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Foreword

The principles governing the plan and pattern of the present volume
have been summarized in the Preface to the series ‘The Chemistry of
the Functional Groups’.

Out of the originally planned contents, three chapters failed to
materialize. These should have been chapters on the ‘Photochemistry
of the Amino Group’, on the ‘Syntheses and Uses of Isotopically
Labelled Amines’ and on ‘Enamines’.

Jerusalem, September 1967 Saur Parar

vil



The Chemistry of the Functional Groups
Preface to the series

The series ‘The Chemistry of the Functional Groups’ is planned to
cover in each volume all aspects of the chemistry of one of the im-
portant functional groups in organic chemistry. The emphasis 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 the group in question, 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 reactions of
alkyl or aryl groups connected to the ether oxygen. It is the purpose
of the volume to give a complete coverage of all properties and re-
actions of ethers in as far as these depend on the presence of the ether
group, but the primary subject matter is not the whole molecule, but
the C—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 Reactions, various ‘Advances’
and ‘Progress’ series as well as textbooks (i.e. in books which are
usually found in the chemical libraries of universities and research
institutes) should not, as a rule, be repeated in detail, unless it is
necessary for the balanced treatment of the subject. Therefore each of
the authors is asked not to give an encyclopaedic coverage of his sub-
ject, but to concentrate on the most important recent developments
and mainly on material that has not been adequately covered by re-
views or other secondary sources by the time of writing of the chapter,
and to address himself to a reader who is assumed to be at a fairly
advanced post-graduate level.

With these restrictions, it is realized that no plan can be devised
for a volume that would give a complete coverage of the subject with
no overlap between the chapters, while at the same time preserving
the readability of the text. The Editor set himself the goal of attain-
ing reasonable coverage with moderate overlap, with a minimum of
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x Preface to the Series

cross-references between the chapters of each volume. In this man-
ner, sufficient freedom is given to each author to produce readable
quasimonographic chapters.

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

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

(b) One or more chapters dealing with the formation of the func-
tional group in question, either from groups present in the molecule,
or by introducing the new group directly or indirectly.

(c) Chapters describing the characterization and characteristics of
the functional groups, i.e. a chapter dealing with qualitative and
quantitative methods of determination including chemical and
physical methods, ultraviolet, infrared, nuclear magnetic resonance,
and mass spectra; a chapter dealing with activating and directive
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 con-
Jjunction with other reagents.

(e) Special topics which do not fit any of the above sections, such as
photochemistry, radiation chemistry, biochemical formations and
reactions. Depending on the nature of each functional group treated,
these special topics may include short monographs on related func-
tional groups on which no separate volume is planned (e.g. a chapter
on ‘Thioketones’ is included in the volume The Chemistry of the Carbonyl
Group, and a chapter on ‘Ketenes’ is included in the volume T#e
Chemistry of Alkenes). In other cases, certain compounds, though con-
taining only the functional group of the title, may have special
features so as to be best treated in a separate chapter as e.g. ‘Poly-
ethers’ in The Chemistry of the Ether Linkage, or ‘ Tetraaminoethylenes’
in The Chemistry of the Amino Group.

This plan entails that the breadth, depth and thought-provoking
nature of each chapter will differ with the views and inclinations of
the author and the presentation will necessarily be somewhat uneven.
Moreover, a serious problem is caused by authors who deliver their
manuscript late or not at all. In order to overcome this problem at
least to some extent, it was decided 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
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planned parts of a volume, it is found that either owing to non-
delivery of chapters, or to new developments in the subject, suﬂic1eqt
material has accumulated for publication of an additional part, this

will be done as soon as possible. '
It is hoped that future volumes in the series ‘The Chemistry of the
Functional Groups’ will include the topics listed below:

The Chemistry of the Alkenes (published)

The Chemistry of the Carbonyl Group (published)

The Chemistry of the Ether Linkage (published)

The Chemistry of the Amino Group (published)

The Chemistry of the Nitro Group (in press)

The Chemistry of Carboxylic Acids and Esters (in press)
The Chemistry of the Carbon—Nitrogen Double Bond

The Chemistry of the Cyano Group (in preparation)

The Chemistry of the Carboxamido Group (in preparation)
The Chemistry of the Carbon—Halogen Bond

The Chemistry of the Hydroxyl Group (in preparation)

The Chemistry of the Carbon—-Carbon Triple Bond

The Chemistry of the Azido Group

The Chemistry of Imidoates and Amidines

The Chemistry of the Thiol Group

The Chemistry of the Hydrazo, Azo and Azoxy Groups

The Chemistry of Carbonyl Halides

The Chemistry of the SO, SOy, —SO,H and —SOzH Groups
The Chemistry of the —OCN, —NCO and —SCN Groups
The Chemistry of the —PO3H, and Related Groups

Advice or criticism regarding the plan and execution 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 persons. 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 me. The efficient and patient cooperation of several staff-
members of the Publisher also rendered me invaluable aid (but un-
fortunately their code of ethics does not allow me to thank them by
name). Many of my friends and “colleagues in Jerusalem helped
me in the solution of various major and minor matters and my
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thanks are due especially to Prof. Y. Liwschitz, Dr. Z. Rappoport and
Dr. J. Zabicky. Carrying out such a long-range project would be
quite impossible without the non-professional but none the less essen-
tial participation and partnership of my wife.

The Hebrew University, Saur Parar
Jerusalem, IsrRAEL
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I. THE NATURE OF THE CHEMICAL BOND AND THE MAIN

METHODS OF CALCULATING MOLECULAR WAVE

FUNCTIONS

A. Some Aspects of Molecular Structure

In order to help the readers who are not specialized in the field of
quantum chemistry we will summarize in this first section some
important results on the nature of the chemical bond and the main
ideas which form the basis of the usual methods of calculating elec-
tronic wave functions®.
It will be convenient to introduce the subject by the analysis of the
electronic structure of an atom. Let us take, as an example, a helium
atom in its first excited state (which is a triplet state). In the old
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2 R. Daudel

theory of Bohr this state would correspond to one K electron in a
certain circular orbit and one L electron in another one. From the
wave-mechanical point of view the electronic structure of the atom
appears to be rather different.

First of all, since no experiments have as yet been devised to deter-
mine the trajectories of electrons in atoms and molecules, it is assumed
that such trajectories (if they exist) cannot be known. The wave
mechanics can only give us a procedure to calculate the probability
of finding an electron at a certain instant in such and such a small
volume of an atom or molecule.

However, the main forces which from the wave-mechanical view-
point are responsible for the ‘motion’ of electrons and nuclei, remain
essentially the same as in classical mechanics; these forces are the
coulombic interactions (repulsive between electrons or between nuclei,
attractive between an electron and a nucleus). The Coulomb attrac-
tion that the nucleus of an atom exerts on the electrons holds them in a
very small region of space, despite the repulsive forces between the
electrons. Likewise, the repulsion between the nuclei of a molecule is
compensated for by the attraction of electrons for the nuclei. But
furthermore, we must take into account the spin of the electrons. Let
us recall that this kinetic moment is quantized, in such a way, that
if its projection along a given axis is measured, only one of the two
values +4h/2 (where h is Planck’s constant) can be found.

Obviously it is more difficult to obtain a simple geometrical picture
of an atom in the framework of the wave mechanics than with the
theory of Bohr. :

However, such a picture is very useful, especially for chemists who
like to use intuitive concepts. This is why the notion of ‘loge’2 has
been introduced into the wave mechanics.

Let us go back to our helium atom in its first excited state. Let us
consider a sphere of radius 7 (this value being completely arbitrary)
with its center at the nucleus. With the help of wave mechanics it is
possible to calculate the probability P of finding one electron, and
one only, in this sphere. When 7 is very small this probability is also
very small because the sphere is generally empty. When r is very
large, P again will be very small because now the sphere will generally
contain the two electrons (and not one only). Thus, intuitively, we
must anticipate that P will possess a maximum for at least one value
of 7. The curve? of Figure 1 shows that this is true. The maximum is
large as it corresponds to P = 0.93. The corresponding radius is
17 a5, (4o = 0.529A being the atomic unit of length.) We shall say

1. General and Theoretical
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Ficure 1. The probability P as a function of r.

that the best division of the atomic space into sph'e.rical loges is
obtained when r = 17 a, and that there is.a prf)bablllty of 93 per
cent of finding one electron, and only one, 1n.thls sphere (the other
one being outside). Therefore Figure 2 syfmbohzes the most probable
organization of the electrons of helium in its first exc1ted.l state. We are
thus quite naturally led to associate the sphere of radius 1-7 ¢, with
the K shell and the rest of the space with the L shell.

+ Nucleus
e Electron

Ficure 2. The best decomposition in loges for the helium atom (first
excited state).

It is important to point out that the K and L sh.ells are associated
with some portion of space, but not with a particular electron. It
would not be convenient to speak of a K electron or an L electron ff‘om
the wave-mechanical point of view, since we }(nowy that the various
electrons of a system are assumed to be undistinguishable.



4 R. Daudel

These results can be extended. The space associated with an atom
can be cut up into spherical rings, all concentric with the nucleus,
one built on the other in such a way that there is a high probability
of finding in each ring a certain number of electrons%. For example,
in the fluoride ion F - (ground state) there is an 81 per cent probability
of finding two electrons of opposite spin in a sphere with the center
at the nucleus and with radius 7 = 0-35 g, the other 8 electrons being
outside. The sphere corresponds to the K loge, the remaining part of
the space corresponding to the L loge (Figure 3)

@ Electron for which the projection
P 4
of the spin is -+ 1/2 7

O Eiectron for which the projection
of the spin is —1/2 %:

Ficure 3. The best decomposition in loges for the fluorine negative ion.

If the volume of a given loge is divided by the number of electrons
which it usually contains, a certain volume 2 is obtained which gives
an idea of the space associated with one electron in the loge. More-
over, we can evaluate the average value p of the electronic potential
which is exerted in the loge. Odiot and Daudel® observed that for
all atoms and all shells the following relation applies:

v = constant
A kind of Boyle-Mariotte law exists between the *electronic pressure’
£ and the volume v associated with one electron in an atomic loge.

Another important feature arises from the Pauli principle or in
other words from the symmetry of the electronic wave functions.
In wave mechanics the probability dP of finding an electron in a
volume dv surrounding a point M is written as:

dP = I‘/’(M)I2 dv

1. General and Theoretical 5

where iy, is the de Broglie wave function whi.c'h sz.Ltisﬁes thf: Schroci
dinger equation. For a system of electrons this writing is generalized an

dpPy, = I‘/’(Mn wy, My, wz)lz dv, do,

represents the probability of finding electron l with a p-rOJe;;mnncg
the spin equal to w, in a volume dv, §urroupdlng the poilnt 1 Al t
electron 2 with a projection of the Spin w, in :fl.volume vy at poin

M,. As a consequence of the indlst.mgulsha.blhty of 'elec'trons it li
easy to show that ¢ must be symmetric or antisymmetric w1th. respec

to a permutation of the electronic coordinates. That is to say:

l;[’(A{[l: wq, M,, ‘“2) = % l/’(Mza Wo, M,, wl)

The Pauli principle consists of selecting the sign minus. We are led to
the very important relation:

l;[’(A{[l) Wi, MZ) wZ) = —l/’(MZa Wo, M,, wl) (1)

Let us calculate the probability of finding tpe two electror}s in
the same volume du at point A with the same projection of the spin w.
This probability will be:

dP = (M, w, M, w)|* dv dv
but the relation (1) becomes:
l)[’(A{[: w, M, w) = —l/’(M: w, M, w)
which obviously shows that:
(M, w, M, w) =0

Therefore the probability of finding two electrons with the sa}rlne
projection of the spin in the same smau vqlume is zero. In ot er
words two electrons with the same projection of the spin (or, in
short, ‘with the same spin’) do not .like to occupy the same smali‘
volume of the space. Obviously this is also true fox_‘ two eleclﬁ‘ons }?
opposite spin as there is always the Cc.)ulor.nb repulsion, b}lt g eil t E
spins are the same a stricter repu151.on is ad.ded to this Coulom
repulsion. This is why two electrons with opposite spins are sometlm};:s
said to be coupled. This does not mean that they like to occupy the
same small volume of space. The interaction between them remains a
strong repulsion but the repulsion is less severe than when they ha.\;;:l
the same spin. In conclusion it may be said t%lat two electr;)lns v:l
opposite spin can be found in a smaller portion of space than two
electrons possessing the same spin.



6 R. Daudel

Another way of picturing this phenomenon is to compute the most
probable configuration of the electrons of various atoms. The most
probable configuration of an atom is the set of electronic coordinates
which corresponds to the highest maximum of the modulus of the
wave function. Figure 4 represents the most probable configuration of

»
]

¢ vtho e ) ../ 1100° 28’
A N
L] . .
L ]
Be (3P) Be (4P} c 6s)

Ficure 4. The most probable electronic configuration of small atoms.

some small atoms, computed by Linnet and Poe®. For beryllium in its
3P state, the most probable configuration corresponds to two electrons
of opposite spins at the nucleus and two electrons of the same spin at
2-7 a, from the nucleus; the angle formed by these two electrons and
the nucleus is therefore 180°. In the case of boron in its P state, two
electrons of opposite spins are found at the nucleus and three electrons
with the same spin are found 245 4, from the nucleus at the vertices of
an equilateral triangle. In the case of carbon (3§) four electrons
possessing the same spin are found at the vertices of a regular tetra-
hedron. It is observed, as expected, that in the same loge, the electrons
possessing the same spin tend to form the largest possible angles with
the nucleus.

The notion of loge is also helpful in describing the electronic struc-
ture of molecules. In a good division of 2 molecule into loges, some
loges usually appear which were also representative of the free atoms
before bonding. Such loges are said to be loges of the cores while the
others can be called loges of the bonds. As an example let us take the
case of the lithium molecule Li,. Figure 5 represents a good division

A ®

FiGure 5. A good decomposition in loges for the lithium molecule.
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i ¢? into loges. In the two spherical loges which look l_1ke
fc)}t;(:hléslggélseg;l :he lithiurf atoms there is a prob.ability of 0-96 of ﬁnfhng
two electrons (and two only) with opposite spins. Therefore. the dlsgrl-
bution of the electrons symbolized by Figure 5 has a very high ﬁro a-
bility. The region of space outside of the. two spheres where ‘; ere is
also a high probability of finding a pair of electrons, can be con-
sidered as the loge corresponding to a t.wo-elect.ron bond. ]

Another useful notion which gives 1nforr'nat1.on on the nature 0.
the chemical bond is the density difference function given by the equation:

3(M) = p(M) — p'(M)

where p(M) is the actual electronic densit}f ata given point M of a
molecule, and pf(A) is the electronic density W}uC}.l would occur at
this point if the density in the molecule were the simple sum of the
density in the free atoms. Therefore, at any point wher_e S(M ) is
positive, an increase of electronic density re.sults fr(?m the blpdlpg. On
the other hand, in any region where 8(A{) is negative, the b1nd1qg }'1as
led to a decrease in the electronic density. Figure 6 shows the varla;uon
of (M) along the line of the nuclei of the hy‘d.rogen molecule Hy . It
is seen that between the nuclei 8§(Af) is positive. In agreement with
chemical intuition the chemical binding produces an increase in the
electronic density in this region.

oal /

e/(ao)a

024 —

01 :/‘——\

H H
Frcure 6. The density difference function in the hydrogen molecule.

If we consider now a molecule like O, we are led to a‘rathe.r different
conclusion. Figure 7 corresponds to that case®. There is no increase of
electronic density between the nuclei but an annular region centered
on the axis of the molecule where 8(M) is positive. The fact that there .
is no increase of electronic density along the nuclez?r axis is prf)l?a:t)ly
due to the presence of four electrons (two of eac':h spin) in this Y101mtc}11.
The strong repulsion between electrons possessing the same spin tends
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to place them outside the small space surrounding the bond axis.
Therefor.e we can say that between the cores of small atoms near the
bond axis there is only room for two electrons with opposite spins.

D,

+o
+0

&

Ficure 7. The density difference function in the oxygen molecule.

This is the reason why a molecule in which the number of electrons
of the loges of the bonds is twice the number of adjacent atomic cores
usually contains two-electron bonds. Let us consider methane. This
molecult? contains ten electrons. In a good division into loges two will
b.e associated with the K loge of the carbon atom in such a way that
elght electrons remain in the binding region. As there are four pairs of
neighboring cores we expect the formation of four C-H loges associa-
teq with the two electrons which are very often near the bond axis
(Figure 8). Four electrons possessing a projection of the spin + }A/2a

Ficure 8. Methane.
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will very often be in the binding region surrounding the carbon core.
They will tend to form angles of 109° 28’ with the carbon nucleus. The
same will be true for the four electrons of spin — % %/2m. As in the vicin-
ity of each C—H axis there is very often one electron of positive spin
(and also one of negative spin) we must expect that the angle between
the C—H axes will also be 109° 28'. This explains why methane is
a tetrahedral molecule.

Now let us consider the molecule NHj (the simplest amine!). It also
contains ten electrons and two will be associated with the K loge of
the nitrogen atom and eight electrons will remain in the binding
region. As the total projection of the spin of such a molecule is zero
this region will often contain four electrons with positive spin and
four with negative spin. In the case of CH,, the electrons possessing the
same spin tended to form tetrahedral angles but as in NH; there are
only three pairs of neighboring cores, six electrons only will be used to
form three N—H bonds, while two electrons will remain as a lone
pair (Figure 9). However, the angle between the N—H bonds will again
be of the order of 109°, explaining why NHj is pyramidal. Obviously
the lone pair can be considered as ‘a potential bond’. If a proton is
added to the system, the NH,* ion is obtained (Figure 9) where the
four N—H bonds produce a structure very similar to that of methane.

NH3 NH;

+x

Ficure 9. Ammoniac and ammonium ion.

When, as in CH,, NH,;, NH,*, it is possible to find, between two
neighboring cores, a good loge associated with a certain number n of
electrons possessing a given organization of spin, it can be said that
an n-electron localized bond between these cores has been defined.
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But it is easy to see that in certain cases it is not possible to localize,
between only two cores, a region where there is a high probability of
finding n electrons with a precise organization of spins. This is the
case with diborane B,H,. This molecule contains 16 electrons. Four
of them can be associated with the two K loges of boron. Twelve
electrons remain for binding purposes. Diborane consists of eight pairs
of neighboring cores. Therefore it is not possible to associate a two-
electron localized bond with each pair of neighboring cores. From the
experimental viewpoint the four outer B—H bonds have the same
behawqr as normal localized two-electron bonds. Then, we are led to
try a division into loges similar to the one described in Figure 10a,

Ficure 10. Decompositions in loges of diborane.

since only four electrons remain for the four central pairs of neighbor-
ing cores. But obviously, Figure 10b corresponds to another situation
which fgr symmetry reasons possesses the same probability as the one,:
shown in .F igure 10a. Therefore the probability of the electronic
configuration being symbolized by one of these two figures cannot be
higher than } which does not correspond to a good division into loges.

If now, the space of the central B—H is divided between two three-
center loges, as in Figure 11, this difficulty disappears. There are no

FiGUre 11. Another decomposition in loges of diborane.

a priori reasons to exclude the possibility of finding such good loges.
As they are now extended over more than two cores we shall say that
they correspond to delocalized bonds; more precisely to two-electron

1. General and Theoretical 11

bonds delocalized over three centers. In conclusion, when it is not
possible to find a good loge between two cores the loge will be extended
over a greater number of cores and an n-electron bond delocalized
over p centers will be considered.

B. The Main Methods of Calculating Electronic Molecular Wave
Functions®

Assuming that the Born-Oppenheimer approximation is con-
venient, the main ideas forming the basis of the principal methods of
calculating electronic molecular wave functions will now be sum-

marized.
In the approximation the calculation of this function is done as if

the nuclei were fixed. To obtain the space part @ of the wave function
we are led to solve a Schrédinger equation

HD = Wo

where H is the non-relativistic Hamiltonian and W the energy of an
electronic state of the molecule. The total electronic wave function
¥ is obtained by multiplication of @ by a convenient spin function o
and after transformation of the product ®o¢ in order to obey the
Pauli principle, we can write

VY = Ado 2

if A represents the convenient antisymmetrisor.

As it is not possible to solve the Schrédinger equation (except for
very simple molecules) it is customary to use approximate solutions.
An important starting point to find such solutions lies in the indepen-
dent electron model. In this model the repulsion between the electrons
is neglected. The corresponding part of the Hamiltonian H vanishes
and only a certain part H° remains. Thus, one must solve the equation

HOP® = WoPP° (3)
It is easy to show that

D0 = ¢y (M) p2(Ms) . . - pa(M,) )

is a solution of equation (3) if » electrons are involved in the problem,
and if the various ¢, obey the equation

hp, = e (3)

where 4 is the Hamiltonian corresponding to the motion of one electron



12 R. Daudel

in the field of the nuclei of the molecule under consideration. If this
solution is taken
WO =¢) + 65+ -6+ (6)

The functions ¢; are called molecular orbitals. Obviously the dis-
cussion applies to the case of one atom (which may be considered to
be a monoatomic molecule), and then the ¢, are atomic orbitals. The
relation (6) shows that the energy associated with a given state of the
independent-electron model is the sum of the energies ¢, associated
with the various orbitals introduced in the wave function @°.
If now we consider the total wave function obtained from equation
(2) we have
Yo = AP% N

and it is readily seen that this function is a linear combination of
Slater determinants. For this reason it is not possible to introduce in
@° a given orbital more than twice (one with the o spin function
corresponding to the positive projection of the spin and one with the
B spin function corresponding to the negative projection), otherwise
the determinants will vanish.

But the solutions of the independent model are very far from
exact solutions because the repulsion between the electrons is far
from being negligible. For this reason this interaction must be taken
into account at least in part. To do so the general form of equation (7)
can be kept, that is to say it is assumed that @° is a product of mono-
electronic functions ¢, but that these ¢ do not obey equation (5) and
must be chosen by a variational procedure. The functions ¢ obtained in
this way are again called molecular orbitals. This is the essence of the
self-consistent field method. In fact it is very tedious to solve the exact
equation corresponding to the self-consistent field method. A new
approximation is usually made; it is assumed that a molecular orbital
can be expanded as a linear combination of the atomic orbitals
associated with the atoms constituting the molecule: this is the Lcao
approximation.

Some aspects of the calculation of wave functions in this framework
will be demonstrated, using the simplest amine, NHj, as an example.
The ammonia molecule has been studied by several authors!® using
the self-consistent field method with the Lcao approximation. Kap-
lan’s results will be analyzed. Figure 12 shows how the axes are
chosen. The three hydrogen nuclei H,,, H(y, and Hg, lie in the plane
xOy, H,, being on Ox. The nitrogen nucleus is on the z axis. First
of all, the most important atomic orbitals must be listed. As the
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Ficure 12. Coordinate axis for NH,.

ground-state wave function must be computed, only those atomic
orbitals which are usually used in the representation of the ground
states of the free atoms will be considered. These are:

— the 1s orbital corresponding to the K shell for each hydrogen
atom (Let @, b and ¢ be the 1s orbitals of H,, H, and H, re-

spectively) .
— the 1s orbital corresponding to the K shell of the nitrogen atom
— and the 25, 2p,, 2p, and 2p, orbitals associated with the L shell

of the same atom.

TasrLE 1. Ammonia molecular orbitals.

& = —15-5682
@y = 1-:001(1s) — 0-0033(2s) ~ 0-0020(2p,) — 0-0013 (ko)
&g = —1-1482
@o = 0-0286(1s) + 0-7591(2s) + 0-1616(2p,) — 0-2711(hy)
&3 = &4 = —0:6625
@s = 0-6195(2p,) + 0-4860(4,)
@y = 0-6195(2p,) + 0-4860(h,)
€5 = —0'4’64’6
@s = 0-0257(1s) — 0-4418(2s) + 0-8956(2p,) — 0-2582(hg)
with,
hg = ng(a + b + ¢)
hy = ny(a — 3(b + ¢))
hy = ny(b — ¢)

ng, N, 0, being normalization coefficients.
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Following the LCaO approximation each molecular orbital ¢; is
expanded as a linear combination of these various atomic orbitals

P = kia + kob + kyo + kyls + ks2p, + ke2p, + ki2p, + kg2s

where the k’s are numerical coefficients that must be computed in
such_ a way that the total energy associated with the wave function is
a minimum, since we are concerned with the ground state.

Thus a mathematical problem must be solved which leads to
Roothaan’s equations. In the case of ammonia these equations have
been §olved by Kaplan who obtained the following results. Table 1
contains the explicit form of the molecular orbitals obtained with the
values of the associated energies ¢, (in atomic units).

The corresponding function @ is

¢ = <P1(M1)<Pl (M2)¢2(M3)?’2(M4)?’3(M5)?’3(Ms)
¢4(M7)‘P4(Ma)?’5(Mg)?’5(M1o)

and the total electronic wave function

VY = Ado
can be written as

¥V = det ¢1(M1)§01(Mz)‘Pz(Ma)‘Pz(M:;)?’3(M5)§03(M6)
¢4(M7)‘P4(M8)(P5(A/IQ)(PS(MIO)

where{ ‘det’ means the Slater determinant built by permutation of the
coordmat.es in the product of orbitals; a molecular orbital with a bar
e.g. &, ‘pelng associated with a B spin function and an orbital without a,
bar beu.lg associated with an a spin function. The total energy cor-
responding to this wave function is —56-266 a.u. There is a fair
agreement with the experimental value of —56-596, the error being
smaller than one per cent. It is interesting to note that this energy is
not the sum of the energies associated with the molecular orbitals
introduced in the wave function. Such a relation only applies in the
framework of the independent-electron model and disappears when
the repulsion between electrons is taken into account.

Other properties can be computed from the wave function but as is
well known the precision is not as good as in the case of the total
energy. If the first ionization energy is calculated using Koopman’s
approximation, that is to say if it is taken as equal to —e; a value
of about 14 ev is obtained. Experiment gives 11 ev. Furthermore
the wave function ¥ corresponds to a dipole moment of 1-82 b, the
experimental value being 1-46. ’
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il. SOME ASPECTS OF THE PROPERTIES OF AMINES IN
THEIR GROUND STATE
A. A Theoretical Discussion of some Physical Properties of Aliphatic
Amines in their Ground State
The general formula of aliphatic amines can be written as
R1
\
R2
R

where R?, R? and R3 are hydrogen atoms or alky] groups. As has been
stated the ammonia molecule NH, can be considered as the simplest
aliphatic amine. In fact many aliphatic amines possess the most
important properties of ammonia. They all contain a lone pair of
electrons on the nitrogen atom and three two-electron localized bonds
starting from this atom. Therefore, as in the case of NHy, four pairs
of electrons are found surrounding the nitrogen core. For this reason

it must be expected that the RNR angles will be about 109° except
when steric hindrance or geometrical strain appears.

For example, in trimethylamine the cNe angle is 108° 40" + 111,
Table 2 contains other geometrical data concerning this molecule.

N

TasLe 2. Valence angles and interatomic distances in trimethylamine.

CNC angle 108-7° + 11 or 108 + 4°12

C.N distance 1472 + 0-008 A11 or 147 + 0-002 A2
HCH angle 108-5 + 1-5°11

C-H distance 1-090 A12

The electronic structure of the N——H bond in ammonia has been
carefully investigated by Tavard!® from the theoretical viewpoint.
Since the electronic structure of the N—H bond in aliphatic amines is
probably very similar, the main results obtained by Tavard will be
reported. He calculated the electronic density in NH; using a very
elaborate electronic wave function obtained by Moccia!*. Figure 13
shows lines corresponding to various values of the density difference
function 8(M). From this figure it appears that during the formation
of the chemical bond there is some electron transfer from the hydrogen
to the nitrogen (as 8 is negative near the hydrogen and positive near
the nitrogen in the vicinity of the bond axis). This transfer is in good
agreement with chemical intuition as nitrogen is considered to be more
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ele(.:tror'legative than hydrogen. Furthermore, Figure 13 shows a
region in which 3 is positive and which forms an angle of about 109°
with the bond axis. This result is consistent with the idea of the
localization of a lone pair near this region.

~0:04
-010

Ficure 13. Density difference function in NH;.

.Elf:ctron diffraction experiments!® confirmed this effect of the
binding on the distribution of electron density in ammonia. Figure 14
reproduced from the paper of Iijima and coworkers!®, shows thé
variation of density as a function of the diffraction angle. Curve a
corresponds to theoretical calculations for which it is assumed that

07 l—
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ot

a0 ] 1 I 1

Figure 14. Intensity scattered as a function of the diffraction angle.

the electron density at a given point of the molecule is the sum of the
electron densities of the free atoms, curve b is calculated from the
actual density in the molecule when the Moccia electron wave function
is used and finally the points 4 and O correspond to the experimental
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results. First of all, it can be seen that there is a significant difference
between curve a and curve b for the small angles. This difference is a
theoretical measurement of the effect of the binding on the electron
density (as is the 8 function). The agreement observed between curve
b and the experimental results inspires confidence in this measurement.

The N—H stretching vibration corresponds to an infrared band be-
tween 3500 and 3400 cm~?! in the spectra of secondary aliphatic
amines taken in dilute solution in carbon tetrachloride to avoid
molecular association®. Under these conditions primary aliphatic
amines show two bands near 3500 and 3400 cm~! (asymmetrical and
symmetrical vibrations) 6. Among the vibration frequencies associated
with ammonia two harmonic frequencies are found in approximately
the same region (3506 and 3577 cm~1) 17, Therefore we can anticipate
that the main force constant Ky will be of the same order of magnitude
for NH;, as well as for secondary and primary amines. This fact
supports the hypothesis that the electronic structure of the N—H bonds
would not be very different in all these molecules.

The force constant Ky of ammonia has been evaluated as 7-17 from
the infrared spectrum. Allavena calculated the same constant!® (with
the help of an electronic wave function similar to Moccia’s function,
but a little less precise) and obtained a value of 9. The agreement
between experiment and theory is not very satisfactory and could
certainly be improved if Moccia’s function itself were used.

The first ionization energy of aliphatic amines, as in the case of
NHS,, is essentially the production of an electron hole in the lone-pair
region. It must therefore be expected that the first ionization energy
is of the same order of magnitude in all this set of molecules. This is
found to be the case since in ammonia the first ionization energy has
been evaluated as 10-5° or 1120 ev, the corresponding energy being
estimated as 9 ev in trimethylamine 21,

The electric dipole moment of aliphatic amines also contains a con-
tribution from the lone pair, but as the various bonds also contribute,
the resulting value varies in a more significant manner in going from
one molecule to another. For example, it is evaluated as 1-46 b in the
case of ammonia, while values between 0-6122 and 0-86 p2® can be
found in the literature for the dipole moment of trimethylamine.

B. Physical Properties of Aromatic Amines in their Ground State
Very little precise information is known about the geometry of aro-

matic amines. Some problems remain even in the case of the simplest

aromatic amine, aniline. The main part of the molecule is certainly
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planar and the nitrogen is certainly in the plane of the aromatic ring.
Figure 15 shows for example, the values of valence angles and inter-
atomic distances in a parent compound?*. It is seen that the geo-
metrical organization of the aromatic ring is very similar to that of

140

210 140

Frcure 15. Interatomic distances in para-iodoaniline.

benzene, but the position of the two hydrogen atoms of the NH,
group is not yet known exactly. Van Meerssche and Leroy?2? studied
the geometrical structure of 2-bromo-4’-dimethylamino-2-cyanostil-
bene by x-ray diffraction. Figure 16 shows the results concerned with
the part of the molecule which contains the amino group. The authors
claim that the dimethylamino group and the neighboring aromatic
ring are coplanar. Furthermore, it is seen that again the geometry of
the aromatic ring does not differ greatly from that of benzene. It
should be noted that the length of the G—N bond connecting the
amino group and the ring is only 1-34 A. (The length of a normal
C—N simple bond is 1-47 &.)

Ficure 16. Geometry of a part of 2-bromo-4’-dimethylamino-2-cyanostilbene.

On the other hand, in their recent book Higasi and coworkers 26
remark that if the group NH, were in the plane of the ring, p-diamino-
benzene should be non-polar like p-dichlorobenzene. This is not so, as
the former has a large dipole moment of 1-5 D27, An explanation of this
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apparent discrepancy may lie in the fact that the amino group and the
ring would not be coplanar in the gaseous or liquid phase, but would
be so in the crystal used to observe the x-ray pattern.

No precise detailed experimental study of the electronic distribution
in aromatic amines seems to be available. The only way to obtain such
information is from theory. Let us consider the case of aniline. As this
molecule contains a ring similar to that in benzene, data known about
the latter will first be recalled. The total number of electrons is 42. If
12 electrons are accounted for as being associated with the six K loges
corresponding to the carbon cores, 30 electrons remain to be associated
with the loges of the bonds. The benzene molecule contains 12 pairs of
neighboring cores. The number of electrons is therefore higher than
twice the number of the pairs of neighboring cores. If two electrons are
associated with each pair of neighboring cores, six additional elec-
trons must still be accounted for. As the C—H bonds appear to be
normal simple bonds a convenient division into loges will contain a
two-electron localized bond associated with each C—H bond. The six
remaining electrons have to be associated with the central hexagon.
Figure 17a shows a possible division into loges but Figure 17b repre-
sents another one which for symmetry reasons has the same probability.

Ficure 17. Decompositions in loges of benzene.

Therefore this probability will be at best equal to 0-5. This value
does not correspond to a good division into loges. Figures 18a and 18b
correspond to other divisions, which are poor for the same reasons.
Thus the division shown in Figure 19 is usually adopted, in which
there is a six-electron bond delocalized over the six carbon cores.

To calculate a corresponding electronic wave function the rcao
approximation must be introduced. In this approximation the mole-
cular orbitals will be expanded on the atomic orbitals associated with

2+c.a.G.
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the free atoms, that is to say a 1s orbital for each hydrogen atom (let
us call them £, A,,. .., kg respectively) and for each carbon atom the
orbitals 1s, 2s, 2p,, 2p,, 2p.. Obviously the carbon s orbitals can be
associated with the carbon X loges.

Ficure 18. Other decompositions in loges of benzene.

'To represent a two-electron localized bond a function must be built
with important values in the corresponding loges. As the nuclei about
a carbon atom (C,,, for example) make angles with it of approximately
120° the following three hybrid orbitals must be considered for this atom

1 V2
tfl = %.251 + 7§2p1x
ir = L2S — —1—210 + L2p
PUABTT BT T T

= _1_. §1 — _1_ 2p — .1_ 2p

IV RV AR5 e
the Ox axis being along the corresponding C;,—H,;, bond and the Oy
axis in the plane of the ring, because the hybrid ¢r, points in the direc-
tion of the hydrogen atom, #} and #r] point respectively in the direc-
tions of the neighboring carbon atoms as seen in Figure 20. These

hybrid orbitals are called trigonal orbitals. Therefore, associated with
the C;,—H,;, bond is the bond orbital

ah, + bir;
and with the localized C;,—C,, bond, the bond orbital
cir; + dir;

Iry

and so on.
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Ficure 19. A better decomposition in loges of benzene.

Of all atomic orbitals only the 2p,’s remain unused. It is natural to
associate them with the delocalized bond and to consider the molecular

orbitals
= 812012 + Sa2Paz + ¢ - + SeiPe

where the s,’s are unknown coefficients.

Hay

tr,

Wi s v

uy

[ 24

Ficure 20. Hybridization in benzene.

As six electrons must be associated with the delocalized bonds at
least three = orbitals will have to be introduced. To compute the
coefficients s, it is necessary to introduce additional approximations
such as the Hiickel 28 or the Pariser and Parr ?® approximation. Details
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of these approximations can be found elsewhere. Table 3 contains
the = orbitals obtained and the associated energies when the Hiickel
approximation is used 3°.

The square of an s, coefficient before a certain 2, is considered to be
the electronic charge introduced by the = orbital in the corresponding
carbon atom. It is seen, for example, that the orbital 7, introduces a
charge equal to (0-408)2 on each carbon atom. As each of the three =
orbitals must be used twice for the description of the ground state of
benzene (as there are six electrons associated with the delocalized
bond) the total electronic charge introduced in carbon 1 by the
delocalized bond is

q1 = 2(0-408)2 + 2(0-577)2 = |

The same result is obtained for the other carbon atoms.

On the other hand, the quantity s,sg; is considered to be the contri-
bution of the orbital 7, to the bond order3! introduced between carbon
2 and carbon 3 by the delocalized bond. Then the bond order between
carbon 1 and carbon 2 due to the presence of the delocalized bond is

23 = 2(0-408)% + 2(0-500)2 — 2(0-288)2 = 0-666

The same bond order is obtained for the other pairs of adjacent carbon
atoms.

Let us consider now the case of aniline. The orbitals Lsn, 255y 2x s
2Pnys 2px. Will have to be introduced to take account of the nitrogen
atom in place of the orbital 4,, and the ls orbitals associated with the
hydrogen H;, and Hg, belonging to the amino group must be con-
sidered. Let us call 4, and 44 these orbitals. Let us assume that aniline
is a completely planar molecule. The 1sy orbital will be associated
with the nitrogen K loge. The 2sy, 2py, and 2py, orbitals will be
combined in such a way as to produce three trigonal orbitals iy,
try and try which will be used to represent the various two-electron
localized bonds C;,,—N, N—H,, and N—Hq, (Figure 21). The

TaBLE 3. Benzene molecular orbitals.

€ = 2B

my = 0-408(2p1, + 2p3; + 2p3z + 2P0 + 2p5. + 2p6,)

€q =

mg = 0:500(2py, + 23, — 2psz ~ 2pes)

€3 =

73 = 0-577(2p1; — 2p4;) + 0-288(2p5, — 2ps3, — 2ps, + 2p6s)
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delocalized bond can therefore be extended over the nitrogen atom
as the 2py, orbital is not yet used. The = orbitals become

= 512012 + S22P2e + S32Pa. + Sei2Paz + S5:20s2 + Sei2bez + Sni2bnz

A simple calculation shows that the nitrogen atom i.ntroduces two
electrons into the delocalized bond. Therefore to dCSCI:le the ground
state of aniline four different 7 orbitals must be considered, each of

them being used twice.

Hes)
hg

.
i),

: : tr, trn

»
)

hy
He

Ficure 21. Hybridization in aniline.

Obviously, as in the case of benzene, additional approximations are
necessary in calculating the coefficients s. But contrary to the case of
benzene, the values of these coefficients depend on the values chosen
for the parameters which characterize the atoms and the bonds. Tl'm
parameters under consideration are therefore very often chosen in
order to obtain a good agreement between experiment and calc1.11a.-
tion for certain properties of the molecule. In the present case, it is
believed that the error introduced by assuming that .amhne s
completely planar is probably reduced by using this empirical choice
of parameters.

A recent study of aniline using the Hiickel method has been made
by Fischer—Hjalmars32, The same author also used the more sophisti-
cated Pariser and Parr approximation. Figure '22. represents the
corresponding molecular diagrams showing the dlstrlbutl.on of bond
orders and atomic charges associated with the delocalized bonds.
The presence of a bond order of the order of 0-3 along the C—N
bond explains why it is shorter than a normal. C—N two-electrqn
bond. From the diagram showing the distributlor_l of the electronic
charge it is seen that in the delocalized bond there is a (:'harge transff:r
of about 0-07 electrons from the nitrogen atom to the ring. The main

result of this transfer is the presence of an excess of elf:ctrons at the
ortho and para positions which therefore become negative.
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It must also be pointed out that the charge is more negative in the
ortho than in the para position when the Pariser and Parr method is
used. This result seems in agreement with recent measurements of
these charges based on n.m.r. experiments33, Finally, the contribution

Electronic charges

{the values in brackets refer to Hiickel method)

1-935
{19211

1-032 {1-038}

0995 (0-998}

1015
{1:031)

Bond orders

0-254 [{0-280)

(0-640)

0670 (0-673)

0-665 {0-663}

Ficgure 22. Molecular diagrams of aniline.

of the delocalized bond to the dipole moment of aniline is calculated
as 1-2 p by the Hiickel method and as 0-78 p by the Pariser and Parr
method. The corresponding experimental estimation is 0-7 D34,

C. Chemical Properties of Amines in their Ground State

The basic behavior of amines is certainly one of their most important
chemical properties. If B denotes the neutral molecule the correspond-
ing equilibrium constant can be written as:

B+ H* —— BH*
K
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and the equilibrium constant K is a measure of the basic strength of
the amine.
Let us consider the equilibrium

A+B—=C+D
K

It is well known that K can be expressed as

if the concentrations are small. In this expression the f’s denote the
various partition functions associated with the distribution of the
various chemical species on the various translational, rotational and
vibrational levels at the temperature 7, and de represents the differ-
ence between the sum of the ground-state energies of molecules C
and D and the sum of the ground-state energies of molecules A and B.
Finally ¥ denotes the Boltzmann constant. Therefore

de = goc + gop — (€0a + £0B)

Now for a large molecule a ground-state energy &y may be divided
into various parts:

(a) the vibrational energy e, corresponding to the zero point
energy,

(b) the energy ¢, associated with the localized bonds and the atomic
cores,

(c) the energy e, associated with the delocalized bonds taking
account of the interaction of these bonds with the cores and the
localized bonds,

(d) the energy e,, associated with the interaction between non-
bonded atoms, including the steric effect.

Therefore with obvious notations 4e can be written as

de = de, + de; + dey + deyy
which leads to
K = Jats @ (48, + 45, + Aey + Aey )IAT
cJD
But in many cases the reaction takes place in a solvent and then it is
necessary to take into account the solvent effect. A simple way to do

that, is to introduce a term Je, into de representing the difference
between the solvation energies of the final products and the solvation
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energies of the initial products. But, as the solvation energy of a
molecule depends on the temperature, we shall write this term as

4ey(T)
Furthermore, an index s will be put on each partition function to
recall that the solvent effect can affect greatly this function. (Very

often, for example, the free rotation of molecules becomes impossible
and is replaced by oscillation.) Finally the expression

WINEY

K = 2AJB o -lde, + 46, + de4 + ds,,, + A6, (THNXT
Soifo!

is obtained, which shows that an equilibrium constant depends on

six terms:

(
(

(8

a) the vibrational energy change 4,

b) the localized bond energy change 4,

c) the delocalized bond energy change de,
d) the non-bonded atoms energy change 4e,,

(
(
(
(

e) the solvation energy change 4¢,(T)
f) the ratio
_ Jafs’
4 cfo’

of the partition functions.
To show how it is possible to use equation (8) in studying the basic
strengths of amino compounds one should try to understand which
are the main factors responsible for the change in base strength of the
amino group from one amino acid to another. For such substances
two different pKX values must be considered; pK, corresponds to the
equilibrium between
HaN+—CRR’—CO,;H and HsN+—CRR’—CO,";

and pK, is associated with the equilibrium between
HsN+—CRR’—CO;.~ and HoN—CRR'—CO,-.

Therefore the problem is the study of pK,. Let us consider two amino

acids with K, and K as the corresponding equilibrium constants.
Taking account of equation (8)

’ ’
£2 = JL e~ [44e, + 448, + Ade, + Adz,, + AAe,(DOYXT
K, f

In this equation

(C)

AAe, = AE: - Aei
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The theoretical prediction of the variation of the pK in the set of
molecules under consideration requires the calculation of f’/f and
of the five 44¢ terms which appears in the exponent.

This calculation has been made by Del R¢, Pullman and Yone-
zawa %, They assumed that the ratio f'/f does not differ significantly
from one and that 44e, is negligible. .

Obviously 4de, is a very important term because during 'th.e
protonation of the amino group a new N—H bond appears and it is
necessary to compute the energy of this new bond. For this calcul'fltlon
the Del Ré method?®8 is used. In this method an orbital is associated
with each bond and by the Lcao approximation this bond orbital is
taken as a linear combination of the two convenient hybrids associated
with the two atoms constituting the bond.

The A4e, terms are calculated using the Hiickel approximation and
as all these approximations do not take account explicitly of the
electrostatic interaction occurring between the atomic charges @, an
additional term

Ae-@"—Qv

u<v Tyy

is calculated in which 7,, is the interatomic distance between atom u
and atom v. This term contains the main part of 4e,, when no steric
hindrance occurs. Furthermore estimation of the dey(T) terms has
shown that 44¢,(T) is negligible, and by plotting the experimental
pK as a function of

de; + dey + de %
p<v Tyy
a rather satisfactory relationship was observed between the pK’s and
the considered term?3®.

Another theoretical discussion of the pK of amino compounds is
given in the case of amino derivatives of molecules like py{idine,
quinoline, isoquinoline and acridine. There is experimental e\fldence
to show that with such molecules protonation occurs at the nitrogen
belonging to the aromatic rings. Therefore the pK is not related to t.he
protonation of the amino group. However, its study is extremely in-
teresting because it permits a measurement of the perturbation brought
to the heteroatom by the amino group. It was seen in Figure 21, that
the amino group is able to increase significantly the electronic charge
of certain atoms of the aromatic ring. It must be expected, therefore,
that this group is able to increase the ease of protonation of the

2%
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heteroatom and therefore to increase the pX, of molecules like pyridine,
quinoline and so on. This is exactly what experiment has shown.

Effectively the pK, of pyridine at 20°c in water solution is 5-2337
and the pK, of p-aminopyridine is 9-1737. Therefore the dissociation
constant of the positive ion is reduced by a factor of 10,000 as a result
of the presence of an amino group, that is to say the amino derivative
is much more basic than the pyridine itself.

Many authors®® have discussed the role of ¢, in the determination
of the pX of such compounds. The importance of de, is obvious, since
during protonation the proton is directly bonded to the nitrogen
heteroatom which belongs to the delocalized bond. The change in
energy of the delocalized bond which results from this binding can
be estimated by various methods. Figure 23 shows the results ob-
tained ®* when the pK, is plotted as a function of de, calculated by

Ll 12 13 4 15

dé& 4 (Pariser and Parr)

Figure 23. The pKX as a function of de,.

the Pariser and Parr method. It is seen that the points corresponding
to a set of compounds derived from a given skeleton (pyridine, iso-
quinoline, quinoline or acridine) lie along a straight line.
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The role of the solvent effect has been discussed by Chalvet, Daudel
and Peradejordi3®- .

The solvation energy of a molecule can be divided into three parts:
the cavitation energy &, associated with the hole that the molecule
creates in the solvent, the orientation term e, due to the fact that the
molecule modifies the average orientations of neighboring molecules
of the solvent and the interaction energy e due to the intermolecular
forces which appear between the solvated molecule and the solvent.
With obvious notations we can write

de, = de,, + ey, + degy

In the present case we can assume that de,, is the most important term
because during the protonation we are going from a neutral molecule
to a positive ion, therefore we must expect a rather large de, term.
The discussion will be focused on the estimation of dey. This term
itself can be divided into three parts. Let us call deg, the part corres-
ponding to the anisotropic interaction like those due to the formation
of hydrogen bonds between the solvated molecule and the solvent
molecules. In our case this term is certainly important because a
hydrogen bond can appear between the heteroatom of a molecule like
pyridine and the water molecules.

But as de,, represents the corresponding change of energy between
the neutral and the protonated molecule, it can be assumed that this
term will have about the same value for all the set of molecules under
consideration, in such a way that the 4de, terms which appear in
equation (9) will vanish in the first approximation.

The part de,y, due to dispersion forces will in this case be of small
importance in comparison with the part dey, associated with the iso-
tropic interaction between electric charges and dipole moments. In
conclusion, to estimate A4e,, account need only be taken of the 4de,;
term.

The term de,, can be estimated from the formula*!

_ Q.9 ( 1
Ay = 450 (1 - 5) (10)

where the @,’s are the apparent charges of each atom, and where 7,
denotes the distance between the atom i and the atom j except when
i and j are identical. In the latter case r, represents a certain empirical
effective radius. Finally D is the effective dielectric constant of the
solvent.
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A 1
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13
deg + deyy
Ficure 24. The pK as a function of deg + dey.

Figure 24 shows what happens when the pK, of the amino
derivatives under consideration is plotted as a function of de; + deg,,
this last term being derived from equation (10). Twelve points cor-
responding to all families of compounds are now found along the
same straight line with a deviation of no more than 0-3 units of pX.
The introduction of dey, destroys the segregation of the various
families. The precision is very satisfactory as the theory predicts the
constant with an uncertainty of a factor of only 2 and there is a factor
of 10,000 between the highest and the lowest values of K.

Also shown in Figure 24 are various points which lie near another
straight line; they correspond to molecules containing an amino group
in an ortho or peri position to the nitrogen heteroatom. In this case a
special de,, term appears mainly due to the interaction between the
lone pair of the heteroatom and the amino group.

In conclusion, Figure 24 clearly shows the importance of de,,
4e,(T) and 4e,,, in the determination of the pX of the molecules under
consideration.

The basic properties of amines are also seen in other reactions.
For example, amines are able to act as proton acceptors in the presence
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of proton donors in such a way that association compounds are formed.
There is an obvious analogy between the acid-base equilibrium

B4 H+ ——> BH*
K

and the association equilibrium
8 + HR ———= B.HR
<
where HR denotes the proton donor and K’ the association constant.
It is, therefore, interesting to compare the pK and the association
constant.
With obvious notations one can write

K = JCBH+ e~ [45, + 45, + de + Aeyy, + 48, (DYAT

K = fB'HR @~ 48, + 48] + 855 + Agy y + A5, (DT
JoSar
Association constants are usually measured in a non-polar solvent
like carbon tetrachloride. The solvent effect represented by de (T)
is still further reduced.

Furthermore, the interatomic distance between the amino nitrogen
and the proton is greater in the association complex B-HR than in
the positive ion BH *. Therefore we must expect that the effect of the
electronic structure of amines will be less apparent in K’ than it is
in K.

Finally we can expect that K’ will vary more slightly with the
electronic structure than K. However there is a chance that X and
K’ run parallel. The following table taken from Bonnet’s thesis*?
shows such an example

TaBLe4. Comparison of the pK and of values of K’ at 25°c (in n-heptane).

-Cresol Phenol Naphthol
1010 K 0-65 1-06 1-40
108 X
Triethylamine 435 K = 55 86 117
Dibutylamine 1282 - 83 128 162

Such a parallel disappears if the pK depends strongly on the solvent
effect and, as has been said, the association constants are measured in
such conditions that this effect is usually very small.
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I1l. SOME ASPECTS OF THE PROPERTIES OF AMINES
IN THEIR ELECTRONICALLY EXCITED STATES

A. Electronic Spectra of Amines

The e.lectronic spectrum of aniline has been analyzed, using wave-
mechanical methods, by various authors3243, The self-consistent
field method which has been presented in section I and used in section
IT to descr.ibe the ground state of this molecule can also be used to
represent its electronically excited states. For practical reasons it
1s necessary to introduce the LcAa0 approximation and either the
‘H}lckel or fhe Pariser and Parr method is used. Furthermore, the
v1rtu-al orbitals’ approximation is added. Let us consider the eigen-
functions =, of the self-consistent field operator ASCF corresponding to
the ground state of aniline in the Lcao approximation. They obe
the equation . ye

}lSCFﬂi = &T;

Obviously the molecular orbitals 7,0 which are used to represent the
grouqd state are solutions of this equation. But there are also other
tum.:tlons m* which obey the equation. They are called virtual
orbitals for the ground state. It is possible to show that if in the total
wave function of the ground state one (or more) orbital 7,0 is replaced
by one (.or more) virtual orbital, a convenient approximate wave
function is obtained which represents an electronically excited state
of the molecule.

.In Tz.lble 5 some of the values obtained by Fischer—Hjalmars
using this procedure are compared with experimental results.

TaBLE 5. Electronic excitation energies of aniline (in ev).

Theoretical Experimentalt
4-83 4-32
529 5-31
7-03 6-32

Takm.g account of the various approximations introduced into the
calculation, the agreement is satisfactory. Other authors obtained
analogqus results. For example, Bloor and coworkers 3¢ are led to the
conclgsmn that by adjusting the core integral empirically, or by using
a variable electronegativity approach, it is possible to O:t)tain agree-
ment between experiment for the first two electronic transitions in the

1. General and Theoretical 33

vapor state, the change in ionization potential relative to benzene and
the electron density para to the amino group.

Mataga 3¢ performed an analogous analysis of the spectra of
isomeric phenylenediamines, of s-triaminobenzene and of several
amino-substituted nitrogen heterocycles such as 4-aminopyridine,
1,4-diaminotetrazine and melamine.

B. Base Strength of Aromatic Amines in their Electronically Excited

States

Coulson and Jacobs* had studied, theoretically, charge migration
in aniline under the effect of irradiation. They observed that the =
electronic charge of nitrogen is smaller in the first excited state than
in the ground state, that is to say, it should be less basic. Forster 8 has
effectively observed that if a base, such as 3-aminopyrene (which
from the theoretical viewpoint must have a similar behavior) is
irradiated, the excited molecules have acidic properties. To show this
fact Forster studied the absorption and fluorescence spectra as a
function of the pH of a solution of 3-aminopyrene. The absorption
spectrum gives information about the ground state of the molecule,
On the other hand, the fluorescence spectrum depends on the excited
states of the same molecule. It is found that up to pH ~ 2, the absorp-
tion spectra are those of the ArNH;* ions, whereas the fluorescence
spectra correspond to ArNH,. It appears that as predicted by the
theory, the molecules in their excited states have less tendency to add
a proton than the ground-state molecules. Furthermore, near pH 12
some new bands appear in the fluorescence spectra which can be
attributed to the ArNH - ions. This attractive result shows that the
excited molecules ArNH,* are able to react as an acid

ArNHg* ——= ArNH- + H*

The phenomenon has been analyzed in more detail by Sandorfy **
who calculated the distribution of the electronic charges, taking
account of both the 7 and the ¢ orbitals. He found that the nitrogen
which is negative in the ground state becomes positive in the first
electronically excited state, which completely explains why the
molecule becomes an acid.

Other amines have been studied from the same viewpoint. For ex-
ample it has been possible to measure the pK of B-naphthylamine in
various states. A value of 4-1 is found for the ground state, whereas a
value of —2 is obtained for the first singlet state and a value of 3-3
for the first triplet state*®.
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To explain the difference between the first excited singlet and

triplet levels Murrell *° pointed out that the energy of the direct donor—
acceptor charge-transfer configuration lies at a higher energy than
any of the actual states considered. Therefore is it normal that the
actual charge transfer is greater for the excited singlet state than for
the triplet, as the: energy of the former is nearer the energy of the
charge-transfer configuration than is the energy of the triplet state.

1
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. INTRODUCTION

For the purposes of discussion, the term amino group is taken to

include not only the primary amino group (—NHj) but also substitu-

ted-amino groups bearing one or more aliphatic or aromatic groups
37
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on the nitrogen atom. This chapter is concerned with methods of
synthesis of aliphatic, aromatic and mixed aliphatic-aromatic amines,
including primary, secondary and tertiary amines, and related
quaternary compounds. Other classes of nitrogen compounds which
contain an amino group, e.g. amides, are considered only in relation
to preparative routes to amines.

The preparation of amines by methods involving substitution,
addition and exchange reactions are discussed in sections II to VI,
and reductive procedures are considered separately in section VII;
molecular rearrangements are not considered as such, but are men-
tioned where appropriate in the text. Steric factors influence many
amine syntheses, but these are considered principally in section IV,
as much of the relevant information has come from studies of aminoly-
sis of halides and related compounds.

ll. INTRODUCTION OF AMINO GROUPS BY REPLACE-
MENT OF HYDROGEN

A. Direct Amination of Aromatic Compounds in the Presence of
Lewis Acids

Examples of the amination of aromatic compounds by various
electrophilic species, derived from hydroxylamine?, and from hydro-
gen azide?, have been known for some time. Aromatic compounds
which have been aminated in this way range from benzene and
alkylbenzenes to substances such as anthraquinone3. Recently, some
of these reactions have been systematically examined, and the
principal mechanistic features elucidated, mainly by Kovacic and
coworkers.

Direct amination of toluene can be effected with hydroxylamine-0-
sulphonic acid*, alkylhydroxylamines® and hydroxylammonium
salts® in the presence of aluminium chloride (at least two moles per
mole of aminating agent), and with hydrogen azide in the presence
of aluminium chloride or sulphuric acid”. These reactions lead to
the corresponding toluidines. Thus toluene and hydroxylamine-O-
sulphonic acid give mixed toluidines (50%, yield) of the following
composition :

o-toluidine (51%),
m-toluidine (13%,),
p-toluidine (36%,).

The preponderance of ortho and para isomers indicates attack by an
active, if somewhat unselective, electrophilic species. In fact, the
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ivi i i ding to
ti Factor, S,, for this reaction, calculated accor
Egl;:tic‘:rllqz 1)8is 0-274, ;nd similar values were calculated for the other

2 x %, para
S; = log (——————% popr ) M

aminations examined. Comparison of these Y;}lues of .S, for the amina-
tion reactions with those for other electrophilic substitutions led to the
view that the aminating agent is likely to be the protonated+or Lewis
acid-complexed nitrogen compound rather than the. .NH2 _cation,
and this view is reinforced when the results of competitive aminations
of toluene and benzene are compared with those of other substitution
reactions. Likely electrophiles in the h.ydroxylaml.ne-O.-sulph'omc
acid/aluminium chloride and hydrogen azide/sulphuric acid aminat-
ing systems are 1 and 2:

+
AICl, ﬁ’
HyNOSO,AIC, HN—N=N
(n @)

and the amination of toluene by hydrogen azide may be represented
schematically by reaction (2).

N
- Me 1l Me
N
' : ' @
--—-)f\ll —————— >»HY — NH; 4+ N+ H
H

Dialkylamino groups may, in principle, be introduced into grom%lgc
rings using the dialkylchloroamine and con.centrated sulphuric acid i
except in those cases where the chloroamine undefrgoes preferentia
ring closure (Hofmann-Loffler reaction®?) (reaction 3). However,

3
a-Bu,NCl  ——  n 8N \ (3)

these reactions are unselective and appear to be of preparatlvehvalule
only in a limited number of cases, for example benzene — N-phenyl-
piperidine. . ‘ ) . ]
By contrast, reaction of toluene with d1ch19roamme (.)r.trul:illorod
amine in the presence of aluminium chloride gives m-toluidine **, and
the same unusual mefa-amination pattern was subsequently observe
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when the reaction was extended to include other alkylbenzenes!2.
Other products (from toluene) are o- and p-chlorotoluenes, and small
amounts of m-chlorotoluene, 2-chloro-5-methylaniline and 4-chloro-3-
methylaniline. The absence of substantial amounts of the last two
compounds has been taken to indicate that N-chloro-m-toluidine is
not an intermediate in the formation of m-toluidine, and after con-
sideration of various possibilities, a o-substitution mechanism has been
advanced to explain the observed orientation. This involves the
for'n?ation of a chloroarenonium ion, followed by addition of a nucleo-
philic nitrogen species, and subsequent aromatisation through loss
of hydrogen chloride. The nature of the nucleophile is not certain, but
it is not considered to be trichloroamine 213, The overall result may
be illustrated by reactions such as (4) and (5); these also account
satisfactorily for the orientation of the chlorotoluenes produced.

Me Me
+ [CIHN--AICl;] ——» @ + [CIHN--AICI;]
H Cl
Me
—_— + H* )
Me

Cl
Me
+ [CIH;N--AIC;]  ——» @ + [HoN--AICI; ]~
H i
Me Me
. o — @\ o
NH2 NH2

H C

In spite of the unattractive properties of trichloroamine, this pro-
cedure may be of value for the preparation of certain m-alkylanilines;
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the amination reactions based on hydroxylamine-O-sulphonic acid,
hydrogen azide, etc., seem to offer little in comparison with other
routes to the corresponding amines.

B. The Chichibabin and Related Reactions

Direct amination by amide ion is possible with aromatic molecules
which are susceptible to nucleophilic attack. This group includes
many heterocyclic compounds, particularly derivatives of pyridine,
quinoline and related ring systems'¢, and also a number of benzenoid
compounds containing appropriate electron-attracting substituents.
These reactions may be conducted at elevated temperatures in di-
methylaniline or a hydrocarbon for example, or at lower temperatures
in liquid ammonia. In the pyridine series, it is the electron-deficient
a-position which is preferentially aminated, though y-substitution
may occur if no e-site is available (reaction 6). The second stage

@ NaNH, @H . @ Na* (6)
3 N NH, N~ ONH

involves dehydrogenation, and ammonium and potassium nitrates
have been used as additives on a number of occasions.

In some cases, conducting this type of reaction in the presence of a
primary alkylamine (rather than dimethylaniline) allows effective
introduction of the alkylamino group!®. There are grounds for believ-
ing that the amino group is introduced and then displaced to a
greater or lesser extent, by the alkylamino group; indeed, equilibra-
tion of 2-methylaminoquinoline and 2-aminoquinoline by means of
potassamide in liquid ammonia has been demonstrated in separate
experiments'® (reaction 7).

N NHMe N NH;
KNP, m + MeNH, 7
N NH

2

Nitrobenzene may undergo nucleophilic substitution at the ortho
and para positions, but it is desirable to employ nitrobenzene in excess
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as some is destr(?yed by reduction. Thus N-o-nitrophenylpiperidine is
formed from nitrobenzene and lithium piperidide (reaction 8)!7,

o\ +.7
NO,

o O
NO, N
H .
LiINC4H,o NCsHyo
—_— NCH,y —— @)
Li*

whilst nitrobenzene and sodium diphenylamide give 4-nitrotriphenyl-
amine (reaction 9) 18,

@) O
NO, 7 NO;
NaNPh,
? (9)
H™ 'NPh, NPh,
Na+

Hyfiroxylamine has also been employed for direct amination of a
few nitro compounds (reaction 10) 1920,

NO, © NO,
NH,

C. Photoamination of Cyclohexane

Direct photoamination of cyclohexane with hydrazine in ¢-butanol
solution has recently been demonstrated, the most favourable yield of
cyclohexylamine being 45%,. Cyclohexanol occurs as a by-product
but its yield may be reduced by excluding oxygen2!. Other by:
products include bicyclohexyl and cyclohexylhydrazine, but the latter
is not 22.pparently an intermediate in the formation of cyclohexyl-
amine 22,

2. The Introduction of the Amino Group 43

A radical process is favoured for this reaction, with N—N bond
fission as the important initiating step (reactions 11-14).

NH,NH; —™ > NHgNHz* — > 2 NH,' an
NH," + CeHig ——> NHy + CeHiy* (12)
CeHyt® + NHy” —> CoHuNH, (13)

2 CoHyy® ~—> CiaHap (14)

HI. INTRODUCTION OF AMINO GROUPS BY REPLACE-
MENT OF HYDROXYL

For most laboratory purposes, the important reactions under this
heading are the Bucherer Reaction, chiefly useful in the naphthalene
series, and the Ritter Reaction, which will be considered in sections
IV.B and VI1.B.

The Bucherer Reaction

Naphthols and the corresponding naphthylamines are intercon-
vertible in aqueous media containing sulphite or bisulphite ion at
elevated temperatures23. Thus naphthols may be converted to naph-
thylamines by reaction with ammonia and ammonium sulphite in
aqueous solution, usually in the temperature range 90-150°; the
corresponding dinaphthylamine is sometimes obtained as a by-
product (reaction 15). Monoalkylamines and dialkylamines similarly

OH NH,

(NH,);50,
O+ 22 ) ve e

give the alkylamino- and dialkylaminonaphthalenes, though higher
temperatures are normally required. Naphthols also react with aryl-
amines to give the arylaminonaphthalene, 1-naphthols reacting less
readily than 2-naphthols. Similar cases have also been noted with
arylamines (reaction 16).

NH;z NHPh
NaHSO,
HO,S HOaS

Bisulphite addition compounds of naphthols have been isolated in a
number of cases, and for a considerable time these were formulated as
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derivatives of the ketonic form of the naphthol. Until recently, the
generally accepted reaction scheme was (17) with the naphthol
possibly reacting in the keto form. This overall equilibrium picture

OH HO, ,SOs Na*
OO NaHSOG O‘ NHa
HN, SO, Na* NH,

QU = Q0 =~

was consistent with the results of a systematic kinetic study of the
reaction conducted with a number of naphthol and naphthylamine
sulphonic acids and reported in 194624,

o)
@@ oy
5O, Na*

Soa_NaAV
3 (4)

The structures of the intermediate addition compounds have been
reconsidered in the light of their physical and chemical properties, and
the compounds from 1- and 2-naphthols are now formulated as tetral-
1-one-3-sulphonates (3) and tetral-2-one-4-sulphonates (4) respec-
tively 25-26, Discussion of this evidence is beyond the scope of the

OH 1o
O@ HSOL NH,
o ke
NH NH,
= QO w
SO~

+ HSO,
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present chapter but it is interesting to note that a new synthes%;‘ }cl)f
]-naphthol-3-sulphonic acids has emerged from this wo-rk. e
scheme for the interconversion of naphthols an(El r.lz?.phthylar.mr-les may
be summarised by reaction (18), with the possibility of ketimine and
enamine intermediates, except in the special case of reactions 1nv01v1.ng
dialkylamines, when only an enamine intermedl.ate is ppsmble. Am}ne
exchange reactions of 1- and 2-na:phthylan.nnes with an amine
R,NH are likely to involve further 1nterme'd1ates of types 5 a:nd 6
respectively, formed by addition of the amine R,NH to the inter-
mediate ketimine or enamine.

N. NR
& : NH;

NR,
SO,
SO,”
(5) ©

IV. INTRODUCTION OF AMINO GROUPS BY REPLACE-
MENT OF HALOGEN, AND RELATED REACTIONS

A. The Alkylation of Ammonia and Amines

The preparation of amines and quaternary ammonium §alts thrO}lgh
displacement of halide ion from alkyl halides by.ammoma: or amines
is commonly referred to as alkylation of ammonia ((?r ?.mlnes); al.kyl
esters of other strong acids have also been used in S}mllar alkylation
procedures. Equations (19) to (22) represent in snpple terms the
sequence of reactions which may occur in the interaction of ammonia
or an amine with an alkyl halide.

NHs + RX ——> NHR X~ (19)
NH,R + RX —> NHaR, X~ (20)

N 21
NHR, + RX ——> NHRy X~ @1)
NRs + RX ——> NR, X- 22)

In principle, these reactions lead to a wide'range of amines and
quaternary salts, containing identical or differing R groups. Il}ternal
alkylation is also possible in appropriate cases. Thus ammonia and
1,5-dibromopentane react to give the amines (7) and (8), and the
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quaternary salt (9)%"; ammonolysis of 10 siinilarly gives the sym-
metrical, high-melting 1-aza-adamantane (11) (reaction 23) 28,

NH(CHo)sNH, (  NH (N Ve
(8) 9)

o)

CHgBr

i f (23)
BFCHZ NHa
N

CH,Br
(10) (ll)

Studies of the mechanism of a number of these reactions, and parti-
cularly of the quaternisation reaction (22) (commonly known as the
Menschutkin reaction), have been reviewed elsewhere?® and only
certain points are relevant here. The reactions generally exhibit the
normal characteristics of §42 reactions with regard to kinetics, solvent
polarity and structural requirements of the alkyl halide. The basic
strength of the amine may provide a rough guide to its reactivity, the
more strongly basic amines being frequently the most nucleophilic.
Weakly basic amines such as diphenylamine can be methylated
directly®® (even to the quaternary stage under forcing conditions3!),
but in preparative work it is not uncommon to enhance nucleophilicity
by conversion to an alkali-metal or Grignard derivative prior to
alkylation32, However, steric factors are also important in relation to
the nucleophilicity of amines. These may be illustrated by the relative
rates of reaction of the comparably strong bases, quinuclidine and
triethylamine, with methyl, ethyl and isopropyl iodides in nitro-
benzene®3, At 25°, the ratio (kg/ky) of the specific rate constants for
quinuclidine (12) (kg) and triethylamine (13) (kr) have been deter-
mined as 57, 254 and 705 for methyl, ethyl and isopropyl iodides

Hzc/I(fTi,\CHQ “3CH\2C/N\\C@CH3
HZC\C\(}:"Z/CHQ CH,

H CHjs

(12) (13)

respectively; for both bases, the rates decrease in the expected order
Mel > EtI > i-Prl. These results indicate not only that the steric
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requirements of quinuclidine are lowc:r than .those of triethylamine,
but also that this difference in steric requirement bgcom-es more
important as the steric requiremen?s of the al%(yl hahde. increase.
Similar effects have been observed in the reaction otj pyridine a.nd
monoalkylpyridines with the same alkyl 1od1desf’4. Again the reaction
rates drop sharply in the order Mel > EtI > i-Prl fpr e':ach amine,
but whereas (relative to pyridine) 3- or 4-alkyl su.bstltutlon leads. to
slight increases in rate, 2-alkyl substitution results in f:lecreases wh1c.h
become very pronounced in the case of 2-t-b1}tylpyndlqe. These steric
factors are of considerable importance in amine alkylations. .
Limitations are also imposed by the nature of the alkyl group in t-he
alkyl halide. Broadly speaking, the alkyl halides which react v.v1th
ammonia (or amines) to give amines and‘ quaternary ammonium
salts are those which are susceptible to substitution by the Sy2 mec%l-
anism. Amines preparable by this route are consequently tl}ose in
which primary or secondary alkyl groups are attach.ed to t.he nitrogen
atom. Attempts at alkylation of ammonia and amines using tertiary
alkyl halides are normally frustrated by the occurrence of alFernatlve
elimination reactions and such problems are also apparent with ther
halides in which structural features favpur alt.ernatlve.: reacttons
(reaction 24) 35, An important group of tertiary halides which may be

o
—
O OO
used for the alkylation of ammonia and amines are the tertiary pro-
pargylic halides (reaction 25) . The ethynyl group may be reduced

(24)

NMe,

Me,CCIC=CH NAMea, Me,(IZCECH (25)
to a vinyl or ethyl group and, since the steric requi.rements of .the
ethynyl group are small, a large variety of sterically hindered amines
have become available, e.g. reactions (26) and (27) 7. These reactions

Et
I. t-BuNH, C/ (26)
Me,CCIC=CH W Me,
NHBu-t
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t-Bu t—Bu\ /Et
CCIC=CH LA, c @)
2. Hy/Ni / \
Me Mé NHPr-i

are relatively free from complications, although quaternisation of
tertiary amines with tertiary propargylic halides may lead to the
propargylic and the isomeric allenic quaternary salts (reaction 28),
and may involve some destruction of the propargylic halide through
dehydrohalogenation®. Allylic halides react with ammonia and

Me;NCH,CH=CH, + Me,CCIC=CH ——»
CHaCH=CH, CH,CH=CHj,
Mezl:l + Me;N (28)
CMe,C=CH \CH=C:CMe2

with amines to give allylic amines and quaternary salts which may
contain the original or the rearranged allylic group (reaction 29)2,

MeCH=CHCH,Cl "%, MeCH=CHCH,NEt, <% MeCHCICH—CH, (29)

Primary allylic halides generally give normal products, whilst second-
ary allylic halides frequently give rearranged products, or mixtures of
normal and rearranged products. A general discussion of the factors
relevant to reactions of allylic compounds with nucleophiles, including
amines, has been given in the first volume of this series .

Amongst the alkyl halides, the order of ease of replacement of
halogen is I > Br > Cl. This may be turned to advantage, even
when the iodo compound is not readily available, by conducting
the reaction of amine with alkyl halide in the presence of iodide ion,
S0 as to generate the organic iodide i situ by halogen exchange. The
preparation of 3-(2-methylpiperid-1-yl)propanol#! is illustrative

Me Me

< E CI(CH,);0H, < S
NH Nal, EtOH IN(CH,)sOH (30)

(reaction 30). Whilst alkyl halides probably represent the most
general type of alkylating agent for amines, various other esters have
been used (particularly for the transfer of small alkyl groups) and in
many cases offer practical advantages. Amongst sulphur esters, these
include alkyl sulphates, and alkylbenzene- and toluene-p-sulphon-
ates*%, methyl trifluoromethanesulphonate 3 and methyl sulphite ¢4,
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tingly, use of methyl sulphite leads to the methanesu‘lphonate
gf}tte}::sme%h};lated amine.}:Ax recently repc?rted rpethod, con51dere<fl to
be suitable for alcohols capable of yieldmg. falrly stable carbonium
jons, involves thermolysis of the corresponding dimethylsulphamate,
followed by hydrolysis (reaction 31). The method may prove a useful

ROH — > ROSO,NMe —2 > SO,—NRMe, —"5> NRMe, 31)

supplement to the Sy2 alkylation procedures®®. Amines have also been
alkylated by the use of alkyl phosphates*®, and in a fc?w cases by pre-

aration and decomposition of alkyl phosphoramidates (rt-tactlo-n
32)47, Alkyl nitrates are effective alkylating agents for aliphatic

(EtO);PONHPh —2 > PhNEt, (32)

amines, though complications arise with aromatic amines‘fa. Alkyl:;—
tion of amines is also possible with certain types of carboxylic esters*®,
and under appropriate conditions propiolactone can .be used to intro-
duce B-carboxyethyl groups (reaction 33)5°. Epoxides are suitable

O

ol l _PhaNH - NCH,CHoCORH (33)

for B-hydroxyalkylation of amines (reaction 34)°!; this type of reactiqn
is very general. being useful for the introduction of amino groups in
the glycerol and sugar series®% 53,

NH,
—8 5 NH,CHaCHOHCH,NE,
o<]-—CH3NEt2 e

It will be appreciated that many of these alkylation reactions (19)
to (22) can be made reasonably selective, for.exampl.e (20) to the
virtual exclusion of (21) and (22), by appropriate choice of nucleo-
phile and alkylating agent. This selectivity is not likely to occur,
however, in the corresponding reactions of ammonia and uplundered
primary and secondary n-alkylamines wit'h primary alkylating agents
(except in favourable cases where the desired product separates from
the reaction), where mixtures of amines are to be _expected. The
problems attending separation of such mixtures are discussed pelova.

In the quaternisation reaction (22), or any sequence ending in
quaternisation, separation of the ionic quaternary salt from unreacted
amine(s) presents few problems as reaction is normally conducted
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under conditions in which step (22) is effectively irreversible. It is
well to remember, however, that quaternary ammonium ions are
susceptible to nucleophilic displacement reactions®!. Ethanolamine
has been shown to dealkylate tetraalkylammonium and aryltrialkyl-
ammonium salts®* at about 154° according to reaction (35). In

HOCH,CHaNH; + RoNAF ———> HOCH,CHoNH,R + RNAF (35)

reactions involving a tertiary amine and a derived quaternary
ammonium ion, such reaction may lead to redistribution of alkyl
groups between the amine and the ion %%, This has been demonstrated
for benzyldimethylamine and the benzyltrimethylammonium ion, and
for related pairs (reactions 36 and 37). The evolution of trimethyl-

PhCHaNMe; + PhCHZNMe; ——> (PhCHy)aNMe, + NMes (36)
(PhCHz):NMe, + PhCH,;NMe, ——> (PhCHz);NMe + PRCHoNMe;  (37)

amine allows disproportionation of benzyldimethylamine to proceed
in the presence of a catalytic amount of the quarternary salt. It is
clearly desirable to avoid use of high temperatures for prolonged
periods in these reactions.

The preparation of tertiary amines from alkyl halides and a second-
ary amine, or a primary amine in which both N-hydrogen atoms are
to be replaced by identical alkyl groups, can be carried out with
favourable yields in many cases, as evidenced by preparations of
diethyl-n-hexadecylamine (from diethylamine) and of dimethyl-n-
docosylamine (from dimethylamine) 38, Alkyl sulphonates have simi-
larly been used, and the reaction extended to the preparation of cyclic
tertiary amines from primary amines and appropriate terminal di-
sulphonates (reaction 38) 5. Satisfactory conditions have been reported

CHaCH,050,Ph
/ 2 2 2 g /—\
=Y DBNH L f NBuen (38)
CHyCH,0S0,Ph

for dimethylation of primary aromatic amines using methyl sulphate 58
and for di-n-alkylation*®® using n-alkyl phosphates; aniline and iso-
propyl phosphate, however, give N-isopropylaniline, indicating the
different steric requirements of the reactants.

The isolation of tertiary amines from alkylation reactions is normally
straightforward; except in special cases®®, unwanted primary and
secondary amines can usually be removed from the basic fraction by
conversion to non-basic carboxamides (cf. ref. 46a) or sulphonamides
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(cf. ref. 28). If quaternisation has occurred, the desired tertiary amine
may still be obtainable if the unwanted group can be-removeeg re-
ductively by use of lithium aluminium hydride (re-act10n 39) , Or
sodium and liquid ammonia . With allyl or benzyl trialkylammonium

Q—NM% AR, <:>~—NMez + CHq (39)

salts, the allyl or benzyl group is removed more readily than a methyl
group. It may be noted in passing that there is a tendency to splvolync
cleavage of an allyl group in certain tertiary arpine hy.drocl.llondes, a.nd
appropriate precautions should be takeg during punﬁcahgn (reactlo.n
40)62, (The other product of solvolysis was not identified, but is
-BUNH(CH,CH—CHy); -ZCH, i-BuNH,CH,CH=CH, (40)

Cl= Cl-

presumably allyl ethyl ether.) . )

The preparation of dialkylamines from ammonia or primary
amines can be realised where steric factors militate against tertiary
amine formation. Thus monoalkylation of #-butylamine with some
alkyl halides and epoxides has been accomplished (reaction 41)62.

t-BuNH; + PhCH,Cl ——> t-BuNHCH,Ph (41)

More generally, ammonolysis or aminolysis of al.kyl hali.des, and
particularly primary alkyl halides, is likely to give rise to mixtures of
the primary, secondary and tertiary amines (reactions 19, 20 and 21).
The proportions of the three possible amines in such a mixture may be
varied by alterations in the relative proportions of the reactants.
Where, for example, the primary amine is the desired product, .the
use of liquid ammonia?? (to ensure high concentration of alr.lmo.ma.),
and also of sodamide (one mole per mole of alkyl halide) in liquid
ammonia ®* have been recommended, though some dehydrohalogena-
tion of the alkyl halide may occur when sodamide is used (reaction 42).

n-CgHyaBr ——> n-CgHisNH; + n-BuCH=CH, (42)
(74%) (5%)

In the reaction of ammonia with the alkyl halide, secondary and

tertiary amine formation become more important as the concent.ration

of ammonia is reduced. In favourable cases, e.g. the mono-, di- ?nd

trioctylamines from ammonolysis of n-octyl chlon'de“,. the amines

may be separable by distillation. In other cases, chemical methods
3+cac.
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may be employed. Treatment of such a mixture of amines with benzene-
sulphonyl chloride (Hinsberg’s method) gives an ‘alkali-soluble’
amide (from the primary amine) and an alkali-insoluble’ amide (from
the secondary amine); again, phthalic or 3-nitrophthalic anhydride
converts the primary and secondary amines into the phthalamic
acids, but only the acid from the primary amine can be dehydrated to
the corresponding phthalimide®®. Both of these separation methods
allow direct recovery of the tertiary amine from the unreacted amine
fraction. Recovery of primary and secondary amines from these
derivatives is considered below. Another method, suitable for separa-
tion of secondary amines, involves formation of the N-nitroso com-
pound and subsequent regeneration %7,

B. The Use of Blocking Groups for Control of Alkylation

The difficulties associated with direct alkylation of ammonia and
amines have led to the development of indirect alkylation procedures
designed specifically for the preparation of primary and secondary
amines. These depend on the blocking of the required number of
sites in the ammonia molecule so as to limit the extent of the alkylation
reaction, and fall into two categories depending on whether or not
the alkylation step involves the formation of a quaternary ammonium
ion.

The Délepine method®®, for primary amines, is based on the
quaternisation of hexamine with an alkyl halide; the resulting
hexaminium salt is then decomposed with ethanolic hydrochloric acid
to give the desired amine, ammonia and the carbon fragments of the
ring as dlethylformal (reactlon 43

RNH,
/j @ _HOLL 3NH, O 3)
EtOH
6 CHg(OEt),

Primary amines are also available through the Ritter reaction in
which an organic nitrile provides the blocked nitrogen atom. Though
relatively poor nucleophiles, nitriles are able to capture carbonium
ions; the resulting nitrilium ion reacts with water to give the amide,
which can then be hydrolysed to the amine. A number of alkyl and
aralkyl halides capable of yielding carbonium ions have been shown
to react with nitriles in the presence of aluminium chloride®®, silver
sulphate™ or particularly antimony pentachloride (reaction 44)71.

RCN 4 RICI %y [RC=N_R1]+$bCle- 225 RCONHR! (44)
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For preparative purposes, Ritter’s original procedure of generating
the carbonium ion from the alcohol (or olefin) and sulphuric acid
is preferred; under these conditions, hydrogen cyanide, produced
in situ from sodium cyanide, can replace the nitrile’?. Secondary
and tertiary alcohols can be used”®, and the reaction, providing
essentially for substitution by the Syl mechanism, is a valuable
addition to the methods already discussed. It must be borne in mind,
however, that under certain conditions carbonium ion rearrange-
ment is possible, and has indeed been observed in some applications
of this reaction ™,

For preparations of secondary amines by way of quaternisation
reactions, it is necessary to employ a blocking group for two of the
nitrogen valencies. Benzylidene derivatives of primary amines fulfil
this function, and quaternisation of such compounds, followed by
hydrolysis, gives benzaldehyde and the desired secondary amine
(reaction 45) 7%, Incorporation of the primary amine into an imidate

PhCH=NR - [PhCH=NMeR]*I- —» PhCHO + RNHMe  (45)

provides a new and interesting variant of this method, and has been
employed for monomethylation of the N, atom of tryptophan. The
primary amine is condensed with y-chlorobutyroyl chloride in pyri-
dine, and the resulting amide cyclised to the iminolactone with silver
fluoroborate. Methylation with methyl iodide, followed by hydrolysis,
provides the secondary amine (reaction 46)75. Another route to this

0
RNH, —— RNHCO(CHp)CI ——> RNﬂ —
. o)
RNMe:<] ——» RNHMe (46)
- -

type of iminolactone (and, by implication, to secondary amines)
which would appear to be particularly suitable where R is a tertiary
alkyl group, is exemplified by reaction (47)77. It may be noted in

RNH, — > RNHCO(CHp)sCHs —SBUOBT . RNBrCO(CHp)CHs — s
CHs

. A '
RNHCO(CHy);CHBrCH;  ———> RN (47)
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passing that, in the aromatic series, rearrangement of imidates pro-
vides a useful source of diarylamines (Chapman rearrangement)
(reaction 48) 78,

NAr

Va
RC ~———> RCONArAr: ——— ArNHAR (48)

OAr

A somewhat different approach to the synthesis of primary and
secondary amines is involved in the use of blocking groups that so
reduce the nucleophilicity of ammonia or a primary amine that
alkylation does not proceed to the quaternary stage. For the conver-
sion of ammonia to primary amines, these conditions are met in the
Gabriel synthesis in which the nucleophile is the anion of phthalimide
and the product the N-alkylphthalimide. Alkyl halides containing a
variety of other substituents, e.g. —CN, —COR, —COOR, —OR, in
the alkyl chain undergo this reaction, and the method has enjoyed

considerable popularity™; alkyl toluene-p-sulphonates®® and epox-

ides®! can also be used as alkylating agents. The alkylamine can be
obtained from the alkylphthalimide by hydrolysis or by the milder
hydrazinolysis procedure (reaction 49)%2, In a recent improvement,
the use of dimethylformamide as solvent is recommended for the
alkylation reaction 83,

co co
@[ >N-K+ LS @i >NR ——>  RNH;, (49)
co co

A similar conception underlies the Hinsberg synthesis of secondary
amines in which the anion of a sulphonamide is alkylated®, and the
amine obtained by hydrolysis (reaction 50). Mono- and dialkylation

[PRSO,NR1]-K* ——s PhSO,NRRI — 5 NHRR! (50)

of toluene-p-sulphonamide, for example, provide routes to primary and
symmetrically substituted secondary amines®, and mixed aliphatic-
aromatic amines are obtainable by use of sulphonanilides®. An
interesting synthesis of secondary amines, embodying features of both
the Gabriel and Hinsberg reactions, employs saccharin in a two-
stage alkylation (reaction 51)87. The Hinsberg method has not
attracted wide popularity because of the difficulty of liberating the
amine, and similar objections have attended the use of sulphonyl
groups for protecting amino groups. Hydrolysis by moderately con-
centrated mineral acids at elevated temperatures is frequently
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undesirable, and other acidic procedures have been recommended
for sensitive molecules®. A number of reductive methods (zinc and
hydrochloric acid, sodium and isoamyl alcohol) .ha\{e been rePorted
for splitting sulphonamides®, and sodium and liquid ammonia has
been successfully used for this purpose in syntheses of oxytocin and
related compounds®°.

Ce- RX C? OH- 0T RIX
K = @: NR = @E RX
50 50 SO,NR
Coy (1)
@[ s NHRR!
SONRRY

Alkylation of cyanamide (anion), followed by hydrolysis, has been
used for the preparation of some symmetrically substituted secondary
amines (reaction 52)°%. It is clear from alkaloid studies that reduction

(N-——CN)2-2 Na* —R%5 R;NCN ——> R,NH (52)

with lithium aluminium hydride may be used as an alternative to the
hydrolysis stage 92. .

A method which is suitable for the preparation of allylic amines
involves the allylation of thiocyanate ion to give the allyl thiocyanate
followed by rearrangement (by the Sxi mechanism in many cases) to
the isothiocyanate, and subsequent hydrolysis*°.

C. Nucleophilic Aromatic Substitution by Ammonia and Amines;
the Bimolecular Mechanism 3

-~ Aryl halides are relatively insensitive to nucleophilic substitution,

i.e. replacement of halogen as halide ion, by ammonia and amines.
However, susceptibility of the halogen atom to displacement (or of
other groups displaceable as anions) increases as the ortho and para
positions become progressively substituted by electron-a.ttractmg
groups, nitro groups being particularly effective. The reactiv1t¥ of the
halogen atoms in 2,4-dinitrofluorobenzene (14)°* and in 4,4’-difluoro-
3,3’-dinitrodiphenylsulphone (15) ® are cases in point. These examples
illustrate an important difference between alkyl halides and activated
aryl halides towards nucleophilic substitution, namely the g.enere.llly
high susceptibility of fluorine to displacement in the aromatic series;
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this indicates the relative importance of the bond-making step in

these reactions.

