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ABSTRACT

The behaviour of amides and phenols towards electrophilic
reagents is reviewed, with particular regard to alkylation and
acylation in which their apparent 1,3 ambident character is
observed. The relevance of rearrangement reactions via 1,3
migrations in these systems is also outlined.

Results for the alkylation of phenol by alkyl halides are
reported which identify the pH of the reaction medium as an
important factor in detemmining the site of alkylation. This
result is interpreted in terms of kinetically- and thermodynamically-
controlled alkylation.

An investigation of the acylation of neutral N-alkoxyamides
shows the formation of amide oxygen substituted products at low
temperatures, but the N-acyl product at high temperatures. This
difference is explained in terms of kinetic versus thermodynamic
product.

Prom a kinetic study the rearrangement of O-acylisoimides was
found to occur thermally and, in the case of N-alkoxyamides, by
a catalysed pathway. The rearrangement of N-benzyloxybenzimidoyl
acetates was found to be catalysed by both nucleophilic and
electrophilic entities. The relevance of this catalysed rearrangement
to the site of acylation of amides under neutral conditions is
discussed.

It is proposed that neﬁtral amides and phenols do not react as
1,3 ambident nucleophiles but their behaviour towards alkylating and
' acylating agents may be interpreted in terms of the formation of

kinetic and thermodynamic products.
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CHAPTER T

1.1 AMBIDENT NUCLEOPHILES : GENERAL CONSIDERATIONS

‘An ambident 1 nucleophilic compouhd may be described as a
compound possessing the capability for covalent bond formation at
either of two positions. The ambident character is of great
significance from both the preparative and theoretical points of
view.,

1,2,3,4

Systematic investigations carried out over the past few
years, have revealed that the relative proportions of products resulting
from the two possible reaction paths depend on numerous, frequently

still unclarified, factors. Typical ambident systems are amides, amide

anions, enols, enol anions, allyl anions and nitrosamines.

X X X X—R

/7 R=H / R=H ¢, R /

Z\ = 7 == - RW = Z ceen (1)
' AN \ AN

y—R SR Ny Ny

In Equation (1), a 1,3 ambident system is illustrated,
demonstrating that electrophilic substitution may occur at eithef the
X or Y atoms of this particular compound.

Pefhaps the first general theory regarding the reactivity of
ambident nucleophiles was that proposed by Kornblum,1 who suggested
that, in general, SNl—type substitution proceeds more readily at the
more electronegative atom of the ambident nucleophile, whereas SNZ—type
reactions are found to favour the site of lower electronegativity.

These deductions were based on examination of several ambident

nucleophiles.



Some of the strongest evidence for the basic principles advanced
by Kornblum, was obtained in his investigations 1 into the reaction of

alkyl halides with metal nitrites (Equation (2)).

RONO + MHal
(a)

R—Hal + M NO. ceeaa(2) -

(b)
RNO2 + MHal

The extent to which a given reaction proceeds along pathway (a)
(giving rise to O-attack), or (b) (leading to N-attack), was found 1
to depend significantly on the nature of the metallic cation, Rﬁ}

In reactions where silver nitrite was used, and where silver ion
would be expected to enhance the unimolecular nature of the reaction
by polarization of the alkyl halide bond, alkyl nitrites were found to
be the major reaction products. Conversely, with potassium nitrite
high yields of the nitroalkane were observed.

The alkyl halide also plays an importént part in determining the

course of the reaction, as shown in Table 1.1 1.

TABLE 1.1
R-Hal MNO,, Yield (%)
» RONO RNO,,
4-NO,PhCH_Br AgNO,, 16 84
PhCH,Bx Ago,, 30 70
4—CH3PhCH2]3r Agio,, 48 H2
| 4—-CH30PhCH2Br g0, 61 39



The increased stability of the developing carbonium ion with -
an electron-donating para-substituent on the aryl ring was proposed
to account for the observed results.

Kornblum 1 cited similar arguments 56,7 for the alkyl halide
alkylation of silver and potassium amide salts, where the presence of

5,6

silver ion is known '  to promote the formation of an O-alkylated

product in preference to the N-alkylamide product observed when

7

potassium salts ' gre used.

The chief drawback of Kormblum's theory, however; is that it is
valid only for the reaction of anions with alkylating agents and
cannot, for example, be used to explain the reaction of the neutral
molecule with an alkylating agent. It can, néveitheless, explain the
alkylation of the cyanide, amide and nitrosamine anions. It agrees
only in part with the results obtained with enolate and phenoxide
anions (Section 1.2) and largely fails with the anions of nitroalkanes
and oximes.

An attempt has also been made to explain ambident reactivity in

8’9. Pearson and Songstad 10

terms of "hard" and "soft" acids and bases
explained the ambident reactivity of enols in terms of a "soft"
nucleophilic centre (the carbon atom) and a "hard" centre (the oxygen
atom), Using this theory they correctly predicted that alkyl sulphates
and tosylates (which are "hard" centres) react with an enolate anion 11,12
to give O-alkylation, whereas alkyl bromides and iodides 13,14 react to
give predominantly C-alkylation. It was shovn by Kornblum 15 that the
C/O alkylation ratio rises steadily on changing from RC1l to HBr to RI.
These results are also explicable in terms of "hard" and "soft" acid and

base theory, és the observed order is also the order of increasing

"goftness" of the leaving group.



The "hard" and "soft" acid and base theory, and the ideas
expressed by Kornblum, find some theoretical justification in the
perturbation treatment 16 of chemical reactivity. The theoretical
basis for the perturbation theory will not be discussed in detail as a
recent paper by Hudson 16 provides a convenient summary.

In the perturbation theory, the energy cﬁange in the initial
stages of a chemical reaction as the orbitals of the reactants mutually
interact (i.e. perturb each other) is calculated. The orbitals may
interact in various ways depending on their symmetry and relative
energies. The derived equation for the enexrgy change on perturbation,
therefore, contains two terms, one relating to the symmetry interaction, -
the other to the Coulombic attracfion and interelectronic repulsion.

In reactions of non-polar I -systems and molecules of weak polarity,
orbital interactions normally determine the course of the reaction. For
polar molecules, the Cbulombic energy term may become important,‘and in
these cases, the symmetry and energy terms may be in opposition.

If the Coulombic energy or orbital terms change in the same
direction with a change in structure of the nucleophile, the nucleophiles
show the same relative reactivity order to all electrophilic centres as

required by the Bronsted relation (Equation (3)).

log

E,}= B (pK_ -pK!) ’ vererneensd(3)

The nucleophilic order may change, however, with the nature of
the electrophile. In alkylations using alkyl halides, for example, the
Coulombic term is small, and the reactivity order follows the dominant
orbital term, i.e. I >Br>Cc1 >F , and hence alkylation is orbital

controlled.



In acylation, the Coulombic term is large owing to the high
positive charge on the carbonyl carbon, and although the orbital term
is also increased, the first term is dominant, resulting in a reversed
nuclecophilic oxrder. Acylation is therefore charge controlled. The
change in the relative acid and base strengths with the nature of the

electrophile has been extensively discussed by Pearson 8,9,10

in terms
of the "hard" and "soft" acid and base theory and it can be seen
therefore that the perturbation theory gives the "hard" and "soft" acid
and base theory 8 some theoretical basis. The reactions of "hard" acids
and bases are those in which the Coulombic charge term is dominant, and
orbital symmetry is most important in the reactions of "soft" acids and
bases.

The perturbation treatment 16 may also be used to predict the
reactive site of an ambident nuclecophile. In the reactions of ambident
enolate ions where the charge term is large (e.g. reactions with cations
or incipient carbonium ions), the reactions are charge controlled and

substitution occurs on oxygen (Scheme 1.1).

Scheme 1.1
/OCH3 | O;R
CH=c_ (RCO,), C=COCH,
R \de o" CH N
3 3
e /O ) -
.CHZMC\R (RCO2 2ClC—~O
OR
CH,,COCH,C1 P0CL, _
$ /ﬁ)R
CH3COCH?_O-C=CH2 (RC 02)2C=C

\Cl



As the charge decreases, the reactions of enolate ions become
orbital controlled, and substitution in this case occurs at carbon

(Scheme 1.2).

Scheme 1.2
C H3CH2C OR |
Mel
e
CH,— c<’
R
CH2=CH—CN
CH2=CH — CH2—- CHZCOR
(RC02)3C~CH3
Mel
( 1o}
RCO2 )ZC —(‘Z=O _
R
ROCOC1

(RC oz) ,C



It can be seen that the observed behaviour for electrophilic
substitution at ambident anionic nucleOphiles‘may be successfully
explained in terms of the perturbation theory. In addition, the
perturbation theory gives a theoretical basis for the ideas expressed

9,10 to explain ambident reactivity.

by Kormblum . and Pearson
The generality of the theories considered above have only rarely
been studied, and it is upon this aspect that the present work is

focussed,



1.2 AMBIDENT NUCLEOPHILIC PROPERTIES OF PHENOLS

Phenols and their anions can be regarded as 1,3 or 1,5 ambident
nucleophiles with the possibility of reaction at either the oxygen

or ortho and para carbon atoms of the benzene nucleus (Scheme 1.3).

Generally reaction on the aromatic mucleus predominates mainly

Scheme 1.3 ’
@ | '
@) O @)
©
@«—»@«»@
]
R-X | RX , RfX

OR OH OH
[:f::] [::f::[/Fz ' [:j::]
| R
because the O-substituted product is formed reversibly, but examples
of mixed O-substituted and ring—subétituted products are well known,
particularly for alkylation reactions.
Reaction at the aromatic carbon atoms is an example of
electrophilic aromatic substitution for which the generally accepted

17

mechanism is a two-step process involving an intermediate sigma

complex, 1(Wheland intermediate). There is no evidence against a
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Wheland intermediate in the substitution of phenol, but there is
considerable support for the opinion that the actual mechanism is
more complex than that shown in Equation (4). It has been

established 18,19 that, in certain halogenations of phenol, dienone

H R
R-X '
_ @ — @ .......... . (4)

intermediates may participate and that weakening or breaking of the

f=

0-H bond may be significant in the rate determining step.

In a2 monosubstituted benzene derivative the steric effect of the
substituent normally decreases the accessibility of the ortho positions.
Further, for phenols, the -I and +R electronic characteristics of the
hydroxyl group combine to favour para-substitution. In principle
therefore an ortho:para ratio less than the statistical 2:1 is expected
for phenols. Electrophilic attack at the ortho position of phenols,
however, may be complicated by interaction of the reagent with the
hydroxyl group. In some cases the electrophile attacks oxygen first,
and then migrates; in others, some bonding between the attacking
electrophile and the phenolic oxygen results in abnormally high
ortho:para ratios.

Fof most electrophilic substitution reactions (e.g. nitration,
halogenation) no evidence is available to demonstrate attack at the
‘phenolic oxygen atom, although in alkaline solutions the phenoxide ion
musﬁ be the reacting species. As noted above, it is possible that
attack at this site does occur, but the inherent instability of the

O-substituted product precludes isolation.
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In the alkylation and acylation of phenol, however, both the O-
and C-substituted products are relatively stable, and in these cases,
the ambident nucleophilic properties of phenol and its anion may become

apparent.

1.2.1 ACYLATION OF PHENQLS

In the Hoesch 20 acylation of phenol, reaction is found to occur

mainly at oxygen to give imido—esterS-z%,g(Equation (5)).

R GDH °
N Cl
. \ 2
_ ;/
OH .
ZnCl
+ RCN + HCl —2-= é
veveeeseaa(5)

, 2

The precise néture of the attacking electrophile is unknown but it is
believed to be a complex of R—g=NH with HC1. Acylation of phenol or
phenoxide ion using either acyl halides or acid anhydrides leads to the
formation of the phenol ester 22,§(Equation (6)). The reaction of
phenol with acetic anhydride is catalysed by both strong mineral acids

(protonation of the anhydride) and base (formation of phenoxide anion).

OH o~ YOR

+ RCOCL —_—=

| TN ()
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In the‘acylation of phenols using aromatic acid chlorides in aqueous
alkali (Schotten—Baumann reaction) O-acylation is again observed.

The Friedel-Crafts acylation of phenol is also relevant, but will
not be considered in detail since exhaustive reviews of this and other
reactions of the Friedel-Crafts type are given in the treatise edited by
0lah 23. In general, however, acylation under mild conditions appears
to give O-acylation rather than C-acylation which is observed under more
forcing conditions (i.e. higher temperature). By suitable selection of
reaction conditions, therefore, the kinetic O-acyl product or the
thefmodynamic C-acyl product may be favoured. The O-acyl product is
unstable under the more forcing Friedel-Crafts reaction conditions, and
rearranges to give ortho~ and para-acylphenols via the Fries rearrangement.
The para product is formed by an intermolecular deacylation-reacylation
reaction 24, but, in the cases so far investigated, the ortho product

24

appears to be formed by an intramolecular reaction , although no

definitive evidence to support this conclusion has been found.

1.2.2 THE ATKYLATTON OF PHENOLS

The potential ambident properties of phenoxide ions with respect to

1,4,25,26,27

alkylating agents have also been widely examined Both

allyl and benzyl halides react at the ortho carbon of phenoxide ions as

well as at the oxygen atom, when the sodium salt of the phenol is

28,29,30

suspended in aromatic hydrocarbons (i.e. under heterogeneous

conditions). Alkyl halides, under similar conditions, react almost

31

entirely at oxygen , except when attack at the oxygen atom is severely

inhibited by bulky, ortho-substituents 32. The observation that

para-alkylation occurs vwhen alkylating agents such as diphenylmethyl
33

chloride and trityl chloride are used, led to the suggestion that .

para-alkylation was "diagnostic of the intermediacy of carbonium ions" 29;
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A different product ratio can be obtained by conducting the
alkylation reaction in homogeneous conditions. Thus Kornblum 54
obtained the ether in 100% yield in dimethylformamide (IMF), but in
diethyl ether the yield of the O-alkyl product decreased to 40%, and
the ortho-alkylphenol was obtained in 54% yield, when allyl bromide

was reacted with sodium phenoxide (Scheme 1.4).

Scheme 1.4 ‘ .
OR
IMF
=8
OGNO.@ ‘ 100%
OR OH
Et,,0 R
+ S +
T Y
C H2= C H.-CHzBr
OR OH OH
S + +
, 23% R 37%
40%

Kornblum, in his study of the alkylation of phenoxide 54 and
2-naphthoxide ions 35 by allyl and benzyl bromide explained the apparent

ambident reactivity under homogeneous conditions in terms of solvation,
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with particular reference to the hydrogen-bonding capacity 4 and the
dielectric constant 55 of the solvent. The results are summarised in

Table 1.2 4.

Table 1.2

EFFECT OF SOLVENT UPON THE HOMOGENEOUS
ALKYTLATION OF SODIUM PHENOXIDE

SOLVENT ?(°C)  ALKYIATING AGENT PRODUCT (%)
‘ 0-AIKYL C-ATKYT,

tert-Butanol 27 Allyl Bromide 100
Dimethylformamide 27 Allyl Bromide 91
27 Benzyl Chloride 100
Dioxane 27 Allyl Bromide 93
27 Benzyl Chloride 100
Ethanol 27 Allyl Chloride 100
Methanol 27 Allyl Bromide 96
27 Benzyl Chloride 100
Water o7 Allyl Chloride 49 41
27 Allyl Bromide 51 78
) 27 Benzyl Chloride 65 24
Phenol 43 Allyl Chloride 22 78
4% Allyl Bromide 23 7
43 Benzyl Chloride 22 69
2,2,2,-Trifluoro- 27 - Allyl Bromide 37 42
ethanol o7 Benzyl Chloride 62 26

The possibility that the reactions in water, phenol and
trifluoroethanol proceeded via a carbonium ion (SNl) process was

rejected on the grounds of the high overall yield of 0- and C-alkyl
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products with little or no hydrolysis of the alkyl halide to give the
corresponding alcohol. In addition, Kornblum 54 demonstrated that the
reaction rate depended upon the phenoxide concentration, a dependency

which was not attributable to a salt effect (Table 1.3).

Table 1.3

ATKYLATION OF SODIUM PHENOXIDE IN PHENOL AT 4300

REACTANTS REACTION TIME (hrs) % REACTION
‘PhOH+PHCH, Br 20.0 43
PhOB-+PhOH,Br+LiC10, 20.5 | 50
PhOH+PhCH, Br+PhONa | 21,0 | 88

It was therefore concluded that alkylation, independent of the solvent,
was a bimolecular (SNZ) process. In order to explain the change in
product ratio in water, phenol and trifluoroethanol (Table 1.2),

34 '

Kornblum proposed that the transition states of reactions conducted
in these solvents are significantly different from those in the other
solvents in Table 1.2. Thig difference in the transition stafétwas
attributed to (a) 'selective solvation' of the phenoxide ion, and (b)
enhanced solvation of the leaving group of the alkylating agent. The
term 'selective solvation' referred to the intensive solvation of the
.oxygen atom of the phenoxide ion by solvents such as water and phenol
able to form strong hydrogen bonds 36. Oving to this 'selective

solvation' the availability of the oxygen atom for reaction is greatly
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decreased, and as a result, the C-alkylation pathway can compete

3T 4o

successfully. A similar argument was used by Zook and Russo
explain the change in the site of alkylation of the sodium salt of
: diphenylacetophenone in various solvents.

In the case of sodium-2-naphthoxide, the 0- and C- alkylation
4 35,

pathways are much more evenly balanced, as can be seen from Table 1.

The formation of relatively large amounts of C-alkylated product (36%)
35

in THF was not explicable by 'selective solvation' and, Kornblum

postulated the dielectric constant of the solvent was also important.

Table 1.4

EFFECT OF SOLVENT UPON THE REACTION OF BENZYL BROMIDE WITH
SODIUM-2-NAPHTHOXIDE

SOLVENT 7(°c) YIELD (%)
0-CH,Ph  G-CH,Ph
_ Dimethylformamide (DMF) 10-15 97
Dimethylsulphoxide (DMSO) 20 95
Tetrahydrofuran (THF) 20 60 36
Methanol 20 57 34
Ethanol 20 52 28
2,2,2-Trifluorocethanol 20 T 85

Viater 20 10 84

In aprotic solvents of high dielectric constant (e.g. IMF, DMSO), the
departing bromide ion in the linear transition state was thought to be

shielded from the sodium ion (Fig 1.1). 1In THF, an aprotic solvent of
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low dielectric constant, no such shielding was possible and thus

C-alkylation was favoured at the expense of O-alkylation (Fig 1.2).

Fig 1.1

‘Fig 1.2

Kornblun >9 found further evidence for this argument in the
dependence of the product ratio on the cation present. In methanol or
ethanol, there was little variation in the produect ratio for various
cations, but in diethyl ether, THF, benzene or toluene, the percentage
of carbon alkylation decreased along the sequence Li+,Na+,K+ and R4N+,
i.e. a phenoxide ion strongly -:ired within a small cation reacted
preferentially at carbon. Similar cation effects on the alkylation of
phenoxides had been observed earlier by Zagorevsky 33.

Neutral phenol is also a potential ambident nucleophile but less

work has been carried out to investigate this, probably because phenol is
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less reactive than the phenoxide ion. Hart 58,39 has studied the
kinetics of alkylation of phenol by various reactive alkyl halidés in
the absence of solvent, following the evolution of hydrogen chloride
manometrically. With t-butyl chloride 39, the only product obtained
was the para-t-butylphenol. Triphenylmethyl (trityl) chloride 38 also
gave solely the para-alkyl phenol, and, further when performed in dilute
solution in an inert solvent, the reaction was found to be catalysed by

hydrogen chloride 38. This observation was interpreted as evidence of

I
~

a carbonium ion mechanism (Equation (7)), in which formation of the
trityl carbonium ion was catalysed both by the hydrogen chloride and by

Ph,0-01 == Ph30++01—

.............(7)

PhOEHPh30+ ~——> 4-Ph,C-PhOH

the phenol. The phenol catalysis in the ionisation step was invoked

38,39

to explain the lack of reactivity of anisole under similar reaction

conditions. Hart °° derived a rate expression (Equation (8)) for the

autocatalytic reaction containing terms representing the SNl and SN2
Rate = kz(PhOH)(Ph3001)+k3(Ph0H)(Ph3001)(H01) cee...(8)

processes. Prior saturation of the phenol with hydrogen chloride gave

kinetics which fitted the rate expression given in Equation (9).
Rate = kB(PhOH)(PhBCC1)(H01) veeeo(9)

Although Bronsted acid catalysis of the reaction is not without

precedents 40’41, the proof of involvement of phenol in the ionisation
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step is rather tenuous since electrophilic substitution of phenol is
invariably faster than anisole.

A mechanism involving the initial formation of a t-alkylaryl ether
with intramolecular rearrangement by hydrogen chloride was discounted
by Hart 38, who showed that under acidic conditions the alkylaryl ether

was rapidly cleaved to give phenol and the tert-alkyl halide (Equation (10)).

Cg 6,60 c. ceee..(10)
OCth3 + HOQ —mm= OH + Ph CCL
15min. 3
CH, Ck%

- Confirmation of this is to be found in the earlier work of Short
and Stewart 42, who demonstrated that benzylphenyl ether was rapidly
cleaved by hydrogen chloride at lOOOC, to give phenol and benzyl

chloride (Bquation (11)).

OCH Ph

..(11)

100°C.

The phenol and benzyl chloride subsequently reacted to give
ortho- and para-benzylphenol when the reaction was left at 100°c.

It can be seen that the ambident behaviour of phenol and phenoxide
is clearly shown in both acylation and alkylation. An examination of
the results in terms of Kornblum's theory of ambident reactivity 1
reveals several discrepancies between the observed behaviour and
predictions based upon this theory. Kornblum's theory 1, relating
substitution at the most electronegative atom to an SNl—like transition

state, fails in the reactions of neutral phenol, where tertiary alkyl
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halides 58,39 have been found to give predominantly C-alkylated products.
In addition, the basic theory does not fully explain the observed
34

behaviour of phenoxide and thus additional factots, e.g. 'selective
solvation', were invoked by Kormblum 54 10 explain these anomalous
resulis.

The C-alkylation pathway waé particularly‘favoured for the reaction
of phenoxide ion and benzyl chloride in phenol at 4300, where the
C-alkylation pathway accounted for 72% of the products isolated 34.
Kornblum 54 demonstrated that the reaction rate depended upon the
phenoxide concentration‘which was not attributable to a salt effect -
(Table 1.3). However, examination of the data of Table 1.3 shows
clearly that neutral phenol must react at a similar rate to phenoxide ion,
and which substrate is reacting is therefore in doubt. Haxrt 39, in his
studies on the uncatalysed alkylation of phenol also used benzyl chloride
as the alkylating agent. The reaction half-life was estimated to be
ca.27 hours, which is in good agreement with that obtained by Kormblum 34.

From thevabove results it would appear that the phenol may be
competing with phenoxide for the benzyl halide leading to the formation
of the mixed products observed. The formation of 0~ and C-alkylated
products in hydroxylic solvents could therefore be explained by the

presence of an equilibrium concentration of phenol (Equation (12)),

PhO +ROH === PhOH+RO™ ceeerneesaa(12)

assuming O-alkylation of phenoxide and C-alkylation of phenol
(Scheme 1.5), i.e. the acidity of the medium is important in determining
the site of substitution. It is upon this approach to ambident

reactivity that the current study is focussed.
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Scheme 1.5
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1.3 AMBIDENT NUCLEOPHILIC PROPERTIES OF AMIDES

4

Amides and amide anions have been described by Gompper ~ as
1,3 ambident systems with the possibility of reaction at either the
oxygen or nitrogen atoms. Generally,. however, it is found that reaction
at the nitrogen atom predominates, mainly because the O-substituted product
is either formed reversibly or rearrangement occurs to the N-substituted
amide. Examples of mixed 0- and N-substituted products are well known,
particularly in the alkylation of amides.

~In thé present discussion, the alkylation and acylation of amides
and N-hydroxyamides will be considered in detail. The relevance of
the ambident ion theories outlined in Section 1.1 will also be discussed

with reference to the observed products in these particular reactions.

1.3.1 STRUCTURE OF THE AMIDE MOIETY

45

Panling s, in 1933, predicted the heats of formation of various
moleéules from their constituent atoms. Comparison with experimental
heats of formation showed that acetamide and formamide were more stable
by approximately 83 kJ mole—l than exjected from their classical

structures 4a. This stabilisation was ascribed to the energy of

delocalisation in 4b compared to 4a 44(Equation (13)).

R R R R
"\C 7 2 ‘\C /2
/7 AN YA AN
@) R O R

3 & 3

42 - 4b ceeeeenso(13)
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The physico-chemical properties of amides are in accord with

structure 4b rather than 4a. The C-N bond lengths in amides,

45 46

determined by X-ray diffraction and by microwave spectroscopy ’
are between those of typical C-N bonds (e.g. in triethylamine) and

C=N bonds (e.g. in oximes). Although the relationship between bond
length and bond order is complex 47, it may be -deduced thaf the:TT;bond
order of the C-N bond in structure 4b is about 0.4.

Increase in bond length causes a decrease in the stretching force
constant of a bond and, therefore, the infra-red carbonyl stretching
frequency of amides would be expected to be lower than that for esters,
since amides have only a partial C=0 bond. Experimentally, the -
frequency is indeed found to be lower 48. Ramiah et al 49 have
calculated the carbonyl frequency for both structures, 4a and 4b, and
found good agreement with the observed results for structure 4b.

The availability of the lone pairs on oxygen enables amides to
coordiﬁate easily to electron acceptors. Thus amides are extremely
efficient extractants for transactinide elements 50. The adducts with
BF_, and SbCl_. have been studied in éolution 51’52, and coordination to

3 5
53,54

lanthanide shift reagents is well-known All these species have

been shown to coordinate via the oxygen atom of the amide.

25

examined the transmission of substituent effects across
19F

Pews
various linkages in molecules. By measuring the change in the
nuclear magnetic resonance chemical shift induced by the substitution of
X for hydrogen in compoundsof type 5 6 and 7,and plotting these changes

against Hammett's o parameters, it was shown 55 that the peptide linkage

5  Z=-CH=CH-
X—®—~ Z ——@— F 6  Z=-CONH-
1 Z=-CH,~CH,-



- 24 -

transmitted electrbnic effects with 40% of the efficiency of the formal
double bond linkage as in 5. The transmission of the bibenzyl (7) was
Zero. Thus a TT-bond order of 0.4 for the peptide C-N bond is again
indicated.

For maximum delocalisation, orbital overlap of the TT—systeﬁl must
be maximised and this is accomplished by the amide moiety assuming a
planar form with all the skeletal o -bonds coplanar. Geometric
- isomerism is therefore expected to occur in amides with different
N-substituents and the isolation of the two rotamers 4a and 4c may be
possible where'RzieR3 (equation(14)) and the rate of interconversion of

4a to 4c is slow, i.e. the barrier to rotation about the C-N bond is ~

AN S AN %
C——— N\ = /C—-———— N\
O/ R, O R,
, cessnenaes(14)
da 4e

high Z 6. In practice it is found that the rotational barrier is of the
order of 83.7 wi/u.”7,
However, both in solution and solid state, amides are best

represented by structures 8a and 8b and not the iminol form 9. Many

N S N \
C—N > C— = C==N
7\, Y22l TNy / \
O R O R OH R’
o- 2
L—  8a 8b RN ¢ L)

attempts to detect the iminol species have failed 20199760,
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A similar situation concerning the iminol structure seems to exist

for N-hydroxyamides (10), where structure 10 represents the compound in

the solid state 61. All spectral evidence indicates that 10 is the

R OH R OH
\C —_— N/ = \C == N
P NS .
O/ H OH
ceeeness(16)
10 11

predominant species in solution, and attempts to detect even minute
amounts of the tautomeric iminol form (11) in solutions have failed.

Ultra-violet studies on N-hydroxyamides and their monoalkyl derivatives

62,63

(;g,;z) support structure 10 , which is further substantiated by the

R OR R OH
e n | e N
o/ \H o/ \R‘
12 13

carbonyl stretching frequency in their infra-red spectra 64’65’66.
67 68,69

Furthermore, mass and n.m.r. spectra of N-hydroxyamides agree

with structure 0.

Attempts to detect restricted rotation around the C-N bond of 10
‘due to partial carbon-nitrogen double bond character have been less
successful 70. However, slightly restricted rotation about the C-N

bond ig reported for the highly substituted compound 14 69.
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1
Oo—C

—~
1

N.m.r. spectra of N-alkyl-N-alkoxyformamide compounds (HCON(R)ORl)

/

el
O H

at low temperature have also clearly revealed restricted rotation about
the C-N bond 71. The configuration of the rotamers has been established
by means of 1ohg—range coupling constants 71.

In conclusion, it can be seen that the physico-chemical data which
_have been gathered to date suggest an amide structure containing
appreciable conjugation and double—fond character in the C-N linkage.

The nucleophilic reactivity of amides reflects these results, and it is

in. the alkylation and acylation of amides that these effects are most

clearly observed.

1.3%.2 NUCLEQPHILIC REACTIVITY OF AMIDES

The chemistry of amides is complicated by reactivity reéiding
in all three étoms in the 0-C-N chain, but the reactions of amides may
be greatly simplified by assuming that their reactions consist mainly of
one of two possible processes. As described in Section 1.3.1 nucleophilic
attack by the amide moiety may involve either the oxygen or nitrogen atoms
attacking the electrophilic centre. The second process, of less
relevance to the present discussion, involves a normal nucleophiliec
"addition to the carbonyl entity.

The possibility of electrophilic reagents reacting at either amide

oxygen or nitrogen confers ambident nucleophilic character to the amide
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moiety. However, the relative reactivity of the oxygen and nitrogen
atoms is difficult to assess. This is demonstrated by the fact that the
site of protonation of amides is still uncertain 72. Recently ﬂowever
Challis and Challis 7 have suggested that although amide anions may react
as 1,3 ambident nucleophiles, the reactions of the neutral amide molecule
may be interpreted in terms of kinetically- and thermodynamically-
controlled reactions. They suggested 73 that in reactions of the neutral
molecule, substitution at oxygen is the kinetically favourable pathway

with subsequent rearrangement providing the thermodynamically stable

N—-substituted amide.

1.3.3 AIKYLATTON OF AMIDES

In the alkylation of neutral amides it is found that both 0- and
N-alkylation may occur. With highly reactive alkylating agents, such

as alkyl sulphates 74,75 and oxonium salts 76,71

y O-alkylation predominates.
Dimethyl sulphate 74’75, for example, reacts quantitatively with an
equimolar proportion of either primary, secondary or tertiary amide, to

give the corresponding O-alkyl imidonium salt (15)(Equation (17)).

