

Certain arylsulphonamides (33) activated via an electron-attracting R group give
imines by eliminating sulphonates when treated with strong bases (equation 98).
The recaction usually fails when R! is hydrogen?!2.325.326.366,

R‘
|
RCH,NSO,Ar
(33)

More recently Glass and Hoy have found that N-benzyl-N,N-diarylsulphonimides
(2) may eliminate cither the arylsulphonate anion, or both arylsulphonate anion and
the arylsulphinate anion (34) to give either imino derivatives (35) or nitriles
(equations 99 and 100)'>®. The details of this mechanism have also been discussed
by Glass and Hoy!38.

RCH=NR' + ArSO;~ (98)

PhCH,N(SO,Ar), ————2—+ PhCH=NSO,Ar (99)
(2) (35)
Ar = p-tolyl
PhCH=NSO,Ar — = PhC=N + ArSO; (100)
(35) (34)

The following reaction is probably related to the reactions in this section
(equation 101)!39,

CH=NH Me

w-@»somcnz—@ 2. @ + K805 + (101)
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4. Active methylene compounds (or their anions) as leaving groups

Diacetylmethane (and its derivatives) (36) have becn observed as leaving groups to
give imines from certain Mannich-type bases (equation 102)2235:226,

PhCHCH(COMe), PhCH=NPh + CH,(COMe), (102)
NHPh (36)

This reaction looks like a rcverse Mannich reaction and is, thus, yet another
example of deamination activated by substituents in the R moiety of the amine. It
would not be surprising to observe this reaction with a variety of other Mannich
bases and in fact, thermal retro-Mannich reactions have bcen reported6+65,

5. Elimination of halogens

An imine formation from a substituted amine occurs in the reductive
defluorination of the exceptionally stable perfluoroazaalkanes (37). The reducing
agent for the process is ferrocene (equation 103)?%.

ferrocene

CFa(CFy)3NF, ————> CF4(CF,),CF=NF + (2F) (103)
(37

D. Nitrile Formation

Some of the oxidizing procedures previously described may oxidize amincs to
nitriles as well as to imines, and a few produce nitriles but no imine. Thus,
Pb(OACc),288, NBS!62, 1Fs*"!, Br,!88, Ni and other catalysts328:348 Ni peroxide?!0,
Ag()picolinate?52, and Cl,—~NaHCO; followed by CsF337 oxidize primary amines to
nitriles in usually poor yield. The best results are most commonly obtained with
Pb(OAc),. In addition small amounts of nitriles are obtained as by-products when
primary carbinamines are treated with Cu(u) halide nitrosyls (see also Scction
IV.L)'Z("”",

With NBS, Strecker degradations of amino acids have been observed to give
nitriles along with the more commonly observed aldehyde products®’3.

The anomalous oxidations of certain sulphonimides, described in Section 1V.C.3,
give some benzonitrile!>®. Certain ruthenium-promoted oxidations lead to
nitriles'!”.

Finally the degradation of N,N-di-n-butylamine shown in cquation (104) gives
1-cyanobutane?’.

(CHgl,NH ——2 22200, 5 C4H,CN (104)

Cr oxide

E. Carboxylic Acid and Amide Formation

Some of the oxidizing rcagents described under Secction IV.A may convert
primary carbinamines to carboxylic acids or their derivatives. Yields are, however,
usually poor. Probably the most useful of these techniques involves the treatment
of primary carbinamines with basic permanganate (equation 105). These conditions
have been used in degradation schemes for locating !4C?334.353.334,

MnO,

RCHoNH, —ores RCOO™ + (NH3) (105)
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Oxidations of primary carbinamines to amides are much more rarely observed.
The example given in equation (106) is one which gives low yields of the amide!40,
If, however, a reagent can be found which will effect conversions to amides in good
yields, this would constitute an excellent deamination method (see Section I).

(NH,),S Il
CH3(CH,)3NH, 2 CH3(CH,),CNH, (106)
Some secondary and tertiary amines have been oxidized to amides via a variety
of reagents!33:431.432

F. Imines via Transamination

The most common biochemical deaminations involve transaminations. A few
analogous organic chemical deaminations have been reported. The general idea of
oxidative transamination is summarized in equation (107). Bioorganic
considerations will be further discussed in Section V.B, while the organic chemical
cases will be emphasized here.

R,CHNH, + R'CHO R,CHN=CHR' + H,0

base H (107)
H;0°

R,C=0 + R'CH,NH, =™—= R,C=NCH,R'

I
R'—CHR2—NH, CHy—C—CNHR R'—CH(NH3*)—C00~

° H,O
H,0
2 (38) 2
(l:oo— NH,
R'—CRZ—H 1 1 R'—CH—COO"
i R'—CH(NH;*) R'—CH, +l~/
N NH
CHa_(':'}_ — \KJ - I (1083)

co,
R'—C—R?