F
NO,
F 50, F
NO, OgN NO,
(14) (15)

Nucleophilic aromatic substitution has been the subject of con-
siderable investigation®® and of some controversy®, Certain features
are particularly relevant to the practical problem of introducing
amino groups. The formation of the transition state or intermediate
complex in these reactions involves approach of the amine from
within a plane perpendicular to that of the aromatic ring, with the
valencies of the carbon atom C, which bears the displaceable sub-
stituent becoming approximately tetrahedral. When the nucleophile
is an unhindered amine, relatively little steric hindrance to this
approach is offered by 2- and 6-substituents in the aromatic ring
unless these are especially bulky, e.g. t-butyl, but as the steric require-
ments of the amine increase, even 2- and 6-methyl groups may exert
detectable interference (cf. 16 below for the case where the activating

X ANR, X pNR;
R R
R R
N
N
. T\ <
b/ N 5 O 1o
(16) (17)

substituent is a 4-nitro group). It will be noted that for effective
activation at C, by a 4-nitro group the latter should ideally be
coplanar with the ring and this may be rendered difficult by the
presence of alkyl groups at C 5, and C, (cf. 17); 3- or 5-substitution
does in fact markedly reduce ease of replacement at C,,%:97, This
second effect is often product-determining in reactions of amines with
alkyldinitrobenzenes (reaction 53)°8, but is not observed with such
activating substituents as the cyano group where the question of
coplanarity with the ring does not arise®. In a number of cases,
competitive displacement of substituents has been noted, as for ex-
ample in reaction (54)1°°,
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Me Me
NO, NHg
NH;
> (53)
NO; NO,
SOzAr SOz Ar NCsHyo

NCsH1o NO,
Plpendlne (54)

Almost comparable with the activating influence of a nitro group is
that of the ring nitrogen atom in pyridine, and many examples of the
introduction of amino groups by nucleophilic displacement of halogen
atoms from the - and y-positions are known (reaction 55)'°!. Cor-

NHPh

cl NH,Ph
G=t3"-0 -
N N

responding positions, i.e. a- or y- with respect to the ring nitrogen
atom, in related ring systems are similarly activated'°2. The synthesis
of atebrine (reaction 56)1°3% is illustrative, and numerous potential
antimalarial drugs have been similarly prepared from substituted
4-chloroquinolines 193>, Site activation is likely to be increased by

Cl NHCHMe (CH3)sNEt,
MeO MeO
Q00 — VA =
N Cl

protonation or quaternisation of the ring nitrogen, and acidic catalysis
‘has been noted in a number of cases (reaction 57) 93-10¢,

cl NHPh
N
Q. =Q, -
(HCI)
N “NH,

In the reactions discussed in this subsection, the displacing nucleo-
phile has been ammonia or an amine. A number of cases have been
reported, however, in which a dimethylamino group has been intro-
duced by use of dimethylformamide; these include displacement of
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halogen from halogenonitrobenzenes®5® and heterocyclic chloro
compounds (reaction 58) 1°%, Urea has also been used for the prepara-
tion of aromatic primary amines such as 2,4-dinitroaniline from the
corresponding chloro compounds8,

S
@@}o m @[OS} NMe, (58)
N N

Amines can often be induced to react with aromatic halides, in
which activating influences of the type discussed above are absent, by
employing the device of catalysis by copper and various copper
compounds (reactions 59 and 60). Diarylamines (from aromatic
amines'°’®) and mixed aliphatic-aromatic amines (from aliphatic
amines%’") are obtainable in this way. These induced reactions have

COqH CO,H
Cl NHPh
PhNH,
_
Cu (59)
MeO MeO
CuyCly
PhCl + MeNH, =—2=3, PhNHMe (60)

beep presented as nucleophilic substitutions of copper-complexed aryl
halides in which the halogen has acquired positive character by
coordination %32,

D. The Route to Aromatic Amines via Aryne Intermediates

Many cases are known of the reaction of non-activated aryl halides,
possessing at least one free ortho position, with metallic amides by an
elimination-addition, i.e. aryne 1%8 or heteroaryne 1°9, mechanism. With
the halogenobenzenes, the observed order of reactivity is Br > I >
Cl » F. The rates of the steps 18 — 19 and 19 — 20 are expected to
decrease in the orders F > Cl > Br>1 and I >Br>Cl > F
respectively. The stepwise sequence 18 — 19 — 20 thus becomes
effectively synchronous, i.e. 18 — 20, when the rate of the second step

H
NH,~ - NH,~
QL =0, — 0= O
X X
(18; (19)

(20)
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sufficiently exceeds the rate of the first, and this change occurs between
chlorobenzene and bromobenzene1°,

With substituted halogenobenzenes, the amide ion might be ex-
pected to add preferentially to one or other end of the ‘triple bond’
and so lead to rearranged amines or mixtures of amines. The occur-
rence of such cine substitution has obvious attractions for the syn-
thetic chemist in providing useful routes to various amines which might
otherwise be difficult to obtain. An example is provided by the
synthesis of 2-amino-4-methoxybiphenyl from 3-bromo-4-methoxybi-
phenyl (reaction 61)*'!. A similar rearrangement is exploited in a
recent synthesis of the aporphine alkaloid, laureline?*2,

OMe OMe
Br
NaNH,
—_— (61)
NH,
NH,,
Ph Ph

The factors underlying the orientation pattern observed with
substituted halogenobenzenes have been generalised by Roberts and
coworkers!13, In the stages leading to the aryne, ortho- and para-
substituted aryl halides give the 3- and 4-substituted benzynes, (20a)
and (20b) respectively. Where the synchronous mechanism, 18 — 20,
applies, meta-substituted halides are expected to give preferentially the
benzyne formed by removal of the more acidic of the hydrogen atoms
ortho to halogen; for example, m-bromobenzotrifluoride gives 3-tri-
fluoromethylbenzyne. Where the stepwise mechanism, 18 — 19 — 20,
applies, loss of halide ion from the two possible aryl anions (19a) and
(19b) becomes a contributory and possibly determining factor, as in
the formation of 3,4-pyridyne from 3-halogenopyridines 9.,

. . IZ - 7
o O, O C
/

X z X v
(18a) (19%) (20a) (20b)

The preferred site of addition of amide ion to substituted benzynes
is considered to be that giving the aryl anion which is most stabilised
by the inductive effect of the substituent. With 3-substituted benzynes,
amide ion would thus be expected to add preferentially to the meta

2%
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position if Z is electron attracting, and to the ortho position (neglecting
steric effects) if Z is electron releasing. Similarly, 4-substituted ben-
zynes would be expected to give 4- and 3-substituted anilines respec-
tively depending on whether Z is electron attracting or releasing.
However, inductive effects are weaker with 4- than with 3-substituted
benzynes, and conjugative effects may become relatively important;
for example, approximately equal amounts of m- (21a) and p-anisidine
(21b) are formed from p-bromoanisole and sodamide. These con-

OMe OMe
i NH, i )
NH,
(218) (21b)

siderations have been generally used for predicting and rationalising
product orientation in additions of amide ion (and of alkylamide ions)
to arynes!!#, though the possible involvement of conjugative effects in
the corresponding additions to 3-substituted benzynes has also been
recently discussed 115,

V. PREPARATIONS OF AMINES INVOLVING THE USE
OF GRIGNARD REAGENTS

A number of amine syntheses take advantage of the nucleophilic
character of the alkyl (or aryl) group in a Grignard reagent. Thus
direct amination of Grignard reagents (preferably those derived from
alkyl chlorides or bromides rather than iodides) by methoxyamine
leads to primary amines (reaction 62)!%:117. In a similar way,

t-BuMgC! + NH,OMe —— t-BuNH, (62)

various aromatic compounds have been metalated using n-butyl-
lithium and the resulting aryllithium aminated with methoxyamine
(reaction 63) 118,

NH,

O O
I. n-Buli
2. MeONH, @ @ (63)
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A number of «-dialkylaminoalkyl compounds, such as ethers and
cyanides, react with Grignard reagents and so provide useful supple-
mentary routes to tertiary amines. Dialkylaminomethyl ethers, pre-
pared from the dialkylamine, formaldehyde and n-butanol, for
example, react as in (64)1!°. Corresponding compounds, available

ReNCH;OBu-n + RIMgX ——— R;NCHjR! (64)

from cyclic secondary amines such as morpholine *?°, or from aromatic
aldehydes'?!, react in the same way. The amino-ether grouping may
also be incorporated in a cyclic structure, in which case the reaction
gives rise to a hydroxy amine (reaction 65) 122,

MeCH-—CHMgB
O/\L L MeCH==CHCHPhNMeCH,CH,OH (65)
)_NME
Ph
a-Dialkylaminoalkyl cyanides react in a similar way to yield ter-
tiary amines!?3, although various complications have been ob-
served 124: 125 The reaction has, however, continued to find application
and has been used for the synthesis of triisopropylamine (reaction
66) 126, Incidental examples of the reaction are also provided by

i-PryNCHMeCN MeMeCl i pr N (66)

displacement of angular cyano groups in the quinolizidine and
octahydropyrrocoline series (reaction 67) 127,

CN Me

_—
l\/N N

A few tertiary amines have been prepared from N,N-dialkyl-
formamides by reaction with an excess of Grignard reagent, though
yields are frequently not high (reaction 68) 18,

(i-Pr)aNCHO ??U‘_:;? (i-Pr)aNCH(n-Bu)g (68)
V1. INTRODUCTION OF AMINO GROUPS BY ADDITION
TO CARBON-CARBON DOUBLE BONDS
A. Nucleophilic Addition of Ammonia and Amines to Carbon—
Carbon Double Bonds
Olefins are normally susceptible to attack by electrophiles rather
than nucleophiles, and the addition of ammonia or amino compounds
to carbon—carbon double bonds is only expected to occur readily in
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cases where the double bond bears one or more electron-attracting
substituents. Typical activating substituents12® are —CN, —COOR,
—COR, —NO,;, —SO.R. The general mechanistic features of this
type of reaction have been discussed in an earlier volume of this
series 3%, and only problems pertinent to amination reactions will be

discussed here. :
These addition reactions may be typified by equation (69) where Y
ReNH + CH;=CHY ——— R,NCH,CH,Y (69)

is an activating substituent. Reaction often occurs at normal or ele-
vated temperatures without added catalysts, though catalysis is
desirable and often necessary for efficient reaction between aromatic
amines and, e,B-unsaturated esters and nitriles, for example. Typical
catalysts are acetic acid*®!, and various metallic compounds such as
stannic chloride’®2 or cupric acetate?. Catalysis by bases (sodium
ethoxide, benzyltrimethylammonium hydroxide) is also employed,
particularly in reactions of amines with «,8-unsaturated nitriles 131 134,
In addition reactions involving ammonia, it is sometimes difficult
to obtain solely the desired product. The problem is well illustrated by
McElvain and Stork’s synthesis of guvacine3%, by way of the am-
monia-ethyl acrylate reaction, which proceeds by reactions (70), (71)
and (72). The optimum yield of the secondary amine, required for
CHy=CHCO,Et

NH,4 NH,CH;CH,CO,Et (70)
CHga=CHCO4Et

NH3CHaCH3COgEt m———> NH(CH,CH,CO,Et), (71)
CHy=CHCO,Et

NH(CH3CH,CO.Et); ——————= N(CH,CH,CO,Et), (72)

benzoylation, was about 449, (obtained using a 5:1 molar ratio of
ammonia to ethyl acrylate), but the tertiary amine was formed in
comparable amount (47%,). The reversibility of the individual steps,
however, allowed conversion of the tertiary amino compound to
N, N-di(B-carbethoxyethyl)benzamide by thermal decomposition in
the presence of benzoyl chloride.

Ammonia and acrylonitrile react similarly to give the corresponding
primary, secondary and, to a lesser extent, tertiary amine 13!, Methyl-
amine and ethyl acrylate give a mixture of the corresponding second-
ary and tertiary amines3¢, or almost exclusively the tertiary amine 137,
according to conditions. Methylamine and acrylonitrile, however,
give mainly the corresponding secondary or tertiary amine 3!, again
depending on conditions. In this situation, it is customary to control
the reaction as far as possible by adjusting the temperature and
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proportions of the reactants. With aromaticf amines.138 and higher
primary n-alkylamines the problems of selective reaction become less
acute and it is usually possible to obtain principally the secondary or
tertiary amino compound as desired 136-1%°, .

Secondary amines react with acrylonitrile and with eth)fl acrylate
to give the tertiary amino compounds. Piperidine, morpholine and to
a lesser extent diethylamine react readily enough but the rates of
these reactions drop with increasing size and branchiqg of alkyl
groups, and may fail with highly branched alkyl amines w}}ere
branching occurs near the nitrogen atom 93" 14%, These are reactions
in which base catalysis is frequently employed '*!. Appropriate ?c1d1c
conditions (with copper catalysis) have been used for the reaction of
diphenylamine with acrylonitrile 4.

Attachment of an alkyl group to the double bond, either e- or g- to
the activating substituent, may result in a decrease in reactivity of' the
unsaturated compound, but also in greater selectivity of reaction.
Thus methylamine and methyl methacrylate interact to give the
corresponding secondary amino compound (1:1 ad.duct) in very
good yield (reaction 73) 142, Esters of crotonic acid and its homologues

MeNH; + CH,=—CMeCO,Me —— MeNHCH,CHMeCO;Me (73)
give similar 1:1 adducts with ammonia, and primary and secondary
amines (reaction 74)!43, Interestingly, ammonia and ethyl y-tri-

EtCH=CHCO.Et + NHMe; ———> EtCH(NMe,)CH,CO4Et (74)
fluorocrotonate give f-amino-y,y,y-trifluorobutyramide, the ind1.1ctive
effect of one —CF; group being insufficient to reverse the d1rect10n. of
addition (reaction 75)4¢%; two B-CFj groups are however effective
in this respect (reaction 76)144®. Esters of cinnamic acid react slug-

CFsCH=CHCO,Et + NH; — CF;CH(NHZ)CH;CONH, (75)
\ (CF3)sC=CHCO,H + NHz —> (CF3)yCHCH(NH,)CO;H (76)
gishly with amines to give indifferent yields of the corresponding
B-amino-B-phenylpropionic esters4®. .

Ammonia and amines add readily to the double bond in «,f-

unsaturated ketones (reaction 77) %8 and nitro compounds. (reacftion
78) 147, catalysis being usually unnecessary even for aromatic amines.
PhCH=CHCOMe Zeeridine, Ph(l:HCH2COMe -
NCsH10
PhCH=CHNO, —" 5 PhCHCHNO,

| (78)
NHPh
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The activating effect of a nitro group is even sufficient to promote
amine addition when transmitted through a benzene ring. Thus
primary and secondary amines add to o- and p-nitrostyrenes to give
1:1 adducts (reaction 79) ™8, though yields decrease with increasing
size of alkyl groups in the amine. Similar considerations apply to the

CH=CH, CH,CH,NEt,

NHEt,
— (79)
NO., NO,

direct addition of amines to &- and y-vinylpyridines (reaction 80) 1492,

CH=CH2 CHchzNMez

NHMe, (80)
Q =0

Styrene itself can be aminated in the presence of sodium, but the
reaction here probably involves addition of the highly nucleophilic
amide ion 129150,

A few instances have been noted of allylic compounds bearing an
electron-attracting substituent undergoing addition reactions with
amines. These cases appear to involve shift of the double bond from
the B,y- to the «,-position prior to reaction. For example, benzyl
allyl sulphone and piperidine react to give benzyl g-piperidinopropyl
sulphone (reaction 81)!51. Allyl cyanide similarly reacts with am-

PhCH,50,CH,CH=CH, — 5 PhCH,SO,CH;CH(CHa)NCsHyo (81)

monia and amines at elevated temperatures to give adducts derived
from crotononitrile (reaction 82) 152,

CH=CHCH,CN NHE' . cp CH(NEt)CH,CN 82)

Transamination reactions are occasionally used as an adjunct to
the addition reactions described in this section. Aniline and S-di-
ethylaminopropionitrile (as hydrochloride) undergo amine exchange
at 140-150° to give B-anilinopropionitrile (reaction 83)153, These

+
PhNH, + Et;NHCH,CH,CN ——— PhNHCH,CH,CN + Etzl:le (83)

reactions may proceed in some cases by an elimination-addition
mechanism, i.e. via acrylonitrile, but Cymerman-Craig and co-
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workers have adduced evidence for a substitution mechanism?%%. In
another context, the B-cyanoethyl group may be seen as a potential
blocking group for —NH, as in recently reported syntheses of glycyl-
glycine and other simple peptides'®®; removal of the blocking group
may be effected using 10%, ammonium hydroxide (reaction 84).

107, NH,OH
reflux

RN(CH3CH,CN), RNH, (84)

B. Routes to Amines Involving Electrophilic Additions to Carbon—
Carbon Double Bonds

A number of routes to amino compounds take advantage of the
normal susceptibility of olefins to attack by electrophiles. In general
these reactions do not lead directly to amines, but rather to com-
pounds which can be transformed to amines by subsequent reactions.
A notable exception is provided by the reaction of dialkylchloro-
amines with terminal olefins in acidic media (reaction 85)!%¢. The

Et;NCl + CH;—CHR —* 5 Et,NCH,CHCIR (85)

process involves addition of an aminium ion-radical, e.g. ("NHEt,)*
to the double bond followed by chain transfer. With the higher
dialkylchloroamines, pyrrolidine formation (cf. section II.A) takes
precedence over addition to the olefin (though not in the case of
butadiene). Chlorination of the olefin is another possible complicating
reaction. Nonetheless, yields of the 1:1 adduct are of the order
30-60%, where the reaction is applicable.

a-Piperidyl radicals, generated from piperidine and benzoyl
peroxide, also add to terminal olefins to give the alkylpiperidine!®7,
whilst addition of nitrogen dioxide to olefins gives products which
are reducible to amino compounds?®8,

Further examples of the Ritter reaction2-"® (cf. section IV.B) are
provided by the many substituted olefins that may be protonated to
give carbonium ions which can be intercepted by hydrogen cyanide or
organic nitriles; cyanogen chloride can also be used as intercepting
species®®, but offers no advantages. Mixtures of the two possible
amides, and hence amines, are to be expected from non-terminal
alkenes and from such olefinic compounds as oleic acid 18°,

Olefins may also be converted to amines with yields of up to 60%,,
by hydroboration and subsequent reaction of the organoborane with
chloroamine in alkaline solution or preferably with hydroxylamine-O-
sulphonic acid in diglyme (reaction 86) 161, The reaction is applicable

J/
RCH—CH, -B2Hey. RCH,CH,—B ——3 RCH,CH.NH, (86)
AN
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to hindered olefins and is stereospecific, the boron being replaced by
the NH, group with retention of configuration.

Vil. REDUCTIVE METHODS FOR THE PREPARATION
OF AMINES

A comprehensive review is available covering a large number of
known reductive methods for the production of amines?82, In prin-
ciple, compounds containing an alkyl or aryl group linked to a nitro-
gen functional group at a higher oxidation level than —NHS,, or those
containing an amino group directly linked to a carbon atom at a
higher oxidation level than alkyl, or again compounds containing
carbon-nitrogen multiple bonds, may all be reducible to amines.
Within the first group, reduction of nitro compounds is by far the
most important, though principally in the aromatic series. Aliphatic
nitro compounds may be reduced to the corresponding primary
amines by catalytic hydrogenation62-16¢ or by chemical means.
Favoured chemical methods include reduction by iron and hydro-
chloric acid (with optional catalysis by ferric chloride 163) or by
lithium aluminium hydride®. With the latter reagent, ring enlarge-
ment has been noted with some tertiary cyclic nitroalkanes (reac-
tion 87)8, Lithium aluminium hydride has also been extensively

Me
Me NO, Me NH,
—_ +

used for the reduction of B-nitrostyrenes to the important B-phenyl-
ethylamines (reaction 88) 195, The utility of these reductions is limited

ArCH=CHNO, L2 5 ArCH,CH,NH, (88)

by the availability of the nitro compounds, and many applications
depend on the use of condensation reactions involving simple nitro-
alkanes to provide the required nitro compound 67,

Aromatic nitro compounds are a much more accessible class of
substances, and a wide choice of methods exists for their reduction to
amines. The choice of reducing agents includes (i) a variety of metals,
usually employed in acidic or faintly acidic media, (i) metallic
compounds involving a low valency state of the metal, stannous
chloride being frequently used and (iii) anionic sulphur compounds
such as ammonium and sodium sulphides and polysulphides, and
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sodium hydrosulphite 62 Catalytic hy-drogenation .is z;.lso WIdiliZ
employed 1¢2. Lithium aluminium hydnc;e red.uces simp eda.g)m;.o

nitro compounds to the azo compoun‘d 165: sodium b0r0}.1y ride does
not affect nitro groups except in spec1al cases whersez; nitro gr(t))up 1;\
displaced or eliminated as nitrite ion (reaction 89)1%%. A number o

N02 NOZ
Cli
Cl Cl NagH, Cl (89)
OZN NOz NOZ
Cl

reductive procedures involving hydrogen transfer in. the presence ctl)f
palladium catalysts are known; hydrazine 169 and sodium b9r0hydr1 e
in neutral or acidified solutions”® have been used for. this purpose.

A number of these methods of reduction are pleasingly selegtwe
and may be employed with molecules containing other potentla.lclly
reducible groups; amongst the selective reagents are f(;rrous hydrox1d e
and, particularly for the partial reduction of polynitro compounds,
sodium and ammonium sulphides*%2. o

The substitution of a chlorine atom in the aromatic ring has been
noted during some reductions in which conc.entrated hydrochk-)rlc
acid is used; this presumably occurs by conversion of the intermediate
arylhydroxylamine to the N-chloroamine and 'thence by rearrange-
ment to the chloroaniline. A recent preparation of p-fluoroaniline
exploits this type of substitution (reaction 90) 171,

F

With aromatic compounds which are very r.eactive towards electro-
philes, it may be preferable to introduce a nitroso or arylazo group
rather than a nitro group; reduction to the amine can be effected in a
number of ways (reaction 91)162-172,

OH OH OH
N,C8H4SO{ Naz5,0,
NaOH
N NHg
I

NCgH 4SOsNa (91
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The reduction of hydrazine derivatives has not been widely ex-
ploited for the preparation of amines, but might be useful in certain
cases. Benzhydrazide can be alkylated on the terminal nitrogen atom;
hydrogenolysis then gives the amine (reaction 92) 173,

PhCONHNRR! — 5 PhCONNRR!Me — > PhCONH, + NRR!Me (92)

More widely used as a source of aliphatic and alicyclic amines is the
reduction of azides (reaction 93), many of which are available by

RNj + Hg ——> RNH, + N, (93)

stereospecific Sy2 azidolysis of various alkyl halides and toluene-p-
sulphonates. The reduction may be carried out catalytically under
very mild conditions'%2, or by use of lithium aluminium hydride!7
or diborane 175,

The principal compounds in the second group, i.e. those containing
an amino group linked to a carbon atom at a higher oxidation level
than alkyl, are the carboxylic amides. These are reducible by lithium
aluminium hydride to the corresponding amine; primary, secondary
and tertiary amides give respectively the primary, secondary and
tertiary amines'®. This method of reduction allows indirect intro-
duction of bridging amino groups in certain cyclic systems'™. There
is evidence that the reduction of primary amides involves the corres-
ponding nitrile as an intermediate in at least some cases?”. Amides,
especially tertiary amides, can also be reduced to the amine by means
of diborane (reaction 94) 178,

RCONR; ——> RCH,NR, (94)

Compounds containing carbon-nitrogen multiple bonds are also
potential sources of amines; these compounds include imines (Schiff’s
bases), oximes, hydrazones, azines and nitriles.

Imines can be reduced to amines by catalytic hydrogenation, or by
reduction with lithium aluminium hydride, sodium borohydride or
amine-borane complexes!?™. For many purposes, it is not necessary
to prepare the imine as the desired amine can, at least in principle, be
obtained by catalytic reduction of a mixture of the corresponding
carbonyl compound and precursoral amine (reaction 95)18, The

RaC=0 + RINH, === RyC(OH)NHR? z=== R,C=NR? — 5 R,CHNHR! (95)

amine R!NH, can even be replaced by compounds, e.g. nitro com-
pounds, which are reducible to the amine under the reaction con-
ditions '8%: 182, This reaction is termed reductive alkylation and suffers
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from the drawback that the amine formed may also (-:ondense V\{ith the
carbonyl compound and so undergo furthel: reductlvF alkylatlpn. In
practical applications of this method, unc.1e51red reactions of this type
can often be minimised by suitably adjusting the concentrations of the
carbonyl compound and the starting amine. A recent variant 1nvolyes
the reduction of a mixture of the carbonyl cgmpound and the amine
salt by sodium borohydride in aqueous solution %2,

Reductive alkylation of amines by carb.onyl co.mpou.nds.can also.be
effected by procedures in which formic acid agd its derivatives provide
the reducing system!#3, The particular combmathn of formaldehyde
and formic acid (Clarke-Eschweiler method) provides for the methyl-
ation of amines, usually to the tertiary stage (cf. ref. (_30) 183, th.e
Délepine method (cf. section IV.B) can be modiﬁ}ed to give a%kyldl-
methylamines by use of formic acid 184, These reactions are considered
to involve decarboxylation of the intermediate aminocarbinyl formate
(reaction 96) 188,

RyC=0 === R,C(NHRY)OH ——>

ReC(NHRH)OCH=0 ——» R;CHNHR! + CO, (96)

Oximes, hydrazones and azines are obtainable from ca_rbonyl com-
pounds and can be reduced to primary amines (sometimes z:g;:olr;-
panied by secondary amines) in various ways (reaction 97) 162 156,

RCH=NOH ——> RCH,NH, o7

Rearrangements have been noted in the reduction of some oximes
with lithium aluminium hydride87.

The catalytic reduction of nitriles is also frequgnt'ly employec} as a
route to primary amines (reaction 98) 162-188, This involves an imine

RC=N — RCH,NH, (98)

as an intermediate stage and may, as in the reductive alkylz-ition
procedures, lead to the primary amine together wi.th appref:lable
amounts of the secondary amine. For the preparation of primary
amines, it has become common practice to condqct hy-drogenatlon in
the presence of an excess of ammonia, or altema}UVCIy in the presence
of acetic anhydride, when the primary amide is prgduced..L'lthlur;i
aluminium hydride is also widely used for the reduction of nitriles 5.
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. INTRODUCTION

The wide distribution of amines in nature, their importance in industry
as raw materials, intermediates, and finished products, and their use
in the laboratory causes continuous interest in the analytical problems
connected with them. These will be focussed at two levels in the present
chapter; at the purely functional level attention will be paid to the
nitrogen atom and its immediate vicinity, and at the molecular level
the interactions between the amino group and the rest of the molecule
will be considered. The alternative approach, centered on the discussion
of the available methods, techniques, and instrumentation, is essential
when one has to carry out an actual analysis, and constitutes the main
part of the literature on the subject, in books and treatises on general
analysis, organic analysis, and organic chemistry, as well as in original
papers and reviews. Some outstanding titles are listed in references
1 to 16.
—N—
i |
1) (2)

This chapter will deal with compounds in which structures 1 or 2
appear at least once, where the nitrogen atoms are singly bonded to
carbon or hydrogen atoms, and furthermore, when these carbon
atoms are linked to hydrogen or carbon atoms. Thus structures such
as pyrrole (3), morpholine (4), and their salts will be considered,
whereas pyridine (5) and l-aminoethanol will be excluded, in spite
of the fact that many of the methods applied in analysing the former
compounds are useful for the latter too.

O O O

H
4) (5)

\N/ | .

¥ I—Z

Il. FEATURES OF THE GROUP

The amino group is endowed with a set of physical and chemical
properties which depend mainly on the possession of certain structural
elements. These do by no means belong to amines exclusively, but
they may be used for the partial or total solution of many analytical
problems.
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A. The Nitrogen Atom
1. Pyrolyses and other chemical methods

On strong heating, many nitrogen-containing organic compounds
yield hydrogen cyanide and a few yield cyanogen. Ammonia is evolved
from compounds such as urea, guanidine, and some of their derivatives.
Trimethylamine is released by compounds such as choline and
betaine®. If the pyrolysis is carried out in the presence of calcium
oxide the evolution of ammonia can be detected easily® 17,

The reductive pyrolysis of organic compounds in the presence of
metals leads to the formation of the metal cyanide, which can be
detected as Prussian blue (FeyFe(CN)g]s) or by the copper(u)
acetate-benzidine test!8. Several metals and salts have been recom-
mended for the fusion of the organic compound, e.g. potassium1¢-29,
sodium21:22, magnesium mixed with potassium carbonate?, zinc
mixed with potassium carbonate?$, and a mixture of dextrose with
sodium carbonate 25, When the compound contains sulphur the metal
thiocyanate is also produced, which can be detected by ferric
chloride 627,

Another type of reductive process is the combustion in hydrogen
atmosphere in the presence of a nickel catalyst, where at temperatures
over 1000° nitrogen is converted into ammonia and subsequently
determined?8-3%, A similar method adapted for ultramicroanalysis
has been proposed 3.

Nitrogen and hydrogen can be determined simultaneously by
burning in dry carbon dioxide in the presence of a copper—copper
oxide-silver catalyst, when water and nitrogen are liberated and
subsequently determined®?.

A very sensitive test for nitrogen consists of heating the sample in
admixture with manganese dioxide or other oxidants such as lead
dioxide, red lead oxide (PbzO,), cobalt(m) oxide, nickel(mr) oxide,
or manganese (1) oxide. Nitrous acid is evolved and can be detected
by the Griess reaction? 33,

Many determinations of nitrogen based on oxidative pyrolyses of
organic samples are variations, adaptations, and refinements of the
original Dumas method 34, consisting of burning the organic compound
in oxygen. Adaptations suited to ultramicroanalysis (nitrogen content
of the order of 1 pg) have been reported3®:36, The Dumas method
has been amply reviewed 13- 3037 38,

The Kjeldahl method3?:4° converts the bonded nitrogen into
ammonium bisulphate which is then determined as ammonia. Many
variations have been introduced in order to refine the method or
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adapt it to diverse types of organic materials. It was originally devised
to determine the nitrogen of amino or amido groups and it cannot
be used for other functions without due precautions or previous
treatment of the sample, and in certain cases it fails to render quantita-
tive results, for example when applied to compounds with partial
structure C—N-—N—C, probably because elementary nitrogen is
lost. Ultramicro scale determinations have been carried out by this
method** %2, Ample reviews and discussions can be found else-
where 15, 30, 43, 44'

Various classes of nitrogen-containing organic compounds were
found to give colour reactions with p-dimethylaminobenzaldehyde in
the presence of sulphuric acid in toluene solution %°.

2. Nitrogen by mass spectrometry

High-resolution  mass spectrometers are capable of recording m/e
values down to several decimal places, and the intensity of the peaks
with an accuracy of fractions of 1%,. This allows one to carry out ele-
gant, though by no means straightforward, determinations of the
elementary analysis and molecular weight of organic compounds.

The m/e value of the molecular ion—the ion resulting from losing
one electron of the original molecule—is equal to the molecular
mass M of the compound. It can be computed from equation (1),
where #; is the number of atoms of the nuclide with mass number
present in the molecule, and d, is the difference between the atomic
mass of the nuclide and its mass number. The fractional part of M
can be calculated from equation (2), where 7 is an arbitrarily large
positive integer. By finding the values of n, which best fit equations
(1) and (2), the elementary analysis, and therefore the nitrogen con-
tent of the compound, have in fact been determined. This can be
accomplished by trial and error or by computer. In Table 1 the
isotopes most frequently encountered in organic compounds are listed.

M =3 (i + dy) (1)

1

Fractional part of M = Fractional part of [I + Z n, d,] )
i

An alternative approach correlates the natural abundance of the
isotopes (see Table 1) with the relative intensities of the peaks at
M, M+ 1, M + 2, etc. In order to illustrate the method consider a
molecule with n carbon atoms with molecular ion of mass . The
intensity of the peak at A + 1 will be close to (n x 1-1)%, of the

44+ c.AG.
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TasLE 1. Naturally occurring isotopes frequently encountered in organic
compounds®.
Mass Atomic Natural
Element number? mass® Difference ¢ abundance (%,)
Hydrogen 1 1-007825 0-007825 99-985
2 2:01410 0-01410 0-015
Carbon 12 12-00000 0-00000 98-89
13 13-00335 0-00335 1-11
Nitrogen 14 14-00307 0-00307 99-63
15 15-00011 0-00011 0-37
Oxygen 16 15-99491 —0-00509 99-759
17 16-99914 —0-00086 0-037
18 17-99916 —0-00084 0-204
Fluorine 19 18-99840 —0-00160 100
Phosphorus 31 30-97376 —0-02624 100
Sulphur 32 31-97207 —0-02793 95-0
33 32-97146 ~0-02854 0-76
34 33-96786 —0-03214 4-22
36 35-96709 —0-03291 0-014
Chlorine 35 34-96885 —0-03115 75-53
37 36-96590 —0-03410 24-47
Bromine 79 789183 —0-0817 50-54
81 80-9163 —0-0837 49-46
Iodine 127 126-9044 —0-0956 100

% From reference 46.

% { in equation (1). ,

¢ Based on the arbitrarily assigned atomic mass of 12:00000 to the nuclide 12C, in the physical
scale.

4 d; in equation (1).

intensity of the peak at M, because for every carbon atom in the
molecule there is a probability of 1-1%, of it being *3C. The contribu-
tion of H to the M + 1 peak is much smaller because of the low
natural abundance of this isotope, however °N and other nuclides
may have a noticeable effect, especially when more than one atom
of these elements is present in the molecule. For compounds of high
molecular weight, containing many carbon atoms, statistical considera-
tions have to be made in order to calculate the M to A + 1 intensity
ratio. The M + 2 peak can be used in the same way relative to the
M + 1 peak. By comparing the calculated and experimental values
of these ratios the elementary composition of the molecular ion can
be found.

The amino group is a source of instability in the molecular ion
which may cause its rearrangement before reaching the collector of
the mass spectrometer. If such rearrangements involve splitting of all
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the molecular ions into two particles neither the molecular weight
nor the elementary analysis will be accessible by mass spectrometry.
This splitting will occur less frequently in cyclic compounds, where
the bond rearrangements will not cause fragmentation of the molecule.

The molecular ions of amines frequently abstract a hydrogen atom
from a neutral species thus acquiring stability. This will make the
molecular peak appear at A + 1. Such processes can be detected by
studying the relative intensities of many peaks in the spectrum, as
the relative intensities of peaks resulting from hydrogen abstraction
will be pressure-dependent, as their corresponding ions result from
bimolecular processes*”-51.

The application of mass spectrometry in the determination of
molecular weights has been reviewed*7-%8-52-5¢ and tables for the
elementary analysis of compounds containing G, H, N, and O,
according to both mass spectrometry methods previously described,
have been compiled %.

3. Nuclear activation

Activation analysis is a method that in some cases allows one to
determine small amounts of nitrogen, of the order of 1 pg or less. It
consists of irradiating the sample in a suitable generator of particles
or rays, most frequently in a nuclear reactor, and measuring the decay
of the new radioactive nuclides produced. The radioactivity 4
induced in such a manner can be calculated from equation (3), where N
is the number of target atoms, ¢ the cross section of the reaction,
@ the irradiation flux, ¢ the irradiation time, and A the decay con-
stant of the new nuclide °®.

A = No®(l — e~¥) 3)

In a nuclear activation reaction the following factors have to be
considered besides the variables of equation (3): threshold energy,
mode of decay of the product, interference by other elements present
in the sample yielding the same products as the element investigated,
or products with overlapping decay spectra, etc. For example in the
determination of compound 6 the 1*N(n, 27)!3N reaction was used®”.

O=P(CH,CH,NH,),
(8)
This is a ‘fast neutrons’ reaction, with threshold energy of 10-5 Mev,

and is applicable only if sufficient high-energy neutrons are available.
The other two neutron reactions which could be possibly used,
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namely *N(n, p)**C and 5N(n, y) 18N, are not very useful in this
case because of their low yields: with the former ¢C has a very low
decay constant A, resulting in a low saturation factor, which is the
expression enclosed in brackets in equation (3), whereas with the
latter reaction the natural abundance (see Table 1) which is directly
related to N, and the thermal neutron cross section o of °N, are
small 58%,

In Table 2 nuclear reactions are listed in which nitrogen is con-
verted into a radioactive nuclide.

TasLe 2. Nuclear activation reactions of nitrogen.

Half-life of

Reaction® ¢ product? Possible interferences® b ¢

1N(n, p)*C 5770 years  7O(n, )**C and 13C(n, y)!4C

14N(n, 2n)®N 100 min  3C(p, n)'°N and 180(p, e)*N

14N (y, n)13N 100 min  2C(p, n)'®N and *$O(p, )N

15N(d, n)150 203 min  '0(d, dn)150, *N(p, )1°0,
and 15N(p, n)150

14N(p, )10 2:03 min  180(p, pn)160

15N(p, n)150 2:03 min  180(p, pn)t°O
LN (p, @)11C 20-5 min
15N(n, y)1N 7-35 sec

4 From references 58 and 59.

5 In a reaction X(a, §)Y, nuclide X irradiated with a releases 4 yielding nuclide Y.
¢ n-neutron, p-proton, y—y-ray, d-deuterium nucleus, e-a-particle.

9 From reference 46.

B. The Free Electron Pair

The fact that in amines the nitrogen atom has two free electrons
readily available for reaction is the basis of a large number of detection
and determination methods. Furthermore, in many cases in which
the products are apparently the result of a reaction with N—H
groups, the presence of the free electron pair is essential for the
reaction to take place. The latter cases however will be treated in
section II.C together with other properties of the N—H moiety.

Table 3 summarises the various ways in which the free electron
pair (p electrons) of amines can react with other compounds or func-

* The nuclides 2H, 12C, 13C, 4N, '®N, 180, 170, and !®0 can be determined
after proton or deuteron activation, in gaseous samples, at pressures of a few mm
Hg, by neutron time of flight spectroscopy®!?. In the case of nitogen the reactions
are 1¥N(d,n) 180 and 5N( p,n)150.
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tions. Types 1 and 2 of this table can be considered to differ from one
another in the degree of coordination of the p electrons with a proton,
types 2 to 7 are distinguished by the nature of the electron acceptor,
and type 8 is a contribution (hypothetical or actual) to the structure
of amines where the amino group is attached to an unsaturated system.
It should be noticed that the molecule tends to be planar at the nitro-
gen site in type 8, in contrast with the nearly tetrahedral geometry in
the remaining seven types.

Tasre 3. Coordination of the p electrons of amines.

Type of coordination Section in which considered
1. Hydrogen bonding IL.E, IV.C.4
2. Ammonium salts of protonic acids I1.B.1
3. Ammonium compounds with Lewis acids 11.B.2, IV.C4
4. Complexes with metallic ions 1I.B.3, IV.C.2
5. Quaternary ammonium compounds 11.B.4, II1
6. Amine oxides
7. Complexes with 7 acids II.B.1.b
8. Electron transfers in unsaturated molecules IV.B

A further way in which the free electrons may react is by losing
only one of them, thus yielding a radical-cation, for example by
electron impact in a mass spectrometer, where reaction (4) probably
takes place (see also sections II.A.2 and IV.A.2).

>N:+e—->>N°++Ze 4)

1. Reaction with protonic acids

a. Basicity tests. Amines are weak bases capable of reacting with
acids. Several methods of detecting this reaction have been proposed.
The simplest is the solubility test of a sample in dilute mineral acid,
used in qualitative organic analysis® 18, In another test the sample is
dissolved in hydrochloric acid, evaporated to dryness, the residue
redissolved, and the solution tested for chloride with silver nitrate®.
Some basicity tests make use of equilibria involving the formation of
coloured precipitates, such as the complex of dimethylglyoxime (7)
with nickel(m1) ions®°, or 8-hydroxyquinoline (8) with zinc ions®. If
in equations (5) and (6) the concentration of protons is adjusted to a
value at which the solubility product of the metal complex is nearly
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reached, then the addition of a base will lower the proton concen-
tration and enhance the complex concentration thus causing its
precipitation.

Ni2* + 2XH —= NiXg + 2H* (XH =1) (5)
Zn?* 4 2XH ==—= ZnX; + 2H* (XH = 8) (6)
CH3C|..—_.NOH Q
HyC—
CHyg NOH N
OH
Y] (8)

Many aliphatic amines have pK, values in the range of 9 to 11,
and aromatic ones in the range of 4 to 5. Accordingly, an aqueous
solution buffered at pH 5-5 will dissolve alkylamines but not aryl-
amines 2,

b. Precipitation of salts. Amines are lipophilic substances, especially
when no acidic groups are present in the same molecule, and there-
fore they will dissolve in organic solvents such as chloroform, ether,
benzene, etc., whereas their water solubility is small, except for a
few with low molecular weight3. On the other hand, ammonium
salts are lipophobic owing to their ionic character. These properties
can be applied to the separation of amines from other organic mate-
rials dissolved in solvents of low polarity. Precipitation by acids from
these solutions, according to equation (7), has been applied qualita-
tively and quantitatively. The extraction of ion pairs by organic
solvents is sometimes possible owing to the hydrophobic character of
the radicals attached to the ammonium moiety 4.

RIR2R3N + HX —= RIRZR3NH*X~ )
(R%, R?, R® = H, alkyl, aryl)

A great variety of salts derived from amines have been used for
analytical purposes, a partial list of which appears in Table 4. It
should be noticed that the nitro compounds listed in this table are
both protonic and 7 acids, and therefore their derivatives may be
ammonium salts, or under certain circumstances 7 complexes. With
the commercial availability of reagent 18, the preparation of tetra-
phenylborates has become an important method for the determination
of organic bases®5.

¢. Aqueous titrations. Amines in aqueous solution interact with water
yielding two formal species: a hydrate in which water is hydrogen
bonded to the nitrogen atom, and an ammonium ion. The former can

Amine. Mlz. HI
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Tasre 4. Salts derived from amines and used for analysis®.

Halides®s

Perchlorates®®

Antimony(ur) iodide complexes (9, 10, M = Sb)
Bismuth () iodide complexes (9, 10, M = Bi)®8.98
Chloroaurates®®

Metaphosphates7°

Phosphomolybdates™

Phosphotungstates71» 72

Silicotungstates 717
Fluorosilicates ™
Reinecke salts (11) 7879
Chloroplatinates®® 7®

Oxalates®>

Imidazole-4,5-dicarboxylates (12)8°
3,5-Dinitrobenzoates 8!
2,4-Dinitrobenzoates8?
3,5-Dinitro-o-toluates 83
3,5-Dinitro-p-toluates®*

Picrates (18)95-79.85,86

Picrolonates (14)79-87-89

Flavianates (15)%°

Styphnates (16)7°:91
2-Nitro-1,3-diketohydrindene salts (17) %2
Tetraphenylborates (18) 799397

2 Formulae 11 to 18 belong to the reagents.

2 Amine.Mlg. HI

9) (10) (11)
OH

66, 87

3-76

o
COH  NO, No, CHeTT=N
| N NO;,
CO,H NO2——-J:—LQH

NO,
(13) (14)

NO, SOH  NO, NO;,
OH

CH
L,

NOg ! h“)z
(15) (16)

Na*B(CgHs) "4

o (17 (18)

NH,[Cr(NHz3)2(SCN)4]

89
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be considered as the most abundant species when amines are dis-
solved in water8-1°0, whereas the latter is the result of the acid—base
dissociation of the former according to equation (8).

>N----H—OH — >rtj—-H + OH- (8)
J /

The equilibrium favours the undissociated form on the left hand
side of equation (8), but it can be displaced to the right by addition
of a strong acid which will react with the hydroxide ions. Titrations
with standard mineral acids can be carried out easily in aqueous
solution when the amine has pK, > 9, while for lower values it is
difficult to distinguish the end-point. By adding neutral salts to the
solution, the potentiometric break is enhanced, allowing better
detection of the end-point101-102,

The low solubility of most amines in water is usually corrected by
adding organic solvents such as ethanol, methanol, or dioxane.
Another potential source of error arises from the possibility of associa-
tion in solution, for example if the ammonium ion and a neutral
amine molecule become associated the potentiometric break will be
produced before the equivalent amount of acid has been added, as
was found to be the case with aminophenols!°2.

Amino acids in the zwitterion form %4195 can be titrated with
mineral acids only if the acid moiety is a weak acid such as a carboxyl
group, as in equation (9), which is a special case of titration of am-
monium salts of weak acids.

NHg* ~ COz~ + H* ——= NHy* ~ CO,H ©)

Aqueous titrations of amines are amply discussed elsewhere 14-15:37,

d. Nonaqueous titrations. Three main purposes may be served by
carrying out titrations in nonaqueous solvents: increased solubility,
change of the pH scale, and resolution of mixtures. The prediction of a
potentiometric titration curve in an arbitrary solvent is a difficult task,
in which many factors intervene, such as dielectric constant, definition
of acid and base in relation to the solvent, electrodes, actual structure
of conjugate acids and bases, etc. Acetic acid, sulphuric acid, acetonit-
rile, and alcohol-water mixtures have been extensively studied and
were reviewed elsewhere 16, Some solvents will be treated here briefly:

Acetic acid. Bases with pK, > 2 can be titrated in anhydrous acetic
acid 1°7, where they show a good potentiometric break. On the other
hand, in this solvent bases become distinguishable only if their pK,
values differ widely, and it is therefore not recommended for the
determination of mixtures in which concentrations of the various
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components are required°®. Standardised perchloric acid in anhy-
drous acetic acid is the titrant most frequently used. Very weak bases
such as diphenylamine were titrated with this solvent-titrant system
by differential thermometry%. It should be noted that approxi-
mately 0-6%, of water is contained in a 0-1n perchloric acid solution
prepared from commercially available reagents, and if strictly an-
hydrous conditions are required, it can be removed by treatment
with the required amount of acetic anhydride1°,

Acetic anhydride. This is also an excellent solvent for titrating organic
bases, giving good end-points when they have pK, > 0-5'%7, although
acetylation may occur to some extent in certain cases. Standard
perchloric acid7-111:112 or fluorosulphuric acid!!® in acetic an-
hydride have been used as titrants. Mixtures of acetic acid with acetic
anhydride were also proposed as solvents for the titration of
amines 107,114, 115.

Acetonitrile is a solvent in which excellent end-points and resolution
of mixtures can be attained !4 116117 Tt has, however, the disadvantage
of enabling the€ titration of many amides which may be mixed with
amines in the sample. Perchloric acid is usually the titrant. Hydrogen
bromide was used for thermometric titrations of amines in this
solvent 118,

Nitromethane has properties similar to those of acetonitrile*19-12,

Dioxan gives good end-points. It can be used for titrating bases such
as pyridine, but titrations of aniline were not satisfactory in this
solvent. The titrant is perchloric acid 22,

Glycols give good resolution in the titration of amines with close
pK, values123-12¢,

Many other solvents have been used for the determination of pure
and mixed amines. The subject is amply reviewed and discussed
CISCWhCrC 14,15, 37, 125—128.

2. Reaction with Lewis acids

A limited application of Lewis acids has been made in analyses of
amines; boron trifluoride!??, titanium tetrachloride, and tin tetra-
chloride 139 were used to titrate heterocyclic bases in aprotic solvents.
Other applications connected with steric effects in amines will be
discussed in section IV.C.4.

3. Complexes with metal ions

Amines can coordinate their free electron pair into empty orbitals

of some metal ions, much in the same way as ammonia does in inorganic
4%
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complexes. This has found some application in the detection and
determination of amines although the scope of each reaction is limited
by factors such as the type of amine analysed and interferences from
other classes of compounds.

Aqueous solutions of copper (i) salts give a green to blue colour or
precipitate in the presence of water-soluble amines?®, In organic
solvents, and preferably in the absence of water, aliphatic amines
form a complex with excess of copper(i) chloride. Although the
structure of this complex is unknown, it has composition 2CuCl,.amine,
becoming therefore useful for quantitative analysis!3!, Amino acids
yield complexes with the same salts, which are stabilised by a chelate
structure 19. After isolation of the complex, it can be analysed for its
copper content gravimetrically 132133 or colourimetrically133-135,

O=C—0  NH,—CHR
AN
L Cu/
VRN
RCH—NH, O0—C=0
(19)

Ferric complex ions have been used for very sensitive tests of
detection and identification of certain classes of amines. Green to
blue complexes are formed by the reaction of primary aromatic
amines with sodium pentacyanoaquoferriate, as in equation (10) 2136,

Nag[Fe(CN)sHz0] + CeHsNH, — > Nay[Fe(CN)sCoHsNHz] + H,O  (10)

When a secondary amine is treated with sodium nitroprusside
(Nay[Fe(CN)sNQ]) in the presence of acetaldehyde, acetone, pyruvic
acid, etc., blue to violet compounds of unknown structure are ob-
tained ®- '37-138, This is the so-called Rimini test3%. A colourimetric
method for determining secondary amines is based on this reaction 14,

In the absence of oxidants, cobalt(u) nitrate in a basic medium
yields deeply coloured complexes with certain classes of amines, such
as histamine (20), which can thus be determined colourimetrically.
The formation of such complexes does not seem to depend on the
presence of the imidazole (21) partial structure, although 21 itself
yields a violet precipitate*: 141,

N[TCHZCHZNHZ Nlj
N N

i |
H H
(20) (21)
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Copper and cobalt complexes of amino acids have found'applicg-
tions in the solution of stereochemical problems, as mentioned in

section IV.C.2.

4, Quaternisation

Amines react with alkyl halides or certain esters attaining a higher
degree of alkylation. Primary and secondary amines give, usually,
mixtures of amines and ammonium salts while tertiary amines under-
go a one-step reaction (equation 11), the product of which is relatively
easy to separate and purify. Some reagents which raise the ngI:CC of
substitution by one only, are treated in section II1.C.3, and similarly
sultones react according to equation (12), the best results being

obtained with primary amines*2,
RIRZR3N + R*X ———» RIRZRIREN*X- (11)
CH,CHaCH, +
RNH, +(g | —— RNH;CH;CHCH,S05~ (12)
———S50,

Quaternisation reactions can be carried out with alkyl halides such
as methyl iodide43-144  and esters of strong acids such as methyl
2,4-dinitrobenzenesulphonate'#®, methyl p-toluenesulphonate 4,
methyl picrate (O-methyl derivative of 13) 147, and methyl sulphate®,
The reaction can take place with or without solvent and at tempera-
tures ranging from room temperature up to that of reflux 79 143-145_ If
the quaternary salt is obtained quantitatively it can be filtered off
and weighed, or otherwise determined according to section III.

Some amines in chloroform solution vyield the corresponding
N-(dichloromethyl)ammonium chloride#®. This reaction may lea-d
to abnormal products, as is the case with 22, from which 23 is
derived 15°.

cl
HaC G«b/ﬁ
N N
HO HO——\)
(22) (23)

For heterocyclic bases a method of determination was proposed
based on quaternisation with ethyl iodide or methyl sulphate, followed
by treatment with basic potassium permanganate. Volatile amines
are thus formed which can be collected in standardised mineral acid
and back titrated 148,



94 Jacob Zabicky

Certain complex structures yield with alkylating reagents atypical
products, for example acronycidine (24) on treatment with ethyl
iodide yields the N-ethyl analogue of isoacronycidine (23)!5!. More
complex results were reported for the action of the same reagent on
the similar compound dictamnine (34) 15! (section II.C.2.b).

CHO OCH,
CH3O O I
3 N 0O |
CH3O CH3O CaHs
(24) (25)

A method based on quaternisation was proposed for the detection of
B-hydroxyethylamines®: 152, which can be possibly extended to other
B-substituted ethylamines. It consists of heating the amine with sodium
chloroacetate. A betaine is first formed (equation 13), which decom-
poses on further heating, yielding acetaldehyde (equation 14). The
latter can be detected with a morpholine-sodium nitroprusside
solution (compare with the Rimini test in section II.B.3).

.
RyNCH,CH,OH
RyNCH;CH,OH + CICH,CO,Na —» +NaCl  (19)
H,CO,-
.
RyNCH,CH,OH .
——» RyNHCH,CO,~ + CHLCHO (14)
HaCO4~

5. Some oxidation methods

Oxidations of amines usually yield degradation products, some of
which provide indirect evidence for the presence of different types of
amines.

A solution of potassium dichromate in sulphuric acid has been used
for the detection of classes of amines according to the colour changes
observed %3, and in thin-layer chromatography for the identification
of arylamines!®%. Ceric sulphate in sulphuric acid can be used for
spotting alkaloids and probably other bases in thin-layer chromato-
graphy %8, A standard solution of ceric sulphate was used for deter-
mining p-methylaminophenol 156,

Lead dioxide in dilute acetic acid or alcohol reacts with aromatic
amines giving characteristic colours!®”. The same oxide dissolved in
phosphoric acid can be used for colourimetric determination of aro-
matic amines %8,
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The following oxidants were reported to give colour reactions with
aromatic amines, which may be used for identification purposes under
controlled conditions: chloric acid!%®, ammonium persulphate-silver
nitrate18%, benzoyl peroxide!8l, and sodium hypochlorite 2. Amines
with partial structures 26 and 27, where R, R? = H, alkyl, give the
haloform reaction with hypochlorites in basic media 142,

—CH,
~—CH,CH,;NR?R? CHNRIR?
(26) 4'3
@7

N-Todosuccinimide with primary and tertiary amines yields stable
brown solutions whereas with secondary amines the colour fades in a
few minutes; N-bromosuccinimide yields orange precipitates with
tertiary amines® 6% and gives colour reactions which may be of
aid in the classification of other types of amines?¢®.

6. Spectral properties of the electron pair

a. Electronic spectrum. The p electrons of amines have an absorption
band at the fringes of the far ultraviolet region, due to a transition from
a p orbital to an antibonding ¢ orbital of nitrogen. Thus trimethyl-
amine 1% and piperidine (28)187 have a band at 200 my, emayx 4000.
It has been suggested16® that this band can be used to distinguish
primary, secondary, and tertiary amines, but this region is frequently
obscured by other chromophores and is therefore rather difficult to
interpret in more complicated cases®®. A band at ~214 my, shows
that the amino group is not attached to an unsaturated carbon atom,
as otherwise the band is displaced towards longer wavelengths*®®.
Further spectral properties associated with transitions of the p elec-
trons of amines are discussed in section IV, in connection with
molecular structure.

b. Vibrational spectrum. Bands in the 2800 cm ~* region are associated
with the p electrons of certain amines, because they disappear on
coordination of these electrons!™. Some of the structures in which
these bands arise are the following: N-methyl and N, N-dimethyl (not
in N-ethyl) with medium to strong bands?"*1"4, in cyclic compounds
when two or more adjacent C—H groups are trans to the electron pair
as in 10-methyl-trans-quinozilidine (29), with a group of small
bands!”8, and in other compounds such as di- and triethylamine,
piperidine (28), N-ethylpiperidine, morpholine (4), etc., with a group
of small bands?'78.
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H CHs H
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29)

The N-methyl bands may be of aid in the further characterisation of
the molecule'”? as they appear at 2810-2820 cm~! in aromatic
amines and at 2780-2805 cm ™! in aliphatic or alicyclic amines. A
dimethylamino group attached to an aromatic system has a band
near 2800 cm~!, and when attached to an aliphatic or alicyclic
system it has two bands, a strong one at 2765-2775 cm ™! and the
second one at 28102825 cm 1,

C. The N—H Bond

Among the most important reactions of ammonia and of amines are
ammonolyses and condensations. Both start with an attack of the
p electrons on an electrophilic centre, followed by the loss of one or
two protons, and other transformations depending on the electro-
phile. These reactions are the basis of many analytical methods for
amines. Other methods are based on the instability of the bond, on
its ability to form hydrogen bonds, and on its distinctive vibrational
and nuclear magnetic resonance spectra.

l. Active hydrogen

The N—H partial structure confers upon primary and secondary
amines a set of properties which can be connected mainly with two
phenomena: active hydrogen and hydrogen bonding. Both are inter-
related, although the methods of determining the former are usually
‘chemical’, while the latter is investigated mainly through physical
properties as shown in section IL.E.

Contrasting with the high thermochemical stability of the N—H
bond (bond energies at 0°k, in kcal/mole: C—H 98-2, C—N 78,
N—H 92-2177) it is most unstable kinetically, and is capable of under-
going extremely fast proton interchange reactions in protonic solvents
such as water or alcohols "8, and even in the gas phase this interchange
is probably very fast17®,

Various methods have been used for detecting and determining
active hydrogen in general, and they can be applied with diverse
degrees of success to amines.
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a. The Zerewitinoff method. This consists of allowing the. active
hydrogen compound to react with a Grignard reagent (equations 15
and 16) and measuring the evolved hydrocarbon 180-182,

RNH; + 2 CHzMgl ——— RN(Mgha + 2 CH, (15)
ReNH + CHzMgl —> RoNMgl + CH, (16)

An interesting example of a positive Zerewitinoff reaction is pro-
vided by sempervirine (30), in spite of its lack.of N—H bonds. It was
proposed that the active hydrogen is present in the methylene group
marked with (*) in 31, as 81 is a resonance form of 301%%.

(30) (31)

b. Lithium aluminium hydride. In the presence of active hydrogen
compounds (X—H) LiATH, decomposes according to equation (17),
and the evolved hydrogen is measured 184 185,

X—H + 3 LiAIH, ——> X—(LiAl),s + Hy (17)

¢. Isotopic exchange methods. Amines exchange their active hydroge.n
among themselves and with other active hydrogen compognds, in
particular with water. This provides a method. for detecting :'md
determining active hydrogen by equilibrating with pure deuterium
oxide, and then estimating the amount of O—H bond formed by
means of density measurements'®®, i.r. spectrophotometry*®’, n.m.r.
spectroscopy '8, or alternatively, by using tritium-laft{elled. water and
measuring the radioactivity of the amine after equlhbratlonmf’.

d. N—H and C—H spin—spin coupling. That the amino group is able
to exchange protons in aqueous solutions was also shown. by nuclear
magnetic resonance. In solutions of high pH methylamine shosz a
singlet corresponding to the three methyl protons, :although a triplet
could be expected from coupling of these protons with the two on t}}e
nitrogen atom. The singlet was interpreted as a 1-'esu1t of the rapid
exchange of the protons on the amino group, which does not allow
their alignment with the external field, and therefore the spin states
of the amino protons are averaged to zero. On the other hand, in solu-
tions of low pH, where the methylammonium ion is prevalent, proton
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exchange with the solvent occurs at a slow rate and a quartet is
ol?served for the methyl group, resulting from spin-spin coupling
with the three ammonium protons9°,

The analysis of active h i i i
ydrogen is extensively di -
where 15 180,185, 191, 192 g ¥ discussed clse

2. Acylation

Tab}e 5 summarises some of the derivatives obtained by acylation
(eq}latlpn 18), which have found application in analysis. Acyl
derivatives are widely used for identification purposes® 16,

RIRZNH + Acyl-X —— RIR23N-Acyl + XH (18)
(R4, R? = H, alkyl, aryl; X = halogen, OH, alkoxy, O-acyl, etc.)

TABLE 5. N-Acyl derivatives of primary and secondary amines,

Derivatives Type of reagent
Acetanﬁgesl“'”a*z“- e Anhydride or acyl chloride
Formamides 162, 205-207 Acid or mixed acetic—formic

. anhydride
Trifluoroacetamides 162 208-210, b Anhydride
p-Nitrophenylacetamides 211 212 Acyl chloride
Benzamides213-219. a Anhydride or acyl chloride
3,5-Dinitrobenzamides 220-222 Acyl chloride
p-Phenylazobenzamides 223 Acyl chloride
Phthalimides 224, & ¢ Anhydride
Pyromellitic diimides 225: 226, a,¢ Dianhydride
N- and N, N-substituted

3-nitrophthalamic acids227. & Anhydride
3-Nitrophthalimides 227 a: ¢ Anhydride

N, N-Diphenylureas 228
Benzenesulphonamides 228-231. a
p-Toluenesulphonamides 72, 232-234
Benzylsulphonamides 222
Methanesulphonamides 235
p-Bromobenzenesulphonamides 236
m-Nitrobenzenesulphonamides?237
Sulphonebisacetamides 238

p-Phenylazobenzenesulphonamides23®
2,4-Dinitrobenzenesulphenamides 240
o-Nitrobenzenesulphenamides 241, 242

Acyl halides
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Acyl chloride
Ethyl ester
Acyl chloride

Sulphenyl chloride
Sulphenyl chloride

@ See text.
b Derived from esters of amino acids.
¢ Primary amines only.

a. Ac.etylation. A great variety of methods for the preparation of
acetamides from acetic anhydride have been suggested, both in the
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absence of catalyst!® and in the presence of catalysts such as
acids198-195, pyridine 16-198: 197 and sodium hydroxide 8,

Although this reaction is of great value in the characterisation of
primary and secondary amines, the reagents can cause rearrangements
obscuring structural elucidation. Thus for example, harmaline (32)
undergoes acetylation at N, yielding compound 33198199,

| CHZO | —
CH30‘©[N_/E;’\\‘ 3 ‘©@\‘ ot
b cn H o CH,

(32) (33)

Acetylation with acetic anhydride in anhydrous pyridine can be
used for the determination of primary and secondary amines according
to equations (19) and (20).

RNH, + (CHsCO),0 ——> RNHCOCH; + CHyCO,H (19)
ReNH + (CHsCO),0 — > RyNCOCH; + CHaCOH (20)

The amount of amine reacted is determined by titration of the
liberated acid 18 or by the amount of water necessary for hydrolysing
the excess acetic anhydride!®7.

Acetylation proceeds at different rates for alcohols, phenols, ali-
phatic amines, and aromatic amines. It is possible therefore to deter-
mine the latter in the presence of all the others2°°, or sometimes even
in alcoholic solution 20!, Similar determinations based on the use of
acetyl chloride were proposed 2°2-2°2, but the anhydride methods seem
to be more advantageous?®.

Further discussions of this reaction and lists of acetamides can be
found C].SCWhCrC 8,10, 14-16, 37, 203, 204.

b. Benzoylation. This reaction has found its main application in the
characterisation of compounds as ‘acylatable’!®%, and in the identi-
fication of primary and secondary amines.

Benzoylation of certain compounds may yield atypical products,
for example dictamnine (34) gives no reaction with acetic anhydride
but yields N-benzoylnordictamnine (35) on treatment with benzoyl
chloride 223, and myosmine (36) yields compound 87 on treatment with
benzoic anhydride 24,

Further discussions of benzoylation and lists of benzamides can be
found C].SCWhCrCa’ 10, 14-18, 204, 215—219.

¢. Phthaloylations. Phthalic anhydride 2?4 and pyromellitic anhydride
(88) 225-226 are reagents for the determination of primary and second-

ary amines.
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OCH;
Ol
N O
(34)
CND
@iy
I
H
(36)
@)
@] O
(@] O

(38)

3-Nitrophthalic anhydride reacts with primary and secondary
amines according to equations (21) and (22) 227, on mild heating. On
further heating at about 145° dehydration (equation 23) takes place
in the case of primary amines, while the phthalamic acids (40)
derived from secondary amines are stable. Compounds 40 and 41 can
be easily distinguished by their chemical properties.

0
COH
RNH, + 0 — : @1)
CONHR
NO, O NO,
(39)
0
RoNH + o —> COH (22)
CONR,
NO, © NO,
(40)

3. Detection, Determination, and Characterisation of Amines 101
O
CO.H
- NR H,O
CONHR + My (23)
N02 N02 O
(41)

d. Sulphonylations. Sulphonyl chlorides (see Table 5) yield, with
primary and secondary amines, the corresponding sulphonamides,
which can be used for identification purposes. An application of
these reactions is the Hinsberg method?2° which is amply discussed
elsewhere 8- 16, 204, 230,

e. Nitrosation of secondary amines. Nitrous acid yields nitrosamines
with aromatic and aliphatic secondary amines (equation 24). The

mechanism probably involves dinitrogen trioxide as intermedi-
ate 243, 244

RoNH + HO—N=0 ——s RyN—N=0 + H,O (29)

This reaction has been applied in the determination of secondary
amines, and their mixtures with other classes of amines. Although
the latter react with nitrous acid in a different way (sections
I1.C.10 and IL.F.3) the one-to-one stoichiometry is preserved. The
determinations can be carried out by direct titration of the organic
sample with standardised sodium nitrite?*%, back titration of
the excess reagent246:2¢7, or by measuring the nitrosamine
spectrophotometrically 248- 249,

An indirect method was proposed consisting of hydrogenation of
the nitrosamine to a hydrazine and oxidation of the latter (reactions
25 and 26), the nitrogen thus liberated being measured 25,

Zn,HCI

RiN—NO — 2L 5 R,N—NH, (25)
RN H, PN (26)

Again, abnormal behaviour in nitrosation is observed with certain
complex molecules. Thus, pelletierine (42) fails to undergo N-nitrosa-
tion, although it yields the corresponding acetamide and benzam-
ide?%!, and on the other hand, the tertiary amine codeine (43) yields
N-nitrosonorcodeine by displacement of the N-methyl group?°2.

Analysis of secondary amines via nitrosation is further discussed
elsewhere 14 18- 37,
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O'CH CH,CH=0
e O
H
CHgO O OH
(42) (43)

N-—CHjs

3. Nitroarylations and nitrobenzylations

Certain aryl and benzyl halides react with primary and secondary
amines yielding the corresponding secondary and tertiary amines, in
addition to hydrogen halide, much in the same fashion as described
in section II.B.4. However, by virtue of the electronegative nature of
the reagents, the reaction does not proceed further up to quaternisa-
tion as with the previous case, neither does it yield quaternary am-
monium compounds with tertiary amines.

Many authors include these reactions among acylations, based on
the similarity of the processes and the nomenclature of some reagents,
for example from picric acid (13) one prepares picryl chloride which
yields a picramide according to equation (18).

The reactions of amines with p-nitrobenzyl chloride253, and of
amino acids with 5-fluoro-2,4-dinitroaniline 25¢, were recommended
for identification purposes. So was picryl chloride25%, which can be
also used in quantitative analysis, by determining the hydrogen
chloride released in the reaction 255256,

2,4-Dinitrophenyl chloride or fluoride with amines give a strong
colour which under certain conditions can be tentatively correlated
with the type of amine, i.e. yellow for primary amines and orange to
brown for other types®. The derivative is useful for identification
purposes 257,

2,4-Dinitrophenyl fluoride has found wide application in biochemi-
cal analysis, in problems related to amino acids, peptides, and proteins,
such as the chromatographic separation and identification of amino
acids?°8-2%9, and the analysis of end amino acids of peptidic chains,
(equations 27 and 28)260-265, The same reagent was used for the
determination of primary and secondary amines in general 266267 and
of a-amino acids in particular?8®2%° by measuring the derivative
spectrophotometrically after extraction with a suitable solvent or
after chromatographic separation2’, The spectra of the derivatives
present bands at 350 and 390 my, providing a way of distinguishing
between primary and secondary amines, as the ratio of the extinction
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coefficient of the former band to that of the latter varies from 0-4 to
0-8 for primary amines, and from 2-1 to 2-4 for seconda}ry arr}ines 211,
It was pointed out?® that the ratio is 21 to 2-4 for e-amino acids, that
is, similar to the case of secondary amines.

|. Base
2,4-(NO,);CeHaF + NH,CHRCO-Peptide residue 24

2,4-(NO,),CeHgNHCHRCO-Peptide residue (27)

2.4(NO,)2CoHsNHCHRCO-Peptide residue 2224905 3 4.(NO,),CeHsNHCHRCO,H

+ Peptide degradation products (28)

The applications of 2,4-dinitrophenyl fluoride in organic analysis
are amply reviewed elsewhere 260- 272,

4. The Folin reaction

In this method primary aliphatic and aromatic amines yield
coloured products by nucleophilic displacement of the sulphonic
group of 1,2-naphthoquinone-4-sulphonic acid (44) (equation 29) 273
This reaction has also been applied in colourimetric determina-
ﬁ0n5274'275.

SOsH
RNH, + O‘ o O,
o
w9 7
NHR NR
— (29)
o) OH
| ° °

5. Ureas, thioureas, hydantoins, and thiohydantoins

Primary and secondary amines react with aryl isocyanates, as in
equations (30) and (31), or with azides of arylcarboxylic acids, after
their rearrangement to isocyanates, according to equation (32).

ArN=C=0 + NHsR —— ArNHCONHR (30)
ArN=C=0 + NHRz ——> ArNHCONR, (31)
ArCONg — > ArN=C=0+ N, (32)
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When the arylurea derivative of an «-aminc acid is treated with
acid a hydantoin is formed, according to equation (33), which can be
used for detection and identification 27®,

H Ar—N 0]

ArNHCONHCHRCOgH ——— O:‘\ " (33)

N

l

H
It is sometimes advantageous to use aryl isothiocyanates instead of
aryl isocyanates yielding the corresponding thioureas, as these reagents
are more resistant to decomposition by water®. Both aryl isocyanates
and aryl isothiocyanates were found to yield atypical products with
certain enamines, as shown for example in (34), where a vinylogue

of an arylurea is obtained from an aryl isocyanate 277,

N N CONHCgHs

Table 6 summarises the ureas and thioureas derived from amines
and used in analysis.

TABLE 6. Arylureas and arylthioureas derived from primary and secondary

amines.

Derivatives Type of reagent
N, N-Diphenylureas 228 Carbamoyl chloride
o-Naphthylureas 278 Isocyanate
B-Naphthylureas27® Isocyanate
m-Chlorophenylureas 289 Isocyanate
p-Chlorophenylureas 282 Isocyanate
m-Bromophenylureas 280- 262 Isocyanate or benzazide
p-Bromophenylureas 283: 28¢ Isocyanate or benzazide
m-Iodophenylureas 265 Benzazide
p-Iodophenylureas 298 Isocyanate
m-Nitrophenylureas 287 288 Isocyanate or benzazide
p-Nitrophenylureas 28° Isocyanate or benzazide
3,5-Dinitrophenylureas 200- 291 Isocyanate or benzazide
2,6-Dinitro-p-tolylureas 292 Benzazide
Phenylthioureas 292 Isothiocyanate
a-Naphthylthioureas 294 Isothiocyanate
B-Naphthylthioureas 293 Isothiocyanate
p-Biphenylylthioureas293 Isothiocyanate
o-Tolylthioureas293 Isothiocyanate
p-Chlorophenylthioureas?®®  ~ Isothiocyanate
m-Nitrophenylthioureas?293 Isothiocyanate
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An important application of phenyl isothiocyanates is the analysis of
end amino acids in peptides and proteins. This is represented by
equations (35) to (39), and involves derivatives of the end amino acids
such as thiazolines (45), phenylthioureas (46), and phenylthiohy-
dantoins (47)296-801,

. PH 8-9
CgHsNCS + NH,CHRCO—Peptide residue ——>

CeHsNHCSNHCHRCO—Peptide residue (35)

) . H,OH*)
CgHsNHCSNHCHRCO-Peptide residue ———>

CeHsNH—=—=N Peptide (36)
: R =+ degradation

products
O
(45)
CeHsNH——=N
H,O(H*)
L/ R (Tst)—> CgHsNHCSNHCHRCO,H (37)
s (46)
O
(45)
CGHsNH_IZN Heat C6H5-—N T O (38)
S R S ‘R
I
O H.
(45) (47)

iy Gt ] © (39)
CeHsNHCSNHCHRCOZH (> S:J\N R

(46) |

(47)

The applications of phenyl isothiocyanate to biochemical analysis
are amply discussed elsewhere260-272,

The reaction of amines with phenyl isothiocyanate is of the second
order and proceeds at different rates for different amines, thus pro-
viding a means of determining the components of a mixture, by
following kinetically the decrease of the amine concentration in the
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reaction mixture ®°2-3%3, Among aliphatic amines secondary ones react
faster than primary ones, but alkylarylamines react slower than prim-
ary arylamines. In general aromatic amines react faster than aliphatic
amines 302, '

6. Reactions with carbon disulphide

Primary and secondary amines yield dithiocarbamic acids with
carbon disulphide (equations 40 and 41).

RNH;, + CS; ——> RNHCS,H (40)
RaNH + CS; ——» Ry;NCS;H 41)

After discarding the excess reagent, the presence of dithiocarbamic
acids can be detected by their catalytic action on the process in
equation (42), as the evolution of nitrogen becomes patent, or by a
black precipitate obtained on adding silver nitrate solution®,

2 NaNj + I ——> 2 Nal + 3N, (42)

Iodine can be used to oxidise the dithiocarbamic acids to an
isothiocyanate and sulphur; the latter is insoluble and therefore
detectable by the turbidity it produces (equations 43 and 44)304,
Alternatively the dithiocarbamic acids can be oxidised with iron(m)
chloride or mercury (1) chloride, as in equation (45), and the hydrogen
sulphide easily detected 35,

s S
I ' 43
2 RNHCS,H —'2 > RNHéssJ:NHR (43)

s 3 I. NaOCoH
] - NaOCaHs 44
RNHgSSéNHR 2l L JRNCS + 25 )
RNHCS;H ——> RNCS + H,S (45)

Dithiocarbamic acids with copper(i1) salts in the presence of am-
monia give coloured complexes (48a). If the R groups are sufficiently
hydrophobic the complex can be extracted into benzene for better
detection®. For secondary amines the complex 48a can be extracted
into chloroform and measured spectrophotometrically?3°6-307, With
nickel(m1) salts coloured precipitates (48b) can be obtained 9398,

S NRg
7 \M/ \C=

5=C
W

(48a) M = Cu;
(48b) M = Ni

S
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Reactions (40) and (41) can be followed by direct titration of the
dithiocarbamic acids with alkali®°®:310 or by precipitating complex
48b and determining the nickel in the precipitate®!. Secondary
amines were determined coulometrically as the dithiocarbamate
anions react with mercury(11) cations generated at the electrode, as in
equation (46) %2

2 R;NCS,~ + Hga+ —— (RyNCS,);Hg (46)

The analysis of amines via dithiocarbamic acids is amply discussed
elsewhere 14-16.37,

7. Reaction with sulphur trioxide
Aromatic amines can be determined in dioxane solution by adding

excess of sulphur trioxide (equation 47), then destroying the excess
reagent with water and titrating the sulphuric acid thus produced 2.

ArNH; + 503 —— ArNHSO;H 47)

8. Reactions of primary amines with aldehydes and ketones

The general reaction described by equation (48), when carried out
with certain reagents and under controlled conditions, provides good
methods of detection and determination of primary amines, although
some amines of other types may interfere.

R2 R2
/
RINHg + O=C/ ——> RIN=C + HO (48)
N N
R3 R3
(49)

(R, R, R® = H, alkyl, aryl)

a. Benzaldehyde and similar reagents. Primary aliphatic and aromatic
amines can be determined with benzaldehyde in nonaqueous solution.
Excess of reagent is used and destroyed afterwards with hydrogen
cyanide?* (equation 49), and the water produced according to (48)
is measured by the Karl Fischer method 3%,

CeHsCHO + HCN ——» CgHsCH(CN)OH (49)

2-Ethylhexaldehyde!? and vanillin (50) react, in a way similar to
benzaldehyde, with primary aromatic amines; the Schiff base (49)
derived from 50 can be determined spectrophotometrically®!6, With
salicylaldehyde (51) the use of hydrogen cyanide is avoided, and
instead the excess reagent is titrated with standardised sodium



108 Jacob Zabicky

methoxide3'”, or otherwise the Schiff base is measured spectrophoto-
metrically 318,

GHO CHO
' HC=N—-R O
OH N/
/
OCH;8 & REN=CH
OH
(50)

(51) (52)

A variation of the salicylaldehyde method, applicable only to
primary aliphatic amines with an unbranched «-position, consists of
carrying out the reaction in the presence of copper (i) chloride and a
base such as triethanolamine, whence complex 52 is formed, which
can be extracted and measured spectrophotometrically 31,

2,4-Pentanedione undergoes tautomerisation according to equation
(50), and therefore resembles salicylaldehyde in its reactions with
primary amines 319320,

OI O o) OH
| [ . I | 50)

C C
H3C/ \CHz/ \CHa H3C

p-Dimethylaminobenzaldehyde is the reagent used in very sensitive
tests for the detection and possibly identification of primary amines
as coloured Schiff bases® 321, Other amines, notably diphenylamine
and pyrrole derivatives in which the NH group and at least one hydro-
gen atom of the pyrrole ring are preserved, also give colour reactions
with this reagent322-323, The reaction with the pyrrole derivatives is
due to condensation of the aldehyde with a methylene group, pro-
duced in the heterocyclic compound by tautomerisation according to
equation (51). Condensations with pyrroles and other atypical amines
can be avoided when detecting primary amines, by controlling the
pH of the solution®,

I o
N N N

l H
H

[
Glr
|
d

b. Glutaconic aldehyde. This compound yields with primary amines
polymethyne dyes®24-326 such as 56. The reagent is however un-
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stable and has to be prepared not more than a few days bcfo'rc u:g;
either by irradiating aqueous pyridine with ultr.avmlet hght

according to equation (52) or by treatment of N— (4-pyridyl) pyridinium
chloride hydrochloride with alkali®?® according to (53). Products 5.3
and 54 of these reactions are enolate salts derived from 'gluta.comc
aldehyde (55), and are able to condense with primary amines in the

presence of acid (equation 54)3%9,

CeHsN + 2 H;O — > O—CHCH=CHCH=CH—O~NH,* (52)
(53)

Cl- Cl-
ON)( ONL—H + 3 NaOH —>
(33)
O=CHCH=CHCH=CH—O" Na* + NHZ@N + 2 NaCl + H,0

(54)
O=CHCH=CHCH,CH=0 + ArNH, + H* —>
(55)
ArNH=CHCH=CHCH=CH—NHAr (54)
(56)

Glutaconic aldehyde can react with compounds other tha.n. prima'ry
amines325, for example it undergoes condensations at C-positions with

pyrrole derivatives that tautomerise according to equation (51)..
The condensations of amines with aldehydes have been reviewed

and discussed elsewhere 9 14-16,37,

9. Reaction of a-amino acids with ninhydrin

0 0
: l OH @. OH
) o)
(57) '58)

Ninhydrin (hydrate form, 57)33%-33! and similar reagents such as
perinaphthalenetrione (hydrate form, 58) 3"’2' 383 are capable of oxidis-
ing «-amino acids in neutral solution. This provides a very sensitive
detection method, as dyes such as 59 are probably prodpced in a pro-
cess involving equations (55) to (57) in the case of ninhydrin, and
similar ones for the other reagents.
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RCHCOzH RCC02
— (55)

RCCO,H
ll\llH + H;O —— RCH=0 + NH; + CO, (56)

O
OH HO,
+ NH; + -
H HO
O
* {j@ @

+ 3 H,O

The colour reaction is transient but it can be fixed with special
reagents and applied for detection and identification of individual
amino acids, by making use of polychromic methods, especially after a
chromatographic separation334-341,

The determination of amino acids based on the ninhydrin reaction
can be carried out in several ways: by spectrophotometry of the
coloured solutions®42-3%5 or spectral reflectance after chromato-
graphic separation of the amino acids and colour development 339-346,
by spectrophotometry of ninhydrin—zinc chloride complexes34?, by
determining the aldehyde obtained in equation (56), either chemic-
ally®? or by gas chromatography %2, or by determining ammonia,
carbon dioxide, or both, produced in equation (56)348-35¢,

The ninhydrin reaction has been amply discussed and reviewed
elSCWhCrCQ' 14-16. 133, 192, 355-359

10. Diazotisation of primary amines
With nitrous acid, primary amines are diazotised (equation 58),
secondary amines undergo N-nitrosation (section II.C.2.€), and ter-

tiary aliphatic or alicyclic amines fail to react while tertiary aromatic
amines may undergo C-nitrosation.

R—NH; + HNO, + H* ——> R—N=N + H,0 (58)
(R = alkyl, aryl)
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a. The van Slyke method. Primary aliphatic amines, including amino
alcohols and amino acids, react with nitrous acid (equation 58),
followed immediately by decomposition (equations 59 or 60). The
amines are determined by measuring the amount of nitrogen
evolved 389361, Ammonia reacts as a primary amine, and has to be
determined independently when present. Amines of high molecular
weight or complex structure fail to give quantitative results®’. The
method has been amply reviewed 4. 1537336,

R—N=N 4 H;O — > ROH + H* + N, (59)

R—N=N ——> Olefin + H* + N, (60)

b. Aryldiazonium salts. Primary aromatic amines can be detected,
after diazotisation and coupling, as deeply coloured azo dyes are pro-
duced in the presence of phenols or aromatic amines in solutions of
controlled pH?® %, Quantitative analyses via diazotisation can be
performed in various ways; for example by titrating with standardised
sodium nitrite3:362, or by spectrophotometry of the diazonium salt
itself3€2 or its coupled product 34,

Several methods have been proposed based on the decomposition
of diazonium salts. The volume of nitrogen can be measured after
treating aryldiazonium compounds with copper(1) chloride!#, potas-
sium iodide®®5, or titanium(ui) chloride?®®-367, Otherwise, the excess
catalyst can be determined, asin the case of titanium(1) chloride 4, or
chromium(u) chloride®®8. The diazonium compound strongly heated
with hydriodic acid yields iodine which can be titrated 3%,

The differential kinetic method (section II.C.5) is also applicable
to mixtures of primary aromatic amines, which after diazotisation can
be determined by measuring the first-order rates of evolution of
nitrogen, catalysed by copper(1) chloride37°.

These methods are further discussed elsewhere8: 14-15: 65,

I1. Spectral properties of the N—~H bond

a. Vibrational spectrum. Two complementary spectroscopic methods
are available, namely infrared and Raman spectroscopy. Unfortu-
nately the latter has not yet acquired the popularity and widespread
application of the former. Raman spectra can be used as finger-
prints of compounds for identification, and for the detection of
functional groups, among which amino groups appear with charac-
teristic bands arising from N—H vibrations. The N—H group of
primary and secondary amines has characteristic infrared absorption
bands which are summarised in Table 7.
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TaBLE 7. Absorption bands of N-—H in amines®.

Region® (cm 1) Origin of band
1600 Deformation modes
3400 Stretching (fundamental)
5000 Combination of stretching and deformation modes
6700 Stretching (lst overtone)
10000 Stretching (2nd overtone)

¢ Data from references 170, 371, and 372.
® The influence of hydrogen bonding is not included.

Considerable discussion notwithstanding, the absorption band in the
1600 cm~* region has been assigned to N—H deformation modes37.
For primary amines a medium to strong band appears almost always
at 1590-1650 cm~1; in aromatic amines this can be confused with a
band from an aromatic ring vibration near 1600 cm~!. In the case
of secondary amines this band is much weaker.

'The most useful region for analytical purposes is that of the funda-
mental stretching modes. In the absence of association, primary
amines present two bands, which for aromatic amines appear at
about 3400 and 3500 cm™~?, while in the case of aliphatic amines they
appear at frequencies, lower by about 100 cm~!. The lower frequency
band is assigned to the symmetric and the higher to the asymmetric
stretching mode, both being of medium strength373-878, This pair of
bands can be identified more easily if the correlation in equation (61)
is used®”. Secondary amines show, in the absence of association
phenomena, a single band in the 3300-3500 cm~! region379-384,
The intensities in the fundamental stretching region are much higher
for aromatic and some heterocyclic primary and secondary amines
than for aliphatic amines, and the former can be determined in this
region 372, 385, 386.

Vegm = 0.876vy50m + 345.5 (61)

Primary amines have absorption bands in the 5000 cm~? region,
probably arising from the additive combination of bending and
stretching modes®®7, For aromatic amines it appears at 5050-5100
cm ™! and has been proposed for the characterisation and determina-
tion of these compounds?®®-389, The absorptions of aliphatic amines
are of about half the intensity of those of aromatic amines, appearing
at somewhat lower frequencies, and it has been suggested that they
too can be used for quantitative analysis372,
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Primary aromatic amines have two bands assigned to the first over-
tone of the stretching mode, the symmetric one appearing at about
6700 cm~! and the asymmetric one at about 6900 cm ™!, the former
being some six times more intense than the latter®®. Secondary
aromatic amines have only one band in this region, near the site of
the symmetric band of primary aromatic amines but. of ab(.)ut half the
intensity 372-388:390_ Primary and secondary aliphatic amines absorb
at about 6500 cm ~ 1, which is out of the range of the aromatic ones®%°,
and allows the determination of mixtures of both classes®®8. It has
been suggested that this and the combination region are betFer than .the
fundamental region for the determination of aliphatic amines, owing
to the wider choice of solvents that can be used for this purpose 372,

Finally, in the second overtone region only very weak bands can be
observed for aromatic amines, the most outstanding being the sym-
metric band at about 9800 cm ~!, of limited analytical value 389,

It has been pointed out that a possible way of distinguishing l-)etwee:n
primary, secondary, and tertiary amines is by treatment with acid
and looking for the bands arising from the ammonium salt, as these
are distinctive for each ammonium type!7?:176, The problem of
distinguishing between OH and NH groups in the fundamental
stretching region was also considered ®°*. A comparison of absorption
bands and intensities of functions containing N—H bonds can be
found elsewhere 392

b. Nuclear magnetic resonance spectrum. The resonance bands .due to
NH groups are summarised in Table 8. The main factors aﬁ.‘ectlng the
location and shape of the N—H bands are hydrogen bonding39%-3%4,
the quadrupole moment of **N, and the fast proton exchange occur-
ring in certain solvents3®%. Two main effects stem from the quadrupole
moment of 1*N, namely a splitting of the band into a triplet, by coup-
ling with the three states of 1*N, and the bands becoming broad,. even
sometimes disappearing 9% 3%6, The fast proton exchange occurring in
certain solvents tends to sharpen the N—H band (see however
reference 397, and also section I1.C.1).

TasLE 8. Chemical shifts of NH groups®.

Type of compound Chemical shift?
Aliphatic and alicyclic amines 2.9-5.0
Aromatic amines 3-6-4-7
Amides 5-0-8-0

¢ Data from reference 393.
® In parts per million (p.p.m.) of the 8 scale.
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The values in Table 8 are only general guides for the assignment of
resonance bands, and wide discrepancies have been observed, for
example histidine (60) dissolved in trifluoroacetic acid presents a band
at 6 —1, assigned to the nitrogen-bonded imidazole proton 39,

N THZ
(§ ]—' CHCOGH
I

H
(60)

D. The N—C Bond
1. Chemical methods

The N—C bond of amines is very resistant to chemical attack and
is usually cleaved only under drastic conditions.

a. The Herzig-Meyer method®°%-%°2, When an amine and hydriodic
acid are heated strongly, dealkylation occurs (equations 62 and 63).

H
N+
N—R + Hl —» N - (62)
VRN
R
H
N\ N
N I~ ———> N—H + RI (63)
/ \R /

The alkyl iodide can be determined by gravimetry, iodometry, or
gas chromatography, and identified by the latter method or by
preparing derivatives recommended for alkyl halides2: 1016,

Alkoxy groups undergo dealkylation more readily than amines, and
in the presence of the former, after addition of the hydriodic acid the
sample should be subjected first to distillation at 150° in order to
determine the alkoxy groups, and then to pyrolysis at 360°, where the
Herzig-Meyer method is operative %3,

The method is further discussed elsewhere 15 356,204,

b. Fusion with benzoyl peroxide®. On melting an amine with benzoyl
peroxide, the N-alkyl substituents become oxidised according to
equation (64).

N N
N—CHzR + (CgHsCO):03 ——> N—COCgHg + CeHysCO,H + RCHO  (64)

In the case of N-methyl compounds (R = H in equation 64)
formaldehyde is liberated, which gives a violet colour with a chromo-
tropic acid (61)-sulphuric acid solution*’®, When R = CH; or a
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HO,S O SO3H
OH OH
(61)

somewhat higher homologue, the aldehyde produced can be detected
by the colour it produces with a solution of sodium nitroprusside and
morpholine, which is similar to the Rimini test described in section
11.B.3.

Compounds containing alkoxy or propenyl groups interfere with
this method, as they too yield aldehydes on fusion with benzoyl
peroxide.

¢. B-Substituted ethylamines®. The process in equations (65) and (66)
takes place when compounds of general structure X—CH,CH,—Y
are fused with moist zinc chloride*°®. The acetaldehyde of equation
(66) can be detected by the sodium nitroprusside-morpholine reagent.

X—CHyCH;—Y 4+ 2 H,O ——> HO—CH,CH,—OH + XH + YH (65)
/
X,Y = OH, OR, N , SH, SR, halogen, etc.
: AN
HOCH,CH,OH ——» CH,CHO + H,0 (66)

2, Vibrational spectrum

Table 9 summarises the regions in which bands assigned to G—N
vibrations appear. In the case of aliphatic amines*°” the band is
difficult to locate both because of its low intensity and the fact that it
appears in a region where other bands also usually do®"*. The bands
of aromatic amines?°”- %% can be used for confirmation of proposed
structures, although the possibility of confusion with bands belonging
to other groups should be born in mind.

TaBLE 9. Absorption bands of G—N stretching vibrations®.

Type of compound Region (cm™1) Intensity
Aliphatic amines 1020-1220 Weak to medium
Aromatic amines
Primary 1250-1340 Strong
Secondary 1280-1350 Strong
Tertiary 1310-1360 Strong

@ Data from references 170 and 371.
5+c.a.G.
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E. Hydrogen Bonding in Amines

In sections II.A to II.D the main features of the amino group were
examined from the point of view of organic qualitative and quantita-
tive analysis. Section IV will deal with some of the structural problems
posed by amines. It is convenient to bridge these two aspects of analysis
with a brief examination of hydrogen bonding in the amino group,
which has a deep influence on a wide range of physical and chemical
properties used in the elucidation of molecular structure. The im-
portance of hydrogen bonding can be more fully appreciated by con-
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TasLE 10—(Cont.).

Property

Intramolecular
hydrogen bond

Intramolecular
hydrogen bond

Reaction rate
Reaction mechanism
Optical rotation

Electronic absorption
bands

Often influenced

Often influenced

Can be large if spiro
structures are formed

Shifted

Often presented

Often influenced
Often influenced
Usually none

Shifted

Seldom presented

sidering Table 10, in which nearly all these properties are listed.

Tasie 10. Influence of hydrogen bonding on the properties of a system®.

Property

Intramolecular
hydrogen bond

Intermolecular
hydrogen bond

Structure of compound

Geometry of bond

Molecular weight

Density

Molecular volume

Molecular refraction

Viscosity

Self diffusion

Parachor

Surface tension

2nd Virial coefficient
(Berthelot equation)

Vapour pressure

Boiling point

Melting point

Solvent power

Thermal conductivity
Acoustic conductivity
Electric conductivity

Dielectric constant

Dipole moment

Usually found in ortho,
cis, peri, diequatorial,
and equatorial-axial
positions

Usually bent

Normal

Decreased
Increased
Decreased

Decreased
Decreased
Normal

Normal
Normal
Normal
Normal

Normal
Normal
Normal

Normal for solids and
variable according to
molecular shape for
liquids

Lower than calculated
for structure. Concen-
tration independent

Usually found in meta,
para, trans, and diaxial
positions

Usually straight
Increased
Increased
Decreased

Increased
Decreased
Decreased
Increased
Absolute value increased

Decreased

Increased

Increased

Increased if solute be-
comes hydrogen bon-
ded to solvent

Increased

Increased

Increased if hydrogen-
bonded network is
formed

Increased for solids and
variable according to
molecular shape for
liquids

Higher than calculated
for structure. Increases
with concentration

Phototropy
Vibrational spectrum
Stretching frequencies Shifted down

(vs)

Shifted down

Bending frequencies Shifted up Shifted up
v
Co(n‘::)entration depen- None Present
dence of v; and v,
Size of dv, Determined by function- Determined by function-
al groups and size of al groups
ring formed
Effect of phase change Small Large
on dv,
Intensity of stretching Somewhat increased Very much increased
band
Half-width of stretch- Somewhat increased Very much increased
ing band

Nuclear magnetic resonance
Chemical shifts Shifts to lower field Shifts to lower field
Concentration depen- Small Large
dence of chemical
shifts

2 From G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, W. H. Freeman and Company,
San Francisco, 1960.

Amino groups are capable of becoming associated among themselves
or with other functions by two types of hydrogen bonding, formally
represented as 62 and 63. In the former the amine acts as a weak
protonic acid, and must therefore be primary or secondary (or an
ammonium compound other than quaternary). On the other hand, in
63 it acts as a weak base, sharing its p electrons, and can be any type
of amine (but not an ammonium compound).

\N-—H'---X >N----H—X
/

(62) (69)
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Hydrogen bonds of types 62 and 63 are relatively weak and there-
fore amenable to investigation by i.r. spectroscopyl79:384.408-413
Special attention should be paid to the stretching frequencies of the
N—H and X—H bonds, the shape and intensity of the absorption
bands, and the effect of temperature, concentration, and deuterium
exchange.

F. Miscellaneous Chemical Properties
I. Preliminary tests for detection and classification

A great number of methods have been proposed hitherto in order to
ascertain whether a nitrogen-containing compound is an amine or not.
It is possible to use some of these tests to classify amines into aromatic,
aliphatic, primary, secondary, or tertiary. As the chemical process
involved in most of them is vaguely known, results should be taken
only as a helpful guide. Such tests include many of the oxidations
described in section II.B.5 and the ones listed below.

a. Potassium thiocyanate test. Salts of amines (not quaternary ammon-
ium compounds) yield hydrogen sulphide on heating at 200-250° with
potassium thiocyanate #!2, Compounds which liberate water on heating
also give a positive test. The process is probably similar to the am-
monium thiocyanate rearrangement (equation 67) 414415,

NH,
AN
NH,SCN ——» C=S5 —— NH,CN + H,S (67)
NH,

b. Chloranil test. Chloranil (64) yields coloured products in the
presence of amines. Amino acids do not react, but some amides such
as anilides do. Aliphatic amines react more readily than aromatic
amines, and the colour may be used for classification as follows16:417.
red—primary, violet—secondary, and emerald—tertiary. This re-
action can be used for chromatographic development*18,

O
Cl Ci
Cl Cl
O
64
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¢. Reaction with triphenylmethyl dyes. All amines yield on r'nelting VYIth
a mixture of ‘fuorescein chloride’ (65) and anhydrous zinc chloride,
red water-soluble dyes of structure 66. Their fluorescence under u.v.
illumination may be used to classify amines as follows': yellow—gret?n
fluorescence shows the presence of an NH—alkyl.partlal structure in
66, orange fluorescence shows the N{alkyl), partla_l structure,sgnilzéf
an N-aryl group is present in 66 no fluorescence is observed *1%-%<°,
Pyrroles, indoles, and carbazoles give blue fluorescence®.

