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The Acid Properties of the Amino-group
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The acid properties of primary C-amino-groups in amines, amides, and amidines have been examined. The methods of
preparation and the physical and chemical properties of the metal salts of amines are discussed.
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I. INTRODUCTION

Amino-compounds are usually regarded as bases
capable of combining with a proton to form an ammonium
ion (I). A less well known property of the NH: group is its
capacity for acid dissociation. Indeed primary amines
can be regarded as dibasic acids, which, following the
ionisation of N~H bonds, can give rise to two series of
conjugate bases-—the monoanion (II) and the dianion (III):

RNH, =RNH, = RNH- - H+ = RN -2H¢
(1 (1) (111

Many investigations of methods for the preparation of
N -anions of type (II) and (III) and their chemistry have been
made, but there are almost no reviews on the acid pro-
perties of the amino-group. In the literature there exists
only a brief compilation of data of metal salts of amines in
a handbook ' , a review of magnesylamines 2, and a mono-
graph® in which the ionisation of N—H bonds in liquid
ammonia is considered. Strange as it may seem, the
question of the acid properties of the amino-group is not
discussed either in the extensive monograph * published in
1968 and specially devoted to the chemistry of the amino-
group.

The main aim of the present paper is to review the
accumulated literature data concerning the acid properties
of the primary amino-group linked to a carbon atom. The
review is thus devoted to aliphatic, aromatic, and heter-
cyclic amines and also to acid amides and amidines.
Compounds in which the amino-group is linked to non-
carbon atoms (hydrazines, halogenoamines, etc.) are not
considered. Selected data on the acid properties of
secondary amines are discussed.

The first section of the review is concerned with the
acidity of the N—H bonds in various amino-compounds and
with methods for the preparation of N-anions. The second
section deals with the chemical properties of N -anions and
their employment in organic synthesis. By analogy with
carbanions®, N-anions can be defined as conjugate bases
of the corresponding N—H acids. The term “N -anions”
thus refers to all salts of primary amines with alkali
metals. It is then immaterial whether the M* ion is
linked to the N anion with formation of a closely linked ion
pair or whether the N—M bond is fully ionised. Only in
t} use cases where the N—M bond is clearly covalent
(_\N—HgR, magnesylamines) is the employment of the

term “N -anion” unjustified.
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II. METHODS OF PREPARATION OF N -ANIONS
1. IONISATION OF N —H BONDS

a. General Information about the Acidity of the Amino-
group. Solvents and Bases Inducing the Ionisation of
N—-H Bonds

The acidity of N—H bonds is usually much lower than
that of O—H bonds. For example, ammonia, the simplest
N-H acid, is weaker by 20 powers of 10 than water [pK, =
34 (Smith 5)'{ and 14 respectively]. Therefore N—H bonds
in amines are as a rule ionised in non-aqueous solvents by
treatment with strong bases. The solvents employed are
aromatic hydrocarbons and ethers: tetrahydrofuran (THF),
dimethoxyethane, dioxan, etc., dimethyl sulphoxide (DMSO),
and hexamethylphosphoramide (hexametapol or HMPA).
Liquid ammonia is particularly valuable as a solvent,
because it exhibits a high solvent and ionising power.

The bases most often used to ionise N—H bonds are
alkali metal amides and organometallic compounds.
Sodium hydride and alkali metals are frequently employed
for this purpose. Alkali metal and ammonium hydroxides
can also be used to ionise relatively strong N—H atids.
However, when the pKga of the amine is appreciably above
1416, it is necessary to use a solvent or system of sol-
vents in which hydroxide ions have an enhanced reactivity,
The DMSO-water system has been used to ionise amines
with pK 4 values not exceeding 25—26.° Thus in an
aqueous mixture containing 99.6 mole % DMSQ, it was
possible to ionise 3-chloroaniline (pKy = 25.6) by treat-
ment with tetramethylammonium hydroxide®. Overall,
the bases enumerated can be arranged in the following
series in terms of their ionising activity: carbanions
(alkyl- and aryl-metals), sodium hydrides, alkali metal
amides, alkali metals, and alkali metal hydroxides.

In order to follow the acid—base reaction and to deter-
mine the number of ionising N—H bonds when amines in
aprotic solvents are treated with lithium alkyls, metal
amides, and metal hydrides (or the metals themselves),
the gases evolved (hydrocarbon, ammonia, and hydrogen
respectively) are measured quantitatively. When alkali

¥ Other values for the ammonia pKy are also quoted in
the literature: 35 (Bell® and 36 (Audrieth and Kleinberg?).
They all refer to 33°C,
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metal amides are employed in liquid ammonia, it is
difficult to determine which type of species (the mono-
anion or the dianion) is formed-as a result of the reaction.
In this case one relies on chemical evidence, physical
methods, or the elemental analysis of the salt isolated.

It is very convenient to follow the ionisation of N—H acids
in hquxd ammonia when the acids are treated with alkali
metals '°. The process is carried out by the gradual
addition of sodium (or potassium) to a solution (or suspen-
sion) of the amine in liquid ammonia. Apart from the
evolution of hydrogen, the occurrence of the reaction is
demonstrated by rapid (1—2 min) disappearance of the
initial blue colour characteristic of solutions of alkali
metals in liquid ammonia. The number of ionised N—H
bonds is inferred from the amount of metal required to
form a stable blue colour.

It is noteworthy that certain amines (for example
1-alkyl-5-aminobenzimidazoles and aniline) do not react
with sodium in liquid ammoma Nevertheless their
anions, obtained by another’ procedure, are capable of
ex1st1ng in this solvent without appreciable ammonolysis} .
There is a fairly small number of quantitative data on the
ac1d1t¥ of primary amines. On McEwen's thermodynamic
scale'! (in ether), the same pKz = 27 is quoted for three
aromatic amines: aniline, p-toluidine, and p -anisidine.
Although the acidity of aniline specified by the pKj is
probably close to the true value, it is unlikely that the
p -methyl and p -methoxy-groups have no appreciable
influence on the acidity of the NH. group (by analogy with
the influence of these groups on the acidity of the amino-
nitrogen).

Systematic determinations of the acid dissociation
constants of series of anilines and diphenylamines contain-
ing electron-accepting substituents have been made by
Stewart and coworkers ¥*'*!®,  They employed a tech-
nique in which H . functions§ were derived for various
indicators and solvent systems. Using the pyridine—
water, sulpholane—water, and DMSO—water solvent
systems and tetramethyl- and trimethylbenzylammonium
hydroxides as bases, they determined spectrophotomet-
rically the acid dissociation constants of amines up to
pKa = 25.6.

For the determination of the acidity of relatively strong
N—H acids (pKa < 19), other solvent systems were also
proposed: ethylenediamine—-water ‘%, ethanolamine—
water '®'® hydrazine—water '**°, t-pentyl alcohol—
water *°, and ethanol —water ', It is remarkable that the
pK 3 of the same N—H acids, deter'mined in different sol-
vents of the above series, differ little from one another
with rare exceptions.’

The use of liquid ammonia as a solvent made it possible
to extend the measurements to the region of even lower

1 The term “ammonolysis” implies an acid—base
reaction between ammonia and the conjugate states of an
acid BH weaker than ammonia:

B- -+ NH, = BH+NH; .

The weaker the BH acid the greater the shift of the above
equilibrium to the right.

§ The function H _ defines the capacity of the solvent to
abstract a proton from a neutral acid HA and is calculated
from the formula *?

ap+ fa- A

H_=—lg——f—;— PR+ 1g——— [HA]

In dilute aqueous solutions H_ is identical with pH.
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acidities of amines. Three groups of investigators have
worked on the development of an acidity scale for aryl-
amines in liquid ammonia **™*, With the aid of '"H NMR,
Birchall and Jolly investlgated the position of acid—base
equilibrium in a mixture of two acids HA and HB in liquid
ammonia in the presence of sodamide **. On the basis of
the results, the difference between the strengths of the two
acids was determined from the following formula:

_ 1. [HB) (HA)
aek, =185 | e [] -

The authors then found the difference ApKj between the
acidities of the next acid pair (HB and HC). Having
accumulated a large number of such measurements, they
constructed a relative acidity scale for aromatic amines
in liquid ammonia, in which 2,5-dichloroaniline, the most
acidic of the amines investigated, was adopted as a
standard (pKa = 0). This scale covers a range of 6.58
pKa units towards lower acidities. A disadvantage of
liquid ammonia proved to be the impossibility of measur-
ing the acidities of stronger N—H acids, in particular
nitroanilines, since the latter formed Meisenheimer type
complexes with ammonia or the amide ion.

Takemoto and Lagowski, who employed 'H NMR com-
bined with spectrophotometric analysist of the position of
equilibrium, related the acidities of many weak N—H and
C—H acids and thereby established an absolute acidity
scale in liquid ammonia **, NN -Dimethyl-f -phenylene-
diamine (the weakest of the N—H acids, whose pK,4 has
been determined) and di-(z -tolyl)methane were selected

as the linking pair of N—H and C H acids. The acidity
scale of Takemoto and Lagowski ** covers the range of 13
pKa units, the limit of the series corresponding to
2,5—dich10r0aniline.

Herlem and Thiebault calculated the acid dissociation
constants of substituted anilines from the results of their
potentiometric titration in liquid ammonia W1th a potas-
samide solution using a hydrogen electrode **. It is
noteworthy that the pKa (Table 2) determined by the 'H
NMR and potentiometric methods differ from one another
by 7—12 powers of 10 in absolute magnitude. 1t is at
present difficult to say whether this is a consequence
solely of differences in the temperatures at which the
measurements were made (+25°C for the "H NMR method
and —60°C for the potentiometric method) or whether some
other factors also play a role. At any rate the acidities
of liquid ammonia at +25° and —60°C [pKy = 27.7 (Coutler
et al. ) and 32.5 (Herlem %) respectively] do not differ
from one another very markedly.

b. Alkylamines and Cycloalkylamines

Alkylamines are even less acid compared with ammonia
(there are no quantitative data). Therefore they cannot be
converted into salts in 11qu1d ammonia either with the aid
of alkali metal amides”” or the metals themselves”.
However, in aprotic inert solvents (toluene, octane, etc.)
or altogether in the absence of a solvent, alkylamines and

T One of the disadvantages of the spectrophotometric
method for solutions of liqguid ammonia is the impossi-
bility of measuring the acidity of amines weaker than
aniline. This is due to the insignificant degree of ion-
isation of such acids and the consequent masking effect
of the amide present in large excess, which absorbs at
350 nm. **
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cycloalkylamines can be converted into metal salts by
prolonged heating with alkali metal amides in nitrogen **™*°,
A necessary condition for the success of this reaction is
the removal of the ammonia formed from the reaction
zone, If ammonia is not removed, an equilibrium is

established between the initial and final products *:
CH;NH, + LiNH, = CH;NHLi + NH; .

Therefore it is technically simplest to obtain with the aid
of this method metal salts of high-boiling amines (butyl-
amines, cyclohexylamine, etc.).

Alkali metals dissolve in the lowest alkylamines to
form blue solutions, the properties and structures of
which are close to those of solutions of alkali metals in
liquid ammonia **, However, on heating, a slow reaction
takes place between alkylamines and cycloalkylamines on
the one hand and the alkali metals on the other, and is
accompanied by the evolution of hydrogen and the forma-
tion of the corresponding salt. This reaction is frequently
employed for preparative purposes and is usually carried
out without a solvent:

RNH; + M — RNH"M* -+ 1H, |

In the preparation of metal salts of methylamine by
this method, one should guard against a side reaction
involving the formation of cyanides *’*. The conversion
of methylamine into potassium methylamide can be
achieved smoothly with the aid of potassium hydride *.

The best method for the preparation of lithium salts
of alkylamines and cycloalkylamines is apparently the
reaction of amines with organolithium compounds. Usual-
1y lithium alkyls in benzene, hexane, or ethers are
employed for this purpose. Table 1 gives a compilation
of certain data for the preparation of metal salts of alkyl-
amines and cycloalkylamines.

Table 1. Metal salts of certain alkyl- and cycloalkyl-
amines.
Salt lonising Conditions ,,Eﬁ.::;:'y;;
agent
CH,NHLi Li 60°, mosealed tube 23
CHyNHK KH 20-25%,4-6h 34
C,;H;NHNa — - 29, 30
C,HyNHK K Ethyhn"nne passed slowly over heated
tassium 35

iso- CsH,NHNa NaNH, Toluene, 121 h 29, 30
n-C4H,NHNa NaNH, Toluene, 97-109°, 63 h 20, 30
t C4H,NHLi CHgli Ether, 0° e
n-CgH;;NHNa NaNH, - 29, 30
CgHy NHLi n-C,H,Li In excess of cyclohexylamine 37
CsH:NHNa NaNH, Heating in iso-octane -
CgH;NHCs i Cs In excess of cyclohexylamine 37

c. Arylalkylamines

On going from methylamine to benzylamine, diphenyl-
methylamine, and finally to triphenylmethylamine, the
acidity of N—H bonds should increase somewhat owing to
the electron-accepting influence of the aryl group. Simul-
taneously there should be an even greater increase in the
acidity of the C—H bonds adjoining the amino-group. As
a result, when strong bases act on benzylamine and
particularly on diphenylmethylamine, the N—H and C—H
bond ionisation processes compete. Hauser et al. estab-
lished that, when diphenylmethylamine is treated with
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potassamide in liquid ammonia, a mixture of the carbanion
(IV) and the N -anion (V) is formed?®®:

KNH, KNHZ _
(CeH;)sCH—NH~ —=— (CeH;)yCH—NH; NHa (CeHs):C—NH,
(V) NH, 3 avy

1.CO, 1. COy
2. H+ 2. H+
(CeHs); CHNHCOOH (C,Hs)2|0—ooou
NH,
(VI (V1)

The formation of the carbanion (IV) is proved by the
appearance of the red colour characteristic of arylalkyl
carbanions and also its conversion into the aminoacid (VI)
when the reaction mixture is carboxylated after the
evaporation of ammonia. The presence in the mixture of
the N-anion (V) has been less definitely established. The
presence of the carbamic acid (VI) in the carboxylation
products cannot serve in this case as unambiguous proof
that the N -anion is present, since the initial diphenyl-
methylamine also gives rise to the acid (VII) on interaction
with CO:.

The formation of the carbanion is promoted by its
resonance stabilisation, while the N -anion is stabilised in
arylalkylamines only by the -I effect of the arylalkyl
group.