Reaction temperatures of 20-60°C are required.

— —6

RCONRR? + MeSO, == |R—c{l MeSO;

NRR e (17)
L d

Generally, higher temperatures (=150-200°C) 8,79 op heavy metal
catalysts such as silver salis 80 are necessary to induce reaction with

alkyl halides, and under these conditions the ambident nucleophilic
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behaviour of the amide moiety becomes impoxtant. Thus either 0- ox
N-substituted products, or a mixture of both, are commonly formed. The
alkylation of amides under neutral conditions by alkyl halides has been
examined by Gompper and Christmann 81 at temperatures above 110°C and the
results were discussed in terms of Kornblum's general hypothesis 1,
relating the tendency towards 0- and N-substitution to the transition state

1 that N-substituted

structure. However, it was experimentally found 8
amides were favoured with those alkyl halides forming relatively stable
carbonium ions, whereas less polarisable reagents gave rise to O-substituted
derivatives. The overall reactivity of'these alkyl halides towards
formamide was also studied 81 and found to parallel the carbonium ion
stability of the reagents. For example, the relative rates of alkylation
of formamide ST by the different butyl bromides is i ~BuBr> s-BuBr>n -BuBr.
This suggests that the alkylation of amides by alkyl halides has a good
deal of SNl character. Cn the basis of Kornblum's predictions 1, this
should lead to suﬁstitution predominantly at oxygen, which is contrary to
the experimental findings usually observed.

In general, O-alkylated products seem to be favoured by lowexr reaction
temperatures, whereas with weakexr alkylating agents (e.g alkyl chlorides
and bromides), which require high reaction temperatures, there is a marked
tendency towards mixed O- and N-alkylated products. Other evidence
suggests that the tendency towards 0- and N-alkylation is governed by the
temperature required for reaction. This comes from studies of both the
highly reactive trityl chloride 81and the effect of silver ion catalysis 80.
Trityl chloxride is Sufficientiy powerful to alkylate formamide at
temperatures as low as 20°C. Undexr these conditions the conductivity of
the mixture composed ' equimolar concentrations of the reactants was
found to reach a maximum value almost instantaneously, and hydrolysis of

this solution results in the isolation of triphenylcarbinol but not
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N-triphenylmethylformamide (Scheme 1.6) 81. When the same reaction is
carried out at 11000, however, the latter is the sole hydrolysis productrsz.

Alkylation by methyl and ethyl iodide can also be effected under mild

Scheme 1.6

REACTION OF FORMAMIDE WITH TRITYL CHLORIDE

__ _ e 0
OCPh
/ 3 - HQ
== HC\\ ctL —= MBCOH
20°¢. NH2
| -

HCONHf+P%CCL———

110°¢.

10
Y _ B
—= HC ca —= HCONHCME

+4
NHCPh
27 '3

conditions in the presence of silveroxide catalysts 80. The silver
ion promotes polarisation of the alkyl halide, thereby increasing its
reactivity. In this way the same temperature-~dependent substitution
pattern emerges as that for trityl chloride. Thus the reaction of
N-phenylformamide with ethyl iodide in the presence of silver oxide at
40°C produces only the O-ethylimidate (16), whereas mixed O- and N-
alkylated products are obtained at 100 8O(Scheme 1.7). Both these
results point to a mechanism in which at least some of the N-alkylated
product arises from a thermal rearrangement of the O-alkyl imidate salt.
It is knovn that O-alkyl and O-aryl imidates rearrange readily on
heating to give the corresponding N-alkyl- or N-arylamide. The
rearrangement of O-aryl imidates (the Chapmen rearfangement) is

83,84

intramolecular , consistent with the formation of a tetrahedral
intermediate (;1) stabilised by electron delocalisation throughout the

aromatic nucleus (Equation (18)).
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Scheme 1.7
HCONHPhH
100°C. - 40%c.
J/ E'bI/AgZO EtI/AgZO
OFt | I ot |
HC< I HC/ I
+ N\
Nen e
» - » _
. L
/o | /OEt
HC< . I HC\ + HI
NHEtPh NPh
16
_ _
/OPh o (“)
R—C — [R=C{ i+ Y - N | = RCNRPh ----- ..(18)
Q\§ 1 }d i
NR 1
18 17

With O-alkyl imidates, however, the rearrangemcnt is at least
partly intermolecular as cross-products are obtained in e ::;riments
- 8 '
with mixed O-alkyl compounds > . The catalysis of these reactions by

benzoyl peroxide, has been interpreted as evidence for a free-radical

mechanism 85. The rearrangement of 0-alkyl formimidates is further
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complicated by the formation of formamidine 85 (Equation (19)).

OMe : NHPh

7\
7\

NPh , NPh
ereeeeso(19)

Another complication with primary imidates is the formation of
nitriles when both O-alkyl and O-aryl imidates are thermally

rearranged 80(Equation (20)).

/OR1
RC\ A o roN o+ RoOH

NH HC1
' ceeeens.(20)

The rather forcing conditions required for the rearrangement of
O-alkyl imidates may be effectively overcome by catalysis of the reaction
with.a variety of electrophilic species. Alkyl halides have been by
far the most frequently studied catalysts. Lander 86 found that
addition of alkyl halides to O—élkyl imidates made rearrangement possible
at 160°C or less, compared to BOOOC or greater required for the thermal

rearrangement. Lander 86 concluded that the mechanism of this

rearrangement must involve addition followed by elimination (Equation (21)).

' 2
2 OR
1 /OR i 1 | Ryl 1(") 3
r'C —> R—C—NRR ——= R'CNRR
) |

T ceereenas (21)

A
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Arbuzov and Shishkin 87,88

, agreed in principle with the_Lander
mechanism. From the results of their studies they concluded that the
alkyl halide catalysed rearrangement of alkyl imidates proceeds in two
steps, of which the first involves the addition of alkyl halide to form
an ionic adduct (a2 halide salt rather than 19) which undergoes cleavage
to give the final products.

A more gquantitative and recent study was carried out by Challis
and Frenkel 89, on the catalysed rearrangement of isopropyl
N-methylbenzimidate (20) at 138°C in nitrobenzene. The data for this
reaction catalysed by isopropyl iodide show that overall second-order
kinetics are observed, first-order in both substrate and catalyst,
implying an SN2 mechanism. Catalysis by the various isopropyl halides
decreased sharply in the order i-PrI> i-PrBr> i-PrCl for the rearrangement

of 20, which is consistent with an SN2 mechanism with either the first or

second step being rate determining (Scheme 1.8).

Scheme 1.8
. i —_
O Pr O Pr
C.H 'YX == |CH l X
NCH3 N(CHB) Pr
2 L ]
@)

I i
CeHsC N(CHs) Pr

The further observation 89 that catalysis decreased with increased
branching of the alkyl halide (CHBI >i-PrI), regardless of the O-alkyl
substituent in other N-methyl benzimidates, established the first step

ag being the slow step in these rearrangements (Scheme 1.8).
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Catalysis by Lewis and Bronsted acids has also been observed.

Cramer and Hemnrich 90 showed that imidate 21 could be rearranged

OCH O
/S %5 |
CCLC 5o CCLCNHCH
3 \ ox 3 25
NH 66 ceeeo(22)
21 22

to amide 22 in 96% yield in refluxing benzene with catalytic amounts of
JBF3 added (Bquation (22)). Challis and Frenkel 89 a1so found BF3 to be
very effective in catalysing the rearrangement of isopropyl N-
methylbenzimidate (20). The work of Roberts and Vogt 2> showed that
sulphuric acid can serve as a catalyst but the concentration is critical;'
gsince too low a concentration limits the rate of rearrangement and excess
results in the formation of charred products. The 'catalytic quantities'
of sulphuric acid used by Challis and Frenkel 89 with 20 were apparently
too little since they found no rearrangement at 13800 in nitrobenzene.

The concentration of hydrogen bromide added as a catalyst is also critical.
When HBr was added to 20 in 0.22 molar equivalent, the catalytic effect was
the same as that found for isopropyl bromide (which is presumably formed
from the addition of HBr)89. However, when HBr was added in equimolax
quantities with 20, no rearrangement was observed at 13800 in nitrobenzene 8?
Landex 86 reported iodine to be an effective catalyst for alkyl imidate
rearrangements and this was confirmed by Challis and Frenkel 89. Their
results showed iodine to be much more effective than isopropyl iodide in

catalysing the rearrangement of 20 89.
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Greater control over the site of alkylation can be exercised
under alkaline conditions, and these reactions are more useful from a
synthetic standpoint. Primary and secondary amides in the presence of
a strong base normally react at the nitrogen atom, with only small amounts
of other products being formed 92. The selectivity observed in this
reaction can be interpreted in terms of formétion of a carboxamide anion,

2% which is alkylated directly on the nitrogen atom (Equation (23)).

R2X 1 2
2 _ RCONRR
1 KOH - 1 +
RCONHR == RCONRK — eees.(23)
2 /OR2
I RC\ +  RCONRR®
R2X/Ag+ NR

O-alkylated products are obtained, however, in the presence of
silver salts 5’6, and in this respect the reactions are similar to those

of a neutral amide molecule..

Hopkins et al é have studied the effect of the alkylating agent

and the cation on the alkylation of salts of 2-pyridone in
dimethylformamide.

The results are illustrated in Table 1.5.

The effect of solvent upon the silver salt reaction was aiso
investigated by Hopkins b and the reported reaction results are
given in Table 1.6.

It can be seen that only on those solvents, in vhich the
gilver salt reaction is truly heterogeneous does O-alkylation

predominate. Hopkins 6 proposed that the major factor determining the
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site of substitution using silver salts is the homogeneity or

heterogeneity of the reaction.

Table 1.5
R-X (Salt) N-R(%) . 0-R(%)
MeT Na 95 5
Mel K 92 8
Mel Ag 74 12
i-PrBr "Na 29 68
i-PrBr K o7 71
i-PrBr Ag : No alkylation
PhCHZCI Na 94
PhCH,Br Na .97
PHCH, Br Ag 54 46
Table 1.6
R-X Solvent N-R (%) 0-R (%)
MeI IMF T4 12
MeI Ether 37 ) 42
Mel Benzene 3 97
Mel Hexane 3 97
PhCHzBr IMF : 54 46
PhCHzBr Benzene , 100

PhCHzBr Pentane 100
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An overall appraisal of the experimental findings for
amide alkylation under neutral conditions suggests that O-alkylation
arisgs from reactions carried out under kinetic control, but these
may transform to the thermodynamically stable N-alkylamides at higher
temperatures. Additional evidence 3 for this interpretation comes
from examination of the transition states for 0- and N-alkylation

(Scheme 1.9). Delocalisation of the nitrogen lone pair electrons

Scheme 1.9
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should dissipate charge and lower the energy of the transition state
(24) for O-substitution. No comparable effect is possible in the
corresponding transition state for direct N-substitution (gi); the
induced positive charge is therefore localised on the nitrogen atom and
the transiﬁion—state energy is accordingly higher.

It can be seen that the interpretation snggested by Challis and
Challis 3 implies that neutral amides are not ambident nucleophiles.
As noted earlier, Gompper and Christmann 81 have attempted to account .
for the tendency tawards 0~ and N- alkylation by various reagents in
terms of Kornblum's theory of ambident reactivity 1. The result is
unsatisfactory, however, for it requires that the most Syl-like
transition state will be associated with substitution at the nitrogen
atom, which is the atom of lower electronegativity. This is, of course,
contrary to Kornblum's predictions.

Amide anions are féund to react predominantly on the nitrogen
atom to give N-alkylamides. This preference for N-alkylation, howeverx,
is drastically altered by the addition of silver.salts 80 to the reaction
mixture, and appreciable amounts of O-alkylated products are then
obtained. The reason for preferential O-substitution in the presence of
silver salts has not been in#estigated thoroughly and no entirely
satisfactory explanation is available. Since the reactions are performed
at ambient temperatures, it seems unlikely that O0- to N-rearrangements,
encountered in neutral solutions, are important. Kornblum 1 has
suggested that in common with fhe alkylation of other ambident anions,
gilver salts may enhance therunimolecular character of the reaction with
alkyl halides, thereby promoting alkylation at the more electronegative
| atom. The studies by Hopkins et al 6 suggest that the heterbgeneous

nature of the silver salt reactions appears to favour O-alkylation, and
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the increased importance of this pathway in non-polar solvents may arise
from the lower solubility of the silver amide salt in such media, rather
than from mechanistic reasons. The observation that O-substitution

occurs in the homogeneous alkylation of sodium 2-pyridone 6 would suggest

however that there is some 1,3 ambident character in the amide anion.

1.3.4 ACYLATION OF AMIDES

Primary and secondary amides usually undergo N-substitution with
reagents such as acyl chlorides and anhydrides. With primary amides the‘
substitution reaction is in competition with the dehydration reaction,
which leads to the formation of a nitrile 2 (Bquation (24)). Tertiary
amides form only salt-like addition complexes 94 (BEquation (25)), which

RCONH,+ R,C0K ———3> RC=N +'R2000H RN €-7)

94

can be isolated at low temperatures . It has been shown that the

RcONRR + Rcox == RC? e

complexes (26) obtained by condensation of the imidoyl chloride (27)
with acetate ion, and of dimethylformamide with acetyl chloride, are
' identical (Bquation (26))?°. The formation of a common intermediate

implies that 26 must be an O-acyl-complex.
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HC\
CH_COCL
N(CH3)2 3 _
OCOCH,
HC{. cr ...(26)
N(CHQ')2
I .
ClL : N —
4 CH,CO,~ 26
HC/:‘ cr >
N(CH3)2
— il

Additional evidence for an O-acylated intermediate comes from
the decomposition;of the ionic complex, derived from dimethylformamide
and benzoyl bromide, with water whiqh results in the production of
benzoic but not formic acid 94. Similarly, decomposition with aniline
results in the formation of benzanilide but not formanilide 94. These
results.also are only consistent with an O—acyl structure for the
intemeéiate {28) and not the N-acyl structure (29)(Scheme 1.10).

Bredereck 96 has pointed out, however, that these reactions
should be interpreted as proceeding via the free acid bromide, since,
under the above conditions, dissociation of the complex into its
Components would be expected. Using aniline ag a mucleophile, and
the benzoyl bromide derived domplex, Bredereck 96 showed that both
acyl and formyl C-attack occurred (Scheme 1.11). The relative amount
of N,N-dimethyl-N-phenylformamidine (20), was found to increase with
increasing dimethylformamide concentration. It can be seen nevertheless
that the formation of the amidine prodﬁct is consistent with an O-acyl

type of intermediate.
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Sch’eme 1.10
HCONMe, + PhCOBr
B /QCOP'FF ’ B P h
HC! Br HC? g
\\M N
@ NMe
| _ |2
2 COPh
| ]
E,0 J/ \LJ?hNH2 HQOJ/ \l,PhNHQ
PhCOH PhCONHPh HCOH HCONHPh
+ PhACOH + PhCONHPh

Scheme 1.11

l

Me NCH= NC6H5

30

+  CHCONHCH
6 5 6 5
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A recent n.m.r. study by Martin and Naulet 97, has confirmed
Hall's 94 earlier findings, and an O-acyl structure was postulated for
the complexes obtained with dimethylformamide and acyl chlorides and
bromides. A similar O-acyl intermediate was proposed by several

98,99 for the complex between dimethylformamide and

workers
chloroformates.

Other indirect evidence pointing to the intermediacy of an O-acyl
structure is obtained from the acylation reaction of primary amides.
As stated earlier, these reactions are complicated by the formation of
three products, namely di-and tri-acylamines, and the nitrile. The
failure to observe any acetonitrile in the reaction of acetyl chloride
and benzamide lOO’ whereas acetamide and benzoyl chloride yield only
nitrile 100, rules oﬁt the N-acylamide as a possible intermediate in

dehydration (Scheme 1.12). This result is consistent, however, with

an O-acylisoimide intermediate.

Scheme 1.12

CH3CONH2 + PhCOCL == CHSCN + PhCOzH + HClL

PhCONH, + CHCOClI —=|PhC Cl | ==PhCONHCOCH
. 2 .3 N+ 3

The intermediacy of an O-acyl structure is also indicated by the

work of Thompson lOl, who studied the benzoylation of benzamides.
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Under identical reaction conditions, it was found that tribenzamide (31)
was formed more slowly from dibenzamide (12) than from benzamide itsélf;i’
‘These results tend to eliminate 32 as an intermediate, but favbur-a !
mechanism involving a rapid second substitubtion of the O-acylisoimide
(éé), followed by a 1,% O-N aroyl migration. If thé mechénism

involving 33 as an intermediate is valid, then k;>k,> k3 (Scheme 1.13).

Scheme 1.13

OCOPh
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NCOPh
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k
PhCONH, |
OCOPh
. = PhC\N i ks (PhCO),N
PhCOCL 33 21
k2
O
Ph c/
NHCOPh
32

With oxalyl chloride, the most powerful evidence for the
"formation of O-acylisoimides is obtained. The reaction products of

the oxalyl chloride acylation of an amide depend to a large extent upon
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the amide structure, and clearly reflect the bifunctional character

102, 103,

of oxalyl chloride 104 (Table 1.7).

Table 1.7
Amide Type Products
RCONH,, ' RCONCO + CO
0
. | 0
.Rpﬂzcomgz | | 4;1\ .
RCH \I¥
i
RCONHR' . - RCONR'COCOCL
' 0
ROH,,CONHR" - | - ¢¢Zi—:§;
. RCH § 0
Rl
or RCONR'COCOCL
. R 0
BCHZCONR'Rz* é/ g :
R'RAN Ny 0

(* Two equivalents of oxalyl chloride required)

Vith primary and secondary amides it is found that the nature of

the R group is important. When R has no d&-hydrogen atoms
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(e.g. Ph,t-Bu ete), the O-acyl intermediate decomposes on heating to

)104’105. When the R group is benzyl, for example,

cyclisation and elimination to an enamine (35) occurs 103, Speziale 103

give an isocyanate (34

postulated the reaction mechanism as shown below (Scheme 1.14) to explain
the products. After an initial O-attack, leading to the O-oxaloylisoimide
which then cyclises to give an intermediate (36). The intermediate then

either eliminates (R:PhCHz) or decomposes to the isocyanate (R=Ph etc).

Scheme 1.14 k

[ I+

e

OCOCO O—C
RCONH + (COCl) == RC/’/ \CL ol — c/ CIT-—/&

2 2 Ny "Nl

NH, NH ©

O
@)

R/Q\-‘_ CL—

O
R:PhC}V H ﬁlkyl,?h
: O

36
o yn@i
7
\/ﬂ
RAN o
\/ ()
O f RCONCO + CO
PhC O
H N 3



- 45 -~

Secondary amides (RCONHR'R=Ph) produce an N-acylamide derivative 103
*via a cyclic intermediate 37 analogous to that postulated for primary

amides (Scheme 1.15)

Scheme 1.15

[ 1+
/,ococg
RCONHR' + (cocy, == Rc\{ al | cr
NHR’
5 0OCO
O e’ \co—/ét
A& N v
RON O NR’
R
37

The cyclic intermediate (37) in this case cammot achieve stability
by proton loss and thus ring opening occurs instead, presumed to be
initiated by nucleophilic attack of chloride ion on the acyl carbonyl

atom (Equation (26)).

O
/g]ﬁivcr — = RCONRCOCOC! e (26)
RTY @) |

(ﬂK"
R

31
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Direct evidence for a mechanism involving initial O-acylation,

comes from trapping experiments 103 using methanol, During the early
stages (< 20%) of the reaction of <X-chloroacetanilide with oxalyl
chloride, the methanol-trapped products were a mixture of methyl
chloroacetate, methyl oxalate and aniline hydrochloride all of which

can be explained by interaction of 38 with methanol (Scheme 1.16)

Scheme 1.16

o o o O
o-C-C—cl | C C- OCH,
CICH—C == CICH ———-C—NCH HOMe
° \IQCH MeOR R L
cC H®S OCH, clr

[N
4
CLCH‘?COCH3 * CZH:QOC—CCH3 + C()HSN.‘-I3 Cl

Addition of methanol after 100% reaction, however, produced
-1y the ester, methyl-N-chloroacetyloxanilate (ClCHzcoN(Ph)COCOZMe), the
expected solvolysis product of the N-acylamide derivative,
ClCHzcoN(Ph)000001. These findings clearly demonstrate that N-substitution

by oxalyl chloride did not occur in the early part of the reaction.
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From all the evidence available, whether indirect or otherwise,
an amide acylation mechanism involving an O-acylisoimide intermediate is
very plausible and explains satisfactorily the observed products‘for all
three classes (primary, secondary and tertiary) of amide in their
acylation reactions.

The final proof, however, lies in the isolation of the proposed
O-acyl isoimide intermediate. Many workers have tried, but failed in

their attempts to prepare the O-acyl compound 106’107.

Indeed, it was
the failure to obtain the expected O-acyl product from the treatment‘of
imidoyl halides with benzoate salts (Equation (27)) that led Mumm to

discover the O-aryl imidate rearrangement 108.

| h. 2 |
Cl /OCOAr
2 - 1 1
ArcO + ArcC —_— Ar C
2 N\ 3 N\ 3
NAr NAr
| _|
39
¥
O O
1” " 2
Ar Cll\lCAr
A"s
- ceveeea(27)

Since the initial report of the isolation of an O-acyl intermediate
in 1893'107, there have been numerous proposals of these compounds
existing as labile intermediates in a variety of reactions, other than
- amide acylation.

Toland and Ferstandig 109 4 nvoked a mechanism (Equation (28))

involving an O-acylisocimide (Ag) in the reaction of aromatic nitriles and
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aromatic acids. By suitable choice of nitrile and acid nearly

quantitative yields of the exchange products were observed.

/OCOAr
]
ArCOH + ArCN = ArC

2 AN

A

o :
= ceeeees(28)
ArCN + AIJCOZH < Ar1C/

|

Stevens and Munk 110 proposed a similar mechanism for the action

of ketenimines on carboxylic acids (Equation (29)).

OCOR

— /
Ph;ﬁ—C—N{:_}CH3 RCOzH = thZCHC\

PhCHC
2

O
4/7 ,
N
T‘—@CH3 ceeeaes(29)

COR
: 111 . .
Woodward and Olofson "~~~ examined the reaction of N-methyl-
5-phenylisoxazolium cation with acetate ion. The proposed pathway to

pi ucts is shown in Scheme 1.17.

In none of the above studies, however,has the postulated intermediate
been isolated. Cyclic materials such as 2-methyl-3,l-benzoxazin-4-one

(41) 112 or N-methyl phthalisoimide (42) 113 have been prepared in which
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Scheme 1.17
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the normally rapid 1,3 acyl group migration from oxygen to nitrogen

is absent due to the unfavourable steric factors.

O O
7 -
I p
N” "CH,
NCH
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Curtin and Miller 114,115

were successful in preparing, isolating
and studying the properties of the first acyclic O-acylisoimide 43,

containing a 2,4-dinitrophenyl substituent on nitrogen.

OCOA?

/
C
\\NAP

f\Fz

43

They stated that the electron withdrawing groups in Ar

are
necessary to depress the mucleophilicity of the imide nitrogen atom,
and thus reduce the tendency for the rearrangemeﬁt to the N-benzoyl
product. They prepared a series of N-(2,4-dinitrophenyl)benzimidoyl

benzoates containing para—substituents in Ar2, and studied the kinetics

and mechanism of their rearrangement to 45, the N-benzoylamide (Equation (30)).

44 45
( X = H,CH

5055z, 10, )

The O-acylisoimides were found to rearrange to 45 in benzene or

acetonitrile solution at temperatures of 40—6500, and kinetic measurements
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showed that the reactions were first-order and that the rates were not
affected by the addition of small amounts of acetic acid or calcium
hydride. The rates were somevwhat faster in acetonitrile for any given
compound, and, in either solvent, the presence of an electron withdraving
substituent in the migrating ring accelerated the rearrangement. A
normal carbonyl addition mechanism, proceeding through a dipolar

transition state (46) was proposed 115 (Scheme 1.18).

Scheme 1.18

- ]
N o
ArCO . L,
C=N . T—-TN
N\
At AP Ar'—C=—nNA"®
+
43 | _
46
o COAF
AN /
AN
Ar' Ar3

Schwarz 116 prepared further O-acyl compounds (43) with
Ar2=C6H5 and various para-substituents in Arl and Ar3. In no case did
Ar3 have two nitro substituents, so the compounds were too labile for
easy isolation. The rearrangements to imides were monitored at 0%
by an infra-red method and half-lives were calculated. The results of

Schwarz 116 lent support to the mechanism of Curtin and Miller 115.
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1.3.5 ALKYLATION OF N-HYDROXYAMIDES

N-hydroxyamides bear three potential sites for alkylation, the
hydroxylamine oxygen, the nitrogen and the carbonyl oxygen to form
an N-alkoxyamide (47), an N-alkyl-N-hydroxyamide (48) and an alkyl

N-hydroxyimidate (49) respectively.

/O /O /OR’
RC RC RC
, N\ \
NHOR N(R")OH NOH
47 ' 48 49

Extensive study has shown that the monoalkylation of the potassium
salt of N-hydroxybenzamide results in the exclusive or preferential

117’118. This is in contrast with

formation of an N-alkoxybenzamide
an unsubstituted amide (Section 1.1.3) which under similar conditions
gives preferentially the N-alkylamide. Further dialkylation of
N-hydroxyamides or monoalkylation of N-alkoxyamides as their alkali

metal or silver salts appears to give an alkyl N-alkoxyimidate 50

rather than the N-alkylAN—alkoxyamide.jl 117’119’120.
O OR’
Y
Ph c< PhC\<
NOR’ "NOR’
RI
51 50

It therefore seems that the anions of N-hydroxyamides and
N-alkoxyamides behave very differently towards alkylation that the

corresponding vnsubstituted amides, where only the silver salt reaction
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gives rise to any O-alkyl product. A recent investigation by
Johnson et al 121, however, suggests this deduction requires
modification. They found el that the potassium salts of
N-alkoxyamides on reaction with primary alkyl bromides gave
primarily the N-alkylated product (51) and not the O-substituted
product (50), as previously reported. These findings were

confirmed by Chehata et al 122.

Johnson et al 121, also found that the product distributions
for the potassium salt reactions were sensitive to the structure
of the alkylating agent. ' A small increase in the aﬁount of oxygén
alkylation was observed with increase in the length of the straight
chain of the primary alkyl bromide, but more dramatically, isopropyl
haiides gave more alkylation on oxygen than on nitrogen (Table 1.7)121.
It was shown that the conversion of the O-alkyl compound into the

N-alkyl isomer did not occur under the above reaction conditions.

Table 1.7

EFFECT OF ALKYLATING AGENT ON THE ALKYLATION PRODUCTS
OF THE POTASSIUM SALTS OF N-ALKOXYAMIDES

'Yield (%)

Alkylating Agent (R'-X) R %g 53
Tt )e 1
C6H5C OR'):NOR C6H5CON(R )OR
Ethyl bromide 2-0337 25 75
Ethyl iodide - n-C,H, 20 80
~Propyl bromide n-C 26 .
et pyl bromi n 3H7 T4
n-Propyl iodide -C,H, ' 20 80
Isopropyl bromide E;CBH7 78 22
Isopropyl iodide n-C_H 63 37

37
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The observed results are consistent with Kornblum's theoxry of
ambident reactivity since the observed increase in O-alkylation
parallels'the increase in le character of the transition state. The
"hard" and "soft" acid and base theory also explains the observed
results in respect of the dependency of the product distribution on
the structure of the alkyl halide.

In addition the observed dependency of the product ratio upon the
leaving group is also consistent with the "hard" and "soft" acid and
base theory, since iodide is a softer base than bromide and thus greater
alkylation at the "soft" nitrogen site'of the N-alkoxyamide would be
predicted. |
| Silver ion clearly plays an important part in the direction of
alkylation of N-alkoxyamides as with amides themselves. Thus
alkylaiion of the silver salts of N-alkoxyamides gives rise to an alkyl
N-alkoxyimidate 52_121 and this probably explains the earlierx

discrepancy (Bquation (31)).

0 Ag OR’ O
PhC/’/ X PhC/ +  Ph c/
¢  —
\\ ) \ /
NOR NOR NROR
52 53
ceeeaeees(31)

Johnson %21 also reported the effect of the alkylating agent upon
the product distribution of the silver sali reactions, but interpretation
of these results is difficult because all the reactions were performed in
heterogeneous conditions, In general, however, similar dependencies
upon the alkylating agent can be observed (Table 1.8). The decrease in

the yield of O-alkylated product using benzyl bromide in dimethylformamide



is probably due to two pathways operating, one homogeneous and the other

heterogeneous.

Table 1.8

EFFECT OF ALKYLATING AGENT UPON THE ALKYLATION
PRODUCTS OF N-ALKOXYAMIDE SILVER SALTS

: Yield %
Alkyl Halide R Solvent ?_2_ ’ 53 ‘
) 1
c6H50 OR'):NOR 06}15001\1(11 )OR
Mel _r_1—03H7 Ether 7 62 38
EtT _r_1—03H7 Ether - 92 8
n-PrBr _Il—CBH7 Ethexr : 92 8
i-PrBr £_C3H7 Ether 98 .2
i-PrI ‘E—C3H7 Ether 98 2
PhCHQZBr Q—CBH7 Ether 91 9
PhCHZI 11_—0315[7 Ether ' 55 45
PhCHQBr ‘I‘I_C3H7 DMF 75 o 25
PhCHZI : E—C3H7 - DMF _ 68 - 32

Parther, it is interesting to note that Johnson 121 was also able
to prepare and separate the geémetrical isomers of the O—alk:ylat_ed

product, 52a and 52b, from these silver salt reactions.

RO ~ OR | RO
N Nee
C=—=N /C N\
ph/ Ph OR

52a : 52b
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The alkylation of N-hydroxy-and N-alkoxyamides under neutral
conditions has rarely been studied. It has been shown, however, that
the di-alkylation of N-hydroxyamides with diazomethane, in the absence

" of base, produces methyl N-methoxyimidates 54 125 (Equation (32)).

O CH,N OiMe
Vi 22, RC/,
\\NHOH o §\NOMe cereeaei(32)
24

Unfortunately there is no evidence as to which site is alkylated first

RC

but recently Blaser et al 124 showed that reaction of N-alkoxyamides

with diazomethane gave methyl N-alkoxyimidate products (Equation (33)).