Bromophthalein magenta E (67) yields coloured derivatives with
aliphatic amines in anhydrous solutions. The colour can b? correlated
with structure as follows: purple (Ag,, 530-540 mp)—primary, blue
(Amax 570-580 mp)—secondary, and red (Apay 520-530 mp)—ter-
tiary 421,

d. Lignin test. The lignin present in newsprint reacts Fwiftly at room
temperature with primary and secondary arylam{nes, in the presence
of strong acid, yielding yellow to orange spots. Aliphatic 'and ahcxchc
primary and secondary amines give the reaction on heating. Tertiary
amines, amino acids, and amides do not react16, .

e. o-Diacetylbenzene fest. Primary amines, aliphatic and aromatic,
undergo colour reactions with this compound. Seconslary gnd tertiary
amines, and some primary amines such as glucosamine give negative
results 422,
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J- Reaction with polycarboxylic acids. Tertiary amines yield red to
blue coloured solutions when heated briefly with malonic (68),
citric (69), or aconitic acid (70), in acetic anhydride solution*22,
Aconitic anhydride (71) can also be used for this test 417,

CO;H CH,CO,H CH,CO,H CHaCOzH
| _
'I:H2 HO l COLH Tl:cozH c<o
OgH CH,CO,H CHCO,H ﬂ /O
(68) (69) (70) HCCEO
(11)

TasLe 11. Reagents for development of amines in thin-layer chromatography®,

Reagent

Amine for which reagent
is recommended

Bismuth (ur) iodide/acetic acid (Dragendorff
reagent)

Cerium(1v) sulphate/sulphuric acid

Chloranil (64)

Chloroplatinic acid/potassium iodide

Chromic acid/sulphuric acid

Cinnamic acid (72)/hydrochloric acid

p-Dimethylaminobenzaldehyde/hydrochloric
acid

p-Dimethylaminobenzaldehyde-2,4-pentanedione

Formaldehyde/hydrochloric acid (Prochazka
reagent)

Glucose/phosphoric acid

Iodine solution

Malonic acid (68)/salicylaldehyde (51)

Mercury (1) iodide/sodium hydroxide (Nessler
reagent)

4-Methylumbeliferone (73)

Ninhydrin (hydrate form, 57)

Ninhydrin/copper(u) nitrate (polychromatic
reagent)

Nitric acid

Potassium iodate

Sodium 1,2-naphthoquinone-4-sulphonate
(Folin reagent, sodium salt of 44)

Sodium nitroprusside/acetaldehyde {Rimini test)

Sulphuric acid (charring reagent)
Vanillin (50)

Alkaloids

Alkaloids

Aliphatic amines

Alkaloids, N-heterocyclic
compounds

Aromatic amines

Indole derivatives

Indole derivatives, ergot
alkaloids

Aminosaccharides

Indole derivatives

Aromatic amines

General reagent for organic
compounds

Amines, N-heterocyclic
compounds

Alkaloids

N-heterocyclic compounds
Amino acids, amines
Amino acids

Alkaloids, amines
Sympaticomimetic amines®
Amino acids

Secondary aliphatic and
alicyclic amines

Alkaloids, amines

Amino acids, amines

2 Data from references 16, 424, and 425.
® E.g. (phenylethyl)amine and derivatives.
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2. Development of chromatograms .

In Table 11 a list is given of the most usual developing reagents
recommended for amines in thin-layer chrorr.latography, many of
which can be used for the same purposes also in column and paper

chromatography.

CHs
A
CeHsCH=CHCOH o o
12) o)
(13)

3. Ring substitution in aromatic amines

Aromatic amines are usually very reactive towards electropl.ﬁh'c
reagents yielding derivatives substituted at carbon atoms. 'Reactlons
such as nitration® and bromination® 14-16-37 can be applied to Fhe
amine as such, or to the amine previously protected at the nit_rogeq site.
Although the derivatives from these reactions are useful f:or '1dent1ﬁca-
tion and possibly quantitative purposes, the site and st01ch'10rr.16try of
the substitution are specific for every system, and no generahsat.lon can
be made. Aryldiazonium salts undergo coupling reactions W}th aro-
matic amines to yield azo dyes, which can be used for detection ar%d
determination. In Table 12 some of the aryldiazonium salts used in
analysis are listed.

TasLe 12. Diazonium salts for coupling with aromatic amines.

p-Acetylbenzenediazonium chloride*
p-Aminobenzenediazonium chloride*
p-Arsonobenzenediazonium chloride#26
Benzenediazonium salts*27
2-Carboxy-4-nitrobenzenediazonium resinesulphonat
2,5-Dichlorobenzenediazonium resinesulphonate 2
m-Nitrobenzenediazonium chloride 4
p-Nitrobenzenediazonium resinesulphonat
p-Nitrobenzenediazonium salts - 427
p-Nitrobenzenediazonium tetrafluoroborate 18- 428
p-Phenylazobenzenediazonium tetrafluoroborate*2?
p-Sulphobenzenediazonium salts 4 427 430
p-Toluenediazonium chloride 4

6426

6426
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ill. QUATERNARY AMMONIUM COMPOUNDS
The analytical methods based on chemical reactions of compounds
with structure 2, in which the nitrogen atom is bonded to four carbon
atoms, can be grouped into two classes, namely methods preserving
the cationic part of the molecule, and methods in which this part is
destroyed.

The latter class is rather limited as it involves, usually, drastic
treatment of the sample. Quaternary ammonium compounds treated
with morpholine yield tertiary amines (equation 68) which can be
fractionally distilled and determined“®!. Simple quaternary am-
monium compounds can be determined by repeatedly heating with
sodium hydroxide and collecting the liberated tertiary amines, for
example tetramethylammonium salts yield trimethylamine by this
method 432,

/T /T \. /R
RN* 4+ & NH — RN + & r\3< (68)
\/ H

In the most important methods the ammonium ion is not destroyed.
Quantitative analyses can be carried out by determining either the
cation or the anion, whereas in detection or identification problems, of
course, the cation has to be traced.

Quaternary ammonium hydroxides are strong bases, comparable
with alkali hydroxides, and therefore can be easily titrated with
standardised mineral acid. This affords a method of determining
quaternary salts, by using ion exchangers and titrating the resulting
hydroxide*3%:43¢, Ammonium salts other than quaternary will yield
weak bases distinct from the strong quaternary ones. The converse ion
exchange can be also carried out, thus alkaloid salts were converted
into magnesium salts, and the metal cation determined 435,

Salts of weak acids such as carboxylates*?8, picrates*3”, or car-
bonates*3® can be titrated with mineral acids. Ammonium halides
can be converted into acetates by treatment with mercury(u) acetate
in glacial acetic acid, and determined by subsequent titration with
perchloric acid #3940, Salts of strong acids, such as sulphates and
halides, can be determined by measuring the anion *4, or alternatively
the quaternary cation can react to form complexes which precipitate,
or remain in aqueous solution, or have to be extracted into organic
solvents. These complexes can be measured directly, or indirectly by
measuring the excess reagent. In Table 13 appears a list of reagents
used for the determination of quaternary ammonium compounds
by complex formation.
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TabLE 13. Reagents for the determination of
quaternary ammonium compounds.

Reinecke salt (11) 3- 442

Phosphotungstic acid 443

Potassium dichromate 44

Picric acid (13)445:448

Dipicrylamine #47-449

Potassium iodide*5°

Potassium cadmium iodide (Cdl,.2 KI) 45t
Sodium tetraphenylborate (18)95-452,453
Alipal CO-4361% ¢

Igepon T-771%:°?

Sodium laury! sulphate 454 455

Sodium dodecyl sulphate 4%

Sodium sulphosuccinate 457

Eosin A (74)458:¢

Bromophenol blue (75)453. 469463, ¢
Bromothymol blue (76)448:61.462.c
Bromocresol purple (77) 464 ¢

Chloranil (64) 465-¢

Aconitic anhydride (71)46%.¢

@ Trade name for ammonium nonyl phenoxy polyethoxy
sulphate of mol. wt. 504.

¥ Trade name for oleyl methyl tauride.

¢ Can be used in colour reactions for detection.

O 5O3H
X = X
o OH
Br Br
(74) (75X — Br (18)X = i-Pr (77)X = CH,

IV. ELUCIDATION OF STRUCTURES

The chemist confronted with the problem of assigning a structural
formula to a compound has a great variety of methods to aid him in his
pursuit. His choice will usually depend on the amount of back-
ground information available, the relation between the amount of
work to be invested to the amount of information expected, and the
adaptability of the method to the particular problem. T.hus f:or
example, if he has to find the structure of a crystalline organic solid,
and assuming that all the requirements are met, a single method that
5
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could solve the problem completely is x-ray diffraction. This however
will probably be his last resource, as the method requires specialised
training and can be extremely time consuming and expensive.
Usually information is obtained from elementary analysis and physical
properties such as melting point, boiling point, pK,, etc., and from
Lr., u.v.,, n.mr., and mass spectra. The compound is subjected to
chemical reactions and the above proceedings repeated with the
derivatives. At progressive stages it is possible to propose more and
more detailed structures, until finally the elucidation is complete or
no further advancement can be expected. It may then be necessary to
resort to crystallographic methods for confirmation or completion of the
solution of the problem. To round up the case a total or partial
synthesis of the compound may be attempted, assuming that the
structure of the starting material, intermediates, and products is
unambiguously known,

For example, the elucidation of the structure of festucine (78) went
through the following steps*6¢: elementary analysis and mass spectro-
scopy showed formula CsH,;,N,O and molecular weight 154; n.m.r.
indicated the presence of one N-methyl group, the two nitrogen atoms
were shown to be basic by preparing the dihydrochloride, pK, values
2:5-3-0 and 8:25; the alkaloid underwent monoacetylation and
mononitrosation, and the acetyl derivative was an N, N-disubstituted
acetamide as shown from its ir. spectrum; the oxygen atom was
considered to be etheric since no carbonyl or hydroxyl stretching
bands were observed; after strong heating with concentrated hydro-
chloric acid festucine yielded a compound of formula CgH,;CIN,O,
which showed a hydroxyl stretching band (and was diacetylated with
acetyl chloride but only monoacetylated with acetic anhydride,
pointing to a secondary alcohol structure) and from which festucine
could be regenerated on treatment with base; and the dihydrochloride
of festucine did not undergo hydrogenation, pointing to a saturated
structure. From its physical and chemical properties, analogous to
those of other known bases, it was concluded that festucine was a
cyclic ether with pyrrolizidine skeleton, and the definitive structure 78
was assigned after carrying out an x-ray diffraction study *67.

N

(18)
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In the following sections an outline will be presented of thfz solution
of some important structural problems in which the' properties of the
amino group are taken into account. It should be pointed out that the
methods mentioned below, especially those based on spectroscopy a-nd
crystallography, are capable of yielding much more detailed in-
formation than that stemming from the interactlor}s of 'the amino
group with the rest of the molecule alone, but the discussion of such
applications lies beyond the scope of the present chapter.

A. Saturated Vicinity of the Nitrogen Atom

It was shown in section IL.D.1 that chemical methods for the
analysis of groups attached to the nitrogen atom require drastic
treatment. On the other hand i.r., n.m.r., and mass spectroscopy
afford excellent methods for such studies. In sections I1.B.6.b, I1.C.11.a,
and II.D.2 certain structural features of saturated amines yielding
absorption bands in the infrared region were mentioned already, and
no further treatment of i.r. spectroscopy will be made here.

I. Nuclear magnetic resonance spectrum

N-Methyl groups show a band at about 8 2:15 p.p.m.; this is shifted
to higher fields when —CH,;—, —CHR—, or —CRR!— groups are
interposed between the nitrogen atom and the methyl group, making
the chemical shift almost indistinguishable from a hydrocarbon
methyl group. In some cases it may be helpful to locate the band of
the interposed methylene or methyne group at lower ﬂf:ld (see below),
and observe the splitting into a quartet for the free amine and a more
complicated pattern when the amine is converted into an ammonium
salt (see section II.C.1). The methyl bands of aryl-N—QHs .and
acyl-N—CH, systems*® are shifted towards lower fields, which is of
great aid in the assignment of structures. o

Protons of N-methylene and N-methyne groups give rise to bands
at slightly lower fields than those of N-methyl groups, and they too
become shifted to lower fields by N-acetylation.

Examples illustrating the chemical shifts of various saturated groups
attached to the amino group are given in Table 14. The bands arisir.lg
from N—H groups were treated in section II.C.11.b. Detailed dis-
cussions on this method can be found elsewhere 393 468-472,



TaBLe 14, Nuclear magnetic resonance bands of alkyl groups in amines®.
{Groups containing the relevant protons are indicated by *).
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Structure Chemical shift®
CHg*NRIR? (R%, R? = H, alkyl) ~2.15 2. Mass spectrum o
(CHa),*NCH,CeH; 2.17 Mass spectroscopy provides a powerful means for the elucidation

/CHZCHZ of the structure of alkylamines. The radical-ions derived from these

o N-—CH,* 2.20 compounds tend to become stabilis.ed by undergoing scission of
e «,B-carbon-carbon bonds, as in equation (69).
. CH,CH,

Hg*CH,NR'R? (RY, R? = H, alkyl) ~0-95 RO—CH,—NRIR]** ——» R¥ 4 [CH,=NRIRZ <> CH,—NRIR?] (69)
CH3*CH,CH,CH,NR!R? ~0-93 : ’ : e (79) ’
(CHg)*CHNH, 1-01 (R}, R%, R®* = H, alkyl)

(CHs)3*CNH, 1-15 . . ble of und ‘e further cl if RY or R?
(CH,),*NCgH; 2.90 Cation 79 1s capa e of undergoing further cleavage 1 or
(CH,),*NCgH,CHO-p 3-05 have a hydrogen atom in the a-, 8-, y-, or 8-positions, according to
Alkyl —CH,*NH, 2-42-2.63 equation (70), where M represents a neutral molecule derived from
CHzC\Hz' R2 by scission and loss of one hydrogen atom*7®-%7¢. The same
NH 9.74 process of course can take place on cation 80.
CH 41 * /R1 /R1
2 2 + +
CH,CH,* CHs=N" ——> M+ CHz=N (70)
AN N
NH 3-40 R2 H
(19) (80)
CH,C . . C o
AN Cleavage according to equation (69) has been applied in the study
o of amino acid sequences in oligopeptides, by reducing the peptide
/CHzC\Hﬂ* to an amino alcohol (81) (equation 71) and determining its mass
CH, NH 9.69 spectrum.
e, diye " " "
2 2 .
/CHchZ* NHz—éH—C——NH—éH——lc——NH—éH—COzH LiAH,
I
o NH 283 © s
CH C{_I . R1! R2 R3
2 3 el @eamfemm feal]een
CH,CH_* dl : el H fl !

y NH;—CH——CHyNH—CH——CH,NH—CH—_CH,OH (71)

(@) NCH, 2.28 a b ¢

(81
CH,CH,*

(CH,),CH*NH, 2.87 In 81 scissions at bonds a, b, or ¢, yield two different ions, as two
C.H; heteroatoms can be responsible for the scission. If the reduction is also
CH*NH, 07 carried out with lithium aluminium deuteride (LiAlD,), the assign-
78 ment of the peaks in the mass spectrum will be more facile, as a
CH, displacement of +2 mass units will be observed for every reduced
/CHzC\Hz carbonyl group included in the ion, for example in 81 the molecular
CH, NH 9.57 £ 0-10 ion and the ions resulting from scissions at d, ¢, or f will be displaced
' \C C/ . : - by + 6 mass units, the ion on the left of a scission at  will be displaced

Ho \H by +2 units, and that on the right side by +4 units®°-°2,

: Data from references 468-470.
In parts per million (p.p.m.) of the § scale; § 0-00 for tetramethybilane.
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B. Unsaturated Vicinity of the Nitrogen Atom
I. Ultraviolet spectrum

The amino group, when attached to an unsaturated system, shifts
the absorption bands in the ultraviolet and visible regions towards
longer wavelengths (see Table 15) and enhances their intensity.

TasLe 15. Bathochromic shifts due to an
-NR; (R = H, alkyl) group attached to an
unsaturated system®.

System Shift (my.)
C=C—NR, 40
C=(C—C=C—NR, 65
CeH;—C=C—NR, 58
O=C—C=C—NR, 95
HO,CG—C=C—NR, 80
CsHs—NR, 51 and 43

¢ Data from references 477-479.

.The main absorption bands of unsaturated amines are associated
with electronic shifts such as those depicted in equations (72) and (73).

R R
\ .. o +
i’ N (72)
7 AN /s AN
R R
R R R R
«—> (73)

When the  electrons of the amino group are coordinated, as occurs
in ammonium compounds, the spectra resemble those of the hydro-
carbon skeleton, for example the spectrum of the anilinium ion is
similar to that of benzene, and differs much from that of aniline 48°- 481
and that of the N,N-dimethylindolium ion (82) is similar to that of
styrene and indene (83) but not to that of indole (84) as shown in
Table 16482,

Qg QU O

HC” O CHg [

(82) (s8) (84)
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TasLe 16. Ultraviolet spectra of some amines.

Compound ’\max (m(J') Emax

Indole (84)487 218 27500
271 6170

278 6000

287 4570

2,3-Dimethylindole (cf. 84)%87 228 30200
{ 283 7080

290 6300

Ibogamine (85)48° 230 33100
285 7260

Alloyohimbine (86) 486 225 32900
290 5540

Ajmalicine (87)486 226 44400
291 6760

N-Methyl-48-9-octahydroisoquinolin-7-one (90) 96 222 5100
3-(Dimethylaminomethyl)cyclohex-2-en-1-one (91) 498 225 5950
4-(2-Dimethylaminoethyl)cyclohex-2-en-1-one (92)4%¢ 224 4150
4-(Dimethylaminomethyl)cyclohex-2-en-1-one (93) 498 225 6140
A1-%-Octahydronaphthalene-2-one (94)4%¢ 241 10000

The absorption spectrum of a compound can be associated with a
partial structure of the molecule (sometimes the whole molecule), and
it can be expected that all molecules embodying that part as their
only chromophore will have the same spectrum. This principle has
been applied in the elucidation of structures of natural products 83 484,
Thus for example, it was found that the indole alkaloids have two
absorption bands, at about 225 my., epg, ~ 25000, and at 270-290
my, ema.x ~ 6000, as in ibogamine (85) 485, alloyohimbine (86) 8¢, and
ajmalicine (87)%%¢, shown in Table 16. The enhanced absorption of
87 at 226 my is due to superimposition of the absorption of the
acrylic system also present in the molecule. Some care has to be taken
when deciding which is the chromophore responsible for the absorp-
tion spectrum of a compound. Thus 2,3-dimethylindole (cf. 84) 487 is
a better choice than indole (84) %87 itself, as a model for the spectra of
alkaloids 85, 86, and 87, as shown in Table 16.
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CHy

C HstC‘—\/O

(86) (87)

. Amir}o groups attached to vinyl systems can undergo tautomerisa-
tion as In equation (74), or take part in processes as in equation (75)

AN AN
/C='J:—NH— — /CH—&:N— (74)

R
N .
H* + C:(J:—N/ e \CH—szN/ (75)
s AN s AN
R R
Equations (51) and (76) are examples of tautomerisation equilibria.

In the former the N-protonated form is predominant, while in the
latter it is the C-protonated form %88,

CHs  CH, CH, CHg
—
N
NH ~
~ N (76)
H
CHy CHs CH; CHs

Reaction (74) is the main reason for the instability of vinylamines,
as it facilitates solvolysis in the azomethine form. It has been studied
by following the changes in the spectrum of the system 89> 220,

Usually an unsaturated amine will change its absorption spectrum
on passing from a basic or neutral solution to an acid solution. This is
due either to the conversion of the amine into an ammonium salt
or to the occurrence of a process similar to equation (75). The former
cause allows one to determine pK, values from spectrophotometric
data®®. An example of the latter cause is found among retinenes:
compound 88 has A,,, 365 my in alkaline solution, and acquires
structure 89 in acid solution with A_,, 440 my 491. 492,
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HgC CHs H3C CH3
Va Va = a = SN NN ~ N N
CH3 CH3 H3C
(88)
H3C CH3 + HBC CH3
O NS 3 AN NN N N N AN
CH3 CH3 H3C
(89)

It should be pointed out that the process suggested by equation (75)
has been recently subjected to criticism and revision 9% 493-495, .

The p electrons of amines can also influence the spectrum of a distant
chromophore. In Table 16 the absorption bands of some compounds
(90-93) are shown in which ‘long range conjugation’ (equation 77)
possibly takes place, resulting in a displacement towards lower wave-
length and smaller &.,, values as compared with the model com-

pound 94496,

L .
o N—CHs (oF N—CH; (77

(90)
Q\/%Ha Q/\.
o N—CH o N—CH
: cHy” ’

(91) (92)

L T e L
cH ’
(93) (94)

Fuller discussions on the applications of u.v. spectroscopy In
structural elucidation can be found elsewhere168. 479, 483, 484,

2. Basicity of unsaturated amines

Aromatic amines are less basic than aliphatic ones owing to Fhe
delocalisation of the p electrons in the resonance hybrid (e.g. equation
73) and to the higher —/ effect of unsaturated structures, for example
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aniline and cyclohexylamine have pK, values of 458 and 10-64
respectively 497,

Vinylamines (Table 17) capable of reacting according to equation
(75) are more basic than their saturated counterparts*98, e.g. com-
pound 95 as compared with 9642, On the other hand, unsaturated
amines prevented by their structures from undergoing protonation
according to equation (75), will be less basic than their saturated
counterparts, owing to the — I effect exerted by the double bond, for
example compounds 97-100 of the quinuclidine series500. 501 3nd
neostrychnine (101) as compared with dihydrostrychnine (101
without the isolated double bond)5°2,

TaBLE 17. Basicity of unsaturated amines and their saturated counterparts.

Unsaturated amines <pK, pK,—» Saturated amines

N,2-Dimethyl-42-pyrroline 11-94 1026 N,2-Dimethylpyrrolidine
(95) 499 (96) 499

42-Dehydroquinuclidine 9.82 10.95 Quinuclidine (98) 590501
(97) 500, 501

Methyl 42-dehydroquinucli- 7.17  9.40 Methyl quinuclidine-3-carbo-

dine-3-carboxylate xylate (100) 500501
(99) 500, 501
Neostrychnine (101) 502 3-8 . .
Strychnine (108) 507 7.4 } 745 Dihydrostrychnine (cf. 101)502
Retronecine (102)503 8:94 10-22 Platinecine (103)503
Deoxyretronecine (104) 503 9-55 10-91 Retronecanol (105)503
Heliotridine (106) 503 10-60 11-48 Heliotridane (107)503
[ LI CH [ lCH @ @
o " "
CH, CH,
(95) (96) (97) (98)
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The comparison between pK, values of unsat.urated and saturatqd
amines may be of aid in placing the unsaturation. Thus the senecio
alkaloids 102, 104, and 106 were correctly assumed to be allylamn_u:s
because their pK, values are lower than those of the saturated qlkalmds
103, 105, and 107 (Table 17). The vinylamine structure was discarded
in these, as basicities higher than those of the corresponding satqrated
compounds would be expected 3°3. The opposite should be true in the
case of neostrychnine (101), a vinylamine unable to react according to
equation (75), and therefore less basic than strychnine (108)3 an allyl-
amine in which the — I effect of the unsaturation on the amino group

is weakened by distance (Table 17)5°2,

)
HOCH,—7 HOCH; Hac_m HaC
N N N N
HO HO HO HO
(102) (103) (104) (105)
HaC / H3C
N N
(106) (107)

(108)

C. Stereochemical Aspects of Amines
I. Asymmetric nitrogen atom

A nitrogen atom can become a centre of asymmetry in compounds
such as ammonium salts. The resolution into two optical isomers of
benzylmethylphenylpropylammonium salts®®%, and other similar
compounds5°%-5%8 was accomplished at the turn of t}}q century, by
precipitation of diasteroisomeric salts. A study on aziridinium salts
was carried out recently®°7. )

The nitrogen atom of amines is an asymmetric centre, at least in
theory, if three different groups are attached to it, owing to the non-
planarity of the group. The fact that such amines cannot be resolved,
is attributed to the mobility of the p electrons at the heteroatom 508"509.
More recently it was shown that in certain cases, such as the aziridines
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109 and 110, the inversion at the nitrogen atom is sufficiently
slow near room temperature to show two distinct C-methyl bands in
the n.m.r. spectra, which should coincide were that inversion much
faster 51511, as is the case with larger heterocycles 510, This however is
still far from actual resolution into optical isomers. In fact, the asym-
metric nitrogen has to be held in a rigid structure in order to avoid
inversion. In such cases the asymmetric nitrogen is usually accom-
panied by asymmetric centres at carbon atoms, for example com-
pounds 101-108 and 120-127. To the author’s knowledge, amines
with asymmetric centres exclusively at nitrogen atoms have not yet
been resolved, although racemic mixtures of compounds such as 111
are known®!2, Troger’s base (112) was actually resolved 513, but this
example departs slightly from the restricted definition of amines
given in section I.

o GHe
HoC H H>\ 7<CH3 Ej‘CHa
HsC T :H HaC T H N
R R
(109) (110) (111)
N> CHs
H3C N
(112)

2. a-Amino acids

Among amines where the amino group is attached to an asymmetric
centre e-amino acids and peptides are by far the most widely investi-
gated class from the point of view of stereochemistry. The main results
will be presented here, and more detailed discussions can be found
elsewhere14-517, It was found that most a-amino acids derived from
peptidic and proteinic materials belong to the L series, that is they
have absolute configuration 113, related to L(+)-lactic acid (114),
when 113 and 114 are drawn according to the Fischer-Klyne con-
vention '8, Evidence for these assignments came from optical rotation
studies in series of derivatives of hydroxy acids and amino acids51°-52°,
a-azido- and «-halogenopropionic acid derivatives®2!, which can be
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correlated with the derivatives of lactic acid and alanine 522523, and

p-2-glucosaminic acid as compared with p-amino acids524-529,
COyH COzH
NHg—C—H HO—!Z—H
k
(118) (114)

It was shown that the optical rotation changes observed on treajcing
neutral natural amino acids with acid or by converting them. into
hydantoins (115), were of the same sign and about the same magnitude
for almost all the cases studied. This was interpreted as being (_:lue to all
these compounds having a unique configuration 324-53%, Asmgnments
of configuration based exclusively on optical rotatory evidence have
led in some cases to the wrong conclusions®%2, It is fortunate therefore
that the configurations proposed above were confirmed by several
independent methods, including x-ray diffraction®®.

R O

HNYNH
O
(115)

More recently, widespread use has been made of optical rotatory
dispersion as a means for studying configurations. a-Amino ac1ds'w¢?re
investigated as such533-535 or as derivatives, notably alkyl dithio-
carbamates (116) 336537, copper(ir) complexes®3®:53%, and cobal‘t(m)
complexes4%, From these studies useful though not always straight-
forward correlations have been obtained, between the shape and
location of the dispersion curves and the configuration of the com-
pounds.

5 CO.H
C,HESIé—NH——éII——H
R

(116)

Rotatory-dispersion curves of polypeptides ide.ally depend almost
exclusively on the conformation of the peptide-links ba<.:kbone, and
not on the amino acid composition 54!, although in special cases the
contribution of individual amino acids may be important542-544,
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3. Examples of configuration assignment

Certain reactions take place under strict steric requirements as is
the case of the pinacol-type rearrangement shown in equation (78).
Compound 117 has two asymmetric carbon atoms and therefore four
diasteroisomers. With racemate « (118) the phenyl group migrates,
and with racemate 8 (119), the p-chlorophenyl group. The conforma-
tions shown in 118 and 119 are the less strained, where the smallest
group H is staggered between the two bulky aromatic substituents.
The relative positions of the groups depicted in 118 and 119 are
preserved in the transition state, thus determining the nature of the
rearranged product, and from the latter the geometry of the amino
alcohol can be deduced®$%-54", The same could be found from
kinetic data, as the migration aptitude of a phenyl group is larger
than that of a p-chlorophenyl group®48, Similar studies were carried
out also with diasteroisomeric 2-amino-1,2-diphenylethanol 549,

CeHs II-I
p-CICeH4—J|:

C—CeHg ——

|
HO  NH,
ar7)
H H
| |
p-CIC6H4—ﬁ—IC—C6H5 or CgHg—C—C—CgHs (78)
O CgHs O CeHClp

CeHs H CeHs

H
Mi{z e N,
OH

sHs p-C
p-CICHs — “OH CeHs
(118) (119)

Evidence gathered from chemical reactions, optical rotation, and
basicity, as well as conformational considerations were applied in
order to assign the configurations of the two families of cinchona
alkaloids listed in Table 185°0-5%2, The main steps of the elucidation
were the following: the configuration at Cg, and C,, (cf. 120) is the
same for the eight alkaloids; the decreasing order of optical rotations
in the two series was taken as a guide-line for proposing parallel
configurations at Cg, and C, (cf. 120); the highest positive optical
rotation and the negative one in each series were considered to have
opposite configurations at both Cg, and Cg,; quinidine and cin-
chonine were known to yield a cyclic ether by reaction of the hydroxy

3. Detection, Determination, and Characterisation of Amines 137

TasLe 18. Physical properties of cinchona alkaloids®.

Compound [alp pK,
Quinidine (120) +254° 7-95
Epiquinidine (122) +102° 8-32
Epiquinine (124) +43° 8-44
Quinine (126) —158° 7-73
Cinchonine (121) +224°
Epicinchonine (123) +120°
Epicinchonidine (125) +63°
Cinchonidine (127) —-111°

2 Data on optical rotation from reference 551, and on basicity
from references 550 and 552. .

HaC==CH-__H HyC=CH<_H HyC=CH~__H HyC=CH~__H
3
Q : H
S WA N WAY H LN H N
HO” % HO H... Q..
H H o~ DoH H” Yo

H
(120) Q =128 (122) Q =128 (124) Q =128 (126) Q = 128
(121) Q =129 (123) Q =129 (125) Q =129 (127) Q =129
00 QO I
N N H—-O..,H/N
(128) (129) (130)

and vinyl groups; an alkaloid could be converted into the eipi form
and vice versa by oxidation of the alcohol followed by reductmp; the
fact that in a pair, alkaloid-epialkaloid, the latter is the more basic was
attributed to the stabilisation of the ammonium cation by hydrogen
bonding, as the conformation attained on forming the hydrogen-
bonded structure 130 is sterically less hindered in the epi forms.

The configurations of four lO-hydroxydihydrodesoxycodein.es (1.31)
appear in Table 19. The assignments were made by taking into
account the stabilisation of the ammonium ion by hydrogen bond-
ing5%3, by acquiring a structure such as 130. Lysergic acid (pK, 7-8)
and isolysergic acid (pK, 8'4) are two isomers of structure 132.
They were respectively assigned configurations where 'the cgrboxyl
group could not and could establish hydrogen bonding with the
ammonium cation on forming the salt 354596,
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TaBLE 19. Configuration of
10-hydroxydihydrodesoxycodeines (181 )e.

R pK, Assignment®
H 872 trans
H 9-17 cis
CH,4 7-71 trans
CH, 9-41 cis

¢ Data from reference 553.
b C10y~—OH relative to C(g—NR.

HOLC N-—CHs
X
N
NH
(131) (132)

4. Conformations, steric hindrance, and other stereochemical
problems

The preferential conformations of a compound can be deduced in
certain cases by considering the bulkiness of the groups present in the
molecule, as was done above with the amino alcohols (118) and (119),
and the alkaloids (120-127). In other instances more indirect con-
siderations have to be made. For the needs of the present section, the
changes in configuration resulting from inversion of p electrons at
nitrogen atoms will be regarded as changes in conformation.

The equilibrium of conformers of trans-N,2-dimethyl-3-isopropyl-
aziridine, shown in equation (79), was found by n.m.r. spectroscopy to
favour the left hand side by a ratio of about 4 to 1, at temperatures
from —55'5 to 9°. The method could not be applied at somewhat
higher temperatures 557,

Pr-i Pr-;
H% M GHs (79)
N H<— N H
CHy | CHy
CHg

N.m.r. was also used to show that at low temperatures there is
considerable freezing of ring conformation in N-methylmorpholine
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(133) and N,N’-dimethylpiperazine (134) as compared with morpho-

line and cyclohexane 558,
—N H C/N\/\
HsC m 3 \/\N/CH:;
(133) (134)

From optical rotatory dispersion studies, 3-bj:nzoyl-3-ch!oro-N-
methylpiperidine was shown to have confqrmatmn 135, with the
carbonyl group pointing away from the amino function, in nel{tral
solution, and conformation 136, with the carbonyl and ammonium
moieties pointing towards each other, in acid solution 559,

?\\N/C% SN
cr lCofts Cl }L

CgHs
(135) (138)

The preferential conformation of a substituent at the nitrogen_atom
of piperidine seems to depend on its size and the state of §olvat10n of
the p electrons®®°. Thus it was found that the steric requirements of
the unsolvated pair are less than those of a proton or a methyl
group 51562 for example in equation (80) equilibrium favours form
137 over 138 at room temperature in benzene solution (~88%, for
R = H, and ~94%, for R = CH,;), as was shown by dipole-moment
measurements®6?, On the other hand, the solvated electron pair has
larger steric requirements than an N-hydrogen, as shown for example
from the kinetics of equilibration of epimers of methyl N-methyl-
decahydroquinoline-4-carboxylate (139) 563, Re.su_lts f:rom the n.m.r.
spectroscopy of piperidine and N-methylpiperidine in methanol (a

N~ N7 (80)

O |
(137) (138) R
CO,CH,q
C\T
CHy
(139)
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strongly solvating solvent), also support these hypotheses on the
steric requirements of the p electrons of amines 564,

Conformations of 0,0”-disubstituted diphenylamines could be deter-
mined from i.r. spectra by studying the hydrogen bonding established
between the N—H group and X or Y, as shown in 140, in a manner
similar to the one applied for o,0'-disubstituted diazoaminobenzenes®¢5,

(140)

In contrast with the tetrahedral disposition of bonds and electron
pair at the nitrogen atom in the examples discussed above, it was
shown from rotational spectra that pyrrole (3) is a planar structure 56,
The degree of planarity at the nitrogen atom varies according to the
substituents attached to it. From its rotational spectrum aniline was
shown to be non-planar at the nitrogen atom %7, nevertheless aryl-
amines are more planar at that site than alkylamines, owing to the
contributions of planar forms to the resonance hybrid (e.g. equation
73). The degree of planarity at the nitrogen atom can be changed by
steric hindrance, as can be deduced from the u.v. spectra of substituted
N, N-dimethylanilines®8- 569, their basicity4®”, and their dipole
moments°"®. Thus methyl groups in the ortho positions will hinder the
dimethylamino group from attaining coplanarity with the ring,
resulting in u.v. spectra that are intermediate between that of di-
methylaniline and that of benzene. The p electrons by participating
less in p-m conjugation, will tend to adopt the tetrahedral geometry of
ammonia, resulting in their increased availability (basicity) and a
lowered dipole moment.

Benzoquinuclidine (141) is a case where owing to the rigidity of the
structure and to the p electrons being held at a right angle with the
7 system, no p-n conjugation occurs, and therefore the main effect of
the benzene ring is a negative inductive effect resulting in a basicity
higher than that of N, N-dimethylaniline but still lower than that of
quinuclidine, as shown in Table 20571572,

Q)

(141)
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TabLe 20. Basicity of some amines.

Compound pK.
N, N-Dimethylaniline 497 5-06
Benzoquinuclidine (141)571:572 779
Quinuclidine (98) 571572 10-65
Ammonia®7® 9-25
Methylamine 578 10-63
Dimethylamine57° 10-78
Trimethylamine 7% 9-80

Steric hindrance to coplanarity, may also shift u.v. absorption
bands to longer wavelengths (Brunings-Corwin effect)®?8, for ex-
ample in dyes such as 142 (A,,, 446 mp) as compared with 143
(Amax 479 my). It was suggested that the resonance energy was more
affected by steric hindrance in the ground state than in the electroni-
cally excited state, in compounds of this type, yielding E,—E, values
for the transition which are smaller, and therefore corresponding to a
longer Ap,,, in the case of 143574,

CHs HsC CH

H;;C\N CHs HsC __[Q/CHS H3C\N 3 Hg _,_Kj/ 3
N o N

HaC H H CHg HaC CH; HyC CHa
(142) (143)

The basicity of an amine can be considered as the result of elec-
tronic and steric effects acting on the functional nitrogen atom. The
increasing pK, values observed on progressively methylating am-
monia stop at dimethylamine and drop for trimethylamine®"® :‘576
(Table 20). The increase in pK, parallels the increasing induct}ve
effect by methyl groups, and the decrease observed for trimethylamine
was attributed to steric effects3?7-57°. More recent evidence from
hydrogen bonding of ammonia and the three methylated amine:s with
methanol in the gas phase, shows strict inductive order for the series *7°.

Steric hindrance by substituents at the nitrogen atom of amines
has been determined by preparing certain Lewis salts and measuring
their dissociation constants and heats of formation. Quinuclidine (98)
was found to yield the most stable adduct with trimethylboron®®°,
while the adduct in the case of triethylamine is unstable®®l, These
results show that the approach to the nitrogen atom is hindered to a
certain extent by the ethyl groups, which are free to rotate and flip
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around the nitrogen atom, while in quinuclidine these movements
are absent, leaving free the approach to the p electrons58°,

An important consequence of the formation of a hydrogen bond
A—H---B is the shortening of the interatomic distance A-B, as
compared with the sum of the van der Waals radii of A and B. This
has to be considered when studying the stereochemistry of amines and
ammonium compounds, especially in the solid phase, as very signifi-
cant distortions and steric effects may result. Table 21 summarises
hydrogen bonds involving nitrogen atoms, and their lengths are
compared with the van der Waals distances. The contraction taking
place on hydrogen-bond formation is the more noteworthy as the van
der Waals radius of hydrogen is not taken into account for this
comparison.

TasLE 21. Hydrogen-bond lengths and van der Waals distances in
crystalline compounds®.

van der
Waals A-B

A-B distance distance
A—H...B A—H type (&) (A)®
O—H---N All O—H 2-80 + 0-09¢ 3-05
N+—H:---O Ammonium 2-88 + 0-13¢9 3-05
N—H:--O Amide 2:93 + 0-10° 3-05
N—H:--O Amine 3-04 + 0-13/ 3-05
N—H---N All N—H 3-10 £ 0-13° 3-30
N+—H---F- NH,F 2-69 3-00
N—H---F NH;.BF,4 3-01 + 0-3 3-00
N+—H---Cl~- NH.(CH,)gNH,.2 HCI 3-01, 3-07 3-45
N—H:--Cl- Adenine (144).HCI.1 H,O 3-11, 3-21 3-45
N—H---Cl 4,5-Diamino-2-chloropyrimidine 3-51, 3-52 3-45

(145)

N+—H--Br~ NH,(CH,),,CO,H.HBr.} H,O 3-30, 3-44 3-60
N—H:--I- Cleavamine methiodide (146)582 3-4 3-80

2 From G. C. Pimentel and A. L. McClellan, The Hydrogen Bond, W. H. Freeman and Company,
San Francisco, 1960.

® Estimated from 1-65 A proposed by Pimentel and McClellan for the van der Waals radius of
nitrogen'®, and those given by Pauling for the other atoms®®,

¢ Average of 21 data.

4 Average of 41 data.

¢ Average of 35 data.

I Average of 30 data.

9 Average of 37 data.

In spite of the A-B contraction, the A—H bond undergoes elonga-
tion in these cases. The location of the hydrogen atom participating
in a hydrogen bond has been accomplished by several methods, for
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NH,
—~
N N N ()j:NH,
(L el
N r\IJ N
H
(144) (145)
7 CH,
| ;L l CaHs
N
|
H
(146)

example x-ray diffraction which although rather ineffective for this
purpose owing to the low scattering amplitudes of hydrogen atoms,
yielded in some instances reliable results, e.g. for compound 145°%.
Electron diffraction was also used for the same purpose®®*:52°, The
neutron scattering amplitude of hydrogen is comparable with that of
carbon or oxygen, allowing therefore the localisation of hydrogen
atoms by neutron diffraction. Furthermore, by this method hydrogen
and deuterium atoms can be distinguished, thus adding to its useful-
ness 1%, Finally, N—H distances have been calculated for amines,
ammonium compounds, and other functions, based on the band widths
measured by n.m.r. spectroscopy ®86-%93,

D. Multifunctional Amines

The presence of additional functional groups in an amine can of
course be detected by spectroscopic and chemical methods specially
devised for these groups. Functional groups affect strongly the pro-
perties of the amino group if they are near the nitrogen atom, but
their influence decreases steeply with distance. For example the pK,
values of the senecio alkaloids 102-107 in Table 18 illustrate the
effect of the electronegativity of hydroxyl groups, as these lower the
pK, of the compound. Extensive studies have been carried out to
establish the influence of substituents on the basicity of amines of
structure X—(CH,),—NH,. It was shown that the pK, value is
strongly affected for functional groups X, compared with X = H,
when 7 = 0, 1, only slightly for n = 2, and remains practically un-
affected for n > 3. Some of the groups studied were hydrogen®9¢-59,
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carboxylic acid and ester®®, sulphonic acid5®®, phosphonic acid®®®
phenyl8°0_ etc, ’

An early and extremely important application of basicity studies
was made.when glycine, and by analogy other natural amino acids
was §stabllshed as a zwitterion. The dissociation of the conjugate acici
of this compound could take place according to equations (81) or (82).
The formf:r is similar to the dissociation of the conjugate acid of
methylaml_ne (pK. 10-6) which has been modified by an a-carboxy
group, while equation (82) resembles the dissociation of acetic acid
(pK, 4-8) modified by an a-ammonium group. The pK, value of

glycine being 2-3, points to the latter possibility as the correct
one 104, 105.

NH;*CHaCOH === NH,CH,CO,H + H+ ®1)

NH3*CHaCOH —=—> NHz+CH,CO,~ + H* (82)

The t?ffect on the basicity of aniline (pK, 4:584°7) has been studied
for a wide list of substituents in the ortho, meta, and para positions. It
was found that the pK, value of a substituted aniline can be estimated
from that of aniline by the use of additive terms depending only on the
nature and position of the substituent552, Thus the calculated and
experimental values of polysubstituted anilines showed good agree-
ment for a wide range of substituents and substitution patterns®°1-604
thus providing a method for structural assignment based on a funda:
mental property of the amino group. For example, on bromination of
6-acetylamino-1,2,3,4-tetrahydronaphthalene followed by hydrolysis
of the acetyl group, two monobromo compounds with pX, 3:05 were
obtained. They were assigned structures 147 and 148, while structure
149 was discarded, as the calculated values, based on aniline and
assuming that the tetramethylene chain acts as two methyl groups
are 3-18 for 147 and 148, and 4-09 for 1495°1.602_ Fyller discussions oi‘
substituent effects in amines can be found elsewhere 552 605,

Br
NH, NHz NH;
Br
Br

(147) (148) (149)

.C.orrelations between chemical shifts of N-protons in substituted
anilines8°6-8%% " and methyl protons of substituted N, N-dimethyl-
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anilines®°? have been found, which may be of aid in the assignment of
substitution sites of similar compounds.
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this results in the formation of substituted ammonium ions, probably
with hydrogen bonds between the proton and the anion, but with
some weak proton donors such as alcohols it may lead only to the
production of hydrogen bonded complexes (equations 1 and 2)

AH + NH,R === A-..HNH,R (1)
AH + NH;R —= AH...NH,R (2)

The reaction in a so-called ‘ionising’ solvent, however, is very different.
It is generally written formally as in equation (3)

SH* + RNH; === S + RNHz* 3)

where S represents a solvent molecule, but this is an over-simplified
representation of a chemical reaction in which solvent participation is
both fundamental and complex. Thus change of solvent is tanta-
mount to a change of reaction under study.

'The lone pair of electrons can be broadly described as occupying
an sp° hybrid orbital of the nitrogen atom, but the precise character
of this orbital depends upon the groups linked to the nitrogen atom.
"Thus the energy of the N—H bond produced, and the thermodynamic
stability of the positive ion, depend on the nature of these groups. As
a result of this and other factors the strengths of amines as bases vary
considerably.

In aqueous solution the strength of a base B can be defined in terms
of the equilibrium constant K, of the reaction (4).

__ Cpg* “Com-~ _fBH+ - fou-
Kb - ‘s fB (5)

At low concentrations the activity coefficient term /s can be taken as
unity, and fgg+ = fop- = fi, so

¢BE* *Con-
K, = BE* ‘Com [l )
2]
For convenience in expression, and by analogy with the pH and pK,
scales, K, may be written in terms of its negative logarithm, i.e.
Pk, = —logy, Ky,
The alternative and more usual scheme, however, is to describe
the strength of a base in terms of the dissociation constant K, of its
conjugate positive ion, i.e. the constant of reaction (7).

BH* + H,0O B + H,O+ @
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K (s*lnzo* .fB'fHQO" @
® T cppt Seu*
terms for univalent ions in both the numer-

ing activity coefficient . : .
Havie o low concentrations this reduces to equation

ator and denominator, at

(9)-

K, = cg-tg0* [eam* (9)

The product K, K, is given by equation (10).

KK = (B fu,0* ‘CBH*’ *CoH"~ 'f:hz = Ca,0°Con- 'f:hz — Kw (10)
#TP T cppt 4]

Since at 25°c the value of K, the ionic activity product of water, is
about 10~ 14g. ion?/litre?, it follows that pKa' + pK, = —log Ky = 14.
The lower the value of pK, and hence the higher the value of pK, the
tronger is the base. . .
S r’(;’hge values of pK, for bases can be determined by f;ssentlally the
same methods as are used for acids. These have been hsted,.ar;d the
pK, values for a large number of amines tabulated, by Perrin*.

I1. FACTORS DETERMINING THE STRENGTHS OF
AMINES AS BASES

A. Thermodynamic Considerations o
The standard free-energy change 4G° attending the dissociation of
an aminium ion is given by
—-4G° = RTInh K, (11)
it follows that
R pK, = 4G°/2:303 RT (12)

where the standard states are those of unit activity for the amine, ;]ts
cation, and the solvated proton and the pure state for the solve}r:t.frT e
pK, value, therefore, is determined by 'the temperature and by the hee-
energy difference between the (imaginary) states qf the systfrr.l when
the solution contains (a) the amine at unit activity, Hao. ions at
unit activity, and solvent, and (b) the aminium ions at unit activity

and solvent. Again since
4G° = AH° — TAS® (13)

this free-energy difference depends upon the ent-halpies and e.ntropies
of the two states of the system. Any factors which can modify these
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properties in either state will therefore influence the base strength of
an amine.

The dissociation of a molecular acid HA is accompanied by net
generation of charges, and hence there are very large net hydrational
changes. The increased order in the system which this brings about
leads to large changes in the entropy of the system. Also, because the
extent of this ordering is temperature dependent, it leads to large

changes in the heat capacity. Typically for the dissociation of a mole-
cular acid in water (equation 14)

HA 4 HyO = H,0* + A- (14)

4S5° is about —20 cal/deg/mole and AC3 is about —40 cal/deg/mole.
The dissociation of an amine cation, on the other hand, is isoelectric,
s0 45° and 4C; may be zero or have low values, positive or negative.

The analysis of the factors determining the value of pK, is compli-
cated by the fact that AG°, 4H®, and 4S *allvary with the temperature

d4G°/dT = —A4S°, dAH°/dT = AC;, d4S°/dT = ACST.

Even ACj is temperature variant. Since 4G is essentially the quantity
measured, it follows that the precision with which AH %, 48°, and ACY

can be determined decreases with the increase in the number of .

differentials upon which they depend. Thus even if AG° can be
determined to +0-5 cal/mole, the error in 4H° may be + 20 cal/mole
and in 45° +0-1 cal/deg/mole, whilst the error in AC3 will be even
greater. Present accuracy does not permit the temperature dependence
of AC; to be determined. The apparent alternative route of measuring
4H? directly by heat of neutralization measurements is not useful, as
it is as yet impossible to achieve the accuracy required with solutions
sufficiently dilute for the purpose.

Meaningful values of the thermodynamic quantities at a particular
temperature T can only be determined, therefore, by precision meas-
urements over a range of graduated temperatures on either side of T.

Then if AC; can be regarded as effectively constant over the tempera-
ture range used,

4H5 = AHY + TAC (15)
457 =485 + AC;In T (16)
Introducing these values into equation (13) gives

4GS = AH§ + TACS — T(ASS + ACSIn T) (17)
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and 4G5 AH® AC° 485 — C3

= —2log T — 5o (18)
pKa = 533 RT ~ 2303RT ' R 8 2.303 RT

or

pK, = AT + (4C;/R) log T + B 1

= —(4Sg — 4C;)/2-303 R. The

= —A4H/2:303R and B (483 .

Whe{te ff measure?r/lents at different ionic strengths are extrapolated

;zs;leri) jonic strength so as to obtain the value of pK, at eiziich t(elrg)p?:c-l
lting data are then analysed using equation

EEZCBCTS?CV;E‘;S 1(I)lfg A, AC3/R, and B deduced. Thence the values of

1 2
° AS%, and AC} are derived?. . .
A}{}‘I’lért’fmately oilly a few amines have been studied w1th.such
ecision. A number of authors, however, have deduced approximate
I\lrllues of: A48° and AH° from measurements at two temlf?eji;tlrgs ‘by
i i ° = —A48°, the value o eing

ing the relationship (d4G /dT) , /
Ef::gigined by application of equation (13). The yalge’s. $0 .obtalned akr)e
very useful for comparative purposes, but their limitations must be
lised when interpreting small dlfferenqes. - .
rez'll“}slz comparison of data for different amines is made more complica
ted by the fact that they often refer to measurements with different
solvents or solvent mixtures and at different temperatures. The effects

of these factors on pK, will therefore be considered first.

B. The Nature of the Solvent o
In general the net effects of the presence of any solute species t;nnz:
solution should be assessed in terms both of solute—s‘olvent interac h(? N
and of the influence of the solute on solvent—.sol.ventr:3 interactions, w 1.ce :
in water are particularly strong and .spec1a.hsed . For 101111c Ee(:re
close-range nearest-neighbour interactions with solventdm(;f CCF‘IV es are
strong. This interaction depends on the c}}arge ?ypefz%n ﬁel dec Lve size
of the ion, the factors which determine the intensity of its field, abo
on its chemical nature. It may involve orbital oyerlap_, an interac Lon
akin to hydrogen bonding, or intense; charge~dipole lr}tera}?tlc(l)n. ror
aminium ions or amine molecules in aqueous solutlf)r;1 . ydrog -
bonding interactions undoubtedly occur W}th. nearest-neig hjour .waa
molecules. Whatever type of interactlon. is involved in this errrtl rZ
hydration ‘shell’ it is sterically Hmiteq in extent but gives rise to
substantial loss of enthalpy (since attractive forces are satlsﬁeill), en;r}i)gz
(through loss of freedom of the solvent molecules), and usually, o
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capacity (through loss of freedom and through the fact that freedom
tends to be regained with rise of temperature) 3,

The orderliness of arrangement can be regarded as transmitted
outwards from the primary zone, so that there is ‘correlation’ between
the first and second shells. The field of the ion is still strong, and highly
polarised water molecules in the first shell readily form hydrogen
bonds with others further from the ion. Proceeding outwards, how-
ever, the influence of the ion must decline and restriction of freedom
of the solvent molecules decreases until orientational rather than
translational freedom is lost. As a result, the secondary hydration
zone is less well defined than the primary zone, but it contributes to
the loss of entropy and of enthalpy. Its effect on heat capacity is
probably composite. Since weak restriction of freedom will undergo
release with increase of temperature there may be a positive contribu-
tion.

The order generated in this way locally around an ion does not fit
particularly well into the peculiar orderliness of the structure of the
water. It is primarily centro-symmetrical, whereas the water structure
is not, and the result of conflict between the incompatible ordering
influences seems to be a zone of disorder which makes a substantial
positive contribution to the entropy. This is the reason why Frank
and Evans* found that ions in aqueous solution have ‘too much’
entropy.

Non-polar solutes have the effect of promoting the ordered arrange-
ment of water molecules about themselves, lowering both the enthalpy
and entropy. Thus methane is only very slightly soluble in water
because of the very large entropy loss which dissolution involves.
This effect is common not only to all non-polar solutes but also to
non-polar parts of bifunctional solute molecules with hydrophilic
groups. It is called ‘hydrophobic hydration’4 because it involves no
specific solute-solvent interactions, but is the effect of an inert body
on solvent-solvent interactions in its vicinity. It is the cause of the
apparently ice-like structure which seems to exist at the interface
between water and gas or water and a hydrocarbon.

This hydrophobic hydration gives a very large contribution to the
heat capacity, apparently because it ‘melts’ with rise of temperature.
Since it conflicts with the centro-symmetrical association it is probably
weakened or destroyed by the field of a charge on an adjacent part
of the molecule. As a result it is more important for the neutral amine
molecule than for its conjugate cation, and so it should lead to a
negative contribution to 45° and a positive contribution to 4C;, as
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aking 4H?® less positive. It may be noted that it.is a ge;neral
e ainr(l:non %hat the factors which lead to a decrease in AI-{ also
g&}el:;:e(;se 48°, and hence there is a partial compensation 1in the
° hence of pK,.
va’lltl}(:(seszf(‘effchtsa}?i/e been diS(I:)us;ed indetailby Ivesand Marsden?, upon
whose views the majority of this. sectif)n has be(?n based. Th(}y w1}l Ee
referred to again later in the d}scu5510n of various groups O ﬂammeséi
In general, the apparent basic character of an amine is 1113[1in l'lfnih
by the base strength of the so!vent, the greater its proton a h1 y ! e
lower the pK, value. In addiﬂon', however, it d'epends upoln t edr(i }.'«.11;
tive extents to which the solvation of :che amine molecule an che
H,O* ion on the one hand, and the amine cation on t}.m oicht;r, a eic
the entropy and enthalpy of the system. There is no simple Orn'fl‘li }:;1,
therefore, relating the relative strengt.hs. in one sol\{ept to those ob C
same amines in another solvent, and it is not surprising that the a51§
strengths of amines in anisole and chlorok?en?ene solutions, .coml})lare 1
by measuring their equilibria with the indicators 2,6-.d1n1trop t}fnp
and bromophenol blue, do not parallel completely their streng s,h in
water®. On the other hand, they show a mu(;h closer felatl(?ns ip
with the catalytic constants for the decomposition of I.utramlde in
anisole®. Similar behaviour has been observed with various bases in
i 1 alcohol”. o
150’?1?}1112’ bas(;c strengths of many amines have b'een measured1 11} m1xe;‘l1
solvents, particularly in mixtures of water with an alcohol. 111 s::}llct
media a certain degree of solvent sorting occurs, with th.e result tha
the solvation layers around the various species tend to differ in com-
position from the bulk of the solution, t.hereby confusing the position
still further. In spite of these complicatlons2 ho.wever, the .pKa values
for different amines in these hydroxylic media differ numerically from,
but are closely parallel with, their values in wateg. The: parallehszln
arises doubtless because of the variation of .A.IH , which depends
predominantly on the relative proton affinities of the base and
solvent. The actual numerical values, however‘, have not quite t}.le
same significance as for aqueous solutions, since the relationship
pK, + pK, = 14 no longer holds.

C. Temperature .
S.’i.n':: A4G° = 2:303 RT pK, it follows that (d4G°[dT) = —4§° =
2-303R pK, + 2-303 RT(d(pK,)/dT) and hence
(pdK,) _ _48° pK, 0)
~T4dT 2303RT T T
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Thus (dpK,/dT) is negative so long as —A48° is less than 4-576 pK,.
As A4S° never has such high negative values the temperature co-
cfficient of pK,, is always negative.

Perrin® has pointed out that the temperature variation of the pK,
values of univalent organic cations can be represented satisfactorily
by the function

d(pK.) _ pK, — 09

L T + 0-004 2n

and for bivalent cations by

d(pK.) _ pK,
TTdT T T @2)

These corrections tacitly assume that for univalent cations A4S° is
about~4-1 cal/deg/mole, whilst for divalent cations it is zero. Since
for many amines 45° has relatively low values no great error is intro-
duced by employing these relations, provided that the temperature
range over which correction is made is relatively small.

D. Structural Features

The nature of the remainder of the molecule to which the amino

group is linked affects the relative energies of the amine and its cation. '

Factors which decrease the free energy of the cation more than that of
the amine tend to stabilize the former and hence to increase pK,,
whilst if the base is stabilized to a greater extent than the ion the pK,
value is reduced. The formation of the amine cation requires the dona-
tion of the lone pair on the nitrogen atom to a proton, so any factor
which tends to increase the electron density or availability at the
nitrogen atom will increase its proton affinity, that is will increase the
strength of the base, whilst any factor which tends to decrease this
electron density has the reverse effect. The modifications to the base

strength produced by various groupings in the molecule are generally
classified under three headings.

I. Inductive (polar) effects

When a hydrogen atom linked to a carbon atom in an amine mole-
cule is replaced by a halogen atom or a nitro group, or by any other
group attracting electrons, a dipole is set up with its negative end
directed away from the carbon atom. This exerts a' —J inductive
effect, that is electron density is drawn away from the carbon atom
making it more electronegative. It therefore tends to draw electron
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density away from its neighbourir.lg atoms, aqd eventually t'}I]‘J}ielena;l:
10 a decrease in the clectron density on the mtrogerll a.ton:il o new
dipole also exerts a direct field effect, tending to po ar;fe (}-f o bitals
of all the other electrons in th}flz n}ol;l:cule..The result of these eflec
1 e strength of the amine. o

re?itql;r}ll;lfgtll‘lcfuz?shavingi weak dipole in the reverse sense, with its
positive end away from the carbon atom, should have a shgh}: tendency
to exert a +/ effect, with resulting increase of be.lse strength. .

These inductive effects fall off very r.apldly V\./lth dlstance., plartlcu-
larly in saturated compounds, so it is with substituents relatng: y nea1t~
to the amine group that they are most m?lrked. When the.su St}lllillill’l
is linked to an aromatic ring or other conjugatf:d system with a hig (}i/
polarizable m-electron system, however, these inductive effects exten

over much further distances.

2. Mesomeric (resonance) effects

When the amino group is linked directly to a conjugate_d.syster.n the
lone-pair electrons tend to become deloFallzeq anf:l.to participate in the
conjugated system. This reduces their availability for accepting a
proton and hence lowers the base strength. If anf)ther group is now
introduced into the system in such a position that. its mesomeric effect
can interact with that of the amino group there isa .further effect. A
nitro group or other group with a — M effect will Yv1thdraw ?lectrog
density from the conjugated system by thf.: mesomeric meche}msm an
so effectively increase the + A4 mesomeric effect of the amino group
and decrease the base strength still further. On .the contrary, a halogen
atom, a hydroxyl group, or any other group with a + M effect donates
electron density to the system, opposing the mesomeric effect of the
amino group and so increasing the base strength.. .

Since in general the inductive and mesomeric effe(3t§ of different
substituents present in the molecule are roughly add}UVe, attempts
have been made to correlate the pK, values of aromatic amines w1t.h
the Hammett o functions of the substituents® and those of ahph'atlc
amines with the corresponding Taft o* functior}sm. These relation-
ships and their applications have been fully reviewed by Clark and
Perrin !,

3. Steric effects

When bulky groups are present in close proximity to an amino
group, steric effects are to be expected. If they are present, for instance
in an aromatic amine, in positions where they tend to prevent the
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amino group from assuming the conformation most favourable for
mesomerism, they should increase the basic strength of the amine
relative to that of the corresponding compound in which obstructing
groups are absent. Such behaviour is observed with ortho-substituted
N, N-dialkylanilines. In some other cases, however, the presence of
such bulky groups tends to decrease the basicity of the amine. Although
this general behaviour has been known for some time, the mechanism
through which the effect is exerted has been the subject of considerable
controversy. Brown and Cahn!2 suggested that the — NH,* group in
the cation is appreciably larger than the —NH, group of the free

amine and is comparable in size with a methyl group. On this basis . ‘

the presence of other large groups in the vicinity may cause steric
interference which increases the potential energy of the cation relative
to that of the free base. This would be unfavourable to cation forma-
tion and so would lower the strength of the base.

This theory, however, has not received universal acceptance. For
one thing it is by no means certain that the anilinium ion has greater
spatial requirements than the free amine, in fact the reverse seems
more likely to be true. Although the ammonium ion is tetrahedrally
symmetrical, the HNH bond angle in ammonia is smaller than the
tetrahedral angle. This suggests that the lone-pair electrons exert a
greater repulsive force on the hydrogen atoms than does one bound’
hydrogen atom on another. The relatively small HOH bond angle
(104}°) in the water molecule and the structures of some of the inter-
halogen compounds also suggest that a lone pair has considerable
spatial requirement. It seems much more likely that in the majority
of cases the reason for decreased base strength is to be sought in
solvation phenomena, as discussed in section II.B, rather than in
actual physical interference of the groups.

As in some instances more than one mechanism may be acting, these
effects will be discussed in conjunction with the classes of compounds
in which they arise, particularly the alkylamines, ortho-substituted
anilines and N, N-dialkylanilines, and polynuclear aromatic amines.

H1L. ALIPHATIC AMINES
A. The Methylamines
The basic strength of methylamine is appreciably greater than that
of ammonia. This is sometimes attributed to the + 7 inductive effect

of the methyl group, leading to an increased electron availability at
the nitrogen atom?, It would perhaps be better to regard this as a
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isation of the methyl and amino groups. At the same
glrlrlteu?tl ils:,)og?rilmportance to note,yas wil-l be discussed later, .that the
difference in 4G° and hence in pK, arises more fro.m tl}e 'dlﬂ“eren}cie
between the entropy changes associated with the dissociation of the
ions than from the difference between the enthalpy changes. |

The substitution of a second hydrogen atom of the ammonia mole-

cule by a methyl group to give dimethylamine le'fids-to only a sm.all
further increase in base strength, whilst the SubStltutIOI.l of the th;rd
hydrogen atom leads to a cor;)sider:}ilble decrease, trimethylamine
ing only slightly stronger as a base than ammoma.

be'lII‘l}%is pe}::uliir o}ll‘der ofg base strengths was attribt.lted by Brown and
his coworkers to what they call ‘B-strain’*4-1°, This they define as the
strain introduced into a molecule as a result of char}ges in .the normal
bond angles of an atom brought about by the steric requirements .Of
bulky groups attached to that atom. Thus they suggested that 1111
trimethylamine the three methyl groups are crowded around the sma
nitrogen atom, and that their steric requirements are met by a
spreading of the CNC bond angles toa value greater than the tetra-
hedral angle. On this view the addition of a proton to the lone pair,
which would tend to reduce the bond angle to the tetrahedral value,
is resisted by the molecule. Very similar ideas -have peen expressed
by Fyfe8. These views, however, seem to be inconsistent w1th. the
observations of Lide and Mann'?, who have deduced fro'm thfe micro-
wave absorption spectrum that the CNC bond angle in trimethyl-
amine is 108-7 + 1°. )

The apparent anomaly is clarified to a considerable extent, how-
ever, by reference to the precision measurements of Eve{‘ett and
Wynne-Jones on ammonia®1°, methylamine, dimethylamine, and
trimethylamine?, which covered a wide range of temperatct)lres aond of
ionic strengths. These permitted the evaluation of 4C3, 45°, 4G°, and
AH° for the dissociation of each of the cations. The final results for
25° and zero ionic strength are included in Table I. .

For the dissociation of the ammonium ion 45° is small and 4Cj is
zero. Unlike methane, which is repelled from water due to the large
negative 45 value involved, the ammonium ion must be very strongly
attracted by water. As a result there is qnly a very small decre.ase in
entropy on dissociation corresponding with the slight changes 111 .the
orderliness of arrangement attending the replacementiof the NH,* ion
by an H,O* ion and a water molecule by an ammonia mole':cul.e. The
equilibrium is determined principally, therefore, by 4H s which in turn
depends mainly on the relative base strengths of ammonia and water.
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TabrLe 1. Thermodynamic functions for the dissociation of amine
cations in aqueous solution at 25°c.

ac; 48° 4G 4H°
(cal/deg/ (cal/deg/ (kcal/ (kcal/

Amine mole) mole) mole) mole) pKa
Ammonia18.19 0-0 —-0-60 12-608 12-425 9-24
Methylamine 2! +75 —4-7 14-484 13-088 10-63
Dimethylamine 2! +19-9 -95 14-687 11-859 10-78
Trimethylamine 2! +41-0 —152 13-358 8815 9-80
Ethylamine 22.16 — -~ 31 14-504  13-58 10-61

— —11-4 14-55 11-15 10-67
Diethylamine22: 16 — —-72 14-916 12-77 10-94
— —15-7 14-97 10-3 10-98
Triethylamine 6 — —16-3 14-55 97 10-67
n-Propylamine 22 — —-17 14-36 13-85 10-53
n-Butylamine 22 — -13 14-45 14-07 10-60
Ammonia
in 60%, MeOH 23 0-0 +2-65 11-77 12-56 8-64
Methylamine
in 60%, MeOH 23 —12 —-173 13-306  12-79 9-76
¢Dimethylamine
in 60%, MeOH? 0 —46 13-41 12-03
*Trimethylamine
in 609, MeOH 23 Positive —6-6 11-93 9-97

¢ Data for ionic strength 0-10.

As the hydrogen atoms of the ammonia molecule are successively
replaced by methyl groups the value of 45° changes systematically to
more negative values. Trotman-Dickenson 2 explained this as arising
from the progressive decrease in the number of hydrogen atoms on the
amine cation available for hydrogen bonding to solvent molecules,
thus decreasing the constraint produced in the solvent through this
cause. At the same time 4C; acquires a progressively larger positive
value, this being associated with a large decrease in 4H°. For the
change from ammonia to methylamine the entropy effect predominates
and leads to a large increase in 4G° and hence in pK,, but for the
subsequent changes from methylamine to dimethylamine and from
dimethylamine to trimethylamine almost similar increases occur in
—48°, but with each step 4C; shows increasing increments, with
associated decreases in 4H°. The result is that a maximum value of
4G° is reached at dimethylamine. :

In addition to the effect produced by the reduction of the number of
hydrogen bonds to the cation, and the further ordered structure
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roduced near the aminium group, the succ?ssive additions of methyl

oups would be expected to yield incrgasmg areas of sur.face over
which hydrophobic hydration can occur in thf: neutfal amine mole-
cule, and to reduce slightly the hydrogf:n bonding of its amino group.
It is difficult to assess the area over which hydrophobu; hydration can
occur but it is not unreasonable to suppose that this may be very
much greater over the almost complete hemisphere formed by three
methyl groups than over the smaller surfaces prese'n.ted by two or
one methyl groups. Being close to the centre of positive charge .thls
hydration atmosphere will be almost wholly dispersed in the cation,
so the heat capacity of the system in the dissociated state will be higher
than that for the cation-solvent system, since it contains a term repre-
senting the heat required to disperse this solvent layer. This has a
corresponding effect on the enthalpy of the amine—solvent system,
since a considerable amount of heat would be required to bring the
solvent atmosphere around the methyl groups isothermally to the
more random state which exists around these groups in the cation.
These effects and theories regarding hydrophobic hydration are
discussed fully by Ives and Marsden?3.

Tt is interesting to note that the effects become modified in aqueous
methanol solution, where for ammonia 45° becomes positive, possibly
through the ammonium ion exerting a greater sorting effect in its
hydrogen bonding than does the hydroxonium ion. Although 4C; 'has
the rather unexpected value of — 12 cal/deg/mole for methylamine,
it is very low for the other amines, indicating that no phenomenon
analogous to hydrophobic hydration occurs to an appreciable extent
in this solvent mixture. The changes in 485°, therefore, may reflect
the decrease in the number of hydrogen atoms in the cation available
for hydrogen-bond formation. The 4G° values for dimethylamine and
triethylamine must be lower at zero ionic strength than at I = 0-10,
so the net result is that in this medium methylamine seems to be the
strongest of the bases.

B. Higher Alkylamines

Lengthening of the alkyl chain makes only relatively slight differ-
ences to the pK, values of primary amines (Table 2). After a very small
increase in ethylamine they remain almost constant up to n-decyl-
amine, after which there seems to be a slight decrease. Chain branch-
ing also produces very little effect. Amongst secondary amines (Table
3) there is evidence of the values rising to a maximum at di-n-butyl-
amine, after which they assume an almost constant value.
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TasLE 2. pK, Values of primary alkylamines in aqueous solution at 25°c.

Amine

pK.

Ammonia
Methylamine
Ethylamine
n-Propylamine
n-Butylamine
n-Pentylamine
n-Hexylamine
n-Heptylamine
n-Octylamine
n-Nonylamine
n-Decylamine
n-Undecylamine
n-Dodecylamine
n-Tridecylamine
n-Tetradecylamine
n-Pentadecylamine
n-Hexadecylamine
n-Heptadecylamine-n-Docosylamine
i-Propylamine
i-Butylamine
¢-Butylamine
i-Pentylamine
t-Pentylamine
Methyl(diethylmethyl)amine
Triethylmethylamine

9.2424,19’ 9.2525
10-6228, 10-6322, 10-6425
10-6422, 10-6718
10-5322, 10-6927
10.6022’ 10.6128,29’ 10-663°
10-6329, 10-6]31
10-642°
10-662°
10-652°, 10-5731
10-642°
10-642°
10-632°
10-632°
10-632¢
10-6228
10-612¢
10-612¢
10-602°
10-63 28
10-432¢
10-6831
106028, 10-642°
10-7231
10-633t
10-5931

TasLe 3. pK, Values of secondary alkylamines in aqueous solution

at 25%.

Amine

PK.

Dimethylamine
Diethylamine
Di-n-propylamine
Di-n-butylamine
Di-n-pentylamine
Di-n-hexylamine
Di-n-octylamine
Di-n-dodecylamine-Di-n-octadecylamine
Di-i-propylamine
Di-i-butylamine
Di-s-butylamine
Di-i-pentylamine
N-Methyl-2-amincheptane

10-7325, 10-7732, 10-7821, 10-8133
10-9423, 10-982¢. 18 ]].0433
11.0031

11-2531, 11.3] 28

11-1828

11-01 20

110120

11-0020

11-0528

10-5034, 10-822¢

11.013¢

110028

10-8231
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The effect of chain length is more pronounced in the tertiary alkyl-
amines (Table 4), where triethylamine is much more basic than
trimethylamine, whilst N, N-dimethylethylamine and N,N-diethyl-
methylamine lie intermediately. There are some anomalies amongst
the data for the higher members of this series, and further measure-

ments on them would be of interest.

TabLE 4. pK, Values of tertiary alkylamines in aqueous solution at 25°c.

Amine rK.
Trimethylamine 97425 9.7536  9.7635, 9-802!.32, 9-8133
Triethylamine 10-6535, 10-6716, 10-7132
Tri-n-propylamine 10-6528
Tri-n-butylamine 9-9328  10-8737
N,N-Dimethylethylamine 9-9935
N,N-Diethylmethylamine 10-2938
N,N-Dimethyl-n-propylamine 9-9935
N, N-Dimethyl-n-butylamine 10-0235
N, N-Dimethyl-i-propylamine 10-3038
N, N-Dimethyl-i-butylamine 9-9]35
N,N-Dimethyl-s-butylamine 10-4038
N, N-Dimethyl-t-butylamine 10-52 38

Studies of the entropy changes attending the dissociation of the
cations of these amines have led to somewhat conflicting results
(Table 1). From measurements at only two temperatures Evans and
Hamann?2? found the value of —4S° decreased systematically from
methylamine to n-butylamine, this being accompanied by a pro-
gressive increase in 4H°. They also found —48° for the dissociation
of the diethylammonium ion to be less than for the dimethylam-
monium ion. Fyfel€, on the other hand, inferred from measurements
at four temperatures that the values of —45° for the ethylammonium,
diethylammonium, and triethylammonium ions were all much higher
than for the corresponding methylammonium ions.

The difference between these two series of amines is likely to arise
principally from the hydrophobic hydration effects. If Evans and
Hamann’s results are correct they suggest that in ethylamine the
extent of hydrophobic hydration may not be much greater than in
methylamine, or may persist in part in the cations, since the f-carbon
atom is an appreciable distance from the charge centre near the nitro-
gen atom. Fyfe’s measurements, on the contrary, suggest that this
hydrophobic hydration atmosphere is dispersed in the cation. Further
measurements on these compounds are obviously required.
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C. Substituted Alkylamines

The introduction of a trimethylsilyl group into an alkyl group
increases the base strength, the pK, values of both trimethylsilyl-
methylamine and di(trimethylsilylmethyl)amine being appreciably
higher than the values for methylamine and dimethylamine, respect-
ively. The effect diminishes, however, the further the trimethylsilyl
group is removed from the amino group2? (Table 5).

Although chlorinated alkylamines generally hydrolyse or cyclise
rapidly in solution, the pX, values of some of these compounds have
been measured. As is to be expected from their strong — I effects,

TaBLe 5. pK, Values of substituted alkylamines in aqueous solution.

Amine pK,/Temperature (°c)
Trimethylsilylmethylamine 10-96/2527
B-Trimethylsilylethylamine 10-99/2527
y-Trimethylsilylpropylamine 10-75/2527
Di(trimethylsilylmethyl)amine 11-40/2527
B:8-Difluoroethylamine 7-52/2538
B,B.B-Trifluoroethylamine 8-30/253°
¥,¥»y-Trifluoro-n-propylamine 8-70/2539
B,B.B-Trichloroethylamine 5-47/204°
v»yyy-Trichloro-n-propylamine 9:65/204°
8,8,8-Trichloro-n-butylamine 9-93/20%0
y-Bromo-n-propylamine 8-93/214
N, N-Di(B-chloroethyl)ethylamine 5-45/2542
N, N-Di(B-chloroethyl)-n-propylamine 6-68/2542
N, N-Di(B-chloroethyl)-i-propylamine 6-98/2542
N, N-Di(B-chloroethyl)-n-butylamine 6-61/2542

B-Hydroxyethylamine (ethanolamine) 9-:50/254%3, 9:51/2544. 45
v-Hydroxy-n-propylamine 9-85/2545, 9-96/2547
8-Hydroxy-n-butylamine 10-35/2048
Ethylenediamine (pK,,) 9-87/25%9, 9-93/2559,
9-95/2551, 9-98/2552
10-30/25%°, 10-47/2551,
10-65/2552
Butylenediamine (pK,,) 10-75/2551, 10-84/2552
Pentylenediamine (pK,,) 10-25/254¢9
Hexylenediamine (pK,,) 10-93/255¢
Ethylenediamine (pK,,) 6-80/2549, 6-85/2585°,
6-90/2551
Propylenediamine (pKj,,) 8-:29/254°, 8-48/2551
Butylenediamine (pK,,) 8-78/254°, 9-20/2551
Pentylenediamine (pKj,,) 9-13/25%
Hexylenediamine (pK,,) 9-83/25680

Propylenediamine (pK,,)
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halogens decrease the base strength of an amine, the effect diminishing
the further the halogen is removed from the amino group. Although
the available data are somewhat restricted, they indicate that fluorine
has an appreciably greater effect than chlorine.

The presence of a hydroxyl group also decreases the base strength,
and again there is a marked effect of the position of the substituent.

The introduction of a second amino group similarly decreases the
pK, value of ethylamine, but with the introduction of further methyl-
ene groups between the amino groups the base strength increases
progressively and becomes higher than that of the corresponding
alkylamine. This is attributable to the statistical factor, since in these
compounds there are two possible sites for acceptance of the proton,
as well as to the fact that with increasing separation the mutually
polarizing effects of the two groups are diminished.

The protonated amino group naturally reduces the pK, value
more than the neutral amino group. Data are shown as first dissocia-
tion constant (pK,,) values for the doubly charged diamine cation in
Table 5. With increasing number of methylene groups separating the
two amino groups the effect of the positive charge gradually dimi-
nishes, but again, for statistical reasons the pK,; values are always
smaller than for the corresponding alkylamines.

These effects are illustrated by the thermodynamic data shown in
Table 6. In interpreting them it must be borne in mind that the

TasLE 6. Thermodynamic data for the dissociation of alkylenediamine
and hydroxy-amine cations in aqueous solution at 25°c.

ac.’ 4a8° a46G° 4H°
(cal/deg/ (cal/deg/  (kcal/mole) (kcal/mole)
mole) mole)
Ethylenediamine 13951 17:5 +5-1 9343 10-87
— +3 9-4 10-3
250,51 9-6 -58 13-545 11-82
—_ -7 13:5 11-5
Propylenediamine 15! — +8 11-6 13-9
251 — -3 14-3 13-3
Butylenediamine 151 — -2 12-6 12-0
251 — -9 14-5 12-0
Hexylenediamine 15° 82 +13 13-411 13-82
250 84 -33 14-912 1391
Ethanolamine 43 44 ~1-17 —-2:94 12-955 12-08
— -5 13-0 11-5
B-Methoxyethylamine ¢ — —4 12-9 11-7




178 J. W. Smith

entropy changes attending the first and second stages of the dissocia-
tion of the divalent cation include terms +RIn2 and —RIn?2,
respectively, for the statistical effect. Similarly the 4G° terms in-
clude corresponding contributions of —RT In2 and +RT In 2,
respectively.

Everett and Pinsent®° explained the results for ethylenediamine on
the grounds that AG° for the first stage is low because of the high
initial potential energy of the divalent cation through charge repul-
sion. This repulsion will stiffen the molecule, probably with a greater
effect on the entropy than on the heat capacity. The cooperative
effects of the two charges will cause much stronger solvent orientation
than two separate charges. As the reaction to give the univalent
cation and a proton is associated with freeing these solvent molecules,
it will be accompanied by increases in both the entropy and heat
capacity. The second stage of the dissociation follows much of the
normal pattern for an alkylamine. In hexamethylenetetramine the
effects of the repulsive forces between the charges seem to have
virtually disappeared, the values of 45° and 4G° for the two stages
differing only by the statistical factors. Everett and Pinsent inferred,
therefore, that the zone of influence of a single positive charge extends
over about 5 A.

The negative value of 4C} for ethanolamine is of some interest, as it
suggests that the presence of the hydroxyl group leads to hydrogen-
bonding hydration in both the cation and free amine, thus effectively
nullifying the effect of hydrophobic hydration.

The replacement of one of the hydrogen atoms in the alkyl chain of
an alkylamine by a phenyl group causes a marked decrease in pK,,
the effect being greatest for benzylamine and diminishing with in-
creased separation of the phenyl group from the amino group (Table
7). This can be attributed to the withdrawal of electron density from
the nitrogen atom through the -7 inductive effect of the phenyl
group. This arises through the fact that the sp? hybridisation of the
orbitals of the ring carbon atoms causes its electronegativity to be
greater than that of the methylene carbon atom with sp2-hybridised
orbitals®3, Hyperconjugation of the methylene group to the aromatic
ring may also play a role. The electron-donating character of the
methyl group has been suggested as explaining the fact that the
a-methyl derivatives of these compounds are stronger bases than
the unmethylated compounds®4.

The electron-withdrawing effect of sp2-hybridised carbon atoms also
accounts for the fact that the presence of a double bond in the hydro-
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TapLe 7. pK, Values of phenyl-substituted
and unsaturated amines in aqueous solution

at 25°.

Amine pK.
PhCH,NH, 9-3555, 9-3756
Ph(CH,),NH; 9-8355
Ph(CH,);NH,; 10-205%
Ph(CH,),NH, 10-3955
Ph(CH,)sNH, 10-4955
PhCH,NHMe 9-5835
PhCH,NHEt 9-68 55
PhCH,NHPr 9.62 55
Ph(CH,),NHMe 10-145%
PhCMe,NH, 10-2731
PhCH,CMe,NH, 10-033*
PhCHMeCH,NH, 9-8031
Allylamine 9-4931
Diallylamine 9.2991
Triallylamine 8-3131
Diallylmethylamine 10-113¢

carbon chain decreases the basic strength of an amine. This is illu-
strated by the fact that the pK, values of allylamine, diallylamine, and
triallylamine decrease in that order, and are all lower than the values
for the corresponding n-propylamines.

D. Cycloalkylamines

The base strengths of the amino-substituted cycloparaffins are of
some interest as they vary with the size of the ring (Table 8). The
pK, value of cyclohexylamine in water is about equal to that for an
ordinary alkylamine. In 50%, ethanol, however, the values for cyclo-
propylamine and cyclobutylamine are much smaller than those of
cyclopentylamine and cyclohexylamine. This apparently higher
electron-attracting effect is in accordance with the view®® that the
external bonds of small ring compounds have more s character, and
the ring carbon atoms greater electronegativity than in macrocyclic
compounds®”. The N,N-dimethyl derivatives of these cycloalkyl-
amines also show a similar pattern.

With increasing ring size the pK, in 80%, methyl cellosolve appears
to pass through a slight maximum for an eight-membered ring. It
has been suggested that with a ring of this size steric factors are, on
the average, most favourable for proton addition °°.

7+C.AG.
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TaBLE 8. pK, Values of cycloalkylamines at 25°.

pK, in
pK, in pK, in 809, methyl
Amine water 509%, ethanol cellosolve
Cyclopropylamine 8-6657
Cyclobutylamine 9-3457
Cyclopentylamine 9-9557
Cyclohexylamine 10-6428 9-8357 9-8258
10-6851

Cycloheptylamine 9-9958
Cyclooctylamine 10-0158
Cyclononylamine 9-9558
Cyclodecylamine 9-85¢8
Cycloundecylamine 9-71¢%8
Cyclodocecylamine 9-6258
Cyclotridecylamine 9-63°58
Cyclotetradecylamine 9-54 58
Cyclopentadecylamine 9-5458
Cycloheptadecylamine 9.5758
Cyclooctadecylamine 9-54 58
Cyclopropyldimethylamine 7-7057
Cyclobutyldimethylamine 8-7757
Cyclopentyldimethylamine 8-9357
Cyclohexyldimethylamine 9-1757

IV. AROMATIC AMINES
A. Aniline

Aromatic amines are much weaker bases than are their aliphatic
analogues, aniline having a pK, value in water of 4-60 as compared
with about 1063 for methylamine or 10-66 for cyclohexylamine.
Thus whilst the latter amines are stronger bases than ammonia,
aniline is very much weaker. This difference can be ascribed to a small
extent to the electronegativity of the phenyl group but is mainly due
to the very large + M mesomeric effect of the amino group when
linked to a conjugated system.

'The maximum mesomeric effect of the amino group could be exerted
only if the hydrogen atoms of the amino group became coplanar with
the ring. For this to occur it would be necessary for the hybridisation
of the orbitals of the nitrogen atom to change from the approximately
sp® tetrahedral character found in ammonia to the trigonal sp? type.
Analogy with the energy associated with the inversion process in the
ammonia molecule suggests that about 6 kcal/mole would be required
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for this change in hybridisation bef-‘ore the full gain in. resonance
energy could be achieved®. There is a considerable welght of evi-
dence from various physical measurements that .the atoms in aniline
are not coplanar, and it appears that a substantial resonance energy
can be achieved without coplanarity and hence .w1th less energy
expenditure. The result seems to be a compromise, vyhereby t}}e
HNH bond angle is increased as compared with t.hat in ammonia
but without the group achieving complete coplanarity with the ring.

This explains why aniline is so much weaker as a base than is
ammonia. When the anilinium PhNH;* iOI.l is formed, the electron
pair, which is partially used to conjugate with the 7-electron system
of the ring and so lead to an increase in the resonance energy of the
system, can no longer fulfil this function. The result is Fhat, comParefi
with ammonia or methylamine, the energy of the conjugate cation is
very much higher than that of the base.

B. Meta- and Para-substituted Anilines

The introduction of substituents in the positions meta and para to
the amino group of aniline leads to marked changes in the pK, val}le
which reveal clearly the two effects (inductive and mesomeric)
which are operative in the molecules concerned. The effects of ortho
substituents are more complicated and therefore they will be discussed
separately. The pK, values for a range of monosubstituted anilines
are shown in Table 9. '

The introduction of a meta-halogen atom reduces the pK, of a_nil{ne
considerably, the effects of fluorine, chlorine, bromine, and iodine
being roughly equal. On the other hand a para-halogen atom hz%s
much less effect, a fluorine substituent even increasing it slightly. This
can be accounted for by the fact that the —7 inductive effect _Of the
meta halogen atom has a greater influence on the electron density on
the nitrogen atom than has the inductive effect of a para halogen
atom. At the same time, however, the + A/ mesomeric effect of a
para halogen atom interacts through the aromatic system‘in such a
manner as to oppose the +M mesomeric effect of the amino group.
No similar mesomeric interaction can occur with a substituent in the
meta position, which therefore has a much greater effect than a para
halogen in decreasing the basic strength. It is interestir}g to note that
if, as is suggested by the figures for the m-halogenoanilines, the. f.‘our
halogen atoms exert nearly equal — I effects from the para position,
their + M effects must follow the order ¥ > Cl > Br > L.
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Tasre 9. pK, Values of monosubstituted anilines in aqueous solution
at 25°.

The following are average values, with preference given to consistent data
based on the results given in the references shown in the last column.

]

pK.
Substituent ortho meta para References
(H) (4-60) (460) (4-60) 28, 61, 62, 63, 64, 65, 66, 67, 68,
69, 70
CH, 4-45 4-72 5-10 28, 61, 66, 70
F 320 3-55 4-60 61, 66, 71
Cl 2-64 3-50 398 28, 61, 67, 70, 71
Br 2-53 3-54 3-86 61,70
I 2-60 361 3-78 61,70
OH 4-74 4-30 565 70
OCH, 4-52 4-21 5-34¢ 28,61, 66, 70
OC,;H, 4-47 4-18 525 28, 66
NH, 474 4-98 6-16 70, 72, 73
NH,* 06 2:24 2-67 70,73
NMe, * — 1-98 2-15 73
NO, —0:26 247 1-11 61, 66, 68, 70, 71, 74
CN 0-95 2-76 1-74 66, 68, 70
COMe 2:22 3-59 219 70
CO;Me — 3-55 — 70
SO;- 2-46 3-74 322 70,75
SO,NH, 10 2-84 — 70
SO,CH, — 2:70 1-47 76
CF; — 3-49 2:54 77
SiMe, -— 4-64 436 78
CgH; 3.78 4-22 4-27 28,79

Analogous behaviour, leading to rather more exaggerated results,
is shown in the presence of hydroxyl, methoxyl, or ethoxyl substituents.
These groups have only relatively weak —1I effects, but very strong
+ M effects. The result is that when they occupy positions meta to an
amino group they decrease the pK, value slightly, but when in a
position para to it they increase the pK, value considerably.

In the case of a nitro substituent there is a — M effect as well as a
—1I effect, so in the para position it conjugates with the + M meso-
meric effect of the amino group, causing a still greater decrease in
electron density at the nitrogen atom. Thus whilst m-nitroaniline is a
much weaker base than aniline, p-nitroaniline is a very much weaker
base still. Analogous effects are shown to a less marked degree by the
cyano, acetyl, methylsulphonyl, and trifluoromethyl groups. This
behaviour of the methylsulphonyl group has been interpreted 76
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as suggesting that the sulphur atom uses its vacant 3d orbitals in acqu}ir-l
ing a fairly strong — M mesomeric effect. That _thc trlﬂugromet y!
group acts in this same way is partlcular.ly interesting. Its fairly strong
_ M effect, revealed by the fact that it exerts a greate.r'efff.:ct when
in the para position, cannot be explained by the utilisation of d
orbitals, and can be interpreted on Yaler}ce-bond theory only by
assuming that there are important contributions from structures of the

type™:
Hzﬁ:@:c& £

The anilinesulphonic acids exist as zwitterions ‘03806H4.NH3+
and so can be regarded as substituted anilinium ions. Their pK,
values indicate that the base strength is reduced by 'Ehe presence of
the SO,~ group®’-#3, This has been interpreted as 1nd1ca'.ang th.at
the SO, group has still a strong —I effect, even though it carries
a negative charge®4. Its effect, however, is mu_ch greater when in the
para position than in the mefa position, suggesting 'fhat it also exerts a
— M effect, leading to conjugative interaction with the +M effect
of the amino group less strong in character than that of the nitro
group. .

Methyl and other alkyl groups have electron-donating e.ﬁ‘ects and
hence they tend to increase the pK, value. The fact :cha:c this electron
donation is primarily of a mesomeric character is 1r.1d.1cated by the
fact that p-toluidine is a stronger base than is m-toluidine. .

Similar effects of the same kind are produced by the introduction of a
second amino group. The pK, values here are‘increased slightly
through the statistical factor, since there are two sites _for t.he accept-
ance of a proton, but nevertheless p-phenylenediamine is a n_qt}ch
stronger base than aniline. This can be attributed to the opposition
of the mesomeric effects of the two amino groups which increases
the electron density at each nitrogen atom. The introduction of
an NH,* group, on the other hand, diminishes the ba§e strength
strongly. Here the statistical factor decreases the pK, slightly, but
the main contributing factor is the interaction between the groups.
The fact that the difference between the first and second dissociation
constants is so great both for the m-phenylenedian?inium an(.l the
p-phenylenediaminium ions suggests that the inductive effect is the
main factor.
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C. Ortho-substituted Anilines

The effects of ortho substituents upon the basic strength of aniline
are anomalous as compared with those of the corresponding meta
and para substituents. Thus although an alkyl group in the mefa or
para positions raises the pK,, an alkyl group in the ortho position always
decreases it.

Wepster®? has estimated the magnitude of the anomaly thus
created by calculating the base strength to be expected on the assump-
tion that the electrical effect of each alkyl group in the meta position
raises the pK, value by 0-15 units and that of each alkyl group in a
para or ortho position raises it by 0-4 units. This equation of the effects
of ortho and para substituents was justified by observations on analogous
derivatives of pyridine. The difference between this calculated pK,
value and the observed value is denoted by 8pK, in Table 10. The
pattern which emerges is fairly clear. Mono orthe substitution by a
methyl, ethyl, or isopropyl group leads to a §pK, value of about 0-6,
but substitution by a #-butyl group leads to a value of 1-3. Two ortho
methyl groups have about the same effect as one t-butyl group or
double that of one methyl group, whilst two ortho ¢-butyl groups have
rather more than twice the effect of one. The effects of the ortho
groups, therefore, appear to be roughly additive.

The effect of an ortho methyl group in causing o-toluidine to have
such a low pK, value was attributed by Bennett and Mosses®> to the
strong inductive effect produced in adjacent groupings by the dipole
of the methyl group. Later views have generally attributed it to steric
effects but the exact nature of the steric effects concerned has been the
subject of considerable controversy.

It is certain that the effect does not arise simply through a modifica-
tion of the resonance in the amine itself caused by the presence of an
alkyl group. Such steric inhibition of resonance would in fact tend to
increase the base strength, as it would increase the energy of the base
relative to that of the ion. The decrease in pK, would suggest, there-
fore, a steric promotion of resonance rather than its inhibition, but
there is no evidence of this. Other physical properties such as the
ultraviolet absorption spectra and molecular refractions of the
compounds concerned indicate little or no change in the meso-

meric effect of the amino group produced by the presence of ortho
substituents.
It was suggested by Brown and Cahn!! that the NHz* group in
the anilinium ion is larger than the amine group and comparable in
size with a methyl group. On this view, if there is another group of

4. Basicity and Complex Formation 185

Tapre 10. pK, Values of alkyl-substituted anilines in water or 50 volume
percent ethanol at 25°c.

Water 50 vol. 9, EtOH
Substituent pK. 3 pK. pK. dpKa
None 46062 (0)  426% 8923
9-Methyl 44462 06 409
3-Methyl 46897 01 . o
4-Methyl 5-1162 -0-1 4-‘7462 -
2-Ethy!l 4-3762 0-6 4-04 0-6
3-Ethyl 4.706¢ 0-0
2-n-Propyl 4-3697 06 - 06
2-i-Propyl 4-4262 0-6 4-06
3-i-Propy! 4-6798 0-1
2-n-Butyl 4-2697 0-7 o 13
2-t-Butyl 3-7892 12 3-38 .
3-t-Butyl 4-669¢ 0-1 62 00
4-1-Butyl 4.9592 0-0 4-62 o .
2,3-Dimethyl 4.7262 0-4 4-42 o 0-4
9.4-Dimethyl 48477 06 461 0-4
2,5-Dimethyl 4-5762 0-6 4-2362 06
2,6-Dimethyl 323 : (l)f; 3-49 1-6
-Dimethyl 5 -0
gjg-gﬁithil 4912 00 41 -0l
2,4-Di-t-butyl 3807 13
2,5-Di-t-butyl 3-5874 3
2.6-Di-t-butyl 18074 :
3-5-Di-t-butyl 4-977¢ —-01 473 : —-02
2,4,6-Trimethyl 4-37°62 1-4 4-00 :2 i Z
2,4,6-Tri-i-propyl 4-04 ”
2,4,6-Tri-t-butyl < 27‘1 L6
2,6-Dimethyl-4-t-butyl 3-88 i o
2,4-Dimethyl-6-t-butyl 3-40 - 2:1
2-Methyl-4,6-di-t-butyl 3-35 " 3
2,3,5,6-Tetramethyl 4-3062 1-4 4-09 1

similar or larger size ortho to it the groups will suﬂl?r steric in.terference.
The resulting strain in the ion would inc.rease its potential energy,
thereby opposing its formation and increasing the base strength. T.}us
type of strain caused by steric interference of atoms or groups which
are attached to different atoms has been denoted ‘F Strain’ by Brown
and his coworkers. .