Benzylamine itself is praobably still a very weak acid.
Thus Picon failed to obtain sodium benzylamide by the
reaction of benzylamine with sodium or with NaNH: in
liquid ammonia even after a long time in an autoclave *,
However, the appearance of a red colour when benzyl-
amine is treated with various bases **~* indicates the
formation of a certain amount of carbanions. This is
also suggested by certain indirect data. For example,
9-aminofluorene, diphenylmethylamine, and benzylamine
are converted into the corresponding imines on standing
in liquid ammonia in the presence of potassamide . It
appears likely that the reason for this phenomenon consists
in the g-elimination of a hydride ion from the correspond-
ing carbanion:

N‘ NH
5 N

The fact that the amino-group in arylalkylamines is
more acid in ammonia than in alkylamines can be inferred
from the existence in liquid ammonia, without appreciable
ammonolysis, of the dipotassium salts of diaminodiphenyl-
methane (VIII), obtained by the addition of two KNH, mole-
cules to benzophenoneimine **:

NHK

(CgH5)aC=NH - 2KNH; — (CeH; ):C
“\NHK

vy

In this connection, it is difficult to understand why
triphenylmethylamine fails to give an N-anion when acted
upon both by potassamide in liquid ammonia ** and by
alkali metals in liquid ammonia or in ether **, Sodium
and potassium in liquid ammonia cleave the C—N bond in
triphenylmethylamine with formation of a carbanion and an
amide ion*:

(CeHy),NH™ M*

(c,Hs)ac—NH,L< - .
(CeHg),C™ MY + MNH,

Steric factors can hardly be responsible for the difficul-
ty of the ionisation of the N—H bonds in triphenylmethyl -
amine, since triphenylmethane, where the steric effect
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should be even more pronounced, readily ionises in liquid
ammonia in the presence of metal amides and alkali
metals. Such behaviour of triphenylmethylamine suggests
that the ionisation of diphenylmethylamine and benzyl-
amine (weaker N—H acids than triphenylmethylamine)
involves preferentially the C—H bonds, i.e. the formation
of a carbanion. Metallation of CH—NH systems is fairly
common in organic chemistry. For example3
acetamido- **”*® and benzamido-malonic esters *® give
rise to carbanions and not N-anions when acted upon by
bases, a fact which is used in the synthesis of aminoacids.

d. Arylamines

Although aromatic amines are very weak N—H acids,
their acidity is nevertheless much greater than that of
aliphatic amines and ammonia. This can be accounted for
by the possibility of the resonance stabilisation of the
arylamine N -anions:

—I\llH ﬁIH ‘I‘\IH I;IH
AN AN N
-07-1U-1
NSO\ LN N

Table 2. Acid dissociation constants (pKj) of a series of
anilines.a
tit t i

i,u:inzzit Solvent, temp., °C iS“u:set[:zmt Solvent, temp., °C

i f i- 3 ani- -

nngli:e o +25°‘“'"’b| NH,+25%| NH;, —60+ n"glizg o 512198 Nbty, 250 Ny —s0n
H 27.3¢ | 21.2 28.8 | 4-C1 — 19,9 27.4
2.NO, 17.88 — — 4-CN 22.68 | 15.9 28.5
3-Cl 25.63 — — 4-NO, 18.37 — —
3-CF, 2540 | 18.7 — 2,4(NOy). | 15-00 — —
4-CH, — 221 — 2,4.6-(NOY, | 12.20 — —
4-N(CHs) — 25.6 -

AThe acidity constants of many other anilines are quoted
in the literature %11%1%2324

The average pKy values for various solvent systems:
DMSO—water (99.9 mole % DMSO), sulpholane--water
(95.5 mole % sulpholane), and others.
CpKy = 27.3 was obtained for aniline by extrapolation.

Table 2 shows that aniline is a stronger acid by 6—17
powers of ten than ammonia. Introduction of electron-
accepting substituents into the benzene ring of aniline
cause an even greater increase of the acidity of the NH:
group and the 2,4,6-trinitroaniline anion can exist even

in water. The inductive effect of the nitro-group in the
series of anilines is greater than in the series of phenols.
It is believed that in the N -anions of o0 - and p -nitroaryl-
amines most of the negative charge is localised at the
NO: group, i.e. structure (IXb) makes a large contribution
to the resonance state *’:

{0 e
(1Xa) (IXb)

In certain cases (3-nitroaniline), on treatment with
hydroxyl-containing bases the ionisation of the N—H bond
is accompanied by a competing process involving the
nucleophilic addition of the O~ ion to the aromatic ring.
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The two reactions can be distinguished spectrophotomet-
rically: in contrast te the addition process, ionisation
takes pl-ce instantaneously °.

It has <en found?® that there is a satisfactory correla-
tion betwe the o constants of substituents (¢~ constants
must be em, oyed for the £ -NOz, p-CN, and p -F substitu-
ents) and the pK 3 values of substituted anilines with a
constant p = —5.3. Such a high value of p shows that the
acidity of aniline depends significantly on the effect of
substituents and, as shown by experiment, to a greater
extent than the acidity of anilinium ions. The p constant
for the acid dissociation of substituted diphenylamines is
also very high (—4.07),°

Stewart and Dolman *° (see also Birchall and Jolly
established that there is a fairly satisfactory linear rela-
tion between the basicities pKgy+ (acidities of anilinium
ions) and the acidities of pKHA of substituted anilines and
diphenylamines (with the exception, for reasons stated
above, of compounds with nitro-groups):

22)

PKya =214 - 1.30 pKpy, » (1)

This equation can be used for an approximate estimation of
the acidities of amines whose pKyA have not been deter-
mined for one reason or another, but the basicity pKgy+,
which can be determined more readily and accurately, is
known. For example the basicities of aniline, p-toluidine,
and p -anisidine are 4.60, 5.10, and 5.34,°' from which we
have the acidities 27.52, 28.03, and 28.34 respectively.
The value 27.5 for aniline agrees satisfactorily with other
data ''’?*,

For preparative purposes, when it is necessary to
employ aprotic solvents, the N -anions of aromatic amines
are obtained by treating the amines with sodium hydride *?,
lithium alkyls®®, lithium aryls®*, or organomagnesium
compounds »**7*".  In the cold, the metal usually substi-
tutes one hydrogen atom in the NH: group, while on brief
heating the second hydrogen atom is also readily replaced
at a temperature as low as 35—-40°C:

20—25° RMgX

/MgX
ArNH, + RMgX —gg— ArNHMgX —=— ArN.

\MgX

+RH .

This reaction serves as a basis for the quantitative
determination of active hydrogen in arylamines °®,

At room temperature, neither sodium nor sodamide
reacts with aniline at an appreciable rate, but, when
aniline is refluxed with these bases in xylene > or in the
absence of a solvent *’°°, the sodium salt of aniline is
formed fairly readily. The use of HMPA, the high ionis-
ing power of which makes it possible to carry out the pro-
cess under mild conditions ®%%, is extremely convenient
in the preparation of sodium arylamides. It is believed®
that, when two equivalents of sodamide are employed in
HMPA, the disodium salts of aromatic amines are also
formed. However, this conclusion is based on alkylation
data which, as will be shown below, do not constitute
convincing proof.

The preparation of the anions of more acid amines (for
example p -nitroaniline) can be achieved in DMSO by treat-
ment with alkali metal hydroxides °.

The generation of the N -anions of aromatic amines in
liquid ammonia requires special consideration. The
ionisation of the N—H bonds in aniline and its derivatives
with electron-donating substituents on treatment with alkali
metals or NaNH; takes place in this solvent only at room
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temperature and under pressure *®, Under the usual con-
ditions for experiments in liquid ammonia (temperature
between —33° and —60°C), the N—H bonds in aniline

cannot be ionised by treatment with alkali metals or NaNH-.

This is very surprising bearing in mind that the sodium
and potassium salts of diphenyl- and triphenylmethane,
which are weaker C—H acids than aniline, are readily
formed in liquid ammonia under analogous conditions.
Probakly the solvating power of liquid ammonia in relation
to carbanions is greater than in relation to N -anions.

According to the data of Bunnett and Moyer *°, when
aniline is treated with potassamide in liquid ammonia at a
temperature as low as at —33°C, potassium anilide is
readily formed. The ease of this reaction can probably
be explained by the higher solubility of potassamide in
liquid ammonia (450 g litre™ at —33°C) compared with
sodamide (1.5 g litre ™' 25°C).*® However, one should
note that rigorous proof of the complete conversion of
aniline into its N-anion was not obtained, since the salt
was not isolated in a pure form.

In a series of investigations, Nesmeyanov and Kravtsov
showed that aromatic amines containing also acidifying
substituents such as NO, NO,, and —N=N-— readily form
arylmercurﬁy derivatives on reaction with arylmercury
hydroxides For fairly acid amines (picramide),
arylmercury derivatives of acetic acid, phenylacetylene,
or ¢ -nitroaniline can also be employed as bases ®

NH, O II\IHHgR
| 2 N
0N A NO s, N0
K" + CoH,C=CHgR — [ " 4+ CeHyC=CH |
/ AN
fl‘loz NO,

(R= p~(CH3)2NC5Hr )

Aniline itself and its £ -chloro- and p -bromo-derivatives
do notsform arylmercury derivatives under these condi-
tions ®

e. Heterocyclic Amines

In the amino-derivatives of aromatic aza-systems, the
amino-group is much more acidic than aniline owing to
activating effect of aza-nitrogen. It appears that there
are no quantitative literature data for the acidities of
N -heteroaromatic amines. However, one can suppose
that the pK, for 2- and 4-aminopyridines should be inter-
mediate between the acidities of 2-nitroaniline (pKa = 17.9)
and 2,4 -dinitroaniline (pK3 = 15.0). This estimate is
based on a comparison of the values of op for the pyridine
nitrogen atom and the NO. group, which are +0.93 and
+0.718 respectively ®° (the literature values of o, for the
pyridine N atom are +0.81, +1.02, etc.).®®

It is therefore not surprlsmg that a -ammo der1vat1ves
of pyridine **™~"®, quinoline %, oc;umollne thiazole *°
benzimidazole , and pyrimidine "*®® readlly form salts
when acted upon by alkali metal amides and hydrides,
alkali metals themselves, and even their hydroxides under
certain conditions "°. Aromatic hydrocarbons, liquid
ammonia, HMPA, and sometimes ether or dioxan are
usually employed as solvents. It is noteworthy that in
only a few cases these salts were isolated in a crystalline
state and investigated *>"®"*, Usually, after preparation
in solution (liquid ammonia, HMPA) or in a suspension
(ether, dioxan, hydrocarbons), the salts were immediately
introduced into further reactions without preliminary iso-
lation.
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In 8- and y -aminoheterocycles containing a pyridine

N -heteroatom, the amino-group is also appreciably activa-
ted and readily ionises when treated with alkali metals or
their amides in liquid ammonia or in HMPA. "***® How-
ever, the formation of metal salts of such amines in weakly
polar aprotic solvents proceeds with greater difficulty.
For example, 4-aminopyridine hardly reacts (in contrast
to 2-aminopyridine) with sodamide in ether *, while in
benzene and xylene the reaction proceeds very slowly even
at 140—150°C and can hardly be used for preparative
purposes %%

This observation is in sharp contrast to the known
sequence of acidities of the CH3 grou in isomeric
picolines: 4-CHs;> 2-CH3;> 3-CHs.™ One of the possible
reasons for the difficulty of the ionisation of the NH. group
in non-polar aprotic solvents is that the reaction takes
place in a heterogeneous medium. Therefore the amino-
derivative may be sorbed on the surface of sodamide crys-
tals via the coordination of the pyridine N-atom (the most
basic centre in the molecules of o - and y -aminohetero-
cycles) to the Na* ion as in (X). It is quite clear that, for
geometrical reasons, such sorption should greatly increase
the ionisation of the NH: group in 4-amino-derivatives.

On the other hand, in the case of @ -amino-compounds it
should serve as an additional factor promoting the ionisa-
tion of the N—H bond, as in (XI):

NH,
<!
N H
SN NN
v B ~H
W” /////W ///W////W
(X} (xn

In solvents where alkali metal amides are soluble
(liquid ammonia, HMP), the ionisation of N—H bonds takes
place equally readily for both o - and y -amino-derivatives
owing to the homogeneity of the system.

In N -heteroaromatic amines, one may expect a greater
ease of formation of dianions compared with aromatic
amines. Nevertheless, the vast majority of amines,
including all three pyridylamines, form monoanions in
liquid ammonia when acted upon by alkali metals and
apparently metal amides”'. Among all the amines
investigated in this respect, only the 2-amino-derivatives
of perimidine (XII) and aceperimidine form dianions under
these conditions ™

O
NH, liq. NH; N> oF
iz (3

(X11)

Triamino-1,3,5-triazine (melamine) exhibits very
acidic properties. In liquid ammonia it can give rise to

mono-, di-, and even tri-anions when acted upon by
potassamlde
HN, N NH, K¥HN™ N, NH-K*
vob +ekNE - vl - 3NH,
% %
N, NHK+

The amino-group in a benzene ring condensed with a
heterocyclic nucleus can be both actived and passivated,
depending on the nature of the latter. For example,
aminoquinolines in liquid ammonia readily form anions
on treatment with potassamide®. On the other hand,
1-R-5-aminobenzimidazoles cannot be converted into
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N -anions in liquid ammonia by treatment with alkali
metals or their amides . Reductive cleavage of azides,
discussed in section II, 2, gives very satisfactory results
in the synthesis of such N-anions.