O _ OMe
CH,N /S
{ —225% RC

RC N

_ ceeeeeee(33)
4

NHOR' NOR :

Thus alkylation of N-alkoxyamides proceeds on the carbonyl oxygen, as

in unsubstituted amides 125’126.
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1.3.6 ACYLATION OF N-HYDROXYAMIDES

Acylation of N-hydroxyamides invariably takes place on the

)

hydroxyl function, to form N-acyloxyamides 17 (Bquation (34)). These
products (55) undergo a thermal rearrangement reaction, to give

isocyanates (Equation (35)), known as the Lossen rearrangement a1

R'COC1 ,
RCONHOH ~ ———= RCONHOCOR e (38)
55
, |

" RCONHOCOR’ — = R—N=C=0 eeeea(35)

~Not only acid chlorides and anydrides, but also isocyanates, ketene and

128,129

diketene can be used as acylating agents to effect the Lossen

rearrangement. More reactive acid halides, such as sulphonyl

halides_lao’lal, induce an almost spontaneous Lossen rearrangement,

presumably via species 56 (Equation (36)).

o l
RCONHOH 7 PhSOZCL — RCNHOSOZPh

/ * ‘ .....(56)

R—N=C=0

Where the Lossen rearrangement is not rapid, it has been shown 1?2 that
further acylation of N-acyloxyamides takes place on both oxygen and
' nitrbgen atoms, to give products 57 and 58 (Equation (37)). Only

rarely have these products been séparated and identified 133’154, due to
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/O OCOR” /O
R"COC1
RC — RC/ + RC /
N\ N\ , :
N—H NOCOR N-OCOR
OCOR’ COR”
eeee(37)
21 28 |

their tendency to exist in polymorphic form and to their sensitivity
to acids, bases and heat. The mnature of the reaction has been

132

" demonstrated by Jones s who compared the products of the
acetylation of N-benzoyloxybenzamide with those obtained in the
benzoylation of N~benzoyloxyacetamide. Each was found to produce a

rair of isomers, one of which was common to both reactions, and must

therefore result from N-acylation (Scheme 1.19).

Scheme 1.19

- f s OCOMe
Phcl_ B oe? PhC{
NHOCOPhH /N—-OCOPh NOCOPh
COMe
59 60
@) PhCOCL @) ) OCOPHh
V4 Y /
CHC — CHC + CHC
3N\ , 3\, 3\
NHOCOPhH }\J-—OCOPh NOCOPhH
COPh
59 B 61

122

After separation of the common product (22), Jones vas able to
distinguish between 60 and 61 by the difference in their behaviour on

basic hydrolysis (Scheme 1.20).
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Scheme 1.20
OCOMe @)
V4
prcl LU PhC/ +  CHCOH
. \ \ 3
NOCOPhH : NHOCOPhH

. OCOPh

CHLC

7\

—> CH C\ + - PhCOZH
NOCOPHh NHOCOPHh

The acylation of N—alkoxyainides is simpler in that the Lossen
rearrangement ohly occurs in exceptional cases but it was generally
. 119,127 . . . .
considered to require vigorous conditions oxr very reactive
reagents. Hearn and Ward 135, however, have shown that
N-benzyloxyamides are readily acetylated in high yield at room
temperature. The N-benzyloxy derivatives of aliphatic amides were
found to yield only one product, which was shown by spectroscopic

methods to be the N-acetyl-N-benzyloxyamide, 62 (Equation (38))135,

O " O
y py/A020
R C\/ _ —_— RC{
NHOCHZPh N(COMe)OCH 2Ph
: ) e.eea(38)
62 ,

N-benzyloxyarylamides formed both the O- and N-acetyl .isomers, 63
and 64 respectively (Equation (39)). By varying the E' group (X),
Hearn and Ward concluded that the ratio of isomers, 63 and 64,
depended upon the electronic effects induced by the para-substituent.
Thus the 4-methoxy compound (éj_, X=Me0) gave a 93% yield of the

O-acetyl derivative (63, X=MeO), but only a 50% yield of the
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O

/
)<
~ NHOCHZPh
65

OCOMe ' O

x@-c\< . x—@-c<

: NOCH2Ph NOCHzPh

| |

corresponding O-acetyl compound was obtained when the 4-nitro

135

derivative was acetylated under the same conditions .

Hearn and Ward also studied the acetylation of the metal salts

of N-alkoxyamides (Table 1.9)13°,

Table 1.9
Amide ot Product
CHBCONHOCHzPh K CHBCON(COMe)OCHzPh
CHBCONHOCHzPh Ag CH5C (0CoMe) : NOCH, Ph
'PhCONHOCHzPh K PhC(0COMe) :NOCH, Ph
PhCONHOCH, Ph Ag PhC(0COMe) :NOCH,Ph

A1l the above reaétions were heterogeneous, and thus a direct

comparison with the unsubstituted amide salt acylations is impossible.
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136,137

Several other workers have reported the preparation of
stable O-acylisoimides in the acylation of N-alkoxyamides

(Bquations (40), (41)).

cocl | OMe _
CONOEt * — > C
AN
NOEt

OMe
ce.eo(40)
OCOSEt |
ClCOSEt
Py/oé 6
NHOM NOMe CO&&
-(41)

It can be seen that the reactibns of N-hydroxyamides are not
directly comparable with the reactions of unsubstituted amides, since
electrophilic substitution generally occurs on the hydroxyl function and
not the amide nitrogen atom. From the results observed with
N—alkoxyamideé, however, it seems thalt there is a great deal of
similarity with unsubstituted amides and many of the conclusions drawn
about amides are applicable in this case. Thus alkylation of
N-alkoxyamide anions proceeds predominantly at the nitrogen atom but at
the oxygen atom when the neutral molecule is employed. The acylation
of N-alkoxyamides in neutral solution is found to give mixed O- and
N-acylation, which differs from unsubstituted amides where only
N-acylation is observed. Thig result may be explained, however, by

assuming that the kinetic O-acyl product is much more stable in the case
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of N-alkoxyamides than unsubstituted amides. In order to verify
this assumption, the acylation of N-alkoxyamides was studied in

detail.

-
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PART TWO

DISCUSSION OF THE EXPERIMENTAT, RESULTS
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CHAPTER II

THE ATLKYLATTON OF PHENOLS

2.1  INTRODUCTION

In order to obtain convenient rates of alkylation, it was
thought necessary to study a phenolic system in vhich the reactivity of
the neutral molecule approached that of the conjugate base. The
reported data of Kornblum for the alkylation of phenoxide 54 and.
2-naphthoxide ions 35 seemed to suggest that in these particular systems
the above criterion was met. For this reason, therefore, the alkylation
reactions of the phenol/phenoxide ion and 2-naphthol/2-naphthoxide ion
were studied. It can be seen that 2-naphthol behaves as a 1,3 ambident
system, but phenol can react in a 1,3 or 1,5 manner leading to ortho-
and para-alkylphenols. This additional complication of two C-alkylated
products in the phenol system led to the 2-naphthol system being studied.

The choice of alkylating agent was governed by similar
considerations concerning the alkylation rate. Hart 59 has shown that
tertiazy alkyl halides are particularly effective alkylating agents for
phenol but sgffer the disadvantage of solvolysis of the intermediate

34

carbonium ion in hydroxylic solvents » and hence the choice of solvent
is limited by this factor. Further, the cleavage of t-alkylphenyl
ethers under acidic conditions has been shown 58 to be a facile process.
In order to avoid the above problems as far as possible and still retain
moderate reactivity of the al' .lating system, the secondary alkyl halide,
benzyl bromide,was chosen. | .
Although the absolute rates of reaction were not required in the
present study, it was thought desirable to have a method of monitoring

the alkylation products which avoided a large amount of handling and

sampling. Preliminary investigation showed that with a suitable column,
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gas-liquid chromatography (g.l.c.) assay would be satisfactory and
the majority of studies involved this technique. Some results were
confirmed by an alternative nuclear magnetic resonance (n.m.r.) assay

(Section 2.2.2).

2.2  ANALYTICAL METHODS

2.2.1 GAS-LIQUID CHROMATOGRAPHY

34535

Kornblum used rather extreme conditions (230°C) for his
g.1l.c. analyses using a column of Silicone oil/Chromosorb W. A more
suitable column for phenols used tris-(2,4-xylenyl)-phosphates as the
liquid phase, but its volatility makes it unéuitable for the higher
boiling phenols 138. For example the high boiling points of naphthols
together with their polar nature cause problems of peak-tailing and long
retention times. This problem can bé overcome by methylation or
trimethylsilylation of the phenolic'mixture, with subsequent analysis

of the more volatile and less polar methyl 138,139 1 140

or trimethylsily
ethers. This method is slower than direct analysis and requires that
the conversion procedures do not result in the preferential loss of anj
one isomer,

An alternative approach by which retention times'can be lowered is
" to reduce the concentration of the iiquid phase provided the solid
support is not itself strongly adsorbing. For example, supports such
as Celite possess surface hydroxylvgroups vhich may interact strongly
with polar compounds, although again these can be transformed by.
treatment of the support with hexamethyldisilazane into trimethylsilyl
ether groups 141. Alternatively, non-polar glass beads 142 or

'Teflon! 143 may be used as the support. It has been found that

polaf and less volatile compounds may be eluted at relatively low
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temperatures by using a solid support of glass beads with low

144

concentrations of the liquid phase . For example. Hishta et
21_145 were able to separate 2- and 4-hydroxydiphenylmethanes
using a column of glass beads lightly loaded with a 1iquid.fhase of
diethylene glycol succinate polyster (DEGS). By using a high
6arrier—gas flow-rate, short retention times were obtained at
relatively low temperatures (140—175°C)145. |

Originally, the substrate examined was 2-naphthol, which is
advantageous because C-alkylation leads to only one product, whereas
with phenol both ortho- and para-substituted producfs are obtained.
It was anticipated that by replacing the DEGS liquid phase with the -

146, g.1l.c.

less polar diethylene glycol adipate polyester (DEGA)
. analysis of both phenol, 2-naphthol and their bénzylated products
would be feasible. ' The results obtained with the prepared column
are shown in Table 2.1, and for comparison those obtained using
general purpose columns are given in Tables 2.2 and 2.3. |

It can be seen that both phenol and the alkylated phenols are
eluted satisfactorily from the DEGA polyester column under very mild_
conditions. 2-Naphthol, however and l-benzyl-2-naphthol, although
eluted; vere found to give a certain amount of peak tailing, which,
in the case of l—benéyl—2—naphthol was quite considerable.

On the basis of these results, thepresent study was confined
to the phenol/phenoxide ion system. In some cases th; gl.c.
'analysis of the reaction solutions was carried out using a linear
temperature programme (100-170°C, 10°C min.™1), in order to obtain
the concentrations of all species‘in solution, but generally a fixed
temperature was employed (Section 5.2.2) to give traces such as

: Fig.z.l.
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Fig.2.1 g.l.c. spectrum of phenol/%enzyl bromide alkylation reaction
in 50% EtOH/CC1 4(%) at 40°C.

(i) 2-Hydroxydiphenylmethane. . B

(ii) 4-Hydroxydiphenylmethane.

(i1) (1)
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Table 2.1

. COLUMN

1 metre, stainless steel, 0.3% DEGA on glass beads

(i) CONDITIONS Coluvmn temperature = 19000; o

Injection Temperature = 250 C;

Nitrogen = %8 p.s.i.; Air = 24 p.s.i.;
Hydrogen = 17 p.s.i.
Compound ‘ Retention Time (mns)
2-Naphthol v 1.75
1-Benzyl-2~Naphthol 14.50 (Peak Tailing)
Benzyl-2-Naphthyl Ether ) 1.25

Column temperature = 17000;

(ii) CONDITIONS o
Injection Temperature = 225 C;

Nitrogen = %0 p.s.i.; Air = 24 p.s.i.;
Hydrogen = 17 p.s.i.
Compound ~Retention Time (mns)
Phenol 0.25
Benzylphenyl Ether 0.375
2-Hydroxydiphenylmethane 1.92

4-Hydroxydiphenylmethane 4.25




- 69 -

Table 2.2

COLUMN 2 2 metre, " stainless-steel, Carbowax 20M/Chromosorb W
CONDITIONS : Colum Temperature = 200°C;
Injection Temperature = 275°C
Nitrogen = 50 p.s.i.; Hydrogen = 18 p.s.i.;
Air = 24 p.s.i.
COMPOUND - RETENTION TIME (mns.)
Phenol 6.7
Benzylphenyl Ether : 28.75 (tailing)
2 — and 4-Hydroxydiphenylmethane Yot eluted
2~-Naphthol ' Not eluted

1-Benzyl-2-Naphthol ' - Not eluted
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Table 2.3

COLUMN : 2 metre, §" stainless—steel, Silicone grease/bhromosorb P.
CONDITIONS : Column Temperature = 200°C; .

Injection Temperature = 275 Cj

Nitrogen = 58 p.s.i.; Hydrogen = 18 p.s.i.;

Air = 24 p.s.i.
COMPOUND - RETENTION TIME(mns.)
Phenol 2.0
Benzylphenyl Ether 12.5
2-Hydroxydiphenylmethane : 23.0 (Tailing)
4-Hydroxydiphenylmethane Not eluted
2-Naphthol - Not eluted

Benzyl-2-Naphthyl Ether ' Not eluted
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A series of standard solutions of benzylphenyl ether, 2- and
4—hydroxydiphehy1methane were prepared and it was shown that there was
a linear relationship between peak height and concentration for all

the above compounds (Figs. 2.2, 2.3 and 2.4).

Fig. 2.2 CATLTBRATION CURVE FOR BENZYLPHENYL ETHER.
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Fig. 2.3 CALIBRATION CURVE FOR 2-HYDROXYDIPHENYLMETHANE
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Fig. 2.4 CALIBRATION CURVE FOR 4-HYDROXYDIPHENYLMETHANE
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2,2,2 NUCLEAR MAGNETIC RESONANCE PROCEDURE

One of the major problems encountered with the g.l.c.”
technique described in Section 2.2.1 was adequate control of the
réaction conditions to prevent any adventitious water entering the
reactions during sampling. This was particularly important in the
studies of neutral phenol alkylations in which long reaction times
were involved, The problem was minimised, however by placing
Suba-seals on the reaction vessels and sampling via the seal with
a microlitre syringe. In some cases, the g.l.c. resulté of the
neutral phenol alkylation reactions were confirmed by the n.m.r.
techﬁiqué. It was found that the percentage reaction and the
actual site of alkyiation could be determined by n.m.r., making
use of the benzylic methylene chemical shift of the products

(Table 2.4).

2.3  SOLVENT SYSTEM

28,29,30 of the reaction medium

Siﬁce the heterogeneity
appears to be an important factor determining the site of phenol
alkylation, 1t was considered necessary to use a solvent in which
both phenol and phenoxide ion were soluble to effect reaction of
both under homogéneous conditions. Dimethylsulphoxide satisfied
the criferion of solubility but severely interfered with the g.l.c.
agsay of the reaction solutions. In addition,'the slow reaction
between phenol and benzyl bromide was found to be complicated by a
competing reaction between the solvent and the alkyl halide. This
reaction between dimethylsulphoxide and alkyl halides has been

147,148

reported to proceed at measurable rates at room temperature
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Table 2.4

CHEMICAL SHIFTS OF THE BENZYLIC METHYLENE SIGNAL OF
BENZYL BROMIDE AND BENZYLATED PHENOL PRODUCTS
IN CARBON TETRACHLORIDE

Compound _ -CH o~ (8)

OH
OH
3.92

~O-

Ph

Ph

5.05



Table 2.5

SOLVENT 7(°c) [Pnom] . [Phowa] 1. [PheH,Bx] M. Yield % Tield %
(g.1.c.) (isolated)
0- c- 0- c-
DMSO 25 - 0.04 0.004 100% 100%
DMSO 25 0.04 0.004 SOLVOLYSIS
EtOH 25 0.04 0.004 90% 88%
Et0H - 40 0.04 0.004 1009 100%
oC1 ,* 40 0.04 0.004 650 35% -
ocl, 40 0.04 0.004 -100% 100%

* heterogeneous reaction

...gL...
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and thus this particular solvent was not considered further. In
ethanol, the alkylation of sodium phenoxide was found to be

~ complicated by a competing solvolysis reaction, but the yields of the
benzylethyl ether side-product were only small (ca.10%). Phenol
itself gave only C-gubstituted products, but the rate of this reaction
was very slow (t3 =22 days), and therefore all subsequent phenol
alkylations in ethanol were performed at temperatures of 40°C and 60°¢C
(t3 ~ 18 days, 1% days, respectively). 1In pure carbon tetrachloride,
sodium phenoxide was insoluble but homogeneous conditions could be
effected by the addition of ethanol (50%, §>' Further, the rate of
the neutral molecule reaction leading to C-substitution was slightly
faster in carbon tetrachloride (40°C approx.ti = 16 days).‘ These
considerations led to a mixed solvent system of ethanol/carbon

tetrachloride (SQ%,'%) being adopted for the present study.

2.4  ATXYLATION OF PEENOL/PHENOXTDE TON IN EtOH/C1,

The preliminary investigation into the alkylation reaction was
concerned with establishing the order of the reaction with respect to
the substrate concentration. In Table 2.6 the effect of the substrate
concentration and the alkyl halide conczntration upon the alkylation
rate(i.e.. 1) are given.

| It can be seen from Table 2.6 that the reaction is approximately
first-order with respect to phenol and the alkyl halide. Reactions
with both phenol and phenoxide ion were homogeneous. The observed
products from the phenol and phenoxide ion alkyiations are givén in

Table 2.7.
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Table 2.6

ALKYLATION OF PHENOL AND SODIUM PHENOXIDE IN EtOH/CCl 4

[Phos] m. [PhoNa] M. [Pnom B m. 2(°c)  t4 (hours)
0.04 | 0.004 40 384
0.02 0.004 40 720
0.004. | 0.004 40 o
0.02 0.008 40 370
0.04 | 0.004 25 0.25

¥ Too slow to be measured

Table 2.7

PRODUCT RATIOS IN THE ALKYLATTION OF PHENOL AND

PEENOXIDE ION WITH BENZYL BROMIDE IN EtOH/CC1,
[ProE]m.  [PhoWa]M. [PacHBrjm. 17(°C)  Total Yield (%)
Yield c 0
0.04 0.004 25 95 100

0.04 . 0.004 40 98 100
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The high product yields suggest that there are no competing
solvolytic pathways. Control experiments with only the solvent
and alkylating agent were found fo be unchanged (g.l.c. aésay) after
similar reaction times (ca.l000 hours), and confirm this deduction.

When phenol was used as the substrate, 100% C-alkylation was
observed, in contrast to exclusive O-alkylation with phenoxide ion.
This suggests clearly thatipH'of the reaction medium has a profound
effect on the products. From the results (Table 2.6) it can also be
seen that the phenol/phenoxide ion reactivity is not as similar as had
been anticipated from the work of Xormblum. A comparison of the
half-lives for the phenol and phenoxide ion alkylations in Table 2.6
reveals a factor of ca. 1400 for the difference in reactivity. When
Kornbluﬁ performed the alkylation of sodium phenoxide in phenol solvent,
the rates were of approximately similar magnitudes, but the phenol
concentration was in thirty-fold excess over the sodium phenoxide
(value computed from Kormblum's data). In this particular reaction,
therefore, the phenol/phenoxide ion reactivity ratio is approximately
1:30 in favour of phenoxide.

The ortho:para ratio for the C-alkylated products obtained with
phenol in the present study was determined by g.l.c. as 1.5:1 at 4OOC.

34

This contrasfs with the results of Kormblum for sodium phenoxide
allylations in water (27°C) and phenol (43°C), for which ortho:para
ratios of 1:1.6 and 1l:1 respectively were observed. The.effect of
temperature upon the observed ortho:para ratio was found to be very
significant (Table 2.8)

A possible explanation to account for the predominance of

ortho-alkylated product at low temperatures and the para-isomer at

higher temperatures is that there is a difference in activation energies
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Table 2.8

EFFECT OF TEMPERATURE UPON THE ORTHO:PARA RATIO IN
THE REACTION OF PHENOL WITH BENZYL BROMIDE IN EtOH/CC14

2(°c) [PnoH) 1, [ProH Bx] 1. ortho:para
25 0.04 0.004 _ 3.62:1

25 0.02 0.004 | 35721

40 _,- 0.04 0.004 1.50:1

60 0.04 ~0.004 1.0 :1.1
75 0.04 0.004 - 1.0 :1.5
75 , 0.02 | 10.004 1.0 :1.47

for the two processes which manifests itself in the observed temperature
dependent ortho:para ratio.  Another possible explanation is that at
lower temperatures, the directing papability of the hydroxyl function is
important. Tt is known that phenol hydrogen-bonds with alkyl halides 147,
and this type of interaction would lead to preferential attack at the
ortho position in phenol at lower temperatures. A third possible
explanation to account for the observed results is that at lowex
temperatures benzylphenyl ether is first formed in the reaction, which
subsequently undergoes an intramolecular rearrangement, catalysed by
hydrogen bromide (Scheme 2.1).

| In order to investigate this hypothesis, several reactions wexre
carfied out to determine the stability of benzylphenyl ether in a

typical phenol alkylation reaction, in which the hydrogen bromide would

be provided by the reaction of phenol and benzyl bromide.
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Scheme 2.1

OH

Table 2.9

+ HBr

Ph

EFFECT OF BENZYLPHENYL ETHER UPON THE ORTHO:PARA RATIOS
IN THE ALKYLATION OF PHENOL WITH BENZYL BROMIDE IN EtOH/CCl 4

7(°c)  [PnocHPh)u.  [PhoH]M.  [PnCHBrM. Et;;egﬁ
25 - 0.004 0.04 0.004 3.6 31

25 0.04 0.004 3.62:1

40 0.004 0.04 0.004 1.5 :1

40 - 0.04 0.004 1.5 :1
75 0.004 0.04 0.004 1.0 :1.5
5 0.04 0.004 1.0 :1.5.
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Examination by g.l.c. showed that the added benzyl phenyl ether
disappeared very rapidly after an initial induction period, presumably
due to low hydrogen bromide concentrations. The products from the
cleavage of benzyl phenyl ether were shown to be phenol and benzyl bromide
by comparison of the concentrations of ortho- and para-alkylated phenols
in those reactions with added benzyl phenyl ether and those containing
only phenol and benzyl bromide. |

It was thought possgible that during the g.l.c. sampling
procedure adventitious water may have entered the above reactions and thus
© the results were confirmed using the n.m.r. technique (Section 2.2.2) with
carbon tetrachloride as the solvent. This allowed greater control upon
the reaction conditions since the solution was sealed in an n.m.r. tube,
and thus the possibility of erroneous results arising from the g.l.c.
sampling procedure were anided. The results for the alkylation of
phenol with benzyl bromide in carbon tetrachloride are given in Table 2.10,
along with the results of alkylations carried out in the presence of added
benzylphenyl ether.

From the results in Table 2.10, it can be seen that a thermal
rearrangement of benzylphenyl ether in the absence of the reactants is
ruled out. In addition, reaction between the benzyl bromide and the
ether to give the benzyl ethers of ortho- and para-benzyl phenol may also
be ruled out on the evidence of the n.m.r. spectra (no signals at 64.0).
This was confirmed by g.l.c. analysis of the reaction solution. The
cleavage of benzylphenyl ether appears therefore to be catalysed by the
hydrogen bromide released in the reaction of phenol and benzyl bromide.
This deduction was confirmed by adding hydrogen brqmide to a solution of
ﬁenzylphenyl ether in 50% ethanol-carbon tetrachlofide (%),»thermosﬁatted

at 4OOC. The reaction was monitored by g.l.c., and the only products



Table 2.10

ALKYLATION OF PHENOL WITH BENZYL BROMIDE IN 50% (-X—) ETHANOL-CARBON TETRACHLORIDE

7(°c)  [PhOCHPHM.  [PnOE]M.  [PhCH,ByM.  [4-PhCH,PhoH| Stability of C-alkylated pr.
o o )
PhOCHZPh | - ortho:para '

1
3

75 .. 0.005 Yo rearrangement - ,

75 0.005 0.05 0.005 v Rearrangement 1:1.4

75 0.005 0.005 - No reaction

40 0.005 0.05 0.005 . Rearrangement 1:1

40 ' 0.05 0.005 ' 1:1

75 0.05 0.005 | 1:1.4

5 0.05 0.005 ' o 1:1.38

75 | 0.05 '~ 0.005 0.005 | 1:3.8
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observed from the cleavage of benzylphenyl ether under the above
conditions were phenol and benzyl bromide.
The ortho:para ratio of the C-alkylated products can be seen
from Tables;2.9 and 2.10 to be unaffected by added benzylphenyl ether.
Tﬁe abové results show that the C-alkylated products observed in
the reaétion of phenol and benzyl bromide, are derived from direct
C-alkylation of the phenol ring, and not through the rearrangement of an
intermediaté benzylphenyl ether. It can be seen that the above results
‘do not conclusively pfove whether O-attack occurs in typical neutral
. phenol alkylation reactions, since it has only been shown that the
O-attack under the above conditions would be reversible. _
~In order to establish whether O-substituted products ééuld form
from neutral phenol itself, attempts were made to remove the hydrogen
bromide'froﬁ the reaction éolﬁtion, thus making the ether formation

irreversible (Equation (42)). Several different methods were investigated

a o o ey N
B:
@ + é Bl »
g eeee..(42)

to remove the hydrogen bromide. ?aséage éf nitrogen gas through the
reaction solution met with limited success aé authentic benzylphenyl

ether added to the reaction solutions was found to be slowly cleaved into
“phenol and benzyl bromide. The difficulties experienced with this method,
‘e.g. evaporation of solvent and adqugte control of conditions, led to
further systems being considered. Addition of pyridine to a reaction
solution.dontéining phenol and benzyl bromide in carbon tetrachloride led

to the formation of benzylphenyl ether in 100% yield. The pyridine here
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certainly fulfils a dual role, in that it complexes with the phenol, and

also removes any hydrogen bromide produced (Table 2.11).

‘Table 2.11

 ALKYLATION OF PHENOL WITH BENZYL BROMIDE IN
' CARBON TETRACHLORIDE

7(°c)  [PnoH|M. [Phom, B M. HBr (B:) Product (%)
. o ‘ . Scavenger . 0~ C-
60 0.04 - 0.004 N, gas 100
60 0.04 0.004 Pyridine, 0.004M 100
60 . 0.04 0.004 ~ EPP,. 95 5

The removal of hydrogen bromide from the reaction solution wvas
also accomplished using 1,2-epoxy—-3-phenoxypropane (EPP)which has been
150 ' '

shown to be a non-alkaline hydrogen bromide scavenger. The addition
of EPP to the reaction solution of phenol and benzyl bromide in carbon
tetrachloride led to the formation of benzylphenyl ether (9%%) and only
traces of C-alkylated products. This suggests that in reactions of
neutral phenol, attack at the O-site 1is revérsible under the_acidic

conditions (i.e. benzylphenyl ether is the kinetic product) but

C-alkylated products are stable and are the thermodynamic products.

2.5 DISCUSSION

It is clear from earlier work that several factors, principally

28,29,30 35

those of homogeneity steric 52 and cation effects , exert an

influence over the products obtained from the alkylation of phenols.
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The recognition of acidity as an important factor however, seems to have
escaped the attentioh of many investigators. From the present results it
can clearly be seen that the acidity of the medium does play a significant
role in the determination of the site of alkylation of phenol.

The alkylation of sodium phenoxide with benzyl bromide in
50% EtOH—CCl4(%) proceeds via an 5.2 mechanism, leading to the formation

of benzylphenyl ether and sodium bromide (Equation (43)).

O Na*
OH/CCl
@ OCH -@ NaBr
.,.7..(45)

The.by—product in this reaction is én organic salt and therefore
the basicity of the medium should decrease as the reaction proceeds until
at completion, a "neutrai" solution is present. Here the possibility of
écid—catalysed rearrangement is reduced except in hydroxylic solvents.
For the reaction of phenyl with benzyl bromide, the mechanism for the
C-alkylation is almost cerftainly an SNQ-type process. The high yields
of C-alkylated phenols and the apparent lack of any competing solvolysis
of the benzyl halide argue against an SNl mechanism, involving a benzyl
carbonium ion. The intermediate for C-alkylation, however, canhot be
ascertained, and may be a dienone~type intermediate, similar to that

151,152 and de la Mare 18,19

proposed by Challis for the nitrosation and
halogenation of phenol, respectivelyvor a normal Vheland F-complex.

in fhe neutral molecule reaction the by—produét, vhether reaction
occurs at the oxygen or carbon sites, is hydrogen bromide. As the-reaction
proceeds, therefore, there will be a gradual increase in the acidity of the

medium until saturation levels are reached. Under these conditions, the

attack at 1--molic oxygen is certainly reversible, but C-alkylation remains



e
an irrevefsible pfocess (Table 2.10). By removing the hydrogen halide
as it is liberated from the reaction between phenol and benzyl bfomide,
it has been shown that the formation of the benzylphenyl ether becomes the
predominant pathway i.e. under ﬁormal phenol alkylation cbnditions, the
ether formation is reversible.
From the ébove results it may be concluded that:-
(i) in basic conditions, the formation of benzylphenyl ether is
irreversible; |
(ii) in neutral (acidic) conditions, benzylphenyl ethér is formed
: reversibly and is therefore under kinetic control, but the
formation of ortho- and para-alkylphenols is irreversible and
hence C-alkylation is a thermodynamically-controlled reaction.
Kornblum 1 in his original report of the féctors which control
the site of substitution of an ambident ion concluded that the nature of

the transition state was important. In SNl—type transition states

Kornblum would predict attack at the most elec%ronegative site, the

ortho- and para-carbon atoms of the phenol ring. From the present

results, it can be seen that both O- and C-alkylation are derived from
SN2 processes, which is‘in disagreement with the predictions of Kormblum's
theory. ‘In addition, it has been proven that attack at the most
electronegative atom (i.e. oxygen) §cours preferentially both in neutral
molecule and conjugate base reactions, but depending upon the acidity of
reaction conditions, this attack méy or may not be reversible.