On this theory the effect of a substituent alkyl group should increase
with increasing bulk, and this was apparently confirmed by the fact
that the pK, value is reduced from 4-60 in aniline to 4-44 in o-toluidine
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and 3-78 in o-t-butylaniline. As has been mentioned in section 11.D.3
the premises of this theory are by no means generally acceptable. In
addition Wepster®? has pointed out that since the most favourable
conformation of the amine has the protons as nearly as possible in the
plane of the ring, it is impossible to accept that the addition of a
proton would produce an appreciable increase of steric strain even if
its spatial requirements are greater than that of a lone pair of elec-
trons. He allows that another configuration might be more favourable
for the ion, but this would imply a decrease of steric strain correspond-
ing with an increase in base strength.

Wepster also rejects the suggestion made by Beale®® that the
relatively low basicities of 2-methyl- and 2,6-dimethylaniline arise
from an electrostatic interaction between the partially unscreened
nuclei of the methyl hydrogen atoms and the lone pair. This, he
suggests, amounts to the assumption of a hydrogen bond, and since
a N---H—N bond is already very weak a N---H—C bond must be
still weaker. Wepster also points out that the spatial configuration of
2-methylaniline is altogether unsuited for hydrogen-bond formation
and that the explanation cannot be extended to 2-t-butylaniline and
to 2,6-di- and 2,4,6-tri-t-butylaniline.

The suggestion made by Wepster is that the relative solvation ener-
gies of the anilinium ions may be the factor determining their relative
strengths, as the solvation energies of the uncharged amines may be
neglected. With increasing size of the alkyl groups in the ortho position
the solvation shell round the NH;* group becomes smaller and smaller,
and hence renders the ion more and more unstable. This must result in
an increasing rise of the value of 8pK, and so can be described as
steric hindrance to solvation.

Brown and his coworkers had rejected steric hindrance to hydration
as a main cause of these ortho effects, because they considered that a
more gradual increase in the anomalies should be found®®. Wepster
points out that substitution of a hydrogen atom by a methyl group
removes at least one water molecule from the solvation shell, so that
for instance in the ion of 2-¢-butylaniline the solvation energy will be
decreased considerably as compared with the 2-isopropylammonium
ion.

Doubtless the factors which determine this ortho effect in the alkyl-
anilines are also responsible, in part at least, for the similar effects in
other ortho-substituted anilines, although in some cases the dipolar
character of the substituent and strong inductive effects may tend to
confuse the position. Unfortunately there have been only two series
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ision measurements from which thermodynamic dataocan be
?licll)tfzzglif)vith certainty. For the three sulphonic acids the AC; values
are 186, 7-7, and 7-1 cal/deg/mole for the. ortho, meta, andopara com-
pounds respectively, whilst the correspor}(%mg .values OE 48° are 3-32,
0-57, and 0-37 cal/deg/mole®’. For aniline itself 48° has the low
positive value of +0-28 cal/deg/mole which is increased to 8-1 cal/deg/
mole for o-chloroaniline, whilst 4H° is decreased from 7-105 to 6-007
kcal/mole?2!, The entropy change is the reverse of that to b? expected
if the hydrophobic hydration of the amine were a controlhng, fa<3tor,
but the values for the ortho compounds accord with Wepster’s views
on solvent exclusion. In each case, however, other factoFs may enter,
so further studies are required to ascertain whether similar effects

arise with the o-alkylanilines.

D. Secondary and Tertiary Alkyl- and Arylanilines

Replacement of the amino hydrogen atom.s.of aniline by metl.lyl
groups to yield methylaniline and dimethylaniline leafls to successive
increases in base strength (Table 11). This contrasts with the order f’f
strength of the methylamines, where therfa is actt}ally a dec‘rease in
basic strength on passing from dimethylamine to trimethylamine. The
increases in pK, observed as the hydrogen atoms of aniline are re-
placed by ethyl groups are even more pr(.)nounc.ed. These changes are
far too great to be accounted for by the inductive eﬁect, ar}d there is
no doubt that steric effects of some kind are playmg an important
role, but unfortunately there are again no data fron? which th.e entropy,
heat capacity, and enthalpy changes accompanying th? dlssoc1at}on
of the cation can be derived, so the precise steric mechanism operating
is uncertain. .

Brown has suggested °® that the conformaﬁqn .of .N, ]-V-dieth}-llamh.ne
with the two ethyl groups so arranged as to minimise interaction with
the phenyl group would cause steric interference between the. ethyl
groups themselves. Rotation of one ethyl group towards 'the ring to
remove this interference would cause some interference with the. ortho
hydrogen atoms, an overcrowding eﬂ.‘ect which coul.d be .rt'ahevcd
only by some twisting of the diethylamino group from its position for
maximum resonance, with resulting increase in energy of. th(? amine
relative to its conjugate cation and hence an increase 1n 1ts base
strength.

Further substitution of the hydrogen atoms of the methyl groups to
give N, N-diisopropylaniline leads to a further increase in base strength.

7*
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TaBre 11. pK, Values of N-alkyl- and N, N-dialkylanilines at 25°c.

pK, Value in

Derivative Water 5(})3:811-1% 7?3:8]}1%
N-Methyl- 4.8528.62,90 4.2974 _
N-Ethyl- 5-1128 47174 42581
N-n-Propyl- 50228
N-n-Butyl- 5-1231 4-02°91
N-n-Hexyl- 5-3331 4-0291
N-n-Octyl- 4.0291
N-i-Propyl 5-7731, 5-5092
N-i-Butyl 44331
N-t-Butyl- 7-008
N-t-Pentyl- 6-75%3, 6.359¢
N-s-Butyl 5-229¢
N-Neopentyl- 4-1731
N-t-Hexyl- 6-3431
N, N-Dimethyl- 5-0628, 5-07°68, 4.3986

5-1282, 5-15%°

N, N-Diethyl- 6-5628 54191
N,N-Di-n-propyl- 5-592¢

N, N-Di-n-butyl- 6-2131 4.7868 4-50°1
N, N-Di-n-hexyl- 4-3991
N,N-Di-n-octyl- 4.37%1
N, N-Diisopropyl- 7-3731

N, N-di-t-butyl- 4-0093

N-Ethyl- N-methyl- 5-9828

N-Methyl- N-n-propyl- 5-6428

N-i-Butyl- N-methyl- 5-205¢

N-s-Butyl- N-methyl- 6-035¢

N-t-Butyl- N-methyl- 7-3931

N-Ethyl-N-n-propyl- 6-3454

N-t-Butyl- N-ethyl- 8-0231

N-Cyclopentyl- 5-305

N-Cyclohexyl- 5-605¢

N-Cyclopentyl- N-methyl- 6-715%

N-Cyclohexyl- N-methyl- 6-355¢

This feature makes the relatively low value found®® by Vexlearschi
and Rumpf for N, N-di-t-butylaniline in 50%, ethanol rather puzzling
and indicates once again the necessity for further work in this field,
especially as N-t-butyl-N-ethylaniline is reported as having a pkK,
value of 8-02, the highest value observed for an aromatic amine.

In relation to these values the relative base strengths of the mono-
alkylanilines present some interesting features. Again, replacement of
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the methyl hydrogen atoms by methyl groups to give N-ethylaniline,
N-i-propylaniline, and N-z-butylaniline leads to successive increases in
base strength. On the other hand, replacement of the B-hydrogen
atoms in N-ethylaniline to give N-n-propylaniline, N-i-butylaniline,
and N-neopentylaniline is accompanied by decreases in pK,, whilst a
gurther decrease still is observed in N-t-hexylamine (a-ethyl-a-methyl-
N-propylamine) *%. It appears, therefore, that closely packed groups
near to the nitrogen atom increase the base strength, whilst when
further away from the nitrogen atom they decrease it. The latter effect
was attributed by Vexlearschi and Rumpf to electrostatic interaction
diminishing the stability of the ion relative to the amine 3, but it is
difficult to see why such an effect should be so strong as to cause the
large effects observed.

A further anomalous feature is that, apart from a slight deviation
for N-n-propylaniline, the pK, values of the N-alkylanilines increase
progressively with chain length when measured in aqueous solution.
In 75 vol %, ethanol, however, N-n-butyl-, N-n-hexyl-, and N-n-octyl-
aniline are reported as having equal pK, values which are appreciably
less than the value for N-ethylaniline in the same solvent.

It is quite possible that in these series steric inhibition of resonance
does play some part in determining the pK, values. This would account
for the large effects of compact groups near to the nitrogen atom, but
extensive series of precision measurements will be required before the
problems can be solved completely.

Replacement of one of the amino hydrogen atoms in aniline by a
phenyl group to give diphenylamine leads to a decrease of the pK,
value to 0-7998, whilst the pK, value of triphenylamine is too small
for measurement. These facts can be associated with the further
stabilisation of the amine with respect to the ion through the further
incorporation of the lone pair of electrons into 7-electron systems of the
rings.

E. Derivatives of Methylaniline and Dimethylaniline

In so far as the meta and para derivitives of N-methylaniline and
N,N-dimethylaniline are concerned the pK, values follow very closely
the same pattern as for the derivatives of aniline (Table 12). It is in
the ortho-substituted compounds that the most interesting features
arise. N,N-Dimethyl-o-toluidine has an appreciably higher basic
strength than N, N-dimethylaniline. This is to be expected since steric
obstruction by the ortho methyl group prevents the dimethylamino
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TasLe 12. pK, Values for derivatives of N,N-dimethylaniline at 25°¢
in water (w) or in 50%, ethanol (AE).
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<C:* band in the ultraviolet spectrum at about 250 my. This is taye'n
as being 15,500 when mesomerism is .fully exerted a}nd zero when it is
excluded. This would correspond with a change in pK, of about 3
units, so the effect of the inhibition of resonance on the pK, value is
evaluated as 3(15,500 — £)/15,500. The differences betw_leen the pK,
values calculated in this way and the observed values give the 6pK,
values recorded in Table 13. Qualitatively the or.der of the resul.ts
follows closely those for the primary amines, but differ from them in
magnitude by a factor of 2 to 3. . .

The interpretation of the pK, values of this series .of compo.u.nd
has led to even more controversy than for the der'lvatlves of an}hpe.
Brown and Cahn'? pointed out that in N,N—dlmethyl-o?t.oluldme
resonance is already partly suppressed in the base, so addition of a

TasLe 13. pK, Values for alkyl-substituted N,N-dimethylanilines at 25°.

pK.
Substituent ortho meta para References
None w 512 28, 62, 68, 96
AE 4-39 86
Methyl- w 6-11 w 5-24 w 5-50 28, 62, 68
AE 5:15 AE 4-60 AE 4-88 78, 86
Fluoro- AE 396 97
Chloro- w 379 w 4-34 68, 96
AE 3-05 AE 329 78,97
Bromo- w 4-31 w 423 31,68
AE 3-04 AE 347 78
Methoxy- AE 5-42 AE 509 97
Cyano- w 0-95 w 275 w 1-78 68
Trifluoromethyl- w 3-27 w 267 77
Trimethylsilyl- AE 4-35 AE 394 78
Nitroso- AE 348 97
Nitro- w 2-63 w 061 68

group from assuming near coplanarity with the ring and hence
decreases the mesomeric effect. On the other hand N-methyl-o-
toluidine, like o-toluidine, is a weaker base than its parent amine, but
2,6-dimethyl-N-methylaniline is a stronger base than N-methylaniline.
This can be accounted for because the NHMe group of N-methyl-o-
toluidine should be able to attain near coplanarity with the ring
whilst the methyl groups are remote from one another, but when
there are two ortho methyl groups this is impossible.

On these lines a second methyl group in the ortho position might
be expected to lead to an increased obstruction to the coplanarity of
the dimethylamino group with the ring, but, in fact, 2,6-dimethyl-
N, N-dimethylaniline is a weaker base than N, N-dimethyl-o-toluidine.
This observation led Thomson®® to the conclusion that resonance
must not be such an important factor in determining base strength
as had previously been supposed.

In order to obtain a comparative picture of the relative effects of
various substituents on the pK, value Wepster®2 has used the same
method as for the derivatives of aniline, but with an additional term to
allow for the steric inhibition of resonance of the base. Thus he adds
to the pK, value of dimethylaniline contributions of +0-4 units for
each para or ortho alkyl group and 0-15 units for each meta alkyl group.
The extra term is calculated from the extinction coefficient ¢ of the

3,5-Di--butyl-4-nitro-

pK, in
Substituent Water 50 vol %, EtOH 3 pK,
N, N-Dimethylaniline 5-1262 4.3986 (0)
2-Methyl- 6-1162 5-158¢ 1-4
3-Methyl- 5-2428 46078 0-0
4-Methyl- 5-5028 4-8878 -0-1
2,3-Dimethyl- 5-2588 1-6
2,4-Dimethyl- 5-28%8 1-6
2,5-Dimethyl- 5-1988 1-6
2,6-Dimethyl- 5-378 4-8162 3-0
3,5-Dimethyl- 44898 02
2-Ethyl- 5-2082 1-6
4-Ethyl- 4-639° 0-2
2-i-Propyl- 5-0588 1-9
4-n-Propyl- 4.3799
4-i-Propyl- 4-71%8 01
4-n-Butyl- i?g :z 02
g-;-gﬁtﬁ- 4.28%2 34
4-t-Butyl- 4:599¢9
2,5-Di-t-butyl- 4-32100
2,4,6-Trimethyl- 5:-197% 3.2
2,3,5,6-Tetramethyl- 4.7562 33
6-t-Butyl-2,4-dimethyl- 2-9374 5-5
4,6-Di-t-butyl-2-methyl- 2:77 740 57
2-t-Butyl-4-nitro- 1-631°
2,5-Di-t-butyl-4-nitro- 1-9] 100
2-9374
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proton involves a smaller loss of resonance energy than it does in
N, N-dimethylaniline. At the same time it was assumed that the total
energy change is increased by an additional steric strain accompanying
the formation of the ion, with the net result that the basic strength is
increased somewhat, but not by so much as it would have been in the
absence of this strain. They suggest that in 2,6-dimethyl- N, N-di-
methylaniline the resonance is reduced still further in the base, but
that the steric strain in the formation of the ion is increased still more
and becomes the predominating factor, leading to a reduction in
pK,. On the basis of these considerations Brown and Cahn predicted
that as the bulk of the ortho substituent is increased the base strength
should first increase with the inhibition of resonance and then de-
crease through strain in the ion.

Once again, however, the assumption of increased strain in the ion
as compared with the amine itself does not seem to be justified.
Wepster 92 has suggested that in 2-t-butyl-N, N-dimethylaniline steric
repulsions cause the lone pair to be strongly oriented towards the
t-butyl group, and that little effective reorientation is to be expected
in the ion. He has also pointed out that the same argument cannot
be used for 2-methyl-N,N-dimethylaniline. The steric strain in this
molecule should be about the same as in the ion of 2-methylaniline,
since the dimethylamino group is of similar size to the isopropyl
group, the steric requirements of which are not much greater than
those of the methyl group. Hence Wepster considers that Brown’s
premises cannot furnish a consistent explanation for the differences in
8pK, between primary and tertiary amines.

Wepster explains this difference between primary and tertiary
amines on the grounds of the strong orientation of the solvent shells,
especially in the presence of only one hydrogen atom in the ions. The
greater the angle of twist of the dimethylamino group around the
Ciary—N bond the more strongly is the N—H bond oriented towards
the group in the ortho position and the more the solvation energy will
decrease. In nonaqueous media amines do not appear to exhibit the
anomaly or do so to a less marked degree. For instance in hexane
2,6-dimethyl- N, N-dimethylaniline behaves as a much stronger base
than 2-methyl- N, N-dimethylaniline, suggesting a pK, value in water
several units higher than the observed value5.

As would be expected, the pK, values of alkyl-substituted derivatives
of N-methylaniline vary from that of the parent amine in a similar
manner to those of the corresponding aniline derivatives when there
is not more than one ortho substituent, but follow more closely the
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TasLE 14. pK, Values of alkyl derivatives of N-methylaniline
and N-ethylaniline in 50 vol %, ethanol at 25°.

Compound pK. 3 pK,
N-Methylaniline 4-2962 (0)
2-t-Butyl- 3-357¢ 1-3
2,4-Di-i-butyl- 3.757¢ 1-3
2,4,6-Trimethyl- 57774 1-3
2-Methyl-4,6-di-t-butyl- 4.4974 2:5
2,4,6-Tri-t-butyl- 3-577¢ 3
N-Ethylaniline 47174 (0)
2,4,6-Trimethyl- 5-6774 1-8
2,4,6-Tri-t-butyl- 3.2074 4-5

values for the N,N-dimethylaniline derivatives when both ortho
positions are occupied. These effects are illustrated in Table 14.

F. Amino Derivatives of Polynuclear Hydrocarbons

The relative pK, values of amines derived from polynucl-ear hydro-
carbons present a fairly consistent pattern, although all'lts i'”eatures
cannot be fully explained. The pK, values of m- and p-amlnoblp.hen}.fl
are somewhat lower than that of aniline, while that of ¢-aminobi-
phenyl is much lower still (Table 15). Some lowering in all thl:ee cases
is to be expected through the inductive effect of :che second ring, b1_1t
the extra effect for the ortho compound must arise from some steric
effect, possibly steric exclusion of hydration of thf': ca'fion. It is note-
worthy that ionisation of the o-aminobiphenyl cation is accompanied
by a much greater increase in entropy than for its meta and para
isomers. Closely analogous behaviour is shown by the ammoﬂuor'er.les.

The amines of condensed ring systems are all less basic than amllnf:,
and in the absence of possible steric effects there is a tendency for 'fhelr
pK, values to decrease with increasing number of condensed' rings.
The measurements of Elliott and Mason!®! indicate that in the
unhindered amines the decrease in pK, arises because, al:ch(?ugh both
the enthalpy and entropy changes accompanying dissociation of the
cations decrease, the enthalpy effect outweighs the entropy f{ﬂ"ect.
These results are in accord with the view that increase in the size of
the conjugate system is accompanied by increased delocalization of
the lone-pair electrons. .

1-Naphthylamine, however, is appreciably l.ess ba51c. than 2-
naphthylamine, and in general, compounds in which the amino group
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TasLe 15. pK, Values for polynuclear amines in water (w), in 50 vol %,
ethanol (AE), or 20 wt ¥, dioxan (ap), and enthalpy and entropy
changes on dissociation.

Solvent i ™
Amine temperature pK. gfgf;)/ (C;Ic{?eigl
Aniline w (25°) 46021 71 +0-28
AE (20° 4-19101 59 .
2-Aminobiphenyl AE (20°§ 3-0310t 57 -'|:51(2)
3-Aminobiphenyl AE (20°) 3-82101 52 +0-2
4-Aminobiphenyl AE (20°) 3-g]10t 56 +1:5
1-Naphthylamine w (25°) 3.92102
AE (20° 3.40101 5. .
2-Naphthylamine w §25°§ 4-16102 ’ e
AE (20°) 3.77101 48 —-09
l-Aminoanthracene AE (20°) 322101 52 +2-9
1-Aminophenanthrene AE (20°) 3-23101 56 +4-2
2-Aminophenanthrene AE (20°) 3-6010t 44 —13
3-Aminophenanthrene AE (20°) 3-59t01 44 -1-3
9-Aminophenanthrene AE (20°) 3-19101 56 +4-3
I-Aminofluorene w (25°) 3-87103 3-87
2-Aminofluorene w (25°) 4-64103 4-64
AE (20°) 421101 57 +0-3
3-Aminofluorene w (25°%) 4-82 103 7-1
4-Aminofluorene w (25°) 3-39108
3-Aminopyrene AE (20°) 2-91 101 39 —0-1
4-Aminoacenaphthene w (25°) 4-50 108
5-Aminoacenaphthene w (25°) 4-58108
1-Aminobenzo(C)-
phenanthrene w (26°) 2-78104
2-Aminobenzo(C)-
phenanthrene w (26°) 3-66104
3-Aminobenzo(C)-
phenanthrene w (26°) 3-56101
4-Aminobenzo(C)-
phenanthrene w (26°) 3-32104
5-Aminobenzo(C)-
phenanthrene w (26°) 3-10104
6-Aminobenzo(C)-
phenanthrene w (26°) 3-22104
I-Dimethylaminonaphthalene  AD (25°) 4-43108
2-Dimethylaminonaphthalene  Ap (25°) 4-36105
4-Dimethylamino-
acenaphthene AD (25°) 4-92 105
5-Dimethylamino-
acenaphthene AD (25°) 5-07108
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occupies a peri position, as in 1-aminoanthracene and 1- and 2-amino-
phenanthrene, have lower pK, values than their isomers. Mason %€ has
obtained infrared evidence for steric hindrance to conjugation in these
amines, so the increased values of 45° for these compounds and also
for p-aminobiphenyl may be due to the rotation entropy of the amino
group not being lost in the free amine, as it is for an unhindered
amine. The dissociation enthalpies of the cations with peri hydrogen
atoms are only slightly higher than for the unhindered cations, so the
entropy effect outweighs that of the enthalpy, leading to a net decrease
in 4G° and hence in pK,. It secems, therefore, as though the steric effect
may hinder free rotation of the amino group without greatly reducing
its conjugation with the aromatic system, an effect which would be
expected to increase AH°. Alternatively the particular positioning of
the peri hydrogen atoms may cause a large effect through solvent
exclusion from the conjugate cation, but this would also be expected
to give a negative contribution to 45°. Similar behaviour is to be
expected, and is observed, whenever the amino group is close to a
hydrogen atom linked to another ring.

It is of interest that, through steric inhibition of resonance of the
free amine, N, N-dimethyl-1-naphthylamine is a slightly stronger base
than N, N-dimethyl-2-naphthylamine, but the obstruction in ace-
naphthene is insufficient to make ¥, N-dimethyl-4-aminoacenaphthene
a stronger base than N,N-dimethyl-5-aminoacenaphthene.

The pK, values of the nuclear-substituted naphthylamines present
some features of interest (T'able 16). Substituents in the same ring as
the amino group produce effects similar to those in the aniline series,
but the presence of the nitro group has a greater effect on 1- than on
2-naphthylamine, thus accentuating the difference in base strength.
The pronounced difference between the pK, values for 1- and 3-
nitro-2-naphthylamines is attributable to the double-bond character
of the 1-2 bond being greater than that of the 2-3 bond!°?. A sub-
stituent in the opposite ring to the amino group has a much smaller
effect, attributable mainly to induction. Here the relative effects are
greater with 1- than with 2-naphthylamine.

V. COMPLEXES WITH LEWIS ACIDS AND WITH
METAL IONS

A. Addition Products with Lewis Acids

Besides accepting protons from Lowry-Bronsted acids, amines can
also add on to Lewis acids, that is to say to compounds which can



196 J. W. Smith

TasLe 16. pK, Values of substituted naphthylamines in aqueous solution
at 25°¢ 75,103,107,

1-Naphthylamine K,
Substituent 2 3 « B0 7 8
CH, 3.96
Cl 2-66 3:3¢ 348 348
Br 2:67 321
OH 3-30 396 397 420
OMe 3-26 390 407
CO,Me 3-12
NO, —1-74 207 054 273 289 283 2.-79
CN 226
SOz 1-7¢ 320 281 369 380 366 503
2-Naphthylamine
Substituent 1 3 4 5 6 7 8
Cl 3-38 371
Br 3-40
I 3-41
OH 407 4-25
OMe 4-05 464 419
CO,Me 3-38
NO, ~085 148 243 301 262 310 273
CN 266
SO, 2:35 370 3% 374 395 3.89

accept an electron pair. One of the best known examples of such
addlylon products is that formed between ammonia and boron tri-
fluoride.

HaN: + BFy — > HaN—»Bf,

Exactly analogous compounds are formed, however, by amines
products of the types R;N—BF,, R;N->BH, and R;N->BMe, being
characteristic. It has been found that some of the factors which may
modify the basic character of amines can be more readily studied
th.rough observations of the equilibrium constants of these reactions
with Lewis acids than through measurements on aqueous solutions.
.In this_ way a great deal of information can be obtained regarding the
1nd}1ct1ve, mesomeric, and steric effects upon the basic character of
amines. Measurements of the degree of dissociation of the complexes
are r.nade in the vapour phase at a series of temperatures, so as to
obtain values of both the equilibrium constant and its temperature
coeflicient. As a result 4G°, 4H°, and 45° can all be calculated.
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The validity of comparisons made in this way was first demonstrated
by Brown and Bartholomay *3, who investigated the base strengths
of ammonia and the methylamines in the vapour phase by using tri-
methylboron as a reference acid. The total pressures set up by equi-
molecular mixtures in the vapour state at various temperatures were
measured, and the dissociation constants of the addition products
calculated from the results. These were found to place the bases in
the same relative order as had been found for aqueous solution

(Table 17).

Taste 17. Thermodynamic data for the dissociation of the complexes of
amines with trimethylboron.

Amine 4as°
complexed with Koo 4G3o0 4H° (cal/deg/
trimethylboron Reference atm (kcal/mole) (kcalfmole)  mole)

Ammonia 13 4-62 —1-13 13-75 399
Methylamine 13 0-0360 2-46 17-64 406
Dimethylamine 13 0-0214 2-88 19-26 43-6
Trimethylamine 13 0-472 0-56 17-62 457
Ethylamine 109 0-0705 1-97 18-00 43-0
Diethylamine 110 1-22 —0-15 16-31 44-1
Triethylamine 110 Too highly dissociated for measurement
n-Propylamine 109 0-0598 2-09 18-14 43-0
n-Butylamine 109 0:0470 2-27 18-41 43-2
n-Pentylamine 109 0-0415 2-36 18-71 43-9
n-Hexylamine 109 0-0390 2-40 18-53 432
i-Propylamine 111 0-368 0-74 17-42 44-7
s-Butylamine 111 0-373 0-73 17-26 44-3
-Butylamine 111 9-46 - 167 12-99 39-3

They suggested that the relative degree of dissociation exhibited by
these addition compounds might result from two opposing effects of
the methyl group, the +I inductive effect which tends to increase the
stability of the addition product, and the steric effect which tends to
decrease its stability. Thus they considered that the steric strain
resulting from the presence of three methyl groups is sufficient to
counteract the increased inductive effect and hence to decrease
markedly the strength of trimethylamine as a base. This was essen-
tially the same explanation as Brown and his coworkers had suggested
to account for the order of base strengths observed in aqueous solution.

The dissociation constants at 100°c (K;oo) of the trimethylboron
complexes of aliphatic primary amines, deduced from such measure-
ments 1% 108.109 " suggested that there is a large increase in base
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strength between ammonia and methylamine, but further increase in
the length of the alkyl chain produces only small extra effects. This is
similar to the behaviour with protonic acids. The rather higher 48°
values for ethylamine and higher amines were attributed to the
effect of the large BMe;, group in preventing free rotation of the ethyl
group around the CG—N bond and thus lowering the entropy in the
complex. Dissociation is therefore accompanied by a greater gain in
entropy than is the case with methylamine. Although it has been
adversely criticised when applied to the dissociation of amine cations,
this steric effect may well explain the relative dissociation constants of
these complexes.

Branching of the alkyl group causes a considerable decrease in the
stability of the addition compound !, This arises from a decrease in
4H° and a small increase in 45°. The latter, suggests that there is
increased steric interference in the complex. It is very striking that
although the change from ethylamine to i-propylamine or s-butyl-
amine causes more than a five-fold increase in the dissociation constant
and a change in 4G° of over 1-2 kcal, an even greater change is
produced when all three a-hydrogen atoms are replaced by methyl
groups to give &-butylamine. For this amine 4H° is much lower and so,
strangely, is 45°, so it seems evident that some other effect is coming
into play here.

An interesting feature of these complexes is that the order of the
apparent strengths of the primary, secondary, and tertiary amines
depends on the sizes of the groups linked to the nitrogen and to the
boron atom. Thus with BMe, and BF, the methylamines follow the
order NH; < NMe; < NH,Me < NHMe,, as in aqueous solution,
but the ethylamines follow the order NR; < NH, < NHR, < NH,R,
and this latter order is also followed by the methylamines in reaction
with triethylboron. The order NR, < NHR, < NH, < NH,R is
followed by the i-propylamines with BF,, BMe;, and BEt,, by the
ethylamines with BEt,, B(Pr-i);, and perhaps B(Bu-t)3, and methyl-
amines with B(Bu-f);. When both components contain bulky groups
the order is NR; < NHR; < NH,R < NH,. It is clear, therefore
that in the formation of these complexes steric strain is of very great

importance!!2,

B. Complexes of Amines with Metal lons

The ability to coordinate to metal ions is another well-known
characteristic of amine groups. This tendency can to a limited extent
be correlated with the dipole moment of the ligand molecule, but
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i o play an extremely important part in determining
iﬁ? gof;i(;:ﬁ?firlag]s ain)litz. Presumably on this account primary amines
usually have less tendency towards complex formatlgn t}.lan amm((i)ma
itself, while complex formation occurs less readily still with secondary

iary amines.

an’(li‘}fzrzltazﬁties of the complexes formed by amines become more
marked when the molecule contains two amino groups and hence
chelate compounds can be formed. This is exemplified by the we:ll};
known series of coordination compoun('is for.rr}ed by metals wit
ethylenediamine and its derivatives. Tbe instability constants pf thesg
compounds have been extensively studied and they are fully discusse
in books on Inorganic Chemistry. .

As in the case of the ammonia complexes the number of amine
molecules which can be coordinated depends on .the electronic
configuration of the metal concerned. With the Ag". ion two groups
are coordinated to give a linear structure about the 51lver2a+tom whlgrl
apparently uses sp-hybrid orbitals. On the other ha{nd Pd* and Pt
jons show a coordination number of four and their bonding orbitals

are of the dsp?-hybrid type, so they yield square-pl.:mar complexes
with amines. The Ni2+, Cr3+, and Co®* ions, along with many others,
have a coordination number of six and so form octahedral complexes
ith amines.

" ’tl}‘lhe resemblance between these compounds and tho§e f:o.rmed by
ammonia is exemplified by the fact that they form non-ionising com-
pounds of the tyge [Pd(CN);(NR,)] 2 and [PtCl(NH,R),]. The
instability constants of the second group of compqunds are about .the
same whether they contain ammonia, methylamine, or etbylimme,
and in each case the frans isomer is more stable than the ¢ist*%. The
methylamine complex of this type will undergo a n}lmbel: of reactions
without loss of amine. Thus on boiling with potassium nitrite it gives
[Pt(NO,),(NH;Me),], while on treatment with 51lv.er nitrate followef:l
by potassium bromide, potassium jodide, or potassium thiocyanate it
yields [PtBr,(NH,Me),], [PtI;(NH,Me),}, and [Pt(SCN),(NHMe),],
respectively '1°.

'%he silv}e’r complexes of amines of the general type [Ag(RNH,)]*
provide some features of interest in relation to t'he base strengths of t}}e
amines in protonic solvents. Some comparative data are shown in
Table 18. Although there are slight discrepancies between. the;lgata
from the different sources 118~ 118 there is an evident paral.lehsm "

Similar results are obtained with secondary and tertiary amines,
and Trotman-Dickenson?2° has pointed out that when the logarithms
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TAB.LE 18. Comparison of the logarithms of
stability constants (log B,) for formation of silver
complexes with pK, values in aqueous solution.

Amine log Ba pK,
n-Butylamine 7-48 10-65
Ethylamine 7-30 10-65
i-Butylamine 7:24 10-43
Benzylamine 7-14 9-62
Ammonia 7-12 924
Methylamine 6-68 10-63
Ethanolamine 6-68 9-60
2-Methoxyethylamine 6-34 9-45

p-Toluidine 3-48 5-10
o-Toluidine 3-61 4-45
Aniline 3-47 460
2-Naphthylamine 3-23 416
m-Nitroaniline 1.7 2-47
p-Nitroaniline 1-6 1-11

of the dissociation constants of these ions are plotted against the pK,
values for the amines the points for primary, secondary, and tertiary
amines lie on three separate straight lines. This is as would be expected,
since the complexes of the tertiary amines cannot be stabilised at all
by hydrogen bonding to water molecules. On the other hand, those of
secondary amines can form one hydrogen bond from each amine
group whilst those of primary amines can form two such bonds. The
slopes of the lines obtained are about 0-25, indicating a much smaller
range of base strength when measured against the silver ion as reference
acid than when measured against water.

Finally, it may be mentioned that silver provides an exception to
the rule regarding the higher stability of ethylenediamine complexes.
This arises because the ethylenediamine molecule cannot span the
silver ion so as to give the necessary linear arrangement of the bonds.
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. INTRODUCTION

Quantitative studies on the polar effects of amine substituents in
chemical reactions have not been extensively undertaken due to
several factors which are inherent in the processes involved. In the
first place, the basic nature of these substituents can facilitate inter-
action with any electrophile present in the media, thus producing the
corresponding ammonium derivatives, which have an entirely differ-
ent character from that of the parent base. Furthermore, the very
strong effect of the amine substituents on reactivity can sometimes
impede the application of standard kinetic techniques. Moreover,
amines behave as exceptions and anomalies to many important
generalizations. The polar effects of the groups under consideration in
this chapter have not been evaluated as a series, as have, for example,
the alkyls or halogens, but as a comparison with other commonly
known groups. Positively charged nitrogen substituents are necessarily
discussed, since many reaction conditions inevitably produce these
entities and also in order to contrast their electronic displacements
with the corresponding free amines. A discussion of the effects of
variation of N-alkyl substituent size is included in order to bring out
the fact that electrical or steric factors can affect reactivity. Basicity,
an important property of these substituents, has been to a large extent
minimized here as a factor which can give weight to the explanation
of known phenomena.
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Although a number of interesting reacti9ns in. vyhich the amine
substituents exert important effects were omitted, it is hoped that the
processes cited in this chapter will give ample insight into the general
behavior of these substituents.

II. THE POLAR EFFECT OF SUBSTITUENTS

The modern structural theory of organic chemistry has incprpqrated
the concept of relative electronegativity of atoms’? a_nd used it to inter-
pret the electrical dissymmetry of valence bo_nds in mole(;ules as an
explanation of certain physical and chfamlcal properties. Those
properties are usually affected by changes in the skelqtal geometry (?f
the systems and the presence of substituents often 1nﬂu'ences their
reactivity relative to the parent compound. The amino groups
generally attract electrons along strong b.onds or yveaker fluid
7 bonds by the inductive effect (—17), while thel‘r lope pair of electrons
or p electrons can also interact through delocalization with the mole-
cular orbital of a system containing 7 bonds by the resonance (+R)
or the conjugative (+ T') effect. .

Many researchers, in particular the ‘English school’, separate the
electronic effect present in the ground state of molecules from those
occurring only in the transition state or activated complex. The-for{ner
is termed ‘mesomeric effect’ determined by permanent polarization,
while the latter ‘electromeric effect’ is determined by the polariza-
bility2, However, these effects will be here included togetl'ler and
defined broadly as ‘resonance’ or ‘conjugative- effects’, with +R
indicating those groups which supply electron denS}ty to unsaturated or
conjugated systems, and —R those groups which attract electr.on
density from such systems. In like manner, the concept ‘{nduct%ve
effect’ will be designated so as to comprise both the ‘1{1ductlve
effect’ determined by permanent polarization and the ‘1nc}uct0-
metric effect’ determined by the polarizability, with —1 referring to
those groups which withdraw electron density mainly in satu_rated
systems and 47 to those groups which release electron density to
similar systems.

Some important generalizations? are given of the pola.r effects 9f
substituted and unsubstituted nitrogen as substituents in organic
molecules, if possible with at least one example of phys'ical .ev1dence
(see sections IL.A and ILB). This could be useful to visualize, bo.th
amply and comparatively, the magnitude of their modes pf transmis-
sion, and to deduce, at the same time, that any alteration of these
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general inferences brings new phenomenological concepts which are
interesting and often even desirable.

A. The Inductive Effect

The capacity of the amino groups to attract electrons by the —7J
effect is due to the greater electronegativity of nitrogen relative to
carbon. The unequal sharing of electrons between these two atoms can
be transmitted by the successive polarization of ¢ bonds as in homo-
logous carbon chains (1) and the small dipoles produced from such
electronic displacement decrease progressively away from the polar
group

- st g5t ss6+

RN ¢ &
¥

The electrostatic interaction arising from the influence of an electro-
negative group is not limited to transmission along o bonds of saturated
molecules, but can also be transmitted by a direct inductive effect,
known as field effect, across space or through solvents between the
group to the reaction center. This type of transmission was first
considered separable from the inductive effect?, but subsequent
attempts to divide the two effects experimentally have either proved
difficult or shown that one effect predominates. Discussions of these
topics are available® 1) and it has been argued'? that the inductive
effect is in reality a field effect and that propagation by successive
polarization of o bonds, i.e. o inductive effect may not be important at
positions separated from a substituent by more than one or two bonds.
However, it was suggested *® that an absolute separation of these two
effects appears to be unlikely and that the field effect is an important
feature of the polar effect.

‘The comparative magnitude of the inductive effect (—1I) of the
amino groups in relation to other elements in the periodic table is
shown by the following sequence:

F > OH(OR) > NH,(NR,)

This order for the isoelectronic series is demonstrated satisfactorily
by dipole-moment measurements. The simplest organic molecules
containing these substituents, i.e. MeF, MeOH and MeNH,, have
moments of 1-81, 168 and 1:28 p respectively®. The strengths of
saturated acids may be increased by the —1I effect, responsible for
lowering the free energy of ionization of the anion relative to the
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corresponding acid. The strength of these acids has been studied as
supporting evidence for the above relationship !°, but the electrostatic
interaction with the basic amine nitrogen could to some degree lqad
to false conclusions (see section IV.A). Experimental results 1.6 relating
proton ‘chemical shifts” and the ionic character of the chemlcal.bond
to the proton in methyl and ethyl derivatives of a nurpber of substituent
groups illustrate the above order of electron-w1t.hdrawal power.
Furthermore, these data were used to assign effective values of the
electronegativities of the substituent groups.

The presence of « electrons in multiple nitrogen to carbon bonds
facilitates electron attraction and results in a greater —7 effect than
for the corresponding o-bonded saturated group. At the same tir.ne,
compared with an unsubstituted amino group, .the. electr.on-w1th-
drawing effectiveness is partially offset by the opposite inductive effect
of alkyl groups when the latter replace hydrogens. Hence, the follow-
ing order would be expected:

C=N > C=NR > C—NH; > C—NHR > C—NR;,

Unsubstituted amines have a higher dipole moment than the most
highly alkyl-substituted ones'?, but lower than the corresponding
nitriles*%. Actually, the p values in the vapor phase, i.e. MeC=N,
~4-0 p, (MeCH=NH not reported due to instability), MeCHzNHZ,
1-22 p, MeCH,NHEt, 0-92p and MeCH,NEt,, 0:66 D, pr0v1de'a
reasonable support for the above generalization. These large dif-
ferences of course, are valid only for simple molecules of small angular
structure when determined under similar experimental conditions.

The effect of a positively charged nitrogen is best understood w.hen
compared with neutral nitrogen. The bonding electrons of onium
substituents are supposed to be very tightly held. Consequently their
electron-withdrawing effect should be greater than that of amino
groups. The actual difference should depend on the presence of
multiple bonds and on the opposing effect of alkyl groups which
replace hydrogen, thus:

+ + + + +
=NR; > NH; > NH,R > NHR; > NR; > NR;

The literature does not provide conclusive evidence for this sequence.
However, some studies'8-2° of these groups give a different pattern
of substituent effects. This has been attributed to hydration through
hydrogen bonding, and will be discussed in subsequent sections. .

Because alkyl groups oppose the effective transmission of the in-
ductive effect of the amine substituent, any increment of the carbon
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chain must tend to diminish their — 7 effect. This phenomenon should
be appreciable with branched-chain carbon. A similar reasoning can
be applicable to dialkyl-substituted amines. Nevertheless, only
scattered information is found in the literature to substantiate any
generalization of the electronic interactions with the reaction sites,
Moreover, since the phenyl group attracts electrons, the N-phenyl
group exhibits an electron demand, and the order may be represented

as follows:
NHPh > NH; > NHR

The —1 effect of amine substituents can be outweighed by the +R

electron release, provided that their unshared electrons are capable -

of conjugation with aromatic systems. However, the + R effect may
be entirely repressed by electrostatic induction of charge displace-
ments (—I), when the positive ionic center is bonded directly to the

+
benzene nucleus. The NR; group deactivates the conjugated ring
with respect to electrophilic attack and may, therefore, be represented
by 2, which resembles the progressive decrease of transmission with

+
NR3

(s

86%
(2

increasing distance of the —1I effect of the amine substituent in 1.
Structure 2 suggests that the para position possesses a relatively higher
electron density than the meta position (see section IX).

B. Resonance or Conjugative Effects

The resonance or conjugative effect (+ R) results from overlap of
the unshared electron pairs of an amino group with the p orbital of an
adjacent unsaturated carbon supplying its ¢ electrons along = bonds
in such systems. Theoretical considerations of the dipole moments of p
electrons in aniline?* reveal that the inductive effect of the amino
group is as important as the resonance interaction of this substituent
with the aromatic n-electron system, and this is in agreement with
experimental findings. An interesting argument has been raised with
regard to the most effective transmission of electron displacement
when the inductive effect of the benzene ring is compared with the
resonance effect in aromatic amines 22, For example, aniline is 108 times
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weaker as a base than cyclohexylamine. This large difference cannot
solely be ascribed to the inductive effect of the phenyl group, but
rather to delocalization of the unshared electron pair of the amine
nitrogen over the aromatic ring. There is no experimental evidence to
show how much each of these effects contributes to the basic properties

of anilines.
Although the chemical properties of the conjugated amines (3) are

38°
NR;

8-.
@

in many ways similar to aliphatic amines, the direction of the +R
effect markedly alters their relative reactivity for example in the ease
of substitution by electrophilic reagents. This mode of transmission
may be enhanced when the amine substituent is in direct conjugation
with electron-attracting groups such as —NO,, —COOMe, etc.
Such conjugation delocalizes the p electron of nitrogen and confers a
formal positive charge on the amino group. Base strengths, ultra-
violet excitations and dipole moments23:2¢ give some idea of this
effect when the groups are oriented ortho or para to each other. The
resonance interaction may be written as in 4. Since the meta conjuga-

+/O
N
o~
N
__O/ +\O_

Q)

tive interaction would require an unstable long bond no significant
contribution to resonance hybrids is expected from polar forms 5.

There is no definite evidence concerning the geometry of the amine
substituent in aromatic amines?5-27; although the resonance effect
will be more pronounced when the nitrogen and its two hydrogens or
alkyls are coplanar with the conjugated system. Any departure from
planarity caused by bulky adjacent groups gradually inhibits the + R
effect. The phenomenon of steric inhibition of resonance has been

8+ c.a.G.
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R

e
No-
(3)
substantiated 2% by studies on basicity30-38, dipole moment34-39
and ultraviolet spectra *-#3, This can be illustrated by the extinction
coeflicients and basicities of ortho-substituted anilines and N,N-
dimethylanilines (see Table 1).

TaBrLE 1. Extinction coefficients and basicities
of anilines and N, N-dimethylanilines?2°,

emaxa pKEb

Aniline 9130 4.26
2-Me— 8800 4-09
2-Et— 8030 4-04
2-i-Pr— 7780 4-06
2-t-Bu— 7850 3-38
N, N-Dimethylaniline 15500 4-39
2-Me— 6360 5-15
2-Et— 4950 5-20
2-i-Pr— 4300 5-05
2-t-Bu— 630 4-28

¢ At about 250 mu.
® 50%, by vol ethanol.

This table shows that the ring-substituted anilines have almost the
same absorption, while a large decrease in extinction coefficient is
observed in the corresponding N,N-dimethylanilines due to steric
inhibition of resonance. The irregularities in the basic strengths of
both series of aromatic amines, instead of the expected increase in
pK, values, was attributed to steric hindrance to solvation and
cannot be used as a valuable source of information on the steric
inhibition of resonance. However, in comparing the base strength of
the ring-alkylated dimethylanilines with the corresponding anilines,
the former are stronger bases than the latter, since the o-alkyl groups
cause a greater departure from coplanarity of the NMe, than for the
NH,; group, and result in a smaller +R effect on the benzene ring.
The influence of hydration of hindered aromatic bases reported
recently ** permits the observation of this fact from the estimates of
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their inductive effect and steric inhibition of resonance. Another gl?oc}
illustration of this effect of ir}hibit.;ion of resotpance. Illi Sthe work o

ith3? on dipole moments of various aromatic amines. .
Sn}Il‘ﬁ:: rf?lativtlza magnitude of electron release (+R) of thf: amine
substituents as compared with other common polar groups is in the
following order: NHL(NRY = OH(OR) > F

The resonance effect generally decreast;s with increasing e%ectro-
negativity?, that is, the more el.egtronegatlve (electron attrac{;m.g) a
given group, the more reluctant it is to r.elease electrons. Severa pieces
of evidence #5-47 provide support for this sequence and others will be
discussed in subsequent sections of this chapter. _

The + I effect of alkyl groups replacing hydrogen atoms of an amine
will increase the electron density on the nitrogen apd COIlSqu:lently
should impart a greater tendency for covalency with the adjacent
atom. The 7 overlap with the amine nitrogen may be repressed when
a phenyl group replaces at least one of the }}ydrogens or r}?ay Ee
suppressed as in a positively charged ammonium group. Thus the
electron-release effects vary as follows:

+ +
NRz > NHR > NHz > NHPh > NR3(NH,)
NHPr > NHEt > NHMe > NHPh
NPr, > NEt; > NMe, > NPh,

The bathochromic effect NEt, > NHEt > NH, in adjacent ethyl-
enic systems?® and dipole-moment values'” (PhNEt,, 1'-84- D >
PhNHEt, 1-70 0 > PhNH,, 141 p > Ph,NH, 1-0.2 D) are in accord
with the order in the first series, resulting from the interaction of the p
electrons of the substituents with the = bonds of the system. The
variation in dipole moments of N-subs.tituted anilines 17 .(t}.1e §e<_:(?nd
series) are relatively small and this is mainly due to the steric inhibition
discussed previously. Nevertheless, an increase in the dlpole-rilgment
values favoring the + R effect is indicated for the last sequence*?, thus
PhNBu,, 19 p > PhNEt,, 1-84 D > PhNMe,, 1-64D > Ph;N, 0-71 p.

The resonance effect of the aforementioned substltuents.becon?es
evident when directly conjugated to a reaction center, as is readily
seen when the groups are located para to each .other. in the penzene
ring., The —1I effect, though relatively small in this case, is more
efficient when the substituent is meta with respect to tbe reaction center.
Steric and other factors complicate the interpretations of the signifi-
cance of both effects in ortho positions.
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Ili. CORRELATION BETWEEN STRUCTURE AND
REACTIVITY

The success of the Hammett empirical relation has been the subject
of continuing efforts to correlate the effects of structure on chemical
reactivity and has led to the development of similar linear free-energy
or structure-reactivity relationships in other systems. Due to the ]
many intervening factors involved, the applications and utility of
these correlations are, as yet, only approximate in the case of the
amino group. Despite this disadvantage, it is highly useful for describ-
ing reaction mechanisms and for calculating a large number of rate
and equilibrium constants still to be measured or experimentally 4
difficult to determine. The present chapter is not intended to present
a thorough literature coverage nor to account for a critical examina-
tion of the scope, limitations or the essential principles of structure—
reactivity relationships, which are excellently reported in recent
reviews® %955 Instead, attention is directed to correlating and to
interpreting the polar effect of various amino and ammonium groups,
defined by sigma values, in each type of reaction rate or equilibrium.
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A. The Hammett Substituent Constants

The semiquantitative linear relationship between the effects of
meta and para substituents (£), compared to the unsubstituted com-
pound (k;), on the rates or equilibrium constants of aromatic side-
chain reactions is represented by the Hammett equation®® (1):

o
Cpara

Representative substituent constants.
[¢3
—0-14¢ —0-38 —~0-04 _0-17% 0-13t 004¢ (0-04)¢ -0:25* —0-76" —0-48¢

—0-15% —0-44% —0-05' —0-17% 0-10% 0-04% (0-04)"

Gmeta
m
m
m
m
m

logk - IOg k() = po )

TABLE 2.
0-859¢

where o, the substituent constant, is independent of reaction type or
conditions. A positive ¢ value indicates a net electron withdrawal
relative to hydrogen and a negative o indicates a weaker electron
attractor than hydrogen. The reaction constant, p, is a function of the
changes in electron density at the reaction center depending on the
reaction conditions. Positive p values indicate that electron-attracting
substituents promote the reaction under consideration, and vice versa
for negative p values. A table of o values for amino and ammonium
groups have been compiled (see Table 2). The validity of the Ham-
mett o constants has been restricted to substituents in the meta and
para positions, since frequent deviations in reactivities arise to varying
extents from superimposed steric and field factors on the polar effects
of ortho substituents. The ortho-substituent constant for NH, was
found, in a special case, to have a o value of —0:26 and to release
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0-36"

, 23, 1790 (1958).

0-485’
0-8029
0-82¢

0-859°

—0-84¢
—0:302° —-0-592°

—0-87¢

—0-425¢°

Gpara
N. C. Deno and W. L. Evans, J. 4m. Chem. Soc., 79,

Gmeta
0-634°
0-985°
0-985°
0-88
0-904°

~0-1618 — 0660 —0-16* —1:3"
—0-211* —-0-600°

—0-240* —0-607°
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more electrons towards the ortho than the meta position5?. Another
limitation is the enhanced ¢ value of electron-attracting substituents
in direct conjugation with strong electron-releasing groups®6, Jaff¢s°
evaluated and denoted these enhanced o values as o*, while others®s,
in accord with current conventions, denoted them by a nucleophilic
substituent constant o~ (see section IILB).

A closer inspection of Table 2 and a large body of other experimen-
tal data leads to the conclusion that uniform Opara aNd o,,., values
for each amine substituent do not appear to exist. Some of the diffi-
culties may result from the susceptibility of the electron pair of the
amine nitrogen to interaction with the reaction media. Frequent
deviations from the linear free-energy equation are observed with
these groups and appropriate interpretation with factors already
known is difficult. Some idea of the complexity of this situation can be
gained from the fact that the 17 o values reported for p-N(CH,),
range from —0-206 to — 1-04958:59,

Although ¢ constants for amino substituents are only approximate,
they fit the previously indicated sequence of electronic displacement
when representative ¢ values are compared 59 59- 60,

NHz, (NMe,) > OH,  (OMe) > F
Opara: —0-66, (—0-83) > —0-37 (—0.268) > 0-062
ometat —0+16, (—0211) > 0-121(0-115) > 0337

The o, values reflect the corresponding order of resonance
effect of these groups located in a para position, while the O et Values
indicate merely a decrease in the + R transmission or an increase in
the —I effect when at a meta position. A similar order of the ability
of these groups to release electrons was obtained from measurements of
the acidity constants of meta- and para-substituted benzoic acids and
phenols®?,

The differences in the o values available for various amino sub-
stituents are sometimes not large enough for the results to be inter-
preted. For example the o,,, values of NMe, (—0-83), NHMe
(—0-84) and NH, (~0-66), based on the ionization constants of
substituted benzoic acids give no significant indication of their + R
effects. This could be rationalized by the greater inhibition to co-
planarity of the NMe, groups as compared with the NHMe group.
In any further evaluation of the substituent constants shown in Table
2, it must be ascertained, whether these data were recorded under
identical or sufficiently similar reaction conditions. As an illustration
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of this restriction, other op,., values reportfzd for the gioups Jclllst
considered as well as for other NHR groups give an anomalous order
for their efficiency of the +R transmission In aromatic s;;lstemsé
Likewise, the differences (U"‘etf? 1— Opara) olf th.trzlse :;E))ig:ll::ts 0 no
the relative sequence of electron-releasing .
re"ll?lalzt Opetq Values f(()lr NHMe (—-0-302), NMe, (—0-21 l)ban'd NI;I2
(—0-161) apparently follow the + R sequence of these substituen s%
in spite of the existing — I effect, when located at the meta position o
the aromatic ring. Again, the NMe, group shows a similar dlscripa?cy
in the sequence of the two effects (—1, +R), probabliy due to the act
that each of these values was evaluated from different reaction
itions %0, .
Corl;c)tl;lr(r)lination of the o,,,;, values for NHR groups determ}rslgd under
identical conditions of equilibria from the.data of Jaffés® and of
Wepster and collaborators ®®, leads to the series:

NHBu > NHMe > NHEt > NH,

_0344 —0302 —0240 —0-161 (ref. 50)
amem:{—o'm —0-196 —0-142 —0070 (ref. 59)

In both cases, the NHMe group impedes the substan:aatlon of
the relative importance of resonance effect of. these .substltuents. as
established in section IL.B, even though the inductive mechanism
becomes significant. An identical oy, sequence of these groups was
obtained from the ionization constants of the correspondn}g meta
derivatives of arylphosphonic acids®2. The Hammett equation has
also been successfully used to calculate a o value.for thf: resonance
inhibited p-NMe, group!l. In most cases oy, 18 consistently less
negative than op4,.

is pointed oﬁrgefore, positively charged nitrogen groups, h.ave no
resonance interaction with the aromatic ring and thel.r .eﬂ‘esctslgfe —-.I
transmission is greater in the meta than in the para position®™ = This

+ . .
can be seen from Table 2, where the oy,, value for NR; is more posi-
tive than the corresponding 0,4, value. In addition, these substituents
are also susceptible to reaction conditions. For example, the oy,

values for IJ{IMe3 show large variations®® as do Fhe Opmeta — Tpara

differences. This suggests that solvation may be an important f:actosr;
The rather scattered results reported under similar conditions

for ammonium groups support the currently accepted — I order, that

!
is m-NH, (0-800) > m-NMe, (0-780); and p-NHMe, (0-802) >
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p-f{IMe3 (0-712). The fact that the — 7 value for p-lirlMe3 (0-695) is

greater than p—I:rIH3 (0-666) can be ascribed to hydrogen bonding f

through hydration of the latter group in aqueous media.

The 0,,,, values have been favorably correlated with ortho-substi- J
tuted benzene derivatives in which substituents and reaction centers
are not adjacent®®. The ionization constants of 2-amino- and 9-

dimethylaminobenzohydroxamic acid and their rates of reaction with

sarin (isopropyl diethylphosphonofluoridate) 8465 indicated the ab-
sence of steric effects due to the amino groups. Thus their electrical
effects as well as their order of magnitude were of the same type asin %

the para position,

B. Electrophilic and Nucleophilic Substituent Constants

The extension of the Hammett equation to electron-deficient side- 3

chain reactions was carried out by Brown and Okamoto®-8 from
the solvolysis of phenyldimethylcarbinyl chloride. These o* values

are found to be applicable only to substituents capable of important .7:

resonance interaction or charge delocalization ( + R) with an electron-
deficient reaction site, and excellent correlations for electrophilic
aromatic substitutions and other reaction processes have been re-
ported °2-35-69, However, the o* treatment has scarcely been applied
to highly polar groups (such as the amino group), obviously due to
their solvation and interaction with the media. The solvolysis of un-
substituted and N-substituted p-amino derivatives of benzyl chloride
and phenyldimethylcarbinyl chloride has not been used as yet to
estimate o* parameters probably because of the instability or high
reactivity of these compounds. In electrophilic aromatic substitutions,
similar factors frequently affect and impede the evaluation of the
reactivity of these groups. The many inconsistencies in the o+ values
have resulted in serious criticisms™ of the original assumption which
considered the transition state in a substitution reaction to be
independent of the reagent.

‘The difference in activating power in electrophilic aromatic sub-
stitution between amino substituents and other representative groups
is well supported by the o}, values, thus: NH, (-1-3) > OH
(—=092) > F (—0-07). Although the correlation of the o+ parameters
for several electrophilic reactivities is by no means perfect, the repre-
sentative o, values given in Table 2 indicate the following order:
NMe, (—1-7) > NHMe (—1-59) > NHPh (~1-4) > NH, (—1-3).
This is in partial agreement with the sequence of conjugative abilities
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. o +
+R) of these groups with aromatic systems. The value of o Ngr
#-NHPh appears rather high. The 0., and oy, values pf the 2
roup (see Table 2) are identical, in support of the lesser importance
gf resonance effects for most substituents located at the meta position
of the aromatic nucleus®!.

+

The surprisingly small value of o * f9r m-l\.IMe3 has causg;l erroneous
prediction of the effect of this group in various electrophilic aromatic
substitutions. An explanation” of this abnormal value. was sug-
gested by the observed difference of the entropy of activation 1n

solvolytic reactions of m—MealJ{.ICqH4QMezcl relative to th((e:l .parznt
compound CgHsCMe,Cl. This indicates that further studies are
s group. ‘
ne’?lf}fj e(;lril;}rlllce;g:l Hell)mmett o values denoted as o~ are apphcable_ to
reactions involving direct conjugation between an electron-attracting
substituent with strong electron-releasing. groups. In these reactlloni,1
the o, values, like the o, values, are in most cases closelY re ateb
to the oy, constants. The electron-r§leasmg nature of amino sub-
stituents usually limits the determination of nuch.O‘phll.lC s‘ubsutuent
parameters in aromatic systems, except for positive 10mic centers.

Thus p-g}Mea exhibits the following o~ values3: ioni?atign of phen-
ols = 0-73, ionization of aniline = 0-70 and ring substitution = I-11.

C. Additional Substituent Constants

Groups which are susceptible to va'riations in solvation or resonance
during the ionization of benzoic ac1<3ls were found to give poor pg
correlations, hence their corresponding effeFts are not cor'151dere‘
‘normal’. On the other hand, when conjugatmr_l of any substltuen.t is
prevented or minimized with the reaction site, it is regarded as exerting
a normal effect. Taft 7272 derived his ¢° values, as ‘normal substituent
constants’, while Bekkum, Verkade and.Wepster 59 calculatfed o®
values. However, the rates of saponification of §everal subsututled
ethyl phenylacetates imply that the o" vzjllues stl.ll show the polar
effects of the substituent on the resonance interaction of the reaction
site with the aromatic ring. Further revaluation led to new substituent
constants known as the o, values”%. The values of 0°, o® and o as a
rule differ only slightly from the oy, value_s of Hammett, but this
does not apply to the amino groups, for which the + R effects vary
from one scale to another, and the resonance effect apparent!y occurs
even in the meta position, possibly on account of an inductive relay

8*
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involving the ring and the amine substituents. Some regularities in
the polar effects are indicated, since both p-NMe, > p-NH,, and
m-NMe, > m-NH, invariably follow the order of the +R effect of
these groups in conjugated systems. Moreover, resonance becomes
less important in the meta position, since it is less negative, than at the
para position.

An important linear free-energy correlation for aliphatic reactivities
was first gained from a study of 4-substituted bicyclo [2-2-2}octane-1-
carboxylic acids and esters”, in which the substituent exerts its in-
fluence largely through the inductive direct field effect and can also
provide a measure of the contribution of induction to the Hammett
substituent constant. The resulting scale (the o’ values) was the basis
of further research in aliphatic systems. Taft noticed!! a constant
ratio between the o’ value of a group and his polar substituent con-
stant o* and additional o’ values were thus calculated for a larger
number of substituents. This fact led to the introduction of a new and
important scale named the inductive substituent constant o3 as
determined from the aliphatic series. The inductive substituent
constants of the ammonium groups of Table 2, have an opposite
order to the generalization made in section II.A, thus:

NMe; > NHMe, > NH,Me = NH,
o) 092 070 060 060

Once more, hydration through hydrogen bonding in aqueous media
may be the cause of the above deviation, though it should be noticed
that these o{*” values were not determined in identical experimental
conditions 575, The values of o; have also been evaluated from aro-
matic compounds and were found to be similar to ¢{*)73, However,
this treatment is limited since it suggests that the inductive effect of a
substituent is identical for both the meta and the para positions. The
resonance substituent constant oy gives negative values for the NH,
group in the meta position (Table 2), which implies that conjugation is
still significant. The sequences deduced from O,.., Parameters indi-
cate that p-NMe, > p-NH, and NH; > OH > F (sce reference 19)
for 7 overlap. A contradictory order for the + R effect is indicated by
the op values derived from chemical shifts of 2,6-dimethyl-1-sub-
stituted benzenes?®, since NH, (—0-76) > NHMe (—0-39) > NMe,
(—0-21), suggesting that the two methyl groups ortho to the methyl-
amino or dimethylamino group greatly inhibit its resonance inter-
action with the ring by preventing it from attaining coplanarity. At
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present the experimental facts do not'permit a common §9ale 5osf
resonance effects independent of reaction types and.condltlons b.
However, a general scale of o, is operative for various meta 5111 -
stituents, while the NH, and NMe, groups can not be included un e;s
consideration is restricted to reaction series of slight electr(zn.deman .
In view of this fact, a precise scale for R proposed as oy is u§ed to
define systems without resonance interactlop between the subs'tltuent
and the reaction site, and represents the estimates for the substituents
capable of conjugation with the aromatic ring™". The OR, 04 valu.es
are approximately half the o} values for para substituents as seen 1n
Table 2 for the NH, group. ' . _

The fact that sigma parameters are inapplicable to reactions in-
volving highly polarizable substituents®, SLICI.l as amino groups, an_d
other related phenomena, inevitably necessitates improvements In
correlating substituent effects, and the proposed structure-reactivity
relations are still only partially successful. An exce‘llent' and crltllcal
examination of the various linear free-energy equations is found in a
recent and valuable publication of Ritchie and Sager %°.

1V. EQUILIBRIA

The —1 or + R electronic transmission of positive or anative amino-
nitrogen substituents can markedly affect the equilibria, particularly
for organic acids or bases. However, other commonly known factors
or effects can also modify these processes and many related examples
will be discussed.

A. The lonization Constants of Aliphatic Amino Carboxylic Acids

The carboxyl group can be described by contributir}g nonequivalent
hybrid structures (6). Energetically equivalent hybrid structures de-

o] O- O- .O"'
4 s/ / C/
—C <«—> —C «—> —C ~—C.
N N4 " \OH
OH OH Oo—| oA

(6)
scribe the carboxylate anion (7). Consequently, the resonance energy

@] O~ ol n
V4 / A
—C «—> —C ~ —C\
N
“o- Ng o

¢
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of 7 should be greater than that of 6. The — I effect of a substituent is
considered to stabilize more the resonance structure 7 and thus
assist the dissociation of the carboxylic acid. All common groups with
positive inductive effect (+ /) are acid weakening.

Actually, an amine substituent and the carboxyl group within
simple molecules may simultaneously ionize to form an inner salt
known as ‘zwitterion’, where the pK, value of the basic group is
greater than, or close to, the pK, value of the acidic group. An example
is the glycine inner salt (9), which is a weak acid owing to the formal
negative charge on the carboxyl group, while its conjugate acid (8)
is a stronger acid because of the ~ I effect of positive nitrogen.

* —H * —H*

NHsCH,COOH T NHyCH,COO- F—Tero> NHaCH,COO-

(8 ®

The effect of the neutral amine substituent on the ionization of
substituted carboxylic acids is complicated by the presence of the
zwitterion equilibrium. Hence the effect of these groups will be
chiefly considered as that of the positive charged nitrogen center.
Table 3 indicates that the operative inductive effects of these onium
substituents greatly increase the acid strength when compared to
XCH,COOH (X = H, acetic acid pK, = 4-76). It is also observed

that the effect of the ltIH3 substituent on the ionization constants
decreases rapidly with increasing distance from the reaction center,
and, at the same time, approaches the pK, value of acetic acid. The
effective electron-withdrawing power of these onium groups shown in
the order of carboxylic acid acidity is (Table 3):

HaNCH,COOH < MeRIH,CH,COOH < Me,NHCH,COOH < Me,NCH,COOH

TasLe 3. Values of pK, for aliphatic acids containing positive
nitrogen substituents 18,

X NH,  NH,Me NHMe,  NMe,
XCH,COOH 231 2-16 1-95 1-83
X (CH,),COOH 3.60
X(CH,),COOH 423
X(CH,),COOH 427
X (CH,);COOH 443

constant and the constants pertaining to the individual ionization
processes.
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This is contrary to the sequence established in section IL.A, and is
attributable to hydrogen bonding®, thus:

H

| /
—N—H--O

I Ny

This is deduced from Hall’s assumption of the §ter'ic eﬁ“ect on the solva-
tion of tertiary ammonium ions®. The 1omzalt10n constants of
N-(substituted-phenyl)glycines repc?rted recer.ltly.8 proylde .1ntere.st};
ing facts on the nature of the substituent, which in C.On_]unCtl‘O.IL wit

spectral data, have been used to calculate the zwitterion equll} rium
constant and the constants pertaining to the individual ionization

process.

B. The lonization Constants of Aromatic Amino Carboxylic Acids

The location of a substituent in the ring of benzoic acid has bet.:n
shown to affect the properties of the COOH group. The effects in
the ortho position are rather complex and generally these are the strong-
est acids, even when a substituent has both +I. and —.|—R eﬂ“ects..T.hls
acid-strengthening effect can be the result of inductive transmission
owing to the short distance, and because. the resonance interaction
(+R) is reduced since the carboxyl group is forced out of coplanarity
with the ring. In the mefa position, the 1nduct1vc3 mechanism promotes
the ionization of substituted benzoic acids relatively more than in the
para position, as the — I effect decreases with increasing distance frorln
the acidic group. Para substituents with +7 and + R effects as a rule
decrease the acid strength, whereas those with — R effects en}}ance it.

The ionization of o-aminobenzoic acid represents a spec1_a} case,
since the NH,, group can participate in the reactiqn. The tfqulhbnursr;
constant and the extended Hammett relationship of this system
reveal that the interaction between COOH (or COO~) and NH,

(or 1¢1H3) is sufficiently strong to make it difficult to separate the
zwitterion from the non-zwitterion species, or rather, to discriminate

+
between ionizations from the COOH and NH, groups. The proposed
ionic equilibria are shown in equation (2).

COOH coo- Coo"
NH; NH, NH,
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. Similarly m-aminobenzoic acid exists largely in the zwitterionic
XZE:, rl(ril aq;ueow?}s1 so!utl'on 83-85 and in several low-dielectric solvents 8

ingly, the ionization of this acid ’
cquation 157 could be represented by

COCH -
COO~ GO0

H+ —_—
3)

+
NH,3 NH, NH;

Normally, the parg-amino substituen iti
Ne , ts additionally weaken the
acidity of the carboxyl group®-%® due to resonance (equation 4)

o .
Vs
HoN 7 s Hil= ”
AN 2 (4)
OH \OH
V\;h.lch produ'ces a _higher 'negative charge on the carboxyl oxygen
(z:ooms, thus 1n9rea:f{ng their attraction for hydrogen ions, and, as a
nsequence, interfering with the resonan ilizati ,
. ce s
oo o tabilization of the
(TT&IS acidity order, ort}w.> meta > para, is shown to be irregular
' da e 4) for neu:cral amine substituents. The evaluation of the
ir; uctive eﬂ'ec'fs, 1.nc1ud1ng the zwitterion form and significant
di;fci)nalnce con‘_crlbu'gons of the groups for each position of the ring, is
’ cu 'L to rationalize. As an illustration, it is surprising to note that
otr 0-su s:atp:ced compounds are less acidic, even if one considers the
steric inhibition of resonance and their existence as dipolar ions.

TaBLE 4. Values of pK, for amino-substituted
benzoic acids in water?®,

pK, of XC;H,COOH

X ortho meta para
(H) (420)  (4-20)
420
NH, 4.98 4.79 (4.92)
NHMC 533 5-10 5.04
lea 2:04 _ _
NH;Me 1-89 _ .
NHMe, 14 —
) _
NMe, 1-37 3.45 3.43

5. Directing and Activating Effects 225

With regard to acid strengthening, the inductive sequence NH, >
NHMe > NMe, can, to some extent, be applied to the meta positions.
However, the sequence NMe, > NHMe > NH, of +R effects is
more evident for ortho than for para substituents. These groups in the
ortho position do not appear to be bulky enough for steric inhibition
of resonance, although reversal of the order expected from the —/
mechanism may result from the actual tendency of the ortho isomers
to exist as inner salts. The high pK, value of o-dimethylaminobenzoic
acid (8-42) is attributed to hydrogen bonding, an important feature
in the zwitterion!®. Further, steric inhibition to resonance in the
NMe, group and the relief of steric strain should assist the formation
of a stable hydrogen-bonded structure as follows:

(o) o~
%C/ "..H
|
+f,\1-— Me
Me

The inductive effect of positively charged nitrogen substituents in
benzoic acid must increase the acid strength more at the mefa than at

the para position® 3, However, this is not the case for the ItIMe3
group (see Table 4), although the ortho isomer is the strongest acid,
as expected. The acidity meta > para for the trimethylammonium
group, is obtained for the ionization constants of these acids in 50%,
ethanol®® and in dioxane-water solutions?°. As with the acetic acid
derivatives (section IV.A) the same type of effect of onium groups (in
addition to the carboxyl group being prevented from adopting co-
planarity with the ring), can be noted with the o-benzoic acids, that is

NMe, > NHMe, > NH;Me > NH,,

The variation of the electronic effects of amino substituents on the
ionization constants of benzoic acids has been shown to be the result
of steric inhibition of resonance, originating in the presence of adjacent
groups®1-95, Another interesting phenomenon is the fact that the
effect of the NH, group in position 4 of biphenylcarboxylic acid is
transmitted in a predictable manner, but it is quantitatively less than
in benzoic acids®®.

The effect of two or more substituents upon the acidity of benzoic
acid has been shown in many cases to be additive whenever supple-
mentary steric and resonance interactions are absent 18+ 93, 94, 97. 98,
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Rf_:cent work *° indicates serious departure from the additivity relation-
ship and the application of this principle has not yet been properly
examined for amino groups in the presence of other substituents.

C. The lonization Constants of Aminophenols

The acidity of phenols, compared with aliphatic alcohols, can be
accounted for by the combined — I effect of the benzene ring, and the
delocalization of the electrons of oxygen in the phenoxide ion, as
shown by the resonance structures in equation (5) 1%, In general,,the

Soblh b

effect of substituents in the meta position of phenol is similar to that
found in benzoic acids, whereas the effect in the other positions de-
pends on the resonance interaction between the substituent and the
reaction center. Thus groups with +7 and +R effects decrease
acidity, while those with —7J and — R effects show lower pK, values.

MezN@OH «—> Mezltl@:OH— 6)

This i.s explaiped by the fact that the phenol anion has a greater
capacity for direct conjugation than the benzoate anion %,
The information given in Table 5 permits few conclusions to be

- - . > - .
drawn. T}}e 1.nduct1've mechanism fox: NMej, is in agreement with the
general principles discussed for benzoic acids. However, it is interesting
to note that aminophenols can undergo association as half-salt cations
In aqueous solution'®!, Many studies have considered the effect of

TaBLE 5. The ionization constants of amino-substituted
phenols in water.

j
Group ortho meta para Reference
NH, 9-71 9-87 10-30 18
I:IMez — 9-85 10-22 61
NMe, 7-42 7-98 8-20 90
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amino groups in derivatives of aminophenols, aminonaphthols and
related condensed aromatic compounds, but they cannot be discussed

due to limitations of space340-3¢2,

D. The lonization Constants of Nitrogen Bases

The effects of substituents on the conjugate acids of aliphatic amines
are much the same as with aliphatic carboxylic acids. In Table 6, a

TasLE 6. Values of pK, for conjugate acids of
aliphatic amines!8,

X =NH, X = NH,

XCH,NH, — —
X (CH,),NH, 9.98 6-97
X(CH,)sNH, 1065 8-59
X(CH,),NH, 10-84 931
X(CH,)sNH, 11-05 9-74

+
positively charged group (X = NHjy) increases the acidity of con-
jugate acids studied, while neutral group (NH,) affects them less.
The — I mechanism for both cases increases the pK, values with in-
creasing distance from the reaction site, and the inductive effect of

the 1+\IH3 is greater than the corresponding NH, group.

The base-weakening resonance in aromatic amines (3) was discussed
in section IL.B. Substituents capable of —I effect increase the proton
removal of conjugate acids of aniline more strongly from the nearer
position. Groups with +Iand + R effects in the ortho and para positions
result in an increase in pK, values, whereas those groups with —R
effects decrease these values. The low pK, value of 0-NH, relative to
m-NH, (see Table 7), presumably reflects steric factors impeding

TasLe 7. Values of pK,, for anilinium derivatives'8.

Group ortho meta para
NH, 447 4-88 6-08
NMe, — — 7.968
NH, 1-3 265 329
NMe, — 226 2:51

¢ Reference ¢ of Table 2.
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some resonance interaction between this group and the acidic onium
center. However, the value for p-NMe, is larger than for p-NH, due
to a + R effect. The accepted sequence ortho > meta > para for electron-
withdrawing substituents holds well for ammonium groups, except

+
NMe, > N H, in -1 transmission. The latter observation can be
simply accounted for in terms of hydrogen bonding with the solvent.

The polar effects of substituents in rigid hetero-aromatic bases such
as pyridine can be estimated with greater ease than for the correspond-
ing benzene derivatives. This is largely due to the fact that the basic
center is not affected by the steric inhibition of resonance pheno-
mena'®. As in aniline, electron-releasing groups (+1, +R) increase
the base strength of pyridine, whereas electron-withdrawing groups
(=1, — R) have the opposite effect. The data for the conjugate acids of
2- and 4-aminopyridine (Table 8), indicate that proton removal from

TaBiE 8. Values of pK, for aminopyridine in water®.

2-NH, 3-NH, 4-NH,

Pyridine 6-86 5-98 9-17

¢ A. Albert, R. Goldacre and J. Phillips, J. Chem. Soc., 2240 (1948).

these is more difficult due to direct conjugation of the two basic sites
(equation 7). The resonance interaction is responsible for base
strengthening and is, evidently, more effective in the 4-position.

NH, RJH2
)~
o= | ™
N N
Foo

E. Miscellaneous Equilibria

The effect of common substituents on the electron density at the
nitrogen atom available for complex formation (through hydrogen
bonding) between p-nitrophenol and 4-substituted benzalanilines!°2,
indicates an increasing basicity with electron-releasing power of the
substituents. The changes in equilibrium constant with 4-substituents
show good correlations with the o* values, and the 4’-substituted
series with the Hammett o values. The enhancement of basicity of
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benzalanilines by the 4-NMe, group can be attribut.ed to t.he followir;)g
resonance contribution involving direct conjugation with the sub-

stituent (equation 8).

+ + ..
e QO il D=0
H
H o

T — ®
0,

N NO,

The influence of amino groups on the equi.libriulr(i constants of
triphenylmethanol (ROH) in strong acid medial%:1%* have shown
ROH + H* ——> R* 4+ HOH

large deviations from the correlation of pKp+ with the Hammett o
values. The reason is the great tendency of the unshared electron pair
to stabilize an electron-deficient reaction center tl.lrou.gh resonance
interaction, as represented by the following contributing resonance

structure 10193, @

(10)

TapLe 9. Values of pKg+ for sub-
stituted triphenylmethanols%.

Substituent pKx+
4-NH, +46
4,4'-(NH,)g +5:38
4,4 4"-(NH;), +7-37
4-NMe, +475
4,4-(NMe,), +6:90
4,4',4"-(NMey)q +9-36

+
4,4/-(NM63)2 bl 752
4,4,4-(NMej)s —10-15
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The data listed in Table 9 indicate that resonance stabilization is
greater as para-amino groups are successively introduced into each
ring, and that p-NMe, is greater than p-NH, in = delocalization
(+R). Recent work!%, on the equilibrium of monosubstituted tri-
phenylmethanols in various solvents (Table 10) shows that p-NEt, >
p-NMe, > p-NH,, in agreement with the + R effect of these groups
established in section IL.B. These experiments also indicate that the
effect of solvent polarity represses the separation of the carbonium
ion slightly more in aqueous acetone than in ethanol.

TaBLE 10. Values of pKz+ for monosubstituted
triphenylmethanols 198,

Substituent pKg+© pKg+? pKg+©
4-NH, 2:61 1-92 2-34¢
4-NMe, 3-54 2:29 2-67
4-NEt, 478 3-32 374

% In water at 25°.

® In 50% acetone by volume at 25°.
¢ In 507 ethanol by volume at 25°.
4 The only data at 20°,

V. NUCLEOPHILIC ALIPHATIC DISPLACEMENT
REACTIONS

Only a few types of reactions have been found useful for studying the
polar effect of amino groups in nucleophilic substitutions. This fact
may be due to the basic nature of nitrogen, to the instability of highly
reactive substrates, and to the media frequently used in these reactions.
‘The main mechanisms°7-1%9 to be considered are shown in reactions
(9 and 10). With saturated carbon, the unimolecular mechanism Sxl,
Is a two-stage process (reaction 9), and the bimolecular mechanism
Sx2 (reaction 10), is a one-stage process with inversion of configuration.

\c’:—x _— Dc'”..--xo-] —_>\‘!c(+ X (slow)

transition state ©)

N, (
i

NV .
Cr+4+ Y~ ——>  C—Y (fast)
I /
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The general course of aliphatic displacement at unsaturated carbpp
involves multistage mechanisms, which consist of a nucleophilic
addition to a = system followed by an elimination step (reaction

11).

Z z” z

] S I |
YT 4 —C—X —> Y—C—X —— Y—C— + X~ (11)
~— A

| N

A. Neighboring-group Participation
I. Haloamines

The presence of an amino group in n-alkyl hal.ides is a cause c.)f
rapid solvolysis accompanied by ring .c.lo_sure. This p}.lejnomenon is
shown by substituents capable of stabilizing the.transmon state by
becoming bonded or partially bonded to the reaction center. Tlllg rate
increases are explained by neighboring-group participation'*®, :che
substituent providing anchimeric assistance'! to the reaction
center!12?, o .

The rearrangement of primary to secondary hahde'ln B-ha.loarfupes
has been postulated to involve a cyclic ‘ethylene immonium’ ion
intermediate113-114, A similar mechanism is also suggested for the
ring expansion of some heterocyclic amines (equation 12)*'°. The

cl

[ LCH a — ol — (\/]/ 1
N : N
7\

N

|
Elt Et CHZ Et

fast solvolysis of B-amino primary chlorides. is gxplained by the forn.la-
tion of a cyclic intermediate or by participation of the pelglg)ormg
amino group in the rate-determining step of the reaction . The
cyclization of l-amino-2-chloropropane procefads more than one
hundred times faster than the estimated solvolysis of 2-chloropr'opan.e
in water at 25°c1%. The concept of ‘ethylene immonium’ ions is
supported by kinetic studies on B-haloamines and by work on the
dimerization of bis-B-haloalkylamines 16122,

The isomerization of primary halides generally involves an Sy2
mechanism, whereas that of secondary halides follow.s the Sx! mech-
anism. This type of intramolecular attack of the w-nitrogen atom on
the halogenated carbon to form 3-, 4- and 5-membered cyclic
ammonium ions, is shown in reaction (13).
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RQN: N
l.ﬂ\ — N\ X
Xy
R R
R (13)
1A S
e WA
x¥

Data for the ring closure of w-bromoalkylamines!23 are summarized
in Table 11. It is evident that the distance separating the two groups

TasLe 11. Rates of cyclization of w-bromoalkylamines in
water at 25°¢125,

Compound k (per min) E (kcal) Log PZ (per sec)
H,N(CH,);Br 0-036 249 14-8
H,N(CH,)3Br 0-0005 232 11-4
H,N(CH,),Br 30 16-8 12
HyN(CH,)sBr 0-5 18-3 11
H,N(CH,)¢Br 0-0015 249 13-3

is an important factor. The observed decrease in activation energy
from three- to five-membered rings is indicative, as might be expected,
of diminishing strain and facile approach of the ends of the chain. The
higher activation-energy value for the six-membered ring is surprising,
while that for the seven-membered ring is justified from the ‘surface-
tension effect’24 125, This postulates that any dissolved molecule
tends to adopt a spatial disposition with the lowest surface of contact
in relation to the media. Therefore, the free rotation of the seven-
membered amine in solution may be partially restricted so that ring
closure requires a higher energy of activation. The frequency factors
(PZ) account for the conformation and the relative facility by which
the ends of the chain may meet to yield the corresponding cyclic
ammonium ions!2°,

No regular trend in reactivity is found as the nucleophilicity of the
NH, group decreases with decreasing distance from the bromine.
Nucleophilicity is roughly correlated to basicity, and increasingly
basic amino groups in w-haloamines have been shown to increase
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solvolysis rates!?, e.g. N, N-dimethyl-2-halogenoethylamines cyclize
more rapidly than the corresponding unsubstituted compounds:

CH3CHBrCH;NMe, > CHaCHBrCH,NH,

PhCHBrCH;NMe, > PhCHBrCH,NH,
However, when the nucleophilicity of the nitrogen, at a fixed positiop
in the haloamine, is reduced, the intramolecular Sy2 process (13) is
supplemented by another closely related one. For example B-anilino-

ethyl bromide (11) loses a proton from the NH group, ?.nd the r'esulting
anion undergoes cyclization (reaction 14)*26. For amines of still lower

Ph

I |

l —H,0 v —Br N

PhN: + OH™ — PhN:\ LI Q (14)
B B

(1)

r

F\

nucleophilicity, for example when the phenyl group of ll.is. rep}ach
by ROOC2" or PhSO,'?8, the neighboring-gro.up participation is
no longer operative, and the cyclization mec}}amsm occurs cntl.rfaly
according to (14). The Sy1 hydrolysis of N,N-di(2-chloroethyl)aniline

LN . . 120
(12) gives neither dimerization nor a cyclic ammonium compound **%,

@—N /CHZCH;;CI
NCH,CH,Cl
(12)
probably owing to the delocalization of the p electrons of nitrogen in
the aromatic ring. _

The rates of formation of cyclic ammonium ions from compounds
of the type RR'NCH,CH,X 313! have been four}d to depend on
the nature of R and R!, and increased in the order i-Pr > Et > Me.
This sequence is attributed to some extent to the electron density at
the nitrogen but is mainly of steric origin. Yet whf:n alkyl groups are
branched at different positions of the closing chain, no steric efff:cts
are observed125:132 a5 in the case of 4-bromobutylamine deriva-
tives 133 (see Table 12). .

It is frequently found that at least four processes can occur in
y-haloamines, that is fragmentation, nuclt?ophll}c cgiseiz;ccmenjc,
1,2-elimination and neighboring-group participation®®* 13, Their
relative importance is determined mainly by structure, stereochemistry
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TaBLE 12.  Relative rates of cyclization of
chain-branched 4-bromobutylamines 32,

Compound keal.
H,NCH,CH,CH,CH,Br 1
H,NCH,CMe,CH,CH,Br 158
H,NCH,CFEt,CH,CH,Br 594
H,NCH,C(i-Pr),CH,CH,Br 9190
H,NCH,CPh,CH,CH,Br 5250

and media. However, further discussion is outside the scope of this
chapter.

2. Amino esters

An interesting intramolecular nucleophilic displacement is the first-
order neighboring participation of the NMe, group during the hydro-
lysis of 4-substituted phenyl esters of y-(, N-dimethylamino)butyric
and valeric acids (reaction 15) 136, The rate constant for the formation

Y

i

\@‘ Ogj g: HOC
R — ‘ oH-. (15)
Me—N Me—N Me—R
| L

Me Me

of the five-membered ring is twice that for the formation of the six-
membered ring. A plausible explanation of this may be the suggested
coiled conformation 36 of the ester, resulting in greater steric hindrance,
of the phenyl group with the NMe, group, in the six- than in the five-
membered ring. Yet in the base-catalyzed lactamization of the methyl
esters of w-amino-a-(toluene-p-sulphonamido)butyric and valeric
acids at 25°c 137 the formation of the six-membered cyclic compound
is as expected, faster (reaction 16).

TsHN TsHN
¢O
oo [0
—_
NHz NH

The presence of a proton-containing ammonium group on the
alcoholic part of an organic ester facilitates its hydrolysis considerably
more than the corresponding trialkylammonium group38-141, Thus
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the second-order rate constant for 13 is 240 times greater than that
of 14.
O H C‘)
.
CHSCsziSCHZCHzflI(CHS)z CH3CH,CSCHLCHN(CHg)a
+
(13) 14)

Some evidence appears to support intramoleculal: genfsl‘galmzlifiils—
specific base catalysis through electrostatic bonc'hng as in 151%% i
recent work142:145  especially that on the relative order of hydrolysis,
selenoester > thiolester > ester, suggests intram(?lecular nu.cleophlhc
catalysis through anchimeric assistance of the dimethylamino group

as in 161%°

OH- R R o

Y/ L_—)H / RN ./Me
Y N

| | _Me M

s SNG \CHZ—CHZ/

cH, Me
(18) (16)
(Y=0,5, Se)

The reaction of hindered secondary amines with 2-c.h101:oet};zfé
carbonates and acetates to form tetrasubstituted ethy_lenedlammes
is another process which appears to ta.kc? pl:.ice by blmoleqular alkyl
cleavage with neighboring-group participation 9f the amino group
(reaction 17). Other examples of neighboring amino-group participa-

RoNH 4 CICHCHOCR —> RzNCH2CH2—OCR —_—>
(17)

—~N
Rzl\’“_‘l\/ \ —— RaNCH,CHyNR,

. . ons of

tion are the Prevost reaction!*’, the thgmal decompom'gon .
i i i t ides an

e-aminothiol esters!%®, nitrogen mustards!*® and some am

peptides 159 151,

Vi. NUCLEOPHILIC AROMATIC DISPLACEMENT
REACTIONS

Nucleophilic substitution in aromatic systems has t?een discussed llln
many comprehensive reviews!®271%7. These reactions are usually
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d§pendent on activation of the ring by electron-withdrawing sub-
stituents and consequently little information is found on the polar
effects of electron-releasing neutral amino substituents when directly
conjugated with the = system.

The most widely used illustration for the Syl mechanism is the
]mcatalyzed decomposition of diazonium salts. Such substrates carry-
Ing amino substituents have scarcely been investigated, except for the
n}agnetochemical study on the photodecomposition of p-(N,N-
dimethylamino)benzenediazonium chloride 158, The result of this z:nd
other work?®® indicated a free-radical mechanism.

. An interesting example of aromatic unimolecular solvolysis is the
interaction of para-substituted o-bromostyrenes with 80%, ethanol to
yield the corresponding acetophenones and small amounts of the
phenylacetylenes*®°. A two-step Syl-E1 mechanism (reaction 18)

(l)H
+
v C=CH, ——> Y C=cH -

a7

O

Br

involving an intermediate digonal carbonium ion (17) is indicated
where the p-NH, group accelerates the reaction more than all the
other substituents studied, and is 108 times faster than with the un-
sups'tituted compound. The effect of the amino group is rather sur-
prising, since the resonance interaction through delocalization of the
type indicated by 18, should retard solvolysis.

(18)
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The S,2 displacement (reaction 19) involves, most frequently, an
intermediate complex (19), with the hybridization of carbon at the

X - Y X Y
k, K
Y: + k: —2 + X: (19)

(19)

reaction center changing from sp? to sp°. The tetrahedral configuration
in 19 again is stabilized by electron-attracting groups. Either step
might be rate determining, depending on the relative magnitude of
ko and k.

Both 4-amino and 4-dimethylamino substitution in 2-nitrobromo-
benzenes greatly retards the reaction with piperidine!®!, as expected.
The 4-NMe, compound reacts 10 times faster than the 4-NH, com-
pound even though the order of the +R effect is NMe, > NH, in
electron release to aromatic rings. Moreover, in this case the unsub-
stituted compound reacts 10° times faster than the parg-amino com-
pound. In contrast, the unactivated compounds, i.e. chlorobenzene
and p-aminochlorobenzene, exhibit almost identical reaction rates in
piperidine 162, as also do bromobenzene and p-aminobromobenzene
towards sodium methoxide at 150°c %6, However, a para-amino group
lowers the reaction rates of o-fluoronitrobenzenes with sodium ethox-
ide 82 about one hundredfold.

The rate of halogen displacement has been correlated with the polar
effects of substituents para to the reaction center 164171, the activating
effect of the o-nitro group being considered constant, although in
some cases resonance interaction is possible with the substituent, as
shown in structures of the type 20. The relative rates of reactions for a

Cl/\ F\]<o Cl Kj/O_
o No-
('\ >
Y Y
(20)
series of 4- and 5-substituted 2-nitrochlorobenzenes with piperidine in
benzene 172 have shown a greater enhancement of velocities when the
substituent and the NO, group are para to each other. The data in
Table 13 reflect a retarding effect of the 4-amino substituent in direct
conjugation with the reaction center, whereas from position 5 the
+ R effect is transmitted to the site of displacement by a secondary
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TasLe 13. Kinetic data for the reaction of
substituted 2-nitrochlorobenzenes with piperidine
in benzene!72.

Substituent H 5-NH, 4-NH,
ks/ky 1 0-86 0-001
E (kcal/mole) 139 13-7 19-6

%nductive effect and is almost compensated for by the negative
inductive effect of the substituent. Similar considerations in the
reaction of 4-substituted 2,6-dinitrochlorobenzenes and 5-substituted
2,4-dinitrochlorobenzenes with sodium methoxide in methanol 173
have been correlated with the activating influence of the substituents
in these systems. The effects of the nitro group in positions 2 and 4
are not equivalent, and they differ in magnitude and also with the
nature of the nucleophilic reagent.

. T}%e steric effect of the amino group adjacent to the site of substitu-
tion is rather small*™, and, therefore, the order of the reaction rates
9f nucleophilic displacement is o-NH,, > p-NH,, since the resonance
1nte.r§ction from the para position is more marked than from the ortho
position.

T}}e magnitude of the activating effect of positively charged nitro-
gen in nucleophilic replacement67-175:176 was found to be weaker
than that of the NO, group. This fact is unexpected, because ammon-
wum groups deactivate electrophilic aromatic substitutions more

. +
strongly than nitro groups. Apparently NR; > NO, in the polariza-

tion of the ring for deactivation processes, whereas 1¢IR3 < NO, in
polarizability of the ring for activation processes 7.