In N -heteroaromatic amines containing an endocyclic
N-—H pyrrole bond in addition to the NH: group, the
former is as a rule more acidic and ionises first. This
applies also to compounds containing an amino-group in
the side chain (histidine *®, tryptophan®9) and to true
heteroaromatic amines. Thus, when 2-aminobenzimi-
dazole (XIII) is treated with butyl-lithium or with butyl-
magnesium bromide, initially the H atom of the endocyclic
N—H bond is substituted and only then, on heating to 40°C,
is the trilithium salt or trimagnesylamine formed *

| j )\ /L‘

When the amine (XIII) is treated with an excess of an
alkali metal amide in liquid ammonia, an equilibrium
mixture of di- and tri-anions is formed, with the former
predommatmg When sodium or potassmm is employed
as the base, the reactlon stops at the monoanion stage *'

In amino-derivatives of certain partly hydrogenated
N -heterocycles, the amino-group may be ionised first
proviged that it is conjugated with an endocyclic C=N
bond ~°:

7 N—N
" CHuLi CH LY
" zo—zs 35—40‘
) VANV \NH,
|
H

(X111)

HN BN, HN,
CFs  nant =N_ CFy pn =N_ cr,
Tl B Y N/ e | N
N _N/ "\CF, DME ** \ _N/ N o AN N/ \CF,
R’ H e’ H O rc’ -~

f. Carboxylic Acid Amides

The amides of carboxylic and particularly thiocarboxylic
acids exhibit a much greater acidity than other amino-
compounds (Table 3). Thus the pKa's for acetamide and
benzamide are in the range 14 —15.%%% The acidity of
thioacetamide in liquid ammonia at —60°C is estimated as
4.6 pK, unit3®*.  When treated with alkali metals or their
amides, ac1;i5 amnides in liquid ammonia readily form
monoanions

RC<N W RC: / Na++‘/,H, .

The report that dianions are formed under these condl-
tions * was subsequently disproved by the same author *
Nevertheless, bearing in mind the very high acidity
(among N—H acids) of acid amides, the possibility of the
existence in liquid ammonia of their dianions, generated
by another procedure, appears to be extremely probable.

Franklin obtained in liquid ammonia and isolated in a
crystalline form a large series of carboxylic acid amide
salts with alkali and alkaline earth metals®*. When acid
amides are treated with phenylmercury hydroxide, one
H-atom of the NH: group also ionises and a phenylmercury
derivative is formed %

The amides of d1basm acids can form in liquid ammonia
also polyanions, in which, however, each amino-group
carries only one negative charge. For example, malon-
amide forms a trianion (XIV) when treated with potassamide
in liquid ammonia®. Phenyl- and diphenyl-acetamides
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give rise to CN -dianions under analogous conditions, the
N—H bond being the first to ionise *

__CONHK+ 0 aNan, Nat o
51 CH,—CH—cZ 2t /
N \N 1ig. NHs * CgHy C—C: _ .
CONHK* II2 Ha 112 \NHK+
(XIV)

The use of organometallic reagents gives rise to a wide
scope for the ionisation of N—H bonds in acid amides.
Hauser and coworkers showed that, when aliphatic and
aromatic acid amides are treated with an excess of butyl-
lithium in THF or ether, dilithium salts are formed, to
which the structure of ON -dianions was ascribed 1%

oL
RCONH, + 2CiH,Li >R .
NNLi

. : s s ’ .
Table 3. Acid dissociation constants (pK3) of certain
N—H acids.
Compound Ky Conditions | Refs. Compound pK3 | Conditions | Refs.
Acetamide 14 NH, 3 Thiourea 8.5 | NH—60° | 24
” 15 25° 93, 94| N-Phenylthio-
Benzamide 14—15 — 93, 94] urea 3.8 | NHg,—60° | o4
Thioacetamide 4.6 NHj3,—60° | 24 Semicarbazide  |25—33| NH,;,—33° | 112
Urea 12.9 NHj,—60° | o4 Carbohydrazide |21—25[ NHg,—33° | 112
”» 2533 | NH3,—33° | 112 NN'-Diphenyl-
NN'-Diphenyl guanidine 10.7 | NHg,—60° | 24
Cyanamide 7 NH;3 3
urea 7.0 NH,,—60° | 2¢ Hydrazine 13.5 NH,.—60° %

The reaction with organomagnesium compounds takes
place similarly, and is used in the quantitative determina-
tion of active hydrogen in acid amides by the Tserevitinov
method'®. The amides of aliphatic-aromatic acids,
containing a C—H bond in the a -position relative to the
CONH: group, form trianions when acted upon by an excess
of butyl-lithium %'

Ll OLi
|
C.l-l,,(‘:HCONH,T—}:?‘—%{ji#C.H,,C—C —NLi ,
R R

When acid amides are treated with lithium aluminium
hydride, two competing reactions take place: the addition
of L1A1H4 to the C=0 group and the ionisation of the N—H
bond *°

RCH/
\NH (

7

RCONH, -+ _2_ LiAlH, —

Usually the addition reaction takes place preferentially,
but when R is a fairly bulky group, mono- or di-metallated
derivatives are mainly produced.

g. Urea, Thiourea, and Guanidine

It was established that, when acted upon by alkali metal
alkoxides in an alcoholic medium, urea behaves as a mono-
basic acid'®. However, when sodium '®**”" or potas-
samide **"'° are employed as bases in liquid ammonia, it
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is possible to obtain both mono- and di-anions. In contrast
to the monopotassium salt of urea, its dipotassium salt is
sparingly soluble in liquid ammonia and is usually precipi-
tated when a second equivalent of the base is added '®.
The monosodium salt is also sparingly soluble in 11qu1d
ammonia'®. Therefore it is clear that, when urea is
treated with two equivalents of sodium or sodamide, a
mixture of mono- and di-sodium salts is formed, i.e. the
second ionisation takes place with somewhat greater
difficulty. The monosodium salt of urea has been isolated
in a crystalline form and investigated in detail *®°

Among urea derivatives, cyanourea, the cychc form of
which gives rise to a trianion when treated with potas-
samide in liquid ammonia, is of interest ''°

N K*
HN=C{ 500 ¥ ko= oY =0
H - K+

In water cyanourea behaves as a monobasic acid.
Thiourea and guanidine can also behave as mono- or
di-basic acids depending on the cond1t1ons The mono-
silver and d1potass1um salts of guamdme and the mono-
potassium ! and dipotassium ' salts of thiourea have
been obtained. The formation of dipotassium salts of
urea, thiourea, and guamdme m liquid ammonia has been
demonstrated unamblguously ® by the potentiometric
titration of liquid ammonia solutions of these acids with a
potassamide solution. On this basis, the following
sequence of relative acidities has been established:
HN—C— NH2>H2N—F—NH2 ;H,N——C —NH,>>

¢} NH
>>H;N-—C—NH">H;N—C—NH">H,N— C ~NH">NH7
Il It
S 6] NH

Table 3 presents quantitative data for the acidities of
urea, thiourea, and certain related compounds. Accord-
ing to French workers, the first acid dissociation con-
stants (pK a) of urea and thlourea in liquid ammonia are
respectively 12.9 and 8.5.?* The second dissociation con-
stants (pKa) have not so far been determined, but, judging
from the ease of formation of dianions by urea and thiourea
in liquid ammonia, they should be in the range 25— 30.

An attempt has been made to estimate the acidity of urea
by titr *ing its ammonia solution with a solution of tri-
phenylirethylsodium in the presence of indicators such as
indene anu ' ~rene’?. It was found that the addition of
even one drop o. ¢ ~ ‘riphenylmethylsodium solution to a
mixture of urea and i.uurene in liquid ammonia results in
the appearance of the yellow colour characteristic of the
fluorene anion. Assummg that pK4 for fluorene is 25,
Corwin and Reinheimer '*? concluded that the acid d1ssocia-
tion constant of urea (judging from the experimental condi-
tions, the constant is pAy’)isin the range 25—33. How-
ever, this value contradicts all previously known facts
concerning the acidity of urea and can probably be accoun-
ted for by the unsuitability of fluorene as an indicator in
this case (possibly because of the greater kinetic acidity
of fluorene, which is not always the same as the thermo-
dynamic acidity).

h. Amidines

In water amidines behave as very powerful bases but in
liquid ammonia they exhibit the properties of monobasic
acids, readily forming monoanions when treated with
alkali metals or metal amides®’'*®*, A more usual
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method for the preparation of sodium and potassium salts
of amidines involves the addition of an alkali metal amide
to the corresponding nitrile '*****:

MNH; RC=N |

NH
reZ wmn, geNH
\NH,

\NH-M*

A large number of sodium, potassium, and calcium
salts of aliphatic and aromatic amidines have been obtained
in this way. The silver and copper salts of amidines,
which are insoluble in liquid ammonia, can be obtained by
the double decomposition between the potassium or sodium
salt of the corresponding amidine and the metal nitrate '*°,

i. Other Compounds

One of the simplest compounds containing the C -amino-
group is cyanamide. It exhibits a very high acidity
(pKgq = 7) and readily forms salts with alkali and alkaline
earth metals in liquid ammonia. Numerous examples of
such salts are quoted in a handbook '*° and in other pub-
lications **’*°,

Carbamic acid can exist in liquid ammonia in the form
of the mono- and di-potassium salts, which are obtained
by treating ammonium carbamate with potassamide '°®
When acted upon by potassamide in liquid ammonia, ethyl
carbamate forms an unstable potassium salt which decom-
poses according to the following equation: '®

KNH,

HaNCOOCH; * K*HNCOOC,H; — KNCO - CH;OH .

The formation of the N -anions of biuret, triuret, allo-
phanic acid, biguanidine and certain other compounds with
a C -amino-group in liquid ammonia has been discussed in
a monograph 3.

2. REDUCTIVE CLEAVAGE OF N —X BONDS

a. Azides

Phenyl azide is reduced by metallic sodium in boiling
ether with formation of the disodium salt of aniline and
evolution of nitrogen''”. The reduction proceeds via the
stage in which a radlcal anion (XV) is formed; it was
detected by its characteristic red colour and the ESR
spectrum:

\Na

= _* Na = N,
CeHN—N=N —= C.Hs?j—N=N> i Cs”sN/ N,
Na*

xv)

Later it was found for aromatic and heterocyclic azides
that liquid ammonia is a very convenient solvent for this
reaction "'®'°,  The synthesis of N-anions via azides is
the only one possible in those cases where the ionisation
of the N—H bonds in the amino-group proceeds with diffi-
culty or not at all ™,

Initially it was postulated that the dianions of aromatic
amines obtained from azides are stable in liquid
ammonia’ 18’“9, although recently certain data have been
obtamed mdlcatmg their ammonolysis to the mono-
anions ’

It was possxble to reduce aromatic azides by organo-
metallic co Pounds which also leads to dimetal salts of
the amines'

CgH;sNa + (CHg)gSnLi — CgH;N--Sn (CHg)s ++ Ny

I
Li
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Only one example of reactions of this type is known for
acyl azides '**:

6 -
0

7
R“\N _AColCN);
\Co(CN),

7 H0 %4
- 3= 128
B—C_ + 2(Co(CN)g” ~5> RC\ N

A N + Ny,

N
Co(CN),

J

Co(CN);

b. Hydrazines

In an unpublished study, referred to by Smith® and
Watt '°, Fernelius and coworkers investigated the action
of sodium in liquid ammonia on a large number of various
substituted hydrazines. They established that, when the
nitrogen atom linked to the benzene ring in aromatic
hydrazines is not joined to a free hydrogen atom, the N—N
bond undergoes reductive cleavage on treatment with
sodium, which results in the formation of the sodium salt
of a secondary amine:

ArN—NH, -+ 2Na —+ ArNNa+ ;- NaNH,
| |

R R
In hydrazines with a free N—H group in the « -position
relative to the aromatic ring, the N—H @ -bond is the first
to ionise on treatment with sodium with formation of the
resonance-stabilised N -anion (XVI), which is resistant to
further reduction:

.
Na

ArN—NH, + N3 ~—> AIN—NH, —#> A;N> . T NaNH,
}!l Na® Na

(XVD

There are contradictory views in the literature concern-
ing the possibility of the cleavage of the N-—-N bonds in the
dianion of hydrazobenzene (XVII), formed when hydrazo-
benzene or azobenzene are treated with metal amides and
alkali metals respectively:

Ar—N=N—Ar % Nat  Na* N*

Ar—N—N—Ac 2% 2 AN
(XVID

“Nat
Ar—?—rld—Ar ““a\h
H H
Data '*® supporting such cleavage, which leads to

disodium anilide, were not subsequently confirmed ‘**.
According to the observations of the authors of the rev1ew,
the N—N bond in the dianions of heterocyclic hydrazo-
compounds is not cleaved either, for example in 1,1’-
dialkyl-2,2’ -hydrazobenzimidazoles.

c. Cleavage of the N—C Bond in Benzylamines

The removal of the N -benzyl protecting group by solu-
tions of alkali metals in liquid ammonia is a well known
synthetic procedure. It is usually employed in the
N -heteroaromatic series for compounds with a pyrrole
nitrogen atom. The process takes place as a two-electron
reduction of the C—N bond and leads to the formation of the
N -anion of the secondary amine and the benzyl anionft,
which subsequently undergoes ammonolysis and gives rise
to toluene:

>N—c1—1,c,H5 + e >N— +CHCHs .

1 The theory of reductive debenzylation with the aid
of liquid ammonia solutions of alkali metals is described
by Birch'®
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N -Benzyl derivatives of primary aromatic (for example
benzylaniline '°) and heteroaromatic amines enter into an
analogous reaction. It has been shown for 2-benzyl-
aminobenzimidazoles (XVII) °*’**° that the action of sodium
in liquid ammonia on such compounds begins with rapid
ionisation of the N—H bond, which is followed by slow
debenzylation of the N -anion (XIX). Ultimately, the
amine dianion (XX) and the benzyl anion are formed and
gradually undergo ammonolysis:

l NHCH,C oMy % Ncu,c,u, N\

(xvm) (XIX) (XX)

Reductive debenzylation proceeds more readily the
greater the effective positive charge on the nitrogen atom
to which the benzyl group is linked. Therefore the benzyl
group joined to the pyrrole nitrogen atom is eliminated on
treatment with sodium in liquid ammonia more readily
than the benzyl substituent linked to an exocyclic amino-
group 126,127.

If the benzyl group is joined to a negatively charged
nitrogen atom, two outcomes are possible from the stand-
point of the mechanism of the debenzylation process.

1. The negative charge on the nitrogen atom is effec-
tively delocalised owing to conjugation with the aromatic
m-electron system. In this case [a typical example is
provided by the monoanion (XIX)] debenzylation still pro-
ceeds as a two-electron reductive process, albeit extreme-
ly slowly, and the reaction is accompanied by the formation
of toluene.