A
CH3—(|:">—‘C—NHR . R'—c—r?
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1. Transaminations with aldehydes and ketones

Pyridoxal is the biochemical coenzyme most commonly used by cells to oxidize
amincs to aldehydes and ketones via transamination, and a number of in virro
experiments utilizing pyridoxal and pyridoxal analogues have been successfully
performed. Not all biochemical transaminases, however, necessarily utilize
pyridoxal as the transaminating agent. Thus, the active transaminating agent in
histidine decarboxylase (from Lactobacillus 30a) may very likely be the N-terminal
pyruvylphenylalanine residue3’. Also, Owen and Young32® have demonstrated in
vitro decarboxylation and deamination utilizing pyruvamide and N-substituted
pyruvamides (38), as transaminating reagents. For example, poor-to-fair yields of
benzaldehyde and acetophenone were obtained from the corresponding amines.
The imine from 72-butylamine did not lead to aldehyde. These transaminations are
summarized in equation (108a)320.336,

Corey and Achiwa®® have developed an elegant transamination scheme which
utilizes highly hindered conjugated carbonyl compounds for imine formation,
followed by facile prototropic interconversion. The isomerized imines are then
hydrolysed in mostly good vyields. Thus, 3,5-di-z-butyl-1,2-benzoquinone (39a),
mesitylglyoxal and nitro mesitylglyoxals (39b), have been employed to convert a
variety of primary amines to ketones and aldehydes in 33-97% yields (equations
108b and 108c)%3. Yields of ketones are markedly better than those of aldehydes,
which is just the opposite of what Bacon and coworkers!®16 observed for direct
Ag(11) picolinate oxidations.

0 NCHR,
+ R,CHNH, —
0 0
(39a) (108b)
4 —
NH3 Hao’ N—CRZ
+ R, CO ~—
OH OH
Y Me Y Me y
. I
(o]
Me COCHO + R'RCHNH, B Me COCH=NCRR!
z Me Y=2Z=H y4 Me
Y =NO,;Z =H
(39b) Y = Z = NO, base (108c)
Y Me Y, e
H30* __ ]
Me COCH,NH;* + RR'CO =~—— Me COCH,N=CRR

vd Me Z Me
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The key to the success of these transamination oxidations lies in the ingenious
choice of specially hindered quinones and aldehydes since the selective hindrance
suppresses competing reactions while driving the transamination equilibrium
towards the desired isomer.

Calo and Todesco?** have reported yet another transamination system analogous
to the Corey—Achiwa system.

Most recently Panetta and Dixit??* have reported the deamination of simple
aliphatic and cycloalkylamines, as well as L-glutamic acid and L-alanine, to the
corresponding carbonyl compounds utilizing 9-fluorenone-1-carboxylic acid (39¢c) as
the transaminating oxidizing agent (equation 109). The L-amino acids in turn
convert 39¢ to the corresponding amine with some asymmetric induction.

O CO,H NH3* CO,~
0.0 + RCHNH, ——-=w ©.© + R,C=0  (109)
(39¢)

Amino acids and other amines are oxidized by ninhydrin. The mechanism again
most probably involves transamination'3!:283-3%6 Those cases (i.e. a-amino acids)
which give simultaneous CO; loss and deamination are called Strecker
degradations?83:378, Besides ninhydrin and pyridoxal other transaminating reagents
capable of effecting Strecker degradations are alloxan and p-nitrosalicylalde-
hyde 93.283.356.378  Yields of amine to carbonyl compound conversion are poor for
amines other than amino acids3%.

Transaminations involving such systems as pyruvic acid and glycine have also
been reported (equation 110a)30°,

ﬁ NH,*
H 7.4
H,NCH,COOH  + CH,CCOOH = OHCCOOH + CH5CHCOO™ (110a)

2. Transamination oxidations via imines and oxaziridines (40)

Dinizio and Watt!2® have devised a novel transamination procedure for
converting a variety of amines to ketones in 42-77% yield. The procedure consists
of the initial condensation of the amine with 2-pyridinecarboxyaldehyde to form the
aldimine. m-Chloroperoxybenzoic acid then oxidizes the aldimine to the oxaziridine

(40), after which base followed by acid gives the ketone via another imine (equation
110b).

H_NH @ H N=CH©
2 >

N CHO

m-CIC4H,CO4H
—_——

)J\R1 (110b)




22. Deaminations (carbon-nitrogen bond cleavages) 975
G. Primary Amines to Aldehydes via Triazoles

Doleschall*33 has rcpgrted a procedure wherein primary carbinamines have been
converted to aldehydes in good yields via triazole activation (equation 110c).

Fh Ph
SMe \
N N SMe
2EN -
CaHy—NH, + B'—@T —2:& CaH,—N= \|N( RODC RN C00R,,
Br~ /
Ph Ph
Ph
\N\(SMe
H*/H,0 _
CH3_CH2_(I:H_N:§V/|N “Erooc—nH—nH—coom - CHaCH;—CH=0 +
N—NH
I | __Ph
EtOOC COOEt
Ph
\,_ _SMe
N
HZN—<®Nr (110¢)
N/
/
Ph

H. The Pyrolysis of Certain N-Nitroamides

N-Nitroamidcs may be obtained from the parent amines in two steps. Pyrolyses
of some N-nitroamides (i.e. those derived from certain amino acid esters), result in
aldehydes or ketones (equation 111)354!!. The mechanism of this reaction possibly
involves a nitrosoimine intermediate (41).

I v
CH3CI\|JCH(R)C02R' —=— [CH;COON=NCH(RICO,R']
a-elimination
I 1 H,0 1
RCCOOR' +—*— [0=N—N=CRCO,R'] + CH,COOH (111)
(41)

J. Dimethyl sulphoxide (DMSO) Oxidations of Disulphonimides (2)
(Disul