A detailed study of nucleophilic attack by NH,;, MeNH,, Me,NH
and EtONa on pentafluoroaniline, and its N-methyl and N,N-
dimethyl derivatives’” reported that in these three substrates the
ratio of: the replacement of fluorine in the meta and para positions is
approximately 7, 1 and 0-07, respectively. This fits the steric inhibition
of resonance in the order NMe, > NHMe > NH,, and is also
supported by ultraviolet spectra, that is CgF;NMe, (¢ 10,000) >
CeFsNHMe (¢ 16,800) > CsFsNH, (¢ 18,000). The NMe, group is
forced greatly out of the plane of the ring, reducing the resonance
interaction and leading to a relatively rapid replacement of the para
halogen. The NH, group is less hindered, and owing to conjugation
with the ring the deactivation of the para position is more than that
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of the meta position. All three substrates gave very low yield of ortho
replacement. For the reactions of substituted pentafluorobenzenes
with EtONa in EtOH!"8 the NMe, group deactivates para replace-
ment more than any other group studied.

Vil. NUCLEOPHILIC ADDITION AND SUBSTITUTION
AT CARBOXYL GROUPS

Nucleophilic substitution at carbonyl carbon, takes place in bimolecu-
lar carboxylic ester hydrolysis with acyl-oxygen fission (21) by the
base-catalyzed (Bac2) and acid-catalyzed (A4,¢2) mechanisms; in
some instances, the fission of alkyl to oxygen bond (22) can also occur.

A A
RI—C7. Rl—C e
>Ko__ R2 O—v—' R2
(21) (22)

Generally, electron-withdrawing groups located either in R* or in R?
facilitate the B,c2 process, whereas the polar effect of substituents in
acid-catalyzed ester hydrolysis is known to be rather small. However,
most groups with +7I effect will retard A4,.2 reactions. Detailed
information on ester hydrolysis may be found in standard
references 182-186,

A. Aliphatic Esters

Only a few rates of hydrolysis of aliphatic esters containing amino
groups have been studied. Structural factors and reaction conditions
are important in determining whether hydrolysis occurs through
neighboring amino-group participation (see section V.A.2) or by
nucleophilic attack at the carbonyl carbon.

The kinetic results for hydrolysis of Etaltl CH,COOE:', as compared

with that of ethyl acetate, indicate that the introduction of lJilEt3
increases the rate of alkaline hydrolysis 200-fold, and decreases that
of acid hydrolysis 2000-fold *#”. These data suggested a simple electro-
static picture in which the presence of a net charge in the ester will be
the major factor in determining the reaction velocity, but were not
sufficient for deciding the finer points of the mechanism. Similarly, the
acid and alkaline hydrolysis of other quaternary amino esters has
shown that the main effect of the positive charge can reasonably
be assumed to be electrostatic ®- 188:189,
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The alkaline hydrolysis of some esters containing nitrogen sub-
stituents 19 (Table 14) indicates little difference whether the substituent

TabLE 14. Alkaline hydrolysis of aliphatic esters?9°,

Y in YCH,COOE:t X in CH;COOCH,X P
H — 0-111
— H 0-185
NH, — 0-83
A
NMe, — 66
- NMe, 60

@ Second-order rate coefficient M~ sec? at 25°c and zero ionic strength.

is in the alcohol or the acyl side of the ester. In the basic hydrolysis of
glycine ethyl ester hydrochloride 19° the reaction seems to occur only
with the uncharged molecule, as £ values did not vary with pH range
(9-70-11-5). Ammonium groups enhance saponification rates con-
siderably more than the neutral NH, group. This can be accounted

» . + .
for either by the electrostatic effect or by the order NMe; > N H, in
inductive transmission.

B. Aromatic Esters

The polar effects of most meta and para substituents on the second-
order rates of hydrolysis of aromatic esters191-195 have demonstrated
the marked influence on the energy of activation with little affect to
the entropy term. In contrast, orthe substituents alter both the activa-
tion energy and the entropy factor. As a general rule, the alkaline
hydrolysis of aromatic carboxylic esters is accelerated by substituents
with —71, — R effects and is retarded by substituents with +1, +R
effects.

The relative rates of Sx2 hydrolysis in Table 15 show strong re-

TapLe 15. Relative rates of the second-order
alkaline hydrolysis of aromatic amino esters 83,

Y

mNH,  $-NH, H

YGCgH,COOEt® — 0-023 1
YCsH,COOEt® 0-574 0-0293 1
AcOGgH,Y* — 0:510 1

% In 85% aqueous EtOH at 25°.
® In 60% aqueous Me,CO at 25°.
¢ In 60% aqueous Mez;CO at 0°c.
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tardation by p-NH, in the aroyl side, and a muf:h weaker effect by
m-NH, in the aroyl side or by a p-NH, group in the phenyl ester.
Evidently, resonance interaction between the amino and carbethoxy
groups in p-H,NCgH,COOEt is responsible for :che low rates. The
0-NH, group also influences the alkaline hydrolysis of ethyl 0-amino-
benzoate 196, but the decrease in the rates arises partially from steric
effects. .

Good agreement is found in the rate ratios of p-NH-substituted and
unsubstituted ethyl benzoates expressed as kg/ky *%° (Table 16). Three
very similar velocity ratios were determined in aqueous ethyl alcohol,

TaBLe 16. Relative rates (ks/ky) of hydrolysis of ethyl
p-aminobenzoates.

Ingold and Jones and
Kindler'®* Nathan!®?  Tommilal®% Robinson!9®
$p-NH, 0-0233 0-0231 0-030 0-0244

and a slightly higher value in aqueous acetone. In this connection, it
should be noted that these reactions and the substituent effects were
shown to be sensitive to changes in the solvents*96-199,

The introduction of alkyl substituents adjacent to the 4-amino
group in aromatic esters prevents coplanarity, and the decreases in
the rate of hydrolysis®® caused by the latter. For example, c9mpound
24 is hydrolyzed approximately 34 times more slowly than its parent

COOEt COOEt COOEt COOEt
@ @ Me/©\ Me Me/©\Me
NMe, NH, NMe,
(23) (24) (25) (26)
0-052 0-00152 0019 0-206
kin
I/mole/min

compound 23, as a result of resonance interaction wi.th the NMe,
group (+ R effect), while the alkaline hydrolysis of 26 is much faster
than that of 24 and of 25. Comparing the substrates 25 and 26,
obviously the small size of the NH,, group still allows conjugation with



242 Gabriel Chuchani

the carbethoxy group, thus giving a greater stabilization and a retard-
ing hydrolysis of the ester, while this does not occur with the strongly
hindered bulky NMe, group. The electrical influence of the dimethyl-
amino group on the rate of hydrolysis of the ester groups, located in
either meta or para position, has been found to be greatly affected by
steric inhibition of resonance by one ortho-methyl group2°°, The effect
of the NMe, group is greater at the para position. The influence at the
meta position is attributed to a second-order field effect, arising from
the negative charges placed on the ortho- and para-carbon atoms by
resonance, or to an inductive effect. Steric inhibition of resonance,
in the hydrolysis of ethyl 1-naphthoates with 4-NMe, groups has been
decided 2°%,

Increasing the size of the N-alkyl group decreases the rate of hydro-
lysis'®, in the order NMe, > NEt, > NPr, (Table 17). This is in

Tasre 17. Hydrolysis rates and ¢ values of alkyl N,N-dialkylamino-

benzoates 199,
YCeH,COOMe YCH,COOEt YCeH,COOPr
(80%, MeOH) (80%, EtOH) (80%, PrOH)
Y k25 x 10% O35 25 X 10 Gas k25 x 10% Ogs5
H 421 0 8-76 0 8-94 0
m-NMe, 2-20 —0-140 4-31 -0-136 4-36 —-0-132
p-NMe, 0-116 —-0-774 0-226 —-0:703 — —
m-NEt, 1-45 —0-231 2-79 —-0-220 2.78 —0215
p-NEt, 0-064 —0-902 0-131 —0-808 — —
m-NPr, 1-25 —0-261 2-20 —0-262 2:19 —0-259
$-NPr, 0-0572 —0-927 0-127 —0-815 0-127 —0-783

agreement both with the effect of the greater bulk and the + 7 effect
of these groups (Pr > Et > Me). The m-NPr, group retards hydroly-
sis more than either m-NEt, or m-NMe, groups, whereas little differ-
ence is found in the corresponding para series. This has been explained
by the increased importance of the bulk effect in the meta position.
However, this sequence may also be supported by the —1I effect of
these groups meta to the reaction center. Furthermore, any dialkyl-
amino group enhances basic hydrolysis more at the mefa than at the
para position, as expected. Table 17 shows a decrease in the value of
the Hammett o constants for all para-NR, groups, when they were
determined by hydrolysis of the methyl, ethyl or propyl esters. Since
the oy, values remain unchanged, it was suggested that the diminu-
tion in resonance stabilization is due to increased steric hindrance in
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structure 27 as the size of RY is increased. The increasing negati\{e
0pare Values with increasing size of R in the NR, group may be evi-
dence for steric hindrance of solvation, rather than for a decrease of
direct conjugation because of the greater bulk of R.

] ]
RZNA@—C——OPJ > Rﬁ:@:@—op\l

27

The effect of para substitution in methyl benzoa'te i§ not completely
independent of the effect of simultaneous substitution in the alkyl
portion2°2, as is shown by the hydrolysis rate constants of
$-NH,C;H,COOR listed in Table 18%°°.

TasLe 18. Hydrolysis rate constants of
p-H,NCgH,COOR 202,

k(mM~! min~1)

R (60%, vol. aqueous dioxane at 35°G)
Me 0-0612
Et 0:0194
n-Bu 0-:0104
i-Bu 0-00934

Recent work2%8 on the alkaline hydrolysis of protolytic esters has
considered the possibility of hydrogen-bond formation between some
ammonium groups and the carbonyl carbon of tl_le ester, €.g. 28 (st?e
section V.A.2). However, when such esters contain a rigid acetylenic
group in the alcohol side, hydrogen bonding is prevented and hydro-

O'-'-IilHEt
%
PhC CH,
N\ /
O—CHZ
(28)

lysis rates decrease considerably, as illustrated in Table 19. In every

case ltIR3 > NH, for the B2 type of hydrolysis,_ as expected. .
The basic hydrolysis constant of ring-substituted phenylacet}c

esters has shown that even though the methylene group of the acid

interrupts the resonance interaction between the substituent and the

reaction center20%295  the electron-withdrawing —1I effect of the
9+c.AG.
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TaBie 19. Second-order hydrolysis rate constants of
esters PhCOOCH,R 209,

k (1/mole min)

R {constant pH in 5%, EtOH—H,0 at 25°)
C=CCH,NEt, 7.46
C=CCH,NHEt, 167-00
C=CCH,NEt,Me 32:10
CH,NEt, 2.48
CH,NHEt, 2500-00
CH,NEt, 69-80

+
NMe, group enhances hydrolysis rates more from the meta than from
the para positions, and that the effect of p-NMe, is greater than that of
p-NH,, as expected.

C. Esterification and Reactions of Carboxyl Derivatives
I. Aromatic esterification

The influence of amino substituents in the few reported esterifica-
tion reactions of aromatic acids, indicates that the polar effect of
these groups is similar to that in hydrolysis. Thus the reaction of
substituted benzoic acids with diphenyldiazomethane2° is retarded
by the p-NH, group more than by any other studied group at the
para position, as anticipated from the resonance interaction between

the NH, and COOH groups. The reactivity of the m-ItIMe8 is greater

n
than p-NMe; for this type of esterification 63, as expected. Rate data
for the reaction of trans-cinnamic acids2°” and phenylacetic acids2°8
with diphenyldiazomethane for a wide range of substituents at the
para position of the rings suggest that the large + R effect of the amino
nitrogen is responsible for the slowest esterification velocity. The
limited success of various theories in obtaining parameters of structure—
reactivity relationships for cinnamic and related systems, is indicative
that more data are needed for their development and refinement2°7.

2. Phthalides

Several studies of the polar effect of various groups on the velocity
of ring opening of phthalide and its derivatives20%-212 showed con-
siderable lowering of the hydrolysis rates by NH, groups when
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compared with other common substituents. The rate.coefﬁciex}ts lisFed
in Table 202! can be interpreted in terms of direct conjugation

TapLe 20. Rate coefficients of basic hydrolysis of substituted

phthalides 22,
k {1/mole min) at 25°
H 4-NH, 5-NH, 6-NH, 7-NH, 3-Me,4-NH,
11-7 8:75 0-47 67 0-60 33

between the amino group (+ R effect) in positions 5'and 7_ Yvith the
carbonyl group of the lactone (29). The NH, group in position 4 or

.
NH;
m s(l:Hz Hgﬁ*‘a'
-0—C—0 . "0—C—0

(29)
6 appears to have mainly an inductive effect (- I). Th.e presence of an
additional 3-methyl group in 4-aminophthalide again represses the
rate and an increase in the size of the 3-alkyl group inh1b.1ts further
the opening of the ring2°. These results suggest a mechanism analo-
gous to that for the alkaline hydrolysis of benzoic esters, although the
ortho effect is smaller in the case of the phthalides?**.

3. Aromatic amides '
In the hydrolysis of substituted benzamides with aqueous barium
hydroxide!8®, electron-attracting groups (—1I, —R) accelerate the

reaction, whereas electron-releasing groups (-}:I, +R) retard it. Thus
the relative & values for the B,c2 hydrolysis in Table 21 imply that

Tapre 21. Relative rates of hydrolysis of substituted

benzamides 183,
Condition and NH, H
Mechanisms ortho meta para
— . 0-20 1
Bac2 (aq. BaOH) 0-93
Aac2 (82 HQY 0-085 0-81 0-85 1
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a m-NH, group by a — I effect accelerates the reaction compared with
a p-NH; group, since in the retarding +R effect $-NH; is more
effective. The acid hydrolysis 4,2 of aromatic amides containing the
amino group (Table 21) is only weakly affected by this (or any other
substituent) at the meta or para positions 83, while 0-NH, markedly
retards the reaction, due most probably (apart from steric factors) to
hydrogen bonding.

In phthalimides, the 4-NH, group accelerates the basic hydrolysis 213
more than the 3-NH, group. This result is ascribed to hydrogen
bonding between the 3-NH, with its adjacent carbonyl group, which
in turn affects the other carbonyl group too. Substituted N-alkyl
phthalimides show one sequence MeN > EtN > HN in reaction
velocity, suggesting the presence of both steric and electronic effects.

VIII. ELECTROPHILIC ALIPHATIC REACTIONS

The 7 electrons of unsaturated carbons are susceptible to electrophilic
attack, generally, by a two-step ionic mechanism as in (20). Alkenes
react faster than alkynes since the p electrons in the latter are more
T P D N SV S
7N I [
(20)
Y+ Y
/ N \C/ NS ]
AN / N | %

Y+ o+ \C=C
/

tightly bound. Saturated carbon is also attacked by electrophilic
reagents, either by the two-step mechanism ;1 (reaction 21) or by

—JI:—Z Slow —,é:_ +2Z*

| 2n
—Ci 4 v+ faty —J:—Y
I |

the singlé stage mechanism 32 (reaction 22). Details can be found
Yo+
L L L
—'—Z+Y+ — | = ——->—|—Y+Z+ (22)

e

transition state

in references 182, 214, 215.
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A. Addition of Acids
The reaction of halogen acids with allylamines (30)?16 has been
shown to produce equal quantities of 31 and 32 (reaction 23), and
RyNCH,CH=CH, + HX ——— R;NCH,CHXCH; + ReNCHCHCH X (23)
(30) (31) (32)
two independent addition mechanisms were pf‘oposed. '.I‘he. isomer 32
is believed to be formed by addition of the acid to tbe ionized salt of
30, and 31 by addition to the free base. .The for'matmn of 82 may be
justified by the very strong electron-w1t%1draw1ng charac_ter of jche
ammonium group which can be transrr}ltted across the mterf(_tr.mg
methylene group and render the terminal carbop more positive.
Since the NR, group also exerts electron attraction, two possible
intermediates, 38 and 34, may be considered to explain the apparent
anomaly of the formation of 31.

R
I

R—N:#*
AN T
EHa—CH=CH,
(33)
- . + .o
RoNCH,CH—CH, <——> RyNCH,CH—CH, -
(34)
Recent work on addition of acids to unsaturated amines 2.17 (equa-
tions 24 and 25) seems to oppose the previous hypothesis, since high
Me,NCH,CH=CHCH, + HCl — > Me,NCH,CH,CHCICH, (98%,)  (24)
(35)
Me,NCH,CHC=CH + HCl ——> Me,NCH,CH,CCI=CH, (80-5%,) (23)

yields of ‘normal’ products were obtained. The formation _of prpducft
35 is additionally favored since the intermediate carbonium ion is
stabilized by the +1 effect of the terminal CHj group.

The electrophilic attack on unsaturated. ammonium comp-opnds
(equation 26) reveals that the strong inductive effect of the positively

+ . (26)
MesNCH=CHz; + HI ——> MegNCH,CH,I
charged group assists the formation of h_ighest electron density on
the nearest unsaturated carbon?2!®- 28, This phenomenon alsp occurs
with alkynes even when they contain only uncharged amino sub-
stituents (equation 27)%7.

Me,NCH,C=CCH;3 + HCI > Me,NCH,CH=CCICH, 27)
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The hydration of acetylenic amines in dilute acids consistently
gives those amino ketones, e.g. 86, in which the oxygen is attached to
the carbon farthest from the amino substituent (equation 28) 219,

RC=C(CH,),NMe, %;g_> RCOCH,(CH,).NMe, (28)
‘ (36)
n=1273

This is consistent with the —7 effect of the nitrogen atom which
decreases with increasing distance from the unsaturated center. The
size of the R group does not appear to affect the reaction.

It is interesting to mention that possible conjugation between the
acetylenic = electrons with the p electrons of the nitrogen substituents
results in delocalization. Such a change in the transmission of the
effect of the amino groups is illustrated in the bromination of the vinyl
acetylenic amine (37), which occurs predominantly at the triple

Et'zf\ﬁ-CH Loy

7y
=CH-~C=CH
(37)

bond 2%, even though the reactivity of the olefinic bond is greater.
The electronic polarization and some properties of 87 agree with the
observed magnitude of its dipole moment 22,

B. Decarboxylation

In carboxylic acids, electron-withdrawing groups in the a-position
facilitate decarboxylation as anion!82-222:223 Many amino acids
undergo this type of reaction in the presence of an acylating agent.
In the case of an «-NH, group 22*-226, decarboxylation occurs through

RCHCOOH (Rlco)no RCHCOOH (Rlco)ﬂo RCH_C:O (RICO)QO,
_— e——— |

NH; NHCOR! N§C/O pyridine ~
b
COR:
1
ReH—C=0 . SO rcucoms
| = récoon =
NS0 \ NHCOR! (g
1 NHCOR!
R1
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an oxazolone intermediate and involves subsequent addit.iopal reac-
tions with the acylating agent (reaction 29) 225‘227. In cerztzasln instances
the acylated oxazolone intermediate }.1as been 1solateF1 . . ]

The — I effect of an «-NHR group in decarboxylative acylation o
amino acids229 also allows the reaction to proceed by an analogpus
route 239, However, with «-NR, groups the correspondlr}g tertiary
amino ketones are not obtained, but undergo fu.rthe.r reaction to give
N, N-disubstituted amides (reaction 30) 22" 231, Tertiary amino acids,

RCHCOOH R%HCOCH:,
rI\JMe2 A NMe; ——> CHyCONMe, (30)

as well as acids having an aryl, heterocyclic or aryl.oxy group in the
a-position, seem to react through a different mechanism (reaction 31)

v R R
2 \/
H—C\

Re—C }\/c
o4 \o"i’g —_ » RRICHCOR?® + CO, + R¥C—O—CR3

o
s~/ L,

\ ) (31)
RY

=0

The abstraction of the a-hydrogen atom of the acid seems to permit
formation of a quasi six-membered ring and subsequent dispropor-
tionation into the actual product®*"- 232, Although the correct mecha-
nistic picture for these reactions has been the subject .of many
discussions 2%2- 238, it is reasonable to assume that the acylating agent
must participate prior to, or simultaneously with, the decarboxylation
in a concerted action 2?7, . . o
Under different experimental conditions, e-amino acid derlvatwe:‘s
can undergo decomposition according to equation (32) where X is

O
R2NCHR‘C/ —_— [RzltJ:CHRl]X‘ + CO (32)
\X lHOH
ReNH-XH + R*CHO
an electronegative group. The presence of the' NR, group in the
a-position has a strong effect on decarbonylation reactions, while

NHR and NH,, groups do not affect this process?**. Generally, these
reactions are catalyzed by acids and inhibited by bases. The catalytic
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effect of an acid on decarbonylation can be achieved through an
attack at the electronegative group as in (33). This suggests that the
O

- %

Nodc”

|
/ : \X PRSI Y*(H*)

(33)

pr%mary e-amino acid derivative, as in the case of the corresponding
acid chloride, must first undergo protonation at the nitrogen atom
(rf:action 34), thus inhibiting the reaction, whereas acid derivatives
with a tertiary amino group allow decarbonylation to take place
(reaction 35).

Hy;NCHRCOCI + H* —» H,NCHRCOCI (34)
0 o
J ¥
RNCHRC” 4 H* — 5 R,;NCHRC” (35)
AN
cl Ei—H

Recently, it has been noted that the thermal decarboxylations of
e-amino acids in neutral media are accelerated by organic per-
oxides?®®, when the yields of the corresponding amines are also im-
proved. Decarboxylation in the presence of aldehydes and ketones is
als_o relatively fast, giving, in most cases, a Schiff-base intermediate,
prior to formation of the expected amine.

The ease of thermal decarboxylation has been related to the
strength of the acid, that is, the greater the acidity, the faster it loses
CO, 2%, Therefore, the + R effect of the NH, group at an ortho or
para position in aromatic carboxylic acids is expected to inhibit this
type of decomposition. The actual results show the opposite to be
true and this contradiction is explained on the basis of intramolecular
catalytic action of the amino groups in the aminobenzoic acids.

IX. ELECTROPHILIC AROMATIC SUBSTITUTION

In studies concerning the effects of substituents in electrophilic aro-
matic substitution, particularly in orientational control of the entering
group, in reaction rates, and most recently in details of the substitution
process itself, steric and polar effects of the substituent and the
reagent appear to be factors simultaneously affecting the reaction.

Owing to the highly polar and basic nature of aromatic amines they
_frequently appear as exceptions to rules and generalizations. Super-
1{nposed effects of the amino group arising from experimental condi-
tions, and other related phenomena, have restricted the evaluation
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of the polar effect of the amino group in comparison with other
substituents. Details and excellent discussions on electrophilic
aromatic substitution in general, appeared in several recent

publjcations 15b, 52,70, 237—240'

A. General Considerations
A great body of evidence supports the formulation of structure 38,
as a key intermediate in aromatic substitution, although it is by no

Y H
5 Ca
(38) ®9)

means the only one. The formation of this o complex, in which both
the electrophile and the hydrogen atom are attached to a new sp®-
hybridized tetrahedral carbon is the rate-determining step, followed
by rapid decomposition to the product. The formation of a = complex
(89), may take place usually prior to, although in some cases after,
the formation of the o complex, although some scepticism exists as
to whether the 7 complex is essential in the reaction path. 38 may be
formulated in terms of the hybrid contributing structures 40. Electron

Y H Y H Y H
©+ @ +©
(40)

release by the amino substituents will assist the stabilization of the
positive charge in the ortho and para positions, and will increase their
reactivity. In contrast, with positively charged nitrogen substituents,
such as the trimethylammonium group, owing to the strong —I
effect the meta position is more favored for substitution than the
ortho and para positions.

The orientational effect is often expressed in terms of yields of
isomers, and the rate data as overall rate of reaction relative to that of
benzene. Another convenient quantitative expression of rates is the
partial rate factor, f, which measures the reactivity of the position
concerned, relative to one of the six equivalent positions in benzene.
The relative reactivity of the meta and para positions of monosubstituted

g%
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benzenes can also alter according to the nature of the attacking re-
agent, a fact described as selectivity of the electrophile.

B. Monosubstituted Aromatic Amines
l. Reaction with nitrogen electrophiles

a. Nitration. The great variety of phenomena occurring simultane-
ously under different conditions in the nitration of anilines 24! has been
discouraging for any quantitative work on mechanism and polar
effects. However, numerous qualitative observations permit some
interpretation of the directive effect of these groups in the benzene
ring.

Aniline itself requires special nitration conditions if side-reactions
are to be avoided#*2-243, The fact that a non-acidic nitrating agent,
such as N,Oyp, yields N-nitration, suggested that ring nitration of the
aromatic amine by acidic nitrating agents is in general proceeded by
N-nitration and subsequent rearrangement. This assumption was
later disproved by study of the acid-catalyzed rearrangement of
phenylnitroamine and the nitration of aniline with HNO,, under
comparable conditions, with the following results243;

Reaction o-, % m-, % p-, 7,
Rearrangement of phenylnitroamine 93 0 7
Nitration of aniline 6 34 59

The proportions of isomers in each reaction, point to two different
types of orientation, although formation of nitroamines also takes
place in the reaction of HNO,; with aniline derivatives in acid
media244, 245.

The introduction of N-alkyl groups into aniline so as to prevent
nitroamine formation results in rather complex mixtures of products
with HNQ,, at different concentrations and medial5®-241, As an
example, in the nitration of N,N-dimethylaniline, decrease in acid
concentration decreases mefa, and increases para substitution. Some
2,4-dinitro derivative is formed by nitration of the parg-nitro com-
pound, and the use of glacial acetic acid solvent directs about one
third of the initial substitution to the ortho position. Yet, the reaction
of PhNMe, with liquid N,O, yields mostly para substitution with
traces of the meta isomer 246,

In diphenylamine the benzene ring is still very strongly activated.
Thus nitration in acetic anhydride (Table 22), gives a mixture of 2-
and 4-nitrodiphenylamine as the main nitration product 247,
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TaBLe 22. Nitration of diphenylamine in acetic acid at 25°c247.

Isomer( %r)oportions rg‘::irjiltly Parga;ll:gstﬁii:cstors

ortho para (CeHg = 6) ortho para
71 29 4,430,000 831,000 575,000

Nitrations of aromatic compounds containing positively charged
nitrogen groups often yield approximately equal amounts of the mefa-
and para-substituted products. This might be the result of two con-
current reactions in which the conjugate acid gives the mefa compound,
while the free amine gives the para compound. An interesting and
valuable quantitative study of the reaction mechanism and substituent
effects of several ammonium groups in aromatic nitration has recently
been described 248-24%, This report has shown (see Table 23) that

TaBLE 23. Isomer proportions and rate of nitration of aniline in
‘ concentrated sulfuric acid at 25°c248,

H,80, (%) 85 894 92-4 94-8 96-4 98-0 100
ortho (%) 6 3 — — — — -

meta (7)) 34 45 53 57 58 62 64
para (7.) 59 52 47 43 42 38 36

k, — 261 201 1-47 108 0668  0:655
ko — 0587 0533 0419 0313 0207 0210
k, — 136 0945 0632 0454 0254 0236

All rate coefficients in 1/mole sec.

while the product composition depends on acidity of the medium,
the production of mefa and para derivatives does not fit the assumption
of substitution in the conjugate acid and free amine. At high acidities
the meta/para ratio is not very sensitive to the acidity, and the effect

of the IQLIH3 group in 98%, sulfuric acid leads to almost equal de-
activation at both the meta and para positions, so that a contribution
to the reaction through the free amine seems to be practically absent.
The orientational results, the consideration of encounter rates, the
effect of changing the reaction medium from sulfuric acid to
deuterosulfuric acid and a study of the p-chloroanilinium ion 248,
are evidence which firmly support the above argument.

The rates of nitration of N-mono-, di- and trimethylanilinium ions
also suggest a similar reaction mechanism24°, The results collected in
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TaBLE 24. PrOdl:lCt (Eomposition, rate coeflicient and partial rate factors
for nitration of N-methylated anilinium ions24°.

CeH,Y 102, 102,

Y P (Umole jsec)  (molefsec)  10°4 10/,
NH
1\+1H3M 38 21 26 162 195
NH,Me 30 7.4 64 57 49
NHMe, 22 16 093 12:3 7.1
NMe, 11 055 0-14 42 10

Table 24 for these amines reveal an approximate linearity in which

the gradual replacement of the hydrogen atoms of the N Hj substituent
by methyl groups decreases the rate of substitution at a given position
b_y ne.arly equal factors. The anilinium ion reacts fastest in meta
nitration, and, more remarkable, also in para nitration ; the smaller

- . ¥
deactlv:«}tmg effect of the NH; group compared with methylated
ammonium groups is attributed to hydrogen bonding of the unmethyl-
ated ion. An additional observation is the small difference in polar
effect of these substituents, as derived from partial rate factors, when
contrasted with their common deactivation effect on the b’enzene
ring.

The meta-orienting effect of positively charged nitrogen decreases
w}%en a carbon chain of increasing length is interposed between the
onium substituent and the aromatic ring25% 251, This classical fact is
well illustrated in the sequence below:

Y meta
CoTpound derivative
PhNMe, 100
PhCH,NMe, 88
PhCH,CH,NMe, 19
PhCH,CH,CH,NMe, 5

Apart from the effect of the distance of the positive nitrogen 250- 251
hyperconjugation as in 41252 may be an additional factor accountingj
for the decreasing amount of the meta isomer.

More details on the nitration of anilines can be obtained from a
recently published book 253,
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H*
_GCCH,& Mes
!
(41)

b. Nitrosation. The weak electrophilic properties of NO* limit its
nuclear substitution to highly activated rings, such as those of phenols
and anilines. The process often leads to diazotization of weakly basic
primary aromatic amines and to N-nitrosation of N-alkylanilines (see
references 15b and 70). However, excess of nitrous acid or the presence
of strong sulfuric acid enables direct electrophilic attack on the
ring of some secondary aromatic amines?%%, The effect of the di-
alkylamino group results initially in para substitution, but subsequent
reactions and formation of by-products can occur?5%-2%, Bulky
N-alkyl groups in anilines have been shown to impede ring nitrosation
due to steric inhibition of resonance 257~ 258,

¢. Diazonium Coupling. The very weakly electrophilic diazonium ion
reacts only with aromatic amines and phenols. No information is
available on the polar effect of amino groups. Details of the process
can be found in the literature 258-265,

2. Electrophilic sulphonation

The scarcity of quantitative results available on the relative rates
of sulfonation of aromatic compounds is due to the uncertainty
about the exact nature of the electrophile, the reversibility of the pro-
cess and the isomerizations occurring during the reaction. In addition
to these factors, the sulphonated products are, as a rule, difficult to
isolate, thus impeding an adequate analysis of isomer proportions
and partial rate factors. A good review of the subject appeared
recently 70,

Sulfonation of aromatic compounds containing amino groups
yield different isomer ratios, depending upon the experimental con-
ditions employed. At low temperature, aniline gives predominantly
ortho and para derivatives268, whereas dimethylaniline gives approxi-
mately equal amounts of meta and para isomers?°7. However, at high
temperatures (‘baking process’) most aromatic amines give largely
the para product?®8-278, The unexpected results with aniline are
attributed to the formation of a phenylsulfamic acid intermediate 2°,
which is responsible for the activation of the ortho and para positions.
The dimethylamino group apparently forms no complex with the
SO, of sulfuric acid, and the equal yield of meta and para sulfonates
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arises from the equilibrium mixture of the free NMe, group with its

corresponding I¢IHMez salt (reaction 36)266.267,

NMe, NHMe,
HaS0,
1H,SO, HySO,
SO, SO, (36)
+
NMe, NHMe,
SOgH

SOyH

.The ph.enyltrimethylammonium ion on sulfonation under con-
ditions believed to give kinetic control, produces 8%, ortho, 78%, meta
apd 14, para substitution2", The rather surprising rela,tively0 high
Y{lel of: ortho and para isomers apparently refutes the above mecha-
nistic v1ew.according to which para sulfonation in strong acid media
requires dissociation to free amines and reaction in the latter
form266-267 This work seems to confirm the conclusion 248,248

that substitution occurs overwhelmingly through the ammonium
ion.

3. Electrophilic halogenations

. In aromatic halogenation processes with molecular halogen
e'1ther alone or in the presence of a carrier or catalyst, or with posi-’
t1vel¥ charged halogenating species, there are great differences in
relative reactivity of these species. Discussion of this subject is covered
extensively by some of the standard works!5b. 52,70, 237,

a. Bromination. The powerful electron release of the NMe, group
to the. ortho and para positions of the benzene ring has been assessed by
bromination of dimethylaniline in acetic acid 275 which was found
to be 10° times faster than that of anisole. Previous work indicated
a reverse order in activity, i.e. OMe > NMe,, for the relative
rates of aqueous bromination of various anilines and phenols27¢
In this earlier investigation, the acidity of the reaction mixture:
was not controlled, so that the amino substituents, were probably
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present to a greater extent as the onium salts. This assumption seems
to be confirmed by the kinetic data obtained on bromination of
N, N-dialkylanilines in strong acid media, which establish that the
reaction velocity decreases sharply with increasing acidity*™".

The isotope effect in the bromination of N,N-dimethylaniline in
aqueous acid 27 implies dissimilar mechanisms for the ortho and the
para substitution. The rate-determining step could well involve,
among other factors, fission or lengthening of the C—H bond in
ortho bromination, but this is unlikely in para bromination. The di-
methylamino group and bromine are believed to form an intermediate
complex in these reactions, which appears to decrease the velocity of
substitution with additional electrophile. Recent quantitative mea-
surements, in electrophilic bromination®?®, have reached the con-
clusion that the NMe, group activates the para position of the ring
ten times more than the ortho position.

The change of the orientational control by amino substituents in
acid media or on complex formation is obviously supported by the
bromination of N,N-dimethylaniline in sulfuric acid containing
silver sulfate, which produces 609, of 3-bromo- and 20%, 4-bromo-
N, N-dimethylaniline 28°, This result, again seemed to suggest that the
appreciable para product in acidic halogenation of aromatic amines
may be due to an ion-pair mechanism or to partial dissociation to the
free base28!, Yet the formation of para products in the presence of
excess of strong Lewis or Bronsted acid with aniline, could hardly
indicate the presence of free amine, and there is evidence that electro-
philic bromine attack, at the meta as well as at the para positions, occurs
on deactivated anilinium ions248- 249,

A very interesting observation is that incorporation of anilines into
coordination compounds does not affect the reactivity of the former
towards bromination nor their orientation in the substitution?®2.
Palladium(11) complexes of the type [Pd(aniline),Br,] show that the
NH,, group favors ortho and para bromination even in strongly acid
solution, where any complication due to partial dissociation should
be absent. In order to account for these results, it seems that the
coordination process may involve the p electrons of the nitrogen atom
in some manner fundamentally different from that in aromatic
ammonium compounds, i.e. that coordination does not impart a
positive charge to the nitrogen of anilines.

The successive introduction of N-phenyl groups to aniline (diphenyl-
amine and triphenylamine), was shown to inhibit orthe substitution,
and the bromine tends to occupy one or more of the available para
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positions 283 282, Some electrophilic halogenations of monosubstituted
benzenes containing positively charged nitrogen substituents have
been studied 28°. The slow rate of bromination of trimethylanilinium

perchlorate 285 shows that the 1¢IM63 and the NO, groups have about
the same effect in deactivating the aromatic ring. This fact contradicts
the assumption quoted in section VI175, namely that *NR; > NO,
in deactivation.

b. Chlorination and iodination. In  chlorinating N,N-dimethyl-
aniline ?%%, the ortho/para ratio and the yields depend strongly on the
f:hlorinating agent. Similar processes on other aromatic amines 287 288
indicate that an aniline, being an ambident 28 nucleophile, is able to
form an N-chloro intermediate, with subsequent rearrangement to
ring-chlorinated products. Chlorination in the presence of strong
mineral®*® or Lewis acids2®! provides similar information as in
bron?ination (see section IX.B.3.a), where the presence of the am-
monium or complex amino groups deactivates the ring to give rise
mainly to meta and some para substitution.

The rate of iodination of aniline2%, in the presence of potassium
i(?dide and acids, decreases with increasing iodide concentration and
rises with increasing pH. These results fit a mechanism in which
positive iodine (I*) is the attacking electrophile of free aniline. The
same kinetic data would also agree with a reaction between hypo-
10Flous acid and anilinium jon, but the para isomer is the main product,
with practically no formation of ortho or meta isomers. Therefore, the
alternative, involving attack on an ammonium ion, is improbable,
while it can be assumed that the + R effect of the NH, group permits
para substitution by I*. Iodination of para-substituted anilines by
iodine in aqueous methanol?®!, and by iodine monochloride in
aqueous hydrochloric acid2°2, similarly show the activating effect of
the NH, group, but the attack is at the ortho position, since the para
position is blocked.

No kinetic isotope effect was observed in the iodination of
some a}romaﬁc amines2%? although the same study confirms the
activating sequence of substituents in the order NMe, > NHMe
> NH,.

Many studies indicate qualitatively that electrophilic iodination of
aromatic amines in the presence of persulfate2°, mercuric oxide?2°3,
acetic acid 2%, iodine bromide 2°", complexing reagents 28, and without
solvent and catalyst %, yield ortho and/or para products as expected
from the + R effect of the amino group.
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4, Additional electrophilic reactions

a. Carbon electrophiles. The relative reactivities of Friedel-Crafts
alkylations vary with the structure of the aromatic system under-
going the reaction. Substituents with +/ and + R effects facilitate,
whereas those with —7 and — R effects inhibit alkylation. The strong
effects of amino substituents are greatly diminished in Friedel-Crafts
alkylations because the nitrogen atom is complexed with the Lewis
acid catalyst. The deactivating effect of the amine complex group
attached to the benzene nucleus is responsible for the scarcity of

uantitative measurements regarding orientation and reactivity.
Similarly, Friedel-Crafts acylations of anilines fail to give ring sub-
stitution due to these inactive complexes. However, these reactions
sometimes result in acylation of the substituent, especially on primary
aromatic amines.

Alkylations of aromatic amines can be satisfactorily achieved with
stable carbonium ions, even in the presence of high concentrations of
mineral or Lewis acid catalysts. The diphenylmethyl and triphenyl-
methyl cations have been shown to attack predominantly at the para
position of anilines®°0-3% and the prominent features of these re-
actions are a prior formation of the resonance-stabilized carbonium
ion in a fast equilibrium, followed by a slow and selective rate-
determining bimolecular reaction between these cations and the
activated para position of the ring (reaction 37)3°7-311, The results in

PhsCX ——= PhsC* + X~

PhaC" + O — + H (37)

CPhg
(Y = activating group)

systems involving competition of aromatic amines for a triphenyl-
‘methyl cation®'2 indicate the sequence NMe, > NHMe > NH; in
directive power, again substantiating the +R effect of these sub-
stituents. .

The formation of N,N-dimethyl-4-tricyanovinylaniline from tetra-
cyanoethylene and N,N-dimethylaniline in chloroform?179:180 js
regarded as a vinylic substitution on the ethylene, with the aromatic
amine acting as a nucleophile, or in other terminology as an aromatic



260 Gabriel Chuchani

electrophilic substitution. The initial formation of a = complex is
followed by transition to a carbanionic intermediate8® which de-
composes slowly to the final product by base-catalyzed proton removal
and subsequent elimination of the cyano group (reaction 38). The

(NC);C=C(CN),

C(CN),—C(CN)s  _ ;s
O — i O
H

@ complex (38)
CN

_ —en- I
MezN——<<:>>—C(CN)Z—-C(CN)2 =Ny MezN@-C:—C(CN)a

interaction of tricyanovinyl chloride with a series of dialkylanilines 8!
is, in contrast, not base catalyzed and prior elimination of chloride
ion is followed by proton removal. The very low values of activation
energies for the studied dialkylamino groups suggest a multistage
process. The order of reactivity of the amino substituents was found
to be NBu, ~ NEt, ~ NPr, > NMe, reflecting partially the +R
effect.

The limitations and scope of reactions involving other electrophilic
carbon reagents with anilines have been extensively described else-
where 318,

b. Exchange reactions. Dimethylaniline was shown to exchange
hydrogen with deuterium in the presence of acid catalysts, the process
involving electrophilic substitution®'4 and exclusive orientation to the
ortho and para positions®'®, Later work with deuterated alcohol sug-
gested ortho- and para-quinonoid intermediates316-317, A series of
experiments with ring-substituted N,N-dialkylanilines and D,SO,
revealed lower rates of exchange in the case of ortho-halo-N,N-
dimethylanilines than with the corresponding mefa and para isomers.
The inhibition increases with the atomic size of the halogens, as the
order 0-Br > 0-Cl > o-F prevents coplanarity. This argument has
been confirmed by the high reactivity in the exchange reaction of
N-methylindoline, where the nitrogen atom is in the plane of the
benzene ring 318,

The rates of tritiation of N, N-dialkylanilines have been determined
in solutions containing a mild excess of acid 31°. Under such conditions,
the anilinium ion may preferentially be attacked at the meta position,
but quantitative data appear to conform to an equilibrium of the
free amine with its conjugate acid (reaction 39). Further, most
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? |
R-—T!l-)'——H R—N
= + HY(HO)
(39
R—N—R R—N—R R—N—R
+ ——— —
wo=() = O .
77 H T
(42)
)
R—N—R R—N—R
Fast
+ H{HO) —
T T

ortho-substituted compounds failed to undergo exchange, as demon-
strated before®!®, due to the steric inhibition resonance.

The rates for the N,N-dialkyl series are prob.ably controlled ‘by the
entropy of activation, since steric factors, both in the electrophile a.nd
in the intermediate (42), have strong inﬂuence' on the reaction
(reaction 40). Accordingly, the +1 effect of the d.lz%lkyl group going
from NMe, to NBu, groups is expected to stabilize 42_, yet steric
strain of the more bulky substituent may inhibit reachln.g the co-
planarity necessary for this stabilization. Solvation, gnother important
factor in these reactions, can be centered on the amine nitrogen of 4.12,
but steric crowding may increasingly interf:ere in this process w1Fh
increasing size of the substituents. An exception has been observed in
the case of N,N-diethylaniline. '

The partial rate factors for nuclear deuter}um exchange.o'f N,N-
dimethylaniline indicate that in basic solutlor}s the reactivity de-
creases with increasing distance from the dimethylamino group
Sorino > Jumeta > JSpara), While in acid solutions the meta atoms arg
replaced at a slower rate, or not at all 320+ 321, 'I‘hese facts are explaine
in terms of the inductive effect which determines the more enhanced
rate of exchange of the ortho atom. Moreover, it has also been shown
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tha.t substituents of relatively strong +R effects may influence the
activity of aromatic rings in a dual manner, either as electron releasers
in acid hydrogen exchange or as electron attractors in base exchange,
The NMe, group, having the strongest electron-releasing effect
among all the groups studied, exhibits the weakest electron-withdraw-
ing effect in deuterium exchange with a base.

¢. Removal of a substituent by proton. The acid-catalyzed cleavage of
some groups attached to aromatic rings has been of recent interest.
T‘he f:wdence suggests"* that these processes are electrophilic sub-
stitutions, likely to proceed through a ¢ complex.

The effect of the NMe, group in protodesilylation322, (Table 25)

TasLe 25. Partial rate factors for protodemetalylations.

Reaction of NMe, derivatives S NMeg S 3Meg Reference
Desilylation
(Me,NCgH,SiMe,, H) —- 3-0 x 107 322
Degermylation
(Me,NCgH,GeEt;, H*) — 3 x 108 324
Destannylation
(MesNCgH,(Sn(CgH,, )3, H*) - 2 x 10¢ 326
Reaction of N Me; derivatives S ’:',Mea S/ §M°a Reference
Desilylation
(Me;NCgH,SiMeg, H*) — 384 x 10-¢ 323
Degermylation
(Me;NCgH, GeEtg, H+) 126 x 10-* 106 x 10-4 325
Destannylation
(MesNCeH,Sn(CgH, )5, H*) — 68-0 x 10-+4 326

reveals the great activating power of this group, except in strongly

acidic media where the deactivating effect of the IJ{I Me; group domi-
nates 323, Similar results have been observed in protodegermylation 324
and the trimethylammonium group deactivates the para positior;
more than the meta, as expected, but surprisingly the difference is
only slight325, supporting the previous conclusion?24®24° that the
para position is not highly deactivated. The rate of cleavage of
$-Me,NCgH,Sn(CgH,,); is found to double by doubling the acid

concentration, thus suggesting that the amino nitrogen group is
present as a free base 328,
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The effect of amine substituents in protodehalogenations has been
examined qualitatively 3%’. Iodine is replaced by a proton more easily
in p-iodo-N, N-dimethylaniline than in p-iodoaniline. On the other
hand, NH, is more efficient than NMe, in halogen displacement of
the corresponding 2,4,6-triiodoanilines, as a result of the greater
steric inhibition of resonance of the bulky dimethylamino group by
the ortho iodines. More recently, the kinetics of deiodination of p-
iodoaniline (reaction 41) in aqueous acid media®?® was shown to be

)
NH, NH.
+H* +217 -
@ — — @ + 15 (41)
I

first order in the aromatic amine, but independent of the concentra-
tion of hydrogen and of iodine ions. Furthermore, the rate in H,O
is 6 times faster than in D,O. These results imply the formation of the
same transition state in iodination at low acidity ?°° and in deiodina-
tion. The latter process also suggests that the proton transfer from
solvent to aniline is the rate-determining Sz2 reaction, where the
concentration of free amine depends on the acidity function H,, and
not on the concentration of hydrogen ions.

C. Polysubstituted Aromatic Amines

In the presence of two or more substituents in the benzene ring,
existing data about the magnitude and polar nature of these sub-
stituents usually permit a satisfactory prediction of their relative
influence on orientation in additional substitution. However, only
meager quantitative work has been reported for amino groups, due
probably, to experimental difficulties involved when common in-
organic electrophiles are used.

Some data relating to orientation of disubstituted benzenes are
shown in Table 26. Thus the halogenation32-33% and tritylation 330-33¢
of aniline derivatives results in substitution chiefly as expected from
the + R effect. References on nitration and sulphonation have not
been included in Table 26, since these processes often lead to oxida-
tion products, making the orientational comparison in these
compounds doubtful.

Although qualitative observations of meta-disubstituted compounds
suggest that an ortho-, para-directing substituent usually takes control
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TaBLE 26. Directive effects of disubstituted benzenes.

NR, NR,
Y z
'
$
z Y

Z = Halogen (attack on ortho- or para-disubstituted benzenes)
NR; = NH;, NMe, Ref. 329, 330
Y = OR, OH, NHAg, R, Ph, halogens and m-orienting groups.

Z = Trityl (attack on ortho-disubstituted benzenes only)
NR; = NH, ‘ Ref. 331-334
Y = OH, NHAc, OR, R, Cl, NO,

over a deactivating group 32°, some doubt as to the relative dominance
may arise when both substituents are strongly activating.
Electrophilic attack on benzene containing three or more sub-
stituents can give variations from the expected results owing to steric
factors or to conjugation between an activator and a deactivator. The
additivity principle, which has been excellently applied for most
polysubstituted benzenes, is restricted by these factors335,

D. Comparative Reactivities

Quantitative data comparing the effects of amino substituents with
other common groups in electrophilic substitution, are scattered
throughout the literature. An indirect comparison of the scale of
reactivities listed in Table 27 clearly illustrates the very powerful

TasLe 27. Estimated partial rate factors for para halogenation
of monosubstituted benzenes 329,

Y
CeHsY NMe, NHAc OH OMe F
fo 3 x 10 12 x 10° 5 x 10'* 7 x 10° 63

activating effect of the dimethylamino group and the expected order
of + R effect, NR, > OR > F, discussed in section I1.B.

Complete series of monosubstituted aromatic amines have not
been studied quantitatively in electrophilic substitution, under
identical conditions, except in the case of anilinium ions24? (see
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section IX.B.1.a). Some of the free bases have been compared quali-
tatively using (see section IX.B.4.a) the non-kinetic ‘competition
method’ with the triphenylmethyl cation®'2. In the absence of steric
factors the expected sequence was obtained:

NMe; > NHMe > NH; > OH

Recently, studies of cross-migration of the triphenylmethyl group
from PANHCPh,; and PhOCPh, to several monosubstituted benzenes
gave the same activation sequence®3°:

NMe ;> NHz > OH > OMe

Similar results were obtained in intramolecular competition of
disubstituted benzenes with common inorganic electrophilic re-
agents®¥” and the trityl cation33°-333, The amino group again
showed its predominance in the directive effect more than any other
common substituent:

NH; > OH > NHAc > OMe > Me

These results corroborate the generalization N > O > F in
orientational control, indicating a decrease in the effect due to an
increase in the number of unshared electrons as the group number
increases 237,338,339,
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I. INTRODUCTION

Amines are powerful nucleophiles owing to the presence of a lone
pair of electrons on the nitrogen.

All substitutions at this nitrogen atom result from nucleophilic
attack by the amine on electrophilic centres in positively charged or
neutral species. The only exception is condensation of free radicals
derived from aromatic amines by hydrogen abstraction, reactions
which are not considered in detail in this review. Amines are such
powerful nucleophiles that they will react readily with even feebly
electrophilic centres such as that in carbon dioxide.

"The general mechanism of substitution is a two-step process shown
in equation (1) comprising formation (step a) and decomposition
(step b) of a quaternary ammonium ion (1). This is a formal represen-

H H
|
RNH, + E+ —& 5 R_N+—g —© R—N/ + H* )
| N
H E

)

tation of an $y2 reaction (such as the aminolysis of alkyl halides) and
in these cases the ammonium ion is a high-energy configuration on the
reaction coordinate, i.e. a transition state. However, in other cases
(such as the aminolysis of esters and of aryl halides), this ammonium
ion can acquire considerable stability and exists as a tetrahedral
intermediate. It is then possible to make either step (a) or step (b)
rate controlling and the factors effecting this change are discussed.

The displaced group in substitution at the amino nitrogen of pri-
mary and secondary amines is the N-proton. Apart from reactions
leading to quaternisation of the nitrogen, as in N-oxide formation,
tertiary amines do not normally react with many reagents that readily
attack primary amines, as substitution in this instance involves
fission of a carbon-nitrogen bond. The energy required for this is too
large for the reaction to occur readily. Also, quaternary ammonium
salts, including the conjugate acid of the amine, do not, in general,
undergo substitution reactions.
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Among primary and secondary amines, it might be supposed that
nucleophilicity should parallel basicity, but this is rarely observed
exactly. Several factors contribute to this difference, one of the most
important being steric. Hall, for example, has found that Taft sigma*
parameters correlate with the basicity of alkylamines?, but not with
their reactivity as nucleophilic reagents? Instead, the data from several
substitution reactions can be fitted? quite successfully to the Swain—
Scott equation®. Both substitution and protonation involve quaterni-
sation of the nitrogen atom at some stage and bring about steric inter-
actions between existing substituents on nitrogen (B strain in Brown’s
terminology*) and with the incoming reagent (F strain®). Both
should be more important for substitution with bulky reagents than
with protonation, and there is good evidence that increased branching
in alkylamines lowers their reactivity (mainly by increased F strain)
much more than their basicity 2.

Quaternisation of the nitrogen atom during substitution or protona-
tion should increase the acidity of the amino hydrogens, and stabili-
sation by polar solvents should then lower the transition-state energy.
The unexpected inversion of basicity in going from secondary to
tertiary amines has been ascribed to this effect °. There is little evidence
for rate accelerations by similar solvation in substitution reactions,
although exhaustive investigations have not been carried out. Probably
the factor is a small one as kinetic data for substitution reactions in
many different solvents can be correlated with a single Swain—Scott
equation?.

The unshared electron pair also activates the nucleus in aromatic
amines and the alpha hydrogens in alkylamines. Thus attack by elec-
trophilic reagents at these alternative sites can compete with sub-
stitution on nitrogen. These side-reactions are discussed in relation to
halogenation and oxidation in which they may become dominant
under certain conditions.

The multiplicity of substitution reactions in amine chemistry
renders a complete coverage virtually impossible. We have therefore
concentrated on just five important reactions from which it is possible
to establish and summarise the important factors influencing the
mechanism of substitution.

Il. ACYLATION

Primary and secondary amines react with many carbonyl com-
pounds to form amides. In these reactions the normal order of carbonyl
reactivity is observed. Thus acid halides are the most reactive,
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anhydrides and esters react less readily, acids and amides react with
difficulty, while other carbonyl compounds such as aldehydes and
ketones give different products. Tertiary amines are generally un-
reactive, although salt-like addition products have been isolated from
reaction with acid chlorides. The reaction of primary and secondary
amines with esters has been studied most extensively and this reaction
is considered first because many mechanistic conclusions can be
applied to the other reagents.

A. Esters

Although not particularly good acylating reagents, esters will react
with amines to give amides (equation 2). From the synthetic stand-

RCO,R + RNH; ——> RCONHR + ROH @)

point the reaction with anhydrous liquid ammonia is frequently used
for preparing amides. The addition of ammonium salts catalyses the
reaction, and as the efficacy depends upon the anion, this is probably
a case of base catalysis 6. Anhydrous amines react in a similar way and
this reaction is also catalysed by amine salts”. Methanol is a good
solvent and, with unreactive systems, alkoxide ions are effective base
catalysts,

The mechanism of the reaction has been subjected to extensive
investigation. The importance of amine basicity was soon recognised
from the fact that straight-chain primary amines react faster than
ammonia. The reaction is also subject to steric hindrance, for second-
ary amines, although stronger bases than ammonia, react more slowly.
Early work by Betts and Hammett® and Watanabe and DeFonso®
indicated that the reaction is not a simple bimolecular one. General
base catalysis was first clearly demonstrated by Bunnett and Davis 1
in the reaction between n-butylamine and ethyl formate in alcoholic
solution, and by Jencks and Carriuolo!! in the aminolysis of phenyl
acetate in aqueous solution, and rate equations for these reactions have
the following form (equation 3) where &, and kg, are the rate con-
stants for nucleophilic and general base catalysed aminolysis re-
spectively. This suggests that the reaction proceeds simultaneously by

Rate = k,[RNH,][ester] + kg,[RNH,]?[ester] +
+ kou- [RNH,][OH][ester] (3)

two pathways: direct nucleophilic attack and base-catalysed substitu-
tion by the amine on the ester. The basic catalyst can either be a second
molecule of amine or a lyate anion.
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It seems probable that the mechanism of ester amin.olysis is siml.lar
to that of the reaction between amines ?nd aryl hz.lhdes, a reaction
which also exhibits general base catalysis (see section _III.C). The
reaction would then involve the formation of a tetrahedral m.termedlat.e
(2) by addition of amine across the carbonyl double bond in an equli-
librium step, which can then decompose via two independent path-
ways, one catalysed by base (k) and the other not (k3). Whether

O o ks Products
I o | =

RNH; + RC—OR === RC—OR

k . kq
* RNH, mare

ScueMEe 1. Ester aminolysis.

Products

formation (k,) or decomposition (k3 + k4) of the tetrahedral inter-
mediate is rate controlling depends on the structure of the ester and
the amine. o

It is quite clear that the incidence of general base cataly§1s is greatly
affected by the nature of the leaving group. Result§ obtained for t-lig
ammonolysis of substituted phenyl acetates by Brl-nce and Ma}fahl
are shown in Table 1. It is only with poor leaving groups, like p-

TasLe 1. Ammonolysis of substituted phenyl acetates.

kn kgb .
Substituent  (1/mole min) (I/mole min)

$-NO, 29.2

m-NO, 10-5

$-Cl 1-03 0-800
H 0-245 0-722

$-CH, 0-130 0-510

chlorophenyl, that base catalysis can be detected. Proba}bly a catal}fsed
reaction occurs to a certain extent in all cases, but with nitroamines
unassisted attack (k;) is so much larger that the cata}ysed reaction
cannot be detected over the range of amine concentrations employed
in this study. Activation energies for catalysed aminolyses are generally
smaller than those for unaided attack'?, so that general base cataill}'rsm
is more readily observed at lower temperatures *. For esters containing
a good leaving group, both catalysed (k,) and uncatalysed (k?) de-f
composition of the intermediate should be fast, ar.ld. the formation o

the tetrahedral intermediate becomes rate determining. On the other
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hand, with poor leaving groups the catalysed decomposition becomes
kinetically important.

There is no direct evidence for tetrahedral intermediates with acyl
esters. However, their formation seems very probable by analogy with
ester hydrolysis'®, and Bruice and coworkers'® have produced sub-
stantial kinetic evidence for such an intermediate in reactions between
amines and thiol esters. Also, a two-step mechanism obviates the
statis:cical improbability of a termolecular collision in the catalysed
reaction.

The exact nature of the base catalysis is not clear, but protonation
of the leaving group by the conjugate acid of the catalysing base
seems most reasonable (Scheme 2). This interpretation is consistent

oh O
R—é—OR + B R—é—OR + BH*
Rr\in RI\IJH
O- R O
R—C—O{-H—B — R—C/ + ROH + B
RNH I-\I\NR

ScHEME 2. General base catalysis in ester aminolysis.

with the low Hammett rho factor reported by Bruice and Mayahi 2
(see Table 1). Since leaving tendency is a measure of anion stability,
this factor will become far less important if simultaneous protonation
occurs, and will, therefore, lead to the observed insensitivity to elec-
tronic effects. The low reactivity of esters towards alkali metal amides
in liquid ammonia also suggests protonation of the leaving group 7,

Diamines and aminohydrazines may be acylated by esters but there
1s no evidence for general acid or general base catalysis®, Of these
compounds, 3-dimethylaminopropylhydrazine shows considerable
deviation from a Brensted plot for aminolysis, which suggests that
intramolecular general base catalysis is occurring. This may be of
some significance in enzyme mechanisms?8,

Certain amines are very readily acylated by esters. Testa'® noted
that 3-hydroxymethyl-3-phenylazetidine (3) is MN-acetylated on

Ph CHa, Ph CH,
NN\ NS \ij
C NH C NH
Hodh, “én, &N,
@ )

6. Substitution at an Amino Nitrogen 283

extraction from ethyl acetate. This was thought to arise from the
presence of the hydroxyl group, but Bruice, Meinwald and coworkers®#°
have shown that compounds without the OH group, 3-methyl-3-
phenylazetidine (4) and aziridine, also show enhanced reactivity
towards phenyl acetate. The most probable explanation is that, as
the two CH,, groups are ‘pinned back’, there is less crowding in the
tetrahedral intermediate, a situation which will have greater effect
upon the attack at an ester carbonyl bond than upon the sterically
less demanding protonation.

Thiol esters are better acylating agents than oxygen esters and such
reactions are of some biological significance. Studies by Bruice and
his coworkers'6-21:22 have indicated that the pattern of thiolester
aminolysis is similar to that of oxygen esters. The most significant
outcome of this work, as mentioned previously, has been the demon-
stration of a tetrahedral intermediate by a detailed analysis of the
kinetics of the reaction between hydroxylamine and n-butyl thiol-
acetate?2,

B. Acid Halides

The reaction between primary and secondary amines and acid
halides is one of the most convenient methods of preparing amides.
With primary amines a second acyl group may be introduced. An
equilibrium is set up (equation 4) and with halides which are poor

RNH, + RCOCI === RNHCOR + HCI 4

acylating agents, or with weakly nucleophilic amines, it is usually
necessary to remove the hydrochloric acid produced to obtain a
reasonable yield of amide. Aqueous alkali is used in the Schotten~
Baumann procedure23-2¢, but in most cases the reaction will pro-
ceed, sometimes violently, in an inert solvent without the addition of
base.

Most of the available evidence points to a rate-controlling substitu-
tion by the amine on the acyl halide, like that for acylation by esters,
although other mechanisms involving ionisation to give an acyl ion
which then attacks the amine, are, in principle, possible. However,
since ionisation of acid halides occurs most readily in acid media,
conditions under which the amine would be protonated and therefore
unreactive, any mechanism involving this process as the precursor to
reaction seems unlikely. Also, slow ionisation of the acyl halide im-
plies that the rate of reaction should be independent of the amine and

10*
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extensive work by Hinshelwood 25-2° has shown that this is not the
case. For any particular halide, the rate increases proportionately
with amine basicity. In the acylation of aniline, changes in rate pro-
duced by nuclear substitution are reflected almost completely in
changes in the activation energy, whereas the entropy of activation
appears to be constant. For instance, electron-repelling groups in the
acid chloride increase the activation energy, whereas the opposite
applies to the amine. Litvinenko3° has listed Hammett rho factors for
acylation by substituted benzoyl chlorides ranging from —2'6 to
—4-79 indicating a large charge separation in the transition state2°,
Furthermore, tracer studies using *®0 in the hydrolysis of benzoyl
chlorides under neutral conditions indicate that carbonyl addition
leading to a tetrahedral intermediate occurs?!. It seems reasonable to
extend this to the aminolysis of acid halides.

All this evidence points to a mechanism like that for acylation by
esters, involving preequilibrium formation of a tetrahedral inter-
mediate followed by decomposition to products (Scheme 3). Probably

O O- O
“ L\ é k3 “
RC—X + RgNH —— R—C—X —2» RC—NR; + HX
’ +*NHRg

ScHEME 3. Aminolysis of acid chlorides.

the halides are such good leaving groups that base catalysis of the
decomposition step is never observed. Bender and Jones32 have
studied the effect of varying the halide upon the rate of reaction. Their
results are summarised in Table 2. The figures clearly show a strong

TaBLE 2. Reaction between benzoyl halides
and morpholine.

Benzoyl compound kops(1/mole sec)
Fluoride 1-06
Chloride 264 x 10°
Bromide 666 x 10*
lodide 2-39 x 10°

dependence of the rate upon the halide moiety and suggest that the
slow step is the breakdown of the tetrahedral intermediate, which
involves the breaking of a carbon-halide bond. The removal of the
proton attached to the nitrogen in the tetrahedral intermediate
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cannot be the rate-determining process, as there is no change in reac-
tion rate between aniline and benzoyl chloride upon isotopic substitu-
tion on the amine nitrogen 33,

C. Anhydrides

Anhydrides are less reactive than acid halides a.nd are the.refor.e
used in the preparation of amides where reaction with acyl halides is
too vigorous (equation 5). By boiling or heating under pressure a

(RCOY0 + RNH, ——> RNHCOR + RCO;H (5)

second acyl group may be introduced with primary amines®*37

(equation 5a). As expected, the ease of acylation of arylamines by
RNHCOR + (RCO);0 ——> RN(COR), + RCO,H (5a)

anhydrides is decreased by electron-attracting suk.)stituentss‘*,' and
special procedures are required to render these reactions synthetl'c.ally
useful. Thus di-o-substituted arylamines, e.g. sym-tribromoaniline,
are particularly difficult to acylate but strong acids are effective
catalysts3, Normally, strong acids would be expected to rfeduce t.:he
rate of amine acylation owing to the formation of unreactive amine
salts, but the inductive effect of two — I groups in ortho positions must
lessen this tendency. More important, it is probable that the a‘Cld
reacts with the anhydride to form an acyl salt (equation 6) which is a

(RCOYO + HX —> RCOX + RCOH (6)

more effective acylating agent. In aqueous solution, where th'e
anhydride also undergoes hydrolysis, aminolysis is sti.ll the predomi-
nant reaction®, providing the amine is a sufﬁaer.ltly powe}*ful
nucleophile to compete effectively with water. Acylation of amines
also occurs in the solid phase *° and this is said to have some advantages
over the reaction in solution. .

Acylation of amines by anhydrides has not been subjected to exten-
sive mechanistic investigation but it seems highly probable that the
mechanism is similar to that of anhydride hydrolysis, which brings
the reaction in line with the mechanism of amine acylation by other
reagents. Since acyl halides hydrolyse by an SN? mechanism 4'1, acy.fl
acetate (acetic anhydride) should be more inclined to react 1n.thls
way. Thus acetic anhydride would be expected to react with amines,
stronger nucleophiles than water, via an Sy2 reaction also. More
direct evidence in support of an Sy2 mechanism comes from the work
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of Remmers?®4, who found that the ease of acylation of substituted
aromatic amines by an anhydride is dependent upon the amine, which
would not be the case if ionisation were the rate-determining step.
The reaction may be more complex, however, than a simple $y2
process. Following oxygen-18 studies, Denney and Greenbaum #2 have
suggested the following scheme (Scheme 4) for the reaction between

O O O- O
Phg—O—g—Ph + RNH; —— PhJ':—O—gPh

RNH3
(8)
P 0 o o-
7 /7 |
PhC + PhC <« | Ph¢—RH,R + phe”
N
NHR OH o

(6)

ScHEME 4. Anhydride aminolysis.

amines and benzoic anhydride. The tetrahedral intermediate (5) is
expected, the second equilibrium is not, but is necessitated by the
experimental results. If a single carbonyl oxygen in the anhydride is
labelled with 80, then, on reaction with aniline (R = Ph), the pro-
portion of isotopic oxygen in the products is benzanilide (33%,) and
benzoic acid (67%,). This can only occur if all three oxygens in the
anhydride are equivalent at some stage, e.g. if the ions in 6 are in
equilibrium with unreacted amine and anhydride. With ammonia
(R = H), the products, benzamide and benzoic acid, each contain
50%, of the label, showing that in this case equilibration has not
occurred.

Acylation of amines by anhydrides may show autocatalytic be-
haviour. Thus the reaction of various amines with anhydrides in
benzene is catalysed by the monomeric form* of the acid produced 3.
Litvinenko ** has suggested that the catalytic effect is due to complex
formation (7 or 8) and the catalytic power of the carboxylic acid
increases with acid strength until protonation of the amine occurs.
Similar complexes have been proposed for the acid-catalysed acylation

* In benzene solution carboxylic acids exist in a dimer-monomer equili-
brium and this situation leads to complex kinetics.
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of amines by benzoyl chloride*s. With picryl chloride, added acids
have no catalytic effect 6, indicating the need for a carboxyl group.
The evidence in favour of the formation of complexes of this type is
tenuous and without significant precedent. Reactions in benzene
often prove difficult to elucidate and further study of this solvent is
required. Recent studies by Bruckenstein and Saito*” indicate
extensive ion-pair formation between acids and amines in benzene,
which may be a factor influencing the rate of acylation.

Ar H
N/
o N0 RO H0
AN
¢ pss | /c/ R
d \(l)—H-——O/ JUNTIE ST
COR dr
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In mixtures of acetic anhydride and acetic acid, acylation of various
nitroanilines reaches a maximum at 45%, anhydride*®, which is also
the mixture with maximum electrolytic conductivity *?. This suggests
that ions participate in the reaction. Nitroanilines are unprotonated
in this solvent, so the ions must be acetylium ions (equation 7).

CHC(O)OC(0)CHs ———> CHyCO + CHoCO;,- @

As the rate of reaction depends upon the structure of the amine,
ionisation cannot be the rate-determining step, which must be attack
of the amine by the acetylium ion.

The reaction of amines with mixed anhydrides has been investi-
gated by Gold3°-52, Rationalising the products formed is a fairly
complex matter and most of the considerations are irrelevant to the
present discussion. However, in the acylation of aniline and 2,4-
dichloroaniline by acetic chloroacetic anhydride, chloroacetylation
predominates, as expected on electronic grounds, and the ratio of
acetylation to chloroacetylation is independent of the amine despite
marked changes in rate. The effect of further substitution in the
anhydride moiety upon the rate of amine acylation is complicated by
steric factors but is, in general, in agreement with an Sy2 mechanism.

D. Carboxylic Acids and Amides
The most usual method of preparing acetamide is by heating am-
monium acetate (equation 8). The system is in equilibrium but may

CH3CO,NHy ———= CHZCONH, + H,O (8)
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be forced to the right by the removal of water. The reaction is less
fac1.le on increased substitution in either the carboxylic acid or the
amine 53, T}%e reaction probably involves dissociation into acetic acid
and ‘ammonia followed by nucleophilic attack of the ammonia on the
acetic a.cid. Morawetz and Otaki®* have shown that the reactive
species in amide formation are the free amine and the carboxylic
acid anion (equation 9). The mechanism must involve an intramolecu-

RCO,~ + RNH; ———> RCONHR + OH- 9

lar proton transfer as expulsion of the O2~ jon from the anion is very
uphkely. However, Bruice and Benkovic5® have suggested the mecha-
nism may involve the kinetically indistinguishable attack of amine
anion on the unionised acid (equation 10). No definite conclusion can
be reached on present evidence.

? ¢
l |
RC—OH + RNH~ ——» R—C—NHR + OH- (10)

Th%'o_lac?tic acid reacts more readily than acetic acid. This is not
surprising in view of the greater ease of removal of volatile hydrogen
sulphide.

The acylation of amines by amides is not of preparative significance
although the reaction does occur. Amides are obtained by the reactiori
between a primary amine and diacetamide or dibenzamide in tolu-
ene °%. The reaction proceeds under neutral conditions, which can be
advantageous in certain circumstances.

E. Miscellaneous Acylating Agents

Numerous other reagents acylate amines but few of these reactions
'have been subjected to mechanistic investigation. Only the more
important ones are mentioned here.

A(.:cordmg to Satchell®” ketens readily acylate amines in inert
mt.:dl'a. Other work®® has indicated that addition of water or acetic
?.Cld Is necessary for the reaction to proceed. The obvious explanation
is that acetic anhydride is formed (equation 11) which then reacts

CH;=C=0 + CH3COH ——> (CH,4CO0),0 (1)

with the amine. The only puzzling feature of this interpretation is
that keten appears to react more rapidly than acetic anhydride itself
und.er the same conditions. Svetkin®® has suggested that this is due to
the initial formation of the enol form of acetic anhydride (equation 12)

OH
CH;=C=0 + CH;CO,H —> CHQZ(J:—O—COCH;; (12)
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which should be more reactive than the keto form. Such an explana-
tion is not unreasonable, but more direct evidence is necessary before
it can be considered valid.

Methacryloyl chloride reacts more rapidly with basic amines than
with water and is, therefore, a useful reagent in aqueous solution.
Excess amine is required to remove the liberated hydrogen chloride®°.
Isopropenyl acetate is a mild acylating agent®' and will convert
amines into amides®2. Acylations are also readily performed using
a-ketonitriles, the most usual being benzoyl nitrile ®, while a-acetoxy-
acrylonitrile selectively acylates the amino group, but does not react
with an alcoholic or phenolic hydroxyl group®®. N-Acetyl- and N-
benzoyllactams®®, as well as 2- and 3-acetoxypyridine®®, acylate
amines, but these reactions are not of preparative use. 0-Acylhydroxyl-
amines are weak acylating agents, like esters®”. For preparative pur-
poses O-acylketamines are the most useful, being stable to heat and
unaffected by alcohols and water (equation 13). The reaction is

R;NOCOR 4 RNH; ——> RNHCOR 4 R;NOH (13)

catalysed by acids. The strength of these catalysts is quite critical as
very weak acids are ineffective but strong acids reduce the reaction

rate by protonating the amine.
Recently tetraacyloxysilanes have been demonstrated to be excel-

lent acylating agents®8, giving 60-90%, yields of amide (equation 14).
(RCO.):Si + 4 Et;NH —> 4 RCONEt, + Si(OH), (14)

The reaction has been extended to the acylation of di--butylamine
with silico anhydrides of acetic, butyric and caproic acids. Ethylamine
also reacts readily with these reagents. -

F. Formylation

Formylation of amines, to give formamides, is a special case of
acylation and warrants separate comment. Most studies of this
reaction have been preparative rather than mechanistic, and although
many procedures have been described, the range of applicability seems
to be limited.

The most usual method is to transformylate an amine with a more
reactive formamide (equation 15). Formamide itself will react with

HCONH, + PhNH, ——— HCONHPh 4+ NH,4 (15)

aniline derivatives and amines such as benzylamine®°, but not with
simple aliphatic amines. Glacial acetic acid is often used as a solvent 70
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and the reaction also proceeds with the amine hydrochloride. It
seems probable that the reactive species is, in fact, the free amine rather
than the hydrochloride, and that the equilibrium (equation 15) is
displaced to the right by precipitation of ammonium chloride.
Aromatic amines are also readily formylated by heating with dimethyl-
formamide and sodium methoxide (equation 16): dimethylamine is

HCONMe; + PhANH; —— PhNHCHO + NHMe, (16)

evolved and the product is obtained by aqueous decomposition of an
intermediate 72, The exact role of the methoxide ion is not clear.

Esters are also good reagents” and ethyl formate is particularly
useful for formylating /-butylamine and t-octylamine under condi-
tions where there is no acylation by methyl acetate 74,

Chloral reacts with many amines to furnish formamido compounds
and chloroform™ but complexes often result from this reaction7s.
Formic acid alone will formylate certain anilines such as 3,4-dichloro-
aniline”™. The addition of acetic anhydride improves reactivity®,
Rresumably by the formation of acetic formic anhydride, but acetyla-
tion may then occur in preference to formylation. Huffman has
improved this method by preparing formic acetic anhydride before
adding the amine®®. Ol4h®* has described the use of formyl fluoride
as a formylating agent.

lll. ALKYLATION AND ARYLATION

Alkylation and arylation have been closely studied, and the results
are particularly interesting because they contribute significantly to
our understanding of substitution at an amino nitrogen in general.
Usually the reaction occurs readily between most kinds of amine and
t}_1e appropriate alkyl or aryl halide, although steric interference from
either reagent retards the rate. Alkyl derivatives of other strong acids,
such as alkyl sulphates and benzenesulphonates are also effective
reagents, although the halides are by far the most useful. A rather
different, but also common method, is reductive alkylation, a process
in which the amine is first condensed with a carbonyl compound and
subsequently reduced, either by catalytic hydrogenation or by formic
acid or one of its derivatives.

A. Alkyl Halides

Ammoni.a and simple aliphatic amines react readily with alkyl
halides. With reactive reagents, such as methyl iodide, a mixture of
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primary, secondary and tertiary amines is obtained, together with
quaternary ammonium salts (Scheme 5). With branched-chain

NH3; + Mel —— NH;Me + HI
NH,Me + Mel —— NHMe, + HlI
NHMe, + Mel ——> NMe, + Hl

NMe; + Mel ——> NMe,l
ScHeEME 5. Reaction between ammonia and methyl iodide.

alkyl halides the reaction is less facile and it is almost essential to use
the more reactive iodide in these cases. Tertiary alkylating reagents,
such as t-butyl halides, are ineffective, and elimination of hydrogen
halide occurs in preference to nitrogen substitution, indicating steric
interference, which also accounts for the lower reactivity of branched-
chain secondary amines compared to primary amines, despite their
higher basicity and, therefore, greater nucleophilicity.

Arylamines are less reactive, because of their lower basicity, and
therefore require higher temperatures. The reaction is not difficult
with small, reactive alkylating reagents and proceeds to the quater-
nary ammonium salt. Diarylamines are, as expected, even less reactive,
although diphenylamine can be methylated with methyl iodide at 40°
in dimethylformamide®2. Generally speaking, however, diarylamines
are more easily alkylated via their sodium or magnesium salts®3,
Triarylamines do not react with the usual alkylating reagents.

Nearly all these reactions appear to proceed via an uncomplicated
Sx2 process®%, and usually follow a second-order rate law (equation
17). The rates depend upon the nucleophilicity of the amine ®® and the

Rate = k[amine][RX] (17)

leaving characteristics of the displaced group (X)®¢, and are faster in
polar solvents®” such as alcohol, consistent with the formation of
charge in the transition state. More direct evidence is the inversion
of configuration reported for the alkylation of trimethylamine with
p-sec-butyl chloride®®. The steric requirements noted previously are
also consistent with an Sy2 process. For further discussion of these
reactions the reader is referred elsewhere 8- 9°,

As with other nucleophilic substitutions, the alkylation of amines by
some reagents is accompanied by competing elimination of HX
(equation 18).

AN AN /
CH—CHoX + RN ——> C=C 4+ RgNHX (18)
VAN
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B. Other Alkylating Reagents

Alkylation may also be brought about by an isocyanate or isothio-
cyanate. With strongly basic amines addition occurs 9! (equation 19)
but with less basic amines there is substitution 92 (equation 20). In

PhaCNCS + NHR, —— PhsCNHCSNR, (19)
PhsCNCS + PhNH, === Ph,CNHPh + HNCS (20)

solvents favouring carbonium ion formation, e.g. benzonitrile, the
triphenylcarbinyl ion readily forms and reacts with even strongly
basic amines to give substitution products®* (equation 21).

PhaCNCS + NH; === Ph;CNH, + HNCS @n

Olefins containing strongly electron-withdrawing substituents, e.g.
a,B-unsaturated nitriles, carbonyl compounds and nitroalkenes react
with amines (equation 22)93-94, With sodium amide as a catalyst,
amines will add to styrene® (equation 23).

RNH, + NOCH=CH, — 5 NO,CH,CH,NHR (22)
RaNH + PhCH=CH, — —> PhCH,CH,NR, (23)

Terminal acetylenes react with amines in a 2:1 ratio in the presence
of cuprous chloride to give substituted propargylamines®®. The process
occurs in two steps, the first being the production of an enamine
(equation 24). This is followed by 1,2-addition of the acetylene
across the enamine double bond (equation 25).

RC=CH + RyNH —— RCH=CHNR, (24)
RCH=CHNR,; + RC=CH ——— RCH,CHNR, (25)
C=CR

C. Aryl Halides

Amines replace halide attached to aromatic rings but only in fairly
drastic conditions. Nucleophilic displacement is greatly enhanced,
however, by the presence of nitro groups on the aromatic ring and
such reactions have been extensively studied. It is generally assumed
that less activated aromatic halides react in the same way, although
there is little direct evidence for this. Most workers now agree on the
general character of the reaction (Scheme 6). The formation of the
tetrahedral intermediate (9) is reversible, and its decomposition to
products occurs either spontaneously (step ks) or in a base-catalysed
step (k,). Depending on the conditions and the reactants, either ky,
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X X_ RNH; RINH
NOQ NOZ ky N02
LN 7T + HX
k, (Base)
NOz NOZ N02
9)

ScHEME 6. Aminolysis of an aryl halide.

ks or k4 can be rate controlling.. A sim.ilar mechanism has a.lgeea;lcz
been discussed for ester aminolysis, 1bvst in the present case, evi
- cess is more complete. _
forF?othZOaSt/?r}? I;l)ementary consideration of tran§ition-state en}elr%rll::i
one might reasonably conclude 'that t}'w formation of a E;tra e ol
intermediate with aromatic hahdes' will be fa‘vourabl.e. }i)r 51mp0f
Sy2 displacement without intermedlgte formation, as in t ef cilsretjal
alkylation, the transition state must }n\.zolve the forma.t_\-on 1o P ol
bonds to both halide and amine moieties from the origina covla er
bond to the halide (equation 26). Partial-bond formation results in
X RNH;

X
0=0 -

gross distortion of the bonds with loss of aromaticity. .If aromaticity 1:
lost, then the carbon atom at the seat of the reaction assumes s{)ts
hybridisation and an intermediate w1.t}'1 resonance stab1h§at{;)n r'esv:

(equation 27). Under certain conditions, these and similar inter-

NI RNHg X RNHg X

5B -

mediates have been isolated. The highly coloured adducts pet;vegn
alkoxide ions and polynitro compounds were first descrﬁée. ] y
Meisenheimer?? who suggested forml-ﬂjae of t}}e type 10. 11m.1 ar
coloured compounds result from mixing amines with polynitro

MeQ H
.l NO,
N
O‘( \o_

(10)
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compounds®®. The existence of such adducts does not, by itself, prove
that they are intermediates in nucleophilic substitution, but it renders
their formation more reasonable.

‘The most convincing evidence for a two-step mechanism, however,
comes from the observation of general base catalysis either by the
amine itself or by some other added base. Several groups of workers
have reported the phenomenon. Brady and Cropper®® found that
triethylamine, while not reacting with 2,4-dinitrochlorobenzene, will
catalyse the reaction with methylamine. The reaction between
n-butylamine and 2,4-dinitrochlorobenzene (DNCB) in water—dioxan
mixtures!% follows the complex rate equation (28). Both the second

Rate = £,[BuNH,][DNCB] + k,,[BuNH,]2[DNCB] +
kou- [BuNH,][DNCB][OH"] (8)

and third terms of equation (28) indicate general base catalysis; in
the second term by another molecule of amine and in the third term
by hydroxide ion. Bunnett and Randall'®! report similar kinetics
for the reaction at 2,4-dinitrofluorobenzene with N-methylaniline.
Piperidine, methanol, triethylenediamine and pyridine all catalyse the
reaction of piperidine with 2,4-dinitrofluorobenzene and 2,4-dinitro-
chlorobenzene %2, The observation of third-order kinetics, is most
significant because, in view of the low probability of termolecular
collisions under the experimental conditions, it suggests that the amine
and aryl halide combine initially to form an intermediate that has
sufficient half-life to be attacked by a second molecule of base to give
products. The observation of general base catalysis suggests that the
second step involves transfer of a proton.

"The incidence of base catalysis in aminolysis of aryl halides is by no
means universal and, until recently, this remained a puzzling feature
of the reaction. For instance, base catalysis is observed in the reaction
between N-methylaniline and 2,4-dinitrofluorobenzene, but not with
2,4-dinitrochlorobenzene or 2,4-dinitrobromobenzene!®. Again only
the fluoro compound shows general base catalysis in the reaction with
substituted pyridines!®3. These differences are readily understood if
either formation (£;) or decomposition (k; and k,) of the tetrahedral
intermediate can be rate controlling. That this is indeed the case
has been elegantly shown by the recent studies of Bunnett and
Bernasconi'® of the reaction between piperidine and 2,4-dinitro-
phenol ethers. This reaction, to give 2,4-dinitrophenylpiperidine, may
be catalysed by bases including hydroxide ion, giving a rate expression
shown in equation (29). With good leaving groups attached to the
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Ficure 1. Reaction of 2,4-dinitrophenyl 4-nitrophenyl ether with
piperidine, catalysed by NaOH.

Rate = ky[ether][piperidine] + oy~ [ether] [piperidine][OH~] (29)

benzene ring, such as 2,4—dinitrophenoxy, for which the rate-(zleter-
mining step is expected to be the formation of th‘e tetrahedrgl inter-
mediate, the reaction is not base catalyst {see Flgure. l). With poor
leaving groups, such as phenoxy, hydrO)-m.:le ion catalysis 1s detect.ed at
low pH, consistent with a rate—detern?mmg breakdown of the inter-
mediate catalysed by hydroxide. At higher pr h.ovyever, the rate of
the hydroxide ion catalysed step increases until it is no longer rate

[o]
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~i<( O
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[OH"],, (M)

Ficure 2. Reaction of 2,4-dinitrophenyl phenyl ether with piperidine,
catalysed by NaOH.
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Ficure 3. Reaction of 2,4-dinitroanisole with piperidine, catalysed by
NaOH.

determining and the rate of reaction becomes independent of hydrox-
ide ion concentration (see Figure 2). The slow step is then formation of
the tetrahedral intermediate. With an extremely poor leaving group,
such as methoxy, the shift in rate-determining step occurs at much
higher hydroxide ion concentrations (see Figure 3).

Further confirmation for a two-step process comes from studies of
oxygen isotope effects in the arylation of piperidine with 2,4-dinitro-
phenyl phenyl ether catalysed by hydroxide ion!° (Scheme 7). At

OPh (Nj OPh
NO, H
O 3 NO;
+ [E—
ks
N
H O,N MO
2
H

y
ka
Q

+ PhO" + H,0

ScueME 7. Reaction between piperidine and phenyl ethers.
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low pH the rate of reaction is governed by the catalysed step %5 and
most of the intermediate formed breaks down to give reactants again.
The rate-determining step, then, involves the breaking of a carbon—
oxygen bond to liberate phenoxide ion, and the overall reaction dis-
plays an oxygen isotope effect, i.e. compounds containing oxygen-16
react slightly more rapidly than those containing oxygen-18. At high
pH, where formation of the intermediate is the slow step and carbon-
oxygen bond fission is not involved, the isotope effect is closer to unity.
At intermediate pH’s the isotope effect is intermediate in value. The
experimental results are shown in Table 3.

TasLe 3. Reaction between piperidine
and 2,4-dinitrophenyl phenyl ether.

[NaOH] (M) ke k1
0-005 1-0109
0-033 1-0070
0-149 1-0024

In accord with the two-step process, it can be predicted that the
rate of arylation will be largely independent of the displaced group
in those cases where formation of the intermediate is rate determining.
This situation has been realised for the reaction between piperidine
and l-substituted 2,4-dinitrobenzenes in methanol!%. The data in
Table 4 show that for the last six compounds, the rates are only slightly
dependent on the leaving group, i.e. the l-substituent. As expected,
none of these reactions is subject to general base catalysis.

TasLE 4. Reaction between piperidine and
1-substituted 2,4-dinitrobenzenes.

1-Substituent kobs(1/mole min)
—F 90
—NO, 24-2
—080,CsH,Me 2:72
—SOPh 0-129
—Br 0-188
—Cl 0-117
—SO,Ph 0-086
—O0CgH,NO, 0-081
—I 0-027

The steric bulk of the amine also influences the slow step. Thus no,
base catalysis is found in the reaction between 2,4-dinitrofluorobenzene
(DNFB) and aniline 1°’. However, with N-methylaniline general base
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catalysis can be detected by the presence of a third-order term in the
rate expression (equation 30). This difference too may be explained

Rate = k,[PhNHMe][DNFB] + &,,[PhNHMe]2[DNFB] (30)

most satisfa.c.torily in terms of a two-step process. Under pseudo-first-
order conditions, i.e. excess amine, the observed rate constant for the
catalysed process (k.,.) is given by equation (31). If £, [base] > £,

P kik4[base]
= kz + ky[base] el

(i-e. most of the intermediate breaks down to give products and little
returns to reactants) then £, equals £, and no catalysis is observed.
'This applies in the case of unsubstituted aniline. However, for steric
reasons, methyl substitution increases the size of k,, making £, > £,
[base] so that, in this instance, k., equals £,£,[base]/k, and general
base catalysis is observed. The small difference in the size of the
amines reveals the delicate balance between rate-controlling formation
and breakdown of the tetrahedral intermediate.

The exact nature of base catalysis is still not clear°, The most
probable explanation is that it results from protonation of the leaving
group by the conjugate acid of the base, formed in a rapid equilibrium
step subsequent to formation of the tetrahedral intermediate (Scheme
8). Protonation will improve the leaving tendency of the displaced

.

X _RNH, X _RNH
B+ —
RNH X---f—B RNH

Sl
O = +XH+8B

ScueEME 8. Base catalysis in the arylation.of amines.

group (X) and hence catalyse the reaction. A similar mechanism has
been advanced for the reaction between esters and amines.

D. Reductive Alkylation

. Ketones and aldehydes readily react with primary amines to give
imines (equation 32). The first step must involve substitution on
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RNH, + O=CR, =——= RNH—CR; —— RN=CR, + H,O (32)
H
(1)

nitrogen by the activated carbonyl compound to form a carbinol-
amine (11), but dehydration occurs so readily that only with reactive
aldehydes 1 is it possible to stop the reaction at this stage.

Imine formation is an equilibrium process!® and removal of the
water produced is necessary for the complete reaction. Addition of
acid reduces the amount of product formed, by protonating the more
basic amine and displacing the equilibrium to the left. On the other
hand, acids catalyse the rate of imine formation by accelerating
dehydration of the intermediate carbinolamine. This step is slow in
neutral solution but, on raising the acidity, rapidly increases until
formation of the intermediate carbinolamine becomes rate determin-
ing. This change in the rate-determining step results in a rate
maximum at a pH of about four. Secondary amines also react, often
spontaneously, with carbonyl compounds to form ternary immonium
salts (equation 33). Net amine alkylation can be brought about by
subsequent reduction of the imine (equation 34).

RaNFILCIO,~ + RyC=0 — > RyN=CR,CIO,~ (33)
RCH=NH —"2» RCH,NH, (34)

Primary amines cannot be usefully prepared, by reductive alkyla-
tion, from lower members of the aliphatic aldehydes and ammonia
owing to side-reactions (for instance, formaldehyde and ammonia
give hexamethylenetetramine). For aldehydes with more than five
carbon atoms, however, conversion to the corresponding amine gives
60%, yields!1. Even better yields are reported for aromatic aldehydes,
presumably because of the greater ease of imine formation 2. With
an excess of aromatic aldehyde the reaction with ammonia invariably
leads to formation of the secondary amine!!?, but with aliphatic
compounds a mixture of primary and secondary amines is generally
obtained. Alternatively, secondary amines can be prepared directly
from primary amines (equation 35).

RNH; + RCHO —— RN=CHR + H,O

le (35)

RNHCH2R
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There have been few detailed mechanistic studies of reductive
alkylation, as the intermediacy of an imine is such an obvious route.
However, Klebanskii and Vlesoval4 have compared the rate of
amine production, by reduction with hydrogen over nickel, from an
isolated imine with that from a mixture of amine and aldehyde.
Rather surprisingly the latter was faster but imine formation during
the reaction was detected by i.r. spectroscopy and by polarography.
This unexpected result has been explained by a rate-determining
absorption of the aldehyde and amine onto the heterogeneous catalyst,
preceding the chemical transformations. In accord with this conclu-
sion, when zinc and hydrochloric acid are used as the reducing agent,
the imine reacts faster than a mixture of amine and aldehyde and
formation of the imine is therefore rate controlling.

Alkylated amines may also be prepared by the reaction of an amine
with alcohol in the presence of Raney nickel 15, The initial step here
seems to be dehydrogenation of the alcohol to an aldehyde, followed
by reductive alkylation (equation 36)!16:117 The reaction of aniline

RCH,OH —— RCHO A, pepNR M2y RCH,NHR (36)

with benzyl alcohol in the presence of a nickel catalyst is facilitated
by the presence of potassium benzylate!18, The sequence of reactions
is the same, except that reduction is brought about by benzyl alcohol
and potassium benzylate (equation 37). Thorium oxide will also

PhCH=NPh 4 PhCH,OH 2"H2OK_ b NHPh + PhCHO 37)

catalyse the reaction between amines and alcohols in the gaseous
phase but there are many side-reactions!!?, Tertiary amines are
readily prepared from secondary amines by reaction with esters in
the presence of lithium aluminium hydride!2°, An amide is formed
by reaction between the ester and amine, which on reduction by
Lithium aluminium hydride, gives a tertiary amine.

E. Leuckart Reaction

The original synthesis discovered by Leuckart 2! was the reductive
alkylation of benzaldehyde to form benzylamine using formamide or
ammonium formate as the reducing agent. This was later extended
by Wallach!?® and by the Eschweiler-Clarke procedure!2®, The
scope of the Leuckart reaction has been reviewed by Moore 124,

Apart from the special case of formaldehyde, the reaction is most
facile with aromatic aldehydes and water-insoluble ketones. Aliphatic
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aldehydes either do not react or produce taI:slzs. Np(:llearlsubst;ttiit(l)(;r;
in aromatic aldehydes tends to rf.:duce their reactivity. In re ; lons
involving aryl alkyl ketones the yields of: alkylate;izsamlnes are fo
to decrease as the size of the alkyl group increases==". e the
A full discussion of the Leuckart and re':lated reac:uons is out51. e >
scope of this review and only those inYOIV{ng alkylatilon og a’rIl‘ }allmme 0};‘
a ketone in the presence of formic acid w.111 be con51.de.re . efeaset !
imine formation suggests that conden.sat.lon and ehmlflatmn ) cvlva ed
are the first steps (equation 38). The imine produced is then reduce

HCOH 3
R,C=0O + RNH; ——> R;C=NR =225 RyCHNHR 4+ CO, (38)

to an alkylated amine by the forrn.ic a(fid present (equatu})l? 38).
Unfortunately there is no firm kinetic ev1d-ence to support t! slsugci
gestion. However, increased yields are obta.med by using the iso ag:1
imine 127, The reducing action of formic acid Prok?abllzleoccurs via g
formation of an ester (equation 39) and Lukasiewicz'* has produce

ReC=NR + HCOH ——> RZC‘ZNHR
o o) (39)
A4
(@
/
H

evidence to suggest that the decarboxylation of this ester to give the
alkylated amine is a free-radical process.