.The above results would suggest that the neutral phenol molecule
is not an ambident nucleophile; but the observed behaviour in the
alkylation may be explained in terms of kinetically-controlled
O-substitution and thermodynamically-controlled C-substitution. From

Kornblum's reported results for the alkylation of phenoxide anion with

bénzyl chloride 34, a PhO :PhOH reactivity ratio of 30:1 was computed.
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From the observed rates for the alkylation of phenol and phenoxide

anion in 50% ethanol/éarbon tetrachloride, the PhO :PhOH reactivity

ratio of 1400:1 was calculated. It would seem, therefore, that in the
alkylation of phenoxide anion in phenol solvent, the observed O- and
C-alkylation is due solely to the reaction of phenoxide anion and the
alkyl halide, and not the phenol and-the alkyl halide. This result

tends to suggest that phenoxide anion is an ambident nucleophile. It

is possible, however, that the O-alkylated product is rapidly formed in

these reactions, but its formation is reversible and thus an equilibrium

. is set up between the benzylphenyl ether and the reagents, which allows

the neutral phenol alkylation to compete. Unfortunately, Kornblum 54

did not monitor the alkylation of phenoxide ion in phenol at timed-
intervals, but only reported the percentage reaction after ca.20 hours.
Hart 58 in his studies on the uncatalysed alkylation of phenol
using tertiary alkyl halides shoﬁed that the reaction was first—order with
respect to the phenol concentration and this was iﬁterpreted as a rate
determining attack by the phenol molecule on the t-alkyl carbonium ion.
The product from these reactions was fhe Ppara-t-alkylphenol. The effect
of pyridine upon this reaction was reported by Swain 153, who found that
the alkylétion of phenol with triphenylmethyl chloride in the presence‘of
pyridine gave the phenyl ether in 100% yield. It appears, therefore,
that under the reaction conditions used by Hart 38, the formation of the
0-alkyl product is possible, but under the acidic conditions this reaction
is reversible. A similar conclusion was reached by Hart 58 vho showed that
although a t-alkylphenyl ether was rapidly cleaved under acidic conditions,
its formation (and subsequent cleavage) could not be ruled out as a
concurrent process in the alkylation of phenol with t-alkyl halides to give

Earafﬁfalkylphenols. It can be seen that if this situation holds, and



- 88 -

O-attack does occur in the above conditions, the oxygen atom of neutral

phenol is the most reactive site in both SNl and S_2 alkylation

N
pathways, but the reversibility of this step is dependent upon the
acidity of the medium.

A reversible ether-formation step would also explain the results
of Hart 154 using optically-~active phenylethyl chloride. It was found
that the alkylation of sodium phenoxide using optically active

phenylethyl chloride, an S.2 prodess for which inversion of configuration

N
would be expected, gave an optically active ether, which retained T6% of
. its optical activity although inversion had occurred 154. The

alkylation of phenol was also shown 155 to be an SNZ process, but here
a mixture of 55% ortho- and 45% para-phenylethyl phenols, with only a
small émouﬁt of optical activity, were obtained. Further work to
determine the kinetics of the racemisation of optically active
phenylethyl chloride in phenol, showed 156 that the expression for the

racemisation rate (Equation(44)), contained first-order terms in phenol

Rate = k1(301)(PhOH) + (k2+k3)(RPhOH)(R01) ceeeeea(44)

hydrogen chloride, and the alkylation products (RPhOH). Hart was unable
to give a mechanism to account for the observed kinetic behaviour, but it
can be seen that a rapid, reversible formation of an O-alkylated intermediate

156 tpat the

would fit all the experimental evidence. It was found
racemisation rate was almost as fast as the C-alkylation rate in rhenol and,
in addition, hydrogen chloride in the absence of phenol did not racemise
optically active phenylethyl chloride. These results are consistent with
the rapid, reversible O-alkylation step given above.

From the data in Table 2.8 it is clear that the dependence of

the ortho:para ratio upon temperature in rsactions between phenol and
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benzyl bromide is not the result of an intramolecular rearrangement of

an intermediate 0-alkyl product. Duggan and Murphy 159

reported a
similar temperature-dependent ortho:para ratio as that observed in the

present work (Table 2,12)using compound 66 as an intramolecular

- OH
HO HO
_ﬁ. +

eoses(45)
OR

| 66 61 68
C-alkylation model. Intermolecular O-alkylation was restricted by

using dilute solutions of 66.

Pable 2. 12
SOLVENT - 1°(C) ortho:para (67:68)
MeOH 65 . . 1.0:1.43%
35 ' 1.0:1.00
5,0 100 1.0:1.63
35 1.0:0.86
DMF 153 | 1.0:0.89
35 1.0:0.37

Alkylation of neutral phenol with suitable alkylating agents
should lead to ether formation if by-products do not make this reaction
reversible. Accordingly reaction of tryiethyloxonium tetrafluoroborate

with phenol in dichloromethane (to ensure homogeneous conditions) was
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found to proceed at room temperature to give phenetole (§2) as the dnly

observed product (Equation (46)).

-+ —
(CH),O BF, + PhOH ——> PhOEt + Et0O ceeeenn(46)
£

2.6 SUMMARY

From the data which have been collected, it is clear that the

acidity of the reaction medium plays an important part in determining

"+ the site of alkylation of a phenoxide ambident nucleophile in

homogeneous conditions. The tendency for electrophilic reagents to
react preferentially at carbon of neutral phenolic compounds is
interpretable in terms of kinetically-controlled O-alkylation but
thermodynamically—cqntrolled C-alkylation. This intexrpretation also
explains the proposed ambident reactivity of neutral phenol. Attempts
to interpret the tendency towards 0- and C-alkylation using Kormblum's 1
theory of ambident reactivity clearly fail for they require that the most
SNl-like transition state will be associated with substitution on carbon.
This is, of course, contrary to Kornblum's predictions.

It is.apparent, therefore, that Kornblum's 1 theory cannot
adequately explain the observed behaviour in the neutral molecule reaction,
and even in the case of phenoxide anion can only agree in part with the
observed results. The formation of ethers in such high yield from the
alkylation of phenoxide anion yith benzyl chloride and phenylethyl chloride
(reactions which have been shown to have strong SN2 character) is itself
contrary to the predictions of Kormblum. The PhO :PhOH reactivity ratio,
calculated from the alkylation of phenol and its conjugate base with benzyl
bromide in 50% ethanol-carbon tetrachloride, has been shown to be ca 1400:1.

This ratio would suggest that in the alkylation of sodium phenoxide in
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phenol solvent, the observed products are derived entirely from the
phenOXide anion reaction and not from any interaction between the
neutral phenol and the alkyl halide. The half-life for sodium
phenoxide alkylation in phenol, however, is much higher than that
observed in the present study, and two explanations to accéunt’for
this observation are possible:- |
(a) The phenoxide anion is strongly hydrogen—bonded to the
neutral phenol and thus reacts as a neutral phenol

molecule, favouring C-alkylation.

" (b) The phenoxide anion reacts rapidly with the alkyl halide

to give an O-alkylated product, which is, however, unstable
and is slowly cleaved t0 regenerate reagents.
Koxrnblum 54 did not study the alkylation of sodium phenoxide

in phenol further in order to Justify his hypbthesis that hydrogen-
bonding was the reason for the observed results. It can be seen that
differentiation between (a) and (b) is possidle by carrying out dilution
experiments with an inert solvent and by monitoring the reaction at
timed intervals. From the available data, however, no conclusive
evidence is available to determine whether or not phenoxide anion is an

ambident nucleéphile.
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CHAPTER IIT

THE ACYLATION OF AMIDES

3.1  INTRODUCTION

O—acylisoimideS'(lg) have been invoked as intermediates in the

OCOR OCOPh
| , oo

R— C=NR Ph—C=N—Ph(NO,),
70 44

acylafion of amides and in a number of other reactions(Section 1.3),
but they have rarely been isolated presumably because of their low
stability. The thermal rearrangement of O-acyliscimides was first
studied by Curtin and Miller 115, who were able to isolate the
O-acylisoimide (44) with a 2,4-dinitrophenyl N-substituent. The

rate of thermal rearrangement observed for 44 by Curtin and Miller 115
demonstrated both the instability of the compound and confirmed the
supposition that at the temperature at which amide acylations are
performed, the O-acylisoimide intermediate would exist only as a
transient species.

The rearrangement of O-alkyl imidates (71) is kmown 87,88,89

7\
N

to be catalysed by a variety of electrophilic reagents. It was of
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interest, therefore, to determine whether or not a similar situation
holds with O-acylisoimides, i.e. in addition to an intramolecular,
thermal process, a catalysed intermolecular pathway is operative in

the rearrangement reaction (Scheme 3.1).

Scheme 3.1

2
o) OCOR
Y Rr2C0C1 J/
RC T s RC
1 N\
NHR NR
A
R2COC1
O O OCOR?
I -
R C-N-C-R’ < RC i ol
1 \
R NCOR?
R

3.1.1 SYNTHESIS OF SUBSTRATES

The procedure of Curtin and Miller 115

was used to prepare the
O-acylisoimide (44) by reaction of N-(2,4-dinitrophenyl)benzimidoyl
chloride with silver benzoate at 0°¢ (Scheme 3.2). Studies by

Schwarz 116 showed that a 2,4-dinitrophenyl substituent on nitrogen

has a profound effect upon the rate of this reaction and therefore

much longer reaction times than those reported were used. The yields

of the N-(2,4-dinitrophenyl)benzimidoyl benzoate were much higher than

those obtained by Curtin and Miller 115.
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Scheme 3.2

O\ /H
C——N
NGO
2
N02
PCl5
“
C==N
Y
o)
NO,
PhOCO PhCO,” Ag"
C=N
NO2

NO2

A similar reaction was attempted, unsuccessfully, for the
preparation of N-methylbenzimidoyl acetate 72 (Scheme 3.3)

The product obtained from the reaction was an oil which gave
peaks at 176Ocm71(0—§L) and.lGSOcmfl(CzN) in its i.r. spectrum. The
n.m.r. spectrum (CDClB) gave signals at 2.18(3H,s) and 3.23(3H,s) in
addition to the aromatic signals. On standing at room temperature, the
above spectra were found to change rapidly to give spectra which were

superimposable with those of authentic N-acetyl-N-methylbenzamide.

Spectroscopic evidence suggested therefore that the O-acylisoimide 72
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Scheme 3.3
@) H Cl
\ N/ 30012 C N
AN AN
Me Me
AgOAc/0°C.
1
MeOCQO
C=—==N
AN
Me
12

was formed but rearrangement proceeded rapidly at room temperature to

N-acetyl-N-methylbenzamide 73 (Equation (47)).

MeOCO O COMe
AN
C===N _— C—N
Ve Me

eeses(47)

12 , 13

Greater control of the temperature was used in subsequent
attempts to prepare 72 , which, under these circumstances was

obtained as a solid crystalline product when stored at —10°C.
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The rate of thermal rearrangement of 72 was such that N-(2,4-dinitrophenyl)
benzimidoyl benzoate was chosen to study the effect of electrophilic

reagents upon the rearrangement.

3.1.2 MEASUREMENT OF REARRANGEMENT RATES

1
The infra~red method reported by Curtin and Miller 15

was used
to monitor the rearrangement of N-(2,4-dinitrophenyl)benzimidoyl benzoate

to N—2,4;dinitrophenyl—N—benzoylbenzamide (Equation (48)).

OCOPh @)
| /
Phcg\ — PhC\\
veeeensa(48)
NPMNQ% | NPMNQ%
COPh

The carbonyl stretching frequency of the substrate occurs -
at gg.17600m—1 in acetonitrile, but in the rearranged product,
an . imide, the carbonyl frequencies occur at g§.1710,16850mf1.
The rearrangeﬁent reaction was monitored by following the disappearaﬂce
of the substrate carbonyl peak. First-order rate constants were

calculated from a plot of log Y versus time, where

and A_j is the absorbance at time 'eo' and At and Ao are the absorbances

at times t=t and t=0 respectively. Spectra obtained in a typical kinetic

run are shown in Fig. 3.1 .



Fig.3.1 Time dependence of the carbonyl stretching region of the i.r. spectrum of

)

N—(2,4—dinitrophenyl)benzimidoyl benzoate in acetonitrile at 25°C.

\

i )
R

1750cm‘l

t=0

' _
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\

—_—
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l%BOcmfl

$=1000mns
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3.2  RESULTS

In order to determine a suitable temperature at which to follow
the catalysed rearrangement, the variation of the thermal rate with
temperature was studied (Table 3.1). It was found that at
temperatures above 40°C, the thermal rate was.too fast to obtain

_highly reliable kinetic data.

Table 3.1

THERMAL REARRANGEMENT OF N-(2,4-DINITROPMENYL)BENZIMIDOYL

BENZOATE
[sub] = 0.1m Solvent = CH,ON
-1
(°c) k (s7)
25 | 1.4%107°
43 1.18x 104
60 ‘ 6.08x 1074

¥ Result obtained by Curtin and Miller. 115

¥*¥ Mean value of three kinetic runs,

The Arrhenius plot (Fig 3.2) demonstrates that the value
115

- obtained by Curtin and Miller is in agreement with those
obtained in the present study. The activation energy for the
Trearrangement in acetonitrile was calculated to be 85.3% kJ.M—l,

and the entropy of activation~12.4J/M. deg. from the Arrhenius plot
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115

(values at 2500). Curtin and Miller obtained values of

996K .M.~ and-10.0J. /Mdeg, for AH and AS respectively for the
Figure 3.2
A
. T+log k1
2.0 -
©
1.0 ©
©
0.0 N\ . S

— &
m

thermal rearrangement reaction in bengene at 54.4500, and fhese
results agree favourably with those obtained in the present étudy.

A temperature of 25°C was chosen to study the effects of |
electrophilic reagents upon the rearrangement rate of O—acylisoimide
44. At this temperature, the rate of the thermal rearrangement
was thought to be sufficiently low (+3+:800mns.) to permit reliable
measurement of the catalytic rate. The rearrangement rates observed
in reactions containing benzoyl chloride and methyl iodide are given
in Table 3.2; vhere it is clear that neither benzoyl chloride nor

methyl iodide significantly catalyse the rearrangement reaction.

It was thought that by using highly reactive acylating and alkylating
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Table 3.2

CATALYSED REARRANGEMENT OF N-(2,4-DINITROPHENYL)BENZIMIDOYL
BENZOATE

[swp] = o0.1m Solvent = CH,ON 7 = 25°%C

[cat] 10k (57)

0.005 PhCOC1 1.4
0.05 PhCOCL 1.4
0.005 MeI 1.3
0.05 MeI 1.4

agents, & catalytic intermolecular reaction would be observed. The
results obtained with some highly reactive electrophiles are given

in Table 3.3.

The failure to observe a catalysed intermolecular pathway at
25°C suggested that at even lower temperatures (0°C), where the
thermal intramolecular reaction would be slower, a catalysed
rearrangement reaction would be pos;ible. The difficulties involved,
however, in monitoring the reaction at OOC, particularly the
requirc: -nt for thermostatted infra-red cells, were thought to be so

large tiat further amide systems were studied.
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Table 3.3

CATALYSED REARRANGEMENT OF N-(2,4-DINITROPHENYL)BENZIMIDOYL

BENZOATE
[sub] = 0.1 Solvent = CH,CN T = 25%
[cat]M 1o5k1(s'1)
0.126 Me,S0, 1.4
0.05 Me, S0, 1.3
0.006 CH,COCL ' 1.4
0.1  CH,COCL 1.4
0.033 (CH3)300001 ' : 1.5
0.04 7nCl, 1.4

3.3  DISCUSSION

The intramolecularity of the thermal rearrangement was
demonstrated by Curtin and Miller 115, who found that the thermal
reaction was insensitive to added acetic acid and calcium hydride;

In addition, the observed solvent dependency of the rearrangement
reaction is also indicative of the intramolecular nature of the thermal
Tearrangement, The variation of a reaction rate with the solvent is
used as an important criterion of mechanism 160’161. In the present
example, the rate of rearrangement of the O-acylisoimide 44, was found
to show a low sensitivity to the solvents used. Thus on changing the

162 162

solvent from benzene (&,_=2.27) to acetonitrile (£=37.5) "7, a

25

two-fold increase in the rate of rearrangement occurred 115. This
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small solvent sensitivity is similar to that encountered in dipolar
cycloaddition reactions16% When the sensitivity of the rate of the
rearrangement to the dielectric constant of the solvent is compared

with that shown by the reaction of tertiary amines with alkyl

halides 164 (a reaction which involves considerable charge separation

in the transition state and consequently shows a large sensitivity.to €),
the conclusion drawn is that the rearrangement proceeds through a
transition state which has little charge separation.

Curtin and Miller 115

proposed a mechanism involving initial
nucleophilic attack by the lone-pair of electrons on the imino-nitrogen
at the carbonyl carbon to give a zwitterionic four-membered transition

state (Scheme 3.4).

Scheme 3.4
o
Co 0O Ph
0 | | —
?' ' Ar Ph(NO,),
Ph(NOz)z — —
— o ]
O +
Y, o) Ph
ArC ”
N\
N— COPh . —N
Ph(NO,), Ar Ph(NO,),
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A second description involves considering the 1,3%3-acyl migration
as a sigmatropic rearrangement and describing the mechanism in terms
of the principle of conservation of orbital symmetry 165. In this
mechanism the orbital containing the lone pair of electrons on the
nitrogen and the T —orbitals of the carbonyl group do not take part
in the reaction, the only orbitals involved are the sigma-bonding
orbitals of the C-0 bond, and the TM-bonding orbitals of the C=N bond.
The suprafacial process (Fig.3.3) is thermally forbidden, while the
antarafacial process (Fig.3.4) in which the acetyl group migrates
acfoss the face of the TM-system is thermally allowed, is unlikely
for steric reasons, particularly since it is not observed in

165

1,3~hydrogen migrations vhere steric requirements are much less.

It can be seen therefore that an interpretation of thé results
in terms of the stepwise mechanism proposed by Curtin and Miller 115
is favoured. For the stepwise mechanism either step can be rate
determining. Rate limiting nucleophilic attack at the carbonyl group
of thé O-acylisoimide would be expected to show reasonably large
sensitivity to substituents in the benzoate ring by comparison with

the reaction of a series of benzoyl chlorides with anilime (p=1.18).

The slow breakdown of the tetrahedral intermediate would show a lower
sensitivity. Thus Menger has observed ¢-values of 1.02 to 1.4 for

the uncatalysed addition of pyrrolidine to acyl-substituted
phenylbenzoates 166 in acetonitrile under conditions where collapse

of the tetrahedral intermediate is rate determining. The ¢-value
observed by Curtin and Miller (o +0.6)115 for the 1,3-benzoyl migration,
would suggest that the relative magnitudes of the formation and

breakdown of the tetrahedral intermediate are much closer than in

the intermolecular process. Breakdown of the tetrahedral intermediate
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Fig.3.3 SUPRAFACIAL 1,3 SIGMATROPIC REARRANGEMENT

o\p

———Ph

QQ

0\(7

Y
i 0

Fig.3.4 ANTARAFACIAT, 1,3 SIGMATROPIC REARRANGEMENT
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is unlikely to be rate determining for the 1,3 écyl migration as a
very good leaving group is present. Furthermore a considerable
driving force would be present for the breakdown of the
four-membered ring. Rate d?termining formation of the tetrahedral
intermediate would seem more likely. The g-value observed for the
migrating ring indicates that if this is the case a very early
transition state is necessary. This supposition would also agree
with the observed solvent effect.

‘The possibility of cis-trans isomerism in N-(2,4-dinitrophenyl)

115

‘ behzimidoyl benzoate was discussed by Curtin and Miller who assumed
that the isolated compound was the trans-form by comparison with
related compounds such as cis-—azobenzene and cis-stilbene, in vwhich the
destabilizing steric interation of the two cis~phenyl groups is so

great as to suggest that the trans-—isomer is the more stable.

Additional evidence was provided by the n.m.r. spectrum of the
O-acylisoimide. Thus Curtin and Miller presumed that a itrans structure

was the predominant isomer of the'O—acylisoimide and that cis-trans

interconversion (Equation (49)) would be fast compared

? ?
PhCO Ph(NOz) PhCO
2 \\\ .
C=—=N’ == /c _—N
Ph Ph Ph(NOz)Z

to the subsequent rearrangement which might be expected to take place
115

via the cis-isomer .
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In order to demonstrate that this assumption was valid, the
thermal rearrangement rates of the O-acylisoimides were compared
with the rates observed for the cis-trans isomerisation of
N-benzylideneaniline (74) and triarylimines (75), which have been

un 167,168

sho to be 9591—103_1 at similar temperatures to those used

for the rearrangement reaction.
P{ /
/
H

14 12

The failure to observe a catalytic rate for the rearrangement
reaction is explicable in terms of a predominant cis structure for
the N-(2,4~dinitrophenyl)benzimidoyl benzoate. The available
evidence, however, favours a répidly equilibrating mixture of cis and
trans isomers. Additional evidence for this conclusion comes from

169

the studies of Wettermark on a series of N-benzylidene-4-

substituted-anilines, Electron-withdrawing substituents were found 169
to accelerate the cis-trans conversion rate, which is consistent with
decreasing double bond charaéter in the C=N bond. Kesgsler 170 has
recently published results which agree with Wettermark's earlier
. findings.

It is widely recognised that intramolecular processes are
favoured over intermolecular processes owing to the "proximity" and

171

"orientation" effects which reflect the artificially enhanced

collision numbers and the improved steric positioning of
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intramolecular processes, respectively. Rate enhancementsSof between
103 and 106 are often observed for the intramolecular route 172.
The effective molarity (E.M.) (defined in terms of the k intra/k inter

ratio) may therefore be between 103M. and 10§M.. It is considered

)

that much largerrate enhancements are possible in appropriate
1
systems 71.
In the O-acylisoimide rearrangement, the low AS value observed

" by Curtin and Miller 115

, and in the present study for the thermal
rearrangement in benzene ( AS=-10.0J./Mdeg.) and acetonitrile ( AS=-12.474%deg.)
reflects the "proximity" and "orientation"™ effects expected for the
intramolecular reaction. The entropy advantage of intramolecular
reactions over intermolecular reactions follows from the considerable
loss of translational entropy in intermolecular reactions which must
accompany the bringing together of reactants to form the transition
state. An additional entropy advantage is gained by the "orientation"
effect.

The rapid cis-trans isomerisation about the C=N bond also favours
the intramolecular pathway by constant equilibration of the unreactive
trans-form. An explanation to account for the observed results is that
the effective molarity of the benzoate function in N-(2,4~dinitrophenyl)
benzimidoyl benzoate is so large, as a result of the above factors, that
added electrophilic species cannot effectively compete with the
intramolécﬁlar pathway. Furthef, the above results suggest that
although the mucleophilicity of the nitrogen atom is important for
O-acylisoimide stability, the actual rate of cis-trans isomerisation
about the C=N bondlis also important. It can be seen that a

2,4-dinitrophenyl substituent on nitrogen has two opposing effects

upon the stability of the O-acylisoimide. The first, reduced
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nucleophilicity of the nitrogen atom, leads to stabilisation and

the second, increased rate of cis-trans isomerisation, facilitates

the intramolecular rearrangement. When these effects are balanced
out, the reduced nucleophilicity of the nitrogen atom is dominant, and
the O-acylisoimide is relatively stable. Curtin and Millex 115

showed that a 2- or 4-nitrophenyl substituent on nitrogen leads to an
unstable O—acylisoimide. This résult can be interpreted in the above
terms since the decrease in the rate of cis-trans isomerisation in these
systems would be outweighed by the increése'in nucleophilicity of the
nitrogen atom. A similar explanation would account for the observed
behaviour of N-methylbenzimidoyl acetate. The relative impertance

_ however of the nitrogen nucleophilicity versus the rate of cis-trans

isomerisation camnot be deduced from the available data.



- 109 -

CHAPTER IV

THE ACYLATTION OF N-ALKOXYAMIDES

4.1  INTRODUCTTION

The results of Chapter III suggest that .for structures where the
acyl function and the nitrogen lone pair electfons are rigidly held
trans to each other (i.e. rotation about the C=N bond is absent), the
O-acylisoimide would be extremely stable, and, in principle, examination
: of.a catalysed intermolecular O-N rearrangement pathway would be
possible. Specifically, for compounds such as 70, intramolecular
rearrangement should be unimportant because of the configuration of

the groups about the C=N bond.

R20CO\ /R‘
/
R

Geometrical isomerism due to restricted rotation about the C=N

bond is commonly observed in systems where an electronegative atom

173,174 175,176,177 178

such as oxygen , nitrogen or halogen is bonded

to the imino nitrogen atomn. For example, Johnson has been able to
prepare the geometric isomers of the benzimidoyl halides 179,180
(16a, 76b) and the alkyl imidate derivatives ~o- (52a, 52b) of amides
bearing an N-alkoxy substituent. Attempts to prepare these isomers
without the above nitrogen substituents have failed, presumably

because of rapid isomerisation 181’182’185’184.
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CL OR Cl

AN y AN

P N /c N\
Ph Ph OR

162 16b

OR OR OR

AN / AN

C N C N

/ | /

Ph Ph OR

The acylation of N-benzyloxyamides has been found to result in

both O- and N-substitution ~3° (Equation (50)). No evidence was

) OCOR? 0 .
1 R™COC1 // é/
RCONHOR —> RC + RC ...(50)
N \ ,
NOR N—COR
OR

offered by Hearn and Ward 135 to account for the unusual observation
that O-acylisoimides can actually be isolated in this particular case.
It can be seen, however, that the previous interpretation, involving
restricted rotation about the C=N bond would explain the stability of
the O-acylisoimide. N-alkoxyamides therefore appeared to be much
better substrates to examine the mechanism of amide acylation because

the O-acylisoimide was apparehtly stable.
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4.1.1 SYNTHESIS OF SUBSTRATES

N-alkoxyamides are generally prepared by the hydroxaminolysis

of the corresponding ester followed by alkylation 118, or by

acylation of an O-substituted hydroxylamine 135. The first method

is often time consuming and is susceptible to further reaction of the

N-alkoxyamide to yield mixtures of dialkyl proaucts 118. A recent

method for the preparation of N-alkyl-N-hydroxyamides involves

diacylation of an N-substituted hydroxylamine followed by alkaline

63,185

hydrolysis of one of the acyl groups , and a similar approach

is applicable to the synthesis of N-alkoxyamides.
~The low yields obtained for the alkyiation of N-hydroxyamides 180

(29-75%), led to the synthetic route shown below being adopted

(Scheme 4.1). The alkoxyamine was prepared from N-hydroxyphthalimide 186
and then acylated with the appropriate acyl chloride.
The N-benzyloxybenzimidoyl acetates_(éi) were then prepared
from the N-benzyloxyamides (65) by reaction with acetic amhydride/
" pyridine at room temperature (Bquation (51)). |
(") (l)COMe
Aco0 C
~ py/Aco §
NOCHzPh —_— NOCHEPh
X LR B ( 51)
65 - 6

4.1.2 MEASUREMENT OF REARRANGEMENT RATES

The rearrangement of 63 to 64 (Equation (52)) can be followed
by several methods. The change in ultra-violet absorption is
feasible but absorptions by catalysts (e.g. acyl halides) are a

complicating factor. Infra-red absorption, following the disappearance
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Scheme 4.1
O @)
| NH,0H
O i O
R-X
V
R=PhCH,,. O
PhCHONH PR N OR
2 2 (ii) NaOH
O
R=Me
(i) HC1
4~-XPhCOC1 NH OMe HCL

4-XPhCOC1

] |
Co | |
/[::j/ NHOCHPh /[::]/ NHOMe
X .
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?COMe ?

C C
\NOCHZPh ——}@ \II\IOCH2Ph o (52)
X X COMek |

of the carbonyl stretching frequency of 63 at gg,17800m_1 avoids
this complication (c.f. Section 3.1.2) as does examination of the
‘n.m.r. chemicél shift of both benzylic methylene and acetyl
hydrogen in the conversion of 63 to 64.

The i.r. method is in principle more accurate than the n.m.r.
procedure, but suffers the disédvantage of requiring sampling each
time a reading is taken. This fequirement is particularly
troublesome when highly reactive hygroscopic catalysts are employed.
The n.m.r. method can be carried out with a single solution (0.5ml.)
sealed in an n.m.r. tube. It was decided to use the n.m.r. technique
to monitor the rearrangement reaction in view of the control of the
reacfion conditions which can be obtgined. The n.m.r. spectra of
N—benzyioxy—4-nitrobenzimidoyl acetate and its rearrangement product,
AN—acetyl—N—benzyloxy—4—nitrobenzamide, are ghown in Fig. 4.1 and 4.2,

respectively.



Fig.4.1l N.m.r. spectrum of N-Benzyloxy-4-nitrobenzimidoyl acetate in CDCZLB/TMS.
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Fig.4.2 N.m.r. spectrum of N-acetyl-N~benzyloxy-4-nitrobenzamide in CDClB/TMS.
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RESULTS

4.2 RATES OF ACETYLATION OF N-ALKOXYAMIDES

The formation of O-acylisoimides from N-benzyloxybenzamides
was found to be very rapid at room'temperature. Although there was
a change in the chemical shift of the methylene signal during the
formation of the O-acylisoimide, the reaction was so rapid in
deuterochloroform that it was not found possible to take n.m.r.
measurements with any reasonable degree of accuracy. 1 Attempts to
reauce the pyridine and acetic anhydride concentrations to decrease
the rate, met with limited success because the N-alkoxyamides were
'found to be only moderately soluble in chloroform when the pyridine
concentration was decreased. In oxrder to-obtain reasonable accuracy
with the n.m.r. method fairly concentrated solutions (ca.0.2M) are
usually required.

It was possible, however, to monitor the formation of

_ N-benzyloxy-4-nitrobenzimidoyl acetate by an U.V. method in carbon
tetrachloride because the Amax of the O-acylisoimide occurred at
300nm, in this case and thus was removed from the absorptions of the
pyridine and acetic anhydride (200-285nm). In all other cases,
however, the A max of the O-acylisoimides fell within this region.
The results obtained with this method arve shown in Table 4.1.

The pseudo first-order plots were found to be linear

Rate = k, [Sub]

to at least 90% reaction, and the rate equation derived from these

results is shown in Equation (54)).