2. The negative charge is located preferentially on the
nitrogen atom., This case obtains when sodium acts upon
2-benzylaminobenzimidazole (XVII, R = H) and on
1-benzyl-2-benzylaminobenzimidazole (XVIII, R =
CeHsCH>).'® The dianion (XXa) is then formed initially.
The addition of two-electrons to the C—N bond in this
dianion should be extremely unfavourable on energy
grounds. Indeed debenzylation should take place with
difficulty and involve the formation of a considerable
amount of benzaldehyde. Although the mechanism of this
reaction is not in fact completely clear, it evidently
includes an autoxidation stage and can be tentatively
described by the following scheme:

+
4w =, U e ™
\ N NCH,CyH; N—CHCgH; _C'H=
N
. @ + CgH;CHO + H,0,
T NH, ‘
H

Thus in principle one should distinguish two mechanisms
of the debenzylation of benzylamines with the aid of solu-
tions of metals in liquid ammonia —reductive and oxidative.
The oxidative debenzylation mechanism requires further
study.

Apart from the benzyl group, N-methoxymethyl " and
other arylalkyl groups (ring-substituted benzyl grou S,
the diphenylmethyl group, the o -phenylethyl group %, etc D
can undergo reductive elimination with formation of
N -anions. When attempt was made to cleave the N—allyl
bond by sodium in liquid ammonia, a difficulty was
encountered owing to the reduction of the double bond of the
allyl substituent, after which the N—C bond was no longer
cleaved '**

{XXa)

128
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III. THE NATURE OF THE NITROGEN-METAL BOND
AND THE STRUCTURE AND PHYSICAL PROPERTIES OF
METAL SALTS OF AMINES

There have been few studies specially undertaken to
investigate the nature of the nitrogen—metal bond in metal
salts of amines. Two parameters of this bond, its polarity
and the type of hybridisation of the N atom, can exert a
major influence on the physical properties and reactivity
of such salts. The use of Pauling's formula *** i = 100

(1 - e-025(Xa ~ Xp?) to calculate the percentage ionic
character of certain N—M bonds yields the results presen-
ted in Table 4 (here XNy — XM represents the difference
between the relative electronegativites of nitrogen and
metal atoms between which the bond is formed).

It follows from Table 4 that the bonds between nitrogen
and alkali metals must be regarded as largely ionic, the
amount of ionic character increasing in the sequence
Li < Na<K. This agrees with the experimental measure-
ments of the conductance of lithium '* and caesium '*
cyclohexylamides in cyclohexylamine.

Table 4. Percentage of ionic character of certain
nitrogen—metal bonds.
Amount of ‘ Amount of
Bond AINTAm ionic charac- Bond AINTXMm ionic charac-
ter, % ‘ ter, %
N—K 2.2 70 N—-Mg 1.8 55
N—Na 2.1 67 N—Ag 1.2 30
N—Li 2.0 63 N_Hg!! 1.1 26

In magnesylamines, the N—Mg bond is equally covalent
and ionic. The bond between nitrogen and metals such as
copper, silver, and mercury is mainly covalent. Naturally,
the degree of polarity of the N—M bond is also influenced
by the type of hybridisation of the nitrogen atom and the
nature of the hydrocarbon groups to which the nitrogen and
metal atoms are linked (provided that the valence of the
metal is greater than unity). These additional factors are
not taken into account in the calculation of the percentage
ionic character of the N—M bond.

Qualitative data on the amount of ionic character of the
N-—M bond agree fully with the properties of metal salts of
amines. Thus silver and mercury salts of amines are as
a rule resistant to the action of water and alcohol. They
dissolve in certain organic solvents and can be actually
recrystallised from them &8, Although magnesylamines
are usually readily decomposed by water, they are fre-
quently soluble in ethereal solvents. In this respect they
resemble the lithium salts of amines.

The sodium and potassium salts of alkylamines are
highly hygroscopic and pyrophoric®®, like alkali metal
amides, They are liable to explode in air and react
vigorously with water and alcohols. Therefore they must
be handled and stored in a completely inert atmosphere.
Similar precautions must be observed in work with sodium,
potassium, and lithium salts of arylamines and hetero-
cyclic amines. However some of the latter (for example,
the sodium salt of 2-aminopyrimidine "®!) are completely
stable in air and are non-hygroscopic.

Many salts of amino-compounds with alkali metals are
readily soluble in liquid ammonia, where they are
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apparently appreciably dissociated. This hypothesis is
based on ultraviolet speciroscopic data for liquid ammonia
solutions of potassamide *", from which it follows that,
depending on the concentration of the solution, the degree
of dissociation of potassamide is 30—75%. DMSQ *'%'®
and HMPA °2 also exhibit a high solvent power in relation
to metal salts of amines.

In solvents with a low dielectric constant, amides are
dissociated into free ions only to an insignificant extent -
(Kq=10""°—107"* M) and are present largely in the form
of ion pairs. The relevant data have been obtained by
Streitwieser et al. for solutions of lithium and caesium
cyclohexylamides in cyclohexy'.mine'®. There is an
important difference betweer tl.e two salts. While cae-
sium cyclohexylamide exists in cyclohexylamines in the
form of monomeric ion pairs regardless of concentra-
tion '*, lithium cyclohexylamide also forms dimers,
trimers, and other aggregates in equilibrium with the
monomeric form 4%,

The majority of metal salts of amino~-compounds are
extremely high-melting crvstalline substances. Itis
somewhat surprising that the sodium salts of aniline and
a number of other aromatic amines, obtained in liquid
ammenia and then isolated in a pure form (judging from the
results of elemental analysis), proved to be liquids *.

There are apparently no literature data concerning the
crystal structures of metal salts of amines. However,
there are data on the structures of the crystal lattices of
lithium '*® and sodium **" amides. It is interesting that
there are no hydrogen bonds in sodamide crystals. This
is consistent also with the infrared spectrum of a crystal-
line specimen of sodamide, which contains sharp peaks at
3264 and 3218 cm ™}, associated respectively with anti-
symmetric and symmetric stretching vibrations of the
N—H bonds, while bands which might be assigned to
associated N—H groups are absent®®, The infrared
spectra of the potassium salt of methylamine ** and the
sodium salts of 5-aminoacridine and 2-amino-1-methyl-
perimidine *® are distinguished by similar characteristics,
which indicates the absence of hydrogen bonds from their
crystal lattices too. On the other hand, the spectra of the
sodium salts of 2-aminopyridine and 1-alkyl-2-amino-
benzimidazoles contain a number of diffuse bands in the
region of N—H stretching vibrations, which is evidence of
an appreciable association of the salts in the crystalline
state.

Theoretically the nitrogen atom in the N -anions may be
in the sp®-, sp*-, or sp-hybridised state:

go ng'o i -(3 EH .
& Su O™y an

sp 3-hyhxidisalion :p2~hybxidisalion sp-hybridisation

Infrared spectroscopic data indicate a change in the
state of hybridisation of the nitrogen atom in the N -anions
compared with the parent amines. Thus the N—H stretch-
ing vibration band in the spectrum of potassium methyl-
amide occurs at higher frequencies than in the spectrum
of dimethylamine *'*, A similar phenomenon was
observed for sodium salts of 5-aminoacridine and 1-alkyl-
2-aminobenzimidazoles®°. This probably indicates an
increase of the s-character of the nitrogen hybrid orbitals
and consequently of the force constant of the N—H bond on
conversion of the amine into the corresponding metal salt.
However, there are also exceptions to this rule*°.

In the infrared spectra of crystalline specimens of
metal salts of methylamine and heterocyclic amines,
almaost all the bands characteristic of the initial amine are
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retained with only a slight displacement. This must cor-
respond to tight binding of the counterions in the crystal
lattices of the salts, so that the negative charge remains
largely localised on the nitrogen atom.

The similarity of the infrared spectra of the sodium
salts of heterocyclic amines to those of the amines them-
selves led to the conclusion that in the crystalline state
they exist in the amino-form (XXI) and not in the imino-
forms (XXIa) or (XXIb):

(1 0
NN/ \NHNa “N/NNNa  NSSNH

h ka

(XXI) (XXIa) (XXIb)

Infrared spectra have been used successfully to eluci-
date the structures of arylmercury derivatives of nitro-,
nitroso-, and azoaryl-amines °®*%¢,

Certain information concerning the characteristics of
the structure of N-anions can be obtained also from ultra-
violet sPectroscopic data. Measurements have been
made **#'° of the ultraviolet spectra of a large series of
sodium salts of anilines containing electron-accepting
substituents and it was concluded, in particular, that the
sodium salt of p -nitroaniline exists mainly in form (Xb).
The ultraviolet spectrum of lithium cyclohexylamide has
also been measured **. This salt (in cyclohexylamine)
absorbs appreciably at 375 nm, which is at the boundary
with the visible region.

The aromatic proton signals in the '"H NMR spectra of
the N-anions of aromatic amines, measured in liquid
ammonia, are appreciably displaced towards higher fields
compared with the unionised molecules, on average by
1 p.p.m.*?® The shift for different protons decreases in
the sequence para > ortho > meta, which suggests an
appreciable mesomeric interaction between the negatively
charged nitrogen atom and the aromatic 7 -electron sextet.

There are also data for the electronegativities of the
N -anions of aromatic amines in liquid ammonia solu-
tion 1245189

I\ REACTIONS OF METAL SALTS OF AMINES
1. N-ANIONS AS STRONG BASES

Shatenshtein was the first to employ the KNH>—NH3
system to determine the kinetic acidity of C—H acids,
including weak acids such as alkanes '***!, These
studies stimulated the search for other N-anionic systems
which might be used as suitable bases for the ionisation of
weakly acid X—H bonds. The lithium (or caesium)
cyclohexylamide—cyclohexylamine system, proposed and
investigated in detail by Streitwieser *’*** (see Ref. 143 for
a review of Streitwieser's studies), has been recognised as
one of the most successful. It was found that the ionising
capacity of the cyclohexylamide anion depends on the type
of metal cation'®’. For example, caesium cyclohexyl-
amide in cyclohexylamine corapletely converts diphenyl-
methane and triphenylmethane into the carbanions, while
the reaction with lithium cyclohexylamide does not go to
completion and the following equilibrium is established:

>C;H + CHNHLi+ 2 _>_C‘Li++C,HuNH, .
The higher reactivity (by a factor of 3300) of caesium

cyclohexylamide in the ionisation of weak C—H acids can
be accounted for in the first place by the monomeric nature
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of this saltin solution and in the second phase by the higher
ionic radius of Cs* compared with Li*. As a result, the
Cs* ion is more remote from the CeH,;)NH™ counterion,
which enhances the reactivity of the latter.

Lithium di-isopropylamide (a Hunig salt) has found a
wide-scale application as a deprotonating agent. Its
advantages are due to the steric blocking of the N -anionic
centre, which reduces to a minimum the probability of
nucleophilic side reactions*.

The 1,2,4-trihalogenobenzene — 1,2,5-trihalogeno-
benzene isomerisation in liquid ammonia, which involves
a stage in which a C—H bond of the aromatic ring is
deprotonated, proceeds most effectively in the presence of
potassium anilide ®°,

2. DEUTERIATION OF THE AMINO-GROUP VIA N-ANIONS

The amino-group is usually deuteriated by repeated
refluxing of the amine in heavy water or in deuterio-
alcohol '*.,  For weakly acidic amines, deuterium exchange
under these conditions is very slow. According to the
results of the authors of this review, obtained for a series
of N -heteroaromatic amines, and other data'® for acid
amides, a convenient method for the deuteriation of the
NH: group consists in the decomposition of the metal salts
of amines with heavy water (for a modification of this
method, see Bassindale et al.'*):

RNAM* + D;O -~ RNHD + MOD,
RN2-M] + 2D,0 — RND; + 2 MOD.

3. ALKYLATION

Many cases of alkylation of aromatic amines via
N -anions have been described. For example, the aniline
N -anions obtained from phenyl azide or aniline (by treat-
ment with two moles of NaNH:) give high yields of the
corresponding NN -dialkylanilines with an admixture of the
monoalkyl derivatives on alkylation with alkyl halides:

CoHgNy ~2Ns RX= CHyl (lig, "H,, 80%)"°
CyHsBr (ether 51%)"7

Na' rx
CoHNS , = C,HNR,
Na CoHyl (HMPA , 87%)%

CoHsNH, Jas

The preferential forr--#ion of the tertiary amine has
been regarded as evidence for the involvement in the
reaction of the disodium and not the monosodium salt of
aniline.

Monosodium anilide is ethylated in ether at —40°C to
monoethylaniline *®, An unusual example of the employ-
ment of monosodium anilide is the following synthesis of
N -phenylmorpholine '’

ICHyCHay N
0 —— CHN 0
N/

C
CgHyNH-Na+* +
ether

CICH,CHy
28%

However, the alkylation of amines with a fairly active
lone electron pair (these include aniline itself, aromatic
amines with electron-donating substituents, and alkyl-
and cycloalkyl-amines) can be carried out also without the
preliminary ionisation of the N—H bond '*®, The alkylation
of the amino-group via metal salts is important for amines
with a reduced basicity, such as p-nitroaniline or 1-amino-
1-phenylazonaphthalene.
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Similarly the alkylation of the N -anions of tautomeric
heterocyclic amines of the 2-aminopyridine type, is hardly
the only practical method for the direct introduction of
substituents into the NH> group. On the other hand, it is
known that, when alkyl halides act directly on N -hetero-
aromatic amines, the reaction involves the endocyclic
N atom:

AN
{ 1wl

RX
NN/ \RHNa+ SN/ “NHR

NaNH,

When the NH: group is alkylated, it is important to be
able to control the degree of reaction with formation of
mono- or di-alkyl derivatives. The type of solvent
employed is significant in this respect. In the alkylation
of monosodium salts of aromatic or heteroaromatic amines
in aprotic solvents of low polarity (aromatic hydrocarbons,
ethers, dioxan), the reaction as a rule proceeds smoothly
up to the formation of the corresponding monoalkyl deriva-
tive. In particular, derivatives of 2-aminopyridines with
the following subst1tuents in the NH, groups were obtained

in this way: methyl ™ ) ethyl ™ g propyl 1, 1sopropyl 1499181
butyl *°, isopentyl **>*°*, cetyl !, benzyl’ })henyl-
methyl ©**, allyl “’**', and dlalkylammoalkyl 78,155 The

interaction of the sodium salt of 2—ammopyr1d1ne with

aw -dihalogenoalkanes leads to aw -dipyridylamino-
alkanes '*®*, Examples of such monoalkylation of the
amino- group have been described for the 2-amino-deriva-
tives of pyrimidine 789812147 - quinoxaline 7, thiazole 80’1586
lepidine "*"**%, 1-alkylbenzimidazoles " and adenosine ',

In order to rule out completely the possible formation
of the dialkyl derivatives, in some cases the NH. group is
first protected by formylation '*** or benzylation *°

An attempt to obtain the dialkylamino-derivative by
treating the monosodium salt of the amine with an excess
of alkyl halide in a non-polar solvent usually leads to a
complex mixture of substances containing not less than 50%
of the tertiary amine . Excellent results in the synthesis
of dialkylamino-derivatives are obtained when liquid
ammonia %% or HMPA °* are used as solvents.