'1¥he Mannich reaction between an aldehyde (usually fo.rmaldehyde)
and a primary or secondary amine in the presence of a third sgbstance
having an active hydrogen, e.g. ketones, nitroalkanes., malonic esters,
bears close similarity to the Leuckart reaction (equation 40). The net

ReNH + HCHO + CH;NO; —— RgNCH,CHyNO, + H,O (40)

result is substitution of the active hydrogen py RzNCHz—.. Tl}g

reaction of dimethylamine and formaldehyde with ethylmalom}(ii ﬁ(ilzg

has been investigated mechanistical.ly by Alexander ar.ld Underd :

(equation 41). This reaction is acid catalysed and is first order In
CO.H

|
EtCH(CO;H); + HCHO + Me;NH ——> EtC—CH;NMeg + HzO (41)

Lo
i t pH
h of the reactants. The pH-rate profile shov_vs a maximum at p!
gﬁg‘ The fall off in rate at lower pH probably arises from a decrease in

the concentration of reactive unprotonated ami'ne; at hlghf:r p;-I
the rate decreases owing to a reduction of acid catalysis in the
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rate-determining step. The first step in the reaction is substitution
by formaldehydf: on the amino nitrogen to give a carbinolamine
(Scheme 9). This is followed by an acid-catalysed reaction between

Me,NH + HCHO
CO,H

Me,NCH,OH

Vvl
MeaNCH,OH + HCEt — > MeyNCH,CEH(CO,H), + HyO
CO,H

ScHEME 9. Mechanism of the Mannich reaction.

the carbinolamine and malonic acid, which is the rate-determining
step. This scheme nicely explains the third-order kinetics. The exact
nature of the acid-catalysed process is not clear, but probably arises
from protonation of the intermediate carbinolamine.

The full scope of the Mannich reaction has been recently re-
viewed 130, '

IV. HALOGENATION

Halogenation of an amine may occur either on carbon or on
nitrogen, the former reaction being outside the scope of this review.

In many solvents N-halogenation by molecular halogen seems to be
unimportant compared with C-halogenation; not because in principle
it cannot occur, but because under the conditions of the reaction the
N-halogen compound is converted back to halogen and amine, whereas
C-halogenation is non-reversible.

However, hypochlorous acid and the hypochlorite ion are far
better N- than C-chlorinating agents and react readily with primary,
secondary and tertiary amines. The reason for this is not entirely
clear. Chlorination of amines using sodium hypochlorite was dis-
covered by Hofmann in 1881131-132 and the method was extended by
Coleman 132-13¢, N, N-dichloroamine is obtained if excess hypochlorite
is used. A solution of hypochlorous acid in ether reacts with aniline at
—20° to give N, N-dichloroaniline®®. Under different conditions, in
the presence of hydrochloric acid at room temperature, only nuclear
substitution occurs', Ethyl hypochlorite!®”, as well as t-butyl
hypochlorite 38 have also been used for the N-chlorination of amines.
N-Bromoamines are made in a corresponding way, using sodium
hypobromite.

There have been no detailed investigations of the mechanism of
amine halogenation by hypohalite. In chlorination the reactive species
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could be either hypochlorous acid or the hypochlorite ion, both of
which are inefficient in C-chlorination. Mauger and Soper!®® have
suggested that there is hydrogen bonding between the amine and the
hypochlorite ion. Esters of hypochlorous acid, such as #-butyl hypo-
chlorite, can react in a variety of ways, leading to both C- and N-
substitution, but the conditions favouring N-chlorination have not been
clearly defined. It seems unlikely that chlorination is brought about by
free chlorine present in the hypochlorite solution as this should result
in nuclear substitution. The active species in bromination must be the
corresponding hypobromite ion.

A rather different method of preparation employs succinimides.
N-Chloroamines result from the action of N-chlorosuccinimide in ether
on an amine, and N-bromoamines are obtained in a corresponding
manner from N-bromosuccinimide or N-bromophthalimide!#°. The
action of N-bromo- and N-chlorosuccinimide is difficult to understand.
A recent view 14%® of the action of N-bromosuccinimide suggests that
it provides molecular bromine, and hence bromine atoms, at low
concentration. It is not clear why this should bring about preferential
N-bromination, but it is possible that an entirely different mechanism
is operative in N-substitution. The action of N-chlorosuccinimides is so
little understood that speculation about the course of N-chlorination
is without significant value. Chloramine-T is an effective chlorinating
reagent for amines4!. Sulphuryl chloride reacts with p-aminophenol
to give 4-hydroxy-2,3,5,6-tetrachlorophenyldichloroamine *42.

Rather special procedures are used in the preparation of fluoro-
amines. Anodic fluorination of methylamine in liquid hydrogen
fluoride leads to N, N-difluorotrifiuoromethylamine (equation 42) 43,

MeNH; —=> CF3NF, (42)

Jet fluorination ¢ of methylamine leads to a variety of products, the
main one being the completely fluorinated compound, and a free-
radical mechanism has been suggested. Reaction of alkyl iodides or
azo compounds with perfluorohydrazine gives N, N-difluoroamines in
which the alkyl group is unfluorinated !*® (equation 43). The mecha-

RI hy R FaN*® RNF, (43)

nism is almost certainly free radical. A small yield of difluoromethyl-
amine is produced by the action of fluorine on an aqueous solution of
N-methyl carbamate 146,

Aliphatic mono- and dichloroamines are unstable oils, insoluble
in water; generally they are explosive, but a few may be distilled.
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Aromatic N-chloroamines are unknown and the dichloro compounds
are unstable and rapidly convert to ring-substituted products. N, N-
Dichloroaniline explodes if removed from the freezing mixture.
Electron-repelling substituents in the benzene ring increase the sta-
bility of dichloroamines: thus pentachloro-¥, N-dichloroaniline is
stable at room temperature in the absence of water, while 4-hydroxy-
2,3,5,6-tetrachloro- N, N-dichloroaniline may be steam distilled. All
the known N-bromo compounds are explosive, or at least, unstable.
N, N-Difluorotrifluoromethylamine is an unstable liquid boiling at
—78°to —75°. The iodoamines are mostly solids, with colours ranging
from sulphur-yellow for (CH;),NI and garnet-red for CH,NI, to
blue-black for C;H;NI,,.

N-Halogenation of tertiary amines occurs readily, but in aqueous
solution one or two of the alkyl groups are eliminated as aldehydes 7.
The usual chlorinating agents are hypochlorous acid or calcium
hypochlorite while N-bromination can be brought about by molecular
bromine. The first product is an N-halo quaternary halide (equation
44). The chloro compounds have also been prepared by Bohme 148. 149

MegN + Brg —> MearQBr + Br- (44)

by the action of chlorine on an amine in carbon tetrachloride. Spec-
troscopic evidence for their production by the action of hypochlorous
acid on an amine in aqueous solution was obtained by Ellis and
Soper 1. The subsequent course of the reaction is not certain but loss
of a proton from the cation, followed by hydrolysis, is a reasonable
way of explaining the production of aldehydes (Scheme 10). Addition

CHs CH,~
+/ +/ +
MegN + MegN ———> Me,N + MezNH
Cl Cl
CHg-

v/
Me,N + HzO0 ——> MegNH 4+ HCHO + HCI
ci

ScueMme 10. Chlorination of trimethylamine.

of chloride is thought to lower the rate of reaction by reducing the

3 - . +
concentration of the reactive species Me;NCIL. The secondary amine
formed is then chlorinated to give N-chloroamine.
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V. NITROSATION (DIAZOTISATION)

The various products obtained with nitrous acid can be regarded as
intermediates along a common reaction path represented by equation
(45). At low temperatures, for instance, both aromatic primary nitros-

Sl
RNH, ;:o—*w_ RNHNO T RNg* T) R* T Deamination products
@ (45)

amines?5! and primary aliphatic diazonium ions'®? can be isolated
from an ethereal solution of the amine and nitrosyl chloride. Except
for diazotisation in very concentrated acids, as discussed later, the
initial nitrosation reaction (step (a) in equation 45) appears to be
rate controlling whatever subsequent reactions occur. Thus Kalatzis
and Ridd 158 have shown recently that identical kinetic equations and
remarkably similar rates apply to nitrosamine formation from N-
methylaniline, as to the diazotisation of aniline, and many of the
kinetic equations for diazotisation have exact counterparts in aliphatic
deamination. This means that the initial task in understanding the
mechanism for both primary and secondary amines is the common
one of N-nitrosation.

Mechanistic studies of N-nitrosation in aqueous solutions are
complicated, however, by the existence of several nitrous species
in equilibrium with molecular nitrous acid, many of which are
effective nitrosating reagents (a situation similar to that for aromatic
nitration) 15¢, Some of the reagents formed in aqueous solution are
listed below in order of increasing activity. In the presence of basic

ON—NO, nitrous anhydride
ON—Hal nitrosyl halide
ON—OH,* nitrous acidium ion
ON* nitrosonium ion

anions (X ~) additional reagents with the general formula NO—X are
also formed. Nitrous acid itself is notably absent for it appears that
the molecular form of this acid does not react directly with amines.

To simplify the discussion, evidence for each reagent is treated
separately, although under normal conditions reaction usually occurs
simultaneously via more than one reagent. The effect of solvent acidity
is also dealt with separately, and nitrosation by other reagents and the
reactions of tertiary amines are also discussed briefly.

Early work on the nitrosation of amines forms an interesting part of
the historical development of mechanistic organic chemistry, but the
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reader is referred elsewhere for these details %%, Several recent reviews
have dealt with the mechanism of N-nitrosation in aqueous solution 18,
the effect of solvent acidity on diazotisation!%” and the nitrosation of
secondary amines %8,

A. Nitrous Anhydride

Hammett'®® was the first to suggest this species as a reagent to
explain the ‘anomalous’ second-order dependence on nitrous acid
concentration reported earlier for diazotisation®® and for the de-
amination of both methylamine!8! and diethylamine!®? (equation
46). Hammett suggested that nitrous anhydride was formed in a

Rate = ([HNO,J?[RNH,] (46)
rapid preequilibrium step (equation 47) and then slowly attacked the

Fast
2HNO, ——— N0z + H,0O (47)

unprotonated amine to form an ammonium ion intermediate as shown
in Scheme (11). The elegant kinetic investigations of Hughes, Ingold

RNH, + N,O; 2%, RNH,NO + NO,-

+
RNH;NO Fasty RNg+ —Fast, Deamination products

ScuEME 11.

and Ridd 193 16 confirmed Hammetts suggestion and simultaneously
resolved earlier, apparently conflicting, observations. They found,
like Schmid €°, that the rate of diazotisation of basic aromatic amines,
such as aniline, in dilute acidic solutions (about 0-01 M) followed the
overall third-order equation (46). On decreasing the acidity, however,
the reaction rate progressively became independent of the amine
concentration and eventually followed the second-order rate law
given by equation (48)16%.184 FEarlier workers!®® had assumed

Rate = ([HNO,]? (48)

incorrectly a first-order dependence each on amine and nitrous acid
concentrations. Equation (48) refers to conditions where the formation
of nitrous anhydride (equation 47) is rate controlling, because the
increased concentration of highly nucleophilic amine base at lower
acidities is sufficient to react with the nitrous anhydride as soon as it
forms'63.166,  Qther evidence has accumulated to confirm the
validity of this conclusion. Studies of the exchange of oxygen-18
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between nitrous acid and water, which occurs mainly* via the hydro-
lysis and the formation of nitrous anhydride (equation 49), show

N,O; + Ha®O —— HNO, + HNO1?®O (49)

that it also follows equation (48) with a rate comparable to that for
aniline diazotisation under similar experimental conditions%7:198,
Thus diazotisation and oxygen exchange must be controlled by the
same rate-determining step-—the formation of nitrous anhydride from
two molecules of nitrous acid.

These results effectively exclude Kenner’s!7° suggestion that third-
order nitrosation corresponds to slow proton loss from a tetrahedral
intermediate (12), with nitrite ion acting as a base (Scheme 12).

Fast
RNHp + H;ONO* ——= RNH,NO + H,0
(12)

N _  Slow
RNH;NO + NO;~ ——— RNHNO + HNO,

RNHNO —F2ts products

ScuEME 12,

This mechanism is similar to that proposed for the acylation of amines
and should be subject to general base catalysis, which is not the case .
Further studies have shown that nitrous anhydride is a very com-
mon reagent in diazotisation7%-173, deamination!”* and nitrosamine
formation!®3, Ridd!®® has summarised the rate data for the reaction
of several amines with nitrous anhydride and these are given with one
or two additions in Table 5. As expected for a reaction in which the
rate-determining step is nucleophilic attack by the amine base on
nitrous anhydride, electron-withdrawing substituents decrease the
diazotisation rate, and nitrous anhydride does not react with highly
deactivated amines such as p-nitroaniline!”® and 2,4-dinitroaniline 178,
Table 5 shows that there is a fair correlation between reactivity and
basicity within each class of amine!”®, although aliphatic amines
appear to be less reactive than their high basicity would suggest. The
reason for this difference is not clearly understood. Also N-methyl
substitution has a greater effect on the rate of nitrosation than on the
basicity of aniline, suggesting that steric factors are important.

* One other mechanism!%? js known to become important when the nitrite
concentration is very low.
114c.a.G.



308 Brian C. Challis and Anthony R. Butler

TABLE 5.  Amine nitrosation by nitrous anhydride.

10-%% Temperature
Amine pKa (equation 46)¢ (°c) References
Aliphatic
Dimethylamine 10-73 4-0 25 162, 175
Propylamine 10-69 2-8 25 162, 175
Methylamine 10-68 4-8 25 161, 175
(Ammonia) 9-24 0-04 25 161, 175
Substituted Anilines
p-CH, 5-08 58-5 25 173
m-CH, 472 24-3 25 173
H 4-61 230 25 173, 175
0-CH, 4-42 12-6 25 173
2-Cl 4-10 8-4 25 173
m-Cl 3-50 2-9 25 173
0-Cl 2-65 0-42 25 173
5»-CH;0 5-34 5-56 0 172
H 461 3-11 0 163
»-Cl 4-10 0-92 0 172
H-MegN+ — 0-14 0 172
N-Methylaniline 4-85 12 0 153

¢ Rate coeflicients from equation (46) in 12/mole? sec.

B. Nitrosyl Halides

Many covalent nitrosyl compounds are effective nitrosating reagents
in organic solvents. It is therefore not surprising to find that even low
concentrations of nucleophilic anions promote nitrosation in aqueous
solutions by forming nitrosyl compounds other than nitrous anhydride
(nitrosyl nitrate). Most of the mechanistic evidence for these reagents
comes from diazotisation studies either in halogen acids or catalysed
by halide ions. We shall therefore confine our discussion to the reac-
tions of nitrosyl halides.

Schmid !"" was the first to show that the expression for the rate of
diazotisation of aniline in halo acids required another kinetic term,
given by equation (50), as well as the term for reaction by nitrous

Rate = A[ArNH,][H*][HNO,][Hal-] (50)

anhydride. Once again it was Hammett!5%, who noting that the
concentration of nitrosyl halide was proportional to the product
[H*][HNO,][Hal~], pointed out that equation (50) was consistent
with a mechanism involving a rapid, preequilibrium formation of
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nitrosyl halide (NOHal), which then reacted with unprotonated
amine in a slow step (Scheme 13).

Hughes and Ridd"® placed

Fast
HNO, + H* + Hal- ——— NOHal + H;O (31

+ -
NOHal + ArNH; 2> ArNH,NO + Hal

ArNHNO —P55 ArN,* + H,O

ScueME 13,

’s suggestion goes beyond the realms (?f speculat.mn by
gleﬁ)rrrllsettrtaiinggtghat thegformation of niFrosyl hz.ihd.e (§quat10:11l 51‘)i
could be made rate controlling for bromide and iodide ion-catalyse
diazotisation in perchloric acid. The rate under the.se COIldlt}OﬁS wag
found to be independent of the amine concentration and Of owec1
equation (52). They suggested 178 that the nitrosyl halide was forme

Rate = A[H*]?[HNO,][Hal"] (52)

by the reaction of halide ion with Fhe m'tl:ous ac1d1u'r:':11 Lon
(H,ONO™) 16, A comparable slow .formatlo.n of .mtx:osyl chl(;lrl ei) as
not been realised in either deamina.tlon or dlagotlsatlon, l}ut af;] een
observed in the analogous }rlllitrggatllgn of the highly reactive azide ion
i e of added chloride*'". .
" &lﬁ}?afvinioncentraﬁons of nitrous acid, be!ow 001 M, mtr.(l)'syl
chloride becomes the dominant reagent for the dlalzqoqt;sat_lon ofham ine
in aqueous hydrochloric acid stronger thap 0-1 M7, Since t efcct)}rll-
centration of nitrosyl chloride is proportl(?nal to the square of the
hydrochloric acid concentration (see equation 52)3 the r:lltec1 1nc;¢iaici:(s:
rapidly with acidity and should reach a maximum in 5 Ml yhlro<':c1 (I ri
acid when all the nitrous acid is converted. to nitrosyl chloric 6181;
This effect has been observed for the d.earr-lina;}lon of ammonia
ine81® but not for diazotisation itself.
an]%eojnglglgtion and diazotisation on a Preparativ; scallgzare frequen}fly
carried out in organic solvents with .mt'rosyl hahdes- . The mec 1a-
nism of these reactions is probably §1m11ar to th(?se in aqileous S}(: u-
tions, and recent studies in metha}nohc hyd;aoiglonc acid solvents s l(;w
that diazotisation follows equation (5(.))1 +182 The r.attes1 8%enega th}lr;
however, are considerably slower than in aqueous solu.tlon N an tis
difference has been attributed to methanolysis l(?wermg the cpn:;a -
tration of nitrosyl chloride (equation 53) *8%. The simplest deaminatio

NOCI + MeOH ——— MeONO + HCI (53)
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products from aliphatic amines are obtained with nitrosyl halides. At
low temperatures, unstable primary nitrosamines are formed 52158
but the amino group is replaced by halide on raising the tempera-
ture!®. A similar replacement occurs with aromatic amines in the
Gatterman'®2 and Sandmeyer 186® syntheses.

Nitrosyl halides, at least in aqueous solutions, appear to be more
potent reagents than nitrous anhydride. Schmid and his coworkers
have calculated actual rate coefficients for the reaction of unprotonated

amine with both molecular nitrosyl chloride!75-187.188 454 nitrosyl -

bromide!75:189 (je. from the equation, Rate = k[RNH_][NOHal]).
These are listed in Table 6. The characteristic features of these rate

TaBLE 6. Amine nitrosation by nitrosyl halides at 25°.

Amine pKa 10-5= Reference
Nitrosyl chloride

Aliphatic

Ammonia 9-24 0-05 175

Glycine 9-78 0-017 175

Substituted anilines

$-CH, 5-08 3-0 187

m-CHj 4.72 2-70 187

H 4-61 2-60 187

0-CH, 4-42 2-44 187

p-Cl 4-10 1-89 187

m-Cl 3-50 1-63 187

0-Cl 2-65 1-16 187
Nitrosyl bromide

Aniline 4-61 3.2 189

Ammonia 924 0-032 175

¢ Rate cocfficients from the equation, Rate = k[RNHj) [NOHal], in
1/mole sec.

coefficients are firstly a remarkable independence from the amine
basicity '*”, and secondly, a magnitude in close proximity to the rate
of molecular encounters in solution (about 10 I/mole sec at 25°) 190,
Activation energies for these reactions are all of the order of 4 to 5
kcal/mole88: 189 which is also about that expected for a diffusion-
controlled reaction'®°, It therefore appears that nitrosyl halides are
sufficiently powerful electrophiles to react on encounter with all but
the most unreactive amino bases.
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C. Nitrous Acidium lon

Acid-catalysed nitrosation in the absence of halide ioqs may in-
volve the nitrous acidium ion (H,ONO*). The diazotisation rate of
aniline in aqueous perchloric or sulphuric acid at first decreases and
then increases with rising acidity*%”. This implies a change in mech-
anism, because the reaction rate for nitrous anhydride itS(?lf should
steadily decrease owing to increasing protonation of the amine.

In perchloric acid concentrations up to 0-5 M, unreactive aromatic
amines diazotise in accordance with equation (54)'°!. Hughes,

Rate = A[ArNH,][HNO,][H *] (54)

Ingold and Ridd % were the first to interpret this result as evidence
for rapid formation of the nitrous acidium ion, which then reacts with
the unprotonated amine in a rate-determining step (Scheme 14).

Fast
HNQ, + H* ——= H,ONO*
ArNH; + H;ONO+ —S12%, ArNH,NO* + H,O

ArNH,NO+ —F5%5 ArNg* 4+ H,0

ScHEME 14.

Other interpretations were considered, but rejected *%5, including the
one involving slow nitrosation by the nitrosonium ion (NO*), although
this species is formed readily in strongly acidic solutions.

The nitrous acidium ion must be a very reactive species, for it
readily reacts with nitroanilines!”® whereas nitrous anhydride does
not. Larkworthy 176 has determined the rate coefficients from equation
(54) for a few substituted anilines and these are listed in Table 7.

TaBLE 7. Aniline nitrosation by nitrous acidium ion at 0°c.

Substituted

aniline pKa k (equation 54)¢  Reference
0-Cl 2-65 175 176
$-NO, 1-00 161 176
0-NO, —0-26 145 176
2,4-(NOy), —4-53 3-7 176

& Rate coefficients from equation (54) in 12/mole? sec.

Actual rate coefficients for the reaction of the nitrous acidium ion with
the unprotonated amine cannot be computed, because the required
equilibrium constants are unknown. However, nitrosyl chloride must
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react with many aromatic amines on encounter (Section V.B) and the
nitrous acidium ion should be even more reactive. This may account
for the similar diazotisation rates of the most basic amines recorded in
Table 7. Aliphatic deamination by the nitrous acidium ion has not
been reported, presumably because most aliphatic amines are com-
pletely protonated and therefore unreactive under the acidic condi-
tions necessary for the formation of this reagent.

D. Acid-catalysed Nitrosation

Increasing solvent acidity favours the formation of the nitrosonium
ion (NO*)%2, which should be a particularly powerful reagent by
analogy with nitration by the nitronium ion (NO,*). The other im-
portant effect of higher solvent acidity is to reduce the concentration of
reactive, unprotonated amine. We noted above that with aliphatic
amines protonation is so complete that deamination is not observed at
acidities above 0-1 M. With aromatic amines, the situation is different,
partly because of their lower basicity, but also from the intervention
of a new mechanism for N-nitrosation, apparently involving the
protonated amine. The importance of this new mechanism depends
on the basicity of the aromatic amine.

The diazotisation rates of weakly basic amines, such as p-nitro-
aniline, increase with perchloric acid concentration as is evident from
the data in Table 81%3. This catalysis has been associated with a salt

Tabre 8. Effect of perchloric acid on the rate of diazotisation at 0°c.

k (fmole sec)®

Perchloric Acid (M) 0-5 1-0 2:0 3-0 4-0 5:0 6-0
Amine

p-Nitroaniline 193 16-1 24 51-5 92-5 — — —

Aniline 197, 198 0-025 0-081 0-49 2:60 12-3>  57.5%  263®

p-Toluidine 197. 128 0-063 0-285 2-45 150 123° 575° —

@ Rate_coefficient calculated from the stoichiometric reactant concentrations present, i.e.
Rate = & [Amine][Nitrous Acid].
b At a temperature of 2°¢.

effect rather than an increase in the hydronium ion activity, because
neutral perchlorate salts produce an almost equivalent increase9%,
An alternative suggestion that reaction occurs via nitrosyl perchlor-
ate'7%19% seems most unlikely, as this compound is ionic and not
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covalent under the experimental conditions!®2. Also, the perchlorate
jon catalysis is of an exponential character'®® The salt effect of

erchloric acid can be nullified if the ionic strength is kept constant by
the addition of sodium perchlorate, and the diazotisation of p-nitro-
aniline then follows equation (55), where %, refers to the Hammett

Rate = k[ArNH,][HNO,]#, (55)

acidity function®, The net rate of reaction is essentially independent
of the acidity, because any increase in £, is offset by a corresponding
decrease in the free-amine concentration. Despite current difficulties
in understanding the exact significance of acidity-function correla-
tions in general'®®, equation (55) has been regarded as a logical ex-
tension of equation (54) to concentrated acids!®3, This implies an
unchanged mechanism from that operating at lower acidities, which
involves a rate-determining attack by the nitrous acidium on the un-
protonated amine. However, the precise character of the perchlorate
jon catalysis has still to be resolved. It may be a secondary effect
increasing the concentration of nitrous acidium ion, and the observa-
tion that neutral perchlorates similarly catalyse the rate of formation
of nitrous anhydride is consistent with this interpretation¢; but a
formation of the potentially more reactive nitrosonium ion cannot be
excluded with certainty.

With very basic amines, the catalytic effect of perchloric acid is
much stronger173:195:197 than that for p-nitroaniline. For example,
the rate coefficients for aniline and p-toluidine listed in Table 8
increase by a factor of 10* in going from 0-5 M to 6 M perchloric acid 5.
Part of this increase can be associated with the ionic strength effect
noted above for feebly basic amines, but the bulk arises from the in-
cursion of a new kinetic path, which follows equation (56)197-198,
in addition to the reaction following equation (55).

Rate = k[ArNH;*[[HNO,]4, (56)

The details of this new mechanism have been examined only
recently. It is certain that the initial N-nitrosation is again rate deter-
mining, because equation (56) is also observed in nitrosamine forma-
tion from N-methylaniline under similar experimental conditions?5,
Equations (55) and (56) differ only in their dependence on the amine
moiety; the nitrosating reagent is probably the same positivsaly
charged species in both cases, but for equation (55) the rate-determin-
ing process is attack on the free amine, for equation (56) on the



314 Brian C. Challis and Anthony R. Butler

protonated amine!®”-198, The relative contributions from the two
paths to the overall rate depends on the solvent acidity and the amine
basicity. Reaction occurs much more readily through the free
amine *®%, but if the amine is almost entirely protonated, the interaction
of the nitrosating agent with the protonated amine becomes significant.

Strong evidence for this unexpected reaction between two positively
charged ions comes from recent studies of substituent effects®®,
These are summarised in Table 9 in which values of & (equation 56)

TaBLE 9. Substituent effects for aniline nitrosa-
tion in 3 M perchloric acid at 0°c (from ref. 198).

Substituted 102k
aniline pKa (equation 56)¢
p-CH3;0 534 153
$-CH;, 5-08 119
m-CHj 4-69 109
H 461 16-1
m-CH3;O 423 300
p-Ql 4-00 33
m-Cl 3-52 6-6
N-Methylanilines
p-CH, 5-36 25-5
H 4-85 444
$-Cl 425 0-905
m-Cl 377 2-34

¢ Rate coefficients from equation (56) in 1/mole sec.

are tabulated for several primary and secondary arylamines. The most
striking feature is a well-defined dependence on the structure but not
on the basicity of the amine. The data for nitrosyl halides (Table 6)
and the nitrous acidium ion (Table 7) show that these reactive re-
agents do not discriminate much between different amines and a
similar result would therefore be expected for the more powerful
reagents potentially available in concentrated acids. Generally speak-
ing, however, when due allowance is made for differences in the free-
amine concentrations, the effect of any substituent is in the opposite
direction to that expected for a reaction of the unprotonated base 1%,
Although all the mechanistic details are not entirely clear, the sub-
stituent effects in Table 9 can be accounted for by a reaction involving
the rapid formation of a = complex (138) between the nitrosating re-
agent (X*) and the protonated amine, followed by a slow rearrange-
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ment simultaneous to proton removal from nitrogen, as shown in
Scheme (15)187.198,

/(r
+ F N
(13)

X+ ‘Xf +‘.B
: < _H' . .
H
(13)
ScHEME 15.

Complexes are apparently formed between. nitrous species and
several aromatic compounds in concentrated acids'®?, and ?he forma-
tion of a similar precursor in N-nitrosation may well explain v_vhy no
comparable reaction has been observed with protonated ‘ahphat1c
amines. Stedman and his coworkers2°°, howe\{er, h‘ave ol?tamed very
convincing evidence for an analogous deg.rada.tlve nitrosation of proto-
nated hydroxylamine (NH;*OH), and in this case the oxygen atom
is an obvious basic site at which interaction can occur. Apart from this
exception, N-nitrosation via the conjugate acid appears to be confined
to the most basic aromatic amines. o

The exact nature of the nitrosating agent in these strongly a.c1d1c
solutions is also not clear; either the nitrous acidiun} ion or thf: nitros-
onium ion (or even both) may be involved. .In t.hlS connection, it is
interesting to note that the nitrous acid deamination of ben?amlde in
concentrated sulphuric acid has been interpreted as a reaction of the
nitrosonium ion 201, although precisely the opposite conclusion has bee.n
reached for the nitrosation of phenol in concentrated perchloric
acid 22,

E. Diazotisation at High Acidities . . .
The diazotisation rate of aniline and similarly basic amines in-
creases rapidly with perchloric acid concentration up to about 6
M198.203, Fyrther increases in acidity cause the rate to pass through.a
maximum and then to decrease rapidly 157204, This effect is shown in
Figure 4 for aniline, p-toluidine and p-chloroaniline. .Throug}zlg)llt the
region of decreasing rate, the reaction follows equation (57) *%, and
Rate = A[ArNHj |[HNO,]k, 2 (57)

11*
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a (Elosely similar kinetic relationship is found in concentrated sulphuric
acid (above 60%,)2°%. Although the rate maxima occur at an acidity
wl}ere most of the nitrous acid is converted into the nitrosonium ion 192
thJS. effect by itself cannot account entirely for either the subsequenz
rap-lc! decrease in reaction rate or the obvious dependence of the
position of the maximum on the nature of the amine (see Figure 4).

L L ) L . )
3 4 5 6 7 8 9
Perchloric acid concn (m)

Ficure 4. Dia.zotisation of aniline (O), p-chloroaniline (@) and
p-toluidine ([J) in concentrated perchloric acid.

Consequently the change in the acidity profile has been linked to a
fpnda'mental change in the rate-determining step. Thus unlike the
situation at lower acidities, where the initial N-nitrosation is always
rate controlling, the slow step at very high acidities may be proton loss
from the intermediate nitrosamine ion (14) as shown in Scheme (16)204,

Fast
NO* + ArNHf ——— ArNH,NO* + H* (58)
ArNH,NO*+ =12y ArNHNO + H* (59)
(14)

ArNHNO -2ty ArNg 4 OH-

ScHEME 16.

Most of the available experimental observations are consistent with
this de.duction ; the reactions are almost insensitive to substituent effects
(see Flgure 4), and the diazotisation of aniline in concentrated sul-
phuric acid shows a large isotope effect for deuterium (kufkp = 10),
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indicating a proton transfer in the rate-determining step2%%. Two
factors probably contribute to the change in the rate-determining
step as the acidity increases. One is a decrease in the rate of proton
transfer to the solvent from nitrogen, the other is an increased rate of
nitrosonium ion loss from the protonated nitrosamine (14), to give
the reactants (equation 58). Direct studies show the rate of proton
transfer from ammonium?2°® and anilinium jons2%® to the solvent
become very slow in concentrated acids, and nitrosamine formation is
easily reversible under the same conditions*%%.

Thus diazotisation in concentrated acids, like arylation under very
different conditions, appears to involve slow decomposition of a
tetrahedral intermediate (equation 59). The proton becomes a poor
leaving group, mainly because the solvent is reluctant to accept it. A
similar situation arises in the N-nitration of anilines in concentrated
acids?07,

F. Miscellaneous Reagents

The diazotisation of aniline in aqueous nitric acid has also been
studied. At low acidities (below 0-2 M), nitrous anhydride is the most
important reagent2°®. At higher acidities the kinetics of the reaction
are similar to those for equivalent concentrations of perchloric acid
and the rate increases rapidly with acidity2°°. This catalysis has been
attributed to nitrosation by dinitrogen tetroxide (nitrosyl nitrate) 299,
but other studies of catalysis by neutral nitrate salts indicate the con-
tribution to the overall rate of nitrosation by dinitrogen tetroxide is
slight 194, It seems, therefore, that the reagents at high acidity are the
nitrous acidium and nitrosonium ions, as for perchloric acid.

Covalent acyl nitrites formed from nitrous acid and various car-
boxylic acids react readily with aromatic amines, and they are used
often for nitrosating water-insoluble amines?!°. The mechanism must
be similar to that for nitrous anhydride. In aqueous buffer solutions of
carboxylic acids, however, the bulk of the reaction is brought about
by nitrous anhydride itself. Acyl nitrites are formed, but these react
more readily with the very basic nitrite ion, always present at pH > 3-5,
than with the amine directly 6% 211,

Alkyl nitrites are useful mild reagents for diazotisation and de-
amination in organic solvents. In benzene, aniline is readily deamina-
ted at elevated temperatures by these reagents and the product reacts
with the solvent to form biphenyl in high yield2'2, Nitrosonium
tetrafluoroborate (NO*BF, ) also reacts readily with both aliphatic
and aromatic amines in dry organic solvents 2!,
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Interest recently has focussed on the direct interaction between
nitric oxide (NO) and various amines. Secondary and tertiary alkyl-
amines undergo N-substitution at elevated temperatures to form
secondary nitrosamines (equation 60). These reactions may be

RoNH + NO
‘—_> RgNNO
ReN + NO— 2 (60)

catalysed by copper salts and have been the subject of innumerable
patents?!¢, Formally they can be described by a disproportionation of
nitric oxide (NO) into NO~ and NO* (the NO* then nitrosates the
amine in the usual way), but the mechanism is more complex and
with secondary amines involves two concurrent paths25. Apparently
the combination of cupric ion and nitric oxide is a powerful nitrosating
reagent in alkaline media, and in one path (Scheme 17), this complex
formed in a preequilibrium step (equation 61) reacts directly with the

Cu?* + NO —— Cu2*NO (61)
Cu?*NO + RyNH ——» Cu* + H* + R;NNO
(18)
ScueME 17.

secondary amine to give cuprous ion and the nitrosamine (15)215,
In the other concurrent path (Scheme 18), copper acts as both a

ReNH + 2 NO === R,NN,O; + H* (62)
ReNNzO7 + Cu* — > RyNNO- + NO- + Cuz+
ReNNO- 4 Cu2* ——» R,NNO + Cu*

ScHEME 18.

reducing and an oxidising agentZ?!5, The related nitrosation and de-
alkylation of tertiary amines (equation 60) has not been investigated
in detail, but presumably involves similar reagents. The anion
(RgNN;O; ") formed in the preequilibrium step (equation 62) has
been isolated at low temperature by Drago and his coworkers2!6,
They have also shown that this anion is formed in a multistage pro-
cess involving an initial slow attack of nitric oxide on the amine base
(Scheme 19)2'7. Secondary N-chloroamines react similarly with

Slow
ReNH + NO ——= R,NHNO

RaNHNO + NO —255 RiNHN,O, —F5ts RNN,0,- + H*

ScHeEME 19.
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nitric oxide to produce secondary nitrosamines in high yield 218, Also,
Rigauldy and Verniéres?!® have reported that diazonium salts pre-
cipitate immediately when nitric oxide is bubbled into an ethereal
solution of either 2,4,6-triphenyl- or 2,4,6-tri-t-butylaniline. Thus the
direct interaction of nitric oxide with amines may be a fairly general

nitrosative method.

G. Tertiary Amines

Tertiary amines are generally regarded as being inert to nitrosation,
and diagnostic tests are based upon this assumption. However,
reaction does occur at elevated temperatures in weakly acidic media
(pH > 3) with cleavage of an alkyl group to give a secondary nitros-
amine (equation 63)22°, Methyl and benzyl groups appear to be

ReNCHRE HNO2, R.NNO + RIC=O + H,O (63)

displaced more readily than other bulkier ones. With mixed tertiary
alkyl aryl amines, nuclear substitution also occurs??!, probably via
direct attack on the aromatic ring (see below). The mechanism of the
dealkylation is not entirely understood. As the reaction does not occur
at high acidities, it must involve electrophilic attack by the nitrosating
reagent on the unprotonated amine, probably to form a nitroso-
ammonium ion (16). Smith and Pars?2?° have cited evidence to
support a 1,2-elimination by the nitrosoammonium ion to form a
dialkylimmonium ion intermediate (17), which then hydrolyses and
reacts with another molecule of the nitrosating reagent to form the
products (Scheme 20). An alternative mechanism involving homolytic

NO

/
R,NCHRL HNOay goKy

CHR}
(16)
NO
/ + L
RN — > R{N=CR} + HNO
AN

CHR; an

+ ;  HaO 1
RgN=CR; QWO? ReNNO + R;C=0
ScueME 20.

cleavage of the intermediate nitrosoammonium ion (16) has also
been proposed 222,
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At much lower temperatures (about 10°c) and in weakly acidic
conditions, tertiary alkyl aryl amines appear to undergo nuclear
rather than N-substitution. Thus N, N-dialkylanilines first form the
p-mtroso derivative, which then reacts further to produce a p-dia-
zonium ion (equatlon 64) 223, Further discussion of these reactions is

RZN@ HNO,, RzN@NO 2HNO, RZN-@NEN (64)

outside the scope of this chapter,

VI. OXIDATION

The oxidation of amines is complicated by the operation of several
reaction paths. Not all of these involve substitution on nitrogen, for
both hydrogen abstraction from either carbon or nitrogen and addi-
tion of oxygen to carbon may occur. The predominant path seems to
depend as much on the reagent as on the structure of the amine.
Ogxidative substitution of alkylamines results in the formation of
either hydroxylamines or amine oxides (equations 65 to 67). The
hydroxylamines can oxidise further to nitroso and nitro derivatives.

Primary alkylamines
RNH; ——— RNHOH —— RNO ——» RNO, (65)
Secondary alkylamines
RgNH —— R;NOH (66)
Tertiary alkylamines
RaN ——> R,N—O (67)

However, the lone-pair electrons activate the a-hydrogens of aliphatic
amines, and hydrogen is therefore removed by some reagents as easily
from this site as from nitrogen. This leads to the formation of unsatura-
ted compounds such as aldimines, nitriles, ketimines and enamines.
The actual products depend on the amine structure (equations 68
to 71) and others may arise from subsequent hydrolysis, oxidation,

RCHNHz —— RCH=NH — RC=N (68)
RyCHNH; —— R;C=NH (69)
(R2CHz)eNH —— R,CHN=CR, (70)

R;CH2CHNR; ———> R,CH=CHNR, (71
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condensation and dealkylation. The details of these reactions will not
be pursued further.

With aromatic amines, substitution on nltrogen leads to products
analogous to those obtained from aliphatic amines. .An add1t19na1
important reaction is hydrogen or hydride ion abstraction from nitro-
gen to form either a radical or a radical-cation (equations 72 and 73).

NH- + He (72)

@NH* + H- (73)

Both radicals may undergo further reactions involving nuclear sub-
stitution, condensation or quinone formation. These, too, will not be
considered further.

As far as reagents are concerned, substitution on nitrogen generally
occurs with peroxides, and we shall mainly consider these reactions.
Non-peroxidic reagents, such as permanganate or chlorine dioxide,
tend to abstract hydrogen. There are many exceptions, but these are
most conveniently discussed as they arise in the text. Despite the
wealth of products formed by peroxidic reagents, most of their reac-
tions can be understood in terms of an initial attack by the electrophilic
peroxidic oxygen on the nitrogen lone pair. Since this leads to a quater-
nisation of the nitrogen atom, it is not surprising to find that steric
congestion as well as electron withdrawal in the amine moiety inhibits
the reaction rate.

O

A. Hydroperoxides—Peroxyacids and Hydrogen Peroxide
l. Primary aliphatic amines

Early work revealed the ease with which primary aliphatic amines
react in aqueous solution with many simple peroxides including Caro’s
acid (H,SO;) and hydrogen peroxide 224, The products depend almost
entirely on the structure of the alkyl group attached to nitrogen and
are complicated by many subsequent reactions. The initial steps re-
sulting from electrophilic attack by the peroxidic oxygen are shown
in Scheme (21). For amines with either primary or secondary alkyl

Primary alkyl groups
RCH,NH; — > (RCHZNHOH) —» RCH=NOH ——>

R—g——NHOH + Other products
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Secondary alkyl groups
RaCHNH; —— (R;CHNHOH) — > R,C=NOH —» Various products
Tertiary alkyl groups
RaCNHz —— RgCNHOH ——» RgCNO ——» RZCNO,

ScHEME 21.

groups, the hydroxylamines formed initially are also powerful reducing
agents and their isolation is rarely possible. Although oximes, the next
product in this chain of reactions, can be isolated in fair yields22+
furt}.ler oxidation at both carbon and nitrogen leading to the formation,
of nitroso, nitro and hydroxamic acid products, usually occurs readily
at even low temperatures. Some hydroxamic acid (RC(=0)NHOH)
is always formed from amines with primary alkyl groups225: this can
be detected with ferric chloride (to give a wine-red colouration), and
the reaction is often used as a test for the presence of RCH,NH, 225,

.Recer.lt work has concentrated on the adjustment of conditions to
give a single product, primarily by using aqueous hydrogen peroxide
at low temperatures (5° to 15°c) in the presence of catalytic concentra-
tions of soluble tungsten, molybdenum and uranium oxides226,
Oxidations with tungsten catalysts have been reviewed22’. In this
way, ketoxirpes can be obtained in high yields from secondary-alkyl
primary amines (equation 74)226®, but the rate is slow with bulky

RaCHNH, + Hy0, —2aWOs RzC=NOH (74)

etc.

groups attached to nitrogen 22%°, The yield of aldoxime from primary-
alkyl primary amines is much lower, however, due again to competing
formation of hydroxamic acid?%*. At temperatures below 0°c, it is
apparently possible to isolate the initially formed hydroxylamine
frorp these reactions??%. Controlled oxidation of aliphatic amines to
their corresponding oximes is also possible with molecular oxygen in
the presence of catalysts or with ultraviolet light22°,

‘Peracetic acid is a good reagent for oxidising #-carbinamines and
dialkylamines directly to their nitro derivatives23°, The mechanism
has not been studied, but this reaction, too, must proceed via the
hydroxylamine?3! and the nitroso intermediate (equation 75). The

CH3COOH
—_—

RaCHNH, (RaCHNHOH) ——> (R;CHNO) ——» R,CHNO, (75)

a'dvantage of using acidic peroxides is that the possibility of condensa-
tion reactions is diminished, because protonation reduces the free-
amine concentration. Rather surprisingly, trifluoroperacetic acid does
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not oxidise primary aliphatic amines, and acylation takes place under
neutral conditions (equation 76) 232, Electron withdrawal by the CF,

o) H
| |
RCHzNH, + CFacj:OOH ——> RCHZNCOCF; + HgOq (76)

group must make the carbonyl carbon more electrophilic than the
peroxidic oxygen.

2. Primary aromatic amines

Caro’s acid?®3, perbenzoic acid?*, perphthalic acid?3%, performic
acid 2%, peracetic acid?3?-2%7, trifluoroperacetic acid 232,238 and
permaleic acid?® are all used to oxidise aromatic amines to their
nitroso and nitro derivatives. Reactivity decreases along the series:
trifluoroperacetic > permaleic > peracetic acid 2%, Trifluoroperacetic
acid is a very powerful reagent capable of oxidising weakly basic
amines 232, including picramide?®®, to their nitro derivatives. Per-
acetic acid will not react with deactivated amines: it is most useful
with very basic amines (such as anisidine)#*™ as trifluoroperacetic
acid attacks the aromatic ring and not the amino nitrogen 232,

As with aliphatic amines, oxidation by peroxidic reagents proceeds
through the hydroxylamine intermediate (see below), but this rapidly
reacts further to a nitroso compound and cannot be isolated*. Under
slightly more vigorous conditions, the nitroso group is oxidised to
nitro (equation 77) 3237240,

ArNH, ~S99%H . ArNHOH) ——> ArNO ——> ArNO, R

Bimolecular condensation reactions between the products and un-
reacted amine frequently interfere and lead to the formation of azo
and azoxy compounds?*2. These side-reactions should be least exten-
sive for amines containing electron-releasing substituents, which
facilitiate oxidation but not condensation with nitrosobenzene 243,
Experimental techniques have also been developed to minimise the
formation of condensation products. In particular, the reaction is
carried out quickly with excess oxidiser under acidic conditions, where
the concentration of unprotonated amine (which undergoes condensa-
tion) is small. Trifluoroperacetic acid is particularly useful in this
respect, because of its strongly acidic properties. However, protonation

* Phenylhydroxylamine can be prepared, however, by oxidising the mag-
nesium salt of aniline (PhNHMgBr) with hydrogen peroxide at —25°2%%,
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of the amine also retards the rate of oxidation, and it is therefore neces-
sary to use an excess of the reagent.

Ibne-Rasa and Edwards244 have recently studicd the peracetic acid
oxidation of substituted anilines and some of their conclusions bear on
the mechanism of peroxidic oxidations of amines in general. The
reaction rates have a first-order dependence on the concentrations of
unprotonated amine and peracetic acid (equation 78) and the Ham-

Rate = HArNH,][CH,COO,H] (78)

mett rho value of —1-86 implies that electron-attracting substituents
retard the rate. Other workers245 have shown that similar substituents
in the peroxidic reagent have the opposite effect. Polar solvents also
increase the reaction rate indicating that charge is developed in the
transition state. Radical traps, such as methyl methacrylate have no
effect, and earlier oxygen-18 experiments2#® also exclude the possi-
bility of hydroxyl-radical formation in amine oxidations with Caro’s
acid. All these observations are most consistent with a mechanism in
which the electrophilic peroxidic oxygen attacks the amine lone pair
to form a tetrahedral intermediate. Since oxidation of both phenyl-
hydroxylamine®** and nitrosobenzene 24°* under similar conditions is
faster than that of aniline itself, the first steps in Scheme (22) must be

YRRNLN

ArRiH, (' F—cr ——> ArNH,OH + CH,COO"
H O Slow
ArNHOH + CH,COO" === ArNHOH + CH,COOH
CH,COO,H
ArNHOH — == Products
ScHEME 22,
rate controlling. In order to account for the highly negative activation
entropies in both water and ethanol (4S%# = —26 cal/mole deg),

Ibne-Rasa and Edwards?#* argue that the transition state in hydroxylic
solvents probably incorporates a solvent molecule as in 18. The

Hy

Q
| s X\
AT >C—CH3
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95-fold decrease in the rate of oxidation of p-m't.roam'lin(_f in going
from water to ethanol is then ascribed to differences in S(?lvaUOn arising
from the latter’s lower acidity rather than 10we1: polarlty.. .

A heterolytic process for oxidation by perox1des. also 1mphf3s that
the rate depends on the leaving tendency of the displaced anion. In
accordance with this conclusion, it is found that b9th hydrqgen
peroxide2¢* and alkyl peroxides are less effective in amine oxidations
than acyl peroxides. For the latter, an intramolecular proton transfer
to the basic carbonyl oxygen may also facilitate the reaction.

3. Secondary amines

Secondary alkylamines are readily oxidised to hydroxylamines
(equation 79). The reagent commonly used is a slight excess of hydro-

ReNH + HyO ——> R;NOH + HO (79)

gen peroxide in aqueous solution 27, By analogy with pri‘n_lary amines,
the mechanism must involve attack by the electrophilic peroxidic
oxygen on the unprotonated amine. .

The reaction is facile with all secondary alkylamines except Fhe
simplest, dimethylamine, but yields of hydroxylamine are low owing
to further oxidation. Thus N, N-dialkylhydroxylamines are prepared
by indirect methods?*7?, or as with primary amines, tungsten cata-
lysts are used with hydrogen peroxide at low temperature#*6, As erll
as further oxidation 249, other side-reactions, including the formation
of dialkylformamides, may occur 23, These can be accounted for by
the initial formation of a hydroperoxide (19), which concertedly
undergoes Baeyer—Villiger rearrangement and attack by another
molecule of secondary amine to give an intermediate 20, followed .by
elimination of R1OH and hydrolysis to give N, N-dialkylformamide
(Scheme 23) 259,

R
N 1
NH + Hz;O; —> RNHCHR?! + H,
/

R1CH, OOH
(19)

1
RNFGHR ——» [RNH=CHOR! == RN=CHOR! + H*]
JDOH
RN=CHOR! RNt RN_CHOR!
|
N NR,
(20)
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RN—CHOR? —=ROH o pNCHNR, —H22, R,NCHO + RNH,
[
H NRg
ScHEME 23,

Secondary arylamines also form hydroxylamines initially, but these
invariably oxidise further to the radicals Ar,N and Aer(O) 251,
The diphenylimino radical (Ar,N) also results from oxidation by
non-peroxidic reagents 252, and it exists in equilibrium with its dimer,
tetraphenylhydrazine (equation 80)252. Diaryl nitroxide radicals

ArNH s Ar,N ArgN—NAr, (80)

(AryN(O)) are formed in 707, yield from oxidations of diarylamines
with perbenzoic acid in ether at 0°c253, Since the same radical is
formed from diphenylhydroxylamine 253254 the intermediate form-
ation of the latter seems very likely. Diaryl nitroxide radicals are
reasonably stable, but on standing at room temperature undergo
spontaneous disproportionation and rearrangement to a variety of
products 253 255, .

With mixed aliphatic-aromatic secondary amines, reaction with
either hydrogen peroxide or Caro’s acid first results in cleavage of the
alkyl group?#®, The residue is then oxidised to nitroso- and nitro-
benzene as is normal for primary amines?4°,

4. Tertiary amines

Most simple acyl- and hydroperoxides readily add oxygen to any
tertiary amine giving amine oxide (R;N*O~). These facile reactions
are usually carried out at room temperature in water, alcohol or
benzene solvent with dilute solutions (even as low as 3%,) of an
organic peracid. Hydrogen peroxide and Caro’s acid are less effective,
presumably because of the poorer leaving characteristics of the bi-
sulphate and hydroxide anions. The synthetic utility of the various
reagents has been reviewed 256,

The mechanism of tertiary amine oxide formation has not been
studied in detail, but by analogy with primary amines (see above),
the reaction must involve attack by the electrophilic peroxidic oxygen
on the amine lone pair, followed by anion elimination and proton loss
(Scheme 24). In accord with this conclusion, the reactions are first

A [0
RNY 07 C—R S0 R RioH + cHcor

L]

H @)
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RoNOH —F25ts RNO- + H+
ScHEME 24.

order with respect to each reactant2°7-2°¢ and the protonated amine is
unreactive28”. Ogata and Tabushi?*® have found that fflectron—
withdrawing substituents retard the rate of oxidation of. ]Y, ‘N-dlmethyl-
aniline by Caro’s acid, and this result suggests that the initial attack })y
the oxidising agent is rate controlling. At low temperatures and with
high concentrations of hydrogen peroxide, hydrogen-bqnded per-
oxide adducts (Rz;N.H;O,), reminiscent of hydrated amine ox1d‘es,
can be isolated?5®, It is very unlikely, however, that amine oxide
formation normally proceeds via these adducts.

B. Didacyl Peroxides

The most extensive studies of oxidation by diacyl peroxides have
been carried out on secondary amines, and because many of the con-
clusions are applicable to other types of amines, these reactions will be
considered first.

I. Secondary amines
The reaction of secondary amines with benzoyl peroxide has en-
gendered considerable interest. Except in the case of arylamines (see
below), this reagent leads to the formation of O-benzoylhydroxyl-
amines from which the hydroxylamine can be obtained by the addition
of base26% (Scheme 25). For a long time it was thought that these
H

«/

RgNH + (ArCO),03 —> RN + ArCO;z
COAr
H
sztl — > R,NOCOAr + H+

OCOAr

R;NOCOAr E1ONS/EOH ¢ NOH + ArCO;

ScHEME 25.

reactions were free-radical processes, but the arguments against this
interpretation have been cogently marshalled by Walling 262, His
conclusions have now been substantiated by showing that if the oxida-
tion of dibenzylamine is carried out with benzoyl peroxide l‘abelled
with oxygen-18 in only the carbonyl group, the .intern.ledlate 0-
benzoylhydroxylamine (21) contains 50%, of the isotopic oxygen,
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whereas the product dibenzylhydroxylamine (22), obtained after the
addition of base, contains none (Scheme 26) 262, Hence homolysis of
IBO H IBO

Il I |
(AFCHg)oNH + (Ar—C—O); ——» (ArCH,),—N----O~--~O—é—Ar

l

1830 180 180

—180)

r

I
(ArCH,);NOH + Aré—OH <NaOEt (ArCH,,),,N—O—y:—Ar + Arg—OH
(22) (21)
ScHEME 26.

the benzoyl peroxide, depicted by equation (81), which would lead

180 180 180 180"
(81)
| )

AryI—O—O—gIAr Arlé—O' «—> Ar(l:=O
to equilibration of the oxygen-18, cannot occur. Also Huisgen and
Bayerlein ?%® have found that the reaction between benzoyl peroxide
and diethylamine does not initiate polymerisation of styrene and they
conclude that oxidations of secondary alkylamines with diacyl-
peroxides in general proceed exclusively by a heterolytic path. Other
evidence 2% 265 however, mainly the evolution of carbon dioxide from
disproportionation of the acetoxy radical (CH,COO* — CO, + CHj)
suggests that up to 10%, of the oxidation of amines with diacetyl
peroxide may occur via a homolytic path (Scheme 27) 26¢, The actual

-~

ReNH + (CHaCO),0; ——» RNH* + O—CO—CHjg 4+ O—CO—CH,

(23)
—> RN + O—CO—CHg + HO—CO—CHy ——» R;N—O-—CO—CH,
(24) + CH3CO,H
ScHEME 27.

amount probably depends on the structure of the amine, and is
greatest for arylamines %% The predominance of a heterolytic process
may well arise from the formation of a cyclic transition state (25), in

O...,
Ac—C'/" H
O.. . N\
O‘ ]
Ac—C=0
(25)
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which the neighbouring acyl (or aroyl) oxygen acts as a base and
facilitates proton abstraction from the amine in a concerted pro-
cess 266, Since a similar interaction would also account for the higher
reactivity of acyl peroxides compared to alkyl peroxides, cyclic transition
states may be a feature of amine oxidations by all types of acyl and
aroyl peroxides, at least in hydroxylic solvents.

Reaction of secondary aryl and mixed alkyl aryl amines with
benzoyl peroxide results in the formation of some o-hydroxybenz-
anilides as well as the expected O-benzoyl derivative. In some cases the
yield of o-hydroxyl derivative may be as high as 40%,267. Several
mechanisms have been proposed 268, but most of the recent evidence
points to a reaction (Scheme 28) involving the initial heterolytic forma-

o)

\Y
>C—Ar
R H R @)
\N/ \N/
+ (ArC0O);0, —> @ +  ArCOgH
(26)
Q
N\
>C-—Ar O\\
AN R o AN
N/ N ] N
O—C—Ar OH
—_ —_
(27)
ScuEME 28.

tion of the N-alkyl-substituted O-benzoyl phenylhydroxylamine (26),
which then rearranges to give the ring-substituted product (27). For
example, the initial formation of 26 has been clearly demonstrated by
reacting diphenylhydroxylamine with benzoyl chloride, from which
N-phenyl-o-hydroxybenzanilide is obtained in high yield 263, The exact
nature of the rearrangement process is not entirely understood, but the
predominance of a heterolytic process seems most likely. The related
rearrangement of arylhydroxylamines to aminophenols by an ionic
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mechanism is well known?6°, Also, Huisgen and Bayerlein2%® have
reported that the reaction of N-ethylaniline with benzoyl peroxide,
which leads to ring-substituted products, does not initiate the poly-
merisation of styrene. However, studies of the oxidation of diphenyl-
amine with oxygen-18 labelled benzoyl peroxide 262- 27¢, and of carbon
dioxide evolution in oxidation with diacetyl peroxide 26* (see p. 328),
suggest that a small fraction of the hydroxylamine formed initially,
may, in fact, rearrange to ring-substituted products via a homolytic
path.

2. Tertiary amines

The products from diacyl and benzoyl peroxide oxidation depend
very much on the structure of the tertiary amineZ2":272, The initial
step in all the reactions appears to be the usual electrophilic attack by
peroxidic oxygen on the free amine to form a quaternary hydroxyl-
amine derivative (28). Thus the rate is reduced by electron-withdraw-

RoN + (ArCO);0; — > RyN—O—COAr + ArCO; (82)
(28)

ing substituents in the amine?7® 274 but increased when these are
attached to the peroxide?’®. More direct evidence for the polar
character of the initial reaction is the isolation of N-acetoxytrimethyl-
ammonium bromide [(Me;NO—COCH;) *Br~] at low temperatures
from the reaction of diacetyl peroxide on trimethylamine?7%, and
spectral evidence for the formation of an ammonium ion

[N(CH,CH,);N—O—COPh]

in a solution of triethylenediamine and benzoyl peroxide2?. As
mentioned before, Denney and Denney26? have shown that the
corresponding reaction of benzoyl peroxide with secondary amines is a
non-radical process. The intermediate quaternary hydroxylamine
derivative (28) can undergo subsequent reaction in a number of ways,
depending on the structure of the tertiary amine.

Thus tertiary alkylamines containing an alkyl group beta to nitro-
gen (i.e. containing the structure R,N-—CH,—CH,—) first eliminate
benzoic acid to form a quaternary imine (29), which subsequently
loses a proton to give an enamine (Scheme 29) 27, The enamine may

RoN + (ArCO);0; ——> RyN—O—CO—Ar + ArCO,-
Ha Hz

l l
CHs CHa
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ReN—O—CO—Ar RoN + ArCOZH RoN
CH, — > CH — CH
o e L,

(20)
ScueMme 29.

undergo hydrolysis to form a secondary amine and an aldehyde: this
reaction is useful for demethylating tertiary alkylamines?7®, If, how-
ever, one of the alkyl groups is benzyl, the quaternary imine (30) is
hydrolysed to a secondary amine and benzaldehyde directly (Scheme
30) 27, Reagents other than benzoyl peroxide, such as perphthalic

RoN + (ArCO),0; — > RgN—O—COAr + ArCO,-
|

CH, Ha

| l
Ar Ar

RyN—O—COAr — > R,N + ArCOH

L, dn

| |
Ar Ar

(30)
Rzﬁl O, R,NH + ArCHO + H*
CH

I
Ar

(30)

Scueme 30.

acid 2712470 produce similar transformations in tertiary alkylamines,
but it is not clear whether these are always heterolytic processes.
Tertiary aryl alkyl amines, e.g. N, N-dimethylaniline, generally
undergo dealkylation with benzoyl and other diacyl peroxides?272:
primary alkyl groups other than methyl are cleaved more readily than
secondary, and secondary more readily than methyl2?5. These
reactions have been subjected to extensive investigation, but many
important details remain unclear. Very recent work has again em-
phasised the complexities?”” and a full discussion of these is outside
the scope of this review. Walling and Indictor 2”® have suggested that
the rate-controlling step is the formation of the quaternary hydroxyl-
amine derivative (31). This intermediate probably decomposes rapidly,
as in Scheme (31), via two competing paths, although there is some
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CHs CHj,
Al + (ArCO)0, Sow, A[rfxl—o_COAr + ArCO,-
o L,
(31)
CH,
HONN Arl[\l”' + ArCO—O*
(IiH” CHs
ArN—O—COAr (32)
(|ZH3 CHs
31 |, Ar + ArCOM
I,
(33)
CHa CH,

| I

Arﬂl’f + HO —> ArN + HCHO
CH, !

(33)

ScueME 31.

evidence against 31 being the branching point2™. One competing
path (a), is heterolytic and leads to the formation of a quaternary
imine (33), which on hydrolysis leads to the formation of the major
products—dealkylated amine and formaldehyde28°, The isolation of
other minor products also requires the formation of 33276-281 The
other competing path (b) involves disproportionation to give a radical-
cation (32). There is also spectral evidence for the formation of radical
intermediates®®%, and the formation of N, N, N’, N'-tetramethylben-
zidine in fairly high yield in some solvents276:283 seems to imply the
intervention of a homolytic path. Controversy still exists over the
relative importance of the radical and ionic paths. The system’s low
efficiency as a polymerisation initiator277-28¢ and Horner’s 285 related
studies of oxidation with diacetyl peroxide, suggest that homolytic
decomposition is relatively small. On the other hand, recent kinetic
studies have been interpreted in terms of a radical rather than an
ionic mechanism 283- 286, In all probability, the contribution from each
path depends on the experimental conditions and the reactants
involved.
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3. Primary amines

Primary amines react less readily with diacyl peroxides than either
secondary or tertiary amines. The reaction results in a complex
mixture of products?®’. From aniline and benzoyl peroxide, for
instance, benzoic acid, benzanilide, azoxybenzene and a little o-
hydroxybenzanilide can be isolated28"®. Their formation can be
rationalised from an initial attack by benzoyl peroxide to give both
O-benzoylphenylhydroxylamine (34) plus benzoic acid and benzanil-
ide (35) plus perbenzoic acid (Scheme 32). Subsequent hydrolysis,

—> ArNH—O—COAr + ArCOzH

ArNH, + (ArC0),0, (34)

> ArNH—COAr + ArCOOQO,H
(35)
ScHEME 32.

oxidation, condensation and rearrangement, like those discussed
previously for secondary and tertiary amines, would account for the
other products, but the details at present are speculative.

From related studies with diacetyl peroxide, Horner and Anders?26*
conclude that oxidation of primary aromatic amines is an entirely
heterolytic process. They find, for instance, that no carbon dioxide is
evolved as would be expected if acetoxy radicals were formed in the
oxidation process (CH;COO-— CO, + CHjy-). Since the products
are analogous to those obtained with benzoyl peroxide, the same
conclusion may also apply to the latter reagent. More recent studies 282,
however, claim to detect the presence of free radicals in the oxidation
of aniline with benzoyl peroxide in solvent benzene.

C. tert-Butyl Hydroperoxide

At somewhat higher temperatures (40° to 100°c) than is usual for
peroxidic oxidations, ¢-butyl hydroperoxide reacts with amines in an
entirely different way from other hydroperoxides. The overall result
is not substitution on nitrogen (although this may be the initial step),
but the formation of various products arising from either hydrogen
abstraction or dealkylation. In this sense, oxidation by z-butyl hydro-
peroxide at high temperatures is reminiscent of non-peroxidic reagents.

Primary alkylamines possessing a-hydrogen atoms form imines in
good yield (60%,) 28, The overall reaction is illustrated by equation
(83). The imine may then either hydrolyse or oxidise further to a

RCHyNHz + t-BUOOH ——> RCH=NH + t-BuOH + H30O (83)
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nitrile. Primary alkylamines without «-hydrogens (such as f-octyl-
amine) react less readily to give the corresponding nitroalkane as the
principal isolable product 28, This reaction is therefore typical of other
hydroperoxides (see section A).

Secondary alkylamines also form imines with ¢-butyl hydroperoxide
(Scheme 33), which then undergo reversible hydrolysis to a primary

(RCH2)2NH + t-BUuOOH ——» RCH=N—CH,R + t-BuOH + H,O
RCH=N--CHzR + H,O ———= RCHO + RCH,yNH,

ScHEME 33.

amine. For example, diisopropylamine yields isopropylamine almost
quantitatively 288,

Tertiary amines with #-butyl hydroperoxide at high temperature
(about 70°c) dealkylate in an extremely rapid reaction (equation
84) 288,289 The resultant secondary amines may then react further 289,

(RCHz)sN + t-BUOOH —> (RCHg)sNH + RCHO + t-BuOH (84)

At lower temperatures in the presence of catalytic amounts of V,Oq,
dealkylation does not occur and an amine oxide, the usual product
obtained with hydroperoxides, is formed 2°.

The mechanism of these oxidations is by no means clear-cut, but
inhibition by free-radical traps indicates a homolytic process probably
involving #-butoxy radicals (¢-BuO-). De la Mare?2%® originally sug-
gested that his observations could be explained by the initial formation
of a radical-cation (equation 85), which then underwent a complex

(RCHZ)gNH + t-BuOOH —» [RCHJI]—CHZR]J' + t-BuO" 4 OH- (85)
H

series of chain-transfer reactions to give the products. More recent
electron spin resonance studies, however, reveal the formation of a

relatively stable N-oxide radical |RCH,—N—CH,R] in these
|

6
reactions 289- 291, This can be explained by a mechanism in which the
initial reaction is the usual N-substitution by peroxidic oxygen to form
the hydroxylamine, which then reacts with another molecule of t-butyl
hydroperoxide to give the N-oxide radical (equation 86) 288-291,
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(RCHZ):NH + t-BuOOH ——> (RCH_Z);NOH + t-BuOH
(RCHg):NOH + t-BuOOH ——> (RCHZ);N—O- + t-BuO" + H,O (86)
(RCHZ);N—O+ + RCH,;NCH;R ——> RCH—N—CHR + RCH,NCH,R
} . on
REH—N—CHgR + t-BuO: ——» RCH=N—CH,R + t-BuOH

H
ScHEME 34.
The latter reacts further as shown in Scheme (34) to form a ketimine
from the secondary amine.

The t-butoxy radical itself can abstract a-hydrogens directly. This is
evident from studies with di-t-butyl peroxide, which decomposes
homolytically at temperatures above 125°c ((¢-Bu),Og — 2 t-BuO-).
Primary and secondary alkylamines react to form imines2®2. The
mechanism has been viewed as a radical chain sequence following
abstraction of the e-hydrogen?®? (Scheme 35). Tertiary alkylamines

(t-Bu);03 —> 2t-BuO-
RCHaNHy + t-BuO.- ——» RyE—NH, + t-BuOH
RgC—NHg + (t-Bu);0; —> RyC=NH + t-BuOH + t-BuO.
ScHEME 35.
apparently do not react?®%, but Henbest and Patton?®® have shown
that tertiary aryl alkyl amines dimerize to form ethylenediamine
derivatives. For example, dimethylaniline is converted to N,N'-
dimethyl-N, N'-diphenylethylenediamine in 28%, yield (Scheme 36).

(t-Bu);0; —> 2 t-BuO-

CeHs
CoHgN(CHa)p + t-BuOs ——> /N—'CH2 + t-BuOH
CHg
CsHs CeHs CSHS
AN N
2 N—CH; ——> N—CH,—CH,—N
CHg CHs CHg
ScHEME 36.

D. Ozone (03)

Primary and secondary aliphatic amines are decomposed by
ozone 2?4, Tertiary aliphatic amines are converted readily to the

v -
corresponding amine oxides (R;N— O). This reaction is of
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synthetic value and has been reviewed from this standpoint2562. 295,
Tertiary aromatic amines do not normally give well-defined products
and carbon-nitrogen bond fission often occurs294 29, Kolsaker and
Meth-Cohn?%, however, have recently identified N-formyl-N-
methyl-p-nitroaniline (36), N-methyl-p-nitroaniline (87) and the

amino peroxide (38) as products from the ozonolysis of N, N-dimethyl- i

p-nitroaniline (equation 87).

HsC CHO HsC H
Ve
N(CHs)s N W
OS
N02 N02 N02

(36) (37)
HgC C
\N/
‘
NO,
(38)

The ozonolysis of tertiary aliphatic amines is by far the most im-
portant reaction: it is exceedingly facile and may reach explosive
proportions unless carried out at low temperature. Several groups of
workers 294 297,298 have recently described the preparation of amine
oxides, via this reaction, in high yield. The solvent appears to be very
important, and the highest yields of N-oxide are obtained in chloro-
form, carbon tetrachloride and methanol?®”. In petroleum solvents,
amine oxide formation is inhibited and appreciable carbon-nitrogen
bond fission occurs?®* 297, Henbest and Stratford 2°7 have made the
most detailed study of the products obtained under various conditions.
In chloroform or methanol, they find that tributylamine, for example,
is converted to about 60%, of the N-oxide: other products include small
amounts of dibutylamine, dibutylformamide and dibutylbutyramide.
In hydrocarbon solvents, the yield of N-oxide is negligible, dibutyl
amine being the major product at —45°, dibutylformamide at 15°c.
These findings are explained by suggesting that the amine can form

either the N-oxide directly or a carbinolamine (Scheme 37). Decom-
position of the carbinolamine via various paths leads to the dibutyl

Hy—O—0—
2 O H2C\N/CH

3
(87)
NO,
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Oa N =
—2 > BusN — O
BugN ——
Oz BusNCH(OH)Pr ———> Various BuN— products

ScHEME 37.

products. The function of the solvent is not clear. It has been suggested
that either hydrogen bonding2°7, or the formation of charge-tfal.nsfer
complexes 2°8, between the tertiary amine and polar solvents facilitates
substitution on nitrogen.

The mechanism of amine oxide formation has not been studied
closely. The reaction has a first-order dependence on both amine and
ozone concentrations2®® and almost certainly involves a slow electro-
philic attack by the terminal oxygen on the amine ane-pair elf:ctrons
(equation 88) as the conjugate acid of the amine is unreactive?%%.

RfTY + 0=0O—0 —> Rsﬁ—o’(—)—o—‘-\c")

l

. (88)
R3N—O + Og

E. Potassium Permanganate

Neutral or alkaline solutions of permanganate usually abstract
a-hydrogens rather than substitute on nitrogen?®. The resultant
imine (equation 89) reacts further to give a multiplicity of products.

RCHaNH; £MQ:y RCH—=NH (89)

For example, benzylamine forms benzaldehyde2°°%, or condensation
products2%2™¢, and diethylamine is oxidised to a mixture of acetic
acid, ammonia, ethanol and acetohydroxamic acid 3°°.

When the alkyl group is tertiary, as in ¢-butylamine, there is no
a-hydrogen to abstract and the reaction takes a different course.
Substitution then occurs readily on nitrogen to give a nitroalkane in
yields of up to 80%, (equation 90). Kornblum3°! has recently reviewed

(CHg)sCNHg KMy (CH,).CNO, (90)

this reaction. The formation of the nitroalkane presumably proceeds
via the hydroxylamine and nitroso intermediates, as with peroxidic
reagents.
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F. Miscellaneous Reagents

At temperatures below —42°c, gaseous oxygen difluoride (OF,)
converts prlmary aliphatic amines either to their nitroso or to the
isomeric oxime derivatives (equation 91)3°2, Although oxygen di-

3 RCHaNH; + OF, ——> RCHyN=0O + 2 RCHZI:IH;,IE

u

RCH=NOH

fluoride must be handled with great care, the reagent appears to be
most useful as the only one available for ox1d151ng alicyclic amines,
Cyclopropylamine, for example, yields 409, of n1trosocyclopropane
The mechanism has been viewed as a direct attack on the amine
lone pair by oxygen, made strongly electrophilic by the presence of
two fluorine atoms. Aromatic amines, however, react slowly even at
ambient temperatures and form 1ndeﬁn1te polymeric products, typical
of homolytic rather than heterolytic oxidation.

Several non-peroxidic reagents, including phenyliodoacetate 393,
lead tetraacetate 3°%, sodium borate ®°® and manganese dioxide3°¢ are
effective in converting aromatic primary amines to their azo derivatives.
It is unlikely that the azo compounds are formed, as in peroxidic
oxidations, via condensation of unreacted amine with the nitroso
1ntermed1ate Instead, the mechanism is probably homolytic involving
initial hydrogen abstract10n from nitrogen to give an anilino radical,
followed by dimerisation to hydrazobenzene and further oxidation of
the latter to the azo product (Scheme 38). The very facile auto-

ArNH; —2 > ArNH- + H-
2 ArNHe ——— ArNH—NHAr
ArNH—NHAr —2 5 ArN—=NAr + 2 H-
ScuHEME 38,

oxidation of aromatic amines to azo compounds occurring in strongly
basic solutions®®?, and in pyridine catalysed by cuprous chloride3°8,
may also proceed via a similar homolytic pathway and not requlre
the formation of peroxidic intermediates.
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I. INTRODUCTION

The formation of >C=N— and —N=N— double bonds may take
place by several different types of reactions. In order to keep the
subject to manageable size, this chapter is concerned only with the
formation of such bonds by condensation reactions. By describing a
reaction as a condensation we mean to imply that after the reactants
have come together some substance such as water, alcohol, or am-
monia is eliminated. The emphasis of the chapter is on the mechanism
and catalysis of these reactions. Preparative methods have not been
emphasized since they have recently been treated elsewhere!-2. The
bibliography does not represent an exhaustive survey of the field and is
weighted in favor of recent publications.

IIl. THE AZOMETHINE LINKAGE, >C=N—

A. Formation in Condensation Reactions

Aldehydes and ketones undergo reversible condensation reactions
with primary amines to give products containing an azomethine,
>C=N—, linkage and water. The reaction of carbonyl compounds
with secondary and tertiary amines generally does not result in the
formation of an azomethine linkage. Carbonyl compounds having
an e-hydrogen atom react with secondary amines to give enamines.
When, however, the perchlorate salts of the secondary amines are
employed, ternary iminjum salts are obtained3 The reaction of
certain cyclic ketones with tertiary amines at low temperatures re-
sults in unstable complex formation 4.

Imines are generally not obtained from the reaction of carbonyl
compounds with ammonia as the carbon-nitrogen double bond has
no particular stabilization and tends to enter into polymerization
reactions®. The product of the reaction of formaldehyde and am-
monia is hexamine (1) 7, and reactions of other aliphatic aldehydes

N
NH
7 R R
cH, (':Hz CH, \TH TH/
N
CHs~ CH,
NZ >N HN NH
e, \CIH/
R

o @

7. Carbon-Nitrogen and Nitrogen-Nitrogen Double Bond Reactions 351

with ammonia result in the formation of hexahydrotriaziye compounds
(2) or a-amino alcohols® 9. Aromatic aldehydes react with aqueous or
alcoholic ammonia at room temperature to give hydroamides!- 1!
(equation 1) although the reaction has been found to stop at the
imine when carried out in a very dilute aldehyde solution 213,

3@—&{:0 + 2NH; —»
@—CH <N:CH@> + 3HO (1)
2

Diaryl ketimines are more stable than alkyl aryl ketimines which in
turn are more stable than the purely aliphatic ketimines since con-
jugation increases the thermodynamic stability of the azomethine
linkage !4, Benzophenone imine (3), with a melting point of 48°c is
quite stable!®. Although the monoimine of p-benzoquinone is very
unstable, the diimine (4) is sufficiently stable to be studied spectro-
scopically 6. \

o .

C=NH

NH
@ )

N-Substitution considerably increases the thermodynamic stability
of imines. Thus Schiff bases, as N-substituted imines are commonly
called, are generally obtained as the condensation products of the
reaction of primary amines with carbonyl compounds (equation 2).

AN AN
C—=0 4 RNH; —— /C:NR + H,0 @

The reaction is reversible and reaches equilibrium noticeably short
of completion!?. When the reaction is carried out with an amine that
has an electronegative atom containing at least one pair of unshared
electrons adjacent to the attacking nitrogen atom, such as hydroxyl-
amine, semicarbazide or hydrazine, the equilibrium is essentially
complete and the condensation product may be readily isolated.
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When aromatic amines are condensed with n-butyraldehyde in the
absence of even trace amounts of acid, Schiff bases are not the ex-
clusive condensation products. Dimers have been isolated from the
reaction medium and investigation has shown them to have an
enamine structurel8,

In addition to the above equilibrium considerations, kinetic studies

also have been used to elucidate the relative reactivities of imines. The -4

effect of electron withdrawal and donation on the reactivity of the
azomethine linkage has been found by investigating the rates of
hydrolysis of several meta- and para-substituted diphenyl ketimines. A
plot of the logarithms of the rate constants of hydrolysis versus
Hammett sigma constants gives a p value of 2-001%. The positive p
value indicates that the reactivity of the azomethine linkage is in-
creased by electron-withdrawing substituents while substituents
capable of electron donation decrease its reactivity.

Recently, a case was reported where the reaction of an aromatic
aldehyde with an aromatic amine does not lead to a Schiff base 2,
When o-nitroaniline is heated with an excess of benzaldehyde, the
expected Schiff base, N-benzylidene-o-nitroaniline (8), is obtained as
the major product. When, however, the same reaction is carried out
with excess o-nitroaniline, 6 is obtained as the sole product. The

NH
@CH:N@ @—CH/ Yo
~ 2

NH

O,N
(5) (6)

strongly electron-withdrawing nitro substituent enhances the electron
deficiency of the carbon atom of the carbon-nitrogen double bond,
thus increasing its susceptibility to attack by another amine molecule.
The formation of 6 is consistent with the positive p value obtained in
the Hammett plot. One other stable compound similar to 6 has been
reported, N, N-trichloroethylidene-di(o-nitroaniline) obtained by the
condensation of ¢-nitroaniline with chloral 21,

Several factors other than conjugation and inductive effects have
been found to affect the reactivity of the azomethine linkage. Ortho
and para hydroxy-substituted diaryl ketimines are unusually stable to-
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22 This inertness could be due to a phenol-imine

ward hydrolysis . Extensive existence of ortho and

keto—amine tautomerism® as in (3)
O
C

OH
— HO C@ pr—
He <:/§ l@ G il
*NH, NH,
OH
5O -

*NH;

para hydroxy-substituted ketimines'in. thf: keto—amine forrp rr;lght
account for the slow rate of hydrolysis since the keto—amlne. orr(ril
should not be subject to hydrolysis. Ortifo and para methoxy-substltlutef

diaryl ketimines also show comparatively slow rates of hydrolysis.
These compounds are not capable of tautomerism b.ut resona}ilge
contributions from the amine forms could be responsible for their

resistance to hydrolysis (equation 4).

20- OO — OO
* LI:HZ NH;, )

nuclear magnetic resonance spectra of Schiff bases formed
fro'fnh;rimary amings and ortho-hydroxy aldehydes and ketones shov(;
that the Schiff bases derived from 1-hydroxy-2-acc.:tonaphthone an
from 2-hydroxy-1-naphthaldehyde exist as keto amines (7a) although
their formation involves loss of most of the resonance energy of
one of the aromatic rings?3-2°, When R is a phenyl group, the phenol-
imine tautomer (7b) predominates 2%, Schiff bases der_lve.d from ortho-
hydroxy aldehydes and ketones have the phenol—lm}ne structure
(8)28.26, Evidently, in such compounds the keto-amine tautomer

H. R
N o N
P I
(7a) ()
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N
HCZ= "H OH
C') N¢CH
® ®

does not provide sufficient stabilization to compensate for the reso-
nance energy that is lost in its formation. The keto—amine tautomer is
observed when acidic solutions of 8 and its para isomer are made to
undergo photochemical isomerizations, but its half-life is of the order
of 1 msec?". The infrared spectra of Schiff bases of amino acids with
3-hydroxypyridine-4-aldehyde, 3-hydroxypyridine-2-aldehyde and
salicylaldehyde show the presence of two tautomeric species although
the compounds have been found to exist predominantly in the keto—
amine form?®®. Spectroscopic studies show the existence of strong
intramolecular hydrogen bonding in Schiff bases such as 829-3¢ hut
hydrogen bonding is not observed in the isomeric compound 9 be-
cause of unfavorable steric conditions.

Nuclear magnetic resonance studies were also made of Schiff bases
obtained from amines and aliphatic B-diketones. These compounds
can exist in any of three tautomeric forms, the keto—imine (10), the
keto—enamine (11) and the enol-imine (12)35, It was found that in

R R R

\/CZO \C:O_' \}/:—C{
HaG —— H¢ A —= n& H
N/ N
/ :N\ /C——N\ /C:N\
R R1 R R1 R A1
(10) (1) (12)

solution these bases exist predominantly in the keto—enamine form 8- 37,
The position of the equilibrium is not altered by variation of the
solvent or of R 38,

Steric hindrance also appears to affect the resistance of the azo-
methine linkage to hydrolysis. A chloro substituent in the orzko
position of diphenyl ketimine causes a much slower rate of hydrolysis
than does a similar substituent in either the mefa or para position. The
rates of hydrolysis of dimethyl diphenyl ketimines decrease in the
order shown. Several hours of refluxing in aqueous solution are re-
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uired for the 2,6-disubstituted compound to show any hydrolysis

at 3.1119.
CHs CHs
TI\IJH NH
CHy

CHs CHg
O Qﬁ@
NH
B. Metal lon Promoted Condensation Reactions - .

The condensation reactions of carbonyl compouqu with pr;n}ary
amines are influenced by the presence of metal ions. Meta ions
bring together reactants in a structure suitable for complex forl;na.tlog
so that products are obtained in their presence that are obtaine

i i ir absence.
sparingly or not at all in their a : o
pMet%J.l ions in condensation reactions may trap a reaction uiliter1
mediate which would otherwise proceed to f:orm a'dlfferent. n}?
product. The condensation of methylamine with atdlketones in t5 e
presence of a metal ion results in Schiff base formation (equation 5).

/CH3 2+
CH
o=c” " Nac—cH, + 6HO (5
M2+ + 6NH2CH3 + 3 —é —_— M N§'C_CH3 o ( )
T CH, \ 3
CHs

M2*= Fe(1). Ni(), Co(n) '
In the absence of metal ions, the a-diimines form polymeric condensa-
1 39-41
tloilnp;}?e(i l2:.(1:)tssence .of metal ions the condenszf.tion of a-dlke.to'nes wllgh
B-mercaptoethylamine results in the formation of thlaz%hilngs ( ec)1
as major products with some evidenc.e for the formation o tf e ](:Slllén)
Schiff base in low yields#2-#* (equation 6). The addition o mcli
ion to the reaction medium enhances the YICIFI of Schiff base ( . )t }tlo
greater than 70%, (equation 7)*°. Nickel(ir) ion com})lnes w1tS hjfi‘
reactants and with the thiazolidine as well as with the Sc
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R
e G\ \ SCH
| || 1 2HNCHCHpSH == 7] =S | +2m0 ©)
O HZC\,I\l \T/CHz
H H
(13)
CH,CH
R R R\C:N/ ’ 2\5
e 2 ~u @
+ 2 HaNCHCH SH + Nit? — Ni (7
O O /C—N\ /S
R CH,CH,

base, but the equilibria are such that metal ion complex formation
with the Schiff base is favored. The Schiff base complex can also be
obtained from the thiazolidine by heating it in a solution containing
the metal ion *°. Reactions in which metal ions can extract a particular
compound from either reactants or products have been referred to as
equilibrium template reactions 5.

A metal ion may also serve as a template to organize the course of a
stereochemically selective multistep reaction. The coordination sphere
of the metal ion or metal—chelate compound induces the ligand mole-
cules to orient themselves in a manner suitable for condensation and
chelation, the succession of reaction steps being determined by the
metal ion. Such reactions, known as kinetic template reactions, are
useful in the synthesis of large organic ring structures %5,

In the absence of metal ions, the self-condensation of ¢-amino-
benzaldehyde results in a trimer (15)*7-48, When the condensation
is carried out in the presence of metal ions, a closed tetradentate
macrocyclic ligand (16) is formed. This reaction has been established

CH
XN

HC

NH, I

CH ,L

N=CH
Né/ Vs
O=—CH I
(15) 1s)
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| i 49 i(u

for the three metal ions, Ni(11), Zn(cil) and 1Co((il)t ic.le:::;nmljcgo?
i d product, a closed tr

is used as the metal ion, a secon : . )

1csyclic ligand (17), is isolated from the condensation. This com

(17

ion in the usual sense but is
d does not enclose the metal ion in t :

E(())(;llilinated on one face of the pseudo-octahedral environment about
Ni(1) %°. .
thfé]orln(p())unds such as 18 and 19 have been pr(?duced by the. amine-
catalyzed condensation of bis-ethylenediaminemcke'l(n) chloride with
p-diketones, B-ketoimines and with substituted salicylaldehydes and

R R o o
s
Yoo O0—§ X ~. X
7N TN Ni
HC Ni CH N
\C:N/ \N—_—'C/ C=N }\I:C\
CHa/ \CH2CH2/ \CHa R/ \CH2CH2 R
(18) 19)

o-hydroxyacetophenones®?. It has been suggested. that these condensa-
tions are also examples of kinetic template reactions.

C. Miscellaneous Condensation Reactions

In addition to the formation of compounds containing a >C=N—
linkage by the condensation of Primary 2'1mines w}th carbonyl tc}(l)lr::;
pounds, several other condensation reactions leading to azome

linkages are known. ‘ . . .
WEen diethyl ketals are refluxed with primary amines, SCh}ff ba;les
are obtained (equation 8)°52. Aromatic amines give considerably
better yields than aliphatic amines. . )
eSchi}flf bases have been obtained from the condensation of primary

amines with gem-dichloro compounds (equation 9) %3
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/OEt + ©/ @l— —O+2EtOH

e
C[@C_CI *@—C——Ncw + 2HCI
+ CHyNH, ——

o |

Aromatic ketones react with the alkali metal or calcium salt of 3

primary amines to give Schiff bases (equation 10) %4,

Q. O
el
o

Schiff bases have been obtained by the reaction of phenyl azide
with thio ketones (equation 11)% or with carbonyl compounds

SC WL e S
& O—g=0

(equation (12)58

@CH:O + ©>N3 —_—> @—CH:N——@ (12)

Cyclohexanone when refluxed with urea in a basic medium gives
cyclohexylidene 2-carbamyleyclohex-1-enylamine in 287, yield®",

(11)

C=N—© + NaOH (10)

i 59
7. Carbon-Nitrogen and Nitrogen—Nitrogen Double Bond Reactions 3

lieved
Urea splits into ammonia and isocyanic acid. The reaction is be

to involve an enamine intermediate (equation 13).

O—:O+NH =HO, NH, + HNCO—HQ—
Cc=—0

\
NH,
Qe Oro2e QD
C=0
C-—O N
NH
NHZ 2

Phenylisocyanate with p- -dimethylaminobenzaldehyde®® as well as
with thioketones yields Schiff bases (equations 14 and 15).

( 3)2N

ey + Orveo —
2
<(CH3)2N@CZN@ + COS (15)
2

Nitrosobenzene reacts with alkylidenetriphenylphosphoranes to give

Schiff bases (equation 16)5°.

@N:O + Ph3P:CH© -
@—N:CH@ + PhsPO  (16)
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Nitroso compounds also give Schiff bases by condensing with

compounds that have active methylene groups (equation 17)°

O
O+ vl —.

oximes (equation 18) 61,
i g
l
RCH,CR! + HONO ———» RC——C—R! + H,0

D. Base-catalyzed Tautomerism of Schiff Bases

Imines are capable of the following type of tautomerism. Strong.

RCHe=N—CHR!
——

8 HB8
RCH=NCH,R! — [ ] ——= RCHyN=CHR!
HB 8

(20) (21) (22)

nucleophiles facilitate the occurrence of this relatively immobile
tautomerism 264, Investigation of the tautomerism in compounds in

which the e-carbon of the amine is optically active has shown that the ‘,

rates of tautomerism and racemization are the same, and that the
initial rates of racemization and deuterium exchange with the solvent
are also identical. These observations were interpreted as the occur-
rence of a concerted process, the base removing a proton from one
carbon with simultaneous donation of a proton from the solvent or
from the conjugate acid of the base to the other carbon®s. Later
investigation showed that carbanions (21) intervene as intermediates
in these tautomerisms. The identity of the initial rate constants of
tautomerism, racemization and deuterium exchange are attributed
to a carbanion collapse-ratio that strongly favors the product®®. This
tautomerism of Schiff bases has considerable biochemical importance
since transamination among pyridoxal and «-amino acids occurs in
this way 7,

E. Phenylhydrazone-Phenylazoalkane Tautomerism

The isomerization of phenylhydrazones involving the hydrazone
(23), azo (24) and ene-hydrazine (25) forms has been the subject of

7. Carbon-Nitrogen and Nitrogen-Nitrogen Double Bond Reactions

O ‘//,
] l :
@N:C(CR)Z + @fT:C(ICR)Z a7 4

Active methylene groups also condense with nitrous acid to give . 8

(18) |
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RCHy ,
RCH2 — ™ - -~
\C:NNH© = _ChN=N
oo R

(24)

RCH:?—NHNH—@

e

(23)

considerable investigation®®. On the basis of spe.ctrosc%}?;c 'ev1deri:§i
phenylhydrazones had been reported to tautomerlzss ;'e% i g 1nt }I:C;l rel
solutions to the corresponding phenyl.azoalkanes $ 70, dur ee o
vestigation showed that the spectroscopic changes obselrved wer  due
not to tautomerism but to autoxidation of the. pheny. h%r ratzor; i o
1-hydroperoxy-1-phenylazoalkanes™-"® (equation 19). Spectra

R
R ~
N\ Os C—N=—N
R/C—NNH‘@ g 19

OOH
(26)

dence confirmed the structure of 2674 Recent infrared and nuclear
magnetic resonance studies indicatfz t}}at in non-polar sot}vengsz,(zlg ’?(si
pure liquids, phenylhydrazones exist in the hydrazqne orm P
while the presence of a carbon—carbon doubk-: bqnd in the'lr d1n r:L ea
spectra in methanol has been reported ™. This .dlfference indica ’;?h
tautomeric shift to the ene-hydrazine structure in polar solvent;. 1e
polarographic curves of twenty-four phenyl- -and met;lyll}l) f}rlll?; ;
hydrazones in aqueous methanol show the existence of a
78

talét(())nr?: rIs)he.nylhydrazones show hydrazone—az9 tautomerism l1n t};e
pure state as well as in non-polar solvents. For instance, 4-arylazo-1-
naphthols (27) are capable of keto—eno_l.as. well as hydrazon:l:—a}zlo
tautomerism 79-83; The position of equilibrium moves toward the

ol D) = oA =-O)
(@) (

28)
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hydrazone (28) in polar solvents. Solvent polarity affects simple ]
keto—enol equilibria in the same direction 8¢, Electron-withdrawing §
substituents in the meta and para positions also shift the equilibrium 4
toward the hydrazone while the relatively electron-withdrawing 1
azo-grouping is stabilized by electron-donating substituents. Ortho-
substituted CH;O, CI and NO, derivatives all exist mainly as the 4
hydrazone. This can be attributed to stabilization of the hydrazone. '’
by intramolecular hydrogen bonding®s,

F. Geometrical Isomerism §
A >C:N—— linkage may play the same part in geometrical iso-
merism as a >C=C< linkage. The nomenclature is different, the 1
terms cis and trans used in alkene chemistry being replaced by syn
and ant. In aldehyde derivatives, syn refers to the isomer in which the }
substituent on the nitrogen atom is on the same side of the double 1
bond as the aldehydic hydrogen. In ketone derivatives, it is necessary -
to specify the group which is on the same side of the double bond b
(syn) as the nitrogen substituent, e.g. syn-phenyl tolyl ketoxime (29). 1

C—=N

@ “oH

(29)

Rotation about the azomethine linkage resulting in interconversion
of stereoisomers occurs considerably more easily than rotation about a
doubly bonded carbon. This tendency may be accounted for by the
greater electronegativity of nitrogen compared to that of carbon
causing a lowering of the double-bond character of the azomethine

+ -
linkage by polarization, >C:N— > >C—N—. Nevertheless, many
examples are known where both isomers of amine derivatives of
carbonyl compounds have been isolated and characterized. These
compounds, therefore, are distinguished from compounds containing
saturated nitrogen atoms which rarely occur as stable stereoisomers.