Rate = k [py] [ac, ] [sub] - eeeea(54)
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Table 4.1

ACETYLATION OF N-BENZYLOXY-4-NITROBENZAMIDE USING
PYBIDINE/ACETIC ANHYDRTDE IN CARBON TETRACHLORIDE

INITIAL [4-NO,C H,CONHOCH,Ph] =1x107"M = 30%

4

1.0 1.0 | 37.69
0.8 1.0 29.46
0.6 1.0 . 21.84
0.4 1.0 14.87
0.2 1.0 6.94
1.0 0.8 28,70
1.0 0.6 20.89
1.0 : 0.4 14.87
1.0 0.2 - T.24

3.77
3.68
3.64
3.71
3.47
3.59
3.48
3.71
3.62

¥ The abbreviation 'py' refers to pyridine
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Thé rate calculated for N-benzyloxy-4-nitrobenzimidoyl acetate
is probably slower than, for example, the rate of acetylation of '
N-benzyloxy-4-methoxybenzamide, where the presence of the electron-—
donating A-methoxy group should increase the electron-density on the
carbonyl oxygen. The rapid rates obsexrved for the acetylation of
N-benzyloxy-4-nitrobenzamide confirm the qualitative results obtained

synthetically using the n.m.r. method to monitor the reaction.

4.3 THERMAL REARRANGEMENT

The O-acylisoimides prepared by the acetylation of
N-benzyloxyamides were found to be stable for long periods (> 4 weeks)
vhen heated alone in chloroform, nitrobenzene or carbon tetrachloride
solutions at 60°C. By analogy with O-alkyl benzimidates it was
anticipated that rearmahgement could be éffected by electrophilic
catalysts such as acylating agents. . This observation was confirmed
early on, but it was also apparent that various bases also catalysed the
rearrangement reaction. It is convenienf to deal with the bése—

catalysed rearrangement first.

4.4  PYRIDINE/ACETIC ANHYDRIDE CATALYSIS

The yields obtained in the preparation of the O-acylisoimides
depend significantly upon the reaction time. Monitoring the reaction
by n.m.r. and by U.V. (Section 4.2) showed that the formation of
O-acylisoimide was extremely rapid at room temperature (approx. ti=2mns.),
and isolation after ca,30 minutes gave greater than 90% yield of the

135

required product. Hearn and Ward , however, allowed reaction to
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continue overnight at room temperature and their yields of
O-acylisoimide varied from 93% for the 4-methoxy system to 50%

in the case of the 4-nitro compound. These observations

suggested that the pyridine/acetic anhydride reagent also catalysed
the 0-N rearrangement reaction.

This possibility was examined for N-benzyloxy-4-nitrobenzimidoyl
acetate in nitrobenzene, using equimolar concentrations of pyridine
and acetic anhydride, and pseudo first-order rate coefficients
(Equation (55)) are given in Table 4.2. It can also be seen that
' the reaction is first-order with resﬁect to [Substrate], as implied
by Equation (55). The kinetic orders with respect to catalyst
components are not immediately obvious because the plot of kl versus
[py] [Aczo] is not linear but plots of either [py] or [ACZQ] versus ky

are (Fig. 4.3). This result rules out a simple third order rate

A Fig. 4.3

106k1 | o
(7))

7.57

5.0 o

2.5- o

i T =
0.5 ‘ 1.0 [py] M

equation (Bquation (55)) and suggests that both pyridine and acetic



CATATLYSED REARRANGEMENT OF N-BENZYLOXY-4-NITROBENZIMIDOYL
ACETATE USING PYRIDINE/ACETIC ANHYDRIDE IN NITROBENZENE AT 60°C
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Table 4.2

[suB] M. Ac,0] M. [ py] M. 106k1(s'1)
0.4 0.2 0.2 2.3
0.4 0.4 0.4 4.6
0.8 0.8 0.8 9.17
0.2 0.4 0.4 4.88
0.2 0.8 0.8 8.95
0.4 0.8 0.8 9.20
0.8 0.8 0.8 9.35
0.4 0.2 0.2 2.38




Table 4.3

PYRIDINE/ACETIC ANHYDRIDE CATALYSED REARRANGEMENT OF
4-XC H 4C(OCOMe) :NOCH,Ph IN NITROBENZENE

T = 60

INITIAL [Sub]= 0.4M c.

X [Ac20] M. [py] M. 107k1(s—1)
NMe 0.8 0.8 3.60
MeO 0.8 0.8 7.60
MeO 0.8 0.8 7.30
MeO 0.4 0.4 3.40
Me0 0.2 0.2 1.60
Me 0.8 0.8 6.50
‘Me 0.4 0.4 3.30
H 0.8 0.8 9.42
H 0.4 0.4 4.51
H 0.2 0.2 2.30
C1 0.8 0.8 30.0
C1 0.4 0.4 13.0
c1 0.2 0.2 6.7
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anhydride exert independent catalyses. Similar results were
Rate = kl[py] {Aczo] [Sub] ...‘....(55)

obtained for all the A~substituted O-acylisoimides examined
(Table 4.3).

To investigate the catalysis further, the [pyrid.ine] was varied
holding the [acetic anhydride] constant to give the results shown in
Table 4.4. The piot of k; versus [pyridine] shown in Fig. 4.4, is
" clearly curvea at low pyridine concenfrations but the intercept is

zero,

Table 4.4

EFFECT OF [PYRIDINE] UPON THE PYRIDINE /ACETIC ANHYDRIDE
CATALYSED REARRANGEMENT OF N-BENZYLOXY-4-NITROBENZIMIDOYL
ACETATE IN NITROBENZENE AT 60°C

INITIAL [SUB] = 0.4M. | [4c,0] = 0.8
[PYRTDINE] M. 106k1(s_1)
0.05 1.06

0.10 1.84

0.20 _ 3.70

0.40 5.42

0.80 . 9.17
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Rates of rearrangement obgerved when the [acetic anhydride]
was varied at constant [pyridinq are given in Table 4.5; and

graphically in Fig. 4.5. Here positive intercepts are obtained

Table 4.5

EFFECT OF [ACETIC ANHYDRIDE] UPON THE PYRTDINE/ACETIC
ANHYDRIDE CATALYSED REARRANGEMENT OF
N—-BENZYLOXY-4-NITROBENZIMIDOYL ACETATE
IN NITROBENZENE AT 60°C

INITIAL [SUB] = 0.4M
[py] M. [Ac0]M. 106k1(s'1)
0.4 0.2 | , 4.09 |
0.4 0.4 4.60
0.4 0.6 5.00
0.4 0.8 5.42
0.2 , 0.2 2.25
0.2 0.4 ' 2.60
0.2 0.6 3.02
0.2 0.8 3.60
0.2 2.07

0.4 4.17

vwhose value depends on the [pyridine] . This also implies that the
pyridine-catalysis is independent of the acetic ar' ~iride concentration.
The latter deduction was confirmed by observation {see Table 4.5) of

substantial rearrangement rates for pyridine in the absence of acetic
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anhydride-corresponding to the intercepts of Fig. 4.5. Compaxrison
of the intercepts in Fig. 4.5 suggests that the reaction has a
first-order dependence on [pyridiné] , but in the presence of
acetic anhydride (cf. curvature of Fig. 4.4) this simple dependence
breaks down. Further, the kinetic order with respect to the

[acetic anhydride] , (calculated from a plot of log k., Versus

1
log [Ac20] ) is very small (0.2). Both aberrant results stem

(as is discussed further below) from catalysis by acetate ion, but
here it can be seen that pyridine catalysis is the major contributor
to rearrangement in the presence of acetic anhydridq/pyridine. This
implies that this combination does not catalyse‘the rearrangement

reaction by acting as an acetylating agent alone, but acts mainly as

a base catalyst.

4.4.1 PYRIDINE-CATALYSED REARRANGEMENT -~ SUBSTLITUENT EFFECTS

The effect of 4-phenyl substituents was examined for the
pyridine-catalysed rearrangement and found to be significant with
electron-withdrawal facilitating the base catalysed pathway (Table 4.6).

A Hammett plot of log k., versus Qo gave a e—value of +1.49 (Fig. 4.6).

2

The correlation coefficient for the plot of log k2 versus Cg was found
to be 0.996 , compared to a value of 0.989 obtained in the corresponding
plot of log k2 versus O . Thus it can be seen that the substituent
effects are more accurately fitted to Gy the normal substituent constant
than O . This result will be discussed more fully in a later section.
From the results with the 4-nitro O-acylisoimide (Table 4.6) it can be
seen that the reaction is first-order both in substrate and in

pyridine and the k, values calculated for other substrates assumes

2

this rate equation is also applicable.
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Table 4.6

X [suv] M. [py] M. 1o6k1(s71) 100k 10t~
o, 0.2 0.4 4.21 10.53
NO,, 0.4 0.4 4.17 10.43
No,, 0.8 0.4 4.76 11.90
¥o,, 0.4 0.8 8.75 10.94
N0, 0.8 0.8 8.92 11.15
MeO 0.4 0.8 0.43% 0.54
Me 0.4 0.8 0.43% 0.54
c1 o4 0.8 2.03% 2.54
o 0.4 0.8 4.88% 6.10
MMe 0.4 0.8 0.13% 0.16

* The k1 given is the average of three kinetic runs
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Fig. 4.6

T+ log k

2.0 7

1.0

4,5@/

N-benzyloxy—-4-nitrobenzimidoyl acetate.
N-benzyloxy-4—-cyanobenzimidoyl acetate.
N;benzyloxy—4—chlorobenzimidoyl acetate.
N-benzyloxy-4-methylbenzimidoyl acetate.
N-benzyloxy-4-methoxybenzimidoyl acetate.

N-benzyloxy-4-dimethylaminobenzimidoyl acetate.



- 128 -

4.4.2 PYRIDINE-CATALYSED REARRANGEMENT OF RADIO-LABELLED SUBSTRATES

To gain further mechanistic insight into the pyridine-catalysed
rearrangement, cross-product experiments were conducted with

4

radio-labelled N-benzyloxy-4-cyanobenzimidoyl l—C1 -acetate. The
radio-labelled substrate was rearranged in the presence of the 4-nitro
O-acylisoimide using pyridine as the catalyst.. After rearrangement,
the N-acetyl products of the 4-cyano and 4-nitro compounds were

4isolated and assayed for 014 using liquid scintillation. The results

for this particular experiment are given in Table 4.7. It can be seen

Table 4.7

PYRTIDINE-CATALYSED REARRANGEMENT OF 4—CNPhC(OCl4OMe):NOCH2Ph IN THE

PRESENCE OF 4-NO,PhC(OCOMe):NOCH,Ph IN DEUTEROCHLOROFORM AT 60°C

COMPOUND - SPECIFIC ACTIVITY (COUNTS/ mg.)
14
4—CN—C6H4C(OC OMe):NOCHZPh 91,000
4—CN—C6H4-CON(COMe)OCH2Ph 54,212
4~N02—C6H5—CON(COMe)OCH2Ph 29,487
14

that the crossover or 'scrambling' of the C '-labelled acetyl group

is high under the above conditions, but complete equilibration of the
014—1abe1 is not observed. This suggests that rearrangement involves

the formation of acetylpyridinium ion which may then attack either

gubstrate.



- 129 -

4.4.3 CATALYSIS BY OTHER NITROGEN BASES

Catalysis by nitrogen bases other than pyridine was examined
briefly and these results are given in Table 4.8. The reaction between

imidazole and N-benzyloxy-4-nitrobenzimidoyl acetate was very rapid
Table 4.8

BASE-CATALYSED REARRANGEMENT OF N?BENZYLOXg—4—NITROBENZIMIDOYL ACETATE
IN NITROBENZENE AT 60 C

Initial [Sub) = 0.4M.

Amine [catalyst] M. 1o4k1(sf1) 1o4k?(1mfls’l)

1-Acetylimidazole 0.4 0.0155 0.039

Pyridine 0.4 0.042 0.105
2,6-Lutidine ‘0.4 No Reaction
1-Methylimidazole 0.28 6.74 24.07
Triethylamine 0.4 0.1 0.25

(approx. t% = 6mns at 38°C) and was found (by n.m.r. and product
isolation) to give l-acetylimidazole and N-benzyloxy-4-nitrobenzamide

as the only observed products (Equation (56)). 2,6-Lutidine was found

?COMe

YO
Imidazole

Cs N
SNOCHPh ———> &7 +  4-NOPRCONHOCHPh
N 2
NO

eeee(56)
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to be a very poor catalyst for this system and no significant rearrangement
occurred after five weeks at 60°C.
The above evidence favours the intermolecular mechanism involving

the formation of N-acetyl intermediates from the catalyst.

4.5 ACETATE CATALYSIS

The.observation of catalysed rearrangement of O-acylisoimides with
tertiary nitrogen bases led to the study of acetate ion as a catalyst
- system. The écetate ion was provided by tetramethylammonium acetate
for these studies, which were performed in deuterochlorofbrm solvent.
It was found that the rearrangement rates observed for acetate ion
catalysis were much higher than thbse observéd for the tertiary nitrogen
bases (Table 4.9).

All reactions were found to give good first-order plots
(Fig. 4.7) and the constancy of the kzvalues demonstrate that the
reaction is also first-order in acetate. In order to demonstrate
the inter- or intramolecular nature of this reaction, a similar

approach to the pyridine rearrangement was adopted using a labelled

substrate.

4.5.1 ACETATE CATALYSED REARRANGEMENT OF LABELLED SUBSTRATE

The rearrangement of the labelled substrate was performed in
deuterochloroform solvent. When the reaction was complete, the
N—acetylAN—benzyloxy—4—cyandb§nzamide product was purified by
thin-layer chromatography and the product assayed for 014 using a

liquid scintillation counter. The results are given in Table 4.10.
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Table 4.9

4
CHLOROFORM AT 60°C

C(0COMe ) :NOCH,_Ph

2

X [sub) M. [Me 4§5Ac] w 10%e (a7 k(s
M, 0.4 0.150 6.40 4.27
NO,, 0.4 0.205 8.36 4.08
NO,, 0.4 0.335 13.55 4.04
CN - 0.4 0.15 5.60 3.73
CN 0.4 0.185 6.75 3.65
CN 0.4 0.360 13.24 3.68
C1 0.4 0.277 3.57 1.29
c1 0.4 0.400 5.40 1.35
C1 0.4 0.575 7.67 1.33
MeO 0.4 0.150 0.60 0.40
MeO 0.4 0.265 1.10 0.42.
MeO 0.4 0.400 1.64 0.41
NMe,, 0.4 0.180 . 0.24 0.13
Nlfe,, 0.4 0.252 0.35 0.14
- NMe 0.4 0.480 0.66 0.14




Fig. 4.7. Acetate-catalysed rearrangement of N-benzyloxy-4-cyanobenzimidoyl acetate.
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Table 4.10

1
ACETATE~CATALYSED REARRANGEMENT OF 4—CN—C6H c(oc 40M€):NOCH2Ph

4
IN DEUTEROCHLOROFORM AT 60°C

COMPOUND SPECIFIC ACTIVITY (COUNTS/ mg)
14

4—CN—C6H4C(OC OMe):NOCHzPh 58,357 .

4-CN—C6H4CON(COMe)OCH2Ph ' 52,751

From Table 4.10 it is clear that there is high retention of C'%
label using acetate ion to rearrange the O-acylisoimide system. This
suggests that acetate catalysis involves an intramolecular pathway in
contrast to the pyridine catalysis. A Hammett plot of log k2 versus O
gives a Q-Value of +0.94 (Fig. 4.8) with a correlation coefficient
of 0.996. The corresponding plot of log k2 versus O; s, was found to
be curved,in contrast to the pyridine catalysis,with a lower correlatioﬁ

coefficient of 0.923 .

4.6  CATALYSIS BY ACYLATING AGENTS

The results of Section 4.4 suggest that pyridine/écetic
anhydride is an insufficiently reactive reagent to catalyse the O-N
rearrangement of the O-acylisoimide. One complicating factor here
is the presence of pyridine which clearly acts as a base catalyst.
‘The question of whether catalysis by acylating agents occurs in the absence

of base catalysts remains.
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Fig.4.8

-1.0 -0.5 0 0.5 1.0
g
1. ‘N-benzyloxy-4-nitrobenzimidoyl acetate. .
2. N—benzyloxy—4—cyanobenzimidoyl acetate.
3. N-benzyloxy-4-chlorobenzimidoyl acetate.

4. N-benzyloxy-4-methoxybenzimidoyl acetate.

5. N-benzyloxy-4~-dimethylaminobenzimidoyl acetate.
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Several acylating reagents were examined but the results
were found to be complex. However, relatively simple kinetics were
obtained with trichloroacetyl chloride and it is this particular

acylating system which will be described first.

4.6,1 HALOACYL HALIDES

Studies upon the acylation of 2-nitroaniline 187 have shown that
mono-~ and tri-chloroacetyl chlorides are much more reactive than
acetyl chloride. This result led to fhe examination 6f chloroacetyl
chlorides as catalyst systems. The reaction was monitored by the
appearance of the acetyl chloride signal (ca. 6 2.7), and the
observéd first-order rate constants given in Table 4.11 were calculated
using a Swinbﬁrne plot, since the reaction is not pseudo first-order

in this case. Typical n.m.r. spectra are shown in Fig 4.9.

‘The above results suggest that the reaction follows Equation (57)

and the constancy of k2 confirmsthis deduction.

Rate = k,[Sub] [RCOCI] ceeee(5T)

4.6.2 AROYL HALIDES

Aroyl halides were found to be poor catalysts for the
rearrangement reaction and the kinetic studies were complicated by the
release of the more reactive acetyl halides (Equation (58);Fig.4.10)

After a small amount of reaction betwsen the O-acylisoimide and
the aroyl halide to give a low concentration of acetyl halide, a
competitive reaction was set up between the aroyl and acetyl halides.

The reactivity of acetyl halides is much greater than that of aroyl
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Table 4.11

CATALYSED REARRANGEMENT BY CHLOROACETYL CHLORIDES AT 6OOC

Substrate = 45MeO—PhC(OCOMQ):NOCH2Ph

Solvent = CCl

4

2

[cat] m. [sub] M. 0% (s77) 10%, (1.0177677)
0.2001,€0C1 0.2 0.4% 2,00
0.4cc1,c0c1 0.2 0.79 1.98
0.4cc1,C001 0.4 0.84 2.10
0.8CC1,C0CL 0.8 1.65 2.06
0.8CC1,C0C) 0.4 1.69 2.11
0.8CC1,C0CL 0.2 1.61 2.01
0. 261CH,C0C1. 0.4 0.21% 1.05
0.4C1CH,COC1 0.4 0.39 0.98
0.8C1CH,COC1 0.4 0.84 1.05

(* Caleulated from the first 50% reaction)
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Fig.4.9 Trichloroacetyl chloride catalysed rearrangement of

N-benzyloxy-4-methoxybenzimidoyl acetate in CCl 4 at 60°C.

(1) t=0

(ii) t = 87mns
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Fig.4.10 Benzoyl bromide catalysed rearrangement of o
N-benzyloxy-4-methoxybenzimidoyl acetate at 60 C.
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(ii)t = 1168mns
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(iii)t = 443%0mns
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CI)COMe O

@—c i @— ! . CHCOC
X — X C ‘ L
\NOCHzPh \ITJOCHzph 3
coPh
eeeea(58)

halides, and thus only a small percentage (ca,10-20%) of the final
product was attributable to catalysis by aroyl halides. A further
complication with these particular catalysts is the tendency for

N~acylamides to uﬁ&ergo acyl exchange.

4.6.3 ACYL HALIDES

Rearrangement by these catalysts were examined in detail, but
the results are difficult to interpret. The rearrangement rates
of N—benzyloxy—4—methoxybenzimidoyl acetate in carbon tetrachloride
(Bquation (59)) to N~acetyl-N-benzyloxy-4-methoxybenzamide in the

presence of acetyl chloride and acetyl bromide are reported in Table 4.12.

('I)COMe (”)

C C
\\NOCHZPh N /©/ \,T,QCH2Ph
MeQO

MeO COMe

seee(59)

. Individual kinetic runs were found to give good, linear
first~order plots to ca.90% reaction (see Experimental). This was

confirmed by variation of the [substratﬂ at constant [catalysﬂ
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Table 4.12

CATALYSED REARRANGEMENT OF'N—BENZYLOXY-4—METHOX%BENZIMIDOYL
ACETATE IN CARBON TETRACHLORIDE AT 60 C

Initial [Sub] = O.4M.
[cat] m. | 106k1(s—1)
0..04CH,C0C1 1.6
0..20CH,C0C1 3.0
0..400H,C0C1 B 4.4
0.020H,COBx ) 2.5
0.04CH,COBx | 3.8
0.20CH,COBr | 11.1
0.40CH ,COBx S 18.0
0.80011300:31- - 20.1 (21.0)*

(* This value of kl vas determined from the initial slope

of the first-order plot, which was found to show

curvature after ca.40% reaction)
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(Table 4.13). The order with respect to the catalyst was anticipated

as first-order but a plot of k versus [catalyst] gave a curve (Fig. 4.11)

Table 4.13%

EFFECT OF |SUBSTRATE| UPON THE REARRANGEMENT RATE
IN CARBON TETRACHLORIDE AT 60°C

1

~ Catalyst = CH,COBT =0.21L.

[ 4-11e0PhC(OCOMe) :NOCHzPh] M. | .1o5k1(s'l)
0.2 , 1.25
0.4 ' 1.11
0.8 . 1

with little or no increase in the rearrangement rate at catalyst
concentrations in excess of 0.4M. Further, at high catalyst
concentrations, the disappearance of substrate does not follow
first-order kinetics and thus the values of k1 given in Table 4.12
are those calculated from the initial slope of the first-order plot.
The effect of the [substrate].upon the reaction rate was also studied
at high catalyst concentrations. Pirst-order plots of the data

were again curved and the k0 values given in Table 4.14 represent

the initial rates calculated from the percentage reaction versus

time plot.
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Table 4.14

EFFECT OF [éUBSTRATE] UPON THE REARRANGEMENT RATE AT
HIGH CATALYST CONCENTRATIONS

7 = 60°C Initial [Catalyst]

O.BM.CHBCOBr Solvent = 0014
| ; .
[4—MeOPhC(OCOMe):NOCHzPh] M. . 107k (Ms™")
0.2 A 0.54
0.4 ‘ ' 0.84
0.8 1.43

It was thought that at high catalyst concentrations the
observed effect may have been due to a change in polarity of the
medium since the dielectric constant of carbon tetrachloride
is very low and the acetyl bromide has a relatively high
dielectric constant. In order to examine this possibility
further, work was conducted using nitrobenzene as solvent.

In nitrobenzene, two distinct behaviours were again observed for
the acetyl bromide catalysed rearrangement. At low concentrations of
catalyst, the rearrangement ﬁas found to follow kinetics which were
apparently mixed first- and zero-order, since the first-order plot was
linear only for ca.60% reaction (see Fig.4.12). At high acetyl
bromide concentrations (> 0.4M.) éood zero-order kinetics with respect

to substrate were observed. The kl values given in Table 4.15 are
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Table 4.15

CATALYSED REARRANGEMENT OF N-BENZYLOXY-4-NITROBENZIMIDOYL ACETATE

T = 60°C Initial [Sub] = 0.4 Solvent = PhNO,
[cat] M. 1o6k1(s“1)
0.08208,COBx | 2.20
0.136CH,COBr 4.82
0.2720H ,COBx . 8.97
0.406CH,COBx 13.30
Table 4.16

CATALYSED REARRANGEMENT OF N-BENZYLOXY-J4-NITROBENZIMIDOYI. ACETATE

T = 60°C Initial [Sub] = 0.4M. Solvent = PHNO,
[cat] m. 105k0(Ms’1)
0.68CH COBr : 2.86 (3.04)
1. 36CH COBr | 5.80
2.72CH_COBr 11.50

3
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those calculated from the first-order plots, and the ko values given
in Table 4.16 are calculated from the percentage reaction versus
time plots. Spectra from a typical kinetic run are shown in Fig.4.l13.

At catalyst concentrations intermediate to these two extremes,
the reaction appeared to be of fractional order with respect to the
[substrate] , Since neither firstj nor zero-order plots were linear.
This apparent changeover may be the result of either a change in
mechanism or a change in the rate determining step.

In order to examine the zero-order region further the effect
of added bromide ion upon the reaction rate was studied. Due to
golubility problems, the solvent was changed to deuterochloroform,
in which the rearrangement reaction had been shown to be zero-order at
high catalyst concentrations. The observed results with added bromide
ion are shown in Table 4.17.

At low acetyl bromide concentrations, the reaction was found
to be first-order in]?ubstrat% in deuterochloroform, and the effect
of added bromide ion upon the rearrangement rate is shown in
Table 4.18.

Bromide ion itself was found to catalyse the rearrangement of
the O-acylisoimides and the rate constants given in Table 4.19 were
calculated from the first-order plot.

The non-stoichiometric behaviour observed in the rearrangement
reaction using acetyl bromide catalyst was thought to be due to a
free-radical component in the rearrangement pathway. This
interpretation followed from the kinetic studies in carbon tetrachloride
in which the expression for the rearrangement rate appeared to show a

half-power dependence upon the acetyl bromide concentration, which is
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Fig.4.13 Acetyl bromide catalysed rearrangement of
N-—benzyloxy—4—nitrgbenzimidoyl acetate in
nitrobenzene at 60°C
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(iii) t = 4795mns
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Table 4.17

EFFECT OF BROMIDE ION UPON THE REARRANGEMENT RATE AT HIGH
ACETYL BROMIDE CONCENTRATIONS

T = 60°C Solvent = CDOL, Initial [CH,C0BY] = 0.68M.
Initial [4-N02—PhC(OCOMe):NOCHZPh] = 0.4M.
[Bt ¥ Br ] 107 (Ms71y
4 B o

8.4

0.214 ‘ 7.5

0.485 | | 10.6 .

0.860 15.0

Table 4.18

EFFECT OF ADDED BROMIDE ION AT LOW ACETYL BROMIDE CONCENTRATIONS

p = 60°C Substrate = 4;MeO-PhC(OCOMe):NOCH2Ph Solvent = 013013
_ -

[sub) M. [cat] M. [Et4NBr]M. 107k, (s77)

0.4 , 0.2 4.15

0.4 0.2 © 0.1 1.99

0.4 0.2 0.2 2.88

0.4 0.2 0.4 3.36
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1
commonly observed in free radical reactions 87. Further,acetyl
bromide has been used as a free-radical initiator for the oxidation

188
of cumene o
Table 4.19

BROMIDE ION CATALYSED REARRANGEMENT OF
N-BENZYLOXY-4-NITROBENZIMIDOYL ACETATE IN DEUTEROCHLOROFORM
' AT 60 C

InitiallSub]= 0.4M.

- 1 -1-1
(Bt 4N+Br] M. 107k1(s ) 107k2(J.M s )
0.48 3.26 ' 6.79
0.68 | 4.45 6.54
1.08 .19 6.66

The acetyl radical which would be derived from the homolysis of

the C-Br in acetyl bromide (Equation (60)) could not be detected by

0 - ﬁ)
0113-—« C—3Br = CH3C’ + Br* eeeee(60)

" e.s.r. using a solution of the acyl halide in benzene. This result
may have been due to the low concentrations of the radical and thus
further attemnts were involved with increasing the concentration of the

- radical by spih-trapping the unstable acetyl radical. Mackor et al 189

have used nitroso-tert-butane to'trap_acetyl radicals derived from the
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190 .
oxidation of acetaldehyde with tert—butoxy radicals 9 ‘and analysed
the stable acetyl-tert-butane nitroxide radical (77) by e.s.r.
(Equation (61)). This experiment was repeated using benzene as the

solvent and the experimental g- value obtained for the trapped

t-BuO’ + CHCHO == t-BuOH + CH{O

T
CH-C-N — Bu-t
3 ' eee..(61)

11

species (77) of 2.0068 (a.N= 8 gauss) was in agreement with that
obtained earlier by Mackor et al 189. The addition of acetyl bromide
to a solution of nitroso-tert-butane in benzene gave only a pale red
solution in contrast to the vivid Elue colour observed for 77, and the
e.s.r. spectrum showed no signals attributable to the trapped radical
These Iésults appear to rule out the possibility of a free-radical

pathway for the rearrangement reaction.
4.7  DISCUSSION

In amide acylation the relatively high reagent reactivity permits
reaction under mild conditions, (cf, amide alkylation using alkyl halides),
where kineticall- controlled O-acylation might be expected. Isolation
of the anticipated O-acylisoimide product has rarely been possible in the

case of unsubstituted amides. The exceptions are cyclic materials such

~
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as 2-methyl-3,l-benzoxazin-4-one 112 or N-methylphthalisoimide 113
in which the carbonyl group is sterically inaccessible to the
nucleophilic nitrogen.and one report.ip which the stability of the
igoimide form was attributed to the reduced mucleophilicity of the
nitrogen due to the presence of a 2,4-dinitrophenyl group 115.

The present results show, in agreement with earlier work 155, that
O-acylisoimides derived from N-alkoxyamides are sufficiently stable
to be isolated. Thus the O-acylisoimide obtained from
N-methylbenzamide was found to be very unstable (Section 3.1.1) but
that derived from N-methoxybenzamide has been prepared and shown to
be relatively stable (Section 5.3.2.5).

Previous woxrk 135 indicated that the proportion of 0- and
N-acylated products obtained in the acylation of neutral
' N-alkoxyamides depended upon a number of factors, including the
structure of the N-alkoxyamide and the acylating agent. From the
present work it is also clear that the reaction conditions and in
particular the temperature play a vital part. Before discussing these
results it seems pertinent to establish the function of structure on
the rearrangement process.

From Chapter III, it was deduced that stfuotural factors exert
their influence on O-acylisoimide stability by the configuration of the
groups around the C=N bond. In addition, the nucleophilicity of the
nitrogen atom was deduced to be a second factor determining
O-acylisoimide stability. N-hydroxy-and N-alkoxyamides are much more
basic than the corresponding unsubstituted amides as is shown by their
pKa values in Table 4.20, In addition N-hydroxy-and N-alkoxyamides and
other nucleophiles such as hydroxylamine and hydrazine are often found

t0 be more reactive than predicted 195 by the appropriate Bronsted
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Table 4.20
Amide ‘ pKa ‘ Reference
4-NO ,PhCONHOMe 9.09 191
4-NO,PhCONHOCH,,Ph 9.20 191
4-NO 2PhCON(Me)OH 10.29 . 191
4-NO ,PhCONHOH 8.99 191
4—N02PhCONHOH 8.12(8.01) 192,193
4-N0 ,PhCONH,, -1.86 194

relation. This appears to be due to fhe lone pair of electrons
adjacent to the nucleophilic nitrogen atom 196, which led Edwards

195

and Pearson to refer to this enhanced nucleophilicity as the

ot— effect. It can be seen therefore that an explanation to account
for the observed stability in terms of low nitrogen nucleophilicity may
be ruled out as a result of the above factors.