A remarkable characteristic of the reactions of the
monoanions of aromatic and heteroaromatic amines with
C:—Cs alkyl halides in liquid ammonia is that, regardless
of the amine : alkyl halide ratio, the process does not stop
at the monoalkylation stage ""’**. Even in the presence of
a deficiency of the alkyl halide, the corresponding dialkyl-
amino-derivative is formed almost exclusively. The
reaction is very fast with a high yield of the tertiary amine
and undoubtedly constitutes the most convenient method of
dialkylation of the amino-group. Similar results were
obtained for the reaction of the N-anions of 4-amino-
quinolines with halides of the allyl and benzyl type in
HMPAS®2,

The reaction of branched and more bulky (C4 and above)
alkyl halides with N -anions proceeds slowly snd gives
mainly a low yield of the monoalkylation product *?, It
has been shown for aminoquinolines that y -diethylamino-
propyl chloride reacts with monoanions to form the
monoalkyl -substituted derivative in nearly quantitative
yield ®

The preferential formation of the dialkylamino-substi-
tuted derivative on alkylation of monoanions with reactive
alkyl halides in liquid ammonia and HMPA can probably be
accounted for, as for the phenylacetonitrile carbanion *®
by the stepwise nature of the reaction. Of the two types
of monoanions, (XXII) and (XXIII), present in solution,
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(XXIII) is probably alkylated at a rate which greatly
exceeds that of (XXII). Therefore, despite the low equi-
librium concentration of (XXIII), the dialkylamino-deriva-
tive and not the monoalkyl-amino-derivative accumulates
continuously in the reaction mixture:

RNHCH

_ CHyl
RNH" RNH, + RNCH, —> RN(CH,),

Na NHg
(Xx10) T o ks (XX111)

In contrast to the monoanions, the alkylation of the
dianions in liquid ammonia is susceptible to definite con-
trol and, depending on the amount of the initial alkyl
halide, the reaction can be directed towards the preferen—
tial formatlon of the mono- or di-alkyl derivative™

< \"7“\ cHl T

= N, S >7NHLH - \>— (CHy),

{ \/, N f\

St i, \(,H_u Crix
7% 1% (i mole CH,l)
15% 75% (2 moles CH,1)

This behaviour of the dianions is quite reasonable,
since their reactivity should be higher than that of the
monoanion of a secondary amine., As a result, the
secondary amine, the alkylation of which becomes signifi-
cant only after the diappearance of the dianion or a sharp
decrease of their concentration, accumulates in the reac-
tion mixture. The existence in solution of a particular
anionic species has been frequently inferred in the litera-
ture from the results of alkylation experiments.

It follows from the foregoing data that the formation of
the dialkyl derivative when an excess of alkyl halide acts
on the N-anions of aniline and other amines in liquid
ammonia "*® (and also in HMPA) cannot be regarded as
unambiguous proof of the presence of dianions in solution,
The same results might be obtained by the alkylation of the
corresponding monoanions in the same solvents. It is
more correct to employ as a basis the results of the
alkylation of the N-anions by one equivalent of methyl
iodide”'. In this case the preferential formation of the
dimethylamino-derivative should be regarded as evidence
of the formation of the monoanion in solution and the
formation of a secondary amine should indicate the pres-
ence of the dianion. The use of this test for the N -anions
of 2- and 5-aminobenzimidazoles obtained from the cor-
rasponding azides ™' showed that the dianions, formed
:~itially in liquid ammonia, are appreciably ammonolysed
' the monoanions. Bearing in mind the low acidity of

niline, it is unlikely {hat its dianion, obtained from
phenyl azide, is stable in liquid ammonia and does not
undergo ammonolysis.

Incidentally, this test is not universal. It has been
found that the monoanions of acidic amines capable of
forming dianions simply on treatment with sodium, are
not susceptible to stepwise alkylation in liquid ammonia
and, on treatment with one mole of methyl iodide, form
preferentially the monoalkylation product ™. However,
the identification of the N -anions of such amines presents
no difficulties even without alkylation, since the very fact
of their conversion into dianions on treatment with sodium
is evidence of the stability of both their monoanions and
dianions in liquid ammonia.

An interesting feature of the alkylation of the N -anions
of heteroaromatic and aromatic amines consists in the fact
that, despite their formal ambident nature [see, for
example, structures (XXI) and (XXIb)], the reaction
involves exclusively the amino-nitrogen, i.e. takes place
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without transfer of the reaction centre. This indicates an
appreciable localisation of the negative charge on the
exocyclic N-atom not only in the isolated but also in the
reacting molecule.

If the molecule contains several anionic centres, the
centre formed last, i.e. the one to which corresponds the
less acidic X—H bond is the first to be alkylated *’1%%;

Li+ Li Li+
CH.CHCONH L+ 2L, CeH,CHOONH L “SH4LLs ¢ H,,CHCON>
L2 B %3 | uRBa Lit
CyH;CH,CONHR CH,CH,CONHR

C,H;CHCONH,
R
Less nucleophilic and hence less reactive N -anions

correspond to acid amides as well as N—H acids stronger

than amines. The alkylation and benzylation of the sodium

salts of carboxylic acid amides in liquid ammonia *

HMPA, ¢! or non-polar aprotic solventsi®,!0¢ takes pLace

slowly and leads to the formation of N -monosubstituted

derivatives in low yields. The sodium salt of urea does

not react in liquid ammonia with butyl and dodecyl bromides,
but monobenzylurea is formed by the reaction with benzyl
chloride '*.

4, ARYLATION

The arylation of the amino-group and the introduction
of heterocyclic substituents into it via the N-anions usually
take place slowly and require heating of the reactants for
many hours in a high-boiling solvent or even without a
solvent. The yields of reaction products are as a rule
low. Characteristic examples are provided by the follow-
ing reactions:

CgH;NNa, + 2 CgHBr YT (CqlHy),N8t s
VAN N\ 20
N - N
o I
CHNHNa + €17 N7 CHHN/ N7 229 .

The sodium salts of 2-aminopyridine and 2-amino-
pyrimidine interact with 2-chlorothiazole to form 2-(a -
thiazolylamino) -derivatives in yields of 40 and 9.5%
respectively . The reaction of the sodium salt of
2-aminopyrimidine takes place only in the absence of sol-
vent, which can be accounted for by its lower nucleophil -
icity compared with the N -anion of 2-aminopyrimidine.

5. ACYLATION

The acylation of the amino-group via metal salts is
usually achieved with the aid of carboxylic acid chlorides
or esters. The use of the latter leads to monoacyl deriva-
tives regardless of whether the mono- or di-anion is
introduced into the reaction. When acid chlorides act
upon monometal salts, monoacylation products are also
formed, but with dimetal salts high yields of NN -diacyl
derivatives can also be obtained. Examples of reactions
of this kind are known for both a series of amines **2'5771°
and a series of acid amides '

/QOCH; Ar=CeHs  (74%)

AN (MgBr)s + 2CoH,COCI 0L, Ar—
\coc.Hls Ar==0-CHyCyH, (91%),
C¢H;CONLIz -+ 2CgH;COCI — (CoH;CO)sN .

It is noteworthy that mainly the diacylation of the NH:
groups via N -anions is of preparative importance, since
almost all amines can be readily monoacylated as such
with the aid of acid anhydrides or chlorides. On the other

hand, the acylation of a second N—H bond in the monoacyl
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derivative formed is much more difficult without its con-
version into the N -anien. .

In only a few cases, when the acid chloride or anhydride
is difficult to obtain or cannot be employed for one reason
or another, the use of esters for the monoacylation of the
amino-group also assumes synthetic importance. A
characteristic example is provided by the acylation of
aromatic amines via magnesylamines with the aid of ethyl
B -hydroxy -8 -diphenylpropionate *°®, As might have been
expectedg, dimagnesylamines are more reactive in this
process

The monosodium salts of urea and N -phenylurea are
acylated in liquid ammonia or acetone with the aid of acid
chlorides or esters'®, including ethyl methacrylate '*°, to
give the corresponding monoacyl derivatives. It is
interesting that the reaction with N -phenylurea involves
the primary amino-group, although the N -anion (XXIVa)
and not (XXIVb) should be more stable in this case.
Probably the anion (XXIVb), although present at a low
concentration, reacts with the acylating agent much faster
than does (XXIVa):

CH,4

HN—C—NCH, = HN—C—NHC,H, at=d_cooct, CHy— (I:—C——NH— c- NHCH,
I I I
0 CH, O )

(XXIVa) (XXIVb)

6. REACTION OF N-ANIONS WITH CHLOROTRIMETHYL-
SILANE

Magnesium ***°" and lithium salts '*® of aromatic amines
react under mild conditions with chlorotrimethylsilane,
giving a high yield of the corresponding trimethylsilyl

derivatives. The reaction has been used to protect the
amino-group in organometallic syntheses ®*"'"":
TN\ (CHahSiCl N\ _ 5‘(CH3)3 L
Br () N (MgBr), Br— R ™ \S‘ (CHale other”
- Ll—/_\ Sl(CHs)s *
=/ \Sx (CHyls

The dimagnesium salts of isopropylamine and butyl -
amines do not form N -alkylhexamethyldisilazanes on
treatment with chlorotrimethylsilane. However, the
lithium salts of alkylamines, for example of t-butylamine
and N -phenylethylenediamine '™*, react readily under these
conditions.
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7. NUCLEOPHILIC ADDITION OF N-ANIONS TO MULTIPLE
B DS

Compared with amines, N -anions are much more
nucleophilic and add more readily to polarised multiple
bonds. This factor is very widely used in organic synthe-
sis.

a. Addition to Carbon—Carbon Multiple Bonds

Reactions of this type have been little investigated. It
has been found that lithium salts of secondary amines add
to the C=C bond of eth_yl o -phenylacrylate according to the
following mechanism *

Li
R
N |
R—N—Li 4-CH=C—COOCHy s /N—CHa—C—COOq}ls Ha
R oH, R GiHy
R
- N-—CH,—CHCOOG,Hj
.0
sHs 33629
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The mode of this reaction is the opposite of that of
primary amine N -anions with ethyl methacrylate in which
there is addition to the C=0 bond followed by acylation of
the amino -group.

Sodium anilide adds to the triple bond of dehydroben-
zene, yielding N - and C -arylation products: di})henyl-
amine, 2-aminobiphenyl, and 4-aminobiphenyl'™. The
formation of biphenyl derivatives in this reaction clearly
demonstrates the ambident nature of the aniline N -anion.

b. Addition to the C=0 bond

One of the examples of such reactions may be the
carboxylation of the diphenylmethylamine N -anion by
carbon dioxide leading to the formation of diphenylmethyl-
carbamic acid, as already mentioned above. The acyla-
tion of the amino-group via the N -anion by carboxylic acid
esters also includes a stage involving addition to the C=0
bond and constitutes another example of this kind.

It has been shown recently that the N -anions of _primary
amines add to the triple bond of carbon monoxide'™, The
lithium salt of t-butylamine gives rise to orange t-butyl-
carbamoyl-lithium (XXV):

(CHg){CNH-Li* - =0 — (CHy),CNH—C—Li
I

(XXV)

Many condensation reactions involve as an intermediate
stage the formation of an N -anion, which behaves as an
active species and adds directly to the carbonyl group.
Such reactions include, in particular, the hydroxymethyla-
tion of carboxylic acid amides by formaldehyde in an
alkaline medium '™,

Although the Schiff reaction is known to be usually
catalysed by acids, cases of base catalysis have also
been noted for amines with an inactive electron pair at
the nitrogen atom. For example, 2-amincbenzimidazoles
react with aldehydes of the furan series in the presence
of alkali much more readily than in its absence '™,
Bearing in mind the enhanced acidity of the N—H bonds in
such amines, there 'can be hardly any doubt that the
species involved in such reactions is not the amine itself
but the N ~anion in equilibrium with it:

- - R'cHO , -
RNH, + OH™ === RNH™ + H,0 ——> R—N——CH—R''—> R—N=CH—R' + OH~

- v

H -

It has been suggested that N -anions participate also in
the complex Marschalk reaction in which the sodium salts
of the leuco-derivatives of aminoanthraquinones are acted
upon by aldehydes '™ with formation of C -alkylated amino-
anthraquinones.

c. Addition to the C=N Group
The addition of metal salts of amines to the C=N bonds

of nitriles constitutes the basis of one of the simplest
methods for the synthesis of substituted amidines:

NM NH
RNH-M* 4-RC=N »R'—c? B, p_cf .
“\NHR \NHR
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Although this reaction has been known for a long
time "™ it was not investigated in detail and for a
large number of examples until 1970.*° It was shown that
the most suitable solvent for the process is liquid ammonia.
The reaction then proceeds much faster and with a higher
yield of amidine than in non-polar aprotic solvents. Good
results are apparently obtained also in DMSO. *®

However, only aromatic and heteroaromatic amines and
nitriles enter into this reaction. The reaction with alkyl-
amines (n-C.HsNH:?) takes place with a low yield or not at
all (iso-CsH-NH:). Somewhat better results were obtained
for benzylamine and diphenylmethylamine. When these
are acted upon by potassamide in liquid ammonia with
subsequent introduetion of benzonitrile, the yields of the
substituted amidine are 29 and 73% respectively '*°. All
these results apparently reflect the relative acidity of the
N—H bonds in amines and the ease of formation by them of
N -anions in liquid ammonia,

The interaction of the N -anion of urea and aromatic
nitriles in DMSO is unusual. The product of the two-stage
process is a 2-hydroxy-4,6-diphenyl-s -triazine *:

NH

NH, NH, AL -
’ LU arcsn 6= ArC=N
\nn, DMSO “\NH- -ﬁl N
-~ 2
q H
N ) 0~ N
ar—c” \c’(; Ar AN . A Xxc—on
I . _ﬁ T\Nﬁ,ﬁ» I [
: o =iy N
N\C//,,A N\%/N N\(ré
i
Ar Ar Ar

d. Addition to the N=0O Bond

Aromatic amines, in particular aniline, are readily
condensed with nitrobenzene and its derivatives in the
presence of strong bases (for example t-BuOK in DMSO),
yielding the corresponding azo-compounds ‘**7'*¢, The
role of the base consists in the conversion of the amine into
the N -anion, which is more reactive in relation to the
nitroso-group:

Ar'N=0

ArNH; + B™ == ArNH™+ BH Ar—N——N—Ar' —> Ar—N=N—ar' + o~

£

This reaction is very important in the series of
N -heteroaromatic amines which are otherwise difficult to
convert into azo-compounds, since the amino-group is
diazotised with difficulty and the corresponding diazonium
salts are extremely unstable. Such amines include, for
example, o - and y -amino-derivatives of pyridine 72’%3"’9"85,
quinoline "?, and benzimidazole '*,

A similar type of reaction constitutes the basis of the
method proposed by Bamberger and Rust for the diazotisa-
tion of aromatic amines'®. In this procedure, the
aromatic amine is treated with pentyl nitrite in the pres-
ence of an alkali metal alkoxide, which results in the
formation of the corresponding diazotate:

_ C3HyONO

AtNH, + CHO™ < C,H,OH + ArNH

AT—N——N—OC,H,, —>
127"

— Ar—N=N—0~Na" + CH,,0H .