In only two cases have both the syn and anti forms of imines been
isolated °%- %, Both reports were of amine derivatives of unsymmetri-
cally substituted benzophenones, and the individual isomers were
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found to equilibrate rapidly in solution at room temperature. When%
however, there is an electronegative group a-dJacent to the mt}'ogenb;)
the imino group, the separate geometric isomers are considerably
more stable and, therefore, more readlly. 1solat.ed. Several reports
have been made of the isolation of the 159mer;i: 9f;)rms of phen;rl-
hydrazones 87-91  semicarbazones®% %, oximes ~ apd N-ha }cl)-
imines®® 9. The presence of the electronegative group increases the
resistance to rotation about the double bond 190 by decreasing the
normal polarization. This decrease in polarization might be attributed
\CZN—"Z_—— <> \(E—I:I—"Z‘—
/ / '
to electrostatic repulsion of adjacent negative charges that gives .the
imino group more double-bond character and allows the separation
of geometrical isomers. . 4
The syn and anti isomers of amine derlvatlv?s of carbonyl compounds
can be distinguished by their proton magnetic resonance spectra. The
chemical shift of the proton depends on whether it is syn or anti to the

anisotropic group, Z, and on the nature of Z. When. Z is NHY, as in
semicarbazones and phenylhydrazones, Hy;, comes into resonance at
lower magnetic fields (deshielded) when it is syn than when it is anti
to the anisotropic group, while e-hydrogens syn to the anisotropic
group resonate at higher magnetic fields (shielded) Fhan the cor-
responding anti hydrogens”®-101-103, Although Hy, is always de-
shielded when it is syn to Z, isomeric assignments from H, must be
made with care since changes in R or in the solvent may reverse the
chemical shifts of the syn and anti a-hydrogens. For example, a-met}}yl
and a-methylene hydrogens are shielded when they are syn to Z with
the difference in chemical shifts being smaller for the latter, but
e-methine hydrogens behave as aldehydic hydrogens and are de-
shielded1%¢. The a-hydrogens of semicarbazones and 2,4-dinitro-
phenylhydrazones are deshielded in solvents such as acetone and
dimethyl sulfoxide!%5. When Z is OH or OR, both Hy, ?,,nd H,, are
deshielded when they are syn to the anisotropic grouploet 1 .When the
peaks in a spectrum have been assigned, the syn:ant ratio can be
determined from integration of the peak areas. Such ratios are re-
ported to be accurate to +5%,7°.
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Syn—anti assignments can also be made from solvent effects. In |
aromatic solvents both ¢is and trans hydrogens come into resonance at |
higher fields than they do in aliphatic solvents. The degree of upfield
shift varies depending upon whether the hydrogens are syn or anti.
Thus 4v values (dv =v in aromatic solvent —v in aliphatic solvent) 4
can be used to determine whether a given compound is the syn or the 1
anti isomer. For example, when Z is NHY, Avgyn > Avgyy, whereas §
when Z is OH or OR, 4y, < 4v,,,, 1. 5

The information obtained from these proton magnetic resonance §
studies has been used to determine relative stabilities of syn and anti 4
isomers. Steric effects largely control the stability of the two isomers. §
In general, the isomer sy to the smaller group is favored. For example, §
for a series of aliphatic ketone semicarbazones in solution the per- §
centage of the syn-methyl isomer is always greater than that of the
anti-methyl isomer and decreases in the order methyl t-butyl > methy] }
isopropyl > methyl n-propyl > methyl ethyl1°%, In addition to steric }
considerations, solvents also have an effect on the stereoisomeric
composition. Those solvents capable of hydrogen bonding with the §

N—H in compounds with the group >C:NNHY stabilize the syn

isomer with respect to the anti 192,

HI. THE AZO LINKAGE, —N—=N—
A. Formation in Condensation Reactions

Compounds containing an azo linkage are most commonly produced ]
by diazo coupling reactions (equation 20) and by oxidation of hydra- |
zines (equation 21) or primary aromatic amines (equation 22).

O+ O —
@N:N@NRZ (20)

Na,Cr,0,
H,SO,

NaBO, _ (22)

RNHNHR RN=—NR (1)
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Formation of azo compounds by condensation reactions is a less
~ommon means of synthesis but can occur by the reaction of primary
firomatic amines with nitrosobenzenes (equation 23)—the Mills

rcaction 108:10%, Aliphatic azo compounds have not been prepared in

this manner.

@—N:O + @—NHZ _
OO =

The sodium derivatives of pyridylamines condense with p-nitrolsl%-
dimethylaniline (equation 24) but the amines themselves do not*°.

N NHNa
N
(CHs)zN@NzNQ + NaOH  (24)

The condensation of N-alkyl- and N-arylhydroxylamines w11t1};
nitroso compounds leads to the formation of azoxy compounds
{(equation 25).

O+ O
OO =
O

The aromatic azo compounds are resonance stabilized (equation 26).

(CHg)N -

O . (=
O =07

Shortening of the carbon—nitrogen bond in trans-azobenzene fr.om1 1123
normal value of 147 A to 1-41 & provides evidence for conjugation=*-.
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Aliphatic azo compounds of the type R—N=NH decompose §
readily into nitrogen and a hydrocarbon. In organic solvents this
decomposition occurs by both a base-catalyzed anionic elimination |
reaction and a homolytic reaction 13, 4

B. Tautomerism 5,\

Azo compounds are capable of undergoing tautomerism (see ]
section ILE). It has been calculated that when resonance contributions |
—CHyN=N— = — CH—N_NH— 1
are disregarded and bond energies alone are considered, the hydrazone }
form is favored over the azo form by 9 kcal/mole 7. i

C. Geometrical Isomerism

The azo linkage is not subject to the polarization forces present in 4§
the azomethine linkage. Geometrical isomers of azo compounds, §
therefore, are more stable and more readily isolated. Azobenzene is |
known to exist in both the cis and the considerably more stable }
trans forms114-115 The almost coplanar structure of the #rans isomer §
allows a considerable degree of resonance stabilization, while in the §
¢is isomer the benzene rings are rotated about 50° out of the plane }
containing the nitrogen atoms*6. In 2-hydroxyazobenzenes hydrogen 1
bonding further stabilizes the trans isomer (30)85117.118, Cis—trans §

N

e
O—H

(30)

isomerization has only recently been demonstrated in aliphatic azo {
compounds. Azomethane which normally exists as the trans isomer 112
upon irradiation at —196°c has been converted to the cis isomer,
which has been isolated 12°,

Azoxybenzenes also exist in ¢is and trans forms. In the less stable
cis-azoxybenzene the rings are rotated 56° out of the plane of the |
nitrogen-nitrogen double bond*?!. Both the ¢is and trans isomers of - §
azoxybenzene itself 122 as well as several substituted derivatives have
been obtained 23124 Azoxybenzenes undergo cis—trans isomeriza-
tions about fifty times faster than azobenzenes?®, This greater rate
1s attributed to weakening of the nitrogen—nitrogen double bond by
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the electron-withdrawing oxygen atom. Likewise, a.zoxybf:nz?nes with
substituents capable of electron donation undergo isomerization more
slowly than the unsubstituted compounds.

IV. CONDENSATION OF CARBONYL COMPOUNDS
WITH AMINO GROUPS

A. General Two-step Mechanism

The kinetics of the formation of semicarbazonesl%: 127 Schiff
bases 128128 oximes'?®, and phenylhydrazones 130"131 in aqueous
solution have been extensively studied. All four reaction systems have
been found to be kinetically second ordex"“’z‘134 ; first orc?er in car-
bonyl compound and in nitrogen base, subj_ect to general acid catalymi
by each acid species present in accord Vylth the. Br?nsted theory1 3(3
general acid catalysis'*>-1%, and not subject to kinetic salt effects'??.
These condensation reactions have been s}}own to PFOCC(?d by a two-
step mechanism involving a carbinolamine addition 1n-tcrm‘ed1aIt§
(equation 27). The rate-determining step of the reaction is p

OH

\c:o + RNHp =— \c/ — \C=NR + H0 (@7)
s

4 \NHR

dependent. In neutral solutions the rate-qgtern.lining step is the de-
hydration of the tetrahedral carbon addition intermediate. At low
pH, however, the dehydration becomes very fast, and, as a rcsult' of
the decrease in concentration of free amine, the attack of the amine
upon the carbonyl compound becomes the rate-lin}iting stc?. T.}us
transition in rate-determining step takes place at higher pH’s with
more basic amines!28, A similar two-step mechanism has t.)c?n pro-
posed for the reaction of imido esters with amincs' to give amidines. In
amidine formation, however, the attack of the amine onlthe protqnatc.d
imido ester to give the tetrahedral carbon ad-dmon 'mtermedlate is
rate determining on the basic side of the maximum in the pH.—r.ate
profile, while decomposition of the intermediate is rate determining
on the acidic side4°. '
Evidence for the two-step mechanism proposed above was obtained
by observing the ultraviolet absorption of a carbonyl compoun'd
before and immediately after addition of a nitrogen b{ise. The addi-
tion of hydroxylamine, methoxyamine or semicarbaz1.de at nt?u_tral
PH decreases the absorption of furfural to about one-third its original
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value within a minute2%, This decrease cannot be attributed to the |
formation of the condensation product, which has a larger extinction §
coefficient than furfural at the wavelength studied. A similar observa-
tion had been made earlier in phenylhydrazone formation L. This §
initial decrease in absorption was credited to rapid formation of the
non-absorbing carbinolamine intermediate. The slow reappearance }
of the peak is due to formation of the condensation product in a slow'§
dehydration step. That a carbinolamine is an intermediate has been
supported by the isolation of stable carbinolamines 9% 142-145, 4

Early kinetic work on the reaction of carbonyl compounds with
nitrogen bases showed that these reactions all exhibit maxima in their §
pH-rate profiles (Figure 1)126:1% when pseudo first-order rate con-
stants are plotted against pH 126,135,136, 146-148 Gy1ch maxima require §

{min."1)

Kobs.

F1GURE 1. The observed first-order rate constants for the reaction of hydroxyl-
amine with acetone as a function of pH?126, {Dashed line: calculated for rate- #
limiting dehydration of carbinolamine. Dotted line: calculated for rate-
addition of free hydroxylamine. The solid line may be reproduced
sidering the change in rate-limiting step to occur at about pH 2-7163)

limiting
by con-

a mechanism of at least two steps for their interpretation. At neutral
pH a build up of the carbinolamine intermediate is demonstrated by
the spectroscopic evidence discussed above. In solutions of low buffer
concentrations rate-determining dehydration of this intermediate
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ium ion- i hway at a rate
ds by an hydronium ion-catalyzed reaction pat :
dz(s)((:::i%ed t})’y equation (28). An increase, therefore, in hydrogen ion

OH

NS

Rate = ko] C [HsO*] (28)
/

NHR

concentration from neutrality to the pK, of the' protonated ar.rzll'ne
increases the rate of the acid-catalyged dehydrau‘on. As the aci 1tzlf
is increased further, its rate-acceleratn}g e.ffect. begms to bfa counter.ed

by extensive transformation of the amine into its inert conjugate iCI f
As the acidity is increased still further, prgctlcally every molecule }?

carbinolamine formed undergoes 1mmec_11ate d'ehydratlon, but t fi
concentration of free base is so low that its addition to th'e carbon}f

compound becomes rate limiting, and the overall reaction rate is
decreased, giving rise to the bell-shaped pH-—rate profile. .

Predominance of acid catalysis on one side of the pH maximum
constitutes further evidence for a change in rate-dt'ater'mmmg step. I_n
oxime formation, the dehydration step, on the pfasm side of the maxi-
mum, is catalyzed by general acids, but the z}c.ld‘1t1on step, on the a'c1gzc
side of the maximum, shows much less sensitivity to such caFa.lys1s .
In semicarbazone formation, on the other hand, the :addltlon step
appears much more sensitive to catalysis bY general .ac1ds than does
the dehydration step!?°. Because pf the d1ffe.ren(‘:e in sensitivity ;_(;
catalysis shown by the two steps, if the reaction is stud1ec.1 at a p
just below the one at which the change in r.ate-determlmng step
occurs, this change can be shown by increasing the catalyst con-
centration. '

Figure 2.A127 shows that at pH 3-27, the rate of s‘ermcarbazone
formation increases linearly with increasing concentration of general
acid catalyst. When the reaction is studied at pH 4-10, c}ose to the.pH
at which the change in rate-limiting step occurs, the linear relation-
ship between rate and catalyst concentration is no longer obsc':r\./ed
(Figure 2.B) 127. At this pH the addition step is still rate c'le'termmmg
at low buffer concentrations. As the catalyst concentration is increased,
the rate of the addition step increases linearly with increasing amount
of catalyst until it reaches the rate of the_ d?}‘xydratmn step. A't this
point the dehydration step becomes rate '11m1t1ng and, since th1srste.p
is not as sensitive to general acid catalysis, the overall rate of semi-
carbazone formation levels off with increasing concentration of genferal
acid and becomes essentially independent of catalyst concentration.
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Providing that complexing of the catalyst to itself or to substrate is ]
ruled out, leveling off of a rate versus buffer concentration curve is i

presumptive evidence for a change in rate-limiting step.

] L Fl 1 1 L
0 0 = b © =
g & o ) S @

> (4 3
© =}

o
Formic acid Propionic acid

Ficure 2. A. Second-order rate constants for p-nitrobenzaldehyde semi- 3
carbazone formation as a function of formic acid concentration at pH 3-27.73
B. Second-order rate constants for acetophenone semicarbazone formation as a 3
function of propionic acid concentration at pH 4-10. (The dashed line is the

rate of carbinolamine dehydration at pH 4-10127,)

Further evidence in support of this proposed two-step mechanism 3
was obtained by studying the reactions of a series of para-substituted
benzaldehydes with semicarbazide to determine the electronic effects
upon the individual steps of the reaction!%®, The equilibrium con- §8
stants for the formation of semicarbazide addition compounds §
show a linear logarithmic correlation with Hammett’s substituent
constants, with a p value of +1-8l. The aldehydes are therefore 3
destabilized, relative to the addition intermediate, by electron- 4

withdrawing substituents. The rates of acid-catalyzed dehydration
show an almost equal and opposite p value of —1-74, indicating that
dehydration is aided by substituents capable of electron donation
(Figure 3) 149,

Investigation of the effect of substituents on the overall rate of
benzaldehyde semicarbazone formation shows that there is a change
in rate-determining step with a change in hydrogen ion concentration.
At neutrality, where the overall rate should depend upon both the
equilibrium constant for addition compound formation and the rate
constant for its dehydration, the two substituent effects effectively
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cancel each other and p = +0-07. At a pH of 175, whex:e the oyerall
rate should depend upon the rate of addition of the s‘erruf:arbamde to
the carbonyl compound, the p value is +0-91, 1nd1ca.t1ng t}ﬁ; the
overall rate is increased by electron-withdrawing substituents **°.

Koverati
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Ficure 3. Logarithmic plot of the effect of substituents on b.enzaldehyde

semicarbazone formation at neutral pH in 25%, ethanol. (Equll.lbrlum constant

for carbinolamine formation, K,,; rate constant for carbinolamine dehydration,
k,; rate constant for the overall reaction, kgyeran*®.)

In studying condensation reactions of carbonyl comPounds and
nitrogen bases, several investigators have reported non-linear Ham-
mett correlations 128 150-155_ Since much of the work had been done
at the intermediate pH where the maximum overall rates ha'd_ bee.:n
observed, it was suggested that at the intermediate pH a transition in
the rate-determining step may be observed at a constant pH b}lt .w-1th
varying substituents due to a shift in the p value as the rate-hr¥nt1ng
step of the reaction changes from addition at low o to dehydrathn at
high . A linear Hammett correlation will be obtained for a multlgtep
reaction only if the rate-determining step is.precedc?d by raPldly
established equilibria without the accumulation of intermediates.
For example, if k,, k_; and k; in equation (29) all obey Hammett

OH

ArCH=0 + RNH; —== ArCH k2 o ArCH=NR + H,O0  (29)
P

NHR
13 +c.A.G.
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equations and the second step is rate determining, then the overall
relationship

k.k.
log k = 1ng—1_f = (p1 + pz — p-1)o
will be obtained. Defining the ratio k,/k_, as k, and p2 — p—1as p,,

logk = (p; + p,)o

It
5

Linear Hammett correlations, however, will not be obtained if the .

rates of the two steps are comparable so that no single step is rate

determining, or if there is a shift in rate-determining step since ‘

different p values will be obtained before and after the shift. This 1
was found to be the case in semicarbazone formation. When the ]
reaction was studied at pH 3-9 a sharp break occurred at o = 0

(Figure 4) 4%, By using a steady-state approximation and solving for §

m-NO;
[
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Ficure 4. Logarithmic plot of the observed rate constants for semicarbazone
formation from substituted benzaldehydes at pH 39 in 259, ethanol4®,

the sigma corresponding to the maximum rate, it has been shown 158
thaF if p, < 0 < py, and |p,| > py, the maximum rate as a function
of sigma will occur when

ka _ &l —1
k_q P1

as the rate-determining step shifts from addition at low sigma to

dehydration at high sigma.
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Although some non-linear Hammett correlations may be ade-
quately explained in terms of a shift in rate-determining step with a
change in o, not all such deviations can be so justified. There is,
however, another reason for the curvature in plots observed in
condensation reactions involving aromatic carbonyl compounds. Such
carbonyl compounds are stabilized by para substituents capable of
electron donation by resonance due to stabilization of canonical
form 32. The ot constants were derived to indicate the effect of

O
(31) (32)

substituents on the conjugation represented by structures 33 and 34.
Since 83 and 34 are analogous to 81 and 32, reactions involving

L <
(Ij <> + N

(33) (34)

?—O_ — C—0O"

l

aromatic carbonyl compounds should be better correlated by o*
substituent constants than by the ordinary ¢ constants!57?. For ex-
ample, the base strengths of para-substituted benzylidene anilines %8
and the protonation of aromatic aldehydes!®® have both been found
to be correlated by o* substituent constants. The carbinolamine
intermediate is not subject to such conjugation effects. Dehydration,
therefore, of the intermediate is correlated by ¢ constants. In dilute
solutions, at a pH which would make dehydration rate limiting, the
overall rate of reaction is the resultant of the equilibrium constant for
addition compound formation and the rate constant for its dehydra-
tion. If both steps followed o, a linear Hammett correlation would
result. If, however, as is the case, one step of the reaction is correlated
by ot while the other step is correlated by o, a non-linear correlation
is obtained. In other words, electron donation by resonance is more
important in stabilizing the carbonyl compound than in promoting
dehydration of the intermediate. Substituents such as p-OH and
p-OCHy,, therefore, hinder the addition step more than they accelerate
the dehydration step. They cause a decrease in the observed overall
rate, and negative deviations in Hammett plots result. The data
obtained for the reaction of substituted benzaldehydes with n-butyl-
amine has been correlated by the two-parameter equation
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].ng—];— = —1-355¢° + 0-800™ 160,

Similar two-parameter equations have been used to correlate oxime |

formation from substituted benzophenones 61,

B. Catalysis
I. Catalysis of the addition step

The addition of nitrogen bases to carbonyl compounds has been $
found to occur through a general acid-catalyzed or an apparently §
uncatalyzed pathway depending on the basicity of the nucleophile.
The addition of weak bases such as aromatic amines and semicarba-
zide to carbonyl compounds exhibits general acid catalysis. A sub- §
stantial body of kinetic evidence and chemical intuition now indicates §
that the addition reaction proceeds via a transition state (equation §
30) where HB represents a general acid and B a general base. 3

H H 3
Rﬂ: + >C=O + HB —— [RN&—OHB] ) \C/ + B (30) 3

H |
NH,R
A

(Throughout this chapter catalysts will be written without regard to
charges. The bonds made and broken in this transition state as well
as in the ones which follow are not colinear as represented.) Equa- }
tion (30) represents general acid-catalyzed assistance of the attack |
of a free amine on the carbonyl compound. The kinetically equiva- |

lent general base-catalyzed attack of a protonated amine upon the

carbonyl compound may be ruled out by the chemical inertness of "

an amine without a free electron pair.

In all rate-limiting steps such as equation (30) and others to be §

discussed, simple proton transfer alone is considered insufficient for
rate limitation unless concerted with bond making and breaking. In

general, proton transfers involving atoms with free electron pairs §

such as oxygen, nitrogen or sulfur, occur much too readily to be
by themselves rate limiting in the kinds of reactions considered in
this chapter. Exceptions could occur, however, in the case of proton
transfers from relatively weak acids present in low concentration.
A plot of the logarithms of the catalytic constants for various cata-
lyzing acids versus the ionization constants of the acids yields a straight
line as described by the Bronsted catalysis equation (31)162, The
value of the slope of the line, &, commonly referred to as the Bronsted

logk, = apK, + C (31)
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exponent, depends on the degree to which a proton.has been trans-
ferred from its initial state to the activated complex in the transition
state. - ) °

Bronsted o, values for the addition of five nitrogen bas«;:f 11:23 enz-
aldehydes are presented in the third column of Table 1131:163, The

TabBLE 1. Bronsted « values for the addition and
dehydration steps!3:163,

Nucleophile rK. oy '
Semicarbazide 36 0:25 1-0
Aniline 4-6 0-25 1-0
Phenylhydrazine 5-2 0-20 > 09
Hydroxylamine 6-0 0-1 >08
t-Butylamine 10-4 0-0 0-73

weaker bases, semicarbazide and aniline, exhibit «, values' 9f 025, a
quantitative expression of the general acid-catalyzed addition men-
tioned above. The stronger bases hydroxylamine and ¢-butylamine
exhibit «, values approaching zero. When values of o approach
zero, water is the dominant general acid ca.tal)fst and swamps the
effects of other general acids so that the reaction is often descrlbed- as
uncatalyzed. The so-called uncatalyzed additions of hyc}roxylamme
and ¢-butylamine are more suitably decribed as general acid ca]:zf,lyzed
with water as the general acid catalyst. Onl.y when‘ the addition of
hydroxylamine is carried out in strongly acid solutions has general
acid catalysis by hydronium ion been demonstrated. .
Consideration of the role of solvent components in general ac1d—'b.ase
catalysis is not simply an idle exercise, but is important for describing
reaction pathways and in writing transition states. Eor example, the
reverse of the general acid-catalyzed reaction given in equation (30)
is general base-catalyzed removal of a proton from t.he oxygen atom
of the protonated tetrahedral addition intermedlate.. When the
general base is water, the transition state possesses 2 positive charge,
when the general base is hydroxide ion the transition state 1s'neutral,
but in both cases the protonated addition intermediate is involved

and never the dipolar ion form.

O-—
N
C

4 \NH2R
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A representation of the addition reaction kinetically equivalent to
equation (30), involving the same atoms in the transition state, can
be formulated from general base-catalyzed removal of a proton from
a free amine nucleophile attacking an already protonated carbonyl
compound to yield the transition state shown in equation (32). Both
reactions combine proton transfers with bond making and breakin

and the general base-specific acid-catalyzed reaction (equation 32) is ]

R . R
B+ HN: + \C:OH — [Bm-Hn--N-u-émOH] —— HB + \c/ (32)
H H | VRN

NHR

formally indistinguishable from the general acid-catalyzed reaction 4

(equation 30).

Two arguments in favor of the transition state in equation (30)
have been presented. First, the calculated second-order rate constant
for attack of free semicarbazide on protonated p-nitrobenzaldehyde 127
according to equation (32) exceeds the maximum rate for a diffusion-
controlled reaction®%, Second, application of the solvation and react-
ing bond rules appears to favor equation (30) over equation (32) 1€5,

The solvation rule states that a proton being transferred from one
OXygen or nitrogen atom to another lies closer to the more basic
oxygen or nitrogen atom in the transition state and moves away as
substituents are changed to make the atom less basic 166, The reacting
bond rule predicts that as the bascicity of the amine is increased the
nitrogen—carbon bond in the transition state becomes longer and the
carbon—oxygen bond becomes shorter 167, Shortening of the carbon—
oxygen bond decreases the basicity of the carbonyl oxygen. By a
combination of the solvation and reacting bond rules it can be pre-
dicted that in a series of reactions with different amines, as the amine
becomes more basic, the proton moves further from the carbonyl
oxygen in the transition state given in equation (30) and the value of
a decreases. On the other hand, if equation (32) is correct, as the
amine becomes more basic the proton moves closer to the nitrogen and
a increases. Table 1 shows that as the amines become more basic, o,

does decrease indicating that the observed general acid catalysis is
best described by equation (30).

2. Catalysis of the dehydration step

Rate-limiting dehydration of the carbinolamine addition inter-
mediate may take place by an acid-catalyzed, base-catalyzed or
uncatalyzed reaction path. The type of catalysis observed depends
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ion in which the reaction is carried out and. the
:Egge til:mll))iln;g%lof the carbinolamine. Carbinolamine intermf:d1ates
derived from strongly basic amines may dehydrat? by exRelhcrll% an
hydroxide ion without the aid of catal.ysts. Intermediates derive :lom
more weakly basic amines require acid or ba.se catalysts for dehy1 ra-
tion to occur. These conclusigns are often inferred from hydrolysis

ies on the imine compound, .

Stulillllzzli)anism (33), invol\I:ing addition of a proton from a general acid
to the leaving hydroxyl group, appears to be the most satisfactory for
the acid-catalyzed dehydration step. This mechanism would, from a

Rt oH + HE — [H—sxé-...o...-H----B] — riti=c” + HO + B
| | H (33)
consideration of the solvation and reacting bond rules discussed :%bove,
predict the observed decrease in the Bronsted exponent, oy, W{th an
increase in the basicity of the amine (Table 1).-Suc.h trends in the
values of Bronsted exponents are useful in elucidating mechamsrfls
but interpretation of the absolute values of Bronsted exponents in
terms of mechanism appears difficult when « values.refer to reactions
where proton transfers are concerted with bqnd making and breakl-ng.
The large values of «, for thq reaction of phenylhydrazine,
hydroxylamine and #-butylamine with carbonyl compounds 'reﬂ;cit
the important role of catalysis played by the so!vated proton in this
mechanism. Values of ¢, of unity for the dehydration of carbinolamines
derived from semicarbazide and aniline indicate that s.uch .dehydrz.i-
tions appear to be only specific acid catalyze:d, except in faigyllg?sm
solutions where the concentration of hydromu-m ion is low o 298,
Equation (33) is analogous to equation (30) in that cataly51§ occurs
in both at the oxygen atom. A mechanism analogous to equation (32)
involving general base-catalyzed removal of a n1tr0ger.1-b0und protog
in the protonated carbinolamine intgrmedlate to yield water an
unprotonated Schiff base may be eliminated. For such a mechanism
to be operative, the imino nitrogen atom must possess a free electron
pair to act as a proton acceptor from a general acid in the reverse of
the carbinolamine dehydration reaction. No free el<-:ct1:on pair exists
on the fully coordinated nitrogen atom in the cationic Schl-ff base
benzhydrylidenedimethylammonium ion, yet the.rate behavior can
be accounted for in a way similar to that for its less metl}ylated
analogs1®®. The ploy of exhaustive N-methylation to clarify the
role of nitrogen-bound hydrogens in the hydrolysis of c.arb(?n—
nitrogen double bonds was also used in a study of N-methylthiazoline
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Eizrchlorate hydrolysis*°, These thiazoline reactions exhibit many of
€ general base-catalyzed characteristics of the h
bases formed from aliphatic amines.
The uncatal
in basic solutions. The unshared
provides the drivin

34). When the amine component of the addition intermediate js-'}
OH ]
AN C/ AN +
s == C=NHR 4 OH- (34) 4
NHR

strongly basic, uncatalyzed dehydration is the predominant reaction § A‘

pathway in basic solutions.

In the reverse reaction, the hyd i i ’

- , ydrolysis of Schiff bases composed of 1
§ubst1tuted benzaldehydes and #-butylamine has been foun?ioif) t?cf
independent of hydrogen ion concentration and

catalysis from pH 9 to 14 (Figure 5) et e general |

129 ; ; "
. Three different lines of reasoning

-y

koby, (min.

001

2 4 6 8 10 12
pH

Frcure 5b The rate of hydrolysis of Schiff bases derived from substituted
enzaldehydes and ¢-butylamine as a function of pH12e,

;‘?dlcsatfﬁ glat the pH independence is not due to attack of water on
Se}t:i ch basg but rather to attack of hydroxide ion on protonated
C ase. First, electron-withdrawing polar substituents in the

ydrolysis of Schiff |§

yzed dehydration of carbinolamines has been observed |

paif of electrons on the nitrogen atom
g force for expulsion of the hydroxide ion (equation 9
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benzaldehyde actually slightly retard the hydrolysisrate (p* = —0-21 )s
reflecting the competing effects of rate acceleration of nucleophilic
attack and retardation due to the necessity of a preequilibrium
protonation?®, A similar conclusion is reached by considering that
clectron-withdrawing polar substituents slow the hydrolysis rates of
Schiff bases derived from substituted anilines!3!. Second, the rate
calculated for hydroxide ion attack on protonated benzylidene-1,1-
dimethylethylamine exceeds that estimated for the general base-
catalyzed region by means of the Bronsted equation 9%, This increase
in rate is typical of direct nucleophilic attack rather than general
base catalysis by hydroxide ion. Third, the observed second-order
rate constant for attack by hydroxide ion on the necessarily cationic
benzhydrylidenedimethylammonium ion is closely similar to that
calculated for attack of hydroxide ion on the conjugate acid of
benzhydrylidenemethylamine '8, - The hydrolysis of Schiff bases
composed of substituted benzaldehydes and aniline shows a pH-
independent reaction from pH 9 to pH 12 also ascribed to the reverse
of equation (34). Above pH 12, however, the rate is no longer inde-
pendent of pH but increases with increasing pH presumably due to
hydroxide ion attack on unprotonated Schiff base 128:163. 170, 171,
Base-catalyzed dehydration has been observed in semicarbazone 49,
oxime 13%:172:173 and hydrazone!” formation at pH values of 9 or
greater. It is not known whether the reactions are specific or general
base catalyzed. The results may be united in a mechanism involving
general base-catalyzed expulsion of hydroxide ion in the dehydration
step and nucleophilic attack by hydroxide ion concerted with general
acid catalysis by the solvent water in the reverse reaction. This

L e 4
B + HN—C—OH —— BHN—I ---~OH] BH + RN:C\ + OH- (35)
|

mechanism also has the merit of not invoking anionic nitrogen groups
in aqueous solutions at pH 9. The base-catalyzed oximation of benz-
aldehyde occurs 14 times more rapidly with OD~ than with OH".
This result does not seem to be consistent with general base catalysis
(equation 35) but is accommodated by preequilibrium proton
transfer followed by rate-limiting expulsion of hydroxide ion from the
conjugate base of the carbinolamine!"® (equation 36).

il -] | - /
RN—C—OH —— RN—C—OH —— RNw]C----OH —— RN=C + OH-

1 |
(36)
13*
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Basic conditions have been used in the synthesis of amine deriva- |
tives of carbonyl compounds in aqueous ethanolic solutions4®. This |
preparative method is useful when the carbonyl group bears strongly
electron-withdrawing groups. Carbinolamine intermediates of such 1
compounds undergo dehydration slowly under the acid conditions
generallyemployedinsyntheses since the depletion of electron densityat ]
the reaction center decreases the tendency both for general acid catalysis‘§

at the oxygen atom and for the expulsion of water (equation 33) 175,

C. Simplified Mechanisms

Equations (30) and (33) when combined with the results recorded 3
in Table 1 reduce to one of two simplified mechanisms, depending‘
upon the basicity of the amine nucleophile. Mechanism (37) can be ]
used to describe condensation reactions in which the amine is a
relatively weak base. This mechanism accounts for the general acid ]

N OH
k.
C=0 + RNH, + HB ——= c/ +B
SN
NHR 3
+ A
N 47 3
/ ka O\
C = C=NHR + H,0
7\ kea
NHzR
A

catalysis on the acidic side and the specific hydrogen ion catalysis on 4
the basic side of the pH-rate profile that is observed in semicarbazone ;’
(pK, semicarbazide = 3-6) formation, in Schiff base formation from 3
aromatic amines (pK, aniline = 4:6) and in phenylhydrazone §

formation (pK, phenylhydrazine = 5-2).

Reactions of carbonyl compounds with strong bases have been |
found to be apparently uncatalyzed on the acidic side of the pH-rate |
profile and general acid catalyzed on the basic side. Oxime (pK, §
hydroxylamine = 6.0) formation and Schiff base formation from 1§
aliphatic amines (pK, ~ 10) are such reactions and can be described B

by mechanism (38).

N N OH
k
/czo + RNH; —— c/
ke /N
NHR

N OH (36)

S ka N\

C +HB —— C=NHR + H,0 + B
7\ ka
NHR
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As the basicity of the amine is allowed to increase in a series of
condensation reactions, there will be a gradual transition from
mechanism (37) to mechanism (38). Reactions using amines of inter-
mediate basicity are described by a combination of the two mecha-
nisms. Also, a reaction that can be described by one of the mechanisms
may require a combination of the two mechanisms for a description
of its behavior under particular conditions. For example, mechanism
(38) completely describes the course of oxime formation except when
the reaction is carried out in strong acids. Under these conditions
carbinolamine formation is acid catalyzed and a small contribution
from mechanism (37) must be included in the description. It is of
interest to note that the mechanism used to describe Schiff base
formation depends on whether the amine used is aliphatic (mechanism
38) or aromatic (mechanism 37)192,

The difference between the hydrolysis of aliphatic and aromatic
Schiff bases is dramatically illustrated in strongly acid solutions where
the activity of water is a variable and where decomposition of the
carbinolamine intermediate to give carbonyl compound and amine is
rate limiting®3, The logarithms of the observed first-order rate
constants for hydrolysis of the aromatic Schiff base N-p-chlorobenzyl-
ideneaniline in strong H,SO, solutions when plotted against the
logarithm of the water activity yield a straight line with slope of 3-1128
not inconsistent with water acting as a proton-transfer agent in the
rate-limiting step as indicated in mechanism (37) 178, A similar plot
for the hydrolysis of the aliphatic Schiff base p-nitrobenzylidene-1,1-
dimethylethylamine yields a curve with an initial slope in dilute
H,SO, of 11 or greater 3. When replotted according to the prescrip-
tion developed for reactions exhibiting inhibition by additional
acid77-178 a straight line of less than unit slope is obtained %2, a
result indicating no involvement of water in the rate-limiting step *"°.
This result is inconsistent with mechanism (37) but is accommodated
by mechanism (38) 163,

Though not synthesized by a carbon-nitrogen double bond con-
densation reaction, 2-phenyliminotetrahydrofuran undergoes hydro-
lysis by the reverse of this route in aqueous solutions. In addition to
providing interesting comparisons with the hydrolysis of Schiff bases,
the nature of the products in the iminolactone hydrolysis is dependent
upon the pH and catalyst employed. Butyrolactone and aniline are
obtained in acidic solutions and vy-hydroxybutyramide in basic
solutions 17, Bifunctional buffer reagents such as H,PO,~ and
HCO,~ with both acidic and basic groups yield the former pair of
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products almost exclusively even in regions of pH where the latter

product is predominant in the absence of such buffers!80, This
strong dependence of reaction pathway on buffer composition in 4
aqueous solutions is a most significant development that deserves

detailed study in this and other systems.

A special catalytic effect appears to be indicated for phosphate §
buffers in other systems discussed in this review. When the results 3
from phosphate buffer containing solutions are employed to calculate %
the Brensted exponent a, for carbinolamine dehydration in phenyl- ]
hydrazone and oxime formation, the low values of less than -7 4
obtained (compare Table 1) suggest a special catalytic effect. Indeed, f
oxime formation might be more appropriately classed in mechanism
(37) rather than mechanism (38) if the results from bifunctional buffer 4

solutions are excluded.

D. Nucleophilic Catalysis

The anilinium ion and its ring-substituted derivatives have been 1
found to be considerably more effective as catalysts in semicarbazone
and oxime formation than their pK, values would lead one to predict. 3
Investigation showed that they are not functioning as classical general
acid catalysts but as nucleophilic catalysts, through the formation of 1
reactive Schiff base intermediates'®!. Similar Schiff base inter-
mediates have been proposed to occur in the amine-catalyzed enoliza- |
tion of acetone!®2, In reactions (39 and 40) the overall rate of ]

N N
=0 + @—NHR e /c:N—© + HyO (39)

0
N I
Sc=N + NH,NHCNH, —
i
>C:NNHCNH2 + @NHz (40)

semicarbazone formation is independent of the semicarbazide con-
centration if it is greater than 0-02 mole. The semicarbazone is
quantitatively and instantaneously formed when N-p-chlorobenzyl-
ideneaniline is added to an aqueous solution of semicarbazide. When
hydroxylamine is used instead of semicarbazide, the rate of oxime
formation is, within experimental error, equal to the rate of semi-
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carbazone formation under the same conditions. These observations
i i i limiting.

stablish that equation (39) is rate L . ' ]

) The rate enhancement caused by intermediate Schiff base forma

tion might at first seem surprising since the >C=NR group is less

reactive than the >C=O group. The greater basicity of >C=NR,

however, permits the easy formation of the extremely reactive
b

\C—NﬁR group. The amine catalyst is not limited to anilinium
C=

jons. Any primary amine can be used as long as it is more reactive
towards the carbonyl compound than is the ﬁflal acceptor amine.
In addition, the equilibrium constant for the reaction with the acceptor
amine must be larger than that for the reaction with the amine
catalyst. . o

The study of the mechanism of Schiff bgse forr.natmn in aqueous
solution has been approached by hydrolysis st}ldles because of .the
unfavorable equilibrium constants of formation. Tl}e forrr'latlon
reaction can be studied directly in the presence of semmarbamde OfI}:
hydroxylamine since these bases serve as a trap for the.rea(.:tlye SC.hl 1
base, and the rate of semicarbazone or oxime formatxon is identica
to the rate of Schiff base formation. This techmgue has been used1 7t30
study Schiff base formation from methqumlne and acetone 2,
Nucleophilic catalysis is also useful in synt!lesm. For example, certalg
mesitylketoximes that have not beep obtained from the ket.oneskan'
hydroxylamine have been synthesized from the appropriate keti-
mines 183, S ‘ Schifh

Equation (40) is known as a transimination or a trans-Schiffiza-
tion’ reaction. It probably proceeds via a two-step mech'amsm in-
volving a gem-diamine intermediate, analogous to the carbinolamine
intermediate observed in imine formation from carbonyl compoqnds,
The transimination reactions of Schiff bases derived from Flther
aliphatic or aromatic amines with semicar.bazide, hydrox'ylamme or
methoxyamine, of oximes with semicarbazide and of sem}carbazones
with hydroxylamine all appear general base catalyzed in terms of
one protonated and one free base reactant or general acid catalyzed
in terms of two reactants of free base. These resul:cs may be accour}ted
for by a nearly symmetrical mechanism for transimination (quaﬂons
41 and 42). Simple proton transfers are considered to be rapid and

NHR

N
Ne—fiHR + RINH; + B === C + HB (41)

NHR?
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NHR
N N+
C + HB == C=NHR! + RNH, + B (42)
7N\ 7
NHR?

the protonic charge is distributed at any time in favor of the stronger |

base.

Regardless of whether the first or second step in the mechanism -3
proposed for transimination is rate limiting, the corresponding rate §
law describes the general catalytic alternatives observed experiment- §
ally and described in the previous paragraph. Therefore a choice as |
to which step is rate limiting cannot be made on the simple observation 4
of general catalysis though a decision might be made from an evalua- ]
tion of the Bronsted exponents for each step since they may exhibit a
numerical difference. This difference is apt to be quite small as is any 3
difference between Hammett p values for the two possible rate-
limiting steps. Ultimately the nature of the rate-limiting reaction is ;
determined by the relative rates of gencral acid-catalyzed amine }
expulsion from the approximately symmetrical tetrahedral carbon

addition intermediate to yield the reverse of equation (41) or the
forward reaction (42).

Transimination reactions are useful in synthetic work. Distillation
of an imine in the presence of a high-boiling amine will cause the

imine to exchange the lower for the higher-boiling amine®%. In the
same manner ketones can react with ketimines to give the exchange

products*#%185, A considerable body of evidence suggests that trans-

imination reactions are involved in the catalytic process of pyridoxal-

dependent enzymes (see section V).

E. Structure and Reactivity Correlations

l. The carbony! compound

The rates of reaction of carbonyl compounds with nitrogen bases
are dependent upon the structure of the carbonyl compound, being
affected by inductive, resonance and steric effects. It must be re-
membered that factors governing reactivity are distinct from those
governing stability. For example, the rate of cyclohexanone semi-
carbazone formation is about fifty times greater than the rate of fur-
fural semicarbazone formation, although the equilibrium constant
for the latter is almost three hundred times as favorable 27,

Both the rate and equilibrium constants for the addition of nitrogen
bases to carbonyl compounds will be affected by inductive effects.
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OH
N

AN

C=0 + RNH, —= C

4 \NHR

Electron-withdrawing substituents will favor the addition by 1ncrl(gas-
ing the positive character of the carbonyl carbon atom, therebzr ma 11ng
it more susceptible to nucleophilic atta_ck. Positive p (or p*) va u}fs
obtained in Hammett plots for equilibrium and rate constants of t ce1
addition step verify the destabilization of t.he carb.onyl compoun
relative to the carbinolamine by electron-withdrawing .sw.ubstltuent.s.
The p value for the equilibrium constants of the add1.t10n step1 81;1
semicarbazone formation from substituted benza}dfehydes is + 1-?1 ,
while that for Schiff base formation from toluidine and subitltuted
benzaldehydes, which follows o* more closely than o, has a P value
of +0-66187, The p* value for the rate constants of the addition step
in semicarbazone formation from substituted benzaldehyc_les is
+0-94127 while that for the addition step leading to benzyhdppe-
aniline formation is +0-392%, The apparently uncatalyzefl add1t1-0n
of nitrogen bases to carbonyl compounds is more susceptible to in-
ductive effects than is the acid-catalyzed addition. In the case of
semicarbazide attack on substituted benzaldehyde§ p* = +0-94 for
the water-catalyzed and +0-71 for the hydronium ion-catalyzed
addition step1?7. . .

The second step of the reaction, the dehydratlop step, 1s affec.ted
very differently by inductive effects. Electron donation to thf: reaction
center will aid the dehydration both by aiding the protonation of the

OH
\C/ _— \C:NR + HO
4 \NH

R

intermediate and by aiding the expulsion of a water molecule. The
rate constants for the dehydration step in semicarbazone ff)rmatlon
show an expected negative p value of —1-74. The ethbm}m con-
stants for the above reaction give a p value of —0-178¢. Since .the
addition step is aided by electron withdrawal and the dehydr.atlo.n
step is aided by electron donation, the overall rate of dehydratlor} is
little affected by substituent effects. The overall rate of dehydration
in semicarbazone formation has been found to have a p value of
+0-07.

The effect of resonance on the reactivity of the carbopyl group has
been discussed above (see section IV.A) where it was pointed out that
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substituents capable of electron donation by resonance give a con

Sslszlrla]:lf]; aulptount of resonance stabilization to the carbonyl compound. !
ubstituents cause smaller overall Tibrs "
rate and equilib !

sta qel quilibrium con- 3
nts as well as smaller equilibrium constants for carbinolamine 3}

formation than would be predicted from Hammett o values8¢

thg':}czrri'st:s of‘ carbonyl ?dﬁliﬁon reactions are strongly dependent on 1
equirements of the carbonyl com /
: . pound. Bulky groups near-}
the reaction center will usually stabilize the carbon}}r’lgcon?pouncll.

relative to the carbinolamine, thereby decreasing the equilibrium °

::;sstan; for gddlﬁon con.lpound formation and giving smaller overall
of product formation. Several workers have investigated the 1

i‘ten((::l effect of ketones in oxime formation 88191, Methyl ketones are }
r(;z:;ltiv? ?}f more realct;{ve than ethyl ketones, which in turn are more \‘
an propyl ketones. A further i i i :

beyond. promyl er Increase in chain length }
. no effect on the rate. Cyclic k |
rapidly than straight-chain k th the same number of carbos |
- etones with the same number ]

of carbon }

2;2g:)snand a centrally located carbonyl group. A methyl group on an « ]
causes a greater decrease in reacti i

> ction rate than a ilar i

car . : similar
eﬂ‘ei?t::gl on a 1Bgzcarbon -whl'le y substitution appears to have no §
G on e rate 1°% Investigation of steric effects in aromatic ketones i
showed at an o-rlr;fithyl group decreases the rate of oxime!% and
semicarbazone !%* formation from butyrophenone by a factor of ]

twe 3 . . :
nty, while a m-methyl group has no significant effect on the rate 1

of jon 161 . :
ket;iicz(f)‘;n . Introduc;;aon of a second ortho substituent into the 3
revents t i 3 . 3

at all 195198, p ese condensation reactions from occurring E
Eve i3 in Drine 1
A Ill'lyuzate is in principle a p.roduct of two factors, as expressed in the 1
equation (43). 4 is a frequency, or entropy factor and }

k= Ae ERT (43)

e—ElRT 1 ]
1s an energy factor, dependent on the energy of activation E. 4

S}Iilsnif;f in the degrees of.free.dom of the reactants and solvent deter-

detee 'edentropy of activation, while the energy of activation is J

Senﬁl:;ulrole by polar? resonance and steric effects. Early work on
seme ]1:; ea:(());le lfoi'n(;au?;l h?;ld suggested that the entropies of activation

related with the rigidity of th b Y

Stonifican, e ' e carbonyl compound 99, }

tions from this correlation i i :

: . ] were found in o :

gormagon TZ;’, thiosemicarbazone formation2°t, and guanymydra)z{glri:

ormation *** leading to the conclusi i
sion that the relationship b

the entropy of activati i el random i
on and molecular rigidity is enti i

o rely random in

ture. Most of the attempts to date to separate the variations in rate
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into differences in enthalpies and entropies of activation have been
done under conditions where dehydration is probably rate deter-
mining. These thermodynamic differences, therefore, are based on the
overall rate of reaction and correlations are difficult since it cannot be
known whether a given enthalpy change reflects primarily an enthalpy
change in the equilibrium constant for addition compound formation
or in the rate constant for its dehydration. Any correlations that
might be made, therefore, must await determination of enthalpy and
entropy changes for the individual steps of the reaction.
Unexpectedly high ortho:para rate ratios have been reported for
oxime, semicarbazone, phenylhydrazone and Schiff base formation
from methoxy- and hydroxy-substituted benzaldehydes 152017204, In
order to find an explanation for the rate-accelerating effect of these
ortho substituents, an investigation was made of the effects of several
ortho substituents on the individual steps of benzaldehyde semi-
carbazone formation®8. The o:p rate ratios for the overall reaction
decrease in the order CH;O > HO ~ Cl > CH; > H > NO,. In
each case, except for the nitro-substituted derivatives, the para isomer
reacts more slowly than unsubstituted benzaldehyde, while the ortho
isomer reacts as fast or faster than the unsubstituted compound. The
differences in the reactivity of the ortho and para isomers are due
primarily to differences in the equilibrium constants for carbinol-
amine formation, with only slight differences in the rates of dehydra-
tion for each pair of isomers. The results in the above series headed
by the methoxy group rule out hydrogen bonding as the sole explana-
tion for the rate acceleration in the ortho-hydroxy derivative.
Rate acceleration by ortho substituents can be best explained by
considering the quinoid forms of the isomers (35) and (36). Studies

\C// \C/
X X
—>

(36)

H. O H
N N
>
X X
)

(35

of electrophilic substitution reactions have shown that electron dona-
tion by resonance is more effective from the para than from the ortho
position2%%, The ortho-substituted benzaldehydes, therefore, are more
susceptible to nucleophilic attack. Thus the equilibrium constant for
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addition compound formation and the overall rate of semicarbazone
formation are greater for the ortho isomer than for the para when the
substituent is capable of electron donation by resonance.

2. The nucleophile

The effect of the amine on the overall equilibrium constants of _}§

condensation reactions of carbonyl compounds and amines has been
discussed above (sce section IT.A) where it was pointed out that the
thermodynamic stability of the >C=N— linkage increases with the
type of amine used, in the order NH; < aliphatic amines < aromatic
amines < amines containing an adjacent electronegative atom with a
free electron pair. In contrast to the overall equilibrium constants, the
rate and equilibrium constants for addition compound formation
appear to be dependent on the basicity of the amine. In studies in
which different amines have been reacted with the same carbonyl
compound under the same conditions, the following observations have
been made. The equilibrium constants for addition compound forma-
tion with p-chlorobenzaldehyde were found 149 to be 21-7, 9-11, 4-14
1/mole for hydroxylamine (pK, = 6-0)128, methoxyamine (pK, =
4-6)2°®, and semicarbazide (pK, = 3-6)127, respectively. Aniline
(PK, = 4-6)128 and its ring-substituted derivatives react more readily
than semicarbazide with p-chlorobenzaldehyde 8!, Under conditions
in which addition compound formation is probably rate determining,
the reaction of butyrophenone with semicarbazide is faster than its
reaction with thiosemicarbazide (pK, = 2-3) 194,

Two factors make quantitative correlations of base strength and
reactivity rather difficult to obtain. The first difficulty arises from the
fact that the Bronsted «, values are dependent on the basicity of the
amine. The additions of weak bases such as semicarbazide to carbonyl
compounds require catalysis by general acids to increase the suscepti-
bility of the carbonyl carbon atom to nucleophilic attack, while the
additions of strong bases such as -butylamine are apparently un-
catalyzed, with water as the general acid catalyst (see section IV.B.1).
Secondly, under the acid conditions in which the reaction must be
carried out for the addition of the nucleophile to be rate determining,
the nucleophile will exist as its conjugate acid to some extent. Thus the
rate of the addition reaction will be dependent on the pK, of the
nucleophile, not as a measure of its nucleophilic reactivity but as a
measure of the extent to which it exists as the free base in the reaction
medium. Two reactions, however, have been found to give good
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correlations between rates of thf(; adldiltéon reac}zlt(:lrilrs1 eilncfl‘oitrf}?ftgzigf
leophiles. A p value of —1-10 was o
z};(t:a;;fl;(éd :Pi)ddition 0?' substituted benzamides to form:%ildehzrciezzi
and a p value of —2:00 has been repor?ed for the aci cica ayd !
condensation of substituted anilines \.~1th benzaldf:h.y e250 . unde
conditions in which addition of the base is rate -determ.u.nng .1 o
The rate constants for the uncatalyzed reaction of plper(ina w1}t1
a series of primary aliphatic amines were f01-1nd to .para'lle. notfthe
basicity of the amine but rather the free energies of dissociation (;) lit he
corresponding addition compoun-ds, RNHz-B(C.H.s)s, thus esta 2509-
ing the inhibitory effect of branching on the reactivity of the hz;rnn.le " .
The enthalpy—entropy plot of the reaction show_s that branc ng in be
alpha position increases the energy of activation f’f the reactlk())n };
approximately 0-75(n — 1) kcal/mole where = is the num grm(;
methyl groups attached to the o carbon of the amine (Figure 6) 1°°.

E. (kcal/mole)

a4 —43 —4-2
ASt (cal/mole-deg.)

he reaction of piperonal with primary

Figure 6. Enthalpy-entropy plot for t ulated

aliphatic amines1%, (The vertical arrows indicate activation energies calc
from the term 0-75(n — 1) kcal/mole.)

3. Relationships between reactivities of carbonyl compound,
nucleophile, and catalyst
There is a relationship between the magr}it.ude of the Bronsted
« value (see section IV.B) and the reactivity of the carbonyl
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127, ,
:::ontl)pouild 27,210,211, The Hammett and Brensted equations for i
arbonyl compounds and j general acid catalysts are

and log £ = log koy + ayp, (44)

| log kyy = log G, — opK,, (45) 4
wherfz K’s are rate constants, o and p are respectively the Hammett :
substituent and reaction constants, G is a constant, and « is t€}:1 %
Br@ns-te.d exponent. Assuming the validity of these,: equations ir? 1
(c)l;sg;‘;}t‘;mg ttihii systemilli?der study and twice differentiating (the order ‘

rentiation maki i i
uclcoptile, e (45) no difference), we obtain, for a constant

b

9 _ Ploghy oo
3pKa‘ apKa, 0oy - —6_0'1 (46)

t.he first equality arising from equation (44) and the second from equa-
tion (45) 212213 Theoretically it is expected, and experimentallyqit is 3
observed, that the middle term in equation (46) is a positive number 4
less than unity. The left hand side of equation (46) is dependent onl
upon the. J catalysts and indicates that the sensitivity of the rate 0};
the reaction to substituent effects increases as the strength of the
catalyzmg_aad decreases. The right hand side is dependent onl
upon the i carbonyl compounds and implies that the value of « 1}s’
decreased by the presence of electron-withdrawing substituents in
the carbonyl compound 24216, Thus the two sides of equation (46)
are 1ndePendently variable, and for a constant nucleophile, a plot of
? ) fur}ctlon versus pKG for a series of catalysts ought to yield,a straight
ine with a positive slope equal to the negative of that obtained from
a ploF of a versus o values for a series of carbonyl compounds. An
equation 51m11ar_t0 equation (46) may be derived for general .base
ca.taly51s employing the Brensted 8 value and yielding a negative
mld_dle term. In this case reaction with hydroxide ion should be
:vmded In comparisons unless it is certain that the reaction represents
a?taziflmple of general base catalysis and not direct nucleophilic
hThe Br@nstt?d a (or B) value may also be related to the reactivity of
the n-ucleophl‘le by employing the Brensted and Swain—Scott2!7
equations for j catalysts and k nucleophiles (equations 47 and 48)

log &y = log G, — O‘kPKa, 47)
log kye = koy+ siny (48)
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where s measures the susceptibility of a reagent to attack by a nucleo-
phile of nucleophilicity n. Twice differentiating this pair of equations,
we obtain, for a constant carbonyl compound, equation (49).

o, _ &*loghky O “9)

The middle term of equation (49) is also positive. The left hand side
of equation (49) is again dependent only upon the j catalysts and
denotes that the sensitivity of the reaction to the reactivity of the
nucleophile increases as the strength of the acid catalyst decreases.
The right hand side, being dependent only upon the k nucleophiles,
indicates that the value of « decreases as the reactivity of the nucleo-
phile increases. (Section IV.B.1 recorded that as the basicity of the
nucleophile increases, o decreases.) Again the two sides of the equation
are independently variable, and a plot of s versus pK, for a series of
catalysts should yield a straight line with a positive slope equal to the
negative of that obtained by plotting « versus n for a series of
nucleophiles.

Finally by considering the Hammett and Swain—Scott equations
for i carbonyl compounds and k nucleophiles, we obtain, for a con-
stant catalyst, equation (50).

Opx _ 32_10g K _ _aﬂ (50)

on, Odo on, 0o

In this case the middle term of equation (50) is negative (if applied
to electrophilic reactions it is positive). Once again there are two
independent equations. The left hand side of equation (50) depends
only upon the k nucleophiles and shows that the sensitivity of the
reaction to substituent effects is decreased by an increase in the
reactivity of the nucleophile. The right hand side, dependent only
upon the i carbonyl compounds, denotes that the sensitivity of the
rate of the reaction to the reactivity of the nucleophile is decreased
by the presence of electron-withdrawing substituents in the carbonyl
compound. A plot of p versus n for a series of nucleophiles should
vield a straight line with a negative slope identical to that obtained
by plotting s versus o for a series of carbonyl compounds.

Sufficient results are lacking to quantitatively test equations (46),
(49), and (50). Procurement of appropriate data, therefore, is de-
sirable. The right hand side of equation (49) has been tested by plotting
the variation of « against the variation of pK, of the conjugate acid
of the nucleophile (taken as a measure of nucleophilic reactivity) to
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obtain a nearly straight line of appropriate slope!3!, The lack of

straight-line plots or the non-identity of slopes where indi

would 1ndicat_e that the Hammett, Btl}‘,gnstedf)or Swain—Sf:lcl)i?t:qduZ?ig‘rllz
do not describe adequately the systems under study. Straight-line
plots of jche requisite slopes are not, however, sufficient evidence for
the applicability of the equations employed.

V. SCHIFF BASE OCCURRENCE IN ENZYMES AND
THEIR MODELS
Much of the investigation of the mechanism and catalysis of
C=N— forming condensation reactions has been designed to gain

insight into the catalytic activity of enzymes which require pyridoxal

phosp.hate (87), for their activity and are involved in the metabolism
of amino acids.

i
R—C—C—=
<
CH=0 HCZ ™ H
HO,POCH, OH HOCH, <|)
IN{* CHg H* CH,
(@) (38)
H
|
R—<|:—c_o
0
He M
HOCH, <|)
N CHy
(39)

Model systems have been studied in which pyridoxal reacts with an
amino acid in the absence of the enzyme. The results of these non-
enzymatic studies show that a Schiff base (88) is formed between the
pyridoxal and the amino acid?!#-22!, The various seemingly un-
r.elated transformations of amino acids that follow are all made pos-
sible by the fact that the strongly electron-withdrawing pyridinium
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nitrogen atom causes a weakening of the three bonds to the a-carbon
atom of the amino acid residue. The amino acid is thus activated for
any of a large number of subsequent reactions such as transamination,
decarboxylation, racemization, elimination, etc???. Which of these
reactions actually occurs is determined by the structure of the amino
acid, the reaction conditions and the presence of catalysts??%-2%6, In
enzymatic systems the nature of the enzyme protein is the primary
determining factor.

Non-enzymatic ~pyridoxal-catalyzed transamination reactions
(equation 51) take place slowly in aqueous solutions. The addition of

NHg NH,
|
RCHCOOH + R'CCOOH — RTZCOOH + RléHCOOH (51
I
@)

appropriate metal ions (Fe3*, Cu?*, AI**) enhances the reaction
rates although they are still considerably slower than the rates of the
comparable enzymatic reactions??”. The mechanism proposed for
these metal ion-catalyzed reactions involves formation of a chelate
complex (39) of the metal ion with the Schiff base, formed from
pyridoxal and the amino acid1%- 228, The primary catalytic role of the
metal ion is not clear. Several possibilities have been suggested 229- 230
such as promotion of Schiff base formation, maintenance of the plan-
arity of the conjugated system through chelate ring formation, or
promotion of the requisite electron displacements. If the amino acid
is esterified, rapid non-enzymatic transamination occurs without metal
ion catalysts23!, This finding suggests that a function of the metal ion
lies in masking the carboxyl group.

The requirement for metal ions in these non-enzymatic trans-
amination reactions suggests that such ions may be involved as
catalysts in the enzymatic reactions. However, most of the pyridoxal
phosphate dependent enzymes that have been purified to date do
not contain metal ions, and addition of the latter to the reaction
medium does not increase the rate of enzymatic reactions?30-232-295,
Metal ions, therefore, appear to fulfill some of the roles in non-
enzymatic reactions played by the protein in enzymatic reactions,
but the protein is apparently a much more efficient catalyst.

Spectral studies show that in the acid pH range, pyridoxal phosphate
is bound to the protein as a Schiff base (40) and infrared evidence
suggests that there is a strong hydrogen bond between the phenolic
hydroxyl group and the imino nitrogen atom?3. At higher pH values
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//I// [// //[///]//

HX N, X NH
2,
cH i New”
HO4POCH, o HORPOCH, OH
ﬁ+ CH, H+ CHa,
(40) (41)
Z /I/ / /]/ Z
HX /NH
CHy
HO,POCH, OH
N7 CH,
H
(42)

an additional group of the enzyme may add reversibly across the
Schiff base linkage to give a substituted aldamine derivative
(41)237-235, (The hatched lines indicate the protein.) Whenever the
Place .of attachment of pyridoxal phosphate to the enzyme has been
investigated, pyridoxal phosphate has been found to be linked to an
e-amino group of a lysine residue24°-246, In the few cases where the
point has been examined, pyridoxal phosphate-dependent enzymes
have been found to require free sulfhydryl groups for their activity 247
248, This requirement does not imply that a sulfhydryl group is
directly involved in the binding of the pyridoxal phosphate. Its
function may be in catalysis of the enzymatic reaction or in main-
tenance of the required conformation of the active site.

Preexistence of a Schiff base between pyridoxal phosphate and the
enzyme may account for the greatly enhanced rates of enzymatic
reactions as compared to the rates of the corresponding non-enzymatic
reactions. Subsequent reactions of the enzyme with amino acids must
involve Schiff base formation via a fast transimination step (see
section IV.D). Once the new Schiff base is formed, the e-amino
group of the lysine residue that was originally bound to pyridoxal
phosphate is free and is in a favorable position to act as a catalyst in
subsequent steps of the enzymatic reaction.
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At pH values where the enzyme is bound to pyridoxal as a Schiff
base (40), reaction with sodium borohydride destroys the activity of
the enzyme by reducing the Schiff base to a pyridoxylamine (42).
This observation gives strength to the hypothesis that the subsequent
reaction of enzyme with an amino acid involves transamination.
Skeletal muscle phosphorylase is an exception?*?, indicating that this
particular enzyme does not require a Schiff base linkage for its activity.
Further research is required to determine whether the role of pyridoxal
phosphate in this enzyme can be attributed simply to maintenance of
the active site of the enzyme in the required conformation or whether a
new set of catalytic properties must be ascribed to the vitamin Bg
aldehyde.

Details on biological transamination and related processes are
described in chapter 9 of this book.

Vi. CONDENSATION OF NITROSOBENZENES WITH
AMINO GROUPS
A. Condensation of Nitrosobenzenes with Anilines

The condensation of nitrosobenzenes with anilines has not been as
extensively studied kinetically as the condensation of benzaldehydes
with anilines. Those results that have been reported, however, show a
not unexpected similarity in the two reactions.

A study of the condensation in acetate-buffered ethanolic solutions
showed it to be a second-order reaction; first order each in aniline
and in nitrosobenzene. When the reaction is carried out in an un-
buffered medium, the rate equation becomes more complex. Under
such conditions, the second-order equation is obeyed only when the
ratio of aniline to nitrosobenzene is greater than two2%°. The reaction
is not subject to kinetic salt effects and is evidently catalyzed by
general acids. Strong inorganic acids, however, are usually unsatis-
factory catalysts because of the formation of tarry materials. Because
of the decomposition of nitrosobenzene, the reaction cannot be studied
in alkaline solutions.

The condensation probably proceeds via an intermediate hydroxy-
hydrazine (43) analogous to the carbinolamine intermediate en-
countered in the condensation of amines with carbonyl groups.
Though hydroxyhydrazines have never been isolated, evidence for
their existence can be found in the occasional appearance of azoxy
compounds as by-products. These are presumably formed when oxi-
dation of the hydroxyhydrazine (by excess nitrosobenzene) occurs fast
enough to compete with dehydration 2°°,
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e O=-0O
OO /
o« OO

Satisfactory Hammett correlations are obtained for the overall rate

constants determined in acetate-buffered solutions. The condensation 4

of substituted anilines with nitrosobenzene gives a p value of —2-14,
showing increased reactivity as the basicity of the amine is increased.
The condensation of aniline with substituted nitrosobenzenes gives a
p value of +1-22, indicating that the reaction is aided by electron-
withdrawing groups on the nitrosobenzene?24®. Similar substituent
effects have been observed in earlier studies of this reaction 251,

The marked positive p value corresponds to the sign obtained when 3
nitrogen bases react with a series of carbonyl compounds under
conditions in which carbinolamine formation is rate limiting and

contrasts with the near zero value of p obtained from the observed rate
constants when carbinolamine dehydration is rate limiting. Thus we
conclude that hydroxyhydrazine formation is rate limiting, and since
it is evidently general acid catalyzed, it can be described by mecha-
nism (52). This mechanism is analogous to mechanism (37) proposed

—N=0 + RNH; 4+ HB ——

(52)

/ kg +
—N —— —N=NHR + H,0©
k-2
\NHZR
A
for the formation of Schiff bases from aromatic amines (see section
IV.C). Under the conditions employed in the nitrosobenzene study,

however, hydroxyhydrazine dehydration was never rate limiting.

B. Condensation of Nitrosobenzenes with N-Substituted Hydroxylamines

The condensation of nitrosobenzene with N-phenylhydroxylamine,
known as the azoxy coupling reaction, results in the formation of
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azoxybenzene (equation 53). When the starting materials have

397

Orr=e+ Qe —
=N + HO
O=-0O = w

O

differently substituted phenyl groups, not only are bo.th possible
asymmetrical azoxy compounds formed, but t.he symmetrlcz.a.l ones ﬁs
well 252-255_ Isotopic studies were undertaken in order to gain insight
into the mechanism of the reaction. When N-p.herfyl}}ydroxylarmne
reacts with 15N-labeled nitrosobenzene, the °N is dlstrlbu.ted eqliglly
in both nitrogens of the azoxybenzen-elll. The condensation of Q-
labeled N-phenylhydroxylamine with nitrosobenzene results }11n
azoxybenzene, whose 80 content is almost exactly h'alf that of the
N-phenylhydroxylamine2?¢-25.  These results are 1pterpretefl as
evidence for the reversible formation of an 1ntermf.:d1ate N,N’-diol
analogous to the C, N-diol known to occur in the reactions qf hydroxy}-
amines with carbonyl-containing compounds (see equation (27) in
the case where R is OH). ' -
Electron spin resonance studies show that nitrosobenzene radical-
ions are produced throughout the course of the base-catalyzed azoxit
coupling reaction258-2%°, This observation has led to the proposal o

O+ Qpwersn—2Opee
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mechanism (54) to account for the results of the isotopic studies ..
without involving an intermediate N,N’-diol26°, The nitrosobenzene &
radical-ions produced in basic solutions combine to give an inter-

mediate bis-anion which apparently undergoes protonation followed 4
by irreversible loss of hydroxide ion to give azoxybenzene. Another ,5
possible mechanism is one in which the nitrosobenzene radical-ion is 4
first protonated by the solvent. Both mechanisms explain why four
different azoxy compounds are obtained in mixed aromatic condensa- .

Paula Y. Sollenberger and R. Bruce Martin

tion reactions,

1.

2.

(S I SN

~I

Vil. REFERENCES

P. A. 8. Smith, The Chemistry of Open-Chain Organic Nitrogen Compounds,

Vol. 1, W, A, Benjamin, Inc., New York, 1965.

P. A. S. Smith, The Chemistry of Open-Chain Organic Nitrogen Compounds, 7

Vol. 2, W, A. Benjamin, Inc., New York, 1966.

. N. J. Leonard and J. V. Paukstelis, J. Org. Chem., 28, 3021 (1963).
. O. H. Wheeler and E. M. Levy, Can. J. Chem., 37, 1727 (1959).
. G. Moureu and G. Mignonac, Compt. Rend., 156, 1801 (1913); 169, 237 {

(1919); 170, 936 (1920); Ann. Chim., 14, 332 (1920).

- A. Butlerow, dnn. Chem., 115, 322 (1860). -
. E. Baur and W. Riietschi, Helv. Chim. Acta, 24, 754 (1941); H. H. Rich- 3
mond, G. 8. Myers and G. F. Wright, J. Am. Chem. Soc., 70, 3659 (1948); 3’

Y. Ogata and A. Kawasaki, Bull. Chem. Soc. Japan, 37, 514 (1964).

. M. M. Sprung, Chem. Rev., 26, 297 (1940).
. Y. Ogata and A. Kawasaki, Tetrahedron, 20, 855 (1964). 4
. M. A, Laurent, Ann. Chem., 21, 130 (1837); F. Sachs and P. Steinert,

Chem. Ber., 37, 1733 (1904).

- F. Dobler, Z. Physik. Chem. (Leipzig), 101, 1 (1922).

M. Busch, Chem. Ber., 29, 2143 (1896).

. R. K. McLeod and T. I. Growell, J. Org. Chem., 26, 1094 (1961).
. J. B. Cloke, J. Am. Chem. Soc., 62, 117 (1940).
- P. A.'S. Smith, The Chemistry of Open-Chain Organic Nitrogen Compounds,

Vol. 1, W. A. Benjamin, Inc., New York, 1965, Chap. 7.

. F. E. Prichard, Spectrochim. Acta, 20, 925 (1964).
- R. W. Layer, Chem. Rev., 63, 489 (1963).
. V. I. Minkin, L. E. Nivorozhkin and V. A. Bren, J. Gen. Chem. USSR, 35,

1276 (1965) translated from Zh. Obshch. Khim., 35, 1270 (1965).

. L. do Amaral, W. A, Sandstrom and E. H. Cordes, J. Am. Chem. Soc.,

88, 2225 (1966); J. B. Culbertson, J. Am. Chem. Soc., 73, 4819 (1951).

. G. W. Stacy, B. V. Ettling and A. J. Papa, J. Org. Chem., 29, 1537 (1964).
. P. Grammaticakis, Bull. Soc. Chim. France, 17, 158 (1950).
. K. Hoesch, Chem. Ber., 48, 1122 (1915); K. Hoesch and T. V. Zarzecki,

Chem. Ber., 50, 462 (1917).

. G. O. Dudek, J. Am. Chem. Soc., 85, 694 (1963).
- G. O. Dudek and E. P. Dudek, J. Am. Chem. Soc., 88, 2407 (1966).
- G. O. Dudek and E. P. Dudek, J. Am. Chem. Soc., 86, 4283 (1964).

26.

36.

7. Carbon-Nitrogen and Nitrogen-Nitrogen Double Bond Reactions 399

O. A. Osipov, V. I. Minkin and V. A. Kogan, Zh. Fiz. Khim., 87, 1492

(1963); Chem. Abstr., 59, 11218 (1963).
D. G. Anderson and G. Wettermark, J. Am. Chem. Soc., 87, 1433 (1965).
D. Heinert and A. E. Martell, J. Am. Chem. Soc., 84, 3257 (1962); 85,

183 (1963); 85, 188 (1963).

. E. R. Blout and R. M. Gofstein, J. Am. Chem. Soc., 67, 13 (1945).

F. C. Mclntire, J. Am. Chem. Soc., 69, 1377 (1947).

. E.D. Bergmann, Y. Hirshberg and S. Pinchas, J. Chem. Soc., 2351 (1950).
. L. N. Ferguson and I. Kelly, J. Am. Chem. Soc., 73, 3707 (1951).

. O. Gerngross and A. Olcay, Chem. Ber., 96, 2550 (1963).

. F. E. Prichard, Spectrochim. Acta, 20, 925 (1964).

. H. P. Schad, Helv. Chim. Acta, 88, 1117 (1955); J. Dabrowski and U.

Dabrowska, Roczniki Chem., 32, 821 (1958); Chem. Abstr., 53, 4896 (1959);
J. Dabrowski, Bull. Acad. Polon. Sci., Ser. Sci., Chim., 7, 93 (1959); Chem.
Abstr., 54, 18342 (1960); J. Dabrowski, Spectrochim. Acta, 19, 475 (1963).
V. M. Potapov, F. A. Trofimov and A. P. Tetrent’ev, Dokl. Akad. Nauk
SSSR, 184, 609 (1960); Chem. Abstr., 55, 6818 (1961); V. M. Potapov,
F. A. Trofimov and A. P. Tetrent’ev, Zh. Obshch. Khim., 31, 3344 (1961);
Chem. Abstr., 57, 3352 (1962).

. G. O. Dudek and R. H. Holm, J. Am. Chem. Soc., 83, 3914 (1961); 84,

2691 (1962); G. O. Dudek and G. P. Volpp, J. 4m. Chem. Soc., 85, 2697
(1963).

. G. O. Dudek and R. H. Holm, J. Am. Chem. Soc., 83, 2099 (1961).

. P. Krumholtz, J. Am. Chem. Soc., 15, 2163 (1953).

. P. E. Figgins and D. H. Busch, J. Am. Chem. Soc., 82, 820 (1960).

. P. E. Figgins and D. H. Busch, J. Phys. Chem., 65, 2236 (1961).

. M. P. Schubert, J. Bisl. Chem., 114, 341 (1936).

. G. Hesse and G. Ludwig, Ann. Chem., 632, 158 (1960).

. M. C. Thompson and D. H. Busch, J. Am. Chem. Soc., 84, 1762 (1962).
. M. C. Thompson and D. H. Busch, J. Am. Chem. Soc., 86,213 (1964).

. D. H. Busch, Record Chem. Progr. (Kresge-Hooker Sci. Lib.), 25, 107 (1964).

. E. Bamberger, Chem. Ber., 60, 314 (1927).

. F. Seidel and W. Dick, Chem. Ber., 60, 2018 (1927).

. G. A. Melson and D. H. Busch, J. Am. Chem. Soc., 86, 4834 (1964).

. G. A. Melson and D. H. Busch, J. Am. Chem. Soc., 87, 1706 (1965).

. E. J. Olszewski, L. J. Boucher, R. W. Oehmke, J. C. Bailar, Jr. and
D. F. Martin, Inorg. Chem., 2, 661 (1963); E. J. Olszewski and D. F.
Martin, J. Inorg. Nucl. Chem., 26, 1577 (1964).

. L. Claisen, Chem. Ber., 29, 2931 (1896).

. D. Y. Curtin and J. W. Haussu, J. Am. Chem. Soc., 83, 3474 (1961).

. E. C. Britton and F. Bryner, U.S. Pat. 1,938,890; Chem. Abstr., 28, 1715

1934).

. 1(°s Sc})16nberg and W. Urban, J. Chem. Soc., 530 (1935).

. L. A. Neiman and V. I. Maimind, Izv. Akad. Nauk SSSR, Ser. Khim., 1831
(1964) ; Chem. Abstr., 62, 2724 (1965).

. A. F. McKay, E. J. Tarlton and C. Podesva, J. Org. Chem., 26, 76 (1961).

. H. Staudinger and R. Endle, Chem. Ber., 1042 (1917).

. U. Schollkopf, Angew. Chem., 71, 260 (1959).

. R. C. Azzam, Proc. Egypt. Acad. Sci., 9, 89 (1953); Chem. Abstr., 50, 16685




400 Paula Y. Sollenberger and R. Bruce Martin

(1956) ; F. Krohnke, H. Leister and J. Vogt, Chem. Be
61. E.‘ F. Degering, C. Bordenca and 1§I H. gGwynn, An’.,()g?l,inze,]gfz‘ gii?lzc
. Nitrogen Compds., John S. Swift Co., Inc., Cincinnati, Ohio, 1942, Chap. 8
2. C. K. Ingold and C. W. Shoppe, J. Ckem. Soc., 1199 (1929). ’ .
63. 5.931)261-62-0\7\5101-1;0 and E. D. Hughes, J. Chem. Soc., 1225 (1931); 696
(193 219%5) . Baker, W. S. Nathan and C. W. Shoppe, J. Chem. Soc.,
64. R. W. Layer, Chem. Rev., 63, 489 (1963).

65. S. K. Hsii, C. K. Ingold and C. L. Wilson, J. Chem. Soc., 1778 (1935);

R. Perez-Ossorio and E. D. Hughes, J. Chem. Soc., 426
1 . D. , J. . Soc., 1952); R. Perez-
Ossorio, F. G. Herrera and R. M. Utrilla, Nature, 179(, 40 () 1957).“ez
66. D. J..Cram and R. D. Guthrie, J. Am. Chem. Soc., 87, 397 (1965).
67. B. Witkop and T. W. Beiler, J. 4m. Chem. Soc., 76, 5589 (1954).

68. P. C. Free, J. Prakt. Chem., 47, 238 (1893); Ann. Chem., 283, 391 (1894); 1
’

E. Fisher, Chem. Ber., 29, 793 (1896); J. Thiele and K.
Chem., 290, 1 (1896); E. C. C. Baly W, Tuck, J. Chon s e
982 (1906); K. V. Auwers and H. Wunderling, Chem. Ber., 64 é74é
(1931); T. Uemura and Y. Inamura, Bull. Chem. Soc. Japan, 10, 169
(1935); P. Ramart-Lucas, J. Hoch and M. Martynoff, Bull. :S‘oc ,Chim
France, 4, 481 (1937); P. Grammaticakis, Bull. Soc. Chim. Fran.ce 14.
438 (1947); A. E. Arbuzov and Y. P. Kitaev, Dokl. Akad. Nauk .S:SSR,
113, 577 (1957); Chem. Abstr., 51, 14605 (1957). ’

69. R. O’Connor, J. Org. Chem., 26, 4375 (1961).

70. R. O’Connor and G. Henderson, Chem. Ind. (London), 850 (1965).

71. A. J. Bellamy and R. D. Guthrie, Chem. Ind. (London), 1575 (1964)

72. A. J. Bellamy and R. D. Guthrie, J. Chem. Soc., 2788 (1965) .

73. A. J. Bellamy and R. D. Guthrie, J. Chem. Soc., 3528 (1965).

74. H. C. Yao and P. Resnick, J. Org. Chem., 30, 2832 (1965).

75. G. J. Karabatsos and R. A. Taller, J. Am. Chem. Soc., 85 '3625 (1963)

76. R: R. Shagidullin, F. K. Sattarova, T. V. Troep’ol’sl;aya and Y ‘P
Kitaev, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk, 473 (1963); Chem. Abstr.
59, 7347 (1963); R. R. Shagidullin, F. K. Sattarova, N. V. Semenova,
T. V. Troepol’skaya and Y. P. Kitaev, Izv. Akad. Nauk SSSR, Otd Khim,

. ;{Vau;c{, sgi (1%63); Chem. Abstr., 59, 7347 (1963), R

- R. R. Shagidullin, F. K. Sattarova, T. V. Troepol’skaya and Y. P

Kitaev, Izv. Akad. Nauk SSSR, Otd. Khim. . sy,
35, 13761 (1065 Khim. Nauk, 385 (1963); Chem. Abstr.,

78. Y. P. Kitaev and T. V. Troepol’skaya, Izv. Akad. :
Nauk, 454 (1963); Chem, Abstr.. 59, 7347 (19631;1 Nouk 555K, Oud. Khim.

79. R. Kuhn and R. Bir, 4nn. Chem., 516, 143 (1935).

80. A. Burawoy and A, R. Thompson, J. Chem. Soc., 1443 (1953)

81. E. Sawicki, J. Org. Chem., 22, 743 (1957). ’ .

82. E. Fischer and Y. F. Frei, J. Chem. Soc., 3159 (1959)

gi 2}( }f{agi, Bull. Chem. Soc. Japan, 31, 1875 (1964). '

. C. K. Ingold, Structure and Mechanism in 1 ; i

versity Press, Ithaca, New York, 1953, P- ?(:)ggfmw Chemistry, Comell Uni-

85. K. J. Morgan, J. Chem. Soc., 2151 (1961),

86. (S{g(gé)Bell, G. L. Conklin and S. J. Childress, .J. Am. Chem. Soc., 85, 2868

7. Carbon-Nitrogen and Nitrogen—Nitrogen Double Bond Reactions 401

87. R. Kuhn and W. Miinzing, Ckem. Ber., 86, 858 (1953).

88. F. Ramirez and A. F. Kirby, J. Am. Chem. Soc., 75, 6026 (1953); 76,
1037 (1954); H. Van Duin, Rec. Trav. Chim., 73, 78 (1954); F. A. Isher-
wood and R. L. Jones, Nature, 175, 419 (1955); P. de Mayo and A.
Stoessl, Can. J. Chem., 38, 950 (1960).

89. D. Schulte-Frohlinde, Ann. Chem., 622, 47 (1959).

90. E. J. Poziomek, D. N. Kramer, B. W. Fromm and W. A. Mosher,
J. Org. Chem., 26, 432 (1961).

91. L. Tschetter, Proc. S. Dakota Acad. Sci., 43, 165 (1964) ; Chem. Abstr., 63,
8165 (1965).

92. G. W. Wheland, Advanced Organic Chemistry, John Wiley and Sons, Inc.,
New York, 1960, p. 452.

93. 1. V. Hopper, J. Chem. Soc., 127, 1282 (1925).

94. E. Odernheimer, Chem. Ber., 16, 2988 (1883); H. Goldschmidt, Chem.
Ber., 16, 2176 (1883); E. Beckmann, Chem. Ber., 22, 1531 (1889).

95. O. L. Brady and R. F. Goldstein, J. Chem. Soc., 1959 (1927).

96. S. Ginsburg and T. B. Wilson, J. Am. Chem. Soc., 79, 481 (1957).

97. W. D. Phillips, Ann. N.Y. Acad. Sci., 70, 817 (1958).

98. J. Stieglitz, Am. Chem. J., 40, 36 (1908); P. P. Peterson, Am. Chem. J., 46,
325 (1911).

99. W. Theilacher and K. Fauser, Ann. Chem., 539, 103 (1939).

100. N. V. Khromov-Borisov, Zk. Obshch. Khim., 25, 136 (1955); Chem. Abstr.,
49, 8257 (1955).

101. G. J. Karabatsos, J. D. Graham and F. M. Vane, J. Am. Chem. Soc., 84,
753 (1962).

102. G. J. Karabatsos, B. L. Shapiro, F. M. Vane, J. S. Fleming and J. S.
Ratka, J. Am. Chem. Soc., 85, 2784 (1963).

103. G. J. Karabatsos, R. A. Taller and F. M. Vane, Tetrahedron Letters, 18,

1081 (1964).
104. G. J. Karabatsos, R. A. Taller and F. M. Vane, J. Am. Chem. Soc., 85,
2327 (1963).
105. G. J. Karabatsos, R. A. Tallerand F. M. Vane, J. Am. Chem. Soc., 85, 2326
(1963).

106. E. Lustig, J. Am. Chem. Soc., 65, 491 (1961).

107. G. J. Karabatsos, J. D. Graham and F. M. Vane, J. Am. Chem. Soc., 84,
37 (1962).

108. C. Mills, J. Chem. Soc., 67, 925 (1895); R. Clauser, Chem. Ber., 34, 889
(1901); R. Clauser and G. Schweitzer, Chem. Ber., 35, 4280 (1902).

109. P. Ruggli and J. Rohner, Helv. Chim. Acta, 25, 1533 (1942).

110. R. W. Faessinger and E. V. Brown, J. 4Am. Chem. Soc., 73, 4606 (1951).

111. M. M. Shemyakin, V. I. Maimind and B. K. Vaichunaite, [zo. Akad.

Nauk SSSR, Otd. Khim. Nauk., 1260 (1957); Chem. Abstr., 52, 6231 (1958).

112. J.J. de Lange, J. M. Robertson and I. Woodward, Proc. Roy. Soc. (London),

A171, 398 (1939).

113. D. J. Cram and J. S. Bradshaw, J. Am. Chem. Soc., 85, 1108 (1963).

114. J. P. Freeman, J. Org. Chem., 28, 2508 (1963).

115. G. S. Hartley, Nature, 140, 281 (1937); G. S. Hartley, J. Chem. Soc., 633

(1938).
116. J. H. Collins and H. H. Jaffe, J. 4m. Chem. Soc., 84, 4708 (1962).



402

117.

118.
119,

120.
121,
122.

123.

124.
125.
126.
127.
128.
129.
130.
131.

132.
133.

134.
135.

136.

137.
138.

139.
140.

141.
142,
143,

144,
145,
146.
147.

148.
149,
150.
151.

Paula Y. Sollenberger and R. Bruce Martin

S. B. Hendricks, O. R. Wulf, G. E. Hilbert and U. Liddel, J. Am. Chem.
Soc., 58, 1991 (1936).

G. M. Wyman, Chem. Rev., 55, 648 (1955).

H. Boersch, Monatsh. Chem., 65, 327 (1935); W. West and R. B. Killings.
worth, J. Chem. Phys., 6, | (1938).

R. F. Hutton and C. Steel, J. Am. Chem. Soc., 86, 745 (1964).

D. L. Webb and H. H. Jaffe, J. Am. Chem. Soc., 86, 2419 (1964).

E. Miiller and W. Kreutzmann, dnn, Chem., 495, 132 (1932); K. A,
Gehrckens and E. Miiller, Ann. Chem., 500, 296 (1933). g
V. M. Dziomko and K. A. Dunawaskaya, Zh. Obshch. Khim., 31, 68
(1961); Chem. Abstr., 85, 23394 (1961). ‘
C. S. Hahn, B. H. Yun and H. K. Lee, J. Korean Chem. Soc., 7, 197 (1963).
P. Luner and C. A. Winkler, Can. J. Chem., 30, 679 (1952) .
W. P. Jencks, J. Am. Chem. Soc., 81, 475 (1959).

E. H. Cordes and W. P. Jencks, J. Am. Chem. Soc., 84, 4319 (1962).

E. H. Cordes and W. P. Jencks, J. Am. Chem. Soc., 84, 832 (1962).

E. H. Cordes and W. P. Jencks, J. 4m. Chem. Soc., 85, 2843 (1963).

J. C. Powers and F. H. Westheimer, J. 4m. Chem. Soc., 82, 5431 (1960),
L. do Amaral, W. A. Sandstrom and E. H. Cordes, J. Am. Chem. Soc.,
88, 2225 (1966).

S. F. Acree and J. M. Johnson, 4m. Chem. J., 38, 258 (1907). e
E. G. R. Ardagh, B. Kellam, F. C. Rutherford and H. T. Walstaff, J. Am,
Chem, Soc., 54, 721 (1932).

D. W. Brooks and J. D. Gettler, J. Org. Chem., 27, 4469 (1962).

L. Barrett and A. Lapworth, J. Chem. Soc., 93, 85 (1908); A. Olander,
Z. Physik. Chem. (Leipzig), 129, 1 (1927).

W. P. Jencks, ‘Mechanism and Catalysis of Simple Carbonyl Group
Reactions’ in Progress in Physical Organic Chemistry, Vol. 2 (Eds. S. G.
Cohen, A. Streitwieser, Jr. and R. W. Taft), Interscience Publishers, New
York, 1963, p. 70,
J. B. Conant and P. D. Bartlett, J. Am. Chem. Soc., 54, 2881 (1932).

L. P. Hammett, Physical Organic Chemistry, McGraw-Hill Book Co., Inc.,
New York, 1940, p. 329.

G. H. Stempel, Jr. and G. S. Schaffel, J. 4m. Chem. Soc., 66, 1158 (1944)
E. S. Hand and W. P. Jencks, J. Am. Chem. Soc., 84, 3505 (1962); R. B.
Martin, A. Parcell and R. I. Hedrick, J. Am. Chem. Soc., 86, 2406 (1964).
S. Bodforss, Z. Physik. Chem. (Leipzig), 109, 233 (1924).

A. Hantzsch, Chem. Ber., 25, 701 (1892),

A. Kling, Compt. Rend., 148, 569 (1909); G. Knopfer, Monaish. Chem., 32,
768 (1911).

P. K. Chang and T. L. V. Ulbricht, J. Am. Chem. Soc., 80, 976 (1958).
R. Cantarel and J. Guenzet, Bull. Soc. Chim. France, 1285 (1961).

E. G. R. Ardagh and J. G. Williams, J. Am. Chem. Soc., 47, 2976 (1925).
E. G. R. Ardagh, B. Kellam, F. C. Rutherford and W. T. Walstaff, J. Am.
Chem. Soc., 54, 721 (1932),

F. H. Westheimer, J. Am. Chem. Soc., 56, 1962 (1934).
B. M. Anderson and W. P. Jencks, J. Am. Chem. Soc., 82, 1773 (1960).
B. Oddo and F. Toguacchini, Gazz. Ghim. Ital., 52, 347 (1922).
G. Vavon and P. Montheard, Bull. Soc. Chim. France, 7, 551 (1940).

7. Carbon-Nitrogen and Nitrogen—Nitrogen Double Bond Reactions 403
illi hem., 31, 361 (1953).
. V. Willi and R. E. Robertson, Can. J. Ci , 31,
Igg g S. Noyce, A. T. Bottini and S. G. Smith, J. Org. Chem., 23, 72% (1938).
154. G: M Santerre, C. J. Hansrote, Jr. and T. I. Crowell, J. Am. Chem. Soc.,
80, 1254 (1958). 3641 (1959)
icki nd C. Eaborn, J. Chem. Soc., ( ). )
igg "II' 1? l(g;((:)wreli(ilc,mina The Chemistry of the Alkenes (Ed. S. Patai), Interscience
" Publishers, New York, 1964, p. 265.
157 5‘1 Ylljkzetwa and Y. Tsuno, Bull. Chem. Soc. Japan, 32, 971 (1959).
158. J.‘Wcinstcin and E. MclIninch, J. Am. Chem. Soc., 82, 6064 (1960).
139, K. Yates and R. Stewart, Can. J. Chem., 87, 664 (1959). .
160: T. I. Crowell, C. E. Bell, Jr. and D. H. O’Brien, J. Am. Chem. Soc., 86,
4973 (1964).
161. J. D. (Dicki)nson and C. Eaborn, J. Chem. Soc., 3036 (1959). . .
162. J: N. Bronsted and K. Pedersen, Z. Physik. Chem. (Leipzig), 108,
(1924).
in, J. Phys. Chem., 68, 1369 (1964). . ‘
122 i{d %ig:xalr;l:& L. DyeMaeyer, in The Structure of Electrolytic Solutions (Ed.
' W. J. Hammer), John Wiley and Sons, New York, 1959, p. 64.
165. C 'G Swain and J. C. Woroxz, Teirahedron Letiers, 36, 3199 (1965).
166' C. G.. Swain, D. A. Kuhn and R. L. Schowen, J. Am. Chem. Soc., 87,
1553 (1965).
167. C. G.(Swai)n and E. R. Thornton, J. Am. Chem. Soc., 84, 817 (1962). o
168: K. Koehler, W. Sandstrom and E. H. Cordes, J. Am. Chem. Soc., 86,
2413 (1964).
169. R B.(Mart)in and A. Parcell, J. Am. Chem. Soc., 83, 4830 (1961).
170' G. Kresze and H. Manthey, Z. Elektrochem., 58, 118 (1954).
171. B‘ Kastening, L. Hollock and G. A. Melkonian, Z. Elektrochem., 60, 130
1956).
172 g}gBa)ddclcy and R. M. Topping, Chem. Ind. (London), 1693 (1958).
173' A. Williams and M. L. Bender, J. Am. Chem. Soc., 88, 2508 (1966). )
174. D. H. R, Barton, R, E. O°Brien and S. Sternhell, J. Chem. Soc., 470 (1962).
175: J..H. Simons, W. T. Black and R. F. Clark, J. Am. Chem. Soc., 75, 5621
1o 4968 (1961)
176. J. F. Bunnett, J. Am. Chem. Soc., 83, 4956, . )
l;g {{ B. l\t'llartin, J. Am. Chem. Soc., 84, 4130 (1962); R. B. Martin, J. 4m.
Chem. Soc., 86, 5709 (1964).
. R. B. Martin, J. Org. Chem., 29, 3197 (1964).
};g g L. Sciﬁnir and B. A. Cunningham, J. Am. Chem. Soc., 87, 5692 (}922)
180: B.. A. Cunningham and G. L. Schmir, J. Am. Chem. Soc., 88, I5512( 966).
181. E. H. Cordes and W. P. Jencks, J. Am. Chem. Soc., 84, 826 (1%%6).
182. M. L. Bender and A. Williams, J. Am. Chem. Soc., 88, 2502 ‘(1. o ).1955)
183. C. R. Hauser and D. S. Hoffenberg, J. Am. Chem. Soc., 7.7, 885 ( 2738.
184: J. A. Gautier, J. Renault and C. Fauran, Bull. Soc. Chim. France,
1963).
185. £7 E.)Haury, U.S. Pat. 2,692,284; Chem. Abstr., 49, 15946 (19515)(.51
186. R. Wolfenden and W. P. Jencks, J. %314 %’;zgrg‘.};goc., 83, 2763 (1961).
187. O. Bloch-Chaude, Compi. Rend., 239, (1954).
188. P. Petrenko-Kritschenko and S. Lordkipanidze, Chem. Ber., 34, 1702
(1901).
14 4-c.A.G.