The second factor which was considered to be important in
determining the stability of the O-acylisoimide was the configuration
of the functional groups about the C=N bond. The intramolecular,
thermal rearrangement of O-acylisoimides to the N—acylisomers; requires

. that the lone pair electrons of the nitrogen atom be cis (%) to the
acetate group (Scheme 4.2). Since there is considerable evidence
to indicate that oxime éfher derivatives do not undergo thermally

178,1
induced cis-trans isomerisation in the absence of catalysts 18, 97,
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Scheme 4.2
c'>corv1e Cl)COMé
Ce C
\N/OCHzPh = /©/ \,/\,
X X OCH Ph
b3a . 63b 2
O
g
\N _COMe
l
X OCHzPh

the absence of thermal rearrangement with the O-acylisoimide suggests

that the acetate group is trans to the lone pair on the nitrogen atom (63a).
The cis-trans isbmerism, 63a to 63b, proceeds via a nitrogen inversion
mechanism, It has been fouﬁd that the barriers to nitrogen inversion in
imines, 78, 79 and 80 are efféétively decreased by electron withdrawal by

X 169’178’198’199, and the accepted mechanism of isomerisation involves

Qoo P

C—N
v

18 -0 . 80
a 'lateral shift! 200, In the case of compounds containing an oxygen
atom bonded to the nitrogen atom of the C=N bond, the barrier to nitrogen
inversion is increased 200. Although the precise reasons for this
effect are not entirely clear, comparison with acylic hydroxylamines 201

(which exhibit similar barriers) suggests that both the electronegativity
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of the oxygen atom and the repulsions of the lone pairs on nitrogen and
oxygen contribute to the observed increase in the barrier to nitrogen
inversion. This high barrier to inversion in compounds possessing

the C=N-0- linkage is clearly reflected in the observed hehaviour

of oximes in the Beckmann rearrangement, in which a stereospecific

2 .
migration is observed 02 (Scheme 4.3). If the barrier to nitrogen

Scheme 4.3

R OH . 'CHD
———>  R-C—NHR

inversion is not high in oximes i.e. if cis-trans isomerisation is
possible, it can be seen that mixed products would be observed.

Thus O-acylisoimides derived from N-alkoxyamides are formed
stereospecifically in the trans-form, and their stability is due to
the low cis-trans isomerisation rafe. The stereospecific formation
of the ﬁ;gggfisomer.of the O-acylisoimide may be rationalised in terms
of participafion of the oxygen atom attached to the nitrogen atom, which

either loosely combines or reacts with the acylating agent followed by

o C//O OCOMe
phe”” R Nl PhC\
&[}]/OCHZPh NOCHZPh veena(62)
H

acylation at or intramolecular rearrangement to the carbonyl oxygen

(BEquation (62)). It can be seen that either one of these factors
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would account for the observed trans configuration of the final product.
Participation by the alkoxy function has also been invoked to explain
the high ortho:para ratios observed in the acylation of anisole with

acyl nitrates 203’204.

It has been suggested that at least part of
the reaction proceeds via an initial attack on the oxygen atom of the
alkoxy group, followed by an intramolecular réarrangement which would

favour ortho-substitution.

Reactivity of 0 and N atoms

The preéent results support the interpretation suggested by
Challis and Challis 3 for reactions of neutral amides in which the
site of acylation is considered in terms of kinetically- and
thermodynamically—controlled reac%ions. At low temperatures,
0-acylation has been found to be dominant (Section 5.3.2.4),but at
high temperatures acylation occurred at the nitrogen atom (Section 5.3.3.1)
This kind bfvtemperature dependent specificity clearly demonstrates
that the above interpretation is valid for the acylation of neutral
amides.

The acylation of N-alkoxyamides using pyridine/acetic anhydride was
found to be rapid at 25°C in carbon tetrachloride solvent. Studies
using N-benzyloxy-4-nitrobenzamide as the substrate have shown that the
second-order rate constant is 3.77 x 10—312M725_1. Unfortunately,
the U.V. method employed to monitor this reaction was only suitable
for the 4-nitro compound and rates could not be determined for
N-benzyloxybenzamides with other 4-substituents. It can be seen,
however, that the k2 c...culated for the 4-nitro compound would be
expected to be the lowest value for all the N-benzyloxy-4-substituted
benzamides studied, since in this case the 4-nitro substituent decreases

the basicity of the carbonyl oxygen by electron withdrawal.

N
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The rate expression for O-acylation (Equation (63)) is similar

to that observed elsewhere for acetylation by acetic anhydride in

Rate = k2(Py')(A020)(Sub) ceees(63)
pyridine 205. It is consistent with either a- rate limiting step
involving attack of a pyriding/amide complex (presumably amide anion)
upon acetic anhydride (Scheme 4.4) or a rapid pre-equilibrium formation
of acetylpyridinium ion which subsequently slowly acetylates the
neutral N-benzyloxybenzamide (Scheme 4.5). In Scheme 4.5, it can be
seen that in order to obtain a first-order term in substrate,
step k2, would have to be rate.limiting.

205

Bonner and Hillier have shown that in the acetylation of
phenol using pyridine/acetic anhydride in carbon tetrachloride, the
rate determining step is the acylation of the pyridine/bhenol complex
and no evidence was found for the formation of the acetylpyridinium ion
this system. However, phenol is much more acidic than the amide
system used in the present case, and it seems probable that reaction in
this particular case occurs via a phenoxide anion. By analogy with
amide alkylation in which the homogeneous alkylation of the amide anion
takes place solely on the nitrogen atom, it seems doubtful that’fhe
mechanism shown in Scheme 4.4 would lead to the observed O-acylation.
The mechanism shown in Scheme 4.5, involving acetylation of the neutral
amide molecule with acetylpy:idinium ion would seem to fit the general
behaviour observed in neutral amide/amide anion reactions and lead to
O-acetylation. TFurther evidence for this interpretation comes from the

pyridine catalysed rearrangement of O-acylisoimideswhich is discussed

below.
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Scheme 4.4
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Pyridine-Catalysed O-N Rearrangement

Previous work had shown that the yilelds of N-benzyloxybenzimidoyl
acetates were dependent upon the 4-substituent of the aryl ring when
N-benzyloxybenzamides were acetylated using pyridinq/acetic anhydride
at room temperature 155. The present study has shown that the initial
acylation in all cases is at the carbonyl oxygén, and, in addition,
the thermal O-N rearrangement pathway is not substantial at room
temperature. It follows that the low yields of certain O-acylisoimides
obtained by Hearn and Ward 135 arise from catalysed réarrangement of
the O-acylisoimide by the pyridine/acetic anhydride reagent.

Further studies have confirmed the above deduction and the
O-acylisoimides rearranged to the N-acyl isomers in the presence of
pyridine/acetic anhydride. Pseudo first-order kinetics with respect
to the substrate concentration were observed for all the O-acylisoimides
studied. PFurther work to investigate the dependemcy of the
rearrangement rate upon the pyridine and acetic anhydride concentrations
showed that a pyridine-catalysed pathway, independent of the acetic
anhydride concentration was operative. This pyridine catalysed
pathway was found to be “Tominant for O-acylisoimides with electron= — _
withdrawing substituents, but in those with electron donating
substituents it appears to be less dominant (Table 4.21).

The kinetics observed for the pyridine-catalysed rearrangement
were overall second-order i.e. first order in [substraté] and in
{pyridimﬂ . This observation immediately“rules out one of the three
mechanisms possible for the pyridine-catalysed rearrangement reaction

(Scheme 4.6) in which second-order kinetics with respect to substrate

would be expected. The two potential mechanisms remaining are an
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Table 4.21

PYRIDINE AND PYRIDINE/ACETIC ANHYDRIDE CATALYSED o
REARRANGEMENT OF 4-X-PhC(OCOMe):NOCH,_Ph IN NITROBENZENE AT 60 C

2
y S [4c,0] M. [py]m. | 106-k1(5_1)
e, . 0.8 0.8  o.36
MMe,, | 0.8 0.13
MeO 0.8 0.8 0.76
MeO 0.8 0.43

© Me 0.8 0.8 0.65
Me B 68 _ 043
c1 0.8 0.8 - 3.00
c1 0.8 2.03
NO,, 0.8 0.8 9.20
NO | 0.8 8.92
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Scheme 4.6
T
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intermolecular route involving an initial nucleophiiic attack by
pyridine upon the acyl carbonyl (Scheme 4.7) and an intramolecular
pathway featuring pyridine attack upon the imido—céfbon (Scheme 4.8).
It can be seen that in Scheme 4.7 in order to obtain first-order
kinetics with respect to substrate, the acetyl pyridinium ion (81)
once formed must react with the amide anion and not the substrate.
The available evidence favours the intermolecular pathway
(Schemg 4.7). Thus a Hammett plot of log k, versus ' gave PooTr
correlation ﬁut a plot of log k2 versus (76, the normal substituent
constant was found to give a good straight line (r = 0.996) of slope
9=:+1.49. The observation that a linear plot is obtained for the
Cro plot suggests that the site of pyridine attack is removed from

206,207 are derived

the 4-substituted phenyl ring. The values of CYO
from reactions in which the reaction site is insulated from the ring to
such an extent that there is only a minimal and constant amount of

resonance involving the ring and its substituents. In addition the

cross-products experiment, using radio-labelled substrate, demonstrates
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Scheme 4.7
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the intermolecular nature of the reaction. Although the
014—1abe1 is not fully equilibrated under these conditions, it can
be seen from a comparison of their pyridine-catalysed rates

(4-N0 2,k2=1.1x10"51M'1s"1,4-CN,k2=0.6x:Lo"5

lM_ls_l) that complete
equilibration would not be expected under these conditions. The results
with other tertiary nitrogen bases lead to a similar conclusion
concerning the reaction mechanism, 2,6-Lutidine was found to be

a poor base catalyst for the rearrangement reaction which is
consistent with the earlier findings of Butler and Gold 208 who
showed that pyridine catalyses the hydrolysis of acetic anhydride

but 2,6-1lutidine doesnbt. Imidazole was found to attack at the acyl
carbonyl to give l-acetylimidazole and cther imidazole derivatives in
which the secondary nitrogen atom of the imidazole was'blocked,

e.g. l-methylimidazole and l-acetylimidazole, were found to rearrange
the O-acylisoimide.

The available evidence therefore, favours an intermolecular
mechanism involving attack at the acyl carbonyl atom, followed
presumably by rapid recombination of the amide anion and the
acetylpyridinium ion to give the observed product. The failure of
pyridine to rearrange N-benzyloxy—4—nitrobenzimidoyl pivalaﬁe 82 is

consistent with this intexrpretation. This result allows further

OCOCMe

// 3

Nes
2 AN

82

NOCHZPh

interpretation of the earlier studies on the formation of the

O0-acyl isoimide, where it was shown that reaction may occur via the

amide anion (Scheme 4.4) or the neutral molecule (Scheme 4.5). The
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present results suggest that, as observed in many amide anion reactions,
acylation takes place at the nitrogen site in homogeneous solution
(Scheme 4.7). It appears that the observed mechanism in the
pyridine-catalysed rearrangement reinforces earlier deductions and

the formation of O-acylisoimides occurs via the neutral molecule and

not the amide anion.

Acetate Catalysed Rearrangement

The rates observed in the acetate-catalysed rearrangement of
O-acylisoimides were much higher than those for the pyridine catalysed
rearrangement (Table 4.22). Although the pKa values of pyridine and

209’210, it is possible

acetate ion are similar in magnitude in water
that in deuterochloroform acetate ion becomes a stronger base than
pyridine. TUnfortunately, the pKa values for these bases have not

been measured in the required solvent. Similar considerations

Table 4.22

BASE-CATALYSED REARRANGEMENT OF NABENZYLOXY—é—NITROBENZIMIDOYL
ACETATE IN DEUTEROCHLOROFORM AT 60 C

Base 1o6k2(1M'1s'1)
" Pyridine ' : 3,22
Acetate : - 4130.00

regarding the rearrangement mechanism are present in the acetate-

catalysed rearrangement as in the pyridine-~catalysed pathway.
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Thus an intermolecular (Scheme 4.9) or intramclecular pathway
(Scheme 4.10) may be operative. It wag found that the Hammetf

"plot of log k., versug O for the acetate reactions gave a good

2
correlation (r = C.996) for the observed substituent effects. The
corresponding plot of log k2 versus CTO was poorly fitted (r = 0.923)
unlike the observed behaviour for pyridine catalysis. In order to
determine the inter— or intramolecularity of the acetate catalysed
rearrangement mechanism, a radio-labelled substrate was employed.
Thus it can bg seen that in the intermolecular mechanism (Scheme 4.9)
the final N-acyl product should contain in theory 50% of the original
Cl4—label, but in the intramolecular rearrangement, the C14—1a£el
should be retained. The results of thié particular experiment showed
that 90% of the Cl4-label was retained in the final N-acyl product.
The available evidence, therefore favours the intramolecular
pathway (Scheme 4.10). In order to account for the low p-value
observed and the high retention of Cl4—1abel, it can be seen that an
'early' transition state must be invoked. If the transition state
were 'late', and the tetrahedral iﬁtermediate (§§) was formed,
equilibration of the label from the symmetrical transition state would

oc’ome

.' ®
CN@——T——NOCHZPh
OCONMe

be expected. The results would lead to the conclusion, therefore,
that either an 'early' transition state or a synchronous process is
operative. Further evidence for an intramolecular process comes from
the rearrangement of N-benzyloxy-4-nitrobenzimidoyl pivalate with

acetate ion to give N-benzyloxy-N-pivaloyl-4-nitrobenzamide.
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Scheme 4.9
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The catalysed rearrangement observed in the presence of
acetate ion suggests that the observed behaviour in the pyridine/acetic
anhydride catalysed rearrangement at low pyridine concentrations is
due to the presence of acetic acid as an impurity in the acetic
anhydride. Thus at low concentrations of pyridine the observed
rate is due to a combination of pyridine and acetate rates. The
acetate rate is dependent upon the pyridine concentration until all
the acetic acid impurity is converted to acetate ion at which time the
acetate rate becomes constant. In this region therefore, the observed
changes in rate should be 1inear1y related Qith pyridine concentration,

vwhich is observed (Fig. 4.14).

Fig. 4.14
Rate }
10.0 4
5.0 1
k /"/
2
| T >
0.5 1.0 py M.

Extrapolation of this linear region therefore gives an intercept
which is attributable to the—acetate rate (kz). This interpretation
would also account for the low dependency upon the'acetic anhydride
~ concentration. The intercept and the slope of the rate plots for

pyridine/acetic anhydride catalysis allow an approximate value to be
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calculated for the acetic acid impurity in acetic anhjdride as 0.01%.
In the case of the more basic O-acylisoimides (e.g. 4-Wte,, 4Me0) it is
possible that a third catalyst, acetylpyridinium ion is involved in
the rearrangement mechanism, It has been shown, however, that
acetylpyridinium ion does not react with O-acylisoimides bearing an
electron—withdrawing 4-substituent.

In contrast to the base-catalysed rearrangement pathway which
follows relatively simple kinetics, the observed behaviour with acyl
halides was found to be rather complex. Chloroacetyl chlorides,
however, were found to follow simple kinetics, first-order in [substrat@

and in [oatalysﬁ] (Equation (64)), which is consistent with a

Rate = k2[Sub][CC13COCﬂ eeeae(64)

mechanism shown in Scheme 4.11.

Scheme 4.11
1
OCOMe O—C—Me
. / Kt /,’,'(/ _
Phc\ == PhC\f,‘+ Cl
NOCH_Ph NOCH Ph
CCl 2 2
N <IZOCCL
C=0
g\/ k" 3
C:l CH_COC1
o ¥ 3
Phc/
N
NOCH Ph

l 2
COCCL3
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The rate limiting step in Scheme 4.11 may be either k' or k". In
the case of acetyl chloride and acetyl bromide, the observed kinetics
i.e. zero-order in [substrate] at high [catalyst], and mixed-order
in [substrate] at low [catalyst], suggest that there is a rate
limiting step containing terms only in the [catalyst]. Attempts

to detect or spin-trap the acetyl radical derived from homolysis of
the C-Br bond failed, and thus interpretation of the results in terms
of a free-radical mechanism wers ruled out. Heterolysis of the C-Br
bond to give the acylium ion (Equation (65)), is known to occur in

5 ‘
dipolar aprotic solvents 11’212’213, but generally a hydrogen halide

-+

OH,COBT == CHC=0 + Br ceeeea(65)

is required to function as a Brdnsted acid and promote the

ionisation 213 (Equation (66)). Satchell 211, however, has stated

CH3COBr = CHBCES * HBrz_ ceeess(66)
that even in'dry' solvents, some hydrolysis of the acetyl bromids
occurs gi#ing the hydrogen bromide which may then catalyse the
ionisatioa. * Thus it is possible that even in the 'dry' solvents
used in the present study, ionisation of the acetyl bromide may occur
to give the reactive acylium ion. The observed effect of bromide ion
at low and high catalyst concentrations is not in agreement with this
ionisation mechanism, however, since the rearrangement rate at high
catalyst concentrations woulﬁ be expected to decrease upon the addition
of bromide ion and not increase as observed experimentally. It has
also been shown that the observed behaviour is not due to nucleophilic
attack by bromide ion upon the O-acylisocimide system (c.f. pyridine,

acetate catalysis), since the rearranged rates by bromide ion are much
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lower than those observed for the acetyl bromide catalysed rearrangement,
The behaviour of acetyl bromide in the rearrangement reaction

appears to be intermediate to that of bases (nucleophilic catalysis)

and trichloroacetyl chloride (electrophilic catalysis). Further,

the observed zero-order region suggests that a rate limiting step

involving heterolysis of the C-Br bond of acetyl bromide is present.
4.8  SUMMARY

- From the data which has been collected, it is clear that the
tempefature of the reaction plays a vital part in determining the site
of acylation of neutral amides. At low temperatures O-acylation is
dominant, but at high temperatures N-acylation becomes the preferred
pfocess. It appears therefore that predictions based upon the
kinetic-thermodynamic relationship proposed by Challis and Challis73
are in agreement with the experimental findings. The observed results
cannot be interpreted in terms of Kornmblum's theory of ambident
reactivityl, which would predict acylation at the nitrogen site in
all cases for the neutral molecule. Predictions based upon "hard"

9,10 are confirmed by the observed

and "soft" acid and base theory
results since it has been found that the "hard" centre of the amide
moiety, the oxygen atom, reacts with the "hard" carbonyl carbon atom
of acetylating agents. These results also follow from the
perturbation theory 16, which would predict reaction at the oxygen atom
in a charge-controlled reaction.

It appears therefore that the overall mechanism for amide
acylation is as shown in Scheme 4.12.

In the case of amides which have no electronegative substituents

attached to nitrogen, kl is the rafe determining step, followed by a
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rapid thermal, intramolecular rearrangement to the N-acyl product.
Amides which have oxygen or nitrogen atoms bonded to the nitrogen atom,

show a reversal of this pattern and k. is rate-determining. Under

2
these circumstances it has been shown that the observed effect is due

to the stereospecific formation of the trans isomer of the

O-acylisoimide and also to the absence of cis—trans isomerisation.

In cases where kj.:> k2, the rearrangement of the O-acylisoimide
intermediate has been shown to be catalysed by a variety of electrophilic

species and in addition, nucleophilic catalysis may also be observed.

5

5

Scheme 4.12

O o OCOR
1 I - RCOC1,R"= H, . )
R'—C —NR"R > R—C=NR
k
1
»k2
| R?
R—C—N/

The catalysis of the rearrangement by tertiary amine bases has
some important implications in the field of peptide chemistry

214,215,216 . .

particularly in carbodiimide-mediated condensations
have been postulated to proceed via an O-acylisoimide intermediate

(Scheme 4.13).
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Scheme 4.13%

RCOH + RN=C=NR® —> R®N=CNHR®

OCOR'

B

R’NHCONHR® + RICONHR? R CON(R?) CONHR®

The intramolecular rearrangement (B) to the N-acylurea is
prominent at ordinary temperatures, but it has been found that this
wasteful side reaction can be minimised by the appropriate choice

of solvent and by working at temperatures below OOC.

4

Other acylatable speciés may replace R'NH Hence the use of

o
excess acid leads to the symmetrical anhydride (Scheme 4.14).
Excess of R;CozH is often used in aminolysis (Scheme 4.1%) in order
ito repress route B, and it is possible that under such conditions
the acylation of the amine is, in fact, due to the anhydride.

217

A recent kinetic study shows that in carbon tetrachloride

or acetonitrile the reaction with acids is first-order in carbodiimide
but greater than first-order in acid. It is thought, therefore that
dimeric'RlCozﬁ maybe involved, so facilitating both the formation of
the O-acylisoimide and its decomposition to the anhydride and urea.

, This notion is suppdrted by the reduced proportion of acylurea obtained

vhen the solvent is changed from acetonitrile to carbon tetrachloride,

for in the latter solvent more of the acid will be dimeric. This
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Scheme 4.14
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result and others, also eliminates thé possibility that the acylurea
is produced by acylation of the urea by the anhydride or by
O-acylisoimide.

When an amine, R4NH2 is also present the rate of loss of
diimide is reduced, owing to deactivation of the acid on forming

various ion-paired, salt-like species e.g. R;CO _N+H R . Alone the

2 34

amine does not attack the imide and its acylation will not occur in
the absence of acid. Whether or not the amine is acylated by the
O-acylisoimide or by the anhydride (Scheme 4.14) is not clearly settled
by this kinetic study. The balance between paths A and B depends
upon the amine but here also the obsexrved phenbmena have still to be
rationalised.

From the present study‘it has been shown that secondary amines
are acetylated with O-acylisoimide but tertiary amines catalyse
" the 0 —= N rearrangement. The observation that lower temperatures

reduce the wasteful 0 —> N rearrangement reaction in carbodiimide

reactions also follows from the preseht work.
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PART THREE

THE EXPERIMENTAL DETAILS
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CHAPTER V

‘Melting points were determined on a Kofler hot-stage apparatus.
Infra~red spéctra were recorded as mulls (Nujol), unless otherwise
specified,'on a Perkin-Elmer 157G_spectrqphotometér. N.m.r.
spectra were measured with a Varian T60 spectrometer for solutions
in sz-chloroform (except where stated otherwise) with tetramethylsilane
‘as an internal reference. Radioactive asséy was made on a Beckman
LS200 scintillation counter. é.l.c. measurements were obtained |
using a Perkin-Elmer F1l Gas Chromatograph. U.V. measurements wexre
obtained using a Pye—Unicaﬁ SP1800 spectrometer and were performed in
methanol solution unless stated otherwise.

In the sections on preparation of substrates, the term

'evaporation' refers to the removal of solvent under reduced pressure.
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5.1 ALKYLATION OF PHENOL

5.1.1 PREPARATTON AND PURTFICATION OF SUBSTRATES, REAGENTS AND SOLVENTS

Solvents 218

Whenever possible, the solvents uséd in the course of this work
were 'AnalaR! grade,'and, in all cases, further purification to remove
residual water was carried out. Carbon tetrachloride (AnalaR) was
distilled (b.p. 77-7800/760mm'.Hg.) from phosphorus pentoxicie. Diethyl
ether, and toluene (AnalaR) were dried over sodium wire and distilled.
Diﬁethylsulphoxide was dried over calcium hydride, and distilled
(b.p. 75-76°C/12mm.Hg.). Ethanol (AnalaR) was dried with calcium
sulphate and distilled (b.p. 77-78°C/760mm.Hg.).  Tetrahydrofuran
was heated under reflux with lithium aluminium hydride and distilled

(b.p. 65-66°C/760mm.Hg. ).

Phenol

AnalaR-grade phenol was used throughout the course of this
study. The phenol was dried by azeotropic distillation of water with-

benzene and distilled (b.p. 85-86°C/20mm.He.).

2-Naphthol

2-Naphthol was purified and dried by vacuum sublimation

218

(100°¢/3mm.Hg. ), m.p. 122-123°C (Lit.“ = 122,5-123.5°).

Benzyl bromide

Benzyl bromide was dried over calcium hydride and distilled

(b.p. 114-115°C/15mn.He.) to give a colourless liquid, nD2O 1.5759

218 20
“p

(Lit. 1.5752).
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219

Triethyloxonium tetrafluoroborate

Epichlorhydrin (17.6g.) was slowly added to a stirred solution
of boron trifluoride etherate (31.5ml.) in ether (65ml.), the rate
of addition being controlled to maintain a temperature of 40°C.
The mixture was heated under reflux for one hour after complete
addition and stored overnight at room temperafure. The supernatant
liquid was then withdrawn from the crystalline mass under an atmosphere
of dry nitrégen. The crystalline solid was washed with ether
(3 x 100ml.) and stored under ether 33g.(87%), m.p. 88-91°%C
(1it.2Y7 91-92%).

34

Sodium phenoxide

To a cooled suspension of sodium hydride (24.0g.) in
tetrahydrofuran (50ml.) was added a solution of phenol (33.0g.) in
tetrahydrofuran (100ml.). Vhen addition was complete, the reaction
mixture was allowed to warm to room temperature and stirred overnight.
The resulting mixture was filtered in a dxy, nitrogen atomosphere and
the filtrate added to a n-hexane (21.). The resultant white precipitate
was filtered, washed with hexane (5 x 100 ml.), and dried overnight in
a desiccator (34.0g., 83%).

Sodium-2-paphthoxide 55

To a solution of 2-naphthol (25.0g.) in methanol (85ml.) was
added sodium hydroxide (AnalaR, 6.7g.) in water (40ml.).  The methanol
and most of the water were removed under reduced pressure at 10000,

residual water being removed by heating for three hours at 100°C/lmm.Hg.
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After cooling, the salt was dissolved in tetrahydrofuran (40ml.)
and filtered. The filtrate was treated with benzene (100ml.), and
the precipitated sodium-2-naphthoxide (17.0g., 60%) was removed by

filtration and dried (100°C/lmm.Hg.).

5.1.2 PREPARATION AND PURIFICATION OF PRODUCTS

- 1-Benzyl-2-naphthol 2

- 2-Naphthol (6.9g.) was added td a solution of sbdiumvhydroxide
(1.9g.) in water (50ml.). When the stirred mixture had become
homogeneous, benzyl bromide (8.2g.) was added dropwise. After stirring
for 24 hours at room temperature the reaction solution was poured into
vater and acidified (18% HCl). After addition of benzene (100ml.),
the solution was extracted with Claisen potash 220 (3 x 50ml.). The
Claisen potash extract was acidified at 0°C with 18% hydrochloric acid,
extracted with benzene and dried (Na2804). Evaporation of solvent
gave a light brown solid (8.65g.), which was crystallised from 80%
formic acid 33, and then from hexane to give needle crystals of

0

1-benzyl-2-naphthol (8.3g., T4%), m.p. 112-113°C (Lit.22 111-112°).

) 4.5 (24,s), 5.0 (1H,br.s), 7.28-8.1 (12H,m)
V o 3475,1630,1585,1275,857,790,770, 7350m. ™+
Benzyl-2-naphthyl ether 35

To a stirred solution of sodium-2-naphthoxide (8.0g.) in

dimethylformamide (35ml.) was added a solution of benzyl bromide
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(8.2g.) in dimethylformamide (15ml.).r The rate of addition was
controlled such that the temperature never exceeded gg.BSoC. When
the addition was complete the mixture was poured into water acidified
with 18% hydrochloric acid, and extracted with benzene. The benzene
exfract was washed with Claisen potash 220, water and dried (Na2304).
Evaporation of solvent gave a yellow solid (9;95g.), m.p. 90-9800.
Recrystallisation gave benzyl-2-naphthyl ether (8.8g., 8%%),

m.p. 99-100°C (Lit.??t 99°).

) 5.25 (2H,s), 7.23-7.96 (12H,m)

v . 1625,1600,1265,1227,1187,1030, 850,830, 760,740, 705cm. ™+

Benzylphenyl ether

The method given bélowbis a modification of the original
procedure of Gomberg et al 222.

A solution of phenol (14.0g.) and benzyl chloride (12.6g.) in
109 (g) sodium hydroxide (60ml.) was heated under reflux for one hour.
After extraction with ether, the excess phenol was removed from the
ethereal solution by extraction with dilute alkali (3% x 50ml.).
After drying (MgSO4) evaporation of solvent gave a pale yelléw oil,
which on recrystallisation (ethanol) gave white crystals of benzyl-

phenyl ether (71%), m.p. 3900 (Lit.222 3900).

6 (0014) 5.05 (21,s), .6;83—7.36 (10H,m)

v 1600, 5,1455,1250,775, 700cm. ~
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o Hydroxydiphenylmethane -2

A solution of phenol (23.5g.) in toluene (50m.) was added to
a stirred suspensibn of finely powdered sodium hydride (6.0g.) in
toluene (100ml.) at ca 40°C.  After one hour the reaction mixture was
heated under reflux for a further hour.

Benzyl chloride (31l.6g.) in toluene (20ml.) was added to the
suspension of.sodium phenoxide and, after heating under reflux for a
further two hours, the reaction was left overnight at room temperature.

The mixture was then washed with water to remove the precipitated
sodium chloride, dried (Na2804) and the solvent evaporated to give
an 0il, The oil was dissolved in Claisen potash 220 (250ml.) and freed
from neutral matter by extraction with petroleum ether (5 x 50ml.).

The alkaline solution was then concentrated to remove the alcohol,

acidified and extracted with ether. After drying (Na2804) and removal

of solvent, a light yellow oil was obtained, which on distillation

(b.p. 17100/13mm.Hg.) gave the required product as a colourless oil (85%).
2-Hydroxydiphenylmethane exists in two forms, a stable form

224 220

[¢]
21.5 C). The oil

(m.p. 51.5°C) and a metastable form (m.p.

obtained was shown to be the desired product by comparison of its

i.r., n.m.r. spectra with those of authentic material 225. The

220 177%).

phenylurethane derivative had m.p. 116-117°C, (Lit.
8(0014) 3.85 (2H,s), 4.86 (1H,s), 6.368-7.2 (5H,m), 7.13 (54,s)

V nax{F11B) 5450 1560,1490,1450, 760, 735, 7050m. "
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4A-Hydroxydiphenylmethane

4-Hydroxydiphenylmethane (gz.Koch—Light) was recrystallised
several times from ethanol, to give white needles and vacuum dried

“m.p. 84° (1i%.22% 84%C).