Chichibabin showed for 2-aminopyridine that the sodium

salt of the amine beforehand can also be introduced into
the Bamberger reaction %,
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8. ALKYL- AND ARYL-AMINATION OF ORGANIC COM- Ultimately this react1on leads to the formation of the dye
POUNDS WITH THE AID OF N-ANIONS (REACTIONS WITH indanthrone (XXVIID: *
ELIMINATION OF THE HYDRIDE ION)

By analogy with the amination of nitrogenous hetero- 9 0 i
cycles with sodamide (Chichibabin reaction) '*, it is very AN NN /\/\/\/NH Kr /\/ NN
tempting to employ for the same urpose organic deriva- ” || \i P J ! J B
tives of sodamide. Chichibabin '* already found that A YAYAY \/ NV N NN NN, o
sodium anilide reacts with pyridine under severe condi- b 6 r'm
tions to form an insignificant amount of 2-phenylamino- ooy \ N
pyridine: ' j

‘/ /7
AN\ AN
L ” + CyH,NH-Na+ ,“0_—%’_35*!, Lo o
"% © OWONHGH; I/W/“]/\I

The formation of 2,2’ -dipyridylamine as a side product \/\Il/\|/\NH
in the reaction of pyridine with sodamide was also 0 HN\ /l\/ll\/\
accounted for by the reaction of pyridine with the sodium ( ” 1
salt of 2-aminopyridine formed as a result of amination '*****, AN

However, on the whole the salts of aromatic amines are AVILY 5
not sufficiently nucleophilic in relation to N -heterocyclic )
compounds and the yields of amination products are
extremely low. Even more frequently, the reaction does The N -anion (XXVII) also adds to nitrobenzene '**., The
not proceed at all, for example with quinoline ™ and iso- more readily formed but less nucleophilic N -anions of
quinoline " or W};i—‘n pyridine is acted upon by sodium 2-amino-1-chloro- and 2-amino-1-nitro-anthraquinones

N -methylanilide ) o do not react with nitrobenzene'®,

Phenylammatlon with the aid of sodium anilide takes One may suppose that the reactlvity of metal salts of
place somewhat more readily in the series of certain alkylamines as nucleophilic agents should be greater.
polynuclear systems: mesobenzanthrone (XXVD, ™ However, there are very few data concerning this problem.
1,8,9-naphthanthr-10-one, "~ 1 ,9-pyrazolanthrone *’, and Thus, when quinoline is acted upon by sodium methylamide
1,8-naphtha11m1de . Bradley, who made a detailed in ether, it forms 2-methylaminoquinoline (yield not
study of these reactions '* %, showed that in all cases stated) 2%, Alkali metal dialkylamides do not react at
two competing processes take place—direct phenylamina- all (even when the conditions are altered) with nitrogenous
tion and dimerisation of the initial compound: bases or cause charring '9%2°1%%,

Bergstrom et al. succeeded in alkylaminating pyridine
and quinoline in the 2-position by treating them with a

\ N\ N\ 7N . . R
” ) " ' eutectic mixture of sodamide and potassamide in the

N /\ /\ INSNAN //\ Sy, presence of primary aliphatic or alicyclic amines and
(U0 (oot ()Y [T (1 f ] potasstom nitrate
\/\/ NN 7NN

o Nﬂcﬁm o] o] 4
(XXV1) 30% 19% [ ” R, , ”
N NN/ NNHR
Bradley assumed that the dimerisation reaction is due 40—50%

to the ionisation of the C—H bond in the molecule of the
initial compound under the influence of CeHsNH "Na* with Kovacs and Vajda modified this method, having
subsequent addition of the carbanion formed to another replaced the eutectic mixture of the two amldes by metal-
molecule of the initial compound'®. However, bearing lic sodium *®72%,  Both groups of investigators failed to
in mind that dimers are formed also when the above poly- obtain evidence for the involvement in this reaction of the
nuclear compounds are acted upon by metal alkoxides in alkylamine N -anion as a nucleophilic agent (on the basis of
alcohol or by alkalis, which can hardly cause the ionisa- the absence of visible signs of interaction between the
tion of aromatic C —H bonds under the reaction conditions, amine and the base) and therefore the problem of its
a reductive dimerisation mechanism is more likely: mechanism remains open. However, it is difficult to
electron transfer from the base to the aromatic substrate, imagine a mechanism for this reaction other than one
cross-linking of the two radical-anions formed, and sub- involving the alkylamide anion. It is likely that the
sequent oxidation of the dihydro-derivative of the dimer formation of even a small equilibrium amount of the metal

to the aromatised dimer. The amination and dimerisation salt of the amine (it is quite possible under the reaction
processes compete with one another also in the Chichibabin  conditions) followed by its interaction with heterocyclic

reaction (the reaction of sodamide with N -heteroaromatic compounds gradually displaces the amine = N -anion

compounds). It was shown recently that dimerisation in equilibrium to the right.

the Chichibabin reaction proceeds most probably via a The majority of alkyl- and aryl-amination reactions

stage involving the formation of a carbanion *°. involving N -anions are not accompanied by the evolution of
When 8 -aminoanthraquinone is heated with potassium hydrogen, in contrast to the Chichibabin reaction. To

hydroxide in pyridine or in the absence of solvent, the eliminate the hydride ion from the intermediate o-complex,

resulting N ~anion (XXVII) can enter into a nucleophlhc oxidising agents must be employed: potassium nitrate,

interaction with a molecule of the initial compound '*, air, or pure oxygen.
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9. OXIDATION REACTIONS OF N-ANIONS

In general N-anions are oxidised muchmore readily than
the neutral amines. Most data have been obtained for the
autoxidation reaction. The reactivity of metal salts of
amines in relation to molecular oxygen may be extremely
varied: ranging from nitroarylamine and 2-amino-
pyrimidine salts, which are completely stable in air, to
metal salts of alkylamines which react vigorously with
oxygen. Thus less reactive amines give ris¢ to more
readily oxidised N -anions and conversely.

Sodium anilide and metal salts of arylamines with
electron-donating substituents rapidly blacken in air and
are converted into a mixture of high-molecular-weight
autoxidation products. A controlled and mild autoxidation
of the N -anions of aromatic amines to azo-compounds has
been achieved in the NaH—THF, °* t -C,HsOK —foluene *®,
and t-C4HsOK—DMSQ '5¢184210 systems Two views have

been expressed concerning the mechanism of this reaction.

According to the first, on being acted upon by oxygen, the
N -anion is converted into a radical (XXIX), which dimer-
ises to the corresponding hydrazobenzene. The latter is
then transformed (also via the N -anion) into azobenzene 2%°

ATNH, -+ 1t- CH,OK 2> ArNH-K* + t- CH,OH ,
2 AINHK* + 0, - 2 ANH + O; »
(XXIX)
K K* o,
2 XXIX — AtNH—NHAr — AtN-N—Ar = Ar—N=N—Ar + KyO,+

This mechanism probably obtains in many cases (see,
for example, Filipskikh et al.'*), but, as shown
recently "*?*°) the reaction involving aniline itself and its
substituted derivatives proceeds via a different pathway
involving the condensation of an intermediate nitroso-
compound with the amine N -anion,

The N -anions of & - and 8-aminoanilines form
dibenzo[a, hphenazine on oxidation with oxygen 208,

The monoanions of 2-amino-derivatives of pyrldme,
benzimidazole, thiazole, and other nitrogenous hetero-
cycles react very slowly with oxygen. Usually the cor-
responding azo-compound is formed in low yields under
these conditions ®*.  An exception is the monoanion of the
less acid 2-amino-4,5-diphenylimidazole, which readily
oxidises in air to 2,2’ -azoimidazole *

The polyanions of 2-aminobenzimidazole and certain
other 2-aminoimidazoles exhibit an unusually high reac-
tivity in the autoxidation reaction for reasons which are
not obvious®, It was found that the polyanions (XXX) and
(XXXT1), formed on debenzylation of 2-amino-1-benzyl-
benzimidazoles with sodium or potassium in liquid
ammonia, react rapidly with atmospheric oxygen at
temperatures as low as —70°C, being converted quantita-
tively into a mixture of 2, 2’-azo and (unexpectedly)
2-nitrobenzimidazoles®#17212;

3Na N
/k L R /ﬁ\ — R | =
NH, N7 NH, N~ “NH

CH ,CeHg (XXX)

O, O,

(XXX I)

(RzH, 5~ CHy, 5-CH,0, 5.6 -(CHy),;)

This reaction is the only known example of such ready
autoxidation of the amino-group to the nitro-group.
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The polyamons (XXX) and (XXXI) can also be obtained
from 2- azldo— % 2-benzylamino-, '? 2-amino-1-aryl-
alkyl-, * and 2-ammo-ben21m1dazoles The attempts
to drive the autoxidation process towards the preferential
formation of the more valuable 2-nitrobenzimidazole
(analogue of the antibiotic azomycin) have so far remained
unsuccessful: the maximum yield of the nitro-derivative
achieved does not exceed 45%. The mechanism of the
formation of 2-nitrobenzimidazole is still obscure; how-
ever, it has been established that the reaction is influenced
by a series of factors: the type of the imidazole system,
the nature of the solvent, the metal, the substituent at Ny,
the method of generation of the N-anion, and others. For
example, the trilithium salt of 2-aminobenzimidazole is
oxidised by oxygen in ether only as far as 2,2’ -azobenz-
imidazole (yield 90%).

It has also proved possible to achieve the oxidative
dimerisation of metal salts of acid amides and amidines.
It was found that copper salts of N—H acids are oxidised
by oxygen much more readily than the sodium or lithium
salts '

- // 1) CuBr, \
R \NHN uox(*nu-)R \NH NH /C R

(R=C$H57 26 90)
(R=CHj (CHy)s, 30%)

It is remarkable that copper(I) chloride catalyses (also,
it is believed, via the formation of a copper salt) the
aut0)2<114dat10n of aniline to azobenzene in pyridine solu-
tion 2'*?

The oxidation of N -anions by other oxidising agents has
been little studied. The anions of certain N -hetero-
aromatic amines (triazoles ***’*'"| benzothiazoles *'°, and
benzimidazoles 2?9 are oxidised by KMnO., K:S:0s, and
NaOCl to the corresponding azo-compounds, the reaction
being of preparative value in some cases.

When hydrogen peroxide in ether is allowed to react
with the bromomagnesium salt of aniline, ¢ -bromo-
aniline **° (and not phenylhydroxylamine as reported
earlier *) is formed. The mechanism proposed for this
reaction involves the intermediate formation of positively
charged b: - ~ine ***:

CoHNHMgBr h0: =0= . Cor VH—MgBr — CeH,NH, —
OH (l)MgBr
— CgH;NH; + MgO -+ Br* —» p-BrtC,H,NH, |,

10. OTHER REACTIONS OF N-ANIONS

An unusual conversion of amine N -anions into azides
with the aid of p -toluenesulphonyl azide (TSA), which plays
the role of a dlazo-transferrmg agent, was discovered by
American workers * The reaction is believed to proceed
via a triazene 1ntermediate and reduces in the initial stage
to the addition of the N -anion to the azido-group of TSA in
one of its resonance forms with the positive charge at the
terminal nitrogen atom:

N=N
R—O—NH + TosR—N=N — R—@— 5 Stos —
\H%-/
+ -
—_— R—©—N=N=N + TosNH™

44-49% (R=H, CHy. Cl)

The N -anion of benzylamine has been converted into
benzyl azide in a yield of 26%. The less nucleophilic
N -anions of acid amides and ¢ -nitroanilines could not be
converted into azides in this way.
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The interaction of the N -anions of amines with nitrous
oxide ®®®* is closely related to the above reaction. How-
ever, in this case the yield of the azide does not exceed
10—35%. The corresponding biphenyl and azobenzene,
which is the main reaction product, are also formed*.
In general, the processes can be represented as follows:

+ ~ + -
AINH™Li* + N=N—0 —> AINH—N=N—OLi ~——> ArN=N=N + LiOH
dry,
G,

Ar—Ar ~5 ATN==N—N=NAr 4(—0(),— ArNH—N:=N—NHAr
2 2

-H,
(0) "N’

ArN=NAr < —— ArNH—NHAr
-t,0

In a study of N -anionic rearrangements in the series of

asymmetric hydrazines, West observed that to some extent

they are characteristic also of the N -anions of aromatic
and aliphatic diamines. The following two examples
illustrate the 1,4-anionic rearrangements of this type

(CHg)sSix 1:;+
N—CH,CH;~NH"Li* —> (CH;);Si—N—CH,CH,—NHSi(CH,);
(CH,),Si C1H“ oy .
N—CgHs N"Li
. —CX
Li -t
AN
N N~ Li
it |
CeHg 86%

It is remarkable that in the case of o -aminobiphenylyl-N -

methylamine, only the dianion undergoes a rearrangement?=,

Elimination reactions with conversion into nitrile and

certain other compounds are characteristic of the N -anions

of many acid amides. For example, the potassium salts
of formamide and urea decompose extremely readily with
formation of potassium cyanate and the evolution of hydro-
gen and ammonia respectively ?2%_ The N-anions of other
amides of aliphatic *** and aliphatic -aromatic '° acids
decompose on heating via two pathways—with formation of
a hydrocarbon and a nitrile: ‘