404 Paula Y. Sollenberger and R. Bruce Martin

189. P. Petrenko-Kritschenko and W. Kantscheff, Chem. Ber., 39, 1452 (1906).

190. L. Ruzicka and J. B. Buijs, Helv. Chim. Acta., 15, 8 (1932).
191. A. R. Poggi, Gazz. Chim. Ital., 77, 536 (1947).
192. P, G. Kletzke, J. Org. Chem., 29, 1363 (1964).

193. E. C. Suratt, J. R. Proffitt, Jr. and C. T. Lester, J. Am. Chem. Soc., 72,

1561 (1950).

194. J. L. Maxwell, M. J. Brownlee and M. P. Holden, J. 4m. Chem. Soc., 83, 3

589 (1961).
195. A. Claus and C. Foecking, Ghem. Ber., 20, 3097 (1887).
196. E. Feith and S. H. Davies, Chem. Ber., 24, 3546 (1891).
197. F. Baum, Chem. Ber., 28, 3207 (1895).
198. R. G. Kadesch, J. Am. Chem. Soc., 66, 1207 (1944).
199. F. P. Price, Jr. and L. P. Hammett, J. Am. Chem. Soc., 63, 2387 (1941).
200. F. W. Fitzpatrick and J. D. Gettler, J. Am. Chem. Soc., 78, 530 (1956).
201. I. D. Fiarman and J. D. Gettler, J. Am. Chem. Soc., 84, 961 (1962).
202. G. Vavon and P. Anziani, Bull. Soc. Chim. France, 4, 2026 (1937).
203. G. Vavon and P. Montheard, Bull. Soc. Chim. France, 7, 560 (1940).

204. D. G. Knorre and N. M. Emanuel, Dokl. Akad. Nauk SSSR, 91, 1163

(1953); Chem. Abstr., 49, 12936 (1955).

205. M. J. S. Dewar, J. Chem. Soc., 463 (1949); P. B. D. de la Mare and J. H. §
Ridd, Aromatic Substitution, Academic Press, Inc., New York, 1959, p. 82. ,'
206. T. C. Bissot, R. W. Parry and D. H. Campbell, J. Am. Chem. Soc., 79,

796 (1957).
207. M. Imoto and M. Kobayashi, Bull. Chem. Soc. Japan, 33, 1651 (1960).
208. E. F. Pratt and M. J. Kamlet, J. Org. Chem., 26, 4029 (1961).
209. R. L. Hill and T. 1. Crowell, J. Am. Chem. Soc., 78, 2284, 6425 (1956).
210. S. L Miller, J. Am. Chem, Sec., 81, 101 (1959).
211. W. P. Jencks, ‘Mechanism and Catalysis of Simple Carbonyl Group

Reactions’ in Progress in Physical Organic Chemistry, Vol. 2 (Eds. S. G, |

Cohen, A. Streitwieser, Jr. and R. W, Taft), Interscience Publishers, New
York, 1963, p. 63.

212. J. Hine, J. Am. Chem. Soc., 81, 1126 (1959).

213. C. D. Ritchie, J. D. Saltiel and E. S. Lewis, J. Am. Chem. Soc., 83, 4601
(1961).

214. J. E. Leffler, Science, 117, 340 (1953).

215. G. S. Hammond, J. Am. Chem. Soc., 77, 334 (1955).

216. C. G. Swain and E. R, Thornton, J. Am. Chem. Soc., 84, 817 (1962).

217. C. G. Swain and C. B. Scott, J. Am. Chem. Soc., 75, 141 (1953).

218. A. E. Braunstein and M. M. Shemyakin, Biochemistry (USSR) (English
Transl.), 18, 393 (1953); Chem. Abstr., 48, 4603 (1954).

219. D. E. Metzler, M. Ikawa and E. E. Snell, J. Am. Chem. Soc., 76, 648
(1954); D. E. Metzler, J. Am. Chem. Soc., 79, 485 (1957),

220. T. C. Bruice and S. J. Benkovic, Biorganic Mechanisms, Vol. 2, W. A.
Benjamin, Inc., New York, 1966.

221. A. E. Braunstein, in The Enzymes, Vol. 2, 2nd edn. (Eds. P. D. Boyer,
H. Lardy and K. Myrbick), Academic Press, New York, 1960, p. 113,

222, E. E. Snell, in Proceedings of the Symposium on Chemical and Biological Aspects
of Pyridoxal Catalysts, Rome, 1962 (Eds. E. E. Snell, P. M. Fasella, A.
Braunstein and A. Rossi-Fanelli), Pergamon Press, New York, 1963, p. 1.

7. Carbon-Nitrogen and Nitrogen-Nitrogen Double Bond Reactions 405
293. J. Olivard, D. E Metzler and E. E. Snell, J. Bi;(li. %}‘156[;".(’119?5?1.’)669 (1952).
v "and E Soc. .
. Ik and E. E. Snell, J. Am. Chem. , 76,
2§§ 1\1\1 Ik::vv: and E. E. Snell, J. Am. Chem. Soc., 76, 4900 (1954).
226. F .Binkley and M. Boyd, J. Biol. Chem., 217, 67 (1955). 1052
2 7 D. E. Metzler and E. E. Snell, J. Am. Chem. Soc., 74, 979 (1952). e
g§8. P‘Fz;sella H. Lis, N. Siliprandi and C. Baglionic, Biochim. Biophys. Acta, 23,
" 417 (1957). . .
9 ‘It]”E( Sneil in Vitamins and Hormones (Eds. R. S. Harris, G. F. Marrian
229 ‘d K A% ’Thimann), Academic Press, New York, 19.?8, p. 78.
230 zll*ln E éneil and W. T. Jenkins, J. Cellular Comp. Physiol. (Suppl. 1), 54,
" 161 (1959). oos
. Biochim. Biophys. Acta, 93, 323 (1964).
R e d . M. Greenberg, J. Biol. Giem., 230, 561 (1958).
533 W. T. Jenkins, D. A. Yphantis and 1. W. Sizer, J. Biol. Chem., 234,

234 gggg)s.ella G. G. Hammes and B. L. Vallee, Biochem. Biophys. Acta, 68,

1962). )
235 &2 Ig Dex)npsey and E. E. Snell, Biochemistry, 2, 1414 (1963).
236. D.'Heinert and A. E. Martell, J. Am. Chergbiolcgsg‘;, 3257 (1962).
. ist , J. Am. Chem. Soc., 80, .
53{7; AIA;I lgq.KCe}rlxl:sI:';c.nCs;nKrebs and E. H. Fischer, J. Biol. Chem., 232, 549 (1958).
239. E. M Wil’son and H. L. Kornberg, Biochem. J., 88, 578 (1963).
24—0' E. H.Fischer, A. B. Kent, E. R. Snyder and E. G. Krebs, J. Am. Chem.
" So 1958). _
241 f{)c'(,lsg’lfggl?g (W. 'I)‘ Jenkins and E. H. Fischer, Proc. Nat. Acad. Sci. U.S.,
" 48, 1615 (1962).
. theimer, Proc. Chem. Soc., 253 (1963). .
51125 f) I}_I. ‘I/’iii/axfg\?skii and B. A. Keil, Biochemistry (USSR) (English Transl.),
28, 306 (1963). )
244. L. G. Sc(hirch)and M. Mason, J. Biol. Chem., 238, 1032 (1963).
24—5. M. Fugioka and E. E. Snell, J. Biol. Chem., 240, 304—4— (1965).
246- J A Anderson and H. W. Chang, Arch. Biochem. l’?zophys., '110, 346 (1965).
24-7. C 'I"urano, A. Giartosio and P. Fasella, Arch. Biochem. Biophys., 104, 524
1964). )
248 l(\/I Fl)inoka and E. E. Snell, J. Biol. Chem., 240, 3050 (1965).
249' Y. Ogata and Y. Takagi, J. 4Am. Chem. Soc., 80, 35.91 (}958).
250‘ P. A. S. Smith, The Chemistry of Open-Chain Organic Nitrogen Compounds,
" Vol. 2. W. A. Benjamin, Inc. New York, 1966, p. 365.
251. K. UCI’IO and S. Akiyoshi, J. Am. Chem. Soc., 76, 3671 (1954).
252: E. Bamberger and E. Renauld, Chem. Ber., 30, 2278 (1897).
253. E. Bamberger and A. Rising, Ann. Chem.,_ 316, 257 (1901). .
254. V. O. Lukashevich, Compt. Rend. Acad. Sci. URSS, 21, 376 (1938); Chem.
Abstr., 83, 3769 (1939). '
255 Y.J(’)gata, M. Tsuchida and Y. Takagi, J. Am. Chem. Soc., 79, 3397

7). i
256 (Slgi,)aze T. Fukumoto and M. Yamagami, Bull. Chem. Soc. Japan, 36,

057 ]7_,28A( lii?:)r'xam V. I. Maimind and M. M. Shemyakin, Tetrahedron Letters,

35, 3157 (1965).



406 Paula Y. Sollenberger and R. Bruce Martin

258. G. A. Russell, E. G. Janzen and E. T. Strom, J. Am. Chem. Soc., 86, 1807 ,

(1964).

259. G. A. Russell, E. G. Janzen, H. D. B
Chem. Soc., 84, 2652 (1962).

260. G. A, Russell and E. J. Geels, J. Am. Chem. Soc., 87, 122 (1965).

ecker and F. ]J. Smentowski, J. Am, ;

CHAPTER 8

Cleavage of the

carbon-nitrogen bond

Emi. H. Waite and Davip J. Woobcock

Department of Chemistry, The Johns Hopkins University, Baltimore,

Maryland 21218
I. INTRODUGTION 409
II. QUATERNARY SALTS 409
A. Hofmann Elimination 409
B. Amine Displacements 416
C. Rearrangements 417
1. The Stevens rearrangement 417
2. The Sommelet-Hauser rearrangement 420
IIT. AmiNe OXIDES 423
A. The Cope Ehmmatlon 423
B. The Meisenheimer Rearrangement 425
C. Cleavage with Acylating Agents 426
IV. TERTIARY AMINES 427
A. The von Braun Cyanogen Bromlde Reactlon 427
B. Cleavage by Nitrous Acid 429
C. Oxidative Cleavage 429
D. Amine Dlsplacement 431
E. Amine Exchange in Mannich Bases 432
V. SECONDARY AMINES 433
A. Aziridines . 433
B. Benzylic and Allylic Secondary Amlnes 434
C. Thermal Dealkylation . 436
VI. Repuctive CLEAVAGE . 436
A. Catalytic Hydrogenolysis . 436
B. Dissolving Metals 436
C. Electrolytic Cleavage 437
D. Miscellaneous Methods 438
1. Difluoramine . 438
2. Hydroxylamlne-O-sulfomc a01d 438

407



408 Emil H. White and David J. Woodcock

3. Catalytic cleavage with hydrazine
4. Photochermical cleavage
VII. PriMARY AMINEs
A. Aliphatic Amines . . . . .
1. Reactions in which nitrogen is the leaving group
a. The nitrosoamide decomposition
(1) The role of free radicals
(2) Mechanism of the decomposition . .
(a) B-Eliminationand hydrocarbon formation
(b) e-Elimination
(c) Displacement .
(d) Retention of configuration
(e) Front-side exchange
(f) Solvent cage reactions
(g) Intramolecular inversion
(i) Deuterium results
(i) 20 results . .
(3) The loss of nitrogen and ester formation
b. The triazene reaction . . .
¢. The deamination of amines with nitrous acid
(1) The counter-ion hypothesis . .
(2) Alternative mechanisms for the nitrous acid
deamination . . . .
(3) Application of the counter-ion hypothesis
Path (d) Retention of configuration
Path (g) Intramolecular inversion
Path (e) Front-side exchange
Path (¢) Displacement
Path (f) Solvent cage reactions . .
Path (a) Elimination and hydrocarbon form-
ation .
Path (b) ¢-Elimination
(4) Carbon rearrangements . .
(5) The nitrous acid deamination in acetic acid
(6) The nitrous acid deamination in water .
(7) Related methods . . .
2. Reactions in which nitrogen is not the leaving group .
a. The von Braun reaction of amides
b. Pyrolysis of amides
¢. Oxidation methods . .
(1) Oxidation with permanganate
(2) #Butyl hypochlorite
(3) Photochemical oxidation
(4) Transamination
B. Aromatic and Heterocyclic Amines
1. Reactions involving diazonium salts
2. The Bucherer reaction
VIIIL. REFERENCES

483
483
483
483
484
484
485
485
485
486
487

8. Cleavage of the Carbon-Nitrogen Bond 409

I. INTRODUCTION

Reactions in which a bond ffrom c:arb(l)ln t95t1;t1~(¥§: I:Iso?r:lzlfle;l az;rcci
important in several areas of organic chemistry. . n and
iminati are widely used in synthetic che'mlstr:y, and
g:friiﬁzgzagﬁ raljiphatic am}i’nes.(via the pitrous acid, .n1trosoa‘lm1cr1e
and triazene methods) has been w1del¥ studied, u5ua11}f w1tlé a prnt'?laerz
emphasis on establishing the mec.hamsm of the reaction. 1 ince e
has been much research activity in the latte'r area recent y,da rr.1tz.1J !
fraction of the chapter is devpted to an interpretive and critic
i eamination reactions. )
re\gevzviodfet}zfiety of methods for the cleavag.e of carbon—mtr(t)i%(;r;
bonds is now available (equation 1). The c}}emlstry of t.hese realct o0
is dominated by two fundamental properties of the nitrogen a (Ehai
(1) the ability to form a positively chgrged tetracovalegt grou% that
can, on the one hand, labilize the adjacent carbon—‘hy rogen I
for chemical attack and, on the other, serve as a good ‘leavmg groupto,
and (2) the capability of combining with another nitrogen atom

7
25 Sc=ch + RN
/
N
VHb—C\ ~ Vs
B/\C—KNRg 105 Sc—cH + RN
H 2 H B
L —C"‘_Nhg -—> Eventual C-N cleavage
p; S

form the very stable N, molecule. Reactions Qf the s‘ilcond. ty}ziz I}lla}/z
unique characteristics, as described in the section on edamma Vah;ate
the following catalog of methods, some attempt 1s mahe to (L aluate
the synthetic usefulness of the methods, and to outline the mec

of the reactions.

il. QUATERNARY SALTS

A. Hofmann Elimination . i

The thermal decomposition of a quaternary ammonium lﬁl ;omn I(:
to alkene, tertiary amine and water was ﬁrst observed by 1 Z rrrﬁies
in 1851 (equation 2)*®. From his work with unsymmetrica ,

OH ——> 2
(CaHe) N OH = (CoHg)oN + CHy==CH; + HyO @)
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Hofmann suggested that a quaternary salt containing an ethyl group
always eliminated ethylene in preference to other alkenes. This rule

has been generalized to state that the alkyl group eliminated is that

one having the most B-hydrogens. A general exception to this rule is
found when the quaternary salt contains a B-substituent that can
stabilize a negative charge; in this case the alkene eliminated contains

the B-substituent (equation 3). The Hofmann rule has also been stated -

CaHsCHaCHaN(CH3),0H —> CoHsCH—CHj + N(CHg), + HeO 3)
ﬂHE HG

to the effect that the product of elimination from a quaternary hydrox-
ide is the least-substituted alkene 2. However, this formulation does not
apply to eliminations from quaternary salts containing a S-substituted
electron-withdrawing group (as above) and in many cases does not
apply for quaternary salts containing a-substituted alkyl groups, as in
the case of dimethylethylisopropylammonium hydroxide (equation 4).
Thus no concise and correct statement of the Hofmann rule is
available?e.

(':Ha (l:Ha
CaHs—N—CH—CHy —4 » CHa=CHCHg + C,HsN(CHg)a @
éHa 607,

Hofmann'® was the first to realize the potency of the elimination
for examining the natural bases, and the method of exhaustive
methylation has found extensive use in the investigation of alkaloid

structures®. Essentially, exhaustive methylation is carried out by 1
preparing the methiodide of the tertiary base, treating this with silver

oxide, and concentrating the solution of the quaternary hydroxide
under reduced pressure until decomposition takes place. The exclusion
of carbon dioxide is essential for formation of good yields of elimina-
tion product®. In the examination of a natural product, the procedure
is usually repeated until the nitrogen is liberated as trimethylamine.
The degraded natural product now contains olefinic double bonds
for further degradation. In addition, the number of exhaustive
methylation procedures carried out to free the nitrogen determines the
number of rings to which the nitrogen was attached in the natural
product. An example is given by the degradation of quinolizidine
(equation 5). The nitrogen is attached to two rings and it requires
three cycles of the exhaustive methylation procedure to eliminate the
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3 Cycles =
TIEES (CHg)N + (3
N xn P

nitrogen. Reported? yields for the degradation reaction are .usual;y
good to very good (60-100%,). A survey of products and yields in
the Hofmann elimination has appeared®. '
The Hofmann elimination has also been used in th'e synthesis of
alkenes not readily available by other elimination reactions. A recent

example is the synthesis of trimethylenecyclopropane (equation 6) 2.
CH,NMeg I
6
A 6)
+ + .
I~ MesNH,C CHyNMes |

1,6-Elimination has been observed for a special case and used for the
synthesis of a paracyclophane (equation 7)°®.

2 Hsc@—CHz&(CHS)SOH' —

The mechanism of the Hofinann elimination has received consider-
able attention in the last two decades and a number of reviews on
the mechanism of this and other elimination reactions hav.e
appeared ® 8, Two facets of the reaction have been studied }n parti-
cular, the degree of concertedness of the reaction and the orientation
of the elimination. .

Ingold examined the elimination®*” and found that it was first
order in both hydroxide ion and quaternary ammonium ion a, The
reaction was described as having an E2 (elimination, bimolecular)
mechanism, though Ingold noted that a seconfi mechanism, namely
El,, (elimination, unimolecular, from the conjugate base (3) of the
substrate), would also fit the kinetic data. A’Etempts haYe been made
to distinguish between these two mechanistic paths. Since th.e Ely,
mechanism involves an equilibration between the quaternary ion (1)
and the zwitterion intermediate (8) it should be possible to observe an

14*
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R H R H
B Ne—d NCHgs —>  Ne—d N(CHs)
L -M3g)s e 3)3
w1 re” [T A
H H IO
¢ )] OH \
2 1
R AN /H
JC=C{ + N(CHa,
R2 H ®)
/ (4)
pto M R H
AN I + OH- N4 l +
flo ANern S 8o,
AR R H
() (3)

exchange of the B-hydrogens with deuterium from the solvent, for
example, providing that the elimination to alkene (4) is slower than
the equilibration. In fact, for the reaction of ordinary quaternary
salts of aliphatic amines, no exchange of deuterium with solvent at the
B-position was observed?®, If; therefore, the E 1, mechanism is operat-
ing, the elimination to alkene must be rapid as compared with the
equilibration of 1 and 3.

In the event of an E2 mechanism occurring, an isotope effect should
be observed at both the 8-C—H and the a-CG—N sites. This possibility
has been investigated using deuterium-, tritium-, 1¢C- and !5N.
substituted compounds. An isotope effect (Ayfky) of 4 for elimination

from the B,B,B-tn'deuteroethyltrimethylammonium ion% and one of

3 for elimination from the B,B-dideutero-,B-phenethyltrimethyl-
ammonium ion® have been observed. These indicate that 8-C—H
bond cleavage is involved to some extent in the transition state. The
nitrogen isotope effect in the elimination reaction of phenethyltri-
methylammonium ion was found to be 307, of the theoretical maxi-
mum, a result indicating that for this reaction, the a-C—N bond is
partially cleaved in the transition state®, A study of the tritium isotope
effect has been made using n-propyltrimethylammonium salts 102,
The isotope effects (km/kr) observed by substitution of tritium at the
@-, B- and y-carbons of the n-propyl group were 1-1, 2:86 and 1-1
respectively. The effect of B-substituents on the tritium isotope effect
in  substituted p-tritioethyltrimethylammonium  ions has been
studied 1% (Table 1). These results seem to indicate little C—H bond
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Tagre 1. Tritium isotope effect
in Hofmann elimination for

(CH,),NCH,CHTR at 60°.

R kyfk
H 3-0
CH; 29
CeHs ~ 4"2
p-NO,CeH, 8

cleavage in the transition state, except, perhaps, in the casefof tﬁe
p-nitrophenethyl group. The smaller isotope effect observed for the
monotritiated derivatives as opposed to that observed-for the fully
deuterated compounds is attributed to a second.ary isotope effect
due to the additional deuterium atoms present in the deuterafed
molecules studied!®. The carbon-14 isotope effect has been studied

with the compounds Rl(rI(CHa)lea (Table 2). The results shown in

-
TaBLe 2. Carbon-14 isotope effect for RN(CH;); in the
Hofmann elimination.

R k120/k144 Temperature (°c)
1“CH,CH;, 1-060 4-8
1¢CH,CH.CH; 1-067 5
CH,**CH,CHj, 1-032 57
1 1:045 91

C(CHy), o
1#CH3;CHCgH,NOy-p 1-026

the table are about a half to a third of the maximum theoretical
value (ko k14, = 1-15 at 40°) sho“fir‘lg participation of (1]4——N bond
cleavage to this degree in the transition state. The low C isotope
effect for the p-nitrophenethyl group suggests t.hat. the 1ncrea§ed
acidity of the p-proton has aided a shift in the elimination mechanism
from E2 towards El,. )

Cram?!! has studied the elimination from threo-. (eguauon 9) a.nd
erythro-1,2-diphenyl-1 -propyltrimethylamr:nonium _lodides (equation
10). Since the E2 mechanism for elimination requires 2 t-mr-zs-coplanar
arrangement of the §-proton, the carbon atoms of the mc1plent.d0uble
bond and the ammonium ion in the transition state, these isomers
should lead to different alkene isomers if the reaction -fol!ows. the £2
path., With ethoxide ion as base in ethanol, frans elimination was
observed for both isomers and a rate ratio (myeo/Kerytnro) qf 57 was
calculated. This is in accord with the steric factors which hinder the
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e}flyt/zro form fron} attaining the trans-coplanar configuration. It appears 1
that with ethoxide ion as base an E2 mechanism for the elimination
occurs. However, upon changing the base to t-butoxide jon in §

N(CHy),
HsC CeHg H.C CoH
trans N __7 5
Elimination /C_C\ ©)
CoHe H CeHs H
H
threo
+
N(CHa)s
CeHs CHg H.C H
trans : \C_C/
Elimination RN 4
CH, " CeHs CeHs (10) A
H
erythro

t-butanol, both isomers were found to produce the same alkene at the
same rate. The alkene was that obtained by trans elimination from
the threo derivative, and therefore, in effect, by cis elimination from
the erythro derivative. This equality of the rates of elimination suggests
that there is a common intermediate—the carbanion—giving the
same product from both isomers. That is, in the case of t-butoxide ion
as base, the elimination occurs via an E I, mechanism. It is probable
then th:%t. the Hofmann elimination can pass through a whole range
of transition states'? extending from El (cleavage of C—N bond
before f-C—H bond) to El, (cleavage of B-C—H bond before
C—N bopd) with most of the normal Hofimann eliminations falling at
a mld-I:)omt with near synchronous £2 mechanisms?3,

A third mechanism for the Hofmann elimination was suggested by

Wittig!4, This involves the formation of an ylide (5) by attack of :

base on an o' hydrogen, followed by attack of the o’-carbanion on
the B-hydrogen (equation 11). This mechanism requires that a
B—Rroton be transferred to the tertiary amine (6) eliminated. Deu-
terium s:cudies have shown'®, however, that in the normal Hofmann
elimination the ylide mechanism is not an important one. On the
other hand, evidence for an ylide mechanism has been obtained in
the case of a highly branched alkylammonium ion, which for steric
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Rl
\ + -
o8 /Cl—CHz—N(CHg)z e
R? H CHg
Rt Rl
~ . ~
2/C—CH2‘G’T—(CH3)2 —_— > 2/C=CH2 + N(C(HS)S
R A CHa R (6) (11)
\/

®

requirements cannot attain the ¢rans-coplanar configuration required
for E2 elimination8, and in the case when very strong base (n-butyl-
lithium) is used to bring about the reaction .

¢is Elimination has been observed in the Hofmann elimination for
certain special cases. In the case of sterically hindered molecules
which cannot easily attain a configuration with a trans f-hydrogen,
¢is elimination can occur, perhaps by the ylide mechanism, as
above 817, The presence of an acidic B-hydrogen cis to the nitrogen
can also induce cis elimination in preference to trans. The elimination
from the 2-phenylcyclohexyltrimethylammonium ion '8, illustrates the
latter case (equation 12). The trans form of the 2-phenylcyclohexyl-
trimethylammonium ion has a ¢rans B-hydrogen at the 6-position and
an acidic ¢is B-hydrogen at the 2-position, and upon elimination,
formation of 1-phenylcyclohexene by elimination of the cis hydrogen
at the 2-position predominates. Two mechanisms are available for

CeHs

CGHS
YN @ 12)
H

IE(CH;,);;

such a ¢is elimination, Ely, and o'f (Wittig), although a cis E2
mechanism could be considered. Examination of the trans-2-phenyl-
2-d,-cyclohexylamine derivative showed that elimination occurred
without transfer of deuterium to the trimethylamine thereby excluding
the ylide mechanism. Also since the ¢rans-ammonium ion was shown
not to isomerize to the ¢is-ammonium ion under the reaction condi-
tions there could have been no formation of anion required by the
El,, mechanism, unless the anion when formed had eliminated ter-
tiary amine at a rate much faster than equilibration of the anion
and solvent.

Research into the mechanism of the Hofmann elimination has been
stimulated by the controversy on the reasons for the Hofmann and
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the Saytzeff rules of orientation in elimination reactions. In general §
for a given backbone structure the Hofmann rule predicts the forma- §
tion of the least branched alkene while the Saytzeff rulel® predicts }
the formation of the more highly alkylated alkene. Generally it is §
found that the Saytzeff rule is followed by alkyl halide, alkyl sul- 38
fonate and all El eliminations while the Hofmann rule is followed
by ‘onium’ eliminations. The orientation of the Hofmann elimination
was suggested by Hughes and Ingold2?° to be due to the strong
inductive effect caused by the positive charge of the ‘onium’ group |
which made the 8-hydrogens acidic. Since B-substituted alkyl groups 4
tend to reduce the acidity of the B-hydrogens, these hydrogens tend 3§

not to be lost. Brown?!, however, attributed the orientation entirely }
to steric factors, a direct result of the bulkiness of the ‘onium’ group j
which forced elimination to the least alkylated olefin. Although 1§
Brown used rather large alkyl groups, the theory was to account for 1
all eliminations down to the simplest. It is of interest to note that the }
nitro group, which is smaller than iodine, should give Saytzeff j

products on the basis of Brown’s theory and Hofmann products on

the basis of Ingold and Hughes’ theory. In fact, Hofmann products
were observed?®. Although this problem has not been completely
solved it seems likely that the steric effect plays only a small role in 3

the orientating effect unless the alkyl groups are bulky?22 22,

B. Amine Displacements

Displacement of a tertiary amine by the attack of a nucleophile on
the a-carbon of a quaternary salt is a reaction that competes with the
Hofmann elimination and is found to take place preferably with weak

bases (carbonate, acetate, etc.)?®. In some cases steric influences }

rather than basicity may promote the substitution reaction in favor
of elimination. For example, the reaction of propyltrimethyl-
ammonium ion with hydroxide ion yields 19%, methanol and 817,
propylene, whereas the reaction with phenoxide ion yields 65%,
anisole and 15%, propylene (equation 13) 4. Phenyl groups attached

Elimination CH;,CH:CHZ + N(CHa)a

; (13)
Displacement n-CquN(CH3)2 + CHX

(X = OH or OCgHs)
to nitrogen apparently favor the displacement reaction 26, presumably
by making the amine a better ‘leaving group’. An Sy2 mechanism is
indicated for the substitution reaction since the reaction of 1-phenyl-
ethyltrimethylammonium ion with acetate ion yielded 1-phenylethyl-

n-CaHN(CHg)sX -
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acetate with 98-100%, overall inversion of conﬁgurlatlorﬁiz;. Vc\llilsleila éle(z

B-hydrogen is present in the quaternary salt, nucleop (:;1 ! 11)4) e

ment becomes the exclusive mode of decomposition (equatio .
CeHsCHZOH + N(CHa)a (65 %)

+ -
CgHsCHzN(CHa)aoH \ CH;;OH + CaHSCHzN(CHS)Z (35%)

i i i hen the nucleophilic
A useful synthetic alkylation reaction occurs w. .
reagel;ft isa Zarbanion (equation 15)28. Other nucleophiles have been

(14)

(CHa)sN + CH3(COOC,Hs), OCaHs CH,CH(COOC;Hs)a + (CHa)oN (Ref. 28d) (15)
3/4

3 28a. Ay
observed to displace tertiary amines from quaternary salts 292 ec}li
amples include amines and halide, cyanide, sulphide and mercaptide

ions. .
In special cases, displacement of the amine by a y-carbon of the

quaternary salt has been observed to take place ir} .preference to
B-elimination (equation 16). Strong base and an acidic .y-hydrog.en
are required to promote this type of displacement 2°. A similar reaction

+ NaNH 16
CeHsCHaCHaCH2N(CHa)s ﬂa’NTZ’ CsH5‘<] + (CHglsN (19

occurs when B-hydroxyammonium salts are subjectec.l to Hofmanr}
elimination conditions (equation 17). In this case, .dlsg)(}acement o)
the tertiary amine by oxygen occurs to form an epoxide°.

OH'¥ H—/(l)\

—C—CH—TN
RS

R3

\
Ry ——> ——C|/—CHR1 + NRg 7

C. Rearrangements

1. The Stevens rearrangement o
The Stevens rearrangement?!:32 is a base-promoted 1,2-migration

of an alkyl group from quaternary nitrogen to carbon (equations 18

and 19). The migration terminus must contain an acidic hydrogen
CoHs COCHN(CHa)z ~2> CgHsCOCH—N(CH)a (18)

H,CgHs HzCeHs

CeHsLi, 19
CaHsCHzKI(CHa)S ﬁr_') CGHECH'—N(CH5)3 ( )
H,
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for the rearrangement to occur; the weaker the acidity of this hydrogen,

the stronger the base required for the reaction to proceed3'®, The §

rearrangement of two isomeric brominated benzyldimethylphenacyl-

ar?momum bromides in the same reaction mixture gave no product of
Py . . i
a “cross’ reaction showing the rearrangement to be intramolecular2s_ 4

A more rigorous experiment using *C-labeled compounds also gave

no ‘cross’ products (equation 20) 224, The effect of substituents on the 1

\

p-BrCoH,COCH,N(CHs), CeHsCOCHLN(CH,),
+

14CH,CoHs HaCoHs

(20) 4

p-BrCeH;COCH—N(CHg)y  CoHsCOCH—N(CH),
+
14CH,CeHs CH,CeHs

benzene ring of the migrating group of benzyldimethylphenacyl- |

:.:lmmonium ion was such that electron-withdrawing substituents
increased the rate of reaction (equation 21) (Table 3)320, For sub-
+ ~
CeHsCOCH,N(CHy), 275 CoHsCOCHN(CHy), @1
CH,CeH X CH,CgH X
TaBLe 3. Rates of Stevens rearrangement of benzyldimethyl-

phenacylammonium ion substituted in the benzene ring of the
migrating group.

X $-CH,O H $-CH, p-Cl $-NO,

klk, 0-76 1-0 1-06 2-65 73

stituents in the phenacyl group the reverse was found, -CH,O mildly

increasing the rate and m-NO, mildly decreasing it32¢. Stevens inter- ,‘"
pret§d these results on the basis of the formation of an ylide inter-
mediate followed by migration involving dissociation into a tightly - §

bound ion pair (equation 22).
CaHsCOCH,N(CHg), -OH» C3H5CO(E,I-T—KJ(CH3)2 N
CH,CoHs QCH,CoHs
CoHsCOCH=RI(CHZ); ——> CoH;COCHN(CHz)s  (22)
CH,CeHs CH,CeHs

Retention of optical activity for the migrating group to an extent
of 977, was observed®? and Hauser?* suggested that to account for
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this the reaction mechanism must involve a cyclic transition state.
However, the intimate ion-pair mechanism of Stevens is not ruled
out by this evidence, since the migration of an ion with retention of
configuration is feasible. Jenny and Druey?35* observed that re-
arrangement of optically active allyldimethyl(1-phenylethyl)am-
monium bromide gave both 1,2- and 1,4-rearrangement products
with retention of optical activity (equation 23). In benzene at 80°,

+ NaNHga
CHz=CH—CH;—N(CHa); —£ 5= CHz=CH—CH—N(CHs)
H—C—CH, liq NHs H—C-—CH,
|
sHs CeHs
CHy—CH=CH—N(CHj),
+ H—J:—CHa (23)
GH5

1,2-migration was favored over 1,4-migration by a factor of 1-4 and
the product of 1,4-migration was found with 82 + 107, retained
configuration. In liquid ammonia at —33°, 1,2-migration was much
more favored and the product of 1,4-migration was found with
72 + 10%, retained configuration. The authors claimed that this
evidence is in favor of the discrete but tightly bound ion-pair mecha-
nism of Stevens, since a 1,4 concerted cyclic mechanism would in-
volve an inversion of configuration. The mechanism is probably right,
but molecular models indicate that a cyclic mechanism proceeding
with retention of configuration is also possible 3.

The transfer of asymmetry from nitrogen to carbon has been
observed in the Stevens rearrangement®’; a transition state 7 in
which the phenyl and ethylene groups are cis to each other is ap-
parently involved (equation 24).

CeHs
CH,CoHs CeHs CHj CH,
CGHS—II\J'—CH,——CH=CH2 —> CH; CH, H —> CeHsN—C*—H
(IZH:, \NQC/ H=CH,
[alp = 'F39:6 C{Hs \CH=CH2 [l = —18-4°
(7 (24)

Certain tertiary amines also undergo this type of reaction (equation
25) 38,

CeHsCOCHN—CqHs ng’oi> CoHsCOCHNHCHs )

HzCeH_r, <I:H2CGH5
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2. The Sommelet—Hauser rearrangement

The Sommelet-Hauser rearrangement, first observed by Sommelet 38
in 1937 but developed by Hauser3® since 1951, involves the migration
of an alkyl group from a quaternary ion bearing a benzyl group to
the ortho position of that benzyl group (equation 26). The rearrange-

C6H5CH2T)\J(CH3)2 N(CHjg),
CH CeHs—CH CH
2 ¢Hs s @6)
NaNH,,
lig. NH,4

ment is similar to the Stevens rearrangement and the two reactions

can occur simultaneously, in which case it is generally found that the

Sommelet-Hauser rearrangement predominates at low temperatures

and the Stevens rearrangement at high temperatures (equation 27) 4,
CGHS

CHN(CHyg),
f NaNH,,
T (Ref. 39a)
CH,
?H2C6H5 J NanH 27)
AN,
UN@Hg) ) e @ (Ref. 320)
CHg—CH‘C5H5

CH,q,
CoH.Li N(CH3)2
g5l ,
\ ether Mixture of both products (Ref. 40)

Hauser found that benzyltrimethylammonium ion was rearranged
by sodamide in liquid ammonia to give dimethyl-2-methylbenzylamine
in 977, yield®®, Quaternization of this base followed by a second
reaction with sodamide resulted in the substitution of a second methyl
on the benzene ring, and this procedure could be continued until the
ring was fully methylated (equation 28). Hauser proposed that the
mechanism of the reaction was initial proton abstraction by base at a
benzylic site, and equilibration to a methyl anion, followed by
anionic substitution at the ring ortho position®®=. The resulting
exo-methylene derivative would aromatize under the reaction con-
ditions (equation 29). Support for this mechanism came when
Hauser isolated the intermediate 8 from the reaction of trimethyl-
(2,4,6-trimethylbenzyl)ammonium ion with sodamide in liquid
ammonia (equation 30)3%. The ammonium ion contains an ortho
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N(CHs)s N(CHa,
éHz CHZ
|
@ CH3
———> —>
N(CHs)2 N(CHa)z

CH,
CHg CHy HaC CHs
CHs N (28)
—
——
CH3 HGC : CHS

CHs

i ]
—
cH CH,

CHy—N(CHg), CHgN(CHs)s
LTl -
CHj

CH,
CHZN(CHS)S
H3C CHs
NaNH,,
lig. NH,
CHg
[’i
CHy—N(CHg)s CHa
HyC CH HiC CHaN(CHa):
3 -
//
\
CHa CHs

8

substituent on the aromatic ring, so that aroma?l.zatlonf o}fl" the e;?i:
methylene product does not occur under the cgnd1t10ns of t : :13 e:(}))um
ment. The exo-methylene derivative, formed in a .70‘70 yield, ¢ 31),
however, be aromatized by action of heat or acids (equatio .
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. CHyCHgN(CHy),
HsC CHa
A
= O
CH,
HaC CH,oN(CH;3), CH
3
CH3 ]
CH;
(31)
CH3 HSC CH3 .
(8) ol + CHz=N(CHa),CI-

CH;

I
@ IN(CHy) —— CHg
CH,

G CH,

*N(CHs)y —— + '
~— N(CH

@CH/ sl B
CH;

(9 (10)

CH, oH

l _
@ /"'N(CHa)z -————>(C"_zz):co ﬁHz (G 33)
CH; O ) (
(10) CHg
An attempt was rn.ade to trap the methylene ylide (10) proposed as a
reaction intermediate 3% In fact, though, the product isolated was
th.e derivative e)fpected from reaction of benzophenone with the benzyl
ylide (8) (equation 34). The effect of substituents has been examined 2

CHj CH,

|
@ *N(CHa, (CelCO, @ ;IL(CHS» N
CH CH (34

( (9) (CeHe)2COH

equation 35). It was found that in 11 for R = cyclopropyl, ph

?llly.l, t}}e migration took place preferentially at tl}lre silse orf)"}s,t;bitietlﬁl}'_l,’l()(r)lr

indicating that these groups stabilize the anion 12. ’
_ Bumgardener 243 has suggested as an alternative mechanism (equa-

tion 36): the formation and collapse of an ion-pair intermediate

similar to that proposed for the Stevens rearrangement (equation 22).
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+ -+
RCHz'T‘(CHa)z RCH'TI(CHs)z T(CHa)z
CH, CH, RCH CHs
Base l \ (35)
(11) (12)
CHy CH,
. AL
CHz'— T—CHS NH.- CHZ—— r\IJ—CHa
CHe (e, —
(36)
T
CHy *N—CHs

” -——> Products

There is as yet no evidence to support this mechanism in distinction to
the Hauser mechanism.

11l. AMINE OXIDES
A. The Cope Elimination
Although first observed in 18985, the thermal decomposition of
tertiary amine oxides to give an alkene and hydroxylamine has
received serious attention only since 1949 when the first of a series of
papers by Cope and coworkers appeared **- 46, The reaction has
found use in the synthesis of alkenes (equation 37)*7, where high

TR

(CHg):N* ~ "N(CHz),
| | triquinacene

O O

yields are obtained *¢, and of dialkylhydroxylamines (equation 38) %8,

R,;—NCH;CH,COO0CHs —> RyNOH + CHp=CHCOOC,Hs (38)

In the example of equation (38) the elimination proceeds in the
required direction due to the presence of the acidic hydrogens « to
the carbonyl group.
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Evidence for a cis-elimination mechanism was obtained by the

study of the thermal decomposition of the N, N-dimethyl N-oxides of i

threo- and erythro-2-amino-3-phenylbutane (equations 39 and 40) 49,

HoC, CH, - HeC., CH;
GG~ T O T (CHaNOH
N 7 DN (39)
CeHs H *N—CH, CeHs H
<~/ \
0o CHs
threo cis

HaC, H HsC. H
o5 B e=c]  + (CHgN
ez Il}l\CH3 J (CHg);NOH
CeHs H *N—CH,4 CeHs CHy
N/ 40
O CH; )
erythro trans

The major product from each isomer was formed by ¢is elimination.
In the case of the threo isomer the predominance of cis to trans alkene
was greater than 400 to 1, and in the case of the erythro isomer the
predominance of ¢rans over cis alkene was greater than 20 to 1. Sub-
stituted-alkyl groups in general appear to have no effect on the course
of the elimination?, the product ratio depending only upon the num-
ber of available B-hydrogens. An exception to this generalization is
the z-butyl group which causes elimination of isobutylene more
readily than of ethylene (by a factor of 2, after correcting for the
relative numbers of B-hydrogens) probably due to steric factors®®.
Evidence for a cyclic, five-membered, planar transition state was
obtained by the study of N-methylazacycloalkane N-oxides (equa-
tions 41-43) 51, The yields of alkenes (14), (16) and (18) reflect the

Yield
%> Q 0%, 41)
e ’:J\Q HeC” "Som |
(13) (14)
()= () =
Hac/tl\o H3C/N\OH (42)
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— / 787,
(43)
N SN

HC™ + 0 H,C” * ~OH

(7 (18)

impossibility of forming the transition state in the case of the six-
membered ring (13), and the increasing ease of forming the transition
state in the case of the seven-membered ring (15) and the eight-
membered ring (17). A study of the elimination from 2-butyl-N,N-
dimethyl-3-phenylamine oxide has shown that the reaction is
unimolecular over at least 85-90%, of the reaction in a number of
solvents 2. Hydrogen-bonding solvents were found to strongly retard
the reaction, the interaction presumably reducing the basicity of the
oxygen.

B. The Meisenheimer Rearrangement
Tertiary amine oxides which contain a benzylic or an allylic group
attached to nitrogen rearrange with migration of this group from
nitrogen to oxygen (equation 44)3%%®; alkyl groups also migrate
o-
v/
(CH3),N ——> (CHay)eNOCH,CgH5 (44)

HaCeHs
provided that B-hydrogens are absent (otherwise the Cope elimination
predominates) 5%. The reaction was shown to be predominantly
intramolecular and the rate was shown to be independent of added
base5¢. Further, substitution in the ring of the migrating benzyl
group has been examined and it was found that electron-withdrawing
groups facilitate the rearrangement (Table 4)%5. Cope originally

TasLE 4. Rearrangement rates.

CHs,

I
CeHs—=N—0" ClHa
C6H5_N_OCHZ

|
CH,
@“’ N
X X

X pNO,  p-CeHs m-Cl H p-CHy,  p-CH,O
k/ko 14-8 1-95 1-1 1 0-32 0-24
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proposed an Syi mechanism 53, but doubt has been cast on this by the
observation that strong racemization of the migrating groups occurs
during rearrangement (equation 45) %5, The relative rates of Table 4

H CH, H CH,
é +] é /
CeHsgC—N—CH; ——» C4H,C—ON (45)
l N
B D CH,

product 60-80 % racemized

rule out a carbonium ion mechanism, thus leaving a carbanion and a
free-radical mechanism for consideration. Evidence in favor of A
a radical-pair intermediate was obtained by the observation of a §
nitroxide radical by e.s.r. spectroscopy in the rearrangement of
benzylmethylphenylamine oxide (equation 46), although no proof §

(':Ha (I:H3 CH,

CoHoN—0-  ——5 CH—N=0O
HaCoH CHaCoHs

l -,
—_— CeHB—N_OCHgCBHS (46)

that this was the sole intermediate in the reaction was given5s. An ]
ion-pair mechanism of the type proposed for the Stevens rearrange- 4
ment also seems a reasonable possibility. '

It is interesting that the rearrangement of dimethyl-(1-phenylethyl)-
amine oxide can be brought about at —5° by irradiation with ultra-
violet light 55,

C. Cleavage with Acylating Agents

The cleavage of amine oxides with acylating agents gives aldehydes §
and acylated secondary amines in good yield (equation 47)58, The

R1 R1 R1 R1
N
Rich, €000 | NG apy, |y N—CH, | N
Rz O- RZ/J) Rz/ ’ Rz/ ’ (47
COCH, 0=C—0 O=CCH;
&,
CH,COO- + CHZCOOH + CH,O

reaction has found some use in the demethylation of alkaloids. The
mechanism of the reaction probably involves initial acylation of the
amine oxide followed by a rearrangement. An ion-pair intermediate °
seems a likely possibility, although a radical-pair intermediate has
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also been suggested for the reaction®®. Related rearrangements ar:::1
those of N, N-dimethylaniline oxides to give ortho ring-substitute

. . 59
products in addition to the acylated secondary amine (equation 48) °°.
o
CH —lllt—CHs CHy—N—CHj CH;—N—COCH,
3
OCOCH; 48)
(CH4C0),0
—_—
32-339, 27-30%,

Pyridine N-oxide also rearranges to a ring-substitutec-i product
(equation 49)°¢, while o-picoline N-oxide gives 2-pyridylmethyl

@ (CHsCO),0 @ o
N
|

b

N~ SOCOCH,
O— .
acetate (equation 50)%7. The cleavage has also been achieved with

@ 20, @ (50)

N, CHs N~ “CH,OCOCH,

|

o
ferric ions®1; in this case the reaction is thought to proceed through
two 1-electron steps®'®.

IV. TERTIARY AMINES

A. The von Braun Cyanogen Bromide Reaction - '

The cleavage of tertiary amines by cyanogen bromide .(.eq;m.tlon 51)
was first observed by von Braun®? and Scholl and Nf)r6 in 1900.
The reaction was investigated extensively by von Braun; it has recently
been reviewed by Hageman 64,

R R
R’>N + BrCN —> RBr + SN_eN (51)
& Re
(19) (20)
R! R1
\N—-CN HO, \NH (512)
Rz/ R2
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In some cases the formation of alkene occurs as a side-reaction, and
this is especially prevalent when the tertiary amine contains a second-
ary or tertiary carbon attached to the nitrogen (equation 52). A mole

Rl\ /CHa Rt R R1 CH,
S e Ny D L
Bren, =CH,+ N—CN+ L/
R© N v v R© N B~ (s2
N R S N o
R3 H R®

of amine hydrobromide is produced with the alkene which further

reduces the yield of the desired product, since the salt is unreactive
towards cyanogen bromide. A second side-reaction can occur if the |
alkyl bromide (20) reacts with the starting amine (19) to give a 4
quaternary salt, which is unreactive to cyanogen bromide. In practice
this latter reaction can be minimized through use of an excess of

cyanogen bromide. Yields of the desired product are thus variable,
but usually greater than 50%,.
The reaction has found use in the degradation of alkaloids®,

Unlike the Hofmann exhaustive methylation procedure which may be ]

repeated until the nitrogen of the natural product is freed as tertiary

amine, the cyanogen bromide reaction is only practicable with }

tertiary amines. With secondary amines, cyanogen bromide yields
disubstituted cyanamides directly and these react further with the

amine hydrobromide formed at the same time to give guanidines }

(equation 53) 65,

R R R
RRIN—CNRR1

\, \\ \\

N—H BN, N eN4+ NH Br- — s I
NH,Br-
A

R1 R1 Rt

The mechanism of the reaction seems to involve the formation of a
quaternary salt, observed as an initial transient precipitate®2 6, 1
followed by a nucleophilic displacement by bromide ion (equation ;
54). The group most susceptible to nucleophilic attack is generally §

R1 R R1

AN AN AN
R—N + BrCN —> [R3—N—CNBr- | — >  N—CN + RBr (54)
R R R3

displaced. The intermediate salt is stable at low temperatures but it
has not been isolated and characterized.

Similar cleavages occur in the reaction of an acyl chloride, bromide
or anhydride with a tertiary alkyl aryl amine (equation 55) 6467

53) |
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.
CeHsN(CHg)g SHECOBr, CeHZNCOCH; + CeHsN(CHg)aBr~ (55)
He

B. Cleavage by Nitrous Acid .
The cleavage of tertiary amines by nitrous acid (equation 56) was

RyNCH,R! HONS, R N—NO + RICHO (56)

first recorded in 1864°8. The reaction has fou'nd only .]jmited use in
alkaloid degradation®, possibly because of side-reactions and con-
flicting reports on its use in the literature; the fact tha‘t tertiary amines
are stable to nitrous acid at low pH, where the amine 1s present as
the inert ion, accounts for the early conflicting observations. 'I:he
mechanism probably involves initial nitrosatior} of t}}e tertiary amine
to form a nitrosammonium ion; decomposition via an yhde-type
intermediate can then lead to the observed products (equation 57)7°.

RoNCHRI— . R,N=CHR? + HNO
NO . - ! t:o L» 3 HaN,O,
L [Rzrl\l—CHRl] _i ReNH + RICHO LN 4 1O
NO ™ noe RyN—NO (57)

Smith7°® has obtained nitrous oxide in approximately the correct
yield predicted by this mechanism. A free-radical pathway for ti1e
decomposition of the ylide intermediate has also been proposed 1.

C. Oxidative Cleavage

The cleavage of a tertiary amine to a secondary amine afnfl an
aldehyde or ketone has been observed for a number of oxidizing
agents "2, The mechanisms of the various reactions are not full}f known,
but they probably involve initial attack at an a-carbon, possibly after
formation of 4-coordinated nitrogen (equation 58).

- - +
(R.CHINRY Pth@l pocpire =M R,C—NRL %05 R,C=NR}

T
% L (58)
Patl’; (b) (RQCH)E\J R1 —le-, —H*
Shie
R,C=NRL —H2O, R,CO + RINH (59)

The dichromate oxidation of tertiary alkyl aryl amines in. a suK-
ate-bisulfate buffer was found™* to give secondary amines in
good yields. Trialkylamines did not react under the conditions used,
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suggesting that path (b) in equation (58) is operating; that is, an aryl
ring may be necessary to stabilize the radical intermediate. This
reaction has been adapted " to degrade primary or secondary amines
by 'ﬁrs't converting them to the corresponding 2,4-dinitroaniline
derivative, and subsequently oxidizing this amine (equation 60)

ci
H R? NO
Ri—c—n, o+ 2 —_—
2@
R H
NO,

H\ /Rz
RI—C—N
N |
K NO,
/\\. Cro, RICR .
\% 12 NI‘)I;?SOA g ‘ (60)
NO;, NO,

Yield of ketone: 947, with R = Rl==CH,, R*=H
219, with R=CHs, R'=n-CgH;3, R2=H

Yield of ketone: 94 % with R = Rl = CHg, R2=H
21 % with R = CH;;, R1 = n-Csng. Rz=H

Dibenzoyl peroxide oxidizes tertiary amines to secondary amines
and aldehydes (equation 61)72. The effect of substituents has been

HO
(RCHz)N + (CeHsCOO); —22> (RCHL)oNH + RCHO + 2 CoHsCOOH  (61)

examined quantitatively”*; for alkyl groups the order of elimination
was found to be RCH,— > CH,— > R,CH—. A phenyl group
§ubstituted either « or 8 to the nitrogen seemed to have no directive
influence on the group eliminated.

The reaction of tertiary amines with N-bromosuccinimide can give
g9od yields of secondary amines %, although tertiary amines containing
N-aryl groups were found to give only ring-brominated tertiary
amines 8,

I:ead. tetraacetate oxidizes tertiary alkyl aryl amines to acetyl
der}vatlves of secondary amines (equation 62)76, Tertiary alkyl-
amines are not effected.

PH(OCOCH;)
CeHsN(CHg); ————""> CsHsN—CH; + HCHO (62)

COCH,
83 % yield
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Chlorine dioxide oxidizes triethylamine to the secondary amine
and acetaldehyde (equation 63); a free-radical mechanism was
proposed ™.

2 ClO, + HyO + (CoHs)sN —— CHaCHO + (CaHg)eNH + 2 H* + 2 CIO,~ (63)

Manganese dioxide oxidation of tertiary acyclic amines’® has been
found to give N, N-dialkylformamides and secondary amines as major
products (equation 64). Similarly, N, N-dimethylcyclohexylamine on

(n-CaHe)aN —292 5 (n-C4Hg)NCHO + (n-CyHg)aNH (64)

19°
51 % yield 33 % yield

cyclohexane

oxidation with manganese dioxide gave cyclohexanone in 50%,
yield 78e.

Acidic potassium permanganate is reported”™ to convert tertiary
amines containing benzyl groups to benzaldehydes or benzoic acids.
Neutral permanganate oxidizes tributylamine to a mixture of dibutyl-
amine, butyraldehyde, N, N-dibutylbutyramide and butyric acid ®°.
Tribenzylamine reacted with neutral permanganate to give benzalde-
hyde and benzoic acid ®°; no dibenzylamine was isolated.

The oxidation of tributylamine by ozone has been studied *°%. In
polar solvents (CHCl;, CH;OH) tributylamine N-oxide was formed
(61%,) together with small amounts of dibutylamine and dibutyl-
formamide. In hydrocarbon solvents at —78 to —45°, dibutylamine
(49-63%,) was the major product, but at 15°, dibutylformamide was
the major product (44%,). N, N-Dibutylbutyramide was a minor
product under all conditions. The suggested mechanism is given in
equation (65) 101,

+ _
> BugN — O ©)
— |
BugN BugNCPr
BugNCHPr Z—— 5 Bu,NCH=CHEt — Bu,NCHO + (EtCHO)  (65)
H BusNH + PrCHO

D. Amine Displacement

The displacement of amine from tertiary amine salts requires rather
drastic conditions®?, although good yields are often obtained (equation
66). The cleavage of methyl groups from tertiary amines by HI at

(CH)sNHCI~ —s> (CHa)aNH + CH,Cl (66)

300-360° has been used in a quantitative estimation of N-methyl
groups®2. The optimum conditions for displacement of alkyl group
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from tertiary and secondary aromatic amines have been studied 829,

Treatment of the salt of a tertiary amine with hydrogen bromide at 1
150° gives good yields of the secondary aromatic amine (equation 67). )

HBr

+ ;-
(CH3)aNHCgHBr~ — 20> CHgBr + CoHsMNH,CHzBr- ©7) 4

Ease of elimination of alkyl groups is in the order methyl > n-propyl >

ethyl, and electron-withdrawing groups substituted in the aromatic §

ring increase the rate of displacement.

A study of the thermal elimination from hindered tertiary aliphatic {
amine salts has produced results consistent with an E1 mechanism?82e, §
The alkene eliminated appeared to be determined mainly by the i

stability of the carbonium ion (equation 68).

CHaNHC(CHa)s + (CHg)aCR

/ '—»Alkene + H*

(CHg)C NHC(CHy), ) §

H,

al CH3NHC(CHg)g + (CHy);C+

(CH3),C=CH, + H+

Displacement of alkyl groups by silicon tetrabromide in tertiary §

aromatic amines has been observed (equation 69) 8. The proposed

CeHsNR; + HBr — CgHsNHR + RBr B¢, € HNRSiBry + HBr (69) }

mechanism involves displacement of the alkyl bromide and subsequent

reaction of silicon tetrabromide with the secondary amine.

E. Amine Exchange in Mannich Bases

Salts of Mannich bases undergo facile amine exchange?28#-83 and "
the reaction has been used to synthesize Mannich bases which are
unobtainable by the direct Mannich reaction (equation 70). Two

CHaCOCH,CHZN(CaHs)sCl~ + CoHgNHy ——>
|

H CH3COCH,CHyNHCeHs + (CaHa)aNH,CI-  (70)
(21) 86% yield
mechanisms are possible for this transamination reaction: a direct

nucleophilic displacement (equation 71) and an elimination-addition
mechanism (equations 72 and 73). The generally accepted mechanism

RCOCHQC}Hz-[EJR; -H —> RCOCH,CHzr\?Rg + HNR; (1)

HNRS H
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RCOCH—CH2—§R§ ~———> RCOCH=CH, + HNR; (72)
H H
(:base
RCOCH=CHj + HNRZ ——— RCOCH?CH,NR} @3)

is elimination-addition. Craig, however, has studied proton exchange
with solvent during the exchange reactions of aniline and N-met}}yl-
aniline with the Mannich base (21)8%°, His results are compat}ble
with a mixed mechanism of about 90%, substitution and 10%, elimina-
tion-addition for exchange with aniline and one of about 65.‘70
substitution and 35%, elimination-addition for exchange with
N-methylaniline. An optically active Mannich base (22) was found 84
to racemize during exchange (equation 74). This was shown not to
be due to enolization, and therefore supports the elimination-addition
mechanism. Further support for this mechanism was provided by the
isolation of the unsaturated ketone (23) using exchange condltlo.ns,
and by the addition of amine to this ketone to give the Mannich
base (24) (equation 75).

Na,CO
(—‘)CGH5COCIHCHZItIMe3 + HNG NagCOs (i)CsH5COCIHCH2N<j )

CHj CH,
(22) (24)
HN
22 —> CgHyCOC=CH, —=— 24 (75)
CHs;
(23)

V. SECONDARY AMINES

A. Aziridines

Treatment of an aziridine with nitrosyl chloride, 3-nitro-N-
nitrosocarbazole or methyl nitrite leads to the formation of an a.lkene
and nitrous oxide (equation 76)%%®¢; an intermediate N-nitroso
derivative was isolated at low temperatures. The deamination of cis-
and trans-2,3-dimethylaziridine gave the corresponding cis- and
trans-2-butenes with complete stereospecificity in each case. The re-
action was found to be first order with respect to the N-nitroso inter-
mediate®5*¢ and the transition state was suggested to inv'o.lve
simultaneous cleavage of both C—N bonds. A similar decomposition
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has also been reported for the triazene formed from aziridine and a

tolydiazonium salt 85,

CHg CHg

B. Benzylic and Allylic Secondary Amines

N-Nitrosodibenzylamines give good yields of hydrocarbon products
when treated with sodium hydrosulfite in base, or lithium in liquid
ammonia (equations 77 and 78) %7, A diazene intermediate previously

CeHsCH,
CgHsCHq
NNO —— | 77)
CoHgCH,
CeHsCH,
(77 % yield)
L1 — (0« ™y
G NG CoH CoHs  Cofs CaHs (7®)
NO (607, mixture of cis and trans) (19%)

formulated for the oxidation of 1-amino-2,6-diphenylpiperidines with
mercuric oxide was suggested for this reaction®7, Mixed dibenzyl-
amines were found to form a single hydrocarbon with no formation of

Sodium
hydrosulfite
rl\j CeHs \

CeHs

—> Products
.

e
/ C6H5 r{\tj C6H5
HgO N~

NO

L)

G N “CeHs

NH2

(79)

cross products showing the decomposition of the diazene to proceed
via fragments, presumably radicals, which couple before they diffuse
out of the solvent cage. As examples of similar reactions, Angeli’s salt,
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Na,ONNO, has been shown to react with d}benzylamipe to give
dibzenzyl in 70%, yield (equation 80)*°°*, and with 3-pyrrolines to give

-

CeHsCH
CeHsCH: ONNO e 2,, - CeHsCHg
NH Nag 3,

N=N — (80)
Carteclh

CeHsCHa
1faci 1 100b o
dienes with complete stereospecificity (equatlons-81—83) . Diazene
intermediates were also suggested for these reactions.

C5H5CH2

[T e, o
i HCI
N (86%)
I
H
NagONNO, \
—_
HgCQCH3 CHs—//——>
N (82)
| CHs
H trans, cis
trans
NayONNO,
— s ,
H C‘UCHs CH’J"/—\'_CH3 83
3 N trans, trans (83)
I
H
cis

Certain secondary amines react with difluoramine to give hydro-
carbons by pathways which probably involve a .dlazene inter-
mediate (equations 84 and 85)°°. The same diazene intermediate is

HaC HzC CHa
Nan ey N —s | e (84)
/ / H
HoC H, 2
CeHsCH; C3H5CH2+ _ CaHsCH,
NN HNFa Ri=N ——s | 7+ N (85)
% / CgHsCH,
CeHsCHg CeHsCH,

postulated in the reaction of the sulphonamide derivative (25) with
base (equation 86)®7.

H
CeHgCHaz CGHSC\3+ - Cer‘cl:H2 N, (86)
Base N=N ———> + Ng
/N—NHSOQCGHii ? / CeHsCHs
CeHsCH; CoHsCH
i (25)
15 +c.A.G.

_ 4
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C. Thermal Dealkylation

A few examples of the thermal dealkylation of secondary amines j;
h?}ve been recorded®®. Secondary aromatic amines when treated
with hydrogen bromide at 200° give anilines®1d, Di-t-butylamine 3
hydrochloride on melting gives ¢-butylamine hydrochloride and iso- ]

butylene 822,

V1. REDUCTIVE CLEAVAGE
A. Catalytic Hydrogenolysis
Tertiary amines having an N-benzyl group are cleaved to secondary
amines and toluene by hydrogen, usually in the presence of palladium
oxide, though 10%, Pd on BaSO, has also been used (equation 87)8s,
/R
CSHECHZN\ 5 CeHeCH, + NHRR! (87)
R1
Yields are good and the method has found use in the preparation of
pure secondary amines.
Ce-ltalytic hydrogenolysis is also successful with quaternary salts
having an N-benzyl group (equation 88) 8688,

:
(CoHsCHa)NCHy 5 (CoHyCH,)NCH + CoHsCH, + H,O  (88)
OH-

B. Dissolving Metals

Emde®* ® observed that quaternary ammonium halides containing
an unsaturated group either attached to, or B to the nitrogen were
cleaved by sodium amalgam in water to give a tertiary amine and
hydrocarbon saturated at the site of cleavage (equations 89 and 90).

+ Na/H
CeHsCH=CHCH;N(CHa)sCl- Tll-lli) CeHsCH=CHCH, + N(CHz)s  (89)

_ NajHg
ClIT ——
+ [H1
N N

7 N\ VRN
HaC CHjy HsC CHg
90
@—CHZQ(CH:,):,I“ @CHa (90)
Na/Hg
Fe ———  fe + 2(CH,)N

aq. C;H,0
: it (Ref. 89¢)
CHzN(CHg)s 1~ CH,
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Under similar conditions fully saturated quaternary salts usually do

not cleave. o
However, tetraalkylammonium salts can be cleaved by sodium in

dioxane®®® or by sodium or potassium in liquid ammonia 90b, The
mechanism for reduction in liquid ammonia is thought to involve the
direct reaction of the quaternary salt with electrons. Both free-radical
and carbanion intermediates have been proposed to explain the
observed differences in relative rates of cleavage from alkyltrimethyl-
ammonium ions®'. Secondary and tertiary alkyl groups were
suggested to cleave by a one-electron process giving free-radical inter-
mediates while primary alkyl groups were suggested to cleave by a
two-electron process giving carbanion intermediates (equations 91

and 92).
.
RN + e= —> RoN + R* 1)
RN +2e- —> RyN + R-: (92)

Lithium in tetrahydrofuran has been found to cleave tertiary aro-
matic amines (equation 93) 102&, N-Phenylcarbazole was cleaved at 30°

I LiyT.H.F. + CgHs
2. H,0 (93)
N ! N

| l
CeHs H

over 3 hours to give carbazole, and N-benzylcarbazole was cleaved
over 3 hours at reflux to give carbazole. Only a small yield of diphenyl-
amine was obtained from triphenylamine!2,

C. Electrolytic Cleavage

The electrolytic reductive cleavage of quaternary salts containing
an N-benzyl group has been observed (equation 94)®2. The reaction

Al i ) t .
CoHsCHaRN(CHa)sNOg = ==Y (CHg),NCaHs + (CoHsCHa)z (35 % yield) o
6H5 Protic solvent (CHa)zNCsH5 + CSHECH:’

appears to involve a one-electron transfer to the ammonium ion and
cleavage to a free radical (equation 95). A tertiary amine and the

RN + - [ReN] RsN + R* — > Products (95)

product of dimerization of the free radical are obtained in aprotic
solvents.
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‘The electrolytic reduction of e-aminoketones with a tertiary amino
group at a lead cathode in 30%, sulfuric acid was observed to give
secondary amines (equation 96)9, This reaction has been used to

O
CHzCH, CHz
g0 CHaCH,CHy  CH, (96)
H
CH;—N - CHsNH. _CH,

prepare medium-sized ring compounds containing nitrogen (equa-
tion 97) 94,

O OH

60° 97)
—

I—Zz

D. Miscellaneous Methods
I. Difluoramine

Treatment of primary amines with difluoramine leads to moderate
to good yields of the corresponding hydrocarbon plus the amine salt

(equation 98) %5, The formation of an alkyldiimide is proposed (equa-
tion 99). The failure to observe cyclobutane from decomposition of

3 RNHj + HNF; — > 2 RNHqF + Ny + RH

(98)
Yields obtained: R = n-Bu, 6! %; R = s-Bu, 40 %;
R = cyclopropyl, 77 %; R = phenyl, 20%
HNF; —— NF + HF
(99)

RNHz + NF ———> [RN=NH] — RH + N,

cyclopropylcarbinamine rules out a cleavage of the diimide to a
carbonium ion, and the absence of methylcyclopropane in the pro-
ducts from the same reaction argues against a homolytic cleavage 952,
The same diimide intermediate has been proposed as an intermediate

in the reaction of a primary amine sulfonamide with hydroxylamine-
O-sulfonic acid ®e,

2. Hydroxylamine-O-sulfonic acid

A sulfonamide derived from a primary amine, treated with
hydroxylamine-O-sulfonic acid or chloramine in alkaline solution
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reacts to give a hydrocarbon in good yield (equation 100) °8. Primary,

OH-
RNH, ArSOLCl RNHSO,Ar NH_),X ArSOgH + Ny + RH (100)

(X = OSOgH or Cl)

secondary and tertiary carbinamines (including benzylic and bridge-
head carbinamines) are reactive. . .

The mechanism of the reaction is thought to 1nYolve an alkylfil-
imide as in the reaction of primary amines with difluoramine
(equation 101)9¢-%°, Other reactions thought to involve the same

+

RNHSOAr NHaX, [RN—SogAr] OH . [R—N=N—H] + ArSO,~  (101)
RH + Ng

NH,
(X = Cl or OSO4H)
alkyldiimide intermediate are the oxidatiop o.f hydrazines.and the
treatment of the p-toluenesulfonyl derivative (26) . with brftse
(equation 102)9°. The results obtained by use of an optically active

O]

[
RNHNH, R NN_—H > RH (102)

RNHNHSO,CeH,CH3
(26) .
alkyl group in these deamination reactions suggest that the alkyld}-
imide intermediate decomposes by both a base-catalny:d anionic
elimination (with some stereospecificity) and a homolytic reaction
(non-stereospecific) %°.

3. Catalytic cleavage with hydrazine ' .

The reaction of secondary and tertiary benzylamines with hydrazine
in the presence of palladium catalyst (5%, on carbon) was found to
give toluene in yields greater than 85%,%".

4. Photochemical cleavage . .
Hlavka and Bitha have reported a photochemical r.eductlon fof; 3
tertiary amine derivative of a tetracyclene (equation 103)%%%%.

OH O O NH; OH ©

Similarly, Padwa and Hamilton have recently reported C—N bond
cleavage in a benzoylaziridine *°%°.
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VIl. PRIMARY AMINES

A. Aliphatic Amines

I. Reactions in which nitrogen is the leaving group

These reactions are related methods for the conversion of C—N
bonds into C—O bonds (equations 104-107). Despite the apparent

HONO H,0
' RIOH + N, (104
R2CO,H
< RIO,CR2+ N, (105)
RICOX
Rl —NH,; ——> RI—NHCOR2z —> RIN(NO)COR2 —> R10O,CR? + N, (106)
A Ng' 2
i RI—NHN =NAr ——2t15 Rio,cR2 + N,

(107)
+ ArNH,

differences in reagents, the three reactions proceed through similar

intermediates that, for the moment, can be designated as aliphatic
diazonium salts, RN, +X -,

In gross outline, the reactions proceed through carbonium ions,

and they yield the manifold products characteristic of carbonium

ion reactions (equation 108). In water and other polar solvents,

RNa*X~ —— (R* X-) 2295 Rx 4 ROH + Hydrocarbons (R~ 1H).
llsomerization (108)

R+ — > RIX 4+ RIOH 4+ Hydrocarbons (R| -H).
serious skeletal rearrangements are the rule, and under these condi-
tions the conversion of amines into alcohols is not successful 193, On
the other hand, skeletal rearrangements, as in the pinacolic deamina-
tion, are often so complete as to be useful in synthesis (equation
109) *°%. The nitrosoamide and triazene reactions can be readily

Rl\ R2 R1

7 aR3 HONO

RT C(; ., > RGTGRe (109)
OH 2 O 'rs

carried out in nonpolar solvents and under these conditions relatively
high yields of skeletally intact products are formed 103,15,

(a) The nitrosoamide decomposition. In this method the amine is
sequentially converted into an amide and a nitrosoamide (equation
106), and the nitrosoamide is then decomposed in the solvent of
choice (equation 110)'°%-1°%®*, A number of nitrosating agents

R—-—
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O

Il ‘
Rl —> [ R—N=N—0O—C—R! ‘[:: RO.CR! 4 Ng
RICOgH + N + (R—1H)

=9
N>C—
I

@]
27) .
have been used, but dinitrogen tetroxid'e'(NzO,1 ¢.2N02). is the
reagent of choice%®. In the author’s opinion, the mtresoarmde de-
composition is the best of the three methods ef dearmnatron frorzll
the standpoint of synthetic utility, stereochemical correlations an
adaptability to mechanistic studies.‘ . . ;

The yields of esters are high for primary carbmammesl,oa;;lc} 01:1(10 :rate
for secondary and tertiary carbinamines (Table 5) 105" %07 755, In

(110)

—

TasLE 5. Yields of esters from
the decomposition of the nitroso-
amides (equation 110).

R RO,CR!
n_Butyl 78—83
Iscbutyl 61-66
s-Butyl 23-26
Cyclohexyl 50
1-Phenylethyl 32-38
Benzhydryl 90-100
2-Phenylbutyl 14-24

non-polar solvents, the amount of skeletal rearrangement is smrflll; fer
example, the decomposition of N-isobutyl-N-nitrosoacetamide in
carbon tetrachloride yielded isobutyl acetate, .s-butyl- acetate a.nd
t-butyl acetate in the ratio 63/3/11°%>. The reaction -of isobutylamine
with nitrous acid in water, in contrast, yielded isobutyl alcohol,
s-butyl alcohol and #-butyl alcohol in the ratio 0:14/0-27/1-0. As: a
last advantage, except in rare instances, the reaction proceeds with
retention of configuration 106¢, 107,109, .

The nitrosoamide reaction is a clean one, and only nitrogen,
carboxylic acids and hydrocarbons are formed as by-products (equa-
tion 110); these compounds are usually readrly removeel f:rom the
substitution products. Two examples from the literature will illustrate
the use to which the reaction has been put. Alvarez has used .the
method recently in his conversion of pregnenolone acetate (28) into
epitestosterone (29) (equation 111)'°. Based on our own sterco-
chemical results106¢:107:109 jt is certain that con51derab1e testo-
sterone acetate was formed in this reaction as well. Also in the steroid
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—_—

OH
LA Xylene b
—_—
2. NaOH
O
O

(29)
field, Sato and Lz.ltham have used the method to interrelate tomatidine
and dihydroneotigogenin (30) (equation 112); similar reactions were

- - 35St
Tomatidine ——2s

OH

(30)
used to interrelate solasidine and dihydrotigogenin !11.

Th'e. corresponding N-nitroamides (31) decompose under similar
coqdltlons to yield similar products (equation 113)!2, The nitro-
arrudes. are uscful in that the critical intermediate 82 can be prepared
by an independent path—the reaction of a nitroamine salt (33) with
an acyl halide, a reaction that can be studied at much lower tem-
peratures than are feasible for the decomposition of the nitroamides

R
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ROCOR! + N,O R!COzH + NzO + (R—1H)

1 N

HNO,
RNHCORL ——> R— -l —> [ R—=N=N—0—C—R! (113)

(33)

(31) themselves'07-112113 The ‘salt’ reaction and the thermal
decomposition of the nitroamides (31) have been shown to yicld the
same products'®?112, In addition to these derivatives, nitroso and
nitrocarbamates?211¢ have been examined, as well as nitroso-
sulfamides193®-115 and nitrosohydroxylamine derivatives!07> 112,116,

(1) The role of free radicals

The known free-radical decomposition of aryl nitrosoamides
(ArN(NO)COR?') ' and the report that nitrosoamides of O-alkyl-
hydroxylamines'*® decompose by a free-radical pathway indicate that
free-radical processes might occur in the normal nitrosoamide de-
composition. In fact, the aliphatic nitrosoamides have been used as
initiators at elevated temperatures for the polymerization of styrene
and other olefins!!8, At, or near, room temperature, however, it
appears that free radicals are not formed in the nitrosoamide decom-
position. It has been found, for example, that (1) CO, (a product of
the decarboxylation of carboxyl radicals)!® is not formed in the
decomposition 19¢; (2) the scavenger nitric oxide '2°, has no effect on
the reaction°8°; (3) normal products and no polymer are formed in
the decomposition of N-(s-butyl)-N-nitrosobenzamide°®® and N-
nitroso- N-(1-phenylethyl)acetamide *21-122 in styrene; and (4) no
difference in acetate yields is observed when N-nitroso- N-(1-phenyl-
ethyl)acetamide is decomposed 2! in benzene in the presence or
absence of 0-1 M 1,123, Styrene and 1-phenylethyl acetate react with

15+
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iodine and bromine at high concentrations and one cannot, therefore,
investigate geminate recombination of radicals in, for example, liquid
bromine!?#*; however, it would appear that since there are no

scavengable radicals, there are few or none available for the geminate
recombination 124,

(2) The mechanism of decomposition

The first step in the decomposition of the nitrosoamides and analogs
is formation of the diazo ester (34) (diazoic carboxylic anhydride)
(equation 114)1%c; this is the slow step in the overall re-

o)
Il ]
g7 Slow, [R—N:N—O—C—Rl P2ty Products of equation (110)  (114)

(34)
action 1061148, 125 The jdentification of the critical intermediate as
32 in the related nitroamide decomposition has been confirmed by an
independent synthesis, as indicated above.

The subsequent fast decomposition of the diazo esters is of special
interest in that it relates to the step in which nitrogen is lost in the
nitrous acid deamination of aliphatic amines. The gross mode of
decomposition of the diazo ester (34) is a function of the nature of the
alkyl group R, and in general terms, substitution, f-elimination or
a-elimination occurs (equation 115).

— —JI—JI—O,CRI + Ng

H H
| - Ll
34 ——> —Cl:—'C—N=N+OQCR1 ———> —C=C—H + R!ICO,H + N,
HoH | i
- _(‘:_CzﬁzN + R1C02H
(35) |

H

(115)

(a) B-Elimination and hydrocarbon formation. Olefins are formed in
the decomposition of all nitrosoamides with R groups bearing a
B-hydrogen. The olefin may possibly stem from some intramolecular
pathway, but in polar solvents it is more likely to result from attack
of the solvent on the B-hydrogen (equation 116). The nitrosoamides of
1- and 3-phenylpropylamine®?! and 2-methyl-2-butylamine!2¢ give
only olefins in the hydrocarbon fraction on decomposition. The nitro-
carbamate of 2-butylamine, however, yielded methyclyclopropane
(2%,) in addition to the butenes (479%,)126.127 The cyclopropane
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@ @
e ———> Ester
—CxC+ OLCR!
w—r| P | e

|
a—? ®) O ricoH + —C=C—H
®

36
formation step is pro(ba)bly closely related to .the process lefiding to
olefins (equation 117), although the proximity of the anion may
favor the intramolecular path.
4 O CR!

C 0 )
. 117
36 > 7 \g_cf" — A/ + RICOH (17)

(b) «-Elimination. When R*, the potential carbonium ion from
34 is relatively unstable (from primary alkyl groups, groups that bear
a-carbonyl groups, etc.), an a-elimination occurs to give the corres-
ponding diazo compound and carboxylic acid (equation 118). When
R bears an a-carbonyl group, e.g. R = carbomethoxymethyl, the

+ —
_é_N=N — > C=N=N + RICOH
T 7 (118)
H‘\—/CzCRl
R

diazo compound can be easily isolated *?%, threas if R = pr.imary
alkyl, the diazoalkane must be ‘trapped’!?® since the formation of
esters from diazoalkanes and acids is very fast; indirect methods have
also been used to show the existence of this pathway3°. That is, f<?r
nitrosoamides of primary carbinamines, esters are still. Fhe main
product, but they are formed via diazoalkanes. The Stfiblllty of the
diazoalkane is apparently another factor to congder, since we have
recently found that the decomposition of the mtroso’t?enzamld.e of
benzhydrylamine in benzene yields about 4% of dlph.enyldlazo-
methane 1°8°, The only sure way of avoiding this pathway is to carry
out the decomposition in polar solvents. We have found, for exa.mple,
that nitrosoamides of 1-phenylethylamine!7, 3-chole§tanylanune 181
and benzhydrylamine!%®® in O-deuteroacetic a.cid yield the corre-
sponding esters containing no detectable deut?rlum. - '

(c) Displacement. In non-polar solyents, nitrosoamides of simple
secondary carbinamines show a dlsp}acement component. The
decomposition of 0-04 M N-s-butyl- N-nitrosobenzamide in pentane
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yields s-butyl benzoate with 45%, retention of configuration and 55%,
inversion (this is equivalent to 10%, inversion + 90%, racemization;
since we treat the reaction in terms of competing pathways, the former
scheme will be used throughout this article). When the decomposition
was carried out in the presence of 0-1 M benzoic acid, the ester was
formed with 58%, inversion, and when the reaction was carried out
in the presence of 04 M acetic acid, the acetate ester was formed
with 677, inversion of configuration while the benzoate was formed
with 48, inversion (equation 119) %%, The displacement reaction is

N+ =
Rl—Coz/H\—t,lC—Nz O,CRl ——> Rl——C02C< (inv.)

(119)
(37)

not an important one here, and in the decomposition of the nitroso-
amide of 1-phenylethylamine in which a benzylic cation is formed, the
displacement could not be detected, either with the free acid1%%¢ or
the carboxylate ion'?2, An extreme case of the lack of the displace-
ment reaction is given by the finding that the neighboring group effect
is not very important for the nitrosoamide decomposition (vide infra).
Judging from the effect of substitution on nucleophilic displacement
reactions of alkyl halides, however, this mode of decomposition could
be important for the substitution portion of the decomposition of
nitrosoamides of primary carbinamines. Since path (b) (a-elimination)
occurs extensively in non-polar solvents, one should look for the
displacement mode in polar media

(d) Retention of configuration. In polar solvents, the nitrosoamide
decomposition of acyclic and monocyclic amines proceeds invariably
with retention of configuration !3? (Table 6); the reaction can thus be
used in stereochemical correlation studies. Experiments employing
180 (and others to be discussed later) suggest the mechanism shown in
equation (120)

N
| N
(3 —> | CF “O,CR| > /C——OZCRl (120)

(e) Front-side exchange. 'The decomposition of a nitrosoamide in the
presence of a carboxylic acid (the ‘foreign acid’) different from that
included in the nitrosoamide leads to the formation of two esters
(equation 121). In pentane, the normal ester (RO,CRY; R = s-butyl)

27 + RICOH —> N, + RO,CR! 4+ RO,CR2 (121)
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TapLE 6. Retention of configuration in the nitrosoamide decomposition.

R Solvent Retention (%,)  Reference
C,H;CHCH, CH,CO.H 68 106¢
3.8-Cholestanyl CH,CO,H (D) 82 131
csﬂscl*,HCHa CH,CO,H (D) 81 107
CeH;CHGCgH,Cl CH,CO,H (D) 68 108b
CeHsC(CH;)CoHs Ether-Methanol (1:2) 97 109

was formed with overall retention of conﬁguratiqn and the foreign
ester (RO,CR?) with overall inversion 1°6°3 reflecting the occurrence
of the displacement mode of reaction. In dloxanq, on the cher hand,
it was observed that both esters were formed W1th retention f)f con-
figuration and with the same degree of retention 108c, The.dloxane,
present in large excess, presumably interacts .w1th tl.1e. back Sld(? of tl}e
s-butyl group to the exclusion of the ‘fort?lgn’ dinitrobenzoic acid
(equation 122). It is felt that actual bonding to the solvent occurs

NO NQ: RO,CCoHs (719, retn.)
o
R—rL—cocGH5 + CO,H =255 + (122)
(R = s-butyl) RO,CCeHa(NOy), (69.57, retn.)
0, :
(see 38)—since in recent experiments in tetrahydrofuran, products
7\ /CH3
Q 0—cC
\——/ l C2H5
H
(38)

containing the elements of the solvent have been obtained (equa-
tion 123) 134,
N(NO)COGeHs [\ O—(CHg)s— O,CCeHs

o, <:[ (123)

O, CCeHs O,CCeHs
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The entry of the foreign acid to the front side i i
. Theer t 2 of the reacting species
1s visualized as in equation (124). Complexes of carboxylic a%idz and
/N

._-O_,C_Rl O=C—R1
RNZ?LXQ —> —>RNs O
o-LH 5 ,L (124) 1
i . :
AN c=0
RE o o4
(39)

their anions si‘m.ilar to the anion depicted in 89 are well known 135

It was noted in the dioxane work that in the reverse situation the.
reaction qf the nitroso-3,5-dinitrobenzamide in the presenc’e of
}oenzmc acid, the exchange reaction did not occur. 3,5-Dinitrobenzoic
15 stronger than benzoic acid by a factor of 27; it appears, therefore

that. th.e exchange can be thought of in terms of an acid—bas’e reaction’
A 51m11a¥‘ ‘front-side’ exchange probably occurs in acetic acid as;
so}vent, since alkyl acetates, the ‘solvolysis® products, are often formed
with partial retention of configuration (Table 7) ’

.

TaBLE 7. Intramolecular and intermolecular products in the nitrosoamide
decomposition in acetic acid.

RO,CR! RO,CCH,
R Ri Yield Retention Yield Retention Reference
H
I
(:ZHQS(,:CH3 CeH, 12 68 5 43 106¢
H
l
CE,HE,(I:CH3 CioH, 32 81 17 56 107
H
l
CaHs(l]CaH4Cl-p CioH, 46 68 53 54 108b
3-B-Cholestanyl C;oH. 62 82
(equatorial) e 0 75 o

(f) Solvent cage interactions. A reactive solvent can participate by
paths other than those outlined under (c) and (e) above. For example
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the decomposition of N-nitroso-N-(1-phenylethyl)naphthamide in
pure acetic acid yields the naphthoate ester (32%, yield; 817, reten-
tion of configuration), and also the acetate ester (17% yield; 56%,
retention of configuration) 197, Part of the acetate is certainly formed
via path (e); the low retention of configuration observed must then
stem from some type of attack on the back side of the cation (path
(g) could account for only a small part of the inversion). Since
displacement reactions (section c) are not detected in the l-phenyl-
ethyl system, we assume that the inverted acetate stems largely from
the collapse of the solvent cage with capture of the cation, 41, by an
acetic acid molecule on the unhindered back side (equation 125).
(@) Acetate

(8  CgHs —> (predominant
| N=N inversion)
CH3C02H /C+ (b) —02CC10H7 — (125)
o py Naphthoate
CHa (—)—> (predominant
(41) retention)

Some type of irreversible process is envisaged, as in the interaction
with tetrahydrofuran and dioxane (section e), but the intermediacy

|
of species such as CH;,CO@'--,C:OZCCIOH7 may be possible. For

further examples of solvent interaction, see Table 7.

(g) Intramolecular inversion

(i) Deuterium results. The decomposition of nitrosoamides in
O-deuteroacetic acid yields both foreign (RO,CCH;) and normal
esters (RO,CR?) (equation 126), neither of which contains appre-

RN(NO)COR? £H€OD . RO, CR! + RO,CCH, (126)

ciable amounts of deuterium 97> 131, Under these conditions the normal
ester could not stem from diazoalkane intermediates, or from displace-
ment reactions, since any ‘normal’ acid liberated would be swamped
by the excess of deuteroacetic acid and deuterated, or only acetate
esters would be obtained. A further check with 18O-labeled carboxylic
acid showed that little of the free acid ended up as ester°”. Thus the
formation of the normal ester is an intramolecular process; and yet,
a part of the ester is formed with inversion of configuration (Table 6).
Nitrosoamides of tertiary carbinamines decompose at ~ —30°, and
it was not possible in this case to use pure acetic acid as the solvent.
However, methanol has been used as the reactive solvent in the reac-
tion of 2-phenyl-2-butylamine and some inversion (3%,) was ob-
served (Table 6). In addition, a run in tetrahydrofuran with an
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eﬁcef,s of diazomethane to act as a scavenger for acid formed in the
gsmmatlon- process (equation 110) yielded the normal ester with
% retention of configuration and 5%, inversion1%, We are forced

to the. conclusion, ther-efore, ‘that an intramolecular path exists for j
mversion of configuration28, Studies with 80-labeled compounds 1

confirm this view.
e\ 18 -
(i) *®0 Results. The decomposition of nitrosoamides of seconda

and tertiary carbinamines labeled in the carb i

i . onyl group with 180 &
yields esters with most of the 180 still in the carbonyl groug (equation |
127) (Table 8). It was shown, further, that nitroamides gave approxi- 1

N=0

I

wdy ]

IBO

18

TasLe 8. 180 Distribution in the nitrosoamide reaction.

180 in carbonyl

R Solvent group of ester (%)  Reference
Cyclohexyl CH,CO.H 65 107
H
l
CBHs—?—CHa CH;CO.H 69 107
H
|
CBHs—?—CBHs CH,;CO,H 65 108b
CH,
|
CGHE—IC—Csz Ether-Methanol (1:2) 65 109
H
I
CGH5—?-—CH3 Dioxane + CH,N, 55 107
@— CH,CO,H, CH,Cl, 509 107

o .
Now known to be a free-radical reaction.

| i
R—N—C—R! — 5 [R—N=N~O—C—R1] — > R—O—C—R1 (127)

i
i
3
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mately the same results, and as expected the nitrous oxide from this
reaction contained only the normal abundance of **0O (equation
113)197,

The results of Table 8 suggest (1) that the ions must be free for a
finite period of time since some mixing of the 180) was observed; (2)
that the steps leading to the ester are extremely fast ones since they
compete successfully with fast processes leading to randomization of
the oxygens (rotation of the anion, translation, etc ); and (3) that with
the exception of the extreme case—the bridgehead one—the *°O
results for runs in a common solvent are remarkably independent of
the nature of the alkyl group (R)

In one further experiment, the 2O distribution was determined
for both the L and D esters obtained from the decomposition of
optically pure N-nitroso-N-(L-1-phenylethyl)naphthamide labeled in
the carbonyl group with 180 (Table 9). In acetic acid (Table 6),

Tabre 9. 180 Distribution in L and pL forms of 1-phenylethanol
from the nitrosoamide decomposition in acetic acid®.

CsH;CH(CH;)OH R!CH;O0H
81%, 1, 19%, » 100%, L DL
Excess 120 0-37 0-38 0-38 0-84
(Atom %,) 1-82 1-83 1-81 3-64

a Similar results were obtained in dioxane and in a solid-state reaction.

819, of the ester was formed with retention of configuration and 19%,
with inversion. This ester was cleaved with lithium aluminum hydride
and the 1-phenylethanol was resolved into L and DL fractions and
analyzed (Table 9). It was found that the L and DL fractions had the

CHs wﬁ) CHs CHs
L ceHsé'—rTj_c_Rl N CeHsé—O—TZ—Rl — CeHsé——OH + RICH,OH
H N=O ||4 4) H (128)

8I%L 81 %L

19% D 19% D

same content of 180 thus the L and D portions must also have had the
same 180-content, and it follows that the 120 distribution in both the
L and D esters must be the same, namely 69%, is present in the car-
bonyl position and 317, in the ether position (Table 8). That is, we
not only find an example of intramolecular inversion, but also a
mode of inversion that has certain points in common with the reaction
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mode that leads to retention of configuration. As controls for th
reaction, we 'have shown that recovered nitrosoamide at the half'-life ‘;
1s not racemized and it contains all the 180 in the carbonyl gro (? ]
fgrthermore, the product ester shows no 180 scrambling or Zacimil;p, i
tion under the conditions of the experiment and no racemizati ]
occurs during the resolution of the alcohols. i

(3) The loss of nitrogen and ester formation

We now discuss the stage at which t i
(cquition 195) g ch the product ester is formed |

o o
I

I 1
R—N=N—O—C—R! —» R—O—C—R! (129) A
(34) /

Sever:al mechanisms will be examined in an effort to account for the
results Just outlined. The 1-phenylethyl compounds will be used as ;
examples since most of our results have been obtained with these
compounds; where comparisons have been made with analogs, e |
:Table 6, the results have been similar. A reaction via free diazoall;ar;c;gs- ]
is clearly ruled out. Some type of close complex between the diazo-
alkane and carboxylic acid involving a rotation of the partners about
one another is conceivable (equation 130), although we know of no

H

l
C6H5([:’_N :N - O2C Rl e

CH,
IOO% L C5H5
+ -
C=N=N 130
ijo—c—@ > CHCH(CHIOCRY + Ny )
CHy = ] 817, L
o) 199, D

anaiogy. We would assume, however, that such a species imbedded in
a solvent cage of CH;CO,D would yield, on the one hand, principally
acetate ester, and on the other, esters containing deuterium and a
Eompletely randpm1zed %0 distribution, since proton transfers can
. e;im;emfaly rapid '%7, Furthermore, such a mechanism cannot operate
in the tertiary carbinamine case, where some i ion is sti i
_ , me inversion is still occurrin

(7% in CH,Cl,1°°; Table 6). ;

A second p0s51b1h.ty involves a concerted loss of nitrogen, where,
as the R—N bond is stretched, the R—O smoothly approaches the
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pond distance in the ester (equation 131). In addition to a lack of
N=N
84 — 5 RO —COR! ——> Nz + ROCOR? (131)

analogy for a process of this type, difficulty would be experienced in
accounting for the stereochemical results (Table 6), the 180 results
(Table 8), the distribution in the enantiomers (Table 9) and the ex-
tensive skeletal rearrangement observed in the nitrosoamide decom-
position of isobutylamine in polar solvents 103b (which implies a high
degree of carbonium ion character during the reaction). It is also
worth pointing out that the decomposition of 1-phenylethylazo-
methane (40) is thought to involve sequential C—N bond cleavage

CHs CH,
| |

CeHs_C—N:N"‘CHa —> CgH;:—C" + ‘N=N—CHy —>
[ |

H H
CHa,
(40) J:. .
C