5 (ccr,)  3.92 (28,5), 4.78 (18,br.s), 6.63-7.12 (4H,q), 7.23 (5H,s)

Voo 3200,1600,1515,1495,1250,860,800,740,7100m.—1

5.1.3% ANALYTICAL METHODS

As discussed in Section 2.2.1, analysis of reaction solutions
was effected by quantitative g.l.c. assay using a DEGA column. In
some cases, confirmation of the g.l.c. results was obtained by an

n.m.r. method (Section 2.2.2).

5.1.%.1 Preparation of DEGA Column

A solution of DEGA (ex.Perkin-Elmer, 3g.), and 85% phosphoric
acid (0.5g.) in acetone (100ml.) was prepared. One millilitre of
the above solution was added to a mixture of Corning glass beads
(80-100 mesh, 9.965g.) in acetone (10ml.). The acetone was then
allowed to evaporate to give the required column packing.

The g.l.c. column (1 metre, stainless-steel, 3" internal diameter)
was then packed with the coated stationary phase and conditioned for

twenty-four hours at 150°C.

5.1.3.2 Procedure for g.l.c. agssay of reactions

In order to obtain the concentrafions of both reactants and

products in the alkylation reactions a temperature programme was
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required (10°C min.™t, 100-170°C), but it was found that peak tailing
of the ring-alkylated phenols became a problem. In order to prevent
this problem, all g.l.c. analyses were conducted at a constant column
temperature of 17OOC using a high carrier-gas flow rate. The reactions
vere monitored by sampling the reaction solutions and injecting the

sample (1 1) directly onto the g.l.c. column.,

5.1.3.3 Preparation of g.1l.c. Reaction Solutions

All the reactions were carried out with an excess of phenol,
usually five- or ten-fold, over benzyl bromide. For‘example, phenol
(4.7g.) and benzyl bromide (0.855g.) were dissolved in 10ml. of 50%
ethanol-carbon tetrachloride (%) at room temperature. A one
microlitre aliquot of the solution was immediateiy analysed by g.l.c.
under the standard conditions. The flask, equipped with a Suba-Seal,
was then suspended in a constant temperature bath at the required |
temperature and aliquots withdrawn at timed intervals were assayed.
The g.l.c. instrument was calibrated at least once per day with
standard solutions,

Generally the reactions were followed to completion and, in most
cases, products were isolated and authenticated by melting-point and

spectral comparison with authentic material.

5.1.3%3.4 Procedure for n.m.r. Assay of Reactions

In this procedure, a solution of phenol (4.7g.), benzyl bromide
(0.85g.) in carbon tetrachloride (25ml.) was prepared and a small
aliquot (0.5ml.) was placed in an n.m.r. tube, which was then sealed
and placed in a thermostatted bath at the required temperature. A
series of n.m.r. spectra at timed intervals were then recorded.

Sample n.m.r. spectra are shown in Fig. 5.1.



R

Fig.5.1 N.m.r, spectra in CCl4 of a reaction solution of phenol (0.04M.) and benzyl bromide (0.004M.)
) at 60°C ,

t =0 t = 298hrs , t = oo

- 68T -
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5.1.%3.5 Accuracy of g.l.c. and n.m.r. Assaying Procedures

The g.l.c. method was found to be extremely sensitive for the
detection of the alkylated products of phenol. Standard solutions
of alkylated phenols (0.015g.), phenol (4.985g.) in ethanol (10ml.)
were prepared and it was shown that concentrations as low as 0.5%
could be detected in all cases for benzylphenyl ether, and
2- and 4~-hydroxydiphenylmethane. The accuracy of the g.l.c. assay is
therefore very high, and the main errors associated with the g.l.c.
technique are likely to arise from the entry of water into the reaction
flask and alsb evaporation of solvent. In order to minimise the
solvent loss and prevent entry of adventitious water into the reaction
flask, Suba-Seals were used to stqpper the reaction flasks and the
reaction solutions were sampled through the septum.

The problems associated with ingress of water and solvent loss
were not encountered in the n.m.r. teéhnique because the reaction
solutions were sealed in the n.m.r. tubes. However the detection
limit was much higher than the g.l.c. analysis (ca.3%) and, in
addition, the actual determination of the concentrations of the
C-alkylated products, by an integration method, was much less accurate.
The main problem with the n.m.r. technique, however, was that it was
limited in its use to the neutral phenol reaction because of the
insolubility of sodium phenoxide in organic solvents which are amenable
to the n.m.r. method.

In those neutral phenol alkylation reactions which were performed
in carbon tetrachloride, it was found that the results of n.m.r. and
g.1l.c. techniques compleme: .4 each other and no significant variation

in the results was observed.
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Table 5.1

(%)  [phom] m. [PhCHzBr] M. g.l.c.Technique  n.m.r.Technique

oxrtho:para ortho:para
75 0.05 0.005 1 :1.47 1:1.4

40 0.05 0.005 1.08:1 1:1

5.2  ACYLATION OF AMIDES

5.2.1 PREPARATION AND PURTFICATION OF SOLVENTS, SUBSTRATES AND REAGENTS

Solvents 218

Benzene was dried over sodium wire and distilled (b.p. 8000/760mm.Hg).
Acetonitrile was dried over calcium hydride and distilled
(b.p. 81—8200/760mm.Hg) from phosphorus pentoxide. Toluene was dried
over sodium wire and distilled (b.p. 110—11100/760mm.Hg.). Acetyl
chloride was heated under reflux with phosphorus pentachloride, fhen
distilled. The distillate was then redistilled (b.p. 5200/760mm.Hg)

from one-tenth volume dimethylaniline.

Methyl ijodide

Methyl iodide was purified by shaking with dilute aqueous
sodium bisulphite until colourless, then washed with water, dilute
aqueous sodium carbonate, water and -finally dried with calcium chloride.

After distilling (b.p. 42~43°C/760mm.Hg.) the reagent was stored over

copper.

S TSSO R R S —— s e e ymapem baas sin s e o e
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Benzoyl chloride

A solution of benzoyl chloride (100ml.) in benzene (70ml.) was
washed with 5% sodium bicarbonate solution (2 x %0ml.), separated,

dried with calcium chloride and distilled (b.p. 5600/4mm.Hg.).

The synthetic route leading to the O-acylisoimide,
N-(2,4-dinitrophenyl)benzimidoyl benzoate, was described in
Section 3.1.1. The imidoyl chloride was prepared from

N-2,4~dinitrophenylbenzamide, and then reacted with silver benzoate.

N-(2,4-dinitrophenyl Ybenzamide

The most convenient method for this preparation was that reported
by Muttelet®2!. A mixture of 2,4~dinitroaniline (18.3g.) and benzoyl
chloride (14.1g.) was heated to 180°¢. As soon as reaction began
the heating was discontinued and the contents of the flask solidified.
After recrystallisation (PhCHZOH) and washing with petroleum ether
(40-60°C), the golden yellow needles of N-(2,4-dinitrophenyl)benzamide
(27.2g., 93%) were vacuum-dried at 15000 for 24 hours m.p. 201—20200 |

(Lit. 110 200-202%¢, Lit.227 220°C).

0 (d6—DMSO) 7.63-8.63 (7H,m), 8.9 (1H,d)

Voo 3340,3100,1685,1610,1595,1245, 1145, 750,720, 700cm. ™™

N-(2,4-dinitrophenyl)benzimidoyl ¢ 'oride

A mixture of N-(2,4-dinitrophenyl)benzamide (28.7g.) and
phosphorus pentachloride (21.4g.) in benzene (50ml.) was heated
under reflux for two hours. After evaporation of the solvent and

washing with hexane (3 x 50ml.) the product was recrystallised
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(benzene) to give yellow needles of N-(2,4-dinitrophenyl)benzimidoyl

chloride (26.3g., 86%), m.p. 122-124°C (Lit.™*? 117-120%, nit.2%®

122-124°¢).

6 7.22 (1H,d,J=8Hz), 7.46-8.26 (5H,m), 8.50 (1H,q,J=8Hz,J'=3Hz),

9.0 (1H,d,J'=3Hz)

Vo oar 1650,1600,15%5,1510,1360,920,780, 760,735, 710cm. "

11
N-(2,4-dinitrophenyl)benzimidoyl benzoate 2

N-(2,4-dinitrophenyl )benzimidoyl chloride (4.75g.) was stirred
for 72 hours at room temperature with dry silver benzoate (3.75g.) in
ether (35ml.). The resulting suspension was filtered to remove
precipitated silver chloride énd, after washing with ether (3 X SOml.)
and evaporation of solvent at room temperature, the required product
was obtained as a pale-yellow solid (5.6g.). Two recrystallisations
(toluene/petroleum ether (40-60°C)) gave thé product as colourless

plates (2.0g., 20%) m.p. 87-90°C (Lit.™? 90°C).

5 7.2 (1H,4), 7.6-8.1 (10H,m), 8.32 (14,q), 8.85 (1H,4d)
v 1740,1670,1600,1525,1550,1260,1245,1215,1066,1055,780,
755,730, 710cm. ™
The n.m.r. spectrum of the final product showed tcluene (6 2.46)
present in the purified sample. The product was therefore |

recrystallised from ether/petroleum ether (60-80°C) to give the pure

product, m.p. 900C (Li'l'..115 9000).
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Found: C, 61.08; H, 3.44; N, 10.76; Calculated for

C2OH13N306= C, 61.38; H, 3.35; N, 10.74%

N-Methylbenzamide

229

The Schotten-Baumann procedure was used as follows.

To methylamine (29%-% aqueous solution, 28ml.) in 10% (g) sodium
hydroxide (180ml.) was added benzoyl chloride (28ml.). After
shaking for a few minutes, the precipitated N-methylbenzamide was

filtered off and recrystallised (ethanol/water) to give the pure

product as colourless needles (88%) m.p. 81-82°C (Lit.zao 81.5—82.500).

) 2.9, 2.98 (3H,d), 7.3%3-7.97 (5H,m), 9.02 (1H,br.s)

v 3320,1630,1605,1580,1550,1410,1165,720,715, 700cm. ™+

N-Methylbenzimidoyl chloride 251

N-Methylbenzamide (4.6g.) and thionyl chloride (15.1g.) were
heated together ca 60°C for sixteen hoﬁrs. The excess thionyl chloride
was then removed by distillation at reduced pressure (2cm.Hg.).
Distillation of the residue gave N-methylbenzimidoyl chloride (b.p. 8100/

8mm.Hg.) as a colourless oil (3.65g., T0%).

) 3.42 (BH’S)’ 7-33(3H:m): 8.00 (2Hsm)

Y max(liquid £ilm) 1665,1445,1235,1000,880,775,700c:m.'l

N-Methylbenzimidoyl acetate

A solution of N-methylbenzimidoyl chloride (3.85g.) in ether

(10ml.) was cooled to 0°C and slowly added to a stirred suspension of
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7
<

silver acetate (4.15g.) in ether (25ml.) held at OOC: The reaction
was exothermic and the addition of imidoyl chloride was at such a rate
that little temperature rise occurred. After addition was complete
the mixture was filtered and the solvent evaporated at room temperature
to give a colourless oil, which was very unstable and rearrangement

to the N-acyl compound occurred in the process of recording i.r. and

n.m.r, spectra.

) - 2.18 (3H,s), 3.23 (3H,s), 7.6 (5H,m)

v max(film)' 1760,1680,1200,1030,770,730,700<:m."1

On standing at room temperature for a few minutes, the above

spectra were found to have changed, giving the results below

5 2.3% (3H,s), 3.21 (3H,s), 7.60 (5H,m)
Vv max(liquid film) 1700,1660,1315,1300,1140,1055,1035,815,740,
7zoom."1

5.2.2 PREPARATION OF PRODUCTS

N-(2,4-dinitrophenyl)-N-benzoylbenzamide

Benzoyl chloride (56.0g.) was added to a suspension of
2,4~dinitroaniline (20g.) in pyridine (50ml.) and the mixture was
heated for five hours under reflux. After cooling and addition of
10% hydrochloric acid (400ml.), a precipitate was obtained, which
was dried in wvacuo. The unreacted 2,4-dinitroaniline was removed
by sublimation to give the title compound as the residue, m.p. 173—17500.
Recrystallisation (ethanol) gave N-(2,4-dinitrophenyl)-N-benzoylbenzamide

as colourless plates (65%) m.p. 174-175°C (Lit.115 173.5-174.5°C)
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5 7.37 (4,m), 7.75 (7H,n), 8.31 (1H,q,J=4Hz,J =9Hz),
8.93 (1H,d,J=4Hz)

Voo 1710,1670,1600,1520,1450,1358,1338,1240,1148,908, 837,
720,700cm. ™ |

N-Acetyl-N-methylbenzamide

To a solution of N-methylbenzamide (4.6g.) in benzene (50ml.),
acetic anhydride (3g.) and acetyl chloride (0.5g.) were added. The
solution was heated under reflux for two hours. After cooling the
solution was washed with 10% hydrochloric acid (2 x 100ml.),
saturated sodium bicarbonate (2 x 100ml.), water (2 x 100ml.), and
dried (MgSO4). Evaporation of solvent gave a colourless crystalline
product (5.7g., 94%), which was recrystallised (chloroform/petroleum

ether (40-60°C)) to give N-acetyl-N-methylbenzamide as colourless

needle crystals, m.p. 39—39.500.

é 2.33 (3H,s), 3.20 (3H,s), 7.6 (5H,m)

v 1680(br),1320,1270,1135,1040,1020,795,730,708,6500m.'1
Found : C, 67.89; H, 6.48; N, 7.79. CygH NO,

requires: C, 67.78; H, 6.26; N, 7.90%.

5.2.3 MEASUREMENT OF REARRANGEMENT RATES OF

N-(2, 4-DINITROPHENYL )BENZIMIDOYL, BENZOATE

As mentioned in Secfiaﬁ 3.1.2 the rearrangement of the
O-acyliosoimide was followed using an infra-red technique by
monitoring the disappearance of the carbonyl absorbance at 23.17500m.-1
of the substrate. The solvent used in this reaction was acetonitrile,

which was chosen because of the high solubility of the isoimide and also
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because it does not absorb appreciably at the frequency of interest
(1800-1700cm.'1) .

Matched sodium chloride cells (0.lmm. path length) were used to
monitor the raction solutions. Several standard solutions of the
O-acylisoimide in acetonitrile were prepared and the compound was
shown to follow the Beer-Lambert law over the concentration range

used (Figure 5.2).

/ Fig. 5.2 /////
Absorbance |

o)
(4) ’
0.75 4
©
0.50 —
2
)
0.25 — /
©
o
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0.1 0.2 [suBlM

‘The reaction solutions were prepared by dissolving the
N-(2,4~-dinitrophenyl)benzimidoyl benzoate (0.%8g.) in acetonitrile
in a 10ml. graduated flask. After an initial reading of the
absorbance, the flask was equipped with a Suba-Seal and thermostatted

in a bath at 25 % 0-200. A series of aliquots (0.5ml.) were removed

via the Suba-Seal at timed intervals for assay.
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The thermal rearrangement rate was calculated as an averége
from three kinetic runs. Rearrangement rates in the presence of
- catalysts were measured by a similar procedure. In most cases the
products from the kinetic runs were isolated and were shown by i.r.
and mixed m.p. analysis to be the rearranged product,

N~-(2,4-dinitrophenyl)-N-benzoylbenzamide.

5.2.4 ANALYSIS OF KINETIC DATA

Normally infinity absorbances in kinetic runs were within 5%
of the value calculated from the original concentration of the
substrate. The first-order rate constants were calculated from
a graphical method and, in some céses, a weighted least-squares
computer programme. Both these methods calculated the slope of
the plot of log Y versus time, where Y is given by the expression

in Bquation (67) and A is the absorbance.

o 0o . eeeao(67)

Table 5.2 illustrates the data obtained in the thermal

rearrangement reaction.
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Table 5.2

THERMAL REARRANGEMENT OF N—(2,4—DINITROPHENYL%BENZIMIDOYL
BENZOATE IN ACETONITRILE AT 25 * 0.2°C

[PhC(OCOPh):NPh(NO2)2] = 0.16M. Ao = 0.065
t (mns) A A-h % Reaction 105kbbs(s—1)
0.0 0.835 . 0.77
75.0 0.785 0.72 6.5 1.49
150.0 0.760 0.695 9.7 1.14
275.0 0.690 0.625 18.8 1.26
350.0 0.645 0.580 24.7 1.34
600.0 0.538 0.473 %8.6 1.35
1000.0 0.403 0.338 56.1 1.37
1365.0 0.315 0.250 67.5 1.37
1530.0 0.288 0.223 71.0 1.35
1600.0 0.279 0.214 72.2 1.33
1675.0 0.265 0.200 74.0 1.34
1725.0 0.258 0.193 75.0 1.34
kg (mean) = 1.33 x 10775~

kobs(graphical) =1.%34 x 10

-5 -1
s
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5.3  ACYLATION OF N-ALKOXYAMIDES

5.3.1 PREPARATION AND PURIFICATION OF REAGENTS AND SOLVENTS

Solvents 218

Carbon.tefrachloride (AnalaR) was dried over phosphorus pentoxide
and distilled (b.p. 77-78°C/760mm.Hg.).  Deuterochloroform was dried
by standing over activated Lindetype 4A molecular sieve.

Nitrobenzene (AnalaR) was dried over calcium hydride and distilled
(85—86°C/Bmm.Hg.). Dimethylsulphoxide was dried over calcium hydride
and distilled (b.p. 75—7600/12 mm.Hg.). Benzene and diethyl ether
were dried by standing over sodium wire. Petroleum ether (40-60°C)

and n-hexane were dried by standing over calcium chloride.

Acyl halides

Acetyl chloride was refluxed with phosphorué pentachléride for
several hours to remove traces of acetic acid and distilled
(b.p. 50—5200/76Omm.Hg.). The distillate (100ml.) was then redistilled
(v.p. 5200/760mm.Hg.) from quinoline (10ml.) to remove any remaining
hydrochloric .acid 218.

“Acetyl bromide was fractionally distilled (v.p. 73-7660/76Omm.Hg.).
The distillate was treated with M%C%) dimethylaniline and refractionated
(v.p. 74—7600/76Omm.Hg.). The pure acetyl bromide was then treated
with sodium and distilled (b.p. 76°C/760mn.Hg.) 2.

Trichlorocacetyl chloride was prepared from trichloroacetic acid
(41g.) by treatment with thionyl chloride (40g.), using dimethylformamide
(0.5ml.) as a catalyst 255, he trichloracetyl chloride was purified

by fractional distillation (b.p. 11800/760mm}Hg.).
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Chloroacetyl chloride was prepared by heating under reflux a
solution of chloroacetic acid and benzoyl chloride and distilling the
more volatile chloroacetyl chloride as it formed 234. The crude
product was fractionally distilled (b.p. 1o6°c/760mm.Hg.).

The majority of the aroyl halides were prepared by reaction of
the appropriate 4-substituted benzoic acid with thionyl chloride in
benzene'7. Aroyl halides prepared in the above way were
4-nmethoxybenzoyl chloride (b.p. 9100/1mm.Hg.), 4-methylbenzoyl chloride
(b.p. 119°C/24mm.Hg.), 4-chlorobenzoyl chloride (b.p. 111°C/16mm.He. ),
4-dimethylaminobenzoyl chloride, m.p. 148-14900 (toluene)
4-nitrobenzoyl chloride, m.p. 75°C (petroleum ether (60-80°C)),
4~cyanobenzoyl chloride, m.p. 78-80°C (ether/petroleum ether (40—6000))."

- Pyridine 218

Pyridine (AnalaR) was dried by heating under reflux with
potassium hydroxide, followed by fractional distillation (b.p. 115-116°C/
760mm.Hg.). The distillate was stored ovef Linde type 4A molecular

sieve.

Triethylamine

Triethylamine was distilled (b.p. 8900/76Omm.Hg.) from calcium

hydride and stored over Linde type 4A molecular sieve.

Imidazole

After crystallisation from benzene, imidazole was vacuum-dried

at 40°C, m.p. 89-90°C (Lit.2'® 89.5-90%).
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.2,6—Lutidine

2,6-Iutidine was dried (KOH), distilled and after the addition

of 4%(%) Boron trifluoride was redistilled (b.p. 14400/76Omm.Hg.).

Tetramethylammonium acetate

Tetramethylammonium acetate was prepared by neutralising a
solution of tetramethylammonium hydroxide with acetic acid 235.
Evaporation of solvent gave tetramethylammonium acetate as a
hygroscopic, white solid which was stored in a desiccator over
phosphorus pentoxide. This preparation ensured that the ammonium

salt did not contain silver or chloride ion impurities.

Tetraethylammonium bromide

Tetraethylammonium hydroxide was neutralised with hydrobromic
acid and removal of solvent gave tetraethyiammonium bromide as a
white solid. The salt was recrystallised (ethanol/ether) and

vacuum-dried (110°0).

Acetic anhydride

Acetic anhydride (500g.) vwas stored over phosphorus pentoxide
(50g.) for three hours. The anhydride was then distilled and the
fraction (b.p. 137-138°c/760mm.Hg.) was further dried with phosphorus
pentoxide for twelve hours. A final fractional distillation gave

acetic anhydride (b.p. 137-138°C/760mm.Hg.) as a colourless liquid.

5.5.2'PREPARATION OF SUBSTRATES

The synthetic route chosen for the O-acylisoimides was outlined

in Section 4.1.2. It was thought necessary to introduce the alkoxy
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function as early as possible in the synthesis of N-alkoxyamides
owing to thé poor yields obtained in the conversion of N-hydroxyamides
into N-alkoxyamides 180 and thus benzyloxyamine was first prepared.
The benzyloxyamine was subsequently acylated with the required
para-substituted aroyl halide to givé the N-alkoxyamide, which was

then further acetylated to give the O-acylisoimide substrate.

5.3.2.1 Preparation of Benzyloxyamine and Methyloxyamine

N-Hydroxyohthalimide 23°

Hydroxylamine hydrochloride (40g.) was added to an agueous -
solution of phthalic anhydride (70g.) and sodium cé,rbonate (53g.) and
the resulting solution was held at 60°C for 30 minutes. The solution
was c.ooled. to g_gL.lOOC and fine, white needles of N-—hydroxyphthalimilde
precipité,ted. The product was recrystallised (ethanol) and vacuum-dried

to give N-hydroxyphthalimide (90%) m.p. 237-240°C (Lit.237 220-226°C).,

6 (d6—DMSO) 7.81 (44,s), 10.77 (1H,s)

V. opax 3140,1780,1735,1708,1195,1145,985,890,7106111-—1

- N-Bengyloxyphthalimide 186

A mixture of N-hydroxyphthalimide (30g.) and anhydrous potassium
carbonate (19.3g.) in dimethylsulphoxide (200ml.) was prepared.
'Benzyl chloride (45.6g.) was slowly added, the addition being controlled
so that the temperature did 1-101: rise above BOOC. The mixture was then
left overnight.

The resultant mixture was poured into ice-water (600ml.), and
the colourless crystals which separated were filtered, washed with

vater (3 x 20ml.) and recrystallised (ethanol) to give colourless
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prisms of N-benzyloxyphthalimide (43g., 93%) m.p. 145-147°C

18

(1it. 8 145-147%). o

6 5.15 (2H,s), 7.39 (5H,m), 7.79 (4H,s)
\ nax 1780,1720,1385,1113,0,995,890,780,7100m.—l
Benzyloxyamine

A mixture of N—benzyloxyphthalimide (30.4g.) and hydrazine
hydrate (80% aqueous solution, 8.28g.) in ethanol (900ml.) was
heated under reflux for two hours. The mixture was then cooled and
concentrated hydrochloric acid (14.5ml.) slowly gdded. The precipitated
phthalhydrazide was filtered and washed with ethanol (% x 50ml.) and
water (3 x 100ml.). Evaporation of the combined filfrate and washings
gave coiourless crystals of benzyloxyamine hydrochloride.

The hydrochloride was dissolved in water (600ml.) and sodium
hydroxide (pellets) was added until an oily layer separated. After
extraction into ether (5 x 50ml.) and drying (KOH), the crude product .
was obtained as an oily residue on evaporation of the solvent. The
crude product was distilled to give pure benzyloxyamine, (b.p. 57-5800/

omm.Hg. , Lit,186 118-119°c/30mm.Hg.) 13.4g., 90.%%.

0 (66—DMSO) 4.48 (2H,s), 5.96 (2H,br.s), 7.29 (5H,s)

Vo (liguid £11m)3300, 3030, 1580,1455,1210,1190,1000, 755, 710cm.

N-Methoxyphthalimide 186

A mixture of N-hydroxyphthalimide (38.8g.) and anhydrous

potassium carbonate (21.0g.) in dimethylsulphoxide was prepared.
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Methyl iodide (57.5g.) vas added dropwise at such a rate that the
temperature of the mixture did not exceed BOOC. When the additién
vas complete the mixture was stirred at room temperature for 24 hours.
The mixture was then poured into ice-water (1000ml.) and the
colourless crystals which separated were filtered and ﬁashed with
water (3 x 100ml.). Extraction of the aqueous washings with
benzene afforded a second crop of crystals on evaporation of the
organic solvent.
The crystals of the first- and second-crops were combined and
recrystallised (ethanol) to give N-methoxyphthalimide (76.0g., 90%)
as colourless crystals m.p. 132-133°C (Lit.186 133°C).
0 (d6-DMSO) 4.00 (3H,s), 7.8 (4H,s)

1790,1735,1480,1190,1140,1000,895, 710cm. ~

max

186
Methyloxyamine hydrochloride

N-Methoxyphthalimide (54.0g.) and hydrochloric acid (550ml., 6M)
were heated under reflux with stirring. Aftexr heating for thirty
minutes, the mixture was stored overnight at 5°C. The phthalic acid
precipitate was filtered and washed with cold water (2 x 50ml.).
Evaporation of the filtrate and washings gave a white solid, which
was dissolved in ethanol (200ml.) and benzene (100ml.) added. After
evaporation of the solvent and recrystallisation of the residue
(EtOH/EtQO), colourless plates (24.5g., 95%) of methyloxyamine

18

hydrochloride were obtained, m.p. 150-151°C (Lit. 6 150-151°¢C).

6 (d6—DMSO) 3.84 (3H,s), 10.5 (3H,br.s)

Vo oy 2700(br) ,1200,1148,1040, 885cm.
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5.%.2.2 Preparation of N-Bengyloxy-4-gubstituted benzamides

The general method for the preparation of the title compounds
is given below. It was found that the use of the amine hydrochloride
instead of the free amine led to a decrease in the yield of ca,15-20%,
and thus the free amine was used in all cases;

Thé aroyl chloride (0.0IM.) in benzene (50ml.) was slowly added
to a stirred solution of benzyloxyamine (0.011M.) and triethylamine
(0.011M.) in benzene (150ml.) at 5-10°C. When the addition was
complete, the solution was stirred for one-hour at 10°C and allowed
to warm to room temperature. Chloroform was added at this point to
those reactions which gave a product insoluble in benzene.

'The organic soiution was washed with 10% hydrochloric acid

(2 x 100ml.), saturated sodium bicarbonate solution (2 x 100ml.)
and water. After drying (Mg504), evaporation of solvent gave a
crystalline product, which was purified by recrystallisation.

Using the above procedure, the following compounds were

prepared:

N-Benzyloxy-4-nitrobenzamide (94% from chloroform/hexane)

m.p. 165.5-166°C (Lit. 22 166°C)

4 5.13 (2H,s), 7.47 (5H,s), 7.93% (2H,d,J=9Hz)
8.%5 (2H,d,J=9Hz), 9.10 (1H,br.s)

o 3200,1640,1520,1355, 880,860,760, 740, 710cm.

A o (log € ) 263 (4.06)
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N-Benzyloxy-4- cyangbenzamide (8% from ether/hexane)
35

1
m.p. 148-149°c (Lit.” ”” 148-149°¢)

) _ 5.03 (QH,S), T.43% (SH,S), T.78 (4H-’S)’ 9.30 (lH,bI‘.S)
-1
vmax 3160, 2230,1640,1520,1480,1040,915, 900,855,754, 747,700cm.

A ___om (log € ) 235 (4.24)

max!

N-Benzyloxy—4-chlorobenzamide (90% from chloroform/hexane)

m.p. 161-162% (Lit. 2? 161-162%)

6 -5.07 (2H,s), 7.33-7.78 (4H,m), 7.47 (5H,s),
9.28 (1H,br.s) '
Voo 3200,1620,1500,1480,900,855,775,755, 740, T10cm.

A _,mom (log € ) 237 (4.15)

max!

Al

N-Benzyloxybenzamide (85% from chloroform/petroleum ether (60-80°C))

m.p. 108-109°C (Lit. 72 108-109°C)

6 5.00 (2H,s), 7.20-7.77 (5H,m), 7.33 (5H,s),
9.21 (1H,br.s)

3235,1643,1505,925,900,805,760,740,7050m-—1

max

A (1og € ) 217 (4.12), 224 (4.09)

max‘nm
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N-Benzyloxy—4-methylbenzamide (95% from chloroform/hexane)

1
m.p. 133-134°C (Lit. >” 133-133.5°C)
o 2,35 (3H,s), 5.00 (2H,s), 7.16 (2H,d,J=9Hz), 7.40 (5H,s),
7.6% (2H,d,J=9Hz), 9.26 (1H,br.s)
v 3190,1640,1490,1513,1034,895,834,743,700cm. "

A mm (log € ) 234 (4.20)

nax!

N-Benzyloxy-4-methoxybenzamide (88% from chloroform/hexane) ;

m.p. 113-113.5% (Tit. 32 113.113.5%)

6 5.78 (3H,s), 5.00 (2H,s), 6.86 (2H,d,J=9Hz), T7.41 (5H,s), |
7.73 (2H,d,J=9Hz), 9.3l (1H,br.s)

V o 3240,1640,1600,1490,1320,1260,860,760,710cm._1

A _,mm (log € ) 254 (4.23) L

max'

N-Benzyloxy-A-dimethylaminobenzamide (91% from chloroform/hexa.ne)

m.p. 153-154°C

6 3.00 (6H,s), 5.03 (°H,s), 6.63 (2H,d,J=9Hz), T7.42 (5H,s),
‘ ' 7.63 (2H,4d,J=9 Hz), - 9.34 (18,br.s)
Y nax 52:.0,1630,1610,1480,1305,830,7‘38,700cm.‘1

A mn (log € ) 306 (4.25)

max!
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N-Benzyloxy-2,4, 6~ trimethylbenzamide (90% from chloroform/hexane)

n.p. 106-107% (Lit.>3? 106-107°C)

6 2.18 (6H,s), 2.23 (3H,s), >5-03 (eH,s), 6.8 (2H,s),
7.42 (5H,s), 8.77 (1H,br.s)
Voox 3140,1640,1045,880,735,698cm.'l

A omm (loge ) 261 (2.73)

" 5.3.2.3 Preparation of N-Methoxy-4-nitrobenzamide

A solution of 4-nitrobenzoyl chloride (3.7é.) in chloroform
(20ml.) was added slowly to a cooled suspension of methyloxyamine
hydrochloride (1.67g.) in chloroform (30ml.) and pyridine (5ml.).