#RH + KNCO
7

AN
NRC=N -+ KOH

Hauser and coworkers used this property of the
N -anions of acid amides for preparative purposes. They
established that the trianions of aryl- and diaryl-acet-
amides are converted under mild conditions into the
corresponding nitriles in high yields *®%:

Li Li

(Y L cen & _

CHiC—C{ | TTo GH—C—C=N = GH,—CH-C=N
R R

76—85%

Interesting reactions of the dilithium salts of primary
alkyl- and arylalkylamines were discovered recently **,
On refluxing in hexane in the presence of an excess of
putyl-lithium and subsequent hydrolysis, the dilithium
salts of alkylamines yield ketones with a butyl group. The
authors suggested that the reaction proceeds according to
the following elimination —addition mechanism

RCHoNH, %8 RCHNLi; ., RCH=NLi P R CH-NLi,
Cd,
> R—C=NiLi 2§ R—C—CH,
CaHy b
R=GiHy, 20%)

(R=n-C;Hy, 32%)

1704223,
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The reaction involving allylamine and « ~phenylethyl-
amine proceeds in a more complex manner:

CH..=CHCH,NH; Eil:lﬂ_; &9_,

o CUHLCHCHC—Caty

40%

CH,
|
CoHCHNH, S B0 65 ¢ NH, +CH,OCuHy+ CeHsOCH; -+ CuHoCCHa
{,- N exane ICH i i I .
N '3
25% 6% 6% 1%

Unfortunately the question of the possible ionisation of
the C—H bond in the methine group of o -phenylethylamine
was not investigated in the study quoted above. In the
light of what has been said earlier concerning the metalla-
tion of CH—NH systems (p.39), this is a very likely pos-
sibility and the formation of all the products enumerated
could be predicted theoretically also on the basis of the
conversion of the CN -dianion:

Li CiH, CiHy
I Li o CiHoLi | |
CGHEC—‘NH,T.O;_) C6H5CI=NH 4HoLi CaHs(l:—NHLi e CgHy—C=NH — etc.
CH, CH, CH,
~--000---

Interesting studies on the gas-phase acidity of alkyl-
and dialkyl-amines >*® and on the synthesis of substituted
acid amides from esters and sodium salts of aryl- and
cycloalkyl-amines **” were published recently.

REFERENCES

1. Houben-Weyl, “Methoden der Organischen Chemie”,
: XI-2, 1958, p.182, ..

2. P.A.Petyunin, Uspekhi Khim,, 31, 194 (1962) [Russ.
Chem.Rev., No.2 (1962)].

3. H.Smith, “Organic Reactions in Liquid Ammonia”,
Interscience Publ., New York—London, 1963.

4. S.Patai (Editor), “The Chemistry of the Amino
Group”, Interscience Publ., London—New York—
Sydney, 1968. )

5. D.J.Cram, “Organic Chemistry”, Vol.4,
“Fundamentals of Carbanion Chemistry” (Transla-
ted into Russian), Izd. Mir, Moscow, 1967, p.9.

6. R.P.Bell, “The Proton in Chemistry”, Cornell
University Press, Ithaca, New York, 1959, Chapter
VII.

7. L.F.Audrieth and I.Kleinberg, “Non-aqueous
Solvents”, John Wiley and Sons, 1953,

8. R.Stewart, Quart.Rep. Sulfur Chem., 3, 99 (1968).

9. ?.Do)lman and R.Stewart, Canad.J.Chem., 45, 911

1967).

10. G.Watt, Chem.Rev., 46, 317 (1950).

11. W.K.McEwen, J.Amer.Chem.Soc., 58, 1124
(1936).

12. R.Stewart and J. P.O'Donnell, J.Amer.Chem. Soc.,
84, 493 (1962).

13. R.Stewart and J.P.O'Donnell, Canad.J.Chem., 42,
1681 (1964).

14. R.Schaal, J.Chim. Phys., 52, 784, 796 (19..).

15. F.Masure and R. Schaal, Bull.Soc.chim. France,
1138 (1956).

16. F.Masure, R.Schaal, and P.Souchav, Bull. Soc.
chim. France, 1143 (1956).

17. C.Jaquinot-Vermesse and R. Schaal, Compt. rend.,
254, 3679 (1962).



Russian Chemical Reviews, 42 (1), 1973

18,
19.

20.
21.
22.
23.
24.
25,

26.
217,

28.
29.
30.

31.
32.

33.

34.

38.
39.

40.

41.

42,

50.

51.
52.

53.

54,
55.

N.C.Deno, J.Amer.Chem,Soc., 74, 2039 (1952).
R.Schaal and P.Favier, Bull.Soc.chim. France,
2011 (1959).

C.Jaquinot-Vermesse, R.Schaal, and P.Souchav,
Bull. Soc.chim, France, 141 (1960).

R.S.Stearns and G.W.Wheland, J.Amer.Chem.
Soc., 69, 2025 (1947).

T.Birchall and W.L. Jolly, J.Amer.Chem. Soc.,
88, 5439 (1966).

J.H. Takemoto and J.J.Lagowski, Inorg.Nuclear
Chem. Letters, 6, 315 (1970).

M.Herlem and A. Thiebault, Bull.Soc.chim. France,
719 (1971).

L.V.Coutler, J.R.Sinclair, A.G.Cole, and G.C.
Roper, J.Amer.Chem.Soc., 81, 2986 (1959).
M.Herlem, Bull.Soc.chim. France, 1687 (1967).
F.W.Bergstrom and W.C. Fernelius, Chem.Rev.,
12, 101 (1933).

R.Levine and W, C. Fernelius, Chem.Rev., 54, 469
(1954).

D.D.Humphreys, US P. 2685604 (1954); Chem.
Abs., 49, 10358¢c (1955).

D.D.Humphreys, B. P, 755373 (1956); Chem. Abs.,
51, 10569c (1957).

M. E. Rengade, Ann.Chim. Phys., 11, 348 (1907).
W.C.Fernelius and G.W.Watt, Chem.Rev., 20,
193 (1937).

R.Juza and E,Hillenbrand, Z.anorg.Chem., 273,
297 (1953).

R.C.Makhija and R. A. Stairs, Canad.J.Chem.,

49, 807 (1971).

A.M. Titherley, J.Chem. Soc., 71, 461 (1897).
I.Schumann-Ruidisch, W.Kalk, and R.Bruning,
Z.Naturforsch., 23b, 307 (1968).

A.Streitwieser and J.I.Brauman, J.Amer.Chem,
Soc., 85, 2633 (1963).

M.M. Picon, Compt.rend., 175, 1213 (1922).
C.R.Hauser, I.C.Flur, and S.W.Kantor, J.Amer.
Chem.Soc., 71, 294 (1949).

R.Baltzly and S.W.Blackman, J.Org.Chem., 28,
1158 (1963).

W.Krabbe, G.Grunwald, E.Polzin, and W.Menzel,
Ber.,, T4, 1343 (1941).

C.R.Hauser, W.R.Brasen, P.S.Skell, S.W.
Kantor. and A. E.Brodhag, J. Amer.Chem. Soc.,
78, 1653 (1956).

G.Smith and F.Bergstrom, J.Amer.Chem, Soc.,
56, 2095 (1934).

C.A.Kraus and R.Rosen, J.Amer.Chem. Soc., 47,
2739 (1925).

E.Stoelzel, Ber., 74B, 982 (1941).

H.R. Snyder, J.F.Shekleton, and C.D. Lewis, J.
Amer, Chem. Soc., 67, 310 (1945).

N.F. Albertson and S. Archer, J.Amer.Chem. Soc.,
67, 308 (1945).

H.D.Dakin, J.Biol.Chem., 154, 549 (1944).
C.E.Redemann and Max.S.Dunn, J.Biol.Chem.,
130, 341 (1939).

R.Stewart and D. Dolman, Canad.J.Chem., 45, 925
(1967).

See Ref.4, p.182.

Y.Omoto, Y.Nakada, R.Kobayashi, and N. Sugi-
yama, Chem. Ind.(London), 996 (1971).

G.Koga and J.-P. Anselme, Chem,Comm., 446
(1968).

R.Meier, Chem.Ber., 86, 1483 (1953).

P. A, Petyunin, I.S.Berdinskii, and V.S. Shilyaev,
Zhur, Obshch. Khim., 24, 178 (1954).

56.

51.
58.

59.

60.

61.
62.

64.
65.
66.
67.
68.
69.

70.

71.

72,
73.
74.
75.
76.
1.
78.
79.
80.
81.
82.
83.
84.
85.
86.
81.
88.

53

E.W. Abel and G. R.Willey, J.Chem.Soc., 1528
(1964).

D.R.Walton, J.Chem, Soc.(C), 1706 (1966).
J.J.Sudborough and H.Hibbert, J.Chem. Soc., 95,
297 (1909).

A.F.Pozharskii and A. A.Konstantinchenko, Khim.
Geterotsikl. Soed. (in the press).

W.Bradley and K.W. Geddes, J.Chem. Soc., 1636
(1952). '
H.Normant and T.Cuvigny, Bull.Soc.chim. France,
1866 (1965).

H.Normant, Uspekhi Khim., 39, 990 (1970) [Russ.
Chem. Rev., No.6 (1970)].

J. F.Bunnett and C. E.Moyer, J. Amer.Chem. Soc.,
93, 1183 (1971).

F.C.Franklin, “The Nitrogen System of Com-
pounds”, Stanford University, California, 1935.
D.N.Kravtsov and A.N. Nesmeyanov, Izv.Akad.
Nauk SSSR, Ser,Khim., 1487 (1967).
A.N.Nesmeyanov and D.N. Kravtsov, Dokl. Akad.
Nauk SSSR, 137, 614 (1961).

D.N.Kravtsov and I. Ya.Kachkurova, Dokl. Akad.
Nauk SSSR, 130, 329 (1960).

A.N.Nesmeyanov and D. N, Kravtsov, Dokl. Akad.
Nauk SSSR, 142, 1088 (1962).

H.H. Jaffe and H. L. Jones, “Advances in Hetero-
cyclic Chemistry” (Edited by A.R.Katritzky),

Acad. Press, New York—London, 1964, Vol, 3,

p- 209.

W.K.Detweiler and E.D. Amstutz, J.Amer.Chem,
Soc., 74, 829 (1952).

A.F.Pozharskii, E.A. Zvezdina, I.S.Kashparov,
Yu. P. Andreichikov, V.M. Mar'yanovskii, and

A.M. Simonov, Khim. Geterotsikl. Soed., 1230 (1971).
B.Werner, V.Jacques, and F.Francois, US P.
2864 813 (1958); Chem. Abs., 53, 8654i (1959).
R.W. Faessinger and E.V.Brown, J.Amer.Chem.
Soc., 73, 4606 (1951).

R.Adams and J.8.Dix, J.Amer.Chem.Soc., 80
4618 (1958).

A.E.Chichibabin and I. L. Knunyants, Zhur.Russ.
Fiz.Khim.Obshch., 60, 674 (1928).

A.E. Tschitschibabin, R.A.Konowalowa, and
A.A.Konowalowa, Ber., 54, 814 (1921),
B.I.Mikhant'ev and E.I. Fedorov, Zhur.Obshch.
Khim., 33, 865 (1963).

J.A.Kaye and I.C.Kogon, J,Amer.Chem.Soc., 73
5891 (1951).

T.S.Moo, C.E.Lewis, and A.P. Paul, US P.
2893816 (1959).

S. P.Gupta and J.Singh, J.Indian Chem. Soc., 42,
336 (1965).

R.Adams and F.C.Whitmore, J.Amer.Chem. Soc.,
67, 735 (1945).

J.Renault and J. Berlot," Compt. rend., C270, 358
(1970). :

J.Renault and J.Berlot, Bull. Soc. chim. France,
211 (1971),

A.E. Tschitschibabin and E.D.Osetrowa, Ber., 58,
1708 (1925).

K. Schofield, “Hetero-aromatic Nitrogen Com-
pounds, Pyrroles and Pyridines”, Butterworths,
London, 1967, p. 325,

E.C.Franklin, J. Amer.Chem. Soc., 44, 486 (1922),
L.V. Antik and N. S. Spasokukutskii, Zhur.Obshch,
Khim., 16, 2109 (1946).

V.Vigneaud and O.K.Behreus, J.Biol.Chem., 117
27 (1937).

b

I

2



54

89.

90.
91.

92.
93.
94,
95.
96.
917.
98.
99.
100.
101.
102.

103.
104.

105.

106.
107.

108.
109.

110.

111.
112.

113.
114.

115.

116.

117.

118.:

119.
120.
121.
122,

123.

S.Yamada, T.Shioiri, T.Itaya, T.Hara, and
R.Matsueda, Chem. Pharm,Bull. (Tokyo), 13, 88
(1965); Chem. Abs., 62, 13114 (1965).
A.F.Pozharskii, Doctoral Thesis, Rostov State
University, Rostov-on-Don, 1972,
A.F.Pozharskii, E.A.Zvezdina, Yu.P.Andrei-
chikov, A.M.Simonov, V.A. Anisimova, and S.F.
Popova, Khim. Geterotsikl. Soed., 1267 (1970).
W.J.Middleton, D.M.Gale, D.W,Wiley, and C.G.
Krespan, J.Org.Chem,, 35, 1485 (1970).

S.Kaae and A.Senning, Acta Chem.Scand., -22, 2400
(1968).

L.R.Snyder and B. E.Buell, J.Chem. Eng.Data, 11,
545 (1966).

E.C.Franklin and C.Kraus, Amer.Chem.J., 23,
277 (1900).

E.C. Franklin and O. Stafford, Amer.Chem.J., 28,
83 (1902).

E.C. Franklin, J.Amer,Chem. Soc., 37, 2279
(1915).

E.C. Franklin, J.Amer.Chem. Soc., 55, 4915
(1933).

R.B.Meyer and C. R.Hauser, J.Org.Chem., 26,
3696 (1961).

E.M. Kaiser and C. R.Hauser, J.Org,Chem., 31,
3873 (1966).

E.M. Kaiser, R.L.Vaulx, and C.R.Hauser, J.Org.
Chem., 32, 3640 (1967).

H.A.Smith and C.R.Hauser, J.Amer.Chem. Soc.,
91, 7774 (1969).

T. Zerewitinoff, Ber., 41, 2233 (1908).

M. S.Newman and T. Fukunaga, J.Amer.Chem. Soc.,
82, 693 (1960).

E.A.Werner, “The Chemistry of Urea”, London,
1922, p.112.

R.A.Jacobson, J.Amer.Chem.Soc., 58, 1984 (1936).

W. L.Jolly and L. Prizaut, Chem.Comm., 1345
(1968).

J.S.Blair, J.Amer.Chem. Soc., 48, 97 (1926).
G.Watt, D.Sowards, and W, McBride, J.Amer,
Chem. Soc., 77, 5835 (1955).

J.S.Blair and G. E. Smith, J.Amer.Chem. Soc., 56,
907 (1934).

E.A.Werner, J.Chem.Soc., 109, 1120 (1916).
A.H.Corwin and J.D.Reinheimer, J.Amer, Chem.
Soc., 73, 1184 (1951).

E.F.Cornell, J. Amer.Chem. Soc., 50, 3311 (1928).
A.V.Kirsanov and I. M. Poliakova, Bull. Soc.chim.
France, [5], 3, 1600 (1936).

R.Schriner and F.Newmann, Chem.Rev., 35, 351
(1944).

R.Beilstein, “Handbuch der Organischen Chemie”,
Deutsche Chemische Gesellschaft, 4th Ed., Vol III,
1921, p.28.

T.Kaufmann and S.M.Hage, Angew.Chem., 75,
248 (1963).

W.Buchner and R.Dufaux, Angew.Chem., 78, 596
(1966).

A.F.Pozharskii and E. A. Zvezdina, Zhur.Org.
Khim., 3, 2251 (1967).

T. P. Filipskikh, A.F.Pozharskii, and E.A.
Zvezdina, Khim. Geterotsikl. Soed., 238 (1972).
H.Schumann and S. Ronecker, Angew.Chem., 79,
1018 (1968).

W.S.Kaska, C.Sutton, and E.Serros, Chem.Comm.,
100 (1970).

G.White and K.Knight, J. Amer.Chem. Soc., 45,
1780 (1923).

124,

125.
126.

1217,
128.

129.
130.

131.
132.
133.
134.
135.

136.
137.

138.
139.

140.

141,

142,

143.
144,

145,

146,
147.
148.
149,
150,
151.
152,

153.
154.

155.
156.
157.

158.

Russian Chemical Reviews, 42 (1), 1973

C.A.Kraus and P.B.Bien, J.Amer.Chem. Soc., 55,
3609 (1933).

A.J.Birch, Quart.Rev., 4, 69 (1950).
E.A.Zvezdina, Candidate's Thesis, Rostov State
University, Rostov-on-Don, 1968,

J.A.Carbon, J.Amer.Chem. Soc., 80, 6083 (1958).
S.0O'Brien and D.C.C.Smith, J,Chem, Soc., 4609
(1960).

T.J.King, J.Chem. Soc., 898 (1951).

L. Pauling, “The Nature of Chemical Bonds”,

New York, 1960.

A.Streitwieser, W.M. Padgett, and I. Schwager,

J. Phys.Chem., 68, 2922 (1964).

A.Streitwieser and R. A. Caldwell, J. Amer, Chem,
Soc., 87, 5394 (1965).

R.E. Cuthrell and J.J. Lagowski, J.Phys.Chem.,
71, 1298 (1967).

A.Streitwieser, R.A.Caldwell, M. R.Granger,

and P.M. Laughton, J.Phys.Chem., 68, 2916 (1964).
A.Streitwieser and W. M. Padgett, J.Phys.Chem.,
68, 2919 (1964).

W.Baker, J.Chem,Soc., 956 (1939).

A, Zalkin and D.H. Templeton, J.Phys.Chem., 60,
821 (1956).

R.A.Russell and H.W. Thompson, J.Chem. Soc.,
483 (1955).

C.A.Kraus and W.W.Hawes, J.Amer.Chem. Soc.,
55, 2776 (1933).

A.1.Shatenshtein, in “Advances in Physical Organic
Chemistry” (Edited by V.Gold), Acad.Press, New
York, 1963, Vol.1, p.153.

A.I Shatenshtein, “Izotopnyi Obmen i Zameshchenie
Vodoroda v Organicheskikh Soedineniyakh” (Isotope
Exchange and Substitution of Hydrogen in Organic
Compounds), Izd.Akad.Nauk SSSR, Moscow, 1960.
A. Streitwieser, J.I.Brauman, J.H.Hammons,

and A.H. Pudjaatmaka, J.Amer.Chem.Soc., 87,
384 (1965).

A, Streitwieser Jnr. and J.H.Hammons, Progr.
Phys.Org.Chem., 3, 41 (1965).

K. Eiglmeier and T. Eicher, Angew.Chem., Intern,
Ed., 7, 809 (1968).

A.Murray and D. L. Williams, “Organic Syntheses
with Isotopes” (Translated into Russian), Inostr.
Lit., Moscow, 1961, p.186.

A.R.Bassindale, C.Eaborn, and D.R. M. Walton,
J.Chem. Soc.(C), 1577 (1970).

E. Cerkovnikov and P.Stern, Arkiv Kem., 18, 12
(1946); Chem. Abs., 42, 1938 (1948).
Weygand-Hilgetag, “Experimental Methods in
Organic Chemistry” (Translated into Russian),
Izd.Khimiya, Moscow, 1968, p.413.

B.P.264508 (1926); Chem.Abs., 22, 91 (1928).
K.H. Slotta and W. Franke, Ber., 63, 678 (1930).
B.P.265167 (1926); Chem.Abs., 22, 244 (1928).
O.Magidson and G.Menschikoff, Ber., 59, 1209
(1926).

J.H.Biel, J.Amer.Chem.Soc., 71, 1306 (1949).

1. A.Kaye, I.C.Kogon, and C.L.Parris, J.Amer.
Chem. Soc., 74, 403 (1952).

F.C.Whitmore, H.S.Mosher, D.P.J.Goldsmith,
and A.W.Rytina, J.Amer,Chem. Soc., 67, 393
(1945).

T.M. Sharp, J.Chem.Soc., 1191 (1938).
J.H.Gardner and J.R. Stevens, J.Amer.Chem. Soc.,
71, 1868 (1949).

I.A.Kaye and C. L. Parris, J.Amer.Chem. Soc., 74,
2921 (1952).



Russian Chemical Reviews, 42 (1), 1973

159.
160.

161.
162.
163.
164.

165.
166.

167.
168,

169.
170.

171.
172.
173.
174.
175.
176.
177,

178.
179.

180.

181.
182,

183.
184,
185.
186.

187.
188.

189.

190.
191.
192,

193.
194,

I.A.Kaye, J.Amer.Chem,Soc., 71, 2322 (1949).
H.Bredereck, H.Haas, and A.Martini, Ber., 81,
307 (1948).

F.F.Blicke and M. U, Tsao, J.Amer.Chem. Soc.,
68, 905 (1946).

A.F.Pozharskii, E.A.Zvezdina, V.I.Sokolov, and
1. S.Kashparov, Chem.Ind.(London), 256 (1972).
C.R.Hauser and W.R.Brasen, J.Amer.Chem. Soc.,
78, 494 (1956).

G.W.White, A.B.Morrison, and E. G. Anderson,
J.Amer, Chem. Soc., 46, 961 (1924).

B.P.581230 (1946); Chem.Abs., 41, 2442 (1947).
Swiss P, 230642 (1944); Chem. Abs., 43, 2636
(1949).

R. Kuhn and C.Morris, Ber., 70, 856 (1937).

P.A. Petyunin and A.S. Pesis, Zhur.Obshch.Khim.,
22, 979 (1952).

R.A.Jacobson, J.Amer.Chem. Soc., 67, 1998 (1945).

W.Broser and W.Harrer, Angew.Chem., Intern.
Ed., 4, 1081 (1965).

R.West, M. Ishikawa, and S.Murai, J.Amer.Chem.
Soc., 90, 727 (1968).

E.M.Kaiser, C.-L.Mao, C.F.Hauser, and C.R.
Hauser, J.Org.Chem., 35, 410 (1970).
P.Haberfield and L. Seif, J.Org.Chem., 34, 1508
(1969).

P.Jutzi and F.Schroder, Angew,Chem., 83, 334
(1971).

M. Imoto and M. Kobayashi, Bull. Chem. Soc. Japan,
36, 1505 (1963).

A.M. Simonova and A.F.Pozharskii, Khim.
Geterotsikl. Soed., 203 (1965).

L.Havli¢kovd and J. Arient, J.Chem. Soc.(C), 567
(1970).

A.Lottermoser, J.prakt.Chem., 54, 113 (1896).
A.Kirssanov and I. Iwastchenko, Bull. Soc.chim.
France, 2109 (1935).

J.-A.Gautier, M. Miocque, C.Fauran, and A.-Y.
Le Cloarec, Bull. Soc.chim. France, 200 (1970).

B. Singh and J.C. Collins, Chem,Comm., 498 (1971).

E.V.Brown and W.H.Kipp, J.Org.Chem., 36, 170
(1971).

R.Konaka, K.Kuruma, and S. Terabe, J.Amer.
Chem. Soc., 90, 1801 (1968).

G.A.Russell, E.G.Jansen, H.-D.Becker, and F.J.
Smentowski, J.Amer.Chem. Soc., 84, 2652 (1962).
N.Campbell, A.W.Henderson, and D. Taylor,
J.Chem. Soc., 1281 (1953).

US P.2883373(1959);- Chem. Abs., 54, 3970a
(1960).

E.Bamberger and E.Rust, Ber., 33, 3511 (1900).
A.E,Chichibabin and M. D. Ryazantsev, Zhur.Russ
Fiz.Khim. Obshch., 47, 1571 (1915).
A.F.Pozharskii and A. M. Simonov, “Aminirovanie
Geterotsiklov po Chichibabinu” (Chichibabin Amina-
tion of Heterocycles), Izd.Rostov.-na-Donu Univ.,
1971,

A.E, Chichibabin aiid O. A. Zeide, Zhur. Russ. Fiz.
Khim.Obshch., 46, 1216 (1914).

German P. 374 291 (1924); Chem. Abs., 18, 2176
(1924).

T.Kauffmann, H.Hacker, and H. Muller, Chem.
Ber., 95, 2485 (1962).

F.W.Bergstrom, J.Org.Chem., 2, 411 (1937).
C.R.Hauser and M. J.Weiss, J.Org.Chem., 14,
310 (1949).

195.
196,
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
201.
208.
209.

210.

211.

212,
213.
214.
215.

216.
211.

218.
219.
220.
221.
222,
223.

224,
225,

226.

227,

55

A. Luttringhaus and H. Neresheimer, Annalen, 473,
259 (1929).

W.Bradley and F.K. Sutcliffe, J.Chem.Soc., 708
(1954).

W.Bradley and F.K. Sutcliffe, J.Chem.Soc., 2118
(1951).

W.Bradley and F.W. Pexton, J.Chem. Soc., 4432
(1954).

W.Bradley and E. Leete, J.Chem, Soc., 2129 (1951).
M.C.Clarb, J.Chem.Soc.(C), 936 (1967).

N.G. Luthy, F.W,Bergstrom, and H.S, Mosher,
J.Amer.Chem. Soc., 71, 1109 (1949).

N.G. Luthy, F.W.Bergstrom, and H. S, Mosher,
J.Org.Chem., 14, 322 (1949).

F.W.Bergstrom, J.Amer,Chem.Soc., 56, 1748
(1934).

F.W.Bergstrom, H,Sturz, and H. Tracy, J.Org.
Chem., 11, 239 (1946).

K.Kovacs and T.Vajda, Acta Chim.Acad.Hung.,

21, 445 (1959).

K.Kovacs and T.Vajda, Acta Chim. Acad.Hung.,

29, 245 (1961).

T.Vajda and K.Kovacs, Rec. Trav.chim., 60, 47
(1961).

K.Kovacs and T.Vajda, Chem. Ind.(London), 259
(1959).

L.Horner and J,Dehnert, Chem.Ber., 96, 786
(1963).

G.A.Russell, E.J.Geels, F.J.Smentowski, K.-Y.
Chang, J.Reynolds, and G.Kaupp, J.Amer,Chem,
Soc., 89, 3821 (1967).

A.F.Pozharskii, E.A,Zvezdina, and A. M. Simonov,
USSR P. 193525 (from 12th Feb., 1966); Byul.
Izobret., No.7, 39 (1967).

A.F.Pozharskii, E.A.Zvezdina, and A.M. Simonov,
Tetrahedron Letters, 2219 (1967).

T.Kauffmann, G.Beissner, E.Koppelmann,
D.Kuhlmann, A.Schott, and H.Schrecken, Angew.
Chem., 80, 117 (1968).

K.Kinoshita, Bull.Soc.Chem. Japan, 32, 780 (1956).
A.P.Terent'ev and Ya.D. Mogilyanskii, Dokl. Akad.
Nauk SSSR, 103, 91 (1955).

I. Thiele and K. Heidenreih, Ber., 26, 2598 (1893).
G.Cipens and V. Grinsteins, Izv.Akad.Nauk Latv,
SSR, Ser.Khim., 263 (1962).

W.Kirk, I.Johnson, and A.T.Blomquist, J.Org.
Chem., 8, 557 (1943).

A.F.Pozharskii, E.A.Zvezdina, and A.M. Simonov,
Khim. Geterotsikl. Soed., 184 (1967).

M. Mousseron-Canet and J.-P.Boca, Bull. Soc.chim.
France, 1294 (1967).

J.F.Durand and R.Naves, Compt. rend., 180, 521
(1925); Bull. Soc. chim. France, 766 (1925).

W. Fischer and J.-P. Anselme, J.Amer.Chem. Soc.,
89, 5284 (1967).

R.West and H. F. Stewart, J.Amer.Chem. Soc., 92
853 (1970).

See Ref. 64, pp.110, 277,

H.G.Richey, W.F.Erickson, and A.S.Heyn, Tetra-
hedron Letters, 2187 (1971).

J.I.Brauman and L. K. Blair, J.Amer.Chem. Soc.,
93, 3911 (1971).

B.Singh, Tetrahedron Letters, 321 (1971).

2

Rostov-on-Don State University