When the addition was complete, the reaction solution was allowed to
warm to room temperature and poured intd ice—wéter. After extraction
into chloroform, the organic layer was washed with 10% hydrochloric
acid (3 x 50ml.), saturated sodium bicarbonate (3 x 50ml.), water

and dried (MgSO4). - Bvaporation of solvent gave a crystalline product
vwhich was recrystallised from ethyl acetate to give yelluw needles

(3.06g., 76%) m.p. 182-183% (Lit.°? 180°C).

) (d6—DMSO) 3.8% (?H,s), 8.05 (2H,d,J=8Hz), 8.32 (2H,d,J=8Hz),
9.18 (1H,br.s)

Voo 3170,1655,1600,1515,1350,1048, 938,870, 850, 725, 720cm. ~*
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5.%.2.4 Preparation of N-(Benzyloxy)benzimidoyl acetates

A general method was used to acetylate the N-benzyloxybenzamides
and the procedure is given below.

The N-benzyloxybenzamide (0.5g.) was dissolved in pyridine (3ml.)
and acetic anhydride (%ml.), and a sample of the reaction solution (0.5ml.)
was placed in an-n.m.r. tube, The reaction was monitored by following |
the appearance of the benzylic methylene signal of the product, which
occurred downfield (ca.6-10Hz) from that of the starting material.

Using this method, it was shown that the formation of the product was
extremely rapid (approx. t} at ca.38°C = 2 minutes).

When the reaction had reached completion as shown by n.m.r., the
solution was poured into ice—water and extracted with chloroform
(3 x 30ml.). The organic layer was then washed with saturated sodium
bicarbonate solution (2 x 50ml.), 10% hydﬁéoﬁloﬁo acid (2 x 50ml.), |
water (2 x 50ml.) and dried (MgSO4). Evaporation of solvent at ca 30°C
gave a viscous oil which wusually crystallised on standing. Further
purification of the product was effected by recrystallisation.

Compounds prepared using the above procedure were:

N-Benzyloxy-4-nitrobenzimidoyl acetate (90. from etheq/hexane)

n.p. 86-88.5% (Iit. 22 88-86.5°C)

6 2.34 (3H,s), 5.28 (2H,s), 7.43 (5H,s), 7.91 (2H,d,J=9.0dz),
8.29 (2H,d,J=9.0Hz)

V nax 1770,1620(sh),1595,1530,1350,1320,1195,1075,1020,865,765, 720,
710cm.

Am,nm (log € ) 300 (4.20)

Found: C,61.35; H,4.49; N,8.89. Calculated for 016H14N205;

C’61'15; H,4.49; N18-92%



- 207 -

N-Benzyloxy-4—cyanobenzimidoyl acetate (94% from e-ther/hexa.ne)

m.p. 82.5 - 83°C (Lit. 3 0%, 82-83°C)

6 2.%3 (3H,s), 5.26 (2H,s), T7.43 (5H,s), 7.76 (4H,d)

V nax 2230,1768,1195,1070,1017,970,839,828,745,700cm. -1

A m (log e ) 276 (4.37)

max'
Found: C,69.28; H,4_.99; N,9.45. Calculated for Cl7H14N203:

C,69.37; H,4.79; N,9.52%

N-Benzyloxy-4-chlorobenzimidoyl acetate (91% ether/hexane)

m.p. 66-67°C (Lit. 2° 834, 66-67°C)

b 2.30 (3H,s), 5.23 (2H,s), 7.38 (2H,4,J=9.0Hz), 7.43 (5H,s),
7.69 (2H,d,J=9.0Hz) | -

Voo 1765,1650,1480,1318,1195;1175,1095,1065,1023,1010;965,840,
825,758,720, 705¢cm.

A nm (log € ) 262 (4.31)

max !
Found: C,63.20; H,4.67; N,4.5; C1,11.91.
Calculated for C16H14NC103: c,63.27; H,4.65; N,4.61; C1,11.70%

N-(Benzyloxy)benzimidoyl acetate (90% from ether/hexane)

m.p. 44-45°C (Lit."” 90%, 44-45°C)

6 2.30 (3H,8), 5.23 (2H,s), 7.27-7.83 (5H,m), 7.4 (5H,s)
V ooy 1760,1618,1450,1210,1075,1020,775,760,7050m.—1

A mn (log € ) 256 (3.96)

max'

Found: C,71.24; H,5.46; N,5.31. Calculated for 016H15N05:

€,71.35; H,5.61; N,5.21%
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N-Benzyloxy-4-methylbenzimidoyl acetate (91% from ether/hexane)

n.p. 47-48°C (Lit. 32 824, 47-48°C)

) 2.29 (3H,s), 2.36 (3H,s), 5.18 (2H,s), 7.22 (2H,4,J=0Hz),
7.38 (5H,s), 7.62 (2H,d,J= 9Hz)
V e 1770,1620,1285,1225,1190,1175,1068,1040,1020,815,740,6930:u.'1

A nn (log € ) 260 (4.24)

max'

NABenzyloxy—4;methoxybenzimidoyl acetate (93% from ethep/hexane)_

m.p. 61-62°¢ (Lit.155 9%, 61-61.5°¢)

0 - 2.26 (3H,s), 3.76 (3H,s), 5.19 (eH,s), 6.87 (2H,d,J=9Hz),
7.%6 (5H,s), 7.67 (2H,4,J=9Hz)

Voo 1760,1618,15io,1510,1255,1210,1180,1030,970,845,830,758,
7100m.”

max!

A m (loge ) 269 (4.24)

Found: €,68.20; H,5.73; N,4.52. Calculated for

0 7, 0, 2 ¢,68.22; H,5.73; N,4.68%

N-Benzyloxy-4-dimethylaminobenzimidoyl acetate (96% from ether/hexane)

m.p. 98-99°C

o 2.26 (%H,s), 2.98 (6H,s), 5.17 (2H,s), 6.64 (2H,d4,J=9.0Hz),
7.37 (5H,s), 7.56 (2H,d,J=2.0Hz)

Vo 1765,1620(sh),1600,1525,1210,1185,1o5o,1025,818,811,740,7000m.'l
Almxx,nm (log € ) 316 (4.38)

TFound: C,69.27; H,6.26; N,8.85. 018H20N203 requires:

0,69.21; H,6.45; N,8.96%
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N-Acetyl-N-benzyloxy-2,4,b6-trimethylbenzamide

The acylation of N-benzyloxy-2,4,6-trimethylbenzamide was found
to give only the N-acetyl compound under the above conditions. The
product (96%) was recrystallised from petroleum ether (60-800C),

m.p. 73-74°C (Lit.1?? 73-74%).

5 2.26 (6H,s), 2.33 (3H,s), 2.55 (3H,s), 4.82 (2H,s),
6.92-7.35 (7H,m) .

Voo 1710(br),1275,1225,1215(sh),1180,1073, 965,853,750, 34,
6 -1
95cm.

A - (log € ) 218 (4.30)

5.3.2.5 Preparation of N-Methoxy-4-nitrobenzimidoyl acetate

A solution of N-methoxy-4-nitrobenzamide (0.5g.) in pyridine
(3ml.) and acetic anhydride (3ml.) was prepared. After standing at
room temperature for 30 minutes, the isolation procedure for
N-benzyloxy compounds (Section 5.3%.2.4) was adopted. The final
product was obtained as pale yellow prisms after recrystallisation

(ethexr/petroleum ether (60-80°C)) m.p. 86-87°C -

) 2.38 (3H,s), 4.05 (3H,s), 7.87 (°H,d,J=9Hz),
8.28 (2H,d,J=9Hz) .'
Vmax 1778,1612,1590,1518,1350,1320,11é5,1070,1050,845,758,695cm.-1

Found: C,50.%1; H,4.05; N,11.49. 010H10N205

requires: C,50.42; H,4.23; N,11.76%
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5.3.2.6 Preparation of N-Benzyloxy-4-nitrobenzimidoyl pivalate

Pivaloyl chloride (0.24g.) in dichloromethane (5ml.) was slowly
added to a cooled (—7000), stirred solution of N-benzyloxy-
4fnitrobenzamidé (0.54g.) in pyridine (3ml.) and dichloromethane (20ml.).
After complete addition, the reaction mixture was allowed to warm to
room temperature. The solution was poured into ice-water and extracted
with chloroform (3 X 4Oml.).A After washing with satu;ated sqdium
bicarbonate (2 x 50ml.), 10% hydrochloric acid (2 x 50ml.) and water
(2 x 50ml.), the organic layer was dried (MgSO4). Evaporation of
solvent gave an oil which crystallised on standing. Recrystallisation

from ether/petroleum ether (60-80°C) gave white needles of N-benzyloxy-

J-nitrobenzimidoyl pivalate (93%), m.p. 92-93°C.

0 1.35 (9H,8), 5.25 (2H,s), 7.42 (5H,s), '_7.86 (2H,d,J=9Hz),
| 7.94 (2H,d,J=9Hz) N
Voox 1760,1620(sh),1598,1583,1520,1345,1088,1020, 968,853,755, 705,

700,6900m.’1, .
Found: C,63.96; H,5.66; N,7.77. 018005

requires: C,64.04; H,5.66; N,7.86%.

5.%.2.7 Preparation of N-Benzyloxy-4-nitrobenzimidoyl benzoates

The general method for the preparation of these ooﬁpounds consisted of
reacting N-benzyloxy-4-nitrobenzamide with one equivalent of the
appropriate A4-substituted benzoyl chloride at —7000 (cf. Section 5.3.2.6).
The products were isolated using the procedﬁre given in Section 5.%.2.6

and pﬁrified by recrystallisation.
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Compounds prepared in this way are given below:

N-Benzyloxy-4-nitrobenzimidoyl benzoate (88% from etheq/hexane)

m.p. 92-93°C
§  5.27 (2H,s), 7.38 (5H,s), 7.53-8.33 (9H,m)
v 1740,1580,1510,1345,1232,1065,1035,850,753,7oocm."1

max

Found: ¢,66.75; H,4.16; N,7.31. C2lH16N205

requires: C,67.02; H,4.28; N,7.44%.

N-Benzyloxy-4-nitrobenzimidoyl 4-nitrobenzoate (91% from ether/hexane)

m.p. 135-136°C

b 5.28 (2H,s), 7.35 (5H,s), 7.83-8.38 (8H,m)
v 1743,1518,1550,1250,1070,1010,855,750,717,7oscm."l

Found: C,59.96; H,3.72; N,9.97. C21H15N507

requires: C,59.86; H,%.59; N,9.9T%

N-Benzyloxy-4-nitrobenzimidoyl 4-methylbenzoate (93% from ethep/hexane)

m.p. 95-96°C

5 2.46 (3H,s), 5.25 (2H,s), 7.33 (5H,s), 7.22-8.27 (8H,m)
v_..  1740,1620,1580,1515,1350,1243,1180,1070,1055,865,850,838,
760,742,712,6930m.'1

Found: C,67.64; H,4.67; N,7.04. 022H18N205

requires: €,67.52; H,4.67; N,7.20%.
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5.3.3 PREPARATION OF REARRANGEMENT PRODUCTS

5.3.3.1. Preparation of N-Acetyl-N-benzyloxybenzdmides.

Thé title compounds were prepared by the general method given
below.

The appropriate N-benzyloxybenzamide (l.Qg.),was dissolved in
benzene and a mixture of acetic anhydride (3ml.) and acetyl chloride
(1m1;) added. The solution was then heated under reflux until t.l.c.
(silica/chloroform) of the reaction solution showed complete formation
of the N-acetyl product.

The isolation procedure given-in Section 5.3.2.4 was used to

obtain the crude product, which was further purified by recrystallisation.

N—Acetyl-N—benleoxy—4—hitrobenzamide (88% from chloroform/hexane)

mp. 99-100% (Lit.1>? 99-100°C)

5 ‘2.5 (3H,8), 4.87 (2H,s), 7.05-7.73 (9H,n)
v . 1728,1685,1515,1353,1238, 757,743,720, 700cm.

.

A mn (log € ) 263 (4.07)

max'

N-Acetyl-N-benzyloxy-4-cyanobenzamide (9%% from chloroform/hexane)

m.p. 152-153°C

6 . 2.53 (3H,s), 4.92 (eH,s), 7.72 (SH,s), 7.1-7.8 (4H,n)

Voo 2935,1728,1690,1235,1222, 850, 840,758, T00cm.
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N-Acetyl-N-benzyloxy-4-chlorobenzamide (90% from chloroform/hexane)

m.p. 59-60°C (Lit. >” 58-60°C)

6 2.52 (3H,s), 4.88 (2H,s), 7.03-7.70 (9H,m)
v 1715,1685,1588,1295,1220,1093,1075,960,845, 760,735,
710,692cm."1

A __.om (Log £ ) 244 (4.10)

N-Acetyl-N-benzyloxybenzamide (85% from ether/hexane)

: n.p. 69-69.5°C (Lit.>>? 69.69.5°C)

6 2.5 (3H,8), 4.83 (2H,s), 7.27-7.90 (10H,m)

v an _1728,1700,1600,1289,1178,1025,790,760,7OOcm._1

A nm (log é ) 234 (3.80)

max'

N-Acetyl-N-benzyloxy-4-methylbenzamide (8%% from ethexr/hexane)

m.p. 85-86°C (Lit.>>” 85-85.5°C)

é 2.43 (3H,8), 2.53 (3H,s), 4.85 (2H,s) 7.13-7.72 (9H,m)

v max 1705,1685,1600,1370,1290,1250,815,740,6950m.—1

A _,mm (loge ) 253 (4.10)

max'
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N-Acetyl-N-benzyloxy—4-methoxybenzamide (88% from ether/hexane)

m.p. 64-64.5°C (Lit.135 64-64.5°C)

6 2.48 (3H,s), 3.90 (3H,s), 4.87 (2H,s), 6.86-7.87 (9H,m)

v max 1710,1685,1600,1295,1270,1250,1182,860,855,770,7100m.—1

A m(log £ ) 216 (4.28), 217 (4f°9)

N-Acetyl-N-benzyloxy-4-dimethylaminobenzamide (85% from chloroform/hexane)

m.p. 90-91°C

5 2.45 (3H,5), 3.08 (6H,5), 4.88 (2H,s), 6.65 (2H,d,J=9Hz),
7.%2 (5H,s), 7.81 (2H,d,J=0Hz) .
1

Voo 1705,1660,1600,1290,1245,1195,1078,983,838,765,700cm.”

Found: C,69.%9; H,6.57; N,8.76. 018H20N203

requires: C,69.21; H,6.45; N,8.96%

5.3.3.2 Preparation of N-Acetyl-N-methoxy/—4-nitrobenzamide

The title compound was prepared by heating a sblution of
N-methoxy-4~nitrobenzamide (1.0g.), acetic anhydride (3.0ml.), and
acetyl chloride (1.0ml.) in benzene (20ml.) under reflux for five
hours. After isolation (Section 5.3.2.4) the product was

recrystallised (chloroform/hexane) to give N-acetyl-N-methoxy-

4-nitrobenzamide as pale yellow needles (91%), m.p. 118—11900.
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6 2.53 (3H,s), 3.77 (3H,s), 7.86 (2H,4d,J=9Hz),

8,33 (2H,d,J=9Hz)
v méx 1725,1688,1515,1350,1240,1147,1073,988,865,850,748,722Qm.-1

Found: C,50.55; H,4.31; N,11.77. 010H10N205

 requires: €,50.42; H,4.23; N,11.76%

5.3.4 MEASUREMENT OF REARRANGEMENT RATES

- It was found that a convenient method to monitor the rearrangement
of the O-acylisoimide to the N-acyl isomer was an n.m.r.vtechnique,

described in Section 4.l1l.2.

5.3.4.1 N.m.r., procedure

The appropriate substrate (O.2mM.) was placéd in an n.m.r. tube,
which was then placed in a holder calibrated to indicate the depth of.
the tube equivalent to an intermal volume of O.b5ml.* In a dry-box in
an atmosphere of dried nitrogen gas, the catalyst was added by volume
from é microlitre syringe, and the total volume of the solution was
made up to the indicated mark with the required solvent.

After careful sealing to ensuie'no:ingress of water, the_n;m.r.
spectrum of the reaction solutions wés recorded and the tube tﬁen
immersed in a thermostatted bath containing polyethylene glycdl at
60 £ 0.2%. At timed intervals, the tubes were removed and, after

arrestiﬁg the reaction by cooling in ice-water, the n.m.r. spectrum was

¥ The assumption of constant dimensions of the many n.m.r. tubes
used in the course of this work was verified by placing tubes
of known weight in the holder and, after addition of water to
the calibration mark,reweighing. The errors were found to be

very small ( h1.5%).
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Table 5.3

BENZYLIC METHYLENE AND ACETYL CHEMICAL SHIFTS OF

O- AND N-ACETYLATED N-BENZYLOXYAMIDES IN CDCli/ TMS

2

Compound ~0-CH, (Hz) -cnaco(Hz)
4-NMe 2PhC(OCOMe) :NOCH, Ph 310 136
4;m4e 2PhCON(COMe)OCH2Ph 293 146

~ 4~Me0PhC(0COMe ) : NOCH oPh 311 136
4-MeOPhCON(COMe ) OCH oPh 292 149
4-MePhC(0COMe ) : NOCH b 711 137
4—MePhCON(COMe)OCH2Ph 291 152
Phc(oc:OMej :NOCH, Ph 314 138
PhCON(COMe ) OCH HPh 290 150 .
4-C1PhC(0COMe) : NOCH HPh 314 138
4~C1PhCON(COMe ) OCH 2Ph 293 151
4-CNPhC(0COMe) :NOCH,Ph 216 140
4—CNPhCON(COMe)OCH2Ph 295 152
4-NO,PhC (0COMe ) : NOCH oFh 317 140
4-NO 2PthN(COMe)OCH Ph 292 150
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recorded. In order to minimise timing errors, reagent concentrations
were adjusted, as far as was possible, to ensure that the reaction
half-life was at least two hours. After running the spectra, the
signals were integrated at least three times, and the tube was

replaced in the oil-bath at 60°C.

5.3.4.2 Analysis of Kinetic Data

The extent of reaction could be ascertained directly either
by observing the benzylic methylene signal or, with the exception of
the 4—methylbenzamide derivative, by monitoring the acetyl signal.

Since it was impractical to leave the control settings

(e.g. R_ power, amplitude, phase),on the Varian T60 n.m.r. machine'

£
entirely constant for a complete kinetic run, the observed signal 6f
the substrate (e.g. —OCH2, CH3CO) for any particular scan was related'
to the overall combined integral i.e. total benzylic methylene or
acetyl integral. |

The - substrate concentration, ﬁherefore, at any time 't' ([ St] )

could be determined from Equation (68), where SO represents the

initial substrate concentration.

éub
-0CH
St = [ SO] x 2
~0CH total .
® o 0 0 .(68)
CHBCOSUb
= [SO] X
CH CO'l:otal
5
In Equation (68), -OCstub and CHBCOSub represent the integrals
. 2
of the substrate; —00H2t°tal and CE,CO otal L present the sum of the

methylene and acetyl integrals of the substrate and product. The observed

kinetic behaviour with various catalysts is shown in Table 5.4 - 5.10.
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Table 5.4

4—N02PhC(OCQMe):NOCH2Ph

7= 60°C Solvent = PhNO,
[sub] = 0.4u [AcQO = 0.2M = [ov)
Rp(ms)  -OCH,_ . }E}OCHQ [sub]M. % Reaction 106kobs(s_1)
0 20 30 0.4
102% - 26 29.5 0.%53 11.8 - 2.04 .
1618 24.5 30.0 0.326 18.5 2.08
2464 21.0 %0.0 0.280 20.0 2.41
3018 20.0 30.0 0.267 33.3 2.2%
3931 17.0 29.0 0.234 41.5 2.26
4472 17.0 31.0 0.219 45.% 2.2%
5384 14.0 20.0 0.186 53.5 2.35
6020 13.0 31.0 0.168 58.0 2.40
6752 11.5 20.5 0.151 62.% 2.40
8187 9.0 28.5 0.126 68.5 2.3%4
9613 8.0 31.0 0.103 74.% 2.34
- 11048 6.0 29.0 0.083 79.3 2.37
12492 . 5.0 30.0 0.067 '83.3 2.39
kobs(mean) =  2.30 x 107"
kobs(graphical) = 2.30 x 10‘6
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Table 5.5

PYRIDINE-CATALYSED REARRANGEMENT OF

4-NO

2Phc(ocome):NOCH Ph

2

7= 60°C Solvent = CDOL,
[sub] = o0.4u [Pyriding] 0.8M
Bp(mns)  -OCH,_ . :E:—OCHZ [Sub]M. %Reaction 1o6kobs(s—l)
0 34.0 34.0 0.4
1374 27.0 33.0 0.327 18.3 2.43
2822 21.0 33.0 0.255 36.3 2.22
3379 20.0 33.0 0.242  39.5 2.47
4247 17.0 3%.0 0.206  48.5 2.60
5700 13.0 32,0 0.163  59.3 .63
7582 11.0 33.0 0.133 66.8 2.41
8688 8.0 31.0 0.10%5  T4.3 2.59
11411 5.0 30,0 0.067 8%.3 2.61
Xk ( -6 -1
b mean) = 2.50 x10 s
k, (graphical) = 2.59 x 10761
6 ..-1 -1

cat

3,24 x 10 ~ 1M

S
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Table 5.6

PYRIDINE-CATALYSED REARRANGEMENT OF
4—N02—PhC(OCOMe):NOCH2Ph

7 = 60°C _ Solvent = PhNO,
[sub] = 0.4m [Pyriding = 0.4
. | ) ]
By (mns) - -OCH, ZE}OCHz [sublm. % Reaction 10 kobs(s 1)
0 ' 33.0 33.0 0.4 -

164 32,00 33.0 0.3888 15.5 3,12
1144 25.0 33,0 0.303 24.3 4.04
1688 21.5 33.0 0.260 35.0 4.23
2705 17.0 33.0 0.206 48.5 4.08
3108 - 15.0 33,0 0.182 54.5 4,22
4017 12.5 33.5 0.149 62.8 4.09
4420 11.0 35.0 0.125 68.8 4.36
5T37 7.5 31.0 0.098 75.5 4.12
7080 6.0 32,0 - 0.075 81.3 . 3.94

kbbs(mean) = 4.14 x 10—6 s—1
o -6 -1
kobs(graphlcal) = 4.17 x10 s
- 1.04 x1070 i tgt

cat
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Table 5.7

ACETATE~CATALYSED REARRANGEMENT OF 4-CNPhC(OCOMe ) : NOCH,Ph

o

Solvent: ODCL, ' T = 60°C
[sup] = 0.4 [Me4§6Acﬂ = 0.15M
R (mns) ~0CH, ZE}OCHZ  [Subi. % Reaction 104kobs(s'l)
0 28 28 0.40 ' -
5 2 28.5  0.33%6  16.0 5.81
9 22 30.0 0.2935  26.8 5.76
14 20 31.5 0.254  36.5 5.41
19 16.5. 30.5 ' 0.216  46.0 5.59
24 14.5 31.5 0.184  54.0 5.39
29 12.5 31.5  0.158  60.5 5.31
33 10.5 30.5 0.138  65.5 5.39
38 | . 9.0 30.5 0.118  70.5 5.35
43 8.0 31.5 0.102  74.5 5.51
48 7.0 31.5 0.089  77.8 5.22
55 5.5 31.5 0.070  82.5 5.28
kobs(mean) = 5.2 x 104 gt
k (graphical) = 5.60 x 1074 g7t
1

K 3,73 x 1070 1M Ts~

cat
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Table 5.8

ACETYL BROMIDE CATALYSED REARRANGEMENT OF
4—N02PhC(OCOMe):NOCH2Ph

T = 60°C . Solvent = PhNO

2
[sub) = 0.4M, [AcBx} = 1.36M.
Ry (mns) ~ocH, '}E}OCHZ [swb]u. % Reaction 107k (Ms™
0 29 29 0.4

12.5 26 28 0.371 . 7.3 3.61
33.5 23 29 0.317  20.8 4.12
58.0 18 29.5  0.244  39.0 4.48
68.0 15.5 129.0  0.214  46.5 4.57
78.0 13.0 28.0  0.186  5%.5 4.58
87.0 11.5 29.0  0.158  60.5 4.63
97.0 9.5 29.5  0.129  67.8 4.66
107.0 7.5 28.0  0.107  73.3 4.56
122.0 5.5 28.5  0.077  80.8 4.41

1

kobs(mean) 4.42 x 1072 Ms~

4.60 x 1072 ms~t

kob s (graphical)

it

~5 ~1
kcat 3.38 x .10 s
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Table 5.9

ACETYL BROMIDE CATALYSED REARRANGEMENT OF

4—N02PhC(OCOMe):NOCH2Ph

T = 60°C Solvent = CDCL,

[sub) = o0.4m. [AcBr] = 0.68M.

R, (mns) ~0CH, . ZE}OCHZ [sub]M. % Reaction 107k0bs(Ms_l)
0 25.5 08 0.364 -

409 24.0 28 0.344 . 5.5 8.15
1633% 19.5 28.5 0.272 25.3% 9.38
2833 15.0 27.5 0.220 39.6 8.48
4161 ~10.0 27.5 0.144 60.4 8.74
4702 8.0 26.0 0.124 65.9 8.51
5577 6.0 29.0 0.083 T7.2 8.40
6150 3,0 25.0 0.048 86.8 8.56

kobs(mean) = 8.60 x 107/ Ms'l
k , (graphical) = 8.72 x 1077wt
k - 1.28x10°0 g7t

cat
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TABLE 5.10

ACETYL BROMIDE CATALYSED REARRANGEMENT OF
4—MeOPhC(OCOMe):NOCH2Ph

[,

T = 60°%c | Solyent = CCL,
[sub) = o0.4M. [acBr] = 0.4M.
BT(mns) ~OCH,, ;{}OCHQ [Sub]M. % Reaction 1o5k0bs(s'1)
0 33 33.0 0.4
149 26 30.5 0.341 14.8 1.79
308 23 32.0 0.288 28.0 1.78
440 20 32,5 0.246 38.5 1.64
750 14 32.0 0.175 43.7 1.84
1040 10 22.0 0.125 68.8 1.86
1240 8 32.0 0.100 75.0 1.86
1480 6 21.5 0.076 81.0 1.87
1750 4.5 32.5 0.055 86.3 1.89
kobs(mean) = 1.82 x 10795 T

il

. -5 -1
kobs(graphlcal) 1.88 x 10 “ s
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5.3.5 PREPARATION OF LABELLED SUBSTRATE

A solution of N-benzyloxy-4-cyanobenzamide (0.45g.) in pyridine
(3ml.) was prepared, and ¢4 1abelled acetic anhydride (0.185g.)
added. The reaction was followed by n.m.r., and when the reaction
was complete, the labelled product was isolated as described in
Section 5.3.2.4. The final product (0.500g., 94%) was obtained as
fine white needles m.p. 82.5—8300. Infra-red and n.m.r. spectra
were superimposable with those of N-benzyloxy-4-cyanobenzimidoyl

acetate previously prepared.-

5.3;6 PYRIDINE-CATALYSED REARRANGEMENT OF LABELLED SUBSTRATE IN

THE PRESENCE OF UNLABELLED SUBSTRATE

A solution of N-benzyloxy-4-cyanobenzimidoyl 014 -acetate
(0.09g.),N—benzyloxy—4—nitrobenzimidoyl acetate (0.09g.),pyridine
(0.0Bg.) in deuterochloroform (0.5ml.) was prepared and held at
60°C until n.m.r. spectra indicated complete rearrangement.

The reaction was then poured into water (10ml.) and extracted
into chloroform. After washing with dilute hydrochloric acid and
wabter, the solution was dried (MgSO4) and evaporation of solvent
gave a white crystalline solid. |

The pure products were obtained by (silica/chloroform) the
crude sample to give N-acetyl-N-benzyloxy-4-cyanobenzamide and
N-acetyl-N-benzyloxy-4-nitrobenzamide. The purity of the products

was checked by i.r. spectroscopy and melting point determination.
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5¢3.7 ACETATE-CATALYSED REARRANGEMENT OF N-BENZYLOXY-4-
CYANOBENZIMIDOYL 1-014-ACETATE

A solution of the substrate (0.059g.), tetramethylammonium
acetate (0.009g.) in chloroform (to 0.5ml.) was held at 60°C, until
n.m.r. analysis showed complete reaction. The reaction mixture was
then poured into ice-water, extracted with chloroform, and washed with
saturated!sodium bidarbonate solution and water. After drying
(MgSO4), the solvent was removed in vacuo to give a white crystalline
solid, which was purified by t.l.c. (silica/éhloroform). The n.m.r.
and i.r. spectra of this purified sample were superimposable with those

of an authentic sample,

5.3.8 ASSAYING PROCEDURE FOR LABELLED PRODUCTS

In order to determine the amount of 'scrambling' of the
014—1abe1 in the pyridine- and acetate-catalysed rearrangements,
the products were assayed using a liquid scintillation counter.
Scintillation solution (diphenyloxazole (10g.) and
1,4 bis 2—(4—methy1—5—phenyloxazoy1) behzene (0.25g.) in xylene
(11.)) was added (5ml.) to a known weight of the purified product,

and the solution then assayed by scintillation counting.

5.3.8.1 Analysis of Results

In order to calculate the percentage scrambling between the
4-cyano and 4-nitro compounds, the results were evaluated using

specific activities (Equation (69)). In Equation (69), §, represents

S = Ao ........(69)

L
o
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the gspecific activity and Ao is the activity of a known weight
(Wb) of the compound in question. The specific activities of the
products were then compared with the value determined for the

labelled 4—cyano substrate.
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